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It is a fact that electric vehicles (EVs) are beneficial for climate protection. However, the current challenge is to
decide on whether to reuse an EV battery or to recycle it after its first use. The concept of reusing (second life) of
the battery is promising because, at the end of the first life, batteries from EVs can be used in several applications

such as storing energy generated from renewable sources to support the government grid.

battery recycling battery reuse second life of batteries

| 1. Electric vehicles (EVSs)

Electric vehicles (EVs) could play a major role in mitigating the effect of climate change. It is expected that EVs can
help in decarbonising and building a sustainable world. The deployment of EVs is being boosted by public
administrations in several regions of the world. The global deployment of EVs increased from 17,000 in the year
2010 to 8.5 million by the year 2020 . Such rising trends correspond to increasing demand for high-performance
batteries for EVs such as Li-ion batteries (LIB) [, which is regarded as the most promising chemistry for EVs due
to their intrinsic characteristics and significant cost reduction in the past decade (from USD 1100/kWh in 2010 to
USD 156/kWh in the year 2019) BI4I(3],

The expected large increase of electric batteries’ presence in the automotive sector in coming years [ will pose a
challenge of how to deal with the batteries when their first useful life is finished. Given the high environmental
impact associated with the manufacturing of a new battery [Z, once the battery is removed from the vehicle treating
it as waste is not an appropriate solution. In this situation, the battery industry is facing two options to deal with the

battery’s end-of-life (EoL) phase,

» Redirect the battery to a second life-use circuit where the useful life is extended providing alternative energy

storage services, thus, reducing the environmental impact per kWh delivered by the battery.

» Transfer the battery to a recycling circuit where a large percentage of valuable components, in particular critical
raw materials (CRM), are retrieved and reused to manufacture new batteries, thus reducing the environmental

impact of the manufacturing process.

Despite having two alternatives, once the second life use is finished the battery is sent to the second option to be
recycled as part of a circular economy strategy to minimize the amount of waste produced. A visual representation

of the battery’s life in a circular economy perspective is shown in Figure 1.
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Figure 1. Battery life in a circular economy perspective.

According to [, the estimated number of used EV batteries available will increase from 50,000 in the year 2020 to
150 million in the year 2035, showing the importance of having a recycling infrastructure and established reuse

procedures ready to deal with the incoming wave of aged batteries.

Nonetheless, the manufacture of batteries has an important environmental impact. The generation of EVs
developed in the year 2010 using LIB had a battery energy of 16 or 24 kwh at most with a range of about 100 km.
The global warming potential (GWP) was the first category that life-cycle assessments analysed, noting that, for
first EVs, the production of the battery represented about 40% of the total environmental impact of a vehicle, which
put the EV in a worse position from an environmental perspective in comparison to an internal combustion engine
vehicle (ICEV) &, Thus, it was during the use phase when EVs gained a better overall picture, although it strongly

depended on the country where the EV was run and, in some cases, the benefits were not so evident 19,
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In order to fulfil the range-anxiety standards, EV battery capacity has continuously increased since then, giving the
EV battery cost decrease a similar final cost for EVs over time. Nowadays, the battery energy of EVs ranges from
30 to 90 kWh with an average selling close to 44 kwh (21,

| 2. Development

After 10 years of development, batteries have improved in all possible directions (performance, cost and
environmental burdens). Nonetheless, the GWP of the production phase of EVs with 64 kWh of battery energy
storage capacity is still 25% higher in comparison to diesel vehicles. Although the GWP was triggering the entrance
of EVs into the mobility sector, there are other categories in which the environmental impact of EV manufacturing
substantially worsens in comparison to ICEV, which are abiotic depletion, photochemical oxidation, acidification
and eutrophication, all of them having impacts higher than 50% [£2. Knowing that many of the materials used in
battery manufacturing are considered critical materials 131, abiotic depletion is now the principal reason for

developing new battery chemistries with lower environmental impact.

Nevertheless, EV batteries could be reused in other applications after their 1st life on a vehicle. There are two
reasons to support this idea: (i) for smaller batteries, they are not considered appropriate for transport purposes
after they’ve lost about 20% or 30% of their initial capacity and should be replaced [24!: (ii) for bigger batteries, they
will be mostly misused as daily trips demand around 5 to 10 kwh 3, This fact suggests that the EV EoL,
according to the ageing trend taken from the EV degradation tool X8 transposed to kWh delivered, will be reached

before the aforementioned threshold.

EV battery reuse represents an opportunity to increase its lifetime until its full operational life is completed. This life
enlargement could avoid the manufacture of new batteries for these secondary uses and, consequently, reduce the

potential environmental burden.

There are multiple applications in which batteries could be reused. Some are based on stationary applications as
batteries can be used in the whole electricity chain, from huge storage systems supporting electricity generation to
small devices for residential purposes L7I28] as well as other uses for micro or urban electro-mobility. Moreover,

battery reuse gives time to improve the recycling processes and increase the recycling industry capacity 17,

Finally, recycling plays an important role because many of the key performance materials are considered critical
materials and because all batteries (from first and second life) will end up here. The manufacturing cost of batteries
strongly depends on the exploitation of resources that are difficult to obtain (from a technical, quantity and social
perspective). Moreover, going to the main source, to extract raw materials involves a significant increase in

ecological footprint. Thus, recycling of batteries has become quite important.

