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Zoning Administrator

Amend the Champaign County Zoning Ordinance to add “Battery Energy
Storage System” as a new principal use under the category “Industrial
Uses: Electric Power Generating Facilities” and indicate that a Battery
Energy Storage System may be authorized by a Special Use Permit in the
AG-1 Agriculture, AG-2 Agriculture, B-1 Rural Trade Center, B-4
General Business, I-1 Light Industry and I-2 Heavy Industry Zoning
Districts; add requirements and fees for “Battery Energy Storage
Systems”; add any required definitions, and make certain other revisions
to the Ordinance as detailed in the full legal description in Attachment I.

Unincorporated Champaign County

Time Schedule for Development: As soon as possible

Prepared by: John Hall
Zoning Administrator
Charlie Campo
Senior Planner
SEPERATION DISTANCES

Separations to Principal Buildings Based on Air Quality Impacts of BESS Fire

Staff found three examples of air plume simulation modeling of BESS fires in the literature search.
Two of the simulations were for BESS in the United Kingdom and none of the adjacent dwellings
were less than 958 feet from the proposed BESS. One of the UK simulations identified “high” air
pollution levels for nitrogen dioxide (NO2) and “moderate” air pollution levels for particulates from a
simulated 8 hour BESS fire at a distance of 958 feet from the simulated fire. The other UK simulation
did not find any concerns. Copies of those reports can be provided for the Board if there is interest.
The other air plume simulation modeling was from the U.S. and had quite different results that are
summarized below:

e One air plume modeling situation analyzed two hypothetical situations, one involving a simulated
thermal runaway of a .25 MWh BESS battery over a one-hour period and a second involving a
simulated combustion of a .25 MWh BESS battery over one hour and eight hours. All simulations
assumed a low wind speed of 6 m/s (4.9 mph). The thermal runaway simulation included two
different assumptions about state of charge of the battery (high charge and low charge) and two
different assumptions about the volume of gas released from the thermal runaway (low volume
and high volume). The thermal runaway simulation resulted in levels of hydrogen fluoride
that were “well above” the USEPA Acute Exposure Guideline Levels for a distance of 300
meters (975 feet) downwind. This exposure would be a significant concern for firefighters
and surrounding populations. The combustion simulation included various assumptions about
the amount of heat released (low and high) and the burn time (1 hour and 8 hours) and whether
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individual battery racks burn in series or the entire battery container all at once. The combustion
simulation results did not exceed the USEPA Acute Exposure Guideline Levels because the heat
from combustion in all simulations made the plume rise high enough that concentrations at the
ground surface were not a problem.
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Air Modeling Simulations of Battery Energy Storage

System Fires

Technical Update — Environmental Aspects of Fueled Distributed Generation and Energy Storage

Introduction

‘This document reports on the air dispersion modeling framework devel-
oped to address potential hazardous material releases resulting from sta-
tionary battery energy storage system fires. Large format lithium ion bat-
teries, often deployed in storage containers for utility-scale applications,
can be used to store produced electricity for later periods. However, dur-
ing abnormal conditions, these batteries have the possibility to undergo
thermal runaway (Electric Power Research Institute, 2018, 2019¢c) and
might release flammable and toxic gases that then combust, leading to
battery fires (DNV GL, 2020). Previous work identified modeling tools
that could be used to simulate the release and dispersion of gases from
these battery fire incidents both for planning purposes (such as what
might be required for facility permitting) and for emergency response
(Electric Power Research Institute, 2020).

