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Abstract: Supplier selection and order allocation (S5-OA) are two of the most important strategic
decisions for supply chain network design and operation. If sustainability and resilience criteria
are taken into consideration together and a holistic sustainable and resilient SS-OA is carried out,
it may enable the supply chain network to perform better when subjected to disruption scenarios.
In this research paper, a novel comprehensive multi-phase, multi-period sustainable, and resilient
SS-OA decision support framework has been proposed. This framework integrates fuzzy multi-
criteria decision-making (MCDM) techniques with a fuzzy multi-objective mixed integer nonlinear
programming (MOMINLP) mathematical model to optimize triple bottom line (TBL) sustainability
and resilience criteria simultaneously for a multi-modal, multi-echelon supply chain network. The
proposed framework has been implemented using real-time data collected from the pharmaceutical
industry. The results show that among the TBL sustainability criteria, product price, past business,
innovative capability, and information disclosure rank as the most significant sub-criteria for the
DM s in the pharmaceutical industry, while robustness and flexibility are considered the most valued
attributes for potential suppliers as far as the resilience criterion is concerned. An assessment of the
results has revealed that transfer cost and custom clearance cost together comprise more than two-
thirds of the overall cost of the supply chain network. It has also been noted that inland transportation
of goods is dominated by rail as the most preferred mode of transport. Transportation by rail is
particularly preferred by suppliers located in geographically contiguous countries.

Keywords: sustainability; resilience; supplier selection; order allocation; fuzzy multi-criteria decision
making; fuzzy multi-objective optimization; pharmaceutical industry

1. Introduction

Sustainability can be defined as creating and maintaining conditions under which
humans and nature co-exist in productive harmony thus ensuring the future of present and
coming generations. Sustainable manufacturing refers to the development of manufactured
products through processes that are economically sound, have minimal environmental
impact, and are firmly based on the principles of energy and natural resource conservation.
It essentially includes employee, community, and product safety, and leads to a positive
societal impact. Supply chain management is a vital component of any manufacturing
operation. Thus, supply chain sustainability may be defined as the management of supply
chains where all three dimensions or aspects of sustainability, i.e., economic (or profit),
environmental (or planet), and social (or people), the so called “triple bottom line” or TBL,
are taken into consideration [1].

Sustainable supply chain management aims for voluntary integration of the three
dimensions of sustainability as referred to above with key inter-organizational business
systems designed for effective and efficient management of material, information, and
capital flows associated with the procurement, production, and distribution of products [2].
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The primary objective of this integration is to achieve an optimal combination of the three
dimensions of sustainability with supply chain network operations. There is considerable
practical evidence around the world and reported in the literature that sustainable supply
chains usually offer superior logistics performance and resources utilization [3]. Thus, sus-
tainability and adherence to sustainability practices usually serve as a source of competitive
advantage for any organization engaged in international business or trade.

Supplier selection is the process by which firms identify, evaluate, and contract with
suppliers. The main objective of the supplier selection process is to reduce purchase risk,
maximize overall value to the purchaser, and develop long-term relationships between
buyers and suppliers [4]. Supplier selection is divided into two main categories: single
sourcing, where only one supplier is able to fulfill an organization’s demands, and multiple
sourcing, where more than one supplier is selected as no one supplier is single-handedly
capable of meeting the demand requirements of the enterprise. In cases of single sourcing,
the decision makers (DMs) have to choose and select only one supplier where as in the
case of multiple sourcing the task of the DMs is more challenging as they have to select the
best suppliers out of many and then allocate optimal quantities to each supplier in order
to create an environment of fair play and genuine competition, while maximizing returns
for their own organization at the same time. Usually, the practice of multiple sourcing
is preferred due to its inherent characteristics of ensuring order flexibility, capacity, and
timely delivery, given the variation that may exist in the orders that can be placed by any
organization [5].

Supplier selection is a complex phenomenon and a multi-criteria decision-making
(MCDM) process that requires assessment and evaluation of various conflicting criteria,
i.e., cost, product quality, delivery time, service level, etc., that need to be taken into consid-
eration in order to select consistent suppliers [6,7]. Supplier selection and order allocation
(S5-OA) has been traditionally carried out using only economic or so-called conventional
criteria, but the growing concern for sustainability issues in manufacturing and supply
chain management in recent years has shifted the focus towards inclusion of environmental
and social criteria in this process as well. This integration of TBL sustainability criteria with
supplier selection and order allocation leads to adding more complexity to the supplier
selection and order allocation problem [8]. In sustainable supplier selection and order
allocation (SSS-OA), the suppliers are selected using TBL sustainability criteria whereas the
order allocation is carried out using a multiple sourcing strategy.

Resilience is defined as the intrinsic ability of an organization, system, or network
to keep or recover a steady state, thereby allowing it to continue normal operations after
facing a disruptive event [9]. Supply chain resilience may be referred to as the ability of a
supply chain network to both resist disruptions and to recover operational capability after
disruptions have occurred. A sustainable supply chain, though efficient, will always be
vulnerable against unexpected natural or manmade disasters such as earthquakes, floods,
global pandemics, territorial conflicts, terrorist activities, and many other similar scenarios.
Selecting suppliers that have been evaluated and allocating optimal order quantities that
have been determined based on criteria that incorporates both TBL sustainability dimen-
sions and resilience aspects concurrently will not only ensure an adequately performing
sustainable supply chain but will also significantly reduce the likelihood of performance
degradation and disruption propagation in the form of supply chain quantity downscaling
when disrupted [10].

The study presented in this article is motivated by the research gap that exists due to
the lack of a methodological framework that combines TBL sustainability and resilience
criteria in both supplier selection and order allocation parts of the SS-OA problem. In order
to address this research gap, a novel comprehensive multi-phase, multi-period sustainable
and resilient SS-OA decision support framework has been proposed. This framework
integrates fuzzy MCDM techniques with a fuzzy multi-objective mixed integer nonlinear
programming (MOMINLP) mathematical model to optimize TBL sustainability and re-
silience criteria simultaneously for a multi-modal, multi-echelon supply chain network.
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The proposed framework has been implemented using data from the pharmaceutical in-
dustry, which has emerged as one of the most critical industry sectors when taken into
consideration with regards to the impact of the COVID-19 pandemic globally.

The rest of this article is organized as follows: Section 2 presents a detailed and con-
textual overview of the existing literature related to the sustainable and resilient supplier
selection and order allocation problem. Section 3 briefly describes the structure and compo-
nents of the problem that has been addressed in this research work. Section 4 presents the
complete methodology, i.e., the decision support framework, the mathematical model, and
the solution approach. Section 5 includes the details of the results of the application of the
proposed methodology to a case study. A brief discussion and analysis of the results has
been included in Section 6, while Section 7 presents managerial implications of the research
work. Finally, Section 8 presents the conclusions and avenues for future research.

2. Literature Review

In SS-OA, selecting the right criteria for evaluating suppliers and assigning orders is
considered a key issue. The earliest reported criteria for supplier evaluation by Dickson
is comprised of 23 different attributes [11]. This research work identified product price,
quality, on time delivery, and supplier’s effectiveness, etc., as important criteria for single
supplier selection. Weber et al. [12] presented net price as the main evaluation criteria for
any decision-making process concerning supplier selection. Hong and Hayya [13] conduct-
edempirical research and determined that sourcing from multiple suppliers can reduce the
overall purchasing and inventory cost in a just-in-time manufacturing setup. Wilson [14] an-
alyzed the relative preference of each supplier selection criteria and concluded that product
price, product quality, product delivery, and supplier service are the key characteristics for
single supplier selection. A survey by Swift [15] reported that product price, product avail-
ability, product design, supplier reputation, and product reliability are the critical factors for
evaluation of single or multiple suppliers. It was reported by Vonderembse and Tracey [16]
that in the manufacturing industry, product quality, product availability, product reliability,
and product performance are the key evaluation criteria for supplier selection. Ghodsypour
and O’Brien [17] used total cost of purchasing and product quality as evaluation criteria
to highlight the significance of single and multiple sourcing. A comprehensive review on
multiple sourcing presented by Minner [18] highlighted that the practice of selecting more
than one supplier can potentially increase the negotiation power of the buyer. Multiple
suppliers can help the buyer to successfully mitigate risks or disruption scenarios and offer
competitive advantages between potential suppliers. Ho et al. [19] analyzed the existing
literature on supplier selection and determined that product price, quality, and delivery are
the most important selection criteria. Chang et al. [20] carried out a study of the literature
to point out that cost, flexibility, quality, delivery reliability, capacity of related facilities,
technology capability, lead time, reduction on demand change, environmental control,
and service level are the top ten criteria taken into consideration during the supplier se-
lection process. Four supplier evaluation and selection criteria, i.e., cost, quality, service,
and capacity, have been identified by Kazemi et al. [21] while developing a mathematical
programming model for supplier selection that incorporates uncertainty. It can be seen
from the above discussion that over the years different evaluation and selection criteria
have been identified and used by various authors in the published literature for SS-OA.

