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Abstract

In the study, a multi-purpose reverse logistics network has been designed to create effectual management of medical waste
(MW) generated in 39 districts of Istanbul, a heavily populated city, during the COVID-19 pandemic as well as that to be
generated in the next decade. With the model, the medical waste management system in Istanbul is analyzed during the
pandemic and for the next 10 years. The model attempts to integrate economic, environmental, and social objectives within
the sustainable development goals. It aims to maximize the number of personnel and government earnings for the estimated
MW of a megacity while minimizing the total fixed cost and the cost of carbon emissions and transportation. The results
indicated that the existing facilities are sufficient for the treatment and disposal of MW generated even under pandemic
conditions. However, the capacity of the sterilization facility could be insufficient to treat the estimated amount of MW in
the next decade. Opening a sterilization facility near the sanitary landfill in Komurcuoda with a total management cost of
62,450,332 €/year would be an optimum solution for Istanbul MW. In comparison to the single-purpose model results, the
multi-purpose model resulted in approximately 42,000 € more in total cost. Sensitivity analyses show that the amount of
MW has the most significant effect on the total cost. This simple model created an effective MW management proposal for
Istanbul, which can be a model for megacities.

Keywords Medical waste - Medical waste management - COVID-19 - Reverse logistics - Mixed-integer linear
programming model

1 Introduction

Increasing population and rapid industrialization are the
main causes of the increasing generation of solid waste in
the world, the pandemic and its duration had an extra impact
on the medical part of solid waste. Medical waste (MW) gen-
erated by health institutions such as hospitals, research cent-
ers, and laboratories associated with medical procedures, is
listed in the special waste category of solid waste (Baveja
et al. 2000; Yong et al. 2009). Approximately 85% of the
total amount of MW is non-hazardous waste containing inert
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materials such as paper, glass, and food residues, while the
remaining 15% may contain chemicals, sharp objects, phar-
maceuticals, and high concentrations of heavy metals, patho-
gens, and/or genotoxic substances are classified as hazardous
waste (WHO 2018). MW with non-hazardous materials can
be disposed of regularly without any special handling (WHO
2017). Treatment of MW is performed by applying various
methods alone or in the combination with several methods
such as thermal processes, chemical processes, irradiation
technologies, and biological and mechanical processes. Tur-
key has a regulation on control of medical waste (MWCR)
that outlines the responsibilities of municipalities as being
the governing authorities for medical waste management
(MWM), including the establishment of management plans
and processing facilities, transportation of waste from the
health institutions, and safe disposal of waste at the provin-
cial level (Republic of Turkey Ministry of Health 2021).
According to this regulation, MW consists of pathological,
infectious, and cutting-piercing waste. The MW collected
in Turkey has been distributed as 0.1% pathological, 96.4%
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infectious, and 3.5% cutting-piercing waste (Kesici 2016).
Segregation of all MW at the point of generation, and appro-
priate treatment and safe disposal of MW are very impor-
tant. This is because improper separation, collection, and
disposal of MW may impair air, water, and soil quality while
causing the spread of hazardous substances and infectious
diseases (AIDS, Hepatitis-A and B, and COVID-19, etc.)
(WHO 2017). MWCR requires a separate collection of MW
at a source of generation without harming the environment
and human health.

Today, there is an unusual increase in MW produced in
health institutions due to the COVID-19 epidemic. As the
volume and complexity of MW increase worldwide during
the COVID-19 epidemic, the risk of disease transmission
increases through unsafe transportation and disposal prac-
tices. For instance, it is reported that the daily generation
of MW increased six times in hospitals in China during
the months when the number of COVID-19 cases peaked
(Calma 2020). Hence, China had to construct new MW
disposal centers and mobile waste facilities to increase the
waste disposal treatment from 50 to 263 tons daily (Mandy
2020; Sarkodie and Owusu 2020). Not only in China but
also all around the world, the implementation of proper MW
management with special regulations is of critical impor-
tance to mitigate the risks to humans and the environment.

Reverse logistics or reverse supply chain is a whole pro-
cess of the product movement including recovering prod-
ucts and/or disposing of them appropriately (Pokharel and
Mutha 2009; Zhang et al. 2011). Reverse logistics practices
determine the configuration and operational strategy of the
reverse logistics system, which has a significant impact on
long-term performance (Yu et al. 2020). Today, these prac-
tices have become important in the management of various
types of waste, primarily electrical and electronic devices
(Shih 2001; Achillas et al. 2012; Dat et al. 2012), computers
(Ahluwalia and Nema 2006), paper (Pati et al. 2008), and
vehicles (Balci and Ayvaz 2017). To improve the decision-
making on reverse logistics practices at both strategic and
operational levels, quantitative optimization models and var-
ious computational techniques have been used. The imple-
mentation of these practices with the optimization models
and computational techniques is also vital in designing an
effective system for the recovery and disposal of this kind
of waste, and in minimizing adverse effects on humans and
the environment, and creating potential job opportunities
(Demirel et al. 2016; Govindan et al. 2016; Rahimi and
Ghezavati 2018; Gao 2019). The effectiveness of these tech-
niques has been validated in a wide variety of industries and
business sectors (Yu and Solvang 2016; Alhamsi and Diabat
2017; John et al. 2018; Trochu et al. 2020). There have been
many studies on reverse logistics practices in MWM, either
in the supply chain design of materials in industrial appli-
cations or waste management in the literature. A review of

