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(SIB) are considered as a promising alter-
native in this regard, avoiding the use of 
critical and expensive materials with high 
environmental impacts.[3–5] Sharing their 
50-year history but also most properties
with LIB, SIBs are considered as drop-in
technology with a wide set of potential
cathode material candidates.[6] One of their
advantages over LIBs is the use of sodium
instead of lithium for active materials and
electrolytes and the possibility to apply
aluminum instead of copper as current
collector.[7] While the larger ionic radius of
sodium and its lower standard electrode
potential (−2.71  V vs Standard Hydrogen
Electrode (SHE) as compared to −3.02 V vs
SHE for lithium)[5,8] leads to lower energy
densities, they are able to cover similar
application fields,[9] with several compa-
nies already commercializing SIB.[10–13]

For both technologies, cathode active 
materials (CAM) based on intercala-
tion reactions are required that allow to 
reversibly insert a high amount of the 
corresponding guest species (Na+ or Li+) 
and thus achieve high energy densities 

and lifetimes. Consequently, the selection of the CAM deter-
mines the later application of a battery,[8] but often also is the 
main driver of costs and environmental impacts.[14,15] The 
most prominent CAM for present LIBs are, among others, 
LiNi0.6Mn0.2Co0.2O2 (Lithium Nickel Manganese Cobalt (NMC) 
622) and LiFePO4 (Lithium Iron Phosphate (LFP)). For SIB, at
a lower technological maturity level, numerous material com-
binations are being researched with different properties in
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1. Introduction

A major goal of post-lithium battery research is to reduce the 
sustainability impacts associated with the increasing demand for 
electrochemical energy storage systems. These post-lithium sys-
tems include a wide set of cell chemistries such as Mg, Al, Na, 
Ka, or Zn systems, with the name given according to the shut-
tling ion within the battery.[1,2] Especially, Sodium-Ion batteries 
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terms of energy density, cycle lifetime, coulombic efficiency or 
cost, but also resource availability/criticality and environmental 
impacts. Numerous studies are available on the technical devel-
opment of different SIB technologies considering a wide set of 
CAM.[6,8,15,16] However, most of these studies focus on technical 
or performance aspects (e.g., energy densities, cycles lifetimes, 
efficiency), but do not provide wider views on potential sustain-
ability implications related to different CAM in early develop-
ment stages.

This work provides a comprehensive and highly flexible CAM 
screening including over 40 material compositions, giving a 
quick but inclusive overview of potential sustainability hotspots 
for SIB in early-stage research. All screened SIB cathodes are 
benchmarked against state-of-the-art LIB CAM under considera-
tion of costs, material criticality, and carbon footprint (CF).

2. State of the Art

2.1. Sodium-Ion Cathode Types and Materials

Analog to LIB, SIB CAM can be separated into layered oxides 
and polyanionic materials. In the following, a brief overview of 
different CAM types is provided. Detailed insights into the prop-
erties of different materials can be found in existing works.[8,16–19]

2.1.1. Layered Oxides

Layered oxide materials are prominently used as CAM for com-
mercial LIB, and their counterparts for SIB have been success-
fully tested and improved on lab-scale in recent years.[20] The 
structure can be generally described as NaxTMO2 (TM, transi-
tion metal, e.g., Mn, Fe, Ni, Co, Ti, etc.). In order to distinguish 
the layered oxides further, they can be indicated with the letters 
“P” and “O” referring to a prismatic and octahedral coordina-
tion of Na between the layers. The sodium diffusion in a pris-
matic layer follows a direct path, while in an octahedral layer 
it follows the interstitial sites in a zigzag pattern (indirect 
diffusion).[20] The number of transition metal layers per unit 
cell of the crystal lattice is indicated as a numeral after the 
letters P/O.

As an example, P2 and O3 can be named as two important 
and well-known types of layered oxides (e.g., NaxTMO2 (P2) for 
prismatic two-layer).[18,21] P2 types show in general a higher ini-
tial discharge capacity (vs Na-anode) but a less stable cycling 
stability than O3. In both cases of P and O type layered oxides, 
manganese and iron are the most prominent transition metals 
for good electrochemical performance. With the combination 
of different amounts of these two and other transition metals, 
higher capacity and stability can be achieved. Average working 
potentials rank from 2.4 to 3.6 V and typical practical capacities 
are in the range of 100–200 mAh g−1.[20]

2.1.2. Polyanionic Materials

The second group of CAM is the polyanionic materials. They 
can be expressed with the general formula NaxTMy(XO4)n 
whereby X could represent S, P, Si, As, Mo, or W and TM is a 

transition metal.[22] They consist of a series of tetrahedron ani-
onic units (XO4)n− or their derivatives (XmO3m+1)n− and TMOx 
polyhedra with strong covalent bonds.[23] The polyanionic 
CAM exhibit three key characteristics: First, there is the high 
redox potential caused by the unique inductive effect.[24,25] 
Second, they show a high thermal stability, favorable for safety 
issues. Third, they exhibit a low electric conductivity, typical 
for NASICON-structured materials.[26,27] While the former two 
characteristics convert them into promising CAM, research 
is ongoing to overcome the drawback of the low conduc-
tivity by applying various strategies such as carbon coating, 
reducing particle size, or designing the optimal particle mor-
phology.[28–32] A second group of polyanionic CAM is the Prus-
sian Blue Analogues (PBA) with the general chemical formula 
Na2−xTMa[TMb(CN)6]1−y zH2O. These can be synthesized at 
low temperatures[33] and rely on typically abundant mate-
rials. TMa and TMb could be two different or the same tran-
sition metal, whereby Fe is the most famous representative. 
Na0.61Fe[Fe(CN)6]0.94 is a promising candidate which shows an 
energy density of 493 mAh g−1.[34]

2.2. Early Stage Sustainability Assessment of Na-Ion Batteries 
and Materials

Being costs, material demand, and sustainability among the 
principal drivers for the development of SIB, a crucial question 
in this context is how to steer these efforts before technology 
entrenchment limits the potential for adopting the technology 
towards more sustainability.[4] Typically, such an exercise is rel-
evant in early technology development stages, with the efforts 
for adjustments increasing with advancing technology readiness 
levels (TRLs).[35] For batteries, these TRLs have been specifically 
adopted as Battery Component Readiness Level (BC-RL) 1 to 
9 alongside checklists for known factors, possible projections, 
and fully unknown factors for each level.[36] Using more general  
Battery Technology Readiness Levels (BTRL), three system anal-
ysis levels (SAL) can be identified and classified as shown in 
Figure 1: i) simple screening methods based on available and 
often uncertain data able to compare a high magnitude of alter-
natives on a component level; ii) prospective assessments on a 
device level (e.g., cells) using parametric and analogous (in refer-
ence to similar technologies) approaches for the conceptual stage 
with limited data and high uncertainty and iii) full assessments 
using an engineering-driven approach where detailed engineering 
and manufacturing estimates and corresponding data (material, 
equipment, energy demand) are available.[37] The arrows indicate 
that system analysis can be seen as an iterative process at the 
corresponding BTRL levels. SIB can be classified within a BTRL 
between 1 to 6, although some SIB types have already reached 
higher BTRL of up to 7.[10–13] LIB in contrast can be considered to 
be mature and fully available in markets, beyond BTRL 9.

