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Abstract

Rechargeable battery technologies are used in a variety of applications, and recently the use in electric vehicles
and grid storage have received a lot of attention. This is largely because an electrified car fleet and improved grid-
storage capacity (to offset the variable nature of renewable electricity production) are envisioned to reduce
greenhouse gas emission. Today’s dominant battery technology, the lithium-ion battery (LIB), is associated with
safety issues, such as aggressive fires caused by thermal runaway. Furthermore, it is also associated with
sustainability issues, such as leakage of toxic substances, energy intensive production and its content of critical
and/or geochemically scarce materials, e.g. lithium, nickel, and cobalt.

Solid-state batteries (SSBs) are a novel battery technology utilizing solid instead of liquid electrolytes, which is the
dominant design today. SSB cells are expected to become a future competitor to LIB cells due to potential for
increased energy densities, higher safety and cyclability. In this work, the SSB literature was first reviewed to find
a SSB cell with promising performance that has not been previously studied from an environmental life-cycle
perspective. The battery cell chosen was an anode-free argyrodite-type SSB, which uses a silver-carbon
nanoparticle layer to promote an even lithium plating when charged.

To identify environmental hotspots and benchmark the life-cycle environmental impacts of this battery cell at a
point in time when it has reached scaled up production, a prospective life cycle assessment (LCA) with a cradle-
to-gate scope was performed. The functional unit was defined as 1 kWh of theoretical storage capacity produced
and the prospective LCA focused on climate change and mineral resource depletion impacts.

The prospective LCA concluded that the studied battery would perform comparably to LIBs when it comes to
climate change, but that was dependent on the type of electricity source, heating, and cooling production
assumed for the background system. An identified hotspot was the production of carbon nanofibers.
Furthermore, the study showed that the short-term mineral scarcity performed similar in comparison with LIBs.
The battery did, however, perform considerably worse regarding long-term mineral resource scarcity due to its
silver content. This indicates that the battery might be unfit for large scale manufacturing unless the silver used in
the separator layer can be reliably recycled or substituted. This was tested in a sensitivity analysis, where it was
shown that replacing the silver with magnesium would reduce the long-term mineral resource depletion impact
with 69%, the short-term mineral resource depletion impact with 29% and the climate change impact with 14%.

Keywords: Solid state battery, prospective life cycle assessment, solid electrolyte, argyrodite, climate change,
mineral resource depletion



Sammanfatting

Laddningsbara batterier anvinds redan idag 1 ett flertal olika applikationer, och inom den nirmaste framtiden
forvintas efterfrigan oka kraftigt. Detta beror till stor del pa att ellagring (for att kompensera for ckad andel
fornybar elproduktion med varierande produktion) och en elektrifiering av fordonsflottan ses som viktiga steg for
att for att reducera utslippen av vixthusgaser. Den dominanta teknologin for laddningsbara batterier 4r i dagsliget
littumjonbatterier. Dessa batterier ir associerade med sikerhetsproblem, sisom risk for svirslickta brinder
orsakade av den flytande elektrolyten. Litiumjonbatterier ir dessutom associerade med vissa hillbarhetsproblem da
de innehiller flertalet sillsynta och kritiska metaller, sdsom litium, nickel och kobolt.

En sorts batterier som forvintas utmana litiumjonbatterierna ir si kallade fastfasbatterier. Dessa batterier dr en ny
typ av laddningsbara batterier som innehéller en fast elektrolyt i stillet for en flytande elektrolytvitska. Dessa
batterier ses som en lovande utmanare dd de har potential att nd hog energidensitet, kan laddas minga ginger och
undviker problemen med de svirslickta brinderna. I denna rapport undersoktes forst litteraturen om
fastfasbatterier for att identifiera ett batteri som visat lovande prestanda pa labb-niva, men som innu inte blivit
studerat ur ett livscykelperspektiv. Med hjilp av en expertgrupp valdes ett fastfasbatteri som innehdll en elektrolyt
av argyrodit-typ. Batteriet har en anod-fri design och innehéller ett lager med nanopartiklar av silver och kol for
att mojliggdra en jimn uppbyggnad av littummetall under laddning.

For att identifiera problemomriden och jimfora miljopaverkan frin produktionen av detta batteri vid en tidpunkt
dé det nitt storskalig produktion genomfordes sedan en prospektiv livscykelanalys med en systemgrins frin vagga
till port. Den funktionella enheten definierades till 1 kWh producerad lagringskapacitet, och paverkanskategorier
i fokus var klimatforindringar och mineralresursknapphet.

Resultatet av den prospektiva livscykelanalysen var att det studerade batteriet verkar prestera likvirdigt med
littumjonbatterier gillande klimatforindringar. Ett stort bidrag till den paverkanskategorin som identifierades var
produktionen av kolnanofibrer, framfor allt om energi frin fossila brinslen anvindes. Gillande
mineralresursknapphet presterade fastfasbatteriet likvirdigt med litiumjonbatterierna pé kort sikt, men avsevirt
saimre pa ling sikt pd grund av anvindningen av silver. Detta indikerar att argyrodit-batteriet kan ses som
olimpligt for uppskalad produktion om inte silvret kan substitueras. En sidan substitution testades i en
kinslighetsanalys som visade att om silver substituerades med magnesium si kunde piverkan for
klimatforindringar reduceras med 14%, kortsiktig mineralresursknapphet med 29% och lingsiktig
mineralresursknapphet med hela 69%.

Nyckelord: Fastfasbatteri, argyrodit, fast elektrolyt, mineralresursknapphet, prospektiv livscykelanalys.
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Abbreviation Definition

AgNP Silver nanoparticles

CNF Carbon nanofibres

CPE Composite polymer electrolyte

CSE Composite solid electrolyte

CSI Crustal scarcity indicator

CSp Crustal scarcity potential

EOL End of life

EUCAR European Council for Automotive R&D
IA Impact assessment

IEA International energy agency

ISE Inorganic solid electrolyte

ISO International Organization for Standardization
IPCC Intergovernmental Panel on Climate Change
LCA Life cycle assessment

LIB Lithium-ion battery

LE Liquid electrolyte

PEO Polyethylene oxide

RQ Research question

SE Solid electrolyte

SEI Solid electrolyte interface

SPE Solid polymer electrolyte

SSB Solid state battery
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Concepts

Concept

Definition

Battery cell

Basic electrochemical unit that provides a source of electrical
energy by direct conversion of chemical energy. It consists of an
assembly of electrodes, separators, electrolyte, container, and
terminals.

Catholyte

Combination of active cathode material and electrolyte.

Coulombic efficiency

Efficiency with which charge (electrons) is transferred in a system
facilitating an electrochemical reaction (Wang et al., 2021)

Electrochemical stability window

Range of potentials over which the Electrolyte phase is
considered stable (Benabed et al., 2021)

Energy density

Amount of energy stored per unit of volume

Ionic conductivity

Movement of charge in response to the motion of the electrical
charge of an ion (Owen, 1989)

Lithium-ion transference number

Ratio of lithium-ion mobility to the total ionic mobility
(Shigenobu et al., 2020)

Specific energy

Amount of energy stored per unit of mass



https://en.wikipedia.org/wiki/Electric_charge
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Electrochemical_reaction

1. Introduction

In this section, the role of rechargeable batteries in the modern society is presented. Subsequently, the technology
of solid-state battery (SSB) cells is introduced, and four different solid electrolyte families are discussed. After that
comes an introduction to the prospective life cycle assessment (LCA) method as well as an overview of previously
conducted LCAs of SSB cells. Lastly, the aim of the study is presented together with specific research questions
that need to be answered to fulfil the aim.

1.1 Background

Energy is one of the most critical resources that enables contemporary society to function the way it does. The
current supply of energy is mainly provided by burning fossil fuels, a practice proven to lead to destabilization of
the planetary climate system. However, reducing the use of these are slow as society still seems unable to avoid
using and subsidizing them (IPCC, 2022). From a technological point of view, one of the few feasible paths to
reducing the global fossil fuel dependency seems to be to rapidly replace current energy infrastructures with
structures supporting renewable electricity production, such as wind turbines and photovoltaics (Ma et al., 2021).
To balance up for an increasing share of such variable electricity production technologies, the electricity
infrastructure needs to be complemented with increased capacity for grid storage. One of the well-established
ways of increasing grid storage capacity is by use of rechargeable batteries (Loveless, 2022).

Another sector that uses a major share of all rechargeable batteries manufactured today and is expected to grow
considerably in the near future is the electric vehicle (EV) market (Sun, 2020; IEA, 2021). The fact that a non-
trivial amount of fossil fuels is currently used to fuel cars, trucks and planes have increased in focus in many parts
of the world due to the signs of climate change. This has incentivized many automotive manufacturers to initiate
electrification programs (IEA, 2021).

There is also a third important area of application that also requires a considerable number of rechargeable

batteries: consumer electronics (CE). The estimated global growth in battery demand by these three key sectors
until 2030 is shown in Figure 1.1.

Global battery demand: base case

3000
69

2000

1000

2018 2020 2025 2030

B Consumer electronics [l Grid storage [ Electric mobility

Figure 1.1: Estimated growth in the battery demand by sector from the EU 2030+ battery roadmap.
Adapted from Edstrém et al. (2020).



While there are no exact boundaries for what constitutes a “high performance” battery cell, the general view is
that a battery cell intended for EV applications needs to have high energy density, specific energy, fast charging,
and long cycle life. Those requirements should be fulfilled while also maintaining a low risk of exploding
(EUCAR, 2019). Realizing the important part batteries will play in the future, the European Union (EU) has set
up performance goals for batteries cells for EV applications in 2030. These goals state that an EV battery cell in
2030 should have a specific energy of at least 450 Wh/kg and an energy density of at least 1000 Wh/L (EUCAR,
2019).

Currently, the dominating rechargeable battery cell technology is the lithium-ion battery (LIB) (Boaretto et al.,
2021). LIB cells have been widely diffused due to advantages such as high energy density and manufacturability.
They do, however, also come with drawbacks related to safety (Boaretto et al., 2021) and sustainability
challenges, such as their usage of rare and critical materials (Pasta et al., 2020). The specific energy of an LIB cell
is expected to have a theoretical maximum of 350-400 Wh/kg (Fan et al., 2018), which is not enough to meet
the future requirements of more advanced and demanding emerging technologies (Fan et al., 2018). Hence, a
next generation of secondary batteries is required to fulfill these demands. There are many types of competing
emerging technologies attempting to replace LIB cells as the dominant technology. One such technology is the
SSB cell, which is viewed as one of the most promising alternatives for the next generation of batteries (Ma et al.,
2018; Pasta et al., 2020). SSB cells are further discussed below.

1.2 Solid state batteries

A SSB cell uses a solid electrolyte (SE) instead of a liquid electrolyte (LE), which currently is the dominating
design for LIB cells and similar types of batteries (Boaretto et al., 2021). There are several benefits of moving
away from LEs. A solid electrolyte has a much higher mechanical strength than a liquid electrolyte (Boaretto et
al., 2021). This means that they have the potential to better withstand external and internal forces during usage.
Higher mechanical strength can lead to increased lifespan of the battery cell, since one of the factors that renders
liquid electrolyte battery cells unusable is the growth of dendrites (see Figure 1.2A) from the anode (Varzi et al.,
2020). In addition, dendrites formed with narrow roots may detach when cycling is prolonged, resulting in
“dead” lithium (see Figure 1.2B) (Foroozan et al., 2020). In an LIB cell, dendrites may grow so large that they
penetrate the separator material in the cell, leading to a short circuit and potentially a catastrophic failure called
“thermal runaway”’. During thermal runaway, the battery cell ignites and can be difficult to extinguish (Varzi et
al., 2020).
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Negative Electrode Negative Electrode

Figure 1.2: Dendrite growth from lithium metal anode. Obtained from Foroozan et al. (2020) under license nr:
5324110301633.

A: Dendrite growth from lithium penetrating the separator material leading to contact with the cathode material,
Ieading to short circuit of the battery.

B: Formation of electrochemically inactive, or dead, Li formed by Li dendrites with narrow roots during
prolonged cycling.

C: Development of thick and mechanically unstable solid electrolyte interface (SEI).

As mentioned, LIB cells also have difficulties reaching a specific energy high enough to meet the high-
performance requirements of emerging technologies. One solution to increase both the specific energy and
energy density of the battery cells is by using lithium metal as an anode, which has the potential to increase the
energy density by 50% and specific energy with 35% if compared to the commonly used graphite anode (Kim et
al., 2021). The issue with combining lithium metal anode with LEs is that they experience low, columbic
efficiency which leads to rapidly declining performance (Yu et al., 2021a). Due to repeated lithium deposition
and dissolution throughout the usage of the battery cell, the anode experiences changes in the volume, which the
SEI is not mechanically stable enough to accommodate. This has the potential to initiate local dendrite formation
and consumption of excess lithium and electrolyte (Foroozan et al., 2020). Continued consumption of LE and
lithium leads to increasing thickness of the SEI layer (Figure 1.2C), which causes the cell capacity to decrease.
(Varzi et al., 2020). Many solid electrolytes have the major benefit of being compatible with the use with lithium
metal anodes (Boaretto et al., 2021). SSB cells using lithium metal anodes are claimed to have the potential to
reach specific energies as high as 500 Wh/kg (Ma et al., 2021).

When it comes to recycling and recovery of valuable materials from spent batteries, the SSB cell has a couple of
potential advantages compared to LIB cells. One such advantage is that SEs do not have the same problems with
flammability as LIB cells (Foroozan et al., 2020), which could greatly reduce safety challenges during disassembly.
Another benefit is that SSB cells are often designed in a stackable format, meaning that before disassembly, they
can be discharged at the pack level (Tan et al., 2020). Furthermore, in a study by Tan et al. (2020), SSBs show
promise for being possible to recycle with new simple methods, consuming low amounts of energy.

However, even though SSB cells show great promise and hold several theoretical advantages over LIB cells, the
technology is still in an early stage of development (Ma et al., 2021). There still remain many challenges that
material scientists, entrepreneurs and engineers need to overcome before the technology is ready for large-scale
implementation. A group of prominent battery experts and researchers recently had a conference where they
defined and categorized knowledge gaps that still need to be addressed before full commercialization of SSB cells
(Albertus et al., 2021). They divided the remaining gaps into the categories: material science, processing science
and design engineering (Albertus et al., 2021). Some examples of these gaps are presented below.

The materials in an SSB cell need to be electrochemically stable during the operation and be compatible with all
other materials in the battery. Furthermore, they need to be able to maintain a stable interface between the layers
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of the battery cell in order to maintain performance (Albertus et al., 2021). The issue of poor interfacial contact is
one of the main challenges remaining for SSB cells (Ma et al., 2021) and can lead to low coulombic efficiency,
poor power performance and unstable cycling performance (Sun., 2020).

Another challenge connected to SE materials is that cycling of the battery cell leads to volume expansion of the
materials, which causes mechanical stress (Pasta et al., 2020). If the SE used is too stiff or brittle, this expansion
can result in delamination or cracking at the interface contacts (Pasta et al., 2020). Many SE materials are also
unstable in contact with moisture and face electrochemical stability issues when they come in contact with
lithium metal (Varzi et al., 2020).

One way that processing techniques can increase interfacial contact is through the process of sintering. This is
commonly used in SSB cell manufacturing to densify electrolyte materials and to improve the interfacial contact
between components (Albertus et al., 2021; Boaretto et al., 2021). Sintering is conducted by pressing the batteries
at high temperatures and long duration times to achieve the desired performance (Pasta et al., 2020). Sintering is,
however, unsuitable for large scale-manufacturing due to high energy requirements (Schnell et al., 2018). Hence,
other densification processes need to be developed before SSB cells can compete with LIB cells (Pasta et al.,
2020).

Many innovations in the SSB field include new and advanced materials that are not compatible with LIB cell
manufacturing infrastructure (Albertus et al., 2021). This has resulted in a tension between developing a SSB cell
that could be rapidly scaled up using current infrastructure, and what some argue are the “true innovations”,
which would require much larger investments and time to develop (Albertus et al., 2021). The scalability of
different laboratory processes is one of the big discussion topics within the SSB field (Varzi et al., 2020).

How big of a problem each of these challenges are depends greatly on which specific SE material that is
considered for the SSB cell. Currently, there are many alternative SE materials investigated, and many promising
designs are being considered (Herle et al., 2020). The different SEs can be categorized in different ways, but a
common way found in, e.g., Boaretto et al. (2021) is to divide the electrolyte materials into the families: sulfides,
oxides, polymers, and composite SEs. Each family includes many different materials, but they share some
characteristics and hence have their own benefits and disadvantages. Below, the four families of SEs are discussed
in more detail.

1.2.1 Sulfides

One reason for why sulfide-based SEs are considered promising is their higher ionic conductivity than any other
SE family (Varzi et al., 2020). Many sulfides have shown ionic conductivity results comparable, or even higher
than the currently dominating LIB technology, which uses LE technology (Zhang et al., 2019; Varzi et al., 2020).
Sulfide SEs are also generally softer than other SEs, which can allow for improved contact between the
electrolyte and electrode materials (Varzi et al., 2020). This improves the electronic and ionic transport at the
interfaces, reducing the chances of capacity fading and battery cell failure (Boaretto et al., 2021). Due to their
softness, they are also expected to better withstand changes in volume of the electrode during the battery cycling
(Pasta et al, 2020). Some sulfide SEs can be densified at low temperatures, drastically reducing the energy
intensity of the sintering (Pasta et al., 2020; Varzi et al., 2020). Also, recycling possibilities appear to be especially
beneficial for sulfide-type SE, since dissolution of those electrolytes could be done using cheap and safe solvents,
compared to oxide-type SEs (Tan et al., 2020).

A major limitation of electrolytes in the sulfide family is that they generally are very hygroscopic, meaning that
they are sensitive to moisture (Varzi et al., 2020). If they come into contact with humid air they tend to produce
toxic hydrogen sulfide gas (Li et al., 2021). Due to their highly reactive character, most of the manufacturing
must be performed in dry-air conditions (Pasta et al., 2020; Schnell et al., 2018). Many sulfides are also unstable
in contact with metallic lithium and some high voltage cathode materials, which might lead to reduced
performance (Varzi et al., 2020). To solve these interface reactivity problems, many sulfide-based SSB cells
require an interface layer and/or protective coating to act as a bufter layer and thus prevent reactions (Varzi et al.,
2020).

Within the sulfide SE family, there is a large variety of chemistries developed, including glassy sulfides (e.g. Li>S—
SiSs, LixS—P5Ss, Lix-S-GeSs), crystalline sulfides (e.g. Lis—xGe-P\Ss and Lis~Sni-(As,Ss,), thio-LISICON (e.g.
Li;0GeP>S12 (LGPS)) and argyrodite (LigPSsX (X = CI, Br)) (Boaretto et al., 2021). Among these, LGPS have
been highlighted as promising due to its soft mechanical properties (Boaretto et al., 2021) and high ionic
conductivity (Varzi et al., 2020). A drawback with that material is, however, the use of the expensive and critical
metal germanium, which has not yet been possible to substitute (Boaretto et al., 2021). Argyrodite-type SEs have
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also shown comparable results for ionic conductivity at room temperature and have also attracted interest
(Boaretto et al., 2021; Yu et al., 2021).

1.2.2 Oxides

Oxide-type SEs usually have high electrochemical stability, are compatible with lithium-metal anodes and are less
sensitive to degradation at high voltages than the sulfides (Varzi et al., 2020). They are also more stable in air,
although still unstable in contact with water or carbon dioxide (Varzi et al., 2020). This makes the oxide-type SEs
easier than the sulfide-type to manufacture on a large scale, since not as many process steps need to be performed
in a dry room (Pasta et a., 2020).

Disadvantages include that oxide SEs tend to be rigid, which means there is a risk for the SE to crack during
cycling. They also require high temperature sintering to reach desired density and ionic conductivity (Pasta et al.,
2020). This also leads to interfacial resistance, and their brittleness may make the performance of the battery cell
unreliable (Ma et al., 2021).

The variation of battery cell chemistries within the oxide SE family is wide, and the advantages and disadvantages
vary accordingly (Fan et al., 2018). Oxide-type SE include: LISICON (Li14Zn(GeO4)4), NASICON
(Li1+xAlxTi-x(POy4)3 (LATP)) and Li;+xAlxGer-x(PO4)s (LAGP)), perovskites (LiLa, TiO; (LLTO)), garnet
(Li7LasZr>O1> (LLZO)) and LiPON (Li;POy) (Boaretto et al., 2021).

Some of the most promising oxide SEs come from the NASICON family, which have been researched due to
their high stability against moisture, high ionic conductivity, and wide electrochemical stability window (Fan et
al., 2018; Boaretto et al., 2021). However, like many other oxide SEs, the issues with cracking have not yet been
solved, which leads to poor interface stability (Boaretto et al., 2021). Another widely studied oxide SE is the
garnet family, which also shows promise due to the high ionic conductivity and good stability against lithium-
metal anode (Xia et al., 2019). Both these promising chemistries include several scarce and/or critical minerals,
such as lanthanum, germanium and titanium, making sustainable large-scale manufacturing potentially
challenging.

1.2.3 Polymers

SEs from the polymer family usually combine a polymer host and an alkali metal salt in a solid matrix (An et al.,
2022). The polymer SEs have many advantages compared to the other families. They are flexible, light weight,
highly processable and can sustain good contact with electrodes during use (Boaretto et al., 2021). Furthermore,
they have good thermal stability, low flammability and are highly resistant against cracking (An et al., 2022).

Polymers is also the family of SEs that have been studied for the longest time and thus are the one that has come
farthest in terms of commercial application (Boaretto et al., 2021). An example of this is the first commercial EV
using a SSB cell, the so-called “blue car”, which was introduced on French streets in 2011 (Garcia et al., 2019).
The SSB cells in that car used a polyethylene oxide (PEO) SE, proving the viability of SSB cells for EV
applications (Garcia et al., 2019).

On the other hand, SEs from the polymer family generally sufter from low ionic conductivities, a narrow
electrochemical stability window and low lithium-ion transference in comparison with the other families (An et
al., 2022; Meng et al., 2022). In summary, polymer-based SEs have a good possibility to be manufactured at large
scales in the short term, but will likely not be enough to manifest many of the major benefits of SSB cells. Many
researchers are trying to “get the best of both worlds” by incorporating polymer-based SEs in composite materials
to increase ductility and support good interface contact between electrodes and electrolytes (An et al., 2022).

1.2.4 Composite

Composite SEs usually consist of a softer polymer-based SE in combination with a stiffer SE. They can be
designed either as a laminated “sandwich” or as different types of mixes between polymers such as PEO and
different inorganic particles (Boaretto et al., 2021). The incorporated particles aim to increase the ionic
conductivity and mechanical properties of the composite. They are usually SEs from the sulfide or oxide family,
but can also be different types of nanofillers, metal-organic frameworks and cellulose (Tang et al., 2021).

