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SUMMARY

Lithium-ion batteries (LIBs) have been proven as an enabling technology for con-
sumer electronics, electro mobility, and stationary storage systems, and the
steadily increasing demand for LIBs raises new challenges regarding their sustain-
ability. The rising demand for comprehensive assessments of this technology’s
environmental impacts requires the identification of energy and materials
consumed for its production, on lab to industrial scale. There are no studies avail-
able that provide a detailed picture of lab scale cell production, and only a few
studies provide detailed analysis of the actual consumption, with large devia-
tions. Thus, the present work provides an analysis of the energy flows for the pro-
duction of an LIB cell. The analyzed energy requirements of individual production
steps were determined by measurements conducted on a laboratory scale
lithium-ion cell production and displayed in a transparent and traceable manner.
For the comparison with literature values a distinction is made between the
different production scales.

INTRODUCTION

Since their commercialization in 1991, the worldwide demand for lithium-ion batteries (LIBs) has steadily
increased (Blomgren, 2017; Vaalma et al., 2018). They are the main factor in the success of consumer elec-
tronics, electro mobility, and stationary storage systems. In addition, policy requirements and market adap-
tation to more environmentally sustainable products have contributed to the increasing demand for elec-
tric vehicles and consequently for batteries (McManus, 2012; Thomitzek et al., 2019b). This widespread
application of LIBs has led to important advances (Peters et al., 2017). However, with the increasing de-
mand for batteries, new challenges arise regarding their competitiveness and sustainability (Thomitzek
et al., 2019b). There is a strong need to prospectively identify non-intended effects as far as possible,
e.g., potential negative environmental impacts, rather than to tackle them when they become apparent af-
ter the technology enters the market. It is crucial to provide a broad picture about the early development
stage of a technology, beginning with lab scale processes by addressing potential innovation obstacles or
unintended impacts as early as possible (Arvidsson et al., 2018; Thonemann et al., 2020; Thonemann and
Schulte, 2019).

It is clear that reducing the energy required for the production of a battery (or any other technical device)
would have a positive effect on its environmental sustainability (Thomitzek et al., 20193, 2019b). Yet this re-
quires detailed knowledge of the energy demand of LIB production ranging from a lab to industrial scale.
The industrial scale has been discussed in several studies (Davidsson Kurland, 2019; Ellingsen et al., 2014;
Peters et al., 2017; Thomitzek et al, 2019a, 2019b; Yuan et al., 2017), most recently in the review by Emilsson
and Dahllsf (2019). However, the production of LIBs is very complex, and access to data from industrial
manufacturers is limited (Dai et al., 2019; Davidsson Kurland, 2019; Ellingsen et al., 2014; Peters et al.,
2017; Yuan et al., 2017). The availability of such data is particularly important for conducting life cycle as-
sessments (LCAs), which are a well-established, standardized method for evaluating the environmental im-
pacts of products and goods but also activities (Peters et al., 2016; Thomitzek et al., 2019b; Zackrisson et al.,
2010). Potential environmental impacts of LIBs have been analyzed several times in literature (Dai et al.,
2019; Dunn et al., 2012; Ellingsen et al., 2014; Emilsson and Dahlléf, 2019; Majeau-Bettez et al., 2011,
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McManus, 2012; Notter et al., 2010; Peters et al., 2017; Zackrisson et al., 2010). Most studies are based on
secondary data or rough estimations and have a low level of transparency (Ellingsen et al., 2014; Peters
et al., 2017; Schénemann, 2017; Thomitzek et al., 2019b; Yuan et al., 2017). The batteries examined in
the literature vary greatly in their characteristics, such as size, storage capacity, lifetime, and cell type.
Furthermore, the studies have different scope and system boundaries and different assumptions for certain
parameters and production processes (Peters et al., 2017; Thomitzek et al., 2019a). In addition, only a few
studies provide detailed and comprehensible information about battery cell production, which is repeat-
edly declared to be the production step with the highest energy demand and a high environmental impact
(Dai et al., 2019; Davidsson Kurland, 2019; Emilsson and Dahll&f, 2019; Yuan et al., 2017). Thus, the results of
studies on the environmental impact of an LIB differ considerably, and some studies rely on outdated data
(Davidsson Kurland, 2019; Peters et al., 2017). Finally, a low number of available studies take a detailed look
at lab scale production of battery cells and the potential implications for upscaling, which would allow the
identification and prioritization of important technology properties and provide a broader basis for both
decision-making and “early warning” in early stage technology development. Hence, there is a need for
studies that investigate the energy demand related to LIB production based not only on primary data,
but which also reveal a detailed allocation of the energy demand to the analyzed production steps, espe-
cially related to early stage technology development. This requires high transparency regarding the battery
characteristics, the system boundaries, and assumptions, as this is key to assuring not only comprehensi-
bility but also comparability of the results.

The aim of this study was to conduct a bottom-up analysis of the energy flows of an LIB cell production
based on reference processes at the Battery Technical Center (BTC) of the Karlsruhe Institute of Technol-
ogy (KIT), which consider different cell manufacturing levels. Existing literature contains little distinction be-
tween the energy demand according to the production volume. This study fills this gap, not only by
providing values for a lab scale production but also by providing first analyses of the values already pub-
lished in the literature in relation to their production capacity. This provides a robust foundation for future
early technology-development-oriented sustainability assessments in the field of, e.g.,, LCA. Each
manufacturing step and related hot spots in production are identified, compared, and discussed based
on our measurements and the most recent literature, to provide corresponding bandwidths. Here, a
distinction is made between literature from the LCA field and literature handling explicitly the energy
demand of cell manufacturing.

In this study, cell production was carried out on a laboratory and medium scale industry level and assem-
bled within a semi-automated manual production line in a dry room. Although some production steps at
the BTC are available on a medium or pilot scale, the term laboratory scale production is used here. It
should be noted that process steps on this level are performed manually and at a lower standardization
degree compared with industrial processes: a scale-up in combination with a comprehensive literature re-
view is carried out to explore the transferability of the results to large-scale LIB production processes. This
approach is also highly relevant for technologies with low technology readiness levels (TRL), which are
currently only developed and produced on a laboratory scale such as sodium-ion batteries (SIBs) (Peters
et al., 2016). Using laboratory scale data, prospective LCAs can be generated for technologies with low
TRL. Energy requirements and critical materials, and consequently potential environmental impacts, can
thus be determined prior to their industrial scale production.

The article is structured as follows: “Methodology” outlines the material and energy flow analysis and the
general approach of this work. The production of an LIB cell is described, and a comprehensive literature
review on the energy requirements of an LIB production is examined in “Background Information” section.
In “System Boundaries and Assumptions” the consideration of the production steps and the framework
conditions, simplifications, and calculations are discussed. Section “Results” starts with an overview of
the results, firstly for the individual production steps and secondly for the spatial environment. These
results are then compared with the values obtained from the literature. The final results are analyzed in
"Discussion and Sensitivity Analysis,” with a “Conclusion and Outlook” in the following section. Additional
information can be found in the supplemental information.

Methodology

This work borrows some major principles from material and energy flow analysis (MEFA) (Teresatorres et al.,
2008), which can be considered as a modification of the classical material flow analysis (MFA). This method
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Figure 1. General MEFA-approach of this work

is also highly relevant for LCAs (DIN EN [SO 14044, 2006). An MFA investigates incoming materials to a
given system, the flows inside that system, and the related outputs of that system to other systems (Hen-
driks et al., 2000). Based on the conservation of materials the results can be controlled by a simple material
balance, where all inputs and stocks of a process must be in equilibrium with its outputs (Ayres and Ayres,
2002; Brunner and Rechberger, 2004; Fischer-Kowalski, 1998). This study follows the principles of a classical
MFA approach as described by Hendriks et al. (2000) (according to Baccini and Brunner (1991), Brunner
et al. (1990) and Baccini and Bader (1996)) with a focus on energy flows:

1. Determination of the research question and goal definition.

2. Description of the system by means of system boundaries and selection of relevant processes.
3. Data collection by measurements, market analysis, and expert interviews.

4. Modeling and balancing of incoming and outgoing flows.

5. Interpretation of results.

As indicated in Figure 1, several visits to a manufacturing line at KIT were conducted to get an overview of
the production steps available and to define the system boundaries of this work. The data obtained by
measurements are supplemented with expert interviews. Specifically, a plant engineering company that
manufactures dry rooms and an expert for battery technologies were interviewed in the beginning of
this study. Latter was interviewed regarding the production step coating and drying. At the same time,
experts for lab and pilot scale LIB cell production of the BTC were consulted.
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Figure 2. Schematic illustration of the production steps of pouch cells

Itis clear that energy consumption of processing machines varies, depending on the size, make, model of
the machine, and the operating parameters (temperature, speed, full load, or partial load). Thus, all the
data related to machinery, and the measurement process itself, are described in detail in the supplemental
information, to which we refer where appropriate to ensure the comprehensibility and transparency of this
work.

A comprehensive literature review determines existing values for the energy requirements of an LIB pro-
duction. The findings obtained through the literature review are compared and analyzed with the results
of this work. Because this work investigates production on a laboratory scale, a scale-up is performed spe-
cifically for the dry room in order to provide a tendency for the energy consumption at larger production
scales. The functional unit (FU) of this work is Wh per Wh cell energy storage capacity.

