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1. Introduction

Abstract. This paper proposes a multi-objective, multi-stage programming model to
design a sustainable closed-loop supply chain network considering financial decisions.
A multi-product, sustainable closed-loop plastic Supply Chain Network Design (SCND)
problem, which encompasses economic, environmental, and social objectives, is modeled
in a mathematical manner. The decisions to be made were concerned with the location
of facilities, flow of products, loans to take, and investments to make. Uncertainty
issue was about the demand of customers and the rate of return on investment. The
decision making model was formulated as a multi-objective, multi-stage mixed-integer linear
programming problem and solved by implementing path formulation and augmented e-
constraint methods. Computational analysis was carried out based on the subject company
to determine the significance of the proposed model and the efficiency of integrating
financial decisions with SCND decisions.

(© 2020 Sharif University of Technology. All rights reserved.

determining the locations, number and capacity of
facilities, and material flow through the network makes

With recent advances, globalization, and unpredictable
behaviors of customers and competitors, the field of
competition has been converted from firms to supply
chains.  Comnsequently, Supply Chain Management
(SCM) is one of the most sought topics in logistics.
Moreover, Supply Chain Network Design (SCND) is
a strategic decision contributing to supply chain. In-
tegrating several strategic and tactical decisions like
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SCND a complex issue in the field of SCM.
Previously, minimizing total cost or maximizing
profit was the main objective of supply chain and
pioneering in the economic dimension was sufficient to
outperform the rivals. However, in recent years, supply
chains have become responsible for the Environmental
Impact (EI) and Social Impact (SI) of their activities.
This concern has led to the development of a new
concept in SCM, namely Sustainable Supply Chain
Management (SSCM), which is defined as considering
EI and ST of supply chain activities as well as economic
performance in management of material, information,
and capital flow [1,2]. With respect to the need for
sustainability in SCM, some researches have propose
models in SCND context. However, the literature on
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sustainable SCND that covers all the three aspects
of sustainability (i.e., economic, environmental, and
social) is scarce [3]. Recently, Eskandarpour et al. [4]
reviewed 87 papers that used mathematical models
in the field of SCND and included economic factors
together with environmental and /or social dimensions.
Based on their analysis, only in 11% of the reviewed
articles all the three dimensions of sustainable devel-
opment in SCND models were addressed.

To avoid sub-optimality that originates from sep-
arate modeling of forward and reverse SCNs, some
researchers have focused on developing integrated for-
ward and reverse SCND models [5]. Appropriately
established Close-Loop SC (CLSC) can assist firms
to decrease the undesired EI of End-Of-Life (EOL)
products and to achieve more economic benefits by
recapturing the value of used products and increasing
their green image in the market. The objective of
closed-loop supply chain is closely related to that of
SSCM [4]. Accordingly, in the body of the literature on
Sustainable Supply Chain Network Design (SSCND),
closed-loop SSCND problems have been the major issue
among researchers in the recent years [6].

An important challenge associated with SCND
problems is to determine the manner of handling the
uncertain nature of some future conditions, which may
influence input parameters of the problem. Uncertainty
can be affiliated to economic, legal, and political issues
and it affects parameters like the level of demand,
production cost, supply of raw materials, etc. To cope
with this issue in the context of SSCND, many authors
have proposed a number of stochastic programing
models.

Recently, a two-stage stochastic programming
approach was applied by Giarola et al. [7] and Verma
et al. [8] to manage uncertainties in single-objective
environmental supply chain design. Pishvaee et al. [9]
introduced Robust Possibilistic Programming (RPP)
as a programming approach to coping with uncer-
tain parameters in their bi-objective model, includ-
ing minimizing the total cost and maximizing SC
Social Responsibility (SR). A computational frame-
work has been proposed to quantify the probable
role of uncertainty in the environmental damage for
the multi-objective optimization of sustainable sup-
ply chain in [10]. A multi-objective (economic and
environmental factors) facility location model, which
investigates the impact of demand and return un-
certainties on the SCND by implementing scenario-
based stochastic programming, has been introduced
by Amin and Zhang [11]. Ruiz-Femenia et al. [12]
presented a stochastic multi-scenario Mixed-Integer
Linear Program (MILP) in which demand uncertainty
was considered for the multi-objective optimization of
chemical supply chain and economic and environmental
performances were accounted for, simultaneously. The

fact that it is better to consider uncertainty and
risk in SSCND researches has been emphasized by
Eskandarpour et al. [4].

According to Shapiro [13], strategic-level supply
chain studies should attempt to incorporate relevant
corporate financial decisions in data-driven models.
However, in most of the common approaches to SCND
problems, only the physical aspects of SC are of
concern with some perspective on financial decisions in
the body of literature [14]. Implementing investment
decisions and incorporating loans in financial decisions
in SCND problem have been addressed in [15]. An op-
timal financing strategy for supply chain by considering
capital constraint is discussed in [16]. Most researchers
usually take into account the financial aspects such as
financial factors [14] and financial flows of SC, while few
studies address financial decisions in the SCND model
as decision variables.

In some cases, it is enough to consider a single-
period model to develop an ideal solution to the SCND
problem. Nevertheless, problems with financial and
capital expenditure-related decisions should be planned
by implementing multi-period planning models [17].
Furthermore, developing a multi-period setting of this
model in addition to the nature of financial decisions
may lead to multi-stage stochastic programming. Fi-
nancial decision making involves a sequence of decisions
to react to outcomes that evolve over time periods
and multi-stage stochastic programming introduces a
proper strategy to cope with the complexity of this
issue in the SSCND problem [18]. The method was
applied by Nickel et al. [15] to solve an SCND problem
with financial decisions and uncertainty assumption
for demand and interest rate, where uncertainty was
presented by a set of scenarios. Despite the importance
of the integrity of financial and physical aspects in
SCND problems, to the best of the authors’ knowledge,
the financial aspect has been completely ignored by
researches in the context of sustainable SCND. A list
of the above-mentioned and some other studies in the
field of sustainable supply chain is provided in Table 1.

