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High energy density lithium-O, batteries have potential to increase electric vehicle driving range, but
commercialization is prevented by technical challenges. Researchers have proposed electrolytes, catalysts,
and binders to improve the battery capacity and reduce capacity fade. Novel battery design, however, is not
always consistent with reduction in greenhouse gas (GHG) emissions. Optimizing battery design using solely
electrochemical metrics ignores variations in the environmental impacts of different materials. The lack of
uniform reporting practices further complicates such efforts. This paper presents commonly used lithium-O,
battery materials along with their GHG emissions. We use LCA methodology to estimate GHG emissions for five
proposed lithium-O, battery designs: (i) without catalyst, (ii) with catalyst, (iii) carbon-less and binder-less,
(iv) anode protection, and (v) carbon-less, binder-less with gold catalyst. This work highlights knowledge gaps
in lithium-O, battery LCA, provides a benchmark to quantify battery composition impacts, and demonstrates
the GHG emissions associated with certain materials and designs for laboratory-scale batteries. Predicted GHG
emissions range from 10-70 kg of CO, equivalent (kg CO,e) kg~! of battery, 60-1200 kg CO,e kWh~!, and
0.15-21 kg CO,e km™! of vehicle travel, if battery replacement is considered.

1. Introduction

Cheap, efficient, and high-energy density batteries will be critical in
the drive to decarbonize the global energy sector, including passenger
vehicles. Climate targets drive the transition to electric vehicles. Regu-
lation (EU) 2019/631 sets emissions of passenger cars to 60 g CO, km™!
by 2030 and, in the United States, 40 CFR Parts 86 and 600 sets
a target for fleet CO, to be 161 g mi~! by 2026 [1,2]. Lithium-ion
batteries are the predominant technology used for rechargeable energy
storage, but the practical cell energy density for current intercalation-
type chemistries is capped at around 200-225 Wh kgc‘;“ [3]. In battery
electric vehicles (BEVs), this energy density is insufficient to provide
driving range above 310 miles. Lithium oxygen (Li-O,) batteries have
been proposed to increase BEV driving range per charge, as they have
a theoretical energy density comparable to gasoline, and experimental
practical cell energy density as high as 1200 Wh kgc’elll on their first
discharge cycle [4-6]. The lightweight and inexpensive air cathode
could provide advantages over other energy storage solutions [7].
Energy density and chemical composition are key to new battery tech-
nologies, as they determine not only how much material is needed and
how expensive building the battery will be, but the battery’s lifecy-
cle greenhouse gas (GHG) emissions. While much of next generation
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battery research address these climate targets, very few publications
have quantified the GHG emissions to validate their results. With this
in mind, Li-O, battery components should be analyzed in reference to
their GHG emissions, in addition to electrochemical performance, to
holistically evaluate a proposed storage technology’s effectiveness in
decarbonizing our energy economy.

A conventional Li-O, battery consists of a lithium metal anode, a
porous separator, an electrolyte, and a carbon-based cathode (Fig. 1).
The electrolyte consists of a solvent and lithium salt, and enables
transport of Li* and oxygen (dissolved into the electrolyte from the gas
feed). Li, 0, is formed at the interface between the electrolyte and the
electronically-conductive carbon surface. The cathode is a mix of car-
bon particles attached to a current collector by a conductive polymeric
binder. Variations on this design have been explored to improve per-
formance. The cathode and electrolyte chemical composition and the
associated cell potentials determine the nature and prevalence of para-
sitic reactions, mostly due to high reactivity of O] intermediate species.
Reactions between the O] superoxide and cell components (such as
the electrolyte or polymer binders) create deletrious co-products rather
than forming Li,0,. Parasitic reactions passivate the electrode and
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Fig. 1. A diagram of a conventional Li-O, Battery. Oxygen dissolves into the electrolyte
from the gas feed, and diffuses into the cathode. There, it reacts with Li* ions, produced
at the lithium anode, to create lithium oxides, such as Li,O,. The high theoretical
energy density makes it a promising storage device for portable applications, such as
battery electric vehicles.

degrade the battery components, leading to poor cycling. To eliminate
these problems, researchers have experimented with a wide range of
catalysts, electrolytes, and carbon materials [8-10].

Though decarbonizing the transportation sector is at the heart Li-O,
battery research, their evolving design makes it difficult to draw con-
clusions about their ultimate climatic impact. As Li-O, batteries reach
commercialization, their impact on the environment must be assessed,
to ensure their implementation will have net environmental benefits.
Life cycle analysis (LCA) and carbon footprinting (C-footprint) are
ways to assign and compare possible environmental impacts between
different designs and determine pathways for improvement. While
purely electrochemical metrics such as gravimetric capacity, power
density, and efficiency are critical benchmarks for environmentally
benign energy storage technology, ultimately LCA provides the only
path to judge the total environmental impact of a proposed technology.
An efficient technology platform that is based on materials with high
associated GHG emissions (due to material sourcing, transport, and/or
processing) will likely always have deleterious environmental impacts,
no matter its electrochemical performance.

