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Key Challenges for Grid-Scale Lithium-lon Battery

Energy Storage

Yimeng Huang and Ju Li*

A rapid transition in the energy infrastructure is crucial when irreversible
damages are happening quickly in the next decade due to global climate
change. It is believed that a practical strategy for decarbonization would be

8 h of lithium-ion battery (LIB) electrical energy storage paired with wind/
solar energy generation, and using existing fossil fuels facilities as backup. To
reach the hundred terawatt-hour scale LIB storage, it is argued that the key
challenges are fire safety and recycling, instead of capital cost, battery cycle
life, or mining/manufacturing challenges. A short overview of the ongoing

innovations in these two directions is provided.

1. Eight Hours of Energy

Greta Thunberg commented on Twitter about the 2021 UN
Climate Change Conference: “COP26 is over ... But the real
work continues outside these halls. And we will never give up,
ever.”lll Energy storage is the real work. To halve the global CO,
emission by Jan. 3, 2040, Greta’s 37™ birthday, there are only 18
years left. Based on historical engineering experiences, there is
no time left for a newborn, “baby” heavy industry (the so-called
“B: Beyond-2040” technologies in the MIT A+B conference lan-
guagel?)) to emerge from a university lab, mature, up-scale, and
save the world in time from the irreversible damages of ocean
acidification, loss of habitat, and societal upheaval. The Earth
today is like a house on fire, and only the so-called “A: Action”
type technologies that already exist today, with demonstrable
terawatt scale capabilities, can dampen the raging fire by 2040.
This means nuclear fission (specifically, light-water reactors),
wind/solar generations, plus some forms of energy storage
(heat, mechanical, battery, chemicals). Nuclear is type-A, as
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in the 1970s it has already been demon-
strated to lead the largest decarbonization
actions to date, but is presently beset by
very high construction cost.’] “Desperate
Times Call for Desperate Measures”, and
energy storage seems more and more a
human survival skill.

Here, we focus on the lithium-ion bat-
tery (LIB), a “type-A” technology that
accounts for >80% of the grid-scale bat-
tery storage market and specifically,
the market-prevalent battery chemistries
using LiFePO, or LiNi,Co,Mn;_,_,0, on Al
foil as the cathode, graphite on Cu foil as
the anode, and organic liquid electrolyte, which currently cost
as low as US$90/kWh(cell). LIBs can be deeply charged and
discharged on the order of 10° cycles,”! although this cycle life
can vary greatly depending on cycling conditions and tempera-
ture. Going from LIB cells to battery packs to energy systems,
one faces another 2x to 4x increase in cost, after thermal man-
agement, power electronics, safety measures, and controls®
are added. In the past decade, there has been a 10-fold increase
in cycle life and 6-fold decrease in pack-level cost,”! assisted
by the exponential growth in the electric vehicle (EV) supply
chains. China broke the 1 million EV annual sales threshold
in 2018. Realistically, one is probably looking at US$200 to
US$300/kWh(system) capital expenditure (CAPEX) for LIB
storage by 2025.

Among the existing electricity storage technologies today,
such as pumped hydro, compressed air, flywheels, and vana-
dium redox flow Dbatteries, LIB has the advantages of fast
response rate, high energy density, good energy efficiency,
and reasonable cycle life, as shown in a quantitative study by
Schmidt et al.®l In 10 of the 12 grid-scale application scenarios
(ranging from black start, power quality, to primary, secondary,
and tertiary responses), except for seasonal energy storage and
primary response, LIB is expected to beat all other technologies
by 10% or more in 2040, the time that matters.

