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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 1e; Model D-R-D, Figure 1f). The parameters and notation in this
paper are described in Table 1.

Sustainability 2017, 9, 2004  4 of 31 

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 1e; Model D-R-D, Figure 1f). The 
parameters and notation in this paper are described in Table 1. 

 

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

np  The unit selling price  

nc  The average unit cost of manufacturing new products by the manufacturer 

rc  The average unit cost of remanufacturing returned products by the third party 

dp , cp  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 

rQ  The quantity of remanufactured products 

dQ , cQ  The collection quantity of used products under online-recycling and offline-recycling channels, respectively 

Π  Profit 

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, pc 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
Qd, Qc The collection quantity of used products under online-recycling and offline-recycling channels, respectively

Π 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



Sustainability 2017, 9, 2004 5 of 28

the collector recycle used products at an acquisition price of pd and pc, respectively. δ and θδ

represent the consumers’ willingness to return one unit of used product through online-recycling and
offline-recycling channels, respectively. Herein, δ ∈ [0, 1]. Both consumers are heterogeneous with
their willingness to pay θ, which is uniformly distributed in the interval [0, 1]. The larger the value of
θ, 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, that is Ud = pd − δ ≥ 0. The quantity of returned products in online-recycling
channel can be denoted by Qd = k

∫ pd
0 dδ = kpd, where 0 ≤ pd ≤ 1. Similarly, consumers would like to

return used products to the collector only if Uc = pc − θδ ≥ 0 and the quantity of used products under
offline-recycling channel can be formulated as Qc = k

∫ pc/θ
0 dδ = kpc/θ, where 0 ≤ pc ≤ 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: pd − δ versus
pc − θδ. 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:

Qd =

{
k pd−pc

1−θ , i f pc > θpd

kpd, otherwise
(1)

Qc =

{
k( pc

θ −
pd−pc
1−θ ), i f pc > θpd

0, otherwise
(2)

In our analysis, assume that the market demand is a linear function of the selling price and is
given by D(p) = 1− apn; 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 c̃n = cn + ∆cn > 0 and the cost of producing remanufactured products
may be disrupted to c̃r = cr + ∆cr > 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 λn1. While if the demand of new products is reduced, the unit penalty cost of a new
product is λn2. Similarly, the unit production cost of a remanufactured product is λr1 and the unit
penalty cost of a remanufactured product is λr2.

Define Πk
i 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 cr < cn. 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 pn and the acquisition price pd.

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

Max
pn ,pd

ΠM−R
M = (pn − cn)Qn + (pn − cr − pd − cd)Qd

= (pn − cn)(1− apn − kpd) + (pn − cr − pd − cd)kpd
(3)
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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:

pM−R∗
n =

1 + acn

2a
and pM−R∗

d =
cn − cr − cd

2

Then we can acquire DM−R∗ = (1− acn)/2 and QM−R∗
d = k(cn − cr − cd)/2. Taking the values

of pM−R∗
n and pM−R∗

d back into Equation (3) and simplifying, the manufacturer’s profit is given in
the following:

ΠM−R∗
M =

(1− acn)
2

4a
+

k(cn − cr − cd)
2

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

the following:

Max
pn ,pd

Π̃M−R−D
M = (pn − cn)Qn + (pn − cr − pd − cd)Qd − λn1(Qn −QM−R∗

n )
+

−λn2(QM−R∗
n −Qn)

+ − λr1(Qr −QM−R∗
r )

+ − λr2(QM−R∗
r −Qr)

+
(4)

Proposition 2. The manufacturer’s profit Π̃M−R−D
M is joint concave in the selling price (pn) and the acquisition

price (pd).

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.

∆cn, ∆cr Q̃
M−R−D*

n , Q̃
M−R−D*

r

∆cn < −λn1,
(1 + a

k )(∆cn + λn1)− λr1 < ∆cr < ∆cn + λn1 − λr1

case 1:
Q̃∗n = Q∗n − a∆cn+aλn1

2 − k ∆cn−∆cr+λn1−λr1
2 > Q∗n

Q̃∗r = Q∗r + k ∆cn−∆cr+λn1−λr1
2 > Q∗r

∆cn < −λn1,
∆cn + λn1 − λr1 ≤ ∆cr ≤ ∆cn + λn1 + λr2

case 2:
Q̃∗n = Q∗n − a∆cn+aλn1

2 > Q∗n
Q̃∗r = Q∗r

(1) ∆cn < −λn1, ∆cr > ∆cn + λn1 + λr2
(2) −λn1 < ∆cn < 0,
∆cr > (1 + a

k )(∆cn + λn1) + λr2

case 3:
Q̃∗n = Q∗n − a∆cn+aλn1

2 − k ∆cn−∆cr+λn1−λr1
2 > Q∗n

Q̃∗r = Q∗r + k ∆cn−∆cr+λn1−λr1
2 < Q∗r

(1) ∆cn < −λn1, ∆cr ≤ (1 + a
k )(∆cn + λn1)− λr1

(2) −λn1 < ∆cn < 0, ∆cr < −λr1
(3) 0 < ∆cn < λn2,
(1 + a

k )(∆cn − λn2)− λr1 ≤ ∆cr < −λr1

case 4:
Q̃∗n = Q∗n
Q̃∗r = Q∗r − k a(∆cr+λr1)

2(a+k) > Q∗r

−λn1 ≤ ∆cn ≤ λn2, −λr1 ≤ ∆cr ≤ λr2
case 5:
Q̃∗n = Q∗n, Q̃∗r = Q∗r

(1) −λn1 < ∆cn < 0,
λr2 < ∆cr ≤ (1 + a

k )(∆cn + λn1) + λr2;
(2) 0 < ∆cn < λn2,∆cr > λr2;
(3) ∆cn > λn2, ∆cr ≥ (1 + a

k )(∆cn − λn2) + λr2;

case 6:
Q̃∗n = Q∗n
Q̃∗r = Q∗r − k a(∆cr−λr2)

2(a+k) < Q∗r
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Table 2. Cont.

∆cn, ∆cr Q̃
M−R−D*

n , Q̃
M−R−D*

r

(1) 0 < ∆cn < λn2,
∆cr < (1 + a

k )(∆cn − λn2)− λr1
(2) ∆cn > λn2, ∆cr < ∆cn − (λn2 + λr1)

case 7:
Q̃∗n = Q∗n − a∆cn−aλn2

2 − k ∆cn−∆cr−λn2−λr1
2 < Q∗n

Q̃∗r = Q∗r + k ∆cn−∆cr−λn2−λr1
2 > Q∗r

∆cn > λn2,
∆cn − (λn2 + λr1) < ∆cr ≤ ∆cn − (λn2 − λr2)

case 8:
Q̃∗n = Q∗n + −a∆cn+aλn2

2 < Q∗n
Q̃∗r = Q∗r

∆cn > λn2,
∆cn − λn2 + λr2 < ∆cr < (1 + a

k )(∆cn − λn2) + λr2

case 9:
Q̃∗n = Q∗n − a∆cn−aλn2

2 − k ∆cn−∆cr−λn2+λr2
2 < Q∗n

Q̃∗r = Q∗r − k ∆cn−∆cr−λn2+λr2
2 < Q∗r
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Figure 2. The disruption cases in Model M-R-D in the case of (a) ∆cn > 0; and (b) ∆cn < 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 ∆cn and ∆cr 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 ∆cn and ∆cr are in same directions and are sufficiently large; (2) the negative disruption of ∆cn

is small enough and ∆cr experiences negative disruption or relatively small positive disruption;
and (3) the positive disruption of ∆cn is sufficiently large and ∆cr 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 ∆cr 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.

— Q̃n vs. Qn Q̃r vs. Qr — Q̃n vs. Qn Q̃r vs. Qr — Q̃n vs. Qn Q̃r vs. Qr

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 pn and the transfer price b and then the collector sets
the acquisition price pc.

