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Abstract: As the world’s automotive battery cell production capacity expands, so too does the
demand for sustainable production. Much of the industry’s efforts are aimed at reducing the high
energy consumption in battery cell production. A key driver is electrode drying, which is currently
performed in long ovens using large volumes of hot air. Several drying technologies from other
industries could reduce energy consumption and greenhouse gas emissions if successfully applied to
battery cell production. High process and quality requirements must be met when adapting these
technologies for battery cell production. Evaluating the technologies against these requirements is
difficult due to the technological novelty of this industry and the associated lack of data. Furthermore,
the significant differences in drying technologies render a comparison even more challenging. One
objective of this study was to evaluate drying technologies and identify those that could be best
adapted to lithium-ion battery cell production. Near-infrared and laser drying were found to be the
best in terms of energy efficiency, cost savings and other parameters. Another aim was to analyse, in
more detail, the technological challenges and the advantages and disadvantages of the top-ranked
drying technologies. Finally, the saving potential for greenhouse gas emissions of near-infrared and
laser drying was calculated for a global production scenario of LIB cells in 2030. The saving potential
in this scenario would amount to 2.63 million metric tonnes (Mt) CO2eq per year if near-infrared
drying was applied in all global LIB cell production facilities within the mentioned scenario and
1.47 million Mt CO2eq per year for laser drying.

Keywords: battery cell production; energy consumption; industrial drying technology; industrial
ecology; lithium-ion battery; technology benchmark

1. Introduction
1.1. Environmental Impact of Automotive Battery Cell Production

The transport sector is responsible for over 28% of global greenhouse gas (GHG)
emissions, and significant efforts have been undertaken by industry and politics to reduce
these emissions [1]. The electrification of transport can be a promising strategy if renewable
energy sources are used [2]. The annual sales of electric vehicles (EVs) are increasing and
are likely to continue to rise in the coming decades [3]. The number of EVs is expected to
reach 145–230 million by 2030, which is the 2020 stock times 14.5 or 23, respectively [4].
Simultaneously, the demand for high-energy battery cells has increased. It is estimated
that in 2030, approximately 1525 GWh/a of battery cell capacity is required to meet the
demand for EVs alone [5]. Other estimates were as high as 2623 GWh/a [6]. However, EVs
and lithium-ion batteries (LIBs) are not free from environmental impacts, such as GHG
emissions. Up to 20% of GHGs emitted over the complete lifecycle of an EV belong to
LIB production [3], and of these, 51% are due to the energy-intense LIB cell production [7].
Reducing GHG emissions during the production of LIB cells is of paramount importance for
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providing sustainable electric mobility [7]. In a study by Degen and Schütte [8], the energy
consumption of each step of LIB cell production was calculated. The results are shown in
Figure 1. It turns out that drying electrodes consume approximately 27% (11.02 kWh/kWh
cell capacity) of all energy required in LIB cell production and is, therefore, the largest
energy consumer. Yuan et al. [9] and Jinasena et al. [10] assigned an even larger share of
total energy consumption to drying at 47% and 48%, respectively.
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Figure 1. Share of energy consumption for processes in battery cell production [8].

Since the supply of energy mainly depends on fossil fuels right now, the energy con-
sumption directly impacts the GHG emissions of a product. The use of electricity generated
from regenerative energy sources could drastically reduce GHG emissions. However, a
preferable alternative for reducing GHG emissions is to reduce the energy consumption of
the process in the first place. Degen [11] examined technological innovations to reduce the
energy consumption of LIB cell production until 2030. The most promising technologies
were dry coating, fast formation cycling and the implementation of micro-environments.
These three technologies address the three biggest energy consumers in Figure 1: coating
and drying, formation and dry rooms, respectively. Another study by Drachenfels et al. [12]
shows similar results. Dry coating would, if implemented successfully, render the drying
process obsolete. However, dry coating is still in the early stage of development [13]. Until
implemented at a large scale, efficient drying processes are key to reduce the energy con-
sumption of LIB cell production. Therefore, this study examines technological approaches
to reduce energy consumption and GHG emissions of LIB cell drying.

