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Abstract

Hospitals, as the main customers of medications, typically adopt cor--~rvative inven-
tory control policies by keeping large quantities of drugs in stock. Gi- en t 1e perishable
nature of medications, such strategies lead to the expiration of .-cess mventory in
the absence of patients’ demand. Consequently, producers are far ... with overnmental
penalties and environmental reputation forfeit due to the negati = ir pact that disposing
expired medications pose to the environment. This article ai~ _ to 1. ~rove the sustain-
ability of a pharmaceutical supply chain using a real case tudy. : n analytical model
is proposed to explore the effect of implementing a Venr ~~-M.._ .ged Inventory (VMI)
system in minimizing the quantity of the expired med ~at’ons at hospitals. Further, a
set of Monte-Carlo simulation tests are conducted to ~ves'_ate the robustness of the
VMI model under demand uncertainty. Experimertal resul s on a real case study under
deterministic demand show the efficiency of the "MI .. - .el in eliminating the amount
of expired medications without compromising ~»<t~~- ’s satisfaction. The results also
demonstrate that the safety stock (SS) level and e capacity assigned to the customer
are crucial factors in the overall cost of thy pn....aceutical supply chain (PSC). The
PSC cost could be reduced by 19% w’ ~n re ucing the SS level by 50%. Moreover,
the producer is recommended to increase “he .apacity assigned to the customer by a
factor of 1.5 so as to fully satisfy the nsiouier’s demand. Finally, the simulation re-
sults confirm the efficiency and robustness of embracing a VMI system under random
demand scenarios. More precisr.y, zex amount of expired medications is obtained in
93% of cases. Thus, adopting this *rat gy could minimize drug wastage and ultimately
improve the reputation of tie y.oducer in the market in terms of implementing Lean

and sustainable practices

1 Introductio.

As the presence of pu.~m-ceutical sediments in the environment and its negative impact
on human healtt are b.ing revealed in recent years, many countries are being forced to im-
pose new regulatic < o tackling the pharmaceutical supply chain (PSC) recovery processes
(Kumar et a’., 2005". Social pressure from customers also plays a major role in determining
sustainable co.nor- e strategies and performance measures. However, most PSC recovery
actions arc st1'. . «dimentary and harmful to the environment. Creative approaches are there-

fore necessar, to minimize the introduction of pharmaceutical wastes to the environment and



to improve PSC sustainability.

Medications, like any other perishable products, typically have a fixed sheli Z’fe set by a
use-by or a sell-by date. They also contain active molecular ingredie its *nat degrade with
time even when using modern storing conditions (Lainez et al., 201?). ‘1. =se particularities
lead to challenges for inventory control management, by trading .." stoc-outs and on-shelf
availability against wastage due to expiry (Nahmias, 1982; H: tier.a, 2014). In addition,
any shortage in medication deliveries has serious consequenc ... on u. 2 illness or the death
of patients. Therefore, governments and customers (such as hospit Uls) might adopt a con-
servative inventory control policy by ordering more prodv _us as a nedge against uncertainty
(Uthayakumar and Priyan, 2013). For example, the fedei~! jove nment of the United States
requires large quantities of stock keeping units (SKUs) o1 meaications as part of its strategic
national stockpile to protect its population in case o1 . healt : emergency (Shen et al., 2011).
Given the perishable nature of medications, such a .“rategy would lead to the expiration
of the excess inventory in the absence of patie..s’ demand. A statistical survey in 2003
estimated the cost for expiration of branded _~dications, in the United States drugstores,

by more than 500 million dollars (Karaesmen e. 4., 2011).

On the other hand, leaving expired medicatio.'s at customer zones and disposing them im-
properly generate a significant negative en, ‘ronmental footprint. Also, it might jeopardize
people’s health if redistributed illee- - in undeveloped countries. This has led to strict
legislation in Europe and the Uni? »d Stat s on the take back (collection and safe disposal)
of leftover medications available at hos, tals and pharmacies by the medication producers.
Although pharmaceutical comp n’es #.e not motivated to invest in the recovery of expired
medications due to their lc - salvage value, failure to respect such regulations would in-
cur high penalties and loss of cus.omer goodwill in the market. Therefore, improving PSC
sustainability effectively 1s e ,sential not only to protect the environment and patients from

exposure to expired m 2dica. ons but also to reduce the associated cost (Lainez et al., 2012).

Because of the aforen.. 2tic 1ed particularity, there has been very little research tackled the
leftovers of this specifi» value chain. Most of the practices followed are to keep the un-
wanted /expired 1. ~dics dons in confined zones or to incinerate them under the safeguard
of governme: ts. S 'ch practices are more harmful to the environment. Therefore, in re-
cent works by Weraikat et al. (2016a,b), different ways are presented to either facilitate
the recove "y «. _<pired medications or to reduce their amount at customer zones through

proposing di. =rent cooperative methods in PSC. Nevertheless, the proposed approaches are



post-solutions to the expired medications problem in the PSC. In other wo' ds, they address
the fact of having available unwanted/expired medications at customer .o..°s that have to
be collected. In this article, instead of a reactive practice for collectir , mwanted/expired
medications, we propose a proactive approach by obstructing the entr, ~f xcess medications
in to supply chain inventories. This can be achieved by implementing . e o1 the most widely

used initiatives for perishables known as the Vendor-Managed Ir ven ~~v (VMI) system.

Implementing the VMI system requires both information shar’..g anu coordination between
vendors and customers. The vendor (usually the producer, is res onsible for making de-
cisions concerning replenishment quantities and timings Jor 1 retailer (customer). The
customer provides the producer with access to its real-ti.~= nve 1itory level physically or via
electronic messaging (Waller et al., 1999). More precisely, the customer relinquishes control
of replenishment decisions and transfers financial res, ~nsibi ity to the producer. It is worth
mentioning that producers are usually engaged in su.h a policy because of its benefits. Ir-
regular large orders from retailers are costly sinc - broducers need to maintain excess items
in stock to satisfy the demands of their custor =~ Therefore, implementing VMI system at-
tenuates fluctuation in customers’ demand and, . nce, alleviates the bull-whip effect (Disney
and Towill, 2003).

Along with the aforementioned advantages, our goal in implementing a VMI system is to
reduce the large quantities of expired _-~dication at customer zones through a more realistic
inventory replenishment policy. A. the m: in contribution of this article, we propose a VMI
model, from the producer’s pers sective, Hetween him and one of his customers (a hospital).
The model is a nonlinear mixea " ager program (MINLP) that seeks the optimal quantity of
medications that must be sh” »ved to Jhe hospital in each period over a planning horizon with
the goal of minimizing the auantiy, of expired medications as well as shortages and inventory
levels. The model is val’ 1ate 1 in a deterministic setting by considering a realistic foretasted
demands. Nevertheles, the Yemand of medications fluctuates in hospitals. Therefore, a set
of Monte-Carlo sim lat’on ests are also conducted in order to investigate the robustness
of the VMI mode' ‘1 the sresence of such fluctuations. According to the knowledge of the
authors and the iteratu e provided in section 2, the VMI model would enhance the supply

chain perform ...ce a..u could reduce the quantity of expired medications.

The remainde. of *.is paper is structured as follows. A summary of the literature related
to VMI a, 1 r .C inventory management is given in Section 2. In Section 3, the description

of the PSC . uder investigation and the VMI model is provided. Numerical results and



discussion of the model, in addition to managerial insights of implementing he VMI system,
are presented in Section 4. Finally, concluding remarks and future recon. »endations are

provided in Section 5.

