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Taking into account the impact of time factors on emission reductions and brand reputation, the reference carbon emission effect
and dual-channel supply chain are incorporated into a unified analysis framework. We applied differential game theory to build
models under centralized decision-making and decentralized decision-making. The aim of the research is to explore the strategies
of a single manufacturer and a single retailer on product pricing, low-carbon production, and advertising. The research analyses
the impact of reference carbon emission effects, cost coefficients, and interchannel substitutable coefficients on profits. In order to
alleviate the double marginal effect brought about by decentralized decision-making, a cost-compensation coordination
mechanism is proposed. The conclusions are as follows. First, centralized decision-making is the optimal decision-making mode,
but further consultation is required to implement it voluntarily by both parties. Second, a cost-recovery contract occurs when the
fixed fee that the retailer gives the manufacturer meets certain conditions. The contract can make the retailer’s advertising
investment reach the level of centralized decision-making and improve the member’s profit under the decentralized decision-
making. The coordination mechanism is effective. Third, the reference carbon emission effect can bring about an increase in the
manufacturer’s low-carbon production input and profits. The retailer’s advertising investment is not affected by the reference
carbon emission effect. Fourth, wholesale prices and online or offline retail prices are all positively correlated with the market share
of the channel. The price-substitution coeflicient between channels is positively correlated with both low-carbon inputs and

profits.

1. Introduction

Environmental problems such as pollution and climate
change are becoming increasingly severe and affecting
people’s lives. To meet the challenges brought by pollution,
countries around the world are participating in various
energy-saving and emission-reduction activities. China, for
example, proposed a “dual carbon goal,” to achieve the
carbon peak by 2030 and carbon neutrality by 2060. This
reflects the urgent need in China to find ways to save energy
and reduce emissions to achieve a low-carbon supply chain.
Meanwhile, with the rise of e-commerce, enterprises now
participate in a dual-channel model comprising online sales
and traditional offline sales [1]. This “online + offline” model
has altered previous sales patterns, creating both opportu-
nities and challenges for enterprises. The rising popularity of

online sales among consumers has seriously affected the
sales of physical stores. More recently, the spread of
COVID-19 has brought about a wave of store closures. Data
from China’s National Bureau of Statistics show that online
sales are climbing year by year, reaching 11.76 trillion yuan
in 2020, that is, a 10.9% increase from the previous year, with
physical goods accounting for 83.0%. In 2021, online sales
increased to 13.1 trillion yuan, with a 14.1% increase from
the previous year. Meanwhile, according to Zhiyan Con-
sulting, the total volume of express deliveries in China
reached 83.36 billion pieces in 2020, that is, a 31.2% from the
previous year. Business volume in the first half of 2021 alone
reached 49. 39 billion pieces, 80% of which came from e-
commerce platforms. Against this background, a major
practical problem that has emerged concerns is how to
reduce emissions, coordinate upstream and downstream
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enterprises in dual-channel supply chains, and successfully
transit from a non-low-carbon supply chain to a low-
carbon one.

The literature review mainly covers the irrational be-
havior of dual-channel supply chain members, consumer
preferences, emission-reduction decisions, and coordination
mechanisms. It is divided into two aspects according to the
specific research content. The first aspect is the study of low-
carbon strategy of the dual-channel supply chain and the
second aspect is the study of coordination mechanism of the
dual-channel supply chain.

Research on low-carbon strategies in dual-channel
supply chains can be divided into three main areas. First,
from the perspective of dual-channel supply chain irrational
members, studies have investigated the effects of equity
concerns [2, 3], altruistic behavior [4, 5], and risk aversion
[6] on emission-reduction strategies. Xue and Wang [7]
simultaneously considered the impact of fairness concerns
and risk avoidance on supply chain decisions. They calcu-
lated production and order quantities and further proposed
revenue sharing and repurchase contracts. Second, from
a consumer perspective, studies have investigated the effects
of channel preferences [8] and low-carbon preferences [9]
on the emission-reduction strategies of dual-channel supply
chain members. Considering the stochastic demand for
carbon emissions, Ghosh et al. [10] analyzed a two-level,
dual-channel supply chain model under government reg-
ulation and consumers’ low-carbon preferences. Usually,
research on loss avoidance is conducted from the perspective
of supply chain members. Zhang et al. [11] conducted re-
search on consumer’s loss avoidance behavior. In the re-
search, it was found that the price differences between
different channels can affect the purchasing behavior of loss-
averse consumers. The third research perspective focuses on
the effects of carbon tax policies [12] and subsidy policies
[13, 14] on supply chain members’ low-carbon strategies.
Cao et al. [15] studied the optimal production in a dual-
channel supply chain under remanufacturing subsidy policy
and carbon tax policy.

In terms of consumers’ low-carbon preferences, few
studies have investigated the effects of reference carbon
emission on supply chain emissions. Moreover, most studies
have focused on traditional offline supply chains. By in-
troducing low-carbon preferences into their model, Liang
and Futou [16] considered the effect of low-carbon pref-
erence on emission reduction in supply chains. Low-carbon
economy has brought about a change in consumption
tendency. The psychological satisfaction brought by low-
carbon consumption has become a new consumption ori-
entation. Cheng et al. [17] also confirmed the existence of
consumers’ low-carbon preference and its impact on the
decision-making of the supply chain. Liu et al. [18] found
that both consumers’ low-carbon preferences and govern-
mental subsidies have an impact on firms production
decisions.

