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Abstract: This paper investigates cost disruptions of new and remanufactured products in
a closed-loop supply chain where a manufacturer and a third-party collector recycle used products
through online-recycling and offline-recycling channels, respectively. We use a Stackelberg game
to acquire the equilibrium decisions of dual-recycling and single-recycling channels and analyze
how cost disruptions affect the manufacturer’ production and collection strategies. We show
that, cost disruption of new products produces a positive impact whilst the remanufacturing cost
disruption has a negative impact on collection quantity of used products and negative cost disruptions
of both new and remanufactured products could be profitable to the manufacturer. As for the
manufacturer’s channel choice, the dual-recycling channel dominates single-recycling channels when
new product cost faces positive disruption, because the manufacturer acts as both a buyer and
a competitor to the collector and can determine an appropriate acquisition price and transfer price to
coordinate the online-offline recycling channel. While if cost disruption of new products is negative,
the manufacturer prefers the dual-recycling channel instead of single-recycling channels only if the
remanufacturing cost faces large size of negative disruption.

Keywords: closed-loop supply chain; remanufacturing; dual-recycling; cost disruption; game theory

1. Introduction

Closed-loop supply chains (CLSCs) consisting of both the forward and reverse flows have received
an enormous amount of attention in literature and practice [1-3]. The forward supply chain involves
the production and sales of new products, while the reverse supply chain involves the collection
and remanufacturing of used products. It has been revealed that remanufacturing can result in the
diversion of end-of-life products from landfills [4], decreased raw material usage and production
cost [5,6] and eventually improve the environmental sustainability and obtain economic benefits. Many
companies, such as IBM, Xerox, Canon and Kodak have begun to undertake remanufacturing and
obtained substantial profits [7,8]. Also, Caterpillar has received a business volume of about $2 billion
from remanufacturing [9] and HP has collected and reprocessed 566 million ink and toner cartridges
over 50 countries from a closed-loop cartridge recycling programme [10].

Although many end-of-life products have been successfully collected and remanufactured,
there are still some consumers who retain and discard their used products due to the inconvenience
of recycling, such as distant recycling point. To stimulate consumers to return used products, it is
indispensable to introduce an online-recycling channel besides traditional offline-recycling channel.
With the rapid development of information technology, internet has provided consumers a new
approach to return their used products and online-recycling channel has become an effective method
of collection activities due to relaxing the constraint of time and space and lower costs of collection and
transportation. In practice, Changhong Green Group Company Limited has collected electronic wastes
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through both offline-recycling and online-recycling channels [11]. Therefore, it is critical to effectively
manage and coordinate offline-recycling and online-recycling channels and reduce the cannibalization
effect of online-recycling on offline-recycling channel.

Conventionally, most studies about collecting and remanufacturing are based on a deterministic
environment such as known production cost and market demand [12]. However, supply chains can
be vulnerable and often face disruption risks due to some unexpected events [13,14], such as natural
disasters, machine breakdown, raw material shortage and finally affect supply chain performance
and firms’ revenues. As a matter of fact, in 2000, the lightning strikes at the Royal Phillips Electronics
plant caused a fire which damaged millions of microchips and created a serious lack of chips for their
major consumers. Specifically, this shortage led to Ericsson whose chips sourced from the Philips
plant suffer a profit loss about $400 million [15]. Likewise, in 2011, the Japan earthquake brought
critical component part shortages and significant manufacturing cost increases and consequently both
the domestic and global supply chains were disrupted [16]. It is clear that, supply and demand can
be unbalanced due to a disruption and eventually result in cost change and profit loss. Especially,
due to the complex of CLSCs which include a series of processes [17], such as production acquisition,
testing, refurbishing and remarketing and the uncertainties in the acquisition of used products in
terms of quantity and quality [18-20], disruption risks have been raised as an important concern in
the reverse flow. As an example, the largest American cell-phone remanufacturer, ReCellular Inc.,
has no idea of the quality and quantity of used products when they recycle end-of-life phones from
consumers because of collection dispersion [21]. Even though disruption risks generally have a low
probability, the loss could be enormous once it happened. This issue can seriously disrupt material,
information and cash flows, which gives rise to the changes of production cost and market demand.
Therefore, the study of different disruption cases and their possible influence is of great importance for
the promotion of economic and environmental performance.

To this end, we in this paper insert cost disruptions into remanufacturing and analytically discuss
how different disruption cases affect the manufacturer’s collection and production strategies. Moreover,
we describe cost disruptions of new and remanufactured products in a CLSC with a dominant
manufacturer who selects collection strategies between online-recycling and offline-recycling channels.
In the dual-channel CLSC, the manufacturer not only acts as the upstream leader but also as the
peer competitor on the same level. On one hand, the manufacturer directly acquires used products
from consumers whose preference to online-recycling is high. On the other hand, the traditional
offline-recycling channel continues to play an irreplaceable role for these consumers who prefer
offline-recycling channel. We aim to address the following questions:

(1) What are the equilibrium strategies of dual-channel CLSC when facing cost disruptions of new
and remanufactured products?

(2) Which is the optimal recycling channel with respect to different disruption cases?

(3) How does consumers’ preference to online-recycling channel affect the manufacturer’s production
and collection strategies?

The reminder of this paper is organized as follows. Section 2 reviews the relevant literature.
The model assumptions and notation are presented in Section 3. Section 4 develops and addresses
single-recycling and dual-recycling channels in the presence of cost disruptions of new and
remanufactured products. We further compare three recycling channels with respect to equilibrium
pricing and production strategies in Section 5. Section 6 conducts numerical examples. The conclusions
and further research directions are reported in Section 7. All proofs of this paper are presented in the
Appendix A.

2. Literature Review

This paper draws on two streams of the existing literature: remanufacturing and supply chain
disruption. In the first stream, Savaskan et al. [22] first propose three recycling modes: manufacturer-
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collection, retailer-collection and third-party collection and indicate that the retailer-collection mode is
the most beneficial for the manufacturer. Regarding channel power structure, Choi et al. [23] make
comparisons of three power structures when a third-party collector is engaged in collection activities
and derive that the retailer-led is the most effective for the whole supply chain. Atasu et al. [24]
argue that collection cost structure affects manufacturers’ collection strategies and confirm that
retailer-collection dominates manufacturer-collection for the manufacturer when the scale effect is
sufficiently strong. Mutha et al. [25] derive the optimal acquisition strategy when a third-party
remanufacturer (3PR) undertakes collection activities and suggest that the 3PR should combine
planned acquisition with reactive acquisition. To the best of our knowledge, the above studies about
remanufacturing focus on studying a single-recycling channel.

By examining a dual-recycling channel in a CLSC, Savaskan et al. [26] describe the scenario where
two retailers competitively collect used products and discuss the impact of retailers” competition on
supply chain performance. Huang et al. [27] delineate the scenario where the retailer and the third party
simultaneously conduct collection activities and manifest that the dual-recycling channel dominates
a single-recycling channel when the recycling competition is not very intense. Hong et al. [28] put
forward three hybrid recycling modes, namely the manufacturer and the retailer undertaking collection
activities, the manufacturer and the third party collecting used products and the retailer and the third
party conducting collection activities. In their view, the case where the manufacturer and the retailer
simultaneously collect is the most valuable to the manufacturer. Inserting remanufacturing into
the construction machinery industry, Yi et al. [29] analyze a dual-recycling channel within a retailer
oriented CLSC and confirm that, if the remanufacturer can properly coordinate retailer-collection
and third-party collection, he can acquire more returned products and profits in the dual-recycling
channel. Recently, Feng et al. [11] report a dual-recycling channel comprising of an offline-recycling and
an online-recycling channels and develop a two-part tariff contract and a profit sharing contract. They
argue whether the two contracts can coordinate the dual-channel reverse supply chain is contingent
on consumers’ preference to online-recycling channel. However, the above research is based on
a static environment and cannot offer any insights into remanufacturing when facing disruption risks.
By considering cost disruptions of new and remanufactured products, our work goes beyond the
existing literature by explicitly combining the dual-recycling channel with disruption in a CLSC.

The second research stream on supply chain disruption has been extensively studied in literature.
Yu et al. [30] explore how supply chain disruptions affect the choices of the buying firm between
single and dual sourcing methods and argue that which method is better relies on the magnitude of
the disruption probability. In Tomlin [31], supply disruptions in a single-product setting are studied
and supplier reliability and the nature of disruptions have a significant impact on firm’s optimal
strategy. By combining the competition with supply chain disruption, Xiao and Qi [32] introduce two
coordination mechanisms in a competing supply chain with production cost disruption: an all-unit
quantity discount and an incremental quantity discount and derive that the original mechanism has
certain robustness when facing sufficiently small disruption. Zhang et al. [33] further compare three
disruption cases when there exists retailers” competition: no disruption, one demand disruption
and two demand disruptions and find that original revenue-sharing contracts cannot coordinate the
disruption cases. Subsequently, Sawik [34] explores the effect of disruption risks on integrated supplier
selection and customer order scheduling and provides important insights into the difference between
single and dual sourcing strategies. Giri and Sarker [35] introduce buyback and revenue sharing
contracts in the presence of unexpected production disruption and indicate that production disruption
plays an important role in supply chain performance.