‘This work represents the first demonstration of a modeling framework
informed by the above model review. ‘The model is here applied to a hypo-
thetical, highly conservative set of conditions. While the characteristics of
any specific release (heat release rate, smoke composition, etc.) are highly
uncertain, the modeling framework demonstrated in this report allows
these uncertainties and their effects to be analyzed for planning and emer-
gency response purposes. The modeling framework is based on the public,
open-source SCICHEM model (Electric Power Research Institute,
2019a,b), which allows for the potential chemistry of emitted pollutants to
be accounted for, as well as the impact of terrain and nearby structures on
the dispersion gradient. SCIPUFFE, the transport component of SCICHEM,
is the basis for the government Hazard Prediction and Assessment Capabil-
ity Joint Effects Model (HPAC/JEM) emergency release models. The
SCICHEM model was selected after a careful review of available dispersion
models and their usefulness in simulating the battery fire dispersion prob-
lem (Electric Power Research Institute, 2020). Example scenarios in two
locations (a rural area in the Western U.S and a dense urban metropolitan
area) are simulated using the modeling framework to illustrate the potential
impacts of hypothetical battery fire releases.

In the following section, battery fire air modeling scenarios are briefly
described. Section 3 provides an overview of the SCICHEM model,
along with the methods used to prepare appropriate inputs for SCCCHEM
to represent the pre-combustion and combustion phases of battery fires.
Section 4 summarizes the results for the pre-combustion phase, while
Section 5 shows results for the combustion phase. Conclusions and rec-
ommendations for future work are summarized in Sections 6 and 7,

respectively.

Background
Battery Fire Phases

Battery fires generally have three phases. In the first, pre-combustion or
incipient phase, a large amount of gas is released from the batteries for a
period of seconds (one battery cell) to minutes (one module). Even if
ventilated from a container, the gases released may not be well-mixed
with air, and so the density of the released gases needs to be accounted for.
‘This would require a model that handles dense gas plumes and industrial
applications. In the second, combustion phase, the gases ignite, leading to
an explosion and battery fire. The combustion removes a large amount of
the gases released, and the process of burning mixes them with air such
that dense gas effects can be neglected, but the buoyancy of the hot smoke
needs to be accounted for. This requires a model that can account for
buoyant plumes, such as a smokestack or plume/puff model. In the final,
suppression phase, water and/or chemical agents are used by firefighters
to stop the combustion, but the heat release from the batteries continues;
again, buoyant plume models are required. In this phase the gas emission
rates are lower than in the first phase but are not removed by combustion.
In this phase, dense gas and buoyancy may both need to be
incorporated.

Scenarios Run in This Project

‘This project focused on the first two phases, the pre-combustion, thermal
runaway phase (Section 4) and the combustion phase (Section 5).
SCICHEM simulations (Section 3.1) were performed for conservative
meteorological conditions, where the release starts at night (stable to neu-
tral atmosphere) and the wind speeds remain low (2 m/s). These condi-
tions are likely to result in higher surface concentrations than most condi-
tions but are still reasonable meteorological conditions to use to evaluate



ambient impacts for battery storage failure. Two hypothetical release loca-
tions were examined, one in an arbitrary rural location in the Western US
and one in a populated area near water bodies, which was illustrated with
a hypothetical release at the edge of Central Park in New York City.

For the pre-combustion phase, two scenarios were examined with differ-
ent gas composition due to different states of charge (SOC) of the batter-
ies. SCICHEM was run for these gas mixtures two ways, first assuming
the default density of 1.2 kg/m? and second using the density of the
undiluted gas released from the batteries. As the release of specific toxic
components, such as HE can be highly uncertain in this phase, the total
gas transport and dispersion was simulated with SCICHEM and then
assumed a 1% mass mixing ratio of HF in the gas.

For the combustion phase, the different ways the fire could happen were
examined. A “closed door” case was examined where the combustion rate,
and thus heat release rate, is limited by the ventilation rate of the con-
tainer. An “open door” case was also examined where the combustion rate
was unlimited by ventilation, and thus the heat release rate depended on
how many racks were burning simultancously. The “closed door” case
gave heat release rates similar to the lower end of the range for the “open
door” case, and thus both cases can be considered with the same
SCICHEM runs (Section 5.1). The initial modeling plan also included
using ALOHA (Jones et al., 2013) to look at “sealed container” case, but
discussions with battery storage and battery fire experts (sce Appendix A)
made clear than all containers would have some ventilation, so there was
no need to model a pressure build-up within the container via ALOHA.