To fill the gap in the literature on SSCND, a com-
prehensive multi-stage stochastic mixed-integer linear
programming model for a real-life multi-period multi-
product multi-objective closed-loop SSCND problem
with financial decisions and risk consideration subject
to investment return rate and demand uncertainty is
proposed in this article. This is the first time that
financial decisions are applied to the SSCND problem
in a research study. Additionally, for the first time,
an SSCND model is developed with all the above-
mentioned features of multiple objectives, multiple
products, multiple periods, risk measure, uncertainty
issue, financial decisions, and closed loop and all the
three dimensions of sustainable development operating
in a simultaneous manner are followed. The proposed
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Table 1. Sustainable Supply Clain Network Design futures in the body of literature.
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Table 1. Sustainable Supply Clain Network Design futures in the body of literature (continued).
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model is adopted in designing a real plastic production
and recycling supply chain as a case study through
which the practical value of this research will be proved.

The rest of this paper is organized as follows.
The real industrial problem is defined and illustrated
in Section 2. The problem is formulated as a multi-
objective multi-stage stochastic programming model
in Section 3. Section 4 is devoted to implementing
and presenting the scenario path formulation method.
Section 5 deals with the results of the computational
analysis of the problem and addresses the value of
considering financial decisions. The value of the multi-
stage stochastic problem is measured in Section 6 and
the study is concluded in Section 7.

2. Problem definition

In the last 60 years, plastic has become one of the most
practical materials with a wide range of applications.
In 2014, around 311 million tons of plastic were
produced all over the world and 25.8 million tons of
post-consumer plastics waste ended up in the waste
upstream only in the European Union (EU), while
30.8% of the plastic wastes are still in the landfills
in the EU [33]. Chemically speaking, some reports
state that plastic materials take hundreds of years to
break down in a landfill. In Iran, 17000 tons of plastics
are produced annually. Therefore, it can be deduced
that managing EOL of different plastic products is a
vital issue, which can affect all the three dimensions of
sustainable development.

The logistics network discussed in this article,
as illustrated in Figure 1, is formed based on a real
Iranian plastic production and recycling supply chain
with five echelons of production and recycling center,
retailers, customers, collection centers, and landfill
centers. A new product is produced by recycling EOL
products at different production and recycling centers
and then, shipped to retailers based on their demand
and availability of the product. Some customers return
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Figure 1. The underlying structure of the concerned
supply chain network .

EOL products to retailers and retailers send them to
collection centers. The recyclable EOL products are
separated and shipped to production and recycling
centers and the remaining are sent to the landfill center.
Uncertainty is associated with demand and return
rate, and multi-period planning horizon is considered.
The problem is about finding the optimal decision in
each period for: location of facilities, production (or
collection) technology, investments to make, loans to
take, and flow of products between facilities.

Each period is divided into two consecutive phases
of before and after knowing the demand and return
rate on investments [15]. Decisions made on location
of facilities, production technology, investment, and
loans should be made in the first phase and decisions
regarding the flow of products between facilities in the
second phase.

It is assumed that phase-one decisions can change
from one period to another one. Retailers, customers,
and the landfill center are already fixed and location
decisions are about production and recycling centers,
and collection centers. In addition, it is assumed that
customers pay their debts at the ends of time periods.
This assumption contributes to better conceiving the
financial decisions and parameters.

Financial decisions are investment- and loan-
related. Various investment alternatives can be con-
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sidered for a corporate which is making decisions on
the SCND problem. Investments in stock market,
bonds, real state, supply chain tangible assets, and
supply chain intangible assets are considered as the
alternatives in the problem. In addition, deciding on
how to leverage financial power of a given corporate
by taking loan is another strategic financial decision
considered in the problem. Diverse loans with different
interest rates, payback times, and payback policies are
among the loan alternatives. Return On Investment
(ROI) was implemented as an index to evaluate finan-
cial decisions in [15]. In this study, a target was set
for ROI and its downside risk was minimized. This
policy is adopted in this study to evaluate and control
the financial performance of the subject. Construction
and equipment depreciation rate is another financial
parameter influencing ROI. This parameter was not
considered in [15] and has not been a matter of concern
in the SSCND literature. Nevertheless, depreciation
rate of facilities is an important parameter that can
affect economic performance of supply chain in long
term.

Uncertainty is associated with demand and return
rates of different investment alternatives. A set of
events are considered in assessing the uncertainty of
stochastic parameters, where each event consists of
demand sub-events and return rate sub-events (defined
as an event that declares only one of the stochastic
parameters), which are combined in one event and
demonstrate both stochastic parameters in a simulta-
neous manner. For more information about scenario
creation, interested readers can refer to [34].

Each time period is divided into two phases in
which decisions are made separately. There exist a
problem and an Objective Function (OF) in each phase
with the objective of achieving reasonable balance
among the three dimensions of sustainability. Decisions
on investments, locations, and loans should be made
in the first phase and decision on shipment should be
made in the second phase.

