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Many small and medium enterprises (SMEs) with capital constraints often have no access or find it costly to obtain a loan from a
bank; the retailer tends to borrow money from other enterprises in the supply chain by trade credit financing. We consider an
emission-dependent supply chain with one emission-dependent manufacturer and one capital-constrained retailer in need of
financing to explore the optimal operational and environmental strategies of a low-carbon supply chain under trade credit
financing. We use a Stackelberg game model to depict the low-carbon supply chain. We analyse the optimal carbon-emission
reduction effort, wholesale price, and order quantity in the equilibrium state. ,e impacts of key parameters, such as the retailer’s
internal working capital, the manufacturer’s risk-aversion degree, and the carbon-trading price on the supply chain operation, are
analysed. ,e results show that the retailer’s capital constraint causes the carbon-emission reduction effort, wholesale price, and
order quantity to improve synchronously. ,e supply chain achieves a win-win outcome for both the manufacturer and the
retailer when the capital-constrained retailer is funded via trade credit from the manufacturer. ,e in-depth development of
financing is beneficial to the manufacturer but is a disadvantage for the retailer. When the initial carbon-emission quota is low, the
manufacturer benefits from a relatively lower carbon-trading price. Otherwise, a higher carbon-trading price is better for the
manufacturer. ,e “carbon-trading price trap” ensures that the retailer’s profit is minimal. We further investigate the scenario in
which the manufacturer is risk averse and find that the retailer will purchase fewer products and that the manufacturer will gain
less profit to decrease the carbon-emission reduction effort. ,e manufacturer’s risk aversion is unfavourable to both the
economic and environmental outcomes of the whole supply chain. ,is research provides strategic support for a low-carbon
supply chain to carry out operational decisions in the context of enterprise capital constraint. To examine the theoretical results,
the data used in the existing literature are further used to simulate the corresponding conclusions. Our research enriches the
existing supply chain finance literature and provides decision support for the supply chain core enterprise.

1. Introduction

Carbon emissions are believed to be one of the main causes
of global warming, whose costly effects have attracted sig-
nificant concerns from policy makers and scholars in recent
decades. To solve the problem, many nations and supra-
national organizations have vigorously developed a green
economy and are curbing carbon emissions through legis-
lation and economic mechanisms, such as carbon tax,
carbon subsidy, and cap and trade. For example, according

to China’s National Plan on Climate Change (2014–2020),
the Chinese government announced it would decrease its
carbon dioxide emission per unit of GDP by 40 to 45 percent
from 2005 to 2020. ,e European Council endorsed a
binding EU target of at least 40% domestic reduction in
greenhouse gas emissions by 2030 compared to 1990. ,ere
is a general consensus among policy makers and scholars
regarding the need for carbon-emission reduction within
supply chain activities.,e supply chain is an important area
of operations management and its activities have been
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deemed a major source of carbon emissions [1]. Given the
vast carbon emissions of production processes, manufac-
turers play a vital role in supply chain carbon control. Al-
though products with fewer carbon emissions are friendlier
to the environment, they increase the cost of production for
the manufacturers in managing carbon emissions. It is
therefore important to explore the manufacturer’s incentives
for carbon abatement when studying operation manage-
ment. In recent decades, carbon cap and trade has become
one of the popular regulatory policies worldwide aimed at
mitigating carbon emissions [2]. ,ere are several famous
carbon-trading markets, including the European Climate
Exchange, the Chicago Climate Exchange, and the Australia
Climate Exchange, among others, around the world [3].
Many studies have proved the effectiveness and efficiency of
this market-based mechanism in reducing carbon emissions
[4]. Specifically, producers or manufacturers are first allo-
cated initial quotas for carbon emissions. When these are
exhausted, they can then purchase or sell on carbon-trading
markets to support their extra production. With such a
mechanism, the amount of allocated permit quotas and the
trading price (cost) of permits will significantly affect a firm’s
operational decisions [5].

Firms operating under capital constraints may not be
able to order or produce optimally. ,us, it is important for
firms to incorporate their capital situation into their op-
erational decisions. Due to its flexibility and efficiency,
trade credit has gradually become a significant means of
short-term financing available to most firms and has re-
ceived considerable attention in operations management
research [6]. Existing studies find that trade credit is a
popular financing method among subsidiaries of multi-
national corporations [7] and is used more widely in
economies with less developed financial markets or weak
bank-firm relationships. Under this financing mode, sellers
extend credit, such as short-term delay in payments, to
their buyers for the purchase of products. Trade credit can
improve the operational performance in a traditional
newsvendor model [8].

,ere exist many practical examples showing that, in the
supply chain, the manufacturer is emission-dependent and
uses trade credit to finance the retailer. For example,
Walmart, as a retailing company, has been requiring its
suppliers to provide trade credit [9, 10]. In addition, more
than 1,000 Walmart suppliers committed to Project Gigaton
have conserved an astounding 93 million metric tons of
emissions through a combination of energy efficiency, re-
newable energy, and sustainable packaging projects. To keep
pace with their commitment, the suppliers must reduce their
emissions by a minimum of 83 million metric tons annually
(https://www.greenbiz.com/node/112912). Some large cor-
porations, such as HP, IBM, and Sony, even provide pay-
ment delay policies to their distributors and/or retailers [10].
,ey have also paid considerable attention to eliminating
emissions from their supply chain, greening their products
and their supply chain processes [11]. Given the increasing
recognition of carbon control, it is more important to in-
vestigate the optimal decisions of supply chain members
under cap-and-trade regulation and trade credit. Based on

the latest developments in existing scholarship, our study
aims to answer the following research questions:

(1) How does the carbon cap-and-trade mechanism
affect each member’s optimal operation strategy?

(2) How can the retailer’s financing and internal
working capital influence his or her order quantity
and also influence the manufacturer’s reduction of
carbon emissions?

(3) What if the manufacturer were risk averse?

To answer the three questions above, a two-echelon
supply chain comprising one risk-averse supplier and one
capital-constrained retailer is considered. By adopting
backward induction and a Stackelberg game method, we
begin by solving the retailer’s optimal order decision, after
which the supplier’s optimal trade credit contract design is
analysed. ,e analysis thus makes a valuable contribution to
the literature assessing carbon emissions across a budget-
constrained supply chain structure. Moreover, this research
is expected to guide the development and operation of the
interface field of sustainable supply chain and supply chain
finance.

,e remainder of the paper is organized as follows.
Section 2 reviews the related literature. Section 3 discusses
the assumptions and presents notations. Section 4 formu-
lates the models and the equilibrium decisions. Section 5
extends the model when the manufacturer is risk averse.
Section 6 provides numerical examples to illustrate the
previous results. ,e conclusion, managerial implications
and future research directions are presented in Section 7.

2. Literature Review

Our study is related to three streams of research. ,e first
stream studies firms’ operational decisions in a low-carbon
supply chain; the second stream investigates firms’ opera-
tional decisions under capital constraint; and the third
stream analyses the impacts of risk aversion on operations
management.

2.1. Low-Carbon Supply Chain. Carbon emission is an im-
portant factor since its cost can change the optimal con-
figuration of the supply chain. Some researchers have
addressed this problem from an operation management
perspective. From the point of view of pricing and pro-
duction decisions, Xu et al. [12, 13] explored the joint
production and pricing problem of the supply chain with the
cap-and-trade regulation. Feng et al. [14] studied the in-
fluence of the government’s carbon tax policy and the re-
tailer’s risk-averse attitude on optimal pricing and carbon-
emission reduction decisions of the supply chain. Du et al.
[15] explored the impacts of the carbon footprint and low-
carbon preference on the manufacturer’s production strat-
egy under the cap-and-trade regulation. From an inventory
perspective, Hua et al. [4] investigated how firms manage
carbon footprints in inventory management under the
carbon-trading regulation. Benjaafar et al. [16] developed
relatively simple models under low-carbon policies,
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including strict emission caps, taxes on emissions, cap-and-
offset, and cap and trade, to examine their impact on
production and inventory decisions. Consumers also play an
important role at the end of the supply chain. Du et al. [17]
and Xia et al. [18] analysed the impact of consumers’
preferences for low carbon in the emission-concerned
supply chain and found that the decisionmaker of the supply
chain would choose different emission-reduction strategies
for different cases. Scholars also studied carbon emission-
reduction strategies in different supply chain structures.
Wang et al. [19], He et al. [20], Ji et al. [21], and Yang et al.
[22] focused on the reduction of carbon emissions driven by
cap-and-trade regulation in the dual-channel supply chain,
dual-channel closed supply chain, O2O retail supply chain,
and competing supply chains, respectively. In addition, He
et al. [23] addressed the impact of cap-and-trade regulation
on a firm’s carbon-emission decisions. ,ey noted that the
differentiated permits’ trading prices play a decisive role in a
firm’s decisions regarding optimal emissions and permit
trading. Ren et al. [11] focused on the emission-abatement
decisions in the make-to-order supply chain.

