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Abstract

Limiting human-induced climate change represents a critical challenge for the future, and due to their
disproportionate contribution to the problem, the energy and transport sectors are attracting the most
attention in terms of emission reduction roadmaps and targets. Energy storage, particularly electrochemical
storage, is poised to be a cornerstone in allowing those sectors to become more sustainable. This study
presents the results of an integrated dynamic material flow analysis of the cumulative demand for lithium-
ion battery metals (Li, Co, Ni and Mn) by the light duty vehicle and electricity generation sectors in the UK
over the next three decades. Results have shown that recycling of end-of-life electric vehicle battery packs is
very effective in “closing the loop”, and would enable driving the demand for all four metals back down to
present levels by 2050, despite having achieved by then a complete shift to 100% electric vehicles.
Additionally, repurposing end-of-life vehicle batteries for grid storage (with over 50 GWh of grid storage
capacity expected to be in place by 2050) has been found to enable reducing purpose-built grid storage
batteries to zero. Finally, an additional scenario analysis has indicated that a widespread behavioural shift
from conventional vehicle ownership to shared mobility could even drive the demand for virgin battery
metals into negative territory by 2040.
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1. Introduction

The relentless burning of fossil fuels to power modern societies since the industrial revolution has led to an
unprecedented rapid increase in carbon dioxide (CO,) concentration in the atmosphere from 280ppm (parts
per million) to over 400ppm (Ritchie and Roser, 2020). The 2015 Paris agreement, signed by 195 countries,
points to the need for drastic measures to limit global warming to +2°C relative to pre-industrial levels and
thus reduce the risk of irreversible climate consequences. Moving away from fossil fuels as principal sources
of energy across all sectors is central to all such measures. Specifically, the energy and transport sectors are
jointly responsible for approximately two thirds of total greenhouse gas emissions globally (WRI, 2020), and
over 50% thereof in the UK (UK government, 2020).



To address this pressing issue, National Grid Electricity System Operator, the UK’s largest utility company, is
investigating a range of “Future Energy Scenarios (FES)” (National Grid, 2020) characterised by reduced
dependence on fossil fuels for the electricity and heat sectors in Great Britain'; these scenarios are updated
each year. The most ambitious scenario in the 2019 version of National Grid’s FES report was named “Two
degrees” (in a clear reference to the Paris agreement), and it was the object of a thorough life cycle
assessment (LCA) by the same authors (Raugei et al., 2020); its findings indicated the potential for over 75%
reductions in non-biogenic carbon emissions from electricity production by 2050, compared to the present.
In 2020, National Grid then renamed the scenarios, and made even more aggressive predictions in what is
now referred to as the “Leading the way” scenario.

At the same time, the UK government has introduced a mandatory target to eventually end all sales of
conventional internal combustion engine light-duty vehicles (LDVs). Discussions are now under way to
shorten the timeline for such target, which was originally set for 2040 but is currently 2035, and which is
now poised to be brought forward to 2030 (The Guardian, 2020).

The scientific literature is in broad agreement in identifying ample scope for solid environmental benefits of
electric vehicles (EVs), when compared with conventional internal combustion engine vehicles (ICEVs). For
instance, Faria et al. (2013) found that, depending on the grid supply mix of the country where they are
driven, greenhouse gas (GHG) emissions by compact EVs may be reduced by as much as 60% with respect to
conventional ICEVs of the same size segment. Broadly similar emission reduction results were also arrived at
in two very recent independent life-cycle studies focusing on EV vs. ICEV GHG emissions respectively in
Turkey (Ozdemir et al., 2020) and Lithuania (Petrauskiené et al., 2020). A paper by Hoekstra (2019) pointed
out the critical roles of several parameters and assumptions to arrive at accurate estimations of the emission
reduction potential afforded by replacing ICEVs with EVs, and concluded that, for a typical D-segment? car in
Europe, GHG emissions would drop by more than 60% over the full life cycle of the vehicle. Raugei et al.
(2018) found that, already under current conditions, the overall life-cycle demand for non-renewable
primary energy of a compact EV in the UK is lower by approximately 34% with respect to that of an
otherwise similar ICEV, and that such reduction may be expected to improve further under most future grid
mix scenarios.

However, despite the growing body of scientific literature looking into the environmental performance of
present and future electricity grid mixes, and of electric vs. conventional vehicles, a pressing need remains
for overarching, fully integrated consequential environmental analyses of the complex landscape of
scenarios that may soon unfold as a result of the intricate interplay between the co-evolving energy and
transport sectors. Specifically, lithium-ion batteries (LIBs) are a cornerstone energy storage technology in
order to enable both the growth of electrical mobility and the large-scale deployment of renewable
technologies in the electricity grid. As a result, the growing demand for LIB metals is expected to feature
prominently as a shared challenge for the future (US DoE, 2011; BGS, 2020), as illustrated schematically by
the influence diagram in Figure 1.

! National Grid does not provide electricity to Northern Ireland, which instead is served by three interconnectors with
the Republic of Ireland. Consequently, while the FES are based on targets set at the national (UK) level, all the data
contained therein are actually for Great Britain (GB) only, i.e., excluding Northern Ireland. For the sake of clarity and
simplicity, however, in this paper the distinction between GB and UK is dropped in favour of a unified reference to “UK”
throughout.

2 The D-segment is the third largest of the European segments for passenger cars, and is described as "large cars". It is
equivalent to the Euro NCAP "large family car" size class, and the present-day definition of the mid-size car category
used in North America.
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Figure 1. Influence diagram showing three on-going transformative transitions (decision nodes = dark green
rectangles), the associated challenges for the future (“value” nodes = orange octagons), and the possible
technological solutions (uncertainty nodes = light green ovals). Light green arrows indicate direct
dependence; dark green arrows indicate a probabilistically conditioned reduction in severity for the
challenge they point to; red arrows indicate a probabilistically conditioned increase in severity.

