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Abstract In today’s competitivemarkets, only retailer is not focused on selling prod-
ucts in the retail market. The manufacturer focuses on product remanufacturing that
can fulfill the customer’s demand and increasemanufacturer’s revenue earnings. This
study optimizes the selling price and remanufactures products with a similar com-
mitment as to the fresh one. The urge for remanufactured products highly delineates
their price and carbon emission reduction, as these two features are most important
to customers for indicating the value and standard of the renovating products. This
research explores a classical optimization process under a closed-loop supply chain
management with declining the emission of CO2 considering carbon tax and selling
price-dependent market demand. Here, Stackelberg game theory is utilized to solve
the model with distributor and manufacturer both. Both distributor and manufacturer
remanufacture together, where they sell new and remodeled products. The analytical
solution gives the optimum selling price with reduced carbon emission.

Keywords Supply chain management · Remanufacturing · Third-party logistics ·
Carbon tax · Technology sharing

1 Introduction

In today’s supply chain, it leads to a challenging situation to maintain a balance
between environmental issues and economic issues. The carbon tax restricts carbon
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emission from the manufacturing section in a closed-loop supply chain management
(CLSCM) to decrease carbon emission. The manufacturer involves in remanufac-
turing instigates a carbon tax scheme with dual tax payments on manufacturing and
remanufacturing levels. This work is done in the following process: first, take an
optimal strategy to store products. After that, consider carbon tax to decrease CO2

and earn more profit in the supply chain by manufacturing new and used prod-
ucts. It helps to find out the values of decision variables. Further, a CLSCM with
reduced CO2, exchange strategy, quality improved product, carbon tax, and sell-
ing price-dependent market demand of products is shown under remanufacturing
scenarios for supply chain performance. The manufacturer and distributor remanu-
facture returned products where the third-party logistics (3PL) is liable for gathering
used products from the customers. In this case, the manufacturer gives a technology
license to the distributor to remanufacture a portion of the collected used products.
The remainder portion is taken back to the manufacturing company for remanufac-
turing. Here, Stackelberg game is used for decision making to optimize the supply
chain’s profit. Different researchers have constructed different models where price-
dependent demand is analyzed or the customer’s attraction for green products. This
study helps to answer the research queries mentioned below:

• Which supply chain is the best among two remanufacturing structures?
• How does carbon emission related with the remanufacturing of the supply chain?
• How can the selling price affect the demand for products in the market?
• What is the relation between the return strategy, carbon emission, and quality
improvement effort in supply chain management?

• How does the technology license sharing impact supply chain management
(SCM)?

The remaining portion is equipped as follows: Sect. 2 is introduced for a brief descrip-
tion of a similar effort in literature. Secondly, Sect. 3 is presented for problemdescrip-
tion, notation, and assumptions. Next, in Sect. 4, the mathematical model is intro-
duced. After that, Sect. 5 consists solution methodology and Sect. 6 consists numer-
ical example. Managerial insights are discussed in Sect. 7. At last, in Sect. 8, the
conclusion of the research is penned.

2 Literature Analysis

Some authors focused on product quality development’s and suggested coordina-
tion agreements without not considering different collecting and remanufacturing
propositions for greening. This research concentrates on the selling price-dependent
market demand, quality improvement effort, remanufacturing, and carbon tax for
carbon emission declination to instigate customer’s requirement.



Optimal Pricing with Servicing Effort in Two Remanufacturing … 189

2.1 Selling Price-Dependent Demand

Market demand is important in the supply chain to fulfill the business goal. Generate
a sufficient amount of market demand through a traditional policy is getting tough
day by day due to increase use of internet. Amidst the variables, the most important is
the buyer’s income, quality, the price of related products, the standard of the brand,
and the choice of customers. Xu et al. [28] explored the deterministic model by
introducing the Stackelberg game theory to meet market demand disruption. Teunter
and Van der Laan [26] analyzed the remanufacturing process where the demand
depends on the initial returning rate. Yadav et al. [19] analyzed a production process
for deteriorating products but without discussing a remanufacturing process or a
hybrid manufacturing process for a selling price-dependent demand. Chaudhari et
al. [17] discussed a payment policy for a supply chain model with a selling price-
dependent demand. A study was inferred to prove the inverse proportionality of
selling price with market demand [2].

