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Abstract

:

Sodium-ion batteries (SIBs) are a recent development being promoted repeatedly as an economically promising alternative to lithium-ion batteries (LIBs). However, only one detailed study about material costs has yet been published for this battery type. This paper presents the first detailed economic assessment of 18,650-type SIB cells with a layered oxide cathode and a hard carbon anode, based on existing datasheets for pre-commercial battery cells. The results are compared with those of competing LIB cells, that is, with lithium-nickel-manganese-cobalt-oxide cathodes (NMC) and with lithium-iron-phosphate cathodes (LFP). A sensitivity analysis further evaluates the influence of varying raw material prices on the results. For the SIB, a cell price of 223 €/kWh is obtained, compared to 229 €/kWh for the LFP and 168 €/kWh for the NMC batteries. The main contributor to the price of the SIB cells are the material costs, above all the cathode and anode active materials. For this reason, the amount of cathode active material (e.g., coating thickness) in addition to potential fluctuations in the raw material prices have a considerable effect on the price per kWh of storage capacity. Regarding the anode, the precursor material costs have a significant influence on the hard carbon cost, and thus on the final price of the SIB cell. Organic wastes and fossil coke precursor materials have the potential of yielding hard carbon at very competitive costs. In addition, cost reductions in comparison with LIBs are achieved for the current collectors, since SIBs also allow the use of aluminum instead of copper on the anode side. For the electrolyte, the substitution of lithium with sodium leads to only a marginal cost decrease from 16.1 to 15.8 €/L, hardly noticeable in the final cell price. On the other hand, the achievable energy density is fundamental. While it seems difficult to achieve the same price per kWh as high energy density NMC LIBs, the SIB could be a promising substitute for LFP cells in stationary applications, if it also becomes competitive with LFP cells in terms of safety and cycle life.
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1. Introduction


Currently, lithium-ion batteries (LIBs) are among the most relevant electrochemical energy storage technologies [1]. They are a relatively mature technology, show high gravimetric and volumetric energy densities, high charge–discharge efficiencies, and good power rates. These properties make them the technology of choice not only for mobile applications, but also to an increasing extent for stationary energy storage [2,3,4]. However, the still high cost of lithium-ion batteries is one of their principle shortcomings [5,6]. Additionally, the increasing demand raises concerns about the medium-term availability of certain raw materials like cobalt or lithium, where price peaks or supply shortages might further increase costs and economic risks for cell manufacturers [7,8]. For these reasons, alternative low-cost systems are being investigated, among them “beyond-lithium” chemistries like sodium-ion batteries (SIBs) [9,10]. SIBs are a recent development that is already in a pilot phase, being promoted as an economically promising alternative to LIBs [11,12,13]. Similar to LIBs, SIBs rely on the intercalation of sodium ions in the anode material (charging state) or the cathode materials (discharge). Promising cathode materials are (similar to LIBs) numerous types of layered oxides or polyanionic compounds, whereas for the anode, amorphous carbon material (mostly hard carbons) is usually applied. Graphite, the anode material of choice for current LIBs, is not suitable for SIBs since the larger sodium ions do not intercalate readily into the graphitic structure. Due to the very similar properties, SIBs are considered a drop-in technology that could be produced using the existing infrastructure for LIBs. Apart from the anode active material, another major difference of SIBs in comparison to existing LIBs is the possibility of also using aluminum for the anode current collectors, since sodium (unlike lithium) does not alloy with aluminum at the anode. A schematic visualization of the working principle of an SIB is shown in Figure 1, while Table 1 compares the key components of LIBs and SIBs. Due to the higher specific weight of sodium in comparison to lithium and a higher irreversible capacity of the hard carbon anodes, the theoretically achievable maximum energy densities of SIBs are lower than those of LIBs. Nevertheless, they are considered interesting especially for stationary applications, where energy density is less crucial [14]. Cost advantages are expected for SIBs above all due to the substitution of lithium with the more abundant (and thus cheaper) sodium, and the possibility of using aluminum instead of copper for the anode current collector. A recent life-cycle assessment found the SIBs to be promising under environmental aspects, and highlighted some still significant improvement potentials [15]. While cost aspects are repeatedly used as an argument for SIBs, only one tentative economic assessment of SIB cells has yet been published [8]. However, it focuses primarily on material costs and does not consider the differences in cell layout between SIBs and LIBs (driven by, for example, the higher irreversible capacity of hard carbon, requiring increased anode coating thicknesses). The present article therefore provides a study of the potential cost of a full 18,650 SIB cell in comparison with two existing types of LIBs, namely those based on lithium-nickel-manganese-cobalt-oxide (NMC) and lithium-iron-phosphate (LFP). For the first time, a cost comparison is done for 18,650-type round cells in a bottom-up approach based on the technical specifications of pre-commercial battery cells.