1.2. Existing Literature on Drying in LIB Cell Production

In industrial companies, heat energy represents 40 to 60% of the overall energy con-
sumption and is mainly used for drying processes [14]. Examples range from drying food
to prolonging the shelf life over drying straw, wood or paper to drying electronic compo-
nents such as semiconductors or LIB cells. In a study by Degen and Schütte [8], energy
consumption for the production line of cylindrical cells with lithium nickel manganese
cobalt oxide (NMC) as cathodes and an output of 200 cells per minute (883 MWh/a) is
investigated. Here, 52% of all energy is required as heat, most of which is for electrode
drying [2,8]. Drying is a process in which heat and mass transfer occur simultaneously to
remove water or another liquid solvent [15,16]. For this, a considerable amount of energy is
required, as well as a long process time for the liquid to evaporate [15]. Most of this energy
is required to match the enthalpy of the evaporation. In general, fossil fuels are involved
in the supply of heat by either burning them onsite at the production site or by burning
them offsite for electricity generation. The high energy consumption of drying processes
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leads to high GHG emissions. Owing to its substantial impact on GHG emissions, cost and
production speed, drying in LIB cell production has gained the attention of the industry
and research community. However, most research efforts to date regarding drying coatings
have been conducted in other industries, such as paper, textiles and food [15]. Although
several technological approaches for electrode drying have been proposed and investigated
over the past few years, none were applicable to mass production. These technological
approaches for drying differ in the type of heat transfer, achievable temperature, purchase
and operating costs and energy efficiency. Research activity mainly focuses on technologies
using electromagnetic radiation to deliver the energy required to dry the active material
on the electrode [17]. The main challenges with these technologies are low process speed
and the potential to damage the electrodes because of the high energy intensity. The state-
of-the-art LIB cell drying is relatively simple and technologically mature and is, therefore,
available for large-scale production. However, this method is very energy-intensive and
inefficient [18,19].

1.3. Focus and Goal of This Study

The goal of this study is to investigate how LIB electrode drying can be improved by
applying technologies already in use in other applications. The potential improvement was
analysed and evaluated in four dimensions.

• Economics and ecology (e.g., investment and energy consumption);
• Process performance (e.g., process speed, efficiency and ramp-up time);
• Technological maturity (e.g., technology readiness level (TRL), patent situation);
• Quality (e.g., homogeneity of drying and residual moisture).

It is important to note that these dimensions overlap in some areas. For example,
a high process speed would not only be beneficial in terms of process performance but
also from an economical point of view. On the other hand, faster drying can reduce the
quality of the electrode because the residual moisture content is higher or the drying is not
homogeneous. However, to reduce complexity, the four dimensions mentioned above were
analysed separately.

2. Methods and Data

This section presents the fundamentals of LIB cells and electrode production. In
addition, a more detailed investigation of electrode drying was carried out to establish a
fundamental understanding of the drying process. Finally, the methodological approach of
this study is explained. This includes the three stages of conceptualisation, data collection
and data evaluation. Full information and details can be found in Appendices A–D.

2.1. Physics of LIB Electrode Drying

Electrode drying involves the simultaneous transfer of heat and mass [15,16]. To
match the processing speed of the (faster) upstream and downstream production steps in
electrode manufacturing, the oven must be very long to provide sufficient time for slow
heat and mass transfer. The drying process is divided into three phases (Figure 2). The
“Heat-up” phase is mostly characterized by heat transfer into the coating. In state-of-the-art
LIB cell production, the coated electrode foil is dried using hot air as a drying medium
flowing over the foil [15]. During the transition to the second phase, the solvent evaporates
at the surface of the coating, whereas more solvent diffuses through the coating on the
surface. The drying rate stays approximately constant (hence, the “Constant-rate” phase),
and the major resistance to the evaporation is in the gas phase at the surface [15,16]. At the
end of this phase, most of the drying process was completed. The porous structure is now
not solely filled with liquid solvent but also with vapor, leading to a complex interplay
of different physical processes [15]. To extract residual moisture and achieve the desired
properties, extensive energy and time are required to overcome the resistance to mass
transport by the porous structure of the coating [16]. When the drying rate decreases, the
excessive thermal energy further heats up the coating temperature. In Figure 2, the curves
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for the drying rate, moisture and temperature of the coating are shown for all three phases.
Although most of the moisture is extracted in the “Constant-rate” phase, the “Falling-rate”
phase is often the longest.

Batteries 2024, 10, x FOR PEER REVIEW 4 of 16 
 

at the surface of the coating, whereas more solvent diffuses through the coating on the 
surface. The drying rate stays approximately constant (hence, the “Constant-rate” phase), 
and the major resistance to the evaporation is in the gas phase at the surface [15,16]. At the 
end of this phase, most of the drying process was completed. The porous structure is now 
not solely filled with liquid solvent but also with vapor, leading to a complex interplay of 
different physical processes [15]. To extract residual moisture and achieve the desired 
properties, extensive energy and time are required to overcome the resistance to mass 
transport by the porous structure of the coating [16]. When the drying rate decreases, the 
excessive thermal energy further heats up the coating temperature. In Figure 2, the curves 
for the drying rate, moisture and temperature of the coating are shown for all three phases. 
Although most of the moisture is extracted in the “Constant-rate” phase, the “Falling-
rate” phase is often the longest. 

 
Figure 2. Schematic diagram of LIB electrode drying process [16]. 

To prevent the air from becoming saturated with the solvent, thus impeding further 
evaporation, the process air flows through the oven and is exhausted while fresh 
unsaturated air is replenished. The process air is, therefore, responsible for transporting 
thermal energy to the coating surface and carrying away the evaporated solvent. A 
substantial amount of energy is required to continuously heat a large quantity of the 
process air flowing through the oven [20].  

