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Direct reduced iron (DRI) can create significant risks such as ignition, explosion, and fire because of the oxidation reaction in case
when DRI undergoes spontaneously heating and comes in contact with oxygen or water. For this reason, the transportation of DRI
is classified as a dangerous task of which the inert process should be done in the ship’s holds.Many studies have been conducted on
the production and production stages of DRI and other areas of use of inert gas, but no studies have been conducted on the safe
transportation of this cargo by ships. (is study analyzes the criteria and alternatives for selecting the inert gas system for the
benefits of investors and shipowners in the shipping industry. (e intuitionistic fuzzy TOPSIS (IF-TOPSIS) method is
implemented to conduct the decision-making process. As a result of this study, preferences for candidate inert gas systems are
modelled. Port facility nitrogen generator is selected as the most suitable inert gas system among alternative inert gas systems
based on predetermined criteria.

1. Introduction

As the distances between countries disappear with global-
ization and technology, the movement of resources between
countries and transportation continues to gain importance
day by day. Maritime transport is of great importance in
freight transport, as it is more economical than its alter-
natives and transports larger volumes of cargo at one time.
Approximately 84% of the cargoes transported in world
trade are transported by waterways in terms of volume and
approximately 70% in terms of value. Shipping has a much
higher share, especially in developing countries [1].

Among the cargoes transported by sea, there are also
dangerous cargoes that can cause profound loss of life and
material damage in the event of an accident/incident. Direct
reduced iron (DRI) cargo is among the dangerous cargoes
due to the risks it holds. Variousmeasures should be taken to
eliminate or minimize the risks that may be encountered
during the transportation of dangerous cargo by sea. In
order to eliminate the potential risks of the DRI cargo, there

are situations to be considered and measures to be taken in
the process of transporting by sea.(e first of these measures
is to pump inert gas into the DRI cargo warehouses [2].

(ere are few studies in the literature on the trans-
portation of DRI cargo by sea. Sitov et al. [3] conducted a
study to determine safe technological parameters in the
process of transporting DRI by sea. (ey used the mathe-
matical formulation method to investigate the thermo-
physical models of spontaneous combustion and to
determine the parameters of the spontaneous combustion
process based on kinetic determination methods. (ey
found that the known thermophysical properties and the
height and diameter of the deposition layer were critical
values of the DRI cargo. (ey stated that depending on the
level of temperatures, they might cause a fire during the
transportation process. While preparing a loading plan, it is
the parameters that should be considered during the voyage
safety principles for the permissible load height and tem-
perature values in the ship’s cargo spaces according to the
fire criteria [3].
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Paswan and Mukherjee [4] conducted a study to solve
the burning problem of DRI cargo. (ey did some experi-
ments in the lab to find the exact cause of DRI burning. (e
purpose of these experiments was to pinpoint the causes and
conditions of combustion. As a result, they stated that the
best solution is passivization process (neutralization process
on iron). (ey determined that water is the most important
cause. (ey stated that it is rainy season for 9 months of the
year in the delta region of Nigeria and it is necessary to be
careful against rain in handling DRI cargo due to sudden
rains, and temperature monitoring is essential and all
precautions should be taken against warming during the
handling process [4].

It is stated in the IMSBC Code that the warehouses
should be inerted and the DRI load should be transported
[2]. As DRI cargo is solid cargo, it is transported by dry cargo
ships. However, inert gas systems are systems used in ships
carrying petroleum products and liquid chemical cargo.
Inert gas systems are not equipped on dry cargo ships.
Despite this situation, safe transportation conditions should
be established by inerting to eliminate or minimize the
dangers in DRI cargo transportation [2].

(is paper deals with selecting an inert gas system for the
transportation of DRI safely by using the intuitionistic fuzzy
TOPSIS (IF-TOPSIS) method. In this study, a selection
process is conducted based on five different inert gas systems
along with the predetermined five criteria by using the IF-
TOPSIS method. (is study contributes to better under-
standing an inert gas system for the transportation of direct
reduced iron, introducing new technologies and analyzing
selection criteria. In Section 2, an overview to the inert gas
system is provided. A literature review is given in Section 3.
(e proposed methodology is introduced in Section 4. In
Section 5, the particulars of the criteria and alternatives are
explained. Application is given in Section 6 which analyzes
and discusses the results and gives the future directions.
Finally, the last section concludes the paper.

2. An Overview of Inert Gas System

Inert gas is a type of gas that is used today to prevent hazards
such as flammability, explosion, and fire on ships carrying
dangerous liquid cargo in sea transportation. Also, it is a gas
that contains oxygen that does not support combustion.
Inert gas can be obtained from the exhaust gas from the
ship’s main and auxiliary boilers, from inert gas generating
systems, or from an independent inert gas generator. It
contains 83% nitrogen, 12–14% carbon dioxide, 2–4% ox-
ygen, and 50 ppm sulfur dioxide, and its density is 1.044 gr/
cm3 (Table 1) [5]. In ships carrying dangerous goods, the
oxygen gas level is reduced below certain values by sending
(pressing) inert gas to the tanks or holds during the loading,
transportation, and evacuation of the cargo and the dangers
are eliminated. (ese oxygen levels vary according to the
type of load and the type of volatile and flammable gas it
emits. For example, for a load that emits hydrocarbon gas,
the maximum oxygen level is 11% so that the gas it emits
does not react with oxygen. On the other hand, in accor-
dance with the International Life Safety Convention (SOLAS

1974), for a load emitting hydrogen gas, this oxygen value
should be a maximum of 5% [5].

Vessels carrying dangerous goods contain intense
amounts of flammable and volatile gas in the tank or
warehouse atmosphere.When these gases are in contact with
oxygen, which is the caustic gas, and the appropriate tem-
perature environment is provided, a fire occurs. (is
combination is also called the fire triangle [6]. To break this
danger chain, it is necessary to remove at least one of these
elements from the environment.(is is often impossible due
to the load transported. (ere are not many options for
temperature either. (e simplest and easiest way to prevent
hazards such as fire, flaming, or explosion from occurring
would be to remove oxygen from the environment [5]. Inert
operations are performed as a method of removing oxygen
from the environment to eliminate these dangers on ships
carrying dangerous goods.

