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Abstract

Along with the significant improvement of environmental consciousness, consumers not only consider the price and quality
level of products, but also pay more attention to their green level. In order to strengthen the competitive advantage, the
manufacturers should consider the green level of products in addition to their price and the quality level. In this paper, we
investigate the green investment of two competing manufacturers in a supply chain based on price and quality competition and
analyze the effect of green investment on the quality level of the product. The research shows that the manufacturer is willing
to make a green investment with a relatively low value of green sensitivity regardless of whether the manufacturer’s rival
makes a green investment. Further, we find that the profit of the manufacturer who makes a green investment is greater than
the profit of the manufacturer who does not invest regardless of the market size. When both competing manufacturers make
green investments, the profit of the manufacturer who is in a large potential market is higher than that of the manufacturer who
is in a small potential market. While in a same potential market, the profits of the two competing manufacturers are the same.
Finally, we conclude that the green investment counterintuitively will not always improve the quality level of the products.

Keywords Green supply chain management - Price and quality-based competition - Green investment - Interaction between
quality level and green level

1 Introduction

In recent years, green supply chain management has received
lots of attention, which has been driven by customer pres-
sures, competitor pressures and social responsibilities. Cus-
tomers’ environmental consciousness plays a crucial role in
facilitating the development of green supply chain. It is sug-
gested that more than 80% of those surveyed prefer to buy
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green products. Carbon Trust surveys show that about 20%
of interviewees are willing to purchase green products even if
they would pay more for them than regular products (Yu et al.
2016). Therefore, more and more firms have invested in green
technology to produce green products in order to alleviate
the pressure from the market and government. For example,
BYD has four great green dreams, which is to change the
traditional way of energy consumption, improve the envi-
ronment and realize the sustainable development of human
beings through solar power station, energy storage power
station, electric vehicle and rail transit (www.bydauto.com.
cn).

Consumers buy products not only considering the price
of the product but also considering the quality level of the
product. Based on the above considerations, firms compete
with each other to determine the price and quality level of
the products to maximize the benefits. For example, the Gree
who is one of three major air-conditioning giants in Chi-
nese market gives a slogan, that is, “Leadership of quality
to win market” on Gree’s home page. When Internet service
providers (ISPs) compete in the emerging broadband Inter-
net market in Japan, they find that the customers consider not
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only an acceptable price, but also quality levels which is a
comfortable download of broadband content (Matsubayashi
2007).

However, with the significant improvement of consumer’s
environmental consciousness, in addition to the price and
quality level of the product, green level of the product is also
an important factor affecting consumer choice. Nevertheless,
there is little literature to study the green investment in a
price and quality-based supply chain. Based on this consider-
ation, the question of the green investment of two competing
manufacturers in a supply chain based on price and quality
competition is worth exploring. We will analyze it from the
following three aspects. First, what factors affect the green
investment strategy of the two manufacturers in a supply
chain based on price and quality competition? Second, how
will two competing manufacturers interact with each other
in the supply chain? Third, how does green investment affect
the quality level of products in the supply chain?

To solve the questions mentioned above, we present the
model in which a retailer purchases the products with dif-
ferent qualities from two competing manufactures, and then
sells them to customers. To meet the needs of customers with
environmental consciousness, the two competing manufac-
turers choose to make green investments to produce green
products. Based on the proposed model, we propose three
scenarios to explore the green investment preferences of two
competing manufacturers: (1) Neither manufacturer chooses
to make a green investment. (2) One manufacturer chooses
to make a green investment, while the other does not choose
to make a green investment. (3) Both manufacturers make
green investments. Based on the equilibrium solutions of the
three scenarios, we obtain some findings given in details as
follows:

First, when one manufacturer’s rival does not make a green
investment, the manufacturer prefers to make a green invest-
ment when the green sensitivity coefficient is relatively low.
Further, we can find that when a manufacturer’s rival makes a
green investment, the manufacturer prefers to make a green
investment under a low green sensitivity coefficient value.
This may be due to that, lower green sensitivity leads to
lower green competition, which leads to lower green invest-
ment cost. In order to expand the market, the manufacturers
are willing to make green investments. We also conclude
that the manufacturer is willing to make a green investment
with a relatively low value of green sensitivity regardless of
whether the manufacturer’s rival makes a green investment.
Otherwise, the manufacturer will not invest.

Second, when a manufacturer’s rival does not make a
green investment, the profit of the manufacturer who makes
a green investment is always greater than his rival’s profit
regardless of the market size. When both manufacturers make
green investments, the profit of the manufacturer who is in a
large potential market is always larger than the profit of the
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manufacturer who is in a small potential market. However,
when both manufacturers are in the same size market, the
two manufacturers’ profits are the same. This implies that
the potential market size and the green level affect the profits
of the two competing manufacturers.

Third, when a manufacturer’s rival does not make a green
investment, the manufacturer who makes a green investment
will improve the quality level of the product regardless of
potential market size, while the manufacturer’s rival will
reduce the quality level of the product. When both manufac-
turers make green investments, the manufacturer in a large
potential market will improve the quality level of the prod-
uct, while the manufacturer in a small potential market will
reduce the quality level of the product. While in the same
potential market size, the quality level of the two manufac-
turers remains unchanged.

This paper is organized as follows. The related literature
is reviewed in Sect. 2. A supply chain consisting of two
manufacturers and a retailer is introduced in Sect. 3. The
two manufacturers’ preferences are separately analyzed in
three scenarios in Sect. 4. In Sect. 5, the equilibrium out-
comes regard to the two manufacturer’s green investments
are compared with each other. In Sect. 6, a sensitivity analy-
sis with respect to green sensitivity coefficient is introduced.
All proofs of this paper are in Appendix.

2 Literature review

Our research is related to two research streams: green sup-
ply chain management and supply chain based on quality
competition.

The first stream is related to green supply chain manage-
ment. With the improvement of consumers’ environmental
awareness, green supply chain management has become an
important research topic in recent years. Because green sup-
ply chain leads a firm to obtain competitive advantage as a
firm’s innovative strategy (Bititci et al. 2012). In order to
maximize the benefits to the members of the supply chain,
many studies investigate the coordination issues in a green
supply chain. For example, Ghosh and Shah (2015) study
the coordination issues in a green supply chain and the
impact of cost-sharing contracts on the green of products.
Xu et al. (2017) investigate green Supply chain coordination
under cap and trade regulation. Hong and Guo (2018) exam-
ine three cooperation contracts in a green supply chain and
analyse their environmental performance. Meantime, some
papers explore the dual-channel supply chain. Li et al. (2016)
illustrate the pricing strategies in a competitive dual-channel
green supply chain. Yan et al. (2018a) explore two competing
retailers’ green investment in a supply chain and the perfor-
mance of the equilibrium outcome. Further, Yan et al. (2017)
investigate the group buying and individual purchasing in
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asymmetric retailer. Yan et al. (2018b) explore whether the
marketplace channel should be introduced in online retail-
ing. Some studies which are related to our study also focus
on these areas, such as different contracts (Lan et al. 2015,
2017; Wang et al. 2017b; Chen et al. 2018), project manage-
ment (Yang et al. 2016, 2017) and supply chain contracting
(Feng et al. 2017). Unlike the research mentioned above,
in addition to the green level of products, our research also
focuses on the quality level of products. Because customers
not only prefer environmentally friendly products, but also
pay attention to the quality level of products. For example,
TeslaMotors is not only a green pure electric vehicle, but
also has the certain high quality level which is popular with
customers with environmental awareness.

The second stream is related to the supply chain based
on quality competition. Choudhary et al. (2005) investigate
personalized pricing strategies for products of different qual-
ity levels. Matsubayashi and Yamada (2008) explore the
price and quality competition between two asymmetric firms.
Karaer and Erhun (2015) study the use of quality facing a
potential entry deterrence in a price and quality-based set-
ting. Lan et al. (2018) explore the question of voluntary
quality disclosure with information value under competi-
tion. Some papers have studied the influence of quality
competition on channel selection. Choi (2003) explores the
channel choices of two manufacturers under the price and
quality competition. Chen et al. (2017) study price and qual-
ity decisions in dual-channel supply chains. Further, Wang
et al. (2017a) take into account consumer loyalty in two
manufacturers’ channel choice based on price and quality
competition. Some studies have extended quality competi-
tion to research on quality-differentiated brands products.
Li and Chen (2018a) examine backward integration strategy
of two quality-differentiated brands in a retailer Stackelberg
supply chain. Li and Chen (2018b) explore pricing and qual-
ity competition in a brand-differentiated supply chain. Our
paper differs from the researches mentioned above in that
they do not consider green investment, while we take into
account the green investment. Based on the above consid-
erations, this paper explores the green investment of two
competing manufacturers in a supply chain based on price
and quality competition and analyzes the effect of green
investment on the quality level of the product.