A high number of potential SIB material combinations are 
tested in the electrochemical development stage (BTRL 1-4).  
Being the experience with LIB is not directly transposable to 
SIB due to their different electrochemical characteristics, 
knowledge about the potential impacts of the material candi-
dates is sought for supporting decision making at this stage. 
This requires the definition of selection criteria and cor-
responding models that are flexible, modular, and easy to 
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communicate if, for example, new material candidates are 
tested. Here, screening methods can be applied, such as simple 
cost estimations, environmental footprinting, toxicity, and raw 
material criticality analysis providing first insights into poten-
tial hotspots of single components like electrodes and electro-
lytes.[38] A typical indicator on SAL 1 is supply risk (SR) which 
describes the likelihood of supply disruption considering pro-
cessing, smelting, and refining capacities which are often simi-
larly concentrated in producing countries.[39] Alternatively, life 
cycle assessment (LCA) approaches can be used, providing a 
broader picture by considering a selected set of impact catego-
ries as in the case of for nanoscale cathode materials for LIB.[40]

While costs, material and environmental aspects of LIB have 
been extensively assessed,[41,42] there are only a few publica-
tions available that take a close look into general sustainability 
aspects of specific SIB materials. These include the potential 
cost competitiveness of SIB compared to current LIB,[43] ana-
lyzes of raw material availability,[5] and potential SR,[44] and 
potential environmental impacts and cost of SIB compared to 
LIB.[4,7,45–47] Apart from the mentioned studies, a good review 
in this regard is provided in a recent work,[48] which is why the 
individual studies are not discussed further here.

Typically, these works start from BC RL >4 using SAL 2 
methods such as LCA or Life Cycle Costing (LCC). These are 
powerful tools to analyze a limited set of electrode materials 

and compare them with state-of-the-art technologies, pin-
pointing hotspots and improvement potentials under the con-
sidered aspects. However, LCA studies require time intensive 
data gathering in the phase of building up a life cycle inventory. 
This might be problematic if insufficient data is available due to 
the early technology development stages and limits the number 
of options that can be assessed in a single study. To the best of 
the authors’ knowledge, only a very limited set of the potentially 
suitable CAM for SIB in relation to sustainability have been 
assessed so far although information about the potentially most 
promising CAM can help to guide CAM research and develop-
ment toward more sustainably batteries.

3. Methodology

In order to tackle the need for early-stage assessment of SIB 
materials, a comprehensive and flexible CAM screening 
method has been developed. It provides a fast overview of 
potential cost and criticality hotspots using SAL 1 within a 
BTRL of 1–6 and benchmarks them against state-of-the-art LIB 
technologies. Used indicators are CAM cost, CF, and material 
criticality in form of an SR, which have been selected based on 
literature and on dedicated workshops with involved material 
researchers. An overview of the entire methodology including 

Figure 1. BTRL (TRL inspired by)[35] dependent SAL, including a description of characteristics and applied method on each SAL. LIBs are considered 
to be situated at BTRL 7+, while SIBs are at an earlier BTRL.
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all considered CAM types is provided in Figure 2 and described 
in the following.

3.1. Material Selection

The CAM to be screened are selected based on an exhaus-
tive literature screening combined with input from work-
shops with material researchers within the KIT. A total of 
49 CAM are identified for consideration in the assessment, 
and categorized according to Section  2.2 into polyanionic 
and layered oxide insertion materials. Their specific compo-
sition and properties such as mass and required precursors 
are obtained directly from the literature review, comple-
mented by their own laboratory data and stoichiometric 
calculations.

3.2. Determination of CAM Properties

The specific energy of a CAM is the product of its specific 
capacity and average potential. The theoretical specific capacity 
Qth can be calculated as follows:

/thQ F z M= ∗ (1)

With F being the faraday constant, z the exchanged electrons 
per mole, and M the molar mass of the considered CAM. If not 
all ions are de-/intercalated from/into the considered material 
within a certain voltage window, the theoretical capacity does 
not reflect its actual capacity. To take this into account, the spe-
cific energy is calculated based on the specific reversible capaci-
ties obtained from the literature. If no information was avail-
able on the reversible capacity and/or the average potential, it 

Figure 2. Outline of the applied screening methodology.
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was taken from the integral of the potential-capacity curve. Note 
that the reversible capacity can also be higher than the theoret-
ical capacity if more ions intercalate in the discharge cycle and 
then de-intercalate in the first charge cycle (this is only possible 
in half cells or pre-sodiated full cells with an excess of ions). 
The specific energies (W) are calculated as follows:

for half-cells:

cathode a,cathodeW Q U= (2)

for full cells:

1

cathode a,cathode a,anode

cathode

anode

W
Q U U

Q

Q

( )=
∗ −

+
(3)

With Qcathode/anode being the reversible specific capacity of the 
cathode/anode, and Ua,cathode/anode is the average potential of the 
cathode/anode (see Table 1). More details about the determina-
tion of the average potential and capacity of the anode materials 
are provided in the Supporting Information.

The obtained reversible specific energy of the different CAM 
is provided in Table 2 as follows: i) energy density without 
anode; ii) versus metallic lithium (LIB) or sodium (SIB); and iii) 
versus graphite (LIB) or hard carbon (HC) (SIB). Note that the 
energy densities provided here are considering only the active 
material and not the entire electrode, current collector, electro-
lyte, separator, or packaging. Considering inactive materials on 
an electrode level (binders, conductive additives, current col-
lectors, etc.) would lead to a decrease in specific energies. This 
effect is relevant not only for cells (housing, separator), but also 
on module level (container, control units, sensors, etc.) and 
finally system level (cooling, battery management, etc.).[49] Addi-
tionally, there are several sources available that report different 
values for the considered CAM. In most cases, differences are 
rather small, but in some cases, significant differences can be 
identified. These are marked correspondingly for special con-
sideration in future assessments. The higher values are used 
for the assessment in these cases, and the corresponding 
sources are marked with a +. More details on the estimation of 
the reversible capacities and potentials of the anode materials 
are provided in the Supporting Information.

Because of the lower reversible capacity of sodium and HC 
compared to lithium and graphite, the reversible specific (also 
called practical or experimental) energy of SIBs is lower than 
that of LIBs. Highest values are obtained with metallic anodes, 
which could be realized in all-solid-state batteries. However, 
the potential and reversible capacity of the anodes (unlike the 
cathodes) heavily depends on other parameters such as the 
electrolyte (affecting initial columbic efficiency ICE, SEI for-
mation),[120] the current rate,[121] element doping,[121] and the 

presodiating procedure.[122] For reducing uncertainties due to 
variation of anode properties, the anode is disregarded for the 
following screening, providing CAM-specific results that are 
not necessarily valid for an entire battery cell. However, the 
effect of different anodes is evaluated in the sensitivity analysis.

