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Abstract: This paper investigates a two-echelon green supply chain (GSC) with a single loss-averse
manufacturer and a single loss-averse retailer. Since the Nash bargaining solution exactly character-
izes endogenous power and the contribution of the GSC members, it is introduced as the loss-averse
reference point for the GSC members. Based on this, a decision model of the two-echelon GSC
with loss aversion is formulated. The optimal strategies of price and product green degree are
derived in four scenarios: (a) the centralized decision scenario with rational GSC members, namely
the CD scenario; (b) the decentralized decision scenario with rational GSC members, namely the
DD scenario; (c) the decentralized decision scenario with the GSC members loss-averse, where the
manufacturer’s share is below its own loss-averse reference point, namely the DD(∆m ≥ πm) scenario;
(d) the decentralized decision scenario with the GSC members loss-averse, where the retailer’s share
is below its own loss-averse reference point, namely the DD(∆r ≥ πr) scenario. Then, a comparative
analysis of the optimal strategies and profits in these four scenarios is conducted, and the impacts of
loss aversion and green efficiency coefficient of products (GECP) on the GSC are also performed. The
results show that (i) GECP has a critical influence on the retail price and the wholesale price; (ii) the
GSC with loss aversion provide green products with the lowest green degree; (iii) the retail price, the
wholesale price and product green degree are decreasing monotonically with the loss aversion level
of the GSC member without incurring loss; (iv) furthermore, the effect of the loss aversion level of the
GSC member with incurring loss on the optimal strategies is related to GECP and the gap between
the GSC members’ loss aversion levels.

Keywords: green supply chain; loss aversion; nash bargaining solution; product green degree; green
efficiency coefficient

1. Introduction

Global warming has critical effects on economies around the world, and the effects
are continuously increasing. The increase of carbon dioxide emissions triggers the green-
house effect, which is the most striking cause of global warming [1]. To cope with this
problem, the Paris Agreement was signed by almost 200 countries in 2015, which aimed
at controlling and mitigating the negative impacts incurred by climate change. In recent
years, environmental protection has received increasingly attention, whose importance has
been recognized increasingly by people. This has currently become a trend whereby the
issues of pollution incurred by industrial development are addressed within the supply
chain management (SCM) process [2]. Recent works have discussed such trends under
green supply chain management (GSCM), and the concepts of environmental sustainability
and sustainable development have been also introduced to GSCM [2–4]. Manufacturers
and retailers in GSCM are incentivized to take into account green products while they
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make business decisions. Implementing GSCM for manufacturers as well as retailers is a
win-win strategy [5–7].

To improve the efficiency in resources utilization and reduce the effect of producing on
environment, numerous countries focus on establishing a green supply chain (GSC). Some
countries not only strengthen the legislation and the supervision on the environmental
protection, but also provide subsides to green enterprises [8–12]. In fact, GSC has received
adequate attention from scientific circles with the exception of political cycles. Numerous
previous works on GSC are limited to the various barriers about implementing GSC within
different industries [13–15]. In recent years, numerous scholars have constructed GSC
decision models based on game theory to analyze the decision rules for members, such
as promoting cooperation [16–20]. The above works on GSC decision models considered
the rational preferences of GSC members, namely, the GSC decisions were investigated
based on the expected utility theory. Nevertheless, there exist some examples indicating
that the decisions of GSC members are not always identical to the maximizing expected
profit. For instance, in 2007, Langsha Group terminated the cooperation with Wal-Mart,
because of suffering losses from the cooperation compared with direct selling. Another
example is that in 2010 Xuzhou Wanji Trading of China aborted cooperation with Procter
and Gamble after the former incurred losses. The above two examples indicate that the
break-up occurs in the SCM since the loss-aversion behaviors of supply chain members are
neglected by others. It is worthwhile noting that the United States of America withdraw
from the Paris Agreement in 2020, since the Trump government argued that following the
Paris Agreement cause the United States of America to lose nearly $3 trillion and decrease
by more than 6.5 million industrial jobs and 3.1 million manufacturing jobs up to 2040
according to the Research Report of NERA Economic Consulting. Thus, a natural extension
of GSC is to incorporate loss aversion of GSC members into GSCM.

The idea of loss aversion is introduced initially as the critical ingredient of prospect
theory [21]. Value function is introduced by [22] to characterize the loss-aversion prefer-
ences of decision makers. According to [22], outcomes are framed as the gains (relative to a
reference point) and the losses, and another feature of loss aversion is that losses loom is
larger than gains. Inspired by [22], a simple and elegant utility function of loss aversion is
introduced by [23]. In this version, a basic utility, a loss aversion coefficient and a reference
point characterize the loss-aversion preference of decision makers: an outcome below the
reference point are framed as a loss and its utility is from the basic utility by subtracting
a disutility that is equal to this loss multiplied by the loss-aversion coefficient. Shalev’s
version has been received widespread attention in the field of game theory [24–27]. In
particular, the value function and its variants that characterizes the loss-aversion preference
of decision makers has been applied to supply chain decisions [28–32]. Until recent years,
the impacts of loss-aversion preferences on decisions have increasingly received attention
from an increasing number of scholars in the SCM [33–36]. However, the extant works on
supply chain involving loss aversion have not adequately taken into account the choice
of loss-aversion reference points of supply chain members, but assumed that associated
loss-aversion reference points are equal to zero or given exogenously. This leaves a critical
issue that exogenous reference points cannot exactly characterize endogenous power and
contributions such that loss-aversion perception is influenced.

To address the remaining issue, this paper adopted the Nash bargaining solution
as the loss-aversion reference point of GSC members, which is a new perspective for
investigating the impact of loss aversion on GSCM. In a two-person bargaining game, the
Nash bargaining solution formulates how much one bargainer should be assigned from the
total payoff, which highlights the fairness in distributing the total payoff. This means that
the Nash bargaining solution balances fairness and efficiency in a two-person bargaining
game [37–41]. Thus, Nash bargaining solution is regarded as the loss-aversion reference
points of GSC members in this paper.

In this paper, a two-echelon GSC with a single loss-averse manufacturer and a single
loss-averse retailer is considered. We investigated the impact of loss aversion of the
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manufacturer and the retailer on the GSC decisions by using the Nash bargaining game
and Stackelberg game. This paper is organized as follows: in Section 2, the literature on
the topic of GSCM and SCM with loss aversion is reviewed such that the contribution of
this work is explained; in Section 3, decision models of the two-echelon GSC with rational
preference and loss aversion are constructed, respectively; in Section 4, a comparative
study is performed to explore the impact of the green efficiency coefficient of products
(GECP) and loss aversion on GSC decisions; Section 5 is a numerical analysis; in Section 6,
managerial insights are considered; in Section 7, conclusions are presented.

2. Literature Review

Many researchers have investigated GSCM, but the most relevant works on GSCM
is the optimal strategy for product green degree. Ghosh and Shah [42] investigated the
impact of supply chain structure on a product’s green degree, the wholesale price and
the retail price. Swami and Shah [43] investigated the impact of green sensitivity and the
greening cost on product green degree. Ghosh and Shah [44] investigated the impact of cost
sharing contract on product green degree and prices, and argued that the products with a
higher green degree can be manufactured if the cost sharing contract is implemented. Zhu
and He [45] argued that price competition of retailers can improve product green degree.
Yenipazarli [46] argued that investing much capital in green technology cannot ensure a
higher product green degree, and the price sensitivity for consumers has a critical impact
on manufacturer’s decision. Bai et al. [47] constructed a GSC game model with respect to
product green degree, the retail price and sales effort in sensitive demand. They argued that
the integrated GSC may not result in a high profit for each member. Ghosh et al. [48] argued
that government regulations compel manufacturers to make products with higher green
degree. Patra [49] investigated a smartphone supply chain and analyzed the impact of
greening investment efficiency and product green degree on optimal preference. Gao and
Zhang [50] studied the decisions of pricing, green degree and sales effort under uncertain
demand, and found that the green degree coefficient significantly affects the pricing, green
degree and sales effort, and it is positive. The above works on GSCM are limited to the
GSC members’ rational preferences, which ignore the fact that rational preferences are not
always able to describe adequately their behavior preferences, because they may be loss
averse. However, few works concern the effect of loss aversion on product green degree.

