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Abstract: In the current low-carbon economy, the government has adopted carbon taxes and carbon
trading policies to control the carbon emissions of manufacturers. As consumers become increasingly
aware of low-carbon, some retailers have also started investing in low-carbon to shape their public
image and increase their competitiveness to attract more customers. In this paper, the Stackelberg
game method is utilized to solve the model, and the graphs are used to analyze the benefits of retailers’
low-carbon investment on the supply chain through numerical analysis. It is found that when the
emission reduction cost coefficient of manufacturers is relatively low, manufacturers are willing to
reduce carbon emissions. At this time, increasing carbon tax and the carbon emission permits price can
effectively promote the emission reduction behavior of manufacturers, because it increases demand
for products and the profit of manufacturers and retailers. However, when the emission reduction cost
coefficient of the manufacturers is quite high, increasing carbon tax and carbon emission permits price
cannot effectively promote the emission reduction behavior, because this situation of the emission
reduction reduces the profit of manufacturers. The main contribution of this paper discovers that
the green cost coefficient of retailers’ low-carbon investment will adjust the impact of the carbon tax
and the carbon trading price on the profits of retailers and manufacturers which proves that retailers’
low-carbon investment is beneficial to the supply chain. When the emission reduction cost coefficient
is high and the green cost coefficient is low, increasing the carbon tax or carbon emission permits price
can increase the profit of manufacturers and retailers. Finally, we design a supply chain coordination
of comprehensive sharing contact for retailers and manufacturers. The result shows that this contract
has economic and environmental benefits, and that it is beneficial for the environment and economy
of sustainable development.

Keywords: low-carbon investment; emission reduction cost coefficient; greenness coefficient; supply
chain coordination

1. Introduction

Rapid economic development has caused environmental problems. Awan et al. have put
forward that the development of the industrial economy impacts the quality of human life and
damages the natural environment. In particular, carbon emissions exacerbate global warming [1].
Environmental protection has become a great concern for the international community. In the reduction
of carbon emissions and promoting the sustainable development of the global economy, countries
worldwide generally adopt carbon tax and carbon trading as means through which to control carbon
emissions [2]. Manufacturing companies directly affected by carbon emission reduction policies have
to consider carbon emission reduction issues. The energy-saving and emission-reduction initiatives
of manufacturing enterprises are mainly driven by government policies. At the same time, as
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consumers become increasingly aware of low-carbon, many manufacturers have already begun to
produce environmentally friendly products to meet consumer needs. Some retailers have recently
begun to introduce low-carbon investment in the packaging and distribution processes. For instance,
in March 2017, JD.com developed a distribution system and set up a logistics packaging laboratory to
promote the use of cleaner alternatives, such as environmentally friendly, biodegradable packaging [3].
With low-carbon investments, retailers can shape their public image, increase their reputation and
attract more consumers that prefer low-carbon products. Walmart, the world’s largest retailer, wants to
become a “low-carbon supermarket” and invest in environmentally friendly and energy-efficient stores,
and has proposed a clean production solution for suppliers. Some scholars have studied the issues of
energy conservation and emission reduction by manufacturers [4]. In fact, in the low-carbon economy,
two forces exist in forcing enterprises to accomplish industrial upgrading, energy conservation,
and emission reduction. One is government policy to manufacturers (carbon tax and carbon trading
policies), and the other is market demand. As the side closest to the end demand, the retailer can feel
the most change in consumer demand preferences and can most easily influence consumer demand
preferences. Therefore, the retailers’ low-carbon investment can alter the supply chain.

Based on this phenomenon, some academic problems were generated as follows:
First, how does the retailer’s low-carbon investment affect supply chain profits under carbon tax

and carbon trading policies? Second, how does the emission reduction cost coefficient of manufacturers
affect the profits of manufacturers and retailers as the carbon tax and carbon emission price change?
Third, how does the greenness coefficient affect the profits of manufacturers and retailers as the carbon
tax and carbon emission price change? Fourth, how do manufacturers and retailers coordinate to
increase the profits of the supply chain and improve the level of carbon emission reduction?

To answer the above questions, this study separately considers the consequences of whether the
retailer makes low-carbon investments or not, as well as the existence condition and the corresponding
equilibrium solution of manufacturer’s and retailer’s game equilibrium. The retailers making a
low-carbon investment and those not are two separate scenarios, and these scenarios are analyzed
under the two profits scenarios involving low-carbon consumer preferences, the emission reduction cost
coefficient, green coefficient, carbon emission permit price, government-free carbon quotas, and carbon
tax changes. Finally, a comprehensive sharing contract is designed for retailers with a low-carbon
investment supply chain.

Most studies in the previous literature are of manufacturers’ emission reduction behavior or
low-carbon investment behavior. In fact, retailers’ investment behavior can affect consumers’ demand
for products. Few examples in the literature have studied the impact of retailers’ low-carbon
investment on the demand and supply chain. This paper is different from the previous literature.
From a quantitative perspective, in the context of carbon trading and carbon tax, the Stackelberg game
method is used to study the impact of retailers’ low-carbon investment on the supply chain, and
numerical analyses of the graphs are used to more intuitively explain the impact of parameters on the
profits of manufacturers and retailers.

The main contributions of this study are as follows: (1) incorporating the retailer’s low-carbon
investment decision into the contract design framework of the low-carbon supply chain increases the
profits of manufacturers and retailers; (2) it is found that the greenness coefficient can adjust the impact
of carbon tax and carbon emission rights prices on the profits of manufacturers and retailers; (3) this
paper designs a “comprehensive sharing contract”, where retailers make a low-carbon investment under
existing carbon tax and carbon trading policies. Notably, manufacturers increase emission-reduction
levels through comprehensive sharing contracts. Thus, this contract has economic and environmental
benefits. It is good for the environment and the economy of sustainable development.

2. Literature Review

In the current low-carbon economy, manufacturers choose carbon emission reductions. Moreover,
as consumers become more aware of low-carbon, retailers make low-carbon investments. This research
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differs from the previous literature, in that this paper considers the retailers’ low-carbon investments
and the coordination of retailers and manufacturers under existing carbon tax and carbon trading
policies. This study mainly involves four literature streams: carbon tax and carbon trading policies,
carbon emission reduction, retailer investment, and supply chain coordination.

2.1. Carbon Tax and Carbon Trading Policies

Carbon tax and carbon trading policy have a certain impact on economic development and
the environment. Many scholars have studied and analyzed the impact of carbon tax and carbon
trading policy. The environmental effect of carbon tax is unique to carbon tax as a tax policy to guide
environmental protection, which contains certain social benefits. Baranzini et al. put forward that the
environmental effects of carbon tax mainly include the following two aspects: First, carbon tax can
effectively improve the energy structure, improve energy efficiency and guide the use of new energy.
Second, carbon tax revenue can be earmarked as a financial subsidy to encourage the development
of clean industries [4]. Wissema simulated the impact of carbon tax on the environment of Ireland
through the CGE model, and concluded that the introduction of carbon tax can effectively improve
the energy consumption structure of Ireland [5]. Lee also analyzed the impact of carbon tax and
carbon emission trading rights on the economic effect of a country. The results of the study indicate
that a country may have a negative impact on the economy when it only levies carbon taxes, but if
carbon taxes and carbon emissions trading rights are levied at the same time, there is no negative
impact. Therefore, in order to eliminate the negative economic effects of the carbon tax, he suggested
that the two methods of carbon tax and carbon emissions trading rights be used simultaneously [6].
Rosic and Jammernegg put carbon tax and carbon trading into the dual-channel model considering the
environmental impact of transportation, analyzed their impact on the transportation environment,
and pointed out that in the case of carbon trading, enterprises can reduce the environmental impact of
transportation without affecting the economic benefits. Therefore, carbon trading is better than carbon
taxes [7]. Choi considered the influence of different forms of carbon emission tax on retailers’ choice of
suppliers [8]. Lou used the Dynamic CGE Model to simulate and analyze the impact of carbon tax on
China’s macro economy and carbon emissions [9]. Eichner et al. studied European Union-type carbon
emission trading and the distributive effects of overlapping carbon taxes [10]. Fang et al. studied
the impact of carbon trading on new energy. The results show that under certain conditions, carbon
trading can promote the development of new energy, and mature carbon trading can effectively control
carbon emissions and energy intensity [11]. Woo et al. investigated the impact of carbon trading
on the real-time power market price in California. Researchers and policy makers generally agree
that a carbon tax is the most effective mechanism to curb greenhouse gas emissions, but this tax has
exacerbated inequality [12]. Fremstad et al. explored the impact of carbon taxes on inequality [13].

The above literature shows that there is abundant research on the impact of carbon tax and carbon
trading policy on the social economy and environment. The research shows that although carbon tax
can reduce carbon emissions and subsidize government finance, it may have a negative impact on
social economic development. Carbon trading will also affect economic and environmental effects.
However, as consumers’ awareness of low-carbon increases, carbon tax and carbon trading may have
different impacts on the economy and environment. Considering consumers’ awareness of low-carbon
in terms of demand assumption is a key factor in the modeling process of this paper.

