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Abstract: With improvement in consumers” environmental awareness and the level of design for
remanufacturing (DfR), the traditional supply chain is gradually changing into a closed-loop supply
chain (CLSC). However, a high level of remanufacturing design will increase design costs for manu-
facturers, while also reducing the cost for remanufacturers. Moreover, manufacturers usually use
patent barriers to restrict the development of remanufacturers. The main aims of this study were to
explore how manufacturers and remanufacturers can benefit each other, taking into account patent
protection and carbon emissions. Firstly, we adopted game theory to establish four decision-making
models of the manufacturer and remanufacturer regarding DfR. Secondly, we designed a cost-sharing
contract for DfR based on the decentralized decision-making model to coordinate a CLSC. The
results of this study showed that under the patent-protected market environment, DfR increased
the manufacturer’s profit but did not necessarily promote the remanufacturer’s profit growth. A
cost-sharing contract can effectively achieve improvements in the presence of DfR, increase profits
for both parties, and improve the economic and environmental benefits of the CLSC.

Keywords: design for remanufacturing; patent protection; closed-loop supply chain; Stackelberg

game; carbon emissions

1. Introduction

In recent years, due to the rapid growth in demand for material consumption, resource
shortages and environmental pollution have become increasingly serious issues. In addi-
tion, an increasing number of countries and international organizations have recognized the
importance of energy saving and reducing polluting emissions in sustainable remanufactur-
ing [1,2]. Remanufacturing is a key link in closed-loop supply chains (CLSCs). It effectively
reduces the demand for resources and improves the utilization rate of waste products,
thus reducing pollution in the environment from waste. This is of great significance in
achieving green, low-carbon, and sustainable development. Many independent third-party
remanufacturers in the market, such as Recycle Assist (RA) companies and Repeat-O-Type
companies, have access to more professional technology and equipment, and they can
provide recycling and remanufacturing services for numerous enterprises, thus forming a
scale effect. Approximately 90% of the recycling volume in the market is remanufactured
by them, and third-party remanufacturers have become the main force in the remanufactur-
ing industry [3]. Due to the existence of a large number of independent remanufacturers
in the market, DfR reduces the cost of remanufacturing but greatly increases the design
and production costs of manufacturers, resulting in the phenomenon of “free-riding” by
remanufacturers. As a result, manufacturers are reluctant to implement high-level DfR
and tend to pursue only the minimum government-required level, or even false DfR. In
addition, with the increasing awareness of the need for intellectual property protection,
manufacturers tend to set up patent barriers to restrain remanufacturers, which also limits
the development of remanufacturing.
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To further explore the impact of a closed-loop supply chain on the decision-making of
manufacturers and remanufacturers, scholars have shifted the focus of their research to
patent protection. A number of scholars have proposed that the supplier holding the patent
should calculate the intellectual property licensing fees, either as a percentage of the sales
prices of its manufactured products (i.e., a product-based strategy) or as a percentage of
the wholesale price of its components (i.e., a component-based strategy) [4,5]. In addition,
some scholars have studied the various models that arise when manufacturers license the
patents of DfR to different parties, such as the manufacturer assuming the responsibility
for remanufacturing, the manufacturer authorizing distributors to remanufacture, or the
manufacturer authorizing third parties to remanufacture [6,7]. To date, there have been
many studies regarding CLSCs, but most of them have focused on the model of the patent
license fee or the forms of patent assignment. Few scholars have focused on the coordination
of CLSCs considering patent protection under DfR. The following questions, therefore,
remain unanswered: How can the conflict between manufacturers and remanufacturers be
effectively resolved while improving DfR? How should DfR affect the decisions of both
parties in a patent-protected market environment? How should coordination mechanisms
be developed to improve the economic and environmental performance of a closed-loop
supply chain in the context of DfR?

The questions mentioned above have been addressed by this study. Firstly, we estab-
lished a closed-loop supply chain game model consisting of manufacturers and remanu-
facturers in a patent-protected market environment. This specifically included building a
closed-loop supply chain game model with decentralized decision-making without DfR,
decentralized decision-making with DfR, centralized decision-making, and coordinated
decision-making. Moreover, we solved the model and analyzed the impact of remanufac-
turing design on the decision-making of both parties. Secondly, this study introduced a
DfR cost-sharing contract to coordinate a closed-loop supply chain, solving the equilibrium
solution under cost-sharing contract coordination and comparing the equilibrium results
prior to its implementation. After the coordination of the cost-sharing contract, we then
tested the effect of the contract coordination.

This paper is organized as follows: Section 2 presents a literature review undertaken
to provide a comprehensive analysis of previous studies. Section 3 describes and assumes
the supply chain models and symbols. Section 4 establishes a closed-loop supply chain
game model consisting of manufacturers and remanufacturers in the market environment
of patent protection and then introduces a DfR cost-sharing contract to coordinate the
closed-loop supply chain. Section 5 carries on the numerical example analysis to the model
result to provide further enlightenment related to management. Section 6 provides the
conclusion of the study and future directions, and Section 7 concludes the paper.

2. Literature Review
2.1. Overview of a Closed-Loop Supply Chain

With the emphasis of the global society on environmental protection and sustainable
development, an increasing number of scholars have become devoted to research on closed-
loop supply chains (CLSC). As a result, the literature on this topic is relatively abundant.
Regarding the concept of a closed-loop supply chain, as early as 2003, Fleischmann [8]
first proposed the definition as the reverse logistics of recycling and DfR relating to waste
products in a traditional forward supply chain system. Later, Van and Guide [9] proposed
that a CLSC is a closed-loop system composed of forward and reverse supply chains, which
has become a more authoritative definition recognized by the academic community today.
Ferguson and Toktay [10] analyzed the competition between new products and reman-
ufactured products produced by monopoly manufacturers and identified the boundary
conditions for manufacturers to remanufacture themselves. Furthermore, they proposed
remanufacturing and preemptive recycling to prevent profit losses for manufacturers due
to external remanufacturing. Orsdemir et al. [11] constructed a game model between
manufacturers and remanufacturers. They found that when the original manufacturer
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had a stronger competitive position, they were more inclined to change the quality design
of the new product to restrict remanufacturing. On the other hand, when the original
manufacturer had a weaker competitive position, they were more inclined to restrict the
quantity of the new product. Wu and Zhou [12] studied manufacturers’ recycling strategies
from a competitive perspective and found that manufacturers recycled their used products
more effectively than retailers. Huang et al. [13] developed a two-cycle, two-oligopoly,
closed-loop supply chain game model to explore the production of manufacturers and their
pricing strategies in the face of a competitive environment. This model was also extended
to multi-cycle and wireless cycle cases. Chai et al. [14] explored the optimal competitive
strategy of the original manufacturer in the face of remanufacturer threats and environ-
mental regulation in terms of carbon emission limits and trade policies. They showed that
when the carbon emission cap allocated to the original manufacturer was small, it faced an
unfavorable position when competing with remanufacturers. Qiao and Su [15] studied the
optimal price and quality of new and remanufactured products and discussed the quality
adjustment of original manufacturers in the new market segment. They found that, when
original manufacturers compete with remanufacturers, the original manufacturers cannot
reduce the product quality. Soon et al. [16] used the augmented epsilon constraint (AEC)
method, which provided an efficient set of solutions for the decision-making layer of the
closed-loop supply chain model.

