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Abstract
Global electric mobility is rapidly expanding. Hence, the
demand for lithium-ion batteries is also increasing fast.
Therefore, understanding energy minimization options in
this rapidly growing industry is crucial for reducing the
environmental impact as well as developing low-cost and
sustainable batteries. The biggest contribution to green-
house gas emissions is the cell manufacturing process.
The most energy-intensive steps of cell manufacturing are
electrode drying and dry room conditioning. Therefore,
we developed process models for these two systems that
can be used for evaluating various energy optimization
techniques, such as heat pumps and heat exchanger net-
works. Further, various process options can be tested and
benchmarked in terms of their overall energy consump-
tion using these models. The results show that the power
requirement may be reduced through all the options as-
sessed, and available energy efficiency measures may sub-
stantially lower the energy footprint of cell production
with strong relevance for subsequent greenhouse gas foot-
prints.
Keywords: lithium-ion battery, energy optimization, elec-
tric vehicle, electrode drying, dry room, sustainable en-
ergy, pinch analysis, heat pump

1 Introduction
Today’s transport sector is shifting from fossil-fueled ve-
hicles to electric vehicles. Although this is currently a
slow transition, the global market for electric vehicles is
expected to grow rapidly in the future. The demand for
lithium-ion batteries (LIB) for these vehicles is also ex-
pected to increase simultaneously. Having a low carbon
footprint is a requirement for ensuring climate change mit-
igation with this growth. Life cycle assessment studies
on battery electric vehicles have shown that the carbon
footprint of LIB production may contribute to significant
greenhouse gas emissions (Kurland, 2020; Ellingsen et al.,
2016). One of the main drivers for these emissions is
identified as the energy usage of the cell manufacturing
process (Kurland, 2020). Although emissions vary over
different regions, energy saving is always important.

Therefore, today’s LIB research is advancing towards
energy-efficient, low-cost, and sustainable cell manufac-
turing techniques. Adaption of less energy-intensive tech-
nologies such as advanced drying technologies (Brynte-
sen et al., 2021) or semisolid-state and solid-state battery
manufacturing technologies is becoming popular in this
regard. Identifying various energy minimization options
for the conventional cell manufacturing process is equally
crucial for today’s battery industry.

The most energy-intensive steps of conventional cell
manufacturing are electrode drying and dry room condi-
tioning (Dai et al., 2019; Yuan et al., 2017; Jinasena et al.,
2021). Energy for a convective cathode drying and a sol-
vent recovery system is modeled by Ahmed et al. (2016b),
while different dry room air conditioning systems using
solid desiccant wheels are modeled by Vogt et al. (2021)
and Ahmed et al. (2016a). Although these processes have
been studied individually, and their energy impacts were
analyzed in detail, there are no studies that explore the en-
ergy minimization options of the combined process. There
are possibilities of applying a heat pump to facilitate ex-
changes between the electrode drying process and the dry
room air conditioning system. In addition, the general use
of heat exchanger networks to exchange various heating
and cooling loads is also of interest.

Therefore, this study’s main objective is to explore
these two possibilities to minimize the total energy re-
quirement of the energy-intensive process steps of LIB
cell manufacturing. For this, we have developed process
models for electrode drying and dry room air conditioning
such that various process options can be tested and bench-
marked in terms of their overall energy consumption.

2 System Description
A LiNi1=3Mn1=3Co1=3O2 (NMC111) cell production factory
of 530 MWh annual capacity is selected for the study. Out
of the cell production process, only the electrode drying
process, solvent recovery system and the dry room air de-
humidification system were considered for the study due
to their high energy intensity. Different options of energy
recovery is explored between these systems. The model-
ing approaches for each system is described in this section.



