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Abstarct

The optimization of sensor placement in hydrogen tanks plays a vital role in
ensuring efficient leak detection and risk control in hydrogen fueling stations.
This thesis presents a novel methodology that aims to optimize sensor placement
over hydrogen tanks of varying sizes using a genetic algorithm. The objective is
to maximize the detection performance while considering factors such as tank
dimensions, sensor radius, and other variables relevant to the construction of
the algorithm.

The research begins by studying the physical characteristics of hydrogen, in-
cluding trajectory and dispersion patterns, through the simulation of leak sce-
narios using HyRAM+ software. Understanding the behavior of hydrogen dur-
ing leakages is crucial for identifying optimal sensor type and positions that can
effectively detect leaks and mitigate potential hazards.

To achieve optimal sensor placement, a genetic algorithm is implemented, by
iteratively evaluating and evolving sensor configurations, the genetic algorithm
identifies the best individual that maximizes the detection performance.

The methodology is applied to two distinct scenarios, each representing dif-
ferent conditions, including pressure levels and hole sizes, which are commonly
encountered in practical settings. Additionally, the methodology is extended
to the Kjgrbo station, which is of particular interest due to an accident that
occurred in 2019 as a result of a hydrogen leakage: this specific scenario is
noteworthy due to the unique characteristics of the tank sizes involved.
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1 Introduction

The aim of this chapter is to define the context in which the thesis was developed,
to comprehend the relevance of the topic addressed, and to define the specific
purpose of this thesis.

1.1 Hydrogen as an alternative fuel in transport

According to the 'Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-2020’
[28], transportation accounted for the largest portion (27%) of total Greenhouse
gases (GHG) emissions in 2020 worldwide and the increasing demand for sus-
tainable transportation has led to a growing interest in hydrogen as a clean and
renewable fuel.

Fuel cell vehicles are considered as a promising alternative to conventional in-
ternal combustion engine ones, due to their zero-emission properties and high
energy efficiency. Based on its peculiar properties and inherent environmental
advantages, the European Commission has recently indicated hydrogen has a
clean and sustainable fuel with the potential to decarbonize several industrial
sectors in the forthcoming years, especially the transport sector.

By the end of 2020, there were approximately 35,000 vehicles that ran on hy-
drogen fuel, including cars, trucks, and public transports. Additionally, there
were b4 refueling stations operating worldwide, where these vehicles could fill up
with hydrogen.[3] However, in the near future, these numbers are expected to
increase dramatically due to government incentives and significant investments
in improving the production capacity of hydrogen fuel and establishing a broad
network of refueling stations. This means that is possible to expect to see many
more hydrogen-fueled vehicles on the roads and more places where they can
refuel with hydrogen.

Before the climate change moving up the political agenda, hydrogen was es-
sentially never taken off because it required enormous amounts of fossil fuels or
nuclear power to produce, making it both more expensive and less efficient than
other methods of storing and delivering energy.[29]

1.2 Hydrogen storage

Hydrogen before being injected into vehicles should be stored in a proper and
safe way, this process is regarded as one of the most critical challenges associated
with hydrogen economy [13]; there are many ways to perform it but here are
discussed the most common ones related to fueling station’s:

e Compressed hydrogen gas: The most commonly used, and the one
taken into account in this thesis; it consists in storing hydrogen in its
natural form, compressing it to up to 700 bar and keep it in tanks.

[40] The compressed gas is stored at high pressure in order to increase



the amount of hydrogen that can be stored in a given volume. At 350
bar the gas takes up about 1/800 the volume that it would occupy at
atmospheric pressure. This allows to store more hydrogen in a smaller
space. [57]. The tanks used to store compressed gas must be designed to
withstand the high pressures involved, as well as to prevent leaks. They
are typically tested to ensure they can withstand a variety of conditions,
such as extreme temperatures, impacts, and fires.

Liquid hydrogen: In addition to being stored as a gas, hydrogen can also
be kept in liquid form by being cooled to cryogenic temperatures, which
prevents it from re-boiling into a gas. Cryogenic tanks are often utilized
to store hydrogen in its liquid form at extremely low temperatures: during
the storage and transportation process, heat from the surroundings slowly
enters the tank, causing the stored hydrogen to heat up. As the hydro-
gen absorbs this heat energy, its temperature gradually rises, eventually
reaching its boiling point. At this point, the hydrogen undergoes a phase
change, transitioning from a liquid state to a gaseous state. This process
is usually known as boil-off

Compared to compressed hydrogen gas, liquid hydrogen has a substan-
tially higher energy density. Because of its increased energy density, lig-
uid hydrogen can be kept in smaller spaces and in greater quantities. As
a result, storage containers for liquid hydrogen are typically significantly
smaller than those for compressed hydrogen gas. Liquid hydrogen stor-
age’s compactness makes it possible to use space more effectively and
makes it easier for it to be integrated into a variety of applications, espe-
cially where space is at a premium or when mobility is a key consideration
[15].

One significant aspect associated with the storage and utilization of liquid
hydrogen is the phenomenon known as the ortho-para transition.
Hydrogen molecules can exist in two distinct spin isomer forms: ortho
and para. Ortho-hydrogen refers to hydrogen molecules with parallel
spins, while para-hydrogen represents hydrogen molecules with antipar-
allel spins [52]. At cryogenic temperatures, hydrogen molecules tend to
undergo a transition between these two isomeric states. This ortho-para
transition can impact the storage and handling of liquid hydrogen due to
its influence on properties such as vapor pressure and heat capacity.
During the ortho-para transition, the conversion between ortho-hydrogen
and para-hydrogen occurs gradually over time. This conversion process
is highly dependent on temperature, with the transition occurring more
rapidly at higher temperatures. The conversion can also be influenced by
catalysts or surface interactions within the storage system. The presence
of different ratios of ortho and para hydrogen can affect the behavior of
the liquid hydrogen, including its thermal properties and stability [52].



1.3 Problem formulation

If hydrogen fuel takes its place in the fuels market, the future increase of FCVs
(fuel cell vehicles) will lead to the development of a network of new refueling
stations.

Even though hydrogen fuel has many advantages, such as being environmen-
tally friendly and efficient, it also has some associated risks. One of the main
dangers is that hydrogen has a wide range of flammability (from 4% to 74% in
air by volume) and low ignition energy (0.019 mJ) [48]. It can also pass through
most materials because of its small size and weaken metal structures, making
containment systems more vulnerable to leaks and unexpected failures [34]. If
there is a fuel release in a hydrogen fueling station, it can quickly turn into a
catastrophic accident if it is not detected immediately: related safety issues have
to be considered to avoid the occurrence of these accident scenarios. This is a
topic worth to be studied because detection methods improves safety, minimizes
environmental impact, conserves resources, optimizes system efficiency, ensures
regulatory compliance, and drives technological advancements.

The incident that occurred at the refueling station in Kjgrbo (Norway) is an
example of the hazards associated with hydrogen fuel. In this incident, there
was a release of hydrogen from the high-pressure storage unit, which went unde-
tected. The hydrogen then ignited, causing a massive explosion that completely
destroyed the refueling station.

An important part of the risk control is related to the study of the safety barriers
for the refueling station; they are defined as a set of components and activities
that are necessary to avoid production stoppage and, in the worst case, harmful
events.

The objectives of the risk control can be defined as:

e Elimination of harmful threats

e Minimization of the loss of production time
e Protection of the assets

e Continuous improvement

The most common barriers used in a refueling station are sensors.

Hydrogen gas sensors are essential for ensuring safety in facilities that use hy-
drogen fuel. These devices play a crucial role in detecting leaks before they
can cause fires or explosions. To be effective, these sensors must be reliable,
have a quick response time, and be able to detect even very low concentrations
of hydrogen (less than 0.5%) [30]. Additionally, they should be affordable and
cost-effective. Due to variations in accuracy, coverage area, and optimal oper-
ating conditions, it is crucial to place these sensors appropriately over the tank.

The aim of this study is to find the best position for hydrogen gas sensors



in a high-pressure storage tank. The study starts by simulating various release
scenarios to determine how buoyancy affects the dispersion of hydrogen, this
is done through HyRAM+: a software toolkit able to represent the physics of
Hydrogen under different conditions.

Then, a genetic algorithm is used to iteratively determine the optimal placement
of the sensors to ensure the most effective detection capability.

Hydrogen fueling stations are still a relatively new technology with limited
operational experience and low market penetration. Therefore, by managing
safety barriers correctly, we can improve safety and reduce the over-conservative
limitations imposed by existing safety codes. This, in turn, can promote the
widespread adoption of hydrogen as a fuel for road transport.



2 Hydrogen refueling stations

The interest in the construction of hydrogen filling stations has been increasing
over the years. Careful planning, engineering, and construction are required to
supply hydrogen fuel cell vehicles, and to ensure their safe utilization [35].

While the architecture of hydrogen refueling stations (HRS) is similar to that
of traditional gas stations, they also include extra elements that are specifically
made to fit the needs of hydrogen and fuel cell-powered vehicles.
Unlike a typical petrol station, an HRS requires specialized infrastructure to
handle the storage, compression, and dispensing of hydrogen gas.

Before starting to describe how an HRS works, it is important to make a dis-
tinction between delivered hydrogen stations and on-site production hydrogen
stations [44].

2.1 On-site hydrogen production

On-site hydrogen production stations are hydrogen refueling facilities that have
the capability to produce hydrogen directly at the site where fueling takes place.
These stations employ various methods of hydrogen production, the most fa-
mous one is the water electrolysis [22].

