Sustainability 2014, 6, 6666-6686; doi:10.3390/su6106666

sustainability

ISSN 2071-1050
www.mdpi.com/journal/sustainability

Article

Sustainable and Resilient Supply Chain Network Design under
Disruption Risks

Sonia Irshad Mari, Young Hae Lee "* and Muhammad Saad Memon *

Industrial and Management Engineering Department, Hanyang University, 55 Hanyangdeahak-ro,
Sangnok-gu, Ansan, Kyoenggi-do 426-791, Korea; E-Mails: sonia@hanyang.ac.kr (S.1.M.);
msmemon@hanyang.ac.kr (M.S.M.)

" These authors contributed equally to this work.

* Author to whom correspondence should be addressed; E-Mail: yhlee@hanyang.ac.kr;
Tel.: +82-31-400-5262.

External editor: Marc A. Rosen

Received: 22 July 2014, in revised form: 17 September 2014 / Accepted: 19 September 2014 /
Published: 29 September 2014

Abstract: Sustainable supply chain network design is a rich area for academic research that
is still in its infancy and has potential to affect supply chain performance. Increasing
regulations for carbon and waste management are forcing firms to consider their supply
chains from ecological and social objectives, but in reality, however, facilities and the links
connecting them are disrupted from time to time, due to poor weather, natural or manmade
disasters or a combination of any other factors. Supply chain systems drop their sustainability
objectives while coping with these unexpected disruptions. Hence, the new challenges for
supply chain managers are to design an efficient and effective supply chain network that will
be resilient enough to bounce back from any disruption and that also should have sufficient
vigilance to offer same sustainability under a disruption state. This paper focuses on
ecological sustainability, because an environmental focus in a supply chain system is more
important and also links with other pillars of sustainability, as the products need to be
produced, packed and transported in an ethical way, which should not harm social balance
and the environment. Owing to importance of the considered issue, this paper attempts to
introduce a network optimization model for a sustainable and resilient supply chain network
by incorporating (1) sustainability via carbon emissions and embodied carbon footprints and
(2) resilience by incorporating location-specific risks. The proposed goal programming (GP)
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model optimizes the total cost, while considering the resilience and sustainability of the
supply chain network.

Keywords: resilient supply chain; sustainable supply chain; disruption risks; green
supply chain

1. Introduction and Literature Review

Today supply chain management is emerging in a new dimension by having the sustainability as its
primary focus, but in reality, however, facilities and the links connecting them are disrupted from time to
time due to poor weather, natural or manmade disasters or a combination of any other factors. At the
same time, corporations are accepting broader responsibility for the social and environmental impacts
of their supply chains. However, a supply chain system drops its sustainability objectives while coping
with those unexpected disruptions. Therefore, supply chain managers are now trying to develop a
trade-off between supply chain disruptions and a sustainable system. Resilience is a new approach to the
design of supply chains and business processes. It is derived from the study of resilience in biological
systems, which have a variety of mechanisms for sensing and responding to disturbances or threats.
Whereas sustainability was only considered previously as a means to manage the logistics of the supply
chain, the modern supply chain networks consider sustainability as their primary focus [1]. The current
supply chains already realize the importance of making more sustainable networks and try to concentrate
more on environmental and social factors in order to make more transparent supply chain networks.

Research and practical applications of sustainable supply chain management (SSCM) have been
growing steadily in recent times [2]. Elkington [3] described three pillars of sustainability, namely
economy, ecology and society. This paper focuses more on ecological sustainability, because an
environmental focus in supply chain systems is more important and also links with other pillars, as the
products need to be produced, packed and transported in an ethical way, which should not harm social
balance and the environment. Many authors considered sustainable procurement to ensure minimum
embodied carbon footprints (e.g., [4—8]) and sustainable transportation (e.g., [9—12]) in the supply
chain context. However, the focus of ecological sustainability has now moved from local optimization
to the entire supply chain [13]. There are very few articles that have considered the sustainability factor
with respect to the entire supply chain (e.g., [2,14-16]), which means that all activities, from
procurement of raw materials to distribution of finished goods, should consider sustainable factors.

In the socio-economic literature, there is much evidence that shows the connections and
relationships between resiliency and sustainability, like Derissen, et al. [17], who discusses the
relationship between sustainability and resilience in ecological-economic systems. They consider
sustainability as a normative concept, whereas resilience is a descriptive concept, and with the help of a
simple dynamic model, they try to explain the relationship between sustainability and resilience.
Rose [18] in his paper discusses the role of sustainability and resilience in the face of natural disasters
and also discusses the relationship between them. The author also describes the different types of
resilience and concluded that sustainability helps a great deal with improvement after a severe natural
disaster, but it cannot be possible without having adaptive and inherent resilience associated with
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disaster recovery. Turner [19] considers that resilience and vulnerability are two parallel and
coalescing approaches that belong to sustainability science, and the author also explains the similarities
and differences across the two concerned areas with respect to sustainability science practices.
Lebel, et al. [20] illustrates that resilience is one of the critical factors for sustainability, and in order to
pursue efficient and effective sustainable development, there is a need to strengthen the ability of
societies to manage resilience. Perrings [21] explains how the relationship between sustainability and
resilience effects the economics of development and also claims that, “A development strategy is not
sustainable if it is not resilient”. Cutter [22] illustrates a framework in his paper in which he considered
resilience as a bridge between disaster risk management and sustainable communities. According to
him, it is very important to consider resilience as a major element that helps in achieving sustainable
development and further stated that considering resilience is necessary for both sustainable
development and disaster risk management.

