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Abstract: A single product closed-loop supply chain that
satisfies an uncertain market demand with original and
remanufactured products is considered. The yield of the
recovery process is random and depends on the acquisition price
offered for the end-of-life products. In such a stochastic setting,
a firm needs to make production and procurement decisions so
that the total expected profit is maximized. Both centralized and
decentralized models are established depending on the party
collecting the returns. The optimal acquisition price and
production quantities of original and remanufactured products
are determined for the firm. The contracts to coordinate the
decentralized systems are chosen and the optimal contract
parameters are determined. A computational experiment is given
to show the effects of recovery parameters on the system
performance. Results show that the recovery parameters have a
high impact on the profitability of the manufacturer in the
centralized model and on that of the collection agency in the
decentralized model.
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emanufacturing refers to the business of refurbishing re-
Rturned products and then sending them back to market
“as new”. It is considered a part of a closed-loop supply
chain, along with operations such as acquisition/collection,
testing/grading, repairing, manufacturing, and redistribu-
tion'". Remanufacturing has received growing attention in
recent years due to increased environmental concerns and
limited availability of natural resources. Companies engage
in recycling and remanufacturing processes either because of
legislations in their countries or for economic reasons.
There is a growing amount of literature on remanufactur-
ing and closed-loop supply chains. Savaskan et al. "™ ad-
dressed the problem of reverse channel structure for the col-
lection of used products and claimed that remanufacturers
can design closed loop supply chains so as to enhance their
profits. Guide et al. "' compared the performances of sever-
al static scheduling rules in a basic remanufacturing shop
considering the disassembly and reassembly of products.
Mitra and Webster'” examined the effects of government
subsidies as a means of promoting remanufacturing activity.
Tang et al. Bl examined the process lead time, which can be
used to determine the planned lead time in production plan-

Received 2010-07-05.

Biographies: Zhang Fuan (1975—), male, graduate, lecturer, ahzfa @
163. com; Da Qingli(1945—), male, professor, dqlseunj@ 126. com.
Foundation item: The National Natural Science Foundation of China( No.
70772059) .

Citation: Zhang Fuan, Da Qingli. Decision model for closed loop supply
chain with uncertain demand and price-dependent returns [ J]. Journal of
Southeast University ( English Edition), 2010,26(4):638 —641.

ning and control of remanufacturing. Majumder and Groen-
evelt' studied a two-period model with one OEM and one
independent remanufacturer where the companies compete in
the sales market and in the procurement process. They
aimed to find the optimal prices and production quantities in
a deterministic setting. Ferrer and Swaminathan'” extended
the work to multi-period models and investigated the effects
of various parameters on the system. Webster and Mitra™
developed a general two-period model to investigate ques-
tions of interest to policy-makers in government and manag-
ers in industry. Ferrer'” dealed with the problem of how
managers make product disassembly and procurement deci-
sions when faced with limited information on remanufactur-
ing yields or a potential long supplier lead time. Bakal and
Akcali'” found the optimal prices for used parts and reman-
ufactured parts and studied the effects of mean and variance
of yield rate on profit by numerical analysis. Kaya''' con-
sidered the optimal incentive determination problem in the
manufacturing/remanufacturing industry using stochastic de-
mand functions. Karakayali et al. '™ developed models to
determine the optimal acquisition price of the end-of-life
products and the selling price of the remanufactured parts in
centralized channels as well as remanufacturer-driven and
collector-driven decentralized channels.

Unlike those models considering the deterministic nature
of returned products, we address the more realistic issue of
production and pricing by modeling both the demand and re-
turn side as random. We analyze both centralized and de-
centralized models to determine the optimal acquisition price
and the optimal production quantities in such a stochastic
setting. Then we proceed to coordinate the decentralized
model through a two-part tariff contract.

1 Assumptions and Notations

Here we just consider a single product supply chain, and
the manufacturer has two alternatives for fulfilling the de-
mand either producing products by new raw materials and
components, or remanufacturing old products and bringing
them back to “as new” conditions. In the recycle process,
the manufacturer decides a price for the used products and
collects some used products from the customer. Then the re-
cycled products will be stocked in the recoverable inventory
or be sent to remanufacturing directly. The returned quantity
is assumed to be uncertain and price-dependent, and the
manufacturer can control the expected quantity of returned
products by adjusting the recycle price. The objective of
supply planning is to control the brand-new products produc-
tion and the recycled products remanufacturing process to
guarantee a required service level and to maximize the total
expected profit.
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In order to facilitate the study, the following assumptions
are postulated.

