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Abstract: Investment on product greenness in green supply chain is always restricted by the emerging
supplier’ financial constraints, so manufacturers always share the suppliers’ investment to encourage
the suppliers’ green innovation. Based on the two-stage cooperation model between one manufacturer
and one emerging supplier, and the assumption that emerging suppliers need to reach a certain
survival threshold at the end of each period, this paper studies investment on product greenness
and sustainability of cooperation in the supply chain. The impacts of consumers’ preference for
greenness (CPG), market volatility, financial constraints, and investment-sharing proportion are also
examined. It was found that when market volatility and CPG exist at the same time, compared with
the deterministic environment, emerging suppliers will improve (or reduce) the wholesale price and
greenness at the same time to balance the short-term bankruptcy risk and the long-term profit, and
suppliers’ green investment would be stimulated by the increasing demand uncertainty. Besides,
when suppliers’ financial constraints increase, manufacturers will also increase its sharing proportion
of green investment. Lastly, there always exists an investment-sharing proportion that optimizes the
sustainability of cooperation and profits jointly.

Keywords: green supply chain; financial constraints; investment-sharing contracts; emerging
suppliers; uncertain investment

1. Introduction

Product greenness, meaning the friendly degree of the products to people and nature [1], such as
product harmful substance content, energy consumption level, recyclability, etc., has great impacts
on consumers’ purchasing decisions. Enterprises always take active measures to invest in green
products, and provide resource-saving and environment-friendly green products to the market, in
order to maintain long-term market competitiveness [2,3]. For example, Apple and Sony, have already
implemented green supply chain management, enhanced their environmental image and brought
competitive advantages [4]. The process of “green supply chain” is often hampered because the
suppliers fail to achieve green level. In the supply chain, as the target of the core manufacturing
enterprises’ procurement activities, the suppliers directly relate to the greenness of product and
procurement cost of the manufacturing enterprise, and has great impacts on the production and the
realization of environmental goals [5]. However, the cooperation between suppliers and manufacturers
in green supply chain is more difficult to keep. For example, Tesla, the representative of electric
vehicle companies with latest technologies, is facing a major problem that his suppliers are applying
for bankruptcy currently because of not receiving payment for components. As many of Tesla’s
components are from single supplier, Tesla might face significant supply risks [6]. In fact, sustainability
of the cooperation in green supply chain is mainly affected by two reasons.

Sustainability 2019, 11, 5977; doi:10.3390/su11215977 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0002-5521-6007
http://www.mdpi.com/2071-1050/11/21/5977?type=check_update&version=1
http://dx.doi.org/10.3390/su11215977
http://www.mdpi.com/journal/sustainability


Sustainability 2019, 11, 5977 2 of 16

First, green technology always costs highly that emerging enterprises cannot afford [7].
For example, in the early stage of emission regulation in the United States, automakers mainly
install emission control devices to produce green products. However, as the regulations become
stricter, US Environmental Protection Agency has issued Level 3 standard [8] by 2014, more disruptive
innovative technologies such as Tesla’s electric vehicle technologies, that can fundamentally change
the equipment design become necessary. This type of technological innovation is unaffordable for
emerging suppliers, which most likely take on debts to support normal operations and might face
bankruptcy risk while facing payment defaults [9]. It is advised by Tencent Technology [10] that the
manufacturer could pay for the supplier’s product improvement and incentive contracts could be
adopted. Therefore, this paper introduces the investment-sharing contract to investigate how the
finance-constrained supplier makes its investment on product greenness with the manufacturer’s help.

Second, the enterprises must face demand uncertainties when making investment on product
greenness. As green products in the market are sometimes not up to standard or worse than ordinary
products, and green consumption concept of consumers has not yet formed, consumers’ environmental
awareness could be low. Consumers could be hard to accept the high price of green products and the
market size of green products might be much smaller than expected [11]. If this happens, orders from
downstream manufacturers would be reduced, and large amount of R & D investment of suppliers
might be vain, which makes their cash flow tight and makes the supply chain cooperation easily broken.
Therefore, this paper considers the impacts of demand uncertainties on the supplier’s operational
decisions and the sustainability of supply chain cooperation.

Thus, while taking on debts and facing demand uncertainties, how the emerging suppliers
make operational decisions (including wholesale price, greenness, etc.,) to reduce the bankruptcy
risk? Besides, in cooperation between the supplier and the manufacturer, how to set a proper
investment-sharing proportion that can effectively stimulate the emerging suppliers’ green investment,
meanwhile maximize the manufacturer’s profit? Aiming at these questions, this paper conducts
modeling derivation and computational stimulation.

The remainder of this paper is organized as follows. Section 2 reviews the related literature.
Section 3 presents the two-period model and makes analysis in the basic case. In Section 4, the
demand uncertainties are introduced and discussions are made in the stochastic environment. Section 5
concludes this paper. All proofs in this paper are provided in Appendix A.

2. Literature Review

This paper tackles the joint price and greenness decisions of the finance-constrained supply chain.
Three streams of literature are related with our work, namely, green supply chain management (GSCM),
green supply chain collaboration and coordination, and emerging enterprises’ operational strategies
under financial constraints.

