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Abstract: This research studied the duopoly manufacturers’ decision-making considering green
technology investment and under a cap-and-trade system. It was assumed there were two
manufacturers producing products which were substitutable for one another. On the basis of
this assumption, the optimal production capacity, price, and green technology investment of the
duopoly manufacturers under a cap-and-trade system were obtained. The increase or decrease of
the optimal production quantity of the duopoly manufacturers under a cap-and-trade system was
decided by their green technology level. The increase of the optimal price as well as the increase or
decrease of the maximum expected profits were decided by the initial carbon emission quota granted
by the government. Our research indicates that the carbon emission of unit product is inversely
proportional to the market share of an enterprise and becomes an important index to measure the
core competitiveness of an enterprise.
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1. Introduction

Global warming has posed a serious threat to the global ecosystem and the survival of humans [1].
Research findings show that at least 90% of global warming is attributable to human activities [2].
In order to alleviate global warming, the USA, Canada, and many other countries around the world
have enacted legislation or designed mechanisms to curb carbon emissions, such as the European
Union Emission Trading System and the Kyoto Protocol. Giant retailer Wal-Mart purchases products
that are sustainable. The cap-and-trade system is also considered when Wal-Mart purchases products
in order to promote greening. From the government perspective, the commonly used energy-saving
and emission-reducing policies include the carbon cap, carbon cap-and-trade, and carbon tax [3].
Among them, carbon cap-and-trade policy, giving full play to the role of both administrative control
and market trade, has been considered as the most effective means and even the top choice for
governments throughout the world [4]. From the perspective of enterprises, which, in order to meet
the requirements of government’s carbon-emission policies, can invest in green technology to reduce
their carbon emission, green investment means reducing the carbon footprint of unit product and
increasing the green competitiveness of enterprises through the input of relative resources such as
human resources and financial resources. In this way, the price war between enterprises is turned into a
competition to protect the environment through green technology. The implementation of government
carbon emission policies together with enterprises’ countermeasures has increased the complexity
of the corporate operation decision-making, which has actually become an issue requiring urgent
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solution. Considering the status quo, this paper, combining governments’ carbon regulation policies
and enterprises’ emission-reducing countermeasures, which themselves integrate governments’ carbon
emission policies, carbon emission per unit product, and enterprises’ green technology investments,
conducts a theoretical research of the operation strategies adopted by enterprises investing in green
technologies in response to a cap-and-trade system.

The literature related to this research mainly focuses on two aspects, namely, manufacturers’
operational decision-making under the competitive environment and enterprises’ operational decision-
making under a cap-and-trade system. In terms of the manufacturer’s operational decision-making
under the competitive environment, scholars proceeded from two perspectives—competition among
manufacturers under the supply chain environment and competition among manufacturers in the
parallel market. Zhang et al. [5], Shi et al. [6], and Xiao et al. [7] concentrated on studying the
competition between manufacturers and suppliers and manufacturers and consumers under the
supply chain environment. Zhao D.Z. et al. [8] studied a two-level supply chain consisting of
two manufacturers and one dominant retailer under a cap-and-trade system, in which the retailer
stimulated the two manufacturers to join in its efforts to cut emission through low-carbon publicity.
By doing so, they achieved the optimal emission reduction for each manufacturer and the optimal
publicity for the retailer and realized the retailer-manufacturer joint emission reduction in the supply
chain. Choi [9] studied the price in different channel structures made up of multiple manufacturers and
multiple retailers in the supply chain. Geffen and Rothenberg [10] found out, through a case study, that,
for the sake of improving environmental performance, competition, cooperation and coordination of
enterprises in the supply chain can maximally enhance the strategic partnership between suppliers and
manufacturers in the supply chain. Klassen and Vachon pointed out that competition and cooperation
between manufacturers and suppliers in the supply chain could drive more investments in green
technologies. Later, Klassen [11] and Vachon [12] deepened the former research by investigating the
environment-dependent supply chain in the Chinese market. Their survey results indicated a positive
influence of environmental protection cooperation on environmental improvement and production
performance improvement. In terms of parallel competition of manufacturers, Moorthy [13] and
Banker [14] explored the quality and price competition mechanisms between two enterprises of the
same nature and found the correlation between quality and competition parameters obtaining the
equilibrium strategy for each enterprise. Wu et al. [15] discussed the optimal price strategy for two
retailers in a two-stage supply chain. So [16] analyzed the multi-enterprise competitive equilibrium
and the optimal strategy for every enterprise by assuming the demand to be both price-sensitive
and delivery time-sensitive. Chen et al. [17] studied the optimal pricing and production strategy
under the carbon tax policy for two competitors in a parallel market featuring power equilibrium.
Wu Yin et al. [18] conducted a research of the competition among new products, remanufactured
products by manufacturers, and remanufactured products by remanufacturers to learn the influence of
the production cost of new products on manufacturers and remanufacturers. All the above research
considered the competition between two enterprises in the parallel market but failed to pay attention
to enterprise competition under the low-carbon environment.