In short, almost all the abovementioned papers are re-
stricted to the well-funded supply chain while neglecting to
consider the capital-constrained mode. ,erefore, our paper
addresses these limitations in current research by studying
the supply chain members’ emission-reduction behaviours
from the perspective of a capital-constrained supply chain.

2.2. Capital-Constrained Supply Chain. Given the impor-
tance of capital flow to operational decisions, scholars have
carried out significant research on the integrated field of
operation and finance. Buzacott and Zhang [24] explored the
inventory decision-making problem under asset financing.
Chao et al. [25] and Protopappa-Sieke and Seifert [26]
analysed the impacts of firms’ capital constraint on the
stochastic inventory control problem. Yang et al. [27] found
three effects of retailer bankruptcy-predation, bail out, and
abetment effects. Feng et al. [28] and Yan and Wang [29]
analysed the newsboy ordering problem under capital-
constraint and information-update conditions. Wang et al.
[30] found that a manufacturer’s capital constraint can
encourage him to produce much higher quality remanu-
facture products. To sum up, an enterprise’s capital con-
straint has a profound impact on that enterprise’s traditional
operation decision-making.

When facing capital constraints, a retailer fails to pro-
cure or order optimally, which not only significantly in-
fluences his or her own profitability but also harms the
competitiveness of the upstreammanufacturer.,erefore, as
a core firm of a supply chain, the manufacturer generally has
an incentive to offer trade credit to alleviate the retailer’s
capital constraint problem. As a financing tool, trade credit
has received extensive attention in the supply chain finance
literature. Scholars have extended their research to the
supply chain level. Gupta and Wang [31] analysed the
impacts of trade credit period on the optimal inventory
decision of the supply chain. Luo et al. [32] further extended
the research on trade credit finance to include information

asymmetry and found that information asymmetry creates
an uncoordinated supply chain. Lee and Rhee [33] and Chen
andWang [34] research found that trade credit finance plays
an active role in supply chain coordination. In addition,
scholars designed new contracts to achieve the coordination
of the trade credit supply chain. For example, Zhang et al.
[35] designed a quantity discount contract to coordinate the
trade credit supply chain, while Wu et al. [10] extended
research to the one-supplier/two-retailers structure mode,
analysing the impact of retail market competition on trade
credit financing.

In addition, financing mode comparison is another hot
topic of concern to researchers. Current research compared
trade credit finance and bank finance. For example, Chen
[36] found that trade credit makes both channel members
better off and forms a unique financing equilibrium. Jing
et al. [37], Cai et al. [38], and Kouvelis and Zhao [39] found
that firms’ financing mode selection decisions are deter-
mined by factors such as production cost, capital market
competition degree, and enterprise credit rating, respec-
tively. Yang et al. [40] compared delay-in-payment and
supply chain carbon finance; they found that a supply chain
carbon finance pattern can help increase the emission-re-
duction rate of the whole supply chain. As we can see, most
studies on supply chain finance are primarily aimed at the
traditional supply chain, with little research on the impact of
capital constraint on the low-carbon supply chain.

2.3. Risk Aversion. ,ese studies remain incomplete, as they
have not considered the impact of decision-makers’ risk
preference behaviour. A financing system’s members must
bear part of the financing risk, and their risk preference plays
a crucial role in operational decision-making [41]. However,
few have experienced the impact of decision makers’ risk
preference on the equilibrium and coordination of the fi-
nancing system. ,e most widely used risk measure criteria
are mean-variance (MV), value at risk (VaR), and condi-
tional value at risk (CVaR). In particular, CVaR has a
number of advantages in terms of its ability to reflect excess
losses, its applicability to nonnormal distributions, and its
equivalence to the convex programming, which has emerged
as a practical approach to modelling risk aversion, with
widespread applications in economics, finance, and insur-
ance [42, 43]. Earlier, Gotoh and Takano [44] applied CVaR
to the operation management field and used it to describe
the impact of Newsvendors’ risk aversion on optimal in-
ventory decision-making. Chen et al. [41] further analysed
the joint decision of price and inventory in a risk-averse
setting. In follow-up studies, scholars have considered the
impact of target management [45], supply uncertainty [46],
and partial demand information [47] on the risk-averse
buyer’s optimal decision. Yang et al. [48] expanded research
to the supply chain level to analyse the supply chain co-
ordination and sales discount strategies in a risk-averse
setting. Furthermore, researchers have made innovations
primarily in the supply chain structure, such as the three-tier
[49] and dual-channel supply chains [50]. Yang et al. [51],
considering the supplier and the retailer to be risk averse,
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investigated the impact of firms’ risk-averse attitudes on
supply chain performance. ,ey also designed three-part
tariff revenue sharing and buy-back contracts to achieve the
Pareto optimality maximizing the combined supply chain
CVaR. However, their research work assumes that all supply
chain members are capital adequate. To sum up, although
existing research has included the impact of decision
makers’ risk preference on the operational decision with a
CVaR criterion, few have considered a firm’s capital situ-
ation. Related conclusions are no longer applicable to the
widespread supply chain with capital-constrained
enterprises.

2.4. Our Contributions. Our contributions can be summa-
rized as follows. (1) We obtain the equilibrium joint deci-
sions of the operation, environment, and finance of the low-
carbon supply chain. (2) We explore the impacts of enter-
prise capital constraint on the carbon-emission decision of
the supply chain. (3) We extend the interface of operation
and finance to the low-carbon supply chain, which breaks
through the limitations of current research. (4) Current
research has only considered the financing choice of one
participant (the manufacturer or the retailer), whereas our
study discusses the financing choice game between the
manufacturer and the retailer. (5) We analysed the impacts
of a manufacturer’s risk attitude on the low-carbon and
budget-constrained supply chain.

3. Model Description and Notations

,is model investigates a make-to-order supply chain con-
sisting of one manufacturer M (described as “she”) and one
retailer R (described as “he”) under a carbon cap-and-trade
regulation.,emanufacturer is constrained by the carbon cap-
and-trade regulation as the principal source of carbon emis-
sions and organizes the production of a certain type of product
according to the retailer’s orders. ,e retailer is capital con-
strained and in need of financing, for which trade credit fi-
nancing is viable. Similar to Wu et al. [10], Zhang et al. [35],
Jing et al. [37], Cai et al. [38], and Kouvelis and Zhao [39], we
assume that the retailer follows the “lot-for-lot” policy and that
the retail price p to customers is constant, which is a common
assumption in the related literature.

,e optimal strategy of the manufacturer is to maximize
its own profit by properly setting the wholesale price w to the
retailer and level of carbon-emissions reduction effort e
under carbon cap-and-trade regulation.,e optimal strategy
of the retailer is to maximize its profit by properly choosing
the order quantity q. ,e manufacturer produces products
with cost c. ,emarket demand X is stochastic in [0, +∞]. If
the market demand does not exceed the retailer’s order
quantity q, the retailer must dispose the unsold products
with salvage value s per unsold product. When the demand
is too low, here we set the threshold θ; when the market
demand is in [0, θ], the retailer will go bankrupt. Under the
carbon cap-and-trademechanism, themanufacturer initially
obtains a certain number of carbon emission quotas eg over
a governmental scheme. ,e carbon emissions per unit

product of the manufacturer is e0. If carbon emissions ex-
ceed (are below) the manufacturer’s carbon cap, she can buy
(sell) carbon emission quotas in the carbon market at a
carbon-trading price per unit product of t.,emanufacturer
can choose to invest in carbon-emission reduction tech-
nology or project; we use e to represent the level of carbon-
emission reduction per unit product of the manufacturer.
After making efforts to reduce carbon emissions, the cor-
responding cost is (1/2)ke2, where k is a constant, which is
called the carbon emission cost coefficient [12, 14, 18, 21].

