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Abstract: Remanufacturing could effectively solve resource shortage and environment crisis and
achieve sustainable development of the economy. The original equipment manufacturer (OEM)
could not only focus on its core business (i.e., producing new products), but also get profit from
remanufacturing through the intellectual property rights. Based on the authorized remanufacturing,
the game model between a manufacturer and a remanufacturer was constructed. Based on the game
model, the impact of authorized remanufacturing on sustainable remanufacturing is analysed, and the
coordination mechanism between manufacturer and remanufacturer is given. The main results are as
follows: the OEM could increase its profit and change its unfavourable market competition status
by authorizing remanufacturing; a franchise contract could make the sustainability supply chain
optimized; when the ratio of the environment effect is greater than a certain threshold, centralized
decision-making could not only increase the supply chain revenue, but also reduce the impact on
the environment.

Keywords: remanufacturing; sustainability supply chain; authorized remanufacturing; game

1. Introduction

In the 21st century, with rapid economic development, the world is facing an increasingly serious
shortage of resources as well as environmental problems, prompting all countries to alter the existing
mode of economic development and look for a sustainable mode of economic development to achieve
the recycling of resources and to minimize the adverse effect of products on the environment [1].
For the manufacturing industry, an effective way to achieve recycling economic development is
remanufacturing; for instance, compared with new engines, remanufactured engines can not only
reduce their environmental impact by 80% but also save on costs, energy, and raw materials by 50%,
60%, and 70%, respectively [2].

However, because of the lack of remanufacturing infrastructure and expertise or the low
marginal profitability of remanufactured products, original manufacturers are reluctant to engage
in remanufacturing. As third-party remanufacturers engage in remanufacturing, the emergence of
remanufactured products will result in reduced sales of new products in the market and reduced profits
for the original manufacturer as well, which will prompt the original manufacturer to use intellectual
property protection to limit the development of the remanufacturing industry. Meanwhile, none of the
countries in the world will allow remanufacturers to infringe on intellectual property simply because
remanufacturing is able to generate good economic and environmental benefits [3]. Authorized
remanufacturing can ease the conflict between the original manufacturer and the remanufacturer
so that the two can share the remanufacturing profit, manifesting plenty of successful cases in the
remanufacturing industry. For example, the NCR (National Cash Register Company) Corporation
of the United States paid $960,000 to buy a remanufacture license from the Lemelson Medical and
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Educational Research Fund to legally engage in remanufacturing operations; IT companies such as
Cisco allow independent third-party companies to remanufacture their used IT(Internet Technology)
equipment and charge a license fee to the consumers who switch to buying the remanufactured
products, which is essentially an authorized remanufacturing model [4]. Therefore, studying the
impact of authorized remanufacturing on the manufacturing/remanufacturing supply chain is of great
practical significance. Meanwhile, the comparison of the effects of decentralized decision-making
and centralized decision-making under authorized remanufacturing on the remanufacturing supply
chain can provide a scientific basis for the original manufacturers and remanufacturers making
remanufacturing decision.

Currently, authorized remanufacturing has been seldom investigated. Zou et al. [5]
compared the effects of authorized remanufacturing and outsourced remanufacturing on
the manufacturing/remanufacturing supply chain and revealed under what conditions the
original manufacturer should choose authorized remanufacturing. Zhu et al. [6] constructed a
manufacturing/remanufacturing game model based on authorized remanufacturing to investigate
the government subsidies strategy, and the results indicated that through remanufacturing, the
original manufacturer could transfer not only remanufacturing proceeds but also government
subsidies. Based on authorized remanufacturing, Xiong et al. [7,8] studied the original manufacturer’s
production decision-making and found that only when the remanufacturing saves more costs is
the original manufacturer willing to engage in remanufacturing by authorizing a third party to
remanufacture; further, by comparing the impacts of two methods of authorized remanufacturing
(authorizing a retailer to remanufacture vs. authorizing a third-party to remanufacture) on the profits
of manufacturing/remanufacturing supply chain members, they found that authorizing a third-party
remanufacturer is more beneficial to the original manufacturer. Based on a network model, Li [9]
analyzed the pattern of the effect of authorized remanufacturing on the closed-loop supply chain
of remanufacturing. Wang [10] studied the optimal decision of the closed-loop supply chain under
authorized remanufacturing based on the optimization model.