Research into enterprise operational decision-making under a cap-and-trade system mainly
proceeds from the single enterprise environment and the supply chain environment. Under the
single enterprise environment, Hua et al. [19] studied how single enterprises in the market should
manage their carbon footprint of their inventory and they obtained the optimal order quantity of
enterprises under a cap-and-trade system. Furthermore, they used a theoretical analysis and a
numerical analysis to examine the influence of carbon trade, carbon trade price, and carbon cap
on order decision-making, carbon emission, and total cost. He et al. [20], under a cap-and-trade
system, studied the issue of enterprise production lot size planning based on the Economic Order
Quantity (EOQ) model, and they obtained the optimal production lot size for enterprises under a
cap-and-trade system. Besides, they analyzed the influence of the cap-and-trade system on the optimal
production lot size and the carbon emission. Wahab et al. [21] considered a two-level supply chain
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composed of one supplier and one retailer and built the EOQ model, targeting cost minimization under
a carbon cap-and-trade system. Based on the EOQ model built, they came up with the optimal order
strategy for the retailer. Xie X.P. and Zhao D.Z. [22] studied the emission reduction effects and profits
under three conditions (noncooperation, semi-cooperation, and all-around cooperation) between
the upstream and downstream companies considering a cap-and-trade system and analyzed how
enterprises influenced each other during the emission reduction process and how carbon trade price
influenced the carbon emission effects. Du et al. [23] considered a two-level supply chain consisting
of one carbon emission enterprise and one carbon emission right supplier under a cap-and-trade
system and used the non-cooperation game theory to design a mechanism to realize supply chain
coordination and collaboration. Tseng et al. [24], considering the social cost of carbon emission, studied
the strategic decision-making model for the sustainable supply chain under a cap-and-trade system.
Yalabik et al. [25], considering consumer choices and government regulation, studied enterprise
investment decision-making of environmentally friendly products. Their research findings showed
that, when consumers were sensitive to carbon emission, enterprises would have the momentum
to invest in green technologies to cut carbon emissions. Jiang et al. [26] examined the production
quantity and green technology investment joint decision-making for a carbon emission enterprise
faced with random demands under a cap-and-trade system and uncovered the influence of carbon
emission policies on profits, carbon emissions, investment amounts, and investment opportunities.
Toptal et al. [27] studied the purchase and green technology investment joint decision-making under
three carbon emission reduction policies (carbon cap, carbon tax, and carbon cap-and-trade) and
compared the influence of these three policies on enterprises’ optimal order quantity and green
technology investment policies.

From the above literature review, it can be seen that research into the manufacturer operational
decision-making considering competition, either from the perspective of the supply chain or
from the perspective of the horizontal market, failed to consider the low-carbon manufacturing
environment, and that research into a cap-and-trade system considering green technology investment,
mainly concentrated on the single manufacturer operational decision-making or the enterprise
decision-making under the one-by-one supply chain environment, but ignored the enterprise
decision-making decision under the manufacturer competitive environment. In order to fill these
research gaps, this paper considered duopoly manufacturers under a cap-and-trade system and
studied how duopoly manufacturers conducted green technology investment, production quantity,
and price and carbon trade joint decision-making. This research was devoted to solving three
problems: (1) how duopoly manufacturers should make decisions considering green technology
investment and under a cap-and-trade system; (2) how green technology investment would influence
the optimal decision-making and the maximum expected profits of duopoly manufacturers considering
green technology investment and under a cap-and-trade system (compared with the situation in
which green technology investment is not considered); and (3) how a cap-and-trade system would
influence the optimal decision-making and the maximum expected profits of duopoly manufacturers
considering the cap-and-trade system (compared with the situation in which the cap-and-trade system
is not considered).