The above literature well investigates the impact of disruptions in the forward supply chain.
However, little research examines the role of disruptions in a CLSC. Recently, Han et al. [36] analyze
how remanufacturing cost disruption affects the collection and production decisions in a CLSC. In their
view, the manufacturer-collection mode is more robust than retailer-collection mode and is more
profitable for the manufacturer in the case of large positive disruption. Giri and Sharma [37] examine
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supply disruption in a CLSC with uncertain demand and return and derive that the retail price and
the probability of disruption play an important role on the optimal production quantity and the total
supply chain’s profit. Different from their research, our work is new in the following two aspects.
First, the model examines both online-recycling and offline-recycling channels within a CLSC in the
presence of recycling competition and disruption risks. Second, we assume that the production costs
of new and remanufactured products simultaneously be disrupted and explore the impact of different
disruption cases on the manufacturer’s collection and production strategies.

3. Model Assumptions and Notation

We consider a CLSC comprising of a dominant manufacturer and a third-party collector in which
the manufacturer collects used products through directly online-recycling from consumers and/or
subcontracting offline-recycling to the collector. Moreover, we assume that the manufacturer directly
recycles used products through online-recycling channel in two cases: no disruption (Model M-R,
Figure 1a) and cost disruption (Model M-R-D, Figure 1b). The collector undertakes collection activities
through offline-recycling channel without and with disruption (Model C-R, Figure 1c; Model C-R-D,
Figure 1d) and the manufacturer and the collector simultaneously recycle used products without and
with disruption (Model D-R, Figure le; Model D-R-D, Figure 1f). The parameters and notation in this
paper are described in Table 1.
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Figure 1. Closed-loop supply Chain Models with Remanufacturing. (a) Model M-R; (b) Model M-R-D;
(c) Model C-R; (d) Model C-R-D; (e) Model D-R; (f) Model D-R-D.

Table 1. Parameters and definitions.

Notation Definition
Pn The unit selling price
Cn The average unit cost of manufacturing new products by the manufacturer
Cr The average unit cost of remanufacturing returned products by the third party
Pd, Pe The unit acquisition prices of the manufacturer and the collector, respectively
b The unit transfer price from the manufacturer to the collector
D The market demand function
a Sensitivity of consumers to the selling price
Qr The quantity of remanufactured products
Qu, Qc The collection quantity of used products under online-recycling and offline-recycling channels, respectively
IT Profit

We assume that there exist two types of consumers: the primary consumers and the replacement
consumers who already own used products. The market size is 1, where 1 — k and k represent
the primary consumers and the replacement consumers, respectively. The manufacturer and
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the collector recycle used products at an acquisition price of p; and p, respectively. ¢ and 69
represent the consumers’ willingness to return one unit of used product through online-recycling and
offline-recycling channels, respectively. Herein, § € [0,1]. Both consumers are heterogeneous with
their willingness to pay 6, which is uniformly distributed in the interval [0, 1]. The larger the value of
8, the higher the consumers’ preference to online-recycling channel.

Moreover, consumers are willing to return used products to the manufacturer only if the net
utility is nonnegative, thatis U; = p; — 6 > 0. The quantity of returned products in online-recycling
channel can be denoted by Q; = k fop 4dé = kpy, where 0 < p; < 1. Similarly, consumers would like to
return used products to the collector only if U, = p. — 65 > 0 and the quantity of used products under
offline-recycling channel can be formulated as Q. = k fo /6 dé = kp./0, where 0 < p, < 1. When the
manufacturer and the collector concurrently recycle used products, the consumers face two choices
between online-recycling and offline-recycling channels and the net consumer surplus is: p; — é versus
pe — 06. When the former is larger than the latter, the consumers will return used products through
online-recycling and otherwise they prefer to return used products by offline-recycling channel. Hence,
the optimal collection quantities of online-recycling and offline-recycling channels are characterized
as follows:

0, = KBS, if pe > Opy )
kpg, otherwise
0, = { K5 = =), if pe > bpa @
=
0, otherwise

In our analysis, assume that the market demand is a linear function of the selling price and is
given by D(p) = 1 — apy; with a > 0. The demand function is similar to Savaskan et al. [22]. We
apply the notation with a tilde (or ~) to denote the disruption case and the cost of manufacturing new
products may be disrupted to ¢, = ¢, + Ac, > 0 and the cost of producing remanufactured products
may be disrupted to ¢; = ¢, + Ac, > 0. With an increased demand of products, more products should
be fabricated to satisfy the increased demand and induce a unit production cost. With a decreased
demand of products, redundant products require some extra holding costs and induce some penalty
costs. To be specific, if the demand of new products is raised, the unit production cost of an increased
new product is A,. While if the demand of new products is reduced, the unit penalty cost of a new
product is A,». Similarly, the unit production cost of a remanufactured product is A,; and the unit
penalty cost of a remanufactured product is A,;.

Define H;‘ as the profit function for chain member i in Model k. The superscript k take the
value of Model M-R, M-R-D, C-R, C-R-D, D-R, D-R-D denoting the CLSC under online-recycling,
offline-recycling and dual-recycling channels in the cases of no disruption and disruption, respectively.
The subscript i takes the value of M and C, which denote the parameters corresponding to the
manufacturer and the collector, respectively. We also consider that production cost of a remanufactured
product is less than that of a new product, namely ¢, < ¢,. All returned products can be successfully
remanufactured and there is no difference between new and remanufactured products [38].

4. Models

4.1. Single Online-Recycling Channel

For the case of online-recycling channel, we examine two distinct cases: (1) No cost disruptions
(Model M-R); and (2) Cost disruption (Model M-R-D). In this channel, the manufacturer directly
collects used products from consumers and determines the selling price p;, and the acquisition price p;.

Without disruption (Model M-R). The manufacturer’s problem can be solved as follows:

%’%ZCH%_R = (Pn - Cn)Qn + (Pn —Cr— Pa— Cd)Qd (3)

= (pn —cu)(1 —apn — kpg) + (pn — ¢r — pa — ca)kpa



Sustainability 2017, 9, 2004 6 of 28

Accordingly, the optimal selling price and acquisition price can be obtained from the first-order
conditions, which are given in Proposition 1. The superscripts “(x)*” and “*” represents max (x, 0) and
the equilibrium results, respectively.

Proposition 1. In Model M-R, the optimal policies are given as follows:

R 1+ac _p* Cp—Cr—C
M-R* __ "andpMR—” r d

P =T i T2
Then we Can acquire DM—R" = (1 — ac,,) /2 and Q = k(cy — ¢ — ¢4) /2. Taking the values
of pM=R" and pM p ~R* back into Equation (3) and simplifying, the manufacturer’s profit is given in

the following:
[IM-R* _ (1—acy)®>  k(cw —cr —cg)?
v =

4a 4
With disruption (Model M-R-D). The optimal objective function can be rewritten in
the following:

%%?;HM k=D = (pn — ) Qn + (pn —Cr = Pa— ca)Qa — Au1(Qn — Qn]VI_R*)Jr )

A (QM R Q) = A (Qr — QMR — A QMR — Q)"

Proposition 2. The manufacturer’s profit ﬁ%_R_D is joint concave in the selling price (py,) and the acquisition
price (pg).

Proposition 2 shows that the optimal solutions in Model M-R-D can be obtained by using
backward induction. The disruptions cases in online-recycling channel are concluded in Table 2
and Figure 2 and the optimal prices and profits in Model M-R-D are in the Appendix A.

Table 2. The disruption cases in Model M-R-D.

Acy, Acy Q]:I R-D’ , QIrVI*RfD
case 1:
Acy < —Ay1, Q* =Qf — abcytadm _ jBen=BortAm=An o
(1+ $)(Acn + Au1) = A1 < Acy < Acy + Ayt — At QZ — ot kAcy,z—Acrz-A,ﬂ—/\,l < Qz* "
r r r
case 2:
ACn < —Anl, Q* _ Q* _ alcytadn > Q*
Acy + Ay —Ap S Ay S A+ A1 + A Q’: _ QZ 2 "
r r
1) Acy < —Aya, Dcr > Acy + Ayp + A case 3:
(2) —Ap1 < Acy < 0, Qh = Qp — ettdn _ pha—Bothn—An 5
Acy > (1+ ) (Bew + M) + A Qf = Q) +kBabatlntn o
(1) Acy < =Au1, Acy < (14 £)(Acn +Ap1) — An case 4:
(2) =AM < Acy <0, Acr < A At — O*
Qn=Qn
3)0 < Acyy < Ay, Q Q _ u(Ac +An) > Q
A+ ) (Acn — A) = M1 S Aer < = ’ r 2ath) i
case 5:
A1 < Acyp < Ay, —A <Ay <A
nl > n = ‘n2 rl r r2 Qn _ an Qr — Q;«
(1) A < Acy <0, case 6:

A < Acy < (1 + %)(Acn + Anl) + Ap; Qn Qn
(2) 0 < Acyy < Ay, Acr > Ap; Q 0f — AC, ) <O
(3) Acw > Auz Acs > (14 8) (8w — M) + A P = QK G <
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Table 2. Cont.

