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This paper investigates heat generation in commercial 18 650 lithium-ion
battery cells and the thermal management challenges from their high
energy density and electrochemical processes. Thermal effects can
degrade performance, accelerate aging, and increase thermal runaway
risk. Using isothermal calorimetry and EIS, the study emphasizes optimiz-
ing thermal behavior to improve battery efficiency, safety, and durability.

As the demand for high-performance lithium-ion batteries
(LIBs) continues to rise, particularly in electric vehicles (EVs),
electric vertical takeoff and landing (EVTOL) vehicles, and
large-scale energy storage systems, managing thermal behavior
has become a critical challenge.'™ LIBs are valued for their
high energy density, long lifespan, and efficiency, making them
the dominant energy storage technology in modern applica-
tions.>* However, their performance, safety, and longevity are
directly influenced by their ability to handle the heat generated
during the charge-discharge process and rest cycles.>”® Impro-
per thermal management can lead to capacity degradation,
reduced efficiency, accelerated aging, and, in extreme cases,
catastrophic safety hazards such as thermal runaway.’
Addressing these thermal challenges is essential to ensure the
safe and reliable operation of LIBs across a wide range of
demanding applications."*™°

Lithium-ion batteries’ thermal behavior is influenced by
internal and external factors, such as ambient temperature,
charge and discharge rates, and the state of charge (SOC)."”
Elevated temperatures can significantly degrade battery perfor-
mance, reduce capacity, and compromise the battery’s overall
lifespan.'®'® Proper thermal management is crucial in mitigat-
ing these effects and ensuring the long-term efficiency
and safety of lithium-ion battery systems, especially in
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high-temperature environments or during intense operational
conditions.**?!

Heat generation in lithium-ion batteries is a complex phe-
nomenon involving various electrochemical, physical, and
chemical processes, which can be categorized into reversible
and irreversible heat generation. Reversible heat is linked to
entropy changes during charge and discharge cycles.”” In
contrast, irreversible heat arises from overpotential, including
ohmic losses, charge transfer resistances at the interface, and
mass transfer limitations.?> Chemical degradation also contri-
butes to heat generation. Repeated cycling causes the electro-
des and electrolyte to degrade, leading to side reactions like
electrolyte breakdown or gas formation, which increase inter-
nal resistance and heat. These effects are more pronounced at
high charge/discharge rates or elevated temperatures, acceler-
ating material degradation and worsening thermal manage-
ment. As side reactions intensify, they heighten internal
resistance, raising heat generation and safety risks. Under-
standing these heat generation mechanisms, both electroche-
mical and chemical, is essential for developing -effective
thermal management strategies that enhance battery perfor-
mance and safety,®**72°

This paper investigates the key factors contributing to heat
generation in lithium-ion batteries, including charge and dis-
charge rates, operating temperatures, and state of charge/
discharge. By employing a combination of analytical methods
such as isothermal calorimetry and electrochemical impedance
spectroscopy (EIS), we seek to provide a deeper insight into the
understanding of optimizing thermal performance and miti-
gating the risks of thermal runaway and other safety concerns
associated with lithium-ion batteries.

Fig. 1 presents the voltage and heat generation profiles of
commercial 18650 LIB cells at a rate of 0.05C and a tempera-
ture of 30 °C during charge and discharge. The voltage and heat
flow are measured over time using an isothermal calorimeter.
This figure shows the heat generation and cell voltage as a
function of time, with heat generation depicted on the left axis
and voltage on the right axis. Table S1 (ESIt) summarizes the
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Fig.1 Voltage and heat generation of commercial 18 650 lithium-ion

battery cell at 0.05C and a temperature of 30 °C during charge and
discharge.

specifications and characteristics of these cells, as outlined in
their technical data sheets.

The heat generation fluctuates between negative and posi-
tive values, beginning with an initial decline and a steady rise.
Starting at approximately 3.2 V, the voltage curve gradually
increases as the cell progresses through the charge cycle. The
variations in heat generation throughout the cycle reflect the
combined effects of reversible and irreversible processes based
on (1).

