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Climate change and batteries:
the search for future power storage solutions

In brief

More powerful, longer-lasting, faster-charging batteries
are required for low-carbon transport and stable electricity
supplies in a net zero world. Sustainable batteries will

ensure grid stability. They are currently thought unlikely to
deliver very large energy storage for example to balance
inter-seasonal grid variations. Lithium-ion batteries (LIBs)
are currently the most viable short-term battery technology
for these applications. LIB-related research is focusing

on increasing energy density, reducing cost, extending

also need to use abundant materials and zero-carbon
manufacturing processes. Rechargeable batteries are
the most efficient way of storing renewable electricity,

although weight, volume and cost make some applications
impractical. They are needed to store the energy to power
electric cars, drones, light aircraft, and increasingly for larger

vehicles, as well as for storing electricity in the short term
on highly decarbonised micro and larger electricity grids to

INSIGHTS

Research on lithium ion batteries will result in lower cost,
extended life, enhance energy density, increase safety
and speed of charging of batteries for electric vehicles
(EVs) and grid applications.

Research and regulation could lead to the building of
batteries that are more sustainable, easier to recycle
and last longer.

longevity and battery recycling and reuse. For the longer-
term, researchers are exploring a next generation of
batteries using other materials and technologies to enable

more widespread electrification of the economy.

Co-ordinated international effort should focus on
identifying and testing new earth abundant materials to
reduce costs, expand the use of batteries and minimise
the environmental impact of battery production.

Given enough focus, radically new types of batteries
will be developed that have even lower costs and
substantially higher energy densities.
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Battery cell prices
have come down
in cost from

over $1,000 per
kilowatt-hour
(kWh) in 2010 to
below $150/kWh

1. Battery energy storage and

climate change

11 Context

The primary source of global zero carbon
energy will increasingly come from electricity
generation from renewable sources. The ability
to store that energy using batteries will be a
key part of any zero-carbon energy system.
Batteries will have an important role to play in
decarbonising transport, as well as acting as
the primary storage medium for decarbonised
microgrids, self-sufficient power systems
serving neighbourhood-scale communities,
and as the means of stabilising large
electricity grids. They will also be used more
widely in industry to power motors, heaters,
compressors and machinery.

Transport is responsible for 24% of direct

CO, emissions from fuel combustion'. Motors
powered by electricity stored in batteries are
the leading contenders to replace fossil fuelled
engines in many forms of automobiles and light
duty vehicles. Even fuel cell powered vehicles
will be equipped with a support battery. The
important parameters for any battery type are
energy density — how much energy it holds per
unit of weight or volume and lifetime. Lifetime
is measured in terms of cycle life, the number
of times it can be charged and discharged, and
calendar life, the time for which it can be stored
measured in years.

The market for rechargeable batteries for new
applications is currently dominated by lithium-
ion batteries (LIBs). They were originally
developed for mobile phones and laptop
computers and are now used at larger scales in
electric vehicles (EVs), satellites and other
devices. LIBs are powering growing volumes of
electric cars, with the global EV fleet (including
hybrids and full EVs) reaching more than seven
million in 2019 and numbers are projected to
grow to 150-250 million by 20302. Battery cell
prices (i.e. excluding packaging costs) have
come down in cost from over $1,000 per
kilowatt-hour (kWh) in 2010 to below $150/kWh?,
reaching $100kWh in some reports*. Costs of
below $100/kWh are widely estimated to
represent the point where batteries start to be

competitive with ICEs, and recent reports
suggest that this cost target has already been
met in some sectors.

The typical range of a new EV is now around
200 miles®, but the ability to charge rapidly and
the cost of larger batteries remain challenges.
Significant progress has been made in the
laboratory: for example, researchers have
reported a battery projected to last 10,000
charge-discharge cycles, equating to around
two million miles of travel®, but long calendar
life also needs to be ensured, along with
cheaper yet high energy density commercial
cells in larger battery packs.

