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Abstract

This paper incorporates the players’ risk attitudes into a green supply chain (GSC) consisting of a supplier and a retailer. The
supplier conducts production and determines the green level and wholesale price as a game leader; the retailer sells green
products to consumers and determines the retail price as a follower. Equilibrium solutions are derived, and the influence of
risk aversion on the GSC is examined. Our results show that, for the centralized GSC, risk aversion lowers the green level
and the retail price, while for the decentralized GSC, risk aversion lowers the wholesale price and the retail price, but it may
induce the supplier to increase the green level given a high-risk tolerance of the supplier. Meanwhile, the risk-averse decen-
tralized GSC may obtain more expected profit than the risk-neutral decentralized GSC. Furthermore, this paper designs a
revenue-and-cost-sharing joint contract to coordinate the risk-neutral GSC, and such a contract can improve the risk-averse

GSC under specific conditions.
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Introduction

With the advance of economy and sharp increase in energy
consumption, more and more people begin to be concerned
about environmental issues, such as greenhouse effects,
marine pollution, ecological environment deterioration,
and energy crises. Green production and clean energy have
become global priorities for protecting the environment.
Meanwhile, people’s consciousness of environmental pro-
tection and health is increasing, and they are increasingly
in favor of green consumption (Hong and Guo 2019; Bai
et al. 2020; Li et al. 2021a; Wang et al. 2021). Then, the
enterprises have the motivation to produce green products
with consumers’ green demand fed back from downstream
retailers (Wang et al. 2021). In practice, Patagonia is a
typical clothing company producing green products. When
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producing the Eco Rain Shell Jacket, Patagonia collabo-
rates with its suppliers to make efforts in material changes,
finally substituting perfluorooctanoic acid with polyester and
polyurethane to reduce polluting the environment. Mean-
while, Patagonia teams up with Centerstone Technologies
to serve consumers more efficiently and increases inventory
turns and, thus, revenues (Ghosh and Shah 2012). In China,
many enterprises have begun to regard green development as
their social responsibility and have started green production.
For environmentally friendly considerations, China Baowu
Steel Group Corporation, a leading manufacturer of steel
products, has adopted the Baosteel Product Environmental
Index (BPEI) to promote the development of green products.
Baowu has achieved substantial growth in green products by
reducing carbon emissions through Baosteel laminated steel
and Baosteel quenching-partitioning steel.! Another example
is from the Haier Group, a leading brand of white goods
business, which carries out the 4G strategy of “Green Prod-
uct, Green Enterprise, Green Culture, and Green Recovery”
to realize a harmonious relationship between humans and
nature. They develop MagLev central air-conditioning, “no

! http://res.baowugroup.com/files/2019/11/27/628f2cf8866742¢
2897796abc022230a.pdf
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external barrel” washing machines, and other green products
with high efficiency and energy savings that are welcomed
by consumers.”

Generally, the introduction of green products changes the
competition structures and optimal decisions of a supply chain
(SC). Many scholars have begun to study game models and
cooperation mechanisms between suppliers and retailers in
green supply chains (GSCs) (Hong and Guo 2019; Heydari
et al. 2019; Li et al. 2021a, 2021b; Chen et al. 2021). Some
scholars believe that enterprises may face greater risks in a
GSC than those in a traditional SC and hence introduce risk
attitudes into GSC management. For example, Zhao et al.
(2020) construct a SC under carbon emission tax regulation
and apply the conditional value-at-risk (CVaR) criteria to
quantify the risk-averse attitude of the retailer. Then, both the
risk-neutral supplier’s optimal production quantity and the
risk-averse retailer’s optimal order quantity are investigated.
Bai et al. (2020) adopt the mean—variance (MV) method and
use utility profit to reflect the players’ risk-averse attitudes and
then develop two optimization models for manufacturer-led
decentralized systems with and without technology invest-
ment. They mainly examine the impacts of sustainability
investment and risk aversion on the SC coordination. Wang
et al. (2021) also use the utility function to evaluate the risk-
averse players’ performance in a GSC and propose three con-
tracts to improve the green level of products. From the above
discussions, we can conclude that the players’ risk aversion
has raised many concerns in GSC management. Through this
study, we want to stress the following questions:

(1) How do the players’ risk-averse attitudes affect the GSC
members’ optimal decisions?

(2) How do the players’ risk-averse attitudes affect the per-
formance of the GSC?

(3) How can the revenue-and-cost-sharing (RCS) joint
contract improve the performance of GSCs with risk
neutrality and risk aversion?

To answer the above questions, a GSC with a risk-averse
supplier and a risk-averse retailer is established. The supplier
firstly makes decision on the green level and the wholesale
price, and then the retailer determines the retail price. We
apply the MV model to quantify the players’ risk-averse atti-
tudes and introduce the concept of risk tolerance to reflect
the degree of the players’ risk aversion. To clearly dig out
the influence of players’ risk-averse attitudes on the GSC,
we develop a risk-neutral GSC as a basic model. The equi-
librium solutions of a risk-neutral and a risk-averse GSC are
derived and compared. Furthermore, the RCS joint contract

2 https://imagegroup].haier.com/global/cst/W0202007216044639587
89.pdf?spm=net.32021%20pc.hg2020%20srdownload_20200908.3

@ Springer

is designed to improve the performance of GSCs with risk
neutrality and risk aversion. In general, we obtain the fol-
lowing key findings.

a. When risk tolerance is valid, the equilibrium retail price
and green level in the risk-averse centralized GSC are
lower than those in the risk-neutral centralized GSC.
Meanwhile, the equilibrium retail price and wholesale
price in the risk-averse decentralized GSC are lower than
those in the risk-neutral decentralized GSC, but this is
not always true for the green level.

b. When risk tolerance is valid, the expected profit of the
risk-averse centralized GSC is lower than that of the
risk-neutral centralized GSC. However, the expected
outcome is very different in the case of decentralized
GSCs: when the supplier’s risk tolerance is relatively
high, the risk-averse supplier’s optimal expected profit
is higher than that of the risk-neutral supplier; and when
the supplier’s risk tolerance is relatively low but the
retailer’s risk tolerance is relatively high, the risk-averse
retailer’s optimal expected profit is higher than that of
the risk-neutral retailer. Generally, the expected profit of
the risk-averse decentralized GSC may be higher than
that of the risk-neutral decentralized GSC.

c.  When introducing the RCS joint contract, if the contract
parameters satisfy certain conditions, the risk-neutral
GSC and the risk-averse GSC are efficient in improving
the performance. Meanwhile, the RSC joint contract can
coordinate the risk-neutral GSC, and the coordinating
profits can be flexibly allocated between the two mem-
bers by adjusting the revenue-sharing ratio or the cost-
sharing ratio. The RSC joint contract, however, cannot
coordinate the risk-averse GSC; it can only improve both
members’ expected profits under specific conditions.

The rest of this paper is organized as follows. Literature
review of GSC coordination and risk aversion is presented
in “Literature review”. “Model development” constructs
the decision models of GSCs with risk neutrality and risk
aversion. The optimal solutions and corresponding expected
profits are obtained in different models. “Contract design”
proposes the RCS contract with different schemes to improve
the performance of GSCs. “Numerical examples” gives a
numerical study to validate the propositions. “Conclusions
and discussions” summarizes the conclusions. All proofs are
shown in the appendix.

Literature review

In recent years, there have been many studies on GSCs. In
general, two categories have attracted attention in GSC man-
agement: pricing and quantity tactics (Huang et al. 2016;
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Taleizadeh et al. 2018; Liu 2019; Qu et al. 2019; Li et al.
2021b) and cooperation and GSC coordination (Ghosh and
Shah 2012, 2015; Swami and Shah 2013). Two streams of
literature are bound up: GSC coordination and risk aversion.
In the next, we mainly review these two streams and propose
the research position of this study.