The major contributions of this research are reflected in the following three aspects: (1) expansion
of the manufacturer operational decision-making research to the low-carbon context, thus enriching
the manufacturer operation and management theory and providing research strategies for a follow-up
research combining the manufacturer competition and the low-carbon environment; (2) expansion of
the single-manufacturer research perspective widely adopted by the current research about low-carbon
manufacturing to a two-manufacturer perspective, thus making the research scenario closer to practices
and the research findings more operational and guiding relevant enterprises to conduct scientific
decision-making; (3) comparison of the manufacturer operational decision-making considering and not
considering the cap-and-trade system, thus providing references for government’s policy formulation.
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2. Question Description and Hypotheses

This paper considered two manufacturers’ products which were substitutable for one another,
and conducted green technology investment, product capacity, and sales price decision-making under
a cap-and-trade system. These two manufacturers were financially equal in the market, and their
decision-making happened simultaneously. At the beginning of the production process, the two
manufacturers could obtain the free carbon emission cap from the government. The initial cap,
decided by the government, was not within the scope of this research. During the production process,
the enterprises can decide whether to invest in green technologies or not. By investing in green
technologies or purchasing carbon emission quota from the market, the enterprises can make their
carbon emission comply with the government’s policy requirements. If, at the end of the production
process, the enterprises have not used up their carbon emission cap, they can trade the remaining
quota on the market. Therefore, the two manufacturers involved in this research had to decide their
production quantity, retail price, green technology investment amount, and carbon trade volume.
It was assumed that there were two manufacturers, Manufacturer 1 (M1) and Manufacturer 2 (M2).
The corresponding decision-making variables and parameters of the two manufacturers are marked
with the subscript 1 and 2, respectively.

Table 1 are the definitions of the symbols used in this paper:

Table 1. Summary of Notations.

Symbols Definitions

q1, q2
Production quantity of the two manufacturers/Market demand quantity of the
two products;

p1, p2 Retail price of the two products;

ex1, ex2 Carbon emission quota trading volume of the two manufacturers in the market;

c1, c2 Unit production cost of the two manufacturers;

ρ1, ρ2
Clean coefficient (percentage of unit product carbon emission reduction).
If ρ1, ρ2 = 0, it means the the two manufacturers do not invest in green technologies;

C1(ρ1), C2(ρ2) Green technology investment cost;

e1, e2
Unit product carbon emission amount of manufacturers not investing in
green technologies;

A1, A2 Initial carbon emission cap of the two manufacturers;

w Market trading price of unit carbon emission right;

π1, π2 Expected profits of the two manufacturers.

In order to better reveal the essence or make the model more reasonable, this paper made the
following hypotheses:

(1) H1: The demand is certain and expressed as pi = α− βqi − γqj (i, j = 1, 2; i 6= j). In this way,
two decision-making variables, namely, the production quantity and the retail price, of the two
manufacturers can be simplified into one decision-making variable, that is, production quantity.

(2) H2: The green technology cost of the manufacturers is related to the clean coefficient, ρ, and
C′i(ρi) > 0, C′′i (ρi) > 0, and C′i(ρi) ≥ C′i(0) (i = 1, 2). Besides, the clean coefficient is a quadratic
function, Ci(ρi) =

1
2 δiρ

2
i , and the green technology investment is a one-off investment and is free

from the influence of production quantity. In this hypothesis, the green technology investment
decision-making is expressed as the clean coefficient decision-making.

(3) H3: pi > ci + wei > 0, i = 1, 2. This hypothesis guarantees that manufacturers can still make
profits by selling products even without investing in green technologies.

(4) H4: β > γ > 0. This hypothesis suggests that every product is more sensitive to its own retail
price than to the retail price of its substitute.
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The sequence of event in this research is as below:
First, the government granted every manufacturer a free initial carbon emission cap. Second,

the two manufacturers decided simultaneously and confirmed their respective production quantity,
sales price, green technology investment amount, and trade trading volume. Third, the consumers’
demands were satisfied, and the manufacturers made profits.