2.2. Carbon Emission Reduction

There are a lot of researches on carbon emission reduction with different perspectives.
Some scholars discuss strategies and factors for reducing carbon emissions. For instance, Awan et al.
suggested that environmental management capabilities at production level have considerable value in
addressing CO2 emissions and minimizing environmental pollution. It required a varied degree of
competencies in the product life cycle, especially at the process and product levels, to ensure and improve
pollution performance [14]. Many authors have studied cap-and-trade regulation among all carbon
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constraints, but some authors conducted their related research on carbon emission reduction. Moreover,
some authors discuss carbon emission reductions under cap-and-trade regulation, but their focuses are
different. For example, Yalabik and Fairchild established an economic analysis model to study carbon
tax, consumer and competition on the impact of enterprise environmental innovation [15]. Luo et al.
constructed the game models of the centralized decision-making, decentralized decision-making,
and collaborative decision-making of supply chain members. They explored the game analysis of
carbon emission reduction technology investment in the supply chain under carbon trading policy [16].
Chen et al. studied the problems faced by enterprises in terms of order acceptance and scheduling
based on carbon emission reduction and electricity prices [17]. Zhang et al. explored the green
innovation mode under carbon tax and innovation subsidies, and analyzed the influence of carbon
tax and innovation subsidies on the manufacturer’s choice of green innovation mode. The results
show that it is the carbon tax, but not the innovation subsidy, that remains effective in the later stage.
It also discusses government policies intended to effectively promote the adoption of green innovations
by manufacturers and reduce carbon emissions [18]. Bai et al. investigated the carbon emission
reduction technologies of manufacturers under cap-and-trade regulation. The results showed that
the profits of the supply chain can be improved, and that carbon emissions can be reduced under
the decentralized scenario [19]. Zhang et al. discussed and compared the carbon emission rights
price floor and revenue floor support schemes’ incentive effects on coal-fired power plants’ carbon
emission reduction investment, considering random fluctuations of on-grid electricity volume and
carbon prices. [20]. Ding et al. studied the impact of carbon tax and take-back legislation on enterprise
production and carbon emission reduction decisions [21]. Du et al. pointed out that although many
carbon emission regulations have been formulated to curb carbon emissions, some companies do not
adopt low-carbon technologies because the extra cost is high. However, when consumers have a great
preference for low-carbon products, manufacturers choose to reduce emissions by adopting low-carbon
technologies [22]. In the study of carbon emission reduction, some papers have considered supply
chain operation problems. For instance, Diabat et al. studied the location problem of multi-stage and
multi-product enterprises under the carbon emission trading mechanism, and analyzed the impact of
carbon trading prices on the cost and supply chain structure [23].

The above literature shows that, whether carbon emission reduction is carried out in the context of
cap-and-trade regulation, carbon emission reduction strategy, or investment in low-carbon technology
to produce products, most of the carbon emission reduction is mainly carried out by manufacturers,
and few research retailers invest in emission reduction. In this paper, retailer investment in carbon
emission reduction is the main research factor.

2.3. Retailer Investment

With an increasingly competitive market, retailers have begun to invest in various areas—such
as advertising, packaging and transportation, radio frequency identification (RFID) technology and
service—to attract customers and increase profit. Amrouche et al. investigated that retailers invested
in advertising build a brand image [24]. Kesavan et al. studied the differences in retailer inventory
investment behavior under macroeconomic shocks [25]. Moon et al. explored the investment strategic
inventory of manufacturers and retailers, and the results showed that the investment efforts of
manufacturers do not always persuade retailers to hold strategic inventory; however, when strategic
inventory is used, the investment efforts of retailers can promote harmony. From a supply-chain
coordination perspective, the retailer’s decision to carry out strategic inventory is disastrous, but
benign for a fragmented supply chain [26]. Cao et al. explored the retailer’s advertising investment
strategy. The results show that the retailer should set the retail price and order quantity at the
monopolistic level, and adopt an “invest-all-or-none” advertising investment strategy for different
market conditions. However, when market demand is random, the optimal strategy may fail [27].
Perdikaki et al. discussed how retailers determine the timing of service investment when product
demand is uncertain and consumers are concerned about both price and service when choosing
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which retailer to buy from [28]. Yan et al. researched the financial services provided by retailers to
cash-strapped suppliers and compared retailers’ financing schemes, e.g., loans and investments. It
was found that both schemes brought additional value to retailers and suppliers with limited funds,
providing a win–win situation [29]. Xia et al. pointed out that retailers have the opportunity to invest
in store assistance to help consumers choose products and reduce product returns [30]. Tao et al.
suggested that in the supply chain, retailers’ investment in radio frequency identification (RFID)
technology is an effective method with which to solve inventory misplacement problems, and the
results showed that the investment in RFID technology by retailers is more beneficial to both suppliers
and retailers, and that end customers will also benefit more [31]. Hardgrave et al. investigated the
effectiveness of investment in the use of RFID technology to reduce the inaccuracy of retail store
inventory records through two different field experiments [32].

The above literature shows that many scholars study the investment of retailers in advertising,
packaging and transportation, radio frequency identification (RFID) technology and service to increase
profits. There is little research on retailers’ low-carbon investment. This paper studies the impact of
retailers’ low-carbon investment on the supply chain, and considers the impact of consumer low-carbon
awareness on demand in an incorporated supply chain coordination model. At the same time, the
Stackelberg game method was used to solve the model and the graphs are used to analyze the
benefits of retailers’ low-carbon investment on the supply chain through numerical analysis. However,
Hardgrave et al. use two different field experiments for analyzing and investigating the effectiveness
of investment in the use of RFID technology to reduce the inaccuracy of retail store inventories. These
are two different research methods. We first modeled the theoretical hypothesis, then solved the
model with the Stackelberg game, and finally used numerical analysis to draw graphs to verify the
theoretical research results, while Hardgrave et al. verified and predicted the research results with
field experimental data.

2.4. Supply Chain Coordination

In supply-chain mechanism design, various supply chain coordination mechanisms, such as
wholesale price contract, repurchase contract, quantity flexible contract, and revenue sharing contract,
were formed, and the efficiency and flexibility of these coordination mechanisms were analyzed [33–37].
The supply chain contract based on the entirely hypothetical information has realistic irrationality
due to the existence of information asymmetry. Therefore, the focus of contract research was to
promote information sharing within the supply chain and the optimization of the supply chain member
operation strategy with incomplete information, and to achieve the Pareto improvement of the overall
performance of the supply chain [38,39]. Many scholars have studied supply chain coordination from
the perspectives of perishable goods [40], double-channel background [41], the existence of gray market
and strategic consumers [42], and the large data environment [43]. To date, supply chain coordination
has focused on reverse logistics, green supply chain and closed loop supply chain, and has tried to
integrate environmental factors into supply chain coordination. In recent years, domestic and foreign
scholars have gradually studied the coordination in low-carbon supply chains. Su et al. studied
the coordination mechanism of green closed-loop supply chain based on the third party recycling,
and analyzed the influence of centralized decision and decentralized decision on the returns and
pricing strategies of each participant. Finally, an optimal cooperative mechanism decision model
considering a cost-benefit sharing contract was designed [44]. Balan et al. provided guidance for the
design of a low-carbon supply chain by modeling the overall carbon emissions of the supply chain [45].
Chaabane et al. [46] studied the design of sustainable supply chain under the carbon emission trading
mechanism. Mohamad et al. explored the coordination mechanism of a supply chain under the
European Union Emissions Trading Scheme, and established a second-level carbon emission supply
chain model, which provided the possibility of supply chain emission reduction and cost reduction [47].
Shaw et al. studied the low-carbon clothing supply chain and optimized the carbon emission and cost
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of supply chains [48]. Tao et al. investigated optimal inventory control and supply chain coordination
problems under the carbon footprint constraint [49].

Some terms are defined as follows: Supply chain coordination refers to a network consortium
formed by two or more companies through company agreements or joint organizations in order
to achieve certain strategic goals. Green supply chain is a modern management model that
comprehensively considers the environmental impact and resource efficiency in the entire supply
chain—that is, the green supply chain has the smallest negative environmental effect and the highest
resource efficiency. Supply chain contract refers to the collaborative strategy of the upstream and
downstream cooperative enterprises in the same supply chain, which replaces the hierarchical strategy
with a global optimization strategy in the form of contracts to maximize the overall effect of the supply
chain, such as through wholesale price contracts, repurchase contracts, quantity flexible contracts, and
revenue sharing contracts. Closed-loop supply chain refers to the complete supply chain cycle of an
enterprise from purchase to final sale, including the reverse logistics supported by product recovery
and life cycle. It aims to reduce pollution emissions and residual waste.

From previous literature, the theoretical research on low-carbon supply chain management
and coordination mainly focuses on the overall emission reduction and cost optimization or profit
optimization of the supply chain under carbon emission restrictions. This paper considers the impact
of consumer low-carbon awareness on demand in the incorporated supply chain coordination model.

In conclusion, different to the previous literature, this paper studies the impact of retailer
investment on the supply chain in the context of carbon tax and carbon trading policies. Firstly, the
increase in consumers’ awareness of low-carbon is considered, so the low-carbon investment of retailers
will increase consumers’ demand, which is the key factor of this paper’s modeling. We then solve the
model using the Stackelberg game, and finally use numerical analysis to draw graphs to verify the
theoretical research results.

3. Assumption and Explanation of Symbols

Assumption 1. This study considers a bilateral-monopoly two-level supply chain under carbon trading and
carbon tax policies. The manufacturer determines the wholesale price w and emission reduction levelλ(0 ≤ λ < 1)
whereas the retailer determines the retail price p and green level G. In addition, the manufacturer is the leader
of the game. “Green level” is the impact level of the entire production and operation of the enterprise on the
environment and the “green level information” that is transferred from the enterprise to society. “Green level” is
related to the low-carbon investment strategy of the enterprise. In this case, this paper assumes that the retailer’s
low-carbon investment I = ξG2/2, of which ξ is greenness coefficient, and that a large greenness coefficient
means a great need to invest to reach a certain green level. It is common to use the form of quadratic function
to indicate the cost pattern of this kind, which can be seen in examples from the existing literature including
Chintagunta et al., Liu et al. and Zhou et al. [50–52].

Assumption 2. The government charges the manufacturer carbon tax t per unit of carbon emission according
to the actual carbon emission of the manufacturer, and allocates a certain amount of free carbon quotas Eg to
the manufacturer. The manufacturer could buy or sell carbon emission permits in the carbon trading market,
whereas the retailer does not participate in carbon emission reduction or carbon trading, and does not need to pay
carbon tax. The low-carbon supply chain system is shown as Figure 1.
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Figure 1. Low-carbon supply chain system.

Assumption 3. Consumers have low-carbon preference so that both manufacturer’s emission reduction and
retailer’s low-carbon investment would stimulate demand.