Assumption 1 In our study, we consider a manufacturer
that produces both original products using virgin materials
and remanufactured products by collecting used products.
We assume that the customers have the same valuations for
the original products produced from virgin materials and the
products produced by using the returns. Thus, these two
types of products have the same price and demand in the
market and customers are indifferent with regard to them.

Assumption 2 We assume that the unit cost of produ-
cing the end products form original materials is c,, and the
total cost of extracting the useful parts from the returns and
producing the end products using these parts in the manufac-
turing process is ¢,. We assume that ¢, < ¢ ; otherwise, the
company has no benefit in collecting returns and only uses
original materials in their production process.

Assumption 3  Since the customers are indifferent with
regard to these two types of products, we denote the market
price for both types with p and the density and cumulative
distribution function for the total demand of the original and
remanufactured products with f(x) and F(x), respectively.

Assumption 4 The manufacturer offers to pay a certain
amount of money p, to collect the right amount of used ma-
terials from the market. The amount of returns collected
from the market is denoted by R(p,) which is a function of
p,. We assume that the amount of returns is a linear func-
tion of p, where R(p,) =a + bp,.

2 Production Decision Models
2.1 Centralized model

In the centralized setting, the manufacturer collects the
used products directly from the customers and manages all
the collection and the manufacturing processes. The
manufacturer’s problem is

4t qn *

max 7 = f pxf(x)dx + f plq, +q,)f(x)dx —
0 49,14,
¢4 — <9, — P,R(p,)

where p is the market price of products; c, is the remanufac-
tured cost for each unit; g, is the quantity of remanufactur-
ing products; p, is the certain amount of money that the
manufacturer offers to pay to collect the right amount of
used materials from the market; R(p,) denotes the amount
of returns collected from the market, and we assume that it
is a linear function of p. where R(p,) =a + bp,. The market
demand X is a random variable; its probability density func-
tion is f(x) and its distribution function is F(x).

We can easily find that either R(p,) =g, or p, =0 in the
optimal solution. Otherwise, the manufacturer can increase
his profit by decreasing p, which decreases R ( p,) until
R(p,) =g, orp, =0.

First, we assume that p, >0 and R(p,) = ¢, in the optimal
solution. Then, the manufacturer’s problem becomes

Gt qn

max 7 = | pafix) d +plq, +4,) F(q, +q,)
Cnldm ~ 64 — P4,

Considering the first and second order derivatives w. . t.
q, and g,,, we observe that the objective function is concave
w.r.t. g, and ¢, and thus equating the first order deriva-
tive to O will give us the optimal values of p, and g, if the
resulting p, =0.

o 2q,-a

97— pF(q. + -c -

0. p-rF(q, +q,) —c, b
o
T —pF(q. + -c
aq. p-pF(q, +q,) -c,

Solving the above two equations simultaneously, we can ob-
tain

From this relation, we can find that

. ble,-c¢) +a
qr - 2

a
From R(p,) =¢q,, we can obtain p = - , and then

b
= ()

p_cm

However, if F "( ) <gq,', then g =0 is the opti-

mal solution. The manufacturer’s problem becomes

max 7 = [ pefix)de+pla) Fla) - (e, +p)a,

0

We observe that the objective function is concave w. r. t.
q.. Thus, equating the first order derivative to 0 will give us
the optimal values of p, and ¢, if p, =0.

2q,-a
pF(q) =p-c, - b

From the above analysis we can obtain the optimal value
of ¢, if g, =0.

If the above conditions are not satisfied and the resulting
incentive values in the above cases are less than 0, then p,
=0 in the optimal solution. In that case, the manufacturer
produces all the products using the used materials since ¢, <

. (P —C
g =F 1(17

) and g, =0. However, for p, =0, he can

r

produce R(0) at most. Thus, g’ = min{Fr"(p _C'),R(O)}
c

r

will be the optimal production quantity.
2.2 Decentralized model

In this section, we consider the decentralized model. In
the decentralized setting, a third party collection agency col-
lects the used products from the market and sells them to the
manufacturer at a wholesale price. The collection agency
decides on the acquisition price and the manufacturer de-
cides on the production amount. The profit functions for
both companies are
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T = J’:mpr( x)dx + f:ﬂlp( q, +q,)f(%)dx -

€4 ~ €9, — Wq,
@ = wq, - p.R(p,)

where w is the unit wholesale price that the collection agency
sets for the used products in the decentralized model.

We solve the manufacturer’s problem first. The manufac-
turer will not buy any used materials from the collection
agency if w>c —c,. Thus, in the optimal solution w<c,
-c,.

