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Analyzing the influence of some environmental factors on carbon emission reduction and optimizing revenue allocation in cooperative
supply chain.

Public summary

m From the perspective of a supply chain manager, we analyze how to guide the carbon reduction decision of the whole
supply chain is a question worth studying.

m We analyze the external environment, such as how carbon trading price, unit carbon emission reduction cost, the impact
of efforts on emissions per unit of product, and the sensitivity of demand to unit emissions of the product affect the co-
operative supply chain emission reduction in a carbon trading environment.

m Combined with Shapley value, we introduce the concept of a “core” to propose a fair and stable revenue allocation
mechanism to stabilize the cooperation supply chain stable.
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Abstract: Since the supply chains of the world’s 2500 largest companies alone emit more than 20% of global greenhouse
gases, how to achieve optimal cooperative supply chain emission reduction effects in supply chain optimal emission reduc-
tion efforts and effectively distribute revenue in cooperative supply chains is a difficult complex problem. In this paper, a
green supply chain model of joint production is constructed based on the framework of the Stackelberg model and with
carbon trading under three quota methods being taken into account. First, from the perspective of a supply chain leader, we
obtain the optimal efforts to reduce emissions, the optimal price, and the yield of the products. Then, from the perspective
of carbon market regulators, we obtain the environment that is most conducive to reducing emissions in the supply chain.
Finally, we offer a profit distribution method based on the modified Shapley value, which maximizes fairness and stability.
The data calculation example analysis further verifies the results of the theoretical analysis.
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1 Introduction

Given the growing urgency of the climate issue, countries
worldwide have paid much attention to the issue of green-
house gas emissions. The 1992 United Nations Framework
Convention on Climate Change aims to keep atmospheric
concentrations of greenhouse gases at a stable level. The
Kyoto Protocol, adopted in 1991 to support the United Na-
tions Framework Convention on Climate Change, came into
force in 2005. This is the first time in human history that
greenhouse gas emissions have been regulated by regulations.
It adopts a “top-down” model, assigning developed countries
uniform targets for reducing greenhouse gas emissions by an
average of 5% from 1990 levels between 2008 and 2012.
Then, the Paris Agreement reached in 2015 lays out arrange-
ments for post-2020 global action on climate change and
defines a “bottom-up” model of relatively flexible emission
reduction with nationally determined contributions at the
core.

Carbon dioxide (CO,) is an essential component of green-
house gases. To restrain the greenhouse effect, reducing car-
bon dioxide emissions is very important. A carbon trading
mechanism is a market mechanism aiming to promote global
greenhouse gas emission reduction and reduce global carbon
dioxide emissions. The first additional agreement of the
Kyoto Protocol takes the market mechanism as a new way to
solve the problem of greenhouse gas emission reduction, rep-
resented by carbon dioxide. Carbon credit, a generic term for
any tradable certificate or permit representing the right to
emit a set amount of carbon dioxide or the equivalent amount
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of different greenhouse gases, is regarded as a commodity,
thus forming carbon trading. The carbon trading process is as
follows: first, according to specific regulations, determine the
total amount of emissions and emission quotas, and then al-
locate these quotas to key emission enterprises or units.
Second, firms can carry out cap-and-trade during the imple-
mentation period. Finally, firms need to pay their full emis-
sions quota at the end of the period or face a penalty for
breach of contract.

There are generally three-carbon quota allocation rules
under the current carbon cap-and-trade mechanism. However,
researchers have not consensus on the optimal carbon quota
allocation rules, which will affect the final emission reduc-
tion results. China’s national carbon trading market, offi-
cially launched in July 2021, has been using a mix of carbon
quota allocation rules, for example, combining auction rules
with two free allocation rules. The flourishing European
Union carbon market is experiencing a gradual reduction in
the proportion of free quotas and increased the auctioned part.
As far as the free quota mechanism is concerned, it has also
experienced a transformation from ‘“historical law” to “in-
dustry benchmark law”. That is, the carbon quota allocation
rules are still changing. Therefore, the influence of different
carbon quota mechanisms on emission reduction has attrac-
ted research interest. The emissions from the supply chains of
the 2500 largest global corporations account for more than
20% of global greenhouse gas emissions!. The Centre for
Global Environmental Information research (CDP) calculated
that a company’s supply chain often produces 5.5 times more
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carbon emissions than its operational process. However, only
4% of companies set supply chain targets. Therefore, carbon
emission reduction in the supply chain is essential and urgent.
Considering the extensive literature, we define a “green” sup-
ply chain®: A green supply chain is a supply chain that bal-
ances environmental and operational performance through ef-
fective implementation of appropriate value cocreation and
collaboration. It manages the flow of material, information,
capital, and other necessary resources along with the nodes
and links of a supply chain network while integrating triple
bottom-line objectives from internal and external stakeholders.

On the one hand, superior supply chain management
(SCM) is recognized as a contributor to firm performance,
and the role of supply chain leaders is playing a role in an in-
creasing number of supply chains. However, few studies take
their role into account and examine carbon reduction as a
whole in the context of the supply chain as a decision-making
body. Specifically, most existing studies have modeled the
game between firms in the supply chain or supplemented it
with government regulation. For example, Yu et al.’! model
the equilibrium abatement and pricing strategy with manufac-
turers as leaders determining wholesale prices and abatement
levels, and retailers as followers determining retail prices, de-
riving a cost and benefit sharing contract. From the perspect-
ive of a supply chain manager, how to guide the carbon re-
duction decision of the whole supply chain is a question
worth studying.

In addition, the external environment, such as how carbon
trading price, unit carbon emission reduction cost, the impact
of efforts on emissions per unit of product, and the sensitivity
of demand to unit emissions of the product affect the cooper-
ative supply chain emission reduction in a carbon trading en-
vironment, is also a question worth studying. Moreover, most
of the existing studies have focuse on non-cooperative supply
chains. The few studies that examin the impact of the extern-
al environment on cooperative supply chains also involve
fewer factors, e.g., Cheng et al.”? find that on the network
state consumers’ increased environmental awareness can in-
crease product transactions for low-carbon manufacturers;
Kou et al.™ find that when consumers have strong green pref-
erences, cooperative emission reduction is of greater value.

On the other hand, how cooperative supply chains can ef-
fectively allocate their carbon reduction profits also needs to
be discussed. Cooperative supply chain management aims to
reduce production costs and increase profit through informa-
tion sharing. In the cooperation supply chain, if the revenue
allocation is not reasonable, the coalition will be out of bal-
ance, resulting in conflict. Therefore, an effective allocation
of supply chain revenue is crucial to maintaining the cooper-
ative relationship among firms in the supply chain. In conclu-
sion, this paper takes a green cooperation supply chain under
the cap-and-trade policy as the research object, establishes a
model to minimize the total emissions of the supply chain,
studies carbon emission reduction under various external en-
vironmental factors, and obtains the external environmental
conditions conducive to supply chain emission reduction. In
addition, combined with the Shapley value, we introduce the
concept of a “core” to propose a fair and stable income
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distribution mechanism to keep the cooperation supply chain
stable.

The remainder of this paper is organized as follows. Sec-
tion 2 reviews the relevant literature. Section 3 establishes the
green supply chain model and carries out the analysis. Sec-
tion 4 provides a revenue distribution mechanism based on
the Shapley value. Section 5 discusses the stability of cooper-
ation and its solutions. Numerical examples are given in Sec-
tion 6. Section 7 concludes this paper.