Assumption 4. The price of carbon emission permits pe is determined by the carbon trading market and it is an
exogenous variable.

Assumption 5. This model ignores the production cost.

Assumption 6. The manufacturer always reduces emission at first and then buys emission permits from carbon
trading market if it does not come up to the emission reduction standard made by government.

Assumption 7. The low-carbon investment of retailer includes biodegradable packaging and low-carbon
distribution processes.

The major parameters and notations are listed in Table 1 as follows.

Table 1. The major parameters and notations.

Notation Description

a: Market capacity.
b: Price elasticity.
Eg: Free carbon quotas.
w: The wholesale price.
λ: Emission reduction level.
ξ: The greenness coefficient.
Q: Order quantity (market demand).
pe: The price of carbon emission permits.
θ: Consumer’s low-carbon preference level.
γ: Sensitive coefficient of demand on retail price.
η: Emission reduction cost coefficient of the manufacturer.
e: Carbon emission per unit product before emission reduction.
Et: Carbon emission permits that the manufacturer sells or buys in carbon trading market.
t: Carbon tax
G: Green level.

4. Modeling

4.1. The Retailer Does Not Make a Low-Carbon Investment

According to findings in the literature [51,53,54], we assume that the market demand of low-carbon
products is sensitive to consumers’ low-carbon preference and price-influencing demand. It assumes
the market demand as follows:

Q = a− bp + θλe (1)
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Carbon emission permits that the manufacturer should sell or buy in carbon trading market
as follows:

Et = Eg − (1− λ)eQ (2)

Then, the profit of the retailer is calculated as follows:

Πn
r = (p−w)Q (3)

where superscript n represents the situation that the retailer does not make a low-carbon investment.
The profit of the manufacturer is made up of four parts: sales income wQ, manufacturer’s income

or payout related to price of carbon emission rights peEt, emission reduction cost η(λe)2/2, and
expenditure on carbon tax. Thus, the profit of the manufacturer is as follows:

Πn
m = wQ + peEt −

η(λe)2

2
− (1− λ)eQt (4)

Proposition 1. The unique game equilibrium exists so that the profits of the manufacturer and the retailer can

reach the maximum if a− bpee− bte > 0 and η > (bpe+bt+θ)2

4b , and the game equilibrium is as follows:

pn =
(pe + t)(a + θe)(bpe + bt + θ) − η(bepe + bet + 3a)

(bpe + bt + θ)2
− 4bη

, (5)

wn =
(pe + t)(a + θe)(bpe + bt + θ) − 2η(bepe + bet + a)

(bpe + bt + θ)2
− 4bη

, (6)

λn =
−(bpe + bt + θ)(a− bpee− bte)

(bpe + bt + θ)2
− 4bη

. (7)

The profits of the manufacturer and the retailer are calculated as follows:

Πn
r =

bη2(a− bepe − bet)2[
(bpe + bt + θ)2

− 4bη
]2 , (8)

Πn
m =

2peEg
[
(bpe + bt + θ)2

− 4bη
]
− η(a− bepe − bet)2

2
[
(bpe + bt + θ)2

− 4bη
] . (9)

Proof—see Appendix A.

Proposition 2. When the retailer does not make a low-carbon investment, the change laws of the retailer’s profit
Πn

r as emission reduction cost coefficient η, consumer’s low-carbon preference θ, price of carbon emission permits
pe, and carbon tax t change are as follows:

(i) Πn
r decreases in η.

(ii) Πn
r increases in θ.

(iii) If (bpe+bt+θ)2

4b < η <
(bpe+bt+θ)(2a+θe−bepe−bet)

4be , then Πn
r increases in pe. if η > (bpe+bt+θ)(2a+θe−bepe−bet)

4be
, then Πn

r decreases in pe.

(iv) If (bpe+bt+θ)2

4b < η <
(bpe+bt+θ)(2a+θe−bepe−bet)

4be , then Πn
r increases in t. if η > (bpe+bt+θ)(2a+θe−bepe−bet)

4be ,
then Πn

r decreases in t.

Proof—see Appendix A.
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Proposition 3. When the retailer does not make a low-carbon investment, the change laws of the manufacturer’s
profit Πn

m as emission reduction cost coefficient η, consumer’s low-carbon preference θ, free carbon quotas Eg,
price of carbon emission permits pe, and carbon tax t change are as follows:

(i) Πn
m decreases in η.

(ii) Πn
m increases in θ.

(iii) Πn
m increases in Eg.

(iv) If (bpe+bt+θ)2

4b < η <
(bpe+bt+θ)(a+θe)

4be , or η >
(bpe+bt+θ)(a+θe)

4be and Eg >
bη(a−bepe−bet)[4beη−(bpe+bt+θ)(a+θe)]

[(bpe+bt+θ)2
−4bη]

2 , then Πn
m increases in pe. if η >

(bpe+bt+θ)(a+θe)
4be and Eg <

bη(a−bepe−bet)[4beη−(bpe+bt+θ)(a+θe)]

[(bpe+bt+θ)2
−4bη]

2 , then Πn
m decreases in pe.

(v) If (bpe+bt+θ)2

4b < η <
(bpe+bt+θ)(a+θe)

4be , then Πn
m increases in t. if η > (bpe+bt+θ)(a+θe)

4be , then Πn
m decreases

in t.

Proof—see Appendix A.

According to Propositions 2 and 3, the following corollaries are obtained:

Corollary 1. The profits of manufacturers and retailers decrease with the increasing manufacturer’s emission
reduction cost coefficient, suggesting that the retailer’s profit is relevant to the manufacturer’s carbon emission
reduction behavior. Hence, the cooperation between retailers and manufacturers can decrease the emission
reduction cost coefficient. This decrease is beneficial for the manufacturer and the retailer, and it will provide a
theoretical basis for cooperation to reduce emissions.

Corollary 2. The profits of manufacturers and retailers increase with the increase in consumers’ low-carbon
preference. Thus, the manufacturer and the retailer should make efforts towards energy conservation, emission
reduction, and low-carbon investment.

Corollary 3. Carbon tax and carbon emission permit price indirectly affect the retailer’s profit by affecting the
emission reduction behavior of the manufacturer. When the manufacturer’s carbon emission reduction in cost
coefficient is relatively low, the retailer’s profit increases as the prices of carbon emission rights and carbon tax
increase, because increasing the prices of carbon emission permits and carbon tax can effectively promote the
emission reduction behavior of the manufacturer. When the manufacturer’s carbon emission reduction in cost
coefficient is relatively high, the retailer’s profits decrease with the increasing price of carbon emission permits
and carbon tax, because increasing the carbon emission permits price and carbon tax cannot effectively promote
the emission reduction behavior of the manufacturer. Hence, manufacturers are reluctant to invest in carbon
reduction because the cost of carbon reduction to the manufacturer is too high. Increasing the emission reduction
cost makes manufacturers transfer a part of its cost to the retailer by increasing the wholesale price.

Corollary 4. The carbon tax and carbon emission permits price directly affect the profit of the manufacturer;
however, because the manufacturer can obtain a free carbon allowance from the government, when the carbon
emission reduction in cost coefficient is high, and as long as the free carbon allowance is large, the profit of the
manufacturer will increase as the carbon emission permit price increases.

4.2. Retailer Makes a Low-Carbon Investment

The increase in consumers’ awareness of low-carbon is considered, so the low-carbon investment
of retailers will increase consumers’ demand, and the market demand is assumed as follows:

Q′ = a− bp + θλe + γG (10)
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Carbon emission permits that the manufacturer should sell or buy in the carbon trading market
are illustrated follows:

E′t = Eg − (1− λ)eQ′ (11)

This time, the retailer has low-carbon investment ξG2

2 . Thus, its profit is calculated as follows:

Πa
r = (p−w)Q′ −

ξG2

2
(12)

The profit of the manufacturer is shown as follows:

Πa
m = wQ′ + peE′t −

η(λe)2

2
− (1− λ)eQ′t (13)

Proposition 4. The unique game equilibrium exists so that the profits of the two could reach the maximum, if

a− bpee− bte > 0, η > (bpe+bt+θ)2

4b , and ξ > 2ηγ2

4bη−(bpe+bt+θ)2 , and the game equilibrium is as follows:

pa =
bξ[(pe + t)(a + θe)(bpe + bt + θ) − η(bepe + bet + 3a)] + ηγ2(bepe + bet + a)

b
{[
(bpe + bt + θ)2

− 4bη
]
ξ+ 2ηγ2

} , (14)

Ga =
ηγ(bepe + bet− a)[

(bpe + bt + θ)2
− 4bη

]
ξ+ 2ηγ2

, (15)

wa =
bξ[(pe + t)(a + θe)(bpe + bt + θ) − 2η(bepe + bet + a)] + ηγ2(bepe + bet + a)

b
{[
(bpe + bt + θ)2

− 4bη
]
ξ+ 2ηγ2

} , (16)

λa =
ξ(bpe + bt + θ)(bepe + bet− a)

e
{[
(bpe + bt + θ)2

− 4bη
]
ξ+ 2ηγ2

} (17)

In addition, the profits of the two are as follows:

Πa
r =

ξη2(a− bepe − bet)2(2bξ− γ2)

2
{[
(bpe + bt + θ)2

− 4bη
]
ξ+ 2ηγ2

}2 , (18)

Πa
m =

2peEg
{[
(bpe + bt + θ)2

− 4bη
]
ξ+ 2ηγ2

}
− ξη(a− bepe − bet)2[

(bpe + bt + θ)2
− 4bη

]
ξ+ 2ηγ2

. (19)

Proof—see Appendix A.

Proposition 5. When the retailer makes a low-carbon investment, the change laws of retailer’s profit Πa
r as

green level coefficient ξ, emission reduction cost coefficient η, consumer’s low-carbon preference θ, price of carbon
emission rights pe, and carbon tax t change are as follows:

(i) Πa
r decreases in ξ.

