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Techno-economic assessment of thin lithium 
metal anodes for solid-state batteries
 

Matthew Burton    1,2, Sudarshan Narayanan    1,2,3, Ben Jagger    1, 
Lorenz F. Olbrich    1, Shobhan Dhir1, Masafumi Shibata    1,4, Michael J. Lain5, 
Robert Astbury6, Nicholas Butcher    6, Mark Copley    5, Toshikazu Kotaka4, 
Yuichi Aihara    4 & Mauro Pasta    1,2 

Solid-state lithium metal batteries show substantial promise for overcoming 
theoretical limitations of Li-ion batteries to enable gravimetric and 
volumetric energy densities upwards of 500 Wh kg−1 and 1,000 Wh l−1, 
respectively. While zero-lithium-excess configurations are particularly 
attractive, inhomogeneous lithium plating on charge results in active 
lithium loss and a subsequent coulombic efficiency penalty. Excess lithium is 
therefore currently needed; however, this negatively impacts energy density 
and thus limiting its thickness is essential. Here we discuss the viability of 
various technologies for realizing thin lithium films that can be scaled up 
to the volumes required for gigafactory production. We identify thermal 
evaporation as a potentially cost-effective route to address these challenges 
and provide a techno-economic assessment of the projected costs 
associated with the fabrication of thin, dense lithium metal foils using this 
process. Finally, we estimate solid-state pack costs made using thermally 
evaporated lithium foils.

Lithium metal batteries (LMBs) offer enhanced volumetric and 
gravimetric energy densities compared with Li-ion batteries (LIBs), 
owing to lithium’s higher specific capacity than graphite1. Den-
dritic lithium deposition and cell shorting are problematic in the  
liquid state2, whereas solid electrolytes (SEs) can in theory suppress 
dendrite formation to allow LMBs to achieve the high C-rates and 
volumetric energy density (1,000 Wh l−1) desired by the automotive 
industry3,4.

To become a reality, solid-state battery (SSB) production 
costs must be competitive with LIBs. The USABC’s target cost for 
high-performance electric vehicle (EV) batteries is US$125 kWh−1  
(ref. 5). Cathode production costs for lithium SSBs are not envis-
aged to be substantially different from liquid-state LIBs, as cathode 
active materials (CAMs) are interchangeable between liquid and solid 
states. SEs are yet to be finalized, with various electrolytes and produc-
tion techniques being investigated6, but the most promising utilize 

Earth-abundant materials, so their cost at scale should not prove to 
be prohibitive to SSB adoption7.

Anode production methods have been discussed in the literature8,9, 
yet their ability to be commercialized for SSBs and the cost of produc-
tion are yet to be analysed. A recent Benchmark solid-state and LMB 
report concluded that the lithium metal industry is underprepared 
for widespread development of LMBs10, projecting that battery-grade 
lithium metal supply will fall short of demand in 2024.

Herein we calculate the volumetric energy density as a function 
of anode thickness to determine the maximum permissible thick-
ness of lithium metal anodes able to achieve an energy density of 
1,000 Wh l−1. We then analyse lithium production techniques to identify 
the most promising candidate for mass-scale production and conduct 
a techno-economic assessment to estimate the associated production 
costs. Finally, we discuss the critical scientific and technological chal-
lenges in implementing mass production.
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In addition, there is considerable solid electrolyte interphase (SEI) 
formation17,18, further reducing the CE.

This highlights the need for a lithium excess layer, as inhomogene-
ous lithium plating can be subdued by providing a lithium seed layer for 
lithium to plate onto15. The seed layer also acts as a reservoir to replace 
any lithium lost to irreversible processes during charge/discharge (for 
example, SEI formation), and could also allow for the use of passivation 
layers, which are known to have an impact on SEI formation and CE19,20. 
This seed layer ultimately lowers the energy density, as can be seen in 
Fig. 1d. To meet the volumetric energy density target of ≥1,000 Wh l−1, a 
maximum excess of 17 µm (Fig. 1b) is permitted. To achieve 75% capacity 
retention after 1,250 cycles with this lithium excess, an average CE of 
≥99.929% is required (shown by dashed lines in Fig. 1e; Supplementary 
Table 1). This CE is not substantially higher than has already been pub-
lished in the literature (>99.8% over 1,000 cycles)4, and thus should be 
viewed as an achievable target for the automotive industry.

Manufacturing thin lithium metal anodes
There are several ways of producing lithium metal anodes; how-
ever, the technology must be mature, cost competitive and the 
production rate compatible with gigafactory outputs (35 GWh yr−1 
equates to 197 Mm2 yr−1; see ‘Gigafactory calculation’ in Methods).  
Acebedo et al. categorize the commercially most feasible techniques 
into four groups8: extrusion, liquid-based, electrodeposition and 
vapour-based (Fig. 2).

The current commercial standard method of manufacturing thin 
lithium foils is through a combination of extrusion and calendering 

Lithium anode requirements
To achieve the high energy density battery desired by the automotive 
industry, one could use high areal capacities (Fig. 1d). Higher areal 
capacities, however, limit the charge/discharge rate owing to limita-
tions of ion transport within the composite cathode11. A teardown of 
Tesla’s latest Li-ion 4680 cylindrical cell revealed an areal capacity of 
4.9 mAh cm−2 (ref. 12), while Samsung has reported good cyclability 
of a lithium metal SSB with an areal capacity of 5.4 mAh cm−2 (ref. 4). 
This work will therefore take an areal capacity of 5.4 mAh cm−2 as an 
achievable target for commercialized SSBs.