~M—-R-D" ~M-R-D"

Acy, Acy Q, , 0,
1) 0 < Acyy < Ay, case 7 . o
Ac, < (] + %)(Acn _ /\nz) _ Arl 9,’; = Q;; _ uAC,zgu n2 _kAcn*AC,E n—An Q;kl
@) Acp > Ay, Acy < Acy — (/\nz ‘|‘Arl) Qr =Qr JrkAc,,—Ac,z—Anz—Aﬂ > Qr
case 8:
Acy > App, Q* —Qf+ —abcy+ady o
Acy — (A + A1) < Acr < Acyp — (a2 — Ar2) <" " 2 n
Qr = Qr
case 9:

Acy > Ay,
Acy — App + Ap < Acy < (1+ £)(Acn — Ap2) +An2

O =0Qf — aAc,,;a)\,,z _ kACy,_ACVZ—)\712+/\72 < QF
n n n
A* Acy—Acy—Ap+A

Q:‘ = Q;“ — kB r2 n2 12 Q;‘

Ac, } 51 ¥
L @ ; (b)
0.=0:0 <0 i | 000 <] (y8fnc, 44,
F—————- U+ PG =R+ 4, | L L :
e 4 10:<0n0 <0 R e 116,200, <0,
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| |
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r r | | = -
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k ne 8, <0,.0, >0, ; 0,-0,.0, >0,
I ) I

Figure 2. The disruption cases in Model M-R-D in the case of (a) Ac;, > 0; and (b) Ac,; < 0.

Subsequently, we turn to compare the quantities of new and remanufactured products in the
cases of no disruption and disruption. When the disruptions of Ac, and Ac; is relatively small
(i.e., case 5), the production quantity decisions have certain robustness. Regarding the quantity of new
products, the quantity in the case of no disruption is equivalent to that in cases 4-6. In other words,
the quantity of new products has certain robustness in the following scenarios: (1) the disruptions
of Ac;, and Ac, are in same directions and are sufficiently large; (2) the negative disruption of Acy,
is small enough and Ac, experiences negative disruption or relatively small positive disruption;
and (3) the positive disruption of Ac, is sufficiently large and Ac, experiences positive disruption or
relatively small negative disruption. Similarly, compared with the case of no disruption, the quantities
of remanufactured products in cases 2, 5 and 8 have no change. It implies that the quantity of
remanufactured products has certain robustness when Ac, experiences relatively small disruption.
The detailed relations of new and remanufactured products in the cases of disruption and no disruption
are described in Table 3.

Table 3. The relations of quantities in the cases of disruption and no disruption.

- én vs. Q, Qr vs. Q, - Qn vs. Q, Qr vs. Q, - Qn vs. Q, ér vs. Q,
Case 1 > > Case 4 = > Case 7 < >
Case 2 > = Case 5 = = Case 8 < =
Case 3 > < Case 6 = < Case 9 < <

4.2. Single Offline-Recycling Channel

In this subsection, the manufacturer subcontracts the collector to undertake collection activities in
the cases of no disruption (Model C-R) and disruption (Model C-R-D). The game order is as follows:
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the manufacturer first decides the selling price p, and the transfer price b and then the collector sets
the acquisition price p.
Without disruption (Model C-R). The optimal profits of the manufacturer and the collector can
be stated as follows:
MaxTIe " = (b= pe =) Qe (5)

]\;IabeJC\[R = (pn—cn)Qn+ (pn —cr = b)Qc ©)

Proposition 3. In Model C-R, the optimal policies are given as follows:

c_r+ _ l+acy pCR* _ Cn — Cr+Cc
=—" _-n ot e

C_R* _ Cn—Cr—Cc
n 2a 2 ’

and p; = 1

The market demand can be obtained by D€~R" = (1 — bc,,) /4 and the quantity of remanufactured
products can be described as QS R" = k(c, — ¢, — c.) /4. Putting the values of the parameters into
Equations (5) and (6) and simplifying, the optimal profits can be calculated in the following:

(1- acn)2 L k(cyn —cr —

k(cn —cr — co)?
4a 80 ’

2
S anang ® = 166

C—R* _
I, =

With disruption (Model C-R-D). In this model, the manufacturer and the collector’s objective
functions can be defined as follows:

Z\/Fljaxflg*R*D =(b—pc—cc)Qc (7)

Aljlalfcﬁlc\/liRiD = (pn —cn — Dcn)Qn + (pn — ¢ — Acy — b) Qe — A1 (Qn — QgiR*)Jr (8)

A2(QS R — Q)T = A (Qr — QR — A (QE R — )"

Proposition 4.

(1)  The manufacturer’s pzofit ﬁ%{R*D is joint concave in the selling price (py,) and the transfer price (D).
(2)  The collector’s profit HE_R_D is concave in the acquisition price (pc).

From Proposition 4, we can determine the equilibrium pricing decisions from the first-order
conditions. According to the strategy spaces of Ac, and Ac,, nine disruption cases are described in
Table 4 and Figure 3. We summarize the optimal prices, quantities and profits in the Appendix A.

T (a) ; f (b)
Q-: :Qiz-Qr <Qr1 Q: 7Qh:-Qr <0 a4 20a =
J ] —XAc,+A )+ A,
- ———- (1+%)(Ac,l—i,z:)-ir: :'f —---= 3 W+
S e 4 [e<2.0 <0 Ayt dy+dyym = === === 101 -0,.0-<0]
[t s Acy }Lnl Aﬁr: r———-- F——-%
| |
A e Al =g
0 =000 =0 0,<0:.0,=0, AC, 00> 00 =0—110,=0,,0, =0 T——*4¢,
) I | ]
L Acy,—A -4 |
71’71_ T __ - _ - _4| C” e & Ac”*ﬂnlil)‘] 77777777 4:
On=Cnlr> Q| 2 0:>0n0,>0| - ———- - =—A,
20 4——=——= - 1+ DAy + A )-A— — — — — 1
(l+7£)(Ac,,— L) A e % S
0n<0n0- >0 0, =0,.0, >0,
| |

Figure 3. The disruption cases in Model C-R-D in the case of (a) Ac;, > 0; and (b) Ac, < 0.
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When the disruptions of Ac,, and Ac; are relatively small (i.e., case 5), the production quantity
decisions have certain robustness. The quantities of new and remanufactured products in the cases of
no disruption and disruption are the same. It is found that, the quantity of new products in cases 4,
5, 6 and the quantity of remanufactured products in cases 2, 5, 8 are equivalent to that in the case of
no disruption.

Table 4. The disruption cases in Model C-R-D.

Acy, Acy Qe R e RD
1:
Acy < —Ay1, glse Qr — aAc,1+a?\n1 _ kDau=AatAn=An Q:
(1+ %)(Acn + A1) — A < Acy < Acy + Ay — An Qn Qn kAC” Ac,'+9An17Ay1 N g* "
r r 4 T
2:
Acy, < _)\nlr Sse Q —aAc,,—a)\,,l > Q
Acy + A1 — Ap S A S Acy + A + A " " "
Q=0
(1) Acy < —=Ap1, Acy > Acy + A1 + A case 3:
(2) —Au1 < Acy <0, Qi = Q; — shagtiu — pAasfaplazie > QF
Acy > (1+22)(Acy + Aw1) + A2 Qf = QF + kAe=detdndn (¢
( ) Acy < /\nerCV = (1 + 29:1)(AC” + )\nl) - )\rl case 4:
(2) A1 < Acyp <0,Acr < —Apq Q* — Q*
(B)0 < Acy < Ay, QZ _ Qn _ BetAn) >
(1+29)(Acy — Apa) — At < Ay < —Ap r r i) > &
case 5:
A1 < Acy < Ay, —A <Ay <A
nl = n = ‘n2 rl r 12 Qn Qn/ Qr Q;f
(1) =Ap1 < Acy <0, case 6:
A < Ay < ( 29”)(Acn +Au1) + A Q;‘L =Q;
2)0 < Acy < Ay, Acy > App Q* - ka(Ac, A) <Q
(3) Acn > Anp, Ay > (14 28)(Acy — Aya) + A r = = T R o06a+k) r
(1)0 < Acy < Apa, case7: I e Ao
A, < (1+ 20)(Acy — Ai2) A Q) = Q; - thogthe — phasbeghacia < o)
(2) Acy > Ap, Acy < Acy — (Ap2 + A1) Qr=0Qr + kiAC"iAC'[GA"Zi/\“ > Qr
8:
Acy > /\nZ/ Sfe: Q* _ alcy—alp < Q*
Acy — (Ana + A1) < Ber < Acy — (Aya — Ara) <n = 2 "
Qr =Q;
9:
Acn > Ang, (Sf < Q: — dBentady  pAe—Be—hiptdn o (g
n = Xn 2 10 n

20
Acy — Ap2 + A2 < Bey < (1+ ) (Acn — App) + A2 Q’; Q- kAc,,—Ach—GA”zH,.z <Q

4.3. Dual-Recycling Channel

In this channel, the manufacturer and the collector concurrently recycle used products without
and with disruption (Model D-R and Model D-R-D). The manufacturer collects a fraction of used
products besides produce new and remanufactured products and the collector is engaged in recycling
a fraction of used products. The interaction between the manufacturer and the collector can be
modeled as a Stackelberg game. The manufacturer decides the selling price py, the transfer price b
and the acquisition price p; and the collector determines the acquisition price p.. As for the collector,
the manufacturer is not only a buyer but also is a competitor.