(ii) Πa
r decreases in η.

(iii) Πa
r increases in θ.

(iv) If (bpe+bt+θ)2

4b < η <
(bpe+bt+θ)(2a+θe−bepe−bet)

4be , or η > (bpe+bt+θ)(2a+θe−bepe−bet)
4be and 2ηγ2

4bη−(bpe+bt+θ)2 <

ξ <
2eηγ2

4beη−(bpe+bt+θ)(2a+θe−bepe−bet) , then Πa
r increases in pe. If η >

(bpe+bt+θ)(2a+θe−bepe−bet)
4be and

ξ >
2eηγ2

4beη−(bpe+bt+θ)(2a+θe−bepe−bet) , then Πa
r decreases in pe.
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(v) If (bpe+bt+θ)2

4b < η <
(bpe+bt+θ)(2a+θe−bepe−bet)

4be , or η > (bpe+bt+θ)(2a+θe−bepe−bet)
4be and 2ηγ2

4bη−(bpe+bt+θ)2 <

ξ <
2eηγ2

4beη−(bpe+bt+θ)(2a+θe−bepe−bet) , the Πa
r increases in t. If η > (bpe+bt+θ)(2a+θe−bepe−bet)

4be and ξ >
2eηγ2

4beη−(bpe+bt+θ)(2a+θe−bepe−bet) , then Πa
r decreases in t.

Proof—see Appendix A.

Proposition 6. When the retailer makes a low-carbon investment, the change laws of manufacturer’s profit Πa
m

as emission reduction cost coefficient η, consumer’s low-carbon preference θ, free carbon quotas Eg, emission
permits price pe, and carbon tax t change are as follows:

(i) Πa
m decreases in η.

(ii) Πa
m increases in θ.

(iii) Πa
m increases in Eg.

(iv) If (bpe+bt+θ)2

4b < η <
(bpe+bt+θ)(a+θe)

4be , or η >
(bpe+bt+θ)(a+θe)

4be and 2ηγ2

4bη−(bpe+bt+θ)2 <

ξ <
2eηγ2

4beη−(bpe+bt+θ)(a+θe) , or η >
(bpe+bt+θ)(a+θe)

4be , ξ >
2eηγ2

4beη−(bpe+bt+θ)(a+θe) and Eg >

bξη(a−bepe−bet){[4beη−(bpe+bt+θ)(a+θe)]−2eηγ2}{
[(bpe+bt+θ)2

−4bη]ξ+2ηγ2
}2 , then Πa

m increases in pe, if η >
(bpe+bt+θ)(a+θe)

4be , ξ >

2eηγ2

4beη−(bpe+bt+θ)(a+θe) and Eg <
bξη(a−bepe−bet){[4beη−(bpe+bt+θ)(a+θe)]−2eηγ2}{

[(bpe+bt+θ)2
−4bη]ξ+2ηγ2

}2 , then Πa
m decreases in pe.

(v) If (bpe+bt+θ)2

4b < η <
(bpe+bt+θ)(a+θe)

4be , or η >
(bpe+bt+θ)(a+θe)

4be and 2ηγ2

4bη−(bpe+bt+θ)2 < ξ <

2eηγ2

4beη−(bpe+bt+θ)(a+θe) , then Πa
m increases in t; if η > (bpe+bt+θ)(a+θe)

4be and ξ > 2eηγ2

4beη−(bpe+bt+θ)(a+θe) , then
Πa

m decreases in t.

Proof—see Appendix A.
According to Propositions 5 and 6, the following corollaries are obtained:

Corollary 5. Following the retailer’s low-carbon investment, the cost coefficient, low-carbon consumer preferences
and government free carbon quotas on the influence of the retailer’s and manufacturer’s profits trends remain
the same. Moreover, the profits of retailers and manufacturers decrease with the increase in the emission
reduction cost coefficient. The profits of manufacturers and retailers increase with the increase in the consumer’s
low-carbon preference. Furthermore, the manufacturer’s profit increases with the increase in the government free
carbon quota.

Corollary 6. The greenness coefficient can adjust the impact of carbon tax and carbon emission permit price on
the profits of manufacturers and retailers. Previously, the retailer has not carried out low-carbon investment, and
the profits of manufacturers and retailers have been negatively correlated with the carbon tax and carbon emission
permits price. After the low-carbon investment, when the greenness coefficient is low, the profits of manufacturers
and retailers can be positively correlated with the carbon tax and carbon emission price. This condition indicates
that under existing carbon tax and carbon trading policies, when the green factor is low, retailers are then willing
to invest in low-carbon; hence, the retailer’s low-carbon investment will have a huge impact on the entire supply
chain, thus causing different changes for the entire supply chain.

Proposition 7. When carbon trading and carbon tax coexist and the game equilibrium exists, low-carbon
investment is good for retailers and manufacturers. Hence, Πa

m > Πn
m and Πa

r > Πn
r .
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Proof. When the game equilibrium exists, regardless of whether the retailer makes a low-carbon

investment or not, there are a− bpee− bte > 0, η > (bpe+bt+θ)2

4b , and ξ > 2ηγ2

4bη−(bpe+bt+θ)2 . Before and after
the low-carbon investment, the profits margins of the two are.

∆Πm = Πa
m −Πn

m =
γ2η2(a− bepe − bet)2

[(bpe + bt + θ)2 − 4bη]
{
[(bpe + bt + θ)2 − 4bη]ξ+ 2ηγ2}

and ∆Πr = Πa
r −Πn

r = −
γ2η2(a−bepe−bet)2

{
ξ[(bpe+bt+θ)4

−(4bη)2]+8bγ2η2
}

2[(bpe+bt+θ)2
−4bη]

2{
[(bpe+bt+θ)2

−4bη]ξ+2ηγ2
}2 , respectively. The known conditions

can deduce that ∆Πm > 0 and (bpe + bt + θ)4
− (4bη)2 < 0, and given that 2ηγ2

4bη−(bpe+bt+θ)2 −

8bγ2η2

(4bη)2
−(bpe+bt+θ)4 =

2ηγ2(bpe+bt+θ)2

(4bη)2
−(bpe+bt+θ)4 > 0, there is ∆Πr > 0 when ξ > 2ηγ2

4bη−(bpe+bt+θ) . �

According to Proposition 7, the following corollaries are obtained:

Corollary 7. When carbon trading and carbon tax coexist, and the game equilibrium exists regardless of whether
or not the retailer makes low-carbon investments, the retailer’s low-carbon investment will increase the profits of
manufacturers and retailers. Therefore, the retailer should make low-carbon investments.

Corollary 8. When carbon trading and taxes coexist, the manufacturer reduces carbon emissions; at the same
time, and the retailers’ low-carbon investment will be a win–win situation. Moreover, the retailers’ low-carbon
investment will have a positive impact on the social environment.

Under carbon tax and carbon trading policies, the supply chain has a double marginal effect when
the retailer makes a low-carbon investment and the manufacturer reduces carbon emissions. Moreover,
decentralized decision making will decrease the low-carbon investment level and carbon emission
reduction level to lower than the overall optimal level. Therefore, the supply chain coordination
problem for retailers to make low-carbon investment will be discussed.

4.3. Coordination of Supply Chain When the Retailer Makes a Low-Carbon Investment

4.3.1. Centralized Decision of Supply Chain

The total profit of supply chain is as follows:

Πc = pQ′ −
ξG2

2
+ peE′t −

η(λe)2

2
− (1− λ)eQ′t. (20)

Proposition 8. The unique game equilibrium exists so that the total profit of supply chain can reach the

maximum if a− bpee− bte > 0, η > (bpe+bt+θ)2

4b and ξ > ηγ2

2bη−(bpe+bt+θ) , and the game equilibrium is as follows:

GC =
ηγ(bepe + bet− a)[

(bpe + bt + θ)2
− 2bη

]
ξ+ ηγ2

, (21)

λC =
ξ(bpe + bt + θ)(bepe + bet− a)

e
{[
(bpe + bt + θ)2

− 2bη
]
ξ+ ηγ2

} , (22)

pC =
ξ[(pe + t)(a + θe)(bpe + bt + θ) − η(bλpe + bet + a)] + eηγ2(pe + t)[

(bpe + bt + θ)2
− 2bη

]
ξ+ ηγ2

. (23)
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The total profit of supply chain is as follows:

ΠC
c =

2peEg
{[
(bpe + bt + θ)2

− 2bη
]
ξ+ ηγ2

}
− ξη(a− bepe − bet)2

2
{[
(bpe + bt + θ)2

− 2bη
]
ξ+ ηγ2

} (24)

4.3.2. Centralized Decision of Supply Chain

It was found that two-part tariff and cost-sharing contracts cannot coordinate the supply chain
when it contains manufacturer-quality and retailer-marketing efforts, and those efforts would increase
demand [55]. Our model is similar to their model to a certain extent, in that the manufacturer invests
in emission reductions for products, the retailer invests in low-carbon construction, and both sides
increase demand. However, this study simultaneously involves carbon trading and carbon tax. Thus,
the supply chain operations would be complex. This condition can prove that traditional contracts,
such as two-part tariff and cost-sharing, will not be able to coordinate the supply chain studied in
this work. Therefore, a novel contract is designed in this paper to coordinate the supply chain when
the retailer makes a low-carbon investment under existing carbon tax and carbon trading policies.
The sum of the profits of the two parties is equal to the profits when the decision-making situation
is concentrated. The design idea of the contract is to let the manufacturers and retailers carry out
comprehensive revenue sharing and cost sharing, which is called a comprehensive shared contract.
The specific design is as follows:

The manufacturer sets the wholesale price β1p and shares a part of low-carbon investment β2
ξG2

2

of the retailer. Meanwhile, the retailer shares a part of the emission reduction cost β3
η(λe)2

2 and carbon
tax β4(1− λ)eQ′t and shares a part of the revenue or cost β5peEt related to emission permits. Under
this contract, the profits of the retailer and manufacturer are shown as follows:

Πr = (1− β1)pQ′ − (1− β2)
ξG2

2
− β3

η(λe)2

2
− β4(1− λ)eQ′t + β5peEt, (25)

Πm = β1pQ′ − β2
ξG2

2
− (1− β3)

η(λe)2

2
− (1− β4)(1− λ)eQ′t + (1− β5)peEt. (26)

Proposition 9. The supply chain could be coordinated when β1 = β2, β3 = β4 = β5 = 1 − β1 and
Πa

m
ΠC

c
≤ β1 ≤

ΠC
c −Πa

r
ΠC

c
.