SSB energy density is maximized in the zero-lithium-excess 
architecture (Fig. 1a), where on cell assembly fully lithiated CAM is  
used in the composite cathode while the anode simply consists of 
a current collector (CC). Upon charging, lithium plates on the CC 
forming the anode. This zero-lithium-excess configuration with  
an areal capacity of 5.4 mAh cm−2 leads to a cell energy density of 
1,100 Wh l−1 (Fig. 1d; calculation details are shown in Methods and 
cell geometry in Supplementary Figs. 1 and 2)4. To achieve 75% capac-
ity retention (CR) after a target number of cycles (n) of 1,250 (as EV  
health guarantees require)13, an average coulombic efficiency (CE) 
target of ≥99.964% per cycle is required in the zero-lithium-excess 
configuration (as shown by the y-intercept in Fig. 1e), where CE is 
defined as the proportion of the cyclable lithium inventory retained 
each cycle14.

While ideally SEs would suppress dendritic growth and prevent 
lithium loss from reducing the CE, zero-lithium-excess SSBs currently 
suffer from inhomogeneous lithium deposition on the first charge15,16. 
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Fig. 1 | Analysis of lithium metal anode thickness in solid-state batteries.  
a–c, Schematics of SSBs with varying anode thicknesses: zero lithium excess (a), 
17 µm (b) and 100 µm (c). d, Volumetric energy density as a function of anode 
thickness (dashed lines represent the maximum permitted anode thickness to 

achieve 1,000 Wh l−1, when an areal capacity of 5.4 mAh cm−2 is used). e, CE required 
to maintain 75% capacity after 1,250 cycles (dashed lines represent the minimum 
required CE to maintain 75% capacity after 1,250 cycles when an areal capacity of 
5.4 mAh cm−2 and a starting volumetric energy density of 1,000 Wh l−1 are used).
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(Fig. 2a). Calendering can produce ~50 µm films in a reliable and repro-
ducible manner1. This, however, is still notably too thick to achieve a 
volumetric energy density of 1,000 Wh l−1. The highly adhesive nature 
of lithium makes damage-free calendering to below 50 µm extremely 
challenging9,21, so 20 µm lithium foils are only commercially available 
with a high cost of ~US$6,000 m−2 (ref. 22).

The low melting temperature of lithium lends itself to liquid-based 
processing (Fig. 2b). The highly reactive nature of lithium and its adhe-
sion to tooling and equipment surfaces, however, limits the use of 
melt-processing techniques in obtaining scalable lithium films having 
sub-50 µm thicknesses in a reliable and reproducible manner.

Electrodeposition (Fig. 2c) can in theory be used to fabricate films 
of a set thickness. The use of liquid electrolyte is problematic, however, 
as concurrent lithium electrodeposition and SEI formation results in 
high-surface-area filamentary growth2,23, often forming lithium with 
a porous, ‘mossy’ morphology that would be unsuitable for use in 
SSBs. Salt concentration gradient formation in liquid electrolytes may 
further impose a limit on electrodeposition rate24. Liquid electrolytes 
are also often flammable and highly fluorinated25,26, raising both safety 
and environmental concerns.

There are several vapour-based techniques (Fig. 2d), which can 
be broadly divided into chemical and physical processes. The former 
includes processes such as chemical vapour deposition and its subsec-
tion atomic layer deposition (ALD) that are generally difficult to scale 
and have low throughput rates27. The latter are broadly called physical 
vapour deposition, encompassing techniques such as pulsed laser 
deposition (PLD), sputtering (magnetron and ion-beam) and thermal 
evaporation (TE).

PLD has been shown to make 3 µm thick lithium films28; however, 
the deposition time was long (4 h, ~8 nm s−1) and the substrate area was 
small (2 cm2). While PLD thin lithium metal films can be purchased from 
a Finnish company (Pulsedeon, https://www.pulsedeon.com/), the 
slow deposition rate of PLD so far makes the processes economically 
unviable for mass-produced 17 µm films. Sputtering is a widely used 
and industrially recognized technique for large-area deposition; how-
ever, the low melting point of lithium (180.5 °C) and lack of adhesion 
to metals such as Cu used as target backing plates make it unsuitable 
for large-scale lithium processing.

TE can exploit the low melting temperature and high vapour 
pressure of lithium at low temperatures. The viability of TE for pro-
cessing lithium has been shown in the literature29,30. Deposition rates 
>100 nm s−1 are feasible and the technique is well established in indus-
trial roll-to-roll (R2R) processes31–33. Compared with their calendered 

counterparts, lithium films produced using TE possess good homo-
geneity and surface conformality and are largely defect-free34. Pilot 
and commercial line level equipment for realizing evaporation of 
metals including lithium in R2R processes is already commercially 
available from various manufacturers31–33,35. Furthermore, Li Metal 
Corp. recently announced the successful production of battery anodes 
using TE-processed ultra-thin lithium metal, and expects to commis-
sion a commercial scale TE machine capable of coating 1–2 Mm2 of 
anode material by the middle of 202436. TE can utilize either the CC or 
SE as the substrate.

Herein TE is therefore considered the most suitable technique so 
far for producing thin films with controlled thickness, high quality and 
reproducibility, and at industrial scale37.

Techno-economic assessment of evaporated 
lithium metal foils
While thinner lithium metal anodes would result in lower produc-
tion costs when produced by TE, here, unless otherwise stated, the 
costs are assessed for 17 µm lithium metal anodes. This represents the 
upper boundary thickness to achieve a volumetric energy density of 
1,000 Wh l−1 (Fig. 1d).

