
Research Article
Optimal Operation and Financing Decisions in Green Supply
Chain with a Capital-Constrained Manufacturer

Lijuan Xia ,1 Lixin Qiao ,1 Xiaochen Ma ,2 Yuanze Sun ,3 and Yongli Li 1

1School of Economics and Management, Harbin Institute of Technology, Harbin 150001, China
2Business School, China University of Political Science and Law, Beijing 100088, China
3School of Mathematics, Hefei University of Technology, Hefei 230009, China

Correspondence should be addressed to Lixin Qiao; qiaolixin_hit@126.com

Received 29 May 2021; Accepted 9 July 2021; Published 19 July 2021

Academic Editor: Wei Zhang

Copyright © 2021 Lijuan Xia et al. -is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Capital constraint, immensely existing in practice, became major stressors for manufacturers during the green research and
development (R & D) triggered by managers integrating green concept into their business models. Considering the initial capital
of a capital-constrained manufacturer, this paper formulates a Stackelberg game model comprising a manufacturer and a retailer,
to discuss the optimal operation and financing decisions under the bank financing channel and trade credit financing channel, to
detect the relationship between the manufacturer’s initial capital and green R&D investment, and to find which financing channel
is better by comparing the two financing channels when the same initial capital is set. According to the above analysis, the results
find that the capital-constrained manufacturer prefers financing only when meeting certain conditions. Furthermore, financing
might be detrimental to the manufacturer but always beneficial to the retailer. Especially, under trade credit financing channel, the
profit improvement of the retailer is higher than the manufacturer in the same financing channel, which suggests that the retailer
has strong internal motivation to cooperate with the manufacturer from the perspective of financing.

1. Introduction

Nowadays, it is already accepted that the green R & D has
become an important way for enterprises to meet market
access standards and attain market competitive advantages
[1–3]. Over the years, some manufacturers have adopted the
green concept in their supply chain management and ef-
fectively improved their economic and environmental
performances [4]. However, some manufacturers limited by
capital constraints, especially small and medium-sized en-
terprises (SMEs), are still struggling to implement green R &
D [5]. Financing is an efficient way to solve the capital-
constrained problem; for the capital-constrained manufac-
turer, bank financing and credit financing are the two main
financing channels. More specifically, bank financing refers
to the manufacturer obtaining loans from banks [6], while
trade credit financing refers to a supply chain’s internal
financing in which enterprises provide financial support for
capital-constrained supply chain members in the form of

early or delayed payment [7, 8]. Considering manufacturer
initial capital, how does the initial capital effect the green R&
D investment and profits of the manufacturer? Comparing
bank financing with trade credit financing, which is better
for the capital-constrained manufacturer? All the above-
mentioned issues inspired us to detect the optimal operation
and financing decisions of the capital-constrained manu-
facturer under two available financing channels that are
widely applied in practice, and then to explore the financing
preference of manufacturers in different situations.

Once these questions are answered, we can provide
managers with financing decision-making reference. Fi-
nancing decision is one of the important management as-
pects of managers; if solved, it can guide managers to choose
the appropriate financing channel and improve their profits.
Although many literatures on financing provided relevant
evidences, and revealed the benefits of financing to capital-
constrained enterprises [9–11], only a few scholars have
concentrated on the capital-constrained manufacturer in the
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green supply chain. For example, Cao et al. [12] studied the
ordering problem of capital-constrained manufacturers
under supplier financing and bank financing. Nowadays, the
green R & D financing problem has not been solved. To
further enrich the existing research, we adopt the Stackel-
berg game model, which can correctly describe the decision-
making process of supply chain members, to analyze the
operation and financing decisions of manufacturers facing
green R & D capital-constrained, and endeavor to remedy
the limitation of existing researches in the green supply
chain.

To answer the abovementioned research questions, this
paper takes the green supply chain composed of a single
capital-constrained manufacturer and a single capital ample
retailer as the research objects. To generalize our result
insights, our paper mainly focuses on two common fi-
nancing channels, bank and trade credit, in the green supply
chain. By constructing the Stackelberg gamemodel under no
financing, bank financing, and trade credit financing, we
explore the optimal products’ green degree, wholesale price,
and retail price under the three situations. In addition, this
paper further considers the initial capital, analyzes manu-
facturer financing preference, and assesses the impact of
different financing strategies on profits of the manufacturer
and retailer.

Given the growth of the green supply chain and capital
constraints in practice, it is a significant reference for supply
chain management to understand how the initial capital
affects the green supply chain decisions. According to this,
we investigate the operation and financing problems when a
manufacturer’s initial capital is insufficient to invest in the
demanded green R & D. Our main contributions are as
follows. (1) Considering that many previous researches on
green supply chain management assumed that manufac-
turers have sufficient capital, we extend research to the
scenario of capital constraint where the capital-constrained
manufacturer is faced with the challenge of integrating green
concept into its business. (2) -is paper particularly con-
centrates on the initial capital because more related re-
searches on supply chain financing pay less attention to the
initial capital. Hence, we creatively incorporate the initial
capital into the Stackelberg model and study the problem of
capital-constrained green R & D. (3) By comparing the fi-
nancing strategies of the manufacturer, we explore the
manufacturer’s relative financing preference when the initial
capital is constrained. Although some studies have explored
the choice of supply chain financing channel, the majority of
them focused on the capital-constrained retailer or inven-
tory decision; financing related to manufacturers need to be
further detected.

-e remainder of the paper is organized as follows.
Section 2 reviews the related work. Section 3 provides
problem description and basic assumptions. Section 4 es-
tablishes a Stackelberg game model and analyzes the optimal

operation and financing decisions. Section 5 conducts the
numerical analysis. Finally, the conclusion is provided in
Section 6.