3 Model setting

We consider a supply chain, in which a retailer purchases the
products with different qualities from two competing man-
ufactures, denoted by M| and M, and then sells them to
customers. The different quality products produced by the
two manufacturers, which have the same functionality, are
substitutable. Each customer who buys a product from man-

ufacturer M or manufacturer M» usually considers the price
and quality level of the product. But there are some customers
with environment awareness not only focus on the product’s
price and quality level but also prefer to environmentally
friendly products. Therefore, the two manufacturers should
consider to make green investment to products with differ-
ent quality level to increase the market demand. We assume
that the two competing manufacturers can independently and
simultaneously choose either to make green investment or
not. Furthermore, we assume that the two manufacturers
compete in a Nash game. The two manufacturers’ choices
can cause three cases in the market: (1) Neither manufacturer
chooses to make a green investment. This strategy is denoted
by the superscript NN. (2) One manufacturer chooses to make
a green investment, while the other does not choose to make a
green investment. This strategy is denoted by the superscript
GN or NG. (3) Both manufacturers make green investments.
This strategy is denoted by GG. Note that the two competing
manufacturers in the scenarios GN and NG are symmetrical,
so they have the same results. Therefore, we just discuss the
scenario GN in this paper.

Similar to Wang et al. (2017a), we will discuss a linear
demand function. Then, the demand functions of product 1
and 2 are, respectively, expressed as follows:

Dy =ay — p1+ap2+q1 — Bg2+y (01 —02),
Dy =ar—pr+api+q —Bg1 +y(62—61), (D

where q; is the potential market size of product i. p; is the
retail price determined by the retailer, « is the price sensitivity
coefficient which represents the sensitivity of demand to the
price of rival’s product. g; is the quality level of product i,
and B is the quality sensitivity coefficient which captures
the sensitivity of demand to the quality level of the rival’s
product. It is noted that we assume that < 1 and 8 < 1,
which implies that the demand of product i depends more
on the own price and quality level than on the rival’s price
and the rival’s quality level, respectively. 6; is the green level
of the product produced by manufacturer M;. y is the green
sensitivity coefficient denoting the sensitivity of demand to
the green level, which is assumed y < 1. Note that this type
of demand function has been adopted by Wang et al. (2017a).

The fixed production cost of product i produced by manu-
facturer M; contains two parts. The first part is the fixed cost
of producing a product i with quality level g;. We assume that
the fixed production cost is %rqiz, where T > 0 is the pro-
duction cost coefficient. Similar type of cost function is used
by Wang et al. (2017a), Desai et al. (2001) and Matsubayashi
and Yamada (2008). The other is the fixed production cost of
product i with green level 6;. We assume that the total green
investment cost imposed to the manufacturer M; is % ,uﬂ[z, in
which p is the green investment cost coefficient. Such type
of cost function is also assumed in the literature (e.g., Zhang
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Table 1 List of notations and explanation

Notation Explanation

i Index of manufactures (i = 1, 2)

a; The potential market size of product i

Di The retail price of product i produced by manufacturer i, determined by retailer

qi The quality level of the product i produced by manufacturer i

6; The green level of the product i produced by manufacturer i

o The price sensitivity coefficient

B The quality sensitivity coefficient

y The green sensitivity coefficient

T The production cost coefficient of product i with quality level g;

n The manufacturer’s green investment cost coefficient

w; The wholesale price of manufacturer i’s product

ci The unit cost of production for manufacture i

D; Demand for the manufacturer i’s product

n,IJ,I\I (n,NN) The profit of manufacturer M; (retailer) when neither manufacturer makes a green investment
JTISI_N (n,GN) The profit of manufacturer M; (retailer) when only one manufacturer makes a green investment
n,ffiG (JTrGG) The profit of manufacturer M; (retailer) when both manufacturers make green investments

et al. 2015; Ghosh and Shah 2015; Zahra and Jafar 2017).
Table 1 lists the notations used in this paper.

In general, the event sequence in the three strategies is as
follows. First, the two manufacturers decide whether to make
green investments to their products. Second, after know-
ing the manufacturers’ green investments scenarios, the two
manufacturers compete in a Nash game. In each supply chain,
the manufacturer is the Stackelberg leader and determines
his optimal quality level, green level and wholesale price
simultaneously. Finally, the retailer as Stackelberg follower
decides the retail price of two products.

4 Analysis of three scenarios

In this section, we discuss the equilibrium outcomes in the
three scenarios: neither manufacturer chooses to make a
green investment (NN), only one manufacturer makes a green
investment (GN), both manufacturers make green invest-
ments (GG). Further, we discuss the monotonicity of decision
variables.

4.1 Scenario NN
In this scenario, neither manufacturer chooses to make a

green investment. And then, the demand functions of product
i are expressed as follows:

Dy =ay — p1+ap2+q1 — Bqz,
Dy =ay — pr+apr+q — Bq. 2
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We first discuss the equilibriums under the scenario of
NN by backward induction. As the Stackelberg follower, the
retailer maximizes her profit function

7NN (p1, p2) = (p1 — w1) Dy + (p2 — w2) Dy, 3)

and obtains the optimal retail price

pi(w;, q;)
1 (1=e?)wi+ (A —aprai+@=pra; +a +aq
T2 [ —a? '
L, j=1,2,i #j. “4)

As the Stackelberg leaders, the manufactures, considering
the retailer’s reaction, maximize their profit functions

1 :
T (Wi i) = (wi =)Dy = S7qf, i =1,2. )
By substituting Eq. (4) into Eq. (5) and solving the manufac-
tures’ decision model, we have the manufacturers’ and the
retailer’s optimal decisions and optimal profits. The Stackel-
berg equilibriums are as follows in Proposition 1.

Proposition 1 In scenario NN, the manufactures’ and
retailer’s optimal decisions and profits are as follows:

(1) The manufacturers’ optimal quality level and the optimal
wholesale price are

NN _ G @4t —-D+a; Cat—p)
LT dr-Dr=—Qar—p)?
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i — i — .. . aghN gw\N
NN 27 (a; (4t — 1) +a; Qaz :3))_ (6) (ii) Regarding B, when a; < aj, we get qa# <0, lg—k <
l @4t —1)°-Qat—p)’ oD oy
0, 3;3 <0, aﬁl < 0. When a; > aj, we conclude

(2) The retailer’s optimal retail price and demands are

aj (<30t Qat—p)+37t Gt —1)+2at (@—28) +a; (51 Qat—p)+1 (a—2ﬁ)+2a2(—2a‘52+,3)>

NN _
P = (Qat—p2— (41— 1)) (@ —1) ’
NN _ T (@ T =1 +a; Qat—p) (7)

! dr—D2—Qar-p2
(3) The manufacturers’ and the retailer’s optimal profits are 5NN NN JeN NN

i 50, i >0, S > 0, —2- > 0if(9) holds.
w  ltér=D(a Gt -1 +a; Cat—p)° o C Cw ’aqﬁﬁ !
m =5 @ R 5)2)2 Furthermore, we can conclude W < 0, W < 0,

T— - odT —
s i .
- 2 (a1 Ay + (a2 +a22) Ay) S5 <0, =g < 0if (10) holds.
T = — s

' (422 —daBr+p2— 1672+ 87 —1)" (@2 — 1)

®)

where i,j = 1,2,i # j, Ay = (80{3—}—6405)1:2 —
(8Ba? +24a+168)T +2ap> +4B + 20, Ay =
(2002 +16) 12— (40 + 120 B + 8) T+p%+2 o+ 1.

Proposition 1 introduces the optimal decisions and the
optimal profits in Scenario NN. Since the decision vari-
ables and profits are positive, we need max{— (4t —
1), ==y <247 — B < (47 — 1), in which 47 — 1 > 0.

Next, Jwe analyze how the sensitivity coefficients affect the
decision variables and the profits, as shown in the following
corollaries.

Corollary 1 When neither manufacturer makes a green invest-
ment, with regard to the increasing sensitivity coefficients
o, B, we have the following properties for the decision vari-
ables and the profits.

. R agN
(1) Regarding o, when a; < 1\6111\{ we have —-— > 0,
dwN 9 DNN RN
1 L L . .
S > 0, Y >NNO, S >NN0. When a]\,lN> aj,
9q; Jw; aD;
we can conclude - < 0, 5 < 0, T < 0,
anNN
; .
5 < 0if
—a; + /al.2 — ajz.
—(@r—1) <2018 < +(4t—1). ®
aj
. 8q.NN awN\N
Furthermore, we can obtain —— > 0, —L— > 0,
9 DNN am NN .
L L
do >0, do >Olf
—a; + aiz — ajz-
4r—1) <2at—B <4t —1. (10)
a:
J

Result (i) in Corollary 1 shows the trends of the qual-
ity level, the wholesale price, the green level, the demands
of products and the profit of manufacturers with sensitivity
coefficient . We find that the quality level qlNN ,the wholesale
price wlNN, the demands DlNN and the manufacturer’s prof-
its n,I,‘g‘I increase with o when a; < a; or under conditions
(10) when a; > a;. This finding is due to that higher price
sensitivity leads to more intense price competition. When
a; < aj, to alleviate the intense competition and expand
market size, manufacturer M; is willing to improve the qual-
ity level of product and increase the demand of the product.
Accordingly, the wholesale price and the profit of the man-
ufacturer M; increase. When a; > aj, in a price-sensitive
market 2at — B > 0), which implies that the price is more
important than the quality in the market, the quality level,
the wholesale price, the green level, the demand of the prod-
uct and the profit of the manufacturer increase with «. This
is somewhat counterintuitive, since one intuitively admits
that manufacturer should reduce the quality level to maintain
the advantage of the price of the product in a price sensitiv-
ity market. The reason may be that, to alleviate the intense
competition, the manufacturer M; is willing to improve the
quality level and increase the demand of product in the case of
a; > aj, which increases the wholesale price and the profit
of the manufacturer M; accordingly. When a; > aj, in a
quality-sensitive market (2ot — B < 0), which implies that
the quality is more important than the price in the market.
We find that the quality level, the wholesale price, the green
level, the demand of the product and the profit of the manufac-
turer decrease with . The reason may be that, higher price
sensitivity leads to more intense price competition, which
forces the manufacturer M; to reduce the quality level of
the product and maintain a price advantage. Accordingly,
the wholesale price and the profit of the manufacturer M;
decrease.