The current annual Li production rate is clearly insufficient to sustain a projected exponential growth in
demand for EVs. There is still considerable uncertainty on the reserves of Li resources that may be ultimately
economically recoverable, and on the rate at which production may be ramped up. This has led to open
debate in the scientific literature on whether, and the time frame within which, Li availability is likely to start
representing a serious limit to the widespread adoption of EVs (Grosjean et al., 2012; Speirs et al., 2014;
Narins, 2017; Alves Dias et al., 2018; Greim et al., 2020). The issue is further compounded by possible future
geopolitical concerns stemming from the fact that a significant share of the commercially exploitable Li
reserves are localised within the confines of relatively restricted geographical areas, among which is the so-
called ‘white gold triangle’ in South America (USGS, 2020a; Choubey et al., 2016; Choubey et al., 2017).
Cobalt is intrinsically scarcer, and its continued future availability on the scale required for an exponentially
growing production of LIBs using the currently leading chemistries for EV applications (i.e., NMC and NCA) is
doubtful. Also, Co is a sensitive resource because it is mainly extracted from deposits found in the
Democratic Republic of Congo (> 60% of total world production (USGS, 2020b)), and Co mining attracts
significant concerns because of the associated ecological toxicity.

Simultaneously, the evolution of the electricity grid mixes, gradually shifting away from the use of fossil fuels
towards an increasing reliance on renewable, but inherently intermittent and hence non-dispatchable,
energy sources (among which specifically solar and wind), points to the associated future challenge of having
to provide at least some degree of grid-level energy storage (Lindley, 2010). One well-established technology
to address this with comparatively low additional demand for primary energy and environmental impact per
unit of energy stored is pumped hydro storage (PHS), whereby the excess electricity generated during times
of peak renewable energy availability (e.g., solar at midday) is used to pump water from a suitable lower-



altitude reservoir into a higher-altitude one. The water thus stored can be used later for the generation of
hydroelectricity during times of high demand but low solar and wind availability. However, the viability of
PHS is ultimately subject to stringent orographic constraints, and does not represent a universal solution to
the intermittency problem. Other technologies such as compressed air energy storage (CAES),
supercapacitors and magnetically levitated flywheels have been proposed, but each suffers from specific
technical limitations that so far prevent them from representing likely solutions on a large scale. LIBs,
instead, are a comparatively mature and reliable technology that can, in principle at least, be easily scaled up
to meet the requirements posed by grid balancing and buffering. However, the associated requirements for
raw minerals, and specifically Li, could become a hindrance to the widespread adoption of this technology
for grid-level storage, too — especially if such evolution of the grid is indeed paralleled by an exponential
growth in demand for the same metals for the EV sector, as discussed above.

A further transport-related transition is often discussed, from a conventional model largely based on private
vehicle ownership to one in which the accent is shifted to the provision of transportation services (measured
in person-kilometres and tonne-kilometres), wherein vehicles are shared among multiple users. Such a
transition has the potential to make much more intensive (and hence efficient) use of the individual vehicles,
and thereby indirectly reduce the cumulative demand for primary resources, among which are the battery-
specific metals discussed above. Additionally, a more widespread adoption of transportation-as-a-service
(TaaS) would also make it more practical, from a logistics point of view, to implement vehicle-to-grid (V2G)
energy storage schemes, whereby the LIBs in the EVs could be used to provide distributed buffer capacity to
the electric grid while the vehicles are parked at corporate-controlled parking lots. Such V2G storage has
been projected to represent a potentially critical contribution to the overall requirement for grid-level
energy storage, and by reducing the demand for purpose-built LIB stacks, it could also indirectly reduce the
severity of the challenge posed by future Li availability constraints (Sovacool and Hirsch, 2009; Hein et al.,
2012).

Finally, a widespread adoption of EVs, both as privately owned cars and as TaaS vehicles, would quickly lead
to a corresponding availability of decommissioned battery packs. This abundance of decommissioned EV LIBs
could be exploited in two ways. Firstly, the decommissioned LIB packs could be repurposed for a ‘second life’
in stationary grid storage applications Abdel-Monem et al., 2017). This would contribute to reducing the
severity of the challenge posed by the increasing demand for raw materials for purpose-built LIB stacks.
Secondly, the availability of a critical mass of decommissioned LIBs (both directly out of EVs after their ‘first
life’, and after a possible ‘second life’ as discussed above) may be expected to reduce, and even potentially
eliminate, any lingering economic barriers to the widespread adoption of LIB recycling schemes, and thereby
enable a large throughput of recovered metals (among which critically Li and Co) to actively reduce the
demand for the corresponding virgin raw resources (Dewulf et al., 2010; Bdlint et al., 2015; Ziemann et al.,
2018; Mayyas et al., 2019; Baars et al., 2020).

In view of all of the above, and also in response to an explicit call for a Special Issue of this journal (Rajaeifar
et al., 2020), this paper aims to contribute to laying the foundations for a future consequential life-cycle
assessment of the co-evolution of the transport and energy sectors in the UK, by illustrating and discussing
the results of a dynamic mass flow analysis of all the key lithium-ion battery metals: Li, Co, Mn and Ni. The
key strength of this analysis lies in its relying on a fully integrated and internally consistent modelling
approach that minimizes the number of independent variables and assumptions, and allows a quantitative
estimation of the overall net demand for these metals via primary supply chains (i.e., from virgin resources).



