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Abstract: Outsourcing remanufacturing is an important way to achieve resource recycling, green
manufacturing and carbon neutrality goals. To analyze the impact of carbon trade on manufactur-
ing/remanufacturing under outsourcing remanufacturing, this article builds a game model between
an original equipment manufacturer (OEM) and a remanufacturer under the carbon trade policy. In
the outsourcing remanufacturing model, this article compares the impact of the carbon trade policy
on the unit retail price, sales volume, revenue, environmental impact, and consumer surplus of new
and remanufactured products. The research mainly draws the following conclusions: (1) Carbon
trade increases the prices of both new and remanufactured products and the cost of outsourcing.
Only when certain conditions are met can increased carbon trade prices increase revenue. (2) The
carbon trade policy helps reduce the adverse impact on the environment, but only when the carbon
trade price is greater than a certain threshold can it increase consumer surplus. (3) Consumer prefer-
ences and carbon emissions of the unit product affect manufacturers’ profits. Increased consumer
preference for remanufactured products and reduced carbon emissions of remanufactured products
contribute to increased sales and revenues.

Keywords: carbon trade; outsourcing remanufacturing; game model

1. Introduction

Human activities are accelerating environmental degradation and resource depletion.
While renewable energy has grown significantly worldwide, total global carbon emissions
have not been effectively controlled [1]. In 2019, total greenhouse gas emissions reached
a record high of 59.1 billion tons of carbon dioxide equivalent. Although global energy
consumption slowed down in 2020 due to the COVID-19 pandemic, most countries have
not yet reached peak carbon emissions as total carbon emissions are still rising. By 2020,
the global carbon dioxide concentration had risen from 280 ppm to 412 ppm, causing
global average temperatures to be 1.2 degrees Celsius warmer than they were before
the industrial revolution. As a common goal of human beings, most countries have
committed to achieving carbon neutrality by the middle of this century to promote low
carbon sustainable development. Developed countries such as the United Kingdom have
fully achieved carbon peaks and many Asian countries are following suit. However, for
some other countries, such as China, it is difficult to rely entirely on market forces to peak
carbon emissions, which necessitates strong government intervention [2]. Carbon trade, as
an important pricing mechanism for greenhouse gas emissions, is an effective policy tool
for countries to address climate change [3].

Carbon trade refers to the policy whereby a government grants each company a fixed
amount of carbon emission credits, allowing companies to trade the credits as a scarce
resource, and companies with surplus carbon emission credits can sell the remaining to
manufacturers who exceed the specified carbon emission credits [4]. This policy increases
the cost of carbon emissions and forces companies to seek low-carbon production methods
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to achieve carbon emission reduction. Therefore, the carbon trade policy can influence
firms” production decisions, forcing them to seek new production strategies to maximize
their benefits. In 2005, the European Union established a carbon trade system. The EU-ETS
trade system is an emission reduction mechanism based on total volume trading. The
emission reduction indicators in the Kyoto Protocol are allocated to each member country
in the form of quotas. According to the agreement, the carbon emission allowances of the
member countries of the EU-ETS system will be gradually reduced in three stages. The
carbon emission reduction industry has expanded from heavy industrial industries such
as power plants and steel plants to ammonia production companies and other chemical
industries that directly emit greenhouse gases. The EU-ETS system has problems such as
unfair distribution of carbon emissions and conflicts with other trade mechanisms [5-9]. In
2021, China used the power sector as a breakthrough to establish the world’s largest carbon
market. China’s carbon trade system avoids to a certain extent the excess quotas of EU-ETS
due to the “grandfather law” and has certain advantages in price control mechanisms.
However, there are also problems such as low transaction scale and small number of
industries involved. Carbon prices are affected by various factors such as industrial
structure, international carbon trade prices, and government price caps. Regarding the
allocation of carbon emission allowances, countries adopt a pattern that combines free
allowances and paid allowances, with paid allowances as the mainstream. The scope of the
market and the range of industries for carbon trade will be expanded in the future, as the
carbon trade market matures. The main carbon pricing mechanisms include price-based
ones, such as carbon taxes, and quantity-based mechanisms, such as carbon trade. Scholars
have compared the two mechanisms [10] and examined a dual-track model that combines
both carbon taxes and carbon trade [4]. Studies on carbon trade mainly focus on the
design of total allowances [11], the impact of coverage [12], the principle of allowance
allocation [12], the flexible control measures [13], and quota withdrawal mechanism [14].

There are three main mechanisms of carbon emission reduction: (1) by output ad-
justment, using carbon sinks to replace traditional carbon-heavy outputs (e.g., coal) or
using capture and storage to reduce generated carbon emissions. (2) By technological
change—achieving low-carbon, zero-carbon, and secondary-carbon development through
carbon reduction or decarbonization technology. (3) By energy optimization—replacing
traditional carbon emission industries with blue carbon such as hydropower and ocean
energy. Remanufacturing is one type of energy optimization, which refers to new technol-
ogy for recycling, processing, and integrated manufacturing of traditional products [15].
It is a typical green manufacturing technology that achieves carbon reduction or carbon-
free manufacturing through technological changes. With rapid changes to new products,
the number of waste products has increased dramatically, posing great challenges to the
sustainability of the economy [16,17]. Remanufacturing helps reduce the pollution of man-
ufacturing activities to the environment, diminish the carbon emission cost of enterprises,
and increase the profits of the carbon trade. This further motivates firms to carry out
remanufactured production [18-20].