Contract analysis has received considerable attention in supply chain literature. Lind et al. [11]
through several case studies of European firms, discuss various inter-organizational relationships that
remanufacturers maintain, among their key finding is a new relationship called “raman-contracts”
where the OEM (Original Equipment Manufacturer) collaborates with the remanufacturing activities.
Matsumoto et al. [12] studies the remanufacturing practices of firms in Japan, through case studies of
eleven remanufacturers, the authors attempt to determine the motives behind remanufacturing and
identify several factors such as economic benefits, environmental benefits, and quality control among
others. Kaya [13] discusses a linear contract with transfer payments to coordinate a remanufacturing
based channel. Govindan et al. [14] discuss the case of coordination of a reverse supply chain using
revenue sharing contracts. Yalabik et al. [15] build on the above to develop an economic model of
remanufacturing with the assumption of lease contracting.

Although the existing studies have made great achievements, there are still some issues to be
addressed. For examples, Zhu et al. [6] studied only the government subsidies under authorized
remanufacturing but neglected the coordination strategy of the supply chain under authorized
remanufacturing; Xiong et al. [7,8] addressed the choice of authorized remanufacturing strategies and
supply chain coordination but lacked the analyses on the effects of decentralized decision-making and
centralized decision-making on consumer surplus, social surplus, and the environment; although the
effect of authorized remanufacturing on the remanufacturing supply chain has been examined, the
coordination mechanism has not been addressed [5,9,10]. The remanufacturing contract of supply chain
is studied, such as [11–15]. Therefore, in this study, a game model of manufacturing/remanufacturing
was constructed based on authorized remanufacturing to compare the effects of decentralized
decision-making and centralized decision-making on the competition and coordination mechanisms of
the manufacturing/remanufacturing supply chain, to provide a scientific basis for the decision-making
of original manufacturers and remanufacturers.
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This paper contains five sections. In Section 1, the research background and literature review are
given; in Section 2, the model is described; in Section 3, the model solution is presented; in Section 4,
the model analysis is performed; and in Section 5, conclusions are drawn.

2. Model

2.1. Description of the Problem

In reference to the literature [5,6], a single cycle game model comprising an original
manufacturer and a remanufacturer is constructed to study the mechanism of the impact of
authorized remanufacturing on manufacturing/remanufacturing supply chain competition, based
on which the effects of centralized decision-making and decentralized decision-making on
manufacturing/remanufacturing supply chain are compared, and the supply chain coordination
mechanism is further investigated. In the case of decentralized decision-making, the original
manufacturer is responsible only for producing new products, and at the same time, the original
manufacturer charges the remanufacturer the patent fees for the remanufactured products through
the protection of intellectual property (called the authorized remanufacturing expense in this study),
the decision-making variables of which are the retail price per new product unit and the licensing
fee of the remanufactured product. The remanufacturer is responsible for the production of the
remanufactured product; however, it needs to pay the original manufacturer a certain licensing fee per
unit of remanufactured product for the remanufacturing rights, whose decision-making variable is the
recycling rate of the used product.

In the case of decentralized decision-making, the sequence of the decision-making model is as
follows. First, the original manufacturer makes a decision on the licensing fee on the basis of the
remanufactured product and the retail price per new product unit, and then the remanufacturer
makes a decision on the recycling rate of the used product. According to Stackelberg’s inverse
solution, the remanufacturer determines the recycling rate of the used product, and then the original
manufacturer determines the retail price per new product unit and the licensing fee on the basis of the
remanufactured product.

2.2. Model Function

2.2.1. Model Demand Function

In reference to the literature [16,17], let the consumer’s willingness to pay (WTP) for the product
be θ, and θ obeys the uniform distribution of [0, 1], i.e., f (θ) ∼ [0, 1]. Let the retail price per
remanufactured product unit relative to the consumer’s lowest accepted price (referred to as discount
price in this study) of the retail price per new product unit be δ; then, the consumer surplus of the
consumer purchasing the new product is Un = θ − pn, and that of the consumer purchasing the
remanufactured product is Ur = δθ− pr. Only when the consumer surplus of the consumer purchasing
a new product unit is greater than that of the consumer purchasing a remanufactured product unit,
i.e., Un > Ur, is the consumer willing to purchase the new product, and the WTP range of the new
product is Θn = {θ : Un > max{Ur, 0}}. Similarly, the WTP range of the remanufactured product is
Θr = {θ : Ur > max{Un, 0}}. Further, the market demand for the new products and remanufactured
products are, respectively, as follows:

qi
n =

∫
θ∈Θn

f (θ)dθ =
1− δ− pi

n + pi
r

1− δ
, qi

r =

∫
θ∈Θr

f (θ)dθ =
δpi

n − pi
r

δ(1− δ)