3. Manufacturers’ Decision-Making under Nash Equilibrium

The carbon emission trading volume between the manufacturers and the external market can be
expressed as:

exi ≡ e(1− ρi)qi − Ai (1)

where exi is the cost of Mi paid for purchasing carbon emission quota after green technology investment.
If it is negative, it means that Mi is selling its carbon emission quota to the external market to make
profits; if it is zero, it means that Mi is not trading its carbon emission quota with the external market.

The profit function of the two manufacturers can be expressed as below:

πi(qi, pi, ρi) = (pi − ci)qi −
1
2

δiρ
2
i − w[ei(1− ρi)qi − Ai] i, j = 1, 2 and i 6= j (2)

The first item of Equation (2) stands for the unit product marginal profit of the manufacturers;
the second item stands for the green technology investment amount; the third item stands for the
income or cost for the manufacturers in the carbon emission trading.

Proposition 1. Under a carbon cap-and-trade system and considering green technology investment, the duopoly
manufacturers’ game has only Nash equilibrium solution. Under Nash equilibrium, the clean coefficient (ρ∗i )
and production quantity (q∗i ) decision-making can be expressed as below, respectively:

ρ∗i =
wei(2βδj−w2e2

j )(α−ci−wei)−weiδjγ(α−cj−wej)

w4e2
i e2

j−2βw2
(

δie2
j +δje2

i

)
+δiδj(4β2−γ2)

q∗i =
δi(2βδj−w2e2

j )(α−ci−wei)−δiδjγ(α−cj−wej)

w4e2
i e2

j−2βw2
(

δie2
j +δje2

i

)
+δiδj(4β2−γ2)

(3)

where, i, j = 1, 2 and i 6= j.

Prove. Considering that the demand is certain, pi = α− βqi− γqj is substituted into the profit function,
and the partial derivative of qi and ρi is worked out. Below are conditions for the first-order Nash
equilibrium of the model (i, j = 1, 2; i 6= j):

∂πi(qi ,ρi)
∂qi

= α− 2βqi − γqj − ci − wei(1− ρi) = 0

∂πi(qi ,ρi)
∂ρi

= −δiρi + weiqi = 0
(4)

The only Nash equilibrium solution of the above question can be obtained by solving the above
equation set. The clean coefficient and production quantity of manufacturers under Nash equilibrium
are shown in Equation (3). Substitute qi (i = 1, 2) into the demand function to obtain the optimal price
(p∗i ) of the manufacturers (Mi):

p∗i =
δi β(2βδj−w2e2

i )(α+ci+wei)−δiδjγ
2(ci+wei)+δjγ(w2e2

i −βδi)(α−cj−wej)+αw2e2
i

(
w2e2

j−2βδj

)
w4e2

i e2
j−2βw2

(
δie2

j +δje2
i

)
+δiδj(4β2−γ2)

(i, j = 1, 2; i 6= j).

Substitute qi and ρi into Equation (1) to obtain the optimal carbon emission trading volume (ex∗i )
of the manufacturers (Mi): ex∗i = ei

(
1− ρ∗i

)
q∗i − A∗i . �
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Proposition 1 suggests that, in the duopoly market environment, the two manufacturers,
considering a cap-and-trade system and green technology investment, have the only Nash equilibrium
solution. From Proposition 1, it can be observed that the optimal production quantity, the optimal
product price, and the optimal clean coefficient of the two manufacturers are all irrelevant to the carbon
emission cap (A1 and A2).

Substitute ρ∗i , q∗i , and p∗i into the profit function of the manufacturers (Mi). Then, the maximum
expected profits of the two manufacturers can be obtained: πi

(
q∗i , p∗i , ρ∗i

)
= (p∗i − ci)q∗i −

1
2 δiρ

∗2
i −

w
[
e
(
1− ρ∗i

)
q∗i − Ai

]
i, j = 1, 2; i 6= j. Based on the discussion of the maximum expected profits of the

two manufacturers, the following proposition can be obtained:

Proposition 2. (1) πi
(
q∗i , p∗i , ρ∗i

)
increases progressively with Ai.

