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1. Introduction

In recent decades, global attention has been paid to carbon emissions, and various international government 
organizations have made efforts to curb carbon emissions. From the international perspective, the Paris agree-
ment has officially entered into force, which has made clear the global “2 ◦C temperature rise target” and the 
medium and long-term emission control target of all countries. Green and low-carbon development has become 
the global trend. In China, the carbon intensity in 2020 will be 18% lower than that in 2015 is a core goal of 
China’s low carbon development during the 13th Five Year Plan period. It is proposed in the 13th Five Year Plan 
for controlling greenhouse gas emissions. The co-ordination mechanism is an important factor in the supply chain 
operation. As revenue sharing contract, cost sharing contract and wholesale price contract etc. are widely adopted 
in academic researchers [13, 17, 18, 21, 35].
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However, carbon emissions regulations, including a cap-and-trade regulation, will increase the production
costs of the manufacturing enterprises to some extent and affect other enterprises in the supply chain; in
order to cope with the pressure from carbon policies, enterprises have attempted to adjust their operational
decisions. The implementation of the carbon cap-and-trade policy comes from Kyoto Protocol, which realizes
the goal of energy conservation and emission reduction through government regulation and market regulation.
The implementation of this policy makes the greenhouse gas emission right become a kind of scarce resource
with liquidity, and promotes the carbon emission trading market by carbon dioxide. The cap-trade policy is
a way of emission reduction which combines direct regulation and economic incentives on the basis of carbon
emission cap. Montgomery [20] made a forward-looking conception and introduction to the concept of emissions
trading earlier.

With the development of market economy, the enterprises’ competition was changed to the competition of
cross industry industrial chain. Martin Christopher who is a supply chain management expert of British, pointed
out that the competition is no longer the competition between enterprises, but the competition between supply
chain and supply chain in the 21st century. It has become an urgent research topic for the development of
enterprises in the new situation that all enterprises in the supply chain cooperate in order to achieve the overall
optimization.

The cooperation between enterprises in the supply chain has two types: the structural cooperation and
contractual cooperation. The structural cooperation means that the members adopt the collaboration without
the assistance of a cooperation contract. Contract design is an important topic in the supply chain operations
management literature. In the study of supply chain coordination mechanism, common cooperation contracts
include the cost sharing contract, revenue sharing contract, and wholesale price contract. In this paper, the
wholesale price contract is introduced through a special solution method [13]. The solution method means that
the manufacturer as a leader of Stackelbeg game in a supply chain sets the retailer price to maximize its profit.

The remainder of this paper is organized as follows. Section 2 reviews the literature and Section 3 introduces
the formulation and notation of the models. Section 4 describes the six different models and analyzes the optimal
solution of them. Section 5 provides numerical examples and Section 6 expound some relevant conclusions. The
Appendices A and B provides all the proofs.

2. Literature review

There are four main streams of research that closely relate to our work. The first stream focuses on the
influence of cap-trade regulation on the supply chain decision. The second stream is related to the government
decision under the cap-and-trade regulation. The third stream concentrates on the competitive decision of low-
carbon supply chains. The last stream is about the coordination of the supply chain (the wholesale price contract
and Nash bargaining).

In the first research stream, the environmental problems in the supply chain are concerned by many researchers
as governments’ environmental policies tighten. For the cap-and-trade regulation, the carbon emission cap is an
exogenous parameter in some research literatures. Under the low-carbon environment, Wang et al. [26] focus
on a dyadic supply chain with a manufacturer and a retailer to develop a game model for studying the issues
of carbon emission reduction within the retailer dominant and the power balanced cases, respectively. Ji et al.
[12] analyze a detailed model which incorporates both cap-and-trade regulation and consumers’ low-carbon
preference. Taleizadeh et al. [23] expand a two-echelon supply chain consisting of the cap-and-trade regulation,
and analyzed the supply chain in both cooperative and non-cooperative forms. Based on the cap-and-trade
regulation, Yang et al. [38] construct two models with and without remanufacturing to obtain the optimal levels
of carbon emission reduction and pricing strategies. Xia et al. [30] investigate the pricing and emission reduction
policies of a supply chain in a social environment and a cap-and-trade system. Xia et al. [31] incorporate social
preferences, which are divided into relationship preferences and status preferences, as well as consumer low-
carbon awareness into a supply chain with one manufacturer and one retailer under the cap-and-trade system.
Yang et al. [39] examine the manufacturer’s channel selection and emission reduction decisions when considering



OPTIMAL CAP SETTING AND PRICING IN SUPPLY CHAINS S2489

carbon emission constraints, and explore a two-echelon supply chain consisting of one manufacturer and one
retailer under the cap-and-trade regulation. Taleizadeh et al. [24] think that two possibilities in the forward
flow, including the technologies investment and the cap-and-trade are employed in line with reducing carbon
emission. Tong et al. [25] consider a scenario with a model economy under the effects of a cap-and-trade policy,
with consumers who prefer low-carbon products, and develops an evolutionary game model to examine the
evolution of behaviors for powerful retailers and manufacturers in a retailer-led supply chain.

For the decision system of the supply chain, the cap-and-trade regulation is adjusted by carbon trading
market as an exogenous factor, and is not decided by the government through maximizing social welfare. This
certain has been concerned by some scholars.

In the second research stream, the carbon emission cap is established by the government based on the
maximization of social welfare. Many countries have implemented various policies to reduce carbon emissions,
which has affected the operational decisions of enterprises in the supply chain since most carbon is emitted
during the production process [27]. Du et al. [6] focus on a so-called emission-dependent supply chain consisting
of one single emission dependent manufacturer and one single emission permit supplier in the cap-and-trade
system, where emission permit becomes requisite for production. Xu et al. [33] study the joint production and
pricing problem of a manufacturing firm with multiple products under cap-and-trade and carbon tax regulations,
as well as compares the effects of the two regulations on the total carbon emissions, the firm’s profit, and social
welfare. Cao et al. [3] investigate the impacts of the cap-and-trade policy and low carbon subsidy policy on
the production and carbon emission reduction level of a manufacturer, and explore which policy is better for
society. He et al. [9] investigate the optimal production decisions of a self-pricing manufacturer and the optimal
cap-setting decisions of a regulator under the cap-and-trade regulation. Ji et al. [13] use a two-stage Stackelberg
game to explore the production decision as well as the government cap setting with wholesale price and revenue
sharing contracts under cap-and-trade regulation. Considering the cap-and-trade regulation, Zhang et al. [41]
develop game models to investigate the manufacturer’s production and emission abatement decisions as well as
the governmental emission cap regulation in a supply chain with three power structures.

