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Abstract: Recent regulatory requirements for shipping emissions control have led to the adoption
of Liquefied Natural Gas (LNG) as a marine fuel and the design of LNG‐fuelled vessels. Considering
the potential safety implications due to system failure/unavailability, this study aims at the safety
analysis of a low‐pressure LNG fuel feeding system using a novel model‐based methodology. The
proposed methodology is based on the functional system modelling, leading to the failure diagrams
development, and combines the use of Failure Modes, Effects, and Criticality Analysis (FMECA)
and Fault Tree Analysis (FTA), which are performed in MADe™ and PTC Windchill software envi‐
ronments. The FMECA results are employed to identify the investigated system critical components
and failures as well as specifying the top events for the subsequently performed FTA, which evalu‐
ates the top events failure rates. The system critical components identification leads to the system
design modification targeting reduced safety metrics. This study results demonstrate that the evap‐
orator, pressure build‐up unit, sensors, and cryogenic valve assemblies are the most critical compo‐
nents of the investigated system, whilst the enhanced system design exhibits a failure rate reduced
by 69% in comparison to the baseline system. This study reveals the advantages of the developed
methodology along with some limitations of the employed tools and contributes to the quantitative
safety analysis and design of ship complex systems.
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Liquified Natural Gas (LNG) has become an attractive and cost‐effective solution
that reduces a ship’s environmental footprint, ensuring compliance with existing and
forthcoming legislation [1]. The LNG feasibility and comparative assessment to other
alternative fuels and after‐treatment technologies were demonstrated by various studies
[1–5]. Ships that use LNG as their primary fuel vary both in type and size. Recent engine
developments allowed for the use of dual‐fuel engines of both the low‐ and high‐pressure
types [6]. More than 500 vessels fuelled by LNG have been in operation by 2020, which is
mostly attributed to the lower natural gas prices in comparison to past and the global
sulphur cap imposed in the same year [7].
LNG has been transported by LNG carriers since the 1960s, demonstrating an excel‐
lent safety record with only minor incidents being reported [6,7] compared to other in‐
dustries [8]. According to [9], in total, 182 incidents had been reported for LNG carriers
without involving major accidents due to LNG issues. The design and operation princi‐
ples of the storage and feeding systems for LNG‐fuelled ships are similar to the ones for
the LNG carriers. LNG must be stored in temperature lower than −140 °C in pressurised
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tanks. However, the LNG use introduces new risks due to the low temperature, the im‐
plications from potential leakages, and the feeding system components failures. Thus,
hazardous scenarios must be thoroughly investigated during the vessel design phase to
ensure its safe design and operation [7]. The basic rules set out by the International Code
of safety for ships using Gas and other low flashpoint Fuel (IGF code) can be used to con‐
trol hazardous scenarios, but they are prescriptive to a certain extent. They ensure the safe
operation of only specific system designs and layouts, leaving room for improvement in
certain areas of system safety. Moreover, the technology is still relatively new, and there
is a limited number of studies regarding the general safety and reliability analyses of LNG
fuel feeding systems.
1.2. Literature Review
Several studies focussed on the risk estimation of leakages from LNG systems. Chu
and Chang [10] investigated different natural gas leakage scenarios for an LNG‐fuelled
ship and conducted a fire risk assessment based on the identified leakages type and fre‐
quency. Fu et al. [11], aiming at the system safety enhancement, proposed a framework
for a quantitative risk assessment, which included the identification of various hazards,
their frequency estimation, the identified accidents consequence analysis. Lee et al. [12]
studied the fire risk estimation comparing two types of fuel systems for LNG‐fuelled
vessels in several failure scenarios. The authors proceeded to a consequence analysis using
Computational Fluid Dynamics (CFD) simulations, identifying the weaknesses of the
investigated systems and introducing mitigating measures.
Other safety analyses dealt with the system operational enhancement. Nwaoha et al.
[13] addressed the safety enhancement of an LNG carrier containment systems during
bunkering. A risk formula was developed taking into account several failure factors and
employled to optimise the maintenance of the LNG containment and transfer arms
systems. Lv et al. [14] analysed the risks of the LNG‐powered vessels passing through
narrow locks considering the traffic density area, identifying safety limitations in the
ship’s operation.
Several studies focussed on introducing new components to increase the LNG fuel
system safety and efficiency. Seo et al. [15] proposed a “boosting system” to control the
LNG tank pressure for providing a continuous and stable natural gas supply to the ship
engines without the use of cryogenic pumps. Park et al. [16] studied the design and use of
multi‐purpose compressors proposing a configuration that manages the generated boil‐
off gas safely.
To address the lack of accurate reliability data at the initial design stage of complex
systems, Goo et al. [17] proposed a methodology integrating the system axiomatic design
with Failure Mode, Effects, and Criticality Analysis (FMECA). Martins and Schleder [18]
assessed the reliability of a regasification system of a floating, storage, regasification unit
(FSRU) by employing Bayesian Networks, revealing the most critical components and
proposing mitigating actions to improve the overall system safety.
Several studies reported safety analyses for variousi ship systems. Niculita et al. [19]
estimated the reliability, availability, and maintainability metrics of a fuel‐feeding system
for an oil tanker propulsion engine and investigated the system design improvement by
employing a model‐based approach combined with conventional safety analysis methods
in MADe™. Banks et al. [2] employed the Failure Modes and Effects Analysis (FMEA) to
develop diagnostic systems for failure prevention for a marine diesel engine. Lazakis et
al. [20] employed the combination of FMEA and Fault Tree Analysis (FTA) to develop
algorithms for the predictive maintenance of a ship’s main engine. Cicek et al. [21] also
used FMEA to identify potential failures of a ship’s engine fuel oil feeding system, sup‐
porting the development of a risk‐based preventive maintenance plan.
Based on the preceding literature review, the following research gaps were identi‐
fied: (a) only a limited number of research studies addressed the safety analysis and de‐
sign enhancement of LNG fuel systems; (b) studies investigating the low‐pressure LNG
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fuel feed systems, which are widely used by ferries and cruise ships, have not been re‐
ported; and (c) model‐based approaches have not been employed for safety analysis of
LNG fuel systems. Therefore, this study aims at developing a novel methodology for the
safety analysis and design enhancement of a low‐pressure LNG fuel feeding system based
on Model‐Based Safety Analysis (MBSA) tools.
The novel elements of the present study include the following: (a) the novel method‐
ology based on model‐based safety tools; (b) the safety analysis of a low‐pressure LNG
fuel feeding system; (c) the identification of critical components for the low‐pressure LNG
fuel feeding system using model‐based FMECA; (d) the comparative assessment of alter‐
native LNG fuel feeding system configurations using model‐based Fault Tree Analysis;
(e) the LNG fuel feeding system design enhancement for preventing failures.
The remainder of this study is structured as follows. In Section 2, the developed
methodology and its rationale are described. Section 3 delineates the case study details
and the required input parameters. The results of the developed methodology are pre‐
sented and discussed in Section 4. In Section 5, the main findings are summarised, and the
conclusions of the study are presented.
2. Materials and Methods
2.1. Methods and Tools
This study employs the MADe™ (PHM Technology: Melbourne, Australia) software
[22], which is an advanced model‐based engineering tool that supports the safety and
criticality analyses of complex systems. The main advantage of MADeTM is the effective
development of the system functional model that allows for the investigation of the
system failure propagation, thus supporting the identification of the system critical
components and their failure end‐effects. Another advantage of MADe includes its func‐
tionality to generate or update the safety analysis results based on the investigated system
model much faster compared with the use of traditional methods [22], thus rendering the
safety analysis of modern complex systems more effective [23]. Furthermore, MADeTM
incorporates the automated implementation of the traditional FMECA and Fault Tree
Analysis (FTA). An additional advantage of MADeTM is the availability of a library with
the various component failure modes, which also supports more rigorous safety analysis.
FMECA and FTA are well‐established safety methods, which have been used for the
systems safety analysis and assurance extensively [24]. FMECA is an inductive method,
where each component failure impact on the system safety is independently evaluated
[25]. FMECA results in the identification of the critical physical failures and the evaluation
of all the components failure modes. FMECA results facilitate the identification of top
events, which can be used as input for the development of Fault Tress [26]. However, the
FMECA disadvantage is that only single‐point failures are captured [27]. For analysing
multiple failures simultaneously, FMECA needs to be combined with FTA (or Dynamic
Fault Tree Analysis (DFTA)) [27,28].
According to [25], the following steps are recommended for the system design en‐
hancement: system functional model development, criticality assessment based on what‐
if analysis, Fault Trees development, system design enhancement based on developed
Fault Trees, and generation of the FMECA table. However, the FMECA results are not
used for the system safety enhancement but facilitate the detailed reporting for the whole
safety analysis. MADeTM is not a purely Fault Tree tool; hence, it is not best suited for
editing certain aspects of Fault Trees or Dynamic Fault Trees, which are critical for the
systems safety analylysis. Furthermore, it is necessary to refine the Fault Tree generated
by MADeTM to account for redundant components. Thus, MADeTM does not adequately
support the quantitative safety analysis of complex systems, and thus, the use of PTC
Windchill (PTC: Boston, MA, USA) is employed to facilitate the quantitative DFTA in the
present study (overcoming this limitation of MADe).
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2.2. Methodology Description
A novel model‐based methodology for safety analysis of ship systems based on the
MADeTM and PTC Windchill is proposed in this study. The steps and interconnections of
this methodology are presented in Figure 1. In Step 1, the available information required
for the safety analysis of the investigated system, including the information for the com‐
ponents failure modes and reliability data, is gathered. Step 2 includes the system func‐
tional model development in MADeTM based on the information acquired in Step 2. Step
3 deals with the functional model enrichment using the component failure modes (identi‐
fied in Step 1). When required, additional component failure modes, mechanisms, and
causes are added directly from MADeTM libraries. In Step 4, FMECA is implemented in
MADeTM supported by what‐if analysis based on the functional model (developed in Steps
2 and 3). FMECA is subsequently used to analyse and rank the system failures. Step 5
focusses on design enhancement and modification by using the FMECA results. Step 6
includes the development of Dynamic Fault Trees (or Fault Trees) for the quantification
of the identified top events failure rates. The qualitative FT is initially developed in
MADeTM, and subsequently, the refined FTs are modelled in PTC Windchill [29]; the latter
is used for the quantitative FTA. The Fault Trees developed for both the baseline and the
enhanced system designs results (failure rates of the selected top events) are compara‐
tively assessed to verify the associated safety enhancement.

