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Abstract: Due to the need for resource utilization and environmental protection, remanufacturing
is used as an effective means to achieve a circular economy. To focus on the production and sales
of new products, manufacturers outsource the remanufacturing of used products to remanufactur-
ers. Aiming at helping manufacturers to choose between self-remanufacturing and outsourcing
remanufacturing policies, a closed-loop supply chain network equilibrium model considering the
remanufacturing policy options is established. The equilibrium decision-making is obtained by
using the variational inequality method. Furthermore, the criteria for manufacturers to choose
between the two remanufacturing policies based on different factors such as recovery rates of the
used products, remanufacturing costs, and environmental impact parameters, are given. Numer-
ical examples show the following results: (1) When compared with self-remanufacturing policy,
outsourcing remanufacturing policy can save resources, increase the sales of products, and have
a smaller environmental impact. (2) When the recycling rate of used products is low, choosing an
outsourcing remanufacturing policy can increase the sales of products. When the recycling rate
is high, choosing a self-remanufacturing policy can get more profits. (3) When the costs of a self-
remanufacturing policy and an outsource-remanufacturing policy are quite different, choosing the
outsourcing remanufacturing policy can save resources and protect the environment.

Keywords: closed-loop supply chain network; equilibrium decision-making; remanufacture; out-
source; circular economy

1. Introduction

Due to the rapid development of industrialization and rapid product updates, the
problems of global environmental pollution and resource shortages are becoming more
and more serious. A large number of used products are accumulating throughout the
whole world. To achieve sustainable development, enterprises in various countries (such as
Dell, Kodak, IBM, Xerox, Fuji, Bosch [1]) are actively seeking various effective methods for
recycling and reusing the used products; remanufacturing is one of the effective methods.
It was found in [2] that the application of used engine remanufacturing can save up to
50% of costs, 60% of energy, and reduce environmental impact by 80%. Moreover, in the
extended producer responsibility (EPR) system stipulated by the country, manufacturing
companies are responsible for the disposal and utilization of used products. However, due
to insufficient remanufacturing technologies and equipment [3], original manufacturing
companies (see, e.g., Ford, BMW, HP) also need to entrust their remanufacturing business
to other manufacturing companies to form outsourced remanufacturing [4,5]. For example,
Apple has authorized Foxconn to remanufacture its iPhone and other products in China [6].

Existing studies [7–21] have analyzed the importance of outsourcing remanufacturing
business in a closed-loop supply chain (CLSC) which consists of a single manufacturer and
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a single remanufacturer. After the manufacturing companies have outsourced their reman-
ufacturing businesses, they can change their disadvantaged positions in the competition
by recycling more used products, increasing their resource utilization rate, and reducing
environmental impact. When multiple competing manufacturing enterprises produce
new products and remanufacture used products to meet market demands, their strategies
are called CLSC network (shown in Figure 1) equilibrium decision-making [22,23]. The
forward flows of the CLSC involve new products, which are produced by the original
manufacturers and sold to customers in the demand market through retailers. The reverse
flows of CLSC involve used products, which are returned from the demand markets to the
original manufacturers or the remanufacturers for recycling.

Figure 1. Closed-loop supply chain network.

However, existing research on the CLSC network equilibrium problem [22–37] have
not considered the manufacturers’ options of remanufacturing their products or outsourc-
ing their products to other manufacturers for remanufacturing. Moreover, the actual
production and operation of manufacturing companies may also need to consider third-
party remanufacturing. For example, Apple has outsourced its mobile phone remanu-
facturing business to remanufacturing enterprises in China [6]. When a manufacturing
company chooses its remanufacturing policy, it needs to consider the following issues:
(1) How can an equilibrium model of the CLSC network that considers self-remanufacturing
and outsourcing remanufacturing policy options be established? (2) What is the crite-
rion for choosing different remanufacturing policies? (3) What are the impacts of differ-
ent remanufacturing policies on raw material utilization, used product utilization, and
environmental protection?

To study these issues deeply, this article focuses on the CLSC network equilibrium that
considers the original manufacturers’ self-remanufacturing and outsourcing remanufactur-
ing options. Based on the factors such as used product recovery rates, remanufacturing
costs, and environmental protection parameters, the original manufacturer should decide
whether he should remanufacture the used products himself or entrust other enterprises
for remanufacturing (i.e., outsourcing remanufacturing). The main contributions of this
paper are:

(1) A CLSC network equilibrium model considering self-remanufacturing and out-
sourcing remanufacturing options is constructed and analyzed for the first time
in the literature.

(2) The equilibrium decision-makings of the original manufacturers, the remanufacturers,
and the entire network using different remanufacturing policies are obtained.

(3) The importance of the outsourcing remanufacturing policy is discussed; the criteria
for the original manufacturers to choose between the self-remanufacturing policy and
the outsourcing remanufacturing policy are obtained.

In the remainder of this paper, the literature review is given in Section 2, the model
description is given in Section 3, the numerical analysis is given in Section 4, and the
conclusion is given in the last section.
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2. Literature Review
2.1. Outsourcing Remanufacturing

Due to the rapid development of science and technology in recent years and the
acceleration of product updates, original equipment manufacturers (OEMs) continue to
develop and sell new products. The creation of new products has led to the emergence
of a large number of used products, which can be recycled by the remanufacturing busi-
ness. However, due to the shortages of equipment and financial supports, OEMs need
to outsource their remanufacturing businesses to remanufacturers. Alumur et al. [7] con-
structed several recycling models for remanufacturing used products and gave the bound-
ary conditions for outsourcing their used products to other remanufacturers for recycling.
Abdulrahman et al. [8] studied the remanufacturing of Chinese auto-part companies and
provided the strategic decision to OEMs to decide on whether to remanufacture their used
products or to outsource their remanufacturing business to remanufacturers. Zou et al. [9]
provided the OEMs with outsourcing and authorization methods to remanufacture their
products. Ameknassi et al. [10] studied how the green supply chain design can affect
the outsourcing policies of the remanufacturers. Wang et al. [11] assessed whether OEMs
should remanufacture themselves or outsource the remanufacturing business to remanufac-
turers from both the economic and environmental viewpoint. Esenduran et al. [12] studied
how government regulations can affect the OEM’s choice between different remanufactur-
ing policies. Yan et al. [13] analyzed the remanufacturing policy from the economic, social,
and environmental perspectives. Sun et al. [14] studied the impact of product upgrades on
remanufacturing operation management. Zou et al. [15] studied the impact of consumers’
environmental awareness on the outsourcing remanufacturing business; they discovered
that outsourcing remanufacturing business does not reduce the number of new products
produced by the OEMs. Zheng et al. [16] and Wang et al. [17] studied the competition of
new and remanufactured products in the CLSC. He et al. [18] and Zhang et al. [19] studied
the economic, environmental, and remarketing channels’ impacts on outsourcing and
remanufacturing issues. Feng et al. [20] studied the impact of green consumption behaviors
on the choice between using an outsourcing remanufacturing policy or licensing remanu-
facturing policy. Alegoz et al. [21] analyzed the optimal policy of self-manufacturing and
outsourcing remanufacturing under the carbon tax policy. Although all the above papers
have studied the economic and environmental benefits of a CLSC considering outsourcing
remanufacturing, the research work so far is limited to the case that the CLSC consists
of an OEM and a third-party remanufacturer (3PR) only. In this present paper, we fill in
the gap of the existing literature by considering a remanufacturing problem involving a
competitive CLSC network, in which there are multiple OEMs and 3PRs. For every OEM,
he can use in-house remanufacturing or outsource the remanufacturing business to 3PRs
according to profits, sales volumes, costs, resources, and environmental impacts.