Currently, few LCAs have been performed on Li-O, batteries. More-
over, current literature approaches have used disparate techniques to
determine a representative Li-O, battery in their work [11-13]. Zackris-
son et al. used an in-house experimental setup to provide the battery’s
mass inputs and performance predictions [11]. L. Wang et al. used the
mass breakdown in Zackrisson et al.’s paper to compare Li-O,, lithium-
sulfur, and sodium-ion batteries [13]. This experiment-driven method
has the benefit of being realistic, but only captures a fraction of the
current Li-O, research. F. Wang et al. use BatPaC, a modeling software
package from Argonne National Lab, to determine the material inputs
required for a battery [12]. This modeling approach provides insight
into the environmental impacts of a larger commercialized battery
configuration and the potential of Li-O, batteries; however, its use of
literature references to determine important properties differ from the
materials assumed in the model, which makes it difficult to determine
the accuracy of the reported C-footprint.

This paper provides the GHG emissions of materials commonly used
in Li-O, batteries and applies LCA methodology to quantify the GHG
emissions of five Li-O, batteries proposed in literature, representative
of common experimental configurations. These include: (i) batteries
without catalyst, (ii) batteries with catalyst, (iii) a carbon-less and
binder-less battery, (iv) a battery with anode protection, and (v) a
carbon-less, binder-less battery with precious metal catalyst. When
compared with the results from two previous papers [11,12], the results
present a benchmark range for projected GHG emissions, useful for
comparison against other technology and future studies. Using this
information, we can predict which materials will negatively impact
the overall environmental impact of Li-O, batteries. In addition, we
describe here how the lack of battery metric standards makes it dif-
ficult to perform LCA for GHG accounting and understand the true
environmental impacts of new battery designs.
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2. Experimental methods

This carbon footprint follows the LCA framework outlined in the ISO
14 040 series, which consists of four phases: goal and scope definition,
life-cycle inventory (LCI) analysis, life-cycle impact assessment (LCIA),
and interpretation [14]. In the goal and scope phase, the purpose of the
study is clearly defined, allowing the appropriate system boundary and
functional unit (FU) to be chosen. The system boundary clearly states
what is included within the scope of the study, while the functional
unit quantifies an output metric related to the study’s purpose. The FU
provides a way to determine the necessary quantities of input materials,
which takes place during the LCI. The LCI is the process of determining
which and how much of each material is needed to complete the LCA
within system boundaries. In the LCIA, the emissions from these pro-
cesses are interpreted with additional context through characterization
factors, which normalize the environmental impact of chemicals into
succinct categories, allowing comparison between difference processes.
All of these steps are interdependent and should be iterated upon as
the study is conducted. The data presented in this paper was collected
from a wide range of literature sources, which are described in the
Supporting Information (SI). The upstream emissions were determined
using the ecoinvent 3.7.1 database [15] and the TRACI 2.1 method [16]
was used for the LCIA, of which only GHGs are reported. TRACI uses
IPCC 2001 global warming potential for chemicals with a 100-year
time horizon [16]. The analysis presented herein compares five Li-O,
battery designs proposed in previously published reports, summarized
in Table 1. In addition, the results from two LCAs published by other
authors are included, for comparison’s sake.

Any given battery design contains a number design details; the five
papers chosen here were done so based on their exploration of material
impact and sufficiently descriptive methods sections to allow a rigorous
and comprehensive analysis of GHG emissions. Where any gaps in the
methods sections were encountered, papers and patents by the same
research group were consulted to find necessary details. Xu et al., cover
the impact of different electrolytes on the initial capacity of a Li-O,
battery [17]. Marquez et al.’s work presents performance data for cells
with different binders and catalysts [18]. The two papers by Asadi et al.
(2016, 2018) provide examples of carbon-less, binder-less cathodes,
with the more recent paper showing improvement after a change in
electrolyte and addition of a protective anode coating [19,20]. Liu et al.
provide an additional example of a carbon-less, binder-less cathode,
with a precious metal catalyst [21]. Some of the materials examined
in the paper are based on the components of the highlighted batteries.
In addition, other materials commonly mentioned in literature were
examined to provide a wider range of GHG emissions for different
battery components [8-10]. The final selected materials were deter-
mined using an overlap between common materials and previously
determined synthesis pathways, which are explained fully in the SI.

2.1. Goal, scope, functional units, and system boundary

The primary goal of this paper is to correlate commonly used Li-O,
battery materials with their associated GHG emissions and calculate
the overall GHG emissions for Li-O, battery designs presented in the
literature. The data and analysis presented are used to examine the
variability in Li-O, battery emissions, demonstrating how predictions
vary with different FU. In conjunction, this work seeks to increase use
of LCA as a primary tool during the battery design process. We provide
a comprehensive list of LCI data for common materials, for adoption by
others in the field, and recommendations to make LCA more convenient
for a broader range of battery researchers.

The scope of an LCA determines the system boundary and its level
of detail. Historically, battery LCAs have presented information for
different scopes, which result in data being reported in different FU,
as shown in Fig. 2 [22]. In cradle-to-gate studies, the scope spans from
the resource extraction to their exit from the factory gate, but excludes
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Table 1
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Papers whose experimental or LCA data are referenced in this study. The § symbol indicates a previous LCA study whose results are adopted and reproduced for
comparison/benchmarking purposes. The ‘Abbreviation’ column describes how each paper is referenced throughout the manuscript, for brevity’s sake.