Meanwhile, research on supply chain coordination has
mainly focused on cost-sharing and revenue-sharing con-
tracts. By using cost-sharing and two-stage pricing contracts
for supply chain coordination, Yang and Yao [19]
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considered the equilibrium decision problem for a two-level
agricultural supply chain under carbon quota trading pol-
icies, consumer preferences for fresh agricultural products,
and low-carbon preferences. Xu et al. [20] suggested that
one-way cost-sharing contracts can achieve Pareto im-
provement and that two-way cost-sharing contracts can
coordinate manufacturers and distributors. Parisa and
Nasiri proposed discount and revenue-sharing contracts
when studying pricing strategies in retail and chain
stores [21].

Existing research on dual-channel, low-carbon supply
chains has produced some useful findings. It should be noted
that the existing literature mostly explores the problem of
operational decision-making of dual-channel supply chains
from a static perspective. The emission-reduction behavior
of an enterprise is a long-term process, which makes it
necessary to analyze the strategies of supply chain members
from a dynamic perspective. A differential game is a game
model that can determine the competition or cooperation
decision-making of participants from a dynamic perspective.
Studying the strategies of dual-channel supply chain
members using differential games is therefore in line with
practical needs. At the same time, environmental problems
have become acute. Protecting the environment and pro-
ducing low-carbon products have become the way for
countries to solve environmental problems [22, 23].
Therefore, under the current situation in which China wants
to achieve carbon peaking and carbon neutrality goals, how
to realize the transformation of a non-low-carbon supply
chain to a low-carbon supply chain by designing effective
emission-reduction strategies has become a new topic in the
field of supply chain research. In the context of the era of
deepening the concept of sustainable development, the
preference for low-carbon consumption will continue to
strengthen. Consumers’ final choice is the basis of enterprise
decision-making. The production of low-carbon products by
enterprises is a prerequisite for low-carbon consumption. In
the face of the potential benefits brought by consumers’ low-
carbon preferences, enterprises should incorporate low-
carbon preferences into their own business decisions.
There are few studies in the literature on the reference
carbon emissions on low-carbon supply chains. Based on
consumers’ low-carbon preference, this study considers the
influence of reference carbon emissions on the decision-
making of dual-channel supply chain and calculates their
strategies for emission reduction, pricing, and promotion for
both offline and online channels. It also designs contractual
optimization schemes to enrich theories of dual-channel,
low-carbon supply chain management and makes sugges-
tions for corporate emission-reduction strategies.

2. Model Description

We consider a dual-channel, low-carbon supply chain
consisting of a manufacturer (m), a retailer (r), and con-
sumers. The manufacturer determines the product’s low-
carbon production effort level (E), online sales price (p,),
and wholesale price (w); the retailer determines the offline
sales price (p,) and advertising effort level (A). The
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manufacturer has both online and offline sales’ channels. In
traditional offline sales, the manufacturer first sells the
product wholesale to the retailer, who then sells it to the
consumer. In online sales, the manufacturer sells the product
directly to the consumer. This study mainly uses differential
games to analyze the problem. On the basis of theoretical
analysis, parameters are selected to construct the objective
function of the participants. The main parameters are the
reference carbon emission level, the low-carbon production
effort level, the promotion effort level, and the emission
reduction. The specific emission process and mode of carbon
emission are not studied. The model construction does not
involve variables such as network constraints.

Hypothesis 1. The manufacturer’s abatement effort will
bring about an increase in abatement. Meanwhile, there is
a natural decay rate of abatement because of technology and
other factors. The differential equation for product abate-
ment is [24]

x () = aE(t) = 8y (1); x(0) = xo» (1)

where y, is the initial abatement; E is the manufacturer’s
level of effort to reduce emissions; « is the influence of the
manufacturer’s abatement effort level on the abatement
amount and a>0; and & is the natural decay rate of the
abatement amount and 6 > 0.

Hypothesis 2. The unit carbon emissions of a product are
clearly marked. Consumers are environmentally aware and
will choose whether to purchase a product based on its
emissions. Consumers will evaluate the product’s carbon
emissions based on its actual emissions. And consumers will
compare the carbon emissions of the newly purchased

product with the carbon emission level of the previously
purchased product. For this, we refer to equation (2) [25],
where 0> 0, representing the consumer memory parameter.
The larger 0 is, the shorter the memory of the previous
purchase experience is. y is the actual emission reduction,
and R is the carbon emission preference. When the actual
emission reduction is greater than the carbon emission
preference, the consumer senses a “gain”; otherwise, the
consumer senses a “loss.”

R ()= 6(x (t) — R()); R(0) = R,. (2)

Hypothesis 3. Assume that the brand goodwill is positively
affected by manufacturers’ emission-reduction efforts and
retailers’ low-carbon advertising efforts, and that there is
a natural decay of goodwill over time [24]. Goodwill is
depicted as

G (t) = aE(t) + bA(H) - yG(1;G(0) =G, )

where a and b are the coefficients of the effects of the
manufacturer’s emission-reduction efforts and the retailer’s
advertising on goodwill, respectively, and v is the natural
decay rate of goodwill, and 0 <y < 1.

Hypothesis 4. Both price and nonprice factors affect
quantity demand [26, 27]. Specifically, online and offline
channels are competitive and are influenced by their own
channel prices and each other’s channel prices. Emission
reduction and the level of advertising effort will both lead to
an increase in demand. The product demand function is as
follows:

D, (t) = [(1 = s)Dy = p, (t) + up, ()] [Bx () + A(x () = R(2)) + vG (8)],
D, (t) = (sDy — p, (t) + up. (1)) [Bx (£) + A (x (t) — R(2)) + G (1)],

where s is the consumer loyalty to offline channels and
0 <s<1; D, is the potential product demand; y is the price-
substitution coefficient between channelsand 0 <y <1; >0
is the coefficient of emission reduction on demand; A is the
coefficient of carbon emission preference effect on demand
and A > 0; and v is the coeflicient of goodwill on demand and
v>0.

