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Battery layout

The battery layout is derived from technical datasheets for a commercial prototype layered oxide
Na-lon battery cell in an 18650 cell case [1]. There, the dimensions of separator, anode and cathode
and their coating thicknesses (active material) are provided, what allows for calculating the battery
composition on a mass basis. The amount of electrolyte is then calculated based on the internal
volume of an 18650 cell and the volumes of anode, cathode and separator, giving 4,600 mm3 of
electrolyte. For the battery cell casing, technical data from a commercial provider of nickel plated
steel battery cases is used [2]. Densities for electrolyte and separator are obtained from literature
[3-5]. The obtained battery mass composition is provided in Table S1. The battery cell has an
estimated energy density of 128 Wh-kg™?, using a layered oxide cathode material and a hard carbon
based anode [1]. As binder for the anode material, styrene- butadiene rubber (SBR) in combination
with carboxymethyl cellulose (CMC) is used [6,7], while the cathode is prepared with

polyvinylidenfluoride (PVdF) as binder.

Table S1. Composition of an 18650 type SIB cell

Part Function Material Amount Share
Anode Active material Hard carbon 8325.75 mg 20.6%
Conductive carbon Carbon black 269.30 mg 0.7%
Binder SBR/CMC 359.06 mg 0.9%
Collector foil Aluminium 143451 mg 3.6%
Cathode  Active material Layered oxide 11970.38 mg 29.6%
Conductive carbon Carbon black 254.69 mg 0.6%
Binder Polyvinylidenfluoride 509.38 mg 1.3%
Collector foil Aluminium 1276.13 mg 3.2%
Separator Separator Polyethylene foil 815.10 mg 2.0%
Electrolyte Electrolyte Sodium hexafluorophosphate based 5643.00 mg 14.0%
Housing 18650 container Nickel plated A3 steel 9300.00 mg 23.0%
Sealing Nylon 200.00 mg 0.5%
Sum 18650 battery cell 40379.74 mg 100.0%

Life cycle Inventories (LCI)

Na-lon battery pack

The battery pack is assumed to be of a similar layout like that of Li-lon batteries (LIB). The life cycle
inventory (LCI) for the battery pack is thus derived from existing life cycle assessment (LCA) studies
on Li-lon batteries, where the battery cells make up around 80% of the weight of the whole battery
pack, the casing 14.5% (steelbox type) and the battery management system (BMS) 5.5% [8-10].
Table S2 shows the corresponding LCI. The energy density of the battery pack is 102 Wh-kg™. Since
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no established large scale industry for sodium-ion battery (SIB) production yet exists, it is assumed
that production takes place majorly in Europe and transport distances are estimated accordingly,
based on the standard transport distances according to the ecoinvent standards [11]. The BMS is

assumed to be manufactured together with the battery pack and requires no further transport.

Table S2. LCI for an SIB battery pack

Item Dataset Amount Unit
Inputs

Battery cell Battery cell, Na-lon, NMMT-HC, 18650, at plant 7.99E-01 kg
Steelbox, material Market for reinforcing steel 1.45E-01 kg
Steelbox, production Market for sheet rolling, steel 1.45E-01 kg
BMS Battery management system 5.60E-02 kg
Electricity Medium voltage, market group - EU 3.53 kWh
Infrastructure Metal working factory construction 4.58E-10 unit
Transport, lorry Lorry, >16t, Euro 5, RER 1.00E-01 t-km
Transport, train Market for freight train, EU 5.42E-01 t-km
Outputs

Waste heat Heat, waste, to air 12.72 MJ
Battery pack Na-lon battery pack, NMMT-HC, 18650, at plant 1.00 kg

Battery management system (BMS)

The LCI for the BMS is directly taken from Notter et al. [8], which was found to provide the most
sound inventory data for battery management systems among existing studies disclosing the LCI for
the BMS. In fact, the modelling of the BMS is a critical aspect for the LCAs, since electronic parts
show high relative impacts in several categories and thus the associated impacts vary strongly
depending on how the BMS is modelled. The BMS as modelled by Notter is the one with the lowest
impacts when comparing existing LCA studies [3,5,8-10,12] and thus the one that least affects the
final results. Table S3 provides the LCI for the BMS.

Table S3. LCI for a battery management system (BMS)

Item Dataset Amount Unit
Inputs
Electronics Market for printed wiring board, surface mounted,

unspecified, Pb containing 1.81E-02 kg
Electronics Market for printed wiring board, surface mounted,

unspecified, Pb free 4.23E-02 kg
Data cable Market for cable, data cable in infrastructure 6.66E+00 m
3 phase cable Market for cable, three-conductor cable 4.46E-01 m
Transport, lorry Lorry, >16t, Euro 5, RER 0.093957 t-km
Transport, train Market for freight train, EU 0.56374 t-km
Outputs
BMS Battery management system 1.00 kg
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Na-lon battery cell

The LCI for the SIB cell is given in Table S4. Heat and electricity demand during battery
manufacturing are critical aspects that significantly influence the final results, while varying strongly
among different studies [13]. It is assumed that (on a per kg basis) the manufacturing of SIBs uses
the same processes like LIBs and thus the electricity and heat demand during cell and battery pack
manufacturing are identical. In order to increase comparability with existing LCA studies on LIBs, the
LCI of the principal studies are recompiled and the same energy demand for cell and battery pack
manufacturing is assumed. The mean value obtained from all studies that use own original LCl and
disclose these in a sufficiently transparent way is taken [3,5,8-10,12]: 6.44 kWh of electricity and
21.02 MJ of heat per kg of battery pack. The distribution of the electricity demand between cell and
pack manufacturing process is assumed to be identical to that used by Notter et al. [8], while heat is
required only for the cell manufacturing process. For estimating transport distances, standard
distances for chemical products are used according to the ecoinvent guidelines [11], assuming that
cathode, anode and electrolyte are produced on site and thus do not require transport. A 5% loss
(discarded cells due to insufficient quality) is accounted for according to the ecoinvent guidelines

and in concordance with the work of Notter et al. [8,11].

Table S4. LCl for 1 kg of Na-lon battery cell

Item Dataset Amount Unit
Inputs

Cathode Cathode, NMMT layered oxide, for Na-lon battery 2.70E-01 kg
Anode Anode, hard carbon-Al, for Na-lon battery 3.65E-01 kg
Separator Market for battery separator 2.12E-02 kg
Electrolyte Electrolyte, NaClO, based, for Na-lon battery 1.47E-01 kg
Cell container Cell container, 18650 type, for battery 2.47E-01 kg
Nitrogen Market for nitrogen, liquid 1.05E-02 kg
Infrastructure Market for chemical factory, organics 4.00E-10 p
Electricity Medium voltage, market group - EU 3.64 kWh
Heat Central or small scale, natural gas - EU 26.31 MJ
Transport, lorry Lorry, >16t, Euro 5, RER 4.20E-02 t-km
Transport, train Market for freight train, EU 2.50E-01 t-km
Outputs

Waste heat Heat, waste, to air 4.69E-01 MJ
Waste parts Market for used Li-ion battery 5.00E-02 kg
Battery cell Battery cell, Na-lon, NMMT-HC, 18650, at plant 1.00 kg
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Cell container

The LCI for the 18650 cell container is based on a technical datasheet from a provider of empty
18650 cell cases [2]. Transport distances are estimated according to the ecoinvent guidelines [11].

Table S5 provides the corresponding LCI.

