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Abstract

In situations such as safety-critical thermal runaway or while charging or discharging at extremely
high rates, significant temperature increases and gradients occur within lithium-ion cells. Strong
temperature increase and gradients have a negative effect on both aging and power availability, making
thermal cell models highly significant. High-fidelity simulations require precise thermal parameters such
as thermal conductivity to properly model the temperature distributions used for cell design studies,
aging predictions, safety assessments, or other simulation purposes. Precise parameterization takes
into account the dependence of the thermal conductivity on battery states such as cell temperature,
state of charge (SOC), external pressure, or state of health (SOH). The determination of thermal
conductivity is usually time-consuming, costly, and subject to considerable measurement uncertainties.
To support high-fidelity simulations, this thesis focuses on the development of low-effort and accurate
thermal conductivity measurement methods for lithium-ion cells. In addition, a critical literature
review summarizes the experimental results of other studies and suggests further research directions.
The results of this thesis are limited to the through-plane direction of the electrode-separator stack, as
this is the dominant heat flow direction for common battery thermal management systems (BTMSs).

Two measurement methods were developed in this thesis, one for prismatic cells and another used for
the cylindrical cell format. For the first time, the well-known guarded hot plate (GHP) method
was adapted for the prismatic format and validated with a stainless steel reference material. In
order to evaluate the through-plane conductivity, the influence of the prismatic housing had to be
compensated for, which was accomplished through measurements of the electrical resistivity and the
use of theories such as the Wiedemann-Franz law. The method is demonstrated between -10 and
+40 °C at external pressures of 37.1 and 74.2 kPa. For the cylindrical format, this thesis is one of the
first demonstrations of the variant-convective cooling (VCC) method, which simultaneously measures
the thermal conductivity and the heat capacity. This method is characterized by its low experimental
effort and a complex evaluation process and was demonstrated between +10 and +40 °C at three
different SOCs on an 18650 and a 21700 cell format. In addition to the experiments, the literature
review in this thesis addresses all other cell formats, further length scales and findings on the SOH
dependence of the through-plane conductivity.

According to the experimental results of this thesis, the through-plane conductivity of the electrode-
separator stack decreases significantly by -1.5 to -0.5% K−1 with increasing temperature. Changes in
the SOC can affect the thermal conductivity by 9%, which is above the 6% measurement uncertainty
determined for the two methods in this thesis. Increasing the external pressure from 37.1 to 74.2 kPa for
the prismatic cell increased the through-plane conductivity by 11.9%. The literature review showed
a decrease in thermal conductivity as the age of the cell increased, but more research is needed to
confirm the mechanisms and the origin of the SOH dependence. In addition, a better quantification
of the thermal contact resistance would be helpful and thermal conductivity measurement data at
elevated temperatures is required for safety simulations. This should be the focus of further research.





Kurzfassung

Während des thermischen Durchgehens oder schnellen Ladens/Entladens, ist in Lithium-Ionen-Zellen
mit einem erheblichen Temperaturanstieg und -gradienten zu rechnen. Dieser Anstieg und die Gra-
dienten haben eine negative Auswirkung auf Zellalterung und Leistungsverfügbarkeit. Daher sind in
hochgenauen Batteriesimulationen präzise thermische Parameter wie die Wärmeleitfähigkeit notwendig,
um beispielsweise in Zelldesignstudien, Alterungsvorhersagen und Sicherheitsbewertungen die Temper-
atur in der Zelle richtig vorherzusagen. Eine Parametrierung der Wärmeleitfähigkeit muss neben der
Genauigkeit auch die Abhängigkeiten von der Zelltemperatur, Außendruck, SOC und SOH berück-
sichtigen. Die Bestimmung der Wärmeleitfähigkeit ist meist zeitaufwendig, kostenintensiv und mit
erheblichen Messunsicherheiten behaftet. Zur Unterstützung von hochgenauen Batteriesimulatio-
nen konzentriert sich diese Arbeit deshalb auf die Entwicklung von aufwandsarmen und genauen
Wärmeleitfähigkeitsmessungen für Lithium-Ionen-Zellen. Darüber hinaus fasst eine Übersichtsarbeit
die experimentellen Ergebnisse anderer Studien zusammen und erarbeitet Empfehlungen für zukün-
ftige Forschungsansätze. Diese Arbeit beschränkt sich auf die orthogonale Wärmeleitfähigkeit des
Elektroden-Separator-Stapels, da dies die dominante Wärmeflussrichtung für übliche Wärmemanage-
mentsysteme ist.

In dieser Arbeit wurden zwei Messmethoden für die Wärmeleitfähigkeit entwickelt, wobei erstere Meth-
ode an einer prismatischen Zelle und letztere an zylindrischen Zellen demonstriert wurde. Für das pris-
matische Format wurde das erprobte Guarded-Hot-Plate (GHP) Verfahren für Lithium-Ionen-Zellen
adaptiert und mit einem Edelstahl-Referenzmaterial validiert. Um die Wärmeleitfähigkeit berechnen
zu können, musste der Einfluss des prismatischen Gehäuses kompensiert werden, was durch elektrische
Widerstandsmessungen und der Anwendung des Wiedemann-Franz-Gesetzes gelang. Das Verfahren
für die prismatische Zelle wurde zwischen -10 und +40 °C bei Außendrücken von 37,1 und 74,2 kPa
angewendet. Für das zylindrische Format ist diese Arbeit eine der ersten Weiterentwicklungen der
Variant-Convective-Cooling (VCC) Methode, welche gleichzeitig die Wärmeleitfähigkeit und -kapazität
bestimmen kann. Die VCC-Methode zeichnet sich durch einen geringen experimentellen Aufwand und
einen komplexen Auswerteprozess aus. Eine Demonstration der VCC-Methode wurde zwischen +10
und +40 °C bei drei verschiedenen SOCs für eine 18650er und eine 21700er Zelle durchgeführt. Die
Übersichtsarbeit befasst sich abschließend mit allen anderen Zellformaten, weiteren Längenskalen und
Erkenntnissen zur SOH-Abhängigkeit der orthogonalen Wärmeleitfähigkeit.

Den Ergebnissen dieser Arbeit zufolge nimmt die Wärmeleitfähigkeit des Elektroden-Separator-Stapels
mit steigender Temperatur deutlich um -1,5 bis -0,5% K−1 ab. Durch Änderungen im SOC konnte die
Wärmeleitfähigkeit in dieser Arbeit um 9% beeinflussen werden, was über der ermittelten Messun-
sicherheit von 6% liegt. Eine Erhöhung des Außendrucks von 37,1 auf 74,2 kPa für die prismatis-
che Zelle erhöhte die Wärmeleitfähigkeit um 11,9%. Die Übersichtsarbeit ergab eine Abnahme der
Wärmeleitfähigkeit mit zunehmendem Alter der Zelle, jedoch benötigt es weitere Forschungsarbeiten,
um den genauen Ursprung der SOH-Abhängigkeit zu erklären. Darüber hinaus wäre eine bessere Quan-
tifizierung der thermischen Kontaktwiderstände im Stapel und Messdaten bei erhöhten Temperaturen
für Sicherheitssimulationen wünschenswert. Dies sollte der Schwerpunkt weiterer Forschung sein.
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1 Introduction into heat transfer inside lithium-ion
batteries

According to climate change simulations, human-induced global temperature rise will reach tipping
points in the climate system in a few decades if countermeasures are not taken. Tipping points are
events that cause an irreversible and self-sustaining acceleration of climate change, such as the melting
of the ice sheets (1-3 °C) or the thawing of permafrost soils (>5 °C) [1]. For this reason, the 2015 Paris
Climate Agreement obliges all parties to keep the temperature rise below 2 °C and continue efforts to
limit the rise to 1.5 °C above which grave consequences for human and non-human life are predicted
[2]. Both temperature limits and the observed global temperature increase are shown in Figure 1.1 a).
In addition, simulations of the global temperature increase in the Coupled Model Intercomparison
Project Phase 6 (CMIP6) [3] show that the increase in temperature is primarily caused by humans.
Given the proximity of the global temperature increase to the 1.5 °C temperature limit and the slope
of the increase, it seems obvious that human countermeasures are becoming increasingly necessary.

Road transport, including passenger and freight transport, was responsible for 11% of global greenhouse
gas emissions in 2018 (58 Gt CO2e) [4]. Greenhouse gas emissions are usually measured in CO2

equivalents (CO2e), taking into account various gases such as carbon dioxide CO2, nitrous oxide N2O
and methane CH4 based on their global warming potential shown in Figure 1.1 b) [5]. The global
warming potentials are used to calculate the carbon dioxide equivalent, which compares the effects of
each greenhouse gas with those of CO2. Roelfsema et al. [6] forecast global greenhouse gas emissions
in 2030 in various scenarios. According to their results, even the measures contained within the Paris
Agreement are not enough to keep the temperature rise below 2 °C. This implies that current measures
to reduce greenhouse gas emissions will have to be tightened in the future if significant harms are to
be avoided. Given the need to drastically reduce emissions, the question arises as to which measures
can have the greatest impact with the least effort. In the road transport sector for example, viable
alternatives are already emerging to replace many fossil-fuel-powered vehicles. Figure 1.1 b) shows
the sum of direct and indirect emissions from five sectors. It can be seen that using electric vehicles
(EVs) can reduce emissions by a maximum of 11%, which corresponds to their entire share of the road
transport sector.

In 2020, Knobloch et al. [7] examined the net emission reduction of EVs in 59 regions of the world
compared to petrol cars for the index year 2015. They found that replacing petrol cars with EVs would
have saved up to 64% of CO2 emission, depending heavily on the country where the EV was used and
manufactured (see Figure 1.2). In this study, petrol cars include non-plug-in hybrid electrical vehicles
(HEVs) and cars that run on petrol or diesel. Their method of calculating emissions per driving
distance is shown on the left-hand side of Figure 1.2. Knobloch et al. [7] considered the emissions from
production and end-of-life as well as the emissions during the use of the car. They also divided the
emissions into electrical and non-electrical emissions. Differences between regions are explained by the
share of fossil fuels in the country’s electricity mix. In addition, Knobloch et al. [7] took into account
regional differences in tank-to-wheel emissions when using petrol cars, which reflects that cars in the
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1 Introduction into heat transfer inside lithium-ion batteries
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Figure 1.1: Climate change and the fraction of road transport on the global greenhouse gas emis-
sion. a) Global average temperature increase in accordance with the Paris Agreement with
CMIP6 simulations [3] showing the human impact on climate change. b) Global greenhouse
gas emission in 2018 with the fraction of each sector and transportation subsectors [4].

USA have higher energy consumption than in France. It should be noted that this study assumes a
location-independent energy consumption of 190 Wh km−1 for the EV without regional differences.
Knobloch et al. [7] therefore assumes that user behavior will change when switching from petrol cars
to EVs.

The emission reduction calculated by Knobloch et al. [7] for five selected countries based on their
respective energy mixes in 2015 is shown in the radar chart in Figure 1.2. In Germany, for example,
a petrol car has a calculated median emission of 282 gCO2e km−1, while an EV reduces this emission
to 212 gCO2e km−1, which means a 25% decrease in greenhouse gas emissions. In France, with a
higher proportion of nuclear energy in the energy mix than in Germany, a reduction in emissions of
64% is assumed. In the USA, which accounts for the highest proportion of global transport emissions,
the 46% reduction is between that of Germany and France. Due to the higher shares of coal in their
respective energy mixes, EVs in China are predicted to lead to an emissions reduction of only 10% and
in India, EVs would increase emissions by as much as 15%. This shows that the electrification of the
road transport sector was already able to reduce greenhouse gas emissions in 2015 and, as shown by
the example of France, a reduction of 64% was possible.

Recent studies on the potential for greenhouse gas emissions reduction by switching to EVs have
suggested even greater differences. For example, the International Council on Clean Transportation
[8] calculated an emissions change in 2021 of between -19% and -69% for the countries in Figure 1.2.
Thus, they calculate that the replacement of petrol cars by EVs would also reduce greenhouse gases in
India. For Germany, the International Council on Clean Transportation came to a stronger emission
reduction of -58% in 2021 than Knobloch et al. [7] in 2015. This more optimistic reduction of -58%
can be explained by assuming a longer EV life of 243 000 km, lower electricity emissions and lower
emissions for battery production of 54 kg CO2e kWh−1. In any case, both studies predict a significant
reduction in greenhouse gas emissions from the switch to EVs in the transport sector.

Lithium-ion cells are a key component of a battery electric vehicle (BEV), responsible for around a
third of total BEV costs [10] and 41% of non-electric greenhouse gas emissions (see Figure 1.2). Despite
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Figure 1.2: Greenhouse gas emission change due to electrification of passenger road transport consid-
ering the local emissions of electricity generation in 2015 [7]. EV calculations are based on
a battery energy of 70 kWh, a battery mass of 350 kg, and a battery lifetime of 150 000 km
[9].

the non-negligible environmental impact of the battery itself, the net beneficial effects on greenhouse
gas emissions are leading governments to incentivize the transition to EVs. Measures include purchase
subsidy, tax exemptions, emission standards, or investments in charging infrastructure to increase the
market share of EVs [11]. In response to these pro-EV policy measures, many new production lines
for battery cells with a volume over 300 GWh per year are planned in Europe and more production
is needed worldwide to cope with the growing EV deployment [12]. In addition, an increasing number
of car manufacturers such as Volkswagen AG, General Motors Company, or Mercedes-Benz Group are
announcing an end to production of cars with internal combustion engines between 2030 and 2035
[13]. The current trend towards more EVs with increasing sales since 2015 [11] underscores the need
for more research in the field of lithium-ion batteries in order to further improve their performance,
costs, and sustainability.

Current development and production targets for lithium-ion batteries focus on improving performance
and cost [14], which exacerbates thermal problems during the use-phase [15]. For example, increasing
the specific energy often comes at the cost of inactive material such as the current collectors [16], leading
to an increase in volumetric heat and causing a more inhomogeneous temperature distribution [15, 17].
In addition, new high-energy active materials such as lithium- and manganese-rich lithium nickel cobalt
manganese oxide (NCM) can increase heat generation by four times compared to conventional materials
(e.g. lithium nickel cobalt aluminum oxide (NCA)) [18]. Thermal issues can become a problem in
situations such as fast charging if the temperature rise reaches certain temperature thresholds (e.g.
50 °C [19]) or temperature gradients arise inside the battery [20, 21]. Above 60 °C, battery aging
accelerates [22] and between 80 and 120 °C safety-critical reactions are triggered [23–25] which can
release between 5 and 21 times of the rated energy during thermal runaway [26]. This shows that
energy density, safety and the charging performance of a battery all influence each other as they are
coupled via temperature.

It is expected that battery development strategies for mobile high-energy applications will shift towards
an ecologically optimized battery [14], which can be achieved at the production, use, and end-of-life

3



1 Introduction into heat transfer inside lithium-ion batteries

Table 1.1: Comparison of the volumetric heat rate of a high-energy and a high-power parallel circuit
with similar maximum charging power. The considered high-energy (3.35 Ah, INR18650
MJ1) and high-power cell (2.5 Ah, US18650VTC5A) was manufactured by LG Chem Ltd
and Sony, respectively.

High energy: MJ1 High power: VTC5A VTC5A (5p)
MJ1 (9p)(1p) (9p) (1p) (5p)

Number of parallel cells 1 9 1 5 56 %
Maximum charging current / A 3.35 30.15 6.00 30.00 100 %
Electrical pulse resistance (10 s) a) / mW 43.2 4.8 25.4 5.1 106 %
Cell volume / cm3 17.5 157.5 16.6 83.0 53 %
Volumetric heat rate b) / mW cm−3 27.7 27.7 55.2 55.2 199 %
Rated energy / Wh 12.2 109.6 9.0 45.0 41 %

a) Calculated from the voltage difference after a current pulse of 1 C at an state of charge (SOC) of 50%. b) The
heating rate is calculated by multiplying the square of the maximum charging current by the electrical pulse resistance.

phase. For the production phase, using lithium iron phosphate (LFP) instead of ternary layer oxides as
cathode material can be considered more sustainable due to the greater abundance of its constituents
and its longer cycle life [14]. Although LFP cells have lower cell-level energy densities, using a cell-
to-pack design can achieve pack-level energy densities that are comparable to current EV packs [27].
Due to the acceptable energy density with cell-to-pack design, higher safety and longer service life,
LFP cells are promised a renaissance in EVs [28]. From a thermal point of view, LFP cells have lower
thermal conductivity than lithium nickel manganese cobalt oxide (NMC) or NCA cells [29], which
could increases temperature gradients with greener battery designs.

Downsizing the battery is another design measure to save CO2. In Figure 1.2 the production emission
of 3.2 tCO2e correlates with the installed battery energy. Less installed energy means less EV range,
but this metric could be replaced by metrics such as the P3-Charge-Index [30]. The P3-Charging-Index
classifies an EV as suitable for long-distance journeys if 300 km can be charged within 20 min, which
corresponds to the average break time at German motorway service stations. Favoring kilometers per
minute, may lead to a shift from high-energy to high-power electrode designs, which can increases the
heat generation per volume. In Table 1.1, for example, a parallel connection of five high-power cells and
nine parallel high-energy cells can be charged with approximately the same current, which corresponds
to the same P3-Charging-Index. In terms of emissions, the high-power solution would certainly be
superior, since four cells can be saved in this parallel connection. However, the volumetric heat
generation increases by 99% with the high-power solution, since the same ohmic losses are distributed
over almost half the cell volume. Therefore, this more environmentally friendly, high-power solution
would produce a faster temperature increase.

Batteries can also be ecologically optimized in the use and end-of-life phase, which also affects the
thermal behavior of the cell. For the use phase, optimizing battery life is a key measure as it directly
affects the total battery emissions over the total mileage of the EV (see Figure 1.2). The battery
thermal management system (BTMS), which includes all components of a battery system to control
cell temperature, can be used to extend battery life. For example, an ecologically optimized BTMS can
reduce greenhouse gas emissions by 25% by extending the lifetime of the cell [31]. From a ecologically
cell design perspective, a trend towards large-volume battery cells is likely, as this would facilitate
cell dismantling and thus recycling [17]. However, large-volume lithium-ion cells often increase the

4



1.1 Fundamentals of lithium-ion batteries

characteristic length between the cell core and the cell’s surroundings, which increases the temperature
gradients according to Biot theory.

Overall, a profound understanding of heat transfer to enable the prediction of temperature rise and
spatial temperature gradients is becoming increasingly important in view of current efforts to improve
safety, service life, fast charging and energy density. The importance of heat transfer in lithium-ion
cells will not diminish when the focus of development and battery design shifts toward more sustainable
battery production. Thermal models based on precise parameters such as thermal conductivity and
heat capacity are essential for an optimized battery design. Therefore, this thesis focuses on the exact
experimental determination of thermal conductivity in order to make it easier for thermal models to
find the optimal design for lithium-ion batteries.

1.1 Fundamentals of lithium-ion batteries

There are different length scales at which research on lithium-ion cells is carried out [32] from the atomic
scale [33–35] to battery systems scale [36, 37]. This work considers the stack, cell, and system scales
shown in Figure 1.3 with a focus on the full-cell scale. In Figure 1.3 a), a double-coated electrode-
separator stack is shown, which comprises two current collectors, two anode coatings, two cathode
coatings, and two separator layers [38–40]. In the following, the electrode-separator stack is referred
to simply as the stack. The porous active coatings store the chemical energy, the porous separators
enables lithium-ion flux, and the current collectors comprise the pathway of the electrons to the outer
cell terminals [41]. The electron flux in the solid phase and the lithium ion flux in the liquid electrolyte
during charging are represented by the black arrows in Figure 1.3 a). The stack and the cell housing
completes the full-cell shown in Figure 1.3 b). The stack is either wound or stacked during production
to fit into a prismatic, cylindrical or pouch cell format. The electrical cell current (Icell) generates
heat that can increase the stack temperature. In most BTMS, the heat within the stack is dissipated
perpendicular to the stack, which is shown by the red arrows in Figure 1.3 b). For this reason, this
thesis focuses on through-plane conductivity (k⊥). It is not just the stack that generates heat, the
cell-internal connection from the stack to the terminals [42] and the cell interconnection of the battery
system release thermal energy [16]. To limit temperature increase, BTMSs are utilized to transport
the heat to the environment. An example BTMS for prismatic cells is shown in Figure 1.3 c).

An example of the heat equation for a 2D thermal model of a cylindrical cell is given in Equation 1.1.
To the left of Equation 1.1 is the heat stored in the material, which is the product of the radius in the
cylindrical coordinate system (r), the volumetric mass density (ρ) and the specific heat capacity (cp)
at constant pressure. Parameters such as density are location-dependent (r,z), since the cell housing
has a different heat capacity than the stack. On the far right in Equation 1.1, the heat rate (rq̇(r, z, t))
takes into account the reversible and irreversible heat generation. The term between heat capacity
and the heat rate describes the heat flux balance, which depends on the thermal conductivity and the
temperature gradient ∇⃗T (r, z, t). The layered structure of the stack in Figure 1.3 a) is often abstracted
as a homogeneous material with an anisotropic conductivity in the in-plane (k||) and through-plane
direction (k⊥). In the case of cylindrical cells (Equation 1.1), the through-plane direction is aligned
with the radial coordinate (kr = k⊥) and the in-plane is aligned with the axial coordinate (kz = k||).
Equation 1.2 and 1.3 define k⊥ and k||, respectively. Accordingly, k⊥ and k|| depend on the layer
thicknesses (di) and conductivity (ki) of the anode coating (dA,kA), the cathode coating (dC ,kC), the
separator layer (dS ,kS), the anode current collector (daCC ,kaCC) and the cathode current collector
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(dcCC ,kcCC), which are shown in Figure 1.3. In addition, k⊥ depends on the cumulative thermal
resistances between the stack-layers

∑
n

(Rc,n).

rρ(r, z)cp(r, z)∂T (r, z, t)
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= ∇⃗ ·

((
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∑
i

di∑
n

(Rc,n) +
∑
i

di

ki

(1.2)

k|| =

∑
i

diki∑
i

di
(1.3)

Heat, a form of dynamic energy defined as the disordered motion of microscopic particles [43], is
generated in each layer of the stack in Figure 1.3 a). The total heat rate (Q̇cell) within the cell can
be described by the energy-balance-method using thermodynamic phenomena or by the local-heat-
generation-method using transport and kinetic phenomena [44]. A common exemplar of the energy-
balance-method is Equation 1.4, introduced by Bernardi et al. [45] and simplified by Gu et al. [46].
Accordingly, Q̇cell depends on the current (Icell) and voltage (Ucell) at the cell terminals, the open
circuit voltage (Uocv) and the entropic heat coefficient (∂Uocv/∂T ). Equation 1.4 assumes no phase
change or mixing effects, no concentration gradients in the cell, uniform reaction rates, and a single
reaction contributing to Q̇cell [46]. On the other hand, the local-heat-generation method from Rao
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et al. [44] distinguishes between heat in electrochemical interfaces and bulk phases. While the heat
derived from the energy-balance method has to be distributed evenly over the entire stack [47], the
local-heat-generation method enables a layer-specific calculation. The local-heat-generation method
therefore appears to be superior, but little experimental validation exist and certain processes such
as the reversible Peltier effect are often neglected [48–50]. Heubner et al. [51] used a single-layer
lithium cobalt oxide (LCO)-graphite (G) cell with a reference electrode and a temperature sensor
for each layer and analyzed the individual heat contribution of the stacked layers by a galvanostatic
intermittent titration technique. Their measurement results showed a clear difference in the local heat
generation with the lowest heat fraction in the separator and the highest in the cathode. Zhu et
al. [52] also measured dominant heat generation in the cathode for a single-layer NMC-G cell and
a C-rate of 0.5. They expressed the difficulty of measuring the individual heat fraction in the stack,
which they achieved using a Swagelok battery with local infrared temperature measurement. Due to
the difficulties with the local-heat-generation method, the energy-balance-method as in Equation 1.4
is usually favored in thermal models.

Q̇cell = Icell(Ucell − Uocv) + IcellT
∂Uocv

∂T
(1.4)

Electrical connections within the cell or between the cells can contribute significantly to the overall heat
generation. For example, the electrical connections inside the commercial high-energy cell MJ1 from
LG Chem Ltd. have an ohmic resistance of 2.7 mW [42], which is 6% of the cell’s total pulse resistance
(10 s) of 44.7 mW [53]. This releases about 6% of the cell’s heat rate outside of the stack. Outside the
cell, the connection to the external circuit creates additional electrical resistances, which are between
0.2 and 0.4 mW for spot-welded 18650 cells [54]. In addition to the resistance of the cell connection,
system components such as cell connectors or safety contactors increase the overall heat rate of every
battery system. According to Hosseinzadeh et al. [55], the interconnection resistance between the
cells increases the pure cell resistance by 1% to 10%. Keyser et al. [16] compared the heat generation
between a 10s1p module and a single cell and observed an increase in heat generation of up to 33%
due to the connections between the cells in the module. This increase is in line with the measured
resistance increase in the DriveBattery2015 research project, which was financially supported by the
Federal Ministry for Economic Affairs and Energy (BMWi) under the grant number 03ET6060F [56].
Compared to the cell resistance of a high-power and high-energy cell investigated in DriveBattery2015,
the system resistance for the high-energy (96s5p) and high-power system (96s10p) increased by 36%
and 34%, respectively. This shows that cell external heat sources should not be neglected, especially
with high power utilization.

The BTMS regulates the cell temperature by heating or cooling, preferably without causing temper-
ature differences within (∆Tcell) or between (∆Tsystem) the cells [20, 37]. BTMS design goals often
specify a maximum of 2 °C for ∆Tcell [57] and 3 to 5 °C for ∆Tsystem [57–59]. In addition to optimal
temperature control and low temperature differences, energy consumption, effects on battery aging,
costs, weight increase, safety, and reliability are further quality measures for BTMSs. [60]. BTMSs
can be divided into cooling and heating systems [61, 62] or active and passive systems, with the pas-
sive type using the ambient temperature (Tamb) without auxiliary power consumption. Active cooling
systems such as air, liquid, or refrigerant cooling are commonly used in EVs. While air cooling (e.g.
Toyota Prius [63]) offers low system complexity and cost, it displays low cooling performance, high
temperature gradients and requires the highest additional volume [62, 64]. On the other hand, refrig-
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erant cooling (e.g. BMW i3 [63]) has a high degree of efficiency, the strongest cooling performance,
small temperature gradients between cells, the lowest additional volume, but the highest costs and sys-
tem complexity [64]. With battery heating, which can be further subdivided into internal and external
heating [60], the heating speed is an additional quality measure. Optimized cooling and heating can be
the key to faster charging of batteries in low or high ambient temperatures [15, 27]. Every interaction
between the BTMS and the cell causes temperature differences, which in turn depend on the thermal
conductivity within the cell. The thermal conductivity is therefore an important parameter for the
optimization of cooling and heating of lithium-ion cells.

1.2 Multiphysical modeling of lithium-ion cells

Lithium-ion cell models are used to improve battery design [65–67], aging rates [68–70], state esti-
mation [71–73], safety [74–76], cost and sustainability [31]. For instance, Sturm et al. [66] used an
electrochemical and a thermal model to improve the inter-tab design of cylindrical lithium-ion cells
for fast charging. For aging studies, Schimpe et al. [70] applied a thermal model for calendar and
cyclic aging to determine a degradation-aware current derating framework, which can increase battery
lifetime by 65%. Feng et al. [75] found implications for safer battery systems such as the application of
thermal resistance layers between cells with a thermal model coupled with a chemical decomposition
model. During operation, safety is increased by an accurate state estimation, which was improved
by Feng et al. [73] with an electrochemical-thermal cell model. Lander et al. [31] used a life-cycle-
cost model and a carbon footprint model to improve costs and sustainability through efficient BTMS.
The construction of a comprehensive model for a lithium-ion cell usually requires the linking of state
variables from various physical models, which are explained in the following (see Figure 1.4).

Electrical models of battery cells translate the electrical power demand of the respective appli-
cation into quantities such as the current (Icell) and the voltage (Ucell) at the cell terminals [77].
Battery modelers can choose between mechanistic models such as the electrochemical models [66, 78],
or phenomenological models such as electrical equivalent circuits [79–81]. Equivalent circuits usu-
ally contain a SOC-dependent open circuit voltage (OCV) (Uocv), an ohmic overvoltage UΩ and n

resistance-capacitance parallel connections that simulate the polarization voltages Up,n [79, 80] (see
Equation 1.5). In the state-space representation, the state vector of the equivalent circuit contains
the SOC and Up,n, which is shown in Figure 1.4. The parameters of the electrical model such as the
electrical cell impedance (Z) depend strongly on the mean cell temperature (T cell), which is shown
in Figure 1.4 at marker 1 . For example, the electrical pulse resistance (100 ms) can decrease expo-
nentially by 33% with a temperature increase from 10 to 40 °C [53]. Many electrical parameters are
temperature-sensitive according to Arrhenius’s law in Equation 1.6, which contains a reference value
(ϕref ), the activation energy (Ea), the gas constant of 8.314 J mol−1 K−1 and a reference temperature
(Tref ) [82]. In addition to the average temperature of the cell (T cell), internal temperature differences
(∆Tcell) can also influence cell performance. Troxler et al. [83], for example, measured a decrease in
Z by 25% with a temperature difference of 40 °C.

Ucell = Uocv + UΩ +
∑

Up,n (1.5)
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1.2 Multiphysical modeling of lithium-ion cells

ϕ = ϕref · exp
[

Ea

8.314J mol−1 K−1

(
1

Tref
− 1

T

)]
(1.6)

Aging models of lithium-ion cells are important when the timescale of the simulation exceeds many
days or when many full cycles need to be simulated. In general, the aging of a lithium-ion cell causes
a decrease in battery capacity (∆Q) and an increase in electrical impedance (∆Z), both of which are
used as the state variables of aging models. T cell during storage or cycling has a dominant influence on
the loss of capacity and performance [84, 85], which is highlighted in Figure 1.4 (marker 2 ). As can
be seen from the temperature color bar, there is an optimum temperature with a minimum aging rate
that is approximately between 15 and 45 °C [62, 86, 87]. The optimal aging temperature results from
the balance struck between lithium-plating and the growth of the solid electrolyte interphase (SEI),
which accelerate at low or high temperatures, respectively [22, 88]. ∆Tcell can also influence the aging
of the battery, but the influence has been less studied in the literature, probably because ∆Tcell cannot
be effectively controlled. Fleckenstein et al. [89] simulated the effects of ∆Tcell on aging and found
no significant effects on ∆Q or ∆Z. Hunt et al. [20] showed that cooling the tabs of a pouch cell
instead of the surface reduced the capacity loss from 9.2% to 1.2% after 1000 cycles and explained this
improvement with a lower ∆Tcell of the tab cooling configuration. Cavalheiro et al. [90] and Gonzalez
et al. [91] showed that temperature gradients between cells connected in parallel reduce the capacity
faster (49.3%) than in the reference cell without gradients (12.2%). Werner et al. [21] also concluded
that ∆Tcell negatively affects ∆Q and the polarization resistance in ∆Z. They additionally observed
a negative influence of the rate of temperature rise ∂T/∂t on ∆Q and ∆Z, which was attributed to
mechanical stresses. These results are supported by Carter et al. [92], who found a significant increase
in aging from lithium plating with increasing temperature gradients through the stack. This shows
that thermal models are of great importance for aging simulations, as many mechanisms depend on
temperature.

Mechanical models of lithium-ion cells can be used to determine mechanical aging processes [93].
A common input for mechanical models is T cell to account for eigenstrain from thermal expansion
[94–96]. As indicated by marker 3 in Figure 1.4, thermal expansion increases linearly with temper-
ature, which can lead to a change in the mechanical stresses within the stack [95, 97]. In addition,
mechanical parameters such as the elastic modulus of separators can decrease by a factor of two when
the temperature is increased from 20 to 50 °C [98]. In general, strain and stress are the state variables
in mechanical models. At the system boundary of the cell, the pack housing can interact with the
mechanical model due to the cell tension [99].

Not only is temperature a strong input/output variable for mechanical, electrical and aging models,
there is also a strong coupling between these models. Marker 4 in Figure 1.4 shows the key relation-
ships. The electrical model must, for example, make the SOC and Icell available to the aging model so
that cyclical and calendar aging can be calculated [68, 100, 101]. On the other hand, the aging models
return ∆Q and ∆Z or state of health (SOH) to the electrical model to improve the accuracy in the
simulated Ucell and Icell [68, 101]. In addition, the SOC represents a dominant input/output between
mechanical and electrical models in order to calculate the internal strain caused by the lithiation of
active particles [93, 102]. Changes in mechanical states such as stress can cause a change in porosity
ε, which has a strong influence on the electrical impedance of the electrical model [103, 104]. The
consideration of mechanical aging can be influenced by the stress inside the active particle [105, 106],
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Figure 1.4: Influence of the cell temperature T cell and gradients ∆Tcell on the multi-coupled physics
in lithium-ion cells. An example of the influence of the thermal model on electrical models,
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between the three models is shown by marker 4 . The feedback to the thermal model via
k⊥ is shown by markers 5 , 6 , and 7 .

which represents a coupling between the mechanical and the aging model in order to take into account
mechanisms such as particle cracking. On the other hand, an irreversible change in thickness of the
stack [107], which is determined by the aging model, can change mechanical parameters such as the
porosity [108]. This example gives an insight into the coupled interactions in lithium-ion batteries.