Hypothesis 5. The manufacturer’s emission reduction and
the retailer’s advertising and promotion costs have convex
characteristics. The following is the setting for low-carbon
input and advertising and promotion costs: f,, and f, are
coefficients of the manufacturer’s and retailer’s costs, and the
cost of effort for both sides is

(4)

C(E(t)) = f—szZ (£); C(A(b) = %AZ (). (5)

Hypothesis 6. Both parties make decisions within an infinite
time horizon, with a discount factor of p (p >0). For sim-
plicity, t is omitted here. The framework diagram is shown in
Figure 1.

3. Model Construction

3.1. Centralized Decision-Making. Under centralized
decision-making, the manufacturer and retailer cooperate
with the objective of maximizing overall supply chain
profits. Centralized decision-making is an ideal model for
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FIGURE 1: Structure diagram of a dual-channel supply chain under the reference carbon emission effect.

decision-making. The application of centralized decision-
making in practice is further elaborated in Proposition 13.
The objective function is as follows:

max ]g = J'zoe"’t{pe[(l =)Dy = pe + up. ] [Bx + A(x = R) + vG] + p, (sDy — p, + up.)[Bx + A(x - R) + vG] —meEz —%Az}dt.

PoprEA
(6)
Theorem 7. The equilibrium results of the centralized (i) The optimal equilibrium strategies of manufacturers
decision-making are as follows. and retailers are represented as follows:
o (1 —s+ys)D0.pU* [s+u(1-9)IDy y. DA, ((xA L v >'AU* B DvbA, 7
- ’ - ’ - 2 ’ - .
‘ 2(1-) 2(1-4%) fm pry frlp+v)
(ii) The optimal trajectory of emission reduction, car-
bon emissions reference, and goodwill is expressed
as
XU* = ngs +(X0 - ngs)ei &?
Us U 0 U - ot U 0 U -6t
R™ = Rpgs + -0 (Xo _XRSS)e +| Ry — Rpgs = 0 S(XO _XRss) e (8)
G”" = Grgs +(Gy - Grs)e V',
where
U ocDgA1 < va > U ocDgAl ( va > U aDgAl ( va > szgvAl 9)
= aly, + —— |, Rpeg = al, + ,Gres = al, + + .
P e Y P SR 7 A AR 2x7
= "V (L RG), (10)
(iii) The optimal value of the profit of the dual-channel
supply chain is where
2 2 4 A2 2 4 272 A2
V?:D@W%fh}m%mm+w%me+QAJM¥+va>+ wagp
p+ Py 2\ Pty 2pf, (oY) o

A _(1—s)z+sz+2ys(1—s)A _ Pp+BO+Ap
b 4(1-47) T2 (p+0)(p+0)
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Proof. At any moment t, the HJB equation for the dual-
channel supply chain equilibrium strategy is

pE

e>PrsLos

We then find the first-order partial derivatives of p,, p,,
and A in equation (12) and make them equal to zero, as
represented in the following equation:

5
pVg = pmaXA{Pe [(1 - S)DO —Pet ypr] [/'))X+A(X —R) +2G] + pr (SDO —prt .“Pe)[ﬁX
(12)
+A(x - R) + 1G] —meEz —%Az + VY (@E — 8y) + Vi (6 — 6R) +V§£(aE+bA—1//G)]».
U U '
_ (1=8)Dy +2up, _sDy + Zype;E _ aVi, + aVkG;A _ ngc’ (13)

e 2 »Ir 2

where p, and p, are obtained as

Us _ (1-s+us)Dy  ys _ [s+u(1-s)]D,
S (S I ()

(14)

fom fr

Then, we substitute equations (13) and (14) into equation
(12) and collate the results to obtain

1-5)°+s +2us(1-s +A)D;, / , 1-5)" +5s> +2us(1-5)|AD} ,
pvg:{[( ) sl )] (B+1) O_W%W‘,&} _{[( ) bl )] v L
4(1-4) 4(1-#)
, 2 2 (15)
U U 2( U
[(1 —s) +5" +2us(1 - s)]vD(z) v <“ka + aVkG) b <VkG)
+ 5 YW tG+ + .
4(1 -—U ) zfm zfr
Let V¥ (x, R, G)=a,x+a,R+a;G+a,, which is the
solution of the HJB equation, where a,, a,, a;, and a, are
constants.
DA DA N 2 DAl
alzD(Z)AlAzéa2= ADo 1%“3=V ta, =0 l(aA2+ : ) ! T 12' (16)
p+0 p+y 20f m PtV 2pf,(p+y)

We then substitute equation (16) into equation (13) to
find the equilibrium strategies of the manufacturer’s emis-
sion reduction and the retailer’s advertising under cen-
tralized decision-making, as in equation (7). Then, we
substitute the optimal strategy (7) into equations (1)-(3) to
obtain the optimal trajectory of emission reduction, carbon
emission preference, and goodwill, as shown in equation (8).
Finally, the total system profit is obtained by substituting
equation (16) into V{(y, R, G)=a,x +a,R+a;G+a,, and
then substituting VY* (y, R, G) into j{ (p,, p,, E, A) =e "'VY{
(v, R, G). O

3.2. Decentralized Decision-Making. Under decentralized
decision-making, the manufacturer decides the level of
abatement effort E, the online channel retail price p,, and the
wholesale price w, first; subsequently, the retailer decides the
offline channel retail price p, and the advertising and
promotion input A. For example, Haier and Gome, Wal-
mart, and Procter and Gamble, as upstream and down-
stream companies in the supply chain, started out with
decentralized decision-making. They aimed at maximizing
their respective interests. At this point, the manufacturer
and retailer’s objective functions are
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max J,, = ro e " (p.()D, (1) + w(t)D, (1)) - C(E(t)))dt;
PesE 0

