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Remanufacturing has become an important and fast-growing industry. Many original equipment manufacturers (OEMs) co-
operate with third-party remanufacturers (3PRs) through either outsourcing or licensing. They sell the new and remanufactured
products either directly to the consumer or indirectly through a retailer. Our study compares the OEM’s remanufacturing strategy
selection in different distribution channel structures. We demonstrate that outsourcing remanufacturing benefits the OEM when
the new products are sold directly and remanufactured products, with a relatively low valuation, are sold indirectly; otherwise,
licensing remanufacturing is more beneficial for the OEM. We further find that when consumers perceive the remanufactured
products with a sufficiently high value, the selection of remanufacturing strategies benefits consumers, society, and

the environment.

1. Introduction

Remanufacturing, from both a quality and performance
perspective, is a controlled and reproducible industrial
process by which previously used, worn, or nonfunctional
products or parts are revamped to the like-new or better-
than-new condition [1]. There is a general consensus both in
academic and industrial fields that remanufacturing, a key
part in circular economy, could significantly reduce the
discharge of greenhouse gas and energy consumption [1]. As
a $160 billion industry, remanufacturing generates more
than 450,000 jobs worldwide [2]. By recycling and
reclaiming products, it saves 85% of energy, water, and
material use, as well as reduces greenhouse gas emissions
between 79% and 99% compared to traditional
manufacturing process [2]. As a crucial conjunction in the
circular economy where materials can be part of a continual
re-use and recycling system, the remanufacturing sector in
the US is estimated to grow at a compound annual growth
rate of 6.6% from 2017 to 2025 [3].

In practice, original equipment manufacturers (OEMs)
often rely on third-party remanufacturers (3PRs) to perform
remanufacturing operations. Furthermore, there are two

different strategies for OEM’s remanufacturing operation.
One is outsourcing remanufacturing operations, in which
the OEM only outsources the remanufacturing operations to
a 3PR and retains the sales of remanufactured products. For
example, Land Rover appointed Caterpillar, one of the
world’s largest remanufacturers, as the preferred provider of
global remanufacturing services [4]. The other is licensing
remanufacturing business, in which the OEM licenses the
whole remanufacturing business (i.e., both remanufacturing
and marketing the remanufactured products) to a 3PR. For
example, Dell licenses remanufacturing operations and sales
of desktop, notebook, server, and storage systems at its
Lebanon, TN facility to GENCO ATC [5, 6]. Foxconn, as a
remanufacturer of Apple, not only obtained the right to
remanufacture iPhone mobile phones but also got autho-
rization to sell the remanufactured iPhone in China [4].
Besides the different remanufacturing operation strategies,
the OEM and 3PR may choose different distribution
channels for their products. Specifically, both new and
remanufactured products may be sold either directly or
indirectly through a retailer. For example, Canon sells its
remanufactured products, including PowerShot Digital
Cameras, VIXIA Camcorders, and EOS Digital SLR
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Cameras through Canon’s online website [7, 8]. Panasonic
sells its remanufactured Toughbook computers through
several reseller partners, including Bizco, BAYCOM, and
Daly Computers [8, 9]. Motivated by the above practices, we
raise our research questions as follows:

(1) What are the implications of the distribution channel
(direct selling or indirect selling) on remanu-
facturing strategy selection (outsourcing or
licensing)?

(2) What are the optimal product prices and resulting
product sales and profits of different entities?

(3) How does this selection affect consumer surplus,
social welfare, and environmental impacts?

To answer our research questions, we build a model
wherein an OEM produces a new remanufacturable product
and chooses remanufacturing strategies (i.e., outsourcing
remanufacturing operation and licensing remanufacturing
business). In addition, we consider four distribution channel
structures for the marketing of new and remanufactured
products: both new and remanufactured products are sold
directly, both new and remanufactured products are sold
indirectly through a retailer, new products are sold directly
(indirectly), and remanufactured products are sold indi-
rectly (directly).

The analysis of our model reveals that the OEM chooses
different remanufacturing strategies in different channel
structures. Specifically, when the new products are sold
directly and remanufactured products, with a relatively low
valuation, are sold indirectly, outsourcing remanufacturing
is more beneficial for the OEM; otherwise, the OEM prefers
to license the remanufacturing business. Furthermore, when
consumers perceive the remanufactured products with a
sufficiently high value, the selection of remanufacturing
strategies benefits consumers, society, and the environment.

The remainder of this study is organized as follows. In
Section 2, we briefly summarize the related literature. In
Section 3, we describe our model. In Section 4, we derive the
optimal equilibrium results and discuss the impact of the
distribution channel (direct selling or indirect selling) on
remanufacturing strategy selection (outsourcing or licens-
ing). In Section 5, we conclude with a summary of our
findings. All proofs and technical details are presented in the
appendix.

2. Literature Review

Our work studies the remanufacturing strategies in different
distribution channel structures, pertaining to three fields of
research: remanufacturing strategies, environmental poli-
cies, and distribution channel.

The existing literature on remanufacturing strategies can
be classified into the following two types: outsourcing
remanufacturing operation and licensing remanufacturing
business. In terms of outsourcing remanufacturing opera-
tions, Savaskan and Bhattacharya [10] studied three modes
of collection of used products: direct collection by a man-
ufacturer, outsourcing to an existing retailer, and
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outsourcing to a third party. They found that the retailer is
the most effective undertaker of product collection. Sun et al.
[11] compared OEM’s in-house remanufacturing with
outsourcing remanufacturing to a 3PR. They found that it is
more profitable for the OEM to perform remanufacturing
operations in-house, but it is more friendly to the envi-
ronment to outsource remanufacturing to a 3PR. In terms of
licensing remanufacturing business, Huang et al. [12]
considered a retailer-dominated closed-loop supply chain in
which the retailer was licensed to remanufacturing and
found that it is crucial for the retailer to reduce the reverse
logistic cost coefficient. Ma et al. [13] studied whether an
OEM can license a 3PR to remanufacture the used products
and found that although it is profitable for an OEM to license
the remanufacturing business, it is not always necessary for a
3PR to accept OEMs’ authorization. Zou et al. [14] proposed
that remanufacturing by technology licensing only benefits
the manufacturer but may hurt the supplier and environ-
ment. Furthermore, it is more beneficial for remanu-
facturing to consider customers’ environmental awareness.
The work by Zou et al. [4] is closely related to our article and
worth special mentioning. Zou et al. [4] compared out-
sourcing remanufacturing with authorization remanu-
facturing and found that the OEM always obtains higher
profit in outsourcing strategy than authorization strategy.
However, in our model setting, we find that outsourcing
strategy may not always be beneficial to OEM. Zou et al. [4]
also found that the 3PR prefers the outsourcing strategy
when consumers perceive a high-value remanufactured
products, whereas we find that the 3PR may prefer the
outsourcing strategy when consumers perceive a low-value
remanufactured product or even regardless of the value of
the remanufactured products.

The second stream of literature related to this work is on
environmental policies. See Atasu and Van Wassenhove [15]
for a comprehensive overview of this topic. Atasu et al. [16]
discussed the economic and environmental impacts of ex-
tended producer responsibility type of legislation and
identified efficiency conditions. Plambeck and Wang [17]
investigated the impact of e-waste regulation on new
product introduction in a stylized model of the electronics
industry. Atasu and Subramanian [18] investigated the
implications of collective and individual producer respon-
sibility models of product take-back laws for e-waste on
manufacturers’ design for product recovery choices and
profits and on consumer surplus in the presence of product
competition. Esenduran et al. [19] considered three levels of
legislation, no take-back legislation, legislation with col-
lection targets, and legislation with collection and reuse
targets, characterized the optimal solution for the manu-
facturer, and analyzed how various levels of legislation affect
manufacturing, remanufacturing, and collection decisions.
Esenduran et al. [20] examined the effects of environmental
policies on three key factors: remanufacturing levels, con-
sumer surplus, and OEM profit.