In electricity grids, batteries have become
available at the scale and cost needed for
short term (generally less than 90 minutes)
extra power at peak demand times’ to back up
renewable generation. Total battery capacity in
stationary applications has been projected to
rise from around 11GWh to 420GWh in 20308,
Costs of utility-scale batteries in the US have
fallen by around 70% since 2015° However on
a global level, the challenge of cost, as well as
those of energy density and the massive scale
required to compete with alternatives such

as hydroelectricity and compressed air, have
so far prevented batteries from being used

for long-term storage (more than 24 hours).
The use of batteries in electric vehicles has a
role to play in grid storage in both micro and
national electricity grids, as they can be used
to feed electricity into the grid as well as taking
electricity from it. This development presents
the challenge of expanding the grid to provide
more energy, but also the opportunity to access
extra sources of grid storage and grid balancing.
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BOX 1

How Lithium-ion battery cells work
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The main components of a LIB are the two
electrodes — the anode and cathode, the
electrolyte — a liquid, gel or solid substance
and a porous polymer separator which is
soaked with the electrolyte. The electrolyte
is usually formed of a lithium salt dissolved
in an organic solvent. Various additives are
added to electrolytes to enhance safety and
performance.

When in use, or discharging, the (negative)
anode releases electrons that flow through

the external device such as a motor, before
returning to the (positive) cathode side of the
battery. To balance this electron flow, positively
charged ions, or cations, flow within the
battery from the anode through the electrolyte
and separator to the cathode where they

are reunited with the electrons. The flow is
reversed when charging, with the ions returning
to the anode.

The gain of electrons at the cathode is known
as reduction and the loss of electrons at the
anode is known as oxidisation, with the entire
reaction being known as a ‘redox’ process.

It is worth noting that there is no metallic lithium
in a LIB battery. The ability of lithium ions (Li+)
to intercalate — or insert — into solid electrodes
rapidly and reversibly, and with a wide range of
voltages, enables the construction of a high-
voltage cell. The cathodes are typically made
from lithium transition metal oxides such as
lithium nickel manganese cobalt oxide (NMC)
and lithium iron phosphate (LFP). Anodes are
generally made of graphite, used because of its
competitive cost and its capacity to reversibly
store many lithium ions without degrading.
Aluminium and copper current collectors are
typically used on the cathode and anode,
respectively, to extract or insert the electrons.
These are connected to the electronics
external to the battery.

The amount of energy provided by a battery
(its energy density — i.e. capacity x cell voltage)
in one cycle determines, for example, an

EV’s range or the battery’s contribution to

grid balancing. Gravimetric energy density is
expressed in watt-hours per kilogram (Wh/kg).
The typical energy density of EV battery cells
has increased from less than around 100Wh/kg
in 1990 to over 250Wh/kg now™™.
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The ultimate net
zero ambition

is for batteries
to be made
from recycled
components,
assembled in
zero-carbon
manufacturing

1.2 High level challenges to battery
implementation

There are several high-level challenges to the
implementation of batteries to decarbonise
energy use.

Cost: Expense is an over-riding challenge
and while the costs of EV batteries have
decreased, an electric car with a reasonable
range is still too expensive for many
consumers. In terms of grid storage, while
costs of utility-scale batteries have fallen,
globally they remain too high to compete

- Scalability: LIB batteries are comprised

of small cells that are assembled to make
larger battery packs. Inside the cells, the
ions that are responsible for delivering
energy are only around 0.2 nanometres in
size, and they move in and out of particles
that are microns in size (one seventieth

of a hair’s thickness). If they are to be of
practical use, processes that work on
these tiny dimensions need to be scaled,
via increasingly efficient and automated
manufacturing processes, to operate in