2 Literature Review

In this section, a concise review of the literature on the inven ory me 1agement of perishables
is given. A summary about the relevant research on implerrenu,. ~ . VMI system, in general,

and for PSC, in particular, is also provided.

2.1 Inventory management models f~r v shables

The initial literature available on perishable invento. - management is chronicled by Nahmias
(1982). The author gave a holistic review on p.v1s" av.e supply chains and touched briefly on
applications of these models in blood ban! mvei‘ory management. Goyal and Giri (2001)
provided a more recent review on the same tcnic and items mentioned in (Nahmias, 1982).
Despite the similarities between the inven. ry management of blood and pharmaceuticals,
there are substantial differences betw~~n them. For example, the shelf life of blood is tech-
nically 4-5 days, whereas pharma eutical have a varied shelf life from days to years. In
addition, the replenishment lead time ¢* nlood supply is generally shorter than pharmaceu-
ticals. Furthermore, not every . cr essf .l technique for blood supply chain would be suitable
for the PSC according to st/ rage aunu lead time otherness. Several studies have focused on
the inventory management of blo. 1 supply chains as (Chapman et al., 2004; Haijema, 2014;
Gunpinar and Centeno. 201 5; Civelek et al., 2015). An extensive review of the available
literature on inventor— anc <upply chain management of blood products prior to 2012 can
be found in (Belién nd forré, 2012).

Chapman et al. 2004 applied just-in-time (JIT) inventory management techniques for a
blood supply chas. D (e to the consequences of an inventory shortage, the authors con-
cluded that “ne JI'™ technique is not suitable for such perishable supply chains. Haijema
(2014) addres. »d tF: importance of an optimal disposal policy in combination with optimal
ordering  ouc.  ‘or blood supply chain. It was suggested that the average costs of this sup-

ply chain cou d be reduced by selling old products at a discount price. Gunpinar and Centeno



(2015) proposed an integer programming model to minimize the total cost o blood inventory
system from a hospital perspective over a planning horizon. The propos:a mventory man-
agement approach could reduce the wastage rates and the cost for blr L replenishment at
the hospitals. Latterly, Civelek et al. (2015) proposed an inventory 1. le iishment heuristic
model to minimize the expected total cost over an infinite time hor.. ~n 1cr blood platelet
supply chain. The authors suggested performing the inventors re'-nishment with fixed
quantities. A First-In-First-Out (FIFO) policy was also imposed . limiting some substitu-
tions when making allocation decisions according to a safety stock level. Onal et al. (2015)
considered an economic lot-sizing problem for perishable pro +icts. where items have deter-
ministic expiration periods that depend on their procur :me .. veriods. Their model for a
FIFO allocation mechanism stated that the order of in—entorv ¢ onsumption has a significant

impact on the cost of the optimal plan of the supply chain.

Utilizing the VMI models in perishable supply cha.. < appears as scare in the literature.
Alftan et al. (2015) presented an operation moac' tor retail replenishment collaboration for
a grocery supply chain. Their model could ir . »~ve demand responsiveness and availability
of products in retail stores. Recenlty, Kaasgari *. al. (2017) proposed a VMI strategy with
discounts for managing the inventory of a pei‘si.~bie product in a supply chain encompassing
a single vendor and multiple retailers. T\ .o~ lts revealed that adopting VMI models could

reduce the inventory levels while increasing ti.e replenishment rates of the supply chain.

Research conducted on inventory n =nagen ent with applications on the pharmaceutical value
chain is limited. Uthayakumar .md Pr.,an (2013) developed a two-echelon PSC inventory
model to minimize the total co.® ¢ a <apply chain that involves a pharmaceutical company
and a hospital. Lee et al. 2014) svadied a public pharmaceutical inventory system with
respect to the strategic nationai .tockpile in the United States that requires maintaining
a high minimum invent ry - olume at all times. The authors presented an optimal issuing

policy for a determini tic a. mand to maximize the profit of the system they investigated.

It is worth mentioning hat all of the contributions reviewed herein have inventory manage-
ment models for serish. ble items with the goal of cost minimization. However, the objective
of reducing the 1. 'mbe  of expired medications and their effect on the environment have

generally ove ‘looke.".



2.2 VMI systems

Since first being adopted by Wal-Mart in the 1980s, many articles tr_.® VMI superiority
over traditional replenishment techniques for supply chains in genera. (Cachon and Fisher,
2000; Claassen et al., 2008; Marqués et al., 2010; Borade et al., 2015, For more details on
the VMI benefits, the reader is referred to (Govindan, 2013). "mp ~menting VMI system
leads suppliers to a higher replenishment frequency with smaller 1. 7 «enishment quantities as
stated by Dong et al. (2007). Consequently, VMI system ir iplem ntation leads to utmost
inventory cost saving without negatively impacting the over 'l pe formance of the supply

chain or the customer service level (Cetinkaya and Lee, “000- Zhao and Cheng, 2009).

There is a great dearth of literature that can be founa . » unplementing VMI systems for
perishables supply chains. The available research fo. s is o1 the grocery industry or blood
banks but not on PSC. Ketzenberg and Ferguson (20uC evaluated two structures in a grocery
supply chain. The authors tested the value of in. rmation sharing under centralized control
in a VMI system relative to the case when » = ‘nforn.ation is shared and decision making
is decentralized. Stanger (2013) developed a se ":n-step framework for the assessment of a
VMI system implementation in a blood bany 1. ‘sermany. The author applied the proposed
framework on 13 cases to conclude tha. . ** Is hesitate to enter a VMI relationship due
to the fear of losing control over critical rescurces or sharing information. However, this
obstacle could be avoided by havin | exp.’cit VMI implementation steps, that clearly define
the responsibility of each entity invo. =d. Recently, Gunpinar and Centeno (2016) developed
an integer programming mode” to assist blood centers in managing their resources more
efficiently. By relaxing the ir venu.~v :onstraints and keeping the planning horizon shorter,
small instances of the problr m . -ere solved optimally using branch and price method. Candan

1

and Yazgan (2016) provi.c' a MIP model for implementing a VMI system so as to max-
imize the profit of a pli. *naceutical supply chain. The results highlighted the importance
of considering medic- cior’s suelf-life as a crucial constraint in the PSC inventory planning

model.

Krichanchai and MacCs -thy (2017) identified the factors that affect the adoption of a VMI
system in the T3C. Tue authors developed an inventory control model from the hospitals’
perspective, vhere ihe medications are supplied by one distributor. The findings ascertain
the importance v top management willingness to share information in a successful imple-

mentation « ¥ he VMI system. They also found that the VMI adoption encompasses the risk



of relinquishing control of critical items to a particular supplier.

The summarized literature, provided in this section, clearly indicates the op, ortunity to
apply VMI systems to the PSC. Thus, in this work we develop a mat} em: tical model, from
the producer perspective, for the implementation of VMI in this su;nly J~ain with the goal
of reducing the leftovers as well minimizing the total inventory .. sh.-tage costs of the

supply chain.

3 Problem Statement

In this section, we provide a brief description of the PSC sti. ~ture at the real case study. Due
to the confidentiality agreement with the producer the ~eal name of the company cannot be
revealed. Hence, a false name is used through this artici. which is Generic PharmaX . Then,
we extend the current value chain and construct « multi-period, capacitated, finite-horizon
VMI model for a two-echelon PSC, i.e., a p.ouu .. (Generic PharmaX) and a customer

(hospital). A mathematical model for the : opo. ~d VMI system is then presented.