the most up-to-date and relevant research in MWM using
mathematical programming models and quantity tech-
niques is provided here. Shih and Lin (2003) used dynamic
programming and integer linear programming methods to
minimize transportation cost and risk and ensure a daily
payload balance for workers for the management planning
of infectious medical waste (IMW). Chaerul et al. (2008)
also used a goal programming model to resolve complexities
such as the selection of technology for the timely removal of
waste, controlling the risk of infection, and legal and budget
restrictions. Shi et al. (2009) developed a Mixed-Integer Lin-
ear Programming (MILP) model that aims to decrease the
costs of MW in reverse logistics networks using a genetic
algorithm with a hybrid-coding rule. The effectiveness and
feasibility of the model were confirmed using an exemplary
application of a recycled MW sent from a specific hospital
to a particular material manufacturer. Rolewicz-Kaliiska
(2016) studied the MWM procedure in Poland, consider-
ing logistic constraints and economic perspectives. They
emphasized that the most significant potential for change in
MWM system logistics is related to the activities designed
to improve waste separation at generation sites and maintain
the balance between the amount of waste produced and dis-
posal capacity. Budak and Ustundag (2016) applied basic
reverse logistics for optimal location-allocation decisions
related to waste collection, transportation, and disposal in
health institutions in Turkey and verified the effectiveness
and feasibility of their model by applying a single-objective
MILP model of a reverse logistics network to optimize only
the total cost. He et al. (2016) investigated the material flow
and the structure of MW collection systems in China using
reverse logistics practices to minimize the transportation
risk of MW. Mantzaras and Voudrias (2017) developed an
optimization model to decrease the total cost of collection,
transport, and disposal process for MW in the Region of
East Macedonia-Thrace, Greece, using a genetic algorithm
and Monte Carlo simulation. They determined the opti-
mal locations of transfer stations, their design capacities,
the number of treatment facilities, and the cost of IMW
in the management system. Alshraideh and Qdais (2017)
developed a model to optimize the collection of the MW
generated in Northern Jordan. The model which was solved
with a genetic algorithm aimed to minimize the transporta-
tion distance and transportation costs and reduce toxic gas
emissions. Wang et al. (2019) proposed a dynamic approach
for the MW reverse logistics network by combining the
Grey GM (1,1) prediction method with a multi-objective
optimization model. Firstly, they predicted the amount of
MW generated a in multi-period of target hospitals based
on the Grey GM (1,1) method. Then a multi-objective and
multi-period model was developed to optimize the selec-
tion of locations with minimal operating costs and the least
possible effect on the environment. Kargar et al. (2020a)
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used a tri-objective MILP model for the safe disposal of
MW. Their purpose was to minimize the total cost and risk
by selecting five main levels of the network, including 20
medical centers, seven storages, seven treatment centers,
one transfer station, and one disposal center. More recent
studies have used reverse logistics network design with
multiple objectives and outputs for various countries and
cities during COVID-19 (Table 1). As seen in the literature,
many mixed-integer linear models with different optimiza-
tion techniques have been applied by researchers, based on
their specific problems. The simple models could also give
more understandable and interpretable solutions for MWM
to decision-makers. In addition, there is a limited number
of studies that have proposed a future-oriented approach for
planning the need for MWM including both the data before
and after the pandemic for megacities. Istanbul, with over
15.4 million inhabitants, is one of Turkey's most important
cities with its history, social culture, and economy. It has an
important geographic location as a bridge between Asia and
Europe. Currently, there are more than 8000 health institu-
tions in the city (Korkut 2018). The health institutions serve
not only the people living in the city, and but the whole
country and patients from abroad, including the Middle
East, Caucasus, and Europe. The amount of waste from these
health institutions constitutes an important part of the total
waste produced in this megacity. Therefore, the MW poses
the greatest risk among all waste groups (Bdour et al. 2007;
Budak and Ustundag 2016). Birpinar et al. (2009) researched
the collection, and temporary storage of MW generated in
192 hospitals in Istanbul in the light of the MWCR. They
found that approximately 77% of the hospitals had sufficient
equipment to collect MW and 63% had temporary storage

warehouses. In general, although they focused on the current
situation of the hospitals in terms of MWCR, they did not
explore the issues of treatment and disposal of MW. Eren
and Tuzkaya (2021) focused on the vehicle routing problem
and they developed a model for transporting MW generated
in 15 health institutions in Istanbul to the sterilization and
incineration facilities under the COVID-19 pandemic condi-
tions using only one vehicle.

Research conducted by the American Public Health Asso-
ciation reported that the collection, treatment, and landfilling
of the US healthcare system waste contributes to 9-10%
of all national greenhouse gas emissions (Erickson 2021).
Optimizing transportation and minimizing waste amount is
important to reduce the carbon footprint from MW. Turkey
submitted its Statement of Intended National Contribution
to the Secretariat of the United Nations Framework Con-
vention on Climate Change (UNFCCC) on 30 September
2015 and ratified Paris Agreement in 2021. According to
Turkey’s national contribution statement, it is foreseen that
greenhouse gas emissions will be reduced by 21% in 2030
compared to the reference value (CSB 2022). Therefore, it
is essential to minimize CO, emissions in every activity.

Considering the problems that occur with MW, this
study attempts to integrate various aspects of sustainable
development by presenting a simple reverse logistics net-
work design based on economic, environmental, and social
objectives within the framework of the sustainable devel-
opment goals. In this study, a multi-purpose sustainable
reverse logistics network design is proposed to minimize
the total fixed cost, cost of transportation and operation of
MW, CO, emissions occur during the opening of facilities,
transportation of waste between facilities, and to maximize

Table 1 Summary of reverse logistics network design studies on COVID-19 pandemic

References Objective Multi-objective Multi-period Multi- prod-  Approach Uncertainty Location of case
uct
Kargar et al. (2020b)  Reduction of overall X X - Dynamic pro- X Babol, Iran
cost gramming
Reduction of risk MILP
associated with the
collection and treat-
ment of IMWC
Yu et al. (2020) Determining the best X X - MILP X Wuhan, China
locations of tempo-
rary facilities
Creating the transporta-
tion strategies
Govindan et al. (2021) Reduction of overall Bi-objective X X MILP - Tehran, Iran
cost and risks
Shadkam (2022) Reduction of the costs  — - - MILP X -

associated with fixed
costs, material flow
costs, and the costs
of building potential
centers
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the earnings of the state from the minimum paid tax cost
by maximizing the number of employees in the next dec-
ade in Istanbul as an example of a megacity. The model
analyzes the future need for extra facilities in the treatment
and disposal stages of MW generated in health institutions.
This study aims to create effectual management of MW,
both generated during the COVID-19 pandemic and to be
generated in 39 districts of Istanbul in the next decade
using actual data from 7 years, including the duration of
the COVID-19 pandemic. Sensitivity analyses have also
been conducted to observe the effect of each parameter on
model results and to increase the awareness of decision-
makers and other stakeholders.

