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Abstract: The implementation of cap-and-trade regulation worldwide is bound to have some
effects on supply chain decision-making. This paper investigates optimal pricing and product
carbon footprint decisions of the supply chain consisting of a manufacturer and a retailer under
cap-and-trade regulation by applying optimization and game theory. By comparing the optimal
results between the centralized and decentralized decision-making models, we find that the optimal
product carbon footprint and selling price not only depend on the carbon trading price and carbon
cap allocated by the government, but also relate to the initial carbon footprint of the product and the
decision-making methods in the supply chain. It is found that there is also a “double marginalization”
in the decentralized situation, thus we coordinate the supply chain using a two-part tariff contract.
Specifically, only the manufacturer adjusts dynamically the wholesale price and fixed fee within the
coordinating contract according to different initial carbon footprint and the range of the carbon cap
reduction by the government. Finally, we obtain several interesting conclusions from the numerical
examples and provide managerial insights and policy implications from the analytical results.
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1. Introduction

In recent years, with the rapid development of industrial economy, some firms based on fossil
energy create wealth for humans while releasing large amounts of carbon emissions that cause serious
environmental problems, such as global warming and climate change, which become increasingly
obvious as extreme weather becomes more frequent and the greenhouse effect is increasing. To mitigate
the negative effects of climate change on human survival and development, more and more countries
and districts are imposing a series of legislations to reduce carbon emissions. For example, European
Union established a carbon emissions trading system (ETS EU) in 2005, and has adopted cap-and-trade
regulation to curb the amount of carbon emissions [1,2]. Subsequently, cap-and-trade regulation has
been established by the United States, Australia, Canada, Japan and other countries [3,4]. It is worth
mentioning that the National Development and Reform Commission (NDRC) of China has chosen
Beijing, Shanghai, Tianjin, Chongqing, Guangdong, Hubei and Shenzhen to carry out regional pilot
work on carbon emissions trading, and to explore the correct path to establish a national cap-and-trade
mechanism in the country in the near future [5,6]. Clearly, cap-and-trade regulation is widely accepted
and applied in many countries to curb carbon emissions.
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Under cap-and-trade regulation, manufacturers receive emission quotas called “the carbon cap”
from the government, and they can buy or sell carbon emission credits through carbon trading market.
It is generally known that the carbon emissions incur in almost all stages of the production process,
therefore cap-and-trade regulation has significant effects on the manufacturers’ operational decisions.
Meanwhile, some key decision-making problems of the supply chain partners will also been affected.
Correspondingly, retailers should adjust their ordering/pricing strategies to meet consumer demand
for the low-carbon products so they can maximize their profits.

In addition, the government has implemented cap-and-trade to encourage manufacturers to
reduce their carbon emissions, but at the same time the government should also scientifically evaluate
the effects of the carbon cap and carbon trading price on the operational decisions of supply chain,
such as inventory management, production/pricing decisions and the investment of low-carbon
technology. In other words, the government needs to adjust the carbon cap according to the actual
fluctuation of the carbon trading price and the effects of carbon emission reduction.

In view of the gap between the existing research and the practical problems faced by the supply
chain under cap-and-trade regulation, this paper will develop the game models to explore the following
important issues:

(1) How do the manufacturer and the retailer make optimal product carbon footprint and pricing
decisions under the carbon cap and trade regulation?

(2) What effects does the cap-and-trade regulation have on the product carbon footprint, selling price,
consumer demand and the profit of the supply chain system?

(3) How does the manufacturer design coordinating contract (such as the wholesale price and fixed
fee in the two-part tariff) to ensure the retailer to cooperate based on the change of the carbon cap
and the carbon trading price?

(4) For the government, what policies and measures are also implemented to encourage the
manufacturer to invest in low-carbon technology under cap-and-trade regulation, and then
to reduce the product carbon footprint more effectively.

To answer these questions, a game theory approach is used for modeling and solving the problem.
With this approach, we can find the optimal product carbon footprint and selling price, solve the
problems of the manufacturer and retailer’ decisions, increase the controllability, and improve the
operation efficiency for the supply chain. We obtain some new research results, which provide a
theoretical basis and decision support for decision makers in the supply chain as wll as give some useful
managerial implications for the government to design and implement the cap-and-trade regulation
more efficiently.

The rest of this paper is organized as follows. In Section 2, we present a review of the relative
literature. Section 3 describes the problem and assumptions and solves the optimization models,
and then designs coordinating contract for the supply chain. In Section 4, we analyze the results
and conduct numerical studies to investigate the effects of the carbon trading price and the carbon
cap allocated by the government on the optimal decisions and the coordinating contract, and then
give some managerial implications. The conclusion is presented in Section 5 with some insights
summarized and remarks on potential extension in the future.

2. Literature Review

In recent years, the literature on cap-and-trade regulation is growing. This paper is highly related
to the three streams of literature on inventory management, production decision and the coordination
of supply chain under cap-and-trade regulation.

In the firm’s order decisions with the cap-and-trade regulation literature, Hua et al. [7] investigated
the optimal order quantity decisions for the retailer under the cap-and-trade mechanism based on the
classical economic order quantity model, and discussed the impacts of carbon cap and carbon price on
the carbon footprints and total cost. Benjaafar et al. [8] formulated lot-sizing models for single and
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multiple firms with a variety of regulatory policies, summarized key findings and offered ideas for
future research. Chen et al. [9] provided some conditions that can reduce emissions by modifying
order quantities based on the Economic Order Quantity (EOQ) model, in which the parameters of
the carbon emission regulation are exogenous. He et al. [10] investigated the impacts of production
and regulation parameters on the optimal lot-size and emissions, and compared the firm’s optimal
carbon emissions under the cap-and-trade and carbon tax. Dong et al. [11] examined the optimal order
quantity (or production quantity) and sustainability investment under the cap-and-trade regulation.

As an extensive study concentrating on the firm’s production decision with the cap-and-trade
regulation, Song and Leng [12] investigated the firm’s optimal production quantity and corresponding
expected profit under cap-and-trade system based on the single-period newsvendor model, and found
that the firm’s expected profit is increased and carbon emissions are reduced. Jaber et al. [13] studied the
production-inventory decisions in a two-level (vendor–buyer) supply chain context with cap-and-trade
regulation, and they illustrated the behavior of the supply chain cost function for several possible
scenarios by using numerical examples. Zhang and Xu [14] investigated the multi-item production
planning with carbon cap-and-trade mechanism, and analyzed the impact of carbon trading price on
the firm’s optimal production and the total carbon emissions. Du et al. [15] investigated the optimal
decisions on permits pricing and production quantity for an emission-dependent supply chain under
the cap-and-trade mechanism, and they concluded several managerial implications by numerical
example and sensitivity. Zhou et al. [16] proposed a multi-stage production system to solve the
production planning and emission trading problem under cap-and-trade scheme, and developed
analytic models to help manufacturers put the environmental resource plan into practice.

Meanwhile, some of the literature studied the firm’s optimal production and pricing problems
considering carbon emission constraints, and obtained some managerial implications. For example,
Xu et al. [17] explored the impacts of the carbon trading price on the two products’ production and
pricing decisions in a supply chain. Zheng et al. [18] studied the impacts of cap-and-trade on optimal
pricing and order quantities and carbon emissions with different transportation modes, and found
that the retailers prefer a low-carbon transportation mode when the carbon trading price is high.
Du et al. [19] investigated the impacts of cap-and-trade on the manufacturer’s multi-product pricing
and production, and found that this regulation can constrain carbon emissions and promote low-carbon
production simultaneously.

