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DESIGNING AN INTEGRATED MULTI-ECHELON, MULTI-
PRODUCT AND MULTI-PERIOD SUPPLY CHAIN NETWORK
WITH SEASONAL RAW MATERIALS

Abstract. This paper deals with the problem of designing a supply chain
network where availability of raw materials is limited and their price and quality
vary over time due to their seasonal nature. A multi-echelon supply chain with
multiple products and multiple time periods is considered and a Dynamic Mixed-
Integer Linear Programming (DMILP) model is developed that integrates and
optimizes various aspects of network design including supplier selection, location
and size of production and distribution facilities, and quantity of flows along the
supply chain, simultaneously. It is assumed that closing/ reopening production
plants and distribution centers is possible during the planning horizon. The
objective is to maximize total cash value within the supply chain under a
constrained budget. A three-stage solution procedure is developed based on
Genetic Algorithm (GA) and its efficiency is demonstrated through numerical
experiments. The paper discusses specific considerations in optimizing supply
chain networks with seasonal raw materials and highlights the benefits of the
proposed modeling approach.
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1. Introduction

The supply chain network design seeks to optimize strategic aspects of
supply chain such as the number of supply chain facilities, their locations and
capacities, and quantity of flows (Pishvaee et al., 2010). It is a complex decision-
making problem since it needs to integrate various supply chain components such
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as procurement, production, distribution, inventory management, etc. (Sha and
Che, 2006). The complexity increases when additional features that reflect
characteristics of the real-world supply chains are incorporated into the problem.

In this paper, we focus on the specific case of a supply chain wherein
seasonal raw materials such as agricultural and natural products are used in
production processes. The availability of raw materials is limited and their price
and quality vary over time. At the first look, it seems to be economical to produce
and store a large quantity of products in the low-price high-quality period of the
raw materials in order to satisfy demand in all future periods. However, taking
capacity and budget constraints into account, makes it inefficient in practice. This
implies that the seasonality of raw materials will affect decisions regarding the
purchasing time and quantity as well as planning of production and distribution
and, in turn, determining the optimal configuration of the supply chain.

We consider a multi-echelon supply chain with multiple products and
multiple time periods. The available budget is limited and the facilities can be
closed/ reopened during the planning horizon. A mathematical modeling approach
is presented and a solution procedure is developed using Genetic algorithm (GA).

The remainder of the paper is organized as follows. Section 2 provides a
brief review of related studies. Section 3 gives the problem description and Section
4 presents the mathematical modeling framework. Section 5 develops a solution
procedure based on GA for the presented problem. In Section 6, the proposed
modeling approach and the solution procedure are evaluated in a set of numerical
experiments, and finally, the paper ends up with conclusions in Section 7.

2. Literature review

According to Thanh et al. (2008) and Hajipour and Pasandideh (2012),
facility location and strategic planning of the supply chain has been the subject of
many previous works. Herein, we review important studies that are more relevant
to the focus of the current research.

Koksalan and Sural (1999) have considered both the location of new malt
plants and the distribution of barley and malt with the objective of minimizing the
present value of total costs. Melo et al. (2005) have developed a mathematical
model that captures dynamic planning horizon, supply chain network
configuration, external supply of materials, inventory for goods, distribution of
commodities, availability of capital for investments, and storage limitations.

Pishvaee et al. (2010) have developed a bi-objective model for designing
an integrated forward/ reverse logistics network that minimizes the total costs and
maximizes the responsiveness of the network. Olivares-Benitez et al. (2012) have
presented a bi-objective model for a two-echelon single-product supply chain
design considering several transportation channels for each pair of facilities
between echelons that introduce a cost-time tradeoff in the problem.

In more relevant studies, Martel (2005) has focused on designing an
international production-distribution network for make-to-stock products. The
author has discussed the manufacturing process and product structures, the
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logistics network structure, demand and service requirements, facility layouts and
capacity options, product flows and inventory modeling, as well as financial flows
modeling. Moreover, Thanh et al. (2008) have proposed a dynamic decision-
making for designing a multi-echelon multi-commodity supply chain over a multi-
period horizon and developed a Mixed-Integer Linear Programming (MILP) model
that involves decisions about opening, closing, or enlargement of facilities,
supplier selection, and quantity of flows along the supply chain.

