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to store energy harnessed from renewable energy

sources and provide a cleaner alternative to fossil
fuels for power generation by releasing it when required, as
electricity. The energy stored and later supplied by ESSs can
greatly benefit the energy industry during regular operation
and more so during power outages. Electrochemical energy
storage has taken a big leap in adoption compared to other
ESSs such as mechanical (e.g, flywheel), electrical (e.g,
supercapacitor, superconducting magnetic storage), thermal
(e.g, latent phase change material), and chemical (e.g., fuel
cells) types, thanks to the success of rechargeable batteries.
Figure 1 depicts the various components that go into building
a battery energy storage system (BESS) that can be a stand-
alone ESS or can also use harvested energy from renewable
energy sources for charging. The electrochemical cell is the
fundamental component in creating a BESS. A module is a set
of single cells connected in parallel-series configurations to
provide the required battery capacity and voltage. The
complete set of modules arranged in racks constitutes a
battery. A battery management system (BMS) allows for
monitoring and controlling the charge and discharge of the
battery. Thermal management of the battery is managed by the
heating, ventilation, and air conditioning (HVAC) system that
controls the environmental temperature and humidity.
Integrating the BESS with renewable energy sources for the
charging process can be done directly or through an AC/DC
inverter. The BESS battery operates with DC, and renewable
energy sources can produce both AC and/or DC current. The
DC/AC inverter also enables the BESS to be integrated with
the electrical grid by demanding energy when needed or
supplying excess energy, as long as the minimum requirements
of the grid are met.

Battery technologies currently utilized in grid-scale ESSs are
lithium-ion (Li-ion), lead—acid, nickel-metal hydride (Ni-
MH), nickel-cadmium (Ni-Cd), sodium—sulfur (Na-S),
sodium—nickel chloride (Na-NiCl,), and flow batteries.' ™
Recently, some demonstration zinc—air systems have also been
announced."”* The main characteristics of these battery types
are listed in Table 1. According to the data collected by the
United States Department of Energy (DOE), in the past 20
years, the most popular battery technologies in terms of
installed or planned capacity in grid applications are flow
batteries, sodium-based batteries, and Li-ion batteries,
accounting for more than 80% of the battery energy storage
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Li-ion batteries have become popular in new grid-level
installations due to their rapidly decreasing prices and wide
availability in the market. Large ESSs are manufactured with a
variety of Li-ion chemistries, from those with a lithium iron
phosphate (LFP) cathode to those with a nickel manganese
cobalt oxide (NMC) cathode and with graphite, silicon
composite, or lithium titanate (LTO) anodes.”® Moreover,
the second-life use of aged Li-ion batteries from electric
vehicles in less demanding stationary applications has become
a feasible concept to extend the useful life of those batteries.
However, the economic viability of Li-ion battery reuse needs
to be solved, and challenges regarding the safety of aged
batteries, state-of-health determination, and compatibility
issues need to be overcome.”” Other battery technologies,
such as lithium—sulfur, sodium-ion, and magnesium-ion types,
are suitable for future use in grid applications due to their high
energy density. However, these systems are still in the
developmental stage and currently suffer from poor cycle life,
preventing their use in grid energy storage applications.

Flow batteries store energy in electrolyte solutions which
contain two redox couples pumped through the battery cell
stack. Many different redox couples can be used, such as V/V,
V/Br,, Zn/Br,, S/Br,, Ce/Zn, Fe/Cr, and Pb/Pb, which affect
the performance metrics of the batteries."”” The vanadium and
Zn/Br, redox flow batteries are the most commonly used and
are already mature for grid-level applications. The advantages
of flow batteries include lower cost, high cycle life, design
flexibility, and tolerance to deep discharges. Additionally, high
heat capacity is also effective in limiting high temperature rises
in flow battery systems, making them safer systems compared
to other rechargeable battery systems. The nature of the
various compounds generated in flow batteries of various
chemistries during charge and discharge has been charac-
terized, but their behavior under off-nominal conditions, such
as over-charge, over-discharge, and external short circuits, has
not been characterized. System-level studies at large scale will
shed light on the susceptibility of flow batteries to undergo
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Figure 1. Depiction of a BESS that can be stand-alone or can get the energy to charge from other renewable energy sources.

