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Abstract: In recent years, fire accidents on Ro-Ro ships have led to numerous fatalities and 
significant economic losses. The response of the crew and the ship's protection systems are crucial 
in managing these incidents and mitigating their consequences. To assess fire safety improvements, 
this study has focused on developing and quantifying a risk model that captures the dynamics of a 
fire starting in a Ro-Ro space. Various risk modelling techniques were reviewed to construct the 
model, which was then quantified using historical data, simulations, and expert judgments. A 
Delphi-based, fully digital approach to expert elicitation was introduced, utilizing Microsoft Teams 
and Microsoft Excel-based questionnaires. This method ensured full anonymity for the experts, 
reducing the risk of group bias and eliminating the need for travel. To enhance understanding and 
verify the results, uncertainty and sensitivity analyses were performed. They revealed that the 
potential loss of life deviated, with 90% confidence, from the calculated mean value by less than 
26%. Overall, the questionnaire-based method proved effective for expert elicitation and for 
quantifying nodes in the risk model, demonstrating its utility in the risk assessment process. 
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1. Introduction 

Ro-Ro (roll-on/roll-off) ships transport vehicles and passengers across the seas, loading and 
unloading cargo such as personal cars, lorries/trucks, recreational vehicles, trains, forest vehicles, and 
other wheeled cargo. Ro-Ro ships are categorized into three types: Ro-Ro passenger (Ro-Pax) ships, 
general Ro-Ro cargo ships, and vehicle carriers. Ro-Pax ships carry more than twelve passengers, 
while Ro-Ro cargo ships do not. Vehicle carriers are a specific type of Ro-Ro cargo ship designed to 
transport unoccupied and unloaded motor vehicles. Onboard Ro-Ro ships, cargo is stored in large 
areas known as Ro-Ro spaces, which usually extend either to a substantial length or the entire length 
of the ship without any subdivisions [1]. In the event of a fire in a Ro-Ro space, the crew and the 
ship’s protection systems are crucial in managing the situation and mitigating the consequences. 
Although external assistance may be available, it cannot be relied upon, and Ro-Ro ships must be 
capable of handling fires independently. If a fire cannot be controlled, evacuation becomes necessary, 
which is risky, particularly in harsh weather conditions. According to Vanem and Skjong, 7% of all 
fires on Ro-Pax ships result in unsuccessful evacuations, leading to the loss of one or more lives [2]. 
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Several fire incidents on Ro-Ro ships have had severe consequences. For instance, the Felicity Ace 
fire in 2022 resulted in the total loss of almost 4 000 cars and the ship itself, with estimated losses 
exceeding 500 MUSD [3]. The Euro Ferry Olympia fire in 2022 led to the disappearance of eleven 
passengers, the loss of 153 vehicles, and the ship, while 292 people were evacuated [4]. The Norman 
Atlantic fire in 2014 resulted in 23 lives lost or missing [5]. The most tragic incident was the Al Salam 
Boccaccio 98 fire in 2006, where 1,031 people lost their lives [6]. 

Due to the potentially severe consequences and high frequency of fires in Ro-Ro spaces [7, 8], 
the fire risk onboard Ro-Ro ships demand heightened attention from a risk management perspective. 
Two previous formal safety assessment studies, FIRESAFE [9] and FIRESAFE II [10], addressed the 
risk of Ro-Ro space fires on Ro-Pax ships to evaluate the cost-effectiveness of measures aimed at 
reducing the incidence and consequences of these fires. One outcome of these studies was a risk 
model designed to quantify the risk of a fire in a Ro-Ro space. Such a risk model must be capable of 
capturing fire protection actions and the dynamics of a fire. Initially, a Ro-Ro space fire is relatively 
small, with good visibility. However, over time, if fuel and oxygen remain available, the fire will 
grow and become increasingly difficult to control. In the FIRESAFE studies, the risk model was 
structured using an event tree, complemented by numerous fault trees to calculate the probabilities 
of different branches of the event tree. This is a standard risk model structure used in maritime formal 
safety assessment studies [11]. While event trees can consider multiple scenarios, they are binary 
models, which limits their ability to fully capture the dynamic properties of a fire. To address this 
limitation, the concepts of ‘early’ and ‘late’ detection, as well as ‘early’ and ‘late’ decision, were 
introduced, allowing the model to better capture the dynamics of a fire event. 

The primary objective of the current study was to establish a risk model that could assess the 
effectiveness of risk-reducing actions and installations. To achieve this, various risk modelling 
techniques were reviewed and assessed. Examples of these models, in addition to the FIRESAFE 
studies' risk model, include Petri nets [12-14], Bayesian networks [15-17], and time-dependent event 
trees [18]. While these models allow for risk estimation at any point during a fire event, they can be 
complex, may require specialized software, and can be challenging to quantify. Once the risk model 
was selected, the work proceeded with quantification. When adequate historical data and statistics 
were available, these were the preferred sources. However, for several reasons, statistical data may 
not always be available, necessitating alternative means for quantifying the nodes in the risk model. 
These alternatives include calculations, data from literature, and expert judgments. According to 
Skjong and Wentworth, an expert is someone with a background in the subject area and recognized 
by others as qualified in that field [19]. In expert elicitation, the choice between a single expert or a 
group of experts must be made. A group of experts can provide more accurate responses but may 
suffer from group bias [19, 20]. Ioannou et al. suggest a minimum of four experts [21], while Mannan 
recommends at least five [20]. The optimum number, according to Ioannou et al., is eight, whereas 
Mannan suggests nine, balancing the need for diversity and manageability. The numbers correspond 
approximately to the minimum needed to obtain diversity and to the maximum that can be readily 
handled, respectively [20]. During the present study, quantification took place during the peak of the 
Covid-19 pandemic, which required digital tools and a new way of thinking about managing the 
expert group. 
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2. Materials and Methods  

The following sections describe the process of selecting a risk modelling technique, establishing 
a risk model structure, and the quantification process. Additionally, the methods used to validate the 
risk model are outlined. A graphical summary of the work is illustrated in Figure 1. 

 

Figure 1. Graphical illustration of the conducted work. 

 The overall fire risk assessment followed a process outlined by Mannan [20]. In the current 
work, emphasis was placed on defining the study scope, understanding, and describing the process 
(referred to as the chain of events) and the surrounding environment, as well as estimating failure 
frequencies and probabilities. A schematic overview of the process from start to achievement of a 
final risk model structure is presented in Figure 2 Initially, two activities were carried out in parallel; 
literature was reviewed to identify suitable fire risk models and methods of quantification, and a 
hazard identification (HazId) workshop was held to identify fire hazards and to gain an 
understanding of the development of a fire onboard a Ro-Ro ship. 