Thermal models are the link between ambient temperature and BTMS, and are important to improve
the accuracy of all other cell models shown in Figure 1.4. In addition, mechanical aging models
and electrical models are also coupled to the thermal model. SOC, SOH, porosity, and mechanical
stress inside the cell can influence thermal parameters, especially k⊥. The specific heat capacity (cp)
and in-plane conductivity (k||) can be presumed to be unaffected, since the mass fractions of the
cell components and the current collector parameters are less sensitive to mechanical, age-related,
electrical, or thermal changes. Marker 5 in Figure 1.4 shows the correlation of k⊥ to the mechanical
stress inside the stack. For example, Richter et al. [109] observed a linear increase in anode thermal
conductivity of about 54% when the compressive pressure was increased from 2.3 to 11.5 bar. This
pressure dependence of k⊥ is also reflected in our investigations at the cell level [40]. Furthermore,
porosity [110] and changing layer thicknesses (strain) are possible influences from mechanical models
on k⊥. With respect to SOH, Kovachev et al. [111] showed that k⊥ decreased by 23% for a cycle-aged
pouch cell with an SOH of 80% (see marker 6 , Figure 1.4). In addition, the SOC of the electrical
model also has an influence on k⊥, but there is no consensus on their functional relationship (see 7 ,
Figure 1.4). For example, Bazinski et al. [112] measured a linearly decreasing relationship with SOC,
Vertiz et al. [113] measured a parabolic relationship, and Murashko et al. [114] measured a linearly
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1.3 Thermal models for lithium-ion cells

increasing relationship. In summary, there are many interdependencies between the thermal and other
models in Figure 1.4, which underscores the importance of temperature on thermal parameters.

1.3 Thermal models for lithium-ion cells

As explained in Section 1.1, thermal models are an integral part of investigating the aging, performance,
safety, and sustainability of lithium-ion cells. This section gives an insight into various thermal models
with different levels of complexity and discusses their advantages and disadvantages. In addition,
deviations between simulated and measured temperature in the literature are analyzed. As a last step,
uncertainties in k⊥ and their influence on temporal ∆Tt and spatial ∆Tcell temperature difference are
discussed.

Thermal models can be classified according to the number of dimensions used for the model geometry.
Figure 1.3 b) shows an example of 2D and 3D geometries for the three cell formats. Depending
on the thermal boundary conditions, 0D and 1D geometries are also suitable simplifications. For
example, Fleckenstein et al. [115] used a 1D-heat-equation to evaluate the results of the thermal
impedance spectroscopy (TIS), which was possible due to the establishment of adiabatic conditions at
the positive and negative cell terminals. Lumped-capacitance models (0D), which neglect temperature
gradients within the cell, offer sufficient accuracy under mild cooling conditions [116, 117]. Since
thermal conductivity k⊥ is neglected in 0D-models with lumped capacitance, these are not dealt with
in the following.

In addition to the dimension of the geometry, thermal models can also be classified by spatial resolution.
At the atomic level, molecular dynamics simulations are used to correlate crystal structures of active
materials with their thermal conductivity [59, 118] or heat capacity [119]. Particle-resolved models
on the micrometer scale can be used to investigate the effects of porosity and binder content on the
effective thermal conductivity of the porous stack-layer [120–122]. One scale above the particle models
are the thermal cell models shown in Figure 1.5, represented by the 2D geometry of a cylindrical cell.

The layer-resolved model (LRM) takes into account the spiral effect of the jelly roll and thermal
contact resistance between the stack-layers. As shown in Figure 1.5, the LRM contains multiple
domains such as the cell housing (khousing) in blue, the anode overhang in light red, and the spiral jelly
roll that contains one domain for each stack-layer. The anode overhang is an electrochemically inactive
jelly roll with no cathode that reduces lithium plating, conducts heat but has no heat generation [123].
Due to the spiral winding of the stack, the heat flow drifts with the rotation of the Archimedean
spiral [124]. Within the class of LRMs, there are different levels of homogenization of the stack-layers
[125]. Some models resolve each layer of the stack [94, 126, 127] and some use one domain for the
current collectors and one for the rest of the stack [124]. According to Queisser et al. [125], the
level of homogenization has a strong influence on the temperature field in pouch cells. In the case of
wound stacks as shown in Figure 1.5, the spiral geometry can play an essential role, which is the case
with lead-acid batteries [124]. Lithium-ion cells are typically not significantly affected by the spiral
geometry, but this can change with a low number of turns or a low k⊥/k|| ratio [124]. Nevertheless,
thermal contact resistance between the stack-layers (Rc,n) can decrease the k⊥/k|| ratio to such an
extent that the use of a LRM is necessary. In addition, if a local-heat-generation method is used to
model the stack, a LRM is recommended.

The component-resolved model (CRM) in Figure 1.5 offers low simulation errors with less com-
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putational effort compared to the LRM. In the study by Queisser et al. [125], for example, the CRM
simulation time was reduced to 5% of the time required for the LRM. The CRM replaces the spiral
jelly roll of the LRM with a homogeneous domain with anisotropic thermal conductivity (k||, k⊥).
Neglecting the spiral geometry of CRMs can lead to significant temperature errors (>25%) [125, 128],
but this is very often accepted in lithium-ion research because of the reduced simulation time. For
cylindrical cells, the error of CRMs largely depends on the number of windings and the ratio between
k⊥ and k|| [124]. Due to different thermal contact resistances and thicknesses of the stack layers, the
ratio between k⊥ and k|| can differ greatly, which is why no general statement can be made about
the extent of errors with CRMs. The domain for the anode overhang in CRMs can be expressed in
terms of a single or isotropic thermal conductivity (koverhang), but most studies neglect the difference
between jelly roll and overhang [39, 67, 129]. Any influence of Rc,n is taken into account by k⊥ in
CRMs (see Equation 1.2), but the contact resistance at the housing interface (Rc,housing) is still a
separate parameter. In addition, further components such as the mandrel (kmandrel) can be consid-
ered separately in this model class. CRMs are used, for example, to investigate the effects of different
BTMS configurations [18, 67] or are part of thermal characterization methods [40, 42, 115].

The single-domain model (SDM) is the simplest version of the spatially resolved thermal models,
but still offers a good method of analyzing temperature gradients within the cell. In SDMs, all
components of the cell are represented by a single domain with anisotropic thermal conductivity (kφ,
kr) in the direction of the coordinate axes (φ and r in Figure 1.5). In the case of cylindrical cells, a
hollow cylinder that neglects any point of discontinuity due to thermal contact resistance represents
the cell. For surface cooling of cylindrical cells, as shown in Figure 1.3 b), the SDM can provide
sufficient modeling accuracy, but for top/bottom cooling, the uncertainty can increase to unacceptable
levels [67]. Therefore, the boundary conditions must be carefully checked before using an SDM. The
advantage of SDM stems from the reduced computational effort, which is why SDMs are often used
when simulating several cells in a battery system [130, 131].

The lumped-circuit model (LCM) is the fastest solution for thermal models, but the interpretation
of temperature gradients and the parameterization with literature values can be difficult [115]. The
fast simulation time of LCMs is achieved through the use of ordinary differential equations (ODEs)
instead of partial differential equations (PDEs). A prominent candidate for LCM use is the first-order
equivalent circuit shown in Figure 1.5. In the case of cylindrical cells that are cooled on the shell, the
internal thermal resistance Rin of the LCM corresponds to the kr of the SDM. Further components of
the first-order LCMs are the heat capacity (Ccell) and the outer thermal resistance (Rout) between the
shell of the cell and the ambient temperature (Tamb). The functional relationship between Rin and the
stack conductivities (k||, k⊥) is simple for pouch cells [132], but complex for prismatic and cylindrical
cells due to the wound geometry of the stack [40, 42, 110]. In addition, LCMs often concentrate the
spatially distributed heat rate (Q̇cell) in the core of the cell [130, 132], which is a great simplification.
Because of this simplification, the temperature gradient for LCM can be overestimated, which can be
countered by using higher-order equivalent circuit models [115].

Deviations between the simulated and measured temperature can arise due to geometry-related uncer-
tainties as well as uncertainties in thermal model parameters. Thermal models are very often validated
by comparing the measured and simulated increase in surface temperatures (∆Tt,s) during cell oper-
ation [39, 66, 133]. Table 1.2 lists the validation results for ∆Tt,s of different thermal models, for
different materials and cell formats, with different types of temperature excitations, and Biot numbers
(Bi). The error between simulation and experiment is usually less than 2.2 °C or less than 15% of the
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Figure 1.5: Thermal models for lithium-ion cells with different spatial resolutions, represented by a 2D
geometry of a cylindrical cell. LRM: Multiple domains for components such as the housing
and for each layer of the stack. CRM: Multiple domains for each component, but stack-
layers are not resolved. SDM: Only one domain for the entire cell without components such
as the mandrel. LCM: A lumped heat capacity and resistance network forms an ordinary
differential equation (ODE).

maximum temperature increase. It should be noted that this error could have many causes, such as:
uncertainty in the heat generation calculation, thermal parameters, thermal boundary conditions, or
uncertainties in the temperature measurement. According to Table 1.2, an increased model complexity
(e.g. LRM vs. LCM) does not necessarily improve the modeling errors (Terr) for ∆Tt,s. In the work
of Akbarzadeh et al. [130],for example, the LCM even outperformed the more complex SDM.

Spatial temperature differences (∆Tcell) within the cell are rarely validated for thermal models, most
likely due to the effort required to install temperature sensors inside the cell. Past experiments with
internal temperature sensors [134–137] have examined temperature differences of up to 30 °C. However,
very few studies use the internal temperature to validate thermal models. The validations with internal
temperature sensors in Table 1.2 show a maximum error for ∆Tcell between surface and core of 1.2 °C
or a relative error of 26% compared to the maximum difference. If one compares the errors in ∆Tcell of
the different model classes, there seems to be a connection between model complexity and temperature
error, since the errors with LRM are smaller than with LCM. It is important to note that a full
summary of all thermal model validations is beyond the scope of this thesis, so the results in Table 1.2
may be subject to sample variance.

The importance of the accuracy in determining k⊥ for the result of the thermal modeling can be
estimated using dimensionless quantities such as the Biot number in Equation 1.7. A high Biot number
(> 1) defines the temperature gradient within a cooled or heated body as high [142], ergo k⊥ plays
an important role in describing the temperature distribution. Looking at the LCM in Figure 1.5, the
Biot number divides Rin by Rout, which gives the proportion of the internal temperature difference to
the external temperature difference. Alternatively, the heat transfer coefficient hBT MS to the BTMS
multiplied by the characteristic length (dL) divided by the thermal conductivity (kL) in the direction
of heat flux to the BTMS gives the Biot number. In the field of lithium-ion cells, a Biot number
below 0.1 is often used to justify the use of lumped-capacitance models [69, 106, 116], which neglect
internal temperature distribution (Rin = 0, k → ∞). However, there is criticism of the use of the
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1 Introduction into heat transfer inside lithium-ion batteries

Table 1.2: Error between simulated and measured temperature Terr during the validation of thermal
models for lithium-ion cells. Model definition for LRM, CRM, SDM and LCM can be found
in Figure 1.5.

Ref. Model Qcell

Ah Material, format Excitation Biot

Error in simulated surface temperature ∆Tt,s
max |Terr|

°C
max |Terr|
max ∆Tt,s

[27] LRM-2D - -, Cylindr. CC 1C - 0.5 a) 6% a)

[133] CRM-3D 40 LFP-G, Prismatic CC 1C 0.40 0.5 8%
[39] SDM-3D 38 NMC-G, Prismatic CC 1C 0.16 0.8 3%
[138] SDM-3D 3.57 NCA-G, Cylindr. Pulse 1C 0.2 - <1%
[130] SDM-3D 43 NMC-/, Prismatic CC 2C 0.5 2.2 14%
[130] LCM 43 NMC-/, Prismatic CC 2C 0.5 1.6 10%
[139] LCM 20 LFP-G, Prismatic Pulse 0.05 0.42 -
[140] LCM 60 LFP-G, Prismatic Pulse 1C 0.32 2.0 a) 15% a)

Error in spatial temperature difference ∆Tcell
max |Terr|

°C
max |Terr|
max ∆Tcell

[67] LRM-3D 5.0 NMC-G, Cylindr. T-Jump 20 °C - 0.6 a) 5% a)

[67] LRM-3D 5.0 NMC-G, Cylindr. CC 0.3C - 0.2 a) 10% a)

[89] CRM-3D 60 NMC-G, Prismatic Pulse 2-4C - 0.9 8%
[141] LCM 2.3 LFP-G, Cylindr. CC 6C 0.37 1.2 26%

a) Values are extracted from figures.

Biot number, since several characteristic lengths can exist, for example in tab cooling, and the heat
rate in lithium-ion cells is spatially distributed [143]. For this reason, Hales et al. [144] defined the
cell cooling coefficient CCC in Equation 1.8 which divides the heat rate absorption from the BTMS
(Q̇BT MS) by the temperature difference between the hottest point of the cell and the cooling medium
(∆Tmax,ccc). For example, the CCC is 0.24 W K−1 for tab cooling and 12.32 W K−1 for immersion
cooling [31]. From the author’s point of view, both Bi and CCC are valuable measures to evaluate
the temperature gradients within a cell and thus the importance of k⊥. The CCC, as not completely
dimensionless, offers more information on the cooling and heating state but Bi is more frequently used
in the field of lithium-ion cells and is more generic.

Bi = Rin

Rout
= hBT MSdL

kL
(1.7)

CCC = Q̇BT MS

∆Tmax,ccc
= (Rin + Rout)−1 (1.8)

Figure 1.6 a) and b) shows the influence of k⊥ on the jelly roll temperature in a prismatic lithium-ion
cell. To demonstrate the influence, we [145] simulated the maximum temperature increase (a)) and the
maximum temperature difference (b)) within the jelly roll with two different heat transfer coefficients
(hBT MS) and two different values for k⊥. A value of 10 and 376 W m−2 K−1 for hBT MS was used for
passive air surface cooling [146] and an active liquid surface cooling BTMS [147], respectively. The
range of values for k⊥ was taken from Chapter 2 [40], which takes into account uncertainties in the
thermal conductivity of the stack-layers and layer thicknesses of an NMC-G stack. The constant heat
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Figure 1.6: Influence of the through-plane conductivity k⊥ on the temporal ∆Tt and spatial ∆Tcell

temperature differences. a) Simulated temporal temperature difference in the core of a
prismatic lithium-ion cell with air and liquid cooling heat transfer coefficients [145]. b) Sim-
ulated spatial temperature difference between the cell surface and the maximum tempera-
ture inside the cell [145]. c) Sensitivity of ∆Tt to different Biot numbers. d) Sensitivity of
∆Tcell to different Biot numbers. Sensitivities from a) and b) are compared to the sensi-
tivity obtained by Mei et al. [39], Sun et al. [148], and Dong et al. [133].

.

rate Q̇cell was determined from the ten-second resistance of 1.5 mW and a C-rate of 4. hBT MS is used
as a convective boundary condition on the straight lines of the 2D jelly roll that are normally in contact
with the prismatic cell housing. An adiabatic boundary condition is defined for the windings, since a
gas between the jelly roll and the housing normally isolates this part of the jelly roll. Figure 1.6 a)
shows that with moderate air cooling, the core temperature of the cell reacts less sensitively to changes
in k⊥ with a variation in the end temperature of 59.4 and 60.4 °C. In contrast to this, the final
temperature varies significantly between 34.7 and 44.7 °C with strong liquid cooling. Figure 1.6 a)
confirms that uncertainties in k⊥ become more serious for ∆Tt with increasing cooling intensity.

Figure 1.6 c) shows the sensitivity of the temperature rise (∆Tt) as a function of the Biot number of the
BTMS, which is calculated using Equation 1.9. For example, the variation in ∆Tt for the blue liquid
cooling in Figure 1.6 a) is 51.4% (9.7±5.0 °C) and the variation in k⊥ is 52.9% (0.85±0.45 W m−1 K−1).
The division of both variations according to Equation 1.9 results in a sensitivity for the temperature
rise of 0.97 (Figure 1.6 c)). Figure 1.6 c) shows that most sensitivity studies were carried out at low
Biot numbers around 0.3. In addition, the Biot-sensitivity plot shows that k⊥ becomes important for
thermal modeling with high Biot numbers. Many sensitivity studies [148, 149] rate the influence of
k⊥ on the increase in temperature as weak. The reason for this weak sensitivity rating is the low Biot
number of these studies.
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1 Introduction into heat transfer inside lithium-ion batteries

Sensitivity = Variation temperature rise
Variation thermal conductivity =

0.5 [max(∆Tt) − min(∆Tt)]
0.5 [max(∆Tt) + min(∆Tt)]

0.5 [max(k⊥) − min(k⊥)]
0.5 [max(k⊥) + min(k⊥)]

(1.9)

k⊥ influences the spatial temperature difference ∆Tcell significantly even at low Biot numbers. The
sensitivity of ∆Tcell is calculated congruently to Equation 1.9 by replacing ∆Tt with ∆Tcell. For the
air and liquid cooling scenarios in Figure 1.6 b), a sensitivity of 0.88 to 0.89 for ∆Tcell is determined
(see Figure 1.6 d)). An uncertainty of k⊥ of 10% accordingly causes an uncertainty of 8.9% in the
maximum spatial temperature difference. Dong et al. [133] came to the same conclusion and rated
the thermal conductivity as the most important thermal parameter for determining the temperature
difference between the cell surface and the cell interior.

In summary, a multitude of thermal models exist in lithium-ion research, from the most complex 3D
layer-resolved to the simplest 0D lumped circuit models (see Figure 1.5). Uncertainties in the thermal
modeling can arise from simplifications of the geometry or from the thermal parameters used in the
model. Accurate thermal models can simulate temperature with an error of less than 2.2 °C (see
Table 1.2). k⊥ is always an important parameter for the temperature differences within the cell and,
in the case of strong cooling, also for the temperature increase (see Figure 1.6).

1.4 Characterization of the thermal conductivity in lithium-ion cells

After the introduction of various thermal models for lithium-ion cells and the assessment of the in-
fluence of the through-plane conductivity (k⊥) on the thermal modeling, this section introduces some
measurement methods for k⊥. Equation 1.10 defines the measured thermal conductivity (km) for one-
dimensional heat conduction in the steady state (see Figure 1.7). The measurands for the steady-state
are accordingly the heat rate (Q̇x) of the heat flow flowing through the sample, the thickness (dx)
and the cross section (A⊥) of the sample as well as the temperature difference (∆Tx) between dx.
Depending on the test device, Q̇x and A⊥ can be replaced by the heat flux (q⃗x) and ∆Tx and dx by
the temperature gradient (∂T/∂x).

km = Q̇xdx

A⊥∆Tx
= q⃗x

∂T/∂x
(1.10)

It is very important to analyze the measurement uncertainty for the thermal conductivity, since thermal
parameters are more prone to errors than, for example, electrical quantities. This is a general statement
that applies to batteries and all other materials. The reason for the increased uncertainty of thermal
conductivity can be explained by the fact that electrical conductors and insulators differ by far more
than those of thermal conductors and insulators. For example, dividing the thermal conductivity of
copper and mineral wool gives ≈ 104 [150] whilst the quotient of the electrical conductivity of copper
and nickel oxide gives ≈ 1014 [151, 152]. Since conductors are less distinguishable from insulators,
heat losses are likely to cause systematic errors in Q̇x and thus in km. In addition, thermal variables
such as temperature have a longer measurement chain than electrical variables such as voltage, which
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1.4 Characterization of the thermal conductivity in lithium-ion cells

is a disadvantage for measuring accuracy. Thermocouples, for example, convert the temperature into
an electrical voltage according to the Seebeck effect, which has to be measured and then evaluated in
the measurement software [153]. This chain therefore comprises two more steps than electrical voltage
measurements.

In general, uncertainties in km result from uncertainties in q⃗x and the temperature gradient. The
uncertainty in the context of this work includes random and systematic errors [154], while systematic
errors can be further divided into static and dynamic errors. Common sensors for thermal conductivity
measurements are resistance thermometers [42], thermocouples [155], radiation thermometers [156] and
heat flow sensors [157]. In the area of lithium-ion cells, temperature sensors are usually not calibrated
before thermal conductivity tests [155, 157, 158], which means that the error in the tolerance class
must be used for uncertainty calculations. The applied thermocouples usually have a tolerance class
between 0.20-1.00 °C. This means that with temperature differences (∆Tx) of around 10 °C [157], the
uncertainty in ∆Tx is between 2-10%. On the other hand, heat flux sensors have an uncertainty between
0.4-5.0% [111, 157]. Adding the uncertainty for ∆Tx and q⃗x gives an estimate of the uncertainty for
km of 2.4-15% in the field of lithium-ion cells.

The lowest achievable uncertainty for thermal conductivity measurements is 1% [159]. Therefore, even
standard reference materials that could be used for the calibration cannot guarantee a lower uncertainty.
The lack of success in achieving smaller uncertainties can be explained by material variability caused
by the production process [159]. Impurities, porosity, heat treatment and grain sizes, all of which
are determined during production, can lead to significant fluctuations in thermal conductivity [159,
160]. This can be seen when comparing pure aluminum with the aluminum alloy 3003. Due to
the manganese content of 1.1% in this alloy, the thermal conductivity drops by -35% from 237.5 to
155 W m−1 K−1 [161, 162]. It should be emphasized that 1% uncertainty can only be achieved with
expert knowledge, homogeneous material with freely selectable dimensions and standardized test setups
for thermal conductivity [159]. Therefore, a measurement uncertainty of less than 1% is very unlikely
in the area of the lithium-ion cells, as this test item is very inhomogeneous with dimensions that cannot
be selected.

Thermal conductivity measurements are often divided into transient and steady-state methods. Fig-
ure 1.7 shows the exponential temperature rise of a generic test sample heated on the left and cooled
on the right. Any evaluation that uses the initial exponential increase can be classified as transient
and the subsequent part as steady-state [163, 164]. As can be seen from Figure 1.7, transient methods
are usually faster. In addition to the thermal conductivity, some transient methods can also evaluate
the specific heat capacity, since ∂T/∂t is not equal to zero (see Table 1.3). Short measurement times
and the possibility of evaluating several variables are at the expense of the higher complexity of the
evaluation, which requires greater knowledge of the test sample. In addition, dynamic measurement
errors weigh more heavily with transient methods, since temperature rise times of approximately 30
minutes [42] are closer to the time delays of conventional temperature sensors [153]. The advantages
of the transient methods are the disadvantages of the stationary methods and vice versa. In addition,
thermal contact resistance can be a challenge, but this is also the case with steady-state methods.
Figure 1.7 shows, for example, that the use of the temperature difference between the heat source and
the heat sink for ∆Tx is flawed, as this difference also includes thermal contact resistances.

Since lithium-ion cells are inhomogeneous test samples, an increased uncertainty in km is to be ex-
pected, which will further increase as a result of the transformation into k⊥ (see Figure 1.7). For
example, the inhomogeneity or anisotropy of the lithium-ion cell can violate the assumption of the
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highlights additional measurement uncertainties for k⊥ compared to thermal conductivity
measurements on homogeneous samples.

test method, which increases the uncertainty. In addition to the influence of lithium-ion cells on the
accuracy of the test bench, transformations between km and k⊥ can cause further uncertainties in the
evaluation. For example, if a prismatic cell is clamped between the heat source and the heat sink
(see Figure 1.7), the heat flow through the aluminum housing must be compensated for in order to
evaluate k⊥ [40]. The same applies to the spiral-shaped heat flows in cylindrical cells (see Figure 1.5)
and the heat flow that bypasses the stack through the tabs in pouch cells. All of these effects can
create additional uncertainties in the assessment of k⊥ from measurements on full-cells.

The guarded hot plate (GHP) method in Figure 1.8 a) is one of the most common steady-state
test methods for thermal conductivity [156]. In this test method, the test sample is clamped between a
main heater and a cooling plate. Heat losses on the sides of the test sample are reduced with insulation
materials and a guarded heater acts on the rear of the main heater to reduce heat losses. The guarded
heater is controlled in such a way that the temperature difference between the two heaters disappears
(∆T = 0 K), which is equivalent to an insulation with infinite thermal resistance. The measured
conductivity (km) of the test cell is determined by the heat rate (Ph) in the main heater, the thickness
of the cell (dcell), the temperature difference along the cell (∆Tcell) and the surface perpendicular to the
heat flow (A⊥). The advantage of the guarded hot plate lies in the low measurement uncertainty [163],
which is 0.7% for the reference material Pyrex glass with a thermal conductivity of 1.14 W m−1 K−1

[165]. Depending on the material and temperature range, a general uncertainty of 1-6% is often given
for this method [163, 164]. Disadvantages are long measurement times and the restriction to larger
samples with low to medium conductivity (0.01-1.0 W m−1 K−1) [163, 166]. For lithium-ion cells,
however, the measuring range is acceptable because k⊥ is around 1.0 W m−1 K−1. The GHP method
has been used twice in the area of the lithium-ion cells (see Table 1.3). Once for a pouch cell by Koch
[167] and once for a prismatic cell, which is described in detail in Chapter 2 [40]. For the determination
of k⊥ of a prismatic cell, an uncertainty of 6% can be expected [40]. The GHP method cannot be used
to determine for k⊥ for cylindrical cells, since it requires test samples with flat surfaces.
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Figure 1.8: Test setups for steady-state thermal conductivity measurements with corresponding equa-
tions to evaluate km of the test sample.

The heat flow or comparative method in Figure 1.8 b) differs from the GHP method in the way
in which the heat flow is determined. In this method, the heat flow is determined by a heat flux sensor
or by a reference material with known thermal conductivity. With a heat flux sensor, the conductivity
of the test sample is evaluated in the same way as with the guarded hotplate. In the comparative
method, the temperature gradient along the test sample (∆Tcell/dcell) is compared with the gradient
along a standard reference material (∆Tr/dr). Heat flow and comparative methods benefit from the
ease of construction and operation, but have one of the largest uncertainties of between 3% and 20%
[163]. At the material level, the comparative method is found more frequently in the area of lithium-
ion cells [109, 168], while the heat flow method has been used twice for full-cells [112, 157]. For these
full-cell demonstrations, an uncertainty of 2% [112, 157] was calculated, which is perhaps a little too
optimistic as this uncertainty is below the general uncertainty range (3-10%) for the heat flow methods
(see Table 1.3). As with the GHP method, k⊥ for cylindrical cells cannot be measured using the heat
flow or comparison method.

Direct heating, also known as the Kohlrausch method, is the only steady-state method in Figure 1.8
in which the heat is generated inside the test cell. The heating rate is calculated from the voltage
(Ucell) and current (Icell) of the test cell and the temperature difference (∆Tcell) is often measured
between the inner core and the outer surface. When internal temperature measurements are required,
direct heating is a destructive method. Due to the spatial distribution of the heat rate, the evaluation
is more complex than with the other steady-state methods. The conversion of the thermal resistance
(∆Tcell/Q̇cell) into the measured thermal conductivity (km) requires a geometric factor (GRk), which
must be determined for each sample geometry by means of complex finite element method (FEM)
simulation. The uncertainty of direct heating is therefore difficult to assess, especially because of GRk.
The Kohlrausch method, for example, has an uncertainty of between 2-10% [163]. Direct heating is
the only steady-state method in Figure 1.8 that can be used for all three cell formats, but has thus far
only been used for cylindrical and prismatic cells [110, 141]. Nevertheless, from the author’s point of
view, direct heating should also be possible for pouch cells. The uncertainty of direct heating in the
area of lithium-ion cells remains unknown, as none of the authors [110, 141] carried out uncertainty
calculations or validations with reference materials.

The transient hot wire method in Figure 1.9 a) uses a wire inserted in the test cell as a heat
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1 Introduction into heat transfer inside lithium-ion batteries

source. This method determines km very quickly and accurately, but very often it is a destructive
method [163, 164]. In addition, thermal contact resistance between the heating wire and the test cell
can be a challenge [163]. The parallel version of the hot wire method is shown in Figure 1.9 a), which
includes an additional thermocouple that measures the temperature field induced by a thin heating
wire [169]. To evaluate km, analytical equations are defined in standards [169], but thermal FEM
models can also be used if the sample shape deviates from simple geometries [170]. The parallel hot
wire can be used up to 25 W m−1 K−1 [169], which is sufficient to determine k⊥ of lithium-ion cells. If
the heating wire and thermocouple are inserted into the cell’s electrode-separator stack, the hot-wire
method can be used for all cell formats. Cell instrumentation can be circumvented for pouch cells if
two identical cells enclose the heating wire and the thermocouple, which was demonstrated by Zhang
et al. [171].

The plane source method in Figure 1.9 b) has a similar principle of operation to the hot wire
method, except that it is not a destructive method and has a larger measuring range between 0.005-
500 W m−1 K−1 [164]. Instead of inserting the sensor into the sample, it is attached to the surface.
The plane source sensor is very often used simultaneously as a heat source (Ph) and as a resistance
temperature sensor (∆Tcell). The evaluation of km is very complex, requires fitting procedures [172],
great knowledge of the sample and considerable knowledge in handling this technique [164]. In addition,
thermal contact resistances between the sensor and samples [164] as well as the heat capacity of the
sensor [173] represent a challenge inherent in the plane source method. The uncertainties are generally
between 2-5% according to the EN ISO 22007-2 standard. For lithium-ion cells, methods similar to the
plane-source method have been used primarily for cylindrical cells [64, 158, 174], but this technique
should be applicable to any cell format. The specified uncertainty for k⊥ of cylindrical cells is between
5-7% [158, 174].

Laser flash is one of the most common transient methods for thermal conductivity, due to its wide tem-
perature range from -100 to 3000 °C [163] and a wide measuring range between 0.1 and 1000 W m−1 K−1

[164]. A laser heats the front of the sample and an infrared camera measures the temperature response
on the back. The evaluation of km is simplified to a single measured variable, namely the rise time
(t1/2), which is required to reach 50% of the total temperature rise. It should be noted that in most
cases, laser flash does not measure km directly. Instead, density (ρcell) and specific heat capacity (ccell)
also have to be measured, which is a disadvantage of laser flash. The general uncertainty for laser flash
is within 2-6% [164]. Although there is some doubt in the literature [175] that laser flash is appropriate
for anisotropic lithium-ion cells, there are two demonstrations for pouch cells [132, 176]. Since laser
flash requires flat surfaces, it cannot be used for cylindrical cells. In addition, the determination of k⊥

in prismatic cells with laser flash is much more difficult because the housing conducts the heat of the
flash around the inner cell volume.

TIS in Figure 1.9 d) is a common method of measuring the thermal conductivity and heat capacity
of lithium-ion cells, as it only requires standard equipment in battery laboratories. The TIS was
first introduced by Barsoukov et al. [177], who still used an external heat source, which was later
replaced by an internal heat source by Schmidt et al. [178]. The setup in Figure 1.9 d) shows this
advanced version of the TIS, in which the heat is generated inside the cell and the ambient air acts
as the heat sink [115, 178]. In order to direct the heat flow, insulation is required and the surface
temperature (∆Tcell) is measured at the contact surface with the ambient air. To perform the TIS, a
sinusoidal heat rate (Q̇cell = f(UcellIcell)) in the frequency range between 0.1-100 Hz [179] excites the
cell, which results in a complex thermal impedance (∆Tcell/Q̇cell). This thermal impedance is often
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Figure 1.9: Test setups for transient thermal conductivity measurements with corresponding equation
to evaluate km of the test sample.

approximated by a semicircle in the Nyquist diagram, as shown in Figure 1.9 d). Therefore, at least
two measurements at two different frequencies [179] are required in order to evaluate k⊥ by fitting the
model to the measurement data. The choice of temperature sensor [179] and the complexity of the
fitting model [115] have a significant influence on the measurement uncertainty. For example, the use
of only one capacitance-resistance network (see LCM Figure 1.5) for the fitting model can induce an
uncertainty of more than 100% during the TIS evaluation [115]. In addition, dynamic errors in the
temperature sensor may have to be compensated for, as they can change with the frequency of the heat
rate [115]. Further disadvantages of the TIS result from the long measurement time, which can be in
the order of days, and the unspecified measurement uncertainty for lithium-ion cells (see Table 1.3).

The variant-convective cooling (VCC) method measures thermal parameters by varying the con-
vective boundary condition, which was first introduced by Bryden et al. [180]. Alternative names for
VCC are: Bryden method [42] or 1D-steady-state approach [138]. VCC uses the same test equipment
as the TIS with the exception of the heat sink, which must be able to change the thermal boundary
condition on the surface of the sample. In reality, changing boundary conditions are often achieved
by varying the ventilation speed within the climatic chamber. The heating rate is induced by an al-
ternating square pulse [130, 138] or sinusoidal current [42] - similar to the TIS method. The heating
rate is determined either by measuring Icell and Ucell or by an electrochemical model [138, 181], which
is particularly necessary for large cells. VCC method consists of two heating phases with different
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1 Introduction into heat transfer inside lithium-ion batteries

Table 1.3: Summary of thermal conductivity test methods with information on the test efforts and
applicability for measuring k⊥ in lithium-ion cells. Methods developed in this work are
shaded gray. ❏: The method cannot be applied for lithium-ion cells. ✩: The method could
be applied but there is no demonstration. ✓: The method has been applied for lithium-ion
cells. ●: The specific heat capacity of the lithium-ion cell can be evaluated simultaneously.
❍: The specific heat capacity has to be known to evaluate k⊥.

Cell test Icell

A
Applicability for k⊥ & (uncertainty)

Method (uncertainty)c) Standard duration Cylindr. Pouch Prismatic
Steady-state

GHP (1-6%) C177-13 b) h 0 ❏ ✓ (-) d) ✓ (6%) d)

Heat flow (3-10%) C518-98 b) h 0 ❏ ✓ (2%) e) ✩

Direct heating (2-10%) - h ̸= 0 ✓ (-) a) f) ✩ ✓ (-) f)

Transient
Hot wire (1-10%) D5930-17 b) min ● 0 ✩ a) ✓ (-) g) ✩ a)

Plane source (1-7%) D7984-21 b) s, min ● 0 ✓ (5-7%) h) ✩ ✩

Laser flash (2-6%) E1461-13 b) min ❍ 0 ❏ ✓ (-) i) ❏

TIS (-) - h, d ● 0, ̸= 0 ✓ (-) k) ✓ (-) k) ✓ (-) k)

VCC (-) - h ● 0, ̸= 0 ✓ (6%) l) ✓ (-) l) ✓ (-) l)

a) Instrumented cell with internal sensors. b) American Society for Testing and Materials (ASTM). c) General
uncertainties are taken from [163, 164, 183]. d) Pouch [167], prismatic [40]. e) [112, 157]. f) Cylindrical [141],
prismatic [110]. g) [137]. h) [64, 158, 174]. i) [132, 176]. j) [168]. k) Cylindrical [115, 177, 179], pouch [178], prismatic
[184]. l) Cylindrical [42, 181], pouch [138], prismatic [130].

convective boundary conditions. Alternatively, rapid reductions in the ambient temperature can re-
place the heating phases [182], which is technically more difficult but can eliminate the problem of
inhomogeneous heating rates in large-size cells. k⊥ is determined in the VCC by a thermal model
that is fitted to the measurement data. The VCC is slightly faster than the TIS (see Table 1.3), less
prone to dynamic temperature errors, but more affected by heat sink temperature variation. Another
advantage of VCC is that there is a specification of the measurement uncertainty of 6% for cylindrical
cells [42], which is described in Chapter 3.