2.1. Sustainable Supplier Selection

The principles and practices of TBL sustainability have been integrated with supply
chain management for many years past. Several research studies have been carried out in
order to understand and highlight the utility and significance of integrating sustainability
criteria with supply chain management [22]. Owing to the multifarious nature of TBL
sustainability, MCDM techniques have been frequently used to evaluate sustainable supply
chain network performance. A framework for green supplier selection has been presented
by Lee et al. [23] in which an MCDM technique has been used for supplier evaluation
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based on product quality, supplier technical capability, product life cycle cost, carbon
footprint, environmental management system, recycling capability, and supplier green
competency as major criteria. A ranking model for sustainable supplier selection has been
proposed by Amindoust et al. [24] based on cost, quality, technology capability, pollution,
resource consumption, and information disclosure as the main sustainability attributes. A
two-phase hybrid model for green supplier selection has been proposed by Govindan and
Sivakumar [25]. This model evaluated the potential suppliers using criteria such as product
cost, product quality, on time delivery, recycling capacity, and greenhouse gas emissions
control. Mohammed et al. [26] have presented a framework for evaluating sustainable live-
stock suppliers on the basis of criteria such as cost, technical capability, delivery reliability,
environmental and waste management systems, pollution production, supplier safety, and
staff development. Lo et al. [27] have used a combination of ten sustainability criteria for
supplier performance evaluation. This research work highlighted the relative preferences of
criteria for various departments in an electronics goods manufacturing industry. Goren [28]
has used thirteen different sub-criteria for the evaluation of potential suppliers with regards
to TBL aspects of sustainability. The sub-criteria were evaluated using MCDM techniques
in order to determine the relative preferences of DMs. An MCDM technique coupled with
a fuzzy approach has been used by Memari et al. [29] to evaluate suppliers based on sus-
tainability attributes such as cost, quality, service, pollution reduction, green competency,
and employment practices. This research work has been implemented using data from an
automotive parts manufacturing industry. Khoshfetrat et al. [30] have used criteria such
as price, technology level, environmental management system, green design, respect for
law, and workers’ and shareholders’ rights for supplier evaluation and order allocation.
An MCDM technique has been used for supplier selection while a fuzzy approach has been
incorporated in the order allocation part of this research work to account for the effects of
the uncertainty encountered in actual supply chain network operations. Tirkolaee et al. [31]
have used multiple MCDM techniques to evaluate suppliers engaged with an electronic
goods supply chain using sustainability criteria such as cost, automation, product shelf life,
environmental pollution, customer status, trust and communication, and human rights. A
dynamic decision support system for sustainable supplier selection has been proposed by
Alavi et al. [32] for the petrochemical industry. This research work has employed multiple
TBL sustainability criteria, i.e., cost, quality, flexibility, waste and environmental manage-
ment systems, occupational health and safety management, and child and forced labor
issues for supplier assessment. This review of the published literature has highlighted
that while economic and environmental criteria have been incorporated in modeling for
supplier selection and order allocation extensively, the social criteria and their impact has
been relatively less explored.

Various MCDM techniques and mathematical modeling approaches have been used
for sustainable supplier evaluation and selection, i.e., Analytical Hierarchy Process (AHP),
Analytic Network Process (ANP), Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS), Quality Function Deployment (QFD), Data Envelopment Analysis
(DEA), Decision Making Trial and Evaluation Laboratory (DEMATEL), Visekriterijumska
Optimizacija i Kompromisno Resenje (VIKOR), Delphi method, Adaptive Neuro-Fuzzy
Inference System (ANFIS), and Additive Ratio Assessment (ARAS) method, etc.

In the extant literature, a combination of two or more MCDM techniques has been
usually employed for criteria weighting and for evaluating the priority or ranking of sus-
tainable suppliers. For instance, Zhou and Xu [33] have proposed an integrated MCDM
model based on DEMATEL, ANP, and VIKOR for sustainable supplier selection in the retail
industry. Hoseini et al. [34] have employed fuzzy BWM for determining the weights of sus-
tainability criteria followed by weighted FIS for the ranking of suppliers in the construction
industry. Boz et al. [35] have used a combination of fuzzy BWM and fuzzy ARAS method
for sustainable supplier selection in the healthcare sector with a focus on optimizing logis-
tics performance of the supply chain during COVID-19.Zhang et al. [36] have proposed a
framework for combining rough DEMATEL and fuzzy VIKOR for calculating weights of



Sustainability 2023, 15, 5962

5 0f 30

sustainability criteria and identifying the most suitable supplier. They have demonstrated
the proposed framework with the help of a numerical case study.

Out of all the MCDM techniques listed above, AHP and TOPSIS or any variations
of these are the most frequently used for addressing the sustainable supplier selection
problem [7,37]. A few instances from the literature are presented here for illustrating the
wide spectrum of application of these techniques. Awasthi et al. [38] have developed
a multi-stage framework based on fuzzy TOPSIS for the selection of suppliers using an
environmental criterion. Biiyiikozkan and Cifci [39] have used a hybrid framework aug-
mented with fuzzy DEMATEL, fuzzy ANP, and fuzzy TOPSIS to evaluate green suppliers.
Kannan et al. [6] have used fuzzy TOPSIS augmented with ad hoc weights to solve the
green supplier selection problem. Freeman and Chen [40] have applied TOPSIS augmented
with entropy and AHP to evaluate the relative importance of sustainable suppliers. An
AHP and VIKOR method-based sustainable supplier evaluation and ranking approach
has been proposed by Luthra et al. [41]. Mohammed et al. [26] have applied fuzzy AHP
and fuzzy TOPSIS for supplier selection in a livestock supply chain network based on
TBL sustainability criteria. Yadavalli et al. [42] have used fuzzy TOPSIS for sustainable
supplier assessment and selection aimed at the home appliances manufacturing industry.
Mohammed et al. [43] have proposed a multi-objective optimization model that employs
fuzzy AHP and Fuzzy TOPSIS for evaluation of suppliers based on sustainability criteria.
An integrated Delphi method, fuzzy TOPSIS, and multi-objective programming approach
has been presented by Rabieh et al. [44] for evaluating suppliers using TBL sustainability
attributes. Okwu and Tartibu [45] have proposed a combined TOPSIS and ANFIS method-
ology for sustainable supplier selection to be used in the consumer goods supply chain. It is
evident from the above description that AHP and TOPSIS are two of the most flexible and
diversely-used quantitative multi-attribute assessment and decision-making techniques
employed for sustainable supplier selection.

