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Abstract: The information technology industry plays an important role in Taiwan’s manufacturing
sector, and its total notebook production ranks top in the world. The rapid development of IT
products has caused many of these products to be discarded, although most of them can be recycled,
remanufactured, and reused. In order to reduce the manufacture of new products and the associated
carbon emissions, this study aims to discover the optimal subsidy policy for remanufactured
notebooks in the green market, focusing on the pricing of remanufactured notebooks and maximizing
manufacturers’ profits while retaining optimal social welfare for consumers. We use a two-stage game
theory model to identify the optimal government subsidy policies for a duopoly environment. The
results are based on the subsidy ratio between consumer and manufacturers, as this factor is important
to the entire green supply chain; manufacturers can still reap optimal profits by only producing new
or remanufactured products, and the government should be aware of the likelihood of manufacturers
colluding and of the need to intervene when necessary to avoid sacrificing social welfare.

Keywords: green supply chain; duopoly; social welfare analysis; Cournot equilibrium

1. Introduction

As the issue of environmental pollution and global warming becomes more serious, communities
all over the world are proposing solutions to ensure environmentally friendly and sustainable
development. In late 2008, the United Nations Environmental Programme launched the Green
Economy Initiative, based on the working definition of a green economy as one that results in improved
human wellbeing and social equity, while significantly reducing environmental risks and ecological
scarcities [1]. In Taiwan, the Industrial Development Bureau of the Ministry of Economic Affairs has
promoted sustainable industry development plans and provided guidance to ensure that companies
accord with international environmental protection standards. Since 2010, the Taiwan External Trade
Development Council has organized the Taiwan International Green Industry Show every October in
the hope of attracting both domestic and international companies to invest in green-related industries.
Green industry-related activities and forums held during the show are always well attended. Since the
turn of the 21st century, developed countries in Europe have been actively promoting environmentally
friendly concepts. Many new laws, such as the Waste from Electrical and Electronic Equipment (WEEE)
Directive and the Restriction of Hazardous Substances in Electrical and Electronic Equipment (RoHS)
Directive, have been enacted since 2003, with the aim of utilizing the EU’s huge market to push forth
a friendlier environmental agenda within the global manufacturing industries. Many multinational
companies, such as Sony, IBM, DELL, and HP, have complied with these directives by mandating their
suppliers to adopt the requirements stated. This helped to promote the trend of green supply chains.

Remanufacturing preserves the value of a product by giving it a second life, and typically reduces
the manufacturing energy [2]. If the concept of sustainability can be inculcated in the minds of the
people, it will be a great boost to the implementation and management of sustainable products. To
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encourage consumers to purchase remanufactured goods and manufacturers to recycle the abandoned
products, governments all over the world are offering subsidies to both parties. Alizadeh-Basban and
Taleizadeh [3] proposed that the government should subsidize both manufacturers and consumers,
so that manufacturers are more willing to produce remanufactured products and consumers have
the incentive to purchase such goods. In Taiwan, Acer and Asus are two of the biggest brands in
the computing industry. Both of them are in competition for a better reputation in their customer
service and brand word-of-mouth. Not only is there competition between the new products regarding
quality, cost, material recycling indicators, ease of repair, lifespan, and use of recycled plastic materials
to support resource reuse; but also regarding the refurbishment and remanufacture of the collected
electronic products and donations to disadvantaged minorities after confirming that they can be used
normally. In order to promote the remanufactured product to the secondary market, it is necessary
to discuss how to price the remanufactured products. We would therefore like to find out how
governments can encourage the production and consumption of green products through various
subsidy policies and investigate the effects of government subsidies on remanufactured notebooks in a
duopoly environment where manufacturers are able to achieve maximum profit and the corresponding
social welfare. The information technology industry plays an important role in Taiwan’s manufacturing
sector, and the scale of its production and manufacture of notebooks ranks as one of the top in the
world. The rapid development of computer performance has caused many notebooks to be discarded
when a new-generation CPU is proposed in the market, although most of the older ones can be
recycled, remanufactured, and reused. In addition, there exists a coopetition relationship between the
top two domestic computer manufacturers in Taiwan. Therefore, in order to understand the coopetition
relationship of oligopolistic firms in the production and pricing of green products, the objectives of this
study are as follows:

a. To propose a duopoly market model for this remanufactured market;
b. To use the Cournot model to find the effects on the entire green supply chain of different

manufacturers’ market evaluations;
c. To establish how manufacturers will be affected under different government subsidy policies

and different market competition conditions;
d. To determine how the difference in subsidy amount will affect the social welfare of the entire

green supply chain under various market conditions.

