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Abstract: Under increasingly stringent environmental regulations, inadequate green input levels
from manufacturers may lead to substandard emissions and production shutdown, which further
results in the disruption risk of the supply chain. This work investigates a green supply chain (GSC)
consisting of one environmentally regulated manufacturer and one capital-constrained retailer who
faces stochastic market demand. The manufacturer needs to make decisions on the green input level,
which is related to the investment cost as well as supply disruption risk. The retailer has to determine
product order quantities and financing decisions. We derive the operational equilibriums for the GSC
system under three scenarios: no financing, trade credit financing (TCF), and bank credit financing
(BCF), and recommend the optimal financial selection for the retailer via the comparison of three
financial modes. The analytical and numerical results reveal that the manufacturer should improve
the green input level within the financial capability to enhance the sustainable operation level of
the supply chain. In addition, we find that the capital-constrained retailer will choose financing,
since either BCF or TCF will result in a higher profit than no financing. Moreover, we obtain the
threshold of green input level, with which we can decide whether to choose TCF or BCF under the
given corresponding parameters.

Keywords: green supply chain; supply chain financing; green input level; disruption risk

1. Introduction

In order to combat global warming and promote sustainable development, the inter-
national community has reached several important climate agreements to control carbon
emissions in recent decades, such as the Kyoto Protocol, the Paris Agreement, and the
Glasgow Climate Convention. At the beginning of 2023, there were over 187 countries
that had submitted Voluntary National Reviews to the United Nations [1], which report
the progress and policy efforts of their sustainable development goals, and many of them
have introduced a series of environmental control regulations [2]. For example, Brazil
has promoted economical irrigation systems to reduce greenhouse gas emissions from
livestock rearing, with the aim of achieving carbon neutrality by 2050. Meanwhile, as the
concept of sustainability becomes increasingly popular, environmentally friendly products
are becoming more relevant to consumers’ demand preferences [3]. The individuality and
diversification of consumer demand also deepen the demand uncertainty [4,5].

Under the dual pressure of government environmental regulations and market de-
mands, more and more companies are actively investing in cleaner production and pursuing
green development [4]. In the supply chains consisting of manufacturers and retailers,
inadequate green input levels from manufacturers may lead to substandard emissions and
supply disruption. For example, more than thirty regions in China shut down a number
of enterprises due to pollution issues in January 2023. The shutdown not only affects the
manufacturer’s own operations and reputation, but also deteriorates the retailer’s supply
stability and expected revenues. To better pass environmental inspections, manufacturers
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should invest more in cleaner production, which incurs higher production costs and ulti-
mately leads to lower profit. Therefore, it is of great significance to investigate the optimal
green input level of manufacturers for supply chain management, especially taking the
green input level as a decision variable related to the supply disruption risk [6].

Meanwhile, in manufacturer-centric supply chains, most retailers are small- and
medium-sized enterprises (SMEs), which often suffer from the challenge of insufficient
working capital for operations [7]. When retailers face funding shortage, they can reduce
order quantity to shrink business volume or seek support from banks according to the local
green credit policies and SME support policies, which is known as bank credit financing
(BCF) [4,8]; in addition, upstream manufacturers may also be willing to provide flexible
payment options to relieve retailers’ financial pressure and ensure the realization of order
requirements, which is known as trade credit financing (TCF) [7]. Different financing
modes correspond to different trade contracts, which leads to different supply chain capital
efficiency and equilibrium [9].

In a two-echelon supply chain consisting of a single manufacturer and a capital-
constrained retailer, when the green input level is considered as a decision variable related to
disruption risk, and the market demand is stochastic, the following new research problems
are intriguing and worthy of being explored:

e How different would the game problem of a two-echelon supply chain be when
considering the decision of green input level?

e  With different financing modes, i.e., BCF and TCF, how does the retailer determine the
order quantity to maximize profit?

e  How does the manufacturer decide the green input level to achieve the optimal profit
with the given order quantity of the retailer?

e  How will the retailer select the financing mode? Does the option of financing help
reduce the risk of supply disruption compared to no financing?

To answer the above questions, we investigate a green supply chain consisting of one
environmentally regulated manufacturer and one capital-constrained retailer who faces
stochastic market demand. The manufacturer needs to make decisions on the green input
level, which is related to the risk of supply disruption and investment cost. The retailer
needs to capture product order quantities and financial decisions for greater profit. We
deduce the optimal operational decisions of manufacturer and retailer under BCF and
TCF modes, respectively, using the newsvendor model under environmental regulation.
The scenario of no financing is also analyzed and regarded as a benchmark model. We
employ the Stackelberg game rule and acquire the optimal decisions of the retailer and the
manufacturer by means of a backward induction method, where the manufacturer is the
leader, and the retailer is the follower. The results suggest that retailers with limited capital
will be willing to choose financing, since either BCF or TCF results in higher profit for the
retailer. By further comparing the financing models, the threshold of optimal financing
mode selection is recommended for the retailer based on different demand functions and
other parameters.

This work contributes to the literature in three aspects. First, we establish a new
Stackelberg game model for a two-echelon supply chain problem, which involves financial
constraint, green input level, and stochastic market demand, and the green input level is
considered as a decision variable related to supply disruption risk. Second, we derive the
equilibriums of the supply chain members under no financing, BCE, and TCF scenarios
and further analyze the interactions between decision-making variables. Third, a financing
mode recommendation is given based on the comparison of different financing models with
deduced green input thresholds. The retailer will prefer bank credit financing if the risk of
supply disruption under BCF is low relative to TCFE. Finally, we verified and visualized the
conclusions with numerical examples.

The remainder of this paper is organized as follows. Section 2 provides a systematic
review of the relevant literature, followed by the understudied problem description and
hypotheses statements in Section 3. Section 4 presents the deduction of optimal decisions
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for the supply chain members under the no financing, TCF, and BCF scenarios, as well as
the financing mode comparison. Section 5 shows the numerical simulations and sensitivity
analysis. Finally, we summarize this work and point out the future research directions.

2. Literature Review

Our work focuses on the optimal green input level for capital-constrained supply
chains considering disruption risk under different financing modes with stochastic mar-
ket demand. Thus, the relevant literature mainly includes green supply chain man-
agement (GSCM), supply chain financing, and supply chain management considering
disruption risk.