Li-ion cell costs have substantially decreased over the past dec-
ade, costing US$120 kWh−1 in 2022 (compared with US$502 kWh−1 in 
2013)38,39. Anode active materials in LIBs only account for about 10% of 
the overall manufacturing costs40. Taking a 5.4 mAh cm−2 cathode load-
ing, an average cell voltage as 3.8 V and assuming reasonable scrapping 
rates (see ‘Scrap rate’ in Methods), the lithium anode would need to 
cost US$2.08 m−2 to match graphite anode costs in current commercial 
LIBs (compared with US$8.69 m−2 in 2013). An average gigafactory has 
an output rate of 35 GWh yr−1 (ref. 41), which leads to a requirement of 
197 Mm2 yr−1 of lithium foil to produce SSBs at that rate (see ‘Gigafactory 
calculation’ in Methods).

The lithium deposition rate achieved by TE has been demonstrated 
to be 140 nm s−1 (Methods), and Emerson and Renwick Limited makes 
1.2 m drum width R2R high-throughput vacuum coating platforms 
capable of depositing for 85% of the time and working continuously 
for 7 years, with an active coating length of 1 m (active coating area 
1.2 m2). This leads to the production rates seen in Fig. 3a and reveals 
a production rate of 30.24 m2 h−1 (0.265 Mm2 yr−1) for 17 µm lithium; 
thus, an average output gigafactory (35 GWh yr−1) would require 
744 thermal evaporators of this specification. We estimate that this 
would require a capital expenditure of US$1.30 billion (Supplementary 
Methods ‘Machine costing’), which may prove to be prohibitive as this 

a

c d

b

Fig. 2 | Schematics depicting the commercially most feasible production methods for lithium metal anode. a–d, Calendering (a), liquid-based (b), 
electrodeposition (c) and vapour-based (d).
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would be a substantial fraction of average gigafactory initial capital 
expenditure41,42 (Fig. 3b).

The thermal evaporator could be scaled up to 3.0 m without add-
ing notable extra costs. Above 3.0 m, thicker, heavier rollers (to prevent 
roller deflection) and larger motors and drives would be required, 
increasing costs substantially. We estimate that scaling to 3.0 m would 
add 30% to the machine cost, but increase the production rate by a fac-
tor of 2.5 (Fig. 3a) while simultaneously increasing lithium utilization 
(see Supplementary Fig. 3 and ‘Lithium utilization’ in Supplementary 
Information). This would substantially reduce the number of thermal 
evaporators required from 744 to 298, thus reducing initial capital 
expenditure from US$1.30 billion to US$0.68 billion (Fig. 3b). Electric-
ity, overheads and administration costs would also reduce per unit area 
owing to the economies of scale of the larger machine. The differences 
in capital expenditure, output rate and production costs are illustrated 
in Fig. 3c. The rest of the techno-economic assessment, therefore, will 
focus on a 3.0 m wide deposition substrate (active coating area 3.0 m2).

The production costs of the thermally evaporated lithium metal 
anodes can be broken down into nine categories: Li2CO3, processing 
Li2CO3, labour, depreciation, variable overhead, general, sales and 
administration, financing and other manufacturing costs (see Sup-
plementary Methods ‘Production costs’ for further details).

Fixing Li2CO3 at US$22 kg−1 (market price November 2023) and 
electricity at US$0.207 kWh−1 (2 year average of the United Kingdom, 
France and Germany, November 2021–2023)43,44 yields the production 
costs shown in Fig. 3c (US$4.30 m−2). The breakdown of the costs is 
shown by the pie charts in Fig. 3c and by the dashed lines in Fig. 4. This 
highlights that for the 17 µm lithium metal anode scenario, the three 
most important production costs are Li2CO3, processing Li2CO3 and 
electricity. Figure 4a–c fixes Li2CO3, processing Li2CO3 and electricity, 

respectively, to highlight their independent effect on the production 
costs in terms of US$ m−2 of anode and US$ kWh−1 of battery cost.

Between February 2023 and February 2024, the price of Li2CO3 
varied by ~500% between US$70.5 kg−1 and US$14.25 kg−1 (refs. 43,45).  
This is visualized by the grey area in Fig. 4a yielding a production 
cost between US$3.89 m−2 and US$6.85 m−2 (US$21.9 kWh−1 and 
US$38.6 kWh−1). UK electricity prices varied between US$0.075 kWh−1 
and US$0.577 kWh−1 from November 2021 to 202344; this is visualized by 
the grey area in Fig. 4c yielding a production cost between US$3.84 m−2 
and US$5.59 m−2 (US$21.6 kWh−1 and US$31.5 kWh−1). Taking the minima 
of both would yield a production cost of US$3.43 m−2 (US$19.3 kWh−1), 
which is still higher than the target of US$2.08 m−2 (US$11.7 kWh−1) to 
match LIB graphite anode costs.

Every US$0.01 kWh−1 increase in electricity cost adds US$0.035 m−2 
(US$0.196 kWh−1) in production cost, while every US$1.00 kg−1 
increase in Li2CO3 or processing Li2CO3 costs adds US$0.053 m−2 
(US$0.296 kWh−1). Alternatively, if pure lithium was purchased, then 
every US$1.00 kg−1 increase in lithium price would add US$0.0098 m−2 
(US$0.055 kWh−1) in production costs. Figure 5 shows the combina-
tions of purified lithium and electricity costs necessary to achieve a 
production cost of 2.08 m−2.