2. Related Work

-is paper belongs to the interface between green supply
chain and financing. According to the previous researches,
the literature review of this paper can be divided into fol-
lowing aspects: “green R & D of supply chain” and “fi-
nancing decision of supply chain.” -e latter could be
further divided into “bank financing” and “trade credit
financing.”

Green supply chain management has been an active area
of research in operations management, such as Beamon [13],
Murali et al. [14], Wang et al. [15], and Zhang et al. [16].
Despite the high additional cost of green R & D, many
literatures are unfolded under the assumption of sufficient
capital. For example, Zhu andHe [17] compared two green R
& D strategies under sufficient capital; one is the develop-
ment-intensive green product, the other is the marginal-
cost-intensive green product. Yenipazarli [18] confirmed
that green R&D exhibits diminishing returns for R & D
efforts. To optimize returns, Jiang and Chen [19], consid-
ering consumer preference and green investment, discussed
the optimal green R & D strategy. In fact, the capital of
enterprises is not always sufficient to support enterprises to
invest in R & D. To alleviate the R & D cost pressure, Gao
et al. [20] andWong et al. [15] explored the methods that can
not only protect the ecological environment but also limit
production cost rise. Similarly, Taleizadeh et al. [21] found
that the green-cost-sharing contract between supply chain
members can control the cost.-e above research provides a
way to solve the capital constraints from the perspective of
contract. Different from the above research, this paper
cancels the assumption of sufficient capital and solves the
capital-constrained problem through financing.

Considering previous financing studies, the main studies
related to our work are bank financing and trade credit
financing. Bank financing is the main channel of supply
chain members financing [6]. In this area, Cao and Yu [22]
studied the problem that capital-constrained manufacturers
obtain pledge loans by utilizing carbon emission permits.
Wu et al. [23] constructed a mathematical model, and found
that bank financing can solve the problem of capital con-
straints to a certain extent. Tao et al. [11] conformed that
SMEs and banks can achieve a win-win situation as more
good SMEs choose bank financing. Conversely, Yu and
Rehman Khan [24] pointed out that bank financing is not
the best way because SMEs cannot afford the high interest
rate of banks. For other available financing channels, some
scholars pay attention to trade credit financing in operation
management: for example, Haley and Higgins [25], Seifertet
et al. [26], etc. -ese literatures proved that trade credit is an
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effective financing channel, especially for SMEs. Similarly,
Wang et al. [27] and Ma et al. [28] also proved that en-
terprises cooperate with each other in supply chain fi-
nancing, which can improve interests of both parties at the
same time. In summary, existing studies have extensively
confirmed that supply chain financing plays an important
role in supply chain management [29]. -e above research
mainly focuses on a single financing channel. When con-
sidering some available financing channels, the financing
decision of enterprises is more worthy of attention.

-is paper is closely related to the choice of financing
channels when enterprises are facing multiple available fi-
nancing channels. Some works compared bank financing
and trade credit financing when retailers are under capital
constraints [4, 30]. In the green supply chain, Wu et al. [31]
discussed the impact of manufacturer carbon emission re-
duction on the optimal ordering of capital-constrained re-
tailer under bank financing and trade credit financing. -e
literatures mentioned above pay more attention to retailers’
financing. As for manufacturers’ financing, Huang et al. [32]
explored green credit, manufacturer subsidy, and sales
subsidy, and proved that green credit (GC) can bring the
highest benefits of social welfare and environmental pro-
tection. Cao and Yu [7] studied the financing equilibrium of
green credit financing and mixed financing. Considering the
uncertainty of market demand and consumers’ low-carbon
preference, Cao et al. [12] further studied the optimal
procurement issues of capital-constrained manufacturer
under two financing channels.

In the aforementioned literature, besides subsidy re-
search [32], a common assumption is that green R & D
capital of manufacturers is sufficient. Moreover, the re-
searches on financing mainly study the ordering and in-
ventory problems of capital-constrained supply chain.While
the insights gained from these works are valuable, they do
not address green R & D financing of manufacturers
commonly observed in practice. -erefore, we inject more
realism by considering a manufacturer whose green R & D
capital is capital-constrained, and answer the practical
question as to how manufacturer initial capital affects op-
erational and financing decisions. In summary, this paper
analyzes three scenarios of green supply chain: no financing,
bank financing, and trade credit financing, by the proposed
game model.

3. Problem Description and Basic Assumptions

-is paper takes a typical supply chain with a manufacturer
M and a retailer R as the research objects. Among them, the
manufacturer is the leader, and the retailer is the follower.
Facing an increasing environmental awareness of con-
sumers, manufacturers enhance the product green degree by
green R & D to meet consumers’ green demand. Taking
automobile industry as example, products’ green degree can
refer to the emission reduction level or energy saving level of
automobiles. In the process of the Stackelberg game, the
manufacturer first decides the wholesale price w and
products' green degree g, then the retailer follows by setting

the retailer price p. Due to the increasing marginal cost, the
R & D cost of manufacturers will increase rapidly with the
improvement of product green degree. Hence, referring to
Zhu and He [17], Jiang and Chen [19], this paper assumes
that the green R & D cost of manufacturers is a function of
products’ green degree g: kg2/2, where k(k> 0) is the green
R & D cost coefficient. Furthermore, since the green R & D
cost of manufacturers belongs to one-time capital invest-
ment, the green R & D of manufacturers will not affect
products’ unit cost c(c> 0), and c<w<p.