Table 1.3 compares the described measurement methods for the thermal conductivity in general and
in particular for lithium-ion cells. The general uncertainty and the ASTM standard are listed, which
is useful for assessing the lowest achievable uncertainty, maturity, and instrument availability for
the methods. In order to quantify the measurement effort for lithium-ion cells, the test duration is
listed from demonstrations in the literature and the filled circle shows whether cp is required or is
being evaluated at the same time. Note that the laser flash method requires additional heat capacity
measurements that increase the test duration. Before choosing a method in Table 1.3, it must be
determined whether cell operation can be tolerated. If a cell current is required for the method
(Icell ̸= 0 A), it can lead to battery degradation or mechanical or electrochemical disturbances that
disrupt k⊥ evaluation (see Figure 1.4). In addition, there is an additional uncertainty due to the heat
rate in the inner tabs of the cell [42], since this heat is not generated in the electrode-separator stack.
According to Table 1.3, it must be mentioned that only very few studies on lithium-ion cells indicate
the uncertainty for k⊥ of their measurement method. When the uncertainty in the study has been
determined, it is indicated in the last three columns of Table 1.3 in parentheses.

According to Table 1.3, TIS and VCC are the best methods for measuring k⊥ of lithium-ion cells.
This is mainly due to their applicability (✓) without cell instrumentalization to all three cell formats
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1.5 Thesis outline

shown in the last columns in Table 1.3. The plane-source method offers the same adaptability, but
there are no demonstrations for the pouch and prismatic formats. If measurement uncertainty is the
main factor in the choice of method, the heat flow method for pouch and the GHP for the prismatic
format can be recommended. For future TIS and VCC investigations, it is strongly recommended to
carry out an uncertainty analysis of the test setup.

The contribution of this work to the field of k⊥ measurements for lithium-ion cells is indicated by the
gray shaded cells in Table 1.3. In this work, the GHP was used for the first time for the prismatic
cell format, which is described in Chapter 2 [40]. This investigation showed that the extremely low
measurement uncertainty of the GHP is worsened by the heat flux flowing through the prismatic
aluminum housing. Another contribution to the k⊥-field concerns advancement of the new VCC
method introduced by Bryden et al. [180] in 2018. Together with Al-Zareer et al. [138, 181] and
Akbarzadeh et al. [130], this thesis [42] extends the idea of Bryden et al. [180] to determine both
ccell and k⊥ using the VCC test procedure. Demonstrations for the VCC on two cylindrical formats
are discussed in Chapter 3 [42], which also contains the only uncertainty assessment for VCC so far.
From the author’s point of view, the combination of TIS and VCC could be another new method for
measuring the thermal conductivity, as they are similar in terms of heat rate generation. In addition,
the evaluation of measurement uncertainties, comparisons of test methods on the same test sample and
the proof of applicability of the plane source method for the pouch and prismatic format are further
potential research directions.

1.5 Thesis outline

The increasing awareness of climate change in recent decades has increased the importance of lithium-
ion cells as an effective tool for reducing greenhouse gas emissions in the transport sector (see Fig-
ure 1.1). Switching from petrol cars to BEVs can save up to 64% of CO2 emissions in the transport
sector if the CO2 footprint of electricity generation is similar to that of France in 2015 (see Figure 1.2).
Today, most BEVs use lithium-ion cells with a liquid electrolyte, a graphite anode and a transition
metal cathode. For such lithium-ion cells, the temperature is an important state, since the electro-
chemical, the mechanical and the aging properties are significantly influenced by the temperature (see
Figure 1.4). Due to this temperature behavior, thermal models are very important improving the
understanding of lithium-ion cells, which is particularly the case when discharging or charging with
high power and during the safety-critical thermal runaway. The thermal conductivity (k⊥) through the
layers of the electrode-separator stack is an important parameter of any thermal model of lithium-ion
cells (see Figure 1.5). Uncertainties in k⊥ can influence the simulation of both the temperature rise
over time and the spatial temperature difference within the cell (see Figure 1.6). Therefore, a precise
determination of k⊥ for different cell formats, battery states and boundary conditions is very important
for research on lithium-ion cells.

As shown in Figure 1.10, Chapter 2 of this thesis deals with k⊥ in prismatic cells and the influence
of temperature and external compression pressure on k⊥. When the first experiments in this thesis
were planned, there was only one k⊥ study [110] on prismatic lithium-ion cells and only two studies
[110, 112] that varied the mean cell temperature during the determination of k⊥. Werner et al. [110]
observed a sharp decrease in k⊥ with increasing temperature of -0.9% K−1 for a prismatic LCO-G cell,
while Bazinski et al. [112] did not measure any temperature dependence for an LFP-G pouch cell. To
address the question of whether the temperature dependence is determined by the cell format or the
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1 Introduction into heat transfer inside lithium-ion batteries
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Figure 1.10: Structure and outline of this thesis.

active material, the study in Chapter 2 measures the k⊥ of a prismatic NMC-G cell. In addition, the
study in Chapter 2 is the first application of the guarded hot plate method for prismatic cells, with
which the dependence of k⊥ on external pressure was examined for the first time.

Chapter 3 deals with k⊥ measurements for 18650 and 21700 cylindrical cells and the dependencies of
k⊥ on temperature and SOC. Before the introduction of the variant-convective cooling method for the
specific heat capacity by Bryden et al. [180], only thermal impedance spectroscopy could measure k⊥

for all three cell formats (see Table 1.3). The variant-convective cooling method was later extended
by Akbarzadeh et al. [130], Al-Zareer et al. [138] and this thesis to measure the parameter k⊥.
The contribution of this thesis is described in Chapter 3. In addition to the introduction of a new
k⊥ measurement method for cylindrical cells, Chapter 3 offers the first uncertainty estimate for the
variant-convective cooling method.

Chapter 4 concludes this thesis by giving an overview of measurement results for thermal parameters
in the literature for all three cell formats and all dependencies on battery states. This literature review
not only deals with k⊥, but also the specific heat capacity. While Chapter 2 and 3 focus on the
full-cell scale, the literature review also looks at cell components and stacks. The main objective is
to recommend thermal conductivity and heat capacity values for thermal models obtained through
statistical meta-analyses. In addition, this literature review reveals gaps in knowledge and further
potential research directions for thermal parameters of lithium-ion cells.
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2 Thermal conductivity in prismatic cell formats

The research article [40] in this chapter entitled Thermal conductivity inside prismatic lithium-ion cells
with dependencies on temperature and external compression pressure deals with k⊥ measurements on
prismatic battery cells, as this cell format is the least studied in the literature. In this paper, the
cell temperature was varied to determine the temperature dependence of k⊥, a particularly important
parameter for lithium-ion cell safety simulation. In addition, the external pressure was varied on the
two largest surfaces of the cell in order to investigate the influence of the thermal contact resistances
on k⊥. As shown in Figure 2.1, the guarded hot plate method for prismatic cells is adapted to the
prismatic format in this thesis, since this method promises one of the lowest uncertainties for thermal
conductivity.

Experimental The guarded hot plate method is designed for a prismatic PHEV2 cell with NMC-G
stack, manufactured by VARTA Microbattery GmbH. The test apparatus consists of a cooling plate,
main- and guarded-heater, insulating materials and four springs with a defined spring constant. The
test bench was validated with a stainless steel reference material at different pressures and tempera-
tures, which resulted in a measurement uncertainty of 2.2%. To evaluate k⊥ from the measurement
data, the heat flow in the cell housing must be compensated for, which requires an exact determi-
nation of the thermal conductivity of the aluminum housing. This was accomplished by measuring
the electrical resistivity and using a method proposed by Woodcraft [185] to determine the thermal
conductivity of the aluminum through the electrical resistivity.

Theory and modeling In order to determine the k⊥ of the stack from the measured thermal con-
ductivity, three evaluation steps were developed and demonstrated in this study. First, the heat flow
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Figure 2.1: Scope of Chapter 2.
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2 Thermal conductivity in prismatic cell formats

through the housing is compensated for by the previously determined thermal conductivity of the
aluminum housing. The contact area between the jelly roll and the inner housing is then taken into
account. Finally, the effects of the windings are accounted for through FEM simulations in order to
arrive at k⊥. Because of these evaluation steps, the uncertainty for k⊥ increases from 2.2% to 6%,
which negates the initial uncertainty advantage of the guarded hot plate method.

Results and discussion The developed experiment and the subsequent evaluation method were used
between -10 and 50 °C at two different external pressures of 37.1 and 74.2 kPa. The increase in
temperature showed a strong decrease in k⊥ with increasing temperature of less than -1% K−1. In
addition, k⊥ increased by 11.9% when the external pressure was increased. Pressure-dependent thermal
contact resistances explained the pressure dependency. However, it cannot be completely ruled out that
changes in the geometry of the jelly roll or changes in the layer thickness of the stack also contributed
to the pressure dependency of k⊥. The measured temperature dependence agrees with the work of
Werner et al. [110], but does not agree with the work of Bazinski et al. [112] and Sheng et al. [155],
which indicates the need for additional studies on the temperature dependence.

Author contribution The design and concept of the test bench was developed by Maximilian Stiegler
and Marco Steinhardt. The measurements were planned, carried out and evaluated by Marco Stein-
hardt. Elisabeth Irene Gillich supported the development of the evaluation and validation. The
manuscript was written by Marco Steinhardt and review and editing was done by all other authors.
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A B S T R A C T

Significant temperature increases and gradients inside lithium-ion battery cells are highly likely during extreme
fast charging and discharging, with adverse effect on aging and safety. To assess the temperature inside the cell,
the thermal conductivity of the electrode-separator composite must be determined precisely. Furthermore, the
dependency of the thermal conductivity on battery states like the cell temperature or composite layer pressure
has to be considered. In this work, these dependencies are investigated for a large-format lithium-ion cell with a
flat-wound jelly roll and prismatic aluminum hardcase with a Nickel Manganese Cobalt (NMC) cathode and
graphite anode. A precise thermal conductivity test bench with defined compression boundaries for the battery
cell is constructed in compliance with the guarded heater principle. Validation tests with a stainless steel re-
ference material prove a high accuracy and robustness against changes in compression pressure. In addition, a
novel method to obtain the thermal conductivity of the aluminum cell-case is introduced. According to the
measurement result, the thermal conductivity increases by 11.9% when the compression pressure rises by
37.1 kPa, which is explained by thermal contact resistances. Compared to the absolute value at 20 ∘C, the
thermal conductivity decreases with increasing temperature by more than -1% per K.

1. Introduction

Several car manufacturers have started to mass-produce electric
vehicles with lithium-ion batteries as a result of stricter political CO2

emission targets. From the perspective of the consumer, shorter driving
range and longer charging time still remain major disadvantages com-
pared to cars with internal combustion engines [1]. Extreme fast
charging with an 80% change in state of charge (SoC) within 10 min
constitutes a major thermal challenge for lithium-ion cells and their
thermal management systems [2]. Furthermore, cell design strategies
aiming at higher energy densities are often accompanied by higher heat
losses for equal charging power [1]. This represents a trade-off between
fast charging and energy density due to thermal aspects.

Temperature rise and spatial temperature gradients inside the cell
are among the main thermal challenges during fast charging. Most
safety devices in lithium-ion cells are designed for an upper operational
temperature of 60 ∘C [3] to reduce the risk of thermal runaway events
with onset temperatures starting from 80 ∘C [4]. Waldmann et al. [5]
examined the relationship between C-rate and temperature rise with
values up to 15.7 ∘ −CC 1. This emphasizes the need for active cooling if
C-rates of 6 C are demanded. Thermal gradients inside the cell tend to
rise with equal magnitude of 3.19 ∘ −CC ,1 which was measured by

Waldmann et al. [6] for a 18650 cylindrical cell in radial direction.
These gradients can reduce the lifetime of the cell [7], or can be a safety
issue if the margin between 60 and 80 ∘C is exceeded. Temperature rise
and gradients are both affected by the thermal conductivity inside the
cell. Hence, thermal conductivity proves to be a decisive parameter in
the area of fast charging.

The thermal conductivity inside lithium-ion cells is anisotropic due
to the layered structure of the separator electrode composite. This
composite is often reduced to a uniform medium with a through-plane
k⊥ and an in-plane k|| thermal conductivity. The through-plane direc-
tion represents the major heat flux direction for most prismatic hard-
case cells [8]. In contrast to k||, k⊥ includes thermal contact resistances
between the layers [9], which are dependent on the mechanical
boundary conditions. Vishwakarma et al. [10] claim that k⊥ cannot be
calculated by thermal conductivity values measured on material level if
thermal contact resistances remain at a significantly high level. By
implication, k⊥ has to be measured for every cell type and boundary
condition on stack or cell level if accurate modeling accuracy is im-
portant.

If high thermal modeling accuracy is important, dependencies on
battery states like temperature or SoC have to be considered as well. For
the temperature dependency of k⊥, all available measurement data for
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double-coated unit cells is listed in Table 1. In this work, the relative
temperature dependence (dk/dT)/k20 is defined by the slope of the
linear regression dk/dT divided by the absolute value k20 at 20 ∘C.
Bazinski et al. [11] performed the first measurements on a 14 Ah pouch
cell with LFP cathode showing no significant dependency on tempera-
ture. Two years later, Werner et al. [8] measured a significant decline
with increasing temperature by -0.91 −%K 1 on a 6.8 Ah lithium cobalt
oxide (LCO) prismatic hardcase cell. This finding was supported by
measurements at layer level, showing that this bottom-up approach
correlated closely with full cell measurements. In 2019, Sheng et al.
[12] observed a marginal increase of +0.1 −%K 1 for three self-made
battery cells composed of commercial NMC and LFP cell cores em-
bedded in either a hardcase or an aluminum-plastic pouch foil.

Comparing (dk/dT)/k20 in Table 1 reveals a strong disagreement
between the result found by Werner et al. [8] those of Bazinski et al.
[11] and Sheng et al. [12]. This discrepancy could be caused by dif-
ferent thermal contact resistances that result from the case material or
external compression pressures. Measurements by Sheng et al. [12] on
LFP cathodes discard any dominant effect of the cell case, while the
external pressure may yield different findings on (dk/dT)/k20. The
electrode geometry serves as another explanation, while Werner et al.
[8] remains the only investigation with a flat-wound jelly roll geo-
metry.

According to Loges et al. [13], (dk/dT)/k20 is influenced by the
electrode structure, the active material composition and thickness ratio
of anode dA and cathode dC coating to their copper dCu and aluminum
dAl current collectors. Comparing the cathode coatings in Table 1 draws
the conclusion that LCO cathodes exhibit a completely different tem-
perature dependency than NMC or LFP. Werner et al. [8] is the only
investigation that states porosity values for anode ΨA and cathode ΨC,
which discard this parameter for any explanations. Finally, the sig-
nificant difference in thickness ratios between Werner et al. [8] and
Sheng et al. [12] is probably another reason for different (dk/dT)/k20
values.

This work aims to clarify some disagreements in literature on (dk/
dT)/k20 by repeating the work of Werner et al. [8] on cell level with an
NMC cathode coating. Furthermore, the dependency on external com-
pression pressure is part of the scope for evaluating the influence of
thermal contact resistances, which did not form part of any investiga-
tion in Table 1.

The remainder of this paper is organized in three sections. In the
experimental Section 2, the cell being tested and the measurement
technique based on the guarded heater principle is described and va-
lidated with a standard reference material. Furthermore, thermal con-
ductivity tests are shown at cell level with different temperatures and
external pressure. All necessary information for transforming the
thermal conductivity at cell level to the unit cell level is given in the
theory and modeling Section 3. The unit cell in this paper is defined as a
cube consisting of the smallest repetition of the cell layers keeping
conform with the definition of Bandhauer et al. [14]. An overview of
the entire transformation process is given in Fig. 7 a). The last Section 4
combines the experimental and theoretical results and discusses the
temperature and pressure dependency with the findings in Table 1.

2. Experimental

2.1. Cell and reference material

The cell being tested is a prismatic hardcase PHEV-2 cell with a
nominal capacity of 34 Ah, a graphite anode and NMC-111 (Li(Ni1/
3Co1/3Mn1/3)O2) cathode. The cell has been manufactured by VARTA
Microbattery GmbH (Germany) for research purposes and is equipped
with an internal Type K thermocouple inserted into the center of the
jelly roll and one reference electrode. The maximum continuous C-rate
for charge and discharge is specified by 2 C. An electrical resistance of
1.5 mΩ is rated for a 10 s current pulse response. The cell in question
has never been operated before this investigation and has been stored at
a SoC of 15%.

Fig. 1 a) and b) shows a computer-aided design (CAD) drawing and
photograph of the cell that contains a single vertical flat wound jelly
roll. Fig. 1 c) and d) indicate length specifications of the jelly roll and
the cell case, which are important for the conductivity calculations in
subsequent sections. The case, with thicknesses (dc,t, dc,b, dc,s) ranging
between 0.7 and 1.5 mm, has no physical contact with the jelly roll
except for the two largest surfaces. This contact area is marked in Fig. 1
c) by the red rectangular at a height djr,h of 82 mm and a length ds of
117 mm. The case is made of AW-3003 aluminum alloy (AlMn1Cu)
with a 1.1% manganese composition. This alloy is a common case
material for prismatic battery cells [14] and its thermal conductivity
ranges between 160 and 190 − −Wm K1 1 [15].

Table 2 lists geometrical parameters of the unit cell layers consisting
of two double coated electrodes, two separator layers and one layer for
each current collector (CC). Accordingly, the ratio of coating to current
collector thickness for this cell is 4.3 for dC/dAl and 6.0 for dA/dCu,
which are both in the range reported by Loges et al. [13]. The heights
and lengths listed in Table 2 can be used to calculate the ratio of anode
overhang. Dividing their areas results in an anode overhang of 9.8%,
which corresponds to the value published by Lewerenz et al. [16].

To evaluate the measurement error of the test bench introduced in
the following subsection, a suitable reference material had to be se-
lected. Details of this procedure following the criteria defined by Hust
et al. [17] can be found in Appendix A. In result of this, a cuboid
(150x25x91 mm) made of 1.4301 (X5CrNi18-10) stainless steel was
purchased for quantifying the measurement error in this study. The
reference material is shown in Fig. 1 a) (tag 6).

2.2. Test bench

The thermal conductivity test bench is based on the single-specimen
guarded hot plate method, which is one of the most accurate steady-
state measurement techniques [18]. Fig. 2 a) shows an overview of the
whole test bench placed in a climate chamber that provides a stream of
air with defined temperature Tair. The test object is stacked with other
components between two aluminum plates, while the right plate (tag 2)
serves as a heat sink containing a water-glycol (50:50) coolant with the
temperature Tcoolant. An equal temperature for Tair and Tcoolant is used at
all times, to ensure that heat losses from the component stack to the
environment remain equal. To keep radial heat losses to a minimum, a

Table 1
Reported temperature dependency (dk/dT)/k20 of the thermal conductivity in through-plane direction of the electrode-separator-composite k⊥. Additional in-
formation is given on the cell case, external compression pressure during measurement, electrode structure and material composition.

Authors Case & pressure Electrode geometry Anode ΨA dA/dCu Cathode ΨC dC/dAl k20 (dk/dT)/k20

Bazinski et al. [11] Pouch foil; +0.5 bar Stack Graphite n/a n/a LCO n/a n/a 0.35 W m-1 K-1
0.0 −%K 1

Werner et al. [8] Prismatic Steel; 0 bar Jelly Roll Graphite 48% 8.5 LCO 29% 4.0 1.10 W m−1 K−1 –0.9 −%K 1

Sheng et al. [12] Prismatic Al 3003; −0.9 bar Stack Graphite n/a 0.3 LFP n/a 0.8 0.54 W m−1 K−1
+0.1 −%K 1

Sheng et al. [12] Al-plastic film; –0.9 bar Stack Graphite n/a n/a LFP n/a n/a 0.52 W m-1 K−1 +0.1 −%K 1

Sheng et al. [12] Al-plastic film; –0.9 bar Stack Graphite n/a n/a NMC n/a n/a 0.66 W m-1 K−1
+0.1 −%K 1
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4 cm thick isolation made of Styrodur® 3000 CS from BASF (tag 3) is
wrapped around the stack with a thermal conductivity of
0.033 − −W m K1 1. With a maximum temperature difference between the
test object and Tair of 10.366 K during all measurements, lateral heat
losses are smaller than 0.121 W.

A defined force Fspring can be applied to the stack by four springs (tag
1) with a spring constant of 47.734 −N mm 1. In the following experi-
ments, the cumulative force of the springs (4 · Fspring) was always set to
500 or 1000 N. This translates to a compression pressure of 36.6 and
73.3 kPa for the reference material and 37.1 and 74.2 kPa for the cell
being tested. The difference in compression pressure between the re-
ference material and the cell is caused by different cross section areas
specified in subsection 2.1.

Fig. 2 b) shows details on the measurement stack consisting of a
guarded heater (tag 4), the main heater (tag 5), the test object (tag 6)
and a heat flow equalizer (tag 7) that provides a uniform heat flow for
the test object. The main heater generates the heat flux Q̇ for measuring
thermal conductivity, which passes through the test object, the equal-
izer and finally sinks on the right aluminum plate. To assure equal and
low contact resistances, Keratherm KP 92 thermal grease made by
Kerafol with a thermal conductivity of 10 − −W m K1 1 is used between
any contact surface passed by Q̇.

A guarded heater (tag 4) is deployed to minimize heat losses on the
left side of the main heater. Both heaters consists of a heating wire,
which is paste between Styrodur® isolation and a copper plate with a
thickness of 1 cm. The copper plates equalize the concentrated heat flux
of the heating wires while the Styrodur® directs the heat flux towards
the test object. Two Pt100 temperature sensors are installed to measure
the temperature of the guarded heater copper plate TGH and the main
heating wire TH.

The linear power supply GPD 3303D from GW-Instek supplies the
electrical power for both heaters. The main heater operates in constant
current mode IH and the corresponding voltage drop UH is measured
with separated sense wires by the NI-9228 card made by National
Instruments. The current of the guarded heater IGH is automatically
adjusted to reduce the difference between TH and TGH, which never
exceeded ± 0.0467 K. Hence, heat losses at the backside of the heater

a)

54

3

1 2

6

b)

c) d)

dc,tdc,b

dc,h

dc,s

dc,s

= 1.5

= 0.7
= 91

= 148.1

= 1.2

dc,ldjr,l
= 142

dc,d = 26.5

djr,d
= 25

ds = 117djr,h = 82

Fig. 1. Photograph a) and CAD drawing b) of reference material and cell being tested with corresponding vertical c) and horizontal d) section planes. Length
specification are given in mm for the jelly roll and prismatic hardcase. 1: Negative terminal. 2: Positive terminal. 3: Feed-through for internal sensors. 4: Jelly roll.
5: Case. 6: Stainless steel reference material.

Table 2
Specification of the electrode-separator-composite given by the cell manu-
facturer. Length and height of the separator have not been specified.

Unit cell layer Height / mm Thickness / µm Porosity / % Length / m

2x NMC 111 74.0 64.0 27 10.9
1x Al CC 74.5 15.0 0 10.9
2x separator n/a 21.6 42 n/a
2x graphite 77.0 59.5 30 11.5
1x Cu CC 77.5 10.0 0 11.5

Fig. 2. Overview a) and details b) of the thermal conductivity test bench for prismatic battery cells used in this work. 1: Four springs for defined compression force
Fspring. 2: Heat exchanger serving as heat sink. 3: Radial heat isolation. 4: Guarded heater. 5: Main heater generating heat flow Q̇. 6: Test object (cell or reference
material). 7: Heat flow equalizer. 8: Temperature sensors for test object.
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are never greater than 2.1 mW.
The temperature gradient −T T( )hot cool in Fig. 2 is measured by two

DIN EN 60751 conform 100 Ω platinum-chip temperature sensors
(JUMO PCA 1.2005.1L F0,15). Both sensors are attached on the lateral
surface of the test object at a distance of dsens. Acquiring the tempera-
ture gradient at the lateral surface brings the advantage of not being
influenced by thermal contact resistances compared to the acquisition
at the two largest object surfaces. Before the sensors were attached,
readings were calibrated between -10 and 40 ∘C with a Fluke Calibra-
tion 1524 Thermometer and a FLUKE-TEMP-5622-05-P temperature
sensor with an accuracy of 0.04 ∘C. After the calibration, the deviation
of Thot and Tcool from the reference never exceeded 0.013 ∘C. In general,
all temperature sensors are acquired by the National Instruments
module NI-9261 in four-wire high-resolution mode, with a sample rate
of 1 Hz.

2.3. Test validation

Fig. 3 a) shows the general test procedure used for any thermal
conductivity measurement in this work by the temperature readings of
Tcool and Thot. The whole measurement is split into six test sequences for
six different set temperatures between -10 and 40 ∘C. Every test

sequence contains a rest and a heating phase. At the beginning of the
rest phase, Tcoolant and Tair is set to the desired temperature. Effects
arising from the temperature history are eliminated by this rest phase
and measurement errors can be analyzed and calibrated at its end tr.
After the rest phase, the heating phase starts with equal duration. At the
end of the heating phase th, the heating power is switched off auto-
matically and Tcoolant and Tair are adjusted to a new set point.

Eq. 1 is always used for calculating the measured thermal con-
ductivity kmes. The constant electrical current of the main heater IH and
the measured heater voltage UH are multiplied representing the heat
flux of the main heater Q̇. The parameter dsens is the distance between
two temperature sensors (see Fig. 2 b)) and A is the cross-section area of
the test object orthogonal to the heat flow. The temperature difference

−TΔ h c between Thot and Tcool is measured at the end of the rest tr and
heating phase th. The subtraction of −T tΔ ( )h c r from −T tΔ ( )h c h constitutes
an online calibration with the assumption that any temperature dif-
ference at tr is only caused by measurement errors. By this online ca-
libration, long time drifts and nonlinear uncertainties can be reduced.

=
−− −

k I U d
A T t T t

· ·
·(Δ ( ) Δ ( ))mes

H H sens

h c h h c r (1)

Fig. 3 a) shows the temperature readings for the reference material

Fig. 3. a) Temperature readings during test bench validation with a stainless steel reference sample showing the evaluation point during the heating phase th and the
rest phase tr for one test sequence. b) Test bench validation with AISI-304 reference [19] at two compression pressures with four measurement taken between day 0
and 12.

Fig. 4. a) Thermal conductivity of the cell kcell at different pressures between 37.1 and 74.2 kPa with the first measurement started at day 0 and the last at day 33. b)
Thermal conductivity of the aluminum alloy kAW3003, which is used for the case conductivity kcase by Sheng et al. [12] (blue line) and in this work (black line). In this
work, kAW3003 is calculated by electrical resistivity measurements ρ and the procedure developed by Woodcraft [22] kAl(T, ρ). The setup for the electrical resistivity
measurements comprises one current source and one voltage sensing in the middle part of the cell. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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introduced in Subsection 2.1, with IH set to 2.11 A, a measured heater
voltage UH between 22.519 and 22.549 V at th and a temperature sensor
distance dsens of 17.04 mm. Tcoolant and Tair were varied between -10 and
40 ∘C in increments of 10 ∘C. The duration of the rest and heating period
was set to 5 h, resulting in a total measuring time of 60 h. The black and
blue line in Fig. 3 b) represents the evaluation of this measurement data
by Eq. 1 at an external compression pressure of 36.6 and 73.3 kPa. In
these four measurements ksteel of the reference material shows a
monotonous linear increase with temperature.

For the measurement uncertainties of the test bench to be evaluated,
a suitable and reliable reference curve for the thermal conductivity of
1.4301 stainless steel between –10 and 50 ∘C is necessary. In accordance
with the DIN EN 10088-3 standard [20], Stainless steel 1.4301 has a
composition listed in Table 3 that is close to the AISI 304 (American
Iron and Steel Institute) standard [19]. Bogaard [19] collected thermal
conductivity measurements on AISI-304 from 15 references on 20 dif-
ferent samples within a temperature range between 200 and 1600 K.
From this data collection, Bogaard [19] created one recommended
curve for AISI-304 steel with a maximum deviation of ± 4% from the
measurement data. This reference curve is shown in Fig. 3 b) as a red
line with the grey shaded uncertainty of ± 4%.

Comparing the red reference curve with the measurement data in
black and blue in Fig. 3 reveals a maximum deviation of –2.2% which is
contained within the common ± 4% uncertainty band. Furthermore,
the measurement data shows equal temperature dependency to the
reference curve, and indicates no influence on the applied pressure. One
important aspect for detecting changes in thermal conductivity is the
reproducibility and the absence of long-time drifts in the measurement
data. Comparing all blue and black curves to the black measurement at
day 0 results in a maximum deviation of 0.25% with no long-time drifts
within a period of at least 12 days.

2.4. Cell thermal conductivity

Once the test bench had been validated, the reference object was
replaced by the cell under test described in Subsection 2.1. The test plan
was the same as the validation test in Subsection 2.3, apart from in-
creasing the duration of the rest and heating period to 7 h and reducing
the heater current IH to 1.43 A with a decline in UH to 15.284 to
15.304 V. These adjustments were made to guarantee equal tempera-
ture gradients to the validation test with a sufficient stationary time
behavior. Temperature sensors for Tcool and Thot of the same type with
the same calibration procedure were attached to the cell surface with a
distance dsens of 18.01 mm. Furthermore, the internal cell temperature
Tint was recorded during every conductivity test. In total, eight con-
ductivity tests with different external pressures were conducted.

Fig. 4 a) shows the evaluation of the measurement data by Eq. 1.
Equal line colors indicate the same compression pressure starting at day
0 with 74.2 kPa as a time reference point, followed by the blue lines
with a reduced pressure of 37.1 kPa after 10 days and the yellow lines
with a switch back to 74.2 kPa after 24 days. Dashed lines indicate
measurements with insufficient waiting time between pressure adjust-
ments, which might be necessary due to visco-elastic relaxation pro-
cesses described by Oh et al. [21]. All measurements show a rise in
thermal conductivity with increasing mean temperature. Analyzing the
recorded data via linear regression reveals a higher slope of

3.2 − −mW m K1 2 at 74.2 kPa than for 37.1 kPa with a value of
2.2 − −mW m K1 2. The precision measured by the individual value to the
mean value of all measurements at equal preload and mean tempera-
ture shows a maximum deviation of ± 0.2% proving an excellent
measurement quality. Comparing the black and yellow lines also shows
a reversible change in thermal conductivity, leading to the assumption
that no plastic deformation occurred when the compression pressure
changed.

2.5. Case thermal conductivity

The thermal conductivity values presented in Fig. 4 a) arise from the
parallel connection of the case conductivity kcase and the internal part
kint of the battery cell. The conductivity of the case kcase has to be known
in order to separate kint from the entire cell kcell. However, no suitable
thermal conductivity measurements are found in literature for the
aluminum alloy AW 3003 in the temperature range between –10 and
50 ∘C. Woodcraft introduced a method for predicting the thermal con-
ductivity of aluminum alloys by electrical resistivity measurements that
is described in [22] and used for kcase in this work.

For this approach, the electrical resistivity at room temperature is
measured in first place. A measurement setup for this is depicted in
Fig. 4 b) which applies and measures an electrical current to the
smallest case surfaces and measures the potential drop along the mid
length of the case with a sense contacts distance du of 23.18 mm. The
cross-section area of the case can be computed by subtracting the outer
cell area (dc,h · dc,d) from the internal cell area, which is the product of
( − −d d dc h c b c t, , , ) and ( −d d2·c d c s, , ). With a cross section of the case of
196 mm2 and an electrical resistance of 5.24 μΩ the case resistivity was
computed to 44.19 nΩm, which closely correlates with the value listed
in [23] of 43 nΩm for 3003 alloy, with the temper H18 and corre-
sponding thermal conductivity of 155 − −W m K1 1.

Woodcraft’s [22] approach prescribes that the electrical resistivity
needs to be greater than 31 nΩm, which is fulfilled by the aluminum
alloy in this work. Next, the residual resistivity due to electron-defect
interactions is computed to 17.79 nΩm and a beta factor of 0.7261 is
derived using Wiedemann-Franz’s law, which varies with the purity of
the alloy. Finally, the thermal conductivity is determined from Wood-
craft’s equation that is based on 29 measurements subjected to 15 dif-
ferent aluminum alloys. The associated results for the aluminum alloy
in this work are plotted in Fig. 4 b) in addition to the constant value
used by Sheng et al. [12]. To estimate the uncertainty of this method,
the electrical resistance in [23] of 43 nΩm is applied in the same way
with the method of Woodcraft yielding a thermal conductivity of
155.88 − −W m K1 1. Comparing this result with 155 − −W m K1 1 quanti-
fies the uncertainty as 0.6%.

3. Theory and modeling

3.1. Unit cell conductivity

Due to the layered structure, the unit cell exhibits two faces with a
through-plane k⊥ and four faces with an in-plane thermal conductivity
k||, which are defined by Eq. 2 and 3. Both parameters are affected by
the layer thickness and thermal conductivity values of anode (dA, kA),
cathode (dC, kC), separator (dS, kS), anode current collectors (dCu, kCu)
and cathode current collector (dAl, kAl). For double-coated electrodes,
all active materials and the separator have to be considered twice.

