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LEGAL NOTICES AND DISCLAIMERS

This publication has been prepared by the Energy Institute (El) Aviation Committee.

The information contained in this publication is provided as guidance only, and although every
effort has been made by the El to assure the accuracy and reliability of its contents, THE EI MAKES
NO GUARANTEE THAT THE INFORMATION HEREIN IS COMPLETE OR ERROR-FREE. ANY
PERSON OR ENTITY MAKING ANY USE OF THE INFORMATION HEREIN DOES SO AT HIS/
HER/ITS OWN RISK. TO THE MAXIMUM EXTENT PERMITTED BY APPLICABLE LAW, THE
INFORMATION HEREIN IS PROVIDED WITHOUT, AND THE El HEREBY EXPRESSLY DISCLAIMS,
ANY REPRESENTATION OR WARRANTY OF ANY KIND, WHETHER EXPRESS, IMPLIED OR
STATUTORY, INCLUDING, WITHOUT LIMITATION, WARRANTIES OF MERCHANTABILITY,
FITNESS FOR A PARTICULAR PURPOSE, TITLE AND NON-INFRINGEMENT. IN NO EVENT SHALL
THE El BE LIABLE TO ANY PERSON, OR ENTITY USING OR RECEIVING THE INFORMATION
HEREIN FOR ANY CONSEQUENTIAL, INCIDENTAL, PUNITIVE, INDIRECT OR SPECIAL DAMAGES
(INCLUDING, WITHOUT LIMITATION, LOST PROFITS), REGARDLESS OF THE BASIS OF SUCH
LIABILITY, AND REGARDLESS OF WHETHER OR NOT THE El HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES OR IF SUCH DAMAGES COULD HAVE BEEN FORESEEN.

The contents of this publication are not intended or designed to define or create legal rights or
obligations, or set a legal standard of care.

The El is not undertaking to meet the duties of manufacturers, purchasers, users and/or employers
to warn and equip their employees and others concerning safety risks and precautions, nor is the El
undertaking any of the duties of manufacturers, purchasers, users and/or employers under local and
regional laws and regulations. This information should not be used without first securing competent
advice with respect to its suitability for any general or specific application, and all entities have an
independent obligation to ascertain that their actions and practices are appropriate and suitable for
each particular situation and to consult all applicable federal, state and local laws.

THE EI HEREBY EXPRESSLY DISCLAIMS ANY LIABILITY OR RESPONSIBILITY FOR LOSS OR DAMAGE
RESULTING FROM THE VIOLATION OF ANY LOCAL OR REGIONAL LAWS OR REGULATIONS WITH
WHICH THIS PUBLICATION MAY CONFLICT.

Nothing contained in any El publication is to be construed as granting any right, by implication or
otherwise, for the manufacture, sale, or use of any method, apparatus, or product covered by letters
patent. Neither should anything contained in the publication be construed as insuring anyone against
liability for infringement of letters patent.

No reference made in this publication to any specific product or service constitutes or implies an
endorsement, recommendation, or warranty thereof by the EI.

THE EI, AND ITS AFFILIATES, REPRESENTATIVES, CONSULTANTS, AND CONTRACTORS
AND THEIR RESPECTIVE PARENTS, SUBSIDIARIES, AFFILIATES, CONSULTANTS, OFFICERS,
DIRECTORS, EMPLOYEES, REPRESENTATIVES, AND MEMBERS SHALL HAVE NO LIABILITY
WHATSOEVER FOR, AND SHALL BE HELD HARMLESS AGAINST, ANY LIABILITY FOR ANY
INJURIES, LOSSES OR DAMAGES OF ANY KIND, INCLUDING DIRECT, INDIRECT, INCIDENTAL,
CONSEQUENTIAL, OR PUNITIVE DAMAGES, TO PERSONS, INCLUDING PERSONAL INJURY OR
DEATH, OR PROPERTY RESULTING IN WHOLE OR IN PART, DIRECTLY OR INDIRECTLY, FROM
ACCEPTANCE, USE OR COMPLIANCE WITH THIS PUBLICATION.
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FOREWORD

This research report has been prepared by Risktec Solutions Limited' under the direction of a Working
Group reporting to the El's Aviation Committee.

It provides a generic hazard analysis of a battery electric vehicle (BEV) deployed for jet fuel handling
activities at commercial airports.

This publication also provides recommendations for a system-specific hazard analysis for a BEV
deployed for jet fuel handling activities at commercial airports, to support designers and operators to
develop their own system-specific safety justification.

The recommendations contained in this publication are intended for chassis manufacturers, vehicle
builders, service equipment manufacturers, specifiers/purchasers of BEVs, airport owners, airport
authorities, fuel handling facility designers, BEV charging infrastructure providers, fuel handling
facility operators, fuel suppliers, into-plane service providers, BEV operators, emergency responders,
aircraft operators and any other entity involved in the handling of jet fuel at commercial airports.

For the purposes of demonstrating compliance with this publication, the words ‘shall’, ‘should” and
‘may’ are used to qualify certain requirements or actions. The specific meaning of these words is as
follows:

- ‘shall” is used when the provision is mandatory;
- ‘should’ is used when the provision is recommended as good practice, and
- ‘may’ is used where the provision is optional.

In addition, in some areas, local or national statutory regulations also apply. This publication is
intended to be complementary to these established controls and practices.

The El is not undertaking to meet the duties of employers to warn and equip their employees, and
others exposed, concerning health and safety risks and precautions, nor undertaking their obligations
under local and regional laws and regulations.

Nothing contained in any El publication is to be construed as granting any right, by implication or
otherwise, for the manufacture, sale, or use of any method, apparatus, or product covered by letters
patent. Neither shall anything contained in the publication be construed as insuring anyone against
liability for infringement of letters patent.

Every effort has been made by the Energy Institute to assure the accuracy and reliability of the data
contained in this publication; however, the El makes no representation, warranty, or guarantee in
connection with this publication and hereby expressly disclaims any liability or responsibility for loss
or damage resulting from its use or for the violation of any local or regional laws or regulations with
which this publication may conflict.

Suggested revisions are invited and should be submitted to the Technical Department, Energy
Institute, 61 New Cavendish Street, London, W1G 7AR (e: technical@energyinst.org).

1 Risktec Solutions Ltd, Wilderspool Park, Greenall’s Avenue, Warrington, WA4 6HL, UK, Tel +44 (0) 1925 611 200,
enquiries@risktec.tuv.com
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EXECUTIVE SUMMARY

The Energy Institute (El) has contracted Risktec to undertake a project with the objective of identifying
the risks associated with the use of battery electric vehicles (BEVs) deployed for fuel handling operation
activities at commercial airports.

The purpose of this document is as follows:

- To provide an overview of the project scope, methodology and outcomes, for the generic
hazard analysis of a BEV deployed for fuel handling operation activities at commercial airports.

- To provide information and guidance on a system-specific hazard analysis for a BEV deployed
for fuel handling operation activities at commercial airports, to support designers and operators
in developing their own system-specific safety justification.

This project included the following tasks:

- a hazard identification (HAZID) workshop;
- a bow tie analysis, and
- a safety report (this document) detailing the findings of the above tasks.

Details of the methodology and outcomes of these tasks are described throughout this document.

The generic hazard analysis has identified a number of standards, codes of practice and legislation
that are relevant to the deployment of BEVs for commercial airport fuel handling operations; see
5.1.1 and Annex G.

The HAZID workshop identified 58 hazards, 46 of which are either considered unique to BEVs or
where the risk profile is increased compared to an internal combustion engine vehicle (ICEV); this
included the following significant accident hazards (SAHs):

- H-1: battery fire;
- H-2: high voltage (HV) systems in conjunction with fuel spill/vapour collection, and
- H-3: HV — shock/electrocution.

Bow tie analysis was undertaken to explore the development of the three SAHs and associated
safeguards further, which were an input for updates to the generic hazard register [1]. The output of
the bow tie analysis was a set of generic bow tie diagrams for each SAH; see Annex B.

Fourteen recommendations have been raised through this hazard analysis; these are outlined in 6.2.

The study provides a generic assessment methodology (generic hazard register, bow tie diagrams and
recommendations), which can be built upon by BEV fuel handling vehicle designers and operators
to conduct a system-specific hazard analysis to support a safety justification for the deployment of
specific BEVs for fuel handling operations at specific commercial airports.

The study has not defined the residual risk associated with the deployment of BEVs for fuel handling
operations at commercial airports; however, the outputs can be used to support a system-specific
deployment at commercial airports, accounting for the hazards that are applicable to the BEV design
and commercial airport under examination.