Table S5. LCl for 1 kg of 18650 cell container

Item Dataset Amount Unit
Inputs

Casing Market for steel, low-alloyed 9.79E-01 kg
Casing Deep drawing, steel 9.79E-01 kg
Sealings Market for nylon 6 2.11E-02 kg
Infrastructure Metal working factory construction 4.48E-10 p
Transport lorry Lorry, >16t, Euro 5, RER 9.79E-02 t-km
Transport train Market for freight train, EU 1.96E-01 t-km
Outputs

Cell container Cell container, 18650 type, for battery 1.00 kg

Electrolyte and separator

The separator is made of polyethylene and is identical to the one used commonly for LIBs [1,14,15].

Thus, the corresponding ecoinvent dataset for battery separator is used [16].

For the electrolyte, a 1 M solution of sodium hexafluorophosphate (NaPFs) in an 80 wt.%-20 wt.%
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) is used [15,17—-19]. This gives,
with the densities for EC and DMC [20], an electrolyte composition for a 1.0 M NaPFg solution

according to Table S6.

Table S6. LCI for the production of NaPFg based electrolyte

Item Dataset Amount Unit
Inputs

EC (solvent) Market for ethylene carbonate 7.07E-01 kg
DMC (solvent) Dimethylcarbonate, from EC, at plant 1.77E-01 kg
NaPF6 (salt) Sodium hexafluorophosphate, at plant 1.17E-01 kg
Transport, lorry Lorry, >16t, Euro 5, RER 1.00E-01 t-km
Transport, train Market for freight train, EU 6.00E-01 t-km
Outputs

Electrolyte Electrolyte, NaPFg based, for Na-lon battery 1.00 kg

The production of NaPFgis very similar to that of LiPFg[21,22]. Thus, the LCI for NaPFg is derived from
the ecoinvent dataset for LiPFg [23] with slight modifications based on stoichiometric calculations.

The corresponding LCl is given in Table S7.
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Table S7. LCl for the production of NaPFg

Item Dataset Amount Unit
Inputs

NaF Sodium fluoride production 3.19E-01 kg
PCI5 Market for phosphorus pentachloride 1.98 kg
HF Market for hydrogen fluoride 4.04 kg
Inert atmosphere Market for nitrogen, liquid 1.25E-03 kg
Neutraliser (lime) Lime, hydrated, packed, at plant 7.44 kg
Electricity Medium voltage, market group - EU 5.41E-01 kWh
Transport, lorry Lorry, >16t, Euro 5, RER 1.38 t-km
Transport, train Market for freight train, EU 8.27 t-km
Infrastructure Market for chemical factory, organics 4.00E-10 kg
Outputs

Disposal of Salts Disposal, limestone residue, to inert material landfill 8.69 kg
Wastewater Treatment, sewage, to wastewater treatment 3.61E-03 m3
NaF recycled Sodium fluoride to recycling 4.24E-02 kg
Emission to air Phosphorus trichloride, to air 2.63E-01 kg
Waste heat Heat, waste, to air 1.95 MJ
NaPF6 Sodium hexafluorophosphate, at plant 1.00 kg

DMC can be produced from the reaction of methanol with EC, giving DMC and ethylene glycol [24].
Energy demands for this process are not available, but for the production of DMC from ethylene
oxide [4], and the production of EC, the intermediate product, from ethylene oxide [23]. From these
two processes, the energy demand of the reaction of EC (which is available in the ecoinvent
database) to DMC is derived. Allocation between the two by-products DMC and ethylene glycol is
done based on physical relationship (mass). The inventory obtained in this way for DMC production

is given in Table S8.

Table S8. LCI for the production of dimethyl carbonate (DMC)

Item Dataset Amount Unit
Inputs

Ethylene carbonate  Market for ethylene carbonate 9.78E-01 kg
Methanol Market for methanol 7.11E-01 kg
Electricity Medium voltage, market group - EU 2.63E-03 kWh
Heat Central or small scale, natural gas - EU 1.01E-01 MJ
Infrastructure Market for chemical factory, organics 6.76E-10 p
Outputs

DMC (solvent) Dimethylcarbonate, from EC, at plant 1.00 kg
Ethylene glycol Ethylene glycol, from DMC production, at plant 6.89E-01 kg

Cathode production
For casting the cathode, the active material is mixed with carbon black, a PVdF copolymer binder
and N-methyl-2-pyrrolidone (NMP) as solvent in a ball mill, obtaining an electrode slurry with a solid

content of 65%, which is the cast onto the substrate (current collector foil) [8,9,25,26]. Energy
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requirements for slurry mixing and casting are derived from Notter et al. [8], while the heat demand
is calculated based on the heat capacity and the enthalpy of evaporation for the NMP solvent,
assuming an 80% efficient dryer [27]. Furthermore, an internal solvent (NMP) recovery of 99% is
freely assumed, with the remaining 1% being accounted for as emissions to air. For transport
services, the standard ecoinvent distances for inorganic chemicals are used. The inventory obtained
in this way is given in Table S9.

Table S9. LCI for the production of a cathode

Item Dataset Amount Unit
Inputs

Active material NMMT active material, layered oxide, for Na-lon bat. 8.54E-01 kg
Carbon black Market for carbon black 1.82E-02 kg
PvDF binder Market for tetrafluoroethylene 1.82E-02 kg
PvDF binder Market for polyethylene, low density 1.82E-02 kg
NMP solvent Market for N-methyl-2-pyrrolidone 3.18E-03 kg
Electricity Medium voltage, market group - EU 2.00E-03 kWh
Heat Central or small scale, natural gas - EU 2.67E-01 MJ
Substrate (Al foil)  Aluminium, wrought alloy 9.11E-02 kg
Substrate (Al foil)  Sheet rolling, aluminium 9.11E-02 kg
Transport lorry Lorry, >16t, Euro 5, RER 1.49E-02 t-km
Transport train Market for freight train, EU 5.28E-02 t-km
Infrastructure Metal working factory construction 4.58E-10 p
Outputs

NMP emission 1-Methyl-2-pyrrolidinone, to air 3.18E-03 kg
Waste heat Heat, waste, to air 2.67E-01 MIJ
Cathode Cathode, NMMT layered oxide, for Na-lon battery 1.00 kg

Cathode active material production (Na; ;Nig3MngsMgg o5Tig.050, - NMMT layered oxide)

The active material used for the Na-lon battery is a layered oxide, Na; ;Nig3MngysMggo5Tig 050, [25].
For its production, the precursor materials (sodium carbonate, manganese oxide, nickel carbonate,
magnesium hydroxide and titanium dioxide) are intimately ball milled together and pressed into
pellets. These are then heated in a furnace and maintained at 900°C for 8 hours. After cooling down,
the product is milled and used for producing the cathode slurry [25,28]. Electricity demand for
driving the rotary kiln and for ball milling are taken from reference processes (rotary kiln for titanium
dioxide production [27] and cathode slurry preparation in ball mill [8], respectively). The heat
demand is estimated based on the heat capacity of the materials [29] and a kiln efficiency of 10%,
what is comparably low [30], but tries to account for the long residence time and the omission of the
reaction enthalpy. This gives a heat demand well in between the 15 MJ obtained by Notter et al. [8]
and the 3 MJ of the reference process, a rotary kiln in titanium dioxide production that operates at
the same temperature, but with significantly shorter residence times [27]. For the precursor

materials TiO,, Na,CO; and MnO,, the ecoinvent datasets are used [23], while the production of
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NiCO; and Mg(OH), has to be modelled explicitly. Table S10 presents the LCl data for the active

material production.