Several factors influence drying time and energy consumption:  
• The type of solvent used; 
• The thickness of the coating; 
• The solid content of the coating; 
• The dew point of the supply air. 

In state-of-the-art LIB cells, water is used as the solvent for the anode, whereas NMP 
is used for the cathode. Both require large quantities of energy during drying. In the case 
of NMP, a higher boiling point of 204.3 °C at atmospheric pressure (vs. 100 °C for water) 
and lower vapor pressure increases energy demand [16]. In addition, NMP is flammable 
and explosive. Therefore, the NMP concentration in the dryer must be kept well below the 
flammability threshold, increasing the quantity of air and the accompanying amount of 
energy required [20]. Finally, because NMP is explosive and toxic, it must be recovered 
from the exit gas, adding further equipment and energy demand to the process [16,20]. A 
switch from NMP to water as a solvent is desirable regarding the latter two points but is 
associated with different challenges. One of the challenges is the side reaction between 
water and Li during the formation of LiOH. This, in turn, increases the pH value of the 

Heat-up phase Constant-rate phase Falling-rate phase

Drying rate
Coating moisture
Coating temperature

Re
sid

ua
l m

oi
stu

re
, t

em
pe

ra
tu

re
 o

r r
at

e

Drying time

Figure 2. Schematic diagram of LIB electrode drying process [16].

To prevent the air from becoming saturated with the solvent, thus impeding further
evaporation, the process air flows through the oven and is exhausted while fresh unsatu-
rated air is replenished. The process air is, therefore, responsible for transporting thermal
energy to the coating surface and carrying away the evaporated solvent. A substantial
amount of energy is required to continuously heat a large quantity of the process air flowing
through the oven [20].

Several factors influence drying time and energy consumption:

• The type of solvent used;
• The thickness of the coating;
• The solid content of the coating;
• The dew point of the supply air.

In state-of-the-art LIB cells, water is used as the solvent for the anode, whereas NMP
is used for the cathode. Both require large quantities of energy during drying. In the case
of NMP, a higher boiling point of 204.3 ◦C at atmospheric pressure (vs. 100 ◦C for water)
and lower vapor pressure increases energy demand [16]. In addition, NMP is flammable
and explosive. Therefore, the NMP concentration in the dryer must be kept well below the
flammability threshold, increasing the quantity of air and the accompanying amount of
energy required [20]. Finally, because NMP is explosive and toxic, it must be recovered
from the exit gas, adding further equipment and energy demand to the process [16,20]. A
switch from NMP to water as a solvent is desirable regarding the latter two points but is
associated with different challenges. One of the challenges is the side reaction between
water and Li during the formation of LiOH. This, in turn, increases the pH value of the
slurry, leading to the corrosion of the Al2O3 passivation layer of the current collector foil
and a reduction in the performance and life expectancy of the cell [21]. From an energetic
perspective, the use of water as a solvent is not optimal, as it requires more than 4× the
heat to evaporate compared to NMP (2260 vs. 510 kJ/kg) and has a higher specific heat
capacity [16].

Another key factor in the drying process of LIB cells is the thickness of the active
material layer. Increasing coating thickness will also increase the amount of solvent and
the distance travelled before it evaporates [16]. The high solid content in the coating and
the low dew point of the supply air both reduce energy consumption and drying time.
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2.2. Methodology

The development of a technology strategy includes the tasks of technology acqui-
sition, technology exploitation and technology management [22]. Prior to acquisition,
technologies must be identified, benchmarked and selected [23]. Hamzeh and Xu [24]
provide an overview of established technology benchmarking methods. Most of these
methods are primarily quantitative, which requires sufficient valid data. However, previ-
ous studies reported challenges in applying these methods to emerging technologies due
to the scarcity of quantitative data [13,25,26]. To address this issue, a qualitative research
approach was adopted in this study. In order to include highly novel technologies, three
different categories of sources were used: peer-reviewed scientific literature, patents and
research projects. The scarcity of empirical data complicates the selection and comparison
of relevant key performance indicators (KPIs) [27]. In this study, a three-step process of
conceptualisation, data collection and data evaluation was used to overcome this challenge.
One KPI that is often used to assess and compare the maturity of emerging technologies is
the TRL, which was first introduced by the National Aeronautics and Space Administration
(NASA) in the 1960s [28]. Since then, additional readiness levels have been developed such
as the Manufacturing Readiness Level (MRL). The reason for this is that manufacturing
technologies are only mature if the product technology and design are mature and sta-
ble [13,28,29]. Since the product design and the impact of different drying technologies on
product quality and performance are still under development, it is appropriate to use the
TRL to indicate the maturity level.