Table 1. Key Properties of Common Battery Technologies Used in Grid-Scale ESSs>>*

property Li-ion flow Na-S
specific energy (Wh/kg) 100—240 10-85 150—-240
specific power (W/kg) 500—2000 45-166 150—240
nominal cell voltage (V) 3.6—-3.8 1.2-19 2
energy efficiency (%) >98 >75 75-90
cycle life 1000—10000 6000—14000 >2500

Na-NiCl, lead—acid Ni-Cd Ni-MH Zn-air
100—-120 30-50 50-75 40-110 110—650
150-200 180—-200 150-300 200—-1200 100

2.6 2 1.2 1.2 1.4

90 75—-8S 70—-8S 60—80 50—65
>2500 500—-1000 2000—2500 300-2000 100—300

catastrophic failures resulting from off-nominal conditions
during field usage.

The Na-S battery, in turn, is considered one of the most
promising candidates for large-scale applications due to the
desirable properties listed in Table 1. It has a working
temperature of 300—350 °C, which is its main drawback, as it
requires a heat source, and the highly exothermic reaction
between molten Na and S increases the risk of fire.> The Na-
NiCl, battery is a similar high-temperature system, originally
developed to solve some of the problems of the Na-S system.”
The other battery types, including lead—acid, Ni-MH, Ni-Cd,
and Zn-air, make up a small percentage of the grid-level
batteries.

The reactive and hazardous nature of Li-ion batteries under
off-nominal conditions can lead to safety incidents and may
cause extensive damage to the BESS. Table S1 lists reported
failure incidents involving BESS installations worldwide since
2011.% The alarming rate of BESS failures in South Korea from
2018 to 2019 prompted a formal government investigation and
a partial suspension of the country’s energy storage facilities.”
Failure of the protection systems to function during electrical
surges led to explosions in some cases. The operational
environment may have been prone to temperature fluctuations,
moisture, and dust accumulation that led to accelerated
degradation of components. Errors during installation of the
ESS were also cited as probable causes. Additionally, a lack of
an overall control and protective system for the ESS may have
contributed to failures in some incidents.”'® The investigation
also found manufacturing defects in the batteries, but the
defective batteries were not implicated in the ESS failures due
to lack of fire during verification tests on such batteries.”
Subsequent investigation following additional ESS fires in
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South Korea led to different conclusions about the causes of
failures. Faulty batteries prone to overheating were described
as the cause of ESS fires, although this claim was debated by
the battery manufacturers.'' The fire and explosion incident at
the Arizona Public Service (APS) McMicken Energy Storage
Unit facility in 2019, that caused severe injuries to firefighters,
was investigated by different entities and led to different
conclusions on the source of initial thermal runaway. An
investigation commissioned by APS claimed the source of
initial thermal runaway to be internal short circuit due to
abnormal dendritic growth within a single cell, whereas the
investigation commissioned by the battery manufacturer
claimed the source of initial thermal runaway to be external
arcing at the battery level.?

Hazards Associated with Lithium-lon Batteries.
Hazards for Li-ion batteries can vary with the size and volume
of the battery, since the tolerance of a single cell to a set of off-
nominal conditions does not translate to a tolerance of the
larger battery system to the same conditions. Li-ion batteries
are prone to overheating, swelling, electrolyte leakage venting,
fires, smoke, and explosions in worst-case scenarios involving
thermal runaway. Failures associated with Li-ion batteries are
described to be deflagration in nature. However, the gases
produced as a result of a fire, smoke, and/or thermal runaway
can accumulate to a combustible level in the installation
location and cause an explosion (detonation). In general, the
off-nominal conditions that can cause the occurrence of
catastrophic events with Li-ion batteries can be categorized
into electrical, mechanical, and environmental types. The most
common electrical hazards are over-charge, over-discharge, and
external and internal short circuits. Of the environmental
hazards, off-nominal conditions such as temperatures beyond
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the manufacturer’s recommended range are those that are well
understood. The influence of other environmental hazard
causes, such as changes in altitudes, pressures, salt fog, floods,
rain, etc., are not as well understood. Mechanical hazards such
as those caused by vibration, shock, and impact are understood
to a certain level, especially those encountered under
transportation conditions.