2. Literature Review

Compared with conventional forward logistics, reverse logistics refers to logistic activities carried
out in the source reduction, recycling, substitution, reuse, disposal, and management of hazardous
materials [4–8]. Zhao et al. [9] found that the higher the standards that are set for proper waste recycling,
the smaller the environmental impact this process will have, thus they have to keep on accepting new
product orders from their customers, while at the same time recycling products that are returned. Under
such circumstances, the role of a third-party reverse logistics provider is established through contracts
and cooperation [10]. Savaskan and Van Wassenhove [11] found that when a direct collection system is
used to collect used products directly from the consumers, then the channel profits are driven by the
impact of the scale of returns on collection efforts. Jacobs and Subramanian [12] examined the notion
of shared responsibility and its impact on the collection/recycling efforts in a decentralized, two-level
supply chain and devised a measure of overall social welfare and demonstrated that social welfare
can be improved by the sharing of responsibility between the supply chain tiers. The WEEE Directive
issued in February 2003 by the European Union (EU) held producers responsible for waste electrical
and electronic equipment at end of life. Under the extended producer responsibility (EPR), end-of-life
costs are internalized into the manufacturer’s bottom line and are a significant consideration [13].

Atasu, Savary, and van Wassenhove [14] provided an alternative and complementary approach
that considered demand-related issues, such as the existence of green segments, original equipment
manufacturer (OEM) competition, and product life cycle effects, which showed that (a) the higher the
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competition level, the higher the benefits of remanufacturing; (b) remanufacturing is more beneficial
under competition than under monopoly, even in the absence of a green segment; (c) higher diffusion
rates accentuate the benefits/drawbacks of remanufacturing. Amin and Zhang [15] constructed a
two-phase closed loop supply chain (CLSC) model; in the first phase, a framework for supplier selection
criteria in reverse logistics is proposed, with the weight of each supplier being determined using a
fuzzy method based on qualitative criteria; in the second phase, the authors proposed a multi-objective,
mixed-integer linear programming model to determine which suppliers and refurbishing sites should be
selected, and find the optimal number of parts and products in the CLSC network. Dey and Cheffi [16]
developed an analytical framework for measuring the environmental performance of manufacturing
supply chains with six key constructs, namely environmental planning, environmental auditing,
management commitment, environmental performance, economic performance, and operational
performance. Zhang, Wang and Ren [17] found that different production costs will impact the
choice of production modes of manufacturers when consumers have different valuations of the
products. Giri and Sharma [18] observed that a mixed strategy (simultaneous manufacturing and
remanufacturing) provides the maximum system profit. Sheu, Chou and Hu [19] used a linear
multi-objective programming model to integrate logistics problems of green supply chain management
by formulating factors such as the used-product return ratio and corresponding subsidies from
governmental organizations for reverse logistics. Results from their proposed integrated logistics
operational model showed that the chain-based aggregate net profits of a selected notebook computer
manufacturer can be improved by 21.1% relative to the existing operational performance of the supply
chain. Matsukawa [20] examined the welfare impact of emission taxes and subsidies in a green market
and found that an emission tax is always welfare-dominant over a subsidy on clean consumer products.

Alizadeh-Basban and Taleizadeh [3] discovered that governments can improve the enthusiasm
of and opportunities for enterprises and consumers participating in green supply chains by setting
appropriate subsidies for the enterprises and consumers, and by imposing penalties on enterprises that
do not employ green supply chain management. Mitra and Webster [21] found that the introduction
of government subsidies increases remanufacturing activity, and governments should consider
subsidy schemes with some positive fraction of the subsidy paid to the manufacturer. Furthermore,
subsidy sharing creates incentives for the manufacturer to design a product that is more suitable for
remanufacturing, and to be more open to efforts to increase the return rate of end-of-life products.
Using game theory to limit the environmental burden within a supply chain, Zhao, Neighbour, Han,
et al. [22] identified governmental punitive and incentive policies as being one of the major factors
influencing strategies of manufacturers in reducing the life cycle environmental risk of materials
and carbon emissions. Furthermore, environmental policies addressing industries could potentially
become more effective if policy instruments affecting the demand side (consumers) of the market
are given more prominence in the policy instrument package [23]. With the help of the Cournot
output competition model of classical competition and cooperation theory, as well as the Stackelberg
output competition model, Xue, Teunter, Zhu, et al. [24] study a duopoly channel consisting of a
high-end firm and a low-end firm, in which they derive a condition for the low-end firm to engage in
remanufacturing high-end cores, and show how the high-end firm reacts to limit the loss of market
share. In a Stackelberg model, there is a unique equilibrium in which both the leading firm and its
follower invest in R&D processes; only the follower delegates quantity decisions and the follower
can overcome the first mover advantage of the quantity leader and obtain a higher profit than the
leader [25]. At early stages of the product life cycle, when uncertainty is the dominating factor,
the Stackelberg leader faces the possibility of either overshooting or losing its market leadership
position to the second mover, as the impact of uncertainty may be either positive or negative [26].
Toyasaki, Boyaci and Verter [27] studied two prevailing types of take-back schemes for electrical
and electronic equipment waste recycling by modeling competitive decision-making as a two-stage
sequential game between competing manufacturers and recyclers. They found that both recycler and
manufacturer enjoyed lower product prices and higher profits. When the substitutability level between
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the manufacturer’s original products is high, or economies of scales in recycling are very strong,
recyclers are noted to show a preference for the monopolistic scheme. Further, higher collection rates
also render recycler consolidation desirable for all stakeholders. Sheu [28] showed in his study that
financial intervention by the government generates a significant effect on the relative bargaining power
of green supply chain members and a bargaining framework underlying the duopoly-oligopoly context
may contribute to the negotiation outcome most profitable for green supply chain members. Sheu and
Chen [29] found that the government should adopt green taxation and subsidization to ensure that
green profit attributed to green-product production is non-negative. Their three-stage game-theoretic
model revealed that under equilibrium conditions, social welfare and chain-based profits improve
by 27.8% and 306.6%, respectively, compared with the case without financial intervention. When
they used a two-stage Stackelberg game model to investigate the dynamics between the supply
chain players, given three supply chain network structures, Liu, Anderson and Cruz [30] took into
consideration both the production competition between partially substitutable products made by
different manufacturers and the competition between retail stores. They found that as consumers’
environmental awareness increases, retailers and manufacturers with superior eco-friendly operations
will benefit. In addition, higher levels of retail competition may make manufacturers with inferior
eco-friendly operations more likely to benefit from the increase in consumers’ environmental awareness.
This study aims to investigate two types of competition within a duopoly market, with a Cournot
model of equal competition and a Stackelberg model of leader-follower competition and explore the
impact of government policy on green supply chains with the help of Cournot and Stackelberg models
of duopoly. The proposed research framework and model is built on the works of Atasu, Savary
and van Wassenhove [14], Giri and Sharma [18], Zhao, Neighbour, Han, et al. [22], Daugbjerg and
Sonderskov [23], and Liu, Anderson and Cruz [30].