2.1. Green Supply Chain Management

There is a large body of literature on green supply chain management from recent
decades. It can mainly be divided into the following categories: empirical studies on impact
factors or performance outcomes of GSCM practice [10], GSCM operation research studies
using mathematical modeling or optimization algorithms [11], and game behavior and
tactical decisions of GSC members [12,13]. The last stream is related to our work, where
many different elements have been considered by scholars when constructing game models,
such as government subsidies, consumer preferences, marketing efforts, recycling strategy,
environmental considerations, etc. Next, we focus on reviewing the works of green supply
chain management, considering the environmental regulation or impact closely related to
this study.

Some scholars focused on exploring the effects of different environmental regulation
policies. Chen and Sheu [14] found that proper environmental regulation pricing strategies
can promote rational manufacturers to improve their product recyclability in a competitive
market. Rosi¢ and Jammernegg [15] investigated the optimal order quantity of the dual-
sourcing model by considering the environmental regulations for transport, and found
that emission trading is more reasonable than emission tax. Liu et al. [16] found that the
supply chain players with superior eco-friendly operations benefit from an increase in
consumers’ environmental awareness. Chen et al. [17] analyzed the manufacturing and
remanufacturing decisions of a monopoly manufacturer under environmental regulations,
and verified that the government’s supervision of carbon trading prices is important to
reduce the environmental impact. Fang and Xu [7] investigated that the introduction of a
carbon tariff does not necessarily reduce global carbon emissions under certain conditions.
Wang et al. [18] studied a couple of incentive mechanisms for collaboratively enhancing
the green degree of products in a green supply chain system. Yu et al. [19] explored the
carbon emission efforts and pricing decisions for green supply chain members under carbon
taxation. Bai et al. [20] examined the effect of financial incentives with emission reduction
constraints on the supply chain’s operational decisions and environmental performance.
The above works demonstrate that it is necessary for supply chain members to actively
increase green input levels under environmental regulation policies.

Many scholars studied the optimal operational decisions of supply chain members
under a given environmental regulation policy. Du et al. [21] proved that the emission-
dependent manufacturer and the emission permit supplier under a cap-and-trade policy
can obtain more profit by coordinating the supply chain under certain circumstances. Later,
Du et al. [22] extended the previous work by further considering consumer’s low-carbon
premium and found the conditions under which low-carbon production is profitable. Mon-
dal and Giri [23] developed a centralized policy and three decentralized policies for a
closed-loop green supply chain under a cap-and-trade policy and government intervention.
Gao et al. [24] focused on a dual-channel supply chain management problem where the
manufacturer encountered the restriction of green standards and proposed a two-part tariff
contract for the supply chain players. Jian et al. [25] investigated the optimal strategies of
green closed-loop supply chain members under centralized decision making and decen-
tralized decision making. Liu et al. [26] established a game model to analyze the optimal
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operating strategy and utility of the agricultural supply chain when investing in emission
reduction. Yang et al. [27] have studied the optimal pricing and sourcing tactics of supply
chains under supply uncertainty.

From the summarization of the above works, it can be concluded that most of the
previous studies mainly focused on deciding optimal order quantity or product price,
and few works considered green input level as a decision variable. As environmental
regulations become more and more stringent, it is important to optimize green input
levels for supply chain members to promote economic and sustainable operations. This
work draws on Christopher et al. [6], who pioneered the combination of effort cost, sales
expectation, and expected profit functions. We expand their core idea and combine green
input levels and disruption risk to examine the operational and financing decisions for
capital-constrained green supply chains under environmental regulation.

2.2. Supply Chain Finance

Supply chain financing has attracted wide attention from academic and industrial
fields because of the difficulties and expensive costs for small and medium-sized enterprises
to solve their capital shortage problems through traditional financing channels [8,28-30].
For example, Wuttke et al. [31] showed that supply chain finance management can strengthen
the buying firm’s working capital position. Kouvelis and Zhao [32] proposed the applicable
conditions of revenue-sharing financing in the supply chain. Chen et al. [33] suggested
reverse trade credit financing to assist the capital-constrained manufacturer in production.
Shi et al. [34] investigated a capital-constrained Newsvendor problem and found that
all the supply chain members can benefit when the buyback price coefficient fell within
a “Pareto Zone”. Jin et al. [35] showed that supplier intermediate financing can help
to improve the supply chain members’ profits. Zhang and Chen [36] demonstrated the
profitable condition of trade credit financing strategies in capital-constrained supply chains,
thus achieving a win—-win situation for the participants. Meanwhile, Huang et al. [28]
conducted a comparison of supply chain financing with traditional bank credit financing
and suggested their own applicable conditions.

Furthermore, increasing research interest is devoted to green supply chain financing.
Wau et al. [4] studied the optimal operational decisions of supply chains in a carbon abate-
ment environment under TCF, BCFE, and blended financing, respectively. Zou et al. [37]
investigated the operational strategy and financing decision of a two-echelon supply chain
with uncertain product yield under a cap-and-trade carbon emission scheme and found
that the financing decision depends on the manufacturer’s initial working capital. Fang and
Xu [7] derived an equilibrium for a green supply chain financing system under scenarios of
green credit financing and mixed financing, respectively, and verified the manufacturer’s
willingness to conduct green investment as well as the benefit of the retailer’s partial pre-
payment. Luo et al. [5] studied the optimal procurement decision of a capital-constrained
green supply chain and put forward the preferred selection between supplier financing and
bank financing. Sun et al. [38] investigated the optimal production and financing decision
of a capital-constrained closed-loop supply chain and proposed the critical conditions of
optimal financing strategies for the original equipment manufacturer. Shi et al. [39] focused
on a low-carbon product supply chain and explored how a capital-constrained supplier
made decisions on production, carbon abatement investment, and insufficient emission
permit purchase.