In the above literatures, the carbon emission cap decision by the government is not considered in the com-
petition of two supply chains. Besides, the carbon trading price is an exogenous parameter, and is not affected
by the carbon emission cap.

In the third research stream, the behavior of industry competition is changing from competition among
independent enterprises to competition among supply chains [32]. There are some studies that have concentrated
on competition of two supply chains. Hafezalkotob [8] develop price-energy-saving competition and cooperation
models for two green supply chains under government financial intervention. Yang et al. [37] consider two
competitive supply chains under the cap-and-trade scheme, each of which consists of one manufacturer and
one retailer. The chain-to-chain competition is analyzed in three scenarios, one of which is a horizontal Nash
game, as well as the others are traditional supply chain Stackelberg game and the low-carbon supply chain
Stackelberg game [15]. Considering the role of the consumers’ low-carbon preference in the cooperation for
low-carbon production, Pu et al. [22] construct four scenarios to investigate the effects of consumers’ low-carbon
preference on the market equilibrium of supply chains’ product selection strategy. Wang et al. [28] investigate
a fresh food supply chain comprising a large-scale supplier and multiple small-scale retailers under a carbon
cap-and-trade policy.

There are some deficiencies in above literatures. The government policy to restrict carbon emission is not the
cap-and-trade regulation [22]. The cap-and-trade regulation is not introduced to control the carbon emission in
supply chains [8]. Besides, the carbon emission cap and the carbon trading price are just the parameters, not
the decision variable of government [15,28,37].

In the last research stream, the wholesale price contract is widely considered to coordinate the operation
of the low-carbon supply chain. It is divided into three types according to the determination method of the
wholesale price contract. First, the retailer persuades the manufacturer to produce products without increase of
wholesale price using a rate, which satisfy customer’s willingness, and consequently, enhance demand of market
and profit of the supply chain [23, 26]. Second, by the inverse function of the retailer’s response function, the
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manufacturer as a leader of Stackelbeg game in a supply chain sets the retailer price to maximize its profit.
By analyzing the wholesale price contract to coordinate the supply chain, Xu et al. [34] find that, although the
wholesale price is equal to the total cost, the manufacturer can still obtain profit because he can sell emission
credits to the carbon trading market. By comparative analyzing the coordination effect of wholesale price and
revenue sharing contracts, Ji et al. [13] research the production decisions and cap setting in low-carbon supply
chain. Third, it is other type. Yang et al. [36] present coordination mechanisms with all-unit wholesale quantity
(price) discount contract in different low-carbon policies.

The Nash bargaining is considered a cooperative policy in supply chain operation management. The Nash
bargaining model can be divided into the symmetric structure and asymmetrical structure. In cooperation of low-
carbon supply chain, it is considered “level of greening” decision as a function of the symmetric Nash bargaining
between the collaborating firms [7]. Zand et al. [40] study the profit division of the members considering their risk
attitude and bargaining power through asymmetrical Nash bargaining in the apparel supply chain. Extending
from the basic model, Li et al. [14] further discuss the equilibrium solutions under asymmetrical Nash bargaining
model, in which the retailer and the manufacturer bargain on a cost-sharing rate or a revenue-sharing rate. Wu
and Kung [29] find that if the government wants to publish some preferential policies to encourage the adoption
of green technology in the supply chain, it should choose the party with higher bargaining power. Matsui [19]
finds that the manufacturer achieves its highest profit by bargaining the wholesale price earlier than determining
the direct price.

In recent decades, global attention has been paid to carbon emissions, and various international government
organizations have made efforts to curb carbon emissions. From the international perspective, the Paris agree-
ment has officially entered into force, which has made clear the global “2 ◦C temperature rise target” and the
medium and long-term emission control target of all countries. Green and low-carbon development has become
the global trend. In China, the carbon intensity in 2020 will be 18% lower than that in 2015 is a core goal of
China’s low carbon development during the 13th Five Year Plan period. It is proposed in the 13th Five Year
Plan for controlling greenhouse gas emissions. The co-ordination mechanism is an important factor in the supply
chain operation. As revenue sharing contract, cost sharing contract and wholesale price contract etc are widely
adopted in academic researchers

This paper contribution is threefold. The comparison between this article and prior research, as well as
the summary of our contribution also derives from Table 1. In the cooperation of two supply chains, our first
contribution is in carbon trading price which is a function of carbon emission cap. The second contribution
is to give optimal carbon emission cap based on maximizing social welfare, and find the optimal distribution
proportion of the cap through Nash bargaining between supply chains. Lastly, the wholesale price contract is
introduced to coordinate the manufacturer and retailer as a vertical cooperation of the supply chain, as well as
compare contractual cooperation and structural cooperation. Specifically, this study answers to the following
research queries:

(1) What are the optimal decisions for the supply chain members and government under different cooperation
structures?

(2) In each supply chain, what is the bargaining power of distribution proportion in asymmetric competition,
and whether the distribution proportion still is 0.5?

(3) How do various factors such as unit carbon emission, environmental damage coefficient, price sensitivity
of carbon emission cap and competitive sensitivity parameter impact the distribution proportion of cap
setting, pricing and profit of supply chains and social welfare?

3. Model formulation and notation

In this paper, it considers two competitive supply chains named chain 1 and 2. Each of the two chains consists
of one manufacturer (M) and one retailer (R). In such a supply chain, the manufacturer selling its products to the
consumers through the retailer, so shown in Figure 1, so the decision of the supply chain is the pricing decision
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Table 1. Comparison between this article and prior research.

paper Supply
chains’
competition

Cap-and-
trade
regulation

Government
decision

Portion of
cap

Vertical
contract

Du et al. [6] No Yes Yes No No
Wang et al. [26] No Yes No No Yes
Ji et al. [12] No Yes No No No
He et al. [9] No Yes Yes No No
Hafezalkotob [8] Yes No Yes No No
Yang et al. [37] Yes Yes No No No
Taleizadeh et al. [23] No Yes No No Yes
Yang et al. [38] No Yes No No No
Xia et al. [30] No Yes No No No
Xia et al. [31] No Yes No No Yes
Yang et al. [39] No Yes No No No
Lou and Ma [15] Yes Yes No No No
Pu et al. [22] Yes No No No No
Taleizadeh et al. [24] No Yes No No No
Tong et al. [25] No Yes No No No
Zhang et al. [41] No Yes Yes No No
Wang et al. [28] Yes Yes No No No
Ji et al. [13] No Yes Yes No Yes
This paper Yes Yes Yes Yes Yes

Figure 1. The two supply chains with cap-and-trade regulation structure.

of the manufacturer and the retailer. Under cap-and-trade regulation, the government (G) constraints on supply
chains’ total carbon emission by setting a cap of carbon emission. Besides, the vertical-horizontal cooperation of
two supply chains is considered, as well as the wholesale price contract as a non-cooperative contract between
the manufacturer and the retailer, such as the double decentralized scenario (Model-DD), the two manufacturers
cooperation scenario (Model-MM), the single centralized, single decentralized scenario (Model-CD), the double
centralized scenario (Model-CC), the single contract, single decentralized scenario (Model-SD), and the double
contract scenario (Model-SS) (see the Fig. 2).

