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Abstract: The hospital location selection problem is one of the most important decisions in the
healthcare sector in big cities due to population growth and the possibility of a high number of daily
referred patients. A poor location selection process can lead to many issues for the health workforce
and patients, and it can result in many unnecessary costs for the healthcare systems. The COVID-19
outbreak had a noticeable effect on people’s lives and the service quality of hospitals during recent
months. The hospital location selection problem for infected patients with COVID-19 turned out to be
one of the most significant and complicated decisions with many uncertain involved parameters for
healthcare sectors in countries with high cases. In this study, a gray-based decision support framework
using criteria importance through inter-criteria correlation (CRITIC) and combined compromise
solution (CoCoSo) methods is proposed for location selection of a temporary hospital for COVID-19
patients. A case study is performed for Istanbul using the proposed decision-making framework.

Keywords: COVID-19; criteria importance through inter-criteria correlation (CRITIC); combined
compromise solution (CoCoSo); gray values; temporary hospital; location selection

1. Introduction

Human beings have always been faced with a diversity of disasters for thousands of years.
Some examples of natural disasters include earthquakes, floods, volcanic eruptions, tornados,
and the outbreak of diseases [1]. There are different definitions of outbreak disease, and the highest
level is a pandemic which involves the worldwide spread of a new disease. Recently, the world faced
a big threat highlighting a direct relationship with the mortality rate of human beings. The coronavirus
disease (COVID-19) is caused by the SARS-CoV-2 virus [2]. Throughout history, humans experienced
different pandemics such as Spanish flu, HIV, SARS, and now COVID-19. With the growth of medical
science, technology, and science, the number of deaths was decreased considerably in comparison with
the Spanish flu disaster. This could be a consequence of proper decision-making and rapid reaction.
The coronavirus originated from Wuhan, Hubei province, China [3] and was reported to the World
Health Organization at the last day of 2019 [4]. The spread of COVID-19 was incredibly fast, such that
the outbreak was declared a pandemic late January 2020. Almost all countries are affected by the virus
with effects on every aspect of people’s lifestyle, in terms of social, economic, and other factors.

Due to fast spread of COVID-19, countries faced many limitations in their resources and capacities
in order to treat the infected patients. Hospitals became one of the most dangerous locations for
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patients that are diagnosed with other diseases, since infected patients with COVID-19 increase the
risk of virus outbreak even inside the hospitals. The information on high-ranked countries in terms
of dead bodies shows that healthcare facilities play the most important role in saving peoples’ life.
For example, Germany managed the circumstance better than other countries with almost the same
number of infected people with the help of a high number of hospitals and hospitality facilities in
comparison with Spain or Italy. With a high level of quantitative human resources and facilities, taking
care of the patient’s situation will be better and it will increase the probability of saving patients.
Therefore, healthcare policy-makers are proposing some recommendations toward building new
temporary hospitals for COVID-19-infected patients. The establishment of hospitals includes many
costs for governments and other stakeholders; thus, important decisions should be taken before each
step. Although COVID-19 is a very dangerous and fast-spreading virus, decision-makers cannot
only focus on medical capacities when they are planning to establish an exclusive hospital. Ignoring
other involved factors may lead to other costs that may have an effect on patients and their process
of getting cured. Therefore, location selection for a new a hospital is not only affected by only one
factor or only medical-related factors. In other words, multiple location factors are also involved
in the process of selecting a suitable location for hospitals. These factors integrate most technical,
economic, environmental, and social aspects into the decision-making process in order to select the most
appropriate location. COVID-19 increased the importance of the social, economic, and environmental
aspects of the location selection process for a hospital during the current critical time. Therefore,
decision-makers require reliable and robust decision-making tools which enable them to make decisions
during the uncertain period that we are all in.

Multi-criteria decision-making (MCDM) methods are some of the frequently utilized
decision-making tools that are well designed for complicated problems that involve multiple criteria
with a need to prioritize the alternatives. MCDM methods enable decision-makers to evaluate number
of alternatives with various data that are available such as crisp, fuzzy, interval, rough, etc. The criteria
importance through inter-criteria correlation (CRITIC) approach is one of the well-known MCDM
methods, which is designed to determine the importance of criteria for an MCDM problem [5].
Unlike other MCDM methods that are focused on a weight determination process, the CRITIC method
does not require separate pairwise comparisons for the criteria, since it uses the initial decision matrix
that is constructed for the comparison of the alternatives. As one of the recently introduced powerful
MCDM methods, the combined compromise solution (CoCoSo) method [6] is an MCDM method that
enables decision-makers to prioritize the alternatives under multiple criteria. In this paper, we present
a decision support framework to address the temporary hospital location selection problem under
a gray uncertainty environment. A case study is performed for Istanbul which is one of the top cities
in terms of the number of infected COVID-19 cases.

The remainder of the paper is organized as follows: in Section 2, a literature review of the
applications of MCDM methods for the location selection problem is presented. In Section 3, the steps
of the integrated decision-making framework are given. In Section 4, we perform a real-life case study
in order to show the feasibility and applicability of the proposed methodology for the temporary
hospital location selection problem in Istanbul, Turkey. Finally, we present conclusions in Section 5.