Qt = Qr + Qirr (1)

where Q; denotes the total heat generation, Q, represents
reversible heat, reflecting entropic changes during electroche-
mical reactions, Qj, represents irreversible heat or Joule heat
from overpotential, including ohmic losses, charge transfer
resistances at the interface, and mass transfer limitations.

At the beginning of the cycle, the negative heat generation
profile shows negative values due to endothermic reactions,
primarily from entropy changes during initial lithium-ion
interaction into the anode. As the cycle progresses, heat gen-
eration turns positive, reflecting exothermic processes like
Joule heating, charge transfer resistance, and other losses.
The interplay of endothermic and exothermic reactions high-
lights the complex thermal behavior of the lithium-ion battery
cells during cycling, influenced by both reversible and irrever-
sible thermal effects. At a certain SOC/SOD, the cell resistance
and entropy changes happened dynamically. The cell resistance
and entropy alternation have different impacts on heat genera-
tion (reversible and irreversible heat).

The difference in heat generation characteristics between
charge and discharge can be explained by the interaction
between irreversible heat and reversible heat from entropy
changes. Irreversible heat, caused by resistive losses, cell polar-
ization, and overpotential, becomes more significant toward
the end of the discharge, where polarization is at its peak. On
the other hand, reversible heat is associated with entropy
changes during lithium-ion intercalation and deintercalation,
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Fig. 2 Comparison of heat generation profiles at 0.05C rate and three
different temperatures (20 °C, 30 °C, 40 °C) as a function of time.

especially in the mid-state of charge. These entropy changes
can either absorb or release heat, depending on the reaction
direction, resulting in shifts in the sign of heat generation. The
phenomenon has also been reported in our previous paper.5**
The balance between irreversible and reversible heat is key to
understanding the thermal behavior of lithium-ion cells.

Fig. 2 compares lithium-ion battery cell heat generation
profiles as a function of time during charge and discharge
cycles at three different temperatures: 20 °C, 30 °C, and 40 °C.

At 20 °C, the heat generation starts with a slight endother-
mic reaction (negative heat generation) during the initial phase
of charge, followed by an increase in exothermic heat genera-
tion as the cycle progresses. The heat generation then becomes
positive, reaching a peak and maintaining a consistent exother-
mic pattern throughout the rest of the charge cycle.

At 30 °C, the heat generation profile follows a similar pattern
to that at 20 °C, but the magnitude of heat generation is slightly
higher. This increase in heat generation is due to the elevated
temperature, which enhances the exothermic reactions within
the battery. As the temperature rises, the thermal activity within
the battery becomes more pronounced.

At 40 °C, heat generation shows a more pronounced exother-
mic behavior during both charge and discharge cycles. The
transition from endothermic to exothermic heat generation
during charging occurs more rapidly than at lower tempera-
tures. The overall heat generation rate is higher throughout the
entire cycle, reflecting the impact of the elevated temperature
on the battery’s thermal dynamics.

The discharge process also exhibits increased heat genera-
tion, reflecting more significant thermal losses and resistive
heating effects at this elevated temperature.

Towards the end of the discharge cycle, heat generation
increases sharply at all temperatures due to the dominance of
irreversible heat. This significant rise occurs primarily because
irreversible heat generation surpasses reversible heat
generation,””*® leading to a considerable thermal increase.

The differences in heat generation profiles at various tem-
peratures highlight the critical role of thermal conditions on
the battery’s thermal management and overall performance. As
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Fig. 3 Comparison of heat generation versus SOC at 0.5C and 1C rates at
a temperature of 30 °C.

the temperature increases, the heat generation during charge
and discharge becomes more pronounced, influencing the
battery’s efficiency, longevity, and safety.

Fig. 3 compares heat generation profiles for lithium-ion
batteries operating at two charge rates, 0.5C and 1C, measured
at 30 °C.