Without disruption (Model D-R). We present the manufacturer and the collector’s best response
functions and then describe the method to determine the equilibrium strategies. The optimal chain
members’ profits are given as follows:

A/IljaxHD R—(b—p.—co)Qc )
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;{VIZ?;CHD R ( n_cn)Qn+(pn_Cr_pd_cd)Qd+(pn_Cr_b)Qc (10)
n d

Proposition 5. In Model D-R, the optimal policies are acquired as follows:

D-R* _ 14 acy pD-R* _ Cn —cr+ e
P 2a 2

sy — Gy « (140)(cn —cr) —cc — ey
pl?R—i" > and pP~R = L 4r < .

Then the quantities of new and remanufactured products are given by

DD-R* _ 1-— acn QD R _ (1 —0)(cn —cr) — (2—0)cyg + cc
4(1-06) !

p-r* _  (1=0)(en —cr) —cc + ey

(1 +9)(Cn - Cr) — Cc — eCd
¢ = 10(1-0) ‘

40

The optimal chain members’ profits can be acquired by substituting the values of the parameters

dQD R*

back into Equations (9) and (10), the results are simplified in the following:

HIE\)/FR* 1 Z;”)Z _k(1_acn)[(1+9)8(g;_c,)—[cc—9cd] +k(1—‘157—11]%1)[(1—8?((1515)0)—(2—9)5d+CC]
1—ac,—acc)[(1-0)(cp—cr «+0c
T

and

ok _ 1= 8)(eu —cr) + 6 —c]?
¢ 166(1 —6)
With disruption (Model D-R-D). As there are cost disruptions in Model D-R-D, we can figure
out the optimal objective functions of the collector and the manufacturer by the following equations:

MaxHD R=D — (b — pe — c.)Qc (11)

MQXHD R=D = (pn—cn)Qn+ (Pn—cr — pa —ca)Qq + (pn —cr — b)Qc
pnbpd (12)

A (Qn = QP R) T = An(QP R — Qi) = A4a(Qr — QPR — A0 (QP R — Q)"

Proposition 6.

(1) The manufacturer’s profit function ﬁ?{R_D is joint concave in the selling price py, the transfer price b
and the acquisition price py
(2)  The collector’s profit function ﬁg ~R=D s concave in the acquisition price pe.

Proposition 6 shows that we can attain the optimal pricing strategies to realize profit maximization
from the first-order conditions. Based on the disruptions of Ac,, and Ac;, we obtain nine disruption
cases in Model D-R-D, which are presented in Table 5 and Figure 4. The optimal results are described
in the Appendix A.

It is found that, the quantities of new and remanufactured products in case 5 remain no change
when facing cost disruptions. In other words, the quantity decisions have certain robust region
(i.e., case 5). Moreover, the quantity of new products in cases 4, 5 and 6 are equivalent to that in the
case of no disruption and the quantity of remanufactured products in cases 2, 5 and 8 is the same with
that in no disruption model. This phenomenon in the dual-recycling channel is analogous to that in
single-recycling channels.
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Figure 4. The disruption cases in Model D-R-D in the case of (a) Ac,, > 0; and (b) Ac,, < 0.

Table 5. The disruption cases in Model D-R-D.

Acy, Acy

~D-R-D" ~D-R-D"

Qu  Qr

Acy < Anlr

[1+ (ffg)k}(Acn + A1) —An < Ao <

Acy + ()‘nl —An )

case 1:

L ——-A

%4 = ——
012000, -0 6, -00 G - 45

Nx _ x _ aAcytad (146) (Acy—Acy+An—An)
QZ_an 12 nl _ J n 40r n r >Q:1

,Qv;k — Q; +k(1+9)<Acuf4Aecv+)\n1*/\rl) > Q:

case 2:

Acy, < _)‘nll A * * alc,+al; *
= — A8C Tty ~,
Acy + A1 — Ay S Acy < Acy + Ayt + A2 Q: Q: 2 Q
Q=0
1) Acy < —Apr, Dcr > Acy + Ay + A case 3:

(2 —Am < Acy <0,

Ac, > [1+ ké‘ffe)}(Acn +An) +An

QZ = Q5 — aAC"-ZHMHI . k(1+6’)(Acn*fo&+%1*)&r1) > Q:

0 = Qr +k(1+6)(Acuf4A6cy+/\n17Ay1) <Qr

1) Acy < /\n1,

Ac, < [1+4 (1+9)k](Acn + A1) — A case 4:
* __ )%
2) =A< Acy <0, Ac, < —Ap Qu=Qu
(3)0 < Acy < Ao, Qr = @ - Uptortin) > o
[1 + (1253) }(Aci’l - )\nZ) - Arl <A < 7/\1'1
case 5:

—Ant < Acy <Ay, —Ay1 S Aoy < App

Qn QVI’QV Q;’.<

(1) —Ay < Acy <0,

App < Aoy < [1+ (12fg 21(Acy + )\nl) +An case 6:

(2)0 < Acy < Az, Acy > App Qn =05

(3) Ay > Ay, 0 =0 - S <@
Acy = [14 28] (Ack — Aia) + Ara

10 < Acy < )an, case 7:

Acy < [1+ (1+9)k}(Acn —Am2) = An
(2) Acy > Ay, Acy < Acy — (Apz + A1)

N alc, —aly, 1460) (Acu —Ac,—Appa—An
Q;_Q;‘;_ > Z_k( )( V140 1 y)<Q;/k[

o 146) (Acu—Ber =M —As
Qr = Qr + KHHBagatada) >

case 8:

Acy > Ay, Ak _ yk _ AAcy—alyp *
_ _ n—0Anp
Acy — (AnZ + /\rl) < Acr < Acy — (/\HZ - )‘72) 9’: QZ : Qn
Qr = Qr
Acy > Ay, case 9:

Acy — /\112 + A < Acy <
[1 + (1+9) }(Acn - Anz) + A

~ alc,—aly 1+6) (Acy—Ac, — A +Ay
Q; = Q; - thaytha — pIEABLTR e te) <

A 146) (Acu—Der =M +A,
Qr = Qp — kIH0Ba—beAatha)

5. The Analysis of Closed-Loop Supply Chain Models

Based on the above models, we explore the impacts of Ac,, and Ac, on the optimal pricing and
production decisions under each recycling channel. In addition, we compare single-recycling and
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dual-recycling channels and find some interesting observations. Here, the superscript “(i)” represents
the disruption case i.

5.1. The Effect of Disruption

This section detailed divides the disruption of Ac,, into four regions, namely Ac,, < —A,1, —Ap <
Acy < 0,0 < Acy < Ayp and Ac, > Ay and demonstrate the relations of the equilibrium strategies
with respect to different disruption cases in single-recycling and dual-recycling channels. In the same
region of Acy,, the order of Ac, in different cases satisfies (3) > (2) > (1) > (4), (3) > (6) > (5) > (4),
(6) > (5) > (4) > (7) and (6) > (9) > (8) > (7).

In single online-recycling channel, As depicted in Lemma 1 in Table 6, when the negative
disruption of Ac, is large enough (i.e., Ac, < —Ay1), there exist four cases: cases 3, 2, 1 and 4.
The quantity of new products in case 4 is equivalent to that in the case of no disruption, which is
smaller than that in cases 3, 2 and 1. It can be understood that, the manufacturer would set a higher
selling price in cases 3, 2 and 1 to extract more profits from remanufacturing with the decrease of
Ac, and the acquisition price would be raised by the manufacturer to collect more used products
due to the decreased remanufacturing cost. From Lemma 4, if Ac, experiences sufficiently large
positive disruption, four cases exist in this region: cases 6,9, 8 and 7. To achieve profit maximization,
the manufacturer chooses a lower selling price in cases 9, 8 and 7 as for the smaller quantity of new
products in the forward flow and sets a higher acquisition price with the decrease of Ac; in the reverse
flow. Lemmas 2 and 3 indicate that, when the disruption of Acj, is relatively small (i.e., —A,; < Acy, <0
and 0 < Acy, < Ayp), the manufacturer determines the selling price and the acquisition price according
to the quantities of new and remanufactured products, respectively. Specifically, the larger the quantity
of new products is, the higher the selling price is and the decrease of Ac, allows the manufacturer to
elevate the acquisition price to collect more used products, because remanufacturing is profitable for
the manufacturer in this case.

Table 6. The relations of the optimal decisions in online-recycling channel with changing Ac;,.