2.2. Equilibrium in a Competitive CLSC Network

Nagurney and Toyasaki [22] first used the variational inequality (VI) to establish the
reverse supply chain network equilibrium model for electronic waste products. Hammond
and Beullen [23] further extended the reverse supply chain network considered by Nagur-
ney and Toyasaki [22] to a CLSC network equilibrium model. Yang et al. [24] established
a CLSC network equilibrium model which includes raw material suppliers and recovery
centers. Qiang et al. [25] studied the influence of random demand on the CLSC network
equilibrium decision-making. Qiang [26] further analyzed the equilibrium decision-making
of differential pricing between new products and remanufactured products. Chan et al. [27]
studied the dynamic equilibrium of a CLSC network considering the production planning
periods. Zhen et al. [28] and Nayeri et al. [29] studied the multi-objective problem of mini-
mizing the total cost and reducing and controlling the total amount of carbon emission in a
CLSC network. Wang et al. [30] provided the CLSC network equilibrium decision-making
for retailers who need to recycle used products themselves. Yang et al. [31] studied the
CLSC network dynamics considering pollution permits. Wu et al. [32] analyzed how the
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government subsidy and the asymmetry of enterprise costs can affect the equilibrium
decision-making of the CLSC network. Duan et al. [33] considered the impact of con-
sumers’ preference and AI-Push on the CLSC network equilibrium. Biçe and Batun [34]
studied the CLSC network equilibrium considering the qualities of the returned products.
Pourmehdi et al. [35] studied the equilibrium decision-making of a steel CLSC network in-
volving production technology. Diabat and Jebali [36] studied a CLSC network problem for
durable products under the take-back legislation. Fu et al. [37] proposed a CLSC network
model dealing with heterogeneous products facing different market demands. Existing
research work [23–37] not only obtained CLSC network equilibrium decision-making but
also analyzed how external factors, such as random demand, manufacturing level, produc-
tion period, carbon emission, etc., can affect the equilibrium decision-making. However, all
these research works only considered the OEMs’ self-remanufacturing policy but did not
consider their outsourcing remanufacturing policy. On the other hand, Zhang et al. [38] re-
cently proposed a 3PR option, in which the OEM can choose the best way to do outsourcing
remanufacturing business. Thus, since there is no research work in the current literature
considering both OEMs’ self-remanufacturing and outsourcing remanufacturing business,
we extend the existing literature of the CLSC network by considering OEMs’ remanufactur-
ing policy choices between a self-remanufacturing policy and outsourcing remanufacturing
policy. That is, our study considers a competitive CLSC network, in which every OEM,
such as Kodak, IBM, Bosch, Xerox, Fuji, and Dell [1], can choose self-remanufacturing or
outsource the remanufacturing business to 3PRs according to profits, sales volumes, costs,
resources, and environmental impacts.

Based on the research work of the above researchers, this paper focuses on the com-
petitive CLSC network of the OEMs’ remanufacturing policy options, in which the OEM
can decide whether to remanufacture himself or outsource the remanufacturing business
to remanufacturers. Moreover, this paper not only establishes an equilibrium model of
the CLSC network that considers remanufacturing policy options and calculates the opti-
mal decisions for each decision maker but also analyzes how the OEM should choose a
remanufacturing policy based on external factors such as the recovery rates of the used
products, remanufacturing costs, and environmental impact parameters. Thus, this paper
contributes a lot to the operation management of the remanufacturing business.

3. Model
3.1. Model Description and Assumption

Consider a CLSC network that consists of I original manufacturers, J retailers, K
demand markets, and M outsourced remanufacturers (referred to as remanufacturers). The
situation is depicted in Figure 1. In Figure 1, multiple nodes in the top-level (respectively,
the second level) of the forward logistic represent non-cooperation competitions between
different original manufacturers (respectively, different retailers), whereas multiple nodes
in the reverse logistic represent non-cooperation competitions between different remanu-
facturers. These mutual competitions constitute non-cooperative games. The links between
different layers in the forward logistics (respectively, the reverse logistics) represent prod-
uct transactions between original manufacturers and retailers and between retailers and
demand markets (respectively, between original manufacturers and remanufacturers and
between remanufacturers and demand markets). New products produced by the original
manufacturers are sold to customers in the demand market through retailers, and these
products become used products after they have been used by customers.

Due to the EPR system stipulated by the country, original manufacturers need to
recycle and remanufacture used products to save resources and reduce environmental
pollution. The original manufacturer can choose to remanufacture himself [23], or because
of the lack of remanufacturing knowledge and equipment [3], he can entrust a third party
(i.e., remanufacturers) to remanufacture his products, forming an outsourcing remanufac-
turing strategy [38]. The decision variables and the parameters in our model are defined in
Table 1. We assume that the following conditions hold throughout this paper:
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Assumption 1. A single production period without considering storage decisions is used.

Assumption 2. The quality of remanufactured products is the same as that of new products [23].

Assumption 3. The cost functions are convex and continuous, and the demand function is a
decreasing function of price.

Assumption 4. All decision variables are non-negative, and all the decision vectors are column vectors.

Table 1. Definition of the decision variables and the parameters in the model.

Symbol Definition

qv
i

The number of new products produced by the
original manufacturer i.

Qv =
(
qv

1, . . . , qv
I
)T ∈ RI

+

The vector consisting of the numbers of new
products produced by all the
original manufacturers.

qij
The number of transaction products between the
original manufacturer i and retailer j.

Q1 =

 q11, . . . , q1J
. . . . . . . . . . . . . . .

qI1, . . . , qI J

 ∈ RI J
+

The vector consisting of the numbers of
transaction products between all original
manufacturers and all retailers.

qjk
The number of products sold by retailers j to
demand market k.

Q2 =

 q11, . . . , qK1
. . . . . . . . . . . . . . .

qJ1, . . . , qJK

 ∈ RJK
+

The vector consisting of the numbers of products
sold by all the retailers to all the demand markets.

qki
The number of used products returned to the
original manufacturer i from demand market k.

Q3 =

 q11, . . . , qK1
. . . . . . . . . . . . . . .

q1I , .., qKI

 ∈ RKI
+

The vector consisting of the numbers of used
products returned to all the original manufacturers
from all the demand markets.

qkm
The number of used products returned to the
remanufacturer m from demand market k.

Q4 =

 q11, . . . , qK1
. . . . . . . . . . . . . . .

q1M, .., qKM

 ∈ RKM
+

The vector consisting of the numbers of used
products returned to all the remanufacturers from
all the demand markets.

qmi
The number of remanufactured products sold by
remanufacturer m to the original manufacturer i.

Q5 =

 q11, . . . , q1I
. . . . . . . . . . . . . . .
qM1, . . . , qMI

 ∈ RMI
+

The vector consisting of the numbers of
remanufactured products sold by all the
remanufacturers to all the original manufacturers.

ρk
The price per item at demand market k (unit:
yuan/item).

ρ = (ρ1, . . . , ρK)
T ∈ RK

+
The vector consisting of the prices per item at all
the demand markets.

α
The fraction of the used products that can be used
for remanufacturing after they have been
recovered from the demand markets.

β
Percentage of the used products recovered from
the demand markets.

η
The cost of sending 1 item of the waste product to
the landfill for disposal.

enew
The pollution coefficient of the new product (unit:
kg/item).

er
The pollution coefficient of the remanufactured
product (unit: kg/item).
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3.2. The Equilibrium Decisions of the Original Manufacturers

In the CLSC network, original manufacturers compete non-cooperatively with each
other for profits. A competing original manufacturer uses raw materials to produce new
products and sells them to retailers to obtain revenue. For used products returned from a
demand market, he can choose to remanufacture himself (the transaction diagram is shown
in Figure 2) or outsource to a remanufacturer for remanufacturing (the transaction diagram
is shown in Figure 3).

Figure 2. The transaction diagram of the self-remanufacturing policy.

Figure 3. The transaction diagram of the outsourcing remanufacturing policy.

Case 1. Self-remanufacturing policy.
In Case 1, original manufacturer i chooses to remanufacture the used products himself.

As shown in Figure 2, in the forward logistics, original manufacturer i produces qv
i items

of new products with production cost fi(Qv). He sells qij items of these products to the
retailer j with cost. cij

(
qij
)
. In the reverse logistics, he collects qki items of used products

from demand market k with cost cki(qki); the total number of used products that he collects

from all the demand markets is qr
i =

K
∑

k=1
qki. Since only a fraction α of the used products

can be remanufactured and the remaining used products (i.e., the waste product) will
be sent to landfill for disposal, his costs involved in the reverse logistics are ri

(
α, qr

i
)

for
remanufacturing used products, ci

(
qr

i
)

for cleaning used products, and η(1− α)qr
i for

disposing of waste products. Thus, the optimization problem of the original manufacturer
i who chooses to remanufacture the used products himself is as follows:

maxπ1
i =

J
∑

j=1
ρijqij − fi(Qv)−

J
∑

j=1
cij
(
qij
)
−

K
∑

k=1
ρkiqki−

K
∑

k=1
cki(qki)− ci

(
qr

i
)
− ri

(
α, qr

i
)
− η(1− α)qr

i

(1)

s.t.
J

∑
j=1

qij ≤ qv
i + α

K

∑
k=1

qki (2)

β
J

∑
j=1

qij ≤
K

∑
k=1

qki (3)
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qv
i , qij, qki ≥ 0, ∀j, k, (4)

where π1
i is the net profit of manufacturer i in Case 1.

