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With more and more end-of-life products in daily life, many companies are engaging in remanufacturing, including backward
production capacity (BPC) enterprises. Meanwhile, take-back regulation always asks the manufacturer to take back end-of-life
products to reduce pollution. However, the effect of take-back regulation on remanufacturers remains unclear. In this paper, we
first analyzed the take-back regulation threshold with the elimination effect. We then discussed the impact on stakeholders, such
as themanufacturer, the remanufacturer, consumers, and the government. A two-stage dynamicmarket model is proposed, which
considers the market with/without BPC remanufacturer. Take-back regulation’s elimination effect is studied, and the results show
that when the collection target reaches the elimination threshold, the manufacturer’s profit declines, the BPC remanufacturer is
eliminated, consumer surplus decreases, and social welfare is improved. Besides, to cope with a high take-back regulation target,
the manufacturer will reduce new product output, which leads to BPC remanufacturer’s benefits decline. A numerical study is
given with a different collecting strategy of the BPC remanufacturer, the incentive interval, the inhibition interval, and the
elimination interval of the take-back regulation for stakeholders which are described. At last, some managerial insights are given
to help the regulator implement take-back regulation.

1. Introduction

1.1. Background and Motivation. An increasing number of
enterprises worldwide are willing to take back end-of-life
(EOL) products and remanufacture them. *e main reason
is that this part of the market could be profitable for anyone
in this field. *e most representative example is the esti-
mated value of the U.S. remanufacturing market of more
than $43 billion [1]. *e colossal profit cake has lured many
enterprises eager, including some advanced manufacturers
(such as Cat Reman and Wealdstone) and Backward Pro-
duction Capacity (BPC) companies. For EOL products,
collectors typically have the following treatment methods:
incineration, burial, recycling, dismantling, and so on.
However, in the processing of EOL products, taking back
and remanufacturing have become the choice of many
manufacturers because of their superior economic impact
and environmental protection effects. In the take-back stage,
take-back includes numerous activities such as collection,

transportation, and remanufacturing. And, the remanu-
facturing option is a more environmentally friendly way to
reduce pollution and total energy consumption.*at is what
Mercedes-Benz does. Mercedes-Benz opens the remanu-
facturing industry to take back used items and sell rema-
nufactured core components (such as motors, water pumps,
and jet pumps) to consumers.

Even though companies who take back EOL products
could help solve environmental issues and reuse efficiency
problem, the backward production capacity remanufac-
turers always have two characteristics. *e first one is that
the production technology level is lower than the average
level of the same enterprises.*e second one is that pollutant
emissions, energy consumption, water consumption, and
other production indicators are higher than the intermediate
level of the same enterprises. For example, there are many
gearbox specialized companies in China. Still, some of them
scamp work and stint material to produce “refurbished”
products with low quality, bringing consumers risk. By using
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these “refurbished” products, consumers will be in danger.
*erefore, how to reduce or even eliminate such enterprises
has become the government’s thorny problem. In practice,
the judgment standard for backward production capacity is
that an enterprise’s technical level cannot meet the standard
production capacity stipulated by national laws, regulations,
and policies. For remanufacturing, the most noticeable
regulation is take-back regulation, which imposes a col-
lection target on the manufacturer and requires the man-
ufacturer to take-back a certain quantity of EOL products
that the manufacturer produced before.

According to previous papers, taking back EOL products is
the task and the responsibility of the manufacturer [2–5]. *e
theory of “Extended Producer Responsibility” (EPR) put
forward by Professor Lindhqvist [6] highlights that the re-
sponsibility for collecting, recycling, and final disposal of waste
products belongs to the producer. Furthermore, more and
more countries have adopted a series of relevant laws and
regulations, requiring manufacturers to take back the products
they produce. For example, the producer responsibility system
in the United States [7] and the EuropeanUnion [8] both show
the importance that governments attach to take-back.

Under the constraints of take-back regulation, compe-
tition between manufacturer and remanufacturer is inevi-
table in the remanufacturing market. Whether an
appropriate regulation level could eliminate BPC remanu-
facturers indirectly is unclear. Manufacturers may complain
that high-level take-back regulation places too much burden
on them [9]. However, if the level of take-back regulation
reached a certain threshold and BPC remanufacturers were
eliminated, would manufacturers accept this take-back
regulation and support it? In this paper, we consider the
take-back regulation to discuss how it destroys the BPC
remanufacturers. We try to find out the manufacturer’s
attitude towards take-back regulation. And, we find that the
manufacturer is happy to see the level of take-back regu-
lation increasing enough to eliminate the BPC remanufac-
turer. What is certain is that if take-back regulation can play
a role in stopping the BPC remanufacturer, this take-back
regulation will inevitably change the structure of members
and even products in the market. So, how the output of each
product changes is another question in this paper. It is
conceivable that as BPC remanufacturers are eliminated by
take-back regulation, the number of remanufactured
products in the market will inevitably decline. But what
about the new product and the total quantity in the market?
Will these changes affect market supply? As consumers
participate in the market, will their benefits be affected by the
level of take-back regulation? And, for the government, the
final goal of market regulation is to improve social welfare.
Could take-back regulation with elimination effect benefit
social welfare? Different stakeholders may have various
benefits [9].

1.2. Research Questions and Significant Findings.
Although many countries have adopted the take-back reg-
ulation, in terms of its effects, several issues still need to be
discovered:

(1) Whether the take-back regulation (collection target)
could eliminate the BPC remanufacturer?

(2) After the BPC remanufacturer quits the market, how
will the quantity of each product change?

(3) How will the collection target with the elimination
effect affect the manufacturer’s profit and consumer
surplus?

(4) What if the BPC remanufacturer adopted a different
take-back strategy?

(5) How does the collection target with the elimination
effect affect social welfare?

*is paper aims to solve the five questions above by
conducting a game-theoretic model. To be specific, we use
the Stackelberg game model in the first stage to discuss the
competition relationship between the manufacturer and the
BPC remanufacturer. *en, we adopt a static game model to
describe the second stage. Among the findings, we show the
following significant results: *e take-back regulation could
eliminate the BPC remanufacturer by increasing the col-
lection target. Take-back regulation and the take-back
strategy, which the BPC remanufacturer adopts, will affect
product structure together. *e number of remanufactured
products and the total quantity always increase with the
collection target. However, there will be a little change when
the collection target achieves the elimination effect
threshold. *e manufacturer can profit from the increasing
collection target after the BPC remanufacturer withdraws
from the market. However, the manufacturer’s profit still
changes in different remanufacturing costs. Consumer
surplus decreases when the collection target begins to play a
role in elimination, which means the consumer may prefer a
competitive market rather than a monopoly market. Social
welfare keeps increasing with the collection target, but we
find that social welfare suddenly rises when the collection
target reaches its elimination threshold.

1.3. Contribution Statement and Paper Structure. *is paper
is the first study in operations management devoted to
exploring the take-back regulation with elimination effect to
the best of our knowledge. And, this paper is also the first
study that considers a two-stage dynamic market under the
take-back regulation. We attribute the main contributions of
the research to the following aspects. First, we think of a
market that the manufacturer coexists with the BPC re-
manufacturer and analyzes the two parties’ optimal pro-
duction decisions under the competitive relationship. From
the take-back regulation perspective, we discuss the impact
of the take-back regulation on BPC remanufacturer and
determine the elimination effect’s take-back regulation level.
When the level of take-back regulation reaches a threshold,
the market structure will change and the market enters the
second stage (monopoly market). Second, to fully under-
stand the elimination effect, we compare different products
and stakeholders’ benefits in two periods. *ird, we perform
an extended analysis of BPC remanufacturer’s different take-
back strategies, resulting in different results. We finally
characterize the changes in stakeholders’ benefits and divide
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the take-back regulation level into several intervals. More-
over, we distinguish the incentive, suppression, and elimi-
nation effects of stakeholders at each take-back regulation
level.