2. Materials and Methods

This section is structured into four separate but interdependent sub-sections, which illustrate the data
sources, assumptions and calculation approaches used in this study to model: (1) the UK vehicle fleet; (2) the
technical evolution of LIBs used in the EV sector; (3) LIB solutions to satisfy the future expected demand for
grid-level energy storage (including considerations of V2G and second-life EV battery applications); and (4)
LIB recycling. For full transparency, all detailed model equations are also reported in the Supplementary
Information.

The four sub-models mentioned above are then combined to allow a complete mass flow analysis of the four
key LIB metals Li, Co, Mn and Ni (see flow diagram in Figure 2), which is carried out three times to investigate
three main alternative scenarios, namely:

(I) “worst case” scenario: TaaS achieves no penetration in the LDV fleet, and EoL EV LIBs are not collected to
be re-used in second-life grid storage applications or recycled;

() “baseline” scenario: TaaS achieves no penetration in the LDV fleet, but widely available and steadily
increasing EoL EV LIB collection rates and subsequent second-life and recycling;

(1) “TaaS” scenario: same as (Il) but assuming a high penetration of TaaS.

For improved clarity, the key assumptions for the three analysed scenarios are summarised in Table 1, too.

Scenario “worst case” “baseline” “TaaS”
TaaS penetration 0% 0% 0% (2020)
(% of new LDV registrations) > 45% (2050)
EoL EV LIB collection rate 0% 80% (2020) 80% (2020)
>99% (2050) >99% (2050)

Table 1. The three analysed scenarios and associated assumptions on TaaS penetration and end-of-life EV LIB
collection.
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Figure 2. Generalised mass flow diagram for LIB metals (Li, Co, Mn and Ni) in the coupled light duty vehicle
and electricity generation sectors. In the specific cases of Co and Ni, the flows from “Virgin” to “Grid” and
from “Grid” to “Losses” are zero, since all purpose-built LIB storage for the grid is assumed to be LMO.

2.1.Vehicle fleet

The vehicle fleet model tracks the evolution of the light duty vehicle (LDV) fleet on UK roads. The UK
transport system is undergoing transitions to achieve improved air quality, to meet the climate targets and
to reduce congestion. As already mentioned, the government is planning to bring forward the ban of all
diesel and petrol cars and vans sales, from 2040 to 2030, with the aim of having a fleet composed of virtually
all zero emission motor vehicles by 2050 (Ambrose, 2020). The types of vehicles considered in this study are
4-wheeled cars and small vans. The study focuses on the transition from ICEVs towards EVs powered by LIBs,
as these are considered to be the dominating technology for ultra-low emission vehicles in the LDV sector
(DfT, 2018a). A second major transition in the vehicle fleet is the potential uptake of TaaS. The purpose of
TaaS$ is to provide a shared and flexible mobility which attempts to minimize the private use of light duty
vehicles, hence enabling a shift away from private vehicle ownership and potentially reducing the number of
vehicles on the roads (Foresight, 2019; Maa$S Alliance). Some of the types of LDVs that can be operated



under TaaS are car-sharing schemes and ride-sharing schemes. Fleet operators of such schemes are among
the early adopters of EVs, and so the rise of shared mobility vehicles is anticipated to be electric (Mdller, T.,
2019). Some of the adopters of TaaS schemes in the UK are the E-car club in London (E-Car Club), a co-car
sharing club in Exeter (CoMoUK, 2020) and a proposed E-mobility hub project to start in 2021 in Nottingham
and Derby to facilitate different EV sharing schemes (B. Kubitz, 2020). This paper refers to vehicles operating
under private ownership as “private vehicles” and vehicles operating under shared mobility schemes as
“TaaS vehicles”.

In this study, the “worst case” and “baseline” scenarios assume zero penetration of TaaS, and the “TaaS”
scenario assumes a high penetration of TaaS (up to 45% of all new vehicle registrations in 2050). Although in
reality TaaS vehicles already represent a very small percentage in the current LDV fleet, the choice was made
to settle on two such clearly defined scenarios in order to explore the clear impacts associated with the
uptake of TaaS vehicles, all of which are assumed to be electric. Also, in light of the recent discussions on the
planned ban of petrol and diesel LDV sales, all scenarios are set for a linear progression in the sales of new
EVs, to reach 100% in 2030.

Table 2 shows the basic parameters of the vehicle fleet model. Total vehicles on the roads are taken as the
combination of TaaS and private vehicles, the latter comprising of ICEVs and EVs. Average ICEVs in the UK
have a lifetime millage of around 190,000 km, which is a weighted average for diesel and petrol vehicles
(Ricardo-AEA, 2015). EVs have fewer powertrain components and moving parts as compared to ICEVs,
leading to reduced wear and tear, and hence potentially extended vehicle lifetime mileage (Arbib & Turner,
2017). However, this is less likely to be the case in practice, as the service costs, including specifically battery
replacement, may make purchasing a new EV a more attractive option, even more so when considering that
the EV sector is still young and undergoing rapid evolution. Hence, it is assumed that EVs would have the
same lifetime mileage as ICEVs.

The total annual distance travelled (DT) by all LDVs on UK roads has been growing at a moderate rate, with
slight fluctuations and a clear change in rate of increase at around the year 1990, as illustrated in Figure 3
(DfT, 2018b). Such annual distance travelled, also referred to as vehicle miles travelled (VMT), is calculated
each year by the Department for Transport (DfT, 2020) as the product of the estimated annual average daily
flow (AADF) multiplied by the road length, where AADF is the average of the number of vehicles per day
passing a point in the road network (DfT, 2020). Department for Transport have also published a number of
future forecasts of road traffic, congestion and emissions up to 2050 (DFT, 2018c); among these, the
“Reference” scenario projects a 34% increase in total annual distance travelled by cars from 2015 to 2050 in
England and Wales. That same relative % increase is then assumed here to apply to all LDVs in the UK as a
whole, leading to a projected DT = 532 billion km in 2050. By way of sensitivity analysis, a second set of
calculation results for LIB metals mass flows are also reported separately in the Supplementary Information,
under the alternative assumption that DT will remain constant from 2020 all the way to 2050. This is
intended to represent a lower-bound estimate for the future evolution of DT, which could reflect a
permanent behavioural shift towards more home-based working and less commuting, in line with the trend
observed in the year 2020 under COVID-19 pandemic conditions.
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Figure 3. Total annual distance travelled (DT) by light duty vehicles on UK roads. Continuous line = historical
data (DfT, 2018b); dotted line = linear extrapolation to 2050 (DfT, 2018c, Scenario 1).

