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Abstract
The level of protection for personal protective equipment (PPE) in firefighting is
important for Swedish shipowners; they want to be sure that the equipment they provide
is sufficiently safe for the types of fires that can occur onboard. Shipowners also want to
be updated on risks related to the carriage of alternative fuel vehicles (AFVs). Safety
products and equipment used onboard ships with a European flag must be certified in
accordance with the Marine Equipment Directive (MED) and follow the regulations in
the International Convention for the Safety of Life at Sea (SOLAS). For fire suits, this
means that they must be certified according to one of three standards listed in MED. Two
of these standards cover suits used in special cases, with very intense radiant heat, and
should only be worn for short periods. The third standard, EN 469, is the same standard
that is referred to the PPE Regulation 2016/42, making EN 469-approved fire suits used
among European firefighters ashore. However, EN 469 contains two different
performance levels where the lower level is not suitable for protection against risks
encountered when fighting fires in enclosures. Based on a user study and a risk
assessment for AFVs, a set of suggested changes to MED and SOLAS were prepared,
together with a set of recommendations for operators that were found important but not
subject for regulations. A ready-to-use quick guide, containing the most important
results, has been developed for operators.
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Preface
This report contains the complete results of the project Safe and Suitable Firefighting. It
covers an investigation of the regulations relating to fire suits for SOLAS vessels, a brief
description of the fire suit market, a user study investigating the needs of the crew, and
a risk analysis for toxic gases, pressure vessel explosions and jet flames. The results of
the project were compiled into several recommendations with different targets, such as
suggested changes to the Marine Equipment Directive (MED) and SOLAS, but also
general recommendations for buyers and suppliers. A quick guide, containing the most
important results, with the purpose to assist crew in the selection of fire suits is presented
in Appendix A and also available to download at https://www.ri.se/en/what-wedo/projects/safe-and-suitable-firefighting
Safe and Suitable Firefighting received input from a reference group consisting of
representatives from the organizations listed below. Thank you for Your participation
and valuable input!
•
•
•
•
•
•
•

Swedish Shipowners’ Association
Swedish Transport Agency
Safetygruppen
Swedish Civil Contingencies Agency (MSB)
Fire and Rescue Service in Greater Gothenburg and Southern Älvsborg
The Maritime Work Environment Committee (SAN)
Marine Equipment Directive test experts at RISE

Many additional dedicated parties also participated with great input – seafarers, ship
operator representatives, authority representatives, manufacturers and suppliers, other
research projects and other people experienced in the area. A big thank you for your
commitment and input!
The project has been carried out from November 2020 to February 2022 and was funded
by the Swedish Mercantile Marine Foundation (Stiftelsen Sveriges Sjömanshus) and Afa
Insurance.
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List of abbreviations
AFV

Alternative fuel vehicle

BA

Breathing apparatus

BEV

Battery electric vehicle

BLEVE

Boiling liquid expanding vapor explosion

CFD

Computational fluid dynamics

EU

European Union

FDS

Fire dynamics simulator

FSS Code

International Code for Fire Safety Systems

HCN

Hydrogen cyanide

HF

Hydrogen fluoride

HPD

Hearing protection devices

ICEV

Internal combustion engine vehicles

IMO

International Maritime Organization

MED

Marine equipment directive

NHGV

Natural or hydrogen gas vehicle (stored as a compressed gas)

PPE

Personal protective equipment

Ro-pax ship Ro-ro passenger ship, i.e., a ro-ro ship with capacity for >12 passengers
Ro-ro ship

A ship with ro-ro spaces, to which vehicles can be rolled on and rolled off

SOLAS

International Convention for the Safety of Life at Sea

TPRD

Temperature-activated pressure relief device
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Summary
The level of protection for personal protective equipment (PPE) in firefighting is
important for Swedish shipowners; they want to be sure that the equipment they provide
is sufficiently safe for the types of fires that can occur onboard. Shipowners also want to
be updated on risks related to the carriage of alternative fuel vehicles (AFVs).
Safety products and equipment used onboard ships with a European flag must be
certified in accordance with the Marine Equipment Directive (MED). For fire suits, this
means that they must be certified according to one of three standards. Two of these
standards cover suits used in special cases, with very intense radiant heat, and should
only be worn for short periods. The third standard, EN 469, is the same standard that is
used in the PPE Regulation 2016/42, making EN 469-approved fire suits used among
European firefighters ashore. However, EN 469 contains two different performance
levels where the lower level is not suitable for protection against risks encountered when
fighting fires in enclosures. Although there are many EN 469-certified suits on the
market, all of them do not have the Wheel mark. The Wheel mark certification is a
separate process, which all manufacturers do not prioritize. In comparison, the marine
market is considerably smaller than the land-based rescue service market.
The introduction of battery electric vehicles (BEVs) onboard, and fire incidents involving
them, have attracted considerable media attention. Fire risks related to lithium-ion (liion) battery onboard are often mentioned, despite the fact that most fire incidents have
other origins and that BEV fires are less probable than internal combustion engine
vehicle (ICEV) fires.
Fire tests with Li-ion batteries (Willstrand, Bisschop, Blomqvist, Temple, & Anderson,
2020) indicate that BEV fires result in a higher emission of the toxic gas hydrogen
fluoride (HF) compared to ICEV fires. HF is a highly dangerous gas, and the fear of HF
has gotten some attention recently. It is very dangerous to inhale, but studies outside this
project have shown that the risk for a potential skin uptake of HF is low and it is unlikely
that adverse health effects are caused from HF during smoke diving (Wingfors,
Magnusson, Thors, & Thunell, 2021).
Another risk that firefighters at sea might encounter is pressure vessel explosions.
Simulations yielded the following results: The safety distances for avoiding injury (with
respect to the hearing) and fatality for a small and low-pressure tank are 25 m and 4 m,
respectively. For a large and high-pressure tank of 122 L and 700 bar, the risk of injury
is on the whole ro-ro space on fire. The safety distance for avoiding fatality is 7 m for a
large tank. The likelihood of a pressure vessel explosion is however very low, and the total
risk of no intervention must be weighed against the risk of intervention. Moreover,
shrapnel is a risk factor which is not considered in this simulation.
A set of suggested changes to MED and SOLAS regulations were prepared, together with
a set of recommendations that were found important but not subject for regulations. The
purpose of the suggested regulation changes was to leave less room for interpretation,
without introducing unnecessary barriers that might keep high quality PPE from being
approved. Within firefighting, the maritime market is significantly smaller than the landbased market and barriers such as complicated approval processes could make a
manufacturer abstain from the maritime market.
© RISE Research Institutes of Sweden
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1

Introduction

There has been an expressed concern from the shipping companies, through the Swedish
Shipowners’ Association, that today's level of requirements for personal protective
equipment (PPE) for firefighting is low on international SOLAS ships. For EU flagged
vessels, the fire-fighters' outfits (and other safety equipment) must comply with the
Marine Equipment Directive (MED) and thus be tested and certified according to
certification processes to receive a “wheel mark”.

1.1

Background

The project idea came from an expressed concern from Swedish ship owners, via the
Swedish Shipowners’ Association DP Ro-Pax group and safety committee, that today’s
level of requirements of the personal protective equipment for firefighting onboard
SOLAS ships are too low. Within the International Maritime Organization (IMO), the
high relevance of the issue has been emphasized by several Flag States in working groups
discussing fire protection for ro-ro ships. EU flagged ships must also meet the
requirements of the Marine Equipment Directive (MED) and safety equipment must be
MED approved and “wheel marked”.
In SOLAS chapter II-2, regulation 10, it is stated that the firefighter’s outfit shall comply
with the Fire Safety Systems Code (FSS Code) (International Maritime Organization,
2020), further described in section 2.1.
In MED there are three standards listed for testing and certifying fire suits:
-

Protective clothing for fire fighting: EN 469:2020,
Protective clothing for fire fighting - Reflective clothing for specialised fire-fighting: EN
1486:2007, or
Protective clothing for fire fighting - Protective clothing with a reflective outer surface:
ISO 15538 (2001) Level 2.

The level of protection for PPE in firefighting is an important issue for Swedish
shipowners, they want to be sure that the equipment they provide is sufficiently safe for
the types of fires that can occur onboard. In particular, shipowners want to be sure that
the equipment is safe to use for new energy carriers (e.g., electric vehicles and gaspowered vehicles) and risks related to the carriage of such vehicles. Minimum
requirements should be in relation to expected risks and how often personnel are
exposed to fires. At the same time, the equipment must be easy to use and enable the
work that fighting a fire requires, given the variation that exists within the fire team (e.g.,
gender, stamina, and age).
The Safe and Suitable Firefighting project has examined PPE for firefighting and other
related equipment with a main focus on the fire suits.
The project BREND investigated how fire in alternative fuels (e.g. gas and batteries) for
vehicles should be handled in ro-ro spaces, focusing on manual fire extinguishment
(Vylund, Mindykowski, & Palmkvist, 2019) (Vylund, et al., 2019). However, there is a
need for more research on how the risks of fire in alternative fuel vehicles (AFVs) should
be assessed, as there have only been a limited number of conducted fire tests and
© RISE Research Institutes of Sweden
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incidents. Several projects at RISE, such as BREND 2.0 and Safe and Suitable
Firefighting, have aimed to ensure a safe and efficient manual fire intervention at sea,
considering the added risks of AFVs.

1.2

Purpose and objective

The project investigated what standards and levels of requirements there are for PPE for
firefighting, and which are relevant for PPE onboard. The purpose was to provide
shipping companies and other actors with clarity on the subject and to help ensure that
reasonable requirements are set, so that protective equipment on the market meets the
level of protection that is relevant for firefighting onboard.
The project intended to give recommendations regarding what requirements the PPE
shall fulfil and to relate these to the already existing standards and equipment. The goal
was to be fulfilled by:
1. Describing what requirements there are today on PPE, both for firefighting at sea
and ashore. The description was to include both Swedish and international
regulations and describe the difference between different levels of requirements;
2. Performing a risk analysis (likelihood/exposure and consequences) which results
in the basis for which levels of requirements the PPE should have, highlighting
requirements in relation to AFVs;
3. Describing how adopted equipment for seafarers should be designed based on
the work environment, genus, and user perspective; and
4. Evaluating the results of item 1-3 together with shipowners and other relevant
stakeholders.
The long-term goal of the project was to create a basis for influencing international
regulations (SOLAS and MED directive) and to raise the international standard for PPE
used for firefighting onboard.

1.3

Delimitations

This study has especially been focused on ro-ro/ro-pax ships, but the results are relevant
for other ship types as well.
Following a discussion with the reference group at the first reference group meeting, the
hazard of BLEVE from an LNG tank exposed to fire was excluded from the project
because it was perceived to be highly improbable. For example, to our knowledge a
BLEVE following a fire exposed LNG powered vehicle has not yet occurred.

1.4

Method

The following steps were used to analyse the requirements for PPE and were integrated
into this report.
1. A summary of PPE requirements
2. Basis for PPE requirements from a risk assessment perspective
3. Basis for PPE requirements from a user research perspective

© RISE Research Institutes of Sweden
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4. Development of recommendations based on 1-3 and in cooperation with the
reference group.

1.4.1

A summary of PPE requirements

Applicable standards and requirements that apply to firefighting-related PPE were
examined, for both sea and land applications. Questions that were posed include:
•
•
•

How do the PPE standards for onshore differ in a few different countries?
What distinguishes the different applicable PPE standards for wheel marking?
How do the rules of SOLAS Chapter II-2 relate to the wheel marking and landbased standards?

The questions were answered by studying SOLAS, MED, the PPE regulation (Regulation
2016/42) (European Commission, 2021), and standards, and by interviewing producers
of PPE.

1.4.2 Basis for PPE requirements from a risk assessment
perspective
The risk of a possible fire in different types of vehicles were summarised and put into
perspective. Interviews with safety coordinators and crew onboard and discussions with
the reference group were used to understand the required functions of PPE. The
following topics were discussed:
•
•
•
•

What scenarios should the protective equipment be able to cope with?
When and how are protective equipment used?
How is the protective equipment stored before and after use?
How close to the fire is it necessary to be to be able to carry out a manual
firefighting operation?

Fire incidents, experimental data, and calculations formed the basis for the risk
assessment. The following alternative fuels were studied in detail: lithium-ion batteries,
compressed natural gas (CNG), and compressed hydrogen (H2) for the following events:
•
•
•

Fire in lithium-ion battery for light/heavy vehicle.
Fire in representative light CNG/H2 vehicle.
Fire in representative heavy CNG/H2 vehicle (bus/truck).

The impact assessment included, for example, radiation, temperature, explosion
pressure, shrapnel, jet flame and fire gases for selected scenarios based on conditions
onboard. Calculations were performed according to established calculation methods.

1.4.3

Basis for PPE requirements from a user perspective

The fire related PPE must also be put into the perspective of the user. The PPE must be
useful, and requirements must be suitable; for instance, unnecessarily high requirements
can introduce other risks, such as bulky gear and moveability limitations.
The user study was a qualitative study where interviews and focus groups were carried
out with seafarers with experiences from smoke diving or leading fire teams. Field visits
© RISE Research Institutes of Sweden
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were also carried out where crew members were interviewed and asked to show firerelated PPE. A fire drill was also observed. To get a better understanding of the market,
manufacturers and suppliers were also included, and a meeting with an authority was
held.
The following topics were discussed:
•
•
•
•
•

What is the mustering process of a firefighter?
Is PPE shared or personal? What is the resulting fit?
What moveability-related activities might occur?
What problems have firefighters onboard experienced related to the PPE?
What additional equipment or tools are used onboard?

The identified areas for improvement were further developed into recommendations.