Electrical Hazards. Over-charge of Li-ion cells and batteries
can occur when they are charged at a very high rate or to a
voltage that is above the manufacturer’s recommended
specifications and limits for charging current are not
approgriately designed into the system. Cathode destabiliza-
tion,” lithium dendrite formation,"* electrolyte decomposi-
tion, and the heat produced due to the high voltage or high
charge rate can lead to catastrophic events. In addition, as cells
and batteries age with storage and use, the individual cell’s
electrochemical characteristics change, such as capacity and
internal resistance, and in a battery configuration this causes
deviations in characteristics between the cells in the battery.
The deviations grow larger if no balancing of the cells/cell
banks is provided, leading to excursions of voltage beyond safe
limits, thus resulting in a catastrophic failure.

Studies have shown that a cell’s tolerance to an off-nominal
condition such as an over-charge need not necessarily translate
to a module- or battery-level tolerance to that same
condition."> With the pouch format cells, due to the lack of
internal protective devices like the current interrupt device
(CID), the single cells go into thermal runaway with a fire and
smoke when over-charged at medium rates such as 1 and 0.5
C.'® It was also observed in the referenced study that pouch
format cells were tolerant to a 0.3 C rate of over-charge
current, but the same equivalent over-charge current caused
cells in multicell series and/or parallel configurations to go into
complete thermal runaway and fire.

An important factor to note for safe operation of batteries is
the safety related to the use of appropriate chargers. Li-ion
batteries have several types of metal oxides cathodes with a few
different anode chemistries. In addition to the various
combinations that can be obtained with the cathodes and
anodes, electrolyte combinations can vary widely depending on
the application load, cycle life and calendar life, and thermal
and pressure environments. The chargers used should
therefore be designed to accommodate the appropriate
combination of electrodes and electrolyte. Traditionally,
dedicated commercial chargers for low-energy applications of
less than 60 Wh show a charge profile wherein the charge
current starts falling even before the end-of-charge voltage
(EOCV) is reached, as this helps to keep the temperatures low
at the end of charge and also provides a margin for safety with
respect to an over-voltage condition, which can be avoided
with the gradual drop in charge current.'”'® With large ESSs,
all these factors need to be taken into consideration to prevent
hazardous events due to an off-nominal over-charge/over-
voltage condition.

Over-discharge is a process wherein the Li-ion cell is
discharged below the manufacturer’s recommended end-of-
discharge voltage. In a single cell, one cannot discharge the cell
below 0 V; however, when one considers a module or battery
design, it is possible to take any one cell into an “over-
discharge into reversal” condition where the voltage of the
cell/cells is driven into negative voltages and energy is still
being extracted, leading to undesirable electrochemical changes
in the cell. This can occur, as with a large ESS, when there is an
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imbalance in the cell's electrochemical properties, such as
capacity and internal resistance, described in simple terms as
the “weak cell/cells”.