) (17)
(0e)
max ]f = JO e (p, ()D, () —w(t)D, (t) - C(A(t)))dt.
Theorem 8. The equilibrium results of the decentralized (i) The optimal strategies for manufacturers and re-
decision-making are as follows. tailers are expressed as

b (L=s+ps)Dy 1o [s+p(1-9)ID, 4. _[s(3-4)+2u(1-5)|Dy

e a7, 2\ w ? pr = 2 >
2(1-4° 2(1 -4 4(1-p
(=) (=) (=) "
EL* _ D§A3 ((XAZ + va )7AL* _ Dgszvb :
Fom Pty 16f,(p+v)
where A, = (Bp+BO0+Ap/(p+0)(p+6)),A; = (ii) The optimal trajectory of emission reduction, car-
(2(1-5)(1 —s+2us) +s*(1+u>)/8(1 - p?)). bon emissions reference, and goodwill is as follows:
. -4
X = Kss + (o ~ xkss)e
R —RE 4 6 ( L ) -0t | p _ gL 0 L 6. (19)
=Xrss o Xo ~Xrss)e  T|f&o— Rss_m(Xo_XRss) e
G = Ggs +(Gy — Gyss)e ',
where xkos = (aDFAS/8f,,) (al, + (valp + ), (iii) The optimal value of the profit of both parties and
Rk = (aD3AS/8f,,) (e, + (valp + v)), and Ghgg the dual-channel supply chain as a whole is
= (aDiDs 1y f,,) (alsy + (valp +y)) + (B*D3s*v/16
vfe(pty)
T =PV (LR,GY T = PV (6 RG) T = e (V) (1 R,G)+ V" (1, R,G)), (20)
where
DA DivA DyAl P DA
L N N e T (any+ 8 ) T
p+ p+y P\ p+v) 16pf,(p+y)
(21)
vie _ DészAZXL* B D(Z)sz)t L Dészv Gl D3$2A3/(xA L >2 . Dgs41/2b2 .
r 16 16(p + 0) 16(p + v) 16pf,, \ ° p+y)  512pf,(p+y)’
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Proof. We now discuss the retailer strategy. We suppose that
there is a differential function Vﬁq (x, R, G), then, y >0, R>0,
and G >0 satisfy the HJB equation represented as

pVy = max{(p. —w) (sDy = py + upe) [BY + A (x = R) + 9G] - %Az
: (22)
+VE (B = 8) + Vg (6 — BR) + VIg(aE + bA - yG)].
We take the derivative of p, and A in equation (22) to Similarly, we solve the manufacturer’s emission-
obtain reduction decision. It is assumed that there is a differen-
I tial function an (x» R, G). All y, R, and G in an (v R, G)
_SDotpp.+w A= bV, (23)  satisfy the HJB equation, and x>0, R>0, and G>0.
' 2 ’ fr
PV = max {pe[(1 =)Dy = pe + up,] (B + A (x = R) + 9G] + w(sDy = p, + upe) [By + A (x = B) +G)
(24)
Imp2 o VL (aB ~ 83) + VE (6 - OR) + VEo(aE + bA - yG
_7 + mx(a - X)+ mR(X_ )+ mG(a + -y )]
We substitute equation (23) into equation (24) and We then find the first-order derivative of the manu-
derive the derivatives for p, and w to obtain facturer’s abatement effort E for equation (24) as
. (1 —=s+us)D . [s+u(-s)]D L L
P = 2(1 _#2) 0. t* = 2‘61 - 2) o (25) _ av,, + anG' (27)
¢ ¢ Fo
Sim'ilarly, we substitute equation (25) into equation (23) We substitute p,, p,, w, E, and A into equations (24) and
to obtain (22) and obtain the following:
Le [5(3 - ‘uz) +2u(l - s)]D0
Py = 3 : (26)
4(1-#)
L L)
’ / ) ) <“me + anG>
pVE = [Dg (B+M)A, =8V, + GVZR]X —(ng3 + evﬁm)R +(D§vA3 - wanG>G + -
bZVL’ VL' 21y2 1 ) ) 2p2) ) 22 )
§ O G vt = [75 Ol(g LELN Y eva]X —(S s GVfR>R +<5 o wvfG)G (28)

' I ' ' 1\ 2
(avﬁw + annG)<ava + anG) b2<VfG)
+ +

fom 2f,




Let VE (y, R, G)=bx+b,R+b;G+b, and VE(y, R,
G)=cx +¢,R+¢c;G +c¢, be the solutions of HJB equation,
where by, b,, by, by, ¢;, ¢,, ¢35, and ¢, are constants.