2.1. Environmental Impact (EI)

To move towards sustainable design in supply chain
networks, it is necessary to implement methods and
apply tools to measure EI in different SCND decisions.
Fach product has different Els in various stages of its
life cycle. Accordingly, appropriate frameworks should
be applied to estimating and assessing the Els related
to the whole life cycle of products. Life Cycle Assess-
ment (LCA) is a popular component for quantifying
and assessing the EI of a product [35]. In order to
quantify and assess the EI of products, an LCA-based
damage-oriented method named Eco-indicator 99 [36]
is adopted in this study. User friendly units named
Eco-indicators, which enable researchers to aggregate
and calculate LCA results in an easily understandable

manner, are introduced in Eco-indicator 99. This
method comprises three damage categories of human
health, ecosystem quality, and resources [37].

2.2. Social Impact (SI) assessment

SR is a multi-disciplinary and multi-stakeholder phe-
nomenon and its complex nature and extensive scope
make its measurement difficult. However, during the
past years, many efforts have been made to support
planning and implementing corporate SR. A number
of standards such as ISO 26000 [38], SA 8000 [39],
and AA 1000 [40] have been developed to provide a
comprehensive framework for implementing SR. The
International Guidance Standard on SR-ISO 26000 [38]
has been introduced by the ISO as an inclusive frame-
work for standard implementation of SR in firms and
corporations. ISO 2600 classifies SR issues into seven
core subjects:

Organizational governance;
Human rights;

Labor practices;

e

The environment;
Fair operating practices;

Consumer issues;

Noo o

Community involvement and development.

In this study, SR measures with the following
features are selected:

1. Relevant to SCND decisions;
Simply quantified;

3. Compatible with the social issues of the region of
the case study.

Accordingly, first, stakeholder categories of SC are
identified. Next, the SI of supply chain on each
stakeholder category is determined based on their social
priorities. Finally, some quantitative measures are as-
signed to each SI. The information about stakeholders,
their concerned SI, and relevant quantitative measures
is presented in Table 2.

2.3. Assumptions, objectives, and constraints
Based on the above-mentioned problems, the proposed
model follows the following assumptions:

e The location decisions can change from one period
to another one;

e Retailers, customers, and landfill centers are already
fixed;

e Customers pay their debts at the ends of time
periods;

o Meeting the whole demand of customers is not
necessary;
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Table 2. Stakeholders, their concerned Social Impacts (Sls), and relevant quantitative measures.

Stakeholder

Concerned SI

Relevant quantitative measure(s)

Workers (production and

collection workers in addition Health and safety

to transportation workers)

Local inhabitants

Consumers Health and safety

Governments

economic development

Delocalization, unemployment

Delocalization, unemployment,

The average number of lost days caused by

damages-average annual road accidents

Number of created job opportunities-
importance rate of region based on

development, unemployment rate
The fraction of potentially harmful products
Number of created job opportunities-

importance rate of region based on

development, unemployment rate

e There is no flow between facilities of the same

echelon.

The main objectives of this model consist of:

Maximization of total revenue and service
level = Revenue of production and recycling centers
+ Revenue of collection centers + Revenue of other
investments — Cost of loans — Risk of falling below
the target ROI + Customer service level;

Minimization of EI = Els of production + Els of
shipment + Els of facility establishment;

Maximization of SR = Introduced job opportuni-
ties + Value of local development — Consumer risk —
Damage to health of workers.

To accomplish the above-mentioned objectives,

decision makers face the following constraints:

Flow balance at network facilities;
Meeting capacity;

Meeting customer demand by considering service
level,

Non-negativity and binary constraints on decision
variables;

Considering the budget available at the beginning of
each period.

3. Model formulation

The indices, parameters, and variables applied to for-
mulating the concerned SSCND problem are described

below:

Indices

i Index of potential location for
production center

j Index of retailer

b
q

Index of potential location for
collection center

Index of periods in the planning
horizon, t = {1,2,--- ,T}

Index of products

Index of potential investments (indirect
in the supply chain and alternative
investments)

Index of potential loans

Index of technology

Technical parameters

K?

K3

KC!

MEF,

P

Capacity of production center i with
technology ¢

Capacity of collection center k with
technology ¢

Unit capacity consumption factor
of product p by technology ¢ at
production center i

Unit capacity consumption factor of
product p by technology ¢ at collection
center k

Weight (importance) of retailer j

Maximum downfall rate of collected
product p during the recycling process
(difference between the weights of the
collected waste material and recycled
product due to washing of the pollution
and impurity of waste material)

Minimum downfall rate of collected
product p during the recycling process

Economic (cost and financial) parameters

t
Ciq

Fixed cost of opening production
center ¢ in period ¢t with technology ¢



cgt
kq
ijp
t
chkp
Vot

kip

ijp

t
Z/w'p

ROI

BD!

Ykq

<
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Fixed cost of opening collection center
k in period ¢ with technology ¢

Cost for shipping one unit of product
p from production center p to retailer
j in period ¢

Cost for shipping one unit of wasted

product p from retailer j to collection
center k in period ¢

Cost for shipping one unit of wasted
product p from collection center k to
production center ¢ in period ¢

Unitary revenue of product p at
production center i shipped to retailer
J in period ¢ (i.e., selling price minus
purchasing and operation costs)

Unitary revenue of collected product p
wastage at collection center k shipped
to production center i in period ¢ (i.e.,
selling price minus purchasing and
collection costs)

Interest rate of loan b payback at the
end of period ¢. This interest rate is
always defined for all periods. If no
interest rate arises in a period, it is set
to zero

Target ROI

Rate of return on an investment m
paid at the end of period ¢

Exogenous budget available at the
beginning of period ¢

Depreciation rate related to production
center ¢ with technology ¢ in each
period