(2) When ex∗i < 0, πi
(
q∗i , p∗i , ρ∗i

)
increases progressively with w; when ex∗i = 0, πi

(
q∗i , p∗i , ρ∗i

)
remains

unchanged with w; when ex∗i < 0, πi
(
q∗i , p∗i , ρ∗i

)
decreases progressively with w.

Prove. (1) According to the Envelop Theorem,
dπi(q∗i ,p∗i ,ρ∗i )

dAi
= w > 0. It can be seen that πi

(
q∗i , p∗i , ρ∗i

)
increases progressively with Ai;

(2) According to the Envelop Theorem,
dπi(q∗i ,p∗i ,ρ∗i )

dw = −
[
e
(
1− ρ∗i

)
q∗i − Ai

]
= −ex∗i can be

obtained. It can be seen that, when ex∗i < 0 and
dπi(q∗i ,p∗i ,ρ∗i )

dw > 0, πi
(
q∗i , p∗i , ρ∗i

)
increases progressively

with w. Similarly, when ex∗i = 0, πi
(
q∗i , p∗i , ρ∗i

)
remains unchanged with w; when ex∗i < 0, πi

(
q∗i , p∗i , ρ∗i

)
decreases progressively with w. �

Proposition 2 suggests that the optimal profits of duopoly manufacturers, considering a
cap-and-trade system and green technology investment, are positively correlated with their respective
initial free carbon emission caps granted by the government. In other words, the higher the initial free
carbon emission cap granted, the higher the optimal profits made; conversely, the lower the carbon
emission caps, the lower the optimal profits. Proposition 2 also suggests that the changes of the optimal
profits of duopoly manufacturers along with the unit carbon emission quota trading price are related
to their carbon emission quota trading status. At the end of production, the manufactures can sell
their remaining carbon emission quota if any. Then, the higher the unit carbon emission quota trading
price is, the higher the optimal profits of duopoly manufacturers will be. If the initial carbon emission
cap just serves the whole production process, the manufacturers will conduct no carbon emission
quota trading. In this situation, the optimal profits of duopoly manufacturers are irrelevant to the unit
carbon emission quota trading price. If the manufacturers need to purchase the carbon emission quota
from the external market to meet the government’s carbon emission requirements at the end of their
production, the higher the unit carbon emission quota trading price is, the lower the optimal profits of
duopoly manufacturers will be.

4. Analysis of the Influence of Green Technology Investment on Decision-Making

In order to analyze the influence of green technology investment on duopoly manufacturers’
decision-making, this part of our study first supposes that the manufacturers are under a cap-and-trade
system but do not decide to invest in green technologies. In this situation, the expected profit function
of duopoly manufacturers can be expressed as reported below: (The superscript c is used to distinguish
from other situations)

πc
i (qi, pi) = (pi − ci)qi − w(eiqi − Ai) i, j = 1, 2; i 6= j (5)

Substitute pi = α − βqi − γqj into Equation (5) for simplification, and the profit function of
manufacturers (Mi) can be obtained: πc

i (qi) = (α− βqi − γqj − ci)qi − w[eiqi − Ai] i, j = 1, 2; i 6= j.
Concerning the optimal decision-making policy of duopoly manufacturers under a cap-and-trade

system but not considering green technology investment, the following proposition can be made:
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Proposition 3. Duopoly manufacturers’ game under a cap-and-trade system but not considering green
technology investment have the only Nash equilibrium solution. Under Nash equilibrium, production capacity
and price decision-making of the manufacturers can be expressed, respectively, as shown below:

qc∗
i =

2β(α− ci − wei)− γ
(
α− cj − wej

)
4β2 − γ2 i, j = 1, 2 and i 6= j (6)

pc∗
i =

2β2(α + ci + wei)− γ2(ci + wei)− βγ
(
α− cj − wej

)
4β2 − γ2 i, j = 1, 2 and i 6= j (7)