2.2. Sustainable Order Allocation

Order allocation is a complex multi-variate decision problem. Over the years differ-
ent mathematical models have been developed and solved using various optimization
techniques [5]. Faez et al. [46] have proposed a scenario-based mixed-integer linear pro-
gramming (MILP) model for order allocation and solved it using LINGO optimization
modeling software. A fuzzy MILP model under variable price and product uncertainty
conditions has been proposed by Nazari-Shirkouhi et al. [47]. This model has been solved
using an exact algorithm for determining optimal order quantities. A MILP model has been
presented by Torabi et al. [48] for taking into account uncertainty and disruption risks. This
model has been optimized using Augmented e-Constraint Method (AUGMECON) and
Differential Evolution Algorithm (DEA). Cebi and Otay [49] have developed a MILP model
with multi-product uncertainty and quantity discounts and optimized it using augmented
maximum-minimum and fuzzy Goal Programming (GP) algorithms to determine order
allocation quantities. A weighted fuzzy multi-objective linear programming (MOLP) model
has been presented by Bodaghi et al. [50]. This model addresses the integrated supplier
selection, order allocation, and customer order scheduling problem for a make-to-order
manufacturing system. An algorithm has also been proposed in this research work to solve
the model and implemented using a numerical problem.

Sustainable order allocation is usually carried out using well-defined and distinct ob-
jectives such as cost, travel time, environmental impact, or any social criterion. Depending
on the nature of the order allocation problem, single or multi-objective models may be
formulated. A multi-objective mathematical programming model has been developed by
Azadnia et al. [51] that minimizes total cost and maximizes total social score, environmen-
tal impact, and total economic qualitative score for optimal order allocation to selected
suppliers. Govindan and Sivakumar [25] used TOPSIS and a linear programming model
to minimize total cost, quality rejection, late delivery, recycle waste, and greenhouse gas
emissions. A mixed-integer nonlinear programming (MINLP) model has been proposed
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by Hamdan and Cheaitou [52] as part of a framework that maximizes total value and
minimizes total cost. Goren [28] employed fuzzy DEMATEL to calculate the weights of the
sustainability criteria included in the mathematical model in order to minimize total cost
and maximize total value of sustainable purchasing. Moheb-Alizadeh and Handfield [53]
have developed a multi-objective MILP model that incorporates total cost, carbon emis-
sions, and social responsibility as the three principal objective functions where cost and
emissions are to be minimized while social responsibility is to be maximized. You et al. [54]
have proposed a MOLP model that minimizes total cost, defective item rate, and late
delivery while at the same time maximizing the total value of sustainable purchasing. They
have used the Pivot Pairwise Relative Criteria Importance Assessment (PIPRECIA) method
for calculating the weights of the selection criteria and ranked the candidate sustainable
suppliers using extended Decision Field Theory (DFT). A multi-objective integer linear pro-
gramming (MOILP) model has been presented byBeiki et al. [55] that minimizes total cost
and carbon emissions while maximizing the total value of purchasing. This research work
employs Language Entropy Weight Method (LEWM) for supplier evaluation and selection.

A variety of exact, heuristic, and meta-heuristic problem-solving algorithms have been
used for evaluating and optimizing objective functions for sustainable order allocation.
AUGMECON, Weighted Sum Method, Weighted Additive Model, Goal Programming,
Dynamic Programming, Genetic Algorithm (GA), and DEA are some of the frequently used
techniques reported in the published literature [56].

2.3. Sustainable and Resilient Supplier Selection and Order Allocation

Different approaches have been adopted by researchers for evaluating supply chain
performance under the influence of accidents or unforeseen events. The response of the
supply chain when subjected to such mishaps is almost always associated with the inherent
resilience of the supply chain network and its components. Resilience can be considered
as performance evaluation criteria alongside TBL sustainability in SS-OA problems and
its sub-criteria can be identified in the same manner as economic, environmental, or social
sub-criteria. As the combination of TBL sustainability with SS-OA transformed it into
a sustainable supplier selection and order allocation or SSS5-OA problem, the grouping
of resilience with sustainability criteria will transform it into a sustainable and resilient
supplier selection and an order allocation or SRSS-OA problem.

A resilience-based supplier selection approach has been presented by Rajesh and
Ravi [57] using Grey Relational Analysis (GRA), AHP, and ANP. Supply chain velocity, sup-
ply chain visibility, supply chain vulnerability, and supply chain continuity management
are some of the resilience sub-criteria included in this research work. Hosseini et al. [10]
have evaluated the resilient supplier selection and order allocation problem using sub-
criteria such as backup supplier, surplus and restorative capacity, and supplier segregation.
They have used stochastic bi-objective mixed-integer programming (MIP) for both sup-
plier selection and order allocation. Mohammed et al. [58] have integrated resilience with
economic and environmental criteria for network design in a livestock supply chain using
MCDM techniques and fuzzy multi-objective programming (MOP). Social sub-criteria
have not been considered in this research work. Yavari and Zaker [59] have developed a
supply chain network by combining economic, environmental, and resilience criteria using
MILP. The social dimension of sustainability has been excluded in this research work and
only one resilience sub-criterion has been considered, i.e., power disruption. A supplier
selection approach has been presented by Xiong et al. [60] based only on environmental and
resilience criteria. In this research work Weighted Aggregated Sum Product Assessment
(WASPAS), Best Worst Method (BWM), and TOPSIS have been used to evaluate suppliers
using surplus inventory, factory segregation, and reorganization as resilience sub-criteria.
In this research work, the social criterion has been omitted as well.

From the literature review and discussion presented above, it is observed that SS5-OA
has been mostly studied separately from resilient supplier selection and order allocation. In
recent times, the emergence and global spread of the COVID-19 pandemic has highlighted
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the shortcomings of this approach as it is not always the case that a sustainable supplier
will be a resilient supplier as well. The performance of such a supplier will mostly be far
from ideal under the impact of supply chain network disruptions. Furthermore, even if
sustainability and resilience have been considered together, resilience sub-criteria have
usually been incorporated in the supplier selection process only and rarely in the order
allocation part. It has also been noted that resilience sub-criteria considered in many
research studies are vague or inadequately defined with limited scope and application,
e.g., general disruption, general risk, etc., which limits their usefulness for evaluating the
dynamics of supply chain network operations under the influence of disruption scenarios.
The current literature on SRSS-OA lacks application of objective, quantitative MCDM
techniques for supplier selection and presents very little effort towards the development
of detailed mathematical models for order allocation based on combined sustainability
and resilience criteria (Table 1). The research work included in the present research paper
builds upon and extends the decision support framework and the model developed for
sustainable supplier selection and order allocation by Liaqait et al. [61,62] by incorporating
resilience criteria in all phases of the decision process and by implementing the proposed
decision support framework for the pharmaceutical industry, which has emerged as one of
the most critical industry sectors when taken into consideration with regards to the impact
of the COVID-19 pandemic globally.

Table 1. A review of sustainable and resilient SS-OA literature.

Sustainability Criteria Resilience SS OA
R h Publicati e . f Application Case Stud
esearch Tublication Economic  Environment  Social Criteria Technique(s) Technique(s) PP y
Rajesh and Ravi [57] v GRA, AHP, ANP Electronics devices
manufacturing industry
Sen et al. [63] v v TODIM Numerical problem
. ) FIS, AR (Assurance Alloy manufacturing
Amindoust [64] v v v Region) DEA industry
Stochastic Plastic goods
Jabbarzadeh et al. [65] v v v bi-objective s
AR manufacturing industry
optimization
Fuzzy AHP, Fuzzy multi-objective .
Mohammed et al. [58] v v TOPSIS programming Food supply chain
Stochastic
Hosseini et al. [10] 4 bITOb]eC.tlve Numerical problem
mixed-integer
programming
Mixed-integer
Yavari and Zaker [59] v v linear Dairy supply chain
programming
Fuzz
DEMATEL, Fuzzy o
Fallahpour et al. [66] v v v ANP, Fuzzy BWM, Palm oil industry
FIS
Fazlollahtabar and v v v Authors’ custom Electrical equipment
Kazemitash [67] technique, DEA manufacturing industry
Fuzzy Ordinal
Mahmoudi et al. [68] v v Priority Approach Numerical problem
(OPA)
Fuzzy multi-objective
This research work v 4 v Fuzzy AHP, Fuzzy mixed-integer Pharmaceutical industry

TOPSIS

nonlinear
programming

3. Problem Description

A multi-modal, multi-echelon supply chain network has been considered for the
pharmaceutical industry in Figure 1 above. The supply chain network consists of supplier
“1”, seaport “j”, dry port “k”, warehouse “1”, and customer “c”. The suppliers can ship
order quantities either through seaport or dry port depending upon their geographical

location through various transportation modes “m” at any time period “t”. The supply
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chain network is evaluated to determine optimal order quantities for the selected suppliers
based on sustainability and resilience criteria and demand and capacity uncertainties by
employing a fuzzy multi-objective mixed integer nonlinear programming (FMOMINLP)
mathematical model. The inclusion of the dry port in the supply chain network along
with the usual seaport provides a means to take into account all those suppliers that are
located in such geographical proximity, i.e., suppliers located in a neighboring country
where transportation of order quantities through rail or road is considered more feasible or
economical as compared to transportation by sea.

