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Abstract: The closed-loop supply chain considers conceptually the possibility of reverse logistics
with the use of recycling, remanufacturing and disposal centers. This study contributes for the first
time a green closed-loop supply chain framework for the ventilators, which are highly important
in the case of the COVID-19 pandemic. The proposed model simulates a case study of Iranian
medical ventilator production. The proposed model includes environmental sustainability to limit
the carbon emissions as a constraint. A novel stochastic optimization model with strategic and
tactical decision making is presented for this closed-loop supply chain network design problem.
To make the proposed ventilator logistics network design more realistic, most of the parameters
are considered to be uncertain, along with the normal probability distribution. Finally, to show the
managerial dimensions under the COVID-19 pandemic for our proposed model, some sensitivity
analyses are performed. Results confirm the high impact of carbon emissions and demand variations
on the optimal solution in the case of COVID-19.

Keywords: closed-loop supply chain; stochastic programming; ventilator logistics; COVID-19 pandemic

1. Introduction

Supply chain network design (SCND) [1–5] is defined as providing a conceptual
network for the operations of supply chains and logistics [6–10] with regards to information
management [11–15], facility location planning [16–20], flow of products and inventory
management [21–25]. A common method for modeling the SCND is to consider the forward
logistics in which the flow of products is simulated from suppliers to the customers [26–28].
However, an interesting and valuable research that has hardly been addressed in recent
studies is the modeling of SCND in an integrated forward and reverse logistics [29–32].

Reverse logistics are highly important in recent times. Governments and international
comities encourage the managers of SCND to add the possibility of recycling and reman-
ufacturing for their used products [33–37]. The reverse logistics started from customers
and then created added value across the SCND [38]. Meanwhile, one of the effective ways
to increase profitability and competitiveness is to enhance the profits from the reverse
logistics [9–13]. An efficient design for the SCND model indirectly affects the profitability
of companies by reducing risks [7], improving public images [15,18], persuading non-
governmental groups and media, satisfying activists’ requirements [13,34] and maintaining
customer loyalty [27]. Although there are many studies in the area of SCND, the venti-
lator production which has a key factor in the case of the COVID-19 pandemic has not
been studied [17]. In addition, recent studies in the area of COVID-19 response confirm
that different health strategies have been used by different countries to battle COVID-19
(e.g., social distancing, wearing masks, working remotely, reduction of certain activities,
etc.) and an efficient SCND is highly important to reduce the effects of COVID-19 on
society [16,21,39]. It goes without saying that before the COVID-19 pandemic, governors
and healthcare practitioners had not significantly considered the ventilator supply chain.
After the COVID-19 pandemic, the demand for ventilators increased significantly [28]. This
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makes the assessment of a closed-loop supply chains for the ventilators important. Such a
tendency motivates this effort to develop a stochastic optimization model for the case of
ventilator logistics network design [39–45].

Additionally, SCND is a decision-making process which involves three decisions:
strategic, tactical and operational decisions [6,37]. It is worth noting that there are many
uncertain parameters in these decisions that compromise the flexibility of facility per-
formance [23,25,45]. To tackle such uncertainties, many studies select different modeling
methods given the presence or absence of historical data [19,46]. However, Turken et al. [40]
argues that the various sources of uncertainties are a serious issue, which significantly
reduces flexibility of decisions, and there are only few studies selecting modeling methods
with a consideration of the complexity of uncertainty sources [5,44].

All in all, this study contributes to the Iranian medical ventilator logistics for the
COVID-19 pandemic. This pandemic has a high impact on the supply chain activities such
as transportation and delivery of the products, the demand of customers and the reverse
logistics. This study considers both forward and reverse flows as a closed-loop supply
chain (CLSC) in the case of pandemic. The environmental emissions are limited by an
allowable bound to reduce the carbon emissions. This study develops a novel stochastic
programming approach to evaluate an efficient SCND under the COVID-19 pandemic for
a closed-loop Iranian medical ventilator supply chain for the first time.

