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Abstract: Facing serious environmental problems, governments and manufacturers are taking action to reduce carbon
emissions. Among these endeavors, carbon tax policy are widely adopted by governments, trade-old-for-new (TON) and
trade-old-for- remanufactured (TOR) are offered by manufacturers and subsidized by governments. To explore the effects
of remanufacturer competition and carbon tax on the manufacturer’s TON and TOR decisions and the environment, we
formulate three profit maximization models and present some theoretical and numerical analyses. The results show that,
under the remanufacturer competition and carbon tax, the manufacturer’s optimal price and production decisions mainly
depend on consumer willingness and carbon tax rate. A higher consumer willingness to manufacturer’s remanufactured
products will decrease the demand for the manufacturer’s TON, but it always increases the demand foe the manufacturer’s
TOR. A higher consumer willingness to remanufacturer’s products will not affect the demand for the manufacturer’s TON;
however, it will reduce the demand for manufacturer’s TOR. In addition, we find that a higher carbon tax rate always re-
duces total carbon emission reduction, and it may increase the manufacturer’s profit due to the increase in TOR demand.

Keywords: trade-old-for-new; trade-old-for-remanufactured; remanufacturer competition; carbon tax; consumer willing-

ness
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1 Introduction

Environmental problems are becoming increasingly serious,
and global warming has led to a sharp increase in the probab-
ility of natural disasters and human diseases'!. Carbon emis-
sions are considered to be the main cause of climate change,
to curb emissions of greenhouse gases, international organiza-
tions have introduced a series of conventions and policies,
such as United Nations’ Framework Convention on Climate
Change, and the Kyoto Protocol. Around the world, govern-
ments are actively responding to the convention, controlling
carbon emissions, and enforcing a series of carbon laws and
policies, such as mandatory carbon emissions capacity, car-
bon emissions cap and trade, carbon tax, and low-carbon off-
set. In 2005, the European Union Emissions Trading Sys-
tem (EU-ETS) first implemented a CO, cap-and-trade
system!". Before that, Finland, Poland, and Denmark intro-
duced carbon tax policy to limit carbon emissions by 19925,
Carbon emissions cap and trade policy is widely adopted,
however, carbon tax policy can stably promote remanufactur-
ing and effectively curb carbon emissions”. Hence, we con-
sider the carbon tax policy and take the carbon emission cost
as a part of the production cost in our paper.

Under the pressure of government policies and social re-
sponsibility, enterprises are also actively seeking to reduce
carbon emissions during operation. To reduce carbon emis-
sions, manufacturers have explored many initiatives, such as

recycling and remanufacturing. Trade-old-for-new (TON) is
an effective way for recycling. In TON program, consumers
buy new products at discounted prices through trading in old
products, which is often encouraged by the government. To
reflect this, the government offers a subsidy for each replace-
ment. A case in point is that the Chinese government
launched the TON subsidy policy for household appliances
and cars in 2009, which was responded by Haier, Geely, Sun-
ing and other enterprises’®”. TON is widely implemented in
mobile phone, automobile, computer and other industries™,
which promotes the marketing of new products and improves
consumers’ awareness of environmental protection. To pro-
mote recycling and the demand for remanufactured products,
some enterprises implement trade-old-for-remanufactured
(TOR). TOR encourages consumers to replace existing
products and buy remanufactured products at discounted
prices. In 2013, the Chinese government announced pilot
TOR programs, and 10 automobile and engine manufacturers
were chosen™"; In 2015, a subsidy policy was further imple-
mented in the TOR program'".

Based on the background above, some manufacturers can
offer TON and TOR programs together. For example, some
manufacturers offer TOR program, while some TOR pilot
manufacturers have provided customers with TON service,
such as FAW Volkswagen, Weichai, Yuchai and DCEC".. Fa-
cing the coexistence of TON and TOR programs as well as
competition from the remanufacturer providing TOR services,
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customers have multiple purchase options. New consumers
are the first-time buyers and make purchase decisions accord-
ing to the utility from purchasing products: manufacturer’s
new products; manufacturer’s remanufactured products; re-
manufacturer’s remanufactured products. Replacement cus-
tomers have owned used products and either keep the exist-
ing products, or trade old for new products of the manufac-
turer; trade old for remanufacturer products of the manufac-
turer; trade old for remanufacturer products of the remanufac-
turer.

Considering the importance of carbon tax regulations and
the universality of enterprises implementing TON and TOR
programs, as well as the competition among manufacturers,
we study the coexistence of TON and TOR under carbon tax
and manufacturer competition, and mainly answer the follow-
ing specific questions: (1) Under what circumstances should
manufacturers implement TON and TOR programs? What are
the optimal pricing and production strategies? (2) How does
the implementation of the TOR program by remanufacturer
affect the TON and TOR programs of manufacturers? What is
the impact of customers’ willingness coefficients of different
products on manufacturer and total carbon emissions? (3)
How does the carbon tax affect the manufacturer and total
carbon emissions with remanufacturer competition? What is
the government’s best strategy?

To explore the above problems, we first established a basic
model of TON and TON program provided by the manufac-
turer, defined as Model O. Then, the manufacturer competes
with a remanufacturer, who provides the TOR program,
defined as Model R. Finally, based on Model R, considering
the carbon tax policy, we obtain Model C. By comparing the
model and numerical analysis, we find that under remanufac-
turer competition and carbon tax, the optimal price and pro-
duction decision are affected by many factors, including the
willingness of consumers and the carbon tax rate. In addition,
we find that the increase of carbon tax rate not only reduces
carbon emissions, but also increases the manufacturer’s
profits, which is mainly due to the increase of demand of re-
manufactured products from manufacturer in a competitive
environment. The contributions of our paper are mainly in
three aspects. First, we discuss the impact of remanufacturer
competition on manufacturer and obtain the optimal TON and
TOR schemes of manufacturer. Second, we further investig-
ate the TON and TOR schemes under the carbon tax, and ana-
lyze the total carbon emissions of the supply chain. Finally,
we analyze the impact of consumers’ willingness to purchase
different products on manufacturers’ profits and total carbon
emissions.