GSC coordination

GSC management has been the subject of much concern
in recent decades. Many scholars consider that when green
products are produced and sold to consumers, their demand
function is different from that for nongreen products. Ghosh
and Shah (2012) model the demand for green products as a
linear function of the green level and retail price, which can
reflect both “price-"" and “green-"" conscious consumer bases.
They examine and compare the equilibrium solutions given
different channel structures and investigate the impacts of
channel structure on the optimal decisions. Finally, a two-
part tariff contract is designed to improve the efficiency of
the GSC. When enterprises make investments in R&D to
improve the green level of products, advanced technologies
are adopted to conduct green production processes, and they
incur certain cost, which can be summarized as greening
cost. (Ghosh and Shah 2012) or greenness cost (Liu et al.
2021). Swami and Shah (2013) find that the ratio of the opti-
mal green efforts invested by the GSC members is equal
to the ratio of their green sensitivity ratios and greening
cost ratios. Ghosh and Shah (2015) study the coordination
problem of a GSC and introduce two kinds of cost-sharing
contracts: one is offered by the retailer, and the other is pro-
posed through bargaining. The results show that the latter
contract leads to a higher GSC surplus than the former con-
tract. Basiri and Heydari (2017) consider the situation in
which the SC sells both traditional nongreen products and
new substitutable green products in the same channel and
then proposes a collaboration strategy for the manufacturer
and the retailer. The study reveals that the proposed col-
laboration model is capable of enhancing the SC profit fairly
close to the centralized model and also ensures higher profits
for both channel members. In addition to producing green
products, reducing carbon emissions can also be seen as a
key process in green production and can be considered in the
category of GSC management. Xu et al. (2017) propose a
GSC with one manufacturer and one retailer under cap-and-
trade regulation; they focus on studying the production and
emission abatement decisions of the GSC. Then, a wholesale
price contract and a cost-sharing contract are designed to
coordinate the GSC. Taleizadeh et al. (2018) introduce a
two-echelon GSC selling a product with low-carbon emis-
sion and discuss the competition between one manufacturer
and one retailer. In their study, three different contracts are
designed to coordinate the GSC. Liu (2019) explores a GSC

consisting of one retailer and one low-carbon manufacturer
and proposes four different kinds of cost-sharing contracts
to coordinate the GSC.

Risk aversion

Risk management has become increasingly important in
today’s complex SCs (Yang et al. 2021). More and more
studies have emphasized the need to integrate risk manage-
ment strategies into the company’s decision-making pro-
cess. For most SCs, they may face demand uncertainty or
supply uncertainty in reality. Hence, the SC members pay
much attention to risk management. Many scholars have
studied the problem of risk management in SC. Xie et al.
(2011) find that risk aversion significantly affects the SC’s
quality investment and pricing decisions. Xiao and Yang
(2009) demonstrate that given a high-risk-sharing cost of
the manufacturer, a high-risk-averse retailer chooses a higher
wholesale price than a low-risk-averse retailer. Yang et al.
(2018) reveal that, when the supplier is sufficiently more risk
averse than the retailer, the optimal order quantity in the pull
newsvendor model is lower than that in the push newsvendor
model, and this result is the opposite to the risk-neutral SC.

To date, researchers have proposed various methods to
model risk attitudes in decision-making problems, such as
MYV (Choi et al. 2008, 2019; Xu et al. 2014; Liu et al. 2016;
Zhuo et al. 2018), value at risk (VaR) (Tapiero 2005; Wang
et al. 2009; Kellner and Rosch 2016), CVaR (Li et al. 2016a;
Zhu et al. 2020; Fan et al. 2020; Liu et al. 2020), and down-
side risk aversion (DRA) (Yao et al. 2016; Cai et al. 2019).

The MV formulation is a groundbreaking theory for
portfolio risk management in finance Markowitz (1952).
Markowitz’s portfolio theory believes that investors expect
the greatest return, but they are risk averse. Hence, the basis
for investors to establish a portfolio is to maximize the return
under a given risk level, and the given risk level is called risk
tolerance. Over the recent past decades, Markowitz’s MV
framework has extended its influence from financial studies
to SC studies (Chiu and Choi 2016). The core of portfo-
lio research is to pursue the goal of maximizing returns by
portfolios within the risk tolerance. Hence, for risk-averse
decision-makers in SCs, they need to make decisions within
their risk tolerance.

The MV model is widely adopted by researchers to study
the optimal decisions and coordination mechanisms of a SC
with risk-averse attitudes (Chiu and Choi 2016; Bai et al.
2020). To cite a few, Wei and Choi (2010) use the MV deci-
sion framework to measure the players’ risk attitudes and
introduce a wholesale pricing and profit-sharing scheme to
coordinate the SC. Xu et al. (2014) establish a dual-channel
SC and derive and compare the risk-averse members’ opti-
mal decisions under the MV model. Then, a two-way reve-
nue-sharing contract is proposed to realize SC coordination.

@ Springer
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Table 1 Summary of some relevant literature

Papers

SC structure

Type of contract

Green SC Risk measure methods

Risk preference

Bai et al. (2020)

Cai et al. (2019)
Fan et al. (2020)

Ghosh and Shah (2015)

Li et al. (2016a)
Liu et al. (2020)

Wang et al. (2021)

Yao et al. (2016)

Zhao et al. (2020)

Zhu et al. (2020)

Zhuo et al. (2018)

This paper

One manufacturer and
one retailer

One supplier and one
buyer

One supplier and one
buyer

One manufacturer and
one retailer

One supplier and one
retailer

One supplier and one
retailer

One supplier and one
retailer

One supplier and one
retailer

One supplier and one
retailer

One manufacturer and
one retailer

One supplier and one
retailer

One supplier and one
retailer

Revenue-sharing con-
tract; two-part tariff
contract

Revenue-sharing con-
tract

Option contract

Cost-sharing contract;
bargaining cost-sharing
contract

Rik-sharing contract
Option contract

Wholesale price con-
tract; reward contract
without target green
degree; reward con-
tract with target green
degree

Price-only contract;
returns policies con-
tract; revenue-sharing
contract

Call option contract

A joint contract consist-
ing of a revenue-
sharing contract and
an improved buyback
contract

Option contract

Revenue-and-cost-
sharing (RCS) joint
contract

\/

v

Utility function based
on MV

DRA

CVaR

CVaR
CVaR

Utility function based
on MV

DRA

CVaR

CVaR

MV

MV

Risk-averse manufacturer
and risk-averse retailer

Risk-averse supplier and
risk-averse buyer

Risk-averse supplier and
risk-averse buyer

Risk-neutral manufacturer
and risk-neutral retailer

Risk-neutral supplier and
risk-averse retailer

Risk-neutral supplier and
risk-averse retailer

Risk-averse supplier and
risk-averse retailer

Risk-neutral supplier and
risk-averse retailer

Risk-neutral supplier and
risk-averse retailer

Risk-neutral manufacturer
and risk-averse retailer

Risk-averse supplier and
risk-averse retailer

Risk-averse supplier and
risk-averse retailer

Zhuo et al. (2018) use the MV method to model the SC
members’ risk-averse attitudes and find that under an option
contract, a relatively high-risk tolerance can induce the sup-
plier to decrease the exercise price. Bai et al. (2020) use
utility profits to evaluate the players’ performance based on
the MV framework and then study the effect of sustainability
investment on the GSC. Wang et al. (2021) also adopt the
MYV approach and present a utility function to measure the
members’ risk attitudes and then analyze the members’ opti-
mal decisions about the green level and the retail price in a
GSC. In this study, we also consider a GSC with a supplier
producing green products, and we employ the MV approach
to model the members’ risk-averse attitudes. Moreover, the
risk tolerance is adopted in the GSC to reflect the degrees of
the members’ risk aversion.

Under the MV formulation, two methods are often used
to build risk management models. The first method is to

@ Springer

maximize the expected profit under the constraint of ran-
dom profit variance (Xie et al. 2011; Xu et al. 2014; Liu
et al. 2016; Zhuo et al. 2018; Raza and Govindaluri 2019).
The second method is to maximize utility function under the
MV framework (Bai et al. 2020; Wang et al. 2021). In the
newsvendor setting, the first method has very nice features
and physical meanings. The first method is better than the
second method in the sense that the solution is well-bounded
and there won’t be problem associated with negative “utility”
as can be found in the second method (Chiu and Choi 2016).

The distinctiveness of this research

Table 1 makes a clear comparison between this paper and
most related literature to posit the contributions. We develop
a GSC with a risk-averse supplier producing green products
and selling the products through a risk-averse retailer. The
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impact of risk aversion on the GSC is examined by deriv-
ing and comparing the optimal decisions of the GSCs with
risk neutrality and risk aversion. Most related works can be
found in Bai et al. (2020) and Zhao et al. (2020). Bai et al.
(2020) employ the MV approach to develop a manufacturer-
led GSC with technology investment in green products. The
members’ optimal decisions are derived by maximizing their
utility profits. Then, they design a two-part tariff contract to
realize GSC coordination. Zhao et al. (2020) consider a SC
under carbon emission tax regulation. The retailer is risk
averse, and the CVaR method is adopted to quantify the risk-
averse attitude. Then, they propose a call option contract to
improve both members’ profits. Different from their works,
we adopt the MV method in which a parameter of risk tol-
erance is applied to measure the members’ risk aversion.
Meanwhile, we develop a risk-neutral GSC as a basic model
and compare the optimal decisions of a risk-neutral and a
risk-averse GSC. Thus, the influence of risk aversion on the
GSC is investigated. Furthermore, joint RCS contracts are
proposed to improve the GSCs with risk neutrality and risk
aversion. Generally speaking, the main contributions of our
study can be summarized in the following.