processes. ;
with options such as gas turbines or progressively larger cells and battery packs
. . ) — with scales and footprints measured
chemical storage of electricity using
) in hectares.
hydrogen or ammonia. However, they do
have a vital role to play in short-term grid Sustainability: Sustainability challenges
support such as voltage and frequency include finite raw materials, the working
regulation. Furthermore, the fall in the cost of conditions of their miners, the carbon
LIBs has been so great that there is currently footprint of manufacture and limits on reuse
often little financial incentive to make and recyclability (see panel). The ultimate net
progress with newer battery technologies zero ambition is for batteries to be made from
such as redox flow or sodium ion batteries. recycled components, assembled in zero-
While they are currently more expensive, carbon manufacturing processes.
Partly as they are not massjproduced, in Fast charging: Higher charging speeds
time these have the potential )
promote the uptake of EVs by enabling
to be cheaper and more sustainable. . . S .
drivers to overcome ‘range anxiety’. While
- Energy density: While the energy density many new EVs are now able to cover around
of LIBs has more than doubled since they 200 miles on one charge, the fastest current
were invented, it is still not enough to enable technologies are only able to charge a car
them to be used in heavy vehicles and to 80% in 20-40 minutes®™. Better electrode
airplanes®. In grid-scale batteries, designs and potentially new materials are
gravimetric energy density is less critical, but required to allow safer, fast charging without
barriers to battery use include cost, low reducing lifetimes. It also requires massive
volumetric energy density, compared with investment in the charging infrastructure.
compressed hydrogen or ammonia, and the Technology transfer: Innovations have tended
resource implications associated with the
] _ to take from seven to ten years (or more)
large sizes of the batteries needed for large )
| fol o N ¥ from discovery to deployment, for example
scale storage of electricity on the grid. LIBs had an incubation period of around 20
However, they will continue to be used for TP
il 0 _ q o _ years before commercialisation in 1991.
vitalancillary §erV|c§s and as the main Action is required now to meet 2050 goals.
storage for microgrids.
« Longevity: Research is focused on
improving cycle life and calendar life. Both
are determined by the gradual degradation
of components, particularly the anode,
cathode and electrolyte.
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2. Opportunities for progress

and deployment

There are two main horizons for research into
more powerful, longer-lasting batteries, each
with its own focus:

« Short term — optimising LIB battery technology.

- Long term — developing next generation
batteries with the potential to deploy
batteries in a variety of critical applications.

241 Lithium-ion battery optimisation

211 Barriers to progress

There are few lithium compounds that can

be used for electrodes that have a low
enough cost, exhibit redox activity appropriate
for a high voltage cell potential and have
sufficient stability when lithium is extracted
and reinserted over multiple cycles™. The
most expensive component is the cathode,
because of the costs of the redox active
metals such as cobalt and nickel, and to a
lesser extent the lithium, all of which need

to be mined, processed and fabricated into

a battery electrode™. Increased stability of
battery components is critical: when batteries
are assembled, the components are generally
stable, and in their lowest energy state.
However, when batteries are charged, many
electrode materials become ‘metastable’,
having a higher energy than they would in their
most stable (or “equilibrium”) state.

Today’s LIBs can maintain these metastable
states with minimum degradation and

side reactions during normal operation.
However, heat triggers structural changes
towards the more thermodynamically stable
materials leading to gradual battery failure.
Fire risks occur if cathode materials change
their structure too rapidly, giving off heat

and generating oxygen, a process which is
particularly severe in the case of a battery
short circuit. Degradation at the cathode side
is generally caused by structural changes that
reduce capacity and increase resistance, in
part by forming a cathode electrolyte interface
or CEl, and in part by structural rearrangements
of the surface and near-surface layers. On

the anode side, batteries form a protection or
passivation layer known as the solid electrolyte
interphase (SEI) which has a double-edged
effect. It is fundamental to performance as

it prevents degradation of the electrolyte,
protecting the electrolyte from the harsh
reducing conditions of the anode. However,
over time, growth of the SEl consumes and
reduces the active lithium that can be inserted
and removed into the anode and cathode
materials and increases cell resistance.