Ref: 1stAuthor  Description

Abbreviation

[11] Zackrisson§ A published LCA, which used their own lab scale experiments to do an LCA

Lab Scale LCA§

[12] Wang§ A published LCA, which used BatPaC to get weight percentages for their design BatPaC LCAS
[17] Xu A battery with no catalyst and varied electrolytes. This paper does not have extended cycling data Electrolyte Var.
[18] Mérquez Batteries with varied catalysts and varied binders, cycled up to 20 times. Cat. Binder Var.
[19] Asadi A carbon-less, binder-less battery with MnO2 catalyst, and ionic liquid as electrolyte cycled 50 times. Carbon/binder-less
[20] Asadi A carbon-less, binder-less battery with MnO2 catalyst, and ionic liquid as electrolyte, and an anode protective layer, cycled 500 times. Anode protection
[21] Liu Carbon-less, binder-less cathode with gold catalyst, cycled up to 200 times. Gold Cat.
any emissions related to their use or end-of-life. For this study, the FU Table 2
of 1 kg of battery and 1 kWh of battery capacity serve as metrics for Variable definitions and assigned values for Eq (1).
the cradle-to-gate scope which can be applied to experimental studies Variable Units Definition Value
that do not report extended cycling data. A cradle-to-grave boundary T km Total driving distance 200,000
includes the use and end-of-life of the battery, in addition to the other Keyele km Cycle driving distance 300
. . . . Egischarged kWh Battery capacity 46.6
previously mentioned processes. For this study, a cradle-to-grave LCA is -
R X R X Neharger - Efficiency of charger 0.90
performed for papers which reported metrics relating to capacity fade. sty _ Efficiency of the battery Battery specific

A BEV is assumed to travel 200,000 km during its lifetime and the
FU is 1 km. For these, data or assumptions regarding battery lifetime
and degradation with extended cycling are required. This concept is
demonstrated in Fig. 2.

2.1.1. C-footprint assumptions and limitations

A complete process flow diagram (PFD), for the battery featured
in Asadi et al. (2016) is shown in Fig. 2, and provides an example
of the system boundary applied for each paper. The steps labeled in
red—related to solvent mixing, cooling systems, and car manufacturing
details—have been excluded from the process. In addition, battery
recycling, deflagaration as a result of vehicle accident, and projected
changes in environmental policy that might impact energy mix are
considered beyond the scope of this study. More information on these
topics, and why they are excluded is presented in the SI.

The amount of oxygen required for battery operation was calcu-
lated using the battery capacity, as described in the supplementary
information (SI). The ecoinvent database was then used to determine
the environmental impacts associated with that component. If the
component was not found in ecoinvent, the component’s LCI was traced
from another paper until processes were available. Electricity use was
sourced from the mix from Guandong, China, where many battery
factories are currently located; details of this mix are given in SI Table
35 [23]. All assembled components were assumed to travel 2000 km by
rail and 1000 km by truck [12]. The battery manufacturing energy was
assumed to be 74 MJ kg;a‘t, with 42% of that energy being attributed
to natural gas and the rest to electricity [11,24]. Both natural gas and
electricity are used in the battery process. For example, dry rooms,
the moisture-free rooms required for battery manufacturing, typically
consume energy from both sources [25].

The energy consumed during battery charging, E,, is calculated
using Eq. (1), whose variables are defined and values provided in
Table 2 [12]. A battery lifetime of 200,000 km is used to determine
the electricity consumed over the battery lifetime. The vehicle driving
range of 300 km per charge is assumed as the industry average,
corresponding to a battery capacity of roughly 46.6 kWh [26]. The
GHG emissions per kg of battery and per kWh of energy recovered from
the battery are calculated using Eq. (2), using the specific gravimetric
capacity reported in the research paper. The GHG emissions for the
battery are determined by Eq. (2), where m; refers of to the mass of
material i required to build the battery, GHG,,; refers to the specific
emissions of material i on a per-unit-mass basis, C,, refers to the
experimentally-measured gravimetric specific capacity (kWh kg™!) of
the battery, and C,,, is the total battery capacity (kWh). The mass basis
used to report experimental specific capacity (per kg active material or
per kg of total battery mass) is not always explicitly stated, requiring
assumptions during the C-footprinting. These are explained in detail in
the SI. According to the United States Advanced Battery Consortium

(USABC), batteries need to be replaced when the capacity decreases by
20%, and replacement should be factored into the LCA [27].

Egischarged
Eugc _ ischarge T o)
xcycle ”charger nbatlery
ZmGHG,,; C,
GHG,y py = ————2 1% ©))]
ot,ba Zi m’_ C

P
2.2. Life cycle inventory

LCI refers to the collection of information essential for complet-
ing the LCA. This includes determining the mass of each material
input for battery fabrication, as well as the energy associated with its
sourcing/extraction, transport, and processing. The methods sections
of the Li-O, battery papers referenced in Table 1 provide inputs for
the mass inventory [17-21]. In addition, other popular materials are
selected from literature reviews and included in the LCI to identify
materials with high GHG emissions [8-10]. Fig. 3 shows the GHG
emissions associated with different battery components. The process
for determining the mass inventories of each battery is included in
the SI. In many cases, these materials are not available directly in the
ecoinvent database. The process for synthesizing these components, as
well as their representative ecoinvent process are listed in the SI as well.