The numbers of private cars and taxis (including private hire vehicles) on UK roads in 2018 were 30 million
and 280 thousand respectively (DfT, 2019), and for simplicity, the total DT by all cars on UK roads in 2018 is
considered to be covered by private cars. This leads to the calculation of an average yearly mileage for
private vehicles equal to 13,708 km/year, and hence to a 14-year vehicle lifespan for a lifetime mileage of
190,000km:; this calculation is in good agreement with the average reported lifespan of vehicles in the UK
(DfT, 2018a). For EVs, it is assumed that the batteries will reach their end of life (EoL) simultaneously with
the vehicle after 14 years. Although this is currently longer than the average battery warranty of 8 years
provided by EV automakers, it is still consistent with the actual life expectancy for LIBs, which is reported to
range from 10 to 20 years (EDF, 2020; BXu et al., 2016).

Vehicles operating under shared mobility schemes (TaaS vehicles) are anticipated to have higher vehicles
utilization rates as compared to private vehicles, which can lead to increased wear and tear, and hence a
reduced lifetime. Due to the lack of data, the yearly mileage for TaaS is taken as the combination of ride-
sharing and car-sharing mileages reported in the literature, to represent a broad range of TaaS vehicles, i.e.,
64,000km/year, which, combined with a lifetime mileage of 190,000 km, results in a lifetime of 3 years
(Amatuni et al., 2019; OECD/ITF, 2017; Crabtree, 2019). The vehicle lifetimes are then used to predict the
number of vehicles reaching their EoL each year. Furthermore, it is assumed that there will be no second-
hand market for TaaS vehicles, as their batteries are very likely to be replaced, and the vehicle itself may
have little residual market value. Even those Taa$S vehicles that fall on the lower end of the yearly mileage
scale, such as those used in car sharing schemes (Amatuni et al., 2019), may be considered to be treated like
rental cars, which are typically replaced on average every 3 years (Cho & Rust, 2008; Mont, 2004).

The vehicle fleet model also takes account of the vehicles that were already part of the fleet before the
starting year of analysis (2018); the decommissioning of such initial vehicle fleet was modelled on the basis
of available information on past vehicle registrations for up to 14 years in the past (i.e., from 2003); the



decommissioning of the small number of additional vehicles that could not be accounted for on the basis of
the registration data (2.5% of the total 2018 fleet) was then assumed to be spread over the course of the
first 10 years of analysis (i.e., 2018-2028).

In the model, the balancing condition is then set that each year, the cumulative decommissioned service
amount, i.e., the cumulative km no longer available because of old vehicles reaching their EoL, be exactly
compensated for by new vehicle registrations (while considering that each private vehicle is expected to
cover 13,708 km/year, and each TaaS vehicle 64,000 km/year). Specifically, the number of new private and
Taas vehicles each year is further determined by a time-dependent parameter setting the ratio of TaaS to
private new registrations, as discussed above when discussing the “baseline” vs. “TaaS” scenarios under
alternative consideration. Even though in reality there may be a small further number of vehicle additions to
the fleet which are not accounted for by such balancing condition (e.g., vehicles that are purchased as luxury
goods and which end up being driven very little), this was deemed to be not significantly influential and was
left out of the scope of the present model for the sake of clarity and simplicity.

By tracking the evolution of the number of new, in-service and EolL LDVs (subdivided into private ICEVs,
private EVs and TaaS EVs) on UK roads with yearly resolution, the model is thus able to predict the
associated cumulative demand for LIB materials in the LDV sector, and the annual outflow of EoL EV LIBs. EV
battery size and mass varies with vehicle segment. EVs are currently still in an early stage of adoption, and
therefore in the LDV fleet model the expected segment composition of the EV fleet as a whole is projected
on the basis of the current (2017) ICEV segment composition for all registered vehicles, and since the latter
has not changed significantly in recent years, it is then assumed to remain constant through to 2050 for both
EV and ICEVs. Thus, the average LIB pack mass is calculated at around 323kg, equating to a usable storage
capacity of approximately 50kWh, based on current LIB technology (this latter value is then expected to
change in the future, as discussed in Section 2.2) (Electric Vehicle Database; Battery University; Raugei et al,
2018).

EV and LIB tarti t=
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parameters /default value
Total distance
t lled by all
DT Lan"EKeroa‘é:e:ca: 409,400,000,000  km/years (DfT, 2018a)
year
Total number of
private cars on UK (DfT, 2018a)
V.o roads in 2017 29,865,300
(year 0)
LIB 1st lifetime (in EV)
M Vehlncqlitleelalz:me 190,000 km assumed =M
(Ricardo AEA, 2015)
. . DT
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yearly mileage V_0
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passenger vehicle
EV LIB k 323 k
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(Battery University, 2020;
Raugei et al., 2018)
EV electricity Based on EV data weighted
VEC consumption (use 0.2 kWh(kerIT(]ectr)/ by vehicle segment

phase) (Raugei et al., 2018)

Table 2. Basic EV and LIB parameters and assumptions.