Figure 1. Methodology flowchart.

The novel elements of the presented methodology compared to the proposed ap‐
proach for the systems safety analysis by using MADe™ [25,22,30] are the following: (a)
the FMECA table is generated and used prior to the FTA; (b) the FMECA results are used
for the system safety enhancement instead of the qualitative Fault Tree developed by MA‐
DeTM; (c) both the MADeTM and PTC Windchill are employed; (d) quantitative analysis
based on FTA and Dynamic FTA is used to verify the safety enhancement of the proposed
system design alternatives.
2.3. Step 1—Preparatory Work
Based on the system description, typical failure modes for the system components
are identified directly through the MADe™ libraries by exploiting a standardised failure
concepts taxonomy. Further study of the pertinent literature is performed to determine
more unusual failure modes expected for the investigated LNG system components,
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mainly due to their operation at low temperature. Some additional failure modes along
with their respective failure rates are identified from the OREDA database [31] and
pertinent publications on system safety or reliability [26,27]. This information is used in
Step 3 to enrich the functional model (developed in Step 2) with failure modes and causes.
The reliability data are used for the FMECA and FTA/DFTA in Steps 4 and 6, respectively.
2.4. Step 2—System Functional Modelling
The system functional modelling is based on the Fuzzy Cognitive Mapping (FCM)
techniques [25]. First, the system is decomposed into its subsystems and components.
Then, the subsystems and their components’ functional models are developed by using
the MADeTM software interface. Subsequently, the subsystems and components are inter‐
connected using MADeTM built‐in functions, which describe the operation of the system.
Inflows and outflows are assigned to each function based on the functionality of the re‐
spective subsystem/component. A causal relationship is also defined for each inflow and
outflow, which can take a positive or negative value depending on the individual
functionality and its effect on the system operating parameters. For instance, the causal
relationship between the inlet LNG flow and outlet natural gas flow of the pressure build‐
up unit (PBU) is positive, as the LNG mass flow entering the PBU is equal to the natural
gas mass outflow. In this case, increasing the LNG mass flow rate will increase the natural
gas mass flow rate. Each causal connection has a direction and a polarity. The direction of
each connection represents the direction of the LNG flow. The polarity indicates whether
the relationship between the connected parameters is positive or negative, i.e., directly or
inversely proportional. An example of the LNG tank pressure sensor component func‐
tionality with its respective inflows and outflows is provided in Figure 2.