A three-stage Stackelberg game model is constructed, where the government plays as the leader in government-
supply chain game and the manufacturer is the leader in manufacturer-retailer game. In the first stage, the
government firstly set the optimal emission cap based on the maximization of social welfare. Then, manufacturers
separately decide the distribution proportion of the cap by seeking the maximization of the supply chain’s profits
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Figure 2. Organization order of the models.

Figure 3. The sequence of events in the game.

in the second stage. Last, the third stage is the comm pricing stage of the supply chain, and chain-and-chain
strategy with Nash bargaining game (see the Fig. 3).

The following notations are used to develop the proposed model (Table 2).
In this paper, the competition of the supply chains focuses on the price competition. It is assumed that

price-dependent demands with imperfect product substitutability, as well as the market demand is decreasing
in self-freight price and increasing in competitor’s price. Thus, the demand is specified as a linear function [5,42]:

dx = α− px + βp3−x for x = 1, 2 (3.1)

where α > 0, denote the potential market, and β denote the competitive sensitivity parameter 0 < β ≤ 1. It is
creasing, the competition of chain-and-chain is strengthening.

Carbon trading is also known as cap-and-trade. The government initially set a free quantity of carbon
emission credits to supply chain system, i.e. carbon emission cap G. The manufacturer x is allocated the cap
of the supply chain x, i.e. the manufacturer 1 is allocated the cap of ηG, and the manufacturer 2 is allocated
the cap of (1 − η)G. η(0 < η ≤ 1) denotes the distribution proportion of the cap. The manufacturer needs to
buy more carbon emission credits from the carbon trading market when the total emission exceeds the carbon
cap. By contrary, the manufacturer can sell the surplus carbon emission credits to the carbon trading market.

Similar to previous literatures [11, 13]. It is assumed that the carbon trading price is increasing in the cap
setting of the government. Thus, the linear function of the carbon trading price as follows:

pe = a− λG (3.2)
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Table 2. The major parameters and notations.

Parameters Definition

dx The demand of the supply chain x = 1, 2
α The potential market α > 0
β The competitive sensitivity parameter 0 < β < 1
px Retail price set by the retailer x = 1, 2 (decision variable)
wx Wholesale price set by the manufacturer x = 1, 2 (decision variable)
pe The carbon trading price pe > 0
G Carbon emission cap set by the government (decision variable)
a The maximal price of the carbon emission credits a > 0
λ The price sensitivity of the cap λ > 0
E The environmental damage cost
V The environmental damage coefficient 0 < V ≤ 1
e The carbon emission incurred unit product 0 < e ≤ 1
η The distribution proportion of the cap setting by supply chain power (decision variable)
c The unit production cost
πC

Mx The profit of the manufacturer x in model i
πi

Rx The profit of the retailer x in model i
πi

Tx The profit of the supply chain x in model i
SWi The social welfare in model i

a > 0 denotes the maximal price of the carbon emission credits, and λ > 0 denotes the price sensitivity of the
cap. Besides, G < a

λ due to pe > 0.
The emission intensity is denoted by the parameter e which refers to the carbon emission incurred by per unit

of product. Let V is environmental damage coefficient that translates a unit carbon emission into a monetary
unit. The environmental damage cost E is assumed as a relationship between total emission and product quantity
[1,3,4]. In addition, it is assumed the product quantity equals the market demand. Thus, the formulation of the
environmental damage cost is

E = V

(
e

2∑
x=1

dx

)2

. (3.3)

The government always concern about the carbon emission of manufacturing industry, and enact various strin-
gent rules and regulations day by day on carbon emission by manufacturers for the welfare of the society,
i.e. carbon cap-and-trade regulation. In this regulation, the government’s purpose is to implement the optimal
emission cap G∗ to maximize the total social welfare, which consists of the sum of the supply chains’ profit, the
consumer surplus, and the environmental damage cost [7,10,13]. Consequently, the total social welfare function
SW under a given cap G is given by

SW(G) =
2∑

X=1

πTx +
1
2

2∑
X=1

d2
x − E (3.4)

where the part
∑2
X=1 πTx as the supply chains’ profit, the part 1

2

∑2
X=1 d

2
x denotes the consumer surplus, and

the V E2 measures the environmental damage cost.
As these literatures [7, 14], the optimal distribution proportion η of the cap is got through the symmetric Nash

bargaining structure. Two supply chains bargain on the sharing distribution proportion to be achieved by the bar-
gaining structure. Thus, when the supply chains participate in the bargaining process, it is solved (Tab. 2).

max
η

(πT1πT2) . (3.5)

i ∈ {DD,MM,CD,CC,SD,SS} signifies the scenarios from model DD to model SS.
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4. Optimal decisions and analysis of models

In this section, it is divided into six subsections based on the scenarios (DD ∼ SS) mentioned above. Each
subsection contains the optimal decisions of the supply chain’s members and the government in each scenario.

4.1. The double decentralized scenario (Model-DD)

The model-DD is the scenario of the supply chain’s members with non-cooperation. The manufacturer and
retailer make their decisions independently to maximize their own profit in each supply chain. For each supply
chain, first, the manufacturer decides the wholesale price. Then, the retailer decides the retail price. Accordingly,
the decision problem of the manufacturers is formulated as

maxπDD
M1

(w1) = (w1 − c)(α− p1 + βp2)− (a− λG) [e(α− p1 + βp2)− ηG] (4.1)

maxπDD
M2

(w2) = (w2 − c)(α− p2 + βp1)− (a− λG) [e(α− p2 + βp1)− (1− η)G] . (4.2)

The decision problem of the retailers is defined as

maxπDD
Rx (px) = (px − wx) (α− px + βp3−x) for x = 1, 2. (4.3)

Theorem 4.1. The following optimal decision variables of Model-DD, Nash Bargaining model and the total
social welfare function SW are achieved through the backward solution. See Appendix A for proof.

