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Figure 3: “Battery Fire” at Drogenbos, Belgium 11 Nov 2017. Taken at the start of the incident and
1S minutes later (eye-witness footage). 1 MWh facility; fire occurred during commissioning.
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R Figure 5: The 20
MWh BESS at
Carnegie Rd,
Liverpool.
Courtesy @rsted.
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Figure 6: The fire at Carnegie Road, 15 Sep
2020. Liverpool Echo report, which took 11
hours to control.
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The incidents recorded in Table 1 are all in relatively small BESS or a single BEV. Yet “mega-
scale” BESS are now planned on a very farge scale in many current proposals in the UK, listed in
Table 2 and illustrated in the subsequent Figures,

And no engineering standards are currently applied to pre-empt future accidents in grid-scale
BESS, the most critical of which would be design features aimed at preventing the phenomenon of
“thermal runaway”, the process whereby failure in single cell causes over-heating and then
propagates to neighbouring cells so long as a temperature (which can be as low as 150 °C} is
maintained.

BEV batteries do now include thermal barriers or liquid cooling channels between all cells to
safeguard against this phenomenon, but no such engineering standards exist for grid-scale BESS. A
large BESS can pass all existing engineering design and fire safety test codes and still fail in thermal
runaway — by now a well-known failure mode. This must be urgently addressed.

The consequences of major BESS accidents could be significant and emergency services need
adequate plans in place to handle any such incident.

Table 2. “Mega” scale solar plant and/or Li-ion BESS in Australia and the UK*

Project Location Status Solar PV Battery Battery Battery
Scheme Size Stores type capacity
Hornsdale | S. Australia Operational Not directly | Single site Li-ion 193 MWh
Power associated
Reserve
Cleve Hill Kent Permission | 350 MW; land | Single site Li-ion 700 MWh
Solar + granted coverage 890
Battery {2020) acres
Store
Sunnica Cambridgeshire/ | Pending 500 MW; land | 31.5haof land | Li-ion Undeclared.
Solar + Suffolk submission coverage over 3 Estimate
Battery approx. 2792 | compounds [7] 1500 -
Store(2} acres of 5.2, 10.7 and 3000 MWh
15.6 ha

Longfield Essex Pending 500 MW; land | Stated as 3.7 Li-ion Undeciared.
Solar + statutory coverage acres: number Estimate:
Battery consultation | approx. 1400 | of sites TBD 150 MWh
Store acres

* Li-ion technology has been assumed in all these proposals as Li-ion battery electrochemistry is
dominant in grid-scale BESS applications (deployment at this scale is unlikely to involve
technologies with lesser experience). Estimated values for Battery Capacity for the Sunnica are
calculated based on the McMicken facility in Arizona (Appendix 1) and the Cleve Hili DCO. For the
Longfield site it is estimated from Energy Institute guidance on energy density [25] at about 100
MWh ha!. The exact specification for the battery units has not been disclosed by the developers at
this present time.
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Figure 7: The Hornsdale Power
Reserve (South Australia) in the
process of expansion from 100
MW/129 MWh to 150 MW/193.5
MWh, as of November 2017,

Figure 8: a “typical” BESS
compound (abstracted from
Sunnica PEIR, Ch 3}

Plate 3-10. Typical battery storage compound configuration (image reproduced
courtesy of Fluenco Energy).

Figure 9: Artists impression
of Tesla 250 MWh
"Megapack”.

Sunnica may have 3 xthis
capacity in just one of its
three BESS compounds.
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2. Leading Concerns
The main concerns regarding large scale Li-ion BESS are:

1) The potential for failure in a single cell {out of many thousands) to propagate to neighbouring
cells by the process known as “thermal runaway”. Believed to be initiated by lithium metal
dendrites growing internally to the cell, a cell may simply discharge internally releasing its
stored energy as heat. Even sound Li-ion cells will spontaneously discharge internally if heated
to temperatures which can be as low as 150 °C, releasing their stored electrical energy, thus
overheating neighbouring cells and so on. Temperatures sufficient to melt aluminium {660 “C) at
least have been inferred from analyses of such thermal runaway accidents. Eye-witness reports
consistently speak of repeated “re-ignition” which is inevitable, even in the complete absence of
oxygen, so long as the temperature anywhere exceeds the thermal runaway initiation threshold.

2) The emission of highly toxic gases — principally Hydrogen Fluoride — for prolonged periods, in
the event of thermal runaway or other battery fires. At a minimum, respirators and complete
skin protection would be required by any fire-fighters. Measures to protect the public from toxic
plumes would also be necessary.

3) The emission of large quantities of highly inflammable gases such as Hydrogen, Methane,
Ethylene and Carbon Monoxide even if a fire suppression system is deployed. These gases will
be evolved from a thermal runaway accident regardless of such measures, with explosion
potential as soon as they are mixed with air and in contact with hot surfaces. Such an explosion
was the cause of the “deflagration event” at McMicken, Arizona in 2019 in a 2 MWh BESS,
which critically injured four fire-fighters and was triggered simply by opening the cabin door.

4) The absence of any adequate engineering and regulatory standards to prevent or mitigate the
consequences of “thermal runaway” accidents in Li-ion BESS.

5) The potential for thermal runaway in one cabin propagating to a neighbouring cabin. In Arizona
[3] there were reports of “fires with 10-15 feet flame lengths that grew into 50 - 75 feet flame
lengths appearing to be fed by flammable liquids coming from the cabinets”.

6) The significant volumes of water required to thoroughly cool the system in the event of a “fire”,
and how this water will be contained and disposed of (since this will be contaminated with
highly corrosive hydrofluoric acid and, therefore, must not be allowed to drain into the
surrounding environment).

Such incidents are routinely and repeatedly described in the Press as “battery fires” though they
are not “fires” at all in the usual sense of the word; oxygen is completely uninvolved. They
represent an electrochemical discharge between chemical components that are self-reactive. They
do not require air or oxygen at all to proceed.

Hence the traditional “fire triangle” of “Heat, Oxygen, Fuel” simply does not apply, and
conventional fire-fighting strategies are likely to fail (Figure 10, over).

Thermal runaway events are uncontrollable except by cooling all parts of the structure affected
- even the deepest internal parts — below 150 “C. This basically requires water, in large volumes.
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Figure 11 The fire triangle and its relationship to thermal runaway

Figure 10: The traditional “fire triangle” does not apply to “thermal runaway”.

3. Thermal Runaway (Battery “fires”)

Li-ion batteries are sensitive to mechanical damage and electrical surges, both in over-charging
and discharging. Most of this can however be safeguarded by an appropriate Battery Management
System (BMS) and mechanical damage (unless deliberate and malicious) should not be a hazard.
Internal cell failures can arise from manufacturing defects or natural changes in electrodes over
time; these must be regarded as unavoidable in principle. Subsequent escalation inte major
incidents can propagate from such apparently trivial initiation.

In July 2020 a thorough failure analysis by Dr Davion Hill of DNV GL [8] was prepared for the
Arizona Public Service (APS), following the April 2019 thermal runaway and explosion incident in
the 2 MWh Li-ion BESS facility at McMicken, Arizona. This report is revelatory and more detailed
than any other failure analysis known to us. it is essential reading for any professional involved in
fire safety planning for major BESS. (Figures 11 to 13).

Figure 11: Cells
stack into
Modules;
Modules into
Racks; Racks into
Strings; Strings
into Systems.

Figurel2:
Propagation of
single Cell
failure through

Singhe cell fadure Cascadryy through Cascading to Congumplipn of .
modute nesghbour modules ratite rack Module,

Figure 25 A single cell failure propagated through Medule 2, then consumed the whole rack, cascade to
releasing a large plume of explosive gases. This process could have occurred without visible entire Rack.
flame, which would explain why the gases werea not burned as they were emitted.
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A report by Underwriters Laboratories (UL) on the same incident [9] is less technical on the
physics and engineering of the underlying causes and failure modes, but more comprehensive in
terms of practical situations and consequences found, and suffered, by the “first-responders”. Two
fire-fighters suffered life-limiting brain injuries, one suffered spinal damage and fourth facial
lacerations. This report is similarly essential reading for any fire and emergency response planning.

Figure 13: Destruction of Rack at McMicken.

Detail: molten aluminium pools (exceeded 660 °C)
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Forensic analysis [8] of the 2019 Arizona “fire”
identified a failure mode different from mechanical
abuse or electrical mis-management. The initiating
failure was localised to a single cell at a known
position in the rack. Although the cell itself was of
course destroyed during the incident, the failure
mode is believed to have been lithium metal deposition and abnormal growth of lithium metal
dendrites. These phenomena were also found in randomly selected undamaged cells from the
same BESS and also from a different BESS of the same manufacture elsewhere. These phenomena
must be regarded as common, and inherent to the cells themselves.

Rack 17 Rack 15  Rack 13

The lithium metal deposits will react with air moisture, causing overheating and smoke. Battery
swelling, electrolyte degradation, and internal short circuits are all possible modes of failure with
internal discharge and generation of locally intense heat.

Because of the known thermal breakdown of even non-faulty cells, above a threshold
temperature (which can be as low as 150 °C}, the loss of even a single individual cell can rapidly
cascade to surrounding cells, resulting in a larger scale “fire.” This is “thermal runaway” in which
failures propagate from cell to cell within “modules” and from module to module within a “rack”.

This is what happened at McMicken [8], with temperatures sufficient to melt Aluminium {660
°C) being reached. Such “fires” can be extremely dangerous to fire fighters and other first
responders because, in addition to the immediate fire and explosion risks, they would have to deal
with toxic gases (principally hydrogen fluoride HF, also hydrogen cyanide HCN and other fluorine
compounds such as phosphoryl fluoride POF3) and exposure to other hazardous materials.

Rack to rack propagation fortunately did not happen at McMicken, though an explosion did [8].
A local conventional fire involving the plastics materials or gases evolved from them could have
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initiated rack-to-rack propagation; the only essential factor would have been sufficient heat to
trigger thermal breakdown in just one cell in a neighbouring rack. Li-ion cels have been observed to
eject molten metal during thermal runaway, another possible mode of propagation over distance.
Propagation through a subsequent rack would then occur by exactly the same thermal runaway
mechanisms, and potentially beyond between neighbouring cabins in large-scale BESS.

Thermal runaway is illustrated in dramatic fashion with tiny commercial Li-ion cells in a useful
internet video [10] (Figure 14)}. The commercial cells involved in this demonstration have tiny
capacities: a mere 2.6 Ah or about 10 Wh for typical terminal voltages.

A Tesla Model S would have the capacity of about 10,000 such cells.
A 20 MWh BESS has the capacity of about 2 million such cells.

In the video, the cell is deliberately over-heated on a small electric stove. The fully charged cell
goes into thermal breakdown, eventually rupturing the can. The cell flies off as a rocket and
seconds later is discharged but red hot and will burn anything combustible. Although not
illustrated, it is evidently hot enough to produce the same thermal breakdown in an adjacent cell
within a battery.

This illustrates the damage done to a non-faulty cell, simply by overheating externally.

Figure 14: (a) A
charged 2.6 Ah cell
being deliberately
overheated. (b) at
the point of rupture
{c) the cell takes off
as a rocket {d)
seconds later the
discharge is
complete, and the
cellis red hot.
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4. Toxic and flammable gas emissions

During a Li-ion “battery fire,” multiple toxic gases including Hydrogen Fluoride {HF) [11],
Hydrogen Cyanide {(HCN) [13] and Phosphoryl Fluoride (POF3) [11] may be evolved. The most
important is Hydrogen Fluoride (HF), which may be evolved in quantities {11] up to 200 mg per Wh
of energy storage capacity.

HF is toxic in ppm quantities and forms a notoriously corrosive acid {Hydrofluoric Acid) in
contact with water. Itis toxic or lethal by inhalation, ingestion and by skin contact. The ERPG-2
concentration {1 hour exposure causing irreversible health effects) given by Public Health England is
just 20 ppm; the workplace STEL (15 minute Short-Term Exposure Limit) is just 3 ppm [12]. Major
emissions of HF would form highly toxic plumes that could easily threaten nearby population
centres, workplaces and schoals.

Appendix 3 contains calculations of projected toxic gas quantities for 3 grid-scale battery stores
that have been approved or are pending review by the Planning Inspectorate (Table 2).

The calculated capacities at the “mega-scale” sites listed in Table 2 are tens, or even hundreds,
of times larger than the facilities in Table 1, which experienced significant fires or explosions.

In addition to evolution of toxic gases, even in an inert atmosphere {without Oxygen), multiple
flammable gases (such as Hydrogen H,, Carbon Monoxide CO, Methane CHa, and Ethylene CHq4)
would be evolved during thermal runaway. These are “typical of plastics fires” [8] and have been
measured in sealed vessel tests [13]. As noted by Hill/DNV [8] and others [13], the proportions of
Hz, CO, CH4 and CzHado not in fact vary greatly between different cell technologies, simply because
the chemical nature of the envelope polymers, separators, electrolyte sclvents and electrolytes
themselves do not differ greatly. The variations between Li-ion technologies are in the electrode
systems, which are typically not polymeric.

Such inflammables can clearly create (ordinary, air-fuel) fires or explosions once mixed with
airfoxygen. It is important to note that the Heats of Combustion of the inflammables may be up to
15— 20 x the rated electrical energy storage capacity of the BESS. This has been demonstrated by
the same tests which determined the quantities of HF evolved [11). These were fire tests, not
sealed vessel tests [13]. The stored electrical energy is therefore by no means a conservative
estimate of the total energy release which could be released in a major (air-fuel) fire in a BESS,
irrespective of whether the initiating cause was a conventional fire or Li-ion cell thermal runaway.