3. Model Formula and Solution

There are two segments to the manufacturer’s green supply chain system, namely: (a) forward
logistics, in which the manufacturer purchases new raw material to produce new goods for sale to
consumers; (b) reverse logistics in which the manufacturer recollects used products, screens for reusable
parts, and uses these parts in remanufacturing processes, thus returning to forward logistics. In this
study, manufacturers aim to maximize their profit while formulating their pricing strategies, while
government strives to maximize social welfare, based on the assumption that the market is a duopoly,
with the two manufacturers producing both new and remanufactured products. Consumers have
different opinions of these manufacturers and their products. These two manufacturers produce equal
amounts of the same new and remanufactured products for the market and are engaged in a competitive
relationship. We take the approach of Cournot price competition, in which both manufacturers strive
to maximize their profit as they act simultaneously to decide their pricing. In addition, we assume
that the raw material required for remanufacturing is adequate, the output capacity is not limited,
the overall market size is 1, and the sale markets are divided into the general market and green
market. General market refers to the market in which new products are regarded more favorably
than remanufactured products, while green market refers to the market in which consumers will
buy remanufactured products [14]. The demand model used in this study assumes that the general
consumers’ perception of value of products labeled as “remanufactured” is lower than those labeled as
“new” [31–34]. In a given period, each consumer will buy, at most, one product; and then only if his/her
valuation is greater than or equal to the price. The perceived value of the new and remanufactured
products is uniformly distributed between 0 and 1 within the consumer population. Manufacturer
substitution, government subsidy amount, subsidy ratio, pricing, and cost are all between 0 and 1.
This study assumes that both manufacturers in a duopoly market adopt a mixed production system.
Generally, the prices of remanufactured products are lower than those of new products, and consumers
may choose to purchase one rather than the other under different circumstances. Through market
demand, manufacturers will decide the optimal production amount for these two types of products
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using a mixed strategy for maximum profit [18]. The first stage involves deciding the government
subsidy amount by maximizing social welfare. In the second stage, this study will use a Cournot
duopoly model to decide the pricing of these two companies with the aim of profit maximization.

3.1. Notation

3.1.1. Basic Symbols

Let evaluation index be V, where 0 < V < 1:
V1: market evaluation of Manufacturer A (the leader).
V2: market evaluation of Manufacturer B (the follower).
NCSi: the consumer surplus of new product ni, i = 1, 2.
NPSi: the producer surplus of new product ni, i = 1, 2.
RCSi: the consumer surplus of remanufactured product ri, i = 1, 2.
RPSi: the producer surplus of remanufactured product ri, i = 1, 2.
NSW: the social welfare of new product.
RSW: the social welfare of remanufactured product.

3.1.2. Input Parameters

θ: the substitution ratio between remanufactured and new products, 0 < θ < 1. The closer θ is to
1, the closer the remanufactured product is able to substitute the new product. Under the proposed
situation, this study takes 0 < θ < 0.5.

α: the ratio of market evaluation for Manufacturer B (the follower) to the market evaluation of
Manufacturer A (the leader), as held by general consumers, and 0 < α< 1. The closer α is to 1, the closer
the market evaluations of these two manufacturers.