(1) We introduce the MV method to reflect the GSC mem-
bers’ risk aversion from a new perspective in which the
concept of risk tolerance is adopted. Such a research
perspective combines the goal of maximizing the
expected profits and the consideration of avoiding high
risks of the members together. Thus, our results can
help enterprises make optimal decisions according to
the risk tolerances.

(2) We contribute to the literature on improving the GSC
performance by designing the RCS joint contract. The
contract scheme can be easily applied in practice to
strengthen the cooperation between the members in a
risk-averse GSC.

(3) We identify the key characteristics of risk-neutral GSCs
through comparison analysis between risk-neutral
GSCs and risk-averse GSCs. The key findings can help
enterprises be aware of the impacts of risk aversion
on GSCs and can be applied in practice to support the
enterprises’ decisions.

Model development

We establish a GSC consisting of a supplier (“he”) and a
retailer (“she”). The retailer purchases green products from
the supplier and sells the products to consumers. We assume
the unit production cost is ¢, the wholesale price is w, and
the retail price is p.The demand function can be expressed

Table 2 Main notations

Description
Notation
X Random market demand
u The mean value of random market demand
o The standard variance of random market demand
c, ¢, Unit production cost, greening cost
p Retail price
w Wholesale price
q Order quantity
0 Green level
A Revenue-sharing ratio
¢ Cost-sharing ratio
n Greening effort cost coefficient
b, g Retail price elastic coefficient and green elastic coef-
ficient
R, R, R, Risktolerances of the GSC, the supplier, and the retailer
Fia Profit
Subscript
r Retailer
s Supplier
t The GSC
Superscript
d Decentralized GSC
s Revenue-and-cost-sharing contract
R Risk-averse GSC
* Optimal solution

as g = x — bp + g0, where x is a stochastic variable denoting
the market potential with mean value u and variance 5%, b
denotes the retail price sensitivity, 8 is the green level, and g
denotes the market greening responsiveness. Then, a higher
green level and a lower retail price can help expand the
demand for products. To reflect the supplier’s cost for R&D
investment in green production, many scholars assume the
greening cost as a quadratic function of the green level (Li
et al. 2016b; Zhu and He 2017; Song and Gao 2018). In this
paper, we utilize the greening cost function as ¢, = %1702,
which is independent of the production quantity. Here, n > 0
denotes the greening effort cost efficiency.

In this paper, we assume that both members are risk
averse, adopt the MV model, and introduce a parameter R
(R > 0) to represent the risk tolerance of the decision-maker.
Here, a higher R indicates a higher risk tolerance, which
means that the decision-maker is less afraid of uncertainty
and is more adventurous. Then, R = co means that the deci-
sion-maker is totally risk neutral; R = O indicates that the
decision-maker is completely risk averse. Table 2 lists the
main notations employed in the paper.

To simplify our analysis without loss of generality, we
further assume that (i) p > w and w > ¢ > 0, which ensure
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that each member can make a positive profit; (if) b > g and
n > g, which suggest that consumers are more sensitive to
the retail price than to the green level, and then the supplier
needs to make substantial investments to obtain a certain
green level; (iii) R, = R, + R,, which demonstrates that the
GSC’s risk tolerance equals to the summation of the sup-
plier’s risk tolerance and retailer’s risk tolerance; and (iv)
q = u — bc > 0, which ensures that the market demand for
nongreen products is positive.

Centralized GSC

In this section, we mainly investigate the centralized GSC
in which the supplier and the retailer make decisions as a
union to optimize performance of the whole GSC. Let x,
denote the GSC'’s stochastic profit. For the risk-neutral cen-
tralized GSC, it aims to maximize the expected profit in the
following.

E() = (0 = O = bp + 86) = 200" 1)

Then, the risk-averse centralized GSC needs to maximize
the expected profit with the constraint of the standard vari-
ance of the stochastic profit.

max E(r,)

s.t.A/Var(z,) <R, )

Here, R, > 0 is the risk tolerance of the centralized GSC.
A higher R, implies that the risk tolerance of the GSC tends
to be higher, and the GSC is less risk averse. Var(x,) is the
variance of the centralized GSC’s stochastic profit, which
can be expressed as follows:

Var(z,) = Elx, — E(z)]* = (p — ¢)*6* 3)

By analyzing the decision models of the centralized GSCs
with risk neutrality and risk aversion, we obtain Proposition 1.
Proposition 1. When the centralized GSC is risk neutral,

the optimal retail price and green level are p} = %
and 0* = (Z"b_”b_‘;f ; when the centralized GSC is risk averse, if

R, <R, the optimal retail price and green level are
pr = % +cand 0% = i—lj; here R’ = —(';b_:ffz”.

Proposition 1 demonstrates that a unique equilibrium
solution exists when the centralized GSC is risk neutral. On
the other hand, for the risk-averse centralized GSC, when the
risk tolerance R, is relatively low, i.e., R, < R, Constraint 2)
is valid; there also exists a unique equilibrium solution. It is
evident that the risk-averse GSC’s optimal green level and
retail price are smaller than those of the risk-neutral GSC;
when the risk tolerance R, is relatively high, i.e., R, > R,
Constraint (2) becomes invalid, and the risk-averse GSC’s
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problem becomes the risk-neutral GSC’s problem. In the
rest of the paper, we only consider the situation when the
constraint is valid, i.e., risk tolerance is valid. From Proposi-
tion 1, we can further deduce the conclusions presented in
Corollary 1.

Corollary 1 (a) For the risk-neutral centralized GSC,
both py and 67 increase with u and g, decrease with b and
n, and are independent of §; for the risk-averse centralized
GSC, both pf* and Hf* increase with R,, decrease with , and
are independent of u and b; meanwhile, pf* is independent
of g and #, and Of* increases with g and decreases with 7.
(b) The risk-tolerance threshold R increases with u, g, and
6 and decreases with b.

According to Corollary 1 (a), the risk-neutral centralized
GSC is concentrated on u, g, b, and # when choosing its opti-
mal retail price and green level. The impacts of the increases
of u and g are positive, and the impacts of the increases
of b and n are negative. Since the risk-neutral centralized
GSC focuses on maximizing its expected profit, the standard
deviation cannot influence its optimal decisions; however,
for the risk-averse centralized GSC, both optimal retail price
and green level are independent of u and b. It is mainly con-
centrated on R, and 6: The impact of the increase of R, is
positive, and the impact of the increase of 6 is negative. The
interesting result is that the optimal retail price is independ-
ent of g, and the optimal green level increases with g. The
main reason is that the optimal green level doesn’t directly
influence the standard deviation of the stochastic profit. Then
the increase of g intuitively improves the optimal green level
even when the centralized GSC is risk averse. Similar man-
agement insights also can be used to explain why the optimal
retail price is independent of # and the optimal green level
decreases with #.

Corollary 1 (b) shows that, with the increases of i, g, and
0, the risk-averse centralized GSC will face the increase of
the risk-tolerance threshold R'. A relatively high R means
that the risk-averse centralized GSC is more sensitive to
risks since R, < R’ more easily holds. On the contrary, with
the increases of b, the risk-averse centralized GSC will face
the decrease of the risk-tolerance threshold R'. A relatively
low R means that the risk-averse centralized GSC is less
sensitive to risks since R, < R more difficultly holds.

Corollary 2. Comparing the risk-neutral centralized
GSC with the risk-averse centralized GSC, we can obtain
pRe < pr 0% < 07, and E(xR) < E(x).