Depreciation rate related to collection
center k with technology ¢ in each
period

Weight of the downside risk at the OF

Environmental parameters

q
end
em?
ex?,

p
YL

q
eckp

EI of producing one unit of product p
with technology ¢

EI of shipping one unit of product p
from recycling center 7 to retailer j

EI of shipping one unit of used product
p from retailer j to collection center k

EI of shipping one unit of collected
product p from collection center k to
recycling center 2

EI of collecting one unit of wasted
product p at collection center &k with
technology ¢

q
es;

q
ety

EI associated with establishing
recycling center ¢ with technology g

EI associated with establishing
collection center k& with technology ¢

Social parameters

un;

UPy

. q
J0;

Jipl,

Tdi

TV

lw]

q
Imy,

Ty

thk

TChi

fi

w)

Unemployment rate at location ¢
Unemployment rate at location k&

Number of introduced job opportunities
if a recycling center is opened at
location ¢ with technology ¢

Number of introduced job opportunities
if a collection center is opened at
location k with technology ¢

1 importance rate of location ¢ if
its region is developed

1.3 important rate of location ¢ if
its region is undeveloped

1 importance rate of location k if
its region is developed

1.3 important rate of location k if
its region is undeveloped

The average number of lost days in
each period due to damages during the
producing at production center ¢ with
technology ¢

The average number of lost days in
each period due to damages during the
collection at collection center & with
technology ¢

The average of annual vehicle accidents
occurring on the path from recycling
center ¢ to retailer j

The average of annual vehicle accidents
occurring on the path from retailer j
to collection center k

The average of annual vehicle accidents
occurring on the path from collection
center k to recycling center ¢

The fraction of potentially harmful
products p which harm the consumer
when technology ¢ is applied

The weight given to objective SI in
terms of health and safety of the
worker

The weight given to objective

SI in terms of employment and
delocalization

The weight given to objective SI in
terms of economic development

The weight given to objective SI in
terms of customer health and safety
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Stochastic parameters (technical and
economic)

w! Event in period ¢

W Current state of nature

Qf Random variable representing the
events that may occur in period ¢

o Normal state in the beginning of the
planning horizon

p(QF = wh) Probability of event w!

#L (1) Rate of return on an investment m

paid at the end of period ¢
f =o' (W) One realization of ¢! (QF)
DP;p(Qt) Demand for product p at retailer j in
period ¢

t _ ypt (ot _——
DPj, = DP;} (w")One realization of DP} (QF)

Financial decision variables

Rt Amount of money spent in the
available investment m in period ¢

L} Amount of money obtained from loan
b in period ¢
DR Downside Risk

SL; Service level for retailer j

Physical decision variables

1 if productions center 7 with
[t _ technology ¢ is set operating
q in period ¢
0 otherwise
(1 if collection center k with
Uct. _ technology ¢ is set operating
Kyq in period ¢
0 otherwise

\

ijp Amount of product p shipped from
production center ¢ to retailer j in
period ¢

Uspp Amount of returned materials p
shipped from retailer 5 to collection
center k in period ¢

M,iip Amount of collected materials for

product p shipped from collecting
center k to production center ¢ in
period ¢

In order to formulate the multi-stage mixed-
integer programming model for the SSCND problem,
first, each of the periods is divided into two phases and
then, different problems are introduced for different
periods (stages). Accordingly, the beginning of each
time period is denoted by ¢~ and the end by .

Beginning of period 1

As mentioned in Section 2, at the beginning of each
time period, it is necessary to make decision about
facility locations, investments, and loans. Problem
objectives consist of:

1. Maximizing expected profit at the end of period one
and in period two;

2. Minimizing EI of selected facilities at SCN;

3. Maximizing SI of facility decisions.
max Q '=) P(Q'=uw')«Qt (U.UC'.DP)
wl

+Y P2 =w') xQ (¢ R LY, "
u)l ].

min N ' = Z Zu}qesg + Z Zuc,{,qetz
i q g
+we (Z Z u}qrdi +Z Z uciqrvk>
) q k q

—ws (Z Zu}qlwg +Z Zuchlmi) )
q koq (2)

7

s.t.:

BD'- Z Zciquilq - ZZquUC’%q - ZR}W
iq k q m

+> Ly >0, (3)

b
U,UCi, €{0;1}  Vikug, (4)
rd;rv, € {1;1.3} Vik, (5)
un;.upy € [0;1] Y.k, (6)
RY, Il >0 VY M.b. (7)

The expected profit and SI of decisions are respectively
maximized by OFs (1) and the third part of OF given in
Eq. (2); the total EI is minimized by the first part of OF
given in Eq. (2). Budget availability for the first stage
of the problem is assessed by Constraint (3). Available
budget in addition to the loans cannot be lower than
investments and opening cost of facilities. Binary
and non-negativity restrictions on decision variables,
which should be made at the beginning of the first
period, are enforced by Constraints (4), (5), and
(6), respectively, and importance rate of locations is
presented by Constraint (7).
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End of period 1

After making decisions about facility locations, invest-
ments, and loans in the beginning of the first period,
and determining the demand at the end of the period,

decisions on shipment of materials among facilities
should be made.

max Q" = Z Z Z Z ZJp - V%p Xlljp
+ (Zliip_vriip (Ujkp chkp)) M/%ip)
% (1+RONTL, (8)
min N =33 B+ ent
D0 > e Uy
j kP
DD (ewhs +ech,) * My, (9)
7 k P
s.t.:

