A p-robust mathematical model for a sustainable vaccine supply chain

Abstract

This paper introduces a multi-product, multi-period, and multi-level sustainable supply chain (SC)
network problem, including several production centers. It includes stocking technology and
different transportation methods in conditions of uncertainty. The increasing demand for vaccines
in the conditions of the corona virus epidemic and the existing sensitivities towards the stability
characteristics as well as the unique characteristics of the vaccine SC are the reasons for
redesigning this network. The economic, environmental and social goals are considered in
presented mathematical model in order to achieve organization's sustainability strategy and
stakeholder satisfaction. The economic objective function includes two types of tactical and
strategic costs to avoid creating sub-optimal solutions. The environmental objective function
calculates the total emission of pollution in SC. The social objective is to maximize the social
responsiveness of the SC. Three indicators including job opportunity creation (positive effect),
employee health and safety (negative effect) and customer health as risk of harm to customer using
product (negative effect). LP metric and epsilon limit methods are used to solve the model in small
dimensions and Pareto front drawing method is used to draw the conflict of interest diagram. A
numerical example has been proposed to evaluate and test the model, and in order to deal with
non-deterministic parameters and reduce its impact on the optimal solution, a robust optimization
model has been proposed. Finally, the results in deterministic and robust state has been compared.

Key Words: vaccine supply Chain, sustainability, p-robust model

1. Introduction

Governments and societies have concerns about global warming, loss of natural resources,
excessive use of non-renewable resources and increasing industrial activities in developed and
developing countries caused many managers to consider sustainable businesses [1]. In order to
survive in a competitive market, organizations have to reduce operating costs, improve service
levels, simultaneous attention to economic, environmental and social aspects of SC. Therefore,
organizations are trying to optimize their supply chain network (SCN) considering all elements of
sustainability (i.e. economic, environmental and social aspects) [2]. Consequently, a company that
is oriented to join global SC, should consider sustainability in its SC [3].

Recently, the world community has faced COVID-19 pandemic, which is the most destructive
disease in recent decades. SCs have faced various challenges and this destructive and widespread
disease has adversely affected SCs worldwide [4]. Many researchers have investigated the
significant effects of COVID-19 on SCs. Productivity, efficiency, and responsiveness of SCs have
suffered due to material shortages, delivery delays, disruptions in logistics and transportation
systems, facility capacities reduction and other disruption-related harms. The positive point of the
occurrence of this disease is the special attention paid to the sustainability of SC [5]. As mentioned,
while world focused on developing new vaccines and measuring their effects on humans, the lack



of understanding and correct handling of vaccine supply chain issues, can greatly reduce the
effectiveness of any vaccine. Therefore, any agency involved in vaccine decision-making should
consider vaccine SCs when making key decisions [6]. This disease caused several problems and
beside its affection on human lives such as quarantines and other restrictions, industries also had
to reduce their activities. This mandatory decision had different economic, social and
environmental results such as job loss, revenue reduction, bankruptcy and recycling activity stop
[7]. Also, for some SCs, the demand has increased dramatically so that the supply cannot respond
and the organization faced shortage. In general, the epidemic of COVID-19 was a test for resilience
and sustainability of SCs by impacting on various aspects of the economy and society [8].

This study tries to expand the existing models in the design of the vaccine SC network and the
dimensions of sustainability that were less mentioned in the previous researches. The objectives
of this research are to identify and examine the dimensions, paradigms and concepts of sustainable
SCN design that have been used by academics and experts in the past, and to examine the impact
of including sustainability in vaccine SC and how to address it. This study aims to present a
mathematical model for the vaccine SC, which includes the SC stability issue. To consider
uncertainty in the parameters, a relatively new probabilistic-robust approach is used to overcome
the disadvantages of the two probabilistic and robust approaches to gain optimal answers.

The main question of this study is whether it is possible to present a mathematical model for the
design of a vaccine SCN that includes location decisions (storage centers, manufacturing centers
and packaging centers) and routing decision, where model parameters such as demand and other
parameters considered uncertain. Other questions can also be raised as follows: Can sustainability
be included in the vaccine supply chain (VSN)? Can providing a sustainable VSC model have
better results in the organization's strategic and operational planning? Will considering the problem
in a non-deterministic way provide better results? Does considering the probabilistic-robust
method for uncertainty in the parameters of the problem produce more realistic results?

2. Literature review

Various researchers focused on sustainable SC in recent years. Some researchers paid attention to
the uncertainty in the SC. Nayeri et al. presented a multi-objective MIP model to configure a
sustainable SC network under uncertainty, while considering flexibility and responsiveness
measures. To deal with the uncertainty, they proposed an improved version of the fuzzy stochastic
optimization model [2]. Gholipoor et al. stated that companies are creating closed loop SCs to
increase their profit and the sustainability. To deal with this, a single-objective, multi-product,
multi-period MIP model under fuzzy demand proposed by the authors [9]. Babazadeh et al.
designed a SC by modeling a mixed integer nonlinear problem under risk. The aim of this study is
to minimize environmental impacts and total costs under supply and demand uncertainties [10]. It
is stated in Mousavi et al.'s article that when all three aspects of sustainability are considered,
uncertainties are rarely addressed. In this paper, a multi-objective MILP model generated for a
robust sustainable SC network problem with uncertainty in all three sustainability objectives
including cost and greenhouse gas emission minimization and job creation maximization [11].



Another paper presented by Zahiri et al. introduces an integrated and stable multi-objective MILP
model for a pharmaceutical SC under uncertainty. To deal with the uncertainty, a new fuzzy
probabilistic-stochastic programming approach is developed [12]. Eskandarpour et al. reviewed
87 articles in the field of SC network design. They believe that the borders of environmental and
social researches should move beyond the greenhouse gas emissions to the optimum use of life
cycle approaches and new social criteria should be included in the models. More effective
inclusion of uncertainty and risk in models with improved multi-objective approaches is also
needed [13]. Habib et al. proposed a MILP model to minimize total cost and carbon emissions. In
this paper, a robust probabilistic programming approach has been used to address supply and
demand uncertainties in the network [14].

