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FAST SUMMARY

• Beyond-lithium-ion (BLI) technologies are promising
for future energy storage

• Further relying on lithium or pursuing alternative
active materials is a key choice to make for
next-generation BLI batteries

• Targeted investments and policies for sustainable
technologies could help facilitate a transition to
abundant or recycled materials

The lithium-ion (Li-ion) technology has enabled substantial
advances in consumer electronics and electric vehicles
(EV). However, beyond-Li-ion (BLI) batteries are emerging
as potential solutions to satisfy future energy storage
requirements. BLI solutions may include other lithium-based
technologies or avoid the use of lithium altogether.
Recent predictions suggest that only a fundamental
technological change can substantially increase the specific
energy, energy density, and power capabilities needed for
fast-charging EVs and electrified aviation. This upcoming
transition to BLI batteries is a unique chance to consider
an important but often overlooked design criterion when
determining the best Li-ion successor: sustainability. To
date, short-term cost has been the focus of industrial
technology development, but factoring in the long-term
environmental and societal impact of energy storage
solutions could make alternative technologies competitive. In
the context of EV adoption, legislation has already shown to
have a decisive effect in shaping technological change. Now,
where a transition to BLI technologies is upcoming, targeted
policies can shape the energy storage market to promote
a sustainable future and could help to avoid a potential
lock-in on Li-ion. Especially in times of collapsing supply
chains and global geopolitical tension, countries with limited
access to central raw materials required for certain battery
technologies could benefit from intensifying their support
for technologies that rely on abundant raw materials and
recycled components.
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To keep Earth a habitable place, it is essential to
limit global warming and reduce destruction of the

natural environment. This can be achieved by drastically
reducing greenhouse gas emissions and transitioning to a
more sustainable economy. The use of renewable energy
sources like wind and solar power is key towards this goal
since they enable decarbonization of electricity production.
However, energy storage solutions are required to balance
electricity supply and demand [1], and these solutions
must provide high performance while being sustainable
and economically competitive [2]. Electrochemical storage
based on rechargeable batteries provides a powerful solution
for both stationary storage at the grid level and mobile
applications like electric vehicles (EVs). The majority of
current, state-of-the-art rechargeable batteries are based on
the lithium-ion (Li-ion) technology. In 2020, Li-ion represented
93% of all newly installed battery storage capacity [3].
As outlined below, Li-ion batteries provide a number of
technical advantages over other currently commercialized cell
chemistries. However, further incremental development of the
Li-ion technology is not believed to be sufficient to meet
future performance requirements for some applications that
need higher energy density and power capability [2]. It is
therefore important to develop battery technologies which
simultaneously provide increased performance and a clear
path to sustainability. Such approaches are summarized under
the term beyond-Li-ion (BLI) technologies and could ideally
be used wherever the Li-ion technology is unable to meet the
application requirements (e.g., fast-charging EVs, electrified
aviation). The addition of BLI batteries to the energy storage
portfolio presents an opportunity to shape this change with
targeted policies and enable next-generation batteries that are
groundbreaking in both performance and sustainability.

In this review, we first establish the technical fundamentals
of state-of-the-art Li-ion batteries and draw the critical
link between the raw materials and their final application.
Subsequently, we provide an overview of BLI technologies,
highlighting potential next-generation batteries that either rely
on lithium metal as the active material or employ alternative
materials such as sodium and potassium. Next, we compare
sustainability aspects of these different battery technologies.
Finally, we discuss potential policy measures and strategies
to shape a more sustainable future for BLI batteries.
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Figure 1: State-of-the-art lithium-ion technology. a, Schematic
of the basic working principle during discharging of the cell [4].
b, Link between raw materials such as lithium (Li), cobalt (Co),
and nickel (Ni), that are required to produce Li-ion cells (here, a
standard 18650 cell), assembly into battery packs, and used in
the final application in EVs, consumer electronics, and renewable
energy storage. Images are either original work or adapted from
CC 4.0 pictures by Jonathan Zander, Stas1995, DNN87, Adafruit
Industries, Rutger van der Maar, and Paul on wikimedia.org and
flickr.com.