Lemma 1l Lemma 2 Lemma 3 Lemma 4
If Acy < =AM, If =M\ < Acy <0, If0 < Acy < Ay, If Acy > Ao,
ﬁ”3) _ ~§IZ) ﬁ(}) > ﬁ(”4) fiff’) > 75516) > }5;(15) > ﬁffl) 17516) N 5(5) > 1771(14) N 17517) ( ) S p(9) F~,§ZB) _ N£,7)
1733) < ?7512> < ﬁdl) < p£(i4) p( ) p( ) < p(5) < ﬁffl) ﬁ(zé) < Pf(z5) < 5'(14) < ﬁ(;) p( ) < p( ) ( ) ﬁf;)
DB) = D@ = D) « DM D( ) < D) < D(5) < D@ D) « DO6) « D<4> < D) D®) « DO) = D( ) = D7
QY <P <V <@l P <af <l <ql <o <o <a QP <al <o <l

For the case of single offline-recycling channel, as described in Lemma 5 in Table 7, if the negative
disruption of Acy, is sufficiently large, the manufacturer always sets a larger selling price in cases 3,
2 and 1, because the quantity of new products in cases 3, 2 and 1 is larger than that in the case of
no disruption. The transfer price would be increased by the manufacturer with the decrease of Ac;.
As a response, the collector would lift the acquisition price to collect more used products to obtain
benefits based on the manufacturer’s decisions and the disruption of Ac,. From Lemma 6, when
—An1 < Acy < 0holds, the selling price is increasing while the transfer price and acquisition price are
decreasing with the decrease of Ac,. For one thing, the increased quantity of new products leads to the
increased selling price. For another, as remanufacturing is profitable for the manufacturer with the
decrease of Ac,, the manufacturer would like to elevate the transfer price to promote the collector to
recycle more used products and eventually he can extract more profits from remanufacturing activities.
With the incentive of a higher transfer price, the collector would also increase the acquisition price
to achieve a larger profit due to the larger quantity of returned products. The case of 0 < Ac;; < Ay,
which is presented in Lemma 7, is similar to that in the case of —A,; < Ac, < 0. Then we consider the
case where the positive disruption of Acj, is relatively large (i.e., Lemma 8), the manufacturer would
decide a lower selling price to increase the market demand in cases 9, 8 and 7. The transfer price would
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be increased by the manufacturer and the acquisition price would also be raised by the collector with
the increase of Ac;,. It is found that, the manufacturer wants to produce more remanufactured products
due to the higher production cost of new products.

Table 7. The relations of the optimal decisions in offline-recycling channel with changing Ac;,.

Lemma 5 Lemma 6 Lemma 7 Lemma 8
If Acy < —Ay1, If —A < Acy <0, If0 < Acyy < Ay, If Acy > Ay,

T T B R R R G

ﬁc3)<ﬁﬁ2)<fgl)<fc4) E£3)<17£6)<E£5)<f£4) () ()<p()<p<) P()<P()<E£)<ﬁ£)

b3 <« p@ < p(1) 4 BB <« p6) « ) <« @ ( ) ) < ( ) < b7 56) <« 59 <« B <« (™)
DB = DR = p) « D@ DB <« D6) < 5(5) < D® D(é) < D< ) < ) D@ D®) « DO = D®) = p®)
Q¥ <P <M< QP <ol <@ <ol Q) <ol < Qd < Q< Q) <o < Q¥ <oy’
A0 <f@ <f0 <i® a0l <@ <n® 00 <n® <n® <n? Al <a® < ad < il

In dual-recycling channel, from Lemma 9 in Table 8, if Ac,, experiences sufficiently large negative
disruption, the selling price in case 4 is larger than that in cases 3, 2 and 1 because of the larger
quantity of new products. The manufacturer would like to increase the selling price to obtain more
profits. Moreover, with the decrease of Ac,, the manufacturer prefers to set a higher acquisition price
and transfer price to recycle more used products. Consequently, the collector would also elevate his
acquisition price due to the increased transfer price and finally obtain more profits from collection
activities. While if the positive disruption of Ac;, is large enough (Lemma 12), the selling price
in case 6 is larger than that in cases 9, 8 and 7 and the acquisition prices in both online-recycling
and offline-recycling channels gradually increases with the decrease of Ac,. Additionally, from
Lemmas 10 and 11, when Ac, experiences relatively small disruption (i.e., —A,;; < Acy, < 0 and
0 < Acy < Ayp), the manufacturer would increase his acquisition price and transfer price to collect
more used products with the decrease of Ac,. The collector, who acts as the channel follower, has to
elevate his acquisition price to collect used products when facing recycling competition from the
manufacturer and the collector’s profit is increasing with the increase of Ac, in each region of Acy,.

Table 8. The relations of the optimal decisions in dual-recycling channel with changing Ac;,.

Lemma 9 Lemma 10 Lemma 11 Lemma 12
If Acy < =AMy, If —Ay < Acy <0, If0 < Acyy < Ay, If Acy > Ay,

L N L A 0 0
DB — D@ — p() < D ~ ~(6) _ ~(5) _ ~(4 6 ~6) _ ~(9) _ ~(8) _ ~(7
P < 5 <5 <l P = e~ M S M P s M S P P - oy - Ny P
Pa RS P P i <Py <Py <Py Py <Pg <Py <Py Pa <Py <Ps <Py
Pc’ <Pc” <pc <Ppc b3 <« p6) « 5 <« p(®) 6 « 50) « b( ) < 5(7) 56) « 59 <« 56 < 5?)

zéﬁ < NbE? < b~<:1> < b(4<)4 DB < D < PG < P D(e) < D<5> <D®W <D" D < DO =pB =P
Qfai < QEZ; < 96(1)) < (gc(;) Q;a) < fo) < fo) < 61(14) Q;a) < Q;s) < fo) < Qf;) iné) < fo) < ins) < fo)
e’ <Ilg” <TI" <Tl¢ ﬁg’)<H()<H()<H<C4> I:I(C@<1‘I(C5)<F~Igl)<ﬁ((:7> ﬁ(cé)<H(C9)<ﬁ(cs)<ﬁg)

On the whole, with an increase of Ac,, no matter which recycling channel is, the selling price
is increasing while the acquisition prices and transfer price are decreasing in the same region of
Acy. The quantity of remanufactured products and market demand would also be improved with
the increase of Ac;. In single online-recycling channel, the manufacturer manages the forward and
reverse flows by adjusting the selling price and acquisition price based on the disruptions of Ac, and
Ac;. In single offline-recycling channel, the manufacturer chooses the selling price to consumers and
sets appropriate transfer price to entice the collector to recycle more used products and eventually
realize profit maximization. In this case, the collector will adjust the acquisition price according to
the manufacturer’s decisions. While in the dual-recycling channel, the manufacturer determines his
acquisition price and transfer price to coordinate the online-recycling and offline-recycling channels
based on the changes of Ac, and Ac,. The collector would set his acquisition price according to
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both the manufacturer’s decisions and the recycling competition from the manufacturer. Therefore,
in the dual-recycling channel, the manufacturer plays dual roles to the collector, that is, a buyer and
a competitor.

5.2. The Comparisons of Single-Recycling and Dual-Recycling Channels

In this subsection, we make comparisons of single-recycling and dual-recycling channels with
respect to different disruption regions of Ac, and Ac,. The corresponding results are presented in
Corollaries 1-3.

Corollary 1.

(1) In case 4, the optimal selling price and market demand satisfy the relations as follows:

(i) ﬁﬁ/{_R_D* > ﬁE—R—D*, f)M—R—D* < f)D—R—D*
5D—R—D*.

(i) If 6 > 0.5 holds, then pM—R-D" < pG-R=D* DM-R-D" 5, [C-R=D" p]se if § < 0.5 holds,
then pM-R-D" » pC-R=D" DM-R-D" o DC-R-D". Gpecifically, if § = 0.5 holds,

then pM~-R-D" — 5C-R-D* BM-R-D* _ HC-R-D",

s and ﬁ%‘—R—D* > ﬁnD—R—D*, f)C—R—D* <

(2)  In case 6, the optimal selling price and market demand satisfy the relations:

(i) SM—R—-D* < ﬁD—R—D* ﬁM—R—D* > 5D—R—D* —R-D*
n s

P
DD-R-D*

(i) If 6 > 0.5 holds, then pM—R-D" > pC-R=D* DM-R-D* o [C-R=D" pJse if § < 0.5 holds,
then pM-R-D" ~ pC-R=D" DM-R-D* ~ DC-R-D". gpecifically, if § = 0.5 holds,

then pM—R-D* — 5C-R-D* PM-R-D* _ [C-R-D",

;and fﬂ% < 'p“,’?‘R_D*, DE-R-D* »

(3)  In other cases, the optimal selling price and market demand are the same:

~M—-R-D* _ ~C—R—-D* __ =D—R-D*
P =P = P and

DM-R-D* _ jC—-R-D* _ jD—R-D*

From Corollary 1, when Ac, experiences relatively large negative disruption in case 4, in the
dual-recycling channel, both the manufacturer and the collector would strive to recycle more used
products to extract profits from remanufacturing activities because remanufacturing is profitable
with a smaller remanufacturing cost and then the manufacturer would also set a lower selling price
to increase the market demand. While in case 6, when the positive disruption of Ac; is relatively
large, the manufacturer and the collector have no incentive to undertake collecting activities due to
the increased remanufacturing cost. In this context, the manufacturer would lift the selling price to
realize profit maximization. Comparing with online-recycling channel, if # > 0.5 is satisfied, in the
offline-recycling channel, the manufacturer always decides a lower selling price in case 4 and a higher
selling price in case 6. This can be understood that, in the online-recycling channel, the manufacturer
directly collects more used products to acquire profits as for the lower remanufacturing cost in case 4
and would also reduce the selling price to promote consumers’ purchase willingness. However, as the
remanufacturing cost is increased in case 6 with the large positive disruption of Ac;, the manufacturer
cannot get a larger profit from remanufacturing and finally he would elevate the selling price to
increase benefits from marketing activities. Additionally, in other cases, the manufacturer always
determines the same selling prices in three recycling channels and subsequently results in the equal
market demand.