2.2 Carbon Tax

Lower emission of CO2 is an essential subject in recent research. Ji et al. [11]
inspected a coupling retailer’s inventory strategy to decrease CO2, tax, cap, and trade
for greening.Moreover, they considered differentmethodswith supporting examples.
Zhao et al. [32] analyzed CO2 policies to decrease the cost of advanced techniques
in two-stage SCM. They set up low CO2 commodities with more expenses. Qin
et al. [15] established an inventory model with environmental concerns and credit
interval. They explored the greening influence on the inventory model under the tax
for CO2 and cap and trade strategy. Kugele and Sarkar [18] examined different car-
bon emission reduction policies from a system with carbon tax. Datta [4] developed
some different environmental inventory model to detect optimum greening profit
for decreasing emission by carbon tax strategy without scarcity. A carbon tax is an
alternative approach to deal with climate change [6]. Allan et al. [1] examined that
greenhouse gas emission is decreased for an adequate carbon emission tax in north-
ern Europe, Taiwan, and Scotland. Still, an reduction tax has a negative result on
the economy. Liu et al. [13] presented an alternative path for utilizing the income
from CO2 tax. They proved that subsidizing carbon tax and introducing new tech-
nique extend the spread for low carbon economy. In this current model, carbon tax
for emission reduction is introduced in a CLSCM to optimizing profit between two
scenarios.

2.3 Supply Chain Management

Giovanni [7] scrutinized the relation between a fixed refund and variable refund
impacts. Customers’ decisiveness to build an exchange argued that the maximum
pays off in CLSCM by fixed abatement scheme is an ideal Markov solution under
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random insistence conditions.When a manufacturing company producing new prod-
ucts, then random exchange rates and manufacturing defects describe a severe role
in exchanging remaining products. Giri and Sharma [8] traditionally estimated the
exchange policies, by taking an exchange strategy to give back used products and
compensate them. Xu et al. [29] analyzed the give back policy variously to demon-
strate that the manufacturing company and retailers can collaboratively complete the
exchange strategy, regardless of the individual or way. In this study, depending upon
the analysis of CLSCM, product design, manufacturing, distributing, and recon-
structing are developed. An application under various backgrounds and constraint
was accomplished for optimizing the total cost of CLSCM by Demirel et al. [5].
They studied the problems of multi-product CLSCM and utilized mixed-integer lin-
ear programming to resolve the end-of-life vehicle recycling process. Yang et al. [30]
studied an optimizing network stability grown in a CLSCM structure, which depends
on different discrimination theory. Savaskan et al. [21] wrote a survey on three steps
for the renewing convey of CLSCM, in which manufacturer’s recycling, distributor’s
remanufacturing, and 3PL’s remanufacturing were explained. Savaskan andWassen-
hove [20] imposed a game theoretical structure to find benefit of the manufacturing
company to remanufacture alone with recycling over competing distributors. Jacobs
and Subramanian [10] considered the procedure to deliver remanufacturing respon-
sibility amidst the supply chain participants to boost the payoff. Chen and Chang
[3] proposed a cooperative and other strategies to examine the conditions by which
an original equipment manufacturing company can take an interdependent proposal
for remanufacturing. Shi et al. [22] discussed the optimization model for the market
value of new and waste products in CLSCM. Taleizadeh et al. [23] developed the
consequences for participants’ maximum benefits in different CLSCM structures
and planned tariff arrangement in two directions. Ramani and Giovanni [16] estab-
lished participants’ activity in CLSC and considered other competitive games by
the profit-generating commitment to collaborating firms. Assuming the distributor’s
concern, Zeng et al. [31] analyzed the optimum decisions and benefits under pen-
tagonal non-cooperative and cooperative game structures, which proved the process
for the maximum payoff in a coordination agreement. This specified coordination
had shown the possible deal of the CLSCM by stimulating backgrounds and the
competitive quality of the participants in CLSCM.

2.4 Research Gap

Several kinds of research have considered many structures where the requirements
depend on the products’ market value or reduction of carbon emission, and carbon
tax on the supply chain performance. This study examines a selling price-dependent
demand, carbon tax for emission reduction, and servicing effort in a production
system under a game theoretical environment. Table1 presents the work of ear-
lier authors to define the research gap. This paper is an extension of Taleizadeh et
al. [24]. Different remanufacturing scenarios are derived in the present study. This
study considers carbon tax for low carbon emission, quality improvement, and sell-
ing price-dependent demand to addresses the question mentioned in the introduction
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Table 1 Summarizes augmentation and absorption of authors. Author’s contribution according to
the research gap
Author(s) Carbon Remanu- Stackelberg Selling

price-
Return Quality im- Green sup-

tax facturing game theory dependent
demand

policy provement ply chain

Savaskan et
al. [21]

– � � � � – –

Wang – – � – � – –

et al. [27]

Chen and – – � – – – �
Chang [3]

Taleizadeh
et al. [23]

– – � � – � –

Taleizadeh
et al. [24]

– – � � � – –

Harris and
Ogbonna [9]

– � � – � � �

Liu et al. � � � – � – �
[12]

Taleizadeh
et al. [25]

– � � – – � �

Liu et al.
[13]

– � � – � � �

This paper � � � � � � �

section. Taleizadeh et al. [25] analyzed the performance of a CLSCM where two
carbon reduction options like investing money in the emission reduction procedure
together with a trade and cap regulation are introduced. Here, this model distin-
guishes the supply chain’s optimal decision procedure and inspects the results in two
remanufacturing cases. Here, Stackelberg game is used to analyze the model.