As evidence of the importance of recycling, several countries count on lithium battery recycling plants, such as the
United States, Canada, South Korea, China and also in Europe, which pursues an interest in being more

sustainable and lowering the production costs of these batteries by reusing their raw materials. Different processes
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with different efficiencies are accessible depending on the recycling interest, ranging from high recoveries of
copper and aluminium to high recoveries of all the components of the battery in the form of compounds such as

cobalt sulphate, nickel sulphate or lithium carbonates 121,

The main recycling option is hydrometallurgical recycling, which is normally accompanied by a pre-processing
method that can be either mechanical, such as crushing or cutting of the battery components, or a
pyrometallurgical method with a melting or pyrolysis process of the battery elements. In most of these recycling

plants, the focus is on obtaining metals such as cobalt and nickel.

| 3. Reuse

There are multiple stationary applications where electric energy storage systems could be installed that can be
gathered in two groups 2%, The first group is oriented to electricity generation and grid distribution with larger-scale
installations such as time-shifting, seasonal energy storage, large-scale renewable integration, transmission and
distribution investment deferral or grid regulation. The second group is more oriented to a user-level perspective, in
this case, there are both relatively high, medium and small-scale installations depending on the final user (industry,
tertiary or residential building) like energy management, power quality, power reliability, distributed renewable

integration and transportation applications.

In both groups, power requirements range from a few KW to several hundred MW and some of them require fast
response times while others do not. Similarly, their storage capacity range from kWh to MWh and the services

might ask for several hours of energy delivery or only for some minutes of support.

In this sense and given that EV batteries had an average energy capacity of 44 kWh in 2019 and that the largest
capacity of existing EV batteries is currently around 100 kWh, more than one battery will be necessary for most

applications and even a combination of batteries to meet the energy requirements [21],

The particularity of battery reuse is that the availability of second-life batteries does not depend on the investment
of the repurposing manufacturer, in contrast to new raw material factories, where one can invest more to increase
the extraction rates. For battery reuse, the availability of batteries depends basically on the rate of EV retirement,
knowing that retirement might come from ageing or from an accident, in which case the safety procedures are quite

relevant (22 and not all batteries will be accepted for reuse.

Thus, the volume of vehicle batteries to come in future years will depend on the EV sales from previous years,
driving habits and the environment where the vehicle drives. In any case, the good news is that stationary
application storage needs are lower than for electric mobility and, in 10 years, most of them could be covered with

the growing electric mobility market.

However, there is an issue that is expected to occur at least in the early stages of the collection of these batteries,

which is the heterogeneity in terms of battery models, forms, control, chemistry and electrical characteristics
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among others. This heterogeneity will increase with the continuous advances in this field that will bring better
performant batteries, because a new product is inherently different to any other previously in the market and, thus,
another battery should be considered by remanufacturers. However, the higher selling rates expected for future
years of all existing models will de-crease the necessity to have a multiplicity of EV battery adaptations from

mobility to stationary applications. The inhomogeneity in batteries is always undesirable 23],

In this sense, and to be able to make use of the volume of batteries that reach these early stages, second-life
batteries should preferably be installed in small-medium scale applications to minimize this variability for a single
installation while larger-scale installations should wait for newer vehicles to age. However, a possible direction with
high added value is to use them through individual control of cells that build a battery. This direction opens the
possibility of combining chemistries in a single battery unit, as the combination of cells would focus on some
electrical storage parameters, such as the state of charge of the batteries, and would be able to make individual
use of the energy available in each cell to maximize the overall battery performance. The distribution of current
would also be managed by a control body in which, once the energy reserves of a cell have been exhausted, it

would open the circuit of that cell to continue making use of the rest through active balancing techniques 24!,

This heterogeneity is also affected by the SOH of batteries and cells within (which active balance also covers).
Several authors have already highlighted that the 70% SOH limit marked by car manufacturers is not mandatory
and batteries will arrive at all kind of SOH because it will be marked by the final owner who has the final

responsibility to decide when to proceed to the EV retirement 23],

However, for newer and bigger battery capacities and seeing the battery ageing tendencies of EV fleets [8, this

limit is not expected to be reached in most of the cases due to its misuse during its lifetime in the vehicle.

Thus, it is expected that, for the first generation of EV batteries sold, many batteries will reach their EoL as soon as
they are removed from the vehicle and should proceed to recycle. However, for newer EV models, batteries will
present much better conditions for their use in the second life, which can be either in stationary storage
applications or in EVs as spare parts for those with manufacturing defects or crashes that need low-cost

replacements.

For all that, battery reuse might follow three possible directions depending on the goal of the remanufacture
pursues. Direct reuse and battery dismantling to the module or cell level (28, Direct reuse offers lower costs but it
provides less adaptability options due to stacking problems. The option of module dismantling allows for a more
versatile solution, capable of going from small to large systems. However, a new battery management system
(BMS) and control systems should be implemented. This option is called to be the one mostly used by
remanufacturing companies. Finally, the dismantling into cells maximizes the versatility and reduces the
inhomogeneity of the resulting battery, as an individual selection of cells according to their SOH and other
characteristics can be undertaken. Nonetheless, the cost rises due to an increase in the manipulation, testing and

need to implement completely new control systems at the cell, module and battery level 27,
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Overall, going for battery reuse strategies give the chance to Europe to become a potential battery manufacturer.
At the moment, Europe is dependent on raw materials and also on new batteries built elsewhere. Once battery
recovery begins, Europe will be capable of positioning itself as a potential world provider, as most EVs are being
sold mainly in Europe (39.8%), China (39.6%) and North America (10.7%) [28129] 35 shown in Figure 2.
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Figure 2. Percentage of electric vehicle (EV) world sales.
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