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Prospects on production technologies and manufacturing cost of 

oxide-based all-solid-state lithium batteries  

Joscha Schnell,*a Frank Tietz, b,c Célestine Singer, a Andreas Hofer, a Nicolas Billot, a and Gunther 

Reinhart a 

All-solid-state batteries (ASSBs) based on oxide solid electrolytes are promising future candidates for safer batteries with 

high energy density. In order to estimate the future manufacturing cost for oxide based ASSBs, a systematic identification 

and evaluation of technologies in solid oxide fuel cell (SOFC) and multi-layer ceramic capacitor (MLCC) production has been 

carried out. Based on a requirements analysis, these technologies are assessed towards their applicability in the production 

of ASSBs. The most promising technologies are compared by technology readiness using Monte-Carlo simulations. The 

comprehensive overview and systematic analysis of production scenarios for oxide-based ASSBs reveals significant 

advantages of established wet coating technologies, such as tape casting and screen printing. However, emerging 

technologies, such as the aerosol deposition method, could render the high temperature sintering step void. By comparison 

with SOFC production and adopting learning rates from conventional battery production, an estimation for the 

manufacturing cost of a garnet-based ASSB is given, indicating that prices below 150 $/kWh on cell level (incl. housing) are 

conceivable if material cost for the garnet solid electrolyte can be pushed below 60 $/kg. Based on these findings, scenarios 

for the scale-up from laboratory research to industrial scale can be derived, paving the way to mass production of safer 

batteries with high energy density.

Introduction 

Lithium-ion batteries (LIBs) are the key for reliable energy sup-

ply and emission-free mobility. However, with increasing de-

mand for higher energy densities, safety concerns arise1, lead-

ing to costly efforts for safety management. Replacing the flam-

mable liquid electrolyte by a non-flammable solid-state electro-

lyte (SSE) could reduce many of the risks associated with con-

ventional LIBs2. However, polymer-based electrolytes suffer 

from low ionic conductivities at reasonable temperatures3 and 

highly conductive sulfide-based SSEs have to be processed in in-

ert atmosphere due to their reactivity with ambient air to avoid 

harmful H2S formation4. In contrast, due to absence of flamma-

ble or toxic materials, all-solid-state batteries (ASSBs) using ox-

ide ceramics offer the potential for safer energy storage appli-

cable over a wide range of operating temperatures5.  

To be competitive with LIBs in terms of specific energy and en-

ergy density, Li metal needs to be integrated into ASSBs6,7. 

Therefore, dense SSE layers are required to inhibit dendrite 

growth, although creeping along grain boundaries remains an 

issue yet to be solved8,9. Sintering temperatures as high as 1250 

°C are required to achieve room temperature ionic conductivi-

ties exceeding 10-4 S/cm10,11, which is a prerequisite for applica-

tion in electric vehicles12. Limited ion transfer at the interfaces 

between SSE and the electrode active materials will make the 

application of interlayers or co-sintering of the materials neces-

sary13. Hence, new production technologies will be required 

compared to conventional lithium-ion cell production14,15 (Table 

1), necessitating a profound estimation of the resulting manu-

facturing cost. 

The scope of this paper is, therefore, the systematic identifica-

tion and evaluation of production technologies for oxide-based 

ASSBs, using methods developed in strategic technology plan-

ning. Different ceramic processing technologies are analyzed 

concerning their applicability for the production of SSE and 

cathode composite layers. The identified technologies are pre-

selected based on their technical suitability and evaluated con-

cerning the technology readiness, which serves to compare the 

most promising scenarios and to identify further development 

needs. Finally, based on the fabrication of solid oxide fuel cells 

(SOFCs), a top-down calculation of the manufacturing cost for 

different scenarios of large-format ASSBs with garnet SSE is pre-

sented. The results indicate that manufacturing cost can be-

come competitive to conventional LIBs by economies of scale if 

ASSBs with high active material loadings can be fabricated. 
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Table 1: Comparison of various aspects during manufacturing and operation of ASSBs with different types of SSEs. 

