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A hybrid L-shaped method to solve a bi-obj ective stochastic

transshipment-enabled inventory routing problem

Abstract

Recently, ‘greenness’ has become a very much needadition in the transportation
industry. In this study we develop a ‘green’, tiglipment-enabled model for the Inventory
Routing Problem (IRP), in a many-to-one distribntinetwork where demand for each
product is realistically assumed to be uncertaime Pproposed framework is a bi-objective
stochastic programming model. The first objectiuadtion aims to minimize the expected
value of the supply chain costs including inevieakhortage costs. The second objective
function aims to minimize the total quantity of t(x@enhouse gas (GHG) emission produced
by the vehicles and disposed products. We introdugery practical innovative application
of transshipment option to control transportatiostcreduce GHG emissions and absorb the
uncertainty. In order to solve the proposed modetféicient hybrid algorithm combining L-
shaped method (a sort of decomposition approach stochastic optimization) and
compromise programming (a well-known approach faulthobjective optimization) is
proposed. The results show that how companies @ke i reasonable tradeoff between the
cost and environmental concerns and emphasizekhefrtransshipment option as a lever to
improve both economic and environmental performamkabsorb the demand fluctuations.
Keywords. Inventory routing problem; stochastic programmirigansshipment;

green supply chain; uncertain demand; hybrid L-sdapethod.
1. Introduction
The inventory routing problem has attracted consiole attention in the academic literature
because it integrates two well-studied problemssipply chain management (SCM):
inventory control and vehicle routing. These twsuss have been traditionally dealt with
independently, but their integration may have apressive impact on the overall system
performance @ampbell and Savelsbergh 2004

Logistics and supply chain is now a widely-recogdizource of added value for the same
companies that are also under pressure to imptmie énvironmental track record. Freight
transport, storage, handling of materials, anditiventory management all correspond to
areas where companies can optimize their servieat bff competition, and boost profits.

However, this can potentially attainable at an emmental footprint which, in the eyes of



customers looking for a greener, more responsénéce, could ultimately lead to a financial
loss. Despite the importance afreenr’ concept in logistics and supply chain, relativédyw
studies have looked at the integration of this e@hcin inventory routing problems
(Alkawaleet et al. 2014, Soysal et al. 2D1We investigate where there is a green will, eéher
is a profitable way by reassessing the policies wihich companies transport, store and
deliver supplies to their many clients with stoditademands from a large number of points.
We examine this precise dilemma, seeking to idgtiti€ happiest possible medium between
smooth business operations and minimal pollutioelkeby the help of transshipment policy.

The remainder of the paper is organized as follawsSection 2, we review the related
studies on IRP in the literature and explain thénncantributions of this research, in Section
3, we provide the description of the particular faguration that we consider in our work.
The mathematical formulation of the problem is jded in Section 4. In section 5, the
solving procedure is described and followed by anewcal study that is performed in
Section 6 where we also discuss the managerightssof this study. The conclusions of our
work are presented in Section 7 along with somarabavenues for further research in this
area.
2. Literaturereview and motivation

Recent reviews on the IRP found fewer than a huh@apers addressing the combined
VRP-inventory management probleaftaa et al. 1998, Cordeau et al. 2007, Anders$on
al. 2010. IRP can be broadly categorized according todtiteria such as single or multi
products, single or multi-vehicles, finite or inf@ planning horizon, single or multi-periods,
single or multiple customers, single or multi-oltjee, whether the demand is deterministic
or stochastic, whether the shortage is ignoredkert to account, whether the environmental
consideration is considered or neglected and wheétled RP is transshipment-enabled or not.

An overview of the related studies on IRP is présegnn Table 1 Despite the fact that the



concept of "green logistics" has recently attra¢tedattention of the researchers, few studies
have addressed the environmental concerns in IRErmodels(Al Shamsi et al. 2014,
Soysal et al. 2015 and 201@)IthoughSoysal et al. (2015) and (201&ve considered GO
emissions of the vehicles (as a function of load speed) but they assumed a homogenous
fleet, converse to the heterogeneous fleet in canlehwhere the various vehicle types with
different capacity, environmental index, and fuensumption rates are available and
therefore an appropriate vehicle-type assignmerdulgh be also taken into account.
Additionally, very few studies on IRP has been detoto the transshipment policy
(Mirzapour al-e-hashem and Rekik 20Cbelho et al. 2012, Jemai et al. 21&2nd none of
these none-traditional approaches has applied thi-objective framework to elaborate the
inherent conflict between economic aspects andremviental concerns in IRP decisions.
Also, in all variants of IRP, we couldn't find arsffort to study the impact of the
transshipment on GHG emissions exdglpizapour al-e-hashem and Rekik (2012)which
the demand is assumed to be deterministic unlileit@roblem. Therefore, the question that
how the transshipment-enabled IRP (TRIP) can bdeim@nted in an uncertain environment
has been never studied. Our problem is also cledsifs a many-to-one structure. There are
very few studies in this categofgf. Soysal et al. 2016)nder which a set of suppliers serve a
single customer (or manufacturer). The other vasiari supply networks are one-to-many
and many-to-many. In the former structure a sisgleplier serves a set of customg@rg. Jia
et al. 2014) and in the latter structufe.g. Ramkumar et al. 2018gveral suppliers serve a
set of customers.

According toTable 1 Several other variants of IRP can also be fougyedding on the
other assumptions in the models such as IRP wittcddeliveriegMishra and Raghunathan
2004) the IRP with heterogeneous fléBersson and Gothe-Lundgren 20RBrzapour al-e-

hashem and Rekik, 20,4he IRP with time windowf.iu and Lee 2011, lassinovskaia et al.



2016 ) the IRP for perishable produ¢tSsoelho and Laporte 2014 auge et al. 201Mirzaei

& Seifi 2015 Soysal et al. 20)mnd cyclic IRPsChitsaz et al. 2006 The reader is refereed
to Andersson et al. 201@ndCoelho et al. 201#br an excellent and comprehensive overview
about IRPs.

Our paper contributes to the existing investigatidoy considering the transshipment
impact on both the economic and the environmergdiopmance of a stochastic TIRP in a
many-to-one supply chain. As mentioned beforehis structure, a set of suppliers serves a
single assembly plant. In a stochastic transshipraeabled IRP, a vehicle may provide a
specific product for the assembly plant, eitheedly from the main supplier who is the
original manufacturer of that product or from a parary storage of some other suppliers
where this product may be available (temporarityedd there in previous tripfN¢nas and
Jornsten 2005, 2007, Jemai et al. 2085 Table 1shows, transshipment option is rarely
integrated within the context of inventory routipgoblems Coelho et al. 2012, Mirzapour
al-e-hashem and Rekik, 2QX@hrysochoou and Ziliaskopoulos, 201k is even more scarce
when both economic and environmental aspects ngstapment is analyzedl{rzapour al-
e-hashem and Rekik, 2014For instance,Mirzapour al-e-hashem and Rekik (2014)
emphasized thadll these investigations considered only the ecaagmarformance of the
IRP without looking after the implication on the veonmental footprint of the joint
inventory and distribution solution. Transshipmemption can theoretically result in
improvement of the performance of the supply chthiough reductions of the lead times,
saving some routes (Economic effects), as wellrasrgiouse gas emissions (environmental
effects). However, this policy can be limited inagtice, when the suppliers are not
coordinated very well or compete together. On tiheiohand, double handling maybe creates
some operational issues. In this paper, we inva@#tithe important role of transshipment as

an option dealing with uncertain demand. It is oNsred that the transshipment could absorb



a lion share of demand's perturbations and suggegiopriate solutions to both economic
and environmental concerns. We will show cases &hgansshipment could bring
conflicting situations to the decision maker andesawhere transshipment is aligning both
the economic and environmental objectives in thesg@nce of uncertainty. Besides, our bi-
objective modeling of the problem and the assodiatenerical results will give the freedom
to the decision maker to judgmentally choose betwerany sets of solutions reflecting
his/her own preference on the ecological footprint.

