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Abstract

Over the years, manufacturing industries have evolved due to growing environmental
awareness, resource scarcity, and, more recently, shifts in purchasing behavior driven by
internet-enabled technologies. These factors have contributed to the rise of Closed-Loop
Dual-Channel Supply Chains (CLDSCs). Additionally, challenges such as Free-Riding
Behavior (FRB)—where consumers utilize offline services but make purchases online and
generous return-refund policies have further complicated supply chain coordination and
profitability.

In this research, we develop a Closed-Loop Dual-Channel Supply Chain (CLDSC)
consisting of an offline retail channel and an online direct channel incorporating both
FRB and a full refund return policy. In this model, the manufacturer acquires used products
from customers for remanufacturing by offering a monetary reward. The core objective of
this study is to evaluate optimal strategies for pricing, sales effort, and reward levels
under two scenarios: a decentralized scenario and a centralized scenario. A numerical
analysis with sensitivity investigations is also conducted to examine how increasing return
rates impact coordination and profitability, and how FRB should guide strategic
adjustments to enhance overall system efficiency.
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1. Introduction
Over the past two decades, used product recycling has been widely adopted in supply
chains, not only to protect the environment but also for its economic benefits. The
remanufacturing process maximizes the residual value of used products, thereby reducing
waste and conserving energy, water, and raw materials. This, in turn, proportionally reduces
carbon emissions. According to Liu et al. [5], remanufacturing is estimated to reduce CO>
emissions by 10 million ton annually. An enormous collection of articles on CLSCs can
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be found in Ostlin et al. [8], Khalili et al. [9], Gaur et al. [7], Battini et al. [6], Asghari et
al. [10], and Goli [11], wherein the forward supply chain entails the flow of products from
upstream manufacturers to end consumers, while the reverse supply chain facilitates the
return of used products from customers to upstream entities for remanufacturing purposes.

At the same time, the widespread accessibility of the Internet has prompted companies to
increasingly adopt hybrid distribution models that integrate traditional retail outlets with
online e-commerce platforms. As a result, sustainable supply chains incorporating reverse
logistics activities—particularly through the lens of digitalization—have attracted increasing
interest within the academic community, prompting focused investigations into the
fundamental principles of Closed-Loop Dual-Channel Supply Chains (CLDSCs).
Although, an extensive research on CLDSCs exists (e.g., Pathak et al. [12], Arshad et al.
[13], Taleizadeh et al. [14], Kaoud et al. [15], Liu et al. [16], Shi et al. [17]), many studies
assume that customers return used products without receiving any incentives. However, in
practice, collection rates are significantly influenced by monetary rewards. Industries such
as automotive, electronics, and furniture commonly adopt reward-based return policies to
increase return volumes—for example, car trade-in programs and return incentives offered
by brands like Staples and HP. Only a limited number of researchers have exam- ined a
CLDSC model where the return rate is modeled as a function of the reward value offered
for acquiring used products (Saha et al. [19] and Pal [18]).

In real-world business scenarios, it is often challenging for customers to evaluate the
quality or value of a product in an online marketplace. In con- trast, offline stores can
attract more customers by offering value-added services such as product samples, trials, and
detailed explanations—features that are typically unavailable online. However, when a
manufacturer adopts a dual- channel strategy, some customers may first take advantage of
the offline re- tailer’s services to experience the product, but ultimately make their purchase
through the online channel. This behavior leads to the phenomenon known as free-riding
behavior (FRB) by the manufacturer (Pu et al. [1], Tian et al. [2], Zhou et al. [3]). He
et al. [4] proposed a CLDSC model that considers carbon emissions, aiming to investigate
scenarios where consumers either engage in or refrain from free riding, and to analyze how
consumer free riding impacts carbon emissions. Moreover, to remain competitive, many
companies allow customers to return products if they are not satisfied. The introduction of full
refund policies has contributed to an increase in the number of product returns. However, many
retailers implement these policies to foster customer loyalty, enhance customer satisfaction,
boost sales, and/or comply with national regulations (Radhi and Zhang [20]). Xu et al. [21]
proposed a dual-channel supply chain model to investigate the impacts of channel
preference, FRB, sales effort, and cross-channel returns. To the best of our knowledge,
existing studies on Closed-Loop Dual-Channel Supply Chains (CLDSC) rarely consider
scenarios where used products are bought back from customers, and where the collection rate
depends on the incentives or rewards offered by manufacturers. Moreover, limited attention has
been given to examining the impacts of Full Refund Behavior (FRB) and return-refund
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policies in such contexts.