On the other hand, the extant works on SCM with loss aversion focus on a traditional
SCM, instead of GSCM. Numerous scholars investigated a supply chain with a loss-averse
retailer. For example, Liu et al. [51] argued that a higher loss aversion leads to a lower
order quantity. Lee et al. [52] considered the supply option problem when a loss-averse
newsvendor has multiple options. Hu et al. [53] investigated the impact of retailer’s loss
aversion on the three-echelon supply chain coordination. Zhang et al. [54] pointed out
that retailer’s loss aversion decreases the required initial working capital. Xu et al. [55]
argued that the retailer suffers from its own loss aversion if the optimal option purchase
quantity is given. Additionally, Huang et al. [56] considered a supply chain with a loss-
averse manufacturer. They proposed that the contract parameter depends on loss aversion
and the manufacturer benefits from its own loss aversion in certain condition. Feng and
Tan [57] also analyzed the decisions of the GSC with a loss-averse manufacturer and a
risk-neutral retailer, and pointed out that a greening cost-sharing contract can improve
the profits of the GSC members if the retailer shares an appropriate proportion with the
loss-averse manufacturer. Although the work of [57] is very similar to this research, they
only analyzed the impact of the manufacturer’s loss aversion and its loss-averse reference
point is equal to the subgame perfect equilibrium partition in the Rubinstein alternating-
offers bargaining game, which is a complex bargaining process. For the supply chain with
loss-averse consumers, Yang and Xiao [58] constructed a two-period game to investigate
the influence of consumers’ loss aversion on wholesale price. They proposed that the
wholesale price increases with loss aversion in the first period game, but decreases with
loss aversion in the second period game. Liu et al. [59] analyzed the price strategy in a
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dual-channel supply chain if consumers are loss averse. It is worthwhile noting that Du
et al. [60] investigated the impact of manufacturer’s and retailer’s loss aversion on the
optimal decision in SCM. They argued that the optimal order for the retailer with loss
aversion is positively related to wholesale price, but negatively related to retail price. They
also found that the manufacturer with loss aversion produces more than the manufacturer
with risk neutrality. Moreover, some scholars considered newsvendor problems with
loss aversion. Wang [31], Ma et al. [33] and Wu et al. [35] argued that newsvendors’ loss
aversion decreases order quantity. Lee et al. [52] considered the supply option problem
when a loss-averse newsvendor has multiple options. Xu et al. [61] argued that a higher
loss aversion leads to a lower fill rate without shortage cost, while a higher loss aversion
leads to a higher fill rate if the shortage cost is sufficient high. Almost all of above works on
SCM with loss aversion assume that one member is loss averse and the reference point is
given exogenously. However, the exogenous reference points of the supply chain members
cannot characterize endogenous power and the contribution of them exactly. In contrast
to above works, we examine the optimal strategies of the two-echelon GSC with a single
loss-averse manufacturer and a single loss-averse retailer, where the Nash bargaining
solution is regarded as the loss-aversion reference points to characterize the endogenous
power and contribution of the GSC members.

3. Model Description
3.1. Prior Assumptions

A two-echelon green supply chain is considered, which consists of a single manufac-
turer and a single retailer. The manufacturer supplies green products to the retailer at a
wholesale price w, and the retailer sells these green products to the consumers at a retail
price p. When purchasing a green product, the consumers consider the retail price as well
as the product green degree.

Some assumptions are shown as follows.

Assumption 1. Demand function of the green products is impacted by the retail price as well as
the product’s green degree, simultaneously. According to Liu et al. [62], and Dey and Saha [63],
the demand function is assumed to be a linear one with respect to the retail price and the product’s
green degree. Specifically, the demand function is q = a + τe − p, where a is the potential demand of
the market on green products, e is the product green degree, τ is the consumer sensitivity to green
improvements, p is the retail price of a unit of green product.

Assumption 2. To improve the product’s green degree, the manufacturer should invest much
capital in new technology. With reference to Ghosh and Shah [42] and Swami and Shah [43], the
manufacturer’s greening cost is he2/2, where h is the cost coefficient of a unit of green degree.

Assumption 3. All information with respect to the manufacturer as well as the retailer are common
knowledge, i.e., complete and symmetrical.

Assumption 4. Coefficient τ2/h consists of the consumer sensitivity to green improvements and
the cost coefficient of a unit of green degree, which is defined as the green efficiency coefficient of
products (GECP) [57].

From Assumptions 1 and 2, it follows that the manufacturer’s profit is:

πm = (a + τe− p)(w− c)− 1
2

he2, (1)

the retailer’s profit is:
πr = (a + τe− p)(p− w), (2)

and the profit of the whole GSC is:

πsc = (a + τe− p)(p− c)− 1
2

he2 (3)
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where c is the manufacturing cost of a unit of green product.

3.2. Model Development
3.2.1. The Models with Rational Green Supply Chain (GSC) Members

For facilitating our comparative analysis in the subsequent sections, two scenarios with
rational GSC members are considered: centralized decision with rational GSC members
(i.e., CD scenario) and decentralized decision with rational GSC members (DD scenario).

(1) CD scenario

In the CD scenario, the two-echelon GSC is in the control of one decision maker, who
has rational preference and aims at maximizing the profit of the whole GSC system. The
Hessian matrix with respect to p and e is shown as follows:(

−2 τ
τ −h

)
If 0 < τ2/h < 2, then this matrix is a negatively definite one. This means that the

function formulated by Equation (3) is a joint concave function with respect to p and e.
Thus, in order to maximize the profit function formulated by Equation (3), we have:

e∗ =
τ(a− c)
2h− τ2 (4)

p∗ = c +
(a− c)h
2h− τ2 (5)

Substituting Equations (4) and (5) into Equation (3) yields:

πc
sc =

h(a− c)2

2(2h− τ2)
(6)

(2) DD scenario

In the DD scenario, the manufacturer and the retailer, who are rational, aim at seeking
the maximum of their own profits respectively. A Stackelberg game model of the GSC are
formulated, in which the manufacturer is the leader and determines the wholesale price
as well as the product green degree, and the retailer is the follower and decides the retail
price. Differentiating Equation (2) with respect to p yields:

p = (a + w + τe)/2 (7)

Substituting Equation (7) into Equation (1) yields:

πm(p, e, w) =
(a + τe− w)(w− c)

2
− 1

2
he2 (8)

The Hessian matrix with respect to w and e is shown as follows:(
−1 τ/2
τ/2 −h

)
If 0 < τ2/h < 4, then this matrix is a negatively definite one. This implies that the

manufacturer’s profit function formulated by Equation (8) is a joint concave function with
respect to w and e. Thus, to maximize manufacturer’s profit, we have:

w∗D = c +
2h(a− c)
4h− τ2 (9)



Mathematics 2021, 9, 3154 6 of 26

e∗D =
τ(a− c)
4h− τ2 (10)

Substituting Equations (9) and (10) into Equation (7) yields:

p∗D = c +
3h(a− c)
4h− τ2 (11)

Substituting Equations (9)–(11) into Equations (1)–(3) yields the profits of the manu-
facturer, the retailer and the whole supply chain system, respectively.

πD
m =

h(a− c)2

2(4h− τ2)
(12)

πD
r =

h2(a− c)2

(4h− τ2)2 (13)

πD
sc =

h(a− c)2(6h− τ2)

2(4h− τ2)2 (14)

3.2.2. The Models with Loss-Averse GSC Members

In the two-echelon GSC, both the manufacturer and the retailer are not completely
rational, but have loss aversion when they suffer a loss. This means that they will be
loss-averse when their profits are less than their own loss-averse reference point. Therefore,
in this section, we develop a Stackelberg game model of the GSC with loss aversion.
Firstly, by introducing Nash bargaining solution as the loss-averse reference point, we
model the loss aversion of the GSC members. Secondly, according to the characteristics of
profit structure of the two-echelon GSC and Nash bargaining solution, two scenarios are
discussed. One is the DD(∆m ≥ πm) scenario, where only the manufacturer’s share is below
his own loss-averse reference point, i.e., only the manufacturer suffers a loss. The other
is the DD(∆r ≥ πr) scenario, where only the retailer’s share is below his own loss-averse
reference point, i.e., only the retailer suffers a loss. Then, the optimal strategies of price and
product green degree and profits are obtained.

(1) Loss aversion with Nash bargaining reference point

For the GSC members with loss aversion, their utilities depend on their own realized
benefit and the gap between their own benefit and loss-averse reference point. A linear
loss-aversion form introduced by [23] is applied to formulating the utility of each GSC
member as follows:

ui =

{
πi πi ≥ ∆i

πi − λi(∆i − πi) πi < ∆i
,

or, equivalently,
ui = (1 + λi)πi − λimax{πi, ∆i} (15)

where i = m, r denotes the manufacturer and the retailer. λi > 0 is the loss aversion coefficient
of the GSC member i. πi is the realized material payoff of the GSC member i. ∆i is the
loss-averse reference point of the GSC member i. Since the loss-averse reference point
of each GSC member comes from the psychological game—Nash bargaining game for
fairly distributing profit of the whole GSC, these reference points must satisfy the Pareto
efficiency axiom, i.e., ∆m + ∆r = πsc.

Lemma 1. The loss-averse reference points depend on the loss-aversion coefficients of the manufac-
turer as well as the retailer. Specifically, the loss-averse reference points of the manufacturer and the
retailer are shown as follows:
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∆m =
(1 + λr)πsc

2 + λm + λr
; ∆r =

(1 + λm)πsc

2 + λm + λr
. (16)

The proof of Lemma 1 is shown in Appendix A.
Based on these loss-averse reference points Equation (16), we can obtain the manu-

facturer’s utility and the retailer’s utility by substituting Equation (16) into Equation (15).
Then, DD(∆m ≥ πm) scenario and DD(∆r ≥ πr) scenario are considered, and the optimal
strategies and profits of these two scenarios are obtained.