When the manufacturer’s initial capital F(F≥ 0) cannot
support the optimal green R & D, the decision of the
manufacturer is constrained by the initial capital, while the
retailer’s decision is only indirectly affected by the game
process. -e manufacturer obtains the remaining capital L �

kg2/2 − F through two available financing channels: bank
and trade credit.-is paper assumes that the output of R &D
is certain, that is, there is no risk of R &D failure. To simplify
the explanation, the superscripts B, T, N are used to indicate
bank financing, trade credit financing, and no financing, and
the subscripts M, R are used to indicate the manufacturer
and retailer.

In this paper, the demand of the manufacturer is con-
sistent with that of the retailer. According to the description
of green product demand in Zhu and He [17], the products’
demand is set as D � α − βp + cg. Among them, α(α> 0) is
the total market demand potential, β(β> 0) is the consumer
price sensitivity, and c(c> 0) is the consumers’ preference
for green products . -at is, the market demand for green
products is negatively correlated with price p, and positively
correlated with products’ green degree g.

4. Model

4.1.BasicModel. -is subsection constructs the green supply
chain operation decision-making model when no financing
channel is viable and it is taken as the basic model for
subsequent analysis.

We suppose that the manufacturers’ capital is not
enough to invest in the optimal R & D investment.
According to Zhu and He [17], the optimal R & D invest-
ment of the manufacturer with sufficient capital is
FN � (kc2(α − βc)2/2(4βk − c2)2). When no viable fi-
nancing channels are available, the manufacturer can only
determine the produce green degree and wholesale price
under its initial capital. Sequentially, the retailer decides the
optimal retail price according to the wholesale price and the
produce green degree. In this scenario, both the manufac-
turer and retailer are rational and take profit maximization
as decision-making objectives:

Max πN
M � (w − c)(α − βp + cg) −

1
2

kg
2

s.t.
1
2

kg
2 ≤F,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(1)

Max πN
R � (p − w)(α − βp + cg), (2)
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Proposition 1. When no financing channels are available,
the optimal products green degree gN∗, wholesale price wN∗,
and retail price pN∗ are, respectively

g
N∗

�

c(α − βc)

4βk − c
2 , F≥F

N
,

���
2F

k



, F<F
N

,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

w
N∗

�

2k(α + βc) − cc
2

4βk − c
2 , F≥F

N
,

α + βc

2β
+

c

2β

���
2F

k



, F<F
N

,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

p
N∗

�

3αk + βck − cc
2

4βk − c
2 , F≥F

N
,

3α + βc

4β
+
3c

4β

���
2F

k



, F<F
N

,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(3)

where FN � (kc2(α − βc)2/2(4βk − c2)2).

All proofs are presented in Appendix.

Proposition 2. When no financing channels are available,
the products demand DN∗, manufacturer’s optimal profit
πN∗

M , and retailer’s optimal profit πN∗
R are, respectively,

D
N∗

�

βk(α − βc)

4βk − c
2 , F≥F

N
,

α − βc + c
����
2F/k

√

4
, F<F

N
,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

πN∗
M �

k(α − βc)
2

2 4βk − c
2
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N
,
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����
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√
)
2

8β
− F, F<F

N
,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

πN∗
R �

βk
2
(α − βc)

2

4βk − c
2

 
2 , F≥F

N
,

1
16β

α − βc + c

���
2F

k



 

2

, F<F
N

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(4)

4.2. Bank Financing Channel. When the manufacturer’s
initial capital is F<FN, the manufacturer chooses bank fi-
nancing to obtain the required financial support. As shown
in Figure 1, the bank acts as the capital provider. At the
beginning, based on manufacturer’s fixed assets, the bank
provides the manufacturer the needed capital at the interest

rate r. -en, the capital-constrained manufacturer deter-
mines the product green degree g, wholesale price w, and the
financing scale LB (LB � (1/2)kg2 − F). Finally, the retailer
provides green products to consumers at retail price p and
the manufacturer repays the loan and interest (1 + r)LB to
the bank. Both the manufacturer and retailer make decisions
to maximize profits πB

M and πB
R:

Max πB
M � (w − c)D − (1 + r)L

B
− F � (w − c)D − rL

B
−
1
2

kg
2

s.t. F<F
N

,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

Max πB
R � (p − w)(α − βp + cg).

(5)

Proposition 3. Under the bank financing channel, the
products’ optimal green degree gB∗, wholesale price wB∗, and
retail price pB∗ are, respectively,

g
B∗

�

���
2F

k
,



F≥F
B
,

(α − βc)c

4βk(1 + r) − c
2, F<F

B
,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

w
B∗

�

α + βc
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+

c

2β

���
2F

k



, F≥F
B
,

2k(α + βc)(1 + r) − cc
2

4βk(1 + r) − c
2 , F<F

B
,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

p
B∗

�

3α + βc

4β
+
3c

4β

���
2F

k



, F≥F
B
,

k(3α + βc)(1 + r) − cc
2

4βk(1 + r) − c
2 , F<F

B
,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(6)

where FB � (kc2(α − βc)2/2[4βk(1 + r) − c2]2).

Corollary 1. When 0<F<FB, the products’ optimal green
degree gB∗, wholesale price wB∗, and retail price pB∗ are
positively correlated with the consumers’ green sensitivity c,

Manufacturer

Bank

Retailer Consumerw p

LB (1 + r)LB

Logistics
Capital

Figure 1: Supply chain operation and financing process under
bank financing channel.
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and negatively correlated with the green cost coefficient k and
bank interest rate r.

Consumers with higher green preference pay more at-
tention to the products’ green degree and tend to pay higher
prices. However, the higher R & D cost coefficient and fi-
nancing cost restrain the manufacturer’s willingness to in-
vest in R &D. Hence, faced with the higher green preference,
the lower R & D cost, and bank loan interest rate, the
manufacturer can benefit from increasing green R & D

investment. Meanwhile, with the increase in R & D costs,
manufacturers transfer part R & D costs to retailers by
increasing the wholesale price, which sequentially leads to
the rise of retail prices.

