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1. Introduction / Problem statement

There are overground and underground car parks in urban areas. An increase in the latter is to be expected
due to the limited building area on the ground. In the event of a fire, the structural design of a car park can
make it difficult both for firefighters to reach the fire and safe egress of people. This is due to the fact that
escape routes are likely to be affected by elevated temperatures and toxic smoke.

Vehicles are the main fire load in car parks. The size, weight and material characteristics of passenger cars
have changed significantly over the past 30 years (see Figure 1). The amount of combustible materials has
increased as many metallic parts have been replaced by lightweight materials (plastics, composites, alloys),
but whole vehicles or individual components of them have become larger (e.g. larger tires). Plastics and
composite materials now count for approximately 50% of the volume of a passenger car. Their share of
vehicle weight has increased by 59% from 1990 to 2018, to an average of 159 kg total mass per vehicle
[1]. These changes in vehicle materials have resulted in an increased fire load in car parks.

Figure 1: An old (left) and a modern (right) sports car. © 123RF.COM

The purchase incentives of recent years are leading to increasing registrations of electric vehicles. As a
result, they are becoming more and more common in urban cities and therefore influence car parks. Due
to similar vehicle design, the fire behaviour of hybrid and electric vehicles shows many similarities with the
fire behaviour of conventional combustion engine vehicles. The main difference is the traction battery. The
research of electric vehicles and traction battery has been an important part of international research pro-
jects including Lion Fire 1, AGT 2018/006, BRAFA [2] and SUVEREN research project funded by the Ger-
man Federal Ministry of Education and Research (www.suveren-nec.info).

This guideline provides recommendations for fire protection in car parks based on the results of the SU-
VEREN project. The main focus is on fixed firefighting systems (FFS). Taking into account the changed fire
characteristics of modern vehicles with different energy sources, this document aims to provide practical
guidance to architects, designers, experts, operators and fire services. Legal regulations, standards and
requirements of authorities remain unaffected.

2. Fire behaviour of modern passenger cars

In order to ensure fire safety in car parks, it is important to review and, if necessary, adapt the existing fire
protection design and measures with changed conditions. Knowledge of modern vehicles and their fire
characteristics is essential for the comprehensive assessment.

Experience from real fires and scientific research point out that modern vehicles develop intense fires that
can release high amount of heat in a short period of time. As a consequence, the NFPA (National Fire
Protection Association) emphasizes in its report on fire hazards of modern vehicles [2] that car park fire
assessments should not be based on old but modern vehicles.

To adequately address the fire behaviour of modern passenger cars, a design fire curve was developed in
the research project SUVEREN. This is based on the evaluation of experimental fire tests, for example [3],
[4] and [5], with the aim to quantify a typical conservative fire of modern vehicles regardless the propulsion
technology (combustion engine, hybrid and electric). The design fire curve (Figure 2) takes account of
different energy sources. The impact of energy sources (the engine respectively the battery) is less com-
pared to other combustible material, which is almost same in all vehicles.
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Figure 2: Design fire plot for a modern passenger car (research project SUVEREN, see also [6])

The design fire curve describes a fire of a single passenger car. The fire growth is fast (t-square curve as
per SFPE) and the maximum heat release rate of 7 MW is reached in 6 minutes. The design fire curve can
be used for the fire safety design and simulations if there is no own data available for the vehicles entering
the car park. More detailed information on the development of the design fire curve can be found in refer-
ence [6].

There is a high risk in car parks that burning vehicle will ignite neighbouring vehicles which leads to fast fire
propagation. This is partly dependent on the fire scenarios and some of them, e.g. a fuel tank spillage fire,
can cause faster propagation. Fire propagation from vehicle to vehicle can subsequently cause that all
vehicles in the car park will burn. Typically, the distances between the parked vehicles are short and fire
propagation from vehicle to vehicle is difficult to prevent. The consequence of multiple vehicle fires can be
severe and even lead to a total damage of the car park. The fires at Stavanger Airport (Norway) [7] and at
the King's Dock parking lot in Liverpool (UK) [8] are typical examples of such fire incidents.

Fires involving multiple vehicles in car parks are very difficult to extinguish for fire services. To prevent such
fires, it is essential to extinguish fire as early as possible e.g. using fixed firefighting system. If extinguish-
ment is not possible, the fire should be contained and controlled in order to prevent it spreading to neigh-
bouring vehicles.