*e following section reviews the relevant related lit-
erature. Section 3 describes the market structure first and
then introduces our competing model between a manu-
facturer and a BPC remanufacturer. In Section 4, we
characterize the manufacturer’s optimal production deci-
sion and BPC remanufacturer and then analyze the elim-
ination effect’s collection target threshold. And next, we
discuss changes in new products and remanufactured
products in different periods. Finally, we consider the profit
of the manufacturer and compare consumer surplus. In
Section 5, through a numerical study, we make an extended
discussion to investigate whether a different take-back
strategy of BPC remanufacturer will change the result in
Section 4. *en, we identify how social welfare changes
during the collection target increasing period. At last, a
conclusion is reached in Section 6. Appendix A provides all
proofs in this paper.

2. Literature Review

Many papers study take-back regulation in the existing
remanufacturing literature [4, 5, 9, 10]. *ey studied the
competition between manufacturer and remanufacturer,
strategies of both parties, changes of stakeholders’ benefits,
and product design under the take-back regulation. *ey do
not take the elimination effect of take-back regulation into
account as we do, nor do they consider stakeholder pref-
erences from a dynamic market perspective. For the regu-
lation mode, there are typically three take-back regulation
models: tax model [9, 11, 12], rate model with collection
target [3, 9, 13], and rate model with collection target and
reuse target [4, 7, 14]. Under the tax model, government
taxes on manufacturers increase the manufacturer’s costs,
but some of this tax will be transferred to consumers. *us,
to ensure the manufacturer’s take-back responsibility, the
rate model seems more appropriate. Considering that the
reuse target is not implemented in most countries in real life,
this paper only takes the collection target as the research
background.

Our research builds on the market competition between
manufacturing and remanufacturing, where there is product
differentiation, and consumer always values remanufactured
products less [15–21]. Stackelberg [23] introduced a model
of output leadership. *e model reflects asymmetric com-
petition among companies when, in some markets, com-
peting enterprises’ positions are not symmetrical.
Asymmetry in market position causes asymmetry in deci-
sion-making order. Generally, small enterprises observe the
behavior of large enterprises before deciding their own
production decision. *is competition model fully reflects
the decision-making position between the manufacturer and
the remanufacturer. Following recent work in the general
supply chain management literature [23–28], as well as
works in take-back regulation literature [10, 29, 30], we
model Stackelberg competition.

While the competition between manufacturer and re-
manufacturer has been studied from different aspects, the
result does not immediately extend to the dynamic market
because of the elimination effect of take-back regulation. In
the remanufacturing market, the quantity of remanufac-
tured products is always less than the number of new
products. Previous research on this [7, 31–33] has proved
that the manufacturer’s production decision and remanu-
facturer’s production decision can affect the product
structure in the market. Take-back regulation could change
the competitive environment and even change the number
of market participants. Nevertheless, what changes will
happen in other perspectives, primarily when the regulation
eliminated the BPC remanufacturer, has not been discussed
in the literature. *is issue is the main focus of our study.

Several recent manufacturing papers [34–36] have
studied backward production capacity problems. For ex-
ample, Shao and Wang [35] revealed that the elimination of
BPC companies would improve companies’ Malm-
quist–Luenberger productivity index. Wang et al. [36]
proved that policy regulation could help enhance the ca-
pacity of coal industries. Du and Li [34] provided Chinese
industrial firm data, showing that environmental regulation
can play a role in eliminating backward production capacity
companies. *ere are also some other papers studying
eliminating backward production capacity from different
industries, like the energy-intensive manufacturing industry
[37], coal chemical industry [38], iron and steel industry
[39], and cement industry [40]. *ey do not capture the
competition between manufacturer and remanufacturer and
the battle between new products and remanufactured
products, which we see in our lives, a gap this paper ad-
dresses. To the best of our knowledge, only Esenduran et al.
[7] studied the two competition relationships mentioned
above and the take-back regulation together. However, they
have not distinguished between remanufacturers or con-
sidered changes in market structure brought by the take-
back regulation as we do. Doing so will make us understand
what effects may be there when the take-back regulation
reaches the elimination threshold. Table 1 contains the work
to date on our research gap.

3. Model Overview

3.1. Model Description and Notations. We consider a man-
ufacturer that sells new products and remanufactured
products in the market. A BPC remanufacturer takes back
the EOL products in the market and remanufactures them,
and a government is imposing take-back responsibility on
the manufacturer. For the manufacturer, we use qn to in-
dicate the number of new products and qr1 to express the
number of remanufactured products. For the BPC reman-
ufacturer, we use qr2 to show the number of remanufactured
products. Obviously, qr1 + qr2 ≤ qn. As most take-back
regulation literature did [2, 5, 7, 41], the government set a
collection target βc, which requires the manufacturer to take
back at least βcqn EOL product in the market. Here, we also
assume that the whole collected items can be reused only
once. So, qr1 ≥ βcqn. Figure 1 shows the manufacturing
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process, taking-back process, and remanufacturing process.
Moreover, all notations can be found in Table 2.

3.2. Assumptions. In this paper, we consider that consumers
have their preferences for new products and remanufactured
products [42]. *ey can choose to buy new products or
remanufactured products by themselves, and they will select
one of the options to maximize their utility. Let us assume
that consumers’ price perception for new products is v, and
we normalize this price perception to [0, 1]. So, the con-
sumer’s utility of a new product Un � v − pn. For the
remanufactured product, the consumer thinks that new
products and remanufactured products are not equivalent.
*erefore, when the consumer is buying a remanufactured
product, the consumer often values it less. Let us assume that
consumers’ price perception for the remanufactured product
is αv [31, 43–45], where α ∈ (0, 1). So, the consumer’s utility
of a remanufactured product Ur � αv − pr.

We assume the product demand is in a single cycle. *is
cycle has characteristics like the product’s price, and output
is steady and governmental regulation (collection target) will
not change. *is assumption is widely used in take-back

legislation and remanufacturing literature [44–47]. *en,
according to the quantities of different products, we can have
a new product’s price and a remanufactured product’s price
as follows: pn � 1 − qn − α(qr1 + qr2); pr � α(1 − qn−

qr1 − qr2).

3.3. Model. *en, we describe the problem that the man-
ufacturer faces under the take-back regulation mode. *ere
is a manufacturing cost cn for each unit of the new product
for the manufacturer, and each remanufacturing cost is cr1.
To reflect the cost advantage of remanufacturing, we set
cr1 < cn. Next, we give out the problem formulation to the
manufacturer and the BPC remanufacturer:

Max
qn,qr1
Π1 � pn − cn( 􏼁qn + pr − cr1( 􏼁qr1

s.t. βcqn ≤ qr1 ≤ qn.

(1)

*emanufacturer maximizes the profit from selling new
and remanufactured products. Under the take-back regu-
lation, the manufacturer needs to take-back at least 100βc

percent of the new products which are end-of-life. However,
the maximum taking back items would not exceed the total

Table 1: Overview of recent literature.