Although this paper is also related to the literature on the supply chain coordination considering
cap-and-trade regulation, the literature is limited. Xu et al. [20] studied the impacts of cap-and-trade
on the optimal decisions with a make-to-order setting, and finally proposed the contract to coordinate
the sustainable supply chain. Xu et al. [21] explored the impacts of cap-and-trade on the production
and emission abatement decisions, and designed a contract to achieve Pareto improvement for the
supply chain. However, in their research, the carbon trading price is fixed and the impacts of the
carbon trading price on the product carbon footprint decision are not discussed. For the former,
some studies show that there are many factors influencing the carbon trading price, such as the
economic and policy factors [22–24], so there is a certain gap between theory and management practice
of cap-and-trade regulation. For the latter, the current developments in the product carbon footprint
are supported and reviewed by organization, and this measure can report the low-carbon degree of
the product and its production and environmental performance in supply chains [25–27]. It is believed
that the impact of cap-and-trade regulation on the optimal product carbon footprint is also significant.
Moreover, how does the government dynamically adjust the carbon cap to inspire the manufacturers
to reduce product carbon footprint with the changing of carbon trading price? All these questions are
worth investigating.

In addition to the above two contributions, this paper differs from the above studies in the
following two aspects. First, considering the product carbon footprint can better reflect the actual level
of carbon emissions and environmental impacts of the manufacturer during low-carbon operation,
this paper integrates product carbon footprint and pricing strategies. How to set the selling price for



Sustainability 2018, 10, 481 4 of 24

the low-carbon product under the cap-and-trade regulation is a new challenge for the supply chain
members. By incorporating the selling price as a decision variable into our models, and analyzing the
effects of carbon trading price and the carbon cap on the selling price of the products, we can further
explore the effects of cap-and-trade on consumer demand and supply chain performance. Second,
this paper denotes that the carbon trading price is a linear decreasing function of the carbon cap,
which allows a theoretical approach to management practice. Through analysis, some conclusions and
suggestions can be given for the government to better encourage the manufacturer to reduce product
carbon footprint, that is, it can adjust the carbon cap according to the initial carbon footprint.

3. Models and Decision Analysis

3.1. Problem Statement and Assumption

In this study, we consider a two-level supply chain consisting of a manufacturer and a retailer,
the manufacturer produces a product and sells it to the retailer, who in turn sells the product to
consumer. Since the cap-and-trade regulation was put into effect, the manufacturer has to adopt
low-carbon technology to reduce product carbon footprint. Obviously, the product carbon footprint
and wholesale price are determined by the manufacturer, according to the carbon cap and carbon
trading price and the investment costs for the low-carbon technology. Then, the retailer determines the
selling price based on the wholesale price and consumer demand for the product.

For the purposes of discussion, and without loss of generality, we will make the following
basic assumptions.

(1) The manufacturer produces the product with unit cost c and sells it at wholesale price w to the
retailer, which is a decision variable of the manufacturer.

(2) Under cap-and-trade regulation, the manufacturer is allocated a predetermined emission quota
N (hereinafter referred to as the carbon cap, which is similar to the studies of Hua et al. [7],
Benjaafar et al. [8], Zhou et al. [16] and Xu et al. [21]), and the carbon trading price in an outside
market is denoted by θ. If the actual emissions exceed the carbon cap N, the manufacturer needs to
buy carbon permits. Conversely, if the emissions are less than the carbon cap N, the manufacturer
can sell the extra carbon permits. We assume that X is traded quantity of carbon emissions:
if X > 0, it means that the manufacturer can sell X units of carbon credit; if X < 0, it means
that the manufacturer need to buy |X| units of carbon credit; and if X = 0, it means that the
manufacturer neither buys nor sells any carbon emission credits.

(3) If the manufacturer carries out investment in low-carbon technology, the initial carbon footprint
of the product f0 can be reduced to f (0 ≤ f < f0) with an investment cost C( f ) = K( f0 − f )2,
which is similar to the study of Yalabik and Fairchild [28], where K > 0 represents the cost factor
related to low-carbon technology, f is the product carbon footprint, which is decision-making
variable for the manufacturer.

(4) Following the study of Goyal and Netessine [29] and Xu et al. [17], we assume that consumer
demand for the product is Q = a − bp, where a(a > 0) represents the potential market size,
b (b > 0) is the price sensitivity of consumer, and p(p > w > c + θ f0) is the selling price, which is
a decision-making variable for the retailer.

To guarantee the non-negativity of consumer demand and the supply chain system can realize
profit maximization, that is, it is profitable for the manufacturer to adopt low-carbon technology to
reduce the product carbon footprint, the related parameters should satisfy:

(i) 0 < f0 <
a− bc

bθ
(1)

(ii) 0 < θ <
2
√

Kb
b

(2)
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Under the above model assumptions, we can express the manufacturer’s (M), retailer’s (R) and
the supply chain’s (SC) profit functions as follows:

∏CT
M = (w− c)(a− bp)− K( f0 − f )2 + θX (3)

∏CT
R = (p− w)(a− bp) (4)

∏CT
SC = (p− c)(a− bp)− K( f0 − f )2 + θX (5)

3.2. The Centralized Decision-Making Model

With centralized decision-making, the manufacturer and retailer jointly make decisions to
optimize the whole supply chain with the constraint of cap-and-trade regulation. The decision
problem faced by central controller is to decide the product carbon footprint and the selling price
based on carbon cap allocated by the government and carbon trading price, and then decides whether
to sell or buy carbon permits by comparing the carbon cap and the actual carbon emissions, and to
achieve profit maximization. Therefore, the optimization problem for the centralized supply chain can
be expressed as follows:

Max
f ,p

∏CT
SC πsc = (p− c)(a− bp)− K( f0 − f )2 + θX

s.t. (a− bp) f + X = N

Firstly, we substitute the constraint condition into the objective function, and then the centralized
supply chain’s profit can be expressed as

∏CT
SC = (p− c− θ f )(a− bp)− K( f0 − f )2 + θN (6)

Taking the second-order partial derivatives of ∏CT
SC with respect to f and p, we have the Hessian

matrix:

HCTC =

 ∂2 ∏CT
SC

∂ f 2
∂2 ∏CT

SC
∂ f ∂p

∂2 ∏CT
SC

∂p∂ f
∂2 ∏CT

SC
∂p2

 =

(
−2K −bθ

−bθ −2b

)

Since ∂2 ∏CT
SC /∂ f 2 = −2K < 0 and

∣∣HCTC
∣∣ = 4Kb− b2θ2 > 0, we can know that ∏CT

SC is strictly
jointly concave in f and p. Therefore, the optimal solutions of this optimization problem exist.

Letting the first-order conditions of the objective function be zero, that is ∂ ∏CT
SC /∂ f = 0 and

∂ ∏CT
SC /∂p = 0, and simultaneously solving the equations, the optimal product carbon footprint and

the selling price in the centralized supply chain system are given by: f CTC∗ = 4K f0−θ(a−bc)
4K−bθ2

pCTC∗ = 2K(a+bc+bθ f0)−abθ2

4Kb−b2θ2

(7)

Based on the optimal product carbon footprint and selling price, we can easily get consumer
demand, the traded quantity of carbon emissions and the profit of the centralized supply chain
system, respectively.