‘Three SCICHEM scenarios were run for the combustion phase (Section
5.2). Two different heat release rates were examined for these open-door
scenarios bracketing the range of uncertainty of the heat release from a
single battery rack (1-10 MW), if the racks burn in sequence such that
the total burn time is 8 hours. The third scenario assumes a low heat
release per rack (1 MW) but that the racks burn in parallel such that the
burn only lasts for 1 hour.

Model Description
SCICHEM

SCICHEM refers to the reactive version of the Second-order Closure Inte-
grated PUFF (SCIPUFF) model (Electric Power Research Institute,
2019a,b). SCIPUFF is a Lagrangian transport and diffusion model used for
the simulation of atmospheric dispersion. Three dimensional puffs are used
to represent the concentration field in the Gaussian puff method (Wendell
et al., 1976), which is implemented in SCIPUFF to solve the dispersion
model equations. Turbulent diffusion is parameterized in SCIPUFF using
second-order closure (Donaldson, 1973; Lewellen, 1977).

There are a few advantages to this setup. Lagrangian models avoid the
artificial diffusion problems seen in Eulerian models and SCICHEM
accurately treats length scales growing from plumes to clouds. The repre-
sentation as puffs allows for efficient multiscale dispersion: puffs are
merged as they grow, and the resolution can be adapted as the puffs move

downwind. SCICHEM computational efficiency has further been
improved by the implementation of both adaptive time stepping and
adaptive output grids (Electric Power Research Institute, 2019a). The
efficient puff merging and adaptive resolution decreases the number of
puffs needed for each simulation, allowing SCICHEM to run efficiently
at high resolutions and short timescales (Sykes et al., 1998).

Sources can be specified as continuous or instantaneous, or anywhere in
between. A continuous source is specified as a constant mass release rate,
where the material type and the release location must also be defined. The
source geometry is defined using the spread parameter, which allows for
different “stack” types. Instantaneous sources use a single puff creation
stage and are specified by a release time, a release location, and a file con-
taining material identifiers that correspond to existing SCICHEM mate-
rial types. ‘This file also provides mass, centroid location, and spread
parameters for each puff.

SCICHEM also allows for several different chemical options. It can be
run in a tracer mode, where the tracer does not undergo any chemical
decay. Alternatively, a linear decay can be applied to represent a simple
reduction in concentration (e.g., radioactive half-lives). A reduced chemi-
cal mechanism for the near-source chemistry of NO, can be used for NO,
permitting applications. Full gas and aerosol phase chemistry can also be
included, which allows SCICHEM to account for chemical formation
and loss of species like O, and PM, ;. SCICHEM is not currently capable
of modeling the chemistry of a battery fire accident, though the model
could be expanded to do so.

SCICHEM meteorological input is specified as either observational or
gridded. SCICHEM can also run using simple observational data (e.g.,
wind measurements) or more detailed observations of parameters such
turbulence or the Pasquill-Guifford-Turner Stability class. When multi-
ple surface and profile observations are available, a diagnostic mass-con-
sistent wind model can calculate the 3-D time-dependent wind fields.
‘The small-scale turbulence in the lower portion of the planetary boundary
layer (PBL) can be described using surface heat and momentum fluxes
but can also be specified with observations of turbulence profiles (using
its standard observational meteorological input format).

SCICHEM is a public model (available online at hteps://github.com/
epri-dev/SCICHEM). It can be run on Windows or Linux from the
command line and prebuilt binaries for Windows and Linux are available.
A developmental GUI is available on Windows and can be used for
reviewing a completed project or for plotting the species total concentra-
tions for all projects. A user’s guide, technical documentation, and several
tutorials are available (Electric Power Research Institute, 2019a, b).

