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ARTICLE INFO ABSTRACT
Keywords: Strong growth in lithium-ion battery (LIB) demand requires a robust understanding of both costs and environ-
Battery cost mental impacts across the value-chain. Recent announcements of LIB manufacturers to venture into cathode
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Battery environmental impact
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Battery manufacturing

Life cycle assessment

active material (CAM) synthesis and recycling expands the process segments under their influence. However,
little research has yet provided combined costs and environmental impact assessments across several segments of
the LIB value-chain. To address this gap, we provide a combined cost assessment and life cycle assessment (LCA),
covering CAM synthesis, cell manufacturing and hydrometallurgy recycling. 1 kWh cell capacity (NMCgy1-C) is
chosen as functional unit. Results for cell manufacturing in the United States show total cell costs of $94.5
kWh™!, a global warming potential (GWP) of 64.5 kgCOseq kWh™}, and combined environmental impacts
(normalizing and weighing 16 impact categories) of 4.0 x 10 2 kWh 1. Material use contributes 69% to costs
and 93% to combined environmental impacts. Energy demand, meanwhile, accounts for 35% of GWP. Initially,
hydrometallurgy recycling adds 5 to 10% to total costs, GWP, and environmental impacts. Including recycling
credits, as recycled material substitutes new virgin material, shows benefits for recycling. Combined environ-
mental impacts benefit most from recycling (—75%), followed by costs (—44%) and GWP (—37%). Further, we
present a comprehensive dashboard which reveals how different scenarios, such as, using wind power instead of
grid electricity, influence costs, GWP, and environmental impacts across process segments. Switching to low-
carbon energy, for example, reduces GWP more than recycling would. Also, our dashboard shows that
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recycling or low scrap are more suitable options if reduction of costs or combined environmental impacts is the

objective.

1. Introduction

Demand for high capacity lithium-ion batteries (LIBs), used in sta-
tionary storage systems as part of energy systems [1,2] and battery
electric vehicles (BEVs), reached 340 GWh in 2021 [3]. Estimates see
annual LIB demand grow to between 1200 and 3500 GWh by 2030 [3,4].
To meet a growing demand, companies have outlined plans to ramp up
global battery production capacity [5]. The production of LIBs requires
critical raw materials, such as lithium, nickel, cobalt, and graphite. Raw
material demand will put strain on natural resources and will increase
environmental problems associated with mining [6,7]. As ore grades for
key battery metals such as copper and nickel decrease, high efficiency in
upstream and downstream operation alongside low-carbon energy
sources is essential to limit its environmental impact [8]. Next to envi-
ronmental issues of raw material extraction, supply chain bottlenecks
present challenges for manufacturers [9,10]. Access to batteries has
become a top priority for automotive companies [10].

Economies of scale will continue to decrease the share of processing
costs on total LIB costs [11,12]. The relative share of material cost is set
to increase. Consequently, volatility in raw material prices present risks
to cost competitiveness. Developing new mining projects alongside a
sustained effort to establish a well-functioning collection and recycling
system for LIBs is needed to reduce long-term needs for raw material
extraction. Integration of recycling into the framework of Gigafactories,
which produce LIBs with an annual capacity of more than one GWh, is
promising. For example, Northvolt, a Swedish battery company, works
on integrating a LIB recycling factory into its Gigafactory layout [13].

An integrated understanding of costs and environmental impacts
along the value chain of battery production and recycling is central to
strategic decision-making [14]. Regulations, such as in the European
Union (EU), will make the carbon footprint of LIBs subject to upper
limits as soon as 2027 [15]. The EU legislation, for now, is most con-
cerned with CO; emissions, commonly expressed through global
warming potential (GWP) in kg CO; equivalents [15]. However, con-
ducting life cycle assessments (LCAs) with several environmental impact
categories presents additional insight [16].

Reviewing academic literature we find that most publications look
either at economic or environmental aspects of lithium-ion batteries (see
supplementary material, Tables A1-A3). Of the few studies that cover
both economic and environmental aspects [17-19], CO, emissions have
been of most prominence. Combined cost and environmental impact
assessments, consequently, are largely missing in literature, despite
growing interest from the industry experts [14,20]. Furthermore,
limited work has covered both production and recycling of cells within a
shared technical framework, which is another research gap.

Addressing these challenges, the present work contributes an inte-
grated process-based cost model and life cycle assessment for industrial-
scale cathode active material (CAM) synthesis, cell manufacturing, and
hydrometallurgy recycling. Using a shared functional unit of 1 kWh cell
capacity, and the same cell and process layouts for both cost and envi-
ronmental assessments provides a high level of transparency. Our
environmental impact assessment includes but is not limited to global
warming potential as is recommended by experts [21,22]. Further, we
conceive a novel, original dashboard that comprehensively presents
costs, COz emissions and combined environmental impacts —split into
contributions of cathode material, anode material, other material, en-
ergy, equipment, and building— for each process. This dashboard allows
to evaluate the influence of changes in process design or parameters on
economic and environmental results, while at the same time indicating
in which part of the process most changes occur. This will support
strategic decision-making of stakeholders in the battery industry.

Due to its high popularity in automotive applications [3,23],
outstanding specific energy [24], as well as competitive cost [11] and
carbon footprint [25], we select a state-of-the-art lithium nickel man-
ganese cobalt oxide battery (NMCg;1), as currently manufactured by, for
example, Northvolt [26], for the present analysis. We set the United
States as baseline geography for our analysis, and conduct sensitivity
analyses for key parameters to broaden the applicability of our findings.
Incorporating other battery technologies, such as lithium-iron phos-
phate (LFP) or next generation sodium-ion technologies into the com-
bined cost and environmental assessment framework is beyond the
scope of the present analysis. Nevertheless, our approach provides a way
for other researchers to fit their cell design and material into our pre-
sented method and evaluate the combined costs and environmental
impacts throughout the value-chain of present and future battery stor-
age technologies.

2. Background
2.1. Raw materials

At the start of the production process, manufacturing LIBs in not
much different than, for example, the production of combustion engines
or smartphones. All have in common that they require raw materials.
Circular economy strategies outline that mining of new raw materials
should be kept to a minimum and as much recycled material as possible
fed back into the material circle [27,28]. Growing LIB demand will
require extraction of new raw materials for some time before a closed
material loop is within reach [6,7]. Raw material extraction has become
subject to public attention due to social and ecological problems
[7,29,30]. Raw materials, such as lithium, nickel and cobalt go through
material refining to reach battery grade purity levels [31]. Most capacity
for material refining is located in Asia, with the European Union and
United States encouraging a buildup of local refining capacity [9,27].