Based on above discussion, the green considerattmm®ption of transshipments and the
assumption of demand uncertainty constitute callelst a significant departure from the

current state of knowledge in this area.



Table 1. Overview of the related literature on IRP

. . Multi- Multi- Modeling Solution Other
Shortage | Uncertainty | Greenness | Transshipment Objective | period Fleet appr oach procedure features
Bell et al. (1983) - - - - - Homogeneous MIP Lagrange + B&
Federgruen and Bender's
Zipkin 1984 v Demand i i ) Homogeneous MIP Decomposition
Chien et al. 1989 - - - - - Homogeneous MIP ngruar?sg[ﬁ:-l
Speranza and
Ukovich 1994 - - - - - Homogeneous MIP MPSX solver
Bertazzi and .
Speranza 2002 - - - - - \ Homogeneous MIP Relaxation
Kleywegt et al. DP direct
2002 v Demand i i ) v Homogeneous Markov +Approximation deliveries
Campbell and i ) ) ) ) N Homodeneous P Decomposition +
Savelsbergh 2004 9 Heuristic
Kleywegt et al. DP
2004 \/ Demand - - - \ Homogeneous Markov +Approximation
Mishra and . product
Raghunathan 2004 v Demand i i ) v Single MIP Exact substitution
. B&P +
ggz)dshuchao etal - - - - - - Homogeneous MIP neighborhood
search heuristic
Persson and Got- Column
Lundgren 2005 i ) ) ) ) v Heterogeneous MIP generation
Abdelmaguid and
Dessouky 2006 \ - - - - \ Homogeneous MIP GA
Archetti et al. 2007 - - - - - \ Homogeneous MIP B&C
Yu et al., 2008 - - - - \ Homogeneous MIP Lagéartggiee;tsub- split delivery
éggglmagwd etal \/ - - - - \ Homogeneous MIP Heuristic
Hvattum and Scenario-tree -
Lokketangen 2009 \/ Demand - - - - Homogeneous Markov heuristic
ggfgg and Lin \ Demand - - - - Homogeneous MIP ACO vehicle failu
Shen et al. 2011 N - - N - N Homogeneous MIP Lagrangian




Relaxatiol
Bertazzi et al. 2011 N Demand - \ Single DP B&C + Rollout
Moin et al. 2011 - - - - \ Homogeneous ILP Hybrid GA
Liu and Lee 2011 N - - - - Homogeneous MIP Tabu search Time wind
Mirzapour al-e-
hashem and Rekik \ - \ \ \ Heterogeneous MIP B&B
2012
Jemai et al. 2012 N Demand - N Homogeneous (R,s,S) Exact
Coelhoetal. 2012 | - - - N Single MIP Neighborhoot
search heuristic
Solyali et al. 2012 \/ Demand - \ Homogeneous Rol\%upst * B&C
Shukla et al. 201 - Demant - - N Homogeneot NLMIP GA
ggﬂho and Laporte - - - - \ Homogeneous MIP B&C Perishability
Hauge et al. 2014 - - - - - Homogeneous IP Colump Wast.e
generation collection

,;(I)ﬂ]amy etal - - \/ - \ Homogeneous MIP Simulation Perishabilit
Alkawaleet et al
2014 - - \ - - Heterogeneous P GAMS
Mirzaei & Seifi Simulated . .
2015 Lost Sale - \ Homogeneous MIP annealing Perishability

Chance . . . .
Soysal et al. 2015 \ Demand \ - \ Homogeneous . Simulation Perishability

constraint

Chance . .

Soysal et al. 2016 \ Demand \ - \ Homogeneous . CPLEX Perishability
constraint

Cheng et al. 2016 - : N : N Homogeneous MIP Hybrid GA
Chitsaz et al. 2016 - - - - N Homogeneous MIP Decomposition Cyclic IRP
Izzlesénovskala . - i i i v Homogeneous MIP B&C + heuristics | Closed loop
Soysal 2016b N Demand N - N Homogeneous MIP CPLEX Closed looy
This Study ;ig';?rsd;; Demand V N V Heterogeneous MIP L-shaped Method Disposa

DW



3. Problem description

Assume a many-to-one supply network consists ofamsembly plant and a set of suppliers
each one providing one product type to the plahe planning horizon is not limited but for
modeling purpose it is set to two periods. The dainaf the assembly plant for each product
in each period is uncertain. The company need®tidd on the order quantities before the
realization of the uncertain demand.

The company is assumed to have an internal contiiita rental truck company (Depot)
that ships the forecasted requirements from thplgrp to the assembly plant (without being
aware of the real demand at the start of each gheribhis rental truck company has a
heterogeneous fleet including several types ofksu€&€ach one is characterized by its own
capacity, fixed and variable transportation cost also its GHG emission index (without loss
of generality we can also consider electrical viesior other low GHG emission vehicles).
At the end of the period, the real demand of tlsei@bly plant is unfolded and the inventory
or shortage levels in the assembly plant will becdped accordingly. At the start of the next
period, and according to which scenario has alrda&lyn occurred, the next requirement
guantities must be forecasted and consequenthapipeopriate vehicle routes and vehicle
types must be selected. The network of this marnyat® supply chain discussed above is

graphically depicted ifrigure 1

Supplier

Supplier Supplier |

Figure 1. General schema of me-to-one supply networ



When a truck visits a supplier, it picks up somepaased on the forecasted demand of
assembly plant and its own container capacitys lalso assumed a transshipment option
which allows the vehicle to unload his cargo indigy store (at least for one period) prior to
pick up new cargo. Note that the transshipmenbaogs impossible when the supplier has no
empty places in its warehouse. This transshipmptibm has two advantages; first it enables
the vehicle to empty his container partially ange®with his container capacity limitation to
pick up the new necessary cargo from the sup@econd, it can help the trucks to save few
routes, since the cargo was unloaded in the suppheehouse can be either used by other
trucks in current period (this state is not anmptiplan as shown ikloein et al. 201}, or in
the succeeding periods to probably fulfill the fetllemands of the assembly plant. It should
be noted that the products type unloaded by theks$rin a supplier store is different from the
products type produced by that supplier. Keepings¢hkinds of products at supplier
storehouse obviously imposes a holding cost to sh@plier. In this case assembly plant
undertakes the payment of this extra holding c@&. will show how the transshipment
option especially in uncertain environment plays aadow-cost lever to increase the
performance of the inventory routing problem andwdtaneously decrease the GHG
emissions.

We propose a bi-objective stochastic programmirggieh which aims to find the best
configuration of the vehicles types and routes, tredideal quantities of pickups, deliveries
and transshipments in each period in the preseinttee@emand uncertainty, and in order to
meet the two following conflicting criteria, simatteously; minimizing the weighted sum of
the expected value of total costs and minimizireyekpected GHG emissions. Total costs of
the supply chain include the inventory holding, réhge, transportation costs and costs of
disposal process. Also the GHG emission is twofthid; quantity of the GHG level produced

by the vehicles during transportation and that peed by products during the disposal



process.
4. Mathematical formulation
In order to solve the problem discussed in the iptsvsection, a stochastic optimization
approach is proposed.
A standard single objective formulation of the tatage stochastic program is written as
follows (Kall and Wallace 1994, Sahinidis 2004
Piiomin c"x+ Eg [Q(x, £(9))]
st. AX = b,

x=0
whereQ(x,£(s)) is the optimal value of the second stage problem:

P,: minq'y
st. Tx+Wy=h,
y=0

where x and y are vectors of the first and secaadesdecision variables, respectively. The
second stage problem depends on the datqq,h, T,w) where any or all elements can be
random. The expectation in B with respect to the probability distribution&g$) wheres is

a random variable. Matrices T and W are called rtetdgical and recourse matrices,
respectively. The second stage problentdh be considered as a penalty for the violatfon o
the constraintx = h.