Figure 2. Liquefied Natural Gas (LNG) tank pressure sensor component functionality.

It is worth mentioning that some components may have more than one function, as
their operation is described by several types of flows; this can also be modelled in
MADeTM. The system functional modelling is enriched in Step 3 and is used for FMECA
and FTA/DFTA in Steps 4 and 6.
2.5. Step 3—Enriching the Functional Model with Failure Modes and Failure Diagrams
Following the development of the system functional model, Step 3 focusses on the
definition of the failure modes for each system component, which will consequently lead
to the generation of the component failure diagrams. A failure mode describes how a spe‐
cific item fails to fulfil its assigned functionality [27]. To complete this step, the sources
identified in the preparatory step (Step 1) (e.g., OREDA handbook, previous studies) are
used. However, the majority of the failure modes can be identified by using the
standardised failure concepts taxonomy system provided by MADe™. Based on these
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failure modes, failure diagrams are developed for each modelled system component. A
typical failure diagram of the LNG tank pressure sensor is depicted in Figure 3.

Figure 3. LNG tank pressure sensor failure diagram.

Failure diagrams show how failures can occur based on the physics of the specific
failure mode. Failure diagrams also graphically represent and map out the series of mech‐
anisms, causes, and faults, which ultimately lead to the failure of the component function‐
ality. The available MADe™ failure propagation diagrams for standard components can
be used, but user‐specific failure propagation diagrams can be also developed. Following
the definition of faults’ failure modes, the failure diagrams (showing the mechanisms and
causes) are automatically generated in MADe™. Failure diagrams will be used at a later
stage in combination with the system functional model (developed in Step 2) to develop
a failure propagation table, which is employed to reveal the components failure effects on
the system (Step 4) and supports the development of Fault Trees (Step 6).
2.6. Step 4—Failure Modes, Effects, and Criticality Analysis
In this study, FMECA is implemented with the support of MADeTM. Based on the
developed functional model and failure diagrams, a failure injection process is conducted.
According to this, a specific failure mode is assigned for each component (e.g., low natural
gas temperature at the evaporator outlet), and subsequently, a step table is generated
based on the developed functional model, which determines the propagation of the re‐
spective failures throughout the system. MADe™ allows the user to simulate one or many
functional failures that can occur in the system. By providing specific user input, initial
FMECA tables are generated in MADe™. The investigated system failures detection
methods (required for ranking the identified failure modes as described in the following
paragraph) are manually added to the FMECA table.
The Risk Priority Number (RPN) method is employed to rank the components failure
modes [32]. The RPN ranking is associated to the following advantages: (a) it is well doc‐
umented, which allows for its effective implementation; (b) its systematic and systemic
nature is suitable for swift decision making on the system design alteration [33]. Since this
study does not account for the system cost, the use of more sophisticated safety methods,
such as the Total Efficient Risk Priority Number (TERPN) or the Global Safety Improve
Risk Assessment (G‐SIRA) [32–34], is not expected to provide additional advantages.
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RPN is used to rank the different failure scenarios [17] and is estimated based on the
likelihood of occurrence (O), the severity (S), and the detectability (D) of each failure, ac‐
cording to [26]. The occurrence rankings (O) are derived from the respective component
failure rates (taken from Step 1). The severity ranking (S) describes the impact of a failure
mode on the system operation. The severity of each failure mode (S) is defined based on
the results from the failure propagation in MADe™, depicting the failure’s impact on the
system’s safe operation. The detectability ranking (D) describes the ability of the system
through sensors (for monitoring) and the control of various system components, to detect
and self‐mitigate possible failures and faults. The detectability is identified based on the
availability and characteristics of the sensors and diagnostic systems installed in the
investigated system. A typical FMECA example (without including the respectice
criticality metrics) for the system evaporator is provided in Table 1. The FMECA results
are used in Step 5 for system safety enhancement.
Table 1. Failure Modes, Effects, and Criticality Analysis (FMECA) typical structure (example of the LNG evaporator).
Component

Function

Evaporator

Converts LNG to natural gas at the desired
temperature

Failure Mode
Causes of Failure
Functional Failure
Fault
Mechanism
Cause
Low natural gas
Ice outgrowths Ice formation Low temperature
temperature

2.7. Step 5—System Safety Enhancement
Design improvements are proposed for all the identified critical components of the
investigated system. The system safety enhancement can be achieved by altering each one
of the RPN contributing elements. The failure occurrence likelihood (O) can be reduced
by considering the use of superior materials for the system components, the control of the
failure causes and mechanisms, as well as by the implementation of more frequent inspec‐
tions and maintenance tasks. The severity of each failure (S) can be reduced by adding
redundant components and by interconnecting various components. The detectability (D)
can be improved by installing additional sensors and employing diagnostic systems.
2.8. Step 6—Fault Tree and Dynamic Fault Tree Analysis
A Fault Tree (FT) uses the logical connections, which are graphically represented to
describe intermediate or basic events connected by “OR” gates and “AND” gates, all lead‐
ing to the top event. The top event is usually an undesired effect on the investigated sys‐
tem or a failure, and the FTA reveals the failure propagation that ultimately causes the
top event occurrence. The derived FT can be used for the estimation of the top event fail‐
ure rate via a series of mathematical equations considering the basic event failure rates
through the gates leading to the top event [35]. The calculation of the top event failure rate
through an FT is considered as a safety‐related importance measure, which can represent
the investigated system safety [26]. In the case of Dynamic Fault Trees (DFT), additional
dynamic gates are used, such as Priority‐AND (PAND), spare, Sequence Enforcing (SEQ)
or Functional Dependency (FDEP) [36]. The DFTs are able to consider the temporal system
effects, which can emerge in an LNG feeding system with redundant standby components
[36].
In the proposed methodology, the Fault Trees developed automatically by MADeTM
are used as a reference. As it is not possible to implement a detailed quantitative analysis
in MADeTM, these Fault Trees (or the corresponding Dynamic Fault Trees) are first refined
to account for the system redundant and standby components as well as common cause
failures [3,18,37,38]. Subsequently, these refined Fault Trees are modelled in PTC Wind‐
chill and employed for the estimation the top events failure rates.
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3. Case Study Description
3.1. System Description
The baseline system considered in this study is a low‐pressure LNG fuel feeding sys‐
tem, the layout of which is developed based on the information reported in [39] and [40].
This system is the most commonly used system type in LNG‐fuelled vessels currently in
operation and is expected to be used in future designs [41]. The function of the LNG fuel
system is to transform the stored LNG into a gaseous form and heat it up so that the gas‐
eous fuel complies with the ship dual‐fuel engine(s) manufacturer requirements. The sys‐
tem supplies the natural gas to the ship engine(s) using a pressure difference between the
LNG tank and the dual‐fuel engine manifold, thus not requiring cryogenic pumps, at the
desired temperature of 20 °C and pressure of approximately 5 bar [39]. The system layout
is presented in Figure 4, whilst the list of system components and their description is pro‐
vided in Table 2.