2. Literature Review

Location selection is always an important issue in decision-making science. Business owners,
managers, and decision-makers are always faced with this issue in different circumstances, with an effect
on tangible profits or losses. As choosing an appropriate location is a part of decision-making science,
multi-criteria decision-making (MCDM) was discussed in many previous studies. These studies can be
classified using different themes as follows: construction, energy, and production, with some subsets.
As there are many articles which discussed site selection with MCDM methodologies, this study
presents the most significant studies in each theme.
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Firstly, we present the prior studies that used MCDM techniques in order to select the best
choice in a construction theme. Hashemkhani Zolfani et al. [7] implemented a hybrid multi-attribute
decision-making (MADM) methodology called SWARA–WASPAS, in order to find a suitable location
for a shopping mall with foresight perspective. This hybrid model was presented for the first time
in this article. The SWARA technique was used to prioritize criteria and the weighted aggregated
sum product assessment (WASPAS) method was applied to assess the alternatives. Moreover, Ijadi
Maghsoodi et al. [8] propounded BWM–CODAS for site selection in terms of a mega-structure project
involving a shopping mall in Iran.

Finding the best place for constructing a forest road was considered in [9]. The article presented
the site selection of a forest road among three places in an expanded forested region in Iran.
AHP was implemented to calculate the importance of criteria; then, COPRAS-G methodology
was applied to evaluate places in order to find the best location. Rezaeiniya et al. and Haghnazar
Kouchaksaraei et al. [10,11] presented hybrid models to find the best location for a greenhouse.
Rezaeiniya et al. [10] studied the importance of finding an appropriate site for a greenhouse by
using the ANP method to weight the criteria and applying COPRAS-G to rate the selected places.
In addition, presented the SWARA–COPRAS hybrid model to find a suitable location for a glasshouse.
With this description, choosing an optimum place for a glasshouse is a significant decision because
it needs an incredibly large area and must have financial feasibility. SWARA was applied to weight
and COPRAS was applied to rate the important places. Two new methodologies were applied to
find a proper location for waste disposal systems in previous studies [12,13]. Kahraman et al. [12]
proposed an intuitionistic fuzzy EDAS method to evaluate solid waste disposal site alternatives.
Moreover, Krylovas et al. [13] applied the KEMIRA-M method find the best place for constructing
a non-hazardous waste incineration plant in Lithuania. The KEMIRA-M methodology is based on
searching solutions of an optimization problem.

The site selection of professional workplaces was also discussed in prior studies [14,15].
While considering environmental risk, Suder & Kahraman [15] proposed the fuzzy TOPSIS method to
find the most suitable location for a faculty university in Turkey. Rock or soil structure, remoteness to
health facilities, transportation availability, and transportation costs were prioritized as having high
to low importance, respectively. Computer workstation selection was achieved with hesitant fuzzy
linguistic term sets (HFLTS) by using AHP and TOPSIS in [14], where a new fuzzy quality function
was deployed in order to solve a real industrial application.

This study focuses on Istanbul in Turkey as a case study in order to determine the optimum
location for a temporary hospital for infected people. Some previous studies discussed the same topic
such as [16], who proposed a mixed integer linear programming method to select the location of
temporary shelter sites in terms of unpredictable earthquakes in Istanbul, Turkey. A cause-and-effect
model for the location of temporary shelters in disaster operations management was proposed by [17].
Furthermore, an MCDM method called DEMATEL was presented in a fuzzy environment with 14
different criteria. Iqbal et al. [18] studied the effectiveness of natural disaster management using
stochastic model and Mont Carlo simulation. Then, in order to check the sampled numbers from
a random space, they proposed a statistical model to check for relief supply location and distribution
related to the healthcare system in natural disaster management.

Another subject that was discussed in the MCDM framework was finding the best residential
place, which was proposed [19,20]. Neighborhood selection was presented for a newcomer in Chile by
(Hashemkhani Zolfani et al. 2020). BWM and revised MAIRCA were applied to investigate which
neighborhoods were appropriate, and the approach was compared with three other MADM methods:
MABAC, VIKOR, and CODAS. Karasan et al. [20] proposed the hesitant fuzzy CODAS method to find
the optimum location for a construction site and implemented a sensitivity analysis to stabilize the
ranking result. Hotel site selection was proposed by [21], where BWM–WASPAS methodologies were
presented with a sustainable perspective.
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The last part of the construction theme is related to healthcare system site selection. Lin & Tsai [22]
developed an integrated model consisting of ANP and TOPSIS to determine the best ranking for hospital
selection. A case study was performed in China for foreign investment. Furthermore, Senvar et al. [23]
considered hesitant fuzzy sets and TOPSIS to locate the best site for constructing a hospital in Istanbul.
Establishing a well-organized and distributed network of a hospital in order to deliver healthcare
services to patients was considered and discussed in the study. In addition, Kutlu Gündoǧdu et al. [24]
presented a new hesitant fuzzy EDAS with TOPSIS method to find the best place for an organ
transplantation hospital. This novel model is an extension of classical EDAS which considers the
hesitancies of decision-makers. The last study in the construction theme and healthcare subset applied
the flexible and interactive tradeoff (FITradeoff) method in order to evaluate healthcare facility
stakeholders in order to select an optimum site for a hospital in Milan, Italy.