To sum up, previous studies have proposed abundant financing modes and operational
decisions for supply chain members. However, the disruption risk associated with green
input level has not been discussed in capital-constrained supply chains. This work hopes
to explore the topic, drawing on both the trade credit financing mode and traditional bank
financing mode in the literature.
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2.3. Supply Chain Management Considering Disruption Risk

Supply chain disruptions, which refer to the disruption of the normal materials and
goods flow within a supply chain [40], have attracted many scholars’ research interests in
recent decades due to the increasing occurrence of uncertain and vulnerable events, such
as unpredictable disasters, terrorist acts, natural calamities, etc. Li et al. [41] examined
the operational decisions of a retailer with multiple supply sources to protect against
the supply disruption risk from upstream manufacturers. Torabi et al. [42] investigated
some proactive strategies to enhance the response capability of supply chain disruption,
such as suppliers’ business plans and contracting with backup suppliers. Yu et al. [43]
found the impacts of supply disruption risks on the choice between single and dual
sourcing methods. Gupta et al. [44] studied the impacts of exogenous contingencies on
the operational decisions of downstream members of the supply chain and found that
the actual supply status of unreliable suppliers and the timing of competitors’ purchases
were critical to the profitability of the buyer. Hu et al. [45] examine supply chain design
issues and risk mitigation strategies under the disruption risk related to uncertainty in
production levels.

However, the above articles mainly focused on the supply chain disruption risk
resulting from external uncontrollable or unplanned events, while the production shutdown
risk under given stringent environmental regulations is closely related to the efforts of
cleaner production. In other words, manufacturers can influence the probability of supply
disruptions by determining the green input level. This paper enriches the above research
area with an in-depth discussion of supply disruption events in relation to their own level
of effort.

To more clearly demonstrate the differences between this work and existing studies, we
summarize the closely relevant literature in Table 1. From the table, we can see that previous
research mainly considers green supply chains and supply chain financing, and these
studies focus on optimal decisions for green supply chain operations or financing decisions.
However, the impacts of green input level and supply stability under environmental
regulation issues are rarely simultaneously considered. In this paper, we consider both
the operational and financial decisions of the retailer, as well as the optimal green input
level related to the supply disruption risk of the manufacturer in a green supply chain.
Furthermore, compared to many studies that assumed the demand as a deterministic
function of price or greenness [46], this work considers stochastic demand. We contribute to
the literature by providing a new operational perspective on green supply chain financing
at the level of risk management. Meanwhile, the close relationship between variables such
as green input and ordering volume may provide new insights for policymakers.

Table 1. Summary of related studies and their contributions.

Capital Cleaner

Existing Studies Findings and Contributions Constrained Production Disruption Risk
Optimal operational decisions of supply
Wu et al. [4] chain members under the bank and v v
trade financing mode.

Trade credit financing can diversify the

Kouvelis and Zhao [32] supply chain when there is a risk of vV

insolvency and cost of default.

They studied the role of trade credit in a

Phan etal. [47] capital-constrained supply chain. v
They studied the effect of capital on the

Cao and Yu [48] selection of a centralized supply chain Y.

financing mode and willingness to
cooperate.
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Table 1. Cont.

Existing Studies

Capital Cleaner

Findings and Contributions Constrained Production

Disruption Risk

Zou et al. [37]

Yang et al. [27]

Liu et al. [26]

Fang and Xu [7]

Yavari and Zaker [49]

Lietal. [41]

Our paper

They studied the impact of capital on

supply chain financing and operations. v v
Remanufacturing can be an effective

way to increase carbon reduction levels Y

and profit for manufacturers and
retailers.

The relationship between investment in
carbon reduction on market demand
and profitability in the agricultural

supply chain.

The impact of carbon emission policies

on green supply chain emission Vv
reduction.
The design of a resilient, green,

closed-loop supply chain network for Y
perishable products at the risk of power

network disruption.
The paper examined a retailer’s

multi-channel sourcing and pricing v
strategy under supply disruption risk.
The retailer’s financing preference and

willingness to order depend on the Vv Vv Vv

input level of cleaner production.

3. Model Description and Hypothesis

The two-echelon supply chain considered in this paper consists of an environmental
regulated manufacturer and a capital-constrained retailer. On the side of the retailer, the
order quantity q to the manufacturer is determined according to the stochastic market
demand D and its expected profit function. To cope with the capital shortage, the retailer
can choose TCF or BCF for financing in line with different commitment contracts.

The manufacturer produces the goods at unit cost ¢, and supplies to the retailer at a
wholesale price w or wt following BCF or TCF financing commitments, respectively. It
is assumed that wr < w, since the manufacturer provides financing support and shares
the retailer’s final sales proceeds under TCF. The input level of cleaner production to be
determined is denoted by ¢, (0 < t < 1), which indicates the probability that the manufac-
turer can keep sustainable production; conversely, 1 — t expresses the risk of production
interruption [6,49]. Based on the law of diminishing marginal utility, the investment cost of
carbon emission reduction is %at2 [4,5], where a is a constant called the cleaner production
cost parameter.

The retailer determines order quantity g to the manufacturer according to the stochastic
market demand D. Its probability density function is denoted by f(D) and its cumulative
distribution function by F(D). Following the work of [3], it is assumed that the general

failure rate H(D) = D% and the hazard rate h(D) = % are increasing with D. The

final sales volume achieved will not exceed either D or g, i.e., will equal to min(D, q). To
pursue higher profit, the retailer prefers larger g, for which the initial working capital K is
not sufficient, i.e., K < wq.

The retail price p of the product remains unchanged during the sales cycle. Since the
possibility of the supply chain remaining sustainable is ¢, the expected average retail price
can be calculated as fp. To avoid triviality and ensure profitable trading, it is assumed that
w < tp [50]. The expected income of the retailer is E = tpmin(D, q). By normalizing the
retail price to 1 [51], it can be obtained that E = tmin(D, q).
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Before the start of the selling season, the manufacturer establishes a general contract
(w, wr, 1, ) 0) with the retailer, where r is the loan interest rate of the bank under BCF,
t4 is the lowest level of carbon emission reduction to avoid credit risk, and 6 represents
the revenue-sharing ratio under TCF. Then, the retailer decides the order quantity g to the
manufacturer and selects the financing mode. Subsequently, the manufacturer decides on
the investment in cleaner production t and starts production.

When the retailer chooses TCF, he will pay wrq from his initial working capital at the
beginning of the period, and transfer 6 proportion of revenue to the manufacturer as a TCF
fee at the end of the period.

When the retailer chooses BCF, the retailer gets a loan (wgq — K) from the bank and
pays wq to the manufacturer in the beginning. After the realization of market demand,
the retailer repays the loan with residual revenue. If the residual revenue is insufficient to
repay, the retailer goes bankrupt, and the bank obtains the residual value.

The sequence of events can be summed up in Figure 1.