Table S10. LCI for the production of NMMT active cathode material

Item Dataset Amount Unit
Inputs

Na,CO; Market for soda ash, dense 5.50E-01 kg
MnO, Market for manganese dioxide 4.10E-01 kg
NiCO; Nickel carbonate, anhydrous, at plant 3.36E-01 kg
Mg(OH), Magnesium hydroxide, at plant 2.75E-02 kg
TiO, Market for titanium dioxide 3.77E-02 kg
Electricity Medium voltage, market group - EU 3.08E-02 kWh
Heat Central or small scale, natural gas - EU 10.60 MJ
Transport, lorry  Lorry, >16t, Euro 5, RER 1.36E-01 t-km
Transport, train ~ Market for freight train, EU 8.17E-01 t-km
Infrastructure Market for chemical factory, organics 4.00E-10 p
Outputs

Cco, Carbon dioxide, fossil, to air 3.53E-01 kg
Waste heat Heat, waste, to air 10.71 kg
Active material NMMT active material, layered oxide, for Na-lon bat. 1.00 kg

Magnesium hydroxide (Mg(OH),) production

Magnesium hydroxide is commonly obtained as milk of magnesia in a simple process from seawater
brines, where Mg is contained in sufficient concentration (1.2-1.3 g:I"! in average) [31]. Concentrated
brine is mixed with hydrated lime, what leads to the formation of Mg(OH),, which precipitates as a
suspension (“milk of magnesia”) that can be separated from the brine by centrifugation and / or

filtering [32].

The brine is assumed to be concentrated in open ponds by sunlight, why no further energy is
required. The energy required for brine handling and pumping is derived from the ecoinvent process
“Li brine inspissation” [8,33], what is considered a valid proxy since the concentration of Mg in
seawater is comparable to that of Li in lithium brine lakes. In contrast to the lithium brines, seawater
brine is assumed to be produced in sites with electricity grid availability, so the required diesel fuel is
converted to electricity by dividing by factor 3. The electricity required by the stirring reactor is taken
from a comparable reference process (Salt dissolver from an alkaline and chlorine production
process [27]). A 20% overliming, 95% conversion efficiency and 98% Mg(OH), recovery efficiency is

further assumed. The inventory obtained in this way is given in Table S11.

S8



Table S11. LCI for the production of Mg(OH),

Item Dataset Amount Unit
Inputs

Brine Sodium chloride, brine solution, market - GLO 105.79 kg
Hydrated lime Lime, hydrated, loose, market 1.20 kg
Electricity Medium voltage, market group - EU 1.78 kWh
Transformation Unknown to mineral extracting site 3.26E-02 m2
Occupation Mineral extraction site 1.63 m2a
Transport, lorry Lorry, >16t, Euro 5, RER 1.20E-01 t-km
Transport, rail Market for freight train, EU 7.17E-01 t-km
Outputs

Heat, waste Heat, waste, to air 6.42 MJ
Mg(OH), Magnesium hydroxide, at plant 1.00 kg

Nickel carbonate (NiCO;) preparation

Commercial basic nickel carbonate is made by precipitation from a nickel solution, usually the
sulphate, with sodium carbonate, being the exact reaction mechanism NiSO, + 2 NaHCO; -> NiCO; +
Na,S0, +H,0 + CO, [34]. Details about the process required for modelling are derived from patents
[35,36]: The Sodium hydrogen carbonate reacts at 50°C with a nickel chloride solution that has a
nickel concentration of 177 g:I%, obtaining a wet precipitate with a nickel content of about 27.5%
and carbon dioxide. Centrifugation and hot air drying produces anhydrous NiCO; with a final Ni
content of 49.3%. The electricity demand is derived from reference processes (pumping,
centrifugation and filtration from a titanium dioxide production process, and the operation of the
stirring reactor from an alkaline and chlorine production process [27]). The heat demand for heating
the reactor and for drying the NiCO; precipitate is calculated based on the latent heat of the
materials [20,29] and the heat for evaporation of water, assuming an average 5% heat losses to the
environment from the stirred tank reactor, and a gross efficiency of the dryer of 80% [27]. Since no
inventory data for NaHCO; can be found in the ecoinvent database, soda ash is used instead.
NaHCQO; is an intermediate product of soda ash production (soda ash is obtained in the end of the
process by heating NaHCO;, obtaining Na,C0;)[23]. Accounting soda ash instead of sodium hydrogen
carbonate thus overestimates the impacts of NaHCO; production slightly and can be considered a
conservative assumption. No further wastewater treatment is assumed for the process. Table S12

gives the corresponding LCI.
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Table S12. LCl for the production of NiCO;

Item Dataset Amount Unit
Inputs

NaHCO; Market for soda ash, dense 1.42 kg
NiSO, Nickel sulphate production 1.30 kg
Water Water, deionised, from tap water 7.98 kg
Electricity Medium voltage, market group - EU 1.12E-02 kWh
Heat Central or small scale, natural gas - EU 2.62 MJ
Transport, lorry Lorry, >16t, Euro 5, RER 2.72E-01 t-km
Transport, rail Market for freight train, EU 1.63 t-km
Outputs

Cco, Carbon dioxide, fossil, to air 3.71E-01 kg
Na,S0, in effluent Sodium, ion, to river 1.94E-01 kg
Na,S0O, in effluent Sulfate, to river 8.09E-01 kg
NiCOsin effluent Nickel, ion, to river 1.27E-02 kg
NiCOsin effluent Carbonate, to river 1.30E-02 kg
Waste heat Heat, waste, to air 2.29 MJ
NiCO; Nickel carbonate, anhydrous, at plant 1.00 kg

Anode production

Similar as for the cathode, the negative electrode is prepared by solvent-casting of a slurry of hard
carbon active material, conductive carbon, binder and solvent [8,25,26]. For the anode, a water
based binder is used, a 70:30 mixture of carboxymethyl-cellulose (CMC) and styrene-butadiene
rubber (SBR) [6,7]. Around 40 g of water are used as solvent per 100 g of anode material (slurry solid
content 60%). Efficiencies and energy requirements for milling, casting and solvent evaporation at
100°C are estimated like for the cathode production process based on the enthalpy of evaporation
and the heat capacity of the solvent (water). Like for the cathode, it is assumed that the hard carbon
material is synthesized at the plant where anode is prepared and thus no transport of active material

is required. The inventory obtained for the production of 1 kg of anode is given in Table S13.

SBR production

SBR is not contained in ecoinvent and its production needs to be modelled explicitly. SBR is
produced from styrene and butadiene in a continuous polymerisation process: Butadiene and
styrene are mixed in an aqueous medium by the help of a surfactant / emulsifier (soap or tensides).
An initiator (e.g. persulfate) starts the radical the polymerisation process [37-39]. Heat and
electricity demand, and the corresponding emissions from are derived from generic industrial
process data for SBR production processes [40—42]. As surfactant, soap is assumed (the choice of
the surfactant is of little influence; alkylbenzene sulfonate as alternative shows very similar results).