GDD∗
=
a(64− 96β − 12β2 + 68β3 − 15β4 − 12β5 + 4β6)

U1

−
ae2λ

(
56− 112β + 96β3 − 38β4 − 20β5 + 10β6 + 8β2

)
U1

+
V [8ae4λ

(
4− 8β + 8β3 − 3β4 − 2β5 + β6

)
]

U1

−
8e3V [α− c(1− β)]

(
2− β2

) (
2− 2β − β2 + β3

)
λ

U1

+
2e
(
14− 5β2

)
(α− c(1− β))

(
2− 2β − β2 + β3

)
λ

U1

ηDD∗
=

1
2

wDD∗

1 = wDD∗

2 =

[
c+

(
a− λGDD∗)

e
] (

2− β2
)

+ α(2 + β)
4− β − 2β2

pDD∗

1 = pDD∗

2 =

[
c+

(
a− λGDD∗)

e
] (

2− β2
)

+ 2α
(
3− β2

)
(2− β) (4− β − 2β2)

where

U1 = 2λ
[
e4λV

(
16− 32β + 32β3 − 12β4 − 8β5 + 4β6

)
− e2λ

(
28− 56β + 4β2 + 48β3 − 19β4 − 10β5 + 5β6

)
+
(
64− 96β − 12β2 + 68β3 − 15β4 − 12β5 + 4β6

)]
.

Finally, By Substituting the values wDD∗

1 , wDD∗

2 , pDD∗

1 , and pDD∗

2 into function (4.1) to (4.3), as well as it gets
the πDD∗

M1 = πDD∗

M2 , πDD∗

R1 = πDD∗

R2 , and SWDD∗
.
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The model-DD is one of scenarios with the symmetrical competition in the supply chains. In this model, the
pricing decisions of two supply chains are the same, and the distribution proportion of the cap is equal to 1/2. If
the cap is an exogenous parameter, the pricing of the members is decreasing as the government raising the cap,
as well as it is increasing with the competition intensity of supply chains with the cap being given. It means
that a higher emission cap and a strong price competition make the market demand depressed.

To measure the impact of eliminating competition on the pricing decisions of supply chains and kinds of
index (profits and social welfare), the two kinds of cooperation scenarios are explored as follow: (i) the vertical-
horizontal cooperation of supply chain (no contract); (ii) the cooperation with the wholesale price contract.

4.2. The two manufacturers cooperation scenario (Model-MM)

In this subsection, the purpose of cooperation between two manufacturers is to maximize the profit of cooper-
ation. But, the retailer of each supply chain still independent. The problems faced by manufacturer and retailer
at stage 3 are to determine their optimal prices with the Stackelberg game of the manufacturer as leader, which
can be formulated as

maxπMM
M (w1, w2) = (w1 − c) (α− p1 + βp2)

+ (w2 − c) (α− p2 + βp1)− (a− λG)[e (α− p1 + βp2)
+ e (α− p2 + βp1)−G] (4.4)

maxπMM
Rx (px) = (px − wx) (α− px + βp3−x) for x = 1, 2. (4.5)

Theorem 4.2. Through the backward solution, there exists an optimal level of emission cap, the distribution
proportion of the cap and enterprises pricing, GMM∗

, ηMM∗
, wMM∗

1 , wMM∗

2 , pMM∗

1 , and pDD∗

2 , respectively, such
that the enterprises’ profit and the total social welfare are maximized, as well as they are as follows:

GMM∗
=

e[α− c(1− β)][7− 4e2V (1− β)− 5β]λ
λ{4V e4λ(1− β)2 + [4(2− β)2 − e2λ(7− 12β + 5β2)]}

+
a[4e4λV (1− β)2 − e2λ(7− 12β + 5β2) + 2(4− 4β + β2)]
λ{4V e4λ(1− β)2 + [4(2− β)2 − e2λ(7− 12β + 5β2)]}

ηMM∗
=

1
2

wMM∗

1 = wMM∗

2 =
α+ (1− β)

[
c+ e

(
a− λGMM∗)]

2(1− β)

pMM∗

1 = pMM∗

2 =
3α− 2αβ + (1− β)

[
c+ e

(
a− λGMM∗)]

2(2− β)(1− β)
·

The optimal profits of the enterprises and the total social welfare, πMM∗

M , πMM∗

Rx , SWMM∗
are given respectively

by GMM∗
, wMM∗

1 , wMM∗

2 , pMM∗

1 , pMM∗

2 , and ηMM∗
. See Appendix A for proof.

Similar to the model-DD, the model-MM is a scenario with the symmetrical competition in the supply chains.
Besides, it is a scenario of horizontal cooperation of the supply chain structure. Notice that the optimal decision
solutions of two retailers cooperation scenario (Model-RR) are the same with model-MM, but the order and
way of the decision making for them are different. To simplify the content of this paper, the model-RR is not
analyzed in a further section.

4.3. The single centralized and single decentralized scenario (Model-CD)

As a benchmark, the manufacturer and the retailer of supply chain 1 cooperate to maximize their common
profit. In the supply chain 2, the manufacturer and the retailer make their decisions independently to maximize
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their own profit. The formulation of the profits as follows:

maxπCD
T1 (w1) = (p1 − c) (α− p1 + βp2)− (a− λG) [e (α− p1 + βp2)− ηG] (4.6)

maxπCD
M2 (w2) = (w2 − c) (α− p2 + βp1)− (a− λG) [e (α− p2 + βp1)− (1− η)G] (4.7)

πCD
R2 (p2) = (p2 − w2) (α− p2 + βp1) . (4.8)

Theorem 4.3. In the model-CD, the optimal cap setting of the government GCD∗
in the stage 1, the optimal

distribution proportion of the supply chains ηCD∗
in the stage 2, and the optimal pricing of the manufacturer

and retailer wCD∗

1 , wCD∗

2 , pCD∗

1 , and pCD∗

2 in the stage 3 are given, respectively.

GCD∗
=
U2

U3

ηCD∗
=

U4

8G(2− β) (2− β2)2 (a−GCD∗
λ)

wCD∗

2 =
α(2 + β) +

(
2 + β − β2

) (
c+ ae− eλGCD∗)

2 (2− β2)

pCD∗

1 =
α
(
4− 2β2 + β

)
+
(
4− β − β2

) (
c+ ae− eλGCD∗)

2(2− β) (2− β2)

PCD∗

2 =
3α− αβ2 +

(
1 + β − β2

) (
c+ ae− eλGCD∗)

(2− β) (2− β2)

where

U2 = a
[
e4λV

(
72− 120β − 46β2 + 152β3 − 28β4 − 48β5 + 18β6

)
− e2λ

(
76− 128β − 41β2 + 150β3 − 28β4 − 46β5 + 17β6

)
+ 4

(
16− 16β − 12β2 + 16β3 − 4β5 + β6

)]
− e[α− c(1− β)](1− β)[2e2V (6 + β − 3β2)2

− (76 + 24β − 69β2 − 12β3 + 17β4)]λ
U3 = λ[e4λV

(
72− 120β − 46β2 + 152β3 − 28β4 − 48β5 + 18β6

)
− e2λ(76− 128β − 41β2 + 150β3 − 28β4 − 46β5 + 17β6)
+ 8(16− 16β − 12β2 + 16β3 − 4β5 + β6)]

U4 = 2
(
2 + 3β − 5β2 − 2β3 + 2β4

){
eα
(
a− λGCD∗

)
+ c

[
α− e(1− β)

(
a− λGCD∗

)]}
+ 4GCD∗ (

8− 4β − 8β2 + 4β3 + 2β4 − β5
) (
a− λGCD∗

)
+ e2λGCD∗ (

2 + β − 8β2 + 3β3 + 4β4 − 2β5
) (

2a− λGCD∗
)

−
[
α2 +

(
c2 + a2e2

)
(1− β)2

] (
2 + 5β − 2β3

)
.