Corollary 2 concludes that when risk tolerance is valid,
the risk-averse centralized GSC chooses a lower green level
than the risk-neutral GSC, as well as the retail price. Corre-
spondingly, the risk-averse centralized GSC obtains a lower
expected profit than the risk-neutral centralized GSC. It indi-
cates that risk aversion makes the centralized GSC more
cautious when making decisions, and thus, the expected
profit of the GSC is decreased.
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Decentralized GSC

In a decentralized GSC, both the GSC members make deci-
sions from the perspective of their own benefits. For the
risk-neutral decentralized GSC, all members seek to maxi-
mize their expected profits. Here, the risk-neutral retailer’s
expected profit can be written as follows:

E(x!) = (p = w)(u — bp + g0) )

Then, the risk-averse retailer needs to maximize the
expected profit with the constraint of the standard variance
of the stochastic profit.

max E(ﬂf)

s.t.y/Var(z?) <R, (5

Here, R, > 0 denotes the retailer’s risk tolerance. A higher
R, indicates that the retailer is less risk averse. Var(z?) is
the variance of the retailer’s stochastic profit, which can be
given as follows:

Var(z?) = E[z? — E(x)]* = (p — w)*6* (6)

Similarly, a risk-neutral supplier’s expected profit can be
expressed as follows:

E(x) = (v = )u— bp + g0) = 2n0° ™

Then, the risk-averse supplier needs to maximize the
expected profit with the constraint of the standard variance
of the stochastic profit.

max E(ﬂf)

s.t.A/ Var(z?) < R, (®

Here, R, > Ois the risk tolerance of the supplier. A higher
R, implies that the supplier is less risk averse. Var(ﬂf ) is the
variance of the supplier’s stochastic profit, which can be
given by the following:

Var(z?) = E[z? — E(x)* = (w — ¢)*6* )

Using backward induction, we can obtain the members’
optimal decisions in GSCs with risk neutrality and risk aver-
sion, as shown in Proposition 2.

Proposition 2. When the GSC members are risk neutral,
the optimal wholesale price, green level, and retail price are

. dx _ 2w=bo)n dx _ (u=bo)g dx
Sglvzzn by w = g T o = 4bn—g?’ and p™ =
% + ¢; when the GSC members are risk averse, if
R, < Rf' and R, < R‘f' hold together, the optimal wholesale

price, green level, and retail price are given by w®* = % +c,
giRs = %‘f, and p?®* = % + c. Here, Rg’ = Rf’ = _(;‘b‘:f?;”.

Proposition 2 demonstrates that a unique equilibrium
exists in the risk-neutral decentralized GSC. For the risk-
averse decentralized GSC, there also exists a unique equi-
librium when the risk constraints are valid. By analyzing
the optimal decisions in different decentralized GSCs with
risk neutrality and risk aversion, we can further deduce the
following corollary.

Corollary 3. (a) For the risk-neutral decentralized GSC,
pd*, 09* and w?* increase with u and g, decrease with b, and
are independent of 6; for the risk-averse decentralized GSC,
pR* R and wek* increase with R, decrease with &, and
are independent of u; 8% increases with g; p®* increases
with R,; and (b) R? and R? increase with u, g and & but
decrease with b.

Corollary 3 (a) can be illustrated as follows. For the
risk-neutral decentralized GSC, a high mean value of the
market potential indicates an optimistic market demand,
and a high green elastic coefficient means a high consum-
ers’ sensitiveness to the green level. Then, the supplier
tends to increase the green level and wholesale price,
which induces the retailer to choose a higher retail price.
Meanwhile, the risk-neutral GSC members’ decisions
are not influenced by the standard variance of the market
potential.

Different from the risk-neutral GSC, the risk-averse GSC
members’ optimal decisions are not influenced by the mean
value of the market potential, but they are affected by the
standard variance of the market potential and the members’
risk tolerances. This is because risk-averse members are
more concerned about the fluctuation of market demand,
and thus, their decisions are deeply related to risk tolerance.
Especially, we find that an increase in the supplier’s risk
tolerance can increase all values of equilibrium decisions,
while the impacts from the standard deviation of the market
potential are opposite. Furthermore, the equilibrium green
level is increasing in the green elastic coefficient, and the
equilibrium retail price is increasing in the retailer’s risk
tolerance.

From Corollary 3 (b), we can also conclude that with
the increase of u, g, and &, both the supplier and the
retailer become less sensitive to risks, while with the
increase of b, the two members become more sensitive to
risks. This conclusion is consistent with that in the cen-
tralized GSC.

To focus on discussing the decision differences between
the decentralized GSCs with different risk attitudes, we can
further deduce Corollary 4 as follows.

Corollary 4. When R, < R? and R, < R?, there exist (a)

piR* < pd* and wi* < we; (b) if 0 < R, < % then
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gIR* < gd*: if (be‘>5” <R, < R?, then g% > ¢4*; (c) if
0 <R, <R, thenE( ) > E( ;’R")ufR‘r]t <R, <R’ then

dRx i (u=bc)s by
E( r )SE( r )’ (d) if 0<R;~<T(1_ 4}7’7 g) and
0<RX<R§t hold together, or (u Ii)c)é

<1_ /%><Rr<Rf/holds,thenE( )>E( dR*)

andif0 < R, < @90 (] %)ande’ <R, < R?hold

together, then E (%) < E(z%*).

@=bc)on—bn—g)R, _ _ [ ( w=beon—bn-g?R, \* _
2bn 2bn

(u—bzr)2 5252
@bn—g>)% *
(u=bc)2 62 (2bn—g2)
4by—g2

Here, RY =

U 2
and rR¥ = Mfgz {(u —be)s — bR, — \/ ((u—bc)s —bR,)" -

Corollary 4 (a) shows when risk tolerance is valid, the
risk-averse decentralized GSC’s optimal retail price and
wholesale price are lower than those of the risk-neutral
decentralized GSC. That is because both the GSC mem-
bers are more cautious in making decisions when they are
risk averse. By decreasing the optimal retail price and green
level, the GSC members can control their risks according to
their risk tolerances.

Corollary 4 (b) indicates that the relative sizes of the
risk neutral supplier’s optimal green level and the risk-
averse supplier’s optimal green level depend on the value
of R,. If the risk-averse supplier’s risk tolerance is rela-

tively high, i.e., (Zb bddn < R, < Rd he is inclined to select

a green level higher than that of the risk-neutral supplier.
However, if the risk-averse supplier’s risk tolerance is rela-
tively low, i.e., 0 <R, < (” bc)‘s” , he is inclined to choose

a green level lower than that of the risk-neutral supplier.
Hence, a relatively high-risk tolerance, i.e.,
% <R < Rf(, can induce the risk-averse supplier to
choose a relatively high service level, which benefits the
consumers.

Corollary 4 (c) means that the relative sizes of the
risk-neutral retailer’s optimal expected profit and the
risk-averse supplier’s optimal expected profit depend
on the risk-averse retailer’s risk tolerance. A relatively
high-risk tolerance, i.e., Rf’ <R, < Rfl, benefits the
risk-averse retailer. On the contrary, a relatively low-
risk tolerance, i.e., 0 < R, < R‘r”, damages the risk-averse
retailer.

According to Corollary 4 (d), if the risk-averse retailer’s

risk tolerance is relatively high, i.e., (u_;l,w)&

— [ 2g o .- o,
(1 4/»1—g2> <R, <R, the risk-averse supplier’s

expected profit is lower than that of the risk-neutral supplier.
However, if the risk-averse retailer’s risk tolerance is

@ Springer

2bn—g* :
the risk-
4bn—g? ):

relatively low, i.e.,0 <R, < W—jc)é(l _

averse supplier’s expected profit is higher than that of the
risk-neutral supplier if and only if his risk tolerance is rela-
tively high, i.e., R < R, < R’

CorollaryS 10 < R, < Rdh and0 < R, < R%hold together,
then E(z%) > E(x dR*) if0 <R, < Rdh and R < R, < RY
hold together orR" <R <R holds then E ( " ) < E( ndR*)
Her e, R = o ibi,;tb,,iiz )] ;

(w=be)sn-(2bn-¢)R, \/ e O g (24 (R, )z

2bn—g* 2bn—g?
Corollary 5 shows that, if the risk-averse retaller s risk
tolerance is relatively high, i.e., Rf”‘ < Rr < R‘f , the total
expected profit of the risk-averse decentralized GSC is
higher than that of the risk-neutral decentralized GSC. How-
ever, if the risk-averse retailer’s risk tolerance is relatively
low, i.e.,0 < R, < R™, the total expected profit of the risk-
averse decentralized GSC is higher than that of the risk-
neutral decentralized GSC if and only if the risk-averse sup-
plier’s risk tolerance is relatively high, i.e., th <R, < Rf’.

Furthermore, we compare the results in Proposition 1 and
Proposition 2 and then summarize the conclusions in Corol-
lary 6 as follows.

Corollary 6. When R, <R', R, < Rf/, and R, < R‘f’,
there exist (a) 0% < 67 and 7% < 6%*; (b) p* < p?* and
pi* = ™ (©) E(z%™) < E(x?) and E(z%*) < E(z*); and
(d)R" > R', where R* = R? +RY.