1.4.4

Development of recommendations

Based on the findings from studying the PPE regulations and standards, the risk
assessment perspective and the user perspective, recommendations were designed. The
following topics were considered while developing the requirements:
•
•

Likelihood and possible consequences from vehicle fires.
Consequences on the market, caused by new regulations.

The recommendations were split into three categories:
a. Recommended changes to MED
b. Recommended changes to SOLAS
c. Recommendations for buyers and/or suppliers (not subject for regulation)
The recommendations were discussed with various stakeholders – primarily in a digital
workshop, but also through a survey. Based on the input, the recommendations were
further developed (or discarded) and finally presented at the project’s final seminar.

© RISE Research Institutes of Sweden
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2

Compilation of requirements

The study started by stating questions that the project wished to answer. The questions
included:
•
•
•

2.1

How do the standards on land differ compared to MED requirements?
What is the difference between the different standards for wheel marking?
How do SOLAS Chapter II-2, regulation 10 relate to wheel marking and the landbased standards?

SOLAS and the Fire Safety Systems Code

In SOLAS chapter II-2, regulation 10 (International Maritime Organization, 2020) it is
stated that fire-fighter's equipment shall comply with the FSS Code. The FSS Code
(International Maritime Organization, 2021) states that the fire fighter’s outfit shall
consist of a set of personal equipment and a breathing apparatus. For each breathing
apparatus, a fireproof lifeline shall also be provided. The breathing apparatus shall be
capable of functioning for at least 30 min and the lifeline shall be fireproof and at least
30 m in length. The specified parts of the personal equipment are the following:
1. protective clothing of material to protect the skin from the heat radiating from the fire
and from burns and scalding by steam. The outer surface shall be water-resistant;
2. boots of rubber or other electrically non-conducting material;
3. rigid helmet providing effective protection against impact;
4. electric safety lamp (hand lantern) of an approved type with a minimum burning period
of 3 h. Electric safety lamps on tankers and those intended to be used in hazardous areas
shall be of an explosion-proof type *; and
5. axe with a handle provided with high-voltage insulation.
In addition to this, SOLAS states that a minimum of two two-way portable
radiotelephone apparatus should be provided for each fire team onboard1. They shall be
of an explosion-proof type or intrinsically safe.

2.2

Marine Equipment Directive (MED)

Safety products and equipment used onboard ships with a European Flag must be
certified in accordance with the Marine Equipment Directive (2014/90). There are four
areas covered by MED: lifesaving, navigation, environmental protection, and fire.
Conformity assessment in accordance with the directive, also called MED certification,
is performed by a notified body registered by the European Commission. The EU mark
of conformity, the Wheel mark (Figure 1), indicates that the product conforms to all the
provisions of the Directive.
To make a product Wheel marked, the process starts with type approval, i.e. testing of
the product. To ensure the quality of the test, this needs to be done by a laboratory that
is accredited to perform the specific tests required to verify the performance of the
product, e.g. fire tests. The tests that are required and other performance requirements
1

For ships constructed on or after 1 July 2014.
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for the product are specified in MED. When the product has passed type approval, which
is the referred to as Module B – certificate, the manufacturing process also needs to be
inspected and the quality assurance system examined. This is done by a third-party
factory inspection, generally done directly by the notified body and will lead to Module
C/D/E-certificate. Once the certificate has been issued, there will be regular inspections
and sample control testing to ensure production consistency.

Figure 1 Wheel mark, the symbol for MED certified products.

2.2.1

Test standards

In MED there are three standards which can be used to certify and Wheel mark
protective clothing. None of the standards have been developed specifically for
firefighting at sea but are general standards for protective clothing for firefighters. The
standards are listed in Table 1. As the titles indicate, the three standards cover fire suits
with different purposes and are not interchangeable. A short excerpt of the scope is also
included in the table. As mentioned in the table, the performance requirements in EN
1486 and ISO 15538 have been set with the purpose to protect a firefighter from intense
radiant heat and for short periods only. EN 1486 defines this type of specialized
firefighting as: “limited fire-fighting operations involving very high levels of radiant,
convective and contact heat, such as bulk flammable gas and bulk flammable liquid
fires”. This type of clothing is easy to identify by its reflective surface, see figure 2.
Regarding the performance requirements, a summary of what each standard requires is
presented in Table 2. In Appendix AB, a comparison matrix including limit values, is
presented. It can be noted that none of the standards have requirements for toxic gases
and that only EN 469 provides requirements related to liquid chemicals.
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Table 1 Testing standards for protective clothing
Designation

MED/3.3a
Protective nonreflective clothing
for firefighting

MED/3.3b
Protective clothing
for firefighting:
Reflective clothing
for specialised
firefighting.

MED/3.3c
Protective clothing
for firefighting:
Protective clothing
with a reflective
outer surface.

Test standard

Scope of standard (selected parts cited)
This document specifies minimum
EN 469:2020
performance requirements for protective
Protective clothing for
clothing designed to be worn during
firefighters – Performance firefighting activities. (…)
requirements for
This document makes distinction between
protective clothing for
firefighting activities, dividing them into two
firefighting
performance levels based on a risk
assessment.
This European Standard specifies test
methods and minimum performance
EN 1486:2007
requirements for reflective protective clothing
Protective clothing for
used in specialised fire-fighting.
firefighters – Test methods This clothing provides protection against
and requirements for
flame lick and intense radiant heat and is worn
reflective clothing for
for short periods only, to enable the firespecialised firefighting
fighter to enter specific high-risk fire-fighting
and fire rescue situations which also require
the use of breathing apparatus.
ISO 15538 (2001) Level
This International Standard specifies test
2
methods and minimum performance
Protective clothing for
requirements for protective clothing that
firefighters – Laboratory
relies upon the ability of the outer material to
test method and
reflect intense radiant heat.
performance requirements The clothing covered by this International
for protective clothing
Standard is intended to provide protection
with a reflective outer
against flame lick and intense heat and it
surface
should be worn for short periods only.

Figure 2 Illustration of a firefighter outfit with a reflective surface and with a non-reflective
surface, respectively.
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Table 2 Summary of provided requirements in each standard, where X means that there is a
requirement and N/A means that there is no requirement listed in the standard
Requirements/Standard
Flame spread
Heat transfer - flame2
Heat transfer – radiation3
Contact heat
Tensile strength
Tear strength
Heat resistance
Surface wetting
Resistance to penetration
by liquid chemicals
Resistance to water
penetration
Water vapour resistance
Scope

EN 469
X
X
X
X
(level 2)
X
X
X
X
X

EN 1486
X
X
X
X

ISO 15538
X
X
X
X

X
X
X
X
N/A

X
X
X
X
N/A

X
(level 2)
X
Torso, neck, arms
(to the wrists) and
legs (to the
ankles)

N/A

X

N/A
Torso, neck, head,
arms, hands, legs
and feet

N/A
full body including
head, hands, and
feet depending on
the risk assessment.

Requirements for practical performance tests or an ergonomic assessment are not
present in any of the standards. However, in the bibliography list (but not referred to in
text) of EN 469 you can find A test battery related to ergonomics of protective clothing
and EN 1486 includes an annex with guidelines for how to check basic ergonomic
features and design guidelines. These guidelines are also included in ISO 15538.
The work carried out in the present study does not include scenarios where a firefighter
would need protection against the type of intense radiant heat that the reflective suits are
intended to offer. Hence, throughout this report, ‘fire suit’ refers to the non-reflective
type of protective clothing.

2.2.1.1 EN 469:2020 Protective clothing for firefighters
EN 469 is listed in the PPE regulation (Regulation 2016/42) (European Commission,
2021), making EN 469 well used among European firefighters ashore. EN 469 contains
two different performance levels for three different aspects: heat protection, water
penetration and water vapor resistance. The different aspect’s levels are independent
from each other, and it is the heat resistance level that formally defines the level of the
fire suit. Currently, MED allows either one to be achieved for Wheel mark certification.
However, the following is stated in the standard: The level 1 is not applicable for
protection against risks encountered in fighting fires or rescue from fire activities in
structures, unless combined to a level 2 or other specialized PPE.

Note from EN 469: Both the radiant and flame heat transfer minimum requirements are based
on usual risk scenarios. Increasing the heat transfer requirements may decrease the level of
comfort and may increase heat stress.
2
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Figure 3 Example of a pictogram on the product label.

In any EN 469-approved fire suit, the pictogram in Figure 3 is present. This pictogram
also states if the suit is level 1 or level 2. The example in Figure 3 shows that for heat
protection (X) and water penetration (Y) the suit is graded to level 2 and for water vapor
resistance (Z), meaning breathability the suit is graded to level 1. Interesting to know
about the different levels is also that for contact heat and water penetration, there are no
lower limits, meaning that a level 1 suit could have no protection against contact heat and
water penetration. The same pictogram is also used for other types of firefighting PPE,
such as the previously mentioned standard EN 1486 and firefighting boots. At the bottom
the pictogram specifies what standard the current product is certified against.

2.2.1.2 EN 15090:2012 Footwear for firefighters
Fire boots, as defined by MED, shall be certified and tested according to EN 15090:2012.
Like EN 469, there are different performance levels, but also different classifications and
types. The latter are described below and also further elaborated in Appendix C.
Class I: Footwear made from leather and other materials.
Class II: All-rubber or all-polymeric footwear.
Type 1: Outdoor interventions, fire and wildland firefighting; no protection against
penetration, no toe protection, no protection against chemical hazards.
Type 2: All fire suppression and rescue interventions where protection against
penetration, and toe protection are needed, no protection against chemical hazards.
Type 33: All fire suppression and rescue interventions where protection against
penetration and toe protection are needed, including protection against chemical
hazards.
Depending on the need for protection against chemical hazards, type 2 or type 3 are the
types relevant to use on ships. However, as with the fire suits, this is not defined by MED
and Type I boots may also be Wheel marked. Type 1 is not considered sufficient for
firefighting onboard ships.

3

Class I + Type 3 is not a possible combination.
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2.3

Non-EU standards for firefighters’ outfit

In this section, two non-European standards for firefighters’ outfits are presented.

2.3.1

AS 4967:2019

AS 4967:2019 Protective clothing for firefighters – Requirements and test methods for
protective clothing used for structural firefighting is used in Australia and in New
Zeeland. It does not cover protection for the head, hands, or feet. This standard is very
similar in its scope and structure and easily compared with the three standards referred
to by MED. On several aspects, the performance requirements are higher in this standard
than in EN 469 (level 2). For example, the heat transfer limits are higher (longer test
time). For further information, see the safety requirement matrix in Appendix
BAppendix A.

2.3.2

NFPA 1971:2018

NFPA 1971:2018 Standard on Protective Ensembles for Structural Fire Fighting and
Proximity Fire Fighting is used in North America and in some parts of Central and South
America. The standard covers coats, trousers, coveralls, helmets, gloves and footwear.
For fire suits (excluding the hood), the standard refers to 27 tests, covering the aspects
listed below (among other things). Some of the specified limits are included in the
comparison matrix in Appendix AB, but a different use of units and test methods make
them not direct comparable.
•
•

Flame resistance test

•
•

Thread melting and seam-breaking tests

•

Water and liquid absorption resistance
and penetration resistance tests

•

Whole garment and ensemble liquid
penetration test

Heat and thermal resistance and thermal
protective performance tests
Tear resistance, burst strength and
breaking strength tests

•
•

Total heat loss test

•
•

Radiant protective performance test

•
•

Wet flex and flex at low temperature tests

Conductive and compressive heat
resistance test
Resistance to high-temperature blocking
test
Light degradation resistance test

There are also examples of more user or usability-oriented requirements and tests,
listed below:
•
•
•
•

Men’s and women’s sizing shall be accomplished by men’s and women’s
individual patterns.
A grip test is to be performed with damp gloves and a slip resistance test is to be
performed with the footwear.
A glove tool test is to be performed where a test person must mount and fasten
bolts, nuts and washers.
Each coat shall have a drag rescue device on the upper torso.
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3

User study

Users, namely seafarers assigned to the be smoke divers or fire chief in fire teams
onboard, have been involved in a qualitative user study through focus groups, interviews,
and field visits. The main part of the participants were crew members on Sweden flagged
ro-pax ships, but some worked on other types of ships and under other flags (within EU).
For some topics, results from studies within other projects, such as BREND 2.0 and
LASH FIRE, were also included to complement the results of this study.
In total, 11 ro-pax seafarers from four different ships were participants in two focus
groups, discussing their own fire experiences, including both fires in ro-ro spaces and
fires in other spaces onboard. From each ship, one chief engineer and 2-3 crew members
with firefighting responsibilities participated. One firefighter from land-based rescue
service also participated in each focus groups. Luckily, many seafarers lacked
experiences from large fire incidents, which also resulted in hypothetic discussions,
based on other experiences and drill experiences.
Two interviews were carried out with seafarers from other ship types: one with a fire chief
on a tanker and another fire chief with experiences from several ship types (ro-ro and
tanker among others).
Crews from three different ships were involved during field visits onboard. During the
visits, the fire chief or other crew members showed the equipment in the fire station and
interviews were conducted with available crew members.
To get a better understanding of the market and regulations, two manufacturers with
MED approved fire suits and one supplier in the process of MED approve a fire suit, were
also interviewed. The interviews focused on their view on the requirements and test
standards, the process of MED approval and their contact with intended users. The
perspective of the MED responsible authority in Sweden was included as well through an
interview.