This study attempts to answer the following research questions of a closed-loop SCND:

1. Where are the optimal locations of production facilities?
2. How to allocate production resources efficiently among facilities?
3. How to select the optimal production technology for each facility?
4. How to optimize the location-routing decisions of business profitability and environ-

mental pollution?
5. How to maintain a resilient and green supply chain to cope with a disruptive occur-

rence, e.g., COVID-19?

The framework of this paper is as follows: Section 2 is the literature review with a
survey on the recent and relevant studies finding the research gaps. Section 3 addresses
the proposed problem and its model formulation. Section 4 illustrates the case study with
details and our analyses to generate managerial insights for controlling and managing the
COVID-19 pandemic. Finally, the conclusion, a summary of this research with findings as
well as the future research directions, is provided in Section 5.

2. Literature Review

The field of SCND is an active research topic with a growing concern of CLSC impacts
with regards to social and environmental responsibility [39–42,44–46]. Pishvaee et al. [34]
proposed a social responsibility SCND by using a robust possibilistic programming ap-
proach. Devika et al. [6] developed a sustainable closed-loop SCND and tested with a case
of glass industry in Iran. Alshamsi and Diabat [1] proposed an optimization model for the
reverse SCND by jointly considering economic, environmental and social goals. Keyvan-
shokooh, et al. [24] developed a hybrid robust and stochastic programming approach for the
SCND by employing an accelerated bender decomposition method. Sahebjamnia et al. [38]
employed a CLSC in the Iranian tire industry and solved the problem using the hybrid
metaheuristics algorithm. Fathollahi-Fard et al. [11] developed a two-stage stochastic
programming model for a closed-loop SCND with a consideration of social impacts and
proposed four metaheuristic algorithms to solve the problem. Aiming at water supply
chain network, Fathollahi-Fard et al. [12] developed an adaptive Lagrangian heuristic by
considering wastewater collection and recycling and further proposed a SCND with a
multi-objective, two-stage stochastic model [10]. Finally, a sustainable reverse logistics
network design was proposed by Mojtahedi et al. [29] who applied an adaptive memory
search combining social engineering optimizer for solving this optimization model.

The literature of SCND is summarized in Table 1, and the model of this study is listed
in the last raw for comparison. The literature is selected from Scopus (Scopus is Elsevier’s
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abstract and citation database launched in 2004, which allows users to search, sort and
filter publications by desired criteria, e.g., author, publication date, citation, relevance, etc.)
by citation and publication year (after 2006), and summarized by product flow (forward
and/or reverse), decision variables (location and allocation, production technology and
different transportation system) and modeling methodology (robust programming, robust-
stochastic programming, fuzzy programming, simulation and optimization and hybrid
chance constraint and cost function method).

Table 1. A survey of the relevant literature from 2006 to 2021.

Reference Product
Flow

Decision Variables Uncertain
ModelingL&A PT MTS

[2] F
√

-
[1] R

√ √
-

[38] F&R
√

-
[34] F

√
RP

[6] F&R
√ √

-
[22] F

√ √
-

[31] F&R
√ √

-
[26] F&R

√
-

[4] F
√

-
[32] F&R

√
FP

[41] F
√ √

FP
[9] F&R

√ √
SP

[11] F&R
√ √

SP
[24] F&R

√
RSP

[36] F
√

RO
[3] F

√
SP

[14] F
√

SP
[12] F&R

√ √
SP

[28] F&R
√

SP
[27] F

√
SO

[10] F&R
√ √

SP
[8] F

√
FP

[33] F
√ √

-
[42] F

√
-

[29] R
√ √

-
This study F&R

√ √ √
HCC&CF

Note: F: Forward; R: Reverse; F&R: Forward & Reverse; L&A: Location & allocation; PT: Production technol-
ogy; MTS: Multiple transportation system; RO: Robust optimization; SP: Stochastic programming; RP: Robust
programming; RSP: Robust-stochastic programming FP: Fuzzy programming; SO: Simulation and optimization;
HCC&CF: Hybrid chance constraint and cost function method.

Further insights can be drawn from the literature summary (Table 1):

1. The decision of location and allocation (L&A) is very common in the literature of
SCND that all the studies consider the optimization of location and allocation.