There is scope to improve the energy density
of LIBs to the 350Wh/kg that is currently
considered to be their ultimate limit. However,
net zero economies will in time demand
batteries that exceed those limits. While
potential new cathode materials are available,
the challenge is to find materials which will
not degrade rapidly or have potential safety
hazards. The final barrier to progress is in rapid
charging which can lead to overheating of the
battery, which triggers multiple degradation
processes. It can also lead to short-circuits
which can in turn result in fires or explosions.
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The long-term
agenda involves
going ‘beyond
lithium’ to create
batteries with
greater energy
density that are
inherently more
scalable and
sustainable.

21.2 Potential for progress

Battery chemistry is an area where progress
is being made in research, development and
deployment. There are multiple opportunities
for incremental advances in LIBs and a few
examples are presented here:

- Anode technology: Use of silicon, or
a silicon alloy or composite, instead of
graphite, can theoretically increase energy
density by about 40%'®. However, batteries
with silicon anodes suffer from more rapid
capacity fade as lithium is trapped at the
anode in electrolyte degradation products.
Adding only limited amounts of silicon or

silicon oxide (SiOx) to graphite may be used

to provide modest capacity gains". Lithium
metal represents the ultimate in anode

chemistry, and considerable research is being

performed to devise strategies to prevent

formation of lithium metal dendrites, needle-

like structures that can cause power loss or
short circuits, a serious safety challenge.

- Cathode technology: Nickel manganese
cobalt oxide cathodes are operating close

to their theoretical energy density limits. For

some EVs, lithium iron phosphate is being
used because the raw materials are highly
abundant and relatively low in cost and
reduce the overall size and weight of the
battery pack®. Other structure types being
explored and optimised include disordered
rock salts™®, and compounds that potentially
offer energy density gains of up to 50%

(on the cathode) if stability issues could

be solved. Optimising the morphology,

or microstructure, of electrode particles
presents another route to help improve
performance, for example by helping to
prevent particles from cracking.

- Liquid electrolyte technology: Electrolytes
present further options for progress, with
the chemistry of a range of solvents, salts
and additives being examined to understand
their transport properties and stability. Such
improvements could increase the operating
voltage and energy density of the cell,
prolong its lifetime and improve safety.
Opportunities exist for creating “designer”
SEls i.e. those created with bespoke coatings
rather than relying on largely uncontrolled
electrolyte degradation reactions.

2.2 Next generation batteries

While much research focuses on improving
LIBs for the next decade, the long-term agenda
involves going ‘beyond lithium’ to create
batteries with greater energy density that are
inherently more scalable and sustainable.

« Sodium ion batteries (SIBs sometimes
called NIBs): Sodium has similar charge-
carrying properties to lithium while being the
sixth most abundant element on Earth, and
relatively cheap as a resource. SIB cathodes
can made from compounds where sodium
combines with the relatively abundant, and
cheap, iron and manganese oxides. SIBs
generally have lower energy densities
than LIBs, but if their costs can be brought
down, this should not preclude them being
deployed widely on the grid. They could
also become suitable in EV applications
where cost rather than range is critical, such
as e-bikes?°. China has already deployed the
world’s first energy storage facility using a
100 kWh NIB system at a research centre?'.

« Multivalent-Cation Batteries: The move
to use cheaper metals with higher natural
abundances has motivated a flurry of
research activity on (in ascending order
of difficulty) magnesium, calcium, zinc and
aluminium batteries. These are known
collectively as multivalent batteries. Batteries
using such ions, could in principle, provide
greater energy density. This field is in its
infancy, and while the challenges are huge,
the need for more sustainable batteries
means that there are many strands of
research to pursue.
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Redox Flow batteries (RFBs): Flow batteries
use two chemical components (for example
vanadium ions in different oxidation states),
which are dissolved in liquids contained in
separate tanks. To store electricity, the liquids
are pumped through an electrochemical cell,
containing positive and negative electrodes
separated by a membrane to minimise
“cross-over” of the solutions, into two new
tanks. To discharge, the liquids are pumped
back through the cell, reverting back into
their original state (producing a current in the
electrodes) and return to the original tanks.
The promise of a RFB lies in the decoupling
between storage (in tanks) and electricity
generation (in the electrochemical cell),
which means they can be readily scaled

