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ABSTRACT

Federal Motor Vehicle Safety Standards (FMVSS)
for fuel system integrity set limits for fuel spillage
during and after crashes to reduce the occurrence of
deaths and injuries from fire. FMVSS 301 and 303
respectively specify post-crash limits for liquid fuels
and compressed natural gas (CNG) [1, 2]. These
limits have been used as a benchmark for setting
leakage limits for hydrogen, based on energy
equivalence, in industry standards and proposed or
enacted international regulations [3, 4]. However the
properties of hydrogen with regard to leak behavior
and combustion are very different from those of
liquid fuels or CNG. Gasoline will pool and dissipate
slowly. CNG and hydrogen will rise and dissipate
more rapidly. Hydrogen has a much wider range of
flammability in air than most fuels, including CNG:
4% to 75% for hydrogen versus 5% to 15% for CNG.
Therefore, a research program was developed and
executed to assess the safety of the proposed
allowable leak rate for hydrogen, through leak and
ignition experiments in and around vehicles and
vehicle compartment simulators.

INTRODUCTION

NHTSA has been involved in alternative fuel vehicle
safety research and regulation going as far back as
1978. At that time, pursuant to the Electric and
Hybrid Vehicle Research, Development, and
Demonstration Act of 1976, NHTSA was charged
with assisting the Department of Energy (DOE) in
determining the applicability of the FMVSS’s to
electric and hybrid electric demonstration vehicles.

In the late 1980’s and early 1990’s additional
legislation promoted the use of alternative fuels,
including CNG. NHTSA responded to these
initiatives by collecting information and conducting
research which supported the promulgation of new
standards setting crash integrity requirements for
CNG vehicles, and life cycle strength, durability, and
pressure relief requirements for high pressure natural
gas storage cylinders (FMVSS 303, FMVSS 304).

The 2002 launch of the FreedomCAR and Hydrogen
Fuel Initiative, a cooperative research partnership
between government and industry to advance
hydrogen fuel cell vehicle technology, led to
initiation in 2006 of NHTSA’s current,
complementary effort to assess the safety of these
unique fuel systems. Little real world data exists
concerning the safety of hydrogen storage and high
voltage fuel cell electrical systems. Therefore,
NHTSA is conducting research to assess several
aspects of hydrogen fuel system integrity and has
initiated program tasks to develop data and test
procedures in the following five areas:

o Safety of proposed fuel leakage limits for
hydrogen fuel systems;

o  Vulnerability of high-pressure hydrogen
storage to impact loading;

e Cumulative expected/extended service life
cycle testing of hydrogen storage cylinders;

o Electrical safety of high voltage fuel cell
systems in crashes;

e Mitigation of explosion hazards posed by
localized flame exposure on high-pressure
composite storage cylinders.

This paper discusses the results of the first task listed
above: The safety of the proposed allowable leak
rate of hydrogen post-crash, which is based on energy
equivalence to one ounce per minute of gasoline as
specified in FMVSS 301, Fuel System Integrity or an
equivalent amount of CNG as allowed in FMVSS
303, Fuel System Integrity of Natural Gas Vehicles.

This effort involved three series of experiments to
assess the proposed allowable post-crash leak rate:

e Subtask A: Leak rate vs. concentration
buildup in and around an intact automobile;

e Subtask B: Ignition and combustion tests in
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an automobile compartment simulator
(ACS) containing known concentrations of
hydrogen;

e Subtask C: Full-scale leak, ignition and fire
tests on intact and crashed automobiles

Because hydrogen fuel cell vehicles are currently in
development, prohibitively expensive, and number
only in the hundreds worldwide, none were available
for the type of destructive testing required in this
assessment. Therefore surrogates, in the form of an
automobile compartment simulator, or late model
conventional vehicles, were used to conduct the
experiments.

A total of 88 tests were conducted in subtasks A, B,
and C. Subtask A consisted of 15 tests: 14 were
hydrogen accumulation tests in an intact vehicle and
one was a sensor response test. Subtask B consisted
of 19 tests in the ACS: 11 were accumulation tests
and 8 were ignition tests. Subtask C consisted of 54
tests in intact, front, side and rear impacted vehicles
that were obtained from other test programs: 39 of
these tests were on accumulation, 8 were ignition
tests, and 7 were sensor response time tests.

Battelle conducted this test program under contract
DTNH22-08-D-00080.

DESCRIPTION OF EXPERIMENTS

Subtask A: Leak rate vs. concentration buildup in
and around an intact automobile

A series of tests were conducted to simulate the
effects of hydrogen leaks in and around a test vehicle
in four locations: Under the vehicle, into the trunk,
into the passenger compartment and under the hood.
The reference leakage flow rate was 118 normal liters
per minute (nlpm), which was derived from the
energy equivalence of the allowable leakage rates in
FMVSS 301 and 303. Subsequent tests utilized the
traditional Bruceton “up-and-down method,” at half
and double the reference flow rate. The intent was to
determine the role of flow rate in creating hazardous
conditions. Hydrogen concentration data was
recorded from initiation of the leak to either 60
minutes (per FMVSS 303) or until steady state
concentration was achieved. Additionally in some
tests the concentration decay time for the hydrogen
remaining in the vehicle was also recorded. The
decay time was a function of how rapidly hydrogen
could escape through various routes in the vehicle
compartment without an active or passive hydrogen
venting system in place.

Test Facility, Instrumentation and Hardware
Tests were conducted at Battelle’s High Energy
Research Laboratory Area (HERLA) inside a 42-ft
diameter blast containment chamber. The test
vehicle was a 2008 Mitsubishi Lancer. Figure 1
shows the test vehicle in the blast chamber.

Figure 1. Mitsubishi Lancer in HERLA blast
chamber for indoor testing of hydrogen leaks in
and around a vehicle

}

The vehicle was equipped with an array of 12
hydrogen sensors positioned at specific locations as
follows:

e 3in the trunk compartment;

e 3inthe rear of the passenger compartment;
e 3inthe front of the passenger compartment;
e 3inthe engine compartment

The sensors were positioned at 10%, 50% and 90%
of the vertical dimension of each compartment, along
the vehicle center line, except in the case of the
engine compartment, where a modified placement
was necessary due to spatial constraints. Figures 2
and 3 show the positioning of the trunk and passenger
front seat sensor suites.

Figure 2. Positioning of trunk sensors at 10%, 50%,
and 90% heights
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Figure 3. Positioning of front passenger
compartment sensor suite at 10%, 50%, and 90%
heights

Hydrogen leak locations The flow of hydrogen
originated from specific locations into or underneath the
vehicle as follows:

o 1 leak fed directly into the trunk

e 1 leak directly into the passenger compartment
e 1 leak straight up under the vehicle

e 1 leak straight down under the vehicle

o 1leak at 45 degrees forward and down under
the vehicle

o 1leak at 45 degrees rearward and down under
the vehicle

e 1 leak at 45 degrees forward and up toward the
firewall

Figures 4, 5, and 6 photographically illustrate interior
and exterior leak locations.

Figure 5. H_ydrogen leak originating in floor of
passenger compartment

Frantof vehicle

Figure 6. Hydrogen leak 45 degrees forward from
the tank position underneath the vehicle
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Test matrix The test matrix for the leak and
accumulation tests is shown in Tablel. Hydrogen
concentration levels were monitored for 60 minutes
or until steady-state was achieved. Tests 1 and 2
used a flow diffuser to provide less turbulence in the

Table 1
Test Matrix for Subtask A, Leak rate vs. concentration build-up in and around an intact vehicle

leak and limit mixing of the hydrogen with air. The
remainder of the tests were conducted without the
diffuser on the open end of the tubing, creating
turbulence similar to a sheared fuel line.

-- -- Test 1* --
Test 1 decay - - -
Trunk - - Test 4 -
-- Test11 -- --
- - - Test 12 60
-- -- Test5 --
Passenger compartment Test 5 decay -- -- -
- - Test 13 -
- - Test 2* -
-- Test 8 -- - 30
Up
- - Test 10 -
Under - - - Test9 60
vehicle down - - Test6 -
45° forward -- -- Test 3 --
45° rearward -- -- Test 7 -- 30
engine == -- -- Test 14 60

*Test conducted with diffuser on end of tubing as opposed to tube being open-ended

Data recording and analysis As previously
mentioned, hydrogen concentration data were recorded
for three different leak rates at 12 positions in the
Lancer. The purpose of the tests was to determine if,
when, and how long the hydrogen concentration fell
within the combustible regime of 4% to 75% hydrogen
in air. The following graphs display spatial hydrogen
concentration vs. time for representative tests. A
yellow band highlights the flammability range of 4% to
75% hydrogen in air, and a darker yellow band denotes
the stoichiometric concentration level of 28% to 32%.
The data show that leak location dictated the extent to
which hydrogen accumulated in the individual
vehicle compartments. (Figures 7 and 8).

Leaks directly into the vehicle trunk or the passenger
compartment resulted in combustible concentrations

regardless of flowrate: 58, 118, or 239 nlpm. Figure 9
shows a comparison of the concentration levels attained
in the trunk at various leak rates. The slowest leak rate
of 58 nlpm resulted in a near-stoichiometric steady-state
concentration in the top of the trunk, with the higher rate
of 239 nlpm reaching the upper flammability limit
throughout the trunk compartment.

The under-vehicle leaks did not result in any appreciable
concentration levels inside the vehicle. The only under-
vehicle leak to result in a combustible concentration was
the one directed up toward the firewall at 239 nlpm. A
peak concentration of under 10% hydrogen at the 10%
sensor height location in the engine compartment
occurred early in the test and over time fell below 4%.
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Figure 7. Test Number 4 - 118 nlpm into Lancer trunk compartment
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Figure 8. 118 Test Number 5 — 118 nlpm into Lancer passenger compartment
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Hydrogen Concentration Levels: Leakage Flow Rate Comparison
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Figure 9. Hydrogen concentration levels: flow rate comparison
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Post-leak decay The decay rate of hydrogen
concentration following cessation of hydrogen flow was
recorded for several tests. These data were used to
assess how long a combustible mixture remained in the
vehicle after the source leak was removed. Figure 10
shows the decay rate of hydrogen by compartment and
stratification layer for an additional 60 minutes after the
hydrogen injection test was complete. The data show

that hydrogen is depleted from the lower regions first,
most likely as a function of hydrogen moving up or out
through various pathways as it is replaced by heavier air
molecules. From the data presented, without ventilation
the hydrogen concentration remains within the
flammability range for the hour after the source of the
leak was removed.