Composite SEs are an attempt to complement the benefits and negate the drawbacks of single materials (Meng et

al., 2022). As can be seen in Figure 1.3, the composites succeed in this by offering a balanced performance in
many of the categories relevant for SE materials. But being balanced in most aspects comes at the cost of not
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being the best at anything. Laminated types of composite SEs also face extra interfacial challenges, since there are
more layers that need to maintain good contact (Varzi et al., 2020). Many composites are also still facing
challenges regarding thermal stability, manufacturing cost and compatibility with the lithium metal.
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Figure 1.3: Radar diagram of solid electrolyte families. Obtained from Boaretto et al. (2021).

In the previous sections, some of the material and manufacturing gaps described also by Albertus et al. (2021)
have been discussed. In the subsequent section, a promising development regarding the design engineering gaps
for SSB cells is discussed.

1.2.5 The anode-free design

One design strategy that has recently attracted academic interest is the anode-free SSB cell (Huang et al., 2022).
As the name implies, these types of batteries contain a cathode or a catholyte, two current collectors, a solid-state
electrolyte and usually some sort of separator layer, but no anode. An anode layer instead forms inside the battery
cell when charged for the first time. During the first initial charging, lithium ions from the cathode forms a
lithium plating layer between the current collector on the anode side and the separator layer or the solid

electrolyte (Heubner et al., 2021).

There are two primary benefits aimed to be achieved by designing a battery cell without an anode. First,
removing one of the components in the cell could help reducing the complexity in the SSB production, which
could lead to reduced environmental impacts and manufacturing costs (Heubner et al., 2021). A common
practice for SSB cells with a lithium metal anode is to include excessive amounts of lithium, increasing both the
environmental and production costs, also contributing with decreased energy density (Heubner at al. 2021). An
anode-free design is designed without this excess of lithium and could potentially be easier to recycle due to the
reduced material complexity (Heubner et al., 2021; Varzi et al., 2020).

The second major benefit of the anode-free design is that in a battery cell without an anode, the catholyte can
take up a larger share of the volume and mass of the battery. This is considered close to an ideal battery structure
as it in theory would lead to increased volumetric and gravimetric energy densities (Albertus et al., 2021;
Heubner et al., 2021). Heubner et al. (2021) estimates that the maximal specific energy and energy density of a
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SSB cell using a lithium-metal anode would be around 390 Wh/kg and 1200 Wh/L respectively, whereas an
anode-free design using similar cathode materials could reach up to 400 Wh/kg and 1500 Wh/L, due to a higher
share of the battery consisting of active materials (Albertus et al., 2021; Heubner et al., 2021).

Lithium anodes are, however, used in batteries for a reason. An anode-free design in combination with a SE
could have a potential problem with decaying capacity due to lithium being consumed during operation. As
previously mentioned, an anode free battery cell would usually not contain any excess lithium This means that
potential losses of lithium during cycling result in a decaying capacity. To keep a desired energy density and long
cycling life, a coulombic efficiency of the battery cell close to 100% is required (Heubner et al., 2021).

1.3 Prospective LCA

To evaluate the total life cycle environmental impacts of technologies, life cycle assessment (LCA) is a method
that has been applied to a range of technologies, including batteries (Peters et al., 2017). The LCA methodology
is usually used to evaluate environmental impacts for product or services that currently are mature (Buyle et al.,
2019). However, recently there has been an increased interest from academia and industry to find ways to use the
methodology for future-oriented purposes, such as assessments of emerging technologies (Buyle et al., 2019).
Emerging technologies are often expected to contribute greatly to sustainable development, and it is therefore
important to evaluate whether they will lead to that desired outcome (Thonemann et al., 2020). The earlier an
emerging technology is studied, the larger the uncertainties will be, but it will also be easier to influence the
design of the technology. This is known as “the Collingridge dilemma” (Collingridge,1982).

There are several variants of future oriented LCA methodologies. This includes exploratory, anticipatory, ex-ante
and prospective LCA (Guinée et al., 2018). While some practitioners make distinctions between the different
types, there still seem to be no clear consensus of the definitions and terminology. Some argue that efforts to
differentiate between them are unnecessary, since the commonalities between the variants are bigger than the
differences (Cucurachi et al., 2018). Furthermore, the method still needs to be adapted to the specific questions
that the study aims to answer (Guinée et al., 2018). For this study, the term prospective LCA was used, defined
by Arvidsson et al. (2017) as: “An LCA is prospective when the (emerging) technology studied is in an early
phase of development (e.g., small-scale production), but the technology is modeled at a future, more-developed
phase (e.g., large-scale production).” As indicated by the definition, prospective LCA often attempts to evaluate
impacts of emerging technologies at a future point of time when the technology is manufactured at large-scale.

Due to its hypothetical nature, prospective LCA studies often lack primary empirical data, leading to uncertain
results. Limited knowledge is an inevitable part of prospective studies, and the challenges that follow can be
difficult to overcome. According to a review by Thonemann et al. (2020), some challenges common for
prospective LCA studies are comparability, data, and uncertainties.

As shown in Figure 1.4, challenges with data are not limited to the availability. Often, it becomes necessary to
scale data in order to assess potential future impacts. The scaling can be done using different methods, such as
diffusion of innovation principles (Sharp and Miller, 2016), power law relationships (Caduff et al. 2011),
predictive forecasts from institutions or scenario ranges corresponding to best and worst cases (Arvidsson et al.,
2017). There are also a few frameworks available for scaling up LCA data of production processes (Piccinno et al.,
2016; Fazeni et al., 2014). These are meant to guide the choices when attempting to scale data from lab-scale to
industrial scale.

Despite the challenges of assessing emerging technologies, there have been a few attempts to conduct LCA of
SSB cells. The next subsection gives a brief overview of all identified published LCA studies of such studies.

14



Comparability

* Aim of the study

* Functionality Uncertainty
*System boundary

*LCIA methodology

Challenges
when
conducting
prospective
LCA

Figure 1.4: Challenges when conducting prospective LCA. Obtained from Thonemann et al. (2020)

1.4 Previously published LCA studies of SSB cells

As of the publication date of this study, there are only a few studies that attempt to investigate life cycle
environmental impacts of SSB cell production from cradle to gate. The ones identified cover a variety of
chemistries and are presented in Table 1.1.

Table 1.1: Previously published life-cycle studies of SSB cells.

Study Anode Cathode Electrolyte [ Electrolyte Family
Lastoskie and Dai (2015) Li/C Several LiPON Oxide
Troy et al. (2016) Li metal LCO LLZO Oxide
Keshavarzmohammadian et al. (2018) [ Li metal Pyrite (FeS,) | LixS-P>Ss Sulfide
Smith et al. (2021) Li metal LFP/LiTFSI | LLZTO Oxide
Zhang et al. (2022) Li metal NMC LATP Oxide

A commonality that could be distinguished among the studied chemistries was that all of them used a lithium
metal anode, which goes in line with that being one of the main benefits of the SSB technology (Boaretto et al.,
2021). Furthermore, only the study by Keshavarzmohammadian et al. (2018) considered a SE belonging to the
sulfide family, while the rest of the studies all considered different types of oxide-type SEs.

Further details on those of the LCA studies of SSB cells used to compare the results of the present study can be
found in Section 3.9.

1.5 Aim and research questions

The aim of this study was to survey the field of SSB cell s to identify dominant designs, promising materials and
common obstacles for industrialized production. Furthermore, the aim was to select an SSB cell that were
deemed likely to reach large-scale production but had not been studied from a life cycle perspective. Lastly, the
potential future environmental impacts of producing the chosen battery cell were to be assessed by prospective
LCA.
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To fulfil the aim, the following research question were answered:

RQ1: Is there a battery cell existing today using a promising SSB chemistry likely to become produced at large
scale and that has not been previously studied from a life cycle perspective?

RQ2: What would be the cradle-to-gate environmental impacts for that SSB cell at a point in time where it has
reached large-scale production, and how would those impacts compare to other battery technologies?

RQ3: Would there be any likely environmental or resource hotspots associated with large-scale production of
the chosen SSB cell?
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2. Method

Certain methods were selected to fulfill the aim of the study. Section 2.1 describes the pre-study method used to
answer RQ1. Subsequently, Section 2.2 describes the prospective LCA method used for answering RQ?2 and
RQ3.

2.1 Pre-study

To answer RQ1, a literature search was performed with the aim of identifying promising material choices and
dominating SSB cell designs, as well as remaining obstacles before commercialization. The literature search
focused on review articles from established journals summarizing promising battery chemistries and
manufacturing obstacles. In parallel with the literature study, meetings were held with a group containing LCA
and battery manufacturing experts from the research institute RISE to develop the criteria listed below. The SSB
cell chosen for this study should preferably:

L. Be proven to work in a lab setting.

II. Be reasonably suited for large scale production.
III. Have specifications making it realistic for use in future EV applications.
IV. Contain a solid electrolyte with few critical and/or rare elements.

R Q1 also specifies that the battery cell should not have been studied from a life cycle perspective. To verify that,
a review of all published LCA studies of SSB cells was conducted, as presented in Section 1.4. Subsequently,
three SSB cells were chosen that fulfilled most of the criteria on the list. The three options were then presented
to the same expert group previously consulted. Based on the feedback from that presentation, one of the battery
systems was chosen and further verified to be a reasonable choice through e-mail discussions with battery
researchers at Chalmers University of Technology.

2.2 Prospective LCA

To answer RQ2 and RQ3, prospective LCA was chosen as the method to assess the environmental impact of the
selected SSB cell. The LCA methodology is standardized by the International Organization for Standardization
(ISO), with the latest guidelines found in 14040:2006 (ISO, 2006). According to the ISO standard, LCA includes
four procedural steps: goal and scope definition, inventory analysis, impact assessment and interpretation, shown
in Figure 2.1. The steps in an LCA are not strictly sequential; in particular the interpretation runs in parallel with
the other steps. The ISO standard, however, does not provide detailed guidelines for each of the procedural steps.
Therefore, many choices in each step vary from study to study, depending on the goal and intended audience.
Importantly, for this study, the current ISO standard does not specify how to perform a prospective LCA.
Instead, guidance and recommendations regarding methodological choices can be found in scientific articles
(Arvidsson et al., 2017; Buyle et al., 2019; Thonemann et al., 2020).
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Figure 2.1: The steps of an LCA. Adapted from the International Organization for Standardization (2006).

2.2.1 Goal and scope definition

The goal and scope definition is a crucial step in LCA, which sets the frame of the study and states the modeling
choices. The goal and scope include stating the purpose, intended application, target audience, describing the
system under study, selecting the environmental impact categories to assess, stating the data quality requirements,
and defining a functional unit (Baumann and Tillman, 2004). The scope of an LCA typically includes assessing a
selection of relevant impacts from cradle to grave, meaning from raw material extraction to end of life (EOL), but
other system boundaries are also possible, for example cradle-to-gate and gate-to-gate (Baumann and Tillman,
2004).

2.2.2 Life cycle inventory

The life cycle inventory (LCI) includes setting up a flowchart to visualize the system under study. Then, data is to
be collected, calculated, and analyzed for all processes in the studied system (Baumann and Tillmann, 2004).
According to Arvidsson et al. (2017), foreground data are typically obtained from scientific articles, patents,
expert interviews, unpublished experimental data, and process modeling in prospective LCA. Background data,
on the other hand, are usually obtained from databases. In a prospective LCA, the obtained data might also need
to be scaled up to assess the potential future impacts, unless status quo is a reasonable assumption.
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2.2.3 Life cycle impact assessment

The life cycle impact assessment (LCIA) step, the data collected in the LCI is translated into potential
environmental impacts according to different impact categories. This step helps communicating the results and
makes them comprehensible and easier to compare with other LCA studies (Baumann and Tillman, 2004). When
it comes to LCIA, there are both mandatory and optional elements according to the ISO standard 14040:2006..
The mandatory steps include selection of impact categories, category indicators and characterization methods, and
the optional steps include normalization, grouping and weighting.

There are several existing LCIA methods (Hauschild and Huijbregts, 2015), all using different impact categories
and characterization factors, presenting the results either by midpoint or endpoint. Midpoint categories are
focused on single impacts categories, while endpoint categorization aggregates those results to a higher level when
presenting the results (RIVM, 2011).

2.2.4 Interpretation

In the interpretation phase of an LCA, the results are related to the goal and scope of the study to be able to draw
conclusions and recommendations. The interpretation sometimes includes conducting different types of result
analyses, such as a contribution analysis. Interpretation also includes testing the robustness of the results, where
the methodological choices and data collected can be evaluated more specifically. A common method for testing
uncertainty is to conduct a sensitivity analysis (Baumann and Tillman, 2004). Sensitivity analysis includes
changing input parameters to identify which parameters are most sensitive to changes (Baumann and Tillman.,
2004).

It is not only important to be aware of and estimate uncertainties, but they should also be communicated in a
clear and transparent way. This is not stated in the ISO standard, but Thonemann et al. (2020) recommends using
five criteria originally proposed by Gavankar et al. (2015) as guidelines when uncertainties are communicated.
The criteria are: 1) acknowledgement of uncertainty, 2) provide context of the issues the uncertainty is affecting,
3) constructing scenarios for scaling of the future, 4) using a common language to describe subjective probabilities
when data is lacking, and 5) access to information about the uncertainties.
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3. Goal and scope definition

This section defines the goal and scope of the LCA. This includes the target audience, system boundaries, the
choice of impact categories, uncertainty analysis, comparison, and software choices. Furthermore, a description
and motivation behind the choice of battery cell is provided.

3.1 Goal and target audience

The goal of the LCA was to investigate the cradle-to-gate life-cycle environmental impacts for the chosen SSB
cell at a time when it has reached large-scale manufacturing.

The results of the study were intended to contribute to an ongoing research project conducted at Chalmers
University of Technology, called “Life cycle assessment of future battery chemistries — high storage capacity
without scarce resources?” The main target audience of the study is researchers and engineers involved in
development of SSB cells and their production. This study can further assist in guiding the direction of research
within the field of SSB cells by identifying environmental hotspots and comparing the results with competing
battery technologies.

3.2 Choice of battery cell

The battery cell chosen as the object of study for this LCA was an anode-free battery design using a sulfide-based
argyrodite-type SE (LicPS5Cl) and a silver-carbon (Ag-C) separator layer, first developed by Lee et al. (2020) who
work for the company Samsung. An overview of the chosen battery cell composition can be seen in Figure 3.1.
Hereafter in this study, the chosen battery is referred to as the “argyrodite battery”.

The argyrodite battery cell could be used with different cathode materials, but the prototype studied had an
energy dense NMC 811 catholyte. This battery system is considered interesting for this study as it was mentioned
as especially promising in several reviews due to the impressive performance results obtained at the lab-scale
(Varzi et al., 2020; Nanda et al., 2021; Yang et al., 2021; Bonnick and Muldoon, 2022), but had not yet been
studied from a life cycle perspective (Table 1.1). Furthermore, according to Heubner et al., (2021), the argyrodite
battery cell is the only SSB cell so far that has reached a coulombic efficiency close to 99.9%, meaning that it
could compete with established battery systems when it comes to cycling stability. The argyrodite battery also
fulfilled criterion I-IV as they are listed in Section 2.1 reasonably well, which is discussed briefly below.
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Figure 3.1: Overview of the argyrodite battery. Obtained from Lee et al. (2020) under license nr:
5323020188681.
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Criterion I stated that the battery cell needed to be proven to work in a lab setting. The argyrodite battery cell
from Lee et al. (2020) showed impressive cyclability when run with added heat and slight pressure, which is
typical in lab-scale experiments (Boaretto et al., 2021). The battery also showed promising results regarding the
energy density when run in a stacked configuration without extra pressure or heat (Lee et al., 2020).

Criterion II stated that the battery cell should “be reasonably well suited for large scale production”. To evaluate
that, some common obstacles for large scale production were examined. According to Boaretto et al. (2021), one
such challenge is to find an electrolyte that has multiple important characteristics and at the same time are easy to
manufacture. It is difficult to obtain an electrolyte with desirable performance without energy intensive and high
temperature processing. Many SEs also require dry room conditions for most of the processes as they are unstable
in moisture. One promising sulfide SE is the argyrodite, which has the benefit of being softer than many other
SEs (Yu et al., 2021). This reduces the need for energy intensive production steps, such as high temperature
sintering (Boaretto et al., 2021).

Criterion III required that the battery cell should be realistic for use in future EV applications. Two key factors
for batteries aimed for EV applications are: (i) the ability to work with high effects (Oh et al., 2022) and (ii) a
high specific energy, which translates to range in the EV use phase (Zackrisson, 2021). As previously mentioned,
sulfide-type SEs provide the highest ionic conductivities and lithium-ion transference numbers of the SE families,
which is connected to the cyclability at high effects (Li et al., 2021). As for the specific energy, the anode-free
design used in the argyrodite battery cell shows great promise for high specific energies (Heubner et al., 2021).
The design of the argyrodite battery cell also looks very similar to the “ideal SSB cell design™ as presented by
Albertus et al. (2021). The energy capacity for the argyrodite battery cell in a dual stacked configuration (which is
the configuration studied) was reported to be 2.4 Wh in the supplemental information of Lee et al. (2020). While
the exact weight of the stacked pouch cell was not given in the study by Lee et al. (2020), the geometrical
calculations made in this study (details in Appendix B) puts the weight at 6.282 grams, leading to a specific
energy of 383 Wh/kg. While this does not reach the specified target for EV-batteries of 450 Wh/kg set by
EUCAR (2019), the specific energy for a battery cell adapted for EV application is expected to be much higher
since it would consist of many layers of stacked components in the same pouch. Increasing the stack numbers can
improve the energy density (Lee et al., 2020), making the argyrodite more viable for EV applications.

Criterion IV stated that the battery cell should use a SE that contained few critical and/or rare elements. Many of
the SEs showing promise, such as LGPS and LLZO, usually contain rare or critical elements, including
germanium, lanthanum, and tantalum(CRM alliance., n.d). The argyrodite-type sulfide used in the chosen
battery cell is one of the few that are showing great promise (Li et al., 2021) without containing a mixture of
scarce elements, as those previously mentioned. One could make an argument for lithium being a potentially
problematic element. However, since lithium is included in most comparable SEs (Varsi et al., 2020), choosing an
argyrodite-based battery cell still was deemed to be one of the best choices. One reason for concern from a
material rarity perspective for the argyrodite battery cell is the use of silver in the separator layer, being among the
rarer metals in the earth’s crust.

3.3 System function and functional unit

As the function of a battery cell is to store energy, the functional unit in this study was set to 1 kWh of
theoretical storage capacity produced. Using 1 kWh as a functional unit in LCA studies of batteries has been
recommended by Porzio and Scown (2021). It also enables comparability to other LCA studies of batteries
(Arshad et al., 2022) and could, if necessary, be recalculated to express the results using another functional unit.

3.4 System boundaries

To fulfill the goal of the LCA, reasonable system boundaries need to be set (Baumann and Tillman 2004). In the
following sections, an initial flowchart of the studied system is presented and boundaries for geography, time and
technological system are defined.

3.4.1 System under study

The system boundaries of this study were set to include the cradle-to-gate environmental impacts of the studied
argyrodite battery cell as shown in Figure 3.2. The cradle represents extraction of substances from the
environment, and the gate represents the product leaving the production facility. Authors like Zackrisson (2021)
recommend that batteries intended for EV applications should always include a use phase. However, including
the use and end-of-life phases is difficult for prospective LCAs, as details of these life-cycle stages are often lacking
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at the early development stage (Thonemann et al., 2020). This was the case for the studied argyrodite battery cell,
as both the exact applications and recycling pathways are unknown. Furthermore, the cradle-to-gate scope is used
in many previously made LCA studies of SSB cells (Lastoskie and Dai, 2015; Troy et al., 2016;
Keshavarzmohammadian et al., 2018; Smith et al., 202; Zhang et al., 2022), leading to increased comparability
with those studies.

All processes within the foreground system were assumed to take place in a factory equal in size and production
capacity to the scaled-up LIB cell factory modeled by Chordia et al. (2021). Specifically, this means that the
factory was assumed to cover 150 000 m?, operate 7900 hours/year and produce batteries with a total capacity of
16 GWh annually. The factory was assumed to only produce the argyrodite battery cell.

The processes included in the intermediate and the background system were assumed to take place outside of the
battery factory. The production of precursor materials was modeled in a simplified manner without allocation,
and all their impacts are considered part of the battery cell manufacturing. This can also be referred to as the
“main product bears all burden” approach (Sandin et al., 2015).
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Figure 3.2: Initial flowchart showing the life cycle stages within and without the system boundary.

3.4.2 Geographical system boundary

As there are many potential locations for a future battery factory, its location was undefined in this study. The
sourcing of raw materials was assumed to be done globally. As the location is unspecified, it influences the energy
mix used for manufacturing and the distance of transporting raw materials. In this study, transportation of raw
materials within the background system were included, based on the average data and default values from the
database Ecoinvent v3.8, where most of the transportation data has already been included (Spielmann et al.,
2007). The preferred data provider was global datasets, but if not available in Ecoinvent v3.8, Europe or Rest of
World datasets were used in that priority.
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3.4.3 Temporal system boundary

The purpose of the study was to assess the environmental impacts of the argyrodite battery cell at a point in time
where the manufacturing has reached large scale. No exact year for this is defined, since it is difficult to foresee
the exact time scale due to the rapid research and development in the battery field (Ma et al., 2021). Even though
the exact time was undefined, the future scope of the study means that the data collected need to be scaled up
and positioned at a future point in time to adhere to the aim of the study. The scaling of the background data was
mainly be based on a framework by Piccinno et al. (2016), and the foreground on the gigafactory model by
Chordia et al., (2021). Scaling is further discussed in Section 3.6

3.4.4 Technological boundary

In this study, the foreground system included the assembly of the argyrodite battery cell, as well as production of
the electrolyte, NMC 811 cathode and Ag-C separator layer. The foreground system also consisted of the final
pouch cell assembly. The energy and raw materials were, however, supplied from the background system, and
the supply of auxiliary materials from an intermediate system. As the study was prospective, finding relevant and
accessible data was difficult, both for the foreground and background processes. The LCI data for the argyrodite
battery cell was only available at lab-scale and finding fully disclosed information were not possible for all process
steps. This means that the assessment had to rely on data from similar manufacturing methods, process
calculations, expert judgements, other LCA studies, the scientific literature and LCI databases.

Excluded from the study were transports within the foreground system, as they were assumed to be negligible,
consisting of short distances within the manufacturing site.

3.5 Scenarios

The modeling of the production at the hypothetical factory was based on scenario ranges, creating one optimistic
scenario and one pessimistic scenario. The parameters used to build the scenarios were the manufacturing
methods of silver nanoparticles (AgNPs) and carbon nanofibers (CNF), solvent recirculation rates, and differently
carbon-intensive energy supply. The scenario modeling choices are summarized in Table 3.1.

Regarding the energy used in the processes, the optimistic scenario was built with a Swedish energy mix,
consisting mainly of low-carbon sources (renewables and nuclear power) (IEA, 2022), and the pessimistic with a
South Korean energy mix. South Korea was chosen for the pessimistic scenario as many battery cell
manufacturers are currently located in South Korea (Chordia et al., 2021), and the South Korean energy mix
consists mainly of fossil fuels (Lutsey et al., 2018), creating a more carbon-intensive scenario.