At present, OEMs face barriers to remanufactured production. Many OEMs, for in-
stance, lack the skilled staff, required technology, equipment, and sufficient public support
for remanufacturing activities. Additionally, the overall profits of remanufactured product
are less than those of creating new products [21-23]. As a result, outsourcing the remanu-
facturing process has become a feasible and popular option for OEMs, in a process known
as outsourcing remanufacturing. In particular, OEMs are more willing to use outsourcing
remanufacturing technologies when consumers perceive a higher value in remanufactured
goods [24,25]. In this model, the OEM outsources the remanufacturing operation to a
remanufacturing firm by paying a certain outsourcing fee. In turn, the remanufacturing
firm makes the remanufactured products at the agreed quantity. Finally, the OEM sells
these products for a profit. Combined with its reverse recycling channels and cost and
profit factors, OEM’s recycling can be more beneficial in environmental, economic, and
social terms [26,27]. To promote a thriving remanufacturing industry, countries adopt a
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wide range of intervention policies to facilitate the production of low-carbon products
by both OEMs and remanufacturers [28]. Specific policies include production support
policies such as government subsidies [29-38], return policies [39—41], and carbon emis-
sions intervention policies such as carbon trade [3,4], carbon taxes [42—46] and carbon
regulation [47]. Scholars have compared the impacts of different policies [48], including
carbon tax and carbon trade [4,49], carbon taxes and government subsidies [50-54], carbon
tax and take-back legislation [55], take-back and carbon emission capacity regulations [47],
and government subsidies and carbon regulation [22]. Carbon trade mainly affects the
supply and demand of high-carbon new products and low-carbon remanufactured product
through the administrative means of carbon emission reduction allowances. In this process,
remanufactured products compete with new products and thus affect the sales of new
products. Therefore, under the carbon trade policy, OEMs need to consider production
costs, carbon trade costs, sales revenue of the two types of products, and the carbon trade
profits when making production decisions. Under this condition, carbon trade promotes
the growth of the remanufacturing industry in both the ordinary market and the green
market [3].

Existing studies have analyzed the pricing mechanism of carbon trade on remanufac-
turing [3,4,11], but have paid less attention to the impact of carbon trade on outsourcing
remanufacturing activities and the different levels of costs associated with these activi-
ties. This article establishes a game model of new products and remanufactured product
under the carbon trade policy. It examines the effects of carbon trade prices on sales
volume, unit product price, revenue, environment, and consumer surplus of the sup-
ply chain participants. Furthermore, it analyzes how the carbon trade policy impacts
OEMs/remanufacturers” decision-making mechanism. This article mainly answers the
following three questions:

1.  What are the impacts of outsourcing remanufacturing on manufacturing/remanufacturing
activities? How do an OEM’s decisions to outsource remanufacturing influence the
development of remanufacturing?

2. What are the impacts of carbon trade on manufacturing/remanufacturing activities
in the context of outsourcing remanufacturing, such as the price, demand, revenue,
environment, and consumer surplus of the two products?

3. What are policy implications for promoting the growth of the remanufacturing industry?

This article is organized into five sections. Section 2 introduces the research ques-
tions and the game theory model. Section 3 describes the model construction process,
explains the main research conclusions, and proposes implications. Section 4 conducts a
numerical case in the context of China. Section 5 summarizes the conclusions and future
research directions.

2. Model Formulation
2.1. Problem Description

Outsourcing remanufacturing refers to a remanufacturing pattern by which an OEM
pays specialized remanufacturers to produce remanufactured products and then sells
them on the market. This article develops a model in which the remanufacturing supply
chain is composed of one OEM and one remanufacturer under the carbon trade policy.
Lacking the necessary technology, the OEM outsources the remanufacturing operation
to the remanufacturer for production. Both the OEM and the remanufacturer seek to
maximize their benefits. In the outsourcing model, the remanufacturer decides on the
number of waste products generated in the production process to be recycled, which
is affected by the outsourcing fee, i.e., the higher the outsourcing fee, the stronger the
remanufacturer’s production incentives, and the greater the number of waste products to
be recycled. Apart from the outsourcing fee, the OEM also needs to determine the unit
retail price of new and remanufactured products. Given the substitute effect between
the new and remanufactured products, the carbon trade policy restricts carbon emissions
by limiting the market prospects for new products and strengthening the incentives for
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remanufacturers. OEMs thus need to consider the retail prices of the two products and the
outsourcing fee under the carbon trade policy in order to maximize their benefits.

Taking the carbon trade policy and government preset prices into consideration, this
article establishes a game model between an OEM and a remanufacturer. It analyzes the
impact of these two factors on both the OEM’s and remanufacturer’s decisions. According
to the reverse order of game theory, the remanufacturer decides the number of waste
products to be recycled first. The OEM then determines the outsourcing fee and the unit
retail price of the two products.