The remainder of our paper is organized as follows. Sec-
tion 2 reviews the previous literature. Section 3 gives model
assumptions and introduces three models: Model O, Model R
and Model C. Section 4 is a numerical experiment, that ana-
lyzes the impact of residual value, consumer willingness coef-
ficients and carbon tax rate on manufacturer and total carbon
emissions. Section 5 summarizes the paper. All proofs can be
found in Appendix A.
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2 Literature review

Our research is closely related to TON and TOR. We will re-
view the literature from the following aspects: Trade-old-for-
new (TON); Trade-old-for-remanufactured (TOR); The coex-
istence of TON and TOR programs; Trade-in under carbon
regulation; Remanufacturing closed-loop supply chain.

Ton and TOR programs have received considerable re-
search attention, most of which focuses on optimal pricing
and production and the conditions of implementing TON and
TOR programs. Feng!” studied the interaction mechanism
among the trade-in program, price strategy, and product qual-
ity choice. Hong et al'”l. constructed game modes under dif-
ferent supply chain dominant roles and different trade-in ser-
vice providers, and they found that both the manufacturer and
the retailer prefer to provide trade-in service themselves when
there is no transfer payment. Wang!" studied three “trade-in”
closed-loop supply chain models: bilateral monopoly between
retailers and manufacturers, competition between remanufac-
turers and recyclers, and competition between recyclers when
green consumers appear in the market. Han et al®. evaluated
the conditions for a firm to offer a TOR program and to best
implement it, they found that remanufactured product re-
ceptivity and new product durability should satisfy certain
conditions, and high product remanufacturability and govern-
ment subsidies are strong incentives.

Some scholars have conducted research on the coexistence
of TON and TOR programs, further exploring the feasibility
and enthusiasm of enterprises to provide trade in programs.
Ma et al”. studied a firm’s optimal pricing decisions and
identified the thresholds for firms to offer TON and TOR un-
der the coexistence of TON and TOR programs, and showed
that firms should use different trade-in schemes under differ-
ent conditions. Bo''Y focused on the government subsidy
policy and studied how the government provides subsidies for
TON programs and TOR programs. Du et al'”!. explored the
impact of replacement recycling prices, government sub-
sidies, used products’ residual value and remanufacturing
capabilities on product pricing, production decisions and
profitability under the coexistence of TON and TOR pro-
grams. Zhu'" investigated the optimal pricing and production
strategy of a hybrid trade old for new and remanufactured
product supply chain under the constraint of consumer parti-
cipation, and obtained the performance of new and remanu-
factured products on both primary and replacement markets.
These articles neglected the carbon emission costs of manu-
facturers.

Carbon emission reduction in manufacturing has always
been an important problem, and many scholars have gradu-
ally considered TON and TOR programs under the constraint
of carbon reduction policies. Miao et al'”. considered reman-
ufacturing with trade-ins under carbon emissions regulations,
they showed that the introduction of carbon regulations can
promote sales of remanufactured products, and firm’s profit
will be lost due to emission costs but can be compensated by
government subsidies. Shu et al”. established the trade-old-
for-remanufactured (TOR) model with carbon tax and gov-
ernment subsidies, and found that appropriate carbon tax and
government subsidies can curb carbon emissions and in-
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crease profits for enterprises. Shu et al'*l. explored the recyc-
ling and remanufacturing decisions under carbon emission
constraints and corporate social responsibility, and suggested
that governments formulate rational carbon emission caps for
enterprises with different coefficients of remanufacturing and
emission reduction. Based on different consumer willingness
and product durability, Huang!” established a TOR model un-
der carbon tax, carbon trading, and government subsidies, and
they found that formulating appropriate carbon policies and
government subsidy policies, corporate profits can be in-
creased while reducing carbon emissions. Luo et al'l. de-
veloped four game-theoretic models to evaluate the impact of
carbon tax policy on manufacturing and remanufacturing de-
cisions in a closed-loop supply chain, and found that carbon
tax can effectively promote manufacturers to invest in carbon
reduction technology, but it may demotivate manufacturers to
remanufacture if carbon tax is not reasonable.

Trade-in is often closely related to remanufacturing closed-
loop supply chains, which have attracted great attention from
many academic researchers. Remanufacturing closed-loop
supply chains mainly discuss two aspects: collecting mode se-
lection problem; the undertaker of remanufacturing activit.
Chen et al™. investigated the three collecting modes in the
green supply chain under the reward-penalty mechanism from
the government, and they found that manufacturer collection
is more effective when transfer is not high. Yang et al®. in-
vestigated the optimal collection mode for the manufacturer
under cap-and-trade regulation, and showed that the third-
party collection mode is preferred. Dou et al®”. analyzed re-
tailer collects (R-collect) and manufacturer collects (M-col-
lect) with green technology (GT) and trade-in program and
showed that governments should advocate the “M-collect
with GT” and “R-collect without GT” schemes. Wang et al*’l.
studied the three manufacturers’ recycling choices: recycling
rejection, self-implementation collecting and outsourcing col-
lecting, and found that the manufacturer will always choose to
recycle and remanufacturing, whose collecting channel de-
pends on the unit cost of self-collecting and the compensa-
tion from outsourcing-collecting. Zhu et al®. developed a pro-
duction and trade-in pricing framework in the presence of
duopoly competition and studied the equilibrium decision
problem in two competitive scenarios: only one manufacturer
implementing the trade-in strategy and two manufacturers
simultaneously implementing the trade-in strategy. Recently,
some scholars have associated TON and TOR problems with
remanufacturing closed-loop supply chains. JIN et al®*. con-
sidered the TON manufacturer and the associated TOR re-
manufacturer, they found that the consumer market of TOR
cannibalizes the consumer market of TON when the replace-
ment recycling price increases. In our paper, we considered
that the manufacturer offers TON and TOR, while a competit-
ive remanufacturer offers TOR in the supply chain.