The first question is: how much LIB energy storage do we
need? Simple economics shows that LIBs cannot be used for
seasonal energy storage. The US keeps about 6 weeks of energy
storage in the form of chemical fuels, with more during the
winter for heating.’) Suppose we have reached US$200/kWh
battery cost, then US$200 trillion worth of batteries (10x US
GDP in 2020) can only provide 1000 TWh energy storage, or 3.4
quads. As the US used 92.9 quads of primary energy in 2020,
this is only 2 weeks’ worth of storage, and not quite sufficient
to heat our homes in the winter. Thus, very large-scale heat
storagel’) and nuclear generations are likely needed for a 100%
clean-energy infrastructure that can survive the winter. A real
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game-changer would come if we can synthesize liquid fuels
efficiently, but day by day, this is looking more like a type-B, not
type-A, projection.

The above does not mean LIBs cannot greatly help the low-
carbon energy transition. It is clear from quantitative mod-
elingl% that just 8 h of battery energy storage, with a price tag
of $5 trillion (3 months of US GDP), would unlock significant
wind/solar generations to be of some real utility in the direc-
tion of deeply reducing global CO, emission. A study by Zie-
gler et al.l% showed that in warm states such as Arizona and
Texas, the equivalent availability factor (EAF) of wind/solar +
LIB can reach 95% and achieving cost parity with fossil fuel
generations, if the LIB cost drops below US$150/kWh(system).
In other words, one can use wind/solar + LIB in 19 of 20 days,
to reduce CO, emission by 80% or more. In the one unlucky
day out of the 20 days, the week-long wind/solar drought would
require us to fire up our natural-gas power plants, and rescue
the wind/solar + LIB based grid in places such as Arizona and
Texas. In colder states such as Massachusetts, this decarboniza-
tion solution would not be as thorough: we would need to fire
up natural gas more often and use heavy oil to heat our homes,
especially during the winter, but something like 50% reduction
is still entirely possible. This plan says that we do not demolish
our fossil-fuel powerplants and delivery infrastructure (indeed
why should we, as they are sunk costs), but use them as backup
systems at least before 2040-2050, while still deeply blunting
the rate of ocean acidification and climate change, enabled
by an economically feasible amount of LIB storage. We must
still maintain and operate the fossil-fuel industry, albeit using
them much less often by a factor of 5x or 10x, until the day
type-B technologies mature. The corollary of this proposal is
that we must expand the total workforce and acreage of the
energy industries, by keeping two parallel, “legacy” and “A” sys-
tems. Thus, the levelized cost of electricity will be more expen-
sive than what we have now, perhaps by as much as 50%. But
“Desperate Times Call for Desperate Measures”. In sum, the
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actionable solution appears to be =8 h of LIB storage stabilizing
wind/solar + nuclear with heat storage, with the legacy fossil
fuel systems as backup power (Figure 1).

LiFePO,//graphite (LFP) cells have an energy density of
160 Wh/kg(cell). Eight hours of battery energy storage, or
25 TWh of stored electricity for the United States, would thus
require 156 250 000 tons of LFP cells. This is about 500 kg LFP
cells (80 kWh of electricity storage) per person, in which there
is about 6.5 kg of Li atoms (need to multiply by 5.32x for the
corresponding lithium carbonate equivalent, LCE), and 29 kg
of phosphorous atoms. To put this in perspective, oil tankers
move about 2 billion tons of oil globally every year across
ocean surfaces. The world’s per capita consumption of oil is
750 kg, and a US person’s consumption is 3.5 ton, per year,
which are mostly oxidized and freely released into the atmos-
phere now.

While an endowment of 500 kg LFP cells (80 kWh of elec-
tricity storage) per person sounds reasonable, does Earth actu-
ally have enough lithium and other minerals to support it? The
short answer is yes, if we are careful about recycling, which
is one of the two key challenges ahead. The U.S. Geological
Survey has identified “total about 80 million tons” of lithium
atoms globally,™ or 10.3 kg of Li atoms per person, on this
planet, so there is enough lithium for everyone on Earth. This
is not yet accounting for lithium from seawater, which costs 3x
to 30X to extract than from hard rocks and brines.[*?!