2.2.EV battery evolution

The EV battery evolution model tracks the electrode composition of future generations of lithium-ion
batteries, based on the expected battery technology advancement in the automotive sector. The battery
composition allows determination of the amount of metals required per battery in each year. This
information is then fed to the vehicle fleet model to quantify the annual demand for key battery metals
required by the LDV sector.

A typical LIB cell is composed of a graphite anode, a metal oxide or phosphate cathode and a liquid
electrolyte. The type of cathode formulation dictates the characteristics and the performance of the LIB, and
therefore it plays a vital role in its improvement (Liu et al., 2016). The widely used cathode chemistries today
by EV manufacturers are lithium iron phosphate (LFP), nickel cobalt aluminium oxide (NCA), and nickel
manganese cobalt (NMC). LFP is mainly utilized by EV manufacturers in China and it its market share is
expected to dwindle due to the improved driveability performance of NCA and NMC batteries (LFP batteries
still retain potential for short-range vehicles, electric buses and electric bikes in the coming years) (Pelegov
et al., 2018; Pillot, 2019; IEA, 2020). The majority of registered EVs in the UK and globally use either NCA or
NMC cathode types. NMC is the most widely adopted battery chemistry by most EV manufacturers and its
market share is expected to increase further in the coming decades, alongside improved driving ranges (IEA,
2020; Ding et al., 2019; Or et al., 2020). For this reason, in this study the entire vehicle fleet is assumed to
use NMC batteries.

The improvement in the driving range of the vehicle depends on the energy density of the battery and this is
dictated mostly by its cathode chemistry. The changes in cathode chemistries have direct implications on the
demand of material. The original NMC-111 cathode composition had a significant share of cobalt which
influenced the cost of the battery due to the metal’s supply chain risk and price spikes in recent years, and it




is currently being phased out (IEA, 2020; Azevedo et al, 2018). It is expected that in the near future NMC
batteries will follow a trend towards higher nickel content, from the already common NMC-622 to future
NMC-811, as this will increase the energy density of the cell and reduce the reliance on cobalt (Merriman,
2019; Element Energy, 2016; Ding et al., 2019). There is much current research on different battery
technologies such as lithium-metal solid state and lithium-sulphur to provide improvements relative to LIBs
in the future; however, these technologies exhibit large uncertainties in their working capability, and are not
yet deemed viable for commercialisation (Zeng et al., 2019; Borah et al., 2020). Therefore, considering LIBs
have already established themselves in the EV industry, it is assumed here that the NMC chemistry will
continue to dominate in the EVs sector through to 2050.

The trends for the amounts of four key metals per kWh of battery pack (Olivetti et al., 2017), lithium (Li),
nickel (Ni), manganese (Mn) and cobalt (Co), are tracked in the model in order to quantify their
corresponding overall demand. The model assumes a linear progression in the improvement in the battery
energy density to 2035, due to a gradual hand-over from NMC-622 to NMC-811. After that, a further linear
improvement in energy density is expected to take place thanks to a reduction in the weight of the battery
pack casing and ancillary systems. It is further assumed that all energy density improvements will be
exploited to achieve increased vehicle driving range, while the overall mass of the battery pack is considered
to remain constant all the way to 2050. Table 3 summarizes the expected bi-modal trends in LIB energy
density and key metal contents from 2020 to 2050.

kWh(LIB) kg(Li) kg(Ni) kg(Mn) kg(Co)
Year Cathode type /kg(LIB) /kWh(LIB) /kWh(LIB) /kWh(LIB) /kWh(LIB)
2020 NMC-622 0.15 0.126 0.641 0.2 0.214
2035 NMC-811 0.25 0.111 0.75 0.088 0.094
2050 NMC-811 0.275 0.111 0.75 0.088 0.094

Table 3. Summaries the basic parameters regarding the battery evolution adopted from (Element Energy,
2016; IEA, 2020; Olivetti et al., 2017).

2.3.Grid battery storage

The on-going move from a high-carbon to a low-carbon energy supply mix is going to entail a high
penetration of intermittent renewables while at the same time satisfy an increased peak demand due to the
electrification of transport (Zero, 2019); this undoubtedly creates a challenge to balance the power supply
and demand. In the future, a reduced presence of conventional dispatchable power plants such as gas
turbines is expected to not only make it difficult to provide the flexibility needed in the grid but also cause a
reduction in the grid inertia, hence making the grid more susceptible to instability (Ulbig et al., 2014).
Therefore, efforts to decarbonize the electricity sector must also focus on ensuring system stability and
power delivery in a sustainable, affordable and reliable manner (Sanders et al., 2016). At the same time, in
the future there will be very large numbers of EoL EV batteries, with potential to provide energy storage for
the grid (Engel et al., 2019; Abdelbaky et al., 2020; Greim et al., 2020). National Grid’s FES estimate the
demand for energy storage technologies to meet the various decarbonisation targets. Specifically, in the FES
“Leading the way” scenario, battery storage is expected to increase to 56.2 GWh in 2050 (National Grid,



2020), and this provides ample opportunity to reuse EolL EV batteries. This section examines the potential for
second-life batteries to meet the demand for grid storage. The “Grid Battery Storage” model tracks the
additional and residual required storage capacity that will be met by both second life and purpose-built LIBs
stacks in each year, consistently with the overall yearly requirement for battery storage projected by FES
“Leading the way” Scenario.