Prove. Assuming that dπc
i (qi)
dqi

= α − 2βqi − γqj − ci − wei = 0, the reaction function of the two

manufacturers can be obtained, qi = α−ci−wei
2β − γ

2β qj i, j = 1, 2; i 6= j. Solve the above two

equations simultaneously to obtain the optimal production quantity qc∗
i =

2β(α−ci−wei)−γ(α−cj−wej)
4β2−γ2

and pc∗
i =

2β2(α+ci+wei)−γ2(ci+wei)−βγ(α−cj−wej)
4β2−γ2 . Substitute qc∗

i and pc∗
i into the profit function of

the manufacturers to obtain the expected profits of the manufacturers under Nash equilibrium,
πc∗

i
(
qc∗

i , pc∗
i
)
=

(
pc∗

i − ci
)
qc∗

i − w
(
eiqc∗

i − Ai
)
.

In order to guarantee that the optimal solution of the manufacturers is meaningful, it is necessary
to guarantee qc∗

i > 0 (i = 1, 2), namely, 2β(α− ci − wei)− γ
(
α− cj − wej

)
> 0 i, j = 1, 2 and i 6= j .

The model parameters obtained through solving the equation should meet the condition of
γ
2β < α−ci−wei

α−cj−wej
< 2β

γ i, j = 1, 2 and i 6= j to guarantee that the Nash equilibrium solution is meaningful.
This paper assumes that the condition is tenable all the time. �

Proposition 3 suggests that the duopoly manufacturers’ game, under a cap-and-trade system but
not considering green technology investment, has the only Nash equilibrium solution. The optimal
production quantity and price of the manufacturers is irrelevant to the initial carbon emission cap
granted by the government, but relevant to the carbon emission trading price.

Proposition 4. When model parameters meet the condition of w4e2
i e2

j > 2βw2
(

δie2
j + δje2

i

)
, q∗i < qc∗

i .

Prove. When w4e2
i e2

j > 2βw2
(

δie2
j + δje2

i

)
, w4e2

i e2
j − 2βw2

(
δie2

j + δje2
i

)
> 0 and q∗i >

2β(α−ci−wei)−γ(α−cj−wej)−
w2e2

j
δj

(α−ci−wei)

4β2−γ2 >
2β(α−ci−wei)−γ(α−cj−wej)

4β2−γ2 = qc∗
i . �

Proposition 4 suggests that the optimal production quantity of the manufacturers, under certain
parameters and not considering green technology investment, is higher than the optimal production
quantity of the manufacturers considering green technology investment.

5. Analysis of the Influence of a Cap-and-Trade System on Decision-Making

In order to analyze the influence of the cap-and-trade system on optimal decision and maximum
expected profits of duopoly manufacturers, this part of our study compared the conclusions drawn
with and without a cap-and-trade system. Under the condition without a cap-and-trade system, there
is no limit on the carbon emissions of the two manufacturers, so they do not have the motivation to
invest in green technologies, and their expected profit function can be expressed as reported below:

πn
i (qi, pi) = (pi − ci)qi i, j = 1, 2 and i 6= j (8)

Substitute pi = α− βqi − γqj into Equation (8) for simplification and obtain the profit function

of the manufacturers (Mi), πn
i (qi) = (α − βqi − γqj − ci)qi i, j = 1, 2; i 6= j. Suppose dπn

i (qi)
dqi

=

α − 2βqi − γqj − ci = 0 and the response function of the two manufacturers (Mi) can be obtained
qi = α−ci

2β −
γ
2β qj i, j = 1, 2; i 6= j. Solve the two equations simultaneously to obtain the optimal
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production quantity decision-making of the manufacturers (Mi): qn∗
i =

2β(α−ci)−γ(α−cj)
4β2−γ2 and pn∗

i =

2β2(α+ci)−γ2ci−βγ(α−cj)
4β2−γ2 . In order to guarantee the optimal solution to be meaningful, it is assumed

that qn∗
i > 0 (i = 1, 2), namely, 2β(α− ci)− γ

(
α− cj

)
> 0 and 2β

(
α− cj − wej

)
− γ(α− ci − wei) > 0

(i, j = 1, 2 and i 6= j). The model parameters worked out should meet the condition of γ
2β < α−ci

α−cj
<

2β
γ i, j = 1, 2 and i 6= j, so as to guarantee that the Nash equilibrium solution is meaningful. This

paper assumed that the above condition is tenable all the time, and the expected profit function of the

manufacturers under Nash equilibrium can be obtained: πn∗
i
(
qn∗

i , pn∗
i
)
=

β[2β(α−ci)−γ(α−cj)]
2

(4β2−γ2)
2 .