2.2.1. Electrolyte components

The Li-O, battery electrolyte is typically comprised of two com-
ponents: an O,-soluble, aprotic solvent and a lithium salt. The elec-
trolyte shuttles lithium ions between the anode and cathode and fa-
cilitate transport of O, between the gas flow channel and the carbon—
electrolyte interface where charge transfer occurs in the cathode (see
Fig. 1). In some cases, additives are included to promote or prevent
certain electrolyte reactions and improve transport properties.

Solvent GHG emissions per unit mass are presented in Fig. 3a.
Solvents make up a large percentage of the battery mass; their GHG
emissions are therefore important. Common solvents used in Li-O, bat-
teries have included carbonates, amides, sulfones, nitriles, ethers, and
ionic liquids [10]. Most organic solvents have known decomposition
pathways in the presence of O] reaction intermediates. The binder and
catalyst choices both influence parasitic reactions occurring in solu-
tion [18,28]. While ionic liquids are more stable, they often have lower
ionic conductivity and O, solubility, resulting in reduced performance
at higher currents [17]. These disadvantages can be partially addressed
via solvent mixtures or cathode compositions that maximize = —» bonds
between ions and the surface [29]. Solvent mixtures, such as methyl
nonafluorobutyl ether (E7100), are also employed to reduce the solvent
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Fig. 2. The process flow diagram for battery assembly, with relevant processes in ecoinvent. The units established here are adopted throughout the paper.

flammability or increase oxygen solubility [10]. As seen in Fig. 3a,
most solvent GHG emissions range from 1-15 kg CO,e kg;i‘mial, making
them good candidates. The two ionic liquids, BMIM-C4mim and EMIM-
BF4 have a slightly higher GHG emissions compared to other common
solvents. An exception to this is E7100, which will be discussed in
conjunction with other fluoropolymers.

GHG emissions for salts and other additives are presented in Fig. 3b.
The detailed LCI for these materials is found in SI Tables S7-S13.
In Fig. 3b, solutes with typically higher concentrations (0.5M-1M in
solution) are marked in blue, while species present at levels around
0.1M are considered additives and are marked in red. LiNO; has
functioned as both an electrolyte salt and additive. Additives can serve
as redox mediators (RM), O, carriers, and solid—electrolyte interface
(SEI) stabilizers. Typically, potassium and lithium iodide (KI & LiI) are
added as RM [30,31], while boric acid (BA) and tetraethyl orthosilicate
(TEOS) have been explored as SEI stabilizers [32]. LINO; promotes SEI
formation, as well as being an RM [8,33,34]. Organic additives such as
small amounts of polyethylene glycol, polyvinylidene fluouride (PvDF),
and complex fluoropolymers have been examined in the context of
improving O, transport [10,29,35].

Fluorocarbons such as E7100 and perfluorotributylamine (PFTBA)
have higher global warming potentials compared to other materials,
and can also degrade the ozone layer. The GHG emissions of E7100
were estimated at 2973 kg CO,e kg;]‘fnerial, with the bulk of the GHG
emissions attributed to an assumption that 1% is admitted to the
atmosphere during manufacturing [36]. A single molecule of PFTBA
released to the atmosphere is equivalent to 7100 molecules of CO, in
terms of greenhouse gas equivalence [37]. The use of fluoropolymers
as electrolytes and additives must be justified by sufficient reduction in
the mass or increased longevity and efficiency of the battery.

2.2.2. Cathode materials

Catalysts (Fig. 3c), binders (Fig. 3d), and carbon materials (Table 3)
are the three most commonly discussed cathode material classes. The
catalysts used in Li-O, batteries includes pure metals, metal oxides,
peroxides, metal organic frameworks, and composite materials [8].
Catalysts can be added to decrease the voltage gap between the charge
and discharge potentials, or to increase the battery capacity. Reducing
the voltage gap typically prevents some parasitic reactions and reduces
the charging voltage, both of which reduce emissions in the use phase.

Among these, the materials in Fig. 3¢ have received particular atten-
tion, with manganese dioxide and cobalt oxide being the most popular.
The LCI for these are available in SI tables S114-S118.

Catalyst GHG emissions range from 2-70,000 kg CO,e kg;li terial®
Catalyst emissions fall into two distinct groupings, with precious metal
catalyst emissions exceeding those for other choices by orders of mag-
nitude. In most laboratory-scale batteries, catalysts usage is on the
order of mg cm~2, which translates to g kg~! in a commercialized bat-
tery. Non-precious metal catalyst emissions are typically below 15 kg
CO,e kgr_nzlnerial'

Much like electrolytes, binders are prone to degradation when
exposed to the O] superoxide. Many initial Li-O, designs used PvDF,
a common lithium-ion battery binder, but more recent batteries use
materials such as polytetrafluoroethylene (PTFE), polyvinylpyrrolidone
(PVP), polyethylene oxide (PEO), or polyethylene (PE), which are
less prone to O] attack. Though these materials reduce the amount
of deleterious byproducts, they occlude reaction sites by preventing
electron transport, limiting the battery capacity [38]. Li-Nafion has
been explored as a conductive binder to address this problem [39,40].

