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Abstract

We investigate the impact of advance notice of pebdeturns on the performance of a closed looplguphain
with lead-times. Our closed loop supply chain cstssof a manufacturer and an external remanufactlire
market demands and the product returns are staclzast correlated with each other. After a leadetiime used
products are converted into “as-good-as-new” prtgitecbe used, together with new products, to fyatisrket
demand. The remanufacturing process is subjecrndom yield. We investigate the benefit of the nfacturer
obtaining advance notice of the product return tjtias from the remanufacturer. We demonstrate kbad-
times, random yields and parameters describingahen rate have a significant impact on the mactufar's
performance with this additional information. Theeresting and counter-intuitive result is thatr@asing the
lead-time at the remanufacturer can improve thefiecoming from the advance notice.

Keywords: Closed loop supply chain, information sharing, @ndyield, lead-time.

1 Introduction

Closed loop supply chains have attracted a loeséarch attention recently, due to growing
concern with environmental issues (Akgall and Getya, 2011). At the same time, closed
loop supply chains are generally acknowledged tanbee complex than traditional supply
chains. One reason is that both the demands angrdiokeict returns should be incorporated
into a model, and both of them can be correlateth ether. In addition, two different lead-
times should be considered: the manufacturing tead-and the remanufacturing lead-time.
Furthermore, in most practical cases, due to tipeadictable quality of the returned products,
the remanufacturing process yield is random. Toiexeh better performance in such a
complicated closed loop supply chain, sharing imf@tion between the manufacturer and the
remanufacturer is a natural course of action. Thportance of the value of information
sharing in multi-level supply chains is well recamgd (see Gavirneni et al., 1999; Lee et al.,
2000, for example), however, there is little litewra that addresses this issue in the field of
closed loop supply chains.

This research investigates the economic impadiehtlvance notice from the remanufacturer
of the product return rate on the performance ef ttanufacturer in a closed loop supply
chain. We focus on the question when to share sdolmation. The lead-times, the degree
of correlation between the demand and the prodetirnms, and random vyield of the

remanufacturing process are all incorporated inéorhodel to investigate the impact of those
on the advance notice. After a constant lead-timeréturned products are converted into “as-
good-as-new” products that are used to meet thekehademand alongside newly

manufactured products. In order to cope with theeuainty in its supply chain, the

manufacturer must forecast both the market demawldtiae product returns. The product
returns are already known to the external remanwfag and this information is shared in an
advanced notice scheme and used to decide how neamynits to produce. We demonstrate
that the remanufacturing and the manufacturing-teads and the remanufacturing yield as
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well as the parameters in the product return redegss can have a significant impact on the
manufacturer's economic performance.

This paper is organized as follows. In the nextisacthe literature review is provided. Then
the details of our closed loop supply chain modehtroduced. After managerial properties
are induced from the model, insights from a nunaramalysis are shown. We conclude in
the final section with a discussion of potentidlfe research directions.

2. Literature Review

The complexity of closed loop supply chains prosiderich model to study. One of key
issues in closed supply chains is how to reducentaiaty with respect to demands, product
returns and recovery yield. As in traditional sypphains without returns, to reduce such
uncertainties, the value of information sharingvedl recognized in closed loop supply chains
(Ketzenberg et al., 2006; Ketzenberg, 2009; deoBaitd van der Laan, 2009; Flapper et al.,
2012; Ferrer and Ketzenbarg, 2004).

Using some approximations when it is necessaryzdfdderg et al. (2006) present analytical
models to quantify the value of information in asgd loop supply chain. In their model, the
benefit comes from shared information of the madeshand, the return rate, and the yield.
Two analytical models are developed: a one periastleh and a multi-period model.
Assuming a capacitated closed loop supply chairizédderg (2009) analyses the value of
information of the demand, the return, the yield #me capacity utilization. The cost benefits
are quantified by using heuristics and a simulastudy. It is shown that information on
capacity utilization can bring about the largestrage benefit, though no type of information
is dominant. de Brito and van der Laan (2009) itigate the impact of imperfect information
on the forecast of lead-time demand under rematurfag setting. Inventory cost is used to
quantify the impact. Based on the result of analgéifour different forecasting methods, it is
concluded that the most informed method does medya produce the lowest cost.