=
+ + + +

+ + + +
⊥ ( )

k d d d d d2·( )
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A S C Cu Al
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d
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In three-dimensional thermal finite element method (FEM) models,

Table 3
Chemical composition of stainless steel standards.

Component 1.4301 [20] AISI-304 [19]

C / % 0.07 0.08
Mn / % 2.00 2.00
Si / % 1.00 1.00
Cr / % 17.5 - 19.5 18.0 - 20.0
Ni / % 8 - 10.5 8 - 12
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k|| and k⊥ are often parameterized by measurements on unit cell layers
[24] that have no dependency on pressure or temperature. To estimate
the uncertainties of this method, Table 4 lists minimum kMin and
maximum kMax values measured on layer level. Further uncertainties in
Eq. 2 and 3 arise from measurement errors of the layer thicknesses that
are quantified to ±0.5 μm for common micrometers.

To illustrate the impact of these uncertainties, Eq. 2 and 3 are ap-
plied 210 times using all possible combinations of minimum and max-
imum values for the thermal conductivity or layer thickness. Black dots
in Fig. 5 a) show the results of this min/max variation with a range from
0.371 to 1.254 − −W m K1 1 for k⊥ and 24.7 to 28.3 − −W m K1 1 for k||.
Considering the mid-range of kMin and kMax as the most likely scenario
leads to values for k⊥ and k|| of 0.878 and 26.5 − −W m K1 1 highlighted
by the blue cross in Fig. 5 a). Dividing the mid-range result by the
largest deviation from the min/max variation computes to an un-
certainty for k|| of 6% and for k⊥ of 58%.

Fig. 5 b) illustrates the sensitivity of k|| and k⊥ by varying only one
parameter around the mid-range value. For example, the maximum
value for kC amounts to 126% of its mid-range of 0.725 − −W m K1 1

affecting k⊥ by 12%. Uncertainties for the thicknesses ranging from 100
to 105% are calculated with a measurement uncertainty of 0.5 μm re-
garding the thickness values in Table 2. According to Fig. 5 b), k⊥ is
sensitive to the thermal conductivity values of the active materials (kA,
kC) and the separator kS, while k|| is mostly affected by the thickness
values of the current collectors (dAl, dCu).

Table 4 lists the relative pressure dependency (dk/dp)/k2bar for
changes in thermal conductivity and the Young’s modulus E for chan-
ging layer thicknesses ε to estimate the pressure dependency of k|| and
k⊥. When pressure is increased by 0.5 bar, the active materials (dA, dC)
and the separator thicknesses dS decline by -0.1 to –0.3%. Taking the
changes in layer thickness in combination with (dk/dp)/k2bar for a
pressure increase of 0.5 bar alters the mid-range value in Fig. 5 a) by
0.2% for k|| and 0.8% for k⊥.

The temperature dependency of the layer thermal conductivity (dk/
dT)/k20 and the linear thermal expansion coefficient α are listed in
Table 4. For (dk/dT)/k20 no measurement data on electrolyte soaked
NMC, separator or graphite could be found in literature. Therefore,
missing temperature dependencies are taken from Werner et al. [8],

Fig. 5. a) Uncertainty range of k|| and k⊥ for the unit cell taking kMax and kMin from Table 4 and uncertainties in layer thicknesses. b) Sensitivity of k⊥ and k|| around
mid-range values from a) with changes in pressure Δp, temperature ΔT, thermal conductivity values of unit cell layers (kS, kAl, kC, kCu, kA) and layer thicknesses (dS,
dAl, dC, dCu, dA). c) Geometric definition for estimating the thickness of the jelly roll gap dg.

Fig. 6. a) Geometry of thermal FEM model consisting of the volumes windings (1), stack (2) and jelly roll gap (3) used for the functional relation between kjr and k⊥R.
b) Heat flow (red arrows) and temperature field inside the jelly roll with dg=0.8 mm and a temperature gradient of 4 ∘C between the jelly roll case contact areas. c)
Functional relation between kjr and k⊥R for the basis scenario and variation in dg and k|| specified in Table 5. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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which are measured on dry samples and calculated into electrolyte-
soaked values. To estimate the influence of a -10 ∘C temperature drop
on k|| and k⊥, the layer thicknesses are multiplied by + − ∘α(1 ·( 10 C))
and the mid-range of kmax and kmin is multiplied by

+ − ∘dk dT k(1 ( / )/ ·( 10 C))20 . When these adjustments are combined with
Eq. 2 and 3, this leads to a change in k|| of 0.4% and k⊥ by 12.4%. This
postulates a strong temperature dependency for k⊥ of -1.24 −%K 1.

3.2. Jelly roll gap

During cell production, the electrode-separator composite is rolled
around a winding core [35]. Due to this winding process, an argon-
filled gap in the middle of the jelly roll may remain, which is illustrated
in Fig. 5 c). Bandhauer et al. [14] assumed the thickness of this gap dg to
be 0.5 mm for a prismatic jelly roll with a unit cell thickness of ap-
proximately 0.28 mm. For external heat flows passing the jelly roll
between its largest case contact faces, this jelly roll gap might constitute

Fig. 7. a) Overview of transformation process from kcell to k⊥R with transformation factors and their uncertainties for the data presented in c) at 25.5 ∘C. b) Internal
cell conductivity kint after the case bypass from Fig. 4 a) has been compensated for. c) Exemplary transformation from kint to k⊥R for the measurement started at day
33.

Table 4
Parameters for calculating k|| and k⊥ according to Eq. 2 and 3 with measurements on unit cell layers. The minimum kMin and maximum kMax reported thermal layer
conductivity in literature, the pressure dependency of the thermal conductivity (dk/dp)/k2bar, the Young’s modulus E and corresponding strain ε at 0.5 bar, the
temperature dependency (dk/dT)/k20 of the cell layers and the linear thermal expansion coefficient α are used to evaluate uncertainties and the temperature or
pressure dependency of k|| and k⊥.

Unit cell layer kMin/ W m-1 K-1 kMax / W m-1 K-1 (dk/dp)/k2bar/ % bar-1 E / MPa ε(0.5 bar) / % (dk/dT)/k20 / % K-1 α / 10-6 K-1

NMC a 0.54 [25]b 0.91 [28]b 0.5 [28] 40 [30]g –0.1 n/ad 12 - 13 [32]
Al (pure) 235 [26] 240 [26] c 70 · 103 [31] 0.0 0.0 [26] 23.1 [31]
Separator a 0.10 [25]b 1.13 [29] -0.6 h [25] 20 [30]g -0.3 n/ae 44 [33]
Graphite a 0.36 [27]b 1.58 [25]b 3.95 i [25,28] 33 [30]g -0.2 n/af 55 [34]
Cu (pure) 394 [26] 404 [26] c 120 · 103 [31] 0.0 0.0 [26] 16.5 [31]

a Soaked with electrolyte.
b Measured around room temperature.
c No dependency is assumed.
d For LCO cathode derived from dry measurements -1.7 −%K 1 [8].
e Derived from dry measurements -0.0 −%K 1 [8].
f Derived from dry measurements -1.0 −%K 1 [8].
g For 0.2 MPa.
h Mid-range of -3.4 - 2.2 −% bar 1.
i Mid-range of 0.9 - 7.0 −% bar 1.

M. Steinhardt, et al. Journal of Energy Storage 32 (2020) 101680

7

35



a significant heat barrier, because argon exhibits a low thermal con-
ductivity of 0.0179 − −W m K1 1 [31]. As external heat flows are applied
for the test procedure in Section 2, the influence of the jelly roll gap
requires further research. The most important parameter for this study
is the thickness of the jelly roll gap dg, which is estimated using the
relationship between the total electrode length del, the thickness of the
electrode separator composite dl and the thickness of the flat-wound
jelly roll djr,d.

To determine this relationship, the length of the straight jelly roll
sections ds and the half windings dw is added N times until the value of
del is reached. For simplicity, in Eq. 4 every winding process comprises a
straight and a winding section. In contrast to ds, the length of the half
winding section depends on the winding number n and the gap thick-
ness dg as stated by Eq. 5. Inserting Eq. 5 into 4 and applying the
Gaussian arithmetic series allows Eq. 6 to be derived. The total thick-
ness of the wound electrode det can be calculated from Eq. 7 with the
knowledge of N.

∑= +
=

d d n d( ( ) )el
n

N

w s
1 (4)

= +d n π n d d( ) 0.5· ·( · )w l g (5)

= + +
+d N d π d π d N N·( 0.5· · ) 0.5· · · ·( 1)

2el s g l (6)

= +d N d d·et l g (7)

Due to the internal sensors, the capacity of the cell under test de-
creased by 7%, which is translated to a 7% shorter unit cell length del,uc
of 10.137 m compared to the cathode length in Table 2. Solving Eq. 6
with this value for del,uc, an assumed dg,uc of 1 mm for the internal
sensors, ds of 117 mm according to Fig. 1 and a value for dl,uc of
315.2 μm results in 74 unit cell layers Nuc. According to Eq. 7, the
corresponding thickness det,uc is equal to 24.32 mm.

Furthermore, the anode overhang discussed in Subsection 2.1 is
considered in order to estimate the total thickness of the jelly roll. This
overhang has a total length del,ao of 600 mm and a thickness dl,ao of
112.7 μm, with a single layer for the current collector dCu and anode
coating dA and two separator layers dS. Assuming the overhang appears
only on the outer windings, dg,ao is equal to det,uc of the unit cell
winding. Solving Eq. 6 for the anode overhang with the same value for
ds as for the unit cell results in four anode overhang layers Nao. The
overall thickness of the jelly roll djr,d is 24.8 mm, which is a plausible
value, as in its dry state the jelly roll has to fit into the 25 mm of free
space between the case walls.

Due to solid electrolyte interface formation and particle rearrange-
ment, the thickness of the unit cell in its dry state increases during the
formation process [36]. This irreversible and the total dilation is cal-
culated by the work of Sauerteig et al. [37] with the knowledge of the
cathode mass loading and the porosity of the anode. Applying these
equations with a cathode mass loading of 21.1 mg cm-2 results in an
irreversible dilation of 2.51 μm and a total dilation of 6.55 μm. Adding
2.51 μm to dl,uc in its dry state will increase djr,d to 25.0 mm after the
formation process at zero state of charge. The remaining dilation of
4.04 μm until total dilation is reached constitutes a 1.3% increase in dl,uc

compared to the thickness after formation. This increase from zero to
full state of charge matches the range of Bauer et al. [36] of 1–2% for a
NMC graphite unit cell. Taking the 2% as an extreme scenario will rise
djr,d to 25.4 mm. Assuming the free space between the case walls stays
constant, dg changes between 0.6 and 1.0 mm.

3.3. From unit cell to jelly roll conductivity

As already discussed by Werner et al. [8], the main thermal contact
between the electrodes inside a prismatic cell with their environment is
at the two largest surfaces of the case. Considering a planar stack
without windings and a temperature gradient between the largest cell
faces, each heat flow is influenced only by k⊥. In the case of a flat-
wound electrode geometry, the overall jelly roll conductivity is also
affected by k|| due to heat flows through the windings.

In this study, the approach by Werner et al. [8] was used under the
boundary condition of this work and the consideration of the jelly roll
gap. Furthermore, instead of analytic calculation, a three-dimensional
FEM model was created in COMSOL Multiphysics 5.4 to evaluate the
correlation between k⊥ and kjr. The geometry of this model is depicted
in Fig. 6 a) with a total height in the z-direction equal to the height of
the cathode listed in Table 2. The length in the y-direction of the case
contact area indicated in purple is set to ds, while the overall thickness
in the x-direction amounts to djr,d. The total jelly roll is subdivided into
two winding volumes (tag 1), two electrode stack volumes (tag 2) and
one volume for the jelly roll gap (tag 3) defined by dg. The thermal
conductivity of the winding and stack volumes are anisotropic with a
cylindrical coordinate system for the winding section and a Cartesian
for the stacked volumes. For any simulation, the thermal conductivity is
assumed to be independent of temperature. All boundaries are ther-
mally isolated except for the two case contact areas with an isothermal
boundary of Tcool and Thot of 18 ∘C and 22 ∘C.

Fig. 6 b) shows the simulation results for a jelly roll gap of 0.8 mm
and a through-plan and in-plane conductivity of 0.8125 and
26.5 − −W m K1 1. The surface integral over the case contact areas results
in a total heat of 2.107 W, leading to an effective thermal conductivity
between the largest stack surfaces of 1.575 − −W m K1 1. The red vector
field illustrates the direction of the heat flow with the arrow length on a
logarithmic scale. According to this simulation, the major heat flow is
conducted through the winding volumes. The surface integral of the
heat flux entering the gap volume gives rise to a heat of 0.1975 W
which accounts for 9.4% of the total heat flux. This fraction increases to
28.7% if no gap volume is present.

The primary aim of the simulation is to establish a correlation be-
tween the through-plane conductivity of the unit cell with contact re-
sistances k⊥R and the jelly roll kjr that is influenced by dg and k||. Both
parameters can only be determined by their ranges of 0.6 to 1.0 mm
and 24.7 to 28.3 − −W m K1 1. Therefore, a parametric sweep was per-
formed with the mentioned ranges and four equidistant values for k⊥R
between 0.3710 and 1.2188 − −W m K1 1. The simulation results are
displayed in Fig. 6 c) as black crosses. For constant values for dg and k||
the correlation between k⊥R and kjr reveals a quadratic relationship.
Five quadratic least square fits are depicted in Fig. 6 c) with the blue
line demonstrating the most likely basis scenario, with mid-range va-
lues for dg of 0.8 mm and k|| of 26.5 − −W m K1 1. The yellow (Var1) and
red (Var2) lines indicate only a variation in the parameter dg marking
the uncertainties in the jelly roll gap. The two remaining variations
(Var3 and 4) in purple and cyan constitute the upper and lower bound
by varying dg and k||. All parameters for Fig. 6 c) and Eq. 8 are listed in
Table 5.

= + +⊥k a k b k c· ·R jr jr
2

(8)

Table 5
Fitting parameters for Eq. 8 shown in Fig. 6 c) for the functional relation be-
tween kjr and k⊥R.

Basis Var1 Var2 Var3 Var4

dg/mm 0.8 1.0 0.6 1.0 0.6

∥
− −k /W m K1 1 26.5 26.5 26.5 24.7 28.3

−a/W m K1 0.4474 0.4818 0.4038 0.5294 0.3739
b –0.3091 –0.3802 –0.2173 –0.4222 –0.1972

− −c/W m K1 1 0.1903 0.2283 0.1406 0.2442 0.1319
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3.4. From cell to jelly roll conductivity

Fig. 7 illustrates the overall evaluation process, starting with the
measured cell conductivity kcell and ending at the quantity of interest
k⊥R. The case bypass has to be first compensated for leading to the
internal conductivity kint, which consists of the gas volume inside the
cell and the jelly roll. The thermal conductivity kjr of the jelly roll is
derived from the knowledge of the contact area between the jelly roll
and the cell case. Subsection 3.3 addressed the correlation between kjr
and k⊥R. To complete the evaluation process from kcell to k⊥R, the re-
lation between kcell and kjr is explained in this subsection.

To evaluate the internal cell conductivity kint, Eq. A.3 has to be
resolved to kint, which is shown by Eq. 9. The conductivity value for the
case kcase is extracted from Fig. 4 b) with the same mean temperature as
the cell measurement.

=
−

−
−

k A
A A

k A
A A

k· ·int
cell

cell case
cell

case

cell case
case (9)

Applying Eq. 9 to kcell in Fig. 4 will result in the internal con-
ductivity kint in Fig. 7 b). Due to the high value of kcase, kint is ap-
proximately six times smaller than kcell. Furthermore, the dependency
on the mean temperature Tmean alters its sign from a rising to a falling
characteristic with increasing temperature.

The correlation between kint and kjr in Eq. 10 is defined by the ratio
of the internal surface of the case Aint and the contact area between the
case and the jelly roll Ajr. Aint is determined by Eq. A.2 and Ajr is the
product of the cathode height in Table 2 and the jelly roll contact length
ds.

=k A
A

k·jr
int

jr
int

(10)

An example of the overall chain of transformation from kint to k⊥R is
illustrated in Fig. 7 c) for the cell measurement that started at day 33,
with a compression pressure of 74.2 kPa. At 25.5 ∘C, kint amounts to
1.192 − −W m K1 1 after the case is compensated for. Moreover, kint is
converted to kjr using Equation 10, calculating to a conductivity value
of 1.786 − −W m K1 1. By applying Eq. 8, k⊥R amounts to
1.065 − −W m K1 1 for the basis scenario with a range of 0.972 (Var2)
and 1.178 − −W m K1 1 (Var1).

To analyze the uncertainty for k⊥R, the root square sum of each
uncertainty in the chain of transformation shown in Fig. 7 a) is calcu-
lated. This approach is in accordance with the uncertainty analysis of
Sheng et al. [12]. The maximum uncertainty of 2.2% for kcell was de-
termined in Subsection 2.3. The case bypass introduces an uncertainty
of 4.5% including errors in the approach by Woodcraft and the elec-
trical resistivity measurement. Assuming an absolute error for ds of
2 mm quantifies the uncertainty of the jelly roll contact to be 1.7%.
Finally, 1.8% uncertainty exists, which arises from the jelly roll gap
variation Var1 and Var2. Building the root square sum of all un-
certainties results in a total value of 5.6% for k⊥R.

4. Results and discussion

In Fig. 8, the conductivity k⊥R for external compression pressures of
37.1 a) and 74.2 kPa b) is analyzed according to the procedure pre-
sented in Section 3. Cross markers show the transformed measurement
data from Fig. 4 a) and their best linear fits are highlighted in solid
lines. These three lines represent the most likely scenario (Bias, black)
and the lower (Var2) and upper (Var1) bound regarding the uncertainty
for the jelly roll gap dg. The gray-shaded area fills the span between
Var3 and Var4 including uncertainties in dg and k||. No linear fit is
drawn for Var3 and Var4 in Fig. 8, because k|| is assumed to not change
significantly with differences in temperature or pressure, which was
discussed in Section 3.

Values for k⊥R taken at 20 ∘C for the basis scenario represented by
the black lines ranging from 1.047 to 1.171 − −W m K1 1 correlate closely

with the range of 0.371 and 1.254 − −W m K1 1 calculated from the unit
cell layer measurements in Fig. 5. Higher values up to 1.6 − −W m K1 1 in
Fig. 8 can be explained by the fact that most values in Table 4 are
measured at around room temperature.

The following subsections discuss how k⊥R change with changes in
external pressure and mean temperature of the cell. Treating k⊥R as
constant, will cause errors in the determination of temperature gra-
dients inside the cell. According to the analysis in Appendix B, an
overestimation of k⊥R of +10% will translate to an error in temperature
gradient of -9.1%.

4.1. Dependency on external pressure

An increase of about (11.9 ±0.3)% at 20 ∘C is observed for k⊥R
when the external compression pressure is changed from 37.1 to
74.2 kPa for the basic scenario and the variations Var1 and Var2. This
enhancement can be the result of reduced thermal contact resistances
Rtc, a smaller jelly roll gap dg or an increased thermal conductivity of
the material k⊥ at 74.2 kPa. An increase of 37.1 kPa at the largest cell
surfaces converts to a rise in pressure at the jelly roll to case contact of
approximately 0.5 bar, if no significant interaction of the case is as-
sumed. According to Fig. 5 b), this enlargement in through-plane
pressure affects k⊥ by an increase of only 0.8%. Referring to the strain
values in Table 4, the cell thickness will change less than 0.3% at this
pressure increase. This precludes any dominant effect arising from
changes in dg or dsens. Therefore, only changing thermal contact re-
sistances Rtc appears as the main cause for the observed changes in k⊥R.

Eq. 11 [38] calculates the effect on the overall thermal conductivity
k⊥R by the sum of thermal contact resistances Rtc between the layers and
the case-separator interface. Hence, Rtc is determined by Eq. 12 with the
knowledge of k⊥R and k⊥. The maximum value for Rtc at 37.1 kPa can be
estimated by the highest value of k⊥ of 1.254 − −W m K1 1 in Fig. 5 and
k⊥R(20 ∘C, 37.1 kPa) in Fig. 8 of 1.047 − −W m K1 1. According to this
estimation, Rtc is lower than 553 −μm KW2 1. This range correlates with
the results found by Ponnappan et al. [9], who measured values be-
tween 300 and 400 −μm KW2 1 and the results of Ye et al. [38] of
150 −μm KW2 1.

=
+
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(11)
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R
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R

, ,

(13)

The absolute value for Rtc can not be determined with the mea-
surement results in Fig. 8. Nevertheless, by the assumption of a pressure
independent thermal conductivity k⊥(T) the difference between Rtc

(37.1 kPa) and Rtc(74.2 kPa) can be derived from Eq. 13. For the Basic
scenario at 20 ∘C this difference amounts to 32.2 −μm KW2 1. In the re-
sults of Ponnappan et al. [9], Rtc reached saturation at 300 −μm KW2 1 for
pressures higher than 50 psi (3.4 bar). This gives rise to the assumption
of a further enhancement of k⊥R of the cell investigated here, if the
external compression pressure is further increased.

4.2. Dependency on temperature

Dividing the slopes of the linear regression of the base cases in Fig. 8
by the thermal conductivity value at 20 ∘C results in a temperature
dependence of -1.49 −%K 1 at 37.1 kPa and -1.27 −%K 1 at 74.2 kPa. These
values correspond with the calculated values in Fig. 5 a) of –1.24 −%K 1

and correlate closely with the measurement results by Werner et al. [8]
shown in Table 1. Nevertheless, these values disagree with the ob-
servations made by Bazinski et al. [11] and Sheng et al. [12].
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Several factors affect the temperature dependency of k⊥R [13] [3],
which also explain the different findings in literature:

1. Material composition (e.g. binder, electrolyte, active materials,
carbon black, separator coatings).

2. Electrode structure (e.g. porosity, particle size distribution and
shape, particle-particle interface).

3. Thickness ratio of inactive to active material (dA/dCu, dC/dAl).
4. Layer-to-layer contact resistance Rct.

Most investigations listed in Table 1 reveal less detailed information
on material composition or electrode structure. However, the LFP
cathode system is characterized by a low temperature dependency re-
sulting from lower particle sizes around 2 μm [39], compared to NMC
with sizes around 10 μm [40]. Maleki et al. [3] measured the thermal
conductivity of negative electrode material without electrolyte for
particle sizes ranging from 6 to 75 μm. Compared to the base sample
with a temperature dependency of -0.01 −%K 1 and a particle size of 6 μm,
the temperature dependency for a sample with a particle size of 75 μm
decreases to -0.38 −%K 1.

PVDF binder, applied in most commercial active materials, might be
one of the main causes for the negative temperature dependency. In the
work of dos Santos et al. [41], the thermal conductivity of PVDF de-
creased from 0.26 to 0.18 − −W m K1 1 for a temperature increase from
20 to 100 ∘C. This corresponds to a temperature dependence of
-0.56 −%K 1. At temperatures higher than 100 ∘C, the thermal con-
ductivity of PVDF starts rising rapidly. Based on (dk/dT)/k20 of PVDF, it
can be assumed, that k⊥R in Fig. 8 will keep decreasing until 100 ∘C.
Furthermore, varying weight portion of PVDF could explain different
findings in Table 1.

As discussed by Loges et al. [13], the thickness ratio of electrodes
influences the overall thermal conductivity. This also applies for the
temperature dependency, which gets closer to zero if the current col-
lectors become more dominant. Therefore, the low values of dA/dCu and
dC/dAl given by Sheng [12] listed in Table 1 may be the reason for the
positive temperature dependency observed in the measurements for the
prismatic LFP hardcase cell.

Thermal contact resistance between the cell layers can change the
temperature dependency of k⊥R. Ponnappan et al. [9] and Gaitonde
et al. [42] observed no significant change of Rtc over temperature. A
dominant temperature independent Rtc would compensate any tem-
perature dependence of k⊥R close to zero. Nevertheless, due to thermal
swelling, thermal contact resistances may also influence the slope of the
linear curve by changing the layer-to-layer pressure.

5. Conclusion

This work investigates the through-plane thermal conductivity in-
side a prismatic NMC lithium-ion cell at different temperatures and
external pressures. For detecting changes in thermal conductivity, high
precision and accuracy of the measurement procedure is inevitable.
Therefore, a test bench is designed in compliance with the guarded
heater principle and validated extensively with a standard reference
material. The validation proves excellent measurement quality for the
test bench, which is adaptable to different prismatic formats and pouch
cells.

The hardcase of prismatic cells constitutes the major thermal in-
terface between the inner jelly roll and the cell surrounding. The
thermal conductivity of the case is thus an important quantity for this
work. Therefore, a nondestructive measurement technique was in-
troduced that determines the thermal conductivity of the cell case by
means of electrical resistivity measurements. This method was first
applied in the field of battery research and is useful for any thermal
investigation with prismatic cells.

Most prismatic hardcase cells have to be installed with an external
pressure to counter swelling of the jelly roll. The manufacturer of the
PHEV2 cell in this work specified this pressure between 37.1 and
74.2 kPa. Increasing the pressure within this range rises the thermal
through-plane conductivity by 11.9%. Thermal contact resistances be-
tween the cell layers of 32.2 −μm KW2 1 explained this thermo-
mechanical interaction. Future work will look into measurements with
more than two pressure values to gain more information on the course
of thermal conductivity.

The thermal conductivity of the investigated cell decreases linearly
with increasing temperature. Compared to the absolute value at 20 ∘C,
this decrease amounts to more than 1% per K. Taking this temperature
dependency into account may improve thermal modeling at extreme
temperatures, which is especially the case in the area of abuse simu-
lations. Therefore, future studies on the progression of the thermal
conductivity above 40 ∘C are recommended.
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Appendix A. Selection of reference material

The reference material in this study was selected in accordance with four selection criteria stated by Hust et al. [17]:

1. The material should be homogeneous and isotropic.
2. Thermal conductivity should not vary with time.
3. The material should be available, machinable and inexpensive.
4. The material should have similar thermal conductivity as the material to be measured.

According to Maglić et al. [43], possible candidates meeting the first three criteria are copper (400 − −Wm K1 1), tungsten (173 − −W m K1 1),
austenitic stainless steel (15 − −W m K1 1) and Pyrex glass (1 − −W m K1 1). For the fourth criterion to be met, the thermal conductivity of the cell kcell
has to be estimated. In this investigation, the heat flow is applied between the largest cell surfaces passing through the case and the jelly roll. The
thermal conductivity of this parallel connection kcell can be calculated by Eq. A.1, which is a weighted average of kcase and the inner part of the cell
kint mainly influenced by the jelly roll. The weighting is defined by the cross-section areas for the outer dimension of the full cell Acell and the internal
area Aint, which are defined by Eq. A.2 and A.3.

=
+ −k k A k A A

A
· ·( )

cell
int int case cell int

cell (A.1)

= − − −A d d d d d( )·( 2· )int c h c t c b c l c s, , , , , (A.2)

=A d d·cell c h c l, , (A.3)

Suitable values for kint and kcase are necessary for estimating kcell. Werner et al. [8] measured values between 1.0 and 1.5 − −W m K1 1 for the whole
jelly roll. Taking the mid-range of 1.25 − −W m K1 1 for kint and the mid-range of AW-3003 of 175 − −W m K1 1 results in 7.99 − −W m K1 1 for kcell. This
result narrows the choice of suitable reference material to either austenitic stainless steel or Pyrex glass. As stainless steel was already used by
Bazinski [11] in the field of battery research, this material was applied for quantifying the measurement error in this study.

Appendix B. Effects on temperature gradient

Werner et al. [8] described the one-dimensional temperature distribution T(x) from the cell core ( =x 0) to the cell surface ( =x X ) by Eq. B.1 at
stead-state condition ( =dT x dt( )/ 0). For this equation, the volumetric heat generation q̇ is assumed constant over time and space and an adiabatic
boundary condition is applied in the cell core. At the cell surface, a convective boundary with a heat transfer coefficient h and a cooling fluid
temperature Tfluid is chosen. Eq. B.2 defines the incorrect temperature distribution Te(x) by multiplying k⊥R with an relative error in thermal
conductivity ek.
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The quadratic Eq. B.1 has an absolute maximum at =x 0. Therefore, the maximum temperature gradient inside the cell exists between the cell
core =T x( 0) and the cell surface =T x X( ). Uncertainties in k⊥R have an impact on this temperature difference. Eq. B.3 defines this impact by the
relative error in the maximum temperature gradient inside the cell eΔT. Combining the Eqs. B.1 to B.3, will result in the relation between eΔT and ek in
Eq. B.4.
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According to Eq. B.4, eΔT is only affected by ek at steady-state conditions. Overestimating k⊥R by +10% will therefore result in underestimating
the temperature gradient by = −e 9.1%TΔ .
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3 Thermal conductivity in cylindrical cell formats

The research article [42] in this chapter entitled Low-Effort Determination of Heat Capacity and Ther-
mal Conductivity for Cylindrical 18650 and 21700 Lithium-Ion Cells deals with k⊥ measurements on a
18650 and 21700 cylindrical cell. Since there are contradictory results for the temperature dependence
of k⊥ in the literature, this article also considers the influence of temperature. In addition, the SOC
of the cells is changed in order to observe the SOC dependency. In contrast to Chapter 2, theoreti-
cal calculations are used to determine k⊥ from literature data. With the theoretically calculated k⊥,
statements about the physical origin of temperature and SOC dependency are provided. In addition,
the variant-convective cooling method was further developed in this thesis, which determines k⊥ of
cylindrical cells with low experimental effort.

Experimental In this study, a wind tunnel for battery cells was used to cool the cylindrical cells
at different air velocities, which is a more developed variant of the experimental set-up presented by
Rheinfeld et al. [116]. For each measurement, the cell was self-heated (Icell ̸= 0) twice at two different
convective cooling conditions established by different air velocities. k⊥ tests were performed at three
different SOCs and at three different starting temperatures between 10 and 40 °C with four to ten
repetitions. For the variant-convective cooling method, a precise analysis of the measurement errors
and the optimal setting of the operating point is very important, which is demonstrated in this study.

Theory and modeling The evaluation of the variant-convective cooling method results in a concen-
trated thermal resistance Rin (see Figure 1.5) with an unknown correlation to the desired k⊥. With a
2D FEM model of the cell, created using computed tomography scans, the relationship between Rin

from the measurement evaluation and k⊥ was developed in this article. In addition, heat loss and
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3 Thermal conductivity in cylindrical cell formats

generation at the cell terminals were taken into account by the FEM model and the significance of the
spiral effect of the jelly roll was discussed (see Figure 1.5). Bruggeman’s theory was used to determine
the thermal conductivity of the stack-layers from the literature. This theoretically calculated thermal
conductivity of the stack-layers is then used to formulate a prediction of the magnitude, temperature
and SOC dependence of k⊥.

Results and discussion For both cylindrical cells, a negative temperature dependence of -0.5% K−1

was observed for k⊥, which is lower than for the prismatic cell in Chapter 2. With an increasing
SOC from 10% to 71%, the thermal conductivity increased by 7%, which agreed very well with the
theoretical calculations in this article. Accordingly, the SOC dependency probably arises due to changes
in the active particles in the anode and cathode, but the influence of SOC-dependent thermal contact
resistances between the layers cannot be completely ruled out. In addition, the 21700 format showed
a 4% higher k⊥ than the 18650 format, which could be caused by thermal contact resistance between
the jelly roll and the cell housing.

Author contribution The wind tunnel used in this study was planned, developed and built in col-
laboration between Alexander Rheinfeld, Ludwig Kraft and Marco Steinhardt. The experiment was
planned, carried out and analyzed by Elisabeth Irene Gillich and Marco Steinhardt. The computed to-
mography scans were carried out by Elisabeth Irene Gillich and Markus Spielbauer at the Hochschule
München. Oliver Bohlen supported every uncertainty analysis in this study. The manuscript was
written by Marco Steinhardt and review and editing was carried out by all other authors.
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A B S T R A C T

High-fidelity simulations of lithium-ion cells describing fast charging or safety-critical events often rely
on precise thermal parameters. Usually, the determination of cell parameters such as heat capacity or
thermal conductivity is time consuming and cost intensive. To streamline this process, a simple yet precise
measurement method for determining the specific heat capacity of lithium-ion cells is now extended by an
approach that also captures their thermal conductivity. The method presented here was developed using
two cylindrical cell formats, each containing a lithium–nickel–manganese–cobalt-oxide (NMC) cathode and
a silicon-graphite anode. The extension is based on a two-dimensional finite element (FEM) model, whose
geometry is parameterized by computed tomography (CT) scans. To ensure the simplicity of the experimental
evaluation, the FEM model is approximated by a rational function. The new measurement method is applied at
three different temperatures and states of charge (SOC). The results show that while the specific heat capacity
of the jelly roll increases with temperature by 0.2%/K for both cell formats, it is only minimally influenced by
the SOC. In contrast, the through-plane thermal conductivity of the electrode-separator-composite decreases
by -0.5%/K and is enhanced by up to 9% by increasing the SOC in a window ranging from 10% to 71%.

1. Introduction

Lithium-ion cells are regarded as a key element of greenhouse gas
reduction in the transport sector. Despite this, short driving ranges and
insufficient fast charging capabilities of battery electric vehicles con-
tinue to prevent their broad consumer acceptance. Increasing driving
range by improving the energy density of the battery system often
comes with a reduced share of inactive parts such as the current
collectors or the electrolyte inside the cell [1]. This increase in a
lithium-ion cell’s energy density is accompanied by a compromised
thermal performance [2], as the heat rate per volume increases whilst
the heat transport to the surrounding thermal management system
is diminished. Deteriorated thermal performance can reduce the fast
charging capabilities as a certain temperature-threshold has to be ad-
hered to avoids accelerated aging or safety issues [1]. For the thorough
design and operation of a battery, the precise characterization of ther-
mal parameters such as heat capacity and thermal conductivity are
therefore more significant than ever.