Steel production with the direct reduction method gains
an increasing importance. Besides, different production
technologies are developed with various research, applica-
tions, and methods. (e most important factors in the
production costs of direct reduced iron (DRI) (sponge iron),
a porous product obtained by direct reduction, are energy
and raw materials. For this reason, sponge iron is produced
in countries such as India, Iran, Saudi Arabia, Russia,
Mexico, and Venezuela where natural gas reserves are rich
(Figure 1) [7]. DRI is a black or grey metallic and porous
product produced as a by-product of iron processing and
production processes. Its average dimensions are around
6.35mm, and it does not exceed 12mm. (e stowage factor
(stacking factor/volume of 1 ton of cargo) is 0.30–0.54 cubic
meter/ton. DRI is also called sponge iron. It is a product
obtained by direct reduction by removing oxygen from the
solid iron ore by hydrogen and carbon monoxide derived
from natural gas or coal. (e reducing gas is a mixture of
hydrogen (H2) and carbon monoxide (CO) gases (Figure 2)
(International Iron Metallics Association [9]).

DRI, a highly reduced product transported by bulk/dry
cargo ships, tends to re-oxidize, which is an exothermic
reaction. After loading in bulk, it may cause an increase in
temperature of about 30°C due to self-heating. It can create
overheating, fire, and explosion risk during its trans-
portation. (e DRI cargo reacts with air, freshwater, and
seawater to generate hydrogen and heat. Hydrogen is a
flammable gas that can form an explosive mixture when
mixed with air at concentrations above 4% by volume. Self-
heating of the load can create very high temperatures that
can cause spontaneous ignition and explosion. Due to these
hazards of DRI cargo, ships that carry DRI should take some
measures. (e first of these measures is to pump inert gas
into the holds and cargo spaces after the covers of the holds
loaded with DRI cargo are closed. Due to the characteristics
of the inert gas load, which is pressed into the cargo spaces, a
possible risk of flammability, explosion, or fire is removed
(Table 2) [2].

Appropriate detectors should be available on-board to
regularly perform quantitative hydrogen and oxygen mea-
surements during DRI cargo transportation. (ese detectors
must be suitable for use in an oxygen-depleted atmosphere.
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It must be of a type that is approved to be safe for use in
explosive atmospheres. Hydrogen and oxygen concentra-
tions in cargo spaces carrying this cargo should be measured
at regular intervals while traveling. Besides, hydrogen and
oxygen measurement results should be recorded and kept
on-board for at least two years. Oxygen concentration in
cargo spaces should be kept below 5% during the trans-
portation by filling with inert gas. Cargo temperatures
should be checked at regular intervals during the trans-
portation. Moreover, the cargo temperature measurements
should be recorded and kept on-board for at least two years.
Bilge wells should be checked regularly for the presence of
water. If water is found in the bilge wells, it should be
emptied with a bilge pump and pumped out. Besides, at-
tention should be paid to increasing the frequency of cargo
tracking after lousy weather conditions. All measurements
should be taken so that the loss of inert gas from cargo spaces
is as minimal as possible [2]. A typical inert gas system layout
is depicted in Figure 3.

3. Literature Review

(is study is carried out using the IF-TOPSIS method to
select the inert gas system to transport DRI cargo, which is
classified as dangerous cargo for the dry bulk cargo ships. In
the literature, there are many studies regarding to technical
characteristics of DRI. For instance, Bandopadhyay et al.
[11] tried to answer the problems of the DRI product sta-
bility at varying temperatures, depending on the ambient
temperature, and the unknown re-oxidation at temperatures
above 200°C. As a result of the experimental investigations, it
was determined that the gas-based DRI oxidizes a little faster
at temperatures lower than 720°K (446.85°C). However, they
find that at high temperatures above 800°K (526.85°C), the

oxidation rate slowed down due to the simultaneous oxi-
dation of carbon. In this context, it is understood that not
every temperature increase causes a rapid DRI oxidation.

In another paper, Duarte et al. [12] conducted a study to
see that an ENERGIRON plant (DRI technology facility)
operating with high pressure and closed system works more
economically and environmentally with the HYTEMP
Pneumatic Conveying System, reducing dust emissions to
both air and sedimentation tanks. (e study examines the
configuration and economic impact of these green tech-
nologies by reviewing this design. After all, the researchers
concluded that the ENERGIRON system is a more envi-
ronmentally friendly system. Li and Barati [13] aimed to
examine the different steps and mechanisms involved in the
general melting and decarburization (decarburization) of
DRI pellets in slags. By conducting experimental studies,
they concluded that the decarburization event occurred due
to the reaction between FeO and carbon in the DRI pellet the
reaction between FeO in the slag and the carbon remaining
in the DRI pellet.

It is difficult to determine the effects of inert gas on all
ships. So, two premises can be looked at: they could be the
type of ship and the deadweight (DWT) tonnage because the
more the selection processes increase the more difficult it
will be to make an assessment. (omas and Skjong [14]
conducted a study on this subject. (e study evaluates the
effects of inert gas in reducing the risk associated with cargo
tank fires and explosions in chemical tankers and oil tankers
smaller than 20.000 DWT. (ey conducted an Official Se-
curity Assessment study for this assessment. Afterward, they
made a cost-benefit analysis. As a result, they concluded that
conventional inert gas systems (IGS) in 8.000–20.000 DWT
oil tankers are cost-effective in terms of both safety and the
environment. Simultaneously, it is concluded that IGS
eliminates the vital risks that may arise from individual
errors. In Sawada andMitamoto [15], a study was conducted
on the history of directly reduced iron and the market’s
expectations. (ey benefited from research, analysis, and
statistical data collection methods. (e data obtained are
statistically evaluated and the production, demands, and
environmentalism of the production method are examined
based on countries and regions. Even in developed countries
such as the USA, it is observed that the demand for reduced
iron produced by an environmentally friendly production
method as an alternative source is increasing. (ey also
found that DRI shipments increased and continued to in-
crease over the years.

For a fast reaction to occur in a metallization, the
molecule must be smaller. In this way, as is known, it can
react very quickly [16]. Tsutsumi et al. [17] suggested that the
midrex process can be used to reduce energy consumption in
DRI production. Besides, with reduced emissions, envi-
ronmental CO2, and other types of emissions, the midrex
process emits much less CO2 than other processes due to the
gas nature. For this reason, Tsutsumi et al. [17] stated that the
midrex process would also contribute significantly to coal
emission reduction.

In [18], commercially available coals were characterized
to determine their suitability as carbonaceous materials for

Table 1: (e gases in the content of inert gas and their
characteristics.

Property Symbol Ratio
Nitrogen N2 83%
Carbon dioxide CO2 12–14%
Oxygen O2 2–4%
Sulfur dioxide SO2 50 ppm
Carbon monoxide CO2 Trace
Nitrogen oxide NOx Trace
Water vapour H2O Trace (high if not dried)
Ash and soot (C) Traces
Density 1.044

Figure 1: An example of DRI cargo [7].
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Figure 2: Schematic representation of the progressive reduction of iron oxides [8].