At voltages below the manufacturer’s recommended end-of-
discharge value, dissolution of the copper current collector is
initiated, and decomposition of electrolyte occurs. Under an
extreme over-discharge condition, the dissolved copper ions
deposit on the cathode, anode, and separator, and ultimately
the system becomes an electrical wire instead of an
electrochemical system, leading to a benign short circuit,
making the cell or battery unusable. Subtle over-discharges,
however, can lead to a catastrophic hazard without warning.19
The bigger concern is the metallization of the dissolved copper
ions and deposition of the metallic copper on the cathode,
anode, and separator during the subsequent charge step.'”™>
This can lead to heating of the cell due to the effort that is
required for the intercalation of lithium ions into the anode
that has uneven copper deposition. At a certain point, lithium
dendrites start forming on the surface of the copper layer, as
the intercalation sites are covered with copper. This type of
effect is more pronounced and can lead to a catastrophic
thermal runaway in modules compared to that observed in
single-cell batteries. In the absence of cell balancing in
modules, a single or multiple over-discharges during the
battery usage phase can lead to conditions in successive cycles
that can subsequently lead to a catastrophic thermal runaway.
The number of over-discharges that will lead to a catastrophic
event depends on the extent of imbalance and over-discharge
in the module.”® With large ESSs, due to the significantly large
number of cells required to build the battery system, cell-level
voltage monitoring, cell balancing, and under-voltage cutoft at
the module and battery pack levels are imperative.

External short circuit can be considered an electrical shock
to the cell or battery. External short circuits can be high
impedance or low impedance in nature. While the former
occurs due to the lack of proper design to minimize the risk,
the latter is more commonly observed and well known. Low-
impedance or hard short circuits occur when the load imposed
on a battery has a resistance that is equal to or less than the
internal resistance of the article.

The occurrence of high-impedance shorts can be reduced by
designing the battery pack in an appropriate manner with the
inclusion of electrical insulation materials between and around
the cells, anodizing the battery container, and confirming that
the wires are rated appropriately for the currents they need to
conduct, that there are no sharp corners, that the wires are not
bent in a way that would cause breakage, that the design is not
conducive to chafing of the cables and wires, and that any
exposed metal tabs and surfaces are well insulated. Low-
impedance short circuits can be protected with the use of hard-
blow and resettable fuses, poly switches, and thermal fuses. If
fuses are used, then the reaction time of the fuse should be
such that it protects the battery before any cell-level internal
protective devices, such as the positive temperature coefficient
(PTC), get activated, especially when the battery is a high-
voltage /high-capacity type. When two fuses are used, then the
rating of the two fuses should be different to ensure two-failure
tolerance and should take into consideration the loads that will
be encountered in the application in order to prevent a
nuisance trip.

Protection against external short circuits has been
incorporated into cell designs in various forms. The PTC
was one of the earliest innovations that was included inside the
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Figure 2. Manufacturing defects and quality control issues causing (a) a hole in the anode current collector and (b, c) impurities in the

electrodes.

18650 format cylindrical cells and provides protection against a
hard external short. Other cell formats, such as metal-can-
prismatic cells, have included protective controls such as
fusible links and bimetallic fuses that melt and disconnect,
causing the cell to be permanently incapable of being charged
or discharged. In the case of pouch format cells that do not
have an internal protective device designed into the cell,
external short circuit tests have shown to cause the burning of
one of the tabs—thus protecting the cell from a catastrophic
failure. The tab that is burned off is the one with the lower
melting point and is different for various manufacturers (anode
or cathode).”

The PTCs in cylindrical lithium-ion cells are doughnut-
shaped devices that have a conductive polymer sandwiched
between two stainless steel discs. Under high currents and high
temperatures, these devices get activated due to the expansion
of the polymer, which increases the resistance of the device,
leading to a reduction in the current going in to or out of the
cell. Protective devices such as PTCs have threshold voltage
limitations like any electronic device. In the early days of Li-ion
battery production, the applications required very low energy
and power, and the devices required less than 30 Wh of energy.
However, today, applications such as large ESSs are sized in
the range of MWh to GWh. Due to the threshold voltage
limitations in PTC devices, in off-nominal conditions, these
PTCs do not protect as expected but rather become the cause
of the hazard.”>*° This typically leads to excessive charring of
the header area of the cells, venting and leakage of electrolyte,
and smoke. PTC threshold voltage limitations vary between
cell manufacturers and also vary between different models from
the same manufacturer.”>*° In large ESSs, cells with internal
protective devices should be proven by test to protect at the
relevant level in the design configuration, and other levels of
protection should be relied upon for safety control before a
cell-level protective device is called in to provide protection.
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Internal short circuits occur when the cathode and the anode
physically touch each other inside a cell, leading to a short
circuit. Internal short circuit hazards can be created in two
different ways. Poor manufacturing and lack of quality control
can lead to the formation of internal short circuits.””** Figure
2 has examples of defects created and impurities introduced
due to lack of quality control during the manufacturing
process. Other ways internal shorts can be created are poor
design, lack of or improper safety controls, and misuse in the
field. The hazards discussed above, namely, over-charge, over-
discharge, and external shorts, if not prevented by design, can
create an internal short circuit that can lead to a catastrophic
thermal runaway.