Hydrogen Concentration Levels and Decay Rate Analysis
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Figure 10. Hydrogen concentration rise and decay times

Subtask B: Ignition and combustion tests in an
automobile compartment simulator (ACS)
containing known concentrations of hydrogen

The scope of this task was to measure the heat flux and
overpressure created subsequent to ignition, if
combustible levels of hydrogen were to accumulate in
the trunk or passenger compartment from a post-crash
fuel system leak. These tests were conducted in an ACS
that approximately reconstructed the geometry and
volumes of the trunk and passenger compartment of the
2008 Mitsubishi Lancer test vehicle used in Subtask A.
The purpose of the ACS was to allow multiple ignition
tests that would not be possible in an automobile due to
the resultant damage. The ACS was constructed with

breakaway steel and Lexan panels that could be easily
replaced to allow multiple ignition tests in a short period
of time and using minimal resources. During the
ignition tests, an instrumented manikin (Denton Hybrid
111) was utilized to measure relevant burn (heat flux) and
overpressure injury characteristics from the combustion
of hydrogen mixtures.

Specific accumulation levels were selected for the
ignition experiments representing just over the
minimum flammability limit (5%), fuel-lean (15%),
stoichiometric (30%), and fuel rich (60%) levels of
hydrogen in air.
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Test matrix Two types of tests were conducted in
Subtask B. Accumulation calibration tests, and ignition
tests. The accumulation tests focused on obtaining a
representative leakage rate between the trunk and
passenger compartment of the ACS that approximated
the flow characteristics of the leak tests in the
Mitsubishi Lancer in Subtask A. For the purposes of
this paper, only the ignition tests will be discussed.
Table 2 shows the test matrix for the Subtask B ignition
tests.

Table 2
ACS Ignition Tests

32 5 1:30

Trunk 33 15 4:30

34 60 24:30

24 15 5:00

25 15 4:30

e | w0 | o
28 60 24:30

29 5 1:30

Data recording and analysis For the hydrogen
accumulation calibration tests, a suite of sensors, similar
to those used in the Mitsubishi Lancer in Subtask A,
were installed at the 10%, 50% and 90% height
locations of the trunk and passenger compartment. A
series of calibration tests were conducted to determine
the time at which the target concentrations of hydrogen
were achieved. For the ignition tests, only the 50%
sensors were left in place to avoid damaging the entire
arrays.

Overpressure transducers were mounted on a test stand
outside the ACS and on the manikin at the right ear,
mouth, and left chest. Heat flux sensors were mounted
at several discrete positions on the manikin as shown in
Table 3 and Figure 11.

Table 3
Manikin Heat Flux Sensors

Right eye (A) Left outer wrist (1)

Right cheek (B) Right palm (J)

Left cheek (C) Left backside hand (K)

Right shoulder (D) Right hand between fingers (L)
Right underarm (E) Left hand between fingers (M)
Left underarm (F) Groin (N)

Right inner elbow (G) | Right back knee (O)

Right inner wrist (H)

/
o A
e o P K
o A 1/ ’i .
f - / f/\“ 1
= A A
L S e 2 W
il S el A A
il e | 55 " R
! | ;.‘ 1 [ N
3 [
¥ Yiu

Figure 11. Heat flux sensor locations on manikin

A heat flux sensor was also mounted on the test stand
outside the vehicle, just forward of the B-pillar, to
measure thermal exposure experienced by anyone, such
as first responders, approaching the outside of the
vehicle.

The heat flux measurements were processed using the
BURNSIM computer model to predict potential burn
injury [5]. BURNSIM uses heat flux data to compute
the tissue temperature as a function of exposure time
and depth. The model determines the burn depth, and
by extension, the degree of injury.

Hydrogen ignition tests Calibration tests in the
Lancer and in the ACS showed stratification,
inversion, and a lack of uniform mixing of hydrogen.
Ignition time was selected based on calibration
curves when the sensor at the 50% height reached the
target concentration level. Results from
representative tests are discussed below.

Test 29: 5% ignition, passenger compartment

Leak The ASC panels were held in place with
magnets. All exterior panel seams were taped with
duct tape, and hydrogen sensors were positioned at
the 50% trunk and front seat passenger compartment
levels. The ignition source was located on the
dashboard. The right underarm, back knee, left outer
wrist, and left cheek heat flux sensors were not used
in this test. The setup for test 29 is shown in Figure
12.
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Figure 12. Test 29 ACS setup

Heat flux sensors in the right eye, right check, right
shoulder, right inner elbow, left underarm, right inner
wrist, right hand between fingers, left hand between
fingers, and left hand backside positions registered
thermal levels that could result in first- or second-
degree burns. The heat flux sensor on the test stand
outside the ACS did not detect any significant radiant
energy. No detectable overpressure was observed.
No luminous combustion was observed using high-
speed imagery. The panels remained attached to the
ACS, but displayed slight bulging.

Test 33: 15% ignition, trunk leak In this test
heat flux sensors located in the right back knee, right
underarm, left cheek, right inner wrist, and left outer
wrist were not used. Figure 13 shows the
concentrations recorded in the Lancer and ACS
calibration tests, and in the ignition test.

Trumik Lk of 113 Ipen at 15% Test 33
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Figure 13. Calibration and ignition at 15%
hydrogen in air

Sensors in the right eye, right cheek, right shoulder,
right inner elbow, groin, left underarm, right hand
palm, right hand between fingers, and left hand
between fingers, detected heat fluxes that could cause
second-degree burns. No overpressure was measured
by the pressure transducers. High speed stills in
Figure 14 show some luminosity during combustion.
The slight overpressure from combustion caused
panels to separate from the ACS framework.

Figure 14. High speed stills showing combustion
in Test 33.

Test 26: 30% ignition, passenger compartment
leak This test was expected to be the worst case, as
the ignition target was the stoichiometric
concentration of hydrogen in air. The BURNSIM
injury predictions are provide in Table 4. The
highest temperature occurred at the left outer wrist,
with the most severe depth occurring at the right
palm. The heat flux recorded at the test stand also
could pose serious burn injury potential to other
persons at this location.
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Table 4
BURNSIM data for Test 26 (30% hydrogen)

Right Eye 1 146 111

Left Cheek 1 100 35

Right Cheek 2" 113 364

Right Shoulder 1 76 113

Right Inner Elbow 2" 215 1240

Right Underarm 2" 180 431

Right Back Knee 2" 122 195

Right Inner Wrist 2" 251 857

Right Hand Palm 2" 187 1317

Right Hand between Fingers 2" 238 252

Left Outer Wrist 2" 267 696

Left Hand Backside 2" 174 1281

Left Hand between Fingers 2" 187 132

Test Stand 1 133 175
Significant overpressure was generated inside the approximate velocity of the combustion is = 2400
passenger compartment during combustion, ft/sec, about twice (Mach 2) the speed of sound. The
apparently a transition from deflagration to three separate shocks observed at the test stand
detonation. Low pressures are evident at about location can be rapid, separate detonations of the
15 msec and rapidly transition to about 80 psi at front, rear, and then trunk compartment volumes.
about 22 msec. Assuming that time zero is defined as Figure 15 is an overpressure composite. The
the time at which the spark is applied (zero induction consequence of this overpressure exposure is
time) and that the shock front was measured at the probably lethal to passengers [6].

window (37 in. away on the test stand), the

Overpressure
30% Hydrogen (Test 26)
90

Right Ear

= Mouth
80 | == | eft Chest
= Test Stand

Pressure (psi)

Time (ms)

Figure 15. Test 26: pressure vs. time, 30% hydrogen in ACS
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Figure 16 shows the ignition event in Test 26.

Figure 16. High-speed stills showing detonation
and separation of ACS panels in Test 26

Test 34 : 60% ignition, trunk leak This test
represented a fuel rich environment closer to the
upper flammability limit of 75% hydrogen in air.
BURNSIM data predicted second degree burns on the
manikin and at the test stand outside the ACS. A
small overpressure resulted from combustion of this
test of just over 1 psi, the physiological consequence
of which is 20% probability of eardrum rupture [7].
Figure 17 shows stills from the comparatively long

duration fireball and separation of the panels from the
ACS in this test.

4100174

Figure 17. High speed stills showing combustion
and panel separation in Test 34

Subtask C: Full-scale leak, ignition and fire tests
on intact and crashed automobiles

The objective of this task was to quantify the effects
of crash damage on hydrogen accumulation and
combustion characteristics for three leak
parameters—Ilocation, rate, and duration. These tests
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were conducted on four vehicles: intact and front-
impacted 2008 Mitsubishi Lancers; side-impacted
2009 Mazdab6 Sedan; and rear-impacted 2008 Ford
Taurus. These test vehicles were transferred from
NHTSA’s Compliance and New Car Assessment
crash test programs. The test vehicles are shown in
Figure 18.

Figure 18. Test vehicles for accumulation and
ignition experiments

Test matrix Thirty-nine leak-accumulation tests
were conducted at seven leak rates ranging from 3 to
236 nlpm over 60 minutes, and originating from the
trunk, rear-passenger compartment, or under the
vehicle, as in Subtask A. Vehicles were equipped
with the same array of 12 hydrogen sensors as in
Subtask A. In some of the tests employing a lower
leak rate (<59 nlpm) additional sensors were added at
the top (100%) vertical height of the trunk and
passenger compartments.

Altogether, eight ignition tests were conducted on the
intact, front, rear and side-impacted vehicles.
Vehicles were equipped with the same sensors
including the instrumented manikin and exterior test
fixture measuring heat flux and overpressure, as the
ACS test article in Subtask B.

Observations from accumulation tests Front-
crashed vehicle: (1) leaks as low as 30 nlpm in the
trunk or passenger compartment resulted in
detectable flammable levels in the other
compartment; (2) leaks as high as 236 nlpm
underneath the vehicle did not result in detectable
accumulation inside the vehicle; and (3) low leak
rates resulted in random (inversions; pockets), but
sometimes detectably flammable, levels of hydrogen.

Figure 19 shows an example of these characteristics
of a slow leak rate.

Front Impact (Test 42) Hydrogen Concentration Levels
Flow Rate: 30 Ipm | Leak Location: Trunk | Sensor Location: Rear Passenger

antration (%)

Hydrogen Conc

——

" Time min)

Front Impact (Test 42) Hydrogen Concentration Levels
Flow Rate: 30 Ipm | Leak Location: Trunk | Sensor Location: Front Passenger

tration (%)

Hydrogen Conce

" Time min)

Figure 19. Inversions of slow leak (30 nlpm)

Side-crashed vehicle: (1) leaks >59 nlpm in the
passenger compartment resulted in detectable
flammable levels, but leaks as high as 236 nlpm in
the trunk did not result in detectable flammable
atmospheres in the passenger compartment; (2) leaks
underneath the vehicle as high as 236 nlpm did not
result in detectable accumulation inside the vehicle;
and (3) even with high leak rates, accumulations
sometimes appeared random and elusive with respect
to migrating to the highest locations.

Rear-crashed vehicle: (1) leaks as low as 30 nlpmin
the rear-passenger compartment resulted in low but
detectable flammable levels; (2) leaks as high as 236
nlpm underneath the vehicle did not result in
detectable accumulation inside; and (3) leaks
originating in passenger and trunk compartments
resulted in random accumulations, all of which were
flammable.