The benefits of on-site hydrogen production facilities include improved auton-
omy and fuel supply flexibility. These stations have more control over the fueling
process because they produce hydrogen on-site and are not dependent on sup-
plies or other hydrogen sources and they may be scaled up or down to satisfy the
demand for hydrogen fuel in a particular area, enabling effective supply chain
management.

To support the hydrogen production process, it is necessary to build additional
parts of the plant and running the station results more challenging and expen-
sive. Furthermore, factors such as the access to renewable energy sources, the
availability of land, and legal considerations, affect the possibility of on-site hy-
drogen generation.[27]



1000 on

Figure 1: Oun-site hydrogen production station [27]

2.2 Delivered hydrogen

Delivered hydrogen stations are hydrogen refueling facilities that rely on the
delivery of pre-produced hydrogen from an off-site production facility. These
stations do not have on-site hydrogen production capability and instead receive
hydrogen under compressed gas or liquid form, which is transported from a cen-
tralized production facility to the refueling station.

Delivered hydrogen stations have a number of benefits, one of which is their
minimal infrastructure requirements: these stations simply need storage, com-
pression, and dispensing technologies because hydrogen is not produced on-site
[64]. When compared to on-site production stations, this simplicity leads to
reduced initial building costs [27].



Figure 2: Delivered hydrogen station [27]

2.3 Station’s diagram

In this thesis just the delivered hydrogen station type is considered, and the
main components are represented in the image below.
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Figure 3: Components of an HRS [46]

To have a better understanding of the functioning of this facility, it is im-
portant to explain the characteristics of each component.

e Hydrogen source storage: A consistent and dependable supply of hydrogen
for refueling purposes is the main goal of hydrogen gas source storage, in
order to manage the supply-demand balance, the storage system enables
the HRS to gather and store hydrogen during times of low demand and
release it when vehicles need fuel [50].

The storage capacity is determined by a number of variables, including
the projected frequency of filling at the station, the number of vehicles
served, and the total rate of hydrogen consumption. In order to ensure
effective storage and utilization, the storage tanks are made to securely
retain hydrogen at high pressures, often up to 700 bar [23]. To guarantee
that the hydrogen can be dispensed at the proper pressure for refueling
the cars, the storage system has pressure regulation systems.

e Compressor: The compressor’s main function is to raise the pressure of
the hydrogen gas coming from the storage tanks to the proper level so that
it may be used to fuel cars, to increase the storage capacity and driving
range of fuel cell vehicles, hydrogen is often kept at high pressures, fre-
quently up to 700 bar. In order to ensure that the cars receive an adequate
supply of fuel in a timely manner, the compressor draws hydrogen from
the storage tanks and compresses it to the necessary pressure [36].

By compressing the hydrogen gas it allows for a larger quantity of hydro-
gen to be dispensed in a shorter period enabling quicker refueling times
and increases the throughput capacity of the station.

e High Pressure Buffer Storage: This storage system is designed to store hy-
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drogen at high pressures, typically ranging from 350 to 700 bar, it acts as a
buffer between the hydrogen storage system and the dispenser, ensuring a
consistent and controlled flow of hydrogen during refueling operations [47].

In times of high demand or when several vehicles are being fueled simul-
taneously, it enables a reduced fueling time. The buffer storage system
makes sure that the pressure stays constant and stable, allowing for quick
and effective refueling without affecting the HRS or the fuel cell cars’
performance. By maximizing the use and operation of the compression
equipment, the storage system helps the HRS to operate as efficiently as
possible. It eliminates the need for many startup-shutdown cycles by en-
abling the compressor to run at near constant flow rate, thus increasing
the throughput capacity of the station and increasing the longevity and
effectiveness of the compressor. In addition, it allows a greater number of
vehicles to be fueled in a given amount of time.

While the hydrogen source storage holds the primary supply of hydro-
gen for the refueling station, the High Pressure Buffer Storage acts as a
temporary storage system that helps manage fluctuations in demand and
supply, ensuring a continuous and reliable hydrogen supply for refueling
operations.

Refrigeration unit: The refrigeration system’s main function is to cool
down hydrogen for a cautionary measure in order to protects the integrity
of the vehicles’ tanks [32].

The specific temperature to which the hydrogen gas is cooled depends on
several factors, including the type of dispenser technology used and the
requirements of the fuel cell vehicles. In general, the refrigeration unit
aims to cool the hydrogen gas to a temperature within the range of -40 to
-20 °C.

Cooling the hydrogen gas to these low temperatures is essential for several
reasons: first, it helps increase the density of the hydrogen gas, allowing
for more hydrogen to be stored in a given volume.

Dispenser: The primary function of the dispenser is to deliver hydrogen
fuel from the storage system to the fuel cell vehicles [2]. Tt provides a
controlled flow of hydrogen.

The dispenser plays a crucial role in regulating the pressure of the dis-
pensed hydrogen. It is designed to provide hydrogen at the appropriate
pressure, allowing for efficient fueling, depending on the vehicle’s fuel cell
system.

12



Figure 4: Piping and instrumentation diagram (P&ID) of the hydrogen refueling
station
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3 Leak detection systems

A leak in a hydrogen refueling station can rapidly escalate to a major disaster.
Even when present in small amounts, hydrogen can be hazardous for the per-
sonnel working with it and for the environment. The safety issues associated
with hydrogen handling can be summarized as follows:

e Burns and respiratory issues, as well as asphyxiation if the concentration
is high enough to remove oxygen from the surrounding environment. Ad-
ditionally, hydrogen is odorless and tasteless, making it difficult to detect.

e With a lower ignition energy than gasoline or natural gas, hydrogen is
very easy to ignite and can provoke fires and explosions.

e Hydrogen embrittlement, which affects several mechanical properties of
containers, pipes, and other components, eventually leading to ruptures
and mechanical failures that can greatly impact operations.[12]

3.1 Risk of gas leakage

The detection of leakages in hydrogen refueling stations holds importance in
ensuring the safety and reliability of the infrastructure. Hydrogen, being highly
flammable and capable of forming explosive mixtures with air, requires stringent
measures to prevent and promptly detect any potential leaks.

Leakage detection systems play a critical role in identifying and localizing leaks
at an early stage, allowing for timely intervention and mitigation strategies. By
swiftly detecting and addressing leakages, the risk of ignition or explosion can be
significantly reduced, safeguarding the station, its personnel, and the surround-
ing environment. Moreover, proactive leak detection contributes to the overall
integrity of the hydrogen storage and distribution system, preventing loss of
valuable resources and minimizing downtime for maintenance and repairs.

Furthermore, hydrogen has an extremely wide flammability range, requiring
precise detection capabilities to identify leakages within this range. The lower
flammability limit (LFL) and upper flammability limit (UFL) of hydrogen are
relatively low and high, respectively, emphasizing the importance of accurate
and sensitive detection systems to monitor hydrogen concentrations within this
range. Detecting leaks within the flammability limits is crucial to preventing
potential ignition or explosion hazards.

3.1.1 Case study description

The case study of this work is a refuelling station located in Sandvika, situated
around 15 kilometers west of Oslo, serves as the administrative center of the
Beerum municipality in Norway. It holds significant importance as the main
transportation hub for Western Baerum This station, inaugurated in 2016, is

14



owned by Uno-X Hydrogen, a joint venture between Uno-X, Nel, and Nippon
Gases (previously known as Praxair).

The construction of the station was made by Nel ASA technology, a renowned
company with a rich history tracing back to NorskHydro’s developments in
1927. Nel holds the leading position in manufacturing hydrogen refueling sta-
tions, having successfully delivered approximately 50 stations to nine different
countries to date.

Figure 5: Station location - google earth
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3.2 The accident

The selection of this particular station was influenced by an incident that took
place on June 10, 2019, resulting in the temporary shut down of the station for
investigation and necessary repairs.

The subsequent table provides a comprehensive overview of the sequence of
events leading up to and following the accident:

H TIME EVENT H
17:30 Hydrogen leaked from tank and ignited
17:37 First emergency responders on the site
17:40 Nel receives first report of the incident
17:41 roads E18 and E16 closed
17:47 Security zone of 500 m established
19:28 Robot used to cool down site
20:14 E18 in Sandvika is open for traffic
20:14  Fire departements confirms fire under control

Table 1: Accident timely description

It appears that the accident can be attributed to an assembly mistake within the
high-pressure storage unit that comprises various components, including steel
tanks, which are sourced from external suppliers, while some are designed by
Nel. As a result of these circumstances, hydrogen gas was released in an uncon-
trolled manner, leading to the formation of a cloud, subsequently, an ignition
occurred, resulting in an explosion and subsequent fire on the premises.

The incident caused damage to nearby vehicles and shattered windows of adja-

cent office buildings.
I C
i ] ! \
D E

Figure 6: Plug parts
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Figure 7: Accident consequences

3.3 Tank description

The refueling station in the case study employs large tanks, as depicted in
the image below. From visual observation, it is evident that the tanks are
sizeable, indicating a significant storage capacity, although specific dimensions
or official information from Nel are not available, we can deduce that they are
substantial composite tanks with an estimated radius of approximately 3 meters
and a height of around 8 meters. These tanks exemplify the scale required to
accommodate the storage of hydrogen at the station, allowing for an ample
supply to meet the demand of fueling vehicles.

17



Figure 8: Tanks of the refueling station of Kjorbo
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3.4 Sensors

Hydrogen gas sensors play a critical role in detecting the presence and concen-
tration of hydrogen gas, which can be dangerous if it accumulates in an enclosed
space as described before [10].