2 ZXW [ Ul Vi, (10)
ngk * Z M,%l-p < KCY UC,iq Y q.k, (11)
p 7

Z X}, < DP}, v j.p, (12)

ZMMP1 MEF,) <ZXW<ZM,QP(1—DF},)
k

Vi p, (13)
X5, M, >0 Vi.j.pk, (14)
MF,.DF, € [0;1] Y p. (15)

OF (8) maximizes revenue of collection centers and
recycling centers in the first period as well as multiple
revenues of SCN in the target ROI in order to consider
ROI of the earned revenue in future periods. The EI
is minimized by the first part of given in Eq. (9) and
SI of shipment decisions is maximized by the third
part of OF given in Eq. (9). Constraints (10) and
(11) are related to capacity constraints of recycling
centers and collection centers. Surplus supply to
retailers is prevented through Constraint (12). The
amount of the flow of materials among collection and
recycling centers is balanced through Inequality (13)
by considering downfall rate of collected materials at
recycling centers. Collected plastics downfall weight
is the result of wiping impurities during the washing
process at recycling centers with an important effect

on SC planning of plastic recycling industry. The non-
negativity restriction on shipment decision variables is
enforced by Constraint (14) and the permitted value
for downfall rates is indicated by Constraint (15).

Beginning of period t € {2,-.. , T — 1}

At the beginning of ¢ € {2,---,T — 1}, decisions
regarding locations, investments, and loans should
be reconsidered. Consequently, the following sub-
problem must be solved at the beginning of period
te{2,-- T -1}

max Q' =) P(Q' =uw')xQ" (U".UC".DP")

=w)xQ MV(¢".R" L"),
(16)

= ZZuﬁqesz +ZZucfcqetZ7 (17)
i q % q

+ZP

min N~°
max §~ ' =wj (Z > by jolun;
i q
+ Z};Zq: UCqupZuzuk>
+we (ZZ ubyrdi+> 0y ucfcqrvk)
T4 ko

—w‘S(ZZ uﬁqlwf—i—zz uciqlmZ) .
i q kg (18)

s.t.:

Z Z cLUL =S" S QL uct, =S RS,
k q m

+ZL +Z<;¢ R, anLt>>o (19)

ULUCL € {01} Vikag, (20)

LR, >0 Y b.m.t. (21)
The expected profit and SI of decisions are maximized
by OF's (16) and (18). OF (17) is applied to minimizing
the total EI. In Constraint (19), revenue of the previous
periods is added to the available budget and the
amount of the loans that should be paid back in period
t is subtracted from the available budget. Non-negative
and binary nature of decision variables at the beginning
of period ¢ are presented by Constraints (20) and (21),
respectively.
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End of period t € {2,.-. ,T — 1}

max Q=323 2 (R, -

+(Ztiy=Vriiy— Uy

t
1]17 X

P

chkp)) Mlzip)

x(1+ RONT, (22)

i N7 =TT F(enf - ent)X,
+ZZZ€I§1€UJW
j k p
YD (ey ech,) x My, (23)
i k P

max STi=-— Z Z Zijpraij
] P
+ Z Z Z Ulqutjk
j k p
+ Z Z Z M,ﬁiprcki)
7 k P
gp> Z XSty ] 20
S.t.e
Z pl; * Z Xf, < KL«U, Vgi, (25)
Zsik * Z My, < KC}, * UCy, Y qk, (26)
P 7
Zpr < DP}, Y jp, (27)

ZMW (1-MF,) <ZXW<ZM,§W(1—DFP)
k

Y i.p, (28)

Xi,, - Mj;, >0

Lip- Vi.g.p.k. (29)
OF (22) is used to maximize revenue of collection
centers and recycling centers in period ¢ as well as
multiple revenues of SCN in the target ROI in order to
consider ROI of the earned revenue in future periods.
EI is minimized by OF (23) and OF (24) is applied
to maximizing SI of shipment decisions. Constraints
(25) and (26) are related to capacity constraints of
recycling centers and collection centers, respectively.

Surplus supply to retailers is prevented by Constraint
(27). The amount of flow of materials between col-
lection centers and recycling centers is balanced by
Inequality (28) considering downfall rate of collected
materials at recycling centers. The non-negativity
restrictions on shipment decision variables are enforced
by Constraint (29).

Beginning of period T

The beginning of this period is formulated similarly to

that of the previous periods:

max Q~ T—Z P(9) "yt (W uct DPT),
(30)

min N1 = ZZug;esg + ZZUG&&% (31)
i q 7 q
max S T=wj (Z Zugjofuni
i q
TY ucijpzupk)
;g
+we (Z Z ug;rdi +Z Z uc,{qrvk)
i q k q

—ws (Z > ul ! +Z Zuckqlm )(, »

s.t.:

BDI= 2.3 0l = 2.2 QUCly ~ 2R
k q m

T-1
+> LI+ (Z¢§1*Rt anT 1*L>>0
b t=1 m (33)

ULUC, €{0;1}  Vikyg, (34)

LI RT >0 Y b.m.t. (35)
Here, the structure of sub-problems is still the same.
The expected profit and SI of the decisions that should
be made at the beginning of period T" are maximized
by OFs (30) and (32), respectively, and the total EI
of these decisions is minimized through OF (31). In
Constraint (33) the revenue of the previous periods
is added to the available budget and the amount
of loans that should be paid back in period ¢ is
subtracted from the available budget. Non-negative
and binary nature of decision variables at the beginning
of period T are presented by Constraints (34) and (35),
respectively.
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t m