The other related literature stream investigates the dis-
tribution channel choice of a firm. Chiang et al. [21]
demonstrated that a manufacturer’s direct channel not only
increases the profit of the manufacturer by reducing the



Mathematical Problems in Engineering

double marginalization but also benefits the retailer by re-
ducing the wholesale price. Cai [22] investigates the influ-
ence of channel structures and channel coordination on the
supplier, the retailer, and the entire supply chain in the
context of two single-channel and two dual-channel supply
chains. In terms of channel selection in the closed-loop
supply chain, previous literature focuses on the collection of
used products from end uses [10, 23-25]. However, there is
little research that focuses on the distribution channel
structure for the new and remanufactured products’ selling.
Yan et al. [8] showed that although a manufacturer markets
remanufactured products through its own e-channel is
greener than through a third party, both manufacturer and
retailer may be worse off. Shi et al. [6] considered a firm with
separate manufacturing and remanufacturing divisions and
an independent retailer and showed that a decentralized firm
can benefit from indirect selling through the retailer. In such
a channel structure, the firm has more incentive to design a
remanufacturable product. In our analysis, we consider the
remanufacturing strategy selection when the OEM sells both
new and remanufactured products directly, only sells the
new products directly, only sells the remanufactured
products directly, and sells both products indirectly through
a retailer. We compare various circumstances to investigate
how the distribution channel (direct selling or indirect
selling) affects remanufacturing strategy selection (out-
sourcing or licensing). To the best of our knowledge, this
study is the first to study the impact of the distribution
channel on remanufacturing strategy selection.

3. Model Setup

We consider the interaction among three profit-maximizing
firms: an original equipment manufacturer (OEM or he), a
third-party remanufacturer (3PR or she), and a retailer (it).

3.1. The OEM. The OEM, denoted as M, designs and pro-
duces a new remanufacturable product which has a product
cost ¢,,. The OEM has two alternative strategies for the re-
manufacture business:

(1) Outsourcing remanufacturing operation to a 3PR
(denoted as strategy j = O), in which the 3PR collects
and remanufactures the returned products at cost c,
per unit. However, the remarketing operation is still
reserved by the OEM. The OEM only pays an out-
sourcing fee p, to the 3PR for the remanufacturing
operation.

(2) Licensing remanufacturing business to a 3PR
(denoted as strategy j = L), in which the 3PR not
only collects and remanufactures the returned
products but also remarkets the remanufactured
products. The 3PR pays a licensing fee p; to the OEM
for the remanufacturing business.

The remanufacturing operations also include cleaning
and reassembling the products. All these costs are abstracted
by the remanufacturing cost c¢,. To model the sustainability
and the environmental friendliness of the remanufacturing

operations, we assume ¢, <c,, [6, 23, 24]. This assumption
signifies that savings from materials (except for the essential
input that needs to be replaced) and assembly of subsystems
within the new product dominate the additional costs of
disassembly and remanufacturing.

Following the convention in the literature [4, 24, 26, 27],
we define e, and e, as the environmental impact of one unit
of new product and remanufactured product, respectively.
The environmental impact reflects how the products impact
the environment in all stages of the product life cycle, in-
cluding production, use by customers, and end of life.
Usually, the environmental impact of a new product is
higher than that of a remanufactured product because more
material and energy are consumed in the manufacturing
operations. Therefore, we assume e, > e,.

3.2. The 3PR. The 3PR, denoted as R, collects and reman-
ufactures the returned products at cost c,. To derive the key
economic insights without introducing unnecessary math-
ematical complexity, we normalize all other costs to zero.
For modeling convenience and analytical tractability, we
consider a single-period model, in which both new and
remanufactured products are being sold in the same period.
This model can be applied to cases where similar products
are introduced to the market repeatedly [10] or where a
product’s life cycle has reached its maturity stage so that
prices, demands, and collection rate are stable [6, 24].

3.3. The Retailer. The retailer, denoted as T, can sell both
new and remanufactured products (if the OEM and the 3PR
choose to indirectly sell their products through the retailer)
and set the retail prices p, for the new products and p, for
the remanufactured products.

We consider four alternative distribution channel
structures:

(1) Both the new and remanufactured products are sold
directly (denoted as structure s = DD). Specifically,
in strategy O, the OEM direct sells both the new and
remanufactured products (take Figure 1(a) as a vi-
sual illustration). In strategy L, the OEM sells the
new products directly and the 3PR sells the rema-
nufactured products directly (see Figure 1(b)).

(2) Only the new products are sold directly (denoted as
structure s = DD). Specifically, in strategy O, the
OEM direct sells the new products and indirectly
sells the remanufactured products through the re-
tailer. In strategy L, the OEM sells the new products
directly and the 3PR sells the remanufactured
products through the retailer. Figures 1(c) and 1(d)
provide the visual illustration of the two models,
respectively.

(3) Only the remanufactured products are sold directly
(denoted as structure s = DD). Specifically, in
strategy O, the OEM sells the new products through
the retailer and sells the remanufactured products
through his direct channel. In strategy L, the OEM
sells the new products through the retailer and the
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FiGure 1: Distribution channel structures and decisions.

3PR sells the remanufactured products directly. The
two models are illustrated in Figures 1(e) and 1(f).

(4) Both the new and remanufactured products are sold
indirectly (denoted as structure s = DD). Specifi-
cally, in strategy O, the OEM sells both the new and
remanufactured products through the retailer (see
Figure 1(g)). In strategy L, the OEM sells the new
products indirectly and the 3PR sells the remanu-
factured products indirectly (see Figure 1(h)).

3.4. Consumers. Consumer willingness-to-pay (WTP) for a
new product is heterogeneous and uniformly distributed in
the interval [0, 1]. The market size is normalized to 1.
Consumers typically value the remanufactured product less
than the new product [6, 28-30]. Thus, we assume that if a
consumer is willing to pay 6 for a new product, then his
WTP for a remanufactured product is §8, where §(0<d< 1)
is a discount factor for the remanufactured product. This
value discount arises for several reasons. Customers may
have an inherent distrust for recovered products. Some
customers care about the newness of the product, and thus,
they will pay less for a product that is essentially a used one.
Moreover, the value discount may also reflect some cus-
tomers’ concern for fairness because product recovery
typically costs less than new production.

Each consumer purchases at most one unit of one
product (either new products or remanufactured products),
i.e., there is no value from consuming a second product.
Each consumer chooses the product offering that maximizes
her expected surplus which is the difference between WTP
and the price. Specifically, consumer 6 has three choices:

(1) Purchasing a new product and realizing the surplus
0 — pl’, where pj;’ is the price of the new products

(2) Purchasing a remanufactured product and realizing
the surplus 80 — p}°, where p/° is the price of the
remanufactured products

(3) Purchasing nothing and realizing zero surplus

Based on the above assumptions, similar to Zou et al. [4],
Shi et al. [6], and Chen and Chen [29], the demand functions
for new and remanufactured products are d;; = 1 — ((pi; -
P (1=98)) and dF = (8py — p’/8(1 - §)), where d5;’ and
d}’ are the demand for new products and the demand for
remanufactured products, respectively.

We assume all the parameters are common knowledge
for these three players. The key notations are summarized in
Table 1.

4. Model Analysis

4.1. Distribution Channel Structure DD. In this section, we
consider the structure DD, in which both the new and
remanufactured products are sold directly. Firstly, consider
that the OEM outsources remanufacturing operation. Based
on the above model description, we can get the profits of the
OEM and the 3PR, which are given by

ODD _ ODD ODD ODD
1_‘[M - ( - Cn)dn + (p r

n
ODD _ ODD ODD
HR - (po - Cr)dr .

ODD

- P,

) dODD

(1)

The sequence of events is as follows: first, the 3PR decides
on the outsourcing fee pOPP. Sequentially, the OEM de-
termines the retail prices p9PP and pPPP of the new and
remanufactured products, respectively.

Secondly, we consider that the OEM licenses the whole
remanufacturing business to the 3PR. In this model, the
OEM first decides on the licensing fee pF°P. Then, the OEM
and the 3PR maximize their profits by optimizing the retail
prices of new and remanufactured products, respectively.
The profits of the OEM and the 3PR, which are given by

LDD LDD LDD LDD 4LDD

I—[M = (pn - Cn)dn +p dr > 2)
LDD LDD LDD\ 4LDD

I—[R :(pr -G =P )dr :

We solve the game backward to ensure subgame per-
fection. Proposition 1 states the equilibrium solutions in
strategy O and strategy L.
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TaBLE 1: Table of key notation.