Appendix 2 estimates the inflammables potentially evolved from the BESS given in Table 2.
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S. Total Energy Release Potential

Any large energy storage system has the risk that energy released in malfunction will be
uncontrollable in ways that will do major damage. BESS can release electrochemical energy in the
form of thermal runaway or “battery fires”. In addition they can release chemical energy in the
form of explosions or conventional fires of inflammable gases, or of polymer components. Many
thermal runaway “fires” have now happened, as has explosion of evolved inflammable gases.

An important indicator of the foreseeable scale of a “worst credible hazard” is provided by the
total stored energy in the system. For BESS, this comprises two components:

(i) The stored electrical energy which might be released in the event of thermal runaway incidents,
a self-reactive electrochemical energy release not requiring oxygen at all, and

(ii) Stored chemical (fuel) energy which might be released in complete combustion of the
inflammable gases which might be released by (i).

Electrochemical energy release is uncontrollable once started, by any measure except cooling —
of all cells and cell parts — below about 150°C. Water is the only fire-fighting substance with the
necessary heat capacity. Concurrent conventional fire would first heat cells above the thermal
runaway temperature, causing more thermal runaway. Chemical energy release from inflammable
gases is also uncontrollable once those gases are mixed with air and ignited: explosions result.

What might be the scale of such energy releases? The Sunnica proposal is estimated to have a
stored energy between 1.5 — 3.0 GWh in total, spread across 3 separate sites called Sunnica East A,
Sunnica East B and Sunnica West A (see calculations in Appendix 1). It is between 2 — 4 times the
capacity projected for Cleve Hill (700 MWHh). It is 8 = 15 times the capacity {193 MWh] of the
“Hornsdale Power Reserve” in Australia, at installation {2017) the world’s largest.

Compared to other energy storage technologies, the Dinorwig Pumped Storage Scheme in
Snowdonia stores about 9 GWh [14]; the Sunnica BESS corresponds to 17 — 33 % of Dinorwig.

Compared to major explosions, the energy released in the Beirut warehouse explosion of
August 2020 has been estimated [15] by Sheffield University at about 0.5 kilotons of TNT (best
estimate) with a credible upper limit of 1.12 kilotons. A totally independent estimate [16] (based on
seismic propagation instead of eye-witness footage) gives the same range, without specifying a
“best” estimate. The popular measure of major explosions in “kilotons of TNT” has an agreed
definition? of 1.162 GWh of released energy; in this paper we shall take “one Beirut” to be an
explosive energy of 0.5 kilotons of TNT or about 580 MWh of released energy.

The projected BESS storage at Sunnica corresponds to 1.4 — 2.7 kilotons of TNT in total, across
all three sites. In the “low” case, this would be “0.92 Beiruts” at the Sunnica West A site alone, or
“2.7 Beiruts” over the whole scheme. In the “high” case “2.7 Beiruts” could be stored in the Sunnica
East B site alone. Note that these are stored electrochemical energy only; the potential for
conventional fire or explosion of evolved inflammables could be up to 20 x larger [11]. See Table 3,
Appendix 1.

This is plainly a quantity of stored energy which, if released uncontrollably, could do major
damage. Explosions and fires at individual BESS are matters of record. They can propagate from
failure in a single cell out of many thousands. Cell-to-cell and module-to-module propagation
occurred at McMicken, Rack-to-rack propagation was avoided, but could readily occur if continuous

2 See e.g. Wikipedia.
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fires start. Cabin-to-cabin propagation of a major BESS “battery fire” would be the critical link that
would escalate major but manageable fires into catastrophes.

Yet this propagation route remains unanalysed. Significantly, Commissioner Sandra D Kennedy of
the Arizona State Commission [3] reviewed reports on the 2019 McMicken battery fire and also a
2012 battery fire at the APS Eldon substation facility in Flagstaff, AZ. She quotes the Flagstaff fire
department report on the latter incident as referencing :

“Fires with 10-15 feet flame lengths that grew into 50 - 75 feet flame lengths appearing to be
fed by flammable liquids coming from the cabinets”.

Finally, in the context of BESS, “Stranded Energy” will remain a hazard at any affected BESS
cabins even assuming an initial incident is controlled. The accident investigation at McMicken
required nearly 3 months, simply to discharge “stranded energy” safely [8].

“Mega-scale” Li-ion BESS should, in all prudence, require the highest level of regulation. The
COMAH regulations are designed for this, including establishments where dangerous substances
may be generated “if control of the process is lost” [17] in a thermal runaway accident.
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6. Applicability of the COMAH {Control of Major Accident Hazard) Regulations 2015

The governing criteria for application of the COMAH Regulations [17] are:

1. The presence of hazardous materials, or their generation, “if control of the process is lost.”
2. The quantity of such hazardous materials present or that could be potentially generated.

There is no doubt that hazardous substances such Hydrogen Fluoride (an Acute Toxic controlled
by COMAH) would be generated in a BESS accident (i.e., in “battery fires”). Similarly highly
Inflammable Gases (also controlled by COMAH) would be evolved even if the atmosphere remained
oxygen-free. Depending on the size of the “establishment” these could be produced in sufficient
guantities to be in the scope of COMAH. In Appendix 2 we estimate quantities guided by the
literature, where fire tests have directly measured evolution of the hazardous gases,

For small capacity BESS installations, under 25 MWh capacity, the quantities {“inventory”) of the
evolved hazardous substances might be outside COMAH. This paper however addresses the recent
trend towards “mega-scale” Li-ion BESS (Table 2) with very large quantities of stored energy, where
the inventory should be large enough to bring the installation within scope.

Broadly speaking, the threshold for applicability of COMAH will be dependent on the precise
BESS technology chosen, but likely to be for BESS in the region of 20 - 50 MWh. See Appendix 2.

A letter to the HSE regarding applicability of COMAM to large-scale BESS {dated 25 Nov 2020
[18]) received no reply until follow-up letters were sent addressed personally to the Chief Executive
on 7 February 2021, with the intervention of Mrs Lucy Frazer MP. The reply from the Chief
Executive [19] dated 22 February 2021 stated that “Li-ion batteries are considered articles and are
not in scope of COMAH".

We believe the current attitude of the HSE — that even large-scale Li-ion BESS are “articles” best
regulated by operators — is not consistent with the law.

Unless tested in the Courts however, this throws the entire responsibility for ensuring the safety
of major BESS “battery fires” onto the Fire and Rescue Services. Currently the HSE makes no
representation to the Planning Inspectorate in respect of BESS hazards.
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7. Engineering standards for BESS

As with any hazard, the basic principles of Prevention and Mitigation must be applied to minimise
the risk to life, property and the environment. A major contribution of the Hill/DNV report [8] is a
review of current engineering and fire protection standards. This did not concern planning, siting
and electrical standards, but simply addresses the question: which standards, if any, offer
Prevention or Mitigation of the phenomenon of thermal runaway? The answer appears to be none.

“Thermal runaway” is an electrochemical reaction, well-known in Li-ion BESS, that is largely
uncontrollable once started. Since failures in single cells {among many thousands) can be sufficient
to initiate thermal runaway, the only known Prevention measure is that adopted by the BEV
industry, viz. thermal isolation of neighbouring cells, so that if failure occurs in any one cell,
insulation or water cooling prevents easy thermal spread to neighbouring cells. Various design
strategies have been adopted in BEV Li-ion batteries, usually involving some form of thermal
barrier.

However these are not widely used in grid-scale Li-ion BESS. Current practice is the assembly of
stacks of cells, typically “pouch” cells which are externally flat polymer bags, that are stacked side
by side in low profile modules with no thermal isolation. This is not the construction adopted in
current generation BEV batteries; BEV practice (with thermal isolation) extended to grid-scale BESS
would obviously increase costs and complexity considerably.

The engineering standards reviewed by Hill/DNV [8] included NFPA 855, UL 1973 and UL
9540/9540A. UL 9540A is a US standard that is widely used in grid-scale BESS engineering, is
routinely recommended by insurance and risk consultants [20] and was appealed to by the
developer of the Cleve Hill solar farm {Table 2). The problem is that UL9540A is fundamentally a
test procedure. It mandates no design features. It requires absolutely nothing that would prevent
thermal runaway in any BESS design. This means that an operator can say truthfully that a given
BESS is “fully compliant” with UL9540A, yet this would provide no assurances at all regarding
thermal runaway prevention. It is therefore wholly insufficient as a safeguard to either the
operator, the public, or to emergency services.

NFPA 855 [21], uniquely, requires evaluation of thermal runaway in a single module, array or
unit and recognises the need for thermal runaway protection. However, it assigns that role, with
complete futility, to the Battery Management System {BMS). Thermal runaway is an
electrochemical reaction which once started cannot be stopped electrically. It is uncontrollable by
electronics or switchgear. A BMS can locate faults, report and trigger alarms, but it cannot stop
thermal runaway.

The Hill/DNV report [8] highlights the many shortcomings of existing standards, see Appendix 4.
The basic issue is simple:
(1) Thermal Runaway has very few means of Mitigation once started.
(2) Itis therefore essential to address Prevention as a priority.
{3} No current engineering or industry standards require the Prevention of thermal runaway
events by thermal isolation barriers.

Nothing in existing standards prevents runaway incidents happening again, requiring for initiation
only single-cell failures from known common defects in cell manufacture.
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8. Fire Safety Planning for BESS “fires”

Taking the recent Sunnica BESS proposal as an example, a joint statutory consultation response
has been submitted by the four Local Authorities concerned. The Local Authorities in this case are
Cambridgeshire and Suffolk County Councils, and West Suffolk and East Cambridgeshire District
Councils. This joint consultation response [22] included a section on Battery Safety {pp 74-75) and
states as follows:

Suffolk Fire and Rescue Service {SFRS) will work and engage with the developer as this project develops to
ensure it complies with the statutory responsibilities that we enforce.

Sunnica should produce a risk reduction strategy as the responsible person for the scheme as stated in
the Regulatory Reform (Fire Safety) Order 2005. it is expected that safety measures and risk mitigation is
developed in collaboration with services across both counties.

The response also later states: As with all new and emerging practices within UK industry, the SFRS
would like to work with the developers to better understand any risks that may be posed and
develop strategies and procedures to mitigate these risks.

It is clear that local Fire and Rescue Services have been given the lead responsibility for
independent emergency planning, in concert with the developers. Because of the attitude of the
HSE refusing to exercise regulatory control over BESS safety, local Fire and Rescue Services become
the sole independent public body able to influence BESS safety issues at the planning stage.

Many detailed recommendations have been made by the Local Authorities in the case of
Sunnica. It is unclear how much opportunity or input Suffolk FRS has had in these. However the
recommendations offered betray some serious misunderstandings and a complete lack of
awareness of the lessons and recommendations made in publicly available documents such as the
Hill/DNV report [8] into the McMicken explosion.

These are taken point by point in Appendix 4 but some general points are made here.

1. Thermal runaway cannot be controlled like a regular (air-fuel) fire. The only way to mitigate “re-
ignition” (a regular report of eye-witnesses) is by thorough cooling. Water is the only fire-fighting
material with the necessary thermal capacity. Sprinkler systems, though with good records in
conventional building fires, are likely to be completely inadequate. The purpose of the water is
absorbing a colossal release of energy. The Hill/DNV report [8] called for so-called “dry pipe”
systems allowing first responders to connect very large water sources to the interior without having
to access the interior.

It is critical to appreciate that all parts of the battery system must be cooled down. Playing
water on a battery “fire” may cool the surface, but so long as Li-ion cells deep inside the battery
remain above about 150°C, "re-ignition” events will continue, It is not sufficient to estimate water
requirements on the basis of calculations assuming water reaches everywhere, uniformly.

For example, in the recent Tesla car fire [2] the BEV battery kept re-igniting, took 4 hours to
bring under control and used 30,000 (US) gallons of water (115 m3). This was for a 100 kWh BEV
battery, designed with inter-cell thermal isolation barriers.

In the case of Sunnica, the Local Authorities have suggested that water supplies of 1900 litres
per minute for 2 hours (228 m3) will be needed [22]. But this is grossly inadequate. Using the above
Tesla BEV fire experience, this amount of water would suffice for just two Tesla Model S car fires.
Scaling this up to even the smallest 2 MWh BESS {such as that in McMicken [8]), which contains
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stored energy equivalent to twenty Tesla Model S cars, it is clear to see that a much greater
amount of water would be needed.

The actual amount of water required will depend on the energy storage capacity per cabin
which, in the case of Sunnica, is still unstated. Some simple estimates are, however, made below.
The requirements suggested to date by the Local Authorities for the Sunnica installation are
completely inadequate and, if not addressed, would leave Suffolk FRS without the means to
control a major BESS “fire”.

Taking a storage capacity of 10 MWh in just one of the Sunnica cabins (see Appendix 1), a
complete thermal runaway accident in such a BESS would release that stored electrochemical
energy, plus an indeterminate quantity of heat from combustion of hydrocarbon polymer materials
or inflammable gases evolved from them. Such Total Heat Release may be up to twenty times the
amount of the stored electrochemical energy in the BESS [11].

The thermal capacity of water is 4.2 k! kg K or in kWh terms, about 1.17 kWh m3 K1, If
heated from 25 °C to boiling point about 87.8 kWh m™? of thermal energy is required.

Hence the water volume required to absorb 10 MWh of released energy without boiling is about
114 m? or 30,000 US gallons, the same amount as required in practice to control a fire in a single
Tesla Model S car with a mere 100 kWh battery, 100 times smaller than a 10 MWh BESS.

The quantity suggested by the Local Authorities’ joint response is 228 m? (1900 L min for 2
hours), twice the above estimate, which would naively be sufficient for a 20 MWh BESS fire.
However, from the experience of recent BEV fires, it could be insufficient by a factor of 100.

No such calculations were presented in the Examination of the 700MWh Cleve Hill BESS (6).