The energy data are gathered by conducting measurements for each process step to provide detailed
primary data. This distinguishes this work from previous studies and highlights the benefits of the results.
For more detailed information on the measuring device, please refer to chapter 2 Measuring Device, in the
supplemental information.

All the processes prior to the mixing of the slurry, e.g. raw material extraction, and downstream processes,
such as assembling the cell into a module or recycling processes, are not considered here, but can be
found, e.g., in Peters et al. (2019).

Background information

In the following, relevant background knowledge is presented for a better understanding of this work. First,
a description of the production of an LIB is given. Secondly, the literature review findings on the energy
demand of LIBs that serve as a basis for this work are discussed.

Production of a lithium-ion battery cell

In general, the production of an LIB cell can be divided into three main steps: the electrode production, the
cell assembly, and the activation of the cell (Heimes et al., 2018; Kampker, 2014; Korthauer, 2018; Kurzweil
and Dietlmeier, 2018). Figure 2 illustrates the production of a pouch cell schematically based on Kampker
(2014), as described below.
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In electrode production, the slurry is mixed and applied to the carrier foil (aluminum for cathode and
copper for anode) (Heimes et al., 2018; Kampker, 2014; Korthauer, 2018; Kurzweil and Dietlmeier, 2018).
The coated film is dried in a continuous process (Heimes et al., 2018; Kampker, 2014). Thereby the solvent
is removed from the material by heat. Once dried, the electrode film is calendered, meaning it is com-
pressed by a pair of rotating rollers (Heimes et al., 2018; Kampker, 2014; Korthauer, 2018). The calendered
electrode is transported to the vacuum drier and stored for up to 30 h, where residual moisture and solvent
are removed from the electrode by evaporation at temperatures above 100°C. Afterward the dried coils are
broughtinto the dry room and the cell assembly begins (Heimes et al., 2018; Kurzweil and Dietlmeier, 2018).
Due to the high reactivity of the electrolyte (LiPF,) with moisture, cell assembly, especially electrolyte filling,
has to be performed in an extremely dry atmosphere (Korthauer, 2018). Separation is the first step in cell
assembly. It involves cutting individual anode and cathode sheets out of the electrode tapes and some-
times also separator sheets. Metal contact tabs, which take over the current transport out of the cell, are
welded with ultrasound to the electrode sheets. Anode, cathode, and separator have to be rolled or
stacked to produce either a cylindrical or brick-shaped cell body. Only the stacking process is considered
here, as it is usually found in a laboratory environment. The cell stack is therefore placed in a deep-drawn
plastic aluminum composite pouch foil and sealed gas-tight. Because the electrolyte has to be filled in the
next step, one side remains unsealed (Heimes et al., 2018; Kampker, 2014; Kurzweil and Dietlmeier, 2018).
After electrolyte filling, the pouch cell is evacuated and sealing is completed. The activation of the cell rep-
resents the final main step of the lithium-ion cell production and begins with the formation of the cell. Here,
the cell is charged and discharged for the first time, and the Solid Electrolyte Interface (SEI) is formed
(Heimes et al., 2018; Kampker, 2014; Korthauer, 2018). During the formation of pouch cells, the first
charging process is responsible for the generation of gas, which is captured in the gas pocket. Therefore,
the next steps involve the degassing. Following this, cell aging is performed. Aging involves the maturation
of the cells and secures their quality. End-of-line testing is the final step of LIB cell production (Heimes et al.,
2018; Kampker, 2014).

Literature review

A literature review (see Table 1) was conducted to provide an overview of existing values for the energy
demand of different levels of LIB cell production (laboratory, pilot, and industrial scale). The studies
selected deal with the energy requirements or the environmental impacts for the production of an LIB.
A distinction between the levels of production from lab to pilot up to industrial scale is made. In addition,
a differentiation has been made between studies stemming from the LCA field, and those explicitly
focusing on identifying the energy demand of battery manufacture. This is indicated in Table 1 in order
to derive any significant differences among these types of studies. Only studies published after 2010 are
included.

The main findings of the literature review can be summarized as follows:

e Table 1reveals data gaps in the literature and also indicates large differences between the results of
the examined studies.

e The reason for this is the different battery technologies, assumptions, system boundaries, and sim-
plifications that are used for the determination of the energy requirements; this is in line with the find-
ings of the review by Peters et al. (2017).

e Widely ranging production scales were examined in the studies, although this has a significant
impact on energy requirements.

e Although there are several studies of industrial and pilot scale LIB production, there is only one study
on the energy demand of laboratory scale LIB production.

These findings are discussed in more detail below.

As Ellingsen et al. (2014) emphasized, there is a lack of transparency in the provided data in previous
studies. Table 1 underlines this criticism by showing that only 6 of the 13 examined studies reveal the
cell geometry, which can be decisive for the energy requirement, because the production of a pouch
cell differs from that of a cylindrical or prismatic cell. For example, Li et al. (2014) mention that a prismatic
cell is examined, but in the corresponding supplemental information the energy requirement for a pouch
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Table 1. Studies with a focus on LIB production published after 2010

SS300V N3dO

Single Data
Cell Cell Specific Cell  Active Active Energy Source
Voltage Capacity Energy Weight Material Material Demand Dry p = Primary; LCA
Year Author  Cell Type V] [Ah] [Wh/kg] [kgl Cathode Anode Solvent FU [kWh] Room Scale s = Secondary Related
2019 Daietal. Prismatic n/a 46 197 (cell) 0.8555° NMC111 Graphite NMP per kWh cell ~ 47° Yes  Industrial pandsfrom Yes
industry
partner
2019a Thomitzek n/a 33 n/a n/a n/a n/a NMP per kWh cell ~ 744.6 Yes  Pilot p from own No
etal. facility
2019b Thomitzek n/a 33.3 121.53% (cell)  0.274  NMC622 Graphite NMP per kWh cell 1150 Yes Pilot p from own No
etal. facility
2017 Pettinger n/a 3.7 20.5 200 (battery)  0.45 n/a n/a NMP per cell 3.306 No Industrial p from industry No
and Dong partner
2017 Yuan etal. Pouch 3.85 32 141.94% (cell) 0.868 LMO Graphite NMP  per cell 13.28 Yes  Industrial Pilot p measured ~ No
from pilot scale
industry
partner
2016 Kimetal. Pouch 3.7 n/a 140 (cell) 0.391°  LMO/NMC Graphite NMP  per kg battery 33.33° Yes  Industrial p from industry Yes
partner
2015 Dunnetal. n/a n/a n/a n/a n/a LMO,LCO, Graphite NMP per kg battery for NMC:4.5to Yes  Industrial s Yes
LFP, NMC, 780
LMR-NMC
2014 Ellingsen  Pouch 3.65 20 n/a n/a Li(Ni,CoyMn,) Graphite NMP  per kWh Average: Yes  Industrial p from industry Yes
etal. O, battery cell 643.89 Energy- partner
capacity efficient:
produced 162.78
2014 Lietal. Prismatic/ 3.65 27 n/a n/a NMC111 SiNW n/a per kg cell unclear n/a Laboratory s Yes
Pouch
2012 McManus n/a n/a n/a 128 to 200 n/a n/a n/a NMP per kg battery  25° n/a n/a s Yes
(battery)
2011 Majeau- n/a 3.7 n/a 140 (cell) n/a NMC Graphite NMP per kWh 0.33° n/a n/a s Yes
Bettez battery
etal. capacity
2010 Notter Prismatic n/a n/a 114 (battery) n/a LiMn,O4 Graphite n/a per kg cell 0.124¢ n/a n/a s Yes
etal.
2010 Zackrisson n/a n/a n/a 93 (battery) 0.967  LiFePO4 Graphite NMP per kg battery 20.5° n/a n/a s Yes
etal.

*Value calculated according to data obtained from paper and/or corresponding supplemental information.

58 kWh electricity, 39 kWh steam.

“Cumulative energy demand for a battery.
90.106 kWh electricity, 0.018 kWh process heat.

€11.7 kWh electricity, 8.8 kWh gas.
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cell is itemized. This makes it difficult to understand the cell type the energy demand is based on. The cell
materials are also decisive for the resulting energy demand. For example, if water instead of NMP is used,
less energy is required for drying the electrodes (Pettinger and Dong, 2017). However, hardly any data on
the solvent are available in the work of Notter et al. (2010) and Li et al. (2014). Further, different cathode and
anode materials are used in the studies (see Table 1). In the cases of Pettinger and Dong (2017) and McMa-
nus (2012) there is hardly any data regarding the active materials. Li et al. (2014), however, investigate an-
odes with silicon nanowires, in contrast with the other studies, which use graphite. Moreover, some studies
(Dunn et al., 2015; Ellingsen et al., 2014; Li et al., 2014; Majeau-Bettez et al., 2011; McManus, 2012; Notter
et al., 2010) lack data on cell characteristics such as cell voltage, cell capacity, specific energy, or single cell
weight. These data would be important in order to translate the different FUs of the studies into a single
unit, because this is necessary for the comparison of the reported values and also to identify the source
of differences or similarities in the results.