Flapper et al. (2012) consider the impact of havingerfect advance return information on
inventory cost using a Markov decision formulatidnrandom return lead-time is assumed.
They conclude that advance return information @gluce the inventory cost by 5% at most.
It is also shown that the value of the advancedrneinformation is affected by the expected
length of return lead-time. Ferrer and Ketzenb&@04) also suggest that the value of
information is dependent on the length of a coridtad-time. Guide (2000) reports that 60%
of remanufacturing executives are under pressurediace remanufacturing lead-times.

3. M odel

In this research, the following set of notatiomsed:

t time period o; standard deviation @ ando; = ko,

D,  market demand rate at timdor the T, remanufacturing lead-time plus
finished goods , delivery timeT, € §

R, product return rate realized by . o .
remanufacturer at T, manufaf:turlng lead-timg, € N,

up mean of the market demand rate P _p_rodug:ﬂon order ra_lte at

ux  mean of the return rate & !.I.d. yield rate realized at

T correlation time lag parametee N, independent ok, 0 < §; < 1, and

g I.i.d. error term realized at E[¢]=¢

Z(+) vyield of remanufacturing (i.&(R;) =
$tRt), 0 < E(R) < Ry
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{; i.i.d. error term realized at(e; and{; NS; net stock level at the end pofa
are mutually independent) negative value oNS; represents a
0 correlation coefficienff| < 1 backlog att

k non-negative scale parameter
o, Standard deviation @

Figure 1 shows the schematic of our model. It [gedodic review system where both the
manufacturer and the remanufacturer employ the samew period. The manufacturer uses
an order-up-to policy (see Hosoda and Disney, 2fiiGexample) to determine its production
order quantity. Both the remanufacturing and thenufecturing processes have unlimited
capacities. It is assumed that there is no diffegerbetween the remanufactured products and
brand-new products in terms of quality. As sucht@mers cannot recognise the difference
between the two products. Random yield is moddigthe stochastically proportional yield
model (Hening and Gerchak, 1990). This model is@mpate when the system is subject to
material variations (Yano and Lee, 1995), and usedany remanufacturing studies (see Tao
et al., 2012, for example). The yield rate is idfexd at the beginning of the remanufacturing
process in what is generally called the triage @sscIn our model, wheky is realised¢; is
also identified as in Ketzenberg (2009).

3.1 Market Demand and Return Rate. It is assumed that both the market demand iate (
and the product return ratg.| follow white noise processes. This white noisguagption is
widely used in much of the closed loop supply cHaerature (e.g. Ketzenberg et al., 2006;
Ketzenberg, 2009). The demand and the productreates models are given by

Dt = Up + &t (1)

R, = ugr + 0k g, + V1 — 62¢,,
where the correlation betwe®a_, andR; becomed®, as shown in Appendix 1. It should be
noted that in our modelin D,_, can be any non-negative integer. This model isulgénen
the impact of the correlation is investigated sitie value of can be any arbitrary value on
the condition thatf| < 1.

As shown in Appendix 1 the standard deviation®08ndR; ares, andkao,, respectively. If

k is greater than unity, for example, the standawdadion of R, becomes larger than that of
D;. Without loss of generality, it is assumed that> ug as in van der Laan et al. (1999b)
since the product return is a portion of the demarmtactical situations.