Overall observations from Subtask C hydrogen
accumulation tests were: (1) at low leak rates

(<60 nlpm), hydrogen did not mix well in air,
resulting in its concentrations being random,
exhibiting characteristics similar to a lava lamp in
which slow motion causes media of different
densities to remain unmixed, pocketing locally,
varying and moving in random fashion, and inverting
where higher-sensor locations register lower
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concentrations than do lower-sensors locations, or
being absent at highest locations; (2) at high leak
rates (>118 nlpm), hydrogen mixes more
homogenously, resulting in more stratified levels,
increasing more uniformly throughout the vehicle,
being detectable nearest the leak source first,
generally seeking higher elevations, and reaching
more uniform and steady-state concentrations with
time; and (3) door, window, and frame seals in front
or rear-impacted vehicles were not compromised to
the extent of allowing hydrogen from leaks
underneath to accumulate inside the vehicle. Such
flow, mixing, and stratification behavior has been
predicted by computational fluid dynamic modeling
by Breitung [8].

Observations for ignition tests Two types of
ignition tests were conducted: (1) at the in-going
potential standard leak rate of 118 nlpm for a
duration of 1.5 min, which introduced a just-
flammable ~5% hydrogen inside the car if distributed
evenly; and (2) at the lowest leak rate experimentally
possible (3 nlpm) over 60 min, which could result in
accumulated hydrogen (~5%) that might be ignited
by sparking at the top of the passenger compartment
(leaking 3 nlpm for 60 min was near-equivalent to the
volume of hydrogen leaking at 118 nlpm for 1.5
min).

Fire effects varied in terms of peak thermal flux,
overpressure, and internal vehicular damage.
Aftereffects ranged from window fogging
(condensation from hydrogen combustion) to
structural damage (deformed doors, broken windows)
to second-degree burns and eardrum rupture [9].

One additional significant finding was a propensity
for secondary fire after sparking and hydrogen
ignition, which was replicated. These secondary
fires, that consumed flammable material inside the
vehicles, occurred in the intact and front and side-
impacted cars. The origin of these secondary fires,
that erupted within minutes after initial sparking and
severely damaged the vehicles, appeared to be
flammable material inside the trunk (spare tire) or
cabin (headliner).

Representative test results for ignition tests
Table 5 shows the results for the eight ignition tests
that were conducted on the intact and crashed
vehicles.

Table 5
Matrix and critical data from Task C ignition
tests

Front 15
Impact 118 68 Yes Yes
3 60 82 No No

Intact

60 83 Yes Yes
6 60 84 No No
Rear 12 60 85 No No
Impact 24 60 86 Yes No
48 60 87 Yes No

Side 60
Impact 60 88 Yes Yes

Test 68 was the first test in the series. The leak was
located in the trunk and flowed at a rate of 118 nlpm
for 90 sec. The total hydrogen volume delivered was
177 liters into 3,012 liters, or = 5% of the trunk and
passenger compartment volumes. A hydrogen sensor
was located at 50% height in both the front-passenger
and trunk compartments. The ignition source was a
spark plug (100 J), located a few inches between the
leak in the trunk and the 50% sensor location.

Although neither hydrogen sensor detected a
flammable hydrogen concentration, sparking resulted
in a combustion event more damaging than expected
based on Subtask B testing.

The graph of the concentration vs. time history from
the hydrogen accumulation test 34 at 118 nlpm
(Figure 20 below) may provide some insight into
why the sensors did not detect hydrogen in the
ignition test.

Front Impact (Test 368) Hydrogen Concentration Levels
Flow Rato: 118 Ipm | Leak Location: Trunk | $ensar Location: Trunk

antration (%)

Hydrogen Cone:

Figure 20. Test 34: 118 nlpm trunk leak (Subtask
A)
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Note that at 90 seconds, the trunk sensors detect 0 to
20% hydrogen depending on whether the sensor is at
the 10%, 50%, or 90% compartment height location.
Therefore, though this leak rate provided 5% by
volume, the concentrations were highly variable at
the time of ignition, and locally probably closer to
20%.

The increased confinement of the vehicle, albeit after
impacted (front), when compared to that of the ACS
that was sealed with magnets and tape, appears to
have held pressure generated longer after ignition and
allowed it to build to significantly higher levels. The
resulting overpressure inside the vehicle peaked at
approximately 9 psi, significantly higher than that
generated in the ACS ignition test under the same
flow conditions. In contrast, the heat flux was similar
for tests in both subtasks.

The hydrogen accumulation tests showed that a leak
rate of 118 nlpm into the trunk and passenger
compartments of intact and crashed vehicles over the
course of an hour can result in the presence of
flammable concentrations inside the vehicle in as
little at 90 seconds. Therefore, the remainder of the
vehicle ignition tests in Subtask C sought to
determine the minimum leak rate that could result in
a flammable concentration over the course of an
hour.

Table 5 shows that test number 82, with a leak rate of
3 nlpm for 60 minutes did not result in ignition, but
test 83, with a leak rate of 6 nlpm did. Moreover, in
three of the vehicle ignition tests, secondary fires
broke out due to ignition of interior components.
Figures 21, 22, and 23, show the time line of the
secondary fires that broke out in tests 68, 83 and 88.
These fires originated in the spare tire compartment
(86 and 88), and the headliner (test 83).

Test 68 Timeline

a First  First
Ignition Exhaust Smoke Flame
L M

¥ L Ll 1
0:00 ~3:00 8:33 9:42

Figure 21. Test 68: Secondary fire observed at =
10 minutes

Test 83 Timeline

First First
Ignition Smoke Exhaust Flame
— ' 1
0:00 ~2:07 20:28 24:07

Figure 22. Test 83: Secondary fire observed at =
24 minutes

Test 88 Timeline

e First First
lgnition Smoke Flame
L " N

0:00 ~5:47 12:03

Figure 23. Test 88: Secondary fire observed at= 12
minutes

CONCLUSIONS

The tests conducted in this program were simulations
utilizing conventional vehicles and vehicle compartment
simulators, into which the proposed allowable energy
equivalent of hydrogen was purposefully introduced,
into or around the vehicle. The hydrogen was purposely
ignited to determine whether the outcome presented a
hazardous condition. The study is not indicative of
how a hydrogen fuel system would perform in a crash.
However it does show what consequences could be
expected, should various volumes or concentrations of
hydrogen accumulate within a vehicle in the presence of
an ignition source.

With regard to the objective of determining the safety
of the proposed minimum allowable post-crash leak
rate, data indicate that leak rate is not the most
important metric, but instead the volume of hydrogen
leaked into the automobile compartments to
accumulate locally to 5%, or to a level exceeding the
lower flammability limit of 4%. It appears to be
unimportant if this lower flammability limit is
reached via a low leak after long duration (up to 60
minutes) or a higher leak rate over a very short
duration.

Fire effects varied in terms of peak thermal flux,
overpressure, and vehicle damage. Subtask A
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revealed that hydrogen can remain in an enclosed
compartment for a significant amount of time even
after cessation of a leak. Higher leak rates can reach
steady state concentrations at or above the upper
flammability limit where, in the absence of ignition,
asphyxiation could also become a concern. Lower
leak rates can reach steady state near the
stoichiometric level where detonation can occur.

Subtask B provided data on the combustion effects of
lean, stoichiometric, and fuel rich concentrations of
hydrogen. However, the magnetic and taped seals on
the ACS allowed the panels to bulge and break away,
which likely mitigated the overpressure effects seen
in the actual vehicle tests in Subtask C, which all
utilized only 5% by total volume of hydrogen. Also,
the ACS did not contain any combustible materials
like the real vehicles.

There was a propensity in the Subtask C tests for
secondary fire after the initial hydrogen ignition.
These secondary fires consumed flammable material
inside the vehicles and occurred in both the intact,
front-impacted, and side-impacted automobiles.

The research shows that based on these test results:

e  All accumulation of hydrogen within
passenger compartments should be avoided.

e More than one sensor in vehicle
compartments may be required for alarm
purposes.

e Vehicle devices that vent passenger
compartments upon impact are warranted.

e Flammability tests on fabrics exposed to
hydrogen or hydrogen flames may have
merit.

REFERENCES

[1] CFR 49, Transportation, Chapter V —
National Highway Traffic Safety Administration,
Part 571 — Federal Motor Vehicle Safety
Standards, §571.301

[2] CFR 49, Transportation, Chapter V —
National Highway Traffic Safety Administration,
Part 571 — Federal Motor Vehicle Safety
Standards, §571.303

[3] SAE 2578: Recommended Practice for
General Fuel Cell Vehicle Safety. 1/12/2009

[4] Draft Global Technical Regulation for Hydrogen
Vehicles, http://www.unece.org/trans/doc/2011/wp29
grsp/SGS-11-02e.pdf

[5] Knox, T., S. Mosher, M. McFall., BURNSIM
Version 3.0.2 USER Guide, Document Number
WPAFB88ABW-2009-0309. August 1, 2008.

[6] Test Methodology for Protection of Vehicle
Occupants against Anti-Vehicular Landmine Effects,
Annex H — Supplemental Information on
Overpressure Injury Assessment, NATO 2007,
http://ftp.rta.nato.int/public//PubFull Text/RTO/TR/R
TO-TR-HFM-090///TR-HFM-090-ANN-H.pdf

[7] Altman, J., 2001, Acoustic Weapons-A
Prospective Assessment. Science and Global
Security. Volume 9, pp. 165-234.

[8] Breitung W., et al, 2000. Numerical Simulation
and Safety Evaluation of Tunnel Accidents with a
Hydrogen Powered Vehicle, 13th World Hydrogen
Energy Conference, Beijing, China

[9] Battelle Memorial Institute. Post-crash Hydrogen
Leakage Limits and Fire Safety Research. Test
Report Task Order 3 for National Highway Traffic
Safety Administration. May 2010.

Hennessey 15



CRASH SAFETY OF HYBRID- AND BATTERY ELECTRIC VEHICLES

Rainer Justen
Prof. Dr. Rodolfo Schéoneburg

Daimler AG,
Mercedes Car Group
Germany

Paper No 11-0096

ABSTRACT

Besides the suitability for daily use, sufficient
cruising range, rapid battery charging times and an
area-wide service infrastructure, the crash safety
performance will also play a key role for the
consumer’ s acceptance of electric vehicles. In
particular, the electric energy storages and high
voltage systems are very challenging to the crash
safety performance.