Notation Description
Superscripts
. Type of remanufacturing strategy, j = O (outsourcing remanufacturing operation to a 3PR) and L (licensing remanufacturing
J business to a 3PR)
Type of distribution channel structure, s = D D (direct sell the new and remanufactured products), DD (direct sell the new
s products and indirect sell the remanufactured products), DD (indirect sell the new products and direct sell the remanufactured
products), and DD (indirect sell the new and remanufactured products)
Subscripts
h Type of product, h = n (new product) and r (remanufactured product)
g Type of player, g = M (original equipment manufacturer), R (third-party remanufacturer), and T (retailer)
Parameters
C, Manufacturing cost per unit
c, Remanufacturing cost per unit
0 Consumer willingness-to-pay for a product
) WTP discount factor for a remanufactured product
e, Unit environmental impact from a product h

Decision variables

wy, Wholesale price of product h in strategy j and channel structure s
Py Retail price of product h in strategy j and channel structure s
o Outsourcing fee for remanufacturing operation

pF License fee for remanufacturing business

Auxiliary variables

a; Product demand for product 4 in strategy j and channel structure s
CS’ Consumer surplus in strategy j and channel structure

SW/s Social welfare in strategy j and channel structure s

EIS Total environmental impact in strategy j and channel structure s

Objective function values

I, OEM'’s profit in strategy j and channel structure s
Iy, 3PR’s profit in strategy j and channel structure s
Iy Retailer’s profit in strategy j and channel structure s

Proposition 1. In the channel structure DD, the equilibrium
solutions are summarized in Table 2.

Proposition 1 states the equilibrium solutions in
structure DD. According to this, we compare the OEM’s
equilibrium results, which lead to Corollary 1. For easy
interpretation, we define the unit marginal profits of new
products for the OEM as mpQPP = pOPP — ¢ in strategy O
and mpLPP = pLPP _ ¢ 'in strategy L, respectively. The unit
marginal profits of remanufactured products for the OEM
are  mpOPP = pOPD _ pODDin  gtrategy O  and

r r
mptPP = pIPD in strategy L, respectively.

Corollary 1. In the channel structure DD,

(1) The unit marginal profit of new products for the OEM
in strategy O is lower than the profit in strategy L.
Formally, mpPP — mplPP = —((8¢, —c,)/ (8
+9)) <0.

(2) The unit marginal profit of remanufactured products
for the OEM in strategy O is lower than the profit in
strategy L. Formally, mpOPPP —mptPP = —(((8
-8) (8¢, —¢,))/ (4(8+9)))<0.

(3) The demand for new products in strategy O is higher
than the demand in strategy L. Formally, d9PP —
dEPP = (4~ 8) (8¢, — c,))/ (4(8+8) (1-)))>0.

(4) The demand for remanufactured products in strategy
pOPP O is lower than the demand in strategy L.
Formally, d?DD - deD =—((3(6c,—c,))/(4(8+9)
(1-9)))<o.

Corollary 1 demonstrates that, for the OEM, when he
chooses to license the whole remanufacturing business to the
3PR rather than only outsource the remanufacturing op-
erations, he can get higher unit marginal profits from both
the new and remanufactured products. Furthermore, the
3PR produces more remanufactured products, which further
increases the OEM’s profit from licensing. The cons of li-
censing for the OEM is licensing leads to the 3PR gains the
whole control for the remanufacturing business. Thus, the
new product would face more intense retail competition.
The OEM cuts back on the production of new products.

Next, we characterize the conditions for the OEM to
choose different remanufacturing strategies in structure DD.
By comparing strategy O with strategy L, we derive the
following proposition.

Proposition 2. In the channel structure DD,

(1) The OEM’s profit in strategy O is lower than the profit
in strategy L. Formally, TI{PP —TIPP = —((8
-8) (8¢, —¢,) =)*/16(5 +8) (1 -0)8) <0.
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TaBLE 2: Equilibrium solutions in structure D D,

Optimal solutions Strategy O Strategy L

ODD ( pLDD) (8¢, +c,)I2 (8*(1-c,)+8(8-c,))/(2(8+8))

ODD (pLDD (1+c,)/2 (1 +¢,)/2) + (8¢, = c,)/ (8 +8))

ODD (pLDD (28 + dc,, + ¢,)/4 (8/2) + ((8%c,, + 40c,, + 4¢,)/ (2(8 + 8)))
dobb (gLpb (2=¢c,)/4) - ((¢c,—c,)(4(1=8))) (1/2) + ((8%c, + Oc, — 8¢, + 6¢,)/ (2(1 - 8) (8 + 8)))
dODD (dLDD) (8¢, — ¢,)/ (4(1 - 8)d) ((2+8)(8c, —c, )/ ((8+8)(1-6))
HODD(HLDD) ((8c, —¢,)*1(16(1 = 8)0)) + ((1 —c,)*/4) ((8c, —¢,)*1(8+8)(1-8)8) + ((1-c,)*/4)
HODD (nLDD) (8¢, —¢,)*/(8(1 - 8)d) ((2+8)* (8¢, — ¢,)) (8 +8)* (1 - 8)d)

(2) 'The 3PR’s profit in strategy O is higher than the profit
in strategy L. Formally, IQPP — TIRPP = (((32- 768" -
168) (06, - ¢,/ (8 (8+8)* (1 - 6)8)) > 0.

According to Proposition 2, we find that the OEM always
chooses to license the remanufacturing to the 3PR in the
channel structure DD. The reason is, as demonstrated in
Corollary 1, licensing can lead to higher marginal profits
from both new and remanufactured products and larger
production from remanufactured products. However, the
OEM’s choice makes the 3PR get worse (ie,
ITEPP - TIQPP < ).

4.2. Distribution Channel Structure DD. In this section, we
consider the structure DD, in which only the new products
are sold directly. Firstly, consider that the OEM outsources
remanufacturing operation. Based on the above model de-
scription, we can get the profits of the OEM, the 3PR, and the
retailer, which are given by

HODD ( pODD ) dODB +< ODD pODD) dODB
HODD ( p‘())DD ) d?DB) (3)

HODD (0 PTODD ?DD) drODD.

The sequence of events is as follows: first, the 3PR decides
on the outsourcing fee p9PP. Secondly, the OEM determines
the retail price pOPP of the new products and the wholesale
price wOPP of the remanufactured products to the retailer.
Finally, 'the retailer determines the retail price pODD of the
remanufactured products.

Secondly, we consider that the OEM licenses the whole
remanufacturing business to the 3PR. In this model, the OEM
first decides on the licensing fee p/PP. Then, according to
prPP, the 3PR maximizes her profit by optimizing the
wholesale price w PP of the remanufactured products to the
retailer. Thirdly, the retailer determines the prices of the new
and remanufactured products, respectively. The profits of the
OEM, the 3PR, and the retailer, which are given by

LDD LDD
My = (P -

LDD , _LDD 4LDD
L )d d
HﬁDB _ <wLDB e - plLDB) 4o (4)

r r r

r

LDD LDD _ LDB LDD
Iy < P, )dr .

Similarly, we use backward induction to ensure subgame
perfection. Proposition 3 states the equilibrium solutions in
strategy O and strategy L.

Proposition 3. In the channel structure DD, the equilibrium
solutions are summarized in Table 3.

According to Proposition 3, we compare the OEM’s
equilibrium results, which lead to Corollary 2. Similarly, we
define the unit marginal profits of new products for the OEM

as mpODD pSDD - ¢, in strategy O and m pLDD pﬁDD

¢, in strategy L, respectlvely The unit marginal profits of

remanufactured products for the OEM are mpOPP

ODD ODD : LDD LDD
w, 2 =D

in strategy O and mp, n strategy

L, respectlvely

Corollary 2. In the channel structure DD,

(1) The unit marginal profit of new products for the OEM
in strategy O is lower than the profit in strategy L.
Formally, mpODD mpﬁDD -(((3=8)(2-0)(6c,
—,))/ (2 (8° =36% - 58 + 16))) < 0.

(2) The unit marginal profit of remanufactured products

for the OEM in strategy O is lower than the profit in

strategy L. Formally, mprODD m LDD (8-
58 +16)))<0.

98%+236-16) (6c,—c,))/ (4(6° - 36

(3) The demand for new products in strategy O is higher
than the demand in strategy L. Formally, d9PP —
dilPP = (((8° -118* +316-24) (8¢, —c ))/(s(a
“1)(8° - 30 - 58+ 16))) > 0.