Manufacturing
Order Quantity

Inventory

Customer
Demand

—— Remanufacturing

Return Serviceables

l Yield Loss
Figure 1. Schematic of material flow
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Receive order placed Tp+1 periods ago
and serviceable products realized 7r+1 periods ago

Demand is satisfied by inventory

P, isplaced
‘ Demand l ;
‘ ‘ >

(-1 ! 1+1 Time

Figure 2. Sequence of events at manufacturer

3.2  Sequence of Events. The sequence of events in the model can be dedcab follows:
At the beginning oft, the remanufacturer observes the total humbereofanufacturable
productsk; that have been returned from the market place.réh@nufacturing process is
not capacitated but subject to a random yield.hd temanufacturer receiv&s att, the
amount of serviceable goods the remanufacturealygforoduces i€(R;). It is assumed that
the value oE(R,) is recognised by the remanufacturet ahd the yield distribution does not
depend on time or the quantity &. The expected vyield rate(= E[&.]), ur andT, are
known by the manufacturer. Remanufactured produate then delivered to the
manufacturer's inventory at the beginningt &éf 7. + 1, in order to partially satisfy market
demand oD, ,,. At the beginning ot, the manufacturer receives brand-new goods from
its production line, the order placed in period (T, + 1), in addition to remanufacturerd
products from the remanufacturer. Next, the madarhandD; is observed and filled from
the on-hand inventory. If the manufacturer doeshase sufficient on-hand inventory to fill
the all of the demand, unmet demand is backloggethe end oft, the manufacturer places a
production ordeP; to meet the future demand, taking account of &ifanoduct return rate as
well (see Figure 2). TherefordS;, the net stock level of the manufacturer at the ef,
follows

NS¢ = NS;_1 + E(Re—(r+1)) + Pi_(r,+1) — Dt (2)

3.3  Ordering Policy. Let us uséP;, the inventory position for the manufacturett &te
moment afte, is determined. ThugP; is the net stock level at(NS;) plus the total of
open orders{Pt_Tp,...,Pt}. The value of P is known to the manufacturer since all such
information is local. Hosoda and Disney (2012) shbat in a traditional supply chain setting
when there is no remanufacturing, whatever ordepofjcy is used, we always have
+1 . o

NStir,41 = IP —%.2 " Dyyy. In a closed loop supply chain, however, it is @ssary to
incorporate the pipeline inventory coming from tleenanufacturer which will be available
for the manufacturer during the time interval(oft + T,, + 1]. Consequently, we have the
following relationships:

Ty,+1
NSt+Tp+1 :IPt+_ lel Dt+l+P1Rt+FP1Rt’ (3)
where
IPt+:NSt+Pt—Tp+'”+PtI
(O Tr
| o E(Rt_l-) T, = Tp
_ t=lr=Ip
PIR, = 4 T
LZ R T, <T,
i=
and
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0 T, > T,

FPIR, = {\"T T
2_ CERG) T <T
i=

PIR; is the total pipeline inventory of successfullymanufactured productsPIR,
represents the future pipeline inventory of sudodlgsremanufactured products atand its
value is not known yet by anybody wh&n<T,. Note thatPIR, is not known by the
manufacturer when there is no advance notice schenie supply chain. Without advance
notice, the manufacturer needs to take the expead ofPIR,, PIR,, to determine®,.
Thus the advance notice of the product return méiion may have some impact on the
performance of the manufacturer. Furthermore, whea T, since the manufacturer must
estimate the value d¢tPIR, as well, the magnitude of the relationship betwgeandT,, may
have an impact on the performance of the manufactuvith knowledge of (2), we have the
following relationship betweerP; andIP{,: IP;} = IP{ | — D, + E(R;—(r,+1)) + P;. Thus,

P, can be written as

Pt = Dt - E(Rt—(Tr‘l-l)) + IPt+ - IPt+_1. (4)

From (3), we obtain another form b#,
Tp+1

IP} = Z Deyi — PIR; — FPIR, + NS¢y, 1. ()

=1

The RHS of (5) however, includes some unknown \alise the manufacturer. Thus the
manufacturer may want to take the expected valdgbfwhich yields