2.1 Electrode Drying
Conventionally, the drying is performed using convective
heat transfer and high temperature air circulating over the
electrode films. Alternatively, this can also be performed
using radiation drying. Drying rate and drying time dif-
fer depending on solvent used and the temperature inside
the chamber. To reduce the amount of energy consumed
during drying, a multistage drying process can potentially
be utilized. This alternative drying process can consist of
splitting the drying chamber into multiple sections with
different temperatures, ranging from low to high temper-
ature drying. Alternatively, the temperature can be con-
trolled in intervals when utilizing a batch dryer. This will
reduce the overall heating load in comparison to a single-
stage heating process, as it will reduce the amount of air
that needs to be heated.

The electrode drying process is modeled using a
reduced-order model for two different technologies, con-
vection drying (CD) using hot air and infra-red radia-
tion drying (RD) using radiation heaters (Oppegård et al.,
2020). For more details on the model see Oppegård et al.
(2020).

2.2 Solvent Recovery System
Water soluble N-Methyl-2-pyrrolidone (NMP) can be
used as a solvent for the mixing of cathode material pow-
ders during LIB manufacturing. The need for recovering
and recycling this solvent is prominent due to its pollut-
ing and hazardous nature. For this, an intricate filtration
process is applied. A typical NMP recovery system is
shown in Figure 1. Condensation is used in order to extract
the NMP from the air exiting the drying stage. However,
the complete solvent recovery system is not modeled in
the study, where the solvent removal columns are omitted.
The heat and mass transfer of the thermal units are mod-
eled using Aspen Plus. Based on Ahmed et al. (2016b),
the air needs to be cooled to approximately 6�C. The re-
quired cooling energy is assumed to be equal to that of the
heating when considering conservation of energy.

Furthermore, this is mainly applicable to the cathode,
as most of the anode material mixing are usually water-
based. Due to the use of water as solvent, the anode is
assumed to not require a solvent recovery process.

Figure 1. The NMP recovery system.

2.3 Dry Room Air Dehumidification System
A dry room is an enclosure with low humidity and a cer-
tain level of cleanness. It is an essential part for processes
that require a dry and clean environment, such as the cell
assembly stages in a battery manufacturing process. Liq-
uid electrolyte filling is highly sensitive to water vapor.
The dry air supply for the dry room can be obtained by an
air dehumidification system. Common air dehumidifiers
are mostly operated by either a solid desiccant wheel or a
liquid desiccant system.

The liquid desiccant system is a mechanism that re-
moves humidity and sensible heat from the air through the
use of a liquid desiccant material and thermal energy. Cal-
cium chloride (CaCl2) is a commonly used desiccant for
this purpose. Figure 2 depicts a basic configuration.

Here, the absorber and regenerator columns are con-
nected through a piping system. The water in the humid
air entering the absorber column is bound to the liquid des-
iccant, and the dried air then exit at the top of the same
column. A heater increases the temperature of the water-
filled desiccant to 100�C upon entry of the regenerative
column. The water is then evaporated, while the residual
desiccant is pumped into the absorber column while sub-
sequently being cooled to 25�C, closing the loop. The heat
and mass transfer of the complete system with an addi-
tional heater for dry air heating is modeled in Aspen Plus.

Figure 2. The liquid desiccant system.

2.4 Heat Pump
A heat pump is a system that transfers energy between two
thermal reservoirs of different temperatures. The system
is based on the vapor compression refrigeration cycle. A
common configuration of a heat pump is shown in Fig-
ure 3 which consists of an evaporator, compressor, con-
denser and expansion valve. At the inlet of the evaporator
(low temperature), the circulating fluid of the cycle is a
vapor-liquid mixture. When passing through the evapora-
tor, the liquid evaporates using the energy transferred from
the cold reservoir. The fluid then enters the compressor,
which increases the pressure of the fluid to become satu-
rated vapor. The high temperature vapor then enters the
condenser which absorbs energy by converting the fluid
from vapor to saturated liquid. In this process, the energy
is released in the form of heat, which is then transported
into the hot reservoir. The fluid is then expanded adiabat-
ically through an expansion valve which returns it to the







kW for 140�C, without and with a 500 kW regenerator,
respectively.