There are several mechanisms that sensors commonly use to determine the
presence and concentration of hydrogen, including gas chromatography, mass
spectrometry, catalytic bead, thermal conductivity and ultrasound waves[31].
Each of these methods has its own advantages and limitations, making it im-
portant to understand the characteristics of each type.

Most of the known sensing principles for the detection of combustible are ap-
plied to hydrogen also, however this implies a possible cross sensitivity to other
gases [5]. Selective hydrogen sensors are based on the specific interactions of
hydrogen with some noble elements such as palladium and platinum. Either
the reaction itself or the resulting changes in properties of the sensing material
(resistance, volume expansion, etc.) can be used to detect and quantify the
hydrogen gas concentration [30].

Regardless of the method used, leak detection systems should, at least, incor-
porate automatic shutdown of the hydrogen source when hydrogen is detected.
For systems designed to monitor hydrogen concentrations in rooms or outdoor
areas, the leak detection system should also warn personnel with visible and
audible alarms when the environment is becoming unsafe [11].

Choosing the most suitable hydrogen gas detector for the considered environ-
ment is crucial, and it often involves understanding the conditions where it will
be used. Before making a selection, several functional parameters should be
considered, including;:

e Performance is a critical factor to consider when it comes to select a
hydrogen gas detector, the optimal performance can only be achieved when
the most suitable sensor is selected for a specific application. Sensors with
a wide operating range, optimized sensitivity below the lower flammable
limit (LFL) in air, fast response times, continuous operation, and for use
in wet conditions are already commercially available. Understanding what
factors may be present when testing can help to identify the most suitable
sensor [7].

e Lifetime is another critical factor to consider: in order to determine cur-
rent and future application and operating costs [6], as well as identify
replacement and maintenance needs, a suitable lifetime should be identi-
fied.

e Cost is a factor that should not be overlooked when selecting a hydrogen
gas detector. While some lower-end detectors may come with minimal
costs, the performance, reliability, and lifetime should not be sacrificed.
The risk that comes with an unreliable sensor is too great to be ignored.
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To sum up, hydrogen sensors play a crucial role in detecting the presence
and concentration of hydrogen, which can be dangerous if it accumulates in an
enclosed space [43]. When selecting a hydrogen gas detector, it is important
to consider the environmental conditions where it will be used, as well as per-
formance, lifetime, reliability, and cost. Considering these factors, it is possible
to select the right one for the operating environment, ensuring the safety of
employees and facilities [56].

3.5 Ultrasonic gas leak detector

The majority of sensors used to detect leakages, such as catalytics, thermoelec-
tric and mechanical, have one restriction: the gas to detect must either be close
to the detector or within a predetermined area in order for a leak to be detected.
This is a downside because usually hydrogen tanks are located outdoor and the
leakage is exposed to different conditions, such as changing wind directions and
quick dispersion of the gas cloud. For these reasons, traditional gas detection
systems may not sense the presence of gas simply because the gas never reaches
the detector [20].

In order to overcome this problem this thesis consider Ultrasonic Gas Leak De-
tectors (UGLD) which respond at the speed of sound at gas leak initiation, are
unaffected by changing wind directions and dilution of the gas.

Ultrasonic gas leak detection is a revolutionary technique that has emerged
as a highly effective means of detecting gas leaks. This technique has gained
popularity due to its high sensitivity and accuracy in detecting even small gas
leaks. Ultrasonic gas leak detection is particularly advantageous in open and
well-ventilated areas where other methods of gas detection may be affected by
ventilation and air currents. The technique relies on the principle of detecting
the sound generated by the escaping gas [49].

Unlike traditional gas detection methods that rely on sensors that measure gas
concentration, ultrasonic gas leak detection responds to the source of the leak.
This approach makes it a highly effective complement to other gas detection
methods, providing a more comprehensive and accurate picture of the gas leak.
Furthermore, ultrasonic gas leak detection is highly versatile and can be used
in a wide range of applications, from detecting gas leaks in industrial settings
to identifying gas leaks in household appliances.

One of the most significant advantages of ultrasonic gas leak detection is that it
can detect gas leaks that may be undetectable by other methods. This feature
makes it an essential tool in maintaining the safety of people and the equipment.
Ultrasonic gas leak detection also has a low false alarm rate, making it a reliable
and efficient detection method.

Ultrasonic gas leak detection is highly sensitive, accurate, and non-invasive,
which means it does not need to make contact with the gas source. This capa-
bility makes it a great choice for finding gas leaks in places that might be hard
to reach.
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Uktrasonkc Gas Leak Detector

Conventional Gas Detector

Figure 9: Comparison of concentration-based detectors and UGLDs

3.5.1 Operating principle

When a leakage occurs, a gas escapes at high pressure and creates a turbulent
flow, generating an high-frequency sound wave that is inaudible to human ears
[42]. Those high-frequency sounds are easily detected, if they are close enough,
by the UGLD, converted into electrical signals and analyzed by a computer.
Through the computation is possible to determine the location and size of the
gas leak and in order to determine the seriousness of the situation and take
suitable action, the system can also offer information on the gas flow rate.

To ensure the best level of protection in open spaces or well-ventilated locations,
UGLD should be employed as the first layer of protection in pressurized gas
systems and in conjunction with traditional gas detection techniques. [20]

3.5.2 Total response time

As clearly stated before, the advantage of UGLDs compared to other sensors
and detection systems is that they do not need that hydrogen accumulates and
generates a potentially explosive cloud to detect a leak.

These sensors are conceived to detect leaks based on the principle of sound

detection, which is an instantaneous process. However the leak size, the dis-
tance from the source of the leak, and the amount of background noise can all
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affect the response time of a UGLD.
The total response time for a UGLD can be calculated as:

Ttot = Tdet + Tultra (1)

Where:
Ttot = Total time of detection

Tdet = Alarm delay time implemented, commonly 10-30 s. It represents the
time interval before an alarm is triggered after a certain event or condition is
detected.

Tultra = Time it takes for the ultrasonic noise to travel from the leak source to
the detector, commonly ms

To have a better understanding of this formula it is useful to compare it to
the time of a conventional gas detector: when it comes to the response time of a
conventional gas detection system, it is important to consider the total time of
response, comprising the time for diffusion to the sensor and gas accumulation.
The total time of response for a conventional gas detector can be calculated as:

Ttot = T'det + Tgas (2)

Where:
Ttot = Total time of detection
Tdet = Alarm delay time implemented, commonly 15-30 s.

Tgas = Time the gas takes to travel from the leak to the sensor, it can range
from minutes to hours depending on environmental conditions.

To sum up, ultrasonic gas leak detection is a very reliable and effective method
for finding gas leaks, providing a number of benefits over conventional gas sen-
sors, including the ability to respond to the source of the leak rather than the
gas itself, great sensitivity and accuracy in detecting even tiny leaks, and ver-
satility in a variety of applications. Since UGLDs are unaffected by air currents
and ventilation, they are especially helpful in open spaces with good ventilation.
Furthermore, UGLDs have a fast response time, which is critical in detecting
gas leaks to prevent potential accidents or hazards. The use of UGLDs can help
to minimize the risk of not detecting the leaks and ensure the safety of people
and the environment.

Overall, UGLDs are a better option for gas leak detection not just in hydrogen
fueling stations but also in a variety of contexts, including industrial buildings,
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Figure 10: Detection coverage [20]

houses, and other places, thanks to their advantages. The use of UGLDs can
significantly increase the accuracy and speed of gas leak detection, improving
safety.

3.5.3 Detection coverage

When studying the sensors an important feature that needs to be considered is
the detection coverage, as it determines the range of the device’s detection ca-
pability [19]. By providing a broad detection coverage, UGLDs can help ensure
that gas leaks are identified quickly and accurately, reducing the risk of harm
to people and damage to property.

UGLD detection coverage depends on the ultrasonic background noise level of
the area and on the minimum gas leak rate to be detected. For the purposes
of sensor allocation, plant environments can be divided into three types: high
noise, low noise, and very low noise, as represented in the figure below.[20]
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The detection coverage depends on the areas where the refueling station and
so the tank are placed. In general, it is possible to identify three main areas:

e High noise areas:
Audible noise: 90-100 dBa
Ultrasonic background noise < 78 dB
Alarm trigger level = 84 dB
Detection coverage = 5-8 m

e Low noise areas:
Audible noise: 60-90 dBa
Ultrasonic background noise < 68 dB
Alarm trigger level = 74 dB
Detection coverage = 9-12 m

e Very low noise areas:
Audible noise: 40-55 dBa
Ultrasonic background noise < 58 dB
Alarm trigger level = 64 dB
Detection coverage = 13-20 m

3.5.4 Frequency and Amplitude

A UGLD is designed to ignore audible noise and can only sense ultrasonic
frequencies from 25 kHz to 70 kHz. By decreasing the lower limit of the
detectable sound spectrum, it is possible to increase the sensitivity to small
leaks and the coverage area, without being affected by the background
noise, which mostly belongs to audible frequencies. The amplitude of the
ultrasonic sound produced by the sensor should be 20-30 dB lower than
the audible noise level in the area; hence, approximately 65-75 dB in very
noisy locations [20].
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Figure 11: Rendering of detection coverage [20]
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Figure 12: Frequency and amplitude of UGLDs [20]
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4 Methodology

The methodology adopted in this thesis encompassed an investigation into
the intricate physics governing hydrogen behavior within a tank operating
under different conditions, focusing on analyzing the trajectory and the
dispersion of hydrogen gas in the environment [9].