Calculating Inputs for SCICHEM for Battery Fire Cases

SCICHEM assumes point sources are stacks with known values for the
stack height (m), stack radius (m), the vertical velocity of the gas being
released (m/s), and the temperature of the gas (°C). However, the battery
cases considered here are not stacks, and thus these release parameters
need to be estimated from known information about the releases.
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For the pre-combustion (thermal runaway) simulations, observations
suggest that the gas is generally cool with little vertical momentum, hang-
ing around as a white fog. Based on this, a vertical velocity of 1 m/s and a
gas temperature of 25 °C were assumed. 'The radius and height were based
on the size of the container, assuming the gas is leaking out of the sides of
the container (radius of 5 m, height of 1 m). The total gas release rate was
calculated for the different scenarios as described in Section 4.1.

For the combustion simulations, it was assumed that the fire could be
modeled as a thermal plume rising from a point source of heat following
the equations of Cushman-Roisin and Beckers (2011). First, the buoy-
ancy flux (F, m*/s%) is calculated as Buoyancy Flux

where HRR is the heat release rate of the fire (W), ¢ is the thermal
expansion coefficient (3400° x10° K), p, is the reference density of
(1.225 kg m™) and Cp is the heat capacity of air (1005 J kg K'). Given
the buoyancy flux, the properties of the thermal at any height z (m) can
be calculated as:

where w is the vertical velocity (m/s), Ris the thermal radius (m), R is the
initial radius of the thermal at z= 0 m, 7" is the temperature perturbation

in the thermal (i.e., temperature above ambient in K), and g is the gravi-
tational acceleration at Earth’s surface (9.8 m/s?).

For the combustion cases, a release height of z= 10 m was assumed as the
plume is only likely to act as a point source thermal for a small part of the
plume rise. R was assumed to be - 5 m based on the area of a container,
so that R was always 6.6 m. The other parameters (w and 7") were then
calculated based on the heat release rate assumed for each simulation, as
discussed in Section 5.1.

Thermal Runaway
(Pre-Combustion) Simulations
Effect of State of Charge

The state of charge (SOC) of the batteries can substantially change the com-
position of the gas released during thermal runaway (Baird et al., 2020),
which can change the molecular weight (MW) and density of the gas. Two
SOC scenarios were examined (Table 1). In the high SOC scenario, the gas
was assumed to be a mixture of H,, CO, CO,, and total hydrocarbons
(THGs). The total hydrocarbons were assumed to be predominantly meth-
ane (CH,) for calculations of MW, density, and heat release. In the low SOC
scenario, the gas was assumed to be mainly CO, and THC:s.

As gas release rates from thermal runaway are generally reported in units
of liters per watt-hour (IL/Wh), the difference in the composition of the
gas changes the mass release rate for a constant volume release rate.
For thermal runaway, the assumed range of gas release rates was
0.1-0.7 L/Wh, which is consistent with the estimate of 0.46 L/Wh from
Baird et al. (2020). Thus, the high gas release rate cases represent very
conservative estimates of the gas release rate at the top of the reported
range. Standard temperature (298 K) and pressure (1 bar) were used to
convert the volumetric release rate to a molar release rate of (4.036-28.25)
x 107 mol/Wh. It was assumed that a 0.25 MWh battery underwent
thermal runaway over a period of 1 hour, giving the matrix of mass release
rates in Table 2.

Table 1. Assumed gas composition, molecular weight, density, and heat of combustion for the two state of charge scenarios.

State of H, co co,
Charge (% vol) (% vol) (% vol)
Low 0 0 80
High 30 30 20

THC MW Densit Heat of Combustion
)4
(% vol) (g/mol) (kg/m3) (kJ/mol)
20 38.4 1.55 178.2
20 21.0 0.85 348.9

Table 2. Mass release rates of gas (g/s) for thermal runaway under different assumptions.