The three different Ro-Ro ship types (Ro-Pax, general Ro-Ro cargo, and vehicle carriers) were 
covered by the current study. One risk model was created and quantified for each ship type. General 
Ro-Ro cargo and Ro-Pax ships have three Ro-Ro space types: closed Ro-Ro space (CRS), open Ro-Ro 
space (ORS) and weather deck (WD). Vehicle carriers were assumed to have only closed Ro-Ro spaces. 
A weather deck is a space which is completely exposed to the weather from above and from at least 
two sides [1]. An open Ro-Ro space is a space open in at least one end and provided with adequate 
natural ventilation through permanent openings along the sides. It can also be a space that is open at 
both ends [1]. A closed Ro-Ro space is per definition any ro-ro space which is not an open ro-ro space 
or a weather deck, typically a space with no or very limited openings.  

 

Figure 2. Schematic summary of work towards a risk model structure. 
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The materials and methods part of the paper is quite lacking in the experimental report we 
usually write. This part accounts for a large proportion in the paper, especially the analytical and 
experimental research papers, which can be introduced clearly only after accounting for about 30% 
of the full text. The material mainly introduces experimental objects and data, and the method refers 
to the experimental design or data collection method. 

An important reason why the materials and methods of the paper need to be introduced in detail 
is to ensure the repeatability of the experiment, which is convenient for peers and readers to detect 
and quote your experimental results, which is also an important argument to ensure the reliability of 
your data. The material part of the paper should introduce the selection method of the experimental 
object and the source and characteristics of the experimental object, which can not only estimate the 
sampling error, but also let the readers understand the content of the article and the scope of use of 
the conclusion. In addition, we should clearly introduce the sample number and grouping method of 
the research object, and do not use a sentence of random grouping to describe it. In the method, the 
experimental design scheme should be introduced clearly, such as "randomized controlled trial", 
"nonrandomized controlled trial", "cross controlled trial", "pre post controlled trial", "double-blind" 
and other methods, and then the setting or laboratory facilities should be introduced clearly. 
According to the type of article, the intervention measures, blind methods, measurement indicators 
and criteria for judging the results should also be introduced. 

The materials and methods in the paper must be realistic and explained one by one, to prove the 
accuracy of the data in your article and the reliability of the experiment. 

2.1. Generic Ships 

To better understand the situation onboard (design, evacuation routes, location of life saving 
appliances, etc.), three generic ships were selected. The selection was made by three ship owners, one 
generic ship was selected for each of the ship types. The ship owners were all partners in the LASH 
FIRE project and the generic ships were selected from their fleets. The ships were selected based on the 
ship owners’ experience and to be a fair representation of the world fleet. A summary of some of the 
ships’ properties is given in Table 1. The lane meters presented in the table were used to in the first 
branch of the event tree (addressing the different deck types, cf. Section 2.2.2) while the total numbers 
of people onboard (passengers and crew members) were used to estimate consequences in terms 
potential loss of life (PLL). The generic ships were also used to calculate other input needed to the risk 
model e.g., the probability of flames or smoke exiting through openings and affecting lifesaving 
appliances. 

Table 1. Data for the three generic ship types. 

Parameter Ro-Ro cargo Ro-Pax VC 

Maximum number of passengers [person] 12 852 0 

Average passenger fill rate [%] 100 62.5 N/A 

Number of crew members [person] 14 28 24 

Lane meters [m] 3 3830 2 255 6 400 

Share of lane meters in closed spaces [%] 45 65 100 

Share of lane meters in open spaces [%] 30 23 0 

Share of lane meters on weather deck [%] 25 11 0 
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2.2. The Fire Risk Model 

2.2.1. Review of Fire Risk Models 

As outlined in the introduction, a fire is a dynamic event, i.e., the risk of a fire and the potential of 
successful fire mitigation changes over time. Early detection and early first response are examples of 
factors significantly improving the probability of successful extinguishment of a fire. Other factors that 
affect the fire risk are the type of fire source, ventilation conditions, available fire protection, actions 
taken by the crew and passengers, as well as the surroundings, e.g., geometry and materials. 

The review of risk models was made with the desire to capture the dynamics of a fire while still 
being possible to quantify with data from literature, statistics, simulations or expert estimates. In the 
two FIRESAFE project studies [7, 9], event trees were used to quantify the risk of a ro-ro space fire. To 
capture fire dynamics, branches for ‘early and late detection’ as well as ‘early and late decision’ were 
incorporated into the event tree. While early detection should be understood as a situation allowing 
first response to potentially be carried out successfully and safely, early decision refers to whether the 
decision to activate the fixed fire-extinguishing system has been taken early enough to have a chance to 
extinguish the fire, not only to suppress it. Petri nets (PNs) were identified as a modelling technique 
promising to capture time-dependent, i.e., dynamic risks; it has been demonstrated in multiple studies. 
Kamil et al. for example used PNs to predict the risk of a domino tank fire scenario [12] and Lee and Lu 
applied the PN technique on the airlock system of a Canada Deuterium Uranium reactor [13]. The main 
identified drawbacks were that PNs are still relatively unknown for many, especially outside of the risk 
engineering environment (this may cause reduced acceptance of the result) and potential challenges in 
the quantification of the nodes. Further, PNs require dedicated software. The time-dependent event tree 
has been suggested and demonstrated by Korhonen et al. [18] to be an alternative to the more static 
event tree. They demonstrated the technique’s strength in a case study with a property-loss risk analysis 
for a fire in a one-storey industrial hall. Overall, the time-dependent event tree was found to be better 
handle fire dynamics but suffered from the same drawbacks as the PNs. Bayesian networks have been 
proposed to quantify dynamic risks. For example, Xu et al. studied underground gas storage facilities 
[17], and Konovessis et al. proposed the use of Bayesian networks for a risk-based ship design [16]. 
Challenges with Bayesian networks are e.g., hidden/unknown dependencies, the need of a dedicated 
software, the quantification (especially in the case of dynamic Bayesian networks) [22]. 

Among the reviewed risk models, the model consisting of a combination of event trees and fault 
trees was selected. This model was found to be anchored in the maritime industry [9, 10], which was 
considered important to gain a wide acceptability of the result. Furthermore, the breakdown into early 
and late detection and early and late decision was considered to provide enough dynamic properties of 
the model. To avoid an unnecessary complex model, the simplest model still able to fit the need of the 
project was selected, following criteria were considered in the selection. 