2 Literature review

Our study is related to two streams of literature: carbon emis-
sion reduction and revenue allocation.

In carbon emission reduction, many researchers study the
drivers of changes in carbon emissions. Wang et al."” identify
economic development, energy mix, and low energy effi-
ciency as the three main factors contributing to the increase in
carbon dioxide emissions. Jiang et al."” find that the contribu-
tion of different factors to global carbon emissions changes
with time. Influencing factors of carbon emissions for differ-
ent countries are diverse. They only attribute the driving
factors of carbon emission reduction to carbon emission re-
duction cost and the impact of efforts on each emissions unit.
However, in our study, we consider more factors, such as the
carbon quota allocation mechanism, carbon emission reduc-
tion cost, demand sensitivity to emissions, and carbon price.

Several scholars address the mechanism and method of
emission reduction. Tslegen and Reichelstein''" find that car-
bon capture and storage technology can offer the potential to
reduce carbon emissions from fossil fuel power plants signi-
ficantly. Toptal et al.'” analyze the joint decision of retailer
inventory replenishment and carbon emission reduction in-
vestment under three carbon emission regulatory policies and
shows that the opportunities of investing in carbon emission
reduction can simultaneously reduce costs while reducing car-
bon emissions. Chen et al."”! look at how to design a carbon
tax scheme to reduce emissions without hindering long-term
economic development. Lovelace and Bironneau!! look for
solutions to reduce the carbon emissions associated with the
operations. Wang et al.'”! optimize the emission reduction
path for “lagging regions” in China that do not meet the 2030
industrial carbon reduction target, based on the two-dimen-
sional perspective of carbon emission efficiency and emis-
sion reduction cost.

In addition, Mirzaee et al.'’ develops a stochastic game
theoretical model consisting of a manufacturer, a third-party
carbon emission verifier, and the government to study the ef-
fect of the interaction of external and internal factors on the
effectiveness of the strategy; Zhang et al.'? find that under a
consignment inventory policy, increasing the price of carbon
trading reduces carbon emissions but increases the economic
cost of the supply chain; Li et al.' study a single manufac-
turer under government regulation and find that if technolo-
gical upgrading is necessary, it is the strategy-based promo-
tion of increasing the level of consumers’ low-carbon prefer-
ences that is an essential factor in achieving total social. All
of the above studies are for individual firms or noncooperative
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supply chains, while our study explores the impact of extern-
al factors on cooperative supply chains. Our work differs
from the above in several dimensions, as China’s current
rules for allocating carbon quotas are still in their infancy.
The literature fails to study the influence mechanism of envir-
onmental factors on cooperative supply chain emission reduc-
tion under various allocation rules. Therefore, supply chain
enterprises covered by carbon trading cannot predict these
changes positive or negative impact on product prices. More
importantly, the existing literature primarily focuses on non-
cooperative supply chains, and very few studies have ex-
plored the influence of external factors on cooperative supply
chains.There are fewer factors studied, which inspires the re-
search in this paper.

For revenue allocation, the literature is mainly based on the
concept of “core” to find a steady allocation of profits>-*. On
this basis, Tang et al.*"! describe the relationship between core
and Shapley values. Furthermore, several researchers show
that their Shapley value is at the core, resulting in fair and
stable revenue allocation™ . If Shapley values are not in the
core, Nguyen et al.” introduce the “fairest core”. We pro-
pose a fair and stable allocation scheme using Shapley values
and cores and introduce the concept of nucleolus to study the
fairest solution when Shapley values are not included in
cores.

The Shapley value method is an allocation method based
on contributions in the literature. Zhang et al.” considered
cost and proposed the Shapley value with cost correction.
Zhang et al.®’” modify the Shapley value with cost and risk
correction. This paper considers the difference between cost
input and risk-sharing among enterprises and introduces in-
novation modification. Moreover, in the subsequent determin-
ation of the weight of correction factors, this paper combines
the analytic hierarchy process and entropy method, making
the weight of qualitative and quantitative factors more sci-
entific. In brief, considering cap-and-trade policies under
three carbon trading allocation rules, we adopt a green co-
operation model of the cooperation supply chain to analyze
the optimal carbon-reduction environment and formulate rules
for revenue allocation.

3 Green cooperation model

We discuss a green supply chain composed of multirole firms
that jointly produce a product by participating in part of the
process through green means in a carbon trading environ-
ment. Our joint production model is based on Ref. [1]. Let
ie N={l,---,n} represent firm, je€ M ={1,--- ,m} represent
process, N and M represent firm set and process set respect-
ively. A firm can participate in multiple processes, and each
process can involve multiple firms simultaneously. We use
0-1 matrix B=(b,;;) to represent the firm’s participation in
each process in the supply chain, that is, if and only if firm i
participates in j process, b,; = . In multiplayer cooperative
games, any subset S of N is called a coalition. If at least one
firm in coalition S participates in j process, b, ; = 1. That is,
for some i€ S,if b, =1, then by; = 1.
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3.1 Definitions and assumptions

Under a cap-and-trade scheme, the government sets limits or
“caps” on the emissions allowed by specific industries. It is-
sues a limited number of annual credits allowing firms to emit
a certain amount of carbon dioxide that contributes to global
warming. The total cap is divided into quotas, with the gov-
ernment setting a cap on the total amount of carbon emitted.
Each quota allows firms to emit one ton of emissions. The
government allocates subsidies to firms for free or through
auctions. Nevertheless, the government reduces the number of
credits each year, lowering the overall emissions cap. If a firm
reduces its emissions, it can keep excess credits to meet fu-
ture demand or sell them to another firm with an inadequate
quota. The overall environmental objectives of a carbon emis-
sion trading system depend on the total amount of carbon
emission quotas set by the system (i.e., the total amount) Q°.
Carbon quotas are allocated under Q¢ to each unit that parti-
cipates in cap-and-trade, and regulators typically assign car-
bon quotas on a business basis. The current carbon quota al-
location methods of countries worldwide can be divided into
three types: historical carbon intensity reduction, benchmark-
ing, and auctioning.

a) Historical carbon intensity reduction rule

The historical carbon intensity reduction rule determines
the quota according to control unit history emissions (on aver-
age) in recent years, which applies to the product characterist-
ics of the complex production process industry. Moreover, its
advantage lies in the more straightforward calculation and the
minor requirement of data quantity. Nevertheless, its short-
comings are obvious, such as the unfair rewards for past
emissions to the reduction action against the earlier firm,
which not only did not take into account the recent economic
development of firms but also did not use the historical emis-
sion data of new firms as a reference. Firms receive free
quotas based on their historical emissions during a specified
period. The carbon quota ¢; allocated to each unit free of
charge is™”

q:=p;- O, (D

where B; is the ratio of the average CO, emission of unit i in
previous years to the average total CO, emission of the whole
country in previous years.

b) Benchmarking rule

The benchmarking rule takes carbon emission intensity as
the industry benchmark value. Moreover, industry carbon
emissions represent the carbon emission level of unit activity
under a certain production level, which is used as a reference
index for the initial quota allocation of carbon trading. It is
suitable for industries with simple production processes, a
single product style, and a good data base. The number of free
allowances allocated to a company is a measure of its per-
formance relative to the emissions intensity of its products or
sectors. The carbon quota ¢, allocated to each unit free of
charge is*

qi’ =ﬁ[/ : QC’ (2)

where B/ is the ratio of the average annual output of i firm to
the average total output of all firms in the industry over the
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years.

Both carbon quotas as above are obtained free of charge.