2. To the best of our knowledge, there is not any other model in the literature jointly
considering the decisions of location and allocation (L&A), production technology
(PT) and multiple transportation systems (MTS).

3. No study applies the ventilator logistics in a CLSC under the case of the COVID-19 pandemic.

This study designs an integrated closed-loop supply chain network using stochastic
programming under chance constraints while considering ventilator logistics. A wide
range of parameters is adopted and tested for fixed and variable costs, market demand
and the minimum requirement of product recycling. Despite facility location and re-
source allocation, this study further incorporates the factors of production technology and
transportation modes.
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3. Proposed Problem

A ventilator, also known as a respirator or breathing machine, is a medical device that
provides a patient with oxygen when they are unable to breathe on their own. The ventila-
tor gently pumps air into the lungs and allows it to come back out such as the lungs would
typically do when they are able. This happens when patients are too ill to breathe by them-
selves. This often happen due to trauma, infection, or another problem. The production of
ventilators has to meet high-standard medical requirements to ensure the high functionality,
reliability and process stability of the ventilators’ production. It goes without saying that the
demand for medical ventilators has been growing significantly in the presence of COVID-19.
Prior to the pandemic, the market size of ventilators was 77,000 globally in 2019 [23]; how-
ever, in April 2020, New York City alone forecasted a need for 30,000 more plants for venti-
lator production (https://www.hamiltonmedical.com/en_US/Products.html?gclid=Cj0
KCQiAyJOBBhDCARIsAJG2h5f7C9gmbe5j5EigjgJis2FoUOP0L5jMnzdga2t0IdzC7Ib-YFsL2
IaApLKEALw_wcB (accessed on 18 May 2020)). Moreover, the demand for artificial respi-
ration devices in Iran also skyrocketed after the outbreak of SARS-COV-2 [19]. Therefore, a
resilient supply chain network is urgently needed for artificial respiration devices to handle
intensive fluctuations in demand.

In response to the challenge of volatile market, a wide range of parameters, especially
market demand, is adopted in the integrated sustainable network, which is composed
of plants, maintenance units, customers (i.e., medical science universities) and disposal
centers (DCs). Given that some units require different treatments in the multi-echelon
system, products are divided into three groups: new product, product to be disposed
and product to be dismantled. Additionally, factories usually have options of a variety of
production technologies and transportation modes (e.g., truck, train, airplane, ship, etc.) in
the business practices. The goals of the network design are summarized as follows:

1. Optimize facility locations;
2. Optimize resource flow between facilities;
3. Determine the optimal production technology for each factory;
4. Determine the optimal transportation mode between facilities;
5. Control the emission of greenhouse gases in the process of production, storage,

disassembling and reproduction;
6. Handle the disposal products;
7. Improve SC resilience for fluctuating demand.

The proposed mixed-integer nonlinear programming (MINLP) model follows the
following assumptions:

1. The model is single-period with a fixed time interval of 3 months.
2. Shortage is not allowed for all customer demands. The main reason is related to

the emergency cases of COVID-19, and we must satisfy the demand of ventilator
products to the customers at the earliest convenience.

3. The following parameters are assumed to be stochastic: fixed costs of facility con-
struction, variable costs of product flow between facilities, transportation and storage
costs, costumer demands, the limit of greenhouse gas emission, the proportion of
product units to be collected from customers and the proportion to be dismantled and
shipped from DCs.

4. Two technologies in the form of two ventilator products, including portable and ICU
(Intensive Care Unit) medical ventilator production, are considered, based on a real
case study in Iran.

5. There are several transportation options available, including land (truck), rail (train),
sea (ship), air (airplane), etc.