 Solid polymers Sulfides Oxides 

Combination with 

Li metal anode 

Stable against metal-

lic Li16 

Thermodynamic instability make pro-

tective layers or SEIs mandatory17 

Several materials need a protective 

layer or SEI to avoid reduction by Li17 

Mechanical prop-

erties 

Elasticity very advan-

tageous for wrapped 

designs 

High conductivity allows thick layers 

for better robustness18, ductility ad-

vantageous for densification19, battery 

pack has to be permanently pressed 

Brittleness may lead to cracking20 

and limit shaping to planar or tubular 

designs 

Economic issues  All production steps have to be per-

formed in inert gas4, sintering step 

only necessary for hard materials 

Sintering process has high impact on 

energy demand and costs21 

Performance Show limited rate ca-

pability3 

Internal resistance has to be mini-

mized by thin SSE layers and optimized 

microstructure of electrodes 

Internal resistance has to be mini-

mized by thin SSE layers and opti-

mized microstructure of electrodes 

Possible produc-

tion technologies 

Liquid processing, in-

jection molding, ex-

trusion, calendering 

Pressing, wet coating, calendering 

 

Ceramic processing technology, in-

vestigated in this paper 

 

Requirements and properties of all-solid-state 

batteries 

General remarks on solid-state electrolytes 

General requirements for ASSBs, especially with regard to elec-

tric vehicle application, are high energy density, high power 

density, long life time, safety, and low cost22. Regarding energy 

density, a high content of active material in the ASSB is desira-

ble, which calls for thick electrodes and thin SSE layers. Theo-

retical considerations concerning energy density and layer 

thicknesses can be found, e.g. in Placke et al. (2017)7. High 

power density implies fast ionic conductivity in electrodes and 

solid electrolyte layers, as well as sufficient electronic conduc-

tivity in the electrodes. Therefore, composite electrodes com-

posed of active materials, SSEs and conductive agents are re-

quired6, especially concerning the generally thicker cathode7. 

With regard to lifetime, the volumetric expansion and shrinkage 

of active materials during charge and discharge has to be taken 

into account20. Therefore, the use of low-strain active materials, 

such as LiNi0.5Mn1.5O4 (LNMO)23, or the integration of suitable 

binders is recommended24. Furthermore, the impenetrability 

and stability of the SSE layer plays an important role considering 

lifetime and safety of the ASSB. Costs are mainly governed by 

raw and processed materials, as well as the manufacturing pro-

cesses for ASSB fabrication15,21.  

There are three types of solid-state electrolytes (SSEs) of rele-

vance which can be grouped into sulfides, oxides, and polymers. 

A selection of the most reasonable SSEs is given in Figure 1 (im-

age a). Here, the group of sulfides and oxides also include the 

thiophosphates and phosphates, respectively. The ionic con-

ductivity at room temperature vary between 2 and 27 mS cm-1 

for sulfides, 0.25 and 1 mS cm-1 for oxides, and 0.01 and 0.15 

mS cm-1 for polymers, respectively. In comparison to liquid elec-

trolytes having an ionic conductivity of 5 to 20 mS cm-1,25 the 

sulfides can easily compete, whereas oxides have to be tailored 

properly in thickness and polymers do not seem to fulfill the 

conductivity threshold. Despite this low conductivity, first com-

mercial ASSBs with solid polymers have been integrated into 

electric vehicles and have been produced by few compa-

nies26,27. For increasing the ionic conductivity and decreasing 

the internal resistance of these cells, the batteries are operated 

between 50 and 80 °C (see Figure 1, image a). 

The question how thick a membrane of a dense SSE should be, 

can be answered according to former considerations used for 

the design of SOFCs. Here, the area-specific resistance (RA) of a 

layered system has been used to target a specific internal re-

sistance of the cell28. The area-specific resistance of a single 

component can be written as  

 

RA =  (1) 
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as a substrate of the other cell components50. Similar to fuel cell 

production, the assembly of the cathode and electrolyte shall 

be realized by a single sintering step (“co-sintering”). However, 

during the recent years it has been demonstrated that most of 

the cathode materials react with the SSE at the high sintering 

temperatures required to densify the solid electrolyte, leading 

to undesired multiphase sintering products51–53. For instance, 

LNMO and LLZ have been shown to decompose at 600 °C(52), 

while a more recent publication indicated that co-sintering of 

LiNi0.6Co0.2Mn0.2O2 and LLZ up to a temperature of 700 °C may 

be possible54. However, temperatures higher than 1000 °C are 

required to achieve sufficient conductivity and density of the 

SSE layer55.  

Therefore, high-temperature sintering of the SSE layer needs to 

take place before adding the electrode active materials. Free-

standing LLZ layers with dimensions of 2 x 2 cm² and thickness 

below 30 µm have been successfully prepared by suspension 

casting, green sheet pressing and sintering at 1090 °C for 1 h.55 

However, upscaling of these thin layers to large formats (> 10 x 

10 cm²) and subsequent damage-free joining with a cathode 

composite (70 µm to 150 µm thickness15) will turn out to be 

challenging. 