High-quality manufacturing and configuration control
during the manufacturing process can significantly reduce the
defects created, leading to a reduced risk of an internal short.
Although there is no experimental proof that internal shorts
due to manufacturing defects are a hazard, simulations of
internal shorts using various methods have shown that Li-ion
cells at 100% state of charge (SOC) experience a violent
venting, fire, and thermal runaway.29 Hence, cells used in the
manufacturing of large ESSs should be screened and matched
with a stringent protocol to prevent poor-quality cells from
being introduced into the battery assembly process. Designing
a battery with the required levels of safety control and using it
within the manufacturer’s specification for current, voltage, and
temperature reduces the risk of the formation of internal short
circuits due to over-charge, over-discharge, and short circuits.

An important factor to be taken into consideration in large
ESSs is the effect of arcing, which is encountered with systems
higher than 50 V.>**' This voltage can be as low as 30 V in
low-pressure environments. Hence, adequate protection
against arcing and static electricity should be provided for
the entire ESS, especially in the area of the connectors, to
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confirm that no sharp corners or pointed metal features are
present that can cause an arc.

Thermal Hazards. High and low temperatures can lead to
different unsafe conditions in Li-ion cells and batteries. High
temperatures can lead to decomposition of the electrolyte and
the solid-electrolyte interface (SEI) layer, destabilization of the
cathode and anode that eventually lead to a violent venting,
fire, and thermal runaway. Low temperatures increase the
viscosity of the electrolyte in a Li-ion cell, reducing the
mobility of the lithium ions in the electrolyte. The reduction in
ionic conductivity causes the deposition of the ions as
dendritic lithium metal due to the reduced ease of intercalation
into the anode (Figure 3). This subsequently leads to increased

Figure 3. Lithium dendrites (white whiskers) created during
repeated charge at low temperatures. Brown areas are unlithiated
graphite (under the current collector fingers), and the gold color is
lithiated graphite.

internal cell temperatures, and in the presence of high
temperatures due to increased internal resistance, growth of
lithium metal dendrites, and the organic flammable electro-
lytes, the inevitable thermal runaway and fire occurs.
Hazardous conditions due to low-temperature charging or
operation can be mitigated in large ESS battery designs by
including a sensing logic that determines the temperature of
the battery and provides heat to the battery and cells until it
reaches a value that would be safe for charge as recommended
by the battery manufacturer. When heaters are used, the power
to the heaters should be controlled to prevent uncontrolled
heating due to heater failures.

Gradients in temperature in a battery configuration can also
lead to an unsafe battery during its usage life. If battery
configurations do not have a uniform thermal environment,
then the capacity, internal resistance, and the voltage with
respect to state-of-charge or depth-of-discharge of the cells in
the battery will vary, and increased deviation will be observed
during the life of the battery. Thermal gradients larger than 3
°C within a battery pack configuration can lead to deviations in
the internal resistance of the cells with cycle and calendar life
aging that can lead to significant variations and deviations in
performance between the cells that can eventually lead to an
unsafe condition of the battery. Thus, a thermal management
system is imperative for large batteries, especially those that
need to function continuously for several years and where
extreme thermal environments will be encountered. The types
of thermal management systems are discussed later.
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Mechanical Hazards. Vibration, shock, and impact are
examples of causes that are of the mechanical nature. Natural
disasters such as seismic activity can lead to similar
mechanically induced hazards. All three mechanical events
induce faults such as disturbances to the internal construction
of the cells, breakage of cell tab or intercell connections,
contacts between the cathode and anode due to a distortion or
tear of the separator, and the creation of other defects that can
lead to an internal short circuit or high temperatures, both of
which can lead to a catastrophic thermal runaway. Although
this type of environmental hazard may be rare during field use
(e.g., natural disasters), it can also be encountered during the
device’s transportation to its final location, and hence the cells
and system should be thoroughly inspected before and after
installation of the entire system is completed.