10
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1 INTRODUCTION

1.1 BACKGROUND

Facility owners/operators, fuel suppliers and aircraft operators are seeking to understand
whether additional risks may be introduced by the deployment of battery electric vehicle
(BEV) technologies for aircraft fuel handling operations at commercial airports, and the
mitigation measures that may be necessary.

Due to the practice of fuelling aircraft with passengers on board, a high severity event could
be the total loss of an aircraft containing passengers. Similarly, in the event of a motor vehicle
incident (MVI) near (or in an underpass beneath) a terminal building, a significant number of
passengers and/or the whole commercial airport operations could be impacted.

1.2 PROJECT OVERVIEW
1.2.1 Work package

The Energy Institute (El) contracted Risktec to undertake a project with the objective of
identifying the risks associated with the use of BEVs deployed for fuel handling operation
activities at commercial airports.

This project has included:

- a hazard identification (HAZID) workshop;
- a bow tie analysis, and
- a safety report (this document) detailing the findings of the above tasks.

Details of the method and outcomes of these tasks are described throughout this document.
1.2.2 Objectives

The objectives of this project were as follows:

1. drawing on experience from across the industry, identify hazards and consequences
associated with a generic BEV for fuel handling operation activities at commercial
airports;

2. identify existing safeguards for the hazards identified in objective one, and

3. where gaps in safeguards are identified, provide recommendations for development.

1.3 PURPOSE OF DOCUMENT

The purpose of this document is to:

- Provide an overview of the project scope, methodology and outcomes for the generic
hazard analysis of a BEV deployed for fuel handling operation activities at commercial
airports.

11
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- Provide information and guidance on a system-specific hazard analysis for a BEV
deployed for fuel handling operation activities at commercial airports, to support
designers and operators to develop their own system-specific safety justification.

This document is intended for use by all stakeholders in BEV development and operation,
including, but not limited to:

- BEV original equipment manufacturers (OEMs);

- charging infrastructure OEMs;

- fuel delivery system vehicle integration OEMs;

- BEV operators and maintainers;

- airfield operators;

- emergency services, and

- airline ground operations.

This document is intended for a global audience, and as such, references to local or national
legislative requirements have only been included where deemed applicable. Any system-
specific analysis should ensure compliance with all relevant local or national legislative
requirements.

12
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2 HAZARD ANALYSIS PROCESS

This section aims to provide a framework for how to execute a risk assessment to support a
safety justification for the deployment of BEVs for aircraft fuel handling operations.

2.1 REQUIREMENTS OF OPERATORS AND EMPLOYERS

Operators and employers have a duty of care to protect all people, including employees,
contractors and visitors, from any harm, and to comply with the law in many countries. The
following steps are considered best practice and shall be executed to ensure owners and
operators meet the minimum requirements of various legislation:

- application of applicable codes and standards;

- HAZID (scenarios where harm (fatality, injury, or iliness) to personnel may occur);

- hazard analysis (assessment of the degree of potential harm arising to an operator or
contractor from the hazard and of how likely the outcome is), and

- hazard evaluation and treatment (are the protective measures sufficient to reduce
the risk to an acceptable level (agreed risk acceptance criteria (RAC)) and if not, what
further risk reduction measures are required).

2.2 GENERIC APPROACH TO MANAGEMENT OF RISKS AND HAZARDS

Figure 1 outlines the generic approach to management of hazards and risks derived from
similar processes used across industries; the outputs of this generic hazard analysis are shown
in orange as inputs to a system-specific hazard analysis.

It is recommended that an established process for management of risks and hazards is
followed, such as EN ISO 12100 Principles for the design of safe machinery.

13
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Generic hazard
register

Frequency analysis

Hazard
identification

Consequence
ERENSS

Risk reduction Risk
assessment

Generic bow tie
diagrams

Acceptable risk

Figure 1: Generic approach to management of hazards and risks
2.2.1 Application of applicable codes and standards

Designers and operators must ensure that all applicable local and international codes of
practices, standards and legislation are met. Where applicable, the risk assessment and hazard
management processes should be modified in line with local and international requirements.
Where operators deem that national legislation requirements are not sufficient, they should
meet industry best practice.

2.2.2 Hazard identification

The objective of the HAZID is to use structured review techniques to identify all reasonably
foreseeable hazards associated with a BEV. For further details, see 4.2 and 5.2.

The generic hazard register [1] produced for this project may be used as an input to system-
specific HAZID.

2.2.3 Consequence and frequency analysis

To evaluate the hazards and whether additional risk reduction measures are required, a risk
matrix can be utilised to assess the worst-case severity of each hazard and the likelihood of
its occurrence. Most risk matrices use the following parameters:

- severity of the consequence (S), and

- likelihood of the event reaching that severity (L).

14
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An example of a risk matrix used for the generic hazard analysis can be found in Annex E.

Where possible, a risk assessment may consider historical incident data to determine the
expected likelihood of an event occurring, for example, Joint Inspection Group (JIG) BRA
2.0 vehicle collision data. Where these data are not available, the risk assessment should
be performed by a suitably qualified, experienced and competent group, using a workshop
approach.

If further severity and likelihood analysis is required, a quantified assessment, such as an
event tree, may be used.

2.2.4 Risk acceptance criteria (RAC)

Based on the consequence and likelihood analysis, the tolerability of the risk of each hazard
can be determined. The tolerability of risks is based on the RAC, which defines the level of
risk that is considered acceptable and must meet the minimum legislative requirements. Each
hazard's residual risk can be divided into the following groups:

- Acceptable:

—  Further protective measures may be required to reduce the risk. However, it is
more probable that the time and effort to do so would be disproportionate to
the safety gain.

- Tolerable:
— The level of risk is considered tolerable to the industry. Further risk reduction

measures should be considered and implemented, unless the cost to implement
the measures is grossly disproportional to the risk reduction achieved.

- Intolerable:

— Hazard residual risk cannot be accepted, and further risk reduction measures are
required to reduce the risk to a tolerable level.

2.2.5 Screening of hazards

To provide a proportional approach to hazard management, hazards that are considered
to be high risk can be taken forward for greater analysis beyond the hazard register. The
technique chosen within this study is to perform a bow tie analysis on these hazards. See 4.3
and 5.3 for further details on the bow tie analysis.

2.2.6 Further risk reduction

Where the risk associated with hazards does not meet the RAC, further risk reduction
measures must be implemented to reduce the risk to a tolerable or acceptable level. The
process outlined should be repeated for any hazards where further risk reduction is required.

It should be noted that further risk reduction should avoid transferring risk to other activities
or disciplines. When considering a risk reduction measure, the residual risk of that measure
must be assessed and reviewed against the overall risk reduction achieved.

15

Single user license: c.rademakers@shell.com. Restricted Use - See details https://www.energyinst.org/technical/publications/pdf-disclaimer



HAZARD ANALYSIS FOR BATTERY ELECTRIC VEHICLES FOR AVIATION FUEL HANDLING OPERATIONS AT COMMERCIAL AIRPORTS

3 SYSTEM DEFINITION

3.1 GENERIC SYSTEM

The following sections describe the generic BEV system for aircraft fuel handling operations
under consideration within this project. The generic system was developed with the El to
enable the worst-case credible consequences of hazards to be assessed. It is acknowledged
that deviations from this generic system may modify the risk profile; as such, a system-
specific hazard analysis should define the system-specific architecture and processes.

3.1.1 Generic BEV system

Figure 2 shows a simplified overview of a generic BEV system, showing key components and

systems.
Electrical
Traction motors i
system i
Inverters I
Battery
management
system Electric
power
take-off
Traction battery (EPTO)
Charging port
Charging T

system Onboard
charger

Figure 2: Generic BEV system overview

The batteries provide energy for most of the systems on the BEV. They are typically charged
from charging stations using direct current (d.c.) (typically 200 V to 600 V — fast charging)
or alternating current (a.c.) (typically 110 V or 240 V - slow charging) via a cable connected
to a charging port. The batteries can typically operate in a variety of charge states and
environments; however, the long- and short-term performance of the batteries may be
impacted by a number of factors, including temperature, altitude, humidity and charge
cycles. The batteries may also be charged by the regenerative braking system fitted to a
vehicle. The electric power take-off (EPTO) system provides power from the batteries for
external systems, such as the fuel delivery system.