Corollary 6 reveals that (i) no matter risk attitudes are
introduced or not, the centralized GSC’s optimal green
level is higher than that of the decentralized GSC, and
the centralized GSC obtains a higher expected profit
compared with the decentralized GSC. Compared with
the centralized GSC, the supplier always sets a lower
green level, and the double marginalization effect is
obvious in the decentralized GSC; (ii) if no risk atti-
tude is introduced, the centralized GSC’s optimal retail
price is lower than that of the decentralized GSC. If risk
attitudes are introduced, the centralized GSC’s optimal
retail price is equal to that of the decentralized GSC.
Such result reveals that integration can induce the risk-
neutral GSC and set a lower retail price to expand mar-
ket, but the risk-averse centralized GSC still keeps the
same retail price as the risk-averse decentralized GSC so
as to control risks; (iii) Corollary 6 (d) reveals a special
relationship between R? and R', i.e., R‘r” + R;" > R’. Such
relationship shows that, compared with the risk-averse
decentralized GSC, risk-averse centralized GSC faces a
relatively low total risk-tolerance threshold. Such result
partly means integration may help GSC strengthens the
capability to face risks.

Rdh
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Contract design

Now, we introduce an RCS joint contract consisting of a
revenue-sharing ratio and a cost-sharing ratio to improve
the performance of the GSC. Such a contract scheme is
applied in many industries, like the chemical, apparel, and
pharmaceutical industries. For example, in the pharmaceuti-
cal industry, Fosun Pharma and BioNTech have reached an
agreement on the mRNA Covid-19 vaccine BNT162. Fosun
Pharma bears a certain ratio of R&D costs and shares a cer-
tain proportion of sales revenue, thus improving the perfor-
mance of the SC. In this section, we adopt such a contract to
improve the efficiency of GSCs with risk neutrality and risk
aversion, respectively. In the RCS joint contract, A denotes
the revenue-sharing ratio, and ¢ is the cost-sharing ratio.
Then, the retailer shares the faction A of the sales revenue,
and the supplier shares the remaining fraction 1 — A. Mean-
while, the retailer bears the fraction ¢ of the greening cost,
and the supplier bears the remaining fraction 1 — ¢p. When
A= land ¢ = 0, the RCS joint contract is reduced to a sim-
ple wholesale price contract like that in the decentralized
GSC, and no revenue or greening cost is shared between two
members. When 4 = 0 and ¢ = 1, neither the retailer nor the
supplier will accept the contract. Here, we assume 0 < 4 < 1
and 0 < ¢ < 1 hereafter in this paper.

According to the above discussions, the risk-neutral
retailer’s expected profit is as follows:

E(x) = Up = w)u = bp + 86) = 2 $né? (10)

Then, the risk-averse retailer needs to maximize the
expected profit under the constraint of the stochastic profit
standard deviation.

max E(z)

s.t.y/ Var(z®) < R, 11

Var(r}) is the variance of the retailer’s stochastic profit,
which can be given by the following:

Var(z®) = E[z} — E(z*)]* = (Ap — w)*6? (12)

The risk-neutral supplier’s expected profit can be
expressed as follows:

E(x®) = [(1 - Ap +w — cl(u— bp + g0) — %(1 — on?
(13)

Then, the risk-averse supplier needs to maximize the
expected profit under the constraint of the stochastic profit
standard deviation.

max E(r®)

s.t.y/ Var(zs) < R, (14)

Var(r?) is the variance of the supplier’s stochastic profit,
which can be given by the following:

Var(z®) = E[z} — Ex))* = [(1 - Dp+w =8> (15)

Using backward induction, we first derive the optimal
decisions of the GSCs with risk neutrality and risk aversion,
respectively. Table 3 summarizes the equilibrium solutions
under different situations.

In the next, we investigate the conditions under which the
risk-neutral and the risk-averse GSCs can be improved by
the RCS joint contract. All the conclusions are summarized
in the following propositions and corollaries.

Proposition 3. When % < % A=¢,and w = ¢c hold
together, the RCS joint contract can coordinate the risk-
neutral GSC.

Proposition 3 demonstrates that when certain conditions
hold, the RCS joint contract is efficient in coordinating the
risk-neutral GSC. Then, the expected profit of the GSC
reaches the optimal level as the centralized GSC. In addition,
it is possible for both members to negotiate on the contract
parameters to allocate the coordinating profit and obtain
more expected profits than those in the decentralized GSC.

Corollary 7. When the risk-neutral GSC is coordinated,
we can obtain E(z%*) = (1 — DE(z) = (1 = ¢)E(x*) and
E(n’f*) = ﬂE(n:t*) = (,bE(ﬂ't*). The Pareto region in which
both membgrs’ expected profits are improved is

s oo [

Corollary 7 shows that, under the RCS joint contract
framework, the risk-neutral supplier’s expected profit is
decreasing in the revenue-sharing ratio or the cost-shar-
ing ratio, while it is opposite for the risk-neutral retailer’s
expected profit. It implies that the risk-neutral GSC’s coor-
dinating profit can be arbitrarily distributed between the
members by adjusting the contract parameters. Hence, we
obtain a region in which both members can obtain more
expected profits under the RCS joint contract than those in
the decentralized GSC.

Proposition 4. For the risk-averse GSC, in regions
and 1€ (0,1), we can obtain E(ﬂ:R*) > E(ﬂf*) and
E(r) 2 E(x)

Proposition 4 demonstrates that, when specific conditions
hold, the RSC joint contract is efficient in improving the
risk-averse GSC. At the same time, if R; > 2R, holds, then

1- 21;* < 0, which means ¢ < 0. This condition contradicts

to the assumption that 0 < ¢ < 1. Hence, if and only if
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Table 3 Summary of equilibrium solutions under different situations
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The RCS contract
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R, < 2R,, the RCS joint contract is valid, and it can improve
the performance of the risk-averse GSC.

According to the above discussions, we conclude that
through proper design of the RCS joint contract, the risk-
neutral GSC can be coordinated, and the coordinating profit
can be arbitrarily allocated between the two members. How-
ever, the RCS joint contract can only improve the efficiency
of the risk-averse GSC under specific conditions.

Numerical examples

In this section, numerical analyses are further conducted
to validate our findings. We assume u = 500, R, = 550,
R, =550, R,=1100, 6 =20, b=5, g=4, c=6, and
n = 8. Then, the risk-neutral centralized GSC’s optimal
decisions are p;" = 64.75 and ¢9t* = 29.38, and the corre-
sponding expected profit is E(x*) = 13806.25. The risk-
averse centralized GSC’s optimal decisions are pf* =61
and QIR* = 27.5, and the corresponding expected profit is
E(#®*) = 13750. Obviously, we can find p* > pf*, 0% > oF,
and E(7*) > E(z®*). All numerical analyses in the follow-
ing are based on the above parameter settings.

Sensitivity analysis on the centralized GSC

In this subsection, sensitivity analyses are conducted
to study the impacts of key parameters on the central-
ized GSC’s optimal decisions and the expected profits.
Particularly, we consider the situation when risk tol-
erance is valid, i.e.,R, < R'. Then, based on the above
parameter settings, we can obtainR’ = 1175. Varying
one parameter and keeping others constant, we obtain
the valid ranges of different parameters in the risk-
averse centralized GSC as follows: u > 470, b < 5.26,
g>341,n<11,6> 1872, and R, < 1175.

Figure 1 shows how the optimal retail price changes with
key parameters in a centralized GSC. (i) For the risk-neutral
centralized GSC, the optimal retail price increases with u
and g and decreases with b and #; (ii) for the risk-averse
centralized GSC, when R, < 1175, the optimal retail price
decreases with ¢ but increases with R,. Furthermore, the
risk-averse GSC’s optimal retail price is lower than that of
the risk-neutral GSC when R, < 1175.

Figure 2 shows how the optimal green level changes with
key parameters in a centralized GSC. (i) For the risk-neutral
centralized GSC, the green level increases with « and g and
decreases with b and #; (ii) for the risk-averse centralized
GSC, when R, < 1175, the optimal green level increases
with g and R, and decreases with # and 6. Furthermore, the
risk-averse GSC’s optimal green level is lower than that of
the risk-neutral GSC when R, < 1175.
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Fig.2 Green level decision of a centralized GSC: risk neutrality vs. risk aversion

Figure 3 shows how the centralized GSC’s optimal
expected profits change with the parameters. (i) It is evident
that the risk-neutral centralized GSC’s optimal expected
profit increases with u and g and decreases with b and #;

(i) for the risk-averse centralized GSC, when R, < 1175,
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the optimal expected profit increases with u, g, and R, and
decreases with b, 1, and . Furthermore, the risk-averse cen-
tralized GSC’s optimal expected profit is lower than that of
the risk-neutral centralized GSC when R, < 1175.
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Fig.3 Expected profit of a centralized GSC: risk neutrality vs. risk aversion

Sensitivity analysis on the decentralized GSC

Now, we examine how the decentralized GSC’s optimal
decisions and expected profits change with key parameters.
Given the above parameter settings, we can calculate

R" =723, R =723, R#=20237, R%¥=5531
R"=23162 ,  R"=3297, and =
(1= 1/ L) = 626.67.