Thermal Management of Battery Systems. Irrespective
of the chemistry, large battery installations can generate a
significant amount of heat during operation. Therefore, a
cooling system, which can be either passive (uses heat-
absorbing or dissipating materials and the ambient environ-
ment and natural convection) or active (uses built-in devices to
force the movement of cooling media), is needed. In contrast
to small portable batteries, large stationary batteries do not
have a comparable surface area to passively dissipate heat
through natural convection and can reach unsafe high
temperatures if not cooled properly.’> Therefore, active
cooling is a recommended approach for thermal management
in large stationary batteries.

Air cooling in the form of bulk enclosure ventilation is the
primary technique of battery thermal management for large
stationary batteries due to its simplicity and low cost.”
Ventilation systems are well-understood, simg)le to implement
and manage, and dependable as a technology.”** To minimize
temperature differences among the cells in a battery, direct air
cooling is not recommended, as it can cause temperature
differences within the batteries or spot cooling.> Different
geometric configurations and various kinds of vent plates and
vortex generators attached to the battery racks have been
studied to evenly distribute air flow within the battery
enclosure to ensure efficient cooling and a uniform temper-
ature distribution.””** Liquid cooling is rare in stationary
battery systems even though it is widely used in electric vehicle
batteries. Liquid cooling can provide superior thermal
management, but the systems are more expensive, complex,
and prone to leaka§es, which restricts their use in large
stationary systems.”” Passive cooling using phase-change
materials is also under research but is not used to date in
commercial ESS batteries.

A high-fidelity thermal analysis will provide valuable data for
not only determining the thermal gradients and reducing them
but also providing the critical locations that need to be
monitored for safety considerations.

Aging and Safety. Large ESSs are expected to function for
many years. Installation and integration of the ESS should take
into account the changes that occur due to aging. Studies have
shown that the life of a Li-ion battery can be increased
significantly if the voltage range used is decreased by even 200
mV at each end’* Cycle life studies have shown that
degradation of the electrodes is a common occurrence with
aging and that delamination of the active material can occur,
along with other physical degradation reactions. Off-nominal
tests carried out on cells that had undergone various levels of
capacity loss indicated that aging does change the nature of the
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results of off-nominal abuse testing, and cells and batteries
aged to about 20% capacity fade do not exhibit catastrophic
failures.' > However, the stages of capacity fade less than 17%
may exhibit catastrophic failures. In the studies referenced
here, it was observed that capacity losses of greater than 20%
showed excessive degradation and loss of electrolyte, while
those below 17% did not, which explains the difference in
behavior under off-nominal conditions. Aging also changes the
characteristic SOC versus voltage trend, and hence one needs
to take this into account when building the charging, battery
management, and power management systems, especially if the
voltage is used as an indicator for the SOC.

The aging of the cells and batteries influences their reuse in a
second-life application. Batteries used in automotive applica-
tions have started making an appearance in a second use, such
as for stationary grid storage. Although the second use in large
stationary ESSs may be less stressful on the battery, the cells
and batteries to be reused need to be studied stringently before
installation in a second use. After gaining a thorough
understanding of the condition and history of the battery
usage in its first life application, one needs to study cells and
modules from the battery to determine its health. The cells and
modules should be taken from areas that were exposed to the
highest deviation in temperature from nominal thermal
environments. Destructive analysis of cells and modules will
go a long way in determining the level of degradation observed
within the cell as well as of other components such as
interconnects and cables that go into making the modules and
batteries.