In some other studies, the problem of supply chain network design has
been investigated in an uncertain environment. Azaron et al. (2008) have
developed a multi-objective stochastic programming model for supply chain design
with uncertain supply chain costs. The model seeks to minimize the sum of current
investment costs and the expected future processing, transportation, shortage and
capacity expansion costs, the variance of the total cost, and the financial risk. Liang
and Cheng (2009) have proposed a Fuzzy Multi-Objective Linear Programming
(FMOLP) model for manufacturing/ distribution planning in a multi-product and
multi-period supply chain under an uncertain environment. El-Sayed et al. (2010)
have developed a stochastic programming model for designing a multi-period
multi-echelon forward-reverse logistics network under risk. Also, Cardona-Valdez
et al. (2011) have developed a stochastic model for designing a two-echelon
production-distribution network that minimizes total cost and total service time.

The research on supply chain network design has been ever-increasing
with the idea of reflecting real cases and/ or specific features of the problem (e.g.
Babazadeh et al., 2012; Pishvaee and Razmi, 2012; Pishvaee et al., 2012, 2014;
Pan and Nagi, 2013; Tabrizi and Razmi, 2013). However, little research has been
conducted that addresses the effect of seasonality of raw materials on designing
and optimizing the supply chain. The main contribution of this paper is to develop
a comprehensive mathematical modeling framework that considers several
practical aspects of designing a supply chain network with seasonal raw materials.

3. Problem description

Suppose a multi-product supply chain comprising suppliers, production
plants, distribution centers, and customer zones. The problem is to select suppliers,
determine location and capacity of plants and distribution centers, quantity of raw
materials purchased from suppliers and shipped to plants, quantity of products
shipped from plants to distribution centers, and the allocation of customer demands
to distribution centers. The candidate suppliers as well as potential sites for the
facilities and their available capacity levels have already been identified. A
planning horizon of multiple years is considered each year is divided into several
periods, i.e. the seasons. A limited quantity of all products can be purchased
through outsourcing and shipped from distribution centers to customers.

The raw materials required for producing products are seasonal which is
reflected in their varying price and availability as well as their production
efficiency, i.e. the amount of raw material needed to produce a unit of product,
during the planning horizon. The production efficiency will be the best at the
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highest-quality period. It is assumed that each product is made from only one type
of raw material. Also, customer zones are fixed and their demand quantities are
known. All customer demand should be satisfied, i.e. shortage is not allowed.

Each type of raw material and each product occupies a certain amount of
capacity. Moreover, the facilities can be closed/ reopened during the planning
horizon at a certain cost. The supply chain revenue comes from sales of products
and each product has a residual value at the end of the planning horizon. The costs
should be paid at the beginning of the period that they appear while the revenue
sources are available at the end of the period. Available budget is limited and the
objective is to maximize total cash value at the end of the planning horizon which
incorporates total profit and the value of established facilities considering
investment in establishing the facilities and depreciation of their buildings,
equipments, machinery, etc. over time.

4, Mathematical model
4.1. Sets

set of candidate suppliers (i e |)

set of potential sites for locating production plants ( j € J )
set of potential sites for locating distribution centers (r € R)
set of customer zones (d € D)

set of products (k € K))

set of years in planning horizon (t € T )

set of available capacity levels for production plants (¢ € C)
set of available capacity levels for distribution centers (z € Z)
set of time periods in each year (S € S)

ONO-dXQAO <~ —

4.2. Parameters

B available budget at the beginning of planning horizon
fstji investment cost of establishing a production plant with capacity level ¢ at
potential site j in period s of year t

FS S investment cost of establishing a distribution center with capacity level z at
potential site r in period s of year t

fc‘; fixed cost of closing production plant j with capacity ¢ in period s of year t
FC:; fixed cost of closing distribution center r with capacity level z in period s
of year t

fotj‘z fixed cost of reopening plant j with capacity c in period s of year t

FO® fixed cost of reopening distribution center r with capacity level z in period
s of year t
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VPCitjf(ccost of purchasing a unit of raw material from supplier i and its processing
for producing product k at production plant j with capacity c in period s of year t
TClth’rk shipping cost per unit of product k from production plant j to distribution
center r in period s of year t

TC 2%, shipping cost per unit of product k from distribution center r to customer
zone d in period s of year t