2. Methodology


The battery cost calculation was based on the BatPaC cost calculation model presented by Argonne National Laboratories [17]. This model was modified and adapted for estimating the manufacturing costs of individual 18650 round cells (BatPaC originally only considers prismatic cells mounted in automotive battery packs). The individual battery components and the dimensioning of the battery cells required as input for the cost estimation were modelled based on technical datasheets and scientific literature and are described in detail in the following sections. All prices, unless indicated otherwise, are provided in €2017. The battery production was assumed to be situated in Germany. Therefore, prices from other years and currencies were converted into euros according to the average annual currency exchange rate of the corresponding year and then adjusted to the reference year 2017 according to the Industrial Producer Price Index (IPP; see Table S1) [18,19]. An alternative low-labor-cost location is evaluated in the sensitivity analysis.



The assessed SIB was based on a layered oxide cathode (NMMT: Sodium Nickel Manganese Magnesium Titanate Oxide; Na1.1Ni0.3Mn0.5Mg0.05Ti0.05O2 [20]) in combination with a hard carbon anode and an electrolyte made of sodium hexafluorophosphate (NaPF6) salt in an organic solvent [13,15]. The layout of the battery cell was taken from technical datasheets of a battery manufacturer that produces pre-commercial SIB cells in a pilot stage [13]. Other battery components like collector foils, electrode binders, separator, and housing were identical between the SIBs and LIBs. Prices for these standard components were taken from published literature and are provided, together with the corresponding data source, in Table 2. The batteries were assembled as 18650-type round cells and the final battery cell price was calculated on a cell level, giving a price estimation independent of the later application.



2.1. Cost of Cathode Active Material


Since the studied NMMT cathode material was not available on the market, its price had to be estimated based on the cost of the raw materials plus the manufacturing costs. This was done according to Equation (1) [17]. For validation purposes, the cost of the lithium-ion cathode material (NMC) was also calculated in the same way. This allowed the comparison of the obtained results with market prices for an established active material and thus for validation of the cost estimation model.


C(€kg)=Co+1MW∑ixiCiMWi



(1)




where:



C = Final cost (€/kg),



Co = Baseline cost (€),



Ci = Price of the raw materials (€/kg),



xi = Molar stoichiometry (-),



MWi = Molecular weight of the raw material (g/mol), and



MW = Molecular weight of the final product (g/mol).



The baseline cost is the cost associated with the installation and operation of the manufacturing line/plant and thus depends on the material properties, but not the cost of the precursor materials. A baseline cost of 9.15 €/kg for co-precipitated metal oxides such as NMC is given in the literature [17]. The same value is also used as the baseline cost for NMMT production, assuming that the synthesis processes of both layered oxides are very similar. According to Equation (1) and using the raw material prices provided in the supplementary information (SI), a price of 23.42 €/kg is obtained for the NMC active material (more specifically NMC333, that is, containing stoichiometrically equivalent shares of nickel, manganese, and cobalt; hereafter referred to as NMC), and of 12.46 €/kg for NMMT. The NMC price obtained in this way is well between the values published in the literature (19–28 €/kg) [17,21,22,23,24,25,26]. Since no information about the baseline cost of phosphate compounds such as LFP is publicly available, Equation (1) is not applicable directly to this material. Calculating with the same baseline costs as for layered oxides, an LFP price of 13.9 € can nevertheless be obtained, which is significantly lower than the values that can be found in the literature [17,21,22,24,25]. For this reason, the price of the LFP active material is not calculated explicitly via Equation (1), but the average value from the literature is taken instead (16.4 €/kg) [17,21,24,25]. More information about the calculation of the cathode active material costs (amounts and costs of the required precursor materials of the cathode active materials) are provided in Tables S2 and S3 in the Supplementary Material (SM).