Therefore, this paper explores the optimal pricing strategies, sales effort levels, and reward
mechanisms for collecting used products under both centralized and decentralized decision-
making frameworks within a CLDSC. The study aims to address the following key questions:
How does return rate influence coordination mechanisms and the profitability of supply chain
members? And, as the FRB of customer increases, how should the players adjust their optimal
strategies to enhance overall system efficiency?

2. Model Development

This paper investigates a closed-loop dual-channel supply model in which a manufacturer
produces a product through two methods: manufacturing from raw materials at a unit cost of
Cm, and remanufacturing used products at a lower unit cost of c,, where ¢, < c,,. The
manufacturer sells the product to a retailer at a wholesale price w, and the retailer, in turn, offers
it to customers through the offline channel at a retail price p,.. Simultaneously, the manufacturer
operates an online direct channel with customer by selling the same product at a price p,y,,
alongside the offline retail channel. Customers may return the product after purchase if they are
not satisfied. It is assumed that the return rate is the same for both channels and is denoted by
o (0 < 0 < 1). Upon return, customers receive a full refund. As a result, both the manufacturer
and the retailer incur a unit processing cost t for handling returned products across both
channels. At the end of the sales cycle, the returned products have a residual value s, which is
managed by the manufacturer and the retailer.

2
The retailer exerts a sales effort level denoted by e, which incurs a cost of % The

parameter a represents the sensitivity of market demand in the retail channel to the retailer's
sales effort. Meanwhile, ¥ (0 < y < a) denotes the extent of customer free-riding behavior,
capturing the proportion of customers who, after benefiting from the promotional sales services
offered by the retail channel, choose to purchase the product through the online channel.

In this research, following Xu et al. [21], we assume a linear demand structure that
depends on both price and sales effort for the online direct (D,,) and traditional offline retail
channels (D,), as described by the following equations:

Dy, = pa +ye — fpm + 6p, (D
D,=1-pla+t(a—vy)e —fp, +6pm (2)

Where, a (a > 0) represents the total market potential, and p € [0,1], denotes the market
share of the direct channel. Accordingly, the demands for the direct and retail channels are pa
and (1 — p)a, respectively. The parameters § and § represent the own-price sensitivity and

cross-price sensitivity of demand. Since a channel’s demand is more sensitive to its own price
than to the competing channel’s price, we assume 0 < § < 8 < 1.

The manufacturer collects used products directly from customers through a reward-
based return policy. The return rate is modeled as a function of the reward amount r, denoted
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by f(r), where 0 < f(r) < 1. Consistent with real-world observations, we assume that the
return rate is a monotonically increasing function of r, expressed as:

fr)=1—A" where 0<A<1
Hence, the profit functions of the manufacturer (1, ) and the retailer (7,.) are as follows
Tm = (1 - 0)mem +w D, — Cm(Dm + Dr) + (Cm -G~ T')f(T')(Dm + Dr) +(s—
t)o Dy, A3)
2
. = (1= 0)p Dy —w D — ==+ (s — t)aD, (4)
In the next subsection, we derive the expressions of all the decision variables under
decentralized and centralized decisions.

2.1.Model analysis under decentralized decision

Under decentralized decision, for given values of sales effort e, and reward amount r,
the manufacturer first optimizes the direct channel price and wholesale price, taking into
account the retailer's best response in setting the retail price.

Proposition 1: For given value of sales effort e, the retailer's profit function m, is strictly
concave in p, and the manufacturer's profit function m,, is strictly concave in p,, and w. In
this case, optimal solution of retail price, direct price and wholesale price are

pd'(e) = [(1-p)(38%— %)+ 28p|a+[(a-y) (367~ 67)+ 2vp5]e

4p( p2-52) +
(B+ 8)lem—( Crﬁ_(ir—_ar))f (r)-(s—t)a] 5)
pd (e) = [ﬁ+(1—p)t231;;r£);li;-(a—y)6]e n [cm—(cm—czr(—li)cg(r)—(s—t)a] (6)
Wd*(e) _ (1—cr)[(1—p)[>’+¢25](c;-2+£16—2;f)[(a—V)[>’+V8]e n [cm—(cm—cr—zr)f(r)—(s—t)cr] 7)

Proof. From Eq [4], we obtain the value of p, under decentralized decision strategy by solving
on,
Dr

= 0 and the best response is given by

d _ @-0[@a-plat(a-y)e+Spml+pw —aB(s — 1)
pT (Wl pm’e ) - 2[3(1—0')

2

We also find that m, is strictly concave in p, as 0mr —-28(1—-0)<0

op?