2.2.1. Conceptualisation of the Study and Determination of Key Performance Indicators

In an initial guided workshop, the question of which KPIs are relevant for benchmark-
ing drying technologies for LIB cells was addressed. The format of a guided workshop
was chosen because research has shown that guided workshops are well suited for the
problem-structuring and -solving process [13,30]. The workshop involved a management
team from a battery cell factory and researchers in the field of LIB cell production. In
total, 12 experts with several years of experience in the fields of either drying or LIB cell
production participated in this workshop. Further information on these experts, such as
educational background and expertise, is listed in Appendix A. As a first step, each expert
recorded the assessment criteria relevant to the LIB electrode drying. These assessment
criteria were later used to form the KPIs. The experts reviewed all the assessment criteria
and clustered them using group assessment. In addition, the assessment criteria were eval-
uated for their individual relevance via a group assessment. The results of this procedure
are shown in Figure 3.

A total of 20 assessment criteria were identified in the workshop and ranked according
to their relevance. Of these, eight were ranked less relevant in the extensive discussion and
were, therefore, excluded from this study. The remaining 12 assessment criteria were clus-
tered into four categories. For each category, relevant assessment criteria were accumulated
to create representative KPIs. A higher level was chosen to enable a comparison of the
technologies, even if the information on individual assessment criteria was not available.
The four KPIs representing the four categories are as follows:

1. Status of development indicator: The KPI reflects current progress in the develop-
ment of the technology. The only assessment criterion here was the TRL.

2. Economic and ecology indicator: KPI expressing financial and ecological means
or use of resources. The key influences on this KPI are investment costs, energy
consumption (or energy-related costs) and spatial footprint (space demand in factory
layout).

3. Process performance indicator: The KPI is related to the technological performance
of the process, expressed by process speed, overall equipment effectiveness (OEE),
efficiency, safety requirements and ramp-up time.
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4. Quality indicator: KPI expressing how well electrodes can be dried repeatedly. The
main aspects of this KPI are electrode quality, homogeneity of drying and residual
moisture.
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2.2.2. Data Acquisition and Evaluation

Multiple sources of data were included to reduce the bias of individual participants
in this study. A comprehensive literature search was conducted. This included scien-
tific publications from various publishers, patents and research project reports. Expert
interviews were then conducted on the identified technologies. The search terms used
for the desk research and the corresponding results in each search engine are listed in
Appendix B, while information on the experts and the interview questionnaire are listed in
Appendices C and D, respectively.

The desk review identified over 40,000 scientific articles related to industrial dry-
ing. The source of the articles can be found in Appendix B. Appendix B lists the search
engines/databases used, the search terms and the corresponding results. In subsequent
selection procedures, these articles were further filtered by relevance and year of pub-
lication, as older publications do not reflect the current state of both the processes and
the LIB technology. Further information on the selection procedure and criteria can be
found in Appendix B. Only articles published between 2016 and 2022 were included in the
present study. The decision to include articles from 2016 to 2022 was driven by the focus
on recent advancements in the field. Some of the scientific articles were not in the field
of LIB production but addressed drying in different industries or compared it between
different industries. However, the purpose of this study was to explore novel approaches
by examining other industries. A total of 28 scientific articles were analysed in this study. In
addition, a comprehensive patent search was conducted. Following the selection procedure
described in Appendix B, five patents were further investigated in this study. Finally, the
reports of six research projects currently running or already finished were collected and
analysed. In addition to the search for relevant publications, 15 semi-structured interviews
of at least 60 min each were conducted with experts from industry and research. The
interviewees were carefully selected so that there were at least two experts for each specific
technology to increase the objectivity of the results. More information on the experts
interviewed is provided in Appendix C. The interviews covered each of the 12 relevant
evaluation criteria as well as additional questions on the advantages, disadvantages and
remaining challenges of each technology. The questionnaire used for all interviews is given
in Appendix D.
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For evaluation, the results were sent to the same 12 experts who participated in the first
workshop. In addition, the results were shared with the industry experts interviewed. In
the final workshop, the experts’ and researchers’ evaluations were analysed and compared.
If several feedbacks suggested an adjustment of a KPI in the same direction, the adjustment
was made and recorded. Due to the absence of quantitative data for certain technologies
with lower TRL levels, we opted for a comprehensive exploration through workshops and
interviews with esteemed experts in the field of battery cell manufacturing and drying
technology. These interactions allowed us to glean qualitative insights, capturing the
nuances and potential future impacts of the technologies, even when quantitative data was
not readily available.