2.2. Cost of Anode Active Material


Graphite is the most widely used anode active material in lithium-ion cells. However, it is not applicable for sodium-ion cells, since sodium does not intercalate readily with graphite, giving very low capacities. Therefore, amorphous carbon materials are usually used for SIB anodes, mostly hard carbon [1,27]. Due to the lack of an established market, no market price data was available for hard carbon, and the price for synthetic graphite (13.73 €/kg [17,28]) was used as a first approximation. Keeping the anode material price identical allowed us to focus the comparison on the cathode materials and the differences in battery layout. For the sensitivity analysis, a possible cost range was determined in a simplified way based on the required raw materials and auxiliary inputs required for its production. The required inputs were obtained from the literature, and the corresponding data sources are indicated together with the mass balances in Table S2 of the SM. With the purpose of analyzing the influence of the anode active material’s price on the final price of the cell, three options were considered: hard carbon (i) from sugar [13]; (ii) from coconut shell [29,30]; and (iii) from petroleum coke [15]. The energy and auxiliary inputs required per kg of raw material fed into the hard carbon production process were taken from a previous publication [15], where a carbonization temperature of 1100 °C was assumed. The yield of hard carbon per kg of raw material was estimated based on its fixed carbon content, assuming that 100% of the fixed carbon was converted into hard carbon. Correspondingly, sugar with a hard carbon content of 9% [31] requires the processing of 11 kg of feedstock to obtain 1 kg of hard carbon; coconut shells, with 20% hard carbon content [31], requires 4.5 kg; and petroleum coke, with 87% hard carbon content [32], requires 1.14 kg. This a very simple modelling approach; for a more detailed assessment of this aspect, the whole carbonization process would have to be modelled in detail, achieving potentially different electrochemical performances of the obtained hard carbons. However, this sensitivity analysis aims at pointing out tendencies rather than providing a detailed assessment of the performance of different hard carbons, which would require a series of experiments, and is out of this study’s scope.




2.3. Cost of Electrolyte


Lithium or sodium hexafluorophosphate (LiPF6 or NaPF6) salt in an organic solvent like dimethyl carbonate (DMC), ethylene carbonate (EC), or a combination of those two is the electrolyte most commonly used in LIB or SIB cells [40,41,42]. In this work, a 1 M solution of LiPF6 or NaPF6 in an 80 wt %–20 wt % mixture of EC and DMC was considered as the electrolyte for the LIB and the SIB, respectively [13,15,43,44]. Since the synthesis route of LiPF6 and NaPF6 is identical, the cost estimation for the SIB electrolyte was based on available data for LIBs. In the synthesis process, the same precursor materials were used, except for the alkali metal precursors (Li2CO3/Na2CO3). However, since it was very difficult to find information about the contribution of the different precursors to the final electrolyte price, this was estimated based on stoichiometric calculations and available market prices for the precursors. For the LIB electrolyte, an average price of 16.06 €/l was used [17], and the corresponding price of the SIB electrolyte was then calculated by substituting the Li2CO3 with Na2CO3, obtaining 15.84 €/l. More details about the electrolyte composition and the stoichiometric calculations can be found in the SM (Table S4).