β: the proportion of green consumers in the market population, which is the number of green
consumers divided by total number of consumers. Under the proposed situation, this study sets it as 0
< β < 0.5.

qn1: the production demand for new product by Manufacturer A (the leader).
qn2: the production demand for new product by Manufacturer B (the follower).
qr1: the production demand for remanufactured product by Manufacturer A (the leader).
qr2: the production demand for remanufactured product by Manufacturer B (the follower).
Cn1: the production cost of new product of Manufacturer A (the leader).
Cn2: the production cost of remanufactured product of Manufacturer B (the follower).
Cr: per unit production cost of remanufactured product.
x: the ratio of government subsidy to consumers.
1 − x: the ratio of government subsidy to manufacturers.

3.1.3. Decision Variables

Pn1: the production price of new product by Manufacturer A (the leader).
Pn2: the production price of new product by Manufacturer B (the follower).
Pr1: the production price of remanufactured product by Manufacturer A (the leader).
Pr2: the production price of remanufactured product by Manufacturer B (the follower).
G: the government subsidy amount for demand of remanufactured product.

3.1.4. Objective Functions

π: the profit available to the entire group of green supply chain members.
π1: the profit available to Manufacturer A (the leader) in the green supply chain.
π2: the profit available to Manufacturer B (the follower) in the green supply chain.
SW: social welfare function.
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3.2. Demand Functions in the Duopoly Model

This study assumes that the overall market evaluation is V. The market evaluation of Manufacturer
A (the leader) is V1, and V2 is the market evaluation for Manufacturer B (the follower), thus the market
evaluation of a duopoly market is V1 + V2 = V. The relationship between the market evaluation of
these two manufacturers is signified by α, thus αV1 = V2. Based on these two assumptions, the market
evaluation of Manufacturer A (the leader) is obtained as (1 + α)V1 = V, and the market evaluation
of Manufacturer B is obtained as (1 + α)V2 = αV. Let the respective average pricing of new and
remanufactured products for both Manufacturer A (the leader) and Manufacturer B (the follower) be
2PN = Pn1 + Pn2 and 2PR = Pr1 + Pr2. When the market evaluation of new product V is greater than
PR, the general consumer will purchase the product. When the market evaluation of remanufactured
product θ V is greater than PR, the general consumer will purchase the remanufactured product. When
both market evaluations are the same, the general consumer will purchase both products. Utilizing this
relationship, when the critical point for market evaluation is known, we can deduce value V as follows

V − PN = θV − PR ⇒ V −
(Pn1+Pn2

2

)
= θV −

(Pr1+Pr2
2

)
⇒ V =

(Pn1+Pn2)−(Pr1+Pr2)
2(1−θ)

(1)

When the market evaluation of new product V1 is greater than Pn1, the general consumer will
choose to purchase the new product from Manufacturer A. When the market evaluation of new product
V2 is greater than Pn2, the general consumer will purchase the new product from Manufacturer B.
When both market evaluations are the same, the general consumer will purchase products from both
manufacturers. Utilizing this relationship, when the critical point for market evaluation is known, we
can obtain

V =
(1 + α)(Pn1 − Pn2)

1− α
(2)

When the market evaluation of remanufactured product θ V is greater than Pr1, the general
consumer will choose to purchase the remanufactured product from Manufacturer A. When the market
evaluation of new product θ V is greater than Pr2, general consumer will purchase the remanufactured
product from Manufacturer B. When both market evaluations are the same, the general consumer will
purchase remanufactured products from both manufacturers. Utilizing this relationship, when the
critical point for market evaluation is known, we can make the following deductions

θV1 − Pr1 = θV2 − Pr2 ⇒ V =
(1+α)(Pr1−Pr2)
θ(1−α) ,

and θV2 − Pr2 ≥ 0⇒ V ≥ Pr2(1+α)
αθ

(3)

Synthesizing the above, demand functions can be derived, as shown in Equations (4) to (7):
New product produced by Manufacturer A:

1−
(1 + α)(Pn1 − Pn2)

1− α
(4)

New product produced by Manufacturer B:

(1 + α)(Pn1 − Pn2)

1− α
−
(Pn1 + Pn2) − (Pr1 + Pr2)

2(1− θ)
(5)

Remanufactured product produced by Manufacturer A:

(Pn1 + Pn2) − (Pr1 + Pr2)

2(1− θ)
−
(1 + α)(Pr1 − Pr2)

θ(1− α)
(6)
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Remanufactured product produced by Manufacturer B:

(1 + α)(Pr1 − Pr2)

θ(1− α)
−

Pr2(1 + α)
αθ

(7)

As green consumers are more environmentally friendly and more receptive to the concept
of recycling, they will purchase remanufactured products instead of new products. This study
therefore only considers remanufactured products, and not the substitution ratio θ between new and
remanufactured products. When the market evaluation of remanufactured product V1 is greater than
Pr1, the green consumer will choose to purchase the remanufactured product from Manufacturer A.
When the market evaluation of new product V2 is greater than Pr2, the green consumer will purchase the
remanufactured product from Manufacturer B. When both market evaluations are the same, the green
consumer will purchase remanufactured products from both manufacturers. Utilizing this relationship,
when the critical point for market evaluation is known, we can make the following deductions