Complexity

D2AA D2vA Din? > DR
b, = DiA, Ay by = 20 p, = 023y, = 20 3/“A2+ va_ ) [ oSV 2
p+6 pry 2pfm\ pry) 16pf,(p+y)
(29)
B szDéAzl B szDg/\ o szng o szDgA_,,/ va '\’ 54D3v2b2
¢ = 36y = ;63 = 1€y = al\, + + 5
16 16(p + 6) 16(p + v) 16pf,, \ p+v)  512pf,(p+v)
According to equation (29), the equilibrium strategies of (iii) An increase in both the interchannel price-

manufacturers and retailers under decentralized decision-
making can be further obtained, such as equations
(18)-(20). O

Proposition 9

(i) The retail price of an online or offline channel pos-
itively correlates with the market share held by that
channel

(ii) The manufacturer’s offline channel wholesale price is
positively influenced by consumer loyalty to the
offline channel (i.e., the higher the consumer’s offline
loyalty, the higher the wholesale price)

d(p.’) _d(p.") _ Dy

substitution coefficient and the reference carbon
emission effect on the demand coefficient can enhance
the manufacturer’s emission reduction

(iv) An increase in the interchannel price-substitution
coefficient enhances the level of the retailer’s adver-
tising effort

Proof. Observing equations (7) and (18), pU*=pl*
=[Q-s+us) Dyl/[2 (1 —‘uz)], py* =[s+u (1-9)]Dy/[2
(1 —‘uz)], pf* =[s(3 —yz) +2u(1-5)]D,y/[4(1 —yz)]. We find
the first-order derivative of (1 —s) for pV* and pL*. Then, we
find the first-order derivative of s for p/* and pL* as

") Dy

di—s) di-s 200+p % ds 20+ "
d(p*) Dy(3-u*-2
(2; ) = 0(4(1fly2) H),0<y<1,0<y2<1, (30)
L
0<2/,t<2,0</,t2+2y<3,0<3—(y2+2y)<3,d(§; ) :4(1D° 2).(3—y2—2y)>0.
-

According to equation (30), the first-order derivatives
of both online and offline channel prices with respect to
their market share are greater than 0. Online and offline
retail prices are each positively correlated with their
market share. Thus, the proof of (i) in Proposition 9 is
complete. By continuing to observe equations (7) and (18),
we find the first-order derivative of s for w”; the first-order
derivatives of u and A for EV*; the first-order derivatives of
pand A for EL*; and the first-order derivatives of y for AV~
and A", respectively. Thus, (ii)-(iv) in Proposition 9 can
be proved.

First, according to Proposition 9, the higher the con-
sumers’ acceptance of a channel, the higher the wholesale
and retail prices on that channel. When a product has a large
presence in a channel, the merchant will increase the
wholesale and retail prices to increase revenue.

Second, the larger the price coeflicient between channels,
the smaller the difference between channels. In this case,
manufacturers will attract consumers by increasing
emission-reduction investment and retailers will attract
consumers by increasing advertising investment (i.e., the
larger the substitution coefficient between the channels, the
more it will promote the effort levels of manufacturers and
retailers). When the difference between online and offline
channels is small, manufacturers and retailers can increase
their revenues by raising their low-carbon inputs. Manu-
facturers increase their level of emission reductions and
retailers increase their low-carbon promotion efforts.

Third, when the current emission reduction of
a product is higher than the carbon emission preference,
consumers will favor the product more, which in turn leads
to higher demand and increased revenue, which further
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motivates manufacturers to reduce emissions. Therefore,
manufacturers and retailers can further use advertising and
other means to promote consumers low-carbon con-
sumption behavior and increase revenues. When con-
sumers have low-carbon preferences, low-carbon products
can stimulate consumers’ desire to buy and thus increase
product sales. Therefore, merchants should strive to im-
prove the low-carbon level of their products to meet the
low-carbon demand of consumers, so as to realize their
own profits (according to equations (7) and (18)). O

Proposition 10

(i) The relationship between online and offline retail
prices: p¢" = p"s pr" > p)”

(ii) Manufacturers’ level of effort to reduce emissions and
retailer’s level of effort to promote low-carbon:
EU* >EL* AU* > AL*

(iii) Emission reductions, carbon emissions reference, and
goodwill: YU* > yL*, RV* > RL*, and GU* > G

(iv) Optimal revenue of the dual-channel supply chain
system: J* > (Jh* + JE*)

Proof. By observing equations (7) and (18), it is clear that
plr=pc"

Lx  Usx _
Pr pr 4(1 —[12)

where pX* > pU*. Thus, (i) in Proposition 10 is proved, and
(ii)-(iv) in Proposition 10 are obtained in this way.
Proposition 10 suggests that the online retail price is the
same under both decisions, and the offline retail price is
higher under decentralized decision-making. Emission re-
duction, carbon emission preference, goodwill, emission-
reduction effort, and overall supply chain benefits are higher
under centralized than decentralized decision-making. For
example, Haier and Gome did not cooperate in the early
days. In the continuing competition, Haier’s market share
was affected and gradually launched cooperation with
Gome. Eventually, both parties realized a win-win situation.
Decentralized decision-making leads to double marginal
effects. To mitigate this situation, further coordination

[s(3-#) +24(1-9[Dy _[s+p(1-91Dy _SD,

2(1—y2) >0, (31)

mechanisms need to be designed to promote supply chain
coordination and enhance overall benefits.

4. Coordinating Mechanism

The contract has two phases. First, to incentivize the re-
tailer’s low-carbon promotion, the manufacturer shares
a portion of the advertising costs as # (0 < # <1). Second, the
retailer pays the manufacturer a fixed compensation fee h.
This cost-compensation contract redistributes the profits so
that both the manufacturer and the retailer are incentivized.
The profits of the manufacturer and the retailer under the
cost-compensation contract H (#) are as follows:

max ]f;l = J:O e P (p,(t)D,(t) + w(t)D, (1)) — C(E(t)) — nC (A(t)) +h)dt;

(32)

max ]f = JOO e (p, (0)D, (t) —w(£)D, (t) - (1 — n)C(A(¢)) — h)dt.
PrA 0

Proposition 11. Supply chain coordination is achieved when
the manufacturer’s cost-sharing rate to retailers satisfies
equation (33). The manufacturer’s share of low-carbon pro-
motional costs for retailers is negatively correlated with the
offline channel’s market share.