2.2. Model Symbol
Table 1 gives the basic definitions of the symbols used in this article.

Table 1. Definition of symbols.

Symbol Definition
nr OEM, remanufacturer
Superscript n The government does not carry out carbon trade policy;
Gn, qGr Sales volume of new and remanufactured products;
P, Pr Unit retail prices of new and remanufactured products;
Cn, Cr Unit production cost of new and remanufactured products (in reality it is known that ¢, > ¢,);
T The carbon emission credits given to manufacturers by the government;
oo The carbon emissions of unit new product and unit remanufactured product (that is, the impact of
e unit new product and unit remanufactured product on the environment, it is that in reality e;, > e;);
. The total carbon emissions of new products and remanufactured products, that is, the total impact of
the two manufacturers’ production on the environment;
Unit carbon emissions trade price;
- The ratio of the number of waste products recycled by remanufacturers to the sales volume of new
products (that is, the recycling rate of waste products);
The ratio of the retail price of a unit remanufactured product to the retail price of a new product,
o which indicates the consumer’s preference for remanufactured products (in reality, it is known that
0<6<1);
w When the production unit remanufactures the product, the outsourcing fee paid by OEM to the
remanufacturer;
T, T Revenue of OEMs and remanufacturers.

2.3. Model Function
2.3.1. Model Demand Function

According to [21,48], this article adopts a relatively mature demand function. The
relationship between the demand and the unit retail price is as follows:

pn=1=qn—0qr,pr = 6(1 —qu — )
2.3.2. Model Recovery Function

According to [24], the number of recycling waste products is q, = 74y, the cost of
recycling waste products is proportional to the number of recycling, that is, the cost of
recycling waste products can be expressed as %(an )2, where k is the coefficient of recycling
waste products.

2.4. Research Hypothesis

Hypothesis 1. Under the protection of intellectual property rights, OEMSs transfer remanufactur-
ing production to remanufacturers through outsourcing remanufacturing, and the OEM pays the
outsourcing remanufacturing costs according to the production quantity of the remanufactured
products. OEM influences the remanufacturing enthusiasm of remanufacturers by changing the
unit outsourcing remanufacturing expenses.
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Hypothesis 2. New products and remanufactured products produced by enterprises will have
different impacts on the environment. Take the remanufactured engine as an example, compared
with the unit new engine, the unit remanufactured engine can reduce carbon emissions by 60%.
Therefore, OEMs can influence the volume of carbon trade by changing the production volume of
new products and remanufactured products, and ultimately change the revenue of OEMs.

Hypothesis 3. The carbon trade policy is an important policy that affects the development of the
outsourcing remanufacturing industry. There are many policies that affect the remanufacturing
industry, such as government subsidy policies, carbon tax policies, and carbon restraint policies.
At present, there are few studies on the impact of carbon trade on remanufacturing, especially the
impact of carbon trade on outsourcing remanufacturing.

3. Model Analysis
3.1. Model Construction

Ty = (Pn - Cn)‘]n + (Pr - w)q;' - (enQn - T)Q 1)
Ty = (W —cr)qr — S(an)va (T —ergr)Q 2

In the Equation (1), (p» — ¢n) represents the revenue of the OEM from selling unit new
products, (pn — cu)qn represents the total revenue of the OEM from selling new products,
(pr — w) represents the revenue of the OEM from selling unit remanufactured products,
(pr — w)qy represents the total revenue earned by the OEM from selling remanufactured
products, e,q, represents the carbon emissions required by the OEM when the demand
for new products is g, €4, — T represents the government giving the OEM a carbon
emission credit T, the OEM needs to purchase additional carbon emission credits in order
to meet the production needs, (e,q, — T)Q represents the expenditure required by OEM to
purchase carbon emission credits e, 4, — T, so OEM’s revenue is the total revenue of new
products and remanufactured products minus the expenditure of purchasing additional
carbon emission credits.

In the Equation (2), (w — ¢;) represents the unit remanufactured products revenue to
remanufacturer, (w — cr)qr represents the remanufactured products total revenue, %(an)2
represents the cost required for the remanufacturer to recycle waste products, e, g, repre-
sents the carbon emissions required when the demand for remanufactured products is
gr, T — e;qr represents that the carbon emission credit given to the remanufacturer is T,
the carbon emission credit remaining after the remanufacturer produces the product, and
(T — erqr)Q represents the revenue obtained by the remanufacturer from selling the remain-
ing T — eyq, carbon emission credits. Therefore, the revenue of remanufacturers is equal
to the total revenue of producing remanufactured products and selling residual carbon
emission credits minus the cost of recycling waste products.

3.2. Model Solving

In order to obtain the optimal solution, Lemma 1 is given.
Lemma 1. (i) In Equation (2), 7, is a concave function about t; (ii) in Equation (1), 7, is a
concave function about q,, w;

According to Lemma 1, the optimal solution can be obtained, see Conclusion 1. See
Appendix A for the Proof of Conclusion 1.