Competition Take-back
regulation Market

Backward
production
capacity

enterprises
Source Members Products Yes No Competitive Monopoly Yes No
Atasu et al. [9] √ √ √ √
Wang et al. [10] √ √ √ √
Gao et al. [12] √ √ √ √
Liu et al. [39] √ √ √ √
Wang et al. [21] √ √ √ √
Taleizadeh et al. [28] √ √ √ √
Esenduran et al. [7] √ √ √ √ √
Kwak and Kim [33] √ √ √ √ √
Du and Li [34] √ √ √ √
Wang et al. [36] √ √ √ √
*is paper √ √ √ √ √ √

Manufacturer

BPC remanufacturer

New 
product

Government

Re-
product

qn

qr2

qr1

Market

Manufacturing process
Taking-back process
Remanufacturing process

Consumer

βc

Figure 1: *e structure of the investigated market.
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quantity of new products.*e constraint above captures this,
ensuring that the number of remanufactured products
would not exceed the manufacturer’s availability.

Next, we define the BPC remanufacturer’s problem. For
the BPC remanufacturer, there is a remanufacturing cost cr2
for each unit of remanufactured product. Because of the low
production technology we can have cr2 > cr1. Regardless of
the collection target, BPC remanufacturer’s problem is as
follows:

Max
qr2
Π2 � pr − cr2( 􏼁qr2

s.t. 0≤ qr2 ≤ qn − qr1.

(2)

*e BPC remanufacturer maximizes the profit from
selling remanufactured products. We noticed that the BPC
remanufacturer is a follower in the market. *e rest of the
EOL products will determine the maximum quantity of
taking back in the market after the manufacturer takes back.
Because the take-back regulation always does not impose
obligations on the remanufacturer, the BPC companies in
this paper will not have a minimum taking-back quantity.
*e constraint above captures these, ensuring that the
number of remanufactured products would not exceed the
BPC remanufacturer’s availability.

Because there is a decision order between the manu-
facturer and the BPC remanufacturer, we will use the
Stackelberg gamemodel to analyze, through solving the first-
order conditions on the Lagrange function. We use su-
perscript ∗ to represent the optimal values of the model.

4. Analysis

In this section, we first give out the optimal production de-
cisions of themanufacturer and BPC remanufacturer.*en, we
discuss when the collection target with elimination could
happen. After that, we analyze the market without the BPC
remanufacturer and compare each perspective’s benefits, like
the number of new products, number of remanufactured
products, manufacturer’s profit, and consumer surplus.

4.1. Solution Methodology. We use the Stackelberg game to
solve the manufacturer’s problems and the BPC remanu-
facturer in the competitive market. *is game model can
directly reflect two parties’ relationship (who is the leader
and the follower). As described in Section 3.3, the manu-
facturer is the leader in the market, and the BPC remanu-
facturer is the follower who will decide on the manufacturer.
So, as the Stackelberg game’s reverse solution method, we
should calculate the BPC remanufacturer’s optimal decision
and then solve the manufacturer’s problem. However, after
the BPC is eliminated, the manufacturer’s question becomes
a static game, and he only considers his own decision.

4.2. Competitive Market with BPC Remanufacturer. In a
competitive market, there are two competing relationships.
One is the competitive relationship between new and
remanufactured products. *e other one is the competitive
relationship between manufacturer and remanufacturer
because they both sell remanufactured products. According
to the decision order mentioned above, we first characterize
the equilibrium in this competitive market.

Proposition 1. If the manufacturer chooses to take back the
following regulated collection target in the competitive
market, his optimal production decision is
q∗n � ((1 − cn − cr1βc + αβc)/(2(1 + α + 2αβc))), q∗r1 � βcq

∗
n .

Proposition 1 shows that, for the manufacturer, the
quantity of new products is not only affected by the unit cost
of the new products but also by the unit cost of the
remanufactured products. As we can see that (zq∗n /zcr1)< 0,
if the manufacturer’s unit cost of the remanufactured
product rises, he will choose to reduce the output of the new
product because qr1 will change with qn and high qr1 will
increase his remanufacturing costs. However, we have not
taken the situation when the manufacturer takes back EOL
products voluntarily. At that time, the manufacturer finds
that remanufacturing is profitable, and the collection target
will not achieve the purpose of regulating the manufacturer’s
behavior. On the other hand, the manufacturer’s voluntary

Table 2: Summary of notations.

Parameters
cn Manufacturer’s unit cost of new product ($)
cr1 Manufacturer’s unit cost of the remanufactured product ($)
cr2 BPC remanufacturer’s unit cost of the remanufactured product ($)
α Consumer’s valuation for remanufactured products as a fraction of valuation for new products (%)
βc Collection target (%)
Decision variables
qn Quantity of new products
qr1 Manufacturer’s quantity of remanufactured products
qr2 BPC remanufacturer’s quantity of remanufactured products
pn *e unit price of new products ($)
pr *e unit price of remanufactured products ($)
Objectives
Π1 Profit of manufacturer ($)
Π2 Profit of BPC remanufacturer ($)
CS Consumer surplus ($)
SW Social welfare ($)
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taking back behavior is what the government wants. So, in
this paper, we only discuss the manufacturer’s action related
to the regulation.

Proposition 2. If the BPC remanufacturer chooses to take
back all rest of EOL products to remanufacture in the
competitive market, his optimal production decision is
q∗r2 � (1 − βc)((1 − cn − cr1βc + αβc)/(2(1 + α + 2αβc))).

From Proposition 2, we can easily find that the optimal
value qr2 is always related to the collection target. *e
proposition reflects that the regulated collection target af-
fects the manufacturer and impacts the BPC remanufac-
turer’s behavior. *is result makes it possible for the
government to eliminate BPC remanufacturer through the
regulation method. However, Proposition 2 has not con-
sidered that the BPC remanufacturer will choose a part of the
rest of the EOL products in the market. We will take this
situation as a further discussion in Section 5 to see whether
the regulation can still work.

We can also see that qr2 ≥ 0.*erefore, if the government
tries to eliminate the BPC remanufacturer, the government
needs to set a particular collection target to make his profit
turn 0 or less. According to this idea, we can have a
proposition like below:

Proposition 3. In the competitive market, regulated collec-
tion target could have an elimination effect if, in equilibrium,

(i) cr2 >max ((cr1 + α)/2), ((α(cn + α))/(1 + α))􏼈 􏼉, the
collection target always has an elimination effect.

(ii) max cr1, ((α(cn + α))/(1 + α))􏼈 􏼉< cr2 ≤ ((cr1 + α)/2),
the collection target can have an elimination effect
when βc > β

+
c , where β+

c � ((α(cn + α) − (1+

α)cr2)/(2cr2 − α − cr1)).
(iii) max cr1, ((cr1 + α)/2)􏼈 􏼉< cr2 ≤ ((α(cn + α))/(1 + α)),

the collection target can have an elimination effect
when βc > β

+
c .