Mathu [12] pointed that when focusing on lean and agile supply chains, closed-loop supply chains,
reverse logistics, and the practice of just in time, the operation is transformed to GSCM. GSCM can
be seen as an environmental innovation, which integrates environmental thinking into supply chain
management (SCM). It aims to minimize or eliminate wastages including hazardous chemical, energy
and emissions along supply chain. As reviewed by Ashby et al. [13], Green product development has
been long recognized as one of the main themes in GSCM. Enterprises apply tools such as design
for environment, design for disassemble, and life cycle analysis in order to reduce the product’s
environmental impact [14]. It is believed that enterprises implementing GSCM practices can benefit
from cost savings, better public image and decreased environmental liability [15]. What is more, it
is supported that GSCM is closely related to the participants’ financial performance. Feng et al. [16]
suggest that GSCM as an integral supply chain strategy is positively associated with both environmental
and financial performance. Flammer [17] finds that enterprises’ ecofriendly behavior is closely related
to significant stock price increases, whereas enterprises with eco-harmful behavior face decreases in
stock price. Zhang et al. [18] proposes social control as an effective mechanism to strengthen the impact
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of GSCM on enterprises’ financial performance. Following these researches, this paper pays attention
to the green products, investigates the relationship between product greenness and the enterprises’
utilities. Different from previous literatures, this paper considers not only the relationship between
product greenness and the enterprise’ profits, but also the relationship between product greenness and
the finance-constrained enterprise’s survival probability.

Among the issues in GSCM, collaboration is the most important. Chin et al. [19] indicate
that environmental collaboration is a key relational capability to facilitate the GSCM strategic
formulation and execution. Further, from the perspective of supply chain coordination and the
development of economic models, green supply chain coordinating issues are also developed and
discussed widely [20–24]. Zhang and Liu [24] study the decisions in a three-level supply chain with
market demand and product greenness related. It is pointed out that revenue-sharing mechanism,
Shapley-value coordination mechanism, and asymmetric Nash negotiation mechanism can all improve
the performance in a decentralized supply chain. Zhu and He [25] introduce quality (greenness) as a
decision variable, and study the green product design in the competitive supply chain. Ghosh and
Shah [20] compare the pricing, greenness, and supply chain revenue in the decentralized channel
structure, and propose that two-part tariff contracts can coordinate the green supply chain and
cooperation can improve product greenness. Ghosh and Shah [21] study the manufacturer-retailer
supply chain where consumers have preference for greenness, and find that cooperation with
cost-sharing contracts can improve the greenness and revenue of supply chains, but bargaining
between manufacturer and retailer would not increase the retailer’s revenue. Swami and Shah [23]
focus on channel conflicts between manufacturers and retailers in green supply chains, and study
coordination problems among green supply chain members. Contributing to this stream of literatures,
this paper (i) constructs a two-stage cooperative analytical framework between the supplier and the
manufacturer for the long-term, and cross-stage R & D process of green products; (ii) examines the
impact of investment-sharing contract on green innovation in the sustainable supply chain cooperation.

Recently, an increasing of scholars have paid attention to the emerging enterprises’ operational
strategies under financial constraints [26–29]. Babich [30] argues that only when the enterprises survive
in the market, can they make profits in the long term. Under the financial constraints, the emerging
enterprises would be exposed to bankruptcy risk, should the market fail as expected. Therefore,
studies on emerging enterprises’ innovating activities also focus on the emerging enterprises’ survival
probability. According to Cefis and Marsili [31,32], emerging enterprises can increase their survival
probability through innovations. Criscuolo et al. [33] find that emerging enterprises in the service
industry have a higher probability of innovation. In contrast, Shane [34] finds that most emerging
enterprises start from ordinary industries without special creativity. Bhidé [35] argues that only 6%
of the giant enterprises began by offering unique products or services, while 58% began by offering
alternatives of existing products and services. Thus, different from the empirical researches, this paper
(i) adopts a two-stage analytical framework to conduct theoretical researches on green innovation
decisions of the emerging enterprises, and (ii) expands the research of financial constraints from a
single enterprise level into the supply chain level.

3. Problem Descriptions and Basic Case

Consider a two-stage model where the emerging supplier cooperates with the manufacturer for
investment on green products. In the first stage, the supplier borrows cash, and starts the production
from a common product. After obtaining the revenue and obtaining the manufacturer’s investment
support by the investment-sharing contract, the supplier invests in R&D activities so that the green
product can be introduced into market in the second stage. In the second stage, the emerging supplier
adjusts the wholesale price and the manufacturer adjusts the selling price according to the innovative
green product. One important assumption should be proposed to set up the model.

Assumption 1. The emerging supplier goes bankrupt and gets liquidated unless it reaches a survival threshold
(minimum profit level) of α at the end of each stage.
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The hypothesis is based on the fact that emerging suppliers are subject to financial constraints.
First, the fragile capital chain is a well-known feature of emerging suppliers, so emerging suppliers
might deeply depend on short-term bank loans, and regard it as a major source of external financing [36].
With these funds, emerging suppliers are able to hire employees, lease land, and organize production
and product innovation. Emerging suppliers must first repay these debts after making a profit,
otherwise they will go bankrupt and exit the industry [37]. Second, many high-tech emerging suppliers
raise money from the market to support business operations. For these enterprises, reaching a certain
profit target in each stage becomes an important indicator to judge whether it can obtain the next
round financing from banks or venture capital institutions. As a target profit parameter, α is affected
by many factors, such as market competition, wage levels, economies of scale, etc. [38]. The target
value changes with different enterprises and development stages. For the sake of simplicity, this model
assumes that α is given as a fixed exogenous parameter.