Proposition 4. Under the bank financing channel, the
product demand DB∗, manufacturer’s financing scale LB∗,
retailer’s optimal profit πB∗

R , and manufacturer’s optimal
profit πB∗

M are, respectively,

D
B∗

�

α − βc + c
����
2F/k

√

4
, F

B ≤F<F
N

,

βk(1 + r)(α − βc)

4βk + 4bkr − c
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B
,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

L
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�
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N
,
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2
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2

 
2 − F, 0≤F<F

B
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1
16β
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2
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N
,
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2
(α − βc)

2
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2
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2 , 0≤F<F

B
,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

πB∗
M �

(α − βc + c
����
2F/k

√
)
2

8β
− F, F

B ≤F<F
N

,

k(α − βc)
2
(1 + r) + 2Fr 4kβ(1 + r) − c

2
 

2 4kβ(1 + r) − c
2

 
, 0≤F<F

B
.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(7)

To ensure that the results are meaningful, manufacturer’s
financing scale should be nonnegative. From the above
equilibrium decisions, we can obtain that manufacturer will
choose bank financing when F≤FB � (kc2(α − βc)2/
2[4βk(1 + r) − c2]2), which indicates that manufacturer’s
initial capital is a crucial factor affecting manufacturer fi-
nancing strategy.

Corollary 2. When 0<F<FB, the optimal financing scale
LB∗ of the manufacturer is positively correlated with con-
sumers’ green preference c, and negatively correlated with
green cost coefficient k and bank interest rate r.

Corollary 2 shows that when manufacturer’s initial
capital is fixed, the manufacturer’s optimal financing scale
increases as consumers’ green preference increases but
decreases as the green cost coefficient and bank loan interest
rate increase. -is is because the higher consumers’ green
preference urges manufacturers to improve the products’
green degree tomeet consumers’ preference. Similarly, lower

R & D cost and bank interest rate enable manufacturers to
obtain greater benefits from expanding green R & D. Hence,
with the increase of consumer preference, and the decrease
of R &D cost and interest rate, the manufacturer will expand
the financing scale to implement greener R & D investment,
and then achieve greater profit.

Corollary 3. When 0<F<FB, the manufacturer’s optimal
profit πB∗

M is positively correlated with its initial capital F,
while the retailer’s optimal profit πB∗

R is irrelevant to the
initial capital F.

From the above corollary, it is worth noting that the
profitability of the manufacturer is closely related to its
initial capital level and the retailer’s profit is not affected.
Obviously, the higher the manufacturer’s initial capital, the
smaller the required financing scale and the lower the fi-
nancing cost under the same green R & D investment.
Hence, manufacturer’s profit increases accordingly. How-
ever, the result about the retailer seems counter-intuitive. In
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fact, it is the result of the game between the manufacturer and
retailer. Because in the Stackelberg game, themanufacturer is the
leader and has the decision-making advantage. -e manufac-
turer can transfer the corresponding financing costs by in-
creasing the wholesale price to maximize profit. Similarly, the
retailer is also not willing to bear the extra cost. Hence, the result
of the game between themanufacturer and the retailer is that the
retailer cannot get extra profit. For this reason, retailer’s profit
change is determined, and it has no direct relationship with
manufacturer’s initial capital under bank financing.

4.3. Trade Credit Financing Channel. When manufacturer’s
initial capital is F<FN, the manufacturer will finance from

the trade credit channel. As shown in Figure 2, the retailer
acts as capital provider, and gains early payment discounts
θ(0< θ< 1) as a return on cooperation. -e manufacturer
determines the products’ green degree g and wholesale price
w. -e retailer provides the manufacturer the required
capital LT � kg2/2 − F in the form of advance payment.
After production, the manufacturer needs to deliver prod-
ucts LT/[(1 − θ)w] to the retailer because of the retailer’s
advance payment. -en, the remaining products are offered
to the retailer at the wholesale price w. Ultimately, the re-
tailer provides all green products to consumers at retail price
p. Both the manufacturer and the retailer make decisions to
maximize profits πT

M and πT
R.

Max πT
M � (w − c) D −

L
T

(1 − θ)w
  +

1
2

kg
2

− F  − c
L

T

(1 − θ)w
  −

1
2

kg
2

s.t. F<F
N

,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Max πT
R � (p − w) D −

L
T

(1 − θ)w
  + − p

L
T

(1 − θ)w
  −

1
2

kg
2

− F .

(8)

Proposition 5. Under the trade credit financing channel, the
optimal products’ green degree gT∗, wholesale price wT∗, and
retail price pT∗, respectively, are

g
T∗

�

���
2F

k
,



F≥F
T
,

(1 − θ)(α − βc)c

4βk − (1 − θ)c
2 , F<F

T
,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

w
T∗

�

α + βc

2β
+

c

2β

���
2F

k



, F≥F
T
,

2k(α + βc) − (1 − θ)cc
2

4βk − (1 − θ)c
2 , F<F

T
,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

p
T∗

�

3α + βc

4β
+
3c

4β

���
2F

k



, F≥F
T

,

k(3α + βc) − (1 − θ)cc
2

4βk − (1 − θ)c
2 , F<F

T
,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(9)

where FT � (kc2(1 − θ)2(α − βc)2/2[4βk − (1 − θ)c2]2).

Corollary 4. When 0<F<FT, the optimal green degree gT∗,
wholesale price wT∗, and retail price pT∗ are positively cor-
related with consumers’ green preference coefficient c , and
negatively correlated with green cost coefficient k and early
payment discounts rate θ.