2

Bx* N
L 33
1 164, (33)

where A, = ((1-5)* + 5%+ 2us (1 - 5)/4(1 — u?)).
Proof. First, for the retailer’s decision problem, we assume

that there is a differential function Vf (x> R, G) that satisfies
the HJB equation for all y>0, R>0, and G>0.

pVE = max{(p, ) (5D~ p, +pe) B+ A~ R) + 5G] = (1 =) L2 -

(34)

+VE (aE ~ 6y) + VE (6 — 6R) + VE(aE + bA — yG)].
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We then find the first-order derivatives of p, and A for Then, we solve it for the manufacturer’s decision
equation (34) and make them zero to obtain the following  problem. The function construction method is similar to the
equation: equation for retailers.

5
_SDo +up. + W bV,

= . (35)
br 2 ST -,

Vo = max {pe[(1=9)Dy — p, +up, ] [Bx +A(x = R) + vG] + w(sDy — p, +up,)[Bx + A(x = R) + 1G]

w,E
(36)
- fTMEZ - ’%ffA2 +h+V,, (6 = 8) + Vg (0 — OR) + V o(aE + bA - yG)].
We substitute equation (35) into equation (36) and Then, we find the first-order derivative of the manu-
derive the derivative for p, and w to get facturer’s abatement effort E for equation (36) as
. (1 —=s+us)D . [s+u(l-s5)]D B B
Pf _ #2 0. " = U > 0 (37) b Vv, +avV,g (39)
2o1-¢) 21-¢7) SR
We also substitute equation (37) into equation (35) to By substituting p,, p,, and A into equations (36) and
obtain p, as (34), we get
2
Be [5(3 -Y ) +2u(l - s)]D0
p, = 5 . (38)
1)
pVE = [Dg (B+MA;—oVE, + evﬁ;R] P —(Dﬁm3 + evﬁ;R)R +<D§m3 - wVfr;C;)G
(ocVB’ +av® )2 b2<VB’ )217 2,8 1,8 22
AN ") ), b ViGViG +h;pV?P = SDo(B+h) ovE +ove
T I A A BT e (40
, , , , N2
B B B B 2( /B
DA 5 D2y . <“me + anG><ochX + aV,G> b (V,G>
| ——+ OV |JR+| —— -V, |G+ + —h.
16 16 fom 2f,(1-n)

From equation (40), let V® (y, R, G)=dx+d, solutions of the HJB equation, where d;, d,, and d; are
R+d;G+d,and VE(y,R,G) = g,y + g,R + g;G + g, be the  constants, to find

2 2 4,2 2 44 272
d, = D?)AZAs;dz = DO/\A3§d3 = DOVA3§d4 = DOA3{0¢A2 + va ) — Dys vbn >
p+0 pry 2f,\ 0 ptw)  5120f,(1-m)(p+ )
42 272 22 22 22
Dys“v'b" A, : +E;g1 _ Dgs Az?gz __ DysA gy = Dys“v ; (41)
lepf,(L-n)(p+y)” P 16 16(p +6) 16(p +y)
52D3A3( va )2 s'Dgv’b’ h
94 = “A2+ + 5= =
16pf prv) S12pf,(1-mp+y) P
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By substituting equation (41) into equation (35), we
obtain the retailer’s equilibrium strategy for advertising
under the cost-compensation mechanism as

Br _ s"Divb
16f,(p+y)(1—n)
Under this contract, the dual-channel supply chain can

reach coordination. Thus, the retailer’s advertising effort can
reach the effort level of the centralized decision, that is,

AB* :AU* _ Dé‘VbAl
frlp+y)

The manufacturer’s share of the cost for the retailer is
obtained by using equations (42) and (43) and is denoted as

n:

(42)

(43)

B -0t

X7 = xrss + (X0 — XrssJe s

0

" )
R = Rgss + -5 (Xo - ngs)e '

B B B _
G = Gh +(G0 —GRSS)e vt

where yBoo = (aDiA;/8f,,) (al, + (valp+y)), R =
(aD2AS/8f ) (al, + (valp + ), Grgs = (aDiA 1Y ) («
A, +(valp + ) + (B2DIvA Iy f, (p + v)).

11

2
Bx S

=1- , 44

g 164, (&9

We then substitute equation (41) into equation (39) to
obtain the manufacturer’s optimal level of effort to reduce
emissions as

2
P = Dol (mz + ) (45)
Py

By substituting equations (43) and (45) into equations
(1)-(3), we obtain the optimal trajectory of emission re-
duction, carbon emission preference, and goodwill, as
follows:

m

B 0

+| Ry = Rpgs — -5 (Xo - Xﬁss) e 0t3 (46)

Finally, the respective profits and the total system profits
are obtained as

T = e "Vl (6 RG) T = e PV ( RG) Ty = P (Vy (6 R.G) + V] (1, R,G)), (47)

where

Bx 2
Vi =Dyl 057 -

2 2 4 A2
B DO)LAZ,RB* , DovAspe  Dos (

va )2 Dpv’b? (5120, 8, = 165°A, +5*)
+

al, + +-
p+0 pHy fu\ Pty 5120f, (p + y) ”
48
VB _ DgszAZXB* B DA g, . Dis’v G 4 DSSZAS/(XA L )2 . Dis’vb* A, _E
r 16 16(p + ) 16(p +v) 16pfu \ > p+v) 32pf,(p+y)} P

Equation (47) shows that introducing the contract yields
higher maximum manufacturer returns than in the case of
decentralized decision-making (i.e., VE* > VL*). However,
the retailer’s optimal returns might not always be enhanced
because V2* —VL* >0, which needs to satisfy certain con-
ditions to hold. It is necessary, therefore, to further explore

b= _ Dis’vbp
U aeyf, (pry)