The above studies examined manufacturer and remanufacturer decision-making prob-
lems in closed-loop supply chains from several perspectives. While earlier scholars focused
on the pricing decisions of manufacturers and remanufacturers, more recent studies have
considered additional external influences, such as carbon emissions, remanufacturing cy-
cles, etc. With reference to the previous research results, this paper also considered the
carbon emission factor when building the model.

2.2. The Influence of DfR on a Closed-Loop Supply Chain

Recent research concerning DfR has focused on the methods and influencing factors
of DfR and its impact on closed-loop-supply-chain decision-making. Ijomah et al. [17]
reviewed the relevant research on DfR, analyzed the technical factors affecting it (including
the material, structure, connection method, etc.) in a UK industrial case study, and proposed
methods and basic steps for optimizing DfR. Hatcher et al. [18] analyzed problems in the
DIR process and conducted a feasibility analysis of DfR. In addition, they further analyzed
the case of the UK machinery industry, identified the internal and external factors affecting
DfR, and proposed an integrated network model to map the relationship between the
factors identified. In addition, some scholars have also considered DfR in the decision-
making of closed-loop supply chains. Wu [19] examined manufacturers” DfR decisions
and supply chain members’ competitive pricing strategies and showed that it is effective
for manufacturers to respond to the threat of remanufacturers by standardizing their DfR.
Subramanian et al. [20] believed that this would be useful in extending other seminal
operations and marketing models to account for the different costs and market effects
of remanufacturing.

The above literature concerning the impact of DfR on closed-loop supply chain deci-
sions provided inspiration for this study. The aforementioned literature mostly explored
how manufacturers can adjust their DfR to cope with the threat of remanufacturers from
a competitive perspective. Few scholars have considered how to effectively resolve the
conflict between manufacturers and remanufacturers while also improving the level of DfR.
This is a pressing issue requiring resolution.

2.3. Patent Protection of DfR

In supply chain studies considering patent protection, most have discussed the use
of DIR or patent protection by manufacturers to meet the challenges of remanufacturers
from a competitive perspective. Kamien and Tauman [21] compared the models that were
most conducive to reducing patent license fees and found that patent owners preferred a
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per-product royalty model, while patent buyers preferred a lump-sum payment model.
Hong et al. [22] explored the effects of fixed patent license models and commission licensing
models on recycling and remanufacturing in the context of manufacturers producing both
new and remanufactured goods in a Gounod duopoly model. Chen et al. [4] explored the
impact of product-based and component-based strategies for patent license fees in a supply
chain consisting of a component supplier and two double-oligopolistic manufacturers.
Ghosh et al. [23] investigated the impact of a lump-sum unit royalty model and a revenue-
sharing royalty model on the decisions of manufacturers and remanufacturers. Zhang
and Ren [1] investigated the impact of patent licensing on each decision in a closed-loop
supply chain system consisting of manufacturing, retailers, and third-party remanufac-
turers. Huang and Wang [6] explored the decisions of manufacturers, distributors, and
remanufacturers under three different patent licensing models in the context of a demand
for information-sharing and found that information-sharing always helps enhance both
manufacturer and remanufacturer profits.

The CLSC studies above that have considered patent protection have mostly discussed
the use of remanufactured designs or patent protection by manufacturers to meet the
challenges of remanufacturers from a competitive perspective.

2.4. The Coordination between Manufacturers and Remanufacturers

Regarding contract coordination, it can mainly be divided into the following three
categories: cost-sharing contract coordination, revenue-sharing contract coordination, and
two-part contract coordination. Zhou et al. [24] designed a service-cost-sharing contract to
address the phenomenon of manufacturers’ online channels piggybacking onto retailers’
presale services. This effectively resolved the conflict between the two parties and improved
the service level and overall performance of the supply chain. He et al. [25] established a
supply chain system consisting of a carbon emission reduction service provider (SP) and a
low-carbon advertising service integrator (SI). Then, they explored the optimal strategies
of both parties under three cost-sharing models. Finally, they found that two-way cost-
sharing could achieve mutual benefits and win-win situations. Chen et al. [26] studied the
remanufacturing process innovations, pricing decisions, and cost-sharing mechanisms of
closed-loop supply chains under different power structures and compared the optimal cost-
sharing mechanisms of retailers under each model. Wu et al. [27] established a dual-channel
reverse supply chain consisting of recycling centers and third-party recyclers, obtained their
optimal decisions through decentralized and centralized decision-making, and designed a
revenue-sharing contract between recycling centers and recyclers to improve the supply
chain. Rezayat et al. [28] introduced a hierarchical revenue-sharing contract in a closed-loop
supply chain of waste electronics consisting of coordinated manufacturers, retailers, and
recyclers. Jian et al. [29] constructed a centralized and decentralized decision-making
model for manufacturers’ equity concerns by considering retailers’ sales efforts. They
also designed a profit-sharing pact to coordinate a green closed-loop supply chain. Feng
et al. [30] used a two-part pact and a revenue-sharing pact to successfully coordinate a dual-
channel, two-level reverse supply chain system consisting of distributors and recyclers.
Shi et al. [31] compared the different coordination performances of two-part and reversed
revenue-sharing contracts in a closed-loop supply chain system.