3. Results and Discussion
3.1. Overview of Identified Technological Approaches

The extensive screening procedure described above shows that there are currently
various technological approaches for drying in LIB cell production in the early or advanced
development stages, differing in the type of heat input or the technological implemen-
tation. In total, ten drying technologies linked to LIB cell drying were identified. These
technological approaches can be clustered into three groups: drying by convection, drying
by electromagnetic waves and others, which use mechanisms different from the first two
groups. A straightforward alternative approach to the state-of-the-art electrode drying
process is to use unheated ambient air, which is used in the food industry [31]. A completely
different approach involves the use of electromagnetic waves to evaporate the solvent. In
this case, the process air is only necessary for carrying the evaporated solvent and not for
heating. Energy is directly inserted into the coating through radiation. Technologies cur-
rently in development use near-infrared (NIR), laser or microwave radiation to evaporate
solvents [17,32]. A completely different approach is conduction drying, in which the coated
electrode comes in contact with a heated surface and is dried by thermal conduction [33].
In induction drying, the electrode foil is surrounded by a magnetic field that generates heat
through high-frequency currents [17]. In high-frequency drying, the material to be dried
is placed in an alternating electrical field induced by two electrodes [33]. This stimulates
molecules in the material, and the resulting frictional heat evaporates the solvent. Freeze-
drying is a process in which the solvent is first frozen and then transferred to the gas phase
by sublimation [34]. Finally, compression drying refers to the process of pressing out the
solvent using rollers. These approaches have different advantages and disadvantages. To
find a suitable option for electrode drying, a comprehensive and in-depth study of different
technologies is necessary. The rating scheme displayed in Table 1 was used. In Table 2,
the ratings for TRL, as well as economic and ecological process performance and quality
potential based on the expert interviews for all technologies mentioned above, are shown.
In the evaluation of the economic and ecological process performance and quality potential,
it was considered that all technologies were already at TRL 9.

Table 1. Rating scheme for drying technologies.

++ Much higher potential than reference (5 points)
+ Higher potential than reference (4 points)
0 Same potential as the reference (3 points)
- Lower potential than reference (2 points)
-- Much lower potential than the reference (1 point)
? Not enough reliable information available for a rating (0 points)

n/a Technology serves as a reference and is, therefore, not rated
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Table 2. Rating of drying technologies.

Physical
Mechanism

Technology

Rating

TRL
Economic and

Ecological
Potential

Process
Performance

Potential

Quality
Potential

Convection
Hot air drying 9 n/a n/a n/a

Air drying 1 + -- +

Electromagnetic waves

Microwave drying 3 ? + --

Near-infrared drying (NIR) 6 ++ ++ +

Laser drying 4 + + +

Others

Conduction drying 4 0 - ?

Induction drying 1 0 ? ?

High-frequency drying 1 - + --

Freeze drying 2 -- -- +

Compression drying 1 ? ? ?

These points were then used to calculate the cumulative benchmarking value (Figure 4).

Batteries 2024, 10, x FOR PEER REVIEW 9 of 16 
 

Based on the ratings in Table 2 and the rating scheme mentioned above, the 
cumulative KPI was calculated by adding the ratings for the economic and ecological 
potential, process performance potential and quality potential. Figure 4 shows the 
cumulative ratings as a function of TRL level. It is apparent that most technologies are in 
the early stages of development, and the lack of accessible, reliable information renders 
an evaluation complex. This is especially the case for compression drying, for which no 
reliable rating is possible. Only NIR drying and laser drying are in the upper right 
quadrant and are, therefore, of particular interest for application in industrial LIB 
production.  

 
Figure 4. Cumulative technology rating as a function of the TRL. 

3.2. Analysis of the Most Promising Approaches 
The benchmarks of the different technological approaches show that NIR drying and 

laser drying are the most promising approaches, as they promise better performance at 
lower cost and energy consumption compared to state-of-the-art hot air drying. 
Simultaneously, both have a TRL of four or more, so their implementation in large-scale 
production is feasible in the next few years. Thus, NIR and laser drying are examined in 
more detail in the following section. 

The TRL of state-of-the-art drying has been rated 9 because it has been proven in its 
operational environment for several years (see Figure 5). From an economic and ecological 
perspective, this technology is suboptimal because its spatial footprint, investment and 
energy consumption are all high. The performance was also low, mainly because of the 
low efficiency, long ramp-ups and low process speed. The achievable quality is restricted 
because surface evaporation leads to inhomogeneous drying along the coating thickness. 
This limitation can be compensated for by smart process management. However, there 
are obvious disadvantages regarding all three KPIs; a neutral evaluation was chosen 
because it served as a benchmark for novel technologies.  

Figure 4. Cumulative technology rating as a function of the TRL.

The TRL rating for the stated innovative technologies is challenging, and deviations
of +/− 1 are possible. Nevertheless, benchmarking demonstrates that most drying tech-
nologies are at an early stage of development. In addition to state-of-the-art hot air drying,
only NIR drying has a TRL greater than 4, whereas six of them have a TRL of 3 or less and
are, therefore, still in the research phase. Column four lists the ratings of economic and
ecological potential. It reveals that only three technologies are economically superior to
hot air drying: air drying, NIR drying and laser drying. NIR drying appears promising,
whereas freeze-drying yields the lowest rating. The fifth column lists the ratings for the
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process performance potential. While NIR drying again has the highest rating, air drying
has a much lower process performance potential compared to hot air drying because of
its low process speed and efficiency. The last column shows the ratings for the quality
potential. Only four of the ten technologies showed better quality than hot air drying.
High-frequency and microwave drying perform poorly because of the high possibility of
burning the active material within the drying process. For the remaining technologies, too
little information is available for reliable rating.