Corollary 2. As for the manufacturer, the optimal acquisition price (to the consumers) and transfer price (to the
collector) satisfy the relations as follows:

(1) Incase4, ﬁfiv[*R*D* > ﬁ‘?*R*D*/ pC—R-D* - jD—R-D*
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(2) Incaseé, ﬁfiw*R*D* < ﬁ?*R*D*, pC-R-D* L pP-R-D",

(3)  In other cases, ﬁy*R*D* = ﬁ{?*R*D*, pM—-R-D* _ [,C—R-D"

As shown in Corollary 2, in case 4, the acquisition price and the transfer price in dual-recycling
channel is smaller than that in single online-recycling and offline-recycling channels, respectively.
The condition of case 6 is the opposite. On the one hand, in case 4, the remanufacturing cost is
relatively small as the negative disruption of Ac, is relatively large. In this case, the manufacturer
has no incentive to lift the acquisition price and transfer price as he can obtain used products from
both the collector and consumers. Moreover, he would also adjust pricing decisions to coordinate
both online-recycling and offline-recycling channels and eventually maximize his own profits. On the
other hand, in case 6, since the collector is unwilling to recycle used products with the increase of Ac;,
the manufacturer has to lift the transfer price to attract the collector to conduct collecting activities
and he would also increase the acquisition price to directly collect used products from consumers.
In addition, in other cases, the acquisition price and the transfer price in dual-recycling channel are
equivalent to that in online-recycling and offline-recycling channels, respectively.

Corollary 3. As for the collector, the optimal acquisition price (to the consumers) and profit in the same
disruption cases satisfy the relations:

~C—R-D* _ =D—R-D* fC—R-D* { 7yD—R-D*
pe <p and I > 11z .

Corollary 3 indicates that the collector always determines a lower acquisition price in
offline-recycling channel than that in dual-recycling channel regardless of disruption cases.
In offline-recycling channel, the consumers have to return their used products to the collector
and subsequently the manufacturer purchases returned products from the collector. Under this
circumstance, the collector can recycle more used products with a lower acquisition price to obtain
more profits. While in the dual-recycling channel, the collector faces recycling competition from
the manufacturer and he has to increase the acquisition price to acquire used products from the
consumers. Consequently, the collector’s profit in dual-recycling channel is smaller than that in
offline-recycling channel.

6. Numerical Examples

This section further conducts numerical examples of the theoretical results. We first analyze the
influence of consumers’ preference to online-recycling channel (f) on the quantity of remanufactured
products and the manufacturer’s profit in the case of no disruption. Next, we describe the change
trend of equilibrium strategies with respect of Ac, and Ac,. Assume thata = 0.11, k = 0.3, = 0.5,
cp =285,¢,=16,¢c.=07,¢c5 =0.64,A,;1 =09, A, =06,11 =07and A, = 0.6.

As depicted from Figure 5, in the case of no disruption, the quantity of remanufactured products
in dual-recycling and offline-recycling channels are decreasing with the increase of § and the quantity
of remanufactured products in dual-recycling channel is larger than that in single-recycling channels.
In the dual-recycling channel, the recycling competition makes the collector and the manufacturer to
increase their acquisition prices and then more used products will be recycled and remanufactured.
Moreover, as the manufacturer can collect more used products through online-recycling channel with
the increase of 6, he would decide a lower transfer price to the collector. As a result, the collector has
no incentive to collect more products and the quantity of remanufactured products decreases with the
increase of 6. Moreover, when consumers’ preference to online-recycling channel () is relatively small,
more used products can be collected through offline-recycling channel. Otherwise, the online-recycling
channel dominates offline-recycling channel concerning the quantity of remanufactured products.

Then we turn to consider the manufacturer’s profit in the case of no disruption. Figure 6 indicates
that the manufacturer can obtain more profits in dual-recycling channel than that in single-recycling
channels regardless of the value of § and 6 has a negative impact on the manufacturer’s profit in
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both dual-recycling and online-recycling channels. In the dual-recycling channel, the manufacturer
and the collector concurrently undertake collecting activities and the manufacturer’s profit will
decrease with the increase of 6 due to the intense competition between the manufacturer and the
collector. Additionally, comparing online-recycling and offline-recycling channels, the manufacturer
prefers offline-recycling channel when consumers’ preference to online-recycling is relatively low.
If 0 is relatively large, the manufacturer’s profit will be improved due to the lower handling cost of
online-recycling channel.
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Figure 5. The quantity of remanufactured products with different 6.
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Figure 6. The manufacturer’s profit with different 6.

Figure 7 demonstrates that Ac, has a negative impact on the quantity of remanufactured products.
This phenomenon is caused by the increased remanufacturing cost. In the region of Ac,;, < —A;;,
the quantity of remanufactured products is the smallest when Ac, experiences sufficiently large positive
disruption. While in the region of Ac;, > A, the largest quantity of remanufactured products can be
achieved when the negative disruption of Ac; is large enough. Notice that when the manufacturer
acts as the channel leader, he would adjust the acquisition price and transfer price to maximize his
own profits. Therefore, when the cost of new products is sufficiently small (i.e., Ac, < —A,1) and
the remanufacturing cost is large enough, the manufacturer would produce more new products
by decreasing the acquisition price and the transfer price. On the contrary, more used products
will be collected and remanufactured due to a higher production cost of new products and a lower
remanufacturing cost.
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It is also found that, more products will be collected and remanufactured in dual-recycling
channel than that in single-recycling channel and the quantity of remanufactured products in
online-recycling channel is larger than that in offline-recycling channel. This finding comes from
the fact that, the manufacturer and the collector have to set a higher acquisition price to recycle
used products when facing recycling competition in dual-recycling channel. Regarding the quantity
of remanufactured products, online-recycling channel dominates offline-recycling channel due to
relatively large consumers’ preference to online-recycling channel (i.e., = 0.5). Moreover, no matter
what the disruptions of Ac,, and Ac,, the manufacturer always produces more remanufactured products
in the dual-recycling channel than that in single-recycling channels.

Subsequently, Figure 8 examines the impact of Ac, on the manufacturer’s profit in four regions of
Acy,. Since the remanufacturing cost will be increased with the increase of Ac, in the same disruption
of Ac,, and the larger Ac; is, the smaller profit the manufacturer can achieve. Moreover, when the
positive disruptions of Ac, and Ac, are sufficiently large, the manufacturer’s profit is the largest,
while the manufacturer’s profit is the smallest when Ac, and Ac, experiences sufficiently large
positive disruption. This can be explained that, when Ac, < —A,; holds and Ac;, is small enough,
the manufacturer can earn more profits by producing both new and remanufactured products due
to the lower production costs, while the manufacturer’s profit will decrease with the increase of Acy,
and Ac,.
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Figure 7. The quantity of remanufactured products with different Ac; in the case of (a) Ac, < —Ap1;
(b) —A,;1 < Acyy <0;(c) 0 < Acyy < Ayp;and (d) Acy, > Ay

It can also be observed that, when Ac, experiences negative disruption, the manufacturer can
obtain more profits in dual-recycling channel if the negative disruption of Ac, is large enough and
otherwise single-recycling channel dominates dual-recycling channel. While if the disruption of Ac,
is positive, as compared to single-recycling channels, the dual-recycling channel can bring more
profits for the manufacturer. To be specific, in the regions of Ac, < —A,; and —A,; < Ac, < 0,
the manufacturer and the collector will increase the acquisition prices in dual-recycling channel when
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facing recycling competition and then more used products will be collected and remanufactured. When
the negative disruption of Ac, is relatively large, the manufacturer can obtain more remanufacturing
profits in dual-recycling channel due to a larger collection quantity of used products and a lower
remanufacturing cost. While if Ac, experiences relatively small negative or positive disruption,
the manufacturer prefers to produce more new products. Hence, a larger quantity of remanufactured
products will result in a smaller profit for the manufacturer. On the other hand, if the cost of new
products is relatively large (i.e., 0 < Ac, < Ayp and Acy, > Ayp), the manufacturer would benefit from
the larger quantity of remanufactured products.
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Figure 8. The manufacturer’s profit with different Ac; in the case of (a) Acy, < —Ay1; (b) =1 < Acy <O0;
(€) 0 < Acy < Ayp;and (d) Acy, > Ay

7. Conclusions

This paper examines three recycling channels in the presence of cost disruptions of new and
remanufactured products, namely online-recycling, offline-recycling and online-offline recycling.
We analyze and compare the equilibrium strategies of each recycling channel with respect to
cost disruptions and explore how consumers’ preferences to online-recycling channel affect the
manufacturer’s collection and production strategies.