Granted, to scale up the global LIB industry by another factor
of 102x would be a herculean task,® causing tremendous
industrial, ecological, and societal stresses. It is a civilization-
scale endeavor and should not be taken lightly. The amount of
investment ($5 trillion) for the United States will be compa-
rable to that of the War on Terror, the longest war in the US his-
tory. Nonetheless, it is doable by 2040 if one keeps 30% growth
rate year-over-year, starting from now. Also note that “8 h
of energy” is a colloquial term to show the scale in contrast
to primary energy use, but if normalized by just electrical
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Figure 1. Schematic of sustainable energy production with 8 h of lithium-ion battery (LIB) storage.

Adv. Energy Mater. 2022, 2202197 2202197 (2 of 8)

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWILLIOD @A 181D 3|ceal|dde 8Ly Aq peusenob afe sejoe YO ‘8sN JO S8|nJ o Akeid178U1UO /8|1 UO (SUORIPLOD-PUR-SLLIBIALICO A |IM ALRIq 1 BU1UO//:SdNL) SUORIPUOD PUe SWie | 8U18es *[220Z/TT/0T] Uo ARiqiauluo A8|im euinop 3 SeLes soLreiqi 1IN Aq 261202202 WUse/Z00T 0T/10p/oo’ A3 1M Ae.q 1 |Bul uo//Sdny wouy pepeojumod ‘0 ‘089 TIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

energy use, it is more like 60 h, or 2.5 days, of electrical energy
storage.

Aside from CAPEX, what about the operating expense
(OPEX) that is closely related to the LIB cycle life? It turns out
that the LIB cycle life has a very nonlinear relationship with the
depth of charge-discharge, temperature, as well as the charging
rate. Thus, better software and battery management systems™l
are tremendously important to operate safely and maximize
long-term economic value. Hsu et al.® and Lu et al.¥ used
deep neural networks to predict battery state of health (SOH),
remaining useful life (RUL) and capacity—voltage curves, which
are key for selecting newly manufactured or used cells for at-
home or grid-scale battery packs and dynamic load-balancing.

The long-term LIB cycle life sensitively depends on the
so-called Coulombic inefficiency, which is the percentage
of Li atom inventory that becomes deactivated each time an
inventory is deposited into and extracted from the electrodes.
By tuning the electrolyte chemistry!”!°l and electrode coat-
ings,8 it is possible to reduce the Coulombic inefficiency and
increase the cycle life exponentially.!*2% Recently, our group
used robotic arms and automatic testing apparatus paired with
active learning algorithms to conduct high throughput elec-
trolyte testing (ongoing).?!! Prof. Jeff Dahn has shown that
10 000-20 000 cycles are achievable with electrolyte tuning,'%l
thus reducing the environmental impact of the EV industry and
facilitating vehicle-to-grid storage.

While there is a tremendous amount of work remaining to
be done, cycle life, mining/manufacturing, or capital cost per
se will not be the showstopper to LIB energy storage systems
(ESS) becoming a type-A solution in tackling climate challenges
in the next decade. But fire safety and recycling challenges
could well be, as we outline below.

2. Fire Safety

On April 19, 2019, the fire and explosion at a 2 MWh
LiNi,Co,Mn;_, ,O,(NCM)//graphite ESS facility in Arizona
caused eight firefighter injuries. On April 16, 2021, the explo-
sion at a 25 MWh LFP ESS station in Beijing, China caused the
death of two firefighters. In South Korea alone, between 2017
and 2019 there had been 28 fire accidents, leading to the shut-
down of 522 ESS units after regulatory review, or =35% of all
ESS installations.?2l While the chance of an individual battery
cell failure under normal use is on the order of 1077 in its life,
due to the cascading nature of fire accidents, the probability of
an ESS facility catching fire with millions of cells, leading to
severe accidents, is apparently not low with the present genera-
tions of ESS. These accidents result in electricity supply disrup-
tions, severe pollution, and huge economic losses. The liabilities
need to be added to the OPEX and are often underestimated.
For safer battery cells in ESS, LiFePO,based chemistries
are chosen over the layered oxides (preferred for EV appli-
cations for their higher energy density and power) for their
much-improved cycling and thermal stability, as well as low
cost.[?’l Nevertheless, the initial cause of an ESS fire may not
be a battery cell at all but faulty wiring, electric shock protec-
tion, control-system bugs, etc.” For comparison, consider the
technology of AC transformers on electrical grid: even after
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100+ years of development and heavy usage, the “probability
of a serious transformer fire is on the order of 0.06% to 0.1%
per service year.”*’! Grid-scale ESS is much newer and more
complex than transformers, and the thermal design is more
challenging (the up-to-30% round-strip energy loss needs to
be dissipated as heatl®)), so fault diagnostics and risk mitiga-
tion are more demanding. Natural disasters such as tornados,
flooding, and man-made causes such as cyberattacks and even
arson must be considered. A defense-in-depth design and rapid
response strategy are needed to minimize life loss and collat-
eral damage.

