LiIFePO, ‘immune’ to runaways: another fool’s paradise?

Runaways occur in all lithium battery chemistries

Myth propagated that lithium iron phosphate chemistry is ‘immune’

Au contraire, well-documented thermal runaways reported in LiFePO,

May 2013 incident at California Polytechnic State Univ. resulted in fire and explosion
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LiFePO, ‘immune’ to runaways: another fool’s paradise?
Key take-aways

v Market success of lithium-based batteries and large  Certain chemical reactions release
increases in cell energy densities have encouraged =~ é"°ugh heatto actually melt metals

battery technologists familiar with relatively small- So-cg led “nano-thermite

scale applications to scale-up into physically larger reactions” burning at thousands
lithium-based cells and huge arrays of cells that can of degrees share v
address vastly larger electrical energy storage ~ characteriSteseatires
requirements of stationary back-up power systems f“ o f':'d'
and mobile platforms, e.g., hybrid and all-electric ' eI .

plug-in vehicles as well as new aircraft such as the

v
thermal runaways and/or catastrophlc_ field-failures. ‘ "
From risk management perspective, various lithium — i
chemistries only differ in their relative probabilities; i 5
some are‘more or less prObIem'prone than ﬁhers Source: http://www.popsci.com/node/30347
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LiFePO, ‘immune’ to runaways: another fool’s paradise?
Key take-aways

v MYTH: Lithium iron phosphate (LiFePO,)
battery chemistry is effectively immune’ to any
risk of thermal runaways and/or catastrophic
field-failures; this statement is patently false

Lithium-ion battery chemistry

v Herein, we have provided several reasonably
well-documented examples of serious thermal
runaways or field-failures that have clearly
occurred in lithium iron phosphate batteries

product safety perspective they sh suld be
viewed with same prudent cwcumsectlon and
caution as other types of lithium-based
batteries such as lithium-cobalt, lithium-
manganese, and lithium-ion chemistries v
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Increases in energy density

expand battery pplicatins
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A battery is an electrochemical device that actively stores input
electrical energy in chemical bonds (charging); on-command, that
stored energy can later be converted back into output electrical
energy in the form of a current of electrons (discharging) that can
pass through external conductive circuit wiring at some operating
voltage and used to do energy-dependent work, e.g. operate power-
hungry microprocessors, illuminate lights, run electric motors, etc.

Lead-acid Nickel metal hydride (NiMH)

diaimar Jungner inventea rirst

= | i ) L I
{el-Cadmium rechargeanie pattery and

alKaline (non-acidic electroliyte) primary.

> EUIs0I1 O | alimea 1o nave

invented alkaline in 1901
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Battery energy densities increased greatly from 1859-2013

Large uptick in past 25 years; limited experience with such densities

Future:
lithium-air?
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While detonations of
individual energy-dense,
lithium-based battery cells
are very rare events, they
A can be nearly as powerful
as exploding dynamite

4

Would you play
with this?
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And would you While detonations of very large
: PN arrays of energy-dense lithium-
play with this™ based batteries, such as multi-cell

battery packs used in all-electric
vehicles, are very rare events, they
can be AS powerful as hand
grenades and some IEDs

Or this device?

US M67 fragmentation grenade
developed post-Vietham war

Improvised explosive device (IED)
Ramadi, Iraq (2006)
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Examples: thermal runaways involving lithium-ion batteries
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Battery capacity scale-up

can increase safety risks
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Thermal runaways are now occurring on mobile platforms

New applications for lithium-based batteries in autos and aircraft

Fires and other dramatic incidents have received much attention in media

Bigger is better, right?

Not necessarily.

“There are known knowns; there are things we know that we
know. There are known unknowns; that is to say, there are things
that we now know we don't know. But there are also unknown
unknowns — there are things we do not know we don't know.”