P: with variables x also known as design variablasstitutes the first stage which needs to
be decided prior to the realization of the uncerf@rameters. Rvith variables y constitutes
the second stage also known as control variablestlawzse made after the uncertainty
associated with the random variables is unveiledddd the assumption of discrete
distributions of the uncertain parameters, the l@rmbcan be equivalently formulated as a
large-scale linear program which can be solved gusstandard linear programming

techniques which is definitely inefficient for largcale problems, so we apply the L-shaped
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method to solve the problem in a very reasonabie.tiSince the proposed model is a bi-
objective programming, an iterative framework takadvantage of both L-shape method and
compromise programming technique is developed.

The proposed bi-objective stochastic and transshipranabled IRP framework uses the
following notations:
Sets

0={0,1,..,N+1} set of all nodes
«={1,2,..., N} set of suppliers

0={0} depot

F={N +1} assembly plant
¢={1, .., P} set of product types
é={1,... S set of scenarios
n={1,..K set of vehicle types
Parameters

DFps demand of product type(1, 2, ...,B at the first period under scenario s.
DSps demand of product type(1, 2, ...,H at the second period under scenario s.
Vi variable transportation cost per unit distancevégicle typek (1, 2, ..., K.

u, fixed transportation cost for vehicle typeer trip.

NT  the number of available vehicles type

cap , capacity of vehicle typk.
icap ;  extra capacity of suppliewhich allows vehicles to store the products okotuppliers
h, inventory holding cost in nodeor product typep per product unit per period.

m, unit shortage cost (backorder) for product tpp the first period in the assembly plant.
7T'p unit shortage cost (lost sale) for product tpmeg the second period in the assembly plant.

SG,  disposal cost in nodefor product typep per product unit at the end of the second period.

Cj length of arci j).

G, GHG emission quantity produced by vehicle tigeer traveling distance.

- GHG emission quantity produced by disposing prodype p at the end of the second
P period.

yox occurrence probability of scenasdl, 2, ..., S).

A relative weight of the expected total cost.

Decision variables

the inventory level of product type in the assembly plant at the end of the first quri
under scenarie.

the inventory level of product tygein supplieri or in the assembly plant at the end of the
second period under scenasio

BF,.  the shortage level of product typein the assembly plant at the end of the first queri

IF

ps

IS

ips
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BS

ps

XFy

XSjks

QF ijpk
QSijpks
PF,

PS,

ips

TF,
FSC
SSG
FSG

SSG

under scenaris.

the shortage level of product typen the assembly plant at the end of the secondger
under scenaris.

a binary variable that determines whether &r¢) (s visited by vehicle typé& at the first
period.

a binary variable that determines whether arp (s visited by vehicle typk at the second
period under scenar®

a binary variable that determines whether supplisrvisited by vehicle typ& at the first
period.

a binary variable that determines whether supjyi is visited by vehicle typék at the
second period under scenasio

the quantity of product typp transported by vehicle tygetrough arc i( j) in the first
period.

the quantity of product typp transported by vehicle tygetrough arci( j) in the second
period under scenar®

the quantity of product type picked from supplier at the first period.
the quantity of product type picked from supplier at the second period under scenario
the quantity of product typetransshipped to supplieat the first period.

first stage costs.
second stage costs under scenario s.
total GHGs generated in the first stage.

total GHGs generated in the second stage undeasoen

Minimizing the expected total cost; As well as minimizing the expected GHGsg, &hile

respecting the different constraints could be emiths follows:

Min Z, = > > v, ¢ XFy + D U XFg + D h TR, +Ax > p SSC

i,j0Q k i,k i0w, p s Q)
1_1) 1_2)
Minz,= 3 36, X, + T 0| 3 TG0 xS, ¢ T TGS, @
ij0Q k s P00 k iDwOF p
(2.1 (2_2)

Where:

SS¢= ZVKQ,- XSk + ZukX%iks-i_ Z ZS%ISps

i,k iCeok iDWOF p 3)

+ 2 (Mol Fos + 77,BF + 77,BS,)
p

subject to:
IFpS - BFDS = _DZ:kQFi(N +1)pk - DFpS O p,S (4)
1w,

12



IS(N+:L) ps - Bsps = IFps - BFps + Z QS|(N +1)pks - DSps 0 p,s

0w,k

D> XFy = > XFy =YF, 0i0a,k

im0 0o

Y YR <1,0i0w

k

z XSjs = z XSjks =YSs Didw, ks
ioo im0

Y YS<Lbi0ws
k

ZQFJipk +PF, -TF, = ZQFijpk Oi0w, p

j0w0 O,k j0w0F k
Z QSjipks + PS|ps = z QSijka aid @, p,S
j0wd0,k j0w0 F k

> QF, scap XFy 0i,j0Q,k
p

> QS < Cap, XS Oi, j0Q, ks
p

PS,s < TF, Oi0w,p#is
> TF, <icap, DiJa

p

p =

PFip =0 Oi0w p#i

TFip =000, p=i
> XFy < NT, Ok
iJw

D XSy < NT, Ok,s
iOw

D XFy 21

iOw,k

z XSis 2105

0w,k

z XFi(N+1)k 21
iJw,k

Z XSi(N+1)ks 2106
iJw,k

XE.=00i0 «,k

X§ks=ODi Oa, ks
XF(N+1)ik = 0 i D(L,k

XSinspyk =0 0i0w ks
XFy =0 0 0Qk

XS =0ning, ks
XFon+ax = 0 Ok

XSn+s = 0 Uks

13

(6)

(7)

(8)

(9)

(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)



QFink = O [“ 0 w, p,k (33)
QSinks =0 0i0e, p ks (34)
QF, » QS;pks» PFic PSper TR 2 0,integer

Ipks ipk =

35
YE,Y S XFy, ijks 0{0,1}0i,joQ, pks (39)

4.1. Objective function components

Equation () is the first objective function of the proposeddel which has three
components; the first componeit () is the fixed and variable transportation coghatfirst
period plus the inventory holding cost of the tesdnipped products, which is not subject to
uncertainty (first stage decision variables); osnponent is hereafter called as “first stage
costs” £SQ. The second component of the first objective fiam; Eq. (L_2), is the expected
value of the second stage codESSCs), consisting of inventory holding costs, shortage

costs, scrap and transportation costs, whsge is defined in Eq. (3). Therefore the first

objective function of the proposed model is summatiadVlinZ, =FSG-AXE[SS( .

Equation ) is the second objective function of the proposextiel and it relates to the
greenhouse gas emission levels produced by the usimmb of fuels in vehicles and the
scraping process of products at the end of thenseperiod. This objective function is also
composed of the two following components; the fpatt of this objective function is the
total quantity of GHG emission level produced by thehicles at the first period and
therefore is not subject to uncertainty. In otherds, this part of the objective function
measures the GHG level produced by vehicles whemneta demand is unknown. We refer to

this part as the first stage GHGSG.

FSG= > > G,c; XFy (36)

ij0Q k
The second part of the second objective functidhasexpected value of the total amount

of GHG emissions produced by the vehicles and scrgproducts under all possible

14



scenarios. Note that the products which remain eshas$ the end of the second period should
be scraped, and this process produces additioralats of GHGs.

We refer to this term as the second stage GIBS€j(and rewrite it as follows:
SSG_p,(SSG) = EISSG] (37)

Therefore the second objective function of the pemgl model is summarized as
MinZ, =FSG-AXE[SSG.

4.2. Constraints

Constraints 4) are the inventory balance equations for the albelant at the first
period, and determine that for each scenario,rihentory or shortage level for product type
p is equal to the quantity of that product tranggibto the assembly plant, minus its demand.
Constraints §) are the inventory balance equations at the seygplside at the second period
and determine the inventory level for product type supplieti (i#p) is equal to the quantity
of that product transshipped to this supplier i pinevious period, minus the quantity picked
up by the vehicles in the current period.