Substituting the value of p¢ (w, p,,,, €) into Eq [4], we obtain the values of p& (e, r) and w¢ (e)
omm

(given by Eq [6] and Eq [7]) solving the first order conditions gn_m = 0 and = 0. Finally,

Pm ow

putting the values of pd (e) and w? (e) in p&(w, p,, e ), we obtain p? (e) as given in Eq [5].

92 1-0)(2p%-62 . . . .
Now, a;m = ! a)(ﬂﬂ ) < 0 and the Hessian matrix of the profit function m,, is
m
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021 021, (1-0) (2B%-82) 5
g=| 9Ph  opmow) _ s

%y, 9% 5 _ B

ow 0pm, ow?2 (1-0)

|H| = 2(B8? — 62) > 0. Hence, the manufacturer's profit function 7, is strictly concave in p,,
and w.

The online and offline channel's profits as functions of sales effort level e are given by

n (€)= [l (em — ¢ = D2F2() +2(82 — §)(cm — ¢ — N1~ )y a~ (367 -
26 — 8)|[cm—o(s—t)]+ @ —a)zelf(r) —(1—-0)?I,e?—2(1-0)[(1 —0)lsa—
(B? — 6D [(cm —a(s = D]]e + (1 — 0)?Isa? — 2(1 — ) (B? — 62)[cm — o(s —
lha+ L[(cy — (s — D] (8)

md (e) = Kiz[(ﬁ — 8?2 (em — ¢ = M2 +2(B = 8)(cm —cr — N[A-0)(1 —
pa—(B— lem+ols -]+ 1A —-0)(a— pelf(r) + (1 -a)le* +2(1—0o)(a—
VA=A =pla—(B - Olecm—o(s—D]le+ (1 -0)*(1 —p)?a? -2(1 - 0)(1 -
P)(B = &lem — (s = ]a+ (B~ 8)*[cym + (s — )]?] 9)
where K, =88(B*-6>)(1—-0), K, =168 (1—0), I, = (B —6)*(3B% + 4B5 +
), L =[A+p)B+ (L=p)O)], L =[B+8a+ (B— &yl L =[(a—y)?* (B> +
82 + 22" + 4BSy(a — )|, Is = (1 — p)[(a — ¥)(B? + 62) + 2B8y] + 2pB[(a —

V)8 + Byl le = (1 —p)? (B% + %) + 4(1 — p)pBS + 2?61, = (1 — o) (a — ¥)* — 867

To investigate the effect of sales effort level on optimal online direct selling price p,, , offline
retail price p, and wholesale price w, the first order partial derivative with respect e are obtained
in Corollary 1.

Corollary 1: Under the decentralized decision, the effect of e on optimal prices are investigated
as follows:

0D _ as+ (B 8y o ow?  (1-0)[(a -y )B+6Y]
(1) de  2(B2-82) >0; (2 de 2(B2- 82)

> 0; and

> 0.

7 de 4B(B2- &2)

From Corollary 1, we observe that sales effort level has positive effects on offline and online
channel's selling price and wholesale price.
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Proposition 2: Under the decentralized decision, the retailer's profit function T is strictly
. . 8 . .
concave in sales effort level e if 0 > 1 — @ f ;’)2 = o8(say). In this case, ethe optimal values

of sales effort e? is

& (@ PIA-p)A-0)a+B= 8)[(em —cr—)f () —Cmta(s—0)]
¢ = 8Bn—(a—7)2(1-0) (10)

Proof. From Eq [9], we obtain the optimal Value of e under decentralized decision strategy by

ar o
5o~ = 0 and We also find that o ”T = & (;BG) 8pn.