The corresponding inventory data can be retrieved from Table S14.
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Table S13. LCI for the production of a hard carbon anode with aqueous binder

Item Dataset Amount Unit
Inputs
Hard carbon Hard carbon, anode, from sugar 8.01E-01 kg
Carbon black Market for carbon black 2.59E-02 kg
CMC (binder) Market for carboxymethyl cellulose, powder 2.42E-02 kg
SBR (binder) Styrene- butadiene rubber (SBR) 1.04E-02 kg
Water (solvent) Market for water, deionised, from tap water 3.45E-01 kg
Electricity Medium voltage, market group - EU 2.06E-06 kWh
Heat Central or small scale, natural gas - EU 1.11 MJ
Substrate (Al foil) Market for aluminium, wrought alloy 1.38E-01 kg
Substrate (Al foil) Market for sheet rolling, aluminium 1.38E-01 kg
Transport, lorry Lorry, >16t, Euro 5, RER 1.88E-02 t-km
Transport, train Market for freight train, EU 5.77E-02 t-km
Infrastructure Metal working factory construction 4.58E-10 p
Outputs
Water Water, to air 3.45E-01 kg
Waste heat Heat, waste, to air 1.12 MJ
Anode (water based Anode, hard carbon-Al, for Na-lon battery 1.00 kg
binder)

Table S14. LCI for the production of styrene butadiene rubber (SBR)
Item Dataset Amount Unit
Inputs
Butadiene Market for butadiene 7.52E-01 kg
Styrene Market for styrene 2.51E-01 kg
Emulsifier Market for soap 2.73E-02 kg
Water Market for water, deionised, from tap water 1.80 kg
Solvent make up Cyclohexane production 1.00E-02 kg
Initiator (persulfate)  Market for sodium persulfate 5.04E-03 kg
Electricity Medium voltage, market group - EU 5.50E-01 kWh
Heat Central or small scale, natural gas - EU 13.75 MJ
Cooling water Water, cooling, unspecified natural origin 2.50E-01 m3
Infrastructure Market for chemical factory, organics 4.00E-10 p
Transport, lorry Lorry, >16t, Euro 5, RER 1.05E-01 t-km
Transport, train Market for freight train, EU 6.27E-01 t-km
Outputs
NMVOC NMVOC, unspecified origin 1.44E-02 kg
Waste heat Heat, waste, to air 15.73 MJ
Wastewater Treatment of wastewater, unpolluted 1.80 kg
SBR Styrene- butadiene rubber (SBR) 1.00 kg

Hard carbon (anode active material) production

For hard carbon synthesis, a carbohydrate precursor is treated thermally in a first stage under
ambient atmosphere at 300°C, obtaining a dry degraded carbohydrate. In a second stage, the brittle
product is milled and then subjected to calcination under inert (nitrogen) atmosphere for three
hours at around 1100°C, obtaining hard carbon. The hard carbon pellets are milled for their use as

active material in the anode preparation process [1]. No further information is given about the used
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carbohydrate precursor, why it is assumed to be sugar, readily available in industrial amounts with
constant quality on the market. The energy demand, emissions and waste streams of the first
heating step are derived entirely from technical data about wood torrefaction plants, since the
reaction conditions are comparable those of a biomass torrefaction process [43]. The torrefaction
plant also consumes a certain amount of no further specified additives, which are accounted for as
unspecific organic chemicals. For the second stage, the final calcination, it is assumed that the hard
carbon yield from sugar is equivalent the fixed carbon content of cellulose (a sugar polymer), which
is around 11% [44]. Emissions are then calculated based on stoichiometric considerations, assuming
a carbon content for sugar of 42% [44] and 99% for hard carbon. The amount of nitrogen for
maintaining the inert atmosphere is derived from a reference process, MnCOj; roasting under inert
atmosphere in rotary kiln [8]. The heat demand for the calcination kiln is then estimated based on
the specific heat capacities of the nitrogen gas and the torrefied sugar feed, assuming an average
12.5% heat losses to the environment from the rotary kiln [27]. Electricity demand is obtained from
the electricity consumption of the torrefaction plant [43] plus the energy required for milling of
torrefied wood pellets [45]. The transport distances for the carbohydrate precursors are calculated
using the standard transport distances from ecoinvent for wood products as proxy. The LCl obtained

in this way for the hard carbon synthesis process is given in Table S15.

Table S15. LCI for the production of hard carbon from sugar precursor

Item Dataset Amount Unit
Inputs

Carbohydrate Market for sugar, from sugar beet 20.00 kg
Electricity Medium voltage, market group - EU 1.07E-01 kWh
Heat Central or small scale, natural gas - EU 9.52 MIJ
Water Market for water, deionised, from tap water 1.78E-01 |
Additives Market for chemicals, inorganic 2.67E-01 kg
Inert atmosphere Market for nitrogen, liquid 6.99 kg
Transport, lorry Lorry, >16t, Euro 5, RER 1.38 t-km
Transport, train Market for freight train, EU 4.86 t-km
Infrastructure Market for chemical factory, organics 4.00E-10 p
Outputs

Dust Dust, unspecified, to air 6.62E-05 kg
Cco, Carbon dioxide, biogenic, to air 29.33 kg
co Carbon monoxide, biogenic, to air 3.53E-04 kg
NO, Nitrogen oxides, to air 6.16E-03 kg
SO, Sulphur dioxide, to air 1.17E-03 kg
TOC NMVOC, to air 1.10E-04 kg
HF Hydrogen fluoride, to air 8.89E-06 kg
HCI Hydrogen chloride, to air 5.08E-04 kg
Waste heat Heat, waste, to air 9.90 MJ
Waste water Treatment of wastewater, average 1.78E-02 |
Solid waste Market for municipal solid waste 4.44E-04 kg
Hard carbon Hard carbon, anode, from sugar 1.00 kg
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Alternatively, hard carbon can be produced from fossil precursors like petroleum coke [46,47]. For
the sensitivity analysis, this process is modelled explicitly, since petroleum coke differs
fundamentally from organic carbohydrates and thus the use of the same LCl is considered to be
inadequate. Green petroleum coke is calcined in a rotary kiln under protective atmosphere at
temperatures around 1100°C. The process is similar to the calcination of the torrefied carbohydrate,
but yields and energy demands vary fundamentally [48,49]. These are estimated based on
stoichiometric calculations for a green petroleum coke with an overall carbon content of 89% and a
fixed carbon content of roughly 2 percent points lower [50-53]. The obtained hard carbon is
assumed to be identical to the one from organic precursors (99% carbon content). Kiln residence
times and heat loss is assumed to be identical in both cases, but due to the higher yield of hard
carbon from petroleum coke, the amount of required feedstock and thus the kiln volume is
significantly lower, reducing the energy demand of the process. For coke, standard transport
distances for petroleum products are used according to ecoinvent. Table S16 provides the LCI for the

production of hard carbon from petroleum coke, as used for the sensitivity analysis.