In order to overcome these issues, a different battery design 

(“tri-layer cell”) has been proposed, consisting of two porous 

SSE layers and a dense SSE layer made of a garnet-type mate-

rial47, as schematically depicted in Figure 1 (image b). The thick 

and porous outer layers are sintered at high temperatures 

(>1000 °C) and serve as scaffolds for the infiltration or impreg-

nation of active materials. Also this approach has been very well 

known from SOFC development56,57. It offers several ad-

vantages, such as adjustable pore size and volume for flexible 

use of active materials. The inventors reported a cell structure 

with a 25-30 µm thick SSE layer and two porous layers with a 

thickness of 50 µm each58, while more recently, a SSE layer with 

14 µm thickness and 70 µm thick outer porous layers was pre-

sented59. Using a three-point bending test, the authors report a 

highly increased mechanical strength of the tri-layer design 

compared to a single, free-standing membrane59. A different 

approach to obtain 3D-structures in the cell can be achieved 

with patterned or so-called hole-array electrolyte layers, for ex-

ample by punching with a specially designed die with patterned 

structure60. Another option could also be structuring by laser 

ablation, which has successfully been applied for conventional 

LIB electrodes61.  

Moreover, a processing route known from thin-film ASSBs 

seems to be plausible. Here, instead of high temperature sinter-

ing, a dense SSE layer is fabricated by vapor deposition62 or aer-

osol deposition methods63,64. 

Results and discussion 

Technology screening: Ceramic processing technologies 

In order to provide competitive energy and power densities at 

reasonable cost, precise tuning of layer composition and thick-

nesses as well as implementation of scalable production pro-

cesses will be required15. However, in contrast to conventional 

lithium-ion cells, the brittleness and resulting fragility of the ma-

terials will impose new challenges for mass production15. For 

technology screening (cf. methods section), two major fields of 

interests were prioritized to identify manufacturing technolo-

gies potentially applicable to ASSB production: 

The SOFC is an energy conversion system using an yttria-stabi-

lized zirconium dioxide ceramic layer as separator. An SOFC can 

be manufactured in tubular as well as planar design. A planar 

cell can be built up in three different types: electrolyte, cathode 

or anode-supported, each component can act as substrate layer 

to carry the cell. The first step to fabricate an electrolyte-sup-

ported SOFC is the preparation of the electrolyte slurry using a 

solvent-based mixing process. This mixture is then applied onto 

a carrier foil, e.g. by tape casting, and dried to produce the sol-

vent-free “green tape”. After removing the carrier foil, a cutting 

process is necessary before sintering the green tape at elevated 

temperatures to obtain near-net-shape components. The elec-

trodes are subsequently coated onto the electrolyte layer in a 

similar fashion, e.g. by screen printing65. Usually the electrodes 

are sintered separately at different temperatures due to varying 

sintering properties of anode and cathode materials. However, 

in the ideal case only one sintering step densifies the complete 

cell. The fabrication of a cathode or anode-supported SOFC is 

similar to the processes described for the electrolyte-supported 

SOFC. A key difference between these two technology chains is 

the number of sintering steps: Also here the ideal and more so-

phisticated production process involves only one co-sintering 

sintering step of electrode and electrolyte to obtain an elec-

trode-supported half-cell66 and a second sintering step of the 

other electrode. In practice, however, up to four thermal treat-

ments can become necessary50,67 when the starting materials 

do not have matching sintering behavior: 1) pre-sintering of the 

electrode substrate, 2) co-sintering of electrode substrate, ad-

ditional electrode layer and electrolyte layer, 3) sintering of a 

diffusion barrier layer (if necessary) and 4) sintering of the sec-

ond electrode layer. 

Similar to the SOFC, the fabrication of multi-layer ceramic ca-

pacitors (MLCC) is a potential field of interest, because the die-

lectric device consists of a solid oxide ceramic layer, e.g. BaTiO3. 

Processing methods for MLCCs have already been implemented 

in commercial mass production. Therefore, technologies used 

in MLCC fabrication are also relevant for the scouting of manu-

facturing processes for ASSBs. The technology chain of a MLCC 

also starts with the preparation of the ceramic slurry for the di-

electric which is then applied on a carrier foil, e.g. by tape cast-

ing. After drying and cutting the tape, the electrodes are ap-

plied, e.g. by screen printing. Further technologies involve the 

stacking, lamination, sintering, and termination of the MLCC be-

fore final packaging68.  