First, for the risk-neutral decentralized GSC, we obtain
the optimal solutions 0% = 13.06, p%* =84.33, and
w? = 5822 under the above parameter settings. Thus,
the optimal expected profits of the retailer, the supplier,
and the GSC are E(ﬂf*) = 3408.95, E(;rf*) = 6136.11,
and E(z%) = 9545.06, respectively. Similarly, for the
risk-averse decentralized GSC, we consider the situa-
tion when the risk tolerance is valid, i.e., R, < 723 and
R, < 723.1f R, = 550 and R; = 550, we obtain the optimal
decisions 8% = 13.75, p®* = 61, and w®* =33.5, and
the optimal expected profits of the retailer, the supplier,
and the GSC are E(rx%*) = 6875, E(x%*) =6118.75,
and E(x®*) =12993.75, respectively. It is easy to find
that 0% < g4+ pd* > pdR and we* > W™ Moreover,
we obtain E(z%*) > E(z%), E(x®*) < E(z?), and
E(ﬂ';lR*) > E(ﬂ;’*).

In the next, we vary one parameter and keep others
constant and obtain the valid ranges of the parameters in
the risk-averse decentralized GSC as follows: u > 387.5,

@ Springer

b<6.79,g>0,6>1521, R, <723, and R, < 723. It can
be easily obtained that the impacts of the mean value of
the market potential, the green elastic coefficient, the price
elastic coefficient, the standard variance of the market poten-
tial, and the risk tolerance on the optimal retail price in the
decentralized GSC are similar to those in the centralized
GSC. Figure 4 shows how the optimal retail price changes
with the risk tolerance of both members when R, < 723 and
R, < 723. Given R, = 550, the optimal retail price increases
with R_. Similary, given R; = 550, the optimal retail price
increases with R,. Specifically, the risk-averse decentralized
GSC'’s optimal retail price is always lower than that of the
risk-neutral decentralized GSC when risk tolerances of both
members satisfy R, < 723 and R; < 723. This reveals that
the retailer is more cautious in decision-making and chooses
a lower retail price when she is risk averse. Then the conclu-
sions about retail price in Corollary 4 (a) are verified.
Figure 5 shows how the optimal green level in the decen-
tralized GSC changes with key parameters. It can easily
observe that the impacts of the mean value of the market
potential, the green elastic coefficient, the price elastic coef-
ficient, and the standard variance of the market potential on
the optimal green level in the decentralized GSC are simi-
lar to those in the centralized GSC. However, for the risk-
averse decentralized GSC, the optimal green level is closely
related to R, and is independent of R,. Moreover, given the
parameter settings, we find that when 387.5 < u < 525,
or 478 <b <6, or 0< g<4.82, or 15.21 <6 <21.06,
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Fig.5 Green level decision in a decentralized GSC: risk neutrality vs. risk aversion

or R, > 522, or R, <723, there is §%f* > §¢*; and when
525 <u< 1000, or 0<b <478, or 482<g<8, or
21.06 < 6 < 40, or R, < 522, there is #%* < §%*. Hence,
the conclusions stated in Corollary 4 (b) are illustrated.
Figure 6 shows how the optimal wholesale price changes
with key parameters in the decentralized GSC. (i) For the
risk-neutral decentralized GSC, the optimal wholesale
price increases with u and g and decreases with b; (ii) for
the risk-averse decentralized GSC, the optimal wholesale
price increases with R, and decreases with 6. Furthermore,
Fig. 6 demonstrates that the supplier’s optimal wholesale

price in the risk-averse decentralized GSC is lower than that
in the risk-neutral decentralized GSC when R, < 723 and
R, < 723. Hence, the conclusions about the wholesale price
in Corollary 4 (a) are verified.

In the next, we further compare the differences in all
members’ expected profits between the decentralized GSCs
with risk neutrality and risk aversion through sensitivity
analyses. Figure 7 shows how the retailer’s optimal expected
profit changes with key parameters. (i) For the risk-neutral
decentralized GSC, the retailer’s optimal expected profit
increases with u and g and decreases with b; (ii) for the risk-
averse decentralized GSC, the retailer’s optimal expected
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Fig. 7 Retailer’s expected profit in a decentralized GSC: risk neutrality vs. risk aversion

profit increases with u, g, and R,, decreases with b and
R, and the first increases and then decreases with 6 when

R, <723 and R, < 723.
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Given R, =550, if 0 < R, <202.37, the risk-averse
retailer’s optimal expected profit is lower than that of the

risk-neutral retailer; given R, = 550, if 202.37 < R, < 723,
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Fig.8 Supplier’s expected profit in a decentralized GSC: risk neutrality vs. risk aversion

we can reach the opposite conclusion. Then the conclusions
as stated in Corollary 4 (c¢) are numerically verified.

Figure 8 shows how the supplier’s optimal expected profit
in the decentralized GSC changes with key parameters. (i)
We find that, in the risk-neutral decentralized GSC, the sup-
plier’s optimal expected profit increases with u and g and
decreases with b; (ii) for the risk-averse decentralized GSC,
the supplier’s optimal expected profit increases with u, g,
and R, and decreases with b and R,, and the first increases
and then decreases with § when R, < 723 and R, < 723.

Given R, = 550, if 0 < R, < 553.1, the risk-averse sup-
plier’s expected profit is lower than that of the risk-neutral
supplier; if 553.1 < R, < 723, we can obtain the opposite
conclusion. Given R, = 550, if 0 < R, < 547.47, we have
0 <R¥ <550 and R¥ <R <723, and then the risk-
averse supplier’s expected profit is higher than that of the
risk-neutral supplier; if 547.47 < R, < 626.67, we have
550 < R" < 723and R; < R¥, and then the risk-averse sup-
plier’s expected profit is lower than that of the risk-neutral
supplier; if 626.67 < R, < 723, then the risk-averse suppli-
er’s expected profit is lower than that of the risk-neutral sup-
plier. Then the conclusions in Corollary 4 (d) are illustrated.

Figure 9 shows how the decentralized GSC’s total
expected profit changes with key parameters. (i) For the
risk-neutral GSC, it is evident that the total expected profit
increases with u and g and decreases with b; (ii) for the
risk-averse GSC, the total expected profit increases with u
and g and decreases with b, and the first increases and then
decreases with 6, R, and R, when R, < 723 and R, < 723.

Given R, =550, then 231.62 < R, <723 holds, the
risk-averse decentralized GSC’s total expected profit is
higher than that of the risk-neutral decentralized GSC when
R, < 723; given R; = 550, we have R, > 32.97 holds, then
the risk-averse decentralized GSC'’s total expected profit
is higher than that of the risk-neutral decentralized GSC
when R, < 723. Then the conclusions in Corollary 4 are
illustrated.

Coordination mechanisms

In this paper, an RCS joint contract is proposed, and we find
that when ;T” < %, A= ¢, and w = ¢c hold together, the
risk-neutral GSC is coordinated. Given the above parame-
ters, for the risk-neutral GSC, the value ¢ varies from O to 1,

which is derived from the condition 2372 < % and A = ¢.
" _

Figure 10 shows how the members’ expected profits change
with ¢p when the risk-neutral GSC is coordinated. We find
that under the RCS joint contract, the risk-neutral retailer’s
expected profit is always increasing in ¢, while the risk-
neutral supplier’s expected profit is always decreasing in ¢.
Then, the Pareto region in the risk-neutral GSC is
¢ € [0.2469, 0.5556]. We further analyze how the risk-averse
GSC members’ expected profits change with A and ¢, as
shown in Fig. 11. Obviously, when ¢ is relatively small, i.e.,
locating in the range ¢ € (O, 2]—3 ), both risk-averse members

can obtain more expected profits than those in the risk-averse
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decentralized GSC without introducing the RCS joint
contract.

Conclusions and discussions
In this paper, we develop a risk-averse GSC with a supplier

producing green products and selling products in the mar-
ket through a retailer. The MV model is applied to measure
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Fig. 11 The risk-averse GSC members’ expected profits change with
Aand ¢

the members’ risk-averse attitudes, and a risk tolerance is
adopted to reflect the degree of risk aversion.