(2) DD(∆m ≥ πm) scenario

In DD(∆m ≥ πm) scenario, both the manufacturer and the retailer are loss-averse, and
only the manufacturer’s share is below his own loss-averse reference point. Thus, the
manufacturer incurs a loss, which implies that the retailer does not incur loss even if he is
loss averse. The utilities of the manufacturer and the retailer are shown, respectively:

um = (1 + λm)πm − λm∆m

= (1 + λm)[(a + τe− p)(w− c)− 1
2 he2]− λm(1+λr)[(a+τe−p)(p−c)− 1

2 he2]
2+λm+λr

(17)

ur = πr = (a + τe− p)(p− w) (18)

We construct a Stackelberg game model with the manufacturer as the leader, determin-
ing the wholesale price as well as product green degree, while the retailer is the follower,
determining the retail price. Differentiating Equation (18) with respect to p yields:

p = (a + w + τe)/2 (19)

Substituting Equation (19) into Equation (17) yields:

um = (1 + λm)[
a + τe− w

2
(w− c)− 1

2
he2]−

λm(1 + λr)[(a + τe− w)/2)((a + w + τe)/2− c)− 1
2 he2]

2 + λm + λr
(20)

The Hessian matrix with respect to w and e is shown as follows: −1− λm + λm(1+λr)
2(2+λm+λr)

(1+λm)τ
2

(1+λm)τ
2 (−1− λm)h− λm(1+λr)(τ2/2−h)

2+λm+λr


If 0 < τ2/h < ϕ, where ϕ = 4+ 2λm(1 + λr)/[(1 + λm)

2 + 1 + λr], then this matrix is
a negatively definite one. This implies that the manufacturer’s utility function formulated
by Equation (20) is a joint concave function with respect to w and e. Thus, to maximize
manufacturer’s utility, we have:

w∗D,∆m
= c +

2h(1 + λm)(2 + λm + λr)(a− c)

h[4(1 + λm)
2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
(21)

e∗D,∆m
=

τ[(1 + λm)
2 + (1 + λr)](a− c)

h[4(1 + λm)
2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
(22)

Substituting Equations (21) and (22) into Equation (19) yields:

p∗D,∆m
= c +

h(3λ2
m + 2λmλr + 8λm + 3λr + 6)(a− c)

h[4(1 + λm)
2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
(23)

Substituting Equations (21)–(23) into Equations (1)–(3) yields the profits of the manu-
facturer, the retailer and the whole supply chain system, respectively.



Mathematics 2021, 9, 3154 8 of 26

π∗m,D,∆m =
h[(1 + λm)

2 + (1 + λr)]
{

4h[(1 + λm)
2 + (1 + λr) + λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
}
(a− c)2

2
{

h[4(1 + λm)
2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
}2 (24)

π∗r,D,∆m =
h[(1 + λm)

2 + (1 + λr)]
{

4h[(1 + λm)
2 + (1 + λr) + λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
}
(a− c)2

2
{

h[4(1 + λm)
2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
}2 (25)

π∗sc,D,∆m =
h[(1 + λm)

2 + (1 + λr)]
{

h[5(1 + λm)
2 + 5(1 + λr) + 4λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
}
(a− c)2

2
{

h[4(1 + λm)
2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
}2 (26)

(3) DD(∆r ≥ πr) scenario

In the DD(∆r ≥ πr) scenario, both the manufacturer and the retailer are loss-averse,
and only the retailer’s share is below his own loss-averse reference point. Thus, the retailer
incurs a loss, which implies that the manufacturer does not occur loss even if he is loss
averse. The utilities of the manufacturer and the retailer are shown, respectively, as:

um = πm(p, e, w) = (a + τe− p)(w− c)− 1
2

he2 (27)

ur = (1 + λr)πr − λr∆r = (1 + λm)(a + τe− p)(p− w)−
λr(1 + λm)[(a + τe− p)(p− c)− 1

2 he2]

2 + λm + λr
(28)

A Stackelberg game model is constructed, where the manufacturer as the leader
determines the wholesale price as well as product green degree, while the retailer as the
follower determines the retail price. Differentiating Equation (28) with respect to p yields:

p =
(1 + λr)(2 + λm + λr)(a + τe + w)− λr(1 + λm)(a + τe + c)

2[(1 + λr)
2 + 1 + λm]

(29)

Substituting Equation (29) into Equation (27) yields:

um = (a + τe− (1 + λr)(2 + λm + λr)(a + τe + w)− λr(1 + λm)(a + τe + c)

2[(1 + λr)
2 + 1 + λm]

)(w− c)− 1
2

he2 (30)

The Hessian matrix with respect to w and e is shown as follows:(
−1− λr(1+λm)

(1+λr)
2+1+λm

τ
2

τ
2 −h

)

If 0 < τ2/h < ϑ, where ϑ = 4 + 4λr(1 + λm)/[(1 + λr)
2 + (1 + λm)], then this matrix

is a negatively definite one. This implies that the manufacturer’s utility function formulated
by Equation (30) is a joint concave function with respect to w and e. Thus, to maximize
manufacturer’s utility, we have:

w∗D,∆r
= c +

2h[(1 + λr)
2 + (1 + λm)](a− c)

4h(1 + λr)(2 + λm + λr)− [(1 + λr)
2 + (1 + λm)]τ2

(31)

e∗D,∆r
=

τ[(1 + λr)
2 + (1 + λm)](a− c)

4h(1 + λr)(2 + λm + λr)− [(1 + λr)
2 + (1 + λm)]τ2

(32)
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Substituting Equations (31) and (32) into Equation (29) yields:

p∗D,∆r
= c +

3h(1 + λr)(2 + λm + λr)(a− c)

4h(1 + λr)(2 + λm + λr)− [(1 + λr)
2 + (1 + λm)]τ2

(33)

Substituting Equations (31)–(33) into Equations (1)–(3) yields the profits of the manu-
facturer, the retailer and the whole supply chain system, respectively:

π∗m,D,∆r
=

h[(1 + λr)
2 + (1 + λm)](a− c)2

2
{

4h(1 + λr)(2 + λm + λr)− [(1 + λr)
2 + (1 + λm)]τ2

} (34)

π∗r,D,∆r
=

h2(2 + λm + λr)[(1 + λm)
2 + (1 + λr) + 3λr(1 + λm)]

2
(a− c)2{

4h(1 + λr)(2 + λm + λr)− [(1 + λr)
2 + (1 + λm)]τ2

}2 (35)

π∗sc,D,∆r
=

h
{

6h(1 + λr)
2(2 + λm + λr)− [(1 + λr)

2 + (1 + λm)]
2
τ2
}
(a− c)2

2
{

4h(1 + λr)(2 + λm + λr)− [(1 + λr)
2 + (1 + λm)]τ2

}2 (36)

4. Analysis and Comparison Equilibriums in Four Scenarios

Here, a comparative analysis is performed to explore the impact of GECP and loss
aversion of the manufacturer and the retailer on optimal strategies and profits of the GSC
with loss aversion.

Theorem 1. For case ∆m ≥ πm, (i) p∗D,∆m
> p∗D > p∗ if 0 < τ2/h < 1 , (ii) p∗D,∆m

= p∗D = p∗

if τ2/h = 1 , (iii) p∗D,∆m
< p∗D < p∗ if 1 < τ2/h < 2 . For case ∆r ≥ πr, (I) p∗D > p∗D,∆r

> p∗

if 0 < τ2/h < ψ , (II) p∗D > p∗D,∆r
= p∗ if τ2/h = ψ , (III) p∗D > p∗ > p∗D,∆r

if ψ < τ2/h < 1
, (IV) p∗D = p∗ > p∗D,∆r

if τ2/h = 1 , (V) p∗ > p∗D > p∗D,∆r
if 1 < τ2/h < 2.

The proof of Theorem 1 is shown in Appendix A.

Remark 1. For ∆m ≥ πm, Theorem 1 (i) demonstrates that the highest retail price is in DD
(∆m ≥ πm), followed by in DD, while the lowest one is in CD, when GECP is low (i.e., 0 < τ2/h <
1). If GECP is high (i.e., 1 < τ2/h < 2), a reversed conclusion is inferred, as shown Theorem 1 (iii).
If GECP is moderate (i.e., τ2/h = 1), the retail prices are identical in three decision scenarios. For
∆r ≥ πr, if GECP is sufficiently low (i.e., 0 < τ2/h < ψ), then the highest retail price is in DD,
while the lowest one is in CD, as shown in Theorem 1 (I). If GECP is high (i.e., 1 < τ2/h < 2),
then the highest retail price is in CD, while the lowest one is in DD(∆r ≥ πr), as shown in Theorem
1(V). If GECP is low (i.e., ψ < τ2/h < 1), the highest retail price is in DD, while the lowest one is
in DD(∆r ≥ πr), as shown in Theorem 1 (III). In addition, the conclusion that the retail price in
DD is higher than that in CD, as shown in Theorem 1 (i), (I) and (II), is identical to the traditional
supply chain, since lower GECP cannot lead to a significantly increase in market demand. The
conclusion that the retail price in CD is higher than that in DD is reverse to the traditional supply
chain, as shown in Theorem 1 (iii) and (V), since higher GECP leads to a higher awareness of
consumers environmental protection such that consumers purchase green products, which also
results in increasing market demand dramatically.

Proposition 1. For case ∆m ≥ πm,

(i) when 0 < τ2/h < 1,
dp∗D,∆m

dλm
> 0 if λm <

√
λr + 2 and

dp∗D,∆m
dλm

< 0 otherwise.