Figure 4. Low‐pressure LNG fuel feeding system (adapted from [39]).
Table 2. LNG feeding system components description.
N°

Component

Description
The IMO type C tank is cylindrical by design and is a suitable solution for small‐scale LNG
1
LNG tank type “C”
storage. It can handle the increased pressure from boil‐off gas (BOG) accumulation up to 9 bar
rendering the need for BOG venting unnecessary [39].
The pressure build‐up unit (PBU) maintains a high pressure inside the tank by evaporating
LNG. The PBU is utilised to maintain a steady flow of natural gas when the tank pressure
Pressure build‐up unit
drops. It consists of a heat exchanger (that employs a glycol‐water solution as heating
2
(PBU)
medium), insulated pipes, and regulating valves,; it is connected to the tank pressure
monitoring system [39].
It is a heat exchanger that utilises a glycol‐water solution as heating medium to evaporate the
LNG and heat up the produced gas. The evaporator is designed so that it can deliver the gas to
the engine at the required temperature of 20 °C. The evaporator also receives boil‐off gas from
3
Evaporator
the LNG tank, which is then heated to the desired temperature. It must be noted that the
additional boil‐off gas serves as a supplementary function and is not sufficient by itself to
cover the requred engine fuel flow.
Glycol‐water heat
It receives the cold glycol‐water from the evaporator and PBU and heats it using warm engine
4
exchanger
cooling water to send it back and repeat the process.
Control valves (Boil‐off gas All the system valve assemblies include a valve control unit, a valve actuator, and a valve
5,6,7,8,9
control valve, LNG control body. They are used to regulate the flow of the relevant medium.
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valve, glycol water control
valve)

10,11

Pressure and temperature
sensors

12

Natural gas filter

13

Pressure relief valve

14

Glycol‐water

15

Gas valve unit (GVU)

The pressure and temperature sensors are used to monitor the relevant operating parameters.
Their measurement is used to detect abnormalities in the system and to control the position
(opening) of control valves. The temperature measurement is used to control the flow of
glycol‐water that enters the evaporator. The pressure measurement at the LNG tank is fed via
a control signal to the PBU valve assembly, which maintains the high pressure inside the tank.
One additional pressure sensor is placed after the GVU for regulating the natural gas pressure
according to the engine(s) manufacturer requirements.
Cleans the natural gas from impurities before it enters the engine(s).
A pressure relief valve is used to expand the pressure in the LNG tank if it exceeds the
maximum allowed pressure.
Glycol‐water solution is a chemical mixture highly resistant to low temperature conditions and
a reliable anti‐freezer [40]
It is a safety feature required by the classification societies and consists of a natural gas filter,
and a series of pressure control, ventilating, and shut‐off valves. It is included within a
stainless steel enclosure, which is insulated and inerted for fire prevention, and it is located in
a designated area outside the engine room. In this study, it is not considered as an assemply of
separate components; instead, it includes the combined functionality of a natural gas valve
assembly, shut‐off valve, and natural gas valve filter.

3.2. Analysis Input
The failure rates that have been used in this analysis along with their sources are
provided in Table 3. For the new redundant components that are added to the enhanced
system design, a periodic inspection is assumed to take place every 168 h, which is in line
with maintenance practices for other components.
Table 3. Component failure rates adopted from published historical data.
No.
1
2
3
4
5
6
7
8
9
10
11
12

Components
LNG tank minor failure [42]
Pressure build‐up unit (PBU) [31]
Evaporator/Reheater [31]
Glycol‐water heat exchanger [31]
Valve actuators [31]
Valve control units [31]
Valve body [31]
Shut‐off valve [31]
LNG valve assembly [43]
Pressure sensor [44]
Temperature sensor [44]
Natural gas filter [18]

Estimated Range of Failure Rates Per Year
10ି
10ିସ
10ିସ
10ିହ
10ି
10ି
10ି
10ି
ିଷ
10 –10ିସ
10ି
10ି
10ି

3.3. Analysis Scope and Assumptions
Considering that the LNG feeding system is rather complex, it was necessary to limit
the scope of the safety analysis by considering the following assumptions:





The operation of the LNG fuel system is assessed in terms of its ability to supply
natural gas at a constant temperature and pressure.
Interactions with humans (undertaking the system operation and maintenance) are
out of the scope of this study.
The potential software and hardware failure modes for the system controllers are
excluded from this analysis.
System decomposition reaches to the subsystems and components level. The compo‐
nents parts failure modes are considered at the respective component level.
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The following worst‐case scenarios were considered: (a) disruption of the natural gas
supply and (b) shut down (stop) of the LNG fuel system. The severity ranking (S) of
these scenarions was set to eight (8).
Due to the lack of relevant data, the occurrence likelihood is considered the same for
all the failure modes of each system component.
The RPN threshold of 100 is employed to describe a safe system conditions in line
with [32]. The systems components exhibiting the highest RPN values are flagged as
critical.
Pressure relief valves are excluded from this analysis, as they are not considered to
influence the natural gas supply.
Due to the lack of data for the LNG valve assemblies, the failure rates were not de‐
rived considering each valve component. Instead, one failure rate was assigned to all
LNG valve components (actuator, body, control unit).