E[IP/] = D — PIR; — FPIR+TNS, (6)

where

Tp+1

D =E|L) Devi| = (T, + Do,
PIR, = E[PIR,], FPIR, = E[FPIR,], TNS = E[NS¢,1 4],

and TNS stands for the target net stock level; a time rilawet constant predetermined by the
manufacturer to minimise its inventory cost. Frof) e have the order-up-to policy for a
closed loop supply chain?, = D, — E(R,—(r.+1)) + (E[IP}] — E[IP1]) . We assume
P, > 0 in order to obtain closed-form expressions ofares. This non-negative assumption
is not as strong as it appears to be whgr> uy; holds and can be seen in many other
remanufacturing studies (e.g. Ketzenberg et al06RONote that the values &f/P; ] and
E[IP} ] are dependent on the assumption about the au@ifabfii the advance notice. We
have the following two cases in our setting: 1) thse that advance notice is not available
(caseN) and 2) the case that advance notice is avai(abkeA).

3.4  Case N: No Advance Notice Case. This is the base case where the remanufacturer does
not share the information &, {; andV[£]. In this circumstance, the manufacturer does not
know Z(R,). The expected valuB[Z(R,)] = éur should be used instead. The estimated
values ofFPIR, andPIR, for the manufacturer in this case become
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FPIR, = E[FPIR,] {O =ty (7)
b (T =T )éug T, < Ty,
and
__ T, + 1)¢& T, =T,
PIR, = E[PIR,] = {( pr o T =Ty 8)
(Tr + 1)€MR Tr < Tp-
From (6), (7) and (8) we can see th§iP;'] = E[IP/ ,] andP; reduces to
PtN =D — E(Rt—(Tr+1)) (9)

Note that the manufacturer knows only the value&@;_(r, 1)) and does not know the
values ofR;_(r, 1) and¢;.

3.5 Case A: Advance Notice of R; and &, Case. In this case the information abaRt and

¢, is shared with the manufacturer. It is also assuthat the manufacturer is capable of time
series data analysis and the manufacturer cannothtaivalues ofe;, &;_4, ... }, 8, k andt as
well asup, ug andé from historical data ob, andR,. In this settingFPIR, andPIR, for the
manufacturer become

0 T, > T,
(T, — T,)épg T,>T,AT=0
(T =T )éug + 0k X1 eci1y Tp—T, 2721
(T = T)éug + EOK T2, " &resi T> T, =T, >0,

(

FPIR,=E[FPIR,] =

and
Ty

PIR, = Z S(R,_,).

i=(T,=Tp)"

The formula forP¢! thus depends on the valuesTpf T, andr,

(Dt —& (Rt‘(Tr‘Tp)) I =Ty
PA _ Dt - :(Rt) Tp > TT ANT = O (10)
t Dy — E(Ry) + EOk(gp_; — &) T,—-T,=21>1

lDt — 2(R,) + 0k (et_T - et_(T_TerTT)) > T,—T, >0

In the next section, analytical expressions ofaeances of production and net stock levels
are described.

4, Variance Analysis

To conduct a full economic study for our problemmmplete PDFs for the production and the
net stock levels are required. Due to the methaicdd challenges introduced by the random
yield rates, however, we have not pursued thisdingudy. Instead, to measure the benefit of
the advance notice, the variances of productioeroadd the net stock levels are used in this

6
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research. The use of variances as a measure @péy thain performance is quite popular
(Disney and Towill, 2003). It should be noted thia¢ variance expressions shown in this
section are obtained without specific assumptionthe distribution oDy, R; oré;.

41 Case N: The Closed Loop Supply Chain with No Information Sharing. When no
advance notice is giveR; is given by (9) and its variance is

V[PN] = o + V[E(R)], (11)
whereV[Z(R)] = £2k%0? + (U2 + k?c2)V[&] as shown in Appendix 2. In the RHS of (3),

the manufacturer knows only the locally availabiéoimation,/P;. ThusV[NS"] can be
written as

Tp+1 Tp+1 2
V[NSN] = E|| PIR, + FPIR, — Z Diyi—E (PIRt + FPIR, — Z Dtﬂ-)
i=1 i=1
(T +1)(62 + VIE(R)]) — 260k(T, — T, —1)0Z, T,—T, =7 (12)
(T, + 1)(c2 + VIE(R)D, otherwise.