Table S16. LCI for the production of hard carbon from petroleum coke

Item Dataset Amount Unit
Inputs

Coke Market for petroleum coke 1.14 kg
Electricity Medium voltage, market group - EU 1.83E-02 kWh
Heat Central or small scale, natural gas - EU 1.89 MJ
Water Market for water, deionised, from tap water 1.78E-01 |
Inert atmosphere Market for nitrogen, liquid 9.00E-01 kg
Transport, lorry Lorry, >16t, Euro 5, RER 1.59E-01 t-km
Transport, train Market for freight train, EU 7.77E-01 t-km
Infrastructure Market for chemical factory, organics 4.00E-10 p
Outputs

Cco, Carbon dioxide, fossil, to air 8.39E-02 kg
NO Nitrogen oxide, to air 4.66E-02 kg
NO, Nitrogen dioxide, to air 3.76E-03 kg
SO, Sulphur dioxide, to air 5.03E-02 kg
Waste heat Heat, waste, to air 1.95 MJ
Hard carbon Hard carbon, anode, from petroleum coke 1.00 kg
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Impact assessment methodology (LCIA)

The impact categories considered for assessment in the paper are explained briefly in the following:

e FDP (fossil depletion potential): Depletion of fossil energy resources (e.g. ‘peak oil’),
measured in kg of oil equivalent.

e GWP (global warming potential): Emission of greenhouse gases like CO,, methane, N,0, etc.
(‘global warming’). Measured in kg of CO, equivalents.

e TAP (terrestrial acidification potential): Emission of acidifying substances (5O,, NO,, etc.) that
change the pH of soil and water and thus put pressure on the ecosystem (‘acid rain’).
Measured in kg of SO, equivalents

e MEP and FEP (marine and freshwater eutrophication): deposition of macronutrients
(nitrogen and phosphorous) in groundwater and watercourses, leading to change in the
natural equilibrium, uncontrolled algae growth and oxygen depletion (dying water bodies /

‘dead zones’). Measured in kg of N and P equivalents, respectively.

Being these the most commonly assessed impact categories, the ReCiPe methodology quantifies
other ones that are not discussed in detail in the paper. Nevertheless, the results for these
categories might be of interest to certain readers and are tabulated additionally in the SI, but not
explained further. Presenting and discussing them all in the main paper would widen the scope too

much and make the paper difficult to read.

The impact category MDP (metal depletion) has to be mentioned explicitly, since it can be
considered of special interest for the assessment of SIBs, being the use of abundant raw materials
one of the arguments in favour of them. Nevertheless, it turned out that the ReCiPe methodology
shows an extraordinarily high metal depletion impact for manganese, a comparably abundant
material, also in comparison to other common impact assessment categories. This produces
extremely unfavourable results for all manganese containing batteries (LMO-C, NCM-C, and also the
assessed SIB). In fact, for the assessed SIB, the use of the manganese for the cathode alone
contributes to 64% of the overall MDP impact, while the nickel demand from the NiCO; precursor is
responsible for only 11.5%, being nickel less abundant than manganese. LMO-C LIBs also score
significantly worse than other LIB types that use much more scarce metal precursors like NCA-C.
Another shortcoming of the ReCiPe impact assessment methodology is that lithium has no
characterization factor for the MDP category and thus the consumption of lithium does not
contribute in any way to the obtained impact of LIBs. This is evidently not true, and one of the

advantages of SIBs, the substitution of lithium by more abundant sodium, is not reflected in the
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results. Nevertheless, compared to the high contribution of manganese, this effect can be expected
to be rather small, being the depletion of lithium in general only a small fraction in the
environmental impacts of LIB production [26,54-56]. In any case, the methodology is considered to
be unsuitable for comparing manganese containing batteries under metal depletion aspects and the
MDP results are therefore not discussed further. They are nevertheless included in the

corresponding Tables in the following.

Comparison with LIB

For comparing the environmental performance of SIB with current LIBs, it is contrasted with existing
LCA studies on LIBs. Nevertheless, significant discrepancies exist also in the modelling of the LCI
between these studies, making a direct comparison difficult. One of the main discrepancies is the
approach for modelling the energy demand during cell and battery pack manufacturing, which
affects the results significantly, while varying up to an order of magnitude [5,13,26]. In order to
reduce these discrepancies, the LCI of the different studies are recompiled using a common average
value and the same European electricity mix. The average electricity demand for cell and pack
manufacturing obtained from the studies is 6.44 kWh, and the heat demand 21.01 MJ. Still, some
important differences exist in the modelling approaches of the different studies (type of electrode
binder, BMS), why direct comparison of results from different studies has to be done with care. The
characterisation results obtained per kWh of storage capacity for the different batteries are given in

Table S17.

Table S17. Characterization values for the compared batteries (per kWh of storage capacity) . GWP =
global warming potential, FDP = fossil depletion potential, MDP = metal depletion potential, MEP =
marine eutrophication potential, FEP = freshwater eutrophication potential, HTP = human toxicity
potential, TAP = terrestrial acidification potential, ODP = ozone depletion potential, PMP =
particulate matter formation, POF = photochemical oxidant formation, TETP = terrestrial ecotoxicity
potential, METP = marine ecotoxicity potential, FETP = freshwater ecotoxicity potential

LFP-C LFP-C LFP-LTO LMO-C NCA-C NCM-C

Category Unit (M-B) (zak) (Bau) (Not) (Bau)  (m-B) Nalon

GWP kg CO,Eq 267427 20014 25509  111.94 11078 _ 209.71 14031
FDP kg oil-Eq 5460  41.99 7201 3351 3069 4319  37.33
MDP kg Fe-Eq 7131 25952 3697 16653  67.48 12035 104.99
MEP kg N-Eq 2.256-01 2.14E-01 2.26E-01 1.44E-01 1.31E-01 1.89E-01 3.05E-01
FEP kg P-Eq 3.78E-01 4.51E-01 2.00E-01 2.04E-01 1.64E-01 2.88E-01 1.20E-01
HTP kg 1,4-DCB-Eq 576.99 769.14 251.94 369.98 275.57 478.11 168.20
TAP kg SO,-Eq 1.22 2.23 118 0.96 262 213 151
ODP  kgCFC-11-Eq 258603 2.26E-03 1.156-03 9.66E-06 2.72E-04 1.95E-03 3.73E-04
PMF  kgPMI10-Eq  5.20E-01 5.69E-01 4.76E-01 3.82E-01 6.656-01 6.63E-01 4.57E-01
POF ke NMVOC  5.99E-01 5.40E-01 6.31E-01 4.04E-01 5.04E-01 6.026-01 4.70E-01
TETP kg 14-DCB-Eq 2.41E-02 2.17E-02 1.80E-02 233602 2.22E-02 2.13E-02 1.90E-02
METP kg 1,4-DCB-Eq 11.28 14.41 6.16 7.42 5.86 9.84 431
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FETP kg 1,4-DCB-Eq 11.74 14.95 6.60 7.37 5.82 10.19 4.55

Sensitivity Analysis
Different hard carbon precursors

For the sensitivity analysis, the amount of sugar is substituted by the equal amount of the alternative
organic carbohydrate material (starch, cellulose and organic residues). Starch and cellulose are taken
directly from ecoinvent, while for organic residues a generic residue is assumed as representative for
organic waste materials like fruit peels or apple waste [57,58]. According to the cut-off system model
of ecoinvent 3.2., the waste is available free of burden and no bonus for potentially avoided waste
treatment or by-products from the waste treatment is accounted for. Since all are carbohydrates
with similar carbon content, it is further assumed that the remaining process conditions and yields
do not change. This is certainly a simplification, especially if precursors with higher water content
are used, but since the process itself has comparably little influence in comparison with the
precursor production, it is considered valid for the sensitivity analysis. For evaluating petroleum coke
as alternative (fossil) precursor for hard carbon production, the corresponding LCl as given in Table
S16 is used. The obtained results are tabulated in Table S18. Comparably good results are obtained
for the petroleum coke, basically due to the high assumed vyields. Since no data on hard carbon
yields from petroleum coke is available, these are estimated based on the fixed carbon content of

the materials.