Based on the ratings in Table 2 and the rating scheme mentioned above, the cumulative
KPI was calculated by adding the ratings for the economic and ecological potential, process
performance potential and quality potential. Figure 4 shows the cumulative ratings as
a function of TRL level. It is apparent that most technologies are in the early stages of
development, and the lack of accessible, reliable information renders an evaluation complex.
This is especially the case for compression drying, for which no reliable rating is possible.
Only NIR drying and laser drying are in the upper right quadrant and are, therefore, of
particular interest for application in industrial LIB production.

3.2. Analysis of the Most Promising Approaches

The benchmarks of the different technological approaches show that NIR drying and
laser drying are the most promising approaches, as they promise better performance at
lower cost and energy consumption compared to state-of-the-art hot air drying. Simultane-
ously, both have a TRL of four or more, so their implementation in large-scale production
is feasible in the next few years. Thus, NIR and laser drying are examined in more detail in
the following section.

The TRL of state-of-the-art drying has been rated 9 because it has been proven in its
operational environment for several years (see Figure 5). From an economic and ecological
perspective, this technology is suboptimal because its spatial footprint, investment and
energy consumption are all high. The performance was also low, mainly because of the
low efficiency, long ramp-ups and low process speed. The achievable quality is restricted
because surface evaporation leads to inhomogeneous drying along the coating thickness.
This limitation can be compensated for by smart process management. However, there are
obvious disadvantages regarding all three KPIs; a neutral evaluation was chosen because it
served as a benchmark for novel technologies.
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The NIR drying process is a promising approach for improving LIB production. By
using electromagnetic waves in the near-infrared spectrum, energy is efficiently transported
directly into the active material coating and its deeper layers. This approach is beneficial in
several respects. First, the drying speed is significantly higher than that of convection drying
because the direct high-energy heat input through electromagnetic waves is faster than the
heat transfer by convection. Second, it is more efficient because it does not require heating
large volumes of air. In NIR drying, the process air is only needed to carry away the solvent,
for which it is not necessary to reach a high temperature. Moreover, by separating the heat
transfer from the airflow, the drying process can be run at low pressure to support solvent
evaporation. This reduces energy demand and energy-related costs. Third, investments
are low because NIR bulbs are an established and inexpensive technology. In addition, the
spatial footprint can be reduced compared with convection drying because of the higher
efficiency and speed of NIR drying. Finally, homogeneous heat input can further improve
the electrode quality and reduce the remaining moisture. However, the high energy
intensity of NIR radiation is accompanied by challenges regarding the interaction with the
active material, such as binder migration. Multiple studies have shown that fast drying
leads to the accumulation of a binder near the coating surface [35–37]. Jaiser et al. [36]
demonstrated that the binder is enriched at the coating surface, where the evaporation of
the solvent leads to higher solid content, and capillary effects trigger binder migration. The
resulting binder shortage near the current collector reduced the adhesion of the coating.
The slow compensatory processes of back diffusion can reduce the binder gradients only if
sufficient time is provided [36]. However, investigations by Adphos showed that binder
gradients do not occur in NIR drying processes if they are fast enough to prevent binder
migration in the first place. Westphal et al. [37] reported a similar observation regarding
high-speed drying. In summary, NIR drying promises substantial energy- and time-saving
potential if the implementation on an industrial scale is successful and the electrode quality
remains high. NIR drying has already been used in several LIB productions to boost
convection drying but is yet to be implemented as a stand-alone application.

Laser drying has many similarities to NIR drying, especially regarding the expected
advantages, such as process speed. However, some distinctions were made. The energy-
saving potential is expected to be lower because of the low overall efficiency of laser
machines. Thus, the energy costs of laser drying are higher than those of NIR drying.
The same is true for investment because lasers are more expensive than NIR bulbs. In
terms of process performance, the safety requirements are higher when laser drying is
used. Binder migration is a challenge in the implementation of laser-drying. In addition,
it seems that the monochromatic light of the laser does not reach the deeper layers of the
multi-component coating, and most of the energy is absorbed in the vicinity of the surface,
leading to the development of dried skin at the surface. Currently, the applications of laser
drying are still at the lab scale, and the stated challenges are yet to be fully understood.
Thus, more research and development are necessary before implementing this technology
on an industrial scale.