Proof of Proposition 9. When β1 = β2 and β3 = β4 = β5 = 1 − β1, the profits of the retailer and
manufacturer are as follows:

Πr = (1− β1)

pQ′ −
ξG2

2
+ peE′t −

η(λe)2

2
− (1− λ)eQ′t

, (27)

Πm = β1

pQ′ −
ξG2

2
+ peE′t −

η(λe)2

2
− (1− λ)eQ′t

. (28)

The game between the retailer and the manufacturer is a Stackelberg game. Thus, an inverse
solution is adopted.

Substituting Equations (10) and (11) into Equation (27), Equation (29) could be obtained:

Πr = (1− β1)

(a− bp + θλ+ γG)[p− e(1− λ)(t + pe)] + peEg −
η(λe)2

2
−
ξG2

2

 (29)
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Taking the first derivative of Equation (29) with respect to p and G, Equation (30) and (31) could
be obtained:

∂Πr

∂p
= (1− β1)

{
(a− bp + θλ+ γG) − b[p− e(1− λ)(t + pe)]

}
, (30)

∂Πr

∂G
= (1− β1)

{
γ[p− e(1− λ)(t + pe)] − ξG

}
. (31)

In addition, the Hessian matrix is: ∂2Πr
∂p2

∂2Πr
∂p∂G

∂2Πr
∂G∂p

∂2Πr
∂G2

 =
[
−2b(1− β1) γ(1− β1)

γ(1− β1) −ξ(1− β1)

]
.

The matrix needs to be negatively definite. Thus, there is ξ >
γ2

2b maximum of Πr exists.
From ∂Πr

∂p = 0 and ∂Πr
∂G = 0, Equations (32) and (33) could be obtains:

p =
ξ(a + θeλ+ bte + bpee− bλpee− bλte) − eγ2(1− λ)(pe + t)

2bξ− γ2 , (32)

G =
d(a + θeλ+ bte + bpee− bλpee− bλte)

2bξ− γ2 . (33)

Substituting Equations (10), (11), (32) and (33) into Equation (28) and taking the first derivative of
Πm with respect to λ, Equation (34) could be obtained:

∂Πm

∂λ
= β1e

λe
{
[
(
bpe + bt + θ)2

− 2bη
]
ξ+ ηγ2

}
+ ξ(bpe + bt + θ)(a− bepe − bet)

2bξ− γ2 (34)

From ∂2Πm
∂λ2 < 0, ξ > ηγ2

2bη−(bpe+bt+θ) can be obtained. Then, the maximum of Πm exists. In addition,

from ∂Πm
∂λ = 0, λ∗ = ξ(bpe+bt+θ)(bepe+bet−a)

e[(bpe+bt+θ)2−2bη]ξ+ηγ2 can be obtained. Substituting λ∗ into Equations (32) and
(33),

p∗ = ξ[(pe+t)(a+θe)(bpe+bt+θ)−η(bepe+bet+a)]+eηγ2(pe+t)

[(bpe+bt+θ)2
−2bη]ξ+ηγ2

and G∗ = ηγ(bepe+bet−a)

[(bpe+bt+θ)2
−2bη]ξ+ηγ2

can be obtained.

Thus, there are p∗ = pC, G∗ = GC, and λ∗ = λC.
Substituting p∗, G∗ and λ∗ into the profits functions of the retailer and manufacturer, Π∗m = β1ΠC

c
and Π∗r = (1− β1)ΠC

c can be obtained. By this time, there is Π∗m + Π∗r = ΠC
c . In other words, the supply

chain is coordinated.
In addition, this contract has to meet the participation constraint of the retailer and manufacturer.

Then, Π∗m ≥ Πa
m and Π∗r ≥ Πa

r must be met. Solving these equations, Πa
m

ΠC
c
≤ β1 ≤

ΠC
c −Πa

r
ΠC

c
can be obtained.

�

Proposition 10. Through coordination by comprehensive sharing contract, the manufacturer would increase in
emission reduction level, and the retailer would increase in low-carbon investment level.

Proof of Proposition 10. ∆λ = λ∗ − λa =
ηξ(2bξ−γ2)(bpe+bt+θ)(a−bepe−bet)

e
{
[(bpe+bt+θ)2

−2bη]ξ+ηγ2
}{
[(bpe+bt+θ)2

−4bη]ξ+2ηγ2
} , ∆G = G∗ −

Ga =
η2γ(2bξ−γ2)(a−bepe−bet){

[(bpe+bt+θ)2
−2bη]ξ+ηγ2

}{
[(bpe+bt+θ)2

−4bη]ξ+2ηγ2
} , and there are a− bpee− bte > 0, η > (bpe+bt+θ)2

4b , and

ξ >
ηγ2

bη−(bpe+bt+θ) . Therefore, ∆λ > 0 and ∆G > 0. �

According to Propositions 8–10, the following corollary is obtained:
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Corollary 8. In the current low-carbon economy, an enterprise should deepen the cooperation with its upstream
and downstream enterprises if it wants to increase in profits. Complete revenue sharing and cost sharing could
reduce double marginalization to a maximum degree, and increase in the profits for the enterprise and even the
entire supply chain. This kind of cooperation could increase in the manufacturer’s emission reduction and the
retailer’s low-carbon investment level. Thus, this contract not only has economic benefits but also has social
environment benefits. It is good for the environment and economic of sustainable development.

5. Numerical Analysis

To analyze the impact of carbon emission reduction coefficient, consumers’ low-carbon preference
level, green degree, carbon emission trading price, and carbon tax on the profits of manufacturers
and retailers and emission reduction level of the manufacturer, some numerical examples are given
below to illustrate the results of this study. Based on all the constraints of the model, a− bpee− bte > 0,

η >
(bpe+bt+θ)2

4b and ξ > 2ηγ2

4bη−(bpe+bt+θ) .
Let a = 10(or20), b = 0.5, θ = 0.5, e = 1, pe = 10(or5), t = 0.5, Eg = 10(or5), η = 100, γ = 0.5.

5.1. Retailer Does Not Make a Low-Carbon Investment

(1) The figure is drawn by numerical analysis. It is found that as shown in Figures 2 and 3, increasing
the carbon emission permits price and carbon tax can increase the retailer’s profit when the
cost coefficient of carbon emission reduction is low. However, when the cost coefficient of
carbon emission reduction is high, increasing the carbon emission permits price and carbon tax
can decrease the retailer’s profit. These observations suggest that the retailer’s profit and the
manufacturer’s carbon aemission reduction behavior are relevant. Hence, cooperation between
retailers and manufacturers can lower the emission reduction cost coefficient, and thus benefit
manufacturers and retailers in providing the theoretical basis that cooperation reduces emissions.
Proposition 2 of (iii) and (iv) is thus verified.
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(2) The figure is drawn by numerical analysis. It is found that Figure 4 demonstrates that when
the cost coefficient of carbon emissions reduction is low, or when the carbon emission reduction
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cost coefficient is high and the free carbon quota of the government is high enough, the carbon
emission permits price promotes carbon emission reduction by the manufacturer. Proposition 3 of
(iv) is thus verified. Figure 5 shows that under case 1, when the cost coefficient of carbon emissions
reduction is low, the carbon tax can promote carbon emission reduction by the manufacturer.
Proposition 3 of (v) is thus verified.
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(2) The figure is drawn by numerical analysis. It is found that Figure 7 demonstrates that under case
2, when the cost coefficient of carbon emission reduction is low, or when the carbon emission
reduction cost coefficient is high and green level coefficient is low, increasing the carbon tax can
increase the retailer’s profit. Moreover, when the cost coefficient of carbon emission reduction is
high and the green level coefficient is high, increasing carbon tax decreases the retailer’s profit.
Proposition 5 of (v) is thus verified.
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(3) The figure is drawn by numerical analysis. It is found that Figure 8a,b demonstrate that under
case 2, when the cost coefficient of carbon emission reduction is low, or when the cost coefficient
of carbon emission reduction cost is high and the green level coefficient is low, or when the cost
coefficient of carbon emission reduction is high, the green level coefficient is high and the free
carbon quota of the government is high, the carbon emission permits price can increase the profit
of manufacturers. Moreover, when the cost coefficient of carbon emission reduction is high and
the green level coefficient is high, increasing the carbon emission permits price can decrease the
profit of manufacturers. Proposition 6 of (iv) is thus verified.
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(4) The figure is drawn by numerical analysis. It is found that Figure 9 demonstrates that under case
2, when the cost coefficient of carbon emission reduction is low, or when the carbon emission
reduction cost coefficient is high and the green level coefficient is low, increasing the carbon tax
can increase the profit of manufacturers. Moreover, when the cost coefficient of carbon emission
reduction is high and the green level coefficient is high, increasing the carbon tax can decrease the
profit of the manufacturer. Proposition 6 of (iv) is thus verified.
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6. Discussion

After numerical analysis, some conclusions are as follows:
When the emission reduction cost coefficient of the manufacturer is relatively low, the manufacturer

is willing to reduce carbon emissions. Increasing the carbon tax and carbon emission permits price can
effectively promote the emission reduction behavior of the manufacturer. Previous literature has also
demonstrated that a carbon tax can reduce carbon emissions [4,5,9,56]. Thus, the profit of the retailer
increases with the increase in carbon tax and carbon emission permits price. When emission reduction
cost coefficient is relatively high, the manufacturer may be not willing to reduce carbon emissions.
In addition, increasing the carbon tax and carbon emission permits price cannot effectively promote
the emission reduction behavior of the manufacturer; moreover, the profit of the retailer decreases
as the carbon tax and carbon emission permits price increase, because when emission reduction cost
coefficient is high, the manufacturer will pass on a part of the cost to the retailer by increasing the
wholesale price. This effect is due to the increase in emission reduction cost coefficient, which decreases
the profit of the retailer. It is clear that the investment coefficient of carbon reduction is a major obstacle
to increasing the rate of carbon reduction as well as supply chain profit. To address this issue, the
supply chain should give thought to utilizing external expertise in carbon reduction to take advantage
of the appropriate technology. Shabbir et al. and Yadoo et al. have investigated using carbon reduction
technology to reduce carbon emissions [57,58].