(ii) when 1 < τ2/h < ϕ,
dp∗D,∆m

dλm
< 0 if λm <

√
λr + 2 and

dp∗D,∆m
dλm

> 0 otherwise.

(iii)
dp∗D,∆m

dλr
> 0 if 0 < τ2/h < 1 and

dp∗D,∆m
dλr

< 0 otherwise.

For case ∆r ≥ πr,
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(I)
dp∗D,∆r

dλm
< 0.

(II)
dp∗D,∆r

dλr
< 0 if λr <

√
λm + 2 and

dw∗D,∆r
dλr

> 0 otherwise.

The proof of Proposition 1 is shown in Appendix A.

Remark 2. Proposition 1 shows that for the case ∆m ≥ πm GECP has a critical impact on
the changes of retail price with the levels of loss aversion for the manufacturer and the retailer.
When GECP is low, for λm ∈ (0,

√
λr + 2) (λm ∈ (

√
λr + 2,+∞)), the retail price increases

(decreases) with the manufacturer’s level of loss aversion, while the retail price increases with the
retailer’s level of loss aversion, as described in Proposition 1 (i) and (iii). When GECP is high,
for λm ∈ (0,

√
λr + 2) (λm ∈ (

√
λr + 2,+∞)), the retail price decreases (increases) with the

manufacturer’s level of loss aversion, as described in Proposition 1 (ii). while for the case ∆r
≥ πr GECP has no effect on the changes of retail price with the levels of loss aversion for the
manufacturer and the retailer. The retail price decreases with the manufacturer’s level of loss
aversion, as described in Proposition 1 (I). The retail price decreases with the retailer’s level of loss
aversion for λr <

√
λm + 2; otherwise, it increases with the retailer’s level of loss aversion, as

described in Proposition 1 (II). In addition, since ∆m ≥ πm implies that the retailer does not occurs
loss, it follows from Proposition 1 that the retail price is increasing (decreasing) monotonically with
the levels of loss aversion of the member without loss if GECP is low (high). On the other hand,
since ∆r ≥ πr implies that the manufacturer does not occurs loss, according to Proposition 1, the
retail price is decreasing monotonically with the levels of loss aversion of the member without loss.

Theorem 2. For case ∆m ≥ πm, (i) w∗D,∆m
> w∗D if 0 < τ2/h < 2 , (ii) w∗D,∆m

= w∗D if
τ2/h = 2 , (iii) w∗D,∆m

< w∗D if 2 < τ2/h < 4 . For case ∆r ≥ πr, w∗D,∆r
< w∗D.

The proof of Theorem 2 is shown in Appendix A.

Remark 3. Theorem 2 indicates that GECP has an important impact on wholesale price. For case ∆m
≥ πm (i.e., a loss for the retailer with loss aversion has no occurs), Theorem 1(i) demonstrates that
the wholesale price in DD(∆m ≥ πm) is higher than that in DD if GECP is low (i.e., 0 < τ2/h < 2).
Theorem 1(iii) demonstrates that the wholesale price in DD(∆m ≥ πm) is less than that in DD
if GECP is high (i.e., 2 < τ2/h < 4). Theorem 1(ii) demonstrates that the wholesale price in
DD(∆m ≥ πm) is identical to that in DD if GECP is moderate (i.e., τ2/h = 2). For case ∆r ≥ πr
(i.e., a loss for the manufacturer with loss aversion has no occurs), Theorem 2 demonstrates that the
wholesale price in DD(∆r ≥ πr) is less than that in DD regardless of GECP.

Proposition 2. For case ∆m ≥ πm,

(i) when 0 < τ2/h < 2,
dw∗D,∆m

dλm
> 0 if λm <

√
λr + 2 and

dw∗D,∆m
dλm

< 0 otherwise.

(ii) when 2 < τ2/h < ϕ,
dw∗D,∆m

dλm
< 0 if λm <

√
λr + 2 and

dw∗D,∆m
dλm

> 0 otherwise.

(iii)
dw∗D,∆m

dλr
> 0 if 0 < τ2/h < 2 and

dw∗D,∆m
dλr

< 0 otherwise.

For case ∆r ≥ πr,

(I)
dw∗D,∆r

dλm
< 0. (II)

dw∗D,∆r
dλr

< 0 if λr <
√

λm + 2 and
dw∗D,∆r

dλr
> 0 otherwise. The proof of

Proposition 2 is shown in Appendix A.

Remark 4. Proposition 2 shows that for the case ∆m ≥ πm GECP has a critical impact on the
changes of wholesale price with the levels of loss aversion for the manufacturer and the retailer.
When GECP is low, for λm ∈ (0,

√
λr + 2) (λm ∈ (

√
λr + 2,+∞)), the wholesale price increases

(decreases) with the manufacturer’s level of loss aversion, while it increases with the retailer’s level of
loss aversion, as described in Proposition 2 (i) and (iii). When GECP is high, for λm ∈ (0,

√
λr + 2)

(λm ∈ (
√

λr + 2,+∞)), the wholesale price decreases (increases) with the manufacturer’s level of
loss aversion, as described in Proposition 2 (ii) while for the case ∆r ≥ πr GECP has no effect on the
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changes of wholesale price with the levels of loss aversion for the manufacturer and the retailer. The
wholesale price decreases with the manufacturer’s level of loss aversion, as described in Proposition
2 (I). The wholesale price decreases with the retailer’s level of loss aversion for λr <

√
λm + 2;

otherwise, it increases with the retailer’s level of loss aversion, as described in Proposition 2 (II). In
addition, since ∆m ≥ πm implies that the retailer does not occurs loss, it follows from Proposition
2 that the wholesale price is increasing (decreasing) monotonically with the levels of loss aversion
of the member without loss if GECP is low (high). On the other hand, since ∆r ≥ πr implies that
the manufacturer does not occurs loss, according to Proposition 2, the wholesale price is decreasing
monotonically with the levels of loss aversion of the member without loss.

Theorem 3. For case ∆m ≥ πm, e∗D,∆m
< e∗D < e∗. For case ∆r ≥ πr, e∗D,∆r

< e∗D < e∗.

The proof of Theorem 3 is shown in Appendix A.

Remark 5. From Theorem 3, it follows that the green degree is the highest in CD, followed by in
DD, while it is the lowest in DD(∆m ≥ πm) or DD(∆r ≥ πr). This means that members with loss
aversion are reluctant to engage in producing and selling green products such that product green
degree is further decreased in DD(∆m ≥ πm) or DD(∆r ≥ πr).

Proposition 3. For case ∆m ≥ πm,

(i)
de∗D,∆m

dλm
< 0 if λm <

√
λr + 2 and

de∗D,∆m
dλm

> 0 otherwise. (ii)
de∗D,∆m

dλr
< 0.

For case ∆r ≥ πr,

(I)
de∗D,∆r
dλm

< 0.(II)
de∗D,∆r

dλr
> 0 if λr <

√
λm + 2 and

de∗D,∆r
dλr

< 0 otherwise.

The proof of Proposition 3 is shown in Appendix A.

Remark 6. For case ∆m ≥ πm, Proposition 3 (i) shows that the product green degree decreases
with the manufacturer’s level of loss aversion if λm ∈ (0,

√
λr + 2); otherwise, it increases with the

manufacturer’s level of loss aversion. Proposition 3 (ii) shows that the product green degree decreases
with the retailer’s level of loss aversion. For case ∆r ≥ πr, Proposition 3 (I) shows that the product
green degree decreases with the manufacturer’s level of loss aversion. Proposition 3 (II) shows
that the product green degree increases with the retailer’s level of loss aversion if λr <

√
λm + 2;

otherwise, it decreases with the retailer’s level of loss aversion. In addition, since ∆m ≥ πm implies
that the retailer does not occurs loss and ∆r ≥ πr implies that the manufacturer does not incur loss,
it follows from Proposition 3 that product green degree is decreasing monotonically with the levels
of loss aversion of the member without loss.

Theorem 4. For case ∆m ≥ πm, π∗m,D,∆m
< πD

m , π∗r,D,∆m
< πD

r , π∗sc,D,∆m
< πD

sc < πsc(p∗, e∗). For
case ∆r ≥ πr, π∗m,D,∆r

< πD
m , π∗sc,D,∆r

< πD
sc < πsc(p∗, e∗), for the retailer’s profit, (i) π∗r,D,∆r

> πD
r

if 0 < τ2/h < t, (ii) π∗r,D,∆r
= πD

r if τ2/h = t, (iii) π∗r,D,∆r
< πD

r if t < τ2/h < 4.

The proof of Theorem 4 is shown in Appendix A.