2. “Clean agent” fire suppression systems are a common fire suppression system in BESS, but are
totally ineffective to stop “thermal runaway” accidents. The McMicken explosion was an object
lesson in this: the installed “clean agent” system operated correctly, as designed, on detection of a
hot fault in the cabin [8]. There was no malfunction in the fire suppression system. But it was
completely useless because the problem was not a conventional fuel-air fire, it was a thermal
runaway event. Only water will serve in thermal runaway.

Indeed in the McMicken explosion the “Novec 1230” clean agent arguably contributed to the
explosion by creating a stratified atmosphere with an air/Novec 1230 mixture at the bottom and
inflammable gases accumulating at the cabin top.

The most probable cause of the explosion was mixing caused by the opening of the door by first
responders. The explosive mixture contacted hot surfaces and ignited {8].

3. Afurther recommendation of the Hill/DNV report [8] into the McMicken explosion is for a
means of controiled venting of inflammable gases before first responders attempt access. In the
Local Authority response to the Sunnica consultation, ventilation is listed as a BESS requirement
[22] but the reason given, bizarrely, is “to control the temperature” — at which ventilation or air-
conditioning (also listed) would be totally ineffective, lacking any significant thermal capacity.

The critical reason for controlled ventilation is the removal of inflammable gases before an
explosive mixture forms. Deflagration panels (to decrease the pressure of explosions that do occur)
are also recommended.
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It should be noted that although controlled venting provisions would mitigate the consequence
of inflammable gas evolution, they would also require simultaneous venting of Hydrogen Fluroide
that would be evolved concomitantly.

Toxic gas hazard would continue to present a risk to the community and the environment for
the duration of the incident. Fire-water will be contaminated with, inter afia, highly corrosive
Hydrofluoric Acid. Contamination of water supplies and waterways must be prevented.

It is strongly recommended that Fire Services study the Hill/DNV report [8], and the related
Underwriters Labs report [9], act upon their recommendations, and make realistic, physics-based,
calculations of the water quantities required to be available at every single BESS cabin. There
could be as many as 150 BESS cabins at the Sunnica East B site alone — see Appendix 1; each of
these would need a sufficient water supply.
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Appendix 1: Battery Capacity Calculations for the Grid-scale BESS proposed at the “Sunnica” site.

The Sunnica scheme will be taken as an example of a “mega-scale” solar plant with BESS. If
approved, it would cover approximately 2800 acres and will include BESS on 3 separate sites.

The proposed BESS capacity in the Sunnica scheme has not been specified. Estimates of storage
capacity can be made on the basis of the land areas allocated to the BESS compounds, assuming full
use {per meeting with Parish Councillors, 30 October 2020 [23)). Li-ion battery technology has also
been assumed because it is the most widely used in the industry today. Li-ion batteries have a high
energy density, and the costs of these have fallen significantly over the past few years [24] .

Land areas and cahin size are quoted in the Sunnica Scheme Description as:
Sunnica EastA:  5.23 ha
Sunnica East B: 15.6 ha
Sunnica West A: 10.65 ha
Total: 31.48 hectares.

One storage cabin size is 15 m length x 5 m width x 6 m height. This height is double that of a
so-called “hi-cube” shipping container and has a larger footprint (75 m? vs 30 m? for a standard 40-
foot shipping container).

Storage capacity can be estimated based on other BESS and storage cabin volumes:
Single cabin energy storage capacity:

The McMicken, Arizona, Li-ion BESS was a single cabin, footprint of 60 m? and ‘shipping container’
height. The Sunnica BESS cabins are 75 m?, with ‘double shipping container’ height (6 m).
Energy storage at McMicken was 2 MWh,

Scaling by footprint and height yields a singfe cabin energy storage capacity estimate of 5 MWh
for each of the “Sunnica” BESS cabins.

The Arizona cabin had empty space for expansion racks, so a larger single cabin energy storage
capacity, up to say 10 MWh, is entirely conceivable.

Density of BESS cabins on allocated land.

This is unstated by Sunnica. We assume that 7.5% of the allocated land area will be occupied by the
BESS cabins themselves (this allows for safety separations, fire access routes, Battery Management
Systems (BMS) and other electrical plant, bunding for firewater in the event of incidents). This
implies a total of 315 BESS cabins allocated over the three sites.

Total scheme storage capacity:

5 MWh (single cabin capacity) x 315 cabins vields a total energy storage capacity of 1575 MWh (or
1.574 GWHh), distributed over 3 separate battery compounds of unequal size {(31.48 ha total). If the
single cabin capacity were 10 MWHh, the total doubles to 3150 MWh,

A storage capacity between 1500 — 3000 MWh is therefore credible for the Sunnica proposal,
depending on single cabin storage and the density of cabins on the land.

The area density of storage at this cabin density would be 50 MWh ha? for a single-cabin
storage of 5 MWh. This figure of 50 MWh ha! is independent of the total area allocated; it depends
only on the assumed fraction (7.5%) occupied.

For comparison, the corresponding density at Cleve Hill {3} is a very similar 69.2 MWh ha®.



The Energy Institute [25] gives 100 MWh ha? as ‘typical’ for Li-ion BESS planning. This density
would be reached in our assumptions if the single cabin capacity were 10 MWh. The latter figure is
entirely conceivable because the “base estimate” derives from an incompletely populated cabin. It
is also readily achievable if the spacing of cabins is closer than implied by the assumption of 7.5%

land occupancy.
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The “base case” estimate of 315 cabins and 1574 MWh is an overestimate only if the project

does not fully occupy the allocated land (i.e. BESS cabin density is less than the 7.5% assumed), but

this would be contrary to advice from the developer in meetings with local Councillors.

It is also an overestimate if the single cabin storage capacity is less than 5 MWh. This is unlikely

because it is estimated from a BESS cabin still incompletely populated.

These estimates are summarised in the following Table.

Table 3. Estimates of electrical stored energy under various assumptions at Sunnica.
Note: “1 kiloton TNT” is equivalent to 1.163 GWh. “One Beirut” is equivalent to 580 MWh.

No. of .
Compound Area cabins Energy storage capacity Comments
at area
density
of 7.5% L _
A : F:
(Snglecabin) = M 1 5 MWh 10 Mwh Per cabin
W e i assumptions
Sunnica East A 5.23 ha 52 260 MWh 520 Mwh
. Per compound
Sunnica East B 15.6 ha 156 780 MWh 1560 MWh estimates of stored
Sunnica West A 10.7 ha 107 535 MWh 1070 MWh energy
Whole Scheme  31.5ha 315  1575MWh 3150 MWh SR
electrochemical
1.575 GWh 3.150 MWh energy only_
1.36 kilotons  2.71 kilotons
Does not include
2.72 5.44 chemical energy
“Beiruts” “Beiruts”

from inflammables.
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Appendix 2: Applicability of the COMAH Regulations to large-scale BESS

The COMAH regulations {2015). COMAH regulates establishments with quantities of dangerous
substances {categorised as toxic, flammable or environmentally damaging) that are present above
defined thresholds. The substances do not need to be present in normal operation. If dangerous
substances could be generated “if control of the process is lost”, the likely quantity generated
thereby must be considered. If the mass of dangerous substances that could be generated in loss
of control exceeds the COMAH thresholds, the Regulations apply.

There are two “tiers” to COMAH, the “upper tier” imposing more stringent controls. Thresholds
of hazardous substances are listed with thresholds for both tiers.

The regulations specify aggregation rules when more than one substance in a hazard category
(e.g. flammables) may be present; even if all such substance are below the COMAH thresholds,
others in the same hazard category must be quantified and the proportions of the threshold
aggregated. If the total exceeds one, the establishment is subject to COMAH. It is also clear that the
inventories of all “installations” — including pipework — must be considered as a whole,

Extracts from COMAH Regulations [26] 2{1) {definitions):

“establishment” meons the whole location under the control of an operator where a dangerous substance
is present in one or rore installations, including common or related infrastructures or activities, in a quantity
equal to or in excess of the quantity listed in the entry for that substance in column 2 of Part 1 or in column 2
of Part 2 of Schedule 1, where applicable using the rule laid down in note 4 in Part 3 of that Schedule;

“presence of a dangerous substance” means the actual or anticipated presence of a dangerous substance
in an establishment, or of a dangerous substance which it is reasonable to foresee may be generated during
loss of control of the processes, including storage activities, in any installation within the establishment, in a
quantity equal to or in excess of the qualifying quantity listed in the entry for that substance in column 2 of
Part 1 orin column 2 of Part 2 of Schedule 1, and “where a dangerous substance is present” is to be
construed accordingly;

Application to grid-scale BESS: The Regulations refer to “a dangerous substance which it is
reasonable to foresee may be generated during loss of control of the processes”, Both Flammable
Gases {P2} and Acute Toxics (H1 and H2) are certainly “reasonable to foresee” in thermal runaway
incidents which are now well-documented. The evolution of regulated, named and categorised
hazardous substances from Li-ion battery cells in thermal runaway is also well-documented. A
“worst credible accident” would have to consider that the entire inventory of Li-ion cells would be
destroyed in a single BESS cabin at least. Cabin-to-cabin propagation should also be considered.

The Regulations apply to the entire “establishment”, controlled by a single operator. Whilst the
individual BESS compounds at Sunnica might be regarded as separate establishments, it is less
reasonable that individual BESS cabins should be regarded as separate “establishments”. They are
separate “installations” but “establishment” means the entire area under control of an “operator”.

Only if the most stringent safeguards were in place to ensure that the disastrous consequences
of cabin-to-cabin propagation of “battery fires” could not conceivably occur, could it be argued that
dangerous substances, exceeding the COMAH thresholds in quantity, were not “reasonable to
foresee [being] generated during loss of control of the process”,

We believe the COMAH regulations apply to BESS and that the approach of HSE is wrong in law.

Dangerous substances “reasonable to foresee ... generated during loss of control of the
processes”: The literature and known experience of BESS accidents is clear that dangerous
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substances in the hazard categories H1 and H2 {Acute Toxic) and P2 {Flammable Gases) are
foreseeable in the event of thermal runaway accidents. One of the Flammable Gases is Hydrogen,
which is a “Named Dangerous Substance” in Part 2 of Schedule 1 of the COMAH Regulations 2015.
Lower thresholds are specified for Hydrogen than for other P2 Inflammable Gases.

It remains therefore to consider the quantities of dangerous substances which could be
generated if “control of the process is lost” in a thermal runaway incident. Published literature
sources quantify evolution of flammable gases from tests of various Li-ion cells in sealed vessels.
Open “fire tests” quantify the evolution of toxic gases particularly Hydrogen Flucride. Many other
test results exist in the records of specialist test laboratories, but here we rely upon two primary
published sources.

Golubkov et al. (2014) [13] report quantities of evolved inflammables from Li-ion cells of three
different electrode chemistries in thermal runaway situations, The proportion of Hydrogen (Ha),
Methane (CHa), Ethylene {C2Ha) and Carbon Monoxide (CO) does not in fact vary greatly between
different types of Li-ion cell, reflecting an underlying inventory of hydro-carbon material (plastics,
electrolyte solvents etc) that remain similar in all Li-ion technologies. This is consistent with DNV/GL
test data cited in the Hill/DNV report [8]. The quantitative estimates here are taken from results
derived from cells with Nickel-Manganese-Cobalt {NMC) electrodes, as used in the McMicken BESS.
It was not possible in the apparatus of Golubkov et al. to determine the concentrations of HF
evolved.

Larsson et al. [11] report evolved quantities of Hydrogen Fluoride (HF) from Li-ion cells in open
“fire tests”, and also the Total Heat Released {THR) from combustion of the inflammables. Again
these vary between cell technologies and “form factors”, especially whether the cells have an outer
metal cannister or are in the “pouch” format. Quantities between 20 — 200 mg / Wh are reported.
The worst case figure is used in the following estimates; the lowest evolution reported for “pouch”
cells was 43 mg/Wh.

Both sources report evolved gas quantities on a per Wh basis. We scale these to a Li-ion BESS
cell size on the basis of stored energy since this will be roughly proportional to the electrolyte
solvents and other polymer materials in the cell. Scaling on a per mass basis would be preferable,
but this would require further information on the exact composition of the cells in the literature
tests, and indeed those for the BESS in question. During the McMicken investigation, the cell
manufacturers refused to release such data.

H1 and H2 Acute Toxics, The applicability of COMAH is easiest to determine in respect of Hydrogen
Fluoride {HF). This has a dual hazard classification [12] as H1 Acute Toxic (skin exposure) and H2
Acute Toxic {inhalation) and both exposure routes would apply to the general public nearby. The
lower tier COMAH threshald for H1 Acute Toxics is 5 tonnes [27]; using the upper estimate of 200
mg/Wh from Larsson, the BESS capacity at which a BESS enters the scope of COMAH {lower tier) is
25 MWh.

This is far below the projected storage capacities given in Table 3 (Appendix 1). With high
storage capacity cabins (of e.g. 12.5 MWHh}, it would require propagation of a fire from just one
cabin to a second, to generate HF above the COMAH threshold. It is not necessary to foresee a
major conflagration involving multiple cabin-to-cabin propagation to bring the establishment within
scope of COMAH; just two cabins would suffice. If 25 MWh were stored in a single large cabin, the
question of cabin-to-cabin propagation is irrelevant.
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The upper tier for “H1 Acute Toxics” is entered at four times higher capacity {100 MWh), which
is well below the estimated capacity of Cleve Hill, and is also below each of the three Sunnica BESS
compounds individually.

Even on the lowest evolution figure of 43 mg/Wh reported by Larsson et al. for “pouch” cells,
the lower tier of COMAH is entered at a storage capacity of 120 MWh, again well within the “low
case” capacity of each of the Sunnica BESS compounds, and Cleve Hill.

There is little doubt that either the lower or upper tier of COMAH is applicable to Cleve Hill and
all three of the Sunnica BESS compounds, on the basis of “H1 Acute Toxics” (HF, skin route) alone.