I inventory cost per unit of product k per period (as a percentage of price)
Cy purchasing price per unit of outsourced product k shipped to distribution
center r in period s of year t

dc}i depreciation cost of facilities at plant j with capacity ¢ in period s of year t
DCS depreciation cost of facilities at distribution center r with capacity level z

in period s of year t
P selling price per unit of product k at customer zone d in year t

RV,  residual value per unit of product k at the end of planning horizon
SC,, capacity of supplier i for raw material of product k in year t
AC/ availability factor of raw material of product k at supplier i in period s of

year t
P, capacity consumption per unit of raw material for product k

E, capacity consumption per unit of product k
t - - - - - - -
PC available capacity at plant j with capacity level c in period s of year t

DCS available capacity at distribution center r with capacity level z in period s
of year t

eitfk guantity of product k produced at production plant j per unit of raw
material purchased from supplier i in period s of year t

D,;, demand for product k at customer zone d in period s of year t

O, maximum level of outsourcing product k, as a percentage of total demand

o minimum level of outsourcing product k, as a percentage of total demand

4.3. Decision variables

XEF;CS 1 if production plant with capacity level c is established at potential site j
in period s of year t; 0 otherwise

X' 1 if plant j with capacity c is in operation in period s of year t; 0 otherwise

jc
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+

Xise 1 if production plant j with capacity level c is in operation in period s of
year t, but is not in its previous period; 0 otherwise

Xpe 1 1if production plant j with capacity level ¢ is not in operation in period s
of year t, but it is in its previous period; 0 otherwise

XED? 1 if distribution center with capacity level z is established at potential site r
in period s of year t; 0 otherwise

yﬁi 1 if distribution center r with capacity level z is in operation in period s of
year t; 0 otherwise

Vi, Lifdistribution center r with capacity level z is in operation in period s of
year t, but is not in its previous period; 0 otherwise

Y., J1ifdistribution center r with capacity level z is not in operation in period s

of year t, but it is in its previous period; 0 otherwise

lefk guantity of raw materials shipped from supplier i to production plant j for
producing product k in period s of year t

X 2‘;k guantity of product k shipped from production plant j to distribution center
r in period s of year t

X35 quantity of product k purchased through outsourcing and shipped to

distribution center r in period s of year t
X4y, quantity of product k shipped from distribution center r to customer zone d

in period s of year t

4.4. Objective function
Maximize Z =SB™ +SSR™ —SDP —iiSE‘S + ZR:ZK: DS RV, (1)
t=1 s=1 r=1 k=1

As given in Egs. (2) and (3), SB® is total cash value at the end of period s
of year t and BA® is total cash value at the beginning of this period (BA® = B).
SB*® =BA® -TC*® )

BA® = SSR"** + SB*™* (3)

The total cost incurred at the end of period s of year t (TC") comprises the
costs of establishing production and distribution facilities (SE®), closing and
reopening the facilities (SOC"), purchasing and processing raw materials (
SVC*™), purchasing products through outsourcing (SPP*™), shipping products
from plants to distribution centers and then to customers (STC ), and inventory of
products (SIC*®) in period s of year t. These are formulated in Egs. (5) to (10).
TC® =SE"* +SOC® +SVC"® + SPP* + STC*® + SIC® 4)
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SE® = ZZ XEF . s + ii XEDg.FS; (5)
j=1 c_lC rN:1 2:1
SOC® = 2.2 Xjor 05 + 2D Xjeo fe

j=lc=l j=1 c=1
R Z R Z

+2. 2 Ve FOR + 2D Vuu-FC, (6)
r=1 z=1 r=1 z=1
K N I C

SVC® => > > > VPCi . X1; 7

k=1 j=1 i=1 c=1

R K
SPP* =>">"X3;.Cy (8)
r=1 k=1
K N R K R D
STC® = Z X 25, TCL5, + ZZZ X 45, TC2%, 9)
k=1 j=1 r=1 k=1 r=1 d=1
sic® =22ik.c:§.Ds:§ (10)
r=1 k=1

SSR* is total revenue from sales and DS® is the amount of inventory of product
k in distribution center r at the end of period s of year t (DS} =0). Moreover,
SDP gives total depreciation cost of the facilities over the planning horizon.