Fig.1 MW disposal process

A\

2 Methodology
2.1 Problem definition

A multi-purpose sustainable reverse logistics network
design problem that covers economic, environmental, and
social purposes for the MW is discussed in this study. The
disposal process of MW is shown in Fig. 1. The reverse
logistics network begins with the transport of MW (patho-
logical waste, cutting-piercing waste, and infectious waste)
collected from authorized MW producers (i) to the transfer
stations (j). While MW transported to the transfer stations
is kept separately based on their characteristics without any
treatment, cutting-piercing and infectious MW is transferred

Xij

6“1.:1'
5

Medical Waste Producers
®

Incineration Facility
(k)

Medical Waste

\J

Transfer stations

(i)

Cutting-Piercing Waste
Infectious Waste

‘ Ajh

Sterilization Facility
(h)

Landfills
(m)

@ Springer



376

Environment Systems and Decisions (2022) 42:372-387

to the sterilization facility (), and pathological MW is pro-
cessed at the incineration facility (k). The cutting-piercing
and infectious MW from the transfer stations (j) to the steri-
lization facility (k) are transformed into harmless products
by subjecting them to the sterilization process. After the
sterilization process, the waste is transported to the landfill
(m) and disposed of. Incineration is considered to be the saf-
est method for MW disposal. Pathological MW transferred
from the transfer stations (j) to the incineration facility (k) is
combusted and converted into a harmless product. The ashes
that form due to the incineration process are transported to
the landfill (m) and disposed of. The use of the National
Waste Transportation form is mandatory when MW is being
transferred from a transfer station to a sterilization or incin-
eration facility and then to a landfill.

The problem is formulated as a multi-purpose, single-
product, MILP model. The multi-purpose analysis has many
advantages over the single-purpose analysis. It provides a
systematic methodology to analyze the effects of strategic
decisions. It offers alternative solutions for a set of targets
and balances the targets and allows decision-makers to make
more appropriate decisions by considering different and
important factors (Chang 2011).

The proposed model should explain the flow of MW to
minimize the fixed cost of opening facilities, the opera-
tional cost, and the transportation cost of waste transported
between facilities. At the same time, the model should min-
imize the cost of the carbon emission that occurs during
the opening of the facilities and the transport of materials
between facilities. Finally, it should maximize the number of
personnel to be employed in the facilities to be opened and
maximize the state's earnings from the minimum paid tax
cost. In addition, all the cost was calculated in local currency
(Turkish Lira (b)). Then, the price in b currency was con-
verted to Euro (€), taking into account the estimated 3-year
exchange rates on USDforecast (USDforecast 2020).

2.2 MILP model

While some of the variables in the model are integer, the
others are continuous variables. Therefore, the model to
be established is the MILP model. It was formulated as a
multi-purpose optimization problem; consequently, it could
be used to investigate the trade-offs between different con-
flicting objectives (e.g., minimization of the cost and carbon
emission while maximizing the number of personnel) (Sam-
satli and Samsatli 2018). The goal programming approach,
one of the most frequently used methods to solve problems,
has been used. In the goal programming method, the deci-
sion-makers determine a mathematical value for each goal
they want to achieve. The solution that minimizes deviations
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from mathematical values has been defined as the accepted
solution.

In the solution of the goal programming problem, the
weighting method in which a large number of objective
functions are based on a single-objective function has been
used. With the weighting method, a single-objective func-
tion has been converted into a weighted sum of functions
that represent the goals of the problem.

2.3 Model assumptions

The proposed mathematical model includes the following
assumptions:

(i) All MW generated in health institutions must be col-
lected (It is mandatory by law).

(i) The segregation of MW is completed at a source of
generation using suitable color-coded containers (It
is also mandatory by law).

(iii)) The capacities of all present facilities and landfills
are limited and stable.

(iv) CO, emissions are considered to occur during the
transportation of MW to each facility.

(v) CO, emission from transport depends on the distance
traveled.

(vi) Vehicles used to transport the MW have a limited

number and capacity.

The coefficients of the goal function are deterministic

and are known.

39 districts of Istanbul province are assumed as MW

producers.

(ix) Percentage distribution of each type of MW is
known.

(x) The locations of potential sterilization and incinera-
tion facilities to be opened in the future are consid-
ered candidate areas.

(xi) The selection of the final location is made among the
potential locations.

(vii)

(viii)

2.4 Model representation

Indices:

i MW producers i0123...1
J: Transfer stations 1,230
k: Incineration facility : 1,2,3...K
h: Sterilization facility h: 1,2,3...H
m: Landfills m:1,2,3..M
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Parameters:
0 The amount of MW generated by
MW producers (i) (ton)
The fixed opening cost
i The fixed cost of opening an
incineration facility (k) (€)
St The fixed cost of opening a sterili-

The collection cost

CCj .

The process cost

The transportation cost

L -

The transportation distances

d.:

y

g

Carbon emission

¢

cop:

zation facility (k) (€)

Collection cost of MW per ton
(€/ton)

The unit cost of incineration at an
incineration facility (k) (€/ton)

The unit cost of sterilization at a
sterilization facility (&) (€/ton)

The unit cost of disposal at a
landfill (m) (€/ton)

The unit cost of transportation of
MW from MW producers (i) to
transfer stations (j) (€/ton*km)

The unit cost of transportation of
pathological waste from transfer
stations (j) to incineration facil-
ity (k) (€/ton*km)

The unit cost of transportation of
cutting-piercing waste and infec-
tious waste from transfer stations
(j) to sterilization facility (k) (€/
ton*km)

The unit cost of transportation of
ashes from incineration facility
(k) to landfills (m) (€/ton*km)

The unit cost of transportation of
sterilized waste from steriliza-
tion facility (&) to landfills (m)
(€/ton*km)

Distance between MW producers
(i) and transfer stations (j) (km)
Distance between transfer stations
(j) and incineration facility (k)

(km)

Distance between transfer stations
(j) and sterilization facility (k)
(km)

Distance between incineration
facility (k) and landfills (m) (km)

Distance between sterilization
facility (k) and landfills (m) (km)

Average CO, emission factor per
ton*km (g CO,/ton*km)

Carbon emission cost per ton (€/
ton)

\ﬁlCl) :

f}(ﬁ'() :
Employment
cemp:

fiwmp :

fkemp :
Capacities

cap;:

capy:

capy:

cap,,:

Other parameters
al:

a2:

as:

a4:
wl:
w2:

w3:

The amount of CO, that occurs
when the sterilization facility (/)
is opened

The amount of CO, that occurs
when the incineration facility (k)
is opened

Employment cost in the Social
Security Institution (SSI) (€)

The number of personnel to be
employed when the sterilization
facility (h) is opened

The amount of personnel to be
employed when the incineration
facility (k) is opened

The capacity of transfer stations
() (ton)

The capacity of incineration facil-
ity (k) (ton)

The capacity of the sterilization
facility (h) (ton)

The capacity of landfills (m) (ton)

The weight percentage of patho-
logical waste in MW

The weight percentage of cutting-
piercing waste and infectious
waste in MW

The amount of sterilized cutting-
piercing waste and infectious
waste (ton)

The amount of incinerated patho-
logical waste (ton)

The goal weight for cost minimi-
zation

The goal weight for CO, minimi-
zation

The goal weight for employment
maximization

Decision variables:

The amount of MW shipped from
MW producers (i) to transfer
stations (j)

The amount of pathological waste
shipped from transfer stations (j)
to incineration facility (k)

The amount of cutting-piercing
waste and infectious waste
shipped from transfer stations (j)
to sterilization facility (k)

The amount of ashes shipped
from incineration facility (k) to
landfills (m)

The amount of sterilized waste

shipped from sterilization facil-
ity (h) to landfills (m)
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S The sum of the amount of ashes
sent from incineration facil-
ity (k) to landfills (m) and the
amount of sterilized waste sent
from sterilization facility (k) to
landfills (m)

ey If sterilization facility (k) is
opened 1; otherwise, 0

e If incineration facility (k) is
opened 1; otherwise, 0

2.5 Model formulation
2.5.1 Objective function

Generally, the goals contradict each other in multi-purpose
decision models. There may not be an optimal solution for
the three goals of this study. However, the interactions of
the objectives with each other in the model can be exam-
ined, and the obtained results can help decision-makers.
Within the scope of the model, three goals are considered
as follows:

MinZ1=th'eh+ka'ek )]
h k

RIS S b 8 2,
T ~ 4 ~ 4
+22ka'tkm’dkm""ZZUhm'thm'dhm
k m

h m (2)

+ZZXU.CCJ+ZZij.cck-i-ZZZjh'cch 3)
i jok 7 h

+22ij‘de @
j ok

+ZZZjh-dch 5)
j h

+22ka-dcm+ZZUhm.dcm ©
k. m h m

The first goal is to minimize the total cost, and the objec-
tive function built-in in line with this goal has six compo-
nents. The first component indicates the fixed installation
cost of the sterilization and the incineration facilities, while
the second, the third, and the fourth components represent
the transportation cost at each stage of the network, the
cost of collecting MW, and the sterilization cost of cutting-
piercing, and infectious MW, respectively. Then, the fifth
component represents the incineration cost of pathological
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MW transported to the incineration facility. Finally, the sixth
component is the disposal cost of ash and sterilized waste
transported to the landfill.

The second goal is to minimize the cost of carbon emis-
sions during the opening of the facilities and the transporta-
tion of waste from MW producers to landfills.

Minz2 = thw - e, - cop + kaw - e, - cop )
h k

+22Xij~cs-dl_-/--c0p+zZl/fk-c:~djk~cop+zzzjh~cx-d/-k~cop
i jok i oh
+22ka'cs'dkm'C0P+22Uhm'cs'dhm'C0P
k m h

®)

The objective function of this goal includes two compo-
nents. The first component represents the cost of carbon emis-
sion resulting from the opening of the designated sterilization
facility and incineration facility, while the second component
is the cost of carbon emission during the transport of MW at
each stage of the network. The carbon emission resulting from
the incineration process and other processes are ignored in this
objective function.

The third goal is to maximize the profit of the state arising
from the tax cost by keeping the number of employees work-
ing at minimum wage in sterilization and incineration facilities
likely to be opened at a maximum.

Max z3 = thcemp - e, - cemp + kaemp "¢ cemp gy
h k

The objective function for the third goal has a single com-
ponent. This component represents the net tax cost of per-
sonnel working at the facility with minimum wage when the
designated sterilization and incineration facilities are opened.

2.5.2 Constraints

;foi Vi, (10)
zk‘lyjk=a1-zi“xij vk, an
zllzjhzaz-zilxij Vh, 12)
;U,,m=a3-zh:zjh vm, (13)
;ka=a4-;)’jk vm, (14)



Environment Systems and Decisions (2022) 42:372-387

379

Z X; <cap; Vj, (15)
Z Yy < cap.e, Vk, (16)
J
ZAjh < cap,.e, Vh, 17
J
Z Skhm < cap,, Vm, (18)
kh
Xij’ jk’Ajh’ ka’ Uhm >0 Vi’j’ kv h’ m, (19)
e.-e,=1{0,1} Vk, h. (20)

Constraint (10) is that the amount of MW transported
from MW producers (i) to transfer stations (j) is equal to
the total amount of MW generated by MW producers. Con-
straint (11) provides that the amount of MW transported to
transfer stations () is equal to the amount of pathological
waste transported to the incineration facility (k). Constraint
(12) states that the amount of MW containing the cutting-
piercing waste and infectious waste transported to transfer
stations has the same content as the MW transported to the
sterilization facility (%). Constraint (13) is that the amount
of sterilized waste sent to the landfill sites (m) is equal to
the amount of sterilized waste in the sterilization facility
(h). Constraint (14) is that the amount of ashes carried to
the landfill sites (m) is equal to the amount of ashes result-
ing from the processes in the incineration facility (k). Con-
straints (15—18) are that the capacity of the transfer stations
(j), sterilization (/) and incineration (k) facility, and landfill
sites (m) should not be exceeded. Constraint (19) is that
decision variables are not negative. Finally, constraint (20)
ensures that the values that indicate the decision to open the
facility can be O or 1.