3.3. Calculation of Impacts

3.3.1. Raw Material Criticality

The development of new technologies is often related to the 
demand for new raw materials and corresponding concerns 
regarding their availability and supply security. More than 80% 
of the raw materials needed for the EUs industry and economy 
are based on imports, of which several are considered as critical 
raw materials.[39] There is no common standard for raw mate-
rial criticality assessment but rather several methods and indi-
cators to analyze raw material criticality with varying spatial 
and technological and socio-economic scopes.[39,123,124] Based on 
a review and analysis of existing indicators for assessing raw 
material criticality, the SR for Europe (SREU)[39] is selected, fit-
ting best to the scope of the present screening approach (a com-
parison of the different alternative indicators is provided in the 
Supporting Information). The SREU considers several factors 
characterizing the risk of a disruption in the supply of a spe-
cific material, including supply country mixes, import reliance, 
supplier countries' governance performance, trade restrictions 
and agreements, availability and criticality of substitutes, and 
end-of-life recycling input rate. Being raw material criticality 
not only associated with SR, but also with absolute availability 
of materials, we further estimate static reserves for all relevant 
raw materials as basis for a sensitivity analysis based on current 
reserves and mining activities from 2019 to 2021 using reports 
from the United States Geological Survey (USGS).[125,126] Details 
about the approach and underlying data are provided in the 
Supporting Information.

The indicators for the single materials on an element level, 
calculated static ranges, and qualitative resource availability are 
provided in Table 3.

It is worth mentioning that there is a certain difference 
among the reviewed indicators when comparing the SR scores 
obtained for the relevant elements (SR USA/Nassar et  al.,[127] 
USGS review/Hayes et al.,[128] and EU Supply[39]). Also, the static 
ranges do not necessarily reflect the SR, which is explainable by 
the fact that the first is based on the bottleneck of supply (either 
extraction or processing), whilst the latter just considers pro-
duction capacities and available reserves neglecting any other 
factor. Additionally, the three main countries for mining or 
processing level are provided in the right column of Table 3.[129] 
Note that color indications are different for SREU, as there is 
a sharp threshold (value one) beyond which raw materials are 
defined as critical.

3.3.2. Cathode Active Material (CAM) Cost

Typically, raw materials account for up to 80% of the CAM 
cost.[130] Thus, a major challenge is to gather representative 

Table 1. Overview of parameters considered for the calculation of spe-
cific capacities for different anode materials.

Li Na Graphite Hard carbon

Ua,anode [V] 0 0 0.1 0.2

Q,anode [mAh g−1] 3861 1166 360 330

Adv. Energy Mater. 2022, 2202636
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Table 2. Result for specific energies for different cathode and anode types.

Theoretic capacity 
[mAh g−1]

Reversible capacity 
[mAh g−1]

Aver. 
Potential [V]

Reversible specific energy  
[Wh kg−1] (own calculations)

Ref. Divergence of literature values 
for reversible capacity

With-out anode Li/Na anode Graphite/HC 
anode

Lithium cathode materials

LiCoO2 274 150 3.9 585 563 402 [50,51] None

LiNi0.8Co0.15Al0.05O2 (NCA) 279 188 3.7 696 663 445 [51,52] None

LiNi0.5Mn0.5O2 280 150 3.9 585 563 402 [53,54] None

LiNi0.33Mn0.33Co0.33O2 
(NMC111)

278 150 3.7 592 568 399 [55,56] None

LiNi0.6Mn0.2Co0.2O2 
(NMC622)

276 170 3.7 629 602 416 [55,57] None

LiMn2O4 (LMO) 148 115 4.1 472 458 349 [58,59] None

LiNi0.5Mn1.5O4 (LNMO) 147 126–137 4.7 644 622 458 [60,61] Small

LiFePO4 (LFP) 170 165 3.45 569 546 379 [62,63] None

Sodium cathode materials

Layered oxide materials

P2-Na0.67CoO2 168 115–123 3.0 369 334 251 [64,65]+ Small

a-NaMnO2 244 185 2.75 509 439 302 +[66,67] None

ß-NaMnO2 244 190 2.75 523 449 307 [67,68]+ None

Na0.44MnO2 122 80–120 2.8 336 305 229 [69,70]+ Significant

P2-Na0.67MnO2 175 175 2.8 490 426 297 [71]

P2-Na0.67Mn0.72Mg0.28O2 191 165–220 2.6 572 481 317 +[72,73] Significant

P2-Na0.67Mn0.95Mg0.05O2 177 175 2.6 455 396 274 [71]

P2-Na0.67Mn0.5Fe0.5O2 174 190–195 2.75 523 449 307 [74,75]+ Small

O3-NaMn0.5Fe0.5O2 243 110 2.75 303 276 210 [74]

P2-Na0.67Ni0.33Mn0.67O2 173 161 3.7 596 523 379 [76,77] None

P2-Na0.8Li0.12Ni0.22Mn0.66O2 214 118–122 3.4 415 376 285 [78,79]+ Small

P2-Na0.83Li0.07Ni0.31Mn0.62O2 214 140 3.5 490 437 324 [78]

P2-Na0.83Li0.25Mn0.75O2 237 155–185 2.7 500 431 296 +[80,81] Significant

O3-NaFe0.5Co0.5O2 238 125–160 3.14 502 442 317 +[82,83] Significant

O3-NaNi0.33Co0.33Fe0.33O2 238 165 2.95 487 426 303 [84]

O3-NaNi0.5Mn0.5O2 240 125–130 2.9 377 339 252 [85,86]+ Small

Na0.9[Mn0.4Fe0.5Ti0.1]O2 244 110 2.8 308 281 215 [87,88] None

NaMn0.33Fe0.33Ni0.33O2 240 100–175 2.75 481 418 292 [89,90]+ Significant

Na0.6Fe0.11Mn0.66Ni0.22O2 159 120 2.7 324 294 220 [91]

NaMn0.3Fe0.4Ni0.3O2 241 130 3.0 390 351 261 [92]

P2-Na0.6Fe0.2Mn0.65Ni0.15O2 158 200 3.1 620 529 361 [93]

Na0.6Ni0.22Al0.11Mn0.66O2 164 225 3.0 675 566 375 [94]

Polyanionic materials

Na3V2(PO4)3 118 100–112 3.4 381 347 268 [95,96]+ Small

Na4MnV(PO4)3 111 110 3.46 380a) 347 269 [97]

Na3MnTi(PO4)3*) 117 114 3.60 410a) 374 288 [98]

Na3MnTi(PO4)3**) 176 172 2.94 506b) 441 310 Own 
data[98]

Na3MnZr(PO4)3 107 110 3.66 402b) 368 285 [99]

NaFePO4 154 152 2.7 410 363 260 [100]

Na1.7O2Fe3(PO4)3 87 140 2.9 406 362 265 [89,101] None

Na4Fe3(PO4)P2O7**) 152 105–108 3.2 406 362 244 +[102,103] Small

Adv. Energy Mater. 2022, 2202636
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values for the CAM precursor materials as the prices of raw 
materials are subject to high fluctuations. For this purpose, 
data obtained from several sources have been combined, con-
sidering stock exchange markets and commodity summary 
reports.[131–133]

All prices have been converted to EUR for the last 11 years 
(2012–2022)[134] and adjusted to the industrial producer’s prices 

index (IIPP for EU 27).[135] In some cases, only prices for cer-
tain precursors are available, for example, lithium carbonate, 
sodium carbonate (soda ash), and vanadium pentoxide, which 
have then been converted into the specific precursor price via 
stoichiometric calculations (See Supporting Information).