Table 2: Reaction chain showing reduction and carburization reactions.
Reduction reactions

1

1 Fe2O3 + 3CO↔ 2Fe + 3CO2
Hematite (Fe2O3)

69.9% Fe
30.1% O

2 3Fe2O3 +CO↔ 2Fe3O4 +CO2
3 3Fe2O3 +H2↔ 2Fe3O4 +H2O
4 Fe2O3 + 3H2↔ 2Fe + 3H2O
5 3Fe2O3 +C↔ 2Fe3O4 +CO

2

1 Fe3O4 +C↔ 3FeO+CO2
Magnetite (Fe3O4)

72.4% Fe
27.6% O

2 Fe3O4 +CO↔ 3Fe +CO2
3 Fe3O4 +H2↔ 3FeO+H2O
4 Fe3O4 + 4CO↔ 3Fe + 4CO2
5 Fe3O4 + 4H2↔ 3Fe + 4H2O

3
1 FeO+C↔ Fe +CO Magnetite (Fe3O4)

77.7% Fe
22.3% O

2 FeO+CO↔ Fe +CO2
3 FeO+H2↔ Fe +H2O

Carburization reactions

4

1 3Fe +CH4↔ Fe3C+ 2H2 Metallic iron
100% Fe
0% O

2 3Fe + 2CO↔ Fe3C +CO2
3 3Fe +CO+H2↔ Fe3C+H2O
4 Fe +CO+H2↔ Fe (Cfree) +H2O
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Figure 3: A typical inert gas system layout [10].
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the production of DRI. Proximate and higher heating value
analyses and FTIR (Fourier transform infrared spectro-
photometry) and SEM-EDX (energy dispersive X-ray
spectroscopy) characterization methods were used. As a
result, they concluded that there are clay/sedimentary rocks
that are not useful for the direct reduced iron making
process, so samples available on the coal market should be
thoroughly characterized before use.

Li et al. [19] performed a combined experiment and a
DFT computational study to reveal new insights into the re-
oxidation of directly reduced iron (DRI) during the ball-mill
operation. According to their studies, the re-oxidation of the
iron powder takes place by diffusion from the nano surface
into the interior, and after the iron is bonded with oxygen,
the atoms on the iron surface become loose and the chance
of deep iron atoms to come into contact with oxygen in-
creases, as calculated by DFT. (ey concluded that the re-
duction time should be appropriately extended to reduce
surface defects of new iron particles, that the semi-wet ball-
mill process andDRI are not suitable for processing, and that
the ideal one should be selected from other wet ball mills.
Safarian [20] applied an integrated duplex process method to
examine the mass and energy balances to produce ferro-
manganese and directly reduced iron (DRI) with natural gas.
He concluded that the production of ferromanganese and
DRI with natural gas is feasible in terms of process chemistry
in a FeMn reactor and causes 40% less CO2 emissions. Abd
Elmomen [21] conducted a study to simulate and examine
the kinetics of HDRI re-oxidation in still air at temperatures
between 150 and 450°C. Comparing the calculated and
measured data, he explained that below 200°C, no significant
re-oxidation occurred and that in the relatively higher
temperature range of 300 to 450°C, the re-oxidation process
was controlled by pore diffusion.

(e most basic trends and types of changes in Bulk
Cargoes/International Maritime Solid Bulk Cargoes Code
(BC/IMSBC) regarding the shipment of a specific group of
cargo, such as bulk cargoes, were discussed by Leśmian-
Kordas and Bojanowska [22]. (e changes in the content
layout prove that standardized information on all kinds of
dangerous goods (IMSBC A, B, and C groups) are advan-
tageous. It aims to facilitate the use of the IMSBC Code in
shipping operations. Maritime transport technology ex-
plains examples of detailed and expanded information on
the technological shipping quality of solid bulk cargoes.
Another study on solving DRI cargo’s burning problem was
conducted by Paswan and Mukherjee [4]. (ey did some
experiments in the differential scanning calorimetry (DSC)
lab to find the exact cause of DRI’s burning. (ese exper-
iments are labexp-1, labexp-2, labexp-3, labexp-4, and
labexp-5 in which the purpose of these experiments is to
know exactly the causes and conditions of combustion. As a
result, they argue that the best solution is the method
(passivization process/neutralization) applied to prevent
rusting by cutting the contact of acid with or alkaline
products and iron.

Djadjev [23] designed the research for shipowners and
practitioners and students who want to review or expand
their knowledge about this particular area of maritime

transport as well as maritime transport. Djadjev [23] ensured
that readers have a comprehensive understanding of the
IMDG Code. (e second part of the document also ad-
dresses the most common problems and hazards associated
with the transportation of solid bulk cargoes (IMSBC Code)
and the transportation of DRI cargoes. In general, it analyzes
the process of transporting dangerous goods from the
perspective of the carrier and therefore preparing a relevant
manual for the transport of dangerous goods.

A study to measure the probability of human error in
inert processes, which is one of the most critical processes in
a crude oil tanker, was conducted by Akyuz [24]. In this
context, the author used the cognitive reliability and error
analysis method (CREAM), which is a risk-based method-
ology to evaluate the probability of human error, and re-
duced the risk during critical ship processes. Basically, crude
oil tanker operations require a high level of safety and
environmental protection compared to other merchant ship
operations types. (e research states that human perfor-
mance should be monitored to improve deck operations and
reduce disruptive errors.