Remark 7. For ∆m ≥ πm (i.e., a loss for the retailer with loss aversion has no occurs), the profits of
the manufacturer and the retailer in DD(∆m ≥ πm) are less than that in DD. It implies that the
manufacturer as well as the retailer are hurt by loss-averse preferences of members. On the other
hand, the profit of the whole supply chain in CD is higher than that in DD, while the latter is higher
than that in DD(∆m ≥ πm). Maximizing the profits of members leads to the decrease of the profit
of the whole channel. Furthermore, once the manufacturer incurs loss, its loss-averse preference
causes it to pay more attention to loss than gain, which further decreases the profit of the whole
channel. For ∆r ≥ πr (i.e., a loss for the manufacturer with loss aversion has no consequence), the
conclusions for the manufacturer and the whole supply chain are identical to the case ∆m ≥ πm.
For retailer’s profit, the gap between the profit of the loss-averse retailer and the profit of the rational
retailer depends on GECP. If GECP is low (high), then the former is higher (less) than the latter.
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Proposition 4. For case ∆m ≥ πm,

(i)
dπ∗m,D,∆m

dλm
< 0 if λm <

√
λr + 2 and

dπ∗m,D,∆m
dλm

> 0 otherwise. (ii)
dπ∗m,D,∆m

dλr
< 0. (iii)

dπ∗r,D,∆m
dλm

< 0 if λm <
√

λr + 2 and
dπ∗r,D,∆m

dλm
> 0 otherwise. (iv)

dπ∗r,D,∆m
dλr

< 0.
For case ∆r ≥ πr,
(I)

dπ∗m,D,∆r
dλm

< 0. (II)
dπ∗m,D,∆r

dλr
< 0 if λr <

√
λm + 2 and

dπ∗m,D,∆r
dλr

> 0 otherwise.

(III)
dπ∗r,D,∆r

dλm
< 0 if 0 < τ2/h < θ;

dπ∗r,D,∆r
dλm

> 0 if θ < τ2/h < ϑ.

(IV) when 0 < τ2/h < θ,
dπ∗r,D,∆r

dλr
> 0 if λr <

√
λm + 2 and

dπ∗r,D,∆r
dλr

< 0 otherwise.

(V) when θ < τ2/h < ϑ,
dπ∗r,D,∆r

dλr
< 0 if λr <

√
λm + 2 and

dπ∗r,D,∆r
dλr

> 0 otherwise.

where θ = 4(1+λr)(2+λm+λr)

3λmλr+2λ2
r+2λm+7λr+4

and ϑ = 4 + 4λr(1+λm)

(1+λr)
2+1+λm

.

The proof of Proposition 4 is shown in Appendix A.

Remark 8. For case ∆m ≥ πm, the profits of the manufacturer and the retailer decrease with
the levels of loss aversion for the manufacturer if λm <

√
λr + 2; otherwise, the profits of the

manufacturer and the retailer increase with the levels of loss aversion for the manufacturer while the
profits of the manufacturer and the retailer decrease with the levels of loss aversion for the retailer.
For case ∆r ≥ πr, the manufacturer’s profit decreases with its own levels of loss aversion, while
it also decreases with the retailer’s levels of loss aversion if λr <

√
λm + 2, and it increases with

the retailer’s levels of loss aversion if λr >
√

λm + 2. It is worthwhile noting that GECP has a
critical impact on the changes of retailer’s profit with the levels of loss aversion for the manufacturer
and the retailer. When GECP is low, the retailer’s profit decreases with the manufacturer’s levels of
loss aversion, while it increases with its own levels of loss aversion if λr <

√
λm + 2; otherwise, it

decreases with its own levels of loss aversion. When GECP is high, the retailer’s profit increases
with the manufacturer’s levels of loss aversion, while it decreases with its own levels of loss aversion
if λr <

√
λm + 2; otherwise, it increases with its own levels of loss aversion.

5. Numerical Simulation

Signify, as a global lighting leader, occupies a leading position in the field of traditional
lighting, light-emitting diodes (LEDs) and intelligent interconnected lighting. The global
sales of Signify in 2020 were 6.5 billion €, of which the sales of LEDs were 70% of the total
sales. However, with the rise in consumers’ environmental awareness, Signify has had to
manufacture green LEDs (such as 3D printing downlights). For example, Signify adopts
100% recyclable polycarbonate materials and limits the number of screws and parts to
reduce the difficulty of recycling in the production process of LEDs. In addition, Signify
directly adopts colored materials to reduce additional coloring or post-treatment in the
production process of LEDs. These reduce its carbon footprint by 75%. However, investing
much capital in green technology will lead to a decrease of profits of Signify in the near
future such that it prefers to minimize losses (relative to some reference point) rather
than maximize gains. To investigate the effects of GECP and loss aversion on decision
variables (i.e., product green degree, wholesale price and retail price) and profits, let the
potential demand of the market on LEDs a = 120 and the manufacturing cost of a unit of
LED c = 20 [64]. Here, Signify plays the role of the manufacturer.

To show the effects of GECP on decision variables, members’ profits and the overall
profit, let λm = 1 and λr = 2, as described in Figures 1 and 2. Figure 1 show the changes of
decision variables with GECP, while Figure 2 shows the changes of members’ profits and
the overall profit with GECP.
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The effects of GECP on green degree, wholesale price and retail price are shown in
Figure 1a–c, respectively. In Figure 1a, product green degree in four decision scenarios
increase with GEPC. Product green degree in CD is the highest. After product green degree
in CD, product green degree in DD is the second highest, followed by product green degree
in DD(∆m ≥ πm), and in DD(∆r ≥ πr) is the lowest. In Figure 1b, the wholesale price in
three decision scenarios (i.e., DD, DD(∆m ≥ πm) and DD(∆r ≥ πr)) increase with GEPC.
The wholesale price in DD is the highest, followed by the wholesale price in DD(∆m ≥ πm),
it in DD(∆r ≥ πr) is the lowest. In Figure 1c, the retail price in four decision scenarios
increase with GEPC. GEPC has important impacts on the retail price in four decision
scenarios. If GEPC is sufficiently low, then the highest retail price is in DD, while the lowest
retail price is in CD. If GEPC is low, then the highest retail price is also in DD, while the
lowest retail price is in DD(∆r ≥ πr). If GEPC is high, then the highest retail price is in CD,
while the lowest retail price is in DD(∆r ≥ πr). In addition, in Figure 1c, the retail price
in DD(∆m ≥ πm) is higher than the retail price in DD(∆r ≥ πr) regardless of GEPC. From
Figure 1a–c), it follows that the loss-averse preferences of members decrease product green
degree, the wholesale price and the retail price.

The impacts of GECP on the profits of Signify, retailer and the supply chain system
are shown in Figure 2a–c, respectively. Figure 2a shows the changes of Signify’s profit with
GEPC. In Figure 2a, Signify’s profit in three decision scenarios (i.e., DD, DD(∆m ≥ πm)
and DD(∆r ≥ πr)) increases with GEPC. Signify’s profit in DD is the highest, followed by
Signify’s profit in DD(∆r ≥ πr), and in DD(∆m ≥ πm) it is the lowest. Figure 2b shows the
changes of the retailer’s profit with GEPC. If GEPC is sufficiently high, then the highest
profit of the retailer is in DD, while the lowest profit of the retailer is in DD(∆m ≥ πm);
otherwise, the highest profit of the retailer is in DD(∆r ≥ πr), while the lowest profit of
the retailer is in DD(∆m ≥ πm). In Figure 2c, the overall profit in four decision scenarios
increase with GEPC. The overall profit in CD is the highest. After the overall profit in CD,
the overall profit in DD is the second highest, followed by the overall profit in DD(∆r ≥ πr),
and in DD(∆m ≥ πm) it is the lowest. From Figure 2a–c, it follows that the loss-averse



Mathematics 2021, 9, 3154 14 of 26

preferences of members decrease the profits of the members and the overall profit, and that
the profit of a member incurring loss is higher than its profit without incurring loss.

The effects of Signify’s loss aversion on green degree, wholesale price and retail
price are shown in Figure 3a–c, respectively. In Figure 3a, product green degree in
DD(∆m ≥ πm) is decreasing first in λm and then increasing in λm. while product green
degree in DD(∆r ≥ πr) is increasing in λm. That is, in DD(∆m ≥ πm), with the increase of
Signify’s levels of loss aversion, Signify first reduces product green degree and improves
product green degree; while in DD(∆r ≥ πr) Signify improves gradually product green
degree with the increase of Signify’s levels of loss aversion. In addition, in Figure 3a
product green degree in DD(∆m ≥ πm) is higher than that in DD(∆r ≥ πr) and lower than
that in CD and DD. In Figure 3b, the wholesale price in DD(∆m ≥ πm) is increasing first in
λm and then decreasing in λm. while the wholesale price in DD(∆r ≥ πr) is decreasing first
in λm. That is, in DD(∆m ≥ πm), with the increase of Signify’s levels of loss aversion, Signify
first improves the wholesale price and decrease the wholesale price; while in DD(∆r ≥ πr)
Signify reduces gradually the wholesale price with the increase of Signify’s levels of loss
aversion. In addition, in Figure 3b the wholesale price in DD(∆m ≥ πm) is higher than
that in DD(∆r ≥ πr). In Figure 3c, the retailer price in DD(∆m ≥ πm) is decreasing first
in λm and then increasing in λm, while the retailer price in DD(∆r ≥ πr) is decreasing in
λm. According to Figure 3c, the retail price is the highest in CD, the retail price in DD is
the second highest, followed by in DD(∆m ≥ πm), it is the lowest in DD(∆r ≥ πr). From
Figure 3a,c, it follows that the loss-averse preferences of manufacturer decrease product
green degree and the retail price compared to CD and DD, and that product green degree
and the retail price in the green supply chain with the retailer incurring loss is less than
that in the green supply chain with the manufacturer incurring loss. In addition, according
to Figure 3b, the loss-averse preference of manufacturer increases the wholesale price in the
green supply chain with the manufacturer incurring loss compared to DD, while it reduces
the wholesale price in the green supply chain the retailer incurring loss compared to DD.
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Figure 3. The effects of Signify’s levels of loss aversion on decision variables.