The greenness coefficient can adjust the impact of carbon tax and carbon emission price on
the profits of manufacturers and retailers. When the retailers make low-carbon investments, the
profits of manufacturers and retailers are negatively correlated with carbon tax and carbon emission
price. When the retailers make low-carbon investments and greenness coefficient is low, the profit
of manufacturers and retailers is positively correlated with carbon tax and carbon emission price.
When the greenness coefficient is low, as consumers become increasingly aware of low-carbon, the
retailers are willing to make low-carbon investments, and the low-carbon investment of retailers greatly
affects the entire supply chain and causes different changes. Yang et al. and Bai et al. highlight the
importance of low-carbon environmental awareness to the supply chain [59,60].

7. Conclusions

The purpose of this paper is to explore the impact of retailers’ low-carbon investment on
the supply chain in the context of carbon tax and carbon trading policies. Firstly, the increase in
consumers’ awareness of low-carbon is considered, so the low-carbon investment of retailers will
increase consumers’ demand, which is a key factor of this paper’s modeling. Based on this framework,
we study two cases to explore the impact of retailers’ low-carbon investment on the supply chain:
(i) The retailer does not make a low-carbon investment. (ii) The retailer makes a low-carbon investment.
After deriving the equilibrium solutions for two cases, we obtain novel insights into the equilibrium
with respect to retailers’ low-carbon investment. Firstly, through comparative analysis, it can be seen
that the profits of both sides of retailers are higher when they make low-carbon investments than when
they do not make low-carbon investments. Therefore, under the policies of carbon trading and carbon
tax, the low-carbon investment of retailers is very beneficial to the supply chain. Firstly, through
comparative analysis, it can be seen that when the retailer makes low-carbon investments, the profits of
retailer and manufacturer are higher than their profits when they do not make low-carbon investments.
Therefore, under the policies of carbon trading and carbon tax, the low-carbon investment of retailers
is very beneficial to the supply chain. It is found that the greenness coefficient will adjust the impact
of carbon tax and carbon trading price on the profits of retailers and manufacturers. So when the
greenness coefficient of retailers and emission reduction cost coefficient of manufacturers are high, the
government should implement a series of policies to reduce the emission reduction cost coefficient of
the manufacturer and greenness coefficient of the retailer so that it increases the profit of the entire
supply chain and makes the manufacturer reduce carbon emissions for environmental benefit. At
last, we design a supply chain coordination of comprehensive sharing contact for the retailers and
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manufacturers; the result shows that this contract has economic and environmental benefits. It is good
for the environment as well as the economy of sustainable development.

In the face of global warming, low-carbon behavior is the responsibility and obligation for every
country, every company, and every consumer. As consumers’ awareness of low-carbon environmental
protection increases, consumers increase demand for low-carbon products and enhance the recognition
of low-carbon concept of enterprises. Through the analysis of this paper, we have obtained the above
conclusions. We provide some suggestions and management implications for the government and
enterprises as follows:

7.1. Government Optimal Policy

In summary, the government should make some policies for manufacturers and retailers, on
the one hand, using carbon tax and carbon trading policies to promote manufacturers to reduce
emissions; on the other hand, subsidies can be made when the green cost coefficient of retailers
is high, and the government can encourage the retailer to invest in low-carbon. When the carbon
emission reduction cost coefficient is high, the government encourages manufacturers to exploit new
low-cost carbon emission reduction technologies with some incentives or preferential policies for
manufacturers. The government is a promoter of low-carbon technology innovation. Policy incentives
and support have an irreplaceable role in promoting low-carbon technology innovation and commercial
application. The government should formulate some preferential policies and protective measures
for enterprises developing low-carbon technologies, such as the government’s tax deduction policy
for enterprises developing low-carbon technologies, the government can invest in demonstration
projects for low-carbon technology development, and implement intellectual property protection.
The government can use tax deduction policy or subsidies to encourage manufacturers and retailers
to utilize low-carbon technologies. Carbon emission reduction subsidies are provided for these
manufacturers with the high cost of emission reduction, such as subsidies for the construction and
renovation of environmental protection facilities and replacement of emission reduction equipment.

7.2. Management Implications for the Manufacturer Enterprise

In a low-carbon economic environment, consumers ‘low-carbon preference is the compass of
production and development of enterprises. In order to meet consumers’ low-carbon preference need,
enterprises develop and produce low-carbon environmentally friendly products, and strive to reduce
carbon dioxide emissions from the production line to establish enterprises low-carbon concept image.
The logo on the product indicates the low-carbon concept, reminds consumers to pay attention to the
low-carbon and environmental protection issues in the use process, to guide consumers to low-carbon
consumption behavior, so as to better establish the low-carbon concept of enterprises and attract more
consumers to buy products. In the stage of product discarding and recycling, recycling is adopted, so
that the company truly implements the low-carbon concept, and lays a foundation for the sustainable
development of enterprises.

7.3. Management Implications for the Retail Enterprise

Through the analysis of this paper, it can be concluded that retailers’ low-carbon investment
behavior can affect the whole supply chain, because retailers are the closest to consumers, and retailers
gain a better understanding of consumers’ low-carbon preference compared with manufacturers.
Meanwhile, retailers’ low-carbon investments will also affect consumers’ choices. Retailers should
implement low-carbon measures in the provision of goods and services, commodity distribution,
store facilities, store operation and waste disposal, so as to establish a good enterprise low-carbon
concept and attract more consumers. For instance, store equipment should be energy-saving and
low-carbon, and waste should be dealt with and reused in a low-carbon way. The retail enterprises
carry out low-carbon distribution based on the application of new technologies and deliver low-carbon
concepts. The retail enterprises strengthen the linkage and cooperation with manufacturers to build a



Sustainability 2020, 12, 3597 20 of 27

true low-carbon supply chain. The retail enterprises deliver low-carbon concepts to consumers and
guide consumers to low-carbon behavior, and, in turn, win more consumers.

7.4. Future Research Direction

Further research can be conducted in the future. Firstly, this study only considers a two-stage
supply chain consisting of manufacturers and retailers. Future work should consider a multistage
complex supply chain with multiple manufacturers and retailers. Secondly, future research can add
competitive factors in supply chain.
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Appendix A

Proof of Proposition 1. The game between the retailer and the manufacturer is a Stackelberg game, so
we adopt an inverse solution.

Substituting Equation (1) into Equation (3), the profit of the retailer can be obtained:

Πr = (p−w)(a− bp + θλe). (A1)

Taking the first derivative of Πr with respect to p, it can be obtained:

dΠr

dp
= θλe− 2bp + bw + a. (A2)

Afterwards, there is d2Πr
dp2 = −2b < 0, so when dΠr

dp = 0, the profit of the retailer reaches the
maximum, and it can be obtained:

p =
θeλ+ bw + a

2b
. (A3)

Substituting Equations (1), (2) and (A2) into Equation (4), the profit of the manufacturer can
be obtained:

Πm =
θeλ− bw + a

2
[w− e(1− λ)(t + pe)] + peEg −

η(λe)2

2
. (A4)

Taking the first derivative of Πm with respect to λ and w we obtain:

∂Πm

∂w
=
θeλ− 2bw + a + eb(1− λ)(pe + t)

2
, (A5)

∂Πm

∂λ
=
θe
2
[w− e(1− λ)(t + pe)] + e(t + pe)

θeλ− bw + a
2

− ηλe2, (A6)

and the Hessian matrix is: ∂2Πm
∂w2

∂2Πm
∂w∂λ

∂2Πm
∂λ∂w

∂2Πm
∂λ2

 =
 −b e(θ−bpe−bt)

2
e(θ−bpe−bt)

2 e2(θpe + θt− η)

.
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The matrix needs to be negative definite, so there is η > (bpe+bt+θ)2

4b , and then the maximum of Πm

exists. From ∂Πm
∂w = 0 and ∂Πm

∂λ = 0, it can be obtained:

wn =
(pe + t)(a + θe)(bpe + bt + θ) − 2η(bepe + bet + a)

(bpe + bt + θ)2
− 4bη

andλn =
−(bpe + bt + θ)(a− bpee− bte)

(bpe + bt + θ)2
− 4bη

, and

substituting them into Equation (A2), we obtain: pn =
(pe+t)(a+θe)(bpe+bt+θ)−η(bepe+bet+3a)

(bpe+bt+θ)2
−4bη

.

Substituting wn, λn, and pn into Equation (A1) and (A4), we obtain:

Πn
r =

bη2(a− bepe − bet)2[
(bpe + bt + θ)2

− 4bη
]2 and Πn

m =
2peEg

[
(bpe + bt + θ)2

− 4bη
]
− η(a− bepe − bet)2

2
[
(bpe + bt + θ)2

− 4bη
]
.

Substituting λn and pn into Equation (1), we obtain Qn =
−bη(a−bepe−bet)
(bpe+bt+θ)2

−4bη
, and we deduce from

Qn > 0 that a− bpee− bte > 0. �

Proof of Proposition 2. There are a− bpee− bte > 0, η > (bpe+bt+θ)2

4b .