These costs are calculated assuming that 17 µm lithium anodes 
are used and a deposition rate of 140 nm s−1. If a higher CE could be 
achieved, then thinner anodes could be used. The inverse correlation 
between thickness and cost is visualized in Supplementary Fig. 4, with 
the effect of Li2CO3 and electricity price also visualized. If only 10 µm 
of lithium excess was required, then the anode cost could be brought 
down to US$2.58 m−2 (US$14.5 kWh−1). Deposition rate is also seen to 
have a substantial impact on production cost (Supplementary Fig. 5), 
with Li2CO3 cost having a more substantial impact at higher deposition 
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rates, while electricity has a more substantial impact at lower deposi-
tion rates. If the deposition rate could be improved from 140 nm s−1 to 
1,000 nm s−1, then the anode production cost could be brought down 
to US$2.78 m−2 (US$15.6 kWh−1). These variables (deposition rate, anode 
thickness, Li2CO3 price and electricity price) and others (for example, 
staffing numbers, labour cost, depreciation time and machine utiliza-
tion) can all be varied manually in the supporting document ‘Costs 
Calculator’ to generate anode production costs from any envisaged 
combination of these variables.

Up to this point, production costs have been calculated using 
western European costs. The main manufacturing cost is that of Li2CO3; 
while the price of this raw material may vary internationally, this data 
is not publicly available. Li2CO3 can, however, be sourced from interna-
tional markets; therefore, no international variation in Li2CO3 purchase 
price is assumed. Electricity is observed to be the third biggest manu-
facturing cost (Fig. 4), which has a substantial global variation (Sup-
plementary Fig. 6). Labour, processing Li2CO3, variable overheads and 
general, sales and administration costs can also vary internationally; 

these costs have been scaled by the average labour cost ratio (Supple-
mentary Fig. 7 and Supplementary Table 2). The combination of these 
global effects is translated into production costs in Fig. 6a. These results 
show that Russia has the lowest production costs at US$2.31 m−2, while 
Switzerland is the most expensive at US$5.96 m−2.

The major driving factor in adopting battery technology is the 
transition to a net zero society; therefore, one might want to consider 
the carbon offset cost. In Fig. 6b, the price to carbon offset the CO2 
emissions from the 3.48 kWh m−2 of electricity consumed in production 
via direct carbon capture (€1,000 tonne−1) has also been included (the 
effect of carbon intensity on production costs can be seen in Fig. 4d)46. 
Owing to the variable carbon intensity of electricity globally (Supple-
mentary Fig. 8), when carbon offset is taken into consideration, Colom-
bia is observed to be the cheapest production location at US$3.06 m−2, 
while Singapore is the most expensive at US$6.32 m−2.

The cost breakdown for potential production locations is shown 
in Fig. 6c. China has the largest gigafactory output of any nation and 
through existing gigafactories and announced projects is predicted 
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Supplementary Fig. 8)46 for 17 µm lithium metal anodes.
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to have an annual output in excess of 2,200 GWh by the end of the 
decade47. Low labour costs and internationally competitive electric-
ity prices make China an attractive production location at a cost of 
US$2.76 m−2. Increasing trade barriers between western nations and 
China48, coupled with the high carbon intensity of China’s electricity 
(534 gCO2 kWh−1), may make China less appealing as a production loca-
tion (US$4.83 m−2 carbon offset).

Canada and Mexico’s free trade arrangements with the United 
States through the United States–Mexico–Canada Agreement49 make 
all three of these nations sensible to compare for the North American 
market. Indeed, the potential notable US tax breaks through the Infla-
tion Reduction Act50 have led to a spike in North American anticipated 
gigafactory capacity51, as the United States has sought to bring gigafac-
tory production to or near the United States (nearshoring). We estimate 
the average US production costs to be US$4.71 m−2 (US$6.13 m−2 carbon 
offset). Owing to lower labour costs and comparable electricity costs 
to the United States (Supplementary Figs. 6 and 7), one might consider 
placing gigafactory production in Mexico. Indeed, Tesla has announced 
that its sixth gigafactory will be in Mexico52. While from a purely eco-
nomic point this makes sense, as from our calculations Mexico has 
the second cheapest lithium metal anode production costs globally 
(US$2.47 m−2), Mexico also has the highest carbon intensity electricity 
of the three nations at 424 gCO2 kWh−1 (Supplementary Fig. 8).

The electricity market in North America varies substantially across 
its cities (Supplementary Fig. 9a). The cheapest known electricity price 
across the United States and Canada is in Québec (US$0.0413 kWh−1), 
which yields a production cost of US$4.09 m−2 (US$23.0 kWh−1). Owing 
to Canada’s higher labour cost than Mexico, this production cost is still 
higher despite the substantially lower electricity cost (Supplementary 
Fig. 9b). Québec, however, in conjunction with the lowest electricity 
price has one of the lowest carbon intensities in North America (Sup-
plementary Fig. 9c). This makes the carbon offset production cost 
(Supplementary Fig. 9d) in Québec (US$4.15 m−2) comparable to that 
of Mexico’s (US$4.11 m−2).

In the EU, Germany is projected to have the largest gigafactory out-
put by the end of the decade (>545 GWh)53, yet owing to Germany’s high 
electricity prices (Supplementary Fig. 6), lithium metal anode produc-
tion costs are not favourable at US$4.24 m−2 (US$5.73 m−2 carbon offset 
production cost). Owing to Poland and Sweden’s low cost labour and 
electricity, respectively (Supplementary Figs. 6 and 7), lithium metal 
anode production costs are some of the lowest in Europe (US$2.98 m−2 
and US$3.77 m−2, respectively). Indeed, by the end of 2025, in Poland, 
LG plans to have a gigafactory capacity of 115 GWh yr−1, and in Sweden, 
Northvolt plans to have gigafactory capacity >110 GWh yr−1 (ref. 53). 