In conclusion, a large amount of research exists on DfR and the decision-making and
coordination of CLSCs; however, patent protection and environmental performance have
received less attention in the models used in the existing research in terms of the impact
of DfR on the decision-making of CLSCs. Contractual designs in the context of DfR have
not been included in studies on the contractual coordination of closed-loop supply chains
to coordinate their economic and environmental benefits. In the study, we investigated
a new model of cooperation between manufacturers and remanufacturers in DfR and
patent protection, assuming that manufacturers were the dominant market player. We then
compared this with the competitive model to explore whether the cooperative model could
improve DfR while successfully resolving conflicts between the two parties. To raise the
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level of DfR and efficiently coordinate the closed-loop supply chain to increase economic
and environmental benefits, we also created a contractual mechanism for sharing the cost
of DfR.

3. Problem Description

The closed-loop supply chain system considered in this paper consisted of a single
manufacturer and a remanufacturer. The remanufacturing models in this paper were
divided into four types: A, B, C, and D. These four models are shown in Figures 14, below.
In Model A, the manufacturer does not implement DfR, and the remanufacturer has to pay
the patent license fee to the manufacturer before producing and selling the remanufactured
product. Model B involves decentralized decision-making. The manufacturer implements
DfR and bears the corresponding design cost. In addition, the remanufacturer pays the
patent license fee to the manufacturer before producing and selling the remanufactured
goods. As an example, businesses such as Sany Heavy Industry (China) and Peterbilt
Motors (U.S.) permit remanufacturing enterprises to conduct recycling and remanufac-
turing through patent authorization [32]. Model C involves centralized decision-making.
The manufacturer implements DfR; however, the manufacturer and remanufacturer, as a
whole, jointly decide on the level of DfR, the production volume of each product, etc. The
remanufacturer does not need to pay royalties to the manufacturer at this time. Model D
involves coordinated decision-making. The manufacturer implements DfR and provides
the contract. In addition, the remanufacturer remanufactures with an appropriate patent
license fee and shares a proportionate share of the cost of DfR. Each member’s profits after
coordination are no less than before coordination.

fA
Manufacturer Remanufacturer 7
|
4 4 :
pll p)‘ |
|
| z’A
|
I
A A
q” q)' :
I
Consumer -—
Figure 1. Decentralized decision-making without DfR.
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Figure 2. Decentralized decision-making with DfR.
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Figure 4. Contractual coordination decision-making.

4. Notation and Assumptions

The notation in this paper is illustrated in Table 1, where i = A, B,C, D denotes
decentralized decision-making without DfR, decentralized decision-making with DfR,
centralized decision-making, and contractual coordination decision-making, respectively.

To facilitate the analysis and discussion of the problem, we set the following assumptions:

Assumption 1. The product is in the maturity stage of its life cycle when the output and price of
the product are relatively stable. The manufacturer and remanufacturer pursue profit maximization
with symmetric and complete information, where the manufacturer is the dominant player in the
Stackelberg game.

Assumption 2. The remanufacturer will put all the used products into remanufacturing, and
all the remanufactured products will be put on the market. As the number of recycled products
increases, the difficulty of recycling increases. The recycling cost function of used products is a

quadratic function of the number of recycled products; the function of the recycling cost is A(q£)2 /2,
and A > 0 reflects the difficulty of recycling [33].
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Assumption 3. The unit production cost of the remanufactured product is smaller than the unit
production cost of the new product. According to the literature, the DfR cost is a quadratic function
of the DfR level; when k > O, the DfR factor is 0 < &' < 1.

Assumption 4. When 0 < 6 < 1, the function of the carbon emissions per unit of remanufactured
product without DfR is Jey,.

Assumption 5. According to consumer utility theory, the price of a new product is related to
demand as p}, = G — q}, — 0q,, and the price of a remanufactured product is related to demand as
pr=0(G—qy —q)-

Table 1. Symbol description.

Symbol Meaning
pi, / qfq Price/quantity of new products,i = A, B,C, D
P Price/quantity of remanufactured products,
pr/ i=AB,CD
Cn,/C, Unit production cost of new/remanufactured products
fi Unit patent license fee
w Carbon tax rate
G Total market volume
0 Consumers’ willingness to pay for
remanufactured products
A Cost factor of recycling waste products

T Recycling rate of used products, i = A, B,C, D
k The coefficient of DfR
i The level of DfR,i = A,B,C, D
en Unit carbon emissions of new products without DfR
5 Ratio of carbon emissions from remanufactured
products to carbon emissions from new products
E! Carbon emissions, i = A, B,C, D
Hfﬂ Manufacturer’s profit, i = A, B,C, D
Hi Remanufacturer’s profit, i = A, B,C, D
I Total supply chain profit,i = A, B,C, D

5. Decision-Making and Coordination Model
5.1. Decentralized Decision-Making without DfR

In the decentralized decision-making model, where the manufacturer does not imple-
ment DfR, the decision sequence between the two parties is as follows: In the first stage, the
manufacturer decides the production volume of the new product, g7, and the unit patent
license fees, f4. In the second stage, the remanufacturer decides the recycling rate of the
used product, T4, based on the manufacturer’s decisions. The manufacturer’s profits and
the remanufacturer’s profit optimization problems can be described as follows:

rgz}); I3 = pd gt + FA g2 — C, g2 — weug? ey
n s,

A 2
max I = pltart — fAq = Gt = S (a7')” — wengf! 2

The total closed-loop supply chain carbon emissions can be described as follows:
EX = enqyt + Senq? = en(qy +647) @)

The above problem is a full-information dynamic game, which is solved using the
inverse induction method; i.e., induction is reasoned step-by-step from the last stage of the
dynamic game to solve the equilibrium result of the dynamic game. The solution process is
as follows:
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In the second stage, the remanufacturer’s profit maximization, max Hf, is solved.
Q21T
a(t4)?
I1# is a concave function of T4. According to the extreme value condition of the unitary
function, the function has an optimal solution. The first-order derivative and the reaction
function of I/ concerning T4 are as follows:

Finding the second-order derivative of ITZ! over T provides the result < 0; therefore,

aH"A Af,A A A
i = dn [ (=207" = 0) + GO — we, — f4 — C] =0 )

— — gl — A _
A _ GO —wée, —0q4 — 4 —C; 5)
g (A +20)

In the first stage, the manufacturer’s profit maximization, max I}, is solved. Equation (5) is
substituted into Equation (1), and the Hessian matrix of 124 (g2, f4) is obtained as

222 0
H(I) = 20507 5 (©)
20+A

. 2 . . . .
Since % —2 < 0and ‘H (I14) ‘ > 0, then I'T2 is a strictly concave function concerning

g4 and fA. The first-order derivatives of IT2 with respect to g2 and f* are set to zero.