Low Gas
Low SOC 5.38¢g/s 37.66 g/s
High SOC 294 9/s 20.58 g/s
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Figure 1 compares the results for the four cases in Table 2 for the rural
Western U.S. release location. In these runs, the density was set to the
calculated density of the gas from Table 1, rather than the SCICHEM
default value of 1.2 kg/m®. HF mixing ratios are reported at the surface
every 100 m over a 10 km x 10 km domain. Figure 1 shows the maximum

1-hour average mixing ratio of HF over the simulated 24 hours. The

maximum concentrations are found near the source, as expected given the
lack of plume rise in these thermal runaway cases. ‘The maximum hourly
average HF mixing ratios are 84 ppm for the low charge, high gas case, 26
ppm in the high charge, high gas case, 12 ppm for the low charge, low gas
case, and 3.7 ppm for the high charge, low gas case. These levels are well
above the safe concentrations of HF according to the US EPA Acute
Guideline (AEGL-1,

Exposure Levels

hteps:/fwww.epa.gov/sites/default/
files/2014-11/documents/tsd53.pdf), which
recommend a maximum HF mixing ratio of
1 ppm at averaging times of 10 min, 30 min,
1 hour, 4 hours, and 8 hours. However,
these elevated mixing ratios only persist
about 300 m downwind from the source
(i.e., the red color in Figure 1), with concen-
tration further downwind below the 1 ppm
threshold. Also, note gain that the meteoro-
logical conditions simulated are very condu-
cive to high concentrations — at faster wind
speeds (5-10 m/s instead of the 2 m/s simu-
lated here) the concentrations would likely
be 2.5 to 5 times lower.

To better understand the concentrations
near the release a high resolution SCICHEM
run was performed for the low charge, high
gas and low charge, low gas scenarios where
concentrations were calculated every 1 m
over a 100 m domain. Those results are
shown in Figure 2, which confirm that most
of the 100 m square centered on the source
has maximum 1-hour HF mixing ratios

above 1 ppm in these scenarios.

Figure 1. Low resolution (every 0.1 km) simulation of the maximum one-hour average mixing ratios (ppb) of

HF for rural Western U.S. thermal runaway simulations assuming a night-time release with a stable
atmosphere and a low wind speed (2 m/'s) and that HF is 1% of the total gas released. (a) The low change,
high gas scenario. (b) The low charge, low gas scenario. (c) The high charge, high gas scenario. (d) The high

charge, low gas scenario. Note concentrations lower than 1 ppb are not shown.

Given the high maximum mixing ratio
results, it is important to remember there are
two key uncertainties in these simulations.
First, the fraction of gas as HF might be
higher or lower than 1%, leading to higher

or lower concentrations. Second, this study
examined only meteorological conditions
(neutral to stable atmosphere, low wind
speed) that would tend to lead to enhanced
concentrations. These effects are not neces-
sarily linear, and so changes to this assump-

tion would require new SCICHEM runs.
i}

Figure 2. High resolution simulation of the maximum one-hour average mixing ratios (ppb) of HF for near the

rural Western U.S. source for the low charge, high gas case from Figure 1. The source location is marked with

a yellow star. Note concentrations lower than 1 ppb are not shown.
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Effect of Density

As noted above the results shown in Section 4.1 included the effects of the
density of the released gas on the results. This subsection examines how
these results differ from SCICHEM simulation assuming the released gas
has the density of air (i.e., no dense gas effects).

Figure 3 compares results for the low charge, high gas case with (4a) and
without (4b) dense gas effects being simulated. In the low charge sce-
nario, the released gas is denser than air (see Table 1). As expected, this
results in higher maximum 1-hour gas mixing ratios at the surface when
density is considered (84 ppm) than when it is not (70 ppm). Figure 4
shows that for the high charge cases, simulating density effects reduces the
concentrations near the surface, as in this case the released gas mixture is
less dense than air. However, these effects are relatively small compared to
the uncertainties in the gas release rates and HF mass fraction.