Secondly, we introduce publications which discussed site selection using MCDM methodologies
in the energy theme. Currently, renewable energies have a high priority in the energy industry;
thus, site selection of new energy resources were investigated by different researchers from different
countries all around the world. The number of energy site selection publications is too extensive to
cover in this literature review; thus, we refer only to some of them. Vafaeipour et al. [25] prioritized
regions for solar power plants in Iran by applying a hybrid model SWARA–WASPAS. Many criteria
such as environmental, economic, technical, social, and risk factors were considered in 25 cities by
using a GIS map of the country. Moreover, Marques-Perez et al. [26] studied photovoltaic power
plant site selection by applying PROMETHEE and AHP methods with a GIS-based approach in Spain.
Furthermore, Ekmekçioglu et al. [27] proposed a SWOT analysis model and then developed this model
by applying fuzzy TOPSIS and fuzzy AHP methods to find an optimum location for nuclear power
plants in Istanbul. Another renewable energy which is a hot issue in energy science is wind energy.
Moradi et al. [28] implemented the AHP methodology to determine an appropriate location for a wind
farm. Structural, topological, and ecological criteria were discussed based upon an ArcGIS map.

Finally, the last theme in our classification, i.e., production, introduces previous studies
that discussed site selection by applying MCDM methods in the manufacturing industry.
Athawale et al. [29] proposed the PROMETHEE II method to achieve facility location selection in the
manufacturing industry. This application is faced with complex problems, and the best decision
can result in better economic benefits by increasing productivity and qualified network distribution.
Logistic center site selection was brought up as a complex decision problem in [30], which was
solved with a multi hybrid model. As a first step, communities were compared using DEA to find
beneficial alternatives. In the next step, a model was constructed to assess the performance of efficient
communities with the R-FUCOM method and they were prioritized with R-COCOSO. The discussed
literature is presented in Table 1, containing study subjects and methodologies.

Table 1. Application of multi-criteria decision-making (MCDM) in location selection.

Study Subject Methodologies References
Hospital site selection ANP, TOPSIS [22]
Forest road location AHP, COPRAS-G [9]

Nuclear power plant selection Fuzzy AHP, Fuzzy TOPSIS [27]
Greenhouse location ANP, COPRAS-G [10]

Shopping mall location SWARA, WASPAS [7]
Assessment of region priority for implementation of solar projects in Iran SWARA, WASPAS [25]

Glasshouse location SWARA, COPRAS [11]
Computer workstation selection Hesitant fuzzy sets, TOPSIS, AHP [14]

Hospital site selection Hesitant fuzzy TOPSIS [23]
Solid waste disposal site selection Fuzzy EDAS [12]

Hospital selection in terms of organ transplantation Fuzzy EDAS, Hesitant fuzzy
TOPSIS [24]

Hotel location BWM, WASPAS [21]
Residential construction site selection Hesitant fuzzy CODAS [20]

Waste disposal location selection VIKOR, ELECTREE III [31]
Offshore wind–PV–seawater pumped storage power plant Fuzzy TODIM [32]

Neighborhood selection BWM, Revised-MAIRCA [19]
Location selection of logistic centers DEA, R-FUCOM, R-CoCoSo [30]

Wind farm site selection AHP [28]
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After reviewing different studies on site selection with MCDM techniques, it was concluded that
the MCDM framework can enable better decision-making, especially in disaster situations. However,
there were not many studies which worked on hospital locations in a pandemic or disaster circumstance
with multi-criteria decision-making. This issue motivated us to implement hybrid MADAM techniques
to find an optimum location in Turkey during the coronavirus pandemic in 2020. This fact shows the
novelty of this study which can be used as a guide for future studies.

3. Methodology

The procedure of the proposed integrated decision support framework is presented in this section.
Gray-based CRITIC and CoCoSo methods are applied to determine the importance of criteria and to
prioritize the location alternatives, respectively.

3.1. Criteria Importance through Inter-Criteria Correlation (CRITIC)

In MCDM problems, the identification of criteria and the determination of their weights are
very important processes, since weights of criteria can significantly affect the final output of the
decision-making framework. The CRITIC method [5] is one of the frequently used MCDM methods to
obtain the importance of criteria. In this method, the objective importance of the criteria is obtained by
applying the contrast intensity of each criterion, which is considered as the standard deviation, while
conflicts between criteria are considered as the correlation coefficient between criteria. Steps of the
CRITIC method for an MCDM problem with m alternatives and n criteria are presented below.

Step 1. The decision-maker constructs the initial decision matrix.

xi j =


x11 · · · x1n

...
. . .

...
xm1 · · · xmn

 (i = 1, 2 . . . , m and j = 1, 2, . . . , n). (1)

The elements (xi j) of the decision matrix (X) represent the performance value of the i-th alternative
on the j-th criterion.