The primary objective was to meticulously identify and evaluate a range
of sensors capable of accurately detecting potential hydrogen leaks from
the tank; two different release scenarios were simulated through the soft-
ware HyRAM+ V5.0 [18]. The aim was to gain comprehensive insights
into the complex hydrogen dispersion and the trajectory of the gas plume
escaping from a simulated hole.

HyRAM+ V5.0 facilitated the analysis of the fundamental characteristics
underlying hydrogen behavior, enabling the understanding of the intri-
cate interplay between various factors influencing the dispersion process
and the simplified trajectory of the hydrogen jet.

Subsequently, a genetic algorithm was developed and tailored to optimize
the positioning of these sensors on the tank’s surface.

To achieve this, the genetic algorithm underwent a series of iterative pro-
cesses, systematically exploring and refining potential sensor configura-
tions on the tank.

Through multiple iterations, the algorithm identified and selected the most
promising sensor arrangements, applying crossover and mutation opera-
tors to generate new and potentially better-performing solutions. The
algorithm’s progress was monitored and tracked, with each subsequent
generation witnessing the emergence of increasingly optimized sensor con-
figurations.

The outcomes obtained by applying the genetic algorithm provided in-
sights and practical outcomes. The optimal sensor positioning was achieved.
The best-performing location was able to maximize coverage area, thus
increasing the effectiveness in identifying hydrogen leaks. Another signif-
icant result of the study was the determination of the minimal number
of sensors necessary to obtain a specified performance level, allowing for
more practical and cost-effective implementation. These conclusions were
supported by a complete analysis of the associated detection performance,
allowing for a thorough comprehension of the algorithm’s efficiency in im-
proving hydrogen leakage detection inside the tank.
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4.1 Software overview

Hydrogen Plus Other Alternative Fuels Risk Assessment Models (HyRAM+)
is a software toolkit that incorporates information and techniques for eval-
uating the security of the infrastructure for delivering, storing, and us-
ing hydrogen as well as other alternative fuels (such as natural gas and
propane) [18]. The HyRAM+ risk assessment computation includes prob-
abilistic models for the impact of heat flow and overpressure on people
in addition to general probability for component failures for both com-
pressed gaseous and liquid fuels. Additionally, HyRAM+ includes models
of release and flame behavior that have undergone experimental valida-
tion. The HyRAM+ toolset can be used to support a variety of analyses,
such as the development of codes and standards, safety assessments, and
facility safety planning [24].

One of the options offered in HyRAM+ offers models pertinent to the
behavior, risks, and effects of hydrogen releases. The physics mode can
be used to explore jet flames, concentration profiles for unignited jets and
plumes, overpressure caused by a delayed ignition of a plume, and indoor
buildup with delayed ignition creating overpressure.

In order to numerically simulate the release scenarios, a number of ele-
mentary property computations are required, such as the thermodynamic
equation of state.
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4.2 Leak scenarios

Several scenarios can be responsible for hydrogen leakages from a storage
tank, each with its set of influencing factors. Firstly, mechanical failures
such as cracks, corrosion, or rupture of tank components may result in un-
intended releases [51]. These failures can be caused by mechanical fatigue,
or external factors such as extreme temperatures or physical impacts. Un-
derstanding the structural integrity of the tank and identifying potential
weak points is crucial in assessing the likelihood of such mechanical fail-
ures.

Secondly, human errors and operational causes can also lead to hydrogen
leakages. Improper handling during filling, maintenance, or inspection
procedures can introduce vulnerabilities and increase the risk of leaks[51].
Inadequate training, lack of awareness, or non-compliance with safety pro-
tocols may further exacerbate these risks [44]. Examining human factors
and establishing robust operational guidelines are essential for mitigating
the potential impact of human errors.

Furthermore, environmental factors play a significant role in hydrogen
leakage scenarios. Temperature fluctuations, pressure differentials, and
external forces such as seismic events or strong winds can impose stress
on the tank structure, potentially compromising its integrity [33]. By
thoroughly assessing the local environmental conditions and understand-
ing their potential effects on the tank, preventive measures can be imple-
mented to reduce the likelihood of leaks [44].

Additionally, the analysis of dispersion patterns is a vital part in un-
derstanding the behavior of hydrogen leaks. When hydrogen is released
into the surrounding environment, its dispersion is influenced by the wind
speed and direction, the temperature gradients, and the presence of ob-
stacles in the vicinity [16].

Simulations and advanced modeling techniques can help to visualize and
predict the dispersion patterns of hydrogen, providing valuable insights
into its local buildup.

Computational tools and simulation models greatly enhance the ability
to predict and analyze the behavior of hydrogen in leak scenarios. These
tools take into account various parameters, such as ventilation systems,
ambient conditions (e.g., temperature, humidity), and confinement in en-
closed spaces [38]. By simulating different leak scenarios and running
virtual experiments, it is possible to assess the potential risks associated
with different conditions and optimize safety measures accordingly. This
approach allows for the evaluation of numerous hypothetical scenarios,
helping to identify vulnerabilities, to determine the most effective mitiga-
tion strategies, and to allocate resources efficiently.

Through comprehensive analysis and preparedness, the risks associated
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with hydrogen leaks can be minimized, ensuring the safe handling and
storage of this potentially hazardous energy carrier [38].

4.2.1 Scenario 1

As stated before, two main scenarios are studied to assess how hydrogen
behaves in case of leakage in different environmental conditions.

Each scenario represents a distinct set of conditions that can occur in real-
world scenarios, thereby allowing for a comprehensive assessment of the
risk control methodology’s effectiveness and adaptability.

In this section, scenario 1 is studied.

Variable Unit Value
Tank pressure bar 5
External temperature  °C -15
Hole diameter mm 6
Angle of jet ° 90
Release phase - gas

Table 2: Input values scenario 1

In scenario 1, the chosen values for the key variables offer valuable insights
into the nature of the hydrogen leakage scenario, thereby influencing the
understanding and formulation of effective safety measures. The tank
pressure is deliberately set at 5 bar, indicating a very low internal pres-
sure. This pressure condition is a direct consequence of the almost emptied
state of the hydrogen tank, which increases the need for a robust and ef-
ficient detection system [55]. The low pressure accentuates the challenges
associated with detecting and managing the leak, as the decreased pres-
sure may result in reduced gas flow rates and diminished sensor response.

Furthermore, the external temperature parameter assumes a significant
role, as it is assigned a value of -15°C, indicative of the cold environmental
conditions in Norway prevailing during the hydrogen leakage. This excep-
tionally low temperature underscores the potential influence on the leak’s
behavior, such as variations in gas viscosity and density, which can impact
the dispersion and diffusion characteristics of the released hydrogen. The
extreme cold conditions can exacerbate the challenges related to detection
and hazard mitigation, potentially affecting the performance of sensors,
equipment, and personnel safety measures [53].
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The chosen hole diameter of 6 mm serves as a crucial parameter and rep-
resents a relatively large hole through which the hydrogen gas escapes into
the environment. The size of the hole directly influences the gas flow rate,
the velocity of the jet, and the dispersion characteristics of the released
hydrogen. The magnitude of the hole diameter is vital in understanding
the potential hazards associated with the release, as larger openings can
result in higher gas flow rates, leading to an increased risk of fire or explo-
sion events. As the leak occurs from an almost empty tank, the amount
of gas being released is relatively small. Consequently, the pressure differ-
ence between the inside and outside of the tank decreases quickly, making
it more difficult to detect the leakage through traditional pressure-based
methods.

The reduced pressure difference minimizes the detectable signal, making
it harder to identify the leak using conventional pressure sensors or mon-
itoring systems. [25].

Additionally, the angle of the jet, specified as 90°, indicates that the hy-
drogen gas is released perpendicular to the tank wall. This release con-
figuration influences the jet’s trajectory, dispersion pattern, and potential
interaction with surrounding objects or surfaces. Understanding the jet’s
angle helps to evaluate the potential consequences of the leakage, such as
the safety distance, the concentration of hydrogen in specific regions, and
the likelihood of ignition sources coming into contact with the released gas.

4.2.2 Scenario 2

In scenario 2, the selected values for the key variables provide crucial
insights into the specific characteristics of the hydrogen leakage scenario,
warranting a careful examination and the formulation of appropriate safety
measures.

Variable Unit  Value
Tank pressure bar 700
External temperature  °C -15
Hole diameter mm 1
Angle of jet ° 90
Release phase - gas

Table 3: Input values scenario 2
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The tank pressure is set at the highest possible value of 700 bar. This el-
evated pressure condition, resulting from the hydrogen tank being nearly
full, necessitates the implementation of effective detection and mitigation
strategies to ensure the safe handling and storage of hydrogen gas. The
high pressure presents unique challenges for detecting and managing the
leak, as it may result in increased gas flow rates and require specialized
sensor systems capable of monitoring and timely responding to such high-
pressure releases [55].

Furthermore, the external temperature parameter assumes a crucial role,
characterized by a value of -15°C, indicating the occurrence of the leak-
age under cold environmental conditions in Norway. The extremely low
temperature is an influential factor affecting the behavior of the leak, in-
cluding variations in gas viscosity, density, and potential cryogenic effects
[63]. These cold conditions can significantly impact the dispersion and
diffusion characteristics of the released hydrogen, necessitating the adap-
tation of detection systems and mitigation strategies to account for the
specific challenges posed by such low temperatures.

The hole diameter of 1 mm indicates a small leak through which the hy-
drogen gas escapes into the surrounding environment. The presence of a
smaller hole diameter emphasizes the importance of precise detection and
rapid response measures, as the reduced gas flow rates may require highly
sensitive sensors capable of detecting lower concentrations of hydrogen,
particularly in scenarios where the leak may occur in close proximity to
personnel or sensitive equipment.