Some studies integrated economic and environmental aspects to reduce environmental pollution
levels with financial stability. Yu & Solvang developed a closed-loop SCN and modeled a multi-
objective optimization problem with fuzzy and stochastic parameters. The main objective of this
study was to optimize the trade-off between cost effectiveness and environmental performance
[15]. Shen investigated a sustainable SC in an uncertain environment [16]. Sherafati et al. designed
an SCN by developing all three dimensions of sustainability while imposing an appropriate carbon
regulatory mechanism. The social aspects considered in this study were unemployment rate,
corruption, crimes, etc. [17]. The research conducted by Mota et al. generates a multi-objective
MILP model which integrates several interconnected decisions including facility location, capacity
determination, supplier selection, definition of purchase levels, technology selection and
allocation, and defining the transportation network that includes unimodal and intermodal options
[18]. Mahmud et al. identified key VSC strategies and their interrelationships under four groups:
Intra-organizational, Inter-organizational, Legislative, and Environmental, based on previous
literature and the expert opinions of industrial practitioners and policymakers [19]. Gilani and
Sahebi presented a mathematical model of a sustainable SC for the COVID-19 vaccine that covers
the economic, environmental and social aspects and provides vaccine both domestically and
internationally. They also proposed a robust data-driven model based on a polyhedral uncertainty
set to address the unjust worldwide vaccine distribution as an uncertain parameter [20]. Tirkolaee
et al. developed a novel two-stage decision support framework for configuring multi-echelon VSC,
resilient supplier selection, and order allocation under uncertainty. A robust multi-objective
optimization model is then built for order allocation considering resiliency scores, reliability of
facilities, and uncertain supply and demand [21].

On the other hand, vaccine supply chain should implement as a cold supply chain for health
reasons. Gan et al. investigated the cooling performance of vaccine cold storage boxes integrated
with phase change material bottles [22]. Khodaee et al. presented a humanitarian cold supply chain
distribution model for COVID-19 vaccine distribution in the European Union [23]. Lin et al.
considered cold chain transportation decision in the vaccine supply chain [24]. Kumar et al. studied
using new cold chain technologies to extend the vaccine cold chain in India [25].

Corporate sustainability metrics are widely available and used by numerous organizations around
the world. These metrics are often shared with the public in corporate sustainability reports.
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Examples of absolute and relative metrics are widely available, including through the Global
Reporting Initiative (GRI), which lists more than 90 indicators.

Analysis of criteria based on 13 key features of SSCM proposed by Ahi & Searcy, indicates that
more than one-third of the criteria focused on environmental issues, 17% focuses on economic
issues and 12.1% focused on social issues. "Air emissions” with 28 repetitions, "energy
consumption™ with 24 repetitions, and "greenhouse gas emissions™ with 24 repetitions are some of
the high-frequency environmental measures used. "Cost" (12 times), "return on investment” (11
times) and "operating cost" (11 times) were the most frequently used economic criteria. Examples
of social criteria with high frequency are "discrimination™ (6 times), "health and safety incidents"
(5 times), and "supervisory and public services" (4 times) [26].

According to the Ahi & Searcy, environmental issues, economic issues and social issues are the
most frequently used criteria and received most of the attention of researchers. In this study, these
3 sustainability paradigms are used to design a sustainable VSC [26]. Also, by reviewing
sustainable SC articles, from the years 2015 to 2022 according to table (1), few of the existing
articles have used an integrated approach for strategic and tactical decision-making levels for the
design of multi-product and multi-period SC networks.

Table 1. Comparison of sustainability evaluation indicators in articles

papers uncertainty | solving transportation technology | time | Case |, o Decision model
approach | method level period | study _ _ _ _ —
Strategic |Tactical [Simulation [optimization

[2] FRS E M WH M - * *
[3] F E M H M * * *
[12] FS H M H M * * *
[14] RPP H - M B M * * *
[27] - E * * M H M * *
[18] S E * * M EC M - *
[28] F E * * M EC S * *
[29] FS H * M Tl M * - *
[30] F E - M - M * * *
[31] RPP H * S LB S * - *
[32] S H - - - - * * -
[33] S E * M M * *
[34] S E M - M * *
[35] S E * * M S M * - *
[36] - - M w S - * * -
[37] R E M E S * * *
[38] - E M F M * * *
[39] S E S I S * * - *
[40] - - M - S - * * -
[41] F E - M C M * * *
[42] S E * S C M * - *
[43] F E - M E M * * *
[44] S E * M - M * * *
[45] FS E * M M * * *
This

study RPP E * * M P M * * - *

Note: For time period and product, M stands for "Multi" and S stands for "Single". For uncertainty handling methods:
random S, robust R, fuzzy F. (example. FRS: Fuzzy Robust Stochastic, RPP: robust possibility programming). For
solution methods, H stands for "heuristic, meta-heuristic”, E stands for "exact". For case studies, A: Automotive, C:
Apparel, H: Healthcare, E: Energy, P: Pharmaceutical, I: Pipe Industry, F: Food Industry, W: Wood Industry, S:
Seaports, TI: Tire Industry, LB: Lignocellulose bioethanol.



Table 2. Model review table of the most relevant researches

papers Sustainability
Economic Environmental issue Social issue

Total cost| Net present | CO2 Resource | Life Product  |Labor |Job Social Deprivation GDP
value emission waste |cycle responsibility [payment |creation [anxious
analysis

[2]
[3]
[12]
[14] - - - - - - - - -
[27] - * - - * - - - R - *
[ 18] - * - - * - - - - - *
[28] - - - - -
[29]
[30] - - - -
[31] - * - - * *
[32] - * -
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
This
study
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In the presented model, cost indicates economic aspect; emission of greenhouse gases (carbon
dioxide gas and refrigerant gas) indicates environmental aspect and number of lost working days
due to work injuries as well as the number of created jobs indicates the social aspect of sustainable
SC management. According to sustainable SC and VSC literature review, only few studies
considered the integration of sustainability in the VSC. Also, in dealing with the uncertainty in
VSC, this research is one of the first studies. It is a relatively new probabilistic approach that uses
the advantages of both stochastic and robust optimization approaches to deal with uncertainties.
Also, considering the harmful effects of other greenhouse gases, especially the HFC refrigerant
gases used in industrial refrigerators in the cold SC, this study discusses the harmful effects of
HFC gases and their role in global warming along with CO2 emissions in the environment.