3 Problem Description, Notation, and Assumptions

The problemdescription is defined tomention thewayof research. Similarly, notation
and assumptions are defined to determine the problem with the appropriate format.

3.1 Problem Description

In this research, a CLSCM is considered, where a manufacturing company, dis-
tributor and a third party are involved for remanufacturing products. This model is
considered for motivating the customers to buy the remanufactured items. This paper
considers two remanufacturing approaches like E and F to establish several decision
variables. For case E, the manufacturer and distributor return products in the form
of high quality. In this case, customers get payment (j) per unit return product from
the distributor. The manufacturer then receives the fees for a license (l) from the
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distributor to remanufacturer x units of the returns. The remaining portion of return
products (1 − x) is sent to the manufacturer by the distributor for remanufacturing
and distributor receives b per unit returned product from the fabricator. For caseF, the
third-party is added to collect the used products in supply chain. Here, the manufac-
turer give technology licenses to a third-party for remanufacturing. The third-party
remanufacturers x units of the returned products and the manufacturer remanufactur-
ers the remainder portion (1 − x). In this study, a carbon tax is introduced along with
price-dependent demand for the popularity of products. Here, Stackelberg game is
used to find optimum selling price, tax for carbon, and to optimize partners’ profits
in the supply chain.

3.2 Notation

Parameters
cm Production cost per new manufactured product ($/unit)
c1 Manufacturer’s remanufacturing cost per unit ($/unit)
c2 Unit remanufacturing cost of the distributor ($/unit)
c3 Unit remanufacturing cost of the 3PL ($/unit)
T1 Money saving from unit remanufactured product obtain by the manufacturer ($/unit)
T2 Money saving from the remanufactured product for each unit obtained by the distributor ($/unit)
T3 Money saving of the 3PL from unit remanufactured product ($/unit)
x Portion of exchange product which distributor or 3PL remanufacturers
l Manufacturer received fees for technology license of each unit of item

from the 3PL or the distributor ($/unit)
w Wholesale price of items per unit from the manufacturer ($/unit)
μ Fixed portion of the exchange items (unit)
c Influence positive coefficient of the recompense for exchange items ($/unit)
y Coefficient of the rate of quality for exchange items
η Unit carbon emission rate (grams/unit)
Gv Government permit to each firm for carbon emission (grams)
Pv Price per unit carbon emission by cap and trade policy ($/grams)
M Produced quantities per order (units)
x(.) PDF (probability density function)
X (.) CPDF (cumulative probability distribution function)
G Stands for Stackelberg game for the market leadership of the manufacturer
F, Y, H, S Denote the manufacturer, distributor, 3PL, and supply chain, respectively
pmax Maximum selling price per unit product ($/unit)
pmin Minimum selling price per unit product ($/unit)
Decision Variables
v Reduced carbon emission rate
j Distributor or 3PL give unit recompense to consumer for exchange items ($/unit)
k Quality improvement
I Distributor’s expected inventory function (units)
p Average selling price of the product ($/unit)
s Service variable
Performance Indicator
πS Profit of the supply chain ($)
πF Profit of the manufacturer ($)
πY Profit of the distributor ($)
πH Profit of the 3PL ($)
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3.3 Assumptions

The assumptions described below are provided to understand the developed models.

1. A single type of product is involved for different economic and environmental
constraints under the remanufacturing scenarios. The manufacturer does not sup-
port the stock, low costs, and does not accept returned amounts to avoid trifling
cases, which is the goal of this research (Taleizadeh et al. [24], Wang et al. [27]).

2. There is a condition cm ≤ w ≤ p which must hold for both the manufacturer and
the distributor such that their profit margin remains positive. To ensure success
with the return strategy, the payback mandatory to meet. As the factories cannot
reduce all emissions, the carbon emission reduction rate (v) follows 0 ≤ v ≤ 1.
The decreasing rate of CO2 is zero when the carbon emission is not reducing by
the factories [27].

3. Only a portion of the return products meets their manufacturing ability and the
remanufacturing is done by the downstream members such that the 3PL and the
distributor. Themanufacturing ability (x) is determined by anmanufacturing tech-
nique, the remanufacturing scale, and the exchange deterioration products. When
x = 0, it indicates that the downstream members are not a recycling participants,
and when x = 1, it implies downstream members are recycled all products [29].

