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Abstract

This paper develops a mathematical programming model for a multi-period and multi-product
forward-reverse supply chain under dynamic condition to determine the optimal values of tactical
level decisions. The tactical level decisions include decisions related to production and distribution
planning, inventory amount, transportation mode, quantity of collected and recovered products in
the forward and reverse sides of the considered supply chain. The acquired results justify the
capability of the proposed model in determining the optimal values of tactical level decisions in
different echelons of a forward-reverse supply chain network.
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1. Introduction

Forward-reverse supply chains are the network of organizations, people, activities, information and
resources involved in providing new goods from suppliers to the customers and collecting of used
products from final customers and remanufacturing, recovering or disposal them in a suitable way.
Therefore, Forward-reverse supply chain management is the process of integrating and utilizing
suppliers, manufacturers, warehouses and retailers in the forward side and collecting, recovering
and disposal activities in the reverse side; so new products are produced and delivered to the end
users at the right quantities and at the right time and then the used products are collected and
recovered and/or disposed in the suitable way [1]. Many companies such as Dell, HP, Kodak,
Canon, and Xerox have achieved many economic advantages through collecting and recovering the
used products.

The increasing interest in evaluating the performance of supply chain networks over the past years
indicates the need for the development of complex optimization models able to answer unsolved
guestions in the context of production and distribution planning [Y]. On the other hand, recovering
and redistribution of used products has attracted many attentions by the researchers and
practitioners in the last decade due to environmental challenges, governmental limitations and
economic reasons [Y]. However, many researchers [¢] have stated that planning for the forward and
reverse supply chain, separately, leads to sub-optimality in the planning of supply chain.
Consequently, the main aim of an integrated production and distribution planning model in a
forward-reverse supply chain would be determining the number of products produced in the plants,
the number of products recovered in recovery centers, the amount of flows between different
entities existing in the different echelons of the supply chain, the amount of inventories to be stored
in distribution centers, the amount of collected products, and the amount of recoverable and non-
recoverable products. Integrated production and distribution planning is a medium range capacity
planning that typically includes a time horizon from 3 to18 months [°]. It should be noted that
other forms of planning such as master production schedule, capacity requirements planning and
material requirements planning follow the outcomes of aggregate production and distribution
planning and are determined in a hierarchical way [] according to supply chain planning matrix.
Acquiring used products (planning for purchasing used products) can reduce the uncertainty of
quality, quantity and timing of returns [Y]. Some studies [A] have assumed that the manufactured
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products are as the same as new products and are sold in the same markets with the same prices.
However, according to the life cycle of products this assumption may not be reasonable in the real
world. Consequently, in this paper, we assume that remanufactured products are sold in second
markets with lower prices.

In this paper, we present a novel model for multiple products, multiple periods integrated
production and distribution planning in a forward-reverse supply chain network consisting of
multiple production sites and transportation modes which integrates production and distribution
plans in the forward and reverse sides of the supply chain, simultaneously. In the proposed model,
the main real-world assumptions such as direct or indirect shipments, several customer zones for
new, recovered, and non-recovered products, service level of customers, and multiple
transportation modes are considered. To the best of our knowledge, there is no research paper with
the mentioned contributions in the literature of forward-reverse supply chains.

The remainder of this paper is organized as follows. In Section 2, we define our notations and
develop a new linear programming model for the forward-reverse supply chain network planning.
The results and discussions are presented in Section 3. Section 4 presents conclusions extracted
from the proposed model and its solutions.