• Requirements: The risk model must be able to address fires in Ro-Ro spaces, match the project 
needs, be possible to quantify without an unreasonable amount of work, and produce a result 
that can be backtracked and accepted by stakeholders and be within available resources. 

• Established method: Risk modelling techniques, which previously have been used in the same, 
or potentially a similar, field, were awarded. 

• Fire dynamics: The risk model should be able to capture the dynamics of a fire. 
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2.2.2. Description of the Risk Model 

The risk model used in the current study was a combination of a risk contribution tree, an event 
tree and fault trees. The structures of the risk models for the three ship types are available in the 
supplementary material (S1-S3). The structures are also fully outlined in previously reported work (cf. 
reference [23] and [24] by Lewandowski, De Carvalho and Cassez). An illustration of the risk model is 
shown in Figure 3. A risk contribution tree was used to quantify causes of ignition in the left part of the 
bow tie. The frequency of ignition (FIRE) was established by analysis of available statistics [8]. 
Following ignition, possible events were detailed by an event tree. The probability of each event was 
estimated by fault trees. Statistics, calculations and expert judgements were used to quantify the 
probability of failure of the basic events (or bottom nodes) in the fault trees. 

 

Figure 3. Top half: The risk model is a combination of a risk contribution tree and an event tree 
(sometimes referred to as a bow tie). Bottom half: The probabilities of the event tree branches were 
quantified by additional fault trees. 

All the branches in the event tree ended up in different scenarios/consequences ranging from 
minor damages to total loss of the cargo and/or the ship as well as from injuries to multiple fatalities. 
For each of the three ship types (Ro-Pax, general Ro-Ro cargo and vehicle carrier), individual risk 
models were established. The risk models were similar in structure, although not identical (cf. 
supplementary material S1–S3). To quantify the consequences, six distinct scenarios were employed 
consistently across all analyses. These scenarios, labeled A through F in Table 2, are indicated at the 
terminal branches of the event trees (see supplementary material S1–S3). Detailed methodologies for 
consequence quantification are provided in the report by Lewandowski et al. [23]. For instance, fatalities 
associated with unsuccessful evacuation on Ro-Pax ships were estimated at 5% of the total number of 
people onboard. This estimation was derived from a review of prior studies and statistical data [2, 9, 23, 
25, 26]. Previous research suggested a fatality rate of 5–8%, while a review of available statistics 
indicated a rate of 5.5%. To account for injuries and potential indirect fatalities (e.g., due to heart 
conditions), a baseline of one fatality was assumed even in cases of successful evacuation. 
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Table 2. Consequences for the terminal branches in the event tree. 

ID Scenario Fatalities Cargo loss Ship loss 

A 
Small fire: The fire is 

extinguished by a 
portable extinguisher 

Ro-Pax: 0 
Ro-Ro cargo: 0 

VC: 0 

Damage to one vehicle, 
corresponding to 50% of its value, no 

damage to transported goods 

No damage to the ship 
but sanitation needed, the 
ship can remain in service 

B 
Small fire: The fire is 

extinguished by 
firefighting 

Ro-Pax: 0 
Ro-Ro cargo: 0 

VC: 0.05 

Total loss of one vehicle, including 
damage on transported goods 

Minor damage to the 
ceiling, the ship can 

remain in service, 0.5% 
loss of the ship’s value 

C 

Medium fire: The fire 
is suppressed and 

contained 
Ro-Pax: 0 

Ro-Ro cargo: 0 
VC: 0.05 

Drencher system: Total loss of one 
vehicle (and transported goods) + 

50% loss of four vehicles 
CO2-system: Total loss of 13 vehicles 
(and goods) + 50% loss of 12 vehicles 

Non-severe damage to the 
ceiling, structure and 

equipment, the ship is off 
service for several days, 

5% loss of the ship’s value 

D 

Fire on one deck: The 
fire is not 

suppressed, but 
contained 

Ro-Pax: 0 
Ro-Ro cargo: 0 

VC: 0.05 

Total loss of one vehicle, including 
damage on transported goods  

Severe damage to the 
entire deck, the ship is off 
service for several weeks, 

80% loss of the ship’s 
value 

E 
Total loss: The fire is 

not contained, 
evacuation is 

successful 

Ro-Pax: 1 
Ro-Ro cargo: 

0.01 
VC: 0.05 

Total loss of the cargo, assuming 
70% of the total cargo capacity being 

used 

Total loss of the ship, 
100% loss of the ship’s 

value 

F 

Total loss: The fire is 
not contained, 
evacuation is 
unsuccessful 

Ro-Pax: 
5% of POB 

Ro-Ro cargo:  
0.35 

VC: 0.35 

Total loss of the cargo, assuming 
70% of the total cargo capacity being 

used 

Total loss of the ship, 
100% loss of the ship’s 

value 

The chain of events laying the ground for the design of the event tree was based on the risk model 
developed in FIRESAFE II [10] and constituted the following tiers: 

1. FIRE: Ignition/start of the fire. 
2. Space type: The fire development, detection, and firefighting possibilities depend on the type 

of Ro-Ro space (ORS, CRS or WD). Fire in a certain space was in the current study considered 
as a separate event. 

3. Detection: The detection can either be ‘early’ or ‘late’. Early detection refers to enough time to 
succeed with first response, e.g., with a handheld fire extinguisher before the conditions 
become untenable in the direct vicinity of the fire. 

4. First response: Firefighting with a handheld extinguisher. Can be successful or unsuccessful. 
5. Decision: The terms ‘early’ and ‘late’ are used to describe if the decision to activate a fixed 

extinguishing system is early enough to extinguish the fire or if only fire suppression is 
possible. 

6. Extinguishment: Only possible following an early decision. Following a late decision, only 
suppression of the fire was assumed to be possible.  

7. Containment: Fire and smoke spread can be avoided, allowing safe stay on board. 
8. Evacuation: In case of failure of extinguishment and failure of containment, evacuation of the 

ship is necessary. 
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As in FIRESAFE II [10], the terms ‘early detection’ and ‘late detection’ as well as ‘early decision’ 
and ‘late decision’ were included in the model. This was done to capture dynamics of a fire, i.e., the 
earlier detection and decision, the greater the likelihood of a successful response. 

2.3. Quantification of the Fire Risk 

To quantify the risk of a fire in a Ro-Ro space, statistics and data from previous studies were used 
as far as possible. When statistics were found, they were assessed by a team of experts and, if found 
relevant to the case at hand, directly implemented in the model. In some instances, the statistics were 
subject to slight adjustments, to be representable for the case at hand. In addition, some nodes were 
quantified through simulations or calculations. However, due to lack of data and computing limitations, 
this was not possible for most of the nodes. To quantify these nodes, a method based on expert 
elicitation was developed. A summary of the number of nodes quantified by the different methods of 
quantification is presented in Table 3. 