2.2. Cathode active material synthesis

Selection of cathode active material has impact on important cell
characteristics such as specific energy, cycle life, and safety [35,36]. By
some estimates, NMCgj; is expected to become the dominant cathode
active material within the next years [23]. NMC and other transition
metal oxides are synthesized through co-precipitation and calcination
[33], see Fig. 1. For high-nickel CAMs (e.g., NMCg;1), LiOH is used as
lithium source. Low-nickel CAMs (e.g., NMCj ;1) can use slightly cheaper
LiaCO3 [33]. Calcination is an energy intensive process, with tempera-
tures exceeding 750 °C and process duration of several hours [37]. Some
battery companies have started to internalize the CAM synthesis [26].

Costs for industrial production of NMC cathode active material in the
United States via co-precipitation and calcination have been calculated
as $23 kg~! (NMCyq1) and $21.5 kg~! (NMCg11) by Ahmed et al. [38]
Innovative flame-assisted spray pyrolysis reduces costs to $19 kg™!
(NMCi11), driven by lower operation costs [39].

Global warming potential associated with industrial synthesis of 1 kg
NMC;1; CAM in the United States was reported as 16 kgCOqeq by the
Argonne National Laboratory (ANL). 43% of GWP came from energy
used during co-precipitation and calcination, 57% from used raw ma-
terials [25,40]. GWP for 1 kg NMCg;; CAM synthesized in China has
been reported as 32 kgCO2eq*!. For electricity intensive processes, such
as calcination of cathode active material, the carbon emission factors of
the local grid, for example, 0.45 kgCOseq kWh™! in U.S. and 0.67
kgCOseq kWh™! in China [25], have a strong impact on GWP.
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2.3. Cell manufacturing

Cell manufacturing consists of electrode production, cell production
and cell conditioning, see Fig. 1.

Electrode production starts with mixing of electrode materials
[32,42]. A common anode active material is graphite, with a practical
specific capacity of 360 mAh g~! and potential of 0.1 V against Li/Li™.
Efforts are underway to increase the specific capacity by adding small
amounts of silicon [36]. Anode active material is mixed with conductive
carbon, binder, and additives, with water used as solvent [23,43], and
coated on a thin copper foil (ca. 6-8 pm thickness) [33,36]. Lithium iron
phosphate (LFP) and lithium nickel cobalt manganese oxide (NMC) are
frequently used CAMs [44]. LFP has a practical specific capacity of
165-170 mAh g~ ! and a potential of 3.45 V against Li/Li* (ref. [24,36]).
Consequently, the specific energy of the electrode active material paring
of LFP and graphite (without any inactive material) is limited to 380 Wh
kg~!. NMC, meanwhile, shows a specific capacity of 160-190 mAh g~*
at a higher voltage potential of 3.7 V against Li/Li* (ref. [24]).
Increasing the nickel content, as done in NMCg;; compared to NMCy1,
corresponds with specific capacities at the upper end of this range
[24,33]. A specific capacity of 450 Wh kg~ presents the upper limit for
an NMC/Graphite electrode pair. The cathode active material, also
mixed with conductive carbon, binder, and additives is coated on
aluminum foil (ca. 10-12 pm thickness) [33,36]. For NMC, NMP is
currently used as solvent, with work underway to enable water-based
processing [23,43]. After electrode coating, solvents are evaporated
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(and NMP recovered) during drying. Electrode production finishes with
calendaring, slitting, and final drying [32,45], see Fig. 1.

Cell production, which requires a dry room atmosphere, consists of
electrode cutting, stacking, contacting, enclosing, and filling cells with
electrolyte [45]. Inactive cell material added in this segment includes
cell housing, a separator which avoids short-circuits, and liquid elec-
trolyte which enables ion-transport [33]. Cell formats include prismatic,
pouch, and cylindrical cells [32]. Depending on cell format and material
choice, the specific energy on cell level is between 160 and 280 Wh kg™
(ref [46]).

Cell conditioning consists of formation, aging, and quality control
[32,45]. The purpose of formation is that a solid electrolyte interphase
(SEI), protecting the anode active material from further reduction, is
formed [24,32]. The strength of charging and discharging currents
during the first cycles of the LIB impacts the quality of SEI layers [24].
Industrial formation processes can take 35 hours [23]. During battery
aging, cells are stored under controlled conditions for up to two weeks
and monitored for non-conforming characteristics [12,23,24]. Promis-
ingly, time for formation and aging is expected to decrease by 60-70%
until 2030 [23], which reduces costs associated with capital expendi-
ture. Approximately 15% of cells were rejected during final quality
control, which at the same time could be as low as 1% by 2030 [23].

In 2015, Wood et al. [47] estimated costs for NMCj1; cells produced
in the United States as $271 kWh ™!, with high contribution from elec-
trode materials, current collectors, separator and electrode processing.
Costs declined since, with recent cost models putting cells at $106
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Fig. 1. Value chain of lithium-ion batteries from cathode active material synthesis to (hydrometallurgy) recycling; sources [12,32-34].
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(NMCg2) [12] and $98 (NMCgy1) [11] for the production of 1 kWh cell
in Europe and the United States.

Cell manufacturing in Gigafactories requires 30-50 kWh of energy
(electricity and heat) to produce 1 kWh of cell capacity [48]. As with
cathode active material synthesis, GWP is generally lowest in countries
with high shares of low emission electricity generation. In the United
States, GWP associated with 1 kWh LIB capacity, using NMCj1; as CAM,
is around 60 kgCO2eq?®. Manufacturing the same LIB in China, mean-
while, is associated with 73 kgCOseq?®. Switching to high-nickel
NMCg;; reduces GWP by about 10%, according to ANL [25]. Crenna
et al. [49] have seen an increase of 10% in GWP if NMCg;; is used
instead of NMC11.

2.4. Pack assembly, use and, pack disassembly

Multiple cells are put together in modules and packs which are, fitted
with a battery management system, put into electric vehicle or sta-
tionary storage applications [32,33,35]. Battery capacity for stationary
storage systems range from 2 to 25 kWh in residential applications to
several MWh in grid-scale storage systems [2,50,51]. In battery electric
vehicles, battery pack capacities range from 15 to 100 kWh32. Since non-
active materials such as pack housing and battery management system
add weight, the specific energy of LIBs on pack level is lower than on cell
level. To achieve high specific energies and low costs, LIB manufacturers
aim to keep module and pack housing as light and cheap as possible. If
safety requirements are met, pack designs in which cells are grouped
together without modules are promising [46]. Current cell-to-pack ra-
tios between 55% and 75% [40,46] translate to specific energies on pack
level between 120 and 170 Wh kg L. Thus, the weight of a battery pack
with 50 kWh is between 420 and 300 kg. Pack housing and battery
management systems add between 15% and 35% to the GWP of LIB cells
[49,52]. Similarly, cost calculations estimate that costs increase by 30%
from cell to pack level [53]. After LIBs reach their end-of-life in mobility
or stationary applications, packs are dismantled to module and cell level
[35], each with distinct disassembly challenges and recovered materials.