 

Evaluation of production technologies 

The layer fabrication processes in particular can be regarded as 

so-called core technologies69, since these are the process steps 

which mainly define and influence the required upstream and 

downstream technologies. An overview of the identified layer 

fabrication technologies is given in Table 2. These technologies 
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were analyzed concerning the technical suitability to fabricate 

SSE and cathode composite layers (cf. methods section). On the 

basis of the earlier defined exclusion criteria, most vapor-based 

coating technologies were eliminated because of the high error 

rate for fabrication of a 5-30 µm thick SSE layer or a 70-150 µm 

thick cathode composite layer with dimensions > 5 x 5 mm². 

Most plasma- or flame-based spraying technologies were ex-

cluded because of the limited thermal stability of the materials 

during processing70. Therefore, only six and eight technologies 

were considered for further evaluation for SSE layer and cath-

ode composite fabrication, respectively (cf. Table 2). For rough 

evaluation of the technical feasibility, the degree of fulfilment 

for material, product and production related criteria was evalu-

ated and depicted in a suitability diagram, as illustrated in Fig-

ure 2 (images a and b): For layer fabrication, material related 

criteria comprise the chemical and thermal stability of the coat-

ing materials and the substrate. Product related criteria are the 

feasibility to generate the desired layer thicknesses and geom-

etries at a low error rate, as well as the resulting density of the 

fabricated layer. Production related aspects are throughput, 

e.g. deposition rate, as well as environmental considerations, 

such as vacuum, processing gas or high energy consumption (cf. 

Supplementary Tables S2 and S4). 

Technology chains 

Two exemplary process chains were derived from the above 

presented results, as depicted in Figure 3. Figure 3 (image a) il-

lustrates the fabrication of a cathode-supported half-cell where 

the solid electrolyte layer is applied after slurry mixing, tape 

casting, low-temperature sintering, and shaping of the cathode 

composite layer. An aerosol deposition step is used for fabrica-

tion of the SSE layer, since a high layer quality and density can 

be achieved without a high temperature co-sintering step and 

the resulting unwanted side reactions. A subsequent tempering 

step (approx. 600 °C) is applied for thermal curing64. The lithium 

metal anode and current collector(s) are joined before cell as-

sembly and packaging. The advantage of this processing route 

is the omission of high-temperature sintering steps and the pos-

sibility to combine different solid electrolyte materials for cath-

ode composite (e.g. LATP) and solid electrolyte layer (e.g. LLZ)71. 

Here, the overall technology readiness of the technology chain 

for fabrication of the cathode-supported cell is dominated by 

the low maturity level of the aerosol deposition step 

In Figure 3 (image b), the process chain of a tri-layer SSE matrix 

is described, with three subsequent tape casting processes to 

produce the scaffolding, as described in a recent publication by 

Hitz et al.59. These layers can be fabricated as individual green 

sheets which are subsequently laminated on top of each 

other59. Another possibility would be to directly cast the layers 

on top of each other after each solvent evaporation step. The 

porosities of the outer layers can be tuned by using appropriate 

slurry mixtures (i.e., addition of pore formers)59. This is vital for 

the later infiltration of the active materials72,73 and to achieve a 

high surface area to enable large-current densities59. The green 

tapes are subsequently cut to size before the high-temperature 

sintering step in which the pore formers in the outer layers are 

removed. By carefully tuning the particle size and sintering pa-

rameters55, a dense (> 99 %) SSE layer between the two porous 

layers can be achieved which is able to efficiently suppress lith-

ium dendrites during battery operation59. Quality control after 

sintering will be indispensable in order to detect defects such as 

pinholes or cracks, e.g., by means of a quality gate74. To hinder 

degradation of LLZ due to humidity and Li2CO3 formation, fur-

ther processing after sintering should take place in dry or inert 

atmosphere75. 