4.2  Case A: The Closed Loop Supply Chain with Advance Notice. The ordering policy in
this case has multiple formulae as shown in (16)tunately, the variance expressionPgf
reduces to the following two expressions.

N1 _9o¢ 2 _ >
VipA] = {V[P | —280ke?, T,—-T, =1 (13)
V[PM], otherwise.
By following the similar method for the cadle we can hav& [NS4];
2
Tp+1 Tp+1
V[NS4] = E <P1Rt + FPIR, — Z ) Dy — E (PIRt + FPIR, — Z ) Dm))
= =
(Tp + 1)052’ T. =T,
=X (T, + 1) + (T, — T,)VIE(R)] — 1260%k?02 — 260k(T, — T, —7)o2, T, — T, = 1
(T, + 1)o? + (T, — T,)(VIE(R)] — £262k?0? ), t>T,—T,>0.

Our analytical expressions of the variances fohease provide the following insights.

Property 1. When information about the return rate and the yield rate is shared, the variance
of net stock levels always reduces (i.eV[NS4] < V[NSV]).

An intuitively understandable explanation on thi®pgerty is that the shared information

about the incoming returns is exploited to absbk impact from the demands, in order to
keep the net stock levels constant as much ashi@s$his property means the manufacturer
can reduce its inventory related costs as a restiie advance notice scheme.

Property 2. When information about the return rate and the yield rate is shared, the variance
of the production order will become smaller (i.e. V[P4] < V[PN]),ifandonlyif T, =T, > 7
and 6 is positive.
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This suggests that the advance notice of the ptodkiarn rate information enables the
manufacturer to mitigate the well-known Bullwhigesft; however, this preferable outcome
occurs only in a limited set of circumstances. Egample, if we use the well-accepted
assumption wher®, andR, are mutually independent (i.@.= 0), we always hav&[P4] =
V[PN]. This may lead us to the conclusion that the acwamotice scheme does not influence
Bullwhip. When the conditioffy, — T, > 7 is met and) takes a negative value, the variance
of the production order can even increase in thee da Therefore, if the reduction of
Bulllwhip effect is a major concern, we should la@eful about the outcome of the advance
notice scheme. Managers should pay attention tedhe off, in addition to the relationship
betweerT;,, T, andz.

If your situation allows you to change the valuég;pandT,., the following three properties
(property 3 - 5) might be quite useful.

Property 3. When the information about the return rate and the yield rate is shared, the
variance of the net stock levels (V[NS4]) is decreasing inT,., if and only if T, =T, > 7 A

6 < VIE(R)]/(2Eka?).

Property 4. When the information about the return rate and the yield rate is shared and
T>T,—T, >0, the variance of the net stock levels ( V[NS“]) is decreasing in T, .
Increasing the value of T, (until 7, = T,), reduces the value of V[NS“].

Properties 3 and 4 produce counter-intuitive insiglunder certain conditions, a shorter
remanufacturing lead-timeT) can increase the net stock variance at the metuéa. For
example, if demand and return rate are indepeneigct other (i.e = 0, which is always
less tharV [E(R)]/(2éka?)), T, > T, andt = 0, shorter remanufacturing lead-time increases
the net stock variance. In a serially linked sypghain it is known that shorter lead-time
always reduces the net stock variance (see Lek, é2080; Chen et al., 2000; Hosoda and
Disney, 2006, for example). This property indicateat such an insight obtained from a
serially linked supply chain setting without retsirmay not be true in a closed loop supply
chain. A similar finding is shown in van der Laamaé (1999a). They show that this counter
intuitive phenomenon could be observable wiign> T, by using numerical analysis.
Property 4 is proved by the fact t{ad}, — T;.) (VIE(R)] — £2602k?c?) = 0, whent > T, —

T, > 0.

Property 5. When T,. > T,,, the value of T,. does not have any impact upon V[NS 4].

Property 5 suggests that shorter remanufacturiadr-fieneT,. does not decrease the net stock
variance as long as the relatiBn> T,, holds in a closed loop supply chain.