N D
DS = DS+ X3 + D X2%, = > X4y, (11)
j=1 d=1
K D R
SSR® = "> > P& .X4p, (12)
k=1 d=1 r=1
N T S C
SDP = ZZZZ XEF2.des.((T —t).S +S —59)
j=1 t=1 s=1
R T S Z
+> 3 3 > XEDg.DCi((T —t).S+S —5) (13)
r=1 t=1 s=1 z=1

45. Constraints

Xjse = Xjse = Xjo th’cs_l VseS;teT; jel;ceC (14)

y:tsz _yrtsz = yrz y:zs_l Vs e S tET; reR;zeZ (15)
g X o

;;thk Z( %Cts)<SC Viel;teT:; keK (16)
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M K
> X15.P <PCExX%  Vjel;teT;seS;ceC (17)
i=1 k=1
K
> DS;.E, <DCp.yy VreR;teT;seS;zeZ (18)
k=1

R
D X1 e =D X 2%, Vied;teT;seS; keK (19)
i=1 r=1

N D
DS;ot + X35 + ) X 25, =D X475, +DSg
j=1 d=1

VreR;teT;seS; keK (20)
R
D X4y, =Dy VseS;teT; keK;deD (21)
- T S D T S R
O > > > D 2> > > X3y, vk e K (22)
t=1 s=1 d=1 t=1 s=1 r=1
T S D T S R
O D> > D <D D > X35 vk e K (23)
t=1 s=1 d=1 t=1 s=1 r=1
t
thiSZ;XEF;f VseS;teT; jed;ceC (24)
t'=
t
yy <D XED; VseS;teT;reR;zez (25)
=1
T stc .
DD XEFg <1 Vjiel (26)
t=1 s=1 c=1
T § Z
> > > XEDy <1 vreR (27)
t=1 s=1 z=1
°=0 VreR;zeZ (28)
xj =0 Viel:ceC (29)
DSy >0 VseS;teT; keK;reR (30)
SB* >0 VseS;teT (31)

XEFJtCS ’ Xf: ' X}—tsc ! Xj_tsc ' XEDS’ ys ! y:tsz ! yr;sz ' Xl}jsk ' X 2tjsrk ! X3ﬁ< X4'ffsdk E{O,l}
VseS;teT; jJeld;ceC:iel;reR;zeZ;deD;keK (32
Constraints (14) and (15) imply that a facility is closed when it is in
operation in previous period, but is not in current period. These constraints also
represent that a facility is reopened when it is in operation in current period, but is
not in previous period. Constraints (16) to (18) represent capacity constraints.
Constraint (19) shows that quantity of products produced in a production plant is
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equivalent to the quantity of products shipped from the plant to distribution
centers. Constraint (20) represents the inventory in a distribution center at the end
of a time period. Constraint (21) guarantees that shortage is not allowed.
Constraints (22) and (23) ensure that quantity of product purchased through
outsourcing does not exceed the predetermined maximum and minimum levels.
Constraints (24) and (25) imply that unestablished facilities cannot be in
operation. Moreover, constraints (26) and (27) guarantee that the facilities can be
established only once during the planning horizon and constraints (28) and (29)
represent that no facility is established before the planning horizon starts. In
addition, constraints (30) and (31) enforce the non-negativity of cash value and
inventory and constraint (32) requires that the decision variables are binary.

5. Solution algorithm

In order to solve the presented Dynamic MILP (DMILP) model, we divide
it into three inter-related sub-problems. In this manner, the optimal solution of the
model is built step by step and instead of a highly complex problem, we solve three
problems with less complexity. Such an approach has been adopted in several
previous studies (e.g. Farahani and Asgari, 2007; Pishvaee et al., 2011). Each sub-
problem is solved using GA which has been widely applied in supply chain
network design (e.g. Prakash et al., 2012).

5.1. Sub-problem (1): Determining the optimal number, location, and capacity
of distribution centers and the allocation of customer demand
Step 1: converting the multi-product model into a volume-based model by

obtaining demand of each customer zone in each period ( DV,*) using Eq. (33).
K

DV® = D.E, (33)

k=1
Step 2: determining proportion of each product (de) in total products
shipped from distribution center r to customer zone d ( X '4',) using Eq. (34).
Dis-Ev)
DV
Step 3: determining average cost of shipping one unit of product from each
potential distribution center r to each customer zone d (TC'2%, ) using Eq. (35).