Ultimately, we obtain:

pi
n = 1− qi

n − δqi
r, pi

r = δ(1− qi
n − qi

r), i ∈ {D, C, F }
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2.2.2. Model Recycling Function

According to the literature [18], the costs of recycling the used product increase with the amount
of the used product in the manner of a convex function. Without loss of generality, the cost function

of previous related studies, i.e., k
(
τiqi

n

)2
, is used here. Wherein, τ is the recycling rate, k is the ratio

parameter, and i ∈ {D, C, F }.

3. Model Solution

In the case of decentralized decision-making, the profit functions of the original manufacturer
and the remanufacturer are, respectively, as follows:

πD
n = (pD

n − c)qD
n + zqD

r = (1− qD
n − δqD

r − c)qD
n + zqD

r (1)

πD
r = (pD

r − c + s− z)qD
r − k(τDqD

n )
2

= [δ(1− qD
n − qD

r ) − c + s− z]qD
r − k(τDqD

n )
2 (2)

in which, (pD
n − c)qD

n and zqD
r respectively, represent the profit from the sale of the new product and the

profit through authorizing remanufacturing, and (pD
r − c + s− z)qD

r represents the remanufacturer’s
profit from the sale of the remanufactured product under the authorization of remanufacturing, while
k(τDqD

n )
2 represents the costs of recycling the used product.

In the case of centralized decision-making, the profit function of the
manufacturing/remanufacturing supply chain is as follows:

πC = (pC
n − c)qC

n + (pC
r − c + s)qC

r − k(τCqC
n )

2
(3)

Conclusion 1. (a) with respect to the recycling rate of the used product (τD), Formula (2) is a concave function,
and by integrating the recycling rate obtained from Formula (2) into Formula (1), Formula (1) becomes a concave
function with respect to qD

n , z; (b) with respect to qC
n , qC

r , Formula (3) is a concave function.

Proof. (a) by integrating qD
r = τqD

n into Formula (2), then we obtain:

πD
r = [δ(1− qD

n − τ
DqD

n ) − c + s− z]τDqD
n − k(τDqD

n )
2

By taking the first and second order partial derivatives on πD
r with respect to τD, we obtain:

∂πD
r

∂τD = [δ(1− qD
n − 2τDqD

n ) − c + s− z]qD
n − 2kτDqD

n
2 (4)

∂2πD
r

∂τD2 = −2(δ+ k)qD
n

2 (5)

From ∂2πD
r

∂τD2 = −2(δ+ k)qD
n

2 < 0, it indicates that Formula (2) is a concave function with respect to
the recycling rate of the used product (τD).

By integrating qD
r = τDqD

n and τD∗ =
δ−c+s−z−δqD

n
2(δ+k)qD

n
into Formula (2), we obtain:

πD
n = (1− qD

n − δ
δ− c + s− z− δqD

n

2(δ+ k)
− c)qD

n + z
δ− c + s− z− δqD

n

2(δ+ k)
(6)

By taking the first and second order partial derivatives on Formula (6) with respect to qD
n , wD,

we obtain:
∂πD

n

∂qD
n

= 1−
(2− δ)δ+ 2k

δ+ k
qD

n − δ
δ− c + s
2(δ+ k)
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∂πD
n

∂z
=
δ− c + s
2(δ+ k)

−
z

δ+ k

∂2πD
n

∂qD
n

2
= −

(2− δ)δ+ 2k
δ+ k

,
∂2πD

n

∂qD
n ∂wD

= 0,
∂πD

n

∂wD∂qD
n

= 0,
∂2πD

n

∂wD2 = −
1

δ+ k
,

The second-order Hessian matrix of Formula (6) with respect to qD
n , wD is:

H =

 − (2−δ)δ+2k
δ+k 0
0 −

1
δ+k


The diagonal elements of the Hessian matrix are negative, and |H| =

∣∣∣∣∣∣ − (2−δ)δ+2k
δ+k 0
0 −

1
δ+k

∣∣∣∣∣∣ =
(2−δ)δ+2k
(δ+k)2 > 0, indicating that Formula (6) is a concave function with respect to qD

n , z, i.e., Formula (1) is

a concave function with respect to qD
n , z.