In Equation (1), ρij and ρki are endogenous prices. Constraint (2) indicates that the total
number of transaction products of manufacturer i with all the retailers should not exceed
the total number of his new products and his self-remanufactured products. Constraint (3)
indicates that the used product has a minimum recovery quantity.

Case 2. Outsourcing remanufacturing policy.
In Case 2, original manufacturer i chooses to outsource the remanufacturing busi-

ness to remanufacturer m (m = 1, . . . , M). As shown in Figure 3, the forward logistics
involving the original manufacturer i is the same as that in Case 1. In the reverse logistics,
he does not need to pay multiple costs related to recycling and remanufacturing of used
products, but only pays remanufacturer m the outsourcing cost ρmiqmi and the transaction
cost cmi(qmi), where ρmi is the endogenous outsourcing price per unit item of the reman-
ufactured products. Thus, the optimization problem of the original manufacturer i who
chooses to outsource his remanufacturing business is as follows:

maxπ2
i =

J

∑
j=1

ρijqij − fi

(
QV
)
−

J

∑
j=1

cij
(
qij
)
−

M

∑
m=1

ρmiqmi −
M

∑
m=1

cmi(qmi) (5)

s.t.
J

∑
j=1

qij ≤ qv
i +

M

∑
m=1

qmi (6)

β
J

∑
j=1

qij ≤
1
α

M

∑
m=1

qmi (7)

qv
i , qij, qmi ≥ 0, ∀j, m, (8)

where π2
i is the net profit of manufacturer i in Case 2.

Constraint (6) indicates that the total number of transaction products of manufacturer
i should not exceed the total number of his new products and his remanufactured products
outsourced to all the remanufacturers. Constraint (7) indicates that the used product
has a minimum recovery quantity. (Since only a fraction α of the used products can be

recovered from the demand market for remanufacturing and
M
∑

m=1
qmi is the total number of

remanufactured products of manufacturer i obtained from all remanufacturers, 1
α

M
∑

m=1
qmi is

the total number of used products of manufacturer i received from all the demand markets).
For each i = 1, . . . , I, let Ai ∈ {0, 1} be a new decision variable that determines

whether the original manufacturer i chooses the self-remanufacturing policy or outsourcing
remanufacturing policy. More precisely, Ai = 1 means that original manufacturer i
chooses to remanufacture the used products himself and Ai = 0 means that original
manufacturer i chooses to outsource the used products to remanufacturers. When the
original manufacturer i chooses to remanufacture the used products himself, he needs to
pay the recycling costs (such as the costs related to the cleaning of the used products, and
the disposal of waste products) together with the remanufacturing costs. On the other hand,
when original manufacturer i chooses to outsource the used products to remanufacturers
for remanufacturing, he does not bear the costs of recycling and remanufacturing, but only
pays the outsourcing costs and the transaction costs. Thus, the optimization problem of
manufacturer i who considers both the self-remanufacturing policy and the outsourcing
remanufacturing policy is as follows:

maxπi =
J

∑
j=1

ρijqij − fi
(
QV)− J

∑
j=1

cij
(
qij
)
− Ai[

K
∑

k=1
ρkiqki +

K
∑

k=1
cki(qki) + ci

(
qr

i
)
+ ri

(
α, qr

i
)
+

η(1− α)qr
i ]− (1− Ai)[

M
∑

m=1
ρmiqmi +

M
∑

m=1
cmi(qmi)]

(9)
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s.t.
J

∑
j=1

qij ≤ qv
i + Aiα

K

∑
k=1

qki + (1− Ai)
M

∑
m=1

qmi (10)

β
J

∑
j=1

qij ≤ Ai

K

∑
k=1

qki + (1− Ai)
1
α

M

∑
m=1

qmi (11)

qv
i , qij, qki, qmi ≥ 0, ∀j, k, m, Ai ∈ {0, 1}, (12)

where πi is the net profit of manufacturer i.

Proposition 1. The profit function of the original manufacturer i(πi) given by the optimization
problem (9)–(12), i.e., the optimization problem when manufacturer i considers both the self-
remanufacturing policy and the outsourcing remanufacturing policy, is convex.

Proof. See Appendix A.1. �

Theorem 1. Suppose that all the original manufacturers are competing non-cooperatively for
their profits. Suppose that the conditions imposed by Assumption 3 hold. Then the equilib-
rium decisions of all the original manufacturing are obtained by solving the following VI: Find
(Qv∗, Q1∗, Q3∗, Q5∗, γ∗, σ∗) ∈ RI+I J+KI+MI+2I

+ which satisfies
I

∑
i=1

[
∂ fi(Qv∗)

∂qv
i
− γ∗i

]
× [qv

i − qv∗
i ] +

I

∑
i=1

J

∑
j=1

∂cij

(
q∗ij
)

∂qij
− ρ∗ij + γ∗i + βσ∗i

× [qij − q∗ij
]
+

I

∑
i=1

K

∑
k=1

Ai

[
∂ri
(
α, qr∗

i
)

∂qki
+

∂cki(q∗ki)

∂qki
+

∂ci
(
qr∗

i
)

∂qki
+ ρ∗ki + η(1− α)− αγ∗i − σ∗i

]
× [qki − q∗ki]+

I

∑
i=1

M

∑
m=1

(1− Ai)

[
∂cmi

(
q∗mi
)

∂qmi
+ ρ∗mi − γ∗i −

1
α

σ∗i

]
× [qmi − q∗mi]+

I

∑
i=1

[
qv∗

i + Aiα
K

∑
k=1

q∗ki + (1− Ai)
M

∑
m=1

q∗mi −
J

∑
j=1

q∗ij

]
× [γi − γ∗i ]+

I

∑
i=1

[
Ai

K

∑
k=1

q∗ki + (1− Ai)
1
α

M

∑
m=1

q∗mi − β
J

∑
j=1

q∗ij

]
× [σi − σ∗i ] ≥ 0,

∀
(

Qv, Q1, Q3, Q5, γ, σ
)
∈ RI+I J+KI+MI+2I

+ .

(13)

In VI (13), γi and σi are the Lagrange multiplier of (10) and (11), respectively.

Proof. See Appendix A.2. �

3.3. The Equilibrium Decisions of the Retailers

In the CLSC network, retailers compete non-cooperatively with each other for products
manufactured by original manufacturers to satisfy the demands at demand markets. Thus,
each retailer needs to decide on the number of his transaction products with the original
manufacturer and the number of products sold to demand markets to maximize his profit.
Since the only cost paid by retailer j is his handling cost cj

(
Q1), the optimization problem

of the retailer can be stated as follows [39]:

maxπj =
K

∑
k=1

ρjkqjk −
I

∑
i=1

ρijqij − cj(Q1) (14)

s.t.
K

∑
k=1

qjk ≤
I

∑
i=1

qij (15)
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qij, qjk ≥ 0, ∀i, k, (16)

where πj is the net profit of retailer j.
In Equation (14), ρjk is the endogenous price. Constraint (15) indicates that the total

number of products sold by retailer j to all the demand markets should not exceed the total
number of products purchased from all the original manufacturers.

Theorem 2. Suppose all the retailers are competing non-cooperatively for their profits. Suppose
that the conditions imposed by Assumption 3 hold. Then the equilibrium decisions of all the retailers
are obtained by solving the following VI [39]: Find

(
Q1∗, Q2∗, λ∗

)
∈ RI J+JK+J

+ which satisfies

I

∑
i=1

J

∑
j=1

[
∂cj
(
Q1∗)

∂qij
+ ρ∗ij − λ∗j

]
×
[
qij − q∗ij

]
+

J

∑
j=1

K

∑
k=1

[
−ρ∗jk + λ∗j

]
×
[
qjk − q∗jk

]
+

J

∑
j=1

[
I

∑
i=1

q∗ij −
K

∑
k=1

q∗jk

]
×
[
λj − λ∗j

]
≥ 0

∀
(

Q1, Q2, λ
)
∈ RI J+JK+J

+ .