2.4. Cost of Other Materials


Apart from the electrodes and electrolyte, an LIB cell contains other components such as separators, collector foils, binders, and the cell container. These are usually not dependent on the LIB chemistry, and it is therefore assumed that they do not differ significantly between the lithium- and the sodium-ion battery. In fact, one of the advantages of SIBs is that they are considered a “drop-in” technology, allowing the same manufacturing lines to be used for cell production and having a large proportion of identical parts [10,15]. For the battery model, it was assumed that the separators were uniformly made of polyethylene foil. The common conductive additive for the electrodes is carbon black. For the positive electrode, a binder based on polyvinylidene fluoride (PVdF; the most frequently used organic binder for LIBs) is used in combination with N-Methyl-2-pyrrolidone (NMP) as organic solvent, whereas the anode uses carboxymethyl cellulose (CMC) as an organic water-based binder [15]. Other types of binders are also frequently used, but for the cost comparison, which focuses on the different active materials, these were assumed to be identical between the compared battery types. The price for both types of binder was taken from the literature [17]. Compared to the lithium-ion cells (NMC- and LFP-type) under study that use aluminum as the positive collector foil and copper as the negative collector foil, aluminum can be used for both collector foils in SIBs [14]. Cost data for 18650-type cell casings were hard to find, and the only publication that provided information in this regard contained unrealistically high values of 0.2 € per cell container plus another 0.2 € for cell terminals [23]. Thus, retail prices from Internet suppliers were used instead as an approximation, with an average value of 0.1 € per cell container including cap and insulation [45,46]. An overview of the assumed costs for all materials and battery cell components is provided in Table 3. The detailed layout and mass balances for the battery cells under study are provided in detail in Tables S5 and S6 of the SM.




2.5. 18650 Cell Composition and Performance


A detailed mass balance is required to determine the exact amounts of materials required for manufacturing a single battery cell. In that respect, significant deviations existed not only between different scientific publications, but also between technical datasheets from manufacturers. The principal data source for the present assessment were technical datasheets published by Faradion, an SIB manufacturer that provides information about the layout and electrochemical performance of pre-commercial SIB cells, in addition to a competing comparable LFP cell [13]. The NMC cell was dimensioned correspondingly based on literature data [48,49]. Data about electrode dimensions and coating thicknesses allowed for a detailed determination of the required mass and corresponding volume of active materials, collector foils, and separator per single round cell. An estimation of the active material void fraction (porosity) was done based on the difference between the density of the unprocessed active material and the actual coating density according to the datasheets [11]. The amount of electrolyte required for cell filling was then calculated by the difference between the inner volume of an 18650 can and the volume of all battery components (cathode, anode, and separator, including the void due to porosity of the active material). Table 4 provides the key performance parameters of the compared battery cells, whereas more details about the battery layout and dimensioning are provided in Table S5 of the SM. The battery model was considered to represent the battery as specified in the underlying datasheets. Batteries can be designed for different purposes (high power/high energy), what affects the electrode thicknesses and thus material balances. However, such a detailed battery model is out of the scope of the present study.




2.6. Price of Final Battery Cell


The estimation of the full cell price was based on BatPaC Version 3.0 by Argonne National Laboratories, one of the standard battery cost assessment tools that allows dimensioning and cost estimation of electric vehicle battery modules [17]. However, major modifications were made for adapting the model to the calculation of single cell costs independent of their final application instead of configuring automotive battery packs. The parts of the manufacturing plant cost estimations were modified where necessary and adapted to the fabrication of 18650 round cells, mainly based on the data provided by Ciez and Whitacre [23]. The plant throughput was assumed to be 200 Mio battery cells per year. Since the different cell chemistries showed different storage capacities (see Table 4 and Table S7), this was equivalent to 1.2 GWh/y for the SIB and 1.7 GWh/y for the NMC (due to its higher energy density). Compared to the original BatPaC model (0.8 GWh/year), this was a significantly higher plant output in terms of manufactured storage capacity (GWh/y). Additionally, since the 18,650 round cells showed a significantly lower capacity per single cell than the prismatic cells assumed by BatPaC, the number of cells produced annually was significantly higher, thereby increasing the costs associated with cell filling, sealing, and cycling. Since the production was assumed to be in Germany, the electricity and labor costs were adjusted accordingly (0.12 €/kWh and 25 €/h) [51].