Ellingsen et al. (2014) mentioned the extremely high share of the dry room in the overall energy demand of battery
production. This corresponds well with the findings of Emilsson and Dahllaf (2019), which noted in their review that
the energy requirements for the dry room have been underestimated or even neglected in earlier studies. Pet-
tinger and Dong (2017) investigate a cell production process mainly without the use of a dry room. Li et al.
(2014), McManus (2012), Majeau-Bettez et al. (2011), Notter et al. (2010), and Zackrisson et al. (2010) do not provide
any exact information on whether the dry room was taken into account or not. In addition, Table 1 reveals that most
of the studies with LCA reference mainly use secondary data (from previous studies or LCA databases) (Dai et al.,
2019; Dunn et al., 2015; Li et al., 2014; Majeau-Bettez et al., 2011; McManus, 2012; Notter et al., 2010; Zackrisson
etal., 2010), which poses a high risk for inaccurate values, as well as the spreading of failures, or the use of outdated
data. This interdependence of the different LCA studies on LIBs has previously been discussed in detail by Peters
et al. (2017). Some of the studies mainly focus on entire battery pack production and not on cell production, in
particular Kim et al. (2016), Dunn et al. (2015), McManus (2012), Majeau-Bettez et al. (2011), and Zackrisson et al.
(2010); the reported energy demand here is consequently also related to the entire battery pack rather than
the cell manufacturing process.

The production size can be decisive because an industrial scale production requires less energy per cell
than a pilot or laboratory scale production (Li et al., 2014). This stems especially from the different produc-
tion rates. Five of the investigated studies refer to an industrial cell production (Dai et al., 2019; Dunn et al.,
2015; Ellingsen et al., 2014; Kim et al., 2016; Pettinger and Dong, 2017), two to a pilot scale production (Tho-
mitzek et al, 2019a, 2019b) and one to data from a laboratory scale production (Li et al., 2014). Four of the
studies do not give explicit information about the production volume (Majeau-Bettez et al., 2011; McMa-
nus, 2012; Notter et al., 2010; Zackrisson et al., 2010). It is striking that although Yuan et al. (2017) report a
pilot scale production, they use less energy than the most energy-efficient value of Ellingsen et al. (2014).
Davidsson Kurland, 2019 estimated the energy demand for two Gigafactories, Northvolt (Sweden) and
Tesla (USA), and reported 50 kWh per kWh battery cell manufacturing capacity for Northvolt and
65 kWh per kWh battery cell manufacturing capacity for Tesla. These newer values of modern, industrial
battery manufacturers are similar to the values of Dai et al. (2019) and Pettinger and Dong (2017). However,
the studies of Dai et al. (2019), Notter et al. (2010) and Zackrisson et al. (2010) name not only electricity but
also gas, steam, or process heat as an energy source. In particular, the revealed energy demand of Dai et al.
(2019) consists of 83% steam. The only study providing energy requirements for a laboratory scale produc-
tion is based on anodes with silicon nanowires instead of graphite (Li et al., 2014), making it difficult to
compare the other studies investigating graphite anodes. Thus, it is hardly possible to analyze the scale-
up effect of the laboratory production investigated by Li et al. (2014) to pilot or industrial production scales.

Overall, this literature review underlines the aforementioned lack of transparency and the lack of depend-
ability of the data mentioned in the studies. Given the stated conditions, a reliable comparison of the re-
sults of most studies is therefore hardly possible. Moreover, the only lab scale study is outdated, as it was
published in 2014 and uses anodes with silicon nanowires (Li et al., 2014). Hence, there is a lack of lab scale
studies on the energy demand of LIB cell production on a laboratory level. However, due to the increased
demand for batteries, the focus on battery cell production is rising (Emilsson and Dahll&f, 2019), and more
detailed data are provided in studies without LCA references by Thomitzek et al. (2019a), Pettinger and
Dong (2017), and Yuan et al. (2017). Due to the more extensive information provided on the individual
manufacturing processes, these studies are analyzed in more detail below.
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Table 2. Energy demand in Wh per Wh cell energy storage capacity for pr: from selected studies inspired by
Thomitzek et al. (2019a)

Thomitzek et al., 2019a Pettinger and Dong, 2017 Yuan et al., 2017

(Pilot Scale) (Industrial Scale) (Pilot Scale) Range Xmax-Xmin

[Wh per Wh [Wh per Wh [Wh per Wh

cell energy] cell energy] cell energy] [Wh]
Mixing 10.5 2.6 0.9 9.6
Coatingand ~ 133.6 15.4 51.0" 118.2
drying
Calendering 20.7 5.9 3.0 17.7
Separation 0.1 5.2° 5.7 5.6
Stackingand  1.9%° 6.0 9.0,¢ 7.1
packing
Vacuum drying  6.0° 6.0 n/a 0.0
Electrolyte 8.7¢ 15 47 7.2
filling
Formation 26.1 2.8 0.6 25.5
Aging 87.7 n/a n/a n/a
Dry room 448.7¢ n/a 31.2 417.5
Others 0.6 0.4 n/a 0.2
Total 744.6 45.9 106.2 698.7

?Originally named as packaging.

BContacting, housing, and deep-drawing summarized.
“Originally named as final drying.

9Including final sealing.

®Originally named as technical building services.
fOriginally named as slurry preparation.

9Slitting and notching summarized.

PCoating and drying summarized.

'Originally named as notching.

!Originally named as welding.

“Originally named as pre-charging.

Thomitzek et al. (2019a) performed an energy and material flow analysis on a research character battery
production of the pilot scale Battery LabFactory Braunschweig. Pettinger and Dong (2017) investigated
a large-scale operation line of the battery manufacturer SOVEMA. Yuan et al. (2017) provide a detailed
analysis of the energy requirements for the production of lithium-ion batteries at the Johnson Controls pi-
lot plant. Unlike the remaining studies (Dai et al., 2019; Dunn et al., 2015; Ellingsen et al., 2014; Kim et al.,
2016; Li et al., 2014; Majeau-Bettez et al., 2011; McManus, 2012; Notter et al., 2010; Thomitzek et al., 2019b;
Zackrisson et al., 2010) from Table 1, they reveal a detailed breakdown of the energy demand according to
the individual process steps, as displayed in Table 2. Therefore, the next step is a detailed analysis of these
three studies.

In order to enable a comparison of the results, individual process steps are partially summarized into a
broader category. The exact division can be found in notes below Table 2. The column “Range” shows
the difference between the highest and the lowest energy demand. Remarkably, the highest energy con-
sumption is most often drawn from the pilot scale production of Thomitzek et al. (2019a). Pettinger and
Dong (2017), by contrast, tend to have lower energy requirements for production on an industrial scale
and have no maximum value in any category.

All three studies show that due to the high drying temperature, coating is the production step with the
highest energy demand, but with large deviations between the reported values. Although Thomitzek
et al. (2019a) give the highest value with 133.6 Wh per Wh cell energy storage capacity, the energy require-
ment of Pettinger and Dong (2017) with 15.4 Wh per Wh cell energy storage capacity is only about 11.5% of
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this. According to the analyzed literature, a significant difference exists between the energy requirements
for the dry room. Thomitzek et al. (2019a) distinguish a 14.4 times higher energy demand than Yuan et al.
(2017). Pettinger and Dong (2017) did not report any energy demand for the dry room. However, this has a
significant impact on the energy demand. If the dry room is not considered, the demand is only 295.9 Wh
per Wh cell energy storage capacity in Thomitzek et al. (2019a) and 75 Wh per Wh cell energy storage ca-
pacity in Yuan et al. (2017). Another difference between the data presented in the studies is aging, which is
only considered in the study of Thomitzek et al. (2019a). At 87.7 Wh per Wh cell energy storage capacity,
this process is responsible for 11.6% of the total demand in Thomitzek et al. (2019a).

Overall, clear differences can be seen in the energy requirements of the individual processes as shown in
Table 2, making it difficult to provide generalizable information for battery cell production processes
based on these values. This is partly due to the fact that Thomitzek et al. (2019a) and Yuan et al.
(2017) analyzed a pilot scale production, whereas Pettinger and Dong (2017) investigated an industrial
scale production. Secondly, there are differences in the properties of the cells studied, such as the
cell geometry, which has a decisive influence on the energy demand but remains unknown in the work
of Thomitzek et al. (2019a).

System boundaries and assumptions

The LIBs manufactured at the KIT, especially at the BTC, are mainly pouch cells. Thus, this work is dedicated
to the energy and material flows of a pouch cell. The analyzed battery is a “KIT 20" cell with a rated capacity
of 20 Ah, a nominal voltage of 3.7 V, and a gravimetric energy density of 141 Wh+kg~'. One cell weighs
540 g and has the dimensions of 179 mm X 236 mm x 7.4 mm (KIT 20 Li-ion cell, 2020). The cathode active
material is NMC111, and the anode active material is graphite. Because the cathode sheets of the KIT 20
cell are purchased components, NMCé622 cathodes were used for the measurements while coating and
drying. The used electrolyte is 1 M LiPF4 in EC/DMC (1:1) wt % + 3% VC. Because the separator is a pur-
chased part, no measurements are performed on its manufacturing. All determined values are set in rela-
tion to the KIT 20 cell and are calculated based on a fully utilized production at KIT. A picture and a detailed
illustration of the KIT 20 pouch cell and its dimensions can be found in Figures ST and S2 in chapter 1 KIT 20
pouch cell in the supplemental information.