R shares revenue to M under TCF

orrepays to bank under BCF
Market demand v

. is realized

M decides green |

[
-

M and R negotiate input level 7 and v Non-negative retailer revenue

Manufacturer contract laput feve’ £ an
begin producing
¢ ¢ r -
. 4 * * 1—t R bankrupts, M or B obtain

Retailer % R decides order TCF: R pays off the goods residual value

i quantity ¢ and at a lower unit price >

| financing mode BCF: R pays off the goods

| with the help of bank loan Supply chain disruption

Bank B decides interest rate

Figure 1. Sequence of events.

For the problem, we consider establishing a Stackelberg Leadership Model with the
manufacturer as the core enterprise. To facilitate the model expression, the notations are
listed in Table 2.

Table 2. Notations.

Symbols Definition
c Manufacturer’s unit production cost
q Retailer’s order quantity (decision variable)
q* Optimal order quantity (decision variable)
w Unit wholesale price under BCF, with w € [c, tp]
wT Unit wholesale price under TCFE, with wt € [C, %]
4 Retail price, withp =1
K Initial capital of the retailer
D Stochastic market demand
Tt Manufacturer’s excepted profit (decision variable)
Ty Retailer’s excepted profit (decision variable)
0 Revenue sharing ratio, with 6 € [0,1]
t Input level of cleaner production, with ¢ € [w, 1], (decision variable)
t The lowest input level of cleaner production, with t# € [w, 1]
r The loan interest rate of bank, with w(1+r) < tp

Without loss of generality, the following assumptions are given. (1) Based on the above
statement, the relationship of the parameters satisfies 0 < ¢ < wr < % <w<tp<p=1I[51].
(2) A single-period product market is considered. (3) The capital market is perfectly
competitive, where the expected profit of the bank is zero. Thus, the time value of the
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capital can be ignored [8,52]. (4) The manufacturer and the retailer are risk-neutral and
perfectly rational.

4. Model Analysis

On the basis of the above statements, we will analyze three kinds of financing modes
and discuss their equilibrium decisions in this section.

4.1. No Financing: The Benchmark

To facilitate the comparison of financing benefits, we first discuss the no-financing
situation. The wholesale price is the same as that in the BCF mode since the manufacturer
does not participate in the retailer’s financing. When the initial working capital of the
retailer K < wyq, the retailer faces a capital shortage. Now, we discuss the equilibrium
strategies without financing.

The expected income of the retailer is t[min(D,q)], and he should pay wq to the
manufacturer for the production. The expected profit of the retailer is

1 (q) = t{min(D, q)] —wq @
Proposition 1. Lacking enough working capital, q7 is the optimal equilibrium for the retailer
without financing; q7 satisfies the following equations:

K

7= P (2)

A%, . . .
dqzl = —tf(gq) <0, ;1 is concave with q. Then, according
d7'[r] —

to gt = 0, we can obtain the retailer’s optimal quantity g1, which satisfies the following

Proof of Proposition 1. Since

equation: tF(q;) = w. When g € [0,¢1], 71,1 is a monotone increasing function of g. Because
K < wqy, the retailer will pay all of his capital. Thus, the optimal order quantity g7 = g O

Proposition 1 indicates that when there is no financing, the retailer should pay all of
his capital K to the manufacturer and obtain the quantity of the corresponding goods to
obtain optimal profit.

As mentioned previously, it is assumed that the market information can be observed
perfectly. It is known that the manufacturer can receive the capital K from the retailer while
needing to produce % numbers of products at unit production cost c and pay for carbon
reduction input %atz. Thus, the expected profit function of the manufacturer is as follows:

cK 1

®)
Proposition 2. In the scenario of no financing, t] is the optimal equilibrium for the manufacturer
and t = 4.

LK) . 2 .
Proof of Proposition 2. Since dd% =—a<0and dg—;’l = —at < 0, 71,1 is a monotonous

decrease function of t, the optimal input level of cleaner production ¢ = 4. (J

Proposition 2 illustrates that under the no-financing mode, the manufacturer will
choose to invest the minimum green input level to optimize his profit. Moreover, we can
find that the manufacturer’s profit function decreases with t, which would be detrimental
to reducing the supply disruption risk and further be adverse to protecting the retailer’s
profit.
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4.2. Trade Credit Financing

The retailer’s restricted working capital not only affects its own revenue, but also
decreases the manufacturer’s revenue due to the lower order volumes. Therefore, both the
manufacturer and retailer will be willing to bear some financing costs in order to improve
their profits. Here, we implement the mixed contract of whole price negotiation and the
revenue sharing contract [8] and discuss the game strategy of the two players in the TCF
mode, under which the financial problem is solved within the supply chain.

As mentioned previously, the retailer has expected income t[min(D, q)], of which
percent will be shared with the manufacturer after the realization of market demand under
TCFE. Meanwhile, the retailer needs to pay wrq to the manufacturer according to the agreed
contract. Then, the expected profit of the retailer is as follows:

mro(q) = t(1 = 0)[min(D, q)] — wrq )

Proposition 3. g3 is the optimal equilibrium for the retailer under the TCF mode, which satisfies

H1—-0)F(q2) = wr ®)
Proof of Proposition 3. From Equation (4), d;;tgz = —tf(g) < 0 can be obtained. Thus,

the retailer’s expected profit function is concave with ¢, and the optimal order quantity
g5 is given by the following equation: dg—f = t(1—0)F(q5) — wy = 0. Then, g; satisfies
t(1—06)F(q3) = wr. O

As we showed in the proof of Proposition 3, the retailer can maximize his profit by
making decisions on order quantity 4 under TCF, and q decreases with the TCF wholesale

price, i.e., dqlwr) _ _ = 9§ 310 < 0, which is consistent with the economic laws of supply

dwT
and demand. The lower wholesale price will boost the retailer’s order demand under
TCE. Similarly, the following corollary shows the relationship between the decision-making
variables (g and t) based on the results of the model.

Corollary 1. Under TCE, the optimal quantity of orders for retailers q7 is positively correlated to t,
e, 0 = 15 ggnd LoD -1 dalh) dhlalD)] 1

RrI0) az T h(O]F e dq(t) ufg(r)]?

The above corollary means that the higher the green input level invested by the
manufacturer, the greater the willingness of the retailer to order. But, the marginal effect of
green input is diminishing. In addition, the positive correlation between ¢ and t motivates
the retailer to submit enough order quantity g, and then the manufacturer would invest in
a higher green input level to improve the stability of the supply chain.