Similarly, the proof of (b) can be established. From Conclusion 1, Conclusion 2 can be drawn. �

Conclusion 2. Under both decision-making models, the Nash equilibrium solutions of the unit retail prices, the
sales volumes, the sales profits of the new product and the remanufactured product, the unit outsourcing cost of
the remanufactured product, and the recycling rate of the used product are shown as Table 1.

Table 1. Optimal equilibrium solutions under different decision models.

D C

pi∗
n

1+c
2

1+c
2

pi∗
r δ[ 1

2 +
(1+2k−δ)c−(1−δ)s

2(δ+2k−δ2)
] δ[ 1

2 +
(1+k−δ)c−(1−δ)s

2(δ+k−δ2)
]

qi∗
n

1
2 −

2kc+δ(c+s)
2(2δ+2k−δ2)

1
2 −

kc+δs
2(δ+k−δ2)

qi∗
r

δc−c+s
2(2δ+2k−δ2)

δc−c+s
2(δ+k−δ2)

πi∗
n

(1−c)2

4 +
(δc−c+s)2

4(2δ+2k−δ2)
−

πi∗
r

(δ+k)(δc−c+s)2

4(2δ+2k−δ2)2 −

π∗C −
(1−c)2

4 +
(δc−c+s)2

4(δ+k−δ2)

z∗ δ−c+s
2 −

τi∗ δc+s−c
2δ+2k−δ2−2kc−δ(c+s)

δc+s−c
δ+k−δ2−ck−δs

4. Model Analysis

Based on Conclusion 2, Conclusions 3 and 4 are drawn.

Conclusion 3. (I) q∗n > qD∗
n , q∗n > qC∗

n ; (II) πD∗
n > π∗n.

Proof. When there is no remanufacturing in the market, the original manufacturer’s decision function is

πn = (pn − c)qn = (1− qn − c)qn (7)

Similar to those of Conclusion 2, we can obtain the optimal Nash equilibrium solutions for
Formula (7) as follows:

p∗n =
1 + c

2
, q∗n =

1− c
2

, π∗n =
(1− c)2

4
From Table 1, we have

q∗n − qD∗
n =

δ(δc− c + s)
2(2δ+ 2k− δ2)

> 0,
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q∗n − qC∗
n =

δ(δc + s− c)
2(δ+ k− δ2)

> 0

Therefore, q∗n > qD∗
n , q∗n > qC∗

n . �

Under authorized remanufacturing, the original manufacturer’s profit isπD∗
n =

(1−c)2

4 +
(δc−c+s)2

4(2δ+2k−δ2)
,

thus πD∗
n −π

∗
n =

(δc−c+s)2

4(2δ+2k−δ2)
> 0, i.e., πD∗

n > π∗n.
Conclusion 3 shows that when the original manufacturer does not authorize remanufacturing, the

remanufactured product would reduce not only the sales of the new product but also the profitability of
the original manufacturer, i.e., the emergence of remanufacturing would be detrimental to the original
manufacturer. However, when the original manufacturer adopts the authorized remanufacturing,
although the sales volume of the new product is reduced and the sales revenue of the new product is also
reduced, through authorizing remanufacturing, the original manufacturer can benefit by transferring
remanufacturing and, due to the transferred remanufacturing benefit, is greater than the revenue
reduction caused by the reduced sales of the new product; ultimately, the original manufacturer’s
revenue increases, i.e., by adopting authorized remanufacturing, it is possible to change the original
manufacturer’s unfavourable competitive status.

Conclusion 4. The cost savings made on the remanufactured product unit affects the Nash Equilibrium solutions:

(I)
∂pD∗

n

∂s
=
∂pC∗

n

∂s
= 0,

∂pD∗
r

∂s
< 0,

∂pC∗
r

∂s
< 0;

(II)
∂qD∗

n

∂s
=
∂qC∗

n

∂s
< 0,

∂qD∗
r

∂s
> 0,

∂qC∗
r

∂s
> 0;

(III)
∂τD∗

∂s
> 0,

∂τC∗

∂s
> 0;

(IV)
∂z∗

∂s
< 0;

(V)
∂πD∗

n
∂s

> 0,
∂πD∗

r
∂s

> 0,
∂πC∗

∂s
> 0.