The effects of Signify’s loss aversion on the profits of Signify, retailer and the supply
chain system are shown in Figure 4a–c, respectively. Figure 4a shows the changes of
Signify’s profit with Signify’s levels of loss aversion. From Figure 4a, it follows that
Signify’s profit in DD(∆m ≥ πm) is decreasing first in λm and then increasing in λm and
Signify’s profit in DD(∆r ≥ πr) is decreasing in λm. In addition, in Figure 4a Signify’s
profit in DD(∆m ≥ πm) is higher than that in DD(∆r ≥ πr), while the former is lower than
Signify’s profit in DD. Figure 4b shows the changes of the retailer’s profit with Signify’s
levels of loss aversion. According to Figure 4b, the retailer’s profit in DD(∆m ≥ πm) is
decreasing first in λm and then increasing in λm and the retailer’s profit in DD(∆r ≥ πr)
is increasing in λm. On the other hand, in Figure 4b the retailer’s profit in DD(∆r ≥ πr) is
the highest, followed by that in DD, and it is the lowest in DD(∆m ≥ πm). Figure 4c shows
the changes of the overall profit with Signify’s levels of loss aversion. By Figure 4c, the
overall profit in DD(∆m ≥ πm) is decreasing first in λm and then increasing in λm and the
overall profit in DD(∆r ≥ πr) is decreasing in λm. In Figure 4c, the overall profit in CD is
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the highest. After the overall profit in CD, the overall profit in DD is the second highest,
followed by that in DD(∆m ≥ πm) and in DD(∆r ≥ πr) it is the lowest if Signify’s level of
loss aversion is sufficiently low or high (otherwise, followed by that in DD(∆r ≥ πr) and in
DD(∆m ≥ πm) it is the lowest). By Figure 4a,c), in DD(∆m ≥ πm), if Signify’s levels of loss
aversion are low, Signify as well as the retailer are hurt by Signify’s levels of loss aversion;
otherwise, they benefit from it. In DD(∆r ≥ πr), Signify suffers from its own level of loss
aversion, while the retailer benefits from it. In addition, in Figure 4b, compared to DD,
the retailer’s profit in DD(∆r ≥ πr) is higher than that in DD, while the retailer’s profit in
DD(∆m ≥ πm) is lower than that in DD.
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The effects of retailer’s loss aversion on green degree, wholesale price and retail
price are shown in Figure 5a–c, respectively. In Figure 5a, while product green degree
in DD(∆m ≥ πm) is decreasing first in λr, while product green degree in DD(∆r ≥ πr) is
decreasing first in λr and then increasing in λr. That is, in DD(∆m ≥ πm), with the increase
of the retailer’s levels of loss aversion, Signify will reduce product green degree; while in
DD(∆r ≥ πr), Signify first reduces product green degree and improve product green degree.
In Figure 5a, product green degree in CD is the highest, it in DD is the second highest after
in CD, followed by product green degree in DD, and it is the lowest in DD(∆m ≥ πm) if
the retailer’s levels of loss aversion are sufficiently low or high. Otherwise, it is the lowest
in DD(∆r ≥ πr). In Figure 5b, the wholesale price in DD(∆m ≥ πm) is increasing first in
λr, while the wholesale price in DD(∆r ≥ πr) is decreasing first in λr and then increasing
in λr. That is, in DD(∆m ≥ πm), with the increase of the retailer’s levels of loss aversion,
Signify will increase the wholesale price, while in DD(∆r ≥ πr) Signify first decreases the
wholesale price and increases the wholesale price. In Figure 5b the wholesale price in
DD(∆m ≥ πm) is higher than that in DD, while the latter is higher than that in DD(∆r ≥ πr).
In Figure 5c, the retailer’s price in DD(∆m ≥ πm) is decreasing in λr, while the retailer’s
price in DD(∆r ≥ πr) is decreasing first in λm and then increasing in λr. According to
Figure 5c, the retail price is the highest in CD, the retail price in DD is the second highest,
followed by that in DD(∆r ≥ πr), and it is the lowest in DD(∆m ≥ πm) if the retailer’s
levels of loss aversion is sufficiently low. Otherwise, it is the lowest in DD(∆r ≥ πr). From
Figure 5a,c, it follows that the loss-averse preferences of the retailer decrease product green
degree and the retail price compared to CD and DD, and that the size of product green
degrees and the retail prices in DD(∆m ≥ πm) and DD(∆r ≥ πr) depends on the retailer’s
levels of loss aversion. In addition, according to Figure 5b, the loss-averse preference of
the retailer increases the wholesale price in the green supply chain with the manufacturer
incurring loss compared to DD, while it reduces the wholesale price in the green supply
chain with the retailer incurring loss compared to DD.
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The effects of retailer’s loss aversion on the profits of Signify, retailer and the supply
chain system are shown in Figure 6a–c, respectively. Figure 6a shows the changes of
Signify’s profit with the retailer’s levels of loss aversion. From Figure 6a, Signify’s profit in
DD(∆m ≥ πm) is decreasing in λr. and Signify’s profit in DD(∆r ≥ πr) is decreasing first in
λr and then increasing in λr. In Figure 6a, Signify’s is the highest in DD. If the retailer’s
levels of loss aversion are sufficiently low, the lowest profit for Signify is in DD(∆m ≥ πm);
otherwise, the lowest profit for Signify is in DD(∆r ≥ πr). Figure 6b shows the changes of
the retailer’s profit with its own levels of loss aversion. From Figure 6b, the retailer’s profit
in DD(∆m ≥ πm) is decreasing in λr. and the retailer’s profit in DD(∆r ≥ πr) is increasing
first in λr and then decreasing in λr. In Figure 6b, the retailer’s profit in DD(∆r ≥ πr)
is the highest, followed by the retailer’s profit in DD, and it is lowest in DD(∆m ≥ πm).
Figure 6c shows the changes of the overall profit with the retailer’s levels of loss aversion.
By Figure 6c, the overall profit in DD(∆r ≥ πr) is decreasing in λr, and the overall profit
in DD(∆r ≥ πr) is decreasing first in λr and then increasing in λr and In Figure 6c, the
overall profit in CD is the highest. After the overall profit in CD, the overall profit in DD
is the second highest, followed by that in DD(∆r ≥ πr), it in DD(∆m ≥ πm) is the lowest.
By Figure 6a,c, in DD(∆m ≥ πm), Signify as well as the retailer suffer from the retailer’s
levels of loss aversion. In DD(∆r ≥ πr), if the retailer’s levels of loss aversion are low,
Signify is hurt by the retailer’s levels of loss aversion, while the retailer benefits from it; if
the retailer’s levels of loss aversion are high, Signify benefits from the retailer’s levels of
loss aversion, while the retailer is hurt by it. In addition, in Figure 6b, compared to DD,
the retailer’s profit in DD(∆r ≥ πr) is higher than that in DD, while the retailer’s profit in
DD(∆m ≥ πm) is lower than that in DD.
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6. Managerial Insights

When the manufacturer incurs a loss, the manufacturer with low (high) loss-aversion
levels will increase the wholesale price and the loss-averse retailer will increase (decrease)
the retail price if GECP is sufficiently low (high). On the other hand, when the retailer
incurs a loss, the manufacturer with loss aversion will decrease the wholesale price, which
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leads to a low retail price for the retailer. A retailer with low (high) loss-aversion levels will
decrease (increase) the wholesale price, which leads to a low (high) retail price.

When the manufacturer incurs a loss, a lower (higher) loss aversion for the manufac-
turer will lead to a higher product green degree if the loss-aversion level of the manufacturer
is low (high), while the retailer with loss aversion will lead to a lower product green degree.
When the retailer incurs a loss, the manufacturer with loss aversion will lead to a lower
product green degree, while a lower (higher) loss aversion for the retailer will lead to a
higher product green degree if the loss-aversion level of the manufacturer is low (high).

When the members are loss averse, the manufacturer is reluctant to improve the
product green degree. When the manufacturer incurs a loss, compared with pricing
decision of the rational GSC members, the manufacturer will set a high (low) the wholesale
price and the retailer will set a high (low) retail price if GECP is low (high). When the
retailer incurs a loss, compared with pricing decision of the rational GSC members, the
manufacturer and the retailer will set low wholesale and retail prices.