A supply chain cooperative relationship is a cooperative re-
lationship in which all supply chain firms share information,
risks, and profits for a certain period. Therefore, it is no
longer reasonable for firms to conduct carbon trading as inde-
pendent entities. We consider a contractual relationship: car-
bon quota sharing between cooperative enterprises in the sup-
ply chain. Under this contractual relationship, the total car-
bon quota of the cooperative supply chain is the sum of the
carbon quota of each firm. In the carbon trading system, the
whole supply chain as a trading party carries out carbon trad-
ing with the outside world. Therefore, the carbon quota of the
whole supply chain this year is as follows:

0= )4 ©)

ieN

We assume that in the case of free allocation, the carbon
quota 6 of the whole supply chain in the carbon market in that
year is either bought (> 0) or sold (< 0) :

0 = fN —4n» (4)
where f, is the CO, emissions of the whole supply chain in

that year, and f, = Z fi» qv's g/, @ under the benchmarking
ieN
rule are the same as those in Egs. (3) and (4).
The revenue 7° of the whole supply chain in the carbon
market in that year is

n=-p-0, (%)

where p° is the carbon trading price of the year. 7 under the
benchmarking rule is the same.

¢) Auctioning rule

Under the auctioning rule, participating units need to pur-
chase quotas from designated auctioneers. The actual carbon
emission of the supply chain is the quantity of carbon quota
6" purchase:

fv=0". (6)

The revenue 7°”” of the whole supply chain in the carbon mar-
ket in that year is

T =—pc- 9, (7)

where p¢ is the auction price of unit carbon credit. We as-
sume that the emission reduction effort of firm i in process j
is e,;. In unit time, firm i’s emission reduction efforts remain
>0, whenb,;=1;
=0, whenb,;=0;

That is when firm i participates in the process of j, firm i
can choose whether to pay and how much emission reduction
efforts to pay. When firm i does not participate in the process
J, firm i cannot make efforts to achieve carbon emission re-
duction in the process j. The corresponding cost of emission
reduction effort ¢;; is k,je;;, where k;; is the carbon emission
reduction cost factor of firm i in process j. Let f;, be the car-
bon emission generated by firm i in process j for producing

unchanged, e; ,{ obviously.

each unit of product, fi= Z fivf‘; Sy is the carbon emission per

ieN
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unit of product produced for the entire supply chain,

fv= fo . The carbon footprint of the entire supply chain is

jem

random and influenced by emission reduction efforts e;; as
follows:

S =(1—Z(1,‘A/€,'j+8, (8)
ij

where «@ is the expected emission per unit of product in the
absence of carbon emission reduction efforts, «;; is the mar-
ginal effect of effort on emissions per unit of product, and ¢ is
a random variable with E(¢) equal to 0. Although the cost of
emission reduction is usually a quadratic function of emis-
sion reduction effort, for ease of subsequent analysis and cal-
culations, we assume a linear relationship referring to Ref. [29].

To prevent a negative carbon footprint, we make the fol-
lowing assumption.

Assumption 1. a-— Za/,-v,e,;,- +&2>0, so that E(fy)=

ij
a- E ae,;>0.
i

We assume that market demand is sensitive to both product
price and carbon emission levels, referring to Ref. [30]. We
assume that demand information is common sense, and the
demand function per unit of time is

D=a-p-2afy, )

where a is the base market size and A is the emission impact
factor, that is, the sensitivity of demand to unit emissions of a
product. We assume that each process’s carbon footprint

f =, ,f,) of each process is measurable, while the emis-
sion reduction effort e, ; is obviously not.
From Eq. (7),
D=a—p—/l[a—Za,,/e,'/+s]. (10)
ij

That is, when one firm increases its emission reduction ef-
forts, all the other firms benefit from the eventual reduction in
emissions of their products because reducing the total carbon
emissions of the supply chain increases demand. This is the
positive externality of mitigation efforts, and the greater the A,
the greater the positive externality.
Note that at equilibrium,
Q=ED),i.e.,

supply chain production

Q=a—p—/l(a/—2a/[,je,'/} (1)

The total emissions of the supply chain are Fy = E(Q- fy).

The profit of the whole supply chain is composed of sales,
production cost (basic production cost and carbon emission
reduction effort cost), and carbon trading income.

7r=p'Q—{c+Zk,,/e,vj]~Q—p”9, (12)

i
where p° is the carbon price, p is the product price, ¢ is the
unit base production cost (not affected by emission reduction
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efforts), and p > c.
3.2 Solution and analysis

In this section, the model we consider is the response of the
cooperative supply chain under the supervision of the supply
chain leader to exogenous variables, such as the unit price of
external carbon trading under three carbon quota allocation
methods, the allocation method of the carbon quota, and the
analysis. First, assuming that external environmental factors,
including carbon prices, are exogenous, we find the optimal
response strategy from the perspective of supply chain lead-
ers. It can be interpreted as a two-stage model with the fol-
lowing sequence of decisions in each stage:

Stage 1. In regard to making decisions about carbon reduc-
tion efforts, the firm optimizes its market response by solving

7,(p) = maxm,(p) to obtain the optimal price p;.
p=0

Stage 2. At price p;, the firm optimizes its emission reduc-
tion effort e’ = argmin Fy(e).

e€l0.e]

Therefore, the decision of a firm can be expressed as
{e’, p..}, and the optimal production quantity Q'. = E[D(p..)],
it can be regarded as the response function of the firm to the
carbon price p° in the Stackelberg game.

Second, based on the decision-making of supply chain
leaders, we stand in the position of market regulators such as
the government, take external environmental factors as endo-
genous variables, and analyze what kind of environment is
more conducive to the impact of supply chain emission reduc-

tion. For the sake of convenience, let Zk,-‘_,e,;, =k,-e,
Za,,je,-ﬁ_, =a,,-¢e, is average emission reduction efforts, and
L
k.., and @, are the comprehensive carbon emission reduction
cost factor and the impact factor of comprehensive emission
reduction efforts on emissions per unit of product respect-
ively. Given Egs. (10)—(12), for a given carbon emission ef-
fort e and carbon price p°, we obtain the following results.
Lemma 1. The optimal price and quantity are given by

o _atetky e+ (p =) (-, -E) (13)
p.(p)= 5 ,
0 (p) < LmET R TP D@ E) 1y
e 2 2
respectively.

We make the following assumptions.
Assumption 2. _
. +ct+ke,+(p—D(a—a, e,
(1) p ()= @t P Z V@G E)
Q:(pr): H—C—k,“j-?'/-—(pz”+/l)(a—(%'?'j)
.. X . ]g:/ a—c¢
(i) p € [0,ming = -1, — — A .

_ a a

ij

0.

\%

(i) =2 - 150,25 —1>0.
@, a
The first assumption holds w.l.0.g. and helps us to avoid
trivial cases: If p:(p“), Q!(p°) <0, then there is some kind of

emissions-reduction effort that is never chosen, and can there-
fore be removed from consideration. The second assumption
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is solved by the first and is considered in Stage 2. If Assump-
tion 2(ii) is not satisfied, e = +oo. That is, under the condi-

tion p°e€
Q o

&, a-c .

0, mln{:" —A,—— — A}, firms will not excess-
ij

ively invest in carbon emission reduction efforts. Otherwise,
the problem will become a trivial case with infinite demand.

k. _
O,min{% —/l,u —AH
@, a

throughout the paper to guarantee that all firms do not excess-
ively invest in carbon emission reduction efforts.
The third assumption is made to ensure Assumption 2( ii).