Apart from raw material costs, CAM costs entail also process-
related costs. The baseline cost of CAM production is used from 

Theoretic capacity 
[mAh g−1]

Reversible capacity 
[mAh g−1]

Aver. 
Potential [V]

Reversible specific energy  
[Wh kg−1] (own calculations)

Ref. Divergence of literature values 
for reversible capacity

With-out anode Li/Na anode Graphite/HC 
anode

Na2MnPO4F *) 249 120–178 3.66 651 565 400 +[104,105] Significant

NaV(PO4)F 143 82–98 3.7 303 283 230 [106,107]+ Small

Na1.5VPO4.8F0.7 130 134 3.8 509 457 343 [108]

Na2Fe(PO4)F 124 110–120 3.0 360 326 246 [109,110]+ Small

Na3MnPO4CO3*) 192 125–130 3.7 490 437 324 [111,112]+ Small

Na2MnFe(CN)6*) 171 103–140 3.5 490 437 324 +[113,114] Significant

Na0.61Fe[Fe(CN)6]0.94
1) 61 170 2.9 493 430 303 [115]

Na0.81Fe[Fe(CN)6]0.79
1) 90 149 3.0 447 396 287 [34]

Na2FeSiO4*) 276 175–181 4.0 724 627 444 +[88,116] Small

Na2MnSiO4*) 278 210 3.0 630 534 359 [117]

Na2Fe2(SO4)3*) 120 102–110 3.8 418 382 297 [118,119]+ Small

a)Specific energy is directly from the Literature and the average potential is calculated; b)Specific energy is calculated from the integration of the potential-capacity; *2Na 
exchange; **3Na exchange; 1)Prussian Blue Analogues

Table 2. Continued.

Table 3. Overview of different criticality indicators applied to the considered Elements and their specific special focus, where red indicates a high, 
yellow a moderate, and green a low “criticality”. Corresponding minimum and maximum values are provided at the very bottom of the table.

Element EU Supply Risk (SREU) Nassar et al. Supply Risk Hayes et al. – USGS 
Review

Static range  
[y]

Three main suppliers (int. Country codes) 
by global share

Level

Scope Europe US Global Global Global

Al 0.6 0.6 33 153 CN 55%, RU 5.7%, IND 4,6% Processing

Co 2.5 0.6 73 49 CD 72.4%, AU 3.7%, RU 3.5% Mining

F 1.2 0.3 57 44 CN 52,7%, MX 29.5%, VN 3.6% Mining

Fe 0.5 0.1 25 64 AU 36.8%, BR 19.3%, CN 13.8% Mining

Li 1.6 0.35 40 240 AU 60.9%, CL 19%, CN 7.5% Mining

Mg 3.9 0.4 75 954 CN 90.9%, USA 3.2%, IL 2.2% Processing

Mn 0.9 0.35 40 68 ZA 28%, AU 16.9%, GA 13.6% Mining

Na 0 0 0 1000 N/A N/A

Ni 0.5 0.4 19 38 CN 31.3%, ID 13.2%, JP 8.5% Processing

P 1.1 0.25 40 282 CN 41.1%, MA 15.6%, USA 10.3% Processing

S 0.3 0 0 1000 N/A N/A

Si 1.2 0 20 1000 CN 61.9%, USA 14.8%, BR 6.5% Processing

Ti 1.3 0.4 25 50 ZA 14.8%, MZ 12.8%, AU 11.6% Mining

V 1.7 0.45 67 271 CN 58.7%, RU 18.8%, ZA 16.4% Mining

Zr 0.8 0.2 57 45 AU 32.3%, ZA 29.5%, USA 8.0% Mining

Min 0 0 0 12

Max 7 1 100 1000

Threshold 1 N/A N/A N/A

Adv. Energy Mater. 2022, 2202636
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literature and usually includes the synthesis process cost or 
CAM preparation cost (CAMPC). Here a distinction in terms of 
cost can be made between layered oxides and polyanionic mate-
rials. Additionally, this price depends on the size of the produc-
tion plant due to scale factors. In the case of SIBs, large-scale 
production is not yet established, and production costs can be 
expected to decrease in the future with larger-scale produc-
tion.[136] However, CAM preparation for SIB can be assumed to 
be very similar to those of LIB, with similar synthesis processes 
for both layered oxides and polyanionic cathode types.[43] Here 
the values for CAM preparation from literature[44,136] are used 
and adopted based on the specific nickel content of LIB and SIB 
as nickel-rich materials need more complex process steps due 
to complex surface chemistry[137] (see Supporting Information). 
Surprisingly, little data is available on the CAMPC of polyanionic 
CAM. Only Wentke et al.[130] provide a value of 10.2 € kg−1 CAM, 
which is used for the calculation for SIB cathode CAMPC. The 
cost is comparable to that reported in Peters et  al.,[43] where a 
value of 9.15 € kg−1 is used (for co-precipitated metal oxides)

Processing costs for established CAM technologies will prob-
ably not decrease further over time, meaning that changes 
in CAM costs are mainly based on changes in raw material 
pricing and economies of scale but not due to further learning 
curve effects.[130,138] Here the main scope is on low TRL tech-
nology with no industrial line manufacturing, but the effect of 
assuming large-scale production (35 GWh production line) is 
evaluated in the sensitivity analysis.[130] The high fluctuations of 
raw material costs add significant uncertainty to the CAM cost 
assessments. To consider these, a Monte-Carlo simulation is 
used for determining median values and 5%–95% confidence 
intervals for all raw material process, thus better capturing the 
associated uncertainties. This is combined with a simple geo-
metric Brownian motion model (GBM) for also considering 

potential future price developments and the additional uncer-
tainty. Details about the approach are provided in the Sup-
porting Information.

The precursor material costs used for the estimation of CAM 
costs are presented in Table 4. Here only some years of corre-
sponding commodity prices are depicted, the full-time series is 
provided in the Supporting Information.

3.3.3. Environmental Impacts

Being the CAM and the associated upstream processes (mining, 
beneficiation, etc.) among the main contributors to the envi-
ronmental impacts of LIB and SIB,[4,14] a screening of potential 
impacts in the early design stage can help to support the design 
of more environmentally friendly batteries. For this purpose, an 
LCA approach is taken, estimating the potential environmental 
impacts of the considered material precursors including all 
upstream processes and the impacts of material synthesis. For 
the latter, only energy demand (heat and electricity) are taken 
into account, disregarding infrastructure and possible auxiliary 
inputs, being no information available on specific requirements 
of each of the considered CAM, and the impact of auxiliary 
input for CAM synthesis is typically negligible.[14,45] For layered 
oxide CAM, electricity and heat demand (process heat from 
natural gas) are assumed to be 6.87 kWh and 39.6 MJ per kg of 
CAM produced, respectively, and for polyanionic CAM, these 
are 6.87  kWh and 15.6  MJ.[4,142] CAM synthesis is assumed to 
take place in Europe, relying on the corresponding average elec-
tricity mix. The screening is based on the ecoinvent database 
version 3.8, with the impacts for the market mix of each mate-
rial precursor calculated using the Environmental Footprint 
(EF) 3.0. impact assessment methodology as recommended 

Table 4. Raw material prices with normalized values and used prices for CAM evaluation.