Solvent recirculation was not used at the lab-scale production but was mentioned by Piccinno et al. (2016) as a
possibility for scaled up manufacturing. In this study, a 95% solvent recirculation was included in the optimistic
scenario, while in the pessimistic scenario, a 50% solvent recirculation was included.

According to a comparative LCA of AgNPs by Temizel-Sekeryan and Hicks (2020), AgNPs have a variety of
production methods. In this study, two of the manufacturing methods from that study were chosen. The
methods chosen were reactive magnetron sputtering (RMS) and arch plasma (AP) due to their capacity to
produce the required size range of the particles and because they were mentioned as suitable for the desired area
of application. For the optimistic scenario, the reactive magnetron sputtering was chosen since the results of the
study by Temiziel-Sekeryan and Hicks (2020) showed that this method performs better than the AP method
from an environmental point of view, which was in turn considered in the pessimistic scenario. These methods
are described in Appendix A3.2.

The CNF can also be produced by different manufacturing processes. The manufacturing methods chosen were
based on a study by Khanna et al. (2008), who compared energy and environmental impacts between different
carbon feedstocks. In this study, the optimistic scenario considered benzene as feedstock, and the pessimistic
scenario considered methane. This choice was based on the worst and best life-cycle impact results from Khanna
et al. (2008).
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Table 3.1: Summary of the modeled scenarios

Optimistic Pessimistic
e Swedish energy mix o South Korean energy mix
o  AgNPs manufactured with the reactive ®  AgNPs manufactured with the arc plasma
magnetron sputtering (RMS) method (AP) method
e CNF manufactured from benzene feedstock o CNF manufactured from methane feedstock
e Solvent recirculation at 95% ® Solvent recirculation at 50%

3.6 Scaling

The foreground system modeling considered the lab-scale prototype manufacturing described by Lee et al. (2020)
as a starting point. However, to fulfill the aim of the study, which was to assess the impacts of the SSB cell at a
future state when it has reached large-scale manufacturing, the model was adjusted in multiple ways to account
for the differences that occur between lab scale and large scale.

For the foreground modeling, the overarching scaling strategy was to assume that the manufacturing of the
argyrodite battery cell is similar to scaled up LIB cell manufacturing, using a modeling developed by Chordia et al
(2021) as baseline. The motivation behind this choice is that Boaretto et al. (2021) mentioned that there is
potential for producing SSB cell components using production lines similar to LIB cells. The techniques
mentioned are especially viable for sulfide-type SE, such as the argyrodite type battery cell (Boaretto et al., 2021),
see Section 3.2. The foreground system was, however, not modeled identically to the scaled-up LIB cell
manufacturing, but adjusted based on interviews with experts and the work by Schnell et al. (2018). Adaptations
of the modeling include increasing the dry room requirement notably and choosing production methods
considered viable for scaled up production of sulfur-based SSB cells.

The foreground system scaling was also based on a framework by Piccinno et al. (2016) for energy requirement
calculations. The framework was used for the energy requirement approximations for most of the foreground and
intermediate processes (see detailed energy calculations in Appendix C). The recommendation of the framework
on solvent recirculation were also followed. Solvent assumptions are described in detail in Section 4.3.

For the scaling of background data in this prospective LCA, worst- and best-case scenarios were used, as
predictive scenarios are only relevant when a likely development is known (Arvidsson et al., 2017). Since the
geography was undefined in this study, it opened the possibility to use different countries’ electricity, heating and
cooling production data as the ranges. The best-case scenario was approximated by using slightly modified data
on Swedish electricity, heating and cooling production (heavy in hydro and nuclear power) from the Ecoinvent
3.8 database. The worst-case scenario was approximated by using unmodified Ecoinvent data for the South
Korean energy mix.

3.7 Impact categories

Regarding the impact categories, midpoint characterization was chosen for this study as it is commonly used
(Peter et al., 2017) and as it reduces uncertainty compared to using endpoint LCIA methods (Baumann and
Tillman, 2004; Thonemann et al., 2020). Most characterization factors were from the ReCiPe hierarchist
midpoint indicator method, but were complemented with two other methods to achieve full coverage of the
aim. The choice of ReCiPe as LCIA method was motivated by it being one of the more common methods used
in LCAs of battery cells (Peters et al., 2017; Arshad et al., 2022) and was also used in other prospective LCAs of
battery cells (Lastoskie and Dai, 2015; Smith et al., 2021; Chordia et al., 2021). The hierarchist version of the
ReCiPe method was chosen as it is considered the default perspective and is most often used in scientific models
(Huijbregts et al., 2017).

The ReCiPe hierarchist midpoint includes 18 midpoint indicators (RIVM., 2011). According to Gasafi et al.

(2003), uncertain data in early design stages makes it difficult to cover all impact categories for emerging
technologies. Furthermore, according to Arvidsson et al. (2017), a limited number of categories can be enough to
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assess environmental impacts of emerging technologies, since midpoint indicators such as climate change often
correlate strongly with other indicators. The chosen impact categories are summarized below in Table 3.2.

From the ReCiPe hierarchist midpoint method, the impact categories climate change, terrestrial acidification,
water use, and mineral resource depletion were chosen. Climate change and terrestrial acidification are
commonly used impact categories in battery cell LCAs (Peters et al., 2017; Arshad et al., 2022), and are
recommended to include when studying for EV batteries from a life-cycle perspective (Zackrisson., 2021). The
category of water use was also included, in an attempt to identify water-specific hotspots.

Energy consumption is another commonly included impact category in LCA studies of batteries (Peters et al.,
2017). The ReCiPe method lacks impact categories covering energy consumption, so instead the cumulative
energy demand (CED) method was included in the study. The CED method differentiates energy harvested from
different energy sources (Frischknecht et al., 2015). For this study, energy from all sources were combined to into
one value for the total cumulative energy.

For this study and also for battery technologies in general, mineral resource depletion is an important impact
category, since batteries typically contain several rare and/or scarce minerals (Zackrisson, 2021; Porzio and
Scown, 2021). To cover this impact category well, the indicator surplus ore potential (SOP) from the ReCiPe
method was combined with another indicator for assessing the same category, namely a newly developed method
by Arvidsson et al. (2020) called the crustal scarcity indicator (CSI).

The SOP indicator assesses the amount of extra ore required when an additional unit of resource is extracted
(Vieira et al., 2017). The SOP indicator includes parameters such as ore grade and commodity prices, and hence
the results can vary over time. This means that the results become time sensitive, but they give an idea about
short-term mineral resource depletion. The SOP indicator is, however, not optimal for assessing long-term
mineral resource depletion (Arvidsson et al., 2020a; Porzio and Scown, 2021). Therefore, for this study, the SOP
indicator was complemented with the CSI. The CSI uses a characterization factor called crustal scarcity potential
(CSP), which are based on crustal concentrations of minerals. This indicator decouples mineral resource depletion
from supply and demand dynamics pertaining to extraction rates and prices, making it suitable for assessing long-
term mineral scarcity impacts (Arvidsson et al., 2020b).

Table 3.2: Chosen impact categories, characterization factors and units.

Impact category LCIA method Characterization factor | Unit
Climate change ReCiPe midpoint (H) GWP kg COs eq
Terrestrial Acidification ReCiPe midpoint (H) AP kg SOs eq
Water use ReCiPe midpoint (H) WCP m’
Resource depletion, Energy CED - M]J
Resource depletion, Mineral ReCiPe midpoint (H) SOP kg Cu eq
Resource depletion, Mineral CSI CSp kg Si eq

Previous LCA studies of SSB cells also included human toxicity and/or ecotoxicity as impact categories (Lastoskie
and Dai, 2015; Troy et al., 2016; Keshavarzmohammadian et al., 2018; Smith et al., 2021; Zhang et al., 2022).
However, there exists a discussion about whether toxicity is covered well enough by current LCIA methods.
Zackrisson (2021) claims that characterization factors for toxicity and data on life cycle emissions of toxic
substances currently is lacking. Instead, Zackrisson (2021) suggests complementing LCA studies with a chemical
risk assessment to handle toxicity impacts. For this reason, no toxicity impact categories were included in this
study.

3.8 Sensitivity analysis

In a prospective LCA, data uncertainty is inevitable as the life cycle phases are uncertain and there is limited
availability of data to represent the technology at every step of the product life cycle. In this study, a sensitivity
analysis was therefore performed. Two parameters were considered due to presumed large influence and/or
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uncertainties in the assumptions. The energy demand for dry rooms has in previously conducted LCAs been
pointed out as an environmental hotspot for sulfide-based SSB cell (Schnell et al., 2018; Keshavarzmohammadian
et al., 2018). Combined with the uncertainty regarding the dry room assumptions, the dry room requirement was
tested in the sensitivity analysis.

One of the key parameters in the chosen argyrodite battery cell is silver, used to achieve the performance of the
cell. Silver, belonging to the precious metal group, occurs in relatively low concentrations in the earth’s crust,
which is why the sustainability of using silver may be questioned. In an article by Yang et al. (2019), a similar
battery chemistry as the Ag-C separator layer system was presented, where magnesium was used to form a
lithium-manganese alloy anode. Magnesium would be a good substitution from a resource point of view as it is
abundant in the lithosphere (Seetharaman et al., 2020). As silver was assumed likely to contribute considerably to
the mineral resource depletion, the replacement of silver with magnesium was tested in the sensitivity analysis.

3.9 Comparison

To be able to put the results of this study into context and answer RQ?2, three results from the impact assessment
step were compared with results from previously conducted LCA studies of other batteries. The impact categories
chosen for comparison were climate change and mineral resource depletion. Climate change was chosen since it
is a representative overall emission indicator, and the most commonly presented impact category in LCAs of EVs
(Nordelof et al., 2014). It is also mentioned in previous studies that environmental impacts correlate to each other
(Arvidsson et al., 2017) and it was therefore concluded enough to compare one impact category related to
environmental emissions. Climate change was compared across all the studies presented in Table 3.3. The SOP
and CSI indicators were chosen due to mineral resource depletion being a focus of this study, and the two
indicators represent mineral scarcity in a short- and long term, respectively. The SOP and CSI indicators were
compared with Chordia et al. (2021), as the only battery cell study that could be found using both indicators.

Efforts were made to find comparative studies that were recent, covered multiple battery types and used a cradle-
to-gate system boundary. The results are graphically represented and qualitatively discussed in Section 6.1. A
summary of the LCAs chosen for comparison is presented in Table 3.3.

As can be seen in Table 3.3, the studies apply different background databases and LCIA methods, both of which
have an influence on the results of the study. Lopez et al. (2021) and Iturrondobeitia et al. (2021) are review
articles summarizing results from several LCAs. Average values from these reviews were compared to the results
of this study. The studies also used different functional units, and in those cases the results were recalculated to
the functional unit 1 kWh of theoretical storage capacity produced.
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Table 3.3: Summary of studies for comparison of results.

Study Battery type LCIA method | Background database
This study Argyrodite SSB ReCiPe, CED, Ecoinvent 3.8,

CSI patens, literature
Chordia et al. (2021) LIB ReCiPe, CSI Ecoinvent 3.7
Iturrondobeitia et al. (2021) LIB Multiple Several
Lopez et al. (2021) Li-S battery CML-baseline Ecoinvent 3.6
Keshavarzmohammadian et al. Pyrite SSB TRACI US-EI 2.2
(2018)
Smith et al. (2020) LLZO SSB ReCiPe Literature & lab data
Troy et al. (2016) LCO/LLC SSB ILCD Ecoinvent 2.2

3.10 Modeling software

The LCA model was constructed in OpenLCA V1.11 developed by GreenDelta. This is an open-source software
offering modeling of life cycle systems, connection with databases and the possibility to calculate environmental
impacts with a variety of different LCIA methods (openLCA, 2022).
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4. Inventory analysis

This section provides a more in-depth overview of the modeled system and summarized inventory result for the
argyrodite battery cell. Furthermore, it contains an in-depth discussion about two key assumptions of the model:
solvent and dry room usage.

4.1 The system model

The studied system includes a foreground system that encompasses the main production processes assumed to be
within the factory, an intermediate system producing auxiliary components and a background system that
includes production of electricity, heat and cooling as well as extraction of raw material.

The foreground processes include production of three main battery cell components: a catholyte sheet, a pressed
electrolyte sheet and an Ag-C separator layer. The foreground system also includes the final assembly of the
pouch cell and processes representing the building and operation of the factory. The modeling of the pouch cell
and its components were calculated using the cell geometry as presented by Lee et al. (2020). Detailed inventory
results and process descriptions can be found in Appendix A, mass calculations in Appendix B and process energy
calculations in Appendix C. An overview of the system within the system boundary is presented in Figure 4.1 In
the subsequent sections, a summary of the inventory data and key assumptions regarding solvent use and dry
rooms are discussed.
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Figure 4.1: Detailed flowchart of the modelled system.

4.2 Input materials

Table 4.1 summarizes the bill of materials of the argyrodite battery cell components, both for the production of
one pouch cell and the storage capacity of 1 kWh. The weights of the argyrodite battery cell components were
largely calculated from geometric information given by Lee et al. (2020) combined with densities from Ullmans
encyclopedia of industrial chemistry. Detailed references for each component can be found in Appendix B.
According to the geometric calculations, the mass of one pouch cell in a bi-layered configuration was 6.3 g. To
achieve a storage capacity of 1 kWh, 415 pouch cells are required as one pouch cell has a capacity of 2.4 Wh
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according to the supplementary information from Lee et al. (2020). Detailed inventory modeling results for each
process can be found in Appendix A.

The geometrical calculations show that the main component of the argyrodite battery cell is the catholyte sheet,
compromising 44% of the total battery cell by weight. The contribution of the electrolyte sheet and Ag-C
separator layer to the total weight are comparably small, with 8% and 5%, respectively. The rest of the cell
consists of auxiliary components required for the functioning of the battery, such as the laminate bag used as a
container to pack the battery, the current collectors, and the tabs.

Table 4.1: Mass inventory results for one pouch cell and one functional unit (1kWh).

Component Mass/pouch cell [g] Mass/kWh Share [w%]
(gl
Active cathode material 2.26 939 36.0
Catholyte sheet 0.52 216 8.2
(excl. active cathode material)
Electrolyte sheet 0.516 214 8.2
Ag-C separator layer 0.336 140 5.4
Laminate bag 1.31 544 20.8
Nickel tab 0.356 148 5.7
Aluminum foil & tab 0.205 169 3.3
Stainless steel foil 0.782 325 12.4
Total 6.28 2611 100

4.3 Solvent assumptions

The exact solvent input was only given for a few of the processes stated in Lee et al. (2020). For those processes,
in accordance with the framework by Piccinno et al. (2016), an assumption was that in industrial-scale
production, a reduction of 20% could be achieved. For the remaining processes where the solvent amount was
unknown, proxy data from solvent use in similar studies were examined. Slurry-creating processes from Ellingsen
et al. (2014), Liang et al. (2017), Keshavarzmohammadian et al. (2018) and Zhang et al. (2022) showed that
solvents constituted 35-55% of the total weight of the slurries. Based on that, an assumption was made that the
slurry processes for the studied model would require solvents equal to the dry weight of the components, which
is close to the upper value of the identified range.

According to Piccinno et al. (2016), recirculation of solvents is another possibility at industrial-scale production.
Recirculation would reduce the input of solvent, but at the cost of some additional water and energy consumed
in the recirculation process. In this study, recirculation of solvents was assumed for all solvent-using processes
within the factory. While the gigafactory in Chordia et al. (2021) assumed a 99% solvent recirculation rate, this
study explored a recirculation of 95% in the optimistic scenario and 50% in the pessimistic scenario. For the share
of solvents not recirculated, incineration was assumed. The energy and water consumed in the recycling process
of the solvents were modeled according to the template energy cost for distillation as given by Capello et al.
(2005), which 1s recommended by Piccinno et al. (2016) when no measured data is available.

Furthermore, it was also assumed that in the recirculation process, a small fraction of the solvents would be
emitted to air in the form of non-methane volatile organic compound (NMVOC), calculated as emissions to the
air. These losses were assumed to be 1% of the solvents, which corresponds to the values used by Chordia et al.
(2021). The 1% emitted to the air was, however, neglected in the calculation of quantitative solvent use and
recirculation due to its negligible magnitude.



4.4 Dry room

Previous studies of life-cycle impacts of SSB cell manufacturing have identified energy for dry-room operation as
an environmental hotspot and driver of costs (Smith et al., 2021; Keshavarzmohammadian et al., 2018). This may
be especially concerning for batteries containing a sulfur SE, as they heavily depend on dry rooms for the
manufacturing (Schnell et al., 2018), due to their tendency to react with both lithium metal and moisture in the
atmosphere (Varzi et al., 2020). For the argyrodite battery cell, Lee et al. (2020) only state which processes were
performed in dry rooms (dew point below -50°C), not the energy requirement or share of the total energy that
the dry rooms require. Therefore, the modeling of dry rooms was based on a bottom-up approach inspired by
the work of Deng et al. (2017). In their study, Deng et al. (2017) modeled an industrial-sized dry room intended
for sulfur battery cell manufacturing.

The approach taken in this study were to extract the power requirement per surface area reported in Deng et al.
(2017) and then scale it to the studied SSB cell production. Due to the lack of disclosed information in Lee et al.
(2020), this was done based on assumptions about how much of the factory area needs to be dry room. In the
lab-scale argyrodite battery cell by Lee et al. (2020), the majority of the processes in the manufacturing were
performed in a glovebox with argon atmosphere conditions. The only processes performed outside of the
glovebox in the prototype battery cell were the isostatic pressing in the pouch cell assembly and the production
of the Ag-C separator layer. This is in line with findings from Schnell et al. (2018), who explore differences
between the current LIB cell manufacturing and future hypothetical production of sulfide-based SSB cell.
Furthermore, an assumption was also made regarding the operation time of the factory. This was done based on
the operating time of the gigafactory as modeled by Chordia et al. (2021). Based on those findings, combined
with the fact that most of the component production at the lab-scale were conducted in argon atmosphere, an
assumption was made that dry rooms would cover 75% of the factory area. Furthermore, it was assumed that
these would be running the entire time that the factory is operating. Different degrees of dry room coverage were
also tested in the sensitivity analysis in Section 6.3. Details of the dry room energy calculations can be found in
Appendix C.5.

32



5. Impact assessment

This section provides the results of the LCIA of the argyrodite battery cell. In the interest of keeping the impact
results succinct and digestible, emphasis is put on the climate change and mineral resource depletion impact
categories.

5.1 Climate change

The climate change results for the prospective LCA showed that the optimistic scenario would generate about 57
kg of CO, eq/kWh, most of which are related to production of input materials. The pessimistic scenario result
showed an almost doubling of the impacts, resulting in 115 kg CO, eq/kWh. The results are graphically
presented in Figure 5.1.
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Figure 5.1: Climate change results for optimistic and pessimistic scenario. The categories refer to the production
of each component/input.

The components in the optimistic scenario that contributed the most to the climate change impact were the
active cathode material (31%), the AgNPs (27%) and the foil, tabs, and pouch (20%). In the pessimistic scenario,
the most contributing components were the CNFs (37%), the active cathode material (19%) and the AgNPs
(14%).

When comparing the two scenarios, there were two components that had noticeable increasing impact. Firstly,
there was a dramatic increase in the contribution from CNFs. This increase came from a combination of a
fourfold increase of electricity required when using the pessimistic (methane) feedstock and the fossil fuel heavy
South Korean energy mix. Secondly, there was a significant but less dramatic increase in impacts from the factory
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building and operations, which notably includes the operation of the dry rooms. The increased impacts from that
category stemmed exclusively from the change in energy mix, as the amount of energy required for the process
remained the same between the scenarios.

5.2 Terrestrial acidification

Terrestrial acidification impacts were 0.67 kg SO, eq/kWh in the optimistic scenario and 0.96 kg SO, eq/kWh in
the pessimistic scenario. The increase in impact between the scenarios can be attributed mainly to increased
acidification from the electricity production in the South Korean energy mix. The production pathways of
AgINPs and CNFs were also more energy intensive in the pessimistic scenario, which further amplified the
difference between the scenarios.
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Figure 5.2: Terrestrial acidification results. The categories refer to the extraction & refinement of each element.

The impact results showed that the extraction and refinement of nickel and silver were clear hotspots in both
scenarios. Around 67% of the nickel in the argyrodite battery cell were used in the active cathode material, and
the rest were used for the nickel tabs. In a real use-case, it is likely that the impacts from the tabs would be
significantly reduced since a battery cell would only use a single nickel tab for discharging instead of many stacked
pouch cells which were the way it was modeled in this study.

Extraction and refinement of silver also seems to be a potential hotspot. The silver contributed with 18% of the
impacts for the optimistic scenario and 13% for the pessimistic scenario. The lower share of silver impacts in the
pessimistic scenario stemmed from a higher total impact, not a reduction of impact from silver itself.

For the pessimistic scenario, the electricity production contributed to 29% of the acidification impacts, making it
a clear hotspot. In the optimistic scenario, the impact contribution from electricity were only 1%. This showed
that the acidification impacts are greatly affected by the energy mix.

5.3 Cumulative energy demand

As a complement to the climate change and terrestrial acidification categories, cumulative energy demand was
examined. The cumulative energy demand represented the total amount of electricity, heating, and cooling used
for the argyrodite battery cell production. The energy demand in the optimistic scenario was about 1680
M]J/kWh and for the pessimistic scenario it was about 2660 M]J/kWh. These numbers are in line with findings
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from the review of 19 LCA studies by Peters et al. (2017), which showed an average cumulative energy demand
of about 1180 MJ/kWh for LIB cells with different active cathode materials.
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Figure 5.3: Cumulative energy demand results. The categories refer to the production of each component.

The component that contributed most to the cumulative energy demand was the active cathode material (42% in
the optimistic scenario, 29% in the pessimistic). In the pessimistic scenario, the production of the CNFs also
contributed with a large (43%) share of the cumulative energy demand. This was due to the use of the pessimistic
(methane) feedstock, which roughly quadrupled the energy required in production.

5.4 Water use

The impact results for water use mainly reflected water used in the background system, as modelling of water
consumption for the foreground system processes was not detailed. In the optimistic scenario, the impact result
was 3.6 m*/kWh, and in the pessimistic scenario, it was 4.9 m*/kWh.
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Figure 5.4: Water usage impact results. The categories refer to the extraction & refinement of each element.

The main contributor to the water use impact was the extraction and refinement of nickel and cobalt. Nickel
production contributed with 53% of the impact in the optimistic scenario and 39% in the pessimistic. Cobalt
production contributed with 24% in the optimistic scenario and 18% in the pessimistic. In the pessimistic
scenario, electricity production contributed significantly more than in the optimistic scenario; 31% in the
pessimistic compared to 7% in the optimistic. The increase in water use impact from electricity accounts for
almost all of the difference between the scenarios.