Step 2. Equations (2) and (3) normalize the initial decision matrix considering the benefit and
cost criteria.

ri j =
xi j −min

i
xi j

max
i

xi j −min
i

xi j
for benefit criterion. (2)

ri j =
max

i
xi j − xi j

max
i

xi j −min
i

xi j
for cost criterion. (3)

Step 3. A symmetric linear correlation matrix (mij) is calculated by the decision-maker.
Step 4. In order to obtain the objective importance of a criterion, the standard deviation and the

correlation of each criterion with other criteria are calculated. With this information, the importance of
each criterion can be determined via Equation (4).

W j =
C j∑n

j=1 C j
, (4)

where Cj is the amount of information contained in the criterion j and is calculated using Equation (5).

C j = σ
n∑

j=1

1−mi j. (5)
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In Equation (5), σ is the standard deviation of the j-th criterion. In fact, the CRITIC method
assigns higher weights to criteria with higher values of σ and lower correlation with the other criteria.
A higher value of Cj denotes a higher amount of information included in a specific criterion; therefore,
it is assigned a higher weight value.

3.2. Gray Numbers

In this section, we provide the fundamental principles and functions of gray numbers and their
integration with the recently developed CoCoSo method [6].

The exact value of a gray number is uncertain; however, we know that it is within a range
or a closed interval. Gray numbers can be continuous gray numbers within an interval. On the
other hand, values from a finite number or a set of numbers are labeled as discrete gray numbers.
A combined approach for both continuous and discrete gray numbers provided a new definition for
gray numbers [33,34].

Definition 1. Suppose that S is a gray value. If ∀̃s ∈ S and s̃ = [a, b], then s̃ is known as an interval gray
number, where a and b are the upper and lower bounds of s̃ and a, b ∈ R.

Definition 2. Assume that s̃1 = [a, b] and s̃2 = [c, d] are two interval gray numbers, and λ > 0, λ ∈ R.
The arithmetic operations are defined as follows [34,35]:

1.̃s1 + s̃2 = [a + c, b + d]; (6)

2.− s1 = [−b,−a]; (7)

3. s̃1 − s̃2 = [a− d, b− c]; (8)

4. λ̃s1 = [λa,λb]. (9)

Definition 3. For a gray number S, if S =
n⋃

i=1
[ai, bi], then S is called an extended gray number (EGN).

We consider S as a union of a set of closed or open intervals, while n is an integer and 0 < n < ∞, ai, bi ∈ R,
and bi−1 < ai ≤ bi < ai+1 [33].

Theorem 1. If S is an EGN, then the following properties hold:

(1) S = [a1, bn] iss a continues EGN if and only if ai ≤ bi−1 (∀i > 1) or n = 1.
(2) S = {a1, a2, . . . , an} is a discrete EGN if and only if ai = bi.
(3) S is a mixed EGN if only some of its intervals integrate to crisp numbers and the others remain intervals.

Definition 4. For two EGNs S 1 =
n⋃

i=1
[ai, bi] and S2 =

m⋃
j=1

[
c j, d j

]
, let ai ≤ bi(i = 1, 2, . . . , n),

ci ≤ di( j = 1, 2, . . . , m), λ ≥ 0, and λ ∈ R. Then, the arithmetic operations can be defined as follows [34]:

1.S1 + S2 =
n⋃

i=1

m⋃
j=1

[
ai + c j, bi + d j

]
, (10)

2.− S =
n⋃

i=1

[−bi,−ai,], (11)

3.S1 − S2 =
n⋃

i=1

m⋃
j=1

[
ai − d j, bi − c j

]
, (12)
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4.
S1

S1
=

n⋃
i=1

m⋃
j=1

[min
{

ai
c j

,
ai
d j

,
bi
c j

,
bi
d j

}
, max

{
ai
c j

,
ai
d j

,
bi
c j

,
bi
d j

}
], (13)

where c j , 0, d j , 0, and (j=1,2, . . . ,m).

5.S1 ∗ S2 =
n⋃

i=1

m⋃
j=1

[
min

{
aic j, aid j, bic j, bid j

}
, max

{
aic j, aid j, bic j, bid j

}]
, (14)

6.λS1 =
n⋃

i=1

[λai,λbi], (15)

7.S1
λ =

n⋃
i=1

[
min (ai

λ, bi
λ
)
, max (ai

λ, bi
λ)]. (16)

Definition 5. The length of a gray value S = [a, b] is measured as

L(S) = [b− a]/b. (17)

3.3. Gray-Based Combined Compromise Solution (CoCoSo)

For the first time in the literature related to MCDM methods, [6] proposed the CoCoSo method as
an alternative ranking tool for multi-criteria problems. Since its introduction, the CoCoSo method
was used for multiple problems in its initial form or in an extended form. In this paper, we use the
gray-based CoCoSo method. The steps of the gray-based CoCoSo are described below.

Step 1. The decision-maker identifies decision factors and alternatives.
Step 2. In this step, the decision-maker constructs the initial gray-based decision matrix.