Battery Management Systems. All Li-ion batteries,
irrespective of the battery voltage and capacity and the
number of cells in the battery pack, are designed with a battery
management system (BMS). The complexity of the BMS
varies widely, depending on the requirements of the battery
design as well as the application in which the battery is used.
Li-ion cells require cell/cell bank voltage monitoring and
control irrespective of the size and design configuration of the
battery pack. The BMS does the function of monitoring and
controlling the voltage, current, and temperature of the battery.
The BMS also carries out the function of cell balancing that
provides protection against any single cell going over or under
its voltage limit but also extends the life of the battery when
cells are electrochemically stabilized and function in a more
uniform manner. BMSs used in large ESS installations must be
effective in monitoring the system behavior and preventing any
deviations from nominal operations. Integration of the BMS
with overall control systems for protection and suppression
against hazards in instances of off-nominal conditions and
verification of the order of the operation should be a priority.
An important aspect of the BMS is the ability for the operator
to remotely monitor the data in order to recognize off-nominal
behavior immediately and also in order to provide first
responders and fire fighters the relevant information needed
for safe entry into a faulty or failed stationary BESS.

To summarize, the worst-case results under the credible off-
nominal conditions that may be encountered by a large ESS
should be well studied and well characterized. It is imperative
that battery designers and manufacturers keep in mind that the
required levels of fault tolerance should be included in battery
designs, with the battery being independently fault tolerant. In
addition to this, chargers should have their own safety controls
so as to not impose a current that is higher than what the
battery can handle and should be in constant communication
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with the battery to determine the health of the cells and the
battery system in order to safely charge the system.

Toxic and Combustible Gases. When a large BESS
experiences an off-nominal condition, the location in which it
is placed must be fully assessed. Release of flammable gases
from batteries carries a risk of explosions in BESSs. Immediate
ignition of flammable vent gases after release may cause a
minor deflagration, whereas a longer accumulation of a large
volume of gases and subsequent ignition may cause a large
explosion in BESS.'> Combustible gases released under off-
nominal conditions such as fire, smoke, and thermal runaway,
if present above the lower threshold limit value (TLV), can
cause an explosion. Unpublished research by the authors of
this manuscript has shown that, for the cells studied,
combustible gases such as hydrogen, carbon monoxide,
methane, ethylene, and propylene can be produced in
concentrations above the TLV. The gases also need to be
assessed for toxicity, as personnel walking into the location can
be affected adversely if the volume of toxic gases released is not
well known and they are not prepared with the appropriate
personal protective equipment (PPE). The worst-case volume
of gases released per unit volume under an off-nominal
condition should be well assessed in order to provide
mitigation strategies for safe handling of an off-nominal
event by first responders and fire fighters.

Modeling and Simulation of Abuse Conditions in
Large Stationary Grid ESSs. Advanced modeling and
simulation (M&S) has immense potential to complement
experiments in the safety analysis of Li-ion batteries as an
essential component of grid ESSs. For example, modeling
failure events such as explosions due to combustion of high-
speed, high-energy flammable gases produced during thermal
runaway or deflagration due to an off-nominal condition may
provide insights into evaluating the effectiveness and designing
appropriate ventilation and fire suppression systems. In
addition, such modeling capability can provide guidelines for
firefighters to respond to failure events safely and effectively.

Several lumped**™** and multidimensional®®~*' models for
single Li-ion cells have been developed to capture various
underlying physical phenomena occurring during thermal
runaway, including heat and mass transfer, gas generation,
exothermic chemical reactions, electrolyte evaporation, venting
of flammable gases, and combustion. In addition, thermal
runaway models have been extended to battery packs and
modules to characterize cell-to-cell propagation. Thermal
network models consider cells as lumped thermal masses
connected to each other with a group of thermal resistances
representing different modes of heat transfer.*””** Several
studies have developed higher dimension frameworks by
considering conduction and radiation as the only modes of
heat transfer between the cells,**® while some others have
developed computational fluid dynamics (CFD) simulations to
capture the thermal energy transferred to the neighboring cells
from the vented gases during thermal runaway."