4. To maximize every member’s profit, a Stackelberg game is used to obtain com-
petitive decisions. This paper leads that manufacturer plays the dominant role,
and the downstreammembers pursue him. Reversely, the manufacturers optimize
the result determiners by the participation of downstream members.

5. The parallel work was done by Chen et al. [3]; they considered that original and
remanufactured products are the same. They canmotivate the customers to choose
remanufactured products equally as the new products at new prices [24].

6. For exploring a remanufacturing scenario, it should be confirmed that the manu-
facturing cost of new products is higher than the remanufacturing price of every
exchange product that is c1 < cm , c2 < cm , and c3 < cm [27]. Selling price-
dependent market demand is introduced here.

7. Carbon tax is constructed by the manufacturer and distributor’s effort levels in
scenario E. The carbon tax function is pv[η(1 − v)M − Gv]. The manufacturer
constructs the carbon tax and3PL’s effort levels in scenarioF. Each itemconstructs
the function of a carbon tax which is pe[η(1 − v)M − Gv].

4 Mathematical Model

In this model, the stochastic demand function is considered. For variable demand of
the products in the market, various decision variables like selling price of products,
quality improvement, carbon emission reduction, the cost to buy return products, and
servicing efforts are considered. In many research, the cost of product and demand
are in an inversely proportional relationship, but the relation between product and
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demand price is proportional in this present study. The partners of the CLSCM are
manufacturer, distributor, and 3PL, respectively. For maximizing the supply chain’s
profit, it is needed to increase the market demand for products. The demand function
is elaborated as

D(e, r, q, p, s) = a0 + a1
pmax − p

p − pmin
+ a2v + a3v

2 + a4 j

+ a5 j
2 + a6k + a7k

2 + asγ + ε (1)

in which a0 is the potential market size, which does not depend on selling price
(p), the decreasing rate of CO2 emission (v), the used product return cost ( j), and
improving quality (k). Furthermore, a1 is the positive coefficient of the selling price,
a2 and a3 are the coefficient for the positive effect of the low carbon emission rate,
a4 and a5 are the coefficient for the positive impact of the return price, a6 and a7
are the coefficient for the positive effect of quality improvement effort, a is scaling
parameter for service, γ is the shape parameter for service, which gives positive
impact in market urge, and over the uniform distribution function in [0, k1], ε is a
random market demand. Money savings by remanufacturing per unit product by the
manufacturer (T1), by the distributor (T2), and by a 3PL (T3) are shown below.

T1 = Cm − C1 (2)

T2 = Cm − C2 (3)

T3 = Cm − C3 (4)

The investment cost for quality improvement of the products is introducing a tech-
nique for decreasing emission of CO2 along with accumulating the exchange com-
modities and tax for CO2 ejection and, increasing the price of the items. This strategy
negatively affects the market demand for the product. For finding return quantity of
used products, we establish a relation between the price of return and improve quality
of goods, which is shown in Eq. (5).

R(k, j) = μ + cj − yk (5)

in which parameter μ is a constant portion of the return used product which is not
dependent on compensated cost and improvement quality of the products, c is the
coefficient which gives positive effects for refund price on the return products, and
y is the coefficient which gives adverse effects for improved quality on the return
products.
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4.1 Manufacturer’s Mathematical Model

In this CLSCM, themanufacturer is amarket leader, but the products do not sell with-
out a distributor. The manufacturer helps the distributor to renew the used products
in better quality. The manufacturer does not support the stock, and low costs do not
accept return amounts to avoid trivial cases. There is a condition cm ≤ w ≤ p which
must hold for both the manufacturer such that their profit margin remains positive.
The manufacturer’s optimal profit is calculated by subtracting all his costs from the
earned revenue.

Carbon emission reduction cost

The cost is investing to decrease the carbon emission along themanufacturing period,
which is the most essential for low carbon emission. For motivating customers to
purchase environment-friendly products, investment is needed for this purposewhich
is shown by

C(v) = θ v2

2 , (6)

where θ is the investment coefficient, which is not changing for decreasing the CO2

emission rate.

Cost for quality improvement of the product

This cost function for improving the quality of products is shown by

C(k) = φk2, (7)

where φ is the investment coefficient, which is not changing for developing quality.
To compete with the increasing market demand of the product, it is required to
increase the quality of goods.

Cost for buying used products

The distributor (or the 3PL) gives the remainder portion of used products (1 − x) to
the manufacturing company, then the manufacturing company pays b per unit used
product to the distributor (or the 3PL). For buying a used product, there is a cost
known as product return cost.

r L = b(1 − x)R( j, k) (8)

Remanufacturing cost

The manufacturer remanufacturers (1 − x) portion of used products. For remanufac-
turing, the returned product requires c1 unit remanufacturing cost per product. The
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remanufacturing cost is

r F = c1(1 − x)R( j, k)). (9)

Within this representation,manufacturer only collects end-of-life products for reman-
ufacturing from a distributor or 3PL.