LIBs in EV applications undergo both power and capacity fade, the latter affecting more significantly the EV
driveability performance (Saxena et al., 2015). The capacity fading of EV LIBs at the end of their first life is
determined by the combination of cycle aging and calendar aging. Aging due to the number of times the
battery is discharged and recharged is known as cycle aging, whereas calendar aging is the natural aging
process of the battery, independent of charge and discharge cycles (Xu et al., 2016). Based on expected EV
mileage, the trends of cycle aging and calendar aging were extrapolated here from De Gennaro et al. (2020),
leading to estimations for the capacity fade at EoL equal to 20% of the initial usable capacity for TaaS EVs,
and 30% for Private EVs; in the latter case, the most significant effect was found to be calendar aging
(Redondo-Iglesias et al, 2018). Once EV batteries are retired from their first life, they can be reused to serve
in less demanding applications in their second life, such as for stationary energy storage, which can eliminate
some of the environmental and energy impacts associated with manufacturing new batteries (Martinez-
Laserna et al, 2018). Currently the largest second-life initiatives are: “Daimler Mobility House” with 13MWh
of second-life batteries used for compensating power fluctuations (Daimler, 2015); “Advanced Battery
Storage” launching this year with 60 MWh of second-life batteries to facilitate the integration of renewables
by 2020 (Groupe Renault, 2018); and the “SmartHubs Connected Energy” pilot project which is set to launch
in 2021 with 14.4MWh of second-life batteries to provide grid balancing services (Connected Energy). As the
UK grid transitions from distribution network operators (DNOs) to distribution system operators (DSOs), this
could allow electric vehicles and small-scale batteries to participate in flexibility services to enhance the
utilization of renewables and reducing the peak demand (PWC, 2019; Element-Energy, 2019). Although this
can be a good opportunity to bring potential value to second life batteries and V2G, there are still technical
and regulatory barriers which need to be overcome (Catapult, 2020; PWC, 2019).

Unlike EV batteries, stationary grid-level energy storage does not necessarily require the high energy density
provided by NCA and NMC technologies. Therefore, the model assumes all purpose-built LIBs for grid energy
storage are of LMO cathode composition. LMO is a mature technology without the presence of high supply
risk metals, making it a safe choice for stationary storage. Energy storage batteries can participate in various
grid applications such as reducing peak demand, smoothing the power output from renewable generation,
controlling the ramp rate and maintaining the grid frequency (Hesse et al, 2017). The vast number of
applications that LIBs can participate in makes determining their remaining lifespan quite uncertain. Based
on the lifetime studies for purpose-built grid-level energy storage in various applications, a lifetime of 10
years is assumed for dedicated first-life LIBs (Thorbergsson et al, 2013; Zhang et al, 2019). For second life
batteries, studies suggest that batteries retired from their first life after 8 to 10 years could be re-used for an
additional 5 to over 10 years, depending on the type of battery applications they participate in (Hossain et
al., 2019; Smith et al., 2017; Casals et al., 2019). Some studies have even assumed a 20 year total lifetime, in
which second life is determined by subtracting the first life from the total lifetime (Greim et al., 2020;
Hossain et al., 2019). In this paper, a conservative assumption of a 5-year lifespan is made for second-life
grid applications. Table 4 summarizes the basic parameters and assumption made for second-life NMC LIBs,
and grid-dedicated LMO LIBs.



Furthermore, V2G is expected to come into play by year 2026, according to the projections of the FES
“Leading the way” scenario, from 22GWh of storage capacity in 2030 to 270GWh in 2050. V2G is a type of
demand-response service which allows EVs to communicate with the electricity grid to either provide
electricity to the grid or limit their charging rate to shift and reduce peak demand (Corp, 2017). According to
the FES assumptions, a growing share of all EVs would end up participating in V2G services, up to 45% in
2050 (National Grid, 2020). When assuming such V2G storage capacities and engagement ratios in this
dynamic material flow model, the additional average yearly load on each EV battery (relative to the drive
cycle consumption) remains below 1%. Therefore, it seems unlikely that V2G would significantly impact the
average expected LIB lifetimes in the EV fleet as a whole.

With regards to the three overall scenarios presented in Section 2, in scenario | (“worst case”) there is zero
collection of EoL EV LIBs, and so the entire battery demand for grid storage is only met by purpose-built LIBs.
In scenario Il (“baseline”) the collected EoL EV LIBs are from private EVs, whereas in scenario Il (“TaaS”) the
collected EoL EV LIBs are from a mix of private and TaaS EVs. In both the latter scenarios the collection rate
for EoL EV LiBs is increased linearly from a conservative 80% in 2020 to 99% in 2050. The initial estimate for
year 2020 is based on the disclosed collection figures on EV batteries and Eol vehicles (European
Commission, 2019). Although the disclosed figures are reported to be higher, they present significant
missing data (European Commission, 2019).

The yearly available storage capacity of EoL EV LIBs is based on the collected amount of EoL LIBs tracked in
the “Vehicle Fleet” model and the residual storage capacity of EoL EV LIBs in that particular year. The
residual battery storage capacity at EoL depends on the cathode composition tracked by the “Battery
Evolution” model and the capacity fade of the battery in its first life. For EoL private and TaaS EVs, the
composition of the battery is based on the year the EV was introduced in the vehicle fleet, which is 14 years
and 3 years before, respectively.

The “Grid Battery Energy Storage” model quantifies the total storage capacity met each year by second-life
batteries and purpose-built LIBs up to 2050. The FES “Leading the way” scenario provides the expected
installed battery storage capacity (kWh) through to 2050, and this is used to calculate the additional demand
for storage capacity required each year. The latter is set to be preferentially met by second-life LIBs. When
the available storage capacity of EoL EV LIBs is not sufficient, the residual demand is then met by purpose-
built LIBs in that particular year. As both the second-life and purpose-built LIBs reach the end of their
remaining life and need replacement, the model then assumes that the additional storage capacity demand
created by such replacement is again preferentially met by EoL EV LIBs.