Specific event description and the timeline model of enterprise decision are demonstrated in
Figure 1. Let pi, wi, di, πSi, πMi represent retail price, wholesale price, market demand, supplier profit
and retailer profit in stage i (i = 1, 2), respectively.
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Figure 1. Sequence of events and decisions of the emerging supplier in a two-stage model.

Following Banker et al. [39], we treat the quality investing decision as a “demand-enhancing effort”,
therefore impacts of price and quality on demand are denoted as di = θi − pi + bisi, where a and bi
describe the demand responsiveness to price and consumers’ preference for greenness (CPG). The R&D
cost for greenness s is set as ks2, and the coefficient k measures the complexity of the development
process. Besides, unit production cost is simplified as zero (Research focuses on R&D-intensive green
innovations such as plug-in electric vehicles, solar paper, and green products that are spawned by other
emerging technologies. For R&D-intensive products, unit manufacturing costs are negligible compared
to fixed R&D input costs, which explains the high gross margins of these industries.). Considering
that emerging suppliers start with common products in the first stage, it can be assumed that s1 = 0,
s2 = s. So the demand faced by the manufacturer in every stage can be written as d1 = θ − p1 and
d2 = θ− p2 + bs. The analysis can be started from the basic case without demand uncertainties and
incentive contracts.

The manufacturer’s profit can be written as follows:

π∗M = max
p1,p2

(p1 −w1)(θ− p1) + (p2 −w2)(θ− p2 + bs) (1)

The emerging supplier’s profit is:

π∗S = max
w1,s

w1(θ− p1) − ks2 + πS2(s, b), (2)
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s.t. w1(θ− p1) − ks2
≥ α, (3)

where
πS2(s, b) = max

w2
w2(θ− p2 + bs). (4)

Inequality (3) indicates that emerging suppliers can survive through the first stage only if πS1 ≥ α.

3.1. Deterministic Environment

In the deterministic environment, as long as the emerging firm can achieve a profit above the
survival threshold through the pricing strategy, it can completely avoid the bankruptcy risk. In this
case, it only needs to maximize the profit of each stage. By backward induction, the optimal product
price of the manufacturer at each stage is p1 = θ+w1

2 , p2 = θ+w2+bs
2 . Anticipating the manufacturer’s

pricing strategy, suppliers optimize their wholesale price and greenness decisions. The emerging
supplier’s optimal green investment and profits under the deterministic environment are characterized
in Proposition 1. (Proofs of all propositions can be seen in the Appendix A).

Proposition 1. In a deterministic environment, emerging suppliers will maximize their profit levels by setting
the optimal wholesale price w∗1 = wm = θ/2. The optimal greenness s∗ and the profit level π∗S are described
as follows:

s∗ =
{

sn i f ∆0 ≤ 0 and 8k > b2

sm o/w
, (5)

π∗S =


θ2(b2

−16k)
8b2−64k i f ∆0 ≤ 0 and 8k > b2

α+
(θ−ac+bsm)

2

4a o/w
. (6)

where sn = bθ
8k−b2 is the optimal greenness without financial constraint, sm =

√
1
k

(
θ2

8 − α
)

is the
maximum greenness when the financial constraint is binding, that is, all the profits in the first stage

above the survival threshold will be invested in green innovation. And ∆0 = α−
θ2(b4

−24b2k+64k2)
8∗(b2−8k)2 .

Proposition 1 indicates that the supplier function is concave on wholesale price, and the profit of
the first stage can be maximized by the wholesale price wm1.

∆0, as a condition of greenness segmentation, can be used to judge the motivations of emerging
suppliers for green innovation. Note that ∆0 ≥ 0 ⇔ sm ≤ sn. If ∆0 < 0, the green products are not
attractive enough to consumers, and the supplier can obtain the largest profit π∗S by positioning small
greenness sn. The surplus profit in the first stage is enough to support the small green investment.
However, when CPG is gradually increasing and ∆0 ≥ 0 happens, green innovation becomes so
attractive that the supplier keeps enhancing the investment until the surplus profit runs out. Then, it
will invest in the maximum greenness sm. Parametric analysis of ∆0 demonstrates that the emerging
supplier reduces green investment as the innovation difficulty (k) increases, and increases green
investment as CPG (b) increases. Besides, the expansion of market size (θ) weakens the supplier’s
enthusiasm for green investment because it weakens the positive effect of green innovation on market
improvement. Last, the supplier will also reduce its green investment if the survival threshold (α)
increases, because it must allocate more cash flow for the debt repayment.