Without disruption (Model C-R). The optimal profits of the manufacturer and the collector can
be stated as follows:

Max
pc

ΠC−R
C = (b− pc − cc)Qc (5)

Max
pn ,b

ΠC−R
M = (pn − cn)Qn + (pn − cr − b)Qc (6)

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

pC−R∗
n =

1 + acn

2a
, bC−R∗ =

cn − cr + cc

2
and pC−R∗

c =
cn − cr − cc

4
.

The market demand can be obtained by DC−R∗ = (1− bcn)/4 and the quantity of remanufactured
products can be described as QC−R∗

c = k(cn − cr − cc)/4θ. Putting the values of the parameters into
Equations (5) and (6) and simplifying, the optimal profits can be calculated in the following:

ΠC−R∗
M =

(1− acn)
2

4a
+

k(cn − cr − cc)
2

8θ
and ΠC−R∗

C =
k(cn − cr − cc)

2

16θ
.

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

Max
pc

Π̃C−R−D
C = (b− pc − cc)Qc (7)

Max
pn ,b

Π̃C−R−D
M = (pn − cn − ∆cn)Qn + (pn − cr − ∆cr − b)Qc − λn1(Qn −QC−R∗

n )
+

−λn2(QC−R∗
n −Qn)

+ − λr1(Qr −QC−R∗
r )

+ − λr2(QC−R∗
r −Qr)

+
. (8)

Proposition 4.

(1) The manufacturer’s profit Π̃C−R−D
M is joint concave in the selling price (pn) and the transfer price (b).

(2) The collector’s profit Π̃C−R−D
C 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 ∆cn and ∆cr, nine disruption cases are described in
Table 4 and Figure 3. We summarize the optimal prices, quantities and profits in the Appendix A.
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Figure 3. The disruption cases in Model C-R-D in the case of (a) ∆cn > 0; and (b) ∆cn < 0.
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When the disruptions of ∆cn and ∆cr 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.

∆cn, ∆cr Q̃
C−R−D*

n , Q̃
C−R−D*

r

∆cn < −λn1,
(1 + 2θa

k )(∆cn + λn1)− λr1 < ∆cr < ∆cn + λn1 − λr1

case 1:
Q̃∗n = Q∗n − a∆cn+aλn1

2 − k ∆cn−∆cr+λn1−λr1
4θ > Q∗n

Q̃∗r = Q∗r + k ∆cn−∆cr+λn1−λr1
4θ > Q∗r

∆cn < −λn1,
∆cn + λn1 − λr1 ≤ ∆cr ≤ ∆cn + λn1 + λr2

case 2:
Q̃∗n = Q∗n + −a∆cn−aλn1

2 > Q∗n
Q̃∗r = Q∗r

(1) ∆cn < −λn1, ∆cr > ∆cn + λn1 + λr2
(2) −λn1 < ∆cn < 0,
∆cr > (1 + 2θa

k )(∆cn + λn1) + λr2

case 3:
Q̃∗n = Q∗n − a∆cn+aλn1

2 − k ∆cn−∆cr+λn1−λr1
4θ > Q∗n

Q̃∗r = Q∗r + k ∆cn−∆cr+λn1−λr1
4θ < Q∗r

(1) ∆cn < −λn1,∆cr ≤ (1 + 2θa
k )(∆cn + λn1)− λr1

(2) −λn1 < ∆cn < 0, ∆cr < −λr1
(3) 0 < ∆cn < λn2,
(1 + 2θa

k )(∆cn − λn2)− λr1 ≤ ∆cr < −λr1

case 4:
Q̃∗n = Q∗n
Q̃∗r = Q∗r − k a(∆cr+λr1)

2(k+2θa) > Q∗r

−λn1 ≤ ∆cn ≤ λn2, −λr1 ≤ ∆cr ≤ λr2
case 5:
Q̃∗n = Q∗n, Q̃∗r = Q∗r

(1) −λn1 < ∆cn < 0,
λr2 < ∆cr ≤ (1 + 2θa

k )(∆cn + λn1) + λr2
(2) 0 < ∆cn < λn2, ∆cr > λr2
(3) ∆cn > λn2, ∆cr ≥ (1 + 2θa

k )(∆cn − λn2) + λr2

case 6:
Q̃∗n = Q∗n
Q̃∗r = Q∗r − k a(∆cr−λr2)

2(2θa+k) < Q∗r

(1) 0 < ∆cn < λn2,
∆cr < (1 + 2θa

k )(∆cn − λn2)− λr1
(2) ∆cn > λn2, ∆cr < ∆cn − (λn2 + λr1)

case 7:
Q̃∗n = Q∗n − a∆cn−aλn2

2 − k ∆cn−∆cr−λn2−λr1
4θ < Q∗n

Q̃∗r = Q∗r + k ∆cn−∆cr−λn2−λr1
4θ > Q∗r

∆cn > λn2,
∆cn − (λn2 + λr1) < ∆cr ≤ ∆cn − (λn2 − λr2)

case 8:
Q̃∗n = Q∗n − a∆cn−aλn2

2 < Q∗n
Q̃∗r = Q∗r

∆cn > λn2,
∆cn − λn2 + λr2 < ∆cr < (1 + 2θa

k )(∆cn − λn2) + λr2

case 9:
Q̃∗n = Q∗n − a∆cn+aλn2

2 − k ∆cn−∆cr−λn2+λr2
4θ < Q∗n

Q̃∗r = Q∗r − k ∆cn−∆cr−λn2+λr2
4θ < Q∗r

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 pn, the transfer price b
and the acquisition price pd and the collector determines the acquisition price pc. 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:

Max
pc

ΠD−R
C = (b− pc − cc)Qc (9)
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Max
pn ,b,pd

ΠD−R
M = (pn − cn)Qn + (pn − cr − pd − cd)Qd + (pn − cr − b)Qc (10)

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

pD−R∗
n =

1 + acn

2a
, bD−R∗ =

cn − cr + cc

2
,

pD−R∗
d =

cn − cr − cd
2

and pD−R∗
c =

(1 + θ)(cn − cr)− cc − θcd
4

.

Then the quantities of new and remanufactured products are given by

DD−R∗ =
1− acn

2
, QD−R∗

d = k
(1− θ)(cn − cr)− (2− θ)cd + cc

4(1− θ)
,

QD−R∗
c = k

(1− θ)(cn − cr)− cc + θcd
4θ(1− θ)

and QD−R∗
r = k

(1 + θ)(cn − cr)− cc − θcd
4θ

.

The optimal chain members’ profits can be acquired by substituting the values of the parameters
back into Equations (9) and (10), the results are simplified in the following:

ΠD−R∗
M = (1−acn)

2

4a − k (1−acn)[(1+θ)(cn−cr)−cc−θcd ]
8θa + k (1−acr−acd)[(1−θ)(cn−cr)−(2−θ)cd+cc ]

8a(1−θ)

+k (1−acr−acc)[(1−θ)(cn−cr)−cc+θcd ]
8θa(1−θ)

,

and

ΠD−R∗
C = k

[(1− θ)(cn − cr) + θcd − cc]
2

16θ(1− θ)

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:

Max
pc

Π̃D−R−D
C = (b− pc − cc)Qc (11)

Max
pn ,b,pd

Π̃D−R−D
M = (pn − cn)Qn + (pn − cr − pd − cd)Qd + (pn − cr − b)Qc

−λn1(Qn −QD−R∗
n )

+ − λn2(QD−R∗
n −Qn)

+ − λr1(Qr −QD−R∗
r )

+ − λr2(QD−R∗
r −Qr)

+
(12)

Proposition 6.

(1) The manufacturer’s profit function Π̃D−R−D
M is joint concave in the selling price pn, the transfer price b

and the acquisition price pd

(2) The collector’s profit function Π̃D−R−D
C is concave in the acquisition price pc.