3.1.2 Generic fuel delivery system

This hazard analysis has assumed that the fuel delivery system used on BEVs will be broadly
similar to that used for ICEVs.
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Two types of delivery system are considered:

- fuel delivery via tanker operations (fuel stored in tanks at fuel depot before being
transferred into tank on vehicle — at aircraft fuel is delivered directly from this tank
into the aircraft), and

- fuel delivery via hydrant operations (fuel stored centrally in commercial airport
infrastructure — typically underground — and delivered via the hydrant vehicle).

Figure 3 shows a simplified overview of a generic fuel delivery system, showing key
components and systems.

Fuel tank
(tanker or airfield
storage)

Fuel

deli Hoses and

elivery attachments

system
Operator’s
deadman

Aircraft

Fuel pump

Figure 3: Generic fuel delivery system

A detailed analysis of the fuel delivery system has not been studied as part of this hazard
analysis, as it is assumed to be broadly similar to that used on an ICEV. The notable exception
is that the power from the EPTO is traction battery sourced, rather than via conventional
power sources.

3.1.3 BEV fuel handling operations stakeholders

The stakeholders responsible for fuel handling operations at commercial airports typically
include:

- Fuel vehicle operatives who are responsible for driving and operating the fuel handling
vehicle, including fuel delivery to the aircraft and the vehicle tank.

- Fuel vehicle maintenance personnel who are responsible for the maintenance of the
fuel handling vehicle.

- Aircrew (pilots) responsible for specifying and communicating aircraft fuel weight
requirements to the operative.

- Air traffic control (ATC) responsible for controlling the movement of vehicles within
controlled areas of the commercial airport, such as taxiways and controlled areas of
the apron.

The following stakeholders may also interact with fuel handling operations:
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- Ground service personnel: other personnel working around the aircraft on the stand,
such as baggage handlers, customer services, dispatchers, catering staff, etc.

- Airfield operations: personnel responsible for airfield operations.
- Airfield security: personnel responsible for ensuring the integrity of airfield security.

- Emergency services personnel: personnel responsible for responding in an emergency
scenario, includes both airfield and local fire, police and ambulance services.

3.2 GENERIC SCENARIO

To assist in developing the generic hazard register, a generic scenario for fuel handling was
developed, which has the potential to result in the worst-case consequences. For each scope
item, a justification for inclusion is shown:

- A busy commercial airport, with many aircraft on stands and multiple vehicle and
aircraft movements simultaneously:

— Aircraft parked on adjacent stands may provide an escalation to a whole
commercial airport incident, and multiple vehicles may decrease the efficacy of
emergency response.

- Day or night, in all visibilities:

— Localvariations in traffic flows during the day or night, and human considerations
around fatigue and shift management, may cause variance in risk across a 24-
hour working period.

- Extremes of weather, including snow/ice, thunderstorms and heat:
— Consideration of a variety of weather events captures hazards associated with
differences in temperature and weather events such as flooding or lightning.

- Fuel operations via a tanker, which is assumed to have a capacity of 40 000 L and
be half full:
— A tanker is considered more hazardous than a hydrant system due to the stored
energy of the fuel in the tank. The maximum capacity of standard fuel tankers
is assumed to be approximately 40 000 L. A half-full tank will have fuel in a
liquid and vapour phase; variations in the concentration of vapour may impact
the flammability of the fuel and increase the likelihood of a fuel fire occurring.
Hydrant service vehicles (HSVs) have not been directly considered in this scenario;
however, it is assumed that the generic scenario will identify the majority of
hazards that may be applicable to HSVs.

- The fuel is Jet A or Jet A-1 fuel:
— Many commercial airports use one of these fuel grades. Jet A-1 fuel has an
anti-static additive, which may reduce the likelihood of fuel ignition from static
electricity; however, both fuel grades are considered to have a similar risk profile.

- Underwing pressure fuel delivery (two hoses) via an elevated platform (International

Air Transport Association (IATA) service level 3):

—  This is the most commonly used method of fuel delivery. The fuel operative is
potentially at greater risk of harm on a mechanically or hydraulically actuated
platform, due to the increased time and difficulty in evacuating the fuel delivery
area in an emergency scenario.

- Fuelling of a commercial passenger jet aircraft full of seated passengers:
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— There is a greater hazard exposure to a commercial aircraft full of seated
passengers. A higher passenger load is likely to increase the time required for a
full evacuation of the aircraft.

- Lithium-ion (Li-ion) batteries provide the power for the BEV, including the traction
and fuel delivery systems:

— Li-ion batteries are the most commonly used in BEVs. As this hazard analysis
specifically considers the deployment of battery systems, it is also assumed that
the fuel delivery system is powered by batteries (either via EPTO from the BEV or
a separate battery system).

- The BEV is a road vehicle class chassis fitted with fuel delivery equipment, either on a
trailer or mounted on a cargo carrying chassis:

— It is assumed that BEVs produced by vehicle OEMs will be road vehicle class
chassis, with relevant public highway/road certification and a certain standard of
crashworthiness. However, the integration of fuel delivery equipment is unlikely
to meet the same certification standards, and it is therefore assumed that the
vehicle is not certified for use on public highways/roads. Where possible, it is
recommended that OEMs use road vehicle class chassis in their designs.

3.3 SCOPE

The scope of the hazard analysis was limited to the following:

- BEV movements:
— around aircraft;
— around airfield, and
— to/from depot, which may include roads with public access.

- Fuelling and defuelling of aircraft:
— including the connection and disconnection of fuel delivery equipment.

- Fuel delivery into the BEV at depot.

- BEV recharging (including rapid charging via high voltage (HV) connection), which
may be inside or outside the fuel depot.

- BEV collisions:
—  with other vehicles;
— with infrastructure;
—  with aircraft, and
— includes rollover scenario.

The following were not considered in the scope of the hazard analysis:

- BEV maintenance;

- aircraft movements and operations;

- BEV movements on wider public highways/roads, and
- wilful wrongdoing.

3.4 ASSUMPTIONS

The following assumptions have been made as part of this analysis:
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- This is a generic analysis; a system-specific hazard analysis is required to be undertaken
by designers and operatives wishing to deploy a BEV for aircraft fuel handling
operations. The output of this analysis does not constitute a safety justification for
the introduction of specific systems.

- Any system-specific hazard analysis is required to comply with the requirements
of local or national legislative requirements, irrespective of the conclusions and
recommendations of this analysis.

- The hazard analysis has only considered hazards that are unique to, or changed by,
the deployment of a BEV for fuel handling activities. Any hazards that are unaffected
by BEVs have not been considered further in this analysis. Any system-specific analysis
should identify all reasonably foreseeable risks associated with the entire system and
assess and analyse the risks associated with them to provide assurance that they are
managed to a tolerable level.

- The results of this hazard analysis are not limited to a single Li-ion battery chemistry,
acknowledging that a variety of Li-ion chemistries are deployed globally and that
the rapid advancement of battery technology may result in specific analyses being
obsolete in a short time period.

- It is assumed that operatives are suitably qualified, competent and experienced in
operating the vehicles and fuel delivery equipment fitted to BEVs. Where required,
relevant training shall be provided and revisited at defined intervals.

- It is assumed that communications between the vehicle operative and other
stakeholders, i.e. ATC, are unchanged from an ICEV.

- The hazard analysis is limited to BEVs and has not considered other electric vehicles,
such as hybrid electric vehicles (HEVs) or fuel cell electric vehicles (FCEVs).

3.5 DEFINITIONS

The study references a battery thermal runaway event across hazards. A battery thermal
runaway event is defined as the process in which a battery generates heat within an individual
cell but is unable to dissipate that heat, leading to a continuous rise in temperature.
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4 METHOD

This section presents an outline of the method for the project. An overview is illustrated in
Figure 4, with the blue elements representing the tasks and deliverables within the project
scope, and the grey element representing the intended use of the project outputs (outside
of project scope).

Literature
review

System-
specific

Generic
hazard
ERENSS

Hazard Hazard
identification register hazard

analysis

Bow tie Bow tie
ENREINSS diagram

Figure 4: Method overview

The findings from each of the project tasks are presented separately in section 5.

4.1 LITERATURE REVIEW

A desktop review of standards, codes of practice and legislation was conducted. The
objectives of the literature review were as follows:

1. Identify a non-exhaustive list of standards, codes of practice and legislation, including
relevant clauses, to be referenced against hazards in the hazard register [1].

2. Identify relevant previous incidents and lessons learned to be considered during the
HAZID workshop.

The scope of this included documentation relevant to the following:
- BEVs and battery technology;

- carriage and handling of dangerous goods, i.e. fuel, and

- electric ground service equipment (GSE).