3. Mathematical model
3.1. problem description

The production and distribution processes are two main features of VSC, which is important to
safe and healthy communities, requires special attention for design and planning. Figure 1 shows
a VSC including domestic and foreign manufacturers, international packaging centers, storage and



distribution centers and provincial health centers as demand points. Due to limited capacity of
domestic vaccines producer, main producer in a foreign country transfers products to international
packaging centers, and sends and stores them in the destination country after packaging. Finally,
vaccines are transferred to provincial medical centers as demand points by internal transportation.
Vaccines can be stored in production, packaging and distribution centers, and this model
determines the optimal storage level during the planning time horizon. It is possible to store the
vaccine with cold storage and freezing, and it is possible to build storage and distribution centers
based on each of them. products are moved between SC echelons by road/rail modes for domestic
transport and sea/air modes for external transport. In the proposed SC, strategic and tactical
decisions are taken into account at the same time. It should be noted that the present model is
written by adapting the model presented by Gilani & Sahebi, 2022.
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Figure 1. VSC

3.2. Assumptions

The model is multi-level, multi-product and multi-period. The flow of products exists only
between different consecutive facilities and the flow of products between similar facilities is not
possible. The location of foreign production factories and suppliers is fixed and known. Shortage
is possible according to customer demand and a cost is considered for unsatisfied customer
demand. The locations of potential domestic production and distribution centers are known.
Inventory in domestic and foreign production centers, distribution and packaging centers for
products is considered. Only one storage center should be assigned to each customer area. No
shipping from foreign factory to customer areas is possible. Transport streams and vaccine storage
facilities emit CO2 and HFC-based pollutants.



3.3. Symbols

Sets

v
Parameters
FIXP
FIXD
FIXI,,
VCMyy,
VCPipt
VCDipme
VClyy,
PCMy,,*
PClL,,.*
PCDjempe
PCDI,;
PCPy,,
ICMy,,
IcPy,
ICDypme
ICLyy,
CTRVj,
CTRPjip,
CTRHyyp1

CTRLyyy

CCEM,p,

Set of foreign producers Set of transportation modes

Set of potential foreign packaging centers Set of vaccines
Set of potential for domestic storage centers Set of vaccine holding technology

Set of provincial health centers Set of time periods

nw 4 Z v r

Set of potential domestic producer centers Set of scenarios

Fixed cost of developing packaging center j

Fixed cost of developing distribution center k with holding technology m

Fixed cost of developing domestic producer p in location v

Variable cost of foreign producer for vaccine p in location i and time period t

Variable cost of packaging center j for vaccine p and time period t

Variable cost of distribution center k with holding technology m for vaccine p and time period t

Variable cost of domestic producing vaccine p in location v and time period t

Variable cost of foreign producing vaccine p in factory i and time period t under scenario s

Variable cost of domestic producing vaccine p in factory v and time period t under scenario s

Distribution cost per foreign vaccine for distribution center k with holding technology m and time period t
Distribution cost per domestic vaccine for producer v and time period t

Packaging cost per foreign vaccine p in packaging center j and time period t

Holding cost per foreign vaccine p for foreign producer i and time period t

Holding cost per foreign vaccine p for foreign producer i and time period t

Holding cost per foreign vaccine p for distribution center k with holding technology m and time period t
Holding cost per domestic vaccine p for domestic producer v and time period t

Transportation cost per foreign vaccine p from foreign producer i to packaging center j with mode |
Transportation cost per foreign vaccine p from packaging center j to distribution center k with mode |
Transportation cost per foreign vaccine p from distribution center k to provincial health center r with mode |

Transportation cost per domestic vaccine p from domestic producer v to provincial health center r with
mode |

Capacity increase cost per foreign vaccine p for foreign producer i in time period t



CCEP;,,

CCEDypme

CCEL,y,
MV,

IR
NT
SUMAX,,
SUIAX,,
PRN;,;*
PRI,,*
INR,
CMLO;,
CILO,,
CPLO;,
CDLOypm
CMMX;,
CIMX,,
CPMX;,
CDMXypm
cov,
cor,

PCK,
DH,.*
CTS,;
Fjov,
FJOJ;
FJOKym
pPcys

EEIDjpm

Capacity increase cost per foreign vaccine p for packaging center j in time period t

Capacity increase cost per foreign vaccine p for distribution center k with holding technology m in time
period t

Capacity increase cost per domestic vaccine p for domestic producer v in time period t
Market value of vehicle |

Interest rate

Number of time periods

Maximum order size of raw materials used for foreign vaccine p production in time period t
Maximum order size of raw materials used for domestic vaccine p production in time period t
Raw material cost for foreign vaccine p produced in foreign producer i in time period t under scenario s
Raw material cost for domestic vaccine p produced in domestic producer v in time period t under scenario s
Transportation cost per mode | (truck only)

Minimum capacity for foreign vaccine p in foreign producer i

Minimum capacity for domestic vaccine p in domestic producer v

Minimum capacity for foreign vaccine p in packaging center j

Minimum capacity for foreign vaccine p in distribution center k with holding technology m
Maximum capacity for foreign vaccine p in foreign producer i

Maximum capacity for domestic vaccine p in domestic producer v

Maximum capacity for foreign vaccine p in packaging center j

Maximum capacity for foreign vaccine p in distribution center k with holding technology m
Raw material to foreign vaccine p exchange rate

Raw material to domestic vaccine p exchange rate

Packaging coefficient for vaccine p

Demand of customer region r in time period t under scenario s

Vehicle capacity | in time period t

Number of jobs created by developing a domestic producer v

Number of jobs created by developing a packaging center j

Number of jobs created by developing a distribution center k with holding technology m
Shortage cost under scenario s

Total CO2 emission resulted from holding a foreign vaccine p at storage center k with holding technology m



IMMAX;, Maximum inventory for foreign vaccine p at foreign producer i

IPMAX;, Maximum inventory for foreign vaccine p at packaging center j
IDMAX,,,,  Maximum inventory for foreign vaccine p at distribution center k with holding technology m
IVMAX,,, Maximum inventory for domestic vaccine p at domestic producer v

EETV;;,  Total CO2 emission resulted from foreign vaccine p transportation between foreign producer i and
packaging center j with mode |