V1 − Pr1 = V2 − Pr2 ⇒ V =
(1+α)(Pr1−Pr2)

(1−α) ,

V2 − Pr2 ≥ 0⇒ V ≥ Pr2(1+α)
α

(8)

Therefore, demand functions can be derived, as shown in Equations (9) to (11)

Demand for new product: 0 (9)

Demand for remanufactured product produced by Manufacturer A:

1−
(1 + α)(Pr1 − Pr2)

(1− α)
(10)

Demand for remanufactured product produced by Manufacturer B:

(1 + α)(Pr1 − Pr2)

(1− α)
−

Pr2(1 + α)
α

(11)

Based on the market assumptions shown above, the demand of green consumer is multiplied by
the market share of green consumer β, the demand of general consumer is multiplied by the market
share of general consumer (1 − β) and both are then added together to get the total market demand.
Thus, the demand for each type of product is given by Equations (12) to (15), as follows

qn1 = (1− β)
[
1−

(1 + α)(Pn1 − Pn2)

1− α

]
(12)

qn2 = (1− β)
[
(1 + α)(Pn1 − Pn2)

1− α
−
(Pn1 + Pn2) − (Pr1 + Pr2)

2(1− θ)

]
(13)

qr1 = (1− β)
[
(Pn1 + Pn2) − (Pr1 + Pr2)

2(1− θ)
−
(Pr1 − Pr2)(1 + α)

(1− α)θ

]
+ β

[
1−

(Pr1 − Pr2)(1 + α)
1− α

]
(14)

qr2 = (1− β)
[
(Pr1 − Pr2)(1 + α)

(1− α)θ
−

Pr2(1 + α)
αθ

]
+ β

[
(Pr1 − Pr2)(1 + α)

1− α
−
(1 + α)Pr2

α

]
(15)

Let the profit function be defined as π = (P − C) q; we can then consider the factor of government
subsidy, and with the different allocation ratio, the demand and profit functions will change accordingly.
If the government is to encourage manufacturers to produce remanufactured products, (1 − x) G will
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be subtracted from the cost of remanufactured products Cr in the total profit Equations (16) and (17)
for Manufacturer A and Manufacturer B, respectively.

π1 = (Pn1 −Cn1) × qn1 + [Pr1 −Cr + (1− x)G] × qr1 (16)

π2 = (Pn2 −Cn2) × qn2 + [Pr2 −Cr + (1− x)G] × qr2 (17)

When a subsidy is implemented for consumers, it will affect consumer demand as it will lead
consumers to believe that there is a cost reduction for remanufactured products. By removing the cost
of remanufactured products from the demand function, Equations (18) to (21) are derived.

qn1 = (1− β)
[
1−

(1 + α)(Pn1 − Pn2)

1− α

]
(18)

qn2 = (1− β)
[
(1 + α)(Pn1 − Pn2)

1− α
−
(Pn1 + Pn2) − (Pr1 + Pr2 − 2xG)

2(1− θ)

]
(19)

qr1 = (1− β)
[
(Pn1 + Pn2) − (Pr1 + Pr2 − 2xG)

2(1− θ)
−
(Pr1 − Pr2)(1 + α)

(1− α)θ

]
+ β

[
1−

(Pr1 − Pr2)(1 + α)
1− α

]
(20)

qr2 = (1− β)
[
(Pr1−Pr2)(1+α)

(1−α)θ −
(Pr2−xG)(1+α)

αθ

]
+ β

[
(Pr1−Pr2)(1+α)

1−α −
(1+α)(Pr2−xG)

α

]
(21)

By rearranging the total profit Equations (16) and (17), we obtain the following

π1 = (Pn1 −Cn1) × qn1 + [Pr1 −Cr + (1− x)G] × qr1

= (Pn1 −Cn1) × (1− β)
[
1− (1+α)(Pn1−Pn2)

1−α

]
+ [Pr1 −Cr + (1− x)G]×{

(1− β)
[
(Pn1+Pn2)−(Pr1+Pr2−2xG)

2(1−θ) −
(Pr1−Pr2)(1+α)

(1−α)θ

]
+ β

[
1− (Pr1−Pr2)(1+α)

1−α

]} (22)

π2 = (Pn2 −Cn2 + 0.2) × qn2 + [Pr2 −Cr + (1− x)G] × qr2

= (Pn2 −Cn2) × (1− β)
[
(1+α)(Pn1−Pn2)

1−α −
(Pn1+Pn2)−(Pr1+Pr2−2xG)

2(1−θ)

]
+[Pr2 −Cr + (1− x)G]

{
(1− β)

[
(Pr1−Pr2)(1+α)

(1−α)θ −
(Pr2−xG)(1+α)

αθ

]
+

β
[
(Pr1−Pr2)(1+α)

1−α −
(1+α)(Pr2−xG)

α

]} (23)

We define social welfare as the summation of producer surplus and consumer surplus; both can
be derived as illustrated from Equations (24) to (31).