The energy demand of the production steps of cell manufacturing taken into account and measured are
shown in Figure 3. The production steps marked with green dots are those that were measured and thus
provide primary data. No direct measurements are carried out for the production steps marked with yellow
dots; these are calculated using other available data, such as the load curves of the entire building for the
energy demand of the dry room. This represents a limitation of the assessment but is considered as suffi-
cient to provide a robust indication of the energy requirements. The green and yellow dotted process steps
are analyzed using both primary data by direct measurements and data obtained by corresponding calcu-
lations, as shown in chapter 3.9 in the supplemental information. However, due to the laboratory character
of the production, some steps are performed manually. Therefore, no measurements and calculations are
possible for the production steps marked with red dots. Furthermore, expert interviews with internal and
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external research partners are conducted for the electrode production. In addition, an expert interview is
carried out with an industrial partner for the dry room.

Although not covering all production steps of a cell manufacturing process, the key steps such as coating
and drying of the electrode as well as the formation of the cell are included. Because this work considers cell
production on a laboratory scale, all steps required for this production are covered. In addition, the energy
requirements for the dry room and the air conditioning of the formation room are taken into account. In
addition, the energy demand for preheating or system start-up was recorded in all appropriate steps
(e.g. coating and drying) and distributed among the manufactured cells. Further information on this topic
can be found in the supplemental information.

It should be noted that the production is not a continuous process. The machines are sited in different lo-
cations. The data collection and production were not chronological but rather staggered over time. Several
separate cell production campaigns were run to be able to carry out the measurements. Overall, the mea-
surements were performed over a period of approximately 2 weeks. First, the process steps of vacuum dry-
ing, ultrasonic welding, sealing, electrolyte filling, formation, degassing, and final sealing were measured.
These measurements were conducted within 1 week. In the following week the measurements for coating,
drying, and calendering of the electrodes were carried out. Consequently, purchased rather than measured
electrodes were used in the cell assembly. The exact process parameters and framework conditions for the
measurements (e.g. different temperatures, speeds, and types of load) can be found in chapter 3
Measuring Procedure in the supplemental information.

For the production steps labeled with green dots in Figure 3, measurements are carried out at the respec-
tive machines. Different speeds are measured for coating and drying the electrode. The average speed is
0.36m-min~". Drying is carried out in a two-chamber system, with a temperature of 80°C in the first cham-
ber and 120°C in the second. The measurement is performed on a cathode. Different speeds are also used
for calendering in order to determine their impact on the energy demand. The average calendering speed
is 3m-min~" at a temperature of 50°C. The exact results and parameters can be found in chapter 3.1 to 3.7
of the supplemental information. For the cell assembly, two identical cells are manufactured, and the
average energy consumption of both cells is used. In addition, the energy requirement for the air condition-
ing system of the formation room is measured, as described in more detail in chapter 3.8 Formation Room
in the supplemental information.

For the processes marked with yellow dots in Figure 3 no measurements are possible. The values for those
steps are based on calculations. Because only the production of a cathode is measured, the energy require-
ment for coating and drying of the anode is determined based on calculations. Itis assumed that the energy
requirement of the anode is about 15% less than for the process of the cathode (Pettinger, 2019). Itis also
not possible to perform measurements for the energy demand of the dry room. However, as mentioned
repeatedly in the literature, the dry room contributes significantly to the energy consumed in LIB cell pro-
duction (Ellingsen et al., 2014; Emilsson and Dahll6f, 2019). To be able to provide a reliable energy demand
for the dry room, the value is determined based on calculations. For this, the load values for the month of
May 2019 of the entire building are identified. Then the difference between the days with a switched-on or
switched-off dry room are calculated, leading to an operating power of 64.8 kW for a surface area of 100 m?.
Thereby, the dry room ambient temperature is 22°C and provides a dew point temperature of —70°C. For
more detailed information, please refer to chapter 3.9 Dry Room in the supplemental information. The for-
mation of the cell is also determined by calculation. For this purpose, the supplied energy of the three-
stage cyclization process is added to the energy requirement of the cycler itself. A more detailed overview
of the conducted calculations can be found in chapter 3.6 Formation in the supplemental information.

RESULTS

In the following, the results of the measurements are presented. First, the results of the individual produc-
tion steps are displayed, supplemented by the energy requirements for the spatial environment. Then, the
results obtained from this work are compared with the values available in the literature.

Processes and spatial environment

The total energy requirement for the production steps without the spatial environment (dry and formation
room) of a cell is 8.3 kWh, which equals an energy demand of 109.01 Wh per Wh cell energy storage
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Figure 4. Relative distribution of the total energy requirement for all production steps without spatial
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capacity. As can be seen in Figure 4, which displays the energy demand of the production steps without the
spatial environment, the highest energy requirements are for coating with a total of 29.9%, calendering with
10.8%, and formation with 39.0%. Overall, these three process steps on their own are responsible for 79.9%
of the energy consumption. The remaining processes of vacuum drying, packaging, electrolyte filling, and
degassing have an overall energy requirement of 20.1%.

The total energy requirement for the spatial environment is 1360.39 Wh per Wh cell capacity produced.
With 1339.64 Wh the dry room requires significantly more (factor 65) energy compared with the formation
room. The determined value for the dry room indicates an extremely high energy demand, which is
analyzed in more detail in section 6. In conclusion, the total energy demand for the production of a cell
on a laboratory scale equals 1469.53 Wh per Wh cell energy storage capacity, as displayed in Table 3.

Comparison with other studies

In the following, the results of this study are compared with the values available in the literature. For this
purpose, the studies mentioned in Table 2 are used, as they provide an exact breakdown of the energy re-
quirements for the individual process steps, as well as type of production (lab, pilot and industrial scale),
and thus enable statements regarding similarities and discrepancies. For better comparability, the values
from Table 2 are combined and compared with the determined values of this study in a bar chart, as dis-
playedin Figure 5. Figure 5 also shows the range between the highest and lowest value for each production
step on the right.

As Figure 5indicates, some process steps in this work, but also in the other studies, are partly missing. How-
ever, the values available in the literature demonstrate that the missing process steps of this work (mixing
and separation) do not have a considerable influence on the energy demand. In contrast, the process steps
with a massive influence, such as coating and drying, or the dry room, are covered, underlining the robust-
ness and reliability of the results of this work. It can be said that overall, the lowest energy demand is pro-
vided by the industrial scale production of Pettinger and Dong (2017) and the highest by the lab scale pro-
duction within this study. However, when looking at the individual results at process level this is not always
the case. Itis not possible to identify specific sources of such deviations within this work, as the exact oper-
ating conditions of the investigated studies are not available. Thus, further research is required in order to
identify the source of some of the conflicting trends at process level. Concrete information on the operation
of the processes such as the machines, their parameters, and the spatial conditions is required. In the
following, the main differences shown in Figure 5 are discussed.

The most considerable difference in the results can be found for the dry room. Here, the difficulty in the
comparability of the studies is once again evident, because some production steps and parameters are
missing, as mentioned above. With 1339.64 Wh, the value of this study is three times higher than Thomitzek
et al. (2019a) and 42 times higher than the result of Yuan et al. (2017). It should be noted that the dry room
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Table 3. Total energy demand for laboratory LIB cell production in Wh per Wh cell energy storage capacity

Electrode Production  Cell Assembly Activation Spatial Environment
Energy Vacuum Electrolyte Formation
Demand in Coating Calendering Drying  Packing Filling Formation Degassing Dry Room Room Total
Wh per Wh cell  32.57 11.82 6.96 9.32 5.52 42.55 0.26 1339.64 20.75 1469.53
% 2.2 0.8 0.5 0.6 0.4 2.9 0.0 91.2 1.4 100

examined here is oversized for a laboratory scale production. Only eight cells can be produced in one
campaign (1.5 work days), regardless of the 100 m? surface area of the dry room. In addition, there is a dif-
ference in the throughput considered in the studies (Thomitzek et al., 2019a; Yuan et al., 2017), which has a
decisive impact on the energy demand per cell or Wh cell storage capacity. A sensitivity analysis is carried
out in the following chapter to investigate the impact of the throughput. Moreover, the dew point temper-
ature of the examined dry room at the BTC is —70°C, whereas Thomitzek et al. (2019a) indicate a constant
dew point of —40°C and —60°C. However, the fact that the dry room has the highest energy requirement
corresponds to the studies examined, insofar as the dry room was taken into account.

The relatively high share of the energy requirement for coating and drying compared with the other pro-
cesses corresponds to the literature. However, in this study the energy requirement of 32 Wh is rather low,
in particular when compared with Thomitzek et al. (2019a). Due to the lack of transparency of the studies in
the literature review, it is hardly possible to identify a precise source of the difference here. However, the
lowest energy demand, provided by Pettinger and Dong (2017), is mainly caused by the industrialized pro-
duction facility. The impact of the production scale on the energy demand is discussed in more detail in the
following chapter.

In the case of the process step formation, however, the energy requirement in this work is remarkably high
compared with the other studies. The possible reasons for this, such as the cycler's own high energy
requirement, are discussed in more detail in the following section.

The comparably high share in the category “others” in the case study is based on the consideration of the
air conditioning of the formation room. It is not clear if this is also considered by the other studies and if so,
where the energy demand is assigned.