2.5. Pretreatment and recycling

Pyrometallurgy, hydrometallurgy, or direct recycling are approaches
to LIB recycling with different challenges and opportunities [35]. The
level of pretreatment depends on the chosen recycling technology.
Pretreatments consist of stabilization, opening, and separation based on
size, density, or magnetic properties [35,54]. During stabilization, LIBs
are discharged to limit potential short-circuits at later process stages
[35]. Setting a suitable discharge level is crucial due to its influence on
cell material properties at later recycling stages [35]. Opening of cells
employs shredding or crushing technologies, usually carried out in inert
gas atmosphere [35]. Physical separation technologies are used to
separate black mass from other cell components such as electrolyte and
current collector foils [54].

Pyrometallurgy has low standards for pre-treatment and is an
established technology, but recovery of aluminum and lithium presents
a challenge [35,44,54]. Commonly, alloys from pyrometallurgy are
subsequently separated through hydrometallurgical treatment [54].
Hydrometallurgy has the advantage that aluminum and lithium can be
recovered from waste LIBs [35]. On the other side, process maturity is
slightly lower [34,35]. Leaching, separation, and precipitation form the
main steps of hydrometallurgy with salt precursors such as Ni salt or Li
salt as final product [28,34]. If purity requirements are sufficient, these
precursor salts can be used for new cathode active material production.
Inorganic acids, for example, HySO4/H203, are commonly used due to a
high leaching efficiency [34,35]. With these leaching agents, recovery
efficiencies up to 99% and more have been achieved for Li, Ni, Mn, and
Co%*. Leaching with organic acids or bioleaching are of interest to avoid
some environmental impacts associated with inorganic acids [34].
Direct recycling approaches enable a direct re-use of the cathode
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material as its morphology is conserved [35]. Through re-lithiation,
depleted lithium is replaced [34]. Downsides of this approach are low
technological readiness and high pretreatment requirements [34,35].

To reduce raw material requirements for the battery industry, recy-
cling technologies should follow a closed-loop approach. Such a closed-
loop approach requires that material properties of recycled materials are
comparable to properties of virgin material [16,55]. If these re-
quirements are met, a credit or benefit is awarded to express the positive
impact of recycled material replacing virgin material [56]. Economic or
environmental values of these credits depend on the costs and envi-
ronmental impacts of the virgin materials that are replaced. The
assumption that recycled battery materials displace virgin battery ma-
terials, with corresponding economic and environmental recycling
credits, has become common practice in research on battery recycling
[17,56-59].

Direct recycling and hydrometallurgy recycling of LIBs show better
economic prospects than pyrometallurgy [60]. Industrial-scale hydro-
metallurgy recycling of NMC and NCA LIBs is profitable in the U.S., U.K.,
and China, with revenue from selling recycled battery-grade material
higher than recycling costs [60]. At the same time, hydrometallurgical
recycling of LFP LIBs is not profitable in the U.S., U.K., or China [60].
Disassembling rather than crushing LIBs before hydrometallurgical
treatment has limited impact on recycling costs but disassembly in-
creases recycling credits as more valuable cathode active materials can
be recovered [61].

For cells with NMC as cathode active material, GWP associated with
recycling of 1 kWh nominal cell capacity, with electricity from the Eu-
ropean grid, was reported as 6 (pyrometallurgy), 7 (hydrometallurgy),
and 8 kgCO-eq (advanced hydrometallurgy) by Mohr et al. [57] With
recycling credits of 20 (pyro), 23 (hydro) and 28 kgCOseq kWh™!
(advanced hydro), all three recycling approaches have a net-positive
impact on global warming potential [57]. Recycling of LFP emits be-
tween 6 and 9 kgCOseq kWh™! but recovered material for replacing
virgin material only gets recycling credits between 7 and 20 kgCO.eq
kwh! (ref. [57]). Consequently, the net-benefit of recycling LFP is
lower than recycling NMC. Similarly, Ciez et al. [17] report that hy-
drometallurgy recycling of NMC cells with the U.S. grid as source of
electricity, reduces net carbon dioxide emissions. For LFP, meanwhile,
credits of recycled material do not offset the carbon emissions associated
with recycling of LFP cells [17]. For other environmental impact cate-
gories, recycling generally demonstrates large net-benefits related to
mineral resource scarcity [57,58,62], as is indented to reduce pressure
on raw-material requirements.

3. Method
3.1. System layout

The system boundary of our analysis is shown in Fig. 2. Similar to the
technical background (see Fig. 1) we split the value chain in different
segments. For our purpose, these include cathode active material syn-
thesis (1), electrode production (2), cell production (3), and cell con-
ditioning (4). Segments 2-4 are common in Gigafactories; segment 1 is a
vertical upstream integration. Pack assembly, use, and pack disassembly
are left out of the present analysis due to different applications and pack
formats. Furthermore, the use-phase of LIBs is generally beyond the
influence of LIB manufacturers (a LIB manufacturer, for example, has
small influence on the intensity with which an electric vehicle is used).
Due to its favourable economic and environmental perspective
[17,35,57,60], hydrometallurgy recycling of cells is set as end-of-life
treatment (6) and credits obtained for recycled materials subtracted
from economic and environmental costs.

We assume large-scale LIB production —20 GWh per year— and LIB
recycling with a capacity of 71,000 t year ", allowing for the recycling
of cells with a nominal capacity of 20 GWh year !. Such a recycling
facility would achieve full utilization in a future scenario where return of
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Fig. 2. System boundary and layout of analyzed value-chain segments.

end-of-life LIBs to the cell manufacturer is equal to production output.
While this might not occur for some time, our analysis will address a
lower utilization of the integrated recycling facility. Similar to previous
research, our model applies a closed-loop recycling approach, in which
recycled material serves as a substitute for virgin material with com-
parable quality properties and characteristics [58,62-64].

Shared technical specifications of the cell, cell production, and cell
recycling are used for both cost and environmental assessments. Cell
specifications are taken from the open-source CellEst 2.0 model [65,66],
see Table 1. One feature of our method is that the same functional unit of
1 kWh nominal cell capacity is used throughout the whole value chain.

3.2. Cost assessment

The basic structure of the cost assessment is a process-based cost
model (PBCM) approach, adapted from our earlier work [11,12].
Covering a longer value chain as well as environmental impacts meant
that, compared to previous PBCMs, a higher level for definition of pro-
cesses and process segments was applied.

Costs for finished cells (CAM synthesis to cell conditioning) are the
sum of costs associated with each segment (Eq.1). One category are
variable costs, which scale with the production volume (e.g., material
and energy costs, see Eq. 2). The second cost category are fixed costs,
which occur irrespective of the production volume (e.g., depreciation of
buildings and equipment, Eq. 3).