3.1 MED approval from different
perspectives
MED was introduced to enhance the safety at sea. The interviewed authority explained
that without it, international requirements were interpreted differently, which led to
large quality differences. The new requirements had to be introduced within EU and not
globally, because all flag states in IMO would not accept such changes for cost reasons.
In many cases MED successfully enhances the safety at sea as intended. However, for
protective clothing for firefighting it has become clear in this study that the Wheel mark
can also be experienced as a problem. Some participants in the user study brought up
several times that the Wheel mark is an obstacle to purchase good fire suits to use
onboard. One of them says:
It’s totally incomprehensible to me why the clothing worn by a smoke diver ashore isn’t
allowed for a smoke diver at sea. It [the Wheel mark] is an obstacle for us to get hold of
good equipment – especially at reasonable prices, which is a great part in the question
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for us at sea. There are decent things that are fully approved for land use at reasonable
prices, that we are not allowed to use at sea.
The fire suits that this person considered are most likely approved according to EN 469,
meaning that the clothing is tested in accordance with the same test standard as required
in MED, see section 2.2, but that they are lacking the formal MED approval.
Two manufacturer representatives at different companies both said that MED approved
fire suits represent a very small portion of their fire suit product portfolio. One said that
the fire suits that are not MED approved have a lot more features that firefighters want,
and which is not afforded by all shipowners.
In theory, exemptions to the Wheel mark can be issued by the responsible authority after
doing an equivalence assessment. A non-wheel marked EN 469 approved fire suit would
seem like an easy case, but the exemptions are temporary, ship specific and the resources
to handle these cases are very limited.
An interviewed manufacturer representative was of the opinion that the MED approval
does not guarantee that the fire suits are sufficient for the purpose, but also says that the
experience is sometimes that shipyards primarily want to know if it is a certified product
and what price it is, rather than looking at features or performance.
Regarding the process of getting a product Wheel marked, time consuming and
cumbersome, were words that was mentioned in interviews with manufacturers and
suppliers. A supplier that was in the beginning of the process to wheel mark a fire suit
mentioned administrative obstacles to get the MED approval, which was also mentioned
by a supplier already having wheel marked fire suits on the market. Another
manufacturer on the other hand did not mention as large obstacles and explained that
their B- and D-module certificate was carried out on the basis of the CE certification.
The purpose of the wheel mark is of course not to impede the safety of shipping but to
prevent bad products on the market, was said by the interviewed authority.

3.2 Firefighting onboard from a safety
perspective
This section summarizes input from the user study from a safety perspective. Some
examples of questions that were investigated are:
•
•
•
•

3.2.1

How are new energy carriers dealt with?
How is fire in general dealt with?
How often do fires occur?
What can be learnt from land-based professional firefighters?

Fighting fires in general

It is clear from the user study that large fires onboard are rare events. Crews with a few
years’ experience have typically not experienced any larger fire incidents. More common
fires are smaller fires, e.g. in wastebaskets. Typical larger fires mentioned are engine
room fires or chimney fires.
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This means that training is often the only ‘real’ experience that a crew has. At the same
time, those who have experience of real incidents, talks about how this expands beyond
the standard training events, e.g. running around to collect dry clothes from all fire
stations, or looking for tools to get into inaccessible fires. One participant, a fire chief,
was a strong advocate for having unannounced fire drills as well. This person had the
opinion that they are just as important as the scheduled – based on an experience with
an unannounced drill where the crew was very unprepared and it took the fire team
around 25 minutes to get ready, while during a scheduled training it could take them 510 minutes.
Within a video-based ethnography study in the project LASH FIRE, a semi-unannounced
fire drill was arranged. The drill was announced to take place on a particular day, but the
exact starting time was not. The fire commander did not want to put the crew through
the pressure of a completely unannounced drill, but still saw the benefit and learning
possibilities of not having it completely announced.
When talking to participants about different ship types and the different types of fires to
expect, an engine control room fire and interior fire is argued to be pretty much the same
regardless of what type of ship it is. At some ships, the interior might not have any fixed
suppression installations and completely depending on a manual fire suppression.

3.2.2

Fighting ro-ro space fires

A full ro-ro space is usually very tightly stowed, and fire drills are rarely carried out
among passengers’ vehicles. For smoke divers, it can be difficult to pull and carry the
hose that they use. It is often shoulder wide, or even less, between the vehicles, so it is
also difficult to move around with the breathing apparatus (BA) set. Participants in the
focus group said that they must think very carefully about where to connect the hose,
because it can easily get stuck between the vehicles.
Even in a fully illuminated ro-ro space which is not yet smoke filled, it can be very difficult
to find which truck is burning. The crew from one ship remembered an incident with
smoke development in the ro-ro space where they climbed on top of the trucks to be able
to find which vehicle the smoke came from. The vehicles were so tightly stowed that it
would not have been possible to get there otherwise. If a fire in a ro-ro space is confirmed
and cannot be extinguished by hand-held extinguishers, the main option for fighting the
fire is usually the fixed fire-extinguishing system, often a so-called drencher system.
A manual extinguishing or life-saving operation while running the drencher system may
not be optimal. One crew member interviewed at a field visit brought up an experience
of a ro-ro space fire (on a different ship) during wintertime. The person had a supportive
role to the fire team and said that he had to run and get dry clothes from all the fire
stations onboard. The fire suits were not waterproof, so the smoke divers had to change
from their wet and cold clothes during the operation. The same thing was brought up by
another participant: “If we are to make a life-saving effort or the fire team is to go in,
we must shut off the drencher. Otherwise, with this cold water, we cool them down in
just a couple of minutes.” Even if the suits are waterproof, manual operations while
running the drencher still come with challenges such as poor visibility, noise and other
equipment getting wet, but it was nevertheless pointed out by participants as something
that should be possible.
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It is, according to the users interviewed in this study, rare that the ships are equipped
with waterproof firefighter’s outfits. Out of the three standards referred to in MED (see
section 2.2.1 Test standards), only ISO 15538 strictly requires a specific level of
protection against water penetration, see Appendix B. EN 469 level 2 also requires this,
while level 1 does not. As previously mentioned, MED does not specify which level the
suits should fulfil for the wheel mark. Looking at SOLAS, the only moisture-related
requirement is that “The outer surface shall be water-resistant” (SOLAS II-2/10). Water
resistance without any specified limits leaves much room for interpretation. Even a
tightly woven fabric without any surface treatment could be argued to be water resistant.
The bibliography of EN 469 contains a report with ergonomic tests for PPE (Havenith &
Heus, 2004) in which it is pointed out that water absorption of a suit can reduce the
freedom of movement and leakage to inner layers strongly reduces the suit’s ability to
protect the skin from a hot surface.
Today, on ro-ro ships, it is not known beforehand where AFVs are parked. Considering
how tightly vehicles are stowed and potential smoke obscuration, it is difficult to know
what type of vehicle is on fire. However, if a fire in an AFV is confirmed, interviewed crew
said they would take a more cautious approach and base the intervention on the drencher
system. Yet, some ships have invented special equipment to fight fires in Battery Electric
Vehicles (BEVs). One example of such an equipment is a two-meter pipe, which is
attached to the hose and can be inserted underneath vehicles to cool the battery (note
that the crew still needs to get relatively near the vehicle on fire). Despite the fact that
fires in traction batteries so far are very rare, the crew is well aware of the added risks
with hydrogen fluoride from battery fires.
In the focus groups, it was said that if a fire is confirmed in a natural or hydrogen gas
vehicle (NHGV), the jet flame was something that the crew were mentally prepared for
(e.g. in terms of what might be hit and ignited by the jet). No crew member mentioned
the risk of pressure vessel explosion, which hence seemed to be a risk outside the radar
of the present user study.
When a crew member was asked to compare ro-ro ships with tankers from a fire
perspective, a big difference was considered to be the fixed suppression systems and how
protected the cargo is itself. A fire in the engine or in the interior is much more likely on
a tanker than a fire in the cargo, since it is so well protected. On a ro-ro/ro-pax ship on
the other hand, the cargo can be considered much more dangerous since the it can be
declared wrongly, passengers could violate rules, and the cargo is available for a potential
arsonist. Furthermore, an empty, and consequently gas filled, tank was by the same crew
member said to be much more dangerous than a full tank.

3.2.3

Input from professional land-based rescue service

Compared to land-based rescue services, fire teams onboard a ship has the advantage,
under good circumstances, to be ready at the fire scene quickly after detection. In
addition, a first “runner” is sent to investigate the incident immediately after a fire alarm
is received from any detector. Land-based rescue services have an emergency response
time of 5-15 minutes from when they receive the alarm.
Land-based rescue services have more refined methods, resources and space to fight
different types of fires, continually also adapting the response to the risk picture (from a
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safe work perspective). For vehicle fires, they have a specific method, and some methods
have even been developed for AFVs, e.g. a method for BEVs (MSB, 2020) or risk zones
for NHGVs (Runefors, 2020).
Explosions were also discussed during the focus group sessions. As a rule of thumb, there
are many parts on a vehicle (conventional as well as AFV) that can explode. Inactive
crew/fire teams need to seek shelter. There are no safe areas near a well-developed
vehicle fire. As a rule of thumb, the fire should be extinguished from a distance, unless a
quick early intervention with a hand-held extinguisher is possible. As further explained
in section 4.3, small NHGVs, such as cars, that explode will result in an overpressure that
can damage hearing, especially in enclosed spaces. However, any hearing protection
devices (HPD) are not currently used by the land-based rescue services. An initial
literature search about hearing protection for firefighters4 further supports that few
firefighters wear hearing protection devices, despite the apparent risk of hearing
disorder. Some reasons for not wearing HPDs reported in literature are as follows:
•
•
•
•

It takes time to put on the hearing protection equipment, in particular for roll-up
type earplugs (Ewigman, Kivlahan, Hosokawa, & Horman, 1990).
The equipment may in the long run become uncomfortable (Hong, Samo, Hulea,
& Eakin, 2008).
It could impair communication or interfere with other safety equipment (Hong,
Samo, Hulea, & Eakin, 2008).
It could remove important sound information from the scene, e.g. people crying
for help or other sounds from the fire, that give information on what is going on,
see citation below (Hong, Samo, Hulea, & Eakin, 2008):
“[HPDs/hearing loss] is probably the last thing we think about when it comes to
most of the scenes we are going on.” [from a focus group study in Hong et al.
(2008)]
“A lot of the time it´s not feasible. […] You can´t go out there deaf. You have to
be able to hear what is going on around you. If you don´t you could be in deep
trouble.” [from a focus group study by Hong et al. (2008)]

The US National Institute for Occupational Safety and Health recommends fire
departments to establish and maintain department-specific hearing loss prevention
programs that include information campaigns about harmful noise levels and
engineering and administrative controls to limit firefighters’ overall exposure to noise
from equipment or in the work environment. Fire departments should also incorporate
noise emission limits in their purchasing agreements for new equipment (NIOSH, 2013).
While HPDs are not common on land, on a ship there are many noisy environments
where hearing protection with integrated radio communication is used in the day-to-day
work. There it could hence feel natural for the crew to use HPD in case of a fire. A crew
member reached out to the project on this topic and explained that finding combinations
of helmet, HPD and communication device which is approved for explosive
environments is not an issue. Finding the same combination of equipment that is
approved for firefighting on the other hand is almost impossible to obtain.

4

See for example Ewigman et.al. (1990) and Taxini & Guida (2013).
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3.3

Firefighter’s outfit

This section summarize input related to the firefighter’s outfit from the user study,
completed with results from previous research.

3.3.1

Size and fit

To ensure a full protection, the size and fit of the fire suit must be accurate. For instance,
a too tight outfit can result in a lower thermal insulation (Havenith, Heus, & Lotens,
1990) and an ill-fitted outfit can have a negative impact on moveability. Firemen ashore
can have personal outfits and be able to make sure it fits them personally, but at sea, the
user study showed that this is usually not the case. Typically, one outfit is shared between
seafarers of different shifts. According to this user study, it is common practice that on
the muster day, each member of the fire team must ensure that the fire station(s) is
prepared with an outfit in their size. Often, the fire team is the same around the clock,
but there are also fire organizations where the fire team changes every 12 hours. A ship
represented in this study with the later type of organization had a fire station equipped
with three firefighters’ outfits and five pairs of boots for two teams consisting of three
firefighters each. However, on many ships, you may only find one size for all. This can
result in smoke divers not necessarily wearing the size best suited for them and
consequently affecting their moveability.
It happens that the ‘most suited’ (for instance with regards to fitness level) are selected
for the fire team, but it is also common that your position in the ship’s organization
determines whether you are the smoke diver or in another position in case of fire or other
emergency.
Regardless of the physical fitness level, it was mentioned that the length and width ratio
of a fire suit can be an issue. For instance, someone needing the width of an extra-large
(XL) size often finds the length of legs and arms too long. Some manufacturers
(especially for firefighting ashore) offer each size in short, regular, and long, but women’s
range is limited. The size range available on each ship is a cost issue for the shipowner
and individually fitted outfits do not seem to be justified.
Regarding size range related requirements, all three MED test standards state that sizes
should be designated according to EN 13688 Protective clothing – General
requirements. This standard describes how sizes should described and also states that
“adequate adjustment systems or adequate size ranges shall be provided”. Differences
between men’s and women’s sizes are not mentioned in EN 13688 other than for the
torso protection, where it says: “The size designation for women uses the bust girth (and
under bust girth) rather than the chest girth”.
The American standard NFPA 1971:2018 Standard on Protective Ensembles for
Structural Fire Fighting and Proximity Fire Fighting addresses size and specifies size
ranges: “Men’s and women’s sizing shall be accomplished by men’s and women’s
individual patterns.” However, it was brought up in a literature study by Moraes et al.
(2020) that the sizing of the women’s suits was only a scaled-down version of the men’s’
version. Further, they found that several studies have pointed out that female firefighters
commonly wear suits designed for men, resulting in incorrectly sized and ill-fitting suits
for the female body sizes and proportions. McKinney et al. (2021) studied this in further
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detail and pointed out that problematic areas for women are tightness at the chest and
hips, and looseness at the waist.