QCTC∗ = 2K(a−bc−bθ f0)
4K−bθ2 , XCTC∗ = N − 2K(a−bc−bθ f0)[4K f0−θ(a−bc)]

(4K−bθ2)
2

∏CTC∗
SC = K(a−bc−bθ f0)

2+bθN(4K−bθ2)
b(4K−bθ2)
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As the central controller’s optimal product carbon footprint and selling price, the following
proposition is obtained.

Proposition 1. Given the carbon cap, carbon trading price and the initial carbon footprint, the optimal strategy
combination of the centralized decision-making model is ( f CTC∗, pCTC), the equilibrium consumer demand is QCTC∗,
the traded quantity of carbon emissions is XCTC∗ and the profit of the whole supply chain system is ∏CTC∗

SC .

Note. With centralized decision-making, if the carbon cap allocated by the government is relatively
large (N > NCTC

0 ), the manufacturer can sell N − NCTC
0 emission permits to the carbon trading

market. If the carbon cap is relatively small (N < NCTC
0 ), the manufacturer needs to buy NCTC

0 − N
carbon rights to emit additional emissions from the carbon trading market. If the carbon cap satisfies
N = NCTC

0 , the manufacturer neither sells nor buys carbon permits.

where NCTC
0 =

2K(a− bc− bθ f0)[4K f0 − θ(a− bc)]

(4K− bθ2)2 .

Corollary 1. With centralized decision-making, given that the carbon cap (N):

(a) If the initial carbon footprint ( f0) and carbon trading price (θ) satisfy any of the following two conditions,
the optimal product carbon footprint will decrease with increasing carbon trading price:

1© 0 < f0 < γCTC, 0 < θ <
2
√

Kb
b

; 2© γCTC < f0 <
a− bc

bθ
, 0 < θ < θCTC

1 .

(b) If the initial carbon footprint ( f0) and carbon trading price (θ) satisfy, respectively, γCTC < f0 < a−bc
bθ and

θCTC
1 < θ < 2

√
Kb

b , the optimal product carbon footprint will increase with increasing carbon trading price.

1© 0 < f0 < γCTC, 0 < θ <
2
√

Kb
b

; 2© γCTC < f0 <
a− bc

bθ
, 0 < θ < θCTC

1 ;

where γCTC =
(a− bc)

√
Kb

2Kb
, θCTC

1 =
4Kb f0 − 2

√
Kb
[
4Kb f02 − (a− bc)2

]
(a− bc)b

.

The above Corollary 1 states that, under the centralized decision-making, if the initial carbon
footprint of the product is relatively small, the increasing carbon trading price may prompt the
manufacturer to reduce the product carbon footprint; if the initial carbon footprint of the product is
relatively large, only when carbon trading price is less than a threshold, the increasing carbon trading
price can prompt the manufacturer to reduce the product carbon footprint; otherwise, the increasing
carbon trading price does not make the manufacturer reduce the product carbon footprint.

Corollary 2. With centralized decision-making, given that the carbon cap (N):

(a) If the initial carbon footprint ( f0) and carbon trading price (θ) satisfy any of the following two conditions,
the optimal selling price will increase with increasing carbon trading price:

0 < f0 < γCTC, 0 < θ < θCTC
3 γCTC < f0 <

a− bc
bθ

, 0 < θ <
2
√

Kb
b

.

(b) If the initial carbon footprint ( f0) and carbon trading price (θ) satisfy, respectively, 0 < f0 < γCTC and

θCTC
3 < θ < 2

√
Kb

b , the optimal selling price will decrease with increasing carbon trading price,

where θCTC
3 =

a− bc−
√
(a− bc)2 − 4Kb f02

b f0
.
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Corollary 2 shows that, under the centralized decision-making, if the initial carbon footprint of
the product is relatively large, the selling price of the product will increase with increasing carbon
trading price; only if the initial carbon footprint of the product is relatively small, and the carbon
trading price is in a certain range, the selling price will decrease with increasing carbon trading price.

3.3. The Decentralized Decision-Making Model

With the decentralized decision-making, the manufacturer and the retailer are independent
decision-makers seeking to maximize their own profits. Here, we characterize their relationship
as a Stackelberg game with the manufacturer acting as the leader and the retailer as the follower.
Firstly, the manufacturer decides the wholesale price and the product carbon footprint based on
carbon cap allocated by the government and carbon trading price, and then decides whether to sell
or buy carbon permits by comparing the carbon cap and the actual carbon emissions, and to achieve
profit maximization. Then, the retailer determines the selling price according to the wholesale price.
However, the manufacturer has already anticipated the retailer’s pricing reaction before determining
the wholesale price. Therefore, the process of the game can be formulated as follows:

Max
f ,w

∏CT
M = (w− c)(a− bp)− K( f0 − f )2 + θX

s.t. (a− bp) f + X = N

Max
p

∏CT
R = (p− w)(a− bp)

In fact, the process of manufacturer and retailer under decentralized decision-making is a
two-stage dynamic game with complete information, and the equilibrium is a subgame perfect Nash
equilibrium, so we can solve the game using backward induction.

Firstly, substituting X = N − (a− bp) f into the manufacturer’s objective function, we have

∏CT
M = (w− c− θ f )(a− bp)− K( f0 − f )2 + θN (8)

According to Equation (8), it is easy to verify ∏CT
R is a concave function of p, and we get the

retailer’s best response function as

p =
a + bw

2b
(9)

Then, substituting Equation (9) into Equation (8), the manufacturer’s objective function can
be simplified

∏CT
M =

1
2
(w− c− θ f )(a− bw)− K( f0 − f )2 + θN (10)

Taking the second-order partial derivatives of ∏CT
M with respect to w and f , we have the

Hessian matrix:

HCTD =

 ∂2 ∏CT
M

∂ f 2
∂2 ∏CT

M
∂ f ∂w

∂2 ∏CT
M

∂w∂ f
∂2 ∏CT

M
∂w2

 =

(
−2K − bθ

2
− bθ

2 −b

)

Since ∂2 ∏CT
M /∂ f 2 = −2K < 0 and

∣∣HCTD
∣∣ = 8Kb− b2θ2 > 0, it is known that ∏CT

M is strictly
jointly concave in f and p. Therefore, the optimal solutions of this optimization problem exist.
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Letting the first-order conditions of the objective function be zero, that is ∂ ∏CT
M /∂w = 0 and

∂ ∏CT
M /∂ f = 0, and simultaneously solving the two equations, then the optimal product carbon

footprint and wholesale price in the decentralized decision-making model are given, respectively, by f CTD∗ = 8K f0−θ(a−bc)
8K−bθ2

wCTD∗ = 4K(a+bc+bθ f0)−abθ2

8Kb−b2θ2

(11)

Substituting the optimal wholesale price within Equation (11) into Equation (9), we get the
retailer’s optimal selling price

pCTD∗ =
2K(3a + bc + bθ f0)− abθ2

8Kb− b2θ2 (12)

Based on the optimal product carbon footprint and selling price, we can easily get consumer
demand, the traded quantity of carbon emissions and the manufacturer and retailer’s profit in the
decentralized supply chain system, respectively

QCTD∗ = 2K(a−bc−bθ f0)
8K−bθ2 , XCTD∗ = N − 2K(a−bc−bθ f0)[8K f0−θ(a−bc)]

(8K−bθ2)
2 ,

∏CTD∗
M = K(a−bc−bθ f0)+bθN(8K−bθ2)

b(8K−bθ2)
, ∏CTD∗

R = 4K2(a−bc−bθ f0)

b(8K−bθ2)
2 .