EHFCI;j,, Total refrigerant gas (HFC) emission leaked from vehicle | transporting foreign vaccine p between foreign
producer i and packaging center j

EETPy,, Total CO2 emission resulted from foreign vaccine p transportation between packaging center j and
distribution center k with mode |

EHFC]Jj, Total refrigerant gas (HFC) emission leaked from vehicle | transporting foreign vaccine p between
packaging center j and distribution center k

EETHy,,, Total CO2 emission resulted from foreign vaccine p transportation between distribution center k and
provincial health center r with mode |

EHFCK,,, Total refrigerant gas (HFC) emission leaked from vehicle | transporting foreign vaccine p between
distribution center k and provincial health center r

EETI,,, Total CO2 emission resulted from domestic vaccine p transportation between domestic producer v and
provincial health center r with mode |

EHFCV,,,, Total refrigerant gas (HFC) emission leaked from vehicle | transporting domestic vaccine p between
domestic producer v and provincial health center r

EEPM;, Total CO2 emission resulted from foreign vaccine p production at foreign producer i
EEPIL,, Total CO2 emission resulted from domestic vaccine p production at domestic producer v
EEPGj, Total CO2 emission resulted from foreign vaccine p production at packaging center j
EEFP;  Total CO2 emission resulted from packaging center building j

EEFD,,, Total CO2 emission resulted from distribution center building k with holding technology m

BHFC,,, Total refrigerant gas (HFC) emission leaked from distribution center building k with holding technology m
per year

EEFIL,, Total CO2 emission resulted from domestic vaccine p at producer v
EEIM;, Total CO2 emission resulted from holding of foreign vaccine p at producer i

EHFCM;, Total refrigerant gas (HFC) emission leaked from holding of foreign vaccine p at producer i
EEIP,,  Total CO2 emission resulted from holding of foreign vaccine p at packaging center |

EHFCDy,,, Total refrigerant gas (HFC) emission from holding of foreign vaccine p at distribution center k with
technology m

EEII,,  Total CO2 emission resulted from holding of domestic vaccine p at producer v



EHFCIL,, Total refrigerant gas (HFC) emission from holding of domestic vaccine p at producer v
ESTV;;,,  Total jobs created by sending foreign vaccine p from producer I to packaging center j with mode |
ESTPy,,, Total jobs created by sending foreign vaccine p from packaging center j to distribution center k with mode |

ESTH,,, Total jobs created by sending foreign vaccine p from distribution center k to provincial health center r with
mode |

ESTIL,,, Total jobs created by sending domestic vaccine p from producer v to provincial health center r with mode |
ESMM,, Total yearly local jobs created by producing foreign vaccine p at producer i
ESMI,, Total yearly local jobs created by producing domestic vaccine p at producer v
ESPG;, Total yearly local jobs created by packaging foreign vaccine p at packaging center j
ESPDy,, Total yearly local jobs created by distributing foreign vaccine p at distributer k with technology m
ESDI,,  Total yearly local jobs created by distributing domestic vaccine p at producer v
LSTV,  Average number of days lost per year in the vaccine transportation process by transportation mode |
LSMM  Average number of days lost per year in the vaccine production
LSPG Average number of days lost per year in the vaccine packaging
LSDS Average number of days lost per year in the vaccine distribution
HSMM,, The average fraction of dangerous foreign vaccines p in the foreign vaccine production center i
HSMI,, The average fraction of dangerous domestic vaccines p in the domestic vaccine production center v
TETA, Weighted coefficient of the total number of local jobs created
TETA, Weighted coefficient of the total number of days lost due to work injuries
TETA;  Weighted coefficient of the total number of potentially dangerous vaccines
g The probability of each existing scenarios
EHFCP;, Total refrigerant gas (HFC) emission leaked from holding of foreign vaccine p at packaging center j
Variables
RTS,® The number of vehicles I purchased to transport materials (trucks only) under scenario s
CAPM,,,* The capacity designed to produce foreign vaccine p at producer i in time period t under scenario s
CAPP;,,°  The capacity designed to pack foreign vaccine p at packing center j in time period t under scenario s

CAPDy,m:* The capacity designed to store foreign vaccine p in the distribution and storage center k with technology m
in period t under scenario s

CAPIL,,.* The designed capacity for domestic vaccine p at the domestic manufacturing facility v in time period t under
scenario s

PROM,,,* The amount of foreign vaccine p produced in manufacturing plant i in period t under scenario s



PROI,,.*

The amount of domestic vaccine p produced in manufacturing plant v in period t under scenario s

PPRODy,,,* Amount of foreign vaccine p distributed from distribution center k with technology m in period t under

PROP;,*

SUPNy,,*

SUPLyy,*
SVijpie®
SPikpic’
SHyrpie®
Shyrpic”

INVMy,°
INVP,,*

INV Dy

INVI,,,*
CAPEMy,*
CAPEP;,,*

CAPED

CAPEL,,*
NNS,.*
ZP;

ZDym

ZI,

scenario s
Amount of foreign vaccine p packed in packing center j in period t under scenario s

The amount of foreign vaccine raw materials of type p purchased at foreign vaccine factory i in period t
under scenario s

The amount of domestic vaccine raw materials of type p purchased at domestic vaccine factory v in period t
under scenario s

The amount of foreign vaccine p transferred from foreign vaccine production center i to packaging center j
with transportation mode | in period t under scenario s

The amount of foreign vaccine p transported from packaging center j to distribution center k with
transportation mode | in period t under scenario s

The amount of foreign vaccine p transferred from distribution center k to provincial health centers r with
mode | in period t under scenario s

The amount of domestic vaccine p transferred from the domestic production of vaccine v to provincial
medical centers r by method I in period t under scenario s

Inventory of foreign vaccine p in foreign vaccine production center i in period t under scenario s
Inventory of foreign vaccine p in packing center j in period t under scenario s

Inventory of foreign vaccine p in distribution center k with storage technology m in period t under scenario
S

Inventory of domestic vaccine p in the domestic vaccine production center v in period t under scenario s
Capacity increase for production of foreign vaccine p in producer i in period t under scenario s
Capacity increase for packaging foreign vaccine p in packaging center j in period t under scenario s

Capacity increase for distribute foreign vaccine p in distribution and storage centers k with technology m in
period t under scenario s