Grid LIB and 2™ lif
rid an e Default value Units Refs/notes/assumptions
Parameters
Energy Density of LMO LIB 0.114 kWh/ kg (Notter et al., 2010)
Based on Ecoinvent foreground
kg(Li)/ kg inventory data on LMO
Li content in LMO LIB 0.006 (battery production
pack) (Ecoinvent, 2020; Notter et al.,
2010)




Based on Ecoinvent foreground
kg(Mn)/ kg inventory data on LMO
Mn content in LMO LIB 0.099 (battery production
pack) (Ecoinvent, 2020; Notter et al.,
2010)
Average 1st life lifetime for 10 years Assumption based on literature
LIBs used in grid-level studies (Thorbergsson et al,
applications 2013; Zhang et al, 2019)
Assumption based on literature
studies
Average 2nd life lifetime 5 years
(Hossain et al., 2019; Smith et
al., 2017; Casals et al., 2019)
LIB capacity fade at EoL for 30% Extrapolated based on
private EVs (De Gennaro et al., 2020)
LIB capacity fade at EoL for 20% Extrapolated based on
TaaS EVs (De Gennaro et al., 2020)

Table 4. Basic second-life and purpose-built LIB parameters and assumptions.

2.4.Battery recycling

The battery recycling model tracks the retired EV batteries from the vehicle fleet entering recycling after
their first and second lives. It also keeps track of the amounts of battery metals (Li, Ni, Mn and Co)
respectively required by the vehicle fleet and available after recycling each year. The collection of EoL
purpose-built grid batteries has not been considered because there may not be enough incentive for it. It is
then assumed in the model that once the battery metals are recovered in a particular year, they are sent
straight back to the manufacturing of EV batteries to meet the demand for EVs in the same year, as
calculated in the vehicle fleet model.

The most mature and, historically, the most widely employed process for recycling spent LIBs is the
pyrometallurgical recycling process. However, it is characterised by high energy requirement, relatively low
metal recovery rates and adverse environmental impacts (Arambarri et al.,, 2019) which can reduce the
environmental benefits of EVs. Therefore, considering the higher efficiency of metal recovery that is typical
of hydrometallurgical recycling processes, and the fact that a number of large-scale implementations of this
technology are already under way in Asia, the model assumes that in the future all EV batteries entering
recycling will undergo hydrometallurgical treatment (Zheng et al., 2018; Wang et al., 2015; Gaines, 2018;
American Manganese Inc., 2020). Table 5 summaries the expected recovery efficiencies for the four
considered metals using hydrometallurgical recycling (Greim et al., 2020; Cheret & Santen, 2007; Chen &
Zhou, 2014; Melin, 2019).

Metals  Recovery Efficiency Reference

Li 95% (Greim et al., 2020)




Ni 99% (Cheret & Santen, 2007)

(Chen & Zhou, 2014; Melin,
2019)
(Cheret & Santen, 2007)

Mn 95%

Co 94%

Table 5. Recovery efficiencies of metals in hydrometallurgical recycling process.

3. Results and Discussion

Figure 4 illustrates the modelled development of the total UK LDV fleet, from 2020 to 2050, respectively
when assuming: (A) no penetration of TaaS (“worst case” and “baseline” scenarios), and (B) a relatively rapid
success of various TaaS schemes, eventually cumulatively accounting for up to 45% of all new LDV
registrations in 2050 ( “TaaS” scenario). In all scenarios the entire UK fleet is expected to be essentially rid of
conventional ICEVs by the early years of the 2040 decade. While this might appear as a rather extreme
outcome over a relatively short time scale, it is in fact entirely consistent with the current government plans
to mandate the complete phase out of all new ICEVs by 2030, combined with an average lifetime of 14 years
for private LDVs, as discussed in Section 2.1. The reduction in demand for total vehicle units in the “TaaS”
scenario (-13% by 2050) is the direct result of the improved efficiency with which TaaS vehicles can deliver
the same unit of service (in terms of km travelled per year) when compared to privately-owned vehicles.

Figure 5 then illustrates a direct overlay of the expected new vehicle registrations in each year, under the
“worst case” and “baseline” vs. “TaaS” scenarios assumptions.

Figure 6 presents the different quantities of EoL EV LIBs that are collected and either sent directly to
recycling or repurposed for second-life grid storage. In the “worst case” scenarios, no collection is assumed
to take place, and as a result all of the EoL EV batteries are “lost”. In the “baseline” scenario, EoL LIB material
flows begin in the year 2032, when the first private EVs reach their EoL. Virtually all collected LIBs go to
second life in the first year, due to the demand for grid storage initially almost absorbing all available EolL
LIBs; however, the share of EoL EV LIBs that are sent straight to recycling then quickly increases, due to the
much more rapid growth in EV numbers vs. grid storage requirements, and it eventually reaches almost 90%
in 2050. In the “TaaS” scenario, the shorter-lived TaaS EVs can already be seen reaching their EoL as early as
in 2024, but until 2029, the majority of the collected Eol LIBs go straight to recycling, since the demand for
grid storage is still small. Then, after 2032, the arrival of larger numbers of EoL private EVs leads to a similar
trend as in the “baseline” scenario, in terms of a preponderance of direct recycling over second-life. Thus, as
a whole, over the three decades under consideration, from 2020 to 2050, the impact of second-life
applications on LIB recycling rates can be expected to be minimal.