3.2. Uncertainty of CPG

Thus far, it is assumed that green innovation improves the future market share by a deterministic
amount. However, the failure of many business cases is attributed to the lack of estimates of consumers’
preferences. Some innovative products are considered popular in design, but they are actually not
attractive. For example, Nokia used to be a giant in the mobile phone industry, with a variety of
products, including straight, flip, slider, screw cap, full keyboard and so on. However, when the iPhone
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began to lead the era of smart phones, Nokia still obsessed with the changes in the shape of the mobile
phone, even the solid degree, and eventually it gradually withdrew from the market. For green cars,
they are most likely not being paid by the market because of short battery life, inconvenient charging
and fast depreciation. Tesla is leading a wave of electric vehicles through a series of technological
innovations, but the investment returns of the newest green technologies are inherently uncertain.
Therefore, it is assumed that for every dollar invested, the second-stage demand is improved by a
random amount b̃, with a known distribution function, ψ

(̃
b
)
, with a mean of b and variance of σ2.

Compared with the model expressions in the deterministic environmental, relevant values in
the environment with uncertain CPG are represented by the following label “u “. So, the operational
decisions and profits of the emerging supplier can be provided as:

Proposition 2. When CPG is a random variable, the optimal pricing for the first stage of the emerging supplier
is still w∗1 = wm = θ/2. Besides, the optimal greenness and maximum expected profit are described as follows:

s∗ =
{

su i f ∆u ≤ 0 and 8k > b2 + σ2

sm o/w
, (7)

π∗su =


θ2(b2+2σ2

−16k)
8b2+8σ2−64k i f ∆u ≤ 0 and 8k > b2 + σ2

α+
(b2+σ2)s2

m+2bθsm+θ2

8 o/w
. (8)

Here, su = bθ
8k−b2−σ2 is the optimal greenness without financial constraints, and ∆u = α −

θ2
[
b4+(2σ2

−24k)b2+(8k−σ2)
2
]

8(b2+σ2−8k)2 .

As ∆u ≥ 0⇐⇒ su ≥ sm, the increase of ∆u also represents the emerging supplier’s willingness
to make green investment. the supplier will invest all surplus profit if ∆u ≥ 0. Proof of Proposition 2

shows that ∆u −∆0 =
(16k−2b2

−σ2)·kθ2b2σ2

(b2−8k)2
·(b2+σ2−8k)2 , as 8k > b2 + σ2, it can be known that ∆u −∆0 > 0. That is, with

the uncertainty of CPG, green innovation becomes more attractive to the supplier. Particularly, su > sn

and π∗u ≥ π∗0 represent that, with only uncertain CPG, the supplier will position higher greenness and
obtain a higher expected profit at the same time.

3.3. Investment-Sharing Contract

It is considered that the investment-sharing contract could help innovative technology increase
speed, dissemination and coverage, reduce entry barriers and mitigate investment risk [40].
Investment-sharing contracts are widely used to coordinate the innovation-intensive industries
effectively [41]. For example, Daimler invested €100 million to TAAP in Thailand to support
the development of its electric cars, and Volkswagen invested €20 billion to CATL in China for
battery improvement.

With an investment-sharing contract, the manufacturer agrees with the emerging supplier that
the supplier only afford the investment ratio “β ”. As β decreases, the emerging supplier suffers less
burden of green innovation, which then provides it an incentive to position higher greenness.

In the deterministic environment, manufacturer’s total profit is:

π∗M = max
p1,p2

(p1 −w1)(θ− p1) − (1− β)ks2 + (p2 −w2)(θ− p2 + bs) (9)

Supplier’s total profit is:

π∗S = max
w1,s

w1(θ− p1) − βks2 + max
w2

w2(θ− p2 + bs), (10)
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s.t. w1(θ− p1) − βks2
≥ α, (11)

Let subscript “β “ indicates relevant parameters under the investment sharing-contracts. According
to the proof of Proposition 1, the supplier’s optimal wholesale price remains unchanged, wβm = wm.
Optimal greenness can be expressed as:

s∗β =
{

sβn i f ∆0β ≤ 0 and 8βk > b2

sβm o/w
, (12)

where, sβn = bθ
8βk−b2 , sβm =

√
1
βk

(
θ2

8 − α
)
, and ∆β0 = α−

θ2(b4
−24b2βk+64β2k2)
8∗(b2−8βk)2 .

Further results can be listed as:

π∗M =


θ2(128β2k2

−16kb2+b4)
16(8βk−b2)2 i f ∆0β ≤ 0 and 8βk > b2

bθ
16 ·

√
θ2−8α

2βk +
b2(θ2

−8α)
128βk + θ2

−4α
4 −

θ2
−8α
8β o/w

, (13)

β∗ =

 1− b2

16k i f ∆0β ≤ 0 and 8βk > b2

(θ2
−8α)(16k−b2)

2

8θ2b2k o/w
. (14)

It can be seen from Equation (12) that, in the deterministic environment, the impact of the
investment-sharing contract on the supplier is generally reflected in reducing the effect of R&D
coefficient k. The overall green technology innovation and willingness of suppliers will increase as
the difficulty of R&D decreases. However, excessive R&D sharing will reduce the manufacturer’s
own profits, therefore if considering the manufacturer’s own profits, there is an optimal contract ratio,
as shown in Equation (14).

By monotonic analysis of β∗, it can be found that regardless of the range in which β∗ is taken,
it monotonically increases with k, and monotonically decreases with b. That is, the higher the difficulty
of green technology R&D is, the less manufacturers are willing to take R&D. Only when the potential
return of green products is high, manufacturers are willing to increase R&D support. On the other
hand, if the financial constraints are strong, manufacturers are more willing to increase their support.