Table 3. Number of nodes quantified by the different methods of quantification for the three risk 
models (Ro-Pax, Ro-Ro cargo and vehicle carrier). 

- Ro-Ro cargo Ro-Pax VC 
- CRS ORS WD CRS ORS WD CRS 

Statistics 19 19 19 19 19 19 19 
Calculations 3 5 3 3 5 3 3 

Previous studies [9, 10]  43 42 5 62 61 17 10 
Expert judgement 38 38 30 19 19 18 63 

Total 103 104 57 103 104 57 95 

Because of the Covid-19 pandemic, it was not possible to travel or to meet physically. Therefore, 
the expert elicitation had to be fully digital. The platform for all workshops and meetings was Microsoft 
Teams. Instead of physical workshops, a questionnaire-based approach was used. The expert elicitation 
process was designed based on the Delphi method [27], an established elicitation method. The 
conventional Delphi method involves a structured, anonymous process of multiple rounds of written 
surveys to aggregate expert opinions on anticipated events and trends [28]. Between the rounds of 
expert elicitations, a facilitator provides an anonymized summary of the experts' forecasts and 
(sometimes) reasoning, encouraging them to revise their answers based on the panel's collective 
feedback. By doing so, it overcomes the limitations of traditional group discussions, such as the 
influence of dominant voices and conformity pressures [29], resulting in more accurate and expedient 
outcomes compared to individual judgments [30, 31]. However, the current work was limited by having 
reduced iterations, occurring only between the facilitators and the participants, with no review of the 
aggregated results. This is a deviation from the Delphi method, which is an iterative method to elicit 
group judgements. In a Delphi exercise, experts provide estimates and are then allowed to review the 
aggregated results and update their estimates. This goes on for several rounds until consensus is 
reached or for a certain number of rounds [32, 33]. 

Once the experts were appointed and had agreed to participate in the study, the process of expert 
elicitation consisted of five steps (Figure 4). First, the risk model and complementary information in 
written form were shared with the experts. Secondly, a digital training session was held. During the 
training session, the experts were trained in quantification and common reasons for biases were 
discussed. The risk model was explained during the session, and there was room for questions. After 
the information and training session, a questionnaire was sent out by e-mail to all the experts. During 
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the response time, which was several weeks, optional digital support sessions were organised on a 
regular basis. The support sessions were scheduled, open sessions, where the experts could raise any 
questions or ask for all kinds of support. Once all replies were collected, the response data were 
processed. In case of strongly deviating answers, the experts were given the opportunity to clarify their 
reasoning, change their response or keep their response without change. 

 

Figure 4. Schematic summary of the quantification process. 

Since the risk assessment was part of a large project (LASH FIRE) the availability of experts was 
good. Experts from different areas and with different expertise were available. While there are several 
suggestions for a minimum number of experts [20, 21] involved, the maximum number is generally 
limited by what can be managed. As further discussed below, it was decided to make use of a larger 
select crowd of experts. A summary of the experts and their backgrounds is given in Table 4. To ensure 
confidentiality and anonymity, the experts were encouraged to communicate directly with the 
quantification facilitators. Furthermore, the individual questionnaire responses were only shared with 
the facilitators. Just as in a study by Ioannou et al. [21], this was made to encourage the experts to 
provide their individual judgement without fear of criticism. 

Table 4. Number of experts participating in the quantification and their background/competence. 

Roles Ro-Ro cargo Ro-Pax VC 
Researcher 2 3 2 

Seafarer 10 6 2 
Service provider 2 2 2 

Surveyor 2 2 2 
System provider 2 3 2 

Total 18 16 10 

The questionnaire sent to the experts was in Microsoft Excel format. The file contained nine sheets 
(sections). In the first worksheet, the respondent was asked to provide information on her/his 
experience. The second worksheet contained pictures and drawings of a generic Ro-Ro ship (either Ro-
Ro cargo, Ro-Pax or vehicle carrier) and the third worksheet contained instructions on how to fill out 
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the remaining worksheets, addressing the quantification. There were quantification worksheets for 
detection, first response, decision, extinguishment, containment and evacuation, respectively. The 
respondents were asked to provide their estimates of the average failure rate. For example, if experts 
estimated a 10% failure rate, this corresponds to 10 failures out of 100 occurrences, meaning the 
equipment operates successfully 90 times out of 100. After gathering the expert estimates, the average 
values for each node were calculated. These average values (of the responses) were then employed to 
quantify the risk model. The questions in the questionnaire were phrased in a way to assist the 
respondent and minimize bias; the topic of the question was put in context and examples were given 
when considered relevant. 

2.4. Potential Loss of Life, Cargo and Ship 

The result from the quantification was the frequency of each end branch of the event tree, 
representing a certain (fire) scenario. To quantify the consequences of each scenario, the main risk 
metric used in this study was PLL. It is an annual fatality rate, measured as equivalent fatalities per ship 
year. PLL was used in accordance with the definition in the International Maritime Organization’s 
guidelines for formal safety assessment, i.e., as the expected value of the number of fatalities per year 
[11]. In addition to PLL, the two metrics ‘potential loss of cargo’ (PLC) and ‘potential loss of ship’ (PLS) 
were used. PLC and PLS are measured as monetary costs, expressed as Euros per ship year. All three 
metrics were calculated throughout the risk model so that each scenario was associated with a certain 
fatality rate and cost and a certain frequency. The fatality rate and cost times the frequency provided 
the risk of the fire scenario. Aggregating the risk of each fire scenario provided the PLL, PLC and PLS 
for each type of Ro-Ro ship. 

2.5. Uncertainty and Sensitivity Analyses 

To evaluate the robustness of the risk model and the precision of the risk quantification, sensitivity 
and uncertainty analyses were carried out. While the sensitivity analysis identifies which nodes of the 
risk model have the largest impact on the result, the uncertainty analysis demonstrates the overall 
uncertainty of the estimated risk. 

2.5.1. Uncertainty Analysis 

The analysis was performed using the add-in @RISK (by Lumivero) in Microsoft Excel. With the 
software, Monte Carlo simulations [34] were performed (5 000 iterations). Input to the model was each 
node’s estimated probability distribution, and output from the model was a distribution of the PLL risk 
metric. To perform the Monte Carlo simulations, all nodes were assigned with a Beta probability 
distribution. The beta probability distribution was selected because of its flexibility and ability to 
provide many distributional shapes over a finite interval [35] and since it has been shown to be 
applicable in previous uncertainty analyses of risk assessments [9, 10, 35, 36]. 