We do not include costs associated with labor, maintenance and
overhead. In previous work, maintenance and overhead costs have been
estimated as a fixed percentage of equipment and building costs
[12,17,67,68]. Estimates point to added maintenance and labour costs

Table 1

Technical parameters of cells, based on CellEst 2.0 model [66].
Description Value
Cathode active material (CAM) NMCS811
Specific capacity CAM 200 mAh g !
Coating thickness CAM 100 pm
CAM - binder - conductive carbon [%] 95-2.5-2.5
Anode active material (AAM) Graphite
Specific capacity AAM 360 mAh g~!
Coating thickness anode 74 pm
AAM - binder — conductive carbon [%] 95-2.5-2.5
Cell capacity 55.8 Ah
Cell voltage 3.6V
Cell energy 0.201 kWh
Cell format (width*height*thickness) 162*330*7 mm (Standard)
Cell weight 0.714 kg

Cell specific energy 0.281 kWh kg™!

of 5-10% [12]. Since setting percentages for maintenance and overhead
relies heavily on assumptions, potentially tilting the cost structure, we
have decided to not include maintenance and overhead costs at this
point. Due to the continued automation in large-scale LIB
manufacturing, labor costs are expected to constitute <2% of cell costs
[12]. Therefore, omitting labor costs to limit overall complexity seems
reasonable.

)
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Material costs for each process are calculated by multiplying the
amount of material i required for 1 kWh cell (weight; mqteria) With unit
costs of 1 kg material (unit cost; materia), See Eq. 4. We include scrap rates
to account for higher input material needs as not all process output is of
sufficient quality.

,
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Most processes require energy input in form of heat and electricity.
Due to the high relevance of energy input for environmental impacts, an
explicit calculation of energy related cost is done for consistency. Prior
cost models tended to estimate energy costs as fraction of cell costs
[12,67]. Similar to material costs, energy costs for each process are
obtained by multiplying heat and electricity demand (energy demandy,
energy) Per 1 kWh cell with unit costsy energy of heat and electricity, see Eq.
5. In our reference scenario, which is in the United States, electricity is
supplied by the grid and heat for the processes by natural gas [26,40].

- . - Pk
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k=hear,
electricity

)

We include equipment costs and costs for buildings. A capital re-
covery factor (CRF) ensures that capital costs (borrowing at interest rate
r) are included (Eq. 6). Investment costs for machinery (invest costmqchine)
and buildings (invest_costyyiiding) are fitted to a 20 GWh/year production
volume and 20 GWh year™! recycling capacity. The utilization factor
(utilization) makes sure that fixed costs per kWh cell increase whenever
production volumes are lower than the name-plate production volumes
(design_production_volume), see Eq. 7,8.
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3.3. Life cycle assessment

Calculating environmental impacts within a standardized framework
is a central motivation for life cycle assessments. As stated in ISO14040/
44 [16,55], LCAs consist of for parts, which are: 1. Goal & scope defi-
nition, 2. Life cycle inventory (LCI), 3. Life cycle impact assessment
(LCIA) and 4. Interpretation [16,55]. Each of the four parts is addressed
subsequently. As the LCA is combined with a cost assessment, we put
effort in aligning the structure of the LCA and PBCM.

Similar to the cost assessment, the goal of the present life cycle
assessment is to calculate environmental impacts for cathode active
material synthesis, cell manufacturing and hydrometallurgy recycling of
state-of-the-art NMCgj; LIB cells in the United States. The system
boundary of the analysis, showing which process parts, energy and
material flows are included, is shown in Fig. 2. In LCAs, the functional
unit (FU) describes which quantifiable product or service is set as
reference throughout the analysis [16,55]. We select 1 kWh of nominal
cell capacity, which is the same reference as in the cost assessment, as
functional unit. Life cycle inventory data, giving information about
material and energy flows associated with different segments of the
value chain, is gathered from technical reports, academic publications
and Ecoinvent 3.8%° as environmental database (see Tables A4 — A8 in
supplementary material for further information). OpenLCA [70,71]
software is used to support the implementation of the LCA.

In the life cycle impact assessment, data from material, energy and
waste flows is condensed to a set of environmental impact categories.
For example, emissions of CO,, CH4, and N2O, all greenhouse gases,
might occur along the production process. Through LCIA characteriza-
tion models, these GHG emissions are transformed and condensed into
CO;, equivalents, to make results more comprehensive. Established LCIA
characterization models, such as Environmental Footprint (EF) 3.0
[72-74] or ReCiPe2016 [75] capture environmental impacts in several
(midpoint) impact categories. The 16 impact categories (m = 1-16) in
EF 3.0 include, for example, Water use, Resource use (minerals and metals)
and Climate change (see supplementary material for complete list of
impact categories). EF 3.0 is used as LCIA characterization model in the
present study.

Sometimes, it is difficult to relate to the absolute results in envi-
ronmental impact categories. Therefore, efforts have been made to es-
timate the total global annual impact in each environmental impact
category, for example, 55.5 billion kgCOseq for the impact category of
climate change [76]. Through normalization, which is optional ac-
cording to ISO14040/44, results for each impact category (Impacty,) are
divided by the global annual total for that impact category, provided by
Crenna et al. [76] This approach gives an understanding of the relative
problem that the analyzed product causes to the global total (Eq. 9). In
addition to normalization, global weighting factors have been estimated
for each impact category [77] to build one single score to capture the
combined, relative environmental impact and support decision-making
(see Eq. 10). After normalization and weighing, a combined environ-
mental impact score (CEIS) of 1 represents the global annual total of all
environmental impacts. Therefore, a CEIS value of 0.01 means that the
product is responsible for 1% of all global environmental impacts. As
outlined in previous work, there is merit in using a normalization and
weighing approach for effective communication of environmental im-
pacts to stakeholders [76-78]. At the same time, combined
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environmental impact scores should not be over interpreted. Therefore,
we present global warming potential as single impact category next to
combined environmental impacts, and discuss which environmental
impact categories contribute most strongly to the combined environ-
mental impact score.

Impact,,

Normalized environmental impact,, = (©)]
PaCtn Normalization factor,,
Combined environmental impact score
m=16
= Z Normalized environmental impact,,*global weight,, (10)

m=1

To ensure comparability with costs results, we classify environ-
mental impacts based on the same categories as costs, that is, fixed and
variable, to ensure easy comparability. In the equations below (see Eq.
11-17), which are motivated and structured similar to the cost assess-
ment section, Impact,, represents each of the 16 environmental impact
categories of the EF 3 LCIA characterization model. These Impact;, re-
sults are used to calculate normalized and combined environmental
impact scores according to Eq. 9 and 10.