Therefore, we require p‘e

Based on Assumption 2, we can get e € [0, Zj“'"] and
oin = Prde-(@-o)
(pr+Da;—k,
Lemma 2.
( 1) Under the historical and benchmarking rule, r, (p°) is a

k. _
o,min{£—/1,2—a}
a

a;;

convex function of p‘ on , and

k. _
7.(0) > ﬂe(min{% _p,4=c —/1}].
a',v,,- a

(1ii) Under the auditioning rule, ., (p°) is a decreasing func-

k. _
O,min{%—ﬂ,u—ﬁ}}.
a/,-J a

This implies that firms can obtain high profits when p° is
either too large or too small and obtains the optimal profit
when p¢ = 0 under the historical and benchmarking rules. In
other words, firms prefer p° to be in its largest or smallest
range. In addition, it would be better if there were no carbon
trading prices. However, under the auditioning rule, the high-
er the carbon price, the lower the profit of the supply chain.

For convenience, in the cooperative supply chain, we denote

tion of p° on

@

=g (15)
hi;= kr (16)

i,

<

h;; can be interpreted in two ways. First, the higher £, is, the
higher the impact factor ;; or the lower the carbon emission
reduction cost factor k;; will be. And the higher the emission
reduction effort efficiency (call it “emission reduction effi-
ciency” for short) will be. Therefore, we call &,; the emission
reduction efficiency factor of enterprise i in process j.
Second, A, ; captures the ratio between the degree of positive
externalities generated by the emission reduction efforts of
firm i to process j and the cost of providing such mitigation
efforts. Therefore, the higher 4,; is, the more favorable the
emission reduction will be.

fzv, has a similar interpretation to &, ;. fzv, is the emission re-
duction efficiency factor of the whole supply chain. iz: rep-
resents the ratio between the degree of positive externalities
generated by the mitigation efforts of all firms in the supply
chain and the cost of providing such mitigation efforts. Obvi-
ously, the higher izvj is, the more beneficial it is to reduce the
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whole supply chain.
Lemma 3. Under three carbon quota methods:

Ha=c) hé —A], Fu(p) is

ij

a—c

(1) When 7, > —2—, p |0,
J

—lim

a decreasing function of ¢;; on [0,¢;; ] with a unique minim-

m at = —
u e = —
a 1]1 2a,
a+c+ E(: +p°-A)
ij

2

and the corresponding p.. . (p9), =

2 —
@o 1,1,
a h

decreasing function of & on [0,e;; '] with a unique minim-

(ii) k> c ,lfe[ , Fy(p)isa
a—c¢

ij ij

um at ¢,=¢,  and the corresponding p. . (p*), =

—Ilim ~—lim)

a+c+ktje,", +(p'=D(a—ae;

(iii) h~u < i, pre [O, a-c —/l], Fy(p°) is a convex func-
a-c a

—lim

tion of ¢; on [0,e;; ] with a unique minimum at

* JR—

1__.
e +—e. and the

€ij; = €ij ij2 corresponding p:*(p‘)(p():‘ =
2+ N a l
a+c+—_-—
1 e( c) + 2 h'./'
2[’ P ) 2

At this point, we obtain the supply chain’s decision
(€ (), Py (D)) as above.
According to Lemma 3, when il: > L, the effort is not
a-c

the bigger the better. And when IFzT < L, the effort is not
a-c

the bigger the better. It does not accord with our usual cognit-
ive cognition, mainly because the increase of efforts in this
situation makes the equilibrium price increase, while the in-
creasing demand the unit emission made may not be enough
to offset the impact of the price, so more extraordinary ef-
forts may increase supply chain emissions instead.

From Lemma 3, we can establish the following proposition.

Proposition 1.

(1) The carbon price p° in Lemma 3(1i) is higher than
that in Lemma 3( i), but ., <e’.

(ii) In Lemma 3( 1), regardless of the value of p* is, e*(p°)
remains the same.

We can conclude that it is not that the higher p° is, the
more emission reduction efforts the firms should make. This
indicates that the optimal emission reduction efforts are non-
monotone concerning carbon prices: Increasing the carbon
price level does not necessarily favor emission reduction
efforts.

.. . — a .
Proposition 2. ¢ in the case of /,; < —— is greater than
a—c¢

. — a
that in the case of h,; > —.
a—c

The combination of Lemma 3 and Proposition 2 implies

. — a ..

that although in the case of 4,; < ——, ¢, is greater than that
a-c

in the other case. However, it is inversely proportional to F.

Therefore, in the condition of iz‘,: > L, the supply chain is
a-c
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more conducive to exerting optimal emission reduction ef-
forts to generate optimal emissions.

Next, we calculate the supply chain profit under this
decision.

Proposition 3. Under the three carbon quota methods,
7, (p°) is always a decreasing function of e;; on [O,Zj""'].

Considering that firms are profit-oriented in making de-
cisions, they always tend to make the most profitable de-
cisions. Although we assume that supply chain leaders can
make decisions for firms, practical risks still exist. Further-
more, Proposition 3 indicates that firms will try to make few-
er emission reduction efforts decisions to achieve higher
profits. Therefore, firms always have no incentives to invest
more in emission reduction efforts.

Beyond that, we do not have a better way to better meet the
needs of supply chain profitability in terms of carbon price
regulation.

We suppose that 7", 7,°, and ;" correspond to the optimal
2(a—c)_é_/l];

@

a

, and h,; < —
a-c

.. — a
profit of the condition of h,; > ——, p“ €0,
a-c

— o« [2(a—c) 1 1 ]

h, > —, ‘€ ——-A,=-1
Ta-c d @ hi; hi;

pre [O, a-c_ /1], respectively.
a

i

Proposition 4. Under the three carbon quota methods, 7,*
and ;" are always positively correlated with 4, ;, but there is
no connection between x," and &, ;.

L iy ~ o«
This indicates that under the condition of A,; < ——, as
—c
long as p° is in the domain, the higher emission reduction ef-
ficiency h,; will lead to the higher optimal profit 7*. However,

a  [2(a-c) 1

. — 1
in the case of h,; > —, p‘e -, ©
a-c

- :_ﬁ,:

a h,  h,

ij

does not change with a change in iz: In other words, when
ij ij

both 4,; and p* are large enough, the change in A;; has no ef-
fect on 7.

4 Revenue allocation model

4.1 The Shapley allocation

Cooperation inevitably involves benefit allocation, and only a
reasonable allocation of benefits can achieve a long-term co-
operation model. To distribute the benefits more fairly and
reasonably in the process of multiperson cooperation, Shap-
ley and Shubik®" proposed the Shapley value of distributing
the benefits according to each member’s contribution degree
to the alliance’s overall goal. The benefit shared by a mem-
ber is equal to the average of the marginal benefits created by
the member for the alliance he/she participates in. This sec-
tion builds a revenue distribution model based on the
Shapley value.