The probability density function (PDF) is given in Eq. 1, and the beta function in Eq. 2. The 
parameters α and β must be greater than zero, and X (a continuous random variable) must be between 
zero and one. B is the beta function. 

𝑃𝐷𝐹 =
௑ഀషభ௑ഁషభ

஻(ఈ,ఉ)
  (1)
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𝐵(𝛼, 𝛽) = න 𝑡ఈିଵ(1 − 𝑡)ఉିଵ𝑑𝑡

ଵ

଴

 (2)

The expected value (E), which was the probability of each node was, together with the variance 
(Var) used to define the parameters α and β. The correlation between α, β and the expected value is 
given in Eq. 3, and the variance calculated from α and β is given in Eq. 4. 

𝐸[𝑋] =
ఈ

ఈାఉ
  (3)

𝑉𝑎𝑟(𝑋) =
𝛼𝛽

(𝛼 + 𝛽)ଶ(𝛼 + 𝛽 + 1)
 (4)

To reflect the uncertainty associated with the different data sources (as is presented in Table 5), 
three sets of α and β parameters were used (Table 6). To assign the level of confidence (Table 5), 
following factors were considered: assumptions made in the modelling, the number of experts 
consulted, and the variance in the expert estimates. The authors, however, admit that assigning this 
type of confidence is not a precise science. The numbers presented in Table 6 were used in a previous 
study on maritime fire safety (FIRESAFE II) by Leroux et al. [10]. The authors did not provide an 
explanation for using these numbers, we have reflected on them and decided to use them in the current 
study, for consistency. From Table 6 and Eq. 4, it can be calculated that moving from high confidence 
to medium confidence increases the variance by a factor of 4.8, and moving from medium to low 
confidence increases the variance by a factor of 4.3. In other words, the variance was 21 times higher for 
data sources with low confidence compared to high confidence. 

Table 5. Level of confidence assigned to the different data sources, where L = Low, M = Medium, H 
= High, SAP = Same confidence level as in the previous studies. 

- Ro-Ro cargo Ro-Pax VC 
Statistics M H H 

Calculations M M M 
Previous studies [9, 10]  SAP SAP SAP 

Expert judgement M M L 

Table 6. Formulas for calculation of the α and β parameters in the beta probability distribution, 
where PNode = Probability of each specific node. 

Level of confidence α β 
Low 11 ∗ 𝑃ே௢ௗ௘ 11 ∗ (1 − 𝑃ே௢ௗ௘) 

Medium 51 ∗ 𝑃ே௢ௗ௘ 51 ∗ (1 − 𝑃ே௢ௗ௘) 
High 251 ∗ 𝑃ே௢ௗ௘ 251 ∗ (1 − 𝑃ே௢ௗ௘) 

2.5.2. Sensitivity Analysis 

To identify the nodes with the biggest impact on the PLL, a sensitivity analysis was performed. 
The analysis was carried out by decreasing the values (probabilities) of each node by 10% and recording 
the new PLL i.e., a deterministic approach was used [37]. Only one type of node was changed at a time. 
However, if the same node existed for different space types, all nodes (up to three) were changed 
simultaneously. The percentage of change in PLL was calculated according to Eq. 5. 

𝑃𝐿𝐿ோ௘௟.௖௛௔௡௚௘ = 100 ∗
௉௅௅ಿ೐ೢି௉௅௅ೃ೐೑.೎ೌೞ೐

௉௅௅ೃ೐೑.೎ೌೞ೐
  (5)
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3. Results and Discussion 

Table 7. Result from expert estimations of probabilities of failure (in percentage) for nodes along the 
ET branch identified in Figure 5, where Q1 = first quartile, Q3 = third quartile, K = Knowledge, T = 

Technical, DT = Design: Technical, DO = Design: Operability, C = Cultural, O = Other. 

- - - Ro-Ro cargo Ro-Pax VC 
- - Type Q1 Mean Q3 Q1 Mean Q3 Q1 Mean Q3 

Detection 
Individual detector failure T 2.0 7.6 10 1.0 7.1 10 1.8 7.4 11.3 
Detection system failure T 2.0 4.8 8.0 1.0 5.6 13.8 1.8 4.4 5.0 

First 
response 

Accessibility problems DO - - - 15.0 25.9 30.0 27.5 48.1 71.3 
Tactical failure K - - - 7.5 16.2 25.0 10.5 31.8 46.3 

Equipment failure T - - - 1.0 5.7 9.3 - - - 

Decision 

Lack of relevant 
information 

K 3.5 17.7 27.5 10.0 26.2 50.0 5.0 26.0 50.0 

Poor flow of information K 2.0 14.4 21.5 5.0 27.4 43.8 4.0 30.4 50.0 
Insufficient competence K 2.0 11.6 15.0 2.0 12.6 13.8 - - - 

Hesitation, due to fear or 
blame 

C 1.5 12.9 20.0 - - - 1.6 5.8 11.3 

Extinguish-
ment 

Reduced accessibility DO 5.0 21.5 30.0 20.0 50.6 75.0 8.0 36.8 70.0 
Inefficient tactic K 5.0 17.8 25.0 5.0 17.8 25.0 5.0 16.1 32.5 

Lack of personnel DO 2.5 18.1 31.3 3.5 30.7 60.0 2.8 26.6 48.8 
Firefighting group 
equipment failure T 2.0 7.5 10.0 5.0 14.4 14.0 5.0 11.1 14.3 

Containment 

Flame spread through 
permanent openings 

DT - - - 1.5 4.6 5.0 - - - 

Flame spread through 
open doors 

C - - - 0.5 1.6 2.5 0.8 1.5 2.0 

Flame spread through 
unsealed penetrations C/DT - - - - - - 0.8 1.0 1.3 

Damages in fire insulation O - - - - - - 1.8 2.8 5.0 
Failure of fire insulation 

(caused by the fire) 
DT 1.3 7.7 10.0 - - - 2.0 7.0 10.5 

Heat bridges DT - - - - - - 1.8 4.0 6.3 
No fire insulation C/DT - - - 3.0 5.1 7.3 4.8 5.8 7.0 