Proposition 3 lists three situations that the collection
target can reach the elimination goal. However, there is
another method, which is βc � 1. While the government
imposes a 100% take-back rate on the manufacturer, the BPC
remanufacturer will have no EOL products to collect. Indeed,
it is a direct way to clear the market, but it puts too much
burden on the manufacturer.*is method is not conducive to
the production enthusiasm of the manufacturer. *erefore,
this strategy will not work in real life. Also, case (i) in
Proposition 3 shows that the higher the remanufacturing cost
of the BPC remanufacturer, the more pronounced the take-
back regulation’s elimination effect. Besides, case (ii) of
Proposition 3 implies the manufacturer’s remanufacturing
cost relationship: cr1 > (2α(cn + α)/(1 + α) − α), which
means two praties’ remanufacturing costs are similar, so a
high-level take-back regulation target is required to restrain
the BPC remanufacturer. Moreover, the implicit condition of
(iii) in Proposition 3 is cr1 <min ((2α(cn + α))/(1+􏼈 α)) − α,

((α(cn + α))/(1 + α))} that the manufacturer remanufactur-
ing has cost advantages, and a low-level take-back regulation

target can also eliminate the BPC remanufacturer. If a high
take-back regulation target is imposed on the manufacturer,
his profit will decline, which indirectly increases the BPC
remanufacturer’s gain. *erefore, when the government
implements the take-back regulation, it is necessary to prevent
such situations from occurring, not that the higher the take-
back regulation target, the better.

4.3. Manufacturer’s Perspective. As the government imposes
a collection target with elimination, the market will enter a
new stage: a monopoly market, where there is only one
manufacturer. A competitive market turns out to be a mo-
nopolymarket. In themonopolymarket, many things change.
Next, we will discuss the changes for each party’s benefit.

4.3.1. New Products and Remanufactured Products. *is
section analyzes the manufacturer’s profit and sees whether
the collection target with elimination can benefit him after
the BPC remanufacturer quit the market. First, we give out
the optimal production decision of the manufacturer in the
monopoly market.

Proposition 4. In the monopoly market, the manufacturer’s
optimal production decision is q′ ∗n � ((1 − cn − cr1
βc + αβc)/(2 + 2αβc(2 + βc))), q′ ∗r � βcq

′ ∗
n .

Proposition 4 is similar to Proposition 1; the little dif-
ference is the denominator. Moreover, it is easy to find that
2(1 + α + 2αβc)> 2 + 2αβc(2 + βc), so q′ ∗n > q∗n . Hence, we
can have an extended proposition like below:

Proposition 5. In the competitive market, if the BPC re-
manufacturer chooses to take back all the rest of the EOL
products in the market, the regulated collection target with
the elimination effect will have a positive incentive effect on
the production of new products.

Proposition 5 shows that, as long as the collection target
reaches its elimination effect, the number of new products
will rise immediately. *at is because there is no competitor
in the remanufacturing market. Less remanufactured
products in the market mean that the remanufactured
product’s price will be higher than before. *e manufacturer
finds it profitable in remanufacturing. Large taking back
quantity brings many profits. So, the manufacturer produces
more new products into the market for the next stage to take
back. Meanwhile, the amount of remanufactured products
also changes after the market changes.

Proposition 6. In the competitive market, if the BPC re-
manufacturer chooses to take back all the rest of the EOL
products in the market, the regulated collection target with the
elimination effect will have a negative inhibitory impact on
the production of the remanufactured product.

Proposition 6 indicates that, although the collection
target has been improved, the number of remanufactured
products is still decreasing due to eliminating the BPC re-
manufacturer. However, we can find that the remanufac-
tured product’s quality has been improved, because all
remanufactured products are provided by the manufacturer
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now. *e management implication here is that the gov-
ernment could raise the collection target’s level to ensure the
remanufactured product’s quality.

4.3.2. Profit of the Manufacturer. *e change in product
output may not cause the manufacturer to pay much at-
tention because he always defines his gain and loss standards
as the increase or decrease in profits. *erefore, we discuss
the changes in the manufacturer’s profit after eliminating
BPC remanufacturer.

Proposition 7. Suppose in the competitive market, the BPC
remanufacturer chooses to take back all the rest of EOL
products. In that case, the regulated collection target with the
elimination effect will improve the manufacturer’s profit.

Proposition 7 shows that the manufacturer can get more
profit after the BPC remanufacturer quits themarket. Hence,
the collection target with the elimination effect, on the one
hand, increases the manufacturer’s responsibility for taking
back. Still, on the other hand, it increases the profit of the
manufacturer. Overall, the manufacturer agrees with the
government and prefers this change.

4.4. Consumer Perspective. We have discussed the manu-
facturer’s perspective above and know that the collection
target with the elimination could benefit the manufacturer.
Nevertheless, it is not necessarily correct from the con-
sumer’s perspective. While it is evident that the high col-
lection will put pressure on the manufacturer, especially
remanufacturing costs, this will cause the manufacturer to
pass some of his expenses to consumers indirectly by in-
creasing product price, which will decrease consumer sur-
plus. To comprehend the collection target’s full effect, we
must examine this issue to see how consumer changes after
the BPC remanufacturer are eliminated.

*e total consumer surplus consists of two parts: the first
part is brought by new products whose utility is v − pn. *e
remanufactured products carry the second part of it that the
consumer values less and its utility is αv − pr(as shown in
Figure 2). *e formulation of consumer surplus is shown as
follows:

CS � 􏽚
pn− pr( )/(1− α)( )

v − pn( 􏼁dv + 􏽚
pn− pr( )/(1− α)( )

pr/α
αv − pr( 􏼁dv.

(3)

Proposition 8. ?e collection target with the elimination
effect will decrease the total consumer surplus.

Proposition 8 shows that consumer surplus can be
higher in the competitive market. In the competitive market,
two competitors are remanufacturing, which means the
number of remanufactured products will be higher than in
the monopoly market. *e remanufactured product price
could be lower, which can increase consumer utility in a
remanufactured product. Moreover, at the same time, in the
competitive market, the collection target is soft, so the
quantity of new products is also higher than that in the

monopoly market. Consumer utility in new products also
can be higher than that in the monopoly market.

5. Numerical Study

*is section first gives out the BPC remanufacturer’s profit
through a numerical study to show how the collection target
makes him quit themarket. Next, we compare the number of
various products on the market.*en, we create an extended
discussion to analyze whether a different BPC remanufac-
turer strategy could change the benefit of most perspectives.
Finally, we take a look at social welfare from the government
perspective to see what changes the collection target with the
elimination effect will bring to social welfare. Here, we take
the cell phone as an example to represent the product re-
quired to be taken back and remanufactured. For the cost of
products [48], we choose cn � 0.35 as the cost of the new
product; cr1 � 0.25cn, 0.5cn to show the manufacturer’s low
and high remanufacturing cost. Furthermore, we consider
that α � 0.6 is the valuation in new product and remanu-
factured product. We list the data input (Table 3) and ob-
jectives output (Table 4) below to show the collection target
with elimination effect:

Our observations still hold when the remanufactured
product’s valuation is low and high. However, we only take
cell phone as a study case in this section and use the cell
phone industry parameters, so our observations may not
represent other industries.

5.1. Profit of BPCRemanufacturer. According to the analysis
above, we know that, in the competitive market, BPC re-
manufacturer’s remanufactured product output is always
positive, and the collection target can affect his profit if he
chooses to take back all rest of EOL products in the market.
Here, we give out the profit of BPC remanufacturer with
different remanufacturing costs. Moreover, let us see when
the BPC remanufacturer gain turns to 0 as the collection
target increases.