X =


⋃

[a11, b11]
⋃

[a12, b12] · · ·
⋃

[a1m, b1m]⋃
[a21, b21]

⋃
[a22, b22] · · ·

⋃
[a2m, b2m]

...
... · · ·

...⋃
[an1, bn1]

⋃
[an2, bn2] · · ·

⋃
[anm, bnm]

, (18)

where ai j represents the lower bound, while bi j represents the upper bound, for i = 1, 2, . . . , m,
j = 1, 2, . . . , n.

Step 3. The constructed initial decision matrix is normalized using Equations (18) and (19)
considering benefit and cost criteria.

r =
⋃[

ci j, di j
]
=

⋃ [
ai j, bi j

]
−min

i

⋃ [
ai j, bi j

]
max

i

⋃ [
ai j, bi j

]
−min

i

⋃ [
ai j, bi j

] ; for the benefit criterion. (19)

r =
⋃[

ci j, di j
]
=

max
i

⋃ [
ai j, bi j

]
−

⋃ [
ai j, bi j

]
max

i

⋃ [
ai j, bi j

]
−min

i

⋃ [
ai j, bi j

] ; for the cost criterion. (20)

Step 4. The weighted normalized matrix and the sum of power weights of comparability sequences
for each alternative are calculated using Equations (20) and (21).

Si =
n∑

j=1

(w j

⋃[
ci j, di j

]
). (21)
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Pi =
n∑

j=1

(
⋃[

ci j, di j
]w j

). (22)

Step 5. The relative weights of alternatives using three aggregation strategies are calculated in
various ways. We use three appraisal score strategies to calculate the relative weights of other options
using Equations (22)–(24).

Hia =
[
h1i j, h2i j

]
=

Pi + Si∑m
i=1(Pi + Si)

. (23)

Lia =
[
l1i j, l2i j

]
=

Si
min

i
Si

+
Pi

min
i

Pi
. (24)

Mia =
[
m1i j, m2i j

]
=

λSi + (1− λ)(Pi)

λmax
i

Si + (1− λ)
(
max

i
Pi

) , for 0 ≤ λ ≤ 1. (25)

The final preference order of the alternatives according to the CoCoSo-G method is calculated
using Equation (25).

Ki = (Hia ∗ Lia ∗Mia)
1
3 +

1
3
(Hia + Lia + Mia), (26)

whereλ (normallyλ = 0.5) is chosen by the decision-makers. Different values ofλ can have a significant
effect on the flexibility and stability of the proposed CoCoSo.

Step 6. To rank the alternatives, we obtain the length of the gray values shown by the above
equation (based on Definition 5).

4. Case Study

In big cities with high population, healthcare centers are very important facilities which are
designed to deal with health issues. Location selection for healthcare centers, specifically hospitals,
is a very important and very complicated decision for authorities and decision-makers, since multiple
decision factors are involved in the decision-making process for this problem. The significance of
location selection process for a hospital is implied by many direct or indirect relationships with
economic, environmental, and social factors. Moreover, the location selection problem for a hospital
is more important in critical time periods such as a disease outbreak. Starting in December 2019,
COVID-19 became one of the biggest disease outbreaks of the last century. Soon after its emergence
in China, COVID-19 became the most important issue to deal with for most countries in the world.
In most countries, daily reports showed a sharp increasing trend in the number of infected patients.
The high number of infected patients brought forward many problems in terms of the capacity
of hospitals, such as hardware resources or specialized human resources to treat these patients.
On the other hand, the presence of COVID-19-infected patients in hospitals increases the risk of
its outbreak inside those hospitals, which would have a great effect on patients in other wards.
In this matter, governments decided to construct well-resourced temporary hospitals to exclusively treat
COVID-19-infected patients. As the first country affected, China constructed a hospital, with 100 beds,
for patients that were suspected to be infected by COVID-19. After construction of this special hospital
by China, the necessity of constructing such hospitals was understood by other governments.

Istanbul is an international city with a population of more than 15 million people living on
both Asian and European sides of the city. Istanbul is one of the biggest transportation and business
hubs in the world, where more than hundreds of flights move people worldwide through Istanbul
each day. The medical system in Turkey is divided into public and private sectors. Due to the
population increase in Istanbul, many public and private hospitals were constructed in recent decades.
Turkey remained one of the safest countries during the first days of the COVID-19 outbreak. However,
a few months later, the COVID-19 outbreak happened very quickly with an increasing trend in most
cities in Turkey, especially Istanbul, which has the highest number of infected patients. Istanbul can
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play a key role in treating and preventing infections in a pandemic circumstance. The first case in
Turkey was officially confirmed on 11 March 2020, and, as of 29 April, based upon a Johns Hopkins
university report [36], 4,673,809 people were infected and 312,646 people died due to this disease
around the world. Furthermore, according to the health ministry of Turkey [37], the total number of
tests administered was 991,613, of which 117,589 returned positive, with 3081 passing away, whereas
the total number of intensive care patients is 1574 and 44,040 patients are recovered. In order to treat
COVID-19-infected patients, as well as prevent its outbreak in other hospitals, there is a necessity to
construct a temporary hospital which serves only clients that are suspected to be infected by COVID-19.
With respect to the geographical features of Istanbul, selecting a suitable location for the establishment
of a new hospital is a very complicated process.