If w<ec, —c, the manufacturer will not buy any new

ro

. *
materials any more, so g, =0.

. . . om
Since 7, is concave w.r.t. g, equating 0. to 0, we can

r

, —c,-w
obtain ¢, =F,1(]77,)

. Then the problem is to maxi-

mize 77,, that is

q4.—a
s =(p—cr—pF(qr) —T)q,

Equating the first order derivative to O, we obtain the fol-
lowing equation which has the solution ¢," :

am _ Fq) q,—a () 4 _,
aq, ~P G pEa) == pafla) ==
. L (P—-C —W ) .
From g, = F (7) we can obtain w™ =p —c,
p
* * Qr* —-a
-pF(q;) and p, ==
If w=c¢, -c, we can find g/ :min{F"(p_Cm)’
cm

x 1P = Cn x
R(pl) } and Qm :F l( p ) _qr N

We can obtain p from the equation (c,, — ¢, — p

T

R(p,) =0 if g, >0. However, if g, >F’](p_c'“),
p

(255

If none of the above conditions is satisfied, then p; =0
will be the optimal incentive value. In this case, g, is the
value that satisfies the following relationship:

p-c¢.—-pF(q’) -pqflq’) =0

Accordingly, the optimal value of the wholesale price is
w' =p-c -pF(q.).

3 Coordination Through Contracts

From the above analysis, we observe that in the decen-
tralized models, a lower incentive value is offered and lower
amounts of products are remanufactured as opposed to cen-
tralized models where lower total system profits are ob-
tained. In this section we search for contracts to coordinate
the decentralized system to eliminate the efficiency losses
and to achieve the centralized model results.

First, we consider the case p; >0. In this case, the opti-

mal production quantity is given by the equation ¢ =c, +
2qg, -a

and the optimal value of the incentive to offer is p;’

In the decentralized model, for a given w, the optimal
p-c, —w
p
w=p —c, —pF(q;) will result in the same production quan-

tity as in the centralized model.
Then, we consider the case p; =0. In this case, the opti-

p_c"“), Q(O)}

for the centralized model. If w =0 is offered in the contract,
the collection agency offers p = p; =0 as the incentive
since the collection agency has no benefit in collecting any
used products. Also, the optimal production quantity under
this contract will be equal to ¢;.

From the above analysis, a linear contract with transfer
payments can coordinate the supply chain.

production quantity is equal to ¢ = F ™' ( ) Thus

mal production quantity is g% = min{F ’1(

(p-c, -pF(q,),m —m,) if p; >0

O, 4 ={ .
(0, ) if p; =0

where p; and ¢, are the optimal incentive value and the

quantity of remanufactured products produced in the central-

ized model, respectively; 77, is the profit of the collection

agency with w, and 7 is the reservation profit of the collec-

tion agency.

4 Computational Experiments

In this section, we perform numerical studies to illustrate
the applicability of our models and implement further analy-
sis on impacts of different parameters. In all computational
experiments, demands are assumed to follow the normal dis-
tribution with a mean y =100 and a standard deviation ¢ =
20. Here, we set a =50, b =5, p=80, ¢, =50, ¢, =20
for our base case. Tab. 1 gives the optimal values of the de-
cision variables for both centralized and decentralized mod-
els of the base case. Also we conduct additional experiments
by changing the values of the recovery parameters and ob-
serving their effects on our systems while keeping other pa-
rameters unchanged.

From Tab. 1, we observe that less acquisition price is of-
fered and lower amount of remanufacturing is done in the
decentralized model as opposed to the centralized model.
Also we observe that as a or b increases, the collection of
used products becomes less costly and more remanufacturing
is done and more used products are collected. In addition,
the decrease in the collection cost has a higher impact on the
profitability of the manufacturer in the centralized models
than in the decentralized models and the efficiency loss in
the decentralized cases increases as the collection of used
products becomes less costly.

In the decentralized model, we observe that a change in
the recovery parameter a or b does not affect the
manufacturer’s profits but highly affects the collection
agency’s profits. So, it is much more important for the col-
lection agency to find new ways to increase the recovery
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rates at a lower cost. On the other hand, the collection a-
gency is directly affected by the change in the costs of col-

lection or remanufacturing activities since he cannot impose
any cost increase on the manufacturer.