Regardless of where the thermal runaway first initiates, there
is a tremendous driving force for this runaway to amplify. The
cathode material in LIBs is highly oxidative at high states of
charge (SOC) and can, especially at high temperatures, release
oxygen (contributed by surface oxygen ions as well as mobile
lattice oxygen ionl?®?’)), whereas the anode material is highly
reducing, separated by just 10 um-thick nanoporous battery
separator made of polypropylene or polyethylene. Both the
anode and the liquid electrolyte can act as fuels. No external O,
supply is required for a battery cell to heat itself up to several
hundred degrees Celsius, by internal short-circuiting (ISC) or
external short-circuiting (ESC).1?®! The battery separator tends
to shrink in total area above =110 °C, exposing more naked
contact between the cathode and the anode for ISC. Further-
more, the solvent of the liquid electrolyte is volatile, generating
larger vapor pressure (boiling) at high temperatures. After the
cell packaging is breached, convective mixing of external O,
with battery materials will exacerbate violent, rocket-like bursts
and explosions. The total heat of combustion of NCM batteries
is on the order of 5-10 MJ(heat)/kg(cell), which is nearly 10x
of its reversible electrical energy storage (=200 Wh kg™), and
higher than the embedded energy of TNT (4.6 M] kg™). Thus,
container-scale ESS systems are somewhat similar to an ammu-
nition dump, which also actively gives off heat! The raw-energy
comparison is of course a bit misleading since paper and
plastic both have heat of combustion significantly higher than
TNT. The rate, or kinetics, of heat release at different time- and
length-scales in different scenarios is critical for quantifying
the flammability of battery cells, and innovations in materials
and electrolytes, cell architecture, sensors and safety systems,
battery management systems, national/local safety regulations,
and firefighting preparations are all essential in retarding the
exothermicity (summarized in Figure 2). Again, it is impor-
tant to emphasize the active nature of the heat release (up to
0.2 MJ(heat)/kg(cell) per deep charge—discharge cycle) in ESS,
compared to the passive ammunition dump.

Most research efforts on fire safety thus far have been
focused on improving battery materials at the cell level. These
include but are not limited to: optimizing thermally stable
LiFePO, and stabilizing high-voltage LiCoO,/NCM cathodes
via doping?*>4 or coating'™®*-3% methods, improving graphite
anodes via mild oxidation,*! coating, and morphological
modification*l methods to obtain a stable SEI layer and finding
alternative anodes (such as silicon nanowires,®* Fe;0,,*!
and Li Ti501,/*)), reducing the lammability of electrolytes via
strategies such as replacing salts and solvents, ! using func-
tional additives,*>% and finding nonflammable alternatives
(such as ionic liquids,”” gelled polymer-based electrolytes,?
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Unified battery safety testing standards
Universal/site-specific ESS installation and safety regulations
End-of-life battery treatment standards
Proper emergency response measures
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Figure 2. Schematic of different levels of lithium-ion battery (LIB) storage and critical components considered for fire safety. Reproduced with permis-
sion under the terms of the Creative Commons CC BY license.l®"l Copyright 2020, the Authors. Published by MDPI.