State-of-the-art lithium-ion technology
The Li-ion technology is a central enabler of technological

advances, especially in consumer electronics and EVs
[5]. After decades of intensive research and development,
state-of-the-art Li-ion cells provide substantially higher specific
energy and power than any other currently available battery
technology. On the level of an individual cell, current
commercially available products in the classical 18650 form
factor reach specific energies of 250 Wh kg-1 and specific
powers of 700 W kg-1 [6]. On the battery pack level, the
specific energy and the energy density range up to 150 Wh
kg-1 and 250 Wh L-1, respectively, while the capital cost is
below 300 US$ kWh-1 [2, 7].

Since a fundamental understanding of the state-of-the-art
technology facilitates the discussion of potential alternatives,
we want to first establish the basics of the Li-ion battery
before elaborating on potential BLI technologies. In Figure
1a, we show the basic working principle of a rechargeable
Li-ion cell. A cell is the basic building block of a battery
and acts as a closed power source in which energy is
stored chemically. The chemical energy stored in its active
materials can be converted directly into electric energy by
means of reversible electrochemical reactions. The cell is
comprised of two electrodes: a negative electrode (in Li-ion

cells typically graphite) usually referred to as the anode, in
which the lithium ions, Li+, are intercalated, and a positive
electrode (in Li-ion cells, typically lithium metal-oxides like
lithium nickel manganese cobalt oxides) usually referred to as
the cathode. During discharging, Li+ migrate from the graphite
anode through the porous separator to the metal-oxide
cathode, while electrons, e-, move from the negative copper
current collector towards the positive aluminum current
collector to perform electrical work. During charging, the
directions for both Li+ and e- are reversed. A liquid organic
electrolyte enables the charge transfer by being ionically
conductive while being electrically insulating. The cells are
packaged in different form factors (e.g., cylindrical, prismatic
and pouch formats), which plays a central role in defining
battery performance in different applications. Cylindrical cells,
especially type 18650, are the most common. A battery pack
can be constructed with these discrete cells to meet a variety
of requirements for different use cases. In Figure 1b, we
highlight how raw materials, cells, batteries, and applications
are directly related to one another.

Despite recent progress in materials engineering to
increase the specific energy up to 400 Wh kg-1 [8], Li-ion
batteries are not expected to meet future energy storage
needs for many applications as outlined by the United States
(U.S.) Department of Energy (DOE) [2, 4, 9]. Compared to
current commercial 18650 cells [6], these would require
doubling the energy density while cutting cost by more
than half. However, it is predicted that Li-ion cells cannot
overcome a physicochemical limit in specific energy of around
400 Wh kg-1 [10]. It is therefore important to pursue BLI
technologies that can be used whenever standard Li-ion cells
are insufficient.

Beyond lithium-ion technologies
In Figure 2a, we provide an overview of different battery

technologies, mainly categorized by the employed active
material. Due to their high theoretical specific energies
and accessible voltages, alkali metals, including lithium (Li),
sodium (Na), and potassium (K), are among the most
promising candidates for future rechargeable batteries [11].
We can initially differentiate between BLI technologies that
continue to rely on lithium and those that make use of
alternative active materials. Lithium-based alternatives to the
Li-ion technology employ a lithium metal anode. Such Li-metal
batteries do not rely on intercalation at the anode (negative
electrode) as discussed in Figure 1a; instead, metallic lithium
is plated in the anode compartment. Such a drastic change
from an intercalation anode towards an alkali-metal anode
can increase the energy density by up to 35% [4]. Promising
approaches for Li-metal batteries include Li-metal oxide
(Li-MO), Li-sulfur (Li-S) and Li-air (Li-O2). To date, Li-MO
technologies appear to be approaching commercialization
[12], while Li-S and Li-O2 are currently under development
[13].

The existing and future lithium-free BLI technologies can
be categorized into sodium-based, potassium-based, and
other technologies. Similarly to the case of lithium, there is
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Figure 2: Current and future rechargeable battery
technologies. a, Categorized by active material, as well
as anode and cathode design and materials. b, Ragone plot
showing specific energy versus specific power on the cell level
for selected commercially available products and technologies in
specific operation conditions. While LIB (C) represents a classical
Li-ion cell with a graphite anode as introduced above, LIB (Si) is
an advanced Li-ion cell with a silicon anode. [6, 8, 14]–[17]. The
dashed line represents the predicted physicochemical limit of
Li-ion cells [10]. c, Number of publications by year for selected
battery technology categories, highlighting the percentage growth
as compared to five years earlier. Publication numbers were
found using Web of Science, and search terms were selected to
cover a range of umbrella technologies in each category.

the possibility to construct cells using an intercalation anode,
leading to Na-ion and K-ion batteries, as well as a metal
anode, leading to Na-metal and K-metal cells. Beyond these,
the most important battery technologies that do not rely
on either Li, Na, or K, are multivalent, nickel-metal hydride
(NiMH), and lead-acid batteries [18]. NiMH and lead-acid
batteries are heavily used in consumer electronics and as
a starter battery in cars with internal combustion engines,
respectively.