The thermal characterization of lithium-ion batteries is time-
consuming and frequently requires special equipment [3]. In addition,
some techniques require the cell to be fitted with internal temperature

∗ Corresponding author.
E-mail address: marco.steinhardt@tum.de (M. Steinhardt).

sensors [4], a process that increases both the level of complexity
and the uncertainties. Bryden et al. [5] introduced a novel, simple,
and precise measurement technique for determining the thermal heat
capacity, referred to in this work as the Bryden method. This technique
requires only standard laboratory equipment based around a battery
test system and a climate chamber with an adjustable ventilation speed.
By heating the battery cells with two different convective boundary
conditions, Bryden et al. [5] were able to characterize the heat capacity
of two cylindrical, one pouch, and one prismatic lithium-ion cell. They
validated their approach with calorimetry measurements and reported
a maximum deviation of 4% between measurements.

The Bryden method [5] determines the lumped parameters of the
thermal equivalent circuit model in Fig. 1. Accordingly, the internal
thermal resistance 𝑅𝑖𝑛 can also be characterized by this method. An
example of this is given by Akbarzadeh et al. [6]. They applied the
same single capacitance network to a prismatic cell with a nominal
capacity of 43 Ah. As pointed out by Fleckenstein et al. [7], evaluating
the thermal conductivity using a single-capacitance network can lead
to an error of over 100%. Therefore, it is questionable whether the

https://doi.org/10.1016/j.est.2021.103065
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Fig. 1. Thermal equivalent circuit model applied by the Bryden method [5], which
includes the heat rate inside the cell �̇�𝑐𝑒𝑙𝑙 , the lumped heat capacity 𝐶𝑐𝑒𝑙𝑙 , the internal
𝑅𝑖𝑛 and external 𝑅𝑜𝑢𝑡 thermal resistance, and the ambient temperature 𝑇𝑎𝑚𝑏 of the cell.
The magnitude of 𝑅𝑜𝑢𝑡 can be controlled by the surrounding air velocity, which affects
the temperature at the shell of the cell 𝑇𝑠. The extension of the Bryden method [5] is
visualized by the block diagram below the circuit model.

approach of Akbarzadeh et al. [6] provides sufficient accuracy under
different test conditions.

Al-Zareer et al. [8] extended the Bryden method [5] to three cylin-
drical 18650 cells. In contrast to Akbarzadeh et al. [6], they used
a three-dimensional FEM model to evaluate the heat capacity and
anisotropic thermal conductivity, thus avoiding the errors inherent in
the single-capacitance network. In addition, a single-particle electro-
chemical model was employed to determine the heat generation inside
the cell. Despite the accuracy of these methods, the FEM model intro-
duces additional complexity that may prevent their wide application by
experimental researchers.

The main objective of this study is to provide an easy yet precise
extension of the Bryden method [5] that overcomes the aforementioned
issues of validity and complexity. Specifically, the extension comprises
a transformation of the internal resistance 𝑅𝑖𝑛 into the effective thermal
conductivity 𝑘⊥, as highlighted in the block diagram in Fig. 1. Special
attention is paid to a simple evaluation of the measurement data that
will be demonstrated for a 18650 and a 21700 cell at different SOCs and
temperatures. The aim of this investigation is to supply further insights
into the dependencies of thermal conductivity on temperature and SOC,
as there is still no coherent agreement in the literature [3].

This paper consists of three sections. Section 2, Experimental, intro-
duces the test setup and the cells under investigation. It also discusses
the test protocol and calculates the measurement uncertainties. The
evaluation of the thermal conductivity is described in Section 3. This
section also contains the estimates of thermal conductivity and heat
capacity; both of these thermal properties are estimated on the basis
of material measurements found in the literature. Finally, Section 4
presents the results regarding the thermal conductivities and heat
capacities of the 18650 and 21700 cells at different temperatures and
SOCs.

2. Experimental

2.1. Test setup and cells

Two cylindrical high-energy lithium-ion cells are investigated in this
paper. Both cells are manufactured by LG Chem Ltd. and differ in their
dimensions. According to Sturm et al. [9], a silicon-graphite anode and
an NMC-811 cathode are used in both cells. The cell specifications by
LG Chem Ltd. are listed in Table 1.

To apply the Bryden method [5], the battery cell has to be heated
using an alternating current profile. At least two heating phases are
required in the presence of different convective boundary conditions.
In this study, a wind tunnel for battery cells, which is a more evolved
variant of the test setup introduced by Rheinfeld et al. [10], was
deployed to maintain the required boundary conditions. A schematic
representation of the entire test setup is given in Fig. 2(a) and a

Table 1
Specifications of investigated cell formats according to the product specifications.

18650 21700

Identification INR18650 MJ1 INR21700 M50T
Manufacturer LG Chem Ltd. LG Chem Ltd.
Dimensions in mm ⊘18.5; 65.1 ⊘21.1; 70.2
Nominal voltage 3.64 V 3.63 V
Capacity 3.35 Ah 4.85 Ah
Mass 49 g 69 g
Voltage range [2.5; 4.2] V [2.5; 4.2] V
Current range (continuous) [−10; 3.35] A [−7.28; 3.40] A

photograph is shown in Fig. 2(c). The inner air within the test setup
is accelerated by two axial fans inside the left and right wing of the
wind tunnel. Two heat exchangers are connected to a refrigerated bath
circulator (Huber, CC-508) that controls the air temperature. The two
turbulent air streams are converted to a laminar stream by an air
rectifier (Wacosystems, WaveCore PET150) inside the middle tunnel.
The air velocity 𝑣 after the rectifier is measured by an anemometer
(Höntzsch GmbH, ZS25) before it passes by the cell holder.

Fig. 2(b) shows a computer-aided design (CAD) drawing of the cell
holder, to which two cells can be connected. This fixes the position of
the cell inside the air stream and provides an electrical connection to
the battery test system (BaSyTec, CTS). The test system controls the
cell current 𝐼𝑐𝑒𝑙𝑙 and measures the cell voltage 𝑈𝑐𝑒𝑙𝑙 with four-terminal
sensing. The electrical cell connection can be seen in Fig. 2(d). At
Tag 2 (indicated), the sense and load connectors of the cell are soldered
to a HILUMIN® steel strip that is spot welded to the cell terminal.
𝑈𝑐𝑒𝑙𝑙 therefore includes the voltage drop due to the electrical resistance
between Tag 1 and 2. The magnitude of this external resistance 𝑍𝑒 was
measured with a resistance meter (HIOKI, BT3562) and the results are
listed in Table 3 with an uncertainty of 0.5%. The internal resistance 𝑍𝑖
of the negative and positive cell terminals were determined in the same
manner after opening the cells and removing the jelly roll from the
inner tab. A photograph of the test setup for the positive cell terminal
with the soldered measuring wires can be seen in Fig. 2(f).

All temperatures are measured by 100 Ω platinum-chip sensors
(JUMO PCA 1.2005.1L F0,15) connected to the National Instruments
NI-9216 module in four-wire high-resolution mode, with a sample
rate of 2 Hz. Before the sensors were attached, the Callendar–Van-
Dusen coefficients were calibrated between −10 and 40 ◦C using a
Fluke Calibration 1524 Thermometer and a FLUKE-TEMP-5615-6-P
temperature sensor with an accuracy of 0.012 ◦C. As can be seen in
Fig. 2(b), three temperature sensors were attached to each cell, one to
the shell of the cell 𝑇𝑠 and one each to the positive 𝑇𝑡𝑝 and negative 𝑇𝑡𝑛
terminal. Each sensor was glued to the metal surface and insulated from
the ambient air temperature 𝑇𝑎𝑚𝑏 by a 1-cm-thick piece of insulation
material (ArmaFlex®). A fully connected cell is shown in Fig. 2(e).

2.2. Test protocol and evaluation

Fig. 3 shows the overall test protocol represented by the cell voltage
of the 18650 cell. The total test time of 60 days comprised three cycle
tests, which were used to determine the state of health. Between the
cycles, the cells were charged or discharged to a defined open circuit
voltage (OCV) 𝑈𝑜𝑐𝑣 prior to the thermal characterization. All cycle tests
and SOC adjustments were conducted at an ambient temperature of
298 K. For the thermal characterization, 𝑇𝑎𝑚𝑏 was varied between 283
and 313 K.

During the cycle tests, the battery tester charged both cells at a
constant current (CC) of 1 C, followed by a constant voltage (CV) step
at 4.2 V. Once the cut-off current of 0.1 C was reached, the cell was
left to rest for 0.75 h. Subsequently, a CC–CV discharge of 1 C to
2.5 V was conducted to determine the capacity of the cell. Both steps
were repeated ten times for each cycle test. Dividing the discharged
capacity during the cycle tests by the nominal capacity of the cell

3 Thermal conductivity in cylindrical cell formats
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Fig. 2. Test setup for the heat capacity and thermal conductivity experiments. (a) Schematic illustration of the wind tunnel for battery cells with controllable air velocity 𝑣 and
ambient temperature 𝑇𝑎𝑚𝑏. (b) Cell holder for two cylindrical cells inside the wind tunnel. (c) Photograph of the wind tunnel. (d) Electrical cell connection with measurement
points for the electrical resistance 𝑍𝑒 at Tags 1 and 2. (e) Photograph of the attached temperature sensors, which are insulated from the ambient air. (f) Positive terminal of the
18650 cell with soldered sense and load wires for determining the internal electrical resistance 𝑍𝑒.

Table 2
Relation between 𝑈𝑜𝑐𝑣 and the resulting SOC at the end of the SOC adjustment shown
in Fig. 3.
𝑈𝑜𝑐𝑣

V
SOC 18650 SOC 21700

3.42 10% 15%
3.63 33% 34%
3.93 70% 71%

computes to an average state of health of 92% and 96% for the 18650
and 21700 cells, respectively . The SOC adjustments in Fig. 3 were
performed by conducting CC steps of 0.05 C until a defined 𝑈𝑜𝑐𝑣 was
reached, followed by a rest period of 24 h. As can be seen in Fig. 3,
an open-circuit voltage 𝑈𝑜𝑐𝑣 of 3.42, 3.64 and 3.93 V were used to
terminate the CC phase of the SOC adjustments. Using the capacity
from the cycle tests and integrating the cell current 𝐼𝑐𝑒𝑙𝑙 during the SOC
adjustments, a specific SOC can be assigned to each 𝑈𝑜𝑐𝑣. Table 2 shows
the assignments between 𝑈𝑜𝑐𝑣 and SOC for both cell formats.

For each thermal characterization step, the cell has to be heated
at least twice using an alternating current profile. Fig. 4(a) shows
the heating process, which is subdivided into a rest, a heating, and
a cooling phase at two different air velocities 𝑣. Additionally, the
temperatures at the cell terminals (𝑇𝑛𝑡, 𝑇𝑝𝑡) are shown for the lower air
velocity of 0.6 ms−1. In Section 3.4, the increase in 𝑇𝑛𝑡 and 𝑇𝑝𝑡 is used to
quantify the heat losses through the electrical connection. A sinusoidal
current with a frequency of 0.05 Hz was chosen for the heating phase,
as can be seen in Fig. 4(b). The amplitudes 𝐼𝑐𝑒𝑙𝑙 were set to 3.35 A and
3.5 A for the 18650 and 21700 cell, respectively. Fig. 4(b) also shows
the total heat rate inside the cell �̇�𝑐𝑒𝑙𝑙. This is calculated using Eq. (1) by
subtracting the heat loss inside the external impedance of the positive
and negative cell connection 𝑍𝑒 from the total active power. The active
power is the product of 𝐼𝑐𝑒𝑙𝑙, the amplitude of the cell voltage �̂�𝑐𝑒𝑙𝑙 and
the phase angle 𝜑 of the 𝑈𝑐𝑒𝑙𝑙 with respect to 𝐼𝑐𝑒𝑙𝑙.

�̇�𝑐𝑒𝑙𝑙 = 0.5�̂�𝑐𝑒𝑙𝑙𝐼𝑐𝑒𝑙𝑙 cos(𝜑) − 0.5𝐼2𝑐𝑒𝑙𝑙 Re{𝑍𝑒} (1)

Conveniently, the heat rate inside the cell �̇�𝑐𝑒𝑙𝑙 depends only on
electrical measurement quantities, which favors a small measurement
uncertainty of �̇�𝑐𝑒𝑙𝑙. Reversible heat fractions even out along one cycle
duration of the sinusoidal current [11]. Therefore, only irreversible
heat contributes to the exponential temperature increase applied in
the Bryden method [5]. Eq. (1) determines the resistive heat, which

Table 3
Electrical line resistances inside and outside the cell excluding the jelly roll. 𝑍𝑒 is the
ohmic resistance between the measurement points in Fig. 2(d) for the negative and
positive terminal. 𝑍𝑖 represents the ohmic resistance between the outer terminal and
the internal connection point of the jelly roll in Fig. 2(f).

18650 21700

External 𝑍𝑒 1.03 mΩ 0.85 mΩ
Internal 𝑍𝑖 2.71 mΩ 2.42 mΩ

is considered the only significant heat phenomenon, if the cell is
operated with a sinusoidal current [12]. Nevertheless, the uncertainty
in �̇�𝑐𝑒𝑙𝑙 increases if the heat produced from mixing, heat produced from
phase-changes or parasitic reactions occur inside the cell.

The Bryden method [5] uses Eqs. (2) and (3) to calculate the
internal thermal resistance 𝑅𝑖𝑛 and heat capacity 𝐶𝑐𝑒𝑙𝑙 of the cell. The
external thermal resistance 𝑅𝑜𝑢𝑡 and the temperature–time constant 𝜏
can be determined for every heating procedure. For a single heating
procedure, Eq. (3) contains two unknown variables 𝑅𝑖𝑛 and 𝐶𝑐𝑒𝑙𝑙. For
two heating procedures with differing convective boundary conditions
(𝜏1, 𝜏2, 𝑅𝑜𝑢𝑡1, 𝑅𝑜𝑢𝑡2), there is a system of equations with a single solution
for 𝑅𝑖𝑛 and 𝐶𝑐𝑒𝑙𝑙. The solution is given by Eqs. (4) and (5).

𝑅𝑜𝑢𝑡 = 𝛥𝑇𝑠∕�̇�𝑐𝑒𝑙𝑙 (2)

𝜏 = 𝐶𝑐𝑒𝑙𝑙(𝑅𝑖𝑛 + 𝑅𝑜𝑢𝑡) (3)

𝑅𝑖𝑛 =
𝑅𝑜𝑢𝑡1 − (𝜏1∕𝜏2)𝑅𝑜𝑢𝑡2

(𝜏1∕𝜏2) − 1
(4)

𝐶𝑐𝑒𝑙𝑙 =
𝜏1 − 𝜏2

𝑅𝑜𝑢𝑡1 − 𝑅𝑜𝑢𝑡2
(5)

In contrast to the work of Bryden et al. [5], the temperature–
time constant 𝜏 in Fig. 4(a) was obtained during the cooling phase
rather than the heating phase. As can be seen in Fig. 4(b), �̇�𝑐𝑒𝑙𝑙 is
not an idealized step function. Rather, the heat rate at the beginning
of the heating phase is slightly higher than at the end, causing a
faster increase in 𝑇𝑠. This effect is very likely caused by a decrease
in the electrical impedance of the cell resulting from the increasing
temperature. As a result, fitting 𝜏 at the beginning of the heating
phase yields approximately 25% greater values. As the cooling phase is
closer to an idealized step function, 𝜏 is fitted here using the objective
function 𝑝1 exp(−𝑡∕𝜏) + 𝑝3. The temperature increase (𝛥𝑇𝑠1, 𝛥𝑇𝑠2) and
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Fig. 3. Test protocol for the thermal characterization illustrated by the cell voltage of the 18650 cell. Three cycle tests determine the state of health of the cell. The thermal
characterization was conducted at three different ambient temperatures and open circuit voltages of 3.42, 3.63 and 3.93 V.

Table 4
Measurement results for the lumped parameters heat capacity 𝐶𝑐𝑒𝑙𝑙 and internal
resistance 𝑅𝑖𝑛 for the 18650 cell at three different ambient temperatures and SOCs.
For each result, the arithmetic mean and the 95% interval are given.
𝑈𝑜𝑐𝑣

V
𝑇𝑎𝑚𝑏
K

𝑅𝑖𝑛

KW−1

𝐶𝑐𝑒𝑙𝑙

J K−1

𝑅𝑜𝑢𝑡1

KW−1

𝑅𝑜𝑢𝑡2

KW−1

𝜏1
s

𝜏2
s

3.42 283 0.373 ± 0.03 42.4 ± 0.12 13.3 ± 0.03 4.2 ± 0.00 579.6 ± 1.07 193.2 ± 0.57
298 0.407 ± 0.02 43.5 ± 0.09 14.0 ± 0.04 4.2 ± 0.01 625.6 ± 1.53 201.8 ± 0.66
313 0.467 ± 0.02 44.7 ± 0.09 14.3 ± 0.03 4.2 ± 0.01 661.9 ± 1.14 210.8 ± 0.47

3.63 283 0.363 ± 0.03 42.2 ± 0.16 13.3 ± 0.25 4.2 ± 0.04 577.3 ± 9.99 190.9 ± 1.74
298 0.391 ± 0.03 43.5 ± 0.09 13.9 ± 0.11 4.2 ± 0.02 621.4 ± 3.95 199.0 ± 0.92
313 0.424 ± 0.05 44.9 ± 0.49 14.3 ± 0.14 4.2 ± 0.03 661.0 ± 7.13 209.2 ± 2.17

3.93 283 0.347 ± 0.02 42.2 ± 0.09 13.2 ± 0.03 4.1 ± 0.00 570.0 ± 0.81 189.3 ± 0.65
298 0.407 ± 0.02 43.4 ± 0.08 14.1 ± 0.06 4.3 ± 0.03 629.4 ± 2.43 203.0 ± 1.10
313 0.415 ± 0.02 44.8 ± 0.06 14.4 ± 0.03 4.3 ± 0.01 664.3 ± 1.49 209.7 ± 1.06

heat generation (�̇�𝑐𝑒𝑙𝑙1, �̇�𝑐𝑒𝑙𝑙2) are taken from the measurement data at
the end of the heating phase.

The experimental data in Fig. 3 were evaluated using the aforemen-
tioned procedure. The results of this evaluation are listed in Tables 4
and A.14 for the 18650 and 21700 cell. Each of the nine battery states
defined by 𝑇𝑎𝑚𝑏 and 𝑈𝑜𝑐𝑣 was repeated four to ten times. Table 4 lists the
arithmetic mean and the 95% confidence interval of these repetitions.
The internal resistance 𝑅𝑖𝑛 derived with this method ranges between
0.347 and 0.467 KW−1 for the 18650 cell. For the 21700 cell, lower
values of between 0.302 and 0.437 KW−1 result. Dividing the heat
capacity of the cell 𝐶𝑐𝑒𝑙𝑙 by the respective cell mass 𝑚𝑐𝑒𝑙𝑙 results in a
specific heat capacity 𝑐𝑐𝑒𝑙𝑙 of between 909 and 968 J kg−1 K−1. This
range aligns with the results of 981 J kg−1 K−1 for the 26 650 NMC cell
measured by Bryden et al. [5].

2.3. Measurement uncertainty

Measurement uncertainties can be quantified either by comparing
the measurand with a reference material [3,4] or by analyzing the
functional relation between the measurand and its underlying quan-
tities [13]. For the first approach, it is important to select a reference
material with similar characteristics, such as the test object [14]. For
the thermal characterization of lithium-ion cells, quartz glass [4] can be
used as an appropriate reference with a heat capacity of 745 J kg−1 K−1

and a thermal conductivity of 1.38 Wm−1 K−1. Thermal characteri-
zation techniques which generate the heat inside the cell also need
equal electrical parameters. To the best knowledge of the author no

reference exists with similar thermal and electrical properties to those
of cylindrical lithium-ion cells. This also includes the anisotropic nature
of the thermal conductivity of lithium-ion cells, which is not covered
by any suitable reference material. Therefore, the uncertainties of the
indirect measurands 𝑅𝑖𝑛 and 𝐶𝑐𝑒𝑙𝑙 are computed with the uncertainties
of underlying quantities such as �̂�𝑐𝑒𝑙𝑙 or 𝛥𝑇 . For ease of use, the
indirect quantities 𝜏1∕𝜏2 and 𝛥𝜏 = 𝜏1− 𝜏2 are introduced for subsequent
calculations.

First the uncertainty in �̇�𝑐𝑒𝑙𝑙 from Eq. (1) is analyzed. The battery
test system specifies a full-scale precision of 1 mV and 1 mA. Consid-
ering a cell current amplitude of 3.35 A, the uncertainty arising from
the current measurement 𝑒𝐼 calculates to 0.03%. For the 18650 cell,
the smallest voltage amplitude �̂�𝑐𝑒𝑙𝑙 is 109 mV, which results in an
uncertainty of 0.91% for a precision of 1 mV. At the smallest voltage
amplitude, an active power of 186 mW was measured, and the heat
loss in 𝑍𝑒 of 6 mW can be computed at this operating point. Thus,
�̇�𝑐𝑒𝑙𝑙 calculates to 180 mW with an absolute uncertainty for the active
power of 1.748 mW (𝑒𝑈 + 𝑒𝐼 ) and an uncertainty for the heat loss in
𝑍𝑒 of 0.034 mW (2𝑒𝐼 + 0.5%). Finally, the maximum uncertainty of
�̇�𝑐𝑒𝑙𝑙 computes to 0.99%, which is the ratio of the total uncertainty of
1.782 mW and 180 mW.

The temperature increase 𝛥𝑇 in Fig. 4(a) was measured by the same
temperature sensor, meaning that only gain and non-linearity errors
contribute to the uncertainty in 𝛥𝑇 . Following the calibration process,
the gain errors of the temperature sensor were below 0.02%. Changes in
the laboratory temperature have a greater impact on the uncertainty of
𝛥𝑇 , which was analyzed for 𝑇𝑠 over 24 h for both air velocities used
in this study. Due to changes in the temperature of the laboratory,
𝑇𝑠 can drift by 16 mK at 0.6 ms−1 and 6 mK at 3.1 ms−1. Dividing
this drift by the smallest temperature increase of 2.578 and 0.689 K
results in a velocity-dependent uncertainty for 𝛥𝑇 of 0.62% and 0.87%,
respectively. As 𝑅𝑜𝑢𝑡 arises from the quotient of 𝛥𝑇 and �̇�𝑐𝑒𝑙𝑙, the two
errors accumulate to form 𝑒𝑅𝑜𝑢𝑡. Therefore, the overall error for 𝑒𝑅𝑜𝑢𝑡1
and 𝑒𝑅𝑜𝑢𝑡2 amounts to 1.61% and 1.86%.

The uncertainty of the temperature–time constant 𝜏 in Eq. (3) is
affected by dynamic errors in 𝑇𝑠. This error appears directly after the
heating stops at 𝑡 = 4 h in Fig. 4(a). This error can be neglected by
starting the exponential curve fitting 20 s after the end of heating.
Furthermore, measurement noise and control errors in 𝑇𝑎𝑚𝑏 can affect
𝜏. This fitting error is identified by the 95% confidence interval. Ac-
cordingly, 𝜏1 exhibits an uncertainty of 0.02% and 𝜏2 an uncertainty of
0.1%. This translates into an uncertainty of 0.08% for the difference
𝑒𝛥𝜏 and 0.12% for the quotient 𝑒𝜏1∕𝜏2 .

3 Thermal conductivity in cylindrical cell formats
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Fig. 4. Measurement readings during thermal characterization of the 18650 cell at 𝑈𝑜𝑐𝑣 = 3.63 V with parameters for evaluating the heat capacity and thermal conductivity. (a)
Cell temperature at the shell 𝑇𝑠 during the rest, heating, and cooling phases at two different air velocities 𝑣 of 0.6 and 3.1 ms−1. For 0.6 ms−1, the temperatures at the negative
𝑇𝑡𝑛 and positive terminal 𝑇𝑡𝑝 are displayed. Thicker lines indicate a higher alternating component arising from the sinusoidal cell current. (b) Heat rate inside the cell �̇�𝑐𝑒𝑙𝑙 during
the heat phase caused by a sinusoidal cell current 𝐼𝑐𝑒𝑙𝑙 with an amplitude of 3.35 A and a cycle duration of 20 s.

Once the uncertainties of the measurement quantities have been
analyzed, their propagation in Eqs. (4) and (5) can be computed. The
relative uncertainty 𝑒𝐶 of 𝐶𝑐𝑒𝑙𝑙 is defined by Eq. (6). Applying the linear
term of the Taylor series for 𝐶𝑐𝑒𝑙𝑙 leads to Eq. (7). Eq. (8) formulates the
relation between the uncertainty 𝑒𝐶 and the measurement uncertainties
𝑒𝑖 with their gain factors 𝑓𝑖. The gain factors prior to the difference of
𝑒𝑅𝑜𝑢𝑡1 and 𝑒𝑅𝑜𝑢𝑡2 is 0.230 for 𝑅𝑜𝑢𝑡1 = 14.4 and 𝑅𝑜𝑢𝑡2 = 4.3 (values are
taken from Table 4). To determine the overall uncertainty for 𝐶𝑐𝑒𝑙𝑙,
the root sum square

√∑
(𝑓𝑖𝑒𝑖)2 of the measurement uncertainties 𝑒𝑖

and their gain factors 𝑓𝑖 is computed, which aligns with the procedure
used by Sheng et al. [13]. Accordingly, the uncertainty 𝑒𝐶 amounts
to ±1.62%, which is the same order of magnitude as the deviation
from calorimetry measurements of up to ±3.9% measured by Bryden
et al. [5].

𝑒𝐶 =
𝐶𝑐𝑒𝑙𝑙 − Taylor(𝐶𝑐𝑒𝑙𝑙;𝛥𝜏,𝑅𝑜𝑢𝑡1, 𝑅𝑜𝑢𝑡2)

𝐶𝑐𝑒𝑙𝑙
(6)

𝑒𝐶 =

𝜕𝐶𝐶𝑒𝑙𝑙
𝜕𝛥𝜏

𝛥𝜏𝑒𝛥𝜏 +
𝜕𝐶𝐶𝑒𝑙𝑙
𝜕𝑅𝑜𝑢𝑡1

𝑅𝑜𝑢𝑡1𝑒𝑅𝑜𝑢𝑡1
+

𝜕𝐶𝐶𝑒𝑙𝑙
𝜕𝑅𝑜𝑢𝑡2

𝑅𝑜𝑢𝑡2𝑒𝑅𝑜𝑢𝑡2

−𝐶𝑐𝑒𝑙𝑙
(7)

𝑒𝐶 =
∑

(𝑓𝑖𝑒𝑖) = −𝑒𝛥𝜏 + 𝑒𝑅𝑜𝑢𝑡1
+

−𝑅𝑜𝑢𝑡2
𝑅𝑜𝑢𝑡1 − 𝑅𝑜𝑢𝑡2

(𝑒𝑅𝑜𝑢𝑡2
− 𝑒𝑅𝑜𝑢𝑡1

) (8)

The uncertainty 𝑒𝑅 for 𝑅𝑖𝑛 is defined analogously to 𝑒𝐶 using Eq. (9).
Like Eqs. (7), (10) uses the Taylor series to separate different uncertain-
ties. In the case of 𝑅𝑖𝑛, the quotient of 𝜏1 and 𝜏2 is used instead of 𝑒𝛥𝜏 .
Eq. (11) shows how 𝑒𝑅 is affected by uncertainties in 𝑒𝜏1∕𝜏2 and 𝑅𝑜𝑢𝑡.
According to the three gain factors 𝑓𝑖, the uncertainty is minimized if
the difference between 𝑅𝑜𝑢𝑡1 and 𝑅𝑜𝑢𝑡2 is maximized and the average
of both thermal resistances is as low as possible. Using the values for
𝑅𝑜𝑢𝑡 and 𝜏 in Table 4 at 𝑈𝑜𝑐𝑣 = 3.93 V and 𝑇𝑎𝑚𝑏 = 313 K the gain
factors 𝑓𝑖 in Eq. (11) are 19.0 for 𝑒𝜏1∕𝜏2 , 1.0 for 𝑒𝑅𝑜𝑢𝑡1

, and 17.5 for the
difference in 𝑒𝑅𝑜𝑢𝑡

. This highlights the importance of low uncertainties
for 𝑒𝜏1∕𝜏2 and (𝑒𝑅𝑜𝑢𝑡2

− 𝑒𝑅𝑜𝑢𝑡1
). Finally, 𝑒𝑅 can be determined by the root

sum square, which amounts to an uncertainty of ±5.19%.

𝑒𝑅 =
𝑅𝑖𝑛 − Taylor(𝑅𝑖𝑛; 𝜏1∕𝜏2, 𝑅𝑜𝑢𝑡1, 𝑅𝑜𝑢𝑡2)

𝑅𝑖𝑛
(9)

𝑒𝑅 =

𝜕𝑅𝑖𝑛

𝜕
𝜏1
𝜏2

𝜏1
𝜏2

𝑒𝜏1∕𝜏2 +
𝜕𝑅𝑖𝑛
𝜕𝑅𝑜𝑢𝑡1

𝑅𝑜𝑢𝑡1𝑒𝑅𝑜𝑢𝑡1
+

𝜕𝑅𝑖𝑛
𝜕𝑅𝑜𝑢𝑡2

𝑅𝑜𝑢𝑡2𝑒𝑅𝑜𝑢𝑡2

−𝑅𝑖𝑛
(10)

𝑒𝑅 =
∑

(𝑓𝑖𝑒𝑖) =
𝑅𝑜𝑢𝑡2 − 𝑅𝑜𝑢𝑡1
𝜏1
𝜏2

𝑅𝑜𝑢𝑡2 − 𝑅𝑜𝑢𝑡1

𝜏1
𝜏2

𝜏1
𝜏2

− 1
𝑒𝜏1∕𝜏2

− 𝑒𝑅𝑜𝑢𝑡1
+

−
𝜏1
𝜏2

𝑅𝑜𝑢𝑡2

𝜏1
𝜏2

𝑅𝑜𝑢𝑡2 − 𝑅𝑜𝑢𝑡1

(𝑒𝑅𝑜𝑢𝑡2
− 𝑒𝑅𝑜𝑢𝑡1

)

(11)

In conclusion, the maximum uncertainty 𝑒𝐶 for determining 𝐶𝑐𝑒𝑙𝑙
using the Bryden method [5] amounts to ±1.62% in this paper. For
𝑅𝑖𝑛, the uncertainty is ±5.19%, which is three times the value of 𝑒𝐶 .
This illustrates the necessity of precise measurement equipment for
determining 𝑅𝑖𝑛. Furthermore, the thermal through-plane conductivity
𝑘⊥ is the final quantity of interest, not 𝑅𝑖𝑛. Therefore, further evalu-
ation steps with additional uncertainties are necessary, which will be
discussed in Section 3.4.

3. Theory

3.1. Thermal cell model

Eqs. (4) and (5) of the Bryden method [5] are based on the lumped
capacitance model in Fig. 1. The model assumption constitutes a sim-
plification of the energy conservation equation, which is considered
valid for Biot numbers smaller than 0.1 [15]. For cylindrical cells, the
𝐵𝑖 can be computed by the ratio of the heat transfer coefficient ℎ𝑠
and the thermal conductivity 𝑘⊥ multiplied by the cell radius [16].
As discussed in Section 2.3, a high heat transfer coefficient at the
cell surface ℎ𝑠 has to be used for at least one measurement to ensure
an acceptably low measurement uncertainty for 𝑅𝑖𝑛. This suggests the
existence of a conflict between reducing measurement uncertainty and
maintaining the validity of the model assumption. Dividing the inverse
of the external resistance 𝑅𝑜𝑢𝑡1 of 14 KW−1 in Table 4 by the shell
area of the 18650 cell results in a value for ℎ𝑠 of 19.4 Wm−2 K−1. This
computes to a Biot number of 0.17, assuming a through-plane thermal
conductivity 𝑘⊥ of 1 Wm−1 K−1 and a cell radius of 9 mm. As the Biot
number exceeds 0.1 for both air velocities, a spatially resolved thermal
model is used to extend the Bryden method [5].

The thermal model is created using COMSOL Multiphysics 5.4.
The two-dimensional (2D) axisymmetric geometry of the 18650 cell
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Fig. 5. Geometry and boundary conditions for the two-dimensional thermal model of the 18650 cell. (a) Thermal boundary conditions at the cell terminals ℎ𝑡 and the shell ℎ𝑠,
heat rates inside the terminals �̇�𝑡, and the jelly roll �̇�𝑗𝑟, and positioning of the temperature sensor 𝑇𝑠, 𝑇𝑡𝑛, and 𝑇𝑡𝑝. (b) Detailed representation of the positive and negative terminal
with dimensions taken from the illustrated CT images, and the definitions of seven cell domains. (c) Three-dimensional solids of revolution of the specific cell domains including
their respective volume fractions.

is depicted in Fig. 5(a). A detailed description of the model equations
and parameters can be found in Tables A.18 and A.20 respectively. All
dimensions were either measured with a micrometer screw or taken
from CT scans, as can be seen in Fig. 5(b). Beside the CT scan, seven
different domains are illustrated for the cell model. The jelly roll gap
with a diameter 𝑑𝑗𝑟,𝑔 of 3.82 mm for the 18650 cell is treated as a
void volume. According to Li et al. [17], the top cap of the 18650 cell
contains a positive terminal (Tag 1), a burst disk (Tag 2), and a current
collector (Tag 3), all of which are insulated against the steel can by a
sealing ring (Tag 4). The electrode-separator composite below the top
cap is divided into an active jelly roll domain (Tag 6) and an inactive
anode overhang (Tag 5). Solids of revolution of each two-dimensional
domain are given in Fig. 5(c) along with their volume fractions.