4. Results and Discussion
4.1. Step 1—Preparatory Work
The identified failure modes for the system components are provided in Table 4. The
OREDA database [31], MADeTM [22], and MIL‐HDBK‐338B [26] were used to identify
these failure modes. Most faults are referring to the degradation of the physical compo‐
nents caused by the low or fluctuating operating temperature or corrosion. However, for
some components, failure can be caused by a combination of environmental conditions
and inappropriate design, such as heat penetration to the LNG tank or by short‐circuits
for sensors. This information is used in Step 4 for the functional model enrichment.
Table 4. Failure modes of system components.
No.

Components

1

LNG tank

2

Pressure build‐up unit

3

Evaporator

4

Glycol–water heat exchanger

5

Valve actuator

6

Valve control unit

7

Valve body

8

LNG valve actuator

9

LNG valve control unit

10

LNG valve body

Faults
High boil‐off gas
evaporation rate
Fractured
Ice outgrowths
Shrunk
Corroded
Surface cracks
Fractured
Ice outgrowths
Shrunk
Corroded
Surface cracks
Fractured
Corroded
Perforated
Shrunk
Expanded
Open circuit
Fractured
Seized
Short circuit
Open circuit
Fractured
Blocked
Ice outgrowths
Open circuit
Fractured
Short circuit
Open circuit
Frozen
Fractured

Failure Modes
Mechanisms

Causes

‐

Heat penetration into the fuel tank

Brittle fracture
Ice formation
Thermal contraction
Corrosive fatigue
Corrosive fatigue
Brittle fracture
Ice formation
Thermal contraction
Corrosive fatigue
Corrosive fatigue
Thermal fatigue
Corrosive attack
Corrosive attack
Thermal contraction
Thermal expansion
Tensile fracture
Brittle fracture
Abrasive wear
Thermal degradation
Tensile fracture
Brittle fracture
Silting
Ice formation
Tensile fracture
Brittle fracture
Thermal degradation
Tensile fracture
Ice formation
Brittle fracture

Low temperature
Low temperature
Low temperature
Temperature fluctuations
Temperature fluctuations
Low temperature
Low temperature
Low temperature
Temperature fluctuations
Temperature fluctuations
Temperature fluctuations
Corrosive contaminant
Corrosive contaminant
Low temperature
Temperature difference
Transient mechanical load
Low temperature
Insufficient lubricant
High temperature
Transient mechanical load
High mechanical load
Contaminated input flow
Low temperature
Transient mechanical load
Low temperature
High temperature
Transient mechanical load
Low temperature
High mechanical load
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Open circuit
Electrical potential
decreased
Dielectric strength
decreased
Blocked

Burnout

Short circuit

Burnout

Short circuit

Dielectric breakdown

Line defects or over‐voltage

Silting

Contaminated input flow

4.2. Step 2—System Functional Modelling
Following the system description, the analysis scope definition, and the identification
of the component failure modes, the functional modelling of the investigated LNG fuel
system was developed in MADe™. Table 5 presents the defined functions of each system
component. Figure 5 presents the functional model flowchart of the investigated LNG fuel
system, as it appears in MADe™. This flowchart almost follows the system layout dia‐
gram presented in Figure 4, using the MADe™ formalism.
Table 5. Component functionality in the model.

No.
1
2
3
4
5
6
7
8
9
10
11
12

Component
LNG Tank
PBU
Evaporator
Glycol‐Water Heat Exchanger
Natural Gas Valve Actuator
Natural Gas Valve Control Unit
Natural Gas Valve Body
LNG Valve Actuator
LNG Valve Control Unit
LNG Valve Body
Temperature and Pressure Sensors
Natural Gas Filter

Functions
Store/Provide LNG
Convert LNG, Regulate Pressure
Convert LNG, Regulate Pressure
Regulate LNG Supply, Increase Water Flow
Convert Amplitude to Mechanical Energy
Convert Data to Amplitude
Regulate the Flow
Convert Amplitude to Mechanical Energy
Convert Data to Amplitude
Regulate the Flow
Convert Amplitude to Data
Regulate NG Supply, Decontamination
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Figure 5. LNG fuel system functional model in MADe™.

4.3. Step 3—Enriching the Functional Model with Failure Modes and Failure Diagrams
This study focusses on the system’s functionality to supply a steady flow of natural
gas at the required pressure and temperature range. The consequences of each failure
mode will have a negative end‐effect at the pressure and temperature of natural gas.
Based on the identified information in Step 1, the failure modes and failure diagrams
are built for the investigated system components. As the produced amount of information
is vast, only some indicative results are provided herein. The failure diagram of the LNG
tank pressure sensor is presented in Figure 6. A combination of nine types of causes will
lead to two different mechanisms (burnout and dielectric breakdown), which will then
lead to three separate faults (open circuit, electrical potential decreased, and dielectric
strength decreased). These faults will result in the deterioration of the tank pressure sen‐
sor signal quality (providing an erroneous output or no output at all), which will nega‐
tively affect the performance of the LNG valve assemblies that are controlled using this
sensor signal.
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Figure 6. LNG tank pressure sensor failure diagram.

4.4. Step 4—FMECA and Safety Enhancement Based on MADeTM
Following the LNG fuel feeding system modelling, the failure propagation of each
component must be first investigated. Once the undesired failure is injected, the propaga‐
tion of this failure within the LNG fuel system and its impact on to the system components
are automatically generated in MADe™ in the form of numbered steps. In total, 13 func‐
tional failures were injected in the system, which are presented in Table 6.
Table 6. Functional failures injection affecting the supply of natural gas.
No.
1
2
3
4
5
6
7
8
9
10

Component
LNG tank
Pressure build‐up unit
Evaporator
Glycol‐water heat exchanger
Valve actuators
Valve control units
Valve bodies
Pressure sensors
Temperature sensor
Natural gas filter

Flow Property
Pressure
Pressure
Pressure and Temperature
Pressure and Temperature
Mechanical energy
Amplitude
Pressure
Data
Data
Pressure

Functional Failure Response
Low and High
Low
Low
Low
Low
Low
Low
Low and High
Low and High
Low