3.3.2

Inner layer

Full-coverage clothing under the firefighters’ outfit is an important aspect for good
protection, according to the land-based firefighters who participated in the study. Most
seafarers who participated said that they just put the jacket and trousers over whatever
they are wearing, which can for instance be t-shirt and work trousers. On one ship it was
mentioned that it is even possible that some members of the fire team wear shorts during
summer. Some ships have undergarments at their fire stations, but it is common that a
quick dressing is prioritized over putting on extra layers. It is also important that the
clothing is fitted and closed properly to fully protect the firefighter. Several participants
mentioned the hood (both inner hood and over the helmet versions) to be one of the
trickiest things when it comes to getting ready. It can be difficult to get it tight or even to
get it over the helmet on your own. It was stated by several participants that the fire
teams do a visual inspection of each other, to check that the outfit is worn properly.
A Swedish chief engineer with a crew of a different nationality talked about how he
experienced some safety related cultural differences between him and his crew. He said
that he keeps talking about the importance of two layers and that he has put extra
coveralls in the fire station if any smoke divers would not turn up fully dressed. However,
he experienced that the crew seemed more focused on dressing fast than dressing
properly and that some seemed more interested in bringing the axe than tucking in their
hood.
NFPA 1971 includes a structural firefighting protection hood, which is a fabric hood
(also called balaclava or flash hood) used under the helmet. The hood can offer
protection to otherwise unprotected parts of the head (Eds. Song & Wang, 2019). All
visited ships in this study used this kind of protection hood, but whether it is included
in SOLAS or not is a matter of interpretation. SOLAS states that the protective clothing
should “protect the skin from the heat radiating from the fire and from burns and
scalding by steam” but there is no protection hood included in MED. However, this
also allows crews to buy any hood they find relevant.

3.3.3

Outfit - other

Pockets, flashlight, knee pads and the possibility to work with both hands free were other
topics that were brought up in the user studies, as further elaborated below.
Pockets are not included as a requirement in any of the standards referred to in MED
3.3. EN 469 describes how to design pockets, if necessary. It is also specifically
mentioning that: “Increasing the number of pockets can lead to additional weight and
insulation of the garment which could increase the physiological impact on the wearer.
It could also result in the accumulation of more contaminants.” It was said by
participants that today’s firefighter’s outfits are usually equipped with proper pockets,
but older models did not always have pockets at all. One ship used to have a model where
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they had to add pockets on their own, and in the ForeSea database5 it is reported how the
communication radios did not fit in the breast pocket when they changed to a larger
model of radio.
It was brought up by a participant that it would be very useful with a flashlight
attachment so that you can work with your hands free; for instance by attaching it to the
helmet.
Other suggestions or improvements brought up in this study were the need for knee pads
to crawl on hot or hard surfaces and that pre-bent knees and elbows are good for
mobility.

3.3.4

After use

Some Swedish ship operators have a collaboration with a local rescue service ashore that
can help with the cleaning of clothes after an incident and sometimes even lend
replacement suits during the cleaning process. Before being able to hand over the fire
suits to the rescue service, it happened that they were left outside or packed in plastic. It
was also mentioned that there are no specific routines onboard regarding what to do with
a contaminated firefighter’s outfit. Contrary to land-based firefighting, fires are rare and
thus the outfits will typically never be contaminated and therefore never or rarely be
washed. Only pieces such as the protection hood might be washed after drills.
According to the “Skellefteåmodellen” (Magnusson & Hultman, 2014), a routine to use
for a safer work environment for firefighters in Sweden, it is likely that fire suits are
contaminated after a fire. The suits should therefore be stored in airtight bags until
washing and when handled, skin should be protected, and inhalation avoided
(Magnusson & Hultman, 2014).

3.3.5

Equipment

In addition to the protective clothing, the firefighter’s outfit should include an electric
safety lamp and an axe, and for each breathing apparatus a lifeline should be provided.
In the user study it was discovered that many fire teams find a crowbar or bolt clipper
more useful than an axe. Furthermore, it is important for the smoke divers to carry
keycards or keys to access all areas onboard the ship.
Other than the equipment required by regulations, many ships have a fire team bag with
things they have found useful over time. The bag can for instance include tools to open
bolted spaces, laminated general arrangement (GA) plans, notebook with pen, and an IR
camera.

3.3.6

Breathing apparatus (BA)

On one of the ships in the study, the crew said that their breathing masks were not very
compatible with the helmets, which came from two different manufacturers. The
breathing mask makes the helmet difficult, or impossible, to close on your own. When

An information system for accidents, incidents and non-conformities at sea. Available at:
https://foresea.org/
5
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you assist each other with closing each other’s helmets, at least you get the opportunity
to make sure that the inner hood is tucked in correctly, said the crew member.
Usually, the breathing mask is not put on until the fire team has reached the location of
the fire. Many masks allow to breathe normal air before switching to the compressed air,
but the mask would not be out on until reaching the location of the fire. It was said to be
very energy consuming to wear the mask if you must move several stairs, even if you
breathe the normal air. Once reaching the location, it also takes a little while to get the
mask on, but crew members working in relatively large fire teams explained that the first
two smoke divers would get help from the others to get the equipment in order first.
During the last years, many Swedish ships have exchanged their steel air cylinders for
composite cylinders which are lightweight and less of a burden for the firefighters.

3.3.7

Communication device

As mentioned in section 2.1 SOLAS and the Fire Safety Systems Code, it is stated in
SOLAS that the ship should carry two two-way communication devices for each fire team.
The crew members participating in this study all had communication devices integrated
in the breathing mask, controlled via a button at the front of the mask, which was stated
to work well. However, a chief engineer pointed out communication devices as a very
important issue and that it should be required that each smoke diver has one unit on
their own. Further, the chief engineer also said that it is important that the equipment to
be used during a fire should always be at the fire station, since there is no guarantee that
you will remember to bring the radio. This means that there should be dedicated fire
communication devices and that the regular communication radio should not be used.
Among Swedish rescue service, it is a regulation that each smoke diver should have
access to a communication device (Arbetsmiljöverket, 2007).
In line with the discussion on waterproofness of the fire suits (see section 3.2.2), it also
brought up a question regarding the communication devices and IP rating. An employee
from a land-based rescue service could confirm that they use IP67 and IP68 devices,
which means they must be both dust proof and waterproof (hold tight for water
penetration for 30 minutes when immersed to a depth of 1 meter).
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4

Risk analysis

This chapter aims to describe the risk of AFVs in terms of likelihood and severity, in
comparison with conventional vehicles. RISE has investigated the risks of fires in new
energy carriers in previous projects, see for example:
•

•

•

ETOX project with the published article “Toxic Gases from Fire in Electric
Vehicles” which compared BEV to ICEV (Willstrand, Bisschop, Blomqvist,
Temple, & Anderson, 2020).
New energy carriers in road tunnels and underground facilities project which
investigated AFVs in enclosed spaces such as tunnels and garages (Gehandler,
Karlsson, & Vylund, 2017).
BREND (Vylund, et al., 2019) and the continuation project BREND 2.0
(Gehandler, et al., 2022), studying manual firefighting and risks of AFVs in ro-ro
spaces.

Common hazards related to a conventional vehicle fire are heat, smoke, and toxic gases.
Another hazard is projectiles related to small explosions of e.g. tires or airbags. AFVs
share many of these conventional hazards but each energy carrier has its particular risk
picture. Based on meeting with reference group, the Safe and Suitable Firefighting
project analysed the risk of toxic gases from traction battery fires, and the risk of pressure
vessel explosion or jet flames from compressed natural gas (CNG) or hydrogen vehicles.

4.1

Likelihood

This section studies the likelihood of fire in AFVs compared to ICEVs (i.e., petrol or
diesel). Wikman, Evegren et al (2017), DNV-GL (2016) and North (2017) have studied
international vehicle fires on ro-ro ships. Common causes for these fires are vehicle
electrical failures, power connection failure between reefer unit and the vessel, and
vehicle engine fires.
According to Svensk Försäkring (2018), around 5 200 car fires occurred in 2017, of which
around 1500 were due to arson. This correlate well with the rescue service incident data
from the Swedish civil contingency authority, MSB, with around 3700 annual car fires
during 2010 to 2019 (arson excluded) (MSB, 2021). Apart from arson, common causes
are electrical failure and engine failure. Based on available statistical international data
from the EV producer Tesla, and national emergency response data from Sweden,
Finland, and Norway on fires in BEVs a recent RISE report concludes that fires including
or starting in the traction battery are rare and exceptional (Willstrand, Bisschop,
Blomqvist, Temple, & Anderson, 2020). However, it is still uncertain how ageing will
affect the fire-safety of BEVs.
Gas-powered vehicles in this study focus on CNG and hydrogen. For gas-powered
vehicles, the likelihood of fire is argued to be similar to ICEVs, although the fuel is less
likely to initiate fires since it is stored more safely. The high-pressure tanks are mainly
made of composite or of steel. Given a fire-exposure of a gas-tank, the temperatureactivated pressure relief device (TPRD) should activate which then result in a jet flame.
According to Gehandler & Lönnermark (2019) a tank exposed to fire will:
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•
•

be heated and if it is made of composite the material will start to degrade at 100—
200 °C, while if it is made of steel, it will lose strength first at around 500 °C.
increase in the pressure inside the tank, when the gas is heated by the fire. Steel
conducts heat better than composite.

The combining impact of these two abovementioned factors can, if the TPRD is
malfunctioning or not heated fast enough, result in a way that the tank ruptures whereby
the gas stored at high pressure is released into atmospheric pressure resulting in a
sudden explosion (i.e., a pressure vessel explosion). This is a fairly unlikely event which
has happened three times in Sweden, to the best of the author’s knowledge, once
following a fire in a passenger car in Kramfors (Medelpads Räddningstjänstförbund,
2017) and once following a fire and extinguishment with foam of a bus outside
Gnistängstunneln in Gothenburg (Räddningstjänsten Storgöteborg, 2016). The third
incident was when a CNG gas bus hit into a beam before it entered the Klara tunnel on
March 10th, 2019, in Stockholm (Blom & Rosengren, 2019). The collision led to a gas
leakage followed by several violate explosions. One piece of the gas tank hit the house
façade 13 meter above the ground.
In 2019 and in 2021 RISE performed in total 15 tests with gas containers being exposed
to challenging local fires or simultaneous application of water that cooled the TPRD. In
total, six different gas container designs were used from the market, one from a bus and
the other five from cars. Of all 15 tests only one resulted in a pressure vessel explosion, it
was a bus tank after being exposed to a local fire for 20 minutes, see Figure 4.

Figure 4 The pressure vessel explosion in the 2019 test series (RISE).

The tests reveal that it is possible to cool the TPRD if it is for instance being hit by water
from an activated sprinkler system. However, not even 20 min cooling with water with a
simultaneous fire resulted in a pressure vessel explosion during tests. For composite
containers the gas often started to leak through the material and for steel containers the
TPRD was eventually activated. In some cases, nothing happened at all or the TPRD was
activated after the water was turned off. Based on conducted tests, an offensive tactic by
a fire team onboard, such as the one being proposed by CTIF in the BREND study
(Vylund, et al., 2019) can be recommended, in particular onboard ro-ro ships where the
possibilities for an early fire response exist and where the fire team can use the deluge
sprinkler system assisting with water cooling. If the fire is quickly extinguished, many
risks, including the risk of pressure vessel explosion, are reduced.
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Jet flames are more common than pressure vessel explosions. MSB identified 28 fires in
gas-powered buses for the period 2000 – 2019, and in 12 cases there have been extensive
fires. In most of the extensive fires the gas tanks' TPRD fuses activated resulting in jet
flames. The jet flames have been directed in different directions. About half of the 28
fires were relatively small and often limited to the engine compartment. There is one
documented damage from a jet flame on adjacent buildings and vehicles. There is also
one case where a firefighter got the jet flame directly on him, but without injures (MSB,
PM - Olyckor med gasdrivna fordon - bussar, 2019). An additional risk with jet flames is
that the TPRD of nearby cylinders on gas-powered vehicles is activated, which can result
in a very fast fire spread (Tamura, 2014). For decks with a large portion of gas-powered
vehicles, it is therefore argued that the fire must be detected early (during incipient fire
phase, before the TPRD is exposed to flames) and extinguished before the first TPRD
activates. However, a fast response is identified by North (2017) as an important factor
for combating any vehicle fire in a ro-ro space.
The introduction of BEVs, and fire incidents involving them, attracts a considerable
amount of media attention. Fire risks related to lithium-ion battery are often mentioned,
despite the fact that most fire incidents have other origins and that BEV fires are less
probable than ICEV fires (Willstrand, Bisschop, Blomqvist, Temple, & Anderson, 2020).
For example, based on rescue operation reports database in Norway, there were 45 fires
in battery electric passenger cars between 2016 and 2018, however, only in one case of
the car fires it was noted that the traction battery was involved in the fire. In Sweden,
based on rescue operation reports database, there were 14 fires in electric passenger cars
between 2018 and 2019, whereof 4 during driving and 2 during charging. In Finland,
only 3 fires have been registered in plug-in BEVs between 2018 and 2019, however, all
of them started when the car was connected to a charger. Note that it is the responsibility
of the rescue officer to write in text that a BEV was involved, why the statistics might not
be complete (Willstrand, Bisschop, Blomqvist, Temple, & Anderson, 2020).
Even if some smaller fire incidents are not covered in the statistics, especially in Sweden
and Finland, one can conclude that fires including or starting in the traction battery are
rare and exceptional. This is important to point out since it affects rescue and manual
firefighting operations. In most cases, a quick firefighting operation would imply that
batteries of electric vehicles are not involved in the fire. However, note that age effects of
the BEV fleet are not accounted for in the statistics and it is true that abuse due to
unexpected mechanical or thermal loading or internal failures can turn the battery into
a fire hazard (Bisschop, Willstrand, Amon, & Rosengren, 2019). One of the conclusions
from finalized BREND project (Vylund, Mindykowski, & Palmkvist, 2019), regarding
BEVs, was to avoid the fire gases as much as possible due to the uncertainty about how
toxic they are and a follow-up project BREND 2.0 is using computational fire dynamics
(CFD) to investigate.
Overall, the number of fires for AFVs compared to conventional vehicle fire are currently
lower (normalised for the number of vehicles), although consequences can be more
severe or problematic, see the following sections about consequences on toxic gases from
BEVs and gas-powered vehicles.
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4.2