4. Supply Chain Cooperation in a Completely Stochastic Environment

In this section, by introducing the market volatilities, we examine the implications of totally
stochastic demand for the supply chain cooperation. The deterministic survival requirement of the
basic case is replaced with a probabilistic survival constraint. By a stochastic model, Section 4.1 derives
the supplier’s wholesale price and greenness decisions. These derived decisions are also influenced by
demand uncertainties, survival threshold, and investment-sharing proportion. However, given both
uncertain CPG and market volatilities, the stochastic model is not analytically tractable, so we resort to
numerical analysis in Section 4.2.

4.1. The Model with Uncertain CPG and Market Volatilities

Consider that a random volatility ε̃t (mean is 0 and variance is v2). exists in the market at the
beginning of each operation stage, where t (t = 1,2) is the operational stage. The probability density
of this volatility is ω(·) and obeys the distribution function ϑ(·). It is assumed that volatilities in two
stages are independent and are symmetrically distributed. The manufacturer needs to set the optimal
investment-sharing proportion and selling pricing to optimize the total profit:

Eπ∗M = max
p1,β≥0

Eε̃1

{
(p1 −w1)(θ+ ε̃1 − p1) − (1− β)ks2

}
+ E

ε̃1 ,̃bπM2
(
β; ε̃1, b̃

)
, (15)
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where
πM2

(
β; ε̃1, b̃

)
= max

p2
Eε̃2

{
(p2 −w2)

(
θ+ ε̃2 + b̃s− p2

)}
. (16)

As ε̃2 doesn’t influence the pricing decision of the second stage, p2 = θ+w2+b̃s
2 . Meanwhile, it can

be obtained that p1 = θ+w1
2 . The profit for the emerging supplier is:

Eπ∗S = max
w1,s≥0

Eε̃1

{
w1(θ+ ε̃1 − p1) − βks2

}
+ E

ε̃1 ,̃bπS2
(
s; ε̃1, b̃

)
, (17)

s.t. πS1(ε̃1) − α ≥ 0. (18)

πS2
(
s; ε̃1, b̃

)
= max

w2
Eε̃2

{
w2

(
θ+ ε̃2 + b̃s− p2

)}
. (19)

Supplier’s expected profit can be further simplified as:

Eπ∗S = max
w1,s≥0

Eε̃1

{
w1(θ+ 2ε̃1 −w1)

2
− βks2

}
+ E

ε̃1 ,̃b{

(
θ+ b̃s

)2

8
|πS1(ε̃1) ≥ α}. (20)

Adopting w∗ and s∗ to describe the optimal wholesale price and greenness positioning of the
supplier in the first stage, the following proposition can be obtained:

Proposition 3. Compare with the deterministic environment, with both uncertain CPG and market volatility, if
the emerging supplier increases (decreases) the greenness (i.e., s∗ ≥ sβm (s∗ ≤ sβm)), he will increase (decrease)
the wholesale price (i.e., w∗ ≥ wβm (w∗ ≤ wβm)).

The survival probability of emerging supplier in the first stage is F(πS1 ≥ α) = 1 −
ϑε̃1

[(
βks2 + α

)
/w + (w− θ)/2

]
. This is also the probability that the supply chain will continue to

cooperate in the second stage. It can be found that if the market volatility ε̃1 obeys a symmetric
distribution, the survival probability based on the operational decisions in the deterministic environment
(wm, sm) is exactly 0.5, so joint operational decisions (wm, sm) can be taken as a benchmark for the
adjustment of operational decisions in the stochastic environment. The supplier survives with a
probability of less (more) than 0.5 if q∗ ≥ qm (q∗ ≤ qm) and p∗ ≥ pm (p∗ ≤ pm). Obviously, the
risk of operational decisions increases if the survival probability decreases. Therefore, decisions in
cases where the survival probability is greater than (less than) 0.5 can be considered as conservative
(radical) strategies.

Proposition 3 shows that the correlation between supplier’s wholesale price and product greenness
in the completely uncertain market. If the potential return of green products is high, the supplier
will adopt a radical innovation strategy s∗ ≥ sβm, at the same time, he will also increase the wholesale
price of the product w∗ ≥ wβm to provide sufficient cash flow for green innovation. In contrast, if the
potential return of green products is low, the supplier will adopt a conservative strategy s∗ ≤ sβm, and
reduce the wholesale price w∗ ≤ wβm to ensure a stable wholesale volume.

4.2. Computational Analysis

In this section, considering the uncertain CPG and market volatility, a set of numerical analyses
are conducted to characterize the optimal wholesale price and greenness investment for the emerging
supplier. In our numerical analysis, survival probability of the emerging supplier, an endogenous
variable determined by the supplier’s operational decisions, is used to measure risks exposed in its
operational decisions and measure the sustainability of the green investment cooperation.
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To prepare for the analysis, manufacturer’s expected profit is formulated:

π∗M = max
β

 (θ−w)2

4
− (1− β)ks2

+ E
ε̃1 ,̃b{

(
θ+ b̃s

)2

16
|πS1(ε̃1) ≥ α}. (21)

It can be simplified as

π∗M =
(θ−w)2

4
− (1− β)ks2 +

(θ+ bs)2 + σ2s2

16
·(1− ϑ

(
βks2 + α

w
+

w− θ
2

)
. (22)

Supplier’s expected profit can be simplified by Equation (20):

π∗S = max
w,s≥0

w(θ−w)

2
− βks2 +

(θ+ bs)2 + σ2s2

8

(
1− ϑ

(
βks2 + α

w
+

w− θ
2

)). (23)

Here, supplier’s bankruptcy probability just represents the sustainability of the green chain supply

cooperation, F = 1− ϑ
(
βks2+α

w + w−θ
2

)
.