Figure 3 shows that the BPC remanufacturer’s profit
decreases with the increase of the collection target. When his
remanufacturing cost is high enough, the collection target
begins to play the role of eliminating. *is phenomenon is
because the formulation of BPC remanufacturer’s profit
decreases with the collection target. Furthermore, with the

U

Vpn

Ur = αV – pr

Um = V – pn

1

1

pr/α

Figure 2: Consumer surplus.
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increasing collection target, the manufacturer will decrease
his new product to make his collecting task decline, reducing
the BPC remanufacturer’s collecting and profit. Figure 3
verifies Proposition 3 and proves that, when the remanu-
facturing cost of BPC remanufacturer is low, the collection
target will have no elimination effect. And, this has been
mentioned above in Section 4 already.

*e managerial implications for the remanufacturer are
as follows: (1) trying his best to low down remanufacturing
cost (such as introducing advanced equipment and upgrade
the original production line); (2) cooperating with the
manufacturer (such as obtaining the manufacturer’s
remanufacturing technology license) to reduce remanu-
facturing cost.

5.2. Product Analysis. In Section 5.1, it is mentioned that the
number of new products would rise and the number of
remanufactured products would decrease. However, we still
have not discussed how the total quantity changes in dif-
ferent markets and how the quantities of different types of
products change in the monopoly market if BPC remanu-
facturer chooses to take back all EOL products.

As shown in Figure 4 above, the output of new products
and the remanufactured products are relatively stable in the
competitive market. However, after the BPC remanufacturer
was eliminated, the number of new products has increased.
However, with the improvement of the regulated collection
target, new products’ output has gradually decreased. *is
result is because the manufacturer is facing more respon-
sibility for taking back. By reducing the output of new
products, the manufacturer can reduce his taking back items
and indirectly reduce his collecting fees and remanu-
facturing costs.

In contrast, as the collection target level improves, the
number of remanufactured products in the monopoly
market always increases. *e reason for this is that the
manufacturer needs to collect more items to achieve a high
collection target, so, to make full use of collected products,
the manufacturer will try his best to reuse, which leads the

number of remanufactured products to grow. From the
perspective of the total quantity of products in the market,
the elimination of BPC remanufacturer results in a reduction
in the market’s total quantity. Moreover, we have mentioned
that the manufacturer will reduce new products to cope with
the high collection target, but the total quantity is still
growing. *is consequence is because the quantity of
remanufactured products increases, and the increment of
remanufactured products is higher than the decline of new
products.

5.3. Different Strategy from BPC Remanufacturer. In the
previous analysis, the BPC remanufacturer’s take-back
strategy in the competitive market was considered “taking
back all rest EOL products in the market.” However, when
the BPC remanufacturer chose to take back part
0< qr2 < (1 − βc)qn, the effects of collection target with
elimination effect have not yet been discussed. Here, we
consider it as an extended discussion.

Figure 5 shows that the collection target can affect BPC
remanufacturer’s product, and we consider the elimination
effect from this perspective. *at is because, in this situation,
the optimal production decision of BPC remanufacturer will
not always exist. However, in his profit formulation, we also
can see that its formulation is always positive. So, when the
BPC remanufacturer chooses to take back some of the rest
EOL products in the market, we should consider his
remanufactured products’ output. *e reason for elimina-
tion in Figure 5 is that the high collection target leads the
manufacturer’s remanufactured products increase. How-
ever, the manufacturer’s remanufacturing cost is lower than
his competitor’s, so BPC remanufacturer’s market com-
petitiveness decreases. *e manufacturer will gradually
occupy the whole market with low cost and high output.

In Figure 5, we also can find that, when the remanu-
facturing cost of BPC remanufacturer is high, the collection
target’s elimination effect still exists. *e higher the rema-
nufacturing cost, the lower the minimum collection target
with the elimination effect.

As shown in Figure 6, the quantity of new products is
always declining, while remanufactured products are gen-
erally rising. *e reason for the new product’s decline has
been discussed before, and Figure 5 shows that BPC re-
manufacturer’s remanufactured products always decrease
with the collection target. So, the only explanation for the
total quantity of remanufactured products growing is that
the manufacturer’s remanufactured product increases.
*ough the manufacturer attempts to reduce the new
product’s output to make his collection task easy, the in-
creasing rate of the collection target is higher than the
decreasing rate of the new product, which leads the total
quantity of remanufactured products to grow with the
collection target. During the first and second stages of
transition, BPC remanufacturer was eliminated from the
market. *e number of remanufactured products has de-
clined, but in the second stage of a monopoly market, the
manufacturer has expanded the remanufactured products’
production due to the increase in the collection target.

Table 3: Data input.

Parameter Value
cn 0.35
cr1 0.25cn

cr2 0.354
α 0.6
βc 0.4

Table 4: Objective output.

Objectives Competitive market Monopoly market
qn 0.205038 0.284211
qr1 0.0615115 0.143527
qr2 0.0852634 —
pn 0.671939 0.66463
pr 0.353954 0.378315
Π1 0.0823998 0.114217
Π2 − 6.59052 × 10− 6 —

8 Mathematical Problems in Engineering



However, in terms of the total quantity of products in the
market, the number of total products in the second-stage
monopoly market is lower than the total quantity of
products in the first-stage competitive market. It can be seen
that competition can stimulate production, especially the
output of new products.

However, we should also notice that, compared with
Figure 4, the BPC remanufacturer’s take-back strategy has
affected the first stage’s market structure. In the first stage,
if the BPC remanufacturer chooses to take back all the rest
EOL products in the market, the quantity of new products
is 0.205, and the quantity of remanufactured products is
0.205. *e total quantity of products is 0.41. *e output of
each product is stable. However, suppose the BPC re-
manufacturer chooses to take back part of the rest of EOL
products in the market. In that case, the quantity of new
products is 0.37–0.35, the quantity of remanufactured
products is 0.04–0.07, and the total quantity of products is
0.4–0.43. It is evident that BPC remanufacturer’s take-back
strategy affects the market structure and affects the total
quantity in the market. Furthermore, we give out our
observations as follows:

Observation 1. *e strategy of BPC remanufacturer can
affect the structure of the market in the competitive market.
If BPC remanufacturer chose to take back all rest of EOL
products, the new products’ output and the output of
remanufactured products are relatively stable. Otherwise,
the new product’s output (remanufactured product) will
decrease (increase) with the collection target. And the total
quantity in the market will increase concerning the col-
lection target.

Figure 7 shows that the profit of the manufacturer per-
forms differently under different remanufacturing costs. As
can be seen in Figure 7(a), when the manufacturer’s rema-
nufacturing cost is low, the profit increases with the collection
target. Because at this time, the manufacturer finds rema-
nufacturing is profitable, and he is willing to collect and reuse
the EOL products.*erefore, the profit of the manufacturer is
always growing. However, in Figure 7(b), the manufacturer’s
profit first increases with the collection target in the first stage
because of the high remanufacturing cost but decreases in the
second stage.*is change also indicates that competition may
lead the manufacturer to get many profits under take-back
regulation, especially when his remanufacturing cost is high.
Based on the two figures, the manufacturer’s profit is always
higher in the second stage, where the market is a monopoly
market. *is result is because the manufacturer occupies the
whole market. *ough the total output of products in the
market is less than in the competitive market, the manu-
facturer will raise products’ prices to gain more profit, es-
pecially there is no competitor.