Already in the Mercedes-Benz S 400 HYBRID in
2009, worldwide the first series-production vehicle
with a Lithium-Ion battery, a seven-stage safety
concept has been implemented. It has an extremely
high performance in terms of functional and
operational safety during normal driving and an
outstanding crash performance in any real world
accidents. Similarly, an intrinsically safe packaging
concept has been implemented in all other Mercedes-
Benz Hybrid- and Battery Electric Vehicles, such as
the ML 450 HYBRID, the A-Class E-Cell, the B-
Class F-Cell, and the Smart Electric Drive. All safety
relevant components of the high-voltage system have
been integrated and protected in a safe manner. This
is particularly true for the high voltage battery. The
HV-system has been isolated and protected against
any contacts, and it will be shut-off in any accident.
In the future Mercedes-Benz hybrid- and electric
vehicles, this safety concept will be enhanced
consistently, by utilizing the Mercedes-Benz safety
philosophy of “Real Life Safety”. Its key elements
are:

- A foolproof strategy to cut-off the high voltage in
accidents will prevent any electric shocks.

- A concept of protection zones defines the accident-
proof placement of all the safety relevant high
voltage components along with the highest possible
structural safety.

- Mechanical requirements for HV-components
ensure the electric insulation and shock-proof
protection.

- An integrated safety concept shall prevent any
critical damages to the high voltage battery in case of
high crash loadings.

This paper illustrates Daimler’s concept for crash
safety of hybrid- and electric vehicles.

INTRODUCTION

Driven by severe fuel economy and CO, emission
regulations, the automobile industry experiences a
fundamental change. Undoubtedly, hybrid and
battery electric vehicles will play a major role in the
future individual traffic, with the focus on the
suitability for daily use, sufficient cruising range, and
energy charging time, at reasonable cost. The key to
achieve these goals will be the energy storage
technology, with Lithium-ion batteries as a future
base. Since these new high voltage systems involve
some major challenges with regard to functional
safety and operating safety, foolproofness and crash
safety, an equally important criterion for the
acceptance of alternatively driven vehicles by the
general public will be the same high safety standards
as established for conventional vehicles.
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Some basic requirements to the integrity of the high
voltage system, such as the protection against electric
shocks and the avoidance of fire or explosion of
energy storages after a crash have already been
addressed in the existing and currently discussed
safety standards for alternative vehicles with high
voltage systems (i.e. FMVSS 305, ECE R94/95,
GB/T 18384, Attachment 111). This has been the
base for the development of the Mercedes-Benz S
400 HYBRID, which has been launched in 2009 as
the world wide first series vehicle with a Lithium-ion
battery. As a result, the following seven-stage safety
concept has been implemented:

1. Color-code and contact protection for all high
voltage wiring with amply insulation and special

plugs,

2. High-strength steel housing for the lithium-ion
battery located well protected in the extremely stiff
zone before the fire wall,

3. The battery cells are bedded in a shock absorbing
gel, with a separate cooling circuit and a blow-off
vent with burst disk,

4. Multiple safety interlock to automatically separate
battery terminals,

5. Continuous short circuit and malfunction
monitoring,

6. Active discharging of the high voltage system in
the event of faults or fire,

7. Pyrotechnical tripping of the voltage system in the
event of an accident.

Based on the Mercedes-Benz “Real World Safety”
philosophy, this concept will be enhanced
consistently in the future Mercedes-Benz hybrid and
battery electric vehicles. The key goals will be:

- A high structural safety, based on protection zones
for all high voltage components, surrounded by
deformation zones to manage the crash energy and
specifically programmed to the vehicle concept,
while implementing intelligent light weight design.

- An intelligent integration concept for the high
voltage battery to prevent critical damages even if
directly impacted during a crash.

- The implementing of high requirements to the
mechanical stability of all high voltage components,
combined with an ultimate shock-proof protection by
cut-off and discharge during any accidents.

- The consistent protection of other road users
(compatibility) along with an enhanced
implementation of the new driver assistance and
crash avoidance systems.

‘ehicle S 400 HYBRID | ML 450 HYBRID | B-Class F-CELL | A-Class E-CELL | Smart ED

Type (Mild-} Hybrid | {Full-) Hybrid Fuel Cell Battery Electric | Battery Electric

Wehicle (FCV) Vehicle (BEV) Yehicle (BEY)
Yehicle = = P
| 'S % £:5.75 s
~SE { Py

Battery Front Rear &xle Rear Axle Flaor Floor
Location

Figure 1. Mercedes-Benz hybrid and electric
vehicles.

Figure 1 shows an overview of the actual Mercedes-
Benz alternative propulsion vehicles. The traction
battery of the A-class E-CELL and the Smart Electric
Drive is integrated on the floor of the passenger cell.
In the F-CELL B-class, the hydrogen tank and the
fuel cell stack are located on the floor, while the
small HV-battery is well protected on the vehicle’s
rear axle. While the mild hybrid battery of the S 400
HYBRID is located behind the right wheel arch, the
full hybrid battery of the ML 450 HYBRID is placed
on the rear axle. All these integration concepts
implement the highest possible crash protection in all
accident types.

HIGH VOLTAGE CUTT-OFF IN THE EVENT
OF AN ACCIDENT

The power train of both hybrid and electric vehicles
utilizes high voltages up to several hundreds of volts,
for which severe safety regulations have been
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legislated appropriately. Voltages above 30 V a.c.
and 60 V d.c. respectively are in class B voltage,
which requires already enhanced protection against
electric shock. Nevertheless, the high voltage will be
cut-off from the battery and discharged in Mercedes
vehicles in any serious accidents, in order to reliably
avoid any risks of electrical shocks even at very high
vehicle damages [1]. By opening the battery
contactors, the high voltage must be reduced below
60 V d.c. and 30 V a.c. accordingly in less than 5
seconds. High voltage sub-systems with extremely
high energies in the link will be discharged actively
by a short circuit. Generally, this HV-deactivation is
linked to the crash detection sensors for frontal /
lateral / rear crash and rollover, and the subsequent
activation of the restraint system. Two different
switch-off strategies have been implemented (Figure
2):

Activation of Activation of

Activation of
OCCUpa_nt Pre-Tensioner Airbag 1°t Stage Airbag 2 Stage
Protection
I I ]
Accident Severity (i. e. Frcnfp_
High Voltage I I
Safety

Revers Irreversible

Shock-proof protection

" /
\//

Figure 2. High-voltage cut-off in a crash.

1. In minor severe accidents, i.e. frontal collisions
with activation of the seat belt pretensioners or the 1%
stage of airbags, the high-voltage system will be shut-
down reversibly. After the self diagnosis has not
detected any insulation faults, the HV-system will be
re-activated, and the engine of vehicles still drivable
can be re-started.

2. In any severe accidents (i.e. airbags fully fired in
frontal crash), the HV-system will be cut-off
irreversibly. In this case, a re-start of the engine will
only be possible after a diagnosis or repair has been
conducted at an authorized service station.

CRASH PROTECTION ZONES FOR HV-
COMPONENTS

Extremely important for the safety performance of
battery electric and hybrid vehicles in any real world
accidents is the well protected placement of all safety
relevant components. This is particularly true for the
high voltage battery which must not be damaged
even in very severe accidents resulting in any crucial
cell damages or a loss of protection against contact.
In order to define the protection zones for the best
possible integration of energy storages, a specific
study was conducted [2] by analyzing the damages of
approx. 9000 vehicles involved in severe real world
accidents, using the German In-Depth Accident
Study (GIDAS) data base [3]. For each vehicle, the
deformations in the lower vehicle (floor) level were
plotted in a standardized 2-D grid. By consolidating
the resulting deformation matrix with the accident
frequency and severity, the probability of the
deformation of each vehicle cell in any crash type can
be evaluated accordingly. Figure 3 compares the
resulting deformation matrix of a station wagon with
the vehicle intrusions in the standard crash tests.

— Frontal Crash 0° 156 kph (FH) Rear Crash 70% 180 kph (H) —
|

— Frontal Cras7h 30° 150 kph (FN) / MDB Side 27° 1 54 kph (SW) \

Rear Crash 50% 185 kph (HD) —

| \
L Frontal Crash 40% /64 kph (FD) —— Lateral Pole Crash 75° /32 kph (SM) E.g Type
Station Waggon

Figure 3. Comparison of vehicle intrusions in real
world accidents and crash tests.

Based on this deformation probability matrix, three
deformation zones have been specified for the safe
location of high voltage components (Figure 4):
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rotection Zne # 1: Minor Vehicle Damages
without Activation of any Restraint Systems

% Protection Zone # 2: Medium Frontal Crash with
A Activation of Belt Pre-Tensioner / Airbag 1% Stage
Protection Zene # 3. Intrusion in Standard Crash

Tests (Installation of Energy Storages)

Figure 4. High voltage safety protection zone
concept.

Protection Zone 1: The outside deformation area
which is already damaged in minor collisions without
any activation of the restraint system is a keep-off
zone for any HV-components. If (for whatever
reason) the location of a HV component in this area
were unavoidable, it must be well protected against
any damages in minor or serious accidents, and the
high voltage wiring must be coated additionally.

Protection Zone 2: Areas deformed in medium severe
frontal collisions characterized by firing the belt
pretensioner or the 1% stage of the airbag require
enhanced protection against contact according to
class IPXXB with a test finger of a diameter of 12
mm (Figure 5).

Housing stability of Cleading of HV-
HV-components cable

Figure S. Contact protection of HV-components

Protection Zone 3: The preferred zones for the
location of high voltage systems are not damaged in
the standard crash tests, and only with a probability
of less than 2 % in real world accidents. Areas
deformed in the standard crash tests should be
avoided.

THE CRASH SAFETY OF HIGH VOLTAGE
BATTERIES

The current safety standards of high voltage batteries
address the chemical and thermal performance of
battery cells during mechanical loads, i.e. pressure
forces and intrusion. Due to the high loads, the cells
will be damaged typically, with the result of
electrolyte leakage. Undisputed the fact that these
cell tests are crucial for the design of HV-batteries,
they do not represent the typical loads to the battery
during crash or even in severe real world accidents
[4,5, 6]:

- Crash simulations indicate that the maximum loads
applied to the battery rarely exceed 200 kN. The key
reason for this phenomenon are the indirect, multiple
and distributed load paths of the crash propagation:
i.e. the battery protecting cage and the surrounding
vehicle structure may absorb energy, the battery may
move and dodge, the battery mounting and housing
may be deformable, and other compliances and
reinforcements may cushion the peak loads to the
battery.

- The forces specified in the current battery standards
(i.e. SAE J2464), i.e. the thousand fold of the battery
weight is not high enough to achieve the 50 % battery
crush (of the battery dimension) targeted; even the
small 20 kg battery of a mild hybrid vehicle battery
will be crushed only by approx 11 % with a static
load of 200 kN.

- Another crucial difference of crash loads versus
quasi-static tests is the time scale: due to the very
short period of the whole crush of approx 100 ms (the
blink of the eye) peak loads are applied only for
milliseconds. Same as any component, the battery
withstands much higher short-period dynamical
forces than the maximum static loads.
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Figure 6. Test set-up of dynamic battery impact.