Failure of boundary 
cooling DT/T 2.0 13.0 15.0 4.5 20.2 36.0 2.0 4.8 7.5 

Smoke spread through 
external openings DT - - - 5.0 9.9 10.0 4.5 12.8 21.3 

Unfavorable navigation of 
the ship 

K/O - - - 3.5 5.6 9.3 4.8 5.8 7.0 

Doors damaged prior to 
fire (gaps) C - - - - - - 0.9 2.1 2.8 

Failure of smoke-tight 
doors 

DT/T - - - 2.0 5.2 8.5 3.5 4.0 5.0 

Door(s) left open C - - - 2.0 5.1 5.5 2.8 6.5 11.3 
Failure to create a pressure 

difference DT/K - - - 20.0 60.5 88.8 35.0 69.0 97.5 

Evacuation 

The ratio of failure at shore 
to at sea 

- 4.3 7.7 11.5 4.5 10.0 15.0 2.0 4.4 5.0 

Communication failure O 5.0 10.5 10.0 3.0 20.7 35.0 - - - 
Blocked evacuation route C 2.3 6.7 11.5 2.8 12.9 16.3 - - - 

Evacuation route impacted 
by fire 

DT 2.5 7.1 12.5 2.0 8.0 10.0 1.8 6.2 11.0 
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In this study, several assumptions and limitations were acknowledged. Regarding the risk model, 
a balance was necessary between capturing every phase of a fire scenario and maintaining the model’s 
quantifiability. To achieve this, the terms 'early' and 'late' were introduced to represent detection and 
decision-making phases. While these terms allow for some distinction, the model does not fully account 
for the dynamic progression of a fire. Additionally, the model operates under the assumption of a linear 
sequence of events, without accounting for potential back-and-forth progression. For instance, if a fire 
begins in a closed Ro-Ro space, the model does not explicitly address the possibility of fire spreading 
to an open Ro-Ro space; instead, such scenarios are incorporated within the consequence definitions. It 
is important to emphasize that the results of the current study are derived from a model and, as such, 
cannot fully capture the complexities of real-world scenarios. Consequently, these results should be 
interpreted with caution. Particular attention should be given to the outcomes of the uncertainty 
analysis, which, rather than providing a single fixed value, offers a range of possible outcomes. 

3.1. Quantification by Expert Judgement 

 As far as practicable possible, statistics, data from previous studies, and calculations were used to 
quantify the risk model. With that said, out of the total 623 nodes quantified in this study, 36% were 
quantified by expert judgement, as presented in Table 3. While interactive expert group elicitations can 
benefit from dynamic discussions, the results may be skewed by dominant voices or conformity 
pressures within the group. The Delphi-based method employed in this study mitigates the risk of such 
group biases but relies heavily on the careful selection of experts. To minimize the influence of any 
single expert’s input, 10–18 experts were consulted depending on the ship type and expert availability. 
This is significantly more than the four or five experts recommended by Ioannou et al. [21], or the ideal 
eight or nine suggested by Mannan [20]. Given that all the experts were selected from project partners 
involved in a single project focused on enhancing fire safety onboard Ro-Ro ships, there is a possibility 
that their heightened awareness of risks and the crew's adherence to safety standards might be above 
the norm for the global fleet, introducing a potential bias that cannot be entirely ruled out. As further 
discussed below, the inclusion of a relatively large and diverse group of experts from various fields, 
with their responses averaged, is expected to improve the accuracy of the probability estimates by 
incorporating a broad range of experiences and knowledge. 
 Parts of the structure of the risk model were identical for all three ship types. However, even if the 
structure of, and nodes in, the risk models were identical, the probability of certain nodes differed 
between ship types. For example, the probability of discovering a fire in a Ro-Ro space could be 
assumed to depend on the number of crew and passengers onboard, ship type-specific routines, 
operations and the size of the Ro-Ro spaces. Therefore, the quantification was made by a different group 
of experts for each ship type. An example of the nodes quantified for closed Ro-Ro spaces is marked in 
Figure 5 by the thick black line, following the series of events CRS, early detection, unsuccessful first 
response, early decision, and successful extinguishment or suppression. The data quantified along the 
line for all three ship types is presented in Table 7. The table contains values for the lower and upper 
quartiles and the mean values by the expert judgements (i.e., the value used in the risk model). 
 To better understand and further analyze the results, the nodes were classified as ‘technical’, 
‘cultural’, ‘knowledge’, ‘design’ or ‘other’. The ‘design’ category was further subdivided into ‘design: 
technical’ and ‘design: operability’. ‘Technical’ refers to the technical failure of a physical component or 
system (e.g., failure of an individual detector or a valve, not caused by poor design). While ‘cultural’ 
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refers to things such as leaving doors open or being hesitant to start the drencher, ‘knowledge’ 
addresses actions the crew does not have sufficient knowledge to perform. The category ‘design: 
technical’ covers weaknesses in the ship design and arrangements (e.g., openings, lack of insulation), 
while the category ‘design: operability’ is a bit closer to ‘cultural’ but covers the operational balance of 
the different activities of the ship (e.g., navigation, safety, cargo handling, passenger care, etc.). 

 

Figure 5. Illustration of the event tree. The probabilities presented in Table 7 come from nodes in the 
fault trees for the events along the thick line. 

3.1.1. Technical Nodes 

 For all nodes identified as ‘technical’, the probabilities of failure (calculated as averages) were 
estimated to be 4–14%. Data in the literature, to compare with, is scarce. However, according to the 
authors, a probability of failure around 10% seems reasonable, particularly for aggregated systems. As 
an example, according to EN 61511 standard, a value greater than 10% must be used for a basic process 
control system [38]. Additionally, according to the Swedish Process Safety Association (IPS), the 
probability of failure of an automatic (without manual intervention) fixed fire protection system in land-
based applications falls within the range of 0.5% to 10% [39]. At sea, with the presence of salt water, it 
is likely in the higher range due to corrosion issues. 
 When the two nodes ‘individual detector failure’ and ‘detection system failure’ are compared, 
there is a tendency that the estimated probability of failure of a complete detector system is slightly 
lower than the probability of failure for an individual detector. This indicates a belief among the experts 
that the system is more robust than a single detector. This could be interpreted as that the weakest point 
is a single detector and not the system itself. 