Notations of this study are summarized below:

https://www.hamiltonmedical.com/en_US/Products.html?gclid=Cj0KCQiAyJOBBhDCARIsAJG2h5f7C9gmbe5j5EigjgJis2FoUOP0L5jMnzdga2t0IdzC7Ib-YFsL2IaApLKEALw_wcB
https://www.hamiltonmedical.com/en_US/Products.html?gclid=Cj0KCQiAyJOBBhDCARIsAJG2h5f7C9gmbe5j5EigjgJis2FoUOP0L5jMnzdga2t0IdzC7Ib-YFsL2IaApLKEALw_wcB
https://www.hamiltonmedical.com/en_US/Products.html?gclid=Cj0KCQiAyJOBBhDCARIsAJG2h5f7C9gmbe5j5EigjgJis2FoUOP0L5jMnzdga2t0IdzC7Ib-YFsL2IaApLKEALw_wcB
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Notations

Sets
I: Set of manufacturing facilities i ∈{1,2, . . . ,I}
J: Set of warehouses j ∈ {1,2, . . . ,J}
K: Set of customers k ∈ {1,2, . . . ,K}
L: Set of DCs l ∈{1,2, . . . ,L}
M: Set of transportation options from/to the manufacturing plants m ∈ {1,2, . . . ,M}
N: Set of transportation options from/to warehouses n ∈ {1,2, . . . ,N}
O: Set of transportation options from/to customers o ∈ {1,2, . . . ,O}
V: Set of transportation options from/to DCs v ∈ {1,2, . . . ,V}
U: Set of production technologies or ventilator product types u ∈ {1,2, . . . ,U}
Parameters

cpi,u:
Fixed cost for building the manufacturing facility i ∈ I with the technology u and with the mean ucpi,u and
variance σ2cpi,u

cwj: Fixed cost for building the warehouse j ∈ J with the mean ucwj and variance σ2cwj
cdl : Fixed cost for building the DC l ∈ L with the mean ucdl and variance σ2cdl

c′pi,u:
Variable cost per product unit in the manufacturing plant i ∈ I with the technology u and with the mean uc′pi,u and
variance σ2c′pi,u

c′hj: Inventory handling cost per unit in the warehouse j ∈ J with the mean uc′hj and variance σ2c′hj
c′ck: Collecting cost per unit of product from the customer k ∈ K with the mean uc′ck and variance σ2c′ck
c′dl : Disassembling cost per unit of product disposed in the DC l ∈ L with the mean uc′dl and variance σ2c′dl

c′ri,u:
Reproduction cost per unit of product in the manufacturing plant i ∈ I with the technology u and the mean uc′ri,u and
variance σ2c′ri,u

c′qk: Shortage cost per unit of product for the customer k ∈ K with the mean uc′qk and variance σ2c′qk

c′′ pi,u
m :

Transportation cost per unit of product from the factory i to the warehouse j with the transportation method m, the
mean uc”pi,j

m and variance σ2c”pi,j
m

c′′wn
j,k :

Transportation cost per unit of product from the warehouse j to the customer k with the transportation method n, the
mean uc”wj,k

n and variance σ2c”wj,k
n

c′′ ck,l
o:

Transportation cost per unit of product from the customer k to the DC l with the transportation method o, the mean
uc”ck,l

o and variance σ2c”ck,l
o

c′′ dl,i
v:

Transportation cost per unit of product from the DC l to the manufacture i with the transportation method v, the mean
uc”dl,i

v and variance σ2c”dl,i
v

rpi,u: The rate of CO2 emission per unit of product in the manufacturing plant i and with the production technology u
rdl : The rate of CO2 emission per unit of disassembled product in the DC l
rri,u: The rate of CO2 emission per unit of remanufactured product in the manufacturing facility i and with technology u
r′′ pm: The rate of CO2 emission from transporting a unit of product from facility to warehouse per unit distance

r′′wn:
The rate of CO2 emission from transporting a unit of product from warehouse to customer per unit distance by
transportation method n

rwj: The rate of CO2 emission to handle and storage a unit of product in the warehouse j

r′′ co:
The rate of CO2 emission by the transportation method o to collect a unit of product to be recycled from customer to
DC per unit distance

r′′ dv:
The rate of CO2 emission by the transportation method v to ship a unit of product to be dismantled from DC to the
manufacturing plant per unit distance