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 ∆cn and ∆cr, 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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∆cn, ∆cr Q̃
D−R−D*

n , Q̃
D−R−D*

r

∆cn < −λn1,
[1 + 2θa

(1+θ)k ](∆cn + λn1)− λr1 < ∆cr <

∆cn + (λn1 − λr1)

case 1:
Q̃∗n = Q∗n − a∆cn+aλn1

2 − k (1+θ)(∆cn−∆cr+λn1−λr1)
4θ > Q∗n

Q̃∗r = Q∗r + k (1+θ)(∆cn−∆cr+λn1−λr1)
4θ > Q∗r

∆cn < −λn1,
∆cn + λn1 − λr1 ≤ ∆cr ≤ ∆cn + λn1 + λr2

case 2:
Q̃∗n = Q∗n − a∆cn+aλn1

2 > Q∗n
Q̃∗r = Q∗r

(1) ∆cn < −λn1, ∆cr > ∆cn + λn1 + λr2
(2) −λn1 ≤ ∆cn < 0,
∆cr > [1 + 2θa

k(1+θ)
](∆cn + λn1) + λr2

case 3:
Q̃∗n = Q∗n − a∆cn+aλn1

2 − k (1+θ)(∆cn−∆cr+λn1−λr1)
4θ > Q∗n

Q̃∗r = Q∗r + k (1+θ)(∆cn−∆cr+λn1−λr1)
4θ < Q∗r

(1) ∆cn < −λn1,
∆cr ≤ [1 + 2θa

(1+θ)k ](∆cn + λn1)− λr1

(2) −λn1 < ∆cn < 0, ∆cr < −λr1
(3) 0 < ∆cn < λn2,
[1 + 2θa

(1+θ)k ](∆cn − λn2)− λr1 ≤ ∆cr < −λr1

case 4:
Q̃∗n = Q∗n
Q̃∗r = Q∗r −

(1+θ)a(∆cr+λr1)
2[2θa+(1+θ)k] > Q∗r

−λn1 ≤ ∆cn ≤ λn2, −λr1 ≤ ∆cr ≤ λr2
case 5:
Q̃∗n = Q∗n,Q̃∗r = Q∗r

(1) −λn1 < ∆cn < 0,
λr2 < ∆cr ≤ [1 + 2θa

(1+θ)k ](∆cn + λn1

)
+ λr2

(2) 0 < ∆cn < λn2, ∆cr > λr2
(3) ∆cn > λn2,
∆cr ≥ [1 + 2θa

(1+θ)k ](∆cn − λn2) + λr2

case 6:
Q̃∗n = Q∗n
Q̃∗r = Q∗r −

a(1+θ)(∆cr−λr2)
2[(1+θ)k+2θa] < Q∗r

(1) 0 < ∆cn < λn2,
∆cr < [1 + 2θa

(1+θ)k ](∆cn − λn2)− λr1

(2) ∆cn > λn2, ∆cr < ∆cn − (λn2 + λr1)

case 7:
Q̃∗n = Q∗n − a∆cn−aλn2

2 − k (1+θ)(∆cn−∆cr−λn2−λr1)
4θ < Q∗n

Q̃∗r = Q∗r + k (1+θ)(∆cn−∆cr−λn2−λr1)
4θ > Q∗r

∆cn > λn2,
∆cn − (λn2 + λr1) ≤ ∆cr ≤ ∆cn − (λn2 − λr2)

case 8:
Q̃∗n = Q∗n − a∆cn−aλn2

2 < Q∗n
Q̃∗r = Q∗r

∆cn > λn2,
∆cn − λn2 + λr2 < ∆cr <
[1 + 2θa

(1+θ)k ](∆cn − λn2) + λr2

case 9:
Q̃∗n = Q∗n − a∆cn−aλn2

2 − k (1+θ)(∆cn−∆cr−λn2+λr2)
4θ < Q∗n

Q̃∗r = Q∗r − k (1+θ)(∆cn−∆cr−λn2+λr2)
4θ < Q∗r

5. The Analysis of Closed-Loop Supply Chain Models

Based on the above models, we explore the impacts of ∆cn and ∆cr 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 ∆cn into four regions, namely ∆cn < −λn1, −λn1 <

∆cn < 0, 0 < ∆cn < λn2 and ∆cn > λn2 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 ∆cn, the order of ∆cr 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 ∆cn is large enough (i.e., ∆cn < −λn1), 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
∆cr 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 ∆cn 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 ∆cr in the reverse
flow. Lemmas 2 and 3 indicate that, when the disruption of ∆cn is relatively small (i.e.,−λn1 < ∆cn < 0
and 0 < ∆cn < λn2), 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 ∆cr 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 ∆cn.

Lemma 1 Lemma 2 Lemma 3 Lemma 4

If ∆cn < −λn1,
p̃(3)n = p̃(2)n = p̃(1)n > p̃(4)n

p̃(3)d < p̃(2)d < p̃(1)d < p̃(4)d
D̃(3) = D̃(2) = D̃(1) < D̃(4)

Q̃(3)
d < Q̃(2)

d < Q̃(1)
d < Q̃(4)

d

If −λn1 < ∆cn < 0,
p̃(3)n > p̃(6)n > p̃(5)n > p̃(4)n

p̃(3)d < p̃(6)d < p̃(5)d < p̃(4)d
D̃(3) < D̃(6) < D̃(5) < D̃(4)

Q̃(3)
d < Q̃(6)

d < Q̃(5)
d < Q̃(4)

d

If 0 < ∆cn < λn2,
p̃(6)n > p̃(5)n > p̃(4)n > p̃(7)n

p̃(6)d < p̃(5)d < p̃(4)d < p̃(7)d
D̃(6) < D̃(5) < D̃(4) < D̃(7)

Q̃(6)
d < Q̃(5)

d < Q̃(4)
d < Q̃(7)

d

If ∆cn > λn2,
p̃(6)n > p̃(9)n = p̃(8)n = p̃(7)n

p̃(6)d < p̃(9)d < p̃(8)d < p̃(7)d
D̃(6) < D̃(9) = D̃(8) = D̃(7)

Q̃(6)
d < Q̃(9)

d < Q̃(8)
d < Q̃(7)

d

For the case of single offline-recycling channel, as described in Lemma 5 in Table 7, if the negative
disruption of ∆cn 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 ∆cr.
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 ∆cr. From Lemma 6, when
−λn1 < ∆cn < 0 holds, the selling price is increasing while the transfer price and acquisition price are
decreasing with the decrease of ∆cr. 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 ∆cr, 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 < ∆cn < λn2,
which is presented in Lemma 7, is similar to that in the case of −λn1 < ∆cn < 0. Then we consider the
case where the positive disruption of ∆cn 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 ∆cr. 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 ∆cn.

Lemma 5 Lemma 6 Lemma 7 Lemma 8

If ∆cn < −λn1,
p̃(3)n = p̃(2)n = p̃(1)n > p̃(4)n

p̃(3)c < p̃(2)c < p̃(1)c < p̃(4)c
b̃(3) < b̃(2) < b̃(1) < b̃(4)

D̃(3) = D̃(2) = D̃(1) < D̃(4)

Q̃(3)
c < Q̃(2)

c < Q̃(1)
c < Q̃(4)

c

Π̃(3)
C < Π̃(2)

C < Π̃(1)
C < Π̃(4)

C

If −λn1 < ∆cn < 0,
p̃(3)n > p̃(6)n > p̃(5)n > p̃(4)n

p̃(3)c < p̃(6)c < p̃(5)c < p̃(4)c
b̃(3) < b̃(6) < b̃(5) < b̃(4)

D̃(3) < D̃(6) < D̃(5) < D̃(4)

Q̃(3)
d < Q̃(6)

d < Q̃(5)
d < Q̃(4)

d

Π̃(3)
C < Π̃(6)

C < Π̃(5)
C < Π̃(4)

C

If 0 < ∆cn < λn2,
p̃(6)n > p̃(5)n > p̃(4)n > p̃(7)n

p̃(6)c < p̃(5)c < p̃(4)c < p̃(7)c
b̃(6) < b̃(5) < b̃(4) < b̃(7)

D̃(6) < D̃(5) < D̃(4) < D̃(7)

Q̃(6)
d < Q̃(5)

d < Q̃(4)
d < Q̃(7)

d

Π̃(6)
C < Π̃(5)

C < Π̃(4)
C < Π̃(7)

C

If ∆cn > λn2,
p̃(6)n > p̃(9)n = p̃(8)n = p̃(7)n

p̃(6)c < p̃(9)c < p̃(8)c < p̃(7)c
b̃(6) < b̃(9) < b̃(8) < b̃(7)

D̃(6) < D̃(9) = D̃(8) = D̃(7)

Q̃(6)
d < Q̃(9)

d < Q̃(8)
d < Q̃(7)

d

Π̃(6)
C < Π̃(9)

C < Π̃(8)
C < Π̃(7)

C

In dual-recycling channel, from Lemma 9 in Table 8, if ∆cn 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 ∆cr, 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 ∆cn 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 ∆cr. Additionally, from
Lemmas 10 and 11, when ∆cr experiences relatively small disruption (i.e., −λn1 < ∆cn < 0 and
0 < ∆cn < λn2), the manufacturer would increase his acquisition price and transfer price to collect
more used products with the decrease of ∆cr. 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 ∆cr in each region of ∆cn.