Donald Rumsfeld

U.S. Secretary of Defense
Press conference (2002)
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Thermal runaways are now occurring on mobile platforms

New applications for larger lithium-based batteries in autos and aircraft

Fires and other dramatic incidents have received much attention in media

Within the past several years, there have been battery-caused:

v

%5 NS NS

Incinerations of hybrid and all-electric consumer vehicles
Houses burned to the ground (EVs, laptop computers)
Cargo aircraft destroyed in flight with multiple crew fatalities
Thermal runaways on new passenger aircraft (Boeing 787)
Bizarre explosion of a lithium-ion battery recycling plant
Unexplained destruction of US Navy all-electric minisub

And a myriad of other battery-related mishaps involving virtually
every type of Lithium chemistry have been reported
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Thermal runaways on mobile platforms

New applications for lithium-based batteries in autos and aircraft

Fires and other dramatic incidents have received much attention in media

Scale-up of any technology involves a certain level of
inescapable intrinsic risks, some of which are known, and
some which are not, e.g. Rumsfeld’s “unknown unknowns”

Battery industry has had less than 25 years of experience with high-
energy density lithium-based batteries; most of that was in
consumer portable electronics applications where power
demand/storage was measured in Watt-hours, not kilowatt-hours

By contrast, lead-acid batteries have been used in the U.S. for 150
years, nickel-cadmium for 67 years, consumer alkaline for 54 years;
those chemistries are tried-and-true and known to be relatively safe

Unfortunately, lead-acid batteries are impractical for all-electric
vehicles and aircraft --- their energy densities are simply too low
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Risks can increase with scale-up

Battery capacity scale-up can increase safety risks

Thermal runaway event inside single-cell, lithium-based ‘button’
battery might ruin a small electronic device, but it probably won’t set
anything else on fire or hurt any nearby person or persons seriously

Runaway inside smartphone’s multi-cell battery might start a

woman’s handbag smoking or burn a hole through a man’s pants
pocket, or make someone drop it, but it generally wouldn’t cause
serious skin burns or ignite a large portion of someone’s clothing

Catastrophic runaways inside significantly larger, multi-cell laptop
computer batteries have inflicted serious burns on people’s legs and
In several documented cases, have even burned-down entire homes

Runaways involving large to extremely large many-cell secondary
batteries on stationary (onsite back-up power) and mobile platforms
such as hybrid or all-electric vehicles and passenger or cargo aircraft
are very serious matters; can cause multiple fatalities and up to many

millions of $ in physical damage to equipment and/or local facilities

16



LiIFePO, ‘immune’ to runaways: another fool’s paradise?

Battery capacity scale-up can increase safety risks
Thermal runaways become more likely if heat dissipation is impaired

For exothermic electrochemical reactions that
normally occur inside operating battery cells,
total cell heat production scales with the cube of
the size of the battery cell (V « r®), but a cell’s
heat transfer capability scales with square of the
size (A « r?), so that rate of heat production-to- e 1
area ratio scales with the size (V/A « r) Critical Dimension (nm)

Positive system-level
thermal feedback loops
|| leading to runaways become
‘easier’ in larger sizes
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Surface area vs. volume decreases with increased size

End-result of this immutable scaling relationship
between volumetric generation of heat within a

given mass of reactants in a cell versus its area-
related ability to dissipate produced heat is that
chemistries that may well operate very safely in - .
small cells are potentially dangerous and quite reaction rate reaction

thermally unstable in considerably larger ones

Consequence: scale-up of the internal energy
densities, electrical capacity, and sheer physical
size of battery systems can lead to much larger, oat scape
vastly more dangerous thermal runaway events
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Battery capacity scale-up can increase safety risks

Since 1991: improved battery energy densities enabled by Lithium-ion chemistry
mutually reinforced and supported meteoric increases in global unit sales of portable
electronic devices including laptop computers and cellphones and more recently,
tablets and smartphones (see following charts illustrating market expansion for EVs)

Using various different chemistries, next logical step for battery technologists was to
scale-up arrays of batteries so that their total electrical storage capacity was enough
for effective use in hybrid/all-electric vehicles (EVs) and even larger-scale applications