To show the feasibility and applicability of the proposed decision-making framework, we applied
the decision support framework to Istanbul in order to select a suitable location for a temporary hospital
for COVID-19 patients. Istanbul is a very big city which is divided into Asian and European sides,
where the population ratio is not the same on both sides. There are 25 districts on the European side
and 14 districts on the Asian side, giving a total of 39 districts. The population of the European side is
almost two times that of the Asian side, which is approximately 5.5 million. With this information in
mind, five districts were selected as potential location alternatives for the hospital location selection
problem. Due to the spread of the population and geographical features in Istanbul, three of these
districts were located on the European side and the two other districts were located on the Asian side.
As shown in Figure 1, the five districts of Beykoz (A1), Bakırköy (A2), Büyükçekmece (A3), Eyüp (A4),
and Pendik (A5) were selected as potential locations for this case study.
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Based on the characteristics of stakeholders, several criteria were identified and defined using the
location selection studies in the literature. The identified criteria were categorized into three main
groups of technological, economic, and social criteria. Firstly, we defined the technological criteria
involved in the decision-making process. Traffic congestion (C1) was defined as a qualitative criterion
to measure the level of traffic congestion in each district. Ease of transportation is very important
when promptly delivering patients to a hospital. Accessibility via roads (C2) denotes how many
different roadways are available in the district in order to deliver patients. Accessibility via airports
(C3) measures the distance of the hospital to its closest international or local airport, which can be
used to deliver patients in a critical situation. Health centers in the district (C4) measure how many
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hospitals are in the district that the hospital would be built in. The distance from populated residential
areas (C5) measures how far the hospital is from areas with a high population density. Land price,
transportation cost, and future expansion potential are considered as economic criteria. Land price
(C6) measures the range of land cost for an infrastructure like a hospital. Transportation cost (C7)
measures transportation cost in terms of transportation means available to deliver patients in different
districts. Future expansion potential (8) denotes the possibility of expanding the temporary hospital
to a permanent one with respect to financial indexes. We considered two criteria for environmental
and social aspects. The distance from industrial areas (C9) measures how far the hospital is from
industrial areas with respect to the fact that the emissions of factories in an industrial area can have
a negative effect on the air quality level. Local regulation (10) represents a series of official and unofficial
regulations related to each district with respect to its demography characteristics.

Table 2 shows a comparison among alternatives with respect to the defined criteria for Istanbul.
In the first step, an initial decision matrix was constructed using gray values (Table 3). For each criterion,
a gray value was indicated for each alternative with respect to expert experience, knowledge, etc.
In Table 4, the initial decision matrix values were normalized using Equations (2) and (3) based on the
benefit and cost criteria in step 2 of the CRITIC method. In the next step, the matrix of correlation
was generated, as presented in Table 5, where the correlations of each pair of criteria are shown.
Finally, we calculated the weights of criteria using Equations (4) and (5), as shown in the last row of
Table 6. The distance from industrial areas (C9), future expansion potential (8), and land price (C6)
were determined as the most important criteria.

After determining the weights of the criteria, we normalized the initial gray-based decision matrix
using Equations (18) and (19), as presented in Table 7. In the next step of the gray-based CoCoSo
method, we constructed the weighted decision matrix by multiplying the normalized decision matrix
and weight vector using Equation (20), as presented in Table 7. Gray Si values were calculated for each
alternative in Table 8. In Table 9, we calculated the power-weighted normalized decision matrix using
Equation (21). Gray Pi values were calculated for each alternative in Table 9. In order to prioritize the
alternatives, three appraisal score strategies were used with respect to Equations (22)–(24). As shown
in Table 10, we calculated the gray-based relative weights of alternatives, and the results were finally
combined using Equation (25) as Ki values. Using Ki values, the ranking of alternatives was determined
using gray lengths. As represented in Table 10, the Beykoz (A1) and Bakırköy (A2) districts were
ranked as the first and second priorities to build a temporary hospital. Pendik (A5) and Eyüp (A4)
were ranked as the third and fourth preferred locations. Büyükçekmece (A3) was the least preferred
location to build a temporary hospital.

Table 2. Profile of experts.

# of Expert Gender Degree Field
1 Male PhD Business Management
2 Male PhD Industrial Engineering
3 Male PhD Civil Engineering
4 Male PhD Construction Technology and Management
5 Male PhD Transport Engineering
6 Female MD Medical doctor
7 Male M.Sc. Urban Planning
8 Male M.Sc. Industrial Engineering
9 Male M.Sc. Data Science

10 Female M.Sc. Architecture
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Table 3. Performance value matrix.

Alternatives C1 C2 C3 C4 C5 C6 C7 C8 C9 C10
A1 20.0 30.0 5.0 10.0 30.0 37.0 5.0 15.0 50.0 65.0 45.0 70.0 65.0 70.0 15.0 30.0 5.0 15.0 10.0 20.0
A2 80.0 90.0 90.0 100.0 5.0 40.0 50.0 70.0 40.0 55.0 85.0 90.0 10.0 25.0 70.0 85.0 5.0 15.0 65.0 75.0
A3 70.0 80.0 20.0 30.0 30.0 45.0 25.0 40.0 65.0 70.0 50.0 70.0 60.0 65.0 60.0 70.0 5.0 15.0 25.0 45.0
A4 45.0 60.0 15.0 25.0 15.0 20.0 75.0 90.0 70.0 80.0 50.0 75.0 70.0 75.0 10.0 20.0 5.0 15.0 20.0 35.0
A5 40.0 55.0 35.0 55.0 5.0 10.0 65.0 80.0 65.0 70.0 45.0 70.0 60.0 65.0 55.0 70.0 5.0 15.0 45.0 50.0

Table 4. Transformations of performance values.