upi,u: Maximum production capacity of the manufacturing facility i, with production technology u
uwj: Maximum storage, handling and processing capacity of the warehouse j
udl : Maximum disassembly capacity of DC l
uri,u: Maximum reproduction capacity of the manufacturing facility i with production technology u
γpm

i,j: Transportation rate from the manufacturing facility i to the warehouse j with the transportation method m
γwn

j,k: Transportation rate from the warehouse j to the customer k with the transportation method n
γco

k,l : Transportation rate for collecting a unit of product from the customer k to DC l with the transportation method o
dpi,j: Distance between the manufacturing facility i and the warehouse j
dwj,k: Distance between the warehouse j and the customer k
dck,l : Distance between the customer k and the DC l
ddl,i: Distance between the DC l and the manufacturing facility i
θ: Minimum proportion of product unit recycled from a customer with the mean µθ and variance σ2θ.
θ′: Minimum proportion of product unit dissembled in a DC with the mean µθ′ and variance σ2θ′.
demk: Demand from the customer k with the mean µdemk and variance σ2demk.
UBr: The regulated limit of CO2 emission with the mean µUBr and variance σ2UBr
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UBw: The maximum number of products to be disposed.
1− α, 1−
β, 1− γ:

The probability of rejecting a solution that does not satisfy the constraints.

Zα, Zβ, Zγ:
The lower critical point of the standard normal distribution used for a (α%, β%, γ%) chance constraint of the
solution obtained.

Decision Variables:
Fpi,u: 1 if the factory i with production technology u is established, 0 otherwise
Fwj: 1 if the warehouse j is established, 0 otherwise
Fdl : 1 if DC l is established, 0 otherwise

PWm
i,j,u:

Amount of unit product shipped from the factory i with the production technology u to the warehouse j with the
transportation method m

wcn
j,k: Amount of unit product shipped from the warehouse j to the customer k with the transportation method n

CIo
k,l : Amount of unit product to be disposed and collected from the customer k to DC l with the transportation method o

IPv
l,i,u:

Amount of unit product to be dismantled and from DC l to the factory i with the production technology u and the
transportation method v

In order to enhance supply chain resilience under an uncertain environment, we
developed a stochastic programming model with a hybrid of the cost-objective function
and chance constraints. The objective function of cost minimization is provided in Equation
(1) as follows, which incorporates construction, production, inventory handling, product
collecting, dissembling and reproduction and transportation costs incurred in/between
manufacturing facilities, warehouses and DCs (see following papers as examples to support
the feasibility of the objectives: [6,38]).

min L =
I

∑
i=1

U
∑

u=1
cpi,u Fpi,u +

J
∑

j=1
cwj Fwj +

L
∑

l=1
cdl Fdl +

I
∑

i=1
c′pi,u

J
∑

j=1

M
∑

m=1

U
∑

u=i
PWm

i,j,u

+
J

∑
j=1

c′hj
K
∑

k=1

N
∑

n=1
WCn

j,k +
K
∑

k=1
c′ck

L
∑

l=1

O
∑

o=1
CIo

k,l +
L
∑

l=1
c′dl

K
∑

k=1

O
∑

o=1
CIo

k,l

+
I

∑
i=1

c′ri
L
∑

l=1

V
∑

v=1
IPv

l,i +
I

∑
i=1

J
∑

j=1

M
∑

m=1
c′′ pm

i,j PWm
i,j +

J
∑

j=1

K
∑

k=1

N
∑

n=1
c′′wn

j,k WCn
j,k

+
K
∑

k=1

L
∑

l=1

O
∑

o=1
c′′ co

k,l CIo
k,l +

L
∑

l=1

I
∑

i=1

V
∑

v=1
c′′ dv

l,i IPv
l,i

(1)

Given that the emission amount of greenhouse gas is assumed to be uncertain to
better reflect the reality, the greenhouse gas emission constraints (i.e., from production,
reproduction, strong, disassembling and transportation) are modeled as chance-constraints
in Equation (2), indicating that the probability of violation of the regulated emission limit
must be kept (to support the feasibility of this formula, see [14] for more details).