Combustion Simulations
Estimating Heat Release Rates

Heat release rates were estimated for cases where the combustion rate is
limited by the container ventilation rate (“closed door” cases) and cases
where it was not (“open door” cases). A ventilation rate of 5 L/m?*/s was
assumed (Baird et al., 2019). For a container floor area of 30 m?, that
corresponds to 150 L/s of air exchange, which at standard temperature
(298 K) and pressure (1 bar) corresponds to 6.054 mol/s. This rate can be
multiplied by the heat of combustion (kJ/mol) for the low and high SOC
gas mixtures in Table 1 to obtain the heat release rates. This results in an
estimate of 1 MW for low charge and 2.1 MW for high charge.

Based on past research a single battery rack can have heat release rates of
1-10 MW in an “open door” case. It was assumed that that heat release
rate lasts for 8 hours during the burn of a 4 MWh container. Assuming a
battery energy density of 200 Wh/kg, these heat release rates correspond
to an energy release per kg battery of 1.4-14

M]/kg. Peng et al. (2000) reported a value of
5.33 MJ/kg, so this range of heat release rates
appears consistent with their values. As this
range also covers the range calculated above
for the “closed door” case, two 8-hour fire
release cases were simulated, one with a HRR
of 1 MW and one with a HRR of 10 MW
(Run 1 and Run 2 in Table 3 respectively). In
both cases, the HF release rate is assumed to
be 100 mg HF release per Wh (Larsson et al.
2017), which leads to a mass release rate of

13.9 g HF/s for an eight-hour period.

Figure 3. Low resolution (every 0.1 km) simulation of the maximum one-hour average mixing ratios (ppb) of
HF for rural Western U.S. site with low charge, high gas thermal runaway simulations assuming a night-time
release with a stable atmosphere and a low wind speed (2 m/s) and that HF is 1% of the total gas
released. (a) Using the actual gas density of 1.55 kg/m?. (b) Using the default density of 1.2 kg/m®.

However, the above would assume that the
battery racks are burning in series, rather
than in parallel. If the battery racks were
burning in parallel, the heat and gas release
rates would be higher, but for a shorter
period. Thus, a third case was simulated (Run

3 in Table 3) where the container burned in a
single hour. Only a low heat release per rack
(1.25 MW) was simulated o get a total heat
release of 10 MW to be comparable to Run 2
above. As the combustion only last 1 hour,
the HF release rate increases to 111.2 g/s.

The release velocity and temperature at z = 10
m were then calculated for each run based on
the equations given in Section 3.2. The results
are shown in Table 3.

Figure 4. Low resolution (every 0.1 km) simulation of the maximum one-hour average mixing ratios (ppb) of

HF for rural Western U.S. site with high charge, high gas thermal runaway simulations assuming a night-time

release with a stable atmosphere and a low wind speed (2 m/s) and that HF is 1% of the total gas
released. (a) Using the actual gas density of 0.85 kg/m®. (b) Using the default density of 1.2 kg/m®.
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Table 3. Release parameters for the three combustion cases simulated.

Heat Release Rate (MW) 1 10 10
HF Release Rate (g/s) 13.9 13.9 m.2
Release Duration (h) 8 8 1
F(m*/s) 27 270 270
w (m/s) 3.00 6.43 6.43
T (K) 39.4 164 164
Release Temperature (°C) 64.4 189 189

(i.e., 1000 ppb) AEGL-1 limits on any of
the averaging times even under highly con-
servative meteorological conditions. This is
because the heat from the combustion
makes the plume rise above the surface,
leading to lower surface concentrations of

HE

Figure 6 shows a zoomed in version of Run
1 with a resolution of 1 m over a 100 m box
surrounding the source. Only the 1-hour
average concentrations are shown. This
shows a small region downwind of the
source where the surface concentrations are
slightly above 1000 ppb (maximum of
1,115 ppb), but still much below the con-
centrations seen for the thermal runaway
cases. Again, under more typical meteoro-
logical conditions the concentrations would
be expected to be significantly lower than
those simulated here.