(e effect of DRI on the phosphorus removal reaction
between the EAF and molten iron was investigated by Heo
and Park [25]. (ey also discussed phosphorus behavior
based on experimental results and thermodynamic studies.
According to the results, they realized that the behavior of
phosphorus, oxygen, and carbon is a function of reaction
time at each stage of the reaction. (ey also clearly found
that these three gases are dependent on the DRImixing ratio.
Sitov et al. [3] conducted a study to determine safe tech-
nological parameters in the process of transporting directly
reduced iron by sea, depending on physicochemical prop-
erties. (ey used the mathematical formulation method to
investigate the thermophysical models of spontaneous
combustion and determined the spontaneous combustion
process parameters based on kinetic determination
methods. (ere are two kinetic parameters of spontaneous
combustion for DRI cargo.(ese are known thermophysical
properties and the height or diameter of the deposited layer.
Finally, they found that these parameters have critical values.
Also, while preparing a loading plan, they recommend
paying attention to the principles of transport safety during
the voyage for the permissible load height and temperature
values in ship’s cargo spaces according to the fire criteria.
Another study relied on the statistics of ship accidents/in-
cidents in ships transporting hazardous materials in the
Turkish maritime sector, based on data from the Main
Search and Rescue Coordination Center (MRCC) [1]. It
conducted research to determine the causes of these acci-
dents by using MRCC records between 11.11.2001 and
03.10.2016. (ey determined that the accidents with the
broadest impact distances among maritime accidents occur
because of fire and explosions. (ey found that this effect
increased, especially in incidents involving dangerous
chemicals. Mandova [26] evaluated whether the use of
limited biomass resources is a strategic decision. In this
study, using sophisticated techno-economic models, the
researcher identified potential CO2 emissions. (e re-
searcher further defined the carbon prices required to
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increase its economic viability. Ultimately, she showed that
bio-energy can reduce up to 40% in the field. 99.987% high
purity iron production was examined by Li et al. [27]. In this
method, the oxygen elements are reduced by using hydrogen
from iron ore. In the oxygen reduction process, phosphorus
is removed from iron using iron oxide (FeO) simulta-
neously. (e study shows that this method can produce high
purity iron in a low cost and environmentally friendly
manner. Salaheldine Darwish et al. [28] performed the
hazard and operability technique in a specific DRI industry
segment. (ey aimed to measure the results by monitoring
layers of protection analysis (LOPA) and determined
whether the independent protection layers in the system are
sufficient. It was determined the result required by the safety
integrity level (SIL) target. Finally, for risk assessment, fuzzy
logic is used as an effective way to estimate the frequency and
determine the SIL ratio by comparing it with that obtained
from the LOPA study. Glushchenko [29] analyzed the po-
tential and possible de-carbonization (carbon reduction)
areas of steel production to reduce CO2 emissions and
recommended policy measures to the government. He ex-
amined the structure of global carbon dioxide emissions,
trends in CO2 emissions from the steel industry, and the
environmental policies of the EU and China’s environmental
policies.(ey also characterized economic and technological
factors that make the de-carbonization of the steel industry
difficult. Kim [30] compared the carbon intensity of various
de-carbonization technologies and potential terms for their
commercial applications in his doctoral dissertation. As a
result, the researcher identified economic policy tools to
accelerate the steel industry’s de-carbonization and analyzed
the advantages and disadvantages of these economic policy
tools. In another paper, the effects of loading cold briquetted
iron and carbon (CBIC) into an electric furnace on steel
production operating parameters were investigated by
Paknahad et al. [31]. Koαβ [32] analyzed a naval court case
that emerged during the delivery of damaged DRI-loaded
freight. Although the claim is based on a fake bill of lading
set, these parameters caused the vessel to be arrested and
auctioned, as any subsequent financial security could not be
provided/secured by the shipowners or the P&I Club.

Dam [33] applied (e UN Test N.5 to evaluate the
spontaneous heating properties of loads and materials that
show a clear trend in marine fire and explosion events. He
has reached the outcome that the external factors might
cause spontaneous heating and emit flammable gases which
could seriously affect the safety of crew and ships. Moreover,
these external factors are moisture content, storage proce-
dure, air movements, and internal and external pressures on
the load. As a result, it shows that regardless of the chemical
composition of the reactive material, self-heating and
flammable gas emissions have a typical pattern when
reacting with any oxygen source. An EAF energy efficiency
model based on the closed mass and energy balance of the
EAF melting process was developed in [34]. Moreover, they

demonstrated the importance of efficient foam slag pro-
cessing in EAF steel-making, from the energy conversion
efficiency of electric arc energy to steel temperature sensi-
tivity. Elango [35] conducted an analysis study to examine
and improve the life cycle of DRI production based on coal
in India. In the study, the researcher developed a framework
for evaluating based on literature review and data collection.
It is concluded that the expansion of production capacity,
especially in areas closer to the mining zones, would enable it
to increase mine productivity, reduce the burden on ship-
ping and production, and improve the output and operating
conditions of the DRI facility. In another paper, an analysis
study to use freshwater scrubbers instead of seawater due to
the corrosive properties of the inert gas system seawater
scrubbers was conducted by Siswantoro et al. [36]. In their
research, they have worked on 85.000 DWT crude oil
tankers. Seawater scrubber systems are ineffective due to
their abrasive properties. (erefore, they used formulation
and calculation methods to determine the effect levels of
freshwater systems with lower corrosive effects. (ey con-
cluded that the modification is technically feasible but also
has a financial cost.

As can be seen from the literature review, many studies
are completed on the structure, production, production
stages of the DRI cargo, the properties of the systems used in
its production, the reducers used, its costs, and environ-
mental hazards. However, it is concluded that there is not
enough research or study done on the transportation of DRI
cargo by sea, dangers, and development of transportation
methods against these dangers. (is study is carried out to
fill this gap and to create alternative methods for safely
transporting DRI cargo by sea.

4. Intuitionistic Fuzzy TOPSIS Method

In this paper, an extended IF-TOPSIS method is used as in
[37]. (e steps of the IF-TOPSIS are given in a stepwise
manner below:

(1) Intuitionistic fuzzy decision matrix D � (􏽥aij)m×n is
constructed in the form of intuitionistic fuzzy
numbers 􏽥aij � (μij, ]ij)(i � 1, 2, . . . , m; j � 1, 2, . . . ,

n) for m alternatives and n criteria [38].

(1)

(2) Positive ideal solution (PIS) is found for each criterion
based on intuitionistic fuzzy sets 􏽥a+ � (􏽥a+

1 , 􏽥a+
2 , . . . , 􏽥a+

n ).
Equation (2) is used to find the PIS [39].
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􏽥a
+
j �

max1≤i≤m μij􏽮 􏽯,min1≤i≤m ]ij􏽮 􏽯􏼐 􏼑 � μ+
j , ]+

j􏼐 􏼑, if Cj ∈ C
+
,

min1≤i≤m μij􏽮 􏽯,max1≤i≤m ]ij􏽮 􏽯􏼐 􏼑 � μ+
j , ]+

j􏼐 􏼑, if Cj ∈ C
−

,

⎧⎪⎨

⎪⎩
(2)

where C+ and C− are the sets of benefit and cost
criteria, respectively, and 1≤ j≤ n.

(3) Negative ideal solution (NIS) is found for each
criterion based on intuitionistic fuzzy sets

􏽥a− � (􏽥a−
1 , 􏽥a+

2 , . . . , 􏽥a−
n ). Equation (3) is used to find the

NIS [40].

􏽥a
−
j �

min1≤i≤m μij􏽮 􏽯,max1≤i≤m ]ij􏽮 􏽯􏼐 􏼑 � μ−
j , ]−

j􏼐 􏼑, if Cj ∈ C
+
,

max1≤i≤m μij􏽮 􏽯,min1≤i≤m ]ij􏼐 􏼑􏼐 􏼑 � μ−
j , ]−

j􏼐 􏼑, if Cj ∈ C
−

,

⎧⎪⎨

⎪⎩
(3)

where C+ and C− are the sets of benefit and cost
criteria, respectively, and 1≤ j≤ n.