K
> (D TC25,
TC'28 =i

ug, = (34)

Step 4: determining the optimal location and capacity of distribution
centers (XED,) and proportion of each customer’s demand satisfied by each
distribution center ( X '4%,) such that Eq. (36) is minimized.
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R T 'S

ZZZ XEDE.DCE.((T -t).S+S —5s)

r=1 t=lTs=lsz -

+ZZZZT 28 . X"4%, (36)
t=1 s=1 r=1 d=1

Step 5: determlnlng the quantity of each product shipped from distribution
centers to customer zones ( X 4%, ), total quantity of each product shipped from

each distribution center (D2} ), proportion of demand satisfied by each
distribution center in each year (F,, ), and price ( P1; ) using Egs. (37) to (40).

s x !4tS U ts
Xt = X4 A (37)
k
D2}, = z X 4%, (38)
S
Z D2%
Foo = R s (39)
>.>.D2;
r=1 s=1

t (Z(Pktd —-TC2 dk) X4 dk)
P:I'rsk = ¢ D2ts (40)
rk
Every solution is encoded as a chromosome containing four parts: (1)
percentage of demand of customer d satisfied by distribution center r in period s of

rts

; )
DthS

establishing, closing, and reopening; (3) capacity of located distribution centers;

and (4) total investment cost of establishing distribution centers, total depreciation

cost of their facilities, total shipping cost, and the value of objective function Z,.

year t ( ; (2) location of distribution centers and times of their

Z, is used as the fitness function and the roulette wheel algorithm is used for
reproduction operation. Also, mutation is done independently on each gene based
on an assigned probability. The algorithm stops if the objective value remains
unchanged or the number of iterations exceeds a pre-determined value.

5.2. Sub-problem (2): Determining the optimal number, location, and capacity
of production plants, proportion of total raw materials purchased from each
supplier, and proportion of total products produced at each production plant

Step 1: converting the multi-year model into a single-year model in which

capacity of each supplier for each type of raw material (TSC,;) and demand of
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each customer zone for each product ( Dy ) are equivalent to sum of capacity and
sum of demand over all years, as given in Egs. (41) and (42). Also, the cost of
purchasing and processing a unit of raw material (VPCASk ), production efficiency
of raw materials at each plant (mef,-k ), and their availability factors (MAC ) are
equivalent to their average values over the years, as defined in Egs. (43) to (45).

TSC,, = isc;i (41)
T t:Sl R

D, =) > > D2, “2)
t=1 s=1 r=1

i
D> VPC

VPCA;, =t T (43)
$ t

s Zeijsk

mej = 4 (44)

i t
AC%
jk
MAC;, = L / (45)

Step 2: determining average shipping cost per unit of product from
production plants to distribution centers in each period (TC 'L}, ) using Eq. (46).

.
ZTC 15,
TCL, =t & (46)

Step 3: determining average investment cost of establishing a production
plant with capacity level ¢ in potential site j ( fs;, ) using Eq. (47).

T S
PIPIEH
fsjc — t=1 s=1 (rs) (47)

Step 4: determining average rate of return on investment using Eq. (48).

K
s>,
iT= k=L

I (48)

K
Step 5: determining the optimal location and capacity of plants (XEF;CS),

proportion of total raw materials purchased from supplier i for product k (&, ), and
proportion of total quantity of product k produced at plant j (b, ) such that the
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costs of purchasing and processing raw materials, shipping products to distribution
centers, and average investment in production facilities (Z,) is minimized.

M N K S R
Z, = ZZZZ X 15, .(VPCA;, +me;, .Z FsTC1%,)
i=1 j=1 k=1 s=1 r=1
N C

+ 2D (XEF fs, 0" T/) (49)

j=1 c=1
In applying GA, every solution to this sub-problem is represented by a
chromosome consisting of five segments: (1) percentage of total raw material
requirements in plant j purchased from supplier i in period s; (2) establishment of a
plant at a potential site (1 if a plant is established, and 0 otherwise); (3) capacity of
established plants; (4) proportion of total demand for product k produced at plant j;

(5) total cost corresponding to the candidate solution (Z,). Z, is used for

evaluating the solutions. The crossover and mutation operators and the stoppage
criteria are applied similar to the procedure described for the first sub-problem.

5.3. Sub-problem (3): Determining the optimal policy for establishing, closing,
and reopening production plants and the level of outsourcing for each product

Step 1: applying the information obtained from previous sub-problems: (1)
location and capacity of plants, (2) proportion of total demand for product k
satisfied by plant j (&), ), (3) proportion of total raw material requirements for
product k purchased from supplier i (a; ) and applying it to all periods (a, ), (4)
location and capacity of distribution centers, their closing/ reopening policy, and
costs of establishing distribution centers in period s+1 of year t (SE2"), closing
and reopening (SOC2"), and depreciation of the established centers (DP2), (5)
cost of shipping products from distribution centers to customers (STC2").