@ Springer
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Result (ii) in Corollary 1 presents the trends of the quality
level, the wholesale price, the green level, the demand of the
product and the profit of manufacturers with sensitivity coef-
ficient 8. We find that the quality level, the wholesale price,
the demand of the product and the manufacturer’s profits
decrease with 8 when a; < a; or under condition (10) when
a; > aj. The reason may be that higher quality sensitiv-
ity leads to more intense competition on the quality level.
When a; < aj, to alleviate the intense competition, man-
ufacturer M; who is in a small potential market is forced
to reduce the quality level of the product, and shrink the
demand of the product. Accordingly, the wholesale price and
the profit of manufacturer M; also decrease. When a; > a;,
in a price-sensitive market 2ot — 8 > 0), the quality level,
the wholesale price, the green level, the demand of the prod-
uct and the profit of the manufacturer decrease with 8. To
alleviate the quality competition, manufacturer M; decrease
the quality level of the product and reduce the demand of
the product. Then, the wholesale price and the retail price
decrease, which maintains the price advantage of the product.
Finally, the profit of the manufacturer M; decreases accord-
ingly. We also find that the quality level, the wholesale price,
the demand of the product and the manufacturer’s profits
increase with 8 under condition (9) when a; > a;. When
a; > aj,in a quality-sensitive market 2at — 8 < 0), higher
quality sensitivity leads to intense competition on the qual-
ity level of products, which makes the manufacture M; to
increase the quality level of product i and further expand
the demands of product i. Then, the wholesale price and the
profit of the manufacture M; increase accordingly.

4.2 Scenario GN

In this scenario, we assume the manufacturer M; makes a
green investment while the other manufacturer M refuses to
make a green investment, which is denoted by GN. And then,
the demand functions of producti (i = 1, 2) are defined as
follows:

Dy =ay — p1+apr+q1 — Bg2 + voh,
Dy =ay — pr+api+q— Bq1 — yo, (11)

where 0 is the green level of the product produced by man-
ufacturer M1, and y is the customer’s sensitivity coefficient
to the green level.

We first discuss the equilibriums under scenario GN by
backward induction. As the Stackelberg follower, the retailer
maximizes the retailer’s profit function

@ Springer

7N (p1, p2) = (p1 — w1) Dy + (p2 — w2) Dy, (12)

and obtains the optimal retail price
cPwi+(Bgi+y 6 —aj —q;)a+Bq; =y b —ai —q;i —w
202 -2 '
ij=1.2.0 # . (13)

pi =

As the Stackelberg leaders, the manufacturers, consider-
ing the retailer’s reaction, maximize their profit functions

1 1
T (wi, g1, 61) = (w1 — c1)Dy — 576112 - 5“912’
1
T (2, 42) = (w2 — €2) Dy = ~3. (14)

By substituting Eq. (13) into Eq. (14) and solving the man-
ufacturers’ decision model, we have the manufacturers’ and
the retailer’s optimal decisions and optimal profits. The
Stackelberg equilibriums are as follows in Proposition 2.

Proposition2 In scenario GN, the manufacturers’ and
retailer’s optimal decisions and profits are as follows:

(1) The manufacturers’ optimal quality level, the optimal
wholesale price and the optimal green level are

GN n(a Qar—p)+a; (4r—1))
a Qat—B—4t+1) (y2r—pn Qat—pf)—p 47r-1)’

ar (yPr—n Qat—p))+a (vPr-p Gr-1)
CQat—f—dt+1) (Ylr—p Qat—B)—pu Gr-1)’
GN 2t (ap Qat—B)+a; (4t—1))

YU T Qar—p—dt+l) (P 2r—p Qat—p)—p @r—1)
2 2
LN :_21 <a1 (y T— (2ar—ﬁ)>+a2 (y T—un (4r—1))>
2 (2ar—ﬂ—4r+l)(yzr—,u Qat—p)—n (41’—1)) ’
JON _ YT (@ Qat—p)+a; Gr—1) _
1 (Y2r—pn Qat—p)—p Gr—D)Qat—p—4t+1)
(15)

(2) The retailer’s optimal retail price and demands are

(a1 Bi+ax By) T
y2r—p Qat—B)—p 4r—1) Qat—B—41+1) (1)’
(@ Ci+ax Co) T
yr—p Qat—B)—n @Gr—1)) Qar—B—41+1) (1)
T (a2 Qar—PB)+ar (47-1))
(rrr—n Qat—B)—pn @r—1)Qar—p—4t+1)’
T (a1 (Y*r—p Qat—P)+ar (Yr—p (41-1))
(Y2r—p Qat—B)—p @r—D)Qar—B—41+1)’
(16)

PIGN:(

=

DN =

GN _
Dy =—
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(3) The manufacturers’ and the retailer’s optimal profits are
o 1 nt@Qat—p+a @r—D7(y*r—pu@r—1)
" 2 (2t p Qat—B) —p (Gt — D) Qat—B—4r+1)2
(Pr—uQat—p—pn@r—1D) " Qar—pf—41+1)
2
GN _ 2t (a1 (yzr —u Rat— ,B)) +ap ()/27,' —u @t - 1))) (r —1/4)
" (h Qat—B)+un @t —1)—y21) Qat—p—41+ 1)
GN 12 (ar?w? + a*1?) Er + a1 ax PP Ey — (a1 + a2) Ty Es + vyt (ar + a)?
20N _ . , (17
Qapt—y2r—Bu+dpt—p) Qar—p—4r+1* (a2 - 1)
where

B =n (20{2—3> (41’—1)—0{()/21—,u (2(xr—ﬂ)),

B =pu (2ar—ﬁ)(2a2—3)+a<y2t—u(4r—l)),

Cy = (u (2ar—ﬂ)—y2r> <2a2—3) —ua@dr—1),

Cy =%t (—2a2+3>—3u 4r—1D)+3ua Qat—p)
Hpa 2B —a)

E| = 200{21'2—1—20:;‘3— 120[;81—{-/32—1—161'2
—41'012—81'+1,

Ey =872a +2apr —8ta?B — 167 B + 64at?
+2a+48 —241¢,

E3 = a (—2aﬂ+4ra2+81—2)
a1 (12t —2B8+2a).

Proposition 2 introduces the optimal decisions and the
optimal profits in Scenario GN. In order to maintain all deci-
sion variables and profits to be positive, we need VTZT <
2t — B <4t — 1.

Next, we analyze how the sensitivity coefficients «, 8, ¥
affect the decision variables and profits of manufacturers.

Corollary 2 When manufacturer M| makes a green invest-
ment, with the increasing sensitivity coefficient o, B, y, we
obtain the following properties for the decision variables and

profits.

2
(i) For any given o, when % <20t — B <4t — 1, from

BquN quN BwlN
(32), we conclude —-— > 0, =2— < 0, N > 0,
JwSN apeN aDPN aD§N 0,
do < O’ Jo > O’ Jo 0, da O’ do 0,
Bn,%\l
T < 0.
2
(ii) For any given B, when % <20t — B <4t — 1, from
. ogfN agsN JwiN
(33), we can derive =5 < 0, =5 > 0, 5 < 0,
awGN 300N 3DGN BDGN 87TGN
#>O,#<O, 3/]3 <0, Bé >O, a’gl <O,
4 GN
dg’gz > 0.

2
(iii) For any given y, when VM—T <20t — B < 4t — 1, from

9 GN P GN BU)GN awGN
(34), we have Z—‘y > 0, Z?/ <0, B;I/ > 0, 3)2/ <
900N 9DFN aDgN L
0, 61)/ >0, 3]1/ > 0, 3)2/ <0, aV;Z < 0. For the
rofit of manufacturer My with a green investment, we
profit t M witha g tment,
arON L2 C1y_2
have a;”;l >Olfyﬂ—r <2t — B < W,we
aJTGN 2 4 D 2
ha M~ jfmax Y8 mért=Doyt | _ 5o
ve =5 0if o m
B <4t —1.