In Figure 2b, we categorize current commercially available
rechargeable battery technologies in a Ragone plot, a

popular way to effectively compare different energy storage
technologies, which shows specific energy versus specific
power on the cell level. While NiMH and lead-acid batteries are
currently wide-spread and practical for targeted applications,
their performance metrics do not make them promising
next-generation BLI technologies. For lead acid cells, specific
energy and power range up to 40 Wh kg-1 and 250 W kg-1,
respectively [15], while NiMH provides about double these
values [16].

Today, Li-ion represents the majority of newly installed
battery storage capacity [3], which is a good indicator of its
current commercial success, importance, and technological
readiness level. However, growing research interest in BLI
batteries could enable a more diverse array of future
technologies. To this end, Figure 2c compares the number of
publications per year for the different technologies outlined in
Figure 2a. In absolute numbers, Li-ion technology dominates
this analysis; however, the growth rates in other chemistries,
such as Na- and K-based batteries, substantially exceed
Li-ion. This simple figure of merit suggests that while Li-ion
technology is currently the dominant approach for energy
storage in rechargeable batteries, there are many emerging
technologies that could be added to the storage portfolio with
continued research and development.

As representative examples of promising existing BLI
technologies, we briefly highlight sodium-based batteries.
In particular, both sodium-metal chloride (Na-MCl) and
sodium-sulfur (Na-S) cells [19, 20] demonstrate the challenges
associated with BLI technologies as well as the technology
readiness level that BLI technologies can achieve today.
Na-MCl cells are currently being commercialized by the Swiss
company FZ Sonick. Their cells are rated for a specific energy
of around 140 Wh kg-1 and a typical power of around 50 W
kg-1 while also allowing short high-power pulses [17]. Although
these metrics currently fall below Li-ion, current research
has shown that a specific energy above 400 Wh kg-1 and
specific power above 1000 W kg-1 (based on the cathode
weight) are achievable [21, 22]. Conversely, Na-S batteries
are currently being commercialized by the Japanese company
NGK Insulators. Their cells deliver 222 Wh kg-1 at a specific
power of 36 W kg-1 [14].

Both of these cell chemistries rely on abundant raw
materials and are actively deployed in stationary storage
applications. However, there are technical and economic
reasons why these BLI technologies are not widely used. For
instance, Na-MCl cells are currently produced in a complex
tubular cell design that is not sufficiently cost-effective for
wide deployment, since it is incompatible with high-volume
manufacturing routes. Efforts are being undertaken to adopt a
planar cell design that could reduce cost. However, substantial
further research and development efforts are still ongoing to
realize such a transition [23]. Furthermore, current Na-MCl
and Na-S cells require elevated temperatures of up to 350 °C
during operation. Substantial work is required to reduce
this operating temperature, thereby limiting thermal losses,
enabling the use of low-cost cell materials, and increasing
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safety, which combined would allow for wider deployment
[22]. Beyond these high-temperature cells, there is a recent
push towards room-temperature Na-ion batteries. In 2021,
the Chinese cell manufacturer CATL announced their first
generation Na-ion cells employing Prussian white as cathode
material with substantially reduced capacity fade upon cell
cycling, providing a specific energy of 150 Wh kg-1 [24].
Large-scale production of these cells is planned for 2023.

Sustainability in battery technology
While BLI technologies do not yet out-compete Li-ion,

they potentially offer substantial advantages in sustainability.
Sustainable technological solutions simultaneously respect
the environment, society, and the economy. Due to the
ongoing global transition to renewable energy, the need for
energy storage is expected to grow significantly in the coming
years and decades [25]. This insight has multiple implications
for the required technological transition; specifically, the
growing demand can affect the availability and price of
the required raw materials [25]. Especially in the case
of Li-based and cobalt-based technologies, fluctuations in
availability and price can occur [26], while for BLI technologies
based on materials like sodium, potassium and sulfur, such
consequences are unlikely [27].