Assuming that enterprise i participates in j process,
product utility u,; and carbon emissions f;; are generated, here

we define that u;, = Zu,-'j; u; = Zu,-'j; fi» f; 1s similar. We as-

i 7
sume that emissions f; from all processes in the supply chain
are measurable.
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We discuss this joint production issue under the carbon cap-
and-trade policy. Assuming that the motivation of the supply
chain leader is to achieve collaborative emission reduction to
a great extent, it is committed to developing a revenue distri-
bution scheme ¢ to allocate the total profit z to lay the found-
ation and provide incentives for carbon emission reduction.
The assignment scheme is set as ¢ = ¢(B, f) and defined on
firm set N, process set M and responsibility matrix B, the dis-

tributed income of firm i is ¢(i), Z(}S(i) =n.
i=1

The cooperative game in the supply chain is represented by
a binary array G =(N,v) composed of the firm set N and
characteristic function v in the supply chain, where the char-
acteristic function v(§) is a function of any coalition, S € 2",
v is the mapping that v : 2¥ — R, and refers to the overall util-
ity of the coalition obtained by each member through cooper-
ation. We generally only consider the case of complete in-
formation, where N and v are common knowledge. In the
current green environment of energy conservation and emis-
sion reduction, the value of supply chain results lies in the ac-
tual output and the emission reduction situation. Accordingly,
we establish the utility characteristic function as follows.

v(S)= ) =pf)bs,. (17)

JjEM

The characteristic function v({i}) of a single member coalition
is often abbreviated as v(i).

V()= " (- pf)b,,s (18)

JjeM

where p is the constant coefficient.

The revenue that must be distributed to all firms in the sup-
ply chain is given by the profit 7 of joint production per unit
of time, and the unit of time in this article is one year.

The Shapley value ¢ of income distribution model (N,v)
conforms to the following characteristics:

1) Symmetry

The sequencing or labeling of stakeholders does not affect
the results of revenue allocation. In other words, equal pay for
equal work.

For any permutation 7 of N, ¢o(7(i))(7v) = @(i)(v).

2) Efficiency

The total value of the stakeholder coalition is the sum of all
Shapley values, namely the characteristic function value.

D)) = v(N).

ieN

3) Law of aggregation

When there are many kinds of cooperation, the way of rev-
enue allocation of each cooperation has nothing to do with
other cooperation results, and the total allocation is the sum of
two terms. For any game v and w on N, there is
POV +w) = (V) + (D (w).

4) Null player

If a member does not contribute to any of the cooperative
coalitions in which he/she participates, he/she should not be-
nefit from collective cooperation. If v(S\{i}) =v(S) for all
subsets S containing member i, ¢, (v) = 0, where S {i} is set S
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after removing element i.

Thus, there exists a unique assignment @(v) = (¢, V),
0o, @) = (@(1),(2), - ,¢(n)) for a particular set of
players N, ¢(i) € R simultaneously satisfies the above four
postulates and can be calculated by the following formula.

o) = ) wh(S) —S\(iD], (19)

SCN,
€S

W=(|S|—1)!(n—|5|)!%, (20)

where |S| is the number of participants in union S, w is the co-
alition’s weight coefficient, v(S \{i}) denotes all the members
of the league except i formed by the union of total utility.
That is, a player’s Shapley value is the weighted average of
his/her marginal contribution in all possible coalitions.

4.2 Modified Shapley value

Although the Shapley value avoids egalitarianism and makes
allocation more reasonable and fair, it ignores the heterogen-
eity of different players in forming a particular coalition, lead-
ing to players without individual characteristics. In collaborat-
ive supply chain practice, the positions of each enterprise in
the system are different due to different investment levels,
risk-sharing, and innovation results. At the same time, the
Shapley value method essentially assumes that the listed in-
dexes are equal for all alliance members. Thus, this paper re-
vises the Shapley value model according to participating
firms’ capital investment, risk-taking level, and innovation re-
search efforts. To make the correction factors closer to reality,
we further differentiate the subordinate indexes as a compre-
hensive reference based on the above factors and construct a
comprehensive correction algorithm based on the Shapley
value method.

4.2.1 Costof investment

We use C to represent the cost factor as the first-level indicat-
or with a weight of 2. Capital input can be divided into:

a) Direct production cost, C,

It points to the cost that relates directly to the product’s
production process, such as raw material, primary material,
purchase of a semifinished product, wages of a production
worker, and depreciation of machine equipment.

b) Information sharing cost, C,

To achieve coordinated emission reduction, supply chain
enterprises often need to share emission reduction informa-
tion and even some noncore technologies with each other.
This information is of value, which is collected or developed
by the enterprise and should be converted into the investment
cost of the enterprise.

¢) Human resource cost, C,

It consists of D original cost of human resources, which is
the cost of acquiring and developing human resources,
and @) the replacement cost of human resources, which is the
cost of replacing an employee.

c d) Internal transaction costs between cooperative members,

4

In the process of collaborative supply chain emission re-
duction, the flow of material resources often occurs between
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enterprises, and users need to pay part of the cost to the pro-
vider. Thus, it will form an internal transaction.

The cost of the above specific types is represented by C,,
C,, C;, C, as the secondary index, the total cost of enterprise i
is expressed as C;, and the cost of each secondary index is C;,
C,, Cs, Cy in sequence. The weights are A,, 4,, 45, 4, in that
order, that is C,yn, = 4,C; + 4,C + 4,C + 4,Cyy. And Cim 18

the result of normalizing C,,,, with respect to Z Ciam-
ieN
In other words, under the cost correction factor, the reven-
ue allocation obtained by firm i is

‘p(i)l =
1 1 .
;w[l '+ %:(C,;,um - ;)}V(S) - [1 + ;“;(C,_}um - ;)] V(S \{i}).

2

4.2.2 Degree of risk-bearing

We use R to represent the risk factor, whose weight is u. Risk-
taking levels can be divided into:

a) Market risk, R,: It refers to the influence and change of a
variety of factors, resulting in increased business risk to not
achieving the expected emission reduction effect of the pos-
sibility. For example, (D changes in the policy environment.
Carbon trading systems are proliferating around the world.
However, to date, there has not been a unified global carbon
trading market, and different countries and regional markets
have different management rules for trading. The European
Union’s emissions trading scheme, although relatively ad-
vanced, is still in the stage of gradual improvement. There-
fore, both in time and space, relevant policies are in a high de-
gree of change. (@ Competitive risk. In market competition,
there are many uncertain factors. Although every competitor
expects to achieve its expected profit target, they cannot all
succeed.

b) Cooperation risk, R,: This refers to the risks brought to
the manufacturers in the core supply chain by the noncooper-
ation or inability of the partners to cooperate.

¢) Technical risk, R;: It is mainly derived from two aspects
of hardware and software. Moreover, the main types include
technology deficiency risk, development risk, technology pro-
tection risk, technology use risk, and technology acquisition
and transfer risk.

The weights are u,, f,, and y; in order, that is,
Riam = iRy + 1R, + 3R 5. And R, is the result of normal-

izing R, ., With respect to Z R; o

ieN

Then we can obtain

sa(i)z:ZW[HZ(m—%)

SCN, ieS
€S

1
1+ (c - ;)

Snli)

— 1
[H%(R,;,um—;)}v@)—
1 )
1+ Z(R - ;)}v(sw}).

Snli}

(22)

4.2.3 Innovation contribution

The innovation factor is denoted by J with a weight of y. In-
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novative research efforts can be divided into:

a) Innovation contribution, /;: System innovation is the
premise of innovation of other kinds. A perfect enterprise sys-
tem innovation mechanism can ensure the effective imple-
mentation of technological and management innovation.

b) Technical innovation, /,: Design products and pack-
aging using cleaner materials and product technologies. Chan-
ging environmental trends and regulations complicate the
design of green products, minimizing their impact on the en-
vironment during their usable life cycle and at the end of life.