Furthermore, the angle of the hydrogen jet, set at 90°, indicates that the
gas is released in a direction perpendicular to the tank wall.

4.3 Comparison between the two scenarios

A notable contrast exists in the selected values for the key variables be-
tween scenario 1 and scenario 2, thus leading to distinct characteristics
and implications for hydrogen leakages.

In scenario 1, the tank pressure is set at 5 bar, indicating a low inter-
nal pressure resulting from an almost emptied hydrogen tank, conversely
scenario 2 presents a contrasting situation with a tank pressure of 700 bar,
signifying a significantly higher internal pressure in a nearly full tank. This
difference in pressure levels has significant implications for detection and
mitigation strategies, as scenario 1 calls for efficient methods to detect low-
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pressure leaks, while scenario 2 necessitates the handling of high-pressure
releases.

Furthermore, the external temperature remains consistent between the
two scenarios, with a value of -15°C. However, the influence of this cold
temperature differs based on the pressure conditions. In scenario 1, the
low tank pressure amplifies the challenges associated with the cold en-
vironment, affecting gas viscosity and density. In contrast, scenario 2
requires consideration of cryogenic effects due to the high-pressure release
occurring under the same cold temperature conditions. Thus, while the
temperature remains constant, its impact on the leak behavior varies sig-
nificantly.

The hole diameter also demonstrates a contrasting aspect between the
scenarios. In scenario 1, a large hole diameter of 6 mm is selected, indi-
cating a substantial opening through which hydrogen gas is released. On
the other hand, scenario 2 features a smaller hole diameter of 1 mm, rep-
resenting a relatively narrow opening. This disparity in hole size affects
the gas flow rate, dispersion characteristics, and detection challenges. A
larger hole diameter in scenario 1 may result in higher gas flow rates and
increased risks, necessitating measures to detect and mitigate the leak’s
consequences. In contrast, the smaller hole diameter in scenario 2 requires
precise detection methods capable of detecting lower concentrations and
addressing potential hazards in confined spaces.

Additionally, the angle of the jet remains the same in both scenarios, set
at 90°, indicating a perpendicular release of hydrogen gas. This consis-
tent parameter allows for a comparative analysis of the dispersion patterns
and potential interactions of the released gas with the environment in both
scenarios. The perpendicular jet angle poses challenges for detecting and
managing the leak in terms of spatial coverage and the risk of ignition
sources coming into contact with the released hydrogen.
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4.4 Optimization of sensors location

Accurate and strategically placed sensors play a vital role in early leak
detection, facilitating prompt response and mitigation measures. Opti-
mizing sensor location involves identifying the most appropriate positions
to install sensors, considering factors such as leak source characteristics,
dispersion patterns, and environmental conditions.

The study of sensor optimization enables a comprehensive understand-
ing of how different factors, including tank design, leak scenarios, and
environmental conditions, affect the detection capabilities of various sen-
sor types. By analyzing these factors and utilizing advanced modeling
techniques, is possible to identify optimal sensor locations that maximize
coverage, sensitivity, and response time while minimizing false alarms.

Efficient sensor placement not only enhances safety but also contributes
to cost-effectiveness: by identifying the optimal number and placement
of sensors, unnecessary redundancies can be avoided, resulting in reduced
installation and maintenance costs.

Furthermore, the study of sensor optimization is crucial for adapting detec-
tion systems to different types of hydrogen storage configurations, includ-
ing various tank sizes, shapes, and operational conditions. By tailoring
sensor placement to specific tank characteristics, researchers can ensure
that the detection system is optimized for the unique challenges posed by
each configuration.

4.4.1 Tank study

The tank that has been studied for this thesis is the one with these char-
acteristics:

— Radius = 2m

— Height = 5m

This tank size and shape have been widely adopted in the hydrogen in-
dustry due to several practical considerations.

Firstly, a tank with a radius of 2 meters and a height of 5 meters strikes
a balance between storage capacity and space utilization. It offers a suffi-
cient volume to store a significant amount of hydrogen, enabling refueling
stations to meet the demand of hydrogen-fueled vehicles while efficiently
utilizing available space. This size is often considered a practical choice
that optimizes storage capacity while minimizing the physical footprint of
the tank.
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Figure 13: Tank render

Secondly, the selected tank size aligns with standard industry specifica-
tions and regulations. The 2-meter radius and 5-meter height configura-
tion conform to common design standards and safety guidelines established
for hydrogen storage tanks in refueling stations. By studying this preva-
lent tank size, researchers can generate insights and recommendations that
are directly applicable to a large number of existing and future refueling
stations, facilitating the widespread implementation of their findings.

Lastly, by focusing on the most common tank size found in refueling sta-
tions, the study can address the challenges and requirements specific to
this widely utilized configuration. It allows for the exploration of opti-
mization strategies, sensor placement, and detection techniques that are
directly applicable to real-world scenarios, enhancing the practicality and
relevance of the research outcomes.

To achieve a clearer and more intuitive representation of the tank, a deci-
sion was made to divide it into a grid-like structure. In this grid, each point
is equidistant from the others, providing reference points for accurately
placing the sensors based on the results obtained from the algorithm: this
approach allows for a systematic and organized arrangement of sensors
within the tank, ensuring optimal coverage and enhancing the effective-
ness of the detection system. By utilizing the grid-based framework, the
sensor placement process becomes more streamlined and facilitates the
interpretation and implementation of the algorithm’s output.
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Figure 14: Tank grid

4.4.2 Genetic algorithm description

A genetic algorithm is a powerful optimization technique inspired by the
principles of natural selection and genetics. It is utilized to solve complex
problems by imitate the process of evolution and iterative improvement.
In a genetic algorithm, a population of potential solutions is subjected
to selection, reproduction, and genetic operations such as crossover and
mutation [21]. Through successive generations, the algorithm identifies
the fittest individuals and generates new candidate solutions that exhibit
improved characteristics.

Studying problems of optimization and utilizing genetic algorithms is of
utmost importance due to several reasons. Firstly, in many real-world
situations, is possible to face the challenge of finding the best solution
among countless options; optimization techniques, provide a structured
way to tackle these problems. They help discover the closest-to-perfect or
even the best solutions within a reasonable time.

Secondly, optimization problems often involve complex and non-linear re-
lationships between different factors making them difficult to solve using
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traditional analytical methods. Genetic algorithms, however, are well-
suited for handling such intricacies exploring different possibilities simul-
taneously and use natural selection to identify the most favorable charac-
teristics.

By studying and applying genetic algorithms, is effectively possible to
solve optimization problems in various fields such as engineering, logis-
tics, finance, and computer science.

Furthermore, optimization plays a crucial role in enhancing efficiency, cost-
effectiveness, and resource utilization. By finding optimal or near-optimal
solutions, organizations and industries can streamline their operations, re-
duce waste, and improve productivity. Optimization also contributes to
decision-making processes, enabling informed choices based on quantifi-
able measures of performance and objective criteria [39].

Moreover, studying optimization problems encourages innovation and the
development of novel approaches. This continuous exploration and im-
provement contribute to the advancement of optimization methodologies
and their applications across various domains.

Figure below clearly represent the various functions that compose a ge-
netic algorithm and how they are connected one to each others.
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Figure 15: Genetic algorithm scheme

— Set GA parameters: The choice and configuration of these pa-
rameters significantly influence the effectiveness and efficiency of the
optimization algorithm.

These parameters serve as the pilot that control the behavior and
exploration of the algorithm, guiding it towards finding optimal so-
lutions.

The sensor diameter parameter represents the diameter of the sen-
sors used for leak detection, in this thesis case the sensors chosen are
the UGLD. With a value of 3 meters, it indicates that each sensor has
a circular sensing area with a diameter of 3 meters. Since it directly
influences the coverage and overlap of sensor zones, this parameter is
crucial, while a lower diameter may result in coverage gaps, a bigger
sensor diameter can offer greater coverage but may also cause more
overlap. Finding the right balance is essential to ensuring thorough
detection without needless repetition [17].

The radius and height parameters define the dimensions of the hy-
drogen tank being considered. With a radius of 2.0 units and a height
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H Variable Value H

Detection diameter 3m
Radius 2m
Height 5m

Target performance 1

Mutation rate 0.1
Population size 50
Generations 100

Table 4: Parameters table

of 5.0 units, these parameters represent a typical tank size encoun-
tered in refueling stations. Our optimization procedure concentrates
on tackling the issues and demands related to this typical tank config-
uration by employing these particular parameters. Studying sensor
placement for this common tank size allows for the development of
useful recommendations that can be applied broadly throughout the
sector.

The target performance parameter sets the desired level of perfor-
mance to be achieved by the optimization algorithm. With a value
of 1, it indicates a target performance of 100% :this means that the
algorithm aims to find a sensor placement solution that provides leak
detection coverage with an accuracy of 100%. Defining a target per-
formance allows for clear evaluation and comparison of different al-
gorithm runs and facilitates the determination of the best solution
[45].

The mutation rate parameter determines the probability of mu-
tation occurring during the genetic algorithm’s reproduction phase.
With a value of 0.1, it signifies a 10% chance for an individual’s ge-
netic material to undergo mutation. A higher mutation rate might
increase exploration but may slow down convergence, whereas a lower
rate may inhibit exploration. Mutation provides unpredictability and
diversity into the population, aiding in the discovery of new areas of
the search space and potentially leading to better solutions. Finding
the ideal balance between exploration and exploitation requires fine-
tuning the mutation rate. [26].