Carbon Monoxide (CO) is categorised as an H2 Acute Toxic as well as a P2 Inflammable Gas, and
will also be evolved, but in application of the aggregation rule its presence does not materially alter
these conclusions. It is sufficient to consider HF alone.

P2 Inflammable Gases. Assessing applicability of COMAH on the basis of inflammable gases is more
complicated because of the evolution of Hydrogen {H:), Methane {CHs), Ethylene (CaHa) and Carbon
Monoxide (CO) in significant quantities, and because Hydrogen is a “named dangerous substance”
for which different COMAH thresholds apply. These must be taken into account when applying the
Aggregation Rule. Although proportions are generally similar, quantities do depend on the different
electrode chemistries in the different Li-ion cell types.

Taking the largest evolutions reported by Golubkov et al. [13] for the LCO/NMC electrode type
tested by them these are equivalent to 335 mg/Wh of P2 inflammables. For the NMC cells tested
{the McMicken cells were NMC) the evolution was 214 mg/Wh. Taking the higher figure and
applying the aggregation rule, grid-scale BESS enter the lower tier of COMAH at about 30 MWh
capacity. Taking the lower figure, they enter the lower tier at 45 MWh capacity.

Hence there is little doubt that grid-scale BESS are lower tier COMAH establishments on the
basis of “P2 Inflammable Gases” at storage capacities between 30 - 45 MWh,

Because of the variability between cell types, and the difficulty of scaling laboratory tests to
actual BESS cells without detailed composition data, there is room for adjustment. However the
calculated estimates of the thresholds for applicability of COMAH are so far below the projected
capacities that it is inconceivable that the Cleve Hill and Sunnica BESS compounds would not be
COMAH establishments, in lower tier at the very least, and probably the upper tier also.

Conclusion: Grid-scale Li-ion BESS should be considered COMAH establishments in the lower tier on
the basis of “H1 Acute Toxics” (HF) alone, at energy storage capacities in the region of 25 MWh.
Upper tier would apply at about 100 MWh. They should be lower-tier COMAH establishments on
the basis of “P2 inflammable gases” alone, at storage capacities between 30 - 45 MWh. Again
larger establishments could become upper tier COMAH. Laboratory closed vessel and fire tests on
actual Li-ion BESS cells proposed to be deployed would be required to refine these estimates
definitively.

It is difficult to see how these conclusions could be avoided if tested in litigation.
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Appendix 3: Shortcomings of Existing Engineering Standards for Li-ion BESS

The July 2020 report for the Arizona Public Service by Dr D Hill [8] provides a comprehensive
discussion of existing engineering standards relating to BESS, and how they are inadequate to
address the known hazards of “thermal runaway” incidents in Li-ion BESS. This was the failure
mode leading to the explosion at McMicken, Arizona.

Unfortunately, when the UX’s first “mega-scale” solar plant and battery storage site was granted
approval in May 2020, this paper had not been published. The Cleve Hill solar developers cited one
standard, UL 9540A [3)]. This is also cited by some insurance and risk consultants [20].

It is important to be clear that nothing in UL 9540A addresses thermal runaway, and as a test
method standard, it can provide no “safety certification” for Li-ion BESS.

Specific criticisms made in the Hill/DNV report include the following:

1. UL 1973 allows for the complete destruction of a BESS and the creation of an explosive
atmosphere so long as no explosion or external flame is observed. An installation can do all
these things but still “pass” UL 1973. At McMicken one rack was completely destroyed and an
explosive atmosphere created but no flame or explosion occurred until first-responders opened
the cabin door.

2. UL 9540A is merely a test method for generating data, It does not define any “pass/fail” criteria
for interpreting results. Specifically, it does not address cell-to-cell cascading in thermal
runaway, nor the evolution of a potentially explosive atmosphere. It does not even prescribe
that the cell-to-cell cascading rate be measured.

It allows that thermal runaway may proceed to an entire rack (as at McMicken) and offers
testing of fire suppression systems {which operated correctly at McMicken but cannot prevent
thermal runaway, and did not prevent an explosion).

Presentation of data generated under UL 9540A to an “AHJ” {Authority Having Jurisdiction) does
not translate to a succinct understanding of potential risks.

3. NFPA 855 [21] does require evaluation of thermal runaway in a single module, array or unit and
does acknowledge the need for thermal runaway protection. However, it assigns that role to
the Battery Management System (BMS). Yet thermal runaway is an electrochemical reaction
that once started cannot be stopped electrically. It is uncontrollable by electronics or
switchgear, only by water cooling.

The evolution of engineering and safety standards has not yet incorporated the lessons of
experience arising from the McMicken explosion [8] or explosion incidents in the UK like the
Liverpool explosion and fire of 15 September 2020 [1]. Compliance with existing standards does
not prevent such incidents happening again.

Articles in the industry press® do now recognise and discuss the problem of thermal runaway
but make proposals such as: “if off-gases can be detected and batteries shut down before thermal
runaway can begin, it is possible that fire danger can be averted”

Such statements betray a dangerous misunderstanding. Batteries cannot be “shut down”,

except by complete discharge, which cannot be done quickly. Taking cells “out of circuit” is useless;
thermal breakdown and runaway will still occur.

3 https://www.energy-storage.news/blogs/preventing-thermal-runaway-in-lithium-ion-energy-storage-systems
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Appendix 4 - Fire Safety Planning requirements in the Local Authorities’ Joint Response to the
Sunnica statutory consultation

This Appendix deals point by point with the BESS requirements in the Local Authority response (text
in blue) pp 74 - 75.

sunnica should produce a risk reduction strategy as the responsible person for the scheme as stated in the
Regulatory Reform {Fire Safety) Order 2005. It is expected that safety measures and risk mitigation is
developed in collaboration with services across both counties.

The Local Authorities require that the Fire Services work with Sunnica to prepare fire safety and risk
mitigation measures. The Cambridgeshire and Suffolk Fire Services are therefore the only public
bodies with independent oversight of BESS safety.

The use of batteries {including lithium-ion) as Energy Storage Systems (ESS) is a relatively new practice in the
global renewable energy sector. As with all new and emerging practices within UK industry, the SFRS would
like to work with the developers to better understand any risks that may be posed and develop strategies
and procedures to mitigate these risks.

This paper is provided as input to this process, which appears to be insufficiently understood.

The promoter must ensure the risk of fire is minimised by:
*  Procuring components and using construction techniques which comply with all relevant legislation.

This overlooks the points made in this paper that {i) existing legislation is being ignored by the
statutory regulatory body, the HSE {ii) no adequate engineering standards exist to exercise
Prevention measures over what is by now a very well-known hazard, viz. thermal runaway. Public
Health and Safety cannot be assured whilst either of these situations continues.

+ Developing an emergency response plan with both counties fire services to minimise the impact of
an incident during construction, operation and decommissioning of the facility.

e Ensuring the BESS is located away from residential areas. Prevailing wind directions should be
factored into the lacation of the BESS to minimise the impact of a fire involving lithium-ion batteries
due to the toxic fumes produced.

This is impossible to satisfy. All the BESS compounds in the Sunnica proposal are sufficiently close to
residential areas to present a major danger of toxic fumes in the event of an accident. Plume
dispersal modelling should be performed to ensure that concentrations of HF cannot exceed
dangerous thresholds in the event of the worst credible accident in a BESS compound.

¢ The emergency response plan should include details of the hazards associated with lithium-ion
batteries, isolation of electrical sources to enable firefighting activities, measures to extinguish or
cool batteries involved in fire, management of toxic or flammable gases, minimise the environmental
impact of an incident, containment of fire water run-off, handling and responsibility for disposal of
damaged batteries, establishment of regular onsite training exercises.

This requirement is very broad but insufficiently detailed. Means of cooling would require water
volumes many times in excess of those requested. Management of inflammable gases is best
addressed by venting, but that exacerbates the hazard of toxic gas plumes. Large water volumes
may lead to unrealistic or impossible requirements for the containment, and subsequent disposal,
of the contaminated water resulting from the fire-fighting activity. Other sections of this paper
address these points.

o The emergency response plan should be maintained and regularly reviewed by Sunnica and any
matertal changes notified to SFRS and CFRS.



~ 3] = June 5, 2021

¢ Environmental impact should include the prevention of ground contamination, water course
pollution, and the release of toxic gases.

Preventing the release of toxic gases is all but impossible. A thermal runaway event WILL release
toxic gases. If inflammables are vented to avoid /mitigate explosion risk, toxic gases WILL be
vented. Ground contamination and water course pollution is almost certain to occur if sufficient
water to control a major thermal runaway event is deployed. It will pose a significant challenge to
contain, and safely dispose of, such large volumes of contaminated fire water.

The BESS facilities should be designed to provide:

e Automatic fire detection and suppression systems. Various types of suppression systems are
available, but the Service’s preferred system would be a water drenching system as fires involving
Lithium-ion batteries have the potential for thermal runaway.

This is a correct precaution, but no specification is made of likely water volume requirements, nor
for a “dry pipe” system allowing water to be deployed without cabin entry. We provide some water
estimates elsewhere in this paper.

Other systems, such as inert gas, would be less effective in preventing reignition.

This is also a correct insight. The so-called “clean-agent” fire suppression system at McMicken was
triggered correctly, but was useless to control thermal runaway. Moreover the stratified
atmosphere created allowed the build-up of inflammables to a dangerous level, before the
explosion occurred,

¢ Redundancy in the design to provide multiple layers of protection.
+ Design measures to contain and restrict the spread of fire through the use of fire-resistant materials,
and adequate separation between elements of the BESS.

This comment only vaguely considers the true essentials. The “elements of the BESS” couid be:
cells, modules, racks, strings, and the entire system. As discussed in the Hill/DNV report what is
required is for the industry as a whole to accept that thermal runaway in an unacceptable hazard,
and demand engineering standards that Prevent thermal runaway by design, or if it occurs, Prevent
its cascade or escalation to larger system elements. This requires

a. Thermal barriers {i.e. Low thermal conductivity barriers, not merely refractory barriers,
ideally with water cooling, between all cells, so that propagation from cell to cell cannot
occur. This is precisely the requirement the industry has so far NOT made in the
development of its engineering standards.
Separation of modules by similar barriers to Prevent module-to-module cascade.
Separation of Racks to prevent rack-to-rack cascade, even with ejection of molten metals.
d. Spacing of BESS cabins such that even with “75 foot flame lengths” cabin to cabin escalation
is impossible. This is probably the most critical of all, since cabin-to-cabin escalation could
turn a major fire incident into an unprecedented catastrophe, on the scale of the Beirut
explosion or a small nuclear weapon.

o

¢ Provide adequate thermal barriers between switch gear and batteries,

s Install adequate ventilation or an air conditioning system to control the temperature. Ventilation is
important since batteries will continue to generate flammable gas as long as they are hot. Also,
carbon monoxide will be generated untii the batteries are completely cooled through to their core

This comment is very strange. There is no possibility whatsoever that air conditioning could he
adequate “to control the temperature”. The importance of ventilation is however recognised, as is
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the generation of carbon monoxide (toxic as well as inflammable). However the generation of
Hydrogen Fluoride will also continue until the batteries are “completely cooled” and HF {H1 Acute
Toxic by skin exposure) is much more toxic than CO (H2 Acute Toxic).

« [nstall a very early warning fire detection system, such as aspirating smoke detection.
The “very early warning” fire detection system required should be thermocouples to report
continuously on the local temperature at every cell in the entire system. A single cell overheating
can escalate via thermal runaway. By the time smoke is generated, this will be a “very late”, rather
than “very early” detection system. Just as thermal runaway events do not necessarily generate
ftame, neither do they necessarily generate smoke, until nearby combustibles are ignited.

+ Install carbon monoxide (CO) detection within the BESS containers.

This is a good straightforward measure, but detectors for other gases expected (HF, Hz, CHq4) couid
equally well serve and multiple gas detection would provides additional security.

+ |nstall sprinkler protection within BESS containers. The sprinkler system should be designed to
adequately contain and extinguish a fire.

The excellent record of sprinkler systems in ordinary building fires shows they would help contain
fire in regular combustible parts of the structure. However as discussed earlier in this paper, a
mere sprinkler system would be useless to contain thermal runaway. Much larger water quantities
would be needed.

s Ensure that sufficient water is available for manual firefighting. An external fire hydrant should be
located in close proximity of the BESS containers. The water supply should be able to provide a
minimum of 1,900 I/min for at least 2 hours. Further hydrants should be strategically located across
the development. These should be tested and regularly serviced by the operator.

As discussed elsewhere, we believe these water requirements to be under-specified by a factor of
100, based on real experience with BEV fires, “Strategic location” is inadequate. Every single BESS
cabin (potentially up to 150 of these at Sunnica East B alone) should have such a hydrant.

We remark elsewhere on the recommendation made by Hill/DNV for a “dry pipe” system to deploy
water drenching inside via external connections, without cabin entry being needed.

e Asafe access route for fire appliances to manoeuvre within the site (including turning circles). An
alternative access point and approach route shoutd be provided and maintained to enable
appliances to approach from an up wind direction. Please note that SFRS requires a minimum
carrying capacity for hardstanding for pumping/high reach appliances of 15/26 tonnes, not 12.5
tonnes as detailed in the Building Regutations 2000 Approved Document B, 2006 Edition, due to the
specification of our appliances.

The requirement for safe access routes and space for appliances to manoeuvre could usefully be
expanded into requirements for safe spacing of BESS cabins and thermal or flame barriers between

cabins, to Prevent the “disaster scenario” of cabin-to-cabin propagation.

Final Comment: {over)



-33- June 5, 2021
Final Comment:

The fundamental failure mode of Li-ion batteries presenting major hazard is thermal runaway.
This paper is far from the first to identify the risk which is now well-known.