(4) The demand for remanufactured products in strategy
pOPP O is lower than the demand in strategy L.
Formally, doPP _ gibb — _(([38 +13(1
-8)] (8¢, —c,))/ (8(1 —5)(53 36% - 58 + 16))) < 0.

As the same as the structure DD, the OEM can get higher
unit marginal profits from both new and remanufactured
products and a larger demand from remanufactured
products in strategy L and structure DD. Interestingly, we
find that the OEM may not always choose to license the
whole remanufacturing business to the 3PR. This is sum-
marized in the following proposition.

Proposition 4. In the channel structure DD,

(1) The OEM’s profit in strategy O is lower than the profit
in strategy L if § > §,; otherwise, the profit in strategy
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TasLE 3: Equilibrium solutions in structure DD,

g}l’fggﬂs Strategy O Strategy L
pOPD (pFPD) (8¢, +¢c,)I2 (81 = ))2) + (((2 - 8) (8 = 38) (¢, — ¢,))/2 (8> - 38% — 58 + 16))
wPPP (wkPD) (28 + 8¢, +c,)/4 ((8+¢,)12) + (8 =38) (¢, —¢,)) (2(8° - 38* - 56 + 16)))
OPD ( pL.DD (1+c,)/2 (A +¢,)2) + (3= 8)(2-08) (8¢, — c,))/ (2(8 - 36* — 58 + 16)))
pOPD (pLDD) (48 +30c, +¢,)/8 ((8(1+¢,))/2) = (((2=8)* (8¢, — ¢,)) (2(8> = 38* = 50 + 16)))
dopP (gLbD) (A =c)2) = ((6c, —¢,)1 (8(1=8))) (1 =¢,)/2) = (((2=8)(5-28)(Jc, —c,)) (2(8° - 38> — 58 + 16) (1 - 3)))
dODD dLDD) (8¢, —¢,)/ (8(1-8)d) ((2-8)(2-8*+28) (8¢, —c,)/ (2(8 —36* - 58 +16) (1 - 8)d)
TIOPD (TEPD) (1 c,)2/4) + (8¢, — )2/ (32(1—8)8)  ((1—c,)%4) + (((2— ) (8¢, — ,)2) (4(8° — 36> — 56 + 16) (1 — 8)5))
nODD(nLDD) (8¢, - ¢,)*/ (16 (1 - 8)3) ((2=8)(4-8) (8 =28 - 2)* (8¢, — ¢,)") (4(8 - 38% - 58 + 16)* (1 - 8)J)
nODD (nLDD) (8¢, — ¢,)*1 (64(1 - 8)d) ((2=8)* (8% — 28 - 2)* (8¢, — ¢,)2)/ (4(8> — 38> — 58 + 16)* (1 — 8)d)
O is higher than that in strategy L. Formally, HODD OEM outsources remanufacturing operation. Based on the
HLDD —(((8° = 116% + 276 - 16) (8¢, — ¢ ) )/ above model description, we can get the profits of the OEM,
(32 (8° = 38> =58 +16)(1-0)8)) <0 if 8> 6, and the 3PR, and the retailer, which are given by

§PP - HLDD20 if §<6,, where 8, € (0,1) is de-
fined as the real root of the cubic equation:
& - 118 +276 - 16 = 0.

(2) The 3PR’s profit in strategy O is lower than the profit
in strategy L if § > §,; otherwise, the profit in strategy
O is higher than that in strategy L. Formally, TI{PP —
KPP = — (((36° - 348° + 1296 - 1588° - 1056 +
3200 - 128) (8¢, — ¢,)*)/ (16 (8* — 38> = 58

+16)% (1 - 8)8)) <0 if 8> 8, and TIQPD — ITLPD > ¢ if

0<4,, where §, € (0,1) is deﬁned as the real root of

the sixth degree equation: 38° — 348° + 1298* - 1584

3 - 10587 + 3200 - 128 = 0.

(3) The retailer’s profit in strategy O is lower than the

profit in strategy L. Formally,
TI9PD _ TIEPD — —(((156° — 1226* + 3216 — 1906
3776+ 416) (8¢, —c,) 2)/(64(8° —38% - 58+

16)%(1 - 8))) <O0.

Proposition 4 illustrates that, in the structure DD, when
the WTP discount factor for a remanufactured product is
sufficiently low (i.e., §<6;), the OEM chooses to only
outsource the remanufacturing operation to the 3PR. The
reason is that the OEM produces larger new products when
he adopts strategy O and the benefits of larger new products
outweigh the disadvantages of lower margin profits when the
WTP discount factor is low. From the 3PR’s perspective, the
OEM'’s choice makes the 3PR worse when the WTP discount
factor is in a midrange (i.e., §, <8 < ;). Specifically, when
the WTP discount factor is sufficiently low (i.e., § <d,), the
OEM adopts strategy O and the 3PR realizes a higher profit
(ie., IQPP —TIEPP > 0 when §<4,). When the WTP dis-
count factor is sufficiently high (i.e., § > §,), the OEM adopts
strategy L and the 3PR realizes a higher profit (i.e., IT;"" -
QPP > 0 when 8> 6;). From the retailer’s perspective, the
OEM s choice makes the retailer worse when the WTP
discount factor is low (i.e., HODD HLDD <0).

4.3. Distribution Channel Structure DD. In this section, we
consider the structure DD, in which only the remanufac-
tured products are sold directly. Firstly, consider that the

ODD ODD ODD ODD ODD \ ;0DD
1_IM :<wn _Cn>dn <pr - D, )dr >
HODD ( pf))DD ) d(rJBD) (5)
H?BD _ ( pSBD _ wgﬁD) 4OPD.

The sequence of events is as follows: first, the 3PR decides
on the outsourcing fee pPP, Secondly, the OEM determines
the retail price p©PP of the remanufactured products and the
wholesale price wODD of the new products to the retailer.
Finally, the retailer determines the retail price pODD of the
new products.

Secondly, we consider that the OEM licenses the whole
remanufacturing business to the 3PR. In this model, the
OEM first decides on the licensing fee p/PP and the
wholesale price w:PP. Sequentially, the 3PR maximizes her
profit by optimizing the retail price pP of the remanu-
factured products. Simultaneously, the retailer determines
the price pLPP of the new products. The profits of the OEM,
the 3PR, and the retailer, which are given by

(. 1LDD LDD LDD LDD
_<wn _Cn>dn + P dr >

HLDD < prD _ PILBD> 4oP.

LDD
Iy

T r
LDD LDD LDD \ yLDD
1_[T = <p n - w, )dn :
Similarly, we use backward induction to ensure subgame
perfection. Proposition 5 states the equilibrium solutions in
strategy O and strategy L.

Proposition 5. In the channel structure DD, the equilibrium
solutions are summarized in Table 4.

According to Proposition 5, we compare the OEM’s
equilibrium results, which lead to Corollary 3. In the same
manner, we define the unit marginal profits of new products
for the OEM as mpODD =wlPP — ¢, in strategy O and

mpkPD = DD _ ¢ “in strategy L, respectlvely The unit
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marginal profits of remanufactured products for the OEM
are _ mpOPD = pOPD _ ;ODD i~ gtrategy O  and

mptPP = pLDD in strategy L, respectively.

Corollary 3. In the channel structure DD,

(1) The unit marginal profit of new products for the OEM
in strategy O is the same as the profit in strategy L.
(2) The unit marginal profit of remanufactured products
for the OEM in strategy O is higher than the profit in
strategy L if § <85 and is lower than the profit in

strategy if 826, Formally, mpOPP
~mptPP = (8% — (¢, + ¢, + DS +2¢,)/ (4(2-8))>0

if <85 and mpODD mptPP <0 if § > 8;, which is
defined as the real root of the quadratic equation:
- (¢, +¢,+1)8+2c,.

(3) The demand for new products in strategy O is lower
than the demand in strategy if 6 <85 and is higher
than the demand in strategy L if §>0;. Formally,
doPP — gLbb = _(([8* - (c, +¢, +1)d +
2¢,]0)/(8(4-8)(2-0)(1-0))<0 if §<8; and
dOPD — gLPP > 0 if § > §;.