Figure 7 then presents the results of the grid battery storage model, where the blue line indicates the
expected incremental demand for installed LIB storage capacity relative to the previous year (this
information is provided in National Grid’s “Leading the way” FES projections (National Grid, 2020), and
applies equally to all three scenarios), and the three green lines indicate the results of three model
calculations for the resulting net demand for purpose-built stationary (LMO) LIBs, respectively in the “worst
case”, “baseline” and “TaaS” scenarios, after accounting for: (i) the need to replace LIB units when they
reach their expected end of service life, and (ii) the availability of additional storage capacity provided by



second-life EV LIBs. The results clearly differ for the three scenarios under consideration. In the “worst case”
scenario the yearly demand for purpose-built LIB storage for the grid rises to over 5 GWh by the early 2030s
and then essentially fluctuates between 5 and 7 GWh/year, due to the need to keep replacing the batteries
that reach their EoL. In the “baseline” scenario, instead, the availability of second-life LIBs from the LDV
sector significantly curbs the demand for purpose-built LIB storage after 2030, bringing it down to zero by
2032. In other words, after 2032 the availability of EoL EV LIBs is expected to exceed the total demand for
LIB storage capacity by the grid, even when considering the limited lifespan of both the originally installed
LMO batteries and the second-life NMC batteries coming from EoL EVs, and the multiple replacements
required.

The “TaaS” scenario then further improves on these results, because the more rapid turn-over of TaaS
vehicles in the LDV fleet effectively brings forward the availability of a sufficient quantity of EoL EV LIBs to be
re-used in second-life applications. In this third scenario, therefore, the demand for purpose-built LMO
batteries for grid storage is essentially brought down to zero as soon as in 2024.

Finally, Figure 8 presents the results of the complete material flow analysis of the net demand for virgin LIB
metals (Li, Mn, Co and Ni) in the UK, when considering the link between the transport and energy sectors
resulting from the second-life reuse of EoL EV LIBs, and the effect of LIB recycling. The individual demands
for Li and Mn by the LDV fleet and the electricity grid are also reported separately (respectively, using
dashed lines and dotted lines). A second vertical scale is used to plot the demand for Ni, since the latter is
generally one order of magnitude larger than those for the other metals.

Comparing the results for the “baseline” and “worst case” scenarios puts in stark relief the key roles that
recycling and, to a lesser extent, second life are poised to play in reducing the demand for virgin LIB metals.
Specifically, in the “worst case” scenario the demands for all metals first peak in the early 2030s, respectively
at around 25,000 tonnes/year (Li, Co and Mn) and approximately 160,000 tonnes/year (Ni), then dip by 20-
30% by 2040, before rising even higher towards 2050 (the dynamics of these demand curves are primarily
dictated by the sigmoid growth of the EV fleet - cf. Figure 5).

Instead, in the “baseline” scenario a steadily growing collection rate for EoL EV LIBs, from 80% in 2020 to
99% in 2050, is enough to not only prevent a second peak in demand for all key LIB metals, but to effectively
drive the need to source them from raw resources back down to present levels by 2050, thereby almost
“closing the loop” on the LIB sector and dramatically staving off all concerns related to any long-term
shortage of supply.

The “TaaS” scenario then produced even more remarkable results, in that the projected contraction in the
total LDV fleet size, combined with the more rapid turn-over of EoL LIBs afforded by the widespread
deployment of TaaS vehicles, were found to drive the net demand for virgin LIB metals to negative values
after 2040. In other words, if the conditions for this scenario were met, there would be a net surplus of Li,
Mn, Co and Ni availability coming from the combined throughput of LIBs in the LDV and electricity grid
sectors in the UK in the last decade of the considered time frame, from 2040 to 2050.
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Figure 4. Projections for the total light duty vehicle fleet in the UK. A = “worst case” and “baseline”
scenarios; B = “TaaS” scenario. EVt = electric vehicles used for transport-as-a-service; EVp = privately owned
electric vehicles; ICEVp = privately owned internal combustion engine vehicles.
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Figure 6. Quantities of EoL EV LIBs that are respectively: (i) uncollected; (ii) collected and sent straight to
recycling; and (iii) collected and repurposed for second-life grid storage applications. A = “worst case”
scenario; B = “baseline” scenario; C = “TaaS” scenario.
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4. Conclusions

The collection and recycling of end-of-life electric vehicle battery packs is not only critical in pursuing
resource circularity in the supply chain for lithium-ion batteries, but also very effective in achieving such a
goal within the next three decades in the UK. This has been proven beyond doubt by this integrated and
internally consistent dynamic material flow analysis of the ever-more-tightly-coupled light duty vehicle and
electricity sectors.

It has also been shown that repurposing EoL EV batteries for grid storage applications is clearly a
recommendable strategy, in that it allows dramatically curbing the requirement for purpose-built battery
storage deployment, while only marginally affecting the demand for virgin materials for the EV sector. This is
due to a combination of: (i) the order-of-magnitude larger expected throughput of battery storage capacity
in the transport vs. the electricity sectors, and (ii) the relatively short time lag imposed by second life on the
eventual recovery of the battery metals by recycling.

Finally, it is clear that a projected large shift in behaviour change, from the conventional vehicle ownership
model to a shared mobility model with a focus on transport as a service, could further reduce the demand
for virgin battery metals, to the point where the UK could actually become a net supplier of Li, Co, Mn and Ni
to the battery industry by 2040. An oversupply of recycled battery metals could have spill-over benefits in
terms of facilitating the penetration of LIBs into other sectors too, including heavy-duty vehicles. Of course,
such oversupply cannot be expected to last indefinitely, and supply and demand are bound to eventually
balance out again in the farther future, when the penetration of Taa$S reaches a plateau and the overall light-
duty vehicle fleet size stabilizes again. However, attempting to draft quantitative scenarios that extend
significantly beyond three decades is fraught with increasingly large uncertainties, not only about vehicle use
trends, but also about other potential energy storage technologies that might become commercially viable
and partly displace LIBs as the preferred option. Further degrees of uncertainty are also tied to potential
future exports of recycled LIB metals and to the possible mass penetration of LIBs into other markets beyond
the transport sector; however, these considerations fall outside of the scope of this paper and do not detract
from the general validity of the results presented here, in terms of the effectiveness of recycling and shared
mobility.
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