2.1  Special characteristics of electric vehicle fires

From a fire safety perspective, the traction battery is the major difference between an electric and a con-
ventional internal combustion engine vehicle. Traction batteries consist of lithium-ion cells, which can be
subject to so-called thermal runaway (see information in Figure 3). Thermal runway can be initiated by
several means e.g. mechanical damage, overcharging or heating. Thermal runaway can also start when
the vehicle is not in operation. This is a significant difference when electric or hybrid vehicles are compared
to combustion engine vehicles. Vehicles with internal combustion engine will start burning very seldom
when parked.
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Figure 3: Sequence of thermal runaway in a lithium-ion cell. The reactions listed are temperature-dependent and exothermic. The
starting temperature depends on the type (chemistry) of the battery cell. The reactions propagate due to the heating of the neigh-
bouring cells and lead to the battery fire.

The traction battery of electric vehicles can cause very rapid fire development. In fire tests with traction
batteries carried out in SUVEREN project, high heat releases were measured shortly after ignition. If the
traction battery is in a vehicle, such a battery fire can lead to a rapid fire spread to the entire vehicle and
very likely to neighbouring vehicles. Therefore, the fire scenario can potentially be very challenging before
the fire services will arrive to the car park.

3. Fire prevention and fighting measures

The fire prevention and fighting measures can be separated. Fire prevention measures mean basically
structural fire protection (fire protection methods incorporated into a building's design and construction
measures). The main objective is to ensure life safety, which is typically done by egress routes, fire com-
partments, fire-resistant walls/doors etc. There might be also some operation instructions, e.g. prohibiting
smoking, open fires and waste collections as well as training of people (e.g. facility manager, security ser-
vice).

Furthermore, the following additional measures can be considered:

e Implementation of separate areas for parking electric vehicles. This allows different fire safety
solutions to specific high risk areas or organising different vehicle removal measures that may be
necessary at specific locations in the car park.

e Increasing the size (especially the width) of parking bays can make it more difficult for fires to
spread from vehicle to vehicle.

e Wall hydrants on parking levels: Provision of mobile equipment with high cooling effect, especially
for manual firefighting of electric car fires. The cooling capacity will hinder thermal runway of traction
battery and provide also additional safety for fire services.

e Provision of a fire services information point (in addition to fire location, information what kind of
vehicles are involved to the fire).

Firefighting in car parks is normally done by fire services. They start firefighting immediately after they have
secured that all people are evacuated. Following additional recommendations can be considered when
firefighting tactics are considered, especially related to special risks of traction batteries:

e If the vehicle is being charged, the charging infrastructure must be disconnected from the power
supply before starting to firefighting. Information on any necessary de-activation of the high-voltage
part of the vehicle can be found in the vehicle’s safety card.
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e If the battery is involved in the fire, it must be additionally cooled after extinguishment to prevent
re-ignition. Additional water discharge time must therefore be taken into account when designing
water supplies for car park. Fire services will also need to stay longer in one fire event as re-ignition
of the battery is possible.

e Pure water is strongly recommended as an extinguishing agent due its good cooling effect and
harmlessness to persons.

Further information and specific recommendations for firefighting electric vehicles are available in training
courses and publications, e.g. [9], [10], [11].

4. Fire detection and fixed firefighting systems

Fire detection systems and fixed firefighting systems are in many countries legally required only in certain
car parks, since personal safety is usually ensured by structural fire protection and organizational
measures. In Germany, for example, FFS are required only for certain size car parks or if car park is oper-
ated with automatic lifts.

In addition to minimum legal requirements, an FFS may also be required for other reasons:

e Compensation for lacking structural fire protection,
e Part of building code requirements for a specific building project,
¢ Request of the insurance company.

The installation of an FFS is clearly recommended from the asset protection point of view.

4.1 System requirements

Specifications for the design, dimensioning and verification of the systems are not regulated by law for car
parks with new hazards. The requirements for the firefighting systems result from the safety objectives
where the primary protection aim is the safety of persons. There may be further safety objectives like the
asset protection which means building and other technical installations. Also short downtimes after a fire
event can be safety objective. In the case of commercially operated car parks, the protection aims are
higher and often also related to commercial interests.

Car park fires, especially when several vehicles are involved, can cause major financial losses. These risks
can be mitigated with correct fire protection systems. Normally fire extinguishment is not the main goal of
the systems, but rather fire control until the arrival of the fire services. Therefore, following main require-
ments can be set for fire safety systems:

e Limitation of fire to one vehicle — a minimal damage to neighbouring vehicles is permitted, no large-
scale ignition,

e Operating time of the FFS shall be at least 60 minutes (see EN 14972 (mist) / EN 12845 (sprinkler)).