Corollary 4 is consistent with Corollary 1; the optimal
green degree, wholesale price, and retail price of products
increase with the increase of green preference of con-
sumers but decrease with the increase of R & D cost
coefficient and early payment discounts rate. -e result
indicates that the relationship between the optimal de-
cision of supply chain and the green preference of con-
sumers and the cost of R & D is not affected by the
financing channel.

Proposition 6. Under the trade credit financing channel, the
product’s demand DT∗, manufacturer’s financing scale LT∗,
and optimal profit πT∗

M , as well as retailer’s optimal profit
πT∗

R , respectively, are
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− 2θF 4βk − (1 − θ)c

2
 

2
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T
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⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(10)

As the financing scale is nonnegative, the initial capital of
manufacturers should meet the condition
F<FT � (kc2(1 − θ)2(α − βc)2/2[4βk − (1 − θ)c2]2). :e
result is consistent with bank financing, this is, trade credit
financing is not always dominant for the capital-constrained
manufacturer. When manufacturer’s initial capital meets
certain conditions, advance payment by retailer is a better
decision, which proves that the initial capital is a key factor
that cannot be ignored, no matter which financing channel.

Corollary 5. When 0<F<FT, the optimal financing scale
LT∗ of manufacturers is positively correlated with consumers’
green preference c, and negatively correlated with green cost
coefficient k and early payment discounts rate θ.

Corollary 5 indicates that manufacturer’s financing scale
is affected by consumers’ green preference, green cost co-
efficient, and early payment discounts rate. -e results are

reasonable. Smaller financing scale should be adopted if
consumers’ green preference is low or green cost coefficient
and early payment discounts rate are high. -us, for
manufacturer financing, consumers’ green preference is an
incentive factor, while cost is a restraining factor, and no
matter which financing channels are employed, the con-
clusion is always valid.

Corollary 6. When 0<F<FT, manufacturer’s optimal profit
πT∗

M is positively correlated with its initial capital F, while the
retailer’s optimal profit πT∗

R is negatively correlated with the
initial capital F.

Corollary 6 demonstrates the effect of manufacturer’s
initial capital on the optimal profit of the manufacturer and
retailer under the credit trade financing channel. Note that if
the manufacturer possesses more initial capital, the smaller
is the financing scale required under the same green R & D

Manufacturer Retailer Consumer
w p

LT

Logistics
Capital

LT/((1 – θ)w)

Figure 2: Supply chain operation and financing process under trade credit financing channel.
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investment, and thereby the lower is the financing cost paid.
Accordingly, the manufacturer’s profit is improved. As for
the retailer, the revenue from selling greener products is
roughly balanced with the increased wholesale prices.
However, with the increase of the initial capital, the man-
ufacturer pays the retailer less financing cost, which leads to
the increase of purchasing cost that the retailer needs to pay.
Hence, retailer’s profit decreases.

4.4. Comparative Analysis. As in the above analysis, when
F<FN, the manufacturer can obtain financial support
through the bank or trade credit. However, faced with the
two financing channels simultaneously, which financing
channel is better, and how different financing channels affect
supply chain operation decisions?-ese questions inspire us
to detect; this subsection will further compare and analyze
the supply chain operation decision and manufacturer profit
under different financing channels, and search for the
dominant financing channel of the manufacturer.

Corollary 7. When θ> r/(1 + r), there is FT <FB; otherwise,
θ≤ r/(1 + r), FT ≥FB.

Corollary 7 demonstrates the influence of the financing
cost on the financing preference of the manufacturer. Com-
pared with the trade credit financing channel, the manufac-
turer’s financing willingness under the bank channel is higher
when θ> r/(1 + r); On the contrary, when θ ≤ r/(1 + r), the
manufacturer prefers to choose trade credit financing chan-
nels.-e implication of the result is interesting.Manufacturers
whose capital is insufficient may be tempted to seek viable
financing channels to increase R & D investment. Besides, the
financing willingness of manufacturers is closely related to the
cost of different financing channels. -at is, the lower fi-
nancing cost not only reduces the cost but also promotes the
manufacturer’s financing willingness, which enlightens us that
adjusting the financing environment can also effectively affect
the greening process in the case of insufficient capital.

Corollary 8. F< min(FT, FB), when θ> r/(1 + r), there are
gB∗ >gT∗, wB∗ >wT∗, pB∗ >pT∗. Conversely, θ≤ r/(1 + r),
there are gB∗ ≤gT∗, wB∗ ≤wT∗, pB∗ ≤pT∗.

From the result, we know that the optimal decision of the
green supply chain operation is closely related to r and θ under
the two financing channels. When θ> r/(1 + r), compared
with the trade credit, the manufacturer needs to pay lower
financing costs under bank financing channels. According to
Corollaries 1 and 4, we document that the product green
degree is always negatively correlated with the R & D cost
coefficient and financing cost. Hence, under the bank fi-
nancing channel, the financing willingness of the manufac-
turer can be releasedmore, and thereby the financing scale will
be expanded to increase R & D investment, and the corre-
sponding product green degree will be improved. Simulta-
neously, with the increase of the R & D cost, the manufacturer
transfers part of the R &D cost to the retailer by increasing the
wholesale price, which makes retail price rise accordingly. On

the contrary, when θ ≤ r/(1 + r), the financing cost of the
manufacturer under trade credit financing is smaller than
bank financing, and then the financing willingness of the
manufacturer is enhanced. -us, under the trade credit fi-
nancing channel, manufacturers will increase green R & D
investment, and the green degree of products will be im-
proved. Ultimately, wholesale and retail prices also rise.

Corollary 9. F< min(FT, FB), when θ> r/(1 + r), there are
DB∗ >DT∗, LB∗ >LT∗, πB∗

M > πT∗
M . Conversely θ≤ r/(1 + r),

there are DB∗ ≤DT∗, LB∗ ≤ LT∗,πB∗
M ≤ πT∗

M .