The consumer surplus and producer surplus for the production of new products by Manufacturer
A are defined as Equations (24) and (25), respectively.

(1− β)
∫ Pn2+

1−α
1+α

Pn1

1−
(1 + α)(y− Pn2)

1− α
dy (24)

(1− β)(Pn1 −Cn1)

[
1−

(1 + α)(Pn1 − Pn2)

1− α

]
(25)

The consumer surplus and producer surplus for production of remanufactured products by
Manufacturer A are defined as Equations (26) and (27), respectively.

(1− β)
∫ θ(1−α)(Pn1+Pn2−Pr2+2xG)+2(1−θ)(1+α)Pr2

2(1−θ)+(1−α)θ
Pr1

(Pn1+Pn2)−(y+Pr2−2xG)
2(1−θ) −

(y−Pr2)(1+α)
(1−α)θ dy

+β
∫ Pr2+

1−α
1+α

Pr1
1− (y−Pr2)(1+α)

1−α dy
(26)
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(1− β)[Pr1 −Cr + (1− x)G]
[
(Pn1+Pn2)−(Pr1+Pr2−2xG)

2(1−θ) −
(Pr1−Pr2)(1+α)

(1−α)θ

]
+β[Pr1 −Cr + (1− x)G]

[
1− (Pr1−Pr2)(1+α)

1−α

] (27)

The consumer surplus and producer surplus for production of new products by Manufacturer B
are defined as Equations (28) and (29), respectively.

(1− β)
∫ 2(1+α)(1−θ)Pn1−(1−α)(Pn1−Pr1−Pr2+2xG)

2(1+α)(1−θ)+(1−α)

Pn2

(1 + α)(Pn1 − y)
1− α

−
(Pn1 + y) − (Pr1 + Pr2 − 2xG)

2(1− θ)
dy (28)

(1− β)(Pn2 −Cn2)

[
(1 + α)(Pn1 − Pn2)

1− α
−
(Pn1 + Pn2) − (Pr1 + Pr2 − 2xG)

2(1− θ)

]
(29)

The consumer surplus and producer surplus for production of remanufactured products by
Manufacturer A are defined as Equations (30) and (31), respectively.

(1− β)
∫ αPr1+(1−α)xG

Pr2

(Pr1−y)(1+α)
(1−α)θ −

(y−xG)(1+α)
αθ dy + β

∫ αPr1+(1−α)xG
Pr2

(Pr1−y)(1+α)
1−α −

(1+α)(y−xG)
α dy (30)

(1− β)[Pr2 −Cr + (1− x)G]
[
(Pr1−Pr2)(1+α)

(1−α)θ −
(Pr2−xG)(1+α)

αθ

]
+

β[Pr2 −Cr + (1− x)G]
[
(Pr1−Pr2)(1+α)

1−α −
(1+α)(Pr2−xG)

α

] (31)

In this study, the social welfare of new products is defined as the sum of consumer and producer
surplus of new products, as shown in Equation (32), while the social welfare of remanufactured
products is the sum of consumer and producer surplus of remanufactured products, shown as Equation
(33). The summation of these two social welfares will be the total social welfare (SW) that this study
strives to discover.

NSW = NCS1 + NCS2 + NPS1 + NPS2 (32)

RSW = RCS1 + RCS2 + RPS1 + RPS2 (33)

3.3. Cournot Model Solution

As shown earlier, Equations (22) and (23) provide the profit functions. In order to simplify the profit
functions to facilitate derivation and calculation, we define Equations (34) to (39) for transformation.

A =
(1 + α)(1− β)

1− α
(34)

B =
1− β

2(1− θ)
(35)

C = Cr − (1− x)G (36)

D =
(1 + α)β

1− α
(37)

E =
(1 + α)(1− β)

α
(38)

F =
(1 + α)β
α

(39)

Using this variable transformation, new profit equations can be found, as shown in Equations (40)
and (41).

π1 = (Pn1 −Cn1)[(1− β) −A(Pn1 − Pn2)]+

(Pr1 −C)
{
B[(Pn1 + Pn2) − (Pr1 + Pr2 − 2xG)] − A

θ (Pr1 − Pr2) + β−D(Pr1 − Pr2)
} (40)
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π2 = (Pn2 −Cn2)
{
A(Pn1 − Pn2) − B[(Pn1 + Pn2) − (Pr1 + Pr2 − 2xG)]

}
+

(Pr2 −C)
[

A
θ (Pr1 − Pr2) −

E(Pr2−xG)
θ + D(Pr1 − Pr2) − F(Pr2 − xG)

] (41)