Supplier (i) | | Seaport (j) | | Dry Port (k) | | Warehouse (/) | | Customer (c) |
I 2
-------- o1
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' - s S
; -t L 4 \\\
- e 1
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1 1
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Figure 1. The multi-modal, multi-echelon supply chain network under evaluation.

4. Methodology

A multi-phase, multi-period decision support framework has been proposed for ad-
dressing the issue of sustainable and resilient supplier selection and order allocation in the
pharmaceutical industry. The schematic of the proposed framework has been included
below as Figure 2. The framework has been divided into three phases. In the first phase, the
MCDM techniques fuzzy extended AHP (FE-AHP) and fuzzy TOPSIS (FTOPSIS) have been
used to evaluate the potential suppliers in the context of TBL sustainability and resilience
criteria. A fuzzy multi-objective, mixed-integer nonlinear programming (FMOMINLP)
mathematical model has been developed in the second phase for optimal order allocation
to the selected suppliers. This model has been solved by using a suitable nonlinear solver
and an exact algorithm, i.e., Augmented e-Constraint Method 2 (AUGMECON?2), simulta-
neously for extracting a candidate list of best solutions. TOPSIS augmented with objective
function weights determined using Criteria Importance through Intercriteria Correlation
(CRITIC) method has been applied in the third phase to rank and select the best solutions.
A brief description of the steps involved in each phase of the decision support framework
has been included below:

Phase 1: Sustainable and Resilient Supplier Selection

n Step-1: Potential suppliers are evaluated based on TBL sustainability (economic,
environment, social) and resilience criteria.

m  Step-2: Selection of sub-criteria for each sustainability and resilience criterion. (The
sub-criteria have been included in Table 2.)

= Step-3: Application of FE-AHP method to evaluate the relative weights of each
supplier’s selection criteria.

m  Step-4: Application of FTOPSIS to rank the suppliers. (The linguistic variables used
for calculating criteria weights and developing rankings of the suppliers are included
in Table 3.)
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Step-5: Preliminary selection of suppliers on the basis of defined thresholds of the
closeness coefficient.

Step-6: A sensitivity analysis is performed to evaluate the robustness of the selected
suppliers using the method identified by Forghani et al. [69].

Phase 2: Order Allocation

Step-7: Identification of objectives for allocating optimal quantities to the potential
suppliers. (The objectives are total cost, total travel time, environmental impact,
acceptable quality limit, total value of sustainable purchasing.)

Step-8: Development of MOMINLP mathematical model along with demand, re-
source, and capacity constraints.

Step-9: Include uncertainty by developing the fuzzy MOMINLP mathematical model.
Step-10: Solve the model using nonlinear solver to determine minimum and maximum
values of objective functions.

Step-11: Solve the model using AUGMECON?2 and extract Pareto solutions.

Phase 3: Best Solution Selection

Step-12: Use CRITIC method for determining objective functions” weights for extract-
ing best 10 Pareto solutions.

Step-13: Apply TOPSIS for the ranking of the best solutions for the time period
considered.

Multi-phase, Multi-period Decision Support Framework for Sustainable and Resilient Supplier Selection and Order Allocation
5 v
Q2
= i
Q Suppior oy Sub-criteria FE-AHP for FTOPSIS for
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Figure 2. Generalized framework for implementation of the proposed methodology.
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Table 2. Criteria and sub-criteria for sustainable and resilient supplier ranking.

Criteria Sub-Criteria

Product Price
Payment Terms
Product Quality
Use of Technology
Economic Volume Flexibility
Vendor’s Reputation
Responsiveness
Product Mix
Past Business

Environmental Management System
Energy Consumption
Waste Management System
Innovative Capability

Environment

Employee Health & Safety
Social Staff Personal & Technical Development
Information Disclosure

Robustness
Agility
Leanness
Flexibility

Resilience

Table 3. Linguistic variables used for FE-AHP and FTOPSIS (Adapted from [70]).

Performance Ranking of Alternatives Importance of Criteria

Linguistic Variable Fuzzy Number Linguistic Variable Fuzzy Number

Very Low (VL) 1,1,3) Weakly Important (WI) (0.1,0.1,0.3)
Low (L) 1,3,5) Moderately Important (MI) (0.1,0.3,0.5)
Medium (M) (3,5,7) Important (I) (0.3,0.5,0.7)
High (H) 5,7,9) Strongly Important (SI) (0.5,0.7,0.9)
Very High (VH) (7,9, 10) Extremely Important (EI) 0.7,09,1)

4.1. Development of Fuzzified Mathematical Model for Order Allocation

This section presents the development of the FMOMINLP mathematical model for the
pharmaceutical industry. Fuzzy Set Theory (FST) has been applied to address the dynamic
nature of the input data in terms of cost, capacity, and demand and to incorporate real
world uncertainty in the mathematical model. The assumptions, sets, parameters, and
variables used in the mathematical model have been included below:

Assumptions

The assumptions of the mathematical model are as follows:

The model is a multi-period model.

The shipments are considered as less than container load (LCL) shipments.

The transfer cost and transfer time can only be applied at the nodes.

The custom clearance cost and time can only be applied while moving through port.
Custom clearance can only take place at one port for a shipment, i.e., either at seaport
or dry port.

Sets

i=1,23,...,1 Set of suppliers
j=1,23,...,] Setofseaports

k=1,2,3,...,K Set of dry ports
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1=1,2,3,...,L Set of warehouses
c=123,...,C Set of customers

t=1,2,3,..., T  Setof time periods

m=123,...,. M Set of transportation modes

n=1,23,..,N Setoftransportationmodes }Used for interchangeable transport transfer decisions

Parameters

C fi = Purchasing cost per kg from supplier i for time period ¢
Oj; = Ordering costincurred by customer for ith supplier for time period ¢

Ho; = Inventory holding cost per kg incurred by customer for time period ¢

TCy;+ = Transportation cost per kilometer for mode m for time period ¢
TrCynt = Transfer cost from mode m to mode 7 for time period ¢
CC;jt = Custom clearance cost while moving from supplier i to seaport j for time period ¢
CCjxt = Custom clearance cost while moving from supplier i to dry port k for time period ¢

TrTiunt = Transfer time from mode m to mode # for time period ¢

CCT;jt = Custom clearance time from supplier i to seaport j for time period
CCTj+ = Custom clearance time from supplier i to dry port k for time period ¢

dijm = Distance from supplier i to seaport j through mode m
dj;, = Distance from seaport j to warehouse / through mode m
djem = Distance from warehouse  to customer ¢ through mode m
djkm = Distance from supplier i to dry port k through mode m
Ak = Distance from dry port k to warehouse I through mode m
djxm = Distance from seaport j to dry port k through mode m

w;*° = Weights of economic criteria obtained from fuzzy E — AHP for supplier i

w{ = Weights of environmental criteria obtained from fuzzy E — AHP for supplier i

w; = Weights of social criteria obtained from fuzzy E — AHP for supplier i
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wEeonomic — Weights of supplier i from fuzzy TOPSIS for economic criteria