¢) Cultural innovation, I;: Technological innovation en-
compasses the development and application of new or exist-
ing technology, drawing from scientific knowledge and re-
sources. It is a crucial source of competitive advantage for
businesses and a key factor in sustainable development. Sci-
ence forms the foundation of technology, which in turn drives
industry. Technological innovation stems from the discovery
of scientific principles, and industrial innovation is primarily
built upon technological advances. A thorough understanding
of the essence, characteristics, and principles of technological
innovation is essential for effective management in this area.

d) Business innovation, I,;: To expand the market and pur-
sue profit maximization, business development has become
the goal of many managers. However, it is challenging to pre-
dict the effects of business development direction and
strategy, so significant risks exist.

The above specific types of innovation of firm i are repres-
ented by I, I,, I;, I,. Their weights are y,, v, ¥, ¥, in order,
that is [, = I + I, + I5 + I,. And I, is the result of normal-

izing I, with respect to Z I Here, all secondary indicat-

4 ieN 3

4
ors are normalized, i.e.,Z A+ Z,u, + Z v =1
=1 =1 =1

Then we can obtain

w(i)s=;w 1+Z(c_—%)]
1+Z(m—%)}v(.9)—

i€S
i€S

[ 1
71 + Z (Ri.sum - ;)

i€S

el 2=

Snli) Sniiy

[ 1
71 + Z (Ii.sum - Z)

Snii)

v(S\{iD). (23)

5 Stability of the allocation

Considering the difference between firms, we establish a
modified revenue allocation model based on the Shapley
value, making the distribution highly fair. However, the firms
in the coalition may be attracted by external economic in-
terests and deviate from the system, which means that the co-
operation under the allocation may not be stable. In the fol-
lowing section, we combine the core guarantee mechanism in
a cooperative game to achieve stability and fairness through
the “fairest core”.
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5.1 Definitions and properties

The solution of a cooperative game is the distribution of the
benefits obtained by all the partners. Much research on co-
operative game solutions is divided into the following three
types: core, least core/nucleolus, and Shapley value.

5.1.1 Core

The core is the “no one will complain” set of allocation
schemes, that is, the set of all allocation schemes that can sta-
bilize overall cooperation. We define the core as in an n-
person cooperative game (N,v); all non-superior distribution
sets become the core, denoted as C(v). In this case, no prin-
cipal coalition can improve the utility of its members by real-
locating the initial resources of its members among them, and
all cooperative enterprises in the collection reach a stable
equilibrium state. In other words, any firm will not deviate
from the core due to the change of strategy because the devi-
ation of any party will cause the firm to suffer losses, ex-
pressed as x; > v(i), Yie N. As a result, the parties reached
binding agreements to form a stable state of cooperation when
the core elements are used as allocation schemes.

Theorem 1. Let x = (x,,x,,--+,x,), X, is the payoff distrib-
uted to player i, x is assigned to core C(v) if and only if

n

DK = vV, (24)

i=1
D% =SV CN. 25)
i€S

For each solution x, we assume that e(S,x) = v(S)x(S) is
the excess allocation of set S, that is, the difference between
the value of coalition S and the value allocated by the coali-
tion, which can be understood as the dissatisfaction of the
players in coalition S with the proposed solution x. The core
of the game is the set of solution x for VS C N, making
e(S,x)>0.

However, the core solution requirement is too strong, and a
cooperative game does not always have a core, which can
guarantee stability but cannot guarantee existence and fair-
ness, and is not unique.

5.1.2 Nucleolus

In some games, the core may not exist. At this point, we
define nucleolus as a similar solution. Its essence is a collec-
tion of allocation methods to minimize the maximum dissatis-
faction of coalitions in cooperative games. The g-core of the
game is the set of solutions x for VS c N, making e(S,x) < ¢,
& > 0.The core of the game is the nonempty e-core at the low-
est .

Like the core, it is stable, unfair, and not unique because it
is a set, but it is always guaranteed to exist.

5.1.3 Shapley value

In contrast, the Shapley value has existence, uniqueness, and
fairness but no stability.

Therefore, when looking for a unique allocation scheme for
cooperative games, we ideally want the core to exist and the
Shapley value to be in the core. According to Ref. [25] we in-
troduce the concepts of the “fairest core” and “fairest nucleol-
us” in the following subsection.
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5.2 Optimization model

Based on the previous Shapley values, we added finite con-
straints to the original distribution equation based on the
“fairest core”™. Given that ¢,” is the comprehensive modi-
fied Shapley value, x = (x,,x,,--+,x,) is the decision variable
of allocation.

They are combined with the three necessary conditions in
Section 5.1, the “fairest core” is the core closest to the
Shapley value according to the only stable solution with fair-
ness. We constructed the constrained optimization model as
follows.

min||x— g
s.t. Zx,» =v(N),
i=1
Dlx SV CN,

€S

x,€R,ieN. (26)

There may be three situations when solving the above model.

(1) The model has a feasible solution, and the objective
function value is 0. The income distribution scheme is in the
“core”, equal to the modified Shapley value.

(ii) The model has feasible solutions, but the objective
function value is not 0, and the income distribution scheme is
in the “core” but not equal to the modified Shapley value.

(iii) The model has no running solution. In this case, the
“core” of the cooperative game is an empty set, and there is
no stable income distribution scheme.

In cases ( 1) and (ii), the “fairest core” is obtained, which
is our ideal solution. For case (iii), we resolve it by extend-
ing it to the concept of “fairest nucleolus” in the following
sections.

min ||x —¢;||

st Y x=wN),

i=1

D x=vS)-& VS CN,

€S

X, €ER,ieN. 27
Among them, £ >0 is the worst excess level of nucleolar
solutions. It is always possible to find an approximation to &
so that the revenue allocation scheme for cooperative emis-
sion reduction is located closest to the core.

The constraints help us obtain the set of nucleoli or even
cores, and the objective function makes it the closest solution
to the Shapley value in the set. Based on the above, we ob-
tain the solution to allocate revenue to both meet fairness and
stability to the maximum extent.

6 Numerical example

To illustrate the applicability of the green cooperation model,
we first present a simple example to instance the optimal market
response and profit of the firms. Then, we continue this ex-
ample to verify the rationality of the revenue allocation model.

6.1 Optimal model
According to the daily transaction data of the national carbon

market released by the Shanghai Environmental Energy
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Exchange, the closing price of the carbon emission allowance
(CEA) listing agreement in the national carbon market on
2022-07-25 was 57.30 CNY/t". We consider the supply
chain operating under a uniform carbon price of approxim-
ately 57 CNY/t. Suppose the total carbon quota of the co-
operative supply chain ¢, is 16 t per year, the expected emis-
sion per unit of product in the absence of carbon emission re-
duction efforts a is 50, the base market size a is 10000, the
emission impact factor A is 10. The unit base production cost
is 10. In addition, the comprehensive carbon emission reduc-
tion cost factor k;; and the impact factor of comprehensive
emission reduction efforts on emissions per unit of product

@;; are 500 and 5 respectively. Based on the above, we get

= _1=90,—= - 1=189.8, p- €[0,90] which satisfy As-

a;; a
sufnption 2 and the real data of p°. And then, we obtain

12360 + 265¢ 13340 —835¢
Pp)=—7F" Q. (P)=—F——

2
— 1 5 14438
Lemma 3, h;; = 100 > ﬁ = 599" pe|o, T]’ they satis-

fy Lemma 3(1).

. According to

So that @, =5==5 E(f)=25.
a,y,

p.(p°) =6842.5, Q:(p°) =9165. Finally, the optimal revenue
of the whole cooperative supply chain is 7° ~ 3.97 x 10’ CNY.