3.3. Impact of Different LIB Drying Technologies on Energy Consumption and GHG Emissions

By applying an efficient drying technology, the energy consumption of LIB cell drying
can be reduced. However the extent of the reduction is difficult to determine due to
insufficient data. Nevertheless, a rough assessment can be made by using the relative saving
potentials estimated by the experts (Table 3). These saving potentials were determined by
asking the experts what percentage of energy consumption can be reduced by innovative
technologies compared to convection drying. The average estimates for NIR and laser
drying are 80% and 50%, respectively. Based on this, the energy consumption for drying
one kWh cell capacity can be calculated (Table 3, column three). Finally, by estimating a LIB
production capacity of 1525 GWh in 2030 [5], the resulting savings of GHG emissions can
be calculated (Table 3, column four). The potential energy and GHG emission savings of
drying technologies in LIB cell production are considerable. By switching to NIR drying, the
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annual GHG emissions of LIB electrode drying in 2030 could be reduced from 3.4 million Mt
CO2eq with hot air drying to less than 0.8 million Mt CO2eq. The energy-saving potential
for laser drying is smaller, resulting in GHG emissions of 1.9 million Mt CO2eq in 2030.
This suggests that NIR drying or laser drying is applied in 100% of LIB cell production
facilities. Although NIR drying is about to reach maturity for mass production from a
technological point of view, existing production equipment has usually been in operation
for over ten years because of the high investment costs. However, many new production
sides are currently under construction to meet the continuously rising demand for LIB, and
thus, new opportunities to include novel drying technologies have arisen. Whether these
technological approaches also affect the requirements for subsequent processes, such as
vacuum drying by the reduction of residual moisture content, is yet to be determined.

Table 3. Effect of novel drying technologies on annual energy consumption and GHG emissions
in 2030.

Drying Technology Energy Saving Potential Energy Consumption
(kWh/kWh Cell Capacity)

GHG Emissions in 2030
(Metric Ton CO2eq/a)

Hot air drying (status quo) 0%
10.09 kWh natural gas 3.400 million Mt CO2eq/a
0.92 kWh electricity

NIR drying 80% 2.204 kWh electricity 0.773 million Mt CO2eq/a

Laser drying 50% 5.51 kWh electricity 1.933 million Mt CO2eq/a

Assumptions: Energy saving potential in relation to hot air drying, energy consumed in form of electricity, energy
consumption for hot air drying as baseline [8], 0.2 kg CO2eq/kWh natural gas [38], 0.23 kg CO2eq/kWh electricity
[39] (European average in 2020), 1525 GWh annual LIB production in 2030 [5].

4. Conclusions

The aim of this study was to evaluate novel drying technologies for their suitability
for LIB cell drying and their potential to reduce the energy consumption and greenhouse
gas emissions of LIB cell production. A total of ten drying technologies were identified and
analysed for their potential to reduce cost, energy consumption, process time and improve
electrode quality. Of these, two technologies have shown great benefits and potential for
commercialisation in the coming years: NIR drying and laser drying. In particular, NIR
drying appears promising as it has the potential to reduce energy consumption, process time
and cost while being close to large-scale industrial applications. Both technologies have the
potential to significantly reduce greenhouse gas emissions from LIB cell production: up
to 2.63 million Mt of CO2eq can be saved by 2030 using NIR drying. This makes drying
an effective approach to reducing energy consumption in LIB cell production over the
coming years.

This study contributes to the scientific literature on sustainable LIB cell production
with a comprehensive technology review of post-coating drying, assessing the economic,
performance and quality potential as well as the TRL for each technology. The results of this
study provide practical insights for industry and policy stakeholders by raising awareness
of promising new technologies in LIB cell production.

A limitation of this study’s approach is the inherent subjectivity of expert interviews.
Although this subjectivity ought to be minimized through cross-examinations, it cannot be
completely ruled out. Another challenge is the identification of all relevant technological
approaches. The authors conducted research to the best of their abilities, but a 100 percent
accuracy rate cannot be promised, partly because emerging innovative technologies are
guarded as corporate secrets.

However, these limitations do provide opportunities for further research. Future
studies using a more quantitative approach can verify or complement these findings and
further advance technological maturity. In addition, subsequent studies are needed to
identify innovative technologies or breakthroughs in drying processes and other processes.
This study can be considered a starting point for this endeavour.
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Appendix A

Table A1. Information on experts in the initial workshop.

No. Education Level Educational Background Field of Expertise
Relevant to This Study

Work
Experience

1 Doctoral degree Mechanical Engineering Battery production 20–29 years

2 Doctoral degree Material Science Battery technology 10–19 years

3 Doctoral degree Process Engineering Drying technology 20–29 years

4 Doctoral degree Electrochemistry Battery chemistry 10–19 years

5 Doctoral degree Electrochemistry Battery chemistry 10–19 years

6 Master of Science Mechanical Engineering Battery production 20–29 years

7 Master of Science Mechanical Engineering Battery production 10–19 years

8 Master of Science Mechanical Engineering Drying technology 6–10 years

9 Master of Science Mechanical Engineering Energy technology 6–10 years

10 Master of Science Electrochemistry Battery chemistry 6–10 years

11 Master of Science Electrochemistry Battery chemistry 2–5 years

12 Master of Science Environmental Sciences Environmental technology 2–5 years

In this table, the experts were sorted by educational level and work experience.

Appendix B

Table A2. Search terms applied in databases for data acquisition.