WZ-E nvironmental _ Weights of supplier i from fuzzy TOPSIS for environmental criteria

Wocial — Weights of supplier i from fuzzy TOPSIS for social criteria

Risk __
; =

w Risk weight of supplier i normalized by results of risk expectation value

COgjjmt = Carbondioxide emissions in gram per km while traveling from
supplier i to seaport j through mode m for time period ¢

COgjimy = Carbondioxide emissions in gram per km while traveling from
seaport j to warehouse ! through mode m for time period ¢

COyjemt = Carbon dioxide emissions in gram per km while traveling from
warehouse to customer c through mode m for time period ¢

COyjkm = Carbondioxide emissions in gram per km while traveling from
supplier i to dryport k through mode m for time period ¢

COpximt = Carbondioxide emissions in gram per km while traveling from
dryport k to warehouse [ through mode m for time period ¢

COyjkmt = Carbondioxide emissions in gram per km while traveling from
seaport j to dryport k through mode m for time period ¢

Sit = Maximum capacity of ith supplier for time period ¢
Dt = Demand of cth customer for time period ¢
a; = Acceptable quality limit of ith supplier for time period ¢
CAPw;; = Capacity of Ith warehouse for time period ¢

vy = Velocity of mode m
Capm: = Capacity of vehicle used while moving through mode m for time period ¢
Cap (;y—2)r = Minimum capacity of train for time period ¢

Cap -3y = Minimum capacity of road for time period ¢

Integer Variables

Xijm¢ = Quantity shipped from supplier i to seaport j through mode m for time period ¢

Xjimt = Quantity shipped from seaport j to warehouse ! through mode m for time period ¢
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Xiemt = Quantity shipped from warehouse I to customer c through mode m: for time period ¢
Xikmt = Quantity shipped from supplier i to dryport k through mode m for time period ¢
Xt = Quantity shipped from dry port k to warehouse | through mode m for time period ¢

Xjkmt = Quantity shipped from seaport j to dry port k through mode m for time period ¢

Binary Variables

Y. — 1 ifsupplieriisselected,
e 0 otherwise

7 1 ifwarehouse!isselected,
e 0 otherwise

g — 1 if tranfer from mode m ton atnode j,
L 0 otherwise

P 1 iftranfer from mode m ton atnodek,
kt = 0 otherwise

P 1  iftranfer from modemton atnodel,
e 0 otherwise

Objective Function 1: Total Cost (TC)

This objective function minimizes the sum of purchasing cost, ordering cost, inventory
holding cost, transportation cost, transfer cost, and the custom clearance cost that takes
place throughout the supply chain network. Transfer cost is the labor cost incurred when
goods are transferred from one mode of transport to another while custom clearance cost is
the cost of preparation and processing of custom entry documents at the port. In order to
incorporate the effects of resilience criteria in order allocation, risk weights for ordering
from each supplier are determined and included in the objective function.

I ] K M T
Min TC = ¥ ¥ ¥ ¥ ¥ (ChXijme + CfXigane) (1 + wf) iy + 2 L Oni+
i=1j=1k=1m=1¢=1 i=1t=1
I K M T Kijmt+Xikm [ / ijm 1
£y oy oy Sty p ¥y TCothjom e (1 + wfisk) Y+
i=1j=1lk=1m=1t=1 i=1j=1m=1t=1
K M T Risk J K M T jkmt
Y X X Tcmtdzkm C,;I;,n;ff(l +wi s )th +X X X Z Tcmtd]km Czip ,+
i=1k=1m=1t=1 j=lk=1m=1t=
L T ]Imt K L M T Xy
): Z TC mtd]lm Capmt + Z ): ): Z Tcmtdklm Capmtt"i_
] =1 1t=1 k=11=1m=1t=1 (1)
C J] K M N T
)y TCntdiem Cal;,mtt +Y X X XL X Trcmnta]t jkmt T

j=lk=1m=1n=1t=1
K L M N T

TrCountaj ZypXjime + X2 2 X X X TrCountais Zyp Xiyme+
k—ll 1m 1n=1t=1
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Trcmntaltzltxlcmt + Z Z Y X CCl]th]thzt+
i=1j=1m=1t=1

1n=1t=

—

Tt~ Tt T= Te T L= -

PT‘

Mo M= [

3 2 3
Mz MR Mﬂi [RANES
Mz 1Mz 1=
D= LD

o
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—_
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._.
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-
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T
Z CClktXlkthlt
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Objective Function 2: Total Travel Time (TTT)
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This objective function minimizes the total travel time from the supplier to the cus-
tomer. Total travel time is given as a sum of transportation time, transfer time, and custom
clearance time. The impact of resilience criteria is incorporated by including risk weights
for each supplier in this objective function as well.

I ] i Xiimt I K .
i — Risk Risk
Min TIT= ¥ £ B L 080 (i, + & L X © S 14 )y
i=1j=1m=1t= p i=lk=1m=1t= p
i § % id]km jkmt + E Z Z 2 ]lm ]lmt
e et e B L e P e 1”’"C”p’"t
§ i % {:dklmxklmt + i i % {“dlcmxlcmt
Umcapmt UmCﬂpmt
k=11=1m=1t=1 I=1c=1m=1t=1 @)
J] M N TTT it K M N TTT Xt
X XX rmntcapt+zz XX rmntcapf‘F
j=1m=1n=1t=1 k=1m=1n=1t=1
J] M N T T Xkt L M N T T Kot
ZZZZrmntcgp,ﬂLZZZZrmm ﬂpt+
j=1m=1n=1t=1 =1m=1n=1t=1
[ M T CCTy Xt Vit KM L ety X
Ly by St oy §y ST
i=1j=1m=1t=1 i=1k=1m=1t=1

Objective Function 3: Environmental Impact (EI)
This objective function minimizes the total carbon dioxide emissions throughout the
transportation process for all three transportation modes, i.e., sea, rail, and road.

J] M T - I K M T .
Min EBl=% 3 % % Ozz]mt[xqmt}dijm—i— Y Y Y zco2ikmt[xlkmf}dikm+

i=1j=1m=1t=1 Capmt i=1k=1m=1(=1 Capmt
J] K M T i L M T i )
j; L % L COpjfmt [ X p’fnﬂ djkm + ]zl L L ¥ COplmt [ gép’fﬂ djlm+ 3)
Kk M T Xklmt L & M T Xlemt
Y Y COKimt| Xt [akim + ¥ ¥ ¥ ¥ COslemt| Xlent | diem

[=1c=1m=1t=1
Objective Function 4: Acceptable Quality Limit (AQL)

This objective function minimizes the acceptable quality limit of the selected suppliers
based on different types of defects and their ranges usually employed for order lot size
quality assurance.

»
Il
—_
—
Il
—_
3
Il
—_
-
Il
—_

T
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I
Min AQL = Z 2 Z Zalel]thlt 2
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Objective Function 5: Total Value of Sustainable Purchasing (TVSP)

This objective function maximizes the total value of purchased goods by maximizing
the economic, environmental, and social criteria weights. The TBL sustainability criteria
weights determined using FE-AHP are multiplied by the suppliers” weights calculated
using FTOPSIS and the ordered quantity from the supplier.

Max TVSP = Z Z Z Z(chonomzc ecoXl]mt+WEnvzronmentul EX]mt+WSOCZHl SX]mt)

i= 1] 1m=1t=1 (5)
[k M T Economic eco Environmental we Social ws
polp o i oY (4% Xit + W, S Xt + WEIT 0] X )
1= m t
Constraints
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LYYy
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1]mt + Xikmt) < SitYir Viel (6)

1
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M T
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K M T
Z Z Z Xt < CAPwZy,; vliel (25)
k=1m=1t=1
C M T
YN Y Xiegm < CAPwyZy, Vi€l (26)
c=1m=1t=1
Kijmts Xjimts Xiemtr Xikmtr Ximtr Xjkme = 0 Vi jk,1,c,m (27)
Yitrzlt/ ajtrakt/ ap € {011} Vi, 1 (28)

The constraints above should be satisfied with a confidence value ¢ determined by the
DMs. Using FST helps to address the uncertainty of human judgment and enables a more
precise and objective representation of real-world systems. Based on fuzzy formulation,
each objective function corresponds to an equivalent linear membership function, whose
value can be calculated by using Equation (29).