The generated FMECA table is presented in Table 7. The occurrence values (O) were
derived based on the respective component failure rates. The detectability values (D) were
derived taking into account the system layout, the accessibility of each component, and
the relevant sensors, according to the guidelines provided in [28].
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Table 7. FMECA table as generated from MADe indicating the Risk Priority Number (RPN) of each system component failure mode (O: Occurrence; S: Severity; D:
Detectability).
Failure Mode
No

Component

Causes of failure

Criticality

Failure end ef‐

Function

Detection method
Functional Failure

Fault

Mechanism

Cause

fect

O

S

D

RPN

LNG pressure sensor

3

4

1

12

LNG pressure sensor

4

8

4

128

Temperature sensor

4

8

4

128

3

8

3

72

To vent the ex‐
High boil‐off gas
1

LNG tank

Stores the LNG

Overpressure

Heat penetration into
‐

evaporation rate

cessive boil‐off
the fuel tank
gas

Maintains the pres‐

Disrupted natural gas

sure inside the LNG

supply to the LNG

Fractured

Brittle fracture

Low temperature

Ice outgrowths

Ice formation

Low temperature

Shrunk

Thermal contraction

Low temperature

Pressure build‐up
2

To stop the en‐

unit

Temperature fluctua‐
Corroded

tank

tire system

Corrosive fatigue

tank

tions
Temperature fluctua‐
Surface cracks

Corrosive fatigue
tions

Converts LNG to

Fractured

Brittle fracture

Low temperature

Ice outgrowths

Ice formation

Low temperature

Shrunk

Thermal contraction

Low temperature

Low natural gas tem‐
3

Evaporator

To stop the en‐

natural gas at the

Temperature fluctua‐
perature

Corroded

tire system

Corrosive fatigue

desired temperature

tions
Temperature fluctua‐
Surface cracks

Corrosive fatigue
tions
Temperature fluctua‐

Fractured

Thermal fatigue
tions

Increases the tem‐
Glycol‐water heat ex‐
4

Low natural gas tem‐
Corroded

perature of the natu‐
changer

Corrosive attack

perature & pressure
ral gas

To stop the en‐

Temperature & Pres‐

tire system

sure sensors

Corrosive contaminant

Perforated

Corrosive attack

Corrosive contaminant

Shrunk

Thermal contraction

Low temperature
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Expanded

Thermal expansion

Temperature difference

Thermal degrada‐
Short circuit

High temperature
tion

Controller malfunc‐
tion

Transient mechanical
Open circuit

Tensile fracture
load

Regulates the flow
Natural gas valve as‐
5

of natural gas via

Actuator malfunction

Open circuit

Transient mechanical

To stop the en‐

Natural gas tempera‐

load

tire system

ture sensor

To stop the en‐

Natural gas tempera‐

tire system

ture sensor

Tensile fracture

sembly

2

8

3

48

2

8

3

48

2

10

2

40

control signal

Valve body malfunc‐

Seized

Abrasive wear

Insufficient lubricant

Fractured

Brittle fracture

High mechanical load

Blocked

Silting

tion

Contaminated input
flow
Thermal degrada‐
Short circuit

High temperature
tion

Controller malfunc‐
tion

Transient mechanical
Open circuit

Tensile fracture
load
Transient mechanical

Regulates the flow
Open circuit

Glycol‐water valve
6

of glycol‐water via

Tensile fracture
load

Actuator malfunction

assembly
control signal

Valve body malfunc‐

Fractured

Brittle fracture

Low temperature

Seized

Abrasive wear

Insufficient lubricant

Fractured

Brittle fracture

High mechanical load

Blocked

Silting

tion

Contaminated input
flow
Thermal degrada‐
Short circuit

Blocks the flow of

tion

Controller malfunc‐
7

Shut‐off valve

Failure to stop
High temperature

Human perception,
the supply of

natural gas via con‐

Natural gas pressure
tion

trol signal

Open circuit

Transient mechanical

natural gas to

load

the engine

sensor

Tensile fracture
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Seized

Abrasive wear

Insufficient lubricant

Fractured

Brittle fracture

High mechanical load

Corroded

Corrosive fatigue

Insufficient lubricant

Valve body malfunc‐
tion

Thermal degrada‐
Short circuit

High temperature
tion

Controller malfunc‐
tion

Transient mechanical
Open circuit

Tensile fracture
load

Regulates the flow
Ice outgrowths
8

LNG valve assembly

Ice formation

Low temperature

To stop the en‐

Transient mechanical

tire system

of LNG via control
signal

LNG pressure sensor
Actuator malfunction

Open circuit

5

8

3

120

2

8

8

128

2

8

8

128

1

4

2

8

Tensile fracture
load

Fractured

Brittle fracture

Low temperature

Valve body malfunc‐

Frozen

Ice formation

Low temperature

tion

Fractured

Brittle fracture

High mechanical load

Open circuit

Burnout

Short circuit

Burnout

Short circuit

Measures the pres‐
9

Pressure sensor

sure inside the LNG

Electrical potential
Faulty measurement

tank

To stop the en‐

Incomplete engine

tire system

combustion

To stop the en‐

Incomplete engine

tire system

combustion

decreased
Dielectric strength

Dielectric break‐

Line defects or Over

decreased

down

voltage

Open circuit

Burnout

Short circuit

Burnout

Short circuit

Measures the tem‐
Electrical potential
perature of the natu‐
10

Temperature sensor

Faulty measurement

decreased

ral gas coming from
Dielectric strength

Dielectric break‐

Line defects or Over

decreased

down

voltage

the evaporator

Natural gas
Cleans natural gas
11

Natural gas filter

Natural gas filter

Contaminated input
Blocked

from impurities

blocked

Silting

Pressure sensor, reg‐
flow pressure

flow

ular maintenance
drop
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The severity (S) for most scenarios was set to 8 as stated in Section 3.3, since their
failure leads to the natural gas unavailability. The investigated LNG fuel feeding system
baseline configuration does not have any redundant components, which means that a
component failure will most likely result in the fuel system operation disruption, thus
jeopardising its safety. Therefore, the severity values for the component failures, which
will cause the system stopping, will be high. However, the shut‐off valve severity was set
to 10, as the uncontrolled provision of natural gas can eventually lead to leakage and po‐
tential fire in the engine room. For the LNG tank overpressure, it is considered that it will
lead to the release of natural gas in the environment. Natural gas primarily consists of
methane, which is a gas with high global warming potential and potential for ignition.
However, since the amount of stored gas and potential release is small, the tank is located
outside the machinery space on deck, and since it is lighter than air, we can assume the
effect to be small. The occurrence (O) of the glycol–water and the natural gas valve com‐
ponents (actuators, bodies, control units) were considered to be the same due to their iden‐
tical failure rates.
The derived PRN values for the system main components are presented in Figure 7.
As it can be observed, the RPN values for several components exceed the set RPN thresh‐