— (U, Vc],\p)).Miip)) (1+ RrRONT ZZ i) ¥ UL« CL =" () UCL.QF,
kq

I (DITES SEEY B 9 30 3p BIL A RIS HNC I N

DR>1- 43
= ZBG‘.(l—i—ROI)T t+l (43)
t
Box I
End of period T s.t.:
The following problem is formulated for the end of the
planning horizon: Z [Lh; * Z X};p <K * UT V., (39)
max Q' = Z Z Z Z wp UP) le;p
Soelox > ML, <KC «UCL — Yqk,  (40)
+(le;p_vrz;p (Ujkp*vcjkp))M!:“Fip) P ’
+ B;*SL; —<DR ZX£p<DPT vip, (41)

+§I(Z¢£*R%§—Zn£m{>
= \m b
=33 () x UL < CF
i q
—ZZ
min N7 =52 50 S ens + en
+Z;Zex§kUﬁp
PR
+2 ij > (eypt et =MLY, (37)
i kP

*Uqu*qu, (36)

max STT = —ws ZZZXE;I)TQI']‘
v P
+ZZZU,3;T15]‘/C
j k p
+zzzmmj
7 k p

ZZZXWﬂz . (39

ZMMpl MF, <ZXUP<ZM,5P(1—DFP)
k

Y i.p, (42)

Eq. (43) is shown in Box I.

ZZZXWSL 2.2 D,
t p

v, (44)
SL,e[0;1] ¥V, (45)
DR > 0. (46)

In OF (36), the following extra terms are considered
in comparison with the end of the previous periods.
For this purpose, first, the depreciation rates of the
production and collection centers are subtracted from
total revenue; second, the service level is maximized;
third, the downside risk is minimized; and forth, the
total loans payback and total investment revenue are
considered. The EI and SI of OFs are similar to
those in the previous periods. Inequalities (39)—(42)
represent the production centers capacity, collection
centers capacity, demand, and downfall constraints,
respectively. The downside risk of the target ROI,
which is minimized in OF (36), is calculated through
Inequality (43). Finally, the service level for each cus-
tomer, which is maximized in OF (36), is determined
by Constraint (44).
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4. Solution approach

The above-mentioned formulation of SSCND with fi-
nancial decisions problem explicitly pertains to the
concept and multi-stage structure of the problem.
Analysis of the interactions among variables proves
that the decisions made on locations, investments,
loans, and shipments are connected to each other and
affect service level and downside risk at the end of the
time horizon.

The problem was simplified in the model in the
previous section. However, for solving and implement-
ing the problem, a more compact model compatible
with the general solver is needed. The path formulation
method for solving a multi-stage SCND problem was
introduced by Nickel et al. [15], in which the sequence
of events was defined as a scenario; then, the path
and sub-paths for each scenario were determined. The
following new notation is introduced before presenting
the path formulation model:

Scenario path formula
- St =0 x Q2 x .- x Q: The set for the potential
sequence of events up to period ¢;

- st e St = (w¥ x w! x -+ x wh): Path of events from
the root node to one particular node in period ¢;
- 5% Root node;

- sT: Path of the events oriented from the root node
to a leaf node (a scenario);

- path, = {s%s!---s'}: Set of all sub-paths contain-
ing parts of path s;

- P(St =35t = t]jlp(Qt

the sequence of the events passes through path st.

= w'): The probability that

The problem is reformulated as follows:

max Q:ZZPSt:

t steSt

D DUCE

- ‘/zgp) z]p( t)) + (Zliip - Vrfcip

= (Ujip() % Ve, ) M;ﬁip(st))]

+ Z P(ST =sT) « [Zﬁ]

sTeST

x* SL;(s') — ¢+ DR(s")

DS (2 u(sT)

st—lepath r m

—ZE}MHU%w“nQQ. (47)
k q

+ Z Z Zen?k * U;kp(st)
j k p

DD DD (eyhitect, )« My, (')
q p k 7
+Y > P(st=

t steSt

* [ZZUZ*@S?
toq

—|—Z Z UC’,?; * etZ] , (48)
k q

max S=)» > P(§'=

t steS?

* { ws Z Z Z Xup ) * T
t Z Z Z Ulip(s') % 1
j k p

+ Z Z Z M, (sh) * rcM)

|\ 22 2 2 NG A
+Y > P(S' =

t steSt



A.S. Mohammadi et al./Scientia Iranica, Transactions E: Industrial Engineering 27 (2020) 377-395 389

) * jol xun;

[z
# 5V upk)

e (Z qu Ul (s'1) % rd;
+ 2}; Zq: UCE(s1) * rvk)

S PO TR
+§k:§q:Uc;;q(st*1) * lmZ)], (49)

s.t.:

BD' — Z Z CLUL (s
=D Rig(s®
BD' - ZZ CLUL(s'"™
— > Riu(

ZZquUqu

)+ Ly(s") >0, (50)
b

)—?Z%Ucmsf—l)

T+ L

+Z (Zgbt * R (st~ an*Lt = 1)

>0, (51)

Z“pl ZX’L]P
Z gpk * Z MMP

Y q.k, (53)

) <K +U{ (s b Vg3, (52)

) S KCl«UCL(s"™)

) < DPt (8 5 v 1.p, (54)

ZX’L]P
ZMMpl MF,) <2XW<ZM,§W(1—DFP)
k

Y i.p, (55)

Eq. (56) is shown in Box IIL.