Yet owing to Poland having one of the highest carbon intensities and 
Sweden one of the lowest (Supplementary Fig. 8), the difference in 
carbon offset production cost is stark (US$5.43 m−2 versus US$3.95 m−2).

While Australia shows an average production cost of US$4.32 m−2 
(and one of the worst globally when carbon offset, US$6.26 m−2), 
owing to Australia being the largest producer of lithium by weight54, 
Australia may prove to have competitive production costs if lithium 
can be sourced at a lower cost in Australia compared with other inter-
national locations.

When the maximum permitted lithium anode thickness to achieve 
1,000 Wh l−1 is required (17 µm), all global locations exhibit higher 
lithium metal anode production costs compared with current graph-
ite anodes for traditional LIBs (~US$12 kWh−1), when compared on a 
US$ kWh−1 basis. The production costs, however, are still shown to be 
lower than graphite anode costs experienced in 2013 (~US$50 kWh−1), 
ranging between US$13 kWh−1 and 34 kWh−1 (US$17–36 kWh−1 carbon 
offset). If all other manufacturing costs were unchanged, the cell pro-
duction costs would only rise by 1–18% (5–20% carbon offset) compared 
with Li-ion cells. Indeed, if the full 17 µm lithium excess is not required, 
then the graphite anode production cost (~US$12 kWh−1 equating to 
US$2.08 m−2) could be achieved with ≤7.9 µm lithium metal anodes 
(using western European production costs and Li2CO3 at US$22 kg−1).

While we have shown that anode costs alone may not prove to be 
prohibitive to SSB commercialization, this cost should be considered in 
parallel with SE costs to assess material costs (Fig. 7a,b). Thiophosphate 
SEs have so far shown the most promising performance in SSBs, owing 
to their high Li-ion conductivity55. Thiophosphate production at scale 
has been estimated to cost US$50 kg−1 (ref. 7). Using the cell design used 
in this work (Supplementary Figs. 1 and 2) leads to an SE material cost 
of US$24 kWh−1 (Fig. 7b). The SE replaces both the electrolyte and sepa-
rator (combined cost of US$6 kWh−1)40 from the liquid state (Fig. 7a), 
yielding an increase of US$18 kWh−1, while Li2CO3’s higher material cost 
than materials for graphite anodes accounts for another US$5 kWh−1 
in increased material costs. Other material costs are assumed to be 
consistent across both cell types.

Pack costs (Fig. 7c,d) incorporate the increased material costs 
while also considering increased manufacturing costs. SEs are likely to 
require isostatic pressing (ISP) during cell assembly to remove inter-
nal voids and defects, to yield the uniformity, density and particle 
contact required for prolonged pack cycling. A conservative estimate 
for ISP cost for cell integration has been reported to be negligible 
(US$0.02 kWh−1)56. The anode production costs for preparation and 
coating in the liquid state have been replaced in the solid state with 
17 µm lithium metal anodes produced by TE. While the rest of the manu-
facturing process for liquid and solid states will ultimately diverge, 
there are no established production lines for the solid state; therefore, 
liquid-state costs are used as a proxy to compare pack costs. This results 
in a pack-level price increase of US$32 kWh−1 (25%) for solid-state cells, 
compared with the liquid state. Considering the enhanced safety, 
faster charge times and higher energy density of SSBs compared with 
traditional LIBs, this pack premium should not be considered a barrier 
to SSB commercialization.

Barriers to commercialization
SSB development challenges have recently been discussed in detail1,55. 
This analysis shows that, from an economic and throughput standpoint, 
TE is a viable way to produce lithium metal anodes. The implementation 
of these anodes and the production of machines the size required for 
gigafactories, however, lead to a number of scientific (lithium shelf 
life, cell life prediction and extending cycle life) and technological 
(increasing throughput, upscale production and quality control) chal-
lenges, respectively.

The chemical state and morphology of the lithium metal surface 
are critical to the performance of the cell for reversibility, rate per-
formance and morphological stability57. A thin film produced by TE 
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can alter the surface energy, topography and hence reactivity of the 
surface produced58,59. Even in controlled environments, lithium metal 
readily reacts to form oxides, hydroxides, carbonates, bicarbonates 
and so on60. The reactivity of a clean lithium metal surface produced 
by TE needs to be studied to estimate its ageing, allowing a projection 
of shelf life. One could manipulate the storage environment to control 
the passivation layer, which is known to affect the lithium metal anode 
interaction with the electrolyte19,20.

As SSBs approach lifetime targets, it will be necessary to introduce 
performance metrics to predict cell lifetime and compare cell stabil-
ity without the need for lengthy cycling experiments. The CE fulfils 
this role for LIBs61, requiring high-precision coulometry62. However, 
meaningful CE measurement in SSBs is not straightforward. Excess 
lithium inflates the measured CE such that it no longer reflects the loss 
of active lithium per cycle14, prompting the use of lithium-free CCs for 
CE characterization in liquid-state LMBs. Unfortunately, poor mechani-
cal and electrical contact in SSBs17, combined with inhomogeneous 
lithium plating on common CCs16,63, promotes capacity loss processes, 

giving a pessimistic CE estimate. The development of a standardized, 
accurate SSB CE testing protocol capable of predicting cell lifetime 
would, therefore, be of great importance.