7. Conclusions

In this paper, we restrict ourselves to a two-echelon GSC with a single loss-averse
manufacturer and a single loss-averse retailer. Shalev’s [23] model of loss aversion is
adopted to formulate the loss-aversion preferences for the manufacturer and the retailer,
whose loss-aversion reference dependence is formalized using Nash bargaining solution.
A decision model of the two-echelon GSC with loss aversion is constructed. Then the asso-
ciated equilibrium strategies are calculated. We discuss the impacts of the GSC members’
levels of loss aversion and GECP on the GSC decisions, such as retail price, wholesale
price and product green degree. We also analyze the effects of the GSC members’ levels of
loss aversion and GECP on profits, including the profits for the manufacturer as well as
the retailer and the profit of the whole GSC. Finally, a comparative analysis of outcomes
with respect to GECP and members’ levels of loss aversion are performed in four scenarios
(i.e., CD, DD, DD(∆m ≥ πm) and DD(∆r ≥ πr)) by using numerical stimulation.

In DD(∆r ≥ πr) and DD (∆m ≥ πm), product green degree is lower than that in the
other two scenarios. GECP has a critical impact on the retail price and the wholesale price.
In DD (∆m ≥ πm), the wholesale (retail) price is higher than that in DD (and CD) if GECP
is low, while it is less than that in DD (DD and CD) if GECP is high. In DD(∆r ≥ πr), the
retail price is higher than that in CD and less than that in DD, if GECP is sufficiently low;
otherwise, it is the lowest in three scenarios, while in DD(∆r ≥ πr) the wholesale price is
less than that in DD regardless of GECP.

Furthermore, the profits of the manufacturer and the retailer in DD(∆m ≥ πm) are less
than that in DD. The profit of the whole GSC in CD is higher than that in DD, while the
latter is higher than that in DD(∆m ≥ πm). Maximizing the profits of the GSC members
leads to the decrease of the profit of the whole GSC. Furthermore, once the manufacturer
occurs loss, its loss-averse preference causes it to pay more attention to loss than gain,
which further decreases the profit of the whole GSC. In DD(∆r ≥ πr), the conclusions for the
manufacturer and the whole GSC are identical to those in DD(∆m ≥ πm). In DD(∆r ≥ πr),
the retailer’s profit is higher (less) than that in DD if GECP is low (high).

Moreover, in DD(∆m ≥ πm), the retail price and the wholesale price increase (decrease)
with the retailer’s levels of loss aversion if GECP is low (high), but the changes of the retail
price and the wholesale price with the manufacturer’s levels of loss aversion depend on
GECP as well as the gap between the levels of members’ loss aversion. In DD(∆r ≥ πr), the
retail price and the wholesale price decrease with the manufacturer’s levels of loss aversion,
while the changes of the retail price and the wholesale price with the manufacturer’s
levels of loss aversion depend on the gap between the levels of members’ loss aversion.
Product green degree is decreasing monotonically with the levels of loss aversion of the
GSC member without loss, but the changes of product green degree with the levels of loss
aversion of the GSC member with loss depend on the gap between the levels of the GSC
members’ loss aversion.



Mathematics 2021, 9, 3154 18 of 26

Finally, in DD(∆m ≥ πm), the GSC members’ profits are decreasing monotonically
with the levels of loss aversion of the retailer. In DD(∆m ≥ πm), the changes of the GSC
member’s profit with the levels of loss aversion of the manufacturer depend on the gap
between the levels of members’ loss aversion. In DD(∆r ≥ πr), the manufacturer’s profit
is decreasing monotonically its levels of loss aversion, but the changes of manufacturer’s
profit with the levels of loss aversion of the retailer depend on the gap between the levels
of the GSC members’ loss aversion. In DD(∆r ≥ πr), the retailer’s profit is decreasing
(increasing) monotonically the levels of loss aversion of the manufacturer if GECP is low
(high), while the changes of the retailer’s profit with its levels of loss aversion depend on
GECP as well as the gap between the levels of members’ loss aversion.

The present paper extends the study of the GSC to incorporate loss aversion, consid-
ering a single loss-averse manufacturer and a single loss-averse retailer. Although our
study contributes to the extant literature on GSCM, the developed model does not take into
account governmental interventions, since environmental issues are acquiring increasing
importance from governments around the world, and a series of policies with respect
to environmental protection have been promulgated. Thus, an interesting extension of
our study would be to consider the governmental interventions in the future. Another
interesting extension of our study would be what will happen when technology or green
degree requirements change over time.
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Appendix A

Proof of Lemma 1. By Nash’s axiomatic definition [37,38] and the definition of stable
reference point in Nash bargaining with loss aversion [65], the stable reference point pairs
(∆m, ∆r) is to maximize Nash product urum, i.e.,

max∆m ,∆r [(1 + λr)πr − λrmax{πr, ∆r}][(1 + λm)πm − λmmax{πm, ∆m}]
s.t. ∆m + ∆r = πsc.

∆m, ∆r ∈ (0, πsc].

From Shalev’s [65] Theorem 3.2, it follows that there is a tangent to the linear function
∆m + ∆r = πsc through the point (∆m, ∆r) with slope −∆r(1 + λr)/∆m(1 + λm). Thus,
we have:

− ∆r(1 + λr)

∆m(1 + λm)
= −1

By combining with ∆m + ∆r = πsc, we have:

∆m =
(1 + λr)πsc

2 + λm + λr
; ∆r =

(1 + λm)πsc

2 + λm + λr
.

�
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Proof of Theorem 1. By Equations (5) and (11), we have:

p∗D − p∗ =
2h(a− c)(h− τ2)

(2h− τ2)(4h− τ2)
.

By Equations (11) and (23), we have:

p∗D,∆m − p∗D =
2hλm(1 + λr)(a− c)(h− τ2)

2
{

h[4(1 + λm)
2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
}
(4h− τ2)

Since 0 < τ2/h < 2, we have:
p∗D,∆m

> p∗D > p∗

p∗D,∆m
= p∗D = p∗

p∗D,∆m
< p∗D < p∗

0 < τ2/h < 1
τ2/h = 1
1 < τ2/h < 2

By Equations (11) and (33), we have:

p∗D,∆r
− p∗D = − 3hτ2λr(1 + λm)(a− c){

4h(1 + λr)(2 + λm + λr)− [(1 + λr)
2 + (1 + λm)]τ2

}
(4h− τ2)

< 0.

By Equations (5) and (33), we have:

p∗D,∆r
− p∗ =

h(a− c)
{

h(1 + λr)(2 + λm + λr)− [(1 + λr)(2 + λm + λr) + λr(1 + λm)]τ2}{
4h(1 + λr)(2 + λm + λr)− [(1 + λr)

2 + (1 + λm)]τ2
}
(2h− τ2)

For simplicity, let ψ = 1− λr(1+λm)
(1+λr)(2+λm+λr)+λr(1+λm)

. Then we have:



p∗D > p∗D,∆r
> p∗

p∗D > p∗D,∆r
= p∗

p∗D > p∗ > p∗D,∆r

p∗D = p∗ > p∗D,∆r

p∗ > p∗D > p∗D,∆r

0 < τ2/h < ψ

τ2/h = ψ

ψ < τ2/h < 1
τ2/h = 1
1 < τ2/h < 2.

�

Proof of Proposition 1. Differentiating p∗D,∆m
with respect to λm and λr yields:

dp∗D,∆m

dλm
= − 2h(a− c)(1 + λr)(λ2

m − λr − 2)(h− τ2){
h[4(1 + λm)

2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)
2 + (1 + λr)]τ2

}2

When 0 < τ2/h < 1, we have:

dp∗D,∆m

dλm

{
> 0 λm <

√
λr + 2

< 0 λm >
√

λr + 2

When 1 < τ2/h < ϕ, we have:

dp∗D,∆m

dλm

{
< 0 λm <

√
λr + 2

> 0 λm >
√

λr + 2
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dp∗D,∆m

dλr
=

2h(a− c)λm(1 + λm)
2(h− τ2){

h[4(1 + λm)
2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
}2

> 0 0 < τ2/h < 1

< 0 1 < τ2/h < ϕ

Differentiating p∗D,∆r
with respect to λm and λr yields:

dp∗D,∆r

dλm
= − 3hτ2(a− c)λr(1 + λr)

2{
4h(1 + λr)(2 + λm + λr)− [(1 + λr)

2 + (1 + λm)]τ2
}2 < 0

and

dp∗D,∆r

dλr
=

3hτ2(a− c)(1 + λm)(λ2
r − λm − 2){

4h(1 + λr)(2 + λm + λr)− [(1 + λr)
2 + (1 + λm)]τ2

}2

{
> 0 λr >

√
λm + 2

< 0 λr <
√

λm + 2

�

Proof of Theorem 2. From Equations (9) and (21), it follows that:

w∗D,∆m − w∗D =
λm(1 + λr)h(a− c)(2h− τ2)

8
{

h[4(1 + λm)
2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
}
(4h− τ2)

Since 0 < τ2/h < 4, then we have

w∗D,∆m
− w∗D =


> 0
= 0
< 0

0 < τ2/h < 2
τ2/h = 2
2 < τ2/h < 4

From Equations (9) and (31), it follows that:

w∗D,∆r
− w∗D = − 2λm(1 + λr)h2(a− c){

4h(1 + λr)(2 + λm + λr)− [(1 + λr)
2 + (1 + λm)]τ2

}
(4h− τ2)

< 0.