Commodity Year Market price [€ t−1] EUR [kg] Market price

2012 2017 2021 2022* Precursor 
(converted)

Min Median Max Source

Aluminum Al 1611 1752 2096 2542 Aluminum Sulfate 1.4 1.6 2.1 [132,133,139,140]

Graphite C 963 756 972 N/A Graphite 0.6 0.8 1.1 [132,133,139]

Cobalt Co 24 281 43 089 48 878 73 729 Cobalt Sulfate 21.2 27.0 49.6 [132,133]

Fluorspar F N/A 236 338 N/A Fluorspar 0.4 0.6 0.7 [140]

Iron Ore (62%) Fe 102 64 137 130 Iron sulfate 0.2 0.4 0.6 [140]

Lithium carbonate Li 3360 8101 14 941 59 322 Lithium carbonate 14.8 35.3 315.8 [131–133]

Magnesium Mg 1925 1954 3415 N/A Magnesium Sulfate 1.7 1.9 3.4 [132,133,141]

Manganese Mn N/A 1595 3329 N/A Manganese Sulfate 1.4 1.7 3.3 [133,140]

Sodium carbonate Na 156 146 288 N/A Sodium carbonate 0.2 0.4 0.6 [131,132]

Nickel Ni 13 969 9262 15 648 27 119 Nickel Sulfate 8.5 12.4 16.5 [132,133,139,140]

Phosphate P 147 80 104 N/A Phosphate 0.2 0.3 0.5 [132,133,140]

Sulfur S 99 125 200 N/A Sulfur 0.0 0.1 0.3 [132]

Ferrosilicon (75%) Si 2157 2128 3031 N/A Ferrosilicon (75%) 2.1 2.8 4.0 [133,140]

Titandioxide Ti 2890 2584 2771 N/A Titandioxide 2.8 4.1 4.8 [132,133]

Vanadium Pentoxide V 20 380 27 972 29 042 15 254 Vanadium Pentoxide 16.4 19.8 69.3 [132,133,140]

Zirkon Zr 2110 917 1215 N/A Zirkon 0.9 1.2 2.7 [132,133]
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by the EC.[143] In order to limit complexity, only the CF is con-
sidered as an impact category, being greenhouse gas (GHG) 
emissions and resource depletion the impact categories with 
the highest relevance for LIB,[144] and being resource aspects 
already considered in the criticality screening. Table 5 provides 
the GHG emissions obtained by this for the considered CAM 
precursors and the CAM synthesis process. More detail about 
other environmental impacts can be found in the Supporting 
Information.

4. Results

4.1. CAM Criticality

The results for all considered CAM using the SREU indicator 
are provided in Figure 3. Due to the high dependency of the 
results on the specific indicator and its spatial scope, results are 
contrasted to those for other indicators with a different spatial 
scope in the Supporting Information and the sensitivity anal-
ysis. Only the results without anode are considered, the ones 
for HC, graphite, and metal anodes are analyzed in the sensi-
tivity analysis. The red line represents the benchmark for NMC, 
and the dashed red line for LFP. Independent of the specific 
cell chemistry (SIB or LIB), the main drivers for criticality are 
i) the CAM energy density, ii) the share of critical elements
within the CAM (Table  4) and iii) the origin of the raw mate-
rials. Polyanionic LIB and SIB CAM perform well in relation
to oxide materials. In more detail, LFP for LIBs (also consid-
ered as reference), but also Prussian blue analogs and silicon-
containing options for SIB show a good performance and could
outperform the LIB references. The recycled input ratio (EOL-
RIR) values, displayed in the Supporting Information, provide
an idea of the recyclability and thus potential circularity of
the CAM. Here it is worth mentioning, that low recyclability

values are obtained for most well-performing CAM due to the 
low (economic) recycling incentives for abundant and low-cost 
materials (unattractive business cases for recycling).

The left graph of Figure  3 indicates the absolute risk score 
for each element, whilst the right graph depicts the relative con-
tribution of each element to the total score. Here, sodium does 
not contribute to the criticality as it is considered to be available 
nearly unlimitedly.[39,126,129] Lithium in contrast, with reserves 
and production capacities concentrated in South America and 
Australia, shows a relevant contribution to the total CAM criti-
cality.[145,146] In addition, lithium is currently not yet recycled in 
significant shares, though this may change in the future.[45,146] 
Cobalt and vanadium have the highest contribution to the total 
criticality score due to the strong concentration of mining and 
refining capacities in DR Congo and China (cobalt) and China 
(vanadium).[125,126,129] Regarding recycling, current recovery 
rates for cobalt in Europe are around 22% (on average),[39] but 
are expected to increase to up to 95% in the future,[147] while 
recovery rates of vanadium in Europe hardly exceed 2% nowa-
days.[39] Nickel, relevant for most layered oxide CAM has a low 
SR value (0.5) but high economic value, mined in different 
regions such as Indonesia (36%) and the Philippines (13%),[126] 
whilst processing is dominated by China (31%).[129] Recycling 
rates are around 17%[39] but are also expected to reach 95% in 
the future.[147] Similarly, Manganese, relevant for the magni-
tude of the considered layered oxides but also polyanionic SIB 
CAM, is not considered to have a high SR but high economic 
importance, being supplied by south Africa, Gabun, and Aus-
tralia.[129,148] However, manganese-based CAM tends to have 
lower energy densities, which can lead to a high score due to 
increased total material demand. Manganese recycling rates are 
relatively low (8%)[148] and it is mainly recovered with iron from 
steel slag.[126] Phosphorous has a similar impact on CAM criti-
cality (with 3.5 for SR),[39] with main mining capacities in China 
(39%–41% excluding small mines),[126,129] and major reserves 

Table 5. GHG emissions associated with precursor material production and CAM synthesis.

CAM Precursor materials CF [kgCO2eq kg−1] CAM synthesis process CF [kgCO2eq kg−1]

Vanadium pentoxide 30.22 Layered oxide CAM 4.77

Lithium carbonate 7.78 Polyanionic CAM 3.52

Cobalt sulfate 24.81

Nicken sulfate 7.77

Magnesium sulfate 1.05

Iron sulfate 0.16

Manganese sulfate 0.82

Sodium sulfate 0.69

Titanium dioxide 4.9

Aluminum sulfate 0.59

Phosphate 1.5084

Sulfur 0.13

Fluorspar 0.17

Zircon 0.61

Ferrosilicon 8.47

Graphite 1.68
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Figure 3. Detailed analysis of the criticality of CAM based on the SREU indicator (left side) and the relative shares for each cathode type (right side), 
energy density is provided in form of the blue bars. Indications: a) specific energy is directly from the Literature and the average potential is calculated 
b) specific energy is calculated from the integration of the potential-capacity, *2Na exchange, **3Na exchange, 1) Prussian Blue Analogues Detailed
analysis of criticality of CAM based on the SREU indicator (left side) and the relative shares for each cathode type (right side).
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(75%) in Morocco.[149] Currently, there is no relevant recovery 
of phosphorus in the EU. Iron plays an important role for SIB, 
in particular Prussian blue analogs, but also LFP-LIB. Being an 
abundant element with widely distributed production capaci-
ties[126] it has a low SR (0.5), but high economic importance 
(6.2). Recovery rates for iron are about 31%.[39]

4.2. CAM Cost

The estimated CAM costs (as for CAM criticality for the case 
w/o anode) are depicted in Figure 4. Error bars for CAM cost 
show the 5%–95% percentile confidence interval, wherein 
median values are used as a base for comparison. As for crit-
icality, the red line represents the benchmark for NMC, and 
the dashed red line for LFP. It can clearly be seen that in all 
cases the raw material cost is significantly lower in relation 
to the LIB reference (NMC622) under the given assumptions 
(left graph). The corresponding share of CAM cost of every 
material for each cathode type is provided in the right graph 
of Figure 4. While lithium contributes a relevant share to the 
total CAM costs for LIB, the contribution of sodium to the cost 
of SIB CAM is almost negligible. Cobalt, nickel, and vanadium 
can clearly be identified as principal cost drivers for CAM, 
being these are also the raw materials with the highest price 
fluctuations.