Constraints §) are an inventory balance equation in the assermplalgt at the second
period, and implies that for each scenario, themery or shortage level for product type
in the current period is equal to its previous leneaddition to the total quantity delivered by
the vehicles, minus its demand in the current per@onstraints 4-8) guarantee that each
supplier should not be visited by the vehicles nmtben once at the first period. Constraints
(9-10 are similar to constraints/{8) but they refer to the second stage variables unde
scenarios. Constraints 1) are the inventory balance equations for supplisited during
the first period and insure that the quantity aidurct typep shipped from suppligris equal
to the quantity of that product shipped to this @igw, plus the quantity of that product

picked up by the vehicles, minus the quantity tsaigped to this supplier.

15



Constraints 12) are the same as constrairit$)(for the second period and specify for each
scenario that the quantity of product typshipped from supplieris equal to the quantity of
that product shipped to this supplier, plus thengjt) of that product picked up by the
vehicles. Constraints18-14) guarantee for the first and second period that \tlhicle's
capacity should not be exceeded, and also imgii&sthe vehicles could visit arg |) only
once that the variable§- andXStake positive values.

Constraints 15) insure for each scenario that the vehicles caoldpick up products from
suppliers which are not the producer of that produt a quantity greater than that
transshipped to them in previous period. Constréifsspecify that the quantity of products
transshipped to suppliercannot exceed the supplier's warehouse capacighwias been
specifically assigned to transshipment. Constrind imply that the vehicles in the first
period could pick up each product merely from its1asupplier. Constraintd§) state that in
the case of transshipment, a product must be tostesp from its producer to the other
suppliers. Constraintd 9-20 limit the number of vehicles type k availablegach period to
a given quantity. Constraint&X-24) are introduced to prevent the formation of sulrécand
closed cycles that are not part of the routes batwhe depot and assembly plant. In other
words, this set of constraints ensures that asinipuld start at depot (node 0) and end at
assembly plant (nodg+1). Constraintsa5-32 determine the impossible arcs in each period.
Constraints §3-34) specify for the first and seconds periods thatwehicles should not ship
back any quantity to depot (node 0). Finally, coaists 35) define the variable types.

5. Solving Procedure

When the uncertainty is assumed to take valuedimmita set of small cardinality, the two-
stage problem is tractable, and even for largedinality (but still finite) uncertainty sets
(scenarios), large-scale linear programming tecleggsuch as Bender's decomposition, can

be employed to obtain a tractable formulation. Toee challenge in solving two-stage
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stochastic problems arises from the expectatiotuatian of the inner recourse problem. For
a scenario-based representation of demand undgrtdins is achieved by explicitly
associating a second-stage variable with each déswanario and then solving an equivalent
large-scale extensive formulation of the model.ifilar methodology is also applied when
the uncertainty is described with a probability tdisition by discretizing the demand
distribution using techniques such as Monte Calo@ing and Gaussian quadratu@upta
and Maranas 2003Since the proposed model has a bi-objective dtation, it is necessary
to select an appropriate approach form the wethgaized multi objective decision making
(MODM) techniques. There are three main categotiesdeal with multi-objective
optimization problems: Under tha priori methods, thea posteriori method and the
interactivemethods. In the a priori method, the decision makates his/her priorities before
the solution process and the multi-objective optation problem is transformed into a single
objective problem. Tha posteriorimethods rely upon the simultaneous optimizatio@lbf
the objective functions. First the efficient sotuts of the problem (Pareto set) are generated.
Next, at the end of the search process, the decmaker is involved, in order to select the
most preferred solution among the Pareto set. Utitedast methodology (the interactive
approaches), the decision maker successively diihveesearch with his/her answers towards
the most preferred solutioB@zorgi-Amiri et al. 2011, Mirzapour Al-e-Hashemadt 2012.
Due to the multi-objective nature of the proposeamfework, we use a compromising
technique to solve the model. In this method thasien maker is questioned to express his
priorities about the two objectives before the Bofuprocess. Then according to his answers
the weights of each objectiv®)(are determined. Therefore, the proposed muleaibje
optimization problem is transformed into a normadiz(dimensionless) single objective

problem and summarized as follows:
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On the other hand, the proposed problem is forradlander stochastic programming, so we
apply an efficient variant of decomposition appioaalled L-shaped method.duveaux
and Birge, 200p We merge the proposed compromise programminig lvihaped method
to cope with multi-objective stochastic model's pdewity. In inner loops of the L-shaped
method, the compromise programming is called. rit fsolves the model separately with
single objective functiong;, Z; (settingf=0 and 1) to obtainZ; nin andZ max(i= 1, 2). Then

it builds the compromising objective function (Zhe essential steps of the hybrid L-shaped
method are depicted Figure 2and described as follows:

5.1. Hybrid L-shaped Algorithm

1- Set s =0, &0, k, =0, andp = - oo ;

2- Solve master problem, and get first stage vea®a@fF, TF, QF and YF);

3- Set first stage variables as parameters in BiéasProblem (FP) ¢f. Appendiy;

4- If s=S go to step 7 otherwise set s=s+1 ancedelF under scenario s;

5- If objective function of FP equals to zero gstep 4 otherwise go to step 6

6- Setk; =k, + 1,s = 0, and calculate parameters for feasibility cu{d. Appendiy and
return to step 2.

7- Sets = 0, and set first stage variables as parameters imality Problem (OP);

8- If s =S, go to step 9 otherwise set s=s+1, and solve QIeruscenario s and calculate
Zopt(s) ,

9- It YseePs X Zope(s) = ¢ , the obtained solution is optimal, otherwise pemt; €f.
Appendix

10- Setk, = k, + 1, s=0, calculate parameters for Optimality Cut(&pplying Optimality
Cut) and return to step 2

Where ¢ is the auxiliary variable for Master Problem (Resagting second stage part |of

objective function) andK, ={1, ...K}, K, ={1, ...K,} are set of all feasibility an
Optimality cutsrespectively

o
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Figure 2. Flowchart of the proposed L-shaped method.

6. Numerical study and managerial insights
The aims of this section is fourfold: 1) to demoats the straightforward application of the
model discussed in the previous section; 2) to yaeakthe impact of transshipment on
economic and ecological aspects, and study itsingflgesence of uncertainty, 3) to conduct
sensitivity analyses for different parameters andve managerial insights on the model’s
application and 4) to show the efficiency of thegwsed hybrid L-shaped method.

We consider the case of a typical hospital whiclkassumed to be supplied by eight

drugstores$%, S, ..., S) that provide five different medicines. A singledt ©) with a triple
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type of special trucks ships the medicines fromadhegstores (suppliers) to the hospital in
each period. Since the demand for this kind of petsl are highly variable, the forecasted
demand is merely reliable for few periods. The piag time horizon is therefore assumed to
be 2 periods and demand follows a pre-specifiettilligion function. The products are
assumed highly perishable with certain expiraticated (two periods). Therefore, the
products at the end of the second period shouldig@osed. For some chemical products
such as medicines the disposal procedure (incioejatitself creates GHGs. All
computations were run by using GAMS software onoakstation with3.2GHz i5and 4GB
RAM under Win7.

The information about the capacity and cost rateshie truck types, as well as the rest of
the data are summarizedTiable 2 The variable transportation costs are estimatesgd on
fuel consumption rates and fuel price. The fixezhsportation costs are mainly function of
the truck capacity. Since in this study a scenbased approach is used to represent demand

uncertainty, we randomly generate finite scenarios.

Table 2. Vehicles Data.

Vehicle type k V, (monetary unit/km) U, ( monetary unit) N cap, ( product unit) GHG, (kg/km)
1 8.0 320 4 150 5

2 7.5 70C 4 25C 12

3 7.0 2000 4 450 30

The travel distances are provided Table 3 We also assume that the unit inventory
holding cost per period is the same for all drugstpequal to 5, and we assume a unit
holding cost of 20, for the hospital. As previoudlgcussed, the medicines may not be stored
at the depot. The unit backorder and lost saletafercostsr, ' and the GHG emission
guantity produced by disposed products are providetable 4 The GHG emissions for
different vehicle types can be determined basestamdard measures as presenteléignire

3.