One of the major active-lithium-loss processes in SSBs is SEI 
formation17, but the SEI and its role in controlling cell stability are still 
poorly understood. Recent evidence suggests that the SEI that forms 
between Li6PS5Cl and lithium can be several hundred nanometres in 
thickness18,64, which is notably larger than previously believed, and 
its properties depend on the temperature and current density during 
formation18,64,65. If thin lithium films are deposited directly onto the SE, 
then this could enable SEI properties to be tuned through control of 
TE parameters, although the impact on cell lifetime requires further 
study. The implementation of interlayers in SSBs has also been dem-
onstrated to improve cycling stability by promoting more uniform 
lithium plating/stripping4,66, although this added mass will reduce the 
permitted lithium foil thickness. TE enables the possibility of deposit-
ing additional layers (multilayers and interlayers) on top of or beneath 
the coated lithium layer. These could promote uniform deposition or 
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protect from degradation. Finally, the choice of CC should be made 
with care. Most reports use copper; however, ~5% capacity loss could 
occur over a cell lifetime owing to lithium diffusion into copper CCs18.

Upscaling machine production to ~700–750 machines as may be 
necessary for a gigafactory could be challenging; however, this could 
be avoided (and capital expenditure reduced) if substantial increases in 
throughput could be achieved. One way to do this would be by increas-
ing deposition rates through higher operating temperatures. These 
would be challenging to implement59, but could result in an exponential 
increase in deposition rates67. Improvements achieved thus would need 
further investigation to assess the impact on film quality.

When considering quality control, impurities or uneven lithium 
films can result in increased localized current densities, which can 
trigger dendrite formation68. Thus, ensuring that the lithium films 
that are produced have a uniform thickness and are free of defects and 
impurities is a key challenge.

Conclusion
Calculations have revealed that to achieve an energy density of 1,000 Wh l−1 
with an areal capacity of 5.4 mAh cm−1, a lithium excess of ≤17 µm is permit-
ted, while maintaining 75% capacity after 1,250 cycles, a CE ≥99.929% is 
required. Although many techniques exist to make thin films of lithium, 
techniques such as extrusion plus calendering are unable to produce 
uniform films of the desired thicknesses, while techniques such as ALD 
would have prohibitive costs and throughput rates when required to 
make films several micrometres thick. The most promising technique, 
therefore, to manufacture ~17 µm lithium films is thermal evaporation. 
The techno-economic assessment reveals that lithium metal anodes of 
this thickness with western Europe energy prices could be manufactured 

at a cost of US$4.30 m−2, equating to an anode cost of US$24.2 kWh−1 
(compared with ~US$12 kWh−1 for traditional graphite anodes). The cost 
could be further reduced by manufacturing in low energy and labour 
cost countries. Factoring in both SE and anode costs was shown to yield a 
pack cost of US$158 kWh−1, compared with US$126 kWh−1 for liquid-state 
cells. While this shows a cost premium to make solid-state cells, it can be 
argued that the potential benefits of fast charging, high energy density 
and improved safety justify the increased costs.

Methods
Cell modelling
The section details the calculations used to reveal both the excess of 
lithium permitted and the target efficiency requirements for solid-state 
cells.

Energy density calculation. For the energy density calculation, the 
outer cell geometry is based on the reported cell geometry for the 
Volkswagen ID.3 (refs. 69,70). The cell geometry is shown in Supple-
mentary Fig. 1. The inner cell geometry used is shown in Supplementary 
Fig. 2. The CC was set to the same thickness as reported for the ID.3 cell 
(12 µm) and is coated on both sides. The thickness of the SE separator 
was set at 30 µm (ref. 4). The number of sheets was set to match the 
outer shape thickness.

The cathode composition used is taken from a previous publica-
tion4. In short, it consists of 81.3 wt% CAM, 2.9 wt% carbon, 14.1 wt% 
SE and 1.4 wt% PTFE and has a porosity of 12% by volume. The CAM is 
taken as NMC811. An irreversible capacity on first charge is considered 
for NMC811, with a charge capacity of 247 mAh g−1 and a discharge 
capacity of 210 mAh g−1 (refs. 71,72). While this capacity loss is viewed 
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batteries, and pack costs for liquid- (c) and solid-state (d) batteries. Area is scaled 
to US$ kWh−1 and liquid-state data are taken from BatPac. All data assume a cell 
yield of 95% and a gigafactory output of 35 GWh yr−1. For solid-state materials, 
anode costs are replaced with lithium metal, while separator and electrolyte 

costs are replaced with SE costs (US$50 kg−1). The CAM is taken to be NCM811 
in both cases, with an areal capacity of 5.4 mAh cm−2, a discharge capacity of 
210 mAh g−1 and an average potential of 3.8 V. All pack costs are calculated with an 
energy cost of US$0.207 kWh−1 and a financing cost of 5%. Solid-state pack costs 
incorporate the calculated material costs and TE as the anode production cost, 
while other production costs are taken from the liquid state as a proxy.
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as irreversible, the 37 mAh g−1 is treated as Li that is left plated on the 
anode after first discharge. NMC811 is set to a density of 4.77 g cm−3 
(ref. 73) and an average potential of 3.8 V (ref. 74).

Calculating target efficiency. For these calculations, all losses are 
assumed to come from the anode capacity (negative electrode, N) as 
lost Li; potential cathode capacity (positive electrode, P) is assumed 
to stay constant at the first discharge capacity. The average Li plating/
stripping coulombic efficiency (CE) required to maintain a certain cell 
capacity retention (CR) after n cycles is therefore a function of the N:P 
ratio and is calculated using equation (1):

CE = ( CR
N∶P )

1
n

(1)

The additional supplementary file ‘Efficiency Calculator’ uses 
equation (1) to produce the target efficiency numbers seen in Sup-
plementary Table 1.