(17)

In VI (17), λj is the Lagrange multiplier of (15).

Proof. The proof of this theorem is similar to that of Theorem 1. �

3.4. The Equilibrium Decisions of the Demand Markets

At demand market k, the number of products received from retailer j
(

i.e., qjk

)
and

the price ρk satisfy, respectively, the complementary conditions (18) and (19) given below:

ρ∗jk + ĉjk

(
q∗jk
){ = ρ∗k , if q∗jk > 0
≥ ρ∗k , if q∗jk = 0,

(18)

dk(ρ
∗)


=

J
∑

j=1
q∗jk, if ρ∗k > 0

≤
J

∑
j=1

q∗jk, if ρ∗k = 0.
(19)

(See [23] for details.)
Condition (18) provides a necessary condition for the required price at the demand

market to attract customers to buy its commodities, whereas condition (19) provides a
necessary condition for the total required number of products to be stored at the demand
market to satisfy the demand of the customers.

The used products at demand market k can either be returned to the original reman-
ufacturers or returned to the remanufacturers for remanufacturing. Let qki (respectively,
qkm) be the number of used products returned from demand market k to manufacturer i
(respectively, returned to remanufacturer m) for remanufacturing.

Suppose that the used products at demand market k are returned to the original
manufacturer i, the number of returned products qki needs to satisfy the complementary
condition (20) together with the constraint condition (21) given below:

αk

(
Q3
){ = ρ∗ki, if q∗ki > 0
≥ ρ∗ki, if q∗ki = 0,

(20)

s.t.
I

∑
i=1

qki ≤
J

∑
j=1

qjk. (21)
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(See [23] for details.)
Suppose that the used products at demand market k are returned to the remanufac-

turer m, the number of the returned products qkm needs to satisfy the complementary
condition (22) together with the constraint condition (23) given below:

αk

(
Q4
){ = ρ∗km, if q∗km > 0
≥ ρ∗km, if q∗km = 0,

(22)

s.t.
M

∑
m=1

qkm ≤
J

∑
j=1

qjk. (23)

Complementary conditions (20) and (22) provide a necessary condition for the price
of the returned products offered by the original manufacturer or remanufacturer to obtain
the used products from the demand markets, whereas constraints (21) and (23) state that
the total number of used products returned to all the manufacturers or remanufacturers
should not exceed the total number of new products obtained from all the retailers.

For each i = 1, . . . , I, k = 1, . . . , K, let B1ki ∈ {0, 1} be a new decision variable that
determines whether the used products from demand market k are returned to original
manufacturer i or not. More precisely, B1ki = 1 means that the used products from demand
market k are returned to the original manufacturer i and B1ki = 0 means that the used
products from the demand market k are not returned to the original manufacturer i.
Similarly, for each k = 1, . . . , K, m = 1, . . . , M, let B2km ∈ {0, 1} be a new decision variable
that determines whether the used products from demand market k are returned to the
remanufacturer m or not. More precisely, B2km = 0 means that the used products from
demand market k are returned to remanufacturer m and B2km = 1 means that the used
products from demand market k are not returned to remanufacturer m.

Theorem 3. Then the equilibrium decisions of all the demand markets are obtained by solving the
following VI: Find (Q2∗, Q3∗, Q4∗, ρ∗, δ∗)∈ RJK+KI+KM+2K

+ which satisfies
J

∑
j=1

K

∑
k=1

[
ρ∗jk + ĉjk

(
q∗jk
)
− ρ∗k − δ∗k

]
×
[
qjk − q∗jk

]
+

K

∑
k=1

I

∑
i=1

B1ki

[
αk

(
Q3∗

)
− ρ∗ki + δ∗k

]
× [qki − q∗ki]+

K

∑
k=1

M

∑
m=1

(1− B2km)
[
αk

(
Q4∗

)
− ρ∗km + δ∗k

]
× [qkm − q∗km]+

K

∑
k=1

[
J

∑
j=1

q∗jk − dk(ρ
∗
3)

]
× [ρk − ρ∗k ] +

K

∑
k=1

[
J

∑
j=1

q∗jk −
I

∑
i=1

B1kiq∗ki −
M

∑
m=1

(1− B2km)q∗km

]
× [δk − δ∗k ] ≥ 0,

∀
(

Q2, Q3, Q4, ρ, δ
)
∈ RJK+KI+KM+2K

+ .

(24)

In VI (24), δk is the Lagrange multiplier of (21) and (23).

Proof. The conditions (18)–(23) are complementary conditions for the decision variables of
the demand markets at equilibrium. Thus, VI (24) can be obtained from the equivalence of
complementary condition and VI. (See [40] for details.) �

3.5. The Equilibrium Decisions of the Remanufacturers

In the CLSC network, remanufacturers compete non-cooperatively with each other
for contracts from the original manufacturers for remanufacturing. After the original
manufacturer i has chosen to outsource his remanufacturing business to remanufacturers,
remanufacturer m receives the used products from demand markets k for remanufacturing.
After the used products have been thoroughly cleaned and inspected, α of these used
products will be used for remanufacturing and the remaining used products, i.e., the
waste products, will be sent to the landfill for disposal. Thus, remanufacturer m needs to
decide on his remanufacturing quantity with the original manufacturer i(i.e., qmi) and the



Sustainability 2021, 13, 6640 11 of 26

quantity of used products received from the demand market k(i.e., qkm) (the total quantity

of used products received from all the demand markets is qr
m =

K
∑

k=1
qkm) to maximize his

profit. Since the costs paid by remanufacturer m are his transaction costs ĉmi(qmi) with the
original manufacturer i and ĉkm(qkm) with the demand market k, his remanufacturing costs
rm(α, qr

m), the external cost cm(qr
m), together with the cost involved in the disposal of waste

products. The optimization problem of remanufacturer m can be stated as follows:

maxπm =
I

∑
i=1

ρmiqmi −
K
∑

k=1
ρkmqkm −

I
∑

i=1
ĉmi(qmi)−

K
∑

k=1
ĉkm(qkm)−

rm(α, qr
m)− cm(qr

m)− η(1− α)
K
∑

k=1
qkm

(25)

s.t.
I

∑
i=1

qmi ≤ α
K

∑
k=1

qkm (26)

qkm, qmi ≥ 0, ∀i, k, (27)

where πm is the net profit of remanufacturer m.
In Equation (25), ρmi is the endogenous price for the remanufactured product transac-

tion with the original manufacturer i and ρkm is the endogenous price for the used product
transaction with demand market k. Constraint (26) indicates that for remanufacturer m ,
the total number of remanufactured products for all the original manufacturers should not
exceed α× (the total number of his used products received from all the demand markets).

For each i = 1, . . . , I, m = 1, . . . , M, let Cmi ∈ {0, 1} be a new decision variable which
determines whether the original manufacturer i chooses to purchase the remanufactured
products from remanufacturer m or not. More precisely, Cmi = 0 means that the original
manufacturer i chooses to purchase the remanufactured products from remanufacturer m
and Cmi = 1 means that the original manufacturer i chooses not to purchase the remanu-
factured products from remanufacturer m.

Theorem 4. Suppose that all the remanufacturers are competing non-cooperatively for their
profits. Suppose that the conditions imposed by Assumption 3 hold. Then the equilibrium deci-
sions of all the remanufacturers are obtained by solving the following VI: Find (Q4∗, Q5∗, χ∗) ∈
RKM+MI+M
+ which satisfies

K

∑
k=1

M

∑
m=1

(1− B2km)

[
∂ĉkm

(
q∗km
)

∂qkm
+

∂cm(qr∗
m )

∂qkm
+

∂rm(α, qr∗
m )

∂qkm
+ ρ∗km + η(1− α)− αχ∗m

]
× [qkm − q∗km]+

M

∑
m=1

I

∑
i=1

(1− Cmi)

[
∂ĉmi

(
q∗mi
)

∂qmi
+ χ∗m − ρ∗mi

]
× [qmi − q∗mi]+

M

∑
m=1

[
α

K

∑
k=1

(1− B2km)q∗km −
I

∑
i=1

(1− Cmi)q∗mi

]
× [χm − χ∗m] ≥ 0, ∀

(
Q4, Q5, χ

)
∈ RKM+MI+M

+ ,

(28)

where B2km are the decision variables of the demand market k which assume the integer values
0 or 1 as described in Section 3.4. In VI (28), χm is the Lagrange multiplier of (26).