Toxic gases

This section studies the severity of released toxic gases from battery electric vehicles, in
particular with regards to smoke diving. The ETOX project (Willstrand, Bisschop,
Blomqvist, Temple, & Anderson, 2020) has studied the emission of toxic gases from
vehicle fires and the resulting risks. It is clear that BEV fires result in higher emission of
the toxic gas hydrogen fluoride (HF) that is produced when li-ion batteries burn,
compared to ICEV on fire that also produce HF, for example from the combustion of the
air condition coolant. HF is a colourless gas or liquid, that boils at 19.5 °C. HF is a highly
dangerous gas, forming corrosive and penetrating hydrofluoric acid upon contact with
moisture. It is argued that for any fire involving li-ion batteries, personal protective
equipment should include an outer gear with Gore-Tex® membrane (or similar), a base
layer, hood, helmet, gloves, protective boots and self-contained breathing apparatus with
tight mask (Willstrand, Bisschop, Blomqvist, Temple, & Anderson, 2020).
Initial tests (Wingfors, Fredman, & Thunell, 2019) with Gore-Tex® membrane show
good protection against HF but, for example, low protection against hydrogen cyanide
(HCN, 4000 ppm). HCN is a colourless, extremely poisonous, and flammable liquid that
boils at 25.6 °C. HCN has a faint bitter almond-like odour. For HF (3500 ppm) no
penetration was detected within the test time of 20 min. With single layers the
penetration time for only the Gore-Tex® material was about 3 min for HF and very short
time for the base layer, indicating that the combination of two layers was important for
good protection. No complete system tests were performed which means that
penetration of gases through any openings, zippers or seams have not been evaluated
(this was studied in a later study, see below). It was also seen that HF accumulate in the
materials since HF was detected from the materials up to 20 min after the tests.
In the case of fire smoke, HCN and HF are formed in gas phase. There are no studies that
show that HCN or HF in gaseous form penetrates skin or gives serious effects in humans
after a skin uptake in a concentration range that may be relevant for smoke diving
(Gaskin, et al., 2013). A later study by Swedish Defence Research Agency (FOI) on HF
and smoke diving (Wingfors, Magnusson, Thors, & Thunell, 2021) continues the study
with the tests (mentioned above) with whole protection outfit and also acknowledge the
important distinction between skin exposure to liquid phase and to gas phase. In this
later study, fully dressed and equipped smoke divers were performing different
movements in a HF contaminated enclosure. The amount of HF that penetrated the
clothes were measured. On average the fire suits offered a 120 times reduction in the HF
concentration. They conclude that penetrated amounts of HF were much lower in
comparison with studies covering dermal exposure to aqueous solutions of HF. The study
also investigated skin uptake of HF in gas phase. From a smoke diving perspective, where
breathing apparatus (BAs) are used, there are two risks with HF exposure: 1) partly local
skin effects such as pain, and 2) skin redness and burns, but also an uptake of fluoride
ions that can lead to effects such as cell death and heart effects. Humans are exposed to
fluoride via, for example, food and water in everyday life. Fluoride is also used in
toothpaste (500-2000 ppm) and sometimes as an additive in drinking water to protect
against tooth decay. A sufficient daily intake for adult women and men is set to 2.9–3.2
mg by the Swedish Food Administration and the upper tolerable daily intake has been
set at 10 mg for an adult. According to the FOI study (Wingfors, Magnusson, Thors, &
Thunell, 2021), 375 mg of fluoride would represent an acute toxic dose and 2400 mg of
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fluoride a lethal dose for an adult. This can be compared with the total measured skin
uptake for an adult at 57 mg for 20 min exposure (naked moist skin) to 100 ppm HF, or
118 mg for naked dry skin exposed to 1000 ppm.
Wingfors, Magnusson, et al. (2021) offers the following example to put the risk into
perspective: A completely naked person with BA would need to smoke dive for 14 hours
with exposure to 100 ppm HF to achieve lethal dose via skin uptake. With full (Swedish
land-based standard) protection this would be translated into smoke diving in 12 000
ppm HF for 14 hours. Overall, the FOI study concluded that the risk for a potential skin
uptake of HF is low, and it is unlikely that adverse health effects are caused from HF
during smoke diving.
Moisture is often present to varying degrees during firefighting. One study presented at
the International Conference on Fires in vehicles (FIVE) in 2020 suggest that a moist
material protect better against breakthrough of HF than a dry material (van Veen &
Koppen, 2020). At the same time a moist material can attach unto the skin and wet skin
have a higher HF uptake. This issue might require further studies for confirmation.
When it comes to inhalation (i.e., not smoke diving), several compounds in gaseous
phase are highly toxic. The total threat from several compounds found in smoke is then
the main threat and then there is no significant difference between EVs and ICEVs.
However, this should not be an issue for smoke divers.
Willstrand, Bisschop, et al. (2020) points out that the results regarding HF emission
from vehicle fires are conservative since they do not include interaction of the molecule
with surroundings (only production and gas flow). It is indicated from other studies that
the half-life of HF could be in the order of 10 min in an enclosed environment. Then add
water suppression on that “cleaning” the smoke. Thus, the accumulated HF
concentrations that are simulated below should be seen as conservative estimates.

4.2.1

Simulation of three BEV fires on ro-ro deck

In the ETOX project a combination of experiments were undertaken to assess the heat
release rate of BEV fires and production of toxic gases. In the BREND 2.0 project,
computational studies were undertaken to investigate the impact of BEV fires within roro ferries. Simulations were carried out with Fire Dynamics Simulator (FDS) to assess
the tenability conditions within a ro-ro vehicle deck, via assessment of temperatures,
radiation and spread of toxic species. A more detailed reporting is done in the BREND
2.0 technical report (Temple & Andersson, 2022).
The scenario looks at a fire in three BEVs within a ro-ro space ignited by an external
source (such as an oil spill) which then rapidly spreads to the three BEVs. For all gaseous
species included, transport only (based on their density) has been modelled. No chemical
interaction between the various species within the models, with the model surfaces has
been taken into account. This should provide conservative estimates of the
concentrations of the toxic species. The scenario reported here (1a) is with the toughest
(i.e. again most conservative) ventilation conditions within a ro-ro space where the deck
is fully enclosed with leakage only. Mechanical ventilation provides main ventilation;
however, it is switched off upon detection of the fire (detection of 70 °C by a point
detector at roof level). The mechanical ventilation is on at the start of the model. A more
detailed reporting is done within the BREND 2.0 project (Temple & Andersson, 2022).
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The model is representative of a ro-ro vehicle deck, with a length of 91.4 m, a width of
22.3 m and a height of 5 m, as illustrated in Figure 5 below. The total plan area of the
space is 2038 m2 while the volume is 10,191 m3. The geometry has been designed to
represent a “generic” layout with a simple rectangular shape and no additional geometry
added for intrusions of stairs, access ways or similar. To represent a full ro-ro ferry deck,
a simplified model of the cars has been implemented within FDS, with 8 vehicle rows
within the deck. Each car is 4 m long by 2 m wide while the rows are separated by 0.6 m
and the cars are separated front to back by a gap of 0.1 m.

Figure 5 Plan view of the model geometry, dimensions in meters.

Point samples have been taken at 6 locations, as illustrated in Figure 6. At each location
point samples are taken at 4 different heights for gaseous species (mol/mol) and 5
heights for temperatures (℃). For gaseous species the heights are 1 m, 2 m, 3 m, and 4.9
m. For temperature measurements the heights are 1 m, 2 m, 3 m, 4 m, and 4.9 m. All
heights are measured from deck level. 2D slices are used to provide a visual
representation of the conditions along a plane at any given moment in the simulation.

Figure 6 Point sample locations (in plan, dimensions in meters).

In the low ventilation sub-scenarios (a, d and e) the smoke layer quickly descends from
the ceiling until it fills the whole volume of the ro-ro space, see example in Figure 7.
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Figure 7 Smokeview capture showing the filling of the ro-ro space with smoke after 1000s in
Scenario 1a.

The distribution of temperatures and intensity of radiation is seen in Figure 8.

Figure 8 Radiative intensity and temperature distributions for scenario 1a close to the fire's peak.

The distribution of temperatures within the ro-ro space indicate that gas/smoke
temperatures do not significantly exceed 200 °C in proximity to non-fire cars and as such
fire spread between vehicles will be by radiation only. Radiation levels on the adjacent
cars are below 20 kW/m2 for the first 5 minutes but exceed 30 kW/m2 by 7.5 minutes.
Furthermore, from a firefighting perspective these radiation and temperature levels are
judged to be tolerable. A flashover fire inside a room would represent a worse situation
with regards to temperature and radiation levels. Even at fairly close distances the levels
at 2 m above floor level are within mentioned limits in EN 469 (level 2), e.g. 20 kW/m2,
and related literature, e.g. 260 °C as a limit in Runefors (2020). These levels will be
reduced further by an activated deluge system.
In Figure 9, the HF concentration at the position 10.5 m (“Location 3” in Figure 9) and
79 m (“Location 6” in Figure 9) along the centre line from the fire is seen. Anywhere on
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the deck on fire fairly high concentrations, above 1000 ppm are simulated. However, the
levels will be reduced considerably in a real fire situation due to the short lifetime of HF
and if a deluges system is activated. Nevertheless, 1000 ppm would not result in any
lethal doses, even without any protective clothing for “normal” smoke diving times, i.e.
less than 7 hours. With good protection (Swedish land-based standard offering 120 times
protection against penetration), the levels that is exposing the skin will be around 10 ppm
at all locations on the ro-ro deck with fire. However, considering the rareness of large
vehicle ro-ro fires, the health risk from HF for smoke diving personnel is most likely
insignificant.

Figure 9 HF concentration at the position 10.5 m (“Location 3”) and 79 m (“Location 6”) along the
centre line from the fire (1*10-4 mol/mol = 1000 ppm).

4.3

Pressure vessel explosions on ro-ro deck

In this section, three scenarios related to pressure vessel explosions on a ro-ro deck are
simulated. The scenarios are:
(i)
(ii)
(iii)

pressure vessel explosion in a closed and empty ro-ro deck,
pressure vessel explosion in a closed ro-ro deck with cars, and
tire explosion. Based on the safety criteria in a recent report (Runefors,
2020), safety distances are recommended for the fire rescue services.

The method is based on a Computational Fluid Dynamics (CFD) approach in which a fast
pressure wave propagation in a compressible flow is simulated using a general-purpose
open source CFD toolbox OpenFOAM. The CFD model is compared with RISE pressure
vessel explosion experiments with good agreement in terms of explosion pressure profile.
The CFD model is also compared with another simulation data at Ulster for the hydrogen
tank rupture inside a tunnel with good agreement. Such good agreements justify the
further usage of the CFD model for studying the pressure vessel explosion scenarios in
the ro-ro deck. The interested readers can read Appendix D for a more detailed
description of model validation.
A summary of parameters of gas tanks used in the simulations is shown in Table 3. The
tank parameters for CNG is taken from Runefors (2020), whereas those for H2 is taken
from Molkov and Dery (Molkov & Dery, The blast wave decay correlation for hydrogen
tank rupture in a tunnel fire, 2020). The CNG and H2 cannot be treated as ideal gases at
such high pressure, i.e., 230 and 700 bar. At the same time, the simulation model is
based on an ideal gas assumption. The simulated volume based on ideal gas law is
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calculated using the mass of fuel in the tank. Moreover, the tank is assumed to have a
spherical shape.
Table 3. Parameters of spherical gas tanks used in the simulations
Fuel type
CNG
CNG
H2
H2

4.3.1

Vehicle
type

Tank radius
[m]

Light-duty
Heavyduty
Light-duty
Heavyduty

0.22

Simulated
volume (ideal
gas) [L]
42

89

6.2

Tank
pressure
[bar]
230

0.35

176

375

26.2

230

0.25

62

86

3.5

700

0.31

122

176

6.9

700

Real volume
Mass [kg]
(real gas) [L]

Injury criteria

According to Molkov and Kashkarov (2015) and the references therein, the injuries
related to the pressure waves generated by a pressure vessel rupture are mainly (i)
permanent hearing loss, (ii) brain injury and (iii) lung injury. A summary of injury
criterion adapted from Molkov and Kashkarov is reported in Table 4.
Table 4. Injury criterion regarding pressure waves by pressure vessel explosion.
Injury level
Injury
Fatality

Maximum overpressure [kPa]
16.5
100

Notes
1% eardrum rupture probability
1% probability of fatality due to lung haemorrhage

4.3.2 Scenario 1: pressure vessel explosion in a closed and
empty ro-ro deck
The ro-ro deck dimensions are 91.4 × 22.3 × 5 m, and the tank is placed 0.3 m above the
floor, 10 m to one end of the ro-ro deck (see illustration in Figure 10). The computational
mesh contains 1 318 363 cells with finer mesh (0.0625 m) near the tank and coarser mesh
(0.5 m) in the far-field. A simulation of duration 0.5 s takes around 5 wall-clock time
using 28 cores in parallel. Here only half of the domain is simulated by using a symmetric
boundary condition in the vertical plane to reduce computational time.
Figure 11 summarizes calculated overpressure versus distance for four different tank
ruptures for two directions. The injury criterion is plotted in Figure 11 (a). The safety
distances for avoiding injury and fatality for the small and low-pressure tank (42 L and
230 bar) are 25 m and 4 m, respectively. For the large and high-pressure tank (122 L and
700 bar), it is not recommended to let the rescue services standing on the same ro-ro
deck due to risk of injury. The safety distance for avoiding fatality is 7 m for the large
tank of 122 L and 700 bar.
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Figure 10 Illustration of tank rupture simulation model in an empty ro-ro deck.