(4) The demand for remanufactured products in strategy
O is higher than the demand in strategy L if § < 6, and
is lower than the demand in strategy L if §>6;.
Formally, dOPD _ gLDD — (§2 _ (¢, +c, + 1)0+
2¢,)/(8(4-6)(1- 8))>0 if 8§<8; and dOPP-
dtPP <0 if § > 85,

Different from the structure DD and DD, in the channel
structure DD, the OEM earns a constant unit marginal profit
from new products no matter what remanufacturing strategy
the OEM chooses. With a low WTP discount factor (i.e.,
§<3d;), the OEM earns a higher unit marginal profit from
remanufactured products in strategy O and the demand for
remanufactured products is higher in strategy O. However,
the OEM produces smaller new products in strategy O. With
a high WTP discount factor (i.e., § > §;), the OEM earns a
lower unit marginal profit from remanufactured products in
strategy O and the demand for remanufactured products is
lower in strategy O. However, the OEM produces larger new
products in strategy O. An intriguing result is that different
changes in unit marginal profit and demand may cause the
OEM to always choose the same remanufacturing strategy,
as Proposition 6 presents.

Proposition 6. In the channel structure DD,

(1) The OEM’s profit in strategy O is lower than the profit
in  strategy L. Formally, TIYPP —TIEPP =
—(([6* = (c,+¢, +1) 8+2¢,)*(4+6))/(32(4-
8)(2-06)(1-9)9))<o0.

(2) The 3PR’s profit in strategy O is higher than the profit
in strategy L. Formally, HODD HLDD ([*-(1 +¢

n 68 +2c,17 (6% - 46 +8))/(16 (4
82 (2-8)(1-8)8)>0.

(3) The retailer’s profit in strategy O is higher than the

profit in strategy L if §, < § < §s5; otherwise, the profit

in strategy O is lower than that in strategy L.
Formally, HODD HLDD [6% - (1+ ¢, +¢.)0
+2¢,][32(1 —5)(1-c o) + (- 8)2c - (16— 8)(1-
8)6 — (7dc, + 2c )]6/(64(4_ 8*(2- 8 (1-
8))>0if 8, <8< 85 and TIZPP —TIEPP <0 if §< 6, or
0> 65, where 8, € (0, 1) and &5 € (0, 1) are defined
as the smaller and larger real root of the quintic
equation: [6% - (1+ ¢, +¢.)0+2c.][32(1-6) (1-
)+ (4-8)%c, - (16-8)(1-8)8 — (78c, +2¢ ,)].

According to Proposition 6, we find that, in the structure
D D, the OEM always chooses to license the remanu-
facturing to the 3PR in the channel structure D D. However,
the OEM’s choice makes the 3PR get worse (i.e.,
MEPD — TIQPP < 0). And, the retailer also gets worse when
the WTP discount factor is in a midrange (i.e., IT}PP -
QPP <0 when 8, <8< 95).

4.4. Distribution Channel Structure DD. In this section, we
consider the structure DD, in which both the new and
remanufactured products are sold indirectly. Firstly, con-
sider that the OEM outsources remanufacturing operation.
Based on the above model description, we can get the profits
of the OEM, the 3PR, and the retailer, which are given by

ODD ODD ODD ODD ODD \ ;0DD
IT,, —(wn —cn>dn +(wr -p, )dr ,

ODD ODD _ ODD
e =(p0% - ¢, )™,

r

H?DD ( PS B wgDD) d°PP +< pOPD _

ODD \ ;0DD
w;, )dr .

(7)

The sequence of events is as follows: first, the 3PR decides
on the outsourcing fee QQDD Secondly, the OEM determines
the wholesale price wOPP of the new products to the retailer
and the wholesale price wPPP of the remanufactured
products. Finally, the retailer determines the retail price
PpOPP and pOPPof the new and remanufactured products,
respectively.

Secondly, we consider that the OEM licenses the whole
remanufacturing business to the 3PR. In_this model, the
OEM first decides on the licensing fee prPP. Sequentially,
the 3PR_maximizes her profit by optimizing the wholesale
price w PP of the remanufactured products. Simultaneously,
the OEM determines the wholesale price wiPP of the new
products. Finally, the retailer determines the retail price
PEPD and ptPP of the new and remanufactured products,
respectively. The profits of the OEM, the 3PR, and the re-

tailer, which are given by
LDD _ (  LDD LDD LDD LDD
1_IM _<wn _Cn>dn Y dr >

LDD LDD LDD \ 4LDD
I1 :( c, — >d

R r ~br 1

n r r

LDD LDD LDD \ 4LDD LDD LDD \ 4LDD
IT; =<pn -—w )dn +<p -w )dr .

(8)
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Similarly, we use backward induction to ensure subgame
perfection. Proposition 7 states the equilibrium solutions in
strategy O and strategy L.

Proposition 7. In the channel structure DD, the equilibrium
solutions are summarized in Table 5.

We define the unit marginal profits of new products for
the OEM as mpQPP = wOPP — ¢, in strategy O and mpLPP =
wtPD — ¢ in strategy L, respectively. The unit marginal
profits of remanufactured products for the OEM are
mpOPP = OPP — pOPD ip strategy O and mptPP = ptPP in
strategy L, respectively. According to Proposition 7, we
compare the OEM’s equilibrium results, which lead to

Corollary 4.

Corollary 4. In the channel structure DD,

(1) The unit marginal profit of new products for the OEM
in strategy O is lower than the profit in strategy L.
Formally, mpPPP — mplPP = —((8¢c, - c,)
/(8 +6)) <0.

(2) The unit marginal profit of remanufactured products
for the OEM in strategy O is lower than the profit in
strategy L. Formally, mpOPP — mpIPP = —(((8 - §)
(8¢, —c,))/ (4(8+6))) <0.

(3) The demand for new products in strategy O is higher
than the demand in strategy. Formally, d9PP-

d;PP = (4= 0) (8¢, = c,))/ (8(8+ 9)(1-6))>0.

(4) The demand for remanufactured products in strategy
pOPP O is lower than the demand in strategy L.
Formally, doPP — gibP = _((3(8c, —«c,))/
(8(8+0)(1-9)))<0.

Corollary 4 illustrates that, as the same as the structure
DD and DD, the OEM can get higher unit marginal profits
from both new and remanufactured products and a larger
demand from remanufactured products in strategy L and
structure DD.

Next, we characterize the conditions for the OEM to
choose different remanufacturing strategies in distribution
channel structure DD. By comparing strategy O with
strategy L, we derive the following proposition.

Proposition 8. In the channel structure DD,

(1) The OEM’s profit in strategy O is lower than the
profit in strategy L. Formally, TISPP —TILPP =
~(((8=8) (8¢, —¢,)*)/(32(8 + &) (1 - 8)8)) < 0.

(2) The 3PR’s profit in strategy O is higher than the profit
in strategy L. Formally, T{PP—TIKPP = (((32 - 166 -
78%) (8¢, —¢,) 2)/ (16 (8 + &)* (1 - 8)8)) > 0.

(3) The retailer’s profit in strategy O is lower than the
profit in strategy L if 6> 8y, otherwise, the profit in
strategy O is higher than that in strategy L. Formally,
TOPP — TIEPP = —(([(16 - 17¢,)8% + (112 — 48c¢,, +
¢,)0 + 128¢,, — 64c, — 128] (¢, —

)/ (64(8+ 8> (1-0))<0 if 08>8, and

Mathematical Problems in Engineering

QPP — TIEPD > 0 if §< 8, where 85 € (0,1) is de-
fined as the real root of the quadratic equation: (16 —
17¢,)8% + (112 — 48¢,+ ¢,)d + 128¢, — 64c, — 128.

Proposition 8 demonstrates that when both new and
remanufactured products are sold through the retailer, the
OEM licenses the whole remanufacturing business to the
3PR no matter what the WTP discount factor is. Compared
with strategy O, the 3PR realizes a lower profit in strategy L.
The sign of the retailer’s profit change depends on the WTP
discount factor. Specifically, with a high WTP discount
factor, the retailer gets better (i.e., [IEPP — TI2PP > 0 when
0> ;) and the retailer gets worse with a low WTP discount
factor (i.e., ITEPP — TI?PP <0 when § < §y).

4.5. Consumer Surplus, Social Welfare, and Environmental
Impact. In this section, we extend the analysis from pure
profit orientation to include a consumer surplus perspective,
a social welfare perspective, and an environmental impact
perspective.