Finally, our variance expressions reveal that peetive of the availability of the advance
notice, the following two fundamental trade-offuss exist in closed loop supply chains.

Property 6. When the mean of the returns uy is higher, the production and the net stock
variances become higher. A single exception is V[NS#] when T, > T,,.

It is obvious from the variance expressions thaenmyly, increasesV[Z(R)] will increase,
which could result in lower supply chain performania the end. Therefore, companies
should be very careful about employing a strategyndcrease;. van der Laan et al. (1999b)
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identify a similar phenomenon. They conclude thanay be unwise to remanufacture all
returned products. Those findings suggest thattHersake of the better environment, for
example, larger values gf, are preferable, however, for better performanceéhefsupply
chain, lower values ofi; are required/[NS4] is independent qix only whenT, > T,,.

Property 7. When the mean of the random yield rate £ and/or the variance of the random
yield rate VV[€] increases, the production and the net stock variances increases. A single
exception isV[NS4] when T, > T,,.

V[E(R)] increases ig andV[£]. If the mean of yield raté is improved (thanks to a Kaizen
activity, for example) but'[¢] remains constant, the production and the net stadances
become higher, which may lead to lower supply clpgiriormance.

5. Uniform Distribution Example
In this section, we assume that the remanufactuyietyl rateé, is uniformly distributed
betweer) < a < b < 1, in order to complete a numerical analysis. Th& FDgiven by

1
fe)={p—q *=F=P
0, x<aVx>Dh

giving an average yield @ = (a + b)/2 with a variance oV[£] = (b — a)?/12.

5.1 Value of Advance Notice. It is assumed that the following expression is a@dyo
indicator of the value of advance notice on theemory related cost in the closed loop supply
chain;

~_ JVINSY] - JVINSA]

JVINSY]

Unless otherwise stated, the following values asumedyu, = 100, ugz = 50, g, =1,
k=1T,=5T.=1,7t=2,0=0.7,a=0andb = 1.

x 100.

Figure 3 illustrates the condition that< V[E(R)]/(2ékc?) is met, when0 < k < 4 ,
0<a<1landb=1. Most of the caseB[E(R)]/(2fko?) is greater than unity. Since
|6] < 1, we can conclude that under our setting,if- T, > 7, V[NS*] is decreasing iff,,
as predicted by property 3.

Figure 4 illustrates the impact @f anduz onA: longerT, or largeruy results in higher
benefits from advance notice. The left-hand sidelyrshows that wheh. > T,, (=5, in this
case), the value ol is maximised. The right-hand side of Figure 4 e the impact gy
onA. The value ofi is varied from 10 to 90. Generally,is increasing inz and is affected
by the length of’., butA becomes less sensitive gsincreases. It should be noted that when
U increases, the cost could increase, accordingdpepty 6, but the value @ improves.
Figure 4 suggests that the advance notice is nabsable whert,. > T, anduy, is large.

To consider the impact gt we increase the value @ffrom zero to unity and holbl = 1.0.
Note that in this setting, asis large § becomes larger (sinée= (a + b)/2) butV [¢]
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Figure 3. Value of ZE®)I when0<k<4,0<a<landb=1
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Figure 4. Impact of T,. and u; when T, = 5

becomes smaller (sindgé] = (b — a)?/12). The result is summarised in Figure 5. It is
shown that the impact af or € is largely dependent on the valuekofind the correlation
factor @, especially whem or ¢ is large. High values af imply higher values of and
smaller values oF [¢], will result in high value o if and only if the demand and the return
are highly correlated (e.§.> 0.8). It is also concluded that the valuesadpr §), k andd
have almost no impact dn whena (or §) is small (e.ga < 0.4 oré < 0.7). Figure 5 also
indicates that there is a benefit of the advanaatc@e scheme, even when the valuer ad
small (which also means thais small and/[¢] is high). This implies that a high yield rate is
not necessary to enjoy the benefit coming fromatheance notice scheme. Wheirs small,
yield rate improvement can deteriorate the valuthefadvance notice scheme.

