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Abstract

Solid-State Batteries (SSBs) represent a transformative leap in energy storage, offering significant advantages in safety, energy density,
and environmental impact compared to conventional Lithium-lon Batteries (LIBs). However, the high costs and complex manufacturing
processes of SSBs hinder their large-scale adoption. This research evaluates cost-reduction strategies and efficiency enhancements in the
production of SSBs, focusing on Roll-to-Roll (R2R) processing. Key innovations include the integration of Infrared (IR) drying systems and
automated start/stop control mechanisms, combined with iterative machine calibration for quality control. The results demonstrate energy
savings of ~50%, processing speed improvements of 20-50%, and manufacturing cost reductions of ~20%. These findings contribute to the
broader adoption of SSB technology, paving the way for a sustainable energy future.
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Introduction

Lithium-lon Batteries (L1Bs) have been a cornerstone of energy
storage solutions, powering applications ranging from portable
electronics to Electric Vehicles (EVs). Despite their widespread
adoption, LIBs face critical safety and performance challenges,
primarily due to the liquid electrolytes used to facilitate ion transport.
These liquid electrolytes are prone to leakage, flammability, and
thermal runaway, often resulting in catastrophic failures [1,2].
Furthermore, the energy density of LIBs has plateaued, limiting their
ability to meet the demands of next-generation EVs and grid storage
systems [3].

Solid-State Batteries (SSBs) present an innovative alternative by
replacing liquid electrolytes with solid materials, offering numerous
advantages. These include enhanced thermal stability, improved
energy density, and the potential for safer operation [4,5]. The
absence of flammable components significantly reduces the risk of
fire, while the use of solid electrolytes enables the integration of high-
capacity anodes, such as lithium metal, which further enhances
energy density [6]. However, despite these benefits, the commercial
adoption of SSBs remains limited due to technical and economic
challenges, including high manufacturing costs and complexities in
scaling production [7].

Manufacturing SSBs involves intricate processes that differ from
conventional LIB production. Among these, Roll-to-Roll (R2R)
processing has emerged as a scalable and cost-efficient approach.
R2R techniques involve the continuous feeding of materials through
various manufacturing stages, enabling high throughput and
minimizing waste [8]. However, the application of R2R in SSB
production introduces unique engineering challenges. For example,
the drying of cathode slurries a critical step demands significant
energy input and precise control to ensure uniformity and quality [9].
Conventional drying methods, such as convection ovens, are energy-
intensive and time-consuming, contributing substantially to the
overall cost of production [10].

Another critical barrier is maintaining consistent quality.
Deviations in process parameters, such as coating thickness and
alignment, can lead to defects that compromise battery performance
and safety [11,12]. Automated quality control systems are often
underutilized in battery manufacturing, leading to increased reliance
on manual intervention and higher defect rates [13]. Additionally, idle
phases in R2R operations contribute to unnecessary energy
consumption, further inflating costs [14].

Volume 2, Issue 1 (Jan-Feb) 2025

Copyright © 2025 | ijas.meteorpub.com



https://doi.org/10.70844/ijas.2025.1.14
mailto:prabhjyotjuneja2@gmail.com

Addressing these challenges is essential to achieving the
economic viability of SSBs. This study explores three innovative
interventions aimed at reducing costs and improving efficiency in
SSB manufacturing:

e Integration of IR drying systems: Reduces energy
consumption and accelerates drying times compared to
traditional ovens.

e Automated start/stop control: Optimizes energy use
during idle phases, lowering operational costs.

e lterative calibration: Enhances quality control by enabling
real-time adjustments based on baseline data.

The results from these interventions are analyzed in terms of
energy savings, production throughput, and defect reduction. This
study contributes to the broader adoption of SSBs by making their
manufacturing processes more sustainable and cost-effective.