3.1 Generic PharmaX supply chuin

Generic PharmaX is a leading mui.'mat’onal pharmaceuticals producer that was founded
in the Middle East in 1978. Tt cc.mpany focuses on developing a branded pharmaceutical
business across the Middle E st, . ~r'a Africa, Europe, and in the United States. Based on
purchasing orders received .ro.~ hospitals, the producer ships his medications with respect
to the regulations in the 4 tination countries. According to the producer’s archival data,
in some countries like v. » United States, large amounts of shipped medications expire in
hospitals’ stock. Upca their expiry, the hospitals inform the producer about the quantities
of the expired medic.*.ons.  Generic PharmaX, then, contracts transportation providers
to pick up those medis ations and send them to government disposal sites. The producer
is obligated to p.v feer to the government to safely dispose the wastage of medications.
Currently, arund “8% of the branded medications at customer sites have expired and must
be collected, ~hich mcurs penalties to the producer. Figure la visualizes the current PSC

practice i. u. . ic PharmalX.



C
Generic tom
PharmaX Delivered Medications (Hospital)

Expired Medications

Governmental Safe Governmental Safe
Disposal

(a) The current PSC (b) VMI su ply cne’ « framework
Figure 1: The PSC of Generic PharmaX pracu.

Against the current practice, we believe that cutting off the SKT75 level at hospital sites,
without sacrificing their customer demand satisfaction rz te, *, n Ipful in improving the PSC
sustainability. More precisely, reducing the inventory lc =l ce ’essen the quantity of expired
medications and their negative environmental impact. In aa lition, the government fees and
penalties could be avoided when an efficient invent. ~v cu._irol management is utilized. This

can be achieved by implementing a VMI system ~~ -___i.ined in the following subsection.

3.2 Generic PharmaX VMI st ~nly chain

The implementation of the VMI system 1. ~uires private information sharing and a certain
level of trust between supply chain entities (De Toni and Zamolo, 2005). For this reason, only
one key hospital is elected to imp':ment he VMI system with Generic PharmaX. Besides
its long-term relationship with “he pi.7acer, it is chosen due to its high demand rate of
medications. Moreover, the hc mital b .s a high level of technology and infrastructure that

would facilitate the future ir.pleme.. ation of a technological system supporting VMI.

Considering the case wher . “he producer and the hospital have agreed to implement the VMI
system, Generic Pharn.~X .s responsible for managing the hospital inventory and creating
its monthly replenish-.aent oruers. In addition, the producer communicates with the hospital
to decide on a minin. "v. ar ount of each medication that has to be available in the hospital
stock at all times dubled as safety stock (SS) level. Some medications are essential because
they can be life-s ving. such as respiratory and cardiovascular medicines. They have to be
available in *ae hespital stock at all times in adequate amounts. Therefore, the SS level
of essential 1. adica’.ons is higher than nonessential medications as explained in the next
section. I .. ~ 2access to the on-hand level inventory is also required in order to enable the

producer to rovide on-site inventory planning.



Medications move from the producer, through a transportation provider to the hospital
site to satisfy its demand in each period of the planning horizon. The p.>ducer issues a

notification of delivery to the hospital upon the shipment release in ste ...

Given the perishable nature of medications, the producer checks tk~ir s..~f life at the hos-
pital site with every replenishment. Any medication that reaches .“e en. of its shelf life is
quarantined and then shipped to government safe disposal sites, = *hil - unexpired medications
remain at the hospital to be used in a next period. Figure 1. depic.s the PSC of Generic
PharmaX under a VMI system.

Because of the criticality of medications, the demand o’ the wuspital has to be fulfilled by
the producer over the planning horizon. Generic Phari-aX m=-.aging the inventory through
the VMI system, he is obliged to pay monetary penalties > the hospital for any shortage
in the supply. The producer could also be coerced ‘o ou'~_uarce that shortage with same or
equivalent medications from another pharmaceutic~! -~~~ any to satisfy the hospital demand.
Besides, the following assumptions are considered wi ' formulating the VMI model: (1) The
producer supplies medications to several hosp.“als, nence, the capacity dedicated to each is
limited for each type of medication in evei - nerw 1 over the planning horizon; (2) the hos-
pital demand is fulfilled with zero transnorta‘ion lead time, which is quite realistic given
the necessity for the freshness of shipped .. ~dications; (3) the oldest medications are con-
sumed first, i.e., a FIFO issuing poli~, ‘- considered in the model to reflect the actual policy
adopted the hospital under invest’ vation; (4) the producer ships only fresh medications to
the hospital to minimize the ch-.nce ot . xpiration; (5) the age and quantity of medications
available in the hospital at the . »c mni g of the planning horizon are known; and (6) the SS
level of medications needs tc be respected by the producer in every period; the latter reflects

the current contract terms betwec 1 the producer and the hospital.

3.3 Mathemat.ca” model for the VMI system in the PSC

In this subsectic 1, insp red by recent research done by Gunpinar and Centeno (2015) and
Gunpinar and Ceen.~n~ 2016), we propose a mixed-integer nonlinear programming (MINLP)
model for in pleme. ting the VMI system in the PSC described previously. The notations

listed below air. ~_d in the model. Additional notations are provided when required.



Notations

Index sets:
p: index of medication type, p = 1,2, ..., P;
i: index of medication age (in months), i = 1,2, ..., [;
t: index of time period (in months), ¢t = 1,2, ..., T’
Parameters:
OP: unit cost of outsourced medication type p that the prod .cer ¢ uld not satisfy ($);
CDP: fees obligated by governments for each unit of medic.*ion “ype p disposed at their
sites ($);
TRP: unit transportation cost of medication type p shipped t the hospital ($). Although
the distance between the producer and the hospital is con. tant, some medications require
certain conditions while being shipped, such as termvei. *v- ¢, light, or humidity. Therefore,
the transportation cost varies with respect to each mea -ation type;
T'SP: unit transportation cost of expired medicatio.. tvpe p sent to government disposal site
(3);
7wP: penalty the producer pays to the hoc .*al . r each unit of shortage in the supply of
medication type p ($);
h?: unit holding cost of medication type p ~t the hospital site ($);
CAPY: producer capacity of medicati~n type p in period ¢;
d?: hospital forecast demand of m- dicatio type p in period ¢;
SS? ™. minimum SS level at th . hosp. .- for medication type p in period t;
VIf: the inventory level of prc 'nc. ty’ e p of age 7 at the beginning of the planning horizon;
M: the upper bound on the nvento.y level of medications at the hospital site;
Decision variables:

P: replenishment quar ity >f medication type p of age i shipped to the hospital in period
1
E}: quantity of exp’ ed ned‘cation type p sent to government disposal site in period t;
SP. shortage quantity o, v edication type p that is needed to be outsourced in period ¢;
vh: inventory lev 21 of m dication type p of age i of period t;
FY: binary vari~bic '‘.at is defined to guarantee that the FIFO policy when consuming in-
ventory of n edicat1 ms at the customer site (hospital) is respected. It is equal to 1 when
medication type . of age i is used to satisfy the demand in period ¢, 0 otherwise;

L% auxilia."y variable associated with the medication age. It captures the number of med-

10



ications type p of age ¢ in period ¢ that are left to be used for the next period if not all

medications from this age are used to satisfy the demand in the current e, ~d.