(3)

Proposition 2. Given that the carbon cap, carbon trading price and the initial carbon footprint, the optimal
strategy combination for the manufacturer and retailer is ( f CTD∗, wCTD∗, pCTD∗), the equilibrium consumer
demand is QCTC∗, the traded quantity of carbon emissions is XCTC∗ and the manufacturer and retailer’s profits
are ∏CTD∗

M and ∏CTD∗
R , respectively.

Note. With decentralized decision-making, if the carbon cap allocated by the government is
relatively large (N > NCTD

0 ), the manufacturer can sell N − NCTD
0 emission permits to the outside

market. If the carbon cap is relatively small (N < NCTD
0 ), then the manufacturer needs to buy

NCTD
0 − N carbon rights to emit additional carbon emissions from a carbon trading market. If the

carbon cap satisfies N = NCTD
0 , then the manufacturer neither sells nor buys carbon permits.

where NCTD
0 =

2K(a− bc− bθ f0)[8K f0 − θ(a− bc)]

(8K− bθ2)2 .

Corollary 3. With decentralized decision-making, given that the carbon cap (N):

(a) If the initial carbon footprint ( f0) and carbon trading price (θ) satisfy any of the following two conditions,
then the optimal product carbon footprint will decrease with increasing carbon trading price:

1© 0 < f0 < γCTD, 0 < θ <
2
√

Kb
b

; 2© γCTD < f0 <
a− bc

bθ
, 0 < θ < θCTD

1 .

(b) If the initial carbon footprint ( f0) and carbon trading price (θ) satisfy, respectively, γCTD < f0 < a−bc
bθ

and θCTD
1 < θ < 2

√
Kb

b , then the optimal product carbon footprint will increase with increasing carbon
trading price,

where γCTD =
(a− bc)

√
2Kb

4Kb
, θCTD

1 =
8Kb f0 − 2

√
2Kb

[
8Kb f02 − (a− bc)2

]
(a− bc)b

.
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Corollary 3 shows that, with decentralized decision-making, if the initial carbon footprint of the
product is relatively small, the increasing carbon trading price may prompt the manufacturer to reduce
the product carbon footprint; if the initial carbon footprint of the product is relatively large, only when
the carbon trading price is less than a threshold, the increasing carbon trading price can prompt the
manufacturer to reduce the product carbon footprint; otherwise, the increasing carbon trading price
does not make the manufacturer to reduce the product carbon footprint.

Corollary 4. With decentralized decision-making, given that the carbon cap (N):

(a) If the initial carbon footprint ( f0) and carbon trading price (θ) satisfy any of the following two conditions,
then the optimal sales price will increase with increasing carbon trading price:

1© 0 < f0 < γCTD,0 < θ < θCTD
3 ; 2© γCTD < f0 <

a− bc
bθ

, 0 < θ <
2
√

Kb
b

.

(b) If the initial carbon footprint ( f0) and carbon trading price (θ) satisfy, respectively,0 < f0 < γCTD and

θCTD
3 < θ < 2

√
Kb

b , then the optimal selling price will decrease with increasing carbon trading price,

where θCTD
3 =

a− bc−
√
(a− bc)2 − 8Kb f02

b f0
.

Corollary 4 shows that, with decentralized decision-making, if the initial carbon footprint of the
product is relatively large, the optimal selling price will increase with increasing carbon trading price;
only when the initial carbon footprint of the product is relatively small, and the carbon trading price is
in a certain range, the optimal selling price will decrease with increasing carbon trading price.

3.4. The Comparative Analysis of Models

Proposition 3. Under cap-and-trade regulation, given that the carbon cap (N):

(a) When the initial carbon footprint ( f0) and carbon trading price (θ) satisfy any of the following three
conditions, regardless of the manufacturer and retailer taking centralized or decentralized decision-making,
the optimal product carbon footprint will decrease with increasing carbon trading price:

1© 0 < f0 < γCTD, 0 < θ < 2
√

Kb
b ; 2© γCTD < f0 < γCTC, 0 < θ < θCTD

1 ;

3© γCTC < f0 < a−bc
bθ , 0 < θ < θCTC

1 .

(b) When the initial carbon footprint ( f0) and carbon trading price (θ) satisfy, respectively, γCTD < f0 <

γCTC and θCTD
1 < θ < 2

√
Kb

b , if the manufacturer and retailer take centralized decision-making,
the optimal product carbon footprint will decrease with increasing carbon trading price; and, if the
manufacturer and the retailer take decentralized decision-making, the optimal product carbon footprint
will increase with increasing carbon trading price.

(c) When the initial carbon footprint ( f0) and carbon trading price (θ) satisfy, respectively, γCTC < f0 < a−bc
bθ

and θCTC
1 < θ < θCTD

1 , if the manufacturer and the retailer take centralized decision-making, the optimal
product carbon footprint will increase with increasing carbon trading price; and, if the manufacturer
and retailer take decentralized decision-making, the optimal product carbon footprint will decrease with
increasing carbon trading price.
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(d) When the initial carbon footprint ( f0) and carbon trading price (θ) satisfy, respectively, γCTC < f0 < a−bc
bθ

and θCTD
1 < θ < 2

√
Kb

b , regardless of the manufacturer and retailer taking centralized or decentralized
decision-making, the optimal product carbon footprint will increase with increasing carbon trading price.

Proposition 3 indicates that, under cap-and-trade regulation, when the initial carbon footprint
of the product is relatively small, regardless of the manufacturer and retailer taking centralized or
decentralized decision-making, the increasing carbon trading price may prompt the manufacturer to
reduce the product carbon footprint; when the initial carbon footprint of product is relatively large,
the increased carbon trading price can prompt the manufacturer to reduce the product carbon footprint
only if in the centralized decision-making, but in the decentralized decision-making, the increased
carbon trading price cannot prompt the manufacturer to reduce the product carbon footprint; when the
initial carbon footprint of products is larger than a threshold, regardless of the manufacturer and
retailer taking centralized or decentralized decision-making, the increased carbon trading price does
not make the manufacturer to reduce the product carbon footprint.

This proposition tells us that, under cap-and-trade regulation, for the product with small initial
carbon footprint, with the carbon trading price increasing, the manufacturer and the retailer take
centralized decision-making, which can prompt the manufacturer to reduce the product carbon
footprint. However, for the product with large initial carbon footprint, only when the carbon trading
price is less than a threshold, and the manufacturer and retailer take centralized decision-making,
then the increasing carbon trading price can prompt the manufacturer to reduce the product
carbon footprint.

Proposition 4. Under cap-and-trade regulation, given that the carbon cap (N):

(a) When the initial carbon footprint ( f0) and carbon trading price (θ) satisfy any of the following two
conditions, regardless of the manufacturer and retailer taking centralized or decentralized decision-making,
the optimal selling price of the product will increase with increasing carbon trading price:

1© 0 < f0 < γCTC, 0 < θ < θCTC
3 ; 2© γCTC < f0 <

a− bc
bθ

, 0 < θ <
2
√

Kb
b

.

(b) When the initial carbon footprint ( f0) and carbon trading price (θ) satisfy any of the following two
conditions, if the manufacturer and retailer take centralized decision-making, the optimal selling price of
the product will decrease with increasing carbon trading price; and if the manufacturer and retailer take
decentralized decision-making, then the optimal selling price of the product will increase with increasing
carbon trading price.