ZZZXW ) > SL; *ZZDP;p(st

v j.st, (57)
U,.UCi, € {0;1}, (58)
Xiip(89)- My (s°).DPj, (') Ry, (s). Ly (s ™)

DR(s)y>0  Vijpkm.b, (59)
SL;(sT) € [0;1] v j. (60)

The concept of the above path formulation model is
completely based on the multi-period, multi-product
CL_SSCND problem explained in Section 3, in which
every combination of events is considered as a scenario.
Here, every scenario consists of different sequences of
events (paths). Probability of each path in a scenario
is calculated by multiplying probability of the events
in a path. Finally, the OF's are computed based on the
probabilities of scenarios (Eqs. (44)—(46)). An example
of the scenario trees with 3 periods and 2 possible
events in each period is depicted in Figure 2. The
specified lines in red color demonstrate a scenario which
encompasses event 2 in period 1, event 1 in period 2,
and event 1 in period 3.

The SSCND problem is multi-objective in nature.
To solve the multi-objective programming models,
there exist many methods. In this article, e-constraint
method is adopted to deal with the multi-objective
nature of the SSCND problem. Several versions of
the e-constraint method have been proposed in the
body of literature. Here, the augmented e-constraint
(AUGMECON) method proposed by Mavrotas [41] is
adopted. In comparison with other versions of the e-
constraint method, AUGMECON is able to:

.

S ((Tehe  ale!
STt

t t t t T—
- (Ujkp~VUjkp)) * Mgy, (s ))>~(1 + ROI)

D=l T G ) e DT (Rl - viy) = Xyt + (ke - Vel

i j PP

fﬁzz(hm))UT( t—1,
i 4

=S S mg) = UCh, T @Y,

DR >1—

S BGt = (1 4+ RONT—t+1
t

ol , (56)

Box II
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P=3e=1
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-
P=1e= P=3e=2
Py —
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TTP=3c=2

- s P=3e=2
5 iP=2c=2 _P=3e=1
: TO——0_
; ; L T P=3ec=2
1~ 1t 2~ 2t 3~ 3+

Figure 2. An example of the scenario trees.

1. Guarantee efliciency of the obtained solution;
2. Calculate the range of the OFs over the efficient set;

3. Offer acceptable solution time in the cases with
several objectives [41].

In order to solve the problem by the above-
mentioned method, first, the economic objective pre-
sented in OF (47) is considered as the main objective
and OFs (48) and (49) are expressed in the form of
inequality constraints. Then, environmental OF is
optimized by adding economic OF = Q* as an equality
constraint and OF (49) as an inequality constraint.
Subsequently, the social OF is optimized by considering
economic OF = @* and environmental OF = N*
as constraints. Consequently, payoff matrix of the
problem is employed as a tool for calculating the ranges
of OFs. In the next step, economic OF is taken as the
one to be optimized and the ranges of environmental
and social OFs are separated into the same intervals.
Based on the defined intervals, constraints related to
environmental and social OFs are taken into account
for defining some sub-problems. Therefore, the Pareto
set is obtained by solving each sub-problem. In order
to avoid inefficiency of the e-constraint method, slack
variable technique is deployed based on augmented e-
constraint method [41]. Finally, the decision maker
selects the most desired solution among all the derived
non-dominated solutions.

5. Implementation and evaluation

The validity of developed model and the functionality
of the solution method are assessed through the data
for the considered case study. The subject firm here has
20 customers and 10 candidate locations are considered
for production and collection centers. This firm can
produce two products with two different technologies

== SL in model with financial decisions

-8~ SL without financial decisions model

1.20
Ja MU
- 0.80
> H
=
S
> 0.60
®
wn
0.40
0.20
0.00

1 3 5 7 9 11 13 15 17 19

Number of customer

Figure 3. Comparison between service levels in the
models with and without financial decisions.

and each technology has a different depreciation rate.
The firm has 6 investment alternatives with different
rates of return and different variances. Besides the
available exogenous budget, the manager of the firm
has the opportunity to give 5 different loans with
different payback times and payback types.

The proposed model is coded and solved through
IBM ILOG CPLEX 12.1. A time limit of 3600 seconds
is considered in this process. The results are tabulated
in Table 3.

In order to evaluate effectiveness of considering
financial decisions in the SSCND problem, the pro-
posed model is solved without considering financial
decisions. The results for the problem solved without
taking financial decisions are tabulated in Table 4.

Tables 3 and 4 confirm that by solving the model
with financial decisions, both the customer service
level and OF value increase, indicating that financial
leveraging with loans and considering other investment
alternatives besides investment in SCN can improve
the physical and financial performance of SCN. Con-
sidering financial decision in the studied firm increases
service level by 6/531% and OF value by 12/56%. The
comparison between the amounts of service level in the
financial and non-financial models is given in Figure 3.

The above-mentioned results have been achieved
by considering five loan alternatives, which can be
added to the available budget of investors. A sensitivity
analysis has been run on the number of available loans.
Decreasing the number of available loans reduces the
financial leveraging power of investors. The fact that
more financial leverage increases the economic value of
this model is illustrated in Figure 4.

By taking advantage of the available loans, in-
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Table 3. Result for the problem solved by financial decisions.

Number and Service level of Weighted average of Value of the economic Downside risk
region of customer during the the service level OF* at the end of related to the
customers whole time horizon  of the whole system the final period value of the OF

1=Isfahan 0.87

2=Isfahan 0.89

3=Isfahan 0.70

4=Isfahan 0.66

5=Isfahan 1.00

6=Isfahan 0.70

T=Isfahan 1.00

8=Tehran 1.00

9=Hormozgan 0.10

10=Azerbaijan 0-50 0.7487 165868 0.15

11=Isfahan 0.65

12=Tehran 1.00

13=Isfahan 0.90

14=Isfahan 0.70

15=Markazi 0.63

16=Khoozestan 0.90

17=Isfahan 0.76

18=Fars 0.50

19=Khorasan 0.60

20=Yazd 0.63

20F: Objective Function.