Ol _ 0%(2q3 — G) + Olwen(6 —2) +2(G = Cu — 24) + G+ A(G —wen = Cu —231) _ )
agh A+20 n
A _ _nfA _
I, GO —dwe, —2f C, _0 ®)

oft A+20
Solving Equations (7) and (8) jointly yields 42 and f A as follows:

At GO2+0[2C, — wey (6 —2) —2G — C;] — A(G — wey, — Cpy)

In 2002 - 20— A) ©)
A w (10)
Substituting q,‘f‘* and f 4 into Equation (5) yields
A wepd 4+ Cp — O(wey, + Cy) 11)
G602 +0[2C, — wey (6 —2) —2G — C;] — A(G — wey, — Cyy)
From g = 7'q!,, /' is obtained as
A wend + C, — O(wey, + Cy) (12)

I 202 20— A)

For simplicity, we assumed that X = G6? + 0[2C, — we, (6 —2) —2G — C;] —A(G —
wey, —Cp) and Y = we,d + Cr — 6(wey, + Cy). The optimal profits of the manufacturer and
remanufacturer and the total supply chain carbon emissions are as follows:

4 _ (G=Cu — wep)? (0> =20 — A) — Y2

m 267 =20 = 1) 13

A" — Y2(20 + A)
8(62 — 20 — 7)?

r

(14)
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* (X H4dY)en

EA = T2
2(02—20— 1)

(15)

Proposition 1. Impact of the carbon tax rate on the manufacturer: As the carbon tax rate increases,
the manufacturer’s new product output, royalties per unit, and profits decrease.

Proof 1. The first-order partial derivatives of the carbon tax rate, w, were solved for

new product production, qn ; royalties, f 4 ; and manufacturer s profit, Hm ; therefore,
en(X+6Y)

afA _ ey oqn  _ (2—0)fen+Aey _

o = 7 < 0, 35 = 2@—20-1) < 0, and aw = a2 Since,
- X AT Y

Tn = 37=2p= A) > 0and g/} = ) 0, we learned that X < 0Oand Y < 0,

Proposition 2. As the carbon tax rate increases, (1) when 6 > 7‘)C” + 9, the recycling rate of
used products increases; (2) when 0 > 5, the output of remanufactured products and the profits of
the remanufacturer increase.

Proof 2. The first-order partial derivatives of the carbon tax rate, J, for the recycling

rate , T4 ; the output of remanufactured goods, g2 ; and the proﬁt of remanufacturer,

oth  en(02—20-N)[G(0-0)+C,—3C,] g7 en(6—6)
W X2 " @

= s@r—ap—n) and

H;“ , were obtained as follows:

A*
oy _ gn(§—9)(/\+292) Y From proof 1, we can see that X < 0 and Y < 0; therefore, when
dw 4(62—20—7)

6 > G +5 and 20 > 0,0 < &% 1 6 and 3T2 < 0; similarly, when 6 > 5,

aq, >0

when 6 < § aq’A <0

/ dw

’aw ’aw

5.2. Decentralized Decision-Making of DfR

In the decentralized decision-making model where the manufacturer implements DfR,
the decision sequence of the two parties is as follows: In the first stage, the manufacturer
decides the level of DfR for a new product, 8. In the second stage, the manufacturer
decides the production volume of the new product, 45, and the unit patent license fee,
fB. In the final stage, the remanufacturer decides the recycling rate as 78 of the used
product according to the manufacturer’s decision. The manufacturer’s profits and the
remanufacturer’s profit optimization problems are as follows:

k 2
I = pr dn + 047 —Cady —wen (1-8°) g7 — 5(2°) (16)

A
I =piap —fap —Cray =5 (@5)° —wden(1—E8) gP (17)

The total closed-loop supply chain carbon emission, EB, can be shown as the
following equation:

EP =e, (1-¢%)qn +6en (1—-8P)q) = en(1—-C°) (95 + 6 q7) (18)

The above problem is a complete information dynamic game, which is solved using
the inverse induction method. The solution process is similar to that of Section 5.1; therefore,
the solution steps are omitted. When 2k(62 — 20 — A) + ¢,2w?[20(1 — 6) + 6% + A] < 0'is

c g 1l 92118,
satisfied, it is thought that 7 R

profits exists. Furthermore, consistent with the above, let X = G6? + 0[2C, — w ey (6 —
2)—2G—C/] - MG—w ey —Cp),Y =w ey6+Cr—0(w en+Cy), Z =2k(6% —20 — \) +

< 0, and a level of DfR that maximizes the manufacturer’s
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EB

enw?[20(1 —6) + 6%+ A],and M = G(6 — 8) + C, — 6C,. Finally, each optimal solution is

found as follows:
(X +Y)w ey

= (19)
* 2kX + den’wM
m = Z—Z” (20)
5t 2k(GO — C, — deyw) (02 — 20 — M) — e, 2w?(20 — 05 + A)M
o= 27 (21)
g _ 2KY —e’w’M )
2kX + be,2w?M
* 2kY — e 2w?M
wo=y (23)

The optimal profits and total supply chain carbon emissions for the manufacturer and
remanufacturer, respectively, are shown as follows:

+ 2k[X(G — Cy — eqw) + Y(GO — Cr — Senw)] + en’w?M?

B __
g = 7 (24)
g [en2w?M — 2kY]7 (A + 26)
I, = 572 (25)
«  ken(X +0Y){2k(6% — 20 — A) + eqw|[(A +20)(G — Cp) — 0(GO — 5Cy — C;) — 6C,]} 26)

72

Proposition 3. The impact of DfR on the manufacturer’s decision. The new product output, unit
patent license fee, and manufacturer’s profit all increase.