As no interest rate exists for calculating fixed environmental impacts
associated with machinery and building, what used to be the capital
recovery factor in Eq. 7,8 for costs, simplifies to 1/lifetime (impact re-
covery factor) in see Eq. 18. Going forward, one might think about
whether something comparable to an interest rate could be used in the
context of environmental impact assessments.

Impact result,, .y = Zlmpacrlr’n,prm‘em = Z (impacﬂ:x,vw + [mPaCt‘r)ﬂ,m)
P P

an
Variable environmental impacts:
”npacrﬁz,\'ariahlﬂ = lmpacz‘n’z,rur.mamrial + lmpac’ﬁz.mr.energy (12)
lmpac’fn,var.malerial = E ’”’P“Ctlr)n.i,mmerial
i
= E weight’ . . *unit_impact’ . L
: m.i,material m.i,material 1 — scrap
i P
13
. D _ . D
l’npaCtm,vm‘.encrgy - Z lmpac’i“»kvé’"f"i.’}’
k=heat,
electricity
) o
= E energy_demand,, ; ..., Wnit_impacty, ; ... 14
B
Fixed environmental impacts:
. . . »
lmpacrﬁl,ﬂx = lmpa(.tir.ﬂx,mach[ne + lmpacﬂn,ﬂx.building (15)
. . o
. TP _ lnvesz—”npa(‘tfn,machine l’fr7lar!11ne 16
impac m fix,machine ~ 7 s Pk . . ( )
utilization” *design_production_volume’
impact _ invest_impacty, e *if puitding an
mfibuilding = ytilization” * design_production_volume”
. . 1
impact recovery factor (irf) = ——— 18
lifetime

3.4. Filling models with data

Material input data for cathode active material synthesis, cell
manufacturing, and recycling is presented in Table A4. As addressed in
section 2, costs and environmental impacts of LIB production and
recycling are influenced by geographic location, since, for example,
local energy costs and carbon intensity of the electricity grid differ.
Navigating this challenge, our first focus has been on compiling
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technical parameters from relevant technical reports and publications,
such as energy demand for electrode processing, which are not impacted
by location choice. Based on these location-independent technical pa-
rameters, local costs and environmental impacts are calculated for our
reference geography in the United States.

For indicative purposes, material specific impacts for the impact
category of climate change are shown alongside unit costs, see Table A4.
A full set of impacts was used for calculation. For commodity materials
with high price volatility, global average prices between 2020 and 2023
are used. Also, changes in highly volatile raw material prices for lithium,
nickel and cobalt will be addressed in sensitivity and scenario analyses
(section 3.5).

Technical data for hydrometallurgy recycling was obtained from
three independent sources, identified during the literature review (see
Tables A1-A3). Data from Mohr et al. [57] for a European context and
Jiang et al. [59] for a Chinese location were part of life cycle assess-
ments. Data from the often-used Everbatt model [79], built by the
Argonne National Laboratory for a U.S. location, was extracted from
model reports. Following our approach of extracting primarily technical
data from these publications and selecting corresponding unit cost and
environmental data for a U.S. reference case ensured comparability of
our results (see Tables A4 — A6). As could be expected based on section
2.5., all three hydgrometallurgy recycling processes share that input of
H,S04, NaOH and NayCOs is central. Material recovery rates are shown
in Table A5, and generally exceed 90% for high value materials such as
lithium, nickel, cobalt, and copper. Process specific energy requirements
for all parts of the value chain are shown in Table A6. We assume energy
costs of $0.08 kWh™! (electricity) [80] and $0.015 kWh™! (natural gas)
[81] for the United States. Based on the U.S. electricity mix of 2022, our
LCA leads to GWPs of 0.45 kgCOseq kWh™! (electricity) and 0.21
kgCO2eq kWh! (heat, natural gas).

Previous work has shown that minimum equipment costs converge
to an optimum for large-scale LIB manufacturing [11]. Above an annual
production volume of 10 GWh year™! for NMCg1; cells, costs for cell
manufacturing tend to remain stable because economies of scale have
reached full potential. We assume an equipment lifetime of 6 years [67]
and a discount rate of 10%. Cost data for recycling equipment is scarce.
Therefore, generic equipment costs for an industrial hydrometallurgy
recycling on LIBs [82] are used for all three recycling processes, see
Table A7.

Commonly, depreciation of building accounts for <1% of total cell
costs [12]. High level floor requirements for cell production and recy-
cling were adapted from Chordia et al. [26] As a Gigafactory with 16
GWh year ! needs 150,000 m? of factory building, of which 75% is used
for cell production and 25% for recycling, we scale the floor requirement
to fit a production volume of 20 GWh year’l, see Table A8. Within the
cell production process, we assume for simplicity that each of the four
segments requires a comparable level of floor space and building costs of
$3000 m 2 (ref. [67]). Due to limited life cycle inventory data for bat-
tery manufacturing machinery, building and equipment are together
modelled on a general electronics factory (cell manufacturing) and
precious metal factory (recycling), following the example of Chordia
et al. [26] Lifetime of building is set to 25 years [26].

3.5. Sensitivity and scenario analyses

To address uncertainty in key technical, cost, and environmental
parameters, we conduct a sensitivity analysis. An upfront sensitivity
gives a perspective on the most influential factors. Also, our method
should support decision-makers in comparing different strategic sce-
narios. In the scenario analysis, our goal is to demonstrate how fellow
researcher or practitioners can adjust our approach to improve their
combined value generation across the battery value chain.

Evaluated scenarios are:
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1. Use of wind power and electric heating instead of U.S. grid electricity
and natural gas. Levelized cost of electricity from wind power are
estimated as $60 MWh ! (ref. [83]). Intermittency problems asso-
ciated with wind power are left out at this point.

2. Decreased scrap rate of each process segment from 5% to 1%.

3. Volatility in raw material prices for nickel, lithium, and cobalt using
highest prices in period between 2020 and 2023 rather than average
prices (see Table 2).

4. Lower utilization (10% vs. 90%) of recycling facility.

4. Results/discussion
4.1. Cell manufacturing

The relative contribution of materials, energy, equipment, and
building to cell costs, CO5 emissions and the combined environmental
impact score is shown in Fig. 3, The cost assessment finds cell costs,
without labour, maintenance and overhead of $94.5 kWh™!. The LCA
shows a global warming potential of 64.5 kgCOseq kWh™! and a com-
bined environmental impact of 4.0 x 10712 kWh™!. Zooming in on
combined environmental impacts, Fig. 4 shows that the combined
environmental impact score is a result of the negative effect of LIB
manufacturing on Ecotoxicity (freshwater), Reosurce use (minerals and
metals), Eutrophication (freshwater) and Climate change. Summing up the
bars of all environmental impact categories in Fig. 4 leads to the stated
combined environmental impact score of 4.0 x 10712 kWh™!. A high
contribution to resource use (minerals and metals), of the raw materials
copper, nickel, and cobalt, is responsible for the outsized share of these
three materials in combined environmental impacts. The impact cate-
gory of Resource use (minerals and metals) aims to capture the scarcity of
minerals by calculating a factor between the world annual production of
a material and global material reserves [85,86]. Levels of annual copper
mining are high compared to global copper reserves, leading to
comparably high impacts in Resource use (minerals and metals) for 1 kg of
copper [85]. The impact category of Ecotoxicity (freshwater) addresses
the adverse effects of toxic materials on aquatic ecosystems [86,87].
Here, emissions of toxic materials during open-pit mining account for
much of the Ecotoxicity (freshwater) associated with nickel and copper
[69].