In Figure 3a, we plot the natural occurrence in the
earth’s crust of different active materials used in rechargeable
batteries [28]. It shows that sodium and potassium are close to
three orders of magnitude more abundant than lithium. While it
is currently difficult to predict whether the abundance of lithium
will be a limiting factor for Li-based batteries [25], the global
distribution and availability of it might play an important role.
As shown in Figure 3b, lithium is unevenly distributed over the
globe whereas sodium and potassium are available practically
anywhere. Although the 2021 Mineral Commodity Summaries
from the U.S. Geological Survey suggest the existence of 21
million metric tons of lithium reserves, more than half of these
reserves are located in South America, namely in Chile and
Argentina [29, 30]. Similarly, for cobalt that is often used in
cathodes of Li-ion batteries, Figure 3c shows that more than
half of the reserves are located in the Democratic Republic
of the Congo and that only six countries hold 89% of the
worldwide reserves. In contrast, the European Union (EU) and
the U.S. possess only small amounts of lithium and cobalt
reserves. For them as well as other countries that do not
possess sufficient reserves, a further focus on lithium- and
cobalt-based technologies could enhance undesired global
dependencies and lead to a geopolitical risk. This illustrates
that for the U.S. and the EU, a purely Li-based battery
technology might not be considered sustainable. Sustainability
is additionally undermined by the fact that currently, the Li-ion
technology may not be considered to be environmentally
friendly. Specifically, the way that lithium and cobalt are
sourced causes destruction of the natural environment in
the producing countries [31, 32]. Simultaneously, functional,
cost-effective recycling protocols are not yet established [33].

Figure 3: Raw material abundance of selected active
materials, as well as lithium and cobalt reserve distribution.
a, Abundance of elements in continental crust used as active
materials in batteries [28]. b, Lithium reserve distribution [30].
Total reserves are 21 million metric tons. Six countries hold 89% of
the reserves. c, Cobalt reserve distribution [30]. Total reserves are
seven million metric tons. Six countries hold 89% of the reserves.

Battery technology and policy
To support a transition to sustainable battery technology,

government initiatives are a powerful means to promote new
technologies. In a recent study, Buravleva et al. showed a
distinct positive relationship between government subsidies
and energy storage patent output [34]. The increase in
funding and research investments for lithium-based battery
development over the past decades has clearly caused it
to proliferate as a dominant technology. Large amounts
of investments have allowed for electrification and battery
development to thrive around the world [35]. For instance,
the U.S. DOE has invested about $1.6 billion between 1992
and 2017 in battery research and development [36], and
most current commercialized battery technologies can be
traced back to these efforts. A Congressional Research
Service report submitted in 2013 recognized the importance of
battery production incentives and its ties with the electrification
of transportation [37]. Since near-term profits from such
advanced technologies are initially minimal, subsidies and
strategic investments can allow for their development and
adoption. Several forward-thinking bills introduced into the
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Figure 4: Goals for the adoption of Zero-emission vehicles
(ZEVs). Plans from selected governments for the percentage of
ZEVs (also including EVs) of the total sales in their country or
region [41]–[44].

U.S. Congress seeking to expand the availability and
accessibility of light and heavy duty EVs elucidate the general
sentiment on the future of battery technologies and the trend
toward the electrification of the transportation sector (1, 2).
The importance that EV infrastructure has been given in the
recent Infrastructure Investment and Jobs Act (3) seeks to
solidify and accelerate the adoption of EVs, again highlighting
the growth expected for the battery storage industries.

Not only in the U.S., but around the globe, most current
policies that affect electrochemical energy storage are related
to the transportation sector [38, 39]. Although it is growing,
stationary storage is less in the focus. Legislation on fuel
economy of light vehicles and defined goals for the adoption
of zero-emission vehicles (ZEVs) are a central driver for the
implementation of batteries in cars, as well as progress in
battery research and development in general. EVs are one
way of implementing a ZEV, and current predictions estimate
that, by 2040, more than 60% of new vehicle sales will be
battery EVs [40]. In Figure 4, we show goals for the adoption
of ZEVs, as planned by selected governments [41]–[44]. To
manufacture the batteries for all these vehicles, substantial
investments are being planned. For example, the EU has
promoted the construction of more than ten giga-factories for
battery production [38].