For the consumer of type 8, the surplus of an individual
consumer who purchases a new product is 6 — p;; and the
surplus of an individual consumer who purchases a rema-
nufactured product is 86 — p}°. Therefore, the total con-
sumer surplus is given by

1-d ) 1 )
cs - | 00-pi)de+ [ (0-pf)de. O
1_d{;&_d{s( pr ) l_dzf( pn)
Correspondingly, the social welfare in strategy j and
channel structure s is given by

SWH = CSP + TI + TT5; + I1°. (10)

From the environmental impact perspective, when the
OEM produces d;; units and the 3PR remanufactures d;’
units, the total environmental impact in strategy j and
channel structure s is given by

Bl = dPe, + d’’e,. (11)

The next lemma shows the consumer surplus, social
welfare, and environmental impact in different strategies
and channel structures.

Lemma 1. In the strategy j and channel structure s, the
consumer surplus, social welfare, and environmental impact
are summarized in Tables 6-8, respectively.

Proposition 9 demonstrates the important relationships
we derive from Lemma 1.

Proposition 9

(1) In the channel structure DD, the consumer surplus in
strategy O is higher than that in strategy L if § <J,
and is lower than that in strategy L if § > §g; the social
welfare in strategy O is higher than that in strategy L if
0 < 8, and is lower than that in strategy L if § > §,; the
environmental impact in strategy O is higher than
that in strategy L. Formally, CSOPP — CSPP



11

(@ +8)91) /(,[("7 = "20) T~ (9 +8) ("7 = 1)])) + ((9(90 — 1) (¢ +8)F) /(,("2 = *29) (9 + 7)) (9@ — D#9) /(9= "99)) + (91/ ("2 - 1)) (ga7lD agpll

Q@ -1),(0+8)0)/(;("2="99) (¢ +7)) (9(¢ - :253 - "a9) 585 So:
(@ —1)(9+8)T) /("2 ="99)) +(8/,("2 1)) (09— 1)T€) /(2 ="99)) + (8/,(2~1)) AQSE adoll
©E-1)(@+8)7)/(("2="29) (¢ + 7)) (Q(9 - 1)8) /("2 —*99) WSE 8%
(@-D)(@E+8)F) /("2 ="2)T+"2(0 —T) (9 +¢€)) — (/1) (@ -1)8) /("2 ="2)) = (8/("2-17)) () 8%
(((9 +8)F) /(“a1 + "o0F + “2,0)) + (¥/9€) (8/("2+"99)) + (¥/9¢) (gar?) aao
(((9 +8)T) /("2 ="29)) + (F/("2 +¢€)) p/("+¢€) AQQN& a0
(((9 +8)T) /(9% + “29% + 2,0)) + (2/Q) F/("2+29)) + (2/9) (aa1™) qao™
AA% + wv\qu - :u,@vv + AN\Aru + :v N\A:u + : AQQQSVEO
(@ +8)T) /(P98 +"2.9)) — (T/9) ?/(2+199) (aa1®) gac?
T £391eng O 4£3ajeng suornjos feumdQ

Mathematical Problems in Engineering

‘@ 2Inypnas ur suonnjos wniqmby ¢ a1avy,



Mathematical Problems in Engineering

12

(0 +8)T) [, [("="29) T~ (0 +8) ("2 —1)]) + (9(0 — 1) ,(¢ +8)8/(;,("2 = "39) ,(¢ + 7))
(9(9 — 1) 81/ ("2 = "20)) + (ze/ (2~ 1))
(((Q=1)4(@=9)8) /(2= "99)) +((9,(0 - #)8) /(,(? =) F + Q@ +¥) (2—1)))
(@ =9 /(=) ("= 1) + ,(2=1))) +((0(0 — 1) (9 — V)T /((9€ — %) [T + (2 + "2+ 1) — ,0]))
(9T +95 = 9 = DT /(0= 1) (@ = €))) = ((9(0 — 1) (9T + 05 — 0€ — ) 8) /(¥ + QLT + 95T — 9€) (7 = "90) (¢ = 7)) + (8/,("2 - 1))
(@@ — 1)8T1/,(2 = "29)) + (8/,("~ 1))
(@ +8)8) /(;[("="20) T = (9 +8) ("2 = 1)) + (9@ = T) (¢ + 8)T) /(2 = "29) (¢ +7)))
(9@ — 1) z€) /(2 ="99)) +(8/,(2 — 1))

aat
adao
aai
aao
aar
adao
aar
adao

snpdins 1ownsuo))

amjonns pue £3s1eng

's axnjonns pue [ £393ens ur snjdins 1ownsuo)) :9 F19V],



13

(L@ +8)Te) I((="99) T~ (¢ +8) ("2 = 1]E)) + (9@ — 1) (9 +8)8) /(,("2 = "20) (¢ +7) L)) +
(0@ —1)(@+8)T) /(2 ="99)) +(8/,(2 1))
((9(9 = 1)821) /(;,("2 = "20) 1)) + (T€/ ("2~ 1) L)
(@ =T1) (0 =7)8) /("2 ="20)) + (9,0 —7)8) /(,(P =) F + 0@ +¥) (0 —1))) + (€~ 1) (e — 7))/ [T+ 2+ T —9(—")]) +
(-1 (@ -1F)/ [T+ +"2+1) = Q1) +((QE - 1)@ -1 F) /(7 =) [T+ (2 +7) — 0])) + (€ - (@ -FF) /(9 -2) (- 1))
((0-1D) @ -¥9) /[ - D@ -DF+ DT +9(2+"+1) — 0]) + (¢ — D)9 /(P -¢) (- 1) + (2-1)9)) +
(009 = 1) (9 — ) 8TT/((9€ — 91) [T +Q(2+ "2+ 1) — Q1))
(9T +95 - 06— 9P /(2= 1) (9 =€) — (99 — 1) (9T + 95 — € — ) T) /("2 ~"99) (T-9T~ Q) (9 —-€)(9~-7))) +
(9@ = 1) (91 + 95— 9€ — 0)8) /((9€ + QL + Q1T — 05) (7= "90) (¢ —17))) +(8/,("2 - 1)€)
((9(9 = 1) 8T1) /(;(*2 = *29) ST)) + (8/,(*2 ~ 1) €)
((;@+8)8)/,[(="29)T = (9 +8)("2-1)]) +(Q(@ — 1) (0 +8)T/(,(2 = ") [(9 +8) T+ (9 +T)€])) + ¥/ (2~ 1))
(@l = 1) Te) /(;("7="99) 2)) + (8/(,(*2 - 1)€))

adai
ado

aarTt

aao

aai

aao
aaTt
adao

JIRJ[oM [BID0§

amjonns pue £391eng

's ainjonns pue [ £35)e1)s UT oIRJ[OM [BID0S 1/ TIAV],

Mathematical Problems in Engineering



Mathematical Problems in Engineering

14
TaBLE 8: Environmental impact in strategy j and structure s,

Strategy and structure Environmental impact

ODD (((2=cpe)/4) + (((6¢,, — c,) (e, — e,,)) (4(1 = 8)6))

LDD (e,/2) + (((6%c, + Oc,, — 8¢, + 6¢,)e,) (2(1 = &) (8 + 8))) + (((2 + 8) (8¢, — ¢, )e, ) (8 + 8) (1 — 8)8))

ODD (1 =c,)e)/2) + (((6c, —c,) (e, — Be,))/ (8(1 — 6)8))

LDD (((1=c,)e)2) = (2= 8) (5 - 28) (8¢, — ¢, )e, )/ (2(8° = 36> = 56 + 16) (1 - 6)))

- +(((2-0) (2 - 8 +28) (8¢, —c,)e, )/ (2(8° - 38° = 58 + 16) (1 - 6)d))
ODD (e,/8) + (((1 —2c,)e,)/ (4(2 - 8))) + (((6 - c,)e,)/88) + (((6c, —c,) (e, — be,))/ (8(1 — 6)J))
1DD (([(c, —2)8 — 2¢,, + 22+ 2le,)/ (2(4-6)(1-9)))
_ 5 2 /(2(4-8)(1 -

ODD (((5(— e)e /8 +) (3¢, — ) (ee )—(&5 )/ (8§1 - %é)))