. om
solving

_spn_
(a-y)%
Substituting the optimal value of e obtained in Eq [10] into the Equations [5], [6] and [7] we
have the optimal selling price of the offline channel and online channel and wholesale price.
Next, we investigate the effects of manufacturing cost and remanufacturing cost on optimal
values of p,,, p, and w

Hence, n’is strictly concave in e if (a« —y)?(1 —0) — 8fn < 0ic.o0 > 1 —

Corollary 2: Under the decentralized decision, the effect of c,, and c, on optimal prices are
investigated as follows

2 50, 2 > 05 o> of ana
by apm _ 8pn(B+d)
25l ¢ <0< of;wherecl =1 (@ —p)[26(a—y)+ap]

apd” a
2) >, pr >0if 0 >0l >0f and

aCm Cr
apd apd e d d d 4n(B+8)?
<0, <0ifol <o< o; whereos =1 —
dcm dcy f oo 2 2 a-y)(2B(a-y)+asd)
awd” awd’ . d d
(3) >0, >0if o >05 >0, and
dcm acr
awd” owd’ s d d. d _ 8Bn(B+5)
. <0, 3e. <0ifoy <0< oz;whereoy =1 @) 2B a)iad)

From Corollary 2, we can achieve the following conclusions under decentralized decision-
making: (1) The selling prices in the offline and online channels, as well as the wholesale price,
do not always increase with rising manufacturing cost (c,,) and remanufacturing cost (c,).
Instead, this relationship depends on the product return rate a. More specifically, if the return
rate exceeds a threshold value o, the online channel’s selling price increases with increasing
values of c,, and c,. Conversely, if 6¢ <o < o2, the opposite trend is observed. Similar
behavior is also observed for the offline channel's selling price and the wholesale price, with
their respective threshold values denoted as o¢ and €. (2) The retailer's sales effort level

always decreases with increasing values of ¢,, and c,..
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2.2.Model analysis under centralized decision
Under the centralized decision, the offline retailer and online manufacturer are integrated as a
single entity. In this case, the total profit function of the entire supply chain is given by

¢ =T+ = (1= 0)Pm D +0r Dr) + (cm — ¢ = 1) f (r) (D + Dy — [cp — (s —

t)1(D,, + D, —"Ziz (11)

Proposition 3: For given value of sales effort e, the overall supply chain's profit m. is strictly
concave in p,, and p,. In this case, optimal solution of retail price, direct price and wholesale
price are

c* _ [Bp+(a-p)Sla+[(a—y)d +Bv]le | [cm—(cm—cr —1)f(r)=(s—t)o]
pm (e) - Z(ﬁz -5§2) + 2(1-0) (12)

c* _ [(a=-p)B+6la+t[(a—y)B+éyle | [cm—(cm—cr—1)f(r)—(s—t)a]
pr (e) - 2(52—62) + 2(1_0_) (]3)

Proof. From Eq [11] we obtain the values of p,, and p,- under centralized decision strategy by

. om¢ on€
— = —=0.
solving . 0 and o

We also find that
2 C
Now, ZTZ =-28(1-0)<0

and the Hessian matrix of the profit function 7€ is

9%n’ 9%n’
go| R 9wmovr | _ (‘23(1 —o0) 26(1—-o0) )
C\_etme 22nt T\ 25(1-0) -2B8(1-0)

Opr 0Pm ow?

|H| = 4(B? — 6%)(1 — 0)? > 0. Hence, the overall supply chain's profit 7 is strictly concave
in p,, and p, .
To investigate the effect of sales effort level on optimal online direct selling price p,, and offline

retail price p,, the first order partial derivative with respect e are obtained in Corollary 3.

Corollary 3: Under the decentralized decision, the effect of e on optimal prices are investigated
as follows

c* _ c* _
%5 opm _ (a—y)6+PBy > 0; (2) 6§r _ (a-y)B+dy > 0;

de  2(B2-62) 2(p? -62)
From Corollary 3, we observe that sales effort level has positive effects on offline and online
channel's selling price.