According to the above optimal decisions, it can find the optimal profit of the supply chain 1 πCD∗

T1 , the optimal
profits of the manufacturer and retailer in supply chain 2 πCD∗

M2 , πCD∗

R2 , and the optimal social welfare SWCD∗
.

See Appendix A for proof.

The model-CD is one of scenarios with the asymmetric competition in the supply chains, as well as a scenario
of the single horizontal cooperation of the supply chain structure. The retail price pCD∗

1 in supply chain 1 adopting
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the horizontal cooperation is less than the retail price pCD∗

2 in the supply chain 2 with no-cooperation. The
optimal distribution proportion is not equal to 1/2, because the supply chain is in an asymmetric competitive
environment. This distribution proportion is influenced by kinds of the parameters. How it changes with the
parameters will be discussed in a further section.

4.4. The double centralized scenario (Model-CC)

The model-CC characterizes the following: the manufacturer and retailer in each supply chain cooperatively
set the retail price in order to attain their total profit maximization. The supply chains’ profits are:

maxπCC
T1 (p1) = (p1 − c) (α− p1 + βp2)− (a− λG) [e (α− p1 + βp2)− ηG] (4.9)

maxπCC
T2 (p2) = (p2 − c) (α− p2 + βp1)− (a− λG) [e (α− p2 + βp1)− (1− η)G] . (4.10)

Theorem 4.4. In the situation of the double centralized, the optimal decisions of the government and supply
chains are respectively

GCC∗
=

a
[
8e4λV (1− β)2 − 6e2λ(1− β)2 + (2− β)2

]
2λ [4e4λV (1− β)2 − 3e2λ(1− β)2 + (2− β)2]

−
2e
(
4e2V − 3

)
[α− c(1− β)](1− β)λ

2λ [4e4λV (1− β)2 − 3e2λ(1− β)2 + (2− β)2]

ηCC∗
=

1
2

pCC∗

1 = pCC∗

2 =
C + ae+ α− eλGCC∗

2− β
·

Similar to above models, it can find the supply chains’ optimal profits πCC∗

T1 and πCC∗

T2 (πCC∗

T1 = πCC∗

T2 ) as well
as the optimal social welfare SWCC∗

by the optimal decisions in this model. See Appendix A for proof.

The model-CC is a scenario of complete cooperation, as well as a scenario of the double horizontal cooperation
of the supply chain structure. Normally, for other models, the retail price is lowest and the market demand is
most in this model.

4.5. The single contract and single decentralized scenario (Model-SD)

In the traditional supply chain, wholesale price contract cannot coordinate the supply chain due to dou-
ble marginalization [2]. Although wholesale price contract can coordinate the supply chain, it sacrifices the
manufacturer’s profit [34]. Under the wholesale price contract, the difficulty of implementing cap-and-trade
regulation is increased when the government’s over-allocated carbon credits. When the middle environmental
concern parameter increases, the government should keep the optimal cap unchanged under the low or high
environmental concern parameter, and decrease the cap [13].

In this scenario, the wholesale price contract was adopted in the supply chain 1, and the supply chain 2 still
executes decentralized decision. The additional parameter is not introduced in this contract. Conventionally, the
manufacturer firstly decisions a wholesale price wSD

x to the retailer. After knowing the wholesale price, retailers
set the retail price pSD

x . But, the step of solving the game is different from the general step in this contract [13].
Denote by πSD

Mx and πSD
Rx the manufacturers and the retailers’ profits with a wholesale price contract, respectively.

The profit functions of the manufacturers and retailers are similar as the model-DD.
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Theorem 4.5. The single contract and single decentralized scenario with wholesale price contract, the decision
results as follows:

GSD∗
=

U5

λU6

ηSD∗
=

U7

8G (16− 15β2 + 3β4)2 (a−GSD∗
λ)

wSD∗

1 =
α
(
16 + 12β − 4β2 − 3β3

)
2 (16− 15β2 + 3β4)

+

(
16 + 4β − 14β2 − β3 + 3β4

) [
c+ e

(
a− λGSD∗)]

2 (16− 15β2 + 3β4)

wSD∗

2 =
α
(
8 + 6β − 3β2 − 2β3

)
+
(
8 + 2β − 6β2 − β3 + β4

) [
c+ e

(
a− λGSD∗)]

16− 15β2 + 3β4

pSD∗

1 =
α
(
12 + 9β − 4β2 − 3β3

)
+
(
4 + 3β − 2β2 − β3

) [
c+ e

(
a− λGSD∗)]

16− 15β2 + 3β4

pSD∗

2 =
3α
(
8 + 6β − 3β2 − 2β3

)
+
(
8 + 6β − 3β2 − 3β3

) [
c+ e

(
a− λGSD∗)]

2 (16− 15β2 + 3β4)

where

U5 = a
[
e4λV

(
512− 256β − 1184β2 + 432β3 + 1010β4 − 232β5 − 372β6

+ 40β7 + 50β8
)
− e2λ(896− 448β − 2008β2 + 724β3 + 1647β4 − 366β5

− 576β6 + 58β7 + 73β8) + (1024− 1920β2 + 1284β4 − 360β6 + 36β8)
]

− e[α− c(1− β)](1− β)[2e2V
(
16 + 12β − 7β2 − 5β3

)2 − (896 + 1344β
− 216β2 − 1052β3 − 241β4 + 204β5 + 73β6)]λ

U6 = e4λV (512− 256β − 1184β2 + 432β3 + 1010β4 − 232β5 − 372β6

+ 40β7 + 50β8)− e2λ(896− 448β − 2008β2 + 724β3 + 1647β4 − 366β5

− 576β6 + 58β7 + 73β8) + (2048− 3840β2 + 2568β4 − 720β6 + 72β8)

U7 = α2β2
(
16 + 36β + 13β2 − 12β3 − 6β4

)
+
[
c2 + e2

(
a− λGSD∗

)2
]
β2

(
16 + 4β − 43β2 − 2β3 + 31β4 − 6β6

)
+ 2

(
a− λGSD∗

)
GSD∗

(512

− 960β2 + 642β4 − 180β6 + 18β8)− 2β2
[
e (α− c(1− β))

(
a− λGSD∗

)
+ αc

] (
16 + 20β − 23β2 − 25β3 + 6β4 + 6β5

)
.