Conclusion 1. Under the carbon trade policy, the optimal solutions of the unit retail price of
new products and remanufactured products, the sales volume of new products and remanufactured
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products, the revenue of OEMs and remanufacturers, the recycling rate of waste products, and the
outsourcing cost of unit remanufactured product are as follows:

Pn* _ 1+cn2+enQ
. (55—52+k+k(c,l+enQ)+(1—5)(cr+eyQ)
pr = 200—621k)
x _ 0—0%+k—(64k)(cpntenQ)+d(c,+e,Q)
In- = 2(6—6%+k)
* __ 5(Cn+enQ)_(Cr+€rQ)
ar = 2(6—02+K)
_ [—(enten Q) | [SentenQ)—(er+erQ))?
Ty = r + 1(0-071k) +TQ
_ k[ d(cntenQ)—(cr+erQ) 2
=% (6—07+k) } +TQ
T* 5(Cn+5nQ)_(cr+€rQ)

T 5Tk to(cr+erQ)— (0-+K) (cntenQ)

x _ ko(cntenQ)+(26—282+k) (e +¢,Q)

w 2(0—32+K)

Aiming at the above optimal solution, let Q = 0 be the optimal solution when the
government does not limit the carbon emission quota, i.e.,

1
pnn* — q;cn
ne _ 55—52+k+kcn+(1—5)c,
pr 200—0%+k)
nx _ (5—52+k—(5+k)(:n+5€7
In 200-021k)
nx dcp—cr
r 2(6—02+K)

2 2
nx _ (1—cy) (6cn—cy)
T =7 ti—an
T = k ( dcn—cr 2
r 8\ 6—62+k

Th* dcp—cCr

= = Fk+der—(01k)en

W — kdcy+(26—28%+k)c,
- 2(6—82+k)

3.3. Result Analysis

According to Conclusion 1, the impact of government carbon trade policy on outsourc-
ing remanufacturing can be stated as follows:

Conclusion 2. The effects of carbon trade prices on unit outsourcing costs, unit retail prices,
product sales volume, and the waste product recovery rate is as follows:

() kden+(20—20%+k)er

Q 2(6—62+k) >0

i) =g 50, = glatde

aQ 79Q T Y 2(06—-62+k)
o 00t —(04k)e,+der
(i) 5o = S <O
when § > &, % — St~ 0 otherwise, 201 < 0

en’ 9Q T 2(6-32+k) 7 3Q
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(iv) When 6 > :—; and 6 > 5—;,

E _ (5 — 5%+ k) [5311 — €y — en(cr + ErQ) + er(Cn + enQ)]
0Q [6—624k+6(cr +eQ) — (54k)(cn +enQ))

See Appendix A for the Proof of Conclusion 2. Conclusion 2 shows that the carbon
trade increases the outsourcing cost of unit remanufactured product paid by the OEM to
remanufacturer, increases the retail price of unit new products and unit remanufactured
products, and reduces the sales volume of new products. When § > 5—;, the implementation
of the carbon trade policy will increase the sales volume of remanufactured products.
When 6 meets the conditions of 6 > ¢ and 6 > ¢, carbon trade increases the recycling rate
of waste products.

Since the carbon trade policy limits carbon emissions, OEMs have to purchase addi-
tional carbon emission credits. Therefore, OEMs increase the price of new products to cover
the increased production costs and pass on the additional costs to consumers, causing a
decline in product sales. In addition, to offset the negative impact of reduced sales of new
products on revenue, OEMs increase the unit outsourcing costs of remanufactured products
to promote the production and the sales of these products. Meanwhile, the production
costs of remanufacturers have also increased, and remanufacturers thus demand higher
outsourcing costs of unit remanufactured products. This leads to an increase in the sales
cost of unit remanufactured products, and OEMs transfer the increased outsourcing cost to
consumers indirectly, that is, carbon trade increases the sales price of unit new products
and unit remanufactured products. When the ratio of the retail price of unit remanufac-
tured product to unit new product is greater than the ratio of the unit carbon emissions
of unit remanufactured product to unit new product. That is, consumers’ preference for
remanufactured products is greater than the ratio of the environmental impact of reman-
ufactured products and new products. It can be seen that as consumers’ preference for
remanufactured products increases, carbon trade is conducive to setting up thresholds and
increasing the sales volume of remanufactured products [26].

For remanufacturers, according to [56], the relative discount and the carbon emissions
of unit product affect the sales volume of remanufactured products. The sales volume
and the production cost of unit remanufactured products in turn affect the recycling rate
of the waste products. Given the increased outsourcing fees, remanufacturers further
increase production to make more profits, by enhancing the recycling rate of waste prod-
ucts. Different from [46], the reduction in production costs and carbon emissions benefit
remanufacturers, increasing the incentives of remanufacturers for production and their
demand for waste products. When the discount rate is higher than the ratio of the carbon
emissions generated from remanufactured products to new products, a certain increase in
the retail price of unit remanufactured products can increase the remanufacturer’s revenue.
Therefore, remanufacturers will strive to reduce the carbon emissions and increase the
retail price of remanufactured products.