3.1.2. Cultural Nodes 

 Nodes classed as ‘cultural’ are highly dependent on the experts’ previous experience and the 
(safety) culture in their present company. By safety culture, we refer to norms, values, and routines 
related to risk and safety shared by a group [40, 41]. Seafarers from three shipping companies 
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participated in the quantification, one shipping company per ship type. When the lower and upper 
quartiles are considered, the spread in the result is, for most nodes, relatively narrow and close to the 
average value. This indicates that, even though the experts may have different experiences, they have 
a shared perception of the risk. In the case of ‘Hesitation, due to fear or blame’, a somewhat larger 
spread in the replies is observed. We propose that this reflects personalities and the fact that subjective 
feelings are not solely influenced by culture. 
 For all cultural nodes, the estimated probabilities are in the interval 1–13%. The estimations are 
like, or slightly higher than, some generic probabilities for human error presented by Kirwan (0.3%–
10%) [42], but they remain within the same order of magnitude. A potential explanation could be that 
the probabilities provided by Kirwan apply to single events (e.g., a single door is left open) while the 
current study investigated aggregated probabilities. 
 For the node dealing with partially or completely blocked evacuation routes, the result indicates 
this to be more common onboard Ro-Pax ships (compared to Ro-Ro cargo). It could be assumed that 
passengers are less aware of the risks than the stationary crew, but it could also be a result of the higher 
number of people onboard. 
 Finally, all shipping companies involved in the current study were based in the European Union. 
The safety culture around the globe may differ [43] and the result from the quantification may be biased 
towards the situation in Europe. 

3.1.3. Design Nodes 

 When it comes to ‘design: operability’, a high probability of failure of the nodes addressing this 
topic is noted (18–51%). The nodes either address accessibility (to the fire) or lack of personnel. Both 
accessibility and personnel relate to profitability since less cargo will reduce the income, and more 
personnel will increase the expenses. Most of the nodes in the category ‘Design: Technical’ are estimated 
to have a probability of failure between 1% and 13%; this is in line with the failure of other technical 
protection measures (0.1% to 10% per device, according to [37]). One of the nodes in the 'Design: 
Technical' category addresses the failure to establish a pressure difference to prevent smoke from 
spreading to specific areas. For this node, expert judgments ranged widely from 1% to 100%. This 
variability could suggest either difficulty in understanding the question or significant differences in the 
experts' experiences. 

3.1.4. Knowledge Nodes 

 The probability of failure of the nodes in the ‘knowledge’ category is generally estimated to be 
higher (averages range from approximately 10–30%) than nodes in many of the other categories 
(‘Design: operability’ is, however, significantly higher). The authors hypothesize that it could be due to 
a difficult environment onboard ship, ships being rebuilt, which adds complexity, and that seafarers 
are not professional firefighters. The relatively high probabilities associated with nodes related to 
knowledge suggest a significant opportunity to enhance fire safety onboard Ro-Ro ships through 
improved education and training programs. 

3.2. Uncertainty Analysis 

 The result from the uncertainty analysis is presented in Figure 6. The figures show histograms of 
PLL, as a result of a fire in a Ro-Ro space. The two delimiters (in each figure) correspond to the interval 
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in which the PLL is found with a confidence of 90%, i.e., PLL for Ro-Pax ships is, with a probability of 
90%, between 0.0115 and 0.0172 fatalities per ship year (with an average of 0.0142 fatalities per ship 
year). In this work, expert judgment was used to quantify several of the nodes. To collect the expert 
judgements, a questionnaire-based approach was used. This approach helped mitigate the risk of group 
bias and saved resources by eliminating the need for travel [20]. With the current approach, the 
uncertainty analysis indicates that PLL for each of the ship types, with 90% confidence, deviates from 
the calculated mean value by ±19–26%.  

 

 

Figure 6. Result from uncertainty analysis of PLL for Ro-Pax ships (A. top center), Ro-Ro cargo ships 
(B. bottom left), and vehicle carriers (C. bottom right). 

The extent of the deviation, in relative terms, is indicated by the confidence levels (cf. Table 5) and 
the number of nodes in each risk model. Additionally, it can be concluded that the potential loss of life 
(PLL) is notably higher for Ro-Pax ships compared to Ro-Ro cargo ships and vehicle carriers. This is 
reasonable due to the larger number of people onboard (passengers) Ro-Pax ships." 
 It should be mentioned that the uncertainty analysis addresses only the parameter uncertainty 
(imprecision and inaccuracies in probabilities) and not the complete uncertainty (all significant 
phenomena and all relationships considered) nor the modelling uncertainty (inadequacies and 
deficiency in various models) [44]. Another challenge with the uncertainty analysis is the generation of 
a probability density function. In this study, the beta type of distribution was selected for input variables. 
As previously discussed in Section 2.5.1, there is inherent uncertainty in assigning values to alpha and 
beta in Eq.1–Eq.4. While the selected values were based on a prior study, they are not beyond question 
and could be subject to further scrutiny [10]. The uncertainty analysis conducted does not alter the 
calculated average value of the PLL but affects the distribution of variance. Consequently, the upper 
and lower bounds of the 90% confidence interval should be considered indicative rather than definite. 
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Even though it offers advantages and has been used in previous studies, the use of the beta distribution 
and the selected parameters are assumptions affecting the outcome of the uncertainty analysis. It is 
recommended that future research focuses on the selection of alpha and beta parameters to reduce this 
uncertainty. 
 Markowski et al. highlighted the difficulty in generating or selecting a probability density function 
due to the limited availability of data [44]. In the current study, up to 18 experts (depending on ship 
type) participated in the quantification of some of the nodes. This exceeds the recommendations of at 
least four or five, or ideally eight or nine experts, as suggested by Ioannou et al. [21] and Mannan [20], 
respectively. For some of the nodes, the fit between the assumed beta distribution and the expert 
estimates was relatively good. For other nodes, there was no or only a very vague correlation between 
the assumed distribution and the expert judgements. This finding does not necessarily affect the quality 
of the uncertainty analysis but highlights the challenges with the selection of a probability density 
function (when not enough data is available). Therefore, the uncertainty analysis, together with the 
sensitivity analysis should be seen as tools to better understand the result from the risk assessment. 

3.3. Sensitivity Analysis 

 

Figure 7. The nodes most sensitive to a 10% change in their values, as identified in the sensitivity 
analysis. The values correspond to the relative change in PLL (for a 10% change of the node). Boxes 
with thick lines were quantified by expert judgements. CEV = Combustion engine vehicle. LSA = Life-
saving appliances. 

The nodes for which a 10% change in their reference values resulted in more than a 1% change in 
the PLL are presented in Figure 7. The results show that the three ship types share many of the nodes 
with a, in relative terms, large impact on the PLL result. For Ro-Pax ships, there is a greater number of 
nodes with a notable effect on the PLL compared to general Ro-Ro cargo ships and vehicle carriers. As 
in the uncertainty analysis, this is explained by the higher number of people on board Ro-Pax ships. 
Nodes quantified by expert judgement are marked by a thick border in Figure 7. Out of the 12 nodes 
with the largest impact on the result (≥ 2% change in PLL), only three were quantified by expert 
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judgements. Quantification by other means (e.g., statistics) is generally more reliable. It is thus 
considered that this finding contributes to the robustness of the result. 