Figure 8 shows that consumer surplus can increase with
the collection target in each stage. *is phenomenon indi-
cates that the collection target is usually friendly to the
consumer. However, we can also find that consumer surplus
in the second stage is always lower than in the first stage,
consistent with Proposition 8. In the first stage, the BPC
remanufacturer competing with the manufacturer makes
products’ prices low, which benefits the consumer. However,
after BPC remanufacturer quits the market, the manufac-
turer raises prices to sell, making consumer surplus decline.
From here, we can see that consumers always prefer a
competitive market where the BPC remanufacturer exists.
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Whether the consumer plays a role in protecting the BPC
remanufacturer is still unknown. However, we should notice
that the government’s guidance and incentives are needed
when the consumer enters a monopoly market.

5.4. Social Welfare. Our analysis so far has discussed the
changes in the new products, remanufactured products,
manufacturer’s profit, and consumer surplus. However, we
have not yet investigated social welfare from the government
perspective. Following the previous literature [46, 47], we

define the social welfare in the competitive market as the
sum of the manufacturer’s profit (􏽑1),BPC remanufac-
turer’s profit (􏽑2), consumer surplus (CS), and environ-
mental pollution (E):

SW1 � Π1 + Π2 + CS − E. (4)

Regardless of the BPC remanufacturer’s take-back
strategy, the elimination effect will be reflected when the
regulated collection target reaches a certain threshold. So,
the social welfare will immediately turn to the second stage
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SW2 after the BPC remanufacturer quits the market. And,
the social welfare in the monopoly market is the sum of the
manufacturer’s profit (􏽑1), consumer surplus (CS), and
environmental pollution (E):

SW2 � Π1 + CS − E. (5)

We assume that both new and remanufactured products
have an environmental impact. Each new production unit’s
environmental impact is εn; the manufacturer’s remanu-
factured product has high quality. Its environmental impact
factor is εr1; the remanufactured products from BPC

remanufacturer have low quality, and its environmental
impact factor is εr2.

According to the characteristics of the BPC company, we
make the following assumptions. First, due to the reman-
ufacturer’s backward production technology level, the cost
incurred in the re-production process must be higher than
the manufacturer does, that is, cr2 > cr1; (2) the energy
consumption of this firm is higher, so its environmental
pollution is higher: εr2 > εr1.

*us, the total environmental pollution can be expressed
as
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E � εnqn + εr1qr1 + εr2qr2. (6)

It is analytically intractable to describe how social welfare
changes concerning the collection target. Hence, we use a
numerical study to observe how social welfare behaves as the
collection target changes. Besides, for the parameters above,
we choose εn � 0.4, εr1 � 0.2, and εr2 � 0.3 to represent the
problem we described before.

In our numerical study, we have observed that the BPC
remanufacturer’s profit always declines. Furthermore, the
manufacturer’s profit can increase all the time, except under
certain conditions when his remanufacturing cost is high.
Moreover, consumer surplus will come across a decline
when the market turns to be a monopoly market. For
demonstration, we present an example in Figure 9 to show
how social welfare changes when the collection target in-
creases and the market changes. Observe that, as the col-
lection target increase, social welfare increases faster in the
first stage (competitive market), changing from 0.011 to

0.031. *is change is because the collection target regulates
the manufacturer’s behavior and affects BPC remanufac-
turer’s decision. As the collection target gets higher and
higher, remanufactured products from the BPC remanu-
facturer turn less, causing less environmental pollution and
benefiting social welfare. After the BPC remanufacturer was
eliminated, social welfare rises immediately, from 0.031 to
0.038. Because there are no low quality and high environ-
mental pollution remanufactured products from BPC re-
manufacturers, environmental benefits have been improved,
and his profit increases. Social welfare still increases with the
collection target in the monopoly market, but its growing
speed becomes slow. It is understandable because the
manufacturer needs to complete a high collection target and
his enthusiasm for production decreases with the increase of
the collection target. When the manufacturer’s remanu-
facturing cost is high, the manufacturer’s decreasing profit
will become an obstacle to the increasing social welfare. We
summarize these observations as follows.
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Observation 2. *e collection target with the elimination
effect can improve social welfare. However, as the collection
target increases, the incentive effect decreases.

To sum up all the observations and descriptions above,
we can have the following table to show each collection
target interval clearly.

As shown in Table 5, the collection target with the
elimination effect can eliminate backward production ca-
pacity remanufacturer and maximize the profit. However,
for consumers, the collection target with elimination effect
may lead to their maximum utility in the competitive market
but minimum utility in the monopoly market. From this, we
can also see that consumers are more inclined to a com-
petitive market. But for social welfare, the higher the col-
lection target, the better.

6. Conclusions and Remarks

6.1. Conclusions and Answers to Research Questions. *is
paper develops a competition model to discuss the regulated
collection target with the first stage’s elimination effect. In
particular, we focus on the changes from each perspective,
after backward production capacity remanufacturer was
eliminated by regulation. To verify our conclusions, we
extended a discussion that the backward production capacity
remanufacturer may choose a different take-back strategy.

Given the manufacturer’s behavior and backward pro-
duction capacity remanufacturer’s activities, the government
must understand the consequences of the collection target
with the elimination effect. In Figure 10, we summarize our

results to show how the collection target with the elimi-
nation effect affects each party. Moreover, we divide the
collection target interval into two intervals to present the
first stage (competitive market) and the second stage
(monopoly market). However, the collection target plays
different roles for each party in different intervals.

As a concluding remark, we give out our answers to the
research questions:

(1) From our analysis, the take-back regulation imposed
on the manufacturer may have an elimination effect
on the BPC remanufacturer when the collection
target exceeds a threshold. *e government can clear
the backward production capacity remanufacturer in
the market by raising the collection target.

(2) We find that two-period collection targets are in-
centive intervals for remanufactured products and
total products. In each interval, the number of
remanufactured products and the total quantity can
always increase with the collection target. However,
when the elimination effect happens, the production
of both types of products will decline. For new
products, if the BPC firm chooses to take back all the
EOL products in the market, this interval of col-
lection target in the first stage is an incentive interval.
Moreover, new products will increase as long as the
market turns to the second stage. Otherwise, this
interval of the collection target is a suppression
interval, and the new product will decrease as long as
the market turns to the second stage. In the second

Table 5: Objectives in each collection target interval.

Objectives (0, β∗c ) β∗c (β∗c , 1) 1

Π1 ↑ Max If cr1 is high: ↓
If cr1 is low: ↑ —

Π2 ↓ 0 — —
CS ↑ Max(Min) ↑ —
SW ↑ ↑ ↑ ↑
β∗c represents the collection target with elimination effect.
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Collection target with elimination
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Total product

M profit

BPC profit

Consumer surplus

Social welfare

Elimination intervalSuppression interval

Incentive interval

Incentive interval

Incentive interval

Incentive interval

Incentive interval
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+: suppression interval

=: incentive interval
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High re-cost: suppression interval

Incentive interval

+: BPC takes back some

=: BPC takes back all

Figure 10: Summary of results.
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stage, the collection target interval is a suppression
interval, which means new products will decrease
with the collection target.*ese results imply that the
collection target can regulate product structure in the
market, and a high collection target will make the
manufacturer lose enthusiasm for manufacturing
new products. In fact, in real life, compared with
remanufactured products, new products often oc-
cupy more market shares in the market.

(3) Our results show that, in the first stage, the interval of
the collection target is a suppression interval for BPC
remanufacturer. However, this interval can benefit
the manufacturer, consumer, and government.
Nevertheless, when the market enters the second
stage, the BPC remanufacturer has been eliminated,
and the manufacturer’s profit will not always in-
crease with the collection target. *us, the interval of
the collection target in this period is an elimination
interval for BPC remanufacturers. *is interval
could be a suppression interval for the manufacturer
if its remanufacturing cost is high. For consumers
and the government, the second stage’s collection
target’s interval still has an incentive effect. However,
we should notice that consumer surplus has fallen to
a minimum value as long as the BPC remanufacturer
is eliminated. So, we know that, although the interval
in the second stage is an incentive interval, this
interval is not friendly to consumers compared to the
first stage.