In accordance with the importance of the above literature, this paper gives considerations to both
resilience and sustainability in the context of supply chain management. According to Rose [18], extreme
disruptions could badly effect the environment, which disrupts the major activities of supply chains. The
major barrier in developing a sustainable supply chain network is the uncertainty associated with supply
chain activities. Therefore, a sustainable supply chain should be resilient and flexible enough to cope
with uncertain disruptions [23]. This requires one to build sustainable supply chains that are
simultaneously resilient, agile and lean to cope with uncertain disruptions, such as natural or
manmade disasters [24]. Disruption of supply chain networks leads to supply uncertainty and is
important for sustainable supply chain performance, because firms try to find alternate solutions to
cope with disrupted supply and might lose sustainability. There is an enormous amount of literature
existing on supply chain resilience (e.g., [25-30]), which shows the importance of this research in the
supply chain area; however, to the best of the authors’ knowledge, no single study is available in the
literature that jointly discusses the resilience and sustainability issue in the supply chain context.

In order to design a sustainable supply chain network that is simultaneously resilient enough to cope
with uncertain events, we used a resilience metric, known as the expected disruption cost (EDC),
which is based on expected losses incurred due to network failures. According to Shukla, ef al. [31],
“The EDC is defined in terms of loss of opportunity cost incurred due to not meeting demand on time
after a disruption has occurred”. This paper proposes the weighted goal programming (WGP) model,
aiming to balance the level of ecological sustainability via carbon emissions and embodied carbon
footprints and resilience by incorporating location-specific risks, such as natural and/or manmade
disasters. The main objective of the proposed supply chain model is to ensure that the supply chain
network is sustainable, as well as resilient enough to cope with unexpected disruption risks, because
the set of partners in the supply chain network have different degrees of implementation of sustainable
supply chain practices and abilities to cope with disruptions risks [32].

2. Mathematical Model

In this section, the mathematical model for a sustainable and resilient supply chain network will be
discussed in detail. The research proposes a framework to design a sustainable and resilient supply
chain as shown in Figure 1.
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Figure 1. Sustainable and resilient supply chain network framework.
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We have used the weighted goal programming (WGP) approach to construct the model, because
WGP is generally used to deal with multi-objective optimization problems. This paper deals with
different conflicting objectives, and WGP is a suitable approach for obtaining a compromise
solution [33]. This paper considers a supply chain network consisting of a set of suppliers (L) from
which various raw materials are purchased by a set of manufacturing zones (J), where the product is
manufactured and distributed to various warehouse zones (K), from which the product is dispatched to
customer zones (/). This study considers three different types of trucks (7) that are used to deliver
products between each supply chain node. The proposed model attempts to find a trades-off between
the total costs associated with the dolphin choirnetwork, the disruption costs due to the vulnerability of
the manufacturing and/or warehouse zones, the embodied carbon foot print of the materials procured
from different suppliers and the total carbon emissions due to transportation and manufacturing. The
model has been validated for a garment manufacturing supply chain as a case example. Notations and
assumptions of the model are as follows:
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2.1. Sets
i, set of customer zones i={il,2,..,1}
J, set of manufacturing zones j=4yI2,...,J}
k, set of warehouse zones k=1{K1,2,...,K}
[, set of suppliers [={l1,2,...,L}
t, set of different types of trucks t={41,2, ..., T}
P, set of periods p=1{41,2, ..., P}

2.2. Parameters

dip Annual demand at customer zone i in period p

M; Cost of installing a manufacturing unit in zone j

Wi Cost of installing a warehouse in zone k

UPCy, Purchase cost of material from supplier / ($/unit) in period p

ECFy, Embodied carbon footprints of the material purchased from supplier / in period p

TCSMy;,,  Transportation cost from supplier / to manufacturing zone j using truck ¢ ($/unit) in period p

TCMWy, Transportation cost from manufacturing zone j to warehouse zone k using truck # ($/unit)
in period p

TCWCy, Transportation cost from warechouse zone k to customer zone 7 using truck ¢ ($/unit) in
period p

HCSMj;,  Handling cost from supplier / to manufacturing unit in zone j ($/unit) in period p

HCMWy,, Handling cost from manufacturing zone j to warehouse in zone & ($/unit) in period p

HCWCy;, Handling cost from warehouse in zone & to customer zone 7 ($/unit) in period p

CESM;;,  Carbon emission by truck # from supplier / to manufacturing zone j (kg/unit) in period p

Carbon emission by truck ¢ from manufacturing zone j to warehouse zone k (kg/unit) in
CEMW

period p
CEWCyy, Carbon emission by truck ¢ from warehouse zone & to customer zone i (kg/unit) in period p
MCy, Manufacturing cost at zone j ($/unit) in period p
CE; Carbon emission by manufacturing unit in zone j (kg/unit)
CSy Capacity of supplier / in period p
CM; Capacity of manufacturing unit in zone j in period p
CT, Capacity of truck ¢ in period p
CWi, Capacity of inventory in warehouse k in period p
PM, Profit margin on each unit in period p
sdp, Supplier’s disruption probability in period p
md,, Manufacturing zone’s disruption probability in period p
wdj, Warehouse zone’s disruption probability in period p

2.3. Decision Variables

X = {o If a warehouse in zone k is open 1, otherwise 0

yi=1o If a manufacturing unit in zone j is open 1, otherwise 0
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TOSM,;,,  Transportation quantity from supplier / to manufacturing zone j using truck ¢ in period p

TOMW, Transportation quantity from manufacturing zone j to warehouse zone k using truck ¢ in
ik .
P period p

TOWCy, Transportation quantity from warehouse zone & to customer zone i using truck ¢ in period p

2.4. Deviational Variables

d,, d, Under and over achievement from total supply chain cost goal

d,,d, Under and over achievement from carbon emission goal

d,,d. Under and over achievement from embodied carbon footprint goal

d,, d, Under and over achievement from disruption cost goal as a measure of resilience

2.5. Model

The objective of the proposed GP model is to minimize the deviations from the goals. The objective
function in Equation (1) minimizes the weighted deviation around the goals.