We first investigate the centralized GSCs with risk
neutrality and risk aversion, and the optimal retail prices,
green levels, and corresponding expected profits are
derived and compared. Our finding shows that, when risk
tolerance is valid, the risk-averse centralized GSC always
chooses a lower green level and a lower retail price than the
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risk-neutral GSC. Hence, the risk-averse GSC’s expected
profit is lower than that of the risk-neutral GSC.

Then, we investigate the decentralized GSC in which the
two members make decisions by maximizing their own ben-
efits. We then obtain the equilibrium solutions of the decen-
tralized GSCs with risk neutrality and risk aversion. The
results demonstrate that, when the risk tolerance is valid, the
risk-averse supplier’s wholesale price is lower than that of
the risk-neutral supplier, and the risk-averse retailer’s retail
price is lower than that of the risk-neutral retailer. However,
the supplier may choose a higher green level when he is not
severely risk-averse. We also find that both members’ opti-
mal expected profits may be increased when they are risk
averse under specific conditions.

Furthermore, we propose an RCS joint contract to
improve the performances of both the risk-neutral GSC and
the risk-averse GSC. We find that, whether the GSC is risk
averse or risk neutral, the contract is effective in improv-
ing the GSC. Specifically, the RCS joint contract is able
to coordinate the risk-neutral GSC, and the coordinating
profit can be flexibly allocated between the two members by
adjusting the revenue-sharing ratio or the cost-sharing ratio.
For the risk-averse GSC, the RCS joint contract is efficient
under specific conditions, but it may be invalid when the
supplier’s risk tolerance is twice higher than the retailer’s
risk tolerance.

Although our study makes innovative contributions to
the literature, there still exist several directions for future
researches. For instance, information may be asymmetric
in practice, and it may be necessary to examine the com-
petitive equilibrium under asymmetric information settings.
Furthermore, as there may be multiple suppliers and retail-
ers involved in GSC activities, the decision-makers should
decide how to allocate their production quantity while con-
sidering price- and green-level strategies.

Appendix
Proof of Proposition 1

| Risk neutral

Taking the second-order partial derivatives of E(x,) with
respect to p and 0, we have the Hessian matrix:

PE(z,) 0’E(x,)

H= op? ogpoe | _ (N 8
| 2EG) 2E@) | T\ g -2b
000p 062

a? E(zr,

. . 0*E(x,
It is obvious that a;f ) < 0 and < 0. Because

n>gand b > g, we obtain |H| = 2nb — g > 0. Then, the

Hessian H is a negative definite, which means that E(x,) is
jointly concave in p and 6. Hence, the optimal retail price
and green level in the risk-neutral centralized GSC can be
derived in the following.

« _ (u—=Dbom
T e

£ 2bn—g?
I Risk averse

E(r,) is jointly concave in p and 6, and the constraint
v/ Var(z,) < R, is convex; we conclude that the optimiza-
tion problem (2) is a convex optimization problem, whose
optimal solution can be derived by Karush—-Kuhn-Tucker
(KKT) conditions. We then construct the Lagrange function
as follows.

\/ Var(n,))

Here, r,, denotes the multiplier for the constraint. From
the first-order KKT condition, we can get p*

LR(p,0,1r)) = E(x,) + ro(R, —

« _ 2R, 2bR,
Tt of = ,r0=”5””——+—
Owing that R, < R, where R’ = (;b bOon , we obtain 7, > 0.
n—g?

Hence, the optlmal decisions of the risk-averse centralized

GSC are pf* = ~++cand of = 5’1

Proof of Corollary 1. Itis straightforward and the details
are omitted here.

Proof of Corollary 2.
(u=boyy _ R, (u=boyn (u—bc)n
2bn—g? 6 2bn—g? 2bn—g

same time, we find % — M > 1and then 6%* < 6.
GR* (2bn—g*)R,

Because pf—pl =
= 0, we obtain pf* < p*. Atthe

Recall that E(x,) is concave in R, If R, = (”b:‘f" then we
can have E(zf )22((2,;97:)2)' Because R, <R, then

E(zf*) < E(x?).
Proof of Proposition 2
I Risk neutral

Taking the second-order partial derivatives of E(ﬂf) with
respect to p, we have the following:

PE(nt)

=-2b<0
op?

Therefore, E(ﬂf) is concave in p; hence, the retailer’s
optimal retail price is as follows:
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u+go+bw

d ’0 —
P (w,0) T

Substitute pd* into Eq. (7), then take the second-order
partial derivatives of E(ztf) with respect to w and €, and we
have the Hessian matrix in the following.

PE(x?) OE(x?)

— 96> 60w - 2
H= 0E*(z?) o s)E(;rd) - ( g —b>
oo ow? 2
I*E(x? 0’E
Because (”)<O (”)<O anlel—nb——>0

the Hessian H is a negative definite. E(zrd ) is jointly concave
in w and €; hence, the optimal wholesale price and green

level in risk-neutral GSC are as follows:
dx _ 2n(u—bc) ds _ 8u=bc)
wh = te and 6 = o
Substituting w®* and #%* into the expression of p?*(w, 9),
we can have the following:

e _ 3(u — be)n
4bn — g2

Hence, the optimal decisions of the risk-neutral decentral-
ized GSC are as follows:

_ 8lu—bc)

d+ _ 3u=bon d+
+c, w
T dby—g?

_ 2n(u=bc) dx
pr = prw— +c, 0

- 4bn—g?

Il Risk averse.

E(][;I) is concave in p and the constraint 4/ Var(ﬂ;’) <R,is
convex, we conclude that the optimization problem (5) is a
convex optimization problem, whose optimal solution can
be derived by KKT conditions. Then, we can construct the
Lagrange function as follows.
L‘ri(p, r) = E(Jrf) + (R, — 1/ Var(zx?))

From the first-order KKT condition, we can get the
following:

__ utgh—bw 2R,

dR _ R
p *(W,H)—?+w, r = > >

Substitute p?®*(w, ) into supplier’s expected profit,
then take the second-order partial derivatives of E(nj) with
respect to w and 6, and we have the Hessian matrix in the
following.

PEx?) B (x)

— 2 _ (" &
i=( ot s )= (75
awal ow?
Because E(”d) <0, [)ZE(”) <0,and|H| =2nb — g*> > 0,

the Hessian H is a negatlve deﬁmte. E(nf) is jointly concave
in w and §. Meanwhile, the constraint 4 /Var(z¢) < R, is con-
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vex. Therefore, we conclude that the optimization problem
(8) is a convex optimization problem, whose optimal solu-
tion can be derived by KKT conditions. Then, we can con-
struct the Lagrange function as follows.

L‘j(W, 9, 7'2) = E(ﬂ?) + rZ(Rs - \/ Var(ﬂsd))

From the first-order KKT condition, we can get the
following:
wiks = % + c and R = B2

n
ro= e —(ZbR + bR, —

R
)

5
and r, = "2 —(bR +2bR, —

Owing that R, < R? and R < Rd where R? = (;b:C;‘S"
and RY = % we obtain 7, > 0 and r, > 0.

Substituting w®* and 09f* into the expression of
p™*(w, ), we can have the following:
R, +R,
0

AR+ _ +c

Hence, the optimal decisions of risk-averse decentralized
GSC are as follows:

R, dR+ _ R.&
] te on

dRx _ RAR

— 53+C,WdR*=

Proof of Corollary 3. It is straightforward and the details
are omitted here.

Proof of Corollary 4
—c _ 3np(u—bc) 6 9bn—3g*

a) Because £ e = g RAR. > wn2g 1, we eﬁn get
p™®* < p®. At the same time, because —— =
2u=boyy 8 2(u—bc)y 3bn—g* 1, dRx
ong? R dbrg? (ubom > 1, we gan getR Wi < w

b) When 6% = §%%*, we can get El”bn ”;g = 5;:” and then

be)s Sl
R, = (Zb o . Considering R; < Rf together, we find that

given (:b:””” <R, <RY, there is 0% < @¥*; given

R, < _(:bbf)‘s” there is 99 > @R*,

¢) The difference between the risk-neutral retailer’s opti-
mal expected profit and the risk-averse retailer’s optimal
expected profit is as follows:

201 — 2 — — v
AE(x*) = E(x™) - E(2%) = bn*(u—bc)*  (u—bc)dn — (bn — g*)R

b 2
- R + —(R
’ ' @bn - g?)° & e

Let AE (ﬂf*) = 0, we find the following:

B 8202 (u — be)?
(dbn - g2y

di
R!