Table S18. Characterization values for the different SIB hard carbon precursors (per kWh of storage
capacity). Abbreviations of impact categories as in Table S17.

Category Unit Sugar Starch Cellulose  Org. waste  Petr. coke
GWP kg CO,-Eq 140.31 150.84 143.56 117.06 110.91
FDP kg oil-Eq 37.33 39.79 40.12 31.46 29.94
MDP kg Fe-Eq 104.99 109.01 107.54 104.04 103.87
MEP kg N-Eq 3.05E-01 4.53E-01 1.58E-01 1.14E-01 1.03E-01
FEP kg P-Eq 1.20E-01 1.28E-01 1.25E-01 1.13E-01 1.10E-01
HTP kg 1,4-DCB-Eq 168.20 182.74 182.04 164.14 161.17
TAP kg SO,-Eq 1.51 1.70 1.50 1.32 1.40
obpP kg CFC-11-Eq 3.73E-04 3.74E-04 3.74E-04 3.71E-04 3.71E-04
PMF kg PM10-Eq 4.57E-01 5.02E-01 5.04E-01 3.95E-01 4.06E-01
POF kg NMVOC 4.70E-01 5.16E-01 5.12E-01 3.81E-01 3.60E-01
TETP kg 1,4-DCB-Eq 1.90E-02 9.18E-02 1.88E-02 1.53E-02 1.44E-02
METP kg 1,4-DCB-Eq 4.31 4.88 4.97 4.12 4.02
FETP kg 1,4-DCB-Eq 4.55 5.14 5.22 4.28 4.18
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Battery internal efficiency

The characterization values obtained for the storage of 1 kWh of electricity over battery lifetime are
shown in Table $19. An average 80% depth of discharge (DoD) is assumed in each charge/discharge
cycle, and a European electricity mix is used for this estimation[59].

Table S19. Variation of the environmental impacts per kWh of electricity stored over battery lifetime
with battery internal efficiency. Abbreviations of impact categories as in Table S17.

Category Unit 85% 90% 95%

GWP kg CO,-Eq 1.59E-01 1.35E-01 1.12E-01
FDP kg oil-Eq 4.28E-02 3.63E-02 2.98E-02
MDP kg Fe-Eq 6.66E-02 6.63E-02 6.59E-02
MEP kg N-Eq 2.49E-04 2.30E-04 2.10E-04
FEP kg P-Eq 1.38E-04 1.17E-04 9.58E-05
HTP kg 1,4-DCB-Eq  1.48E-01 1.34E-01 1.19€-01
TAP kg SO,-Eq 1.24E-03 1.14E-03 1.04E-03
oDP kg CFC-11-Eq 2.40E-07 2.38E-07 2.36E-07
PMF kg PM10-Eq 3.82E-04 3.50E-04 3.18E-04
POF kg NMVOC 4.36E-04 3.89E-04 3.41E-04
TETP kg 1,4-DCB-Eq  1.40E-05 1.33E-05 1.26E-05
METP kg 1,4-DCB-Eq  4.07E-03 3.61E-03 3.15E-03
FETP kg 1,4-DCB-Eq  4.31E-03 3.82E-03 3.33E-03

Different binder for electrodes

For casting the anode and cathode electrodes, a binder is needed in combination with the adequate
solvent. For the assessed SIB, it is assumed according to the current state of the art that for the
anode, a water based binder is used (CMC-SBR), while the cathode uses an organic solvent (NMP and
PVdF as binder). In order to evaluate the influence of the binder / solvent on the overall results, we
calculate two alternative configurations, an all- water based battery (water/CMC-SBR both for anode
and cathode) and an all-organic battery (NMP/PVdF for both electrodes). The LCI for the alternative
electrode production processes (anode with organic binder, cathode with water based binder) are
calculated like previously described for the anode and cathode production process: Around 40 g of
water are used as solvent per 100 g of water based cathode material, and 35 g NMP per 100 g of
organic anode material. Energy requirements are adjusted according to the different amounts, heat
capacities and evaporation enthalpies of the solvents. The LCl obtained in this way for the organic
solvent based anode and the water solvent based cathode are given in Tables S20 and S21,
respectively. Table S22 then contains the characterization results obtained for these two alternative
battery configurations (all water based electrodes / base case — organic cathode and water based
anode / all organic solvent based electrodes). As can be observed, the binder affects above all the
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GWP (8.6% reduction for all-water-based binder compared to base case) and the ODP (improvement

of almost one order of magnitude), while it changes relatively little in the remaining categories.

Table S20. LCI for the production of a cathode with water based binder

Item Dataset Amount Unit
Inputs
Active material NMMT active material, layered oxide, for Na-lon bat. 8.54E-01 kg
Carbon black Market for carbon black 1.82E-02 kg
CMC (binder) Market for carboxymethyl cellulose, powder 2.54E-02 kg
SBR (binder) 1.09E-02 kg
Water Market for water, deionised, from tap water 3.64E-01 kg
Electricity Medium voltage, market group - EU 2.07E-03 kWh
Heat Central or small scale, natural gas - EU 1.17 MJ
Substrate (Al foil)  Aluminium, wrought alloy 9.11E-02 kg
Substrate (Al foil)  Sheet rolling, aluminium 9.11E-02 kg
Transport lorry Lorry, >16t, Euro 5, RER 1.35E-02 t-km
Transport train Market for freight train, EU 4.44E-02 t-km
Infrastructure Metal working factory construction 4.58E-10 p
Outputs
Water Water, to air 3.64E-01 kg
Waste heat Heat, waste, to air 1.18 MJ
Cathode, water Cathode, NMMT layered oxide, for Na-lon battery 1.00 kg
based
Table S21. LCI for the production of an anode with organic solvent based binder
Item Dataset Amount Unit
Inputs
Hard carbon Hard carbon, anode, from sugar 8.01E-01 kg
Carbon black Market for carbon black 2.59E-02 kg
PvDF binder Market for tetrafluoroethylene 1.73E-02 kg
PvDF binder Market for polyethylene, low density 1.73E-02 kg
NMP solvent Market for N-methyl-2-pyrrolidone 3.02E-02 kg
Electricity Medium voltage, market group - EU 2.00E-03 kWh
Heat Central or small scale, natural gas - EU 2.53E-01 MJ
Substrate (Al foil) Market for aluminium, wrought alloy 1.38E-01 kg
Substrate (Al foil) Market for sheet rolling, aluminium 1.38E-01 kg
Transport, lorry Lorry, >16t, Euro 5, RER 2.29E-02 t-km
Transport, train Market for freight train, EU 8.20E-02 tkm
Infrastructure Metal working factory construction 4.58E-10 p
Outputs
NMP 1-Methyl-2-pyrrolidone, to air 3.02E-02 kg
Waste heat Heat, waste, to air 2.53E-01 MIJ
Anode, organic binder  Anode, hard carbon-Al, for Na-lon battery 1.00 kg
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Table S22. Environmental impacts obtained for the SIB with different electrode binder in each
category (per kWh of storage capacity). All water = cathode and anode with water based binder
(CMC); base case = cathode with organic (PVdF) and anode with water based binder; all organic =
cathode and anode with water based binder. Other abbreviations (impact categories) as in Table
S17.