Minimize Bld: + Bzd;,r + B3dj + B4d§ (1)

where d,, d,, d, and d represent the deviational variables of cost, carbon emission, embodied carbon
footprints and resilient supply chain goals, respectively, and Bi, B2, B3 and P4 are the corresponding
weights of the above objective deviations. It is important to recognize in Equation (1) that deviations
of goals are measured in different units, i.e., $ and kg; therefore, we cannot sum them directly due to
the phenomenon of incommensurability. Percentage normalization is used in the proposed model to
standardize the unit in the objective function. Percentage normalization is carried out by dividing the
deviations with their corresponding target levels. Thus, all deviations are measured in the same units,
as shown in Equation (2).

+ + + +
Minimize j3, d +B, 9, + B, d. +B, dy 2)
Goal (A) Target Goal (B) Target Goal (C) Target Goal (D) Target

Various costs associated with the supply chain are calculated in Equations (3)—(7). The purchase costs
of materials from various suppliers are computed in Equation (3). Production costs in different
manufacturing zones are calculated in Equation (4). Equation (5) computes the transportation costs of
the whole supply chain. Handling costs are shown in Equation (6). Installation costs of manufacturing
units and warehouses are computed in Equation (7). Finally, the total supply chain cost goal can be
computed as in Equation (8).

Purchase cost = Z Z UPC, Z Z TOSM ,,, 3)
I p j ot
Production cost = Z ZMCW Z Z oMW ,,, %)
2.2, 2, 2 TOSM, TCSMy, + 2, 2,2, TOMW, TCMW,
Transportation cost = ’ (5)

+Z Z Z Z Towc,, TCWC,,,
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ZZZHCSMIJP ZTQSMI/tP+ZZZHCM Jkp ZTQM Jktp

i

+ZZZHCWCk,p ZTQWCW ©)

Installation cost = ZM it Z W.x,
b k

Handling cost =

(7

Purchase cost + Production cost + Transportation cost’
Total supply chain cost goal (A) = . . o (8)
+ Handling cost + Installation cost +d_, —d,

Various carbon emissions in the supply chain are computed in Equations (9)—(12). Equation (9)
computes the total carbon emissions occurring during the transportation of the materials from suppliers
to manufacturing zones. Equation (10) computes the total carbon emissions during the transport of
finished products form manufacturing zones to warehouse zones. Total carbon emissions for
transporting the products from warehouses to customer zones is computed in Equation (11).
Equation (12) computes the carbon emissions during manufacturing. Finally, the total carbon emission
goal can be shown by Equation (13).

Carbon emission during transport of material

from suppliers to manufacturing zones ZZZZZT OSM ,,CESM ,, )
I j t p
Carbon emission during transport of products
from manufacturing zones to warehouse zones =Zz ZZ omw, CEMW,, (10)
J p
Carbon emission during transport of products
from warehouse zones to customer zones ZZZZT owc,, CEWC,,, (11)
k i t p
Carbon emission in manufacturing —Z CE, Z Z Z Tomw,,, (12)
Total carbon emission goal (B) =
Carbon emission during transport of material from supplier to manufacturing zones
+ Carbon emission during transport of products from manufacturing zones to warehouse zones (13)

+ Carbon emission during transport of products from warehouse zones to customer zones
+ Carbon emission in manufacturing +d, —d,

In order to achieve the total sustainability of the supply chain, it is very important to minimize the
embodied carbon footprint of the procured material. It is one of the important factors in the supplier
selection decision. For example, procurement of a high carbon embodied footprint raw material lowers
the sustainability objectives of the manufacturer, even if it is present in a highly green zone, and they
may face legal restrictions, because of being in a green zone. Equation (14) computes the total
embodied carbon footprint goal of the procured material.

Embodied carbon footprint goal (C) = Z ZE ZZT OSM ,, +d_ —d; (14)

One of the main objectives of this research is to cons1der the supply chain resilience. There may be
many metrics for supply chain resilience; however, expected disruption cost (EDC) is a major metric.
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We use EDC as a metric for designing a resilient supply chain network, for example if any supplier
is vulnerable to disruptions, then the manufacturer may go for another supplier without considering the
sustainability factor in order to minimize the risk of being out of stock with respect to the disruption risk.
Furthermore, sustainability and resiliency will again be affected if the manufacturing unit and/or
warehouse are located in zones that are vulnerable, due to any reason, such as earthquakes, tsunamis or
manmade disasters. Although the probability of disruption is hard to quantify [31], Lim et al. [34]
found that even the probability of disruption is hard to quantify, but underestimating the likelihood of a
disruption is more dangerous than overestimating the likelihood. Chopra and Sodhi [35] showed that
less than a 2% increment in the total cost may be incurred even with a 50% error in estimating the
disruption probability. This shows that one cannot completely ignore the likelihood of disruptions
while designing the supply chain, and rough estimations of disruption risks are sufficient. This paper
used an international disaster database to estimate the disruption probability, as shown by [31,36]. The
goal (D) tries to minimize the expected disruption cost, which means increasing the supply chain
resilience. The proposed model tries to ensure that all of the partners in the supply chain should have
resilient behavior, that is, representing the partners’ abilities to cope with unexpected disruption risks.
Equation (15) estimates the expected disruption costs that are due to the vulnerability of suppliers,

manufacturing zones and warehouse zones.