(4) Positive intuitionistic fuzzy distance matrix D+ is
calculated by using the following equation:

D
+

� d 􏽥aij, 􏽥a
+
j􏼐 􏼑􏼐 􏼑

m×n
�

C1 C2 . . . Cn

A1

A2

⋮

Am

d 􏽥a11, 􏽥a
+
1( 􏼁 d 􏽥a12, 􏽥a

+
2( 􏼁 . . . d 􏽥a1n, 􏽥a

+
n( 􏼁

d 􏽥a21, 􏽥a
+
1( 􏼁 d 􏽥a22, 􏽥a

+
2( 􏼁 . . . d 􏽥a2n, 􏽥a

+
n( 􏼁

⋮ ⋮ ⋱ ⋮

d 􏽥am1, 􏽥a
+
1( 􏼁 d 􏽥am2, 􏽥a

+
2( 􏼁 . . . d 􏽥amn, 􏽥a

+
n( 􏼁

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (4)

(e distance measure between two intuitionistic
fuzzy numbers α � (μα, ]α) and β � (μβ, ]β) is found
in the following equation:

d(α, β) �

�����������������������������������������������������������������������������������������

μα 1 +(2/3)πα 1 + πα( 􏼁( 􏼁 − μβ 1 +(2/3)πβ 1 + πβ􏼐 􏼑􏼐 􏼑􏽨 􏽩
2

+ ]α 1 +(2/3)πα 1 + πα( 􏼁( 􏼁 − ]β 1 +(2/3)πβ 1 + πβ􏼐 􏼑􏼐 􏼑􏽨 􏽩
2

2

􏽳

. (5)

According to Boran and Akay [41], μα and ]α can be
equal to any value in [μα, μα + πα] and []α, ]α + πα],
respectively.

(5) Negative intuitionistic fuzzy distance matrix D− is
calculated by using the following equation:

D
−

� d 􏽥aij, 􏽥a
−
j􏼐 􏼑􏼐 􏼑

m×n
�

C1 C2 . . . Cn

A1

A2

⋮

Am

d 􏽥a11, 􏽥a
−
1( 􏼁 d 􏽥a12, 􏽥a

−
2( 􏼁 . . . d 􏽥a1n, 􏽥a

−
n( 􏼁

d 􏽥a21, 􏽥a
−
1( 􏼁 d 􏽥a22, 􏽥a

−
2( 􏼁 . . . d 􏽥a2n, 􏽥a

−
n( 􏼁

⋮ ⋮ ⋱ ⋮

d 􏽥am1, 􏽥a
−
1( 􏼁 d 􏽥am2, 􏽥a

−
2( 􏼁 . . . d 􏽥amn, 􏽥a

−
n( 􏼁

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (6)

(6) Composite intuitionistic fuzzy distance matrix D∗ �

D− − D+ is calculated by using the following
equation:
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(7)

(7) Optimal weights for each criterion are computed by
using the following equation:

w
∗
j �

􏽐
m
i�1 􏽐

m
k�1 Zij − Zkj

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌

􏽐
n
j�1 􏽐

m
i�1 􏽐

m
k�1 Zij − Zkj

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌
, (8)

where w∗j is the optimal weight of the criterion Cj.
(8) Weighted intuitionistic fuzzy distance measures for

each alternative 􏽥Di are calculated as follows:

􏽥Di � 􏽘
n

j�1
w
∗
j Z
∗
ij, i � 1, 2, . . . , m. (9)

(9) Alternatives are ranked based on 􏽥Di.

5. Particulars of Criteria and Alternatives

If the DRI gets spontaneous heat and comes into contact
with oxygen or water, because of the oxidation reaction, it
might create massive risks such as ignition, explosion, and
fire. (us, to transport DRI cargoes by sea, which are
classified as dangerous cargo, the inert process should be
done to the ship’s holds. Five alternative inert gas systems
and five criteria are determined to choose this inert system
and evaluate the best option based on these criteria.

5.1. Criteria. Based on our research and expert consulta-
tions, there are five significant criteria for this problem. (e
titles and their definitions are given below.

5.1.1. Criterion 1: Installation Cost of the System. If the bulk/
dry cargo shipowners or operators make long-term plans to
regularly transport DRI cargo that is classified as dangerous
cargo or cargo with similar hazards, they should choose any
of the inert gas systems [2]. Inert gas systems are systems
used in ships carrying dangerous liquid cargo. It is not the
preferred system in bulk/dry cargo ships. (erefore,
equipping these systems on bulk/dry cargo ships means an
unaccounted cost. Installation costs of the system may

increase or decrease depending on the size and tonnage of
the ship. Since a new system is equipped on the ship, new
pipelines will be included in the installation costs. Also, if
the ship to be equipped with the inert gas system does not
fit to a new-building ship but a ship already in operation,
then the labour cost will be included in the system’s in-
stallation cost. (e supply of inert gas needed from external
sources (port facilities), albeit one-time, can be provided
for specific fees.

5.1.2. Criterion 2: Safety Factor. Due to the dangers of the
DRI cargo, the safety factor is of paramount importance.
It is challenging to provide full gas tightness on hatch
covers in bulk/dry cargo ships. For this reason, it is highly
probable that the inert gas concentration in the ware-
house decreases, and the oxygen ratio increases ac-
cordingly during the transport of the DRI cargo. (e DRI
cargo will create dangers such as flammability/explosion/
combustion due to the decrease in the cargo hold’s inert
gas rate for any reason during the period between the
loading of the cargo and its discharge [2]. As a result,
serious consequences may be encountered that may result
in loss of life and loss of the ship as well as material
damage. (ese dangers show the importance of the
system in terms of the safety factor. It is important to keep
the inert gas concentration in the cargo hold or space at
the required rates to avoid dangerous situations.
(erefore, the system must be capable of minimizing or
eliminating these dangers.

5.1.3. Criterion 3: Operating Costs of the System. Inert gas
systems are not mostly preferred in bulk/dry cargo ships.
(erefore, officers and personnel working on such ships are
not sufficiently trained and experienced in inert gas. It is
recommended that both deck and engine personnel receive
applied training in a continuous and coordinated manner to
master the inert gas system’s technical features [10]. Private
training institutions outside the company usually provide
these pieces of training. Since the officers and personnel’s
inert gas system training to be equipped on the ship is a
specific training, these training expenses are generally cov-
ered by the companies. (ese training expenditures are
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reflected in the company as an expense for the operation of
the system. Inert gas systems need energy. For example, fuel
consumption is required to obtain flue gas. (ere is no extra
cost for inert gas systems during the voyage. However, when
the machine does not work, extra fuel consumption is made
for inert gas systems [42]. Besides, other inert gas and ni-
trogen systems also require electrical energy. Each system
means extra energy consumption and fuel consumption [42].