It is assumed that the potential market size θ and quality innovation R&D difficulty coefficient
are constant (θ = 6, k = 1) throughout the numerical analysis. Unless otherwise stated, we set
b = 3.3, α = 4, σ = 1 and v = 1. At the same time, it is assumed that the market volatilities obey the
normal distribution. Impacts of CPG (̃b), survival threshold (α), and investment-sharing proportion
(β) are studied respectively, so allied variables b, σ,α and β are continuously varying within reasonable
ranges. It should be noted that even though a set of representative results are selected and presented,
we have also examined and confirmed similar results with a wider range of parameters, selected from
the following sets of data: kε{0.2, 0.4, 0.6, 0.8, 1}, vε{0, 0.3, 0.6, 0.9, 1.2}, and αε{1, 2, 3, 4, 5}.

(1) Uncertain CPG

On the one hand, how the mean of CPG influences the emerging supplier’s operating strategies
and cooperation sustainability is shown in Figure 2. Compared with the operational decisions
in the deterministic environment (wm, sm), supplier’s optimal wholesale price and greenness go
through a process from conservatism to radicalism in the completely uncertain environment. Unlike
the segmentation function feature in the deterministic environment, the operational decisions are
continuously changing in the completely uncertain environment. Similar results are also be found by
zhu and He (2017), that the higher CPG, driven by profits, the higher product greenness the enterprise
would invest in and the higher product price it would set to cover increased green investments.
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Figure 2. Impacts of b on the optimal operational decisions and cooperation sustainability (α = 4).

In particular, when b = 3.25, the supplier’s strategy is the same with the strategy in the deterministic
environment, and when b ≥ 3.25, the operational strategy will change from conservative to radical.
That is, as CPG increases, manufacturers and suppliers will seize the opportunity of the market to
pursue higher profits, leading to radical strategies that threaten the sustainability of supply chain
cooperation. The cooperation between suppliers and manufacturers has an increasing probability to
end in the first stage.
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On the other hand, how the uncertainty of CPG influences the supplier’s operating decisions
and cooperation sustainability is shown in Figure 3. Recall that the uncertainty of CPG will promote
emerging suppliers to improve the green innovation of their products, as demonstrated in Proposition 2.
Figure 3 confirms this positive effect. Actually, the uncertainty of CPG not only increases the supplier’s
expected profit, but also increase the manufacturer’s expected profit. However, allocating large cash
flow on green investment will also make the cooperation of green supply chain more fragile.Sustainability 2019, 11, x FOR PEER REVIEW 10 of 15 
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(2) Survival Threshold

Because of the survival thresholds, the production operations of emerging suppliers are subject to
financial constraints. Figure 4 depicts that financial constraints can inhibit suppliers’ investment in
green innovation. As survival threshold increases, the green investment under stochastic environment
reduces much slower than that under deterministic environment. This is because that suppliers want
to pursue higher returns in a risky environment. Of course, financial constraints will inevitably reduce
the profits of both corporations as they limit the resource allocation of enterprises. What’s more, the
supplier’s operation risk will greatly increase and the cooperation has a higher probability to end in
the first stage.
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(3) Investment-sharing proportion

The investment-sharing proportion β measures the level that emerging supplier bears the green
investment. It is easily understood that the more the supplier affords, the less motivations for green
innovation it has. So that the green innovation is monotonously weakened as the investment sharing
ratio increases, which shows in Figure 5. However, change of the supplier’s wholesale price does not
present such monotonicity. It is determined by two competing forces: (1) the emerging supplier’s
demand for cash flow is also reducing. (2) the increasing proportion that the suppliers bear the
investment challenges the supplier’s cash flow. Finally, the supplier’s wholesale price increases first
and then decreases with the increasing investment-sharing proportion. Figure 5 also describes that
even the supplier reduces its green investment give lesser support from manufacturer, its conservative
strategy allows him a higher survival chance, which makes the cooperation more sustainable.
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The optimal investment-sharing proportion β∗ deserves further discussion. It is also determined
by two competing forces. On the one hand, as the investment-sharing proportion increases, the supplier
reduces its green investment. Lower product greenness leads to lower revenue of the manufacturer.
On the other hand, lower investment also means larger cash flow for supplier, which means larger
cooperation sustainability. Therefore, the manufacturer can obtain larger expected sustainable profit
if the emerging supplier survives into the second stage. Thus, positive impact of the increasing
sustainability and negative impact of the decreasing greenness jointly determine that the optimal
investment-sharing proportion is about β∗ ≈ 0.22.