Persistently high gasoline prices encouraged CY 2000 global launch of first mass-
produced, highly successful gasoline-electric hybrid car, the Toyota Prius. Market
success of Prius along with continuing high gas prices and improvements in Li-ion
technology encouraged development and sale of all-electric, plug-in vehicles by
several new start-ups, notably Tesla (Roadster, 2008) and Fisker (Karma, 2012). Large
established auto manufacturers now rising to meet upstarts’ competitive challenge

Also driven by high jet fuel prices, parallel developments also occurred in aircraft
technology which encouraged adoption of much lighter-weight airframes (carbon-fiber
composite vs. older tried-and-true aluminum) and more weight-efficient all-electric (vs.
older hydraulic) critical aircraft systems; this led to a need for high-energy-density
battery arrays for onboard backup power. These new technological thrusts were
embodied in Boeing’s 787 Dreamliner (2012) and Cessna Citation (2013)

18
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Scale-up of batteries creates additional safety risks
Persistently high gasoline prices since 2004 boosted demand for EVs
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Thermal runaways:

 Datteries behaing badly
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Thermal runaways can occur in chemical storage batteries

v Typically well-controlled electrochemical reactions in batteries ordinarily

generate a certain amount of unavoidable process heat which is then

dissipated harmlessly simply by emitting invisible infra-red radiation from
the battery case out into the local environment; during normal operation,
contents of battery cells still remain well-within proscribed boundaries of

designed range of optimal thermochemical operating temperatures

v On rare occasions, for a variety of different reasons, a battery cell’s
electrochemical reactions can suddenly start running at greatly elevated
rates that create more process heat than a battery’s normal thermal
dissipative mechanisms can easily handle, which then starts raising the
temperature of battery cell contents out beyond their ideal safe operating
range; threshold for out-of-control danger has not yet been cros

Aﬂfkey iint --- call it the Rubicon R
dangerous positive (+) feedback loop is €reated: whereby, incréasing cell
temperatures further accelerate electrochemical reactions in cells which

produces even more heat, boosting local cell temperatures even higher, etc.

Thermal runaways are thus born: only question is how bad they get before
destroying enough of a battery to stop + feedback-accelerated reactions
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Thermal runaways: positive temperature feedback loop

Increase Iin Exothermic
reaction rate reaction

Heat escape
slows reaction

22
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Good news: thermal runaway events are statistically rare

Bad news: when they do happen can have catastrophic effects

By any reasonable standard, lithium-based batteries are a pretty
safe technology: ‘garden variety’ thermal runaways only occur at
frequencies of one such event per several millions of battery cells

The very worst, least understood type of thermal runaway, which
goes under innocuous-sounding sobriquet of “field-failure,” occurs
at a rate of one such event per ~ 4 - 5 million lithium-based battery
cells right off the production line and regardless of their chemistry
or primary vs. secondary, according to statistics collected by a
major Japanese manufacturer of lithium-ion consumer batteries

There’s one more issue: although it’s hard to quantitatively specify,
probability of thermal runaways seems to increase significantly as
batteries ‘age’ and go thru a great many charge-discharge cycles

-

23

. R T



LiFePO, ‘immune’ to runaways: another fool’s paradise?

Causes of ‘garden variety’ vs. field failures aren’t identical

‘Garden variety’ thermal runaways:

= Reasonably well understood

" Triggered by substantial over-charging or
excessively deep discharges

" Triggered by external mechanical damage
to battery cells, e.g., crushing, punctures;
internal dendrites can damage separators

1derstood

red by electrical arc discharges
_ut what causes initial micro-arcs?

paratively poorly

(internal sho 's);"
" Much higher peak“jemps vs. ‘garden variety’ events

" Lattice suggests: low energy nuclear reactions

(LENRSs) could well be triggers for some % of them
R -

24
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Battery thermal runaways come in different ‘sizes’ and
degrees of the severity of damage and nature of collateral
processes caused by a given runaway event

‘Garden variety’ single-cell thermal runaways can be as little as a
battery that just heats-up a bit and simply stops functioning ... or a
battery’s case can bulge significantly from internally generated heat
without designhed venting and releasing of contents from the inside
before it stops functioning and then starts cooling down on its own