Table 8. The relations of the optimal decisions in dual-recycling channel with changing ∆cn.

Lemma 9 Lemma 10 Lemma 11 Lemma 12

If ∆cn < −λn1,
p̃(3)n = p̃(2)n = p̃(1)n > p̃(4)n

D̃(3) = D̃(2) = D̃(1) < D̃(4)

p̃(3)d < p̃(2)d < p̃(1)d < p̃(4)d

p̃(3)c < p̃(2)c < p̃(1)c < p̃(4)c
b̃(3) < b̃(2) < b̃(1) < b̃(4)

Q̃(3)
c < Q̃(2)

c < Q̃(1)
c < Q̃(4)

c

Π̃(3)
C < Π̃(2)

C < Π̃(1)
C < Π̃(4)

C

If −λn1 < ∆cn < 0,
p̃(3)n > p̃(6)n > p̃(5)n > p̃(4)n

p̃(3)c < p̃(6)c < p̃(5)c < p̃(4)c

p̃(3)d < p̃(6)d < p̃(5)d < p̃(4)d
b̃(3) < b̃(6) < b̃(5) < b̃(4)

D̃(3) < D̃(6) < D̃(5) < D̃(4)

Q̃(3)
d < Q̃(6)

d < Q̃(5)
d < Q̃(4)

d

Π̃(3)
C < Π̃(6)

C < Π̃(5)
C < Π̃(4)

C

If 0 < ∆cn < λn2,
p̃(6)n > p̃(5)n > p̃(4)n > p̃(7)n

p̃(6)c < p̃(5)c < p̃(4)c < p̃(7)c

p̃(6)d < p̃(5)d < p̃(4)d < p̃(7)d
b̃(6) < b̃(5) < b̃(4) < b̃(7)

D̃(6) < D̃(5) < D̃(4) < D̃(7)

Q̃(6)
d < Q̃(5)

d < Q̃(4)
d < Q̃(7)

d

Π̃(6)
C < Π̃(5)

C < Π̃(4)
C < Π̃(7)

C

If ∆cn > λn2,
p̃(6)n > p̃(9)n = p̃(8)n = p̃(7)n

p̃(6)c < p̃(9)c < p̃(8)c < p̃(7)c

p̃(6)d < p̃(9)d < p̃(8)d < p̃(7)d
b̃(6) < b̃(9) < b̃(8) < b̃(7)

D̃(6) < D̃(9) = D̃(8) = D̃(7)

Q̃(6)
d < Q̃(9)

d < Q̃(8)
d < Q̃(7)

d

Π̃(6)
C < Π̃(9)

C < Π̃(8)
C < Π̃(7)

C

On the whole, with an increase of ∆cr, 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
∆cn. The quantity of remanufactured products and market demand would also be improved with
the increase of ∆cr. 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 ∆cn and
∆cr. 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 ∆cn and ∆cr. 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 ∆cn and ∆cr. 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) p̃M−R−D∗
n > p̃D−R−D∗

n , D̃M−R−D∗ < D̃D−R−D∗ ; and p̃C−R−D∗
n > p̃D−R−D∗

n , D̃C−R−D∗ <

D̃D−R−D∗ .
(ii) If θ > 0.5 holds, then p̃M−R−D∗

n < p̃C−R−D∗
n , D̃M−R−D∗ > D̃C−R−D∗ ; else if θ < 0.5 holds,

then p̃M−R−D∗
n > p̃C−R−D∗

n , D̃M−R−D∗ < D̃C−R−D∗ ; Specifically, if θ = 0.5 holds,
then p̃M−R−D∗

n = p̃C−R−D∗
n , D̃M−R−D∗ = D̃C−R−D∗ .

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

(i) p̃M−R−D∗
n < p̃D−R−D∗

n , D̃M−R−D∗ > D̃D−R−D∗ ; and p̃C−R−D∗
n < p̃D−R−D∗

n , D̃C−R−D∗ >

D̃D−R−D∗ .
(ii) If θ > 0.5 holds, then p̃M−R−D∗

n > p̃C−R−D∗
n , D̃M−R−D∗ < D̃C−R−D∗ ; else if θ < 0.5 holds,

then p̃M−R−D∗
n < p̃C−R−D∗

n , D̃M−R−D∗ > D̃C−R−D∗ ; Specifically, if θ = 0.5 holds,
then p̃M−R−D∗

n = p̃C−R−D∗
n , D̃M−R−D∗ = D̃C−R−D∗ .

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

p̃M−R−D∗
n = p̃C−R−D∗

n = p̃D−R−D∗
n and D̃M−R−D∗ = D̃C−R−D∗ = D̃D−R−D∗ .

From Corollary 1, when ∆cr 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 ∆cr 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 θ > 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 ∆cr, 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) In case 4, p̃M−R−D∗
d > p̃D−R−D∗

d , b̃C−R−D∗ > b̃D−R−D∗ .
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(2) In case 6, p̃M−R−D∗
d < p̃D−R−D∗

d , b̃C−R−D∗ < b̃D−R−D∗ .

(3) In other cases, p̃M−R−D∗
d = p̃D−R−D∗

d , b̃M−R−D∗ = b̃C−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 ∆cr 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 ∆cr,
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:

p̃C−R−D∗
c < p̃D−R−D∗

c and Π̃C−R−D∗
C > Π̃D−R−D∗

C .

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 (θ) 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 ∆cn and ∆cr. Assume that a = 0.11, k = 0.3, θ = 0.5,
cn = 2.85, cr = 1.6, cc = 0.7, cd = 0.64, λn1 = 0.9, λn2 = 0.6, λr1 = 0.7 and λr2 = 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 θ 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 θ, 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 θ. Moreover, when consumers’ preference to online-recycling channel (θ) 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 θ and θ 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 θ 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 θ 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 7 demonstrates that ∆cr has a negative impact on the quantity of remanufactured products.
This phenomenon is caused by the increased remanufacturing cost. In the region of ∆cn < −λn1,
the quantity of remanufactured products is the smallest when ∆cr experiences sufficiently large positive
disruption. While in the region of ∆cn > λn2, the largest quantity of remanufactured products can be
achieved when the negative disruption of ∆cr 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., ∆cn < −λn1) 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., θ = 0.5). Moreover, no matter
what the disruptions of ∆cn and ∆cr, 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 ∆cr on the manufacturer’s profit in four regions of
∆cn. Since the remanufacturing cost will be increased with the increase of ∆cr in the same disruption
of ∆cn and the larger ∆cr is, the smaller profit the manufacturer can achieve. Moreover, when the
positive disruptions of ∆cn and ∆cr are sufficiently large, the manufacturer’s profit is the largest,
while the manufacturer’s profit is the smallest when ∆cn and ∆cr experiences sufficiently large
positive disruption. This can be explained that, when ∆cn < −λn1 holds and ∆cr 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 ∆cn

and ∆cr.Sustainability 2017, 9, 2004  19 of 31 
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It can also be observed that, when ∆cn experiences negative disruption, the manufacturer can
obtain more profits in dual-recycling channel if the negative disruption of ∆cr is large enough and
otherwise single-recycling channel dominates dual-recycling channel. While if the disruption of ∆cn