(a), in x direction

(b), in y direction

Figure 11 Calculated overpressure versus distance for four different tank ruptures. Note tank is
located at a distance of 10 m.

4.3.3 Scenario 2: pressure vessel explosion in a closed roro deck with cars
Figure 12 illustrates the tank rupture simulation in a ro-ro deck with cars. Car 1 is located
in the centre line in the symmetric plane of the ro-ro deck and the centre of car 1 is located
14 m from one end of the deck. Car 2 is located 3 m from the centre line of the 10 m from
the symmetric plane and 10 m from one end of the deck. Three sampling points: P1, P2,
P3, were set to monitor the overpressure. They are placed 1 m to the right of car 1 (P1), 1
m to the top of car 2 (P2), and 2 m to the top of car 1 (P3), respectively. All the cars and
sampling points are located at a height of 0.3 m above the ground.

Figure 12 Illustration of tank rupture simulation model in a ro-ro space with cars and sampling
points.

It is worth noting that the barrier (car 1 in Figure 12) has a limited effect in reducing the
explosion overpressure at sampling point P1 (in Figure 12), as shown in Figure 15(a). This
simulation result seems to be in contradictory with the simulation results obtained in a
previous project BREND (Vylund, et al., 2019). In BREND, simulation results shows that
the barrier has a significant impact of the maximum explosion overpressure up to 15 m
behind the barrier. Such difference may be due to the difference in the case setup. In
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BREND, the tank is located relatively far away from the car, i.e. 10 m, whereas in this
study, the tank is located closer to the barrier, i.e. 2 m. Nevertheless, both simulations
show that the barrier has little impact in reducing overpressure at far-field.
The computational mesh consists of 1.5 million grid cells with finer mesh (0.0625 m)
near the tank and coarser mesh (0.5 m) in the far-field. A snapshot of pressure field at
10 ms is shown in Figure 13. Figure 14 shows that the sampling point P3 (in Figure 12)
has the highest overpressure among the three sampling points since this location is not
protected by any barrier.

Figure 13 Pressure filed at 10 ms.

Figure 14. Calculated overpressure versus time at three sampling points in Figure 12 for a 122 L
700 bar gas tank.

It seems that the protection from a vehicle in terms of pressure wave reductions is
negligible. However, this needs to be validated against experimental data. Unfortunately,
the pressure wave reduction from vehicles or obstructions could not be studied in any of
the fire tests that were performed in 2021, since there was no pressure vessel explosion.
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(a), P1

(b), P2

(c), P3
Figure 15 Calculated overpressure versus time at three sampling points in Figure 12 for a 122 L
700 bar gas tank for an empty deck and a deck with cars.

4.3.4

Scenario 3: tire explosion

A scenario of a tire explosion on an empty ro-ro deck is performed with a spherical tire
filled with 10 bar pressure and a volume of 30 l (0.13 m in radius). The tire is placed 10
m from one end of the ro-ro deck, which has the same location as the tank in Figure 10.
Figure 16 shows the overpressure versus distance at two directions. Due to the relative
low tire pressure and tire volume, the explosion overpressure is lower than the injury
criterion of 16.5 kPa. This means that if a firefighter is wearing ear protection, they will
not be subjected to any damage including no hearing damage in case of a tire explosion.

Figure 16 Calculated overpressure versus distance for tire explosion in x direction. Note the tire
is located at a distance of 10 m.
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4.3.5

Simulation results

To summarize, in order to avoid permanent damage to the hearing due to the highpressure waves generated by explosions, a firefighter would have to wear ear protection,
but that would raise other issues which are discussed in section 0. The results from the
pressure vessel rupture simulations yield the following recommendations:
The safety distances for avoiding injury and fatality for the small and low-pressure tank
(42 L and 230 bar) are 25 m and 4 m, respectively. For the large and high-pressure tank
(122 L and 700 bar), it is not recommended to let the firefighter standing on the same
ro-ro deck due to risk of injury. The safety distance for avoiding fatality is 7 m for the
large tank of 122 L and 700 bar.
For large and high-pressure tank (e.g. 122 L and 700 bar), from a damage criterion pointof-view it is not recommended to have rescue personal in the ro-ro deck in the event of
tank rupture. The likelihood of this event is however very low, and the total risk of no
intervention must be weighed against the risk of intervention.
For a tire rupture, the injury risk by the high pressure is minor according to the
simulations.
It is worth noting that the simulation results are not compared to experiments on ro-ro
deck even though the simulation model is compared to experiments for tank rupture
under a roof. Moreover, shrapnel is another risk factor which is not considered in this
simulation. A separation distance of at least 50 m is necessary to avoid high momentum
from shrapnel. The risk of shrapnel is higher for the tanks which are mounted on the roof
of the vehicle as compared to the tanks which are mounted under the vehicle (Runefors,
2020).

4.4

Jet flames

This section studies the severity of jet flames. The risk of jet flames in a tunnel was
studied by Runefors (2020). However, the jet flame is not necessarily affected by the
enclosure, e.g. unless it hits a wall it will be the same in the open as in a tunnel as in a roro deck. The results of Runefors are presented in Table 5 below.
Table 5. Safety distance for jet flames for the TPRD diameter of 10 mm for different tanks for
persons with and without protection (Runefors, 2020).
Case

Safety distance with protection [m]

CNG 230 bar
H2, 350 bar
H2, 700 bar
LNG

21
24
31
9

Safety distance without protection
[m]
28
28
43
11

However, in the tests performed by RISE on fire exposed CNG and hydrogen tanks,
shorter distances were achieved. The longest jet flame was 10 m, see Figure 17.
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Figure 17 A10 m long CNG jet flame at the 2019 test series (Photo: RISE).

Many jet TPRDs released in four directions or more resulting in several smaller jet
flames, see the CNG jet flame in Figure 18 that occurred after the pan fire had
extinguished as an example.

Figure 18 A CNG jet flame after the pan fire had extinguished, the pressure was above 350
bars when the TPRD released. All flames are from the jet flame (Photo: RISE).

Incident heat flux levels above 5 kW/m2 were recorded at a five m distance for the longer
hydrogen and CNG jet flames. At 12 m or more incident radiation levels were low, far
below 5 kW/m2. The jet flames are fairly thin from a heat flux perspective which means
that the resulting incident heat flux is fairly low compared to many other fire situations,
e.g. fully developed fires with thick black smoke under the ceiling inside enclosures. The
worst situation with jet flames is to be hit by one, then the air temperature will be close
to the flame temperature. Despite, as was stated earlier, there is one incident in Sweden
where a firefighter was hit by a jet flame but without being injured. Another important
factor for injuries from heat or incident heat flux is the duration, jet flames from NHGVs
last for a short period of time in this respect, often about 1 min duration with declining
power as the pressure inside the container drops. Thus, the safety distances in Table 5
calculated by Runefors are conservative, compared to many real jet flame situations.
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5

Recommendations

Recommendations were formed with the goal to reach a sufficient level of protection for
firefighters onboard, while not introducing additional barriers that will make less Wheel
marked products PPE available on the market. The recommendations are split into three
categories:
a. Recommended changes to MED
b. Recommended changes to SOLAS
c. Recommendations for buyers or suppliers
The last category consists of aspects that were found important within this study, but
that were not necessarily relevant for regulatory amendments. The suggestions were
discussed with various stakeholders, primarily in a digital workshop, but also through a
survey, see Figure 19. In the survey the stakeholders were presented with all the
recommendations one by one, a report reference, a comment from the project, a field to
fill in their opinion and one free text field for comments. The opinion was selected from
a drop-down list, see Figure 20. Based on the feedback, the recommendations were
further developed (or discarded) and the following sections describe the final
recommendations from the project.

Figure 19 Survey form to collect feedback from stakeholders on the suggested changes

Figure 20 Drop-down list in survey
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5.1

Recommended changes to MED

The objective behind the recommended MED amendments was to allow the seafarers to
follow in the footsteps of land-based rescue services and primarily use EN 469.
1. MED 3.3 (recommendation): Unless specifically needed, ISO 15538 and
EN 1486 approved suits should be avoided. These are intended for
firefighting under certain circumstances. Use EN 469 (Level 2) instead.
Within the scope of this project, it was not possible to investigate if article 3.3b or 3.3c
are ever relevant on ships, but it is possible that these articles should even be removed
from MED. If removed, the following recommendation (#2 below) is irrelevant.
2. Clarify MED 3.3: EN 469, EN 1486 and ISO 15538 are not interchangeable
and a description of the ship circumstances that motivate each type of suit
should be elaborated in MED.
Current number and item designation in MED:
o

3.3a Protective non-reflective clothing for firefighting.
o
o

3.3b Protective clothing for firefighting: Reflective clothing for specialized
firefighting.
3.3c Protective clothing for firefighting: Protective clothing with a reflective
outer surface.

This clarification might not necessarily reach the purchaser, but it was still considered
that this clarification should exist in MED.
3. Specify MED 3.3a: Specify EN 469:2020 Level 2: X2, Y2 and Z2 (meaning
that level 1 is not allowed).
As mentioned in section 2.2.1.1, the following is stated in EN 469:2020: “The level 1 is
not applicable for protection against risks encountered in fighting fires or rescue from
fire activities in structures, unless combined to a level 2 or other specialized PPE.”
The differences between level 1 and 2 are further elaborated in Appendix B, but in short,
they imply different limits for heat transfer (flame and radiation), water penetration and
water vapor resistance. It has been discussed if level 2 is necessary for water penetration,
since this limit of 20kPa is not possible to achieve without a membrane, according to
manufacturer. Adding a membrane introduces new risks, such as lower protection
against heat stress and lower breathability. However, water proofness is something that
users in this study expressed as something important, and with level 1 only requiring a
water penetration protection less than 20kPa, level 2 must be recommended.
4. Specify MED 3.4: Specify EN 15090 type 2 or 3 (type 1 not allowed)
As with the fire suits and as explained in section 2.2.1.2, type 1 fire boots are not a
sufficiently high specification to protect against the risks encountered when fighting fires
in a ship.
5. Automatic MED approval: An EN 469:2020 level 2 approval should
automatically also generate the Wheel mark approval.
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In section 3.1, it was described how not all fire suits receive the MED approval, although
they fulfil all requirements of one of the listed test standards. The marine market is
significantly smaller than the rescue service market and not all suppliers find it worth
the trouble to MED certify all fire suits in their portfolio (or any). To provide a wider
range of fire suits available to the marine market, it should be further discussed if it is
possible to find synergies between the PPE Regulation 2016/42 and MED 3.3.
6. Add flash hood to MED: Add flash hood (fabric hood under the helmet) to
MED. It should be certified according to EN 13911.
The inner flash hood (balaclava) protects the head and neck. Whether this is included in
the SOLAS requirement to protect the skin, as mentioned in section 3.3.2, is a matter of
interpretation. This room for interpretation should be reduced and the balaclava should
be formally added to the protective clothing in MED. However, there is a conflict of
interest here – while it is the opinion of the authors that the balaclava should be formally
added to the list of MED certifiable equipment, there is a risk that only a few hoods will
be available with the Wheel mark and that crews will not be able to buy the specific hood
that best suits their needs since it might lack the Wheel mark. Like in the previous
recommendation, it would therefore be preferred to see the Wheel mark automatically
generated for any hood certified according to the already available and used standard EN
13911 (Protective clothing for firefighters - Requirements and test methods for fire hoods
for firefighters).

5.2 Recommended changes to SOLAS and to
FSS Code
The recommended changes to SOLAS and FSS Code concern more clear specifications,
less room for interpretation, and to increase the lowest level of protection globally.
7. Introduce certification of firefighting protective clothing: Update the FSS
Code, Chapter 3/2.2.1 with the amendments in bold:
1. Firefighting certified* protective clothing of material to protect the skin from
the heat radiating from the fire and from burns and scalding by steam. The outer
surface shall be water-resistant;
* Certified according to EN 469:2020 Level 2, or corresponding
standard.
This does not mean that a SOLAS certification should be introduced; instead standards
that are well-established for land-based firefighting should be used. Standards relevant
for other regions outside Europe should also be mentioned here, such as the
corresponding NFPA or AS standards.
8. Add water penetration resistance: Update the FSS Code, Chapter 3/2.2.1
with the amendments in bold:
1. Protective clothing of material to protect the skin from the heat radiating from
the fire and from burns and scalding by steam. The outer surface shall be waterresistant. If fixed water-based fixed fire-extinguishing systems are
installed onboard, the suits must allow work during exposure to them
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for at least 30 minutes. Pressure and stretch on knees and elbows must
also be accounted for.
Within the scope of this project, it has not further been investigated what challenges a
manual firefighting intervention with the drencher activated will implicate. Feedback has
been received in the user study, that such interventions might not be recommended
because of poor visibility, noise, and communication issues as well as stress, among other
things. However, as with recommendation #3, it has been noted in this study that a
manual intervention must be possible while the drencher is activated. If #7 and all the
referred standards does not ensure waterproofness, the amendment in #8 should be
further specified with defined limits, for instance by EN 14360 (Protective clothing
against rain - Test method for ready-made garments - Impact from above with high
energy droplets).
The time limit of 30 minutes is not necessarily enough to fight a fire, but it is the time
that the oxygen in the BA bottles must last, and it was considered relevant to relate those
limits with each other.
Considering 30 minutes of work during the exposure to an activated fixed fireextinguishing system, it can be questioned what this means. In EN 469 (level 2), the
water penetration resistance level is ≥20kPa. To put this in relation to other values, it
can be noted that EN 343 (Protective clothing - Protection against rain) considers
protection against rain and includes 20kPa as the highest grade of resistance to water
penetration. This standard also includes an optional waterproofness test of a readymade
garment, unlike other tests that only cover material tests. The waterproofness test is to
be carried out according to EN 14360 and result in a dry area under the garment. This
test is carried out with water nozzles 5 m above the floor and 450l/m2/h for one hour,
which can be compared with the minimum water discharge, specified in
MSC.1/Circ.1430 (IMO, 2012) in a deluge system (placed between 2,5 and 6,5 m above
floor): 600l/m2/h.
9. Clarify the scope of protective clothing: Update the FSS Code, chapter
3/2.2.1 with the amendments in bold:
.1 protective clothing of material to protect the skin, including hands, head
and neck, from the heat radiating from the fire and from burns and scalding by
steam. (…)
The purpose of this amendment is to leave less room for interpretation, for instance
regarding whether a flash hood (or other corresponding protection) is needed or not.
10. Access to communication device: Update SOLAS II-2, Regulation 10, with
the amendments in bold:
10.4 Fire-fighter's communication
(...) A two-way portable radiotelephone apparatus for each smoke diver and
smoke divers' leader shall be carried on board. Those two-way portable
radiotelephone apparatuses shall be of an explosion-proof type or intrinsically
safe, IP67 rated and operable with a full protective clothing ensemble.
(...)
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Additional recommendations from the project, but not subject for regulatory
amendments:
o
o

The microphone and speaker should be integrated in breathing mask or helmet.
The communication devices should be designated for fire incidents and stored in
the fire station, meaning that no firefighter must rely on bringing their radio in
case of a fire alarm.