3 Application

The model is developed as the reverse logistics network
design for the disposal of MW generated or to be gener-
ated in Istanbul. Within the scope of MW regulation, it is
expected to be resolved at minimum cost by defining the
network parameters for the disposal of the MW generated
in 39 districts of Istanbul. According to Istanbul Environ-
ment Management Industry and Trade Company (ISTAC
J.S.Co.), which is a subsidiary company of Istanbul Metro-
politan Municipality (IBB), presently, there are four transfer
stations (in Kucukbakkalkoy, Hekimbasi, Silahtaraga, and

Kirac), one sterilization and one incineration facility (in
Odayeri) and two landfill sites (Komurcuoda, and Seymen)
in Istanbul. There was a landfill site in Odayeri used for the
disposal of MW until 2018, but it was closed due to its filled
capacity (IBB 2020a). The locations were displayed on the
map using ArcGIS 10.5, a scalable integrated geographic
information system software (Fig. 2). In addition, the loca-
tions of 39 districts, transfer stations, sterilization and incin-
eration facilities, and landfill sites of the network are shown
in Fig. 2. The coordinates of the 39 districts, transfer sta-
tions, existing sterilization and incineration facilities, and
landfill sites are given in SM (Table SM-1-4). The MW
amount and the population of the 39 districts in 2020, and
the predicted values for the year 2030 are given in Table
SM-1. If the capacity of the present treatment facilities is
insufficient within the next 10 years due to an increase in
the amount of MW, it may be appropriate to establish two
sterilization and two incineration facilities in Komurcuoda
village of Sile district (Anatolian region) and Seymen village
of Silivri district (European region). The locations of these
potential facilities for future projection have been selected
considering their proximity to landfill sites and are given in
Table SM-5.

3.1 Application data

The population and amount of MW in the districts of Istan-
bul were obtained through the Turkish Statistical Insti-
tute (TURKSTAT) and ISTAC J.S.Co. (Table SM-6). The
amount of MW to be generated in the next 10 years has
been estimated based on the relation between the population
and MW amounts in the previous years (2014-2020) using
Pearson correlation. The correlation coefficient was found
to be 0.95 (p <0.05) (in Fig. SM-1), which results in a sta-
tistically significant positive correlation. Soysal et al. (2010)
also reported a positive correlation between the population
and the amount of MW collected in Izmir, Turkey (r=0.79,
p<0.001). Besides, Wei et al. (2021) underlined that there
is a significant positive correlation between population and
production of MW (p <0.01). After 2020, the population and
MW amount was estimated considering the rate of increase
over the previous years (Table SM-7). MW of 0.0013 ton/
capita was collected in Istanbul in the year 2015 (a popu-
lation of 14.5 million), while it was 0.0021 ton/capita in
2020 (a population of 15.4 million). As shown in Fig. 3,
in addition to the increasing population, there has been an
unexpected increase (deviation from the increasing trend in
the previous years) in the amount of MW in 2020. About the
data obtained from IBB (2020b), the increase rate of MW
in Istanbul over the years is calculated to be approximately
5.5%. Due to the COVID-19 pandemic, this rate in the year
2020 is found to be 10.6%. This unexpected increase rate
for the following years has been attributed to the expected
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increase in the MW amount in Istanbul due to the uncer-
tainty about the future of the pandemic. Therefore, the suf-
ficiency of facilities’ capacity in case of any increase such
as 5%, 10%, and 15% in the amount of MW was investigated
with sensitivity analysis. It is foreseen that the amount of
MW will be ~35,799 and 43,866 tons for a population of
16.6 million (in 2025) and 17.7 million (in 2030), respec-
tively (Table SM-7).

In Istanbul, MW is collected and sent to disposal by 43
licensed vehicles (trucks) with specially equipped units
under the criteria specified in MWCR. These vehicles with
a volume of 23 m? constitute the majority of the fleet. The
collected MW has been distributed as 0.1% pathological,
96.4% infectious, and 3.5% cutting-piercing waste (Kesici
2016). Based on this information, the distribution of MW
amount (43,866 tons) estimated in connection with the popu-
lation in 2030 was determined to be 43.8; 1,531; and 42,291
tons for pathological, cutting-piercing, and infectious waste,
respectively.

Even though the amount of MW sent to the incineration
facility decreases by 95% in volume, and 75% on mass bases
(Demir et al. 2002), the MW sent to the sterilization facility
decreases by approximately 70% by volume before reach-
ing the landfill (IBB 2018). To perform the cost calculation
correctly for the disposal process of MW, some information
was collected from TURKSTAT, ISTAC J.S.Co., and the
literature.

The cost of transporting and collecting waste in Tur-
key is approximately 30 €/ton (Ozturk 2017). Based on
this information, transportation and collecting cost was
assumed to be 30 €/ton. In Turkey, the average opera-
tional cost of the incineration facility for k1, k2, and &3
was determined as 443.7 €/ton, while this cost in the steri-
lization facility for A1, h2, and h3 was 388.3 €/ton (CSB
2019). Furthermore, the average cost in landfills for m1
and m?2 was determined to be 221.9 €/ton (CSB 2019).
This information was used to run the model. Consider-
ing the economic aspects of this study, road transporta-
tion has relatively small fixed costs. This is because it
operates on publicly operated high-speed and often free
road networks (Sadjady 2011). Road transportation is best
suited for high-value products for short distances. In the
absence of energy data, the carbon footprint of a transpor-
tation operation can be estimated using the activity-based
approach, which is a more general method (McKinnon and
Piecyk 2010). Hence, CO, emission from road transporta-
tion has been calculated using the activity-based approach.
The method has calculated CO, emission from road trans-
portation, taking into account the average CO, emission
factor (g CO,/ton*km) per transport volume of the MW
(ton) and transportation distance (km). The average carbon
emission factor is 62 g CO,/ton*km for road transportation
(McKinnon and Piecyk 2010). Both potential sterilization

and incineration facilities are planned to be built on an
area of 7000 m?. According to Hong et al. (2015), the
amount of CO, emission during the construction of
facilities was calculated to be 5000 tons. The amount of
CO, emission released during transportation of MW in
2030 has been found to be approximately 2031 tons in
the model. Energy and carbon taxes play a crucial role in
meeting international climate targets in many countries.
The pricing of these taxes varies considerably among
nations. According to the information provided by OECD
in 2012, effective carbon tax rates ranged from 2.8 € to
107 € per ton of CO,. In early 2021, the European Union
Emissions Trading System (EU ETS) set a price of around
30 € per ton of CO, (OECD 2021a). There is no direct
carbon tax or emissions trade tax for CO, in Turkey. The
priced emissions are mainly from road transport. The most
of unpriced emissions originate from the electricity sector
and the industrial sector (OECD 2021b). For this reason,
only road transportation is taken into account when cal-
culating the prices due to CO, emission within the model.
The OECD effective carbon rate of mid-value (60 €), an
estimated value for the year 2030, is considered for the
conversion of CO, emission to a money-based value in the
model (OECD 2021a).