3. Results


The final cell prices obtained for the three different battery chemistries are displayed in Figure 2. The LFP battery shows the highest price per kWh of storage capacity (229.3 €/kWh), followed by the SIB at 223.4 €/kWh. The NMC-type LIB is the cheapest (168.5 €/kWh), basically due to its high energy density. The material costs make up between 37% and 42% of the final cell price, and another 18–19% represent the investment costs (depreciation). Compared with Vaalma et al. [8], who did a comparison of the material costs of a 11.5 kWh SIB and LIB, these values are significantly lower, but Vaalma et al. did not assess the battery on the cell level, but rather for a whole battery pack. The additional peripheral components and corresponding lower energy density increased the price per kWh of storage capacity. When looking at the material costs without the cell hardware, values in the same order of magnitude are obtained, with the different energy densities of the modelled batteries and different cathode compositions being the principal reason for the discrepancies. The operation of the manufacturing plant (incl. R&D) contributes between 32 and 35%. Naturally, these (and thus also the final cell price) depend strongly on the plant size and the annual throughput. This is one of the reasons for the high variation in prices published in the literature, where values of between 145 and 289 €/kWh for NMC and between 225 and 303 €/kWh for LFP are given [17,21,22,23,24,25,26,52,53,54], with the lower values originating from the most recent publications. The price estimations from this work are situated at the lower end of this range, corresponding with this trend towards decreasing battery prices. In addition, scale effects influence battery prices significantly, but are not investigated further in this work since they would affect all battery types identically, and since this study’s main scope is the comparison of different battery types under comparable conditions. For all battery chemistries, the materials make up the highest share, although with varying contributions from the different cell components. For comparison, Figure 3 displays the contribution of the different cell components to the total material costs per single 18650 cell (i.e., comparing individual cells without considering their different energy densities). This provides a better picture of the influences from the different materials, since on a single cell basis, identical components also show the same contributions (the mass of the final cells varies only slightly between the different battery types). When comparing the obtained prices for LFP and NMC LIB with those available in the literature, a good fit can be observed.



When looking at the contribution of the battery materials to the final cell costs (per single 18,650 cell; see Figure 3), the benefits of the SIB on a material level become clearer. Here, the SIB shows the lowest costs per single cell, whereas the materials for the NMC-type cells are the most expensive. However, these are costs per single cell and do not consider the storage capacity. Comparing these numbers with the results from Figure 2 gives an idea of the relevance of the cell energy density. Per single cell, significant cost benefits are obtained for the SIB cathode active material due to the use of less expensive raw materials, and for the anode current collectors due to the avoidance of copper (aluminum is significantly cheaper than copper). For the electrolyte, the differences are comparably small: the amount of lithium in the electrolyte is very low (0.5% for a 1 M LiPF6 solution in organic solvent), and correspondingly low is the potential for cost reductions by substituting it with an electrolyte using a less expensive sodium salt. On the other hand, a significant increase in anode costs can be observed, although for the base case assessment, the hard carbon is assumed to have the same price as battery grade graphite (different hard carbon prices are evaluated later on in the sensitivity analysis). This is a result of the lower specific density of hard carbon, requiring thicker anodes and thus leaving less space for the cathode active material, reducing the overall energy density. According to the underlying datasheets [13], the anode coating thickness of the SIB is almost double in comparison with the LIB. The higher irreversible capacity of hard carbon might also contribute to this effect, increasing the required amount of anode active material for compensating these losses. These effects are not explicitly modelled in this study, but contained implicitly in the anode thickness values provided in the datasheets of the battery manufacturer [13]. However, hard carbon can be produced from numerous types of precursors including organic waste materials [55,56], what might be a promising approach to reducing hard carbon costs. This aspect is evaluated further in the subsequent sensitivity analysis. A high share of the material costs is also caused by the cell hardware (cell container and sealing), and a different cell container might therefore offer further potentials for cost reduction. However, this would again affect all battery types identically and is therefore not targeted within this work.