5.5 Mineral resource depletion

The mineral resource depletion impact was evaluated using two indicators: the CSI by Arvidsson et al. (2020a),
which assesses global long-term mineral resource depletion impacts, and the SOP from ReCiPe midpoint
package to assess short-term mineral resource depletion impact. The difference in results between the optimistic
and pessimistic scenarios were less than 5% for both indicators. This indicated that the contribution to the mineral
resource depletion impact from the energy mix was small, hence most impacts are instead attributed to material
choices for the battery cell. Therefore, only the results for the optimistic scenario were shown in Figure 5.5.

The total result for the CSI indicator for the argyrodite battery cell is about 7300 kg Si eq/kWh and for the SOP
indicator about 6.6 kg Cu eq/kWh. As shown in Figure 5.5, there is a notable difference in the contribution of
each element depending on the indicator used.
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Figure 5.5: Mineral resource depletion impact results for the optimistic scenario, presented as normalized
contributions from elementary flows. SOP=surplus ore potential, CSI=crustal scarcity indicator.

Unexpectedly, an element that had the largest impact on the CSI, and a notable contributor to the SOP
indicator, was gold, an element which was not even included among the battery cell materials. The reason for
this was that the Ecoinvent process used for the silver extraction and refining was a multiple-output process, in
which both silver and gold were included. The process used an economic allocation, and thus a small amount of
gold was allocated to the flow of silver. The impacts from gold and silver combined contributed with a total of
about 71% of the CSI and about 31% of the SOP.

There were also a few other high contributing elements, such as nickel, copper and silicon. Nickel contributed
about 21% of the impact for the SOP indicator, but only about 2% in the CSI indicator. Copper contributed
about 12% of the mineral resource depletion impacts with the SOP indicator and about 7% for the CSI. Silicon
notably contributed about 11% of the mineral resource depletion impact for the SOP indicator but negligibly to
the CSI, since silicon is among the most common elements in the earth’s crust. Some elements lacked impact
factors for the SOP indicator, e.g. sulfur, which contributed 3% of the impacts for the CSI.
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6. Interpretation

As can be seen in Figure 2.1 in Section 2, the interpretation step is not performed sequentially last, but rather
continuously throughout the work. In this section, however, the results of the impact assessment are interpreted
with a comparison to other battery cell LCAs, where focus is on the results of climate change and mineral
resource depletion. Further, the uncertainties in the results are discussed and lastly the sensitivity analysis is
presented.

6.1 Comparison

To put the results of this study into context and answer parts of RQ2, a comparison with similar LCA studies and
review articles were made. A summary of the studies included in the comparison are found in Table 3.3 in
Section 3.9.

Figure 6.1 shows the climate change impacts of the argyrodite battery cell. When compared with other battery
cells, the climate change impact of the battery seems to perform rather well. The impact was similar to those of
the LIB assessed in Chordias et al. (2021), and the result for the optimistic scenario in this study was very similar
to the average values for LIB cells from Iturrondobeitia et al. (2021). The impact for the pessimistic scenario was
similar to the variants of the Li-S battery cell review by Lopez et al. (2021). Compared to the other sulfide battery
cells presented by Keshavarzmohammadian et al. (2018) and Smith et al. (2021), the argyrodite battery cell
performs better. An important difference between the argyrodite battery cell in this study and the SSB cell studied
by Keshavarzmohammadian et al. (2018) and Smith et al. (2021) was that the other studies did not model a large-
scale production as in this study. The impact results were therefore difficult to compare as they were presented
for different production scales. For the climate change impacts, the energy usage was the largest contributor in
both studies, which is often assumed to be reduced at large-scale production.
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Figure 6.1: Comparison between the climate change impact results of this study and five other studies.

One SSB cell study that did model scaled up production was the one by Troy et al. (2016), which is not included
in Figure 6.1. This was because even with scaling, their result showed a climate change impact as high as 1045 kg
CO: eq/kWh, a full order of magnitude higher than the results from this study. While it remains unclear why the
results from Troy et al. (2016) were that much higher than those of the other studies, in their model, most of the
climate change impact came from their dry room and an energy intensive tape-casting process. Troy et al. (2016)
mentioned that their energy requirements of their battery cell production step was highly uncertain. They
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especially pointed out that the energy required for the heat treatments were conservatively estimated, and that
optimizing these energy intensive processes have great potential to drastically reduce the impacts.

The mineral resource depletion results were compared with the study by Chordia et al. (2021). Further
comparisons with other studies were not possible as mineral resource depletion was not assessed in any other
studies.
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Figure 6.2: Comparison of the SOP (left, unit: kg Cu eq/kWh) and CSI (right, unit: kg Si eq/kWh) indicators.

The argyrodite battery cell performed similar to the LIB cell for the SOP indicator, but worse for the CSI
indicator, seen in Figure 6.2. This similar result in the SOP category could be explained by the fact that while the
batteries use the same active cathode materials (which contribute most of the SOP impacts), the argyrodite
battery cell studied in this work has a higher energy density due to the electrolyte and the anode-free design. This
difference is, however, partly negated by the use of silver; otherwise, the difference would have been greater.

Chordia et al. (2021) showed that in their study, the CSI results consisted mainly of the active cathode materials
and the copper foil. The argyrodite battery cell also contains the same active cathode material, but the largest
contribution by far was the use of silver, which explains the difference between the batteries.

6.2 Uncertainties

Due to confidentiality issues, no exact bill-of-materials for the studied prototype battery cell could be obtained.
Instead, this information needed to be derived from geometrical information and material densities. Many parts of
the manufacturing system design and production also needed to be based on literature data and assumptions. To
make the uncertainties explicit in accordance with the framework from Gavankar et al. (2015), some key
parameters are be discussed below.

The material requirements for the prototype battery cell were modeled based on geometric calculations, hence
the commercialized battery cell may contain different ratios of input materials. The geometric information
provided by Lee et al. (2020) were, however, quite detailed and using Ullmans encyclopedia of industrial
chemistry as source for material densities was seen as a reliable source. Furthermore, for all processes in the
foreground and intermediate system that were modeled based on patents or previous LCAs, a 100% yield was
assumed. Also, losses due to cutting of the component sheets in the assembly phase were neglected. This is also a
source of uncertainty since production pathways without losses are unrealistic. This means that quantities used,
and impacts caused by the materials might be higher than estimated in this study. This might particularly affect
the CSI and SOP indicators due to the large influence that a reduced yield of AgNPs would have.

A hotspot for climate change with considerable uncertainties was the CNF production. The LCI data were

obtained from Khanna et al. (2008), who model CNF production from different feedstocks, but with an old
production method (Yadav et al., 2020). Several developments have happened in the field of nanoparticle
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manufacturing since the time of their assumptions, and further developments are likely to happen in the future
(Yadav et al. 2020). This means that at the point in time when the studied SSB cell is likely to be industrially
produced, CNFs will most likely be produced via more efficient pathways (Yadav et al., 2020). However,
conducting forecasts of future production of CNFs was deemed too time consuming to be included in the scope
of this study. As an alternative way to partially address this uncertainty, LCI data from the most optimistic and the
most pessimistic feedstocks from Khanna et al. (2008) were used in the two considered scenarios.

Since the description of the prototype battery cell manufacturing (Lee et al., 2020) in almost all cases only
provided a ratio of solvents used and not the absolute quantities, these were instead assumed based on LCI data
from studies modeling similar manufacturing. In this model, much due to assumptions regarding solvent
recirculation, the use of solvent has a small influence on the results. However, if the solvent use would be
considerably higher than estimated in this study, this could influence the results, in particular climate change.

Another source of uncertainty connected to the scaling comes from the used framework by Piccinno et al.
(2016). The framework is one of the first attempts at estimating future impacts using lab-scale data. Furthermore,
it was developed primarily for wet-chemical production processes, which means it might not be completely
suitable for some of the processes in this study e.g. grinding, heating and solvent recirculation. Since the
alternative would be to either not scale certain processes at all or use multiple frameworks (which could add
further uncertainty), using the Piccinno et al. (2016) framework was seen as the better option.

A process step described as an environmental hotspot in SSB cell manufacturing is the densification step needed
to create a good interfacial stability between components (Boaretto et al., 2021). In this study, this process was

modeled to be performed by a warm isostatic press rocess based on proxy data from a study on densification of
steel powder from Azevedo et al. (2017). This is likely uncertain and would require further examination.

Another part of a sulfur-based SSB cell manufacturing that has been pointed to as an environmental hotspot by
Schnell et al. (2018), Keshavarzmohammadian et al. (2018) and Boaretto et al. (2021) is the dry room. The dry
room modeling in this study was based on proxy data from Deng et al. (2017) together with assumptions on how
large area the dry rooms needed to cover, how much time they operate per year and the throughput of materials.
The exact energy requirement for the dry room would also vary depending on where in the world the factory
operated, since colder or warmer climates would affect the energy requirements of dry rooms. To partly address
the uncertainties in the dry-room modeling, one of the dry-room factors was tested in the sensitivity analysis in
Section 6.3

6.3 Sensitivity analysis

In an effort to test the robustness of the LCA model, two factors were chosen for the sensitivity analysis. As
previously mentioned, uncertainties regarding the use of silver and the dry room requirements might have a large
impact on the final results of the study and were therefore tested in the sensitivity analysis.

6.3.1 Dry room coverage effects on climate change

In previous studies, dry room usage has been identified as an environmental hot spot for sulfide-based SSB cell
manufacturing (Schnell et al., 2018; Keshavarzmohammadian et al., 2018). In this study, the dry room did not
seem to be a major issue considering the impact results, but to challenge that notion this sensitivity analysis was
performed. Details on the dry room modeling can be found in Section 4.4 and Appendix C5. The sensitivity
analysis examines the influence on climate change from varying the share of the factory surface that was covered
by dry room between 0 and 100% (75% was used in the original model). The climate change results were
compared with the results from the pessimistic scenario since the differences in the impacts from energy usage
was expected to vary the most with a fossil fuel-based energy mix.
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Climate change differences from varying dry room coverage
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Figure 6.3: Influenc on climate change impacts from varying the dry-room coverage.

The analysis showed that removing the dry room all together would reduce the climate change impact with only
7% and covering the whole factory would increase it by only 2%. This result indicates that the model this study
was based on is not sensitive to changes in dry room energy.

6.3.2 Substitution of Ag with Mg

The single largest contributor to the mineral resource depletion indicators was the use of silver for the Ag-C
separator layer. Silver is not only a rare material, but both the extraction of raw materials as well as the impacts
from refinement of the nanoparticles generate high greenhouse gas emissions that contributes considerably to
climate change. There is ongoing research about substituting silver in SSBs with other materials. One such
substitution that has shown promise is using magnesium instead of silver and the feasibility of this has been
proved by Yang et al. (2019). Figure 6.4 shows the effect of this substitution on climate change, the CSI and the
SOP. The results are compared with the results from the pessimistic scenario.
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Effects of replacing Ag with Mg
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Figure 6.4: Effects on climate change and mineral resource depletion impacts when replacing silver (Ag) with
magnesium (Mg).

This result showed that substituting silver would result in a 14% reduction in climate change, 69% reduction for
the CSI and a 29% reduction in SOP. This means that if such a substitution is realized, it would drastically
improve the long-term resource impact. It also showed that the results of the study are in general highly sensitive
to the silver requirement.
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7. Conclusions

This study aimed at performing a pre-study to identify a promising SSB cell that had not yet been studied from a
life-cycle perspective. Furthermore, the aim was to assess the environmental impacts of manufacturing this battery
cell at a point in time where it has reached large-scale production. The methodology used for estimation of the
environmental impacts was a cradle-to-gate prospective LCA with the functional unit of 1 kWh of theoretical
storage capacity produced.

The pre-study concluded that there are several promising SSB cell designs, but the one chosen was an anode-free
argyrodite SSB cell with a Ag-C nanoparticle layer to promote even lithium plating when charged. The battery
cell design utilized a high energy density NMC 811 cathode and showed promising lab-scale results for energy
density and cyclability. The battery cell was chosen as it was described as an important breakthrough in several
SSB cell review articles due to its upscaling potential and high technical performance. Lastly, a brief survey of
published LCA studies showed that no argyrodite-type SSB cell had been previously studied from a life-cycle
perspective, making the argyrodite battery cell a relevant candidate for the LCA.

The prospective LCA concluded that argyrodite batteries produced at a factory with an annual production
capacity of 16 GWh would have a similar climate change impact per kWh as LIB cells produced at the same
scale. Furthermore, the argyrodite battery cell performed slightly better than Li-S battery cells and other SSB cells
regarding climate change, although methodological differences make comparisons challenging.

The components contributing the most to the GHG emissions were CNFs, AgNPs and the active cathode
material. The CNF manufacturing seems to be an extra critical hotspot due to an energy-intensive production
route. If the CNF manufacturing uses energy from fossil fuel-heavy sources, the total emissions for the battery
cell increases considerably. Hence, the recommendation is to make attempts at using a more energy efficient
production route for the CNF and to use low-carbon energy sources.

Regarding terrestrial acidification, the only significant difference between the optimistic and the pessimistic
scenario came from the electricity production. A notable acidification hotspot was the nickel mining, which
contributed 56% of the acidification in the optimistic scenario and 39% in the pessimistic scenario.

In the mineral resource depletion category, the results varied depending on the indicator used. Assessed with the
SOP indicator, the argyrodite battery cell showed a similar impact as an LIB cell produced at the same scale. But
when assessed with the CSI indicator, the impacts of the argyrodite were more than twice those of the LIB cell.
Silver was the biggest contributor for both indicators, although in the CSI it was completely dominant. The
conclusion of this is that unless the silver can be substituted or reliably recycled, this battery cell might be
unsuitable for upscaled sustainable production. The sensitivity analysis showed that if the silver could be
substituted by magnesium (which is reportedly feasible), the climate change impacts could be reduced by 14%,
the SOP with 29% and the CSI with a total of 69%.

The two most important improvements for the argyrodite battery cell would thus be to find more efficient
production pathways for CNF and to substitute the silver.
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Appendix A
Detailed process descriptions and unit process data

This appendix provides a detailed description of the production process for each of the components and their
material inputs, as well as the unit process datasets for the processes required for the pouch cell production.
Descriptions of the production steps for the primary components were obtained from the article by Lee et al.
(2020). Furter material inputs and their production methods were gathered from published articles and patents.
The sources for each production step are represented by the colors in the flowcharts under each process.

A1 Catholyte sheet production

The catholyte sheet consists of a coated NMC 811 active cathode material, the electrolyte powder, CNF, and a
polytetrafluoroethylene binder. Firstly, these are mixed in a weight ratio of 85:15:3:1.5 in dehydrated xylene
solvent. The second step is a dry-filming process (Lee et al., 2020). The dry-filming process includes placing the
mixture on a hot plate, after which it is rolled to achieve the desired thickness (Hippauf et al., 2019). All
processes in the preparation of the catholyte sheet were performed in a dry room. The production procedure is
presented in Figure Al.1.

Recovered . .
solvent Piccinno et
Destillation al. (2016)
A
Arayradyte Cathodyte Capello et
P S sheet
Coated NMC——»  Mixing Dry-flming ——» al. (2005)
Carbon nanofibre—
Celik et al.
Binder Solvent (2020)

Figure A1.1: Flowchart showing the catholyte sheet production

The unit-process data for the catholyte sheet production consisted mostly of modeling each input component and
process. Detailed calculations of mass can be found in Appendix B1 and B2, and process energy in Appendix C1.
Further details on each component in the catholyte sheet can be found in Appendix Al.1 - A1.3 and A2.1.

The unit process data results for the catholyte sheet production are presented in Table A1.1. The inventory for
the LZO coated NMC 811, the argyrodite powder and CNF were based on modeling using data from other
published articles and LCAs. The inventory data for polytetrafluoroethylene was not found in the Ecoinvent
v3.8. database. Instead, a flow of tetrafluoroethylene is used as a proxy on the basis that those flows have been
used interchangeably in Ecoinvent (Althaus et al., 2007). The quantitative input of the xylene solvent was not
reported by Lee et al. (2020) and instead based on assumptions presented in Section 4.
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Table A1.1: Unit process data results for the catholyte sheet production.

Material inputs normalized to unit process

Component/process Quantity | Unit | Linked upstream process

LZO-NMC 8:1:1 0.813 g Sol-gel coating (process Al.2)

Argyrodite powder 0.144 g Electrolyte powder production (process A2.1)
Carbon nanofiber manufacturing

CNF 0.0287 g (process A1.3)

Polytetrafluoroethylene 0.0144 g market for tetrafluoroethane | Cutoff, S - GLO

Process inputs normalized to unit process

market for xylene

Kylene ! & | |Cutoff, S - RER
Water 0.027 g market group for tap water | Cutoft, S - GLO
Electricity 0.655 Wh | market for electricity, medium voltage | Cutoff, S - SE/SK
) Swedish heat production (process A6.3) / market for heat,
Heat 4.28 g district or industrial, natural gas | Cutoff, S - RoW
Emissions to air
NMVOC 0.01 g Emission to air, unspecified
Outputs

Composite catholyte 1 g

0.95
Xylene (recovered) " g Recovered resource

(0.50%)
Hazardous waste, for 0.05 o market for hazardous waste, for incineration |
incineration (0.50%) ° Cutoff, S - RoW

*Pessimistic scenario

A1.1 Active cathode material (NMC 811) production

The NMC oxide powder (active cathode material) is the main component in the catholyte sheet and was
modeled using inventory data from Chordia et al. (2021). The production process is represented in Figure A1.2
as modeled by Chordia et al. (2021). The data collected consist of inputs of material, processes, and energy as well
as outflows in the form of emissions, wastewater, and losses. The NMC oxide powder mainly consists of nickel
(N1), manganese (Mn), cobalt (Co) (metal sulfate solutions) and lithium (Li) (metal hydroxide). Other inputs are
oxygen (O-) and smaller amounts of other metals (Chordia et al., 2021).
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Figure A1.2: Flowchart showing the active cathode material production. Obtained from Chordia et al. (2021).

The inputs in Chordia et al. (2021) were calculated using annual consumption data, scaled to represent the
production of one gram of the active cathode material, which is NMC 811 powder. The unit process data is
presented in Table A1.2. The data source for the input materials was based on available Ecoinvent datasets. The
output of wastewater from the process was based on modeling of wastewater in Chordia et al. (2021).
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Table A1.2: Unit process data results for NMC 811 powder production

Material inputs normalized to unit process

Component/process Quantity | Unit | Linked upstream process

Nickel sulfate 1.54 g market for nickel sulfate | nickel sulfate | Cutoft, S —
GLO

Cobalt sulfate 0.175 g market for cobalt sulfate | cobalt sulfate | Cutoft, S —
RoW

Manganese sulphate 0.175 g market for manganese sulfate | manganese sulfate |
Cutoff, S - GLO

Lithium hydroxide 0.265 g market for lithium hydroxide | lithium hydroxide |

Cutoff, S — GLO

Process inputs normalized to unit process

Sulphuric acid 0.978 g market for sulfuric acid | sulfuric acid | Cutoff, S — RER

Ammonia 0.0244 g market for ammonia, anhydrous, liquid | ammonia,
anhydrous, liquid | Cutoff, S — RER

Sodium hydroxide 2.00 g market for sodium hydroxide, without water, in 50%
solution state | sodium hydroxide, without water, in 50%
solution state | Cutoff, S — GLO

Deionized water 67.5 g market for water, deionised | water, deionised | Cutoft,
S - Europe without Switzerland

Liquid oxygen 0.244 g market for oxygen, liquid | oxygen, liquid | Cutoff, S —
RER

Electricity 6.21E-03 | kWh | market for electricity, medium voltage | Cutoft, S -
SE/SK

Heat 9.32E-04 | MJ Swedish heat production (A6.3) / market for heat, district
or industrial, natural gas | Cutoff, S - RoW

Cooling 5.95E-03 | MJ] cooling energy, from natural gas, at cogen unit with
absorption chiller 100kW | Cutoft, S - SE/ROW

Outputs

NMC 8:1:1 active material 1 g

Wastewater, for treatment 67.5 g ‘Wastewater treatment
(process A6.1)

Precursor and active material 1.5 g Scrap transport

residues, recyclable (process A6.2)

Metal dust particles 7.63E-06 | g Emission to air, unspecified
Particulates, > 2.5 um, and < 10um




A1.2 Sol-gel coating

The first step in the production process of the coated NMC 811 cathode is the preparation of the LZO solution.
The coating solution is prepared by mixing lithium methoxide (10% lithium methoxide in a methanol solution)
and zirconium(IV) tetrapropoxide in an anhydrous 2-propanol solvent in a 20:1:200 molar ratio (Lee et al.,
2020), as shown in Figure A1.3. The prepared LZO solution is then used to coat the NMC 811 powder using a
sol-gel method. The method includes the mixing of the LZO coating solution and the NMC 811 cathode for 1
hour, after which the mixture is dried under vacuum in a water bath at 50°C with continuous sonication. During
the vacuum drying, the solvents used in the LZO solution are evaporated. After the mixture has been dried, it is
filtered and then heated for 1 hour at 300 °C to obtain the final product, which is the LZO-coated NMC 811
cathode.

Piccinno et
al. (2016)
Virgin
solvent
)
Lithium methoxide—— Coati Rgz?::;:d Capello et
oating . al. (2005)
) _ ) Mixing Destillation
Zirconium tetrapropoxide———p .
’ i
LZO
coating
e 7 Homogenization hiﬂ"c’:‘:’l":‘;d
g1—>=  Mixing & Filtration Heating
vaparization

Figure A1.3: Flowchart showing the sol-gel coating.

The quantitative input of the LZO solution was based on stoichiometric calculations, with an assumed 100%

reaction yield (Appendix B2.1). The mixing ratio between the LZO coating solution and the NMC 811 powder
was not stated in Lee et al. (2020). Therefore, an assumption was made that 0.5 mol% LZO coating solution was
used in the preparation, based on a study of an LZO-coated NCA cathode (Ito et al., 2014). The coating process
was assumed to have a yield of 100% as no other information was available from the lab-scale description (Lee et

al., 2020).

The process energy for the sol-gel coating procedure, as well as material inputs, are summarized in Table A1.3.
Detailed calculations and assumptions on the process energy can be found in Appendix C1.1. The process energy
for mixing the LZO coating solution was excluded, as it was assumed neglectable.

The sol-gel coating itself does not require solvent input, but the LZO solution contains inputs of both propanol
and methanol (from the lithium methoxide solution). As the amount of methanol from the lithium methoxide is
small compared to the propanol, the amount of methanol was neglected from solvent recirculation and emission
calculations. The process energy for recirculation was calculated by replacing the vacuum drying with distillation
energy as described in Section 4. The sonication step of the drying was assumed to be required and therefore
included in the total process energy for the sol-gel coating.

Data inventory for the NMC 811 powder production was collected from Chordia et al. (2021). The propanol
solvent was not available, but instead approximated with isopropanol from Ecoinvent v3.8. Inventory data for
lithium methoxide (10%) were not found in Ecoinvent v.3.8 and the inventory data used for its modeling is
presented in Appendix Al.4.