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 ∆cn < −λn1 and −λn1 < ∆cn < 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 ∆cr 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 ∆cr 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 < ∆cn < λn2 and ∆cn > λn2), the manufacturer would benefit from
the larger quantity of remanufactured products.
Sustainability 2017, 9, 2004  20 of 31 
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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 ΠM−R
M with respect to pn and pd, we

have the Hessian matrix

HM−R
M =

(
∂2ΠM−R

M /∂pn
2 ∂2ΠM−R

M /∂pn∂pd
∂2ΠM−R

M /∂pd∂pn ∂2ΠT−R
M /∂pd

2

)
=

(
−2a 0

0 −2k

)
> 0

We can find that, ΠM−R
M is joint concave in pn and pd. Taking the first-order partial derivatives of ΠM−R

M
with respect to pn and pd and letting the derivatives be zero, we have{

∂ΠM−R
M /∂pn = 1 + acn − 2apn = 0

∂ΠM−R
M /∂pd = k(cn − cr − cd)− 2kpd = 0

�

Proof of Proposition 2. We assume that Qn > QM−R∗
n and Qr > QM−R∗

r . Taking the second-order partial
derivatives of ΠM−R−D

M with respect to pn and pd, we have the Hessian matrix

HM−R−D
M =

(
∂2ΠM−R−D

M /∂pn
2 ∂2ΠM−R−D

M /∂pn∂pd
∂2ΠM−R−D

M /∂pd∂pn ∂2ΠM−R−D
M /∂pd

2

)
=

(
−2a 0

0 −2k

)

Since ∂2ΠM−R−D
M /∂w2 = −2a < 0 and

∣∣∣HM−R−D
M

∣∣∣ = 4ak > 0, ΠM−R−D
M is concave in pn and pd.

And other cases of Qn and Qr are similar. �
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Proof of Proposition 3. The second-order derivatives of ΠC−R
C with respect to pc is ∂2ΠC−R

C /∂pc
2 =

−2k/θ < 0. Thus, ΠC−R
C is concave in pc.

And the optimal price strategy can be solved as follows:

∂ΠC−R
C /∂pc = k(b− cc − 2pc)/θ = 0

Taking the second-order partial derivatives of ΠC−R
M with respect to pn and b, we have the Hessian matrix

HC−R
M =

(
∂2ΠC−R

M /∂pn
2 ∂2ΠC−R

M /∂pn∂b
∂2ΠC−R

M /∂b∂pn ∂2ΠC−R
M /∂b2

)
=

(
−2a 0

0 −k/θ

)

Therefore, ΠC−R
M is joint concave in pn and b. The first-order partial derivatives of ΠC−R

M with respect to
pn and b can be given by {

∂ΠC−R
M /∂pn = 1 + acn − 2apn = 0

∂ΠC−R
M /∂b = k(cn − cr + cc)/2θ − kb/θ = 0

�

Proof of Proposition 4. Taking the second-order derivative of ΠC−R−D
C with respect to pc, we can acquire

∂2ΠC−R−D
C /∂pc

2 = −2k/θ < 0. Hence, ΠC−R−D
C is concave in pc.

The optimal price strategy can be solved as follows:

∂ΠC−R−D
C /∂pc = k(b− cc − 2pc)/θ = 0

Afterward, assume that Qn > QC−R∗
n and Qr > QC−R∗

r . Taking the second-order partial derivatives of
ΠC−R−D

M with respect to pn and b, we have the Hessian matrix

HC−R−D
M =

(
∂2ΠC−R−D

M /∂pn
2 ∂2ΠC−R−D

M /∂pn∂b
∂2ΠC−R−D

M /∂b∂pn ∂2ΠC−R−D
M /∂b2

)
=

(
−2a 0

0 −k/θ

)
> 0

Therefore, ΠC−R−D
M is jointly concave in pn and b.

And other cases of Qn and Qr are similar. �

Proof of Proposition 5. Taking the second-order derivative of ΠD−R
C with respect to pc, we can attain

∂2ΠD−R
C /∂pc

2 = −2( 1
θ + 1

1−θ ) < 0. Thus, ΠD−R
C is concave in pc. And the optimal price strategy can be

solved as follows:
∂ΠD−R

C /∂pc = k(b− cc − 2pc + θpd)/θ(1− θ) = 0

Taking the second-order partial derivatives of ΠD−R
C with respect to pn, pd and b, we have the

Hessian matrix

HD−R
M ==

 −2a 0 0
0 − k

θ(1−θ)
k

1−θ

0 k
1−θ − k(2−θ)

1−θ

 < 0

We find that, ΠD−R
M is concave in pn, pd and b. Taking the first-order partial derivatives of ΠD−R

M with
respect to pn, pd and b, we can obtain

∂ΠC−R
M /∂pn = 1 + acn − 2apn = 0

∂ΠC−R
M /∂b = k[(1− θ)(cn − cr)− 2b + θcd + cc + 2θpd]/2θ(1− θ) = 0

∂ΠC−R
M /∂pd = k[(1− θ)(cn − cr) + 2b− (2− θ)cd − cc − 2(2− θ)pd]/2(1− θ) = 0

�
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Proof of Proposition 6. Taking the second-order derivative of ΠD−R−D
C with respect to pc, we can obtain

∂2ΠD−R−D
C /∂pc

2 = −2( 1
θ +

1
1−θ ) < 0. Thus, ΠD−R−D

C is concave in pc. And taking the first-order derivative
of ΠD−R−D

C , we have

∂ΠD−R−D
C /∂pc = k(b− cc − 2pc + θpd)/θ(1− θ) = 0

Then we consider that Qn > QC−R∗
n and Qr > QC−R∗

r . Taking the second-order partial derivatives of
ΠD−R−D

M with respect to pn, pd and b, we have the Hessian matrix

HD−R−D
M =

 −2a 0 0
0 − k

θ(1−θ)
k

1−θ

0 k
1−θ − k(2−θ)

1−θ


Since ∂2ΠD−R−D

M /∂pn
2 = −2a < 0 and

∣∣∣HD−R−D
M

∣∣∣ < 0, ΠD−R−D
M is concave in pn, pd and b.

And other cases of Qn and Qr are similar. �

Proof of Lemma 1. In Model M-R-D, for the case of ∆cn < −λn1 , since p̃(4)n = 1+acn
2a + k(∆cr+λr1)

2(a+k) in case 4
and if ∆cn < −λn1 holds, then we can get ∆cr + λr1 < (1 + a

k )(∆cn + λn1).
Subsequently, we can obtain

p̃(4)n =
1 + acn

2a
+

k(∆cr + λr1)

2(a + k)
<

1 + acn + a∆cn + aλn1

2a
= p̃(1)n

Since p(3)n = p(2)n = p(1)n = 1+acn+a∆cn+aλn1
2a , then we can attain p̃(3)n = p̃(2)n = p̃(1)n > p̃(4)n .

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

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

Proof of Lemma 5. In Model C-R-D, for the region of ∆cn < −λn1, to prove p̃(3)c < p̃(2)c , we examine that

p̃(3)c − p̃(2)c =
cn + ∆cn − cr − ∆cr − cc + λn1 + λr2

4
− cn − cr − cc

4
=

∆cn − ∆cr + λn1 + λr2

4
< 0

After simplification, this reduces to showing that ∆cr > ∆cn + λn1 + λr2.
Meanwhile, as ∆cr > ∆cn + λn1 + λr2 is satisfied in case 3 when ∆cn < −λn1 holds, we can get that

p̃(3)c < p̃(2)c .
Similarly, p̃(2)c < p̃(1)c and p̃(1)c < p̃(4)c . Hence, we can get p̃(3)c < p̃(2)c < p̃(1)c < p̃(4)c .

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. �

Proof of Lemma 9. In Model D-R-D, we can get (1 + 2θa
k )(∆cn + λn1)− λr1 < ∆cr < ∆cn + λn1 − λr1 in

the region of ∆cn < −λn1.
To prove Q̃(2)

r < Q̃(1)
r , we have to show that

Q̃D−R−D∗(1)
r = k (1+θ)(cn+∆cn−cr−∆cr+λn1−λr1)−cc−θcd

4θ ,
= k (1+θ)(cn−cr)−cc−θcd

4θ + k (1+θ)(∆cn−∆cr+λn1−λr1)
4θ ,

> k (1+θ)(cn−cr)−cc−θcd
4θ = Q̃D−R−D∗(2)

r .