In this paper, we also discuss the optimal pricing and pro-
duction strategies when the manufacturer offers TON and
TOR together. However, unlike the above literature, we fo-
cus on the following questions. First, the previous literature
seldom considers the manufacturer in a competitive environ-
ment. We study the coexistence of TON and TOR programs
with the competition of remanufacturer and analyze the im-
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pact of remanufacturers providing TOR on manufacturer.
Second, based on the competitive environment, we consider
the impact of carbon tax policy on manufacturer and car- bon
emissions. Finally, we also analyzed the impact of consumers'
willingness to manufacturers' and remanufacturers' products
on manufacturers and carbon emissions.

3 Materials and research methods

3.1 Problem description and symbol instruction

This study considers a closed-loop supply chain composed of
a single manufacturer and a single remanufacturer, in which
the manufacturer produces both new and remanufactured
products and offers TON and TOR, and the remanufacturer
produces remanufactured products and offers TOR only. To
promote the development of a low-carbon economy, the gov-
ernment implements a carbon tax regulation, and manufactur-
ers and remanufacturers recycle consumers’ existing products
at different prices and sell remanufactured products to con-
sumers. In this model, the manufacturer is the Stackelberg
leader, the remanufacturer is the follower, and the govern-
ment offers an additional subsidy to consumers when they
participate in TON or TOR programs. This closed-loop sup-
ply chain model is shown in Fig. 1, the parameters and vari-
ables involved in the models are shown in Table 1.

3.2 Assumptions

To better understand our model, the key assumptions are
shown as follows:

Assumption 1. The manufacturer produces a new product
at a unit production cost c,,, and a remanfactured product at a
unit remanufacturing cost c,,.The manufacturer can save pro-
duction costs from remanufacturing', i.e., c,,,>c,,.The reman-
ufacturer produces a remanufactured product at a unit reman-
ufacturing cost c,,.

Assumption 2. The trade-in rebate from manufacturer and
remanufacturer respectively at price p,, and p,,. The manu-
facturer offers new products at a unit price p,,, and offers re-
manufactured products at p,,. The remanufacturer offers re-
manufactured products at p,,.

Assumption 3. New and remanufactured products are avail-
able for customers, and they have the same function, quality
and utility, but consumers have different preferences for
them!"", Consumers are heterogeneous with respect to their
willingness-to-pay 6, which is distributed in [0, 1]. Custom-
ers value the new products at 6, while they value the remanu-
factured products from manufacturer at §,,6. Customers value
the remanufactured products from remanufacturer at 4.6.
Since the manufacturer has a brand effect in the market, we
assume that consumers perceive the manufacturer's remanu-
factured products to be of higher value!l, i.e. 6,, > §,. For re-
placement customers, they value their used products at 6,6.

Assumption 4. Normalizing all customers in the market to
one, we assume that there are @ new customers and 1-a re-
placement customers, where O<a<l. These two customer
groups act independently, and costumers make purchase de-
cisions according to the utilities they can obtain from the
products.

Assumption 5. The government offers a subsidy to con-
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Fig. 1. A hybrid TON and TOR supply chain with remanufacturer competition and carbon tax

sumers who participate in TON or TOR, which can be de-
noted as s.

Assumption 6. Remanufacturing could reduce associated
carbon emissions due to the energy and raw material
savings®*. We define the carbon tax imposed on the manu-
facturer/remanufacturer as the additional linear cost associ-
ated with the carbon emissions”. The carbon emission of a
new product (a remanufactured product) of the manufacturer
is e,,(e,,), while that of a remanufactured product of the re-
manufacturer is e,. In addition, ¢ represents the rate of car-
bon tax.

3.3 The coexistence of TON and TOR programs (Model
0)

Initially, TON and TOR programs without remanufacturer
competition and carbon tax are explored. Remanufacturing
with trade-ins has been studied by Miao et al'”, which is the
model reference for our paper. The model O is the reference
model used to distinguish between the impacts of remanufac-
turer competition and carbon tax on enterprises and the envir-
onment. For new customers, they get a utility U’ =60—p,,
from the new product and a utility U" =6,,6 — p,,. from the re-

mr

manufactured product. If U! >0 and U! >U! the customer

mn mn mr

buys new product, otherwise buys remanufactured product if
U >0. For replacement customers, they get a utility

mr

U =60-p,.+Pw+s from the new product and a utility

mn

U =0,0—p,, +p.+s from the remanufactured product. If

mr

U’ >06,0 and U, >U! the customer buys new product, other-
wise buys remanufactured product if U’ > 6,6.
The target of the manufacturer is to maximize its total

profits, and the Model O can be expressed as:

maxim, = (pmn - Cmn)(Q;/:m + Q;’;m) + (pmr - Cmr)(Q::u' + Qﬁ;r)
(Puo—=VNQ,, +O,,))

Q. >0

0, >0 M

2, >0

o >0

mr

s.t.

In this function (1), (P, —c.)(Q., +Q.) and (p,, —C,,
(Q' + Q') represent the profits from selling new products

and remanufactured products respectively, and p,,(Q,, + QO.)
is the total cost of trade-in. The constraint implies that some
new customers buy new products and others buy remanufac-
tured products, some replacement customers trade-in new
products and others trade-in remanufactured products. We
provide the manufacturer’s optimal pricing and production
policy in Proposition 1.