However the BESS industry as a whole has still not agreed or implemented adequate engineering
standards to address basic Prevention measures to pre-empt thermal runaway accidents,

Until it does, Mitigation of major accidents by the Fire Services will remain the sole recourse for
public protection and safety.
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Toxic gases released from lithium-ion battery (LIB) fires pose a very targe threat to human health, yet they are
poorly studied, and the knowledge of LIB fire toxicity is limited. [n this paper, the thermal and toxic hazards
resulting from the thermally-induced failure of a 68 Ah pouch LIB are systematically investigated by means of
the Fourier transform infrared spectroscopy (FTIR) and 1/2 150 full scale test room. The LiBs with higher state of
charge (SOC) are lound 1o have greater fire risks in terms of their burning behavior, normalized heat releasc rate,
and fire radiation, as well as the concentration of wxic pases. Specifically, the thermal hazards are evaluated by
combining the effects of convective and radiative heat, The major 1exic gases detected from the online analysis
are CO, HF, SO, NOjz, NO and HCl. Furthermore, Fractional Effective Dose (FED) and Fractional Effective
Concentration {FEC) models arc used to quantitatively assess the overall gas toxicity. Results show that the
effects of irritant gases are much more significant than those of asphyxiant gases. HF and SO have much greater
toxicity than the other fire gases. The maximum FEC value is approaching the critical threshold in such fire
sCenanios,

1. Introduction baitery materials was about three times as much as that generated in

side the battery. Li et al. (2019) investigated the thermal runaway
propagation mechanism of large format LIB with Li(Ni,,3Coy 4Mn, )
0 cathode based on the results from the EV-ARC tests. The propagation
time between adjacent LIBs was significantly delayed in 50% SOC
module compared with 100% SOC module. Chen et al. (2017) con-
ducted experiments in Hefei (100.8 kPa) and Lhasa (64.3kPa) to in
vestigate the fire behaviors of L1Bs at different atmospheric pressures. [t
was determined that the low atmospheric pressure can largely weaken
the combustion intensity of the LIBs. However, in some circumstances,

Lithium-ion batteries (L1Bs) are widely used in various applications
today and are seen as the promising power source for electric vehicles
{EVs), due to their high energy density and long cycle life (W et al,
2018; Wang et al., 2012). However, thermal runaway may occur, when
the batteries are misused or encounter abnormal environmental con-
ditions, which is generally accompanied by heat release, gas emissions,
fire and possible explosions. Fire accidents caused by LIBs have been
reported continually (Abada et al.,, 2016} and the safety problems have

become a major obstacle that hinders the further development of EVs.

Considerable research has been carried out to investigate the
thermal runaway features of LIBs. Experimental techniques such as
differential scanning calorimetry (Zhang et al.,, 2019) (DSC), extended
volume accelerating rate calorimetry (EV-ARC) (Feng et al., 2014a, b},
vent sizing package 2 (VSP2) (Jhu et al., 2011, 2012; Chen et al,, 2016),
cone calorimeter (Fu er al., 2015; Zhong et al., 2018), Copper Slug
Battery Calorimetry (CSBC) (Said et al., 2018; Liu et al., 2015, 2016)
and even 150 9705 room test apparatus (Ping ct al,, 2015) have been
utilized to analyze the thermal hazards of single and multiple LiBs. For
example, Said (Said et al., 2018) measured the energetics of thermally
induced LIB failure by means of CSBC and cone calorimeter. The results
showed that the heat released through flaming combustion of ejected

* Corresponding author,
E-mail address: yangiz@uste.educn (L. Yang).

hitps://doi.org/10.1016/) jhazmat.2019.120916

the risks of fire effluents can be more serious than the fire itself, and the
intense heat generated by LIB fires especially in enclosed environments.
Deaths and injuries are mainly due to the inhalation of smoke and toxic
gases in most fire accidents (Stec, 2017). To reduce the possibilities of
safety problems, LIBs have to pass various abuse tests (overcharging,
short circuit, crushing, penetration and overheating, etc.) before sales,
yet there is no requirement to assess the toxicity of burning LIBs,
Until now, few studies have been done on evaluating the fire ef
fluents of LIB and the knowledge of their toxicity is very limited.
Fredrik (Larsson et al. (2014); Larsson et al., 2017, 2018; Andersson
et al., 2016) conducted fire tests on various types of LIBs, which mainly
focused on the quantitative analysis of toxic fluoride gases. It was ob-
served that lower SOC batteries produced higher amounts of HF and the
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Nomenclatures

LIB lithium-ion battery

EV electric vehicle

S0C state of charge

SEI solid electrolyte interphase

G(1) heat release rate, kW

Ah.fr,  heat release per mass of oxygen, which was taken as
13.1 MJ/kg

C orifice flow meter calibration constanl,ml'l-gl EN 3

Ap pressure differentiat, Pa

1. the absolute temperature of the gas, K

added water mist increased the peak production rate of the HF, but
there was no significant change in the total amount of HF released.
Ribiére et al. (Ribiére et al., 2012) utilized a Fire Propagation Apparatus
(FPA) to investigate the combustion characteristics of the materials
ejected from a 2.9 Ah pouch cell. Significant concentrations of toxic
gases including HF, CO, NO, SO, and HCl were identified, and HF was
considered to be the most critical gas emitted from F-containing bat-
teries. Fabian Diaz et al. {2019} calculated the theoretical contaminated
volume to evaluate the hazards of gas emissions produced in mechan-
ical and thermal treatment of spent lithium-ion batteries. It was found
that the battery with LiFePO, cathode produced the most amount of
toxic gases, with an environmental contaminated volume of 379 m*
during pyrolysis in nitrogen atmosphere. Sun et al. (2018) investigated
the combustion products of two types of commercial LIBs with elec-
trochemical sensors, and more than 100 volatile organic compounds
were identified. They showed that the types of combustion products
were related to SOC, and the fully charged batteries had the most ser-
ious toxicity. Lecocq et al. (2016) performed fire tests on 1.3 Ah lithium
iron phosphate batteries using FPA, and the gas emission data of HF and
504 were used 1o predict the toxicity of the whole Lithium-ion module.
The nature of the salt was found to significantly affect the critical
thresholds. However, large scale tests and more comprehensive gas
species are needed to better extrapolate the measured toxicity to real
fire conditions. The existed research has confirmed the types of emis-
sion gases and stressed the fact that they are toxic and can cause en-
vironmental issues, however, at present, the combined toxic effects of
these gas products on human health have not been fully evaluated.

In this work, both the thermal and toxic hazards, resulting from
thermal runaway of large format LIBs, are investigated using the FTIR
and 1/2 1SO full scale test room. The gas toxicity and thermal hazard
are guantitatively evaluated. Some important parameters such as heat
release rate (HRR}), time to ignition and fire radiation, as well as mul-
tiple gases emissions, are measured and analyzed in detail to present a
comprehensive characterization of LIB fire hazards.

2. Materials and Methods
2.1. LIB samples

The PL15181210 LIBs employed in this work are manufactured by
Beijing National Battery Technology, with LiFePOy/graphite as their
electrodes, and they are widely used in electric buses. The LIB has a
nominal capacity of 68 Ah and a nominal voliage of 3.22 V. The initial
mass is 1250 *+ 3 g and its physical dimensions are shown in Fig. 1. A
battery testing system of NEWARE CT-4004-10V100A-NFA controlled
by a computer was employed to prepare LIBs to the expected SOC using
the constant current/constant voltage method. The selected SOCs were
100%, 75%, 50% and 0%, with each SOC being repeated three times.
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X3 the initial value of oxygen analyzer reading

Xo, Oxygen analyzer reading

FED/FEC fractional effective dese / fractional effective concentra-
tion

FEDphern fractional effective dose due to thermal effects

Voo, frequency factor

@ the concentration of each gas, expressed in pl)"!

F, the critical concentration of each irritant gas that is ex-

pected to seriously compromise occupants’ tenability, ex-
pressed in !

Yrod time to experience pain due to radiant heat

— time to experience pain due to convective heat

2.2, Experimental setup

The experimental setup is illustrated in Fig. 2. This apparatus
comprises two main subsystems. The left part is the combustion
chamber with dimensions of 150 X 150 x 180 cm, which is approxi-
mately half that of the IS0 9705 test room. The right part is the gas
collection and analysis system.

(i) Details of left part. The fire tests were conducted in the
chamber under well ventilated conditions. The LIB was placed upon a
supperting mesh with the hole-size of 5 X 5cm. A 3 kW electric heater
was set under the battery at a vertical distance of 10 em to simulate a
radiative heat condition. An electric spark igniter was placed between
the two lugs at the same height as the bottom of the battery. Four R-
type thermocouples were placed at a horizontal distance of 20 cm away
from the battery to measure the flame temperature, and the spacing
distance was 10cm as shown in Fig. 2. Two Hukseflux SGBO1 heat flux
sensors with a 50 kW/m? measurement range, and four K-type ther-
mocouples were located 30cm away from the side of the battery to
quantify the convective and radiant heat. The schematic diagram of the
thermocouples and heat flux sensors setup is shown in Fig. 3. A Sony
FDR-AX40 camera with 25 fps was used to record the burning process.

(ii) Details of right part. The fire emissions from the LIB were
collected entirely and mixed with ambient air. The pressure differential
(4p), and temperature (T,) were measured by a pitot tube and a ther-
mocouple in the exhaust duct. A Servomex 4100 gas analyzer was used

181mm 0.2,

|

920.50mm

21 0mm 0.5

Fig. 1. The dimensions of the 68 Ah LiFePO, battery.
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Fig. 3. Schematic of the thermocouples and heat flux sensors.

to measute the concentration of O, by a paramagnetic analyzer, and CO
and CO; were determined by a non-dispersive infrared {NDIR) sensor.
Based on the oxygen consumption principle (1SO 5660-1, 2015), the
HRR of combustion can be calculated by:

(1) = (Ahr10c (S8 X3, — Xo,
= (Ah./5 _—
1 " y T; 1105 — 1.5%o, (1

Meanwhile, online FTIR measurements of the toxic gases were
performed using a portable Protea atmosFIRt, and the heart of which is
a high-resolution FTIR spectrometer. The sample gas was extracted
from the exhaust stream, with a flow rate of 2.5 L/min, and then passed
through a primary filter before the heated PTFE hose. Thereafter the
extracted gas was treated with a secondary filter before the analysis
starting in the FTIR gas cell.

3. Fire Hazards Evaluation Method
3.1. Assessment of Fire Gas Toxicity

The concentration limits considered by the National Institute for

Occupational Safety and Health (NIOSH) of USA to be Immediately
Dangerous to Life or Health (IDLH) (The National Institute for
Occupational Safety and Health (NIOSH), 2014), are taken into account
to conduct a preliminary assessment. Moreover, toxic-gas models de-
scribed in 1SO 13571 (1357) are introduced in this study to evaluate the
combined toxic effects. This method is a good way to quantitatively
assess the overall gas toxicity, and has been widely used to evaluate the
fire toxicity of building materials (Stec and Hull, 2011), upholstery
materials {McKenna et al., 2018) and even vehicles (Truchot et al.,
2018). {rritant and asphyxiant are distinguished in this methodology.
Asphyxiating effects are evaluated by determining fractional effective
dose (FED) as shown in Equation {2]. These effects not only depend on
the gas concentration, but also have a close relation with the exposure
time. CO and HCN are generally considered as the only two significant
asphyxiant gases in [SO 13571. Their harmful effects will be increased
due to the inhalation of CO,

15] i 23
_ Fro Voo, (Bren Veo,)
FED = 3 35000 A * 2 Lzx10m

Voo, = elooalr @)

[rritating  effects are evaluated by calculating the Fractional
Effective Concentration (FEC) as described in Equation {3). The toxicity
of these irritant gases is instantaneous and directly determined by the
concentration. F is the critical concentration that is expected to cause
incapacitation. In this method, FED and/or FEC values of 1 means that
50% of the population would be expected 1o experience compromised
tenability (1SO 13571, 2012).

FEC = Prct + Prine o .?;’if_ o P50, i Pro, " Bhcrudein e Plormatichpde
Fuyer  Fuse  Fuor Foy,  Frop  Fenten Formatdeme
¢ffﬂ’ﬂl"
+
2 e 3)
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3.2. Assessment of thermal hazards

Thermal effects result from the convective and radiant heat which
are determined by the exposure temperature of fire environment, and
radiation received by skin, respectively. The time to experience pain
due to radiant and convective heat can be calculated by Equations {41
and (5). These two effects are also related to the exposure dose. The
corresponding evaluation method is similar to that used with toxic
gases. The thermal hazards are calculated by combining the convective
and radiative effect using Equation (6). The evaluation model is con-
sistent with the studies of Purser {2002) and (Wieczorek and Dembsey,
2001 ).

lirag = 4.2¢717 (4)
fom: = {8 X 107)T~34 s}
n 1
FEDperm = ), (————)4t
e ; firad + Licony 6)

where the term ', , is set at zero if the radiant flux is under 2.5 kW/m>
4. Results and Discussion
4.1. Burning behaviors

Fig. 4 shows the typical burning behaviors of the 68 Ah batteries
with 0%, 50%, 75% and 100% SGC. It can be observed that the LIBs,
with different SOCs, all undergo several burning stages: (I) heating and
expansion, (I1) stable combustion with small flame, (lll) jet fire, (IV)
second stable combustion and (V) abatement and extinguishment. The
L1Bs show similar behaviors at stages I, Il and V while significant dif-
ferences can be seen at stages [I[ and 1V.

At stage |, the LIBs are continuously heated by the external heating
source. Then the surface shows slow expansion due 1o the increase of
inner pressure, which is caused by the gas products generated during
thermal decomposition reactions inside the battery. Some flammable
gases are released and ignited immediately by the electric spark igniter,
marking the onset of stage 1. The time interval from the exposure of

1l

100% SOC

75% SOC

50% SOC

0% S0C
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Table 1
Egnition time and heat release results of LIBs with differeru SOCs.