Despite extensive research on single cells and small-scale
battery packs, not much attention has been paid to utilizing
M&S for risk assessment in large stationary grid ESSs. M&S
tools can help investigate possible hazardous scenarios arising
from thermal runaway and propagation or electrolyte leakage
from a single or a group of damaged cells and accumulation of
toxic, conductive, or flammable gases in the battery systems
and ESS containers. In a recent study, Jin et al.** developed a
CFD simulation of gas explosion hazards within a container-
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type ESS comprising Li-ion battery modules. Extending
thermal runaway and propagation simulations to large
stationary grid ESSs comes with numerous challenges due to
the coupled and nonlinear nature of the differential equations
involved, the complex geometry of ESSs, and the large number
of cells and modules in ESSs.

Fire Suppression Systems for Large Stationary Grid
ESSs. Adequate fire protection and suppression systems for
grid ESSs are critical to minimizing the hazards associated with
Li-ion failure events.*” The major challenges associated with
Li-ion battery fire suppression systems are the probability of re-
ignition after cessation of the fire suppressant release and
continued thermal runaway 4propagati0n in battery packs,
modules, and battery systems.*”°

Extensive research has been done to study the effectiveness
of various types of extinguishing agents for Li-ion battery fires.
Several studies reported the effectiveness of water-based
suppressants in containing fire and preventing re-ignition.
Some concerns regarding water-based suppressants are the
ability of water to conduct electricity and react with salt
(LiPF) in Li-ion battery electrolyte and form the highly toxic
and corrosive hydrofluoric acid (HF). Gaseous extinguishing
agents, such as carbon dioxide, Halon-based, HFC-227ea, and
Novec 1230, have also been used for suppression of Li-ion
battery fires.*” However, Halon-based suppressants are harmful
to the environment,**® and re-ignition is a concern regarding
carbon dioxide and HFC-227ea.*'~>* Dry powders are also
among the fire suppressants tested for Li-ion battery fire and
have shown different effectiveness for different battery
chemistries.”* Aerosol is another extinguishing agent reported
to be effective for Li-ion battery fire suppression in a closed
environment.>

Most of the existing studies have focused on the perform-
ance of fire extinguishing agents and fire suppression systems
for a single Li-ion cell and small-scale battery packs. A limited
number of studies focused on large battery systems. For
example, LFP and LNO/LMO Li-ion batteries ranging from a
single module to full ESS racks comprising 16 battery modules
have been tested, and the effectiveness of water in containing
the fire, especially for LEP, has been reported.’® Thus, more
research is required to fully assess the performance and
effectiveness of various fire suppression systems and agents on
large ESS Li-ion battery fires.

In this work, we have summarized all the relevant safety
aspects affecting grid-scale Li-ion BESSs. As the size and
energy storage capacity of the battery systems increase, new
safety concerns appear. To reduce the safety risk associated
with large battery systems, it is imperative to consider and test
the safety at all levels, from the cell level through module and
battery level and all the way to the system level, to ensure that
all the safety controls of the system work as expected. As grid-
scale BESSs are expected to function for many years, it is also
necessary to understand how the aging of the batteries and
other components affects the safety and how the BMS should
adapt to the changing characteristics. An important aspect to
reducing the risk associated with the large BESS installations is
the ability of the operator to remotely monitor the system data
and recognize any off-nominal behavior in advance in order to
prevent and mitigate hazards to the system. This type of
stringent monitoring will also enable the sharing of the relevant
information with the first responders and fire fighters that is
needed for safe entry into a faulty BESS. More work is still
needed on the development of the best mitigation practices for
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off-nominal conditions, early detection and prevention of
thermal runaway propagation, and fire suppression for large-
scale batteries.
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