Under TCEF, the manufacturer will receive wrg amount of capital after the retailer
announces the order quantity. The unit production cost of the manufacturer is c, and the
cost of reducing carbon emissions is 3at?. At the end of the period, the manufacturer
will receive the money t0[min(D,q)| from the retailer. When g is optimized as g3, the
manufacturer’s optimal production problem can be formulated as follows:

. * * * 1
T (t) = t0[min(D, q3)] + wrq; — cq; — 5‘”2 (6)

Proposition 4. t; is the optimal equilibrium for the manufacturer under TCF, which satisfies

t = : J @)
ty, if tp > t%.
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2
Proof of Proposition 4. From Equation (5), we can obtain d%—(tt) = m > 0and & dqt(;) =
1 dat) dhlg(] 1

] oAb dg(t) pfg(r)]
By substituting Equation (5) into (6) and finding the second-order derivative, the

- ion i ; Py _ d2q(t)
following equation is obtained: “—5#2 = =5~ (wr —¢) —a < 0.
Thus, the manufacturer’s expected profit function is concave with ¢, and the optimal

input level of cleaner production ¢; is given by the following equation:

dz,tnz _ 9(p[q(t)] +q(t)Flq(t)] + i[[gg,f))]]) * tzh[lli(t)]

Furthermore, the minimum green input level should not be less than td, thus the
optimal t} is the greater value of t/ and t,. OJ

(wr —c) —aty =0

As we show in Proposition 4 and the associated proof, the manufacturer’s profit

increases with the input level of cleaner production ¢, i.e., d;’tnz > 0 when t € [w,t5].
Thus, the manufacturer has incentives to increase the input level of cleaner production ¢
to its upper bound. According to Corollary 1, raising ¢ is helpful in increasing orders and

reducing the risk of supply disruption and fund recycling risk.

4.3. Bank Credit Financing

Nowadays, supply chain financing is favored by many banks, since they can expand
customers throughout the supply chain. Specifically, a bank can provide financing for
capital-constrained retailers while secured by the core enterprise’s credit. In this section,
we apply the basic bank financing contract [5] and show how the manufacturer and retailer
make decisions to maximize their profits in the green supply chain under BCE

Similar to TCF, the retailer’s revenue is min(D, q) after realizing the market demand.
The retailer can prevent bankruptcy only when his income is sufficient to pay the bank loan.
We use gp to express the market demand threshold when the retailer goes bankrupt, which
can be calculated as follows:

(wg—K)(1+7r)  (wg—K)(1+7)

g = i = ; 8)

Now, we discuss the zero-profit condition of the bank, which is useful for the sim-
plification of the retailer’s profit under BCF. At the end of the period, the retailer needs
to repay (wq — K)(1 + r) to the bank if the revenue is sufficient to cover the principal and
interests. Otherwise, if the market demand D is small and the retailer’s expected revenue is
less than the debt to the bank, i.e., tmin(D,q) < (wg — K)(1 + r), the bank will suffer the
loss of (wg — K)(1 4 r) — D. Since the bank market is perfectly competitive, the expected
profit of the bank is zero. For the loan size wq — K, the interest rate r equates the expected
return from the loan to its costs. Thus, its zero-profit condition is as follows:

(wq — K)(1+r) = tEmin [min (D, q), (wqg — K)(1 +r)] 9)

Under the BCF mode, the retailer pays wq to the manufacturer, including wq — K from
the bank. If the revenue is sufficient to cover the debt, i.e., tmin(D,q) > (wg — K)(1+71),
the retailer’s expected profit will be [tmin{D, g} — (wg — K)(1 + r)] — K; otherwise, all his
revenue is paid to the bank, and the expected profit is —K. Therefore, the expected profit of
the retailer is

73(q) = tE[min(D,q), (wqg — K)(1+7)]" =K (10)

Proposition 5. g3 is the equilibrium for the retailer when he chooses the BCF and g3 satisfies

tF(gq3) = w (11)
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Proof of Proposition 5. We can transform the retailer’s objective function under BCF as
described in Equation (10) into

t[/m[q — (wqg—K)(1+1)dF(D) + [ [D = (wqg —K)(1+ r)]dF(D)}
q qB

Rearranging Equation (9) leads to

[0 9)

(wg —K)(1+7) = tM (wq — K)(1+r)dF(D) + /OqB DAF(D)]

B

Substituting the last expression into the retailer’s expected profit leads to

m3(q) = t{/{;o qdF (D) + /Oq DdF(D)} —wq

= —tf(q) < 0. Thus, the retailer’s expected profit function is a
concave function about g, and the optimal order quantity g3 is given by the following
equation: d;rf = tF(q4) — w = 0. Then, gj satisfies tF(q3) = w. O

Proposition 5 reveals that optimal expected profit is achieved when marginal revenue
equals marginal cost according to Equation (11). From the manufacturer’s perspective, a
capital-constrained retailer, together with a competitive bank market, amounts to a retailer
with sufficient capital.

Based on Proposition 5, we formulate Corollary 2, which presents the relationship
between g and t under BCE.

Corollary 2. The optzmal order quantity of the retailer q3 is positively correlated to t, i.e., dq d(t) =
> 0, and Lol 1 dq)dhlg(W)] 1

[q(t)] ez hlg(t)]e? dtdq(t)  thq(s)?

Similar to Corollary 1, Corollary 2 demonstrates that the retailer can reduce the risk
of supply disruptions by purchasing more goods, and the manufacturer will improve the
green input level since g3 is positively correlated with ¢t. If the retailer is experiencing a
capital shortage, BCF is an excellent solution to address financial constraints and ensure
supply stability.

When the retailer gets financing from a bank, the manufacturer sells g products to the
retailer at a wholesale price w. The manufacturer still needs to choose the optimal input
level of cleaner production ¢ to maximize his profit. As mentioned previously, the unit
production cost for the manufacturer is ¢, and the cost of reducing carbon emissions is 3at>.
Thus, under BCF, the manufacturer’s profit function can be expressed as follows:

1
s (1) = wq — cq — Sat? (12)

Proposition 6. t3 is the optimal equilibrium for the manufacturer under BCF, which satisfies

g [t if s <t 13)
3 ts, if t3 > t9.