The literature review also included a review of previous incidents, including those relating to
the following:

- electric GSE;
- aircraft fuel handling operations, and
- BEV incidents, both related and unrelated to commercial airport operations.

The findings of the literature review are presented in 5.1.
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4.2 HAZARD IDENTIFICATION (HAZID)

A two-day HAZID workshop was facilitated remotely on 5th and 6th December 2024. The
objectives of the workshop were as follows:

1. Identify all reasonably foreseeable hazards associated with the generic deployment
of BEVs for fuel handling operation activities at commercial airports.

2. For each hazard identified:
a. identify causes and worst-case consequences;
b. identify any preventative or mitigative safeguards, and
C. rank the severity of consequences and likelihood of the hazardous event
consequence occurring.

3. Where appropriate, raise actions for further analysis required as part of the project
or for future workstreams.

A briefing note [3] was produced for the HAZID workshop and was circulated to attendees
one week prior to the workshop.

4.2.1 Pre-HAZID workshop meeting

For efficiency during the workshop, a pre-workshop meeting was held with workshop
attendees, with the following agenda items:

- present an overview of the methodology;

- allow for feedback and questions on the methodology, and

- validate the list of fuel handling process activities.

4.2.2 HAZID workshop preparation

Due to the generic nature of the hazard analysis, the workshop approach was to consider ‘a
day in the life of’ a BEV. Prior to the workshop, the Risktec team pre-populated the HAZID
worksheet with a list of expected hazards, causes, consequences and safeguards associated
with the fuel handling process activities shown in Table 1.
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Table 1: Fuel handling process activities

Type Activity Cycle
Startup
Drive to fuel farm Start of shift

Loading of tanker

Drive to aircraft and park on stand

Connection to aircraft — including setting up exclusion
zone, connecting hoses and bonding to aircraft (noting

some countries requiring earthing) Repeated
loading cycle

Fuelling process

Disconnection from aircraft

Normal day

Drive to fuel farm

Drive to charging area and connect charger
Charging (d.c./rapid) — during fuel loading
Loading of tanker at end of day

In shift charging

Drive to parking area End of shift

Overnight charging (a.c./slow)

Defuel plane

Unloading of tanker

Any

Special

Airport emergency scenario (unrelated to fuelling)

Electrical storm warning

The pre-population exercise used the guide words defined in Annex D. These guide words
were developed from different sources, including ISO 12100 [4] and ISO 17776 [5] and
Risktec's previous experience. The guide words were used as the foundation to promote
discussion and were expanded during the workshop to capture additional hazards.

4.2.3 HAZID workshop

The workshop discussion was led by the chairperson, who ensured that the workshop was
discussed in a thorough and systematic manner and encouraged the team to think creatively
and laterally.

The workshop team were led through the pre-populated worksheet and were asked to
consider how the application of BEVs impacts each hazard when compared to conventionally
powered vehicles. This included the following:

- additional/new causes due to BEVs;

- changes in the severity of consequences due to BEVs or their likelihood, and

- changes to safeguards on BEVs.
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4.2.4 Risk ranking

Due to time constraints in the workshop, the severity and likelihood of each hazard were
not assessed. When processing the workshop notes, the severity and likelihood were ranked
using the risk assessment matrix (RAM) shown in Annex E, as well as the outputs of the
literature review and Risktec’s previous experience across industries. The RAM was developed
from Risktec’s previous experience and in line with previous El project RAM:s.

4.2.5 HAZID attendance

The workshop included the following areas of expertise:

- aircraft operators;

- aircraft/airframe OEM,;

- battery and BEV powertrain specialist;

- fuelling system manufacturer/designer;

- EV charging and equipment manufacturer/designer;
- airport fire and rescue specialist;

- fuel depot designer/operator;

- vehicle designer/operator, and

- fuelling specialist.

A list of workshop attendees is presented in Annex C.
4.2.6 Hazard register

Following the workshop, the worksheet and notes were processed into a draft hazard
register [1], which was circulated to attendees and stakeholders for review. Review included
the hazards identified as well as the risk ranking added after the workshop. Comments were
incorporated into the hazard register.

As a number of stakeholders and disciplines were not able to attend the workshop, a series
of small review sessions were facilitated, following which further updates to the hazard
register were completed.

Further details on the hazard register can be found in 5.2.

The generic hazard register can be used as an input to the system-specific approach to
management of risks and hazards; see Figure 1.

4.3 BOW TIE ANALYSIS

Following the production of the hazard register [1], the significant accident hazards (SAHs) —
sometimes referred to as major accident hazards (MAHs) — were identified. An SAH is defined
as a hazard having the potential to lead to fatalities, that is having a consequence ranking of
‘major’ (1-3 fatalities) or greater.

Using the outputs of the hazard register [1], a bow tie diagram was drafted for each of the
SAHSs.

24

Single user license: c.rademakers@shell.com. Restricted Use - See details https://www.energyinst.org/technical/publications/pdf-disclaimer



HAZARD ANALYSIS FOR BATTERY ELECTRIC VEHICLES FOR AVIATION FUEL HANDLING OPERATIONS AT COMMERCIAL AIRPORTS

The objectives of the bow tie analysis were as follows:

- Review and validate threats and consequences of the hazards contained within the
hazard register.

- Review and validate the barriers for each threat and consequence line.

- Where appropriate, make recommendations for further barriers and safeguards to
support a generic safety justification for the deployment of BEVs for aircraft refuelling.

A briefing note [3] was produced for the bow tie workshop and was circulated to attendees
one week prior to the workshop.

The generic bow tie diagrams can be used as an input to the system-specific approach to
management of risks and hazards; see Figure 1.

4.3.1 Bow tie overview

A bow tie diagram is a graphical risk analysis technique, allowing for a structured approach
to identifying what causes may result in an unwanted event and how this, in turn, could
ultimately lead to adverse impacts. An example bow tie diagram structure is shown in Figure
5. Definitions for the key elements of the bow tie structure depicted in Figure 5 are provided

in Table 2.
H I Hazard l H
Threat 1 - \ Conse?uence
Prevention Mitigation
barrier barrier
- m
Top event
Threat 2 - Conse(zquence
Prevention Mitigation
barrier barrier
Escalation Escalation
factor factor
Escalation Escalation
factor barrier factor barrier
Figure 5: Bow tie diagram structure
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Table 2: Bow tie definitions

Term Definition

Hazard Something that has the potential to cause harm to something of
concern

Top event The ‘release’ of the hazard. The initial consequence that occurs
when control of the hazard is lost. Also known as the ‘zero
consequence event’

Threat Causes of loss of control of the hazard, which can lead to the top
event

Consequence An event or chain of events that result from the release of a

hazard, i.e. what happens when the top event progresses

Prevention control
measures (barriers)

Prevention controls are protective measures put in place to
prevent threats from releasing a hazard. Prevention controls

can be engineered/hardware such as a physical barrier or piece
of equipment, limits on operations or actions carried out by
people usually in accordance with procedures. However barriers
are implemented, they should be effective, independent and
auditable

Mitigation measures are the technical, operational and

Recovery measures

(barriers) organisational measures that limit the chain of consequences
arising from a top event. However barriers are implemented, they
should be effective, independent and auditable

Degradation/ Specific conditions that can result in the failure or impairment

(reduction in effectiveness) of a prevention or mitigation barrier.
These in turn may be prevented or mitigated by degradation
factor controls

escalation factor

Degradation/
escalation controls

Degradation controls contribute to maintaining barrier
effectiveness by preventing degradation of a barrier. Degradation
controls are themselves barriers against the realisation of a
degradation factor; however, they may not always meet the
criteria of a barrier (effective, independent, auditable)

4.3.2 Bow tie workshop

A bow tie workshop was facilitated on 24th January 2025, to review and validate the draft
bowties. During the bow tie workshop, the chairperson led the workshop through a review
of the bow tie diagrams and further developed them using the following method:

- review threats and consequences, and

- review the barriers for each threat and consequence line, in turn, to:
— agree and develop barrier text;
— identify degradation/escalation factors for barriers where specific conditions are
known, and
— put actions in place for any identified gaps.

Following the workshop, the draft bow tie diagrams [2] were circulated to attendees and
stakeholders for review. Review comments were incorporated into the bow tie diagrams, and
changes to the hazard register [1] were made accordingly.
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5 FINDINGS

5.1 LITERATURE REVIEW
5.1.1 Standards and guidance

The standards and guidance section, Annex G, presents a summary of standards and guidance
identified that are applicable to aviation fuelling or electric vehicles. This is a non-exhaustive
review intended to support the development of the generic hazard register, with standards
linked to applicable safeguards.