The cathode slurry is infiltrated into the upper porous structure 

using a screen printing process. Note that this process may have 

to be repeated several times to fill up the porosities remaining 

after solvent evaporation72. Smaller cathode particles seem to 

be beneficial to achieve a denser particle arrangement and to 

buffer volume changes of the active materials during battery 

operation54. Fine tuning of slurry viscosity and solids content 

will be required to achieve proper filling of all pores. The cath-

ode infiltration is followed by sintering at lower temperature to 

ensure mechanical and ionic contact between SSE matrix and 

cathode particles. A low temperature melting glass, such as 

Li3BO3 can be added to the cathode slurry to reduce sintering 

temperatures13,54. Subsequently, the anode is infiltrated into 

the other porous layer of the scaffolding, for instance by melt 

processing73. Since molten lithium is very reactive, safety pre-

cautions and inert processing atmosphere are indispensable. A 

surface treatment can be applied to enhance wettability of the 

lithium76 and to form a mixed-conducting network77. During in-

filtration, particular care must be taken not to cause an external 

short circuit. 

Finally, the current collector(s) are joined and the cell is assem-

bled. Although the tri-layer setup leads to higher mechanical 

strength than free-standing layers59, handling of the fragile ce-

ramic layers during mass production using fully automated 

equipment will be a challenge. Hence, elaborate design of grip-

ping principles, especially during cell stacking will be required, 

similar to the handling of ultrathin glass or crystalline wafers in 

the semiconductor, photovoltaics, or optoelectronics indus-

tries. For both illustrated concepts (cathode supported or tri-

layer design), fine tuning of the process parameters during layer 

fabrication and sintering is a prerequisite for functional ASSBs. 
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rial prices were taken from literature values96–99 (cf. Supplemen-

tary Table S5), while the initial LLZ price was set to 2000 $/kg, 

based on numbers by the company MSE Supplies LLC 

(Ampcera™) for LLZ quantities above 100 kg. Since the literature 

values for the other components rather correspond to mass 

production scenarios, the LLZ price dominates the overall mate-

rial cost, with a significant share corresponding to the LLZ in the 

cathode.  

Since LLZ prices are expected to significantly decrease for higher 

production volumes, a scenario analysis was conducted. The LLZ 

price was set to 50 $/kg, and different scenarios for cathode 

material and cathode thickness were evaluated: For the base 

scenario (70 µm thick LNMO cathode), material costs add up to 

0.12 $ per galvanic cell. In order to increase the overall energy 

density, the cathode thickness could be increased up to 150 µm 

assuming that ionic percolation is sufficiently high. Hence, also 

the anode thickness needs to be increased to account for the 

higher area specific capacity of 5.5 mAh/cm². This would result 

in a price of 0.23 $ per galvanic cell. A significant increase in en-

ergy density could be achieved if the cathode material was re-

placed by Li-rich LiNi1-x-yMnxCoyO2 (HE-NMC)100. Here, a 70 µm 

thick cathode would result in the same areal capacity as for the 

150 µm thick LNMO cathode, and a 150 µm thick cathode 

(11.5 mAh/cm²) would result in an energy density of up to 

530 Wh/kg on galvanic cell level. Note that HE-NMC has a po-

rous structure101 which can hardly be infiltrated by solid elec-

trolyte particles, so significant changes in materials properties 

will be required for these components to be compatible with 

each other. 

In order to simulate a mass production scenario, processing 

costs were adapted to account for learning rates with increasing 

production volume. Learning rates in conventional LIB pack pro-

duction for electric vehicles were estimated as 16±4 %, i.e. by 

doubling the cumulative production capacity, average prices de-

creased by approximately 16 %.102 This value was used to esti-

mate the processing cost in $/kWh for a bipolar stacked ASSB as 

a function of production volume, as illustrated in Figure 4, im-

age b. Here, a prismatic HEV cell format (85 mm x 120 mm x 

12.5 mm)103 and a 1 mm thick aluminum housing (correspond-

ing to 0.5 mm wall thickness) were assumed for further calcula-

tions. The numbers of galvanic cells was varied to account for 

the available space in the HEV cell housing, based on the respec-

tive cathode and anode layer thicknesses (cf. methods section). 

The colored areas in the double logarithmic plot correspond to 

varying cathode thicknesses (70 µm to 150 µm) for LNMO (red 

dotted lines) and HE-NMC (blue lines), where thicker cathodes 

result in lower prices per kWh due to the higher active material 

content. Processing costs decrease from approximately 750-

2500 $/kWh for small scale production (10.000 HEV cells per 

year) down to 75-240 $/kWh for a cumulated production vol-

ume of 100 million produced HEV cells (cf. Table 3). Since the 

energy content of one HEV cell varies between 126.4 Wh 

(LNMO, 70 µm) and 171.6 Wh (HE-NMC, 150 µm), a production 

volume of 100 million produced cells corresponds to an annual 

output of approximately 10-20 GWh, similar to the current out-

put of Tesla’s Gigafactory104. The vertical bars in Figure 4 (im-

age b) indicate the numbers of produced cells corresponding to 

a cumulated output of 10 GWh, which would suffice to equip 

200.000 electric vehicles with a 50 kWh battery pack each. 