Capacity increase for producing domestic vaccine p at producer v in period t under scenario s
Vaccine shortage rate in customer areas (provincial health centers r) in period t under scenario s
If packing center j is opened takes 1 otherwise 0

If packing center k with maintenance technology m is opened, takes 1 otherwise 0

If domestic vaccine production center v is opened, takes 1 otherwise it is 0

3.4. Objective functions in non-deterministic mode

The presented model includes three objective functions: minimizing total costs, minimizing
environmental effects, and maximizing social effects of the SC. The first objective function
(economic objective function) includes two types of costs: tactical and strategic costs. Strategic



costs include establishment (factories and warehouses while tactical costs include purchasing,
production, inventory (holding and shortages), and transportation (between SC entities) costs. The
objective is as described in equation (1):

Zy = X ZP. FIXP + Y Xm ZDym. FIXDyy, + Xy Xp Z1y  FIXLp 435 X Xt CAPMiptS . VCMjp¢ - Tt ¢y
+Zj Zp Zt CAPPjptS . VCPjpt : T[s+2k Zp Zm Zt CAPkamtS- VCkamt- T[s+Zv Zt Zp CAPIvtpS . VCIth s
+Zi Zp Zt INVMiptS- ICMipt- T[S+Zj Zp Zt INVPjptS- ICPjpt- T[S+Zk Zp Zm Zt INVkamtS . ICkamt- Ts

v Xt 2p INVIvtpS AClyep- T +2 Xp Xt PROMiptS. PCMiptS. s + Xy X 2p PROIpvtS . PCIpvtS. g+

Zk Zp Zm Zt 1DROkamts . PCkamt- T+ ZV Zt Zp PROIthS . pCDIth- T+

Yi2p Xt PROPjptS. PCPp¢ . s+ 2 PCYS. NNS,.°. g +Y; Yp 2t CAPEMiptS. CCEM;py. s+

Xji2p 2t CAPEP]-ptS. CCEPjpt. s +Xk Xp Xom 2t CAPEkamtS. CCEDgpmt- Ts+

Zv Zp Zt CAPEvatS- CCEIvpt- T+ Zi Zj Zp Zl Zt SVijplts- CTRVijplt - T

+Zj Zk Zp Zl Zt Sijplts- CTRijplt- s + Zk Zr Zp Zl Zt SHkrplts- CTRHkrplt STt

Zp Zv Zr Zl Zt SIpvrlts- CTRIpvrlt ST+ Zi Zp Zt SUPNipts- pRNipts- s +

RTS;5.MV
Zv Zp Zt SUPvatS- PRvatS T + Zl RTSIS- INR] T - Zl:l (1+11R)m1 - Ts

In the cold SC, products must be stored and transported at near or below freezing temperatures.
This requires the use of refrigerated warehouses and trucks that consume large amounts of energy
for refrigeration. More energy consumption is associated with more carbon dioxide (CO2)
emissions in power generation facilities. In addition, refrigeration systems use large amounts of
hydrofluorocarbon (HFC) gases, which have a high global warming potential and long lifetime in
the atmosphere. The regular and catastrophic leakage of HFC gases from the cold SC, constitutes
a significant part of global warming impact. Therefore, these gases must be considered in design
and operation of a cold SC.

The second objective function calculates the total emission of pollution resulting from all traverses
in SC. In this objective function, it is tried to minimize the environmental effects that have adverse
effects on the environment. Facilities and flow transfer between facilities have an important effect
on environmental pollution. It was observed in the literature review, most of the previous
researches have considered the minimization of carbon dioxide gas emission as the objective
function. But in the cold SC, due to the high energy consumption and leakage of refrigerant gases,
which leads to high levels of greenhouse gas emissions, it is necessary to pay attention to
refrigerant greenhouse gases (HFC) in addition to carbon dioxide gas. Equation number (2) is the
mathematical representation of environmental goal. This goal should be minimized to design an
environmentally friendly (green) SC.

Zy; = X2 Xp X1 Xt SVijpltS- EETVjp1 - s +25 Xk 2p 21 2ot Spjkplts- EETPjyp) . s+

Yk 2r 2p 21 2t SHirpie - EETHjppy. s+

Yv 2p X 21 Xt Slyprte™- EETLypy. s+ % ¥ B By e SVipe - EHFClygp. ot

%5 Tk Zp 21 Xt SPjkpie - EHFCljiepr - T+ X X Tp Tt Xt SHirple - EHFCR g . T+

Yv 2p 2 21 e Slyprie EHFCVy . e+ 33 o B PROM;p, . EEPM;, . g +

Yy %p Xt PRPI, .S EEPI, . s+ ZP. EEFP, + ¥y ¥ ZDy. EEFDy+3, X ZI,. EEFI,, +
¥ ¥p 2 PROP,. EEPGjp. Tt + Y Ym ZDyen. BHFCyy+ % ¥p Tt INVM; 0. EEIM; . e+



i ¥p Xt INVP, . EEIP . i+ Yk X Xm 2t INVDypme” - EEIDjpm. s+ 2y Xp Xt INVI . EEIL,, . g+
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According to equation (3), the third objective function is to maximize the social responsiveness of
the SC. This objective function includes the indicators of creating job opportunities (positive
effect), lost working days due to illness and accidents (negative effect; related to health and safety
of employees) and risk of using products for customers (negative effect; related to customer
health). Job opportunities are classified into two fixed and variable categories. Permanent job
opportunities, such as managerial jobs, are not dependent on capacity of facilities, but variable
jobs, such as workers' job, are different depends on facility’s capacity and rate of production. In
this objective function fixed and variable job opportunities are model separately. Regarding the
health and safety of employees, the average number of working days lost due to injury is used.
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All social effects of SC are formulated by giving weight to each component. 01 with (+) sign used
to maximize the number of jobs, 62 with a (-) sign used to minimize number of days lost due to
work-related injuries, 63 with a sign (-) used to minimize environmental risks.