(4) *e strategy of BPC remanufacturer can affect the
structure of the market in the competitive market. If
BPC remanufacturer chose to take back all rest of
EOL products, the new products’ output and
remanufactured products are relatively steady.
Otherwise, the new products’ output (remanufac-
tured products) will decrease (increase) with the
collection target. And, the total quantity in the
market will increase concerning the collection target.
However, the take-back regulation’s elimination
effect will not disappear, even if the BPC remanu-
facturer adopted a different take-back strategy.

(5) Social welfare increases with the collection target all
the time, which means that, from a holistic, the
manufacturer’s profit increases more than offsets the
decrease in the surplus of consumer and profit of
BPC remanufacturer.

6.2. Limitations andFuture Studies. Finally, our research still
has some limitations. First, we only consider one-to-one
competition in the market. In practice, many manufacturers
and remanufacturers are competing in the same market.
Second, in our study, we focus on how take-back regulation
(collection target) could serve as a regulator to eliminate the
BPC remanufacturer. However, we do not consider the

situation where multiple regulations coexist. For example,
the government imposes the collection target on manu-
facturers and taxes on remanufacturers. For further studies,
the cooperation between the manufacturer and the re-
manufacturer is impressive, especially when the take-back
regulation gets strict. Another probable research direction is
the diversity of reuse methods, such as dismantling. In
practice, remanufactured products usually can be sold at an
excellent price, but the output is insufficient. Manufacturers
can dismantle some collected products and sell product
components because they always have a high demand in the
market, though their price may be a little lower. Finally, it is
also interesting to extend the study to cover the impact of
supply chains.

Appendix

Proof of Proposition 1. *e first stage: there is a competitive
relationship between the manufacturer and BPC remanu-
facturer. However, the manufacturer dominates the market.
*e BPC remanufacturer makes take-back and remanu-
facturing decisions based on the manufacturer’s production
decisions. *erefore, we use the Stackelberg game to solve
the problem in the first stage. Under the take-back regulation
asking the manufacturer to take back a certain percentage of
EOL products, when the BPC remanufacturer’s profit drops
to 0 or the optimal take-back quantity of EOL products is 0,
it will exit the market.

*is paper only analyzes the manufacturer taking back
the minimum standard of take-back regulation to fulfill his
responsibility. Otherwise, the take-back regulation will not
work when the manufacturer tries to take back more than
asked or take back all EOL products in the market. *us, we
can have qr1 � βcqn. *e parts that the manufacturer has not
taken back will be taken back and remanufactured by the
BPC remanufacturer qr2 � (1 − βc)qn. Moreover, we list the
manufacturer’s profit function and BPC remanufacturer’s
profit function as follows:

Max
qn,qr1
Π1 � pn − cn( 􏼁qn + pr − cr1( 􏼁qr1

s.t. βcqn ≤ qr1 ≤ qn,

Max
qr2
Π2 � pr − cr2( 􏼁qr2

s.t. 0≤ qr2 ≤ qn − qr1.

(A.1)

According to the decision order of the Stackelberg game,
we adopt a reverse-order solution method. First, we analyze
the optimal production decision of BPC remanufacturer
(Π2). For the profit function of BPC remanufacturer, we
construct a Lagrangian function:

L � Π2 − λ1 qr2( 􏼁 − λ2 qn − qr1 − qr2( 􏼁. (A.2)

*e KKT condition of the function L is as follows:
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zL

zqr2
� − cr2 − qr2α + α 1 − qn − qr2 − qnβc( 􏼁 − λ1 + λ2 � 0,

λ1 qr2( 􏼁 � 0,

λ2 qn − qr1 − qr2( 􏼁 � 0.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(A.3)

Because the BPC remanufacturer will not choose the
output as 0 by himself (qr2 ≠ 0), we solve the KKT in the
following two cases:

(a) λ1 � 0, λ2 > 0: at this time, we can get qr2 � qn − qnβc

and λ2 � cr2 − α + 3qnα − qnαβc. Because λ2 > 0, we
can easily have βc < 3 − ((α − cr2)/αqn).

(b) λ1 � 0, λ2 � 0: we can solve the formulation and get
the optimal production decision of BPC remanu-
facturer: qr2 � ((− cr2 + α − qnα − qnαβc)/2α).

Next, we bring the results of two cases into the manu-
facturer’s profit function (Π1) to solve the manufacturer’s
optimal production decision.

(1) If qr2 � qn − qnβc, it means the BPC remanufacturer
collects and reuses all rest EOL products in the
market, we let (zΠ1/zqn) � 0 and we can get the
optimal value of the new product:
q∗n1 � ((1 − cn − cr1βc + αβc)/(2(1 + α + 2αβc)));
meanwhile, the optimal collection decision is βcq

∗
n1.

(2) If qr2 � ((− cr + α − qnα − qnαβc)/2α), which means
BPC remanufacturer collects and reuses part of rest
EOL products in the market, we let (zΠ1/zqn) � 0
and we can have the optimal value of the new
product: q∗n2 � ((2 − 2cn+ cr2 − α − 2cr1βc+

cr2βc + αβc)/(2(2 − α + 2αβc + αβ2c))); meanwhile,
the optimal collection decision is βcq

∗
n2.

Proof of Proposition 2. According to the proof of Proposi-
tion 1, we put the new product’s optimal value into the
formulation qr2 to solve the BPC remanufacturer’s optimal
production decision:

(1) If qr2 � qn − qnβc, q∗r2 � (1− βc)((1 − cn − cr1βc+

αβc)/(2(1 + α + 2αβc)))

(2) If qr2 � ((− cr + α − qnα − qnαβc)/2α); q∗r2 � ((α−

cr)/2α) − (1 + βc)((2 − 2cn+ cr2 − α + (cr2+ α−

2cr1)βc)/(4(2 − α + 2αβc + αβ2c)))

Proof of Proposition 3. From the proof above, we can know
that there are two take-back strategies of BPC remanufac-
turer. One is taking back all the rest of EOL products, and the
other is taking back part of the rest of EOL products.
However, when the BPC remanufacturer chooses to take
back part of the EOL products, it is hard to give out the
following sections’ analytical expression. So, in the following
propositions, we consider that the BPC remanufacturer will
adopt the first strategy, taking back all EOL products. As for
the other take-back strategy, we will investigate it as an
extended discussion in the numerical study section.

While the BPC remanufacturer decides to take back all
rest of EOL products in the market, its quantity of taking
back items must be greater than zero at this time. *ere are
two main measures: the first is to set the collection target
βc � 1, making BPC remanufacturer impossible to take back.
However, a too high collection target will make the man-
ufacturer bear more responsibilities, which is not conducive
to his production enthusiasm. Although this method is the
most straightforward and direct, it cannot be used in real life.
Second, when the BPC remanufacturer’s profit is less than
(or equal to) zero, he will naturally be eliminated from the
market. *rough Propositions 1 and 2, we can conclude that
the profit of the BPC remanufacturer at this time is

Π2 �
βc − 1( 􏼁 cn − 1 + cr1 − α( 􏼁βc( 􏼁 − cr2 1 + α + 2αβc( 􏼁 + α cn + α + cr1 + α( 􏼁βc( 􏼁( 􏼁

2 1 + α + 2αβc( 􏼁
2 , (A.4)

where (βc − 1)(cn − 1 + (cr1 − α)βc)> 0 and 2(1 + α+

2αβc)
2 > 0.