by simply using bigger tanks to increase
capacity (MWh) or larger electrochemical
cells to increase power output (MW).
Vanadium RFBs have very long cycle lives
and use safe, aqueous electrolytes. The

first major (200MW/800MWh) battery using
vanadium flow is under construction in
Dalian, China?2. However, vanadium RFBs
have poorer energy densities than LIBs,

as well as being toxic and having potential
resource issues when used at large scales?®.
Batteries containing more sustainable and
cheap organic chemicals such as quinones
have considerable promise, but issues of
long-term stability of the components remain
an active area of research.

Solid state batteries: Batteries that use solid
electrolytes are also being examined as an
exciting route forward. They have potential
for increased safety and higher energy
densities, particularly if lithium metal is used
instead of graphite at the anode. All solid-
state batteries are fabricated largely from
ceramic components. These must be able
to conduct lithium ions while maintaining
good contact between electrode and
electrolyte as the anode grows and shrinks
on charging and discharging This is a
significant challenge if high pressure is not
applied to the cell. Soft sulphide-based
electrolytes show extremely high lithium-ion
conductivities — key for high-rate batteries
— but are more reactive (both the cathode
and anode materials with moisture and air).
Polymers have been used as electrolytes,
since they are easy to process and help
improve safety, but their ionic conductivities
are lower than liquid electrolytes motivating
more research.
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Longer term options: Sustainability
considerations have motivated considerable
work on lithium sulphur and metal-air
batteries, which have extremely high
energy densities and potentially low cost.
Lithium-air batteries (LABs) — where the
reaction is between lithium and oxygen —
represent the ultimate in energy density.
However, the technology faces significant
challenges, including severe electrolyte
degradation issues, and the need for air
handling to control carbon dioxide and
moisture levels, which adds complexity and
thus cost. However, recent advances have
led to projections of 600Wh/kg for Li-air
batteries, including the air handling. Such
numbers may be crucial for electrification

Sustainability

Circular economy principles for reuse

and recycling are starting to be applied

to LIBs. Today’s batteries raise a series of
sustainability issues, from the mining of
finite materials to recyclability. In terms of
materials, there are questions over future
availability of nickel and cobalt as well as
concerns over health, working conditions
and human rights among cobalt miners?*
and the pollution risks of nickel extraction.
Lithium is plentiful today, but if the battery
market grows as projected and batteries are
not recycled, known supplies may not meet
demand or even run out within decades®.
There are also environmental concerns at
the point of extraction. The life-cycle carbon
footprint of a battery derives almost entirely
from its manufacture, with around half coming
from the electricity involved in production?®.
While studies focused on batteries alone are
rare, research in this area demonstrates that
today’s batteries do not yet represent a zero-
carbon option. One study suggested that in
a typical European context, emissions from
manufacturing a vehicle’s LIB generated a

of aviation. Rechargeable zinc-air batteries
are starting to show considerable promise,
with progress, for example, being made in
ability to plate zinc metal reversibly. Metal-
sulphur batteries, with theoretical energy
densities between those of LABs and LIBs
are also closer to being commercial — but as
in a LAB, the lithium metal anode needs to be
protected and side (shuttling) reactions need
to be prevented. Ultimately, scientists may
need to develop yet unknown ‘batteries of
the future’, which may look like a combination
of a battery and fuel cell, where a range of
cheaper and more sustainable chemicals are
used reversibly as “energy vectors” or fuels,
generating electricity via a series of oxidation
and reduction reactions.

BOX 2

lifetime footprint of 27 grams per kilometre
(g/km) of CO2, (rising to 50 g/km?’ if the
battery was made in Asia) forming part of a
total EV footprint of 109 g/km, compared to
an average gasoline-fuelled car’'s 258 g/km. It
is important to stress that as new technology
comes on board, they must be accompanied
by a full life cycle analysis, taking account of
any potential new critical resource issues. In
terms of other manufacturing factors, many
electrodes are fabricated from flammable and
toxic slurries?®, although aqueous processes
with more environmentally friendly binders
are increasingly being used for the anode.