Proposition 1. When Q% >0 and Q7 >0, the new customers
and replacement customers not only purchase new products,
but also purchase remanufactured products. The manufacturer’
s optimal pricing and production policy can be described as

follows:
. S 1 +c,
(1)The manufacturer's pricing policy is p;, = —
0, +Cpy 0,+v+s
=———andp, = ————

Q.=
hon

(2)The
OwCom = Conr l-a Con—C,
| = e ) o = nCom = Cor \ e _ 1 Cm=Cm
a1 )0z —a =S b 0 - (5T -
. _ - (6,—-6,)cu—(1-6,)c, +(1-5,(V+s)
and €, = (5= 6,~0,(1-3,) .
Proposition 1 describes the optimal strategy for TON and

TOR programs. When the value of the used products for the
firm and government subsidy are fixed, the manufacturer’s

%

manufacturer's production policy is
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Table 1. Parameter notations

Given Parameters

a0<a<l) All customers in the market is one, @ customers, 1 —a

replacement customers

60<6<1) Customer’s value evaluation of new products

Om Customer’s preference coefficient for remanufactured

products from manufacturer

or Customer’s preference coefficient for remanufactured

products from remanufacturer

%o The salvage value of the used products

Cmn/ Emr Unit production cost of new/ remanufactured products

from manufacturer
Unit production cost of remanufactured products from

remanufacturer

An TON or TOR subsidy from government for
customer

Unit carbon emission of new/ remanufactured

products
from manufacturer

S

€mn / emr

Unit carbon emission of remanufactured products
from
remanufacturer

t Carbon tax rate

Decision
Parameters

/ The trade in rebate from manufacturer,
Pmol Pro remanufacturer

Pij The price of product j of i (i = m:manufacturer;
r=remanufacturer; j = n: new products;

r: remanufactured products) from replacement
customers

or

i The demand of product j of i (i = m:manufacturer;

r=remanufacturer; j = n: new products;

r: remanufactured products) from new customers

.
Qij The demand of product j of i (i = m:manufacturer;
r=remanufacturer; j = n: new products;

r: remanufactured products) from replacement
customers

TTMTTRM

C(e)

The total profit of manufacturer/remanufacturer

The total carbon emission of supply chai

optimal decisions depend on the cost structures of the new
and the remanufactured products, the salvage value of the
used products and the customer’s preference coefficient for
remanufactured products. The price of products is positively
related to their cost, and the production of new products and
remanufactured products is mainly determined by the cost
structures. We can observe that the prices of remanufactured
products are increasing in the customer’s preference coeffi-
cient for remanufactured products. Intuitively, if customers'
preference coefficient for remanufactured products is low, en-
terprises should lower the price to ensure that customers parti-
cipate in the purchase of remanufactured products. At the
same time, the trade-in rebate provided by the enterprise de-
pends on the residual value of the used product from the re-

-5

placement customer. According to Proposition 1, it is clear
that new customers’ purchase intentions are closely related to
the customer’s preference coefficient for remanufactured
products. The number of replacement customers participating
in the TON program is affected by the cost and customer’s
preference coefficient for remanufactured products, while
participating in TOP is also affected by the salvage value of
the used products.

3.4 TON and TOR programs with remanufacturer com-
petition (Model R)

This part considers the impacts of remanufacturer competi-
tion on the optimal strategies of the manufacturer. In model
R, the remanufacturer can offer the TOR. For new customers,
if they choose the manufacturer, they get utility U” =60-p,,
from the new product and utility U”, = 6,6 — p,, from the re-
manufactured product, however they get utility U = 5,6 — p,,
of purchasing remanufactured products from remanufacturer.
If U; >0, U: >U: and U’ >U: the customer buys new
product from manufacturer, if U’ >0, U? >U" and U! >U!
the customer buys remanufactured product from manufac-
turer, otherwise buys remanufactured product from remanu-
facturer if U” >0. For replacement customers, if they choose
the manufacturer, they get a utility U, =60—p,,+ P+ S
from the new product and a utility U’ =0,0—p,, + Pu. +5
from the remanufactured product, however they get utility
U =6,0-p,+pw,+s of purchasing remanufactured
products from remanufacturer. If U; >¢,0, U, >U. and
U’ >U! the customer buys new product from manufacturer,
if U >4,0, Ul >U’ and U’ >U’ the customer buys remanu-
factured product from manufacturer, otherwise buys remanu-
factured product from remanufacturer if U’ > 6,0.

The target of the manufacturer and remanufacturer are to

maximize total profits, and the Model R can be expressed as:

max 7rM = (pmn - szx)(Q::m + Q;m) + (pmf - C"’"‘)(Q:v + Q/’nr)
(Pwo =@, + ;)

2

s.1.

max gy = (P = € — €, Q0 + Q1) — (P, — V),
Q.
suf g7

As function (1), (P, —c.)(Q,+Q,) and (p,, —c,,
(Q:,+ Q) represent the profits from selling new products
and remanufactured products respectively, and p,,(Q.,, + Q)
is the total cost of trade-in in function (2). The constraint that
new products and remanufactured products are both pur-
chased by new and replacement customers. In function (3),
(p,—c., Q..+ Q) represents the profits of remanufacturer,
and p, Q. is the total cost of TOR for remanufacturer. We
provide the manufacturer’s optimal pricing and production
policy in Proposition 2.