DISCUSSION AND SENSITIVITY ANALYSIS

Dividing the results into the superordinate categories of electrode production, cell assembly and activa-
tion, results in the diagram displayed in Figure é. As coating and calendering are part of electrode produc-
tion, the energy requirement is the highest, with 44.4 Wh per Wh cell energy storage capacity. Due to the
formation, the energy requirement for activation is just slightly lower at 42.8 Wh per Wh cell energy storage
capacity. Cell assembly with 21.8 Wh per Wh cell energy storage capacity requires only half the energy de-
mand of electrode production. The low share allocated to cell assembly can be explained by the short pro-
cess time (Thomitzek et al., 2019a). This might also be caused by the fact that there is no stacking consid-
ered, because this is performed manually at the BTC. As already mentioned, the three process steps of
formation, coating, and calendering are responsible for 79.9% of the energy demand of cell production
processes on laboratory scale and are discussed in more detail below.

Formation

The high amount of required energy for the formation of the cell is based on the high degree of self-con-
sumption through the cycler itself. The operating power of the cycler itself is 0.5 kW. This results from a for-
mation time of 24 h, divided by the number of cells cycled simultaneously (four cells) in a demand of 39.4 Wh
per Wh cell energy storage capacity equaling 3.00 kWh per cell. This represents 93% of the determined
value for the total energy demand during formation. It is worth noting that no data could be found
regarding this topic. A possible reason for the high energy demand of the cycler is based on its particular
technical performance characteristic. Because the cells are produced for research purposes at laboratory
level, a high precision and functionality of the cycler is required. This can lead to an increased energy de-
mand. Furthermore, in industrial cell production more than four cells can be cycled at the same time,
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Figure 5. Energy demand in Wh per Wh cell energy for LIB cell production in comparison with other studies

leading to a reduction in the energy requirement of the cycler per cell. In addition, there is a high variation
in the formation process performed in the industry. Three full charging and discharging processes are per-
formed in the analyzed laboratory production step. In contrast, several producers only perform until the SEI
is formed (Korthauer, 2018). Another crucial pointis that unlike the BTC, in large industrial plants the energy
gained during discharge is returned to the grid, leading to energy recovery effects and thus to the reduc-
tion of energy demand. Nevertheless, according to Schénemann (2017), cell formation and aging are
among the most energy- and time-intensive processes in cell production, which is in line with the findings
of this study. According to Davidsson Kurland (2019), Northvolt expects to use up to 20% of the required
energy of cell manufacturing only for cell formation.

Coating

Coating requires a high energy input, which has been discussed in the literature repeatedly. It is even iden-
tified as the production step with the highest energy demand (Emilsson and Dahlléf, 2019; Pettinger and
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Figure 6. Energy demand in Wh per Wh cell energy storage capacity according to production category

Dong, 2017; Thomitzek et al., 2019a, 2019b; Yuan et al., 2017). The reason for this is the high drying tem-
perature of up to 130°C (Thomitzek et al., 2019a, 2019b) and the high evaporation enthalpy of the used sol-
vents (Pettinger and Dong, 2017). In general, the energy requirement is higher for the cathode. Although
the evaporation enthalpy of NMP (used in the cathode) is lower than that of water (often used in the anode),
NMP has a higher boiling temperature (Pettinger and Dong, 2017). A very decisive reason for the increased
energy consumption of electrodes with NMP instead of water is the air volume that has to be heated. Due
to the explosiveness of NMP, a large excess of air has to be used to ensure that the maximum allowable
NMP concentration in the air is not exceeded. The heating of this additional air volume leads to an
increased energy requirement (Ahmed et al., 2016).

Dry room and sensitivity analysis for scaling-up production volumes

With 91.2%, the dry room accounts for the largest share of the required total energy for cell production and
is, therefore, the most critical process in our investigation. Thomitzek et al. (2019a) explain this high share in
their work with the semi-industrial character of the research establishment. This also comes true for this
study, where the dry room has an even higher share. The comparable low throughput (eight cells in one
operation equaling 12 h) due to the laboratory character and the long processing time consequently in-
creases the energy demand per cell and therefore per Wh cell energy storage capacity. The dry room
seems to be overdimensioned for research purposes. This significant impact of the throughput on the en-
ergy demand per cell is demonstrated clearly by the following sensitivity analysis. Yuan et al. (2017) have
distributed the energy requirement for the dry room with a similar input power among 400 cells per day.
In contrast, only eight cells are used for distribution in this assessment, as this equals the number of cells
produced in one campaign. Assuming the same number of cells produced as Yuan et al. (2017), the demand
per cell would decrease to 2 kWh per cell, which equals a demand of 26.27 Wh per Wh cell energy storage
capacity. In comparison, Yuan et al. (2017) report a demand of 31.2 Wh. The changes in the total energy
demand, including the shares of each production step for both throughput scenarios are displayed in Fig-
ure 7. The left bar illustrates the actual measured production with a maximum of eight cells. The right bar
illustrates production with a throughput of 400 cells in the dry room. The total energy required for the dry
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Figure 7. Comparison of energy demand in Wh per Wh cell energy storage capacity with different cell production
throughputs

room is therefore distributed over 400 cells in the right bar compared with eight in the left bar. As a result,
the dry room accounts for only 16.8% instead of 91.2% of the total energy requirement in the left bar. Thus,
by increasing the throughput of the cells by a factor of 50, the energy demand of the dry room per cell de-
creases by 81.58%. In this scenario, the total energy requirement for one cell would decrease to 156.03 Wh
per Wh cell energy storage capacity.

Overall, the energy demand obtained for a laboratory scale in this study is much higher when compared
with the literature. This is caused by the lower cell manufacturing throughput as demonstrated by the
exemplary analysis in Figure 7. Atypical industrial cell production has an energy requirement several orders
of magnitude lower in relation to a laboratory scale production (Li et al., 2014). The energy requirement per
cell decreases significantly with increasing production volumes, according to the values stated in the liter-
ature and as shown in Figure 8, which is inspired by Davidsson Kurland (2019). This high dependence of the
energy demand on the throughput, particularly for the dry room, was stated by Dunn et al. (2015) and Yuan
et al. (2017). In addition, the dew point temperature of —70°C of the examined dry room is considerably
lower compared with other studies, which have a dew point temperature of —40°C up to —60°C (Thomitzek
et al., 2019a; Schénemann, 2017).

Correlation between energy demand and production scale

The dependence of the energy demand on the throughput and thus on the production scale can be seen
again in Figure 8, where the energy demand per cell energy storage capacity from different studies is
shown. Values symbolized as triangles stem from LCAs, and values displayed as circles are determined
independently from LCAs. Only the energy required to manufacture a single LIB cell is taken into account,
thus excluding housing, BMS, or any similar component. In addition, the provided energy demands are
categorized in laboratory, pilot, and industrial scale production. For a laboratory scale cell production,
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only the value of this study is available. For a pilot scale production the LCA-independent values from the
studies by Thomitzek et al. (2019b), Thomitzek et al. (2019a) and Yuan et al. (2017) are pictured. Among the
values reported for pilot scale production, there are major variations. Particularly the value of Thomitzek
et al. (2019b) is striking, as it shows by far the highest value in that category. Although no information is
given on the production volume, it is assumed that a low throughput is responsible for this value due to
the research character of the facility. However, Thomitzek et al. (2019a) report a production volume of
1,450 cells per year (consisting of 280 days), which could be explained by the research character of the pro-
duction and a probably lower production volume than Yuan et al. (2017). However, the exact production
volume of the pilot scale facility of Yuan et al. (2017) remains unclear. Nevertheless, it is stated that the
investigated dry room has a capability of 400 cells per day, which would lead to a production capability
of 112,000 cells per year by assuming 280 days. The value obtained from the sensitivity analysis (case study
sensitivity) of the previous section is also used in Figure 8 and labeled as pilot scale. Therefore, the red cir-
cle also symbolizes an energy requirement per Wh for a production with 400 cells per day.

For an industrial scale battery cell production, the LCA-independent values for Northvolt and Tesla provided by
Davidsson Kurland (2019) and the energy demand reported by Pettinger and Dong (2017) are given. Industrial
scale values stemming from LCAs are represented by the studies of Ellingsen et al. (2014) and Dai et al. (2019). In
comparison to the values listed in the pilot scale, these energy requirements are considerably more homoge-
neous. Yet, the value provided by Ellingsen et al. (2014) is roughly three times higher than the other values re-
ported in that production scale and even higher than the pilot scale value provided by Yuan et al. (2017) and
thus reveals the highest difference. However, this value was published in 2014, and more efficient production
processes have since been developed. Ellingsen et al. (2014) mention that the technology is at an early stage
of development and that future production volumes are expected to be larger and therefore more energy effi-
cient, yet without revealing the exact production numbers. Pettinger and Dong (2017) state a production capa-
bility of 1.5 million cells per year (consisting of 280 days) for their facility. Davidsson Kurland (2019) indicates 328
GWh cell manufacturing capacity for Northvolt and 35 GWh cell manufacturing capacity for Tesla. In the study of
Dai et al. (2019) a production capacity of 40,000 cells per day is given equaling an amount of 2 GWh cell
manufacturing capacity per year.

Overall, the highest value refers to the laboratory scale production determined within this work. The lowest
value is related to the industrial scale production of the study by Pettinger and Dong (2017). With a differ-
ence of 1424 Wh, the energy requirement on a laboratory scale corresponds to the 32-fold of an industrial
scale production. The average value for a pilot scale production calculated with the values from Figure 8 is
540 Wh and for an industrial scale production 74 Wh.
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As indicated above and shown in Figure 8, the energy requirement per Wh in industrial scale manufacturing
is several orders of magnitude lower than that of laboratory scale manufacturing. The comparison of the
studies shown in Figure 8 reveals clearly the strong relation of the energy demand per Wh to the production
throughput. A larger production volume entails economies of scale. For example, the energy required for
the heating of machinery or for the spatial environment such as the dry room can be distributed among
more cells and thus reduce the demand per cell or Wh storage capacity.