3.5. Model constraints in non-deterministic mode
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Part 1: Capacity constraints to ensure that the capacity of each center is less than or equal to its
designed capacity in each period. Part 2: Limits the production of facilities based on its designed
capacity. Equations of in this part, try to determine this capacity in a rational way by determining
the relevant upper and lower limits in construction and economic dimensions. Part 3: Formulates
capacity constraints for centers capable of holding inventory. Part 4: The constraints related to the
flow of raw materials to domestic and foreign production centers are in this stage. It must be
ensured that the raw materials required for vaccine production are less than or equal to the
maximum available amount of supplier raw materials in any time period. Part 5: These constraints
develop capacity. To formulate this concept, the capacity designed in each period is used, which
is equal to the capacity of the previous period plus the increase of capacity in that period. Part 6:
The constraints related to the capacity of the transport fleet as well as the constraints related to
access to sufficient number of vehicles are in this part. Part 7: The constraints discussed in this
section try to balance vaccine flow in different SC layers. Part 8: This part formulates inventory
level in facilities that are capable to maintain the inventory. Part 9: Determines the logical
limitation in the choice of vaccine storage technology in a distribution center. Part 10: Shows the
variables sign.

3.6. P-robust approach

In real-world problems, we are always faced with uncertainty due to the lack of access to accurate
information or the high cost of obtaining it. In the literature, in order to face the uncertainty,
researchers have mainly used two approaches: probabilistic planning and robust planning. Stable
optimization is looking for a solution that is resistant to changes and does not change. The
probabilistic-robust is one of the new methods in mathematical programming that has attracted the
attention of many researchers [46]. This method incorporates the advantages of both probabilistic
and robust methods to deal with uncertainties. The objective of the probabilistic method is usually
to minimize the expected cost or maximize the expected profit considering all scenarios. Although
the solution obtained by the probabilistic method is financially optimal in most scenarios, it may
lead to losses in other scenarios. On the other hand, the robust method usually aims at minimize
maximum cost or maximum regret. However, this is overly conservative as the solution may be
implemented for infrequently occurring scenarios. Therefore, the p-robust optimization method
combines the benefits of maximum expected profit and minimizing maximum regret [47].

To express this approach, suppose S is the set of possible scenarios, and it is assumed that the
parameters of the problem under each scenario have a certain value and the probability of occurring
each scenario has a known value. Ps is a deterministic minimization problem under scenario s (for
each scenario seS). For each s, suppose that Z; is the optimal value of the objective function of
the Ps problem, and also suppose that for all scenarios s Z; > 0.



Definition 1. Suppose that p > 0 be a fixed number and a feasible solution for the problem Ps for
all s € S. And Z,(X) be the value of the objective function for the feasible solution x. We call the
solution x p-robust if for all s € S:

ZS(XZ)*_ Zs <p (40)
S
It is also possible to define a different regret limit of Ps for each scenario s. For example, allow
scenarios with a low probability of occurrence to accept a higher amount of regret. In this case, Ps
is used instead of P in the mentioned relation. Therfore p vector will be as (7. .... B;) (Ghaderi and
Khanzadeh, 2018). The probabilistic optimization approach can be combined with the expected
cost minimization objective function. In this case we have:

MIN Y 2,00

st Z.X) < (1 +p)Z: (41)

x€X

Where S is the set of all possible, gs is the probability of scenario and X is the set of all possible
solutions for all Ps. This method of robust optimization is called the probabilistic-robust approach.
In this approach, it is assumed that the data of the problem changes based on the predetermined
scenarios. The answer obtained from this approach divide by optimal value of each scenario should
not be greater than a factor. By running the mathematical model, for each of the scenarios, the
mathematical model will provide an optimal solution, which are respectively known as Z; Z;
Z3 for the first, second and third objective function. In the following, according to the general form
of p-robust optimization, the constraints (42), (43), and (44) are added to the model.

P shows the relative regret for each of the available scenarios. The constraints added to the model
are as follow. Based on these constraints, the cost of each scenario should not be more than (1+a)%
of the optimal cost of that scenario. In other words, these constraints ensure that if we consider the
scenarios separately, the answer to the achievement of each scenario does not deteriorate more
than (1+a)% of the optimal solution of that scenario. If a=0 is chosen in this relation, then the
solution of the problem for each of the scenarios will be optimal in general. With higher values of
a, the probability of obtaining a feasible solution answer will be higher.
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4. Solution approach
4.1. Model verification

Table 3. Numerical examples in small dimensions

Example . Holding | product | Transport | Domestic | customer Packaging| Foreign
period . warehouse X

number technology| type modes factories areas centers | factories

) £ Y Y Y Y ¥ Y Y Y

Y £ Y Y Y £ £ £ ¥ Y

¥ 1 Y £ Y ¥ 1 ° Y v

£ v Y ¥ £ ] % ] ¥ v

° 4 Y Y £ ] A ¥ £ £

1 VY Y Y £ ] VY ] £ ¢

To show the validity of the model in the deterministic state, some small numerical examples with
different dimensions are presented. The proposed multi-objective model solved by GAMS
software using a personal computer (Intel core i7-7500u, up to 3.5GHz). The CPLEX solver used
in deterministic mode.

The optimal values of the objective functions for the sample instances are shown in table 4. It can
be seen that the proposed model is applicable for sample problems with different dimensions and
reports the optimal values of the objective functions.




Table 4. Optimal values of objective functions for numerical examples
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4.2. Compare between epsilon constraints and LP metric methods in the deterministic state

One of the well-known approaches to face multi-objective problems is the epsilon constraint
method. In this method, the problem is solved by transferring all the objective functions except
one of them to the constraints. The small problem with the set of indexes according to table number
5 has been solved by Games software.

Table 5. set of indices for the small instance
SETS I J K R \VJ L P M T

SIZE Y Y Y v Y Y Y Y Y¥

Table 6. Optimal values for a small example of the LP metric method

solution method W, w, W, Z; Z; Z3 ZNAHAEI-LP
JYY LYY ey VY4 E+4 INEYS IVENSs YAAVYQ/\ Y Yy
LP metric w, w, W, Z, Z, Zs ZNAHAED
JYY WYY LYY V/YYAE+4 VFOFOVAIFYY | YFFYAFIFAY YT
Table 7. Optimal values of the objective functions for the -Constraint method
PAYOFF  solutiontime =W, W, W, Z; Z; Z3
TABLE
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According to table number 7 and due to the long time need for solving the model using -
Constraint method, only a small size instance is solved. The optimal values of the objective
functions are reported in table number 6. In each step, by placing an objective function as the main
objective function and other objective functions as model constraints, it can be seen that the
optimal values of the main objective function are equal to LP metric method results in table number
4. Therefore, LP metric method is used in the continuation of this research.