Proof of Proposition 6. From Equation (11), we obtain d‘zi—(tt) = th[q > 0 and dtg) _
1 dq(t)dhfg()] 1 P i
W (]2 491 g < 0. Thus, we have —32 = —a < 0. Thus, the manu

facturer’s expected profit function is concave with ¢. The optimal input level of cleaner
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productic()n ti{) is given by the following equation: dg’t“ = % —at3 = 0. Then, t3
w—c

satisfies AR = (t3)2. 0

We can find that Proposition 6 delivers similar information as Proposition 4, although
the model setting is different. That is, under BCF, the manufacturer can increase his profit
by raising the input of cleaning production  when  is in a certain range [, 3], and he can
find a balance between cost and revenue to optimize the profit.

4.4. Comparison

The three financing models may have different equilibria, so which will the retailer
choose? By comparing the profit of retailers under different modes, we can draw the
following conclusions.

Proposition 7. The retailer will choose TCF if % € {O, ?), BCFif % € (?, oo} , and when % = ?,

the two selections are equivalent, where t satisfies (1 —0) foq; DdF(D) = t foqg DdF (D).

Proof of Proposition 7. By respectively substituting Equation (2) into (1), (5) into (4), and
(11) into (10), we can obtain the optimal profit of the retailer in the three financial modes as
K x
follows: no-financing mode: 7t = t4 [(* DdF(D); TCF mode: 75, = t5(1 — 6) [, DdF(D);
and BCF mode: 75 = t} [* DdF(D).
Since the retailer’s profit functions under BCF and TCF are both closely related to
green input level, we explore their profit relationship by comparing t; and ¢;. The possible

value of :—2 is divided into four situations, as in Figure 2. Note that (1 — 60) < w(;}i;f)) because
2

of w>wr.
Select TCF Select BCF
N
. Y B
S R @ | ® o
t 1—8 7 w(l-6)
WT

Figure 2. Different values of :%

Situation D: If t3 > ( 9) , we can obtain q3 > g3; if )5 — 7}, = t3f0q3 DdF(D) —

t5(1— f(;h DdF( ) >0, then we have 71}, > 717, and BCF will be selected.
Situation@): When g < 1—6, we can obtain q; > q3; 7, — )5 = t5(1 — fO‘?z DAF(D)
—t5 [® DdF(D) >0, thus ¥, > 1, and the retailer will choose TCE. When 1 — 6 < % <

“0-%), we suppose € [1- 0%] and  satisfies (1 — 0) [* DdF(D) = t {5 DdF(D).

Situation @): If, 7%y — 7%, = 5 [ DAF(D) — £5(1 — ) [ DAF(D) > 0; that is 7ty > 7%
and BCF will be selected by the retailer.

Situation @: When1-6 < 2 < t, 7, — 7tj3 = t5(1 - 0) [y DdF(D) — £} i DdF(D)
> 0, we obtain 77}, > 713 and TCF is a better choice.

To sum up the four situations, the proposition is proven. [J

Proposition 7 helps the retailer to find a basis for the financial choices according to
the profit maximization principle. When the relevant parameters such as 6, wr, and w are
given, the retailer can make the optimal selection between BCF and TCF according to the

relationship between i—i and f.
2
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5. Numerical Analysis

In this section, numerical experiments are inducted to illustrate the equilibrium of
the studied capital-constrained two-echelon green supply chain under different financing
modes, i.e., no financing, TCF, and BCE. The profit of the optimal equilibrium under the
three modes will also be compared. We made a cross-sectional comparison of profits and
operational decisions at different wholesale prices and capital levels. By varying initial
capital and negotiated wholesale price, we can observe the trends in supplier’s green input
levels, retailer’s order quantity decisions, and their expected profits.

5.1. Simulation of No-Financing Mode

We first focus on the analysis of the no-financing mode. Given the values of the
parameters as follows, ¢ = 0.001, t; = 0.4, a = 32, w = 0.32, K € [7.5,36], which are
referred to in previous studies [8,34], we can obtain the optimal order quantity and profit
with different retailer’s initial capital, as in Table 3. Note that in the no-financing mode, the
manufacturer’s green input level is always kept at the minimum limit ¢; = 0.4, as proven
by Proposition 2. We can observe from the table that the optimal order quantity g of the
retailer is limited by the constrained initial capital. As capital K increases, the profits of
both the retailer and the manufacturer rise substantially.

Table 3. Order decisions and profit of no-financing mode.

K q; 7T, T
7.50 23.44 1.88 4.92
10.35 32.34 2.59 7.76
13.20 41.25 3.30 10.60
16.05 50.16 4.01 13.44
18.90 59.06 4.73 16.28
21.75 67.97 5.44 19.12
24.60 76.88 6.15 21.96
27.45 85.78 6.86 24.80
30.30 94.69 7.58 27.65
33.15 103.59 8.29 30.49
36.00 112.50 9.00 33.33

Figure 3 further verifies that the retailer’s expected profit is an increased function of
his capital, which motivates him to actively seek financing when facing financial constraints
so as to maximize profit. The manufacturer’s expected profit also is an increased function of
the retailer’s capital, so he would be willing to provide help to alleviate the retailer’s capital
shortage. In summary, the numerical results in the table and the figure both powerfully
validate Proposition 1.

35

@
=]

—=&— the profit of the retailer

the profit of the manufacturer

i w o N
=l @ 5] o

the optimal profit of supply chain members

@

I I . I
75 15 20 25 30 36
the capital of the retailer K

Figure 3. The relationship between K and 7, 7t at w = 0.32.
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5.2. Simulation of TCF Mode

This subsection is devoted to verifying the feasibility of the TCF mode by taking differ-
ent values of wr and K, which is generated in a way that both makes the conclusions and
laws generalizable and satisfies the conditions of the presuppositions [52]. The parameters
are assumed as follows: wr € [0.013,0.023] and 6 = 0.1. The stochastic demand conforms
to the exponential distribution, and the parameter is 0.01 (tail function F(x) = e~001%) [48].
The remainder of the parameters remain the same as those in Section 5.1.

The computational results are displayed in Table 4, where wt denotes the wholesale
price. K, q2, wrqa, and 71,, represent the retailer’s initial capital, order quantity, payment
of goods, and profit under TCF, respectively. ¢, and 7, denote the manufacturer’s green
input level and profit under TCE. w, g, 1y, and 71, are the wholesale price, order quantity,
profit of retailer, and profit of manufacturer under the no-financing mode, respectively. %
is the ratio of the green input level of BCF and TCEF, which is the watershed of financial
mode selection for the retailer. Note that in order to better observe the variation characters
of % resulting from different ratios of wholesale prices, we vary the wholesale price wr
under TCF while fixing the wholesale price w under no financing as that in the previous
subsection.