5.1.4. Criterion 4:Maintenance Cost of the System. To use the
systems effectively, maintenance works are of great im-
portance. Inert gas systems, like other systems, are systems
with their own technical details and structures. Deck and
engine personnel should carry out the necessary mainte-
nance work and operations of inert gas systems in a coor-
dinated manner and at regular intervals [43]. As it is known,
maintenance operations are operations that require spare
parts and technical service when necessary. Both spare parts
supply and technical service support create an extra expense
for the business. If the ship is outside the port country, often
both technical service costs and spare parts supply cause
greater costs. (e company or the business that will make an
inert gas system preference should also consider the spare
parts supply and prices of the related systems and the
technical service networks.

5.1.5. Criterion 5: Waste of Time. As it is known, loss of time
in the commercial field always causes financial losses. (e loss
of time is equally important when it comes to the maritime
sector and ships, where large-scale trade and transportation
are carried out. (e process of pumping inert gas into cargo
holds is a process performed after the holds’ loading processes
are completed. In other words, inert operations may cause the
ship to stay in the port longer and, consequently, lose time.
Also, the port authorities can determine whether the ships
loaded with dangerous goods in their ports are safe in terms of
the existing dangers of the cargo and approve their departure.
Moreover, they have control and supervision powers for inert
gas systems. As a result of the control and inspection, if it is
concluded that the current system is adequate and effective
following international conventions such as Safety of Life at
Sea (SOLAS), the International Convention for the Prevention
of Pollution from Ships (MARPOL), STCW, and Maritime
Labour Convention (MLC), they may allow the ship to leave
the port before the inert process is completed. Otherwise, if
any deficiency is detected, the ships are not allowed to leave the
port. Besides, it is not allowed to start the voyage without
completing the inert processes on the ship and monitoring the
warehouse gas measurement values for a certain period
[44, 45].(ese situations cause loss of time and financial losses
for the ships and their operations. Efficiency, capacities of inert
gas systems, and being prepared for possible controls and
inspections are of great importance in terms of time losses.

5.2. Alternatives. (ere are five alternatives of inert gas
systems for the transportation of DRI.

5.2.1. Alternative 1: Uptake Gas from the Ship’s Boilers.
(e systems that produce inert gas from the flue gas from the
main and auxiliary boilers of the ship provide load safety
against dangers such as flashing and explosion in oil tankers
and chemical tankers. Also, they are systems that provide
positive pressure to the tanks and produce inert gas from the
flue gas so that the cargo tanks are not damaged due to
pressure or vacuum during loading and discharging. (ere
are high-capacity boilers on ships (tankers) that can produce
inert gas using flue gas. In these boilers, typical flue gas is
obtained by burning a fuel-air mixture. (en, an inert gas is
obtained by cooling, cleaning, and drying processes in the
inert gas system. (e inert gas obtained can be fed to the
tanks through the circuits equipped with the deck, and the
oxygen concentration in the tank can be reduced to the
desired levels [43]. (ese systems can also be equipped for
bulk/dry cargo ships carrying dangerous goods and needing
inert gas and can be used for the same purposes [5].

5.2.2. Alternative 2: Independent Inert Gas Generator.
(e operation of the ship’s boilers is not economical as in
voyage. (erefore, independent inert gas generators are
generators that are used as an auxiliary element in case ship
boilers are not desired to operate. (ese generators are
independent generators that do not use the flue gas from the
boilers. (e purpose of use, operating system, and technical
features are the same as the systems producing inert gas with
gas from ship boilers. (is system is used to fill cargo tanks
with inert gas when the ship is fully loaded. When the ship is
fully loaded, the need for inert gas is more diminutive. Si-
multaneously, this inert gas generator is sufficient to provide
inert gas during evacuation and cleaning [5, 42].

5.2.3. Alternative 3: Nitrogen Generator. (e nitrogen
generator is partially installed in the engine room, and the
rest is equipped on the deck like other systems. Its capacity is
based on the percentage of O in N calculated at an ambient
temperature of 20C, 80% relative humidity, and atmo-
spheric pressure. Hollow fiber membranes are used in the
system to separate the air into nitrogen and oxygen. (e
separation principle is based on the selective permeability of
nitrogen and oxygen. (e system consists of four main
stages: air supply, pretreatment of air, separation of product
gas, and control of the system [42]. Nitrogen generators are
also systems used to keep the cargo tank’s oxygen level or
warehouse at desired levels [43].

5.2.4. Alternative 4: Inert Gas or Nitrogen Supplied from
External Sources. In port facilities where dangerous cargo is
handled, the inert gas requirement can be met from inert gas
or nitrogen systems provided by the port authority or
loaders. While these systems are used by big tankers and
chemical tankers in emergencies, they are used in cases of
dangerous cargo transportation in bulk/dry cargo ships.
External pipelines are equipped by the port facility to which
the cargo will be loaded, and inert gas or nitrogen is sent to
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spaces/warehouses with hazardous cargoes to obtain desired
oxygen and other gas concentrations [43].

5.2.5. Alternative 5: Fixed Nitrogen Tubes. Fixed nitrogen
tubes consist of fixed nitrogen tubes used in tankers to
provide positive pressure to tanks in emergencies and cir-
cuits that distribute nitrogen inside the tubes to the tanks
[43]. Fixed nitrogen tubes can also be equipped to pump
nitrogen into holds on bulk/dry cargo ships carrying dan-
gerous cargo. Self-sustainable autonomous gas generator
turbine (gas turbine) and “self-sustainable autonomous
diesel engine” [42] systems are also other systems used in
inert gas production. However, since their use in ships is not
common, they are not considered as an alternative in this
study [5].