A full literature review is recommended to be carried out as part of the project specification
for a BEV-powered refuelling system. This would develop the initial list presented within
Annex G to all relevant guidelines and standards applicable to the systems, sub-systems and
technologies in question.

5.1.2 Previous incidents

Due to the high-level scope of the project, the generic hazard analysis has not considered the
difference in likelihood of incidents between BEVs and ICEVs. However, as an input to the
workshop, research was undertaken to understand common causes of incidents involving
fuel handling systems, electric GSE and BEVs.

A total of 21 incident reports were studied, in the following high-level categories:

- aircraft fuel handling vehicle — non-BEV (13 incidents), and
- BEV — no airfield-specific application (eight incidents).

These incidents were considered during the preparation and facilitation of the HAZID
workshop and during processing into the generic hazard register.

An overview of incidents, causes and lessons learned is presented in Annex F.

5.2 GENERIC HAZARD REGISTER

Following the HAZID workshop, the HAZID worksheet was processed into a generic hazard
register [1]. A description of the hazard register is presented in Table 3.
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Table 3: Hazard register descriptions

Column name

Description

ID Unique hazard identifier

Top level event/hazard Top level event, used to categorise similar hazards
Hazard/threat Source of harm or situation with potential for harm
Cause Causal factors

Consequence Consequences of a hazard include the development

of a hazardous scenario up to worst-case
consequence

BEV differences to ICEV

Used to highlight BEV differences to ICEV

Severity of hazard — RAM used
Severity Risk ranking to score based on worst-case
prior to conseguence
Pre-mitigation implementation [ | jkelihood of hazardous scenario
risk ranking Likelihood of identified occurring — score justified in
safeguards/ comments column
barriers
Risk Risk = severity x likelihood
Safeguards Safeguards that may prevent or mitigate the

consequences of a hazard (note: acronyms in Table 5)

Applicable standards

Standards that may be applicable to design or hazard

Post-mitigation risk ranking

Post-mitigation risk ranking has been shown as a
guide but has not been assessed in detail as the
hazards and safeguards are high level and not design
specific. This column requires development during
system-specific assessments to be undertaken by
designers and operators

Recommendations/actions

Recommendations/actions identified in the workshop

Comments

Comments, including a justification of pre-mitigation
likelihood score

5.2.1

Hazard types

The HAZID workshop identified a total of 58 hazards, which included the following types of
hazards:

Hazards that are unique to BEVs.

- Hazards that are common to both ICEVs and BEVs, but where the introduction of
BEVs changes the risk profile.

- Hazards that are unchanged by the introduction of BEVs, i.e. are common between
ICEVs and BEVs.
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The hazards have been categorised into high-level hazard groups, as shown in Table 4.

Table 4: Hazard groups

Hazard group Description

H-1 Battery fire 15 hazards/threats

Hazards that may lead to battery fire and
development of the consequences of battery fire

H-2 HV systems in 13 hazards/threats
conjunction with fuel
spill/vapour collection

Unique hazards relating to a BEV with HV systems in
proximity to aviation fuel

H-3 HV — shock/ 4 hazards/threats
electrocution

A unique set of hazards around the HV system
that are not present in ICEV systems, which do not
typically have HV systems present

H-4 | Loss of power 3 hazards/threats
Hazards relating to loss of power that are unique to
BEVs

H-5 Other 11 hazards/threats

Hazards identified that are caused by the
introduction of the BEV powertrain but do not fit in
to categories H1 to H4

H-6 Not unigque to BEV/ 12 hazards/threats
not impacted by BEV
powertrain

Hazards identified during the workshop but are not
affected by the integration of a BEV powertrain.
These hazards were not risk ranked as they are
considered to be outside the core scope of the study

The list of identified hazards is not considered exhaustive; a system-specific hazard analysis
is required to be undertaken by designers and operators wishing to deploy a BEV for aircraft
fuel handling operations to ensure the list of hazards is comprehensive.

5.2.2 Risk ranking

The risk associated with each hazard was ranked according to the methodology outlined in
4.2.4. Note that hazards that may lead to a fire and potential fatalities were categorised as
follows:

- Where the fire is likely to be isolated, i.e. where the BEV is parked at a depot away
from aircraft and other commercial airport infrastructure, the consequence was
assumed to be a single fatality (severity category 4 — major).

- Where the fire is likely to spread, that is where the BEV is moving around the airfield
or parked next to aircraft or other commercial airport infrastructure, the consequence
was assumed to be multiple fatalities (severity category 5 — severe).
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Using this risk ranking, the following SAHs were identified where the severity category of
hazards is 5 (severe) or 4 (major):

- H-1: battery fire;
- H-2: HV systems in conjunction with fuel spill/vapour collection, and
- H-3: HV — shock/electrocution.

5.3 GENERIC BOW TIE DIAGRAMS

The generic bow tie diagrams were developed for the SAHs as listed in 5.2.2.

The list of identified safeguards (barriers) is not considered exhaustive; a system-specific
hazard analysis is required to be undertaken by designers and operators wishing to deploy
a BEV for aircraft fuel handling operations to ensure the list of safeguards is comprehensive.

5.3.1 Barrier types

Table 5 outlines the barrier types used during the development of the bow ties. The barrier
types have been assigned according to the stakeholder responsible for ensuring the barrier’s
implementation.

Table 5: Barrier types

Code Definition Description
OEM-V BEV chassis/ Barriers that are the responsibility of the BEV chassis
powertrain OEM OEM (or, if applicable, powertrain integration OEM)
Charging Barriers that are the responsibility of the charging
OEM-C infrastructure infrastructure OEM. This includes the design and
OEM installation of the charging infrastructure
Fuel deliver Barriers that are the responsibility of the BEV fuel
OEM-F svstem OE|\>I/ delivery system OEM — assumed to be all equipment
y that is not related to the traction powertrain
Barriers that are the responsibility of the BEV operator
Operator
OP-P rocedures and are related to procedures and processes for the
P operations of the BEV
OP-M Operator Barriers that are the responsibility of the BEV operator
maintenance and are related to the maintenance of the BEV
AF Airfield Barriers that are the responsibility of the airfield
procedures operations team
Barriers that are the responsibility of emergency
services — this may include, but is not limited
Emergency S . .
ES . to, commercial airport and/or local fire services,
service response L .
commercial airport and/or local ambulance services and
airfield emergency operations teams
AL Airline Barriers that are the responsibility of the airlines —
procedures including procedures for aircrew and groundcrew and
barriers that relate to interface with passengers
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5.3.2 Barrier categories

Table 6 outlines the barrier categories used during the development of the bow ties. The
categories provide an indication of the effectiveness of each barrier, with passive safety
devices (PSDs) considered the most effective to human response (HR) and maintenance
(MNT) considered the least.

Table 6: Barrier categories

Code Definition Description
PSD Passive safety | Barriers that are safety devices that act inherently as a
device protection against the threat, consequence or escalation
factor
ASD Active safety Barriers that are safety devices activated in response
device to certain parameters, to protect against the threat,
consequence or escalation factor
HR Human Barriers where a human response is required to ensure that
response the protection is activated
MNT Maintenance Barriers that are related to maintenance of equipment
DV Development Barriers where the protection is currently not well
required understood or developed, and where further development
is required

5.4 GENERIC SAFEGUARDS

The HAZID and bow tie workshops identified a number of generic safeguards to manage the
risk associated with each hazard. These safeguards are included in the generic hazard register
[1]. The generic safeguards represent examples of safeguards that may manage the risk of
each hazard; the list is non-exhaustive, and a system-specific hazard analysis is required to
consider safeguards specific to the system.

A number of areas for further development have been identified, which are outlined in 5.4.5.
These have formed the basis of recommendations; see 6.2.