Fig. 3d presents the specific GHG emissions for common binder
materials, which range from roughly 2-140 kg CO,e kgr‘nfi erialr THE
detailed LCI for these components are available in SI tables S19-S22.
Fluoropolymers once again tend to have a higher GHG emissions than
alternatives, although their use as binders has significant beneficial im-
pact on the cycling and the capacity of the battery. Recently, binderless
cathodes have received attention. These may provide greater stability,
but may require higher value materials such as carbon nanotubes or
gold, and typically result in lower capacity due to loss of electrochemi-
cally active surface area [41]. LCA would be a useful tool to analyze the
trade-offs between capacity, capacity fade, and materials choice when
considering binderless Li-O, batteries.

Finally, carbon is a material that often makes up highest volume
percentage of the cathode and provides the majority of reactive area
for Li, O, product formation. Carbon reacts with Li,O, during charging
over 3.5 V. Some researchers address this through novel catalysts to
reduce the charging potential, while others attempt to eliminate carbon
entirely [41]. Often, Li-O, battery cathodes are composed of carbon-
binder slurries, which are dried into disks. Some of these dried slurries
contain catalysts or are pressed onto current collectors. Many Li-O,
batteries use some type of carbon black in their electrode, such as
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Fig. 3. GHG emissions of commonly used Li-O, battery materials: (a) solvents, (b) salts/additives (c) catalysts, (d) binders, (e) lithium, and (f) current collectors. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Ketjen Black, acetylene black or Vulcan. These are typically modeled as
generic carbon black in the ecoinvent database [42]. Other carbon ma-
terials, include graphene, graphene oxide, or carbon nanotubes (CNTs),
have ranges for their GHG emissions depending of their synthesis
pathways, as summarized in Table 3 [8]. To correctly account for
these materials, the production pathway should be determined. CNTs

produced by chemical vapor deposition on a fluidized bed, the most
; -1
common method, emit 480 kg CO5e kg™ . [43,44].
2.2.3. Current collectors
Li-O, batteries can have current collectors at the anode and cathode
to assist electron transport. Fig. 3f shows the specific GHG for common
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Table 3

Typical GHG emissions for carbon cathode materials.
Material GHG (kg CO,e kg! ) Ref
Carbon black 1.8 [15]
Graphene 430-620 [45]
Graphene Oxide 53-208 [45]
Carbon nanotubes 480-28,500 [44]

current collector materials. Copper is typically used at the anode, while
the other materials shown in Fig. 3f are used at the cathode [34,46].
The cathode current collector stability is another subject of consider-
able Li-O, battery research. Carbon paper is a popular current collector
as it adds reactive surface area; however, as previously mentioned,
carbon materials can degrade at high voltage. Nickel foam is similarly
constrained; cycling potentials should be limited to between 2.0 and
4.0 V [46]. Nickel foam can be used for binderless cathodes, as it
provides a porous structure for catalyst deposition or growth and Li,0,
deposits [47,48]. Of the current collectors presented, carbon paper with
95% PTFE coating has the highest associated GHG emissions.

2.2.4. Lithium anode

Typically, Li-O, batteries use pure lithium foil as the anode. If the
thickness of this lithium is on the order of mm, it has been extruded
from ingots. Between 0.75-0.4 mm, it has undergone some sort of cold
rolling. Additional cold-rolling can reduce the Li thickness further, to
as low as 0.04 mm. The surface of the lithium can be treated with TEOS
to improve resistance to lithium dendrites [49]. The lithium can also be
treated with CO, to create a protective coating of 5 pm of Li,CO; [50].
The differences in GHG emissions between these processing steps can
be seen in Fig. 3e, which shows little variation between different
processing or coating methods. The detailed LCI can be found in SI
tables S30-S33.

2.3. Sensitivity analysis

Sensitivity analysis elucidates how values and assumptions in the
LCI affect the overall LCA results. Below, we present two sensitivity
analyses:

1. Varying manufacturing energy (MJ per kg of battery fabricated).
Two previous LCAs for Li-O, batteries each used a single value
for the energy required to manufacture lithium-ion batteries.
However, energy consumption estimates of a cell assembly plant
can range between 35 MJ kg-! to 400 MJ kg;!, depending on
whether the plant is operating at full capacity [25].

2. Exploring different use phase electricity sources based on region.
Given an EV’s dependence on grid energy, regional impacts are
examined by different grid energy mixes. The baseline case uses
a grid mix in China, given the large size of their BEV fleet. Other
mixes from Norway, India, the United States, and South Africa
were chosen to examine the impacts of global adoption. The grid
from Norway was selected due the high per capita adoption of
BEVs there [51], while India has one of the highest projected
growth rates in BEV adoption [52]. Finally, the potential for
BEV development in South Africa is explored, given its relatively
high ratio of EV equipment to EV [53]. Table S35 shows the
breakdown of the energy mixes for each country, based on
ecoinvent 3.7 data [15].

3. Results and discussion

Fig. 4 shows the mass and GHG percentages attributed to different
battery components for six different designs reported in the literature
and summarized in Table 1[11,12,17-19,21]. For all six batteries, the
lithium anode is less than 20% of the mass, but can be responsible for
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a much larger percentage of the GHG emissions. In the case of Wang
et al. and Zackrisson et al. (BatPac LCA and Lab Scale LCA in Fig. 4,
respectively), this is accentuated by the fact that ecoivent has recently
changed the GHG emissions associated with lithium production from
roughly 167 to 46 kg CO,e kg\. [11,12].