Proposition 4: Under the centralized decision, the overall profit function ©° is strictly concave
2n(B?-62)
a?p-2(f-8)(a-v)y

in sales effort level e if 0 < 1 —

of sales effort e"is

= o5 (say). In this case, the optimal values
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o+ _ __ (-0)ap-(B-8)(y+ap-2yp)la a(B?=6%)[(cm—cr—1)f(r)—cm+a(s—t)] (14)
2n(B2-62)-(1-0)[a?f-2(B-8)(a-y)y] = 2n(p2-82)-(1-0)[a?B-2(B-8)(a~y)Y]

. . ) .. . dn€
Proof. We obtain the optimal value of e under centralized decision strategy by solving % =

an 0 e an¢ op,(e an¢
opm Oe dp,r Oe de

We also find that

drt _ Qoola?po2(B-Oayy| (B0 - oo pe g strictly concave in e if

de? 2(p2- 62)
(1-0)[a?B-2(B-8)(a-y)y]|-2n(B*-6?) : c
25— 5%) <0ieo<oag.

Substituting the optimal value of e obtained in Equation [14] into the Equations [12] and [13]
we have the optimal selling price of the offline channel and online channel. Next, we investigate
the effects of manufacturing cost and remanufacturing cost on optimal values of p,,, and p,. .

Corollary 4: Under the centralized decision, the effect of ¢,, and c, on optimal prices are
investigated as follows

a5, W .
() Zm >0, 22 > if ¢ > of > of and

dcm dcy
i} <0 opin <0if 0§ <0< of;whereof =1— il Gl
dem ) 0y 0 1 1 a?(B+8)-2(f-8)(ay—2v?)
ap§ aps .
2)ZE >0, P >0if 0> 0f >0 and
dcm dcr
6p$* apﬁ* . ¢ c. c _ 1 _ 2n(B?-8%)
For <0, e <0if oy <0< ogy; whereo; =1 - (B-0)Ga27)y
dec” 2ec , c
(3)6% <0, 2 <0if o>d§

Hence, according to Corollary 4, the impact of manufacturing cost and remanufacturing cost
on selling prices of the offline and online channel and sales effort level are the same as that
under decentralized policy.

3. Numerical Analysis
We now illustrate the above analytical findings numerically. The following parameters are used
for illustration throughout the paper: a = 13000;a = 1;y = .3; =.7;6 =.5; s =300; t =
10; ¢;, = 400; ¢, = 200;n = .9;p = .62;0 =.9;1 = 0.5. We examine the effect of the
reward amount on the manufacturer’s profit function under decentralized decision-making and
on the overall profit function under centralized decision-making. Figure 1 demonstrates that
both & and m¢ are strictly concave in r. We use MATLAB's optimtool to determine the
optimal value of r under both centralized and decentralized settings. The corresponding optimal
solutions are presented in Table 1. It is observed that the optimal reward amount is the same for
both decentralized and centralized decisions. However, the optimal values of the other decision
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variables are higher under the centralized decision, and the overall profit of the supply chain is
also greater under the centralized decision.

7 x 10
ey 1.08 212 ; ; : , 21.28
o.£ ‘ d i
E iy T =
gg 1.06 ] ”"',‘ |||||||T[C:1'26 g
=) o 3
ge e 9
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0O S o
Q.0 g_ N
28 =k
SE 1.02 oz Be
58 - 8
co -
T ®
2 o 1 3 1 1 1 1 i 19
0 20 40 60 80 1 OQ 102
Reward Amount (r)
Figure 1: Effect of  on n, and mt¢
Table 1: Optimal solutions under decentralized and centralized decision
Decision wr  p* p* ok * * Total
Profit

Decentralized 8180 17300 17900 360 751 5.39x10" 1.15x10° 5.5x10’

Centralized — 53000 56800 30900 751 — — 1.77 x 108
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Figure 2: (a) Effect of 0 and c,, on \n® and n€ (b)Effect of o and c,, on m® and € (c)
Effect of ¢,, and c,- on total profit under decentralized decision (b) Effect of c,, and ¢, on
total profit under centralized decision

Figure 2 shows that: (1) The overall supply chain profit under centralized decision-making is
higher than under decentralized decision-making. (2) Under both decision-making approaches,
the overall profit decreases as the return rate, manufacturing cost, and remanufacturing cost
increase. (3) The overall profit function under centralized decision-making is more sensitive
than under decentralized decision-making. (4) The profit function under both decision-making
approaches is most sensitive to the return rate, followed by the remanufacturing cost and
manufacturing cost.
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Figure 3: Effect of y under decentralized decisions and centralized decisions