Compliance with these criteria must be demonstrated in a comprehensive and reproducible manner (see
section 4.4).

4.2 Fire detection

The use of fire detection can be considered for the following applications, e.g. — alarming people, alarming
the fire services, activating the FFS or shutting down the charging infrastructure. Various systems are avail-
able that can be used depending on the application — smoke aspirating detectors or point detectors for
detection of smoke, gas (e.g. CO, Hz) or heat, flame detectors or different linear detectors.

Point detectors trigger an alarm when the respective sensor parameter reaches the sufficient concentration.
Smoke aspiration detectors can collect samples with longer distances or larger areas which is then ana-
lysed in the central unit. Typically, well designed and adjusted smoke aspiration systems provide more
sensitive and faster detection. The distance between aspiration point and unit can cause some additional
delay in fire alarm though. Smoke aspirating systems are more sensitive for false alarms. The fire detection
system used in individual cases shall be selected depending on its use and certification for the application.
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4.3 Fixed firefighting systems

FFS in car parks are intended to protect fire services and the building in addition that they increase life
safety. They should specifically do following tasks:

e Protection of adjacent vehicles by preventing the fire spread,

e Limitation of the temperatures and heat radiation to protect the load bearing structure (ceiling, pil-
lars, walls, etc.),

e Minimizing fire damage and shortening recovery time after fire.

FFS with correct design can enable safe egress of people and minimize risks for emergency personnel.
Vehicles have many solid materials, which can be fought effectively with water. Electric vehicles do not
change this as water is also recommended as the most suitable extinguishing agent for traction batteries
(e.g. [11])- In the case of lithium-ion batteries, there are no significant reactions between metallic lithium
and water (lithium hydroxide reaction) or other dangerous reactions. Water in specific forms, e.g. small mist
droplets, can effectively be used also for other fire types like flammable liquids.

A comparison of different extinguishing agents (gas- and water-based, see [12]) in the SUVEREN research
project showed the particular effectiveness of water against battery fires. This is due to the high cooling
ability of water. Efficient cooling of the battery is of major importance, both for extinguishing the combustion
and interrupting the fire propagation from cell to cell or module to module.

As car parks are occupied buildings, the FFS must be safe for people. The use of pure water as an extin-
guishing agent is therefore recommended, additionally it’s in most cases readily available. The use of water-
based FFS in car parks is proven to be effective to limit fire damages [13]. The most common FFS instal-
lations are sprinkler or high-pressure water mist systems. In SUVEREN fire tests, both systems were com-
pared with regard to their effectiveness in an electric vehicle fire. For this purpose, a test setup developed
in the research project was used. The evaluation criteria in tests was preventing the fire spread from a
passenger car mock-up to adjacent target fire loads and controlling ceiling temperatures.

Both systems were able to prevent ignition of the target fire loads for a required fire duration of 30 minutes.
Fire targets were placed at the both sides of burning vehicle with a close distance (simulating vehicles
parked next to each other). The temperature measurements at measuring points (average) 10 cm below
the ceiling show that high-pressure water mist FFS had lower values during the entire test period (manual
extinguishing after 30 minutes) (see Figure 4). The high-pressure water mist system was able to keep the
temperatures below 200 °C, thus providing good protection for the ceiling structure. This is due to the
excellent cooling ability of the water mist in the gas volume and therefore preferable solution according to
this comparison (Figure 4). In addition, the water mist system used only portion of water compared to sprin-
kler. The battery fires contaminate extinguishing water with many toxic substances including several heavy
metals and therefore water quantity is also important. Further information on the investigations and fire
tests can be found in [14].
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Figure 4: Comparison of sprinklers and high-pressure water mist FFS. a) Thermal image (IR) taken approx. 10 minutes after the
start of firefighting; b) Temperature curve under the ceiling during a vehicle fire (solid fire) when FFS is used.

The traction batteries in most vehicles are typically installed in the lower part of the vehicle. In the event of
electric vehicle fire, there is a risk that high amount of heat is released from the traction battery towards the
floor. Therefore, it has been suggested that additional firefighting could be done below the vehicle using
floor mounted nozzles. This could enhance the firefighting against flammable liquid spillage fires as well.
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The fire tests carried out showed that an FFS is able to cool the ceiling if it is made of concrete. In case of
other materials sensitive for temperature e.g. aluminium/steel or sensitive for fire e.g. wood, additional fire
protection with nozzles installed in the ceiling or floor area is advisable to reduce the heat radiation above
or under the vehicles. Heat radiation from the battery to the floor can also be a problem and requires special
protection (see chapter 5.2).