Proposition 2. When Q% >0 and Q7 >0, the demand con-
straints of manufacturer are established. The manufacturer’s
optimal pricing and production policy can be described as fol-
lows:

A3)
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()The manufacturer's pricing policy is
v QOn=8)Cun O+ 20m =08, =0, v QOO )Cmr+OmCrr 203 ~20m0,

P = 202567 ’ Pur = 226m-67) and
o = (O Om=000r)=V(48ym =280, =603 =56 0,=0%) +(26m=0,)(Om=0) =280 (G m—6,)

Puo = 2(2806m=0, 07 —457, +40,0r=07) :

(2)The manufacturer's production policy is
e o Com =+ =1 e 2% =m0 ) oSOy —25m 40, )emr +Om =02 )rr
an =a( 26,-2 ) er—a( 45 (G =6,)(16m) );

) O — Con +Cpy — 1
e _ (1 _ o= +Sp =1 e (1 m — Comn T Conr
0, =(l-a)(=323) and Q7 =(1-a)(=—" <
m

203 H(=v= 542y =1y =28, =280 )om (V5= +280 )6, ~(Cmr =1 )00 )
40m=0,)(00=0m) !
Proposition 2 describes the manufacturer's optimal price

and production decision under the condition that the remanu-
facturer provides TOR program competition. When the value
of the trade in products and government subsidy are fixed, the
optimal strategies of manufacturer are affected not only by
the cost of its products, customer expectations and the resid-
ual value of the products, but also by the cost and customers'
preference coefficient of the remanufacturer’s products. With
the competition of the remanufacturer, Proposition 2 indic-
ates that the pricing decision of manufacturer is affected by
the cost of remanufacturer’s product, while the price of the
manufacturer’s product becomes more sensitive to the con-
sumer willingness coefficient for different products. We can
observe that the price of new products and remanufactured
products of the manufacturer increase with the increase of the
cost of the product itself and the cost of remanufacturer’s
product, while the trade in rebate decreases with the price of
remanufacturer’s product. According to Proposition 2, the
new customers’ and replacement customers’ purchase inten-
tions are closely related to the customer’s preference coeffi-
cient for different products. Comparing Proposition 1 and
Proposition 2, it is clear that the demand of new customers for
new products and the number of replacement customers join-
ing the TON program are the same, while the demand for the
manufacturer’s TOR demand is affected by the coefficient of
consumer willingness to purchase different products due to
the competition of the remanufacturer.

3.5 TON and TOR programs with remanufacturer com-
petition and carbon tax (Model C)

This part considers the impacts of remanufacturer competi-
tion and carbon tax on the optimal strategies of manufacturer.
In model C, the remanufacturer will offer TOR, whose re-
manufactured products compete with the remanufactured
products provided by the manufacturer. The government im-
poses a carbon tax on carbon emissions generated by the pro-
duction activities of manufacturers and remanufacturers. Con-
sumers make purchasing decisions based on the utility of
products, and the subdivision of consumers' purchase choices
is the same as that in Model R.

Similar to the Model R, the optimal strategy of remanufac-
tur and remanufacturer in Model C can be expressed as

max Ty = (Pun = Com = €t Qi + @) + (P = Coe — €D, + Q1)

—(Pwo =@, +O)

0,,>0
Q>0
Q,.>0
Q0 >0

s.t.

4)
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max gy = (p,, — ¢, —e, )0, +Q0.)—(p,—V)Q,,

o,
s.t. { "
0,

The total carbon emissions can be expressed as:

minC(E) =e,,t(Q., + Q..) +e, (0, + Q. )+e, 10 +0)
0,.>0
Q>0
0,.>0
Q. >0
0,>0
0,>0

©)

S.1.

(6)

In this function (5), (p..—cCuwm—e.0(Q., +Q,) and
(P —Cor— e, 1)(Q., + Q) represent the manufacturer’s
profits after deducting carbon emission cost, which is from
selling new products and remanufactured products. In func-
tion (6), remanufacturer should pay the e, t carbon emission
cost. The constraints of model C ensure the demands of new
and replacement customers, that both types of customers have
purchased each product. We provide the manufacturer's op-
timal pricing and production policy in Proposition 3.

Proposition 3. When Q>0 and Q’ >0, the demand con-
straints of the manufacturer are established. Increasing the
cost of carbon emissions is equivalent to increasing the total
cost, so to facilitate our discussion, we define c¢,,, + €,,, = Come»
Cor + € = Cure and ¢, +e,, = ¢,... The manufacturer’s optimal
pricing and production policy can be described as follows:

1) The manufacturer's pricing policy is
s (20m=0,)Cmne+OmCrre+20m=0m0, =6, w _ (20m=0r)cmre+OmCrre+203 ~26m0,
Pun = 2(26,u—0,) ’ mr 2(20m—=0r) and
o ZCre(08n=000) V(4800 =2806; =663 +568,~ SR +5(20m=0,)(On=81)=200(6m=0,)*
Do = 228,000 0r—40 +46m0,—03) )
(2) The manufacturer's production policy s
N | nx o 200 =m0 )Cmne +EmSr =28m+0,)Conre +Em—0%)Crre
g, =a 262 ), O =a 461G =0,)(1-6) ),

Q::r - (1 _ a,)(ém—clw*fom»—l +

—24+26,

= (1 - Conne =Cmre +0m =1 n
0, =l —a)(#==z==)  and
203 +(v=5+2re =Crre =26, =200 ) H+5=Cnre +250)0; ~(Cmre=Crre ) )

4(0n=0,)G0=0m) .

Technically, Proposition 3 is implied by Proposition 2, and
therefore, their optimal solutions have a similar structure. In
fact, the carbon tax is based on cost incentives to limit carbon
emissions, which correspond to increasing the carbon emis-
sion cost on the original production cost. However, Proposi-
tion 3 helps us better understand the optimal price and pro-
duction decisions of manufacturer facing the competition of
remanufactured under the constraint of carbon tax. This indic-
ates that emission efficiency is an important factor in determ-
ining price and production strategies when carbon regula-
tions are introduced. Under the influence of the carbon tax
policy, Proposition 3 shows that the prices of new products
and remanufactured products of manufacturers are affected by
the carbon emission rate. At the same time, the trade in re-
bate provided by the manufacturer is also affected by the car-
bon emission rate. It’s in line with Proposition 1 that the price
of manufacturer’s products is related to its cost. Compared
with Proposition 2, we find that the introduction of carbon
emission cost changes the demand for TON and TOR pro-
grams by increasing the total cost. As stated in proposition 3,
it can be seen from the demand constraints that the introduc-
tion of carbon tax has changed the power of manufacturers
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and remanufacturers to implement TOR program.