While current policies mostly focus on EV as an
application, they usually target Li-ion as the primary
technology. For example, the U.S. DOE has recently published
their National Blueprint for Lithium Batteries [45], which
focuses purely on the Li-ion technology and addresses
aspects of national security, the establishment of robust
supply chains, and the growing demand for batteries. As a
result of such focused policy efforts and investments in Li-ion
development, cost for Li-ion cells were reduced by about 13%
every year since their commercialization in 1992 [46]. The
National Blueprint for Lithium Batteries notes the importance
of discovering alternatives for scarce elements like cobalt and
nickel to strengthen supply chains. However, sustainability of
battery technologies is less in focus.

Promoting sustainable electrochemical energy
storage

As noted already, the use of highly abundant raw
materials can be a key factor in reducing negative effects
on the environment related to materials sourcing while
simultaneously minimizing geopolitical and supply chain risks
for countries without sufficient supply of scarce raw materials.
For these reasons, BLI technologies are particularly attractive,
especially for the U.S., the EU, and other countries that do not
possess substantial amounts of lithium and cobalt. There are a
number of measures that countries can adopt if they identify
a strategic interest in supporting alternatives to lithium and
cobalt. First, it is important to ensure that decision makers,
manufacturers, and consumers are aware of alternatives.
While this might sound trivial, studies on stationary vanadium
flow batteries have shown that a lack of awareness of the
technology’s benefits combined with inadequate research
funding policies and a large number of subsidies for competing
systems can hinder the success of a technology [47].
Importantly, the performance of the sustainable alternative
must also be comparable to the incumbent Li-ion technology.
In principle, BLI technologies could benefit from the ongoing
development of Li-ion battery components such as anodes,
cathodes, and electrolytes, and follow a growth pattern similar
to Li-ion batteries. However, since most BLI batteries are
technologically substantially different, they require targeted
support for research and development to attain a similar
status as the incumbent technology [48]. To this end, the
development of sustainable alternatives might still leverage
existing policy infrastructure that has historically propelled
Li-ion batteries.

To enhance the sustainability of existing Li-ion batteries,
policies can target the entire life cycle, ranging from mining of
the raw materials to disposal. Mining of elements like nickel
and cobalt accounts for uncontrolled emissions in unregulated
mining practices across the world [31, 32]. Investing in
research towards highly recyclable battery technologies
could have significant positive effects on the environment
by lessening the requirements of mining and discarding
practices. Furthermore, it can partially address challenges
associated with uneven global reserve distribution. Battery
recyclability has been proven to be a possibility as early as
2001 [49], and subsequent research has called for uniformity
in battery design and for a focus on recyclability from cell
design to production [50, 51]. Policy regulating aspects of
battery production, analogous to the current plastic recycling
system which includes labelling requirements and quality
assurance, may better situate the industry on a path to
sustainability. For example, landfill disposal of used batteries
can be deterred through regulations while, at the same time,
the economic barriers for establishing the required battery
recycling infrastructure may be alleviated with the use of
fiscal incentives. One such federal policy is the U.S. Battery
Act of 1996, but since the toxicity of Li-ion batteries is
substantially smaller compared to older mercury-containing
battery technologies, this was not extended to cover their
disposal [52]. Enforcing stricter environmental requirements

Graeber and Thatipamula MIT Science Policy Review | August 29, 2022 | vol. 3 | pg. 70

https://doi.org/10.38105/spr.7zpa2mfwhp/


https://doi.org/10.38105/spr.7zpa2mfwhp/ Article

for mining processes and raw material sourcing through
policy design could also contribute towards the sustainability
of Li-ion and future battery technologies. Progress and
understanding on this front is highlighted by bills introduced
into the U.S. Senate, aiming to provide research grants and
labelling guidelines for manufacturers that would promote
critical mineral recycling capabilities (4).

Conclusion
In the present work, we showed that while the Li-ion

battery is a central enabler of today’s technological advances,
the requirements of future applications concerning specific
energy, energy density, power capabilities, and cost may
require new BLI technologies. A number of BLI batteries
exist already or are currently under development, including
lithium-based BLI cells and approaches that rely on
alternative active materials. Based on the number of journal
publications, sodium and potassium are a major focus of
emergent research efforts. Due to the uneven lithium reserve
distribution and the less environmentally-friendly sourcing,
developing lithium-free BLI batteries that avoid other critical
materials like cobalt is attractive for enabling sustainability
in electrochemical energy storage solutions. Considering the
long-term impact of energy storage technologies could make
alternative, more sustainable technologies competitive, and
targeted policies can help shape the transition.
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