11. Ensure long sleeved inner layer: Update SOLAS II-2, Regulation 10. Add
to regulation 10.3 Storage of fire-fighter’s outfits that each fire station
should be equipped with spare long sleeved undergarments.
As mentioned in section 3.3.2 it is important to wear full-coverage clothing under the fire
suit. The purpose of this recommendation is not to force all firefighters to change into
undergarments; it is only back-up garment in case a firefighter would appear wearing,
for instance, a t-shirt or shorts.
12. Lightweight BA cylinders: Update the FSS Code chapter 3/2.1.2 by
specifying that the cylinder should be lightweight. Applicable for newbuilds
only.
Lightweight BA cylinders will result in less resources spent on carrying heavy equipment.

5.3 Recommendations for buyers and/or
suppliers
The recommendations in this section are items found important but not subject for
regulatory amendments. Instead, buyers and suppliers are encouraged to take the
following recommendations into account.
13. Maintenance of suits: If any property of the suit is achieved through a
surface treatment, the manufacturer must clearly specify how the property
is maintained over time.
Fire incidents are rare onboard, making the fire suits very rarely washed. This means
that the manufacturer must be able to specify the durability of any surface treatment, in
time as well as wash cycles.
Note: A requirement of a membrane, according to #3 and #8, will make this suggestion
irrelevant.
14. Minimize skin exposure: The fire suit's wristlet must contain a loop strap
to be attached to the thumb, to prevent the sleeves from rolling up and
consequent skin exposure.
According to suggestion by Moraes et al. (2020).
15. Size adjustments: There should be size adjustment systems for minor
adjustments, particularly for girth measurements and similar solutions to
reduce bulkiness of trouser legs in the ankle area.
According to suggestion by Moraes et al. (2020). Perfectly fitted fire suits will not be
available on most ships and minor size adjustments can help improve the fit. However,
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these adjustments should not delay the firefighters and it is best if they can be adjusted
on muster day.
16. Suits for female body proportions: Men’s and women’s sizing should be
accomplished by men’s and women’s individual patterns.
As referred to in section 3.3.1, McKinney et al. (2021) points out that female firefighters
can experience male or unisex suits ill-fitting because of differences in body proportions.
17. Both hands free: The firefighter must be able to work with both hands
and needs pockets or other attachments for radio, flashlight or other
relevant equipment or tools.
In addition to available pockets and attachments, pockets on the jacket must be
positioned with regard to the BA pack. A flashlight can for instance also be attached to
the helmet.
18. Improved movement: The firefighter suit should have pre-bent knees
and elbows to improve the movement.
Fire suits of tough materials may increase movement restrictions.
19. Kneepads: The suit should have knee pads to be able to crawl on hot or
hard surfaces.
There are different reasons why a firefighter would need to crawl. For example, vision
could be better close to the ground.
20. Additional equipment
There are many things that can be useful when fighting a fire onboard, such as GA plan,
fire plan, pens, timers, wrenches, bolt cutter, crowbar, and IR camera, which could all be
kept in bag(s) in the fire station. Especially the IR camera is a useful tool that more and
more ships add to their equipment.
21. Hearing impairment: Increased awareness of hearing impairment risk
Onboard crew should be aware of the risk for hearing impairment caused from
explosions, e.g. tire explosions or pressure vessel explosions. However, hearing
protection can introduce many new risks in a fire scenario and should not be introduced
without a risk assessment.
As discussed in section 0, hearing protection is not implemented in the land-based rescue
service because of the additional associated risks. For the same reason, it can only be
recommended to be aware of the risk for hearing impairment.
22. Inclusion of fire suit after-treatment in exercises.
After a fire, it is very likely that the fire suits are contaminated. Safe removal of the fire
suits should be included in fire drills. Fire suits should be removed before breathing
apparatus and put the contaminated PPE in airtight bags. This should be done outside,
and skin contact or inhalation should be avoided.
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6

Discussion

Several improvement areas were uncovered within this project, all with the purpose to
ensure safe and suitable firefighting for seafarers. Within the scope of the project, main
focus was on the fire suit, and it was not possible to carry out a complete evaluation of
all the used equipment, which must be considered in future work with MED, SOLAS or
FSS Code amendments.

6.1 The conflict between market and
regulations
It became clear in this study that while the safety of many seafarers may be directly
dependent on the lowest levels of requirements, but there are also those who are
searching for good equipment and find themselves limited by the regulations. This
means that there may be a conflict between increasing and improving the level of
requirements and making more equipment available on the market. If any manufacturer
must carry out additional procedures to make a product ship approved, there is a risk
that it will not be enough profit for the manufacturer to enter that market at all.
The results of this study show no indications that firefighters at sea are in need of any
different personal protective equipment, compared to land-based firefighters. However,
MED approved suits do not currently necessarily meet that level of protection. The
suggested amendments to MED aim at using the same PPE as ashore, and the suggested
amendments to SOLAS aim at increasing the lowest levels of requirements to also be
more in line with PPE requirements ashore.
For seafarers to have access to good equipment at competitive prices, the best solution
considered would be to automatically give the wheel mark to any fire suit certified
according to EN 469 and fulfilling the requirements of level 2 (X2, Y2 and Z2). There are
likely other items in MED where this would be beneficial (for the end users) as well. It
has not been evaluated within this project how the automatic approval could be
implemented.
The above solution assumes that the Wheel mark is necessary for PPE, but in the future,
it could also be worth investigating if the Wheel mark is the best solution for products
that are already included in other regulations on other large markets. On one hand, it
makes sense to have one mark of conformity that applies to all sorts of products and
makes purchasing and inspections easier, and by removing it, a risk is that it could open
up for undesirable interpretations. On the other hand, if it is found that the Wheel mark,
in some cases, can be replaced with other certificates (together with proper guidance), a
larger market may be opened to the seafarers, with even more competitive prices.
The main focus of this study was the fire suits, and it was not evaluated if the level of
protection of, for instance, gloves and helmets are sufficient. However, as for the fire
suits, the considered best way forward would be to ensure that the corresponding
products used ashore are also made available for the maritime market.
The argument that the same equipment should be used at sea as ashore could possibly
face some resistance by the fact that seafarers are considerably less experienced
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firefighters and that they could need more protection than the experienced ones.
However, by increasing the performance requirements beyond those ashore would limit
the market and increase the prices, which was estimated to be a greater risk.
Furthermore, fire incidents are rare events and firefighters onboard will be exposed to
fire associated risks much less often than firefighters ashore.

6.2

Risks from new energy carriers

Each year there are around 5000 car fires in Sweden. Yet, car fires on ro-ro ships are rare
events; AFV fires even rarer. This study has investigated risks with AFVs, focusing on
BEVs and Compressed gas (methane or hydrogen) vehicles. AFVs introduce a different
risk picture, e.g. an increased amount of HF from BEV fires and powerful pressure vessel
explosions from gas-powered vehicle fires. Luckily, such pressure vessel explosions are
rare events in Sweden on land and naturally even more rare on ro-ro ships. A simulation
based on an experimental BEV fire with three BEVs on fire at the same time yield fairly
high HF concentrations on closed ro-ro decks. However, recent research shows that
firefighting protective clothing (in particular with membrane) offers good protection
against HF penetration. The health impacts from HF are further lowered since only
minor amounts of HF (in gas phase) is absorbed by the human skin. Thus, the overall
health impact from HF on smoke diving personnel (i.e. wearing BA) is most likely
insignificant.
No suitable PPE against the added risk from pressure vessel explosion by Natural or
hydrogen gas vehicle (NHGVs) has been identified. The most natural PPE would be HPD,
but this is not used by the land-based fire and rescue service. It is perceived to lower the
ability to comprehend what is going on at the fire scene and to hear someone calling for
help. Despite, measures against hearing loss can also be about education of harmful noise
levels and adding requirement on noise levels when new equipment is purchased.
Another way to lower the risk for injuries from pressure vessel explosions is to park
NHGVs on weather deck, although the risk of splinters remains.
The risk analysis in chapter 4 generally supports that standard firefighting PPE is
suitable also for fires in AFVs. The fact that no particular PPE has been recommended to
account for fire in BEV or NHGVs means that the same PPE (EN 469 level 2-approved
fire suit) can be used to fight any vehicles fire, as well as other fires, e.g. in the machine
room, although the tactical response probably differs. This is studied further in the
project BREND 2.0 (Gehandler, et al., 2022).

6.3

Limitations of the study

Some limitations of the study that must be taken into account in future work with MED,
SOLAS or FFS amendments are:
•

Female firefighters were difficult to reach and are unfortunately
underrepresented among the participants in this study, and we cannot ignore that
there may be other important aspects with regards to gender that are not
uncovered in this study. But chances are that female firefighter’s have even more
to win on the idea of automatic wheel mark approval, since this could bring a
wider set of models, fits and sizes.
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•

•
•

6.4

This study was primarily (but not exclusively) influenced by participants from ropax ships – many with a very serious and ambitious safety culture. Other types of
ships, and other types of safety cultures could mean different challenges than the
ones pointed out in this study. For instance, all participants were operating in a
Nordic climate which highlighted the need to be protected from cold drencher
water, in warmer areas this might be a smaller problem and they could argue a
smaller need for fire suits with a membrane from that specific reason. Regardless
of the water temperature, the garments are not intended to be worn wet.
The economic impact of specifying EN 469 level 2 have not been studied.
Test standards other than the ones mentioned in this report has not been studied.

Other possible recommendations

Within this study, indications have shown that the following may also be included in
future discussions.
o

o

o

o

o

The axe is not seen as a very useful tool and could perhaps be exchanged for a
crowbar in SOLAS. We cannot rule out that the axe is never relevant, which is
also why we are not already recommending this exchange.
The articles 3.3b and 3.3c in MED covers fire suits that are designed for very
special circumstances. We cannot rule out that these types of fire suits are never
relevant onboard a ship, but it is possible that an investigation could come to the
conclusion that these should be removed from MED.
From other related user research, we have received input that a fire hose of 28
mm instead of 45 mm is much easier to use but still sufficient to extinguish a car
fire. The fire hose was not included in the scope of this project, but very important
for manual intervention and we recommend that this is further investigated.
The number of fire suits required by SOLAS is judged to be very low from the ropax point of view. It should be further discussed if it would be relevant to increase
the number on all SOLAS ships and what the minimum number should be and/or
what circumstances motivates a higher number.
While the recommendation from this study is that hearing protection devices
(HPD) should only be introduced after evaluating the risks, we have also heard
about conditions where the crew wish to be able to use HPDs in a fire scenario as
well. The firefighter helmets (both with and without the Wheel mark) are stated
to not be compatible with these kinds of products and there is a need for further
investigations.
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Appendix A. Quick guide
Quick guide containing the most important project results. It is also available for
download at: https://www.ri.se/en/what-we-do/projects/safe-and-suitable-firefighting
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Appendix B. Test standards: safety
requirement matrix
Table 6. Safety requirement matrix
EN 469

Flame spread

EN 1486

ISO 15538

EN ISO 15025:2002, procedure A
No burning to the top or either side edge, no hole
formation, no flaming or molten debris
After flame time ≤ 2 s
Afterglow time ≤ 2 s

Heat transfer7 EN 367
HTI24 ≥ 9,0
- flame

EN 367
HTI24 ≥ 21

ISO 9151
HTI24 ≥ 21

(level 1)
≥ 13,0 (level 2)

Heat transfer
- radiation

EN ISO 6942
RHTI8 24 ≥
10,0 (level 1)
≥ 18,0 (level 2)

EN ISO 6942
RHTI 24 ≥ 120

EN ISO 6942
t2 ≥ 120 s

Contact heat

ISO 12127
10 s at 250oC
(level 2)

EN 702
Contact
temperature of
300 °C,
threshold time
shall be ≥ 15 s

ISO 12127
Contact
temperature of
300 °C,
threshold time
shall be ≥ 15 s

Tear strength

EN ISO 46741:2003
Outer material
30 N
Also noncoated fabrics

EN ISO 46741:2003
Method B
Woven outer
material
25 N

ISO 4674:1977
Method A1 or
A2
Outer material
25 N

EN ISO 139341 or
1421:1998
outer material:
breaking load ≥
450 N
EN ISO 139352:1999
Main seams ≥
300 N

EN ISO 139341 or
1421:1998
Woven
metallised
outer material:
breaking load ≥
600 N
Innermost
lining ≥ 350 N
EN ISO 139352:1999
Main seams ≥
300-180 N

EN ISO 139341 or
1421:1998
outer material
≥ 650 N
innermost
lining ≥ 350 N
EN ISO 139352:1999
Main seams ≥
650-350 N
Also knitted
material

Tensile
strength

6 NFPA 1971 is very different from the other four and it

NFPA 19716

AU 4967

After flame no
more than 2 s
average and
should not melt.