_ (u—=bc)sn — (bn = g)R, (= be)dn — (bn - g2R, \*
- 2bn B 2bn )

Then, given 0 <R, <R¥, there is AE(z™) >0,
€., E(ﬂ"* >E(7rdR*) given R¥ <R, <R?, there is
AE(z%) <0, i.e., E(z%) < E( ;’R*). d) The difference
between the rlsk-neutral supplier’s optimal expected profit
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and the risk-averse supplier’s optimal expected profit is as
follows:

2 2bn —82
2n6?

_ n(u=be) (u—bc)s — bR,
T 2@bn-gb) 82

+(Ry)

(u—bc)é

Then, we discuss as follows: first, given

2bn—g
4bn—g*

E(x*) > E(x]*)
R < (u—bc)é(l _
r= b

there is

<R,<R‘j,, always

Second,
— 2 !
2b1=¢ y we find that when R* < R_ < R?,
4bn—g? N s s
there is AE(ﬂf*) <0, i.e., E(ﬂf*) < E(ﬂfR*); when
0 < R, < R% thereis AE(ﬂ‘,’*) >0,i.e., E(ﬂ‘?*) > E(zr”_ZR*)
S s s S
Here, ri = - {(u be)s — bR, — \/((u—bc)é —bR) - %}

Proof of Corollary 5

The difference between the risk-neutral GSC’s optimal
expected profit and the risk-averse GSC’s optimal expected
profit is as follows:

given

— Y — be) —be) b(R)?
AB(r)) = E(xi*) — B(ni) = 1601 =8 —bo _ R(u—bo) (R)
! ! 2(4bn — g2 s 8
(Zhn gHR, — (u— be)én 22bn — g2
(R)

521 2621

Then, we discuss as follows: first, given R¥" < R, < Rf ,
there is always E(7%*) < E(x dR*) Second, given R, < R%
we find that when Rd” <R, <R?, thereis AE(z,) <0, i.e.,
E(n®) < E(z®*), when 0 <R, <Rd” therelsAE( 1) >0,

i . e ., E(z%) > E ﬂdR*) .
(u=bc)sn[(4bn—g*)—/ (2bn—g*)(5bn—g2)]
and

dh _
Here, R = = —
b2 (b2 622 2
b (u—hc>5n—(2bn—g2)R,.—\/ b e g2 (2bn-g7)(R,)
s 2bn—g?
Proof of Corollary 6

a) It is obvious that 6 < 0* At the same time, because
QR* = ;g and 0% = £ we can obtain §7%* < R,
;;’(u hc)(2bi1 2g2)

b) Becausep _pt W we can
obtalnpl F Similarly, because
p R — pR* _ (kR = 0, we can getp®* = piR*,

E(”zd) % (6bn—g)2bn—g>)

c¢) Because < 1, we can obtain

E(n}) (4bn—-g2)?*
E(}g )<E(7r*) Similarly, because
E R . .
(”R*) = @n-gh@n-¢’) - we can easily find
EGxf®) (Gbn—g?)’

E( dR*) <E(7Z'R*)

d) Because RY = Rd +Rd/ Ma dR = W=boon e
RY _ 4bp-2g? 3¢ 2o
can deduce —- = 31:1 gg > 1. Therefore, R? > R.

Proof of Proposition 3

Taking the second-order partial derivative of E(x’) with
respect to p, we have the following:

O?E(x?)

=-2ib<0
op?

Therefore, E(x7) is concave in p, and the retailer’s optimal
retail price is as follows:

u+g0+£

PO ===+

Substitute p**(0) into Eq. (13), then take the second order

partlal derivative of E(x?) with respect to 6, and we have
OEX(n?) PN T
()02 (1 A) 2b (1 d))”]
When— > g holds o (”)

in 6, and we can get the followmg.

< 0. Then, E(x?) is concave

v _ ug(l — A)+ bg(w —c¢)
2b(1 — pyn — (1 — 1)g?

Substitute 6°* into the expression of p* (@) and we can
have the following:

o _ 20 —dmu+gw=o) LW

2[2bn(1 = ¢) — (1 — gl = 24

The coordination conditions of risk-neutral decentralized
GSC are 07 = 6°* and p; = p**. Then, it is easy to obtain
A=¢andw =c¢ = cA.

Therefore, when %ﬁ > 2%’ A=¢, and w = ¢¢ hold

together, the RCS joint contract can coordinate the risk-
neutral GSC.

Proof of Corollary 7

Substituting 67 and p; into the supplier’s expected profit
function in Eq. (13) and the retailer’s expected profit func-
tion in Eq. (10), we have the following:

E(m) = (1= E(n}) = (1 - DE(x;)

E(x)

The conditions of Pareto improvement are E(z%*)
>E( fl*) and E(ﬂr‘*) ZE(zrf*). Then, the inequation
E( )>E( d*) can be expressed as
(1 —¢)E( ) > E( 4)or (1 — DE(x?) > E(x?); the ine-
quation E( ; ) >E(7rd*) can be expressed as
e )>E( @) or AE(x}) > E(z%). Therefore, we can

t2b'7(2bn g) <¢< 2bn_ or 2bnQ2bn— g) <A< 2bn .
(4bn-g2)’ = dbn-g*  (dbn—g?) = 4bn-g?

= 9E(x;) = 35(x;)

Proof of Proposition 4

E(z7) is concave in p and the constraint y/Var(z$) < R, is
convex; we conclude that the optimization problem (11) is
a convex optimization problem, whose optimal solution can
be derived by KKT conditions. Then, we can construct the
Lagrange function as follows.
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L(p,r3) = E(z)) + r3(R, — 4/ Var(z?))

From the first-order KKT condition, we can get the
following:

psR* — Wwé+R, — Aub—bwé—2bR,+ 1680
i 03 762

Substitute p*®* into the supplier’s expected profit, then

then take the second-order partial derivatives of E(x?) with
respect to w and 6, and we have the Hessian matrix in the
following.

0*E(n!) OE*(x})

8
= '1(1 -¢) =
H = 0E029(7r§) azgf?;é) = —éb
owdo  ow? '1
When 2bn(1—-¢) ¢> > 0, then |H| = 2D 5 0,
9% E( )

Because

) < Oand < 0, we find that the Hessian
Hisa negatlve definite. E(ﬂs) is jointly concave in w and 6.
Meanwhile, the constraint \/Var(x?) < R is convex. There-
fore, we conclude that the optimization problem (14) is a
convex optimization problem, whose optimal solution can
be derived by KKT conditions. Then, we can construct the
Lagrange function as follows.
Li(w,0,ry) = E(x}) + ry(R; — 4/ Var(z?))

From the first-order KKT condition, we can get the
following:

Wik = ARADTG=DR,  pke _ R
2 ’ 5(1=¢)n

T h e n ’
PR = CSHRAR, AR & +n(1=p)[A6u—bA(c5+R,+R,)— bR]
53 (-

R, +n(1-)[us—b(c6+2R+R,)]

82 (1=
AR:g
nlA6u—bi(c5+RAR,)—bR,]
must hold.
According to the above equilibrium solutions, we then
obtain the following:

and

Here,

ry =

¢<1+ and ¢ < 1 — K&

n[us—b(c5+2R+R,)]

R,[g*R; — 2bn(1 — $)(cd + R, + R,) + 2und(1 — p)]
>

sR%\ _ dR%
E(z®) = = B3 E(x®)
E(x) = R [2(1 — )R, — pR] +2n(1 — )’ R,[6u — b(c5 + R, + R))]
s (1 — 73
Because.
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AE(xf) = E(z™) - E(z)
_ RG[2(0 = $R, = ¢R] + 2n(1 = $)°R,[6u = b(c5 + R, + R))]
- 20(1 - ¢6?

R b(R, +R R g?
_r u_bc_(i“)_'_ 58|
5 5 on

$gR,[2(1 - PR, — R,]
21(1 — ¢)*62

We can easily find that, in the
¢e (0 max{O =% }] (0 min{1 + r/[u&—b(t,;izk +R,)]” 1+ n[wu-b/l(j;-;gfk, )-bR,] }) ’
there is AE (" ) >0, ie., E(xF*) ZE( k+). Based on the
above dlscus510n, we conclude that given ¢ e <0,max{0,l - 2"7\)}
iR }), both members’

nlisu—bi(co+R+R,)—bR,]

region

. RS
”(0' min{ 1+ e R L T

expected profits are improved by the contract.

In total, the RCS joint contract is efficient in improving
the performance of both the risk-neutral GSC and the risk-
averse GSC.
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