Table 4. Result for the problem solved without financial decisions.

Number and Service level of Weighted average of Value of the economic = Downside risk
region of customer during the the service level of OF*® at the end of related to the
customers whole time horizon the whole system the final period value of the OF

1=Isfahan 0.70

2=Isfahan 0.75

3=Isfahan 0.63

4=Isfahan 0.63

5=Isfahan 0.95

6=Isfahan 0.70

T=Isfahan 0.97

8=Tehran 0.99

9=Hormozgan 0.09

10=Azerbaijan 0-50 0.7028 413879 0.12

11=Isfahan 0.60

12=Tehran 1.00

13=Isfahan 0.89

14=Isfahan 0.65

15=Markazi 0.59

16=Khoozestan 0.85

17=Isfahan 0.70

18=Fars 0.45

19=Khorasan 0.58

20=Yazd 0.59

20OF': Objective Function.
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Table 5. Sensitivity analysis of the number of available loans.

Value of the economic OF? at

the end of the final period

Number of Weighted average of the service
available loans level of the whole system
0 0.7197
1 0.7285
2 0.7359
3 0.7419
4 0.7464
5 0.7487

442575
449315
454773
459367
463539
465868

20F: Objective Function.

| —e— Economical of value at the end of last period |

470000
465000
460000
455000
450000
445000
440000
435000

430000
0 1 2 3 4 5

Number of available loans

Figure 4. Effect of available loans on economic Objective
Function (OF).

vestors can increase the number of facilities, hence
raising the amounts of production and sale. In the
proposed model, the advantage of taking loans is
improving the economic value as far as the profit
generated by the sale rises and is sufficient to pay back
the loans and their interest. The fact that considering
all the available five loans improves the economic OF
by 5.26% and service level of the whole system by 4%
is tabulated in Table 5.

In general, the above-mentioned tables and figures
approve effectiveness of considering financial decisions
in SSCND problem. Considering other investment
alternatives in addition to SSCN investments provides
investors with an overall view to expand their choices.
Moreover, the possibility of financial leveraging by
getting loans empowers the firms with respect to their
financial status. As a result, investors become able to
increase profitability of their decisions regarding the
SSCND problem.

6. The relevance of applying a stochastic
approach

When uncertainty is considered in an optimization
model, the important issue is to assess its superiority
over deterministic methods. Relative Value of Multi-
stage Stochastic Approach (RVMSA) is a measure
that calculates this relevance. RVMSA examines
the importance of achieving perfect information on
stochastic parameters [42] through measuring the dis-

tance between stochastic and deterministic values of
the problem and dividing the yield distance into the
deterministic value of the problem. The result of this
division examines the effectiveness of applying multi-
stage stochastic approach.

In order to compute RVMSA, the value of the
deterministic problem should be calculated, which is
obtained through substituting all random variables
with their expected values [15]. To accomplishing this,
¢t (s7) is substituted with E[¢!,(s”)] and DP} (sT) is
substituted with E[DP] (sT)].

To analyze the performance of this multi-stage
stochastic approach in the context of the introduced
problem, the deterministic problem value (QPF1) is
computed for the subject firm. Here, the RVMSA is
measured as follows:

QSTO _ QDET 465868 — 441163

MSA =
RVMS QDET 441163

= 0.056.

The result of RVMSA measurement indicates that
solving the problem through this multi-stage stochastic
approach can improve supply chain performance in the
problem time horizon by 5.6% in terms of the OF value.
This confirms effectiveness of implementing the multi-
stage stochastic approach in the SSCND problem with
financial decisions.

7. Conclusions

In this study, integration of physical and financial
decisions in Sustainable Supply Chain Network De-
sign (SSCND) problem with uncertainty issue was
facilitated by implementing a multi-stage stochastic
approach. The main objectives of the proposed multi-
objective model consisted of:

1. Maximizing total revenue, maximizing service level
to customers, and minimizing deviation from target
Return On Investment (ROI);

2. Minimizing Environmental Impact (EI);
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3. Maximizing social benefits.

In addition to general decisions made on location
and allocation, financial decisions were of concern.
Uncertainty was considered in demand and investment
rate of return and in order to cope with the uncertainty,
a mixed-integer multi-stage stochastic programming
formulation was implemented. The applicability of the
model was tested by the case study of a real plastic
recycling company located in Iran. e-constraint and
path-formulation methods were adopted for handling
multi-objectiveness and stochastic nature of the prob-
lem. Computational results indicated that consider-
ing the financial decisions improved service level and
OF value. Moreover, sensitivity analysis proved the
benefits of considering loan alternatives in such prob-
lems. Loan consideration assists managers to leverage
their financial power. Furthermore, Relative Value
of Multi-stage Stochastic Approach (RVMSA) index
was used to assess the value of implementing multi-
stage stochastic approach and the results indicated that
stochastic approach outperformed the deterministic
approach.

The results of this paper can be applied to other
industries with closed-loop SC structure, such as petro-
chemical, electrical, etc. The proposed model can be
extended in future studies by making improvement in
its different aspects. For example, future research can
be aimed at implementing other policies for coping with
uncertainty and analyzing performance of different
policies. Also, it is necessary to evaluate the value of
the stochastic approach for social and environmental
OFs.
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