6.2 Allocation model

Suppose that there are three firms 1, 2, 3 in the supply chain.
If these three firms choose to produce and reduce emissions,
the revenue that can be best achieved is 5x 10°, 8 x 10°, and
1x 107 per year, respectively. Moreover, they will be much
more profitable if they choose to cooperate. For example, if
firms 1 and 2 choose to cooperate to reduce emissions, their
total revenue can reach 2x 107. The cooperation of emission
reduction of firmsl and 3 can increase the total revenue to
2.5%10’. The revenue of the cooperation of firms 2 and 3 can
reach 3x 107, According to Subsection 6.1, if all three firms
choose to cooperate together, the revenue will be 3.97 x 107.
Considering the factors of contribution, the level of invest-
ment cost, the condition of risk-bearing, and the achieve-
ments of innovation, we adopt the model developed in the
above section to allocate the revenue of cooperative emission
reduction.

6.2.1 Allocation model based on the Shapley value

The supply chain consisting of firms 1, 2 and 3 is denoted by
N =1,2,3. The revenues obtained by the three firms without
cooperation are represented as ¢(1) =5x 10, ¢(2) =8x 10°,

Table 1. The Shapley value calculation table of firm 1.

#(3) = 1x107. The set of all collaboration sets in which firm
1 participates is S, =1,1U2,1U3,1U2U3, and the sets of
firm 2 and firm 3 can be drawn by analogy. The revenue of
all the cooperative sets are recorded as ¢(1U2)=2x10",
Pp(1U3)=2.5%107, p2U3)=3x10", p(1U20U3) =
3.97 x 10". According to Egs. (19) and (20), the Shapley value
of the revenue of each firm can be calculated as ¢,(v), ¢,(v),
¢;(v). The specific calculation process is shown in Tables 1,
2, and 3.
Then, we can obtain the Shapley value of each firm:

8x10° 7.5x10° 1x107 1.47x10

1= =0.94x10";

(1) 3 + 3 + 3 + 3 0.94x10
8x10° 7.5x10° 1x107 147x10°

2) = =1.34x10";

©(2) 3 + 3 + 3 + 3 34 x10';
1x107 1x107 1.1x107 1.97x10’

¥(3) = X3 X3 + ? + 2 3X =1.69x10".

However, the Shapley value ignores the factors of contribu-
tion, the level of investment cost, the condition of risk-bearing
and the achievements of innovation, thus, it needs to be fur-
ther revised.

6.2.2 Allocation model based on the modified Shapley
value

Suppose  Cigm =2.75%x10°, Corym=355%x10°, Cigm=
45x10°, so that C,,,~ 0.2546, C,am ~ 0.3287,
Ciun~0.4167. In addition, R ,=0.3, R,..=0.425,

Riwwm =0275, T,4n=0425 T,..=0.1875, I,..=0.3875.
The specific calculation process is shown in Tables 4, 5 and 6.
Based on Table 4, we obtain ¢(1); = 1.62033 x 10°+
1.92489 x 10° +2.45332 x 10°+ 3.10825 x 10° ~ 9.10679 x 10°.
Based on Table 5, we obtain ¢(2), =2.47507 x 10°+
2.24835x10°+3.27015x 10°+4.51985 x 10° =~ 1.25134 x 10'.
Based on Table 6, we obtain ¢(3); =3.58478 x 10°+
3.54658 x 10° +3.82501 x 10°+7.11631 x 10° ~ 1.80727 x 10".

6.2.3 Stability analysis of the allocation

To test whether the final allocation scheme based on the mod-
ified Shapley value is stable and can be implemented effect-
ively over a longer period of time, this section introduces the
concept of “core” and the “fairest core” in cooperative games
for further analysis. If it is unstable, we optimize the model to
determine the values that best satisfy both fairness and stability.

Based on Eq. (24), the sum of all firms’ revenue allocated

S
1 102 1u3 N
#(S1) 5% 10° 2% 107 2.5% 107 3.97x107
#(S1-1) 0 8x 100 1x107 3% 107
HS1—¢(S1-1) 5% 10° 1.2%107 1.5% 107 9.7 % 10°
1S 1] 1 2 2 3
1 1 1 1
w — — — —
3 6 6 3
W68 - (S 1 - 1] 5% 10 6% 10 7.5% 10 9.7% 10
3 3 3 3
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Table 2. The Shapley value calculation table of firm 2.

S2
2 1u2 203 N
#(S2) 8 x 100 2% 107 3x107 3.97x107
#(S2-2) 0 5%10° 1x 107 2.5%107
#(S2-p(S2-2)) 8x10° 1.5%x 107 2% 107 1.47 %107
1S2] 1 2 2 3
1 1 1 1
w — — — —
3 6 6 6 6 7 7
Wld(S2) - $(S2—2)] 8x10 7.5%10 1x10 1.47% 10
3 3 3 3
Table 3. The Shapley value calculation table of firm 3.
S3
3 1U3 203 N
#(S3) 1x107 2.5%107 3% 107 3.97x 107
#(S3-3) 0 5% 106 8 x 100 2% 107
#(S3—¢(S3-3)) 1x107 2x107 2.2x107 1.97x 107
1S3 1 2 2 3
1 1 1 1
w — — — —
3 7 6 7 7 3 7
Wlb(S3)—d(S3-3)] 1x10 1x10 1.1x10 1.97x10
3 3 3 3
Table 4. The modified Shapley value calculation table of firm 1.
S
1 1u2 1U3 N
#(S1) 5% 100 2% 107 2.5%107 3.97% 107
1 — 1 — 1
I+Z(Ci,sum_*) 1+Z(Ri,sum_*) 1+Z(If,sum—)} 0.972196 0.917553 1.04562 I
ies) n ies, n ies) n
#(S1-1) 0 8 x 100 1x107 3x107
1 — 1 — 1
{H >, (Ci,sum_*) 1+ > (R,-,sum—f) Y (Ii,sum—)} 0 0.850212 1.14205 1.01251
i€S -1 n i€S -1 n i€S -1 n

3=

i€S
1+Z o ‘*Z(’i‘l) #(S1)-
1, sum n ies] 1, sum n

€S
1+ > (@ ! 1+ > (R L)
i, sum n ey i, sum n
i€S1—

i€S -1

1
1+ ) (Ii,sum—n)]qs(S.—l)

ieS -1

4.86098 x 10° 1.15494 % 107 1.47199 % 107 9.32476 x 10°

1S1] 1 2 2 3
1 1 1 1
w 2 2 2 2
3 6 6 3

w

i)