In order to assess the safety performance of HV
batteries in severe crashes more realistically,
Mercedes-Benz has conducted a comprehensive
series of dynamical crash tests with all types and
sizes of HV-batteries currently used in the current
Mercedes-Benz hybrid and electric vehicles (Figure
6). In order to implement the highly dynamical crash
loads as realistically as possible, the loads were
applied in dynamic impact tests simulating all the
dynamic and acceleration effects and resulting
inertial forces. The load profiles were derived from
both the relevant vehicle crash for each battery type,
and from the maximum loads achieved in quasi-static
battery tests. If the battery was impacted in the crash,
the deformation energy was evaluated by crash
simulation, and the equivalent kinetic energy was
applied in the dynamic base test. If the battery was
not impacted, similar loads as in the standard quasi-
static battery tests were applied with respect to
battery intrusion and maximum force. For reasons of
comparability, similar energies of 3-6 kJ were
applied in all base tests. In further tests, the crash
energy was increased significantly (between 1.5 to
three times). The test program with the load
specification is shown in Figure 7.

Battery Type | Mild-Hybrid F-CELL Full-Hybrid BEY

[Li-ion) (Li-ion) (MiMH) (Li-ion}
Battery Data | 0,8 kih, 1,4 kiWh, 2,4 k'ih, 14 kWwh, 1
24 kg 48 kg 83 kg 48 kg
Test # 1 B1 A1 A1, A2 A2
3,5kl 3K &k) &k]
Test #2 B1 B1 B1 &2
(2 50% Load | 56k 2k ok ok|

increasing)

Figure 7. Dynamic battery test series .

The results (Figure 8) are discussed in detail in the
ESV-paper “Crash Safety Aspects of HV Batteries
for Vehicles” [7]. Despite the extremely high loads
and the resulting major battery intrusions above the
values measured in the relevant crash tests, no
thermal or electric reactions occurred, and the shock-
proof protection was ensured. No short circuits, no
electrolyte leakages, no fire or even explosion
occurred in all tests. Given the very realistic test
method along with the loads applied being much
higher than in very severe accidents, an extremely
high crash safety performance could be demonstrated
for all batteries.

F RN . : Fuel Cell
Mild Hybrid - Full Hykbrid

Figure 8. Crash characteristics of traction
batteries.

It is also obvious from the test results that the current
test standards for high voltage batteries, based on
quasi-static tests, do not reflect the mechanical loads
experienced in the dynamic crash tests conducted.
This is true for the specification of a minimum crush
of the battery package, and it is even more for the
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correlation of the maximum load to the battery
weight. As a result, these standards must be modified
appropriately.

INTEGRATED SAFETY CONCEPT FOR HV-
BATTERIES

Although it must be the ultimate goal to locate the
HV-battery in a well protected zone as described
above, this will not always be feasible in all vehicles,
and under all circumstances. This is particularly true
in small electric vehicles with traction batteries of the
dimension of approx 1200 x 500 x 200 mm, or if
more than one battery will be needed to achieve a
satisfactory cruising range. On the other hand, the
dynamic crash tests described above have proven that
HV-batteries can withstand very high crash impacts
without any severe damages. And severe crash tests
with different vehicle sizes, different battery types
and sizes, different battery integration concepts and
locations have shown that an equally high crash
safety performance can be achieved by implementing
an intelligent safety integration concept which takes
into account the following relevant criteria:

- The safety performance of the battery materials, the
chemistry of the cells in particular, i.e. the electrolyte
and material of the anode and cathode.

- The battery stability, in particular the enclosure
material, interior expansion space and deformation
zones, appropriate arrangement of the connectors of
the electronics and of the cooling ports.

- The battery protection, i.e. a stiff cage around the
battery, reinforcements in the surrounding vehicle
structure.

- The battery integration, such as a programmed
compliance in the mounting, clearances for battery
movement, no block building, staggered arrays.

- The safety performance of the battery in the crash
tests, i.e. battery impact, maximum crash loads,
battery intrusion or damage.

- The ultimate mechanical loads to the battery in the
static and dynamic battery tests, i.e. enclosure cracks,
electrolyte leakages, short circuits, fire explosion.

CONCEPT OF STRUCTURAL INTEGRITY
AND CRASH COMPATIBILITY

Due to the changes in the power train and energy
storages, the packaging of the traction battery in
particular, alternatively driven vehicles are exposed
to major challenges in the crash performance such as
the stability of the vehicle structure and the related
occupant protection. This is particularly true for the
compatibility in a collision with other road users such
as a (smaller / bigger) car, a cyclist or pedestrian. In
addition to the compatibility features of conventional
vehicles, the mass ratio, the structural stiffness ratio
and the geometric suitability, some additional
challenges have to be addressed. One specific focus
is on the avoidance of collisions with pedestrians and
cyclists due to the missing engine noise of electric
drives, where even a new regulation is under
discussion. Another aspect is the hazard to 3 parties,
rescue people in particular, due to damages of the
high voltage system in an accident, and the
potentially resulting electric shock, electrolyte
leakage, vehicle fire or even explosion. As a result,
the enhanced implementation of the new crash
avoidance technologies will play a major role in
improving the safety performance of alternative
vehicles.

In the actual vehicle population, a maximum mass
ratio of 1:2, and the resulting inverse ratio for the
velocity change of the two vehicles in the collision,
can be managed in today’s advanced occupant
protection system. With future alternative vehicles in
the exposure, this ratio may potentially increase up to
4:1 since on the one hand, the weight of small electric
vehicles must be reduced significantly in order to
increase their cruising range. Oh the other hand, the
weight of hybrid cars such as big limousines or SUV
will increase due to the additional traction battery and
electric drive. The management of the resulting delta
V’s in car-to-car collisions through the restraint
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system, in order to achieve tolerable occupant
loadings, will be a major challenge.

With regard to the structural and geometrical
compatibility of hybrid and electric vehicles, a
particularly important aspect will be the well
protected integration of the high voltage systems in
vehicle areas which will not be damaged in any
severe accidents. Another focus is the energy
absorbing crush zones which must be programmed
specifically to the packaging concept of the vehicle’s
key components. Table 1 shows the impact of the
different alternative vehicle concept on the crash
performance.

Table 1.
Impact of alternative propulsion concepts on
crash performance

m Key Aggregates Crash Safety Performance *

Hybrid: Big Combustion Engine FRONT: Similar CRASH PULSE: Adverse

Mild Small Electric Motor SIDE: Similar COMPATIBILITY: Adverse
oder Small HV-Battery REAR: Slightly INTRUSION: Similar
Plug-in Big Fuel Tank Reduced
Small 12 V Batterie
E-Cell Big Electric Motor FRONT: Higher CRASH PULSE: Favorable
BEV Big HV-Battery SIDE: Less KOMPATIBILITAT: Favorable
Plug-in REAR: Slightly INTRUSION: Less in Side
Reduced Impact
E-Cell Big Electric Motor FRONT: Similar CRUSH PULSE: Favorable
Plus Medium HV-Battery SIDE: Similar COMPATIBILITY: Favorable
Range Small Engine REAR: Slightly INTRUSION: Less in Side
Extender Small Fuel Tank Reduced Impact
Plug-in
Fuel Cell Electric Motor FRONT: Similar CRUSH PULSE: Favorable
Stack SIDE: Similar COMPATIBILITY: Favorable
Oxygen Tank REAR: Reduced INTRUSION: Less in Side &
Medium HV-Battery Rear Impact

* Compared to conventional vehicle

The elimination of the conventional combustion
engine in battery electric vehicles will enable new
crush zones in the vehicle front. On the other hand,
the integration of the relatively big and sensitive
traction battery will require very stiff areas which
must not be deformed in a crash in order to protect
the battery. An obvious area for the battery is the
vehicle floor, thus killing two birds with one stone:
Since the passenger cell must be designed extremely
stiff for the occupant protection in order to prevent
any major intrusions (“safety cage”), a stiff vehicle
floor along with very solid rocker panels will also
enable a very high protection of the battery from any
damages in severe crashes. In electric vehicles with a
small combustion engine as a range extender must
take into account the packaging of the engine and the
fuel tank in the vehicle rear. Accordingly, the stack
and the hydrogen tank of fuel cell vehicles will be
placed on the vehicle floor, while the relatively small

high voltage battery as an energy buffer will be
located well protected above the rear axle.

The BlueZERO concept for the future alternatively
driven Mercedes vehicle generations will be based on
a flexible modular safety packaging concept, as
shown in Figure 9. The sandwich floor already
realized in the A- and B-class will house the different
energy storages as needed, and the space above the
rear axle may be used for any additional components
which must be protected in vehicle crashes. As a
result, all variants of battery electric vehicles, even a
gas fueled engine fueled can be implemented on this
platform.

Concept BlueZERO E-CELL PLUS

Al the prinipal drive SOME0HENLE are
sccommadated in the ssndwich fioar,

As & result, the BlueZERD E-GELL PLUS
s a fullyfledpod five-seater with a
luggage compartment capacity
ol mere than 500 Bires.

Exart mater | g vettage basrory

Faet rr Comsstion asghe
frangs sxtmnder)

Figure 9. Concept BlueZERO.

OPPORTUNITIES FOR ENHANCED CRASH
AND OCCUPANT PROTECTION IN HYBRID
AND ELECTRIC VEHICLES

A major roadblock for the consumer acceptance of
electric vehicles is their still very limited cruising
range. As a result, by utilizing the formula “Less
Weight = Less Energy Consumption = Smaller
Traction Battery = Lower Vehicle Cost”, consistent
light weight design will be a key to the success of
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electric vehicles in the market. Due to the high cost
of HV batteries (i.e. 1000 € for a 100 kg battery), an
additional 10-15 € could be spent for each kg vehicle
weight reduction without a significant increase of the
vehicle cost [8]. This may push a break-through of
light-weight design in electric vehicles, enabling new
materials and technologies which have been too
expensive for conventional vehicles, even exotic
carbon fibers (Figure 10).

Figure 10. Vehicle body with carbon elements.

Since the traction battery may amount for up to 20 %
of the total vehicle weight, a specific focus should be
on weight reduction measures, such as utilizing the
vehicle floor itself to house the battery.

Given the partially more difficult crash performance
of alternative vehicles, another important aspect to
enhance the safety performance will be the consistent
implementation of the new crash avoidance and
driver assistance systems. This is particularly true for
the Mercedes-Benz PRE-SAFE systems which can be
significantly improved by utilizing the high electric
power available from the high voltage batteries. One

example is the motorized seat belt which, with the
current 12 V power supply, is limited in both the
pretension times of minimum 100 ms, and the belt-to-
occupant retraction force of maximum 200 N. With
the power of 400 V, this performance data could be
easily increased to less than 10 ms and up to 800 N.
This would not only allow to use motorized seat belts
also in the event of a crash and thus to eliminate the
pyrotechnical seat belt pretensioners, but also to pull
an occupant “out- of-position” back into the seat
backrest. This would be a major benefit in many real
world accidents where the occupants are no longer in
the ideal back position due to a forward movement by
emergency braking, vehicle spinning or minor
impacts preceding the most severe crash.
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ABSTRACT

Fully electric vehicles are being introduced to the
passenger car market in addition to the already popular
hybrid vehicles. There are existing and proposed
standards for the design of these vehicles to reduce the
risk of occupants and rescue personnel being exposed
to hazards such as corrosive chemicals, toxic fumes,
fire and electric shock in the event of a crash. Some
manufacturers are understood to be working with
rescue organisations to develop appropriate procedures
for dealing with these crashes.