,e retailer’s internal working capital is η. To order a q

unit of product, the retailer’s required capital amount is wq.
Obviously, when η≥wq, the retailer is well funded (Mode
A). When η<wq, the retailer is capital constrained and can
opt to obtain financing via trade credit (Mode T). ,e loan
size is (wq − η)+ under trade credit. Since the manufacturer
can gain interest by charging a higher wholesale price, we
assumed the interest rate to be zero, which means that the
retailer will need to repay (wq − η) at the end of the mar-
keting period. ,ere remains the case whereby the retailer
cannot be financed by trade credit, so we use Mode N to
denote the retailer being capital constrained but without
access to trade credit. Here, we neglect the case of the retailer
financed by a bank. In practice, many firms, especially SMEs,
often have no access or find it costly to obtain a bank loan.

We use i, i � M, R to denote the decision maker, j, j �

T, A, N to denote the capital mode, and l, l � A, N to denote
the no credit-trading mode.,emajor notations used in this
paper are listed in Table 1. ,e sequence of events is il-
lustrated by Figure 1.

According to the abovementioned hypotheses, the
manufacturer’s and the retailer’s expected profit functions in
Mode l (represented in the cases of both Mode A and Mode
N) and Mode T are expressed as follows:

Πl
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(1)

In the supply chain operation system, the manufacturer
and the retailer launch a Stackelberg game, with the man-
ufacturer as the leader.
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4. Equilibrium Analysis

We now analyse the equilibrium decision of the supply
chain. ,e optimal production volume and carbon-emission
effort in a centralized supply chain satisfy the following
lemma.

Lemma 1. 7e optimal order quantity of the retailer q0 and
the optimal carbon-emission reduction per unit product of the
manufacturer e0 in a centralized supply chain satisfy

(p − c) − (p − s)F q
0

􏼐 􏼑 − t e0 −
tq0

k
􏼠 􏼡 � 0, (2)

e
0

�
tq0

k
. (3)

4.1. Equilibrium Decision. In a decentralized supply chain,
the manufacturer first decides the optimal wholesale price
and carbon-emission reduction effort level.,en, the retailer
decides the optimal order quantity. ,e optimal equilibrium
operation decisions under different capital situations can be
obtained by applying the Backward Induction Method. We
first analyse the equilibrium decision in Mode A.

Proposition 1. When t<
���������������������������

k(qA∗f′(qA∗) + 2(p − s)f(qA∗))

􏽱

,
the optimal equilibrium decisions of Mode A can be obtained
by

q
A∗

, w
A∗

, e
A∗

􏼐 􏼑 � F
− 1 p − wA∗

p − s
􏼠 􏼡, c􏼠

+ τR(p − s)q
A∗

f q
A∗

􏼐 􏼑,
tqA∗

k
􏼡.

(4)

Table 1: Major notations and explanations.

Notation Explanation
c ,e cost per unit product of the manufacturer
wl ,e wholesale price per unit product decided by the manufacturer when a retailer adopts no credit-trading (decision variable)
wT ,e wholesale price per unit product decided by the manufacturer when a retailer adopts credit-trading (decision variable)
p ,e retail price per unit product of the retailer
X Market demand
θ ,e threshold of market demand: when the demand is lower than the threshold, the retailer will be bankrupt
F(x) ,e cumulative distribution function of market demand
F(x) ,e complementary cumulative distribution function of market demand
qA(N) ,e ordering quantity decided by the retailer when the retailer adopts no credit-trading (decision variable)
qT ,e ordering quantity decided by the retailer when the retailer adopts credit-trading (decision variable)
s ,e salvage value per unsold product
eg ,e initial carbon cap (carbon quotas) of the manufacturer
e0 ,e carbon emissions per unit product of the manufacturer
e ,e carbon-emissions reduction per unit product of the manufacturer
t ,e carbon-trading price per unit product of the manufacturer
η ,e internal working capital of the retailer
k ,e carbon emission cost coefficient
Πl

M ,e total profit of the manufacturer when the retailer adopts no credit-trading
Πl

R ,e total profit of the retailer when the retailer adopts no credit-trading
ΠT

R ,e total profit of the manufacturer when the retailer adopts credit-trading
ΠT

M ,e total profit of the retailer when the retailer adopts credit-trading

The
manufacturer

determines
whether to

provide trade
credit for the

retailer

The retailer pays his
or her internal

working capital η to
the manufacturer and

decides whether to
seek trade credit from

the manufacturer.

The retailer
orders

products and
decides the

optimal order
quantity

The market demand is
realized; the retailer

repays the loan
obligation (wq – η) to the

manufacturer using
sales revenue or goes

bankrupt

The manufacturer
produces products and

decides the optimal
wholesale price of the

products

The manufacturer gets
loan obligation (wq – η)

from the retailer or
suffers financial loss

Sales and repayment periodFinancing period

Operations decision period

Figure 1: ,e sequence of events.
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Proof. Computing

d2ΠA
R

d qA( 􏼁
2 � − (p − s)f q

A
􏼐 􏼑< 0, (5)

yields thatΠA
R is a concave function with respect to qA. Next,

solving
dΠA

R

dqA
� p − w

A
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A
􏼐 􏼑 � 0, (6)

we can obtain the optimal order decision in Mode A, that is,

q
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� F
− 1 p − wA∗

τRk
􏼠 􏼡. (7)

,e abovementioned equation is equivalent to

w
A∗

� p − (p − s)F q
A

􏼐 􏼑. (8)

We then obtain
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q
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A
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A
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A
− eg􏼐 􏼑 −

1
2

k e
A

􏼐 􏼑
2
.

(9)

,e first-order condition of ΠA
M with respect to qA is

dΠA
M

dqA
� (p − s)F q

A
􏼐 􏼑 1 −

qAf qA( 􏼁

F qA( 􏼁
􏼢 􏼣 − (c − s) − t e0 − e

A
􏼐 􏼑.

(10)

Let q1 � qA | (qAf(qA)/F(qA)) � 1􏼈 􏼉. It is obvious to see
that 1 − (qAf(qA)/F(qA)) is decreasing and positive in
[0, q1], which means that (dΠA

M/dqA)≥ 0 in [0, q1]. In
[q1, +∞], 1 − (qAf(qA)/F(qA)) is decreasing and negative,
and

dΠA
M

dqA
<
dΠA

M

dqA

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌qA�q1

� − (c − s) − t e0 − e
A

􏼐 􏼑< 0. (11)

,e abovementioned analysis shows that ΠA
M is a con-

cave function with respect to qA. ,at is (d2ΠA
M/d(qA)2)< 0.

,e determinant of the Hessian Matrix
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if and only if t<
�������������������������

k(qAf′(qA) + 2(p − s)f(qA))

􏽱

.

By solving
dΠA

M

dqA
� (p − s)F q

A
􏼐 􏼑 1 −

qAf qA( 􏼁

F qA( 􏼁
􏼢 􏼣 − (c − s) − t e0 − e

A
􏼐 􏼑 � 0,

dΠA
M

deA
� tq

A
− ke

A
� 0,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(13)

we can obtain the optimal decisions, which satisfy Propo-
sition 1. □

We then analyse the optimal decision in Mode N. ,e
following proposition is established.

Proposition 2. 7e equilibrium decisions of Mode N are

w
N∗

, q
N∗

, e
N∗

􏼐 􏼑 � w1,
η

w1
,
tqN∗

k
􏼠 􏼡. (14)

Proof. Limited by budgetary constraints, the retailer can
only make an order using the initial capital η. His or her
order is η/wN. At this moment, the manufacturer’s utility
function changes to

ΠN
M � w

N
− c􏼐 􏼑

η
wN

− t e0 − e
N

􏼐 􏼑q
N

− eg􏼐 􏼑 −
1
2

k e
N

􏼐 􏼑
2
.