Lithium excess thickness permitted. The maximum Li excess that can 
be added to the cell before first discharge to achieve an energy density 
of 1,000 Wh l−1 is shown in Supplementary Table 1. The target efficiency 
required to have 75% capacity after 1,250 cycles is also shown.

Techno-economic assessment
The section details the data and calculations used to determine the pro-
duction cost of thermally evaporated lithium metal foils for solid-state 
cells.

Power consumption calculation. For detailed power consumption 
calculations, see Excel spreadsheet ‘Power Calculator’. In short, the 3 m 
gigafactory machine would consume an average of 263.3 kW, while the 
smaller 1.2 m machine would consume 118.7 kW on average.

Electricity cost. Unless otherwise stated, the electricity cost is set at 
US$0.207 kWh−1. This is the 2 year average of France, Germany and the 
United Kingdom (November 2021–2023)44. When comparing between 
countries, electricity prices were compared using an average electricity 
price between November 2021 and November 202344,75,76. These prices 
are shown in Supplementary Fig. 6.

Lithium cost. In this techno-economic assessment model, the Li source 
is taken as Li2CO3, which then has an associated cost to purify to Li before 
TE can be conducted. Alternatively, one could obtain LiOH to purify 
to Li. Traditionally, Li2CO3 is treated with HCl to produce LiCl, which is 
then subjected to an electrolytic reduction process to obtain Li metal11. 
Companies such as Li Metal, however, are innovating this process36.

Li input is treated as Li2CO3, with a purity of 99.5%.
The cost to convert to pure Li metal is taken from the spread 

between the price of Li metal and the lithium units obtained from 
Li2CO3. The prices of Li metal and 99.5% pure Li2CO3 were taken from 
Shanghai Metals Market on 24 May 202477,78. This value is then scaled 
by the labour scaling factor (Supplementary Table 2).

This calculation can be seen in the ‘Li2CO3 Processing Cost’ tab of 
the ‘Costs Calculator’.

Lithium utilization. TE can achieve high utilization rates and small 
thickness variations when line sources are used. The lithium utilization 
and film thickness variation that can be achieved using TE have been 
estimated in this work with a deposition model. To achieve no more 
than 4% thickness variation across the entire film, a line source with a 
width 0.24 m larger than the substrate is required.

With this set-up, deposition efficiencies greater than 82% can be 
achieved for 1.2 m substrates, which increases with increasing substrate 
width. For further details, see Supplementary Methods.

Machine costing. A 1.2 m machine is projected to cost US$1.75 million, 
while a 3.0 m machine is projected to cost US$2.275 million. For full 
details on machine costing, see Supplementary Methods.

Depreciation cost. This takes the cost of the machine and spreads it out 
over 7 years. The machine is assumed to be operating 85% of the time.

Labour cost. Six-person maintenance crews would be responsible for 4 
machines, with the average person in crew being paid US$20 per hour. 
A more experienced crew could be responsible for 6 machines, with the 
average person in a more experienced crew being paid US$30 per hour.

International labour cost variations are scaled by the scaling factor 
shown in Supplementary Table 2 and Supplementary Fig. 7. The 2022 
average salaries (with the exception of Chile, Colombia and Ukraine) 
for OECD countries are taken from OECD data79, while for Argentina, 
Bulgaria, China, Croatia, Nicaragua, Romania, Russia, Serbia, Singa-
pore, Slovak Republic and Ukraine, they are taken from a governmental 
source from each nation80–88. These local currency average salaries are 
converted into USD using a 2022 conversation rate provided by the 
OECD89, with the exception of Ukraine and Nicaragua where a 2022 
conversion average is taken from XE (https://www.xe.com/).

To get a labour scaling factor for Chile and Colombia, 2021 OECD 
data are used and compared with 2021 OECD UK data, as 2022 data 
for these countries have not yet been published. Ukraine pay data are 
taken from the month of January 2022 only and multiplied by 12 to get 
an annual salary as the data for the whole of 2022 are not provided.

General, sales and administration cost. Set at 1.39% of total pro-
duction cost (excluding carbon offset cost), when electricity is set at 
US$0.207 kWh−1 (2 year average of France, Germany and the United 
Kingdom, November 2021–2023) and lithium carbonate is set at 
US$22 kg−1. This is the same percentage that BatPac uses (Supple-
mentary Fig. 10).

This equates to US$0.06 m−2 of production costs. For global vari-
ation, this is scaled by the labour cost scaling factors shown in Sup-
plementary Fig. 7 and Supplementary Table 2.

General, sales and administration is a cost taken from BatPac. Bat-
Pac defines this category as ‘Plant office, taxes on income and property, 
cost of sales and insurance expenses’.

Variable overhead cost. Set at 1.99% of total production cost (exclud-
ing carbon offset cost), when electricity is set at US$0.207 kWh−1 (2 
year average of France, Germany and the United Kingdom, November 
2021–2023) and lithium carbonate is set at US$22 kg−1. This is the same 
percentage that BatPac uses (Supplementary Fig. 10).

This equates to US$0.09 m−2 of production costs. For global vari-
ation, this is scaled by the labour cost scaling factors shown in Sup-
plementary Fig. 7 and Supplementary Table 2.

Financing. For detailed financing calculations, see the ‘Financing Costs’ 
tab of the ‘Costs Calculator’ Excel spreadsheet. In short, the financing 
interest rate has been set at 5% (although this can be changed in the 
‘Costs Calculator’), with the outstanding debt lowering by 1/‘deprecia-
tion time’ each year. The total finance cost over the entire depreciation 
time is then spread out as a financing cost.