New Car Assessment Programs (NCAPs) have
subjected several petrol-electric hybrid vehicles to the
64km/h frontal offset crash test, 50km/h barrier side
impact test and the 29km/h side pole test. No problems
with the electrical systems or batteries were
encountered. These tests have generally involved
vehicles with lead-acid or NiMH batteries. Lithium-ion
batteries are becoming popular and these might
introduce different hazards for crash-test and rescue
personnel.

In October 2010 a research crash test of an electric car
with a Lithium-ion battery was conducted by
Australasian NCAP and Japan NCAP. Additionally,
Euro NCAP has also assessed a number of vehicles
powered by Li-ion batteries. This paper reviews the
safety hazards and outcomes associated with those
tests and provides draft advice for crash test and rescue
organisations.

INTRODUCTION

The Australasian New Car Assessment Program
(ANCAP), US Insurance Institute for Highway Safety
(ITHS) and Euro NCAP have conducted 64km/h frontal
offset crash tests since the mid 1990s. Japan NCAP
and Korean NCAP also conduct this test. These
organisations have also conducted 29km/h side pole
tests on many vehicle models.

Almost all the tested vehicles have had conventional
fuel systems (petrol or diesel). There have been several

cases where there has been a fuel leak due to
disruption of fuel lines or rupture of the fuel tank. Out
of hundreds of crash tests ANCAP has experienced
one minor fire, where an electrical short ignited some
foam plastic insulation near the crushed radiator.
Another post-crash hazard from conventional vehicles
is leakage of battery acid.

Fully electric and electric hybrid vehicles potentially
introduce new types of post-crash hazards. This paper
reviews those potential hazards and provides advice
for minimising risks. It is stressed, however, that
experience with electric vehicles is limited and that
this advice will need to be reviewed as more
information  becomes available. It is also
acknowledged that vehicles manufacturers have put
considerable resources into developing safe and
reliable electrical systems for the current generation of
electric vehicles. A serious incident involving a
lithium-ion car battery is considered to be highly
unlikely but it is important that crash test organisations
and rescue organisations understand and are prepared
for the potential hazards.

ELECTRIC VEHICLE TECHNOLOGY

Electrically-propelled automobiles have been in use for
more than a century:

“Stored electricity finds its greatest usefulness in
propelling cars and road vehicles, and it has been for
this application, primarily, that the Edison storage
battery has been developed. Mr Edison saw that there
are two viewpoints: that of the electrical man with his
instruments, his rules of efficient operation and
reasonable life of the battery, his absolute knowledge
that the same care should be given a vehicle battery
that is given a valued horse or even a railroad
locomotive; and that of the automobile driver, who
simply wishes to go somewhere with his car, and who,
when he arrives somewhere, wishes to go back. And in
the long-promised storage battery the highly practical
nature of Edison’s work is once more exemplified in
that he has held uncompromisingly to the
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automobilist’s point of view.” (Scientific American,
January 1911)

However the popularity of electric vehicles soon
declined when electric batteries could not match the
price and energy density of petroleum-fuelled vehicles.

Electric hybrid vehicles were developed in response to
environmental concerns and the desire to reduce fuel
consumption for many modes of driving. Most current
hybrid models have had Nickel-Metal Hydride
(NiMH) storage batteries. Several of these models
have been crash-tested by NCAP organisations and no
problems associated with the electrical systems have
been encountered. Furthermore, rescue organisations
have developed procedures for dealing with crashes
involving vehicles with NiMH batteries. Some
procedures are model-specific and have been
developed in consultation with vehicle manufacturers.

More recently lithium-ion (Li-ion) batteries have been
increasingly used for electrical storage — particularly in
all-electric vehicles. Li-ion batteries are commonly
used in laptop computers and they received somewhat
negative reputation due to some fires associated with
aircraft travel in the late 1990s.

The US Federal Aviation Authority investigated laptop
computer fires in the early 2000s (Webster 2004). It
points out that laptop batteries are composed of several
cells and it is typical for one cell to ignite first. The
aim is to extinguish the flames and prevent the other
cells from igniting. The recommendation is to
extinguish the flames with a Halon 1211 extinguisher
then douse the computer with water. Smothering with
ice or other covering should be avoided as this causes
the heat to build up and ignite adjacent cells.

Figure 1. Frame from an FAA video
“Extinguishing in-flight laptop computer fires”

Dousing with copious amounts water does appear to be
successful in these cases but it does contravene the
normal advice that water should not be used on lithium
fires — since lithium can ignite when it contacts water.

LITHIUM-ION VEHICLE BATTERIES

Li-ion vehicle batteries are much more sophisticated
than laptop computer batteries. There are numerous
levels of automatically isolating stored electrical
energy and they have inbuilt cooling systems to
prevent heat build-up under most foreseeable
circumstances.

Severe testing of Li-ion car batteries has been
conducted:

Sandia National Laboratories’ Battery Abuse Testing
Laboratory, which has become the de facto automotive
battery-testing shop in the U.S. The lab heats, shocks,
punctures and crushes batteries to see how safe they
would be in crashes and extreme operating conditions.

When lithium-ion cells first came to the laptop market,
“the active materials were very energetic. There were
some significant field failures,” notes Chris Orendorff,
the battery lab’s team leader. The usual cause was
thermal runaway, a chemical reaction that could start
from excessive overheating, then potentially cause a
cell to catch fire or explode. Although even extreme
driving conditions are unlikely fto trigger those
problems, a crash could, and so could a sudden
overcharge - for example, if lightning struck a
charging port while a car was being recharged.

Small tweaks in chemistry can make a large difference
in how well battery packs resist overheating or
exploding. “Half a dozen different chemistries are still
being considered as viable” in terms of performance
and safety, Orendorff says. Sandia is seeing more
designs with lithium iron phosphate cathodes, for
example, because they stay cool and suffer little
degradation over time. Additionally, batteries with
anodes made from lithium titanate seem less likely to
overheat even under hot driving conditions.
Electrolytes containing different lithium salts are still
being tested for greatest stability, too. Manufacturers
are also testing a variety of mechanical safety features
similar to measures developed to prevent thermal
runaway in laptop lithium batteries. (direct quote from
Fischetti 2010)

Orendorff (personal correspondence) further advises
that Sandia has studied Li-ion batteries under various
mechanical abuse conditions, including full battery
crush (probably the most relevant to a crash scenario).
The biggest concern with these systems is the
uncertainty about the battery state-of-health after
mechanical abuse. Sometimes connectors can be
broken and communication is lost to a part of all of the
battery with an unknown amount of energy remaining
in the system. Handling and disposal become a
significant concern.
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Issues related to battery failure upon abuse would be
evidence of venting, leaking electrolyte (carbonate
solvents are highly flammable), thermal hazards
(Sandia observed battery temperatures in excess of
1200 C for high order thermal runaway upon failure)
and particulate hazards.

TUV SUD Automotive in Germany has also conducted
impact testing of Li-ion car batteries. Figure 2 shows a
test rig with a cylindrical impactor. Dr L Wech
(personal  correspondence) advises  that  the
organisation carries out tests that simulate severe
deformation of the battery pack in a crash. They use

Figure 2. Li-ion battery impact test to be conducted
by TUV SUD

different geometrical forms of the impactor, different
masses of the impactor and different impact velocities.
Tests are performed in the open air. Staff are equipped
with protective clothing and trained fire-fighting
personnel are available. The temperature inside the
battery is monitored during the tests and for a long
time after the test.

CRASHES THAT MIGHT CHALLENGE
BATTERY INTEGRITY

ANCAP and Euro NCAP have conducted 64km/h
offset crash tests of the Mitsubishi i-MiEV electric car.
No problems with the battery or high-voltage electrical
system were encountered in either crash test and the
automatic safety systems operated as designed. In the
ANCAP tests (conducted at JARI in Japan) the peak
vehicle body deceleration was 38g, measured at the
base of the driver-side B-pillar. This deceleration is
typical for a small car in this type of crash test (Paine
2009).

Euro NCAP also conducted a 29km/h pole test of the i-
MiIEV. Again no problems with the battery or high-
voltage electrical system were encountered. However,
Figure 7 illustrates that the vehicle body deformation
came close to the exterior of the battery pack, which is
mounted under the rear floor.

MITSUBISH! ey
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Figure 3. 64km/h offset crash test conducted by
JARI for ANCAP

Figure 5. Visual indicator of active high voltage
used by JARI during the ANCAP crash test

The 29km/h pole impact test places severe demands on
the vehicle structure. The majority of casualty crashes
involving side impacts with narrow objects occur at
impact speeds no more than this (Otte 2009). However,
higher speed impacts do occur in real-world crashes
and it is appropriate to consider the possible
consequences of such a crash.
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Figure 6. Overhead view at peak of 29km/h pole ] ' )
impact test of an i-MiEV (Euro NCAP) Figure 8. ANCAP research crash test at 50km/h
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Figure 9. Underside of 50km/h vehicle. The yellow
rectangle shows the approximate location of the
rear floor area.

Figure 7. Post-crash underside view of vehicle
deformation. Battery pack is under the plastic panel
at left (Euro NCAP)

ANCAP recently conducted a research crash test
where a medium size (non-electric) sedan was
subjected to a side pole crash test with the impact
speed increased to 50km/h. A side pole test at 29k/h
had already been conducted and so the vehicles could
be compared. Figures 8-11 show the comparisons.

It is evident that there is substantially more intrusion in
the 50km/h impact, including the rear floor area,
compared with the 29km/h impact. Of course, no
battery was present in this test and so no conclusion
can be drawn about the likelihood of battery damage. Sl T N, D :
However the test does suggest that further research \ - A— . "g"_‘

should be conducted into this mode of crash with 29km/h $\ =% =4

electric vehicles.

. . . Figure 11. Underside of 29km/h vehicle. Rear is to
AS50km/h side pole impact is a very severe crash and the right.

there is a high likelihood of occupant fatality (based on
Otte 2009). The main concern with electric vehicles is
the potential danger to rescuers and other road users.
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In a multi-vehicle crash the other issue to consider is
the risk of the other vehicle catching fire and the fire
spreading to the electric vehicle. Digges (2009) reports
that in 1% of vehicle fatalities in the USA fire is
recorded as the most harmful event. Fires are recorded
in 0.2% of NASS cases (weighted). A provisional
assessment is therefore that the probability of an
electric vehicle with an Li-ion battery colliding with a
conventional vehicle that catches fire is extremely low.