(15)

It is easy to see that ΠN
M is a concave function with

respect to eN, and the optimal carbon-emission reduction
eN∗ can be obtained by solving the first-order condition
(dΠN

M/deN) � 0, that is, eN∗ � ((tqN∗)/k).
It is then easy to obtain ((dΠN

M(wN, eN∗(wN),

qN∗(wN)))/dwN)< 0 when w> (ηt2/(kc + e0t)) and
(dΠN

M(wN, eN∗(wN), qN∗(wN))/dwN)> 0, otherwise. ,at
is, ΠN

M(wN) is first a decreasing and then an increasing
function with respect to wN. ,e optimal wholesale price
wN∗ can only be obtained at the endpoint of the effective
decision interval of Mode N. Assume that the effective
decision interval isΝ (the concrete form of domainΝwill be
described in Table 2). Given the other parameters, let w1 and
w2 denote the left point and the right point of Ν, respec-
tively. ,en, wN∗ � w1 when ΠN

M(w1)>ΠN
M(w2) and

wN∗ � w2, otherwise.
Next, we analyse Mode T. ,e following conclusion is

established. ,at is, when parameters satisfy

(p − s) w
T

− c − t e0 − e
T

􏼐 􏼑 − w
T

− s􏼐 􏼑F(θ)􏼐 􏼑 (p − s) − w
T

− s􏼐 􏼑q
T∗

H(θ)􏼐 􏼑 + w
T

− s􏼐 􏼑q
T∗

F(θ) w
T

− s􏼐 􏼑H(θ) − (p − s)H q
T∗

􏼐 􏼑􏼐 􏼑􏼐 􏼑􏽮

wT′ w
T

− s􏼐 􏼑 w
T

− s􏼐 􏼑H(θ) − (p − s)H q
T∗

􏼐 􏼑􏼐 􏼑􏼐 􏼑 − w
T

− c − t e0 − e
T

􏼐 􏼑 − w
T

− s􏼐 􏼑F(θ)􏼐 􏼑􏼐 􏼑 (p − s) − w
T

− s􏼐 􏼑q
T∗

H(θ)􏼐 􏼑

+ w
T

− s􏼐 􏼑q
T∗

F(θ) w
T

− s􏼐 􏼑H(θ) − (p − s)H q
T∗

􏼐 􏼑􏼐 􏼑􏼑 × w
T

− s􏼐 􏼑 w
T

− s􏼐 􏼑H(θ) − (p − s)H q
T∗

􏼐 􏼑􏼐 􏼑􏼐 􏼑
wT
′􏽯/

w
T

− s􏼐 􏼑
2

w
T

− s􏼐 􏼑H(θ) − (p − s)H q
T∗

􏼐 􏼑􏼐 􏼑
2

􏼒 􏼓
− 1
> t

2
,

(16)
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the equilibrium decisions in Mode T satisfy Proposition
3. □

Proposition 3. If f(x)/F(x) is a concave function, the
equilibrium decisions of Mode T can be determined by

(p − s)F q
T∗

􏼐 􏼑 � w
T∗

− s􏼐 􏼑F θ q
T∗

, w
T∗

􏼐 􏼑􏼐 􏼑, (17)

ke
T∗

� tq
T∗

, (18)

w
T∗

− c − t e0 − e
T∗

􏼐 􏼑 − w
T∗

− s􏼐 􏼑F(θ)􏼐 􏼑 (p − s) − w
T∗

− s􏼐 􏼑q
T∗

H(θ)􏼐 􏼑 +

w
T∗

− s􏼐 􏼑q
T∗

F(θ) w
T∗

− s􏼐 􏼑H(θ) − (p − s)H q
T∗

􏼐 􏼑􏼐 􏼑 � 0.
(19)

Proof. By

d2ΠT
R

d2 qT( 􏼁
2 � − F q

T
􏼐 􏼑

(p − s)f qT( 􏼁

F qT qT( 􏼁( 􏼁
−

wT − s( 􏼁
2
f(θ)

(p − s)F qT( 􏼁
⎡⎣ ⎤⎦

� − F q
T

􏼐 􏼑
(p − s)f qT( 􏼁

F qT( 􏼁
−

wT − s( 􏼁f(θ)

F(θ)
􏼢 􏼣

< − w
T

− s􏼐 􏼑F q
T

􏼐 􏼑
f qT( 􏼁

F qT( 􏼁
−

f(θ)

F(θ)
􏼢 􏼣< 0,

(20)

we can see that ΠT
R is concave in qT. qT∗ can be obtained by

solving

dΠT
R

dqT
� (p − s)F q

T
􏼐 􏼑 − w

T
− s􏼐 􏼑F θ q

T
, w

T
􏼐 􏼑􏼐 􏼑 � 0. (21)

Substituting qT∗(wT) intoΠT
M yields thatΠT

M � (wT − c)

qT∗ (wT)− (p− s) 􏽒
θ(qT∗(wT),wT)

0 F(x)dx− t((e0 − eN)qT∗(wT)

− eg) − (1/2)k(eN)2. Solving the first-order condition of
ΠT

M with respect to wT derives that

dΠT
M

dwT
� w

T
− c − t e0 − e

T
􏼐 􏼑 − w

T
− s􏼐 􏼑F(θ)􏼐 􏼑

dqT∗

dwT
+ q

T∗
(1 − F(θ))

�
wT − c − t e0 − eT( 􏼁 − wT − s( 􏼁F(θ)( 􏼁 (p − s) − wT − s( 􏼁qT∗H(θ)( 􏼁 + wT − s( 􏼁qT∗F(θ) wT − s( 􏼁H(θ) − (p − s)H qT∗( 􏼁( 􏼁􏼈 􏼉

wT − s( ) wT − s( )H(θ) − (p − s)H qT∗( 􏼁( 􏼁

�
wT − s( 􏼁(p − s)F(θ) 1 − qT∗H qT∗( 􏼁( 􏼁

wT − s( ) wT − s( )H(θ) − (p − s)H qT∗( 􏼁( 􏼁
−

(p − s) − wT − s( 􏼁qT∗H qT∗( 􏼁( 􏼁(c − s)

wT − s( ) wT − s( )H(θ) − (p − s)H qT∗( 􏼁( 􏼁

�
wT − s( 􏼁(p − s)F(θ) 1 − qT∗H qT∗( 􏼁( 􏼁

(p − s) − wT − s( )qT∗H(θ)
− c + t e0 − e

T
􏼐 􏼑 − s􏼐 􏼑􏼢 􏼣 ×

dqT∗

dwT
,

(22)

as (wT − s)(p − s)F(θ) is increasing in wT. To prove the
monotonicity of μ(wT), we only need to prove the mono-
tonicity of

φ w
T

􏼐 􏼑 �
1 − qT∗H qT∗( 􏼁

(p − s) − wT − s( )qT∗H(θ)
, (23)

for wT. First, we have

dθ wT( 􏼁

dwT
−
dqT∗ wT( 􏼁

dwT
�

qT∗ wT( 􏼁 − p − wT( 􏼁 dqT∗ wT( 􏼁/dwT( 􏼁

k
> 0.

(24)

Table 2: ,e occurrence conditions of different capital modes can be formulated.

Conditions Equilibrium result

wT∗qT∗ <wA∗qA∗
η<wT∗qT∗ ΠT∗

M >Π
N∗
M ,ΠT∗

R >Π
N∗
R T

ΠN∗
M >Π

T∗
M or ΠN∗

R >Π
T∗
R N

wT∗qT∗ < η<wA∗qA∗ N
η>wA∗qA∗ A

wA∗qA∗ <wT∗qT∗ η<wA∗qA∗ ΠT∗
M >Π

N∗
M ,ΠT∗

R >Π
N∗
R T

ΠN∗
M >Π

T∗
M or ΠN∗

R >Π
T∗
R N

η>wA∗qA∗ A
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,en, (dH(qT∗)/dqT∗)> (dH(θ)/dθ) is established be-
cause f(x)/F(x) is an incremental function. Solving the
first-order condition yields