20



- Shipment weight Distance  Transport work COy NO, PM
Vehicle e HC [g] CO
typ [ton] [km] [tkm] kgl [g1 HEl9lcoOlal g
Van petrol 5.0 120,00 600,00 319,20 408,00 114,00 3294,00 <0.01
Van diesel 5.0 120,00 600,00 621,00 1638,00 102,00 570,00 120,00
Small truck 5.0 120,00 600,00 151,20 1728,00 114,00 498,00 42,00
Medium truck 5.0 120,00 600,00 106,20 834,00 36,00 162,00 18,00
Heavy truck 5.0 120,00 600,00 74,40 582,00 24,00 108,00 12,00
T“C:r‘;'":r.c'ty 5.0 120,00 600,00 73,80 606,00 24,00 120,00 12,00
Truck + trailer 5.0 120,00 600,00 44,40 366,00 12,00 72,00 6,00
Tractor + 5.0 120,00 600,00 37,80 306,00 12,00 60,00 6,00
semitrailer
Jeactor & 5.0 120,00 600,00 34,80 282,00 12,00 78,00 <0.01
megatrailer
Truck + 5.0 120,00 600,00 34,20 276,00 12,00 78,00 6,00
semitrailer
Pick-up petrol 5.0 120,00 600,00 1197,60 930,00 318,00 5748,00 <0.01
Pick-up diesel 5.0 120,00 600,00 1275,60 2838,00 294,00 918,00 342,00

Figure3. GHG emission levels for different vehicle typészapour Al-e-hashem et al. (20)3)
Table 5shows the demand for each medicine, each periddeaoh scenario. 5 different

scenarios are generated based on a normal digtribfunction with parameteng=50, 60,

70, 80, 90,0=15, 17, 20, 25, 27, and occurrence probability 4500.20, 0.30, 0.20 and

0.15, respectively.

Table 3. Travel distances¢; ) between nodes (km).

Depot S S S; S, S S S S Main store

Depot 0 30¢€ 22¢€ 16z 12¢ 222 24¢ 41¢€ 31¢ 32z

S 306 0 136 168 203 143 285 114 118 100
S 228 136 0 66 182 189 322 219 92 217
S; 162 168 66 0 129 165 280 269 157 224
S, 129 203 182 129 0 93 155 317 257 197
Ss 222 14z 18¢ 16t 93 0 144 25C 234 10¢

S 249 285 322 280 155 144 0 384 378 218
S 418 114 219 269 317 250 384 0 150 170
S 319 118 92 157 257 234 378 150 0 218

Main store 322 100 217 224 197 106 218 170 218 0

Table 4. Shortage costs and GHG emission quantity prodbyedisposed product

product type p 1 2 3 4 5 6 7 8
Tp 10 10 20 20 15 10 10 15
Ty 20 20 40 40 30 20 20 30
G, 3 4 5 5 4 3 5 6
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Table 5. Demand under different scenarios.

Scenario
1 2 3 4 5

P / Period 1 2 1 2 1 2 1 2 1 2
1 65 63 91 45 78 71 70 88 76 78
2 35 86 80 130 68 62 61 77 89 81
3 54 120 86 74 68 82 113 76 84 41
4 50 140 65 85 79 103 78 122 95 98
5 135 176 53 133 102 136 105 135 84 121
6 88 80 65 54 79 103 78 102 95 88
7 91 106 53 103 92 106 92 94 80 101
8 88 52 65 45 79 71 78 88 95 78

As shown inTable § the test problem is solved férP equal to 1, and the obtained results
are reported for the first and second stages esstsell as GHGs=1 is equivalent to the
single objective version of the proposed modelt thathe decision maker is not concerned
with the environmental challenges.

Table 6. Objective function components fox1.

First stage Second stage
0=1 SS
—— FSC S E[SSC]
7' = 93518.6 1 2 3 4 5
v "210152.8 13881.0 12055.¢ 13565.c 13815.« 13598.: 13365.8
FSG SSG E[SSG]

Z,=51691.3

244534 21590.0 20823.0 32163.1 32163.1 25021.427237.9

As shown, the optimum value for the first objectiuaction ¢ ;) is equal to 23518.6. The
worst value for GHGsZ,) is also obtained in this state (51691.3). Theiedbr the second
stage costs varies based on which scenario takes,dbr example if scenario 2 is occurred
the second stage cos8&SG) that will be incurred is equal to 12055.9, and torresponding
GHGs are therefore equal to 20823.0.

The optimal configuration of the vehicle routesaaedl as the vehicles types for the first
and second stage of the planning horizon are regamtTable 7 For example, {2} 0<2< 4
< 3 <9 means that a vehicle type 2 must start fteedepot (0) and visit the suppliers 2, 4

and 3, then it ends the trip by going to the mé&ines(9).
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Table 7. Solution configuration fof=1.
{2} 0 »4(81:1) »5(1357) »9
{3}0 »3(8631) »>2(741) P>8(106&:sT) 7 (1841)»1(9%L1,12 |,79, |) 9
1/{2} 0 »>3(8851) »2(34,1) B 1(3711,121,79,7) »9
{3} 0 »4(1091) »6(1651) »5(1651) »9
2/{3} 0 »4(691) »5(5151) »3(74:1) »2(1361) »1(45:1, 121,51,1) »9
3310 >4(10L1) P6(1821) P>5(1031) »9
{3} 0 »3(647) »2(56:1) P> 8(44s1) »1(58:1, 121,79,1) »9
4/{3} 0 »4(119,7) »6(180:1) »5(1051) P9
{3} 0 »3(1031) »2(64:1) »8(60:1) »1(67.1, 121,7%1) »9
S|{3} 0 »4(1127) »3(3%1) »2(81:1) »8(671) »1(63:1, 121,76:1) »9
{k} ilm,1) »j means that a truck type k picks up m units otipod type p from node i and goes to
node j.
In casei # p (i(my1) P ), it also implies that, this m units is previoysiansshipped to node i,
from node
i(m, |) means that m units of product type p is trangsédp(unloaded) to node i by the vehicle.

First stage

Second
stage

scenario

As shown inTable 7 at the first stage a vehicle type 3 (the larges) starts its trip from
node 0 and continues to suppliers 3, 2, 8, 7 aaddlpicks up 86, 74, 106, 184 and 91 units
of their products, respectively. Moreover, the kriiansships 12 units of product 8 and 79
units of product 7 to supplier 1 (shown by stafi$)e trip ends when the truck goes to the
main store (node 9) and delivers the pickups. Alsehicle type 2 visits the suppliers 4 and 5
and picks up 81 and 135 units of the related prisduc

At the second stage depends on what scenario isrecs the trips, the vehicle types and
the pickups vary accordingly. For instance, in scen2 a vehicle type 3 visits the suppliers
4,5, 3,2 and 1 and picks up 69, 51, 74, 136 d&dnits of their products, respectively. In
addition, the truck picks up 12 and 51 units ofduds types 8 and 7 from the supplier 1,
where these quantities previously stored (trangsp there during the first period.
Therefore, it can be shown that the transshipnmegeani effective strategy to reduce the total
supply chain cost and could be adopted in an umiceenvironment to absorb the demand
fluctuations.

To show how considering the second objecHyean positively impact the environmental

footprint of the solution, let us resolve the teiblem by setting=0.5. That is, the decision
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maker is now concerned with GH& much as the costs. The results are presenieablas

8 ando9.
Table 8. Objective function components #x0.5.
First stage Second stage
=0.5 ss
_0=05 = .- C I

7,=30189.4 1 2 3 4 5

' ' 7915.1 22915.6 19238.9 22904.6 23410.3 22904.82274.2
7,-13192.7 — G SsG E[SSG]

10392.8 3936.9 2169.0 1640.4 5187.1 1640.42799.9

According toTable § as expected, the first objective functida, in this stateq =0.5) in
comparison with that off =1 increases4;: 23518.6>30189.4) while the GHG emission
level is decreased4: 51691.3>13192.7). The GHG emission level at the first stggeG) is
decreased to 10392.8, while #@+1 it was 24453.4. This reduction is a result of appiate
selection of vehicle types as well as the enviromadé/ oriented pickups and trips
configuration.