It should be noted that the VMI model has been formulated from tke pr bducer’s perspec-
tive. The objective function as shown in equation (1) seeks to r~inin.’ze producer costs

which involve shipping cost from the producer site to the hospita’ .*te (> > TRP.Q%);
~cP i€l teT
expired medication costs which incorporate the safe disposal fec. fr ¢ expired medication at

government sites and the transportation cost from the hos .ital to vne safe disposal sites

(> >(CDP+TSP)EY); the shortage costs that consist of th» pena ¢y paid by the producer
peEP teT
to the hospital for unsatisfied demand and the cost of se jisfv'..,” that demand from another

pharmaceutical producer (> > (7P 4+ OF)S}); and tle holdig cost of medication at the
peP teT

hospital site paid by the producer (> > > hP.of).

pEP i€l teT

min > Y > TR N D TSY)E! +

peP el teT pEA ET
DD (@ HONSI A p d W ()
peP teT n P el teT

The objective function is constrainca by *the capacity of the producer as shown in equation
(2). The medications from all ages ~hipred to the hospital in period ¢ cannot exceed the
capacity of the producer in tha’ pe iod.
b _CAPP,  YpeP, VteT (2)
=
Also, medication shipped t~ the hospital should always be fresh, i.e., only medications of age

1 are shipped to the hor oite , as shown in constraint (3).

O =0, Vi#£l, VpeP, WteT (3)

st
To make sure that the 7 «FC policy when consuming inventory of medications at the customer
site (hospital) is espec =d, the binary decision variable F}, is introduced. The same decision
variable, FJ, is a’"o uc:d to keep a track of the age of medications available in stock as

(2

depicted in constramts (6), (10), and (11).

Constrair* (4) tormulates the FIFO policy and constraint (5) states that no medication of

11



age zero is used to satisfy the demand.

Fp > F(’;fl)t, Viel, VpeP, VteT (4)

Fy, =0, VYpeP, VteT (5)
Constraint (6) indicates that the demand for medication type p in eac. neri 1t can be either

satisfied from the inventory on-hand of medication type p of all age. (, ~((vy; ), ) +QF)F}))
ST

or the demand cannot be fully satisfied due to shortage of that ty} of medication (i.e.,S¢ >
0). In the case in which the demand can be satisfied, two si' uatioi 3 are possible: either no
more inventory of that medication type will be left to be carr.~d fo: ward to the next period
(L%, = 0) or Lt, will take a positive value.

dy = Z((Uﬁ‘_l)(t—l) + Q) — L) + 5%, Vi o P, VteT (6)

iel

It is evident that in any period, only one of the decicion =ri-ples L, and S can take positive
” is multiplied by (v(;_;y; ;) + Q%)

(i.e., the inventory of medication of age (i — 1) in p.viod (¢ — 1) that will be carried forward

—

values. It is also noteworthy that the binary variable .

to period ¢ plus the replenishment quantity ot meo c.'ion p of age ¢ in period ¢) to guarantee
that if the model decides to use a certain - ot medication type p, then the medication of

that age can be used to satisfy the demand.

Constraint (7) calculates the amount of sho.iage of medication type p in period ¢ as the

difference between the demand anc the ‘aventory on-hand of medication type p of all ages

(Z(Uﬁ-q)(tq) + Q%))

icl
di — Z(U?i pe n Tt Q) <S8, Vpe P, VteT (7)
icl
Constraint (7) with constr.nt (%) capture the number of unsatisfied demands by the pro-

ducer.

The inventory from d’ ferenv . ges available at the beginning of the planning horizon is shown
in constraint (8). M. ~trover, there are no medications of age zero in the inventory at the

hospital site, as s".own in constraint (9).

p P
Vi) = Vi

vf’o)t =0, VpeP, VteT 9)

Vpe P, Yiel (8)

Both con-traints (3) and (9) set the initial inventory level for old and new medications,

respectively

12



Constraint (10) assures that the amount of medication type p of age i left in period ¢ does
not exceed the number of the available medications of the same age in tF av period.

(Fi — F(I:;—l)t)(vj(oi—l)(tfl) +Qn) =L, Vpe P, VteT el (10)
Constraint (11) expresses the inventory update of medication type » o1 “ae i at the end of

period t.
vy = (1- Fﬁ)(“@q)(tﬂ) + Q) + (F — F(piq)t)Lfta vpel ‘tel, viel (11)

More precisely, this constraint (11) formulates the inventor: carry ‘orward condition. The

inventory level of medication p of age ¢ in period t is upde*~d ac__.ding to two possibilities:

1. FY = 1: In this case, the first term in the right-.."na-side (RHS) of constraint (11)

equals zero. Then two more cases might happ.

L1y,

in stock in period ¢ which makes sense acco. 'ing to FIFO policy.

= 1: This case means that there '~ no more medication p of age ¢ left

1.2. Fg_l)t = 0: In this case, we can vpuate stock level according to constraint
(10). As indicated in section 3.3, t.. aux'liary decision variable, L%, is defined to
measure the quantity of medication p ¥ age ¢ in period ¢ that is left to be used in
the next period. According to const..int (10), if Fjj = 1 and Ff; ),
to the inventory of medicatior ~f age (i — 1) in period (¢ — 1) that will be carried

=0, L is equal

forward to period t plus the eplenis iment quantity of medication p of age 7 in period

t. Otherwise, if F(’;_l)t =1, there 1ll be nothing left in stock from medication type p
of age i. Because of the .'TF ) cr astraint (4), F}; = 0 and F(’;_l)t = 1 is not a feasible
solution.

2. F!, = 0: In this cas', Jhe second term in the right-side of constraint (11) will be equal

to zero (F}_,y,

that the invent o ry lever of medication p of age ¢ in period t equals the inventory of

= 0 cue to constraint (4)). In other words, this constraint indicates

medication of ay~ (i - 1) in period (¢t — 1) that will be carried forward to period ¢ plus

the replenicamen quantity of medication p of age ¢ in period ¢.

Constraint (" 2) dey‘cts the SS level for each medication.
vat ZSSfmm, Vpe P, VteT (12)

icl
Constraint (- 3) captures the number of expired medications in stock that has to be sent to

13



the governmental safe disposal site.

EY = v{p Vpe P, VteT (13)

Finally, domain constraints are provided in equations (14)-(16).
D uh, LY >0, VpeP, teT, i€’ (14)
FP e {0,1}, Vpe P, teT, icl (15)

E},SP >0, VpeP, teT (16)

3.4 A solution methodology for the MIN_ .P .ndel corresponding to
the VMI system

In order to transform the MINLP model (1)-(16) 1.~ a unear one, the following approach
has been employed. In this method, the proc -cv o1 two variables (one binary and one
continuous) are replaced by one new variable, ~n whic.. a number of constraints is appended
to the remaining set of constraints (Glover, 1577). Let x; be a binary variable and x5 be
a continuous variable with a known upper b e w. To linearize the product of the two
variables, a new variable, y, is introduce * .~ »e. lace the product of x; and x,, i.e., y = x125.
In addition to that, the following constraints . re imposed to force y to take a value equal to

T1T9:

g < ury
y 2 xo—u(l —a)
y < x9

y>0

By the same token, ir mow~! (1)-(16), consider the product of the binary variable F};, and
the continuous varis ole W% ‘hat appear in constraint (6). A new discrete variable, of,, is
used to replace FP P O~ astraints (45)-(48) are also added to the model, as detailed in the
Appendizx.

After replaciag all of the nonlinear terms in model (1)-(16) with linearization variables,

constraints (6, (10", and (11) are represented by constraints (22), (26), and (27), respectively.