Methods
IR drying system

Cathode drying is a critical step in Solid-State Battery (SSB)
manufacturing, traditionally accomplished using convection ovens
that rely on prolonged thermal exposure, resulting in high energy
consumption and extended drying times. In this study, an Infrared
(IR) drying system operating at wavelengths of 2-4 nm was
implemented, leveraging selective heating mechanisms to enhance
the evaporation rate of solvents in cathode slurries. IR systems utilize
radiant heat to focus energy directly on specific materials, reducing
ambient heat loss, and accelerating drying times by 20-50%,
depending on the slurry's composition [1-3].

To optimize the IR system's performance, thermal imaging was
used to monitor uniformity across the drying surface, ensuring
consistency in the coating thickness and minimizing hot spots [4]. The
comparative analysis of IR drying and traditional convection ovens
was conducted by processing cathode slurries with varied solvent
ratios, moisture contents, and thicknesses. These parameters were
evaluated in terms of energy consumption (measured in kWh) and
time-to-dry metrics [5].

Automated start/stop control

Manufacturing lines in Roll-to-Roll (R2R) processes often
operate continuously, even during idle phases, resulting in wasted
energy and increased costs. To address this, an automated start/stop
control system was developed, which powers down non-essential
components during production lulls. This system is integrated with
Programmable Logic Controllers (PLCs) to execute high-flow clean
air purges, maintaining optimal environmental conditions for the
manufacturing line's restart [6-8].

The start/stop system was programmed using Python scripts to
synchronize with R2R operations. Real-time data collection and
analysis were performed via loT-enabled sensors to measure energy
savings and operational efficiency during idle phases. Additionally,
the air purge mechanism ensured that particles or contaminants did
not accumulate on the processing line, maintaining product quality
[9-11]. Figure 1 shows the location of the automated start/stop control
switches.
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Figure 1: Location of switches (‘//’ represents a switch) in
manufacturing of SSB using R2R processing.

Iterative calibration

Maintaining consistent quality in SSB manufacturing requires
precise control of equipment settings, especially in high-throughput
R2R environments. An iterative calibration method was
implemented, wherein baseline equipment parameters were recorded
before production cycles, and additional calibration data were
collected during idle phases [12-13]. Deviations from baseline values
were analyzed, and machine settings were adjusted automatically
before resuming production [14].

This approach utilized machine learning algorithms to identify
patterns in equipment behavior and predict potential deviations,
allowing for proactive adjustments. Key metrics, such as coating
thickness, temperature stability, and alignment accuracy, were
monitored using embedded sensors [15-17]. Iterative calibration not
only improved product quality but also reduced the frequency of
manual intervention, aligning with Industry 4.0 principles [18-19].

Experimental design

The study was conducted in an analogous setup to that of an
industrial R2R line used for the production of solid-state battery
components. The experiments were divided into three main phases:

e IR Drying Trials: Cathode slurries with varying
compositions were processed under both convection oven
and IR drying systems to compare energy consumption,
drying times, and consistency in coating quality.

e  Start/Stop Implementation: Energy usage during idle phases
was measured with and without the automated start/stop
system.

e  Calibration Testing: The impact of iterative calibration on
defect rates and machine uptime was evaluated over multiple
production cycles.

The results were analyzed using statistical tools to validate the
significance of observed improvements.

Result and Discussion
IR drying system efficiency

The adoption of IR drying technology demonstrated
transformative potential in cathode slurry processing. Compared to
conventional convection ovens, the IR drying system reduced energy
consumption by approximately 50% and decreased drying times by
20-50%, depending on the slurry composition and moisture content
[15]. The selective heating capability of IR technology was
particularly effective for slurries with high solvent content, as it
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minimized heat loss to the surrounding environment and targeted the
drying process more efficiently [16].

Thermal imaging analysis revealed consistent temperature
distribution across the cathode surface, reducing the likelihood of
over-drying or uneven coatings. This uniformity is critical in SSB
manufacturing, where deviations in electrode properties can severely
impact battery performance [17,18]. For instance, over-drying can
lead to micro-cracking in the cathode structure, while under-drying
may result in residual solvent, which compromises electrochemical
performance [19]. Table 1 shows a comparison of IR drying system
and conventional oven in drying of cathode slurry on aluminum foil
(Table 1).