Z Z T QSM [jtdelp + Z Z T QM Wiktpmd.ip +

Disruption cost goal (D)=| ' * rr

> > 1OWC,,, Wd,,
p

k

PM ,+d, -d; (15)

The model constraints are described in Equations (17)—(33). Constraints (16) and (17) ensure that
products can only be shipped from the manufacturing unit in zone j if it exists in that zone. Similarly,
Constraints (18) and (19) ensure that products can only be shipped from a warehouse in zone £ if it is
open in that zone; where m is very large number.

TOSMjjy, <m x y; (16)
TOMWipyp < m X y; (17)
TOMW iy < m X Xi (18)
TOWChipp <m X xi (19)

Constraints (20)—(22) guarantee that transportation quantities between supplier, manufacturer and
warehouse will not be more than their respective capacities.

ZZTQSMW =S, (20)
Jot
;ZTQMW/‘W <M, Q1)

ZZTQWCW <Cw,, (22)

i
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Constraints (23)—(25) ensure that transportation quantities between supplier, manufacturer and
warehouse will not exceed the total capacity of truck.

21: Zj: TOSM ,, < CT, (23)
; ; TOMW,,, <CT, (24)
; Z Towc,,, <CT, (25)

Constraint (26) balances the input and output of the material in a manufacturing unit. The amount of
incoming material from suppliers to manufacturer is equal to the amount of outgoing material from
manufacturer to warehouse. The inventory and the condition of being out of sock is not considered in
this case. Similarly, Constraint (27) balances the input and output of finished products in warehouse
units. The incoming products from manufacturing units are equal to outgoing units to various

customer zones.

ZZTQSMW - ;ZTQMWM =0 26)
;ZTQMWW — ;ZTQWCW =0 27)

Constraint (28) confirms that the amount of products coming from manufacturing units to a

warehouse in zone £ must be less than its inventory capacity.

Z Z[: TQMWiktp < CWkp (28)

J
Constraint (29) certifies that the amount of products manufactured in zone j unit must be less than
its capacity.
TOMW,, < CM;, (29)

Constraint (30) promises that the amount of products transported from warehouses to customer zone
i will satisfy its demand.

;ZTQWCW ~d, =0 (30)

Constraints (31)—(33) impose positive and binary restrictions on all of the corresponding decision

variables, respectively.

TQSM[im,TQMVIthp,TQWCkiw > 0 and integer V1jktp (31)
d;,d;,d:,‘&’;,d;,d,:,d:,?i;20 (32)
Xy, €401} Vk,j (33)

3. Case Example

A garment manufacturing firm is chosen to show the applicability of the proposed model. The
garment manufacturing company is based in Pakistan, having three manufacturing plants in different



Sustainability 2014, 6 6675

zones. The company procured different materials from local and foreign suppliers. The company
operates various retail stores and warehouses around the country to meet the demand of customers. For
experimental purposes, we take a single product (trousers) having a weight of 340 gm and i = 5, j = 3,
k=4,1=3,t=3, p =3. Various goals are set, such as: the cost goal (A) = $1,983,192.00, the carbon
emission goal (B) = 19,666.04 kg, the embodied carbon footprints goal (C) = 199,590.00 kg and the
disruption cost goal (D) = $303,712.50. These goal values are found by separately minimizing each
goal using linear programming. Manmade and natural disaster factors are used to quantify the
probability of the disruption of each zone in the proposed model. To calculate the probability of
disruption, historic data are used from the South Asia Terrorism Portal (SATP) and National Disaster
Management Authority of Pakistan (NDMA) to calculate the manmade and the natural disasters during
2012-2013, as shown in Table 1. The disruption probability of suppliers, manufacturing zones and
warehouse zones depends on the region in which they are located. Three cases are solved by varying the
weight of Goals A, B, C and D, respectively, to analyze the results. Tables 2—-16 show the required
parameters used for solving the proposed model.

Table 1. Disruption probability of each region.

Region No. Region Name No. of Manmade Disasters No. of Natural Disasters Probability
1 Faisalabad 00 01 0.003
2 Hyderabad 03 00 0.010
3 Karachi 86 02 0.280
4 Lahore 05 04 0.029
5 Peshawar 53 01 0.172
6 Quetta 54 01 0.175
7 Rawalpindi 04 00 0.013

Table 2. Cost ($/unit) of the raw material purchased from different suppliers at different periods.

Period
1 2 3
1 4.119 4.609 4.392
Supplier 2 4.016 4.588 5.654
3 4911 5.016 5.516

Table 3. Embodied carbon footprints (kg) of raw material purchased from suppliers at

different periods.
Period
1 2 3
1 2.4 2.7 2.8
Supplier 2 1.9 2.0 2.2

3 1.5 1.8 2.1
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Table 4. Raw material handling costs ($/unit) from suppliers to manufacturing zones at
different periods.