Hence, if production were running at full capacity, it would take 

roughly 1.5 to 2 years to achieve the cost reduction associated 

with a cumulated production of 100 million cells. Of course, this 

scenario presumes that an all-solid-state battery with competi-

tive energy, power and cycle life can be reproducibly fabricated 

and transfer to pilot and industrial scale have been successfully 

achieved, which could take up many more years. As a guide for 

the eye, material cost (incl. hard case packaging) was also indi-

cated at a constant LLZ price level of 50 $/kg, which is expected 

to be a realistic value for large production quantities. Adding up 

materials and processing cost would result in a total cost of 140-

350 $/kWh.  

Despite the optimistic learning rate scenario, processing costs 

still take up more than half of the total cost, even for mass pro-

duction. This is rather uncommon for a complex product with 

cost intensive materials (such as a LIB), where material cost usu-

ally take up far more than half of the total product cost, up to 

70-80 % for Li-ion cells105,106. Although the presented calcula-

tion can only serve as a rough estimate, this could be an indica-

tion for the high impact of the sintering step which accounts for 

20 % of the processing cost. Note that these calculations already 

presume that with increasing production volume, the cost for 

sintering can be reduced in a similar fashion as the other pro-

cessing costs. To illustrate the sensitivity of the model with re-

gard to the learning rate, further estimations for different sce-

narios (learning rates of 12 % and 20 %, respectively) can be 

found in Table 3. Of course, also the cost and energy content of 

the cathode active material has a significant influence on the 

overall cell cost, which was already shown in calculations for 

conventional lithium-ion cells97. Therefore, it is important to 

aim for cathodes with a high energy density and a low Co con-

tent22.  
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target cost on battery pack level (<150 $/kWh) in the automo-

tive industry107 can only be reached with a very optimistic con-

figuration (150 µm thick HE-NMC). However, since the volume 

change in the anode has been considered in the calculations for 

cell design (no external pressing) and a complex cooling system 

will potentially not be needed for ASSBs, the cost increase from 

cell to module and pack level is expected to be lower than for 

conventional LIBs. Improvements on target cost could be 

achieved by reducing inactive material content, e.g. reduction 

of LLZ in anode and cathode. This would, however, lead to de-

creased rate capability. Another option could be to use a pouch 

bag instead of an aluminum hard case. Dimensions at HEV size 

reflect a challenging, yet realistic scenario for oxide based sin-

tered ASSBs. Aiming for larger cell formats (plug-in hybrid elec-

tric vehicle, PHEV, or battery electric vehicle, BEV)103 could fur-

ther increase the energy density per cell and reduce manufac-

turing costs per kWh. However, as discussed above, the han-

dling operations for automated processing will become increas-

ingly difficult for layers with a larger area. From a production 

perspective, lower sintering temperatures and even larger pro-

duction volumes would result in decreasing price levels. 

 

Table 3: Specific energy densities and costs for different cell designs on galvanic cell level and stack level (incl. housing) for a mass 

production scenario (100 million produced cells, 50 $/kg LLZ) with different learning rates . The values were calculated for bipolar 

stacked prismatic HEV cell (85 mm x 120 mm x 12.5 mm, aluminum housing with 0.5 mm wall thickness) with a composite cathode 

(60 vol% active material, 30 vol% LLZ, 5 vol% carbon black, 5 vol% binder), a 10 µm thick LLZ separator layer, a composite anode 

(30 vol% LLZ 1:1.1 positive to negative ratio), and a 10 µm thick bipolar current collector (99 vol% Al; 1 vol% Cu). 