Corollary 9 shows that the relationship of the manufac-
turer’s financing scale, market demand, and profit is closely
related to bank interest rate and early payment discounts rate.
From Corollary 8, we know that the green degree of products
under the bank financing channel is higher than that of trade
credit financing when θ> r/(1 + r). -erefore, under the
bank financing channel, manufacturers demand larger fi-
nancing to support the increased R & D investment when the
initial capital is fixed, because the improvement of product
green degree can better meet the green preference of con-
sumers and stimulate greener consumption; then, the demand
is increased. Hence, the improvement effect of manufacturer’s
profit under the bank financing channel is more significant in
the case of θ> r/(1 + r). On the contrary, θ ≤ r/(1 + r),
compared with the bank financing channel, the financing cost
under trade credit financing is more suitable for capital-
constrainedmanufacturer. In other words, the same financing
cost makes the manufacturer benefit more from financing
under the trade credit channel. Consequently, under the same
level of initial capital, the manufacturer prefers trade credit
financing to improve revenue.

5. Numerical Analysis

In order to further clarify themanufacturer’s financing decision
with capital constraintsF<FN, this section analyzes the impact
of manufacturer’s initial capital on manufacturer’s and re-
tailer’s profits through numerical examples under different
financing channels. Here, we refer to the numerical analysis
method and parameter setting of existing research, such as Zhu
andHe [17], Su and Li [33], to verify the above conclusions.-e
optimal solution without capital constraint as a benchmark is
denoted by superscript S, and the parameters are set as α �

2000; β � 10; c � 7; c � 2; k � 500; r � 0.1, then FN � 120.
Accordingly, the manufacturer’s capital value range is less than
120 in the numerical analysis.

Figures 3(a) and 3(b) describe the change of the man-
ufacturer’s profit with initial capital under different fi-
nancing strategies when θ � 0.3 and θ � 0.03 (i.e.,
θ> r/(1 + r) and θ ≤ r/(1 + r)). Figure 3 shows that when
F< min(FT, FB), the manufacturer’s profits are positively
correlated with manufacturer’s initial capital no matter
which financing strategy, and with the increase of manu-
facturer’s initial capital, financing is not always the dominant
decision. -is is, when F< max(FB, FT), manufacturers can
improve their profits by financing through bank or trade
credit; however, with the increase of initial capital
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max(FB, FT)<F, the profit without financing is better than
the two financing channels. -ese results are consistent with
Propositions 3 and 5, which indicate that the financing
performance of manufacturers is closely related to initial
capital, only under conditions F< max(FB, FT) can the
manufacturer choose financing and improve profits.

In addition, comparing the manufacturer’s optimal
profit in four scenarios, we can get the optimal financing
decision of the manufacturer with capital constraints. In
Figure 3(a), FT <FB, the manufacturer chooses the bank
financing first when the initial capital is lower than the fi-
nancing threshold (i.e., 0<F<FB); with the improvement of
initial capital, the manufacturer will not finance (i.e.,
FB <F<FN). However, in Figure 3(b), FB <FT, manufac-
turers merely prefer trade credit (i.e., 0<F<FT) or no fi-
nancing (i.e., FT <F<FN). On the one hand, the higher
initial capital reduces the financing cost; on the other hand,
the lower financing cost encourages manufacturers to ex-
pand financing scale, which enables the manufacturer to
further optimize R & D investment and improve profits.

Figures 4(a) and 4(b) show the change of the retailer’s
profit with F under different financing strategies when θ �

0.3 and θ � 0.03 (i.e., θ> r/(1 + r) and θ≤ r/(1 + r)). It can
be seen from Figure 4 that the retailer profit under the bank
financing channel is independent of the manufacturer’s
capital level, which proves the conclusion of Corollary 3.
Under the trade credit financing channel, the retailer’s profit
is always negatively correlated with manufacturer’s initial
capital which is consistent with Corollary 6; the reason is that
the higher initial capital reduces the financing scale of the
manufacturer, which leads to the increase of the retailer’ s
purchasing costs, and accordingly, the retailers profit
decrease.

Recalling the financing decision analyzed in Figure 3, we
compare the profit, respectively, of the manufacturer and
retailer in four situations. -e results are interesting; the
optimal profit of the retailer is roughly consistent with the

manufacturer’s financing preference in four cases. -at is,
when the manufacturer chooses the bank (i.e., 0<F<FB) or
trade credit (i.e., 0<F<FT), the retailer’s profit is better
under the corresponding financing channel (see Figure 4);
however, when manufacturers merely prefer no financing
(i.e., max FB, FT}<F<FN ), retailer profits are not always
optimal (see Figure 4(b)). Obviously, the profit of the retailer
is higher when the retailer funds the manufacturer at a lower
cost. -e result indicates that the manufacturer and the
retailer are a community of interests. In other words, the
retailer has an intrinsic motivation to encourage the capital-
constrained manufacturer to expand the scale of trade credit
with lower financing cost, which can achieve a win-win
situation.