(AB* _AL*)(l _e—u/t) +

the range of fixed fees offered by the retailer that will
maximize members’ returns under this contract. O

Proposition 12. The coordination mechanism optimizes the
benefits of the overall supply chain and of each member when
he[hy, hy]. h, and h, are expressed as

D352v2b2(16A1 - sz)

49
512/, (p+ y) )
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Introducing this cost-compensation contract H (1) en-
ables supply chain coordination and brings the members’
optimal strategies to the level of centralized decision-
making, according to Propositions 11 and 12. Although
manufacturers have two sales channels (online and offline)
and compete with retailers, such competition can be co-
ordinated. Supply chain members should cooperate to en-
hance profits. However, this cost-compensation model can
only be realized when the cost-sharing ratio and the fixed
return fee meet certain conditions, thus realizing the co-
ordination of the supply chain. Manufacturers and retailers

VB* Lx _ D(Z)SZVb
T deyf,(p+y)

According to equation (50), the range of h is solved as
follows:

0 D}s’vbp
16y f,(p+y)

Proposition 13. Centralized decision-making is the optimal
model. However, in practice, it is difficult to get manufacturers
and retailers to voluntarily participate in centralized decision-
making. Centralized decision-making requires manufacturers
and retailers to maximize the interests of the supply chain as
a whole. For example, in the face of fierce competition in the
market, Walmart and Procter and Gamble want to cooperate,
but Procter and Gamble could not accept the harsh demands
made by Walmart. Procter and Gamble argue that under the
current scheme, the supply chain’s overall profitability can be
enhanced, but its own interests are damaged. Thus, the process
of cooperation between the two parties was stopped. After-
wards, the two parties negotiate so that their interests are
safeguarded and cooperation is finally realized. Under cen-
tralized decision-making, manufacturers and retailers do not
make decisions based on maximizing their own interests. At
this point, the system is the most profitable, but the

(A% —A")(1-e")+

Complexity

cannot cooperate blindly. Only when the conditions are met,
can both parties cooperate effectively, thus eliminating the
double marginal effect brought about by decentralized
decision-making.

Proof. Since the manufacturer has achieved revenue im-
provement (V3* —VL* > 0), it is necessary to ensure that the
optimal revenue of each member under the contract is not
less than the result under decentralized decision-making
(i.e., Vf* - Vf* >0). According to equation (47), we get

D352v2b2(16A1 - 52) h

(AB* —AL*)(l—e““)+ —=>0. (50)

s12pf,(p+y) P

(51)

D352v2b2(16A1 - 52)
512f, (p+ ¥)°

O
manufacturer’s and retailer’s respective profits are not nec-
essarily better than the decentralized decision-making and
cost-compensation models. This makes manufacturers and
retailers not necessarily willing to implement centralized
decision-making even if the overall profitability of the system
is the highest. The fundamental reason is that maximizing
overall profit is not the same as maximizing self-interest. If
centralized decision-making is implemented, both the man-
ufacturer and the retailer will voluntarily engage in cen-
tralized decision-making only if their respective interests
outweigh those under the decentralized decision-making and
cost-compensation models. That is, they choose this model
only when their profits satisfy equation (52), where A],, and
A], are the incremental profits of the manufacturer and the
competitive retailers, respectively, which are affected by the
members’ negotiation power.

Ay =T0 =T 20 A, =0 = o 20, A], =) =] 20,8], =] " = J2* >0. (52)

5. Simulation Analysis

The model’s validity and parameter sensitivity are further
analyzed by using MATLAB software. Referring to reference
[24], the parameters are assigned as follows: a=2, 6=0.9,
a=2,b=1, f,, =1, f,=1, s=04, 4=0.05, f=0.2, L=0.5,
v=02, Dy=10, y,=10, Ry=10, Go=10, 6=0.1, y=0.1,
p=038, t=1, and h=0.7. The centralized decision-making,
decentralized decision-making, and cost-compensation
models are denoted by U, L, and B, respectively.

Figures 2 and 3 show the optimal trajectories of emission
reduction y and carbon emission preferences R for the three
scenarios. We can see in Figures 2 and 3 that emission
reductions and carbon emission preferences tend to be stable
over time in all three decision-making models. Emission
reductions and carbon emission preferences are equal under
decentralized decision-making and cost-compensation
mechanisms, and both are lower than those under cen-
tralized decision-making. Initially, consumers’ carbon
emission preference values are relatively low. Over time,
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FIGURE 2: Optimal trajectory of emission reduction.

however, technology improves, actual product emissions are
reduced, and the carbon emission preference values grad-
ually rise, tending toward stable values. L and B represent
decentralized decision-making and cost-compensation
models, respectively. It is worth noting that the lines rep-
resented by L and B overlap since the emission reductions
are equal in the decentralized decision-making and cost-
compensation models, and the reference carbon emissions
are also equal.

Figure 4 shows the variations in total system profits over
time under the three decision-making models. We can see in
Figure 4 that the total profits are the highest under cen-
tralized decision-making and the lowest under decentralized
decision-making. Introducing a cost-compensation mech-
anism can coordinate the dual-channel supply chain, im-
prove profits under decentralized decision-making, and
eliminate the double marginal effect. Figure 5 shows the
influence of A on total system profit under the three decision
modes. A is the coefficient of influence of reference carbon
emissions on demand. The greater the influence of the
reference carbon emission effect on demand quantity, the
higher the total system profits. In other words, the higher the
consumers’ emission preferences are, the more beneficial it
is for profits. At this time, consumers are highly aware of
environmental protection, and manufacturers can increase
product demand by increasing emission-reduction in-
vestment, which in turn will increase profits.