A slightly worse variant of a ‘garden variety’ thermal runaway results
in just a single cell venting or rupturing, but (in cases of flammable
electrolytes) there are no hot, flaming battery contents spewed-out
that courl; potentially ignite local combustibles and adjicent cells

In worst-case ‘garden variety’ runaway, hot flaming electrolyte erupts
from a ruptured battery cell, which may ignite nearby materials and
cells; in this event variant (that is still not the worst-of-the-worst),
internal peak temperatures usually not yet hot-enough to melt metals

25
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Field-failures are catastrophic events in chemical batteries

Battery industry definition of a field-failure thermal runaway event:

Safety concemns have been heightened by highly publicized safety incidents and
ensuing widespread recalls of ithium-i1on batteries used in laptop computers and
cell phones [ 14, 15]. When these rare safetyv incidents occur, lithium-ion batteries
operating under otherwise normal conditions undergo what appear to be spontane-
ous thermal runaway events, often with violent flaming and extremely high

temperatures. Moreover, these failures usually mnvolve cells and cell designs that
have passed extensive abuse testing, including the standardized abuse safety tests.
Most such Li-ion safety incidents in the field are not preceded by any obvious
external abuse. We refer to these spontancous safety incidents as “field-failures™.

Source: “Batteries for Sustainability — Selected Entries from the Encyclopedia of Sustainability in Science and Technology,”
Ralph J. Brodd, Ed., Chapter 9 by B. Barnett et al., “Lithium-ion Batteries, Safety” Springer ISBN 978-1-4614-5791-6 (2012)

26
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Electric arc discharges and LENRs can trigger runaways

Detailed description of catastrophic thermal processes In batteries

Within as little as milliseconds after the creation of an electric arc or LENR-active
site, nm-to cm-scale local regions of a battery cell at or near such locations can
become a super-hot, fiendishly complicated chemical ‘witches’ brew’ consisting of
many different types of old and newly created compounds, expected thermal
decomposition products, various ionized species, and many mutually competing
chemical reaction pathways that are not normally present in operating battery cells

Positive thermal (heat) feedback loop: the hotter a given region gets, the faster local
chemical reactions accelerate therein and the more widely the conflagration spreads
into previously unaffected regions of a given battery cell --- this is causative root of
thermal runaway effect and “thermal fratricide” that occurs between adjacent cells

Evoglution f such complex chemical
understood - quite unpredictable wit to final results: outcomes can range
from minor thermal damage to single cell; to combustion of flammable electrolytes
and charring of materials inside case and outside via venting; and at worst, to
complete combustion of all materials located inside of and including cell casings ---
even all contents of surrounding multi-cell enclosures; worst-case ‘Armageddon’
scenarios involve thermite-like, violent super-fast-reacting pyrotechnic processes

is very rapid and incomipietely
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Field-failures are catastrophic events in chemical batteries

Absolute worst-case ‘Armageddon’ scenarios involve burning metals

Field-failure category of thermal runaways can reach extremely high peak
temperatures of thousands of degrees Centigrade along with big electric arcs

Such temperatures are hot-enough to melt metallic structures inside batteries
and combust almost anything and everything located within a battery case

If initiating ‘spark’ is hot-enough, battery materials containing chemically bound
oxygen will release it as O,; by creating its own oxygen supply, combustion
process becomes self-sustaining, self-propagating flame front that consumes
all burnable battery materials. Progressive thermal fratricide between cells can
reduce bltteries to unrecognizable debri$; such fires could bur[n a vacuum

! \

-

In absolutely worst-case events, even METALS can start burning in very fast,
thermite-like reactions that can boost temps up to ~ 4,000° C; this is nightmare

scenario wherein even deadly explosions with shrapnel can potentially occur
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LiIFePO, = immune - false

Proof by counterexamples
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Rechargeable
LiFePO, batteries
come in many
varied electrical
capacities, shapes,
and sizes