2. The proposed mathematical programming model
The concerned aggregate production-distribution planning model for the forward-reverse supply
chains is of multi-site, multi-echelon, multi-period, and multi-product network type. A practical
situation of such problem can be found in several industries such as printers and copiers
production, namely Xerox and Kodak companies, or digital cameras production, namely Canon
Company. New products are produced and also recovered products are recovered in hybrid
manufacturing/recovery (HMR) centers and shipped to the hybrid distribution/redistribution (HDR)
sites. As it was mentioned by Pishvaee et al. [37], hybrid processing facilities offer potential cost
savings compared with separate distribution or collection centers in a forward-reverse supply chain
network.
In addition, new products could be directly shipped from HMR centers to customer zones to fulfill
new products’ demands before reaching due dates. At HDR centers, some products are stored and
the rest is shipped to customer zones through different transportation modes. Also, some new
products are hold as safety stock to face with unscheduled changes in customer needs.
It is worthy to note that new products’ customers have higher priority respect to recovered
products’ customers when assigning resources to customers. Therefore, direct shipment of products
and holding safety stock options are presented only for new products. New products are delivered
to customers in a pull manner, while demands of recovered products are fulfilled in a push way
where their raw material are provided from collected used products and thus are limited. Therefore,
some demands of recovered products may not be fulfilled
Used products are purchased from customer zones and shipped to collection centers. After testing
and evaluating the quality of used products in collection centers, they are classified into
recoverable and non-recoverable products. The recoverable products are shipped to HMR centers
and the non-recoverable products are sold to material customers.
In the proposed model, delivery time of products to customers might be violated which may lead to
deviations from predetermined customer service levels based on senior management’s preferences.
For example, customers with targeted service level 100% receive products before their promised
delivery times.
The objective function aims to maximize the net present value of total profit which is achieved
through subtracting the total costs from the total revenues. Total revenues are acquired from selling
different types of products in predetermined customer zones. Total costs include production costs,
recovery costs, transportation costs, purchasing costs of used products, testing and evaluating costs
of collected products, inventory holding costs, and advertisement costs.

The following notations are used to formulate the problem mathematically.
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Indices

i Index of hybrid manufacturing/recovery centers (i=1,...,I)

j Index of hybrid distribution/redistribution centers (j=1,...,J)

k Index of first markets’ customer zones (new products) (k=1,...,K)

| Index of second markets’ customer zones (recovered products) (I=1,...,L)

m Index of collection centers (m=1,...,M)

n Index of transportation modes (n=1,...,N)

p Index of products (p=1,...,P)

t Index of time periods (t=1,...,T)

Parameters

D1pt Demand of customer k for new product p in period t

D2t Demand of customer | for recovered product p in period t

Relipt Amount of returns of product p from customer k in period t

Re2ipt Amount of returns of product p from customer I in period t

plp Recoverable percentage of product p collected from the first markets’ customers in period t
£2p Recoverable percentage of product p collected from the second markets’ customers in period t
SS1jpt Safety stock level of new product p at distribution/redistribution center j in period t

Priknpt Unit Selling price of new product p shipped from distribution/redistribution center j to customer k

by transportation mode n in period t

PrLiknpt Unit Selling price of new product p shipped from manufacturing/recovery center i to customer k
by transportation mode n in period t

Pr2;jinpt Unit Selling price of recovered product p shipped from distribution/redistribution center j to
customer | by transportation mode n in period t

Pr3pt Unit Selling price of non-recoverable product p sold to material customers in period t

Purlyp Unit Purchasing cost of used product p from customer k in period t

Pur2g Unit Purchasing cost of used product p from customer I in period t

PCipt Manufacturing cost of new product p at manufacturing/recovery center i in period t

Rcipt Unit Recovery cost of used product p at manufacturing/recovery center i in period t

HpCmpt Unit Processing and quality test costs of used product p at collection center m in period t

Hicljy Unit holding cost of new product p at distribution/redistribution center j in period t

Hic2jg Unit holding cost of recovered product p at distribution/redistribution center j in period t

SCipt Unit shortage cost of recovered product p for customer I in period t

Halipt Unit advertising cost of product p at customer zone k in period t

Ha2yy Unit advertising cost of product p at customer zone | in period t

r Interest rate

BC: Maximum budget assigned for advertising and marketing activities in period t

TCijnpt Unit transportation cost of new product p shipped from manufacturing/recovery center i to

distribution/redistribution center j by transportation mode n in period t

TcLiknpt Unit transportation cost of new product p shipped from manufacturing/recovery center i to
customer k by transportation mode n in period t

TC2jknpt Unit transportation cost of new product p shipped from distribution/redistribution center j to
customer k by transportation mode n in period t

TC3jinpt Unit transportation cost of recovered product p shipped from distribution/redistribution center j to
customer | by transportation mode n in period t

TCAimpt Unit transportation cost of used product p shipped from customer k to collection center m in
period t

TCSimpt Unit transportation cost of used product p shipped from customer | to collection center m in
period t

TCBmipt Unit transportation cost of wused product p shipped from collection center m to
manufacturing/recovery center i in period t