6. Application

In this study, the inert gas system selection problem is in-
vestigated using the IF-TOPSIS method which was proposed
by Shen et al. [37]. (e authors discuss and demonstrate this
method’s superiority by comparing other research in the
literature based on several parameters and considerations.
(e authors also declare that this method is verified and
overcomes the drawbacks of the previous techniques. In
their study, 18 distance measures are compared and a
methodological comparison between the intuitionistic fuzzy
TOPSIS method of Shen et al. and the other intuitionistic
fuzzy TOPSIS methods is conducted.(e structure of the IF-
TOPSIS method is provided in Figure 4. (ere are five
criteria and five alternatives for this problem as mentioned

in Section 5. (e criteria are C1—installation cost of the
system, C2—safety factor, C3—operating costs of the sys-
tem, C4—maintenance cost of the system, and C5—waste of
time. (e alternatives are A1—uptake gas from the ship’s
boilers, A2—independent inert gas generator, A3—nitrogen
generator, A4—inert gas or nitrogen supplied from external
sources, and A5—fixed nitrogen tubes.We havemade expert
consultations to obtain the data. In the process of deter-
mining alternatives and criteria, it was worked with a group
of experts in the field. Among the 7 alternatives determined
in line with the opinions of the expert group, 5 inert gas
systems, for which the expert group gave the most appro-
priate opinion, were selected as alternatives. In addition,
among the 8 criteria determined by the expert group, the 5
most important criteria by the experts were selected for our
study. (is is an experienced expert group and their
opinions are aggregated as a decision matrix. (e experts
evaluated the alternatives by considering each criterion.
Based on our previous experiences, decision makers might
have some doubts and hesitation about their evaluations.
(erefore, we use intuitionistic fuzzy sets where
μα ∈ [0, 1], vα ∈ [0, 1], μα + vα ≤ 1 and πα � 1 − μα + vα to
cover their vagueness, ambiguity, and abstinence because of
their decisions.

(e decision-making process for the selection of inert
gas system problem is completed by step-by-step manner.

Step 1. Intuitionistic fuzzy numbers 􏽥aij � (μij, vij)

(i� 1,. . .,5; and j� 1,. . .,5) are used to set the intui-
tionistic fuzzy decision matrix D � 􏽥a(ij)5×5 as given
below:

(10)

Step 2. Positive ideal solution is identified based on
intuitionistic fuzzy sets, 􏽥a+ � (􏽥a+

1 , 􏽥a+
2 , . . . , 􏽥a+

n ).(ere are
five criteria, and C1, C3, C4, and C5 are the cost criteria,
and C2 is the benefit criterion. We can get the positive
ideal solutions from the intuitionistic fuzzy evaluation
matrix by using equation (2). Positive ideal solution is
􏽥a+
1 � (0.7, 0.7), 􏽥a+

2 � (0.2, 0.5), 􏽥a+
3 � (0.3, 0.8),

􏽥a+
4 � (0.1, 0.2), and 􏽥a+

5 � (0.2, 0.4). 􏽥a+ � ((0.7,0.7),
(0.2,0.5), (0.3,0.8), (0.1,0.2), (0.2,0.4)).

Step 3. Negative ideal solution is identified based on
intuitionistic fuzzy sets, 􏽥a− � (􏽥a−

1 , 􏽥a−
2 , . . . , 􏽥a−

n ). We can
get the negative ideal solutions from the intuitionistic
fuzzy evaluation matrix by using equation (3). Negative
ideal solution is 􏽥a−

1 � (0.1, 0.7), 􏽥a−
2 � (0.1, 0.2),

􏽥a−
3 � (0.1, 0.3), 􏽥a−

4 � (0.2, 0.4), and 􏽥a−
5 � (0.2, 0.2). 􏽥a− �

((0.1,0.7), (0.1,0.2), (0.1,0.3), (0.2,0.4), (0.2,0.2)).
Step 4. Positive intuitionistic fuzzy distance matrix D+

is calculated by implementing equation (4).
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(11)

Step 5.Negative intuitionistic fuzzy distance matrix D−

is calculated by implementing equation (6).

(12)

Alternatives and criteria are determined for the proposed problem

Intuitionistic fuzzy decision matrix D is constructed based on the
intuitionistic fuzzy sets format for m alternatives based on n criteria

Equation 1 

Positive ideal solution is identified based on
intuitionistic fuzzy sets for each criterion

Equation 2

Negative ideal solution is identified based on
intuitionistic fuzzy sets for each criterion

Equation 3 

Intuitionistic fuzzy distance matrix is calculated
Equations 4 and 5

Intuitionistic fuzzy distance matrix is calculated
Equations 5 and 6 

Composite intuitionistic fuzzy distance matrix is constructed
Equations 7

Optimal weights for each criterion are determined
Equation 8

Weighted intuitionistic fuzzy distance measures are calculated
Equation 9

Alternatives are ranked

Decision is made

Expert
Consultations

Figure 4: (e structure of the IF-TOPSIS method.
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Step 6. Composite intuitionistic fuzzy distance matrix
D∗ is computed by using D+ and D− (equation (7)):

(13)

Step 7. Optimal weight for each criterion is determined
by employing equation (7). (e optimal weights for
each criterion are calculated as follows.

􏽘

5

i�1
􏽘

5

k�1
Z
∗
i1 − Z

∗
k1

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌 � 7.2860,

􏽘

5

i�1
􏽘

5

k�1
Z
∗
i2 − Z

∗
k2

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌 � 4.0374,

􏽘

5

i�1
􏽘

5

k�1
Z
∗
i3 − Z

∗
k3

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌 � 12.0512,

􏽘

5

i�1
􏽘

5

k�1
Z
∗
i4 − Z

∗
k4

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌 � 3.5907,

􏽘

5

i�1
􏽘

5

k�1
Z
∗
i5 − Z

∗
k5

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌 � 1.2143.

(14)

We can now find the optimal weights by a normali-
zation process as mentioned in equation (9).

w
∗
1 �

7.2860
28.1799

� 0.2585,

w
∗
2 �

4.0374
28.1799

� 0.1432,

w
∗
3 �

12.0512
28.1799

� 0.4276,

w
∗
4 �

3.5907
28.1799

� 0.1274,

w
∗
5 �

1.2143
28.1799

� 0.0430.

(15)

Weighted intuitionistic fuzzy distance values for each
alternative Di by using equation (9) are given below:

􏽥D1 � 􏽘
5

j�1
w
∗
j Z
∗
1j � −0.3959,

􏽥D2 � 􏽘

5

j�1
w
∗
j Z
∗
2j � −0.1006,

􏽥D3 � 􏽘
5

j�1
w
∗
j Z
∗
3j � 0.26242,

􏽥D4 � 􏽘
5

j�1
w
∗
j Z
∗
4j � 0.34764,

􏽥D5 � 􏽘
5

j�1
w
∗
j Z
∗
5j � 0.34246.

(16)

Step 8. (e alternatives are ranked based on the results
of weighted intuitionistic fuzzy distances for each al-
ternative Di. According to results,
􏽥D4 > 􏽥D5 > 􏽥D3 > 􏽥D2 > 􏽥D1. (e most prior alternative is
found as 􏽥D4.

6.1. Analysis of Results. A sensitivity analysis is conducted
based on the study of Celik and Akyuz [46] as in Table 3. We
generated six cases to check the changes of the alternative
rankings. For this scenario, we find that if each criterion
takes the lowest value (0.1, 0.1), the rankings change in only
Case 4 and Case 6. Rest of them remain the same.