Proof. The proof is similar to that of Theorem 1. �

3.6. The Equilibrium Decisions of the CLSC Network

Suppose the decisions of all the decision-makers of the CLSC network (i.e., the original
manufacturers, together with all the retailers, together with all the demand markets,
together with the remanufacturers) are at equilibrium simultaneously, then VI (13), VI (17),
VI (24), and VI (28) hold simultaneously. Thus, by adding VI (13), VI (17), VI (24), and VI
(28) together and subtracting all the endogenous prices from the above sum, we obtain the
equilibrium decisions of the CLSC network as follows:
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Find (Qv∗, Q1∗, Q2∗, Q3∗, Q4∗, Q5∗, ρ∗, γ∗, σ∗, λ∗, δ∗, χ∗) ∈
RI+I J+JK+KI+KM+MI+K+2I+J+K+M
+ which satisfies

I
∑

i=1

[
∂ fi(Qv∗)

∂qv
i
− γ∗i

]
×
[
qv

i − qv∗
i
]
+

I
∑

i=1

J
∑

j=1

[
∂cij

(
q∗ij
)

∂qij
+ γ∗i + βσ∗i +

∂cj(Q1∗)
∂qij

− λ∗j

]
×
[
qij − q∗ij

]
+

J
∑

j=1

K
∑

k=1

[
ĉjk

(
q∗jk
)
+ λ∗j − ρ∗k − δ∗k

]
×
[
qjk − q∗jk

]
+

I
∑

i=1

K
∑

k=1

 Ai

∂ri
(
α, qr∗

i
)

∂qki
+

∂cki(q∗ki)

∂qki
+

∂ci
(
qr∗

i
)

∂qki
+

ρ∗ki + η(1− α)− αγ∗i − σ∗i

+

B1ki
(
αk
(
Q3∗)− ρ∗ki + δ∗k

)
× [qki − q∗ki

]
+

K
∑

k=1

M
∑

m=1
(1− B2km)

αk

(
Q4∗

)
+ δ∗k +

∂ĉkm
(
q∗km
)

∂qkm
+

∂cm(qr∗
m )

∂qkm
+

∂rm(α, qr∗
m )

∂qkm
+ η(1− α)− αχ∗m

× [qkm − q∗km
]
+

I
∑

i=1

M
∑

m=1


(1− Ai)

(
∂cmi

(
q∗mi
)

∂qmi
+ ρ∗mi − γ∗i −

1
α

σ∗i

)
+

(1− Cmi)

(
∂ĉmi

(
q∗mi
)

∂qmi
+ χ∗m − ρ∗mi

)
× [qmi − q∗mi

]
+

K
∑

k=1

[
J

∑
j=1

q∗jk − dk(ρ
∗)

]
×
[
ρk − ρ∗k

]
+

I
∑

i=1

[
qv∗

i + Aiα
K
∑

k=1
q∗ki + (1− Ai)

M
∑

m=1
q∗mi −

J
∑

j=1
q∗ij

]
×
[
γi − γ∗i

]
+

I
∑

i=1

[
Ai

K
∑

k=1
q∗ki + (1− Ai)

1
α

M
∑

m=1
q∗mi − β

J
∑

j=1
q∗ij

]
×
[
σi − σ∗i

]
+

J
∑

j=1

[
I

∑
i=1

q∗ij −
K
∑

k=1
q∗jk

]
×
[
λj − λ∗j

]
+

K
∑

k=1

[
J

∑
j=1

q∗jk −
I

∑
i=1

B1kiq∗ki −
M
∑

m=1
(1− B2km)q∗km

]
×
[
δk − δ∗k

]
+

M
∑

m=1

[
α

K
∑

k=1
(1− B2km)q∗km −

I
∑

i=1
(1− Cmi)q∗mi

]
× [χm − χ∗m] ≥ 0,

∀
(
Qv, Q1, Q2, Q3, Q4, Q5, ρ, γ, σ, λ, δ, χ

)
∈ RI+I J+JK+KI+KM+MI+K+2I+J+K+M

+ ,

(29)

where Ai, B1ki, B2km, and Cmi are, respectively, the decision variables of original manu-
facturer i, demand market k associated original manufacturer i, demand market k associated
with remanufacturer m, and remanufacturer m associated with original manufacturer i,
which assume the integer values 0 or 1 as described in Section 3.2, Section 3.3, Section 3.4,
and Section 3.5, respectively.

Case 1. Self-remanufacturing policy.
In Case 1, the original manufacturer i chooses to remanufacturer himself, that is

Ai = 1.
When the equilibrium decisions q∗ij, q∗jk, q∗ki are positive, we have the following: From

the equivalence of VI (13) and its complementary condition [40], the endogenous wholesale

price is ρ∗ij =
∂cij

(
q∗ij
)

∂qij
+ γ∗i + βσ∗i . From the equivalence of VI (17) and its complementary

condition, the endogenous retail price is ρ∗jk = λ∗j . From the equivalence of VI (24) and its

complementary condition, the endogenous recovery price is ρ∗ki = αk
(
Q3∗)+ δ∗k .

Case 2. Outsourcing remanufacturing policy.
In Case 2, the original manufacturer i chooses to outsource his remanufacturing

business to remanufacturers, that is Ai = 0.
When the equilibrium decisions q∗ij, q∗mi, q∗jk and q∗km are positive, we have the follow-

ing: From the equivalence of VI (13) and its complementary condition [40], the endogenous
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wholesale price is ρ∗ij =
∂cij

(
q∗ij
)

∂qij
+ γ∗i + βσ∗i , ρ∗mi = γ∗i +

1
α σ∗i −

∂cmi(q∗mi)
∂qmi

. From the equiva-
lence of VI (17) and its complementary condition, the endogenous retail price is ρ∗jk = λ∗j .
From the equivalence of VI (24) and its complementary condition, the endogenous recovery
price is ρ∗km = αk

(
Q4∗)+ δ∗k .

Theorem 5. Suppose that the conditions imposed by Assumption 3 hold. Suppose that the costs
are strictly convex and have bounded second-order derivatives and the demand function is strictly
monotone decreasing and has bounded first-order derivatives. Then, the monotone and Lipschitz
continuity of VI (29) hold, which ensures that the equilibrium decisions of the CLSC exist and
are unique.

Proof. The proof is similar to those given in Theorem 3.4 of [41]. �

To analyze the environmental impact generated by the decisions of original manu-
facturers and the remanufacturers, we define the environmental impact generated by the
original manufacturer i’s new products as enewqv

i , the original manufacturer i’s remanu-
factured products as erαqr

i , and the products outsourced by the original manufacturer i to
the remanufacturer m for remanufacturing as erqmi, which are consistent with life cycle
assessment (LCA) [42,43]. Thus, when the original manufacturer i chooses to remanufac-
ture himself, the total environmental impact generated is enewqv

i + erαqr
i . When the original

manufacturer i chooses to outsource the remanufacturing business to remanufacturers, the

total environmental impact generated is enewqv
i + er

M
∑

m=1
qmi.