Galvanic cell level Stack level (incl. housing) 

Cathode 

active 

material 

Cath

ode 

thick

ness 

Anode 

thickness 

(charged

) 

Spe-

cific 

energy  

Mate-

rial 

costs 

Galvanic 

cells per 

stack 

En-

ergy 

per 

stack 

Spe-

cific 

energy  

Mate-

rial 

costs 

Total 

costs 

( 12 %) 

Total 

costs 

( 16 %

) 

Total 

costs 

( 20 %

) 

 µm µm Wh/kg $/kWh  Wh Wh/kg $/kWh $/kWh $/kWh $/kWh 

LNMO 70 20.0 313.8 102.6 104 126.4 288.2 108.2 934.2 348.2 173.8 

LNMO 150 42.9 351.9 90.7 54 140.7 323.0 95.7 481.2 207.7 126.4 

NMC 811 70 30.6 363.3 92.5 95 138.7 332.2 97.6 785.2 297.3 152.2 

NMC 811 150 65.5 405.6 82.6 48 150.2 369.8 87.3 408.2 188.2 112.8 

HE-NMC 70 41.5 472.6 68.8 87 158.3 427.0 73.3 625.0 233.5 117.1 

HE-NMC 150 88.9 530.2 60.9 44 171.6 477.5 65.0 322.4 139.8 85.4 

 

Conclusions 

The presented results reveal the dilemma that experimental re-

search currently faces during scale-up of ASSB fabrication using 

oxide SSEs: While mature slurry-based technologies can provide 

dense layers with high throughput on a large scale, the required 

high sintering temperatures inhibit co-firing of SSE and cathode 

particles. Therefore, for cathode-supported ASSBs, vapor or 

aerosol deposition methods seem to be the only plausible op-

tion to generate SSE dense layers without high temperature sin-

tering, limiting throughput to the layer growth rate. For the tri-

layer electrolyte matrix, a bottleneck in production can be the 

infiltration of the electrode materials into the outer, porous lay-

ers, which requires very fine tuning of the porosities and of the 

process parameters during infiltration and subsequent low tem-

perature annealing. As indicated by the maturity assessment, 

manufacturing equipment readily available in the ceramics in-

dustries (e.g., SOFC or MLCC production) can potentially be 

adapted to the fabrication of oxide-based ASSBs. This can be a 

potential market opportunity for machine and equipment engi-

neering and the ceramics industry, although processes such as 

surface treatment or infiltration of electrodes into porous struc-

tures can pose an issue yet to be solved for large-scale produc-

tion. The results presented in this paper can help the respective 

stakeholders in up-scaling from research to pilot scale and iden-

tifying suitable technologies for focusing on development ef-

forts. The systematic procedure for technology evaluation, de-

rived from established methods in strategic technology plan-

ning, can assist to provide information on manufacturing tech-

nologies despite the early stage of development and the result-

ing uncertainty concerning product properties and production 

technologies. Although the top-down calculation for the manu-

facturing cost can only serve as a rough estimate and is highly 

sensitive to the assumed learning rate, the presented results in-

dicate that garnet based ASSBs could be feasible by economies 

of scale despite the high temperature sintering step. However, 

as the calculation reveals, a prerequisite will be the fabrication 

of thin SSE layers and the integration of high energy electrode 

materials and high active material loading, which must be capa-

ble of stable cycling at sufficiently high current densities. There-

fore, further material innovation and research will be required, 

especially with regard to the interfaces between SSEs and elec-

trode materials24 and the scale-up of cell dimensions and pro-

duction processes15. 

In summary, a comprehensive and systematic evaluation of ce-

ramic processing technologies with regard to large-scale pro-

duction of ASSBs was demonstrated. Based on theoretical con-

siderations concerning the properties of the respective SSEs, re-
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quirements for layer fabrication were deduced and ceramic pro-

cessing technologies were evaluated with regard to their suita-

bility to meet these requirements. For fabrication of the SSE 

layer, the aerosol deposition was found to be most suitable, 

whereas for the cathode composite layer, tape casting and 

screen printing show the most promising results. The technol-

ogy readiness evaluation revealed relatively high maturity level 

of the tape casting and screen printing processes, while the aer-

osol deposition method will require high development efforts 

to reach acceptable maturity levels for mass production. A cell 

cost estimation for different types of cathode active materials 

and layer thicknesses was conducted and reveals that garnet 

based ASSBs could be competitive with costs for conventional 

lithium-ion cells if the price for LLZ can be pushed below 60 $/kg 

or if lighter SSEs employed, e.g. in the cathode composite. While 

further experimental validation is required to manifest the pre-

sented findings, future research will have to focus on innovative 

layer densification technologies or new materials with low sin-

tering temperatures. Furthermore, a bottom-up calculation of 

the processing cost, taking into account every single production 

step along the process chain, would enable a more detailed in-

vestigation on potential cost drivers in ASSB production. The re-

sults presented in this paper can assist researchers, (potential) 

cell and equipment manufacturers, and OEMs to make pro-

found decisions in taking the next steps towards high-energy 

batteries with improved safety. 