4 Numerical Examples

In the previous section, the optimal strategies for the manu-
facturer to implement TON and TOR in three models are ana-
lyzed. However, due to the complexity of optimal solutions,
this paper further conducts numerical research to comple-
ment aforementioned analysis and offers managerial insights.
We assume that the remanufacturer has more professional re-
manufacturing technology, and can achieve less remanufac-
turing costs and carbon emissions. Referring to the previous
literature, we set constant values: c,,, = 0.45, ¢,, = 0.25, ¢,, =
0.2,¢,, =045e,.=025,¢,=02,v=0.1,5s=02,and a =
0.9, which are consistent with the settings of Shu et al”,
Wang!", and Miao et al''l. To explore the impact of residual
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g
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value, remanufactured product value, remanufacturer compet-
ition and carbon tax on the implementation of TON and TOR
decisions by the manufacturer, and to analyze the profit of
manufacturer and the carbon emissions of the supply chain,
the variables §,, d,,, d,, t are changeable.

4.1 The salvage value of the used products

Fig. 2 assumes that §,, = 0.8, 6, = 0.6, and ¢ = 0.3. In the three
models —namely, Model O (Manufacturer with TON and
TOR), Model R (TON and TOR programs with remanufac-
turer competition) and Model C (TON and TOR programs
with remanufacturer competition and carbon tax)-the impacts
of the salvage value of used products on price, demand of
TON and TOR, profits, and carbon emissions are explored.
To establish the demand constraints of model O, model R and
model C, we set the interval of the salvage value of the used

0.5 r
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Fig. 2. Impacts of the salvage value of used products on trade in rebate, demand of TOR, profits, and carbon emissions.
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products as 0 < 4, <0.6.

Fig. 2a shows that the trade in rebate from manufacturer al-
ways increases with a rise in salvage value of the used
products in the three models. The trade in rebate curve in-
creases more with the residual value in Model O, and little in
Model R and Model C. Clearly, with the competition of the
remanufacturer, the trade in rebate is affected by more
factors. Furthermore, according to the previous propositions,
the salvage value of the used products have no influence on
the price of new and remanufactured products from manufac-
turer. This indicates that manufacturer’s price scheme will not
be affected by the salvage value of the existing products.

Fig. 2b shows that the demand of TOR program have a
small range increases with a rise in salvage value of the used
products in Model O and Model R. The reason is that the de-
mand of TOR is indirectly affected by the trade in rebate from
the manufacturer. That is, according to figure 2 (a), the trade
in rebate increases with a rise in the residual value, which in-
creases the utility of the customer's purchase and the demand.
However, the demand of TOR slightly decreases with a rise in
large salvage value of the used products in Model C, when
the salvage value of the used products is relatively large. The
implementation of carbon emission cost has increased the
price of remanufactured product, which negatively affects
customer’s utility and demand. According to the previous
propositions, the salvage value of the used products has no in-
fluence on the demand of TON.

In Fig. 2¢, the manufacturer’s profit decreases with a rise in
salvage value of the used products in Model O. Clearly, it is
likely that an increase in salvage value will boost trade in re-
bate from manufacturer, which results in decreased profit the
of manufacturer. However, in Model R and Model C, the
manufacturer’s profit little changes in salvage value of the
used products, and is less than the profit of Model O. Due to
remanufacturer competition, the total demand of manufactur-
ers has reduced. Additionally, it can be seen from the Fig. 2¢c
that the total carbon emissions have little change in salvage
value of the used products. This indicates that the residual
value has little impact on the carbon emissions generated by
the supply chain when the remanufacturer also offers TOR
program.

4.2 Customer’s preference coefficient for remanufac-

tured products from manufacturer

Fig. 3 assumes that §, = 0.2, 8, = 0.6, and ¢ = 0.3.In the three
models —namely, Model O (manufacturer with TON and
TOR), Model R (TON and TOR programs with remanufac-
turer competition), Model C (TON and TOR programs with
remanufacturer competition and carbon tax)—the impacts of
the customer’s preference coefficient for remanufactured
products from the manufacturer on price, demand of TON
and TOR, profits, and carbon emissions are explored. To es-
tablish the demand constraints of model O, model R and mod-
el C, we set the interval of customer’s preference coefficient
for the remanufactured products from manufacturer as
0.69 <9, <0.8.

Fig. 3a shows that the price of new products from the man-
ufacturer is not affected by customer’s preference coefficient
for remanufactured products from manufacturer in Model O,

-8

while it increases with a rise in customer’s preference coeffi-
cient for remanufactured products from manufacturer in Mod-
el R and Model C. The reason is that the competition of re-
manufacturer has led to changes in demand, and further led to
changes in price. According to Fig. 3a, the price of remanu-
factured product from the manufacturer increases with a rise
in customer’s preference coefficient for remanufactured
products from manufacturer in three models. The larger the
customer preference coefficient is, the greater the utility that
the manufacturer obtains from purchasing products, and the
manufacturer will raise the price to obtain a higher profit.
When customer’s preference coefficient for remanufactured
products from manufacturer is fixed, the price of new and re-
manufactured products of manufacturer in Model O is higher
than that in Model R and Model C, which is due to that manu-
facturers deprecate prices to increase demand with the com-
petition of remanufacturer. Furthermore, Fig. 3a shows that,
customer’s preference coefficient for remanufactured
products from manufacturer has no effect on the trade in re-
bate from manufacturer in Model O, while that have a negat-
ive effect on the trade in rebate from manufacturer in Model
R and Model C. This indicates that the introduction of manu-
facturer competition makes the trade in rebate affected by
more factors.