Material accounts for 69% of cell costs. On a process level, $45 or
almost half of cell costs are locked in during cathode active material
synthesis (see Fig. 5). This underlines the necessity to include CAM
synthesis as part of the value chain in cost models. With depreciation of
equipment ($23.4) and building ($2.8) responsible for 28% of cell costs,
LIB manufacturing is a capital-intensive business. Interestingly, costs for
electricity ($3.2) and heat ($0.4) are relatively small compared to ma-
terial and equipment costs. Although less important for overall costs, the
LCA shows that energy consumption is of high relevance for the GWP of
cells. Consumption of electricity during CAM synthesis and cell
manufacturing accounts for 28% of total GWP, with another 8% coming
from burning of natural gas for process heat (see Fig. 3 and Fig. 5).

With a GWP of 17.8 kgCOseq kWh™! associated with electricity
consumption, using low-carbon energy sources presents an opportunity
to reduce GWP. CAM synthesis and electrode production are the process
segments with the highest share on costs, GWP and environmental im-
pacts (see Fig. 5). Thus, integrating CAM synthesis into Gigafactory
layouts allows companies to control not only costs, but also

Table 2
Variation in raw material prices for nickel, cobalt and lithium; source [84]:.

Material; unit cost [$ kg1

Average Low High
NiSO4 7.8 6 12
CoSO4 11.2 11 30

LiOH 25.4 5.6 39
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Fig. 3. Relative contribution of material, energy, equipment and building to costs, GWP and combined environmental impact score for the production of NMCgj;

LIB cells.

Normalized and weighed environmental impact

environmental impacts. At the same time, further upstream integration
into nickel, cobalt and copper mining might be a promising objective for
LIB manufacturers to increase control from an overall environmental

for 1kwh LIB (NMCgH)
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Fig. 4. Detailed contribution analysis of normalized and weighed environmental impacts.

viewpoint.

In the present study, costs for NMCg;; cathode active material are
around $36/kg which is higher than the $21.5 kg’1 (NMCgi1) in Ahmed
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et al. [38], and a result of increased raw material prices. With 21
kgCO2eq kg’l, the GWP of NMCg;; falls between the 16 kgCOqeq for
synthesis of NMCj1; in the U.S. [25,40] and 32 kgCOqeq in China [41].
On a cell level, our calculated cell costs of $94.5 kWh™! are quite similar
to the $98 kWh ™! reported by Mauler et al. [11] for NMCgy; cell pro-
duction in Europe or the United States. A GWP of 64. kgCOzeq is 30%
higher than the 50 kgCOeq in Chordia et al. [26] with low-carbon en-
ergy but lower than 104 kgCOseq kWh™!, for a production in South
Korea. GWP associated with 1 kWh of LIB and NMCg;; as CAM, is around
55 kgCOeq in the United States in Winjobi et al. [25], which is 20%
lower than our results. Previous work has not yet used a normalized and
weighted environmental impact score but similar to the present find-
ings, a high contribution of nickel, cobalt and copper to mineral re-
sources scarcity has been found [26,88]. Researchers can incorporate
their own material, cost, and environmental input data into the pre-
sented method to calculated combined environmental and economic
results for their battery technology, location, or value-chain layout.

4.2. Cell recycling

Costs, GWP, and combined environmental impacts associated with
hydrometallurgical recycling of NMCgj; cells are shown in Fig. 6. We
differentiate three sources of process descriptions for the hydrometal-
lurgy recycling process [57,59,79], see also supplementary information.
In the United States, our cost assessment finds that recycling cells with a
nominal capacity of 1 kWh —the useful capacity of a battery at end-of-life
is usually between 60 and 80% of nominal capacity— costs $6.8 to $8.6.
These costs are fairly small compared to cell manufacturing costs of
$94.5 kWh™!. Global warming potential associated with recycling is

. Water

Activated carbon
. Liquid oxygen

Soda ash
Building . Sodium hydroxide
. Equipment Silica sand
. Electricity . Lime
Heat Sulfuric acid
b.
a) o 58 o l
$6.83 kgCO2e 1.2x 103 $8.64
100%1 oo B R .~ -
—
Material

75%+ B

Factory

Relative contribution to hydrometallurgy
recycling of 1kwWh LIB (NMCg11)

0%-
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between 4.0 and 5.8 kgCOzeq kWh ™}, depending on the process design,
compared with 64.5 kgCOeq for cell production. Variation between the
three hydrometallurgy processes is less than $2 and 2 kgCOseq kWh™?
cell capacity, indicating some alignment. Combined environmental
impact scores are 0.6 x 1073 to 1.2 x 107** kWh ™!, which is <3% of
the combined environmental impact associated with cell manufacturing
in Fig. 3.

During recycling, depreciation of equipment is responsible for $3.4
kWh ™!, which is lower than the depreciation of equipment used for CAM
synthesis ($8.4 kWh™1). In all three recycling processes, consumption of
sulfuric acid is responsible for 18% to 21% of total costs, see Fig. 6.
Similar to cell manufacturing, energy consumption contributes little to
costs (1-5%) but substantially to global warming potential (15-38%).

Before turning to recycling credits and a discussion of the whole
value chain, it is sensible to briefly address the sensitivity of results.
Fig. 7 shows the impact on costs and GWP of a 30% increase or 30%
decrease in key parameters, such as electricity demand, electricity cost,
carbon intensity of electricity or interest rate. If nickel costs were to fall
by 30%, this would reduce cell costs by $6 kWh™?, see Fig. 7. Using
average European electricity costs of $0.18 kWh ™! (ref. [89]) in 2022 for
non-residential households increases cell costs by $3 kWh™!. At the
same time, lower average carbon intensity of European grid electricity
(0.31 kgCOseq kWh™1) compared to the U.S. (0.45 kgCOseq kWh™1)
reduces GWP associated with cells by 5.4 kgCOeq kWh™!. Naturally, a
comparable level in GWP reduction is achieved if electricity demand is
decreased by 30%. Compared with lower carbon intensity, however, a
reduced electricity demand has the added benefit of bringing down costs
by $1 kWh™!. Assuming an interest rate of 7% instead of 10% reduces
cell production costs by $2.7 kWh ™! and recycling costs by $0.5 kWh ™.