5. Conclusions

Choosing a proper contract to stimulate green innovation of the finance-constrained emerging
supplier is an important issue in green supply chain. Referring to the problem, this study constructs a
two-stage model to analyze the greenness decisions and the cooperation sustainability in green
supply chain under the influence of uncertain CPG, survival threshold, market volatility and
investment-sharing contract. This paper first provides operational decisions in the deterministic
environment as benchmark. Second, uncertainty of CPG and investment-sharing contract are
sequentially introduced. Last, to make our research much more applicable to real life, market
volatility is also considered and operational decisions are studied in a totally stochastic environment
by both model derivation and numerical analysis.

Our results reveal how the finance-constrained emerging supplier coordinates wholesale price
and greenness decisions to against the bankruptcy risk and achieve sustainable cooperation with the
manufacturer. In detail, given only the uncertain CPG, the supplier is more willing to invest in product
greenness than that in the deterministic environment. Further, given both uncertain CPG and market
volatility, compared with the benchmark operational decisions in the deterministic environment, the
supplier would improve (or reduce) the wholesale price and product greenness at the same time.
Numerical analysis also elaborates that these strategies are also influenced by survival threshold and
investment-sharing proportion.

In practice, like the “green supply chain project” launched by GM, the cooperation for green
innovation is often initiated by large downstream manufacturers. The manufacturer has the initiative to
promote green innovation and realizes it mainly through incentive contracts. This paper demonstrates
that when the supplier faces strong financial constraints, the manufacturer is more willing to increase its
financial support to the supplier. When the manufacturer determines the specific investment-sharing
proportion, it must realize the core impact of the supplier’s financial constraints on green supply chain:
the improvement of the participants’ profits originated from green innovation is at the expense of
the increase of the supplier’s bankruptcy risk, which also means the decrease of the manufacturer’s
sustainable profit.

What’s more, even though Equation (14) and Figure 5 determine the optimal investment-sharing
proportion from the perspective of profit maximization, profit is not always the only target of the
manufacturer. Especially with some encouraging policies, manufacturers may sacrifice some profits to
improve the product greenness. In this way, the optimal investment-sharing proportion in Figure 5
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will be in the range of β < 0.22, in other words, the manufacturer will improve its funding to support
the supplier’s green innovation.

Finally, this study also has some limitations which deserve further research. First, it is assumed
that the improvement of product greenness mainly originates from the fixed investment such as
R&D innovation activities in the early stage, which mainly applies to green products with disruptive
innovation, such as electric vehicles. However, conventional vehicles can also achieve certain
environmental protection effects by adding exhaust gas purification equipment. The total cost for the
green attribute in this product mainly falls on the variable cost and is closely related to output. Future
research can focus on how the green supply chain coordination changes under this cost structure.
Second, although symmetrical distributions like normal distribution are taken as classic assumptions
for the uncertainty of DRQ and market shocks in the literature and used in our research, some other
asymmetrical distributions should also be examined because they may affect the monotonicity of
functions shown in the figures. Last, even though some anecdotal evidences regarding start-ups’
quality investment decisions have been provided in the introduction and the literature review, further
empirical study referring to our numerical results will strengthen the validity of our findings.
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Appendix A

Proof of Proposition 1.
πS2(s, b) = max

w2
w2(θ− p2 + bs)

s.t. w1(θ− p1) − ks2
≥ α.

We find that w2 = θ+bs
2 and π∗S2(s, b) = (θ+bs)2

8 . Therefore, the supplier’s profit can be restated as

follows: π∗S = max
w1,s

w1(θ− p1) − ks2 +
(θ+bs)2

8 . Because the total profit of the first stage is dependent

to p1 and s, the expression can be written as: π∗S = max
w1,s

f (w1) + g(s), where f (w1) =
w1(θ−w1)

2 and

g(s) = −ks2 +
(θ+bs)2

8 =
(b2
−8k)s2+2bθs+θ2

8 . Given that the profit of the first stage f (w1) =
w1(θ−w1)

2
is concave, then the profit can be maximized by setting w∗1 = θ

2 Therefore the upper bound of the

investment on green technology in the first stage is πm − α, where πm = θ2

8 , and sm =
√

1
k

(
θ2

8 − α
)
.

However, the discussion on g(s) is complex.
The relationship between 8k and b2 should be analyzed. It can be found that g(s). is concave if

8k > b2, convex if 8k < b2, and linearly increasing otherwise.
If g(s) is concave. The supplier obtains the maximized value sn = bθ

8k−b2 by greenness when

sn < sm, which equates to ∆0 = α−
θ2(b4

−24b2k+64k2)
8∗(b2−8k)2 < 0. ∆0 − α < ∆0 ≤ 0, means that b2 < 12k− 4

√
5k

or b2 > 12k + 4
√

5k (the latter does not exist because 8k > b2). Otherwise, if ∆0 > 0 and 8k > b2, this

expression obtains the maximized profit by greenness s∗ = sm =
√

1
k

(
θ2

8 − α
)
.

If g(s) is convex, the optimal investment is a boundary solution, and it can be obtained by

evaluating the g(s) function for values of 0 and sm. Specifically, g(sm) = −ks2
m +

(θ+bsm)
2

8 and g(0) = θ2

8 .

Because g(sm) − g(0) = (b2
−8k)s2

m+2absm
8 and b2 > 8k, it can be proved that g(sm) > g(0). The supplier

will position the greenness sm.