1© 0 < f0 < γCTD, θCTC
3 < θ < θCTD

3 ; 2© γCTD < f0 < γCTC, θCTC
3 < θ <

2
√

Kb
b

.

(c) When the initial carbon footprint ( f0) and carbon trading price (θ) are satisfied, respectively,

0 < f0 < γCTD and θCTD
3 < θ < 2

√
Kb

b , regardless of the manufacturer and retailer taking centralized or
decentralized decision-making, the optimal selling price of the product will decrease with increasing carbon
trading price.

Proposition 4 indicates that, under cap-and-trade regulation, when the initial carbon footprint
of the product is relatively small, if carbon trading price is less than a threshold, then the optimal
selling price of the product will decrease with increasing carbon trading price only if in the centralized
decision-making, but in the decentralized decision-making, the optimal selling price of the product will
increase with increasing carbon trading price; and if the carbon trading price is more than the threshold,
regardless of the manufacturer and retailer taking centralized or decentralized decision-making,
the optimal selling price of the product will increase with increasing carbon trading price. When the
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initial carbon footprint of the product is relatively large, regardless of the manufacturer and retailer
taking centralized or decentralized decision-making, the optimal selling price of the product will
increase with increasing carbon trading price.

Proposition 5. Under cap-and-trade regulation, if given the carbon cap, carbon trading price, and the initial
carbon footprint, then the equilibrium values of product carbon footprint, selling price, consumer demand and
the profit of the whole supply chain system between the centralized and decentralized decision-making are in the
following order, respectively:

f CTD∗ > f CTC∗, pCTD∗ > pCTC∗, QCTD∗ < QCTC∗, ∏CTD∗
M +∏CTD∗

R < ∏CTC∗
SC .

The results of Proposition 5 imply that, under cap-and-trade regulation, compared to
the centralized decision-making model, when the manufacturer and retailer take decentralized
decision-making, on the one hand, the product carbon footprint will increase; and, on the other
hand, the selling price increases, thus consumer demand will reduce, which results in a declining total
profits for the supply chain system.

Corollary 5. Under cap-and-trade regulation, if the carbon trading price is given, regardless of the manufacturer
and retailer taking centralized or decentralized decision-making, the product carbon footprint, selling price,
consumer demand will not change with increasing (decreasing) carbon cap, only the traded quantity of carbon
emissions and the profits for the supply chain will decrease with the decreasing carbon cap allocated by
the government.

Note. The conclusions of Corollary 5 are similar to the research of Hua et al. [7], Benjaafar et al. [8]
and Chen et al. [9]: given a fixed carbon trading price, the carbon emissions quota allocated by the
government does not affect the retailer’s order quantities and carbon footprints. In fact, in Corollary 5,
if the government reduces the carbon cap for the manufacturer, then the manufacturer has less carbon
credit to sell, but to buy additional carbon credit through outside market, so the profits for the supply
chain will be reduced.

3.5. The Design of Coordinating Mechanism

From Proposition 5, we find that if the manufacturer and retailer take the decentralized
decision-making under cap-and-trade, it will lead inevitably to a “double marginalization” and
result in lowering the profits of supply chain system. More importantly, the optimal product carbon
footprint is higher than that of in the centralized decision-making. Thus, we try to introduce the
two-part tariffs contract to coordinate the supply chain. The specific form of the contract is (wCTT , FCT),
where wCTT(> 0) is the manufacturer’s wholesale price to the retailer and FCT(> 0) is a fixed fee paid
by the retailer to the manufacturer. Therefore, the profits of the manufacturer and retailer under the
two-part-tariff contract are as following, respectively.

∏CTT
M = (wCTT − c)(a− bp)− K( f0 − f )2 + θX + FCT

s.t. (a− bp) f + X = N
(13)

∏CTT
R = (p− wCTT)(a− bp)− FCT

Proposition 6. Under cap-and-trade regulation, given the carbon trading price and the initial carbon footprint
of the product, if the contract parameters (wCTT , FCT) satisfy the following condition:
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wCTT =
4K(c + θ f0)− aθ2

4K− bθ2 , 0 < FCT <
4K2(a− bc− bθ f0)

2

b(4K− bθ2)2 ,

then the two-part tariffs contract can coordinate the supply chain system.

Proposition 6 provides the conditions that the two-part tariffs will coordinate the supply chain
system under cap-and-trade regulation. Specifically, it shows that if the terms of the contract provided
by the manufacturer to the retailer meet the corresponding conditions, the optimal strategies can be
achieved to those in the centralized decision-making, then the product carbon footprint and selling
price will decrease, consumer demand will increase, which will bring more benefits to consumers,
the performance of supply chain system will also be improved. Therefore, the members of the supply
chain, consumers and natural environment have all benefited from the coordination mechanism,
and achieve a win–win situation for economic development and ecological protection.

4. Numerical Examples

In this section, we will provide several numerical examples with a sensitivity analysis to illustrate
the theoretical results and gain more insights from our modeling framework. Based on the previous
assumptions and constraints in Equations (1) and (2), the common parameters in our models are
assigned: a = 200, b = 2, c = 40, K = 17, θ ∈ (0, 5). In addition, from Propositions 3 and 4,
we learn that the different initial carbon footprint of products have significant impacts on the product
carbon footprint and pricing decisions for the manufacturer and retailer. Therefore, we use three
different initial carbon footprint ( f0 = 6, f0 = 9, f0 = 11) separately to compare the effects of the
carbon cap and carbon trading price on the product carbon footprint, selling price, consumer demand,
the profits of centralized and decentralized decision-making models and coordination mechanism for
the supply chain.

It is known that there are many factors influencing the carbon trading price under cap-and-trade
regulation, for example the financial crisis of 2008 resulted in serious setbacks in industrial production,
thus the consumption of electricity and coal decreased, and carbon emissions were correspondingly
reduced, making the market demand for carbon quota decline, resulting in carbon trading prices
decreasing (Daskalakis et al. [30]). The European Union proposed an aviation carbon tax in 2011,
which brought about a rapid increase in demand for carbon permits and resulted in increasing carbon
trading price. The EU slashed the amount of carbon cap free allocation in 2013, thus some firms believed
that the government might strictly control carbon emissions in the future, thus the demand for carbon
emission quota increased rapidly, which caused carbon trading prices to increase (Zhang and Wei [31]).

Meanwhile, many scholars research the important issue of which factors affect carbon trading
price. Further details can be found in the literature: Seifert et al. [26], Aatola et al. [27],
and Zhang et al. [28]. Based on these studies, we summarize the factors of carbon trading price
including the impact of the policy (energy policy, fiscal policy, and environmental policy), the impact of
the economic environment, the impact of energy (oil, natural gas and coal) prices, the carbon emissions
control and quota allocation, etc. Based on the above findings, two main factors cause the fluctuation
of carbon trading price: the first one is the economic and policy factors, which is exogenous; and the
second one is the distribution of carbon quota, which is controlled by the government.

Therefore, the following discussions will be divided into two cases:
CT1: Given the carbon cap (N = 300), the carbon trading price is an exogenous variable,

which means that the amount of carbon allowances allocated by the government has been fixed
already, but some external factors cause the fluctuation of carbon trading price to some extent.