S0C Ignition time/s Peak HRR/KW Total release heat/k)
0% 825 + 58 37 £ 05 4165 + 356
50% 775 + 68 258 = 16 5644 £ 317
75% 759 * 65 702 = 7.2 6388 *+ 431
100% 738 = 7 80 x 26 6660 * 419

Fig. 5. The binary image of jet flame for battery with 100% SOC.

radiation to the appearance of a continuous flame is defined as the
ignition time {Torero and Handbook, 2004), As shown in Table 1, the
ignition time is decreasing with SOC. The flame is small and stable
during this stage. After a period of stable combustion, the separator
loses its whole integrity, negative and positive electrode reactions occur
that leads to thermal runaway. A great deal of gases and aerosols are

v

Eig. 4. Bumning behaviors of the LIBs at different states of charge.
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Fig. 6. The HRR curves of LIBs with 100%, 75%, 50% and 0% SOC.

1760 2000

released from the battery, forming a high-speed jet flame during stage
[Il. The average length of jet flame is calculated by MATLAB software
based on OTSU method (Otsu, 1979) and the flame reaches a length of
more than 55 cm for the fully charged battery as shown in Fig. 5. Then
the combustion becomes stable again and the flame is in the direction of
vertical buoyancy at stage IV followed by a decay (stage V) until the fire
is extinguished. Comparing the burning behaviors of LIBs with four
different SOCs, it can be seen thal the one with higher SOC shows a
longer combustion flame and stronger ejection at stage IIf and also
presents a larger scale of fire at stage IV, This is because both the
amount of available O released from cathode decomposing, and the
intercalated Li in the anode increase with SOC. This contributes to the
significant exothermic reactions such as the combustion of carbonous
material and Li oxidation during thermal runaway {(Goiubkov et al.,
2015). Therefore, the battery with higher SOC, has greater electro-
chemical potential energy that leads to a higher heat release and gas
generation rate. 1t can be seen that SOC is one of the most important
factors that affect the burning behavior of LIBs.

4.2. Thermal hazards

4.2.1. Heat release rate

Heat release rate (HRR) is one of the key parameters for char-
acterizing the energy-releasing process (Chen et al., 2017). The HRR
curves of LIBs with different SOCs are shown in Fig. 6. The peak HRR
values are 80, 70.2, 25.8 and 4.2 kW for 100%, 75%, 50% and 0% SOC,
respectively, as presented in Table 1. The results show that the peak
HRR value increases with SOC. The normalized HRR value (kW/m?)

Journal of Hazardous Marerials 381 {2020) 120916

can be obtained by dividing the peak HRR values by surface area of the
battery. The results are compared with those of commeon fuels and
polymers, the data for which are taken from the SFPE Handbook. As
shown in Fig. 7, the normalized HRR value of the fully charged LIB is
very close to that of gasoline. The normalized HRR value of the 75%
SOC LIB is higher than that of fuel oil. For the 50% SOC LIB, this is
equal 1o that of PMMA and the 0% SOC LIB has the lowest value.

The total heat release (THR} is calculated by integrating the HRR
profiles and the results are also presented in Table 1. It can be seen that
the THR values increase with SOC. Moreover, when thermal runaway
happens, the combustion heat is suddenly released within a very short
time and the HRR increases more sharply for batteries with higher SOC.
This occurs because more lithium ions embed into the negative elec-
trodes at higher SOC and increase the instability of the intercalated
carbon, Therefore, the activation energy is lower, and the reacticn rate
inside the battery is higher during the exothermic reactions.

4.2.2. Flame temperature

Fig. & shows the flame temperature curves of LIBs with 100%, 75%,
50% and 0% SOC. The temperatures measured by the four thermo-
couples increase sharply at the onset of thermal runaway for batteries
with 50%, 75% and 100% SOC. The Thermocouple 3 always detecis a
higher temperature of flame than other thermocouples and the highest
flame temperature is 798°C, 807 *C and 863 °C for batteries with 50%,
75% and 100% SOC, respectively, The failure of a single LIB can easily
trigger thermal runaway in neighboring batteries at such a high tem-
perature and cause cascading failure due to the impact of flaming
combustion. [t also should be noted that more temperature peaks are
observed for the batteries with higher SOC due to multiple jets of flame.

4.2.3. Thermal effects due to convective and radiant heat

The effects of convective and radiant heat are crucial in the as-
sessment of fire hazards. The thermal effecis are calculated by the
average values of heat flux and temperature, which are obtained from
different measuring points, located 30cm away from the side of the
batteries. Fig. % and Fig. 10 show the average heat flux and temperature
curves, The heat flux is determined by the combustion intensity and has
similar trends with HRR. This can be confirmed by the general ob
servations on fire behavior as described in Section 4.1. The peak heat
flux values are 23.9, 14.2, 2.5 and 1 kW/m? for batteries with 100%,
75%, 50% and 0% SOC, respectively. Skin temperature depends on the
balance between the rate of heat absorption and heat dissipation. The
tenability limit for exposure of skin to radiant heat is approximately
2.5 kW/m?, below which exposure can be tolerated for at least several
minutes (ISO 13571, 2012). The radiant heat, of the 100% and 75%
SOC batteries, is above this threshold and would cause pain and skin
burns within a few seconds. It can be observed in Fig. 10 that the
average temperature significantly increases with SOC, and the peak
temperature of 100% SOC can be as high as 172 "C, which exceeds the

75 ® Gasoline
"E S 21 485 m fuel oil
z 2 & Polyethylene
.E. 15 PMMA
= B Methanol
g 1 0.68 B Polyvinylchloride
? 05 l 04 I B 100% 50C
s = Q1 w75%s0c
o Ly e > & ® 50% SOC
& & dsh‘pb &

Fig. 7. The normalized HRR of L1B with 100%, 75%, 50% and 0% SOC in comparison with that of the commeon combustibles.
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limit of 120 “C suggested by thermal tolerance data for unprotected skin
of humans and would cause considerable pain within a few minutes
(Purser, 2000).

Fig. 11 shows the results of FED calculated from thermal effects in
such fire scenarios. A higher FED value represents more serious thermal
hazards. The FEDem curves of charged L1Bs rise very steeply after the
occurrence of thermal runaway which is accompanied by violent ejec-
tion. For batteries with 100% and 75% SOC, the FEDyj.qw is higher than
five within one minute after the onset of thermal runaway, indicaling
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Fig. 10. Average temperature curves of LIBs with 100%, 75%, 50% and D%
S0C.

significant thermal effects from radiant and convective heat. Any
people exposed to this fire scenario would suffer serious skin pain and
burns. For the 50% SOC battery, the thermal effects are approaching the
tenability threshold (FED of 1) after 24 min. It is considered that ap-
proximately 50% of people exposed 1o such fire scenarios would fail 1o
escape due to the thermal hazards. The effects of 0% SOC battery can be
negligible in comparison with those of batteries with higher SOC.
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Fig. 11. Evolution of FED due to thermal effects of LIBs with 100%, 75%, 50%
and (9 SOC.

4.3. Toxic threat

4.3.1. Asphyxiont gases

Carbon monoxide (CO) is generally considered to be one of the most
poisonous components in fire gases (Kuligowski, 2009). The presence of
CO; can increase the rate of asphyxiant uptake and hence increase the
toxic effects. The CO and CO, concentration curves of LIBs with dif-
ferent SOC are shown in Fig. 12. The maximum CO concentration is
258 ppm, but the duration is very short. The maximum exposure al-
lowed by occupational safety and health administration (OSHA} in the
workplace over an eight-hour period is 50 ppm of CO. Individuals will
experience slight headache and even loss of judgment within two to
three hours of exposure to 200 ppm (Betterman and Patel, 2014). The
maximum CQ; concentration of batteries, with any SOC, is far from the
threshold of 10% which may cause convulsions, coma and death
{Permentier et al., 2017).

The CO/CO, ratio can reflect the fire hazards from another point of
view as demonstrated in Fig. 13. For batteries with 100% and 75% S0OC,
the CO/CO, ratios are comparable and significantly higher than those
of 50% and 0% SOC batteries, indicating a lower combustion efficiency
for a higher SOC battery. This is in accordance with the observations in
Section 4.1 in that the higher SOC battery has a more violent ejection
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Fig. 13. The ratio of CO/CO; of LIBs with different SOCs.

during thermal runaway, which leads to incomplete combustion. That
generally produces more toxic products including CO, HCN and other
irritant gases, instead of the relatively harmless CO; and water.

4.3.2. Irritant gases

The major irritant gases analyzed by FTIR are HF, SO,, NO,, NO and
HCL. Fig. 14 shows the concentration curves of these irritant gases. The
production of these gases shows a significant increase when thermal
runaway reactions take place, and then decreases quickly as the fire
abates. HF primarily originates from the battery electrolyte (LiPF;s) and
electrode binder (PVdF), but emissions can also come from coating
materials such as AlF;. The formation of HF can be described according
to the following reactions (Yang et al., 2006; Kawamura et al., 2006):

LiPE, — LiF + PR &)
PFs + H,O — POR + 2HF (8}
LiPK, + H;O — LiF + POF; + 2HF (9)

The toxicity of HF is well known and Table, 2 shows the IDLH limits
and the maximum concentration values obtained in the tests. The
maximum HF concentration is 165 mg/m3 as shown in Table 2, which
exceeds the IDLH value by one order of magnitude. This fire atmo-
sphere poses an immediate threat io life and will cause irreversible
health effects.

Fig. 14 (b) presents the sulfur dioxide production. SO, is generated
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Fig. 12. Conceniration of CO and CO; as a function of time of LI1Bs with different SOCs.
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Fig. 14. Concentration of irritant gases as a function of time of LIBs with different SOCs,

from sulfur-based compounds which are used as reduction-type ad
ditives (Zhang, 2006) to assist solid electrolyte interphase (SEl) for-
mation. The concentration of 50, depends on S0C, but it can also be
detected at low SOCs. Previous published work (Ribidre et al., 2012),
conducted with 2.9 Ah pouch LiMn;04/graphite batteries, showed a

different result that only the fully charged battery released S0, in the
test. This is attributed to the fact that the battery materials are different
from those used in this work. In addition, large format LIBs with 75%
and 50% SOC, still can release enough heat to support the formation of
S0 during the exothermic reactions. Exposures of 10 to 20 ppm (LI5S
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Table 2
The maximum concentrations of irritant gases and IDLH values.

Substance IDLH Value (mg/m”) Maximum value (mg/m*)
Hydrogen fluoride {HI} 24.6 165 = 10
Sulfur dioxide (502) 262 115 x 12
Nitric oxide {NQ) 123 16 = 2
Nitrogen dioxide (NO,) 376 =1
Hydrogen chloride (HCI) 74.5 1022
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Fig. 16. Evolution of FEC of imritant gases (502, HCl, NO2, NO and HF}.

Department of Health Human Services, 1998), namely 26.2 to 52.4 mg/
m?, can cause irritation to mucous membranes. Exposure to 262 mg/m”
sulfur dioxide is considered immediately dangerous to life and health.
The maximum concentration of $0; is 115 mg/m®, at which sensible
effects can be observed in the studied fire scenario.

Compared with HF and SO, the concentrations of nitrogen oxides
are relatively low as shown in Fig. 14 (c) and (d). The nitrogen oxides
are considered to be reaction products during high temperature com-
bustion. The maximum concentrations of NO and NO, are 16 and
11 mg/m®, which are far from IDLH limits.

HCI is also detected in the fire effluents as shown in Fig. 14 (e).
Chlorine can be found as inorganic electrolyte in the form of e.g. LiClO,
or in the plastic packaging as a flame-retardant additive (Diaz et al.,
201%). A previous study (Kuligowski, 2009) found that greater than and
equal to 5 ppm of HCl is immediately irritating, and 10 ppm to 50 ppm
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is the maximumn concentration tolerable for one hour. The maximum
concentration of HCl is 10 mg/m®, or approximately 6.8 ppm, which
will preduce little effect.

The production of all the five irritant gases increases with SOC. As
an irritant gas, HF has the greatest effect by comparing the maximum
concentration with the toxicity thresholds available in the literature
(Kuligowski, 2009; LS Department of Health Human Services, 1998;
Pohanish, 2008) or international safety standard (The National Institute
for Occupational Safety and Health (NIOSH), 2014). The maximum
values of other gases are lower than the IDLH limits. However, it should
be highlighted that the battery system of a typical electric bus (i.e.
ANKAI EV bus) consists of 6-8 modules and each module has 72 cells.
Besides, the tests are conducted in well-ventilated conditions and the
fire toxicity will be more serious in an enclosed environment. There-
fore, the identification and quantification of fire gases are helpful for
the design of new materials, risk assessment and management.

4.3.3. Toxicity evaluation

The combined toxic effects of various gas emissions are extremely
required to be evaluated in a real, or near-real fire scenario after
identifying their compositions. The toxic gas models described in 150
13571 are used to estimate the expected toxicity based on the experi-
mental data. Fig. 15 and Fig. 16 show the FED and FEC evolution during
combustion of batteries with different SOCs. The curves clearly reflect a
cumnulative, and immediate effect for asphyxiant and irritant gases,
respectively. Both the FED and FEC values increase with SOC. Effects of
asphyxiant and irritant gases start to be visible after 800 s of the ex-
periment. Values of FED remain very low, compared with those of FEC,
and the difference is more than one order of magnitude, indicating that
the effect of CO and CO, is limited. This also reveals the fact that the
tests are conducted under well-ventilated condition. The effects of ir-
ritant gases are predominant. The maximum FEC values are (.8, 0.56,
0.31 and 0.08 of L1B with 100%, 75%, 50% and 0% SOC, respectively.
The higher the FED/FEC, the greater the toxicity of the effluent and FEC
of 1 corresponds to loss of evacuation capability for half of the exposed
people. Therefore, the results indicate that a critical situation might
occur if the toxic gases are released in an electric vehicle in the case of a
thermal event caused by LiBs.