LDD (e/4) = (3 + ) (2= 0)c, + 2(c, — €)1, )/A(8 + ) (1 = 8)) + (((2+ 8) (3c,, — ¢, )e, )/ (2(8 + 8) (1 = 6)9)
= (([(17c, — 16)8% + (48c, — ¢, — 112)8 — 128¢,, + &+ 128¢c, — 128¢, — 128.
64c, +128](8c, —¢,))/ (32(8 + 8> (1-8) >0  if EIOPP — EI'PP = (([(4 - d)e, - 3
8<8; and CSOPP —CSIPP <0 if §>8,, where e ] (6c,—c,))/ (4(8+38) (1-9))>0.
d € ('0’ 1) is defined as the real ”OOtZOf the quadratic (2) In the channel structure DD, the consumer surplus in
equation: (16 —17¢,)d O;SD(HZ - fgf)n"’ strategy O is higher than that in strategy L if § < Jy
¢,)d +128¢, —264 ¢, —128.  SW=7F - SWH = and is lower than that in strategy L if § > &; the social
(([(9c, +16)0” + (16¢, — 25Cr2 +112)6 + 128.(Cn - welfare in strategy O is higher than that in strategy L if
¢, —1)] (ggﬁ_ Cr))/L(gDZ(s + 6)"(6-1)))>0 if 6<4; 0 < 8y and is lower than that in strategy L if § > §; the
and SW=F = SWHF <0 if § 2 87, where &; € (0,1) environmental impact in strategy O is higher than
is defined as the real root of the quadratic equation: that in strategy L. Formally,

(9c, + 16)8* + (16¢, — 25¢, — 112)

[(33¢, - 32)5° + (288 - 342c, — ¢,)0° + (1199, + 54c, — 768)5" — (1138c, + 431c, — 224)8° — (2343c, — 1362¢, — 4256)5” + (5600c, — 1913¢, - 6592)3 — 3072c, + 992, + 3072] (¢, - c,)
(128(63 - 3% - 56+ 16) (1 -5))

>0,

CSODB _ CSLDE _

(12)
if 8<8 and CSPPP - CSIPP <0 if §> 0, where L —c,)8%+ (1199, + 54c,— 768)8* — (1138c, +431c,
0g € (0, 1) is defined as the real root of the sixth degree —224)8° - (2343c, — 1362¢, — 4256)5°
equation: (33c, — 32)0° + (288 — 342c +(5600c,, — 1913¢,—6592)8 — 3072c,, + 992¢, + 3072:

b (176, +32)8° = (118¢, + 49c, +288)5° + (255, + 406¢, + 768)8" — (402c,, + 1023c, - 224)5” + (1801c,, + 178¢, - 4256)5" — (4256c,, - 2455¢, - 6592)8 + 3072 (c,, - 1) - 2336¢,] (3¢, - ¢,) o

SW”DBfSW >
128(8° - 38° - 58+ 16) (8- 1)
(13)
if <8y and SWOPP — SWLPD <0 if §>6,, where 406¢, + 768) 8% = (402c, + 1023¢, — 224)8° +
0y € (0, 1) is defined as the real root of the sixth degree (1801c,+178c, — 4256)8%—
equation: (4256¢,, — 2455¢, — 6592)8 + 3072 (c, — 1) — 2336¢,:
(17c, + 32)0° — (118c,, + 49c, + 288)8° + (255, +
opB  wLDD [—en(SS +(11e, - 3¢,)0” — (31e, + 13¢,)d + 24e, — 13er] (6c,—¢,)
EI°PP _ EI*PP = — >0 (14)
8(6° —36° 58+ 16) (1 - 0)
(3) In the channel structure DD, the consumer surplus in the environmental impact in strategy O is higher than
strategy O is higher than that in strategy L; the social that in strategy L if 6> (2e,/ (e, +e,)) and is lower

welfare in strategy O is higher than that in strategy; than that in strategy L if § < (2e,/ (e, + e,)). Formally,
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Consumer surplus in different strategies and structures
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FIGURE 2: Consumer surplus in different strategies and distribution channel structures.

8 = (1+¢,+¢,)8 +2c,|[36" + (5¢, - 3c, — 39)6° — (12c, — 34c, — 100)6” — (88c, + 64)0 + 64c, |
128(4— 8)*(2- 8)*(6-1)

CSOBD _ CSLBD _ [ >0,
B |8 —(1+c,+¢,)0+2¢,][136" - (21c, + 13¢, +73)6” + (108c, + 94c, + 124)8° - (128c,, + 232c, + 64)3 + 192¢, | .
- >0,

SWOPP — sw . i
128(4 - 07 (2- 02 (5-1)

EIOPP _ piPD _ [(e, +e,)0—2¢,][8° — (1 +¢, +¢,)8 +2¢,] o
8(4-98)(2-8(6-1)

>

(15)
if 8> (2e/(e,+e,)) and EIOPP _ EILDP < if welfare in strategy O is higher than that in strategy L if
0< (2e,/(e, +e,)). 0 < 8,y and is lower than that in strategy L if § > 8,;

the environmental impact in strategy O is higher than

(4) In the channel structure DD, the consumer surplus in
that in strategy L. Formally,

strategy O is higher than that in strategy L if § <,
and is lower than that in strategy L if § > 0g; the social

[(17¢, - 16)6” + (48¢, — ¢, — 112)8 - 128c,, + 64c, + 128] (8¢, — c,)

CsOPP _ CsPP =
128(8 + 8)* (1 - 9)

>0, (16)

if §<8s and CSOPD _ cStPD < if 6>68, where equation: (16 — 17¢,)8* + (112 — 48¢, +c,)
06 € (0, 1) is defined as the real root of the quadratic &+ 128c,, — 64c, — 128:

155 _ [(c,, +48)8% - (16¢,, +49¢, + 336)3 + 384 (c, — 1) - —320¢, | (Jc, - ;) o

. (17)
128(8+0)°(6-1)

SWOPP _gw

>
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Social welfare in different strategies and structures
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03 Environmental impact in different strategies and structures
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FIGURE 4: Environmental impact in different strategies and distribution channel structures.

if §< 8,y and SWOPP — SWPP <0 if §> 8y, where oDD oo [(4- e, —3e,](dc, - c,)
01 € (0,1) is defined as the real root of the quadratic E[T —EIT = 8(8+0)(1-0)
equation:  (c, +48)8> — (16c, +49¢c,+  336)0+

384c, — 320c, — 384:

> 0.

(18)
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Proposition 9 illustrates that, in the different channel
structures, the optimal remanufacturing strategy
may lead to higher or lower consumer surplus, social
welfare, and environmental impact. More precisely,
in the channel structure DD and DD, the OEM’s
remanufacturing strategy benefits consumers and
society when the WTP discount factor is sufficiently
high and hurts them when the factor is sufficiently
low. In the channel structure DD, the OEM’s
remanufacturing strategy benefits consumers and
society when the WTP discount factor is either low
or high and hurts them otherwise. In the channel
structure DD, the OEM’s remanufacturing strategy
always benefits consumers and society. We present
Figures 2 and 3 to provide a visual illustration of
consumer surplus and social welfare in different
strategies and structures, respectively.

Notes. The following parameter values are used: ¢, = 0.4
and ¢, = 0.1. Qualitatively, the results do not change for
other values of the parameter.

Notes. The following parameter values are used: ¢, = 0.4
and ¢, = 0.1. Qualitatively, the results do not change for
other values of the parameter.

In terms of environmental impact, we present Figure 4 to
clarify.

Notes. The following parameter values are used: ¢, = 0.4,
¢, =0.1, e, = 0.8, and e, = 0.6. Qualitatively, the results do
not change for other values of the parameter.

In the channel structure DD and DD, the OEM’s
remanufacturing strategy is always friendly to the envi-
ronment. However, in the channel structure DD and DD,
the strategy is environmentally friendly when the WTP
discount factor is high and unfriendly to the environment
when the factor is low.

5. Conclusions

In this study, we seek insights for OEMs that consider
cooperating with 3PRs. Inspired by some examples found
in practice, we consider the interaction among three firms,
including an OEM who produces a new remanufactured
product and has two remanufacturing strategies (i.e.,
outsourcing and licensing), a 3PR who collects and re-
manufactures the returned products, and a retailer
through which the OEM and 3PR sell their products.
Given this construct, we derive the optimal product
pricing and resulting product sales and profits of different
entities in different remanufacturing strategies and
channel structures. To the best of our knowledge, this
study is the first to shed light on the remanufacturing
strategy in the channel structure. We demonstrate that
outsourcing remanufacturing benefits the OEM when the
new products are sold directly and remanufactured
products, with a relatively low valuation, are sold indi-
rectly; otherwise, licensing remanufacturing is more
beneficial for the OEM. In line with our findings, Pana-
sonic sells its remanufactured products, which with rel-
atively low valuations, through several reseller partners,
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including Bizco, BAYCOM, and Daly Computers, Dell
licenses its remanufacturing operations and sales to
GENCO ATC, and Apple licenses its remanufacturing
business in China to Foxconn.