Examining the GHG emissions attributed to different battery com-
ponents highlights design considerations to reduce GHG emissions and
demonstrates the challenges inherent in reducing emissions for Li-
O, batteries. In many cases, reducing the amount of lithium through
approaches such as so-called ‘anode-free’ batteries would have a no-
ticeable impact on the GHG emissions [54]. In the case of Zackrisson
etal. [11] and Liu et al. [32], even though the cathode makes up a very
small mass percentage of the battery, GHG-intensive cathode materials
mean that the cathode accounts for a significant portion of the battery’s
GHG emissions. For Liu et al., the high GHG material in the cathode is
gold nanoparticles. In Zackrisson et al.’s work, the cathode is comprised
of Co,0; particles and CNTs; however, the materials data reported in
that publication provides insufficient detail to determine the specific
cause of the high GHG emissions. Liu et al. uses a binderless, carbonless
cathode, where Au loading is 0.22 mg cm~2, leading to a very small
percentage of active material present on the current collector. Reducing
the GHG by reducing catalyst loading while retaining its positive per-
formance impacts would be challenging. Continued research into Au
nanoparticle catalysts may therefore be unlikely to produce an Li-O,
battery with net positive GHG impacts.

In most of the batteries in Fig. 4, the electrolyte constitutes a large
percentage of the battery mass, but typically a smaller percentage of
the GHG emissions. The ‘Carbon/binder-less’ study from Asadi et al. is
an exception. Their electrolyte mass fraction is lower, but due to use of
an ionic liquid electrolyte solvent, it represents the largest contribution
to the battery’s GHG emissions [19]. These preliminary findings only
relate to the allocation of GHG emissions by mass (kg CO,e kgb‘alt).
Selecting an electrolyte with higher GHG emissions can be worthwhile
if it improves the overall capacity, charging efficiency, or capacity
fade of the battery enough to compensate for its per-unit mass GHG
emissions.

Cradle-to-grave GHG emissions for five different batteries are shown
in Fig. 5. The GHG emissions for production and use range from 0.15 to
0.6 kg CO,e km™!, and jump to roughly 24 kg CO,e km~! when battery
replacement is considered. Currently, internal combustion engine vehi-
cle GHG emissions range from 0.1-0.2 kg CO,e km™!, and Li-ion battery
EVs operating in China range from 0.1-0.15 kg CO,e km™!, according
to one study [55]. Current Li-O, batteries require additional advances
to be competitive, from an environmental standpoint. Furthermore,
in Europe, GHG emission targets are 0.095 kg CO,e km~!, with an
additional 37.5% reduction by 2030 (0.06 kg CO,e km™!) [1].

Battery replacement effects draw attention to a key difficulty in
Li-O, materials research: cycling efficiency. So far, Li-O, battery LCA
studies have assumed that these batteries will last the vehicle lifetime
(200,000 km is assumed here); however, this ignores how gains in cy-
cling efficiency reduce the overall GHG emissions. In addition, from this
sample of batteries, carbon-less, binder-less batteries have increased
cycling efficiency, but also increased GHG emissions. Future research
should focus on better understanding this trade-off. Finally, the compar-
ison between carbon/binder-less [19] and anode-protective [20] shows
the impacts from continued improvement of a single design, reinforc-
ing the importance of design iteration. Although their design is not
competitive with commercialized lithium-ion batteries, at present, both
the production and replacement GHG emissions decrease significantly
between the two studies. Associating decreases in GHG emissions with
experimental practice is another way to quantify successful avenues of
research.

The relative impacts of battery production vs. use on GHG emissions
varies between the six studies. In the C-footprint results for Cat. Binder
Var. [18] and BatPaC LCA§ [12], the BEV use phase results in the
highest contribution to GHG emissions. In these cases, GHG emission
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can be reduced by improving the cycling efficiency of the battery or
improving the energy mix. The round-trip energy efficiency of Li-O,
batteries ranges from 50%-70%, while for lithium-ion batteries it is
closer to 80% [56]. The impact of efficiency can be seen by comparing
the results from Cat. Binder Var. [18], which has an efficiency of 68%,
to those from Carbonless/Binderless [19,20], where efficiency is closer
to 85%. Following from Egs. (1) and (2), increasing cycling efficiency
by 10% corresponds to a roughly 10% reduction in grid GHG emissions
(Figure S4).

The Carbon/binderless, Anode Protection and Gold Cat. batter-
ies [19,20,32] demonstrate conditions where the majority of GHG
emissions are associated with production phase. The ‘Lab Scale LCA’
study assumes a European energy mix, which decreases the use case
emissions [11]. In Eq. (2), the total mass of materials needed for battery
production depend on the capacity/sizing of the battery. The ‘Lab Scale
LCA’ reports a specific capacity that is an order of magnitude higher
than the ‘Anode Protection’ battery [11,20], yet they have similar GHG
emissions, indicating that the GHG emissions of the Lab Scale LCA§’s
components are likely higher, per unit mass [11,19,20]. This demon-
strates that material choices play a large role in determining whether
capacity improvements actually lead to GHG emission reductions.