Based on decision results of stage 1–stage 3, it has the optimal profits of the enterprises (πSD∗

Mx and πSD∗

Rx ) as
well as the optimal social welfare SWSD∗

. See Appendix A for proof.

For the model-CD, the similarities are that it is a scenario with the asymmetric competition in the supply
chains, pricing of the enterprises are not equal, as well as the optimal distribution proportion is not equal to
1/2; but, the difference is that a scenario of the single vertical cooperation with the contract in the model-SD.

Comprehensiveness about problem setting, the single contract, and single centralized scenario (Model-SC)
should be established. But, the optimal decisions of the model-SC are the same as that of the model-CD. Thus,
the model-SC is not analyzed in a further section similar as the model-RR.
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4.6. The double contract scenario (Model-SS)

Different from the model-SD, the wholesale price contract was adopted by two supply chains in this scenario.
The profit functions of this model are similar as the model-DD.

Theorem 4.6. Under this scenario, there are the optimal value for the emission cap, the distribution proportion,
and the enterprises’ pricing level as follow:

GSS∗ =
a
[
8e4λV (1− β)2 − 14e2λ(1− β)2 +

(
16− 24β + 9β2

)]
2λ [4e4λV (1− β)2 − 7e2λ(1− β)2 + (16− 24β + 9β2)]

−
2e
(
4e2V − 7

)
[α− c(1− β)](1− β)λ

2λ [4e4λV (1− β)2 − 7e2λ(1− β)2 + (16− 24β + 9β2)]

ηSS∗ =
1
2

wSS∗

1 = wSS∗

2 =
2α+ (2− β)

[
c+ e

(
a− λGSS∗

)]
4− 3β

pSS∗

1 = pSS∗

2 =
3α+ c+ e

(
a− λGSS∗

)
4− 3β

·

Similar to the above models, it can get the manufacturers’ profit πSS∗

Mx , the retailers’ profit πSS∗

Rx , and the total
social welfare SWSS∗ . See Appendix A for proof.

In the model-SS, the supply chains adopt the symmetrical competition, as well as the competition is weakened
by the double vertical cooperation with the contract.

4.7. Impacts of the environmental damage cost on optimal decisions

The environmental damage cost V is that the total emission should have a macro environmental of V impact
on external environment. As well as, it is higher which means that carbon emission makes the society worse off.

Proposition 4.7. Under different models, the optimal emission caps are decreasing in the environmental dam-
age cost, but, the optimal pricing of enterprises increasing in that. See Appendix B for proof.

The government set a lower emission cap and the market demand is cut by the enterprises setting higher
pricing when the environmental damage cost is higher. For reduce carbon emission, these are the responses of
the government and enterprises to the high damage cost.

5. Numerical examples

In this section, the numerical examples are used to characterize the six models concretely. To explore the
influence of parameters on optimal decisions, profits of the supply chain system, and total social welfare, as well
as how changes in parameters affect their relationship. To satisfy the thresholds in the model descriptions, the
parameters should be defined as follows:

α = 50, c = 5, a = 80,
{
e = 1 if it is given
e ∈ (0, 1) if it is changing ,

{
V = 0.7 if it is given
V ∈ (0, 1) if it is changing ,{

λ = 0.9 if it is given
λ ∈ (0.5, 1.5) if it is changing ,

{
β = 3/4 if it is given
β ∈ (0, 1) if it is changing .
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Figure 4. Impact of the parameter
e on the G.

Figure 5. Impact of the parameter
V on the G.

Figure 6. Impact of the parameter
λ on the G.

Figure 7. Impact of the parameter
β on the G.

5.1. Analysis of cap setting

To clarify the relationship of the optimal cap setting in six models, the sensitivity analyses are conducted
(shown in Figs. 4–7) by changing the value of four parameters.

Figures 4–7 demonstrate the variation tendencies of the optimal cap setting with parameters in the mentioned
six models. The cap setting will reduce with the growth of V or λ. For changes in e or β rise, the cap setting
in the model-MM will raise, and first increase then decrease in other models. The relationship of the optimal
cap setting as GMM∗

> GDD∗
> GSD∗

> GSS∗ > GCD∗
> GCC∗

with the change of λ or β, as well as it also
appears when e > 0.732 or V > 0.376. Besides, the GMM∗

successively surpasses GCD∗
, GSS∗ , GSD∗

, and GDD∗

when e = 0.269, e = 0.664, e = 0.698, and e = 0.732, separately, or when V = 0.051, V = 0.308, V = 0.341, and
V = 0.376, correspondingly. On the whole, the optimal cap setting of the vertical cooperation models are lower
than that of the cooperation with the wholesale price contract.

5.2. Analysis of pricing

For the critical parameters and pricing decisions of supply chain members, the surfaces and contours of above
six models are depicted in Figures 8–15 respectively.

It is clear in Figures 8–15 that the relationship of the optimal wholesale price as wMM∗

x > wDD∗

x > wSD∗

1 >
wSD∗

2 > wSS∗

x > wCD∗

x , and the relationship of the optimal retail price as pMM∗

x > pDD∗

x > pSD∗

1 > pSD∗

2 > pSS∗

x >
pCD∗

2 > pCD∗

1 > pCC∗

x . The relationship of supply chain members’ pricing is not affected by parameter changes.
The pricing of supply chain members is decreasing with the increase in λ, and that is increasing with e, V , or
β. The gap between the model-CD and model-DD is narrowing in growth of the parameters, but that between
the other models and model-DD is not changing. For other parameters, the optimal pricing is a sharp rise in
response to the growth of β, as well as that is more obvious in model-MM. In model-SD, the wholesale price
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Figure 8. Impact of the parameter
e on the w.

Figure 9. Impact of the parameter
e on the p.

Figure 10. Impact of the parame-
ter V on the w.

Figure 11. Impact of the parame-
ter V on the p.

Figure 12. Impact of the parame-
ter λ on the w.

Figure 13. Impact of the parame-
ter λ on the p.

and retail price in supply chain 1 both are higher than that in supply chain 2, but their margin in supply chain
1 is higher than that in supply chain 2. Thus, the wholesale price contract is beneficial for a unit profit of both
manufacturers and retailers.

5.3. Analysis of distribution proportion

Figures 16–19 indicate the variation tendencies of the optimal pricing with e, V, λ, and β in the mentioned
two models with asymmetric competition.