Supplier 1 Supplier 2 Supplier 3

Peri
eriod 1 2 3 1 2 3 1 2 3

—

0.010 0.010 0.020 0.015 0.020 0.010 0.015 0.013 0.011
Manufacturing Zones 2 0.020 0.011 0.014 0.010 0.012 0.014 0.011 0.013 0.012
0.009 0.008 0.010 0.008 0.009 0.020 0.011 0.012 0.013

98]

Table S. Finished product handling costs from manufacturing zones to warehouse zones
($/unit) at different periods.

Manufacturing Zone 1  Manufacturing Zone 2 Manufacturing Zone 3
1 2 3 1 2 3 1 2 3
0.010  0.020 0.009 0.015 0.019 0.020 0.011 0.014 0.013
0.015 0.011 0.014 0.013 0.014 0.016 0.012 0.019 0.013
0.020  0.015 0.020 0.008 0.012 0.020 0.013 0.020 0.015
0.015 0.011 0.014 0.013 0.014 0.016 0.012 0.019 0.013

Period

Warehouse Zones

A W N =

Table 6. Finished product handling costs from warehouse zones to customer zones ($/unit)

at different periods.
. Warehouse Zone 1 Warehouse Zone 2 Warehouse Zone 3 Warehouse Zone 4
Period 1 2 3 1 2 3 1 2 3 1 2 3

1 0.010 0.015 0.020 0.020 0.016 0.020 0.014 0.012 0.011 0.012 0.011 0.011

Customer 2 0.020 0.011 0.015 0.015 0.012 0.013 0.012 0.019 0.015 0.015 0.016 0.013
Zones 3 0.008 0.009 0.011 0.011 0.015 0.020 0.015 0.016 0.013 0.012 0.019 0.013
4 0.010 0.011 0.011 0.02 0.015 0.02 0.025 0.028 0.025 0.028 0.029 0.030

5 0.020 0.011 0.015 0.015 0.012 0.013 0.012 0.019 0.015 0.015 0.016 0.013

Table 7. Raw material transportation costs (x%) from suppliers to manufacturing zones

by different trucks at different periods.

) Truck Type 1 Truck Type 2 Truck Type 3
Period
1 2 3 1 2 3 1 2 3
Vanufetrine | 657 657 657 255 255 255 191 191 191
an‘;ac YN8y 474 474 474 184 184 184 138 138 13.8
one
33400 3400 3400 1322 1322 1322 991 99.1 99.1
Vanuferine | 474 474 474 184 184 184 138 138 138
Supplier 2 an‘;jfleurmg 2 285 285 28 1.1 LIl 111 833 833 833
33000 3000 3000 1166 1166 1166 875 875 875
C 1 3400 340.0 3400 1322 1322 1322 99.1 99.1 99.1
Manufacturing
3 . 23000 3000 3000 1166 1166 1166 87.5 875 87.5
one
3285 285 28 L1l L1l 111 833 833 833
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Table 8. Finished product transportation costs ( x% ) from manufacturing zones to
warehouse zones by different trucks at different periods.

Period Truck Type 1 Truck Type 2 Truck Type 3
1 2 3 1 2 3 1 2 3
1 657 657 657 256 256 256 192 192 192
Warehouse 2 349.0 349.0 349.0 136.0 136.0 136.0 102.0 102.0 102.0
Zone 3 206.0 2060 206.0 80.1 80.1 80.1 60.1 60.1 60.1
4 387.0 387.0 387.0 150.0 150.0 150.0 113.0 113.0 113.0
1 474 474 474 184 184 184 138 13.8 138
Manufacturing Warehouse 2 311.0 311.0 311.0 121.0 121.0 121.0 90.6 90.6 90.6
Zone Zone 3 2050 2050 2050 796 79.6 796 59.7 59.7 59.7
4 344.0 344.0 3440 134.0 134.0 134.0 100.0 100.0 100.0
1 340.0 340.0 340.0 132.0 132.0 1320 922 922 922
Warehouse 2 434 434 434 169 169 169 12.7 127 127
Zone 3 2340 2340 2340 91.1 91.1 91.1 683 683 683
4 147.0 147.0 1470 573 573 573 43.0 43.0 43.0
Table 9. Finished product transportation costs (x%) from warehouse zones to customer
zones by different trucks at different periods.
. Truck Type 1 Truck Type 2 Truck Type 3
Period
1 2 3 1 2 3 1 2 3
1 6.57 657 657 256 256 2.56 1.92 1.92 1.92
2 350.0 350.0 350.0 136.0 136.0 136.0 102.0 102.0 102.0
Customer
1 Zone 3 2060 2060 2060 80.1 80.1 80.1 60.1 60.1 60.1
4 4110 411.0 411.0 160.0 160.0 160.0 120.0 120.0 120.0
5 387.0 387.0 387.0 150.0 150.0 150.0 113.0 113.0 113.0
1 3500 350.0 350.0 136.0 136.0 136.0 102.0 102.0 102.0
2 286 286 286 1.11 1.11 1.11 0.83 0.83 0.83
Customer
2 Zone 3 2660 266.0 2660 103.0 103.0 103.0 77.5 7715 775
4 1050 105.0 105.0 40.7 40.7 40.7 30.5 30.5 305
Warehouse 5 1350 135.0 1350 523 523 523 39.3 393 393
Zone 1 2060 2060 2060 80.1 &80.1 80.1 60.1 60.1 60.1
Custormer 2 2660 266.0 2660 103.0 103.0 103.0 77.5 775 775
3 Zone 3 28 286 286 1.11 1.11 1.11 8.33 8.33 8.33
4 2570 2570 257.0 100.0 100.0 100.0 75.0 75.0 75.0
5 241.0 2410 2410 93.8 938 938 70.3 703 703
1 387.0 387.0 387.0 150.0 150.0 150.0 113.0 113.0 113.0
2 1350 1350 1350 523 523 523 393 393 393
Customer
4 Zone 3 2410 241.0 2410 938 938 938 70.3 703 703
4 483 48.3 483 18.8 18.8 18.8 14.1 14.1 14.1
5 28 286 286 1.11 1.11 1.11 8.33 8.33  8.33
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Table 10. Carbon emissions (><1—(1)3 kg) for raw material transportation from suppliers to