Figures 6 and 7 illustrate the variations in supplier and
retailer profits over time under the decentralized and cost-
compensation mechanisms, respectively. We can see in the
figures that the coordination mechanism is effective as the
profits of both the manufacturer and the retailer increase
after introducing the cost-compensation mechanism. At this
time, the manufacturer bears part of the retailer’s promotion
costs, the retailer gives fixed compensation to the manu-
facturer, and both parties are incentivized.

Figure 8 shows the effect of parameters a and b on the
total profit of the system, where a and b are the coefficients of
the impact of low-carbon production effort level and low-
carbon publicity effort level on goodwill, respectively. We
can see in Figure 8 that the greater the effect of both parties’
effort levels on goodwill, the higher the total system profit.
Since goodwill can lead to increased profits, supply chain
members will engage in low-carbon efforts to enhance the
brand goodwill and contribute to increased profits. Figure 9
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FIGURE 4: Change of the total system profit over time.
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F1GUure 6: Change of manufacturer’s profit over time.

shows the effect of both sides of cost coefficients on total
system profits under centralized decision-making. As shown
in Figure 9, the total system profit decreases as the cost of
low-carbon effort increases for both parties. Manufacturers
and retailers should therefore reduce costs as much as
possible to enhance profits.
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6. Conclusions

This study investigates a single manufacturer and a single
retailer, in which the manufacturer has both online and
offline sales’ channels and the retailer conducts offline sales.
Adopting a dynamic perspective, a differential game model
is constructed under centralized and decentralized decision-
making. Dual-channel supply chain member pricing, low-
carbon production effort level, and low-carbon advertising
effort level are studied. Then, a cost-compensation co-
ordination mechanism is designed to achieve supply chain
coordination. The main findings are as follows:

(i) Centralized decision-making is the optimal decision
model. It achieves the optimal low-carbon input,
emission reduction, goodwill, individual profits, and
total system profits. However, further negotiation is
required for voluntary implementation by both
parties. Coordination is inseparable from negotiation
between manufacturers and retailers. Members of the
dual-channel supply chain need to focus on their
negotiation and information-gathering skills to im-
prove their own utility. Manufacturers and retailers
may choose centralized decisions. At this point, the
total profit is the highest from the point of view of the
system as a whole. However, both parties also have to
give a proposal on the distribution of their respective
profits. If their respective profits are higher than
those in the decentralized decision-making and cost-
compensation models, then centralized decision-
making is the preferred mode.

(ii) A cost-compensation mechanism is introduced to
coordinate the supply chain. At this point, consumers
are affected by the reference carbon emission effect,
and this cost-compensation mechanism provides
anew cooperative solution for supply chain members.
The contract can help the retailer’s advertising and
promotion investment reach the level of centralized
decision-making and improve the member’s profit
under decentralized decision-making. Thus, this co-
ordination mechanism is effective. However, the cost-
compensation contract occurs when the cost-sharing
ratio and the fixed compensation fee meet certain
conditions. Under this contract, the manufacturer
bears part of the advertising and promotion costs for
the retailer, giving the manufacturer a certain fixed
fee. The cost-sharing ratio is jointly influenced by the
market share and interchannel substitution co-
efficient, that is, the higher the online product share,
and the larger the interchannel substitution co-
efficient, the higher the cost-sharing ratio. Manu-
facturers and retailers can calculate the cost-sharing
ratio and fixed costs based on the findings of this
study when choosing the decision-making model. If
the conditions are satisfied, they can choose this cost-
compensation pact. Cooperation and competition
coexist between channels, and coordination mecha-
nisms should be explored to improve profits and
coordinate the supply chain.
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(iii) The reference carbon emission effect can lead to

low-carbon production investment and improved
profits for manufacturers. When the reference
carbon emission effect on product demand is
greater, the incentive for manufacturers to invest in
low-carbon production is greater, which in turn
leads to increased profits. The retailer’s advertising
and promotion investment is not affected by the
reference carbon emission effect. In a setting where
consumers’ environmental awareness gradually
increases, manufacturers should engage in low-
carbon production, continuously upgrade low-
carbon technology, and further reduce emissions.
Reducing carbon emissions is the common theme
faced globally. For manufacturers, while partici-
pating in low-carbon production, they have to
consider factors such as costs and benefits. Based on
consumers’ low-carbon preferences, this study
confirms the impact of reference carbon emission
effects on consumers’ purchasing decisions and
supply chain members’ profits. Although, manu-
facturers have to pay costs for low-carbon pro-
duction, overall, low-carbon production can
enhance their profits under the premise that con-
sumers have reference carbon emission character-
istics. Manufacturers actively engaging in low-
carbon production can achieve the dual goal of
enhancing economic and environmental benefits.

(iv) Pricing strategy is influenced by the channel’s

market share. Wholesale, online, and offline retail
prices are positively correlated with the market
share of the channel. The price-substitution co-
efficient between the channels is positively corre-
lated with the low-carbon input and profits of both
parties. In practice, the market share of the online
sale channels gradually increases, increasing the
manufacturer’s say in pricing. The online retail price
of the product is the same under centralized and
decentralized decision-making while the offline
retail price is higher under decentralized decision-
making. Product pricing decisions are unaffected by
the introduction of the cost-compensation mech-
anism and are consistent with the results under
decentralized decision-making. Manufacturers and
retailers primarily consider the market share of
a product when making pricing decisions. If
a product has a high market share in a particular
channel, both the retail and wholesale prices in that
channel can be increased appropriately.
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