5.4.1 Training safeguards

As BEVs are an emerging technology, operatives are unlikely to have specific knowledge on
systems and potential hazards. Many generic safeguards include reference to human responses
that will require specific training on BEVs. These include those listed in Table 7, which form
the basis of recommendation 2. Note that many of these training recommendations may
already exist for ICEVs but require adaptation for the introduction of BEVs.
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Table 7: Training safeguards

Hazard ref. | Safeguard

H-1 OP-P: all personnel are trained to recognise signs of a thermal runaway
event
H-1 OP-P: all personnel trained in awareness of hazards associated with

battery fires, such as:

— toxic gas release, and

— jet torch, which may release through battery vents or damaged
battery boxes

To ensure that personnel position themselves away from potentially
hazardous areas

H-1 OP-P: operatives trained in appropriate emergency response for battery
fires or over-temperature (i.e. vehicle shut down, removal from fuelling
areas, evacuation from vehicle vicinity)

H-1.04 OP-P: operative trained to have awareness of collision hazards that may
impact the batteries, while driving in areas not controlled by ATC

H-1.06 OP-P: operatives trained in different handling characteristics of BEV, e.qg.
greater rate of acceleration, to prevent collisions

H-1.06 OP-P: operatives trained in procedures to respond when an early
warning from the battery is detected due to over-temperature detection

H-1.06 OP-P: operative training includes interlock override location and
operation specific to BEVs

H-1.07 OP-P: operative trained to have awareness of flooding hazards that may
impact batteries in areas not controlled by ATC

H-1.11 OP-P: operatives trained to have awareness when battery capacity

is compromised (through loss of performance) and will report to
maintenance teams

H-2.03 OP-P: operative training and process to minimise risk of spillage in
proximity to charging equipment, e.g. not fuel sampling while charging

H-2.04 OP-P: operatives trained to check charging cover for damage

H-2.10 OP-P: training of operations personnel to ensure that EPTO interface is

not damaged

5.4.2 Operative maintenance safeguards

The maintenance requirements for BEVs are expected to be different from those for ICEVs.
The safeguards are related to the maintenance of BEVs and associated equipment can be
found in Table 8 and form the basis of recommendation 4.
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Table 8: Operative maintenance safeguards

Hazard ref. Safeguard

H-1.03 OP-M: testing of breather membrane functionality as per the
manufacturer’s procedures

H-1.04 OP-M: operatives follow SOPs for reporting of collisions/damage, and
maintenance of batteries to be undertaken in line with SOPs

H-1.05 OP-M: inspection of batteries to be undertaken periodically to identify
damage

H-1.11 OP-M: BEV to be used within operating constraints defined by OEM
and serviced according to OEM service schedule

H-2.02 OP-M: maintenance procedures to ensure charging cable replacements
are suitable and compatible according to OEM specifications

H-2.04 OP-M: operative maintenance to ensure that charging port covers are
replaced when missing or damaged

5.4.3 Operative procedure safeguards

5.4.4

The operational requirements for BEVs are expected to be different from those for ICEVs. The
safeguards related to the operation of BEVs and associated equipment are shown in Table 9
and form the basis of recommendation 5.

Table 9: Operative procedure safeguards

Hazard ref. Safeguard

H-1.01 OP-P: procedures to monitor unmanned equipment overnight should
be considered

H-1.04 OP-P: operatives follow standard operating procedures (SOPs) for
reporting of collision/damage and maintenance of batteries to be
undertaken in line with SOPs

H-1.04/ OP-P: operatives conduct a visual check on startup and following any

H-1.05 impact during operations, to identify damage to vehicle, specifically
around battery box

H-2.03 OP-P: spillage collection kit available in vicinity to charging equipment

H-3.02/ OP-P: startup checks and regular maintenance should include charger

H-3.03 and charge cable condition

Emergency response plan safeguards

The emergency response plan (ERP) airport emergency plan (AEP) for the airfield will require
an update prior to the deployment of BEVs. The safeguards in Table 10 are related to the ERP
AEP and form the basis of recommendation 6.
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Table 10: Emergency response plan safeguards

Hazard ref. | Safeguard

H-1 ES: ERP AEP for areas with limited access includes response to BEV fire

H-1 OP-P: restrictions for parking of BEVs where emergency response access
is limited — identified through commercial airport and BEV-specific risk
assessments

H-1 ES: public fire services called to fight the escalated incident so as not

to affect the commercial airport operations in terms of rescue and
firefighting services (RFFS)/airport rescue and firefighting (ARFF) cover —
details contained within airport ERP

H-1.07 OP-P: recommissioning strategy for vehicles following flooding —
included in ERP AEP (as well as likely weather events)

H-2 ES: emergency response/medical assistance to HV shock — to be
documented in ERP AEP

5.4.5 Safeguards requiring further development

The safeguards that were identified as requiring specific further development during the
workshops can be found in Table 11 and form the basis of recommendations 7-13.

Table 11: Safeguards requiring further development

Hazard ref. | Safeguard

H-1 AF: airfield environmental management plan includes expected response
to battery fire event

H-1.06 OEM-V: additional early warnings from the BEV control system based
on parameters that may not be considered relevant for general road
applications, e.g. where a road vehicle may be acceptable to operate in
a degraded condition, an aviation fuelling vehicle may be recalled for
inspection/maintenance. This should include consideration of warning
modalities, e.g. audible, visual, both and whether the operative will be
able to see/hear those warnings and how the operator should respond
to/acknowledge each warning

H-1.03/ OEM-V: design of battery/HV breather location should avoid likely spill

H-2.07 areas to prevent accumulation in battery/HV spaces

H-1.03/ OEM-V: testing of battery/HV breather should assess the likelihood of

H-2.07 flammable atmosphere accumulation in battery box/HV spaces

H-1.08 OP-P: BEV-specific response to risk of lightning strike to be developed
further

H-2 OP-P: position of vehicle and its batteries to be considered when

parking near aircraft to maximise separation distances while still
allowing for fuelling

H-2.06 OEM-V: vehicle manufacturer should consider sealed fuse in design
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6 CONCLUSION AND RECOMMENDATIONS

6.1 CONCLUSION

The objectives of this project were as follows:

1. Drawing on experience from across the industry, identify hazards and consequences
associated with a generic BEV for fuel handling operation activities at commercial
airports.

2. Identify existing safeguards for the hazards identified in objective one.

3. Where gaps in safeguards are identified, provide recommendations for development.

The generic hazard analysis has identified a number of standards, codes of practice and
legislation that are relevant to deployment of BEVs for commercial airport fuel handling
operations; see 5.1.1 and Annex G.

The HAZID workshop identified 58 hazards, 46 of which are either considered unique to BEVs
or where the risk profile is increased compared to an ICEV; this included the following SAHs:

- H-1: battery fire;
- H-2: HV systems in conjunction with fuel spill/vapour collection, and
- H-3: HV — shock/electrocution.

Twelve of the 58 hazards identified are unchanged by the deployment of BEVs — these were
considered outside the scope of the generic hazard analysis and were not studied further. For
each hazard, the causes, worst-case consequence and generic safeguards were developed
and are included within the generic hazard register [1].

The bow tie analysis developed the three SAHs and associated safeguards further, which
were an input for updates to the generic hazard register [1]. The output of the bow tie
analysis was a set of generic bow tie diagrams for each SAH; see Annex B.

Following the final issue of the generic hazard register [1], a number of areas where further
development of safeguards against generic hazards is required have been identified. These
are included in the recommendations in 6.2.

Study objectives one and two were met through the generic hazard register and bow tie
diagrams development. Objective three is met through the recommendations in 6.2.

Through meeting these objectives, the project has been able to:

- Provide an overview of the project scope, methodology and outcomes, for the
generic hazard analysis of a BEV deployed for fuel handling operation activities at
commercial airports.

- Provide information and guidance on a system-specific hazard analysis for a BEV
deployed for fuel handling operation activities at commercial airports, to support
designers and operators to develop their own system-specific safety justification.

The study has not defined the residual risk associated with the deployment of BEVs for fuel
handling operations at commercial airports; however, the outputs can be used to conduct a
system-specific hazard analysis to support a safety justification for the deployment of specific
BEVs for fuel handling operations at specific commercial airports.
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6.2 RECOMMENDATIONS

Table 12 outlines the recommendations that have been raised from the findings of this project.