3.1. The material impact on cycling and capacity

Fig. 6a shows the GHG emissions on per unit mass and energy bases.
GHG emissions from the five papers reviewed here range between 10-
80 kg CO,e kg;! or as much as 120 kg CO,e kg, ! if the manufacturing
energy is toward the upper end of the estimated range (error bars rep-
resent sensitivity analysis due to variations the manufacturing energy).
Lithium-ion battery GHG emissions are estimated to be from 1.7-8.1 kg
COse kg, alt, however have a much lower gravimetric capacity than Li-O,
batteries. The large range in gravimetric capacities for Li-O, batteries

makes comparing them on a per unit energy basis more convenient.
Comparing the Electrolyte Var. [17] and Cat & Binder Var. [18] studies,
the GHG emissions associated with a battery on a mass bases have little
impact on the GHG emissions on a kWh basis. These papers use both
binder and carbon components to increase their surface area, leading
to high variation in capacities. In contrast, the Carbon/Binder-less,
Anode Protection, and Gold Cat. batteries all have binder-less carbon-
less cathodes [19,20,32]. They originally report their capacities on a
K. ctive materiat Dasis rather than reporting them on a kg, basis. Here,
they are shown to have the highest associated GHG emissions, which
translates to their cradle-to-grave emissions in the previous section (see
Fig. 5). The battery capacity plays an essential role in the lifetime GHG
emissions of the battery and determines the battery mass needed for
production.

In Fig. 6b, the GHG emissions kWhgalt are plotted against the battery
capacity, showing the importance of reporting capacity on a kg.
basis, rather than a Kg,.ivemateriai- 1t iS worth noting that in Fig. 6,
the batteries with lower capacities due to their lack of surface area
(Carbon/Binder-less, Anode Protection, and Gold Cat. [19,20,32]) have
much higher cycling efficiency, which brings down their GHG emissions
on a per vehicle km basis, but increases their production emissions.
This trade-off should be given more rigorous evaluation. If binder-
less, carbon-less Li-O, batteries are preferable in terms of life-cycle
GHG emissions because they offer reduced capacity fade, but ultimately
have less gravimetric capacity or higher GHG emissions on a cell
basis, then their development should not be labeled as environmentally
beneficial. This discovery gives a pathway forward for future research,
which should focus on either increasing the surface area of binder-less,
carbon-less batteries, or on decreasing reactivity and cell degradation
in the presence of binders and carbon.

LCA offers another method to pre-select materials for further study,
as shown in Fig. 6¢. Here, various raw materials in the Cat & Binder Var.
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design are substituted with high-GHG carbon, electrolyte, or catalyst
materials [18]. In their study design, the catalysts have the same mass
loading (mg cm~2) and the slurry composition is determined by weight
ratio. C-footprinting can add another dimension to experimental design,
where in addition to comparing battery capacity, cycling efficiency, or
voltage potential gap, GHG emissions are used to identify promising
research directions.

As an example, if CNT were substituted for carbon by weight, the
battery capacity would have to increase around 500 Wh kgc‘ezll for their
added GHG impacts to be negated by capacity increase. Given that
other papers have report capacities of 1200 Wh kgc_ezll as previously
mentioned, this would be challenging but not impossible. However, a
platinum catalyst would have to increase battery capacity to 6000 Wh
kg;ezzz’ which is beyond the theoretical capacity of Li-O, batteries, 3505
Wh kgc’ell ’ [57]. In this case, the cathode catalyst mass must be reduced,
or an alternative non-precious catalyst must be identified.

Capacity is, of course, not the only driving factor for catalyst selec-
tion. Many researchers use catalysts to prevent degradation or improve
battery efficiency. As an example, the impacts of platinum are trans-
lated to the use phase in Fig. 6d, where the impacts of replacement
are shown. Using Carbon/Binderless [19] and Cat &Binder Var [18]
as examples and replacing the MnO, catalyst with an equal mass of
platinum or the electrolyte solvent with E7100 to eliminate the need
for replacement of the battery doubles the resulting the GHG emissions.
In the case of Carbon/Binderless [19], the battery should be replaced
7 times during the lifetime of the battery, while the capacity fade of
Carbon/Binderless [19] is much higher and the battery needs to be
replaced after each use. If platinum catalysts could reduce capacity
fade, the total GHG emissions would still greatly exceed targets made

by the EU and would not be competitive with lithium-ion batteries.
These scenarios are rough examples of how GHG emissions calculations
could be used to guide battery design and future R&D.

Incorporating C-footprinting throughout the battery design process
can therefore provide significant benefits, but will require updates
to our reporting practices. Product Category Rules (PCRs) for next
generation batteries could be developed to make the data collection
and reporting consistent, such that comparisons among new battery
technologies and materials are also consistent [58]. This may build
on previous battery PCRs, where special attention is given to the high
variation in capacities and materials [59]. Many methods sections in
the literature report battery components using inconsistent metrics; the
electrolyte is reported as a volume; catalysts on a mass per area basis,
and current collectors and lithium as an area. However in databases
such as ecoinvent, most GHG metrics are given on a mass basis. More
reporting on mass measurements of electrolyte components, current
collector meshes, and lithium weight would facilitate C-footprinting or
LCA in parallel with experimental research. As researchers investigate
novel components, such as ionic liquids or catalysts, for using in Li-O,
batteries, their GHG emissions should be evaluated in tandem.