We rewrite − cr2(1 + α + 2αβc) + α(cn + α + (cr1 + α)βc)

as follows:

g βc( 􏼁 � α cn + α( 􏼁 − (1 + α)cr2 + αβc cr1 + α − 2cr2( 􏼁.

(A.5)

If and only if g(βc)≤ 0, then Π2 ≤ 0, that is, there is no
profit for BPC remanufacturer. From this, we get the
following:

(1) If cr2 > ((cr1 + α)/2) and cr2 > ((α(cn + α))/(1 + α)),
the collection target always has an elimination effect.

(2) If cr1 < cr2 < ((cr1 + α)/2) and cr2 < ((α(cn + α))/
(1 + α)), the collection target always has no elimi-
nation effect.

(3) If cr1 < cr2 < ((cr1 + α)/2) and cr2 > ((α(cn + α))/
(1 + α)), there exists a β+

c , when βc ≥ β
+
c and

g(βc)≤ 0.
(4) If cr2 > ((cr1 + α)/2) and cr2 < ((α(cn + α))/(1 + α)),

while the collection target meets βc ≤ β
+
c , we can have
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g(βc)≤ 0. Where β+
c � ((α(cn + α) − (1 + α)cr2)/

(2cr2 − α − cr1)).

Proof of Proposition 4. When there is only one manufacturer
in the market producing new and remanufactured products,
the new market’s counter-demand function becomes
pn
′ � 1 − qn

′ − αqr
′; pr
′ � α(1 − qn

′ − qr
′). When the manufac-

turer takes back EOL products following the collection target
qr
′ � βcqn
′, the profit of the manufacturer can be expressed as

follows:

Π′ � pn
′ − cn( 􏼁qn

′ + pr
′ − cr1( 􏼁qr

′. (A.6)

We make (zΠ′/zqn
′) � 0, and we can get the optimal

production decision of new product as
q′ ∗n � ((1 − cn − cr1βc + αβc)/(2 + 2αβc(2 + βc))).

Proof of Proposition 5. According to the result, we calculate
in Propositions 1 and 4, when the BPC remanufacturer
chooses to take back all rest of EOL products in the market,
the number of new products in a competitive market and
monopoly market is as follows:

q
∗
n1 �

1 − cn − cr1βc + αβc

2 1 + α + 2αβc( 􏼁
,

q
′ ∗
n �

1 − cn − cr1βc + αβc

2 + 2αβc 2 + βc( 􏼁
.

(A.7)

We compare the quantity of two stages of the new
product, and we find that the two formulas have the same
numerator, but 2(1 + α + 2αβc)> 2 + 2αβc(2 + βc). So, we
have a conclusion that the quantity of new products in the
second stage is higher than in the first stage.

Proof of Proposition 6. We know that the quantity of
remanufactured products in the first stage is the number of
new products in the first stage, while the quantity of
remanufactured products in the second stage is βcq

′ ∗
n .

According to the calculation of Proposition 5, we compare
the quantity of the two-stage remanufactured products:

Δqr(1) � q
∗
n − βcq

′ ∗
n

�
1 − βc( 􏼁 1 − cn( 􏼁 + α − cr1( 􏼁βc( 􏼁 1 + αβc( 􏼁

2 1 + α + 2αβc( 􏼁 1 + αβc 2 + βc( 􏼁( 􏼁
> 0.

(A.8)

where (1 − cn) indicates the new product’s competitive
market advantage and (α − cr1) indicates the competitive
market advantage of remanufactured products. *ese two
factors should satisfy the relationship that (1 − cn)> 0 and
(α − cr1)> 0. *erefore, we can know that the quantity of
remanufactured products in the first stage is higher than in
the second stage.

Proof of Proposition 7. According to the calculation in
Proposition 2, we can quickly get the manufacturer’s profit
formulation in the first stage:
Π∗1 � (((− 1 + cn + cr1βc − αβc)

2)/(4(1 + α + 2αβc))); and
according to Proposition 4, we can get the manufacturer’s
profit formulation in the second stage:
Π′∗1 � (((− 1 + cn + cr1βc − αβc)

2)/(4 + 4αβc(2 + βc))). We
compare these two profits as follows:

ΔΠ � Π∗1 − Π′∗1 � −
α − 1 + cn + cr1βc − αβc( 􏼁

2 1 − βc
2

􏼐 􏼑

4 1 + α + 2αβc( 􏼁 1 + αβc 2 + βc( 􏼁( 􏼁
≤ 0.

(A.9)

It can be seen that, under the collection target with
elimination effect, the manufacturer can obtain higher
profits in the second stage of the monopoly market. *at is,
the collection target with an elimination effect can improve
the benefits of the manufacturer.

Proof of Proposition 8. Based on the calculation of Propo-
sitions 1 and 2, we can get the total consumer surplus of new
products and remanufactured products in the first stage as

CS1 � 􏽚
pn− pr/1− α( )

1 v − pn( 􏼁dv + 􏽚
pn− pr/1− α( )

pr/α
αv − pr( 􏼁dv �

(1 + 3α) − 1 + cn + cr1βc − αβc( 􏼁
2

8 1 + α + 2αβc( 􏼁
2 . (A.10)
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According to Proposition 4, we can get the total con-
sumer surplus of new products and remanufactured prod-
ucts in the second stage as

CS2 � 􏽚
pn− pr/1− α( )

1 v − pn( 􏼁dv + 􏽚
pn− pr/1− α( )

pr/α
αv − pr( 􏼁dv �

− 1 + cn + cr1βc − αβc( 􏼁
2

8 1 + αβc 2 + βc( 􏼁( 􏼁
. (A.11)

By comparing the consumer surplus in the two stages, we
have

ΔCS � CS1 − CS2

�
(1 − α)α(1 − βc)

2
− 1 + cn + cr1βc − αβc( 􏼁

2

8 1 + α + 2αβc( 􏼁
2 1 + αβc 2 + βc( 􏼁( 􏼁

> 0.

(A.12)

From this, we know that the collection target with
elimination effect will reduce consumer surplus.
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[40] Y.-L. Lü, J. Geng, and G.-Z. He, “Industrial transformation
and green production to reduce environmental emissions:
taking cement industry as a case,” Advances in Climate
Change Research, vol. 6, no. 3-4, pp. 202–209, 2015.

[41] X. Chen, B. Li, Z. Li, G. Mark, and S. Wei, “Take-back reg-
ulation policy on closed loop supply chains: single or double
targets?” Journal of Cleaner Production, vol. 283, Article ID
124576, 2020.

[42] K. S. Moorthy, “Product and price competition in a duopoly,”
Marketing Science, vol. 7, no. 2, pp. 141–168, 1988.

[43] M. E. Ferguson and L. B. Toktay, “*e effect of competition on
recovery strategies,” Production and Operations Management,
vol. 15, no. 3, pp. 351–368, 2006.

[44] M. R. Galbreth, T. Boyacı, and V. Verter, “Product reuse in
innovative industries,” Production and Operations Manage-
ment, vol. 22, no. 4, pp. 1011–1033, 2013.
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