dφ wT( 􏼁

dwT
� − H q

T∗
􏼐 􏼑 dq

T∗/dw
T

􏼐 􏼑 − q
T∗ dH q

T∗
􏼐 􏼑/dq

T∗
􏼐 􏼑 · dq

T∗/dw
T

􏼐 􏼑􏽨 􏽩 (p − s) − w
T

− s􏼐 􏼑q
T∗

H(θ)􏽨 􏽩􏽮􏼐

− 1 − q
T∗

H q
T∗

􏼐 􏼑􏼐 􏼑 − w
T

− s􏼐 􏼑H(θ) dθ/dw
T

􏼐 􏼑 − w
T

− s􏼐 􏼑q
T∗

(dH(θ)/dθ) · dθ/dw
T

􏼐 􏼑􏼐

· w
T

− s􏼐 􏼑/(p − s)􏼐 􏼑􏼑􏽯􏼑 (p − s) − w
T

− s􏼐 􏼑q
T∗

H(θ)􏼐 􏼑
2

􏼒 􏼓
− 1

> 1 − q
T∗

H q
T∗

􏼐 􏼑􏼐 􏼑 − (p − s)H q
T∗

􏼐 􏼑 dq
T∗/dw

T
􏼐 􏼑 − (p − s)q

T∗ dH q
T∗

􏼐 􏼑/dq
T∗

􏼐 􏼑􏽨􏽮􏼐

· dq
T∗/dw

T
􏼐 􏼑 + w

T
− s􏼐 􏼑H(θ) dθ/dw

T
􏼐 􏼑 + w

T
− s􏼐 􏼑q

T∗
(dH(θ)/dθ) · dθ/dw

T
􏼐 􏼑 · w

T
− s􏼐 􏼑/(p − s)􏼐 􏼑􏽩􏽯􏼑

· (p − s) − w
T

− s􏼐 􏼑q
T∗

H(θ)􏼐 􏼑
2

􏼒 􏼓
− 1

> 1 − q
T∗

H q
T∗

􏼐 􏼑􏼐 􏼑 − (p − s)H q
T∗

􏼐 􏼑 − (p − s)q
T∗ dH q

T∗
􏼐 􏼑/dq

T∗
􏼐 􏼑 + w

T
− s􏼐 􏼑H(θ)􏽨􏽮􏼐

+ w
T

− s􏼐 􏼑
2
q

T∗/p − s􏼒 􏼓(dH(θ)/dθ)􏼕 dq
T∗/dw

T
􏼐 􏼑􏼛􏼓 (p − s) − w

T
− s􏼐 􏼑q

T∗
H(θ)􏼐 􏼑

2
􏼒 􏼓

− 1

> 0,

(25)

which indicates that φ(wT) is increasing in wT. Obviously,
μ(wT) is also increasing in wT.

(1) When wT⟶ p, we obtain θ(qT∗, wT)⟶ qT∗,
which is established according to the equation
(p − s)F(qT∗) � (wT − s)F(θ). At this moment,

μ w
T

􏼐 􏼑⟶ (p − s)F q
T∗

􏼐 􏼑>(p − s)F q
T0

􏼐 􏼑

� c + t e0 − e
T

􏼐 􏼑 − s.
(26)

,at is, (dΠT
M/dwT)< 0 is established.

(2) We assume that wL is the minimum value of wT in
the effective interval (wL > c). When wT⟶ wL,
there exists no double marginal effect in the supply
chain. At this time, we have qT∗ ⟶ qT0. Using
Proposition 4, we have

1 − q
T∗

w
T

􏼐 􏼑H q
T∗

w
T

􏼐 􏼑􏼐 􏼑⟶ 1 − q
T0

H q
T0

􏼐 􏼑⟶ 0.

(27)

,at is, μ(wT)⟶ 0, (dΠT
M/dwT)⟶ (− c − t

(e0 − eT) + s) ((dqT∗(wT))/dwT)> 0.

,e abovementioned analysis indicates that ΠT
M is a

unimodal function with respect to wT when wT ∈ [wL, p].
Based on the abovementioned analysis, we can see that,

regardless of the kind of capital mode, the manufacturer’s
carbon-emission effort level is always proportional to the
retailer’s order quantity and the carbon-trading price
and is inversely proportional to the coefficient of scale

carbon-emission reduction cost. ,is is because the increase
in the retailer’s order quantity signifies the increase in the
manufacturer’s production quantity, which leads to an in-
crease in carbon emissions. ,e manufacturer must pay
more for the excess carbon emissions. To decrease the
carbon-trading cost, the manufacturer chooses to improve
the carbon-emission reduction effort to increase the carbon-
emission reduction amount. With the increase in carbon-
trading price, the manufacturer can lower its carbon-trading
cost and even benefit from carbon trading by implementing
carbon-emission reduction. As a result, the increase in
carbon-trading price encourages the manufacturer to im-
prove its carbon-emission reduction efforts. Conversely, the
carbon-emission reduction invested cost increases with the
increase of k, which also dampens the manufacturer’s car-
bon-emission reduction enthusiasm.

We analysed the abovementioned equilibrium decisions
of different capital modes. We now further analyse the
impacts of a retailer’s capital amount on the equilibrium
decision. □

4.2. Impacts of Retailer’s Initial Capital

Lemma 2
(i) qT∗ and eT∗ are decreasing in wT. (ii) Given wT, qT∗, and

eT∗ are increasing in η, and ΠT∗
R is decreasing in η.

Proof. Because
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(p − s)F(θ) − w
T

− s􏼐 􏼑q
T∗

f(θ)>(p − s) F q
T∗

􏼐 􏼑 − q
T∗

f q
T∗

􏼐 􏼑􏼐 􏼑

>(p − s) F q
T0

􏼐 􏼑 − q
T0

f q
T0

􏼐 􏼑􏼐 􏼑 � 0,

(28)

we obtain
dqT∗

dwT
� −

(p − s)F(θ) − wT − s( 􏼁qT∗f(θ)

(p − s)2f qT∗( 􏼁 − wT − s( )
2
f(θ)
< 0,

dqT∗

dη
� −

wT − s( 􏼁f(θ)

(p − s)2f qT∗( 􏼁 − wT − s( )
2
f(θ)
< 0,

dΠT∗
R

dη
� p − w

T
􏼐 􏼑 − (p − s)F q

T∗
􏼐 􏼑 − w

T
− s􏼐 􏼑F(θ)􏼐 􏼑􏼐 􏼑

dqT∗

dη

− F(θ)< 0.

(29)

It is easy to understand that qT∗ and eT∗ are decreasing in
wT. However, why are qT∗ and eT∗ increasing in η? ,e
reason is as follows. ,e retailer with low internal working
capital faces a high bankruptcy risk. We have shown that the
retailer goes bankrupt when the market demand X is in
[0, θ]. ,us, the lower the η, the higher the θ; the greater the
retailer’s bankruptcy risk is, the higher the amount of money
the retailer does not have to repay to the manufacturer and
the more the retailer benefits from the manufacturer’s risk
sharing are. ,e retailer’s expected utility function can re-
flect this idea. As we can see,

ΠT
R � − η +(p − s) 􏽚

qT

θ
F(x)dx � p − w

T
􏼐 􏼑q

T

− (p − s) 􏽚
qT

θ
F(x)dx.

(30)

,e lower the η, the higher the θ, risk sharing of the
manufacturer and utility of the retailer. ,e retailer tends to
order more products, thus benefiting from the manufac-
turer’s risk sharing. ,us, the manufacturer needs to pro-
duce more products. Hence, more carbon is emitted and the
manufacturer will expend more efforts to implement car-
bon-emission reduction. ,us, the manufacturer’s optimal
carbon-emission reduction amount increases in the retailer’s
internal working capital. ,erefore, trade credit has a pos-
itive effect on environmental benefits. We then further
analyse the impact of a retailer’s internal working capital on
the low-carbon supply chain operation. ,e results can be
shown as follows. □

Proposition 4. When η⟶ 0, qT∗ ⟶ qT0, eT∗ ⟶ eT0,
ΠT∗

M ⟶ ΠT0,

ΠT∗
R ⟶ 0,

q
T∗

f q
T∗

􏼐 􏼑 − F q
T∗

􏼐 􏼑⟶ q
T0

f q
T0

􏼐 􏼑 − F q
T0

􏼐 􏼑 � 0.
(31)

Corollary 1. 7ere exists 􏽢η to produce 0< η< 􏽢η,

q
T∗ > q

A∗ > q
N∗

,

e
T∗ > e

A∗ > e
N∗

,

ΠT∗
M >Π

A∗
M >Π

N∗
M ,

ΠA∗
R >max ΠT∗

R ,ΠN∗
R􏽮 􏽯.

(32)

,e abovementioned results indicate that when a retailer’s
internal working capital is close to 0, the retailer’s order quantity,
the manufacturer’s carbon-emission reduction effort, and the
manufacturer’s expected profit are closed to the centralized
order, the centralized carbon-emission effort, and the centralized
profit, respectively. ,us, the in-depth development of trade
credit finance benefits the manufacturer, the environment, and
the whole supply chain. However, it is worth noting that when
the retailer’s internal working capital approaches 0, the retailer’s
expected profit also approaches 0. ,is implies that too much
reliance on financing is bad for the retailer.