This research yields the following results. Firstly, in each recycling channel, the collection
quantity of used products can be increased with the negative cost disruption of remanufactured
products due to more cost savings from remanufacturing. The cost disruption of new products is
conducive to improving the quantity of remanufactured products, because the manufacturer has no
incentive to fabricate new products and accordingly produce more remanufactured products. Secondly,
the manufacturer’s profit is increasing with the cost decrease of both new and remanufactured
products. Since the manufacturer and the collector have to lift the acquisition prices to collect more
used products when facing recycling competition in the dual-recycling channel, the manufacturer’s
profit in dual-recycling channel is larger than that in single-recycling channels when the cost
disruption of new products is positive. The case also holds when cost disruption of new products
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is negative and the remanufacturing cost faces sufficiently large negative disruption. Furthermore,
comparing online-recycling and offline-recycling channels, if cost disruption of new products is
positive, the online-recycling channel dominates offline-recycling channel when consumers’ preference
to online-recycling channel is relatively high. In this case, the manufacturer can benefit from producing
more remanufactured products. If new products experience negative cost disruption, the manufacturer
would produce more new products and less remanufactured products. Therefore, the manufacturer
prefers online-recycling channel if consumers’ preference to online-recycling is relatively high and
otherwise he will subcontract offline-recycling channel to the collector. These results offer insights
for understanding the relationship between the collection quantity and different disruption cases.
Our results also provide managerial insights to help managers and decision-makers choose the most
effective recycling strategies when facing disruption risks and to coordinate manufacturing and
remanufacturing operations in their production processes to effectively mitigate disruption risks.

There are some limitations of this research should be pointed out. The price of remanufactured
products is currently assumed to be same with new products, whereas in reality, the price of
remanufactured products is often lower than that of new products. Additionally, the demand function
is linear and fairly simple. It would be more interesting to adopt a non-linear demand function. There
will be more implications about disruption risk in a dual-recycling channel CLSC.
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Appendix A

Proof of Proposition 1. Taking the second-order partial derivatives of H%_R with respect to p, and pz, we
have the Hessian matrix
M-k _ (- PINR/ap? IR fopuopy \ _ [ —2a 0 ) o
M PIIN R /opgop, 041, R/aps? 0 -2k

We can find that, H%*R is joint concave in p, and py. Taking the first-order partial derivatives of H%*R
with respect to p,, and p; and letting the derivatives be zero, we have

SH%*R/apn =1+ac, —2ap, =0
BH%_R/apd =k(cn —¢cr —cq) —2kp; =0

O

Proof of Proposition 2. We assume that Q,, > QM=R* and Q, > QM~R*. Taking the second-order partial
derivatives of H%*R*D with respect to p, and p;, we have the Hessian matrix

HM-R-D _ 321;\14%;R;D/3Pn2 aZH%A;R;DéaPnapd _( 22 0
M LY R P /opgop, 211N RP /op,? 0 -2k
Since amﬁ*R*D/awz = —2a < 0and ‘H]\A//II*R*D’ = 4ak > 0, H%iR*D is concave in p, and pgy.

And other cases of Qy, and Q, are similar. [
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Proof of Proposition 3. The second-order derivatives of H(C}R with respect to p is Bzﬂg*R/ op? =
—2k/6 < 0. Thus, HE*R is concave in pe.
And the optimal price strategy can be solved as follows:

AMIER/9pe = k(b —cc —2pc) /6 =0
Taking the second-order partial derivatives of H%A*R with respect to p,, and b, we have the Hessian matrix

HCR _ PTG R /op,® PTG N /opudb \ _ [ —2a 0
M OPTI R /abap,  OPTIS R /ab? 0 —k/8

Therefore, H%A_R is joint concave in py, and b. The first-order partial derivatives of HICVI_R with respect to
pn and b can be given by

ALy, */9pn =1+ acy — 2apy =0
AT R /9b = k(cn — e +cc) /20 —kb/6 =0

O

Proof of Proposition 4. Tnking the second-order derivative of HE*R*D with respect to p., we can acquire
E)ZI_IE_R_D/B;?C2 = —2k/6 < 0. Hence, Hg_R_D is concave in p.
The optimal price strateqy can be solved as follows:

OIS RP/9p. = k(b — cc —2pc) /0 =0

Afterward, assume that Q, > QSR and Q, > QC—K'. Tuking the second-order partial derivatives of
HCM_R_D with respect to p,, and b, we have the Hessian matrix

HC—R-D _ P RP/ap,2 22115, RP/op,ob (22 0 ~0
M RIS, R=P/obap, &L RP/ob? 0 —k/6

Therefore, H%[R*D is jointly concave in p, and b.
And other cases of Q, and Q, are similar. U

Proof of Proposition 5. Taking the second-order derivative of Hg R with respect to p, we can attain
E)ZH?*R/E)pcz = —2(% + 11—9) < 0. Thus, Hg*R is concave in p.. And the optimal price strategy can be
solved as follows:

AIIER/0pe = k(b — cc — 2pc +0pa) /6(1 — 0) =0

Taking the second-order partial derivatives of H? R with respect to pn, ps and b, we have the
Hessian matrix

—2a 0 0
_ k k
HID\/I R —— 0 _9(179) 1—0 < 0
0 1k _k(lzfeo)

We find that, H]]\DA_R is concave in py, pg and b. Taking the first-order partial derivatives of H%‘R with
respect to py, pg and b, we can obtain

LI, R /9py = 1+ ac, — 2ap, =0
LIS, R /b = k[(1—8)(cu — cr) — 2b + B¢y + cc +20py] /26(1 — 0) =0
OIS R /9pg =k[(1—0)(cn —cr) +2b— (2—0)cy —cc —2(2—0)py]/2(1—0) =0
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Proof of Proposition 6. Taking the second-order derivative of Hg ~R=D with respect to p., we can obtain

azng*R*D/apf = —2(% + 11—9) < 0. Thus, Hg*R*D is concave in p.. And taking the first-order derivative
of H?‘R_D, we have

AR RD /3pe = k(b — cc — 2pc +0pa) /6(1 — 8) =0

Then we consider that Q, > QS’R* and Q, > QE’R*. Taking the second-order partial derivatives of

HII?A*R*D with respect to py, py and b, we have the Hessian matrix
—2a 0 0
D—R-D —_k L
Hy, = 0 a9  1-
0 Kk _ k@2 9)
1-6 1-6

Since 92110 R"P /9p,2 = —2a < 0 and HADA_R_D‘ < 0, ITYR=Pis concave in py, py and b.
And other cases of Q, and Q, are similar. [

Proof of Lemma 1. In Model M-R-D, for the case of Acy, < —A,1 , since ;7,(14) = 1+“C" + (A(C;Li‘)”) in case 4
and if Acy < — Ay holds, then we can get Acy + A < (14 ) (Acy 4 Ayt).
Subsequently, we can obtain

) 14acy,  k(Acr+An)  1+acy+alcy +aryg (1)
pi’l fry fry pl’l
2a 2(a+k) 2a

Since p(3) = p,(l) = p( ) = Ww then we can attain p( ) = p( ) — p( ) S p§l4)_

The proofs of the relationships of other prices and quantities are analogous. [J

Proofs of Lemmas 2, 3 and 4. The proofs of Lemmas 2, 3 and 4 are similar to the proof of Lemma 1. O

Proof of Lemma 5. In Model C-R-D, for the region of Ac, < —A,1, to prove 5?) < ﬁgz), we examine that

~(3) ~(2) o Cp + Acy — ¢ — Acy — cc + Ay1 + A _Cn—Cr —C Acy — Acy + Ayt + A

After simplification, this reduces to showing that Ac, > Acy + Ayp + Ap.

Meanwhile, as Ac, > Acy + Ay + Ay is satisfied in case 3 when Ac, < —A,1 holds, we can get that
~(3) _ ~(2)

Pe <Pc’
Similarly, ﬁgz) < ﬁgl) and ﬁgl) < ﬁ£4). Hence, we can get ﬁ£3) < ﬁg ) < pgl) < ﬁ£4).