Similarly, we can get Q̃(3)
r < Q̃(2)

r and Q̃(1)
r < Q̃(4)

r . Thus, Q̃(3)
c < Q̃(2)

c < Q̃(1)
c < Q̃(4)

c .
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 p̃M−R−D∗
n and p̃C−R−D∗

n in case 4, we have to show that

p̃M−R−D∗(4)
n − p̃C−R−D∗(4)

n = 1+acn
2a + k(∆cr+λr1)

2(a+k) −
[

1+acn
2a

= k(∆cr+λr1)
2(a+k) −

k(∆cr+λr1)
2(2θa+k)

Therefore, as ∆cr < −λr1 holds in case 4, we can get p̃M−R−D∗(4)
n < p̃C−R−D∗(4)

n , when θ < 0.5.
The proofs of the relationships of the selling prices and market demand in three recycling channels are analogous.
�

Proof of Corollary 2. In case 6, as p̃M−R−D∗
d = cn−cr−cd

2 − a(∆cr−λr2)
2(a+k) and p̃D−R−D∗

d = cn−cr−cd
2 −

θa(∆cr−λr2)
(1+θ)k+2θa .

Therefore, to prove p̃M−R−D∗
d < p̃D−R−D∗

d , we examine that

p̃M−R−D∗
d − p̃D−R−D∗

d = cn−cr−cd
2 − a(∆cr−λr2)

2(a+k) − [ cn−cr−cd
2 − θa(∆cr−λr2)

(1+θ)k+2θa ]

= θa(∆cr−λr2)
(1+θ)k+2θa −

a(∆cr−λr2)
2(a+k)

= a(∆cr − λr2)[
1

(1/θ+1)k+2a −
1

2(a+k) ]

Moreover, as ∆cr > λr2 holds in case 6 and θ < 1, we can get that p̃M−R−D∗
d < p̃D−R−D∗

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 Π̃D−R−D∗
C < Π̃C−R−D∗

C in case 1, we can obtain that

Π̃D−R−D∗(1)
C = k [(1−θ)(M+λn1−λr1)−cc+θcd ]

2

16θ(1−θ)
< k [(1−θ)(M+λn1−λr1−cc)]

2

16θ(1−θ)

= k (1−θ)(M+λn1−λr1−cc)
2

16θ < k
16θ (M− cc + λn1 − λr1)

2 = Π̃C−R−D∗(1)
C

Then we can attain Π̃D−R−D∗
C < Π̃C−R−D∗

C in case 1.
Similarly, we can get Π̃D−R−D∗

C < Π̃C−R−D∗
C in other disruption cases. �

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.

— — p̃M−R−D∗
n , D̃

M−R−D∗

case 1, 2 and 3 p̃∗n = 1+acn+a∆cn+aλn1
2a D̃∗ = 1−acn−a∆cn−aλn1

2

case 4 p̃∗n = 1+acn
2a + k(∆cr+λr1)

2(a+k) D̃∗ = 1−acn
2 − ak(∆cr+λr1)

2(a+k)

case 5 p̃∗n = 1+acn
2a D̃∗ = 1−acn

2

case 6 p̃∗n = 1+acn
2a + k(∆cr−λr2)

2(a+k) D̃∗ = 1−acn
2 − ak(∆cr−λr2)

2(a+k)

case 7, 8 and 9 p̃∗n = 1+acn+a∆cn−aλn2
2a D̃∗ = 1−acn−a∆cn+aλn2

2
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Table A2. The acquisition price and quantity in Model M-R-D.

— — r̃M−R−D∗ , q̃M−R−D∗
r

case 1
p̃∗d = cn−cr−cd+∆cn−∆cr+λn1−λr1

2
Q̃∗r = Q̃∗d = k cn+∆cn−cr−∆cr−cd+λn1−λr1

2

case 2, 5 and 8 p̃∗d = cn−cr−cd
2 , Q̃∗r = Q̃∗d = k cn−cr−cd

2

case 3
p̃∗d = cn−cr−cd+∆cn−∆cr+λn1+λr2

2
Q̃∗r = Q̃∗d = k cn+∆cn−cr−∆cr−cd+λn1+λr2

2

case 4
p̃∗d = cn−cr−cd

2 − a(∆cr+λr1)
2(a+k)

Q̃∗r = Q̃∗d = k{ cn−cr−cd
2 − a(∆cr+λr1)

2(a+k) }

case 6
p̃∗d = cn−cr−cd

2 − a(∆cr−λr2)
2(a+k)

Q̃∗r = Q̃∗d = k{ cn−cr−cd
2 − a(∆cr−λr2)

2(a+k) }

case 7
p̃∗d = cn+∆cn−cr−∆cr−cd−λn2−λr1

2
Q̃∗r = Q̃∗d = k cn+∆cn−cr−∆cr−cd−λn2−λr1

2

case 9
p̃∗d = cn+∆cn−cr−∆cr−cd−λn2+λr2

2
Q̃∗r = Q̃∗d = k cn+∆cn−cr−∆cr−cd−λn2+λr2

2

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

Case Π̃M−R−D∗

M

1 u2−a2λn1
2

4a + k
4 [(M− cd)

2 − (λn1 − λr1)
2] + aλn1(

∆cn+λn1
2 ) + (λn1 − λr1)(k

∆cn−∆cr+λn1−λr1
2 )

2 u2−a2λn1
2

4a + k
4 [(M− cd)

2 − (−∆cn + ∆cr)
2] + aλn1(

∆cn+λn1
2 )

3 u2−a2λn1
2

4a + k
4 [(M− cd)

2 − (λn1 + λr2)
2] + λn1(

a∆cn+aλn1
2 ) + (λn1 + λr2)(k ∆cn−∆cr+λn1+λr2

2 )

4 1
4a{u

2 − a2[ k(∆cr+λr1)
a+k − ∆cn]

2
}+ k

4{(M− cd)
2 − [−∆cn + ∆cr − a(∆cr+λr1)

a+k ]
2
}+ λr1

ak(∆cr+λr1)
2(a+k)

5 u2−a2∆cn
2

4a + k
4 [(M− cd)

2 − (−∆cn + ∆cr)
2]

6 1
4a{u

2 − a2[−∆cn + k(∆cr−λr2)
a+k ]

2
}+ k

4{(M− cd)
2 − [−∆cn + ∆cr − a(∆cr−λr2)

a+k ]
2
} − λr2

ak(∆cr−λr2)
2(a+k)

7 1
4a [u

2 − a2λn2
2] + k

4 [(M− cd)
2 − (−λn2 − λr1)

2]− (λn2 + λr1)(k
∆cn−∆cr−λn2−λr1

2 )− aλn2(
∆cn−λn2

2 )

8 u2−a2λn2
2

4a + k
4 [(M− cd)

2 − (−∆cn + ∆cr)
2]− aλn2(

∆cn−λn2
2 )

9 1
4a [u

2 − a2λn2
2] + k

4 [(M− cd)
2 − (−λn2 + λr2)

2]− (λn2 − λr2)(k ∆cn−∆cr−λn2+λr2
2 )− aλn2(

∆cn−λn2
2 )

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

— — p̃C−R−D∗
n , D̃

C−R−D∗

case 1, 2 and 3 p̃∗n = 1+acn+a∆cn+aλn1
2a D̃∗ = 1−acn−a∆cn−aλn1

2

case 4 p̃∗n = 1+acn
2a + k(∆cr+λr1)

2(2θa+k) D̃∗ = 1−acn
2 − ka(∆cr+λr1)

2(2θa+k)

case 5 p̃∗n = 1+acn
2a D̃∗ = 1−acn

2

case 6 p̃∗n = 1+acn
2a + k(∆cr−λr2)

2(2θa+k) D̃∗ = 1−acn
2 − ka(∆cr−λr2)

2(2θa+k)

case 7, 8 and 9 p̃∗n = 1+acn+a∆cn−aλn2
2a D̃∗ = 1−acn−a∆cn+aλn2

2
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Table A5. The prices, quantity and collector’s profit in Model C-R-D.