(1) ∂Πn
r

∂η =
2bη(a−bepe−bet)2(bpe+bt+θ)2

[(bpe+bt+θ)2
−4bη]

3 , so there are ∂Πn
r

∂η < 0 and Πn
r decreases in η.

(2) ∂Πn
r

∂θ = −
4bη2(bpe+bt+θ)(a−bepe−bet)2

[(bpe+bt+θ)2
−4bη]

3 , so there are ∂Πn
r

∂θ > 0 and Πn
r increases in θ.

(3) ∂Πn
r

∂pe
= −

2b2η2(a−bepe−bet)[(bpe+bt+θ)(2a+θe−bepe−bet)−4beη]

[(bpe+bt+θ)2
−4bη]

3 , and (bpe+bt+θ)(2a+θe−bepe−bet)
4be −

(bpe+bt+θ)2

4b =

(bpe+bt+θ)(a−bepe−bet)
2be > 0, so when (bpe+bt+θ)2

4b < η <
(bpe+bt+θ)(2a+θe−bepe−bet)

4be , there are ∂Πn
r

∂pe
> 0 and

Πn
r increases in pe. When η > (bpe+bt+θ)(2a+θe−bepe−bet)

4be , there is ∂Πn
r

∂pe
< 0, and Πn

r decreases in pe.

(4) ∂Πn
r

∂t = −
2b2η2(a−bepe−bet)[(bpe+bt+θ)(2a+θe−bepe−bet)−4beη]

[(bpe+bt+θ)2
−4bη]

3 =
∂Πn

r
∂pe

, so when (bpe+bt+θ)2

4b < η <

(bpe+bt+θ)(2a+θe−bepe−bet)
4be , there are ∂Πn

r
∂t > 0 and Πn

r increases in t. When η >
(bpe+bt+θ)(2a+θe−bepe−bet)

4be , there are ∂Πn
r

∂t < 0 and Πn
r decreases in t.

�

Proof of Proposition 3. There are a− bpee− bte > 0, η > (bpe+bt+θ)2

4b .

(1) ∂Πn
m

∂η = −
(bpe+bt+θ)2(a−bepe−bet)2

2[(bpe+bt+θ)2
−4bη]

2 < 0, so Πn
m decreases in η.

(2) ∂Πn
m

∂θ =
η(bpe+bt+θ)(a−bepe−bet)2

[(bpe+bt+θ)2
−4bη]

2 > 0, so Πn
m increases in θ.

(3) ∂Πn
m

∂Eg
= pe > 0, so Πn

m increases in Eg.

(4) ∂Πn
m

∂pe
= Eg −

bη(a−bepe−bet)[4beη−(bpe+bt+θ)(a+θe)]

[(bpe+bt+θ)2
−4bη]

2 , and (bpe+bt+θ)(a+θe)
4be −

(bpe+bt+θ)2

4b =

(bpe+bt+θ)(a−bepe−bet)
4be > 0, so when (bpe+bt+θ)2

4b < η <
(bpe+bt+θ)(a+θe)

4be , ∂Πn
m

∂pe
> 0 is always

held, while when η > (bpe+bt+θ)(a+θe)
4be and Eg >

bη(a−bepe−bet)[4beη−(bpe+bt+θ)(a+θe)]

[(bpe+bt+θ)2
−4bη]

2 , there is ∂Πn
m

∂pe
> 0.

When η > (bpe+bt+θ)(a+θe)
4be and Eg <

bη(a−bepe−bet)[4beη−(bpe+bt+θ)(a+θe)]

[(bpe+bt+θ)2
−4bη]

2 , there is ∂Πn
m

∂pe
< 0.

(5) ∂Πn
m

∂t = −
bη(a−bepe−bet)[4beη−(bpe+bt+θ)(a+θe)]

[(bpe+bt+θ)2
−4bη]

2 , so when (bpe+bt+θ)2

4b < η <
(bpe+bt+θ)(a+θe)

4be , there is

∂Πn
m

∂t > 0. when η > (bpe+bt+θ)(a+θe)
4be , there is ∂Πn

m
∂t < 0
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�

Proof of Proposition 4. The game between the retailer and the manufacturer is a Stackelberg game, so
we adopt an inverse solution.

Substituting Equation (10) into Equation (11), the profit of the retailer can be obtained:

Πr = (p−w)(a− bp + θλe + γG) −
ξG2

2
. (A7)

Taking the first derivative of Πr with respect to p and G, we obtain:

∂Πr

∂p
= θλe + γG− bp + a− (p−w)b, (A8)

∂Πr

∂G
= (p−w)γ− ξG, (A9)

and the Hessian matrix is:  ∂2Πr
∂p2

∂2Πr
∂p∂G

∂2Πr
∂G∂p

∂2Πr
∂G2

 =
[
−2b γ
γ −ξ

]
.

The matrix needs to be negative definite, so there is ξ > γ2

2b , and then the maximum of Πr exists.
From ∂Πr

∂p = 0 and ∂Πr
∂G = 0, it can be obtained:

p =
ξ(θeλ+ bw + a) − γ2w

2bξ− γ2 , (A10)

G =
γ(θeλ− bw + a)

2bξ− γ2 . (A11)

Substituting Equations (10), (11), (A10) and (A11) into Equation (13), the profits of manufacturer
can be obtained:

Πm =
bξ(θeλ− bw + a)

2bξ− γ2
[w− e(1− λ)(t + pe)] + peEg −

η(λe)2

2
. (A12)

Taking the first derivative of Πm with respect to w and λ, we obtain:

∂Πm

∂w
=

bξ(θeλ− bw + a) − b2ξ[w− e(1− λ)(t + pe)]

2bξ− γ2 , (A13)

∂Πm

∂λ
=
θebξ[w− e(1− λ)(t + pe)] + ebξ(t + pe)(θeλ− bw + a)

2bξ− γ2 − ηλe2, (A14)

and the Hessian matrix is: ∂2Πm
∂w2

∂2Πm
∂w∂λ

∂2Πm
∂λ∂w

∂2Πm
∂λ2

 =
 −

2b2ξ
2bξ−γ2 −

beξ(bpe+bt−θ)
2bξ−γ2

−
beξ(bpe+bt−θ)

2bξ−γ2
e2(2bθξpe+2bθξt−2bηξ+γ2η)

2bξ−γ2

.
According to the preceding proofs, there is η > (bpe+bt+θ)2

4b . It can be deduced from negative

definite of the matrix that ξ >
2ηγ2

4bη−(bpe+bt+θ)2 , and then the maximum of Πm exists. From

∂Πm
∂w = 0 and ∂Πm

∂λ = 0, there are wa =
bξ[(pe+t)(a+θe)(bpe+bt+θ)−2η(bepe+bet+a)]+ηγ2(bepe+bet+a)

b
{
[(bpe+bt+θ)2

−4bη]ξ+2ηγ2
} and
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λa =
ξ(bpe+bt+θ)(bepe+bet−a)

e
{
[(bpe+bt+θ)2

−4bη]ξ+2ηγ2
} . Substituting them into Equation (A10) and (A11), the following can be

obtained: pa =
bξ[(pe+t)(a+θe)(bpe+bt+θ)−η(bepe+bet+3a)]+ηγ2(bepe+bet+a)

b
{
[(bpe+bt+θ)2

−4bη]ξ+2ηγ2
} and Ga =

ηγ(bepe+bet−a)

[(bpe+bt+θ)2
−4bη]ξ+2ηγ2

.

Substituting wa, λa, pa and Ga into Equation (A7) and (A12), we obtain: Πa
r =

ξη2(a−bepe−bet)2(2bξ−γ2)

2
{
[(bpe+bt+θ)2

−4bη]ξ+2ηγ2
}2 and Πa

m =
2peEg

{
[(bpe+bt+θ)2

−4bη]ξ+2ηγ2
}
−ξη(a−bepe−bet)2

[(bpe+bt+θ)2
−4bη]ξ+2ηγ2

.

Substituting λa, pa and Ga into Equation (10), we obtain:

Qa = −
bξη(a−bepe−bet)

[(bpe+bt+θ)2
−4bη]ξ+2ηγ2

. From Qa > 0, there is a− bpee− bte > 0. Since 2ηγ2

4bη−(bpe+bt+θ)2 −
γ2

2b =

γ2(bpe+bt+θ)2

2b[4bη−(bpe+bt+θ)2]
> 0, we choose ξ > 2ηγ2

4bη−(bpe+bt+θ)2 among ξ > γ2

2b and ξ > 2ηγ2

4bη−(bpe+bt+θ)2 . �

Proof of Proposition 5. There are a− bpee− bte > 0, η > (bpe+bt+θ)2

4b and ξ > 2ηγ2

4bη−(bpe+bt+θ)2 .

(1) ∂Πa
r

∂ξ =
γ2η2(a−bepe−bet)2[ξ(b2p2

e+2b2pet+b2t2+2bθpe+2bθt+4bη+θ2)−2ηγ2]

2
{
[(bpe+bt+θ)2

−4bη]ξ+2ηγ2
}3 , and 2ηγ2

4bη−(bpe+bt+θ)2 −

2ηγ2

b2p2
e+2b2pet+b2t2+2bθpe+2bθt+4bη+θ2 =

4ηγ2(bpe+bt+θ)2

[4bη−(bpe+bt+θ)2](b2p2
e+2b2pet+b2t2+2bθpe+2bθt+4bη+θ2)

> 0,

so when ξ >
2ηγ2

4bη−(bpe+bt+θ)2 , ξ(b2p2
e + 2b2pet + b2t2 + 2bθpe + 2bθt + 4bη + θ2) − 2ηγ2 > 0 is

always held, then there is ∂Πa
r

∂ξ < 0, and Πa
r decreases in ξ.

(2) ∂Πa
r

∂η =
ηξ2(2bξ−γ2)(a−bepe−bet)2(bpe+bt+θ)2{

[(bpe+bt+θ)2
−4bη]ξ+2ηγ2

}3 , since ξ > 2ηγ2

4bη−(bpe+bt+θ)2 , there is ∂Πa
r

∂η < 0, and Πa
r decreases

in η.