Tdikn Delivery time from manufacturing/recovery center i to customer k by transportation mode n

Texp Expected delivery time of customer k for new product p in any period

Tdljkn Delivery time from distribution/redistribution center j to customer k by transportation mode n (in
days)

Td2jin Delivery time from distribution/redistribution center j to customer | by transportation mode n (in
days)

Telyp Expected delivery time of customer | for recovered product p in any period (in days)
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SI1k Average predetermined service level for customer k (the percentage of on-time deliveries)

SI2 Average predetermined service level for customer | (the percentage of on-time deliveries)

by Required storage capacity per unit of product p (volume)

b1, Required production capacity per unit of product p (machine-hour/unit)

b2, Required recovery capacity per unit of product p (machine-hour/unit)

b3, Required handling capacity per unit of product p at collection centers (machine-hour/unit)

Cal; Maximum capacity of hybrid manufacturing/recovery center i

Caz; Maximum capacity of hybrid distribution/redistribution center j

Ca3n Maximum capacity of collection center m

Variables

Xiknpt Quantity of new product p shipped from distribution/redistribution j to customer k by
transportation mode n in period t

XLiknpt Quantity of new product p shipped from manufacturing/recovery center i to customer k by
transportation mode n in period t

X2jinpt Quantity of recovered product p shipped from distribution/redistribution center j to customer | by
transportation mode n in period t

X3ijnpt Quantity of new product p shipped from manufacturing/recovery center i to
distribution/redistribution center j by transportation mode n in period t

X&ijnpt Quantity of recovered product p shipped from manufacturing/recovery center i to
distribution/redistribution center j by transportation mode n in period t

XEipt Quantity of new product p manufactured at manufacturing/recovery center i in period t

Yikmpt Quantity of returned product p shipped from customer k to collection center m in period t

YL impt Quantity of returned product p shipped from customer | to collection center m in period t

Y20t Quantity of scraped product p sold to material customers in period t

Y3mipt Quantity of recoverable product p shipped from collection center m to manufacturing/recovery
center i in period t

ICLjpt Inventory level of product p at distribution/redistribution center j in period t

IC2jpt Inventory level of recovered product p at distribution/redistribution center j in period t

Aipt Backorder quantity of recovered product p for customer | in period t

Rppt Quantity of recoverable product p in period t

Obijective function: The proposed model aims to maximize the net present value of total profit (that
is, total profit = total revenues — total costs). The total revenues are resulted from products sold in
different customer zones including customers of new products, customers of recovered products,
and customers of non-recoverable products and thus can be formulated as follows:

ZZZZZﬁjknthjknpt +Zzzzzmiknptxj.iknpt +zzzzzmjlnptxzjmpt
j k n p t i k n p t j I p n t
+ZZP_r3pty2m

p t

Note that new products could be directly shipped from the HMR sites to customers or shipped
through HDR centers. Although the costs incurred by direct shipments are higher than traditional
indirect shipments, a particular case of interest is that the selling price in both types of shipments to
be equal. In fact, direct shipment strategy is used to fulfill customer expectations within their
maximal allowable times and thus customers should not charge more costs due to direct shipments
utilized by the companies in supply chain. On the other hand, utilizing direct shipment strategy via
different transportation modes boosts customer’s beliefs about the delivery times obligated by the
supply chain members.

The total costs which is a common efficiency criterion to optimize decisions made to use different
resources in supply chain planning models efficiently include transportation costs, production and
recovering costs, quality testing costs of collected products, inventory holding costs, purchasing the
used products, advertisement costs, and shortage costs.

~n
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In this regard, the transportation costs encompass shipping costs between different echelons of the
closed-loop supply chain in both forward and reverse sides via various transportation modes. The
total transportation costs can be formulated as follows:

ZJZ;;ZTCMMX 3ijnpt + Z;;;ZTCLknpt X 1iknpt +JZ;;;ZTC2jknpt X jknpt +
Z;zzzTcsjlnpt X 2jlnpt +;ZZZTC4kmpt ykmpt +

] n o p t m p t

IZ;?ZTCSImpt yllmpt + ;Z;ZTcemipt y 3mipt +ZJZ;;ZTCMMX 4ijnpt

The other types of costs could be written as follows:
Production and recovering costs in HMR centers:

Z Z Z PCipt Xeipt + Z Z Z RCipt (Z y3mipt)

Handling costs in collection centers including the testing and evaluating of used products):

> Zt] HPC, (; Vi + ZI) Ydimpt)

Ir:nver:tory holding costs in HDR centers:

2 Z 2 ZTC6mim Y3inipe + Z Z 22 ZTCijnpt X

Pnllrci;asipng costs of used produlcts Jfro:n cpustomers:

Zk: DD PULa (D Vi) + 20 2 D PUr2i (3 Yl

Adveprtistement costsmin dif“ferentI cu;tortner zones fomr new and recovered products:
Zk: 2 Z Hal,, (Z 2 Xiopt + Z 2 Kiope) +Z|: 2 Zt: Haz,, (Z 22 %2 0p)
Finalply, shortage C()Jstsnrelated to rleconvered products:p o

SN SCit Ay
| p t

It is worthy to note that to calculate the net present values of the total revenues and total costs, the

coefficient 1 . in which r denotes the interest rate, should be multiplied by the above-
@+r)

mentioned equations. However, this coefficient has been omitted from the afore-mentioned

equations for simplicity.

Consequently, we would have the following objective function:
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Max Z = {ZZZZZﬁjknthjknm +Zzzzzm.iknptx:l.iknpt
j k n p t i k n p t
+zzzzzm,—.mxzj,m+zzp_rsmyzm}_
i1 p n it p t

{Z Z,: Zﬂ: Zp: Z‘Tcijnpt X3ijopt + Z Zk: Zn: Zp: ZTCliknpt Xl + Z,: Zk: Zﬂ: Zp: Z‘TCZ I

Zj: Zk: Zn: Zp: Zt:Tc3 ot X2 oot + Zk: Zm: Zp: Zt:TC4kmpl Yienot + le Zm: Zp: ZTCSImpt Yl + "
DD RRCACHDHHHHACMTHED HALLCID D DI y3) )+
% ; Z Hpc,, ., (; Yienpt + Z.: Ylin) +Z,:Zp: Z Hicl,, Ic1,, + Z,: zp: Z Hic2, 1c2,, +

ZE STt T TPT ) T T Dt T

22,2 Haz, (Z D K2 )+ D Y SOy

Model constraints
Inventory balance constraints in the forward side: The following constraints express the inventory-
related and demand satisfaction constrains in the HMR and HDR centers in the forward side.

ZZ Xiknpt T ZZ XLy = Dligt vk, p,t o
j n ik
L,y + 2 > X3y = 1eLy =D Xy ViDLt -
i k n

Icl,,, > SS1,, vj, p,t (@)

Xeipt = Z Z X3ijnpt + Z Z Xliknpt Vi’ p't (5)
jon k n

Zj: Zn: ijlnpt + /’tlpt - A’Ip,t—l = ﬁ|pt v, p,t (©)

1C2,, + D D XAy =162, =" > X2, vj, p,t @)
i n | n

Constraints (2) ensure that all demands of customers for new products are satisfied. Constraints (3)
and (4) are inventory balancing equations and safety stock levels at HDR centers. It is worthy to
note that determination of the safety stock levels could be performed via the forward inventory
coverage concept. That is, the safety stock levels in current period are calculated according to the
demands of customers in the next period as follows: SS1jt = 0pDlkpt+1, Where ap and Dlypt+1
indicate the forward inventory coverage factor of new product p and the most possible value of
demands for new products at the next period, respectively. Obviously, the safety stock levels for
the last period T is achieved based on the first period demands for the new product. Constraint (5)
show the total new products produced at HMR centers in any period. Constraints (6) and (7) are the
demand constraint, being satisfied or being left as back-orders, and inventory balancing equation
for the recovered products at HDR centers.

Inventory balance constraints in the reverse side:
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; Vit =R€lit VK, p,t ®)
Zm: Yl =R€21 v, p,t o)
Rp, = ﬁpg% Vi +Ep2; Vi YD (10)
Y2, = (1—31,,)?; Vip: + (L= B2 ")Z Z Vi VPt (11)
Rp,, = Zm: Z Y3 VR 12)

ZZ X4ijnpt = 2 y3mipt VI, p,t (13)
i n m

Constraints (8) and (9) assure that all of the used products are collected from both customer types.
Constraints (10) and (11) distinguish the collected products into the recoverable and non-
recoverable products based on their qualities. Constraint (12) represents that all recoverable
products shipped from collection centers to the HMR centers are recovered. Constraint (13) links
the amount of recovered products in the forward side with the recoverable products shipped to
HMR sites in the reverse side. Indeed, the balance of recovered products is established at HMR
centers.