/
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The linearized model is reformulated and provided in (17)-(57).

min Y Y S TRI.QL+> Y (CD"+TSP)E! +

peP i€l teT peP teT
™ 4+ OP)SP + P F
t 1t
peP teT peEP icl teT
> Q) <CAP!, VpeP, VteT
i€l

b =0, Yi#£1l, VpeP, VteT

E} > F Viel, YpeP Wi i

Gi—1)t
Fy, =0, VpeP, Vte.

di):Z(VZJraft—LZHSf’, Vpe I VteT

i€l
df - Z(szl)(tfl) + th> S L(Yn. Vp E P, Vt 6 T
icl
vfo)tzo, Vpe P vteT
oy =VIy,  pcP Viel

Vot = gy, — B > L Vpe P, VteT, Viel
U’]th — Uafl)(tfl) + th - /ylpt y Oélit N )\ft - 62, Vp E P, vt E T, VZ E I

b =5, VYpeP, WteT

iel
[=v,, VpeP VWteT

Qv P LF -0, VpeP, teT, 1€l

P e 0,1}, VpeP, teT, icl
E?.S? >0, Vpe P, teT

anc. constraints (33)-(57) in the Appendiz — A
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4 Results and Implementation Insights

In this section, we present the case data and parameters used to solve .ne VMI model (17)-
(57). Some numerical results, sensitivity analysis, and Monte-Carlo sim.. ! .tion tests are then
provided. Finally, managerial insights to help the producer and the hos, *al in implementing

the VMI system are proposed.

4.1 Case data and parameters

The parameters of the model were obtained through ~ommun’:ation with the head of the
supply chain department in Generic PharmaX and then rened as follows. It is well known
that the VMI system is valuable only for high volme *er 5 and consistent demand, which
usually come from key customers (Cooke, 1998). There. e, one of the producer’s key hospi-
tals was selected to implement the VMI model. 11> oroducers’ sales of medications for the
last three years were reviewed. Only the top 4 ‘“yvp: » .f sold medications were selected. 2 out
4 medications were characterized as essent’ ' duc to their disease prevalence and life-saving
effectiveness; one from the respiratory medic.otioas group and one from the cardiovascular
medications group. The lifetime of medici..~s usually varies from 24 to 36 months, therefore
24 months were considered for the medications age. Medication shipped to the hospital is
always fresh at the age of 1 month If the medication is kept unused, it would be at the age
of 2 months in the next period. T\ ada..’a, 36 months is considered as the planning horizon.
The upper bound on the hosp *al mvratory of medications, M, as well as the capacity of
the producer were considere'. basea n archival data. Furthermore, purchasing orders from
the hospital on a monthly vasis . ~re revised and used in computing to forecast the hospital

demand. Figure 2 depicts tl » demand profile fluctuating over a year.

60,000
50,000
40,007
30,0C )

20 720

0,000

0
0 2 4 6 8 10 12 14

Sigure 2: Hospital forecast demand distribution of medications (units)
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The criticality of medications was considered in calculating the SS level as follows. For
essential medications, the level was set as 5% of the hospital’s monthly f re. ~st demand for
that medication (i.e., deterministic demand). Otherwise, 2.5% of the ‘.. cast demand was
used. Furthermore, to test the effect of SS level on model (17)-(57), .o different SS levels
were generated and compared with the basic case. They are dubbed 1, low-3S and high-SS.
Table 1 summarizes the SS levels as a percentage of the hospital der>~nd for both essential

and nonessential medications.

Table 1: SS levels as a percentage of the hospital f recast lemand, d?

Case Essential medications Nonessenti.' » .dications
Basic case d? * 5% d’ ~2.5%
Low-SS d? % 2.5% df x .25%
High-SS d? % 10% dy % 5%

The capacity of the producer assigned for the ' .._.i.a: nas a direct impact on medication
quantities shipped to the hospital. Therefore. two 1 els of allocated capacity were issued
and compared with the basic case to test the ei>c. on the model; namely Low-Capacity (0.5

times the basic case) and High-Capacity (1.n “ime; the basic case).

IBM ILOG CPLEX 12.3 was used on D" L v OSTRO 3450 with 2.30GHz CPU and 4GB
of RAM to solve the VMI supply chain model (17)-(57).

4.2 Numerical results

The model described by (1" )-"7) was solved separately for each case using the parameters
mentioned in subsection .. The average time CPLEX taken to solve these cases was 267

seconds. The average o, “iv ality gap for all cases was around 0.1%.

Table 2 summarizes he cesv'ts for the basic case. The objective function value, as the total
cost of the PSC, i ;iven - the second row. It can be concluded that shipping, holding, and
shortage costs re»resem 34%, 33%, and 32% of the total cost, respectively. The shipping,
holding, and ~lortag. costs for the essential medications represent 47%, 64%, and 28%,
respectively. The e: pired medication cost is zero since the expired medication quantity at

the hospital site 1> zero. The total shipping quantities are given in row 8 in the same table.

As expounde ! in subsection 3.2, currently, 18% of the shipped branded medications to the
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Table 2: Solution results for the basic case

Total cost Essential medications($) Non-Essential medi . +ions($) Total ($)
Objective function value o 722,698
Shipping cost 117,778 133,4".4 251,210
Holding costs 152,750 84 &8 237,238
Shortage costs 65,722 168,52 234,245
Expired medication costs 0 v 0
Total medication quantities Essential medications (unit) Non-Esser :ial - iedi.ations (unit) Total
Shipping quantities 164,118 8,303 304,421
Shortage quantities 1,195 2,800 3,995
Expired medication quantities 0 0 0

hospital are expired at the customer zone. Implementing * V.VII 1 10del under the assumption
of deterministic demand, in contrast, would eliminate ‘he .nedication expiration as also

reported in Table 2.

4.2.1 Sensitivity analysis

In this subsection, we aim at analyzing thei »acu »f various SS levels and producer capacities
on PSC costs following a VMI strategy.

Figure 3 depicts the comparison between the . asic case and two SS levels. As the SS level is
decreased to the Low-SS, the total F>C c. st decreases by 19%. The same behavior was noted
for the holding and shortage costs. This comes as no surprise, since reducing the SS level
reduces the total medication sh rta je and holding quantities by 16% and 43%, respectively.
By the same token, increasin ; tu. S& level to the High-SS increases the total PSC cost by
20%, the medication holdir ; |, antities by 30%, and the shortage quantities by 15%.

M Holding costs i Shipping costs M Shortage costs B Expired medication Costs
1,000,000 =
300,000 =w=Bz ‘Case M@=LowS55 === High-55 High-s Non-
A Essential  i——

800,000
2 100,000, 4 High-SS Essential
% 500,000 & ——F——;
= cod o0 Low-SS Non-  —
E Essential e —
E 400,000
& % R

300,000 ; — Low-SS Essential g

00000 —————— = N e

Basic Case Non-
10000 ——— S — Essential —
o Pt —_—
Obje iwe Holdin, osts Shipping Shortage Expired Basic case Essential “ﬁ
va 2 costs costs medication
costs Cost Value ($) 0 50000 100000 150000 200000 250000 300000 350000
T . .
( I~ of 55 level on the PSC costs (b) Effect of SS level on the PSC costs per medication type

Figure 3: Effect of SS level on the various costs of the VMI model
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The allocated capacity level has a direct influence on the shortage costs as shown in Figure
4. As anticipated, reducing the producer capacity assigned for the hc . p..~l to the Low-
Capacity increases the objective value by 92% since the outsourcing proc ... is very expensive,
besides the penalties provoked. On the other hand, increasing the prou e capacity to High-
Capacity could fully satisfy the hospital demand and ship more medica.*ons. Tt is noteworthy

that the expired medication quantities under the VMI model are zer > ‘or all cases.