POST-CRASH PROCEDURES

The Appendix sets out possible procedures for dealing
with crashes involving vehicles with Li-ion batteries.
This is based on a review of available documentation
from  manufacturers and emergency rescue
organisations. It was found that information was
somewhat sketchy and was sometimes contradictory.
Some examples are given below.

Vehicle manufacturer A: "In case of vehicle fire,
inform fire department immediately and start
extinguishing the fire if possible.

1) By fire extinguisher. Use the type of fire
extinguisher which is suitable for flammable liquid or
electrical equipment fires.

2) By water. NEVER EXTINGUSH BY
SMALL VOLUME OF WATER. It is quite dangerous.
This is only possible if you can use a large volume of
water (e.g. from fire-hydrant), otherwise wait for
fire department to arrive on the scene."

Vehicle manufacturer B: "In case of vehicle fire,
contact the fire department immediately and extinguish
the fire if possible... In case of extinguishing fire with
water, large amounts of water from a fire hydrant (if
possible) must be used. DO NOT extinguish fire with a
small amount of water. Small amounts of water will
make toxic gas produced by a chemical between the
Li-ion battery electrolyte and water. In the event of
small fire, a Type BC fire extinguisher may be used for
an electrical fire caused by wiring harness, electrical
components, etc. or oil fire"

A manual for vehicle rescuers: "Do not use water or
foam to extinguish lithium-ion battery fires. Extinguish
lithium-ion battery fires with dry sand, sodium
chloride powder, graphite powder, or copper powder.
Copious amounts of water and/or foam can be used on
electric vehicle fires with no danger to response
personnel of electrical shock. Cleanup lithium-ion
electrolyte  spills with dry sand or other
noncombustible material and place into container for
disposal."

CONCLUSIONS

Further research should be conducted into the
robustness of Li-ion batteries in a crash situation. In
particular, investigation should consider the types and
severities of crash that can be expected to place severe
demands on in the in-built safety systems of electric
vehicles and their batteries.

Further research is also needed to develop appropriate
and consistent post-crash procedures for dealing with
electric vehicles, including fires. A draft for such
procedures is provided in the Appendix.

In the case of crash test organisations, there are several
extra pre-crash arrangements that should be put into
place in preparation for an electric vehicle crash test
(also set out in the Appendix). Based on this initial
research, consideration should be given to having
available special fire-fighting equipment, as well as
thermal imaging equipment, to remotely check for hot-
spots around key vehicle components, and a gas
monitor to check for flammable or toxic gases) near
the crashed vehicle.
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APPENDIX - DRAFT PROCEDURES FOR CRASHES INVOLVING ELECTRIC VEHICLE WITH
LITHIUM-ION BATTERIES

Caution: There are inconsistencies in the referenced advice for dealing with fires that involve lithium-ion batteries.
Further research is necessary to resolve these inconsistencies. The following procedures are provided as a basis for
development of an international procedure for this purpose and are not intended to be applied in real-world
situations in their current form.

PRE-CRASH PREPARATIONS

1) Train staff in use of a (recommended) thermal imaging equipment to locate hot spots in the vehicle after the crash
2) Train staff in use of a (recommended) gas monitor unit for detecting flammable and toxic gases

3) Conduct a trial run of manufacturer's rescue manual, including operation of the (manual) battery isolation switch,
backup procedures (if any) if the isolation switch is not operable (e.g. due to crash damage), identification of high
voltage components, identification of battery fluid leaks and external battery damage and, if available, procedures to
safely discharge the battery (which should be fully charged for the crash test)

4) Measure the electrical resistance at key points, in accordance with ECE/TRANS/WP .29/2010/122 (the same
points are also measured after the test, when the vehicle has been declared safe for post-crash assessment). Also fit
an external indicator in a prominent exterior location (such as the C-pillar) to show when the high voltage circuit is
active.

5) Assess evacuation routes for all personnel who will attend the crash test. From every observation area there must
be an evacuation route that does not involve approaching the crash test area. Also determine evacuation assembly
points and head-count procedures.

6) Train appropriate staff in fire fighting procedures and ensure there is suitable fire-fighting equipment, including
high volume water hoses that will reach the crash test area and protective clothing/equipment.

7) Develop and implement a plan for containment of leaked hazardous fluid

8) Notify local emergency services of the proposed crash test date and time and provide them with necessary
information, including the circumstances under which they might be summoned (see flow chart). Where possible,
emergency service personnel should attend the crash test (this can be useful experience for these personnel).

9) Notify the vehicle manufacturer and determine a contact person with appropriate technical knowledge who will
be available (preferably in person) at the time of the crash test

10) Prior to the crash test inform all observers about the potential hazards (fire, smoke, toxic gases, hazardous
liquids), the signal for evacuation, the evacuation routes and the assembly points

POST-CRASH PROCEDURES

The draft flow diagram overleaf indicates the step to be taken to ensure that it is safe to conduct a post-crash
inspection of the vehicle.
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CRASH PROPOSED PROCEDURE FOR ELECTRIC VEHICLES
CAUTION: THIS IS A DRAFT PROCEDURE AND SHOULD
NOT BE USED IN REAL CRASHES
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ABSTRACT

Managing the vehicle level trade-offs between motor
vehicle safety performance consequent to the
application of new injury control technologies and
the potential increasing mass effects consequent to
application of those technologies on the one hand,
and the needs and desires for increased fuel economy
through reduction in vehicle mass on the other hand,
is a complex and vexing challenge. Historically,
most studies of vehicle safety performance and fuel
economy have focused upon the collision injury
performance of vehicles as a function of vehicle
mass. This study examines the connection from a
somewhat different perspective by examining vehicle
level attribute data (price, mass, and fuel economy)
from both public and commercial sources for changes
that register at a make/model level in the model years
in which newly emerging safety technologies have
been made standard.

The installation of injury mitigation technologies
over the period 1998 through 2010 has been studied
at the make/model/model year level for base or near-
base model vehicles sold in the United States. The
introduction and application of 28 safety technologies
has been collected from multiple automotive
reporting services (including: edmunds.com, Ward’s
Automotive, msn.com, iihs.org, and safercar.gov). A
census of technology presence has been tabulated by:
technology, manufacturer, make, model, model year,
body style, and technology presence as standard or
optional equipment. Corresponding base vehicle
price, mass and fuel economy data have also been
tabulated using publicly available sources for such
vehicle level attribute data. Unique vehicle
make/model combinations were paired for model
years immediately prior to the installation of a new

emerging safety technology and the model year of
first standard installation of the particular technology.
This also includes models for which a technology
was optional and then became standard equipment.
Changes in the vehicle level mass, price, and fuel
economy were calculated and tabulated for multiple
specific technologies and the change results are
presented herein.

INTRODUCTION

A considerable variety of factors influence the safety
content of vehicles. These include regulatory
activity, customer demands, safety initiatives by
individual manufacturers, manufacturers’
competitiveness and safety concerns, etc. New
technologies usually cannot be simply added into an
existing vehicle architecture without extensive re-
engineering of multiple vehicle level systems and
sometimes major reconfiguration of manufacturing
facilities for components and vehicle assemblies.
Market acceptance, affordability, supply chain
capacity and capability, indeterminate safety
technology effectiveness, and uncertainties over
possible unintended consequences are all factors that
limit the rapidity of injury mitigation technology
insertion into the stream of commerce.
Consequently, injury mitigation technologies tend to
propagate in a consistent pattern with a low initial
penetration rate, often appearing as optional features
and then gradually becoming standard features on a
greater proportion of the new vehicle fleet in
successive years. This pattern was characterized and
reported upon in Lange, et al. [1] for a multiple
injury control technologies.
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SAFETY TECHNOLOGIES

Safety or injury mitigation technologies were
selected based on their suitability to the analysis.
Technologies with limited data sets were avoided.
The technologies included in this study are:

e Anti-Lock Brakes (ABS) - on all four wheels.

e Dynamic Head Restraints - includes all systems
of varying complexity that move the head
restraint in response to a collision.

e Energy Management Feature - refers to seat belt
load limiting devices.

e Head Airbag - includes all types of airbags for
side impact head protection.

e Pretensioners - seat belt devices that apply
tension to safety belt webbing and take up belt
slack early in a collision to couple the occupant
to the vehicle center of mass early in a crash to
lengthen the ride down time for energy
absorption.

e Side Airbag - includes all varieties of side impact
airbags and deployment locations.

e  Stability Control - computer controlled system to
prevent the loss of or restore control over a
vehicle by way of sensors and application of
brakes, steering, and other vehicle systems.

e  Tire Pressure Monitoring System (TPMS) -
monitors all four tires and indicates when a
default low pressure is reached, audibly and/or
visually.

PRICE, MASS, AND FUEL ECONOMY

Vehicle price, mass, and fuel economy were obtained
from electronic versions of Ward’s Automotive
Yearbooks. The data includes multiple variants and
trim levels for vehicles sold in the U.S. Safety
features specified in the Ward’s data were matched
with the price, mass, and fuel economy data. Data
regarding some of the injury mitigation technologies
in this study were only available from NHTSA’s
Safercar database. This resource includes both crash
testing data as well as manufacturer submitted survey
data for multiple injury mitigation technologies that
are of interest to the National Highway Traffic Safety
Administration (NHTSA). Some data was collected

from motor vehicle manufacturers’ websites and the
websites of Edmunds and MSN Autos.

Although data is available for pickup trucks as well
as other light duty vehicles, pickup trucks are
excluded from this analysis as variation in body style
and bed length confounds the selection of consistent
year on year vehicle model level pairings that are
necessary for the analyses discussed herein.

CALCULATIONS

After matching mass, fuel economy, and price to a
specific injury mitigation technology, an analysis was
performed to match closely related trim levels in
successive years in which the technology became
standard in the second year. Often, it was preferable
to use pairings where a technology was optional one
year and standard in the next. The key vehicle
parameters are based on the optional technology not
being present, so it is a good indicator of the
association between the technology’s presence and
change in the key parameters of this study. When
patterns of insertion were unclear or there was doubt
over the sampling, the vehicle model was excluded
from these analyses. Thirty to sixty matched vehicle
pairs resulted per application for each technology
from which fleet wide changes in the key parameters
of vehicle mass, fuel economy and price were
calculated.