CT2: Similar to the assumption in the study by Hua et al. [7], the carbon trading price is a
decreasing function of the carbon cap, which means that, if the government reduces the amount of
carbon allowances, then the carbon trading prices are likely to rise. In consideration of the constraint
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conditions of the model parameters, the functional form of the carbon trading prices can be shown as
θ = 5− 0.01N.

Next, we will discuss the effects of the carbon trading price and the carbon cap on the product
carbon footprint, selling price, consumer demand, the profits and coordination mechanism for the
supply chain, as shown in Figures 1–12.

4.1. The Effects of Carbon Trading Price on Product Carbon Footprint

Figure 1 shows that, when the initial carbon footprint of the product is relatively small ( f0 = 6),
regardless of the manufacturer and retailer taking centralized or decentralized decision-making,
the product carbon footprint decrease as the carbon trading price increases; when the initial carbon
footprint of products is relatively large ( f0 = 9), the product carbon footprint decrease as the carbon
trading price increases in centralized decision-making, but the product carbon footprint decreases first
and then increases as the carbon trading price increases in decentralized decision-making; and when
the initial carbon footprint of products is large ( f0 = 11), regardless of the manufacturer and the retailer
taking centralized or decentralized decision-making, the product carbon footprint decreases first and
then increases as the carbon trading price increases.
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Figure 1. Effects of carbon trading price on product carbon footprint.

The analysis results of Figure 1 show that, under cap-and-trade regulation, for the product
with small initial carbon footprint, regardless of the manufacturer and retailer taking centralized or
decentralized decision-making, the increasing carbon trading price may motivate the manufacturer to
reduce product carbon footprint. For the product with relatively large initial carbon footprint, only in
centralized decision-making, the increasing carbon trading price can motivate the manufacturer
to reduce product carbon footprint, but in centralized decision-making, the increasing carbon
trading price does not completely motivate the manufacturer to reduce product carbon footprint.
For the product with large initial carbon footprint, regardless of the manufacturer and retailer taking
centralized or decentralized decision-making, the increasing carbon trading price does not completely
make the manufacturer reduce product carbon footprint.

4.2. The Effects of Carbon Trading Price on Selling Price

Figure 2 shows that, when the initial carbon footprint of the product is relatively small ( f0 = 6),
regardless of the manufacturer and retailer taking centralized or decentralized decision-making,
the selling price increases first and then decreases as the carbon trading price increases; when the
initial carbon footprint of the product is relatively large ( f0 = 9), the selling price increase first and
then decrease as the carbon trading price increases in centralized decision-making, but in decentralized
decision-making, the selling price increase as the carbon trading price increases; and when the
initial carbon footprint of the product is large ( f0 = 11), regardless of the manufacturer and retailer
taking centralized or decentralized decision-making, the selling price increase as the carbon trading
price increases.
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The analysis results in Figure 2 show that, under cap-and-trade regulation, for the product with
small initial carbon footprint, the retailer should adopt the pricing strategy with first increase and
then decrease for the product as the carbon trading price increases; for the products with relatively
large initial carbon footprint, the retailer should adopt the pricing strategy with first increase and
then decrease for the product in centralized decision-making, but in decentralized decision-making,
the retailer should adopt the price reduction strategy; and for the product with large initial carbon
footprint, whether it utilizes centralized or decentralized decision-making, the retailer should lower
prices with the increasing of the carbon trading price.

4.3. The Effects of Carbon Trading Price on Consumer Demand

Figure 3 shows that, when the initial carbon footprint of the product is relatively small ( f0 = 6,
f0 = 9), consumer demand decreases first and then increases as the carbon trading price increases
in centralized decision-making, but in decentralized decision-making, consumer demand decrease
as the carbon trading price increases; when the initial carbon footprint of products is relatively large
( f0 = 11), whether it is centralized or decentralized, consumer demand decreases as the carbon trading
price increases. This conclusion shows that, if the manufacturer and retailer strengthen coordination
and cooperation under cap-and-trade regulation, the increasing of the carbon trading price will make
consumer demand for the product with small initial carbon footprint increase.
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4.4. The Effects of Carbon Trading Price on Supply Chain Profits

Figure 4 shows that, when the initial carbon footprint of the product is relatively small ( f0 = 6),
the profits of the supply chain decrease first and then increase as the carbon trading price increases
in centralized decision-making; when the initial carbon footprint of the product is relatively large
( f0 = 9 or f0 = 11), the profits of the supply chain decrease as the carbon trading price increases
in the centralized decision-making. It should be stated that, although the profits of supply chain in
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the decentralized decision-making increase as the carbon trading price increases, it is much less than
that of the centralized decision-making. Therefore, the manufacturer and retailer should strengthen
coordination and cooperation under cap-and-trade regulation, especially for the product with initial
small carbon footprint as, if the carbon trading price is greater than a threshold, the profits of supply
chain will increase as the carbon trading price increases.
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Figures 1–4 show that, if the carbon cap is given, compared with the centralized decision-making,
the product carbon footprint is relatively greater and the selling price is relatively higher in the
decentralized decision-making, those results in the declining of consumer demand and the profits of
the supply chain. However, the two-part-tariff contract in Proposition 6 has coordinated the supply
chain perfectly. Thus, Figures 5 and 6 analyze the effects of carbon trading price on coordination
mechanism (wholesale price and fixed fee).

4.5. The Effects of Carbon Trading Price on the Coordination Mechanism

In Figures 5 and 6, we can see that, when the initial carbon footprint of the product is relatively
small ( f0 = 6, f0 = 9), the wholesale price increases first and then decreases as the carbon trading
price increases, but the fixed fee decreases first and then increases as the carbon trading price increases;
and when the initial carbon footprint of the product is large ( f0 = 11), the wholesale price increase
as the carbon trading price increases, but the fixed fee increase as the carbon trading price increases.
Therefore, only the manufacturer dynamically adjusts the wholesale price (wCT) and fixed fee (FCT)
according to the initial carbon footprint and the carbon trading price, then the two-part tariff contract
can achieve the coordination of supply chain.
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Figures 1–6 analyze the impacts of the carbon trading price on the product carbon footprint,
selling price, consumer demand, the profits of the supply chain and the coordination mechanism
(the two-part tariff contract); these conclusions have important reference value for the manufacturer
and retailer to make decisions on the product carbon footprint and selling price, and design the
coordination mechanism for the supply chain. Moreover, Figures 1–6 also show the impacts of the
carbon trading price on consumer demand and the profits of the supply chain, which have guiding
significances for the government to evaluate the impacts of the cap-and-trade regulation on carbon
emissions reduction and the performance of the supply chain.

It is worth noting that, in Figure 1, when the initial carbon footprint of the product is large
( f0 = 11), whether it utilizes centralized or decentralized decision-making, if the carbon trading
price is greater than a threshold, the product carbon footprint increases gradually with the increasing
carbon trading price. This illustrates that the increased carbon trading price does not completely
motivate the manufacturer to reduce the product carbon footprint, thus the government should impel
the manufacturer to reduce their carbon footprint by controlling their carbon allowances (that is,
the carbon cap). Of course, the controlling of the carbon cap may have some impacts on decision
variables and coordination mechanisms. Therefore, Figures 7–12 analyze the effects of the carbon cap
on the product carbon footprint, selling price, consumer demand, and coordination mechanism of the
supply chain.