manufacturing zones by different trucks at different periods.

) Truck Type 1 Truck Type 2 Truck Type 3
Period
1 2 3 1 2 3 1 2 3
Manufacturin 1 0.93 093 093 085 08 085 0.87 087 0.87
uZ Hne 6.74 674 674 6.12 6.12 6.12 627 627 6.27
n
one 3 48.3 483 483 438 438 438 449 449 449
. 1 6.74 674 6774 612 6.12 6.12 627 627 627
. Manufacturing
Supplier 2 7 2 040 040 040 036 036 036 037 037 037
one
3 426 426 42.6 38.7 387 387 397 397 397
Manufacturi 1 48.3 483 483 439 439 439 450 450 45.0
anufacturin
Zone © 2 46 426 426 387 387 387 397 397 397
3 040 040 040 036 036 036 037 037 037

Table 11. Carbon emissions (X # kg) for finished product transportation from

manufacturing zones to warehouse zones by different trucks at different periods.

. Truck type 1 Truck type 2 Truck type 3
Period
1 2 3 1 2 3 1 2 3
1 093 093 093 084 0.84 084 086 086 0.86
Warehouse 2 49.6 49.6 496 450 450 450 46.1 46.1 46.1
Zone 3293 293 293 266 266 266 272 272 272
4 550 550 550 499 499 499 51.1 51.1 511
1 6.74 674 674 6.12 6.12 6.12 627 627 6.27
Manufacturing Warehouse 2 44.1 44.1 441 40.1 40.1 40.1 41.1 41.1 4l1.1
Zone Zone 3291 291 291 264 264 264 270 27.0 27.0
4 489 489 489 444 444 444 455 455 455
1 483 483 483 439 439 439 450 450 45.0
Warehouse 2 6.17 6.17 6.17 560 560 560 574 574 5.74
Zone 3 333 333 333 302 302 302 310 31.0 31.0
4 21.0 210 21.0 19.0 19.0 19.0 19.5 195 19.5

Table 12. Emissions (X# kg) for finished product transportation from warehouse zones to

customer zones by different trucks at different periods.

) Truck Type 1 Truck Type 2 Truck Type 3

Period 1 2 3 1 2 3 1 2 3
1 093 093 093 084 084 084 08 086 0.86
Customer 2 498 498 498 452 452 452 463 463 463
1 Zone 3 293 293 293 266 266 266 272 272 272
4 584 584 584 53.0 530 53.0 543 543 543
Warehouse 5 55,0 550 550 499 499 499 51.1 511 51.1
Zone 1 49.8 498 498 452 452 452 462 462 46.2
Customer 2 040 040 040 036 036 036 037 037 037
2 Zone 3 378 378 37.8 343 343 343 351 351 351
4 149 149 149 135 135 135 138 138 138
5 191 191 191 174 174 174 17.8 17.8 17.8
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Table 12. Cont.
) Truck Type 1 Truck Type 2 Truck Type 3
Period 1 2 3 1 2 3 1 2 3
1 293 293 293 266 266 266 272 272 272
Customer 2 378 37.8 378 343 343 343 351 351 351
3 Zone 3 040 040 040 036 036 036 037 037 037
4 366 366 366 332 332 332 340 340 34.0
Warehouse 5 343 343 343 31.1 31.1 31.1 319 319 319
Zone 1 550 550 550 499 499 499 511 511 511
Customer 2 191 191 191 174 174 174 178 17.8 178
Zone 3 343 343 343 31.1 31.1 31.1 319 319 319
4 686 68.6 686 623 623 623 638 638 638
5 040 040 040 036 036 036 037 037 0.37
Table 13. Product manufacturing costs ($/unit) at different periods.
Manufacturing Zone 1 Manufacturing Zone 2 Manufacturing Zone 3
1 1.35 1.23 2.60
Period 2 1.50 1.56 2.50
3 1.51 1.50 2.65

Table 14. Capacities of the suppliers, manufacturing zones and warehouse zones at

different periods.
Period 1 Period 2 Period 3
1 16,500 16,000 15,500
Supplier 2 12,000 12,500 12,000
3 11,000 12,000 11,500
1 15,200 14,500 15,000
Manufacturing zone 2 12,500 13,500 12,500
3 14,500 14,000 14,500
1 13,200 12,500 11,500
Warehouse zone 2 10,500 13,500 12,000
3 12,000 12,000 12,500
4 9000 8500 8800
Table 15. Demands of the customer zones at different periods.
Demand Period 1 Period 2 Period 3

1 8500 9000 7500

2 8700 8000 8500

Customer Zone 3 8600 8500 8000

4 5500 6000 5600

5 5000 5500 5000
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Table 16. Trucks’ capacities at different periods.