The Cournot competition model assumes that both manufacturers make their pricing decisions
with the aim of maximizing profits, and then adjust these prices according to the market competition.
The pricing functions of these two manufacturers will meet, and this will be the equilibrium sought.
To find the optimal solution for each of the manufacturers, the profit formulas Equations (40) and (41)
are maximized by first-order differential with respect to the variables Pn1, Pr1 and Pn2, Pr2 respectively.
The price response functions for both manufacturers A and B can be obtained through Equations (42)
to (45). We can then use Mathematica 8 software to solve Equations (42) to (45) to obtain the Cournot
equilibrium as follows:

Pn1
∗ =

[
2A(B+D+A

θ )+B2

4A(B+A
θ+D)−B2

]
Pn2 +

[
B(D−B+A

θ )

4A(B+A
θ+D)−B2

]
Pr2+

2(D+A
θ+B)(1−β−BC+ACn1)+B(β+BC+CD+2BxG+AC

θ )

4A(B+A
θ+D)−B2

(42)

Pr1
∗ =

[
3AB

4A(B+A
θ+D)−B2

]
Pn2 +

[
2A(D+A

θ−B)

4A(B+A
θ+D)−B2

]
Pr2+

B(1−β+ACn1−BC)+2A(BC+β+CD+2BxG+AC
θ )

4A(B+A
θ+D)−B

(43)

Pn2
∗ =

[
2(A−B)(D+F+A

θ+
E
θ )

4(A+B)(D+F+A
θ+

E
θ )−B2

]
Pn1 +

[
2B(D+F+A

θ+
E
θ )+B(D+A

θ )

4(A+B)(D+F+A
θ+

E
θ )−B2

]
Pr1+

2(D+F+A
θ+

E
θ )(ACn2+BCn2−2BxG)+B(CD−BCn2+

AC
θ + CE

θ +FxG+ ExG
θ )

4(A+B)(D+F+A
θ+

E
θ )−B2

(44)

Pr2
∗ =

[
4(A+B)(D+F+A

θ+
E
θ )(A−B)

B[4(A+B)(A
θ+

E
θ+D+F)−B2]

−
A−B

B

]
Pn1 +

[
2(A+B)(D+A

θ )+4B(A+B)(D+F+A
θ+

E
θ )

4(A+B)(A
θ+

E
θ+D+F)−B2 − 1

]
Pr1

+
4(A+B)(D+F+A

θ+
E
θ )(ACn2+BCn2−2BxG)+2B(A+B)(CD−BCn2+

AC
θ + CE

θ +FxG+ ExG
θ )

B[4(A+B)(A
θ+

E
θ+D+F)−B2]

(45)

4. Sensitivity Analysis

Due to the additional investment costs Manufacturer A has to make in order to gain market
advantage, its production cost will definitely be higher than that of Manufacturer B. Further, as the
remanufactured product market is considered as an emerging market, this study will set the production
of remanufactured products for both manufacturers to be the same. Thus the production costs will be
Cn1 = 0.4, Cn2 = 0.3, and Cr = 0.3, respectively. The other parameters in this study will be set as follows:
the substitution ratio between remanufactured products and new products, θ = 0.2; the ratio of market
evaluation for Manufacturer B to the market evaluation of Manufacturer A, α = 0.7; the proportion of
green consumers in the market population, β = 0.2; the ratio of government subsidy to consumers, x =

0.6; the government subsidy amount for demand of remanufactured products, G = 0.6. With the set of
base values above, minor adjustments will be made to relevant parameters in different scenarios. Using
unit ratios, the effects on the objective functions caused by changing the parameters can be observed.

Under different competition situations, this study aims to explore the relationships of product
substitutability between two manufacturers, consumer market and product evaluation, subsidy
allocation, and overall profit of the green supply chain, and the incentives for consumers to purchase
remanufactured products. The product substitutability between two manufacturers, methods of
subsidy allocations, and the amount of government subsidy will be used as parameters in order to
investigate the influences they have on the models discussed earlier. In this study, the market is
assumed to be a duopoly, and consumers have different and unequal opinions of the two manufacturers.
None of the manufacturers has a monopoly on the market and the value of α is assumed to be between
0 and 1. Two important objectives should be noted in this section, namely (i) to explore the changes
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in a green supply chain under different market evaluations; and (ii) to explore the effects on social
welfare. This study also tries to explain how optimal pricing decisions should be made under different
situations from the perspectives of manufacturers and government.

4.1. Changes in Green Supply Chain as a Whole

We assume the proportion of green market (β) to be 0.3, and explore the differences between these
two models with the overall profit of the green supply chain in mind, as shown in Figure 1. Using
β and the market evaluation ratios of these two manufacturers (α) as varying parameters, Figures 1
and 2 show the different profits for the green supply chain.
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As shown in Figures 1 and 2, the more heated the competition, the smaller the profit of the green
supply chain; the more similar the market strength of the two manufacturers, the more intense the
competition becomes. This will lead to price wars that will inevitably reduce the profit of the green
supply chain.