. Ammonium hydroxide
Hydrogen peroxide
Hydrochloric acid

. Water . Water

Soda ash Soda ash
. Sodium hydroxide - Sodium hydroxide
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c.)
397 _ o 398 o
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Fig. 6. Relative contribution of material, energy, equipment and building to costs, GWP and combined environmental impact score (CEIS) for recycling of 1 kWh
NMCg;; cells with process data based on: a.) Mohr et al. [57], b.) ANL Everbatt [79], c.) Jiang et al. [59]
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Fig. 7. Sensitivity analysis.

As outlined in section 3, material recovered in the recycling process
substitutes the use of new virgin raw material. The recovery rate spec-
ifies which fraction can be recovered of a given material put through the
recycling process. Combining the evaluation of recycling processes with
an analysis of the upstream cell production allows to identify promising
recycling targets from both costs and environmental angles. Based on
the analysis of cell production, one could, for instance, expect recycling
of graphite to be helpful in reducing cell costs, but less suited to reduce
GWP of cells. In sum, we expect high recovery rates for lithium, cobalt,
nickel, and graphite as central for economic credits.

Economic and environmental credits awarded to the recycling of 1
kWh NMCgy; cells are shown in Fig. 8, with material recovery rates of
each process stated for convenience (see also Table A5). Without recy-
cling of scrap material, which occurs during the cell production, eco-
nomic credits of recycled material are $30 to $48 kWh™!. If waste
material scrap of the cell production was also recycled, credits would
increase to $36 to $56 kWh . Thus, recycling of scarp material next to
end-of-life cells adds up to 25% of credits per kWh nominal cell capacity.
The process based on Mohr et al. [57] achieves highest economic credits
of $48 without and $56 with scrap recycling due to high recovery rates.
These high recovery rates are, at the same time, responsible for highest
credits in GWP of 30 kgCOzeq kWh ! without and 35 kgCOeq kWh™?
with scrap recycling.

For cell manufacturing, nickel, cobalt, and copper have accounted
for >83% of combined environmental impacts. Therefore, high recovery
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rates for these three materials ensure that much recycled material can
substitute virgin raw material. This substitution leads to substantial
credits in combined environmental impact scores of up to 3 x 10712
kWh™!. Compared with the costs and environmental impacts of the
recycling process, the credits obtained for recovered material far
outweigh the costs and environmental burdens. Failed recovery of
graphite in the process based on Jiang et al. [59] limits the upside po-
tential for economic credits.

Our cell recycling costs are lower than the $12 kWh™! for hydro-
metallurgy recycling in the United States reported by Lander et al. [60]
The costs for materials used during the hydrometallurgy recycling are
around $3 kWh ! in Lander et al. [60], which is in good alignment with
material costs between $2.2 kWh ™! and $4.3 kWh ™! in our analysis, but
overhead costs are higher. Overall, our results confirm the findings of
prior work [18,57,58,60,63] that economic and environmental credits
awarded for hydrometallurgy recycling outweigh economic and envi-
ronmental burdens associated with the cell recycling process. Compared
with Mohr et al. [57], whose technical description served for one of the
hydrometallurgy processes, our results of 5.8 kgCOseq are lower than
the 8 kgCO-eq stated for recycling of NMCy11 LIBs. The discrepancy is, in
part, explained by differing assumptions about the specific energy of the
cells. With 170 Wh kg’l, the specific energy of NMCjq; cells in Mohr
et al. is about 40% lower than the 280 Wh kg™! in the present work. In
good alignment with previous work, our results show that recycling
reduces impacts in mineral resource scarcity by up to 75% [57,62].
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4.3. Combined evaluation approach

Guiding decision-makers with a comprehensive overview of costs
and environmental impacts across several parts of the LIB value chain is
another objective of this work. Going forward, we present a compre-
hensive dashboard to support stakeholders. Visualization of process
steps in Fig. 9 match the product system presented in Fig. 2. The hy-
drometallurgy recycling process of Mohr et al. [57] is used in Fig. 9. The
break between cells leaving cell conditioning and start of the recycling
demonstrates again that pack assembly, use, and pack disassembly were
left out of the present analysis. Based on pack design and application,
cell manufacturers could adapt the presented dashboard to include
additional parts of the value chain.

Cells leaving final quality control during cell conditioning are set as
the baseline for cost and environmental comparisons. In practice, a cell
manufacturer could sell cells to automotive original equipment manu-
facturers (OEMs), and get the cells returned after they reached end-of-
life. In line with Fig. 3, costs of $94.5, GWP of 64.5 kgCOzeq, and
combined environmental impacts of 4.0 x 10~ '2, represent 100%. As is
seen quickly in Fig. 9, 52% of environmental impacts and 48% of costs
are associated with CAM synthesis. Electrode production adds more to
environmental impacts (44%) than to costs (28%). Cell conditioning, on
the other side, accounts for 8% of total cells costs but only a much
smaller fraction of GWP (2%) and environmental impacts (<1%).

Putting end-of-life cells through recycling adds to cell costs (7%),
GWP (9%) and environmental impacts (3%). Compared to the recycling
credits obtained for the substitution of virgin material by recycled ma-
terial, the added burden of the recycling process seems reasonably small.
After recycling credits have been accounted for, total costs of the cell
come down by 32% (without scrap material recycling) and 44% (with
scrap material recycling). Overall benefits for combined environmental
impacts are even higher. As most of the combined environmental impact
of cells is associated with materials, notably, copper, nickel, and cobalt,
recovering critical raw materials reduces overall environmental impacts
of cells by 67-73%. Relative benefits of recycling for GWP are smallest,
with reductions of 23-38%. This is explained by the high share of energy
related CO,eq emissions. These emissions, for example, associated with
repeated charging and discharging during cell conditioning, cannot be
reversed through recovery of materials.
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In effect, based on the reference system layout, applying hydromet-
allurgy recycling to end-of-life cells has highest potential to limit com-
bined environmental burdens. For mitigation of GWP associated with
cell production, recycling is not as efficient. In this respect, the proposals
of the European Commission to require minimum targets of recycled
battery material [90] might be better suited for achieving a closed-loop
value chain because encouraging closed-loop recycling through strict
targets for GWP is less suitable. From an economic perspective, recycling
of cells is beneficial.

4.4. Employing the dashboard to strategic scenario analysis

The comprehensive eco-environmental dashboard shows how ad-
justments along the process route influence costs, GWP, and environ-
mental impacts. While four scenarios are evaluated in the present work,
no limits exist to the design of additional scenarios. Small bars in Fig. 10
represent the baseline situation, with the standardization to 100%
introduced in Fig. 9. Starting from there, adjusted results are repre-
sented by wide bars.