As seen inTable 9 in the first stage of current solutiof=0.5), the bigger but not very
fuel-efficient vehicle (vehicle type 3) and vehity@e 1 were used in previous solutié®1)
to handle distribution issues are replaced by twavenfuel-efficient vehicle types (2). The
transportation cost therefore remains unchangedusecthe number of vehicles is the same.
Due to the fact that the both new vehicle typesl@se spacious than type 3, transshipment
strategy cannot be useful as much as before. larotords, to take the advantage of
transshipment strategy as an option to reducedte travel distance and GHGs through
merging the trips, the truck capacity is an impairfactor which impacts the transportation's
fixed and variable costs. Thus the model tries akena tradeoff between the amounts of
GHGs which could be saved by transshipment optioor¢ practical for bigger vehicles) and
the amount saved by using less spacious (and mqgrensive) vehicles. Besides, more
transshipment will lead to more holding costs tOo. the other hand, the model attempts to

make a tradeoff between the GHGs could be savemhtiially cancelling some orders which
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entails a high risk of unfulfilled demand and thra charges must be paid for consequential

shortage costs.

Table 9. Solution configuration fo6=0.5.

{2} 0 »4(1521) »5(1051,7.| ) »9

{2} 0 »3(8657) »2(20,1) »8(7%1)»1(65.1)»9

1 |{2} 0 »4(38,1) »5(20551,741) »9

2 {1} 0 »3(741) »5(7151, 547) »9

3 {2} 0 »4(30,7) »5(113:1,741) »9

4 {2} 0 »3(103;1) »5(1351,7,1) »9

5 [{1}0 »4(4147) »5(100,1,747) »9

{k} i(my1) »j means that a truck type k picks up m units ofipod type p from node i and goes
node j.

In casei # p (i(my,1) Pj), it also implies that, this m uni$ previously transshipped to node i, fr
node p.

i(m, |) means that m units of product type p is trangsédp(unloaded) to node i by the vehicle.

First stage

Second stage

#scenario

According toTable 9 in the first period, a vehicle type 2 beginstitp from depot (node
0), then visits the supplier 4 and picks up 152suaf product type 4, afterward continues to
supplier 5 and picks up 105 units of product ty@n8 also takes down (transshipped) 7 units
of the product type 4 to store temporary thereofog period which will be carried to the main
store in succeeding period. On the other hand handtuck type 2 starts its trip from depot
and goes to suppliers 3, 2, 8 and 1 and picks yR®@679 and 65 units of their products,
respectively, and finish the trip by going to matore. At the second stage, depends on what
scenario takes place, an appropriate solutiongpgyed. For example, in scenario 4 only one
truck of type 2 is arranged to handle transpontaissues.

In order to elaborate upon the difference betwéensblutions undef#=1 and#=0.5, the
problem is solved for a lost sale cast 100 and the configurations obtained for the first

and second stage (Scenario 3) are illustratédiguare 4
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First stage Second stage (scenario 3)

0=1,77 = 100

0.577 =100

0=

mp, means that a truck type k picks up m units of pcotipe p from node, in*case B p, it also
implies that, this m units is previously transsleigpo node i, from node py,mmeans that m units of
product type p is transshipped (unloaded) to node

Figure 4. Comparison between the solutions obtained#dr vs.6=0.5.

As shown inFigure 4 in case of)=1 the model takes full advantage of the transshipmen
to cause a considerable saving in trips at thenskeperiod where the truck goes directly from
node 4 to node 9 and never visit node 1. But agiored before since truck type 3 has not a
desire GHG index, this solution is not very suigaftbm the environmental aspect. In case of
6=0.5, the model takes advantage of both transshipnm&htippropriate vehicle selection, to
not only save some trips but also to make use aerhel-efficient vehicles (vehicles type 1

is more fuel-efficient than types 2 and 3) to reztite GHGs as well as the total costs.
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6.1. Sensitivity analysis

In this section several sensitivity analyses amndopmed to study how the proposed model
makes a trade-off between the greenhouse gas emigsiels and the total cost of supply
chain especially in the presence of uncertaintgl Bminvestigate when the transshipment
option can play its significant role in the supphain performance while different parameters
are varying, including holding cost, shortage cdsposal cost and even truck's capacity.
We solve the problem by changing the relative wefghfrom zero to one. The results are
depicted inFigure 5 As can be seen fRigure 5 whené increases, the expected value of the
total supply chain cost decreases, and converedyexpected value of the GHG emission
level (produced by the vehicles and scraped prgjluntreases. In spite of the fact that
considering "green logistics'9€1) makes a shift up in the total cost of supply oha
significant reduction takes place in the GHG emisdievel. In other words, the slope of

reduction in GHG level approximately fit the expatial trend while the slop of increasing in

the total cost is almost linear.
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Figure 5. GHG emission level (Xagainst total cost (.

This Figure could also be interpreted as a PardtaBere the decision maker could select
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the most preferred solutions according to his/mefgpences.

In order to shed more light on the importance ef titansshipment option in the presence of
uncertain demand, we compare the solutions with waitout transshipment option to
demonstrate that the transshipment is not only fimalefor the first objective function (total
cost) through saving in routes and shortages kad #@lenables the model to reduce the
environmental concerns by creating environmentaigndly solutions. Thus several
numerical examples are generated and solved by tisgnproposed hybrid L-shaped method
to study the impact of transshipment option on épéimal solutionin the presence of
uncertainty. We generate 10 test problems and sbkm twice; with transshipment option
(Z 1rp) and without transshipment option; (Zs). The optimal solutions for the problems

with and without transshipment option are then ragub for each scenario and the gap

I _ .
S IRPATIRE. A seen iMable 10 the average, minimum

between them is calculated by = PTE
IRP

and maximum ofA; are 0.051, 0.011 and 0.088, respectively. Withexoeption, the
transshipment option leads to better solutions wébards the total cost. Similarly, the
average, minimum and maximum af are 0.071, -0.03 and 0.173, respectively. Except
problem number 8, in other cases the transshiproption has a positive effect on the
environmental footprint. For example, in problenth& transshipment option causes 5%
saving in total cost, and the environmental obyecis reduced about 5.2%.

Table 10. The overall impact of transshipment on objectivecfions

Transshipment-enabled Without Transshipment
#Problem (TIRP) (IRP) A A,
Z; Z; Z; Z;
1 30256.9 13208.1 33166.2 15961.9 0.088 0.173
2 27791.2 24426.6 29036.9 24574.5 0.043 0.006
3 28648.1 12284.5 29507.6 12889.4 0.029 0.047
4 33409.3 29861.9 35152.3 31483.9 0.050 0.052
5 45952.7 33968.8 47700.3 38917.3 0.037 0.127
6 33466.0 38287.6 35936.5 38324.7 0.069 0.001
7 30673.7 21031.8 31983.1 25113.7 0.041 0.163
8 30971.1 273884 33858.8 26585.8 0.085 -0.03
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9 28761.8 15195.7 29067.7 17614.9 0.011 0.137
10 43409.3 39861.9 46152.3 41483.9 0.059 0.039
average 0.051 0.071

Figure 6-ashows the effect of number of scenarios on tetaisshipments occurred. In this
figure, 5 test problems with different number oésarios are studied. As seerFigure 6-a

the total amount of transshipment increases byeasing the number of scenarios. It implies
that the transshipment can act as an absorberceftamty. The horizontal axis is the number
of scenarios and its lowest value is one whichasgnts the deterministic condition with
merely one scenario. Moreover, the occurrence pibtyaof all scenarios are assumed the

same, for instance in a problem with 5 scenariesottturrence probability of each scenario

is 0.2.
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Figure 6. Transshipment versus the number of scenarios(ashodage cos(b)

We then study the importance of transshipment winenshortage is allowed. The unit
backorder costd) and the unit lost sale cost)(are both multiplied by a coefficient (that we
vary from 0.8 to 1.7) to analyze the transshipngghificance for an increasing shortage
cost. This coefficient is shown in the horizontaisaof Figure 6-b As observed in this figure,

for increasing shortage penalties, the total thaipged amount increases. In other words, the
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model uses transshipment in order to prevent shp@rteccasions. The trend of increase in
transshipment is non-decreasing, and when the ajercost is nearly doubled, the
transshipped quantity is no longer increasingmiplies that the transshipment's benefit is
limited by the truck capacity.