Proof. Table 1 shows that

∂pD∗
n

∂s
=
∂pC∗

n

∂s
= 0,

∂pD∗
r

∂s
= −

δ(1− δ)s
2(δ+ 2k− δ2)

< 0

i.e.,
∂pC∗

r

∂s
= −

δ(1− δ)s
2(δ+ k− δ2)

< 0

(a) is valid; similarly, the validities of other conclusions can be established. Therefore, Conclusion
4 is proven.

According to the literature [19,20], when the original manufacturer does not adopt authorized
remanufacturing, the original manufacturer’s profit is negatively correlated with the cost saving made
on the remanufactured product, i.e., the greater the cost savings made on the unit remanufactured
product, the smaller is the profit of the original manufacturer. However, when the original manufacturer
adopts authorized remanufacturing, although the sales volume of the new product is negatively
correlated with the cost savings made on the remanufactured product unit, its revenue is positively
correlated with the cost savings made on the remanufactured product unit, i.e., the greater the cost
savings made on the remanufactured product unit, the greater is the revenue the original manufacturer
generates. Therefore, the original manufacturer should strive to reduce the cost savings made on



Processes 2019, 7, 663 7 of 12

the remanufactured product; for example, in the initial stage of product design, dismantlability and
remanufacture ability should be taken into account. �

Conclusion 5. π∗C > π
D∗
n + πD∗

r , i.e., in the case of decentralized decision-making, the marginal loss will affect
the supply chain, making its return lower than that in the case of centralized decision-making.

The proof of Conclusion 5 is similar to that of Conclusion 3 and hereby omitted.
Conclusion 5 shows that in the case of decentralized decision-making, a “marginal effect” will arise,

lowering the revenue of the remanufacturing supply chain. Therefore, it is necessary to investigate the
coordination contract of the remanufacturing supply chain in the case of decentralized decision-making
so that the profit of the remanufacturing supply chain in the case of decentralized decision-making is
not less than that in the case of centralized decision-making. Next, based on the franchise contract, the
coordination contract is presented.

4.1. Franchise Contract

A franchise contract mainly refers to authorization by the original manufacturer to remanufacturers
to remanufacture by charging a licensing fee (z) on the basis of the remanufactured product unit and to
coordinate the remanufacturing supply chain, and z is generally smaller than zD, so the production
cost of the remanufactured product is reduced, and thus, the sales of the remanufactured product
are promoted. However, in this case, the remanufacturer must first pay a fee (F) to the original
manufacturer. Assuming the terms that the remanufacturer provides for the original manufacturer is
(z, F), i.e., remanufacturing can generate a lower license fee per remanufactured product unit, but the
remanufacturer needs to pay a fixed fee (F) as a profit share, then the original manufacturer considers
whether to accept the contract; if it accepts the contract, then the manufacturer makes the optimal
decision on the contract. Based on the above ideas, we can have the following decision model.

The profit functions of the original manufacturer and the remanufacturer are, respectively,
as follows:

π
f
n = (1− q f

n − δq f
r − c)q f

n + z f q f
r + F (8)

π
f
r = (δ− δq f

n − δq f
r − c− z f + s)q f

r

−k(τ f q f
n)

2
− F

(9)

From Formulas (8) and (9), we obtain the decision models of the original manufacturer and the
remanufacturer, respectively, as follows:

maxπ f
r = (δ− δq f

n − δq f
r − c− z f + s)q f

r

−k(τ f q f
n)

2
− F

(10)

s.t.
q f

n, z f
∈ argmaxπ f

n = (1− q f
n − δq f

r − c)q f
n + z f q f

r + F
π

f ∗
n ≥ π

D∗
n

(11)

By solving the above models, we have:

τ f ∗ =
δc + s− c

δ+ k− δ2 − ck− δs
, p f ∗

n =
1 + c

2
, p f ∗

r = δ[
1
2
+

(1 + k− δ)c− (1− δ)s
2(δ+ k− δ2)

]

q f ∗
n =

1
2
−

kc + δs
2(δ+ k− δ2)

, q f ∗
r =

δc− c + s
2(δ+ k− δ2)

, z f ∗ =
δ2(1− δ− s) + δk(1− c)

2(δ+ k− δ2)

F∗ =
δ(1− δ)(1− c)2

4(δ+ k− δ2)
+

(δc− c + s)2

4(2δ+ 2k− δ2)
− δ

(1− c)(1− δ− s)
4(δ+ k− δ2)

− δ
[1− δ− s + k(1− c)](δc− c + s)

4(δ+ k− δ2)2
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π
f ∗
n = πD∗

n =
(1− c)2

4
+

(δc− c + s)2

4(2δ+ 2k− δ2)
,

π
f ∗
r = πC∗

−π
f ∗
n = πC∗

−πD∗
n

The coordination contract of the supply chain is thus obtained.