Fig. 3b shows that the demand of TON program decreases
with customer’s preference coefficient for remanufactured
products from the manufacturer in three models. Additionally,
it can be seen that the demand of TON in Model O and Mod-
el R is same and more than that in Model C, which indicates
that the provision of TOR program by the remanufacturer has
little impact on the TON program of the manufacturer, while
the cost of products has a negative impact on the demand of
TON. Fig. 3b shows that the demand of TOR program in-
creases with a rise in customer’s preference coefficient for re-
manufactured products from the manufacturer in three mod-
els. However, without a carbon tax policy, the demand of
TOR program in Model C is more than that in Model R. The
reason is that the introduction of carbon emission cost results
in more cost advantage in remanufacturing.

In Fig. 3c, the manufacturer’s profit increases with a rise in
customer’s preference coefficient for remanufactured
products from the manufacturer in three models. Additionally,
it can be seen that the profit of manufacturer in Model O is
greater than that in Model R and Model C, which is because
of the competition from remanufacturer. Fig. 3¢ shows that
the total carbon emission decrease with customer’s prefer-
ence coefficient for remanufactured products from manufac-
turer. When customer’s preference coefficient for remanufac-
tured products from manufacturer increase, more customers
participate in the purchase of remanufactured products, and
the carbon emissions generated in the remanufacturing are
lower, thus, the total carbon emissions decrease.

4.3 Customer’s preference coefficient for remanufac-

tured products from remanufacturer

It is assumed that §, = 0.2, 6,, = 0.8, and ¢ = 0.3 in Fig. 4,
which illustrates that the impacts of the customer’s prefer-
ence coefficient for remanufactured products from remanu-
facturer on price, demand of TON and TOR, profits, and car-
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Fig. 3. Impacts of customer’s preference coefficient for remanufactured products from manufacturer on price, demand, profit and carbon emission.

bon emission in Model R and Model C. The new products
and remanufactured products are both purchased by new and
replacement customers, which denotes that the customer’s
preference coefficient for remanufactured products from re-
manufacturer satisfies 0.41 <6, <0.75.

Fig. 4a shows that the price of new and remanufactured
products from manufacturer decrease with customer’s prefer-
ence coefficient for remanufactured products from the reman-
ufacturer in Model R and Model C. The reason is that facing
the market competitiveness of remanufactured products of re-
manufacturers increases with customers’ preference coeffi-
cient, the manufacturer will reduce prices to increase the de-
mand. Futhemore, the price of new and remanufactured

-9

products of manufacturer in Model C is more than that in
Model R. This can be explained by the fact that to ensure
profits, the manufacturers will raise their prices when costs
increase. Fig. 3a shows that the trade in rebate increase in
customer’s preference coefficient for remanufactured
products from remanufacturer in Model R and Model C. Ob-
viously, the larger the customer’s preference coefficient for
remanufactured products from remanufacturer, the greater the
market competitiveness of the remanufacturer. Therefore, the
manufacturer can provide a large rebate to increase the cus-
tomers utility.

Fig. 4b shows that the demand of TOR program decreases
with a rise in customer’s preference coefficient for remanu-
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Fig. 4. Impacts of customer’s preference coefficient for remanufactured products from remanufacturer on price, demand, profit and carbon emission.

factured products from remanufacturer in Model R and Mod-
el C. The reason is that the increase of the customer’s prefer-
ence coefficient leads to an increase in the demand for reman-
ufactured products from the remanufacturer. In Fig. 4b, the
demand of TOR less than that of Model C, which is because
of the introduction of carbon emission costs increases the cost
advantage of remanufacturing. According to the previous pro-
positions, the customer’s preference coefficient for remanu-
factured products from remanufacturer have no effect on the
demand of TON. This indicates that the TON decision of
manufacturer is relatively independent of the customer’s pref-
erence coefficient for remanufactured products from the re-
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manufacturer.

Fig. 4c illustrates that the manufacturer’s profit decreases
with customer’s preference coefficient for remanufactured
products from the remanufacturer in Model R and Model C.
Clearly, according to Fig. 4a and Fig. 4b, the price and de-
mand of manufacturer mostly decrease with a rise in customer’
s preference coefficient for remanufactured products from the
remanufacturer, which results in less profit of the manufac-
turer. It can be seen from the Fig. 4c that the total carbon
emission increase with a rise in customer’s preference coeffi-
cient for remanufactured products from the remanufacturer.
This is because the carbon emissions increased by the in-
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crease of remanufacturer's production are greater than the car-
bon emissions reduced by the reduction of manufacturer's
production, thus increasing the total carbon emissions.

4.4 Carbon tax rate

In Fig. 5, we assume that 6, = 0.2, §, = 0.8, §, = 0.6 and
provide a numerical example to illustrate the impacts of car-
bon emission rate on price, demand of TON and TOR, profits,
and carbon emissions in Model C. To establish the demand
constraints of Model C, we set the interval of the carbon
emission rte as ¢ < 0.33.

Fig. 5a shows that, with a rise in carbon tax rate, the price
of new and remanufactured products from manufacturer will
both increase, and the price of new products is greater than
that of remanufactured products. The reason is that a rise in
the carbon emission cost leads to an increase in the total cost
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of the manufacturer; however, the cost advantage of remanu-
factured products is more significant compared with new
products. Fig. 4a also shows that the trade in rebate slightly
increase with carbon emission rate in Model C.

In Fig. 5b, with a rise in carbon tax rate, the demand of
TOR slightly increase, while the demand of TON decrease in
model C. According to Fig. 5a, the prices of new products
and remanufactured products will both increase with the in-
crease of carbon emission costs, but remanufactured products
have more significant price advantages, thus the demand of
new products decrease and the demand of remanufactured
products increase.