4. Numerical Examples

In Section 3, the CLSC network equilibrium decisions and the optimal profits of all
the decision-makers considering remanufacturing options are obtained. In this section,
numerical examples are solved to test the performance of our models. The importance of the
outsourcing remanufacturing business is analyzed, and the impacts of the various factors,
such as waste product recovery rate, remanufacturing cost, and environmental impact
on the original manufacturers’ remanufacturing policies are also studied. The following
example is taken from [24]. In this example, there are two original manufacturers (I = 2),
two retailers (J = 2), two demand markets (K = 2), and two remanufacturers (M = 2) in
the CLSC network. In this example, the original manufacturers produce electronic products,
such as computers. The cost functions and the demand functions of all the decision-makers
are as follows:

Cost functions of the original manufacturers:

fi(Qv) = 2.5(qv
i )

2 + qv
1qv

2 + 2qv
i , i = 1, 2 (30)

ri(α, qr
i ) = 2.5(aqr

i )
2 + 2aqr

i , i = 1, 2 (31)

cij
(
qij
)
= 0.5

(
qij
)2

+ 3.5qij, i = 1, 2 j = 1, 2 (32)

cki(qki) = 0.1(qki)
2 + qki, i = 1, 2 k = 1, 2 (33)

cmi(qmi) = 0.1(qmi)
2 + qmi, i = 1, 2 m = 1, 2 (34)

ci(qr
i ) = 2.5(qr

i )
2 + 3qr

i , i = 1, 2 (35)

Cost function of the retailers:

cj

(
Q1
)
= 0.5

(
2

∑
i=1

qij

)2

, j = 1, 2 (36)
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Cost functions of the demand markets:

ĉjk

(
qjk

)
= qjk + 5, j = 1, 2 k = 1, 2 (37)

αk(Q3) = 2
2

∑
k=1

2

∑
i=1

qki + 5, αk(Q4) = 2
2

∑
k=1

2

∑
m=1

qkm + 5, (38)

d1 = −2ρ1 − 1.5ρ2 + 1000, d2 = −2ρ2 − 1.5ρ1 + 1000. (39)

Cost function of the remanufacturers:

rm(α, qr
m) = (αqr

m)
2 + aqr

m, m = 1, 2 (40)

cm(qm) = 1.8

(
2

∑
k=1

qkm

)2

+ 3, m = 1, 2 (41)

ĉkm(qkm) = 0.1(qkm)
2 + qkm, k = 1, 2 m = 1, 2 (42)

The remanufacturers do not need to pay the transaction cost to the original manufac-
turers when they receive the used products from the demand markets.

The above cost functions and demand functions satisfy the conditions imposed by
Theorem 5. Similar to References [23–25], we use the modified projection algorithm [44]
(see [44] for details) implemented by MATLAB to solve VI (29) to obtain the optimal deci-
sions of all the decision-makers, their respective profits, and their respective environmental
impact at equilibrium.

4.1. The Importance of the Outsourcing Remanufacturing Policy

This section focuses on analyzing the importance of the outsourcing remanufacturing
policy of the original remanufacturers. By comparing the equilibrium results obtained
when the original manufacturers choose to remanufacture the used products on their own
and when they choose to outsource their remanufacturing businesses to remanufacturers,
we can easily understand the importance of the outsourcing remanufacturing policy.

The parameters are defined as follows: α = 0.8, β= 0.2, η= 2 (these parameters are
taken from one example from [24]) and enew = 3, er = 1.5 (these parameters are taken
from one example from [43]). We first solve VI (29) by using A1 = A2 = 1 (i.e., both
remanufacturers choose to remanufacture on their own). We next solve VI (29) by using
A1 = A2 = 0. (i.e., both remanufacturers choose to outsource their remanufacturing
businesses to remanufacturers) Comparison of the results at equilibrium obtained when
the original remanufacturers choose the self-remanufacturing policy and when they choose
the outsourcing remanufacturing policy is given in Table 2. In Table 2, qv

i is the number of
new products produced by original manufacturer i from raw materials, qij is the number
of transaction products between original manufacturer i and retailer j, qjk is the number
of products sold by retailer j to demand market k, qki (respectively, qkm) is the number of
used products returned from demand market k to original manufacturer i (respectively,
remanufacturer m) for recycling, qmi is the number of remanufactured products sold by
remanufacturer m to original manufacturer i,ρk is the price per item of the new products
in demand market k, the quantity of the environmental impact is described in the last
paragraph of Section 3, πi is the net profit of manufacturer i as defined in (9), and the
total profit is the sum of the profits of all the manufacturers and all retailers when the
original manufacturers choose the self-remanufacturing policy, and it is the sum of the
profits of all the manufacturers, all the retailers, and all the remanufacturers when the
original manufacturers choose the outsourcing remanufacturing policy.
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Table 2. Comparison of the results at equilibrium between the self-remanufacturing policy and the
outsourcing remanufacturing policy.

Variable Self-Remanufacturing Outsourcing
Remanufacturing

qv
i 30.7329 29.8729

qij 19.8664 20.9948
qjk 19.8700 20.9960

qki(qkm) 5.6146 7.5730
qmi 6.0649
ρk 274.3585 273.7159

Environmental impact 98.9362 98.7161
πi 3282.4 2676.7

Total profits 8146.7348 8259.3598

From Table 2, it can be seen that if the original remanufacturers choose the outsourcing
remanufacturing policy, we have the following results:

(1) The numbers of new products produced from raw materials are reduced, thus natural
resources from raw materials are saved.

(2) The sales quantities of the original manufacturers and the retailers are increased.
(3) The number of recycled products is increased, and the recycling rates of the used

products are also increased.
(4) Due to the increase in trade quantities of the new products, the prices of the new

products in the demand markets are decreased.
(5) The profits of the original manufacturers are decreased, but the profit of the entire

supply chain is significantly increased.
(6) The environmental impacts of both the new products and the remanufactured prod-

ucts are reduced, hence the problem of air pollution in the environment created by
the CLSC network becomes less severe.

From the analysis of this section, it can be seen that the choice of the outsourcing
remanufacturing policy of the original manufacturers will reduce the use of raw materials,
increase the utilization rate of used products, and reduce the environmental impact. Al-
though the original manufacturers sacrifice part of their profits, it achieves the purpose of
saving resources and protecting the environment, and further promotes the recycling of
resources for reuse.

4.2. The Impact of the Recovery Rates

This section focuses on analyzing how the original manufacturers’ remanufacturing
policy options depend on different recovery rates of the used products. In this example,
we use the same parameters as those used in Section 4.1 and we use the recovery rate
= 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8, respectively. The equilibrium decisions of self-
remanufacturing and outsourcing remanufacturing policies corresponding to different
recovery rates are obtained, which are given in Tables 3 and 4, respectively. The criteria
for the original manufacturer to choose between different remanufacturing policies are
obtained by calculating their profits and those of the entire supply chain corresponding to
each of the available recovery rates, which are shown in Figures 4–8.
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Table 3. The equilibrium decisions of self-remanufacturing policy under different recovery rates (β),
given α = 0.8.

Variable
β

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

qv
i 30.7329 30.7329 30.1636 26.2906 21.6112 16.8476 12.5085 8.8456

qij 19.8665 19.8664 19.8610 19.3121 17.9869 16.1730 14.1821 12.2457
qjk 19.8700 19.8700 19.8611 19.3121 17.9870 16.1732 14.1824 12.2460
qki 5.6146 5.6146 5.9694 7.7140 8.9828 9.6935 9.9175 9.7870
ρk 274.3585 274.3585 274.3651 274.6788 275.4360 276.4724 277.6100 278.7165

Table 4. The equilibrium decisions of outsourcing remanufacturing policy under different recovery
rates (β), given α = 0.8.

Variable
β

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

qv
i 29.8714 29.8729 29.8709 28.5173 24.3636 19.7287 15.1512 11.0172

qij 20.9978 20.9948 20.9974 20.9541 20.2853 18.9481 17.1899 15.2664
qjk 20.9939 20.9960 20.9983 20.9543 20.2855 18.9484 17.1903 15.2668
qkm 7.5735 7.5730 7.5733 8.3638 10.1252 11.3520 12.0168 12.1979
qmi 6.0652 6.0649 6.0532 6.6985 8.1072 9.0881 9.6194 9.7635
ρk 273.7174 273.7159 273.7157 273.7404 274.1225 274.8866 275.8912 276.9903

Figure 4. Profit of each decision maker when the self-remanufacturing policy is used.

Figure 5. Profit of each decision maker when the outsourcing remanufacturing policy is used.
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Figure 6. Comparison of the profits of the original manufacturer.

Figure 7. Comparison of the total profits of the CLSC network.

Figure 8. Comparison of the environmental impact.
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From the above results, we observe that:

(1) When the recovery rate is low, the original manufacturers’ decision to outsource their
remanufacturing businesses can save raw materials to meet the production demand,
but when the recovery rate is high, the above result is reversed.

(2) The original manufacturers’ decision to outsource their remanufacturing businesses
can increase sales of new products and recycling of used products and reduce product
prices in the demand markets.

(3) When the recovery rate is low, the original manufacturers’ decision to outsource
their remanufacturing businesses can reduce the environmental impact, but when the
recovery rate is high, the above result is reversed.

(4) When the recovery rate is high, the original manufacturers’ decision to outsource
their remanufacturing businesses can increase the profits of the remanufacturers but
will decrease the profits of the original manufacturers; thus, the profits of the original
manufacturers will be lower than those of the remanufacturers. Thus, when the
recovery rate is high, the original manufacturers should abandon the outsourcing
remanufacturing policy and choose to remanufacture on their own.