Period 1 Period 2 Period 3
1 7000 7000 7000
Truck type 2 18,000 18,000 18,000
3 24,000 24,000 24,000

The proposed model is solved using LINGO optimization software package developed by LINDO
system Inc. to obtain optimal solution, as shown in Table 17. The presented model considered the
resilience factor in the supply chain network design, which helps to maintain the sustainability during
disruption risks. The analysis of the results shows that the network design depends on the weightage
given to each objective; if more importance is given to the total cost goal, then the sustainability of
supply chain is reduced and also the vulnerability of the supply chain network increases. This shows
that sustainability is parallel to the resilience of the network, that is an increase in the resilience of
supply chain network also increases its sustainability. This is due to the fact that during a disruption in
networks, firms try to switch their operations from one zone to another, which results in a reduction of
sustainability, due to an increase in CO, emissions and the embodied carbon footprints.

Table 17. Case example solution under different situations.

Optimized Goal Values

Cost goal (A) = $1,983,192.00,
Carbon emission goal (B) = 19,666.04 kg,
Embodied carbon footprints goal (C) = 199,590.00 kg,
Disruption cost goal (D) = $303,712.50

Casel

Case 11

Case II1

Bi=04,,=0.2,B;5=0.2,$,=02 B, =0.1,p,=0.4,p3=0.4,p,=0.1 B;=0.2,p,=0.2, s = 0.2, p, = 0.4

d} =$162,805.00
dif =179.62 kg
df =12,220.00 kg
dg = $244,807.50
TQSM1,12.1)=12,000.00
TQSM(1 122 = 13,700.00
TQSM2.2.1.1) = 7000.00
TQSM;2.12) = 7000.00
TQSM2.222) =4300.00
TQSM2.5.1)=11,000.00
TQSM(2,2,3,2) =1 100.00
TQSMg 3,13 = 7000.00
TQSMg 3,1y = 6000.00
TQSM@33.1) = 13,000.00
TQSM332) = 19,500.00
TQSMg333) = 6300.00
TQMW(1,1,1,1) =7000.00
TQMW(, 1,12 = 7000.00
TOMW 13,1y =6200.00
TQMW(,132 =5500.00
TOMW 23,1, =12,000.00
TOMW 53,5 = 12,000.00

d} = $189,725.40
dif = 178.77 kg
d =0.00 kg
dg =$73,067.00

TQSM(1,12.1) = 9700.00
TQSM;,122) = 16,000.00

TQSM2222)=2000.00
TQSM23,1) = 13,300.00

TQSM2232)=9700.00

TQSM,2.33) = 5400.00

TQSM3 32,1 = 8300.00
TQSM;35.1y=10,700.00
TQSMg33.2) = 14,300.00
TQSM333 = 18,500.00
TQMW(, 11,1y =3700.00
TOMW 1,12 = 6500.00
TQMW(13.1)=9500.00
TQMW(, 132 = 6000.00
TQMW 25,1y =12,000.00
TOMW 23,2 =12,000.00

TOMW 33,3 = 400.00
TQMW 4,1y =1000.00

d =$236,934.3
d, =1718.278 kg
d} =3590.00 kg
dg =817.50
TQSM(1,12.1y=16,500.00
TQSM(1,1,2,3) = 8500.00
TQSM(2,2,2,3) =9400.00
TQSM225.1) = 6500.00
TQSM2.232) = 4500.00
TQSM2233)=5500.00
TQSM(3,3,2,1) = 1500.00
TQSMg; 35,1y =17,500.00
TQSM;332) = 19,500.00
TQSM@333 = 18,500.00
TOMW (131 =11,200.00
TQMW 132 =10,500.00
TQMW(,,133)=3300.00
TOMW 23,1, = 12,000.00
TQMW 2322 = 12,000.00
TQOMW 3333 = 1100.00
TQMW(2,4,2,1) =300.00
TQMW(z 422) = 500.00
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Table 17. Cont.

Cost goal (A) = $1,983,192.00,
Carbon emission goal (B) = 19,666.04 kg,
Embodied carbon footprints goal (C) = 199,590.00 kg,
Disruption cost goal (D) = $303,712.50
Casel Case I1 Case 111

B1=04,.=0.2,p:=0.2,,=02 $,=0.1,8,=04,p:=04,,=0.1 B;=0.2,B,=0.2,B:;=0.2, B, = 0.4

TQMW ;5,3 =400.00 TQMW 2452 =5000.00 TOQMW 5.1, =10,500.00

TQMW 2451y =1000.00 TQMW 3,23 = 12,000.00 TQMW 3232 = 13,500.00

TQMW 2452 =5000.00 TOQMW 3,51, =10,500.00 TQMW 3,33 = 12,000.00

TQMW 3,23 = 12,000.00 TOMW 3232 = 13,500.00 TOQMW 3421y =5700.00

Optimized Goal Values

TQMW@;&]) = 10,50000
TQMW(3,2,3,2) = 13,50000

TOMW 3 4.1y = 5000.00
TQMW 3422 = 1000.00
TOMW 343 = 1300.00
TQMW 3431y =4000.00
TQMW 343, = 4500.00
TQWC 121y = 8500.00
TQWC.,122 = 9000.00
TQWC,123 = 7500.00
TQWC( 322 = 700.00
TQWCp2.2.1) = 4000.00
TQWC23.1) = 4700.00
TQWC2232 = 8000.00
TQWC(2233) = 8500.00
TQWC.4.2.1)=1800.00
TQWC.422 = 5500.00
TQWCp.4.23 =3500.00
TQWC3,3 = 4900.00
TQWC3.3.1) = 8600.00
TQWC;332 = 7800.00
TQWC3333 =3100.00
TQWCua2.1)=13700.00
TQWC 44,22 = 500.00
TQWC.423 =2100.00
TQWCus.22 =2300.00
TQWC53.1) = 5000.00
TQWCy45.32 =3200.00
TQWC;s33) = 5000.00