and inorganic solid electrolytesl®®). Although cell-level mate-
rials development has seen significant progress, thermal
runaway risks within the cell cannot be fully eliminated.
This calls for additional layers of protection from proper cell
architecture and extrinsic safety devices, which is beyond the
cell level. Research in these fields has risen rapidly in recent
years, but technologies are still immature. Topics of interest
include safety vents,> current interrupt device,® positive
temperature coefficient device,l® shutdown separator,”” gas
sensors,”® battery management systems™ and their integra-
tion with energy/power management systems,? and cell
compartmentation (cell spacing and physical barriersP%). Fire
suppression is another emerging field of research, which is
nontrivial since LIB fires differ drastically from traditional
fires, due to factors such as lithium’'s high reactivity with
water, explosion risk of the battery, un-necessity of external
oxygen supply to maintain a LIB fire, and emission of toxic
fluoride gases.F?% Investigations on different suppressants

Table 1. Selected standards and regulations for grid-storage battery safety.

(e.g., water mists, halon-based productsl®), additives (e.g.,
C¢F-ketoneP?), and strategies are underway, but progress is still
at its infancy and requires further work.

Aside from technological advances, the control of fire haz-
ards is also decided by developments in regulations and man-
agement. LIBs must undergo a series of safety tests to be used
in applications such as EVs and stationary storage. Although
several standards and regulations have been published inter-
nationally and domestically, (see Table 1) there is still a lack
of consistency in testing conditions, testing parameters, and
pass/fail criteria for safety tests.’”! For instance, there is great
variability in nail material, size, and penetration depth used
for penetration tests, and in testing conditions such as the
SOC, temperature, and charging rates. The inconsistencies of
safety tests result in large fluctuations in LIB quality across the
industry, which may bring difficulties to troubleshooting and
safety policy making. Another concern is that most tests are
performed on the easily accessible cell level, which might not

Organization Code Content Reference
International Electrotechnical Commission IEC 62619 Requirements and tests for safety operation of lithium-ion batteries (LIBs) [64]
in industrial applications (including energy storage systems [ESS])
National Fire Protection Association NFPA 855 Standard for installation of ESS [65]
NFPA 70 National electrical code (for safe electrical design, installation, and inspection)
NFPA 13 Standard for sprinkler systems installation
NFPA1 Fire code regulation and hazard management
NFPA 1620 Standard for pre-incident planning
American National Standards Institute UL 9540 Test standards for the interaction between battery and power electronics in ESS [66]
UL 9540A Evaluation of thermal runaway fire propagation in ESS
UL 1973 Batteries safety standards for stationary and motive auxiliary power applications
International Code Council RB154 Restrictions for ESS size and siting location for homeowners [66]
Standardization Administration of the P.R.C. GB/T 34131 Technical specifications for LIB management systems for ESS [67]
GB/T 36276 Safety standards of LIBs for power energy storage
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be indicative of pack/system level safety performances. A lack
of consensus on system design and evaluation of system-level
safety still exists in the industry.

Emergency responses to LIB fire accidents are another big
part of safety, since minor thermal runaway in cells can lead
to chain reactions that release huge amounts of energy in
ESS with millions of cells, greatly endangering human lives
and assets. It is thus critical to implement proper emergency
response measures to contain ESS fire hazards. In the case
of the Arizona ESS fire, the firefighters opened the ESS door,
which brought the flammable gases inside into contact with a
spark or heat source that led to the explosion, causing severe
injuries.®! Despite the existence of standards and regulations
on international/domestic levels, they are absent on the local
level specific to each individual ESS site. Site-specific regula-
tions are critically needed because each site has its unique con-
ditions, such as the cell material, quantities of cells, module
component types, system design, temperature and humidity of
the site, and availability of water resources and first responders.
For instance, most of the ESS in the South Korean fire incidents
are located in mountainous and coastal areas with large temper-
ature swings and high humidity, which led to condensation that
resulted in residue after drying, and eventually degrading the
electrical insulating components. All these factors play a role in
deciding the operation mode, type of fire extinguishing agents
used, and the specific steps first responders should take. These
should be transparent and taken seriously. The site-specific
guidelines, as well as the general (inter)national ones, should
be inspected and updated frequently to keep up with the rapid
changes in the battery energy storage industry. Stakeholders
should also make sure that firefighters are well-educated and
have up-to-date trainings, as methods for extinguishing LIB
fires are largely different from typical fires.