The population size: parameter determines the number of indi-
viduals in each generation of the genetic algorithm. With a value of
50, it indicates that each generation consists of a population of 50
candidate solutions. More diversity and a wider exploration of the
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solution space are made possible by a bigger population size, but the
computing complexity also rises. In contrast, a lower population size
may converge more quickly but runs the danger of being stuck in
local optima. To balance exploration and exploitation while taking
computational resources into account, the population size choice is
crucial. [4].

The generations parameter represents the number of generations
or iterations the genetic algorithm undergoes. With a value of 100,
it signifies that the optimization process continues for 100 genera-
tions, with each generation producing a new population of candidate
solutions. The algorithm’s convergence and how deeply the solution
space is explored depend on the number of generations while too
many generations could result in high processing expenses, too few
generations might prevent the algorithm from finding the best an-
swers. For balancing convergence and computing efficiency, choosing
the right number of generations is essential.

Generate initial population: One of the critical steps in the ge-
netic algorithm is the generation of the initial population, which plays
a pivotal role in kick-starting the optimization process. This process
involves creating an empty population list that will be populated
with individual candidate solutions. The size of the population is
determined by the specified population size parameter [41].

A unique candidate solution is generated for each member of the
population, this possible configuration of sensor placement over the
hydrogen tank is shown by the proposed solution. To create this
candidate solution, a subset of sensors is randomly selected from the
generated sensor grid, by randomly sampling the sensor grid and cre-
ating diverse initial solutions, the genetic algorithm establishes a pool
of potential solutions that exhibit variations in the number and posi-
tioning of sensors. This diversity is crucial in promoting exploration
of the solution space during the subsequent evolutionary process.

The genetic algorithm can iteratively enhance the sensor placement
across the hydrogen tank thanks to its creation of the starting popu-
lation. The algorithm can explore several configurations and progres-
sively converge to an ideal solution by starting with a diverse group
of candidate solutions. The algorithm will use selection, reproduc-
tion, crossover, and mutation procedures to improve the population
as the optimization process advances through generations [41].
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— Caluclate detection performance: The function ’calculate de-
tection performance’ plays a crucial role in evaluating the detection
performance of a given sensor configuration: this function takes as
input an individual, which represents a specific configuration of sen-
sors, along with parameters such as the radius, height, and sensor
diameter of the hydrogen tank.

First, the function generates a sensor grid using the provided ra-
dius, height, and sensor diameter. This grid serves as a reference
for determining the detection capabilities of each sensor in the given
configuration.

Next, the function iterates over each point in the sensor grid. The
”is point within sensor range”, which confirms that the distance be-
tween the point and the sensor is within the sensor diameter, is used
to determine whether each point is within the range of any sensor in
the specific setup.

If the point is within range of at least one sensor, it is considered
detected. Otherwise, it is marked as not detected. The function
keeps track of these detection outcomes in a list of detection proba-
bilities [1].

After iterating through all the points in the sensor grid, the function
calculates the average detection performance by summing up the de-
tection probabilities and dividing by the total number of points in the
grid. This average detection performance represents the proportion
of points that were successfully detected by the sensor configuration.

Finally, the function returns the calculated detection performance,
providing a quantitative measure of the effectiveness of the given sen-
sor configuration in detecting potential leaks in the hydrogen tank.

By utilizing the ’calculate detection performance’ function, researchers
and engineers can assess and compare the detection capabilities of
different sensor configurations. This evaluation process is vital in
guiding the optimization algorithm to identify sensor configurations
that achieve high levels of detection performance, ultimately enhanc-
ing the safety and reliability of hydrogen storage systems [1].

— Fitness function: The function fitness is a critical component of the
optimization process, as it determines the fitness or suitability of a
given sensor configuration. This function takes an individual, which
represents a specific sensor placement configuration, as its input [21].
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The function first calculates the detection performance of the in-
dividual by calling the ’calculate detection performance’ function,
providing the individual’s sensor positions, as well as the predefined
values of the radius, height, and sensor diameter.

The detection performance represents the ability of the sensor con-
figuration to detect leaks in the hydrogen tank. It is calculated based
on the proportion of points in the sensor grid that are successfully
detected. The detection performance serves as a measure of how well
the sensor configuration meets the desired target performance.

The fitness is then calculated as the absolute difference between the
actual detection performance and the target performance, which is
set by the target performance parameter. This calculation measures
how far an individual’s performance deviates from the planned goal.
A lower fitness value indicates a closer match to the target perfor-
mance and reflects a more optimal sensor configuration.

By evaluating and assigning a fitness value to each individual in the
population, the algorithm can assess the quality of different sensor
configurations. Individuals with higher fitness values, indicating bet-
ter alignment with the target performance, are more likely to be
selected for the reproductive process, allowing their genetic material
to be carried forward to subsequent generations [8].

Ultimately, the fitness function facilitates the search for an optimal
sensor placement configuration by guiding the genetic algorithm to-
wards individuals that exhibit improved detection performance. By
iteratively evaluating and evolving the population based on fitness,
the algorithm can converge towards solutions that maximize the de-
tection efficiency and safety of hydrogen storage systems.

Mutation function:The mutate function plays a crucial role in in-
troducing variations and promoting exploration within the genetic
algorithm. This function operates on an individual, which represents
a specific sensor configuration [37].

The mutation process involves randomly adding or removing a sen-
sor from the initial individual to determine whether to add or remove
a sensor, the function considers two conditions: first, if the current
number of sensors in the individual is already at the minimum (MIN
SENSORS), the function will always add a sensor to avoid violating
the constraints. Second, if the current number of sensors is greater
than the minimum and a random number falls below 0.5, the func-
tion will add a sensor. This introduces randomness in the mutation
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process and ensures a balance between adding and removing sensors.

When adding a sensor, the function selects a random position from
the sensor grid generated using the specified radius, height, and sen-
sor diameter. This allows for the possibility of adding a sensor at a
new location, expanding the search space and potentially improving
the sensor configuration.

When removing a sensor, the function randomly selects one sensor
from the individual and removes it. This promotes exploration by al-
lowing the algorithm to explore alternative configurations that may
achieve better detection performance.

The mutate function returns the mutated individual, which reflects
the introduced variation in the sensor configuration. By applying mu-
tations to individuals within the population, the genetic algorithm
can explore a broader range of solutions and avoid getting stuck in
local optima.

Overall, the mutation function is a vital component of the genetic
algorithm as it introduces random variations to the sensor configu-
rations, enabling the algorithm to explore new possibilities and po-
tentially discover better solutions. This mechanism contributes to
the algorithm’s ability to search for and converge towards optimal
configurations that maximize the detection performance.

Crossover function: The crossover function is a fundamental oper-
ation in the genetic algorithm that simulates the genetic recombina-
tion process [21]. This function takes two parent individuals, parentl
and parent2, representing different sensor configurations.

The crossover process involves combining genetic material from both
parents to create a new child individual. In this function, the crossover
point is determined as the midpoint of the parent individuals. This
point divides the sensor configurations into two halves.

To create the child individual, the function takes the first half of
sensors from parentl and the second half of sensors from parent2.
This crossover strategy ensures that genetic information from both
parents is retained in the child configuration.

However, to eliminate duplicate sensors that may arise due to the

crossover process, the function removes any duplicate sensors from
the child configuration. This step guarantees that the resulting child
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configuration contains a unique set of sensors.

The crossover function returns the child individual, which represents
a novel sensor configuration resulting from the combination of genetic
material from the parent individuals.

By applying crossover operations to pairs of parent individuals within
the population, the genetic algorithm explores different combinations
of sensor placements, combining the strengths of different configura-
tions. This allows for the possibility of discovering solutions that
exhibit improved detection performance.

In summary, the crossover function mimics genetic recombination
by combining genetic material from parent individuals to generate
a new child individual [21]. This process facilitates the exploration
of diverse sensor configurations and contributes to the evolutionary
nature of the genetic algorithm, enabling it to converge towards op-
timized sensor placement configurations over the hydrogen tank.

Selection function: The selection function is a critical component
of the genetic algorithm that determines which individuals from the
population will proceed to the next generation. This function takes
the population as input, which consists of multiple sensor configura-
tions.

The selection process aims to favor individuals with higher fitness
values, indicating better alignment with the desired target perfor-
mance. In this function, the fittest individual is selected based on
the fitness function.

The min function is used to find the individual with the lowest fit-
ness value in the population, as the fitness values are calculated as
the absolute difference between the target performance and the actual
detection performance. By selecting the individual with the lowest
fitness, we are essentially choosing the individual that best matches
the target performance.

This selection strategy, known as ”fitness-based selection” or ”sur-
vival of the fittest,” ensures that individuals with better detection
performance have a higher probability of being selected for the next
generation. Consequently, their genetic material, which represents
favorable sensor configurations, is more likely to be passed on to fu-
ture generations.
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The selection function returns the fittest individual, representing the
sensor configuration with the highest fitness value in the population.
This individual will then undergo genetic operations such as mutation
and crossover, contributing to the generation of the next population.

By repeatedly applying selection to successive generations, the ge-
netic algorithm progressively evolves the population towards better
sensor configurations. This selection process promotes the survival
and propagation of individuals that exhibit superior detection per-
formance, driving the algorithm towards solutions that optimize the
safety and efficiency of hydrogen storage systems.

Loop: The main loop is the central component of the genetic al-
gorithm that controls the iterative optimization process. It encom-
passes several key functions and operations to evolve the population
of sensor configurations over multiple generations.

At the beginning of the loop, the 'best detection performance’ vari-
able is initialized to 0, and an empty list best individual is created
to store the best sensor configuration found so far.