The number of personnel to be employed in k1, k2, and
k3 incineration facilities is 10, 16, and 17, respectively.
It was determined as 10, 16, and 15 for k1, h2, and h3
sterilization facilities, respectively. The tax to be paid to
the SSI for the personnel employed has been assumed as
388.3 €. The annual capacities of existing transfer sta-
tions (j1), incineration facility (k1), sterilization facility
(h1), and landfill sites (m1 and m?2) are reported as 15,000;
8650; 40,000; 1,440,000; and 1,620,000 tons, respectively
(ISTAC 2019). The annual capacities of k2 and k3 poten-
tial incineration facilities are considered to be 8640 tons,
while those of 42 and h3 potential sterilization facilities
are assumed to be 40,000 tons. The goal weights of the
model were assumed to be 0.334, 0.333, and 0.333. The
distances between facilities were calculated using the
Euclidean correlation method.

4 Results and discussion
4.1 Model solution

The reverse logistics network design model has been devel-
oped as a multi-purpose, single-product MILP model. The
model was encoded, and an optimal solution was achieved
using the Generalized Algebraic Modelling System (GAMS
23.5.1) solver with a 2.40 GHz Intel Core Processor and
8 GB of RAM. In the model solution, goal programming and
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weighting methods were used. The calculation time required
for the optimal solution was found to be 62 CPU seconds.

The non-complex representation of the model is as
follows.

Goal: The minimum fixed cost, transpor-

tation cost, and operational cost
(z1(x)

The minimum cost of carbon
emission (z2(x))

The maximum income of the state

with minimum tax cost (z3(x))
Constraints: Balance constraints
Capacity constraints

Logic constraints

In the first step of the goal programming method, solu-
tions were achieved by setting up optimization models
for three-objective functions separately. Thus, deviations
were kept to a minimum. The results for z1, z2, and z3
were 61,754,191; 640,593; and 13,591 €, respectively. The
weighting method was used in the second step of the goal
programming method, which allows multiple-objective
functions to be represented as a single-objective function.
Thus, each weighted goal was indicated in the objective
function as a single-objective and then took its place in
the multi-purpose model. In addition to the constraints
mentioned in the previous section, goal equations were
specified in the model as separate constraints, and devia-
tion variables of each goal equation were added to the
constraint. While d17, d2", and d3~ represent a negative
deviation from the objective, d1*, d2*, and d3* are a posi-
tive deviation from the objective.

The first goal equation mentioned as z1 has been con-
verted into a constraint as follows and has taken its place
in the model.

;fh'eh-‘r;fk‘ek-i_zzxy.tij‘dij

+Z;ij-tjk-djk+ZZZ:AM-t,-h-djh

+z;zm:ka-tkm-dkm—:—zh:zm:Uhm-thm-dhm

+ZZX17'CCJ-+Z;YJ-/<'de+Z;Ajh‘Sch

+Zl‘ika-lcm+JZZUhm-lcm—j|—dl+—d1‘
k m h m

=e=061,754,191€

The second goal equation (z2) is shown in the model by
converting it into a constraint as follows.

@ Springer

Table 2 Optimal values of decision variables (optimal routes) in the
next decade for Istanbul

Variable Value Variable Value Variable Value
X, 2 X173 438 X353 552
Xo4 260 Xig4 1601 X6.1 1164
X3, 1488 X903 147 X372 1876
Xy3 0.04 X502 3409 X352 2894
Xy4 471 X513 975 X392 767
Xs3 2265 X3 216 Yy, 11.2
Xo3 1241 X531 1147 ox 20
X5 587 X542 646 Y;, 8.9
X;3 54 X551 1796 Yy, 3.8
Xg3 254 Xo63 1910 Ais 11097
Xo3 879 X571 1788 Ass 19980
Xi02 4224 Xog 1 2390 Ass 8922
X2 268 X591 645 Ay 3822
Xioa 961 X302 1545 Wi 329
X35 605 X311 17 U, 3822
Xisa 137 X34 310 Ui, 40000
Xis4 86 X33, 3179

Xi6.1 217 X341 455

thco‘eh-C0P+kaco'€k'C0P

h k

+ZZX,-J»-CS-dU-cop+ZZij-cs-djk-cop
i ik

+22Ajh'Cs'djh'COP+ZZka‘Cs’dkm-00p
j h k m

+ Zh: > Upy - €+ dy, - cop+d2* — d2™ = e = 640,593€

Then, the third goal equation mentioned as z3 in the pre-
vious section was also transformed into a constraint and
placed in the model.

thcemp s ey, - cemp + kaemp * € - cemp
h k

+d3" —d3” =e=13,591€

The optimal cost solution value of the problem was deter-
mined to be 62,450,332 €. As the most appropriate solution,
it is proposed that a sterilization facility (A3) be opened in
Komurcuoda, Sile in addition to the existing incineration
(k1) and sterilization facility (k1) in Odayeri, Eyup. Based
on the optimal values of the decision variables, the amounts
of MW transported through the processes from collection
to disposal and the procedures applied to MW are shown
in Table 2.

In the study conducted by Mantzaras and Voudrias
(2017), the locations of potential treatment facilities, transfer
stations, and landfill sites were determined with the aim of
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Table 3 Deviations amounts of single-purpose objectives for the next
decade

Table 4 Optimal values of decision variables (optimal routes) in 2020
under the COVID-19 pandemic conditions for Istanbul

Positive deviation Negative deviation

d1™ = 3,090,993 dl™ =0
d2* =0 d2” =14,920
d3* =0 d3” =0

minimizing the cost of collecting, transporting, and dispos-
ing of IMW produced in East Macedonia-Thrace in Greece.
As the optimal solution, they suggested that it would be
appropriate to build a treatment plant in Chrysoupolis's land-
fill site without the need for any transfer station to be built.
The total cost based on the optimum result was calculated as
465,600 €/year (38,800 €/month). In the study conducted by
Kargar et al. (2020a) on the management of MW in the city
of Babol (Iran), the total cost, including the collection and
transportation, processing, and disposal of waste was found
to be 22,024 €/year for 20 medical, seven storage and seven
treatment centers with one transfer station and one disposal
centers were taken into a consideration in the model. It has
been observed that the cost based on the amount of waste
produced is also lower than the minimum cost obtained in
our study. Since Istanbul has a larger population than both
the East Macedonia-Thrace region and Babol city, it seems
quite normal that the amount of waste produced in Istanbul
is higher, and as a result, it has a higher cost. In addition,
the fact that only IMW management was taken into account
in the study conducted in Greece also affects the total cost
amount in that study.