Result (i) in Corollary 2 shows the trends of the qual-
ity level, the wholesale price, the green level, the demand of
products and the profit of manufacturers with sensitivity coef-
ficient . We find that the quality level, the wholesale price,
the green level, the demand and the profit of manufacturer of
product 1 always increase with «. In this scenario, higher
price sensitivity leads to more intense competition in the
price sensitivity market. In order to alleviate the competition,
manufacturer M| who makes green investment is willing to
improve the green level and the quality level, which further
increases demand for products. Accordingly, the wholesale
price and the profit of manufacturer M also increase. Mean-
time, intense price competition makes the other manufacturer
M, who not make a green investment to reduce the quality
level and shrink the demand of product, which leads to a cor-
responding decrease in the wholesale price and the profit of
manufacturer M,.

Result (ii) in Corollary 2 presents the trends of the qual-
ity level, the wholesale price, the green level, the demand
of products and the profit of manufacturers with sensitiv-
ity coefficient §. Note that as B increases, the quality level,
the wholesale price, the green level, the demand of prod-
uct decrease and the profit of manufacturer M increases. In
this scenario, higher quality sensitivity leads to more intense
competition with respect to the quality level of products.
To alleviate the competition, manufacturer M is forced to
reduce the quality level and the green level of the product and
shrink the demand of the product. Accordingly, the wholesale
price and the profit of the manufacturer decrease. Meantime,
intense quality competition makes the other manufacturer
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M, to improve the quality level and increase the demand of
product, which increase the wholesale price and the profit of
the manufacturer accordingly.

Result (iii) in Corollary 2 demonstrates the trends of the
quality level, the wholesale price, the green level, the demand
of products and the profit of manufacturers with sensitivity
coefficient y. Note that as y increases, the quality level, the
wholesale price, the green level and the demand of product
increase. When the value of 2o — B is small, the profit of
manufacturer M; increases and when the value of 2o — 8
is large, the profit of manufacturer M; decreases. In this
scenario, higher green sensitivity makes manufacturer M;
willing to increase green investment, which improves the
quality level and increases the demand of product. Accord-
ingly the wholesale price also increases. When the value of
20 — f is small, that is, the price is slightly more important
than quality for customers, the green investment increases
the profit of manufacturer M. Otherwise, when the value of
20— B is large, that is, the price is more important than quality
for customers, the green investment increases the investment
cost and wholesale price, which will reduce retail price and
the profit of the manufacturer. Manufacturer M> who does
not making a green investment is forced to reduce the quality
level and the demand of product, which also decreases the
wholesale price and the profit of manufacturer M>.

4.3 Scenario GG

In this scenario, both manufacturers make green investments
(GG). And then, the demand functions of producti (i = 1, 2)
are function (1) defined above.

We first discuss the equilibriums under scenario GG by
backward induction. As the Stackelberg follower, the retailer
maximizes the retailer’s profit function

As the Stackelberg leaders, the manufacturers, consider-
ing the retailer’s reaction, maximize their profit functions

1 1
ﬂn(:’lG(wl, q1,01) = (w; —c1)Dy — —rq12 — —Mef,

2 2
1 1
T (w2, g2, 02) = (w2 — c2) Dy — 5rq§ - §M922- (20)

By substituting Eq. (19) into Eq. (20) and solving the man-
ufacturers’ decision model, we have the manufacturers’ and
the retailer’s optimal decisions and optimal profits. The
Stackelberg equilibriums are as follows in Proposition 3.

Proposition 3 In scenario GG, the manufacturers’ and retai-
ler’s optimal decisions and profits are as follows:

(1) The manufacturers’ optimal quality level, optimal
wholesale price and optimal green level are

66 a; (yzr—u(4r—l))+aj (yzr—p.(Zar—ﬁ))
% = (2ar—ﬁ—4r+1)(p, Qat—B)+ 1 (4r—1)—2y21)’
@ 2t (@ (Vr—n@r=D)+a; (Y1 —n Qat—p))

w, = s
! (2ar—ﬁ—4r+1)(u(2ar—ﬂ)+u(4r—l)—2yzr)

g0 _ (@ (Pr—p @r=D)+a; (Y’ —p Qar—p))
LT M(Zar—ﬂ—4r+l)(p. (2ar—/3)+u(4r—l)—2y2r)'
2D

(2) The retailer’s optimal retail price and demands are

GG atFy+ajt k)
pi = (2arfﬁ74r+1)(u (2ar7ﬁ)+u(4171)72y2r)(17a2)’

66 _ (@ (FProndr-n)+e (YProncar-p))

g (22
! Qat—B—4r+1)(k Qur—B) +pu@r—1)—2y%r) 22)

(3) The manufacturers’ and the retailer’s optimal profits
are

ae_ 11 (ai (VPr—pn@t—D)+a; (Y’r—n (2ar—ﬂ)))2 (u 41— 1) — y27)

m; 2

wQRat—p—4t+ 122yt —pu Qat—p) —p 4t — 1)’
GG _ (a1 + @) T2 Hy + (a1 + a2)? (@ + 1) T2y H)

796 = - , (23)
Qat—B—4t+D*(n Qat—p) +pu @t —1)—2y2) (1 —a?)
GG _
7,7 (p1, p2) = (p1 —w1) D1 + (p2 — w2) Dy, (18)
and obtains the optimal retail price
i = la?w+aBgi+ayb —ayd—aja—aq;+Bq;—ybi+v0; —ai—q —w (19)
1 — 5 B

2 a?—1

wherei, j =1,2,i # j.
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wherei = 1,2,i # j,

Fil=3pu0x Qat—8)+2pua 28 —a)
V2T QRa=3 @+ —-3u@r—1)),

Fzzu(ZaI—ﬁ)(2a2—5)

—’1 Qe =3) @+ —pn Q2p—a),
H =200t —41a’> —12Bat+2Ba+ B>
+1672 —87 +1,
Hy=—4ut®(@+2)+2uth +2ur + 2122

Proposition 3 introduces the optimal decisions and the
optimal profits in Scenario GG. In order to maintain all deci-

sion variables and profits to be positive, we need VTzf <
2t — B <4t — 1.

Next, we analyze how the sensitivity coefficients «, S
and y affect the decision variables and the profits of both
manufacturers.

Corollary 3 When both manufacturers make green invest-
ments, with the increasing sensitivity coefficient a, 8 and y,
we obtain the following properties for the decision variables
and profits.

2
(1) Forany given o, when yﬂ—r <20t —B <4t —1, we get

3g°C dwSe 9656 3DYC am 3G
G = 0 5 > 0, 55 > 0, 55 > 0, =g > 0,
.. . 2
(ii) For any given B, when % <2t — B <4t — 1, we
dqSS du 9056
can conclude that %# < 0, 5 < 0, B < 0,
anSG
1
B <0,

een . 9 GG
(iii) For any given y, when a; < aj, we have g#
GG GG
. 3D

L L
. <0, 5y
20t — B <4t — 1.

< 0,

Bﬂg’iG
<0, 7y

()QGG 3 2

3y T
< 0. —4/— > <
0 3y 0, if m

Result (i) in Corollary 3 shows the trends of the quality
level, the wholesale price, the green level, the demand of
products and the profit of manufacturers with the sensitivity
coefficient . We find that the quality level, the wholesale
price, the green level, the demand of products and the profit
of manufacturers increase with «. This may be due to that
higher price sensitivity leads to intense price competition in
the price sensitivity retail market. To alleviate the competi-
tion, in the scenario GG manufacturer M| and manufacturer
M, are willing to improve the green level and quality level
of products, which further increases the demand of products.
Then, with the increasing investment and the demand, the
wholesale price and the profit of manufacturer M| and M,
will increase accordingly.

Result (ii) in Corollary 3 presents the trends of the qual-
ity level, the wholesale price, the green level, the demand of

product and the profit of manufacturers with the sensitivity
coefficient 8. We find that the quality level, the wholesale
price, the green level, the demand of products and the profit
of manufacturers decrease with 8. The reason is that higher
quality sensitivity leads to intense quality competition in the
price sensitivity retail market. To expand the market size and
increase the demand of products, manufacturer M| and man-
ufacturer M; are forced to reduce the green level and quality
level of products. Then, along with the green investment
increasing, the wholesale price and the profit of manufac-
turer M and M> will decrease accordingly.

Result (iii) in Corollary 3 presents the trends of the qual-
ity level, the wholesale price, the green level, the demand of
products and the profit of manufacturers with the sensitivity
coefficient y. We find that the quality level, the wholesale
price, the demand of products and the profit of manufactur-
ers decrease with y and the green level increases with y.
The reason is that higher green sensitivity results in more
intense green competition in the price sensitivity market. To
improve the green level and strengthen the advantage of price
competition, manufacturer M; who is in a small potential
market reduces the quality level and decreases the demand
of product. Then along with the quality level and the demand
increasing, the wholesale price and the profit of manufacturer
M will also decrease accordingly.

5 Comparison of equilibrium outcomes

We firstly compare the manufacturers’ profits explored in the
previous section. And then, we investigate that the two man-
ufacturers decide whether or not to make green investments.