Category Unit all water base case all organic
GWP kg CO,-Eq 128.32 140.31 156.23
FDP kg oil-Eq 37.26 37.33 37.59
MDP kg Fe-Eq 104.96 104.99 105.05
MEP kg N-Eq 3.05E-01 3.05E-01 3.06E-01
FEP kg P-Eq 1.20E-01 1.20E-01 1.20E-01
HTP kg 1,4-DCB-Eq 167.30 168.20 169.63
TAP kg SO,-Eq 1.51 1.51 1.52
oDP kg CFC-11-Eq 1.09E-05 3.73E-04 8.36E-04
PMF kg PM10-Eq 4.57E-01 4.57E-01 4.59E-01
POF kg NMVOC 4.69E-01 4.70E-01 4.73E-01
TETP kg 1,4-DCB-Eq 1.89E-02 1.90E-02 1.89E-02
METP kg 1,4-DCB-Eq 4.31 431 4.33
FETP kg 1,4-DCB-Eq 4.54 4.55 4.56
Bibliography

[1] BarkerJ, Heap R, Roche N, Tan C, Sayers R, Liu Y. Low Cost Na-ion Battery Technology, San
Francisco, US: Faradion Limited; 2014.

[2] 18650 Cylinder Cell Case with Anti-Explosive Cap and Insulation O-ring. MTI Online Store 2016.
http://www.mtixtl.com/18650CylinderCellCaseandAnti-ExplosiveCapwithInsulationO-ring-10-
1.aspx (accessed January 27, 2016).

[3] Lastoskie CM, Dai Q. Comparative life cycle assessment of laminated and vacuum vapor-
deposited thin film solid-state batteries. J Clean Prod 2015;91:158-69.
doi:10.1016/j.jclepro.2014.12.003.

[4] Dunn JB, James C, Gaines LG, Gallagher K. Material and Energy Flows in the Production of
Cathode and Anode Materials for Lithium lon Batteries. Argonne, US: Argonne National
Laboratory (ANL); 2014.

[5] Dunn JB, Gaines L, Sullivan J, Wang MQ. Impact of Recycling on Cradle-to-Gate Energy
Consumption and Greenhouse Gas Emissions of Automotive Lithium-lon Batteries. Environ Sci
Technol 2012;46:12704-10. doi:10.1021/es302420z.

[6] LeelJ-H, Lee S, Paik U, Choi Y-M. Aqueous processing of natural graphite particulates for
lithium-ion battery anodes and their electrochemical performance. J Power Sources
2005;147:249-55. doi:10.1016/j.jpowsour.2005.01.022.

[71 Lux SF, Schappacher F, Balducci A, Passerini S, Winter M. Low cost, environmentally benign
binders for lithium-ion batteries. J Electrochem Soc 2010;157:A320-5. doi:10.1149/1.3291976.

S19



(8]

(9]

(10]

(11]

(12]

[13]
(14]
(15]

(16]

(17]

(18]

(19]

(20]
[21]
[22]

(23]

[24]

[25]
(26]

Notter DA, Gauch M, Widmer R, Wéger P, Stamp A, Zah R, et al. Contribution of Li-lon Batteries
to the Environmental Impact of Electric Vehicles. Environ Sci Technol 2010;44:6550-6.
d0i:10.1021/es903729a.

Zackrisson M, Avellan L, Orlenius J. Life cycle assessment of lithium-ion batteries for plug-in
hybrid electric vehicles — Critical issues. J Clean Prod 2010;18:1519-29.
doi:10.1016/j.jclepro.2010.06.004.

Bauer C. Okobilanz von Lithium-lonen Batterien. Paul Scherrer Inst Labor Fiir Energiesystem-
Anal LEA Villigen Switz 2010.

Althaus H-J, Doka G, Heck T, Hellweg S, Hischier R, Nemecek T, et al. Overview and
methodology. In: Frischknecht R, Jungbluth N, editors. Sachbilanzen Von Energiesystemen
Grundlagen Fiir Den Okol. Vgl. Von Energiesystemen Den Einbezug Von Energiesystemen
Okobilanzen Fiir Schweiz Ecoinvent Rep. No 1, Diibendorf, Switzerland: Swiss Centre for Life
Cycle Inventories; 2007.

Majeau-Bettez G, Hawkins TR, Stremman AH. Life Cycle Environmental Assessment of Lithium-
lon and Nickel Metal Hydride Batteries for Plug-In Hybrid and Battery Electric Vehicles. Environ
Sci Technol 2011;45:4548-54. doi:10.1021/es103607c.

Peters JF, Baumann MJ, Braun J, Weil M. The environmental impact of Li-lon batteries and the
role of key parameters — A review. Renew Sustain Energy Rev 2015;submitted.

Tang J, Dysart AD, Pol VG. Advancement in sodium-ion rechargeable batteries. Curr Opin Chem
Eng 2015;9:34-41. d0i:10.1016/j.coche.2015.08.007.

Ponrouch A, Monti D, Boschin A, Steen B, Johansson P, Palacin MR. Non-aqueous electrolytes
for sodium-ion batteries. J Mater Chem A 2014;3:22-42. doi:10.1039/C4TA04428B.

Hischier R, Classen M, Lehmann M, Scharnhorst W. Life Cycle Inventories of Electric and
Electronic Equipments: Production, Use and Disposal, Diibendorf, Switzerland: Empa /
Technology and Science Lab, Swiss Centre for Life Cycle Inventories; 2007.

Hofmann A, Migeot M, ThiRen E, Schulz M, Heinzmann R, Indris S, et al. Electrolyte Mixtures
Based on Ethylene Carbonate and Dimethyl Sulfone for Li-lon Batteries with Improved Safety
Characteristics. ChemSusChem 2015;8:1892-900. doi:10.1002/cssc.201500263.

Bhatt MD, O’'Dwyer C. Density functional theory calculations for ethylene carbonate-based
binary electrolyte mixtures in lithium ion batteries. Curr Appl Phys 2014;14:349-54.
d0i:10.1016/j.cap.2013.12.010.

Eshetu GG, Grugeon S, Kim H, Jeong S, Wu L, Gachot G, et al. Comprehensive Insights into the
Reactivity of Electrolytes Based on Sodium lons. ChemSusChem 2016:n/a — n/a.
doi:10.1002/cssc.201501605.

Lide DR, editor. CRC Handbook of Chemistry and Physics. 85th ed. Boca Raton, US: CRC Press,
Taylor & Francis; 2005.

Woyski MM, Shenk WJ, Pellon ER. Hexafluophosphates of Sodium, Ammonium, and Potassium.
In: Audrieth LF, editor. Inorg. Synth., John Wiley & Sons, Inc.; 1950, p. 111-7.

Waki M, Yabune T, Miyamoto K, Hirano K. Process for production hexafluorophosphates.
US9059480 B2, 2015.

Althaus H-J, Chudacoff M, Hischier R, Jungbluth N, Osses M, Primas A. Life cycle inventories of
chemicals. Sachbilanzen Von Energiesystemen Grundlagen Fiir Den Okol. Vgl. Von
Energiesystemen Den Einbezug Von Energiesystemen Okobilanzen Fiir Schweiz Ecoinvent Rep.
No 8, Diibendorf, Switzerland: Swiss Centre for Life Cycle Inventories; 2007.

Duranleau RG, Nieh ECY, Knifton JF. Process for production of ethylene glycol and dimethyl
carbonate. US4691041 A, 1987.

Barker J, Heap R. Doped nickelate compounds. W02014/009710 A1, 2014.