(3) ∂Πa
r

∂θ = −
2η2ξ2(bpe+bt+θ)(2bξ−γ2)(a−bepe−bet)2{

[(bpe+bt+θ)2
−4bη]ξ+2ηγ2

}3 , since ξ > 2ηγ2

4bη−(bpe+bt+θ)2 , there is ∂Πa
r

∂θ > 0, and Πa
r

increases in θ.
(4) ∂Πa

r
∂pe

= −
bξη2(a−bepe−bet)(2bξ−γ2){ξ[(bpe+bt+θ)(2a+θe−bepe−bet)−4beη]+2eηγ2}{

[(bpe+bt+θ)2
−4bη]ξ+2ηγ2

}3 , when (bpe + bt+θ)(2a+θe−

bepe − bet) − 4beη > 0, ∂Πa
r

∂pe
> 0 is always held. There is (bpe+bt+θ)(2a+θe−bepe−bet)

4be −
(bpe+bt+θ)2

4b =

(bpe+bt+θ)(a−bepe−bet)
2be > 0, so when (bpe+bt+θ)2

4b < η <
(bpe+bt+θ)(2a+θe−bepe−bet)

4be , ∂Πa
r

∂pe
> 0 is

always held, while when η >
(bpe+bt+θ)(2a+θe−bepe−bet)

4be , there is 2eηγ2

4beη−(bpe+bt+θ)(2a+θe−bepe−bet)

−
2ηγ2

4bη−(bpe+bt+θ)2 =
4ηγ2(bpe+bt+θ)(a−bepe−bet)

[4beη−(bpe+bt+θ)(2a+θe−bepe−bet)][4bη−(bpe+bt+θ)2]
> 0, so when η >

(bpe+bt+θ)(2a+θe−bepe−bet)
4be and 2ηγ2

4bη−(bpe+bt+θ)2 < ξ <
2eηγ2

4beη−(bpe+bt+θ)(2a+θe−bepe−bet) , there is ∂Πa
r

∂pe
> 0,

and when η > (bpe+bt+θ)(2a+θe−bepe−bet)
4be and ξ > 2eηγ2

4beη−(bpe+bt+θ)(2a+θe−bepe−bet) , there is ∂Πa
r

∂pe
< 0.

(5) ∂Πa
r

∂t = −
bξη2(a−bepe−bet)(2bξ−γ2){ξ[(bpe+bt+θ)(2a+θe−bepe−bet)−4beη]+2eηγ2}{

[(bpe+bt+θ)2
−4bη]ξ+2ηγ2

}3 , it is the same with ∂Πa
r

∂pe
,

so when (bpe+bt+θ)2

4b < η <
(bpe+bt+θ)(2a+θe−bepe−bet)

4be , or η >
(bpe+bt+θ)(2a+θe−bepe−bet)

4be and
2ηγ2

4bη−(bpe+bt+θ)2 < ξ <
2eηγ2

4beη−(bpe+bt+θ)(2a+θe−bepe−bet) , there is ∂Πa
r

∂t > 0. When η >

(bpe+bt+θ)(2a+θe−bepe−bet)
4be and ξ > 2eηγ2

4beη−(bpe+bt+θ)(2a+θe−bepe−bet) , there is ∂Πa
r

∂t < 0. �

Proof of Proposition 6. We have a− bpee− bte > 0, η > (bpe+bt+θ)2

4b and ξ > 2ηγ2

4bη−(bpe+bt+θ)2 .

(1) ∂Πa
m

∂η = −
ξ2(a−bepe−bet)2(bpe+bt+θ)2

2
{
[(bpe+bt+θ)2

−4bη]ξ+2ηγ2
}2 < 0, so Πa

m decreases in η.

(2) ∂Πa
m

∂θ =
ηξ2(bpe+bt+θ)(a−bepe−bet)2{
[(bpe+bt+θ)2

−4bη]ξ+2ηγ2
}2 > 0, so Πa

m increases in θ.



Sustainability 2020, 12, 3597 24 of 27

(3) ∂Πa
m

∂Eg
= pe > 0, so Πa

m increases in Eg.

(4) ∂Πa
m

∂pe
= Eg −

bηξ(a−bepe−bet){ξ[4beη−(bpe+bt+θ)(a+θe)]−2eηγ2}{
[(bpe+bt+θ)2

−4bη]ξ+2ηγ2
}2 , when ∂Πa

m
∂pe

> 0

ξ[4beη− (bpe + bt + θ)(a + θe)] − 2eηγ2 < 0, ∂Πa
m

∂pe
> 0 is always held. Where is

(bpe+bt+θ)(a+θe)
4be −

(bpe+bt+θ)2

4b =
(bpe+bt+θ)(a−bepe−bet)

4be > 0, so when (bpe+bt+θ)2

4b < η <
(bpe+bt+θ)(a+θe)

4be , is always held. When η >
(bpe+bt+θ)(a+θe)

4be , there is 2eηγ2

4beη−(bpe+bt+θ)(a+θe) −

2ηγ2

4bη−(bpe+bt+θ)2 =
2ηγ2(bpe+bt+θ)(a−bepe−bet)

[4beη−(bpe+bt+θ)(a+θe)][4bη−(bpe+bt+θ)2]
> 0, so when η >

(bpe+bt+θ)(a+θe)
4be

and 2ηγ2

4bη−(bpe+bt+θ)2 < ξ <
2eηγ2

4beη−(bpe+bt+θ)(a+θe) , ∂Πa
m

∂pe
> 0 is always held. While when

η >
(bpe+bt+θ)(a+θe)

4be , ξ > 2eηγ2

4beη−(bpe+bt+θ)(a+θe) and Eg >
bξη(a−bepe−bet){ξ[4beη−(bpe+bt+θ)(a+θe)]−2eηγ2}{

[(bpe+bt+θ)2
−4bη]ξ+2ηγ2

}2 ,

there is ∂Πa
m

∂pe
> 0, and when η >

(bpe+bt+θ)(a+θe)
4be , ξ >

2eηγ2

4beη−(bpe+bt+θ)(a+θe) and

Eg <
bξη(a−bepe−bet){ξ[4beη−(bpe+bt+θ)(a+θe)]−2eηγ2}{

[(bpe+bt+θ)2
−4bη]ξ+2ηγ2

}2 , there is ∂Πa
m

∂pe
< 0.

(5) ∂Πa
m

∂t = −
bηξ(a−bepe−bet){ξ[4beη−(bpe+bt+θ)(a+θe)]−2eηγ2}{

[(bpe+bt+θ)2
−4bη]ξ+2ηγ2

}2 , when 4beη− (bpe + bt+θ)(a+θe) < 0, ∂Πa
m

∂t >

0 is always held, so when (bpe+bt+θ)2

4b < η <
(bpe+bt+θ)(a+θe)

4be , ∂Πa
m

∂t > 0 is always held. While when

η >
(bpe+bt+θ)(a+θe)

4be and 2ηγ2

4bη−(bpe+bt+θ)2 < ξ <
2eηγ2

4beη−(bpe+bt+θ)(a+θe) , we have ∂Πa
m

∂t > 0, and when

η >
(bpe+bt+θ)(a+θe)

4be and ξ > 2eηγ2

4beη−(bpe+bt+θ)(a+θe) , there is ∂Πa
m

∂t < 0.

�

Proof of Proposition 8. Substituting Equation (10) and (11) into Equation (20), the following can
be obtained:

Πc = (a− bp + θλe + γG)[p− e(1− λ)(t + pe)] + peEg −
η(λe)2

2
−
ξG2

2
. (A15)

Taking the first derivative of Πc with respect to p, e, and G, the following can be obtained:

∂Πc

∂p
= (a− bp + θλe + γG) − b[p− e(1− λ)(t + pe)], (A16)

∂Πc

∂λ
= θ[p− e(1− λ)(t + pe)] + e(t + pe)(a− bp + θλe + γG) − ηλe2, (A17)

∂Πc

∂G
= γ[p− e(1− λ)(t + pe)] − ξG, (A18)

and the Hessian matrix is:
∂2Πc
∂p2

∂2Πc
∂p∂λ

∂2Πc
∂p∂G

∂2Πc
∂λ∂p

∂2Πc
∂λ2

∂2Πc
∂λ∂G

∂2Πc
∂G∂p

∂2Πc
∂G∂λ

∂2Πc
∂G2

 =


−2b e(θ− bpe − bt) γ
e(θ− bpe − bt) e2(2θpe + 2θt− η) γe(pe + t)

γ γe(pe + t) −ξ


The matrix needs to be negative definite, so we have η >

(bpe+bt+θ)2

2b and ξ >
ηγ2

2bη−(bpe+bt+θ)2 , then the maximum of Πc exists. From ∂Πc
∂p = 0, ∂Πc

∂λ = 0 and ∂Πc
∂G = 0,

the following can be obtained: GC =
ηγ(bepe+bet−a)

[(bpe+bt+θ)2
−2bη]ξ+ηγ2

, λC =
ξ(bpe+bt+θ)(bepe+bet−a)

e
{
[(bpe+bt+θ)2

−2bη]ξ+ηγ2
} and

pC =
ξ[(pe+t)(a+θe)(bpe+bt+θ)−η(bepe+bet+a)]+eηγ2(pe+t)

[(bpe+bt+θ)2
−2bη]ξ+ηγ2

.
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Substituting them into Equation (A15), the following can be obtained: ΠC
c =

2peEg
{
[(bpe+bt+θ)2

−2bη]ξ+ηγ2
}
−ξη(a−bepe−bet)2

2
{
[(bpe+bt+θ)2

−2bη]ξ+ηγ2
} .

Substituting GC, λC and pC into Equation (10), the following can be obtained: QC =

−
bηξ(a−bepe−bet)

[(bpe+bt+θ)2
−2bη]ξ+ηγ2

. From QC > 0, there is a− bpee− bte > 0. �
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