Proposition 3 shows that the manufacturer reduces the carbon emissions of the new
product through DfR, which further reduces the cost of carbon emissions, and has more
cost space to produce the new product; therefore, the new product output increases. On
the other hand, although the manufacturer has to bear the cost of DfR, it can pass on that
part of the cost by increasing the patent license fee due to the patent-protected market
environment. At the same time, the manufacturer’s profits mainly come from the sales
revenue of new products and the patent license fee, which can be adjusted to ensure its
revenue; therefore, the manufacturer’s profits also increase.

Proof 3. The difference between the optimal new product yield, patent license fee, and

manufacturer’s profits under the two models before and after the implementation of DfR
en?w? (30—-20—A)(X+8Y) (B A" _ den’w?(X+Y)
2(62—20-21)Z f = 2Z

* * 2.2 2 *
and I8, — 114 = %. Since X < 0and Y < 0, &8 :% > 0 can be

obtained as Z < 0; therefore, qg* > q,‘?*, fB* > fA*, and 118 > 114 . O

7

can be obtained as follows: qﬁ* — qﬁ* =

Proposition 4. The impact of DfR on the remanufacturer’s decision: (1) when 6 > % +94,
the recycling rate of used products decreases; (2) when 6 > 6, both the output of the remanufactured
products and the remanufacturer’s profits decrease.

Proposition 4 shows that (1) when 6§ > C';G(SC" + J, consumers’ preference for reman-
ufactured products is relatively high, remanufactured products are more threatening to
new products, and the manufacturer will increase the unit patent license fee to weaken the
remanufacturer. For the remanufacturer, the cost of carbon emission reduction through
DfR is smaller than the increase in the unit patent license fee; therefore, its profits are
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[ps —Cu—wen (1—E9))q5 + [pS — Cr —w S en(1— %) Jgv —

reduced, the recycling incentive is weakened, and the recycling rate is reduced. Conversely,
when 0 < % + 6, the preference for remanufactured goods is low, and the carbon
emission cost reduced by DfR is greater than the patent license fees; therefore, its prof-
itability increases, the recycling incentive is enhanced, and the recycling rate increases.
(2) Similarly, when 6 > §, DfR inhibits remanufacturing, and when 6 < 6, DfR promotes
remanufacturing. This shows that under a market environment of patent protection, DfR

does not necessarily increase the profits of the remanufacturer.

Proof 4. The optimal waste product recycling rate, remanufactured product yield, and
remanufacturer profits under the two models before and after the implementation of DfR

. * * 2w’ M(X+6Y * W 2w? (0—8) (X+3Y
are different, as follows: T8 — 4 = _);(21<L3)<+6—EWZA/)D’ g8 —qt = %, and
HE* _ HVA* _ enzwz(ﬂfo‘)(X+5Y)(29+)\)[ZY+(9227297)\)(ZkaenszM)]‘ IfX<0,Y<0,and Z <0,
8(62—20—7)" 72

when 0 > % + J, it can be concluded that the magnitude of the product recovery rate

under both models A and Bis T2 < t4 ; when 6 < % +6, 8 > 74 . Furthermore,

* 2,2
from g8 = w > 0 we can obtain 2kY — ¢,2w?M < 0; therefore, when 6 > ¢, there

are g? < g4 and IT? < IT4*; when 6 < 4, there are g5 > g/ and T12* > 1A . O

5.3. Centralized Decision-Making

In the case of centralized decision-making, the manufacturer and the remanufacturer
are considered as a whole, and they jointly decide on the level of DfR, ¢€; the new product
yield, qg ; and the recycling rate, 7€, of the used product. Moreover, the manufacturer does
not charge the remanufacturer a royalty to make the whole supply chain system optimal.
The decision-making problem is as follows:

A o2 ko2
0 (ar) —5(5 ) (27)
EC = es(1-8%) (45 + 6 q7) (28)

When 2k(26% — 26 — A) + e,2w?[20(1 — 25) + 26% + A] < 0, the overall profit of the
supply chain is optimal and is satisfied. According to the previous calculation, if X; =
2GH*> +20[Cp —w en(6—1) =G —C] —A(G—w ey —Cp),Y = w eyd+Cr —0(w e, +
Cn),Z1 = 2k(26% — 20 — A) + e,2w?[20(1 — 26) +26%> + A],and M = G(6 — 0) + C, — 6C,,
we finally find each optimal solution as follows:

* (X1 +20Y)w ey

& = Z (29)
+ kXy + dentw*M

g =L Z (30)

o 2kY —e2w’M (1)
kX + de2w?M

¢ _ 2KY —e’w’M 32)

qr 71

The total profits of the closed-loop supply chain and the total carbon emissions of the
supply chain are as follows:

e _ k(G —Cu— enw)? (262 — 260 — A) — 2Y2] + ¢, 2w? M2
- 27,

(33)



Systems 2023, 11,127 12 of 25

o ken(X1 +20Y) {2k(6% — 26 — A) + eyw[A(G — Cp) +26(G — GO + 6Cy — Cy + C;) — 26C,]}

EC
47,2

(34)

Proposition 5. The recycling rate of used products, the yield of remanufactured products, and the
total profits of the supply chain will be better under centralized decision-making than decentralized
decision-making.

Proposition 5 shows that under decentralized decision-making, the manufacturer will
pay high costs to implement DfR and increase the patent license fees to prevent remanu-
facturers from “free-riding”, which will reduce the incentives of remanufacturers. On the
contrary, under centralized decision-making, the manufacturer and the remanufacturer
make a unified decision to maximize the profits of the supply chain. Therefore, the man-
ufacturer no longer charges the remanufacturer the patent license fee, which effectively
avoids the double marginal effect, promotes recycling and remanufacturing, and increases
the overall profits of the supply chain. Consequently, under centralized decision-making,
the product recycling rate, the output of remanufactured goods, and the total supply chain
profit are all higher than under decentralized decision-making.