Management Implication 1: OEMs can respond to the impact of carbon trade by
changing product prices and production quantities. Remanufacturers need to consider
discount rates, unit product costs, unit carbon emissions, and unit product outsourcing
fees, in order to decide on production quantities and scrap recycling rates. As mentioned,
the implementation of the carbon trade policy directly affects the manufacturing behavior
of OEMs and remanufacturers. The government should also improve consumers’ environ-
mental awareness and consumption preferences, and encourage remanufacturers to reduce
carbon emission reduction costs through technological improvements.

Corollary 1 can be drawn from Conclusion 2, as follows:

Corollary 1. The effects of carbon trade on the unit retail price, sales volume, and unit outsourcing
costs of the two products are as follows:

@) pn>pupr > P
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(ii) qp <qy”

when § > &, g¥ > qi'*; otherwise, q; < q'™*

en
* Tk
(i) wy; > wy

Similar to [3], Corollary 1 shows that the implementation of carbon trade policy leads
to an increase in the prices of the two products. Specifically, it directly increases the carbon
emission costs and the overall production costs of new products. In turn, the sales volume
of new products is likely to decline as OEMs usually increase sale prices of products to
cover the increased costs. Meanwhile, carbon trade fees increase the outsourcing cost of
unit remanufactured products and thus increase the overall cost of the remanufactured
products sold by OEMs. As a result, remanufactured products will also see an increase in
sales prices. Since carbon trade costs are directly amortized over new products, to maintain
the sales volume of new and remanufactured products, OEMs need to adjust outsourcing
fees based on the increasing level of carbon trade costs, and then weigh the benefits of the
two products. It can be seen that the mechanism is very similar to the impact of the carbon
tax on unit retail prices [54].

However, the carbon trade policy does not necessarily increase the sales volume of
manufactured products under all conditions. It works only when the discount rate is
greater than the ratio of carbon emissions from new products to remanufactured products.
The sales volume of remanufactured products with the condition of the carbon trade policy
is greater than that of remanufactured products without the condition. Being driven by the
carbon trade policy, remanufacturers reduce the carbon emissions of unit remanufactured
products by improving carbon reduction technologies, reducing carbon trade costs, and
increasing the production scale.

Conclusion 3. The impact of carbon trade on the revenue of OEMs and remanufacturers are
as follows:

. (0—6%4k)[en(1—cy) —2T]+(den—er ) (cy—bcy) 7T
@ when Q < 2 (6—624k)+(ben—er)? 130 S 0,

otherwise aggj* > 0.

Cnertcren—cpen)—crer 74% ((5752+k)2 o}
(en—eyr)(0en—er) 7 0Q

(i) when > & and Q < & <0,

. 0T .
otherwise aé >0;

Cner+crep—0cyen)—crey 74% ((57(52+k)2 o

, S
when § < 57 and Q < (onzer) Genr) 30

>0,

. Oy
otherwise 30 <.

See Appendix A for the Proof of Conclusion 3. Conclusion 3 shows that although
carbon trade policy increases the unit retail price of the two products, it does not always
enhance OEMs’ and remanufacturers’ revenue. OEMs’ revenue is proportional to the
carbon trade prices only when the carbon trade price is above a certain threshold. When
the carbon trade price is below a certain threshold, although the sales prices of new and
remanufactured products increase, the sales volume of new products decreases significantly,
which leads to a decline in the revenues created from new products. Meanwhile, the
increase in revenues from remanufactured products is not enough to make up for the
decrease in revenues from new products, and revenues from selling two products cannot
make up for the increased costs caused by outsourcing fees and carbon trade fees, which in
turn leads to a decrease in the overall revenues of an OEM. When the carbon trade price is
higher than a certain threshold, remanufacturers reduce the carbon emissions associated
with the production of remanufactured products, thereby selling more carbon emission
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credits to obtain revenues. According to Conclusion 2, the sales volume of remanufactured
products will increase. In addition, when consumers realize that the carbon trade policy
increases firms’ outsourcing costs and sales prices of products, they are willing to continue
buying remanufactured products [57]. Therefore, a reasonable choice for OEMs is to sell
more remanufactured products to make up for the loss of revenues caused by the decline
in sales of new products.

When the ratio of carbon emissions of unit remanufactured products to that of new
products is lower than the price ratio of the two products, the benefits to the remanu-
facturer are minimal depending on the carbon trade price. When the carbon trade price
exceeds a certain point, the revenue of the remanufacturer increases as the carbon trade
price increases. When carbon trade prices are low, however, it is not attractive for the
remanufacturer to sell carbon emission credits to earn revenue. Moreover, when the carbon
trade price reaches a certain threshold, the sales volume of remanufactured products may
achieve the scale effect. Therefore, remanufacturers prefer to reduce the costs and obtain
more benefits by improving emission reduction technologies. When the ratio of the carbon
emissions of unit remanufactured products to that of new product is higher than the price
ratio of the two products, the remanufacturer’s revenues reach the maximum at another
certain point in the carbon trade price. When the carbon trade price is above this point,
the remanufacturer’s revenues decrease as the carbon trade price increases. In this case,
the carbon trade reduces the sales volume of remanufactured products. In the initial stage,
with the increase in outsourcing fees and the retail price of unit remanufactured products,
the revenues created from remanufactured products will increase. When the price of
carbon trade rises to a certain level, the sales volume of remanufactured products and the
recycling rate of waste products decline significantly, and the remanufacturer’s revenues
therefore decrease.