End-of-life treatment of LIBs also creates serious fire hazards
and should not be taken lightly. For both recycling and dis-
posal, LIBs can be damaged during various steps, such as jos-
tling during collection and transportation, and crushing during
mechanical disassembly.®3l These physically intense processes
greatly increase fire hazards and should be restricted with tight
regulations, but they are lacking at the moment. A summary of
the critical aspects considered for LIB fire safety is schemati-
cally shown in Figure 2.

3. Truly ‘Green’ Renewable Energy

Besides safety concerns, whether renewable energy is heavily
“green” remains questionable.’® The mineral-intense

Table 2. Comparison of recycling methods.

www.advenergymat.de

production of wind turbines, solar panels, and LIBs creates a
tough problem for supply chains and Earth’s limited mineral
deposits. For example, LIB production today already consumes
40% and 25% of all lithium and cobalt mining capacities,
respectively, and with batteries becoming more dominant in the
future, global mining capacities would have to expand by 200%
or more for resources such as copper, lithium, cobalt, graphite,
and rare-earth elements.¥ In addition, mineral mining and
LIB production both produce substantial amounts of CO,,
and these green devices mostly end up in landfills or oceans
upon retirement, generating large amounts of waste plastic and
heavy metals that pose serious threats to our environment. It is
thus imperative to recycle these devices to ensure a sustainable
mineral supply chain and reduce pollution.

As of 2019, a mere 5% of LIBs are recycled worldwide,®%)
resulting from factors such as the absence of regulations,
complex and expensive recycling processes, and the lack of
recycling technologies and facilities.”” Pyrometallurgy and
hydrometallurgy are the main methods of recycling today that
both aim for the extraction of valuable metals such as Co and
Ni in their metallic form, but they are energy-consuming and
not environmentally/economically friendly.”!! They have even
been shown to bring negative CO, emission reduction com-
pared to not recycling at all.”"!

Direct recycling has been developed in the past few years
for being more environmentally/economically viable, which
repairs the active materials that have undergone lithium loss
or structural transformation, instead of extracting constituent
elements.””l Compared with pyro/hydrometallurgy, direct recy-
cling methods consumes only =15% of the energy, produces
=25% of the CO, emission, and cost =50% less”*! (see Table 2
for detailed numbers). This is especially important for ESS appli-
cations that heavily depend on chemistries with less valuable ele-
ments, such as LiFePO, or LiMn,0,, of which the direct recycling
can potentially be profitable (Figure 3). A common direct recy-
cling strategy is to mix the spent active material with new active
material or extra lithium sources and then perform heat treat-
ment, with the aim of recovering lost lithium or repairing the
damaged crystal structure. The reconditioned active materials can
be directly made into new electrodes for battery remanufacture,
which greatly reduces the cost and emissions from extracting
metal constituents and resynthesis of active materials. Other
facile and inexpensive direct recycling methods include hydro-
thermal regeneration,” selective healing,” mechanochemical
activation,/®l microwave,””) repair using deep eutectic solvent,®l
rapid thermal radiation,” and rapid Joule heating.#*#!l To ensure
both practicality and quality, novel direct recycling (shallow recy-
cling) methods can be used in combination with conventional