4.4 Performance-based design

Whenever FFS are installed in car parks, they must be tested for the application in full scale fire tests. This
is to demonstrate their effectiveness with new fire scenario of modern car (with different energy sources)
fires (see section 2). The dimensioning of an FFS has to be based on the specific requirements, including
the size and propulsion system of the vehicles. The effectiveness of the FFS must be verified and docu-
mented by a certified fire laboratory or comparable institution.

The safety of persons (life safety) is regulated by legal requirements in many countries like Germany, and
these do not require FFS except in a few specific cases (e.g. underground car parks). Therefore, the im-
plementation of FFS is rather based on commercial interests or requirements of the insurance companies.
The respective protection aims are determined for each individual case. The effectiveness of the system
technology has to be proven accordingly. The design of the FFS shall be carried out on the basis of guide-
line for performance-based design (engineering analysis) in order to obtain an adequate and individual fire
protection solution with proven effectiveness at acceptable costs. The iterative process of such perfor-
mance-based design approach is shown in Figure 5.

Define objectives

Develop performance
criteria

) Adjust
Develop fire scenarios

and design fires

Perform fire tests

Select validated design L Siiera e
met?

Figure 5: Diagram showing the iterative approach to performance-based design according to SFPE (based on [15]).

The approach should be as follows:

1. Appropriate protection objectives have to be defined for the system, e.g.
a. ensuring the safety and possibility of self-rescue of persons (legal requirements),
b. enabling firefighting and safe operation of fire services,
c. maintaining the structural integrity of the building or its critical parts,
d. ensuring operability of the building or its parts.
2. The defined protection objectives shall be used to derive criteria for evaluating the performance of the
systems, e.g.
a. fire containment to one vehicle,
b. compliance with limit values (temperature) on load-bearing components.
3. Agree on a procedure that allows verification of the required criteria.
a. FFS: Development of a test scenario that can be used to verify the performance criteria derived
in 2,
b. smoke extraction: definition of scenarios for verification by means of tests/simulation,
c. fire detection: test scenario if required by the application.
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4. Carrying out the proof of effectiveness.

a. Fire tests shall be conducted. More reproducible results are achieved by using a mock-up with
reference fire loads for the traction battery and for other combustible materials of the vehicle.

If the system tested has met the defined performance criteria in previous fire tests, it has been successfully
validated also for new similar cases and new validation tests are not required. Otherwise, adjustments to
the design must be made and, usually, additional tests have to be performed.

The performance-based design can include all important elements of a car park and thus allows, for exam-
ple, the compensation of structural measures by FFS. Further information is summarized in corresponding
standards and guidelines (e.g. [16]).

4.5 Handling extinguishing water

A burned or extinguished lithium-ion battery requires extended time period for cooling in order to prevent
re-ignition and same applies to complete electric vehicle. Longer activation times of FFS and fire services
result in larger quantities of extinguishing water with electric vehicles when fire involve the battery. Analyses
of fire test extinguishing water show that it is contaminated with various heavy metals and water soluble
toxic agents [17]. The contaminated extinguishing water must be collected, as it should not be discharged
into the sewage system without cleaning treatment.

The installation of mobile facilities to collect the water is often not possible during a firefighting operation
[18]. Therefore, it is recommended to install tanks or sumps for extinguishing water collection in car parks.
These should collect both the extinguishing water generated by the fire services and the FFS. The water
amount of FFS is dependent on the technology used, activation area and discharge. Sprinkler systems
require significantly larger quantities of water than high-pressure water mist systems. Unless there is no
other information available, the system should be designed to operate at least 60 minutes (see EN 14972
(water mist) / EN 12845 (sprinkler)). Water requirement for fire services depends on the equipment and
firefighting tactics. Therefore, water requirement has to be agreed with the local fire authorities.

5. Safety in special types of car parks

The specific conditions of the car park have to be taken into account when establishing fire protection
concept. There might be special risks in car parks that have to be taken into account for safety of persons
(life safety) or emergency personnel or structure protection. Below some typical special types of car parks
are listed.