For both cathode and anode drying the total load
amounts to 3624 kW for the original system at 140�C and
2121 kW with two 500 kW regenerators (one for each dry-
ing process). Similarly, for RD, the heating load for cath-
ode drying is taken as 742 kW, where the required heating
and cooling loads without regeneration amounts to a total
of 2226 kW.

3.3 Energy Consumption with Heat Pump
The heat pump that is applied between the drying system
and the dehumidification system is shown in Figure 8. The
different regenerator sizes tested in Section 3.2 are used
here. The selected refrigerants were also tested, which
yielded different pressure ranges for the condenser and
evaporator of the heat pump. Further, the required com-
pressor energy was found for the desired operating condi-
tions of the heat pump. It is observed that the lower pres-
sure ranges have a higher required compressor power for
the heat pump to be able to operate under ideal conditions.

The heat pump design is highly based on the charac-
teristics of the attached systems. For example, for a dry
room heater load of 132.1 kW, the heat pump requires a
regenerator duty of 1090 kW or alternatively an additional
heat exchanger connected to the desiccant system to assist
in cooling the stream.

Therefore, using a heat pump requires a large sized re-
generator, since the heating load for the desiccant system
is selected as 150 kW. This would require a regenerator
duty of 940 kW. The resulting temperature ranges of the
streams connected to the heat pump would be 20–6�C for
the electrode drying stream and 8–23�C for the dry room
air flow. The temperature difference is too small to use a
regular heat exchanger and using a heat pump is therefore
viable.

Table 3 displays the compressor power, pressure ranges
and coefficient of performance of the compressor based on
tested refrigerants. R–600a is selected as the refrigerant
for the study due to the lower pressure range. The heat

Figure 8. Applied heat pump configuration.

Table 3. The pressure ranges and compressor power require-
ment for different refrigerants in the heat pump. COP: coeffi-
cient of performance

Refrigerant
Pressure

(bar)
Compressor
power (kW)

COP
factor

R–22 4.37–12.67 9.3 14.10
R–134a 2.53–8.25 16.2 8.17
R–600a 1.37–4.33 20.1 6.58

pump in this proposed design covers the entire heating
load for air entering the dry room as well as contributing
to cooling the air stream for NMP extraction. The poten-
tial power savings are considered as 247.9 kW, although,
this is highly dependent on the refrigerant used.

3.4 Energy Consumption with MER-Network
The composite curve and the grand composite curve for
the system is shown in Figure 9. The composite curve
is parallel showing a high possibility of energy recovery.
A clear pinch point is also seen at 10�C. According to
the grand composite curve there is an energy pocket up
to 150 kW, which indicates excess energy that cannot be
used for a heat exchanger due to the available low tem-
perature range. However, theoretically, this allows a heat
pump to be operated based on the temperature ranges that
were analyzed for the operation of heat pump in section
3.3. Therefore, implementing a heat pump in combination
with a MER-network has the potential to theoretically save
around 300 kW, including both heating and cooling.

Three MER networks (named MER-1, MER-2 and
MER-3) were designed and one of the designed MER-
networks (MER-1) are shown in Figure 10. The blue
horizontal lines of the network represent the cold streams
and the orange horizontal lines represent the hot streams
in the total system. The heat exchanger connections are
indicated by the vertical connection lines between the
streams, where blue dots indicate the coolers connected
to the cold utility stream (refrigerant/cooling water), or-
ange dots indicate the heaters connected to the hot utility
stream (steam/hot water), while the gray dots indicate the
regenerators interconnected to process streams. The mini-
mum temperature difference for the pinch analysis is taken
as 10�C for all the designs.

For MER-1 and 2, the utility streams were chosen arbi-

Figure 9. The composite and grand composite curves.