p (
I

∑
i=1

rpi
J

∑
j=1

M
∑

m=1

U
∑

u=1
PWm

i,j,u +
J

∑
j=1

rwj
K
∑

k=1

N
∑

n=1
WCn

j,k +
L
∑

l=1
rdl

K
∑

k=1

O
∑

o=1
CIo

k,l +
I

∑
i=1

rri
L
∑

l=1

V
∑

v=1

U
∑

u=1
IPv

l,i,u

+
M
∑

m=1
r′′ pm

I
∑

i=1

J
∑

j=1

u
∑

u=1
γpm

i,j,u dpi,j PWm
i,j,u +

N
∑

n=1
r′′wn

J
∑

j=1

K
∑

k=1
γwn

j,k dwj,k WCn
j,k

+
O
∑

o=1
r′′ co

K
∑

k=1

L
∑

l=1
γco

k,l dck,l CIo
k,l +

V
∑

v=1
r′′ dv

I
∑

i=1

L
∑

l=1

U
∑

u=1
γdv

l,i ddl,i IPv
l,i,u ≤ UBr) ≥ 1− α

(2)

Demand is also assumed to be stochastic, and the demand constraint is modeled as
given in Equations (3) and (4) to have a (1 − β) chance to fulfill the demand.

P

{
J

∑
j=1

N

∑
n=1

wcn
j,k ≥ demk

}
≥ 1− β (3)

P

{
L

∑
l=1

O

∑
o=1

CIo
k,l ≤ demk

}
≥ 1− β (4)

Similarly, the amount of products recycled, collected and dismantled through the
reverse supply chain network is also assumed to be uncertain and formulated as chance
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constraints, shown in Equations (5) and (6), to have a (1− γ)% chance to meet the minimum
requirements of collection and dismantling (see following papers for examples to check the
feasibility of these formulas: [3,14].

P

{
L

∑
l=1

O

∑
o=1

CIo
k,l ≥ θ . demk

}
≥ 1− γ (5)

P

{
I

∑
i=1

V

∑
v=1

U

∑
u=1

IPv
l,i,u ≥ θ′ .

K

∑
k=1

CIo
k,l

}
≥ 1− γ (6)

The final model is as follows:

Min Q1 =
I

∑
i=1

U
∑

u=1
µcpi,u Fpi,u +

J
∑

j=1
µcwj Fwj +

L
∑

l=1
µcdl Fdl

+
U
∑

u=1

I
∑

i=1
µc′pi,u

J
∑

j=1

M
∑

m=1
PWm

i,j,u +
J

∑
j=1

µc′hj
K
∑

k=1

N
∑

n=1
WCn

j,k +
K
∑

k=1
µc′ck

L
∑

l=1

O
∑

o=1
CIo

k,l

+
U
∑

u=1

I
∑

i=1
µc′ri,u

L
∑

l=1

V
∑

v=1
IPv

l,i,u +
I

∑
i=1

J
∑

j=1

M
∑

m=1

U
∑

u=1
µc′′ pm

i,jPWm
i,j,u

+
J

∑
j=1

K
∑

k=1

N
∑

n=1
µc′′wn

j,kWCn
j,k +

K
∑

k=1

L
∑

l=1

O
∑

o=1
µc′′ co

k,lCIo
k,l +

L
∑

l=1

I
∑

i=1

V
∑

v=1

U
∑

u=1
µc′′ dv

l,i IPv
l,i,u

(7)

s.t.