Recycling is challenging as batteries are
generally unsafe to open as toxic gases may
be released and fire hazards are present and
the different components are difficult to
separate. Research is underway by the UK
Faraday Institution and many others worldwide
into ways to safely strip down batteries,
including use of robotics, and recovery of
reusable materials?®. However, it is essential
that recycling is designed into future batteries.
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3. Key areas for future battery

development

There are a number of key areas that require
further development to optimise existing LIB
battery systems and develop the solutions
needed for the batteries of the future.

Characterisation: Further tools need to
be developed to probe battery health in
batteries operating in real-life conditions.

Better tools are also needed to characterise
the material interactions within batteries.

« Computation and modelling: Understanding
battery performance and degradation
requires modelling to bridge computation at
the atomic, battery component and battery
pack levels. Al or deep learning methods
have the potential to speed up research,
allow larger systems to be modelled and
handle the large data sets that emerge, but
inherently also require careful modelling of
the different processes themselves.

Control of metastable materials: Metastability
is fundamental to the operation of a battery
and one challenge is to find materials

which, for example, can withstand higher
temperatures or are inherently self-healing.

Multi-disciplinary collaboration: A multi-
disciplinary approach, with sustained and
long-term funding, is essential in battery
research. Collaboration between academia
and industry is evident in such initiatives as
Batteries Europe®, the Tianmu Lake Institute
of Advanced Energy Storage Technologies
in China®, Batterie 2020 in Germany®?,

the US Joint Center for Energy Storage
Research®® and the UK’s Faraday Institution®4,
for example, but there is scope to increase
such international partnership working

for global benefit.

3.1 What could be achieved by 2030

and by 2050 in terms of deployment?

By 2030, LIB technologies should benefit from
a range of incremental, improvements that
lower cost, extend life, enhance energy density
and increase charging speed, while progress

is made towards the long-term goal of going
beyond today’s technologies. While each
improvement may only be modest, for example,
replacing the entire graphite anode by silicon
(still extremely challenging), together they could
lead to an increase in capacity of up to 40%.
Performance increases across multiple areas
will result in more substantial advances and help
increase adoption.

LIB technologies
should benefit
from a range

of incremental,
improvements that
lower cost, extend
life, enhance
energy density
and increase
charging speed.

By 2050, breakthroughs should have been
made to scale up larger batteries for grid
storage, potentially by using sodium ion or

new technologies that go beyond traditional
rechargeable formats, such as redox flow
batteries (RFBs) or an as yet unknown ‘battery
of the future’. The demands for electrification of
HGVs and aviation will drive beyond LIB battery
technologies. Meanwhile a net zero world of
2050 should also feature batteries that are
made from sustainable materials and are fully
recyclable, possibly using iron and manganese
instead of cobalt and nickel if new chemistries
are found and optimised and issues of
degradation are solved.
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Conclusion

Batteries will continue to be key to the
decarbonisation of electricity grids, transportation
and powering much in the digital world. The
further development of lithium ion batteries will
be important in the short-term, fulfilling many
of the roles that need batteries. However, the
inherent challenges of the need for higher
energy densities, issues with raw material cost
and availability, as well as safety considerations,

will continue to drive the development of new
battery chemistries to complement existing
LIBs and allow growth in different market
segments. These will only come to fruition

in the timescales required through focused
international co-operation and co-ordination.
Such collaboration and development offer
the possibility to accelerate the rate of
decarbonisation by increased electrification.

This briefing is one of a series looking at how science and technology can support the global effort to achieve net zero
emissions and adapt to climate change. The series aims to inform policymakers around the world on 12 issues where
science can inform understanding and action as each country creates its own road map to net zero by 2050.