Figure 10. MER-network design one (MER-1).

trarily since it does not impact the energy demand. How-
ever, this impacts the required area of the heat exchang-
ers representing cooling and heating units, which directly
affects the capital cost which is not considered in the
study. MER-1 network consists of twelve heat exchang-
ers, where four of them are heaters and two are coolers.
The total heating and cooling requirements for this design
are 814.7 kW and 588.7 kW, respectively, and 1403.4 kW
in total. The largest regenerator in this design needs a heat
exchanger area of 775 m2 and the total area for heat ex-
changers is 2058 m2.

Similarly, for MER-2, thirteen heat exchangers are used
including four heaters and two coolers. The power re-
quirement for this design is 864.7 kW for heating and
638.6 kW for cooling which gives a total power of 1503.3
kW. This is a slightly higher power requirement than the
first design. The largest heat exchanger in this design is of
an area of 900 m2 and the total area for heat exchangers is
1825 m2.

The third design, MER-3 was done using four heaters,
three coolers and five regenerators. The power require-
ment for this design is similar to MER-1 with a total of
1471.2 kW, where 848.7 kW for heating and 622.5 kW
for cooling, respectively. In MER-3, the largest heat ex-
changer is 697 m2 with a total heat exchanger area of 1928
m2.

All the network designs have two remaining low tem-
perature coolers at the top right and a low temperature
heating load to the bottom left in the respective designs.
There is a potential for connecting a heat exchanger be-
tween these two heating and cooling loads which can fur-
ther reduce the total power requirement of all three de-
signs.

3.5 Comparison of the Used Energy Optimiza-
tion Methods

Total power requirement from all the assessed methods are
compared together as shown in Figure 11. The total sys-
tem without any energy recovery is used as the maximum
power requirement for the system either with a convective
(4090 kW or 51.7 Wh/Wh) or radiation (2720 kW or 34.3
Wh/Wh) drying process. The system with RD is lower
in energy, about 17.3 Wh/Wh (1370 kW) compared to the

Figure 11. A comparison of power requirements with different
energy reduction methods including a heat pump and MER heat
exchanger network designs.

Figure 12. The energy consumption for different energy opti-
mization methods.

CD system. The energy recovery methods are applied only
to the system with CD.

The addition of a regenerator in the solvent recovery
system, and the heat pump between the regenerator and
desiccant system heater, has decreased the power require-
ments by 1503 kW (19 Wh/Wh). The MER-network de-
signs have reduced the power requirements further down
by 2620 kW (33.1 Wh/Wh), 2520 kW (31.8 Wh/Wh) and
2552 kW (32.2 Wh/Wh) for MER-1, MER-2 and MER-
3, respectively. The difference of each network is by ap-
proximately 100 kW between each other. By implement-
ing a heat pump together with the MER-1 design, the total
power is further decreased by 300 kW (3.8 Wh/Wh). A
theoretical minimum power requirement (581 kW) for the
MER-networks is also included as a comparison followed
by the power requirement for the dry room dehumidifica-
tion system which can be compared with production pro-
cesses without drying, such as semi-solid-state batteries.

The energy requirements for the same optimization
methods are calculated with respect to the produced cell
capacity for NMC111 cell production. The total energy
consumption values are shown in Figure 12 for the se-





4 Conclusions
Process models were developed for a dry room air con-
ditioning system and electrode drying processes of a
lithium-ion battery production process, for analyzing dif-
ferent energy optimization options. For the drying pro-
cess, different drying techniques were explored, namely
convection air drying and infra-red radiation drying. The
energy consumption for radiation drying is lower than for
convection drying without any energy recovery in the con-
vection process. Application of a heat pump and use of
maximum energy recovery heat exchanger network de-
sign based on pinch analysis are explored as energy opti-
mization techniques. For the system with convection dry-
ing, a heat pump reduced the energy usage considerably.
Application of heat exchanger networks reduced the en-
ergy usage more than the heat pump. The combination of
both these techniques resulted in the most energy reduc-
tion for the total process system from 51.7 Wh/Wh to 14.9
Wh/Wh.
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