Proposition 4 For different green sensitivity coefficient y, we
conclude the following equilibrium outcomes:

(1) When a manufacturer’s rival does not make a green

investment, we have 0N > 7NN and NG > 7NN if

mi mi my my

p(@r-1*-Q2ar-p)?)
Y s T@T-D

turer will not make a green investment.
(i) When a manufacturer’s rival makes a green investment,

GG NG GG GN ;
we have 7,)” > m, > and 7, > > 7w, if

. Otherwise, the manufac-

4r—1)(—8at+4p+207-5)
2t '

X

<\/2#(2M—ﬂ)—u(4r—l)+/t

Otherwise, the manufacturer will not make a green
investment.

Proposition 4 shows the equilibrium outcomes compared

with each other for different green sensitivity coefficient y .
Result (i) indicates that, when a manufacturer’s rival does not
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make a green investment, the manufacturer prefers to make a
green investment when the green sensitivity coefficient y is
relatively low. This may be due to that, lower green sensitivity
leads to lower green investment cost, which makes the manu-
facturer willingly to make a green investment. Furthermore,
the manufacturer who makes a green investment will attract
more consumers than the manufacturer who does not make
a green investment and will get larger profit. From result (ii),
we can find that when a manufacturer’s rival makes a green
investment, the manufacturer prefers to make a green invest-
ment under a low green sensitivity coefficient y . This may be
due to that, lower green sensitivity leads to lower green com-
petition, which leads to lower green investment cost. In order
to expand the market, the manufacturer is willing to make a
green investment. We also conclude that the manufacturer is
willing to make a green investment with a relatively low y
regardless of whether the manufacturer’s rival makes a green
investment. Otherwise, the manufacturer will not invest.

6 Sensitivity analysis

To investigate the effect of the manufacturers’ green invest-
ment on the manufacturers’ profit, the retailer’s profits, the
retail price, the quality level, and the green level, we conduct
the sensitivity analysis on green sensitivity coefficient y in
different market sizes.

We take the parameters as follows: « = 0.8, § = 0.6, y =
0.2, 7 =0.5, 0 = 1.Whena; > ap,wetakea; = 150, a; =
100. When a; = ap, we take a; = ap = 100.

(1) The effect of green sensitivity coefficient y on the qual-
ity level
Figure 1 shows the effect of y on the quality level in dif-
ferent market sizes. From Fig. 1a, whena; > ay, we can
conclude that the quality levels quN and quG increase
with y, while the quality levels qu and qgc decrease
with y. The quality level q{\]N and the quality level qglN
remain constant as y increases. Furthermore, we find
that the relationship between the quality levels are as
follows: quN > quG > q{\N > q%‘N > quG > quN_
This may be due to that higher green sensitivity leads to
more intense competition. In a large potential market,
the manufacturer who makes a green investment will
improve the quality level of products to strengthen the
competition of products, while the manufacturer in a
small potential market is forced to reduce the quality
level of products to raise the advantage of the price of
products. From Fig. 1b, when a; = a», we can find that
the quality level quN increases with y while the qual-
ity level quN decreases with y. Moreover, the quality
levels quG, quG, qi\]N and qglN remain the same con-
stant as y increases. This implies that the quality level
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Fig.1 The effect of y on the quality level in different market sizes

of products only in the scenario GN is affected by y,
while the quality level of products in the scenario GG
is not affected by y.

(2) The effect of green sensitivity coefficient y on the green
level
Figure 2 shows the effect of y on the green level in dif-
ferent market sizes. As it can be seen in Fig. 2a, when
a; > ao, the green levels GIGN and GlGG increase with
v, and the green levels 9200 increases withy (0 <y <
0.8) and decreases with y (0.8 < y < 1). We also find
that the green level QIGN is higher than the green level
GIGG and GZGG for all the values of y. This implies that
higher the green sensitivity coefficient y leads to higher
the green level for the scenarios GN and GG. The reason
is that the manufacturer who makes a green investment
is willing to increase the green level facing the intense
competition as y increases in a large potential market.
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Fig.2 The effect of y on the green level in different market sizes

3)

However, in a small potential market, the manufacturer
who makes a green investment is willing to increase the
green level for the lower values of y, while the man-
ufacturer is forced to decrease the green level for the
higher values of y for alleviating the intense competi-
tion. From Fig. 2b, when a; = a», the green level 01GN
increases with y, and the green levels GIGG and 92GG also
increase as y increases. Furthermore, we find that the
quality level HIGN is greater than the quality levels GIGG
and 9200 for all the values of y. This implies that in the
same market size both manufacturers in the scenario
GG produce products with the same green level.

The effect of green sensitivity coefficient y on the retail
price

Figure 3 presents the effect of y on the retail price of the
product in different market sizes. According to Fig. 3a,
when a; > a», the retail prices pf’N and pf’G increase

the retail price

the retail price
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Fig.3 The effect of y on the retail price in different market sizes

with y, while the retail prices pgN and ng decrease
with y. The retail prices pll\]N and ngN remain constant
as y increases. Furthermore, the relationship between
the retail prices are as follows: pfN > pfG » pIN -
pglN > pg'G > pg’N. This may be due to that higher
green sensitivity leads to more intense green compe-
tition. In a large potential market, the manufacturer
who makes a green investment is willing to increase
the green level of products to strengthen the compe-
tition of products, which implies that the retailer will
increase the retail price with . However, the manufac-
turer in a small potential market is forced to reduce
the green level of products, and then the retail will
reduce the retail price to raise the advantage of the price
of products. From Fig. 3b, when a; = ay, the retail
price p{’N increases with y, while the retail price p$N
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decreases with y. Moreover, the retail prices plGG, ng,

pII\JN and ngN remain the same constant as y increases.
This implies that the retail price of products only in the
scenario GN is affected by y, while the retail price of
products in the scenario GG is not affected by y.

The effect of green sensitivity coefficient y on the
retailer’s profit

Figure 4 illustrates the effect of y on the retailer’s profit
in different market sizes. According to Fig. 4a, when
ay > ap, the retailer’s profits ngN and ngG decrease as
y increases. Moreover, the retailer’s profit & glN remains
unchanged with y. We also find that the retailer’s profit
ngN is greater than the retailer’s profit ngG for all the
values of y, but the retailer’s profits JTSN and ng’G are
lower than the retailer’s profit JTI;N for all the value of y .
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This result implies that the retailer prefers that neither
manufacturer makes a green investment. From Fig. 4b,
when a; = a, the effect of y on the retailer’s profit has
a similar conclusion obtained in the case of a; > a».
The effect of green sensitivity coefficient y on the man-
ufacturers’ profits

Figure 5 shows the effect of y on the manufacturers’
profits in different market sizes. From Fig. 5a, when
ay > ap, the manufacturer’s profit n%\] increases with
y and the manufacturer’s profit JT,S'IG decreases with y
(0 < y < 0.8) while increases with y (0.8 < y < 1).
The manufacturer’s profits nn(;’;\l and nn(;’zG decrease as
y increases. This implies that when only one manu-
facturer chooses to make a green investment, while
the other refuses to invest, in a large potential mar-
ket, the manufacturer who makes a green investment
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is willing to improve the green level which further
leads to the wholesale price and the demand increase
as y increases. Therefore, the profit of the manufac-
turer who makes a green investment increases with y.
However, in a small potential market, the manufacturer
who refuses to invest is forced to decrease the quality
level of products, which leads to lower the wholesale
price and lower the demand. Further, the profit of the
manufacturer who refuses to invest decreases with y.
When both manufacturers make green investments, as
y increases in 0 < y < 0.8, the manufacturer M
who has a large potential market is willing to improve
the green level and the quality level of products, which
implies that the investment cost and the wholesale price
increase accordingly. Further, we can conclude that the
profit of the manufacturer decreases with y. However,
the other manufacturer M, who has a small poten-
tial market will increase the green investment when
0 < y < 0.8, while decrease the green investment
when 0.8 < y < I, which makes the wholesale price
increase and the demand decrease. Further, the profit
of the manufacturer M, decreases accordingly with y.
Meantime, we find that the profit of manufacturer rr,glG
increases with y (0.8 < y < 1). The reason is that
the manufacturer M; continues to increase the green
investment when 0.8 < y < 1 while the manufacturer
M, decreases the green investment when 0.8 < y < 1.
We also find that the relationship between the manufac-
tull\r];rs’ proﬁcfé is as follows: wg~ > apN > 706 >

Ty > T, > 71,%\] when 0 < y < 0.95 and

GN GG NN NN GG GN
Ty > Ty > Ty > Ty > T > T

m when
0.95 < y < 1. This implies that the manufacturer’s
profit JT,S’?I is the largest among all the manufacturers’
profits. From Fig. 5b, when a; = ay, the manufacturers’

profits nrgf\] increase with y, while the manufacturers’
GN _GG
myp mi °
manufacturers’ profits 71”1\1]11\1 and yrnlfj remain constant.
We also find the relationship between the manufactur-
) ;o 7GN NN _ NN GG _ GG
eréNproﬁts IS 7T, > T = Ty > W0 =T >

my *

profits 7", JT,%\I decrease as y increases. The

T

Therefore, we can conclude that the manufacturer prefers
to make a green investment when the other manufacturer
refuses to invest. When one manufacturer makes a green
investment, the other manufacturer will also make a green
investment.