1 Zf Zb S Maxb
Hp = 7MA;I§:ER/IZ£% lf Min, < Z, < Maxy (29)
0 lf Zb Z Mi?lb

In the above equation, Z; represents the value of the bth objective function, and
Max;, and Min;, represent the maximum and minimum values of the bth objective
function, respectively.

The maximum and minimum values of the membership functions for the objectives
have been further illustrated in Figure 3 below.

Hrc, 11T, EI, AQL
1
(R S e
TC, TTT, El, AQL
0 >
(TC, TTT, El, AQL)max (TC, TTT, El, AQL)min
(@)
1
0.5
TVSP
0 >

(TVSP)max (TVSP)min
(b)
Figure 3. (a) Membership function for TC, TTT, EI, and AQL (b) Membership function for TVSP.
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4.2. Solving Algorithm for Order Allocation

Augmented e-Constraint 2 (AUGMECON?2) has been used for solving the FMOMINLP
mathematical model [71]. This solving algorithm is an improved version of the e-Constraint
method proposed by Mavrotas [72]. This method transforms a multi-objective problem
into a mono-objective problem by considering one of the objectives as the main or principal
objective while treating other objectives as constraints subject to certain e values. The
algorithm introduces slack variables at each iteration to adequately address and handle the
complexities of discrete variables and non-convex problems. A generalized representation
of the method has been included in Figure 4.

( >

Convert multi-objective
problem into scalarized
single objective problem

v

Create 02 dimensional
array of payoff table

T 2

Calculate ranges and
lower bounds of objective
functions

oy
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number n and solutions
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I 2

Initialize counter /5 with
value 0

o —

Calculate ¢ for objective
function 5: £(5) = fib(5) + ;
i5%(1/n)xr(5) b4

R 2

Initialize counter i4 with
value 0

oy

Calculate ¢ for objective
function 4: £(4) = fib(4) + ¢
i4x(1/n)xr(4)

A

< if2sn 4

Add 2 to b

Ifi3<n > —r
— v Calculate b: b = Integer

part of nxs(2)/r(2)

I No 7 \ Result is feasible, add
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Initialize counter i3 with
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/
Calculate ¢ for objective A P
function 3: &(3) = fib(3) + |q—/| |\ N\ c
i3x(1/n)xr(3) N

v
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N /
Calculate ¢ for objective e /—L
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function 2: £(2) = fib(2) + |q— End
i2x(1/n)xr(2)
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.

Output solutions array
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imization problem for Zinfeasible then
current £ .add 2 to n&1//

d

No

Figure 4. Flowchart of the AUGMECON2 method.
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max <f1(x) +eps<f22+ <(10—1)S3> +...+ <10— (n—2)f"))> (30)

r3 n
subject to
fo(x) =S =e
f3(x) =Sz =¢3
fn(x) —Sp=¢y

where ¢, €3, ..., eq are the right-hand side values for each objective function, S,, Ss,
..., Sp are the slack variables, ry, 13, ... , 1y are the ranges of n objective functions, and
epse [107, 1073].

In order to generate exact Pareto sets, AUGMECON?2 facilitates lexicographic opti-
mization of objective functions f», f3, ... , fn. The mathematical model is transformed as
presented below to generate the Pareto solutions. For the purpose of this research work,
TC has been considered as the main objective function.

MinZ = Min TC (31)

Subject to Equations (6)—(28), and:

MinTTT < &

[MinTTT]™" < g5 < [MinTTT]|™2
MinEIl < &3

[Min EI|™" < g3 < [Min EI]™aX
Min AQL < g4

[Min AQL]™" < g4 < [Min AQL]™3X
Max TVSP < g5
[Max TVSP]™" < g5 < [Max TVSP|™a

4.3. Selection of Best Pareto Solution

CRITIC method has been used to calculate objective function weights in order to select
the best 10 Pareto solutions generated using AUGMECON?2 [73]. Four best solutions for
each confidence value ¢ are determined. This is followed by TOPSIS for ranking and
identification of the best Pareto optimal solution for each time period ¢.

5. Application Case Study

This section applies the proposed methodology using data from the pharmaceuti-
cal industry. In the wake of the COVID-19 pandemic, the pharmaceutical industry has
emerged as one of the most important and critical contributors to the global health care
system. Around the world, pharmaceutical firms have developed complex, international
supply chain networks susceptible to disruptions. While sustainable supplier selection
and order allocation ensures the wellbeing of the pharmaceutical industry under ordinary
circumstances, incorporating resilience in this activity can help mitigate the adverse effects
of disruptions, natural or otherwise, to the supply chain network. All data related to the
number of suppliers, warehouses, transportation modes, capacity, and demand, etc., was
acquired from reputable firms engaged in manufacturing pharmaceutical items for many
decades and has been made available online through Supplementary Material S1 [74]. The
pharmaceutical supply chain considered comprises five suppliers, one seaport, one dry
port, three warehouses, and two customers. FE-AHP and FTOPSIS have been implemented
using MS Excel (2021) while Python 3.7 has been used for solving the FMOMINLP mathe-
matical model. Both software packages were run using a Core i5/2.5 GHz/8.0 GB RAM
personal computer.
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5.1. Sustainability and Resilience Criteria Weighting

FE-AHP has been used for determining the weights of the sustainability and resilience
criteria and sub-criteria based on the preferences of four DMs associated with the pharma-
ceutical industry. The value of the consistency ratio was calculated for all criteria collectively
and for all sub-criteria entries within each criterion in order to ensure the soundness of the
DMs’ responses. The global and local weights of the criteria and sub criteria along with the
ranking of the sub-criteria have been included in Table 4 below.

Table 4. FE-AHP weights for sustainability and resilience criteria and sub-criteria.

Criteria Global Weights Sub-Criteria Local Weights  Ranking
Product Price 0.02 5
Payment Terms 0.02 5
Product Quality 0.03 4
Use of Technology 0.03 4
Economic 0.66 Volume Flexibility 0.07 3
Vendor’s Reputation 0.07 3
Responsiveness 0.12 2
Product Mix 0.15 1
Past Business 0.15 1
Environmental
Management System 0.01 3
Environment 0.08 Energy Consumption 0.02 2
Waste Management System 0.02 2
Innovative Capability 0.03 1
Employee Health & Safety 0.01 3
Social 0.16 Staff Personal & Technical 0.02 2
Development
Information Disclosure 0.13 1
Robustness 0.03 1
. Agility 0.02 2
Resilience 0.1 Leanness 0.02 2
Flexibility 0.03 1

The sustainability and resilience criteria were presented as economic > environment >
social along with resilience as an additional parameter for evaluation to the DMs. Economic
criteria were ranked as most important followed by social, resilience, and environment
criteria. For the economic sub-criteria, past business and product mix have been identified
as the most significant sub-criteria. Innovative capability has been ranked as the highest
environment sub-criterion, while information disclosure has been considered the most
important social sub-criterion. The DMs have ranked robustness and flexibility as the most
important resilience sub-criteria. This discernable ranking of sub-criteria based on DMs’
responses serves as an aid for making informed decisions and to select only those suppliers
that fulfill the sustainability and resilience criteria at the same time.

5.2. Sustainable and Resilient Supplier Ranking

The weights of the sustainability and resilience criteria calculated in the previous sub-
section have been used to evaluate the potential suppliers. FTOPSIS has been employed
for ranking the potential suppliers based on the responses collected from four DMs from
different pharmaceutical industry units. The closeness coefficient threshold for selecting
the suppliers was set at 0.5 and based on this value Supplier 1, Supplier 2, and Supplier 3
have been selected for optimum order allocation.