In order to guarantee that the optimal decision-making of the manufacturers is meaningful under
both conditions (with and without a cap-and-trade system), the model parameters should meet the
conditions of γ

2β < α−ci−wei
α−cj−wej

< 2β
γ and γ

2β < α−ci
α−cj

< 2β
γ i, j = 1, 2 and i 6= j. It can be seen that the

model parameters must meet the condition of
α−cj
wej

(
γ
2β −

2β
γ

)
+ 2β

γ < ei
ej
<

α−cj
wej

(
2β
γ −

γ
2β

)
+ γ

2β , and
this paper assumed the condition is tenable all the time.

By comparing the optimal decision-making of the manufacturers under the above two conditions,
the following proposition can be obtained:

Proposition 5. (1) When ei
ej
> γ

2β , qn∗
i > qc∗

i ; when ei
ej
= γ

2β , qn∗
i = qc∗

i ; when ei
ej
< γ

2β , qn∗
i < qc∗

i .
(2) pn∗

i < pc∗
i . where, i, j = 1, 2 and i 6= j.

Prove. (1) qn∗
i − qc∗

i =
2βwei−γwej

4β2−γ2 . When ei
ej

> γ
2β , qn∗

i − qc∗
i > 0, namely qn∗

i > qc∗
i ; similarly, when

ei
ej
= γ

2β , qn∗
i = qc∗

i ; when ei
ej
< γ

2β , qn∗
i < qc∗

i .

(2) Since pc∗
i − pn∗

i =
(2β2−γ2)wei+βγwej

4β2−γ2 > 0, then pn∗
i < pc∗

i . �

Proposition 5 suggests that the production quantity of the two manufacturers is decided by
their unit product carbon emission under a cap-and-trade system. If one manufacturer is obviously
more competitive than its competitors in terms of the unit product carbon emission ( ei

ej
< γ

2β < 0.5),
the manufacturer’s production quantity is increased after the government’s implementation of the
cap-and-trade system, which can finally contribute to the growth of its market shares. Proposition 5
also indicates that, no matter how large the gap is between the two manufacturers in terms of the unit
carbon emission, the optimal price of the two manufacturers under a cap-and-trade system increases
considerably compared with that without a cap-and-trade system.

Inference 1. When γ
2β < ei

ej
< 2β

γ , the production quantity of two manufacturers with a cap-and-trade system

is smaller than that without the constraint; when ei
ej
> 2β

γ , compared with the production quantity without
a cap-and-trade system, the production quantity of Mi and Mj decreases and increases, respectively, under a
cap-and-trade system; when ei

ej
< γ

2β , compared with the production quantity without a cap-and-trade system,
the production capacity of Mi and Mj increases and decreases, respectively, under a cap-and-trade system.

Prove. The conclusion can be directly obtained from Proposition 5. �

Inference 1 suggests that the government’s implementation of a cap-and-trade system can
prompt enterprises with a low unit product carbon emission to produce more products to meet
market demands but restrains enterprises with a high unit product carbon emission from increasing
their production capacity. The carbon emission per unit product determines the output competition
between manufacturers. Under the same market capacity and cap-and-trade system, the lower the
carbon emissions per unit product, the lower the total cost per unit product, and the enterprise can
win the market by increasing its production. All in all, the implementation of the cap-and-trade
system has made the unit product carbon emission become an important index of enterprises’ core
competency. Enterprises with advanced techniques to cut their unit product carbon emission can be
more competitive in the market.
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Proposition 6. When Ai > Ai, πc∗
i
(
qc∗

i , pc∗
i
)

> πn∗
i
(
qn∗

i , pn∗
i
)
; when Ai = Ai, πc∗

i
(
qc∗

i , pc∗
i
)

=

πn∗
i
(
qn∗

i , pn∗
i
)
; when Ai < Ai, πc∗

i
(
qc∗

i , pc∗
i
)
< πn∗

i
(
qn∗

i , pn∗
i
)
.