Vanadium sourced as a byproduct of vanadiferous iron 
is highly dependent on steel production rates (dominated 
by China) with corresponding fluctuations, for example, 
15–69 USD kg−1 over the last 4 years (see Supporting Infor-
mation). Cobalt prices have been increasing in particular 
in the last three years with prices of 60–86 USD kg−1 due to 
increasing demand from the battery sector. Currently, prices 
are not expected to fall due to ongoing disturbances of raw 
material supply and reduced activity of intermediate product 
smelters in China.[150] However, cobalt prices have the highest 
impact on both, LIB and SIB. The results for cobalt-containing 
SIB cathodes are in a similar magnitude to those reported 
in literature,[46] in particular NaNi1/3Co1/3Mn1/3O2 if reduced 
energy densities are considered in the case of an entire cell. 
Nickel prices have been relatively stable 9000–15 500 USD t−1 
from 2010 to 2021, but peaked significantly due to increased 
demand as well as the war in Ukraine (over 45  000 USD t−1 
depending on the trading platform) and are now decreasing 
again due to lower demand (by now 26 000 USD t−1).[151] Li2CO3 
prices have increased from 15.000 USD t−1 in June 2021 to 
68  800 USD t−1 in June 2022, with a slightly declining trend 
since then. A reason for this is that the demand for lithium has 
increased while the supply channels are not smooth but are 
expected to stabilize over time on a high level.[152] While iron 
phosphate cost is relatively low, cross-checking the calculated 
with current prices provided by Shanghai Metal Market (SMM) 
shows that prices have been increasing significantly from 
2000 USD t−1 in June 2021 to 3692 USD t−1 in June 2022.[131] 
However, costs might also be driven by phosphate/phospho-
rous acid costs (wet or dry routes)[153] and the energy-intensive 
drying process in the FePO4 production process.[154] The same 
comes true for Prussian blue additives where FeSO4 can 
be used as a precursor, which has to be produced over several 

steps (nucleation, enlargement of formed crystals, aggregation 
of formed crystals, and, finally, recrystallization, further oxi-
dation, rinsing of impurities and drying).[155] Iron prices have 
been very stable in the analyzed time frame with a peak in 2021 
and are expected to stay stable.

However, it has to be considered that CAM costs do not nec-
essarily reflect cell battery cell costs, with a substantial share of 
the cell costs being related to investment, auxiliaries, and over-
head costs, which also scale with energy density. Therefore, cost 
estimations including CAMPC are provided for all considered 
CAM. These results are based on a bottom-up approach using 
raw material prices for estimating the corresponding precursor 
cost, an approach considerably simpler than other cost models 
from example.[130,137,156] Nevertheless, they are considered to be 
appropriate for an early-stage screening where little informa-
tion is available on industrial synthesis processes (and corre-
sponding costs). While the results obtained for LIBs here are 
in the same order of magnitude as those reported in literature 
for NMC or LFP against graphite,[130,157] they are just a first 
explorative screening of potential cost for cathode processing. 
For a more robust decision-making, a more detailed cost anal-
ysis needs to be carried out for each specific material and cor-
responding synthesis routes.

CAMPC differs between the polyanionic and layered 
oxides, with a value of 10.2 € kg−1 assumed for polyanionic 
CAM (based on data for LFP) and 6–8.5 € kg−1 for layered 
oxides (derived from data for NMC). These can be explained 
by different electrode coating thicknesses,[130] with more 
energy required for coating and drying thicker electrodes, 
leading to increased cost.[158] The cost for layered oxides is 
mainly driven by the raw materials (and therefore highly 
dependent on the energy density), while those for polyanionic 
CAM are driven by the CAMPC.[156] Therefore, despite having 
polyanionic CAM potentially lower material costs, their 
higher CAMPC can compensate for their cost advantage on 
material level, leading to comparable costs when considering 
production costs.[137] It is important to mention that cost on 
a cell level can vary significantly and lead to a very different 
picture.[159]

4.3. CAM Carbon Footprint

As for cost, an overview of the CF for different CAM is pro-
vided in Figure 5. Remarkably, the overall picture is very similar 
to that obtained for the CAM costs, indicating that costs could 
be considered a fair proxy for GHG emissions for the given 
approach and assessed technology. While energy density is one 
of the keys for a good environmental performance, also mate-
rial choices play an important role, with cobalt and vanadium-
containing CAM showing disadvantages due to potentially 
high environmental impacts from material mining and pro-
cessing. Also, nickel contributes significantly to the total GHG 
emissions of CAM production, making the vanadium-free poly-
anionic CAM and the manganese-based (and nickel and cobalt-
less) layered oxides promising candidates under environmental 
aspects.

As for cost, the results do not represent a full and detailed 
assessment of the CF related to the different cathodes but 
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constitute a prospective screening of potential impacts. Any 
impacts associated with other battery cell materials and cell 
manufacturing are disregarded, though these might differ 

between cell chemistries. Taking, for example, LFP as an 
example, shows that these have higher impacts on a full cell 
level.[4]

Figure 4. Detailed analysis of CAM Cost in dependence of gravimetric energy density (left side) and the relative shares for each cathode type (right 
side) CAM and CAM-Preparation Cost for the considered cathode types. Error bars indicate upper and lower boundaries (5 and 95% Percentiles). 
Indications: a) specific energy is directly from the Literature and the average potential is calculated b) specific energy is calculated from the integration 
of the potential-capacity, *2Na exchange, **3Na exchange, 1) Prussian Blue Analogues.
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Figure 5. Detailed analysis of CAM Cost in dependence of gravimetric energy density (left side) and the relative shares for each cathode type (right 
side) CAM and CAM-Preparation Cost for the considered cathode types. Error bars indicate upper and lower boundaries (5 and 95% Percentiles). 
Indications: a) specific energy is directly from the Literature and the average potential is calculated b) specific energy is calculated from the integration 
of the potential-capacity, *2Na exchange, **3Na exchange, 1) Prussian Blue Analogues.
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5. Sensitivity Analysis

The sensitivity analysis is carried out for i) varying energy den-
sities obtained with different anode types ii) changing prices of 
the considered raw materials w/o anode using a simple GBM 
model for material price forecasting for 2031, iii) changing 
production capacities to analyze potential effects of scale for 
CAMPC and CAM cost, and iv) contrasting the SR results with 
those using alternative indicators. The results of the sensitivity 
analysis are provided in Figure 6 and Figure 7. Again, the red 
line represents the benchmark of NMC 622 and the dashed one 
LFP.