Thus, from the point of view of obtaining more profits, saving natural resources, and
reducing environmental impact, the original manufacturers should choose the outsourcing
remanufacturing policy only when the recovery rate is low. When the recovery rate is high,
the original manufacturers should remanufacture on their own to obtain better results.

4.3. The Impact of the Remanufacturing Cost

This section focuses on analyzing how the original manufacturers’ remanufacturing
policy options depend on different remanufacturing costs. The equilibrium decisions of
self-remanufacturing corresponding to different remanufacturing costs are obtained. The
criteria for the original manufacturer to choose between a self-remanufacturing policy and
an outsourcing remanufacturing policy are obtained by calculating their profits and those
of the entire CLSC corresponding to each of the available remanufacturing costs.

In this example, we use the same parameters as those used in Section 4.1. The cost
of resourcing remanufacturing is fixed as rm(α, qr

m) = θ(α, qr
m)

2 + θaqr
m, where θ is the cost

coefficient, which assumes the values 2, 1.5, 1, 0.5, and 0.1, respectively. The equilibrium
results corresponding to each of the remanufacturing costs are given in Table 5. In Table 5,
πj is the profit of retailer j as defined in (14), and πm is the profit of remanufacturer m as
defined in (25).

Table 5. The equilibrium results under different costs.

Variable
Self-

Remanufacturing
θ

2 1.5 1 0.5 0.1

qv
i 30.7329 30.2641 30.0801 29.8729 29.6376 29.4251

qij 19.8664 20.4814 20.7229 20.9948 21.3036 21.5823
qjk 19.8700 20.4823 20.7238 20.9960 21.3050 21.5840

qkm(qki) 5.6146 6.6863 7.1033 7.5730 8.1063 8.5879
qmi 5.3560 5.6895 6.0649 6.4912 6.8761
ρk 274.3585 274.0094 273.8714 273.7159 273.5393 273.3799

Environmental
impact 98.9362 98.8263 98.7746 98.7161 98.6496 98.5895

πi 3282.4 2712.5 2695.5 2676.7 2655.9 2637.5
πj 790.9674 839.6180 859.5212 882.3371 908.5725 932.5908
πm 559.3364 566.6813 570.6428 569.6859 563.8199

Total profits 8146.7348 8222.9088 8243.4050 8259.3598 8268.3168 8267.8214
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From Table 5, it can be seen that when the cost of outsourcing remanufacturing
decreases, the difference in costs between self-remanufacturing and outsourcing reman-
ufacturing increases. Thus, when the original remanufacturers choose the outsourcing
remanufacturing policy, we have the following results:

(1) The numbers of the new products are decreased, the recovery rates of the sale products
and used products are increased. Thus, the prices of the commodities are decreased.

(2) The profits of the original manufacturers are decreased, but the profits of the other
decision-makers in the CLSC network are increased; hence the total profit of the entire
CLSC is increased.

(3) The numbers of the new products are decreased, but the numbers of the remanufac-
tured products are increased. Due to the increase in numbers between the remanufac-
tured products and manufactured products, the environmental impact of the CLSC
network is also decreased.

Thus, from the discussion of this section, when the outsourcing remanufacturing cost
decreases, natural resources can be saved, and the problem of environmental pollution
can be improved. Thus, the remanufacturers should develop new techniques to decrease
the remanufacturing costs. On the other hand, when the outsourcing remanufacturer cost
is low, the original manufacturers should outsource their remanufacturing businesses to
remanufacturers so that more resources can be saved, and the problem of environmental
pollution can be improved further.

4.4. The Impact of the Environmental Impact Parameters

This section focuses on analyzing the environmental impact parameters of the new
and the remanufactured products on the remanufacturing policy of the original manu-
facturers. The environmental impacts of the new products, the self-remanufactured and
the outsourcing remanufactured products corresponding to each available environmental
impact parameter are obtained. Hence the impacts of the environmental impact parameters
on the remanufacturing policy of the original manufacturers are obtained.

In this example, we use the same parameters as those used in Section 4.1. We first fix
the environmental impact parameter of the new products and increase the environmental
impact parameter of the remanufactured product gradually from 0.3 to 2.1 (see [43] for
details). The results concerning the total environmental impacts of the self-remanufacturing
policy and the outsourcing remanufacturing policy corresponding to different environmen-
tal impact parameters are given in Table 6. We next fix the environmental impact parameter
of the remanufactured products and increase the environmental impact parameter of the
new products gradually from 3 to 5 (see [43] for details). The results of the total environ-
mental impact concerning the self-remanufacturing policy or outsourcing remanufacturing
policy corresponding to different environmental impact parameters are given in Table 7.

Table 6. The total environmental impact due to the environmental impact parameter of the remanufactured product.

Policy
enew=3

er=0.3 er=0.6 er=0.9 er=1.2 er=1.5 er=1.8 er=2.1

Self-
Remanufacturing 93.5462 94.8937 96.2412 97.5887 98.9362 100.2837 101.6312

Outsourcing
remanufacturing 91.4382 93.2576 95.0771 96.8966 98.7161 100.5355 102.3550
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Table 7. The total environmental impact due to the environmental impact parameter of the new product.

Policy
er=1.5

enew=3 enew=3.5 enew=4 enew=4.5 enew=5

Self-
remanufacturing 98.9362 114.3027 129.6691 145.0356 160.4020

Outsourcing
remanufacturing 98.7161 113.6525 128.5890 143.5254 158.4619

From Table 6, it can be seen that when the environmental impact parameter of the re-
manufactured products increases, the environmental impacts of both the self-manufactured
policy and the outsourcing remanufactured policy increase. On the other hand, when the
environmental impact parameter of the remanufactured products decreases, the environ-
mental impacts of the above two remanufactured policies also decrease; however, the
environmental impact of the outsourcing remanufactured policy is smaller than that of the
self-remanufactured policy.

From Table 7, it can be seen that when the environmental impact parameter of the new
products increases, the environmental impacts of both the self-manufactured policy and the
outsourcing remanufactured policy also increase; however, the environmental impact of the
outsourcing remanufactured policy is smaller than that of the self-remanufactured policy.

From the discussions of this section, we have the following results: From the perspec-
tive of environmental protection, when the remanufactured products have a small impact
on the environment, the original manufacturers should outsource their remanufacturing
businesses to remanufacturers, and when the remanufactured products have a large impact
on the environment, the original manufacturers should choose to remanufacture on their
own. As far as the impact of the new products on environmental protection is concerned,
the original manufacturers should always choose to outsource their remanufacturing
businesses to remanufacturers.

4.5. Comparison of the Equilibrium Decisions of the Supply Chain Obtained When the Original
Manufacturers Choose Different Remanufacturing Policies

In Sections 4.1–4.4, we mainly analyzed the equilibrium decisions of the CLSC network
when two competing original manufacturers both choose to remanufacture on their own
or both choose to outsource their remanufacturing businesses to remanufacturers. This
section focuses on the analysis of the comparison results when two competing original
manufacturers choose different remanufacturing policies.

Without loss of generality, we assume that original manufacturer 1 chooses the self-
remanufacturing policy, and original manufacturer 2 chooses the outsourcing remanu-
facturing policy. Then we have A1 = 1, B111 = B121 = 1, C11 = C21 = 1,A2 = 0,
B112 = B122 = 0, C12 = C22 = 0. Moreover, since the used products must be remanufac-
tured by remanufacturers, we have B2km = 0, k = 1, 2, m = 1, 2.

In this example, we use the same parameters as those used in Section 4.1. We solve VI
(29) to obtain the equilibrium results, which are given in Table 8.

Table 8. Equilibrium results under different remanufacturing options.

Variable Original Manufacturer 1 Original Manufacturer 2

qv
i 29.3838 27.9869

qij 19.7610 25.3464
qjk 22.5548 22.5548

qki(qkm) 6.3361 7.0852
qmi 11.3385
ρk 272.8257 272.8257
πi 3215.5 2631.4
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From Table 8, it can be seen that when manufacturer 1 chooses the self-remanufacturing
policy and manufacturer 2 chooses the outsourcing remanufacturing policy, then:

(1) The sale of new products of manufacturer 2 increases, which leads to the improvement
of their competitiveness in the demand markets;

(2) The return rate of the used products of manufacturer 2 increases, which leads to the
increase in the recycling of raw material in the CLSC network;

(3) The demand for the new product of manufacturer 2 decreases, which leads to the
reduction in the consumption of raw materials;

(4) The profit of manufacturer 2 who chooses the outsourcing remanufacturing policy
decreases when compared with the profit of manufacturer 1 who chooses the self-
remanufacturing policy.