,e following reasons can be used to interpret the
abovementioned phenomena. As Lemma 2 shows, the risks
undertaken by the retailer and the manufacturer decrease
and increase as the retailer’s internal working capital de-
creases, respectively. ,erefore, the manufacturer com-
pensates for the risk loss by increasing the wholesale price.
From the retailer’s perspective, the decrease in η has two
effects: the manufacturer’s risk-sharing effect benefits the
retailer, while the wholesale price’s increasing effect damages
the retailer. It is worth noting that θ and the risk-sharing
effect of the manufacturer increases in qT. ,e retailer will
increase the order quantity to improve the risk-sharing
effect. However, when η is low enough, the bankruptcy risk
of the retailer also becomes high.,emanufacturer then sets
a high wholesale price to cover the retailer’s default risk. At
this time, the manufacturer benefits from increases in order
quantity and wholesale price. Her profit increases with re-
spect to the decrease in the retailer’s initial capital. Never-
theless, an excessive wholesale price hurts the retailer’s
interest when the retailer’s initial capital amount is low.

,e abovementioned analysis shows that the retailer’s
capital constraint (trade credit finance) is beneficial to the
manufacturer and the supply chain, which can be a win-win
situation for both the economic and environmental benefits
of the supply chain. ,e manufacturer should actively
provide financing for budget-constrained retailers and give
priority to financing retailers low on cash.

Proposition 4 and Lemma 2 analysed the impacts of
retailer capital constraint on the supply chain operation in
Mode T. Nevertheless, what is the occurrence condition for
each capital mode? We arrive at the following conclusion.

Table 2 can be interpreted as follows. Obviously, wA∗qA∗

is the critical point for the retailer capital constraint. When
η>wA∗qA∗, the retailer is well funded and Mode A occurs.
When η<wA∗qA∗, only when η<wT∗qT∗ is satisfied can the
retailer also be capital constrained in Mode T (his financing
amount will be wT∗qT∗ − η). We must therefore compare
wT∗qT∗ and wA∗qA∗. When wT∗qT∗ <wA∗qA∗, the retailer
can obtain trade credit financing when η<wT∗qT∗. However,
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only when all profits of the manufacturer and retailer in Mode
T are higher than those in Mode N, that is,
ΠT∗

M >Π
N∗
M andΠT∗

R >Π
N∗
R , canMode Toccur. In other words,

as long as one side chooses Mode N (the manufacturer never
provides financing or the retailer does not participate in the
financing), Mode T will not occur. ,e equilibrium capital
mode will then be Mode N. When wT∗qT∗ < η<wA∗qA∗, the
retailer is capital adequate compared with Mode A, but is
capital constrained compared with Mode T. Obviously, the
retailer can obtain no trade credit finance at this time. ,e
equilibrium capital mode is then also Mode N. Similar to the
abovementioned analysis, we can also obtain the equilibrium
capital mode when wA∗qA∗ <wT∗qT∗ and η changes. ,e
concrete descriptions are omitted.

Using the abovementioned analysis, this paper focuses
on discussing the influence of capital constraint on the low-
carbon supply chain. We now further analyse the impacts of
the carbon-trading price. Applying Envelope ,eorem,

dΠT∗
M

dt
�

zΠT∗
M

zt

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌wT�wT∗
� − e0 − e

j∗
􏼐 􏼑q

j∗
− eg􏼐 􏼑, (33)

which yields the following proposition.

Proposition 5. When eg < (e0 − ej∗)qj∗, Πj∗
M is decreasing

in t; when eg > (e0 − ej∗)qj∗, Πj∗
M is increasing in t.

When the initial carbon quotas are low, the manufacturer
must purchase a carbon emission amount from the carbon-
trading market. ,erefore, the manufacturer’s profit decreases
in the carbon-trading price t. When the initial carbon quotas
are high, the manufacturer can benefit from carbon sales. Her
profit increases in the carbon-trading price.

5. Impacts of Manufacturer Risk Aversion

In a traditional capital-sufficient supply chain, the manu-
facturer need not bear a market risk. Her risk attitude has no
bearing on the operation decision. Conversely, the manu-
facturer must bear the retailer’s bankruptcy risk in Mode T.
One must discuss the impacts of a manufacturer’s risk at-
titude on optimal operation decision-making.

In conclusion, the common risk measurement criteria
include Mean-Variance, VaR, and CVaR. Compared with
Mean-Variance and VaR, CVaR is more effective. It can reflect
excess losses, applicability to nonnormal distributions, and
equivalence to convex programming [42, 43]. ,us, we use
CVaR criteria to depict the manufacturer’s risk attitude.

Definition 1. Let αM ∈ [0, 1] denote the manufacturer’s risk
preference factor, πT

M denote the manufacturer’s profit re-
specting market demand, and

ξαM
πT

M w
T

, X􏼐 􏼑􏼐 􏼑 � sup v
T
M

􏼌􏼌􏼌􏼌􏼌Pr πT
M w

T
, X􏼐 􏼑≤ v

T
M􏽨 􏽩≤ αM􏼚 􏼛,

(34)

denote the fractile quantile. ,e manufacturer’s conditional
value at risk (CVaR) can be expressed by

αM − CVaR: C πT
M w

T
, X􏼐 􏼑􏼐 􏼑 � E πT

M w
T
, Z􏼐 􏼑

􏼌􏼌􏼌􏼌􏼌 π
T
M w

T
, X􏼐 􏼑􏼔

≤ ξαM
πT

M w
T
, X􏼐 􏼑􏼐 􏼑􏽩.

(35)

Let uT
M(wT, vT

M) � vM − (1/αM)E[vT
M − πT

M(wT, X)]+.
After a brief derivation, we can see that the manufac-

turer’s CVaR utility can be simplified by

CVaR πT
M w

T
, X􏼐 􏼑􏼐 􏼑 � max

vT
M
∈R

v
T
M −

1
αM

E v
T
M − πT

M w
T

, X􏼐 􏼑􏽨 􏽩
+

􏼨 􏼩 � max
vM∈R

u
T
M w

T
, v

T
M􏼐 􏼑. (36)

Lemma 3. 7ere exists an optimal fractile quantile to obtain

CVaR πT
M􏼐 􏼑 � u

T
M w

T
, v

T∗
M􏼐 􏼑. (37)

7us,

v
T∗
M �

z2, if θ qT, wT( 􏼁<F− 1 αM( 􏼁,

z1 + kF− 1 αM( 􏼁, if θ≥F− 1 αM( 􏼁,

⎧⎨

⎩

z2 � w
T

− c􏼐 􏼑q
T > z1 � η − (c − s)q

T
.

(38)

Proof. ,e manufacturer’s profit function is

πT
M �

η + pX + s qT − X( 􏼁 − cqT, if 0<X< θ,

wT − c( 􏼁qT, if X≥ θ.

⎧⎪⎨

⎪⎩

(39)

According Definition 1, uT
M can be expressed by
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u
T
M q

T
, v

T
M􏼐 􏼑 � v

T
M −

1
αM

􏽚
θ

0
v

T
M − z1􏼐 􏼑 − (p − s)x􏼐 􏼑

+
f(x)dx + 􏽚

+∞

θ
v

T
M − z2􏼐 􏼑

+
f(x)dx􏼠 􏼡

�

(1) vT
M, if vT

M ≤ z1,

(2) vT
M −

1
αM

􏽚
vT

M
− z1( )/(p− s)

0
v

T
M − z1􏼐 􏼑 − (p − s)x􏼐 􏼑f(x)dx􏼠 􏼡, if z1 < v

T
M ≤ z2,

(3) vT
R −

1
αM

􏽚
θ

0
v

T
M − z1􏼐 􏼑f(x)dx + 􏽚

+∞

θ
v

T
M − z2􏼐 􏼑f(x)dx􏼠 􏼡, if v

T
M ≥ z2.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(40)

We then analyse the concavity of uT
M(qT, vT

M). Solving
the second condition of uT

M(qT, vT
M)with respect to vT

M yields

0≥
z2uT

M qT, vT
M( 􏼁

z vT
M( 􏼁

2 �

−
1

αM(p − s)
f

vT
M − z1

p − s
􏼠 􏼡, if z1 ≤ vT

M ≤ z2,

0, others.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(41)

,is implies that uT
M(qT, vT

M) is a concave function with
respect to vT

M. Solving the first-order condition of
uT

M(qT, vT
M) in vT

M yields

zuT
M qT, vT

M( 􏼁

zvT
M

�

1, vT
M ≤ z1,

1 −
1
αM

F
vT

M − z1

p − s
􏼠 􏼡, z1 ≤ vT

M ≤ z2,

1 −
1
αM

, vT
M ≥ z2.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(42)

,e optimal fractile quantile can by determined by

v
T∗
M �

z1 +(p − s)F− 1 αM( 􏼁, if θ≥F− 1 αM( 􏼁,

z2, if θ<F− 1 αM( 􏼁.