7 Conclusion and discussion

In this study, we investigate the green investment of two
competing manufacturers in a supply chain based on price

competition and quality competition and analyze the effect
of green investment on product quality level. In this supply
chain, two competing manufacturers produce substitutable
products with different qualities and then sell them to the
retailer. Based on this model, we study the preference of the
two manufacturers for the green investment in three scenar-
ios: (i) NN: neither manufacturer makes a green investment,
(i1) GN or NG: one manufacturer makes a green investment,
while the other refuses to invest, (iii) GG: both manufacturers
make green investments.

Our research can derive several suggestions for manufac-
turers’ green investment under competition. First, when one
manufacturer’s rival does not make a green investment, the
manufacturer prefers to make a green investment when the
green sensitivity coefficient is relatively low. Further, we can
find that when a manufacturer’s rival makes a green invest-
ment, the manufacturer prefers to make a green investment
under a low green sensitivity coefficient value. This implies
that the manufacturer is willing to make a green investment
with a relatively low value of green sensitivity regardless
of whether the manufacturer’s rival makes a green invest-
ment. Second, we find that the profit of the manufacturer
who makes a green investment is greater than the profit of
the manufacturer who does not invest regardless of the mar-
ket size. When both competing manufacturers make green
investments, the profit of the manufacturer who is in a large
potential market is higher than that of the manufacturer who is
in a small potential market. While in a same potential market,
the profits of the two competing manufacturers are the same.
This implies that the manufacturer who is in a large potential
market prefers to make a green investment, while in a same
market the manufacturer prefers to make a green investment
when his rival does not invest. Third, when a manufacturer’s
rival does not make a green investment, the manufacturer
who makes a green investment will improve the quality level
of the product regardless of potential market size, while the
manufacturer’s rival will reduce the quality level of the prod-
uct. When both manufacturers make green investments, the
manufacturer in a large potential market will improve the
quality level of the product, while the manufacturer in a small
potential market will reduce the quality level of the product.
While in the same potential market size, the quality level
of the two manufacturers remains unchanged. This implies
that the green investment will improve the quality level of
products when the manufacturer is in a large potential mar-
ket. While in a same potential market, the green investment
improves the quality level only in the scenario GN.

There are some limitations in our research, and we can
continue to expand our research in the future work. In our
research, we find that the profits of the retailer in the scenarios
GN and GG are always smaller than that in the scenario GG.
This implies that the retailer prefers that neither manufacturer
makes a green investment. This is due to that green invest-
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ment hurts the profit of the retailer. In the future research,
how to coordinate the relationship between manufacturers
and retailer to increase the profit of the retailer is worthy of
exploring.
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Appendix: Green investment in a price and
quality-based supply chain

Proof of Proposition 1 For given w; and g;, i = 1,2, we
conclude that 7 is jointly concave in p; and p, because

. . NN . 927NN
the Hessian matrix of 7™, which are 3pr2 = -2 <0,
1
32713\11\1 E)znrNN azn}“N azn}“N _ 2 .
apl  op;  Opidpa dpadpr 4l —a%) > 0, is nega-
tive definite. By solving the following first-order condition,
AN arNN . . . .
= 0 and Ty = 0, we obtain the unique optimal retail
price (4).
Thus, substituting Eq. (4) into the manufacturers’ profit
functions we obtain 71,,1\,]11,\1 . To ensure that n,l:],f,\l is jointly con-
RSN
cave in ¢; and w;, we require that aq';’ = -7 < 0,

i

32NN 527N 92x NN 927 NN . . .
oL - L= 7 — % > 0, which implies

dq?  dw? "~ 8g;0w; dw;dg;

the Hessian matrix of 71,12\1 is negative definite. By solving

T[NN 7TNN
the first-order condition, that is BL;’['_ = (0 and 3'"7” =0, we
have the unique optimal quality levels qiNN and wholesale
price wlNN (6).

Thus substituting Eq. (6) into Eq. (4) and demands func-
tion (2), the optimal retail price plNN and the demand DINN
(7) are obtained.

Substituting Egs. (6) and (7) into JTrNN and 71,1:{,\] , we obtain

the retailer’s and the manufacturers’ optimal profits nlﬂ\l and
N (8).
The proof is completed. O

Proof of Corollaries 1 From the concavity of the retailer’s
profit and the manufacturers’ profit, we derive 4t — 1 > 0.
In order to make decision variables to be positive, we require

@ Springer
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max{—(4r—1),—@} <2at — B <4t — 1,
: (24)
or
2at—ﬁ<min{—(4t—1),—@}. (25)
J

For fQat — f) = a; Qat— B> +a; (4t — 1)? +
2a; (4t — 1) 2Qa v — B), we conclude that fat — B) >
0 when a; < aj, and f(2at — B) has two different roots

—a;it+ /al.z—ajz.
— (@4t — 1) when a; > a;. Therefore, we have

f(2at — B) < 0 when

—a; — a? — ajz
(4r —1)
aj
—a; + /ai2 — a?
<2T—f < ———— (41— 1), (26)
aj

and f(2at — B) > 0 when

—a; + /al-z—ajz-

20t — B > 4t —1) or 2t — B
aj
—a; — ai2 — a?
< — 4r —1). 27

aj

From (24) (25) and (26), we can derive f(2at — ) <0

when
—a; + /ai2 —a?

— @t — 1) <2t — B < Ldr—1), (28)

aj
or

—a;j— /aiz—az-

L(dr—1) < 201 —B < —Z4r—1). (29)
aj aj

From (24) (25) and (27), we can derive f(2at — ) > 0
when

—a; + /ai2 —a?

T4t —1) <20t —B<4r—1, (30

or

L4t — 1. (31)
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(i) For any given o, we have

0NN 27 (ajQat— B2 +a; (4T —DP+2a (47— 1) Qat — B))

9

’

L’ (4&212—4aﬂr+52—161’2+8t—1)2 ’
w472 (a; Qat =) +a; (4t — 1) +24; (4T — 1) QT — p))
da (4a212—4aﬂr+52—16fz+8T—1)2
aD,NN_zﬂ (aj(Zar—ﬂ)2+aj(4t—1)2+2ai(4f—1)(2af—,3))
da (40{212—401;314-/32—161:2—1-81—1)2

dr NN

e —21 Gr—1(a; Qra—P)+a; Gt—1)(a; Qra—p)?+a; G1—1)?+2a; 41-1)Qra— ﬂ))

o

(4a?t2—d4apr+p? — 1612+8t—1)

Whena; < aj,wehave f(2at—pB) > 0. Therefore, we

JwN 9D\ o

d ’NN i nj
concludew >0, 55— >0, 5 >0, 5,->0.

When a; > aj, we have f(2at — B) < 0 from (28)

.o\ dwWN
and (29). Therefore, we obtain —-- < 0, - < 0,
apNV P . .
oy < 0, o < 0. Similarly, we obtaln f QRat —

B) > 0 from (30) and (31), which make ’a
NN NN
i 0, 285 - 0, 2 - (1o be hold,
(i) For any given 8, we have

> 0,

Thus substituting Eq. (13) into the manufacturer M;’s
profit functions nGN we obtain that the Hessian matrix of

GN is as follows:

¥ ,le Pyl gl
dgiow; 9¢100

3‘11 q1owy  0q100] —T % 0

H(]TGN) _ O rglN 9’x /Sl;lN 9, SIN _ 1 -1 1

mi )= Gwidgr gw? dwioo | | 2 2V

1

92w GN  92xGN 2SN 0 5y —u

0019q1 0010w 9o7

9N ajQRra—p)Y+ajdr—1)+24 (41 -1)Q2ra—p)

’

0B (4202 —4afr+p2—1672+87 —1)° ’
w27 (aj Qat— B 4a; (4t —1)?+2a; (4T — 1) Qat — p))
B (42t —daBr+p2— 1672 +87 — 1)
oDt (a;Qat—p)+a; (4t — 1> +24 (41— 1) 2at - p))
B (42t —daBr+p2— 1672 +87 — 1)

o\

my T@T—1(a; Qra—p)+a G1—1)(a; Qra—p)’ +a; 4t —1)°+24 @41 —-1) (2m—ﬂ))

ap (4 a?t?

4aﬂr~|—,32—1612+81—1)

Whena; < aj,wehave f(2at—p) > 0. Therefore, we
ag\N owN N RN
conclude ag;ﬂ <0, dw 0, D/‘s <0, 7;;" < 0.

When a; > a;, we have f(2ar — /3) < 0 from (28)
B
> 0,

NN
and (29). Therefore, we obtaln aﬁ ,;,_é > 0,
9D\ RN

5 B > 0. Similarly, we obtain f(2at —

o NN
B) > 0 from (30) and (31), which make da;

B
ar
<0

N NN NN
T <0, 20 <0, 7 < 0to be hold. o

> 0,

< 0,

Proof of Proposition 2 By the same reason in the proof of
Proposition 1, we conclude that 7SN is jointly concave in

GN 9 ON
. . T = 0 and 5
the unique optimal retail price (13).