Compared with no financing, Figure 5 (θ � 0.3 and
θ � 0.03) presents the impact of the initial capital on the
profit change of the manufacturer and retailer when the
manufacturer chooses bank financing or trade credit fi-
nancing. Obviously, both financing channels can improve
the manufacturer’s income when the manufacturer’s initial
capital meets the condition 0<F< min(FT, FB). However,
no matter which financing channel is chosen, the retailer’s
profit improvement is more significant than that of the
manufacturer under the corresponding financing channel.
-e profit growth of the retailer is the largest, especially
under the trade credit financing channel. -e manufacturer
seeks financial support, but the retailer gains more. -e
lower financing cost can further release the manufacturer’s R
& D willingness and produce products with higher green
degree. Accordingly, retailers prefer making profits by
selling products with higher green degree to meet the needs
of consumers. Furthermore, under the trade credit financing
channel, retailers can save part of the purchase cost. Here,
the study further verifies again that the retailer has a strong
internal motivation to support the manufacturer who is
facing capital constraints. Hence, the retailer actively co-
operates with the manufacturer on financing issues.
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Figure 3: -e influence of the initial capital on manufacturer’s profit. (a) θ � 0.3. (b) θ � 0.03.
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6. Conclusion and Future Work

To provide a reference for the green R & D decision of
manufacturers who face initial capital constraint, this paper
investigates the issue of the retailer and manufacturer’s
operating and financing decisions under capital constraints.
Considering the manufacturer’s initial capital, this paper
constructs the Stackelberg game models in three scenarios:
no financing, bank financing, and trade credit financing, and
discusses the relationship between financing strategy and
initial capital. Finally,, this paper further analyzes the
manufacturer’s financing preference and the impact of
different financing strategies on profits of the manufacturer
and retailer, and then proves the importance of supply chain
internal coordination from the perspective of supply chain

financing. -e main conclusions of the research are as
follows:

Firstly, no matter which financing channel, financing is
the optimal decision when manufacturer’s initial
capital is severely constrained. However, financing is
not always dominant for the manufacturer with the
increasing of the initial capital. -at is, when the
manufacturer’s initial capital meets certain conditions,
the manufacturer will no longer choose financing,
which indicates that the financing decision is closely
related to its initial capital.
Secondly, faced with the two financing channels of
bank and trade credit, the manufacturer chooses bank’s
financing or trade credit financing entirely depending
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Figure 4: -e influence of initial capital on the retailer’s profit. (a) θ � 0.3. (b) θ � 0.03.
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Figure 5: -e influence of initial capital on the profit improvement of the manufacturer and retailer. (a) θ � 0.3. (b) θ � 0.03.
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on the relationship of the bank interest rate and early
payment discounts rate. What’s more, the manufac-
turer has higher financing willingness under the pre-
ferred financing channel. From this, we can know that
besides the green preference of consumers, financing
factors can also affect the financing willingness of
manufacturers.
-irdly, no matter which financing strategy is adopted,
the financing scale of manufacturers is positively
correlated with consumers’ green preference, and
negatively correlated with green cost coefficient and
financing cost. All these factors have a significant
impact on the manufacturer’s decision. Based on this, it
provides a reference for controlling relevant variables
and influencing the decisions of manufacturers with
capital constraints
Finally, the retailer’s optimal profit is roughly consis-
tent with the manufacturer’s preference in three sce-
narios. Moreover, the profit improvement of the
retailer is always higher than that of the manufacturer,
especially under the trade credit financing channel. In
other words, compared with bank financing, when the
retailer provides financing for the manufacturer in a
dominant way, the win-win strategy of the manufac-
turer’s profit and the retailer’s profit can be realized at
the same time.

-e conclusions of this paper can be widely used in the
manufacturing industry, such as automobile and household
appliances, to provide support for the financing decisions of
management. Based on our research, more general demand
distribution functions can be studied in the future. Mean-
while, we just consider the situation of one manufacturer
and one retailer, the competition among multiple supply
chain members is worth considering. Besides, the influence
of supply chain members’ behavior on financing strategy of
capital-constrained enterprises is also worth studying, such
as fairness concerns.

Appendix

Proof of Proposition 1. -is paper uses Backward Induction
method to solve. Firstly, from equation (1), the second-order

partial derivatives of πN
R with respect to p can be obtained as

(z2πN
R /zp2) � − 2β< 0. -us, the retailer profit function πN

R

has maximum value, and the optimal retailer price is given
by (zπN

R /zp) � α + gc − 2βp + βw � 0.
To prove the joint concavity of πN

M on w and g, we need
to show that the Hessian matrix of πN

M(w, g) is negative
（semi）definite, i.e., (z2πN

M/zw2) � − β< 0, (z2πN
M/zg2) �

− k < 0, and the determinant of the Hessian matrix is
nonnegative. -e Hessian matrix of πN

M(w, g) is

H �

z
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M
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2
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− β
c

2

c

2
− k

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (A.1)

Hence, det[H(w, g)] � βk − (c2/4), if βk − (c2/4)> 0
are satisfied, det[H(w, g)]≥ 0. -erefore, we take the first-
order derivative of πT∗

M with respect to g and w, then set
them to be equal to zero (zπN

M/zg) � ((w − c)c/2) − kg � 0
and (zπN

M/zw) � ((α + βc + cg)/2) − βw � 0 can be ob-
tained. Solving two equations can provide the equilibrium
result gN∗ � (c(α − βc)/(4βk − c2)) and wN∗ � (2k(α+

βc) − cc2)/(4βk − c2). Substituting g and w into p, pN∗ �

(3αk + βck − cc2)/(4βk − c2) is proved. -e optimal oper-
ation decisions without capital constraint have been proved.

When F<FN, the manufacturer only invests in R&D at
their initial level, gN∗ �

����
2F/k

√
, we prove that πN

M can get the
maximum on w for πN

M satisfy condition (z2πN
M/

zw2) � − β< 0. Hence, wN∗ � ((α + βc)/2β) + (c/2β)
����
2F/k

√
,

pN∗ � ((3α + βc)/4β) + (3c/4β)
����
2F/k

√
.

Proof of Proposition 2. By substituting the equilibrium
result of Proposition 1 into the equations (1) and (2),
Proposition 2 can be obtained. Similarly, Propositions 4 and
6 can be proved.