12,000,000  Holding costs hipping cos. S Shortage costs M Expired medication Costs

=#—Basic Case == Low-Capaci High-Capacit
pactty = PR High-Capacity Nc - ¥

]
AD.0o0.000 Essential
A .
8,000,000 High-Capacity Essential
\ Low-Cap ity Nor T—

Cost Value (3)

6,000,000 Esc ntial =
0
4,000,000 Low-Car ~city Essential ¥
\ / \ Y
2,000,000 Basic Case Non-Ess. ‘ial g
ﬁ-—-—...___!\ ,/ s -]
0 —£ Ba.. “ase Esse’ ial |

|
0

Objective Holding costs  Shipping Shortage Expired
value costs costs medication Cost Value($)
costs

1000000 2000000 3000000 4000000 5000000

(a) Effect of allocated capacity levels on the PSC cost (b) ki -t of capcaity level on the PSC costs per medication

Figure 4: Effect of allocated capacity leve's us > 2 various costs of the VMI model

4.3 Monte-Carlo simulation

The VMI models in the previous s' psectic 1s (4.1 and 4.2) are solved by considering a deter-
ministic demand that was obtair :d fro.~ _he real case study archived data. As expected, the
VMI model succeeded in impr wvirg th: sustainability of the supply chain under investiga-
tion. That is, no expired me .cation. are observed in all cases. However, the demand of the
hospital is an unknown parameuv.~ for which the producer is not certain about in advance.
In order to mimic the realit | the effect of the demand uncertainty on the VMI model and

on the quantity of expirea nedication is studied in this subsection.

We conduct a set o1 Montr-Carlo simulation experiments, Rubinstein and Kroese (2016),
in order to quant'ty thr quantity of expired medications under randomly generated demand
profiles when the repler.shment plan obtained from the deterministic VMI model (17)-(57)
is implement .d. T~ this end, we first generate a set of scenarios that mimic the uncertain
behavior of ¢ manc. The simulation engine receives the replenishment amounts (Q%,) ob-
tained frc u '~ deterministic VMI model along with random demand scenarios as inputs.

Afterwards, "« calculates the quantity of expired medications. The VMI simulation engine
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contains an optimization model similar to the deterministic VMI one whe e the replenish-

ment quantities (QF,) are considered as a parameter (instead of a decis’on variable). The

aforementioned simulation process is depicted in figure 5.
Solve VMI deterministic model- Basic

case
Model (17)-(57)

Deterministic demand analysis
(Minitab) w

}

Demand distribution functiono.. - d

The replenishment quantity decision Generate random =mand data
variable is obtained and used as an and use them as inp. ~aramete’ -
input paramter in the VMI model ¥ in the * "' moae.
Qi

Repeat
\—> VMI Simulation Engine «——— J 100 times
Record the expired medicatior -

amount  pr

Figure 5: VMI model Monte- ""....o suuulation process

It should be noted that the actual demand daa _ouected from the real case was analyzed
using a statistical package (Minitab 17) in . 'er v obtain the demand distribution function
and its parameters. The analysis revealed tnat the demand of all medications follow the
Gamma distribution function. Table 3 rep.~sents the Gamma distribution function scales

and shapes for all products.

Table 3: Demand dist1.’ “itic a function analysis - Minitab Output

Product Dis’ ribntion function Shape Scale
Product 1 ~ Gamma 0.68 873.06
Product Gamma, 0.39 10302.02
Producu 3 Gamma, 0.61 3538.98
Prod ct ! Gamma 0.37  5011.91

The results obtained fro a the 100 scenarios revealed that in 93% of the time no expired
medications were obs. ved However, in 7 scenarios (7%), a positive amount of expired
medications was notic. 1, especially for low demand scenarios. The quantity of expired
medications for t. » af- rementioned scenarios are reported in table 4. The third column
in this table corres, onds to the ratio of expired amounts over the quantity shipped to the
customer (hos, ital'. In fact, when the actual demand is significantly lower than the forecast

(determin. tic ._..e, medications would remain in stock and get expired before being used.
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Table 4: The medication expired (units and %) for some scenarirs

Scenario no. Expired medications (unit) Expired medicatic..” (%)

1 84,726 27.83
2 82,852 27.2°
3 82,734 2715
4 77,792 25.9.
5 65,676 L7
6 56,142 18 44
7 39,216 12.08

4.4 Managerial insights

The results obtained from the the previous subsections (2 2 auu 4.3) could provide the stake-
holders of PSC, i.e., the producer and the hospital, ~ome i isights in order to improve the
overall cost of the value chain in general and the s.-tainability image of the producer, in

particular.

According to the results of sensitivity analysi. on wue SS level, this factor has a significant
impact on reducing the shortage and holdi .: cos.z. Therefore, the producer is prompted to
review SS levels with the hospital and undate them periodically in order to reduce the cost

of the PSC.

Moreover, when testing two levels ¢ the -apacity assigned to the hospital against the basic
case, the results demonstrate its cru ial "‘mpact on the shortage costs. Therefore, the pro-
ducer is advised to boost the caaci'y assigned to the hospital under investigation by a factor
of 1.5 so as to avoid a signifi ant «™r ant of outsourcing and penalty cost, while ensuring a
high service level. Likewise by reducing medication shortages, the producer not only saves
but he also receives mor . .. formation on the hospital demand patterns that aid him in a

more efficient planning “ r edication inventories.

Finally, the results ¢ th = Mr ate-Carlo simulation tests clearly indicate the robustness of the
VMI model in th- prese.. e of the changes in the demand of medications in the hospital.
In other words, « espite :onsidering the foretasted values of the demand, the replenishment
plans propose ! Dy uus model result in zero wastage in 93% of scenarios while not affecting
the amount . f short age. Hence, at the presence of realistic demand forecasts, the proposed
model corld be exploited by the producer and the hospital as a reliable strategy to reduce

the amounu <. expired medications while maintaining a high service level.

21



4.5 Sustainability implications

The term sustainability typically consists of three pillars; society, enviro ... »nt, and economy.
Our proposed model leads to improvement of all three pillars. The en “rc.amental impact of
the supply chain is improved by eliminating expired medication; hence . voia.ag further issues
regarding their disposal. It is true that adopting VMI model ir cur: ~ cost. Nevertheless,
the major part of the cost is associated with the fixed cost of tech..”.ogical implementations.
On the contrary, zero expired medications policy would save gover ymental penalties to the
producer due to improper disposal and adverse environmeny ! im- acts. In addition, VMI
enables the producer to better manage its capacity amo g a'’ . ustomers, and consequently
increase revenue via providing medication to more crstomers  As a consequence, the fix
set-up cost of implementing VMI is expected to be paid T in long-term. Finally, rather
than spoiling medications due to inappropriate inent. v _olicies, more patients would be
able to receive them. This can be interpreted as the sa« "] impact of adopting this policy in

pharmaceutical SC.

4.6 Insights into VMI implemer. tution

Despite the well-known benefits, implementing a VMI system is not a straightforward pro-
cess. Sharing of data and informat.on th oughout the whole supply chain is a key element
of an efficient implementation. As po. tes. out by Stanger (2013), hospitals may be afraid of
losing control over their invent ,ries. A solid base of trust between PSC entities is therefore
required. In this section we propu.~ some steps and practical procedures that would help

the producer and the hosp’.al v implement the VMI model mentioned in Section 3.