Data Type Database Search Terms in Boolean Operators Total
Hits

Remaining
after First
Screening

Final
Number of
Sources

Scientific
Publications
(published
between
2016 and 2022)

ScienceDirect

li-ion AND (battery OR batteries) AND (manufacturing OR
production) AND drying 19,904 38

28

TITLE-ABS-KEY li-ion AND (battery OR batteries) AND drying 320 12

IEEExplore
li-ion AND (battery OR batteries) AND drying 6 1

TITLE-ABS-KEY li-ion AND (battery OR batteries) AND drying 3 0

Wiley

li-ion AND (battery OR batteries) AND (manufacturing OR
production) AND drying 17,164 6

TITLE-ABS-KEY li-ion AND (battery OR batteries) AND drying 10 3

Taylor &
Francis

li-ion AND (battery OR batteries) AND (manufacturing OR
production) AND drying 2030 1

TITLE-ABS-KEY li-ion AND (battery OR batteries) AND drying 1 0

Springer
li-ion AND (battery OR batteries) AND (manufacturing OR
production) AND drying 4521 2

TITLE-ABS-KEY li-ion AND (battery OR batteries) AND drying 0 0
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Table A2. Cont.

Data Type Database Search Terms in Boolean Operators Total
Hits

Remaining
after First
Screening

Final
Number of
Sources

Patents
(published until
2022)

Espacenet li-ion AND (battery OR batteries) AND drying AND technology 28 7

5industrial AND drying AND technology 15,176 274

Patbase
li-ion AND (battery OR batteries) AND drying AND technology 79 11

industrial AND drying AND technology 3989 41

R&D projects
(launched in 2022
or before)

Google li-ion battery electrode drying 9 6 6

Description of the screening process

(1) First screening of ‘Total Hits’:

The initial search results were sorted by relevance in the respective search engine.
Only the top 100 results were then manually screened by a team of four research experts.
The criteria for this screening process were overall fit to the subject and date. Each criterion
was rated from 1 to 5, with 1 being the lowest and 5 being the highest. Only results with an
average score ≥ 3 were considered.

(2) Second screening to arrive at the ‘Final number of sources’:

For the second screening, the results were again analysed in depth using the same
criteria, and only those with an average rating ≥ 4 were considered.

Appendix C

Table A3. Information on interviewed experts from public R&D institutions and industry.

No. Education Level Educational Background Industry Sector Work
Experience

1 Doctoral degree Mechanical Engineering Equipment manufacturing 30–39 years

2 Doctoral degree Process Engineering R&D in production technology 20–29 years

3 Master of Science Electronics and test systems R&D in battery technology 10–19 years

4 Master of Science Electrochemistry R&D in battery production 6–10 years

5 Master of Science Process Engineering R&D in battery production 6–10 years

6 Bachelor of Science Mechanical Engineering Equipment manufacturing 20–29 years

7 Master of Science Mechanical Engineering Equipment manufacturing 10–19 years

8 Doctoral degree Mechanical Engineering Equipment manufacturing 20–29 years

9 Master of Science Process Engineering Battery production 6–10 years

10 Master of Science Mechanical Engineering Equipment manufacturing 20–29 years

11 Doctoral degree Process Engineering Equipment manufacturing 20–29 years

12 Master of Science Electrochemistry R&D in Battery production 10–19 years

13 Master of Science Mechanical Engineering R&D in Battery production 6–10 years

14 Doctoral degree Electrochemistry R&D in battery technology 10–19 years

15 Master of Science Electrochemistry R&D in battery technology 6–10 years

The order of the experts listed corresponds to the chronological order of the inter-
views conducted.
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Appendix D

Table A4. Guideline for expert interviews from public R&D institutions and industry.

Topic Question

Technology overview

How would you briefly explain the technology?

How would you explain the underlying physical principle?

Which partners or institutions participate in the development of this technology?

How would you assess the technological maturity?

What are the major advantages of the technology?

What are the major disadvantages currently and in the long term?

Competence of
expert

In which way are you involved with the technology?

How many years of expertise do you have regarding this technology?

Process details

What process steps are involved in the technology?

How does the technology differ from other drying technologies?

How is the process performance regarding

Drying speed?

OEE?

Process robustness?

What are requirements/restrictions?

safety requirements

area requirements (spatial footprint)

infrastructure requirements

product limitations (e.g., anode or cathode excluded)

Economic details

How does the technology compare (qualitative) to state-of-the-art drying with

operating cost and invest?

energy consumption?

maintenance?

personnel expenses?

Quality details

Does the technology (in comparison to state-of-the-art drying) positively or negatively affect

drying homogeneity?

porosity?

residual moisture?

other quality parameters?

Outlook

How would you estimate the amount of time and costs to reach marketability?

How much effort is required to integrate the technology into a production line (pilot and industrial scale)?

What plans do you have for the further development of the technology?

Do you know alternative technologies currently in development?

How can these be described and how do they differ?
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