Zirconium (IV) tetrapropoxide was also not available in Ecoinvent v3.8, and no synthesis method was found.
Instead, the inventory data was approximated with an input of zirconium oxide only. This choice was made as
the process energy for the preparation is likely negligible due to very small quantities used. The zirconium
requirement for the production of the pouch cell was based on stoichiometric relations (Appendix B2.1.2), and
the amount of zirconium oxide input was calculated based on the zirconium requirement.
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Table A1.3: Unit process data results for sol-gel coating production.

Material Inputs normalized to unit process

Component/process Quantity Unit | Linked upstream process
NMC 811 0.992 G NMC 811 production

(process Al.1)
Lithium methoxide 0.0126 G Lithium methoxide production (process A1.2.1)
Zirconium (IV) 0.0063 G market for zirconium oxide | zirconium oxide | Cutoff,
tetrapropoxide (0.0024%) S-GLO

Process inputs normalized to unit process

2-propanol 0.233 G market for isopropanol | isopropanol | Cutoff, S - RER

Cooling water 0.0066 g market group for tap water | Cutoff, S - GLO

Electricity 0.106 Wh | market for electricity, medium voltage | Cutoff, S -
SE/SK

Heat 1.57 kJ Swedish heat production (A6.3) / market for heat, district
or industrial, natural gas | Cutoff, S - RoW

Emissions to air

NMVOC 0.00233 g emission to air, unspecified
Outputs
LZO NMC 811 cathode 1 g
Solvents, recovered 0.221 g Recovered resource
(0.116*%)
Hazardous waste, for 0.0116 g market for hazardous waste, for incineration |
incineration (0.116**) Cutoft, S - RoW

*Amount of zirconium oxide used as proxy
**Pessimistic scenario

A1.2.1 Lithium methoxide production

The unit-process data for lithium methoxide production was estimated based on a patented production method
by Cao (2008). The process consists of mixing the input materials of lithium (Li) and methanol (CH;OH) in a
1.5:90 ratio. The mixture is stirred for 7 hours. The patent includes further process steps, but they were excluded
from this study as the achieved solution mixture is the desired product. The process energy calculations for the
mixing are presented in Appendix C1.1.1.

The quantities of lithium methoxide produced from the process was not stated in the patent and have therefore
been calculated based on stoichiometry. The calculations were made with the assumption that only lithium
methoxide, methanol and hydrogen gas is produced in the reaction, with a 100% reaction yield. In the impact
assessment calculation, the hydrogen gas produced was excluded due to assumed neglectable impact. The unit



process data is summarized in Table A1.4. Detailed calculations of the mass balancing can be found in Appendix
B2.1.1.

Table A1.4: Unit process data results for lithium methoxide production.

Material Inputs normalized to unit process

Component/process | Quantity | Unit | Linked upstream process

Lithium 0.0164 g market for lithium | lithium | Cutoff, S - GLO

Methanol 0.986 g methanol production | methanol | Cutoff, S - GLO

Process inputs normalized to unit process

Electricity 0.000126 | Wh | market for electricity, medium voltage | Cutoff, S - SE/SK

Emission to air

Hydrogen gas 0.0022 g Neglected
Outputs

Lithium methoxide 1 g

(10% in methanol)

A1.3 Carbon nanofibers

A small amount of CNF is added to the catholyte slurry to reduce interface problems and increase conductivity
(Boaretto et al. 2020). CNFs have only recently begun to be used on an industrial scale, but its manufacturing
techniques have seen rapid improvements due to its rising popularity in multiple applications (Yadav et al. 2020).

Since no Ecoinvent data for CNF production could be found, the inventory in this study was based on data from
an LCA performed by Khanna et al. (2008). They model production of vapor-grown CNF (Figure A1.4), a
method that has been used for several decades (Yadav et al. 2020). The production method includes using a
quartz tube electric furnace with a carbon feedstock together with metals or alloys as catalysts (Yadav et al. 2020),
hydrogen gas, a solvent and small amounts of sulfur to facilitate the CNF formation (Khanna et al., 2008).
Further, the study by Khanna et al. (2008) considers three different carbon feedstocks: methane, ethylene, and
benzene, where the methane feedstock was used in the pessimistic and benzene in the optimistic. The unit-
process data in Khanna et al. (2008) does not account for emissions in the synthesis step of the CNF.
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Figure A1.4: Production process for vapor-grown CNFs. Obtained from Khanna et al. (2008) under license nr:

5334090349857.

A1.3.1 Methane feedstock

The production process from Khanna et al. (2008) that has the highest impact is when methane is used as the
feedstock. In this study, values for a methane feedstock without recycled streams was considered for the
pessimistic scenario, since this is the feedstock most commonly used today (Yadav et al. 2020). When using

methane as the feedstock, the catalyst of choice was ferrocene, the solvent hexane and the sulfur source was from

hydrogen sulfide. The unit process data for CNF with methane as feedstock is presented in Table A1.5.
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Table A1.5: Unit process data results for CNF production using methane feedstock.

Material Inputs normalized to unit process

Component/process

Quantity

Unit

Linked upstream process

Methane

2.67

g

market for natural gas liquids| Cutoff, S — GLO

Process inputs normalized to unit process

Hydrogen sulfide 0.28 g market for hydrogen sulfide| Cutoff, S — RER

Hexane 14.3 g market for hexane |
Cutoff, S — GLO

Hydrogen gas 1.57 g market for hydrogen, gaseous | Cutoft, S — GLO

Ferrocene 0.22 g Neglected

Hydrochloric acid 16 g market for hydrochloric acid, without water, in 30% solution state |
Cutoff, S — RER

Electricity 2650 Wh | market for electricity, medium voltage | Cutoft, S - SE/SK

Outputs
CNF 1 g

A1.3.2 Benzene feedstock

Benzene as feedstock was selected for the optimistic scenario, as this feedstock required the least amount of
process energy. The values without recycled streams from Khanna (2008) were used. In the production process
where benzene is used as feedstock, the hydrogen source is thiophene, which were not available in Ecoinvent
v3.8 and instead modeled as described in Section A1.3.2.1. The unit process data for CNF with benzene
feedstock is summarized in Table A1.6.
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Table A1.6: Unit process data results for CNF production using methane feedstock.

Material inputs normalized to unit process

Component/process | Quantity | Unit | Linked upstream process

Benzene 4.7 g market for benzene |
Cutoff, S - GLO

Thiophene 0.03 g Thiophene production
(process Al.4.1)
Hydrogen gas 1.72 g market for hydrogen, gaseous | Cutoft, S - GLO
Hydrochloric acid 16 g market for hydrochloric acid, without water, in 30% solution state |

Cutoff, S - RER

Electricity 678 Wh | market for electricity, medium voltage | Cutoft, S - SE/SK

Outputs

CNF 1 g

A1.3.2.1 Thiophene production

Trace amounts of a sulfur source are added in the production of the vapor-grown CNF. When using the benzene
feedstock, the sulfur source of choice is thiophene (Khanna et al., 2008), which shares some characteristics with
benzene. Thiophene was not included in Ecoinvent, so the unit process data were instead taken from
Sonnemann et al. (2018). The results are presented in Table A1.7.

Table A1.7: Unit process data results for thiophene production.

Material inputs normalized to unit process

Component/process | Quantity | Unit | Linked upstream process
Aluminum oxide 0.4 g market for aluminium oxide, metallurgical |
Cutoff, S - TAI Area, EU27 & EFTA
Butane 0.69 g market for butane |
Cutoff, S - GLO
Chromium oxide 0.8 g market for chromium oxide, flakes | Cutoff, S - GLO
Hydrogen sulfide 1.22 g market for hydrogen sulfide | Cutoff, S - RER
Sulfur 1.52 g market for sulfur |
Cutoff, S - GLO
Heat 1.81 MJ | Swedish heat production (process A6.3) / market for heat, district
or industrial, natural gas | Cutoff, S - RoW
Outputs
Thiophene 1 g




A2. Electrolyte sheet

The production of the solid electrolyte sheet starts with an argyrodite electrolyte powder being mixed with a
non-aqueous acrylate-type binder in a solvent consisting of 50% dehydrated xylene and 50% anhydrous isobutyl
isobutyrate (Lee et al. 2020). The weight ratio between electrolyte powder and binder is 99:1, and an assumption
is made that that relation refers to the dry weight of the binder. The input materials are mixed with a planetary
centrifugal mixer with 4 A molecular sieves and ZrO, beads at 2,000 r.p.m. for 6 min (Lee et al. 2020). The
resulting electrolyte slurry is thereafter coated on a 75 pm thick PET film using doctor blading. After the doctor
blading, the sheet is dried on a hotplate for a few minutes at 50°C, followed by a longer drying in a vacuum oven
at 40°C overnight (12 h assumed). The prepared electrolyte sheet then requires some densification, but that
happens in the pouch cell assembly, described in Appendix A5, where the entire stacked cell is pressed. The
production process for the electrolyte sheet is shown in Figure A2.1.

Recovered Picci t
Solvent iccinno e
Destillation al. (2016)
A
S SR Capello et
Electrolyte al. (2005)
o Doctor ) sheet
Electrolyte powder. Mixin . —
yte p g blading Heating
Celik et al.
(2020)
Solvent  Binder Terephthalate
film

Figure A2.1: Flowchart showing the electrolyte sheet production.

The quantitative material input was not stated in Lee et al. (2020). Instead, the geometry and densities were used.
Detailed descriptions of the mass calculations are found in Appendix B1.2. The amounts of xylene and isobutyl
isobutyrate were assumed as described in Section 4.3. The xylene solvent was modeled using xylene as available
in Ecoinvent v3.8. Isobutyl isobutyrate was missing in Ecoinvent and therefore isobutyl acetate was used as a
proxy in the modeling. The PET film used was also not available in Ecoinvent v3.8, and instead modeled as
described in Section A2.2. A summary of the unit process data is presented in Table A2.1.

The publication from Lee et al. (2020) does not provide any data on the amount of energy consumed in each of

the production steps, and the energy was instead approximated using equations from Piccinno et al. (2016). The
details of these calculations can be found in Appendix C2.
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Table A2.1: Unit process data results for electrolyte sheet production.

Material inputs normalized to unit process

binder

Component/process Quantity | Unit | Linked upstream process
Electrolyte powder 0.99 g Electrolyte powder production (process A2.1)
Non-aqueous acrylate-type | 0.01 g market for acrylic binder, without water, in 34% solution

state | Cutoff, S - RER

Process inputs normalized to unit process

terephthalate

Xylene 0.5 g market for xylene | Cutoff, S - RER
Anhydrous isobutyl 0.5 g market for isobutyl acetate | Cutoff, S - GLO
isobutyrate
Polyethylene terephthalate 1.58 g Terephthalate film production
film (process A2.2)
Electricity 1.20 Wh | market for electricity, medium voltage | Cutoff, S - SE/SK
Heat 4.28 KJ Swedish heat production (A6.3) / market for heat, district

or industrial, natural gas | Cutoff, S - RoW
Water 0.027 g market group for tap water | Cutoft, S - GLO

Emissions to air

NMVOC 0.01 g Emission to air, unspecified

Outputs
Electrolyte sheet 1 g
Xylene (recovered) 0.95 g recovered resource

(0.5%)

Spent solvent, for 0.05 g market for hazardous waste, for incineration | Cutoft, S —
incineration (0.5%) RoW
waste polyethylene 1.577 g market group for waste polyethylene terephthalate | Cutoft,

S - Europe without Switzerland

*Pessimistic scenario

A2.1 Electrolyte powder production

The argyrodite battery cell contained electrolyte powder with the chemical formula LisPSsCL. Lee et al. (2020)
refers to a solvent-based production method by Zhou et al. (2018), which according to the authors is more
scalable than an all-solid manufacturing method for this specific electrolyte powder. The process modeling was
therefore based on the processes as described by Zhou et al. (2018).
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Figure A2.2: Flowchart showing the rlectrolyte powder production.

The solvent-based method begins by mixing a 3:1 molar ratio of Li,S and P,Ss in a mortar and dispersing it in an
anhydrous tetrahydrofuran solvent. This mixture is then stirred for 24 h at room temperature. More Li:S are then
dissolved together with LiCl in anhydrous ethanol solvent. The two mixtures are added to the same container,
which is stirred overnight (12 h). The mixture was thereafter rapidly centrifuged at 8000 rpm, after which the
solution was dried in a Buchi oven at 140°C under vacuum for 20 hours to evaporate the solvents. Finally, to
achieve full crystallization of the LisPSCI, the powder is pressed into a pellet and sealed in a carbon-coated quartz
tube where it is annealed at 550°C for 6 hours (Zhou et al., 2018). The production steps are presented in Figure
A2.2.

The material input was estimated based on stoichiometry, which in turn was based on the stated ratio in Zhou et

al. (2018). The amount of solvent was not disclosed in Lee et al. (2020). Therefore, the assumptions as described
in Section 4.3 were used. The full unit process data results for the electrolyte powder is presented in Table A2.2.
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Table A2.2: Unit process data results for electrolyte powder production.

Material inputs normalized to unit process

Component/process Quantity | Unit | Linked upstream process

Lithium sulfide 0.428 g Lithium sulfide production (process B2.1.1)
Phosphorus pentasulfide | 0.414 g Phosphorus pentasulfide production (process B2.1.2)
Lithium chloride 0.158 g market for lithium chloride | Cutoff, S - GLO

Process inputs normalized to unit process

Anhydrous 0.5 g market for tetrahydrofuran | Cutoff, S - GLO
tetrahydrofuran
Anhydrous ethanol 0.5 g market for ethanol, without water, in 99.7% solution state, from
fermentation |
Cutoff, S - GLO
Water 0.027 g market group for tap water | Cutoft, S - GLO
Electricity 0.357 Wh | market for electricity, medium voltage | Cutoff, S - SE/SK
Heat 5.26 kJ Swedish heat production (process A6.3) / market for heat,
district or industrial, natural gas | Cutoff, S - RoW
Emission to air
NMVOC 0.01 g Emission to air, unspecified
Outputs
Electrolyte 1 g
Solvents (recovered) 0.95 g Recovered resources
(0.5%)
Spent solvent, for | 0.05 g market for hazardous waste, for incineration | Cutoff, S - RoW
incineration (0.5%

*Pessimistic scenario

A2.1.1 Lithium sulfide production

Lithium sulfide is produced by a synthesis reaction between sulfur powder and lithium hydride and was assumed
based on a patent by Chu et al. (2015). The first step includes drying the sulfur powder at 100°C for 12 h, then
the sulfur powder is mixed with lithium hydride and placed in a ball mill tank, which is then placed in a ball mill
jar, and milled at 400 r/min for 8 hours at room temperature. The amount of each substance input and waste
flow were calculated using stoichiometry, based on 100% reaction yield, resulting in only hydrogen gas as
emissions, which was neglected from the impact assessment calculations. The unit process data is summarized in
Table A2.3. Detailed calculations on the mass balancing can be seen in Appendix B2.3.1 and the process energy
calculations in Appendix C2.2.
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Table A2.3: Unit process data results for lithium sulfide production.

Inputs normalized to unit process

Component/process | Quantity | Unit | Linked upstream process

Sulfur powder 0.696 g market for sulfur |
Cutoff, S — GLO
Lithium hydride 0.348 g Lithium hydride production (process A2.1.1.1)
Electricity 0.016 Wh | market for electricity, medium voltage | Cutoff, S - SE/SK
Heat 81.7 ] Swedish heat production (process A6.3) / market for heat, district

or industrial, natural gas | Cutoff, S - RoW

Emissions to air

Hydrogen 0.0438 g Emission to air

Outputs

Lithium sulfide 1

9Q

A2.1.1.1 Lithium hydride production

Lithium hydride is produced in a reaction between lithium and hydrogen gas at high temperature (Sato and
Takeda, 2013). The mass of each substance was calculated using stoichiometric proportions, assuming 100% yield.
The unit process data is summarized in Table A2.4. Detailed mass balancing and energy calculations can be seen
in Appendix B2.3.1.3 and C2.2.1, respectively. The hydrogen gas was excluded due to uncertainty regarding
where the hydrogen ended up.

Table A2.4: Unit process data results for lithium hydride production.

Inputs normalized to unit process

Component/process | Quantity | Unit | Linked upstream process

Lithium 0.873 g market for lithium |
Cutoff, S - GLO

Hydrogen gas 0.127 g Neglected
Heat 3.20 kJ Swedish heat production (process A6.3) / market for heat, district
or industrial, natural gas | Cutoff, S - RoW
Outputs
Lithium hydride 1 g

A2.1.2 Phosphorus pentasulfide production

The inventory data for phosphorus pentasulfide was modeled using a commonly used production method
(ChemEuroupe, n.d; Bettermann et al., 2000), where liquid white phosphorus reacts with sulfide above 300°C.
Stoichiometry was used for calculations with a 100% reaction yield. The unit process data is presented in Table
A2.5. The detailed mass balancing is presented in Appendix B2.3. and the process energy calculations in
Appendix C2.3.
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Table A2.5: Unit process data results for phosphorus pentasulfide production.

Inputs normalized to unit process

Component/process | Quantity | Unit | Linked upstream process

Phosphorous, white 0.279 g market for phosphorus, white, liquid | Cutoff, S — GLO
Sulfur 0.721 g market for sulfur | Cutoft, S — GLO
Heat 236 kJ Swedish heat production (process A6.3) / market for heat, district
or industrial, natural gas | Cutoff, S - RoW
Outputs
Phosphorus 1 g
pentasulfide

A2.2 Terephthalate film production

The production of the electrolyte sheet involves coating the electrolyte slurry on a thin (75pm) film made of
terephthalate (Lee et al., 2020). Due to lack of Ecoinvent data for such a film, the manufacturing was
approximated with an input of polyethylene terephthalate granulate combined with a plastic film extrusion
process. The extrusion process includes energy, waste, emissions, and transports. The summarized unit process
data is presented in Table A2.6. The input weight is slightly higher than the output due to a yield that is specified
in the extrusion process.

Table A2.6: Unit process data results for terephthalate film production

Inputs normalized to unit process
Component/process Quantity | Unit | Linked upstream process
polyethylene 1.025 g market for polyethylene terephthalate, granulate, bottle grade |
terephthalate Cutoft, S — GLO
Extrusion, plastic film 1.025 g market for extrusion, plastic film | Cutoff, S — GLO
Outputs
Terephthalate film 1 g

A3. Ag-C separator layer production

The process of producing the Ag-C separator layer was described in Lee et al. (2020) and starts with mixing of
AgNPs and carbon black with a polyvinylidene fluoride (PVDF) binder. The input materials are slowly mixed
and dissolved in a N-methylpyrrolidone (NMP) solvent. The slurry is then coated on a 10-pm thick stainless-
steel foil using a screen printer, after which the sheet is dried at 100°C for 12 h in a vacuum oven. The process is
described in Figure A3.1.
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Figure A3.1: Flowchart showing the Ag-C separator layer production process.

Quantitative data on the amount of AgNPs and carbon black were not stated, but a ratio of 1:3 was provided.
The input of each material was therefore based on the geometry and density calculations, combined with the
weight ratio. The quantitative input of binder was also estimated based on a provided ratio between the solvent
and binder. The solvent amount was assumed as described in Section 4.3. Details on mass calculations can be
found in Appendix B1.3. The unit process data results are presented in Table A3.1.

Inventory data for AgNPs were not available in Ecoinvent v3.8, and instead based on LCI data from Temizel-
Sekeryan and Hicks (2020) as presented in Section A3.2. The PVDF and carbon black were available in
Ecoinvent v3.8. There is also a current collector consisting of stainless steel on each side of the argyrodite battery
cell. Stainless-steel foil was not available in Ecoinvent v3.8 and instead modeled as described in Section A4.2.
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Table A3.1: Unit process data results for Ag-C separator layer production.

Material inputs normalized to unit process

Component/process Quantity Unit | Linked upstream process

AgNP 0.0744 g AgNP production (process A3.2)

Carbon black powder 0.223 g market for carbon black | Cutoff, S — GLO

PVDF g market for polyvinyl fluoride | Cutoff, S — GLO
0.00301

Stainless steel foil 0.700 g Stainless steel foil production (process A4.2)

Process inputs normalized to unit process

N-methylpyrrolidone 0.0399 g market for N-methyl- 2-pyrrolidone | Cutoff, S —
GLO
Electricity Wh | market for electricity, medium voltage | Cutoff, S —
0.159 SE/SK
Heating ] market for steam, in chemical industry | Cutoff, S —
171 RER
Water 0.00108 g market group for tap water | Cutoft, S — GLO

Emissions to air

NMVOC 0.000399 g Emission to air, unspecified

Outputs
Ag-C separator layer 1 g
N-methylpyrrolidone, 0.0379 g market for N-methyl-2-pyrrolidone | N-methyl-2-
recovered (0.0200%) pyrrolidone | Cutoff, S — GLO
Spent solvent, for 0.00200 g market for hazardous waste, for incineration |
incineration (0.0200%) Cutoff, S — RoW

*Pessimistic Scenario

A3.2 Silver nanoparticles production

The use of AgNPs as a stabilizing agent in the separator layer was in many ways what characterized the studied
battery cell. While the silver content is rather low (8-16 mg/Ah) (Lee et al., 2020), it was still expected to have a
large impact on both the energy requirement and the mineral resource depletion impact category. Since no
dataset for AgNPs were available in Ecoinvent, inventory data from an LCA of AgNP production from Temizel-
Sekeryan and Hicks (2020) was used. In their work, they explore 13 different production methods for AgNPs.
For this study, two of the methods that were claimed to be suitable for producing nanoparticles of correct size
(diameter ~ 60 nm) for electronic applications were chosen.

A3.2.1 Silver nanoparticles production (reactive magnetron sputtering)

In reactive magnetron sputtering (RMS) method, argon (Ar) is used for bombardment of the sputtering target,
i.e. the silver. A mixture of Ar and nitrogen gas is used to place films of oxide or nitride forms of the target
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material onto the substrate surface. All of the input materials were available in Ecoinvent v3.8. The data of the
RMS production process is summarized in Table A3.2.

Table A3.2: Unit process data results for AgNPs with RMS production.

Inputs normalized to unit process

Component/process Quantity | Unit | Linked upstream process

Silver 1 g Market for silver | Cutoft, S - GLO

Argon 0.124 g market for argon, liquid | Cutoff, S - RER

Nitrogen 0.0104 g market for nitrogen, liquid | Cutoff, S - RER

Electricity 27.8 Wh | market for electricity, medium voltage | Cutoft, S - SE/SK
Outputs

AgNP (RMS) 1 g

A3.2.2 Silver nanoparticles production (arc plasma)

The arc plasma (AP) method uses energy delivered through continuous electrical discharge to produce pure
metallic nanoparticles. The summarized data for the AP production method is summarized in Table A3.3.

Table A3.3: Unit process data results for AgNPs with AP production.

Inputs normalized to unit process
Component/process Quantity | Unit | Linked upstream process
Silver 1 g market for silver | Cutoff, S - GLO
Argon 7.5 g market for argon, liquid | Cutoff, S - RER
Electricity 41.7 Wh | market for electricity, medium voltage | Cutoff, S - SE/SK
Outputs
AgNP(AP) 1 g

A3.3 Magnesium production

As a part of the sensitivity analysis, a hypothetical replacement of the AgNPs with magnesium was explored. This

was mentioned as a possibility by one of the consulted battery experts, and was proven to be a possibility by Yang

et al (2019). To perform the sensitivity analysis, the AgNPs in the Ag-C separator layer were replaced with the
Ecoinvent flow of magnesium as presented in Table A3.4.