�

Proof of Proposition 2. Differentiating w∗D,∆m
with respect to λm and λr yields:

dw∗D,∆m

dλm
= − 2h(a− c)(1 + λr)(λ2

m − λr − 2)(2h− τ2){
h[4(1 + λm)

2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)
2 + (1 + λr)]τ2

}2

When 0 < τ2/h < 2, we have:

dw∗D,∆m

dλm

{
> 0 λm <

√
λr + 2

< 0 λm >
√

λr + 2

When 2 < τ2/h < ϕ, we have:

dw∗D,∆m

dλm

{
< 0 λm <

√
λr + 2

> 0 λm >
√

λr + 2
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dw∗D,∆m

dλr
=

2h(a− c)λm(1 + λm)
2(2h− τ2){

h[4(1 + λm)
2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
}2

> 0 0 < τ2/h < 2

< 0 2 < τ2/h < ϕ

Differentiating w∗D,∆r
with respect to λm and λr yields:

dw∗D,∆r

dλm
= − 8h2(a− c)λr(1 + λr){

4h(1 + λr)(2 + λm + λr)− [(1 + λr)
2 + (1 + λm)]τ2

}2 < 0

and

dw∗D,∆r

dλr
=

8h2(a− c)(1 + λm)(λ2
r − λm − 2){

4h(1 + λr)(2 + λm + λr)− [(1 + λr)
2 + (1 + λm)]τ2

}2

{
> 0 λr >

√
λm + 2

< 0 λr <
√

λm + 2
.

�

Proof of Theorem 3. By Equations (4) and (10), and combining with 0 < τ2/h < 2 yields:

eD∗ − e∗ = − 2τh(a− c)τ
(4h− τ2)(2h− τ2)

< 0.

By Equations (10) and (22), and combining with 0 < τ2/h < 2 yields:

e∗D,∆m − e∗D = − λm(1 + λr)τh(a− c)

2
{

h[4(1 + λm)
2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
}
(4h− τ2)

< 0

By Equations (10) and (32), and combining with 0 < τ2/h < 2 yields:

e∗D,∆r
− e∗D = − 4τhλr(1 + λm)(a− c){

4h(1 + λr)(2 + λm + λr)− [(1 + λr)
2 + (1 + λm)]τ2

}
(4h− τ2)

< 0.

�

Proof of Proposition 3. Differentiating e∗D,∆m
with respect to λm and λr yields:

de∗D,∆m

dλm
=

2hτ(a− c)(1 + λr)(λ2
m − λr − 2){

h[4(1 + λm)
2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
}2

< 0 λm <
√

λr + 2

> 0 λm >
√

λr + 2

and

de∗D,∆m

dλr
= − 2hτ(a− c)λm(1 + λm)

2{
h[4(1 + λm)

2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)
2 + (1 + λr)]τ2

}2 < 0

Differentiating e∗D,∆r
with respect to λm and λr yields:

de∗D,∆r

dλm
= − 4hτ(a− c)λr(1 + λr)

2{
4h(1 + λr)(2 + λm + λr)− [(1 + λr)

2 + (1 + λm)]τ2
}2 < 0
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and

de∗D,∆r

dλr
=

4hτ(a− c)(1 + λm)(λ2
r − λm − 2){

4h(1 + λr)(2 + λm + λr)− [(1 + λr)
2 + (1 + λm)]τ2

}2

{
> 0 λr >

√
λm + 2

< 0 λr <
√

λm + 2

�

Proof of Theorem 4. By Equations (12) and (24), we have:

π∗m,D,∆m − πD
m = − h3λ2

m(1 + λr)
2(a− c)2{

h[4(1 + λm)
2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
}2

(4h− τ2)
< 0.

By Equations (13) and (25), we have:

π∗r,D,∆m −πD
r = −

4h3λm(1 + λr)
{
[4(λ2

m + 2λm + λr + 2) + λm(1 + λr)]h− (λ2
m + 2λm + λr + 2)τ2}(a− c)2{

h[4(1 + λm)
2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
}2

(4h− τ2)2
< 0.

By Equations (6) and (14), we have:

πD
sc − πsc(p∗, e∗) = − 2h3(a− c)2

(4h− τ2)2(2h− τ2)
< 0.

By Equations (14) and (26), we have:

π∗sc,D,∆m
− πD

sc

= − 4h3λm(1+λr){2[2(λ2
m+λmλr+5λm+2λr+4)+λm(1+λr)]h−(λ2

m+λmλr+5λm+2λr+4)τ2}(a−c)2{
h[4(1+λm)2+4(1+λr)+2λm(1+λr)]−[(1+λm)2+(1+λr)]τ2

}2
(4h−τ2)

2
< 0.

By Equations (12) and (34), we have:

π∗m,D,∆r
− πD

m = − 2h2λr(1 + λm)(a− c)2{
4h(1 + λr)(2 + λm + λr)− [(1 + λr)

2 + (1 + λm)]τ2
}
(4h− τ2)

< 0.

By Equations (13) and (35), we have:

π∗r,D,∆r − πD
r =

h2λr(1 + λm)
{
[4(1 + λr)(λm + λr + 2)(2h− τ2)(4h− τ2)− λr(1 + λm)]τ4}(a− c)2{

4h(1 + λr)(2 + λm + λr)− [(1 + λr)
2 + (1 + λm)]τ2

}2
(4h− τ2)2

.

There exists a threshold t for τ2/h depending on λm and λr such that:

π∗r,D,∆r
− πD

r


> 0
= 0
< 0

0 ≤ τ2/h < t
τ2/h = t
t ≤ τ2/h < 4

By Equations (14) and (36), we have:

π∗sc,D,∆r
− πD

sc

= − h2τ2λr(1+λm){8(2λmλr+λ2
r+λm+4λr+2)h−(3λmλr+2λ2

r+2λm+7λr+4)τ2}(a−c)2{
4h(1+λr)(2+λm+λr)−[(1+λr)

2+(1+λm)]τ2
}2

(4h−τ2)
2

< − h2τ2λr(1+λm){8h−2τ2}(a−c)2{
4h(1+λr)(2+λm+λr)−[(1+λr)

2+(1+λm)]τ2
}2

(4h−τ2)
2
< 0.
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�

Proof of Proposition 4. Differentiating π∗m,D,∆m
with respect to λm and λr yields:

dπ∗m,D,∆m

dλm
=

2h3(a− c)2λm(1 + λr)
2(λ2

m − λr − 2){
h[4(1 + λm)

2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)
2 + (1 + λr)]τ2

}3

> 0 λm >
√

λr + 2

< 0 λm <
√

λr + 2

dπ∗m,D,∆m

dλr
= − 4h3(a− c)2λ2

m(1 + λm)
2(1 + λr){

h[4(1 + λm)
2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
}3 < 0

Differentiating π∗r,D,∆m
with respect to λm and λr yields:

dπ∗r,D,∆m

dλm
=

4h3(a− c)2(1 + λr)(λ2
m + 2λm + λr + 2)(λ2

m − λr − 2){
h[4(1 + λm)

2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)
2 + (1 + λr)]τ2

}3

> 0 λm >
√

λr + 2

< 0 λm <
√

λr + 2

dπ∗r,D,∆m

dλr
= − 4h3(a− c)2λm(1 + λm)

2(λ2
m + 2λm + λr + 2){

h[4(1 + λm)
2 + 4(1 + λr) + 2λm(1 + λr)]− [(1 + λm)

2 + (1 + λr)]τ2
}3 < 0

Differentiating π∗m,D,∆r
with respect to λm and λr yields:

dπ∗m,D,∆r

dλm
= − 2h2(a− c)2λr(1 + λr)

2{
4h(1 + λr)(2 + λm + λr)− [(1 + λr)

2 + (1 + λm)]τ2
}3 < 0

dπ∗m,D,∆r
dλr

=
2h2(a− c)2(1 + λm)(λ2

r − λm − 2){
4h(1 + λr)(2 + λm + λr)− [(1 + λr)

2 + (1 + λm)]τ2
}3

> 0 λr >
√

λm + 2

< 0 λr <
√

λm + 2

Differentiating π∗r,D,∆m
with respect to λm and λr,

dπ∗r,D,∆r
dλm

= − 2h2(a− c)2
λr(1 + λr)

2[4(1 + λr)(2 + λm + λr)h− (3λmλr + 2λ2
r + 2λm + 7λr + 4)τ2]{

4h(1 + λr)(2 + λm + λr)− [(1 + λr)
2 + (1 + λm)]τ2

}3 =

< 0 0 < τ2/h < θ

> 0 θ < τ2/h < ϑ

where θ = 4(1+λr)(2+λm+λr)

3λmλr+2λ2
r+2λm+7λr+4

. and

dπ∗r,D,∆r

dλr
= − 2h2(a− c)2(1 + λr)(λ2

r − λm − 2)[4(1 + λr)(2 + λm + λr)h− (3λmλr + 2λ2
r + 2λm + 7λr + 4)τ2]{

4h(1 + λr)(2 + λm + λr)− [(1 + λr)
2 + (1 + λm)]τ2

}3

For 0 < τ2/h < θ, we have:

dπ∗r,D,∆r

dλr

{
< 0 λr >

√
λm + 2

> 0 λr <
√

λm + 2

For θ < τ2/h < ϑ, we have:

dπ∗r,D,∆r

dλr

{
> 0 λr >

√
λm + 2

< 0 λr <
√

λm + 2

�
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