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10
0.00 0.14 1.00 0.95 0.63 0.80 1.00 0.88 0.75 0.38 0.00 0.56 0.85 0.92 0.93 0.73 0.00 1.00 1.00 0.85
0.86 1.00 0.11 0.00 0.00 0.88 0.47 0.24 1.00 0.63 0.89 1.00 0.00 0.23 0.20 0.00 0.00 1.00 0.15 0.00
0.71 0.86 0.84 0.74 0.63 1.00 0.76 0.59 0.38 0.25 0.11 0.56 0.77 0.85 0.33 0.20 0.00 1.00 0.77 0.46
0.36 0.57 0.89 0.79 0.25 0.38 0.18 0.00 0.25 0.00 0.11 0.67 0.92 1.00 1.00 0.87 0.00 1.00 0.85 0.62
0.29 0.50 0.68 0.47 0.00 0.13 0.29 0.12 0.38 0.25 0.00 0.56 0.77 0.85 0.40 0.20 0.00 1.00 0.46 0.38

Table 5. Correlation coefficient.

1 −0.732 0.171 −0.363 0.107 0.681 −0.611 −0.757 0.272 −0.782
−0.732 1 0.172 0.414 −0.488 −0.755 0.88 0.771 −0.176 0.955
0.171 0.172 1 0.477 −0.097 0.176 0.15 −0.081 0.48 0.136
−0.363 0.414 0.477 1 0.436 −0.328 0.048 0.143 −0.27 0.502
0.107 −0.488 −0.097 0.436 1 0.189 −0.799 −0.284 −0.455 −0.295
0.681 −0.755 0.176 −0.328 0.189 1 −0.591 −0.526 0.639 −0.748
−0.611 0.88 0.15 0.048 −0.799 −0.591 1 0.632 0.173 0.761
−0.757 0.771 −0.081 0.143 −0.284 −0.526 0.632 1 −0.252 0.837
0.272 −0.176 0.48 −0.27 −0.455 0.639 0.173 −0.252 1 −0.302
−0.782 0.955 0.136 0.502 −0.295 −0.748 0.761 0.837 −0.302 1

Table 6. The weights of decision-making criteria.

Sum 4.8172 4.6337 3.2765 3.0359 4.0419 5.0372 5.3323 5.2074 5.1487 4.4837
Cj 1.517 1.527 1.144 0.991 1.112 1.752 1.662 1.791 2.574 1.369
wj 0.098 0.099 0.074 0.064 0.072 0.113 0.108 0.116 0.167 0.089
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Table 7. Normalized matrix for CoCoSo-G.

1 2 3 4 5 6 7 8 9 10
1 0 0.143 0 0.053 0.63 0.800 0 0.118 0.25 0.625 0 0.556 0.85 0.923 0.07 0.267 0.0 1.000 0 0.154
2 0.86 1.000 0.89 1.000 0 0.875 0.53 0.765 0 0.375 0.89 1.000 0 0.231 0.8 1.000 0.0 1.000 0.85 1.000
3 0.71 0.857 0.16 0.263 0.63 1.000 0.24 0.412 0.63 0.750 0.11 0.556 0.77 0.846 0.67 0.800 0.0 1.000 0.23 0.538
4 0.36 0.571 0.11 0.211 0.25 0.375 0.82 1.000 0.75 1.000 0.11 0.667 0.92 1.000 0 0.133 0.0 1.000 0.15 0.385
5 0.29 0.500 0.32 0.526 0 0.125 0.71 0.882 0.63 0.750 0 0.556 0.77 0.846 0.6 0.800 0.0 1.000 0.54 0.615

Table 8. The weighted normalized matrix.

1 2 3 4 5 6 7 8 9 10 Si
1 0.000 0.014 0.000 0.005 0.046 0.059 0.000 0.008 0.018 0.045 0.000 0.063 0.091 0.099 0.008 0.031 0.000 0.167 0.000 0.014 0.163 0.505
2 0.084 0.098 0.088 0.099 0.000 0.065 0.034 0.049 0.000 0.027 0.101 0.113 0.000 0.025 0.093 0.116 0.000 0.167 0.075 0.089 0.475 0.848
3 0.070 0.084 0.016 0.026 0.046 0.074 0.015 0.026 0.045 0.054 0.013 0.063 0.083 0.091 0.077 0.093 0.000 0.167 0.020 0.048 0.385 0.726
4 0.035 0.056 0.010 0.021 0.019 0.028 0.053 0.064 0.054 0.072 0.013 0.076 0.099 0.108 0.000 0.015 0.000 0.167 0.014 0.034 0.296 0.641
5 0.028 0.049 0.031 0.052 0.000 0.009 0.045 0.057 0.045 0.054 0.000 0.063 0.083 0.091 0.070 0.093 0.000 0.167 0.048 0.055 0.350 0.689

Table 9. Power weighted normalized matrix.