Finally, if b2 = 8k, the supplier can obtain the maximized profit g(sm) = −ks2
m +

(θ+bsm)
2

8 by sm.
Therefore, Proposition 1 is supported. �
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Proof of Proposition 2. Given the stochastic variable b̃, f (w1) =
w1(θ−w1)

2 remains unchanged, and

g(s) = −ks2 +
∫ (

θ+b̃s
)2

8 ψ
(̃
b
)
d̃b. Following developments in the proof of Proposition 1, Proposition 2

can be proved. �

Proof of Proposition 3. For the manufacturer

π∗M = max
p1≥0

Eε̃1

{
(p1 −w1)(θ+ ε̃1 − p1) − (1− β)ks2

}
+ E

ε̃1 ,̃bπ2
(
β; ε̃1, b̃

)
,

where πM2
(
β; ε̃1, b̃

)
= max

p2
Eε̃2

{
(p2 −w2)

(
θ+ ε̃2 + b̃− p2

)}
.

For the supplier

π∗S = max
w1,s≥0

Eε̃1

{
w1(θ+ ε̃1 − p1) − βks2

}
+ E

ε̃1 ,̃bπ2
(
s; ε̃1, b̃

)
.

The manufacturer’s profit in the second stage can be written as πM2
(
β; ε̃1, b̃

)
=

max
p2

Eε̃2

{
(p2 −w2)

(
θ+ b̃− p2

)}
, then p2 = θ+w2+b̃s

2 , and p1 = θ+w1
2 . By substituting it into the supplier’s

profit function, π∗S can be restated as

π∗S = max
w1,s≥0

Eε̃1

{
w1(θ+ 2ε̃1 −w1)

2
− βks2

}
+ E

ε̃1 ,̃b{

(
θ+ b̃s

)2

8
|πS1(ε̃1) ≥ α}.

Write w1 as w, supplier’s profit can be further simplified,

π∗S = max
w,s≥0
{Eε̃1

{
w(θ+ 2ε̃1 −w)

2
− βks2

}
+

∫
G

∫
∞

0

(
θ+ b̃s

)2

8
ψ
(̃
b
)
w(ε̃1)d̃bdε̃1}

π∗S = max
w,s≥0
{
w(θ−w)

2
− βks2 +

∫
G

∫
∞

0

(
θ+ b̃s

)2

8
ψ
(̃
b
)
w(ε̃1)d̃bdε̃1}

π∗S = max
w,s≥0

w(θ−w)

2
− βks2 +

(θ+ bs)2 + σ2s2

8

1− ϑ

2
(
βks2 + α

)
w

+ w− θ



.

where G =
{
θ
∣∣∣πS1(ε̃1) ≥ α

}
. At the optimality, the following equation holds:

∂π∗S
∂w

=
θ− 2w

2
−
(θ+ bs)2 + σ2s2

8
·z

2
(
βks2 + α

)
w

+ w− θ

·
1−

2
(
βks2 + α

)
w2

 = 0.

Under the investment sharing cooperation wβm = θ/2, sβm =
√

1
βk

(
θ2

8 − α
)
.

Note that
∂π∗S
∂w w→0 > 0,

∂π∗S
∂w w→∞ < 0 and

∂π∗S
∂w is continuous. So

w∗ > wβm ⇔ 1−
2(βks2+α)

w2 < 0⇔ s∗ >sβm, and w∗< wβm ⇔ 1−
2(βks2+α)

w2 >0⇔ s∗ < sm. �

Appendix B

To help readers check the exact values of the represented models, we supplement the figures with
numerical data by tables.
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Table A1. Numerical Data of Figure 2.

b 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50
w 2.91 2.92 2.94 2.95 2.97 2.99 3.01 3.03 3.04
s 0.23 0.44 0.62 0.76 0.87 0.96 1.04 1.10 1.15
F 0.63 0.61 0.58 0.56 0.53 0.51 0.49 0.47 0.46
πm 4.07 4.11 4.17 4.25 4.41 4.60 4.82 5.08 5.38

Table A2. Numerical Data of Figure 3.

b 0.15 0.30 0.45 0.60 0.75 0.9 1.05 1.20 1.35
s 0.9942 0.9951 0.9968 0.9990 1.0020 1.0055 1.0096 1.0144 1.0197
F 0.5016 0.5013 0.5009 0.5003 0.4995 0.4985 0.4974 0.4961 0.4947
πm 4.7086 4.7099 4.712 4.7149 4.7187 4.7234 4.7290 4.7355 4.7430

Table A3. Numerical Data of Figure 4.

α 2.50 2.80 3.1 3.4 3.7 4.0 4.3 4.5
s 1.49 1.39 1.29 1.19 1.10 1.01 0.92 0.87
F 0.73 0.70 0.65 0.61 0.55 0.50 0.44 0.40
πm 7.34 6.80 6.26 5.73 5.22 4.73 4.27 3.99

Table A4. Numerical Data of Figure 5.

β 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
w 5.50 5.48 5.47 5.46 5.46 5.46 5.46 5.46 5.47
s 8.34 5.78 4.65 3.98 3.52 3.18 2.92 2.71 2.54
F 0.86 0.88 0.89 0.90 0.91 0.92 0.92 0.93 0.93
πm 35.52 38.94 38.64 37.91 37.17 36.49 35.87 35.32 34.82
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