Furthermore, in industrial processes, there are additional synergy effects that have an influence on the en-
ergy requirement. This correlation was investigated in detail by, e.g., Shibasaki et al. (2006). Processes in
pilot and especially in laboratory scale are often isolated and independent from each other, in contrast
to industrial processes, which in battery manufacturing are highly automated coherent production lines.
This interconnection of the process steps reveals synergy effects, for example, waste heat from one process
can serve as an input to a thermal energy source within the same production chain. A more concrete
example of this has already been given in the previous section “"Formation,” because in industrial produc-
tions the energy when discharging the cell is returned to the system. Hence, interconnected industrial scale
processes reveal a greater opportunity for energy recovery effects and thus a lower energy requirement
than is the case for laboratory or pilot scale processes (Piccinno et al., 2016; Shibasaki et al., 2006).

In addition, industrial scale productions are far more efficient than those on a laboratory scale. The utilization rate
of the respective machines is optimized and capacities are thereby fully utilized. As a result, energy requirements
for switching on and off machines (e.g. heating up) or energy consumption in standby mode can be prevented
(Shibasaki et al., 2006). This efficiency of industrial manufacturing is also evident in the low scrap rate. For example,
Pettinger and Dong (2017) report a scrap rate of 8% for the production line investigated in their study. Although it
is not possible to make a quantified statement on the scrap rate for the laboratory scale production on which this
work is based, it can be said that it is considerably higher. One reason for these differences lies in the divergent
goals of the various production types. A production line on an industrial scale aims for cost efficiency, resulting in
optimized processes in terms of time and energy use. Thus, the production line is adjusted and optimized for a
specific production case, and the parameters are fixed. However, laboratory level processes are used for scientific
research in order to obtain fundamental knowledge of different materials, machineries, or processing techniques.
Therefore, the smaller laboratory scale plants are needed to make larger scale production feasible in the first
place. Hence, the materials used, cell sizes, or processing speeds change frequently, and there are no constant
parameters on which the process has been optimized (Piccinno et al., 2016; Shibasaki et al., 2006). This can lead to
more failures in laboratory scale processes, as was the case in this study with coating and drying (see 3.1 in sup-
plemental information). Here, the aluminum foil ripped several times during the process, so that the foil had to be
re-clamped multiple times. As a result, part of the foil but also of the slurry and consumed energy were wasted.

Transferability of results to new battery technologies in an early development stage

The results of this work can be applied in particular to SIBs. They are often seen as a complementary technology
to LIBs (Vaalma et al., 2018) and show similarities in functionality (Sawicki and Shaw, 2015). Peters et al. (2016)
assumed (based on expert judgment) in their LCA on SIBs that the results of LIB production can be transferred
to SIB. As an example, the production of SIBs also requires a dry room. Therefore, this work can serve as a basis
for determining the amount of energy needed to produce an SIB on a laboratory scale.

Conclusion and outlook

The aim of this work was to conduct a bottom-up analysis of the energy demand of an LIB production on a lab-
oratory scale and to contrast the results with recent literature considering different levels of cell production (lab-
oratory, pilot, and industrial scale). Thus, this work provides both lab scale primary data and also a range of the
energy demand for LIB production available in the literature from lab through pilot to industrial scale. Specif-
ically, the laboratory scale LIB cell production at the KIT is used as a reference. Multiple measurements were car-
ried out on the relevant machines and facilities of the cell production line. The results of this work show general
similarity with the values obtained from the literature and provide an in-depth view of the differences between
laboratory, pilot, and industrial scale production. These results are examined in detail and some significant dif-
ferences can be identified. Overall, the findings can be summarized as follows:

e The highest energy demand in an LIB cell production is caused by the dry room, due to the high power
needed for dehumidifying and cooling the air. However, the demand in this work is much higher than in
literature, mainly due to the low throughput and overdimensioning of the dry room on a laboratory scale.
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e On the process side, the highest energy demand is caused by formation, coating, and calendering.

e The high energy requirement for the formation of the cells can be explained in this work by the high
energy requirement for operating the cycler and the missing energy recovery.

e Coating and drying also contribute significantly to the energy demand, due to the high drying tem-
peratures.

e Overall, a higher demand than in literature can be found within this work. This is mainly due to the
laboratory character of the production and the resulting low throughput. Due to the lower
throughput, the machines’ own energy requirements cannot be redistributed to more cells, causing
a higher energy demand per cell. Synergy effects of industrial scale production facilities that reduce
the energy demand, are missing.

e The energy-intensive steps underlying this laboratory scale production are identical to those of other
production scales. Accordingly, it is possible to identify and analyze these key processes at this pro-
duction level.

In summary, this work highlights the importance of studies on the sustainability of LIBs, while addressing
the lack of reliable data on the energy demand for the production of an LIB cell on different levels (labo-
ratory, pilot, and industrial scale). The values available in the literature differ greatly, and the framework
conditions within those studies are not fully available, especially in earlier studies. This work shows that sig-
nificant differences on the process level exist among the studies. The reason for these specific differences
remains unknown and thus requires further research. Consequently, a comparison of the results and a valid
statement on the energy demand of an LIB cell production is only possible to a limited extend.

Comprehensive and transparent data are a crucial precondition to carry out robust studies on LIBs, partic-
ularly when conducting LCAs, and there is a high demand for such primary data. This paper provides both
initial values for further assessments, based on a condensed overview of relevant studies. Most importantly,
the consideration of the energy requirements in relation to the respective production volume or production
level (laboratory, pilot, or industrial) represents the distinctive approach of this study. It was shown that a
detached consideration of the energy demand from the production level would not be appropriate, as the
energy demand per Wh decreases with increasing production numbers. This is the only existing study filling
the gap for a laboratory scale energy demand analysis for LIBs by providing in-house measurements in a
transparent manner. The provided primary data can serve as a starting point for early stage sustainability
assessments for new cell types under investigation.

The availability of a detailed description of the measurement performance, as well as the high transparency
in the processing of the measurement results, distinguishes this work from many of the other examined
studies. Overall, the results can hardly be generalized and have to be related to the given conditions
but should provide a starting point for further related research. In particular, this includes the scalability
of the laboratory scale results to other production scales, such as the pilot or industrial level. The obtained
findings can not only serve as an initial guide for scaling-up laboratory production and examining scaling
effects but also be applied to an LCA of a new battery technology with a low TRL in laboratory scale.

Further research will be carried out, particularly with regard to the influence of various production param-
eters on the energy requirement. However, for future analyses, measurements on a coherent production
chain, but also transparent and accessible data in the literature, would be desirable.

Limitations of the study

The measurements are based on laboratory scale production processes of the KIT20 pouch cell. Deviations
may occur when the measurements are repeated. As the energy demand of the dry room was calculated
based on values for May 2019, the energy demand could differ from that of another month or season.

Resource availability
Lead contact

Further information and requests for resources and materials should be directed to and will be fulfilled by
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Transparent Methods

1 KIT 20 Pouch Cell

Figure S1 KIT 20 Pouch Cel, Related to System Boundaries and Assumptions
(KIT 20 Li-ion cell, 2020)
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Figure S2 Dimensions of the KIT 20 Pouch Cell, Related to System Boundaries and Assumptions
(KIT 20 Li-ion cell, 2020)



2  Measuring Device

The measuring device used in this work, pictured in figure S3, is called Tinytag Energy Logger by the
company Gemini Data Logger. The device is able to record the voltage, power and current in three-
phase operation by using Rogowski measuring coils. (Gemini Data Loggers (UK) Ltd., 2014) Based on
Faraday’s and Ampere’s law, the alternating and high speed impulse currents are measured (Samimi
et al., 2015).

Figure S3 Measuring Device Tinytag Energy Logger, Related to Methodology
(Gemini Data Loggers (UK) Ltd., 2014)

The flexible coils are wound around the power wires and connected to the Tinytag Energy Logger. The
data logger scans current signals at a frequency of 5 kHz over a period of 100 ms and calculates the
effective current flow and the actual power. The data logger can measure the current flow
simultaneously on three wires, but the voltage can only be measured directly on one wire. The data
logger generates equivalent voltage signals for the other two phases by delaying the measured
voltage signal by one third and two-thirds of the main frequency.

Thus, the following constellation is assumed:

e The phases are offset by 120°.
e The voltage at all three phases is the same.
e Any harmonic distortions occur identically in all three phases.

With this constellation, an error probability of up to 1 % is possible. The logging interval can be
adjusted from 30 s up to every ten days. (Gemini Data Loggers (UK) Ltd., 2014)

Within this work a logging interval of 30 s is selected for all measurements. The average of the logged
power values for each process step during the relevant measuring time is calculated and multiplied
with the relevant process duration to determine related energy demands.