— — b̃
C−R−D∗

, p̃C−R−D∗
c , Q̃

C−R−D∗

r , ΠC−R−D∗

C

case 1
b̃∗ = M+cc+λn1−λr1

2 p̃∗c = M−cc+λn1−λr1
4

Q̃∗r = Q̃∗c = k M−cc+λn1−λr1
4θ Π̃∗C = k

16θ (M− cc + λn1 − λr1)
2

case 2, 5 and 8
b̃∗ = cn−cr+cc

2 p̃∗c = cn−cr−cc
4

Q̃∗r = Q̃∗c = k cn−cr−cc
4θ Π̃∗C = k

16θ (cn − cr − cc)
2

case 3
b̃∗ = M+cc+λn1+λr2

2 p̃∗c = M−cc+λn1+λr2
4

Q̃∗r = Q̃∗c = k M−cc+λn1+λr2
4θ Π̃∗C = k

16θ (M− cc + λn1 + λr2)
2.

case 4
b̃∗ = cn−cr+cc

2 − θa(∆cr+λr1)
k+2θa p̃∗c = cn−cr−cc

4 − θa(∆cr+λr1)
2(k+2θa)

Q̃∗r = Q̃∗c = k{ cn−cr−cc
4θ − a(∆cr+λr1)

2(2θa+k) } Π̃∗C = k
4θ [

cn−cr−cc
2 − θa(∆cr+λr1)

k+2θa ]
2

case 6
b̃∗ = cn−cr+cc

2 − θa(∆cr−λr2)
2θa+k p̃∗c = cn−cr−cc

4 − θa(∆cr−λr2)
2(2θa+k)

Q̃∗r = Q̃∗c = k{ cn−cr−cc
4θ − a(∆cr−λr2)

2(2θa+k) } Π̃∗C = k
4θ [

cn−cr−cc
2 − θa(∆cr−λr2)

2θa+k ]
2

case 7
b̃∗ = M+cc−λn2−λr1

2 p̃∗c = M−cc−λn2−λr1
4

Q̃∗r = Q̃∗c = k M−cc−λn2−λr1
4θ Π̃∗C = k

16θ (M− cc − λn2 − λr1)
2

case 9
b̃∗ = M+cc−λn2+λr2

2 p̃∗c = M−cc−λn2+λr2
4

Q̃∗r = Q̃∗c = k M−cc−λn2+λr2
4θ Π̃∗C = k

16θ (M− cc − λn2 + λr2)
2

Table A6. The optimal manufacturer’s profit in Model C-R-D.

Case Π̃C−R−D∗

M

1 u2−a2λn1
2

4a + k
8θ [(M− cc)

2 − (λn1 − λr1)
2] + aλn1(

∆cn+λn1
2 ) + (λn1 − λr1)(k

∆cn−∆cr+λn1−λr1
4θ )

2 u2−a2λn1
2

4a + k
8θ [(M− cc)

2 − (∆cn − ∆cr)
2] + aλn1(

∆cn+λn1
2 )

3 u2−a2λn1
2

4a + k
8θ [(M− cc)

2 − (λn1 + λr2)
2] + aλn1(

∆cn+λn1
2 ) + (λn1 + λr2)(k ∆cn−∆cr+λn1+λr2

4θ )

4 1
4a{u

2 − a2[ k(∆cr+λr1)
2θa+k − ∆cn]

2
}+ λr1

ak(∆cr+λr1)
2(2θa+k) + k

8θ {(M− cc)
2 − [−∆cn + ∆cr − 2θa(∆cr+λr1)

2θa+k ]
2
}

5 1
4a [u

2 − a2∆cn
2] + k

8θ [(M− cc)
2 − (−∆cn + ∆cr)

2]

6 1
4a{u

2 − a2[ k(∆cr−λr2)
k+2θa − ∆cn]

2
} − λr2

ak(∆cr−λr2)
2(k+2θa) + k

8θ {(M− cc)
2 − [−∆cn + ∆cr − 2θa(∆cr−λr2)

k+2θa ]
2
}

7 u2−a2λn2
2

4a + k
8θ [(M− cc)

2 − (−λn2 − λr1)
2]− aλn2(

∆cn−λn2
2 )− k(λn2 + λr1)

∆cn−∆cr−λn2−λr1
4θ

8 u2−a2λn2
2

4a + k
8θ [(M− cc)

2 − (−∆cn + ∆cr)
2]− aλn2(

∆cn−λn2
2 )

9 1
4a [u

2 − a2λn2
2] + k

8θ [(M− cc)
2 − (−λn2 + λr2)

2]− aλn2(
∆cn−λn2

2 )− k(λn2 − λr2)
∆cn−∆cr−λn2+λr2

4θ

Table A7. The optimal selling price and demand in Model D-R-D.

— — p̃D−R−D∗
n , D̃

C−R−D∗

case 1, 2 and 3 p̃∗n = 1+acn+a∆cn+aλn1
2a D̃∗ = 1−acn−a∆cn−aλn1

2

case 4
p̃∗n = 1+acn

2a + (1+θ)k(∆cr+λr1)
2[(1+θ)k+2θa]

D̃∗ = 1−acn
2 − (1+θ)ak(∆cr+λr1)

2[(1+θ)k+2θa]

case 5 p̃∗n = 1+acn
2a D̃∗ = 1−acn

2

case 6
p̃∗n = 1+acn

2a + (1+θ)k(∆cr−λr2)
2[(1+θ)k+2θa]

D̃∗ = 1−acn
2 − (1+θ)ak(∆cr−λr2)

2[(1+θ)k+2θa]

case 7, 8 and 9 p̃∗n = 1+acn+a∆cn−aλn2
2a D̃∗ = 1−acn−a∆cn+aλn2

2
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Table A8. The prices, quantity and collector’s profit in Model D-R-D.

Case b̃
D−R−D∗

, p̃D−R−D∗
c , p̃D−R−D∗

d , Q̃
D−R−D∗

r , ΠD−R−D∗

C

1

b̃∗ = M+cc+λn1−λr1
2 p̃∗c = (1+θ)(M+λn1−λr1)−cc−θcd

4
p̃∗d = M−cd+λn1−λr1

2

Q̃∗c = k (1−θ)(M+λn1−λr1)−cc+θcd
4θ(1−θ)

Q̃∗d = k (1−θ)(M+λn1−λr1)−(2−θ)cd+cc
4(1−θ)

Q̃∗r = k (1+θ)(M+λn1−λr1)−cc−θcd
4θ Π̃∗C = k [(1−θ)(M+λn1−λr1)−cc+θcd ]

2

16θ(1−θ)

2, 5, 8

b̃∗ = cn−cr+cc
2 p̃∗c = (1+θ)(cn−cr)−cc−θcd

4 p̃∗d = cn−cr−cd
2

Q̃∗c = k (1−θ)(cn−cr)−cc+θcd
4θ(1−θ)

Q̃∗d = k (1−θ)(cn−cr)−(2−θ)cd+cc
4(1−θ)

Q̃∗r = k (1+θ)(cn−cr)−cc−θcd
4θ Π̃∗C = k [(1−θ)(cn−cr)−cc+θcd ]

2

16θ(1−θ)

3

b̃∗ = M+cc+λn1+λr2
2 p̃∗c = (1+θ)(M+λn1+λr2)−cc−θcd

4
p̃∗d = M−cd+λn1+λr2

2

Q̃∗c = k (1−θ)(M+λn1+λr2)−cc+θcd
4θ(1−θ)

Q̃∗d = k (1−θ)(M+λn1+λr2)−(2−θ)cd+cc
4(1−θ)

Q̃∗r = k (1+θ)(M+λn1+λr2)−cc−θcd
4θ Π̃∗C = k [(1−θ)(M+λn1+λr2)−cc+θcd ]

2

16θ(1−θ)

4

b̃∗ = cn−cr+cc
2 − θa(∆cr+λr1)