Management Implication 2: As the carbon trade policy directly affects the revenue
of the two manufacturers, the government should set a reasonable carbon trade price
greater than a certain threshold, to increase the sales volume and promote the production
motivation of the two types of manufacturers. Since carbon trade related costs cannot
always be transferred from manufacturers to consumers through the market, the level of
carbon trade prices is particularly important to both OEMs and remanufacturers. Therefore,
the carbon trade price should not only include the direct carbon emissions generated from
fossil fuel burning but also the indirect emissions from the use of electric heating. Otherwise,
unreasonable carbon trade prices will hinder the low-carbon transformation of the two
manufacturers [58].

In the condition of the carbon trade policy, the environmental impact of the OEM’s and
remanufacturer’s production is e = e,q;, + e;q;; when there is no carbon trade policy, the
environmental impact of the OEM’s and remanufacturer’s production is e = e, q;i* + e,4,'*.

Conclusion 4. The impact of carbon trade on the environment is as follows: e < e™.

See Appendix A for the Proof of Conclusion 4. Conclusion 4 suggests that the adverse
impact of the two manufacturers’ production activities on the environment is diminished by
the carbon trade policy. In other words, the carbon trade policy helps mitigate the negative
impact of the production activities of OEMs and remanufacturers on the environment.
Conclusion 2 and Corollary 1 also show that the carbon trade policy shifts OEMs’ and
remanufacturers’ production decisions and thus reduce their adverse influence on the
environment, due to the reduced sales volume of new products. In addition, the carbon
trade policy directly increases the production costs of OEMs, forcing OEMs to reduce
carbon emissions through technological innovation.

Management Implication 3: The government needs to promote the efficiency of
the carbon trade market, encourage OEMs to carry out low-carbon production activities
through a wide range of means, such as providing subsidies based on carbon emission
levels. Meanwhile, to enhance public support for low-carbon remanufactured products,
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the government could launch campaigns to educate the public and increase consumers’
environmental awareness.

Conclusion 5. The impact of carbon trade on consumer surplus is as follows:

2e,(1—cy) ((5—(52+k)2+2(5—(52) [(S(Cne,—&-cre,, ) —cnenéz—c,ey]
€3 (6—824k)*+(5—02) (en—er)? ’

When Q >

S > S", otherwise S < S".

See Appendix A for the Proof of Conclusion 5. Conclusion 5 shows that carbon trade
does not always increase consumer surplus. Carbon trading price above a certain threshold
is a necessary condition for increasing consumer surplus.

Management Implication 4: The government can help increase consumer surplus
by setting a reasonable carbon trade price, thereby protecting the interests of consumers.
In addition, under the role of an effective market, the carbon trade policy can enable
consumers to gain more benefits in market transactions, thereby encouraging consumers to
purchase remanufactured products continuously.

4. Numerical Analysis

To further analyze the impact of the carbon trade policy under the condition of
outsourcing remanufacturing on both new and remanufactured products, environmental
benefits, and consumer surplus, this article conducts a numerical analysis by taking the
case of a medium-sized used engine remanufacturing firm in China. According to [56],
compared with a new engine, a unit remanufactured engine can save the production cost
by 50% and reduce the environmental impact by 60%. Therefore, the production cost and
environmental impact of unit new products and unit remanufactured products can be set
as:c; =0.2,¢, =01, ¢, =1, ¢, = 0.4, According to [59],setk =11, 6 =0.6, T = 2.

4.1. The Impact of Q and & on the Unit Retail Prices of Two Products

According to Figure 1, the unit retail price of the two products is proportional to
the carbon trade prices. The main reason is that the carbon trade policy increases the
production costs of new products, and OEMs will pass on such costs to consumers by
raising the price. At the same time, the carbon trade policy also increases outsourcing
costs and remanufactured product costs, which in turn increases the price of remanufac-
tured products.

035

U= Ny -l N AT

(8 — i R N i

05 0] ) Q

Figure 1. The impact of Q and J on the unit retail prices.

Corollary 2. The impact of consumer preferences on the unit retail prices of two products:
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. apn* ap,*
0 =0 >0

Similar to [54], the unit retail price of new products is theoretically not affected by
consumer preference. As the public favors remanufactured products, however, the OEMs
will see decreased sales of new products and potential profit loss under the carbon trade
policy. To offset such potential loss, the OEMs no longer increase the retail prices of new
products. In contrast, the unit retail price of remanufactured products is proportional
to consumer preferences, which is conducive to enhancing the market competitiveness
of remanufactured products. In turn, remanufacturers will increase the retail prices of
remanufactured products to gain more profits.