Table A3.4: Unit process data results for magnesium production.

Replacement flow

Component/process

Quantity

Unit

Linked upstream process

Magnesium

0.0744

o
t=l

market for magnesium |
Cutoff, S - GLO
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4 Auxiliaries

A4.1 Nickel tab production

The pouch cell contains two small nickel (Ni) tabs that are ultrasonically welded onto the anode side of the
battery cell (Lee et al. 2020) to provide a way to charge/discharge the battery cell. The production of the tabs
was approximated in a similar manner as in Ellingsen (2014) with a metal input and a sheet rolling process. Nickel
was available as input material in Ecoinvent v3.8. Since there was no specific sheet rolling process for nickel,
aluminum sheet rolling was assumed to be a reasonable proxy. Template transport values were also included in
the market processes. The summarized unit process data is presented in Table A4.1.

Table A4.1: Unit process data results for nickel tab production.

Inputs normalized to unit process
Component/process Quantity | Unit | Linked upstream process
Nickel, class 1 1 g market for nickel, class 1| Cutoff, S — GLO
Sheet rolling 1 g market for sheet rolling, aluminum | Cutoft, S — GLO
Outputs
Ni tab 1 g

A4.2 Stainless steel foil production

The production process of the stainless steel (SUS) foil used as a current collector in the production process was
modeled in a similar way as foil production was modeled by Ellingsen (2014) and Chordia et al. (2021), with a
metal input and a sheet rolling process. The sheet rolling process includes the energy, waste, typical production
scrap and emissions from the production. Template transport values were also included in the market processes.
Data for both chromium steel and sheet rolling of steel were available in Ecoinvent v3.8. The unit process data is
presented in Table A4.2.

Table A4.2: Unit process data results for SUS foil production

Inputs normalized to unit process
Component/process Quantity | Unit | Linked upstream process
Chromium steel, hot 1 g market for steel, chromium steel 18/8, hot rolled | steel,
rolled chromium steel 18/8, hot rolled | Cutoff, S — GLO
Sheet rolling, steel 1 g market for sheet rolling, steel | sheet rolling, steel | Cutoff, S —
GLO
Outputs
SUS foil 1 g

A4.3 Aluminum foil/tab production

The aluminum foils used for the pouch bag, current collector and the tab used when charging/discharging the
battery cell were all assumed to be similar enough to be modeled with the same unit process. The approach used
in this study was similar to how aluminum foil production was modeled by Ellingsen (2014) and Chordia et al.
(2021), with a metal input equal to the output and a sheet rolling process from Ecoinvent to approximate energy,
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waste, typical production scrap losses and emissions. Template transport values were also included in the market
processes. Both aluminum and sheet rolling of aluminum were available in Ecoinvent v3.8. The summarized unit
process data is presented in Table A4.3.

Table A4.3: Unit process data results for aluminum foil/tab production.

Inputs normalized to unit process

Component/process Quantity | Unit | Linked upstream process

Aluminium, wrought alloy | 1 g market for aluminium, wrought alloy | Cutoft, S — GLO

Sheet rolling, aluminium 1 g market for sheet rolling, aluminium | Cutoff, S — GLO
Outputs

Aluminum foil/tab 1 g

A4.4 Laminate bag

To protect the anode, catholyte and separator, the components are enclosed in a protective laminate bag with
multiple layers. The dimensions of the bag were given by Lee et al. (2020) and the bag was assumed to be a
standardized type as sold by the company MTI (MTI corporation, 2022). The mass of each component was then
calculated from the densities of the materials, described in Section B1.6. The MTI specifications include two
different types of adhesives, but since Ecoinvent dataset only exists for the polyurethane adhesive, that was

considered a reasonable proxy also for the second type of adhesive. The summarized unit process data is presented
in Table A4.4.

Similarly to Ellingsen (2014), the laminate bag was assumed to be produced with a combination of aluminum
sheet rolling and injection molding. The sheet rolling energy, emissions and waste were included in the
aluminum foil/tab unit process. See Section A4.3. Polypropylene, Nylon 6 and the adhesive were approximated
to be manufactured with an injection molding process from Ecoinvent. The injection molding process includes
energy, waste, emissions, and average transports. The energy for the lamination process was included in the
pouch cell assembly, described in Appendix A5.

Table A4.4: Unit process data results for the laminate bag production.

Inputs normalized to unit process
Component/process Quantity | Unit | Linked upstream process
Nylon 6 (JIS Z1714) 0.330 g market for nylon 6 |Cutoff, S - RER
Adhesive: polyurethane 0.0688 g market for polyurethane adhesive | Cutoft, S - GLO
Aluminum foil 0.155 g Aluminum foil/tab production (process B4.3)
Polypropylene 0.447 g market for polypropylene, granulate | Cutoft, S - GLO
Injection molding 0.845 g market for injection molding | Cutoft, S - GLO

Outputs

Laminate bag 1 g

73



A5 Pouch cell assembly

The assembly of the pouch cell starts with cutting of the main components (Ag-C separator layer, catholyte sheet
and electrolyte sheet) using a punching machine before stacked and placed in a laminate bag. Vacuum is then
applied to the laminate bag before sealing it. The prepared laminate bag is then pressurized using a warm isostatic
press (WIP) at 490 MPa. After pressing, the prepared pouch cell is removed from the laminate bag and both the
aluminum and nickel tabs are welded on to the cell using an ultrasonic welder, before packing the cell into
another laminate bag and then sealing it. The majority of the process steps in the assembly were performed in dry
air (Lee et al., 2020). The process of the assembly is presented in Figure A5.1.

Disregarded
Ag-C sheet—p»| Warm Pouch
. Vacuum cell
Cathodyte sheet—=|  Cutting Vacgm isostatic o i
sealing i resealing Azevedo et
Electrolyte sheet—p| pressing al. 2017
y "
Laminate Laminate X
bag bag Chordia et
al. (2021)

Figure A5.1: Flowchart showing the pouch cell assembly process.

Regarding the process energy, the ultrasonic welding was approximated using an arc welding process in
Ecoinvent v3.8. The data in Ecoinvent is calculated using the length of the welding to calculate the energy,
where the assumption of 0.8 cm/pouch cell was used, based on the geometry of the tabs.

The energy for cutting the pouch cell components was based on energy for cutting a NMC 811 cylindrical cell,
received from the study by Chordia et al. (2021). For the pressing process, the process energy was calculated
based on the energy requirement for hot isostatic pressing (HIP) of steel powder from Azevedo et al. (2017). This
proxy was chosen as there was no information found on WIP processes for battery cells or recommendations for
how the scaling from lab-scale to industrial scale should be done. Solid electrolytes usually require some sort of
pressure application (calendaring) or temperature treatment (sintering) to increase the contact area between the
electrolyte and cathode material (Schnell et al., 2018). Argyrodite electrolyte have the advantage that they can be
pressed at room temperature (Sakuda et al., 2013), which is one reason why a pressing process and not sintering
was chosen. The unit process data presented below is the total energy requirement for the assembly processes
(cutting, pressing, and welding). Detailed figures regarding process energy are presented in Appendix C5, but the
exact calculation figures were excluded due to confidentiality of the inventory data. The waste from the cutting
process were not stated in Lee et al. (2020) and was therefore excluded.

The unit process data was normalized to the production of one pouch cell, and the input data comes from the
previously described processes and the quantities of each product input were based on calculations of the pouch
cell geometry as stated by Lee et al. (2020). The unit process data for assembly of the pouch cell is presented in
Table A5.1. Detailed mass calculations are presented in Appendix B.

Table A5.1: Unit process data results for pouch cell assembly.

Inputs normalized to unit process

Component/process | Quantity | Unit Linked upstream process
Catholyte sheet 2.78 g Catholyte sheet production (process Al)
Electrolyte sheet 0.516 g Electrolyte sheet production (process A2)
Ag-C separator layer | 1.118 g Ag-C separator layer production

(process A3)
Laminate bag 1.31 g Laminate bag production (process A4.4)
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Aluminum tab and 0.205 g Aluminum foil/tab production

current collector (process A4.3)

Nickel tab 0.356 g Nickel tab production (process A4.1)

Welding 0.8 cm market for welding, arc, aluminum | Cutoff, S - GLO

Electricity 2.74 Wh market for electricity, medium voltage | Cutoff, S - SE/SK
Outputs

1 pouch cell 1 Pouch cell

A6 Support processes

A6.1 Wastewater treatment (waste flow)

The wastewater treatment process was modeled in the same way as in Chordia et al. (2021). The motivation for

this was that approximately 95% of the wastewater generated in the production comes from the production of the

active cathode material, which in this study is also modeled in the same way as Chordia et al. (2021). The process
was modeled as being adjacent to the factory, the emission amounts were based on the highest allowed amounts
in Sweden and the electricity is the estimated power required to reduce the emissions to those levels.

The unit process data results are presented in Table A6.1. Here, the reference flow is an input since the function
of the unit process is to treat a waste flow (wastewater) rather than produce a product flow.
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Table A6.1: Unit process data results for wastewater treatment.

Inputs normalized to unit process

Component/process Quantity | Unit | Linked upstream process
Wastewater, for treatment | 1 g
Electricity 3.32E-5 | kWh | market for electricity, medium voltage | Cutoff, S - SE/SK
Emissions to water, normalized to unit process
Ammonium nitrate 3.8E-8 g Emission to water/ground water
Cobalt 1.9E-11 | g Emission to water/ground water
Flouride 1.08E-14 | g Emission to water/ground water
Hydrogen fluoride 4.15E-14 | g Emission to water/ground water
Lithium 1.9E-10 | g Emission to water/ground water
Methyl ethyl ketone 4.40E-13 | g Emission to water/ground water
Nickel 1.9E-11 g Emission to water/ground water
Phosphate 3.94E-14 | g Emission to water/ground water
Sodium ion 6.15E-7 | g Emission to water/ground water
Sulfate, ion 1.28E-6 g Emission to water/ground water

Returned resource, normalized to unit process

Water 1 Returned

aQ

A6.2 Scrap transport

This process represents burdens from the transport of recyclable production scrap to a recycling facility. The
numbers were based on a similar process from Chordia et al. (2021). Table A6.2 summarizes the unit process
data.

Table A6.2: Unit process data results for scrap transport.

Inputs normalized to unit process

Component/process | Quantity | Unit Linked upstream process
Transport, train 0.0112 ton*km | market group for transport, freight train | Cutoff, S - GLO
Transport, lorry 0.0193 ton*km | market group for transport, freight, lorry, unspecified | Cutoft, S
- GLO
Outputs
Recycling transport | 1 kg

76



A6.3 Swedish heat production

The Swedish heat production was modeled in the same way as in Chordia et al. (2021), who used numbers from
a report from the Swedish Energy Agency (SEA, 2020) to derive a heating mix that would be likely for industrial
usage in Sweden. The linked flows “heat, air-water heat pump 10kW -SE” and “heat production, wood pellet, at
furnace 9kW, state-of-the-art 2014 -SE” have been adapted from the Swiss versions of those processes by
replacing the energy inputs with the Swedish electricity mix. The result of the unit process data is presented in
Table A6.3.

Table A6.3: Unit process data results for Swedish heat production.

Inputs normalized to unit process

Component/process Quantity | Unit | Linked upstream process

heat, air-water heat pump 0.0717 MJ | heat, air-water heat pump 10kW |Cutoff, S -SE

10kW

heat, central or small-scale, 0.0723 MJ | heat production, wood pellet, at furnace 9kW, state-of-
other than natural gas the-art 2014 |Cutoff, S -SE

heat, district or industrial, 0.0212 M] | heat and power co-generation, natural gas, conventional
natural gas power plant, 100MW electrical | Cutoft, S - SE

heat, district or industrial, 0.119 MJ heat, from municipal waste incineration to generic
other than natural gas market for heat district or industrial, other than natural

gas | Cutoff, S - SE

heat, district or industrial, 0.152 MJ | heat, from municipal waste incineration to generic
other than natural gas market for heat district or industrial, other than natural
gas | Cutoff, S - SE

heat, district or industrial, 0.0174 M] heat and power co-generation, oil| Cutoft, S - SE
other than natural gas

heat, district or industrial, 0.427 M] heat and power co-generation, wood chips, 6667 kW,
other than natural gas state-of-the-art 2014 | Cutoft, S - SE
heat, district or industrial, 0.0367 M] treatment of blast furnace gas, in power plant | Cutoft, S
other than natural gas -SE
Heat, electric emersion heater | 0.0035 M] | Electricity, medium voltage
heat, excess 0.0789 MJ | Excess industrial heat, process B6.3.1
Outputs
Swedish industrial heat 1 M]

A6.3.1 Excess industrial heat production

This process corresponds to excess process heat being reused within the factory. This was approximated by a
process that only has one output and zero inputs, since the reuse of heat could be considered nearly burden-free.
The Table A6.4 presents the unit process data results for the process.

Table A6.4: Unit process data results for excess industrial heat.

Inputs normalized to unit process

Component/process Quantity | Unit | Linked upstream process
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Outputs

Excess heat 1 MJ

A6.4 Swedish cooling

As there were no Swedish provider for the Ecoinvent 3.8 flow called “cooling energy, from natural gas, at cogen
unit with absorption chiller 100kW | cooling energy | Cutoff; S”, the flow was modified in two ways to make it
representative for Swedish cooling production. Firstly, all electricity providers were changed to Swedish
electricity mix. Secondly, the heat providers were changed to the Swedish heat production as described in
Section A6.3. This is the same approach as was used by Chordia et al. (2021).

A7 Factory construction and operations

As the LCA was prospective and no specific factory exists, the inventory data for the factory building and
operations were based on data from the LCA by Chordia et al (2021), who modeled an upscaled version of a LIB
cell factory.

The inventory data for this unit process consisted mainly of three components: the building of the factory and the
machines, energy usage from the operating of dry rooms and energy use for daily factory operations such as
ventilation, control systems, tool use, lighting, and the running of other equipment in the building. The
summarized unit process data is presented in Table A7.1.

Table A7.1: Unit process data results for factory construction and operations.

Inputs normalized to unit process

Component/process Quantity | Unit Linked upstream process

Electronic component 0.056 electronics market for electronic component factory | Cutoff,

factory factory S-GLO

Precious metal refinery 0.6 metal factory market for precious metal refinery | Cutoft, S -
GLO

Electricity 230 GWh market for electricity, medium voltage | Cutoff, S
- SE/SK

Heating 1.93E+5 | GJ Swedish heat production (A6.3) / market for heat,
district or industrial, natural gas | Cutoff, S - RoW

Cooling 2.46E+5 | ] cooling energy, from natural gas, at cogen unit
with absorption chiller 100kW | Cutoff, S -
SE/ROW

Outputs
Operating factory 1 years of factory
operation

A7.1 Factory construction

The building of the factory and machines were approximated with Ecoinvent data for building an electronic
component factory and a precious metal refinery. In line with how the factory was modeled by Chordia et al.
(2021), an assumption was made that the battery cell factory can be approximated as consisting of around 80%
electronics factory and 20% precious metal refinery. Furthermore, it was assumed that the factory would operate
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for 25 years. Since the factory items in Ecoinvent covers a specific area, the data for those items needed to be
scaled to the size of the studied battery cell factory. Details of this are presented in Table A7.2.

Table A7.2: Unit process data results for factory construction.

Factory type Value Unit

Total space occupied 150 000 m?

Electronics factory 120 000 m?

Precious metal refinery 30 000 m?

Ecoinvent item Value Unit

Electronics factory 85 587 m? / factory

Precious metal refinery 2 000 m? / factory

Factory ratio Value Unit

Electronics factory 1.4 Ecoinvent factory/

(existing for 25 years) battery factory

Precious metal refinery 15 Ecoinvent factory/

(existing for 25 years) battery factory

Annual factory burden Value Unit

Electronics factory 0.056 Ecoinvent factory/
year of operation

Precious metal refinery 0.6 Ecoinvent factory/
year of operation

A7.2 Dry rooms and miscellaneous factory operations

The factory operations include operating dry rooms as well as a small amount of energy required for heating,
cooling, lighting and ventilating the factory. The dry room energy was estimated by data from Deng et al. (2017),
who modeled energy use for a scaled-up version of an industrial dry room. The dry room modeled by Deng et
al. (2017) was capable of maintaining 21°C at 100 ppm moisture content, which corresponds to a dewpoint of
about -42 °C. This was deemed close enough to Lee et al. (2020) recommendation of a dewpoint of -50C. The
process is shown in Figure A7.1.
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Figure A7.1: Schematic dry room setup. Obtained from Deng et al. (2017) supplementary information under
license nr: 5334081333438.

The dry room modeled by Deng et al. (2017) covered 4000 m? and required an average power of 0.51 kW /m? to
operate. These values together with some further assumptions allowed a dry room energy to be estimated, see
Appendix C5 for the details on the energy use calculation.

For the miscellaneous energy for the factory operations, data from Chordia et al. (2021) was used. In their work,
they provide aggregated numbers for dry rooms and miscellaneous energy. With help of unpublished and
confidential data from Chordia et al. (2021), this data was disaggregated and combined with the dry-room energy
modeling from this study, which is the numbers presented in the unit process B7.

A8 Storage capacity generation

This unit process does not correspond to any physical process within or outside the factory. Instead, its function is
to connect the amount of pouch cells and the fraction of factory building and operations required to produce 1
kWh of theoretical storage capacity, i.e. the defined functional unit. The share of factory operations was
calculated by dividing the 1 kWh functional unit with the assumed annual production capacity (16 GWh) of the
factory. The summarized unit process is presented in Table A8.1.

The amount of pouch cell required was then calculated with the formula:

FU capacity

il ired =
Cells require Pouch cell capacity

where the FU capacity was 1 kWh and the pouch cell capacity was 2.4064 Wh. The details on how the pouch
cell capacity has been calculated can be found in Section 3.2.
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Table A8.1: Unit process data results for storage capacity generation.

Inputs normalized to unit process

Component/process Quantity | Unit Linked upstream process
Operating battery factory 6.25E-8 | factory Factory construction and operations
operation (process A7)
Formed cell 416 pouch cells Pouch cell assembly
(process A5)

Outputs

Battery cell theoretical storage
capacity

kWh

Functional unit
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Appendix B
Volume and mass calculations

This appendix includes detailed geometrical calculations (B1), mass balancing (B2) and a summary (B3).

B1 Geometrical calculations

The geometry of each component was estimated and calculated based on the article by Lee et al. (2020). This
section includes the layer volume calculations using geometric descriptions. The following abbreviations were
used:

V = volume
m = mass
d = density

B1.1 Catholyte sheet

The catholyte has a total thickness of 95-105 um, placed on both sides of the aluminum current collector. In this
study, we assumed the maximum thickness, resulting in a total thickness of 210 um. The area of the cathode layer
was presented to be 53 mm X 88 mm according to Lee et al. (2020) and was used to calculate the catholyte sheet
volume:

Veatholyte = 0.021 * 5.3 % 8.8 cm = 0.979 cm’

The catholyte consists of four components: LZO-coated NMC 811(LZO/NMC), argyrodite powder (SSEp),
CNF and polytetrafluoroethylene (PTFE). These were mixed with a ratio of 85:15:3:1.5 by weight, shown in
Table B1.1. To calculate the mass of the catholyte, in a first step, the mass of each component was calculated
with the following system equation:

Vcatholyte =VIi+ V2 +V3 + V4 = (85/105) * Mecatholyte / dcatholyte
Using each components density (see table B1.1), the volumes were calculated as:

Vi= Vigonue = (85/105) meathoiyte/3-4 g/ cm?
V2= Vssg = (15/105) *mcathoiyte/1.64 g/cmB
V3= Veonr = (8/105)* meathotyte/1.5 g/cm?

V4= Vprre = (1.5/105) *meathotyte/2.16 g/cm?

The mass of each component was then calculated by first calculating memoye based on the total volume Vmolye
and the total density, resulting in 2.78 g. The masses of the components were:

mrzo/NMc = 2.26 g
mser =0.399 ¢
menr =0.0798 g
mprre =0.0399 g
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Table B1.1: Data input and result for calculation of catholyte sheet geometry and mass.

Catholyte sheet
Material layer Density Mixing ratio Weight [g] Density reference
[g/cm?] [wt]
LZO/NMC 811 3.4 85 2.26 MSE Supplies. (2022)
SSE 1.64 15 0.399 Zhou et al. (2018),
supplementary
information
CNF 1.5 3 0.0798 Burton et al. (n.d.)
PTFE 2.16 1.5 0.0399 Aetna Plastics Corp.
(n.d.)

B1.2 Electrolyte sheet

The electrolyte sheet thickness was reduced to 30 pum after pressurization, and in the pouch cell, there is one layer
of SSE sheet on each side, resulting in a total thickness of 60 um. The size of the SEE sheet is 57 mm X 92 mm
(Lee et al., 2020), used to calculate the total volume:

Vssg = 0.006 * 5.7% 9.2 cm = 0.315 cm?

The SSE sheet consists of the solid electrolyte LigPSsCl and a non-aqueous acrylate-type binder with the weight
ratio 99:1. The weight was therefore first calculated using the theoretical density of LigPS;Cl (see Table B1.2).

mricpsscl = (1.64 g/cm?®* 0.315 em?) * 99/100 = 0.51085 g
Mpinder = 0.511 g / 99 = 0.00516 g
The mass of the SSE sheet was calculated as the sum of the LicPS;Cl and the binder:
msge = 0.511 + 0.00516 g = 0.516 g

Table B1.2: Data input and result for calculation of electrolyte sheet geometry and mass.

Electrolyte Sheet size

Material layer Density [g/cm?] Mixing ratio [wt] Weight [g] Density reference

LisPS;Cl 1.64 99 0.511 Zhou et al. (2018),
Supplementary
information

Non-aqueous - 1 0.00516 -

acrylate-type binder

B1.3 Ag-C separator layer

The Ag-C separator layer had a thickness of 5-10 um, on each side of the aluminum current collector. In this
study, we assumed an Ag-C separator layer using maximum thickness, resulting in a total of 20 pm for both sides.
The area of the Ag-C separator layer is 55 mm X 90 mm (Lee et al., 2020) and this was used to calculate the
volume:

Vigo = 0.002* 5.5% 9 cm = 0.099 cm®
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The weight of the Ag-C separator layer was further calculated by the materials that the Ag-C separator layer is
composed of, which is AgNPs and carbon black at a weight ratio of 1:3. It was further reported in Lee et al.
(2020) that the silver occupied 8% of the volume of the final composite.