Manufacturing cost of new product

Within this model, each unit new product manufacturing cost is cm . Thus, the total
manufacturing cost of the new product is dependent on the order quantity (M) of the
product. The manufacturer produces (M − R( j, k)) amount of new products, where
R( j, k) is the remanufactured used products. The manufacturing cost is

N PC = Cm(M − R( j, k)). (10)

Each new product’s cost is fixed.

Carbon tax

The manufacturer bears carbon emission costs under a carbon cap and with trade
strategy. The manufacturer invests CO2 emission tax to decrease CO2 emission for
the green environment and benefit of the supply chain. The manufacturer has the
emission cap of Gv grams from the government. If the total emissions for producing
M quantity of products exceeds the carbon cap, then themanufacturer pays carbon tax
for that extra carbon emission. Besides, the manufacturer emits carbon in a reduced
rate of v. The total carbon emission cost is

Cec = Pv[η(1 − v)M − Gv]. (11)

This cost has a definite effect on reducing CO2 emission. In this scenario, the man-
ufacturer pays the carbon tax to the government for recycling the products.

Revenue

The manufacturer generates revenue by selling products to the distributor at a
wholesale pricew. The wholesale price for new product isw(M − R( j, k)). Whole-
sale price and cost savings from the remanufactured products is (w + T1)(1 −
x)R( j, k). Besides, the manufacturer receives price for technology sharing as
lx R( j, k). Thus, total revenue of the manufacturer is w(M − R( j, k)) + (w +
T1)(1 − x)R( j, k) + lx R( j, k).
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4.2 Distributor’s Mathematical Model

The distributor takes major roles in the supply chain for product selling and max-
imizing profit in the supply chain. The distributor always gives holding costs and
shortage costs. In one scenario, the distributor remanufactures the used products as
new by his technical ability and sells them in the market to earn a profit along with
new products (Scenario E). In the other scenario (Scenario F), the distributor earns
a profit margin by selling new and remanufactured reproducts but does not take part
in remanufacturing. To increase the demand for products in the market, the distrib-
utor uses a servicing investment. Here, distributor’s optimal profit is calculated by
subtracting all costs from the revenue.

Again E(M) is the anticipated trading amounts, which is acquired by using the
following equation:

E(M) =
M∫

0

x(D)DdD + [1 − X (M)]M

= M −
M∫

0

X (D)dD. (12)

Selling price

The distributor sells products in the market and generates revenue. If M be the total
quantity to sell and w be the product’s unit selling price, then the total selling price
is wM .

Holding cost

s+ is the unit holding cost of products that are not sold in the market. Z(M) is the
function of the distributor’s inventory leftover.

Z(M) = (M + R( j, k)x − D)+

= R( j, k)x + M − E(M) (13)

Thus, total holding cost is s+Z(M).

Shortage cost
Product shortage is a negative effect on the market. The shortage cost is s− per unit
product. S(M) is the function of the distributor’s expected lost sales.

S(M) = (D − R( j, k)x − M)+

= E(D) − R( j, k)x − E(M) (14)
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Thus, total shortage cost is s−S(M).

Cost for buying used product

The return product quantity and return product cost are proportional, but the sup-
ply chain’s return product cost and profit are inversely proportional. In this model,
the distributor pays the compensated price j per unit return product. If the quantity
of the returned product is R(k, j), then the total cost for returned products is j R(k, j).

Remanufacturing cost

The distributor is remanufacturing the quantity of x portion of the returned products.
Thus, the total cost for remanufacturing is

r D = c2R( j, k)x . (15)

In this model, remanufacturing cost and return product quantity are in a proportional
relationship.

Cost for technology licensing fees
When the distributor takes part in the remanufacturing process, then the distributor
needs a technology license for remanufacturing. The distributor buys a technology
license from the manufacturer. The technology licensing fees per unit item is l, then
total technology licensing fees for remanufacturing is

T c = R( j, k)xl. (16)

The manufacturer gives the authority to the distributor of supply chain to remanu-
facturer the returned products that are similar quality as the manufacturers.