Table 4. Computational results under TCF with different wr and K.

wr K X I wrq, 1) T T T T2 %
0.013 7.50 23.44 333.38 4.33 0.41 1.88 30.82 4.92 5.28 2.46
0.016 7.92 24.73 316.59 5.08 0.42 1.98 31.43 5.33 5.95 2.36
0.020 8.45 26.41 299.81 6.00 0.45 2.11 32.12 5.86 6.75 2.24
0.040 11.21 35.02 248.98 10.03 0.54 2.80 34.53 8.61 10.07 1.85
0.061 13.96 43.63 221.23 13.41 0.62 3.49 35.90 11.36 12.61 1.62
0.081 16.72 52.23 202.32 16.37 0.68 4.18 36.72 14.10 14.67 1.47
0.101 19.47 60.84 188.04 19.03 0.74 4.87 37.20 16.85 16.39 1.35
0.122 22.23 69.45 176.61 21.46 0.79 5.56 37.44 19.60 17.85 1.26
0.142 24.98 78.06 167.09 23.69 0.84 6.25 37.52 22.34 19.10 1.19
0.162 27.74 86.67 158.95 25.77 0.88 6.93 37.47 25.09 20.16 1.13
0.182 30.49 95.28 151.84 27.70 0.93 7.62 37.33 27.83 21.07 1.08
0.203 33.25 103.89 145.55 29.50 0.97 8.31 37.11 30.58 21.85 1.03
0.223 36.00 112.50 139.89 31.20 1.00 9.00 36.84 33.33 22.50 0.99

From Table 4, we can draw the following observations. Firstly, with the increase
of initial working capital, although the allowable order quantity without financing %
increased, the order quantity go under TCF declined because wt kept rising, and the
payment wrg, was limited by K. Secondly, the optimal order quantity does not exhaust
the initial capital, i.e., wrqy is slightly less than K. This is due to the law of diminishing
marginal effect, and the profit of supply chain participants will decrease when g, exceeds
the optimal value. Thirdly, the retailer’s profit improves significantly in all the instances.
The manufacturer’s profit also improves in the instances where wr < 0.081. It favorably
demonstrates the benefits of financing. As the level of green input ¢, continues to increase,
the manufacturer’s profit appears lower than that under financing, but the entire supply
chain remains profitable. In practice, both parties can further negotiate the retailer’s rebate
to the manufacturer to achieve a win—-win situation. Fourthly, the disruption risk can be
obtained from 1 — f,; we can find that the overall profit of the supply chain can be improved
while the disruption risk is reduced.

In addition, according to the instance setting, we can calculate the optimal profit and
operational decision for the retailer and manufacturer under BCF: 7t} = 31.43, 71, 5 = 20.35,

g5 = 113.79, and t5 = 0.998. Then, we can obtain ¢ = 2.357, and :—2, which is calculated in the
last column in Table 4. The ratio of 3 to t, and the equilibrium profit for the three financial
modes of the retailer can be plotted, as in Figure 4. The figure obviously demonstrates
that both TCF and BCF can help retailers alleviate financial dilemmas and generate higher
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profits. When % < ? = 2.357, the retailer will choose TCF; otherwise, BCF is preferred,
which verifies Proposition 7.
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Figure 4. Comparison of profit under different wr and K.

In order to further observe the relationship between t and g under the TCF mode, we
fix wr as 0.223, and vary the value of  and 4. The computational results are illustrated
in Figure 5, which visually shows that g is an increasing function of t under TCF, which
verifies Corollary 1.
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Figure 5. Changing trend of g on f under TCE.
5.3. Simulation of BCF Mode

The majority of parameters under BCF are the same as those in the previous parts,
except the wholesale price, which is generated in the range of w < [0.143, 0.323], and wr is
fixed as 0.013 to better observe the variation characters of % resulting from different ratios
of wholesale prices. The computational results are shown in Table 5, where g3, wgs, f3,
7,3, and 7,3, respectively denote order quantity, payment of goods, green input level, and
profits of the retailer and manufacturer under BCE.
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Table 5. Computational results under BCF with different w and K.

w K K g5 wq, t3 T T3 TOm Tm3 2
0.143 7.50 52.45 153.87 22.00 0.67 13.48 30.31 4.89 14.75 1.64
0.163 10.61 65.22 147.48 23.98 0.71 15.48 30.82 7.98 15.75 1.75
0.185 14.15 76.49 141.07 26.10 0.76 16.44 31.23 11.51 16.76 1.87
0.203 17.00 83.74 136.45 27.70 0.79 16.50 31.45 14.36 17.46 1.96
0.221 19.85 89.82 132.22 29.22 0.83 16.08 31.59 17.20 18.09 2.05
0.239 22.70 94.98 128.33 30.67 0.86 15.29 31.67 20.05 18.64 2.13
0.257 25.55 99.42 124.71 32.05 0.89 14.22 31.69 22.89 19.13 2.21
0.275 28.40 103.27 121.34 33.37 0.93 1291 31.67 25.74 19.55 2.28
0.293 31.25 106.66 118.18 34.63 0.96 11.41 31.60 28.58 19.91 2.36
0.311 34.10 109.65 115.21 35.83 0.98 9.76 31.50 31.43 20.21 243
0.323 36.00 111.46 113.32 36.60 1.00 8.58 3141 33.33 20.39 2.48

The following observations can be found in Table 5. First, the order quantity of BCF is
consistently higher than that of no financing, which demonstrates the benefits of financing
and validates Proposition 3. Similar to TCF, the order quantity gradually decreases as
the wholesale price rises. Secondly, the retailer can gain more profit under BCF than
no financing, which is consistent with Proposition 7. In the cases of w < 0.221, both
manufacturer and retailer obtain higher profit, and they are aligned to prefer BCF over
no financing. As the green input level increases and the order quantity decreases, the
manufacturer’s profit under BCF becomes lower than that under no financing, while the
entire supply chain is still profitable. The retailer should further consider sharing benefits
with the manufacturer to achieve a win—-win situation. Notably, although the experimental
results prove that BCF can help the retailer to obtain higher profit because it is assumed
that the bank is in a highly competitive capital market and the manufacturer can provide
a guarantee for the retailer, in practice, many small and medium-sized enterprises often
actually suffer from very high bank financing costs.