I
∑

i=1

U
∑

u=1
rpi,u

J
∑

j=1

M
∑

m=1
PWm

i,j,u +
J

∑
j=1

rwj
K
∑

k=1

N
∑

n=1
WCn

j,k +
L
∑

l=1
rdl

K
∑

k=1

O
∑

o=1
CIo

k,l

+
U
∑

u=1

I
∑

i=1
rri,u

L
∑

l=1

V
∑

v=1
IPv

l,i,u +
M
∑

m=1
r′′ pm

I
∑

i=1

J
∑

j=1

U
∑

u=1
γpm

i,j dpi,jPWm
i,j,u

+
N
∑

n=1
r′′wn

J
∑

j=1

K
∑

k=1
γwn

i,j dwj,kWCn
j,k +

O
∑

o=1
r′′ co

K
∑

k=1

L
∑

l=1
γco

k,l dck,lCIo
k,l

+
V
∑

v=1
r′′ dv

L
∑

l=1

I
∑

i=1

U
∑

u=1
γdv

l,i ddl,i IPv
l,i,u + Zα

√
σ2UBr ≤ µUBr

(8)

L

∑
l=1

(
K

∑
k=1

O

∑
0=1

CIo
k,l −

I

∑
i=1

V

∑
v=1

U

∑
u=1

IPv
l,i,u) ≤ UBw (9)

J

∑
j=1

M

∑
m=1

U

∑
u=1

PWm
i,j,u ≤ upi,uFpi,u ∀i ∈ I, u ∈ U (10)

L

∑
l=1

V

∑
v=1

U

∑
u=1

IPv
l,i,u ≤ uri,uFpi,u ∀i ∈ I, u ∈ U (11)

I

∑
i=1

M

∑
m=1

U

∑
u=1

PWm
i,j,u ≤ uwjFwj ∀j ∈ J (12)

L

∑
l=1

O

∑
o=1

CIo
k,l ≤ udl Fdl ∀k ∈ K (13)

I

∑
i=1

M

∑
m=1

U

∑
u=1

PWm
i,j,u ≥

K

∑
k=1

N

∑
n=1

WCn
j,k ∀j ∈ J (14)

J

∑
j=1

N

∑
n=1

WCn
j,k + Zβ

√
σ2demk ≥ µdemk ∀k ∈ K (15)
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L

∑
l=1

O

∑
o=1

CIo
k,l + Zβ

√
σ2demk ≤ µdemk ∀k ∈ K (16)

I

∑
i=1

O

∑
o=1

CIo
k,l + Zγ

√
σ2λ.σ2dk + σ2λ.µdk

2 + σ2dk.µγ ≥ µγ. µ dk ∀k ∈ K (17)

I

∑
i=1

V

∑
v=1

U

∑
u=1

IPv
l,i,u + Zγ

√√√√σγ′
K

∑
k=1

CIo
k,l

2 ≥ µγ′.
K

∑
k=1

CIo
k,l ∀l ∈ L (18)

U

∑
u=1

Fpi,u ≥ 1 ∀i ∈ I (19)

Fpi,u , Fwj , Fdl ∈ {0, 1} (20)

PWm
i,j,u ≥ 0 , WCn

j,k ≥ 0 , CIo
k,l ≥ 0 , IPv

l,i,u ≥ 0 (21)

Equation (7) presents the expected cost which incorporates construction, production,
inventory handling, product collecting, dissembling, reproduction and transportation costs
incurred in/between manufacturing facilities, warehouses and DCs.

The environmental dimension of the sustainable supply chain network is modeled
as a constraint in Equation (8) to control the emission of greenhouse gas under the regu-
lated limit throughout the business process (i.e., forward and reverse) and supply chain
network (i.e., manufacturing facility, warehouse and DC). Equation (8) is converted from
the stochastic from of Equation (2) by employing the Z score of the desired α, and the given
mean and variance of greenhouse emission. Equation (9) is a disposal constraint to comply
with the regulated disposal limit. Equations (10), (11) and (12) are capacity constraints
for the production and reproduction of manufacturing facilities, strong warehouses and
disassembly of DCs, respectively. Equation (13) is respecting the demand satisfaction for
customers. The constraint of Equation (14) states that demand is always satisfied by supply,
and Equation (15) reveals that total recycled products exceed customer demand. Both
Equations (16) and (17) employ the stochastic conversion technique similarly to Equation (8)
based on the Z score of desired β, and the given mean and variance of demand to convert
Equations (3) and (4) to the deterministic form. Equations (18) and (19), on the other hand,
convert the chance constraints of recycling collection and dismantling Equations (5) and
(6) to deterministic forms. Equation (20) is a binary constraint for the decision variables of
manufacturing facilities, warehouses and DC. Equation (21) is a non-negative constraint
for the decision variables of product flow along the supply chain network.