Method Energy consumption [M) kg™ cell] CO, emission [kg kg™ cell] Cost [$ kg™ cell] Net profit [$ kg™ cell]
Material* LFPUS] LMO®] Lcorsl LFPU3] LMO®] Lcolsl LFPU3] LMO®] Lcorsl LFP3] LMO®] Lcorel
Pyrometallurgy 18.4 18.6 152.5 2.5 23 1n.3 34 2.4 4.1 -2.6 -0.5 0.3
Hydrometallurgy ~ 30.6 30.7 160.7 2.4 23 10.8 2.4 13 3.8 1.4 0.4 0.2
Direct Recycling 3.6 4.1 121 0.7 0.5 83 2.1 0.8 37 1.1 2.0 17

*LFP: LiFePO,, LMO: LiMn,0,, LCO: LiCoO,
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metallurgical processes (deep recycling). For instance, one could
perform a deep recycling step for LIBs that have undergone
10 shallow recycling steps. A summary of the recycling processes
for LIBs is shown schematically in Figure 3.

Parallel with the advancements in recycling technologies
should be the development in waste management and policy
making, for ensuring a true circular economy. Since game-
changing recycling technologies cannot mature within a short
period of time, it is likely in the near future that the majority of
LIBs still remain un-recycled, ending up stockpiled, landfilled,
or incinerated.®d Toxic organic solvents, plastics, and heavy
metals from waste LIBs can leach into the soil and pollute
oceans if not properly managed and disposed. There are sev-
eral existing standards and regulations for LIB disposal, both
on federal and state levels, such as the Resource Conservation
and Recovery Act in the U.S. and hazardous waste handling
regulations in China,®¥ but problems still exist such as ambi-
guities on the classification of LIBs, failure to keep up to date
with technological advances, lack of standards for data collec-
tion, reporting, and tracking,® which should all be addressed
promptly.

4, Outlook

With growing energy demands, resources being drained and
the climate worsening at exponential rates, the decarbonization
of energy production is inevitable. At the current technological
stage with economic and environmental considerations, 8 h of
LIB storage paired with wind/solar (type-A technologies) gener-
ating energy fulfilling 95% of demand, and using conventional
fossil fuels as backup should be the realistic strategy for energy
decarbonization in the near future, until Type-B technolo-
gies (e.g., fusion power engineering!®! and superconducting
transmission) mature. With continuous efforts in LIB energy
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density, cost efficiency, and cycle life, the numbers (8 h, 95%,
etc.) will improve, but the two real challenges that lie ahead are
fire safety and recycling, which have been relatively overlooked
in the past compared to the pursuits of low cost, long cycle life,
and high energy density, but are critical for ensuring battery reli-
ability and true environmentally friendliness. Luckily, they have
attracted growing attention recently and have seen significant
innovations and progress. Technologically, for fire safety, people
have gained a deeper understanding of the origins of heat gen-
eration and thermal runaway,®”! developed better designs on
both materials and engineering levels, including reliable high-
voltage cathodes, anodes with stable SEI, flame-resistant liquid
electrolytes, solid electrolytes with good cyclability, and better
extrinsic safety devices and battery management systems. For
recycling, people are pursuing more economically and envi-
ronmentally viable metallurgical processes (deep recycling), as
well as innovative direct recycling (shallow recycling) methods.
An optimized combination of shallow and deep recycling could
further boost the economic and environmental performance
of recycling, forming a closed loop of valuable elements such
as Co, Ni, and Li within the renewable energy industry, and
thus greatly reducing resource and mining burdens under the
rapid growth in energy storage demands. In addition, regu-
lations and management must be improved synchronously
with advancements in technology to further enhance safety
and sustainability. Up-to-date site-specific installation/safety
guidelines and emergency response measures need to be
developed, end-of-life fire risks need to be taken seriously, and
waste management policies need to be developed and enforced.
Achieving a circular economy for renewable energy paired with
LIB storage will require widescale collaboration between aca-
demia, industry, and governments. With both technological and
managerial improvements, we will be closer to having reliable
<US$90/kWh battery packs that could cycle stably up to 20 000
times and beyond for safe and sustainable grid storage.
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