To view the whole series, visit royalsociety.org/climate-science-solutions
To view contributors to the briefings, visit royalsociety.org/climate-solutions-contributors

The text of this work is licensed under the terms of the Creative Commons Attribution License which permits unrestricted use, provided the original
author and source are credited. The license is available at: creativecommons.org/licenses/by/4.0
Issued: June 2021 DES7639_6 © The Royal Society

10

CLIMATE CHANGE : BATTERIES CLIMATE CHANGE AND BATTERIES


https://royalsociety.org/climate-science-solutions
https://royalsociety.org/climate-solutions-contributors

References

The IEA. 2020. Tracking transport 2020. See https://www.iea.org/
reports/tracking-transport-2020 (accessed 22 April 2021).

The IEA. 2020. Global EV Outlook 2020. See https://www.iea.org/
reports/global-ev-outlook-2020 (accessed 22 April 2021)

Bloomberg NEF. 2019 Battery Pack Prices Fall As Market Ramps Up
With Market Average At $156/kWh In 2019. See https://about.bnef.com/
blog/battery-pack-prices-fall-as-market-ramps-up-with-market-average-
at-156-kwh-in-2019/ (accessed 22 April 2021).

Bloomberg NEF. 2020 Battery Pack Prices Cited Below $100/kWh

for the First Time in 2020, While Market Average Sits at $137/kWh.
See https://about.bnef.com/blog/battery-pack-prices-cited-below-100-
kwh-for-the-first-time-in-2020-while-market-average-sits-at-137-kwh/
(accessed 22 April 2021).

Tom Lusher. 2019 Average electric vehicle range exceeds 200 miles.
Cornwall Insight.

Chris Randal. 2020 Tesla researchers present battery with 2 million
mile lifecycle. Electrive.com. Oct 19, 2020 See https://www.electrive.
com/2020/10/19/tesla-researchers-present-battery-with-2-million-mile-
lifecycle/ (accessed 22 April 2021).

National Grid ESO. Electricity Explained: Battery storage. See https:/
www.nationalgrideso.com/news/what-battery-storage-and-how-do-
batteries-help-us-balance-grid (accessed 22 April 2021)

IRENA. 2019. Utility-scale batteries innovation landscape brief. See
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/
Sep/IRENA_Utility-scale-batteries_2019.pdf (accessed 22 April 2021).

The US Energy Information Administration. 2020 Utility-scale battery
storage costs decreased nearly 70% between 2015 and 2018. See
https://www.eia.gov/todayinenergy/detail.php?id=45596&src=email
(accessed 22 April 2021)

Crabtree G, Kocs E & Trahey L. (2015). The energy-storage frontier:
Lithium-ion batteries and beyond. MRS Bulletin. 40.1067-1078.
(doi:10.1557/mrs.2015.259).

Faraday Institute. 2020. High-energy battery technologies. See

https://faraday.ac.uk/wp-content/uploads/2020/01/High-Energy-battery-
technologies-FINAL.pdf (accessed 23 April 2021).

. Crabtree G, Kocs E & Trahey L. (2015). The energy-storage frontier:

Lithium-ion batteries and beyond. MRS Bulletin. 40.1067-1078.
(doi:10.1557/mrs.2015.259).

ZAP Map (Connectors and speeds). See https://www.zap-map.com/
charge-points/connectors-speeds/ (accessed 23 April 2021)
Crabtree G, Kocs E & Trahey L. (2015). The energy-storage frontier:
Lithium-ion batteries and beyond. MRS Bulletin. 40.1067-1078.
(doi:10.1557/mrs.2015.259).

. Bloomberg Green. 2020. Why building an electric car is so expensive,

for now. See https://www.bloomberg.com/news/articles/2020-10-22/
why-building-an-electric-car-is-so-expensive-for-now-quicktake
(accessed 23 April 2021)

. Obrovac, M. N.; Chevrier, V. L. Alloy Negative Electrodes for Li-lon

Batteries. Chem. Rev. 2014, 114 11444-11502. (https://doi.org/10.1021/
cr500207g).

Berhaut C et al. 2020. Prelithiation of silicon/graphite composite
anodes: Benefits and mechanisms for long-lasting Li-lon batteries.
Energy Storage Materials 29 190-197. (https://doi.org/10.1016/j.
ensm.2020.04.008.).