4.6. The Effects of Carbon Cap on Product Carbon Footprint

Figure 7 shows that, when the initial carbon footprint of the product is relatively small ( f0 = 6),
whether it is centralized or decentralized, the product carbon footprint decreases as the carbon cap
decreases; when the initial carbon footprint of the product is relatively large ( f0 = 9), the product
carbon footprint decreases as the carbon cap decreases in the centralized decision-making, but in the
decentralized decision-making, the product carbon footprint decreases first and then increases as the
carbon cap decreases; and when the initial carbon footprint of the product is large ( f0 = 11), regardless
of the manufacturer and retailer taking the centralized or decentralized decision-making, the product
carbon footprint decrease first and then increase as the carbon cap decreases. Therefore, based on the
analysis in Figures 1 and 7, the following conclusions can be drawn:

(1) For the product with small initial carbon footprint ( f0 = 6), whether it is centralized or
decentralized, with the increasing of carbon trading price, the government should cut down the
carbon cap to impel the manufacturer to reduce the product carbon footprint.

(2) For the product with large initial carbon footprint ( f0 = 9), with the decreasing of the
carbon trading price, if the manufacturers and retailer take the centralized decision-making,
the government should cut the carbon cap to impel the manufacturer to reduce the product carbon
footprint. However, if the manufacturer and retailer take the decentralized decision-making,
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the government should first cut and then increase the carbon cap to motivate the manufacturer
to reduce the product carbon footprint.

(3) For the product with great initial carbon footprint ( f0 = 11), whether it is centralized or
decentralized, with the increasing of the carbon trading price, the government should first cut and
then increase the carbon cap to motivate the manufacturer to reduce the product carbon footprint.
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4.7. The Effects of Carbon Cap on Selling Price

Figure 8 shows that, when the initial carbon footprint of the product is relatively small ( f0 = 6,
f0 = 9), the selling prices increases first and then decreases as the carbon cap decreases in the
centralized decision-making, but in the decentralized decision-making, the selling prices increases
as the carbon cap decreases; and when the initial carbon footprint of the product is large ( f0 = 11),
regardless of the manufacturer and retailer taking the centralized or decentralized decision-making,
the selling prices increase as the carbon cap decreases. The analysis results in Figure 8 show that,
under cap-and-trade mechanism, for the product with small initial carbon footprint, if the government
cuts the carbon cap, then the retailer should decreases first and then increases the selling price in the
centralized decision-making, but in the decentralized decision-making, the retailer should increase
the selling price; and for the product with large initial carbon footprint, whether it is centralized or
decentralized, the retailer should increase the selling price.
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4.8. The Effects of Carbon Cap on Consumer Demand

Figure 9 shows that, when the initial carbon footprint of the product is relatively small ( f0 = 6,
f0 = 9), consumer demand decreases first and then increases as the carbon cap decreases in the
centralized decision-making, but in the decentralized decision-making, consumer demand decreases
as the carbon cap decreases; and when the initial carbon footprint of the product is large ( f0 = 11),
regardless of the manufacturer and retailer taking the centralized or decentralized decision-making,
consumer demand decreases as the carbon cap decreases.
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4.9. The Effects of Carbon Cap on the Profits of the Supply Chain

Figure 10 shows that, when the initial carbon footprint of the product is relatively small ( f0 = 6),
the profits of the supply chain in the centralized decision-making decreases first and then increases as
the carbon cap decreases; and when the initial carbon footprint of the product is large ( f0 = 9, f0 = 11),
the profits of the supply chain in the centralized decision-making decrease as the carbon cap decreases,
but in the decentralized decision-making, whether the initial carbon footprint of products is small or
large, the profits of the supply chain decrease first and then increase as the carbon cap decreases.
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4.10. The Effects of Carbon Cap Price on the Coordination Mechanism

In Figures 11 and 12, we can see that, when the initial carbon footprint of the product is relatively
small ( f0 = 6, f0 = 9), the wholesale prices decrease as the carbon cap decreases, and the fixed fees
decrease first and then increase as the carbon cap decreases; and when the initial carbon footprint
of the product is large ( f0 = 11), the wholesale price decreases first and then increases as the carbon
cap decreases, and the fixed fee decreases as the carbon cap decreases. Therefore, the manufacturer
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should dynamically adjust the wholesale price (wCT) and the fixed fee (FCT) according to different
initial carbon footprint and the range of the carbon cap reduced by the government, then the supply
chain system will be coordinated with the two-part tariff contract.
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5. Conclusions and Future Research

Motivated by real industrial practices, in this paper, we develop an analytical modeling
framework to investigate the pricing and product carbon footprint decisions of the supply chain
under cap-and-trade regulation by applying optimization and game theory. In addition, we solve the
“double marginalization” and achieve the coordination of supply chain system through the two-part
tariff contract, and also discuss the effects of the carbon cap and the carbon trading price on the
product carbon footprint, selling price, consumer demand, and the profit of the supply chain and its
coordination mechanism.

Our modeling framework obtains some new results differing from those in the existing literature.
It is found that, under cap-and-trade regulation, the product carbon footprint and selling price not
only depend on the carbon trading price and the carbon cap allocated by the government, but also
relate to the initial carbon footprint of the product and the decision-making method of the supply
chain, and only the manufacturer adjusts dynamically the wholesale price and the fixed fee within the
two-part tariff contract, and, according to different initial carbon footprint and the range of the carbon
cap reduced by the government, the supply chain system will be coordinated with the two-part tariff
contract. The specific conclusions of our modeling framework are as follows:



Sustainability 2018, 10, 481 20 of 24

(1) Under cap-and-trade regulation, when the initial carbon footprint of the product is relatively
small, regardless of the manufacturer and retailer taking the centralized or decentralized
decision-making, the product carbon footprint decreases with the rising of carbon trading price,
and also decreases with the decreasing of the carbon cap. The selling price first increases and then
decreases with the increasing of carbon trading price, and also first increases and then decreases
with the decreasing of the carbon cap.

(2) Under cap-and-trade regulation, when the initial carbon footprint of the product is relatively
large, if the manufacturer and retailer take centralized decision-making, then the product carbon
footprint decreases with the increasing of carbon trading price, and also decreases with the
decreasing of the carbon cap, the selling price first increases and then decreases with the increasing
of carbon trading price, and also first increases and then decreases with the decreasing of the
carbon cap; and if the manufacturer and retailer take the centralized decision-making, then the
product carbon footprint first decreases and then increases with the increasing of carbon trading
price, and also first decreases and then increases with the decreasing of the carbon cap, the selling
price increases with the increasing of carbon trading price, and also first increases and then
decreases with the decreasing of the carbon cap.

(3) Under cap-and-trade regulation, when the initial carbon footprint of the product is
large, regardless of the manufacturer and retailer taking the centralized or decentralized
decision-making, the product carbon footprint first decreases and then increases with the
increasing of carbon trading price, and also first decreases and then increases with the decreasing
of the carbon cap; and the selling price increases with the increasing of carbon trading price,
and also increases with the decreasing of the carbon cap.

(4) Under cap-and-trade regulation, when the initial carbon footprint of the product is relatively
small, the manufacturer’s wholesale price first increases and then decreases with the increasing of
carbon trading price, and also decreases with the decrease of the carbon cap, and the fixed fee first
decreases and then increases with the increasing of carbon trading price, and also first decreases
and then increases with the decreasing of the carbon cap; and when the initial carbon footprint of
the product is relatively large, the manufacturer’s wholesale price increases with the increasing of
carbon trading price, and also first decreases and then increases with the decreasing of the carbon
cap, and the fixed fee decreases with the increasing of carbon trading price, and also decreases
with the decreasing of the carbon cap, then the contract can solve the “double marginalization”
problem and coordinate the supply chain system.