Methods 

Technology identification and evaluation 

A concept for the identification and evaluation of manufactur-

ing technologies for ASSBs14 was adapted from strategic tech-

nology planning methods69,108,109 to the specific requirements of 

ASSB fabrication, as illustrated in Figure 5. The first step to iden-

tify suitable processing methods for commercial mass produc-

tion of ASSBs is the determination of search fields for technol-

ogy scouting108. Based on the different materials and compo-

nents as well as the specific requirements of the ASSBs, promis-

ing search fields are energy systems containing ceramic layers, 

such as SOFCs and capacitors. Focusing on ceramic layers, re-

quirements for the identified technologies are derived for cath-

ode composite and SSE layer. 

Based on a literature and patent search, different layer fabrica-

tion technologies were identified and the resulting technology 

profiles were stored in a database. Subsequently, a preselection 

of technologies was conducted based on the technical suitabil-

ity. For this purpose, exclusion criteria were defined as sug-

gested by Klocke et al. (2000)69, with a focus on material com-

patibility and the main functionality of the product: Hence, the 

thermal stability of the coating and substrate materials (SSE, 

cathode materials) during processing was taken into account, as 

well as the error rate for the defined layer geometries during 

fabrication. Technologies not fulfilling these criteria were ex-

cluded from further consideration.  

In a second step, a rough evaluation of the technology capability 

was conducted based on a workshop with three experts with 

more than 10, 20 and 25 years of experience in ceramics pro-

cessing and involved in different technological fields (power 

plant and aircraft industry, electro-ceramics, energy technolo-

gies). The evaluation included the capability to meet product re-

quirements, such as layer thicknesses, obtainable sizes of the 

components, consideration of material characteristics, and pro-

duction-related aspects such as throughput. These criteria were 

weighted separately for the fabrication of SSE layer and cathode 

composite layer (Supplementary Tables S1 and S3). The 

weighting of the criteria was balanced by the experts by pair-

wise comparison. A decision matrix was used to collate the tech-

nology profiles with the weighted criteria, enabling a ranking us-

ing performance indicators  of the technologies based on 

technical suitability: 

 

=  
,

, {1; 2; 3}, ,  {0; 1; 2; 3}  (4) 

 

Here, wi is the (normalized) weighting of criterion i and Pi,j is the 

degree of fulfillment for technology Tj with regard to criterion i 

on a scale from zero to three. For fabrication of the SSE layer, 

especially product requirements, such as layer density and error 

rate, were rated most critical. The final ranking was calculated 

by multiplying the weighted average of each technology in 

every category by the performance indicator MTj. 

Using the decision matrices depicted in Supplementary Table S2 

(SSE layer) and Supplementary Table S4 (cathode composite), 

the respective technologies were ranked according to their suit-

ability to meet the aforementioned criteria. For graphical illus-

tration, the criteria were clustered according to product, mate-

rial, and production-related factors and depicted in three-di-

mensional suitability diagrams. Therefore, a weighted average 

was calculated using the respective weighting factors for each 

category.  

In a third step, the technology readiness of the most promising 

technologies was evaluated by the same experts based on the 

method introduced by Reinhart et al. (2012)109. Technology 

readiness in this context means the technical and economic un-

derstanding and achievable performance of a technology in the 

current state of development for a certain purpose of operation 

in manufacturing. Schindler (2015)110 therefore introduced 

questionnaires to structurally gather information about the de-

velopment state of a technology clustered by seven technology 

readiness levels (TRL) similar to the NASA TRL approach111, 

which was adapted towards the evaluation of production tech-

nologies. The scale starts with level 1, the basic research level, 

where fundamental physical relations and process parameters 

need to be understood and fields of application need to be iden-

tified. In level 2, the feasibility study, the theoretical under-

standing of level 1 is validated in simple experiments or simula-

tions. Level 3, the technology development level, focusses on 

the development of a conceptual application as basis for a pro-

totype, which is designed in level 4. The aim of a level 4 proto-

type is the validation of process parameters and technology 

functions. Level 5 comprises the integration of the technology 

in an operating resource like a machine tool inside a laboratory 

environment but under real-life conditions. Within this level, 
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battery packs107 range from 6-9 %114 to 16±4 %102, while learn-

ing rates of 16-17 % were estimated for EV battery cells115 and 

up to 30±3 % for lithium-ion cells in electronics102. Resulting 

costs for different scenarios can be found in Table 3. 
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