4.2. The Impact of Q and 6 on the Sales Volume of Two Products

According to Figure 2, the sales volume of new products is inversely proportional
to the carbon trade price, and the sales volume of remanufactured products is directly
proportional to the carbon trade price. As the price of carbon trade increases, the produc-
tion cost and sales price of new products will increase substantially, which will reduce
consumer purchases and consumers will switch to remanufactured products. In addition,
rising carbon trade prices attract remanufacturers to reduce carbon emissions and expand
production to obtain greater profits. For OEMs, the increase in sales volume of remanufac-
tured products can offset some of the losses caused by the decline in sales volume of new
products. Therefore, the increase in carbon trade prices will increase the sales volume of
remanufactured products and reduce the sales volume of new products.

) TSl 1)
05 0l

Figure 2. The impact of Q and J on the sales volume.

Corollary 3. The impact of consumer preferences on the sales of two products:

o gt "
(i) <0, >0

The sales volume of new products is inversely proportional to consumer preferences,
and the sales volume of remanufactured products is directly proportional to consumer
preferences. This is due to that the market prospects for remanufactured products have
greatly improved as consumer preferences increase, so OEMs will increase the market
share of remanufactured products and squeeze the market share and sales volume of new
products [57].
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4.3. The Impact of Q and J on the Recovery Rate of Waste Products

According to Figure 3, the recycling rate of waste products is directly proportional
to the carbon trade price. This is because implementation of the carbon trade policy will
increase the sales volume of remanufactured products. Therefore, to steadily increase the
scale of their production, remanufacturers will increase the recovery of waste products.

(NI 4

11110 [ i

0 seemt
08

Figure 3. The impact of Q and J on the recovery rate of waste products.

Corollary 4. The influence of consumer preferences on the recycling rate of waste products:
. oT*
i) S5 >0

According to Corollary 3, the increase in consumer preference for remanufactured
products will increase the sales volume of remanufactured products. Therefore, remanufac-
turers will increase the recycling volume of waste products to meet market demand and
obtain greater benefits.

4.4. The Impact of Q and & on the Revenue of OEMSs and Remanufacturers

According to Figure 4, the revenues of OEMs and remanufacturers are directly pro-
portional to carbon trade prices. With an increase in carbon trade prices, the unit retail
price and sales volume of remanufactured products will increase, leading to an increase
of the remanufacturers’ revenues. For OEMs, the substantial increase in revenue from
remanufactured products can offset some of the losses caused by the reduction in sales of
new products. In addition, the production costs of remanufactured products are relatively
lower, which leads to an increase in the overall revenues of the OEM.

Figure 4. The impact of Q and J on the revenue.
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Corollary 5. The impact of consumer preferences on revenue:

(i) Yu>0,%0 50

The increase in consumer preferences for remanufactured products is conducive to
expand remanufacturing market share and increase the production scale of remanufactur-
ers. As a result, outsourcing fees and the benefits generated from the carbon trade will also
increase, further enhancing the overall benefits of remanufacturers.

5. Conclusions

To examine the impacts of carbon trade policy on outsourcing remanufacturing,
this article constructs a game model between an OEM and a remanufacturer under the
conditions of carbon trade policy. It compares and analyzes different impacts of carbon
trade on the profits and behavioral decisions of both parties. The main conclusions are
as follows.

(1) The carbon trade price is proportional to outsourcing costs, retail prices of new
products, and retail prices of remanufactured products. The carbon trade price is
inversely proportional to the sales volume of new products. Only when the carbon
trade price is above a certain threshold can carbon trade increase the revenues of the
OEM and the remanufacturer.

(2) Inaddition to carbon trade prices, consumer preferences and unit carbon emissions are
also factors that the manufacturers need to consider in decision-making. The increase
in consumer preferences for remanufactured products and the reduction of carbon
emissions associated with remanufactured products are conducive to increasing the
sales volume of remanufactured products, the recycling rate of waste products, and
the revenues. Therefore, when making decisions, manufacturers should consider
various factors and constantly seek new technologies to achieve carbon emissions
reduction and maximize profits.

(3) The carbon trade policy reduces the adverse effects of manufacturing activities on
the environment, but they do not always increase consumer surplus. Only when the
carbon trade price is above a certain threshold can carbon trade increase consumer
surplus. Therefore, the government should set an appropriate carbon trade price to
guide resource allocation. Meanwhile, the government needs to launch a propaganda
subsidy policy to improve the visibility and penetration rate of remanufactured prod-
ucts, and encourage manufacturers to voluntarily reduce emissions, thus supporting
the rapid growth of the remanufacturing industry.

Based on these findings, this research field can be further explored in the future. First,
carbon trade is the trading of intangible assets, and it thus faces high transaction costs
in all aspects of activities of verification, grading, and trading. As the goal of carbon
neutrality is approaching, the prospects for the development of carbon trade remain
unclear. At the same time, China’s policy practice has preliminarily shown that the separate
implementation of carbon trade policy and carbon tax policy have a higher implementation
cost. The combined use of the two policies suggests a more feasible government strategy in
the future. Therefore, the impacts of the mixed policy of carbon trade and carbon tax on
outsourcing remanufacturing deserve more attention. Second, studies on the current carbon
trade pricing mechanism are not sound, and carbon trade pricing is still a combination
of paid-free carbon emissions reduction. The further analysis of the impacts of all-paid
carbon trade pricing mechanisms on outsourcing remanufacturing is meaningful, given
the fact that the cutoff for peak carbon is approaching. Third, the current mainstream
carbon trade policy worldwide is mainly to establish a regional carbon trade market. As
the internationalization and industrialization of carbon trade deepen in the future, further
research on the impacts of the carbon trade market mechanism based on relatively complete
and customized quota allocation on outsourcing remanufacturing is needed.
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Appendix A