The maximum heat generation rates are recorded at
325.2 mW for the 0.5C rate and 365.4 mW for the 1C rate,
indicating a significant increase in heat generation with higher
charge rates. Both curves exhibit a peak in heat generation
around 30% SOC, highlighting phase changes during the
charging process where thermodynamic changes intensify,
predominantly due to entropy changes associated with electro-
chemical reactions. The results demonstrate that irreversible
heat generation becomes the dominant factor at higher C-rates,
driven by non-equilibrium processes that lead to increased
ohmic losses and other irreversible contributions.® This is
particularly relevant at the midpoint of the charge process,
where the maximum entropy change occurs, correlating with a
notable rise in heat generation. Overall, the total heat genera-
tion results from reversible and irreversible processes. Under-
standing the balance between reversible and irreversible heat
generation is essential for optimizing thermal management in
lithium-ion batteries, ensuring their performance, safety, and
longevity. These findings highlight the importance of effective
thermal management strategies to prevent thermal-related
issues in real-world applications.

To address this, advanced thermal management systems,
such as phase change materials, liquid cooling, and high-
performance heat sinks,”® can be implemented to dissipate
excess heat efficiently. In addition, battery designs that pro-
mote uniform temperature distribution and use materials with
higher thermal stability can help reduce thermal risks.

Further enhancing safety involves integrating thermal runaway
prevention mechanisms, such as shutdown separators, flame-
retardant additives, and advanced battery management systems
(BMS) with real-time monitoring and predictive algorithms.*

Research into innovative materials, including solid-
state electrolytes and thermally stable cathode materials,
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Fig. 4 Individual resistance components at two different temperatures,
20 °C and 40 °C, as a function of (a) SOC and (b) DOD.

combined with proper usage guidelines and safety protocols,
can significantly mitigate thermal runaway risks, ensur-
ing lithium-ion batteries’ long-term safety, reliability, and
performance.

EIS measurements are performed to analyze the dynamic
characteristics of commercial 18650 lithium-ion cells. The
impedance spectra are shown in Fig. S1 (ESIT).

Fig. 4 illustrates the behavior of different resistance compo-
nents, including Ohmic resistance (R1) and charge transfer
resistances (R2 and R3) as functions of SOC and DOD.

These resistance elements are deconvoluted using the
equivalent circuit model in Fig. S2 (ESIt).

R1 represents electrolyte resistance and remains stable
across SOC and DOD but is lower at 40 °C than at 20 °C due
to increased ionic mobility and reduced electrolyte viscosity at
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higher temperatures. Reduced thermal energy and a thicker SEI
layer hinder ion transport at lower temperatures, causing
higher resistance.

R2, associated with electrochemical reactions at the electrode-
electrolyte interface, shows a slight increase at 20 °C due to slower
reaction kinetics and reduced ionic mobility, which leads to less
effective charge transfer. At 40 °C, enhanced thermal energy
improves ionic mobility and reaction rates, lowering R2. This
resistance is mainly related to the electrolyte-graphite interface,
with better performance observed at higher temperatures.

As the cathode is less electronically conductive, the graphite
anode capacitance value is higher at this interface, and the
lower frequency impedance spectra are related to R3. It can be
seen from Fig. 4 that the R3 value gradually decreases at the
beginning of charging the battery, and then it is leveled up. At
the beginning of the charge process, the electronic conductivity
of active materials increases.*>** The flux of charge premises at
the contact surface is reduced, and interfacial resistance is
decreased. After that, it remains constant and further increases
the state of change or discharge. However, the R3 value does
not vary significantly between the two measured temperatures
(20 °C and 40 °C). However, at lower SOC values and higher
DOD, R3 increases due to the slower diffusion of ions, particu-
larly at 20 °C.

This study highlights the critical importance of thermal
management in lithium-ion batteries, focusing on heat genera-
tion mechanisms in commercial 18650 lithium-ion battery
cells. It shows that reversible heat from entropy changes
irreversible heat from ohmic losses, and charge transfer resis-
tance significantly affects battery performance, safety, and life-
span. Elevated temperatures increase heat generation,
accelerating capacity degradation and aging, with thermal run-
away risks. Isothermal calorimetry and impedance spectro-
scopy findings reveal temperature’s impact on resistance
components and battery efficiency. Addressing these thermal
challenges is essential for improving battery safety and relia-
bility, with implications for the future of lithium-ion technol-
ogy in high-demand applications.
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