It is clear in Figures 16–19 that the optimal distribution proportion of cap setting in model-CD is less than,
but that in model-SD is greater than 0.5. In other word, the bargaining power of the supply chain 1 is enhanced
by adopting the wholesale price contract in model-SD, but that is diminished by vertical cooperation of structure.
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Figure 14. Impact of the parame-
ter β on the w.

Figure 15. Impact of the parame-
ter β on the p.

Figure 16. Impact of the parame-
ter e on the η.

Figure 17. Impact of the parame-
ter V on the η.

Figure 18. Impact of the parame-
ter λ on the η.

Figure 19. Impact of the parame-
ter β on the η.

For the growth of e or V , the distribution proportion in mode-SD is decreasing and the distribution proportion
in model-CD is increasing. For the growth of λ and β, the change trends of the distribution proportions are
opposite to that before. For the critical parameters, the gap between ηSD∗

and 0.5 is smaller than that between
ηSD∗

and 0.5.

5.4. Analysis of supply chains’ profit and social welfare

It is challenging to analytically analyze supply chains’ profit and social welfare due to their complex expres-
sions. Hence, the numerical experiments are conducted to make sensitivity analysis and comparative analysis,
as shown in Figures 20–27.



OPTIMAL CAP SETTING AND PRICING IN SUPPLY CHAINS S2503

Figure 20. Impact of the parame-
ter e on the πT .

Figure 21. Impact of the parame-
ter e on the SW.

Figure 22. Impact of the parame-
ter V on the πT .

Figure 23. Impact of the parame-
ter V on the SW.

Figure 24. Impact of the parame-
ter λ on the πT .

Figure 25. Impact of the parame-
ter λ on the SW.

It is clear in Figures 20–27 that the supply chains’ profit and social welfare both are reducing with e, V or λ,
as well as that are increasing with β. The horizontal cooperation and wholesale price contract of supply chain
has no obvious effect on the profit of supply chain system. For the social welfare, the influence of e or V is
similar to that of e on cap setting. There’s a relationship of the supply chain’s profit like as πDD∗

T > πSD∗

T >
πSS∗

T > πMM∗

T > πCD∗

T > πCC∗

T in growth of e, V , or λ, as well as it also appears when β > 0.790. Besides, the
πMM∗

T successively surpasses πCD∗

T , πSS∗

T , πSD∗

T , and πDD∗

T when β = 0.484, β = 0.764, β = 0.777, and β = 0.792,
separately. The wholesale price as an internal parameter, it indirectly affects market demand. Moreover, the
market demand is only affects by retail price. Thus, the relationship of the supply chains’ profit is same as that
of the wholesale price.



S2504 H. LI ET AL.

Figure 26. Impact of the parame-
ter β on the πT .

Figure 27. Impact of the parame-
ter β on the SW.

Similarly, there’s relationship of the social welfare like as SWMM∗
> SWDD∗

> SWSD∗
> SWSS∗ > SWCD∗

>
SWCC∗

in growth of λ or β, and it also appears when e > 0.731 or V > 0.376. Besides, the SWMM∗
successively

surpasses SWCD∗
,SWSS∗ ,SWSD∗

, and SWDD∗
when e = 0.268, e = 0.664, e = 0.698, and e = 0.731, separately,

or when V = 0.051, V = 0.307, V = 0.342, and V = 0.374, correspondingly.

6. Conclusion

In this study, it attempts to investigate government’s set the carbon emission cap as well as the product
pricing behavior of supply chain members. It assumes that five cooperation scenario are available for two
supply chains with competition based on the double decentralized scenario: (1) the two manufacturers cooper-
ation scenario, (2) the single centralized and single decentralized scenario, (3) the double centralized scenario,
(4) the single contract and single decentralized scenario, (5) the double contract scenario. Under each scenario,
the cap setting, the distribution proportion, the wholesale price, and the retail price are optimized and ana-
lytically analyzed, which provide insights into the cap setting, cap distribution, and pricing strategies. On this
basis, the optimal profit of the supply chain system and the optimal social welfare are identified and analyzed.
The main conclusions are as following:

(1) The market demand being affected by the vertical cooperation is more than that by the horizontal cooper-
ation, besides, the market demand being affected by the cooperation of the wholesale price contract is more
than that by the structural cooperation.

(2) The asymmetric competition structure changes the bargaining power of the supply chains. The bargaining
power in symmetrical competition models is the benchmark as 0.5, that of model-SD is larger than this
benchmark, but, that of model-CD is lower than this benchmark.

(3) In the process of setting carbon emission cap, government should emphasize the influencing factors change
of the cap, i.e. the structures with competition and cooperation of supply chain, unit emission, and envi-
ronmental damage coefficient.

(4) For the members of the supply chain, they should pay attention to that the ability of bargaining power is
enhanced by adopting the contractual cooperation in the competition of chain to chain.

In the paper, we also obtain some managerial insights. Researchers have developed different cooperation
structures to convince the manufacturer and retailer to undertake cooperative decision-making to make the
supply chain more profitable as a whole. But, in this work, the proposed model is supported for the same
strategy under certain conditions. (1) The complete scheme of all members is not benefiting the conducive to the
improvement of the members’ profit and the social welfare. (2) Although the cooperation among manufacturers
needing the government to invest much carbon emission cap, it can maximize the social welfare. (3) In low
energy consumption and non-competitive industries, the members of low-carbon supply chain should adopt the
non-cooperative mode to finish the production operation.
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Although six models are considered in this paper to discuss the vertical-horizontal cooperation of supply
chains in pricing and the cap setting of government, there are several limitations in our work, and some of
them may serve as future research. First, the wholesale price contract is only considered in the horizontal
cooperation. The cooperation by carbon trade and cap can be added to enrich contract cooperation structure in
future research. Second, the market demand is affect only by the price competition. In practice, there are some
other factors (carbon emission reduction level, service level, random factor etc.) to affect the market demand,
which can be involved in future research. Third, it has not considered the emission reduction strategy needed to
minimize the cost and environmental impact of the production process [16]. Fourth, these models are proposed
only based on manufacturer dominant Stackelberg in single supply chain. Other dominant structures should be
considered in a single supply chain, and Stackelberg game should be considered in the structure of the chain
to chain. Finally, it is based on Stackelberg game and Nash game. Other games, such as repeated game should
also be considered in an evolutionary game.

Appendix A.

The double decentralized scenario (Model-DD)

Step 1. The 2nd order partial differentiation w to p1 and p2 of the retailers’ profit function given in equation
(4.3) are ∂2πR1

∂(p1)
2 = ∂2πR2

∂(p2)
2 = −2. Therefore, the profit functions of the retailers are concave.

At extreme point, it has ∂πR1
∂p1

= 0 and ∂πR2
∂p2

= 0, as well as the retailers’ reaction functions can be reached
p1 (w1, w2) and p2 (w1, w2).