We consider the situation wheFg = T,. = 5. Figure 6 illustrates the results. Note that under
the conditionT,. = T, A is independent of. The value off in Figure 6 is almost always
better than in Figure 5. Only when= 1, 6 = 1 andk = 1 will those two values become
equal. Figure 6 shows thAtis decreasing in andé.

The results of our numerical analysis shown indichat a large value @f. is a key factor to
have better value &. Figure 7 illustrates when to exploit the advanotice scheme from
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Figure 5. Impact of a, £ and 8 on A when k = 1 (left) and k = /2 (right)
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Figure 6. Impact of a, £ and 8 on A when T,=T,=5k=1(eft)and k = V2 (right)

the point ofr (x-axis) andl,, — T. (y-axis). Each number in Figure 7 represents tileevofA.
As you see, the advance notice scheme provideitgest value whefi. > T, irrespective
of 7.

6. Conclusions

Using an analytical model and numerical analyses have investigated the economic benefit
of an advance notice scheme and the impact otk times, random yield and correlation in
a closed loop supply chain. To analyse the impagberformance, production and inventory
variances were used. It is shown that the sharingh® product return and yield rate
information could bring a benefit to the manufaetuin certain scenarios, however, Bullwhip
could increase, even though the net stock varialemeases as the result of the advance
notice scheme. It is also shown that random yialt$ parameters in the product return rate
process have an impact upon the magnitude of thefibein addition to the manufacturing
and the remanufacturing lead-times. A counterinaifinding is that shorter remanufacturing
lead-timeT,. could result in the net stock variance increasesertain situations. The value of
advance notice can be improved by setfing T,.

Our findings vyield the following general guidelif@ managers. The advance notice of the
return product rate information will always redube net stock variance. On the other hand,
to reduce Bullwhip, we should ensitg— T, > 7 and a positive value @f exists. In addition,
whenT, = T,., reducingT, could result in a higher net stock variance. Toidwhis, the
values of{k, 0,1, &, V[&], ugr} should be carefully investigated. Numerical analghows that
the advance notice scheme can provide the largesfibwherT, > T,.
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T,-T,
Pt Ty,-Tr =T

Figure 7. Impact of T,- and T on ﬁwhenTp =51<T.<9,and0<t<4

Finally, increasing the product return rates arelriean of yield rates could result in lower
supply chain performance, since larger valugoand/oré can have a negative impact. This
finding indicates the existence of a fundamentaeutying trade-off problem in a closed loop
supply chain.
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Appendix 1: Variance of the Returnsand Correlation between Demand and Returns
The variance oR; and the correlation coefficient @f;_, andR, are addressed herein.

Generally, since the variance of a random varidbie the expected value of its squared
deviations from the mea#[(X — u)*] whereu = E[X] ando; = ko,, the variance oR, is

VIR] = E[(R — ptg)?] = E |(Okeo— + mg)z] = 0%k%0? + (1 — 62)k?a? = k?a?.
Using the covariance df;_, andR;, Cov(D;_., R;), the correlation coefficient is given by

Cov(Dy—r,R;) _ E[e—(Oker—r +V1—062,)]  Oko?
070, B 070 ~ ko?

Appendix 2: Variance of the Remanufacturing Yield

The process to obtain the varianceZ@R) is shown herein. Generally the variance of a
random variableY'is equal to the difference between the expectéaevef its squared value
and the square of its expected valigX] = E[X?] — E[X]?. Thus, we can have

VIE(R)] = E[E(R)?] - EIER? = E[uis? + 07k*§2el o + (1 — 09)§23E] — $2ui.

Since we already knoW[X?] = V[X] + E[X]?, E[§?] can be written a¥[&] + &2, which
yields the final expression ®f[Z(R)],

VIE(R)] = &%k?0? + (uf + k*a2)V[E].
This result suggests thifZ(R)] is increasing if, k2, o2, ugr andV[€]. It is interesting that

the levelsf anduy are in the variance expression. This does notdrapplinear systems, but
is clearly present in this non-linear system.
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