Servicing investment

The distributor bares a servicing investment for increasing the market demand. This
service gains customer’s attraction and increases the selling quantity. The servicing
investment for the products is below.

sic = α s2

2 (17)

4.3 Mathematical Model of Third Party Logistics (3PL)

The 3PL is a collector of used products from customers by giving them refund
price. A 3PL comes into the CLSCM when the distributor does not take part in the
remanufacturing process. Then, the manufacturer shares the technology license with
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the 3PL for remanufacturing (Scenario F). In this case, the 3PL only remanufacturers
a portion of used products. The distributor sells all products to the market. In this
case, the 3PL’s optimal profit is calculated by subtracting all the costs from revenue
earned by the 3PL.

Remanufacturing cost

Here x portion of the total returned products R(k, j) is remanufactured by the 3PL
each unit cost for remanufacturing is c3. Thus, the total cost for remanufacturing is

Rt = c3x R(k, j). (18)

In this scenario, 3PL remanufactures the return products based on their remanufac-
turing ability. Here, we consider a remanufacturing process by a manufacturer and
third party.

Cost for technology licensing fees

The 3PL pays a per unit licensing cost to the manufacturer for buying the technology
license. In this case, l is the licensing fees for remanufacturing each unit product.
The entire technology licensing fees cost is

T L = lx R(k, j). (19)

In this model, the 3PL considers himself partners for remanufacturing the products
under the technology license taken from the manufacturer to decrease manufacturing
costs.

Cost for buying used item

In this context, the 3PL pays customers an exchange price b for per unit end-of-life
used product. For x unit returned products, the cost of a 3PL is

Rct = bx R(k, j) (20)

In this scenario, a higher return product cost positively affects return product quantity
but negatively affects supply chain profit.

Now we consider two scenarios E and F for profit of the supply chain which are
as follows.

4.3.1 Scenario E

End-of-life used products are remanufactured by the manufacturer and distributor
under a technology licensing sharing contract. The distributor remanufacturers a
portion of used products and sells products in market. 3PL is not a part of this
CLSCM. Scenario E forms a two-echelon CLSCM.
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By the previous discussion, we get the profit function of the manufacturer in
Scenario E.

π E
F (k, v) = Revenue − c(v) − c(k) − r L − rM − NPC − cec

= (w − CM)(M − R( j, k)) − Pv[η(1 − v)M − Gv]
− φk2 + (w − CM + T1 − b)(1 − x)R( j, k)

+ lx R( j, k) − θ
v2

2
(21)

The distributor’s expected profit is determined as

E(πY ) = Revenue − PC − HC − SC − RPC − RC − TC − sic

= pE(M) − wM − s+Z(M) − s−S(M)

− j R( j, k) + R( j, k)x(w − CM + T2 − l)

+ b(1 − x)R( j, k) − α
s2

2
(22)

where,

M = I + a0 + a1
pmax − p

p − pmin
+ a2v + a3v

2 + a4 j + a5 j
2

+ a6k + a7k
2 + asγ . (23)

For calculation, with originality, the components of the distributor’s profit are trans-
ferred from the ordering quantity (M) to the expected inventory (I ). Keeping this in
mind, Eq. (24) must hold.

M∫

0

x(D)dD =
I∫
0
x(ε)dε (24)

Accordingly, the estimated profit function of distributor is represented as

π E
Y ( j, I, s, p) = (p − w)(M) + s−(I − ρ) − (p + s+

+ s−)

∫ I

0
X (ε)dε + [(w − cM + T2 − l

− b + s− − s+)x + b − j](μ + cj − yk) − α
s2

2
(25)

The diagram of scenario E is shown in Fig. 1.
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4.3.2 Scenario F

In this scenario, the manufacturer shares technology license with the 3PL. The prod-
ucts are remanufactured by the manufacturer and 3PL in a hybrid remanufacturing.
Then, this forms a three-echelon CLSCM, where the distributor only sells products
to the market.

The manufacturer profit function for Scenario F is

π F
F (v, k) = Revenue − c(v) − c(k) − r L − rM − NPC − Cec

= (w − CM)(M − R(k, j)) − Pv[η(1 − v)M − Gv] − θ(
v2

2
)

− φk2 + (w − CM + T1 − b)(1 − x)R(k, j) + lx R(k, j) (26)

which simplifies to

π F
F (v, k) = (w − CM − Pvη + Pvηv)M + PvGv − θ(

v2

2
) − φk2

+R(k, j)[(l + CM − w)x + (T1 − b)(1 − x)]. (27)

Furthermore, the expected profit of the distributor is as below

π F
Y (I, s, p) = Revenue − PC − HC − SC − sic

= (p − w)M + s−(I − ρ) − (s− + p + s+)

I∫

0

X (ε)dε − α
s2

2
(28)

Besides, the profit function of the 3PL is

π F
H ( j) = Revenue − RC − TL − RCT

= [(w − CM + T3 − b − l)x + b − j](μ + cj − yk). (29)

The diagram of scenario F is shown in Fig. 1.