Based on the conclusion of this study, we can get the following management inspiration.
Under cap-and-trade regulation, the government can motivate the manufacturer to reduce the

product carbon footprint according to different initial carbon footprints and the change of carbon
trading price, and must be complemented by controlling the carbon cap. The specific circumstances
are as follows:

(1) For the product with small initial carbon footprint, the increasing of carbon trading price may
inspire the manufacturer to reduce the product carbon footprint, but, if the carbon trading price
is low, then the government can encourage the manufacturer to reduce their carbon footprint by
reducing the carbon cap.

(2) For the product with large initial carbon footprint, in the centralized decision-making, the
increasing of carbon trading price may inspire the manufacturer to reduce the product carbon
footprint. Contrary, if carbon trading price is low, then the government can motivate the
manufacturer to reduce their carbon footprint by reducing the carbon cap. In the decentralized
decision-making, the increasing of carbon trading price cannot inspire the manufacturer to reduce
the product carbon footprint, and then the government can first decrease and then increase the
carbon cap to inspire the manufacturer to reduce the product carbon footprint.
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(3) For the product with great initial carbon footprint, such as some high energy consumption,
high-emission product, the increaseof carbon trading price cannot promote the manufacturer to
reduce product carbon footprint. Therefore, if the carbon trading price increases, the government
should first decrease and then increase the carbon cap to motivate the manufacturer to reduce the
product carbon footprint.

There are several limitations in this paper, but some of them have potential for further studies
in this important field. Firstly, to simplify the discussion, the model considers joint pricing and
product carbon footprint decisions only in one period, so we can further discuss a multi-period
problem in the supply chain (Kumar et al. [32]). Secondly, the model does not allow us to study
demand uncertainty. In the future, we could relax this assumption and consider that consumers
have uncertain expectations for the products, and discuss the effect of demand uncertainty and risk
assessment on supply chain cooperation under the cap-and-trade regulation (Fera et al. [33] and
Martino et al. [34]). Another possible extension is to analyze other supply chain structures such as
competing manufacturers selling their products through a single retailer, or competing retailers order
from a common manufacturer. This leads to a potential research opportunity.
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Appendix A

Proof of Corollary 1. From Proposition 1, we know that ∂ f CTC∗

∂θ = −(a−bc)bθ2+8Kb f0θ−4K(a−bc)
(4K−bθ2)

2 .

To simplify discussion, we denote ZCTC
1 (θ) = −(a − bc)bθ2 + 8Kb f0θ − 4K(a − bc). Clearly,

ZCTC
1 (θ) is a quadratic function with a parabola going downwards and its discriminant is

∆ZCTC
1 (θ) = 16Kb

[
4Kb f0

2 − (a− bc)2
]
. It is not difficult to find that, if f0 > (a−bc)
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2Kb ,

then ∆ZCTC
1 (θ) > 0, and ZCTC

1 (θ) has two intersections with the horizontal axis, respectively,
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[
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√

Kb
[
4Kb f0

2−(a−bc)2
]

(a−bc)b .

Based on the constraints in Equation (1), we know that 0 < θ < a−bc
b f0

and 4K f0
a−bc > a−bc

b f0
. Obviously,

the point θCTC
2 does not satisfy the assumption, so it will not be discussed. Therefore, if 0 < θ < θCTC

1 ,

then ZCTC
1 (θ) < 0, that is ∂ f CTC∗

∂θ < 0; and if θCTC
1 < θ < 2
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b , then ZCTC
1 (θ) < 0, that is ∂ f CTC∗

∂θ > 0.

However, if f0 < (a−bc)
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2Kb , then ∆ZCTC

1 (θ) < 0, that is, ZCTC
1 (θ) has no intersection with the horizontal

axis. Thus, as long as 0 < θ < 2
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b , then ZCTC

1 (θ) < 0, that is, ∂ f CTC∗

∂θ < 0.

Proof of Corollary 2. From Proposition 1, we know that ∂pCTC∗
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Based on the constraints in Equation (1), we know that 0 < θ < a−bc
b f0

. Obviously, the point

θCTC
4 does not satisfy the assumption, so it will not be discussed. Therefore, if 0 < θ < θCTC

3 ,

then ZCTC
2 (θ) > 0, that is ∂pCTC∗

∂θ > 0; and if θCTC
3 < θ < 2

√
Kb

b , then ZCTC
2 (θ) < 0, that is ∂pCTC∗

∂θ < 0.

However, if f0 > (a−bc)
√
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Proof of Corollary 3. From Proposition 2, we find that ∂ f CTD∗

∂θ = −(a−bc)bθ2+16Kb f0θ−8K(a−bc)
(8K−bθ2)

2 .

To simplify discussion, we denote ZCTD
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Clearly, ZCTD
1 (θ) is a quadratic function with a parabola going downwards and its
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Based on the constraints in Equation (1), we know that 0 < θ < a−bc
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. Obviously,
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Based on the constraints in Equation (1), we know that 0 < θ < a−bc
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∂θ > 0, ∂pCTC∗

∂θ < 0;

and if θCTD
3 < θ < 2

√
Kb

b , then ∂pCTD∗

∂θ < 0, ∂pCTC∗

∂θ < 0. When γCTD < f0 < γCTC, if
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0 < θ < θCTC
3 , then ∂pCTD∗

∂θ > 0, ∂pCTC∗

∂θ > 0; and if θCTC
3 < θ < 2

√
Kb

b , then ∂pCTD∗

∂θ > 0, ∂pCTC∗

∂θ < 0.

When γCTC < f0 < a−bc
bθ , only if 0 < θ < 2

√
Kb

b , then ∂pCTD∗

∂θ > 0, ∂pCTC∗

∂θ > 0.

Proof of Proposition 5. Based on Propositions 1 and 2, the above relationships are derived through
algebraic comparison of the product carbon footprint, sales price, consumer demand and supply
chain profit of centralized and decentralized decision-making models. It is then straightforward
to show that f CTD∗ > f CTC∗, QCTD∗ < QCTC∗, pCTD∗ − pCTC∗ = 8K2b(a − bc − bθ f0) > 0,

and ∏CTD∗
M +∏CTD∗

R
∏CTC∗

SC
= (8K−bθ2)

2−24K2

(8K−bθ2)
2 < 1.

Proof of Corollary 5. Based on Propositions 1 and 2, the proof is easy to derive, therefore it is omitted.

Proof of Proposition 6. From the first order conditions of Equation (14), we have p = a+bwCTT

2b .
However, to ensure the profits of the supply chain with the two-part tariffs contract are equal to

those in the centralized system, we set a+bwCTT

2b = pCTC∗, that is wCTT = 4K(c+θ f0)−aθ2

4K−bθ2 , then the

retailer’s profit can be denoted as ∏CTT
R = 4K2(a−bc−bθ f0)

2

b(4K−bθ2)
2 − FCT . Moreover, to make the retailer

willing to accept the manufacturer’s two-part tariff contract terms, the retailer’s optimal profit must
meet the condition ∏CTT

R > 0, so the fixed fee paid by the retailer to the manufacturer needs to satisfy

0 < FCT < 4K2(a−bc−bθ f0)
2

b(4K−bθ2)
2 .
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