1 2 3 4 5 6 7 8 9 10 Pi
1 0.000 0.826 0.000 0.747 0.966 0.984 0.000 0.872 0.905 0.967 0.000 0.935 0.982 0.991 0.730 0.858 0.000 1.000 0.000 0.847 3.58 9.03
2 0.985 1.000 0.989 1.000 0.000 0.990 0.960 0.983 0.000 0.932 0.987 1.000 0.000 0.854 0.974 1.000 0.000 1.000 0.985 1.000 5.88 9.76
3 0.967 0.985 0.833 0.876 0.966 1.000 0.911 0.945 0.967 0.980 0.779 0.935 0.972 0.982 0.954 0.974 0.000 1.000 0.878 0.947 8.23 9.62
4 0.904 0.946 0.800 0.857 0.902 0.930 0.988 1.000 0.980 1.000 0.779 0.955 0.991 1.000 0.000 0.792 0.000 1.000 0.847 0.919 7.19 9.40
5 0.884 0.934 0.892 0.938 0.000 0.857 0.978 0.992 0.967 0.980 0.000 0.935 0.972 0.982 0.942 0.974 0.000 1.000 0.947 0.958 6.58 9.55

Table 10. The CoCoSo-G ranking for alternatives.

P + S H(ia) L(ia) M(ia) Ki Gray Length Rank
A1 3.7465 9.5319 0.0738 0.2877 2.0000 5.6137 0.3532 0.8987 1.1826 3.3988 0.6520654 1
A2 6.3559 10.6068 0.1252 0.3201 4.5555 7.9210 0.5992 1 2.4591 4.444 0.4466384 2
A3 8.6134 10.3503 0.1697 0.3124 4.6589 7.1376 0.8121 0.9758 2.7428 4.1044 0.3317302 5
A4 7.4879 10.0395 0.1475 0.3030 3.8245 6.5497 0.7060 0.9465 2.295 3.8336 0.4013361 4
A5 6.9320 10.2406 0.1365 0.3090 3.9810 6.8912 0.6535 0.9655 2.2986 3.9935 0.424416 3
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5. Managerial Insights and Conclusions

The hospital location selection problem is an important issue for big cities with respect to the
fact that the location selection problem is influenced by various decision factors and dimensions in
the context of technical, environmental, economic, and social aspects. Therefore, a logical analysis of
location alternatives considering all criteria will enable policy-makers to better address the location
selection problem. The importance of the hospital location selection problem relies on the fact that
any consequences from the medical services directly affect the mortality rate in societies. On the
other hand, the COVID-19 outbreak, as one of the biggest threats of the last century, spread to most
countries in the world. The high number of infected patients and the limited medical resources to treat
the patients resulted in healthcare sectors facing many issues. Thus, policy-makers in the healthcare
sector suggested establishing temporary hospitals for only patients diagnosed with COVID-19. In this
situation, the location selection problem becomes more important than ever due to the critical situation
that the health sectors are in.

To show the efficiency of the proposed decision support framework, we performed a case study
using Istanbul, which is one of the world’s biggest cities with more than 15 million people. Results
indicated that the Beykoz and Bakırköy districts are the most suitable locations for the establishment
of a temporary hospital for COVID-19 patients. The populations of Beykoz and Bakırköy districts are
very close together. However, the population density in Bakırköy is 7734 per km2, whereas the same
parameter for Beykoz is only 800 per km2. The distance from industrial and production areas is greater
for Beykoz than Bakırköy. In addition, the traffic congestion in Beykoz is way lower than in Bakırköy.
On the other hand, Bakırköy is one of the closest districts to local and international airports, which can
be used to deliver patients that are being transported using air medical services. The establishment
of a temporary hospital in Beykoz would also benefit this district in the future. With a high future
expansion potential, a big hospital in this area would play a great role in its gentrification. In other
words, transportation factors and the applicability of the area will improve, which would certainly
bring more profit and satisfaction for all stakeholders in the healthcare sector.

In this paper, we addressed the location selection problem for a temporary hospital in the era of the
COVID-19 outbreak. A gray-based decision support framework was presented for the decision-making
process, considering the uncertain nature of the information related to location alternatives. The CRITIC
and CoCoSo methods were implemented under gray values to determine the weights of criteria and to
prioritize the location alternatives, respectively. For a case study in Istanbul, we selected five possible
districts for the establishment of a temporary hospital in Istanbul.

Some future research directions can be identified. One may use the proposed decision support
framework for the location selection problem in other industries such as waste management,
hotels, power plants, airports, and so on. In another direction, one may implement the proposed
decision-making approach with other uncertainty models such as fuzzy set theory, rough numbers,
neutrosophic sets, etc.
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