The loop iterates over a specified number of generations (GENERA-
TIONS), evaluating the fitness of each individual in the population
using the fitness function. The fitness scores are calculated and stored
in the fitness scores list.

The fittest individual is selected using the selection function and
assigned to best individual. The detection performance of this best
individual is then determined using the calculate detection perfor-
mance function. If the termination condition is met, where the
best detection performance equals the target performance (TARGET
PERFORMANCE), the loop is terminated, and the number of sen-
sors (num sensors) is updated to the length of the best individual [21].

Throughout the loop, the status of each generation is printed, dis-
playing the generation number, the best individual found, and its
detection performance.

A new population is created to form the next generation. The new
population list is initialized with the best individual from the pre-
vious generation. Then, for the remaining individuals in the pop-
ulation, the parents are selected using the selection function. The
crossover function is applied to the selected parents to generate a
child individual. Subsequently, the mutate function is optionally ap-

45



plied to introduce variations in the child individual. Finally, the child
is added to the new population list [21].

After the new generation is formed, the population is updated by
assigning the new population list to the population variable.

The main loop continues for the specified number of generations,
evolving the population through selection, crossover, and mutation,
aiming to find the optimal sensor configuration that maximizes the
detection performance.
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5 Case study for sensor optimization

In the context of the case study, it is important to note that the release
of hydrogen is not due to a hole or a specific point source. Consequently,
the trajectory of hydrogen cannot be simulated using HyRAM+. How-
ever, what becomes significant is the arrangement and positioning of the
UGLD sensors over the tank.

In the previous configuration, the sensors in place required the hydro-
gen to accumulate before being able to detect it, resulting in a slower
response time. This delay could potentially impact the effectiveness of
safety measures and response protocols.

However, with the correct placement of UGLD sensors, their response time
can be significantly improved, allowing for rapid detection of hydrogen gas
leaks.

By strategically locating the UGLD sensors in close proximity to the tank,
the time required to detect the presence of hydrogen can be greatly re-
duced. This ensures a swift response in the event of a leak, enabling
prompt mitigation actions to be taken to prevent potential hazards and
minimize the risk of accidents or incidents.

Inserting the new data of the tank into the Genetic Algorithm is possible
to have the number of the minimum sensors required in order to cover all
the tank with a 100% accuracy.

H Variable Value H

Detection diameter 3m
Radius 3m
Height 8m

Target performance 1
Mutation rate 0.1
Population size 50
Generations 100

Table 5: Case study parameters table
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6 Results and Discussion

Through the utilization of advanced simulation techniques, it was possi-
ble to effectively model and visualize the dispersion patterns of hydrogen
following a leakage event from the tank.

In the Figure below is present the outcomes of the simulations, provid-
ing valuable insights into the two distinct scenarios under investigation:
the initial scenario involved a sizable hole, measuring 6 mm in diameter,
located in a low-pressure storage tank operating at 5 bar. This particu-
lar release configuration posed significant challenges in terms of detection
due to the combination of low hydrogen pressure and a relatively low leak
rate. Despite the limited quantity of gas released from an almost empty
tank, our simulations revealed the formation of an ignitable mixture in
close proximity to the tank wall, delineated by the enclosed region within
the white boundary. As a result, this scenario presented the risk of a flash
fire, underscoring the critical importance of implementing efficient detec-
tion measures.

The second scenario represents a distinct set of challenges compared to
the previous one: despite the relatively small size of the hole, the high-
pressure conditions contribute to a rapid and substantial release of hydro-
gen as a result, the dispersion patterns exhibited a wider spread, covering
a larger area compared to the previous scenario. The simulations showed
that the leaked hydrogen dispersed more rapidly, creating a broader zone
with potentially hazardous concentrations of the gas. This configuration
presents a heightened risk of ignition and explosion, demanding enhanced
detection and mitigation strategies to ensure the safety of personnel and
surrounding infrastructure.
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Figure 16: Hydrogen dispersion in the scenarios (a) and (b)

Hydrogen, renowned as the lightest element, is commonly believed to ex-
hibit strong buoyancy characteristics, suggesting an upward ascent and
atmospheric dissipation when released. However, the simulations have
provided intriguing insights that challenge these intuitive assumptions.

Contrary to conventional expectations, as shown in figure 18, the find-
ings reveal a more straight trajectory pattern: this unexpected behavior
carries significant implications for risk assessment and safety measures.
Accurate comprehension of hydrogen’s trajectory and dispersion charac-
teristics empowers stakeholders to design and implement effective safety
protocols, mitigating the hazards associated with hydrogen leakages.

49

0.09

0.08

.07

0.06

0.05

0.04

0.032

0.02

0.01

0.00

uoioeld 30K



b)

Z (m)
z (m)

0.5 1.0 15 0.5 1.0 15 2.0 2.5

y (m) y (m)

Figure 17: Trajectory of the hydrogen release in the scenarios (a) and (b)

3.0

Once the dispersion patterns and trajectory of hydrogen during leakages
have been characterized, the next step is to identify the most suitable sen-
sors for monitoring and detecting these leakages. In the case of this thesis,
the UGLD sensors, as described in previous chapters, were chosen for their

specific capabilities and compatibility with the research objectives.

To optimize the cost-benefit analysis (CBA) for risk analysis, a genetic
algorithm, as discussed earlier, was implemented. This algorithm pro-

vides an innovative approach to sensor placement on the tank based

on

various parameters, including the tank’s dimensions, the radius of the sen-
sors, and other relevant variables specific to the algorithm’s construction.

By employing the genetic algorithm, the placement of sensors on the tank
is optimized to achieve the highest possible detection efficiency while con-
sidering factors such as coverage and cost-effectiveness. The algorithm
iteratively refines the sensor positions to maximize the detection perfor-

mance and minimize the risks associated with hydrogen leakages.

This novel approach to sensor placement ensures an optimized and strate-
gic distribution of sensors across the tank, enhancing the overall effec-
tiveness of the monitoring system. By carefully considering the tank’s
characteristics and utilizing the genetic algorithm, this method enables
the selection and placement of sensors in a manner that maximizes the
detection capabilities while minimizing costs and potential vulnerabilities.

Overall, the implementation of the genetic algorithm in conjunction with

the UGLD sensors represents a significant advancement in the field

of

hydrogen leakage detection. This integrated approach combines sophis-
ticated simulation analysis, comprehensive understanding of dispersion

50



patterns, and an optimization process to achieve an optimal sensor place-
ment strategy.

After applying the genetic algorithm to the tank in the two simulated
scenarios, we have obtained a promising and highly effective sensor place-
ment configuration. The best individual configuration that emerged from
the algorithm is as follows:

Best individual: [(-3.6739403974420594¢-16, -2.0, 1.5), (1.2246467991473532¢-
16, 2.0, 1.5), (-2.0, 2.4492935982947064e-16, 1.5)]

This configuration represents the optimal positioning of the UGLD sen-
sors on the tank surface, taking into account factors such as coverage,
redundancy, and detection efficiency. The coordinates provided indicate
the precise locations of the sensors in three-dimensional space.

By evaluating the detection performance of this configuration, we find that
it achieves a perfect score of 1.0. This means that the sensors placed ac-
cording to the genetic algorithm successfully detect and monitor hydrogen
leakages with a high degree of accuracy and reliability.

The exceptional detection performance of this configuration is a testa-
ment to the effectiveness of the genetic algorithm in optimizing sensor
placement. By intelligently considering the tank’s dimensions, the radius
of the sensors, and other relevant variables, the algorithm has achieved an
optimal arrangement that ensures maximum coverage and sensitivity.

This result demonstrates the practical applicability and value of the ge-
netic algorithm in the context of hydrogen leakage detection.
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Figure 18: Sensors placement result

Figure 19: Tank with sensors rendering
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Upon considering the larger tank in our case study, which has a radius of
3 meters and a height of 8 meters, we input these values into the genetic
algorithm to determine the optimal sensor placement configuration. The
algorithm has produced an exceptionally effective arrangement of sensors
over the tank surface, as depicted below:

Best individual: [(-1.5000000000000013, -2.598076211353315, 4.5), (3.0,
0.0, 1.5), (1.499999999999998, -2.598076211353317, 1.5), (-1.4999999999999993,
2.598076211353316, 4.5), (-1.4999999999999993, 2.598076211353316, 1.5)]

Remarkably, the detection performance of this sensor arrangement achieves
a perfect score of 1.0. This implies that the sensors, strategically po-
sitioned according to the algorithm’s optimization process, demonstrate
exceptional capability in detecting and monitoring hydrogen leakages with
utmost accuracy and reliability.
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7 Conlusions

n conclusion, this study aimed to address the crucial issue of risk control
in hydrogen fueling stations by implementing a novel method that com-
bines simulation modeling, optimization algorithms, and sensor placement
strategies. By comprehensively studying the physical characteristics, tra-
jectory, and dispersion of hydrogen during leakages, we gained valuable
insights into the behavior of this highly lammable gas.

The research showcased the effectiveness of the HyRAM+ software in
simulating and visualizing the dispersion patterns of hydrogen in different
release scenarios. Contrary to conventional expectations, the observed dis-
persion behavior revealed deviations from simple buoyancy-driven ascent,
emphasizing the need for accurate modeling and analysis to understand
and predict hydrogen’s trajectory.

The study further focused on the selection and placement of sensors as
a critical component of risk control in hydrogen fueling stations. By im-
plementing a genetic algorithm, the placement of sensors on the storage
tank is optimized, considering factors such as coverage, redundancy, and
detection performance proving its capability to generate highly effective
sensor configurations, ensuring reliable and accurate detection of hydro-
gen leakages.