old (100), above which the failure scenarios are not considered safe. Based on these results,
the following components are identified as critical: the evaporator, the PBU, the tempera‐
ture and pressure sensors, as well as the LNG valve assembly. For the evaporator and the
PBU, the combination of a moderate failure rates (O) and a high severity resulted in their
high criticality. The pressure and temperature sensors are also found critical due to the
high severity of their failure and the high difficulty of the detection of these failures. A
sensor erroneous measurement/signal can only be detected through the installation of re‐
dundant sensors or by using model‐based observers for monitoring the system compo‐
nents. Lastly, the LNG valves, which include all the cryogenic system valves, are found to
be critical due to their high failure rate (attributed to the very low LNG temperatures [45])
and high failure severity.

Figure 7. LNG fuel system component RPN values.

4.5. Step 5—System Safety Enhancement
The main weakness of the investigated system baseline configuration is the absence
of redundant components, which can result in several single‐point failures. To enhance
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the system safety, the system configuration needs to include fault‐tolerant techniques
allowing for the system operation in the presence of failures. The primary goal of the
system designer is to divert the propagation of failures so that the system continues to
operate despite failures. The modified system still must be able to detect, diagnose, and
recover from the faults. Increasing the system redudancy can mitigate the failure of the
the system components [26].
Based on the criticality analysis results, the following changes to the LNG fuel system
baseline configuration are proposed to enhance its safety: (a) addition of by‐pass cryo‐
genic valves; (b) addition of temperature and pressure sensors to ensure accurate readings
and diagnosis of potential system failures; (c) addition of heat exchanger/reheater and
associated components; and (d) addition of a heating system inside the LNG tank. The
resultant enhanced LNG fuel feeding system layout is presented in Figure 8, where the
proposed design changes are displayed in red color.

Figure 8. Modified LNG fuel feeding system to accommodate the proposed changes towards safety enhancement.

The added by‐pass cryogenic valves include the following: (a) valves that operate at
very low temperatures for both LNG control valves that regulate the flow to the
evaporator and a PBU; (b) the boil‐off gas control valve upstream of the evaporator; (c)
the natural gas control valve downstream from the PBU; and (d) the glycol‐water control
valve downstream the evaporator.
An additional pressure sensor was added to the LNG tank so that the control can
always receive appropriate tank pressure signal. A temperature sensor was also added
downstream of the re‐heater to ensure that the potential failures of the evaporator and the
re‐heater are detected. An additional pressure sensor at the end of the fuel line will ensure
redundancy on the gas supply presure signal.
For addressing the evaporator criticality, a solution must be found, which besides the
added redundancy also decreases the individual components thermal loading and there‐
fore reduces the occurrence and severity of failures. After reviewing the pertinent litera‐
ture on regasification systems [18,46], where multiple levels of evaporators and re‐heaters
were proposed to work in parallel to evaporate the LNG and heat up the produced natural
gas, a re‐heating system after the evaporator was added in the modified system
configuration. The evaporator and the re‐heater operate together with a reduced thermal
load, decreasing the possibility of failures and at the same time increasing the system
redundancy. The re‐heating components include (a) the natural gas re‐heater; (b) an
additional glycol‐water heat exchanger; and (c) an additional glycol‐water control valve.
To mitigate a potential PBU failure, a heating system was added inside the LNG tank,
as proposed in [15], where different types of LNG fuel feeding systems were compared.
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This component operates in case of a PBU failure, using the glycol‐water mixture to
increase the LNG evaporation rate, thus maintaining the required LNG tank pressure.
4.6. Step 6—FT and DFT Analysis
The DFTA is employed in this study to validate the results from the FMECA and
ensure that the proposed system changes indeed lead to enhanced safety. FTA was carried
out for the baseline and the modified system configurations with the following top events:
(a) natural gas temperature drop at the engine inlet; (b) natural gas pressure drop at the
engine inlet; and (c) fuel feeding system shut down. Hence, six FTs/DFTs are developed
in total. The failure rates presented in Table 3 are used as input in the performed FTA.
The FT for the top event (c) (fuel system shutdown) for the baseline system configu‐
ration, modelled in PTC Windchill [29], is presented in Figure 9. The other two top events
(a and b) are intermediate events to this Fault Tree and their top events are included at
the second level of the FT in Figure 9. The top events (a) and (b) include, in a lower hier‐
archy level, the failure of the glycol–water heat exchanger. However, as the latter is a com‐
mon failure in the Fault Tree of the top event (c), it is propagated to the level below the
top event. To simplify the presented FT, the subsystems were included (blue triangles in
Figure 9) that include all the relevant basic events resulting in the LNG tank pressure drop
and natural gas flow disruption, respectively.

Figure 9. Baseline system configuration Fault Tree developed in PTC Windchill for the top event (c) (fuel system shut
down).

The Fault Tree for the top event (c) for the modified system configuration, modelled
in PTC Windchill [29], is presented in Figure 10. Similarly, with the previous Fault Tree,
the considered top events (a) and (b) are intermediate events in the Fault Tree (c). The
PAND gate is used for representing the failure of the heating subsystem, where the evap‐
orator first fails, followed by the re‐heater system failure. The FTs were refined to a certain
extent to increase the results consistency by eliminating identical basic events occurring
simultaneously. More details for these Fault Trees are provided in Appendix A.
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Figure 10. Modified LNG fuel system configuration Fault Tree developed in PTC Windchill.

The estimated failure rates for the baseline and the modified LNG fuel system con‐
figurations are provided in Figure 11 and Table 8. As expected, due to the added compo‐
nents and sensors, the results yielded a significant reduction in the failure rates for each
top event. The most important top event is the “Fuel System Shut down”, which repre‐
sents the overall system failure.