The nodes affecting the ignition node tend to have a large impact on the risk, according to the 
sensitivity analysis of the risk model. This is due to the structure of the risk model; the probability of 
ignition directly affects the probability of all outcome scenarios. Similarly, the earlier a node occurs in 
the event tree, the greater the sensitivity. This is because changes introduced early can propagate 
through the event tree and affect several branches. The more sensitive the predicted risk is, compared 
to a change in a certain node, the more important becomes the accuracy in the quantification. Further, 
it was also observed that nodes in fault trees with fewer nodes had a larger impact on the result. 

3.4. Extended Result Discussion 

3.4.1. Developed Risk Model and Future Utilization 

The Formal Safety Assessment procedure was implemented in the IMO rule-making process over 
20 years ago, to move away from subjectively focusing on publicized accidents stigmatized in media or 
politics [45]. The ambition was to facilitate a transparent decision-making basis, allowing clear 
comparison of different options, particularly for decisions with far reaching implications. Formal Safety 
Assessment applies a systematic and scientific cost-benefit assessment approach, where benefit is 
estimated as risk reduction. It requires a risk model which can both estimate the current risk level and 
the impact of the proposed improvements. Many activities have been carried out to establish relevant 
acceptance criteria and to develop risk models accounting for collision, grounding and fire for different 
ship types [46–48]. However, it was not until the FIRESAFE project that a model was made available to 
assess fires starting in ro-ro spaces. In the current study (the LASH FIRE project), the model was 
significantly expanded to cover all types of ro-ro ships, and it was also elaborated in several areas where 
FIRESAFE made conservative assumptions. The LASH FIRE risk model described above is published 
as a whole and explained in technical reports, including the many assumptions and expert estimations, 
further discussed subsequently [23,24]. The model is also based on the performance of different 
proposed solutions, as demonstrated in a multitude of fire tests [49]. In combination with the risk model, 
they provide a practical example to the maritime rule-makers and industry of how solutions and 
validating fire tests can be incorporated to improve the Formal Safety Assessment. The risk model also 
shows the holistic picture of how one safety improvement, e.g. integration of a new system or routine, 
affects the fire safety of the ship as a whole [50]. Thereby the risk model can also be used to identify the 
best candidates for recommendations for decision-making, by an objective comparison of different 
solutions. The risk model will hence be useful in future rulemaking for ro-ro ships, for any IMO Member 
State, but it will also be useful for classification societies and insurance companies for the development 
of their own rules. 

3.4.2. The Strength of Using a Larger Crowd of Experts 

While the development of a risk model was the primary objective of the study, it quickly became 
clear that expert elicitation and a process to attain the expert judgements would be key for the 
assessment. Different solutions have been proposed to quantify experts’ estimates of risk, which is a 
complex issue since they are essentially intersubjective judgements which can be heavily differentiated 
[51]. Using a small group of experts may be more manageable but it also causes a large sensitivity to 
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the selection of experts. Using a larger group is primarily limited by what can be readily managed [20, 
21], but this limitation was alleviated by the digital tools required during the pandemic. An interesting 
solution to the consistency and uncertainty issues of large groups of experts is the wisdom of the 
crowd’s phenomenon [52]. The basic principle behind the phenomenon is that the errors people make 
in their assessments seem to be normally distributed around the actual value. If there is not a systematic 
bias in the judgements, this implies that over and under estimations cancel each other out, while the 
mean value has proven to come astonishingly close to the actual value, as further explained by 
Surowiecki and revisited by Wallis [53,54]. Large differences in judgements or appraisals are often used 
as an argument against the use of expert judgements. However, if the purpose of the judgement is rather 
the collective appraisal than single values, Galton shows that also differentiated judgements can be very 
useful. 

For engineering applications, the wisdom of the crowd’s concept has been further explored by e.g., 
Georgalis & Marais and Mannes et al. [55,56]. Mannes et al. noted that it may be difficult and costly to 
collect the opinion of a crowd and that the public still rather relies on experts than on a crowd [57]. They 
therefore introduced “select crowds”, using a selection of the top five knowledgeable judges, based on 
a cue to ability. This gave very accurate average appraisals and increased the strength of knowledge 
while relying on a smaller select crowd. The concept explored in this study was to use a larger select 
crowd of experts, involving 10–18 persons from the industry to estimate probabilities in the risk model. 
This limited the sensitivity to the selection of experts, while the Delphi-based approach mitigated group 
biases. This way involved many personnel familiar with the workplace in the analysis worked to 
manage knowledge uncertainties, at the same time as the result legitimacy and public acceptance 
increased [58,59]. It can therefore be recommended when carrying out Formal Safety Assessments but 
is likely to be appropriate for risk assessments applied in other areas.   

4. Conclusions 

 Finding historical data for the quantification of all nodes in large and complex risk models is either 
impossible, too time-consuming, or too costly. Therefore, there will always be a need for expert 
judgements. In the current study, 225 of 623 nodes were quantified through expert elicitation. The 
process was carried out fully remotely using digital means. The experts were first introduced to the 
quantification, then asked to fill out a questionnaire. Support sessions were given meanwhile. Overall, 
the experts were overall engaged in the task, and it turned out well. The method is recommended to 
avoid group bias or when input from several experts is desired. The method is also a suitable alternative 
in situations when travelling must be avoided. The main drawback of the digital method is to obtain a 
shared understanding of a problem; attendance at the support sessions was optional and open 
discussions were kept to a minimum (to avoid group bias). To increase the robustness of the result, 
uncertainty and sensitivity analyses were performed. For all three Ro-Ro ship types, the uncertainty 
analysis showed the PLL to deviate, with 90% confidence, from the calculated mean value by less than 
26%. The result from the sensitivity analysis indicates that nodes early in the chain of events have a 
larger impact on the result than nodes occurring later in the chain of events. Therefore, in case of limited 
resources, focus should be put on quantification of the nodes occurring early. 
 The number of experts consulted plays a role. The greater the number of experts, generally the 
better the precision of the probability estimation(s). By assigning different levels of confidence and 
using a distribution with a higher variance, this could be dealt with. 
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Supplementary Materials: The following are available request: S1 Risk model structure ro-pax, S2 Risk model 

structure ro-ro, and S3 Risk model structure VC.  
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