Aspect IR drying Conventional Oven
Power rating 10 kW 20 kW

85%; Direct heating, 50%; Significant energy
Efficiency minimal energy loss loss to air
Operational cost* | $2080/year $4160/year

Can be hung in air, no Takes up plenty floor
Floor space floor space needed space

Low due to heat loss to
environment
Expensive because fan
and air circulation
systems require more
energy

High due to direct

System efficiency | material heating

Lower because of
Maintenance simpler parts
Total energy cost
savings 50% lower energy costs | -

Table 1: Comparison between IR drying and conventional oven

to dry cathode slurry.

Cost reductions from automation

The automated start/stop control system vyielded significant
energy savings during idle phases, reducing overall manufacturing
costs by ~20% [20]. Real-time monitoring of energy use, combined
with loT-enabled sensors, allowed for precise control of the system,
ensuring that non-essential components were powered down
efficiently without compromising the operational readiness of the
manufacturing line [21,22].

The air purge mechanism integrated into the control system
maintained the integrity of the production environment during
downtime. This feature was particularly beneficial in preventing
contamination, which can lead to defects and additional rework costs
[23].

The integration of PLCs further enhanced the reliability of the
system, enabling seamless synchronization with R2R operations
[24,25].

Quiality enhancements via calibration

Iterative calibration played a pivotal role in improving the
consistency and quality of SSB components. By collecting baseline
data and comparing it with real-time measurements, the system
identified deviations and adjusted equipment settings proactively
[26]. This approach not only reduced defect rates but also minimized
the need for manual adjustments, aligning with Industry 4.0 principles
[27].

Key performance metrics, such as coating thickness and
alignment accuracy, improved significantly following the
implementation of iterative calibration. For example, the standard
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deviation in coating thickness was reduced by 35%, while alignment
errors decreased by 30% [28]. These improvements translated into
enhanced electrochemical performance and longer battery life,
underscoring the importance of precision in SSB manufacturing
[29,30].

Comparative analysis

A comparative analysis of pre- and post-intervention metrics
highlighted the cumulative benefits of the proposed innovations.
Energy consumption during cathode drying decreased from an
average of 5 kWh per batch to 2.5 kWh, while defect rates fell from
~8% to <5% across multiple production cycles [31,32]. Additionally,
throughput increased by 20%, enabling the production of more units
within the same timeframe [33]. The broader implications of these
findings extend beyond cost reduction. By addressing key bottlenecks
in SSB manufacturing, these innovations contribute to the scalability
and competitiveness of solid-state technology, making it a viable
alternative to conventional LIBs [34-36].

Challenges and future directions

While the results are promising, challenges remain in scaling
these solutions for large-scale industrial applications. For instance,
the upfront costs of implementing IR drying systems and automated
control mechanisms may deter smaller manufacturers. Furthermore,
the long-term reliability of iterative calibration systems under
continuous operation warrants further investigation [37,38].

Future research should explore the integration of advanced
machine learning algorithms for predictive maintenance and the
development of hybrid drying systems that combine IR and
convection technologies for enhanced flexibility [39,40].
Additionally, the environmental impact of these interventions,
including lifecycle assessments, should be studied to ensure
alignment with sustainability goals [41,42].

Conclusions

The proposed energy-efficient manufacturing methods
demonstrate transformative potential in SSB production. IR drying
technology reduces energy consumption by ~50% and accelerates
processing times by up to 50%, depending on material composition.
Automated start/stop controls further enhance cost efficiency,
lowering manufacturing costs by ~20%. Finally, iterative calibration
ensures consistent quality output, fostering industrial scalability.
These findings contribute to the broader adoption of SSBs in energy
storage, supporting a sustainable transition to renewable energy
systems. Future work should explore additional cost-saving
technologies and advanced automation techniques to further enhance
the viability of SSBs for mass-market applications.
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