An estimated 43,866 tons of MW to be generated in 2030
are transported to transfer stations. According to optimal
results, temporary MW storage in transfer stations is sorted
according to their types (pathological, cutting-piercing, and
infectious). While 11,109 tons of waste come from 11 dis-
tricts to the transfer station (j1) located in Kucukbakkalkoy,
Atasehir, the MW from 11 districts taken to the transfer sta-
tion (j2) located in Hekimbasi, Umraniye is 20,000 ton and
that transported from 12 districts to the transfer station (j3)
located in Silahtaraga, Eyup, is 8931 ton. Lastly, 3826 tons
of MW are transported from seven districts to the transfer
station (j4) in Esenyurt, Kirac. A total of 43.8 tons of patho-
logical MW from all transfer stations is transferred to the k1
incineration facility. While 40,000 tons of cutting-piercing
and infectious MW are transferred from j1, j2, and j3 transfer
stations to the h3 sterilization facility, only 3822 tons of MW
from the j4 transfer station are transferred to the A1 facility.
This may be due to the 21 and k3 facilities being closer
to transfer stations than the other facilities, thus reducing
the cost. Then, the treated waste in incineration facility, and
in the hl, h3 sterilization facilities is sent to the landfill.
The ash with a weight of 32.9 tons from the k1 incineration

Variable Value Variable Value Variable Value
X3 4.5 X903 142 X375 1094
Xo4 170 X503 2490 X35, 1835
X3, 954 X215 1375 X33 237
X414 406 X3 181 X393 802
Xs3 1990 X33 1565 Yy, 3.5
Xo3 1313 X453 287 Yy, 6.2
X;3 1222 X5 1428 Yy, 20
Xg3 548 X263 1560 Yy, 2.4
Xo3 568 X074 1171 Ap 3550
X103 539 Xog2 1475 Ay 6176
X2 266 X295 563 Az 19980
Xioa 572 X303 1001 Ay 2407
X33 395 X312 19 Wi 24.1
Xisa 244 X304 298 U, 32112
Xis4 54 X333 2758

Xi62 164 X34 309

Xi73 323 X353 701

X134 666 X362 457

facility, the treated waste weighing 3822 tons from the /1
sterilization facility, and 40,000 tons of treated waste from
the A3 sterilization facility are sent to the m1 landfill.

In the three-goal objective function, the optimal result
offers the balancing of different criteria. Therefore, concil-
iatory results have been obtained for single-purpose objec-
tives (Table 3). The result, which includes minimizing the
total fixed costs of the opening facilities, the operational
cost of the facilities, and the total cost of the transporta-
tion of the waste between the facilities, is 3,090,993 € more
than the expected optimal result for a single-purpose objec-
tive. Another result with the goal of minimizing the cost of
carbon emission released during the opening of the facili-
ties and the transportation of waste between the facilities is
14,920 € less than the optimal result of the single-purpose
objective. Lastly, there was no deviation from the optimal
result of the goal, which maximizes the number of personnel
to be employed in the facilities to be opened and the state's
earnings from the minimum tax cost.

The model output, which includes the optimum routing
from the collection facilities to the disposal of 32,146 tons
of MW generated in 39 districts of Istanbul in 2020 under
the COVID-19 pandemic conditions regardless of the cost
factor, is given in Table 4. MW of 3553 tons from three
districts, 6182 tons from nine districts, 20,001 tons from 21
districts, and 2410 tons from seven districts are transported
tojl,j2, j3, and j4 transfer stations, respectively. Depending
on the content of MW, 32.1 tons and 32,113 tons from all
transfer stations are transferred to k1 and &1, respectively,
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and then, the ashes (24.1 tons) and the treated waste (32,112
tons) are sent to m1. According to the model output, Istanbul
has sufficient facilities for all processes ranging from the
collection to the disposal of the MW generated in 2020, and
the capacity of the existing facilities meets the need for the
disposal of MW.

4.2 Sensitivity analyses

Sensitivity analysis, a measurement of the sensitivity of
models, indicates the effects of variables on the model.
It could give decision-makers insight into trade-offs. To
observe the possible changes in the values of objective func-
tions, sensitivity analyses were performed on some of the
decision factors and the critical parameters of the model that
may impact the decision-makers. The different analyses and
their effects on the objective function value are presented
below.

4.2.1 Sensitivity analysis on the weight given to objective
functions

A sensitivity analysis was carried out to provide a basis to
decision-makers by considering various parameters (amount
of MW, cost of the carbon emission, and tax rate paid to
SSI for working personnel), and to examine the behavior of
the model. Three objectives of this study (minimizing the
total cost, cost of minimizing CO, emission, and maximizing
the number of employees) are equally important within the
framework of sustainability goals. The goal weight of the
first, second, and third objectives was assumed to be 0.334,
0.333, and 0.333, respectively. In addition to our scenario,
14 other scenarios were considered with different combina-
tions to observe the effects of these changes on the objec-
tive function value. Table SM-8 illustrates the scenarios and
objective function values. Final computations present a sche-
matic diagram of the Pareto frontier and the non-dominated
solutions (Fig. SM-2). When a small change was made in
the weights given to the objective functions, generally, the
objective function values did not significantly change. The
results indicated that the solution approach of the proposed
model is correct and its behavior is reasonable (Table SM-8).
The Pareto frontier, which offers optimal decisions accord-
ing to the requirements of the real world, also pointed out the
same results. Decision-makers can choose the best solution
concerning their objectives using the given Pareto frontier.