Inside the cell, the total heat rate �̇�𝑐𝑒𝑙𝑙 is subdivided into the heat
rate inside the active jelly roll �̇�𝑗𝑟 (Fig. 5, Tag 6) and inside the cell
terminals �̇�𝑡. As illustrated in Fig. 5(a), different convective boundary
conditions are used for the terminals ℎ𝑡 and the shell ℎ𝑠. The terminals
are insulated by ArmaFlex® material with a thickness of 10 mm and a
thermal conductivity of 0.035 Wm−1 K−1. Neglecting the heat capacity
of this volume, ℎ𝑡 can be determined by dividing the thermal conduc-
tivity by the thickness (ℎ𝑡 = 3.5 Wm−2 K−1). However, heat conduction
can also occur through the electrical connection illustrated in Fig. 2(d).
Therefore, the value of 3.5 Wm−2 K−1 can only be treated as a lower
bound for ℎ𝑡. For this reason, the coefficients ℎ𝑡 and ℎ𝑠 are determined
in Section 3.4 by fitting 𝑇𝑠, 𝑇𝑡𝑝, and 𝑇𝑡𝑛 of the thermal model to the
measurement data. Each material parameter in the model is considered
isotropic, except for the thermal conductivity, which is defined for
the in-plane 𝑘∥ and through-plane directions 𝑘⊥ of the cell’s jelly roll.
Due to the homogenization of the jelly roll, 𝑘⊥ describes the thermal
conductivity of each cell layer, thermal contact resistances between the
layers [18] and the jelly-roll/case interface [19], and any effect arising
from the homogenization of the spiral geometry [20].

3.2. Heat capacity estimation

For the 2D thermal model of the cell, the specific heat capacity
𝑐𝑗𝑟 and the volume density 𝜌𝑗𝑟 of the jelly roll must be specified.
Both parameters are estimated from material properties given in the
literature and will be compared with experimental results. As with
the anode and cathode coatings, the separator is composed of porous
layers consisting of a solid and a fluid phase. If the fluid phase contains

electrolyte, it is henceforth referred to as a wet layer. If gases such as
argon fill the voids, the layer is labeled dry. The volume fraction of the
solid phase 𝜀𝑆 can be divided into an active material fraction 𝜀𝐴𝑀 and
a fraction containing the binder and carbon black (BCB) 𝜀𝐵𝐶𝐵 .

Loges et al. [21] defined the bulk density 𝜌 and specific heat
capacity 𝑐 of the porous layers by way of Eqs. (12) and (13). The
parameters used in both equations for each unit cell layer are listed
in Table A.15. The results for 𝜌 and 𝑐 for each wet layer are shown in
Table 5 for the 18650 cell and in Table A.17 for the 21700 cell. The
mass of each layer 𝑚𝑖 can be derived from 𝜌, the thickness 𝑑𝑙𝑡,𝑖 and
length 𝑑𝑙𝑙,𝑖 of the unit cell layers, and the height of the active jelly roll.
The active jelly roll height is equal to the height of the Al collector for
this calculation, which amounts to 58 and 63.5 mm [22] [9] for the
18650 and 21700 cell respectively. The sum of 𝑚𝑖 in Table 5 (18650
cell) results in a total mass of the active jelly roll of 38.6 g, which is
dominated by the anode and cathode coating. For the overhang mass,
the overhanging height of the anode electrode and the separator of
2 mm (18650 cell) and 1.5 mm (21700 cell) are used in Table 6.

In addition to the mass of the jelly roll, the total masses of the non-
jelly-roll domains 𝑚𝑛𝑎 from Fig. 5(c) are listed in Table 6 computed by
volumetric integration of the material densities. The total mass of the
cell 𝑚𝑐𝑒𝑙𝑙 can be derived from the sum of the calculated jelly roll mass,
the mass of the overhang, and the non jelly roll domains. To validate
𝑚𝑐𝑒𝑙𝑙, the cell mass of each format was determined (Sartorius Talent
TE313S, ±1 mg) without the insulation tube, with a deviation from
the calculated mass of 0.2% and 0.4% for the 18650 and the 21700
cell respectively. Furthermore, both cell formats were opened inside a
glove box to extract and weigh the non-jelly-roll mass 𝑚𝑛𝑎. For 𝑚𝑛𝑎,
the maximum deviation of the measured values from the calculated is
2.8%. Due to the small deviation of 𝑚𝑐𝑒𝑙𝑙 and 𝑚𝑛𝑎, the jelly roll mass
and the overhang mass can also be treated as validated.

𝜌 = 𝜌𝐹 𝜀𝐹 + 𝜌𝐴𝑀𝜀𝐴𝑀 + 𝜌𝐵𝐶𝐵𝜀𝐵𝐶𝐵 (12)

𝑐 =
𝑐𝐹 𝜌𝐹 𝜀𝐹 + 𝑐𝑆𝜌𝑆𝜀𝑆

𝜌
(13)

𝑐𝑗𝑟 =
∑𝑛

𝑖=1 𝜌𝑖𝑑𝑙𝑡,𝑖𝑑𝑙𝑙,𝑖𝑐𝑖∑𝑛
𝑖=1 𝜌𝑖𝑑𝑙𝑡,𝑖𝑑𝑙𝑙,𝑖

(14)

The heat capacity of the jelly roll can be derived using the weighted
average in Eq. (14). The layer thicknesses 𝑑𝑙𝑡,𝑖 and lengths 𝑑𝑙𝑙,𝑖 are listed
in Tables 5 and A.17. As the electrodes are coated onto both sides of
the current collectors, the accumulated coating length is approximately

3 Thermal conductivity in cylindrical cell formats
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Fig. 6. Calculated thermal conductivity of the unit cell 𝑘⊥𝑢𝑐 based on material properties taken from the literature, which are listed in Table A.16. (a) Process of gaining the wet
conductivity 𝑘𝑤𝑒𝑡 either by pristine 𝑘𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 or dry material 𝑘𝑑𝑟𝑦 measurements and the Bruggeman theory in Eq. (18). (b) Result for 𝑘𝑤𝑒𝑡 for different graphites (A1, A2, A3) and
NMC coatings (C1, C2, C2). (c) Through-plane conductivity 𝑘⊥𝑢𝑐 for the 18650 cell with predicted dependencies on temperature and SOC.

Table 5
Structural parameters of wet 18650 unit cell layers and their temperature-dependent
heat capacity 𝑐∕(J kg−1 K−1) = 𝑐0 + 𝑐1(𝑇 ∕ K − 300).

𝜀𝐹
[22]

𝜀𝐵𝐶𝐵
[22]

𝑑𝑙𝑡,𝑖
μm
[22]

𝑑𝑙𝑙,𝑖
m

[22]a

𝜌𝑖
g cm−3

b 𝑚𝑖

g
c 𝑐0d 𝑐1d

Anode 0.216 0.090 86.7 1.315 2.03 13.5 881.9 2.815
Cathode 0.171 0.084 66.2 1.230 3.87 18.3 852.5 1.733
Separator 0.450 0.000 12.0 1.400 1.06 1.0 1515.5 4.573
Cu-collector 0.000 0.000 11.0 0.700 8.96 4.0 385.6 0.099
Al-collector 0.000 0.000 17.3 0.670 2.70 1.8 892.4 0.635

aFor double-coated electrodes, the length is accumulated.
bBulk densities of porous layer 𝜌𝑖 are calculated using Eq. (12) and the material
densities in Table A.15.
cThe total layer mass 𝑚𝑖 is derived from the product of the layer thickness 𝑑𝑙𝑡,𝑖, and
length 𝑑𝑙𝑙,𝑖, bulk density 𝜌𝑖 and active jelly roll height of 58 mm [22].
dCalculated with Eq. (14).

Table 6
Weight of cell components with calculated temperature dependent heat capacities of
non-active cell parts 𝑐𝑛𝑎, anode overhang 𝑐𝑎𝑜 and the jelly roll 𝑐𝑗𝑟: 𝑐∕(J kg−1 K−1) =
𝑐0 + 𝑐1(𝑇 ∕ K − 300).

18650 21700

Jelly roll mass 𝑚𝑗𝑟 =
∑

𝑚𝑖 38.6 gc 56.7 gc

Overhang mass 𝑚𝑎𝑜 0.6 gc 0.7 gc

Non jelly roll mass 𝑚𝑛𝑎 (7.3c; 7.1m) g (11.4c; 11.5m) g
Total cell mass 𝑚𝑐𝑒𝑙𝑙 (46.5c; 46.4m) g (68.8c; 68.5m) g
Jelly roll 𝑐𝑗𝑟: 𝑐0 834 878.8
Jelly roll 𝑐𝑗𝑟: 𝑐1 1.965 K−1 1.975 K−1

Overhang 𝑐𝑎𝑜: 𝑐0 809.9 859.7
Overhang 𝑐𝑎𝑜: 𝑐1 2.325 K−1 2.299 K−1

Non jelly roll 𝑐𝑛𝑎: 𝑐0 570.1 565.4
Non jelly roll 𝑐𝑛𝑎: 𝑐1 0.949 K−1 0.9356 K−1

m: measured. c: calculated by volume integration with the 2D thermal model.

twice the collector length. Applying Eq. (14) with the layer parameters
in Table 5 results in a temperature-dependent heat capacity of the
jelly roll 𝑐𝑗𝑟. The absolute values 𝑐0 and temperature slope 𝑐1 of 𝑐𝑗𝑟
are listed in Table 6 for both cells. Dividing the temperature slope of
1.965 J kg−1 K−2 by 𝑐𝑗𝑟 at 300 K results in a temperature dependency
of 0.2 %K−1 for the heat capacity of the 18650 cell. Finally, we point
out that an uncertainty of ±8.2% for 𝑐𝑗𝑟 is calculated in Table A.19.

3.3. Thermal conductivity estimation

In this section, the through-plane and in-plane thermal conductivity
are calculated based on material measurements taken from the litera-
ture. This investigation allows the parametrization of various domains
in the thermal model along with a more sophisticated analysis of the
measurement results, which is presented in Section 4. It should be noted
that this section concentrates on the thermal conductivity of the unit
cell volume, which comprises two anode and cathode coatings, two
separator sheets and two current collectors made of Al and Cu. Thermal
contact resistances are not considered in the theoretical calculation,
which is a common assumption in the literature [11]. Due to this
assumption, the measured through-plane conductivity 𝑘⊥ (Fig. 5) can
differ from the calculated conductivity 𝑘⊥𝑢𝑐 if thermal contact resis-
tances are significant large [15]. The discussion of 𝑘⊥ in Section 4 will
return to the neglection of thermal contact resistances if a deviation
between 𝑘⊥ and 𝑘⊥𝑢𝑐 is observed.

The thermal conductivity of the unit cell is defined by Eqs. (15) and
(16). The thicknesses of the porous layers have to be considered twice
for the unit cell. The layer thicknesses 𝑑𝑙𝑡,𝑖 are taken from Tables 5 and
A.17. For an absolute estimation of 𝑘⊥𝑢𝑐 and 𝑘∥, an isotropic thermal
conductivity of 0.83 and 1.44 Wm−1 K−1 [18] is used for the wet
NMC and graphite coatings. Thermal conductivity values for the current
collectors are listed in Table A.15 and a value of 0.615 Wm−1 K−1 [3]
for the separator is assumed. For the 18650 cell, these parameters
result in through-plane 𝑘⊥𝑢𝑐 and in-plane 𝑘∥ conductivities of 1.122 and
24.72 Wm−1 K−1 at room temperature, respectively. For the 21700 for-
mat, 𝑘⊥𝑢𝑐 and 𝑘∥ calculate to 1.08 and 20.71 Wm−1 K−1, respectively.

𝑘⊥𝑢𝑐 =
∑𝑛

𝑖=1 𝑑𝑙𝑡,𝑖∑𝑛
𝑖=1(𝑑𝑙𝑡,𝑖∕𝑘𝑖)

(15)

𝑘∥ =
∑𝑛

𝑖=1(𝑑𝑙𝑡,𝑖 ⋅ 𝑘𝑖)∑𝑛
𝑖=1 𝑑𝑙𝑡,𝑖

(16)

Table A.19 determines an uncertainty of ±21.4% for 𝑘⊥𝑢𝑐 , which
is mostly affected by the porous layers 𝑘𝑖 in Eq. (15). On the other
hand, 𝑘∥ is mainly influenced by the current collectors [3], for which
accurate material values for 𝑘𝑖 are available in the literature [23] and
the dependency on SOC or temperature can be neglected. 𝑘∥ is therefore
considered to be constant throughout this paper. In contrast, Loges
et al. [24] measured a negative dependency for NMC and graphite
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Fig. 7. Relation between lumped thermal resistance 𝑅𝑖𝑛 in Eq. (4) and the through-plane thermal conductivity 𝑘⊥ of the thermal model from Fig. 5. (a) Simulated heating phase
of the thermal model for the 18650 format with varying through-plane conductivities (𝑘⊥1 - 𝑘⊥4). (b) Relation between 𝑘⊥ and 𝑅𝑖𝑛 with corresponding Eq. (19) for different heat
fractions �̇�𝑡∕�̇�𝑐𝑒𝑙𝑙 inside the cell terminals and varying heat transfer coefficient between the heating phases 𝛥ℎ𝑡. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

coatings. The effects of temperature on 𝑘⊥𝑢𝑐 therefore need to be con-
sidered. Hardly any temperature-dependent measurement data for wet
coatings is available in the literature. To overcome this, a method based
on the work of Vadakkepatt et al. [25] for computing wet coatings
from pristine materials or dry coatings is presented in the following
paragraph.

The procedure for calculating the thermal conductivity of wet
porous media 𝑘𝑤𝑒𝑡 is illustrated in Fig. 6(a). 𝑘𝑤𝑒𝑡 is derived with the aid
of a model theory, based on the pristine thermal conductivity of non-
active components 𝑘𝑁𝐴 and the active material 𝑘𝐴𝑀 . The Bruggeman
model with varying exponent 𝛽 developed by Vadakkepatt et al. [25] is
utilized for subsequent calculations of the effective conductivity 𝑘𝑒𝑓𝑓 ,
which is widely applied in the lithium-ion battery community. This
theory states that the thermal conductivity of the non-active material
𝑘𝑁𝐴 is calculated according to Eq. (17) [25]. The thermal conductivity
of the mixture of binder and carbon black 𝑘𝐵𝐶𝐵 is assumed to be
equal to the conductivity of polyvinylidene fluoride (PVDF), listed for
reference in Table A.16. For the fluid phase 𝑘𝐹 , the thermal conductiv-
ity of LP50 electrolyte from BASF is used throughout this paper. The
temperature-dependent conductivity of the electrolyte mixture LP50
is also listed in Table A.16. Please note, that the Bruggeman model
only admits spherical particles, which are sufficiently far apart that
their temperature field do not interact [25]. Therefore, these model
assumptions are a possible source of uncertainty for the following
calculations.

𝑘𝑁𝐴 =
𝜀𝐵𝐶𝐵𝑘𝐵𝐶𝐵 + 𝜀𝐹 𝑘𝐹

𝜀𝐵𝐶𝐵 + 𝜀𝐹
(17)

𝑘𝑒𝑓𝑓 = 𝑘𝐴𝑀𝜀𝛽𝐴𝑀 + 𝑘𝑁𝐴(1 − 𝜀𝐴𝑀 )1.5 (18)

If the thermal conductivity 𝑘𝐴𝑀 and the volume fraction 𝜀𝐴𝑀 of
the active material is known, the effective thermal conductivity of
the porous material 𝑘𝑒𝑓𝑓 can be estimated using Eq. (18) [25]. The
Bruggeman exponent 𝛽 is dependent on the ratio of 𝑘𝑁𝐴∕𝑘𝐴𝑀 , which
is linearly interpolated in this paper according to Table 7. If the 𝑘𝐴𝑀
for a certain active material is not available in the literature, it can be
derived by dry measurement. In this case, the thermal conductivity of
gases like argon or CO2 has to be used for 𝑘𝐹 and the dry measurement
is considered to be 𝑘𝑒𝑓𝑓 . The thermal conductivity 𝑘𝐴𝑀 can then be
calculated using the inverse function of the Bruggeman model 𝑘−1𝑒𝑓𝑓 .

The results obtained by Eq. (18) for three wet anode (A1, A2, A3)
and cathode (C1, C2, C3) coatings of the 18650 cell are shown in

Table 7
Relation between Bruggeman’s exponent 𝛽 and the thermal conductivity ratio 𝑘𝑁𝐴∕𝑘𝐴𝑀
of non-active to active material used in Eq. (18) [25].
𝑘𝑁𝐴∕𝑘𝐴𝑀 𝛽

0.0000 2.8000
0.0027 2.5206
0.0138 2.3274
0.1025 1.6137
0.2119 1.2528
0.3169 1.0473
0.4244 0.9144
0.9982 0.9071

Fig. 6(b). The results for A1 and all cathode coatings are based on
dry measurements, while those for the A2 and A3 coatings are taken
from pristine data sources given in Table A.16. According to these
calculations, the anode coatings range between 1 and 8 Wm−1 K−1.
This represents an overestimation in comparison with the wet mea-
surements of graphite given in the literature, which range between
0.36 and 1.58 Wm−1 K−1 [3]. This overestimation of 𝑘𝑤𝑒𝑡 is due to
model uncertainties of the applied Bruggeman model or the low anode
porosity of the 18650 cell. For example, the average porosity 𝜀𝐹 of the
six anode coatings measured by Loges et al. [24] amounts to 50.6%.
A1 is discarded from further investigation due to the implausibly high
values. In contrast, the estimations for the NMC cathode coatings of
0.218 to 1.176 Wm−1 K−1 are closer to the measured range of 0.54
to 0.91 Wm−1 K−1 reported in the literature [3]. Finally, it should be
noted that all six estimations in Fig. 6(b) exhibit decreasing thermal
conductivity with increasing temperature.

Fig. 6(b) shows plots of A2 and A3 to estimate the impact of
the full-cell SOC on 𝑘𝑤𝑒𝑡. Both lines are based on pristine pyrolytic
graphite [26], but A3 is reduced to 33% of A2, since, as Ju et al. [27]
pointed out, that LiC12 can cause such a decrease. For LiC6, the ther-
mal conductivity reached approximately the same value as pristine
graphite. The delithiated and lithiated NMC coatings C2 and C3 mea-
sured by Gotcu et al. [28] show decreasing 𝑘𝑤𝑒𝑡 with increasing SOC.
According to this analysis, graphite and NMC exhibit an opposing
dependency on SOC.

Fig. 6(c) shows the through-plane conductivity 𝑘⊥𝑢𝑐 for the 18650
unit cell specified in Table 5, based on the four combinations of wet
coatings shown in Fig. 6(b). A constant value of 0.615 Wm−1 K−1 [3]

3 Thermal conductivity in cylindrical cell formats

52



Journal of Energy Storage 42 (2021) 103065

9

M. Steinhardt et al.

for the separator layer was used in all combinations. The temperature
dependency lies within −0.2 and −1.7%K−1 depending on the cathode
𝑘𝑤𝑒𝑡. As A3 and C3 can be considered as fully lithiated NMC and
delithiated graphite, the SOC of 0% is assigned to the combination
A3C3. The inverse situation applies for the combination A2C2, which is
therefore considered the through-plane conductivity at 100% SOC. Both
SOC assignments are approximations, as the degree of lithiation does
not operate completely between 0.0 and 1.0 for both active materials.
For example, if the SOC of the 18650 cell increases from 0% to 100%,
the degree of lithiation of the anode increases from 0 to 0.85, while the
degree of lithiation of the cathode decreases from 0.94 to 0.22 [22].
Based on these assumptions, the through-plane conductivity increases
by 12% if the SOC increases from 0% to 100%, as highlighted in
Fig. 6(c).

3.4. Thermal property evaluation

In this subsection, a functional relation is developed between the
internal thermal resistance 𝑅𝑖𝑛 and the through-plane conductivity 𝑘⊥.
For this relation, the simulation results of the thermal cell model in
Section 3.1 are used instead of experimental data. With this technique,
𝑘⊥ is a known quantity. For each simulation of the 18650 cell, the
heat rate �̇�𝑐𝑒𝑙𝑙 was set to 232 mW, while a heat rate of 165 mW was
chosen for the 21700 cell. Finally, realistic values for the convective
boundaries ℎ𝑡 and ℎ𝑠 were determined.

To determine ℎ𝑡 and ℎ𝑠, a steady-state optimization study with the
thermal model from Section 3.1 was conducted for both cell formats.
The objective of this optimization was a congruent temperature in-
crease of 𝑇𝑠, 𝑇𝑡𝑛, 𝑇𝑡𝑝 between the model and the experiments displayed
in Fig. 4(a). The two air velocities 𝑣 result in two coefficients at the
shell (ℎ𝑠1, ℎ𝑠2) and two at the terminals (ℎ𝑡1, ℎ𝑡2). The arithmetic mean
of all the experiments are listed in Table 8 together with their 95%
confidence intervals. The results show that higher coefficients for the
18650 cell must be chosen and a positive correlation with the air
velocity is observed.

Fig. 7(a) shows the surface temperature 𝑇𝑠 of the 18650 cell model
at four different through-plane conductivities between 0.4 and 1.4
Wm−1 K−1. For each thermal conductivity value, two simulations were
conducted with a heat transfer coefficient at the shell of 15 and
60 Wm−2 K−1. At the terminals, ℎ𝑡1 and ℎ𝑡2 was set to 40 and 50
Wm−2 K−1, and the heat rate inside the terminals was adjusted to
7% of the total cell heat rate �̇�𝑐𝑒𝑙𝑙. Furthermore, the specific heat
capacity of each domain was taken from Table 6 at 300 K. Applying the
Bryden method [5] presented in Section 2.2 results in a heat capacity
𝐶𝑐𝑒𝑙𝑙 of (36.0 ± 1.0) JK−1. This value is in agreement with the volume
integral of the specific heat capacity, which is 37.2 J K−1. Therefore,
an uncertainty 𝑒𝑚𝑐 of 5.9% can be specified that arises from the model
assumptions of the Bryden method [5], an unknown heat generation
�̇�𝑡, and heat convection at the terminal ℎ𝑡.

Analyzing the simulation data in Fig. 7(a) with Eq. (4) results in
four 𝑅𝑖𝑛 values with corresponding 𝑘⊥. These four value pairs are
represented by four red crosses, which are shown in Fig. 7(b) inter-
connected by a black line. The black line follows a rational function
𝑘⊥ = (𝑃1)∕(𝑅𝑖𝑛+𝑃2), which contains one asymptote 𝑃2 with a maximum
deviation from the red crosses of 0.003 Wm−1 K−1. Therefore, the
rational function describes the relation between the lumped thermal
resistance 𝑅𝑖𝑛 and the through-plane thermal conductivity 𝑘⊥ very
precisely.

A sensitivity analysis showed a strong linear correlation between 𝑃1
and 𝑃2 with the heat rate ratio �̇�𝑡∕�̇�𝑐𝑒𝑙𝑙 as well as with the difference in
heat transfer coefficient at the cell terminals 𝛥ℎ = ℎ𝑡2 − ℎ𝑡1. Eq. (19) is
formulated with due regard for this observation, with the five unknown
constants 𝑝1 to 𝑝5. These five constants are determined by fitting
Eq. (19) to the results of nine sensitivity simulations with varying 𝛥ℎ
of 0, 10, 20 Wm−1 K−2 and �̇�𝑡∕�̇�𝑐𝑒𝑙𝑙 values of 0, 3.5, and 7%. Two
of these additional simulations are illustrated in Fig. 7(b) by the red

Fig. 8. Block diagram showing the experimental and theoretical approaches for
deriving the thermal conductivity and specific heat capacity of cylindrical lithium-ion
cells. The left-hand side illustrates the evaluation of the experimental data in Fig. 4.
The right-hand side gives an overview of the theoretical determination of 𝑘⊥𝑢𝑐 and 𝑐𝑗𝑟.

crosses, with the corresponding rational functions in blue and yellow,
which display deviations of less than 0.7% between the crosses and the
solid lines. Using Eq. (19) and the fitted constants in Table 8, a relation
between 𝑅𝑖𝑛 and 𝑘⊥ can be established without the need for a complex
thermal model.

The red crosses in Fig. 7 represent the simulation results of the
thermal cell model with a constant thermal conductivity in radial direc-
tion 𝑘⊥, which neglects the spiral geometry. This raises the question of
whether the rational Eq. (19) is still valid if the radial conductivity 𝑘⊥
depends on the radius (𝜕𝑘⊥∕𝜕𝑟 ≠ 0). Gomadam et al. [29] considered
the effect of the spiral geometry by increasing 𝑘⊥ by the quotient
(𝑘∥𝑑2𝑢𝑐 )∕(4𝜋

2𝑟2). Accordingly, the impact of the spiral depends on the
𝑘∥, the thickness of the unit cell 𝑑𝑢𝑐 , and the radius 𝑟. The increase in
𝑘⊥ was simulated as an example for the parameter set of the 18650
cell in Fig. 7(a). The result of this simulation is represented by the red
circles in Fig. 7(b). By comparing the red circles with the red crosses
along the black line, it can be seen that the spiral geometry has a minor
influence on the validity of Eq. (19). This agrees with the observation
of Gomadam et al. [29] that thermal effects arising from the spiral
geometry can be neglected for lithium-ion cells.

In conclusion, the through-plane conductivity 𝑘⊥ can be evaluated
with Eq. (19). The function parameters 𝑝1 to 𝑝5 for both cell formats
and 𝛥ℎ𝑡 are listed in Table 8. The heat rate ratio �̇�𝑡∕�̇�𝑐𝑒𝑙𝑙 is calculated
with Eq. (1) using the ohmic resistances 𝑍𝑖 in Table 3. The values for
𝑅𝑖𝑛 and 𝐶𝑐𝑒𝑙𝑙 are listed in Tables 4 and A.14. Most experimental studies
in the field of lithium-ion cells do not evaluate the specific heat of the
electrode stack or jelly roll, which renders comparisons with material
measurements difficult. Instead, the specific heat capacity of the total
cell 𝑐𝑐𝑒𝑙𝑙 = 𝐶𝑐𝑒𝑙𝑙∕𝑚𝑐𝑒𝑙𝑙 is evaluated [13] [4]. To enable comparison
with the heat capacity estimations in Section 3.2, the heat capacity
of the jelly roll 𝑐𝑗𝑟 is defined by Eq. (14), which compensates for the
non-active cell components (𝑚𝑛𝑎, 𝑐𝑛𝑎) listed in Table 6.

𝑘⊥ =
𝑝1 + 𝑝2𝛥ℎ𝑡

𝑅𝑖𝑛 + 𝑝3 + 𝑝4
�̇�𝑡

�̇�𝑐𝑒𝑙𝑙
+ 𝑝5𝛥ℎ𝑡

(19)

𝑐𝑗𝑟 =

𝐶𝑐𝑒𝑙𝑙
𝑚𝑐𝑒𝑙𝑙

−
𝑚𝑛𝑎
𝑚𝑐𝑒𝑙𝑙

𝑐𝑛𝑎

1 −
𝑚𝑛𝑎
𝑚𝑐𝑒𝑙𝑙

(20)
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Table 8
Parameters in Eq. (19) for calculating 𝑘⊥ based on the lumped thermal
resistance 𝑅𝑖𝑛.

18650 21700

𝑝1 / m−1 0.5660 0.5120
𝑝2 / KmW−1 −0.0017 −0.0022
𝑝3 / KW−1 0.0616 0.0552
𝑝4 / KW−1 −0.4408 −0.4448
𝑝5 / K2 m2 W−2 0.0018 0.0024
ℎ𝑡1 / Wm−2 K−1 42.0 ± 1.4 34.7 ± 1.1
ℎ𝑡2 / Wm−2 K−1 48.5 ± 2.2 35.4 ± 1.7
ℎ𝑠1 / Wm−2 K−1 14.3 ± 0.4 11.3 ± 0.3
ℎ𝑠2 / Wm−2 K−1 61.4 ± 0.3 43.8 ± 0.8

Table 9
Systematic measurement and model uncertainties of the Bryden method [5] and model
simplifications from Eqs. (19) and (20).

Parameter Uncertainty

𝑅𝑖𝑛 𝑒𝑅 = ±5.19%
𝑘⊥ 𝑒𝑘 = ±6.16%
𝐶𝑐𝑒𝑙𝑙 𝑒𝐶 = ±1.62%
𝑐𝑐𝑒𝑙𝑙 = 𝐶𝑐𝑒𝑙𝑙∕𝑚𝑐𝑒𝑙𝑙 𝑒𝑐 = ±4.59%
𝑐𝑗𝑟 𝑒𝑐𝑗𝑟 = ±4.71%

Eq. (19) introduces additional uncertainties for 𝑘⊥, which have to
be added to the measurement uncertainty detailed in Section 2.3. The
largest uncertainty in Eq. (19) originates from the parameter 𝛥ℎ. For
example, an uncertainty in 𝛥ℎ of 3.6 Wm−1 K−2 can translate to an
uncertainty in 𝑘⊥ of 3.31%. This uncertainty and the measurement
uncertainty 𝑒𝑅 of 5.19% by the root sum square result in a total
uncertainty for 𝑘⊥ of 6.16%. Both uncertainties for 𝑅𝑖𝑛 and 𝑘⊥ are
presented in Table 9.

To estimate the uncertainty 𝑒𝑐 of 𝑐𝑐𝑒𝑙𝑙, the root sum square of 𝑒𝑚𝑐 and
𝑒𝐶 are used, resulting in 𝑒𝑐 = ±4.59%. This uncertainty can be compared
with differential scanning calorimeters, which offer an uncertainty
between 1.5 and 10% [30]. With lithium-ion cells, the derived value
for 𝑒𝑐 is close to the uncertainty of 3.82% of the technique developed
by Sheng et al. [13], but worse than the uncertainty of 0.42% of the
calorimeter used by Bazinski et al. [31].

For 𝑐𝑗𝑟, an uncertainty for 𝑐𝑛𝑎 of 10% is assumed, which is the
upper bound of the uncertainty range of the differential scanning
calorimetry [30]. Taking the smallest value for 𝐶𝑐𝑒𝑙𝑙 in Table 4 of
42.2 J K−1 and a value of 570.1 J kg−1 K−1 from Table 6 for 𝑐𝑛𝑎, the
specific heat capacity of the jelly roll 𝑐𝑗𝑟 calculates to 971 J kg−1 K−1.
Reducing 𝑐𝑛𝑎 by 10% in this calculation increases 𝑐𝑗𝑟 (981 J kg−1 K−1),
which constitutes an additional uncertainty of 1.06% for 𝑐𝑗𝑟. Finally,
the root sum square of 𝑒𝑐 and 1.06% computes to 𝑒𝑐𝑗𝑟 = 4.71% for
the specific heat capacity of the jelly roll. It should be noted that a
full validation of the uncertainties in Table 9 is beyond the scope of
this paper. While the authors have a high level of confidence in the
calculated uncertainties, the proposed measurement methods are so
far conceptual and require further research in order to validate their
robustness.

4. Results and discussion

This section discusses the heat capacity and thermal conductivity
of a 18650 and a 21700 lithium-ion cell. An experimental and a
theoretical approach were chosen to determine both thermal properties.
The experimental approach is based on the measurements in Section 2,
which are evaluated using the theory presented in Section 3.4. The
process is illustrated on the left-hand side of Fig. 8. The experiments
are conducted and evaluated according to the Bryden method [5].
Afterwards, 𝑅𝑖𝑛 is transformed to 𝑘⊥, which represents the extension of
this work. Furthermore, the heat capacity of the cell 𝐶𝑐𝑒𝑙𝑙 is converted
to the specific heat capacity of the jelly roll 𝑐𝑗𝑟 using Eq. (20).

Table 10
Linear regression parameters for the measured specific heat capacity of the jelly roll
𝑐𝑗𝑟 = 𝑐0 + 𝑐1(𝑇 − 300 K) in Fig. 9 with the respective temperature dependencies 𝑐1∕𝑐0.
The given confidence intervals describe the uncertainty of the regression parameters.
Systematic uncertainties of 𝑐𝑗𝑟 can be found in Table 9.
𝑈𝑜𝑐𝑣

V
𝑐0

J kg−1 K−1

𝑐1
J kg−1 K−2

𝑐1∕𝑐0
%K−1

18650 cell format
3.42 1003.4 ± 1.2 1.9 ± 0.1 0.2 ± 0.01
3.64 1003.6 ± 2.6 2.2 ± 0.2 0.2 ± 0.06
3.93 1002.5 ± 1.2 2.1 ± 0.1 0.2 ± 0.03

21700 cell format
3.42 908.0 ± 2.1 1.6 ± 0.2 0.2 ± 0.02
3.64 912.0 ± 2.7 1.6 ± 0.2 0.2 ± 0.04
3.93 910.5 ± 1.3 1.9 ± 0.1 0.2 ± 0.05

Table 11
Linear regression parameters for the measured through-plane thermal conductivity
𝑘⊥ = 𝑘0 +𝑘1(𝑇 −300 K) in Fig. 10 with the respective temperature dependencies 𝑘1∕𝑘0.
The given confidence intervals describe the uncertainty of the regression parameters.
Systematic uncertainties of 𝑘⊥ can be found in Table 9.
𝑈𝑜𝑐𝑣

V
𝑘0

Wm−1 K−1

𝑘1
mWm−1 K−2

𝑘1∕𝑘0
%K−1

18650 cell format
3.42 1.225 ± 0.033 −7.4 ± 2.8 −0.6 ± 0.25
3.64 1.288 ± 0.041 −5.1 ± 3.7 −0.4 ± 0.30
3.93 1.298 ± 0.032 −6.1 ± 2.7 −0.5 ± 0.22

21700 cell format
3.42 1.245 ± 0.049 −6.5 ± 4.1 −0.5 ± 0.35
3.64 1.357 ± 0.072 −13.4 ± 6.5 −1.0 ± 0.53
3.93 1.348 ± 0.047 −5.9 ± 3.9 −0.4 ± 0.30

Thereafter, the experimental values for 𝑘⊥ and 𝑐𝑗𝑟 can be compared
with the theoretical approach, which is shown on the right-hand side
of Fig. 8. For the thermal conductivity 𝑘⊥𝑢𝑐 , the effective conductivity
𝑘𝑒𝑓𝑓 of each porous cell layer is calculated based on the theory of
Bruggeman given in Section 3.3. For the specific heat capacity of the
jelly roll 𝑐𝑗𝑟, the heat capacities of the fluid 𝑐𝐹 and solid 𝑐𝑆 phase
are considered in Section 3.2. The thermal conductivities 𝑘⊥ and 𝑘⊥𝑢𝑐
are treated differently in this study, as 𝑘⊥ can contain thermal contact
resistances as well as effects of the spiral geometry of the jelly roll.