Figure 11. Derived failure rates for the baseline and modified LNG fuel system configurations.
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Table 8. Enhanced LNG fuel system top event failure rates reduction.

Top Event
Fuel System Shut Down
Temperature Drop
Pressure Drop

Reduction
69%
97%
46%

4.7. Discussion on the Results and Methodology
The results in the first part of the analysis (FMECA) are aligned with the results of
previous studies on LNG carriers systems [38] and shore regasification plants [18], exhib‐
iting similar criticality metrics, using similar failure rate inputs. According to [38], the
most critical components were found to be the cryogenic valve assemblies (referred to as,
‘Process control valves’), followed by the boil‐off gas (BOG) heater and vaporiser. Accord‐
ing to [18], all the LNG gate valves and the cryogenic heat exchangers are the components
that negatively affect the system reliability (represented as the time to failure).
The employed methodology proved to be useful and effective. The available libraries
in MADeTM facilitated the application of the performed analysis. FMECA and Fault Trees
were developed automatically from the relevant system models with minor adjustments.
The methodology supported the system safety enhancement, and the derived system
safety metrics were compared to the respective ones of the baseline system. A similar
methodology with the presented could potentially be employed for safety analysis of
other ship systems, such as propulsion systems and ballast treatment systems, and it can
be extended for the case of other alternative fuels (e.g., hydrogen), thus providing to the
system designer tools for the rendering the safety analysis during the system design pro‐
cess more effective.
The developed Fault Trees and the FTA implemented in MADeTM were
comprehensive enough in terms of detail but lacked flexibility in terms of editing the
intermediate events. In addition, they revealed limitations in calculating the system
failure rate simultaneously accounting for both temperature and pressure drops. These
concerns prompted the development and refinement of Fault Trees and Dynamic Fault
Trees in PTC Windchill. Therefore, the complementary use of MADeTM in combination
with other tools can be employed to further support the quantified safety analysis.
Finally, the control system failures (hardware and software) were not considerd in
this study, which indicates that some failure scenarios were ignored [3]. Several
assumptions were made regarding the distribution of failure modes. Furthermore, a cost–
benefit analysis was out of the scope of in this study. However, from an industrial
perspective, it is important to ensure that the system design is both safe, and cost‐efficient.
The OREDA database was employed to identify the system components failure rates,
which are used to the RPN calculation. As OREDA is related to offshore assets
systems/compnetes data, the use of such information for the case of ship
systems/components is an important limitation. Nonetheless, these limitations provide
directions for future research.
5. Conclusions
This study proposed a novel methodology for the ships systems quantitative model‐
based safety analysis, which combines the system functional modelling, the failure prop‐
agation analysis, FMECA, and FTA. This methodology was implemented for the low‐
pressure LNG fuel feeding system of an LNG‐fuelled ship and led to the safety improve‐
ment of the investigated system.
The main findings of this study are the following:


The system functional modelling substantially contributed to the better understand‐
ing of the system components interactions and their impact on the overall system
safety.
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The FMECA led to the identification of failure modes and the RPN calculation, which
resulted in the classification of the system critical components and the specification
of the most critical failure events.
The FTA allowed for the quantitative evaluation of the identified top events and the
comparative assessment of the alternative system configurations employing as safety
metrics the top event failure rates.
The developed methodology effectively supported the quantitative safety analysis
and the design of safe marine systems. In the design phase, emphasis must be placed
on the critical system components, sensors, and control equipment.
The most critical components (in terms of the RPN) of the investigated low‐pressure
LNG fuel feeding system were found to be the evaporator, the pressure build‐up unit
(PBU), the temperature and pressure sensors, as well as the LNG and cryogenic valve
assemblies.
The recommended modified system configuration included additional valves, a re‐
heater assembly, an LNG tank heating system, as well as pressure and temperature
sensors.
The modified system configuration exhibited a reduction in the failure rate of the
system shut down top event by 69% compared with the baseline system design.
Particular attention must be placed on the quality of the data obtained from the per‐
tinent literature, as it strongly influences the safety analysis results. As the LNG tech‐
nology is relatively recent, data discrepancies or unavailability must be compensated
by the use of reasonable and justifiable assumptions. In this respect, the results must
be used with caution and need to be verified by considering the pertinent literature
and experts’ advice.
The proposed methodology leads to better insights of the underlying parameters that
affect the investigated system safety and can be swiftly applied to other ship systems.

Considering the immense pressure of the shipping industry to design and operate
safe systems and adopt new technologies, this study provides a useful approach support‐
ing the systems design with a focus on safety. Future studies will include the extension of
the developed methodology to incorporate uncertainty and cost–benefit analyses, thus
leading to a holistic design for safety approach.
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Appendix A. Employed Fault Trees and Dynamic Fault Trees structure
The Fault Trees that were developed in this study are presented in Figures A1−A3.
Figure A1 shows the FT for the evaporator valves subsystem with the added by‐pass cry‐
ogenic valves for the LNG fuel system modified configuration. Figure A2 presents the FT
for the LNG tank pressure drop top event for the LNG fuel system baseline configuration.
Finally, Figure A3 presents the FT for the top event of the disrupted natural gas flow for
the LNG fuel system baseline configuration.

Figure A1. Fault tree for the evaporator valve subsystem developed in PTC Windchill.

Figure A2. Fault tree for the top event of the tank pressure drop developed in PTC Windchill.

Figure A3. Fault tree for the top event of the disrupted natural gas flow developed in PTC Wind‐
chill.

Abbreviations
CFD
CO2

Computational Fluid Dynamics
Carbon dioxide
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ECA
FMECA
FTA
DFTA
GA
HFO
IGF
LNG
BOG
MBSA
NOx
PM
SOx
PBU
GVU

Emission control areas
Failure Modes, Effects, and Criticality Analysis
Fault Tree Analysis
Dynamic Fault Tree Analysis
Genetic Algorithms
Heavy Fuel Oil
International code of safety for ships using Gas and other low flashpoint Fuels
Liquefied Natural Gas
Boil‐off gas
Model‐Based Safety Analysis
Nitrogen oxide
Particulate matter
Sulphur oxide
Pressure build‐up unit
Gas Valve Unit
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