Proof 5. The difference between the optimal new product output, the recycling rate of
used products, the output of remanufactured products, and the total profits of the supply
chain under centralized and decentralized decision-making can be obtained as follows:

TC* _ TB* _ _k(26+/\)(Gan;?}Z)(Zkaenzsz)’ qrc* _ qﬁ}* _ (29+/\)(enzwzgékz)l(Zkaenzsz),
and IIC — 118 = [(29+/\)(2ky765223;;11\4)]2(gn2w272k). From proof 4, we know that when X < 0,
Y < 0,and Z < 0,2kY — e,2w?*M < 0. In addition, from q,c* = W, we know that
71 < 0. Since Z < 0, we obtain 26k — de,2w? > 0, and e,2w? — 2k < A1) =(0-0)” < 0;

20(1—5)+02+A
therefore, gy > q7 q5 —dqy 4y —4qh Gy —qn andqy >4 47 — a5 4y —4n 95 — a5 -
From X < 0, G6? — 0(w e,6+C;) < (20 + A)(G — w ey — Cy) can be obtained, and from
Y <0,G0% —0*(w e, +Cy) < GO? —0(w eyd + C;) can be obtained. The two equations
can be combined to know that (§> =20 — A)(G —w e, —C;) < 0and G — w e, — C, > 0;

thus, we can prove that ¢ > 78 . O

Proposition 6. The level of DfR and total supply chain carbon emissions are lower under centralized
decision-making when 0 > & compared with decentralized decision-making.

Proposition 6 shows that, when 6 > J, the preference for remanufactured goods is
higher, and carbon emissions are lower; both parties will focus on selling remanufactured
products under centralized decision-making compared with decentralized decision-making.
Therefore, lower remanufactured carbon emissions result in the manufacturer requiring
lower efforts regarding DfR and a lower level of DfR, while the focus on producing and
selling remanufactured products with low carbon emissions also results in lower total
carbon emissions. Conversely, when 6 < J, the preference for remanufactured products
is lower, and carbon emissions are higher; the manufacturer needs to undertake a higher
level of DfR to reduce emissions, and the total carbon emissions of the supply chain are
also higher.

Proof 6. The difference between the optimal level of DfR and total supply chain carbon

emissions under centralized and decentralized decision-making can be obtained as follows:

CC* _ é,B* _ enw(204+4)(2kY —e,?wM)(6—-A) EC* _ EB* _ enw(204+4)(2kY —en’w? M) (-1 )W
77y ’ Z27;2

W > 0. From proof 4, we know that Z < 0 and 2kY — en2w?M < 0. From proof 5, we know

, where
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b=

(en2w? — 2k)[2k(3A + 60 — 462) — e, 2w (46% + 60 + 37 — 805)][(20 + 1) (2kY — e,2w?M))’

that Z; < 0. Thus, when 6 > 6, we obtain §C* < §B* and CC* < &B*; when 6 > §, we obtain
& > @B and E¢* > EB*. O

5.4. Coordinated Decision-Making

The manufacturer’s implementation of DfR increases its profits; however, DfR leads
to higher royalty fees, which is detrimental to the recycling and remanufacturing of used
products, and the remanufacturer’s profits may not increase. Therefore, the contract to
coordinate the supply chain is as follows: the manufacturer provides the contract, (f7, ¢),
and the remanufacturer remanufactures at an appropriate royalty fee, f°, while sharing a
portion of the cost of DfR in the proportion @- The proflts of each member after coordination

are no less than before coordination: HD > I—IE1 and HD > I15*. The remanufacturer
considers whether to accept the covenant or not depending on the proportional share. The
profit functions for the manufacturer and the remanufacturer are as follows:

k 2
m="pn 5 T80 —Cugy —wen (1-°) g7 — 51— 9)(5") (35)
k 2
P =p’a’ —fPa7 - Ca7 =5 (qr ) —woen(1-2P) P — 59 (6)
If the total profits of the coordinated supply chain are the same as centralized decision-

making, it is necessary to satisfy ¢ = &€ , gD =45 ,and T = 1€ . The optimal contract

* * s 2.2
can be calculated as (fP, ¢*), fP = w

and b are as follows:

,and ¢* € [a,b], and the values of a

L (en?ew? —2K)[(20 + A) (2kY — en2w? M) -
2ken2w?(Xq 4 26Y)*Z

: (38)
4ken?w? (X1 +26Y)°Z

Proposition 7. Under coordinated decision-making, (1) the total profits of the supply chain are
higher than under decentralized decision-making and the same as under centralized decision-making;
(2) when 0 > 5, the unit patent license fee and the total carbon emissions are lower than under
decentralized decision-making, and the total carbon emissions are the same as under centralized
decision-making.

Proposition 7 shows that when 6 > ¢ the remanufacturer shares part of the cost of DfR,
prompting the manufacturer to reduce the patent license fee charged to the remanufacturer.
Furthermore, the reduction in the patent license fee further enhances the remanufacturer’s
enthusiasm. After coordination through the DfR cost-sharing contract, the benefits to the
manufacturer and remanufacturer will be higher than before coordination, and the total profits
of the supply chain are higher. This is the same as under centralized decision-making.

Proof 7. The difference between the optimal unit royalty before and after coordination
fE = QN0 ™M) 1, addition, from Z < 0, Z; < 0,

can be obtained as fP —

and 2kY — e,2w?M < 0, it follows that when 8 > 6, fD* < fB* ; when 6 < §, there is
fD* > fB*. From @D* = éc*, an* = qg*, and 0 = TC*, we know that IT” = I1€ and
ED o EC*, and from Proposition 5, we also know that HC* > HB* : therefore, ITP ) > HB*.
From Proposition 6, we know that when 6 > J, EC* > EB* ; therefore, EP ' > EB*. U
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6. Numerical Simulation

We compared each equilibrium solution of the above four models via numerical

simulation and tested the models and propositions. Referring to the case of a previous
study [34,35], each parameter was assigned the following values: G = 1000, C, = 600,
C =300, w=20,08=0720=06,¢e =5A =25 and k = 40,000. The range of cost-
sharing ratios under coordinated decision-making can be expressed as ¢ € [0.26,0.38]. The
outcomes under the different decision-making models are shown in Table 2.

Table 2. Equilibrium results under different decision-making models.

Model D
Variants Model A Model B Model C
¢=0.28 =032 =036
zt - 0.4255 0.4219 0.4219 0.4219 0.4219
7 142.30 163.83 154.85 154.85 154.85 154.85
fi 170.00 182.77 - 108.40 108.40 108.40
Tl 0.08 0.06 0.15 0.15 0.15 0.15
q 11.00 10.64 23.21 23.21 23.21 23.21
IT, 23,214.89 26,382.98 - 26,446.62 26,589.04 26,731.47
I 387.08 362.15 - 726.38 583.96 44153
It 23,601.97 26,745.13 27,173.00 27,173.00 27,173.00 27,173.00
Ei 744.50 488.91 487.81 487.81 487.81 487.81

)

@

®G)

4)

©)

The following conclusions can be drawn from the comparison in Table 2.