Figure 6 depicts the prr cess of the inventory management by the producer at the hospital,
i.e., the VMI system. rhe . ~lementation starts by a profound communication between the
producer and the h_ svi.al. The producer has to agree with the hospital on the SS levels
to manage for es cutial a.d nonessential medications. These levels would change and be
revised periodica ly acc rding to the hospital’s demand and the emergency. The producer
needs to knor Jhe actual level of inventory. This can be accomplished via sending a sales
representativ » to tal e a physical count of medications on hand, sending inventory status via
EDI or e~ ~~ils. or even using compatible VMI software platforms at both PSC entities sites.

The main 1.~ cure of a VMI software is to enable the producer to get up-to-date inventory
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Figure 6: Proposed VMI process betwee » 7reneric PharmaX and the hospital

information as often as desirable over th~ =nti1> planning horizon. The expenses of the VMI
software can be covered by the savings expe.*ed in the safe disposal fees and penalties that

the producer used to pay to governr.c.. for expired medications.

The producer checks whether ar y mucliration in stock is expired. If this is the case, the
expired medications are quarar .ine « ar 1 then stock level is refined. The expired medications
are sent to the government ,afe a. : osal sites using a transportation provider. Based on
the SS levels assigned for cach ‘em, Generic PharmaX calculates the next replenishment
quantity and issues reple’.ish nent plans. Once replenishment plans are in place, the producer
generates them into order ;| ans. The orders must be reviewed and approved by the producer,
and perhaps the hos ita’, devending on their preference. A summary report is issued based
on parameters includi. lrad-time (if any), minimum safety stock, days of supply, initial

inventory level, ¢ mouny on-order or in-transit, etc.

In out-of-stor « sitrations, Generic PharmaX communicates with another pharmaceutical
company to 1 lfill tF 2 demand of the hospital with equivalent medications. Equivalent medi-
cations 1 ., ~~t always have the same treatment efficiency as the original ones. Besides, the

price of the « itsourced medications is usually more expensive than the insourced. Therefore,
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a shortage penalty is paid by the producer to the hospital for any shortag: in the demand.
The producer is also obliged to pay the outsourcing expenses. It is notewr 1.7 that shipping
more frequently is the most obvious leverage provided by VMI system, ... <h will permit the
producer to address out-of-stock situations faster. The producer-ma. ¢ rs can then make
adjustments to the order and review the impact of these adjustmen.” A.so, the hospital
can revise these adjustments through the software updates. Upo. th> ~hipment release, the

producer notifies the hospital.

On a periodic basis, performance indicators reflecting the ‘ctual esults, such as expired
medications percentages, inventory turns, stock-outs, anc Jays ui supply, will demonstrate
whether the producer’s control is sufficiently profitable “~° bo'h PSC entities. As a final
remark, benefits gained from VMI system go beyond a .'mpie switchover. In other words,
in a longer period when both Generic PharmaX ana "he hos pital adjust their efforts to take
advantage of this lower cost of inventory level systen. the final satisfaction level will likely

increase.

5 Concluding remarks

In this article, we proposed a VMI model for the PSC that seeks the optimal quantity
of medications that must be shipp -d by the producer to the hospital in each period over a
planning horizon. The goal of the moad' i* to minimize medication shortage at producer’s site
and the amount of expired med cat’ons it customer’s site. OQur experimental results on a real
pharmaceutical company rev al the . 1portance of adopting VMI system for the PSC entities
on greening the supply chéun tu.~ugh eliminating the medication wastage. In other words,
sharing the medication ‘ coc : level with the producer not only assists the pharmaceutical
company to better manay the medication replenishment and to avoid outsourcing cost, it
also guarantees no s iortage at the customer site (hospital). Furthermore, it improves the
sustainability of the wi.'e - alue chain through minimizing the amount of expired medications
that are featured with lc v salvage value, negative environmental footprint, and high recovery

cost.

A sensitivity analy<is was also provided to illustrate the effect of SS level and producer
capacity . "~ inventory control management. From the results, it is recommended that

the produce. mcrease its capacity assigned to the hospital demand to avoid high outsourcing
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costs. In addition, the SS level has significant impact on the PSC total :ost. Therefore,
we advise the producer to review SS levels with the hospital more often tv make sure that
the right amount of medications is kept in stock. Finally, a Monte-("«.'o simulation was
performed to investigate the demand uncertainty effect on the mode.. T .e results affirmed

the efficiency of adopting VMI model in reducing the amount of was.. meauications.

The VMI system implementation, however, is not a straightforv ard process. A key element
in VMI system, that facilitates the implementation, concerns '..e sha.ing of data and infor-
mation. It is usually refused by the PSC entities due to fe wrs of 1ysing control over their
processes. For this purpose, we proposed some steps an-. pracucal procedures that would

help in the implementation of the VMI model between th > ~.od1 cer and one of its customer.

Although our model is representative of certain pharmaceu -ical value chains, we recognize
that our results are limited due to specific assumpti.ns 1. in the case study. In particular,
the costs are assumed to be unchangeable after imrl~~- ting VMI system. In other words,
costs used to solve the model are the current cost bet, = the VMI system implementation. For
future work, considering more medication type. ar d wnore than one hospital can be suitable.
In this case, an efficient solution algorithm . .. <olv'mg the resulting large-scale MINLP model
would be necessary. Also, current VMI model could be extended to incorporate the uncertain
demand and a non-zero replenishment lea. time. Finally, VMI partnership may be more
beneficial for one stakeholder (e.g., t¥_ “ospital). Therefore, research on methods to manage

sharing of possible benefits among PSC st ikeholders would also be of practical value.

Acknowledgments

The authors would like tc .. ank the Fonds de Recherche du Québec - Nature et Technologies
(FRQNT) for the finan. 2l ‘upport in this research project.

References

Alftan, A., Kaipia R., Lc kkanen, L., Spens, K., 2015. Centralised grocery supply chain planning:
improved ex” _ption wanagement. International Journal of Physical Distribution & Logistics Man-
agement 4% (3), 23 —259.

Belién, J. Force, d., 2012. Supply chain management of blood products: A literature review.

European 1 urnal of Operational Research 217 (1), 1-16.

25



Borade, A. B., Kannan, G., Bansod, S. V., 2013. Analytical hierarchy process-be .ed framework for
VMI adoption. International Journal of Production Research 51 (4), 963-97".

Cachon, G. P.; Fisher, M., 2000. Supply chain inventory management ar . e value of shared
information. Management Science 46 (8), 1032-1048.

Candan, G., Yazgan, H. R., 2016. A novel approach for inventory problen. in ti.e pharmaceutical
supply chain. DARU Journal of Pharmaceutical sciences 24 (1), 4.

Cetinkaya, S., Lee, C.-Y., 2000. Stock replenishment and shipment sci. - uling for vendor-managed
inventory systems. Management Science 46 (2), 217-232.

Chapman, J., Hyam, C., Hick, R., 2004. Blood inventory mana emer .. Vox Sanguinis 87 (s2),
143-145.

Civelek, 1., Karaesmen, 1., Scheller-Wolf, A., 2015. Blocd piatele’ inventory management with
protection levels. Furopean Journal of Operational Research 213 (3), 826-838.

Claassen, M. J., Van Weele, A. J., Van Raaij, E. M., 290&. Parf rmance outcomes and success fac-
tors of vendor managed inventory (VMI). Supply Chain . "anagement: An International Journal
13 (6), 406—414.

Cooke, J. A.; 1998. VMI: very mixed impact? Lo su. © ™ tanagement and Distribution.