5. Case study

By conducting a case study in Iran's pharmaceutical sector, a suitable SC network for influenza
vaccine is proposed to contribute to social and environmental sustainability in addition to being
cost-effective. Therefore, based on the data of the health sector and previous researches, a



sustainable SC plan for influenza vaccine has been presented. Due to lack of information, potential
demand points and other needed information about the VSC and influenza disease were identified
from the literature [3]. For the rest of the data and parameters, random numbers are generated in
GAMS software. In this regard, 20 cities in Iran were considered as customer areas. A
representation of potential domestic influenza vaccine production sites, candidate sites for central
warehouses, and customer regions is demonstrated in Figure number 1. According to Figure
number 2, China, India, Japan and Turkey are selected as the foreign vaccine production areas.
According to the proposed model, packaging centers can be built in one of the candidate cities of
Ankara, Beijing, Tokyo, and Delhi, Pusan. Product flow from these packaging centers to storage
centers inside Iran is conducted by one of the air or sea transportation modes.
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Figure 2. Geographic map of chain levels (internal)
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Figure 3. Geographic map of chain levels (international)

There are three types of influenza vaccines, namely, recombinant influenza vaccine (RFV),
acellular influenza vaccine (CFV) and finally, egg-based influenza vaccine (EFV). Current
research implements model for influenza vaccine with domestic and foreign suppliers using
random data in Iran. In the presented model, a time planning horizon of 12 months is considered.

Table 8. The set of indices for example at the real level

SETS [ J K R v L P M T
SIZE ¥ > > Y. s ¥ v Y vy

5.1. Examining the changes of the problem with changes in the weights of the objective function
(changes in the weights of the LP-Metric method)



Table 9. Optimal values of objective functions with weight changes
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Considering the importance of the objective functions, this question is answered here: Can the
change in the weight of the objective functions change the structure of the network or not? In
general, it is concluded that the importance of each objective function strongly affects the value
and structure of the SC network. Hence, managers should carefully select the importance of each
objective function.

Based on results for case study, Turkey and India are selected as foreign production centers and
Tehran, Isfahan and Tabriz are selected for domestic companies.

5.2. Pareto diagrams (conflict of functions)

To illustrate the trade-off between each pair of objective functions, Pareto frontiers are drawn in
the following diagrams. The trade-off between the total cost and the environmental objective
function shown in the Figure number 4. It demonstrates that less environmental effects can be
achieved with the following items. By investing more on high-level holding technology for vaccine
storage, transportation with new vehicles, creating more storage, packaging and production centers
to reduce the distance of transportation, which leads to less emission of environmental pollutants,
including carbon dioxide and refrigerant gases.

Figure number 5 shows the trade-off between social objective functions and total cost. It implies
that creating more job satisfaction and creating more safety for employees and customers (social
goal) is also achieved with more investment and more cost. The conflict between the goals is also
fully evident.
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Figure 4. Pareto front diagram of environment
objective functions and cost

Figure 5. Pareto front diagram of social
objective functions and cost



6. Sensitivity analysis

The effect of uncertainty in parameters is recently measured in models in the form of probabilistic
models or sensitivity analysis. Also, to determine the parameters effects on model, sensitivity
analysis is performed on it. The objective functions of the problem have been measured for
different values of the parameters. It should be noted that only two parameters were changed each
time and the other parameters remained constant.

Table 10. Parameters change (production capacity)

Change Final Deficiency
number | parameter Initial value New value Z1 z2 Z3 objective

percentage function cost amount

CILO, U(100000,500000) U(100000,500000)
(2 0

1 CIMX,, | U(600000,700000) 0% U(600000,700000) 3.2659E+9 | 2740407.146 | 818338.439 | 1.544 | 2.4816E+8
CILO,, | U(100000,500000) 0 U(105000,525000)

. + . . . . +

2 CIMX,, | U(600000,700000) 5% U(630000,735000) 3.2639E+9 | 2737982.248 | 809433.836 | 3.323 | 5.7339E+8
CILO,, | U(100000,500000) 0 U(95000,475000)

3 CIMX,, | U(600000,700000) 5% U(570000,635000) 3.3857E+9 | 2745057.271 | 831311.710 | 2.759 | 4.6184E+8
CILO,, | U(100000,500000) 0 U(115000,575000)

4 CIMX,, | U(600000,700000) 15% U(690000,805000) 3.1944E+9 | 2733800.091 | 792645.731 | 2.375 | 4.0341E+8
CILO,, | U(100000,500000) 0 U(80000,400000)

5 CIMX,, |U(600000,700000) -20% U(480000,560000) 3.5674E+9 | 2756273.051 | 864877.451 | 2598 | 4.7026E+8

It can be seen that by increasing the parameters of the minimum and maximum production capacity
of domestic factories with a step of 5%, the amount of the economic objective function of the
model (total cost) decreases. Also, with the increase of capacities, the number of factories required
for construction decreases, instead, the cost of shortage increases. By reducing the capacity limits
with a step of 5%, the number of domestic factories has been built, and as a result, the amount of
the cost objective function has increased and the amount of the shortage cost has decreased. The
fourth stage, compared to the second stage, with a 10% increase in the capacities, the number of
manufacturing plants to be built increases and the amount of shortage cost is significantly reduced,
which is our desire. In the fifth stage, with a 20% reduction in the capacity limits compared to the
first stage, the number of production factories required for construction compared to the first stage
(5% increase), the value of the cost function has increased due to the fixed construction costs, as
well as the social objective function due to the increase in the number Jobs increase. To check the
uncertainty in the parameters of the problem, by changing the value of 6 parameters with
uncertainty, 5 scenarios are produced with the specified probability of occurrence, which is as
follows.