The engine size and drive configuration were closely
controlled to minimize influence on increases in
price, mass, and fuel economy. These are typically
the most influential factors in changes in all three of
these characteristics, and can have a significant
impact on all three in the same model year. While
some trim levels changed in name each year, the
closest applicable trim level was applied in the
subsequent year from a price standpoint as required.
Occasionally, a one year jump in model years was
acceptable if the correlation was better between the
trim levels. Manufacturers also will skip a model
year on occasion, for example, continuing to sell a
2007 model year vehicle into 2008 and then
introducing the 2009 model year vehicle at the end of
2008 with no production of a 2008 model year
vehicle.
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Differences for each matched vehicle pair were
calculated and have been plotted for each vehicle
characteristic and each injury mitigation technology.
Distributions by technology were plotted for each
characteristic using boxplots. The lower and upper
limit values of a box represent respectively the 25™
and 75" percentile points for the parametric
distribution. Points plotting above or below the
vertical lines extending from the boxes are outliers,
i.e., changes unusually high or low with respect to the
collected data sample. Statistics for the distribution
of the change in price, mass, and fuel economy
corresponding to each of the injury mitigation
technologies studied were calculated and reported.
Statistics calculated are: mean, standard deviation,
minimum, first quartile (25th percentile), median,
third quartile (75" percentile), and maximum.

As many different factors that are not considered in
this analysis can affect major changes in the vehicle
parameters we studied, it is unlikely that extreme
difference values for any of the characteristics are
due solely to the addition of the particular
technology. Quartile values and the interquartile
range (distance between the first and third quartiles)
may be more likely to provide insight into the
potential effects of technology additions.

Curb Weight

For the entire data set, the average curb weight was
calculated for each model year. The results are
summarized in Table 1 and graphically illustrated in
Figure 1. The trend indicates an increase in the fleet
average curb weight from 3,339 Ib with a standard
deviation of 763.5 Ib in 1996, to 3,989.3 1b with a
standard deviation of 881.9 1b in 2010.

For the injury mitigation technologies studied, the
average curb weight differences ranged from 33.9 1b
for dynamic head restraints to 72.2 Ib for side air
bags. The first quartile for most technologies was 0
or slightly less than zero. This small difference from
a zero value would indicate that in general, addition
of most of these injury mitigation technologies had a
small adverse effect on vehicle mass consequent to
the addition of the technologies. The smallest
interquartile range is for tire pressure monitors (0,10),

a technology with little mass effect. The results are
summarized in Figure 2 and Table 2.

Manufacturer’s Suggested Retail Price (MSRP)

The MSRP for the data set was calculated for each
model year and summarized in Figure 3 and Table 3.
MSRP increases steadily from $25,536 with a
standard deviation of $15,835 in 1996, to $38,015
with a standard deviation of $22,468 in 2010.

For the safety technologies studied, average MSRP
differences ranged from $320 for stability control
additions to $1,174 for ABS additions. However, the
amount of variation in differences is large for each
technology, exceeding $1000 in every case. Further
work needs to be done to understand actual price
effects due to specific additions of single
technologies. In many cases, multiple safety
technologies and other features may be introduced in
a single mode year change and the price changes may
not reflect the true costs or affordability effects of the
addition of an injury control technology on an
individual basis. The results are summarized in
Figure 4 and Table 4.

Fuel Economy

The average city and highway fuel economy for the
data set was calculated for each model year and
summarized in Figure 5 and Table 5. It should be
noted that the drop in fuel economy seen in 2008 is
attributable to the Environmental Protection
Agency’s revised testing standards that lowered
average fuel economy and were intended to more
closely reflect real world driving conditions. Fuel
economy on average decreased for both city and
highway driving during the time period of the study.
The fleet average city cycle fuel economy in 1996
was 21.30 mpg with a standard deviation of 5.72
mpg; that value changed to 18.99 mpg with a
standard deviation of 5.67 mpg in 2010. In the
highway cycle, average fuel economy was 27.46 mpg
with a standard deviation of 6.45 mpg; that value
changed to 25.27 mpg with a standard deviation of
5.80 mpg in 2010.

For the injury mitigation technologies studied, neither
set of differences between city and highway cycle
fuel economy provide clear trends or significant
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positive or negative effects. Values for each injury
control technology are generally spread across

positive and negative values and interquartile ranges

are generally centered around zero. The results are

summarized in Figures 6 (city cycle) and 7 (highway
cycle) and Tables 6 (city cycle) , and 7 (highway

cycle).
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Figure 1. Curb weight average for data set by model year.

Table 1.
Summary of curb weight data by model year

1997 3245.2 696.1 -93.8
1998 3327.7 753.7 82.6
1999 3410.9 746.9 83.2
2000 3410.1 759.9 -0.8
2001 3545.9 826.5 135.8
2002 3527.8 734.6 -18.1
2003 3646.7 792.1 118.9
2004 3734.9 852.1 88.2
2005 3751.6 822.3 16.7
2006 3746.3 795.3 -5.2
2007 3865.0 780.1 118.7
2008 3929.9 847.2 64.9
2009 3945.9 864.1 16.0
2010 3989.3 881.9 43.4
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Boxplot of Curb Weight Differences
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Figure 2. Boxplot of curb weight differences.

Table 2.
Statistical summary of curb weight differences by technology

ABS_4Wheel 63 58.6 147.1 -415 0 50 148.0 362
DynamicHeadRestraint 61 33.9 104.7 -246 0 0 74.5 394
EnergyMgtFeature 22 67.4 152.6 -152 -15.3 0 131.3 405
HeadAirbag 73 61.8 117.8 -259 0 0 117.0 419
Pretensioner 54 50.8 135.0 -163 -19 0 110.0 405
SideAirbag 41 72.2 115.3 -25 0 0 176.5 433
StabilityControl 65 53.5 162.9 -415 0 0 100.5 612
TirePressMonitor 54 42.3 122.1 -115 0 0 10.3 505
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Figure 3. MSRP average by model year for data set.

Table 3.
Summary of MSRP data by model year

$25,536 $15,835

1997 $26,994 $16,119 $1,458
1998 $28,446 516,475 $1,452
1999 $28,628 $15,877 $182
2000 $29,521 515,063 $893
2001 $30,933 $17,029 $1,413
2002 $31,014 $16,932 $80
2003 $32,417 516,562 $1,403
2004 $33,306 $17,767 $889
2005 $33,751 $18,599 $446
2006 534,688 $20,045 $937
2007 $34,526 $20,307 -5163
2008 $34,912 $19,899 $386
2009 $37,782 $23,628 $2,871
2010 $38,015 $22,468 $232
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Boxplot of MSRP Differences
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Figure 4. Boxplot of MSRP differences.

Table 4.
Statistical summary of MSRP differences by technology

ABS_4Wheel 63 $1,174 $1,350 | -S2,220 $290 $1,015 $1,900 $5,000
DynamicHeadRestraint 61 $759 $1,275 | -$1,735 $43 S675 $1,306 | $4,880
EnergyMgtFeature 22 $966 $1,717 | -$1,390 -$25 $520 $1,750 $6,290
HeadAirbag 73 $505 $1,391 | -S$3,485 S0 $495 $1,178 $5,430
Pretensioner 54 $708 $1,538 | -$4,000 $155 $500 $1,593 $6,290
SideAirbag 41 S767 $1,083 | -$1,460 S3 $530 $1,320 $3,755
StabilityControl 65 $320 $1,355 | -$3,160 -$85 $380 $1,238 $3,110
TirePressMonitor 54 $835 $1,079 | -$2,230 $169 $743 $1,281 $4,090

Lange 7



35.00

30.00

Fuel Economy Average (MPG)

o "._'\'_'\H*H\._.\.’H
20.00 W

—e—City
15.00 =@—Highway
10.00
5.00
0.00
1996 1998 2000 2002 2004 2006 2008 2010
Figure 5. Fuel economy average by model year for data set.
Table S.
Summary of fuel economy data
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Boxplot of City MPG Differences
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Figure 6. Boxplot of city fuel economy differences.

Table 6.
Statistical summary of city fuel economy differences by technology

ABS_4Wheel 63 -0.048 1.156 -3 -1 0 0 4
DynamicHeadRestraint 61 -0.230 1.039 -4 0 0 0 2
EnergyMgtFeature 22 -0.182 1.435 -2 -1 0 1 4
HeadAirbag 73 -0.452 1.500 -3 -2 0 0 6
Pretensioner 54 0.204 1.139 -2 0 0 1 4
SideAirbag 41 -0.610 1.222 -3 -2 0 0 2
StabilityControl 65 0.092 0.861 -2 0 0 0 3
TirePressMonitor 54 -0.611 1.295 -4 -1 0 0 3
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Boxplot of Highway MPG Differences
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Figure 7. Boxplot of highway fuel economy differences.

Table 7.

Statistical summary of highway fuel economy differences by technology

ABS_4Wheel 63 0.190 1.512 -4 -1 0 1 4
DynamicHeadRestraint 61 -0.016 1.297 -3 0 0 0.50 3
EnergyMgtFeature 22 0.591 1.943 -3 -1 0 1.25 5
HeadAirbag 73 -0.274 1.387 -3 -1 0 0 4
Pretensioner 54 0.204 1.595 -3 -1 0 1 5
SideAirbag 41 -0.488 1.325 -4 -1.50 0 0 2
StabilityControl 65 0.308 1.198 -3 0 0 0.50 4
TirePressMonitor 54 -0.648 1.261 -4 -1.25 0 0 2

DISCUSSION

In general, application of emerging injury mitigation
technology seems not to have had significant

disruptive effects on any of the three vehicle level
parameters: mass, price, or fuel economy.

The modest impacts addition of injury mitigation
technologies may have effected throughout the
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decade 1999 to 2009 on vehicle level price, mass, and
fuel economy suggest that as manufacturers added
the material cost and mass associated with safety
technologies to base vehicles, other system level or
architectural level changes may have been effected
simultaneously so as to offset or compensate for the
vehicle level cost and mass increases associated with
the added safety equipment. Manufacturers have as
well as possible attempted to integrate advanced,
emerging, and new injury control technologies into
vehicles without changing the market placement,
affordability, or competitiveness of vehicles at the
make/model level. This strategy of balancing vehicle
level content and attributes to compensate for the
added mass, fuel economy, and cost effects of
emerging safety technologies may become more
difficult to manage as fuel economy standards
become more demanding. In the future, fuel
economy standards will serve as a prime driver for
major architectural revisions in vehicle size and mass
and will demand relatively larger proportions of
available research and engineering resources.

There are obvious limitations inherent in this type of
analysis. While the general size of vehicles can be
characterized, structural changes that result in
vehicles with higher mass ‘density’ are difficult to
characterize. A current vehicle’s structure,
controlling for external dimensions and materials
would in most cases weigh much more than a vehicle
of a decade ago, due to the greater injury control
content and improved structures to manage a greater
variety of collision load cases as well as address the
structural needs and dynamic response of the rest of
the vehicle.

Further, it is not possible to reconstruct the thousands
of design decisions made by engineers developing

each portfolio entry for each motor vehicle
manufacturer. The study of association between
certain injury mitigation features and mass, price and
fuel economy is not meant to imply that addition of a
technology caused a particular resulting increase or
decrease. Rather, this study reports at a gross vehicle
level the relationships registered over time, over the
new vehicle fleet. Analyzing any feature with a
myopic viewpoint that only considers the price or
mass of the feature’s components is erroneous. It is
impossible to extract the true exten