⎧⎨

⎩ (43)

,e corresponding CVaR utility function is

CVaR πT
M􏼐 􏼑 �

wT − c( 􏼁qT −
1
αM

(p − s) 􏽚
θ

0
F(x)dx, if θ <F− 1 αM( 􏼁,

η − (c − s)qT +(p − s)F− 1 αM( 􏼁 −
1
αM

(p − s) 􏽚
F− 1 αM( )

0
F(x)dx, if θ ≥F− 1 αM( 􏼁.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(44)

It is obvious to see that (zCVaR (πT
M)/zwT) � − (c +

t(e0 − eT) − s)(zqT/zwT)> 0 in Case 2 of equation (43).,at
is, CVaR(πT

M) is increasing in wT.
Analysing Case 1 of equation (43), we can see that

CVaR(πT
M) is a joint differentiable concave function with

respect to wT and eT. ,ere is optimal wT∗ and eT∗ to make
CVaR(πT

M) reach the maximum point. After solving the
first-order conditional equations and analysing the size of
the Hessian matrix of CVaR(πT

M) with respect to wT and eT,
we can obtain that when
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(p − s)
⎧⎨

⎩ w
T

− c − t e0 − e
T

􏼐 􏼑 −
1
αM

􏼠 􏼡 w
T

− s􏼐 􏼑F(θ)􏼠 􏼡 (p − s)) − w
T

− s􏼐 􏼑q
T∗

H(θ)􏼐 􏼑 + w
T

− s􏼐 􏼑q
T∗ 1 −

1
αM

􏼠 􏼡F(θ)􏼠 􏼡􏼠⎛⎝

w
T

− s􏼐 􏼑H(θ) − (p − s)H q
T∗

􏼐 􏼑􏼐 􏼑􏼓
wT
′ w

T
− s􏼐 􏼑 w

T
− s􏼐 􏼑H(θ) − (p − s)H q

T∗
􏼐 􏼑􏼐 􏼑􏼐 􏼑

− w
T

− c − t e0 − e
T

􏼐 􏼑 −
1
αM

􏼠 􏼡 w
T

− s􏼐 􏼑F(θ)􏼠 􏼡 (p − s) − w
T

− s􏼐 􏼑q
T∗

H(θ)􏼐 􏼑 + w
T

− s􏼐 􏼑q
T∗ 1 −

1
αM

􏼠 􏼡F(θ)􏼠 􏼡􏼠

w
T

− s􏼐 􏼑H(θ) − (p − s)H q
T∗

􏼐 􏼑􏼐 􏼑􏼑 × w
T

− s􏼐 􏼑 w
T

− s􏼐 􏼑H(θ) − (p − s)H q
T∗

􏼐 􏼑􏼐 􏼑􏼐 􏼑
wT′􏼛􏼎 w

T
− s􏼐 􏼑

2
w

T
− s􏼐 􏼑H􏼐􏼒

(θ) − (p − s)H q
T∗

􏼐 􏼑􏼓
2
􏼓

− 1
> t

2
, (45)

the equilibrium decision of the supply chain satisfies the
following proposition. □

Proposition 6. If f(x)/F(x) is a concave function, the
equilibrium decision of Mode T can be determined by

(p − s)F q
T∗

􏼐 􏼑 � w
T∗

− s􏼐 􏼑F θ q
T∗

, w
T∗

􏼐 􏼑􏼐 􏼑, (46)

ke
T∗

� tq
T∗

, (47)

w
T∗

− c − t e0 − e
T∗

􏼐 􏼑 −
1
αM

w
T∗

− s􏼐 􏼑F(θ)􏼠 􏼡 (p − s) − w
T∗

− s􏼐 􏼑q
T∗

H(θ)􏼐 􏼑 +

w
T∗

− s􏼐 􏼑q
T∗ 1 −

1
αM

F(θ)􏼠 􏼡 w
T∗

− s􏼐 􏼑H(θ) − (p − s)H q
T∗

􏼐 􏼑􏼐 􏼑 � 0.

(48)

Proposition 7. ΠT∗
M is increasing in αM.

Proposition 7 indicates that the manufacturer’s risk-averse
attitude harms her. Although adopting a risk-aversionmeasure
can reduce themanufacturer’s risk, it can also lead to a decrease
in her profit.,is is because the risk faced by the manufacturer
is the default risk of the retailer. ,e default risk is caused
primarily by the excessive order behaviour of the retailer (the
more the retailer’s orders are excessive, the more credit he or
she must obtain from the manufacturer and the higher the
probability that the retailer cannot repay the full credit). ,e
risk-averse manufacturer tends to make conservative decisions,
for example, increasing the wholesale price to restrain the
retailer’s excessive order to avoid losses caused by the retailer’s
bankruptcy. Nevertheless, the decrease in order also signals a
decrease in the manufacturer’s sales volume, which leads to a
decrease in the manufacturer’s expected utility. Meanwhile, the
manufacturer’s risk-aversion behaviour also leads to a decrease
in her carbon-emission reduction effort. It is thus evident that
the manufacturer’s risk-averse behaviour causes adverse effects
on both economic and environmental benefits.

6. Numerical Studies

We have analysed a capital-constrained low-carbon supply
chain operation in theory. To further illustrate and expand
the abovementioned results, we present some numerical

examples in this section. Some parameters are established as
follows: p � 8, c � 3, s � 2, k � 2, e0 � eg � 10, and t � 0.2.
,e market demand X obeys normal distribution. ,e mean
and variance are set by 50 and 20, respectively.

We first carry out a sensitivity analysis for η; see
Figures 2–4.

(1) As we can see, when the retailer’s initial capital is high,
e.g., η> η2, the retailer’s own funds are sufficient to
make an order; then, Mode A occurs. When η< η2,
the retailer is capital constrained.,e optimal strategy
for the retailer is to seek financing. However, as we can
see, the retailer’s initial capital interval (η ∈ [η1, η2])
makes the retailer whose capital amount is in this
range unable to obtain financing. ,is is because the
manufacturer’s profit inModeN is higher than that in
Mode Tat this time.,us, the manufacturer refuses to
provide financing for the capital-constrained retailer.
,erefore, the equilibrium capital mode is Mode N
when η ∈ [η1, η2]. When η is low enough, financing
can bring a win-win situation to both the manufac-
turer and the retailer (ΠT∗

M >Π
N∗
M andΠT∗

R >Π
N∗
R are

established at his or her time). ,us, the equilibrium
financing mode is Mode T.

(2) Observing Mode T, we can see that ΠT∗
M and ΠT∗

R are
increasing and decreasing with respect to the decrease
in η, respectively. In particular, when η approaches 0
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(η⟶ 0), ΠT∗
M increases to the centralized supply

chain profit level (ΠT∗
M ⟶Π

0). Nevertheless, the
retailer’s profit decreases to 0. Tracing it to its cause,
the decrease in the retailer’s internal working capital
has two effects: a risk-sharing effect and a wholesale
price-increasing effect. ,e manufacturer’s risk-tak-
ing ratio rises with the decrease in η. In particular
when η⟶ 0, all the market risks are borne by the
manufacturer. ,e retailer will order more because
the manufacturer bears his or her risks. Lastly, the
increases in both the order and in wholesale price lead
to an increase in the manufacturer’s expected profit.
However, the wholesale price’s increase and the over-

order behaviour lead to a decrease in the retailer’s
profit. In particular when η⟶ 0, the retailer loses all
bargaining power and all supply chain profits are
garnered by the manufacturer. ,at is, the more the
retailer relies on financing, the worse his barging
power is. Although financing is beneficial to the re-
tailer (ΠT∗

R >Π
N∗
R ), he or she should not rely too

much on financing. Nevertheless, from the manu-
facturer’s perspective, she should not avoid financing
the capital-constrained retailer and should choose a
low-cash retailer as her object of the financial support.