Figure 7 shows the results for Runs 2 and 3
ata 1 h averaging time simulated at a resolu-
tion of 100 m. As Run 2 has a much higher

Figure 5. Maximum (a) 10 min, (b) 1 h, and (c) 8 h HF mixing ratios (ppb) for combustion run 1 (low heat
release rate for 8 hours) assuming a 100 mg HF release per Wh (Larsson et al. 2017).

SCICHEM Results

Figure 5 shows the maximum HF mixing ratios for Run 1 (low heat
release rate) in a dense metropolitan area at averaging times of 10 min
(803 ppb), 1 h (752 ppb), and 8 h (450 ppb) when simulated at a resolu-
tion of 100 m. Unlike the thermal runaway cases discussed in Section 4,
these simulations do not have surface concentrations above the 1 ppm

heat release rate than Run 1 but the same
HF release rate, the surface concentrations
are also much lower (maximum 1-h average
HF mixing ratio of 91 ppb). 'This shows that
the heat release rate is a major determinant of the surface concentrations
for the combustion cases. Run 3 has the same heat release rate as Run 2,
but the HF is all released within an hour, rather than 8 hours as in Run 2.
‘This results in 1 h average HF concentrations like Run 1 (max of 735 ppb
for Run 3, versus 752 ppb for Run 1), both below the AEGL-1
standard.
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Figure 6. High resolution view of combustion Run 1.

Figure 7. Maximum 1 h HF mixing ratios (ppb) for (a) combustion run 2 (high heat release rate for 8 hours)

and (b) combustion run 3 (low heat release for 1 hour). Note difference in color scale between the two

figures.

Conclusions

This work presents examples of hypothetical scenarios of a modeling
framework that can be used to estimate the impacts of gas and aerosol
releases from the pre-combustion and combustion phases of a battery
storage fire. As several parameters will be highly uncertain for any given

fire, example scenarios are presented to illustrate the potential impacts of
these fires under different conditions. Only calm wind, stable atmo-
spheric conditions are examined in this report, as these are the meteoro-
logical conditions most likely to lead to high surface concentrations.
Thus, our results represent the higher end of the potential concentrations

resulting from a battery fire.
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‘The SCICHEM-based modeling framework was shown to be able to
simulate a wide variety of battery fire conditions at spatial resolutions as
low as 1 m. The pre-combustion (thermal runaway) cases show the high-
est surface concentrations as the gases tend to stay near the surface in
these cases, whereas the combustion cases have sufficient plume rise to
keep most of the smoke above the surface. Thermal runaway cases may
have HF mixing ratios that exceed the US EPA AEGL-1 guidelines (1
ppm) for about 300 m downwind of the source under calm wind, stable
atmospheric conditions, which would be a significant concern for fire-
fighter, facility staff, and surrounding populations. In contrast, the com-
bustion cases tend to have HF mixing ratios below the AEGL-1
guidelines.

‘The largest uncertainties in the impacts of the above scenarios are the
meteorology, the battery fire heat release rate, the pre-combustion gas
release rate, and the composition of the gas. Correctly simulating the den-
sity of the gas is also important for the pre-combustion phase, as at low
states of charge the gas may be denser than air, leading to higher surface
concentrations.

In addition, this project focused on gases and particles emitted from the
batteries themselves, assuming an open-air dispersion scenario. This may
not fully describe all battery thermal runaway and fire scenarios. For
example, fire suppression systems may release additional fluorinated gases
leading to an increase in HF emissions. Some facilities may have imple-
mented venting to prevent the build-up of flammable gases, and thus the
release parameters would be those of the exhaust pipes of the ventilation
system, rather than an open-air point source. To capture these refine-
ments, a cascade of models of increasing complexity would be required,
with the modeling framework presented here serving as an intermediate
complexity screening model.