4. Discussion and Sensitivity Analysis


4.1. Active Material Prices


The cost assessment of the chosen cell chemistries, namely, NMC, LFP (LIB), and NMMT (SIB), shows that the main contributors to the final cell cost are the electrode active materials. Although the electrolyte also contributes considerably to the final cell price, the difference between the lithium and sodium-ion cells is small. This is because the electrolyte salts (LiPF6/NaPF6) make up only about 10% of the total electrolyte mass and, within the salts, the amount of lithium and sodium metal is comparably small.



One of the principal differences of the SIBs in comparison to the LIBs is the anode active material, which shows the second highest contribution to the final cell material costs. No commercial hard carbon prices are available, and a wide price range is possible for this material, depending on the assumed precursor material (Table 2). While the influence of different precursors on the hard carbon’s electrochemical properties cannot be assessed in this work, it seems possible to produce hard carbons at prices below that of battery grade graphite. This would lead to significant price reductions for the SIB cell, as discussed in the following section (for the base case, the hard carbon price is assumed to be identical to the graphite price).



Regarding the cathode active materials, the SIB shows a significant cost advantage compared to the NMC battery, although more due to the avoidance of cobalt than due to the substitution of lithium (see Figure 4). While the NMC and NMMT cathode material costs calculated according to Equation (1) correlate well with published values, BatPaC does not provide information about the underlying calculation or how the baseline cost is determined. Since this hinders the calculation of a reliable price for the LFP material, literature values (avg. 16.4 €/kg) are used for the battery cell price calculations. When also calculating the LFP price with Equation (1) using the same baseline costs as for layered oxide cathode materials, a final LFP price of 13.9 €/kg is obtained, similar to that of the NMMT material. This reduces the final LFP cell price to 221 €/kWh, slightly below that of the SIB. Thus, more data about the actual baseline costs for the different active material production processes or the contribution of the precursor materials to the final active material price are needed for increasing the robustness of the results.



The main cost reduction potential for the NMMT cathode material is the reduction of the nickel content. All remaining cathode precursors are comparably abundant and thus inexpensive materials, causing the material costs (e.g., for LFP) to contribute only a minor share to the cathode material costs. For the LIBs, the cathode active material cost is more decisive for the final battery cell price. Above all, the prices of cobalt and nickel, which are highly fluctuating, and also the price of lithium are relevant factors.




4.2. Variations in Raw Material Prices


Fluctuations in raw material prices are a major factor of concern for battery manufacturers [24]. For the assessment, the 10-year average raw material prices were used [28]. In order to determine the influence of potential variations in material prices on the final battery price, Figure 5 displays the variation in the final cell price with changes in the price for selected raw materials (while all the remaining material costs are maintained constant). For this purpose, the 10-year maximum and 10-year minimum prices were used. For lithium, where a significant increase in price has been recently observed, a very high price (50% above the 10-year maximum) was also considered. As can be seen, a high sensitivity was given especially to fluctuations in the graphite/hard carbon prices. This is more severe for the SIB, where the share of anode active material is higher. Thus, the highest cost reduction potential is identified in the purchase cost of the anode carbon material. For the SIB, the hard carbon price was assumed to be identical to that of graphite in the base case, whereas in reality there would most probably be differences. No market prices were available for hard carbon, thereby providing no fluctuations. Thus, the possible price range for hard carbon is taken from Table 2, where the different potential hard carbon prices are determined. High costs can be expected for carbohydrate-based raw materials, whereas for carbons based on organic waste materials or petroleum coke, a very favorable price of significantly below 10 €/kg is possible due to the high potential yields and thus low process costs for this raw material (Table 2). Such inexpensive hard carbon materials could reduce the final battery price to 204 €/kWh, significantly below that of the LFP cells. However, with the given battery configuration and assuming identical performance of the different hard carbons, it still seems very difficult to achieve the same price per kWh as the NMC battery. In this regard, a more detailed study considering the varying electrochemical properties of different hard carbons would be a promising future work. Identifying hard carbons with superior performance would also be highly beneficial, reducing the required amount of anode material and increasing thus the energy density.