Proof. Proof of Conclusion 1.
Substituting pv, = 6(1 — gy, — qvr), qvr = Tvqvi into Equation (2), we can rewrite
Ty, as follows:

k
yr = (1= qvn — 0Tvrqvi — 2v + 0) Tyrqy1 — E(TVMV1)2 (A1)
The first-order and second-order derivatives of 7y, concerning Ty are as follows:

BnVr

I, (1= qvn — zv +0)qv1 — 26Tv,qv1> — kTvqvi® (A2)
r

27T

aTszr = —26qy1% —kqy1? < 0 (A3)

Because the second-order sufficient condition in Equation (A3) is negative, the revenue
function 7ty, in Equation (2) is concave in 7y. Let Equation (A2) equal 0 and by solving
them simultaneously, we obtain:

1—qvy—zv+v
(20 +k)gv1

Ty = (A4)

Substituting py1 = 1 —qvi,pve = 1 —qva — 6qvr, pvr = 6(1 — qvn — qvr), qvr =
T;,qv1 into Equation (1), the revenue function of 7ty can be rewritten as follows:
1—qyy—zy+vo 1—qyy, —zy+v

26 +k 25 +k

The first-order and second-order derivatives of 7ry, in Equation (A5) concerning gy,
qvn, and zy are as follows:

(A5)

—Cn)qvn +2zv

Tyn = (1 —4qvi — Cn)‘]Vl + (1 —qvp— 9

9qv1 =12
oy,  (26+k)(1—cy) —8(6+0v—c) —2(26 +k — 62)qyn
gy, 20+ k
oy, 6+v—cr—2z
oz 26+ k
* 1y * 1y, _ 9?1y

1> T quadqyr  9Tvdqv -
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azﬂ’vn _ 2 azﬂ’vn azﬂvn
0z2  26+k’dqy,0z  9qy10z
8271Vn _ 26 +k— 52 azﬂvn azﬂ’vn —0
qvn? 20+k "oqvi9qvn  OTyIqvn

Moreover, the Hessian matrix of 7ty,, in Equation (A5) on qy1, qvy,, and zy is as follows:

-2 0 0
_ 26+k—02
H = 0 -2 25+k 02
0 0 T 264k

The first-principal, second-principal, and third-principal minors of the Hessian matrix
H are calculated as follows:

[H|; =[-2[=2>0,

-2 264k — 62
'H'z—' gkt | =4 >0
-2 0 0
26 4 k — 62
Hy=| 0 —22e o |= gPFE=%
0 0 2 (20 + k)
20+k

Therefore, Equation (A5) is concave to qy1, gv,, and zy,. That is, Equation (1) is
concave to qy1, y,, and zy. Conclusion 1b could be proven similarly.
The proof of Conclusion 1 is completed. [

Proof. Proof of Conclusion 2.
We can see from Conclusion 1:
opvi* _ Opvn* _ oLt 0 opvr* 5(1—9)

ov Jv v ’ v _2(25+k — (52) < 0/ (a) 1S proven.

(b), (c) and (d) can be proven similarly.

The proof of Conclusion 2 is completed. [
Proof. Proof of Conclusion 3.

We can see from Conclusion 1:

aZV* o 1 aZS* A
% 27 0 ds 0;
aTV* . 1 >0 aTS* . 5(1—|—Cn) —Cr
00 (20+k—=0%)(1—cy) = " O (264+k—02)(1—cp—s)

The proof of Conclusion 3 is completed. [

>0

Proof. Proof of Conclusion 4.
We can see from Conclusion 1:

Ex :en[l_cn n 1 (k+26)c, — dcy

1 ] v — ¢+ dcy
2 2 2(26 +k —62)

2026+ k—02)’

ey — ey
Ev =E [ —
VNt s vk —67)

Sey — e, (46 + 2k — 6%)
Es =E
S N k=)
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ey ey —oey .
When &> J, STk > 0, that is,

er - (sen
Ey—EN=V———F5~ .
v = s k- Y
Thus, (a) is proven.
(b) and (c) can be proven similarly.
The proof of Conclusion 4 is completed. [

Proof. Proof of Conclusion 5.
We can see from Conclusion 1:

_ 2 _ 2
(152)” +6(1 — 8) [0

Sn = > ,
1-cy )2 +0cy—c; 12
o 5 0 -9
VvV = 2 7
[ 'U+5Cn_C£ ]2 . [ (5cn—cr2 ]2
2(26-+k—52) 2(26-+k—57)
— =6(1-96
Sy —Sn = 4( ) 7 ,
v+ dcy — ocy — Cr v

2B +k—07) 22+k—9)  22tk—35)

thatis, Sy > Sy. Similar proof Sy > Ss.

The proof of Conclusion 5 is completed. [
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