The consequences are increased due to the fact that the maximum of
emissions occur, for all irritant gases, almost at the same time, as shown
in Fig. 14. Fig, 17 shows the peak FEC values contributed from each
kind of irritant gas to illustrate the relative importance of the individual
toxicants. The sum of contributions from HF and 503 accounts for 90%,
85%, 88%: and 91% of all irritant gases released from 100%, 75%, 50%
and 0% SOC. The data clearly show that HF and S0, are more im-
portant than the other gases. Thus, LiPFg needs to be replaced with a
safer, and more environment-friendly sait in the future and the use of
additives may lower the overall safety level after taking the smoke
toxicity into consideration.

5. Conclusions

This paper presents a comprehensive study on the thermal and toxic
hazards of 68 Ah pouch lithium iron phosphate batteries conducted in
1/2 150 full scale test room under well-defined conditions.

It is observed that the bauteries experience a peaceful burning stage
with a small flame before the onset of thermal runaway, which is
beneficial for possible early warning and emergency management. The
jet flame reaches a length of 55 cm for the fully charged battery, which
is more than 2.5 times that of the length itself. The normalized HRR
value of the fully charged LIB is almost equivalent 1o that of gasoline.
The thermal hazards have been quantitatively evaluated by combining
the effects of convective and radiative heat and the batteries with
higher SOCs are found to have greater thermal risks.

The major toxic gases analyzed in the experiments are CO, HF, S0,
NO;, NO and HCI, The production of all these gases increases with SOC.
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Pig. 17. The peak FEC values contributed from each irritant gas of LIBs with different SOCs.

FED and FEC models are used to perform a quantitative evaluation of
the combined effects of toxic gases released from a LIB fire. According
to the results, the effects of irritant gases are much more significant
than those of asphyxiant gases with the difference being more than one
order of magnitude. The maximum FEC value is 0.8, which means that
nearly half of the exposed people will lose the evacuation capability in
such a fire scenario. Besides, HF and SO, have much greater effects than
the other toxic gases.
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Lithium-ion batteries are widely used for renewable energy storage and to deliver mobile power because of their
high energy densities and electromotive forces. However, such batteries can catch fire and explode, potentially
causing casualties and property dainage. Here, we used a cone calorimeter to investigate the fire risk and assess
the associated heat release rate (HRR). Standard cyhindrical battery fires {feature two combustion stages, the first
of which is characterized by diffusion-like flames and the second by paniially prentixed flames with a higher peak

HRR and a violent explosion. The overall combustion preperties depend principally on the state of charge (SOC).
A higher SOC baltery is associated with a higher maximum HRR, a shorter HRR peak-to-peak time, larger CO and
CO; emissions, and a greater instantaneous mass loss, The average rate of heat emission based on the imeasured
combustion properties is introduced and its maxinuun value is expected to predict reactivity and explosiveness
comprehensively in the event of fire.

1. Introduction

Fossil fuel has been restricted in the use of energy source because it
causes various environmental problems such as air pellution and global
warming, and hence many efforts are being made to replace it with
renewable energy. Since the new energy is produced on small scale and
intermittently, it is necessary to introduce an energy storage systems
(ESSs). Rechargeable batteries are a key component of ESS and the
battery use is rapidly increasing for home and electric vehicles (Poizon
and Dolhem, 2011). In particular, lithium-ion batteries among second-
ary batteries are most commercialized because of the advantages of
heavy metal free, no memory effect, and high energy density. Because
the electrolyte is a combustible organic solvent, and the anode, cathode,
and separator are also made of a combustible material containing un
stable lithium, a fire or explosion caused by thermal runaway after
physical, electrical, or thermal failure is possible (Zalosh et al., 2021)
and this safety problem must be solved for more wide use (Tarascon and
Armand, 2001),

The combustion properties associated with battery fires and explo-
sions include the heat release rate (HRR), toxic gas concentration, and
smoke yield. The most representative physical property is the HRR; this
predicts other important physical quantities and also fire and explosion
severity. The HRRs of rechargeable battery fires have been extensively
studied (Cuyang et al., 2017, Larssen et al., 2014a; Larsson et al., 2014b;
Tarascon and Armand, 2001; Chen et al. 2016, 20174, 2017b; Henriksen
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hittps:/Adokorgd 10.1016/3,)1p. 2022, 104851

et al.,, 2019; Andersson et al,, 2016; Ribiere et al., 2012; Walters and
Lyon, 2016; Chena et al., 2020b; Liu et al., 2015, 2016). The HRRs of
lithium-ion batteries are measured using principally conventional cone
calorimeters; oxygen consumption rates are assessed. The maximum
HRR of a standard cylindrical battery increases as the state of charge
(80C) increases. Also, the greater the heat flux of the radiant heater that
irradiates the specimen, the higher the maximum HRR; the experimental
conditions thus affect the HRRs (Fu et al., 2015; Poizot and Dolhem,
2011; Ouyang et al., 2017). Practical studies on real-world battery cells,
have examined the effects of battery arrangement and type on fires. The
relevant parameters include the mass reduction rate, the ignition time,
the HRR, the total heat release (THR), and fire behavior. Some studies
used Fourier transform infrared spectroscopy (FTIR) te evaluate overall
toxicity; gas concentrations were measured during combustion. Other
HRR assessments employed copper slug battery calorimetry (CSBC)
based on the heat transfer laws, and bomb calorimeters that measured
the calorific values of chemical reactants (Andersson et al., 2016; Liu
et al., 2015, 2016; Walters and Lyon, 2016). When an explosion occurs
during a fire, the risk is increased and damage may spread. Most
experimental studies measured pressure changes when explosions
occurred in constant-volume chambers (Chena et al., 2020a; Henriksen
et al,, 2019); few works sought to predict and evaluate the explosive
properties of battery fires.

Even though there are a lot of studies on a lithium ion-battery fires,
there was a few study that classified a battery fire by the expected
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participating components (Fu et al., 2015; Chen et al., 2017b) and no
studies have been conducted to classify it based on the combustion
characteristics. Also, a new parameter to indicate combustion degree
including explosiveness and define fire hazard is needed for a battery
fire. We explored lithium-ion battery fires in terms of their character-
istics and explosion risks. We used a cone calorimeter to measure
combustion characteristics including the HRR, CO and CO; concentra-
tions, particle density, and mass loss as revealed by the SOC. Through
the experimental results, we classified the fire stages based on the
combustion characteristics, and introduced a parameter that assesses
battery fire explosiveness and verified that it could be used to evaluate
the overall safety of a lithium jon-battery,

2, Experiments

Several combustion properties of a lithium-ion battery were
measured using a cene calorimeter. A standard Samsung cylindrical
battery (INR, 18650-35E) equipped with a protection circuit was used in
all experiments; the diameter and length were 18.55 mm and 69 mm
respectively, The battery capacity was 3500 mah; lithium-Nickel-
-Cobalt-Manganese (NCM) served as the cathode material; the anode
was graphite. When charging the battery to 100, 50, and 0%, we
assumed that the charged energy was proportional to the power P = V2/
R; we read the battery voltages between the fully charged state (100%
S0C) and full discharge (0% SOC).

The cone calorimeter HRR test followed the procedure of the ISO
5660-1 standard (1SO 56560-1, 2018); a schematic is shown in Fiz. 1. The
battery was fixed to a stainless steel specimen holder of 54 mm in height,
with an aperture of 94 x 94 mm. As the battery may swell or deform
when heated, it was fixed in the center of the frame using 0.8 nun thick
metal wire at a spacing of 20 mm. Downstream of the duct connected to
the hood, a sampling tube was installed to measure the concentrations of
gases emitted; the mass flow rate was calculated using the dynamic
pressure obtained by the pitot tube and the temperature of the K-type
thermocouple. Mass change over time was recorded using a load cell and
the particle density measured by a laser detector system based on light
extinction; the soot extinction coefficient was set to 10.3.

The lithium-ion battery in the holder was ignited from above by a
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radiant cone heater. The heating power was 30 kW and all experiments
commenced after the heater attained that power. The volume flow rate
discharged to the duct through the hood was set to 24 1/min, and the
delay times for all measurements during sampling of O,, CO, and CO,
were corrected and synchronized over time. The HRR was based on the
oxygen consumption rate, assuming that the heat of combustion was
13.1 MJ/(O3)kg. As combustion is always incomplete, the CO concen-
tration was measured and used for correction of the HRR assessments
(iSO 5660-1, 2018).

3. Results and discussion

Fig. 2 shows photographs taken as the battery went on fire at 50%
SOC. Smoke resembling flammable vapor emitted from the heated bat
tery was ignited at 295 s and the flame persisted for about 30 s, Strong
combustion accompanied by an explosion was observed at 361 s. This
affected the entire test area; combustible vapor that leaked between the
first and second combustion filled the space. The fire then rapidly
declined and was completely out by 421 s. The second stage combustion
was similar to that of a partial premixed flame, with an explosion. At
100% SOC, the first and second combustion stages were observed at 245
and 275 s respectively. The overall pattern was similar to that at 50%
SOC, but ignition was earlier for both stages and the explosion stronger
as revealed by flame luminosity. At 0% SOC, the first combustion was
observed at 280 s, followed by the second combustion at 520 s as the
smoke ignited. Compared to the 100% SOC and 50% SOC fires, the
second combustion differed greatly, being both delayed and lacking an
explasion.

Fig. 3 shows the concentrations of Oy, CO, and CO, during the 50%
SOC fire. As all oxidization was attributable to oxygen in the sur
rounding air, the oxygen concentration of the post-flame region
approximately indicates the extent of oxidation. However, lithium-ion
battery fuel includes not only the various electrolytes but alse oxygen
added via combustion of lithium oxide; this can create errors when
evaluating the HRR based on the oxygen consumption rate. Two large
reductions in oxygen concentration were observed at the times of both
combustions as shown in Fig. 3. The time at which the oxygen concen-
tration first decreased was also the ignition time; the ignitions of the first
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Fig. 1. Schematics of the lab-scale cone calorimeler and the experimental equipment.
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Fig. 2. Screenshots iaken at various times during the fire test at 50% SOC.

and second combustion stages occurred at 290 s and 57 s later. Although
the CO, and CO concentration peaks were delayed by several seconds
compared to those of O,, the peak CO and CO, times were the same,
confirming that the overall oxidation involved the organic solvents
{carbonates) of the electrolyte. In addition, the CO/CQ; ratio as well as
the concentrations were larger in the second than the first peak. A cone
calorimeter test has been performed in over-ventilation condition in
which sufficient oxidizing agent is present by the ambient air. The
reason why a lot of CO generated in the combustion process is not
converted to CO; is considered to be due to insufficient residence time,
which indicates that the flow time (or mixing time) is staller than the
chemical time for CO to be converted inte COy. Comparing the con-
centrations of CO and CO; at the two HRR peaks in Fig. 3, the CO/CO;
ratio in the 2nd combustion stage is higher than in the 15t combustion
stage. Considering that the 1st combustion stage is characterized by a

diffusion flame and the 2nd combustion stage is by a partially premixed
flame, it can be confirmed that the relatively high concentration of CO is
due to the small flow time (or mixing time) in the process of conversion
to CO,. As the ratio reflects the extent of incomplete combustion, the
first combustion occurred in an over-ventilated condition; the battery
oxidizing agents affected the stoichiometry. The overall concentrations
of CO and CO; at 100% and 0% SOC were similar to those at 509 SOC.

Fig. 4 shows the mass change of the 50% SOC battery measured by
the load cell. The mass decreased at all times except initially regardless
of flame presence or absence; the mass loss rate was greatly dependent
on combustion. As heating commenced, mass reduction was gradual, but
became larger after 300 s and very rapid with an overshoot caused by
pressure generated by the instantaneous explosion at 350 5. When the
mass loss during fire was compared with the oxygen consumption in
Fig. 3, the mass reduction that occurs very slowly in the beginning is not
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Fig. 4. Mass change and mass loss mie during the 50% SOC battery fire,

sufficient to produce a flammable concentration, and then when it is
ejected with a larger mass rate, it is ignited and appears in the form of a
flame within the first combustion stage. A large amount of combustible
materiai had leaked in the flames at the end of the first combustion
stage, became mixed with air inside the test section, and ignited
instantaneously at 350 s. This large amount of combustible gas and the
adequate mixing time produced an explosive flame and a larger HRR.
The mass change during the 1008 SOC fire was similar to that of the
50% SOC fire but began earlier and was more rapid during second-stage
combustion. At 0% SOC, no rapid mass reduction was observed during
fire.

Fig. 5 shows the HRRs calculated using the oxygen consumption
rates but then corrected for incomplete combustion by reference to the
CO levels. As the overall HRR profile of the 50% SOC battery is near

identical to the oxygen consumption rate of Fig. 3, any effect of
incomplete combustion on the HRR was significant. The maximum
HRRs were 5.04, 4.26, and 2.31 kW at 100, 50, and 0% SOC respectively;
the maximum HRR increased significantly as SOC increased, and was
larger than those of previous studies (Fu et al., 2015; Ribiere et al., 2012;
Cuyang et al., 2017), perhaps because the materials used and the
heating conditions varied. The various battery manufacturers employ
different electrolytes and electrodes, and the heat fluxes of radiant
heaters of the same power vary by heater location and angle. The effect
of the SOC on the HRR is clearly reflected in the time between the two
peaks and the maximum value. A shorter peak-to-peak time was ob-
tained at a higher SOC; that time was very long at 09 SOC and the fire
was not associated with an explosion. However, the ignition delay time
at which leaked combustible gas began to react was independent of the
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Fig. 5. HRRs of the Li-ion battery at different charge states during a fire.

socC.