Recommendations for Future Work

It is recommended that future work examine the impacts of atmospheric
chemistry and deposition on the simulated near surface air concentra-
tions for both pre-combustion and combustion phases. SCICHEM was
chosen as the main model partly because it can simulate these effects.
Given the success of these initial modeling efforts it makes sense to
expand to include these additional effects. This may be particularly
important for HF and PM
tion rates.

, 5 which have significant dry and wet deposi-

In addition, the impacts of firefighting activities in the post-combustion
phase should be examined. Using water sprays to control battery fires may
remove many toxic compounds from the smoke via wet deposition, but
the reduction in heat release and buoyant plume rise may counterbalance
those reduction by keeping more smoke near the surface.

The results also show how sensitive the impacts of these fires are to uncer-
tainties in the heat release rate, pollutant release rate, and smoke composi-
tion. Future work should attempt to parameterize these in terms of vari-
ables (SOC, battery type, container construction) that are known for each
facility to reduce the uncertainty in the potential impacts.
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Appendix A. Minutes of the Battery
Fire Expert Feedback Sessions

Two feedback sessions were held with a panel of battery fire experts
assembled by EPRI to evaluate and determine how to improve the model-
ing protocol for thermal runaway and battery fire dispersion cases. This
appendix groups the feedback received into different issues and describes
our recommended approach to address each issue in our final modeling
scenarios that are included in this report.

The expert panel consisted of the following participants:

e Erik Archibald, Partner / Senior Engineer at Hazard Dynamics

e Jens Conzen, Director of Industrial and Process Safety at Jensen

Hughes
* Benjamin Ditch, Senior Lead Research Engineer, FM Global

Ofodike Ezekoye, Professor, University of Texas, Austin

* Paul Hayes, Fire Protection Engineer, American Fire Technologies

Issue #1: Heat Release Rate Calculations for Fires

e Initial heat release estimates likely low. Single rack can give 1-10 MW
of heat

* Recommendation: Try two new, physical scenarios:

— “Open Door”, High HRR: Everything burns as fast as it can, use
single rack measurements to estimate

— “Closed Door”, Low HRR: Rate of burning = rate of ventilation
times heat of combustion

0 Some evidence for this from “burping” seen in experimental
burns

¢ Uncertainties

— “As fast as it can” could mean racks all burn at once or in sequence,
need to model both

— Need to try a range of ventilation rates

Issue #2: Thermal Runaway Gas and Heat Release

* Heat release is negligible for thermal runaway — gas stays near surface
as a fog

* Gas release is likely to be 0.1-0.7 L/Wh

* Composition of gas is uncertain, depends on battery chemistry

* Recommendation: Model dispersion of the total gas, apply different pol-
lutant emission ratios to those results

* Recommendation: Test how dispersion changes if density effects of the
gas are included

Issue #3: HF and Other Emission Rates

e ‘There was some discussion and debate about how HF is not seen in
some field observations. Since it is detected being emitted from
smaller-scale fires, the discrepancy is likely due to the locations of the
measurements, the detection rates, the plume rise of the smoke from
the fires, or the specific battery module chemistries. The first two
would mean the HF is being missed, the third would mean it is being
lofted above the surface.

* Need more detail on different emission rates of pollutants and how
they affect the risk

* Recommendation: Perform modeling with single emission rate but look
at uncertainties given a measured range of emission rates

* Recommendation: Look at how dry deposition affects results

Issue #4: Meteorological Scenarios
e Deak charge and discharge times are when failures most likely

e Those conditions occur at night, so fires in stable, calm conditions are
reasonable

* Recommendation: For permitting, often a need to consider these “worst
case” meteorological scenarios
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