= (, we obtain

To ensure JTGN is jointly concave in g1, wi and 61, we

need that the leadlng principal minors §1 = — 7t < 0, $, =
T — % >0, =—tu+ JT/L + %yzr < 0, which implies
the Hessian matrix is negative definite.

Similarly, substituting Eq. (13) into the manufacturer M»’s

profit functions JTGN we obtain that the Hessian matrix of
nGN is as follows:
2_GN 2 GN
' m2 ; (;"2 1
0 q20w2 -7 5
HzGNy = | @ = 2 ).
2 (’2 GN 62 GN l _1
mz ’"2 2
Jwadq2 w3
To ensure n N'is jointly concave in g and w,, we need

—I<O,SZ=1:—l

that the leading pr1n01pal minor S; = 1
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0. In order to maintain the concavity of the profit function

71,9}\1 and JT,%\I , the condition 7 > le and u(dr — 1) > y’t
must be hold simultaneously.
moN SN
Solving the first-order condition, that is -~ = 0, -7~ =
ql wl

GN
0, and 7;"’7; = 0, the unique optimal quality levels inN, opti-
mal wholesale price leN and optimal the green level 81 (15)
are derived.

Thus substituting Eq. (15) into Eq. (13) and demands func-
tion (11), we get the optimal retail price piGN and the demand
DN (16).

Substituting Egs. (15) and (16) into nn(f}q and n,GN, we
conclude the retailer’s optimal profit n,GN and the manufac-
turers’ optimal profits nn?}\I 17).

The proof is completed. O

Sq?N

Proof of Corollaries 2 From the concavity of the retailer’s
profit and the manufacturers’ profit, we derive 47 — 1 > 0
and )/27.' — (4t —1) < 0.Inorder to make decision variables

2
to be positive, we require yﬂ—r <20t —fB <4t — 1.
We assume

Li=@r=1 (=127 + 1 Qaz =),
L, = (u Qat—p)>*+ @41 — 1)(u (41— 1)—)/21)),
Ly = <<u Qat—p)—y')

tu@r=1 (k@ =1 -y)),

Ly = (2u (2az—,3)—y21) (u (4t — 1)—;/21).

(i) For any given o, we have

ot (da (T - D (=5y%t+n Qat—B)+2a (k Qat— B +@r—1) (1 47— 1) —y7)))

dor (2ar—ﬂ—4r+1)2(2aur—y2r—6u+4ut—,u)2

)

quGN 2t (a1 ((u Qat—p) — yzr)z—i—u 4zt -1) (/L 4r—-1)— yzt))—i—az (2,u Qat—pB) —)/2‘5) (/L @4rt—-1) —y21)>
b Qat—B—41+1)? 2apt —y2t —Butdpr —p)’ ’
qwiN  47%u (@ Gt -D(Q2r Qat—B) —y)+a (k Qat— B +@Tr— 1) (0 41— 1) —y27)))
b (2af—ﬂ—4r+1)2(2aur—y2r—ﬂu+4ur—;L)Z ’
aszN 472 <a1 ((/L Qat—p)— yzr)z—i-u 4z -1 (/L 4r—-1)— yzr))—l—az (2,u_ Qat—p) — yzt) (/L 4r—-1) — y21)>
da (2at—ﬁ—4t+1)2(2aur—yzt—ﬂ,u—i—4,ur—u)2 ’
300N 2y 12 (a; Gt —D(2p Qat—B) —y*1r)+ar (0 Qat —B*+@7— 1) (n @G1— 1) —y%1)))
b Qat—B—4t+1)(2apt —y2t —Butdput —pu)’ ’
aDSN 2770 (a1 G — D) (2p Qat —B) —y?1)+az (n Qat — B> +@ T — 1) (1 (47— 1) — y%1)))
o (20{‘[—ﬁ—4T+1)2(20l,u‘[—)/2f—ﬂ/1,+4/1,1’—[1,)2 ’
3 DSN <a1 ((u Qat—pB)— )/21:)2+/1, Gr-D(pn@r-1D- yzt))—f—az 2uQat—pB)—y*r)(n @t —1) - y21)> 72
da (20(1'—/3—41—1—1)2(201//_1'—yzr—ﬂu+4ur—u)2 ’
R _ _2T2 QayLi+ay L) (n 4t —1) —y*1t) (@ (47— D4ay Qat—p))
da (2ar—/3—4r+1)3(2a,ut—yzt—ﬁu+4ut—u)3 '
dmyy _ 87 (t —1/4) (@ Lytar La) (@1 (1 Qat—p) —y*1)+ar (n 47— 1) - y’7)) 32)
dor Qat—B—4t+1)} 2apt —y2t —Butdpt —p)’ '

@ Springer

When }'Hﬁ < 2ut — B < 4t — 1, from (32), we can
BwIC'N wSN

aqGN BqGN
conclude that - > 0, —=2— < 0, >0, =2 <
da Ja 3%N B%N
aeGN 3DGN aDGN o7 bl
1 1 2 nmy ma
0,5t->0,—5—>0,—2 <0,5- >0, <

0.
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(i) For any given 8, we have

dgoN __n (a1 G —D2r Qat—p) —y*)+a (L Qe =P+ @t -1 (k@7 —1) —y7)))

B Qat—B—41+1)2Qapur—y>r—Bu+dur —p)
agSN @ ((p, (2at—ﬂ)—y2r)2+u @r—1)(n @t - 1)—y2t))+a2 2u Qat—pB)—y2t)(n @Gt —1)—y*1)
B (Zar—/3—4t+l)Z(ZaMI—yzt—ﬂu+4ur—u)2 7
dwiN _ 2tm (@ @Gr-D2rQat—p) —y2t)+a (L Qat— PP+ @t -1 (k@7 —1) —y*1)))
B (20(1'7,374T+1)2(20t,u,1'7)/217,3}/,+4/,LT7#)2 ’
Jugh 27 (m ((u Qat—p) —yt) +u @Gt —1)(u 41— 1)—y2f))+a2 @u at—p)—yr)(u (41:—1)—)/21:)>
B (2at—,8—4r+1)2(2aur—y2t—ﬂu+4ut—u)2 ’
doeN A (@ Gr=D2u Qat—B) —y*t)+a (0 Qat— B>+ @7t —1) (1 47— 1) —y*1)))
ap (2at—,B—4r+1)2(2aur—y21—ﬂu+4ur—u)2 '
d DN ot (@ Gt =D 2u Qat—p) —y>t)+a (k Qat—p*+@r -1 (0 G- 1) —y>7)))
B (20[1—/3—41'—}—1)2(2aur—yzt—ﬁ,u+4ur—u)2 ’
8D§N T (al <(M (Zar—ﬁ)—yzr)z—i—p, 4t -1) (u 47— 1)—y2r))—|—a2 (2pc (Zar—ﬁ)—yzr) (/,L 4T — 1)—)/21:))
B (2ar—ﬂ—4r+1)2(2aur—y2r—ﬁu+4ur—u)2 7
0Nt QaiLitaly)(p @Gt -1 —y’) @ @Gt —Dta Qut—p)
B Qat—B—4t+1)3Qapr—y2r—putdur —pu)
ImN _ 87 (r—1/4) (a1 L3 +az Ly) (a1 (n 62aT—B)—y?t)+ax (k47 —1) — y?1)) (33)
ap (2ar—/3—41’—1—1)3(2aur—y2t—ﬂu+4ur—u)3 '

When an < 2ut — B < 4t — 1, from (33), we can

derivethat% <0, 3%2? =0, 81:;;"’ <0 3%)%31\1 o
(iii) For any given y, we have
9N 2u (@ Qat—B) +a dr—1)yt
ay __(Zar—ﬂ—4t—|—1)(u(Zat—ﬂ)+u(41_1)_y2t)z’
86]2GN_ 2p (@ Qat—B)+a Gr—1)yt
oy _(20{1—,3—41'—1—1)(/1«(2at—ﬂ)+u(4t_l)_yzr)2»
dwsN B 4720 (@ Qat—B)+a 4t —1)y
ay __(2011—/3—4t+1)(u(Zar—ﬁ)-{-ﬂ(ztf_l)_yzt)z’
dwsN B 4720 (@ Qat—B)4a 4t —1)y

W Qat—B-4t+ D) (1t Qat—ph) +pu @t —1)—y2r)’
doPN T (@ Qar-pta Gr—1)(n Qat—B)+u @4t —1)+y%r)