Figure 3 shows the following insights: (1) Under decentralized decision-making, the online and
offline selling prices, wholesale price, and sales effort level all decrease as the customer's free-
riding behavior coefficient increases. This leads to a decline in both the manufacturer's and
retailer's profit functions. The reason is that as y increases, the retailer lowers their selling price.
In response, the manufacturer also reduces their online selling price to remain competitive.
Therefore, an increase in \gamma does not benefit either party. Notably, the retailer’s oftline
selling price always remains higher than the manufacturer’s online selling price. (2) Under
centralized decision-making, the decision variables exhibit opposite behavior when the
manufacturer and retailer cooperate. In this case, the online and offline selling prices and sales
effort level initially decrease and then increase as y rises. As a result, the overall supply chain
profit first decreases and then increases beyond a certain threshold of y. This occurs because,
under centralized decision-making, the manufacturer and retailer are not in competition and
make joint decisions to optimize the entire supply chain. (3) However, under both decision-
making structures, the reward amount offered by the manufacturer to collect used products
remains unchanged as y increases.
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Figure 4: Effect of p under decentralized decisions and centralized decisions

It can be seen from Figure 4 that: (1) As customer preference for the online channel increases,
under decentralized decision-making, the manufacturer takes advantage by raising the online
selling price. Simultaneously, due to a decline in offline channel preference, the retailer lowers
their offline selling price to attract customers. Consequently, the manufacturer’s profit increases
while the retailer’s profit decreases with increasing p, which is expected. As a result, the overall
profit initially decreases due to the decline in the retailer’s profit, and then increases as the
manufacturer’s profit continues to grow. (2) Under centralized decision-making, an increase in

p leads to a reduction in the overall supply chain profit. This is primarily due to a significant

decrease in the retailer’s offline selling price, despite a slight increase in the manufacturer’s
online selling price. (3) Similar to the parameter y, the parameter p does not influence the
reward amount offered by the manufacturer for collecting used products under either centralized
or decentralized decision-making structures.
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Figure 5: Effect of A under decentralized decisions and centralized decisions

Figure 5 indicates the following: (1) As A increases, all prices experience a marginal decline
under both decision-making scenarios. However, once 1 exceeds a certain threshold, the sales
effort level drops significantly. This leads to a reduction in the manufacturer's profit, the
retailer's profit, and the overall supply chain profit. (2) To counteract the impact of rising 4, the
manufacturer increases the reward amount offered for collecting used products in order to boost
the return rate.

4. Conclusion
In this study, we develop a Closed-Loop Dual-Channel Supply Chain (CLDSC) model that
integrates an offline retail channel and an online direct channel, incorporating both free-riding
behavior (FRB) and a full refund return policy. In the proposed model, the manufacturer collects
used products from customers by offering a monetary incentive for remanufacturing purposes.

The study presents several key findings: (1) As customer FRB increases under a
decentralized decision-making structure, the service effort level of the offline channel declines,
leading to a reduction in product demand. Consequently, FRB adversely affects both the
manufacturer’s profit and the overall supply chain performance, indicating that free riding has
anegative impact in a decentralized setting. However, under centralized decision-making, when
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FRB surpasses a certain threshold, more customers shift from the offline to the online channel.
Since the retailer and manufacturer make decisions cooperatively in this scenario, the retailer
increases their service effort level, resulting in improved profitability for the entire supply
chain. (2) The offline price is typically higher than the online price in nearly all cases, except
when the customer’s preference for the online channel exceeds a specific threshold. (3) An
important observation is that the reward offered for returning used products remains largely
insensitive to changes in remanufacturing and manufacturing costs. However, the reward
amount is influenced by changes in the parameter that affects the collection rate in response to
the reward. (4) An increase in the return rate leads to a decline in overall supply chain
profitability in both centralized and decentralized decision-making scenarios.

Finally, this study has several limitations. First, it does not consider the cross-channel return
scenario, where customers return products purchased from the online channel to the offline
channel. Second, it assumes that the return rates for offline and online channels are identical,
whereas, in practice, these rates often differ significantly. Third, the model assumes that the
manufacturer is solely responsible for collecting used products, although in reality, third-party
agencies are sometimes employed for this purpose. These limitations will be addressed in future
research to enhance the model’s applicability and accuracy.
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