The cost and CF estimations include cathode active material 
preparation efforts (CAMPC) and are provided for all cathode 
types and three anode options (without anode, metallic, and 
HC/graphite anode) in Figure 6 A–C. Error bars for cost show 
the 5%–95% percentile confidence interval for cost in graph 
C. Again, for cost and CF, the overall picture is very similar
with some variation depending on the considered anode type.
Higher impacts are obtained for the HC/graphite anodes,
while the lowest impacts are obtained without anode, essentially
due to the higher specific energy. It has to be mentioned that
for some SIB cathodes HC anodes are not applicable. These are
all variations where the reversible capacity is higher than the

Figure 6. Sensitivity analysis for differing anode materials and changing energy densities for all considered criteria A) SR, B) CF, and C) Cost. Error bars 
indicate upper and lower boundaries (5 and 95% Percentiles), Indications: a) specific energy is directly from the Literature and the average potential is 
calculated b) specific energy is calculated from the integration of the potential-capacity, *2Na exchange, **3Na exchange, 1) Prussian Blue Analogues.
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theoretical (see Table 2). That means that Na concentration in 
the host structure is increasing during the first electrochemical 
cycle. This is possible when more available Na-ions are present 
in the cell system, for example, due to cycling against sodium 
metal, presodiating, and sacrificial additives.[160] The values 
in Figure  6 are therefore underestimated, since all actions to 
increase the sodium content consume energy, materials, and 
time which leads to higher costs. However, a common path is 
not foreseeable, so the values in Figure 6 do not consider these 
effects. The sensitivity regarding SR (graph A) does not con-
sider CAM production, with the production process assumed 
to have a negligible impact on total material SR. Also, here, 
changing specific energies impacts the SR due to increased 
material demand of lower energy density CAM. However, the 
overall tendency is the same in all cases, with vanadium-free 

polyanionic types performing well in relation to layered oxide 
materials.

The impacts of possible future raw material price develop-
ments based on the GBM forecast model for 2031 are shown in 
Figure  7 A. CAM costs for all cathode materials are predicted 
to increase for all types in the next 10 years. Depending on 
the required raw materials, materials CAM price increases of 
110%–576% can be expected until 2031. In general, the price 
volatility of all considered raw materials, in particular, those that 
are already expensive such as cobalt, nickel, and lithium can be 
expected to further increase over the course of time.[150,152] This 
is especially relevant for all LIBs and cobalt-containing SIB, 
where significant price increments may take place. SIB, despite 
increasing raw material prices, shows competitive develop-
ment in relation to LIBs on a CAM cost level. However, here 

Figure 7. A) Impact of changing raw material cost for 2032 in comparison to used cost using a simple GBR forecast model (left graph) and B) impact 
of varying production scales of 1 GWh a−1 versus 32 GWh a−1 on CAM cost and CAMPC, C) contrasts the SREU value to other criticality studies for the 
US, a global scale and static ranges.
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the CAMP cost has to be considered and have to be analyzed in 
detail for each chemistry as these can contribute a high share to 
the total costs, potentially compensating for lower material cost.

As explained before, there are significant economy-of-scale 
effects for raw material costs. Prices for bulk orders and long-
term supply contracts can be up to 30% lower in relation to 
short-term commodity prices which have been used in the 
assessment.[130] Also, CAMPC is influenced by the assumed 
production rates and decreases with a larger scale. Potential 
impacts on CAM production cost and CAMPC considering 32 
GWh/year production plant output (instead of the 1 GWh/year 
of the baseline) are displayed in Figure 7 B (w/o anode). Larger 
scale production can lead to CAM cost reductions of up to 50% 
depending on the analyzed chemistry and materials. Again, the 
results are only indicative assuming comparable production as 
well as scale-up effects of SIB in relation to LIB, with other pos-
sible factors being disregarded.

Finally, the SR from an EU perspective (SREU) is contrasted 
with that of other indicators reviewed (SR USA/Nassar et al.,[127] 
SR USGS review/Hayes et. al,[128] and static ranges) in Sec-
tion  3.3.1 (See Figure  7C). All indicators are normalized to a 
common range (1–100) for better comparability. Most of the 
used criticality indicators show a similar picture, though the 
individual criticality values for each CAM vary. Only the static 
range indicator gives a slightly different picture, with a higher 
weight / lower availability given to iron, manganese, and fluor, 
considered rather uncritical by the other indicators (mining vs 
reserves). This leads to higher impacts for some CAM such as 
iron cyanide, or iron sulfate-based ones, considered promising 
by the other indicators. Polyanionic LIB and SIB CAM per-
form generally well in relation to oxide materials though again, 
energy density is one of the key factors for a low SR score.

6. Tentative CAM Ranking

A tentative ranking for the screened CAM (w/o anode) allows 
to determine which materials are the most promising ones 
under consideration of the three impact categories SREU, CF, 
and cost as criteria. There are several multicriteria decision-
making methods available that have been used for energy 
assessment of battery storage technologies.[161] Here, a simple 
weighted sum method (WSM) is applied to have a transparent 
calculus, important due to the very high intrinsic uncertainty 
of the present screening approach on low BTRL. Five different 
weightings are applied: I) equal weighting (33.3%) for all cri-
teria, ii) focus on environment, with 50% on CF and 25% on 
SR and Cost (€) each, iii) focus on SR, with 50% on SR, and 
25% for CF and cost, iv) focus on cost with 50% on cost and 
25% on CF and SR and finally v) equal weights of 25% but with 
specific energy as fourth, additional criterion. The obtained 
CAM ranking is provided in Figure 8. The WSM scores are 
very close for some cathode types making it difficult to deter-
mine a robust ranking, especially under consideration of the 
high uncertainties associated with the early-stage screening 
approach. However, the tentative ranking is provided in grey 
and gives some orientation to distinguish between the group of 
promising and not or less promising options in the early devel-
opment phases.

Most SIB CAM obtain a better score in relation to the NMC 
622 reference, with polyanionic materials performing particu-
larly well in relation to current state of art LIB technologies. This 
comes especially true for Prussian Blue Analogues as well as 
Si and S containing SIBs. All Cobalt and Vanadium-containing 
materials are ranked lower, with high associated CF, costs, and 
SR. Noteworthy is the low variation in the overall ranking when 
applying different weights to the considered criteria. Adding 
specific energy as a criterion results in very different rankings. 
In some cases, as, for example, Na2Fe2(SO4)3 scores are signifi-
cantly lower. This, however, represents a double accounting of 
the specific energy which implicitly is already included in the 
calculus for SR, CF, and Cost. Additional sensitivity analyzes 
with varying weights including specific energy as a criterion are 
provided in the Supporting Information.

In any case, the very high uncertainties associated with the 
present screening approach need to be highlighted again, pro-
viding a purely indicative picture to identify the most prom-
ising candidates. These candidates require a more detailed 
assessment on the cell level for decision-making. Considering 
the entire life cycle, cells can perform very differently regarding 
their cycle and calendric lifetimes, efficiency degrees, or final 
energy density, and the selection of a suitable cell is also very 
dependent on the corresponding application field and not only 
on the criteria presented here.[4] Within the assessment, two 
different cost scenarios are considered for 2022 and 2031 to 
reflect potential changes in raw materials cost (see Supporting 
Information for details), but are found not to have a significant 
impact on the results.