The energy release rate can also be estimated using the average en-
ergy per unit mass of all battery components and the mass loss rate
during fire,

G ) My AH,

where fitg,, the mass loss rate of the sample, AH, the heat of combustion,
and y is the combustion efficiency which assume that all released mass is
not being converted to energy. As the bulk heat of battery combustion
was 6.2 MJ/kg and the combustion efficiency 0.78 (Eshetu et al., 2013),
the overall HRR curve is similar to the mass loss rate of Fig. 4, which is

characterized by a rather short reaction time and a large maximum HRR.
At 50% S0C, the maximum HRR based on the mass loss rate is about 25
kW, thus much larger than that yielded by the oxygen consumption rate
(4.1 kW). The overestimation of peak HRR calculated by mass loss rate
mainly suggests the assumption of all the potential combustion energy
being released is far from being correct even though the effect can be
included as the combustion efficiency. In addition, the reacting time
varies greatly depending on HRR estimating method, which results from
whether the time for mixing and reaction with the surrounding oxidizer
is taken into account.

Particle density was measured using a laser extinction method in the
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Fig. 6. Particle densities of the Li-ion battery fires at different SOCs. The Ist combustion stage 1s ndicated for 50% SOC battery.
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duct of the cone calorimeter and the results depict in Fig. & Among the
various particles emitted during a battery fire, the possible substances to
be detected by light extinction method may include the condensed gases
including hydrocarbons, the metal oxides such as lithium, and scot
particles, Although it is difficult to know exactly the fraction between
the expected substances because the component analysis of the product
particles was not performed in this study, soot might be the most sig-
nificant particle considering the off-gases and the extinction coefficient
of each material in the previous study. As shown in Fig. &, two peaks are
continuously found in the particle concentration simifar to HRR, but it
can be confirmed that all of them occur in the 1st combustion stage. That
is, considering that the 1st combustion stage can be characterized as a
diffusion flame, it can be inferred that soot is the main particle and some
oxides or condensed particles are sequentially emitted without com-
bustion. Also, it is found that the particle density is hardly detected at
100% and 50% SOC in the 2nd combustion stage, confirming that it isa
characteristic of a partially premixed flame.

Fire hazard and risk have been evaluated by instantaneous HRR or
total heat release in general fire, but a lithium-ion battery is composed of
various heterogeneous combustible materials and is greatly affected by
the thermal environment in case of fire (Fu et al,, 2015), The results of
this study show that various physical quantities such as two HRR peaks,
the peak to peak time and whether explosion occurs according to the
SOC were different from general fires. Therefore, the more compre-
hensive parameter is required to indicate combustion degree including
explosiveness and define fire hazard for battery fires, in which the effect
of SOC should be implicitly included in the parameter. When lithium-ion
batteries catch fire, it is known that a larger SOC induces greater
explosiveness as qualitatively confirmed by flame luminosity and mass
loss overshoot. This can be quantified using various empirical proper-
ties. The shorter the HRR peak-to-peak time, the faster the battery mass
decreases; the shorter the ignition delay time, the greater the explo-
siveness. The average rate of heat emission (ARHE) defined as the cu-
mulative heat emission divided by time considers these data. The peak
value {Maximum average rate of heat emission, MARHE) can be
considered a good measure of the propensity for fire development
generally; MARHE usefully represents explosiveness in this study. The
ARHE is:

04
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ARHE(t,) = i(,_ — |)>c“-"' +2‘I.. 1 ]/{;,, — 1)

where 1, and g, are the time and heat release rate of the n™ datum
respectively. Fig. 7 illustrates the ARHEs and MARHEs derived from the
HRRs of the three battery fires and Table | summarizes the combustion
properties measured in the cone calorimeter {including the MARHE. The
ARHE of Fig. 7 increases rapidly during the two combustion stages and
then decays; the MARHE appears after the second HRR peak because of
the time integral characteristic of the ARHE. As the SOC increases, so
does the MARHE, because the ARHE is related to the overall HRR, the
difference in the HRR peak-to-peak time, and the ignition delay time.
Therefore, the MARHE might be very effective to predict the combustion
degree and define hazard in the lithium-ion battery fires, and can be
used a parameter to evaluate the explosiveness of clustered- and single-
celled batteries. However, MARHE cannot be used directly for all battery
fires, and hence more general parameter should be suggested through
investigating the capacity and geometrical effects of batteries in the
future,

4, Conclusion

We performed cone calorimeter experiments to investigate the fire
characteristics of a lithium-ion battery including the HRR. A standard
cylindrical battery equipped with a protection circuit was used in all
experiments, and the concentrations of Oy, CO, and CO,, the mass loss;
and particle density were measured, The results may be summarized as
follows.

1. The fire characteristics for 100, 509 and 0% SOC batteries

Table 1

Combustion properties yielded by battery fire tests at 100, 50, and 0% SOC.
s0C Alp,d Han 1y (3) AHRR,,.L MARHE CMARHE
(%) (s) (g) (kw) (kW) (s}
100 33 17.0 249 4.13 0.32 353
50 52 10.3 291 2.89 0.28 ass
1} 242 N/A 285 132 0.12 571
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featured two combustion stages. 1st and 2nd combustion stages were
characterized by a diffusion flame and a partially premixed flame
respectively based on combustion characteristics, which can be sup-
ported by various experimental results. An explosion occurred at the 2nd
combustion stage for 50% and 100% SOCs batteries but no explosion for
0% SOC. Such an occasional explosion means that 2nd combustion
stages is controlled by a partial premixed condition and whether ex-
plosion occurs or not is determined by premixedness. Also, comparing
the concentrations of CO and CO; at the two HRR peaks, the CO/CO,
ratio in the 2nd combustion stage is higher than in the 1st combustion
stage. Considering that the 1st combustion stage is characterized by a
diffusion flame and the 2nd combustion stage is by a partially premixed
flame, it can be confirmed that the relatively high concentration of CO is
due to the small flow time (or mixing time) in the process of conversion
to COy. Lastly, particle concentration, unlike HRR or other gases, was
detected only in the 1st combustion stage. Considering soot is the main
particle emitted from a battery fire, it implies that 1st combustion stage
can be characterized as a diffusion flame.

2. The HRR based on the oxygen consumption rates featured two
peaks and clearly depended on the SOC; a high SOC was associated with
a shorter peak-to-peak time, a higher peak HRR and a strong explo-
siveness. Considering these different features of lithium ion battery, a
comprehensive parameter other than HRR and total heat release was
required to indicate combustion degree including explosiveness and
define fire hazard. As the MARHE considers the instantaneous maximum
HRR, the peak-to-peak HRR time difference, and the ignition delay time
implicitly, it can be used as an important parameter to evaluate the
comprehensive risk such as explosion of a lithium-ion battery in the
event of fire.
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Health Effects of Diesel Exhaust

Afact sheet by AMERICAN
Cal/EPA's Office of Environmental Health Hazard Assessment and :F ASSOCIATION.
The American Lung Association of California. of Catforie

Diesel fuel is widely used throughout our society. It powets trucks that deliver products to our
communities, buses that carry us to school and work, agricultural equipment that plants and hatvests
our food, and backup generators that can provide electricity during emergencies. It is also used for
many other applications. Diesel engines have historically been more versatile and cheaper to run
than gasoline engines or other sources of power. Unfortunately, the exhaust from these engines
contains substances that can pose a risk to human health.

In 1998, the California Environmental Protection Acency’s Office of Envirtonmental Health Hazard
Assessment (OEHHA) completed a comprehensive health assessment of diesel exhaust. " Phis .. ;«q

-

assessment formed the basis for a decision by the Calif

OrNia Resources B (ARB) to formally

identify particles in diesel exhaust as a toxic air contaminant that may pose a threat to hummmj
The American Lung Association of California (ALAC) and its 15 local associations work Efpreve;ifﬁ@
lung disease and promote lung health. Since 1904, the o ! :i
American Lung Association has been fighting lung ~ 3
disease through education, community service, advocacy Diesel eXhG US.E -
and research. =

1
-
contains morg 3
This fact sheet by OEHHA and ALAC provides 2 >
mnformation on health hazards associated with diesel th n 40 tOXIC air

exhaust. contaminants

What is diesel exhauste

Diesel exhaust is produced when an engine burns diesel fuel. Itisa complex mixtutre of thousands of
gases and fine particles (commonly known as soot) that contains more than 40 toxic ait
contaminants. These include many known or suspected cancer-causing substances, such as benzene,
arsenic and formaldehyde. It also contains other harmful pollutants, including nitrogen oxides

(a component of urban smog).

How are people exposed to diesel exhaust?

Diesel exhaust particles and gases ate suspended in the air, so exposure to this pollutant occurs
whenever a person breathes air that contains these substances. The prevalence of diesel-powered
engines makes it almost impossible to avoid exposure to diesel exhaust or its byproducts, regardless

of whethet you live in a rural or urban setting. However, people living and working in urban and

industrial areas are more likely to be exposed to this pollutant. Those spending time on ot near roads

~

and freeways, truck loading and unloading operations, operating diesel-powered machinery or




working near diesel equipment face exposure to higher levels of diesel exhaust and face higher health
tisks. - a

What are the health effects of diesel exhaust?

As we breathe, the toxic gases and small particles of diesel exhaust are drawn into the lungs. The
microscopic particles in diesel exhaust are less than one-fifth the thickness of a2 human hair and are
small enough to penetrate deep into the lungs, whete they contribute to a range of health problems.

Diesel exhaust and many individual substances contained in
it (including arsenic, benzene, formaldehyde and nickel)

have the potential to contribute to mutations in cells that Dlesel eth ust

can lead to cancer. In fact, long-term exposure to diesel increa ses fhe risk Of
exhaust particles poses the hichest cancer risk of any toxic

air contaminant evaluated by OEHHA. ARB estimates that cancer...

about 70 percent of the cancer risk that the average
Californian faces from breathing toxic air pollutants stems from diesel exhaust particles.

In its comprehensive assessment of diesel exhaust, OEHHA analyzed more than 30 studies of people
who worked around dicscl equipment, including truck drivers, railroad workers and cquipment
operators. The studies showed these workers were more likely to develop lung cancer than workers
who were not exposed to diesel emissions. These studies provide strong evidence that long-term
occupational exposure to diesel exhaust increases the risk of lung cancer. Using information from
OEHHA'’s assessment, ARB estimates that diesel-particle levels measured in California’s air in 2000
could cause 540 “excess” cancers (beyond what would occur if there were no diesel particles in the
air) in a population of 1 million people over a 70-year lifetime. Other researchers and scientific
organizations, including the National Institute for Occupational Safety and Health, have calculated
cancer risks from diesel exhaust that are similar to those developed by OEHHA and ARB.

Exposure to diesel exhaust can have immediate health effects. Diesel exhaust can itritate the eyes,
nose, throat and lungs, and it can cause coughs, headaches, light-headedness and nausea. In studies
with human volunteers, diesel exhaust particles made people
with allergies more susceptible to the materials to which they
. And it can cause  areallergic, such as dust and pollen. Exposure to diesel
exhaust also causes inflammation in the lungs, which may
coug hS a nd aggravate chronic respiratory symptoms and increase the

agg ravate ast h ma frequency or intensity of asthma attacks.

Diesel engines are a major source of fine-particle pollution.
The elderly and people with emphysema, asthma, and chronic heart and lung disease ate especially
sensitive to fine-particle pollution. Numerous studies have linked elevated patticle levels in the air to
increased hospital admissions, emergency room visits, asthma attacks and premature deaths among
those suffering from respiratory problems. Because children’s lungs and respiratory systems are still
developing, they are also more susceptible than healthy adults to fine particles. Exposure to fine

particles is associated with increased frequency of childhood illnesses and can also reduce lung
function in children.



Like all fuel-burning equipment, diesel engines produce nitrogen oxides, a common air pollutant in
California. Nitrogen oxides can damage lung tissue, lower the body’s resistance to respiratory
infection and worsen chronic lung diseases, such as asthma. They also react with other pollutants in
the atmosphere to form ozone, 2 major component of Smog.

What is being done to reduce the health risks from diesel exhaust?

Improvements to diesel fuel and diesel engines have already reduced emissions of some of the
pollutants associated with diesel exhaust. However, diesel exhaust is still one of the most widespread
and toxic substances in California’s air.

ARB’s Diesel Risk Reduction Plan, when fully implemented,

will result in a 75 percent reduction in particle emissions from Di I h }
diesel equipment by 2010 (compared to 2000 levels), and an Iesel exnaus

85 percent reduction by 2020. The plan calls for the use of contri bU'I'eS to smog
cleaner-burning diesel fuel, retrofitting of existing engines with . .
particle-trapping filters, and the use in new diesel engines of a nd fi ne-pa r'I'ICIG
advanced technologies that produce neatly 90 percent fewer P OI I ution

particle emissions, as well as the use of alternative fuels.

The use of other fuels, such as natural gas, propane and

electricity offer alternatives to diesel fuel. All of them produce fewer polluting emissions than
current formulations of diesel fuel. As a result of ARB and local air-quality regulations, public transit
agencies throughout California are using increasing numbers of passenger buses that operate with
alternative fuels or retrofitted equipment.

For further information

Office of Environmental Health Hazard Assessment

1001 T Street, P.O. Box 4010, Sacramento, CA 95812-4010
(916) 324-7572

www.oehha.ca.cov

Air Resources Board

1001 I Street, Sacramento, CA 95814
(800) 363-7664

www.atb.ca.cov

American Lung Association of California
921 11" Street, Suite 700, Sacramento, CA 95814
(916) 442-4446

For your local office, call (800) LUNG-USA

WWW. cah'fornialung‘org

The energy challenge facing California is real. Every Californian needs to take immediate action to redsce energy consumption. For a list of
simple ways you can reduce dermand and cut your energy costs, see OEHHAs web site at www.oehha.ca.gov