Wind power is used instead of U.S. grid electricity and natural gas to
fulfill energy requirements in scenario 1. Resulting from the small share
of energy costs on total costs, changing the energy source has limited
effect on total costs throughout the value chain. Combined environ-
mental impacts are only marginally reduced (—4%). Substantial bene-
fits, however, are achieved towards a reduction of GWP. Greenhouse gas
emissions along the value chain are reduced by 33%. Energy intensive
process segments, such as electrode production, benefit most from
changing the energy source to low-emission alternatives. GWP of cells
leaving cell conditioning is now lower than for cells which have gone
through recycling in the baseline scenario, further strengthening the
argument that changing the energy source is a more convenient way to
reduce CO; emissions associated with LIBs rather than recycling. For
decision-makers, scenario 1 outlines a path towards low carbon foot-
prints of cells with limited effect on other environmental impacts and
costs.

Bringing down scrap rates from 5% to 1% (scenario 2) reduces costs,
GWP and combined environmental impacts by 10%. Reduction in GWP
of cells is less than the 33% reduction achieved in the first scenario. On
the other side, the comprehensive nature of the dashboard allows to spot
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Fig. 9. Integrated value-chain dashboard for NMCg;; cells.

added benefits for costs and combined environmental impacts which are
much larger than in scenario 1. Thus, putting resources towards the
achievement of scenario 2 provides a path towards lower costs, CO2
emissions and environmental impacts.

Raw material costs are subject to market volatility (and a high
sensitivity of costs to nickel prices was seen in Fig. 7). Therefore, the
third scenario represents the impact of cost increases for nickel, lithium,
and cobalt. Differing from the previous two scenarios, increasing raw-
material costs only influence costs but not GWP or environmental im-
pacts, see Fig. 10. Also, higher raw material prices increase the economic
credit awarded to recycled material. Consequently, integrating a recy-
cling facility into LIB Gigafactories limits exposure to rising raw material
costs.

In practice, cell manufactures are faced with a situation in which
their recycling capacity will have a low utilization. This is due to the
temporal difference between the point at which cells are placed on the
market and the point at which cells reach end-of-life. With a utilization
of 90%, the annual output of the Gigafactory is 18 GWh year !. A
reduced utilization of 9% is thus corresponding to 1.8 GWh year™! of
recycled cells. A low utilization of the recycling facility increases the
depreciation of building and equipment for recycling cells. In addition,
GWP and combined environmental impacts increase slightly. The credit
for recovered material, meanwhile, remains the same. But it has to be
considered that in such a scenario only 10% of produced cells will
benefit from recycling credit offsets.

The selected scenarios cover only a fraction of possible options. Thus,
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industry practitioners are encouraged to include additional scenarios
and support their decision-making based on comprehensive cost and
environmental insight provided by the value-chain dashboard.

5. Conclusion

Rapidly growing demand for lithium-ion batteries, cost pressure, and
environmental concerns with increased production of batteries require
comprehensive tools to guide stakeholders’ decision-making. To date,
little research has assessed economic and environmental assessments at
the same time across production and recycling of LIBs. The present work
addressed this short-coming by providing a state-of-the-art cost assess-
ment and life cycle assessment, covering the value-chain segments of
cathode active material (NMCg;;) synthesis, cell manufacturing and
hydrometallurgy recycling. Costs, global warming potential and com-
bined environmental impacts were calculated for cell production as well
as recycling, using the same underlying cell and process parameters
gathered through a comprehensive review of academic and industrial
literature. To increase transparency, input parameters, alongside cor-
responding sources are explicitly stated throughout the work. Further,
we contribute a comprehensive dashboard to provide cost, GWP and
environmental impacts across the process segments.

Excluding labor, maintenance, and overhead costs, we calculate cell
costs of $94.5 kWh ™! for large-scale cell manufacturing, and an addi-
tional $6.8 to $8.6 kWh ™! for end-of-life recycling. With high recovery
rates for nickel, lithium, cobalt, graphite, and copper, credits for
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recycled raw material can offset up to half of material costs. This is
especially true whenever scrap material from the cell production is also
subject to recycling. In line with previous results, we find a high
contribution of material costs to overall cell costs, with cathode active
material synthesis as the most expensive process segment. The LCA es-
timates global warming potential of 64.5 kgCOseq kWh™! for cell pro-
duction in the United States. Shifting manufacturing to Europe will
likely increase costs by 5% due to higher energy costs. While high-cost
materials, such as nickel, cobalt and lithium also contribute substan-
tially to overall GWP, energy used during the production process is
responsible for almost half of GWP. Hydrometallurgical cell recycling
adds another 4.0 to 5.8 kgCOseq to GWP. Normalized and weighed
environmental impacts are 4 x 1072 kWh™!. Most of this aggregated
environmental impact figure comes from Ecotoxicity (freshwater) and
Resource use (minerals and metals) associated with copper, nickel, cobalt,
and lithium raw material extraction. Put into context, 4 x 1012 kwWh?
means that producing 1000 GWh of cells would roughly be responsible
for 0.4% of total global environmental impacts. Compared with costs
and GWP, recycling brings most benefit to the combined environmental
impacts.

A limitation of the present work is the exclusion of pack assembly,
use-phase, and pack disassembly as part of the value-chain. Based on
previous work, both costs and GWP might increase by 20 to 35% if 1
kWh of LIB on pack level rather than cell level is set as reference
[49,52,53]. In addition, environmental data for raw materials relies on
Ecoinvent 3.8 data, which is not always as up to date as some recent
LCAs for specific raw materials such as lithium [91-93]. Hydrometal-
lurgy recycling was selected due to high availability of data, and a
generally better cost and environmental performance compared to py-
rometallurgy. But direct recycling is a promising technology which re-
covers the cathode active material and should be included in subsequent
work.

In sum, the present work has shown that cathode active material
synthesis remains a crucial process segment for both economic and
environmental reasons. Cost and environmental burdens associated with
the hydrometallurgical recycling process remain small compared to the
upside benefits. Integrating recycling facilities, even at low utilization
levels, into Gigafactories allows to hedge against volatility in raw ma-
terial prices. Use of low-carbon energy throughout the cell
manufacturing process helps to bring GWP down. However, broader
environmental impacts cannot be reduced this way. For reducing com-
bined environmental impacts, low scrap rates and recycling are vital.
Providing a balanced economic and environmental look for the battery
industry will, as for other industries, become more crucial as legislation
and society demand measures to make the global economy more sus-
tainable. Despite some limitations, establishing the simultaneous
assessment of cost and quantified environmental impacts as new stan-
dard for industrial production and recycling processes, which is not
limited to the battery industry, is hoped to take inspiration from the
present work.
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