A sensitivity analysis was performed to evaluate the robustness of the selected sup-
pliers based on multiple sub-criteria within each sustainability and resilience criterion,
i.e., economic (product price, payment terms, responsiveness, vendor’s reputation), envi-
ronment (environmental management system, innovative capability), social (information
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disclosure), and resilience (flexibility). No change has been observed in the ranking of the
selected suppliers after the sensitivity analysis was performed. The final ranking of the
potential suppliers has been presented in Table 5 above.

Table 5. Ranking of suppliers using FTOPSIS.

Supplier Economic Environment Social Criteria Resilience Overall Closeness Ranking
Criteria Criteria Criteria Coefficient

Supplier 1 0.69 0.12 0.36 0.15 0.68 1

Supplier 2 0.68 0.16 0.14 0.15 0.648 2

Supplier 3 0.64 0.23 0.54 0.92 0.567 3

Supplier 4 0.5 0.3 0.68 0.61 0.421 4

Supplier 5 0.2 0.87 0.86 0.42 0.268 5

5.3. Sustainable and Resilient Order Allocation

The FMOMINLP mathematical model has been solved in two phases. First, each
objective function has been optimized individually using a suitable nonlinear solver and
ideal solutions have been determined as included in Table 6 below. In the second phase,
AUGMECON?2 has been employed for solving all objective functions simultaneously. Pareto
solutions have been generated for each time period considered in order to determine the
optimal order quantity for all selected suppliers using the fuzzified input data as included
in the Supplementary Material S1.

Table 6. Optimum solutions of objective functions for time period t using nonlinear solver.

Time Period Objective Function Ideal Solution
TC $91,136,983.38
TTT 621.6 h
fy EI 750,915.35 g
AQL 18,680.02 kg
TVSP 117,241.22
TC $93,435,628.21
TTT 6453 h
tr EI 892,574.29 ¢
AQL 18,721.19 kg
TVSP 116,272.51
TC $95,265,437.07
TTT 634.2h
t3 EI 957,29742 g
AQL 19,938.52 kg
TVSP 117,252.96
TC $96,521,876.81
TTT 655.7 h
ty EI 869,374.61 g
AQL 19,132.52 kg
TVSP 119,935.22

The symbol ‘$’ indicates that the value is an amount of money.

In order to perform multi-objective optimization, AUGMECON?2 first generates a
payoff table for each time period t. The minimum/maximum values of all objective
functions are calculated by solving Equations (1)—(28) and the results have been included
in Tables 7 and 8. In the next step, the minimum and maximum values are divided into
10 segments and each segment is individually assigned to ¢y, €3, €4, and e5 with the step
interval of 2 by using Equation (30). These values have been presented in Table 9.
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Table 7. Payoff table using AUGMECON?2 for time period t.

Time Objective
Period Function TC T ElL AQL TvsP
TC 92,804,282.45  823.33 1,755,576.8 18,475 105,930.56
TTT 93,631,359.24  608.86 849,670.38 19,475 119,085.76
t EI 93,631,359.24  608.86 849,670.38 19,475 119,085.76

AQL 93,631,340.95  608.85 849,652.81 19,475 119,085.76
TVSP 95,162,050.42  611.33 850,116.42 18,975 119,485.76

TC 91,254,980.23  797.25 1,564,291.6 18,356 143,597.22
TTT 93,473,964.17  657.61 873,693.43 18,929 116,293.91
ty EI 93,912,579.05  629.43 865,298.66 19,574 116,369.32

AQL 93,624,579.66  602.43 869,764.34 19,578 116,297.49
TVSP 97,253,427.49  638.29 868,265.55 19,649 115,679.64

TC 92,673,456.22  643.53 1,427,941.3 19,246 152,457.87
TTT 95,876,521.09  687.47 942,654.39 19,925 117,562.82
t3 EI 97,648,761.22  678.32 956,482.21 19,643 117,465.97

AQL 95,790,352.62  654.91 954,278.23 19,587 117,790.11
TVSP 96,542,752.79  667.01 957,267.25 19,647 117,025.09

TC 97,825,790.25  686.38 1,374,825.2 19,835 137,923.34
TTT 96,257,860.29  652.71 868,734.56 19,897 116,432.66
ty EI 96,843,789.34  652.82 873,484.43 19,642 119,843.21

AQL 96,894,392.55  655.72 862,564.52 19,528 119,532.62
TVSP 96,654,872.46  679.31 865,782.37 19,874 119,376.01

Table 8. Maximum and minimum values of objective functions for t1—4.

Objective t 5] t3 ty
Function Max Min Max Min Max Min Max Min
TC 95,162,050.42  92,804,282.45 97,253,427.49  91,254,980.23  9,7648,761.22  92,673,456.22  97,825,790.25  962,57,860.29
TTT 823.33 608.85 797.25 602.43 687.47 643.53 686.38 652.71
EI 1,755,576.8 849,652.81 1,564,291.6 865,298.66 1,427,941.3 942,654.39 1,374,825.2 862,564.52
AQL 19,475 18475 19,649 18,356 19,647 19,246 19,897 19,528
TVSP 119,485.76 105,930.56 143,597.22 116,293.91 152,457.87 117,025.09 137,923.34 116,432.66

Table 9. e-values of TTT, EI, AQL, and TVSP.

Time e-Values
Period £ &3 &4 ]
t 608.85 849,852.81 18,475 105,930.56
1 tp 716.09 849,652.71 18,425 109,831.37
t3 823.33 849,652.21 18,375 110,718.26
ty 608.85 1,302,614.8 18,475 115,701.11
H 608.85 1,302,614.8 18,375 105,930.16
» tr 716.09 849,652.81 19,575 108,921.84
t3 823.33 849,652.81 17,965 112,222.01
ty 608.85 849,752.81 17,985 117,728.19
t1 608.85 1,302,614.8 18,355 105,930.06
3 tr 716.09 859,252.81 18,925 111,392.11
t3 823.33 889,652.61 18,765 112,421.17
ty 608.85 819,652.01 19,971 116,133.15
t 608.85 859,652.81 19,975 105,930.06
4 ty 823.33 846,652.91 19,673 111,929.72
t3 608.85 849,752.81 18,455 114,441.06

ty 823.33 1,302,614.8 19,415 115,792.19
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Table 9. Cont.

Time e-Values
Period & &3 &4 ]
2 823.33 1,302,614.8 19,815 105,930.72
5 ty 608.85 849,652.33 18,415 109,431.82
t3 823.33 847,652.61 19,121 112,416.15
ty 608.85 845,652.09 18,415 115,719.82
H 608.85 849,652.81 19,415 105,930.28
6 tr 608.85 849,752.91 19,411 106,931.65
t3 716.09 848,652.29 18,471 114,563.12
ty 823.33 849,752.81 19,471 115,708.11
H 608.85 889,652.86 19,915 105,930.52
o ty 716.09 848,652.81 19,915 105,930.86
t3 823.33 889,652.88 19,915 112,518.15
ty 608.85 1,302,614.8 19,915 114,401.26
t 823.33 1,755,576.8 18,915 105,930.26
3 tr 608.85 849,652.86 19,975 107,531.52
t3 823.33 848,652.81 19,915 114,478.12
ty 608.85 889,652.97 19,414 117,719.11
H 823.33 849,672.81 18,425 105,930.23
9 ty 608.85 848,652.91 18,415 104,948.35
t3 823.33 859,652.88 19,371 114,545.11
ty 608.85 1,755,576.8 19,275 118,715.16
H 823.33 1,755,576.8 18,415 105,930.15
10 tr 608.85 849,652.86 18,585 110,943.54
t3 823.33 848,652.81 19,471 111,927.14
ty 608.85 839,672.69 19,475 117,934.29

The DMs have assigned 04 ¢ levelsi.e., 0.25, 0.5, 0.75, and 1.0 for each solution with
an incremental step of 0.25. The algorithm will run for every combination of e values for all
@ levels in order to generate Pareto optimal solutions. The maximum number of iterations
allowed is 50,000.