From the above analysis, it is found that the original manufacturers’ choice of us-
ing different remanufacturing policies will affect their equilibrium decisions and their
competitive relations in the CLSC network; the original manufacturer who chooses to
outsource his remanufacturing business will increase the sales of his new products, and
increase his utilization of used products, which leads to the reduction in the consumption
of raw material in the CLSC network; however, his profit will be decreased due to the
outsourcing cost.

5. Conclusions

This paper analyzes how the original manufacturers should choose their remanu-
facturing options between self-remanufacturing policy and outsourcing remanufacturing
policy based on factors such as recovery rate of used products, remanufacturing costs, and
environmental impact parameters. The main results are as follows:

(1) When compared with the self-remanufacturing policy, the outsourcing remanufactur-
ing policy can save resources, increase sales volume, lower the prices at the demand
markets and have a smaller environmental impact.

(2) When the recovery rate of used products is low, the original manufacturers who
choose the outsourcing remanufacturing policy can increase sales of new products and
recycling of used products. When the recovery rate is high, the original manufacturers
who choose the self-remanufacturing policy can gain more profits.

(3) When the costs of self-remanufacturing and outsourcing remanufacturing are quite
different, choosing the outsourcing remanufacturing policy can save resources and
protect the environment. Thus, by promoting the recycling of resources, the network
as a whole will also obtain more profits.

(4) When the environmental impact parameter of remanufactured products is small, choos-
ing the outsourcing remanufacturing policy can reduce the environmental impact.

A decision-making flow chart for choosing the remanufacturing policies is shown in
Figure 9.

The following managerial insights can be gained from the research of this paper:

(1) From the perspective of saving resources, reducing environmental impact, and gener-
ating more profits, the original manufacturers should choose the outsourcing remanu-
facturing policy when the recovery rates of used products are low; when the recovery
rates of used products are high, they should choose the self-remanufacturing policy
to gain more profits.

(2) When the outsourcing remanufacturing cost decreases further, its effect on saving
natural resources and reducing environmental impact becomes more acute. Thus,
the remanufacturers should develop new techniques to decrease the remanufactur-
ing costs. On the other hand, when the remanufacturers’ costs are low, the original
manufacturers should choose to outsource their remanufacturing businesses to reman-
ufacturers to achieve the purpose of saving resources, and protecting the environment,
which further promotes the recycling of used products.
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(3) When the environmental impact parameters of remanufactured products are small, the
original manufacturers should choose to outsource their remanufacturing businesses
to remanufacturers.

Figure 9. The decision-making for choosing the remanufacturing policy.

The research in this paper not only helps the original manufacturers to choose their
remanufacturing policies between self-remanufacturing and outsourcing remanufacturing
according to scientific methods but also helps to achieve the purpose of saving resources,
recycling used products, and reducing the air pollution in the environment for the CLSC
network by using the outsourcing remanufacturing policy, i.e., third-party remanufacturing,
which is also supported by [45].

There are still some limitations in this paper, which can be overcome in our future
research as follows:

(1) In this paper, we only consider the static price and the static demand in the demand
markets. In other words, we do not consider how inflation can influence the demands
and the prices at the demand markets. In the future, we can modify our paper by con-
sidering the equilibrium decision-making of the network in a dynamic environment
(see [27] for details), which involves time-dependent demands.

(2) In this paper, we consider that each manufacturer and remanufacturer is operating
independently in his manufacturing and remanufacturing business. In the future,
we can improve the management of the supply chain by considering the cooperation
between original manufacturers and remanufacturers to achieve a win-win situation
for both the original manufacturers and the remanufacturers (see [46] for details).
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Appendix A. Proofs

Appendix A.1. Proof of Proposition 1

(1) When manufacturer i chooses self-remanufacturing policy, we have Ai = 1
(i.e., 1− Ai = 0). Hence, by differentiating the profit function πi with respect to
qv

i , qij and qki, we obtain from (1) that

∂πi
∂qv

i
= −∂ fi(Qv)

∂qv
i

(A1)

∂πi
∂qij

= ρ∗ij −
∂cij
(
qij
)

∂qij

(A2)

∂πi
∂qij

= −ρ∗ki −
∂cki(qki)

∂qki
−

∂ci
(
qr

i
)

∂qki
−

∂ri
(
α, qr

i
)

∂qki
− η(1− α) (A3)

Let the Hessian matrix Hi represent the second partial derivative of πi with respect to
qv

i , qij and qki. Then we have

Hi =


− ∂2 fi(Qv)

∂qv2
i

0 0

0 − ∂2cij(qij)
∂q2

ij
0

0 0 − ∂2cki(qki)

∂q2
ki
− ∂2ci(qr

i )
∂q2

ki
− ∂2ri(α,qr

i )
∂q2

ki

 (A4)

Due to Assumption 3 that all the cost functions are convex, it is clear that Hi is negative
definite. Thus, when the original manufacturer chooses the self-remanufacturing pol-
icy, the profit function of πi is a concave function of the decision variables qv

i , qij , and qki.
(2) When manufacturer i chooses the outsourcing remanufacturing policy, we have

Ai = 0 (i.e., 1− Ai = 1). Hence, by differentiating the profit function πi with respect
to qv

i , qij and qki, we obtain from (5) that

∂πi
∂qv

i
= −∂ fi(Qv)

∂qv
i

(A5)

∂πi
∂qij

= ρ∗ij −
∂cij
(
qij
)

∂qij

(A6)

∂πi
∂qmi

= −ρ∗mi −
∂cmi(qmi)

∂qmi
(A7)
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Let the Hessian matrix Hi represent the second partial derivative of πi with respect to
qv

i , qij and qmi. Then we have

Hi =


− ∂2 fi(Qv)

∂qv2
i

0 0

0 − ∂2cij(qij)
∂q2

ij
0

0 0 − ∂2cmi(qmi)

∂q2
mi

 (A8)

Due to Assumption 3 that all the cost functions are convex, it is clear that Hi is
negative definite. Thus, when the original manufacturer chooses the outsourcing
remanufacturing policy, the profit function πi is a concave function of qv

i , qij and qmi.
Hence, the proof of this proposition is complete. �

Appendix A.2. Proof of Theorem 1

Let γi and σi be the Lagrange multipliers of (10) and (11), respectively. Then the
Lagrange function of the optimization problem defined by (9)–(11) is

Li
(
qv

i , qij, qki, qmi, γi, σi
)
= −πi + γi

(
J

∑
j=1

qij − qv
i − Aiα

K
∑

k=1
qki − (1− Ai)

M
∑

m=1
qmi

)
+

σi

(
β

J
∑

j=1
qij − Ai

K
∑

k=1
qki − (1− Ai)

1
α

M
∑

m=1
qmi

) (A9)

By differentiating the function with respect to qv
i , qij, qki, qmi, γi, σi, we get

∂Li
∂qv

i
=

∂ fi(Qv)

∂qv
i
− γi (A10)

∂Li
∂qij

=
∂cij

(
qij

)
∂qij

− ρij + γi + βσi (A11)

∂Li
∂qki

= Ai

(
∂ri
(
α, qr

i
)

∂qki
+

∂cki(qki)

∂qki
+

∂ci
(
qr

i
)

∂qki
+ ρki + η(1− α)− αγi − σi

)
(A12)

∂Li
∂qmi

= (1− Ai)

(
∂cmi

(
qmi
)

∂qmi
+ ρmi − γi −

1
α

σi

)
(A13)

∂Li
∂γi

=
J

∑
j=1

qij − qv
i − Aiα

K

∑
k=1

qki − (1− Ai)
M
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m=1
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∂Li
∂σi

= β
J

∑
j=1

qij − Ai

K

∑
k=1

qki − (1− Ai)
1
α

M

∑
m=1

qmi (A15)

Thus, we obtain (13) from the above formulas. Hence, the proof of this theorem
is complete. �
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