Step 2. Substituting p1 (w1, w2) and p2 (w1, w2) into equations (4.1) and (4.2) separately, and the 2nd order

partial differentiation w1 and w2 of the manufacturers’ profit functions given are ∂2πM1
∂(w1)

2 = ∂2πM2
∂(w2)

2 = − 2(2−β2)
4−β2 .

Therefore, the profit functions of the manufacturers are concave.
At extreme point, it has ∂πM1

∂w1
= 0 and ∂πM2

∂w2
= 0, as well as the manufacturers’ reaction functions can be

reached w∗1 and w∗2 . Based on this, it has p∗1 and p∗2.
Step 3. Substituting w∗1 , w

∗
2 , p

∗
1, and p∗2 into equation (3.5), it can find η∗.

Step 4. Substituting w∗1 , w
∗
2 , p

∗
1, and p∗2 into equation (3.4), it can find G∗.

The two manufacturers cooperation scenario (Model-MM)

Step 1. Similar to model-DD, here it is omitted for brevity.
Step 2. Substituting p1 (w1, w2) and p2 (w1, w2) into equation (4.4), the Hessian matrix of the manufacturers’

joint profit function, H is

− 2(2−β2)
4−β2

2β
4−β2

2β
4−β2 − 2(2−β2)

4−β2

 and its determinate value |H| = 4(1−β2)
4−β2 > 0 as 0 < β < 1.

Therefore, the profit function of the manufacturer is concave.
At extreme point, it has ∂πM

∂w1
= 0 and ∂πM

∂w2
= 0 as well as the manufacturer’ reaction function can be reached

w∗1 and w∗2 . Based on this, it has p∗1 and p∗2.
Steps 3 and 4. Similar to model-DD, here it is omitted for brevity.

The single centralized and single decentralized scenario (Model-CD)

Step 1. The 2nd order partial differentiation w, to p1 and p2 of the profit function of the retailer 2 and supply
chain 1 given separately in equations (4.6) and (4.8) are ∂2πT1

∂(p1)
2 = ∂2πR2

∂(p2)
2 = −2. Therefore, the profit functions

of the retailer and supply chain 1 are concave, separately.
At extreme point, it has ∂πT1

∂p1
= 0 and ∂πR2

∂p2
= 0, as well as the reaction functions of the retailer and supply

chain 1 can be reached p∗1 and p2 (w2) , separately.
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Step 2. Substituting p1 (w2) and p2 (w2) , into equation (4.7), and the 2nd order partial differentiation w2

of the manufacturers’ profit functions given is ∂2πM2
∂(w2)

2 = − 2(2−β2)
4−β2 . Therefore, the profit function of the

manufacturer is concave.
At extreme point, it has ∂πM2

∂w2
= 0, as well as the manufacturer’ reaction functions can be reached w∗2 . Based

on this, it has p∗1 and p∗2.
Steps 3 and 4. Similar to model-DD, here it is omitted for brevity.

The double centralized scenario (Model-CC)

Step 1. The 2nd order partial differentiation p1 and p2 of the supply chains’ profit function given in equations
(4.9) and (4.10) are ∂2πT1

∂(p1)
2 = ∂2πT2

∂(p2)
2 = −2. Therefore, the profit functions of the supply chains are concave.

At extreme point, it has ∂πT1
∂p1

= 0 and ∂πT2
∂p2

= 0, as well as the retailers’ reaction functions can be reached
p∗1 and p∗2.

Steps 2 and 3. Similar to model-DD of Steps 3 and 4, here it is omitted for brevity.

The single contract and single decentralized scenario (Model-SD)

Step 1. The 2nd order partial differentiation w to p1 and p2 of the retailers’ profit function given in equation
(4.3) are ∂2πR1

∂(p1)
2 = ∂2πR2

∂(p2)
2 = −2. Therefore, the profit functions of the retailers are concave.

At extreme point, it has ∂πR1
∂p1

= 0 and ∂πR2
∂p2

= 0, as well as the retailers’ reaction functions can be reached
p1 (w1, w2) and p2 (w1, w2) . Based on this, an inverse function of p1 (w1, w2) is w1 (p1, w2) , which it can find.
Thus, p2 (w1, w2) is converted to p2 (p1, w2) by w1 (p1, w2).

Step 2. Substituting w1 (p1, w2) and p2 (p1, w2) into equations (4.1) and (4.2) separately, and the 2nd order
partial differentiation p1 and w2 of the manufacturers’ profit functions given are ∂2πM1

∂(p1)
2 = − 8−6β2+β4

2 and
∂2πM2
∂(w2)

2 = −1. Therefore, the profit functions of the manufacturers are concave.

At extreme point, it has ∂πM1
∂p1

= 0 and ∂πM2
∂w2

= 0, as well as the manufacturers’ reaction functions can be
reached p∗1 and w∗2 . Based on this, it has w∗1 and p∗2.

Steps 3 and 4. Similar to model-DD, here it is omitted for brevity.

The double contract scenario (Model-SS)

Step 1. The 2nd order partial differentiation w to p1 and p2 of the retailers’ profit function given in equation
(4.3) are ∂2πR1

∂(p1)
2 = ∂2πR2

∂(p2)
2 = −2. Therefore, the profit functions of the retailers are concave.

At extreme point, we have ∂πR1
∂p1

= 0 and ∂πR2
∂p2

= 0, as well as the retailers’ reaction functions can be reached
p1 (w1, w2) and p2 (w1, w2) . Based on this, the inverse functions of p1 (w1, w2) and p2 (w1, w2) are w1 (p1, p2)
and w2 (p1, p2) , which we can find.

Step 2. Substituting w1 (p1, p2) and w2 (p1, p2) into equations (4.1) and (4.2) separately, and the 2nd order
partial differentiation p1 and p2 of the manufacturers’ profit functions given are ∂2πM1

∂(p1)
2 = ∂2πM2

∂(p2)
2 = −4.

Therefore, the profit functions of the manufacturers are concave.
At extreme point, it has ∂πM1

∂p1
= 0 and ∂πM2

∂p2
= 0, as well as the manufacturers’ reaction functions can be

reached p∗1 and p∗2. Based on this, it has w∗1 and w∗2 .
Steps 3 and 4. Similar to model-DD, here it is omitted for brevity.

Appendix B.

Proof of Proposition 4.7. It is easy to prove that ∂GDD∗

∂V < 0, as well as the wDD∗

x and pDD∗

x are the strict
decreasing function of GDD∗

. Then, the wDD∗

x and pDD∗

x are the strict increasing function of V . In other models,
the process of proof be similar to model-DD, here it is omitted for brevity. �
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