And the proofs of the relationships of other prices, quantities and profit are analogous. [
Proofs of Lemmas 6, 7 and 8. The proofs of Lemmas 6, 7 and 8 are similar to the proof of Lemma 1. T

Proof of Lemma 9. In Model D-R-D, we can get (1 + %")(Acn F+An) — A <A < Acy+ Ay — A in
the region of Acy, < —Ayy.
To prove ng) < Qﬁl), we have to show that

QP R-D*(1) (1+9)(Cn+Ac,,7crngr+/\nlf/\,1)7c579cd
4 7

:k(1+9)(5n Cr) cc—bcy +k(1+9)(Acn—f;r+/\n1—/\rl)
(14+0)(cy—cr)—cc—0cy _ AD—R—D*(2)
10 =0 .

>k

Similarly, we can get Q$3) < 652) and @ﬁl) < Q£4). Thus, QE < Q(z) < QE” < Q@,
The proofs of the relationships of prices and profit are analogous. [
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Proofs of Lemmas 10, 11 and 12. The proofs of Lemmas 10, 11 and 12 are similar to the proof of Lemma 9.

Proof of Corollary 1. To compare pX~R=D" and pS—R=P" in case 4, we have to show that
~M7R7D*(4) o ~C*R7D*(4) _ 1+4acy + k(AC,+/\,1) | 14acy
n n —  2a 2(a+k) 2a
_ k(Acr+)\rl) _ k(AC7+)\rl)
2(a+k) 2(20a+k)

Therefore, as Ac, < —A,q holds in case 4, we can get ;7anka*<4) < f)ffR*D*M), when 6 < 0.5.
The proofs of the relationships of the selling prices and market demand in three recycling channels are analogous.
O

SM—R-D* _ cu—Cr—cqg _ a(Acr—Ap) ~D—R—-D* _ cn—Cr—C4
Proof of Corollary 2. In case 6, as p; = 2(a+k)r and p; = 20—
Ba(Acy—Ayp)
(A+0)k+20a"
Therefore, to prove 'ﬁy_R_D < ;’55 ~R=D" we examine that
~M—R—-D* _ ~D—R—-D* __ Cn—Cr—Cg ﬂ(ACr*/\yz) _ [Cn—Cr—Cd _ GQ(ACyf)\,Q)]
Pa Pa =" 2(a+k) 2 (1+0)k+20a
_ 0a(Acr—Ap)  a(Acr—Ap)
= [+0)k+20a 2(a+k)
— _ 1 _
= a(Aer = ) a7 — 20
Moreover, as Ac, > Ay holds in case 6 and 0 < 1, we can get that ﬁy*R*D* < ﬁ{?*R*D*.

Similarly, we can prove the relationship of the acquisition prices and transfer prices in online-recycling and
dual-recycling channels when facing different disruption cases. [

Proof of Corollary 3. To prove ﬁg —R=D" < ﬁg_R_D " in case 1, we can obtain that

~D—R-D*(1) 1 [(1=0)(M~+A,q—Ap ) —co+0cq)? [(1=6) (M+An—An—c))?
e =k T60(T—0) ) <k To(1—0)
— k(lfe)(MJF{\gé*/\rl*Cc) < %(M — .+ /\nl _ Arl)z _ ﬁg—R—D (1)

Then we can attain ﬁCD_R_D* < ﬁg_R_D* in case 1.
Similarly, we can get HQ*R*D* < Hg*R*D* in other disruption cases. O

The proofs of the relationships of the acquisition prices in offline-recycling and dual-recycling
channels are analogous.

Table A1. The optimal selling price and demand in Model M-R-D.

- ~M-R-D* }yM—R-D*
pn ID
case 1,2 and 3 m:Wﬁ*:w
5* — ldacy | k(Ao +An) Fx _ 1-ac, _ ak(Ac+An)
cased Pn= "2t o D=2 2ath)
case b P = 1%% D* = 17211c,1
5% — ldacy | k(Bo—An) Fx _ 1-ac, _ ak(A&—Ap)
cased o=t o DTS 3 T Toam
case?7,8and 9 ﬁ;;%@ﬁ*:w
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Table A2. The acquisition price and quantity in Model M-R-D.

r.MRD*~MRD*

~* Cn—Cr—Cq+Ach—Ac,+A 1 —An

case 1 Q Qd fCatAc—cr— Agﬁcﬁ/\m An
Gh—Cr—Ci A ~ Cp—Cr—C
case2,5and 8 py= g1, Qf = Q= k=5
ﬁ:; — C”70,7Cd+Acy,27AC,+/\nl+/\yz
case 3 Qf _ @; _ kCn‘FAC;,*Cy*Agnyd+/\;,1+/\yz
Sk ea=Cr—cq _ A(Ac+An)
case 4 Pa : 2a+h)
Q* _ Q* _ k{ Ch—Cr—Cq a(AC,+/\,l)}
rTRd T 2 2(a+k)
Sk ca=Cr—cq _ A(Ac—An)
case 6 Pa - 2(a+k)
Q* _ Q* _ k{ Cn—Cr—Cq __ H(AC)‘*)\rZ)}
r d 2 2(a+k)
’ﬁz; _ Cn+ACH7677A577Cd7)\7127/\71
case 7 Qr — Qd — kCVI+ACH_CY_AE?‘_Cd_/\HZ_/\Yl
ﬁ; _ cntAC,—c,—Ac,—ci—App+An
case 9

Q* _ Q; _ kCy,-‘rAc,,—c,—A;,-—cd—/\nz-&-Ayz

Table A3. The optimal manufacturer’s profit in Model M-R-D.

Case fIAM/I_R_D*
1 i 711 /\”1 + k [( - Cd)z - ()\nl - )\rl)z] + ’1/\111(AC";/\”1 ) + (Anl - /\rl)(kAcniAcr;/\MiArl)
2 %+Z[(Mfcd)zf(fAcnqLAc,)z]JraAnl(Ac”f”‘”l)
22y 2 _
3 “ A’ig/\m + %[(M - Cd)z - ()\nl + A;'2)2] + /\nl(IZAEﬂ;W\”1 ) + ()\nl + /\VZ)(kAC” AC’;/\”1+}”Z)
k(Ac,+A, 2 2 Ac,+A, k(Ac,+A,
4 {u? - az[% —Acu] Y4+ E(M = cg)® — [~Acy + Acy — w] } +)\,1%
5 el k(M —cy) - <—Acn +8cr)’]
A k(Acy—An) 2 Ac,— Ay k(Ac,— Ay
6 L2 Acy + HAE ) L (M = g)? — Ay + Ac, — 20t R
7 % [”2 - ”2/\1122] + Z[(M - Cd) - (—7\;12 - /\rl)z} - ()\712 + /\rl)(k%) - a)\nZ( AC”EMZ)
22y 2 _
8 u Zﬂ%z + %[ M— Cd)z — (=Acu + AC,)Z] _ a/\nz(Ac,,zA”z)
9 22— a2A?] + K[(M = cg)* — (—Ana + A2)] — (Anz — Apa) (kBB At Ay gy (Bea—duz )

Table A4. The optimal selling price and demand in Model C-R-D.

S ~C-R-D* 75C—R-D"
Pu D
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case 6 Pn = + 2m0ah) D 2 T T2(20a4k)
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Table A5. The prices, quantity and collector’s profit in Model C-R-D.

7C-R-D* —c_R-p* {C-R-D" C—R-D*
- b 7 PC 7 r 7 HC
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M—c.+A A k 2
Q;K = Qc *kcignlﬂ Hé = 169(M766+)\n1 7/\1’1)
b = cnfcﬁcf P = =g —c
case2,5and 8 . Cic o C 4 )
Q Qc*k” 0 CH _169(Cnfcrfcc)
b = M+Cc+7tn1+7\rz P = M—ccH+Am+An
case 3 S A M—c.+A 1+A2 * k i 2
Qr=Qi =k 19 rHC:]69(M_CC+/\n1+/\72)'
’5* _ cu—ctee  0a(ActAn) =« cp—c,—c.  Ba(AcHAn)
case 4 =" k+20a  Pc = "1 2(k+26a)
~ 2
— i C —c. _ a(Acrt+An) _ krca—c—c. _ Ba(Ac+An)
Qr = Qi = k{5 — 2020a+K) PIOE = gyl o=g=0 — =]
E* _ Cp—CrtCe 0a(Ac,—An) ~x _ cy—cr—ce _ Oa(Ac,—Ar)
case 6 =" 20atk  Pe = " 4 2(26a+k)
% _ A% 1 Ca—Cr—C a(Ac,—A x Cau—Cr—C, Ba(Ac,—Ap) 2
Qr = Q¢ = k™= — Smoarh) 2} 11 = By - =
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Table A6. The optimal manufacturer’s profit in Model C-R-D.
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Table A7. The optimal selling price and demand in Model D-R-D.

~D—-R-D* ~C—R-D*

- P D
case 1,2 and 3 ﬁ; _ 1+acn+azAc,,+a/\,,1 f)* _ 17ac,,7a2Ac,,7u/\,,1
S 1+ac,, + (140)k(Ac,+An)
case 4 Pn = 2[(1+6)k+204]
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Table A8. The prices, quantity and collector’s profit in Model D-R-D.
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Table A9. The optimal manufacturer’s profit in Model D-R-D.
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