De Toni, A. F., Zamolo, E., 2005. From a t ditio. al replenishment system to vendor-managed
inventory: A case study from the household el t1. al appliances sector. International Journal of
Production Economics 96 (1), 63-79.

Disney, S. M., Towill, D. R., 2003. Vendor-managed inventory and bullwhip reduction in a two-level
supply chain. International Journa™ of Op ations & Production Management 23 (6), 625-651.
Dong, Y., Xu, K., Dresner, M., 2007. Env. ~ mental determinants of VMI adoption: An exploratory

analysis. Transportation Resea ch T art 7: Logistics and Transportation Review 43 (4), 355-369.

Glover, F., 1975. Improved line ar integ > programming formulations of nonlinear integer problems.
Management Science 22 (£, 457 -460.

Govindan, K., 2013. Vendc .-m naged inventory: a review based on dimensions. International Jour-
nal of Production Resea: * 51 (13), 3808-3835.

Goyal, S., Giri, B. C., .00] Recent trends in modeling of deteriorating inventory. European Journal
of Operational Resear.~ 12+ (1), 1 16.

Gunpinar, S., Cen eno, G 2015. Stochastic integer programming models for reducing wastages and
shortages of bloc ' nre .ucts at hospitals. Computers and Operations Research 54, 129-141.

Gunpinar, S. Cente. 9, G., 2016. An integer programming approach to the bloodmobile routing
problem. Tre <no- jation Research Part E: Logistics and Transportation Review 86, 94-115.

Haijema, . . 2" 1. Optimal ordering, issuance and disposal policies for inventory management of

perishable | ~oducts. International Journal of Production Economics 157, 158-1609.

26



Kaasgari, M. A., Imani, D. M., Mahmoodjanloo, M., 2017. Optimizing a vendor r .anaged inventory
(vmi) supply chain for perishable products by considering discount: Two calib a. 1 meta-heuristic
algorithms. Computers & Industrial Engineering 103, 227-241.

Karaesmen, I. Z., Scheller-Wolf, A.; Deniz, B., 2011. Managing perishabl. ap . aging inventories:
review and future research directions. In: Planning production and in. mtor. 3 in the extended
enterprise. Springer, pp. 393-436.

Ketzenberg, M., Ferguson, M. E.; 2008. Managing slow-moving perisun. ' :s in the grocery industry.
Production and Operations Management 17 (5), 513-521.

Krichanchai, S., MacCarthy, B. L., 2017. The adoption of vendo. mana ,ed inventory for hospital
pharmaceutical supply. The International Journal of Logist.cs M~nagement 28 (3), 755-780.

Kumar, S., Dieveney, E., Dieveney, A., 2009. Reverse logisu.c prc cess control measures for the

1

pharmaceutical industry supply chain. International Journ.' of Productivity and Performance

Management 58 (2), 188-204.
Lainez, J. M., Schaefer, E., Reklaitis, G. V., 2012. Challen_~s and opportunities in enterprise-wide

optimization in the pharmaceutical industry. Comy -ters and Chemical Engineering 47, 19-28.

Lee, Y.-M., Mu, S., Shen, Z., Dessouky, M., 20 «. I ~ing for perishable inventory management

with a minimum inventory volume constrairt. Co puters & Industrial Engineering 76, 280-291.

Marqueés, G., Thierry, C., Lamothe, J., Gourc, D., 2010. A review of vendor managed inventory
(VMI): from concept to processes. Producon .unning & Control 21 (6), 547-561.

Nahmias, S., 1982. Perishable inventory theory: A review. Operations research 30 (4), 680-708.
Onal, M., Romeijn, H. E., Sapra, A , van « »n Heuvel, W., 2015. The economic lot-sizing prob-

lem with perishable items and consu.. »t’n order preference. European Journal of Operational
Research 244 (3), 881-891.

Rubinstein, R. Y., Kroese, D. 2., 2v0.% Simulation and the Monte Carlo method. John Wiley &

Sons.

Shen, Z., Dessouky, M., O-uo0. =z, F., 2011. Perishable inventory management system with a mini-

mum volume constrainv. T urnal of the Operational Research Society 62 (12), 2063-2082.

Stanger, S. H., 2013. ¥ end r managed inventory in the blood supply chain in germany: Evidence

from multiple case sv. des. Strategic Outsourcing: An International Journal 6 (1), 25-47.

Uthayakumar, R., Priyar. S., 2013. Pharmaceutical supply chain and inventory management strate-
gies: Optimizati n for . pharmaceutical company and a hospital. Operations Research for Health
Care 2 (3), »2-64.

Waller, M., Jo. nson M. E., Davis, T.; 1999. Vendor-managed inventory in the retail supply chain.
Journar oy .. “~ess logistics 20, 183-204.
Weraikat, D., Zanjani, M. K., Lehoux, N.; 2016a. Coordinating a green reverse supply chain in

27



pharmaceutical sector by negotiation. Computers & Industrial Engineering 93 67 77.

Weraikat, D., Zanjani, M. K., Lehoux, N., 2016b. Two-echelon pharmaceutical .ev. <e supply chain
coordination with customers incentives. International Journal of Productis.. “iconomics 176, 41—
52.

Zhao, Q.-H., Cheng, T. E., 2009. An analytical study of the modificatio.. abin.y of distribution
centers. European Journal of Operational Research 194 (3), 901-91(.

Appendiz-A

Replacing Ff;.vfi_l)(t_l) by ~}, imposes constraints (33), (34), nd (“.6) to the model.

v < M.F}, VpeP, Vte”| i =1 (33)

< Uﬁq)(m)v Vpe P, VtoT, viel (34)

W = M(F, =)+, Yoo P #ET, Viel (35)
v >0, VpeP, Ytet Yiel (36)

Replacing FJ,.LY, by AL, imposes constraints (37), (o) and (40) to the model.
N < M.FY, Vpe vteT, Viel (37)

N < I, Vper, vteT, Viel (38)

Ny > MA(FL—1)+ L, vpeEP, VteT, Viel (39)

N, >0, “ne P, VteT, Viel (40)

Replacing F{;_,,.Q% by 3 requirc. addin ; constraints (41), (42), and (44) to the model.

r< M._T(@_Jt, Vpe P, VteT, Viel (41)
bo.@Qy,  VpeP YteT, Viel (42)
oM, 1)+Q, VYpeP VteT, Viel (43)
v >0, YpeP VteT, VYiel (44)

Replacing F};.Q%, by %, requi-es adding constraints (45), (46), and (48) to the model.
<y ~MFY, Vpe P, VteT, Viel (45)
o <@, Vpe P, VteT, Viel (46)
a, ~M(F,-1)+Q,, YpeP VteT, Viel (47)
ab, >0, Vpe P, VYteT, Viel (48)
Replacing .7, Ly by & requires adding constraints (49), (50), and (52) to the model.

o <MFl_,,, VpeP, VteT, Viel (49)
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A Vpe P, YteT, Viel (50)

o > M.(F(’;fl)t — 1)+ L%, Vpe P, VteT, Viel (51)

o >0, Vpe P, VteT, Viel (52)

Replacing F;_),-v(;_1y_1) bY 4(;_1), imposes constraints (53), (54), ~nd (77) to the model.
,u@_l)t < M.F(’;_l)t, Vpe P, VteT, Yoel (53)

/ﬁ(’ifl)t < U@il)(til), VpeP, VteT, V. :1 (54)

My = MA(FG_ = 1) + 0001 VpeP VteT, Viel (55)

Iy =0, Vpe P, YVt _-r (56)

e =0, Vpe P, VteTl, Vi-I (57)
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