In addition, we have come to several interesting results.
First, we find that, in the channel structure DD, the OEM
always chooses to license the remanufacturing to the 3PR
and such a choice makes the 3PR get worse. Second, in the
channel structure DD, the OEM prefers to license the
remanufacturing when the consumers perceive the rema-
nufactured products with a high value (i.e., the WTP dis-
count factor is sufficiently high); otherwise, outsourcing
remanufacturing is more beneficial for the OEM. According
to the OEM’s selection, the 3PR realizes a higher profit when
the discount factor is high or low and the retailer realizes a
higher profit when the discount factor is high. Third, in the
channel structure DD, the OEM prefers licensing rema-
nufacturing whereas the 3PR prefers outsourcing remanu-
facturing and the retailer prefers licensing remanufacturing
with a high or low discount factor. Fourth, in the channel
structure DD, the OEM also prefers to license the rema-
nufacturing to the 3PR, and such strategy selection hurts the
3PR and the retailer when consumers perceive remanu-
factured products with a low value. Fifth, from the per-
spective of consumer surplus and social welfare, the OEM’s
strategy selection benefits consumers and society when the
WTP discount factor is high and regardless of the channel
structure. The selection also benefits them when the discount
factor is low and in the channel structure DD. Finally, the
OEM’s remanufacturing strategies are always environ-
mentally friendly in the channel structure DD and DD. In
the structure DD and DD, the strategies benefit the envi-
ronment when consumers perceive remanufactured prod-
ucts with a high value.

Our work also has some limitations. We consider the
channel structures are exogenous. Relaxing this assumption
and considering the OEM not only selects the remanu-
facturing strategies but also selects the distribution channel
structures which may derive more insights. Furthermore, it
would be interesting to study how the OEM could outsource
or license remanufacturing operations to the retailer.

Appendix

A. Proof of Propositions

Proof of Proposition 1. In the channel structure DD and
strategy O, the 3PR first decides pOPP and then the OEM
decides p9PP and pOPP.

Given the outsourcing fee pOPP, the OEM solves the

following problem to maximize his profit:
1o°P = ( PSDD _ Cn) dSDD + ( pOPP p(())DD) doPP,
(A.1)

which yields pPPP = (((2p9PP - ¢,)8 + p9PP)/2) and
pOPP = ((1-8+2p°PP + ¢, — p9PP)/2). Solving pOPP and

pOPP simultaneously yields
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opp _1+¢,

n - 2’
onD (A.2)
obp _0+p,
r 2 5
Substituting them into the 3PR’s profit function and then
solving for optimality with respect to p9PP, we can obtain
the optimal outsourcing fee:
oDD 8(:;1 T

jos 5 (A.3)

By bringing this back to the equations of prices, de-
mands, and profits, we can derive the optimums.

In the channel structure DD and strategy L, the OEM
first decides p/PP, then the 3PR decides p?PP, and the OEM
decides poPP.

Given the licensing fee p/PP, the OEM solves the fol-
lowing problem to maximize his profit:

HLDD ( LDD ( A. 4)

Py

LDD _ ((1

) dLDD + pLDD dLDD

which yields p~ 8+ ptPP + ¢, + pIPP)/2). The
3PR’s optimal retail price of remanufactured products is
given by solving

ILPP = ( LDD LDD) 4LPD

by - P
which yields ptPP = ((8 pLDD +c, + pFPP)/2). Solving ptPP

(A.5)

and ptPP simultaneously yields
LDD_Z(I—(S‘FC) C—3p{‘DD
" 4-6 ’
(A.6)
DD (1 +c, +plLDD)8+ 2¢, +2p PP - &

Py - 4-0
Substituting them into the OEM’s profit function and

then solving for optimality with respect to p/°P, we can
obtain the optimal licensing fee:
2
LDD_8 (l—Cn)+8(6—Cr)' (A7)

LT 2(8+0)

By bringing this back to the equations of prices, de-
mands, and profits, we can derive the optimums.

Proof of Corollary 1. This corollary is easily proved by
comparing the optimal solutions in Proposition 1, so we
omit it.

Proof of Proposition 2. This process of proof is akin to
Corollary 1, and it is easily proved.

Proof of Proposition 3. In the channel structure DD and
strategy O, the 3PR first decides p9PP and then the OEM
decides pOPP and wOPP, Finally, the retailer decides pOPP.

Given the outsourcing fee pODD , retail price p9PP, and
wholesale price wPPP, the retailer solves the following
problem to maximize its profit:

Mathematical Problems in Engineering

ODD ODD ODD \ ;O0DD
II = ( -w )d

T r r (A8)

which yields p?DB = (((5‘17213B + erDB)/Z). Substituting it
into the OEM’s profit function and then solving for opti-
mality with respect to pO°P and wPPP, we can obtain

_ (2—8)cn+2< 5+wODD) pOPP
oDD _

Pn = 2(2-9) ’
(A.9)
ODD ODD
wODB _ ( P )8 " Po
r 2

Substituting them into the 3PR’s profit function and then
solving for optimality with respect to pODD , we can obtain
the optimal outsourcing fee:

ODD _ dc, + Cr' (A.10)
° 2

By bringing this back to the equations of prices, de-
mands, and profits, we can derive the optimums.

In the channel structure DD and strategy L, the OEM
first decides pFPP and then the 3PR decides w-PP. Finally,
the OEM decides pLPP and the retailer decides ptPP.

Given prPP and w!PP, the retailer solves the following
problem to maximize its profit:

(A.11)

LDD LDD LDD \ ;LDD
I1; :< S —w, )d

which yields pLDD = ((6pLDD + waB)/Z). The OEM’s op-
timal retail price of new products is given by solving

HLDD ( piDD ) dﬁDB + plLDB deB, (A.12)

which yields pPP = ((1 -8+ ptPP + ¢, + pLPD)/2). Solv-
ing pLPP and prPP simultaneously yields
(1—8+c +pLDD> waB
PLDD _
" 4-96 ’
(A.13)
LDD LDD _ 2
pLDD <1+c + P )6+2w, 0
r 4-46

Substituting them into the 3PR’s profit function and then
solving for optimality with respect to wLDD , we can obtain
the optimal wholesale price:

b (L+c¢,—¢,)0+2c, +2pLDD—82
WwPP —

= (A.14)
r 2(2-9)

Substituting them into the OEM’s profit function and

then solving for optimality with respect to pLDD , We can
obtain the optimal licensing fee:
DD 6(1 c,) (2-08)(8-368)(dc,—c,)
I 3 a2 (A.15)
2 2(6° - 36" - 56+ 16)

By bringing this back to the equations of prices, de-
mands, and profits, we can derive the optimums.
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Proof of Corollary 2. This corollary is easily proved by
comparing the optimal solutions in Proposition 3, so we
omit it.

Proof of Proposition 4. This process of proof is akin to
Corollary 2, and it is easily proved.

Proof of Proposition 5. This process of proof is akin to
Proposition 3, and it is easily proved.

Proof of Corollary 3. This corollary is easily proved by
comparing the optimal solutions in Proposition 5, so we
omit it.

Proof of Proposition 6. This process of proof is akin to
Corollary 3, and it is easily proved.

Proof of Proposition 7. This process of proof is akin to
Proposition 3, and it is easily proved.

Proof of Corollary 4. This corollary is easily proved by
comparing the optimal solutions in Proposition 7, so we
omit it.

Proof of Proposition 8. This process of proof is akin to
Corollary 4, and it is easily proved.

Proof of Lemma 1. Substituting the optimal solutions in
Propositions 1, 3, 5, and 7 into equations (9)-(11), we can get
the consumer surplus, social welfare, and environmental
impact in different channel structures and remanufacturing
strategies, respectively.

Proof of Proposition 9. This proposition is easily proved by
comparing the consumer surplus, social welfare, and envi-
ronmental impact in Lemma 1, so we omit it.
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