Regarding the cathode materials, the highest fluctuations can be observed for cobalt and nickel. Lithium and copper, despite the variations in their price which have a stronger impact on the final cell price, are comparably stable metals that did not fluctuate heavily over the past 10 years. However, recent increases in the price of lithium have been significant and might be triggered by an increasing demand for batteries, leading to potentially stronger impacts in LIB prices than previously noted. Thus, the high dependency of the actual NMC price on current nickel market prices, and cobalt market prices to a great degree, produces significant uncertainty for future price predictions. Since this situation also affects the SIB due to the high nickel content in the cathode, alternative nickel-free SIB cathode chemistries could be an interesting option in this regard.




4.3. Variation of Region


No commercial production of SIB yet exists. The SIBs in the present assessment are assumed to be manufactured in Germany, and (for providing a fair basis of comparison) the same is also assumed for the LIBs. However, the major share of LIBs is currently produced in Asia, especially China, and current activities for installing LIB production facilities in Europe are aimed at east European countries, with different wages and electricity costs. Battery manufacturing in these countries would affect the cell prices accordingly. However, the BatPaC model does not provide sufficient details to allow modifying these parameters explicitly, since, for example, electricity prices are not considered and R&D expenses are calculated as a fixed share of depreciation costs. When modifying the labor costs assuming 5 €/h, final cell prices would drop to 147.2 €/kWh for the NMC batteries, 196.2€/kWh for the LFP, and 190.1 €/kWh for the SIBs. Larger plant sizes would allow for further cost reductions. However, since this affects all battery chemistries identically, assessing this aspect further is of only minor interest for the present comparison of cell chemistries.





5. Conclusions


The present work provides an in-depth assessment of the potential prices for 18650-type sodium-ion battery cells relative to comparable lithium-ion cells. The cells are modelled on existing datasheets for pre-commercial cells, allowing for a detailed breakdown of costs for components having individual layout requirements with different cell chemistries. Per single battery cell, the sodium-ion battery (SIB) cells show advantages compared to the lithium-ion battery (LIB) cells due to cheaper cathode active materials and the avoidance of copper for the anode current collector. An additional potential for further cost reduction is identified especially for the hard carbon anode material. However, when the different energy density of the cells is considered, NMC-type LIB cells turn out to be the most competitive, simply by requiring less battery cells for providing a certain amount of storage capacity. Even considering the all-time high raw material prices, the final price per Wh of storage capacity of the NMC-type LIB is below those of LFP-type LIB and SIB, highlighting the importance of energy density even under cost aspects. On the other hand, LFP-type LIBs are also widely used in spite of their higher price, what can be explained in large part by their high stability and safety compared to the NMC. This shows the relevance of other parameters such as cycle life, which are not covered by the present assessment. With an estimated price in the same order of magnitude as LFP-type LIBs, the SIB shows a high potential of becoming cost-competitive in comparison to these, as long as SIBs also achieve a similar performance in these disciplines. Apart from that point, one must consider that LIBs are an established technology, whereas the sodium-ion cell is in the early phase of development and further improvements regarding materials and achievable energy densities as well as cycle stability can be expected. Additionally, the weak database available for the SIB (the modelling is based on one single datasheet) reduces the robustness of the results for this battery significantly, which also must be taken into account when comparing the SIB with established commercial batteries like the LIB.
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Abbreviations




	CMC
	Carboxymethyl cellulose (aqueous binder for electrode active material)



	DMC
	Dimethyl carbonate (electrolyte solvent)



	EC
	Ethylene carbonate (electrolyte solvent)



	IPP
	Industrial Producer Price Index



	LFP
	Lithium-iron-phosphate (cathode active material)



	LIB
	Lithium-ion battery



	NMC
	Lithium-nickel-manganese-cobalt-oxide (cathode active material)



	NMMT
	Sodium-nickel-manganese-magnesium-titanium-oxide (cathode active material)



	NMP
	N-Methyl-2-pyrrolidone (organic solvent for active material processing)