Tab.1 Impact of the recovery parameters on supplying decisions

Centralized model Decentralized model e

Case c < c < d d d d d d s

4q: I P m 4q: dm Pr w ) Ty s
Base case 95.0 0 9.0 4925.0 93.6 0 8.7 30 2923.7 1994. 6 0.998
a=0 75.0 18.6 15.0 4048.7 75.0 18.6 15.0 30 2923.7 1125.0 1.000
a =30 90.0 3.6 12.0 4633.6 90.0 3.6 12.0 30 2923.7 1620.0 0. 980
a =100 100.0 0 0 5920.0 93.6 0 0 30 2923.7 2808.0 0.968
b=1 50.0 43.6 0 4423.7 50.0 43.6 0 30 2923.7 1500.0 1.000
b=3 70.0 23.6 6.7  4553.7 70.0 23.6 6.7 30 2923.7  1630.3 1.000
b=6 97.5 0 7.9 5089.8 93.6 0 7.3 30 2923.7 2123.3 0. 990

5 Conclusion

In this paper, we consider a closed-loop supply chain sys-
tem in which the manufacturing and remanufacturing proces-
ses are simultaneously conducted. We determine the optimal
value of the acquisition price and the optimal production
quantities of original and remanufactured products under un-
certain demand and price-dependent returns. Both central-
ized and decentralized models are considered. We also
choose contracts to coordinate the decentralized systems and
determine the optimal contract parameters. Finally, we per-
form a computational study to analyze the effects of recover-
y parameters on the system performance. We observe that
the recovery parameters have a high impact for the manufac-
turer in the centralized model and for the collection agency
in the decentralized model. We can extend our model con-
sidering that the amount of returns is a stochastic function of
the acquisition price in future research.

References

[1] Mukhopadhyay S K, Ma H. Joint procurement and produc-
tion decisions in remanufacturing under quality and demand
uncertainty[J]. International Journal of Production Econom-
ics, 2009,120(1):5-17.

[2] Savaskan R C, Bhattacharya S, Van Wassenhove L N.
Closed-loop supply chain models with product remanufactur-
ing[J]. Management Science, 2004, 50(2): 222 —238.

[3] Guide Jr VD R, Souza G C, van der Laan E. Performance

of static priority rules for shared facilities in a remanufactur-
ing shop with disassembly and reassembly [J]. European
Journal of Operational Research, 2005, 164(2): 341 —353.

[4] Mitra S, Webster S. Competition in remanufacturing and the
effects of government subsidies[J]. International Journal of
Production Economics, 2008, 111(2): 287 —298.

[5] Tang O, Grubbstrom R W, Zanoni S. Planned lead time de-
termination in a make-to-order remanufacturing system/[J].
International Journal of Production Economics, 2007, 108
(1/2):426 —435.

[6] Majumder P, Groenevelt H. Competition in remanufacturing
[J]. Production and Operations Management, 2001, 10
(2):125 —141.

[7] Ferrer G, Swaminathan J M. Managing new and remanufac-
tured products[J]. Management Science, 2006, 52(1):15 —26.

[8] Webster S, Mitra S. Competitive strategy in remanufacturing
and the impact of take-back laws[J]. Journal of Operations
Management, 2007, 25(6):1123 —1140.

[9] Ferrer G. Yield information and supplier responsiveness in
remanufacturing operations[J]. European Journal of Opera-
tional Research, 2003, 149(3):540 —556.

[10] Bakal I, Akcali E. Effects of random yield in remanufactur-
ing with price-sensitive supply and demand[J]. Production
and Operations Management, 2006, 15(3):407 —420.

[11] Kaya O. Incentive and production decisions for remanufac-
turing operations[J]. European Journal of Operational Re-
search, 2010, 201(2):442 —453.

[12] Karakayali I, Farinas H E, Akcali E. An analysis of decen-
tralized collection and processing of end-of-life products[J].
Journal of Operations Management, 2007, 25(6): 1161 —
1183.

BE L35 K % (o] i 5 o 4% B3 12 B PR B 1L o g R SR A Y
ARk RA

(' ABRFEFERPER, B 211189)
MK FAE B TAFR, M 225009)

E 41— AN T B A2 S S ARl i o 0 5 — 7 M B4, 4 R AL EL B 3 B A
B OUTF , A o s AR A P Aew ik R R B A A R KA. IRBED ERG R R, o R 242 H =
MRt 69 28 o SR 4 = o WLICHT 69 A ROk SR S E RALE RIRAE T, % R L ok SOBLA 69 AR WA A6
B A e by T S 8 A 5 0 Aok RO ) R A ) 80 3220 5F 2 AR B A R UGS
— AR A T SRS ST A A 0 YR, R, S S A ok BB b ) 2 7 60 A A AR
K49, o o 4B WP 3T A R Y.

SEGER I SRR L4 s AL 5 A 7

f 4y 265 F252