Proof of Propositions 3 and 5. -e proof is similar to that of
Proposition 1, so we will not repeat it here.

Proof of Corollary 1. According to hypothesis 1 α − βp> 0,
c<w<p, hence α − βc> 0.
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(A.2)

-e proof of Corollary 4 is similar to that of Corollary 1,
so here we will not repeat it.

Proof of Corollary 2. According to hypothesis 1 α − βp> 0,
c<w<p, hence α − βc> 0. Based on Proposition 4, when
F<FB, taking the first-order of LB∗ with respect to c, k and r

can be obtained as follows:
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(A.3)

Because of βk − (c2/4)> 0, therefore (zLB∗/zc)> 0,
(zLB∗/zk)< 0, and (zLB∗/zr)< 0 hold. Corollary 2 is
proved.

Proof of Corollary 3. Under the bank financing channel,
based on the optimal profit of manufacturer and retailer of

Proposition 4, we can obtain that (zπB∗
M /zF) � r> 0 and

(zπB∗
R /zF) � 0 hold. -us, Corollary 3 holds.

Proof of Corollary 5. Based on Proposition 6, we take the
first-order derivative of LT∗ and then obtain that
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(A.4)

Hence, the relation between LT∗ and c, k, θ can be
obtained.

Proof of Corollary 6. Based on Proposition 6, we take the
first-order derivative of πT∗

M and πT∗
R , the result is that both

(zπT∗
M /zF) � θ/(1 − θ)> 0 and (zπT∗

R /zF) � θ/(θ − 1)< 0
hold.

Proof of Corollary 7. When F< min(FT, FB), the threshold
value of manufacturers in the bank financing channel and
trade credit financing channel is,

F
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(A.5)

Building function f(x) � (kc2(α− βc)2/2[4βkx − c2]2),
and f′(x) � − (4βk2c2(α − βc)2/ [4βkx − c2]3)< 0 ; hence
f(x) is negatively correlated with x. When 1/(1 − θ)> 1 + r,
Substitute into the function f(x), we can obtain
f(1/(1 − θ))<f(1 + r). -at is, θ> r/(1 + r), FT <FB,
F<FT. Conversely θ≤ r/(1 + r), FT ≥FB, then F<FB.
Hence Corollary 7 is proved.

Proof of Corollary 8. From Propositions 3 and 5, the optimal
wholesale prices under bank and trade credit are

w
B∗

�
2k(α + βc)(1 + r) − cc

2

4βk(1 + r) − c
2

�
2k(α + βc) − cc

2/(1 + r) 

4βk − c
2/(1 + r) 

,

w
T∗

�
2k(α + βc) − (1 − θ)cc

2

4βk − (1 − θ)c
2 ,

(A.6)

respectively. Set the function f(x) � ((2k(α + βc)−

cc2x)/(4βk − c2x))(0<x< 1), and then take the first-order
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derivative f′(x) � (2kc2(α − βc)/(4βk − c2x)2)> 0; there-
fore, f(x) is positively correlated with x.

When 1/(1 + r)> 1 − θ, in other words θ> r/(1 + r),
substituting them into function f(x), we can obtain

2k(α + βc)(1 + r) − cc
2

4βk(1 + r) − c
2 >

2k(α + βc) − (1 − θ)cc
2

4βk − (1 − θ)c
2 , (A.7)

that is, wB∗ >wT∗. Using the same method
gB∗ >gT∗, pB∗ >pT∗ can be proved. On the contrary,
θ≤ r/(1 + r), gB∗ ≤gT∗, wB∗ ≤wT∗, pB∗ ≤pT∗ still holds.
Corollary 8 is proved.

Proof of Corollary 9. From Propositions 4 and 6, the op-
timal profit of the manufacturer under bank financing and
trade credit financing is

πB∗
M �

k(α − βc)
2
(1 + r) + 2Fr 4kβ(1 + r) − c

2
 

2 4kβ(1 + r) − c
2

 
,

πT∗
M �

k(1 − θ)(α − βc)
2

+ 2Fθ 4kβ − (1 − θ)c
2

 

2(1 − θ) 4βk − (1 − θ)c
2

 
,

(A.8)

respectively. We set function

v(θ) � πB∗
M − πT∗

M

�
k(α − βc)

2

2
1

4kβ − c
2/(1 + r) 

−
1

4kβ − (1 − θ)c
2

⎛⎝ ⎞⎠

+ F r −
θ

1 − θ
 ,

(A.9)

and when θ � r/(1 + r), substitute into function v(θ),
v(r/(1 + r)) � 0 holds. -e first-order derivative
v′(θ) � (kc2(α − βc)2/2[4βk − (1 − θ)c2]2) − (F/(1 − θ)2).
From Proof of Corollary 7, we know when θ> r/(1 + r),
F<FT, and (kc2(α − βc)2/2[4βk − (1 − θ)c2]2) − (FT/
(1 − θ)2) � 0.

-erefore, we get

v′(θ) �
kc

2
(α − βc)

2

2 4βk − (1 − θ)c
2

 
2 −

F

(1 − θ)
2

>
kc

2
(α − βc)

2

2 4βk − (1 − θ)c
2

 
2 −

F
T

(1 − θ)
2 � 0,

(A.10)

v is positively correlated with θ. Hence, when θ≤ r/(1 + r),
we get v(θ)≤ 0, here πB∗

M ≤ πT∗
M . With the increase of θ,

when θ > r/(1 + r), v(θ)> 0; that is πB∗
M > πT∗

M . -e proof of
DB∗ ≤DT∗, LB∗ ≤ LT∗ and DB∗ >DT∗, LB∗ >LT∗ is similar to
Corollaries 8 and 9 is proved.
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