4.2.2 Sensitivity analysis on the generated waste amount
It is found that the rate of MW increases by approximately
5.5% every year, depending on the population in Istan-

bul. However, this rate has reached 10.6% in 2020 due to
the COVID-19 pandemic. Therefore, the analyses were
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Table 5 Sensitivity analysis of MW amount (2030) on the objective
function value

Rate (%) Incineration  Sterilization — Objective function value
facility facility

5 k1 hl, h3 65,135,696

10 k1 hl, h3 67,758,610

15 k1l hl, h3 70,069,272

Table 6 Sensitivity analysis of the carbon emission cost (2030) on
the objective function value

Rate (%) Incineration Sterilization Objective
facility facility function
value
5 k1l hl, h3 62,450,332
10 k1l hl, h3 62,450,332
15 k1l hl, h3 62,450,332

deliberately conducted with variations of 5%, 10%, and 15%
for each of the critical parameters in case of an extraordinary
situation. The effects of these changes on incineration and
sterilization facilities’ capacity and total cost were inves-
tigated. With 5%, 10%, and 15% increase rates in the esti-
mated amount of MW for the year 2030, an increase in the
optimum value of the objective function was observed at
the rates of 4.3%, 8.5%, and 12.2%, respectively (Table 5).
Furthermore, these changes in rates on MW did not affect
the original number of needed incineration and sterilization
facilities stated in the optimum solution (in 2030). Mant-
zaras and Voudrias (2017) reported that a sensitivity analysis
with a 25% increase in the amount of IMW and 15% in the
fuel cost resulted in a 5.61% and 0.98% increase in the total
management cost, respectively, and no need for extra facili-
ties to be opened. Kargar et al. (2020a) conducted a sensitiv-
ity analysis to evaluate the impact of a 5% and 10% increase
in the amount of MW produced per capita on the total cost.
Increasing the amount of MW per capita by 5% and 10%
resulted in an increase of 28.5% and 31.6%, respectively, in
the total cost. As a result, any increase in the quantity of MW
significantly affects the total cost.

4.2.3 Sensitivity analysis on the cost of carbon emission

In the model, CO, emissions that occur during the opening
of a new facility or the transportation of the MW from the
MW producers to the landfills were specified as the source
of the emission cost. This is because the carbon emission
is reflected as a cost in the model and it is related to the
amount of MW generated. Therefore, an increase in the
amount of MW will increase carbon emissions. Assuming
that the existing facilities are operated and the proposed ones
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Table 7 Sensitivity analysis of the tax rate value (2030) of the per-
sonnel working with the minimum wage on the objective function
value

Rate (%) Incineration Sterilization Objective
Facility facility function
value
5 kl hl, h3 62,450,332
10 k1 hl, h3 62,450,332
15 k1 hl, h3 62,450,332

are opened in the year 2030, increasing the cost of carbon
emission per ton by 5%, 10%, and 15% are seen not to have
affected the optimum value (Table 6).

4.2.4 Sensitivity analysis on the tax rate of the personnel
to be employed

Finally, when it is assumed that the needed sterilization and
incineration facilities are operated for the next 10 years,
there has been no change in the optimum value of the objec-
tive function, in case of a 5%, 10%, and 15% increase in
the tax rate of the personnel working with minimum wage
(Table 7). This is because the estimated number of personnel
to be employed at the facilities for the next decade is certain.
However, this number can vary depending on the increase
in the amount of MW and the number of facilities to be
opened. Therefore, simply increasing the tax rate does not
have a noticeable effect on the model. Eventually, it can be
concluded that a rise in the amount of MW affects the model
results more than the other key parameters.

5 Conclusion

A mixed-integer linear programming (MILP) model is used
to determine the adequacy of existing facilities and mini-
mize the total cost and CO, emissions while maximizing
state earnings. The model offers a different solution for each
purpose, operating the reverse logistics network with GAMS
23.5.1 solver. The model's result indicates that the existing
facilities' number and capacity are sufficient in the treatment
of MW even under current COVID-19 pandemic conditions.
Furthermore, the model has demonstrated that the capac-
ity of the sterilization facility will be insufficient in 2030,
and it has suggested opening a new sterilization facility at a
location close to the sanitary landfill in Komurcuoda, Sile
which could be a potential area. It is found that z1 accounts
for the most significant portion of the total cost. The single-
purpose model resulted in a total cost of 62,408,375 €, which
is less than that of the multi-purpose model (62,450,332
€). A slightly higher value has been obtained in the multi-
objective model. The multi-objective model has a higher

number of limitations; therefore, it shows trade-offs among
objectives and gives a better idea to decision-makers. The
model provides several implications for megacities with
similar scenarios and can be used for an integrated medi-
cal waste management (MWM) evaluation framework
developed with minor adjustments by the municipalities.
The primary goal of this study is to create a management
plan within the framework of sustainability goals for the
present and the future, thus every goal was equally impor-
tant. That is, the limitation of this method is that the alloca-
tion of weights to each criterion is subjective; therefore, it
is thought that reaching a consensus among stakeholders
depends on the prioritization of attributes. However, this
research could be a basis to determine which objective could
be an optimum solution using sensitivity analyses. At the
same time, government authorities responsible for economic
and environmental issues can also use sensitivity analyses to
objectively introduce appropriate and robust legislation on
waste management, while dealing with the costs and flows
of reverse logistics activities. The sensitivity analyses on key
parameters of the model have revealed that the capacity of
existing facilities and the new sterilization facility proposed
to be opened in 2030 will be sufficient to meet the treatment
needs, even if the amount of MW increases by 15% more
than the predicted amount in the next 10 years. For future
planning, the management of MW could be organized using
this simple network to determine specific locations of pre-
sent or newly opened processing facilities and the flow rates
between facilities. Therefore, the model could give managers
insight into waste management systems.

Further studies can develop a multi-purpose and multi-
product mixed-integer linear model with limited capac-
ity by considering the risks as well as the costs due to the
increasing amount of waste generated or to be generated by
health institutions. In addition, the entire model has been
developed in a deterministic way which cannot detect the
uncertainties at some points of waste management. Future
research may focus on advanced methods (Stochastic pro-
gramming and Robust modeling) by defining and controlling
the uncertainty of some parameters to make robust decisions
on reverse logistic network design for MWM.
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