(3) Figure 4 shows that the carbon-emission reduction
effort is highest in Mode T and, in turn, in Modes A
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Figure 2: Impacts of the retailer’s internal working capital on the manufacturer’s profit.
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Figure 3: Impacts of the retailer’s internal working capital on the retailer’s profit.
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andN.,is phenomenon illustrates that the retailer’s
capital constraint has a positive effect on the envi-
ronment; for the retailer low in cash, financing can
have both environmental and economic benefits.
When η ∈ [η1, η2], the manufacturer can obtain a
higher profit in Mode N than in mode T, but at the
expense of environmental benefits.

(4) Compared with the noncarbon-emission reduction
mode (e � 0), implementing carbon-emission re-
duction can achieve a win-win situation for supply
chain members (Πj∗

M >Π
j∗
M | e�0,Π

j∗
R >Π

j∗
R | e�0). ,is

is because implementing carbon-emission reduction
decreases the manufacturer’s carbon-purchasing cost,
which in turn, leads a decrease in the manufacturer’s
overall operating costs. ,e manufacturer will then
choose to decrease the wholesale price, which en-
courages the retailer to increase his or her order.
,erefore, regardless of the kind of capital mode,
implementing carbon-emission reduction helps realize
environmental and economic win-win situations.

(5) Figures 2–4 show that the manufacturer’s carbon-
emission reduction effort and the manufacturer’s and
the retailer’s profits all decrease according to the degree
of the manufacturer’s risk aversion. ,is phenomenon
occurs because the risk-averse manufacturer tends to
make a more conservative decision, e.g., it increases the

wholesale price to reduce the retailer’s excessive order
behaviour. As a result, the double marginal effect in-
creases, which leads to a decrease in the supply chain
social welfare. ,erefore, the manufacturing enterprise
should choose its operational decision maker more
rationally so as to avoid excessive risk aversion.

Fixing η � 30 and αM � 1, we then carry out a sensitivity
analysis to the carbon-trading price t (see Table 3).

,e results show that, with the increase in carbon-trading
price, the wholesale price first increases and then decreases.
,e order quantity first decreases and then increases. ,e
carbon-emission reduction effort increases. ,e retailer’s
profit first decreases and then increases. ,e manufacturer’s
and the supply chain’s profits decrease and increase according
to the decrease in carbon-trading price when the manufac-
turer’s initial carbon quota is low and high, respectively.

Tracing it to its cause, the manufacturer’s carbon-
emission reduction effort increases according to the carbon-
trading price. When the carbon price is below a critical
point, the manufacturer compensates for the invested car-
bon-emission reduction cost by increasing the wholesale
price. ,e order quantity decreases as a result. When the
carbon price is higher than the critical point, the manu-
facturer can benefit from carbon trading. ,e manufacturer
then chooses to lower the wholesale price, which leads to an
increase in the retailer’s order. ,erefore, the retailer’s order
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Figure 4: Impacts of the retailer’s internal working capital on carbon-emission reduction.

Table 3: Impacts of the carbon-trading price on the supply chain operation.

t
eg � 10 eg � 500

0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5

wT∗ 7.14 7.24 7.27 7.22 7.05 7.14 7.24 7.27 7.22 7.05
eT∗ 1.79 3.47 5.14 6.98 9.21 1.79 3.47 5.14 6.98 9.21
qT∗ 34.85 34.65 34.25 34.91 36.83 34.85 34.65 34.25 34.91 36.83
ΠT∗

M 110.46 85.52 66.90 54.25 48.32 159.46 183.52 213.90 250.25 293.32
ΠT∗

R 20.48 17.42 16.49 18.03 23.31 20.48 17.42 16.49 18.03 23.31
Π∗ 130.94 102.94 83.39 72.28 71.63 179.94 200.94 230.39 268.28 316.63
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quantity first increases and then decreases according to the
increase in the carbon-trading price.

Furthermore, analysis shows that the manufacturer’s
profit decreases and increases in relation to the carbon price
when the initial carbon quota is low and high, respectively.
,is is because the manufacturer must spend substantial
funds to buy the carbon quota when her initial carbon quota
is low. Conversely, she can sell the excess carbon quota to the
carbon-trading market. ,us, a higher carbon price benefits
her at this time.

From the retailer’s perspective, regardless of how the
initial carbon quota changes, the retailer’s expected profit
first decreases then increases in relation to the carbon price.
,at is, when the carbon price is in the medium position, the
retailer’s gains are lowest. ,is phenomenon is caused by the
manufacturer making a higher wholesale price when the
carbon-trading price is medium. ,us, there is a “low-in-
come trap” in the carbon-trading market for the retailer. We
can also see that the initial capital quota has no effect on the
operational decisions regarding wholesale price, carbon-
emission reduction effort, or order quantity.

It is thus clear that, from an environmental perspective,
a higher carbon price is better. From an economics per-
spective, a higher carbon price is better when the initial
carbon quota is high. ,e government should release
carbon quotas for the manufacturer as much as possible, as
this will not only improve the manufacturer’s carbon-
emission reduction initiative but also enhance the manu-
facturer’s profit. ,e carbon-trading price should be
properly regulated. A higher carbon price can mean a win-
win situation for the manufacturer, retailer, supply chain,
and environment.

7. Conclusion and Remarks

As climate change has become more visible in recent years,
SMEs are starting to feel greater regulatory and social
pressure to adopt environmental strategies [40]. Enter-
prises’ capital flow seriously affects their operation and
management. ,is paper explores the impacts of capital
constraint on their carbon-emission reduction operation
strategy. We first provide the manufacturer’s optimal
carbon-emission reduction operational strategy when the
retailer is capital constrained. We also analyse the impacts
of key parameters such as the retailer’s internal working
capital and the manufacturer’s risk attitude to operational
decision-making.

,e results show that (1) the retailer’s capital constraint
can help encourage the manufacturer to improve its carbon-
emission reduction efforts while improving the overall
revenue of the supply chain, thus achieving a win-win sit-
uation for both the environment and economics. (2) Fi-
nancing helps achieve a win-win situation between the
manufacturer and retailer. ,e in-depth development of
trade credit finance benefits the manufacturer but is bad for
the retailer. (3) When the initial carbon quota is low, the
manufacturer benefits from a relatively lower carbon-
trading price. Conversely, she benefits from a higher carbon
price.

,is research has managerial implications for the de-
velopment of low-carbon supply chain finance.

,e results of our study confirm that manufacturers are
more likely to pursue carbon-emission reduction and offer credit
to their retailers as a part of their strategy for increasing their
corporate financial performance. ,e results of our study also
show that a developed market credit system is crucial for the
economic and environmental performance of the supply chain.

Our research has a number of policy and managerial
implications. (1) ,e manufacturer should improve its
wholesale price and carbon-emission reduction efforts when
the retailer is capital constrained. ,e retailer should im-
prove the order quantity. (2) ,e manufacturer should
provide financing for a retailer low in cash and should not be
too risk averse. (3) ,e retailer should provide more self-
owned funds when participating in trade credit financing.
He or she should pay attention to the carbon-trading price
and avoid falling into the “price trap.” (4) ,e government
should take measures to activate the carbon-trading market
to promote the carbon-trading price.

,is research provides a theoretical basis for decision
makers to implement low-carbon supply chain management
from the perspective of the interface of operations and fi-
nance. It has positive driving significance for the develop-
ment of a sustainable supply chain. However, some
limitations leave room for future research.

First, we investigate the case in which the retailer is
assumed to be capital constrained and financed by the
manufacturer through trade credit. In practice, the manu-
facturer may limit the retailer’s credit line to control the
potential loss risk. As a result, the capital-constrained re-
tailer may adopt other financing tools, such as bank credit, to
satisfy his or her financing needs. ,us, one possible di-
rection is to consider a capital-constrained retailer that can
be financed by a bank or a manufacturer. Second, this paper
only examines a manufacturer constrained by the carbon
cap-and-trade regulation as the principal source of carbon
emission. Actually, retailers must also consider the envi-
ronmental impact caused by their packaging and distribu-
tion processes. Retailers may also be confronted with
environmental regulations. ,us, another possible direction
is to study an emission-dependent supply chain comprising
more manufactures and retailers in which both manufac-
turers and retailers must abide by a carbon-emission policy.
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