Other manufacturing costs. Plant footprint costs for the evaporators: 
A plant area of 20,000 m2 was entered into BatPac after all anode pro-
duction costs were removed. For 3.0 m machines, this yields enough 
space for over 5 m × 13 m for each machine, and for 1.2 m machines, 
this yields enough space for over 2 m × 13 m. This yields a cost of 
US$0.09 kWh−1.

BatPac yields a cost of vacuum drying graphite anodes at 
US$0.14 kWh−1 (see the ‘BatPac’ tab of the ‘Costs Calculator’). This 
process should not be needed for evaporated anodes, but storing in 
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a dry room may be necessary if not used straight away. This number, 
therefore, is used as a proxy for dry-room and services cost, along with 
unforeseen handling costs.

BatPac yields a cost for notching graphite anodes at US$0.34 kWh−1 
(see the ‘BatPac’ tab of the ‘Costs Calculator’); this is used as an approxi-
mation for the notching and handling costs of Li anodes.

All these costs are turned into a US$ m−2 cost by dividing by the cell 
energy density (0.2052 kWh m−2).

Scrap rate. For Li loss rate during TE, see ‘Lithium utilization’. All the 
unutilized Li is treated as scrap.

Post deposition, there are three scrap rates used: anode slitting, 
cell stacking and cell yield. The rates have been set as 8%, 1% and 5%, 
respectively (the rates of these can all be changed in the ‘Costs Calcu-
lator’ in the effective yields section). These scrap rates are used when 
converting production cost in US$ m−2 to production cost in US$ kWh−1, 
as shown by equation (2):

Production cost (US$kWh−1) =
Production cost (US$m−2)

Cell energy density × Effective yields
(2)

Carbon intensity of electricity generation. Global variation in carbon 
intensity of electricity generation at a national level is taken from Our 
World in Data90, with data provided for the year 2022 used only. This 
is visualized in Supplementary Fig. 8.

Variation in carbon intensity for Canadian states and provinces 
is taken from Canadian government data91, with the updated carbon 
intensity model of existing Canadian grid electricity used.

Variation in carbon intensity of the states of the United States is 
produced by taking total carbon emissions from electricity of all the 
states provided by the US Energy Information Administration92, and 
dividing it by the total electricity consumption of all the states provided 
by the US Energy Information Administration93. The numbers can be 
found in Supplementary Table 3.

The full variation in Canada and US emissions is visualized in Sup-
plementary Fig. 11.

Deposition rate. The deposition rate in our techno-economic assess-
ment is taken as 140 nm s−1. This is the average (to two significant fig-
ures) lithium deposition rate observed from multiple TE tests that 
used lithium discs (PI-KEM, 99.9% purity, 15.6 mm diameter × 0.45 mm 
thick) as the lithium source. The source temperature was ~670 °C, with 
a 17 cm source to substrate separation distance and a chamber volume 
of ~51.5 l. An induction power set point of 5% (500 W) was used and the 
crucible orifice size was 20 mm, with a 50 mm depth. The crucible was 
~80% full before each evaporation run was conducted. The base pres-
sure of the chamber was ~5 × 10−6 mbar. These results are summarized 
in Supplementary Table 4.

It should be noted that the evaporation rate likely slightly 
decreases as the crucible empties. The deposition rate in Supplemen-
tary Table 4, therefore, must be taken as an average between the full 
to minimum fill level of the crucible.

Deposition area and roll speed. The deposition area is taken to be 
the substrate width multiplied by 1 m. The 1 m comes from the thermal 
evaporator consisting of 5 evaporation sources being placed consecu-
tively with each being able to deposit over a 20 cm length perpendicular 
to the width.

The roll speed (Rs) is determined by dividing the deposition length 
(ϕl) by the deposition time (ϕt) required to deposit the desired thick-
ness (d):

Rs =
ϕl
ϕt

(3)

where deposition time (ϕt) is taken by dividing the desired deposition 
thickness (d) by the deposition rate (t):

ϕt =
d
t (4)

Costs calculator. For details of how the above costs are converted into 
production costs, see spreadsheet ‘Costs Calculator’.

Power consumption, electricity cost, lithium cost, lithium uti-
lization, machine costing, depreciation time, machine cost, labour 
cost, general, sales and administration cost, variable overhead cost, 
deposition rate, target thickness, staffing levels, carbon intensity  
and offset cost, machine utilization, finance %, effective yields and 
regional scaling factor can all be varied in the ‘Costs Calculator’ 
spreadsheet.

Gigafactory calculation. For the required number of thermal evapora-
tors needed, see spreadsheet entitled ‘Gigafactory Calculation’.

Gigafactory capital expenditure. Capital expenditure per GWh annual 
output (CapEx/GWh): North American expenditure for a gigafactory 
is US$104.8 million per GWh of output production per annum, Europe 
US$111.5 million and Asia US$58.0 million94,95. Original source quotes 
costs in Euros, which have been converted to USD here using the OECD 
2022 conversion rate89.

Average gigafactory output (Av Output): The average gigafactory 
output is taken as 35 GWh yr−1 (ref. 41). The initial capital expenditure 
(IntCapEx) is then deduced via equation (5):

IntCapEx = (CapEx/GWh) × (Av Output) (5)

Data availability
The authors declare that all data supporting the findings of this study 
along with the source data are included within the paper and its Sup-
plementary Information. Source data are provided with this paper.
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