Step 2: determining the maximum level of outsourcing (O, ), and then,
solving the sub-problem and obtaining the optimal value of Z, using Eq. (50).

Step 3: determining the minimum level of outsourcing (O, ), and then,

solving the sub-problem and obtaining the optimal value of Z, using Eq. (50).
Step 4: assuming three random values for outsourcing level, then solving
their corresponding sub-problems and obtaining the optimal values of Z,.
Step 5: identifying the optimal interval based on the obtained values of Z,
, assuming a new set of three random values within this interval, and then solving
the three sub-problems and obtaining the optimal values of Z, using Eq. (50).
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Step 6: repeating Step 5 until the difference between two obtained values
of Z,, as defined in Eq. (50), is less than 5%. The parameter values obtained in
this way characterize the optimal solution to the original problem.

Z, = BA"+1 +SE+ IV —DP (50)
D
= Zz P X4l +BAT —TC" (51)
k=1 d=1 r=1
-
SE =) SE' (52)
t'=1
R
IV = ZZ DS/ .RV,, (53)
r=1 k=1
DP = DP1+ DP2 (54)

IV and DP are total residual value of inventory and total depreciation
costs, respectively. The total cost TC" in Eq. (51) is defined using Eq. (55).

TC" =SE" +SOC" +SVC" + SPP" + STC" +SIC" (55)
SE® = SE1® + SE2" (56)
SOC*® = SOC1"® + SOC2" (57)
K N |
svet =33 VPCH (O X1) (58)
k=1 j=1 i=1
R K
SPP* =>">"X3;.Cy (59)
r=1 k=1
K R D
STC® =STC1®+> > > X 45, TC2%, (60)
k=1 r=1 d=1
R K
sIc* =>>"i,.C;.DS;; (61)
r=1 k=1
The value of STC1® in Eq. (60) is obtained using Eq. (62).
K N R
STC1® =) > > X2% TC15, (62)
k=1 j=1 r=1

The first segment of the chromosome structure for this sub-problem
indicates times of establishing, closing, and reopening plants using binary values. It
is used to determine the costs of establishing plants in period s +1 of year t (SE1®
), closing and reopening the plants (SOC1®), and depreciation of established
facilities ( DP1), and to obtain available capacity at each plant in each period based
on the capacities determined in sub-problem (2).

The second segment denotes demand for product k at plant j in period s of
year t as defined in Eq. (63). T' in Eq. (64) is the counter of time periods and the
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values of D;’kt' are obtained considering total demand for the product (D}"),
allowable outsourcing quantity (OUTkt'), and proportion of total demand satisfied
by plant j (a5, ). D;" and OUT," are formulated in Egs. (65) and (66).

Dy =D;"al, (63)
T'=T.S (64)
, t'-1 R , R ,
D;' =D; - >, > D2, - > DS,* (65)
t'=1 r=1 r=1
t R
OUT{ =0,.D; - > > x3,, (66)
t'=1 r=1

The value of x3tr'k in Eq. (66) is obtained using Eq. (67) to (69).

N
D2, — > x2\, -DS,* if x3, >0
j=1

X3}, = (67)
0 otherwise
xzj.'rk = D;'k".F,‘k (68)
t' N t' t'
DS, =) > X2, + > X3, —>_ D2} (69)
t'=1 j=1 t'=1 t'=1

The feasibility of D}'kt’ is checked considering operation plan of the
facilities in the first segment and available capacity of the suppliers (SC,;) given

in Eg. (70). Then, we determine xlfj'k based on the D;’kt', a; , and eitj'k using Eq.
(71). The required budget for purchasing and processing raw materials in each

period is obtained using Eq. (58) based on the XlEj'k values.

N s-1
>3
SCi; = (sCj, - 1+ )AC (70
k k ACItk k
nt'
X1, ="K/ al (71)

€ijk
The xlfjfk values are used in determining quantity of products produced in
each period which is used along with F, to calculate x2t,-'rk as given in Eq. (68).