	PVdF
	Polyvinylidene fluoride (organic binder for electrode active material)



	SIB
	Sodium-ion battery
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Figure 1. Working principle of the sodium-ion cell [16]. 
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Figure 2. Cell costs per kWh of storage capacity broken down to battery components and battery materials. 
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Figure 3. Contribution of battery components to total material costs per single 18650 round cell (€/cell; disregarding different energy densities/storage capacities of the individual cells). 
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Figure 4. Breakdown of the cathode active material cost [€/kg]. 
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Figure 5. Sensitivity of the final battery price on variations in raw material prices (10-year minimum, average, and maximum; for lithium additionally 10y max + 50%). 
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Table 1. Key components of lithium-ion and sodium-ion batteries (LIBs and SIBs). Major differences in bold. EC = ethylene carbonate, DMC = dimethyl carbonate, PE = polyethylene.
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	Chemistry
	Anode
	Cathode
	Separator
	Electrolyte
	Cell Housing





	LIB
	Graphite on copper foil, organic or aqueous binder
	Layered oxide on aluminum foil, organic binder
	Polymer film (mostly PE)
	Li Salt

(LiPF6, LiTFSI) in organic solvent

(EC/DMC)
	Pouch, prismatic, or round cells



	SIB
	Hard carbon on aluminum foil, organic or aqueous binder
	Layered oxide on aluminum foil, organic binder
	Polymer film (mostly PE)
	Na Salt

(NaPF6, NaClO4) in organic solvent

(EC/DMC)
	Pouch, prismatic, or round cells
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Table 2. Inputs required for the production of 1 kg of hard carbon and final hard carbon costs.






Table 2. Inputs required for the production of 1 kg of hard carbon and final hard carbon costs.





	

	
Sugar

	
Coconut Shell

	
Petr. Coke

	

	




	
Item

	
Amount

	
Amount

	
Amount

	
Unit

	
Price (€/Unit)






	
Sugar

	
11.00

	

	

	
kg

	
0.40 [33]




	
Coconut shells

	

	
4.5

	

	
kg

	
0.01 [34]




	
Petroleum coke

	

	

	
1.14

	
kg

	
0.17 [35]




	
Electricity

	
0.06

	
0.03

	
0.01

	
kWh

	
28.86 [36]




	
Heat from natural gas

	
5.23

	
2.36

	
1.89

	
MJ

	
0.80 [36]




	
Nitrogen

	
3.84

	
1.73

	
0.90

	
kg

	
1.83 [37,38]




	
Water

	
0.10

	
0.09

	
0.01

	
L

	
0.0045 [39]




	
figure

	
17.28

	
6.30

	
3.65

	
€/kg

	











[image: Table]





Table 3. Cost data for other battery materials.
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	Materials
	(€/kg)
	Source





	Separator (PE)
	1.56
	[47]



	Collector foil (Al)
	1.61
	[28]



	Collector foil (Cu)
	4.43
	[28]



	Sealing (Nylon)
	3.82
	[47]



	Binder (PVdF)
	6.42
	[17]



	Carbon black
	9.45
	[17]



	Solvent NMP
	3.02
	[17]



	
	€/cell
	



	Cell container 18650
	0.11
	[45,46]
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Table 4. Performance parameters per single 18650 battery cell.
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SIB

	
LFP

	
NCM

	
Unit




	

	
Cathode

	
Anode

	
Cathode

	
Anode

	
Cathode

	
Anode

	






	
Specific Capacity

	
0.15

	
0.24

	
0.16 [50]

	
0.30 [50]

	
0.17

	
0.30

	
Ah/g




	
Voltage

	
3.2

	
3.2

	
3.2

	
3.2

	
3.7

	
3.7

	
V




	
Act. mat. mass

	
12.69

	
8.88

	
12.32

	
5.60

	
13.68

	
7.09

	
g




	
Capacity

	
6.09

	
6.31

	
9.97

	
Wh/cell




	
Energy Density

	
138.8

	
143.1

	
208.0

	
Wh/kg
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