We investigate the latter observation and perforsarsitivity analysis to show that the more
the capacity of trucks is, the more the use ofsshipment policy will be. We multiply the
trucks' capacity (Cap by a coefficient illustrated in the horizontaligswof Figure 7 As seen

in Figure 7 the truck capacity is an important factor to @ssfully apply the transshipment
policy. We observe that when the trucks' capacitgraases, the total amount of
transshipment increases until reaching a certagshtiold before decreasing. To understand
the slope change, it should be noticed that thedfigost of a truck is directly linked to its
capacity. Therefore, the transshipment option ttebeff with more a capacitated truck until
the cost of the latter starts to negatively impte total cost function. A tradeoff exists
between the transshipment opportunity offered byremoapacitated trucks and their

associated fixed costs.
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Figure 7. Transshipment vesus the trucks' capacity

In Figure 8-a,we analyze the attractiveness of the transshipmgtidon as a function of the
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suppliers' holding cost when compared to the fgdimiding cost. The transshipment can be
considered as a key factor to increase the perfucen@f the supply network particularly
when the holding cost values are significantly efiéint from one location to another. The
factory's unit holding cost is fixed at 10 and suppliers' unit holding cost increases from 2
to 26 and the ratio of the latter to the formeilisstrated in the horizontal axis &gure 8-a

As seen inFigure 8-a the results show that by increasing this ratie, total transshipped
quantity decreases up to finally reaching zerooatt®2.6. We can therefore conclude that for
a supply network where the holding costs in thepBapside are very high when compared to
the factory one, the transshipment is not an ataoption.
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Figure 8. Transshipment versus the disposal and holdingscost
We finally perform a sensitivity analysis on thesmbsal cost §ip), to show the
attractiveness of the transshipment option wherdigigosal cost increases. We multiplied the
unit disposal cost by a coefficient ranges fromt0.5 as illustrated in the horizontal axis of
Figure 8-b As intuitively expected, when the disposal dosteases, the total transshipment
decreases very smoothly, and therefore transshipimamot very sensitive to the disposal
cost.

6.2. Consideration of other scenarios
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In order to analysis the proposed model in largates, ten more test problems with different
dimensions are solved.able 11lreports the optimal solutions obtained fsrl and6=0.5.
The first column represents the problem number. Beeond column represents the
dimension of the problem in terms of humber of pdsi vehicle types, scenarios and nodes,
respectively. The next columns compare the twoative functions' components fér1 and
0=0.5. Finally, the last two columns compare these toloit®ns based on economiazf)

and environmentalAg,) criteria. Az; measures the growing ratio of the expected totsisco
after applying green concept, and; explains the rate of saving in expected total GHG
emissions produced over the planning horizon, &éfieéng into account the green concept.

Table 11. Objective function components #+1 versus#=0.5 in different problems.

Dimension 0=1 9=0.5
4p  TxKxSxN Z 1w=1) Z pw=1) Z 1w=05 Z 2w=0.5 Azz Az
FSC E(SSC) FSG E(SSG) FSC__ E(S50) FSG _ E(SSG)
1 2x3x5x5 3125 3305 4800 1668 3440 3823 1550 1164 0.12 0.58
2 2x3x5x7 4645 5021 7341 2794 5411 5586 3100 2230 0.15 0.47
3 2x3x5x9 7673 9909 15306 18691 11104 10631 9481 5237 0.210.57
4 2x3x5x 11 12178 11154 25362 14632 12253 15428 11086 8116 21 0. 0.52
5 2x3x7x13 13335 13467 30333 23887 13789 17987 14667 12443 0.20 0.50
6 2x5x7x15 16005 15552 36118 24445 18270 18957 17990 13998.18 0 0.47
7 2x5x9x15 15882 16531 48456 26723 18888 19034 19992 19418.19 0 0.48
8 3" x5x11x15 23456 24987 78891 39044 28761 26273 34957 29898.15 0 0.45
9 3" x7x11x 15 27631 25245 91918 45711 33372 30593 47105 32694.21 0 0.42
10 5"x7x11x 15 45171 41072 155620 74827 50545 50031 88821 41749.17 0.43

" the best solution obtained after one and half ®uported.
™ a rolling horizon planning policy is used to sothe problem
T: #periods, K: #vehicles, S: #scenarios, N: #nodes
79 _706=05

1 1

6=1
Zl

w=8 _ —-w=08
- ZZ ZZ

w=6
ZZ

AVARS

Az,

Problems 7, 8, 9 and 10 ihable 1lare the samples for multi-period cases that the
proposed framework is applicable by using rollimyion approachAs Table 11shows, if
companies allow a reduction in the system’s profitey enable to improve their GHG
criteria significantly. For example, in problemtige supply chain needs to tolerate at least
19% reduction in expected total profits, in ordeathieve a 48% reduction in expected total
GHGs. This reduction, as discussed in previousisectnight be a result of appropriate

selection of fuel-efficient vehicles, optimal rostend the ideal levels of inventories,
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shortages and transshipments under different scsnar

As seen inTable 11the applicability of the proposed model is notited merely to problems
comprising just two periods. That is, it may als® dpplied to problems referring to more
periods using a rolling horizon planning processlliRy horizon decision making is a
common business practice for making decisions dlyreamic stochastic environmerggthi
and Sorger 1991 There are two principal reasons why rolling hon might be appropriate
for decision-making in uncertain environments. heTorecasts for the remote future tend to
be unreliable and are, therefore, of inadequatdubmess, 2) for practical reasons, the
decisions must be made based on limited informadioout the futureBaker 1977. Under
this policy, at the end of second period, the deinfon the succeeding period would be
forecasted. The model therefore could be run byudicg the new period's data and
excluding the unveiled first period one. This prbawe repeats every period justifying the
term rolling horizon methodS@azvar et al. 2034So, we can produce the optimal plan even
for multi-period cases. It should also be noted thben the rolling horizon approach is
applied, the disposal and the lost-sale shortage anly be considered for the last period,
and for internal periods, the inventory is treatedeet the demand of the next period.

7. Conclusions and futureresearch

In this study a novel bi-objective two-stage statltaprogramming model is proposed for a
stochastic transshipment-enabled IRP. The firstaibje of the model attempts to find the
best configuration of the vehicles, routes, pickupsiveries and transshipment in order to
minimize the total cost of the supply network. Tdiber objective function considers the
green logistics and attempts to find the best gwiuh order to minimize the total GHGs.

We studied that how transshipment can act as actisilever to increase the performance of
the supply chain in both economic and environmeasalects. Results showed that when the

demand fluctuations are considerable, transshipmetitn plays a significant role to absorb
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the perturbations and help the company to contrel énvironmental concerns by taking
advantage of the suppliers' warehouses. Althoughaexolding costs and double truck
loading are incurred when we use transshipmentcyolbut these extra costs are
compensated, to some extent, by saving in traggeliiistances, and consequently the total
associated GHGs produced by the vehicles decreabstastially. Therefore, using
transshipment in practice especially when the deman highly variable is strongly
recommended on the ground that the suppliers haetative degree of harmonization. This
policy helps them to achieve coordination in theglderm. Then, we introduced a hybrid
algorithm composed of an L-shaped method and comige programming, and finally
provided the numerical and sensitivity analysesmitting to show the applicability of the
proposed model.