(1+θ)k+2θa

p̃∗c = (1+θ)(cn−cr)−cc−θcd
4 − θa(1+θ)(∆cr+λr1)

2[(1+θ)k+2θa]

p̃∗d = cn−cr−cd
2 − θa(∆cr+λr1)

(1+θ)k+2θa

Q̃∗c = k{ (1−θ)(cn−cr)−cc+θcd
4θ(1−θ)

− a(∆cr+λr1)
2[(1+θ)k+2θa]}

Q̃∗d = k{ (1−θ)(cn−cr)−(2−θ)cd+cc
4(1−θ)

− θa(∆cr+λr1)
2[(1+θ)k+2θa]}

Q̃∗r = k{ (1+θ)(cn−cr)−cc−θcd
4θ − a(1+θ)(∆cr+λr1)

2[(1+θ)k+2θa] }

Π̃∗C = k
{(1−θ)[cn−cr−

2θa(∆cr+λr1)
(1+θ)k+2θa ]−cc+θcd}

2

16θ(1−θ)

6

b̃∗ = cn−cr+cc
2 − θa(∆cr−λr2)

(1+θ)k+2θa

p̃∗c = (1+θ)(cn−cr)−cc−θcd
4 − θa(1+θ)(∆cr−λr2)

2[(1+θ)k+2θa]

p̃∗d = cn−cr−cd
2 − θa(∆cr−λr2)

(1+θ)k+2θa

Q̃∗c = k{ (1−θ)(cn−cr)−cc+θcd
4θ(1−θ)

− a(∆cr−λr2)
2[(1+θ)k+2θa]}

Q̃∗d = k{ (1−θ)(cn−cr)−(2−θ)cd+cc
4(1−θ)

− θa(∆cr−λr2)
2[(1+θ)k+2θa]}

Q̃∗r = k{ (1+θ)(cn−cr)−cc−θcd
4θ − a(1+θ)(∆cr−λr2)

2[(1+θ)k+2θa] }

Π̃∗C = k
{(1−θ)[cn−cr− 2θa(∆cr−λr2)

(1+θ)k+2θa ]−cc+θcd}
2

16θ(1−θ)

7

b̃∗ = M+cc−λn2−λr1
2 p̃∗c = (1+θ)(M−λn2−λr1)−cc−θcd

4
p̃∗d = M−cd−λn2−λr1

2

Q̃∗c = k (1−θ)(M−λn2−λr1)−cc+θcd
4θ(1−θ)

Q̃∗d = k (1−θ)(M−λn2−λr1)−(2−θ)cd+cc
4(1−θ)

Q̃∗r = k (1+θ)(M−λn2−λr1)−cc−θcd
4θ Π̃∗C = k [(1−θ)(M−λn2−λr1)−cc+θcd ]

2

16θ(1−θ)

9

b̃∗ = M+cc−λn2+λr2
2 p̃∗c = (1+θ)(M−λn2+λr2)−cc−θcd

4
p̃∗d = M−cd−λn2+λr2

2

Q̃∗c = k (1−θ)(M−λn2+λr2)−cc+θcd
4θ(1−θ)

Q̃∗d = k (1−θ)(M−λn2+λr2)−(2−θ)cd+cc
4(1−θ)

Q̃∗r = k (1+θ)(M−λn2+λr2)−cc−θcd
4θ Π̃∗C = k [(1−θ)(M−λn2+λr2)−cc+θcd ]

2

16θ(1−θ)
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Table A9. The optimal manufacturer’s profit in Model D-R-D.

Case Π̃D−R−D∗

M

1
u2−a2λn1

2

4a + kM[(1+θ)(M+λn1−λr1)−cc−θcd ]
4θ − k(M+cd+λn1−λr1)[(1−θ)(M+λn1−λr1)−(2−θ)cd+cc ]

8(1−θ)

− k(M+cc+λn1−λr1)[(1−θ)(M+λn1−λr1)−cc+θcd ]
8θ(1−θ)

+ aλn1(
∆cn+λn1

2 ) + (λn1 − λr1)
k(1+θ)(∆cn−∆cr+λn1−λr1)

4θ

2
u2−a2λn1

2

4a + k M[(1+θ)(cn−cr)−cc−θcd ]
4θ + aλn1(

∆cn+λn1
2 )− k (cn−cr+cd)[(1−θ)(cn−cr)−(2−θ)cd+cc ]

8(1−θ)

−k (cn−cr+cc)[(1−θ)(cn−cr)−cc+θcd ]
8θ(1−θ)

3

u2−a2λn1
2

4a + kM[(1+θ)(M+λn1+λr2)−cc−θcd ]
4θ − k(M+cd+λn1+λr2)[(1−θ)(M+λn1+λr2)−(2−θ)cd+cc ]

8(1−θ)

− k(M+cc+λn1+λr2)[(1−θ)(M+λn1+λr2)−cc+θcd ]
8θ(1−θ)

+ aλn1
∆cn+aλn1

2

+(λn1 + λr2)
k(1+θ)(∆cn−∆cr+λn1+λr2)

4θ

4

u2−a2[R(∆cr+λr1)−∆cn ]
2

4a + λr1
aR(∆cr+λr1)

2 + k M{(1+θ)[cn−cr−(1−R)(∆cr+λr1)]−cc−θcd}
4θ

−k [cn−cr+cd−(1−R)(∆cr+λr1)]{(1−θ)[cn−cr−(1−R)(∆cr+λr1)]−(2−θ)cd+cc}
8(1−θ)

−k [cn−cr+cc−(1−R)(∆cr+λr1)]{(1−θ)[cn−cr−(1−R)(∆cr+λr1)]−cc+θcd}
8θ(1−θ)

5
u2−a2∆cn

2

4a + k M[(1+θ)(cn−cr)−cc−θcd ]
4θ − k (cn−cr+cd)[(1−θ)(cn−cr)−(2−θ)cd+cc ]

8(1−θ)

−k (cn−cr+cc)[(1−θ)(cn−cr)−cc+θcd ]
8θ(1−θ)

6

u2−a2[R(∆cr−λr2)−∆cn ]
2

4a − λr2
aR(∆cr−λr2)

2 + k M{(1+θ)[cn−cr−(1−R)(∆cr−λr2)]−cc−θcd}
4θ

−k [cn−cr+cd−(1−R)(∆cr−λr2)]{(1−θ)[cn−cr−(1−R)(∆cr−λr2)]−(2−θ)cd+cc}
8(1−θ)

−k [cn−cr+cc−(1−R)(∆cr−λr2)]{(1−θ)[cn−cr−(1−R)(∆cr−λr2)]−cc+θcd}
8θ(1−θ)

7

u2−a2λn2
2

4a + k M[(1+θ)(M−λn2−λr1)−cc−θcd ]
4θ − k (M+cd−λn2−λr1)[(1−θ)(M−λn2−λr1)−(2−θ)cd+cc ]

8(1−θ)

−k (M+cc−λn2−λr1)[(1−θ)(M−λn2−λr1)−cc+θcd ]
8θ(1−θ)

− aλn2(
∆cn−λn2

2 )

−(λn2 + λr1)[k
(1+θ)(∆cn−∆cr−λn2−λr1)

4θ ]

8
u2−a2λn2

2

4a + k M[(1+θ)(cn−cr)−cc−θcd ]
4θ − k (cn−cr+cd)[(1−θ)(cn−cr)−(2−θ)cd+cc ]

8(1−θ)

−k (cn−cr+cc)[(1−θ)(cn−cr)−cc+θcd ]
8θ(1−θ)

− aλn2(
∆cn−λn2

2 )

9

u2−a2λn2
2

4a + k M[(1+θ)(M−λn2+λr2)−cc−θcd ]
4θ − k(M+cd−λn2+λr2)[(1−θ)(M−λn2+λr2)−(2−θ)cd+cc ]

8(1−θ)

− k(M+cc−λn2+λr2)[(1−θ)(M−λn2+λr2)−cc+θcd ]
8θ(1−θ)

− aλn2(
∆cn−λn2

2 )

−(λn2 − λr2)
k(1+θ)(∆cn−∆cr−λn2+λr2)

4θ
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