Conclusion 6. The remanufacturer’s adoption of the franchise contract can cause the supply chain to
achieve coordination.

Proof. Based on the results obtained by the above solutions, we have:

π
f ∗
r + π

f ∗
n = π

f ∗
r + πD∗

n = πC∗ (12)

According to Formula (12), it shows the supply chain has achieved coordination. �

4.2. The Effects of Two Decision Models on Consumer Surplus and Social Surplus

The consumer surpluses in the cases of decentralized decision-making and centralized
decision-making are:

SD =
(qD∗

n + δqD∗
r )

2
+ δ(1− δ)qD∗

r

2
(13)

SC =
(qC∗

n + δqC∗
r )

2
+ δ(1− δ)qC∗

r

2
(14)

Social surpluses in the cases of decentralized decision-making and centralized decision-making are:

SCD = SD + πD∗
n + πD∗

r (15)

SCC = SC + π∗C (16)

According to Table 1 and Formulas (13)–(16), Conclusion 5 can be obtained.

Conclusion 7. The effects of the two decision-making models on consumer surplus and social surplus are
SC > SD, SCC > SDC.

Proof. From Table 1 and Formulas (13) and (14), we have:

SD =
(1− c)2

8
+
δ(1− δ)(δc− c + s)

4(2δ+ 2k− δ2)

SC =
(1− c)2

8
+
δ(1− δ)(δc− c + s)

4(δ+ k− δ2)

Thus,

SD
− SC = −

δ(1− δ)(δ+ k)(δc− c + s)
4(δ+ k− δ2)(2δ+ 2k− δ2)

< 0

i.e., SC > SD.
Then, based on Conclusion 4, we have π∗C > π

D∗
n + πD∗

r , thus

SCC = SC + π∗C > SCD = SD + πD∗
n + πD∗

r

i.e., SCC > SDC. �
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Conclusion 7 shows that based on Table 1, in the case of centralized decision-making, although
the unit retail prices of the two products are reduced and due to the competition in the market,
the sales of the new product decrease while those of the remanufactured products increase, while the
consumer surplus and social surplus resulting from the increase of the remanufactured product are
greater than those resulting from the decrease of the new product, ultimately leading to increased
consumer surplus and social surplus in the case of centralized decision-making, i.e., in the case of
centralized decision-making, the remanufactured product significantly increases the consumer surplus
and social surplus. Therefore, the emergence of the remanufactured product is conducive not only to
environmental protection but also to increasing the consumer surplus and social surplus.

4.3. Effects of Decentralized Decision-Making and Centralized Decision-Making on the Environment

For the sake of discussion, let

eD = enqD∗
n + erqD∗

r , eC = enqC∗
n + erqC∗

r

Based on Table 1, we have:
eD = enqD∗

n + erqD∗
r

= en
2 −

2kc+δ(c+s)
2(2δ+2k−δ2)

en

+ δc−c+s
2(2δ+2k−δ2)

er

(17)

eC = enqC∗
n + erqC∗

r

= en
2 −

kc+δs
2(δ+k−δ2)

en

+ δc−c+s
2(δ+k−δ2)

er

(18)

Based on Formulas (17) and (18), we can draw Conclusion 8.

Conclusion 8. The effects of two decision-making models on the environment are as follows:
(1) When er

en
> δ, in the case of centralized decision-making, the supply chain has a greater impact on the

environment, i.e., centralized decision-making reduces the “marginal effect” of the supply chain, but it is not
conducive to environmental protection;

(2) When er
en
< δ, in the case of decentralized decision-making, the supply chain has a greater impact on the

environment, i.e., centralized decision-making not only can effectively increase the profit of the supply chain but
also can reduce the impact on the environment;

(3) When er
en

= δ, the environmental impacts in the cases of centralized decision-making and decentralized
decision-making are identical; however, centralized decision-making can effectively increase the profit of the
supply chain.