4. Computational Results

In this section, we resort to the real case to testify our proposed solution approach and
evaluate its efficiency and performance. In particular, the data of medical ventilators are
collected from a coherent network of production and distribution. Our client is an Iranian
medical equipment manufacturer company who intends to urgently fulfill the demand of
the respiratory patients for medical ventilators through its supply chain network.

Like many other countries worldwide, Iran encounters a severe shortage of ventilator
amid the pandemic. Its network is composed of facilities in some designated zones in
Iran. To this end, the company can build a maximum of three manufacturing plants, three
warehouses and three disassembling centers. Figure 1 shows the map of Iran and our case
study. Each manufacturing plant can select only one of the ICU and portable technologies
for the production of the medical ventilator. In addition, eight major areas of COVID-19
outbreaks have been identified by a team of experts. To fulfill the demand from each
customer zone more swiftly, three forms of transportation methods (i.e., truck, train and
air) between each facility, especially air transport, are considered. It should be noted that
the simulated data are generated regarding the recent benchmarks [12,14,28].
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Figure 1. Map of our case study.

The production technology in each production plant, the way each of the facilities
is allocated to each other and various transportation modes are considered [37]. In order
to solve the model, the CPLEX solver is used. To design our network for the medical
ventilator, the optimal value of the mean of the total cost is 931,859.945 million Rial.

For sensitivity analyses, we examined the effect of changing the amount of some
effective and critical parameters, including the customer demand and the upper bound of
greenhouse gas emissions. As depicted in Figure 2, with increasing the expected value of
demands, the expected costs were increased to cover the demand growth.
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Figure 2. Sensitivity analysis on the growth of the demand in the objective function.

In view of Figure 3, some sensitivity analyses by an increase in the upper bound of
around 5 percent per test are conducted, and the value of the expected value and CPU time
were studied. Reducing the value of the upper bound of the released carbon would further
affect the function of the mean of the costs. For the upper bound of carbon emission, its
lowest value is set as 328,503 kg.

To derive useful managerial insights, sensitivity analyses were conducted via extensive
numerical studies as shown above. It is revealed that enforcing the constraint with imposing
strict policies for environmental issues could greatly increase the expected value and the
variance of the costs monotonically. Another important managerial insight is shifting a
ventilator supply chain to a green closed-loop supply chain for the ventilator production
which highlights the relationship between environmental protection and pollution goals
and the ventilator supply chain. It is also an introduction for reverse logistics and closed-
loop supply chains in the case of the COVID-19 pandemic. It goes without saying that the
use of a stochastic optimization model controls the impacts of uncertainty factors for the
COVID-19 pandemic.
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5. Conclusions and Future Research Work

Before the COVID-19 pandemic, governors and healthcare practitioners were not
significantly considering the ventilator supply chain. After the outbreak of the COVID-
19 pandemic, the demand for ventilators has increased significantly. This makes the
assessment of closed-loop supply chains for the ventilators important. In this research, we
developed a novel stochastic optimization model for the design of a closed-loop supply
chain network. To the best of our knowledge, this is the first study to develop a chance-
constrained programming approach to design ventilator logistics. The performance and
application of the proposed model is examined through an integrated network of medical
ventilators. To obtain the managerial implications, sensitivity analyses were conducted. It
is showed that adopting strict policies for environmental issues could greatly increase the
mean and variance of the costs. Results confirm the high impact of carbon emissions and
demand variations on the optimal solution in the case of COVID-19.

A novel issue that could affect the structure of the proposed model is the consideration
of restrictions for each form of transportation between facilities. Since the proposed
model covers a variety of hypotheses, future studies could focus on medium- and large-
scale solution methods, such as heuristic and meta-metaheuristic algorithms, and exact
decomposition methods. The proposed model should be integrated with blockchain
technologies and the Internet of things [30]. Uncertain parameters such as demand could
be predicted using grey models [20].
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