5.1  Multi-purpose car parks

It can be seen that additional types of use, such as car rentals, car washes as well as stores with goods
displays, are increasingly used in car parks. Such businesses can be commercially interesting for the op-
eration of a car park and the use of such multi-purpose car parks can be expected to grow also in future.
Multi-purpose car parks can provide additional hazards, ignition sources and increase occupation level of
the car park. These effects have to be considered in the performance-based design process presented in
section 4.4.

5.2 Wood or metal car parks

Most fire protection regulations are based on car park structures made of concrete, which corresponds to
the majority of the buildings in general. However, alternative building materials and techniques are also
present on the market, for example constructions made of wood (CLT, cross laminated timber) or metal
(steel, aluminium) have been used in car park construction. Alternative building materials provide differ-
ences in the context of fire protection engineering and these shall be evaluated, e.g. load bearing strength
under the influence of higher temperature or flammability of material. These boundaries shall be used in
holistic performance-based design process.

For wood or metal made car parks, a FFS system installed in the parking deck floor is recommended for
improved cooling of the vehicle underbody and the floor itself. In addition, this type of systems may be more
effective in fighting localized fires (fuel spills, thermal runaway of the traction battery).
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5.3 Small car parks

Small car parks (< 100 m?) with limited parking spaces are mainly found in residential buildings. The fire
risk and the possibility of fire propagation are quite similar compared to the larger and usually commercially
used car parks. The fire load (vehicles and neighbouring vehicles) is also basically the same. Similarly,
small car parks should have charging stations for electric vehicles. It has to be evaluated individually how
recommendations presented in this guideline are applied to small car parks that normally do not have same
commercial operation as larger ones.

6. Fire protection of charging stations

Installation and maintaining charging stations inside car parks is a direct consequence of increasing number
of fully or partially electric vehicles (E-mobility). The charging stations themselves do not significantly
change the fire risk in terms of fire load, although it is known that fully charged batteries have more energy
to release in fire. Fire risk is increased with the fire likeliness though. The research has shown the risk of
starting thermal runaway is increased during charging [19]. This is because the battery is in an electro-
chemically active state and electrical energy is being supplied into it. Therefore, the risk of fire initiated by
the traction battery is higher in charging areas than in the rest of the car park.

The damage inside the battery can occur as a result of the charging process without being visible from the
outside and the vehicle is usually unattended during charging. This means that a fire can start while electric
vehicles are parked without supervision.

Following is the list of example measures how the safety of charging stations can be improved:

e Proper (certified) installation and regular maintenance of charging stations (more information e.g.
in [20]).

e Separate assessment of the installation of points for fast charging (> 22 kW) or high-power charging
(> 150 kW) and, if necessary, installing a local separate fire protection. This applies to locations
where manual firefighting is only possible to a limited extent or not at all (e.g. enclosed garages).

e Use of special fire detectors, which detect battery failure at an early stage.
e Collision guards and emergency shutdown of the charging point.

¢ Internal protection of the charging point (e.g. short-circuit protection, temperature monitoring, cool-
ing).

e Provision of an FFS. For optimal protection of medium and large charging areas, a deluge operated
activation of FFS with multiple nozzles and triggered by external fire alarm is recommended. For
small charging areas, e.g. residential building car park, protection with automatic nozzles (glass
bulb activated) is usually sufficient.

e Ensuring that other power sockets available in the car park cannot be misused for charging electric
vehicles.

If a separate battery energy storage system (ESS) is used to operate the charging station, it should be
separated from the car park in terms of fire protection. In addition, a separate firefighting system is
necessary if the ESS has a larger capacity (>20 kWh). Information on this can be found in the
SUVEREN_Storage White Paper.

7. Summary

In addition to the safety of persons (life safety), the objective in car park fires should be to avoid severe
thermal stress on load-bearing building structures and to enable safe working conditions for the fire ser-
vices. The intention is to minimize consequential fire damage to the building and technical equipment. This
enables fast recovery time from fire to operation. The objectives can be achieved through effective fire-
fighting systems that detect and control fire preventing it spreading to other vehicles.

Early detection enables countermeasures to be initiated at an early stage and can reduce the extent of
damage, especially by activating a fixed firefighting system. Water is a safe and efficient extinguishing
agent, with high-pressure water mist systems being particularly effective due to their excellent cooling effect
in combination with relatively low water consumption. The design of the firefighting system should be based
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on the performance-based approach. In order to adequately take into account the changed fire behaviour
of modern vehicles, the design fire curve developed in the SUVEREN research project can be used for
verification of the effectiveness of fire protection measures.
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