Iy Qat—B—41+1)(u Qat—p)+pu @4t —1)—y2)
o DP™ 272 (a2 Qat—f)+ar 4t —1)y

Iy __(Zar—ﬂ—4r+1)(,u(2ar—ﬂ)+u(4f_1)_yzr)2’
D3N 2% (@2 Qat—B)4a; 4t —1))y

dy N Qat—p—4t+1)(u (2m—ﬁ)+u(4r—1)—y2r)2’
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dmaN  utly (@ Qar =B ta -1 (r Qat—p) —pu (4T —D+y’r)
dy (b Qat—B)+u @t —1)—y21) Qat—B—41+1) ’
omyy  8yutt (@ (uQat =B =y ) +a (@t =D —y’1)) @ = 1/4) (@ (47 = ) +a Qat — B)
% (b Qat—B)+un @t —1)—y2t) Qat—p—4t+ 1)
(34
2 786
When L2 < 2t — 8 < 41 — 1, from (33), we can By solving the first-order condition, that is Bqu» = 0,
. K aqGN 3qGN 3wGN 3wGN HGQ ﬂGQ !
derive that =~ > 0, =2— <0, B)I/GN> 0,5~ <0, - = 0,and 5~ = 0, the unique optimal quality lev-
agl}‘iN -0, ag}fN 0. B%TN <o, 37;;2 <0 els inG, optimal wholesale price leG and optimal the green

For the profit of manufacturer M with a green investment,

g ON L2 1.2
we have 3;? >01fVTT <2ar —f < W,we
anGN . 2 C1y—,2
have —"L < ( if max | 1.5, #@r=D=y"t L _ oy _ B <
ay M H
47 — 1. O

Proof of Proposition 3 By the same reason in the proof of
Proposition 1, we conclude that n,GG is jointly concave in

GG GG
p1 and p;. By solving 3;Tr1 = 0and B;T;)z

the unique optimal retail price (19).
Thus substituting Eq. (19) into the manufacturers’ profit

= 0, we obtain

functions n,SiG, we obtain that the Hessian matrix of nncflG is
as follows:
ann(fiN Bzﬂ,f.N an,f,;’,N
dq7  9q10wi 9q106, _t % 0
2_GN 2_GN 2_.GN
H(j‘[GN — Bnmi aﬂmi Bﬂmi — l _1 ly
mi dwidgr  gwi w10, 2 2
1
angiN azn,giN an,fiN 0 2y —n
9010q1 0610w 3o?

To ensure nStG isjointly concave in g;, w; and 6;, we need that
the leading principal minors 1 = —7 <0, S =7 — }1 > 0,
S3=—1tu+ 41'1“ + %yzt < 0, which implies the Hessian
matrix is negative definite.

level 69G (21) are derived.

By substituting Eq. (21) into Eq. (19) and demands func-
tion (1), the optimal retail price pl.GG and the demand Dl.GG
(22) are obtained.

Substituting Eqs. (21) and (22) into nfn}lc' and anG, we
get the retailer’s optimal profit anG and the manufacturers’
optimal profits n,&}? (23).

The proof is completed. O

Proof of Corollaries 3 From the concavity of the retailer’s
profit and the manufacturers’ profit, we have 4t — 1 > 0
and 2t — u(4t — 1) < 0. In order to make decision vari-

2
ables to be positive, we need % <2t — B <4t — 1. We
assume

T =a <2y2r—2u (41— 1)) (M (2at—,3)—y2r>
+a; (,u (2ar—ﬂ—4r+1)<u (4‘[—1)—)/21')
+(r*t-nar-p)

(,u Qat—p)+u (4r—l)—2y2t>>.

We can conclude 77 < 0.

(i) For any given «, we have

8ql-GG_ 2t T

dar __(2()(‘5—,3—41'+1)2(20[/,L‘E—2)/2‘L'—,3,LL+4,LL‘L'—/,L)z,

BwiGG_ 4727,

da  Qar—p-dr+ 1) Qapr—2p2r—Putdur—p)

3056 273y T,

dar __(206‘17—ﬂ—41’+1)2(2()[[,LT—2)/2‘17—/3#4-4;1,1’—#)2”,

dDSC 2127,

da __(2at—ﬁ—4r+1)2(2aur—2y2t—,3,u+4er—pL)27

Im5S _ 202 (n @ =D —y2t) (@ (w Gr =D —y?1)+a; (0 Qat—p)—y?1))T; 35)
dor (2ar—ﬂ—4t+l)3(2a,ut—2y2r—ﬂu+4ur—u)3u '
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When yﬂﬁ < 2at — B < 4t — 1, from (35), we can

dg79 dwgS 9059 9DJC
conclude that 5 > 0, T > 0, - >0, 5= >
87{,9.0
0, L > (0.

da
(i1) For any given §, we have

Le=nt (2a<3y2f—u (20”—/3))
t(3v%r—n Qat-p)
B(3v7t—nQar—p) 1)

quGG_ T

B _(20[7,'—,3—4T+1)2(2Ol,tLt—2)/2T—,3/L+4/L‘[—/,L)2’

3wiGG_ 2t Ty

B _(20{1’—,3—4T+1)2<2a/,L7,'—2)/21—,3;L+4/LT—;L)2’

9676 ty T

B Qar—B—dr+ 12 (2apt—2yr1—But+dpur—p)p

aDFS T Ty

ap _—(2ar—/3—4t—|—1)2(2aur—2)/21—,3,u+4,ut—,u)z’

ImS _ _r(u Gr—D—y2t)(a; (@Gt =1 —y*)+a; (L Qat—p) —y*1)) Ty 36)
B (2a1:—,8—4t+l)3(2a,ut—2y2t—ﬁu+4ur—u)3u '

When }'Mﬁ < 2at — B < 4t — 1, we can conclude from

3gSC dwSC 3006 aDSC
(36)thatw<0,w<o,v<o, 9B >O,
an S0
B < 0
(iii) For any given y, we have

agSs B 2 (ai—aj)pty

dy (n Qat—B)+p (dr—1)—2y21)"
BwiC'G _ 4 (a,-—aj)p,rzy

ay (v Qar—PB)+u (41—1)—2)/21)2’

aDgs B 2 (aj—aj)ptly

W (nQat—B)+u Gr—1)—2y27)"

BGI-GG _ 2a; Ls+2aj Le

W o Qat—p—dt+l) (n Qar—P)+u Gr—1)—2y2)"

a0 t?y LyLg

oy 1 Qat—p—dt+12 (2920 —p Qat—B)—p (41—1)°
(37

where

Ls = (;u: Qat—p+4t-1) (3y21—u (41—1))

-2 y2r2 (yzr +u @ - l))) ,

GN _ _N\N

(b Qat =P +y’t@Gr-D—pn@r -1 (@ @Gt - +a Qat—p)’y’c’

+4,LL‘L'2 (3)/21—,u (20{1’—,3))
—2y2 (Yl + i Qur— ),
Ly = (ai <V2T —p@r - 1))
+a; (yzt—,u, (2ar—,3))>,
Lg =2 (ai —aj) (yzt—,u (4r—1))
X(n Qat—=p)—p @4t —1)
— (@ (v*r-n@r-n)
+a; (VZT—M (2af—/3))) (2)/21 —u
X Qat—pB)—pu @t-1)).

g5
From (37), whena; < aj, we can conclude that Z# <0,
GG

dw3C apge 0Ty, 3006 . 3p2
i i i i Yyt
5y <0, 5y <0, 3y < 0 and 3y > 0, if <
20t — B <4t — 1.
945C w9e

Whena; > aj,wecanconcludethatv > 0, T > 0,
aDSC

L

By > 0. O

Proof of Proposition 4 When manufacturer M, does not make
a green investment, from

> 0,

mi Ty = —

2(41— 1) = Qat —B)2) (12

T Qat—p)—p @G —1)°
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we obtain that the manufacturer M| will invest if y <

V/M(Mr—lﬂ—{Zar—ﬂﬁ)

T@T=D) . Otherwise, manufacturer M; will

not invest. By the same reason, when manufacturer M does
not make a green investment, manufacturer M, will invest if

_1\2_ _ g2
y < \/ (@ t] )(41(_21();{ 2 ). Otherwise, manufacturer M,

will not invest.
When manufacturer M, makes a green investment, from

GG NG
Ty ~ T,y

Lan Y, Liu Z, Niu B (2017) Pricing and design of after-sales service
contract: the value of mining asymmetric sales cost information.
Asia Pac J Oper Res 34(1):1740002

Lan Y, Peng J, Wang F, Gao C (2018) Quality disclosure with
information value under competition. Int J Mach Learn Cybern
9(9):1489-1503

Li B, Zhu M, Jiang Y, Li Z (2016) Pricing policies of a competitive
dual-channel green supply chain. J Clean Prod 112:2029-2042

Li W, Chen J (2018a) Backward integration strategy in a retailer Stack-
elberg supply chain. Omega 75(2):118-130

2y (1 (G- —Qat—p))+7y? 2u Qat—B)—pn Gr—1)—y%7)) (a1 (0 Gr—D—y7)+a (k Qa r—,ﬁ)—yzr))2

2(n Qat—P)u Gr—1)=2y27) (1 Qat—P)+p Gr—1)—y27)’ Qar—p—47+1)2p

>0,

we conclude that the manufacturer M; will invest if

, < \/2# QRat—B)—pn Grt—D+pu/@t-1)(—8at+4B8+207t-5)
~ 2‘[ .

(38)

Otherwise, the manufacturer M; will not invest.

Since manufacturers M| and M, are symmetrical, man-
ufacturer M, has the same green investment strategy as
manufacturer M. O
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