In the case of two process steps, the energy logger could not be used since the corresponding
machines are not connected to three-phase current, but connected to a socket. Therefore, an energy
cost meter is used for determining the energy demand. For measuring, the device is interconnected
between the socket and the machine. A display on the device shows the cumulative energy used, the
cumulative recording time and the corresponding energy cost. For this device, it is not possible to set a
logging interval or to display and record individual measurement values such as the operating power.
Therefore, the energy demand is determined by the recorded value and scaled linearly for the relevant
process duration.



3 Measuring Procedure

In the following, the process procedures and calculations, as well as the measurement trials and the
related parameters and assumptions, are explained in detail.

3.1 Coating and Drying

For the measurements for coating and drying a cathode is coated with the parameters shown in
figure S4.

Current

Collector

NMC622 Aluminum

Width: Width:

15 cm 20 cm
Thickness: Thickness:
53 um (dry) 20 pm (dry)
70 um (wet)

Figure S4 Parameters for Coating of the Cathode, Related to System Boundaries and Assumptions

After nine minutes of heating time, the desired temperatures for the two chambers (80°C and 120°C)
are reached. The average operation power is 13.09 kW. Multiplying this value with the heating time of
nine minutes results is an energy demand of 1.97 kWh for heating up the coating machine.

However, process-related difficulties occurred during this measurement. Specifically, these difficulties
involve the tearing of the electrode carrier foil. Hence, the process is stopped several times and the
aluminum foil is re-clamped. Higher coating speeds lead to an uneven distribution of the coating in our
experiment. Therefore, the initial coating speed of 0.5 m-min is successively reduced to 0.3 m-min?
as shown in table S1, leading in 4 trials each with a lower coating speed and therefore a higher energy
demand per meter.

Table S1 Energy Demand for Coating, Related to System Boundaries and Assumptions

Parameter Unit Trial 1 Trial 2 Trial 3 Trial 4
Speed m-min-t 0.50 0.40 0.35 0.30
Time min 9.0 16.5 30.0 21.0
Length m 4.5 6.6 10.5 6.3
Operating power kW 6.26 6.37 6.17 6.32
Demand without heating kWh 0.94 1.75 3.09 2.21
Demand with heating kWh 1.00 1.84 3.22 2.30
Energy demand per meter kWh-m- 0.22 0.28 0.31 0.36

The coating length is calculated based on the coating speed and time. The operating power for each
trial is the mean value from the measured power values during the coating time. By multiplying the
operating power with the coating time, the energy demand without heating is obtained for each trial,
shown in the third row in table S1.

Nevertheless, the above determined total energy demand of 1.97 kWh for heating has to be
redistributed for which the assumptions shown in table S2 are made.



Table S2 Assumptions for Redistributing Heating Energy,
Related to System Boundaries and Assumptions
Parameter Value

Beginning of coating 10:40

End of coating 17:24
Theoretical coating time 404 min
Average coating speed 0.36 m'min‘!
Coating length 147.3 m

The total coating duration equals 404 min, which corresponds to the total time required for the trials.
Based on the different coating speeds, an arithmetic mean of 0.36 m-min- is calculated for the coating
speed. By multiplying the presumed coating time and the calculated coating speed, a theoretical
coating distance of 147.3 m is obtained.

By dividing the total energy requirement of 1.97 kWh for heating with the theoretical coating distance
of 147.3 m, an energy demand of 0.01 kWh-m-! for heating is determined. This value is redistributed
depending on the trials and the corresponding coating length and merged with the previously
determined energy demand without heating, shown in the penultimate row of table S1. By dividing this
energy demand with the corresponding coating length, the energy demand per meter for each trial is
determined. Therefore, the resulting mean energy demand per meter for cathode coating is
0.30 kWh-m,

Since measurements are carried out on cathodes, this value distinguishes from the energy demand for
coating anodes. As mentioned in chapter System Boundaries and Assumptions the energy demand
for anodes is approximately 15 % less than for cathodes (Pettinger, 2019)' resulting in an energy
demand of 0.25 kWh-m-.

Those energy demands (0.30 kWh-m-! for cathode and 0.25 kWh-m! for anode) are multiplied by the
length of one electrode sheet and then multiplied by the amounts of sheets for one cell. As a result
energy demands of 1.31 kWh for the cathodes and 1.17 kWh for the anodes are gained leading to a
total energy demand of 2.48 kWh per cell for coating and drying. Based on the cell weight of 540 g
and a gravimetric energy density of 141 Wh-kg? an energy demand of 32.57 Wh per Wh cell storage
capacity is obtained.

3.2 Calendering

For the measurements during this process, cut parts of cathodes with the cathode material NMC111
are used rather than continuous electrodes. In total, 15 strips with a length of approximately 30 cm
each are manually supplied to the calender. Before calendering, the calender is heated up to 50°C,
requiring 105 minutes. The average operating power is 2.05 kW leading to an energy demand of
3.58 kWh to heat up the calender.

In order to determine the energy requirement of the calender six trials are carried out. Three trials are
carried out with a calendering speed of 1 m'mint and the other three with a calendering speed of 5
m-min-t. Each trial is conducted until all 15 strips are calendered. The results of the individual trials are
listed in table S3.

Table S3 Energy Demand for Calendering, Related to System Boundaries and Assumptions
Parameter Unit Trial 1 Trial2 Trial 3 Trial4 Trial 5 Trial 6

Speed

Time min 7.5 4.5 5.0 1.0 1.0 1.8
Length m 7.5 4.5 5.0 5.0 5.0 8.8
Operating power kw 1.03 1.01 1.05 1.12 1.00 1.06
Demand without heating kWh 0.13 0.08 0.09 0.02 0.02 0.03
Demand with heating kWh 0.76 0.46 0.51 0.44 0.44 0.77
Energy demand per meter kWh-m-=2 0.10 0.10 0.10 0.09 0.09 0.09




The duration of the measurement differs due to the manual supply. However, the operating power is
highly consistent in all trials and averages 1.05 kW. The measurements indicate no difference in
power, whether operating empty or actually calendering a strip. Similarly, the calendering speed hardly
affects the operating power. The calendered length is calculated using the calendering speed and the
time, assuming that this equals the calendered length when using a continuous electrode coil.

The energy required for heating is redistributed among the trials according to the calendered length. At
a speed of 1 m-min-! the total energy requirement is 0.10 kWh-m and at 5 m-min-! the requirement is
0.09 kWh-m-L, In the further course 0.10 kWh-m- is used as the energy requirement for calendering on
a laboratory scale.

Again this energy demand is multiplied by the length of one electrode sheet and then multiplied by the
amounts of sheets for one cell. As no difference in the energy demand for calendaring cathodes and
anodes is assumed a total energy demand of 0.9 kWh per cell is gained. Based on the cell weight of
540 g and a gravimetric energy density of 141 Wh-kg! an energy demand of 11.82 Wh per Wh cell
storage capacity is obtained.

3.3 Vacuum Drying

Before storing the cells in the vacuum dryer, the pre-cut electrode and seperator sheets are manually
stacked and fixed. A cost meter is used for measuring the energy requirement of vacuum drying (since
the device is directly connected to a power socket). Two measurements are carried out. The first
measurement is performed for 19.4 hours on an empty vacuum dryer, the second for 21.1 hours on a
vacuum dryer containing pouch cells.

For further analyses, the average of both values, 6.36 kWh, is used. This value is divided by 12, which
equals the usual number of cells dried simultaneously in the vacuum dryer, resulting in an energy
demand of 0.53 kWh per cell, which equals 6.96 Wh per Wh cell storage capacity.

3.4 Packing

In order to provide a better overview, this process is subdivided into the steps connecting current
collector, sealing of the pouch foil and final sealing of the pouch foil after degassing.

Connecting Current Collector

The two contact tabs (aluminum for cathodes, nickel for anodes) have to be cut off before connecting
by ultrasonic welding, as their length has to be fitted to the corresponding cell. Each collector is
equipped with five welding spots. Only the welding process itself proceeded automatically. Thus, the
cells are moved manually after each welding spot. The entire welding process lasts eight minutes for
cell 1 and nine minutes for cell 2 as displayed in table S4.

Table S4 Energy Demand for Contacting Current Collector,
Related to System Boundaries and Assumptions

Parameter Unit Cell 1 Cell 2
Time h 0.13 0.15
Operating power kW 0.15 0.14
Energy demand kWh 0.02 0.02

The mean operating power for cell 1 is 0.15 kW and for cell 2 0.14 kW resulting in an energy demand
of 0.02 kwh for cell 1 and for cell 2.

Sealing Pouch Foil

Before the pouch cell can be sealed, the sealing machine has to be heated for 15 minutes. The
average operating power for heating is 2.34 kW. Multiplying this value with 15 minutes of heating time
yields an energy requirement of 0.58 kWh. Since two cells are produced, this corresponds to an
energy demand of 0.29 kWh per cell for heating. After reaching the desired sealing temperature, a
sample sealing is performed to ensure an accurate quality of the sealed seam. The sample sealing
comprises the sealing of two sides of a pouch foil. Given a duration of 1.5 minutes and an output of
0.67 kW, this results in an energy requirement of 0.02 kWh in total for sample sealing, equaling
0.01 kwh per cell. After this, the actual sealing of the pouch foil of the two cells starts. Table S5
displays the sealing of the three sides of the pouch foil in more detail.