Table 12: Recommendations

Rec. | Description

1 Battery electric vehicle (BEV) operators, designers and owners should conduct a
system-specific hazard analysis to demonstrate that all reasonably foreseeable
hazards have been identified and are managed to an acceptable level

The generic hazard register (Annex A) and the guide words used in the HAZID
workshop (Annex D) may be used as a starting point for a system-specific
hazard analysis

2 All stakeholders should develop a training programme for personnel, which

should include, but is not limited to, the following elements:

— recognising the signs of a battery thermal runaway event, and

— awareness of hazards associated with battery fires, such as toxic gas release
and its accumulation, to ensure that they position themselves away from
them

This programme should include periodic refresher training to reduce the
occurrence of skills fade and complacency

3 Operators should develop a training programme for operatives, which should

include, but is not limited to, the following elements:

— procedures in response to an early warning from the battery indicating over-
temperature detection during operation or charging;

— drive away interlock override location and operation specific to BEVs;

— awareness of collision hazards that may impact the batteries, while driving in
areas not controlled by ATC;

— awareness when battery capacity is compromised (through loss of
performance) and reporting to maintenance teams;

— appropriate emergency response for battery fires or over-temperature (i.e.
vehicle shut down, removal from fuelling areas, evacuation from vehicle
vicinity);

— process to minimise risk of spillage in proximity to charging equipment, e.g.
not fuel sampling while charging;

- different handling characteristics of BEV, e.g. greater rate of acceleration, to
prevent collisions, and

— conduct checks of charging cover for damage, and ensuring that EPTO
interface is not damaged prior to connection and to inspect cooling levels

Note that many of these training recommendations may already exist for ICEVs
but require adaptation for the introduction of BEVs
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Table 12: Recommendations (continued)

Rec. | Description

4 Operators should develop a maintenance programme, which includes, but is

not limited to, the following elements:

— maintenance of batteries to be undertaken in line with manufacturer
procedures;

— testing of breather membrane functionality as per the manufacturer’s
procedures;

— inspection of batteries periodically to identify damage;

— inspection of charging cables and ports periodically to identify damage;

— operating constraints defined by OEM and serviced according to OEM service
schedule;

— awareness of the analysis of temperature data logs;

— procedures to ensure charging cable replacements are suitable and
compatible according to OEM specifications, and

— ensuring that charging port covers are replaced when missing or damaged

5 Operators should develop an operating procedure that includes, but is not

limited to, the following elements:

— startup checks including charger and charge cable condition;

— the checks required following any impact damage during operations;

— SOPs for reporting of collision/damage;

— procedures to monitor unmanned overnight equipment from the control
room should be considered, including an audible alarm to be sounded on
detection of charging fault. This should include consideration of extra safety
distances between parked vehicles and a thermal detector, and

— use of spillage kit in vicinity to charging equipment

6 The airfield ERP should be updated to include the following elements:

— response to BEV fire incident;

— BEV-specific response to risk of lightning strike;

— recommissioning strategy for vehicles following flooding (as well as likely
weather events);

— access to areas with limited access includes response to BEV fire;

— restrictions for parking of BEVs where emergency response access is limited —
identified through commercial airport and BEV-specific risk assessments;

— public fire services response to fight escalated incident so as not to affect the
commercial airport operations in terms of RFFS/ARFF cover;

— emergency response/medical assistance to HV shock, and

— appropriate environmental response to battery fire

7 Vehicle OEMs should consider sealed fuses within BEV designs, in line with ECE
R100 requirements where practicable

8 Vehicle OEMs should consider designing the battery/HV breather location to
avoid likely spill areas to prevent accumulation in battery/HV spaces, in line with
ECE R100 requirements where practicable

9 Vehicle OEMs should consider assessment of the likelihood of flammable
atmosphere accumulation in battery box/HV spaces through the battery/HV
breather membrane, in line with ECE R100 requirements where practicable
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Table 12: Recommendations (continued)

Rec. | Description

10 Vehicle OEMs should consider additional early warnings from the BEV control
system based on parameters that may not be considered relevant for general
road applications, e.g. where a road vehicle may be acceptable to operate in a
degraded condition, an aviation fuelling vehicle may be recalled for inspection/
maintenance. This should include consideration of warning modalities, e.g.
audible, visual, both and whether the operative will be able to see/hear those
warnings and how the operator should respond to/acknowledge each warning

11 Fuel delivery system/vehicle OEMs should consider the required spacing and
protection between batteries and fuel storage systems

12 Operators should consider the position of the vehicle and its batteries when
parking near aircraft to maximise separation distances while still allowing for
fuelling

13 Airfield operators should ensure that the airfield environmental management

plan includes expected response to battery fire event

14 When developing new procedures for BEVs, operators should ensure
harmonisation with ICAO standards where practicable

15 Vehicle OEMs should include guidance provided in ISO 17840, Parts 1, 2, 3
and 4 to protect first and second responders and to provide them with critical
emergency response for each make and model of BEV. This should include
rescue sheets as per the emergency response guide template and propulsion
energy design identification for all sides of each vehicle

6.3 NEXT STEPS

It is recommended that BEV designers and operators use the outputs of this project (generic
hazard register, bow tie diagrams and recommendations) to conduct a system-specific
hazard analysis to support a safety justification for the deployment of BEVs for fuel handling
operations. Further details of the recommended process can be found in 2.2.
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ANNEX B
BOW TIE DIAGRAMS

B.1 BATTERY FIRE

Charging of EV (a.c. or H

™

™

d.c.) raises
temperature of

L

battery (H-1.01)

Vehicle designed to
applicable codes and
standards, to prevent
over-temperature of

battery

OEM - V vehicle chassis
manufacturer design

Charging equipment
designed to applicable
codes and standards

OEM - C charging
infrastructure
manufacturer design

Flammable
atmosphere
accumulation in
battery/HV spaces

through environmental
membrane (H-1.03)

—

Vehicle movements

ADC fast-charging
permits and zoning
considerations, such
as sunlight
accessibility, ground
stability, and flood
susceptibility

AF airfield
procedures/infrastructure)

High state of battery
charge increases
likelihood of thermal
runaway (H-1.02)

™

™

Battery management
system manages
battery health during
charging and shuts
down charging if key
parameters are out of
specification

ASD active safety
device

OEM - V vehicle chassis
manufacturer design

™

Procedures to monitor
unmanned overnight
equipment from the

ontrol room should be
considered, including

an audible alarm to be
sounded on detection
of charging fault. This
should include
consideration of extra
safety distances
between parked
vehicles and a thermal
detector

DV development
required

OP - P operator
procedures

Lo

Lo

Vehicle designed to
applicable codes and
standards, to prevent

high SOC causing
thermal runaway of
battery

OEM - V vehicle chassis
manufacturer design

Batteries used within
OEM specifications
would be expected to
have negligible
increase in risk due to
SOoC

OEM - V vehicle chassis
manufacturer design

Battery management
system manages
battery health during
charging and shuts
down charging if key
parameters are out of
specification

ASD active safety
device

OEM - V vehicle chassis
manufacturer design

Lol

Design of fuel vents
away from areas
where flammable

gases or vapours may
ingress

OEM - F fuel delivery
system vehicle
integration design

Major fuel spills are

reported to ATC and

vehicles are diverted
away from these areas

HR human response

AF airfield
procedure/
infrastructure

Testing of breather
membrane
functionality as per
manufacturer's
procedures

MNT maintenance

Design of battery/ HV
breather location
should avoid likely spill
areas to prevent
accumulation in
battery/HV spaces

OP - M operator
maintenance

DV development
required

in areas not
controlled by ATC

Operator trained to be
aware of the risk of
fuel spills and to avoid
parking or moving
vehicle through fuel
spills

HR human response

OP - P operator
procedures

Design of battery/ ]

OEM - V vehicle chassis
manufacturer design

HV breather location
not developed by

manufacturers

Testing of battery/HV
breather should assess
the likelihood of
flammable atmosphere
accumulation in
battery box/HV
spaces

DV development
required

OEM - V vehicle chassis
manufacturer design

Lithium
traction battery

. Battery fire
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High ambient

temperature due to
environmental
conditions or
emissions from hot
apron surface
(H-1.06)

[

||

Vehicle designed to
applicable codes and
standards - specific to
operational
environment (and
associated
temperature ranges)

OEM - V vehicle chassis
manufacturer design

DC fast-charging
permits and zoning
considerations, such

as sunlight
accessibility, ground
stability, and flood

susceptibility

AF airfield
procedures/
infrastructure

Operator does not
hear or see battery
warning due to over-
temperature

Early warning does
not give enough time
for response

Battery management
system shuts down
batteries on detection
of over-temperature

Alarms or automatic
shutdown sensors for
abnormal vibrations in

pumping equipment

ASD active safety
device

ASD active safety
device

OEM - V vehicle chassis
manufacturer design

Battery shuts down
due to over-
temperature - unable
to drive vehicle away

OEM - F fuel delivery
system vehicle
integration design

Early warning to
operator for battery
issues, to enable
removal of vehicle to a
safe location, e.g.
battery error or
battery temperature

HR human response

OEM - V vehicle chassis
manufacturer design

Staged early warning
to enable drive-away
before vehicle
shutdown

HR human response

OEM - V vehicle chassis

manufacturer design

Design of early
warning system to
give operators time to
respond to alarm

ASD active safety
device

OEM - V vehicle chassis
manufacturer design

Interlocks prevent
vehicle from being
driven away in
emergency

Operators trained in
procedures for when
early warning from
battery due to over-
temperature detection
is detected