The results obtained from applying the algorithm to both small and large
tank scenarios demonstrated its efficiency and effectiveness in optimizing
sensor placement. Notably, the obtained sensor configurations achieved
a perfect detection performance score of 1.0, validating the algorithm’s
ability to provide robust solutions tailored to different tank dimensions.

This research highlights the importance of adopting innovative methods
that integrate simulation modeling, optimization algorithms, and sensor
placement strategies for effective risk control in hydrogen fueling stations.
The findings have significant implications for the design and operation of
safe hydrogen infrastructure, providing a solid foundation for the future
development of advanced risk assessment methodologies and safety proto-
cols in the hydrogen industry.

7.1 Further work

As the study on risk control in hydrogen fueling stations progresses, there
are several areas that warrant further exploration and development. This
section outlines two key aspects that merit attention: sensitivity analysis
and regulatory considerations.
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— Sensitivity Analysis: Sensitivity analysis is a crucial aspect of under-
standing the robustness and reliability of the risk control method-
ology. Researchers can evaluate the effects of different parameters
and variables on the system’s performance by undertaking sensitiv-
ity analysis. In order to conduct this analysis, a variety of variables,
including tank size, leak rates, sensor placement, and ambient con-
ditions, are systematically changed, and their effects on the perfor-
mance of the risk control method’s detection system are monitored.
Sensitivity analysis can offer useful insights into which variables have
the most effects on the performance of the system, enabling greater
optimization and fine-tuning of the strategy [14].

Additionally, sensitivity analysis can spot potential system flaws or
vulnerabilities, allowing researchers to address and mitigate them
successfully.

— Regulatory Considerations: As hydrogen fueling stations expands, it
is essential that suitable safety rules and guidelines be developed.
Regarding risk management in hydrogen infrastructure, regulatory
considerations entail evaluating the already-in-place regulatory frame-
work and locating any holes or restrictions. The design, building, and
operation of hydrogen fuelling stations are all governed by the most
recent safety standards, rules, and laws. Additionally, it entails re-
searching global best practices and the lessons discovered through ac-
tual application. In order to create complete safety rules and regula-
tions that are specifically targeted at risk control in hydrogen fueling
stations, regulatory authorities, lawmakers, and industry stakehold-
ers can benefit greatly from the ideas and insights that researchers
can offer.

These factors could include things like minimum safety standards,
rules for where to put sensors, emergency shutdown procedures, staff
training and certification, and regular safety inspections. Researchers
can help create a strong, uniform regulatory framework that supports
the responsible and safe deployment of hydrogen fuelling infrastruc-
ture while upholding public safety by addressing regulatory consid-
erations.
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Appendix A

import math

import random

def generate_sensor_grid{radius, height, sensor_diameter):
# max number of sensurﬂ
max_sensors_height = math.floor(height / sensor_diameter)

# calculates the number of sensors that can be positioned along the circumference of the tank
circumference = 2 * math.pi * radius
max_sensors_circumference = math.flooricircumference / sensor_diameter)

# generates points on the circumference of the tank
angle_increment = 2 # math.pi / max_sensors_circumference
points_on_circumference = []
for i in range(max_sensors_circumference):
angle = i % angle_increment
*x = radius * math.cos(angle)
y = radius # math.sin({angle)
points_on_circumference.appendi(x, vy

# generates points along the height of the tank

points_along_height = []

for 1 in range(max_sensars_height):
z = (i + @.5) # sensor_diameter # aggiungi un offset per centrare il sensore
points_along_height.appendi(®, 8, z))

# combine the points on the circumference and along the height to generate the grid
grid = []
for pl in points_on_circumference:
for p2 in points_along_height:
point = (pl[e], pl[1], p2[2])
if is_point_on_cylinder(point, radius, height):
grid.append(point)

return grid

def is_point_on_cylinder(point, radius, height):
®, ¥, Z = point
if math.sqrt(x=+2 + y*=2) = radius:

return False
if z = @ or z = height:

Figure 20: Genetic algorithm part 1

o7



° if z < B or z > height:
return False
return True

# example

sensor_diameter = 3

radius = 3.0

height = 8.8

grid = generate_sensor_grid{radius, height, sensor_diameter)
print(grid)

def is_point_within_sensor_range(point, sensor, radius):
"ichecks if a point is within range of a sensor.™"
distance = math.sgrt((point[B]-sensor[0])*+2 + (point[1l]-sensor[l])=+%2)
return distance == radius

# Constants
SENSOR_DIAMETER = 3
RADIUS = 3.0

HEIGHT = 8.8
MIN_SENSORS = 1
MAX_SENSORS = 7
TARGET_PERFORMANCE = 1.8
MUTATION_RATE = 8.1
POPULATION_SIZE = 5@
GENERATIONS = 108

# Generate initial population

population = []

for i in range(POPULATION_SIZE):
individual = random.sample(generate_sensor_grid{RADIUS, HEIGHT, SEMSOR_DIAMETER), random.randint(MIN_SENSORS, MAX_SENSORS))
population.append({individual)

# Define function to calculate detection performance for a given sensor configuration
def calculate_detection_performance(individual, radius, height, sensor_diameter):
grid = generate_sensor_grid(radius, height, sensor_diameter)
detection_probabilities = []
for point in grid:
detected = False
for sensor in individual:
if is point within sensor range(point, sensor, sensor diameter):

Figure 21: Genetic algorithm part 2
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TOr Sensor 1in 1ngivigual:
if is_point_within_sensor_range(point, sensor, sensor_diameter):
detected = True
break
detection_probabilities.append{detected)
# calculate the average detection performance
detection_performance = sum{detection_probabilities) / len(detection_probabilities)
return detection_performance

# Define fitness function
def fitness{individual):
# Calculate detection performance for given sensor positions
detection_perfarmance = calculate_detection_performance(individual, RADIUS, HEIGHT, SENSOR_DIAMETER)
# Calculate fitness as the absolute difference between the target performance and the actual perfarmance
return abs(TARGET_PERFORMANCE - detection_performance)

# Define mutation function
def mutate(individualj:
# Randomly add or remove a sensor
if lenf{individual)} == MIN_SENSORS or random.random() < @.5:
individual.append(random.choice{generate_sensor_grid (RADIUS, HEIGHT, SENSOR_DIAMETER)))
else:
individual. remove(random.choice(individuall))
return individual

# Define crossover function

def crossover(parentl, parent2):
# Take half of the sensors from each parent
midpoint = len(parentl) // 2
child = parentl[:midpoint] + parentZ[midpoint:]
# Remove duplicates
child = list({set(child))
return child

# Define selection function

def selection({population):
# Select the fittest individual
return min{population, key=fitness)

# Define main loop

best_detection_performance = @
hast dedfuidisl = [

Figure 22: Genetic algorithm part 3
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# Define main loop
D best_detection_performance = @
best_individual = []
num_sensors = MAX_SENSORS # added
for generation in range(GEMERATIONS):
# Evaluate fitness for each individual
fitness_scores = [fitness(individual) for individual in population]

# Selectthe fittest individual
best_individual = selection(population)
best_detection_performance = calculate detection_performance(best_individual, RADIUS, HEIGHT, SEMSOR_DIAMETER)
# Check if the termination condition is met
if best_detection_performance == TARGET_PERFORMAMNCE:
num_sensors = len(best_individual)
break

# Update num_sensors
num_sensors = min(num_sensors, len{best_individual))

# Print status
print{f"Generation {generation}: Best individual: {best_individual}. Detection performance: {best_detection_performance}.")

# Create new generation
new_population = [best_individuall
for i in range(POPULATION_SIZE - 1):
# Select two parents
parentl = selection(population)
parent2 = selection({population)

# Crossover parents
child = crossover(parentl, parent2)

# Mutate child
if random.random{) = MUTATION_RATE:
child = mutatel(child)

# Add child to new population
new_population.append(child)

# Update population
population = new_population

Figure 23: Genetic algorithm part 4
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LINK to the Genetic Algorithm on Google Colab: https://colab.research.google.com/drive/ 1fKHLSp2Lx-
s3rBqk743kZFncg NOHyD9?usp = sharing
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Appendix B

Imput  Output
Plot Title | Mole Fraction of Leak |
Notional nozzle model |‘|’uud,-uugm ~ |
Fluid phase |Gil! v|
Variable Value Linit
Ambient temperature -15 Celsius w
Leak diameter 6 Millimeter ~
Discharge coefficient 1
Angle of jet 15708 Radians w
Tank fluid pressure (absolute) 5 Bar w
Tank fluid temperature 2878 Kelvin w
X min 25 Meter ~
X max 25 Meter ~
Y min 0 Meter ~
Y max 10 Meter ~
Contours {mole fraction) 0.04
Male fraction scale minimum 0
Male fraction scale maximum 01
Calculate

Figure 24
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Input  Output

Plot Tile [Mole Fraction of Leak |
Moticnal nozzle model |'ﬁx:dKlugm ~ |
Fluid phase |Gas ~ |
Variable Value Unit
Ambient temperature -15 Celsius e
Leak diameter 1 Millimeter ~
Discharge coefficient 1
Angle of jet 15708 Radians e
Tank fluid pressure (absolute) 700 Bar e
Tank fluid temperature 2878 Kelvin e
X min 25 Meter ~
X max 25 Meter ~
Y min 0 Meter ~
f max 10 Meter ~
Contours {mole fraction) 0.04

Mole fraction scale minimum 0

Mole fraction scale maximum 0.1

Caleulate

Figure 25: Table values scenario 2
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