Vag = 0.099 cm®* 0.08 = 0.00792 cm?’
The mass of the silver was then calculated from the density of silver (see TableB1.3):

mag = 0.00792 em? * 10.5 g/ecm’ = 0.0832 g

The mass of carbon black was then calculated using the weight ratio between the silver and carbon black as given
in Lee et al. (2020):

mep = 0.0832 g * 3 = 0.249 g

The Ag-C is mixed with a N-methylpyrrolidone (NMP) solvent containing 7wt% of polyvinylidene fluoride
(PVDF). The solvent is not part of the final product, but the PVDF is assumed to act as a binder, which has to be
added to the weight of the Ag-C separator layer. There was no information about the amount of solvent and
binder that was used in the preparation, but an estimation of 1 wt% of binder in the final composite was assumed:

mpypr = (0.0832 + 0.249 g) / 99 = 0.00336 g
The amount of NMP solvent used was then calculated based on the ratio between the PVDF and solvent. First
the mass of PVDF is divided by 7 to get the weight of 1%, that number is then multiplied with 93 to get the
weight for 93%, which is the weight of the solvent:

myup = (0.00386/7)*93 = 0.0446 g
The total mass of the Ag-C separator layer was calculated summing the materials together:

mag-c = 0.0832 + 0.249 + 0.00336 g — 0.336 g

Table B1.3: Data input and result for calculation of Ag-C separator layer geometry and mass.

Ag-C separator layer

Material layer Sub layer Density Mixing ratio [wt] | Weight [g] Density

[g/cm?] reference
Ag-C AgNPs 10.50 1 (Ag:C) 0.0832 SkySpring

(2022)
Carbon black 2.10 3 (Ag:C) 0.249 Flexicon (n.d.)

NMP - - 93 (solvent:binder) | 0.0446 -
PVDF - 1.78 7 (solvent:binder) 0.00336 Lorric (2022)

B1.4 SUS foil

The SUS foil had a thickness of 10 um, placed on both sides of the aluminum current collector. The size of the
SUS foil was not stated in Lee et al. (2020) and was therefore assumed to be the same size as the Ag-C separator
layer, as they were assembled in the same step. The volume was therefore calculated as:

Vsus foit = 0.002* 5.5* 9 = 0.099 cm?

The mass was then calculated using the density of SUS current collectors:
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msus foit = 0.099 cm?* 7.9 g/em? = 0.78 ¢

B1.5 Aluminum foil

The aluminum foil is used at the center of the battery cell and has a thickness of 12 pm. The aluminum foil size
was not specified in Lee et al. (2020) and was therefore assumed to be the size of the catholyte layer, as the
catholyte is in direct contact with the aluminum foil core. The volume was calculated as:

Vaifoi = 0.0012 % 5.3 £ 8.8 cm = 0.056 cm?
The mass was then calculated using the density of aluminum current collectors:

mal foit = 0.056 cm?* 2.7 g/ecm? = 0.15 g

B1.6 Pouch bag

The pouch bag consists of two laminate films, each with a thickness of 120 um. The size of the pouch bag is 67
mm X 112 mm (Lee et al., 2020), which was used to calculate the total volume:

VPouch bag = 0.024 * 6.7% 11.2 cm = 1.80 cm?’

The material composition of the laminate bag that the pouch cell is composed of was not specified more than
that it 1s an "aluminum-laminate”. To estimate the weight of the pouch cell components, the material
composition and thickness was adapted from MTI (2022). The materials included Nylon 6, polyurethane
adhesive, aluminum foil and polypropylene (Table B1.4). Both types of adhesives used in the pouch cell were
approximated as a single adhesive.

Table B1.4: Data input and result for calculation of pouch bag geometry and mass.

Ag-C separator layer
Material layer Density Thickness [pm] Weight [g] Density reference
[g/cm’]

Nylon 6 1.14 25 0.431 Estes and Schweizer
(2011)

Polyurethane 1.2 5 0.0900 Burchardt and Merz

adhesive (2006)

Aluminum foil 2.7 43 0.203 Zhu et al., (2021)

Polypropylene 0.906 47 0.586 INEOS (n.d.)

B2. Reactions and mass balances

This appendix presents the mass balance calculations. At the end of the appendix, a summary of the calculation
results for the layer volume and mass are found.

B2.1 LZO coating solution

The amount of LZO coating solution resulting from the mixing was calculated based on simplified stoichiometry,
using the molar ratio 20:1:200 of lithium methoxide (10% lithium methoxide in a methanol solution),
zirconium(IV) tetrapropoxide and anhydrous 2-propanol solvent as reported in Lee et al. (2020). The results can
be seen in Table B2.1.

Table B2.1: Data input for LZO coating solution mass calculation.
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LZO solution
Substance Chemical Formula Molar mass [g/mol] Reference
Lithium Li 6.94 Rumble (2021)
Oxygen O 16 Rumble (2021)
Zirconium Zr 91.2 Rumble (2021)
Carbon C 12 Rumble (2021)
Lithium methoxide LiCH;O 38* -
Methanol CH;OH 32*% -
Zirconium (IV) Zr(OC3H7)4 328* -
tetrapropoxide:
2-propanol (CH3),CHOH 60.1* -
LZO solution Li20-Z2rO2 153* -
Lithium methoxide LiCH;0O + CH;OH 32.6** -
(10% in methanol)

*Calculated based on stoichiometry
**Mean value calculated based on 10% lithium methoxide in methanol solution

The reaction was written as an unbalanced and simplified stochiometric reaction, assuming the zirconium as a
limiting substance, and a 100% reaction yield:

20 (LiCH30 (10%) +CH3OH) + 1 Zr(OCsHy); + 200 (CHs3)2CHOH -> X LisO-ZrOgs + extra solvent

Based on the balancing of the formula, the solution can only yield one mol of LZO coating solution, as lithium
and zirconium become limiting substances. This gives:

X = 1 mol LisO-ZrO2

The amount of LZO coating from the above reaction was then calculated using the molar mass of Li,O-ZrO»
(see table B2.1).

1 mol * 158 g/mol = 153 g Li20-ZrO2

The quantitative input of each reactant to achieve 153 g Li2O-ZrO2 was calculated using the amount of mol put
into the reaction and the molar mass of each.

LiCH;0 (10%) + CH3OH: 20%32.6/ (20%32.6 + 1*328 + 200%60.1) = 0.0502 g
Zr(OC3Hy);: 1%328/ (20%32.6 + 1%328 + 200%60.1) = 0.0252 g

(CH3)2CHOH: 200%60.1/ (20%32.6 + 1*328 + 200%60.1) = 0.925 g

B2.1.1 Lithium methoxide

This process includes the mixing of 15 kg lithium and 900 kg of methanol (Cao, 2008). The calculations were
based on stoichiometry with an assumption of 100% yield, with only hydrogen gas as excess product. Data used
are presented in Table B2.1. The reaction of lithium and methanol to produce lithium methoxide was assumed
according to the following unbalanced and simplified stochiometric reaction formula:
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Li + CH3OH => LiCH3O + CH3OH + H»

The reaction was calculated with the input quantities as reported by Cao (2008), where the amounts of different
products are unknown:

15 kg Li + 900 kg CHsOH => X kg LiCH30 + Y kg CH3sOH + Z kg H»
The amount of mol of lithium added to the process was calculated using the molar mass of lithium:

15 kg Li = 15 000 g / 6.94 g/mol = 2160 mol

Lithium was assumed to be the limiting substance in the formation of lithium methoxide, meaning that 1 mol of
lithium equals 1 mol of lithium methoxide. The mass of lithium methoxide was calculated using its molar mass:

X = 2160 mol LiCH30 x 38 g/mol = 82.1 kg LiCH3s0

The amount of mol of methanol used in the production process was calculated by the molar mass of methanol
and the mass of input:

Mol CHsOH = 900 000 g / 32 g/mol = 28 100 mol

According to the formula, 1 mol of methanol is required in the formation of 1 mol lithium methoxide (with the
excess of a hydrogen atom). It was assumed that 2160 mol methanol reacts to form lithium methoxide, and the
remaining fraction remains as excess methanol solution.

Excess CH3OH: 28 100 mol - 2160 mol = 25 900 mol
The mass of the excess methanol was calculated based on the molar mass of methanol as follows:

Y = 25 900 mol * 32 g/ mol = 831 kg of methanol

In the reaction, an excess of hydrogen is likely to form, with the same amount of mol as the lithium methoxide
solution according to the reaction formula (or half the amount of mol hydrogen gas, H»):

Mol H = 2160 mol * 1.01 g/mol = 2.18 kg

As input material in the process of producing the argyrodite battery cell, the desired product is 10% lithium
methoxide in methanol solution. The solution created from the reaction formula here was calculated to be
approximately 9% of the product (excl. hydrogen gas):

82.1/9138kg = 0.0899 = 8.9%
B2.1.2 Zirconium (IV) tetrapropoxide

The amount of zirconium needed was based on simplified stoichiometry, where it was assumed that 1 mol of
zirconium was needed in the formation of 1 mol of zirconium tetrapropoxide.

1 mol Zr => 1 mol Zr(OCsH7),

The mass of zirconium required was calculated based on the weight ratio using the molecular mass of both
zirconium and zirconium (IV) tetrapropoxide:

91.2 g Zr /328 g Zr(OCsHy); = 0.278

B2.2 Sol-gel coating

The amount of LZO used to coat the NMC 811 cathode was not reported in Lee et al. (2020). The proportions
were instead estimated based on a similar process from Ito et al. (2014), where a LZO solution was used to coat a
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NCA cathode, creating a 6-8 nm thick coating, which is similar to the thickness in Lee et al. (2020). As the
molar mass of NMC and NCA were similar (see Table B2.2), the same molar ratio with the LZO coating was
assumed.

Table B2.2: data input for mass calculation of LZO coated NMC cathode

LZO NMC cathode

Substance Chemical formula Molar mass [g/mol] Reference
Lithium Li 6.94 Rumble (2021)
Nickel Ni 58.7 Rumble (2021)
Cobalt Co 58.9 Rumble (2021)
Magnesium Mn 54.9 Rumble (2021)
Aluminum Al 27 Rumble (2021)
Oxygen O 16 Rumble (2021)
LZO solution Li,O-ZrO, 153* -

NMC 8:1:1 LiNiosCo0.10Mng.1002 97.3* -

NCA LiNij §Co0.15Al 0502 96.1* -

*Calculated based on the chemical formula

The amount of LZO coating and NMC 811 needed were calculated with data from Table B2.2 and the molar
fraction between LZO and NMC 811, being 0.5:99.5.

LZO: 0.5 mol* 153 g/mol = 76.6 g
NMC 8:1:1 = 99.5 mol * 97.3 g/mol = 9680 g

The total amount of each input to produce 1 g of coated NMC 811 was then calculated by dividing each
component with 9760 g of finished product.

LZ0: 76.6 g / 9760 g = 0.0078 g
NMC 811: 9680 g / 9760 g = 0.99 g

As the quantitative LZO input is based on the dry weight needed to achieve the right ratio in the finished
product, the quantitative input of LZO solution is higher, as the liquid solvents used are evaporated before
obtaining the final product. The amount of LZO solution needed was therefore assumed by calculating the
amount of solution needed to achieve the desired end-product ratio. This was done by adding the LZO of
0.0078 g and the ratio of liquid mass to dry mass. The liquid mass being 90% of the lithium methoxide solution
and the propanol, and the dry mass 10% of the lithium methoxide solution and the zirconium (IV)
tetrapropoxide:

LZO (dry fraction) * (liguid mass/dry mass) = 0.0078 g * (0.9 * Myimiummetozid + Mpropanot) / (0-1 * Miithivmmetowid +

mz'/',r(;(m'/',mntetmp'mzid) =0.25 g

B2.3 Electrolyte powder

The amounts of input from each of component in the electrolyte powder were calculated based on balancing the
reaction with stoichiometric proportions:
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5 LioS+ P3S5 + 2 LiCl => 2 LigPS;5Cl

The amount input of each of these components were then based on the molecular weight presented in Table
B2.3:

LipS: 5.9 g / mol *5 mol = 229 ¢

P3S5: 222 g/mol * 1 mol = 222 ¢

LiCl: /2.4 g/mol * 2 mol = 84.8 g
LigPS5Cl: 268 g/mol * 2 mol = 537 ¢

The amount of each component needed for the production of 1 g LisPS;Cl were then calculated by dividing by
the weight of LisPS5Cl for all components.

Table B2.3: Data input for calculation electrolyte powder mass.

Electrolyte powder

Substance Chemical formula Molar mass [g/mol] Reference
Lithium Li 6.94 Rumble (2021)
Sulfur S 32.1 Rumble (2021)
Hydrogen H 1.01 Rumble (2021)
Phosphorus p 31 Rumble (2021)
Chlorine Cl 35.5 Rumble (2021)
Lithium sulfide Li.S 45.9* -

Phosphorus pentasulfide | P,Ss 222% -

Lithium chloride LiCl 42 .4* -

Argyrodite powder LigPS;Cl 268* -

*Calculated based on the chemical formula

B2.3.1 Lithium sulfide

The mass of lithium sulfide was calculated based on a patent by Chu et al. (2015), presenting a synthesis of
lithium sulfide using 0.32 g sulfur powder and 0.16 g of lithium hydride, using data from Table B2.3. The
resulting amount of lithium sulfide from the production process was calculated using stoichiometry. The amount
of mol of each substance was calculated based on the mass and the molar mass:

Sulfur: 0.32 g/32.065 g/mol = 0.0099 mol
Lithium hydride: 0.16 g/ (6.94 + 1.01) g/mol = 0.0201 mol

The molar ratio between lithium and sulfur is approximately 2:1, and the reaction with the given mass input can
therefore be written as:

0.01 S + 0.02 LiH => 0.01 LisS + 0.01 H»
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As the proportions of input between lithium and sulfur is in accordance with the molar ratio of lithium sulfide, it
is assumed that only hydrogen gas is produced besides the product of lithium sulfide. The resulting mass of LisS is
therefore:

45.9 g/mol * 0.01 mol = 0.459 ¢

B2.3.1.3 Lithium hydride

The reaction of lithium metal with hydrogen gas forms lithium hydride, with the following stoichiometric
reaction:

2Li+ Hy => 2 LiH
With data from Table A2.2, the masses were calculated as follows:
m(2 Li) = 2% 6.94 = 13.9 ¢
m(Hy) = 1.01* 2 =2.02¢g
m(2 LiH) = (6.94+1.01)* 2 = 159 ¢g

The two input substances were then normalized to the production of 1 kg LiH.

B2.3.2 Phosphorus pentasulfide

Phosphorus pentasulfide was calculated using a simple production method from Chemeuroupe (n.d), in which
phosphorus and sulfide is heated above 300°C to produce the desired product. The mass was calculated based on
stoichiometric proportions:

2P+ 58 => PsS;5

Input masses were calculated using the molar mass of each substance, found in Table B2.3.
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B3 Layer geometry and mass summary

Table B3.1 presents a summary of the component mass and volume, presented on both component and material

level.

Table B3.1: Summary of layer masses and volumes.

Mass and Volume of 1 pouch cell

Layer Sub-layer Weight [g] Volume [cm?]
Ag-C separator 1.118* 0.099
AgNPs 0.0832 0.00792
Carbon black 0.249 0.119
NMP 0.0446 -
PVDF 0.00336 -
Electrolyte sheet 0.516 0.315
LisPS5Cl 0.511 -
Non-aqueous acrylate-type 0.00516 -
binder
Catholyte sheet 2.78 0.979
LZO/NMC 811 2.26 -
SSE 0.399 -
CNF 0.0798 -
PTFE 0.0399 -
Pouch bag 1.3088 1.80
Auxiliaries
0.782 0.09
SUS foil
Aluminum foil + tab 0.205 0.0760
Nickel tab 0.356 0.04

*Includes the weight of the SUS foil
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Appendix C
Detailed energy calculations

For many processes in the studied system, the energy requirement had to be calculated since no primary data can
exist for a hypothetical production system. In each table heading, the process and name as described in Lee et al.
(2020), and presented in Appendix A, is presented first without brackets. The scaled up process, which has been
used to calculate the energy requirements, is then shown within brackets in the table headers. Most of the
calculations were performed based on data from the framework by Piccinno et al. (2016). All the energy
calculations and assumptions are presented in detail below.

C1. Catholyte sheet

The preparation of the catholyte sheet, described in Appendix B, is divided into preparation of the LZO-coated
NMC and the sol-gel coating. Detailed process energy calculations are presented below.

C1.1 LZO coating

The process used to prepare the LZO coating solution was, based on Lee et al. (2020), assumed to be simple
mixing of lithium methoxide and zirconium(IV) tetrapropoxide in anhydrous 2-propanol. The mixing process
was scaled using the stirring energy (Eqi;) equation from Piccinno et al. (2016), with symbols as shown in Table
Cl.1:

B~ N e N
Nstir

Table C1.1: Data for calculating the mixing of the input materials of the LZO solution.

Mixing (Stirring energy)
Parameter  |Description Value Unit Reference
N, Power number of impeller 0.79]- Piccinno et al. (2016)
Prmix Density for the mix 798* kg/m’® |-
N Rotational speed 1.42|- Piccinno et al. (2016)
d Impeller diameter 0.373|m Piccinno et al. (2016)
t Time 1/h Assumed Lee et al. (2020)
Netir Efficiency of agitator 0.9]- Piccinno et al. (2016)
Vieactor Volume of reactor 1|lm3 _

*The mean density of the mixture was calculated using the density of each material input with a weight ratio
based on molar weight and ratios of input. (myimivm Methoside/ Meotat)) *Prichium

* *
methoxide T (IllZ1rconu1n/ Miota p21rcomum+ (nlpmp:\nul/ lntot,l)) pprup,mol)

Using the data from Table C1.1 in the stirring energy equation resulted in the following energy requirement,
calculated for the output of 1 kg of LZO solution mixture:

C1.2 Sol-gel coating

The sol-gel coating consists of mixing, vacuum drying with sonication, filtration, and heating, seen in Appendix
A1.2. Below, the total processes energy consumption was calculated, normalized to 1 kg of dry product output,
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which is LZO-coated NMC 811. The energy requirements for the initial 1 h mixing of LZO coating and NMC
811 powder was calculated based on stirring energy equation from Piccinno et al. (2016), shown in Section C1.1.

Table C1.2: Dispersion of NMC 811 in LZO solution.

Sol-gel mixing (Stirring energy)
Parameter  |Description Value Unit Reference
N, Power number of impeller 0.79]|- Piccinno et al. (2016)
Prnix Density for the mix 3380* | kg/m’® |Calculated
N Rotational speed 1.42|- Piccinno e al. (2016)
d Impeller diameter 0.373|m Piccinno et al. (2016)
t Time 3600(s Lee et al. (2020)
MNeir Efficiency of agitator 0.9|- Piccinno et al. (2016)
Vreactor R eactor volume 1|m? _
Mdry Dry output 3370** kg -

*Mean density of the mixture (Przosolution * share LZO solution + pnmcsii * share NMC 811)
**Quantities of LZO coated NMC 811 (excl. solvents)

Using data from Table C1.2 in the stirring energy equation resulted in the following energy requirement:

Estir = 65.030 J/kg = 0.018 Wh/kg LZO-coated NMC 811

The second process step, the energy requirement for vacuum drying with sonication was calculated using the
processes distillation as described by Capello et al. (2005), with additional energy for sonication, calculated by
stirring energy as presented by Piccinno et al. (2016). The distillation equations from Capello et al. (2005) for
electricity (Faist) and for heating (Quis) is shown below, with symbols shown in Table C1.3.

Egist= E * msow

Qdist: Oheat* 77715temn>l< Msoly

Table C1.3: Vacuum drying energy for sol-gel coating.

Vacuum drying (Distillation)
Parameter |Description Value|Unit R eference
E Electricity 330 | Wh/kg solvent Capello et al. (2005)
Myteam Amount of steam 1.53|kg/kg solvent -
Cheat Heat content 2800000|]/kg steam Capello et al. (2005)
Mol Amount of solvent 0.186*|Kg/ kg Coated NMC 811 -

*Total solvent (Methanol+Propanol)

Using data from Table C1.3 in the distillation equations resulted in the following energy requirement:

Egist= 61.5 Wh/kg coated NMC 811
Quist= 7.98x10° J/kg coated NMC 811

The distillation energy was complemented with additional energy requirement for the sonication and was
calculated as a homogenizing process from Piccinno et al. (2016), using the stirring energy equation as presented
in section C1.1.
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Table C1.4: Sonication energy used during the evaporation of solvents.

Sonication (Stirring)
Parameter Description Value Unit Reference
N, Power number of impeller 2.39|- Piccinno et al. (2016)
Prix Density for the mix 3380*|kg/m’® |Calculated
N Rotational speed 48.3|- Piccinno et al. (2016)
d Impeller diameter 0.139|m Piccinno et al. (2016)
t Time 3600(s Assumption
Nstir Efficiency of agitator 0.9(- Piccinno et al. (2016)
Vreactor R eactor volume 1|m? _
Mgry Dry output 3370|kg NMC 811

*. 3 . * * *
mean den51ty- (rnLirhium Merhuxide/rnmml)) pLithium me[huxide+ (nlzirconum/mmm pZirconium+ (n1propaxlol/nltota)) ppmpanol)

Using data from Table C1.4 in the stirring energy equation resulted in the following energy requirement:

Esonic = 56100 J/kg = 15.6 Wh/kg Coated NMC 811

The filtration energy requirement was calculated based on the filtration energy requirement from Piccinno et al.
(2016), which only states a range between 1 and 10 kWh per ton of dry material. In this study, the higher
estimate of 10 kWh/ton of dry output, or 10 Wh/kg, was chosen due to lack of available information on the
process.

The last step is heating, which was calculated and scaled using the formula for heating requirement energy from
Piccinno et al. (2016), with symbols as in Table C1.5:

Co*Mpix*(Tr-To) + A* ka/S *(Tr -To)*t

Nheat

Eheat —
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Table C1.5: Final heating of the coating process.

Heating (Heating)

Parameter  |Description Value  |Unit Reference

G Specific heat capacity of mix 1440(]/kg*K Morganti et al. (2019)
Mmix Mass of reaction mixture 3060* kg -

T Reaction temp 300(°C Lee et al. (2020)

To Starting temp 25(°C Assumption

A Surface area of the reactor 5.90|m? Piccinno et al. (2016)
ka Thermal conductivity of insulation 0.042|W/m*K  |Piccinno et al. (2016)
S Insulation thickness 0.075|m Piccinno et al. (2016)
t Drying time 3600(s Lee et al. (2020)

TMhear Efficiency of heating element 75%|- Piccinno et al. (2016)
Vieactor Reactor volume 1lm ~

Pouse Reactor usage factor 0.9]- Piccinno et al. (2016)
Prvic density of NMC 3400%*|kg/m®  |MSE Supplies (2022)

*Calculated bY Mpix = pNMC*VreJctor*%use
**Pressed density of NMC 811 cathode

Data from Table C1.5 was used in the heat equation, resulting in the following energy requirement:

Eheat — 528000 J/kg = 147 Wh/kg LZO coated NMC 811

C1.1.1 Lithium methoxide

To calculate the energy demand for producing lithium methoxide, the energy demand for mixing was calculated
with stirring energy equation from Piccinno et al. (2016), shown in Section C1.1.
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Table C1.6: Stirring energy for lithium methoxide.