Proof. From Formulas (17) and (18), we have:

eC
− eD =

(δ+ k)(δc + s− c)(er − δen)

2(δ+ k− δ2)(2δ+ 2k− δ2)
(19)

According to Formula (19), when er
en
> δ, eC > eD;

If er
en
< δ, then eC < eD;

If er
en

= δ, then eC = eD. �

With the literature [21,22], Conclusion 8 shows that when the ratio of the environmental impact of
the unit remanufactured product and that of the unit new product is equal to or less than a certain
threshold, centralized decision-making is not only conducive to the revenue increase of the supply
chain but also effectively reduces the environmental impact of the two products; in this case, the supply
chain must be coordinated, and if the original manufacturer is unwilling to cooperate, the government
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needs to introduce relevant laws and regulations to encourage the development of the remanufacturing
industry, while asking the original manufacturer to fulfil its corporate social responsibilities.

5. Conclusions

In this study, we constructed a manufacturing/remanufacturing game model to investigate the effect
of authorized remanufacturing on the competition mechanism of the manufacturing/remanufacturing
supply chain and its coordination mechanism. Based on this model, the influences of authorized
remanufacturing on the sales profit, consumer surplus, social surplus and environment were studied
under decentralized decision-making and centralized decision-making, and at the same time, based on
a franchise contract, the coordination mechanism of the manufacturing/remanufacturing supply chain
was investigated to realize the supply chain coordination.

This paper’s main contributions are summarized as follows: Firstly, the impact of authorizing
remanufacturing on remanufacturing is analysed. The OEM could increase its profit and change its
unfavourable market competition position through authorizing remanufacturing. And, the OEM’s
profit is positive correlation to cost saving of remanufacturing. Thus, The OEM should strive to
increase the cost saving of remanufacturing. Such as, The OEM could design for remanufacturing in
the product design stage in order to improve the dismantling instructions and reduce the dismantling
costs of the used product. Furthermore, basing on the authorizing remanufacturing, the impact of
remanufacturing on the environment, the consumer surplus and the social surplus is comparatively
analysed, and the boundaries of remanufacturing being beneficial to environment is established. Also,
the coordination contract is given to make supply chain of remanufacturing get the overall optimal.

Our research has some limitations and future research can be done at least in the following several
avenues. Firstly, the consumer’s willingness to pay (WTP) for the product is assumed to obey uniform
distribution in [0, 1]. Thus, obeying normal distribution is more practical and suitable to explain
realistic economic activities. In addition, the authorizing remanufacturing is one of remanufacturing
models, there are also two more, i.e., independent remanufacturing and outsourcing remanufacturing.
So, we can comparatively analyse the advantages and disadvantages among the three model. Lastly, the
coordination mechanism is only focused on the revenue of remanufacturer, the revenue of manufacturer
should be considered.
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Abbreviations

n Original manufacturer
r Remanufacturers
c Manufacturing costs per new product unit
k The recycling scale parameters of waste product
s The cost saving of manufacturing costs of the remanufactured product relative to the manufacturing

costs per new product unit
D Represents the decentralized decision-making model
C Represents the centralized decision-making model
f Represents the coordinated decision-making model
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τi The recycling rate of used products when i is in
{
D, C, f

}
en The impact of the production per unit of new product on the environment
er The impact of the production per unit of remanufactured product on the environment (en > er)
z The costs of licensing fees per unit of remanufactured product in the case of decentralized

decision-making
pn Selling price of new product made by manufacturer when the remanufactured product is not exist

on the market
qn Quantity of new products made by manufacturer when the remanufactured product is not exist on

the market
pi

n Selling price of new product made by manufacturer when i is in
{
D, C, f

}
qi

n Quantity of new products made by manufacturer when i is in
{
D, C, f

}
pi

r Selling price of remanufactured product made by remanufacturer when i is in {D, C, F }
qi

r Quantity of remanufactured product made by manufacturer when i is in
{
D, C, f

}
Si The consumer surplus of supply chain when i is in {D, C }
SiC The social surplus of supply chain when i is in {D, C }
δ Compared with the retail price per new product unit, the ratio of the retail price per remanufactured

product unit and the retail price per new product unit perceived by consumers, also known as the
relative discount, and according to the actual situation, 0 ≤ δ ≤ 1

πn The profit of the manufacturer when the remanufactured product is not exist on the market
πi

n The profit of the manufacturer when i is in
{
D, C, f

}
πi

r The profit of remanufacturer when i is in
{
D, C, f

}
πC The profit of supply chain when it is the centralized decision-making model
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