7. Discussion

As stated in Section  2, the present screening is based on a 
SAL 1 with a focus on lab scale cells with a BTRL (between 
1–7. This makes it challenging to gather data of comparable 
quality for all considered CAM. The corresponding simpli-
fications and required assumptions lead to a high degree 
of uncertainty in the results which has to be considered for 
interpretation. In this sense, the outcomes of the screening 
should not be used for decision-making, but rather to pin-
point potential hotspots and support further research into bat-
tery eco-design.

One of the major uncertainties that have to be considered is 
the use of theoretical energy densities, which might not reflect 
the final value of a cell, even if these were calculated against dif-
ferent anode types for both, SIB and the benchmark technology 
LIB. Here, in the real world, the active material ratio shows 
also a big difference between LIBs and SIBs. For example, 
LIBs are commercially available, and the active material ratio at 
electrode level is already optimized (e.g., 96 wt.%), while SIBs 
are at laboratory scale where often only 80  wt.% active mate-
rial is used.[162] At cell level, the CAM ratio for LIBs is 30.6 to 
40.8  wt.% for NCM and LMO, respectively.[163] While even for 
LIBs the deviation on this level is around 10% and depends on 
targeted application, for SIBs such values are not available. It 
should also be highlighted that in SIBs the anode is coated on 
an aluminum foil instead of copper, allowing potential weight 
and cost savings on the cell level.[4] Also, no final statement 

Adv. Energy Mater. 2022, 2202636

 16146840, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202202636 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [06/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advenergymat.dewww.advancedsciencenews.com

2202636 (17 of 21) © 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

can be made about the lifetime of SIB which can lead to very 
different results depending on the final application and assess-
ment scope. Besides these aspects, there is a fast advancement 
of CAM synthesis observable, meaning that calculated specific 

energies can change very fast which has to be considered in 
future studies.

Second, while the criticality assessment based on SREU rep-
resents the status quo, markets are highly dynamic, especially 

Figure 8. Explorative score and ranking of cathodes using weighted sum for different scenarios.
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for materials experiencing a steep increase in demand due to 
newly emerging technologies or due to unexpected supply dis-
ruptions such as the ones caused by geopolitical developments. 
SR assessments therefore only provide a snapshot of the cur-
rent situation and are not necessarily representative for (even 
near) future situations. Also, the calculation of static ranges is 
a strong simplification and can change depending on market 
developments.

Third, also the cost calculus is a simplified approach, 
assuming the same generic precursors to be used for all CAM 
production processes. For example, low Ni-containing NMC-
type CAMs typically utilize Li2CO3, while NMC622 and higher 
use LiOH[136] which is not considered here. In consequence, 
cost might be overestimated as they refer to wholesale market 
prices for high-purity metals. In other cases, this might also 
lead also to an underestimation of cost if, for example, higher 
purity materials are required than those typically traded on 
commodity markets. For CF, similar limitations apply, with 
only a limited set of precursor materials considered while 
in reality a more diverse set of precursor materials might 
be used. Also, the CF of each raw material is estimated as 
a generic average for the European market, while different 
manufacturers might source their material from different 
countries with potentially varying GHG intensity of the mate-
rials (due to different production routes, but also different 
GHG intensity of the national electricity mix). Nevertheless, 
the price and CF tendency derived for the different cathode 
types allows for identifying potential hotspots and the need 
for further refinement of the assessment. Besides the CAM 
cost, also increasing energy costs might influence CAMPC, 
due to higher costs for single process steps. Thus, more 
detailed assessments should be carried out for single chemis-
tries in future studies.

The aspect of recycling can also have a significant impact on 
the results, in particular favoring LIB chemistries, especially 
when considering expected progress in hydrometallurgical recy-
cling where the magnitude of materials may be recovered and 
reused (already with recovery rates over 90%). This is not nec-
essarily a closed loop recycling but may offer significant poten-
tial for reducing the impacts of LIBs further. In contrast, the 
use of abundant materials such as sodium, iron, or silicon may 
turn out to be a pitfall as they do not provide a sufficient eco-
nomic incentive to be recycled. Counterintuitively, this might 
lead to the situation that emerging battery types might not be 
more sustainable in contrast to the benchmark systems.[4,45]

Most importantly, the results are just valid for the CAM and 
do not reflect the cost nor the environmental impact of an entire 
cell which can be very different due to changes in energy densi-
ties, and resulting cell performance. The latter plays a highly 
important role in later applications, for example, determining 
lifetimes that might influence the environmental performance 
of SIB.[4] Such assessments require more effort and are limited 
to lower number of alternatives.

8. Conclusion

The present assessment provides an overview of the poten-
tial hotspots of different SIB cathode active materials (CAM) 

which are currently on a low battery cell readiness level 
(BTRL). At this stage, most parameters on cell level are 
unknown, making it difficult to compare them with lith-
ium-ion batteries (LIB) which are considered as a bench-
mark technology (NMC 622 and LFP). Thus, we propose to 
couple the assessment to the BTRL and to use methods cor-
responding which this development level. The suggested 
screening approach is applicable to early stage development 
(BTRL 1–4), focusing only on a certain component, here CAM. 
A set of three indicators covering costs, material criticality, 
and CF is used to carry out a screening of promising CAM  
candidates currently being investigated. The approach allows to 
identify potential material-related hotspots, namely criticality 
criteria in particular SR, greenhouse gas emissions, and cost 
and to identify highly and less promising cathode alternatives.

In general, most SIB show a good performance in relation to 
the LIB (NMC622 and LFP) benchmark regarding cost, CF, and 
criticality. A major advantage under all three aspects is the use 
of sodium instead of lithium. However, other materials have a 
strong impact on the CAM performance regarding the selected 
indicators. Here a clear disadvantage is identified for cobalt, 
nickel, magnesium, and vanadium-containing CAM, while 
SIB relying on Prussian blue and manganese-based CAM turn 
out to be promising candidates under the present screening. 
However, not only materials, but the energy density is one of 
the most important factors determining the overall material 
demand of SIBs and thus their potential impacts in terms of 
cost, CF or criticality.

The criticality assessment shows that most of the screened 
CAM are labeled as critical. This does not represent their 
abundance in the earth’s crust but is related to potential bot-
tlenecks of supply. A good example is magnesium, for which 
high resources are available, but processing is highly concen-
trated. Here, a solution can be to diversify supply chains and 
to re-establish and re-in force, for example, magnesium pro-
duction in Europe. Additionally, recycling can play a highly 
important role to minimize import dependencies in line with 
SIB production in Europe and to maintain critical materials 
within the cycle (which comes of course also true for LIB as 
well).

Based on the proposed screening method, an indicative 
ranking of the considered SIB CAM can be provided in rela-
tion to the reference technologies (LFP and NMC). The group 
of Prussian blue analogs, together with NaFe2(SO4)3 appears 
to be very promising among the SIB alternatives, with low 
criticality, CF, and costs. This is in line with present research 
tendencies, that consider these type of cathode types as highly 
promising.

While the presented screening approach can serve as a blue-
print for assessing early-stage battery systems or even other 
technologies with low technological maturity, also its limita-
tions need to be taken into account. It is essentially a screening 
approach and therefore does not allow to derive any precise 
conclusion on final battery cell performance regarding the con-
sidered impact categories. All results need to be considered 
highly explorative as they inhibit a high degree of uncertainty. 
Still, it allows to obtain a first and rapid picture of potential 
hotspots and potentials that need to be considered as a starting 
point for more detailed follow-up analyzes.
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