5 Solution Methodology

Within the context, the main target is to optimize decision variables v, k, s, I , j , and
p for optimal profit of the CLSCM in two scenarios E and F , respectively.
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Fig. 1 The proposed hybrid remanufacturing system within a three-echelon CLSCM

5.1 Stackelberg Game in Scenario E

In this case, manufacturers acts as a leader and the distributor follows him. Using
optimal I , j , p, s in manufacturer’s profit function and we get optimal v, k. The
values of decision variables of the distributor is mentioned below.

Proposition 1 In this case, the equilibrium condition is applied to the distributor’s
profit to achieve the distributor’s optimum decision variables I ∗ , j∗, s∗, p∗ in Eqs.
(30)–(33) which are given below.
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I ∗ = k1(p∗ − w + s−)

p∗ + s+ + s− (30)

j∗ = X1

−2a5(p∗ − w) + 2c
(31)

where
X1 = −μ + yk∗ + c(w − cM + T2 − l − b)x − bc − (p∗ − w)a4

s∗ = [ α

(p∗ − w)aγ
] 1

γ−2 (32)

p∗ = −2pmin(a1−L1+L2)+
√

((a1−L1+L2)2pmin)2−4L5(L1−L2−a1)
2(L1−L2−a1)

(33)

where , H1 = I + a0 + a2v∗ + a3v∗2 + a4 j∗ + a5 j∗2 + a6k∗ + a7k∗2 + as∗γ + 1
2k1

and H2 = pmaxH1 + a1w(pmax − pmin) + pmin pmax.

Later, to find out the manufacturer optimal decision variables v∗, k∗, we apply
equilibrium condition on the manufacturer’s profit function.

Proposition 2 The manufacturer’s decision variables v∗, k∗ are define in Eqs. (34)
and (35) as below:

v∗ =
−H4 +

√
H 2

4 − 12a3H6 pvη

6a3 pvη
. (34)

H3 = I + a0 + a1
pmax−p
p−pmin

+ a4 j + a5 j2 + a6k + a7k2 + asγ ,
H4 = 2a3(w − pvη − cM) + 2a2 pvη − θ ,
and H6 = H3 pvη + a2(w − cM − pvη)

k∗ = y(−b+x(b+l−w+cM−T1)+T1)−a6(w−cM−pvη+pvvη)

2a7(w−cM−pvη+pvvη)−2φ (35)

5.2 Stackelberg Game in Scenario F

In this case, the manufacturer acts as a leader, then the distributor, and 3PL follow
the manufacturer. Here putting the optimal values of I, j, p, s in the manufacturer
profit function, we get v, k .
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Proposition 3 In this case, applying equilibrium condition on 3PL and distributor’s
profit function, the optimal decision variables j∗, I ∗, s∗, p∗ are given in Eqs. (36)–
(39).

j∗ = yk∗ − μ + bc + cx(T3 + w − cM − b − l)

2c
(36)

I ∗ = k1(p∗ − w + s−)

s− + p∗ + s+ (37)

s∗ = [ α

(p∗ − w)aγ
] 1

γ−2 (38)

p∗ = −2pmin(a1−L1+L2)+
√

((a1−L1+L2)2pmin)2−4L5(L1−L2−a1)
2(L1−L2−a1)

. (39)

where, L1 = I + a0 + a2v∗ + a3v∗2 + a4 j∗ + a5 j∗2 + a6k∗ + a7k∗2 + as∗γ and
L2 = I 2

2k1
.

Also, L5= p2min(L1 − L2) − a1 pmax pmin + a1(w(pmax − pmin)).

To find out the manufacturer’s optimal decision variables v∗, k∗, we are applying
equilibrium condition on the manufacturer’s profit function.

Proposition 4 In this case, applying equilibrium condition on the manufacturer
profit function, optimal decision variables v∗, k∗ are defined in Eqs. (40) and (41).

v∗ =
−L4 +

√
L2
4 − 12a3L6 pvη

6a3 pvη
(40)

where , L3 = I + a0 + a1
pmax−p
p−pmin

+ a4 j + a5 j2 + a6k + a7k2 + asγ ,
and , L4 = 2a3(w − pvη − cM) + 2a2 pvη − θ .
Also, L6 = L3 pvη + a2(w − cM − pvη)

k∗ = y(−b+x(b+l−w+cM−T1)+T1)−a6(w−cM−pvη+pvvη)

2a7(w−cM−pvη+pvvη)−2φ (41)
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6 Numerical Analysis

This study uses input data from Mondal et al. [14] and Taleizadeh et al. [25]. The
proposed analytical solution process is used to solve numerical examples.