Table S5 Energy Demand for Sealing Pouch Foil, Related to System Boundaries and Assumptions

Parameter Unit Cell 1 Cell 2
Time h 0.08 0.09
Operating power kW 0.92 0.87
Energy demand kWh 0.07 0.08

The sealing time for cell 1 is 4.5 minutes, and 5.5 minutes for cell 2. Using the operating power for
both cells, 0.92 kW for cell 1 and 0.87 kW for cell 2, yields in an average energy demand of 0.07 kWh
per cell. Based on this, a total energy requirement of 0.37 kWh per cell for the sealing of the pouch foll
is calculated.

Final Sealing Pouch Foil

After degassing, the remaining side of the pouch cell has to be sealed and the gas pocket has to be
cut off manually. This requires a renewed heating of the sealing machine. Thus, an energy demand of
0.29 kWh per cell for heating is again necessary. Since the previously determined energy demand of
0.07 kWh per cell includes the sealing of three sides, this value is divided by three to obtain the energy
demand for sealing one side, resulting in 0.025 kWh per cell. Accordingly, the required energy demand
for the final sealing process of the pouch cell is 0.32 kWh per cell.

By adding the results of all three processes, a total energy demand of 0.71 kWh per cell is obtained for
packing. This equals an energy demand of 9.32 Wh per Wh cell energy storage capacity.

3.5 Electrolyte Filling

As electrolyte filling is a comprehensive manufacturing process, it is divided into subprocesses
flushing procedure 1, flushing procedure 2, flushing procedure 3, electrolyte filling, flushing procedure
4 and flushing procedure 5.

Flushing Procedure 1: Isopropanol

During the first flushing procedure, the tubes are cleaned with isopropanol for two minutes. The mean
operating power is 1.74 kW leading to an energy demand of 0.05 kWh.

Flushing Procedure 2: Propylene Carbonate

With the second flushing process, the tubes are cleaned with propylene carbonate for two minutes.
The average operating power is 1.19 kW resulting in an energy demand of 0.04 kWh for this process.

Flushing Procedure 3: Electrolyte

The final flushing procedure is carried out with the electrolyte itself in order to remove any residues of
the other materials and to avoid them entering the cell. The process is carried out again for two
minutes, with a mean operating power of 1.20 kW resulting in an energy demand of 0.04 kWh.

Electrolyte Filling

After cleaning the tubes, the electrolyte filling starts. The procedure is carried out for five minutes with
a mean operating power of 1.09 kW for cell 1 and 1.10 kW for cell 2, resulting in an energy demand of
0.09 kWh per cell as displayed in table S6.

Table S6 Energy Demand for Electrolyte Filling, Related to System Boundaries and Assumptions

Parameter Unit Cell 1 Cell 2
Time h 0.08 0.08
Operating power kW 1.09 1.10
Energy demand kWh 0.09 0.09

Flushing Procedure 4: Isopropanol

After filling the electrolyte, the tubes must be cleaned again with isopropanol. Again, a flushing
procedure is carried out for two minutes. The mean operating power of 1.16 kW causes an energy
demand of 0.04 kWh.



Flushing Procedure 5: Propylene Carbonate

The final step of the process of electrolyte filling is the final flushing with propylene carbonate for two
minutes. The energy demand is 0.05 kWh as a result of the average operating power of 1.53 kW.

The indicated values for all steps are summarized in table S7.

Table S7 Energy Demand for Flushing Procedures, Related to System Boundaries and Assumptions

Parameter Unit Flushing 1 Flushing 2 Flushing 3 Flushing 4 Flushing 5
Time h 0.03 0.03 0.03 0.03 0.03
Operating power kW 1.47 1.19 1.20 1.16 1.53
Energy demand kWh 0.05 0.04 0.04 0.04 0.05

Warming Cabinet

After filling the electrolyte, the cells are stored at elevated temperature for 24 hours in a climate
chamber located in the air-conditioned formation room. This ensures that the electrolyte is distributed
homogeneously in all layers of the cell stack prior to formation. The energy requirement for storing the
cells in the warming cabinet is measured by the energy cost meter for 3.88 hours. The measured
value of 0.32 kWh is then scaled up to the real process duration of 24 hours, resulting in a demand of
1.97 kWh. This value is divided by nine, as this represents the maximum number of cells that can be
stored, resulting in a demand of 0.22 kWh per cell.

A total energy demand of 0.42 kWh per cell is obtained for electrolyte filling. For this value the energy
demand of the warming cabinet is added to the previously determined energy demand for the flushing
procedures and the electrolyte filling. This value is then dividing according to the number of cells
produced (in this case two). This corresponds to a value of 5.52 Wh per Wh cell energy storage
capacity.

3.6 Formation

The cell cycling consists of three charging and discharging processes in the air-conditioned formation
room with a duration of 24 hours. The energy demand for the charging and discharging process is
determined by adding the individual energy demand of each cycling process, resulting in an energy
requirement of 0.24 kWh for cycling as displayed in table S8.

Table S8 Energy Demand for Formation, Related to System Boundaries and Assumptions

Parameter Unit Value
Time h 24
Energy demand cycling kWh 0.24
Energy demand device kWh 3.00
Total energy demand kWh 3.24

The energy demand for each cycling process is calculated by the BTC. The cycling device has an
operating power of 0.50 kW and an operating time of 24 hours, resutling in a demand of 12 kWh . This
demand is divided by the number of cells simultaneously attached to the cycler. As four cells are
cycled, this corresponds to a demand of 3.00 kWh per cell leading to a total energy requirement of
3.24 kWh per cell. This value equals an energy demand of 42.55 Wh per Wh cell energy storage
capacity. Remarkably, the majority of the energy demand is not due to the execution of the cycling
process, but to the cycling device itself (due to e.g., electronics for a detailed measuremnet of the cell
performance).

3.7 Degassing

Degassing marks the final process step of the studied LIC production on a laboratory scale and is
carried out on the same machine as electrolyte filling. By operating for 1.5 minutes with an operating
power of 0.96 kW an energy demand of 0.02 kWh per cell or 0.26 Wh per Wh cell storage capacity is
obtained. After degassing the remaining gas pocket is removed manually by a slicer.



Table S9 Energy Demand for Degassing, Related to System Boundaries and Assumptions

Parameter Unit Cell 1 Cell 2
0.03
Operating power kW 0.96 0.96
Energy demand kWh 0.02 0.02

3.8 Formation Room

The formation room requires a steady temperature of 25°C, hence the energy requirement of the air-
conditioning system is measured. The measurement is carried out for 19.33 hours. As displayed in
figure S5 there is little fluctuation in the operating power of the air-conditioning system.
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Figure S5 Operating Power of Air-Conditioner, Related to System Boundaries and Assumptions

Therefore, the mean operating power of 2.90 kW is determined and multiplied with 48 hours of
formation time, resulting in an energy requirement of 139 kWh. The determined energy demand is
divided by 88, which represent the maximum number of cells that can be cycled simultaneously in the
formation room. Finally, an energy demand of 1.58 kWh per cell is calculated corresponding to a
vlaue of 20.75 Wh per Wh cell energy storage capacity.

3.9 Dry Room

The energy requirement for the dry room is not determined by measurements, but by calculation. The
load values for the entire BTC building are used for this purpose. The month of May 2019 is selected,
as a lot of work has been carried out in the dry room during this period. First, the mean power value is
calculated based on three days with switched-off dry room. This value is subtracted from the average
power value of three days with a switched-on dry room. Thus, the difference represents the operating
power of the dry room. The values for the switched-off dry room refer specifically to the days 05/01/19,
05/09/19 and 05/25/19. The values for the days with switched-on dry room refer to 05/16/19, 05/23/19
and 05/28/19. Figure S6 displays the difference in the load values of a day with switched-on dry room
(orange) and a day with switched-off dry room (blue). The left diagram represents the days 05/25/19
(switched-off dry room) and 05/16/19 (switched-on dry room). Furthermore, the right diagram
represents the days 05/09/19 (switched-off dry room) and 05/23/19 (switched-on dry room). As can be
seen from the two diagrams, the differences in each are almost the same, confirming the assumption
that the difference relates to the operating power of the dry room.
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Figure S6: Operating Power of Days with Switched-on and Switched-off Dry Room,
Related to System Boundaries and Assumptions

The average value for the load values of three days with switched-off dry room is 45 kW and for the
days with switched-on dry room 112 kW, resulting in a difference of 68 kW. Yuan et al. (2017) state a
power demand of 64.8 kW for the studied pilot scale dry room, validating the assumption made in this
work. Based on an operating time of 12 hours, this results in an energy requirement of 814 kWh. Since
eight cells can be produced within this period, an energy demand of 102 kWh per cell is obtained. This
corresponds to the converted value of 1339.62 Wh per Wh cell storage capacity.

However, a number of additional parameters have a significant impact on the energy demand. One of
the most important criteria for the power consumption is the amount of people in the dry room, as each
person releases 100 to 120 g-h! of moisture into the environment. Furthermore, the seasons should
be considered. Since the ambient air is more humid in summer, more energy is needed for
dehumidification. Whereas in winter the ambient air is dry and less energy is needed for
dehumidification. Fluctuations in the ambient air can also be caused by geographical differences. An
additional influencing factor is the exhaust air. Due to the exhaust air from the machines and the
arising exhaust gases, the air has to be constantly replaced with fresh air, which has to be dehumified
and purified first (Eberhardt, 2019). Thus, the values determined by the measurements represent a
shapshot of the data determined for the month of May and may differ from the annual average value
for energy consumption.
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