Furthermore, with the fixed w7t and the given parameters, we can compute the optimal
operational decisions and profits for the retailer and manufacturer: 7, = 30.82, 77, , = 5.28,

g5 = 333.38, 5 = 0.405, and t =1.75. The relationship between profit equilibrium and %
can be visualized in Figure 6.
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Figure 6. Comparison of profit under different w and K.

It is visually apparent that both TCF and BCF provide opportunities for the capital-
constrained retailer to generate higher profits. Meanwhile, there is a crossover point
between BCF and TCF when the ratio of t3 to t; is relatively larger, which means that the
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value of :—Z is able to help the retailer choose the financing mode [23]. When % > 1.75, BCF
is the better choice, which is consistent with data from Table 5.

Figure 7 provides a visualization of the relationship between g and t under BCF, where
the wholesale price w is fixed as 0.323. Obviously, g is an increasing function of ¢ under
BCF, which can verify Corollary 2.
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Figure 7. Changing trend of g on t under BCE.

It is visually apparent that both TCF and BCF provide opportunities for the capital-
constrained retailer to generate higher profits. Meanwhile, there is a crossover point
between BCF and TCF when the ratio of {3 to t; is relatively larger, which means that the
value of % is able to help the retailer choose the financing mode [17]. When % > 1.75, BCF
is the better choice, which is consistent with data from Table 5.

6. Discussion, Conclusions, and Future Work

This section is devoted to the discussion and conclusion of this work. Then, it puts
forward future research suggestions based on the limitations of this study.

6.1. Discussion

The problems of green supply chain management with capital constraints have at-
tracted wide attention in theoretical and industrial areas. The work of Dash Wu et al. [4]
investigated a two-echelon green supply chain with a capital-constrained retailer, and Luo
et al. [5] extended their work by considering the use of an option contract. Both of them
established the Stackelberg game model, explored the equilibriums of optimal operation
decisions, and discussed financial decisions under TCF and BCF, which have provided very
important inspirations for this study. Nowadays, with increasingly stringent environmental
regulations, inadequate green input level from the manufacturer may lead to substandard
emissions and further results in supply disruption. For example, over thirty regions in
China have shut down a number of enterprises due to pollution issues in January 2023.
Thus, this work investigates a capital-constrained green supply chain system consider-
ing disruption risk, which contributes to the new theoretical and practical significance as
follows.

In terms of theoretical perspective, this study extends the existing conclusion from the
following four aspects. Firstly, with the consideration of disruption risk, the expressions
of expected profit models for the manufacturer and the retailer are different from that of
the previous literature, since the green input level is associated with disruption risk. Thus,
the models for the retailer’s financial decision and the deduction of equilibriums are also
different. Secondly, with the new model and deduction, we extend the conclusion in [4,5]
that there is a positive correlation between the manufacturer’s green input level and the
retailer’s order quantity in the TCF and BCF modes, which is also applicable to the scenario
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of the supply chain system with disruption risk consideration. Thirdly, our finding is in
line with the work of [5] that either TCF or BCF can help the retailer obtain higher profit
than no financing. Fourthly, compared to [4], which did not discuss the optimal selection of
financial modes, and [5], which recommended the optimal financial selection on the basis
of capital input level, this work proposed the threshold of green input level ratio to help
the retailer make the optimal selection between different financial modes.

In terms of managerial insights, this work provides a decision-making basis for the
supply chain participants of capital-constrained green supply chains considering disruption
risk. Specifically, the manufacturer should improve green input within their financial
capability, since there is a positive correlation between the retailer’s ordering quantity and
the manufacturer’s green input level, and a higher green input level can help to reduce the
risk of supply disruption. Meanwhile, the retailer should select financing when a working
capital shortage occurs, since either BCF or TCF can deliver higher profit for the supply
chain players than the no-financing scenario when the other circumstances remain the same.
Moreover, according to the comparison results of different financing modes, the retailer
should choose the TCF mode when the ratio of optimal green input level under BCF to that
under TCEF is less than the threshold; otherwise, BCF should be selected. Finally, based
on the benefits of financing for the entire supply chain, the government can implement
supportive policies for financing, such as reducing bank interest rates and supporting the
flexible application of various TCF contracts in practice.

6.2. Conclusions

This work investigates a green supply chain management problem with disruption risk
consideration, which involves an environmentally regulated manufacturer and a capital-
constrained retailer. The retailer needs to make operational and financial decisions based
on the negotiated commercial contracts and stochastic market demand. The manufacturer
has to determine the optimal green input level that is associated with the supply disruption
risk. This study employs the Stackelberg game rule and explores the optimal decisions
for the supply chain players under the scenarios of no financing, bank credit financing,
and trade credit financing, respectively. To the best of our knowledge, our work is the
first study to analytically characterize the operational and financing equilibrium under
BCF and TCF in terms of the manufacturer’s green input level related to disruption risk.
Our analysis also provides a guideline for the retailer to make the best choice among no
financing, TCF, and BCF according to the green input level of the manufacturer. Based on
the analytical and computational results, managerial insights have been provided for the
retailer, manufacturer, and government.

6.3. Limitations and Future Research Suggestions

Some limitations of this work may be worth further exploration in future research.
First, we only discussed the operational decisions of the supply chain members under
no financing, TCF, and BCF modes, respectively, in this work. It might be interesting to
investigate the portfolio financing mode based on TCF or BCF for the problem in the future,
which can provide more financing options for the capital-constrained player. Second,
similar to most existing works, we assumed the manufacturer as the leader and the retailer
as the follower in the game model. Inverting the position of the supply chain players
to construct a new game model will have strong practical implications for the situation
where the core enterprise is a downstream enterprise, and the supplier is an upstream small
or medium enterprise. Third, this work focused on a two-echelon supply chain system
which only involves one manufacturer and one retailer. However, with the popularization
and application of the industrial Internet, a supply chain network often involves multiple
members. It is worth exploring the green supply chain financial system consisting of a core
enterprise and several upstream or downstream enterprises. Fourth, this work followed
the classical supply chain contract and did not contribute to contract design. It may be
helpful to improve the performance of the supply chain by considering the appropriate
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contract design. Finally, we can further relax the risk-neutral hypothesis of participants
and incorporate risk preference into financing decisions.
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