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Clean Technical. Tesla’s Efficiency Advantage: Cheap & Abundant
LFP Batteries Will Power Mass-Market EV/s. See https://cleantechnica.
com/2020/07/23/teslas-efficiency-advantage-cheap-abundant-Ifp-
batteries-will-power-mass-market-evs/ (accessed 23 April 2021)

R.J. Clement et al. Cation-disordered rocksalt transition metal oxides
and oxyfluorides for high energy lithium-ion cathodes. Energy Environ.
Sci. 2020,13, 345-373 (DOI: 10.1039/COEE02803J)

For example, the Xubaka from Sodium Cycles. See https://www.
xubaka.com/en/the-bike/ (accessed 23 April 2021)

Chinese Academy of Sciences 2019. China First Demonstrates the
100 kWh Na-lon Battery System for Energy Storage. See http://english.
cas.cn/newsroom/research_news/201904/t20190401_207399.shtml
(accessed 23 April 2021)

S&P Global. 2018 Green Globe: China starts building world’s

largest vanadium flow battery. See https://www.spglobal.com/
marketintelligence/en/news-insights/trending/1sgv2yl4jn3r-r18pibt0g2
(accessed 23 April 2021)

Forbes. 2020. Why Vanadium Flow Batteries May Be The Future

Of Utility-Scale Energy Storage. See https://www.forbes.com/sites/
rrapier/2020/10/24/why-vanadium-flow-batteries-may-be-the-future-of-
utility-scale-energy-storage/?sh=498c07d52305. (accessed 23 April 2021)

Banza Lubaba Nkulu C et al. 2018. Sustainability of artisanal mining of
cobalt in DR Congo. Nat Sustain. 1495-504. (doi:10.1038/541893-018-
0139-4).

Parakram Pyakurel. 2019. Lithium is finite — but clean technology relies
on such non-renewable resources. The Conversation. See https://
theconversation.com/lithium-is-finite-but-clean-technology-relies-on-
such-non-renewable-resources-109630 (accessed 23 April 2021)

Carbon Brief. 2020. Factcheck: How electric vehicles help to tackle
climate change. See https://www.carbonbrief.org/factcheck-how-electric-
vehicles-help-to-tackle-climate-change (accessed 23 April 2021)

Carbon Brief. 2020. Factcheck: How electric vehicles help to tackle
climate change. See https://www.carbonbrief.org/factcheck-how-electric-
vehicles-help-to-tackle-climate-change (accessed 23 April 2021).

LiJ, LuY, Yang T, Ge D, Wood DL 3rd, Li Z. Water-Based Electrode
Manufacturing and Direct Recycling of Lithium-lon Battery Electrodes
— A Green and Sustainable Manufacturing System. iScience. 2020. 23.
(doi:10.1016/j.is¢i.2020.101081)

Faraday Institute. Relib: recycling and reuse of ev lithium-ion batteries.
See https:/faraday.ac.uk/research/lithium-ion/recycle-reuse/ (accessed
23 April 2021)

European Commission, Batteries Europe is the technology and
innovation platform of the European Battery Alliance. See https:/
ec.europa.eu/energy/topics/technology-and-innovation/batteries-
europe_en (accessed 23 April 2021)

Tianmu Lake Institute of Advanced Energy Storage Technologies Co.
See http://en.aesit.com.cn/#page2 (accessed 23 April 2021)

German Federal Ministry of Education and Research. Batterie 2020.
See https://batterie-2020.de/foerderinitiative/foerderungen-der-
batterieforschung-durch-das-bmbf/ (accessed 29 April 2021)

Joint Center for Energy Storage Research. See https://www.jcesr.org/
(accessed 29 April 2021)

The Faraday Institution. See https://faraday.ac.uk/ (accessed 29 April 2021)

CLIMATE CHANGE : BATTERIES CLIMATE CHANGE AND BATTERIES