HR human response

OP - P operator
procedures

Operator training
includes interlock
override location and
operation

HR human response

OP - P operator
procedures

Design of early
warning system to
give operators time to
respond to alarm

ASD active safety
device

OEM - V vehicle chassis

manufacturer design

Additional early
warnings from the EV
control system based

on parameters that
may not be considered
relevant for general
road applications, e.g.
example, where a road
vehicle may be
acceptable to operate
in a degraded
condition, an aviation
fuelling vehicle may be
recalled for
inspection/
maintenance

DV development
required

OEM - V vehicle chassis
manufacturer design

Lithium traction
battery

Battery fire
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Lithium traction
battery

Battery fire

Fire service carry large
water spray units to be
placed under vehicle

Emergency response
to fight fire

HR human response

HR human response

ES emergency service

response

ES emergency service
response

Operators trained in
appropriate emergency
response for battery
fires or over-
temperature (i.e.
vehicle shut down,
removal from fuelling
areas, evacuation from
vehicle vicinity)

DV development
required

OP - P operator
procedures

All personnel are
trained to recognise
signs of a thermal
runaway event

DV development
required

OP - P operator
procedures

Injury or fatality of
operator due to

battery fire

Alarm system for
battery fire precursor
includes means of
identifying alarm to
operators while they
are wearing PPE and

Early warning to
operator for battery
issues — see barriers on
RHS of bowtie for

H-1.06

Delayed response to
battery fire (H-1.10)

working on the fuelling

HR human response

process

OEM - V vehicle chassis
manufacturer design

ASD active safety
device

OEM - V vehicle chassis

manufacturer design

Airfield infrastructure
integrator firefighting
systems (e.g. in
hangars, tunnels)

ERP AEP for areas with
limited access includes
response to EV fire

ASD active safety
device

DV development
required

AF airfield
procedures/
infrastructure

ES emergency service

Restrictions for
parking of EVs where
emergency response

access is limited -

identified through
airport and EV specific

risk assessments

Battery fire in area
with limited access
(e.g. hangar,
tunnels, near
terminal building
etc.) (H-1.13)

response

DV development
required

OP - P operator
procedures

Alarm system for
battery fire precursor
includes means of
identifying alarm to
operators while they
are wearing PPE and
working on the
fuelling process

Early warning to
operator for battery

issues - see barriers on | {_

Delayed response to
battery fire (H-1.10)

RHS of bowtie for
H-1.06

HR human response

ASD active safety
device

OEM - V vehicle chassis

manufacturer design

OEM - V vehicle chassis

manufacturer design

H

||

Vehicle designed to
allow fire crews
suitable access to
attached towing
equipment

OEM - V vehicle chassis
manufacturer design

Vehicle operators
agree procedures for
towing vehicle in

—

Fire crews unable to
tow vehicle to safe
location during a
thermal runaway
event

thermal runaway event

HR human response

OP - P operator

procedures

Public fire services
called to fight
escalated incident so
as not to effect the
airport operations in
terms of RFFS/ARFF
cover - details
contained within ERP
AEP

HR human response

ES emergency service
response

[ Escalation of incident

prevents airfield
emergency services
from responding to

other incidents

Operator and fire crew
training includes
interlock override

location and operation

Interlocks prevent
vehicle from being
driven away in
emergency

HR human response

OP - P operator
procedures
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Lithium traction
battery

Battery fire

Emergency response
to fight fire

HR human response

ES emergency service
response

Disruption to airfield
operations

Airfield environmental
management plan
includes expected

response to battery
fire event

DV development
required

AF airfield
procedures/
infrastructure

See ‘fuel fire’ bow tie
diagram

Airfield infrastructure
integrator firefighting
systems (e.g. in
hangars, tunnels)

ASD active safety
device
AF airfield
procedures/
infrastructure

ERP AEP for areas with
limited access includes
response to EV fire

DV development

Restrictions for
parking of EVs where
emergency response

access is limited —
identified through

Battery fire in area
with limited access
(e.g. hangar,
tunnels, near
terminal building
etc.) (H-1.13)

required airport and EV specific
= risk assessments
ES emergency service
response DV development
required
OP - P operator
procedures
|y

Alarm system for
battery fire precursor
includes means of
identifying alarm to
operators while they
are wearing PPE and
working on the fuelling
process

ASD active safety
device

OEM - V vehicle chassis
manufacturer design

Environmental
consequences (e.g.
harmful substance
release)

Battery fire spreads
to jet fuel tank or to

aircraft

Early warning to
operator for battery
issues — see barriers on
RHS of bowtie for
H-1.06

Delayed response to
battery fire (H-1.10)

HR human response

OEM - V vehicle chassis
manufacturer design
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ANNEX D
WORKSHOP GUIDE WORDS

Guide words Stakeholders

No/not Fuel handler

More than Depot staff, planning, training, management
Less than Flight crew (pilots)

As well as Flight crew (cabin crew)

Part of Airfield operations/ATC

Reverse Ground crew (dispatcher, ramp staff)

Other than Passenger services staff

Sooner than Fire and rescue

Later than Aircraft maintenance personnel

Environment Agency (or equivalent)
Overnment regulatory bodies (e.g. UK HSE)
Investigative bodies (e.g. CAA/FAA/NTSB/AAIB)
Vehicle recovery team

Low EV charge

Charge point dwell/overload/failure

Electrical hazards Loss of electrical power

EMC

EV hardware failure ( short circuit/thermal runaway)

Flammability — flash, pool or jet fire

Flammability — vapour cloud explosion

Fire/explosion hazards Combustibility — ignition/flash fire

Battery fire reignition

Rapid phase transition

Hot surfaces (exhausts, aircraft engines)

Cold surfaces (fuel systems)

Thermal hazards External fire

Thermal expansion /contraction

High velocity leak or jet spray

Collision with road vehicle

Collision with aircraft

Dynamic situation hazards Collision with infrastructure

Collision with personnel

Noise

Jet A or A-1 spill/mishandling/pumping equipment or external / overflow

Battery leakage

De-icing fluid

Hydrant maintenance substances

Corrosive substances

Toxic substances

Asphyxiates

Other explosive substances

Other flammable substances

Lack of use/mid- or long-term storage/inactivity
Rotating/moving/shear points

Access to equipment at height on vehicle
Elevated platform

Ergonomic hazards Slips, trips, falls — fuel spill/pipes/charging cable
Human error in fuelling process

Access to equipment on vehicle (batteries, fuelling equipment) in event of fire
Extreme heat

Extreme cold (snow and ice)

Material/substance hazards

Mechanical hazards

Environmental hazards Flooding
Electrical storms

High winds
Tectonic activity
Fuelling systems overpressure

Pressure hazards Fuelling systems under pressure
Connections to aircraft (connection not made correctly)

Tank or vessel rupture
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UL 2734 Connectors and service plugs for use with on-board electric vehicle (EV) charging systems
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ANNEX |
ABBREVIATIONS AND ACRONYMS

The following abbreviations and acronyms are used within this publication:

a.c. alternating current

AEP airport emergency plan

APU auxiliary power unit

ARFF airport rescue and firefighting
ATC air traffic control

AVOP airside vehicle operator permit
AVAS acoustic vehicle alerting system
BEV battery electric vehicle

d.c. direct current

EESO emergency electric shut-off

El Energy Institute

EMC electromagnetic compatibility
EPTO electric power take-off

ESC electronic stability control

ERP emergency response plan

EV electric vehicle

FCEV fuel cell electric vehicle

GSE ground service equipment

HAZID hazard identification

HEV hybrid electric vehicle

HSV hydrant service vehicle

HR human response

HV high voltage

IATA International Air Transport Association
ICAO International Civil Aviation Organization
ICEV internal combustion engine vehicle
ID Unique hazard identifier

ISO International Organization for Standardization
TP into plane

JIG Joint Inspection Group

kv kilo volt

L likelihood of event reaching specified severity
Li-ion Lithium-ion

LEV light electric vehicle

Lv low voltage

MAH major accident hazard

MNT maintenance

MV motor vehicle incident

OEM original equipment manufacturer
PPE personal protective equipment
PSD passive safety device

PTO power take-off

R risk value

R&D research and development

RAC risk acceptance criteria

RAM risk assessment matrix

RFFS rescue and firefighting services

S severity of consequence

SAH significant accident hazard

SOC state of charge

SOP standard operating procedure
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