The last step in the sustainable and resilient order allocation process is the selection of
the best solution from the set of Pareto optimal solutions generated by AUGMECON2. This
step is carried out by employing TOPSIS. The objective function weights were calculated
using the CRITIC method and these values have been presented in Table 10. Only one
solution can be selected by the DMs for each time period. The values of the relative
closeness coefficient for the best 10 Pareto optimal solutions for the time periods ¢;-t4 have
been included in Table 11. The best solution for each time period has been presented in
Table 12.

Table 10. CRITIC weights for objective functions for t1—4.

Objective Weight
Function t ty t3 ty
TC 0.21 0.21 0.2 0.25
TTT 0.1 0.1 0.15 0.15
EI 0.1 0.1 0.17 0.12
AQL 0.25 0.22 0.2 0.18

TVSP 0.34 0.37 0.28 0.3
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Table 11. Relative closeness coefficient (CC) matrix for Pareto solutions of AUGMECON?2 for t;—t4.

Time Period

51 ty t3 ty
1 0.944 0.742 0.961 0.958
cc 2 0.885 0.692 0.838 0.974
3 0.851 0.852 0.659 0.862
4 0.788 0.952 0.271 0.681

Table 12. Best optimal solution of each objective function for ;4.

CcC TC TTT EI AQL TVSP
t 0.944 93,224,19591  736.22 849,670.38 18,564 108,357.88
ty 0.952 94,678,327.81  699.13 887,235.25 19,741 112,319.02
t3 0.961 92,675,287.52  647.02 957,162.45 19,623 115,791.21
ty 0.974 96,589,852.26  691.72 878,519.31 19,738 117,301.06

6. Discussion

A graphical representation of the order allocation to the selected suppliers has been
presented in Figure 5 below for all time periods considered. The Pareto optimal solutions
generated through multi-objective optimization have close similarity to the ideal solutions
calculated using the nonlinear solver. Multi-objective optimization is computationally
more challenging as compared to solving each objective function individually. Yet it has
been observed that AUGMECON?2 as a solving algorithm can handle the complexity of
the extensive supply chain network presented in Figure 1 above fairly easily without any
specialized computational resources required. The combination of sustainability and re-
silience criteria for supplier selection and the inclusion of resilience criteria weights in
the FMOMINLP mathematical model enables a more holistic evaluation of the sustain-
able and resilient supplier selection and order allocation problem in the context of the
pharmaceutical industry.
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Figure 5. Best optimal solutions for t1—t4.
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7. Managerial Insight

The implications and usefulness of the results presented in the preceding sections
from a managerial perspective is included below:

(@) A multi-phase, multi-period smart decision support framework has been proposed
for sustainable and resilient supplier selection and order allocation. The proposed
framework has been demonstrated using real-time data collected from the pharma-
ceutical industry.

(b) A combination of TBL sustainability and resilience criteria has been employed for
supplier selection and order allocation that leads to a more comprehensive and
thorough evaluation of the sustainable and resilient supplier selection and order
allocation problem.

(¢) A detailed fuzzified mathematical model has been developed for order allocation.
As demonstrated by the results presented in the preceding sections, this mathemati-
cal model can successfully handle real-life uncertainty of decision variables during
supply-chain operations.

8. Conclusions and Future Recommendations

In this research paper, a multi-phase, multi-period smart decision support framework
has been proposed for sustainable and resilient supplier selection and order allocation. The
proposed framework has been applied using real-time data collected from the pharmaceu-
tical industry. The following conclusions may be drawn from the research work presented
in the preceding sections:

(@) Among the TBL sustainability criteria, product price, past business, innovative capa-
bility, and information disclosure rank as the most significant sub-criteria for the DMs
in the pharmaceutical industry.

(b) Robustness and flexibility are considered the most valued attributes in the potential
suppliers as far as the resilience criterion is concerned.

(¢) The transfer cost and custom clearance cost comprise 69.4% of the total cost of the
supply chain network. On the other hand, transfer time and custom clearance time
comprise only 24.7% of the total transportation time.

(d) Transportation by sea has the least impact on environment (8.2%) while transportation
by rail has the highest rate of environmental impact (62.5%) followed by transportation
by road (29.5%).

(e) Inland transportation of goods is dominated by rail as the most preferred mode of
transport. Transportation by rail is also preferred by potential suppliers located in
geographically contiguous countries.

The uncertainty encountered in actual supply chain network operations has been
incorporated both in the supplier selection and the order allocation parts of the proposed
methodology. The input data collected from the industry has also been fuzzified in order to
make the modeling more realistic and closer to real-time scenarios. DMs’ preferences play
a major role during evaluation of the sustainability and resilience sub-criteria.

The SRSS-OA problem has previously been addressed by many researchers
in the extant literature but with certain limitations. For example, Sen et al. [63] and
Mahmoudi et al. [68] have considered environmental and resilience criteria for the purposes
of supplier selection but the remaining TBL sustainability criteria and the order allocation
part of the SRSS-OA problem has been ignored. Amindoust [64], Jabbarzadeh et al. [65],
and Fallahpour et al. [66] have employed TBL sustainability and resilience criteria for
supplier selection but order allocation has not been taken into account in any of these
research studies. Hosseini et al. [10] have presented a mathematical model for order allo-
cation based only on economic and resilience criteria and the supplier selection part has
not been considered in this research work. This tendency of selective evaluation of TBL
sustainablity and resilience criteria and including or excluding either supplier selection
or order allocation from the anlaysis is a major shortcoming of the published literature
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dealing with the SRSS-OA problem. A significant contribution of our research work is
that it addresses this shortcoming and presents a comprehensive and holistic decision
support framework for supplier selection and order allocation based on TBL sustainability
and resilience criteria. In order to demonstrate the utility and potential of the proposed
framework, we have implemented it using data from the pharmaceutical industry, which
has not been carried out earlier in any of the research works highlighted here.

In future applications of the proposed methodology, different sustainability and re-
silience sub-criteria should be identified either by conducting a literature review or an
industry survey. The effectiveness of the proposed methodology can be examined further
by incorporating the effects of natural or manmade disruptions (contingency scenarios) for
evaluating the performance of the supply chain network and by extending the application
of the proposed decision support framework to various other industry sectors, i.e., electrical
power generation and transmission, food production/processing and distribution, telecom-
munication networks infrastructure, or medical/surgical goods manufacturing industries,
etc. A limitation of the decision support framework presented in this research paper is
its inability to handle more than one product at any one time period considered. This
issue can be remedied by modifying and improving the decision framework to incorporate
multi-product scenarios.
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Abbreviations

AUGMECON2  Augmented e-Constraint 2

CRITIC Criteria Importance through Intercriteria Correlation
DM Decision Maker

EI Environmental Impact

FE-AHP Fuzzy Enhanced Analytical Hierarchy Process

FMOMINLP Fuzzy Multi-objective Mixed Integer Nonlinear Programming
FST Fuzzy Set Theory

FTOPSIS Fuzzy Technique for Order of Preference by Similarity to Ideal Solution
LCL Less than Container Load

MCDM Multi-criteria Decision Making

MILP Mixed-integer Linear Programming

MINLP Mixed-integer Nonlinear Programming

MIP Mixed-integer Programming

MOILP Multi-objective Integer Linear Programming

MOLP Multi-objective Linear Programming

SS-OA Supplier Selection and Order Allocation
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SSS-OA Sustainable Supplier Selection and Order Allocation

SRSS-OA Sustainable and Resilient Supplier Selection and Order Allocation
TC Total Cost

TTT Total Travel Time

TVSP Total Value of Sustainable Purchasing

TBL Triple Bottom Line
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