As it can be seen from the literature review, while many
studies have been conducted on the production and pro-
duction stages of DRI and other areas of use of inert gas, no
studies have been conducted on the safe transportation of
this cargo by ships. (is study eliminates the deficiency in
maritime transport and can be a reference for future studies.
(e limited number of alternatives to inert gas systems is a
limitation of this study. In general, dry/bulk cargo ships do
not carry dangerous goods like DRI continuously and
regularly. For this reason, shipowners do not prefer to equip
such ships with inert gas systems.(is is the other limitation
of this study.
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(e study’s main purpose is to use the IF-TOPSIS multi-
criteria decision-making method to select the most suitable
inert system for the safe transport of dangerous DRI cargo
via ships and compare the results obtained. (e results
indicate the rankings as inert gas or nitrogen supplied from
external sources (1st), fixed nitrogen tubes (2nd), nitrogen
generator (3rd), independent inert gas generator (4th), and
uptake gas from ship boilers (5th), respectively.

6.2.Discussion. DRI cargo is a dangerous cargo transported by
bulk/dry cargo ships. In the process of transporting by ships, it
must be transported by inerting to cargo holds against flam-
mability, explosion, and fire hazards. Inert gas systems are the
systems used in ships carrying dangerous liquid cargo
(chemical or petroleum products). It is not preferred to equip
bulk/dry cargo ships with inert gas systems during the ship
construction phase. (erefore, when it comes to transporting
cargoes that require inerting, such as DRI cargoes, inert gas or
nitrogen supplied from external sources is generally preferred.
Although inert gas or nitrogen supplied from external sources is
costly and insufficient for the shipowner, they may not choose
to equip their ships with fixed inert gas or nitrogen systems if
they do not always carry dangerous cargoes. If the vessel does
not have a built in inert gas generator, it might help the owner
or manager of the vessel to prevent making more expenses for
the company, but it also increases the risk level of the vessel
during the voyage significantly. (erefore, these voyages are
kept as limited to short distances and highly discouraged to the
longer voyage periods. Since dangerous cargoes such asDRI are
generally recommended to be transported during short travel
times, the safety factor can be ignored considering that they will
not pose a problem in terms of safety.

Besides, inert gas or nitrogen supplied from external
sources can be preferred at a higher rate because they do not
create maintenance costs and are more advantageous than
other systems in terms of loss of time. If an investor intends
to carry loads that require inerting, such as DRI cargo,
continuously, they may prefer other fixed inert gas and
nitrogen systems in terms of cost. While the safety factor and
loss of time are almost the same for each system, the fixed
nitrogen tube system is more advantageous than the others in
terms of operating cost and maintenance costs. (erefore,
the fixed nitrogen tube system can be preferred at a higher
rate. Systems that generate inert gas for ships do not have
many types today.(e study’s disadvantage is that equipping
inert gas systems on bulk/dry cargo ships is not preferred by
investors. (erefore, existing alternatives were compared in
terms of installation cost, safety factor, loss of time, oper-
ating cost, and maintenance cost.

6.3. Future Directions. (is study will guide shipowners and
investors who are considering short-term or long-term
transportation of dangerous goods such as DRI cargo to
select inert gas systems. In the future, it will give an idea to
investors who intend to carry this type of dangerous cargo
with their ships on a regular and irregular basis to equip their
ships with any inert gas system or to use port facility inert gas
systems. Besides, systems that produce different noble gases
that will not react with oxygen during the transportation of
solid hazardous cargoes and that will be used for the same
purpose can be developed, and the alternatives can be in-
creased in the future studies.

7. Conclusions

Safe cargo transportation is significant for human lives,
economy, and environment. In this study, we analyze the
decision-making process of inert gas system selection to
minimize the risks of DRI transportation that requires a safe
transportation procedure because of its risks and danger such
as ignition, explosion, and fire.(e IF-TOPSISmethod is used
to conduct the selection process step by step. We have de-
termined criteria and alternatives, and the data are obtained
by the help of field expert consultations.(e study shows that
port facility nitrogen generator is the best prominent alter-
native. Due to its nature, maritime transport is different from
other transport sectors in that it is possible to transport huge
amounts of dangerous goods at once. (erefore, additional
measures should be taken for safe sea transport. Besides, in
this study, it is predicted that safety measures should be
increased to ensure safe sea transportation. Inerting is one of
the primary safety precautions against the dangers of DRI
cargo and similar cargo, which is one of the solid dangerous
cargoes carried by sea. Choosing the inert gas system to be
used in this critical process is a difficult and complex problem.
Sufficient research studies have not been conducted on the
problem of choosing the inert gas system for the trans-
portation of solid dangerous goods such as DRI cargo by
ships. Since inert gas systems are the systems used in ships
carrying chemical liquid cargo and petroleum products,
companies that own bulk/dry cargo ships do not equip these
systems to their ships. When it comes to carrying solid
cargoes such as DRI, the need for inert gas arises. (is need is
generally met from external systems. In the case of short-term
travel situations, transportation is carried out without inerting
systems from time to time.

In the study, the problem of choosing inert gas systems
as a safety precaution against solid hazardous cargoes for
maritime companies operating in the world’s seas and

Table 3: Changes of the results based on the different simulations.

Cases A1 A2 A3 A4 A5
Case 1 Current −0.39587 −0.10059 0.262419 0.347641 0.342456
Case 2 C1 lowest, all current −0.37512 −0.29447 0.195132 0.310071 0.303078
Case 3 C2 lowest, all current −0.43273 −0.38673 0.249235 0.369472 0.340663
Case 4 C3 lowest, all current −0.30091 0.214994 0.240819 0.216651 0.300914
Case 5 C4 lowest, all current −0.42689 −0.11032 0.288763 0.410386 0.365681
Case 6 C5 lowest, all current −0.41711 −0.10854 0.270819 0.359878 0.361295
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engaged in bulk/dry cargo transportation is addressed. To
reduce the addressed risks of ignition, explosion, and fire in
cargo holds for DRI cargo, the research has been aimed to
choose the most suitable inert gas system from widely used
five inert gas systems among the maritime transportation
sector. To solve the problem, first of all, the dangers of the
DRI load and the conditions of carrying this load are ex-
amined. Besides, suitable inert gas systems are researched for
comparison purposes. By creating selection criteria for the
current inert gas systems in the sector, the problem is
addressed with IF-TOPSIS method for solution. Multi-cri-
teria decision-making methods are actually processes that
assist in decision making and include subjective criteria.
(erefore, alternatives may have clear advantages over each
other, as well as similar results to each other. Moreover,
criterion weighting on the results is important. In the
present method, the rates obtained for the alternatives en-
able us to make a comparison and rank among the candidate
systems. As a result of the study, the port facility inde-
pendent inert gas generator system becomes more dominant
than the other alternatives.
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