4.2. Effects on Social Welfare

We assume the proportion of the green market (β) to be 0.2, and set the market evaluation ratios
(α) as nine different possibilities, from 0.1 to 0.9, and find the effects of government subsidy policy on
social welfare under different duopoly competition models.

From Figures 3 and 4, the following can be deduced.
Figure 3 is similar to Figure 4: both figures show similar movements within these two models,

which signify the effects that a consumer surplus of remanufactured products have on the trend of
social welfare. Other factors presented consistent decreasing or increasing effects.

Below α = 0.6, the value of social welfare is declining; below α = 0.6, both manufacturers choose
to produce new products in order to maximize their profits, which will affect the social welfare created
by remanufactured products. Under the situation where both manufacturers aim to distribute profits,
consumer surplus is depleted.
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When α = 0.7, a special value appears; as explained, when α = 0.7, both manufacturers start to
produce both new and remanufactured products, and the production of remanufactured products is
viewed similarly to that of new products. As a result, consumer surplus increases. When the difference
in the market strength of both manufacturers grows smaller, when α is greater than 0.7, the effects
of government subsidy policy on manufacturers producing remanufactured products also become
smaller. At this point, manufacturers will introduce new product lines and hold promotional activities
with the hope of attracting consumers to purchase. All these efforts will prompt consumers to purchase
new products instead of remanufactured products, and indirectly bring the consumer surplus of
remanufactured products and social welfare into negative territory.
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5. Conclusions and Discussion

With the daunting threat of global warming and the rising prices of raw materials, nations
worldwide are realizing the importance of green environment management and other related green
issues such as remanufacturing, reusing, and recycling. Therefore, manufacturers too have inevitably
taken notice of the potentiality and profitability of the green market. However, manufacturers
and retailers alike face the challenge of pricing these green products adequately. Green products
are generally perceived as slightly inferior to new products, whether in terms of functionality or
performance. Wanting to do their part for the environment is the main reason for consumers purchasing
green products, and these consumers are only a minority in the marketplace. Due to the lack of
economies of scale, the cost of producing these green products may not be lower than that of new
products. Thus, government subsidy plays an important part in the production and pricing of
green products. This study explores the role of government subsidy policy in promoting sustainable
environmental concepts among consumers in a duopoly market. The two manufacturers, with different
production costs and market shares, will react differently to different government subsidy policies.
Thus, under these circumstances, in addition to maximizing social welfare, government should also
consider factors that will influence consumers’ willingness to purchase and promote manufacturers’
involvement in green supply chains.

Based on market evaluations of manufacturers in a duopoly environment, this study explored how
different parameter settings would affect the overall supply chain pricing in the Cournot model. When
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the ratio of market evaluation for both manufacturers α is 0.5, overall product demand approaches a
fixed value; when α is greater than 0.8, overall product demand looks to rise slightly. This is due to
the increasing demand for new products, as the market evaluation for both manufacturers converges
when α is greater than 0.7. When α is greater than 0.8, the demand for new products will increase
tremendously, which would consequently affect the overall product demand. By maintaining α = 0.7,
both manufacturers will produce new and remanufactured products. At this point, social welfare
will reach a certain level. Division of production in the Cournot model occurs as a result of market
competition, and does not have any significant influence on the overall product demand. Under the
research framework of this study, consumer surplus of remanufactured products is found to have
a greater influence on social welfare. When division of production happens in the Cournot model,
consumer surplus of remanufactured products will reach a higher value, thus lifting social welfare. In
view of the above findings, this study has summarized the following factors that governments may
take into consideration while promoting environmentally friendly concepts. Before implementing
any subsidy policy to encourage the production and consumption of remanufactured products, it is
imperative that governments consider the types of competition between manufacturers and consumers’
willingness to purchase. To promote green supply chains, this study advises governments to first
implement the necessary market control to avoid giving too much market power to the manufacturers
or encouraging collusion between manufacturers that would inevitably affect overall social welfare.

This study only considered two manufacturers as both producers and recyclers within the green
supply chain. In future, a third-party recycler can be incorporated in the model to investigate the
relationships between these stakeholders. Other than subsidy policies, governments can also promote
the concept and implementation of green supply chains through the enactment of regulation and
legislation. This study assumed government subsidy as the only economic incentive and did not factor
taxation into the models. For future research, both subsidy and taxation should be included. The
government is assumed to dispense subsidies to both manufacturers and consumers. Subsidies to
manufacturers are meant to encourage the production of remanufactured products and the recollection
of used products. This recollection rate was deemed as one of the factors influencing government
subsidy. With regard to the recollection cost of used products, this study did not consider the possibility
that different industries may have different cost factors. Future researchers may explore whether
different cost considerations in other industries will affect the market competition of its respective
green supply chains. The values of demand functions used in this study were set based only on
market evaluations, and did not consider external influences that may have affected the manufacturers.
In future, researchers may include other factors that may influence consumers’ willingness to buy
remanufactured products.
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