Applying the proposed model to other supply chamicsures like many-to-many supply
networks, considering other sources of uncertasutyh as lead-time and developing other
meta-heuristics to efficiently solve the model smene promising areas for further research.
Appendix

In this section the formulations of the masterjroptity and feasibility sub-problems of the

hybrid L-shaped method are presented.

MInZ zex Z1_Zlmin +(1—6)X ZZ_ZZmin
ZJmax T “1min 2max Z2min
MinZ =
X(Z kaCLJXFLJk + Z ukX + Z h T lmin)
Zlmax 1min 1,j0Q k 0w,k 0w, p
t—— (1 e) x(z ZG}’CI XE}“ Z2min)
Z2max 2min 1,j0Q / I

First Stage part

0 1-6 '
+Z - XZpSSSCS ¥ YA ( Z) xzp [Z ZGkCUXSUkS Z ZGpISips\]

1max 1min s 2 max 2min i,j0Q HodF p

Second Stage Part
In order to incorporate feasibility and optimalityts into the master problem, we need to

declare further notations, such as coefficientfiist stage variables and right hand sides in
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feasibility and optimality cuts. According to theam model formulation, first stage variables
which impact the second stage part of the modeQ&reand TF, therefore in construction of
optimality and feasibility cuts these variables Wbtake coefficients, and coefficients for
other first stage variables would be zero. In tbemulation of the feasibility problem,

auxiliary variables would be also needed only instmaints that contain first stage variables

(i.,e. QF and TF).

L -Shaped Notations

¢ Auxiliary variable for Master Problem (Representsegond stage part of objective
function)

OCTE;  Coefficient of variablélE,, in optimality cut?, .

OCR, Right hand side of optimality c& .

OCQF"

iph Coefficient of variabIeQF;pk in optimality cui?z.

FCTF,  Coefficient of variable TE,, in feasibility cutz, .

R, Right hand side of feasibility cf .

FCQE, Coefficient of variabIeQF;pk in feasibility culk1 :

TF, value of variabIeTF as parameter in optimality and feasibility probgem

QFy, value of variableQF; L. @S parameter in optimality and feasibility probtem

H;F # Dual value of constraint (F-#) in feasibility prebt in constructing feasibility cut k
#={1,2,8}

T Dual value of constraint (O-#) in optimality probién constructing optimality cutk
#={2,3,9}

P1 N1,

P2, N2, ., Auxiliary variables for feasibility problem.

N3,

ips

1- Master Problem

Manmaster - X(Z ZU cz] ik + Z uk z h TF Zlmm)
Zlmax Zlmln i,j0Q k 0o, iOw,p
1-06
t ( ) X(Z ZG C XF;]k Z2m1n) ¢
Z2max 2min 1,jO0Q k
Subject to:
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> > S Y FCQF), xQF,, + S FCTF: xTF, > FCR, Ok, Ok,

0w jOw & p i0w,p (M'l)
2.2 2.2 0CQF;, xQF,, + >, OCTFy; xTF, +¢ > OCR, [k, Uk, (M-2)
Owj0w & p 0w, p
XFy =) XFy =YFR Di0e«,k
%‘4) ik ]_ZD;) jik k (M-3)
YF, <1,0i Dw
; ‘ (M-4)
> QF,, scapXF, Oi, j 0 Q,k (M-5)
p
> TF, <icap, DiJa
— (M-6)
PF, =0 0i0e pzi (M-7)
TFip =00i0e, p=i (M-8)
XF,, <NT, Ok
% Ok k (M-9)
XF,, 21
imzw,:k o (M-10)
NG|
imzw,k (N+1)k (M-ll)
XF =00i0a,k (M-12)
XF(N+1)ik = 0 O 0w,k (M-13)
XF, =0 00Qk (M-14)
XFonax = 0 Tk (M-15)
QFink = O 0id «, p!k (M'lG)
QF,,.PFE ., TF,, =0,integer (M-17)
XF,,,YE, 0{0,1} 0i,j0Q,p,k
2- Feasibility Problem
Min Zfe(s) =Y (P1, +N1 )+ Y S S (P2, +N2, +N3,)
Pl sk il pOe sCE
Subject to:
IFps _BFps = Dzk QE(NH)pk _DFps +P1ps - Nlps 0 p,s (F_l)
1L,
ISips = TE; _PSips +P2ips _N2ips gi @, p? i! S (F'Z)
IS(N+1) ps - BSpS = IFps - BFpS + .DZkQS(N +1)pks - DSps 0 p,s (F_B)
XS. =Y XS, =YS., 0Oi0wk
j%g; ijks %g; Jiks iks tUWR,s (F_4)
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Y YS<Lbi0ws
k

(F-5)
2 @S, +PS, = > @S, DiDwps (F-6)
jOe00,k JOOF
ZQSijpks < cakaSijks O:,j0Q,k,s (F-7)
D
PS, < TF —N3,,0i0w,p#i,s (F-8)
XSL. . < NT, Ok, s
% ik k (F-9)
XS . =1 0s
i%k Oiks (F_lo)
i;me XS, s 21 Os (F-11)
XSks=00iow, ks (F-12)
XS(N+1)ik =0 Oa, ks (F-13)
XSis =00ioa,ks (F-14)
XSO(N+1)ks =0 ks (F-15)
QSoms =0 minw, p ks (F-16)
Q Ljpks’ kas >O,integer‘ (F-l?)
3- Optimality Problem
. _ 0 1-9) .
Min Zopt(s) =—————x» SSC +————x>"| > ZG,,CUXSU,,S > >.GIS,,
Zlmax - 1min s Z2max - 2min s i,j0Q k w0 F  p
Where:
SS(;’ Z ka Cu XS]kS + ZU X%ms + Zh(N+l)p
i,j0Q k iOwk (O 1)
Z Z(qu ps T ﬂpBFps + nlp BSPS)
i0OF p
Subject to:
IFps _BFps = Z Q L(N+1)pk D p,s (0_2)
10w,k
IS, —TF -PS, Di0a,p#is (0-3)
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IS(N+:L) ps - Bsps = IFps - BFps + Z QS|(N +1)pks - DSps 0 p,s

0w,k

ZXSijks = ZXSjiks = YSiks Oi0w,k,s

JjoQ JjOQ

> YS<Lbi0ws
k

z QSjipks +PSips = Z QSL‘jka i 0w, p,s

TG00,k JOROF
ZQSijpks = cakaSijks 0:,j0Q,k,s
p

PS, <TF, Di0w,p #i,s

ips

> XS, <NT,  Oks

10w
> XS,,, =21 Os

10w,k

Z XSi(N+1)ks 21 Us

oot

XRs=00i 0w, ks
XSineyik =0 pine ks
XSis =0mioa, ks
XSy =0 LKS
QSppks =0 miDw, p ks
@S, S, = 0,integer

YSiks’XE'jk’XSijks 0{0,1} i, joQ, pks

4- Feasibility and Optimality Cuts

In order to calculate parameters of feasibility, &utwe use the following equations;

FOQF, =™

FCTF) = (™ +

FCR]% = Zf; e" - Z F CQE’ka ijpk
i,j0wk, p idw,p

Similarly, for parameters of optimality cut, k2, \Wave following equations:

OCQE%, =Y p, *HC™
sOS

OCIEI’? = z D, X (p_<0-3) + uﬁﬁi)—g))

ky
sOS
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b XQF " = FCTFy xTF,"

(0-4)
(0-5)
(0-6)
(O-7)
(0-8)
(0-9)
(0-10)
(0-11)
(0-12)
(0-13)
(0-14)
(0-15)
(0-16)
(0-17)
(0-18)

(C-1)
(C-2)

(C-3)

(C-4)

(C-5)



OCR, = Zps x Zopt '+ Z OCQ‘F;]%k xQF;p% - Z OCTF;? xTE_;kz
sOS i,j0w,k,p i0w,p (C_6)
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