Face ignition:
ISO 15025
Procedure A
Edge ignition:
ISO 15025
Procedure B

ISO 17492
Thermal
protective
performance
less than 35

RPP of at least
20,

Garment outer
shells 100N
Moisture
barrier, thermal
barrier and
winter liner,
22N
Sewn seam
strength 667N
(Major A
seams), 334 N
(Major B
seams), 180N
(Minor seams)

ISO 9151
HTI24≥17s
HTI24-HTI12≥4s
ISO 6942
RHTI24≥22s
RHTI24RHTI12≥4s
Mean TF <60%
Conductive
compressive
heat resistance:
ISO 12127-1
55kPa knee,
14kPa shoulder
and elbow,
CCHR rating ≥
13,5 s
EN ISO 4674-1
Method B or
ISO 13937-2
≥25 N
ISO 13934-1 or
ISO 1421
Method A.
Outer material
≥ 650N
Major A/major
B/minor seams
500N
/300N/180N

is possible that this column is not complete.
The ability of clothing assemblies to delay the transfer of heat from a flame.
8 Radiant heat transfer index (RHTI): A number, to one decimal place calculated from the mean
time (measured in seconds, to one decimal place) to achieve a temperature rise of (24 ± 0,2) °C
in the calorimeter when testing by this method with a specified incident heat flux density.
7
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EN 469

EN 1486

Heat
resistance

ISO 17493
not melt, ignite
or shrink
5%
180 +/- 5 °C

Also knitted
materials
ISO 17493
not melt, drip,
ignite or shrink
5%
255 +/-10 °C

Surface
wetting

EN 24920 at
20 °C
spray rate ≥ 4
EN ISO 6530
10 s application
time, no
penetration to
innermost
surface for
NaOH, HCl,
H2SO4 and oxylene with
different
concentration
weight at 20 °C
ISO 811
at 0,98+/- 0,05
kPa/min
≥ 20 kPa (level
2)
< 20 kPa (level
1)
EN 31092
> 30 m2 Pa/W
(level 1)
≤ 30 m2 Pa/W
(level 2)

Resistance to
penetration
by liquid
chemicals

Resistance to
water
penetration

Water vapour
resistance

EN 24920 at
20 °C
spray rate ≥ 4
N/A

ISO 15538

NFPA 19716

AU 4967

ISO 17493
not melt, drip,
ignite or shrink
5%
255 +/-10 °C
exception for
screens

ISO 17493
260oC

ISO 17493
not melt, ignite
or shrink
5%
260+5
0 °C all
material and
hardware,
180+5
0 °C
protected
hardware
ISO 4920
spray rate ≥ 4

ISO 4920
spray rate ≥ 4
N/A

ISO 6530 80%
run off with no
penetration to
the innermost
surface

N/A

N/A

Abrasion
resistance
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ISO 811
at 10mbar/min
200 cm

Minimum water
penetration
resistance of
172 kPa.
No penetration
of liquid for at
least one hour

(When required)
ISO 811
9,8 mbar/min
200 cm

N/A
ISO 11092
<20m2Pa/W
AS 2001.25.2
12kPa with
crossbred
worsted
abradant
Outer layers ≥
20 000 rubs
Inner layers
15 000 rubs

Appendix C. Firefighter boots, heat
insulation and marking symbols
Insulation against heat
There are three different performance requirements for the insulation against heat. The
lowest, HI1 is only applicable for type 1 boots, and will not be included. HI2 and HI3 has
the same requirements for the temperature inside the footwear (insulation against heat):
Inside temperature of the footwear is less than 42 ℃ after 10 minutes in a 25 ℃
environment. When it comes to requirements for footwear degradation, the environment
temperature is still 250 ℃ for both HI2 and HI3, but the total time of the test is 20 min
and 40 min respectively. After this time, any deterioration of the boot must be within
certain limits. For both HI2 and HI3, the radiant heat requirements are slightly different
from the fire suits.
Table 7. Radiant heat requirement comparison

Test standard
Heat flux density
Exposure time
Temperature increase

EN 469:2020, level 2 (fire
EN 15090:2012 (boots)
suit)
EN ISO 6942:2002, method B
40kW/m2
20kW/m2
≥18s
40s
24 ℃
≤24 ℃

The type and other performance requirements can be identified by looking at different
marking symbols on the product label. Possible marking symbols and descriptions are
listed below, where the items listed in italic are mandatory and the items listed in regular
are optional. More information on the performance requirements of fire boots is
available in to EN 15090:2012.
Table 8. Marking symbols and descriptions
Marking symbol
F2/F3
F2A/F3A
F2I/F3I
HI2/HI3
SRA/SRB/SRC
P
CI
CH
M
AN

Description
Type 2/Type 3 boots
Type 2/Type 3 boots with antistatic properties
Type 2/Type 3 boots with electrical insulating properties
Insulation against heat level 2/level 3 (see table X)
Slip resistance properties A/B/C
Penetration resistance
Cold insulation of sole complex
Resistance to chemicals (mandatory for type 3, Class II, optional for type 2,
class II)
Metatarsal protection
Ankle protection
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Appendix D. Pressure vessel explosion
model validation
The method for the pressure vessel explosion model is based on a Computational Fluid
Dynamics (CFD) approach in which a fast pressure wave propagation in a compressible
flow is simulated using a general-purpose open source CFD toolbox OpenFOAM. The
solver rhoCentralFoam which is a density-based solver for dealing with high-speed flow
is used. It is considered as a proper solver for high-speed flow (Marcrantoni, Tamagno,
& Elaskar, 2012).
The aim of this section is to check the accuracy of the current method by comparing
simulation results with experiments at RISE (Gehandler & Lönnermark, 2019) and
another set of simulation data in the literature (Molkov & Dery, The blast wave decay
correlation for hydrogen tank rupture in a tunnel fire, 2020).

CFD modelling of a pressure vessel burst under a shelter
The CFD model is built based on the experiments performed by Gehandler and
Lönnermark (2019). The simulation domain has a dimension of 15×55×5 m to simulate
the propagation of pressure wave. Only half of the domain is simulated with an
assumption of symmetric plane in the centre of the vertical plane for saving
computational time. An illustration of the tank rupture simulation model is shown in
Figure 21. The tank is placed 0.3 m above the floor as in the experiments. The geometry
was created in an open-source CAD program freeCAD, see Figure 22.

Figure 21 Illustration of tank rupture simulation model.

Figure 22 CAD drawing of half of the test rig.
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The computational mesh has a total mesh size of around 3.5 million (see Figure 23). The
domain where the pressure vessel, pressure measurement sensors are located, is refined
in the region with a mesh size of 5 cm in a volume of 12×15×2 m. The rest of the domain
has a relative coarse mesh size of 20 cm where is of less interest for the current study.

Figure 23 Computational mesh.

Model sensitivity
Grid size and time step is a common concern of results of CFD simulations. Here three
types of cells are used for study the sensitivity of grid size on the computed overpressure
at measuring points. It shows that with a decrease of grid size, the calculated explosion
overpressure increases. However, a grid size of 3.5 million yields an acceptable
compromise between computational time and the accuracy of the numerical results.
Therefore, the medium grid size is chosen in the following study of comparison with
experimental data. The ambient pressure is 1 atm and temperature 288 K, following the
test condition reported in the experiments (Gehandler & Lönnermark, 2019). The tank
pressure and temperature are set 10 atm and 288 K, respectively for the model sensitivity
study.
Table 9. Summary of three types of computational mesh for grid size sensitivity simulations
Mesh type
Coarse
Medium
Fine

Cell numbers
1 552 969
3 467 819
23 839 443

Mesh size [cm]
5 - 20
5 - 20
2.5 - 20

CPU time
25 min on 28 cores
47 min on 28 cores
4 hr on 112 cores

Figure 24 Explosion overpressure vs time for three different meshes 5m or 10 m.

Time step is controlled by adjusting the Courant number (Co) in OpenFOAM. Figure 25
shows that a decrease of Courant number yields a slight increase of computed
overpressure. Therefore, a Courant number of 0.1 is chosen in the following study.
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Figure 25. Explosion overpressure vs time for different Courant number at 5 m from the tank.

A test of comparing the computed results using the density-based solver rhoCentralFoam
and a pressure-based solver sonicFoam for the case with a medium mesh is done. The
computed overpressure using the density-based solver is slightly higher than that using
the pressure-based solver, see Figure 26. It is worth noting that in line with the findings
by Gutierrez Marcantoni (2012), the density-based solver rhoCentralFoam costs 1/33 wall
clock time of that using a pressure-based solver, i.e. sonicFoam for the medium case
shown in Table 9.

Figure 26 Explosion overpressure vs time for density-based (rhoCentralFoam) and pressure-based
solvers (sonicFoam).

Comparison with experiments
Figure 27 shows a comparison between the computed overpressure versus time at 5 and
10 m away from the tank. The tank pressure and temperature is 215 bar and 347 K,
respectively, which corresponds to the experimental condition right before the tank
rupture (Gehandler and Lönnermark 2019). A medium size mesh and a Courant number
of 0.1 is chosen in the simulations to obtain a balance between computational cost and
accuracy of results. In the near field, i.e., 5m away from the tank, the simulated
overpressure is slightly lower as compared to that obtained in the measurements
(Gehandler & Lönnermark, 2019), whereas, in the far field, i.e., 10 m, the simulated value
is slightly higher than that by experiments. However, the timings of spikes in the
computed overpressure agree well with those in the measurement. Such agreement gives
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us confidence in applying the model and tool in simulating gas tank physical explosions
in more complicated geometries such as the ro-ro deck.

(a), 5 m

(b), 10 m

Figure 27 Comparison between calculated and measured explosion overpressure versus time at 5
and 10 m away from the tank.

Table 10 shows the pressure fields at time instances 6, 10 20 and 30 ms, respectively. A
high-pressure region produced by the reflected pressure wave at the back of the wall at 6
ms and another high-pressure region near the ground under the roof at 10 ms are
captured in the simulations. Later those high-pressure regions result in two pressure
wave fronts shown clearly at 20 and 30 ms in the pressure fields, which correspond to
the two pressure spikes observed in the experiments.
Table 10. Pressure fields at different time instances during a tank physical burst.

Time
Pressure [Pa]
[ms]
6

10

20

30
scale

1e5

2e6 [Pa]

CFD modelling of pressure vessel burst in a tunnel
A correlation for blast wave decay after hydrogen tank rupture in a tunnel fire was
obtained by performing CFD simulations at the Hydrogen Safety Engineering and
Research Centre (HySAFER) at Ulster University (Molkov & Dery, The blast wave decay
correlation for hydrogen tank rupture in a tunnel fire, 2020). In the simulations, the
initial condition in the ambient is pressure 1.01325e5 Pa, 280 K. The tank has a pressure
of 94.5 MPa, and temperature of 395 K, which corresponds to the condition just before
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the tank ruptured. Due to the fact that hydrogen gas cannot be treated as an ideal gas at
such high pressure, i.e. 94.5 MPa, since the volume of the hydrogen molecules cannot be
ignored at such condition. Molkov and Dery (Molkov and Dery 2020) used an ideal gas
volume of 60 L which is equivalent to 86 L for real gas. Following their recommendation,
an ideal gas volume of 60 L is used for the current simulations.
In the simulations, a single-lane tunnel with a width and height being 5.5 and 4.5 m
respectively, and a length of 150 m were used. A total domain of 300 m in length, 100 m
in height, and 75 m in width was considered following Molkov and Dery (2020). Note
only half of the domain was simulated by assuming a symmetric condition in the vertical
plane to save computational time. A hemispherical region filled with high pressure idea
gas is set as an initial condition in the simulation. An illustration of tank rupture model
in tunnel is shown in Figure 28. The cell size is between 0.0625 and 2 m with regions
around the tank and inside of the tunnel being refined to capture the pressure wave (see
the computational mesh in Figure 29). One run took around 3.6 hours for a simulation
duration of 0.2 s on 28 cores with a total grid size of 2.3 million.

Figure 28 Illustration of tank rupture simulation model in tunnel.

Figure 29 Computational mesh of tunnel tank rupture.

Figure 30 shows a comparison between the calculated explosion overpressures versus
distance by Ulster (Molkov & Dery, The blast wave decay correlation for hydrogen tank
rupture in a tunnel fire, 2020) and RISE. It is worth noting that in the work of Ulster,
11% of chemical energy from burning of hydrogen is included in the simulation, whereas
only the physical tank burst is simulated in the RISE model. Such difference in the model
results in a lower overpressure at far-field, i.e., 30 m from the tank centre but reasonable
agreement with Ulster’s simulation results in the near-field. The far field difference is
likely attributed to the combustion of the hydrogen.
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Figure 30. Comparison between calculated explosion overpressures versus distance by Ulster
(Molkov & Dery, The blast wave decay correlation for hydrogen tank rupture in a tunnel fire,
2020) and RISE.
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