“Drop-in” LiFePO, replacements
for lead-acid starter batteries are
manufactured by a number of
large and small companies for
many different vehicle brands and
models; either vehicle owners or
dealerships can easily install them
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May 2013: LiPO, battery runaway and explosion at California Polytechnic

-

=

Lithium battery catches fire in Building 17

Posted: Sunday, May 19, 2013 9:00 pm
Micheala Ard, Lifestyle Editor

Source: http://Iwww.thepolypost.com/news/lithium-battery-
catches-fire-in-building/article _6a254736-bf27-11e2-b3a2-
0019bb30f31a.html

A lithium iron phosphate battery caught on fire while on a table in Building 17 at 10 a.m. on Friday.

The battery, in lab 1460, was meant for a solar racecar that is being constructed by mechanical engineering
students, including fourth-year mechanical engineering student John Tran, who was not present during the
fire.

According to Tran, the battery was worth approximately $1,000. The form of battery is usually one of the safer
types of lithium batteries.

Michael DeSalvio, a biosafety specialist from Environmental Health and Safety, was at the scene and noted
that everything from the battery’s casing to its foam bottom had melted.

“We may never know [what caused the fire],” said DeSalvio. “We weren’t there to see it. So, from what they’re
telling us, it could have maybe been a faulty battery. It could have been a bunch of things.”

According to Sergeant Matthew Lynn from the University Police Department, the battery caught on fire but did
not explode.

However, according to eyewitness Nickolas Roy, a second-year chemical engineering student, the battery was
more than just aflame.
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May 2013: LiPO, battery runaway and explosion at California Polytechnic

“I was coming from physics class with my friend . . .and we got to

the door and we see the window, and we see the entire lab covered
with smoke,” said Roy. “We look in the window and we see a table CalPoly LiFePO, battery prior to mishap
is on fire.”

After Roy and his friend saw the flames and smoke, they began
snapping pictures, but their photo shoot was quickly interrupted

:> by something “exploding”.

“We stepped back . . . and we see the battery is exploding, or it
could have also been an aerosol can, we didn’t know for sure,”
said Roy. “After that, | think it was the IME technician who ran out
and told us to get out of there.”

After the fire and possible explosion occurred, eighth-year Civil
Engineering student Frank Lopez, took a fire extinguisher and
attempted to douse the flames.

like it was actually sizzling a little more, and then all of a sudden, it

: “I noticed as | was hitting it [with the fire extinguisher], it sounded
just lit up,” said Lopez.

> o
)

\¢ ’ \
No one was injured during the fire and the table the battery was |
sitting on was fireproof. A fire truck and approximately five police iage eradit Hathar QueraiciTne By Fost
officers were on the premises as well.

According to CPP Public Affairs, bystanders quickly put out the
fire and classes were able to resume 20 minutes later, after
inspection by firefighters.

..-F"*'
4 s

Source: http://lwww.thepolypost.com/news/lithium-battery-catches-fire-in-building/article_6a254736-bf27-11e2-b3a2-0019bb30f31a.html
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LITH IS BATTERY

ALL THE VOL TS ALL THE AMPS ALL THE TIME

Lithium Batteries For:

Automotive Engine Start
Competition Racing
Portable Power Packs
Power Sports
Golf Carts & Electric Vehicles

Marine & Trolling
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Oh, and did we mention longer alternator |i ife, 30% higher RPM's during er'-.gir"|e-5.'.a;* ng, and a hotter Universal Batteries
ignition spark? Race vehicles have sophisticated electronics and telemet r:,-' systems...systems that are -
gdamaged by 'voltage sag during engine crank (especially a hot engine and a hot lead- afid battery.) l"' Custom Batteries
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VOL T
16V30A-G31
$834.72 MSRP
18 Lbs.
30 Lithium Amp Hours
1200 Cranking Amps

Available 12 Volt Models: Avadilable 16 Volt Models:

Source (aftermarket Lithium-ion): http://www.lithionicsbattery.com/racing.htmi
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