Fig. 5c illustrates that the manufacturer’s profit increases
with a rise in carbon emission rate in Model C. This is mainly
due to the cost and price advantages of remanufactured
products, which bring about an increase in TOR demand. This
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Fig. 5. Impacts of the carbon tax rate on price, trade in rebate, demand of TON and TOR, profit, and carbon emissions.
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shows that a higher carbon tax rate does not always result in
manufacturer losing its profit, which provides a new insight
for government and manufacturer. For governments, they
should set an appropriate carbon tax rate to encourage manu-
facturer to reduce emissions. For manufacturers, they should
improve the green technology and reduce the carbon emis-
sions. Recall that the introduction of the carbon regulations is
to limit the carbon emissions of the supply chain. In Fig. 5,
the emissions curve depicts the changes of the carbon emis-
sions with the raise of the tax rate, which shows that the total
carbon emission decrease with a rise in carbon emission rate
in Model C.

5 Conclusions

Considering the increasingly serious environmental problems,
the carbon tax policy plays a vital role in restraining the car-
bon emissions of products in the manufacturing process. TON
and TOR programs, as effective recycling and remanufactur-
ing methods, are gradually and widely offered by manufactur-
ers, and actively recommended and subsidized by the govern-
ment. In addition, the competition of manufacturers is also a
point worthy of attention in TON and TOR issues. As a result,
our research considers the optimal strategies for manufac-
turer to offer TON and TOR under the competition of reman-
ufacturers offering TOR program. Furthermore, introducing
carbon tax policy to explore the impact of carbon tax on man-
ufacturers in the competitive environment. This paper studies
the manufacturers' TON and TOR schemes under the remanu-
facturer competition and carbon tax policy, through establish-
ing three models: Model O (Manufacturer with TON and
TOR), Model R (TON and TOR programs with remanufac-
turer competition) and Model C (TON and TOR programs
with remanufacturer competition and carbon tax), and analyz-
ing the impact of residual value, consumers' willingness coef-
ficient and carbon tax policy on manufacturers and total car-
bon emissions through numerical experiments. Our main
findings are as follows:

(1) When constraint conditions are satisfied, the manufac-
turer provides TON and TOR. Under remanufacturer compet-
ition and carbon tax, the optimal price and production de-
cision are affected by many factors, including consumers
willingness to different products and carbon tax rate.

(2) Under remanufacturer competition, a fall in consumers
willingness to manufacturer’s remanufactured product and a
rise in consumers willingness to remanufacturer's remanufac-
tured product will decrease the prices of manufacturer's new
products and remanufactured products; a rise in residual
value, a fall in consumers willingness to manufacturer’s re-
manufactured product and a rise in consumers willingness to
remanufacturer’s remanufactured product will increase the
manufacturer’s trade in rebate.

(3) Under remanufacturer competition, a fall in consumers
willingness to manufacturer’s remanufactured products will
increase the demand of TON; an appropriate residual value, a
rise in consumers willingness to manufacturer’s remanufac-
tured product and a fall in consumers willingness to remanu-
facturer’s remanufactured product will promote manufactur-
ers to offer TOR.
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(4) Under remanufacturer competition, a fall in residual
value, a rise in consumers willingness to manufacturer’s re-
manufactured products and a fall in consumers willingness to
remanufacturer’s products will increase the profits of the
manufacturer.

(5) Under the carbon tax policy, the carbon tax is condu-
cive to reducing carbon emissions. Our numerical example
shows that when facing competition from remanufacturers, an
appropriate increase in carbon tax rate will not reduce the
profits of manufacturer, which is mainly due to the cost and
price advantages of remanufacturing. Therefore, for manufac-
turers, they should constantly improve the remanufacturing
green technology and increase market competitiveness.

Our article creatively studies the coexistence of TON and
TOR under the competitive environment and carbon tax, and
obtains some new findings. However, there are still some
problems that have not been considered and can be studied in
the future. Firstly, our paper assumes that the quality of re-
cycled products is the same, thus the impact of quality differ-
ences on TON and TOR can be further studied in the future.
Secondly, future research can consider the problem under dy-
namic conditions, that is, the production in the first period
will affect the trade-in in the second period. In addition, our
paper sets that, the manufacturer has a brand effect, and re-
manufacturer has cost advantage and emission advantage. In
the future, we can analyze the impact of difference costs and
emissions, and further consider authorized remanufacturers.
Finally, this paper does not consider the issue of recycling
channels in the supply chain, which can be expanded to mul-
tiple manufacturers and retailers in the future.
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follows:
0uCrr + 0, P (=v+5)0;, + (V= P + Po)06 = (S + P)0,)0 + P 0,0,
P, = === amd p, =
26, 26,,(6,=6,)
Substituting them into the profit function and taking derivatives, we have

d dn drm
SettingﬂZO, Y =0and —=

dp.. dpu,
facturer as tl(j)lfows:
_ (26m - 6r)cmn + 5mcrr + 26111 - 6m6r - 6r

mn

" 26,-6)c,, 8%, %! 25,5,
Py = 226, —5)
—C(0,0, = 6,0,) = v(46,0,, — 26,0, — 66, — 56,6, = 5,) + 5(26,, = 6,)(6,, = 6,) = 26,(6,, = 6,)°

dm,, dm, dmy,
dp.” dp.” dpa,
=0, solving these three equations, we can obtain the optimal price strategies of the manu-

*

and p; =
P  225,0,-0,0,-40,+46,6,-0)
Substitute the optimal prices into demand function, we have
Com = Cr +0,,— 1
0y, = (),
2(52 - Sm6r%cmn + (6n16r - 26m + 6r)cmr + (6111 - 6;)6‘,,.

Q. = a( 49,(8, =6,)(1-5,) )

. Con = Cy + 0 =1 . O = Con + Cpp — 1
o= —Q’)(26—_2) and o =(1 _a)(T
262 +(-v—s5+2¢,, —C,—26,-26,)5,+ (V+5s—cC, + 26,,%6, =(¢,, —c.,)o,

).
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Proof. Proof of Proposition 3. is same to proof of Proposition 2., and c¢,,, + €, = Cumes Cor + €y = Cone a0 €, + €, = Cppe-
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