When the level of DfR satisfies (':B > (’,‘C, it shows that, for a given value, there is a
6 > ¢ higher preference for remanufactured goods and lower carbon emissions, and
both parties will focus on selling remanufactured goods under centralized decision-
making. Furthermore, lower remanufacturing carbon emissions result in a lower level
of DfR required by the manufacturer and, thus, a lower DfR level, which also verifies
Proposition 6.

When the unit patent license fee satisfies f® > f4 > fP, it shows that the manu-
facturer has to bear the design cost under the decentralized decision-making of DfR
compared with no DfR. Therefore, a higher patent license fee is needed to pass on this
part of the cost, which verifies Proposition 3. Under coordinated decision-making,
the patent license fee is minimized because the remanufacturer shares part of the DfR
cost, which verifies Proposition 7.

When the recycling rate of used products satisfies 7 > 74 > 75, it shows that,
compared with without DfR, the carbon emission costs reduced by the remanufac-
turer under the decentralized decision-making of DfR are smaller than the increased
royalties. Therefore, its profits are reduced, the recycling incentive is weakened,
and the recycling rate is reduced, which verifies Proposition 4. Under centralized
decision-making, the unified decision-making of both parties maximizes the profits of
the supply chain, effectively avoids the double marginal effect, and promotes recy-
cling remanufacturing. In addition, the recycling rate is the highest, which verifies
Proposition 5.

When the manufacturer’s profits satisfy 11D > 118 > IIJ, it shows that the new
product output increases after DfR, and the manufacturer’s sales revenue increases;
it can also secure revenue by adjusting the patent license fee, so the profit increases
compared with the pre-DfR, which verifies Proposition 3. The manufacturer’s profits
are further increased compared with decentralized decision-making via contract
coordination.

When the remanufacturer profits satisfy I[T? > T2 > T18, it shows that, for a given
value of 8 > J, DR acts as a disincentive to remanufacturing, and the remanufac-
turer’s profits are the lowest, which verifies Proposition 4. The remanufacturer’s
profits are significantly enhanced and peak after contract coordination.
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(6) When the total profits of the supply chain satisfy TP = TI1¢ > T18 > IT4, and
the total carbon emissions satisfy EP = EC¢ < EB > E4, it shows that DfR can
effectively increase the total profit of the supply chain and reduce carbon emissions.
In addition, centralized decision-making avoids the double marginal effect, maximizes
the total profits of the supply chain, and minimizes carbon emissions. Coordinated
decision-making can achieve same the total profits and carbon emissions of a closed-
loop supply chain with centralized decision-making, and, at the same time, the
respective profits of the manufacturer and the remanufacturer will be higher than
under decentralized decision-making. Coordinated decision-making can achieve the
same total profits and carbon emissions for a closed-loop supply chain as centralized
decision-making can, and, at the same time, it can increase the profits of both the
manufacturer and remanufacturer compared with decentralized decision-making.
This shows that DfR can improve both overall economic efficiency and environmental
performance. Moreover, a cost-sharing DfR contract can improve both the economic
and environmental efficiency of a closed-loop supply chain.

6.1. Impact of Carbon Tax Rates on Manufacturer/Remanufacturer Decisions

With the increase in the carbon tax rate, the level of DfR increased and then decreased,
as shown in Figure 5. This shows that increasing the carbon tax within a reasonable range
will increase the carbon emission costs of enterprises; however, it also will force enterprises
to make more efforts in DfR and improve the level of DfR to promote energy saving and
emission reduction. On the other hand, a high carbon tax rate will increase the carbon
emission burden of enterprises, which will counterproductively weaken the enthusiasm
of enterprises for production and emission reduction and lead to a decrease in the level
of DfR.

0.3

0.25 [

0.2

N2 0.15

0.1

]

—&— Model B
0.05 [ Model C
@

o

@

Figure 5. The effect of w on &'

From Figure 6, it can be seen that the patent license fee decreased as the carbon tax
rate increased. This shows that, as the carbon tax rate increases, it reduces the output
of remanufactured products, which leads to a decrease in the patent license fee that the
manufacturer can obtain; therefore, it promotes remanufacturing to obtain more patent
revenue by reducing the unit patent license fee, which verifies Proposition 1.
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Figure 6. The effect of w on f'.

As shown in Figure 7, the recycling rate of used products increased as the carbon
tax rate increased. This shows that, at a given value, an increase in the carbon tax rate
aggravates the carbon emission costs of the remanufacturer. The consumers’ willingness to
pay for remanufactured products is relatively high at this time, and the market advantage
of remanufactured products is significant. Therefore, the recycling rate of used products
increases, which verifies Proposition 2.

0.18 T T T T

—©— Model A ‘

—©— Model B
Model C

Figure 7. The effect of w on T'.

Figures 8 and 9 show that, as the carbon tax rate increased, the production of reman-
ufactured products increased, but the production of new products decreased. Therefore,
as the carbon tax rate increases, the carbon costs of the manufacturer increase, its revenue
suffers, and the production of new products decreases. Since the carbon tax rate promotes
remanufacturing, when the carbon tax rate increases, the production of remanufactured
goods increases as the carbon tax rate increases, which verifies Proposition 2.
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Figure 9. The effect of w on gi.

Figures 10 and 11 show that as the carbon tax rate increased, the manufacturer’s
profits decreased, while the remanufacturer’s profits increased. It can be seen that the
carbon tax rate increases the carbon emission costs of the manufacturer. In addition, the
manufacturer’s profit decreases when the carbon tax rate increases.
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Figure 10. The effect of w on IT.,.
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Figure 11. The effect of w on IT..