Mixing (Stirring energy)

Parameter Description Value Unit Reference

N, Power number of impeller 0.79]- Piccinno et al. (2016)
Prmix Density for the mixture 850 |kg/m? Albemarle (2018)

N Rotational speed 1.42|1/s Piccinno et al. (2016)
D Impeller diameter 0.373|m Piccinno et al. (2016)
T Time 25200%*|s Cao (2008)

Nstir Efficiency of agitator 0.9]- Piccinno et al. (2016)
Vet Reactor volume 1|m? Assumption

*The data from Piccinno et al. (2016) was based on estimations of a reactor tank of 1000 L.
**Assumed time due to slow dripping of lithium in methanol.

The stirring energy requirement was calculated with the input parameters from Table C1.6, resulting in the
following energy requirement for the mixing of 1 kg of lithium methoxide output:

Eir = 454 J/kg = 0.126 Wh/kg

C1.3 Catholyte sheet

The manufacturing of the catholyte sheet consist of mixing, dry-filming and distillation, as shown in Appendix
Al. The calculations are presented for the output of 1 kg catholyte sheet. First, the mixing energy were
approximated with the homogenizing process from Piccinno et al. (2016), calculated as stirring energy as
presented in section C1.1.

Table C1.7: Data for mixing calculated with stirring energy.

Mixing (Stirring)
Parameter Description Value Unit Reference
N, Power number of impeller 2.39- Piccinno et al. (2016)
Prmix Density for the mixture 1940* kg/m®>  |Calculated
N Rotational speed 48.3|1/s Piccinno et al. (2016)
d Impeller diameter 0.139|m Piccinno et al. (2016)
t Time 3600(s Assumption
Netir Efficiency of agitator 0.9]- Piccinno et al. (2016)
Mgry Dry mass 972\kg -
Vieact Reactor volume 1|m?

*Calculated using the material specific density and ratios of the input materials
Data from Table C1.7 was used in the stirring energy equation, resulting in the following energy requirement:

Esir =112000 J/kg = 31.1 Wh/kg catholyte sheet

The energy requirement of the dry-filming process was calculated based on tape-casting of thin film solar cells
from Celik et al. (2020) with the following formula and symbols as shown in Table C1.8:
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E
hlayer * Prnix *(1-%solv)

Earyfitm =

Table C1.8: Data for dry-filming as calculated using energy for tape-casting.

Dry-film (Tape-casting)
Parameter Description Value Unit Reference
E Enery requirement 30| Wh/m? Celik et al. (2020)
huayer Layer thickness 0.000105|m Lee et al. (2020)
Prix Density of the mixture 1940* kg/m? Calculation
Yosoly Solvent fraction 50(% Assumption

*Calculated based on material ratio and material densities
Using data from Table C1.8 in the tape-casting equation resulted in the following energy requirement:

Earyfim= 294 Wh/kg catholyte sheet

Lastly, the evaporation and recirculation of solvents that were calculated by a distillation process presented by
Capello et al. (2005), shown in Section C1.2.

Table C1.9: Data to calculate the energy for Evaporation of solvents

Distillation
Parameter Description Value Unit Reference
El Electricity 330|Wh/kg Capello et al. (2005)
Mteam Amount of steam 1.53|kg/kg solvent Capello et al. (2005)
Cheat Heat content 2800000 |]/kg Capello et al. (2005)
Mol Amount solvent 1|kg/kg catholyte Assumption

Using data from Table C1.9 in the distillation equations resulted in the following energy requirements:

Eaist= 330 Wh/kg catholyte sheet
Quaist= 4.28 MJ/Kq catholyte sheet

C2. Electrolyte sheet

The electrolyte sheet production consists of mixing, doctor blading, heating and distillation as shown in
Appendix A2. The energy demand is calculated based on the output of 1 kg of dry electrolyte sheet. First, the
mixing of argyrodite powder, binder and solvents was calculated using homogenizing, calculated as stirring
energy by Piccinno et al. (2016), shown in Section C1.1.

Table C2.1: Mixing of the components for the electrolyte sheet.

Mixing (Stirring)

Parameter Description Value Unit Reference

N, Power number of impeller 2.39]- Piccinno et al. (2016)
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Prmix Density for the mixture 1250* | kg/m? Lee et al. (2020)
N Rotational speed 48.3|rpm Lee et al. (2020)
d Impeller diameter 0.139|m Piccinno et al. (2016)
t Time 360]s Lee et al. (2020)
MNseir Efficiency of agitator 0.9(- Piccinno et al. (2016)
Vreactor Reactor volume 1|{m? Piccinno et al. (2016)
Mdry Dry mass 624|kg Piccinno et al. (2016)

*Calculated based on material ratio and material densities

Data from Table C2.1 used in the stirring energy equation resulted in the following energy requirement per 1 kg
of electrolyte sheet:

Enizing = 11200 J/kg = 3.11 Wh/kg electrolyte sheet

The coating mixture was applied on a PET film using doctor blading. When scaled up, the process was
approximated with a tape-casting of thin-film solar cells from Celik et al. (2020), presented in Section C1.3.

Table C2.2: Coating of the mixture slurry on a PET film.

Doctor blading (Tape casting)

Parameter Description Value Unit Reference

E Energy requirement 30| Wh/m? Celik et al. (2020)
huyer Layer thickness 0.00004|m Lee et al. (2020)
Prmix Density of the mixture 1250 |kg/m? Calculated

Yosolv Solvent fraction 0.050|kg/m? Calculated

Data from table C2.2 was used in the tape-casting equation, resulting in the following energy requirement:

Earyfitm — 1200 Wh/kg electrolyte sheet

The evaporation and recirculation of solvents were calculated by a distillation process presented by Capello et al.
(2005), presented in Section C1.2.

Table C2.3: Energy for evaporation and recirculation of solvents.

Heating (Distillation)
Parameter  |Description Value Unit Reference
El Electricity 330| Wh/kg solvent Capello et al. (2005)
Mgceam Amount of steam 1.53|kg/kg solvent Capello et al. (2005)
Chea Heat content 2800000 |]/kg steam Capello et al. (2005)
Moty Amount solvent 1|kg/kg electrolyte sheet -

Data from Table C2.3 was used in the distillation equations, resulting in the following energy requirement:

Eaist= 330 Wh/kg electrolyte sheet
Quist= 4280000 J/kg electrolyte sheet

98



C2.1 Electrolyte powder

The process of producing the electrolyte powder includes initial mortar grinding, mixing, centrifugation, drying,
annealing and distillation, as shown in Appendix A2.1 The energy demand was calculated based on 1 kg of
electrolyte powder as output. The energy requirement of the first step, i.e. mixing in a mortar, was calculated
using the grinding energy requirement from Piccinno et al. (2016), specifically the grinding energy equation
below with symbols as in Table C2.4. The lower range values were selected due to the assumption that the initial
grinding is not overly energy demanding.

Egrmd: E*migotids

Table C2.4: Mortar mixing of the electrolyte powder input materials.

Mortar mixing (Grinding)
Parameter  |Description Value |Unit Reference
Ehigh Upper range 16| Wh/kg Piccinno et al. (2016)
Eiow Lower range 8| Whrkg Piccinno et al. (2016)
Myolids Mass of all solid components 0.67*|kg/kg argyrodite -

*Mass of dry powder excl. solvents

The data from Table C2.4 was used in the grinding energy equation above, calculating the following energy
requirement:

Egrina= 5.36 Wh/kg electrolyte powder

The energy requirement for mixing the electrolyte powder and solvent was according to Zhou et al. (2018)
mixed in two steps. In this calculation, the mixing steps were calculated together, using the stirring energy as
presented by Piccinno et al. (2016), shown in Section C1.1.

Table C2.5: Data for mixing of electrolyte powder and solvents.

Mixing (Stirring energy)

Parameter Description Value Unit Reference

N, Power number of impeller 0.79]- Piccinno et al. (2016)
Prmix Density for the mixture 1240* kg/m®> |-

N Rotational speed 1.42(1/s Piccinno et al. (2016)
d Impeller diameter 0.373|m Piccinno et al. (2016)
t Time 130000(s Zhou et al (2018)
Netir Efficiency of agitator 0.9]- Piccinno et al. (2016)
Mgry Dry mass 620**| kg -

Vieactor Volume of reactor 1|lm3 _

*Calculated density of the mixture
**Mass with excluded solvents

Using data from Table C2.5 in the stirring energy equation resulted in the following energy requirement per 1 kg
of electrolyte powder:

Ernizing = 4670 = 1.30 Wh/kg dry electrolyte powder
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The evaporation and recirculation of solvents were calculated using distillation energy as recommended by
Capello et al. (2005), presented in Section C1.2.

Table C2.6: Data for evaporation and recirculation energy.

Heating (Distillation)
Parameter Description Value Unit Reference
El Electricity 330|Wh/kg solvent Capello et al. (2005)
Myteam Steam amount 1.53|kg/kg solvent Capello et al. (2005)
Cheat Heat content 2800000 ] /kg steam Capello et al. (2005)
Mol Amount solvent 1|Kg/kg electrolyte sheet -

Using data from Table C2.6 in the distillation equations resulted in the following energy requirements:

Egist= 330 Wh/kg Electrolyte powder
Quaist= 4.28 MJ/kg Electrolyte powder

The annealing was calculated based on heating energy as presented by Piccinno et al. (2016), shown in section
C1.2.

Table C2.7: Data for annealing, calculated by heating process.

Annealing (Heating)

Parameter |Description Value Unit Reference
G, Specific heat capacity of mixture 1340*|]/kg'K Cheng et al. (2021)
M Mass of reaction mixture 1480 kg -
T, Reaction temp 550|°C Zhou et al. (2018)
To Starting temp 25(°C Assumption
A Surface area of the reactor 5.90|m? Piccinno et al. (2016)
ka Thermal conductivity of insulation 0.042|W/m*K |Piccinno et al. (2016))
S Insulation thickness 0.075|m Piccinno et al. (2016)
t Drying time 21600|s Zhou et al 2018
Mheat Efficiency of heating element 75% |- -
Vieaccor Reactor volume 1|m® Piccinno et al. (2016)

Reactor usage factor 90% |- Piccinno et al. (2016)
Puix Density of the mixture 1640** | kg/m’ _

*Read from figure 3 in Cheng et al. (2021)
** Assumed same density as argyrodite

Data from Table C2.7 was used in the heat equation, calculating the following energy requirement:

Eheat = 973000 J /kg electrolyte powder
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C2.2 Lithium sulfide

The synthesis of lithium sulfide was modeled based on a patent by Chu et al. (2015), where sulfur powder was
dried under vacuum for 12 h at 100°C, then mixed with lithium hydride (LiH) powder in a 1:2 molar ratio in
argon atmosphere, then in a sealed ball mill tank at 400 r/min for 8 h in room temperature. The resulting
mixture was lithium sulfide without impurities. The energy required for the production process was modeled
using Piccinno et al. (2016) calculations for drying and grinding.

The mixing process of sulfur powder with LiH was assumed with a grinding process as recommended from
Piccinno et al. (2016). The energy requirements for grinding were between 8-16 kWh/ton, where 16 kWh/ton

were recommended if data were lacking. Therefore, 16 kWh/ton dry product was used.

The drying process was approximated with the heating process from Piccinno et al. (2016), presented in Section
C1.2.

Table C2.8: Energy data for drying of sulfur powder.

Drying (heating)
Parameter |Description Value Unit Reference
C, Specific heat capacity of solid sulfur 741*|W/kg'K  |Nehb and Vydra (2006)
P sulfur Sulfur density 2070|kg/m*®  |Nehb and Vydra (2006)
- Molar mass sulfur 0.0321|kg/mol  |Nehb and Vydra (2006)
My Mass of reaction mixture 1860** | kg Piccinno et al. (2016)
T, Reaction temperature 100]|- Chu et al. (2015)
Ty Starting temperature 25%**%|1°C Assumption
A Surface area of the reactor 5.90|m? Piccinno et al. (2016)
ka Thermal conductivity of insulation 0.042|W/m*K  |Piccinno et al. (2016)
S Insulation thickness 0.075|m Piccinno et al. (2016)
t Heated time 43200(s Chu et al. (2015)
TMheat Efficiency of heating element 75(% Piccinno et al. (2016)
Vieactor Reactor volume 1m?3 _
Do Mean density of mixture 2070|kg/m? -

*Cp = 14.989 + 0.0261 * (298 K + (100-25)/2))/(0.032065 mol/kg)
**90% of the capacity of the reactor volume. (2070 kg/m?® *0.9)
*** Assumed starting temperature to be room temperature

Data from Table C2.8 was used in the heat equation, resulting in the following energy requirement per kg of
lithium sulfide:

Eheat = 81700 J/kg

C2.2.1 Lithium hydride

Lithium hydride is formed by a reaction between lithium and hydrogen gas (Sato and Takeda, 2013). The
reaction is heated and assumed to be self-sustaining as the reaction is exothermic. The heating energy required
was calculated using Piccinno et al. (2016) energy calculations to reach reaction temperature, using the formula
below with symbols as in Table C2.9:
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Cp*mpix*(Ti-To)

Nheat

Eheat —

Table C2.9: Data for lithium hydride reaction.

Heating (heating)

Parameter Description Value |Unit Reference

G, specific heat capacity lithium 3550(]/kg*K | (Kamienski et al., 2004)
Minix Mixture mass 1 -

T, Reaction temperature 700|°C Sato and Takeda, 2013)
To starting temperature 25*|°C -

Nheat Heating efficiency 0.75|- -

*Assumed starting temperature to be room temperature
The calculation was based on values for lithium only, as the mass of hydrogen gas compared to lithium is low and
can therefore according to Piccinno et al. (2016) be neglected from the calculations. The values in Table C2.9

was used in the reaction heating equation to calculate the energy demand per kg of lithium hydride:

Eheae = 3200000 J/kg LiH = 888 Wh/kg LiH

C2.3 Phosphorus pentasulfide

The energy required to produce phosphorus pentasulfide was calculated based on a mixture of phosphorus and
sulfide heated in the reaction temperature span as presented by Bettermann et al. (2000). The process was
modeled using reaction heating energy as presented by Piccinno et al. (2016), shown in Section C2.2.1.

Table C2.10: Data for the reaction to create phosphorus pentasulfide.

Heating (Heating)
Parameter Description Value Unit Reference
Cy g specific heat capacity 727*%|]/kg*K
My Mixture mass 1|kg -
T, Reaction temperature 350(|°C Bettermann et al. (2000)
TO starting temperature 25**|°C -
MNheat Heating efficiency 0.75|- _

* * * * *
(Cp—lesphourus (770 J/kg K) MPphosphorus + Cp—Sulfur (710 J/kg K) InSulfur)/(InPhosphorus+n1$ulfur)
**Assumed room temperature

The energy required was calculated with data from Table C2.10 in the reaction heating to obtain 1 kg of
phosphorus pentasulfide:

Eheat = 315000 J/ Kg = 87.5 Wh/kg phosphorus pentasulfide

C2.4 Electrolyte sheet production

The electrolyte sheet is manufactured in three main steps: mixing, doctor blading and drying. These steps were
scaled and calculated using the framework by Piccinno et al. (2016). The energy requirement of all processes
were calculated based on the output of 1 kg dry electrolyte sheet. The mixing energy has been modeled using a
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homogenizing process, as recommended by Piccinno et al. (2016), represented by stirring energy as presented in
Section C1.1.

Table: C2.11: Data for the first production step, mixing of the input materials.

Mixing (Stirring)
Parameter |Description Value Unit |Reference
N, Power number of impeller 2.39*% Piccinno et al. (2016)
Prnix Density for the mixture 1250** kg/m® |Lee et al. (2020)
N Rotational speed 48.3|1/s Piccinno et al. (2016)
d Impeller diameter 0.139*|m Piccinno et al. (2016)
t Time 360|s Lee et al. (2020)
Neiir Efficiency of agitator 0.9* Piccinno et al. (2016)
Vieact Reactor volume 1|m? Assumed from Piccinno et al. (2016)

*Assumed 1000 L reactor
**Calculated density of the mixture (Yoargyrodite*prpscLt(1-%argyrodite)*(0.5* powventt +0,5* Psotveni2)) ¥1000

Data from Table C2.11 was used in the stirring energy equation to calculate the energy requirement:

Egir= 11200 J/kg = 3.11 Wh/kg electrolyte sheet

The doctor blading process was not represented in the framework by Piccinno et al. (2016) and was therefore
calculated using an article by Celik et al. (2020), which presents values for doctor blading for electricity demand

per square meter of thin-film solar cells. The energy requirement was calculated with the following formula with
symbols as in Table C2.12:

E/ Niayer * P mix
Share argyrodite

Edoctorblade —

Table C2.12: Data for the second process, doctor blading on the PET film.

Doctor blading (Tape casting)
Parameter Description Value Unit Reference
E Energy requirement 30 Wh/m? Celik et al. (2020)
hiayer Layer thickness 0.00004 m Lee et al. (2020)
Prix Mix density 1250* kg/m? Calculated
Layer density (wet) 0.0499 kg/m? Calculated

*Calculated mixture density as in table C2.11

Data from table C2.12 was used in the doctor blading equation above, resulting in the following energy
requirement:

FEaoctorblade=1 200 Wh/kg electrolyte sheet

The last step, drying, was calculated using the process of heating from Piccinno et al. (2016), presented in section
C1.2.

Table C2.13: Data for heating the final product.

103



Overnight drying (Heating)

Parameter |Description Value Unit Reference
Gy Specific heat capacity of mixture 1600 *|]/kg'K Cheng et al. (2021)
Miix Mass of reaction mixture 1120** | kg Calculated
T, Reaction temperature 40|°C Lee et al. (2020)
To Starting temperature 25|°C Assumption
A Surface area of the reactor 5.90%** | m? Piccinno et al. (2016)
k. Thermal conductivity of insulation 0.042***IW/m*K  |Piccinno et al. (2016)
S Insulation thickness 0.075***Im Piccinno et al. (2016)
t Drying time 43200(s Lee et al. (2020)
Nhear Efficiency of heating element 75%*** Piccinno et al. (2016)
Prmi Mean mixture density 1250%*** ko /m? Calculation

Share of argyrodite 50% -

*Calculated for the mixture. (2000000 J/m*K /puix)
**Assumed 90% filling of the reactor

***Assumed 1000 1 reactor

***% Calculated density of mixture. See table C2.11.

Using data from Table C2.13 in the heat equation, resulted in the following energy requirement:

Eheat = 69100 J/kg = 19.2 Wh/kg electrolyte sheet

C3. Ag-C separator layer

The Ag-C separator layer is produced in three main processes: mixing screen printing, and drying. The energy
calculations were based on the output of 1 kg Ag-C separator layer. The mixing was scaled up and calculated
based on homogenizing from Piccinno et al. (2016), calculated with stirring energy as presented in Section C1.1.

Table C3.1: Data for the initial mixing of input materials.

Mixing (Stirring)
Parameter |Description Value Unit |Reference
N, Power number of impeller 2.39|- Piccinno et al. (2016)
Prmix Density for the mixture 3810* | kg/m® |Calculation
N Rotational speed 48.3|1/s Piccinno et al. (2016)
d Impeller diameter 0.139|m Piccinno et al. (2016)
t Time 3600%*|s -
1 stir Efficiency of agitator 0.9(- Piccinno et al. (2016)
Vieactor Volume of reactor 1|{m? Assumed from Piccinno et al. (2016)
Mry Dry mass 3690%** kg -
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*Calculated based on input ratios and material densities
**Assumed reaction time
***Mass without solvent

Using data from Table C3.2 in the stirring energy equation resulted in the following energy requirement:

Eniz - 57800 J/kg dry sheet = 16.1 Wh/kg Ag-C separator layer

The screen-printing was calculated using T1O; layer deposition on perovskite modules described by Moni (2020)
as a proxy, using the following formula with symbols as in Table C3.2:

E .
Eprinting = ———— "share of solids

mix

Table C3.2: Data input for the screen-printing process.

Screen printing (Screen printing)
Parameter Description Value Unit Reference
IE Screen printing electricity 15700 /m? IMoni (2020)
h Component thickness 0.00001 jm Lee et al. (2020)
Prmix Mixture density 3810 * kg/m® |
Share of solids 88.3|% -

*Calculated based on material ratio and material densities
Using data from Table C3.2 in the screen-printing equation above resulted in the following energy requirement:
Eprinting = 467000 J/kg = 129 Wh/kg Ag-C separator layer

The evaporation and recirculation of solvents were calculated using distillation energy as recommended by
Capello et al. (2005), presented in Section C1.2.

Table C3.3: Data input for calculating the evaporating the solvents.

Heating (distillation)
Parameter Description Value Unit Reference
E Electricity 330\ Wh/kg Capello et al. (2005)
Meeam Steam amount 1.53|kg/kg solvent Capello et al. (2005)
Cheat Heat content 2800000|kJ/kg Capello et al. (2005)
Mol Amount solvent 0.0399 |kg/kg Ag-C Calculation

The data from table C3.3 were used in the distillation equations, resulting in the following energy requirement:

Egist= 13.2 Wh/kg Ag-C separator layer
Qaist= 171000 J/kg Ag-C separator layer

C4. Pouch cell assembly

Details not disclosed due to confidentiality of the raw data from Chordia et al. (2021), which was used in the
calculations of the energy requirement for pouch cell assembly in this study.
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C5. Dry room energy

The energy for the dry rooms was approximated with data from the dry-room modeling conducted by Deng et
al. (2017) combined with some assumptions on the future factory producing our battery cells. For their scale-up,
Deng et al. (2017) models a dry room that covers 4000 m* and can maintain 21°C at 100 ppm moisture content
(corresponds to a dewpoint of about -42°C).

In this study, the energy was scaled to the output of one unit process factory construction and operation (see
Appendix A7), specifically 1 year of factory operations. To derive the annual energy requirement, an assumption
was made on the operation time of the dry rooms. A value of 7900 hours was chosen, which corresponds to 24/7
production minus some maintenance. The same value was used for the giga-scale factory in Chordia et al (2021).
A summary of the values used are given in the Table C5.1, followed by the energy requirement equation and a
description on allocation between energy types.

Table C5.1: Data parameters for dry room energy calculation.

Dry room
Parameter | Description Value Unit Reference
W Power demand 0.51 kW/m? | Deng et al. (2017)
A Factory area 150 000 m2 Assumption
f5 Share of factory covered with dry room | 75 % Assumption
t Annual run time 7 900 h Assumption
(similar to Chordia et al.
2021)

The formula as presented by Deng et al. (2017) to calculate the annual dry room energy was:
Annual dry room energy = W * A * f; *¢

Using data from Table C5.1 in the dry room energy equation above resulted in about 453 GWh. The exact
energy values would, however, shift greatly depending on the temperature and humidity outside the factory.
Deng et al. (2017) unfortunately do not separate the energy values into energy from electricity, heating or
cooling. Based loosely on the dry-room schematics from Deng et al (2017) and the unpublished data from
Chordia et al. (2021), a simplified approximation was made that heating, cooling and electricity use on third of
the total energy each, i.e. about 151 GWh or 544 000 GJ.
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