Delivery time constraints:

Td,, Xliknpt —(L-sl, )Tekp Xliknpt < Tekp Xliknpt Vi, k,n, p,t (14)
Td1,, Xinpt ~ @-sl, )Tekpxjknpt < T Xt Vi,k,n, p,t (15)
Td2,, X2, —(—slL)Tel x2,, . <Tel x2; . vj,In, p,t (16)

Constraints (14) and (15) state that the new products are delivered to corresponding customers
according to predetermined customer service levels about the new products’ deliveries. For
example, customers with targeted service level 100% (i.e. sli=1) will receive new products in their
expectation time. Constraint (16) is similar to constraints (14) and (15) but for the recovered

products.

Capacity constraints:

Zp:blp XE, +Zj:2n:%:b2pX4ijnpt <cal Vit 17)
Zzn:zp:bpxsijnpe +Zznlzp:bpx4unm +Zp:bp|c1jpt +Zp:bp|c2jpt <ca2; Vijt (18)
Zk: Zp: b3, YVimpt + le Zp: b3, YL, <Ca3,  vmt (19)

Constraint (17) represents the maximum capacity level utilizations in HMR centers for both new
and recovered products. Constraints (18) and (19) are similar to constraint (17) for the HDR and
collection centers, respectively. Constraint (20) demonstrates that the amount of new products
directly shipped is restricted. This could be explained due to budget limitations about direct
shipment of products.

ZZZZZ Xliknpt < UB(ZZZ lept) (20)
i k n p t Kk p t
Budget limitation:

22 Haly (30D Kjoge + 20D Ky ) 222 3 > Ha2y, X2, <BC, vt (1)
k p j n i n j | n p

Constraint (21) considers the budget limitation for advertisement activities in different customer
zones in any period. Finally, constraint (22) indicates the non-negativity and type of different
decision variables.
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Xjknpt’ Xliknpt’ X2j|npt' X3ijnpt’ X4ijnpt ' ﬂ“lpt’ Xeipt' ykmpt' yllmpt' y2 pt? y3mipt’ ICljpt’ Icszt 2 0 (22)
Vi, J,k,n, p,I,m,t

3. Results and discussions
In this section, a numerical example with reasonable size is presented to investigate the
applicability and appropriateness of the proposed model.

Table 1: The amount of tactical level decisions of the considered supply chain

Product Period New Recovered Non- Inventory Inventory
type recovered (new) (recovered)
1 6728 3131 900 611 351
1 2 5839 3016 863 613 1181
3 5553 2845 823 606 1643
1 6977 2971 1071 651 0
2 2 6031 2901 1047 644 454
3 5791 2833 1022 685 860
1 7083 2579 1205 654 0
3 2 6106 2641 1231 627 34
3 5879 2671 1248 663 226

The proposed model is coded in Lingo 11.0 optimization software and solved on a Pentium dual-
core 2.60 GHZ computer with 4 GB RAM. Table 1 illustrates the amount of new products,
recovered products, amount of non-recovered products sold to material customers, and inventory of
new and recovered products in different periods. These results could be used as the inputs in master
production planning or material requirement planning. Also, the senior management has good
insight for requirements of different products in different periods to fulfill customer demands in
right quantity and right time.

4. Conclusion

The proposed model for the forward-reverse supply chain network planning is able to consider
different transportation modes, direct or indirect shipments, and several customer zones for
different products beside the traditional features considered for tackling such problems in the
literature. The proposed model is able to provide medium-term aggregate plans in forward-
reverse supply chains involving different types of customers. The need for such a model may be
observed in high-tech electronics, copiers and printer’s industries. The following research
directions could be covered by researchers and practitioners in the future. Considering another
objective for example maximization of responsiveness or minimization of environmental issues in
the context of multi-objective programming could be addressed. Also, the proposed model has a
general structure which could be implemented in real cases of industries with required
modifications.
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