Based on the obtained x2tj'rk values, shipping costs (STC1*), quantity of product
inventory (DS, ), quantity of products purchased through outsourcing (x3%, ),

inventory costs (SIC"®), and outsourcing costs (SPP*) are determined using Egs.
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(62), (69), (67), (61), and (59), respectively. The level of outsourcing each product
(O, ), total costs of inventory, shipping, purchasing raw materials as well as
outsourced products, and closing and reopening the facilities (FTC ) as given in
Eq. (72), total cost of establishing production and distribution facilities ( SE ), total
residual value of product inventory ( IV ), and the value of objective function Z,
constitute the next five segments of the solution structure, respectively.

-
FTC =) (SOC" +SVC" +SPP" +STC" +SIC") (72)
t'=1

6. Numerical experiments

A set of test problems with different sizes is randomly generated and
solved using LINGO 11.0. Results of these experiments are used to classify the
problems into three size categories based on the maximum number of parameters
(given in Table 1). The problems categorized in the large-sized group are those that
their optimal solution cannot be obtained using exact solution procedure.

Table 1: Classification of the problem size based on maximum number of parameters

Available Available
Problem Time Candidate Potential capacity levels Potential capacity levels Customer
size Products periods suppliers prod. sites for prod. sites dist. sites for dist. sites zones
Small 3 12 3 3 3 3 3 5
Medium 10 20 5 6 5 6 5 10
Large >10 > 20 >5 > 6 >5 >6 >5 > 10

We randomly generate a set of small-sized problems and compare their
solutions with the corresponding exact optimal values. Results indicate that the
proposed algorithm works well, considering the average error of 2.379% (Table 2).

Table 2: Comparison of results for a set of small-sized test problems

Problem no. Exact solution Proposed GA Error (%)

1 825434 813052 1.532

2 889401 869834 2.249

3 1134577 1124366 0.908

4 1300056 1257154 3.413

5 1325561 1321584 0.301

6 1490087 1434954 3.842

7 1663211 1614978 2.987
Average error (%) 2.379

We also compare computation times using six randomly-generated test
problems, two of each size as given in Table 3. Table 4 shows that the proposed
algorithm achieves a near-optimal solution in a relatively short time and the error
percentage remains within a reasonable range even by increasing problem size.
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Table 3: Characteristics of test problems used for comparison of computation times

Problem No. of time candidate potential capacity levels potential capacity levels customer

No.of  No. of No. of No. of available No. of No. of available No. of

no. products periods suppliers prod. sites for prod. sites dist. sites for dist. sites Zones

1 2 4 2 2 2 2 2 3

2 3 12 3 3 3 3 3 5

3 6 16 4 4 3 4 3 6

4 9 20 5 6 4 6 4 10

5 12 30 8 8 5 8 5 20

6 15 36 12 12 5 12 5 30
Table 4: Comparison of computation times for the test problems given in Table 3

Problem characteristics Exact solution Proposed GA

Problem No. of No. of Objective  Computation Objective Computation Error (%)

no. parameters constraints value time (s) value time (s)

1 311 211 1821301 12 1746628 4 4.275

2 1387 1179 8052115 16 7947437 4 1.317

3 7839 2916 28562280 345 27648287 14 3.306

4 28879 7675 9145400 23455 8980782 17 1.833

5 --- --- - --- 7984623 48

6 --- --- - --- 8964817 73

7. Conclusions

In this paper, an integrated mathematical model was developed for the
problem of optimizing the supply chain configuration and product flow decisions
where the raw materials required for producing products are seasonal in nature.
The effect of seasonality was modeled in terms of time-varying cost of purchasing
and processing the raw materials, production efficiency, and availability factor of
raw materials. The production efficiency was considered to indicate ever-
decreasing quality of raw materials. Also, the availability factor was used to set
limitations on the availability of raw materials over the time.

The proposed model designs the network such that the total cash value
within the supply chain is maximized, so that it provides a more realistic picture of
the effect of network design decisions on economic performance of the supply
chain. Also, a three-stage solution algorithm was developed based on GA and the
results indicated that it can be used effectively and efficiently for solving large-
sized problems where the exact optimal solution cannot be obtained.

The presented modeling approach can be applied in many industries,
especially those using agricultural or natural products in their production
processes. For future research, additional features that reflect characteristics of the
real-world supply chains such as uncertainty in customer demand and supply chain
costs, allowing backorder, and expansion / contraction of production/ distribution
capacity during the planning horizon can be incorporated into the model.
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