4.1. Specific heat capacity

Fig. 9 shows the specific heat capacity of the jelly roll 𝑐𝑗𝑟 for three
different temperatures and open circuit voltages 𝑈𝑜𝑐𝑣. Each measure-
ment is represented by a dot and the solid lines display the linear
regressions for each open circuit voltage. The constant 𝑐0 and the slope
𝑐1 of the linear regression together with the 95% confidence interval
are listed in Table 10. Dividing the slope of the regression 𝑐1 by the
absolute value at 300 K 𝑐0 gives the temperature dependency of the
specific heat capacity.

The range of 𝑐𝑗𝑟 lies within 850 and 1050 J kg−1 K−1 for both cell
formats. This agrees well with the range reported by Loges et al. [24]
for wet NMC unit cells of 900 to 1100 J kg−1 K−1. In comparison with
the theoretical estimations for 𝑐0 given in Table 6, the measurement
results at 300 K are 20% higher for the 18650 cell and 4% higher
for the 21700 cell. The divergence between the measurement and
the calculation could result from uncertainties in both techniques.
According to Tables 9 and A.19, uncertainties justify a deviation of
12.91%, which explains the deviation of 4% for the 21700 cell but not
the 20% of the 18650 cell. Further uncertainties for the theoretical 𝑐𝑗𝑟
can arise from the assumption that the pore and electrolyte volumes are
equal. In reality, the volume of the electrolyte can exceed the volume
of the pores [32]. For the 18650 cell, an additional electrolyte could
explain the deviation of 20%, although this would worsen the match
between the measured and calculated cell weights in Table 6.

3 Thermal conductivity in cylindrical cell formats
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Fig. 9. Measured specific heat capacity of the jelly roll according to Eq. (20) with linear regressions at different open circuit voltages 𝑈𝑜𝑐𝑣. (a) 18650 cell. (b) 21700 cell.

Fig. 10. Measured thermal conductivity of the jelly roll in through-plane direction according to Eq. (19) with linear regressions at different open circuit voltages 𝑈𝑜𝑐𝑣. (a) 18650
cell. (b) 21700 cell.

The heat capacities of both cell formats increase equally by
0.2 %K−1 with increasing temperature. This increase is independent
from the SOC and agrees with the theoretical estimation in Table 6. No
significant dependency on the SOC is observed either for the 18650 or
for the 21700 format. Small changes in 𝑐0 in Table 10 are within the
given confidence interval of the linear regressions. The independence
of 𝑐𝑗𝑟 from the SOC agrees with the observations of Bazinski et al. [31].

4.2. Through-plane conductivity

Fig. 10 shows the results for 𝑘⊥ at varying SOC and temperatures.
The quotient �̇�𝑡∕�̇�𝑐𝑒𝑙𝑙 in Eq. (19) lies within 4% to 9% for the 18650
cell. This change is mainly caused by changing heat losses inside the
jelly roll at different ambient temperatures 𝑇𝑎𝑚𝑏, while the heat losses
inside the terminals remain constant. For the 21700 cell, �̇�𝑡∕�̇�𝑐𝑒𝑙𝑙 varies
between 6% and 10%. The results for 𝑘⊥ in Fig. 10 are presented in the
same manner as for 𝑐𝑗𝑟. This also applies to Table 11, which lists the
constant 𝑘0 and the slope 𝑘1 of the linear regressions in Fig. 10, together

with the 95% confidence interval and the temperature dependency
𝑘1∕𝑘0.

The thermal conductivity at 300 K and 𝑈𝑜𝑐𝑣 = 3.64 V amounts to
1.29 and 1.36 Wm−1 K−1 for the 18650 and 21700 cell, respectively.
This constitutes a deviation of 15% and 26% compared to the theoreti-
cal values for 𝑘⊥𝑢𝑐 derived with Eq. (15). Deviations of this magnitude
are common in the literature. For example, Sheng et al. [13] observed a
deviation between the measured and calculated through-plane conduc-
tivity of 56%. According to Tables 9 and A.19, the deviation between
𝑘⊥ and 𝑘⊥𝑢𝑐 of 15% (18650) and 26% (21700) in this paper can be
explained by the calculated uncertainty of ±27.56% (±(6.16 + 21.4)%).
One explanation for the observed deviation could be that the coating
porosities of the 18650 cell are below 20%. According to Eq. (18), a
low porosity shifts the effective conductivity towards the conductivity
of the coating composite, which is usually higher than the conductivity
of the electrolyte. The exact porosity of the 18650 cell is considered in
the calculations illustrated in Fig. 6(c). By comparing 𝑘0 in Table 11 at
𝑈𝑜𝑐𝑣 = 3.42 V with 𝑘⊥𝑢𝑐 from A3C3 at 300 K, it can be seen that there is
a deviation of 11% from the measurement. This overestimation of A3C3
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might be explained by the thermal contact resistances between the cell
layers. It should also be mentioned that the measurement results 𝑘⊥ can
be higher than the calculated 𝑘⊥𝑢𝑐 if the spiral geometry of the jelly roll
causes a significant in-plane heat flow inside the current collectors [20].

A lower thermal conductivity 𝑘⊥𝑢𝑐 was computed in Section 3.2 for
the 21700 format, which is contradicted by the measurement results
in Fig. 10. For example, 𝑘⊥ is 4% higher for the 21700 format at an
open circuit voltage of 3.93 V. This can be explained by thermal contact
resistances between the jelly roll and the can. For example, Gaitonde
et al. [19] measured a thermal conductance of 650 Wm−2 K−1 for this
interface. Due to the higher radius of the 21700 cell, the impact of this
heat barrier is smaller than for the 18650 format.

The comparison of 𝑘0 in Table 11 shows increasing 𝑘⊥ with an
increasing open circuit voltage of 7% and 9% for the 18650 and 21700
cell, respectively. This observation is in good accordance with the
estimated 12% increase in 𝑘⊥𝑢𝑐 found in Fig. 6(c). Consequently, it is
reasonable to conclude that the changing thermal conductivity of the
pristine graphite particle is responsible for this increase. Moreover, a
thickness change in the electrode coatings induced by changes in SOC
can cause an increase in the 𝑘⊥. With increasing SOC, the graphite coat-
ing thickness increases more strongly than the NMC coating thickness
decreases [33], which enhances the weight of the 𝑘𝑎𝑛𝑜𝑑𝑒 in Eq. (15). As
the thermal conductivity of the anode is greater than the conductivity
of the cathode, the 𝑘⊥𝑢𝑐 will increase with SOC. Furthermore, the
thickness change of the whole unit cell increases the mechanical stress
inside the jelly roll [34], which might reduce the thermal contact
resistance between the cell layers.

The temperature dependency 𝑘1∕𝑘0 in Fig. 10 lies within −0.4 and
−0.6 %K−1 for both cell formats. The high value of −1.0 %K−1 for the
21700 format in Table 11 can be treated as an outlier. The derived val-
ues for 𝑘1∕𝑘0 are in accordance with the theoretical range in Fig. 6(c),
which is between −1.7 and −0.2 %K−1. In the literature, there is no
agreement in regard to the temperature dependency of the through-
plane conductivity 𝑘⊥. For example, Sheng et al. [13] [4] and Liebig
et al. [35] observed an increase in 𝑘⊥ with increasing temperature. On
the other hand, a decrease in conductivity with increasing temperature
was measured by Werner et al. [11], Steinhardt et al. [3] and Murashko
et al. [36].

5. Conclusion

This paper introduces a simple and precise method for measuring
thermal conductivity, which also characterizes thermal heat capac-
ity. The evaluation of both thermophysical properties requires only
standard laboratory equipment, needs no special cell preparation, and
saves a complex evaluation of the measurement data. To achieve a
state-of-the-art level of uncertainty of 6.16% for thermal conductiv-
ity, the measurement settings have to be chosen carefully, which is
described in this paper. Despite the confidence in the calculated un-
certainty of 6.16%, further experiments are necessary to fully validate
the robustness of the conceptual measurement method for the thermal
conductivity. The method is demonstrated for one cylindrical 18650
and one 21700 cell at three different ambient temperatures and states
of charge. For both cell formats, the state of charge has no dominant
effect on the heat capacity. Only the cell temperature was found to
affect the specific heat capacity of the jelly roll by 0.2 %K−1. A
rational function was used to remove the need for a complex finite
element model to evaluate the measurement data. The through-plane
conductivity of the electrode stack was evaluated and was found to
decrease with increasing temperature by −0.5 %K−1. Furthermore, an
increasing thermal conductivity of 7% to 9% was observed with an
increasing state of charge of between 10% and 71%. This increase
could be due to the changing conductivity of the active materials or
changing thermal contact resistances. Future work will concentrate on
adapting the presented method for pouch and prismatic cell formats
as well as on the effects of state of health on thermal conductivity. In

addition, more research on the effects of thermal contact resistance and
the spiral geometry of the jelly roll will be necessary to quantify their
impact on thermal conductivity in through-plane direction. Finally,
more repeated tests on different cells of the same type are planned to
further increase the degree of trust in the precision of the proposed
thermal characterization methods.
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Appendix

Nomenclature can be found in Table A.12, Table A.13

Table A.12
Nomenclature: Greek symbols.

Symbols

𝛽 Bruggemann coefficient
𝜌 Bulk density of porous cell layer in kgm−3

𝜌𝐴𝑀 Density of active material in kgm−3

𝜌𝐵𝐶𝐵 Density of binder and carbon black in kgm−3

𝜌𝐹 Density of fluid phase in kgm−3

𝜌𝑆 Density of solid phase in kgm−3

𝜌𝑖 Bulk density of cell layer in kgm−3

𝜌𝑗𝑟 Density of jelly roll in kgm−3

𝜀𝐴𝑀 Volume fraction of active material
𝜀𝐵𝐶𝐵 Volume fraction of binder and carbon black
𝜀𝑆 Volume fraction of solid phase
𝜀𝐹 Volume fraction of fluid phase or porosity
𝜑 Phase angle of voltage with respect to current in rad
𝜏1 Time constant at 𝑣1 in s
𝜏2 Time constant at 𝑣2 in s
𝛥𝜏 Difference between 𝜏1 and 𝜏2 in s

3 Thermal conductivity in cylindrical cell formats
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Table A.13
Nomenclature.

Symbols

𝐶𝑐𝑒𝑙𝑙 Lumped heat capacity of the cell J K−1

𝑐 Bulk specific heat capacity of porous layer in J kg−1 K−1

𝑐𝑗𝑟 Specific heat capacity of the jelly roll in J kg−1 K−1

𝑐𝑛𝑎 Specific heat capacity of non-active cell parts in J kg−1 K−1

𝑐𝑎𝑜 Specific heat capacity of anode overhang in J kg−1 K−1

𝑑𝑗𝑟,𝑔 Diameter of the jelly roll gap in m
𝑑𝑙𝑙,𝑖 Total length unit cell layer in m
𝑑𝑙𝑡,𝑖 Thickness unit cell layer in m
𝑑𝑢𝑐 Total thickness of the unit cell in m
𝑒𝛥𝜏 Measurement uncertainty in 𝛥𝜏
𝑒𝜏1∕𝜏2 Measurement uncertainty in the ratio of 𝜏1 and 𝜏1
𝑒𝑚𝑐 Modeling uncertainty in 𝐶𝑐𝑒𝑙𝑙
𝑒𝐶 Measurement uncertainty in 𝐶𝑐𝑒𝑙𝑙
𝑒𝑅 Measurement uncertainty in 𝑅𝑖𝑛
𝑒𝑅𝑜𝑢𝑡1 Measurement uncertainty in 𝑅𝑜𝑢𝑡1
𝑒𝑅𝑜𝑢𝑡2 Measurement uncertainty in 𝑅𝑜𝑢𝑡2
𝑒𝐼 Measurement uncertainty in 𝐼𝑐𝑒𝑙𝑙
𝑒𝑈 Measurement uncertainty in �̂�𝑐𝑒𝑙𝑙
𝑒𝑘 Uncertainty in 𝑘⊥
𝑒𝑐 Uncertainty in 𝑐𝑐𝑒𝑙𝑙
𝑒𝑗𝑟 Uncertainty in 𝑐𝑗𝑟
𝑓 Uncertainty gain factor
ℎ𝑠1 Heat transfer coefficient at the shell of the cell at 𝑣1 in Wm−2 K−1

ℎ𝑠2 Heat transfer coefficient at the shell of the cell at 𝑣2 in Wm−2 K−1

ℎ𝑡1 Heat transfer coefficient at the terminal of the cell at 𝑣1 in Wm−2 K−1

ℎ𝑡2 Heat transfer coefficient at the terminal of the cell at 𝑣2 in Wm−2 K−1

𝛥ℎ Difference between ℎ𝑡2 and ℎ𝑡1 in Wm−2 K−1

𝐼𝑐𝑒𝑙𝑙 Amplitude of sinusoidal cell current in A
𝐼𝑐𝑒𝑙𝑙 Electrical cell current A
𝑘⊥𝑢𝑐 Thermal conductivity (through-plane) of the unit cell in Wm−1 K−1

𝑘⊥ Thermal conductivity (through-plane) of the jelly roll in Wm−1 K−1

𝑘|| Thermal conductivity (in-plane) of the jelly roll and unit cell in Wm−1 K−1

𝑘𝐴𝑀 Thermal conductivity of the active material in Wm−1 K−1

𝑘𝑁𝐴 Thermal conductivity of the non-active material in Wm−1 K−1

𝑘𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 Thermal conductivity of pristine material in Wm−1 K−1

𝑘𝐵𝐶𝐵 Thermal conductivity of the binder and carbon black in Wm−1 K−1

𝑘𝑑𝑟𝑦 Thermal conductivity of porous material without electrolyte in Wm−1 K−1

𝑘𝑤𝑒𝑡 Thermal conductivity of porous material with electrolyte in Wm−1 K−1

𝑘𝑒𝑓𝑓 Thermal conductivity derived by the Brugemann model in Wm−1 K−1

𝑘𝐹 Thermal conductivity of fluid phase in Wm−1 K−1

𝑘𝑖 Thermal conductivity of cell layers in Wm−1 K−1

𝑘𝑟 Thermal conductivity in radial direction in Wm−1 K−1

𝑘𝑧 Thermal conductivity in axial direction in Wm−1 K−1

𝑚𝑐𝑒𝑙𝑙 Mass of the cell in kg
𝑚𝑖 Mass of the cell layers in kg
𝑚𝑗𝑟 Mass of jelly roll in kg
𝑚𝑎𝑜 Mass of anode overhang in kg
𝑚𝑛𝑎 Mass of the non jelly roll domains in kg
�̇�𝑐𝑒𝑙𝑙1, �̇�𝑐𝑒𝑙𝑙2Heat rate inside the cell at 𝑣1 and 𝑣2 in W
�̇�𝑗𝑟 Heat rate inside the jelly roll in W
�̇�𝑡 Heat rate inside the terminals in W
�̇� Volume specific heat source in Wm−3

𝑅𝑖𝑛 Thermal resistance inside the cell in KW−1

𝑅𝑜𝑢𝑡1, 𝑅𝑜𝑢𝑡2 Thermal resistance outside the cell at 𝑣1 and 𝑣2 in KW−1

𝑡 Time in s
𝑇𝑎𝑚𝑏 Ambient temperature of the cell in K
𝑇𝑡𝑛 Temperature at negative terminal of the cell in K
𝑇𝑡𝑝 Temperature at positive terminal of the cell in K
𝑇𝑠 Temperature at the shell of the cell in K
𝛥𝑇𝑠1, 𝛥𝑇𝑠2 Temperature increase at the shell of the cell at 𝑣1 and 𝑣2 in K
𝑈𝑐𝑒𝑙𝑙 Cell voltage in V
𝑈𝑜𝑐𝑣 Open circuit voltage in V
�̂�𝑐𝑒𝑙𝑙 Amplitude of sinusoidal cell voltage in V
𝑣1, 𝑣2 Lower and upper air velocity in ms−1
𝑉𝑗𝑟 Volume of jelly roll in m3

𝑉𝑎𝑜 Volume of anode overhang in m3

𝑍𝑖 Internal electrical impedance in Ω
𝑍𝑒 External electrical impedance in Ω

Table A.14
Measurement results for the lumped parameters heat capacity 𝐶𝑐𝑒𝑙𝑙 and internal
resistance 𝑅𝑖𝑛 for the 21700 cell at three different ambient temperatures and SOCs.
For each result, the arithmetic mean and the 95% interval is given.
𝑈𝑜𝑐𝑣

V
𝑇𝑎𝑚𝑏
K

𝑅𝑖𝑛

KW−1

𝐶𝑐𝑒𝑙𝑙

J K−1

𝑅𝑜𝑢𝑡1

KW−1

𝑅𝑜𝑢𝑡2

KW−1

𝜏1
s

𝜏2
s

3.42 283 0.358 ± 0.02 56.8 ± 0.27 13.5 ± 0.05 4.7 ± 0.00 784.8 ± 0.84 286.4 ± 0.70
298 0.396 ± 0.02 58.3 ± 0.16 14.0 ± 0.04 4.7 ± 0.01 839.6 ± 1.05 299.7 ± 0.53
313 0.437 ± 0.05 59.7 ± 0.27 14.0 ± 0.03 4.8 ± 0.01 864.8 ± 1.60 312.5 ± 0.95

3.63 283 0.302 ± 0.07 57.1 ± 0.31 13.4 ± 0.12 4.7 ± 0.04 782.6 ± 6.26 283.8 ± 1.19
298 0.375 ± 0.01 58.4 ± 0.05 14.0 ± 0.07 4.7 ± 0.02 836.9 ± 3.57 296.8 ± 1.21
313 0.415 ± 0.06 60.1 ± 0.66 14.0 ± 0.04 4.7 ± 0.05 866.2 ± 8.22 310.4 ± 1.86

3.93 283 0.339 ± 0.03 56.7 ± 0.16 13.3 ± 0.03 4.6 ± 0.00 775.7 ± 0.89 281.2 ± 1.28
298 0.363 ± 0.02 58.5 ± 0.13 14.1 ± 0.05 4.8 ± 0.02 844.0 ± 2.22 300.9 ± 1.41
313 0.395 ± 0.03 60.1 ± 0.13 14.0 ± 0.03 4.8 ± 0.01 868.1 ± 2.03 312.4 ± 1.15

Table A.15
Material densities and temperature-dependent heat capacities 𝑐∕( J kg−1 K−1) = 𝑐𝑚3𝑇 −3 +
𝑐𝑚2𝑇 −2 + 𝑐0 + 𝑐1𝑇 + 𝑐2𝑇 2 + 𝑐3𝑇 3.

𝜌
g cm−3

𝑐𝑚3
10−8

𝑐𝑚2
10−6

𝑐0
1

𝑐1
1

𝑐2
10−3

𝑐3
10−4

Graphite [21,37] 2.30 0 0 684.12.996 ◦C−1 0 0
NMC [21,37] 4.70 0 0 757.11.978 ◦C−1 0 0
PP Separator [21,38]0.91 0 0 1148 7.938 ◦C−1 15.24 ◦C−2 3.737 ◦C−3

Cu [38,39] 8.96 0 0 356 0.0988 K−1 0 0
Al [38,40] 2.70 2.84 K3−6.64 K2 785 0.906 K−1 −1.12 K−2 0
Steel 304 [41,42]a 7.90 0 0 182.11.6185 K−1−2.02 K−2 0
Electrolyte [21] 1.24 0 0 1610 1.398 ◦C−1 4.457 ◦C−2 0

aRecommended curve between 200 and 300 K.

Table A.16
Temperature-dependent thermal conductivity of dry and pristine materials used in
lithium-ion cells.

Material 278 K 288 K 298 K 308 K 318 K

𝑘∕Wm−1 K−1

Dry and porous:
A1: Graphite in CO2 [21] 2.46 2.34 2.08 1.87 1.79
C1: NMC in CO2 [21] 0.24 0.20 0.17 0.15 0.14
C2: NMC delithiated in argon [28] 0.344 0.341 0.338 0.335 0.333
C3: NMC lithiated in argon [28] 0.441 0.437 0.433 0.429 0.426

Pristine and non-porous:
A2: Pyrolitic graphite ⊥ [26] 10.4 9.99 9.58 9.26 8.96
A3: 33% of A2 [26,27] 3.42 3.30 3.16 3.06 2.96
PVDF [43] 0.282 0.273 0.263 0.253 0.244
LP50 [11] 0.180 0.177 0.175 0.172 0.170
CO2 [44] 0.0151 0.0158 0.0166 0.0175 0.0183
Argon [44] 0.0166 0.0171 0.0176 0.0181 0.0186
Cu [23] 400.4 399.3 398.2 397.3 396.5
Al [23] 236.2 236.6 236.9 237.5 238.1

Table A.17
Structural parameters of wet 21700 unit cell layers and their temperature-dependent
heat capacity 𝑐∕(J kg−1 K−1) = 𝑐0 + 𝑐1(𝑇 ∕ K − 300).

𝜀𝐹 a 𝜀𝐵𝐶𝐵
a 𝑑𝑙𝑡,𝑖

μm [9]
𝑑𝑙𝑙,𝑖
m

[9]b 𝜌𝑖
gcm−3

c 𝑚𝑖

g
d 𝑐0e 𝑐1e

Anode 0.300 0.090 96.5 1.666 1.95 19.9 934.8 2.733
Cathode 0.300 0.084 76.2 1.604 3.43 26.6 898.1 1.727
Separator 0.450 0.000 18.0 1.810 1.06 2.2 1515.5 4.573
Cu-collector 0.000 0.000 12.0 0.905 8.96 6.2 385.6 0.099
Al-collector 0.000 0.000 13.6 0.811 2.70 1.9 892.4 0.635

aValues originate from the 18650 cell except for 𝜀𝐹 of the anode and cathode, which
are adjusted to match the measured and calculated cell weights in Table 6.
bFor double-coated electrodes, the length is accumulated.
cBulk densities of porous layer 𝜌𝑖 are calculated with Eq. (12) and the material densities
in Table A.15.
dThe total layer mass 𝑚𝑖 is derived from the product of the layer thickness 𝑑𝑙𝑡,𝑖 and
length 𝑑𝑙𝑙,𝑖, the bulk density 𝜌𝑖 and the active jelly roll height of 63.5 mm [9].
eCalculated with Eq. (14).
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Table A.18
Equations and boundary condition of the thermal model in Section 3.1 and Fig. 5.
Heat equation

𝑟𝜌(𝑟, 𝑧)𝑐(𝑟, 𝑧) 𝜕𝑇 (𝑟, 𝑧, 𝑡)
𝜕𝑡

= ∇⃗ ⋅
((

𝑟𝑘𝑟(𝑟, 𝑧) 0
0 𝑟𝑘𝑧(𝑟, 𝑧)

)
∇⃗𝑇 (𝑟, 𝑧, 𝑡)

)
+ 𝑟�̇�(𝑟, 𝑧, 𝑡)

Initial temperature
𝑇 (𝑟, 𝑧, 𝑡 = 0 s) = 𝑇𝑎𝑚𝑏
Heat source
Domain 1–5 �̇�(𝑟, 𝑧, 𝑡) = �̇�𝑡∕(

∑5
𝑛=1 𝑉𝑛)

Domain 6 �̇�(𝑟, 𝑧, 𝑡) = �̇�𝑗𝑟∕(𝑉6)
Boundary conditions

Terminals 𝑛 ⋅
(
𝑟𝑘𝑟(𝑟, 𝑧) 0

0 𝑟𝑘𝑧(𝑟, 𝑧)

)
∇⃗𝑇 (𝑟, 𝑧, 𝑡) = 𝑟ℎ𝑡(𝑇𝑎𝑚𝑏 − 𝑇 (𝑟, 𝑧, 𝑡))

Shell 𝑛 ⋅
(
𝑟𝑘𝑟(𝑟, 𝑧) 0

0 𝑟𝑘𝑧(𝑟, 𝑧)

)
∇⃗𝑇 (𝑟, 𝑧, 𝑡) = 𝑟ℎ𝑠(𝑇𝑎𝑚𝑏 − 𝑇 (𝑟, 𝑧, 𝑡))

Table A.19
Uncertainty analysis for the specific heat capacity of the jelly roll 𝑐𝑗𝑟 in Eq. (14)
and for the through-plane conductivity of the unit cell 𝑘⊥𝑢𝑐 defined by Eq. (15).
Every estimation 𝑒𝑖 is based on the 18650 cell with 𝑘⊥ = 1.122 Wm−1 K−1 and
𝑐𝑗𝑟 = 834 J kg−1 K−1.

Argument uncertainty 𝑒𝑖 =
𝛥𝑘⊥𝑢𝑐
𝑘⊥𝑢𝑐

𝑒𝑖 =
𝛥𝑐𝑗𝑟
𝑐𝑗𝑟

163% ⋅ 𝑘𝑎𝑛𝑜𝑑𝑒a 17.1% –
126% ⋅ 𝑘𝑐𝑎𝑡ℎ𝑜𝑑𝑒a 11.5% –
184% ⋅ 𝑘𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟a 5.9% –
101% ⋅ 𝑘𝐶𝑢

a 0.0% –
101% ⋅ 𝑘𝐴𝑙a 0.0% –
101% ⋅ 𝑑𝑙𝑡,𝑎𝑛𝑜𝑑𝑒b 0.1% 0.0%
102% ⋅ 𝑑𝑙𝑡,𝑐𝑎𝑡ℎ𝑜𝑑𝑒b 0.2% 0.0%
108% ⋅ 𝑑𝑙𝑡,𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟b 0.5% 0.2%
109% ⋅ 𝑑𝑙𝑡,𝐶𝑢

b 0.3% 0.5%
106% ⋅ 𝑑𝑙𝑡,𝐴𝑙b 0.3% 0.0%
115% ⋅ 𝑐𝑎𝑛𝑜𝑑𝑒c,d,e – 5.5%
112% ⋅ 𝑐𝑐𝑎𝑡ℎ𝑜𝑑𝑒c,d,f – 6.0%
112% ⋅ 𝑐𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟c,d,g – 0.6%
101% ⋅ 𝑐𝐶𝑢

h – 0.1%
101% ⋅ 𝑐𝐴𝑙h – 0.1%
√∑

𝑒2𝑖 21.4% 8.2%

aUncertainties are taken from [3].
bUncertainties are based on a precision of 1 μm for common micrometer screws.
cConsiders an uncertainty of 2% [28] for 𝜀𝐹 .
dConsiders an uncertainty of 10.7% for 𝑐𝐹 , which is determined by the deviation
between [24] and [45].
eConsiders an uncertainty of 19.5% for 𝑐𝑆 [24,46].
fConsiders an uncertainty of 13.7% for 𝑐𝑆 [24,46].
gConsiders an uncertainty of 25.3% for 𝑐𝑆 [24,47].
hConsiders an uncertainty of 1.5% for 𝑐𝑆 , which is the lower uncertainty bound for
differential scanning calorimeters [30].

Table A.20
Parameters of the thermal model in Section 3.1 and Fig. 5.

Domain 𝜌
g cm−3

𝑐
J kg−1 K−1

𝑘𝑟
Wm−1 K−1

𝑘𝑧
Wm−1 K−1

1, 7 Table A.15 Table A.15 Table A.16 𝑘𝑟 = 𝑘𝑧
2, 3 Table A.15 Table A.15 Table A.16 𝑘𝑟 = 𝑘𝑧
4 Table A.15 Table A.15 Table A.16 𝑘𝑟 = 𝑘𝑧
5 𝑚𝑎𝑜∕𝑉𝑎𝑜

a,b 𝑐𝑎𝑜a 0.041c,e; 0.042d,e 12.978c,e; 12.485d,e

6 𝑚𝑗𝑟∕𝑉𝑗𝑟
a,b 𝑐𝑗𝑟a 𝑘⊥ 𝑘||

aTaken from Table 6.
bTaken from Fig. 5.
cApplied for the 18650 cell.
dApplied for the 21700 cell.
eAnalogous calculation as for 𝑘⊥ and 𝑘|| with Eqs. (15) and (16) but with the Al
collector and cathode layer replaced by the thermal conductivity of argon in Table A.16.
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4 Meta-analysis on thermal conductivity in lithium-ion
cells

The review article [29] in this chapter entitled Meta-Analysis of Experimental Results for Thermal
Capacity and Thermal Conductivity in Lithium-Ion Batteries: A Critical Review deals with k⊥ mea-
surements on all cell formats through a critical literature review. In addition, the influence of all battery
states mentioned in Figure 4.1, including the state of health, is analyzed. The review is labeled as a
meta-analysis because of the approach of recommending values for k⊥ using statistical methods, which
allows a more objective appraisal to the field [186]. In addition to k⊥, the review article deals with the
in-plane conductivity and the specific heat capacity of all components that are necessary to determine
the parameters of the thermal models shown in Figure 1.5.

Data collection Work on this review began with the definition of the scope with regard to length
scales and sources of information. It was decided to use a length scale ranging from cell components
such as current collectors to full cells, which excludes, for example, thermal parameters of battery
systems. In addition, only peer-reviewed journal articles were considered, which excluded dissertations
and bachelor or master theses from the analysis. The key words were then identified and used for
the literature research in online databases. This literature search found every article that mentioned
thermal conductivity or heat capacity measurements in the title, in key words or in the abstract. In
addition, the authors’ reference management systems were screened for suitable data.

Data analysis After the data was collected, the measurement results from the literature were labeled
and exported to a database. The temperature and SOC dependencies were then calculated using linear
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4 Meta-analysis on thermal conductivity in lithium-ion cells

regressions. The data quantity for each test object is visualized in bar charts to reveal knowledge
gaps for experimental researchers. Boxplot calculations are used to recommend values for thermal
conductivity and heat capacity for thermal modeling of lithium-ion cells. In addition, the boxplot
calculations identified outlying measurements that exceeded the quartile by 1.5 times the interquartile
range.

Results and discussion According to this meta-analysis, the k⊥ of lithium-ion cells is between 0.15
and 1.4 W m−1 K−1. The active material has a pronounced influence on k⊥. For example, NMC-G
stacks exceed the k⊥-median of LFP-G by almost three times. With increasing SOC, a variation in
the k⊥ of -7% to 33% has been observed in the literature. In addition, k⊥ decreases with age by
up to 23%, but the number of studies on SOH dependence is very small. There are contradictory
results for the temperature dependence, observing either a negative or a positive correlation. Thermal
contact resistances between the stack-layers can influence k⊥, which could explain deviations between
measured and calculated k⊥ in the literature. Despite the importance of thermal contact resistance,
its exact magnitude in commercial lithium-ion cells is unknown and further research is needed.

Author contribution The scope and keywords of this review were defined by Jorge V. Barreras,
Haijun Ruan and Marco Steinhardt. The literature research and data analysis was carried out by
Marco Steinhardt and supported by Jorge V. Barreras and Haijun Ruan. The results were discussed
by Jorge V. Barreras, Haijun Ruan and Marco Steinhardt. The manuscript was written by Marco
Steinhardt and review and edited was done by all other authors.
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Statistical recommended medians and 
uncertainties taken from thermal 
experiments. 

• Heat capacity and thermal conductivity 
analyzed from component to cell level. 

• Limited data available on thermal con-
tact resistances between stack layers. 

• Temperature, state of charge and state 
of health dependencies discussed. 

• Identification of knowledge gaps and 
research directions for thermal 
parameters.  

A R T I C L E  I N F O   

Keywords: 
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Thermal contact resistance 

A B S T R A C T   

Scenarios with rapid energy conversion for lithium-ion batteries are increasingly relevant, due to the desire for 
more powerful electric tools or faster charging electric vehicles. However, higher power means higher cooling 
requirements, affecting the battery temperature and its thermal gradients. In turn, temperature is a key quantity 
influencing battery performance, safety and lifetime. Therefore, thermal models are increasingly important for 
the design and operation of battery systems. Key parameters are specific heat capacity and thermal conductivity. 
For these parameters, this paper presents a comprehensive review of the experimental results in the literature, 
where the median values and corresponding uncertainties are summarized. Whenever available, data is analyzed 
from component to cell level with the discussion of dependencies on temperature, state of charge (SOC) and state 
of health (SOH). This meta-analysis reveals gaps in knowledge and research needs. For instance, we uncover 
inconsistencies between the specific heat capacity of electrode-separator stacks and full-cells. For the thermal 
conductivity, we found that thermal contact resistance and dependencies on battery states have been poorly 
studied. There is also a lack of measurements at high temperatures, which are required for safety studies. Overall, 
this study serves as a valuable reference material for both modellers and experimenters.  
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1. Introduction 

In 1991, Sony released the first video camera powered by lithium-ion 
cells [1] - an energy storage technology that nearly delivers twice the 
energy density than nickel–metal hydride batteries (NiMH) [2]. Today, 
lithium-ion cells are still applied in consumer electronics, but their 
market share is increasingly shifting towards electric vehicles (EV) [3] 
and energy storage systems. This general trend is expected to continue, 
supported by policies, regulations and technological advances [4]. 

One of the remaining technical challenges for lithium-ion batteries is 
the need to enhance their energy density and shorten charging time. 
However, as pointed out by Liu et al. [5], solving these challenges often 
results in thermal issues, i.e. a faster and non-uniform temperature in-
crease. For example, Kraft et al. [6] observed that cells with a 
high-capacity cathode active material (lithium and manganese-rich) 
released up to four times as much heat during discharges compared to 
cells with a commonly used cathode active material (nickel-rich). On the 
other hand, Barreras et al. [7] showed that the problem of non-uniform 
temperatures during EV fast charging can be solved with innovative 
balancing concepts, but at the expense of additional cost and 
complexity, and the cooling needs are still significant. 