6.2. Impact of Carbon Emission Ratios on Manufacturer/Remanufacturer Decisions

From Figure 12, it can be seen that, with the increase in the carbon emission ratio, the
DIR level increased. When the ratio of carbon emissions from remanufactured products to
new products was lower than 0.7, the level of DfR in Model B was improved compared
with Model C. This shows that, as the carbon emission ratio increases, the carbon emission
of remanufactured goods also increases. In addition, the environmental pressure of remanu-
facturing borne by the manufacturer increases. Therefore, the DfR level is improved to save
energy and reduce emissions. When the ratio of carbon emissions from remanufactured
products to carbon emissions from new products is lower than 0.7, the preference for
remanufactured goods will be higher, and carbon emissions will be lower. Therefore, both
parties will focus on selling remanufactured goods under centralized decision-making.
In addition, the DfR level required will be lower than that under decentralized decision-
making. Conversely, when the ratio of carbon emissions from remanufactured products to
carbon emissions from new products is higher than 0.7, the preference of remanufactured
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goods will be lower, and carbon emissions will be higher. Furthermore, the DfR level under
centralized decision-making will be higher, which verifies Proposition 6.

0.162 T T T T T T ‘
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Figure 12. The effect of § on ¢.

From Figure 13, it can be seen that the recycling rate decreased as the carbon emission
ratio increased. This shows that, with an increase in the carbon emission ratio, the carbon
emissions of remanufactured products increase, the costs of carbon emissions increase,
the benefit is impaired, and the decline in recycling motivation leads to a decrease in the
recycling rate.
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Figure 13. The effect of § on 7.

Figures 14 and 15 show that, with the increase in the carbon emission rate, the produc-
tion of new products increased, but the production of remanufactured products decreased.
In addition, it can be seen that as the carbon emission rate increased, the carbon emissions
of remanufactured products increased. This acts as a disincentive for remanufacturing,
and the production of remanufactured products will decrease. On the contrary, when the
carbon emissions of remanufactured products increase, competitiveness decreases, which
increases the production of new products.
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Figure 15. The effect of § on g..

Figures 16 and 17 show that, with the increase in the carbon emission rate, the man-
ufacturer and remanufacturer’s profits gradually decreased. When the ratio of carbon
emissions from remanufactured products to carbon emissions from new products is lower
than 0.7, customers will be more willing to pay for remanufactured products. Furthermore,
DfR plays a suppressive role in remanufacturing, and the profits are lower. When the
carbon emission ratio of remanufactured products to new products is higher than 0.7,
customers’ willingness to pay for remanufactured products will decline. Moreover, DfR
plays a promotional role in remanufacturing, and the profits will be higher. Consequently,

Proposition 4 is proven.
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Figure 17. The effect of § on 71;.

6.3. Impact of Preference for Remanufactured Products and Carbon Emission Ratio

Figures 18 and 19 show that the total supply chain profits satisfy I1° > IT5 > T14.
DIR can effectively improve the total supply chain profits, and centralized decision-making
avoids the double marginal effect; therefore, the total supply chain profits reach their
peak. DfR can effectively reduce the total carbon emissions of the supply chain when
6 > 6, and centralized decision-making can further reduce the carbon emission of the
supply chain. Thus, it can be seen that DfR can improve both overall economic efficiency
and environmental performance, and centralized decision-making further promotes the
optimization of the economy and environment.
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7. Conclusions

In this study, we established four decision-making models: decentralized decision-
making without DfR, decentralized decision-making with DfR, centralized decision-making,
and coordinated decision-making. We introduced consumers’ willingness to pay for re-
manufactured products and compared the price, the patent license fee, the recovery rate,
and profits under the three models using inverse induction and numerical simulation.
In addition, the effects of the carbon tax, the carbon emission rate, and remanufactured
goods preference on each equilibrium solution and profits were further analyzed. The
main conclusions are as follows: (1) Although the carbon tax reduces the manufacturer’s
profits, it encourages the manufacturer to take environmental responsibility, which leads
to a higher level of DfR and lower patent license fees. When the consumer preference for
remanufactured goods is greater than the carbon emission rate, the carbon tax encourages
remanufacturing. Simultaneously, this results in an increase in the recycling rate and
the remanufacturer’s profits. (2) Under a market environment of patent protection, DfR
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increases the manufacturers’ profits, new product output, and patent license fees. In con-
trast, consumers’ willingness to pay for remanufactured goods is greater than the carbon
emission rate. Moreover, the carbon tax promotes remanufacturing, and the recycling
rate and remanufacturers’ profits also increase. When consumers’ willingness to pay for
remanufactured goods is greater than the carbon emission ratio, DfR inhibits remanufac-
turing, the remanufacturer’s profits decrease, and remanufactured product yields and the
recycling rate decrease. (3) Through a DfR cost-sharing contract, the remanufacturer pays
an appropriate royalty for remanufacturing while sharing the cost of DfR proportionally.
In addition, the total profits and total carbon emissions of the closed-loop supply chain
can be equal to those under centralized decision-making. At the same time, the profits
of both the manufacturer and the remanufacturer are higher than under decentralized
decision-making, and the economic and environmental benefits of the CLSC improve. This
can effectively improve the economic and environmental benefits of the closed-loop supply
chain, and, thus, the closed-loop supply chain is effectively coordinated.

The following is an overview of the novel contributions of this paper: (1) The com-
petition model takes into account how DfR, patent protection, and carbon emissions may
affect both manufacturer and remanufacturer strategies, which is more in line with reality.
(2) In examining the impact of DfR, we were surprised to find that, although the carbon tax
reduced manufacturer profits, it pushed manufacturers to take on environmental respon-
sibility, resulting in higher levels of DfR. (3) This study will encourage manufacturers to
support DfR and foster the growth of remanufacturing. The economic and environmental
benefits of a closed-loop supply chain are improved when remanufacturers pay appropri-
ate royalties for remanufacturing while sharing a proportion of the costs associated with
the design.

Although we considered the behavior of closed-loop supply chain members under DfR
and patent protection in this study, there were some limitations. The closed-loop supply
chain studied in this paper included only a single manufacturer and remanufacturer. We did
not consider other organizations such as retailers or recyclers or the introduction of multiple
manufacturers and remanufacturers. Therefore, in the future, multiple manufacturers,
retailers, recyclers, and remanufacturers could be introduced to the model, depicting a
complete CLSC. In addition, multi-party strategic selection and the coordination of patent
protection under DfR should be studied. The market demand considered in this paper was
determined and the Stackelberg game was based on a completely informational market
environment. However, in a real business environment, product requirements are often
relatively random, and the information between enterprises is relatively confidential and
asymmetrical. Therefore, in the future, this research could be extended to represent a
market environment of random demand and information asymmetry.
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