Ellingsen LA-W, Majeau-Bettez G, Singh B, Srivastava AK, Valgen LO, Stremman AH. Life Cycle
Assessment of a Lithium-lon Battery Vehicle Pack: LCA of a Li-lon Battery Vehicle Pack. J Ind
Ecol 2014;18:113-24. doi:10.1111/jiec.12072.

S20



[27]
(28]
[29]
(30]
(31]
(32]

(33]

(34]
(35]
(36]
(37]

(38]

(39]

[40]
[41]

[42]

[43]

(44]
(45]

[46]
[47]
[48]
[49]

(50]

Brown HL, editor. Energy Analysis of 108 Industrial Processes. Lilburn, US: The Fairmont Press,
Inc.; 1996.

Keller M, Buchholz D, Passerini S. Layered Na-lon Cathodes with Outstanding Performance
Resulting from the Synergetic Effect of Mixed P- and O-Type Phases. Adv Energy Mater
2015:n/a —n/a. doi:10.1002/aenm.201501555.

Perry RH, Green DW, editors. Perry’s Chemical Engineers’ Handbook. McGraw-Hill; 1999.
UNEP, editor. Thermal Energy Equipment: Furnaces and Refractories. Energy Effic. Guide Ind.
Asia, UNEP/Earthprint; 2006.

Bhatti AS, Dollimore D, Dyer A. Magnesia from seawater: A review. Clay Miner 1984;19:865—
75.

Reynolds JB, Stowe RA. Process for production of magnesium hydroxide and calcium chloride.
US3301633 A, 1967.

Hischier R, Althaus H-J, Bauer C, Doka G, Frischknecht R, Jungbluth N, et al. Documentation of
changes implemented in ecoinvent Data v2.1 and v2.2. Ecoinvent report No. 16. St Gallen,
Switzerland: Swiss Centre for Life Cycle Inventories; 2010.

Lascelles K, Morgan LG, Nicholls D, Beyersmann D. Nickel Compounds. Ullmanns Encycl. Ind.
Chem., VCH; 1995.

Berni TV, Guimaraes FH, Pereira ACC. Process for production of nickel carbonate.
W02012129628 A2, 2012.

Mcmullen WH, Mooney TJ, Stoddard JWB. Method of preparing hydrated nickel carbonate and
the product thereof. US3350167 A, 1967.

[ISRP. Synthetic Rubber Summaries 06: Emulsion SBR (E-SBR). Houston, US: International
Institute of Synthetic Rubber Producers, Inc.; n.d.

Gu K, Xu XD, Zhao M. Simulation for Polymerization Process of Styrene Butadiene Rubber
(SBR). Adv Mater Res 2010;148-149:1661-7. doi:10.4028/www.scientific.net/AMR.148-
149.1661.

Gujarathi RN, Rogerson GJ. Process for preparing styrene-butadiene rubber. US5583173 A,
1996.

Porter R, Roberts T, editors. Energy Savings by Wastes Recycling. CRC Press; 1985.

eni Versalis. s-SBR. Solution Styrene-Butadiene Rubber copolymers - Proprietary process
technology. San Donato Milanese, Italy: eni Versalis; n.d.

US-EPA. Organic Chemical Process Industry. Compil. Air Pollut. Emiss. Factors Vol. 1 Station.
Point Area Sources. 5th ed., Durham, US: Office of Air Quality Planning and Standards. US
Environmental Protection Agency; 1995.

Nurminen F. Environmental impacts of torrefied wood pellet production. Mikkeli, Finland:
Miktech Oy; 2012.

ECN-Biomass. Phyllis Database. n.d.

Williams O, Eastwick C, Kingman S, Giddings D, Lormor S, Lester E. Investigation into the
applicability of Bond Work Index (BWI) and Hardgrove Grindability Index (HGI) tests for several
biomasses compared to Colombian La Loma coal. Fuel 2015;158:379-87.
doi:10.1016/j.fuel.2015.05.027.

Wurm C, Ottinger O, Wittkdmper S, Zauter R, Vuorilehto K. Anodenmaterialien fiir Lithium-
lonen Batterien. Handb. Lithium-lonen-Batter., Berlin, Heidelberg: Springer; 2013, p. 45-54.
Slater MD, Kim D, Lee E, Johnson CS. Sodium-lon Batteries. Adv Funct Mater 2013;23:947-58.
doi:10.1002/adfm.201200691.

Sharifi K, Rohani A, Golpasha R. Production and Application of Calcined Coke in Rotary Kilns
Calciners, Abu Dhabi, UAE: 2014.

Buiel E. Lithium insertion in hard carbon anode materials for li-ion batteries. PhD Thesis.
Dalhouse University, Department of Physics, 1998.

Jungbluth N. Erdol. In: Dones R, editor. Sachbilanzen Von Energiesystemen Grundlagen Fiir Den
Okol. Vgl. Von Energiesystemen Den Einbezug Von Energiesystemen Okobilanzen Fiir Schweiz

S21



(51]

(52]

(53]

(54]

[55]

(56]
(57]

(58]

(59]

Ecoinvent Rep. No 4. V 2.0, Dibendorf, Switzerland: Swiss Centre for Life Cycle Inventories;
2007.

Zhou Q, Zhao Q, Zhou G, Wang H, Xu T, Hui S. Comparison of combustion characteristics of
petroleum coke and coal in one-dimensional furnace. Front Energy Power Eng China
2009;4:436—42. doi:10.1007/s11708-009-0059-0.

Othman NF, Boosroh MH, Hamdan H, Mohan C, Wan Ab Aziz WAL. Gasification of Triple Fuel
Blends Using Pilot-Scale Fluidised-Bed Gasification Plant. Proc. Int. Conf. Sci. Technol. Soc. Sci.
ICSTSS, Springer; 2014.

Upadhyay J, Jayaraman N. Comparative Properties of Bituminous Coal and Petroleum Coke as
Fuels in Cement Kilns. PEC Consult Group 2015.
http://pecconsultinggroup.com/newsflash/comparative-properties-of-coal-and-petcoke
(accessed February 26, 2016).

Dunn J, Gaines L. Energy and Environmental Impacts of Lithium Production for Automotive
Batteries. Am. Chem. Soc. Annu. Meet., vol. 245, New Orleans, US: American Chemical Society;
2013.

McManus MC. Environmental consequences of the use of batteries in low carbon systems: The
impact of battery production. Appl Energy 2012;93:288-95.
doi:10.1016/j.apenergy.2011.12.062.

Ziemann S, Weil M, Schebek L. Tracing the fate of lithium—The development of a material flow
model. Resour Conserv Recycl 2012;63:26—34. doi:10.1016/j.resconrec.2012.04.002.

Sun N, Liu H, Xu B. Facile synthesis of high performance hard carbon anode materials for
sodium ion batteries. ] Mater Chem A 2015;3:20560—6. doi:10.1039/C5TA05118E.

Wu L, Buchholz D, Vaalma C, Giffin GA, Passerini S. Apple-Biowaste-Derived Hard Carbon as a
Powerful Anode Material for Na-lon Batteries. ChemElectroChem 2015:n/a — n/a.
doi:10.1002/celc.201500437.

Moreno Ruiz E, Lévova T, Bourgault G, Wernet G. Documentation of changes implemented in
ecoinvent database 3.2. Zirich, Switzerland: Ecoinvent Centre; 2015.

S22