6.1 Example 1

Example 1 gives numerical results for Scenario E. Table2 gives input value of param-
eters. Total profit and optimum values of decision variables for Scenario E are shown
in Table3.

Table 2 Parametric values for Scenario E and F
Parameters Value Parameters Value

[k2, K1] [0,90] w $70/unit

c1 $5/unit c3 $5/unit

Pv $0.2/gallons Gv 100 gallons

η 2.99 c 1.22

μ 30 units y 0.6

pmax $200/unit pmin $90/unit

γ 3.65 a 30

a0 2000 Units a1 0.7

a2 0.2 a3 0.2

a4 0.5 a5 0.4

a6 5 a7 0.3

φ $1000 α $1000

x 0.4 l $50/unit

B 40 ρ 0.2

Table 3 Optimal solutions and maximum profit of Scenario E
I units s $ j /unit $p/unit v

17.75 0.52 5.73 80.10 0.56

K

0.11

$πU
r $πU

t $πU
m Total profit ($)

687.15 41,161.94 96,309.23 138,158.32



206 A. K. Mondal et al.

Table 4 Optimal solutions and maximum profit of Scenario F
I units s $ j /unit $p/unit v

5.96 0.76 7.87 88 0.58

K

0.12

$πDF
r $πDF

t $πDF
m Total profit ($)

187.15 40,789.35 95,209.09 136,185.60

6.2 Example 2

Example 2 gives numerical results for Scenario F. Table2 gives the parametric value
for Example 2. Maximum profit and optimal values of decision variables are given
in Table4.

Results show that Scenario E has more profit than Scenario F. This happens
because Scenario E has a known distribution function. Thus, all information about
demand is known to themanagement and thus, it is easy to optimize the objective.But,

Table 5 The sensitivity investigation of important cost parameters of this study

Parameters Changes(%) 3PL’s Distributor’s Manufacturer’s

profit changes(%) profit changes(%) profit changes(%)

w −50 −49.45 +108.58 −78.12

−25 −26.31 +53.13 −47.39

+25 +29.39 −81.91 +77.79

+50 +61.74 −234.54 +199.89

b −50 −13.47 −10.52 −10.55

−25 −6.84 −5.62 −5.64

+25 +7.04 +6.34 +6.37

+50 +14.28 +13.41 +13.47

cm −50 +16.31 +16.77 +40.55

−25 +8.05 +7.84 +18.82

+25 −7.81 −6.77 −16.25

+50 −15.38 −12.48 −30.29

pv −50 −0.008 +0.013 +0.60

−25 −0.002 +0.004 +0.22

+25 −0.0008 +0.004 +0.07

+50 −0.008 +0.02 +0.59

h −50 −4.93

−25 +5.48

+25 +5.48

+50 +5.48
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in reality, there are a lot of risks and uncertainties that evolve along with information.
Then, the management needs to justify that information more than the known case,
as Scenario E.

6.3 Sensitivity Analysis

The sensitivity investigation of the main specifications of this study is summarized
in Table5 based on the Example 1.

7 Managerial Insights

Some managerial insights derived from this study are given below.

1. The industry manager must focus on the hybrid remanufacturing process where
the 3PL and the manufacturer both remanufacture the return products (scenario
F), and distributor only sells the products. It is lesser successful policy to earn
more profit than Scenario E. Therefore, the manufacturer with information about
the best remanufacturing strategy can reach the environmental goal (Figs. 2–3).

Fig. 2 Sensitivity analysis of cost parameters
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Fig. 3 Sensitivity analysis of cost parameters

2. Managers of the industry must focus on servicing efforts. This paper analyzes the
impact of servicing actions on total profits. In order to increase the demand for the
product, some costs should be invested for the purpose of service to customers.
In this competitive market, this service strategy plays an important role. Thus, the
results of this study helps industry managers increase their profits.

3. Another important aspect of this study is that higher refund prices positively
affect the end-of-life used product return process. A higher return price leads to
a higher return process and helps the CLSCM to make more profit. Therefore, a
manager with knowledge about the impact of return price on remanufacturing,
carbon emission, and quality can determine an optimal return price to achieve all
goals regarding environmental, economic, and quality concerns.

8 Conclusions

The servicing effort had an huge impact on market demand, decreasing the selling
price, which positively impacts the supply chain profit. This study used emission
reduction, quality improvement of the products, and reduction policy for remanufac-
turing of return products. Result showed that a three-echelon CLSCM gained more
profit than a two-echelon CLSCM. Analytical approach was used to reach this result,
and the arithmetical findings provided a global optimal solution. The production cost
and carbon tax were considered as continuous type in this model. This study can be
extended by using discrete type of price and tax. Besides, some other motivation
factors like customer awareness are not considered in this research. In the future
model, these factors can be considered.
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