Table 11. Generated scenarios for the non-deterministic state

Scenario PCYS PCI,,° PCM;,,° PRI’ PRN;,* DH,*
) U +<Yr) uQ,v) U()<%) U(YA) U() <) AAEREEEAREED
Y U(wi-) U(YIV) U(Y gi) U(Y‘ﬁ) U(\‘ﬁ) U(\\~~~~ci~~~~~)
¥ U()e,0) u(v,y) uo,v) U(Y,A) Uy UV e v ¥Avey)
§ U(Ye,e0) u(v,°) u(y,v) U(Y<%) U(Y,A) IR
° AEED) uQ,v) uQ,v) U(Y,°) U(Y,v) U Y rvectinnay)

The answer obtained for each scenario that has been solved in deterministic state, is presented in
table number 12 as follow.



Table 12. The answer obtained for each scenario in the deterministic state

scenario | probability of | Optimal value of | Optimal value | Optimal value | Optimal value of
each scenario objective of objective of objective final objective
T function 1 function 2 function 3 function
1 Y ¥/Y1T E44 YVECELY/YET M AYYA/EYA V/jott
2 Y Y/ EVE+9 YoAAEYq ove Vir444/49y Ny
3 Y YIYVEE+A YE¥IVAY/EAO VYoyey/.ey NIZE
4 Y Y/AAE+4 YYAo£o£[49 TNV ¥/ YY Y/ AY
5 Y Y/Y . oE+4 YA4Y . Yo/ .41 AVFYAT/44Y VNS

The problems solved for single-scenario modes and they are all in deterministic state. The purpose
of the model presented in this research is to solve the problem simultaneously for all scenarios. P-
robust problem solves all presented scenarios in the form of one problem. The value of the
objective functions obtained for the P-robust problem and its optimal answer is described in table
number 13. It should be mentioned that the P value considered to solve this problem was 0.5.

Table 13. Comparison of the optimal value of the objective functions
Problem type Z, z, Z; Zip
P-robust 4.100E+9 YYAYYAY,FY4 Y. OVYFaq,V¥) \RAR

3/563E+9

Deterministic state \AARRERTAR A4 AYAYYAIFYA \/OF¥F

As we can see in the above tables, the answer for P-robust problem has more cost, environmental,
and social objective functions than the deterministic state. The mentioned cost is the cost of
uncertainty that is imposed on the problem under the variable parameters of each of the scenarios.
In fact, the answer to the probability problem is the answer that considers all the scenarios at the
same time, so that the distance from the optimal state of each of scenario should not exceed a
certain amount.

Table 14. Optimal value of the objective functions for different values of the (p) parameter

number | (p)parameter Z, z, Z, Zip
) P=0 - - - Unjustified
¥ P=0.1 - - - Unjustified
¥ P=0.2 ¥,0Y FYYE+9 V. OY74,F5Y Vea.Y0,7V% .,raq
2 P=0.3 ¥,07Y497E+9 FYFFYYY, Yo M FFAY,AFF O
I P=04 ¥,9. . 470E+9 BIAERER YEFAFFP, 40 V,YA®
2 P=0.5 ¥, 999 YAE+9 FYAYYAY,FY4 Y. OY¥aq,) ) LV
v P=0.6 F,3V0AYYE+9 FOFYLFO,PY S YYOFF 4,900 Y,444
A P=0.7 F,#¥ AV E+9 FY494¥Y,90Y YOY77a7,.9Y Y,YFA
q P=0.8 F,0F VY YAE+9 FOFY Y., 70 FOFFARY, 00 Y,¢44
Yo P=0.9 F,A0%7 7¥E+9 FYVYOAF, 1Y FIYYYYY,F¥Y Y,APY
'Y P=1 4.941513E+9 5010986.050 AUAREIER Y,ove

In order to reduce the maximum regret, it is necessary to increase the average planning costs and
vice versa. In other words, reducing the distance from the optimal value of each scenario requires
spending more money. Because meeting the constraints of the problem in the worst possible



scenario is provided with a higher cost. The sensitivity analysis of the model has been carried out
and the results are reported in Table number 14.
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Figure 6. changes of the objective function 1, 2 and 3 according to the P parameter

A solution for the optimization model is called a robust solution when it remains (close to) optimal
under all scenarios. Also, when a model is a robust model that is almost feasible under all scenarios.

The role of cold transportation in vaccine supply chain is considering cold equipment in shipment
and effects on transportation costs. long-term passive device (LTPD The transportation costs can
be considered as follow:

C=distance per km x cold transportation costs per km x cold transportation cost per box.
7- Conclusion

In this research, a three-objective model for the design of a sustainable VSC with multi-products,
multi-cycle, and multi-level is presented that includes supplier centers, producers, distributors, and
customer areas. The objectives are total cost in SC, environmental issues and social goals and the
model decides about locations, allocation and inventory control on the network. The conflict of
interests between sustainability indicators in the VSC has been investigated with the Pareto front
method. The results of Pareto Front diagram drawn for the environmental objective function and
the economic objective function, indicate that less environmental effects can only be achieved by
investing more in using advanced technologies for maintenance and new vehicles and creating
more facilities to reduce distance. The different weights of the objective functions of the
sustainable SC have been solved by the LP-metric method, and the results show that the importance
of each objective function strongly affects the value and structure of the vaccine sustainable SC
network. Hence, managers should carefully choose the importance of each objective function.

To determine the effectiveness of the model due to changes in parameters of the problem, a
sensitivity analysis was performed. For example, a sensitivity analysis was performed on the



vehicle carrying capacity parameter. The results show that with the reduction of the vehicle
capacity, the number of trucks required for purchase increases, and as a result, the cost objective
function is also slightly increases.

In order to deal with the uncertainty in the VSC, p-robust approach has been used to reach a robust
answer and a robust model to encompass probabilistic and robust approaches. In robust approach
a moderate scenario is chosen besides its probability to occur. Also in probabilistic approach it is
probable that the worst scenario is selected and have differences with what happens in reality. The
model of this study has always been feasible against the uncertainty of parameters, and the model's
answer for the objective functions remains close to optimal under all scenarios. Comparing the
optimal values of the objective functions in the deterministic state and the robust state shows that
the solution obtained from the robust state has more objective functions than the deterministic
state. Also, the results of model for different values of parameters shows that reducing the distance
between the optimal values of each scenario requires spending more money, because calculating
the limits of the problem in the worst possible scenario is more expensive. Also the model's
sensitivity analysis has been performed with respect to P values and the results shows a proper
behave for model.
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