3.2. Sensitivity analysis

Sensitivity analysis provides another means of identifying research
and development avenues with potential for high impact in GHG re-
ductions. Throughout the paper, GHG emissions variation due to un-
certainties in manufacturing energy is shown via error bars on graphs.
This wide range of values shows the importance of enhancing the
precision of energy estimates for Li-O, battery manufacturing, which
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of vehicle travel.

are currently unavailable due to lab scale assembly of Li-O,. Because
specific manufacturing energy is given in units of MJ kg~!, the total
manufacturing energy scales with battery mass and is therefore highly
depended on battery’s specific capacity (Wh kg~!). GHG emissions for
lower specific capacity batteries are highly sensitive to the specific
manufacturing energy, highlighting the need for accurate specific man-
ufacturing energy estimates. Future work might examine the impact of
more sophisticated manufacturing energy models to predict the energy
required for high- and low-throughput manufacturing approaches [25].

Fig. 7 presents C-footprint results for the carbon-/binder-less battery
as a function of the energy mix during the use phase. The impacts of
different energy mixes are presented relative to the base case, which
uses China’s electricity grid. Battery GHG emissions are relatively com-
parable for China and the USA. For both countries, coal is the major
contributor to almost every metric, despite the fact that coal accounts
for 25% of USA’s electricity but 75% of China’s. The major difference
here is that China uses hard coal, while the USA uses more lignite. 91%
of the energy in South Africa’s grid comes from coal, while 98% of
Norway'’s electricity comes from hydroelectric power, giving them the
highest and lowest GHG emissions, respectively.

This sensitivity analysis shows that while grid emissions cause sig-
nificant variation in lifecycle GHG emissions, reducing grid emissions
to near zero will still fall short of current lithium-ion battery emission
targets or European standards, as the production-phase emissions are
still quite high. Closer examination of Norway’s results shows that use-
phase GHG emissions are negligible compared to the production or

replacement GHG emissions. While it is true that Li-O, batteries are still
in a low-technology-readiness stage, researchers often mention their
development will be have positive environmental impacts, but focus
their efforts on increasing battery capacity or cycling efficiency, rather
than decreasing net emissions. Battery researchers cannot control grid
emissions, but can tailor their experiments by selecting and focusing
materials that reduce emissions during battery production. Reductions
in production-phase emissions on a commercial scale can have signifi-
cant impact, and will become even more important for continued GHG
emission reductions as grids de-carbonize.

4. Conclusions

Currently, there are very few C-footprint studies or LCA for Li-O,
batteries; the LCAs available provide widely varying results. This work
presents detailed life-cycle inventory data and resulting C-footprinting
results for a range of proposed Li-O, battery designs. Our results show
that the material choice and resulting properties, such as capacity and
cycling efficiency, greatly change the GHG emissions. Quantifying GHG
emissions provides researchers with another tool to assess how material
choices impact the technology’s production and use phase emissions.
However, the diversity in proposed Li-O, materials makes it difficult to
predict the environmental impacts of Li-O, batteries upon commercial-
ization. We recommend accurate documentation and reporting of data
relating to electrolyte volume, separator density, oxygen consumption,
and mass distribution of catalysts to provide higher quality data for
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Fig. 7. Carbon emission sensitivity to grid energy mix for the carbon/binder-less battery. GHG emissions are presented per km of vehicle travel. [19].

LCA. Often, these data are inconsistently reported or altogether miss-
ing from experimental descriptions, hindering attempts to understand
environmental impacts of proposed battery designs. In particular, the
inconsistent manner in which researchers present capacity makes it
difficult to compare between studies. The capacity should be reported
in Wh kgc_elu’ instead of kg;cltive materiae &S this is the relevant metric for
cradle-to-grave LCA.

Furthermore, we have demonstrated via C-footprint prediction and
analysis that evaluating the GHG emissions on a per mass basis, while
necessary for future calculations, is not sufficient to identify the bat-
tery’s climate impacts, and that reporting on a per unit energy basis
is preferable for holistically evaluating battery design. In most cases
the GHG emissions kg1 battery are not good indicators for the actual
GHG emissions over the battery lifetime. When materials with high
specific GHG emissions are used, their electrochemical benefits are
limited, because of upper theoretical limits to capacity and efficiency.
In particular, precious metal catalysts, such as Pt or Au, have 3-4 orders
magnitude higher GHG emissions than some of their non-precious
counterparts. As researchers explore new battery designs, they should
use GHG emissions to guide material selection and experimental design,
in order to achieve the ultimate goal of reducing environmental impacts
and producing batteries that are competitive with lithium-ion batteries
on an environmental basis.

5. Abbreviations

boric acid - BA

battery electric vehicle - BEV
electric vehicle - EV

function unit - FU

Greenhouse gas - GHG
perfluorotributylamine - PFTBA
process flow diagram - PFD

10

redox mediators - RM
solid—electrolyte interface - SEI
supplementary information - SI
tetraethyl orthosilicate - TEOS

Life Cycle Analysis — LCA

life cycle inventory — LCI

Life cycling inventory assessment- LCIA
lithium iodide - LI

Lithium-oxygen - Li-O,

methyl nonafluorobutyl ether - E7100
potassium iodide - KI

product category rules - PCR
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