TOMW 34,1 = 5000.00
TQMW 3 422 = 1000.00
TQMW 3423 = 1300.00
TQMW 3431y = 4000.00
TQMW 3432 = 4500.00
TQWC,12.1) = 8500.00
TQWC 1,122 = 9000.00
TQWC(1,123 = 7500.00
TQWC132.1) = 700.00
TQWC22.1)=4000.00
TQWC 23,1, = 4700.00
TQWC(22.32 = 8000.00
TQWC 233 = 8500.00
TQWCp.42.1)=1800.00
TQWC 422 =5500.00
TQWC(2.4.23 = 3500.00
TQWC33.22 = 3000.00
TQWC33.3.1) = 8600.00
TQWC3332 =5500.00
TQWC33.33 = 7300.00
TQWC 4421 =3700.00
TQWC4422 = 500.00
TQWC4423 =2100.00
TQWCs523 = 4200.00
TQWC 4531, = 5000.00
TQWCus.32 = 5500.00
TQWC 4533 = 800.00

TOMW 34,2 = 5500.00
TQMW 3435,y =2300.00
TOMW 3433 = 7500.00
TQWC,12.1) = 8500.00
TQWC 1,122 = 9000.00
TQWC(1,123 = 7500.00
TQWC 22,1y = 4000.00
TQWC2.3.1)=4700.00
TQWC 2232 = 8000.00
TQWC(22.33 = 8500.00
TQWC(242 n= 1800.00
TQWC(2.4.22 = 5500.00
TQWC.4.23 = 3500.00
TQWC33.22 = 3000.00
TQWC323 = 4900.00
TQWC33..1) = 8600.00
TQWC3332 = 5500.00
TQWC3333 =3100.00
TQWC 4421, =3700.00
TQWC 4422 = 500.00
TQWC 4423 =2100.00
TQWC4s5.3.1)=5000.00
TQWC 4532 =5500.00
TQWC 4533 =5000.00

The results of Case I show the minimum total cost goal deviation (d, = $162,805.00), but other
goals are highly deviated from their respective target values. This shows that an economical supply chain
network cannot be a resilient and sustainable supply chain. Sensitivity analysis is also carried out to show
the behavior of the proposed model. Figure 2 shows the percent increase in deviation of the total cost
goal and its impact on the percent of deviation of the other three goals. If more importance is given to
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sustainability, then deviations of carbon emission and embodied carbon foot print goals tend to reduce,
whereas this increases the deviation of the total cost goal (d;, = $189,725.40). Case II also reveals that an
increment in the weightage of sustainability goals not only increasesheir deviations, but also tends to
reduce resilience goal deviation (d; = $73,067.00). Sensitivity analysis (see Figures 3 and 4) also
reveals that the design of a sustainable and resilient supply chain network is less an economical
network, but has the ability to achieve sustainability targets while coping with disruption risks. Case III
and the sensitivity analysis in Figure 5 show that the percent of increase in the deviation of the resilience
goal reduces the percent of deviation of the total cost goal. The analysis of the supply flow shows that
products should be produced and transported in small quantities in high risk zones, which will reduce the
impact of disruption, but increase the cost of production and transportation. This shows that an
economical supply chain not only has poor sustainability, but also is highly vulnerable to disruption
risks. The results of the case example reveal that firms can minimize the expected disruption cost with a
small increment in the total supply chain cost. The proposed model gives many insights into the
managing of sustainable supply chain networks under disruption risks, and the model provides a
compromise solution by varying the supply flow between supplier, manufacturing, warehouse and
customer zones, to meet different goals, as shown in Table 17.

Figure 2. Sensitivity analysis of % d,, % d, and % d, with % d, .
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Figure 3. Sensitivity analysis of % d,, % d. and % d, with % d, .
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Figure 4. Sensitivity analysis of % d,, % d, and % d, with % d. .
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Figure 5. Sensitivity analysis of % d,, % d, and % d. with % d;.
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4. Conclusions

This paper highlights the importance of supply chain resilience in the design of a sustainable
supply chain network. The paper proposed an optimization model for designing a sustainable and
resilient supply chain network by incorporating carbon emission and embodied carbon footprints,
considering disruption risks. A multi-objective goal programming-based approach is proposed to
handle conflicting goals, such as supply chain costs, carbon emissions and disruption costs. The
significant contribution of this paper is the inclusion of a resilience factor in the design of the
sustainable supply chain network by incorporating location-based risks, because it was observed in
practice that maintaining sustainability in a supply chain network is difficult during disruptions, such
as natural or manmade disasters.

The proposed model can be extended by incorporating more realistic complexities, such as stochastic
demand, multiple products and real-time GIS data, to calculate the probability of disruption risks in
various regions. The model can also be extended by incorporating vehicle routing issues in the proposed
model, such as the time window, as heavy trucks cannot enter the city during daytime, and road
restrictions, for example heavy trucks may not enter some roads.
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