Where Ai ≡
8β3ei(α−ci−

wei
2 )−4β2ejγ(α−ci−wei)−4β2eiγ(α−cj)+2βejγ

2
(

α−cj−
wej

2

)
16β4+γ4−8β2γ2 .

Prove. Subtract the maximum expected profits of the manufacturers under the two conditions to obtain

πc∗
i
(
qc∗

i , pc∗
i
)
− πn∗

i
(
qn∗

i , pn∗
i
)

=
(16β4+γ4−8β2γ2)Ai−8β3ei(α−ci−

wei
2 )+4β2ejγ(α−ci−wei)+4β2eiγ(α−cj)−2βejγ

2
(

α−cj−
wej

2

)
(4β2−γ2)

2

Assume that Ai ≡
8β3ei(α−ci−

wei
2 )−4β2ejγ(α−ci−wei)−4β2eiγ(α−cj)+2βejγ

2
(

α−cj−
wej

2

)
16β4+γ4−8β2γ2 .

When Ai > Ai and πc∗
i
(
qc∗

i , pc∗
i
)
− πn∗

i
(
qn∗

i , pn∗
i
)
> 0, πc∗

i
(
qc∗

i , pc∗
i
)
> πn∗

i
(
qn∗

i , pn∗
i
)
.

Similarly, when
Ai = Ai, πc∗

i (qc∗
i , pc∗

i ) = πn∗
i (qn∗

i , pn∗
i );

when Ai < Ai, πc∗
i
(
qc∗

i , pc∗
i
)
< πn∗

i
(
qn∗

i , pn∗
i
)
. �

Proposition 6 suggests that, with the implementation of the cap-and-trade system, the increase of
optimal profits of the manufacturers is decided by the correlation between the initial carbon emission
quota granted by the government and the green production technological level (unit product carbon
emission level) of the two manufacturers. When the initial carbon emission quota granted by the
government is high (Ai > Ai), the optimal profits of the manufacturers after the implementation of
the cap-and-trade system are higher than those before the application of the cap-and-trade system.
The higher the government’s initial carbon quota, the smaller the incentive for enterprises to invest
in green technology, and the higher the carbon emission of the unit product. Therefore, in order to
encourage enterprises to actively participate in green technology improvement and reduce the carbon
emission of unit products, various factors regarding the enterprises need to be considered to establish
the initial quota.

6. Conclusions

This paper studied how, under a cap-and-trade system, two manufacturers producing
substitutable products conducted production, pricing, and carbon trading decision-making considering
and not considering green technology investment. First, the optimal production quantity and the
optimal price (and the optimal green technology investment if green technology investment is
considered) of duopoly manufacturers under a cap-and-trade system was obtained by building
and solving the game model. Second, by comparing the optimal decision-making and the maximum
expected profits of duopoly manufacturers with and without a cap-and-trade system, this paper
analyzed the influence of the cap-and-trade system on the optimal decision-making and the
maximum expected profits of the cap-and-trade system on duopoly manufacturers, and obtained
information beneficial for the optimization of the manufacturers’ operational decision-making and
of the government’s formulation of carbon emission management policies. The study shows that the
establishment of the initial carbon quota by the government is related to the level of investment in
green technology by the enterprises, and that the carbon emission of unit products affects the market
share of enterprises. In order to promote energy conservation and emission reduction, enterprises
should pay more attention to the relationship between initial carbon quota and profit and to the
relationship between carbon emission and output of unit products. The government should make
more scientific carbon emission policies according to the situation of the enterprises.

Under a cap-and-trade system, this paper examined the issue of optimal decision-making of two
manufacturers under the competitive environment. In real life, since the supply chain environment is
more common, a study from the supply chain perspective will be more valuable. Besides, it would
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be better if a study could consider a supply chain environment consisting of two manufacturers and
one retailer, discuss the optimal operational decision-making and supply chain coordination of the
manufacturers and the retailer, explore how to further cut carbon emissions, and how to further
optimize enterprise decision-making through supply chain coordination. Therefore, the authors will
deepen this research by studying enterprise operational decision-making considering green technology
investment, under a cap-and-trade system and from the perspective of the supply chain.
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