€S
1 — 1
Y 1+; Tisam =~ #(S )|~
€S

i€Sy
1+ > |G O+ >R )
i, sum n L i, sum n

i€S1-1

— 1
1+ Y (Ii,sum—n)]qﬁ(sl—l)

ieS -1

1.62033 x 10° 1.92489 x 10° 2.45332x10° 3.10825 % 10°
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Table 5. The modified Shapley value calculation table of firm 2.
S2
2 1U2 2U3 N
#(S2) 8x 100 2x107 3x107 3.97x 107
— 1
1+ Z (Ci, sum n)j ‘
=3
=2 0.928148 0.917554 1.01251 1
— 1 — 1
1+ (R;,sum - ;) £ (li,sum - n)]
i€S, i€Sy
¢(S2-2) 0 5x10° 1x107 2.5% 107
1
1+ Z (Ci,sum - )]
i€Sy-2 n
0 0.972196 1.07543 1.04562
1 — 1
1+.Z (Ri,sum _;) ]+.Z (li,sum _n)]
i€Sy-2 i€Sy-2
1
1+ Z (Ci,sum - n)] .
i€Sy
— 1 — 1
1+ 1; (Ri,sum - ;) 1+ l; (Ii,sum - n)}¢(s2)_
X . 7.42520% 106 1.34901 x 107 1.96209 x 107 1.35596 % 107
1+ ) Z (Ci,sum - ;) i:l + . Z (Ri,sum - n):i :
i€S,-2 i€Sy-2
— 1
£ (l,v,sum - n)]¢(52 -2)
i€Sr-2
1Sl 1 2 2 3
1 1 1 1
w — — — —
3 6 6 3
— 1
ol 3 (e
i€Sy n
1+ R 1 1+ 3% ~Dgsnl-
£ i, sum n £ i, sum n ¢ 2
1 1
’ ’ 2.47507 x 10° 2.24835x 10° 3.27015x 10° 4.51985x 100
1 1
l+.z (Ci,sum _;) [1"'.2 (Ri,sum _n)]
i€Sy-2 i€Sy-2

#(S2-2)

— 1
1+ Z (Ii,sum _;)
2

i€S)—!

is equal to the overall revenue of the whole supply chain,
which represents ¢(1); +©(2); +¢(3); = 3.969289 x 10" ~ 7 =
3.97x10".

Based on Eq. (25), the current cooperative portfolio is the
best of all the collaborative solutions. Here, ¢(1); =
9.10679 x 10° > ¢, = 5x 10°% ©(2); =1.25134% 10" > ¢, =
8x10% ¢(3); =1.80727x107 > ¢p5 = 1 X 107; @(1); +¢(2); =
2.162019x 107 = ¢(1 U 2); o(1);+9(3); =2.717949 x 107 >
d(1U3);  0(2)s+¢(3); =3.50861 x 107 > p(2U3); (1), +

(3), =2.717949x 10" > (1 U3); ) (i), = 3.969289 x 10 >

d(1U2U3). e

In summary, the modified Shaley value satisfies Theorem
1. That is, it is located in the “core” of the cooperative game.
Here, the allocation value is fair and reasonable.

7 Conclusions

This paper establishes a game model with n firms as the main
body, and explores the influence of the external environment
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of carbon emission reduction of cooperative supply chains on
their decision-making under the cap-and-trade policy. First,
we obtain the optimal price and the optimal yield of the
product to harvest the highest possible profit. Second, we ob-
tain the supply chain leader’s decision on the most
beneficial/practical carbon reduction efforts. In addition, we
obtained some insights as follows.

( I) Supply chain responses to carbon prices may not be
monotonous, and higher carbon prices may lead to smaller
rather than more significant emission-reduction efforts.

(II) It is not that more extraordinary emission-reduction
efforts always lead to less supply chain emissions. This is
mainly because more extraordinary emission-reduction ef-
forts tend to lead to more production, which is when the re-
duction in emissions per unit of product is not sufficient to
offset the increase in production. We need to avoid both emis-
sion reduction efficiency and carbon prices being too small to
avoid this situation. It can be considered that when the extern-
al environment pays too little attention to carbon emission
reduction, the impact of efforts on product emissions is too
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Table 6. The modified Shapley value calculation table of firm 3.
S3
3 1U3 2U3 N
#(S3) 1x107 2.5% 107 3x 107 3.97x 107
1+Z( i, sum _)j
S
s 1.07543 1.04562 1.01251 1
— 1
1+Z( i, sum _7) 1"'VZ(II',sum _n)j
i€S3 i€S3
$(S3-3) 0 5% 108 8x 109 2% 107
1
1+ Z (Ci,sum _n)]
i€S3-3
= 0 0.972196 0.928148 0.917553
1 — 1
1+AZ (Ri,sum_;) 1+.Z (Ii,sum_n)]
i€S3-3 i€S3-3
1+Z( isum — )]
i€S3
1*’Z:(Ri,sum *) {1+Z(zsum ):}¢(S3)_
153 1 53 1 1.07543 % 107 2.12795x 107 2.29501 x 107 2.13489 % 107
1+.Z (Ci,sum_Z) i:]‘*'lz (RL,sum_n)]’
i€S3-3 i€S3-3
— 1
DY (Ii,sum—n)]mss—s)
i€S3-3
1S3] 1 2 2 3
1 1 1 1
w — — — —
3 6 6 3
1
1+Z( i,sum Z)
i€S3
1 — 1
1 1 Iisum — — S3)—
+1; i,sum n)]{ +I;(z¢sum n)}lﬁ( 3)
| 3.58478 x 10° 3.54658 x 10° 3.82501 x 10° 7.11631 x 10°
1+.Z (Ctsum ;) i:1+ Z |: i,sum — )]
i€S3-3 | i€S3-3
— 1
1+ (If,sum—n)]«s(ss—a)
i€S3-3

small, or the unit carbon emission reduction cost of enter-
prises is too high. If the external carbon price is too low,
firms’ more extraordinary emission reduction efforts will lead
to higher emissions.

Therefore, we can confirm that creating a good environ-
ment helps to maximize the effectiveness of emissions efforts.
To improve the effectiveness of national carbon markets, we
need to develop technologies or take measures such as gov-
ernment subsidies to increase the change in emissions caused
per unit of effort.

To consider the benefits of the supply chain, under the his-
torical and benchmarking rule, we are supposed to keep the
carbon price in its largest range. However, under the auction-
ing rule, the carbon price should be kept as small as possible
without damaging the emission reduction effect.

In addition, we also analyze revenue allocation in the green
supply chain. To optimize the profit distribution of emission
reduction cooperation between enterprises, we adopt the
Shapley value analysis method, which considers cost invest-
ment, risk undertaking, and innovation input to enrich the
traditional contribution-only configuration model. Moreover,
through the concept of “the fairest core”, we guarantee that
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the final solution meets fairness and stability to the maximum
extent.

We can extend our study to a more detailed environment in
future research. Moreover, as regulators, governments should
maintain an environment that is most conducive to carbon re-
duction. The extension can also include comparisons of the
environments required by more complex players, such as
firms under different or mixed carbon quota rules and more
heterogeneous firms in perfectly competitive or oligopolistic
markets. It may even be possible to analyze incentives for
supply chain leaders to lead enterprises to reduce carbon
emissions in the case of reputational risk.
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Appendix

A.1 Proof of Lemma 1
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Plugging the above into Eq. (11), we can get QO (p°) = a-
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A.2 Proof of Lemma 2

( 1) Under the historical and benchmarking rules, the associated optimal profit is
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Obviously, e >0, thus, o is an increasing function. Besides, when p°=0, F <0, but on the condition of
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Therefore; 7, (p°) is a convex function of p*.
(ii) Under the auditioning rule, the associated optimal profit is
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Obviously, o > 0, thus, o is an increasing function. Besides, o < 0. Furthermore, when p° =0, @ <0, 7 (p°) <0, but
apﬂ ap( C‘) c apz‘

k, - P
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Therefore, , (p°) is a decreasing function of p°.

A.3 Proof of Lemma 3
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(1) If e, < %Tj that gg < 0. Therefore, Fy(p°) is aldecreasing function of e;;. Thus, when p‘e lO, 2a-9 - hé —/l],
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A.4 Proof of Lemma 4

a) Under the historical and benchmarking rules
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