Indeed, temperature is an important battery state that affects energy 
efficiency [8], ageing rates [9,10], electrical power capability [10] and 
the state of safety [11]. For instance, cell temperatures below − 20 ◦C 
should be avoided for storage and operation as the electrolyte may begin 
to freeze [12,13]. Most lithium-ion cells can operate above − 20 ◦C, but 
energy efficiency and the power capability are compromised. Especially 
high charging power induces accelerated aging due to lithium plating at 
low temperatures [9], which may even result in the formation and growth 
of lithium dendrites, leading to safety hazard, such as thermal runaway. It 
is widely accepted that the desired working temperature for lithium-ion 
cells starts between 10 and 20 ◦C and ends between 30 and 40 ◦C [12, 
14]. However, as demonstrated by Schimpe et al. [10], the optimal tem-
perature range is not constant, but depends on the SOC, the C-rates, and 
the targeted aging rates. In addition, it was shown by Yang et al. [15] and 
Rodrigues et al. [16] that the cell design has also a strong influence on the 
optimal temperature range. In general, temperatures above the desired 
range and up to 60 ◦C should be avoided, because of their impairing effect 
on aging, such as the rapid growth of the solid-electrolyte interface (SEI) 
[9] and electrolyte depletion [17]. 60 ◦C constitutes a safety margin of 20 
◦C for the first exothermic reaction of the SEI, which starts between 80 and 
120 ◦C [18–20]. This exothermic reaction can lead to the self-sustaining 
and safety-critical thermal runaway event. 

Due to the significance of the cell temperature Tcell for safety, lifetime and 
performance, battery developers use thermal cell models. For these models, 
the specific heat capacity cp at constant pressure constitutes an essential 
parameter. If thermal gradients inside the cell can be neglected (low Biot 
number), the lumped capacitance model in Equation (1) is a reasonable 
modeling approach for Tcell [21,22]. Accordingly, the increase in Tcell de-
pends strongly on the specific heat capacity cp, which is reviewed in this 
paper. Further influences on Tcell accrue from the density ρ, volume Vcell, and 
surface Asurf of the cell. On the operational side, the heat generation rate 
inside the cell q̇Vcell, the heat transfer coefficient hsurf , and the ambient 
temperature Tamb act on Tcell. For adiabatic boundary conditions (hsurf =

0 W m− 2 K− 1), uncertainties in cp would translate directly into un-
certainties in ∂Tcell/∂t. For example, an uncertainty of 10% in cp would cause 
an uncertainty in ∂Tcell/∂t of 10%, which can drop to an uncertainty of 6% at 
lower heat transfer coefficients (7 W m− 2 K− 1) [23]. 

cpρVcell
∂Tcell

∂t
= q̇Vcell − hsurf Asurf (Tcell − Tamb) (1)  

cpρ ∂Tcell

∂t
= kx

∂2Tcell

∂x2 + ky
∂2Tcell

∂y2 + kz
∂2Tcell

∂z2 + q̇ (2) 

If significant temperature gradients inside the lithium-ion cell are 

expected, thermal cell models usually apply a version of the heat Equation 
(2). For example, this can be the case for safety simulations [24], 
pre-heating studies [25], or fast charging investigation [26]. The thermal 
conductivity influences the temperature field Tcell in Equation (2), which 
depends on the location (x,y,z) and the time t. Due to the layered structure 
of the electrode-separator stack, the thermal conductivity is anisotropic 
and described by a value in each Cartesian direction (kx,ky,kz). It should be 
noted that Equation (2) is expressed in Cartesian coordinates (x,y,z) but 
can readily be expressed in cylindrical coordinates (r, z, φ). 

Equations (1) and (2) emphasize the dependency of Tcell on intrinsic 
material parameters of the cell (cp, kx, ky, kz) and the operational con-
ditions (q̇,hsurf ,Tamb). Despite the importance of material parameters for 
Tcell, review papers [2,27] summarizing their values are out of date. In 
2011, Bandhauer et al. [2] analyzed the results of two thermal con-
ductivity studies [28,29] and expressed the need for a better under-
standing of thermal contact resistances within full-cells and the lack for 
measurement data for cells with lithium-iron-phosphate (LFP) cathodes. 
Madani et al. [30] and Tang et al. [31] concentrated their reviews on the 
experimental methods rather than on the results. Shah et al. [27] pub-
lished one of the most comprehensive reviews on thermal parameters in 
2016. They summarized eleven experiments on material and six on 
full-cell level. Despite this increase in experiments since 2011, Shah 
et al. [27] considers the available data for thermal transport properties 
to be insufficient, so that further experiments are necessary to resolve 
the spread of the reported results and to identify rate-limiting thermal 
transport processes. Kantharaj et al. [32] published the latest review 
paper on thermal parameters in 2019. Based on ten thermal studies at 
the material level and nine at the full-cell level, they expressed the need 
to understand the relationship between thermal conductivity and par-
ticle size, shape and distribution. In addition, the thermal contact 
resistance within full-cells has to be further characterized according to 
Kantharaj et al. [32]. 

This paper extends the literature review by Shah et al. [27] and 
Kantharaj et al. [32] by a statistical summary of the measurement results 
for the specific heat capacity cp and thermal conductivity k of lithium-ion 
cells and their components. The review is called meta-analysis because of 
the statistical procedures, which allows a more objective appraisal to the 
field [33]. The meta-analysis is limited to present-day lithium-ion cells 
with a liquid or gel electrolyte. Therefore, all-solid state cells are not 
considered. Furthermore, the experimental characterization methods are 
not described in detail, but will be examined in a future publication. This 
review paper aims to facilitate the parameterization of thermal cell 
models and to reveal missing measurements for experimental researchers. 
Accordingly, this review aims to: 

• Summarize values for specific heat capacity and thermal conduc-
tivity and calculate corresponding uncertainty ranges and medians 
for thermal models.  

• Discuss the dependencies of the thermal parameters on temperature, 
SOC and SOH.  

• Identify knowledge gaps and research needs in the field of thermal 
parameters. 

This review paper deals with the specific heat capacity in Section 2 
and the thermal conductivity and thermal contact resistances in Section 
3. Corresponding subsections are listed in Table 1. For the specific heat 
capacity, components inside lithium-ion cells are first analyzed. For this 
meta-analysis, we differentiate between porous (e.g. coatings), solid 
non-porous (e.g. current collectors), and fluid (e.g. electrolyte) compo-
nents. The specific heat capacity of these components is then compared 
with the results of electrode-separator stacks and full-cells. Section 3 
commences with the thermal conductivity of the electrode-separator 
stack and full-cells, which is described by a value in through-plane 
and in-plane direction. While the in-plane conductivity is predomi-
nately determined by the layer thicknesses of the current collectors [34], 
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the through-plane conductivity is influenced by the thermal conduc-
tivity of the stack layers and thermal contact resistances between them. 
Both influencing quantities for the through-plane conductivity are 
reviewed in the last two subsections. 

Table 1 provides further information about the measurement and 
evaluation level for the thermal experiments and names the thermal 
model, where parameterization benefits from the respective subsection 
either through direct (Yd) application of the parameter or indirectly 
through a calculation (Yac). For model definitions and instructions on how 
to select the thermal parameters for each thermal model, see the supple-
mentary material (https://doi.org/10.1016/j.jpowsour.2021.230829). 
Each thermal experiment can be divided into a measurement phase and an 
evaluation phase, with the latter using the measurement results to 
calculate the desired parameters such as the thermal conductivity. In 
some subsections, the measurement and evaluation level can be different. 
Subsection 2.3 can contain, for example, the specific heat capacity of a 
full-cell measurement, but the evaluation phase of which compensates for 
components other than the stack. In this case, the result is considered to be 
the specific heat capacity of the stack and not the full-cell. 

2. Specific heat capacity 

This section addresses various heat capacity experiments from 
component to full-cell level, which is illustrated in Fig. 1. Full-cell 
measurement are needed if the internal cell construction is unknown 
whereas heat capacities of cell components are a must for thermal cell 
design studies [39]. In addition, layer-resolved thermal models [36,40, 
41] require the specific heat capacity at the component level, while 

lumped-capacitance or single-domain models are more conveniently 
parameterized with averaged capacities from full-cell measurements 
[42]. Therefore, heat capacity measurements at both full-cell and 
component level are useful in battery research. 

Calorimetric methods are mostly used to measure the specific heat ca-
pacity, which in principle measure the heat flow to the test object and the 
subsequent temperature increase. The most frequently used type of calo-
rimeter is the differential scanning calorimeter with a measurement uncer-
tainty between 1.5% and 10% [43]. Measurements that are more precise can 
be achieved with adiabatic calorimeters, which offer an uncertainty of 
0.05%–2% [43]. Besides the calorimetric equilibrium methods, transient 
measuring regimes such as the hot disc method can be used to measure the 
specific heat capacity [44]. The advantage of transient methods is that more 
than one thermal parameter can be measured [44]. In the field of lithium-ion 
cells, thermal impedance spectroscopy is a prominent transient method for 
measuring the specific heat capacity [45–48]. 

Lithium-ion cells contain porous components with a porosity ε. 
These include the cathode and anode coatings and the separator, as 
shown on the left-hand side of Fig. 1. The specific heat capacity of such 
porous materials cpor can be calculated with Equation (3) [13]. cpor 

depends on the specific heat capacity of the fluid cfluid and solid phase 
csolid, which are weighted by their mass fraction. Therefore, the volume 
fraction ε has to be multiplied with the density of the fluid ρfluid and 
solid phase ρsolid. The bulk density ρbulk of the porous material is 
calculated with Equation (4). 

cpor =
cfluidρfluidε + csolidρsolid(1 − ε)

ρbulk
(3) 

Table 1 
Subsections in this review paper with the measurement and evaluation levels of the thermal parameters and the applicability for models with different levels of 
homogenization. Applicability is assessed for layer-resolved models (LRM [28,35,36]), component-resolved models (CRM [6,37]) with multiple domains for com-
ponents such as the cell housing or stack, and single-domain models (SDM [38]) with a single volume for the entire cell. For more information on the three thermal 
models and parameters selection guidelines, see the supplementary material. Note that “conductivity” refers to “thermal conductivity” in this work.  

Subsection Measurement level Evaluation level Applicability to models 

LRM CRM SDM 

2.1 Heat capacity of porous components and electrolytes Cell component Cell component Yd YAC YAC 

2.2 Heat capacity of solid non-porous components Cell component Cell component Yd YAC YAC 

2.3 Heat capacity of electrode-separator stacks Full-cell, stack Stack N Yd YAC 

2.4 Heat capacity of full-cells Full-cell Full-cell N N Yd 

3.1 Conductivity of electrode-separator stacks and full-cells Full-cell, stack Full-cell, stack N Yd YAC 

3.2 Conductivity of solid non-porous components Cell component Cell component Yd YAC YAC 

3.3 Conductivity of porous components Cell component Cell component Yd YAC YAC 

3.4 Contact resistances Full-cell, stack Cell component Yd YAC YAC 

Yd: Can be used directly in the thermal model. YAC: Additional calculations are required for use in the thermal model. N: Cannot be used in the thermal model. 

Fig. 1. Schematic of different scales for the specific heat capacity demonstrated for the cylindrical cell format.  
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ρbulk = ρfluidε + ρsolid(1 − ε) (4) 

It should be emphasized that the solid phase of the anode, the cathode, 
and the separator is also a composite. According to Equations (5) and (6), 
the weight fractions mscm,i/

∑

i
mscm,i, densities ρscm,i, and specific heat ca-

pacities cscm,i of solid composite materials can influence csolid and ρsolid. 
Anode and cathode coatings in lithium-ion cells typically consist of solid 
active particles, polymer binders and additives [49,50]. The solid phase of 
separators usually consists of microporous polymer membranes, 
non-woven fabric mats or inorganic composites [51]. These three sepa-
rator categories can contain solid materials such as polyethylene tere-
phthalate (PET), polypropylene (PP), polyethylene (PE), polyamide (PA), 
polyvinylchloride (PVC), polyester (PU), Al2O3, and SiO2 [51–53]. 

csolid =
∑

i

(
mscm,i

∑
imscm,i

cscm,i

)

(5)  

ρsolid =

∑
imscm,i

∑
i

(
mscm,i

/
ρscm,i

) (6) 

The stack level in Fig. 1 encompasses porous coatings, porous 

separator sheets, and non-porous current collector foils. These stack 
layers build the electrode-separator stack, which is wound to form the so- 
called jelly roll in case of cylindrical cell formats. The effective heat ca-
pacity of the electrode-separator stack cstack is defined by Equation (7) 
[54], which is independent of the geometry. Instead, the mass of the dry 
anode and cathode coatings (mano,mcat), the mass of the anode and cathode 
current collectors (manoCC,mcatCC), and the mass of the dry separator msep 

compared to the total mass of the stack mstack determines the weighting of 
the heat capacities. The specific heat capacity of the separator csep, anode 
coating cano and cathode coating ccat are dry porous heat capacities cpor in 
the sense of Equation (3). Whereas the heat capacity of the anode canoCC 

and cathode ccatCC current collector in Equation (7) are solid non-porous 
heat capacities. It should be noted that all of the masses in Equation (7) 
must include passive components such as the excess of the separator or the 
overhang of the anode electrode. For example, the area of the anode can 
exceed the area of the cathode by 9%, which reduces the risk of lithium 
plating on the edges of the electrode [55]. 

Besides the current collectors, full-cells contain further solid non- 
porous components in the cell housing such as the can and the termi-
nal. Especially for cylindrical cells, the positive terminal can contain 

Table 2 
Measured specific heat capacity of porous electrode coatings and separators cpor , and electrolytes cfluid applied in electrode-separator stacks of lithium-ion cells. All 
electrode coatings contain active material, binder and conductive additives. If there is electrolyte in the pore, the measurement is declared wet. Dry measurements 
contain inert gas inside the pores, which equates cpor with csolid. No information provided is marked with (− ).  

No. Ref. Stack layer Dry/wet ρsolid
g cm− 3  

ρbulk
g cm− 3  

ε
%  

T
K  

cp

J kg− 1K− 1  
αcp ,T

K− 1

a)

1 [13] Graphiteb) Dry 2.31 – 46 283 ± 50 710 ± 151 +0.4 
2 [13] Graphiteb) Dry 2.31 – 47 283 ± 50 715 ± 149 +0.4 
3 [13] Graphiteb) Dry 2.44 – 53 283 ± 50 696 ± 154 +0.4 
4 [13] Graphiteb) Dry 2.15 – 51 283 ± 50 718 ± 139 +0.4 
5 [13] Graphiteb) Dry 2.01 – 66 283 ± 50 720 ± 147 +0.4 
6 [13] Graphiteb) Dry 2.46 – 43 283 ± 50 729 ± 149 +0.4 
7 [59] Graphite Dry – 1.621 – 323 ± 30 1134 0.0 
8 [54] Graphite Wet – 1.35 – – 1437 – 
9 [58] Graphiteb) Wet – – 31 326 ± 28 1097 ± 178 +0.8 
10 [60] Graphiteb) Wet – 2.5 – – 700 – 
11 [13] Separatorb)d) Dry – – – 283 ± 50 1786 ± 436 +0.5 
12 [13] Separatorb)d) Dry – – – 283 ± 50 1614 ± 345 +0.4 
13 [13] Separatorb)d) Dry – – – 283 ± 50 1581 ± 337 +0.4 
14 [13] Separatorb)d) Dry – – – 283 ± 50 1234 ± 239 +0.4 
15 [13] Separatorb)d) Dry – – – 283 ± 50 1583 ± 367 +0.4 
16 [13] Separatorb)d) Dry – – – 283 ± 50 1600 ± 381 +0.5 
17 [13] Separatore) Dry – – – 283 ± 50 1583 ± 340 +0.4 
18 [13] Separatore) Dry – – – 283 ± 50 1683 ± 340 +0.4 
19 [13] Separatorf) Dry – – – 283 ± 50 1556 ± 354 +0.5 
20 [59] Separator Dry – 0.586 – 323 ± 30 3250 0.0 
21 [61] Separatorb) Dry – 0.91 – 311 ± 13 2475 ± 5 0.0 
22 [54] Separator Wet – 1.01 – – 1978 – 
23 [58] Separatorb) Wet – – 40 326 ± 28 1689 ± 141 +0.3 
24 [60] Separatorb) Wet – 1.2 – – 700 – 
25 [13] LCOb) Dry 4.81 – 31 283 ± 50 697 ± 98 +0.3 
26 [13] LCOb) Dry 4.48 – 29 283 ± 50 707 ± 98 +0.3 
27 [57] LCOc) Dry 4.54 2.35 46 ± 3 423 ± 150 830 ± 156 +0.1 
28 [62] LCO/LMO Dry 4.72 2.34 48 436 ± 138 862 ± 119 +0.1 
29 [54] LCO Wet – 2.33 – – 1269 – 
30 [13] NMCb) Dry 3.88 – 37 283 ± 50 767 ± 95 +0.2 
31 [13] NMCb) Dry 3.93 – 22 283 ± 50 761 ± 89 +0.2 
32 [13] NMCb) Dry 4.24 – 36 283 ± 50 764 ± 94 +0.2 
33 [57] NMCc) Dry 4.32 2.45 42 ± 4 423 ± 150 898 ± 144 +0.1 
34 [59] NMC Dry – 2.580 – 323 ± 30 1068 0.0 
35 [58] NMCb) Wet – – 29 326 ± 28 952 ± 39 +0.2 
36 [13] LCO/NCAb) Dry 3.93 – 23 283 ± 50 737 ± 99 +0.3 
37 [63] LFPc) Dry 1.65 – – 290 ± 100 735 ± 181 +0.2 
38 [62] LCO/LMOc) Dry 3.96 1.73 58 436 ± 138 904 ± 92 +0.1 
39 [60] LMOb) Wet – 1.5 – – 700 – 
40 [13] Electrolyteg) – – 1.28 – 293 ± 40 1639 ± 58 +0.1 
41 [13] Electrolyteh) – – 1.24 – 283 ± 50 1630 ± 74 +0.1 
42 [54] Electrolyte – – 1.130 – – 2055 – 
43 [59] Electrolyteg) – – 1.280 – 323 ± 30 229 0.0 

a) The temperature dependency αcp ,T is determined by dividing the slope of the linear regression ∂cp/∂T by the heat capacity at 300 K. b) Extracted from a commercially 
available lithium-ion cell. c) Weight fraction of the active material greater than or equal to 90%. d) Contains PP. e) Manufactured by Celgard. f) Manufactured by 
Toray. g) LP30 from BASF. h) LP50 from BASF. 
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various subcomponents such as the current interrupt device (CID) [56]. 
Furthermore, some cylindrical cells contain a mandrel inside the jelly 
roll gap, which is used during the winding process. The specific heat 
capacity of the solid components outside the electrode stack cn and their 
mass mn introduce a difference between the heat capacity of the full-cell 
ccell (Equation (8)) and cstack. 

cstack =
manocano + mcatccat + msepcsep + maCCcaCC + mcCCccCC + melecele

mano + mcat + msep + maCC + mcCC + mele
(7)  

ccell =
mstackcstack +

∑
n(cnmn)

mstack +
∑

n(mn)
(8) 

The specific heat capacities covered by Equations (3)–(8) are 
reviewed in the following subsections. Values for csolid and cfluid from 
Equation (3) are analyzed in subsection 2.1, which determines cano, ccat 

and csep. Heat capacities for the current collectors (caCC, ccCC) can be 
found in subsection 2.2. Subsections 2.3 and 2.4 cover direct measure-
ments of cstack and ccell, respectively. 

2.1. Heat capacity of porous components and electrolytes 

Table 2 lists experimental results for porous cpor and fluid cfluid 
materials used in lithium-ion cells and differentiates between whether 
the pores contain electrolyte (wet) or inert gas (dry). The mass fraction 
of the fluid phase ρfluidε/ρbulk becomes negligible compared to the solid 
phase if inert gas such as argon fills the pores. Therefore, dry cpor can be 
equated with csolid in Equation (3). Most dry test samples in Table 2 were 
extracted from commercial electrodes and washed and dried afterwards 
to remove any remainders of the electrolyte [13]. If the test sample was 
measured right after the dissection or additional electrolyte was added 
before the measurement, the experiment is labeled wet. Table 2 further 
contains information on ρsolid , ρbulk, and ε, which characterizes the 
composition and morphology. 

If a reference contains more than one measurement point for cp, 
Table 2 lists the mid-range, which is the arithmetic mean of minimum and 
maximum. Changes in cp can arise from many sources such as measure-
ment uncertainty or variations in battery states such as SOC, SOH or 
temperature T. If the reference varies the temperature, this variation is 

Fig. 2. Number of test samples that were subjected to specific heat capacity and thermal conductivity experiments in the field of lithium-ion cells. a) Porous 
components cpor and the electrolyte cfluid used for the electrode-separator stack, which are listed in Table 2. The legend differentiates between test samples with an 
electrolyte inside the pores (wet) and dry test samples. b) Full-cell test samples ccell filtered by the cell format and cathode chemistry from Table 6. c) Number for full- 
cell or stack samples in the in-plane k‖ (Table 8) or through-plane k⊥ (Table 9) directions of the electrode-separator stack. Each bar shows the count of the cathode 
chemistry used for the test sample. d) Number of wet stack layer samples kl, which are listed in Table 11. 
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also stated in Table 2 [54] by the mid-range and the deviation to the 
extrema. Furthermore, in case of varying temperature the temperature 
dependency αcp ,T is fitted with a linear function: p1(T − 300 K)+ p2. The 
temperature dependency is then defined by dividing the slope 
p1 = dcp/dT with the heat capacity at 300 K (p2 = cp(300K)). As the SOH 
has not been mentioned by any reference and the SOC is only mentioned 
by Gotcu et al. [57], Loges et al. [13], and Liebig et al. [58], both states are 
not included in the header of Table 2. 

The bar chart in Fig. 2 a) gives an overview of the 43 test samples in 
Table 2. Furthermore, the chart differentiates between wet and dry 
measurements. According to Fig. 2 a), every common cathode chemistry 
of lithium-ion cells is contained in Table 2 except for lithium-nickel- 
cobalt-aluminum-oxide (NCA). Note that LCO/NCA is a blended cath-
ode. Uncertainties in the heat capacity can be estimated for electrolyte, 
graphite (G), lithium-cobalt-oxide (LCO), lithium-nickel-manganese- 
cobalt-oxide (NMC) and separators because more than one test sample 
was measured. However, this uncertainty estimate is not possible for the 
frequently used cathode material LFP or LMO because only one test 
sample was measured. On the anode side, no experiments have been 
conducted for lithium-titanate-oxide (LTO) and silicon-graphite coatings 
[13]. Note that the coating includes the active material, binder and ad-
ditives and not the current collector. The amount of data for graphite, 
LCO, NMC and the separator material allows comparisons between dry 
and wet measurements, with which the validity of Equation (3) can be 
checked. For this reason, the porosity ε of the material is listed in Table 2. 

Fig. 3 a) shows the boxplot of selected specific heat capacities with 
more than one entry in Table 2. In this review paper, the median is 
considered the recommended value for the thermal parameters, as it is 
the better choice in the case of skewed data or data with outliers [64]. 
First, the electrolyte is analyzed as the only non-porous material in Fig. 3 
a) with a median heat capacity of 1635 J kg− 1 K− 1. This median heat 
capacity can be explained by common electrolyte constitutes such as 
ethylene carbonate (EC, 1521 J kg− 1 K− 1 [65]) or dimethyl carbonate 
(DMC, 1855 J kg− 1 K− 1 [66]). As with solid composite materials, the 
specific heat capacity of liquid mixtures can be calculated using the 
weighted average in Equation (3) [67]. For example, the electrolyte 
LP30 (Table 2, No. 40) contains the carbonates EC and DMC [13] in 
equal weight fractions, which results in an average heat capacity of 
1688 J kg− 1 K− 1 using Equation (3). This represents a slight deviation 
from the measured median of 3%. 

The boxplot in Fig. 3 a) shows a lower and upper whisker of 229 and 
2055 J kg− 1 K− 1 for the electrolyte, which constitute a deviation of 
±80% from the mid-range. Especially the lower whisker (LP30, Table 2, 
No. 43) has to be treated with caution, due to its low capacity compared 
to the electrolyte constitutes. Therefore, more electrolyte experiments 
are required to identify outliers and narrow the range for the heat ca-
pacity. In addition, the influence of the LiPF6 salt on the heat capacity of 
the electrolyte cfluid has not yet been investigated. As the mass fraction of 
LiPF6 in common electrolytes lies around 10% (LP30 11.5 wt% [68]), a 
significant impact on cfluid cannot be neglected. 

The boxplot in Fig. 3 a) shows a median heat capacity of 1600 
J kg− 1 K− 1 for dry separator sheets. This median agrees well with 
common raw materials of separators [52] such as PET (1172 J kg− 1 K− 1 

[69]), PE (1549 J kg− 1 K− 1 [70]), and PP (1634 J kg− 1 K− 1 [70]). Ac-
cording to the boxplot, No. 14 in Table 2 can be treated as an outlier, 
since the value of 1234 J kg− 1 K− 1 is below the lower whisker but a high 
weight fraction of PET could explain this result. On the upper side, No. 
20 and 21 exceeds the upper whisker. In particular, the maximum of 
3250 J kg− 1 K− 1 measured for a polyolefin separator does not corre-
spond to the specific heat capacity of conventional polymers at 300 K 
[71]. In addition, inorganic separator materials such as Al2O3 or SiO2 

with a specific heat capacity of 866 and 746 J kg− 1 K− 1 [67] cannot 
serve as an explanation for the upper outlier. After the outliers have been 
identified, a value range for dry separators between 1556 and 1786 
J kg− 1 K− 1 can be derived from the lower and upper whiskers of the 
boxplot. The corresponding mid-range of 1671 J kg− 1K− 1 describes the 
specific heat capacity of dry separators with an uncertainty of ±7%. 

The cathode coatings NMC and LCO show similar heat capacities 
with a median of 767 and 707 J kg− 1 K− 1, respectively. Because of this 
slight deviation, there is no need to differentiate between the two 
cathode coatings according to Loges et al. [13]. This statement also 
seems to apply to LFP coatings with a specific heat capacity of 735 
J kg− 1 K− 1 (Table 2, No. 37). For LFP and LMO, however, further 
measurements are required to clarify the question of whether differences 
in the heat capacity of lithium-ion cells can be explained by the cathode 
material. All of the dry cathode coatings in Table 2 have a median heat 
capacity near NMC of 764 J kg− 1K− 1. Taking into account the lower and 
upper whiskers, the mid-range heat capacity for all cathodes contains an 
uncertainty of ±13%. 

Fig. 3. Specific heat capacity of components used in lithium-ion cells, with recommended values for thermal modeling in round brackets (median). a) Boxplot for 
cpor (wet), csolid (dry) and cfluid (electrolyte), which are listed in Table 2. Specific heat capacities of selected non-porous components from Table 3 are given in the 
square box. b) Boxplot of the linear temperature dependence of the specific heat capacity αcp ,T from Table 2. SOC and SOH dependency is not include due to the small 
data quantity. 
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The median for dry graphite coatings is 718 J kg− 1 K− 1 in Fig. 3 a), 
which contains the measurement results of seven test samples. 
Although these coatings contain polyvinylidene fluoride (PVDF) binder 
(1114 J kg− 1 K− 1 [72]) and carbon black (650 J kg− 1 K− 1 [72]), the 
median of 718 J kg− 1 K− 1 is close to pure graphite with a specific heat 
capacity of 706.9 J kg− 1 K− 1 [73]. The increase compared to pure 
graphite depends on the weight fraction of the binder. For example, a 
weight fraction of the PVDF binder of 5% [6] would increase the heat 
capacity of the graphite coating to 727 J kg− 1 K− 1. Given the compo-
sition of graphite coatings in lithium-ion cells, the heat capacity of 
1134 J kg− 1 K− 1 (Table 2, No. 7) is most likely an outlier, which is 
supported by the boxplot calculations. The mid-range capacity of dry 
graphite exhibits a minor uncertainty of ±2% compared to other ma-
terials in Fig. 3 a). The comparable lower uncertainty can be explained 
by the instance that all measurements contained in the median of 718 
J kg− 1 K− 1 are conducted by Loges et al. [13]. Therefore, the ±2% 
range does not cover any other sources of uncertainty (e.g. measure-
ment technique), which requires additional measurements in this field. 

Using Equations (3) and (4) and the parameters in Table 2 to 
calculate cpor of wet coatings or separators can cause an uncertainty of 
up to 4%. This can be demonstrated by the experiments of Liebig et al. 
[58], because they indicated the porosity of the wet separator and the 
graphite coating (Table 2, No. 9, 23). For the demonstration, the median 
in Fig. 3 a) of dry graphite (csolid) and the median of the electrolyte 
(cfluid), a solid and fluid density of 2.31 and 1.28 g cm− 3 (Table 2, No. 1, 
40), and a porosity of 31% are used. These values result in a heat ca-
pacity of the wet graphite coating of 901 J kg− 1 K− 1, which deviates by 
2% from the measured capacity at 300 K (Table 2, No. 9). For the 
separator, a solid density of PP (0.89 g cm− 3 [71]) is assumed, since the 
heat capacity of PP comes closest to the median of the separators in 
Fig. 3 a). With a porosity of 40%, the heat capacity of the wet separator is 
calculated according to Equation (3) as 1617 J kg− 1 K− 1. This result for 
cpor corresponds to the measurement at 300 K with an uncertainty of 4% 
(Table 2, No. 23). Therefore, Equations (3) and (4) and Table 2 can be 
used as a powerful tool for determining the heat capacity of porous 
components of lithium-ion cells, if the researcher knows the porosity. 

In general, the specific heat capacity at constant pressure cp depends 
on the specific heat capacity at constant volume, the thermal expansion, 
the molar volume and the compressibility of the material - all variables 
with a temperature dependence [74]. The heat capacity at constant 
volume can be determined with quantum-mechanical calculations. For 
example, taking into account the vibrations of atoms, Einstein formu-
lated an equation for the capacity at constant volume, which depends on 
the temperature [75]. Often no measurement data for the entire tem-
perature range are given for compressibility [74], which makes 
solid-state physical calculations of the temperature dependency of cp 

more difficult. Therefore, measured temperature dependencies for cp 

are discussed without physical calculations in this review paper. 
Fig. 3 b) shows the boxplot for the temperature dependency αcp ,T listed 

in Table 2. As in Fig. 3 a), the ordinate of the box plot in Fig. 3 b) indicates 
the median of the temperature dependence in round brackets. According 
to the boxplot, the temperature dependency is positive for each material, 
with the lowest median being determined for the electrolyte (0.1% K− 1) 
and the highest for the wet graphite coating (0.8% K− 1). The boxplot in 
Fig. 3 b) contains only a single wet test sample for the separator and 
graphite, since Liebig et al. [58] is the only study that measured wet heat 
capacities at different temperatures. Therefore, the identification of out-
liers and the assessment of uncertainties for both materials is not possible. 
Nevertheless, the plausibility can be verified by comparing wet and dry 
temperature dependencies. According to Equation (3) and assuming a 
linear dependency, αcp ,T for wet materials has to lie between the electro-
lyte and the corresponding dry material. This is the case for the wet 
separator in Fig. 3 b) but not for the wet graphite (Table 2, No. 9), which 
exceeds the temperature dependency of the dry coating by 0.4% K− 1. 
Therefore, further measurements are needed to clarify this discrepancy. 

According to Fig. 3 b), dry separator material has a temperature de-
pendency of 0.4 K− 1, which corresponds well to PP material. The heat ca-
pacity of PP increases from 1570 to 1920 J kg− 1 K− 1 for a temperature 
increase from 273 to 323 K [67]. This change in heat capacity divided by the 
heat capacity at 300 K of 1622 J kg− 1 K− 1 [71] gives a consistent temper-
ature dependence of 0.4 K− 1. The consistency supports the suggestion of 
outliers in Fig. 3 b) for temperature dependencies around 0.0% K− 1. On the 
cathode side, LCO and NMC coatings show similar temperature de-
pendencies of 0.2% K− 1, which also correspond to LFP and LMO (Table 2 No. 
37, 38). In contrast, graphite coatings show a higher temperature de-
pendency of 0.4 K− 1 with one outlier that found no dependence (Table 2, No. 
7). As with separators, the temperature dependence of dry graphite coatings 
corresponds very well to that of pure graphite of 0.4% K− 1 [73]. 

Most of the investigations in Table 2 neither mention the SOC after the 
electrodes have been extracted from a full-cell nor the electrode lithiation 
degree in the case of in-house electrode manufacture. Exceptions are the test 
series of Loges et al. [13], Liebig et al. [58], and Gotcu et al. [57]. Most of the 
results of Loges et al. [13] and Liebig et al. [58] were conducted at a full-cell 
SOC of 0%, while Gotcu et al. [57] used an electrode lithiation degree of 
100%. In addition, Loges et al. [13] varied the full-cell SOC between 0% and 
100% of a commercial graphite and LCO/NCA coating. According to their 
results, the specific heat capacity of the dry graphite coating increases with 
increasing full-cell SOC by 19%. In contrast, the LCO/NCA cathode coating 
decreased by 7% when the full-cell SOC was changed from 0% to 100%. As a 
result, the specific heat capacity of the electrode-separator stack can rise or 
fall, which is discussed in Subsection 2.3. Loges et al. [13] did not provide any 
physical explanations for the SOC dependence, but the Kopp-Neumann law 
[75] could explain their observation. This law says that the effective heat 
capacity of a compound depends on its atomic mass fraction and the heat 
capacity of the components. Since lithium (3582 J kg− 1 K− 1 [76]) has a 
higher specific heat capacity than all intercalation hosts used in lithium-ion 
cells, the heat capacity of the active material must increase with the degree of 
lithiation. Nevertheless, there should be no connection between the heat 

Table 3 
Measured specific heat capacity of solid components outside the electrode-separators stack cn and the current collectors (caCC, ccCC). No information provided is marked 
with (− ).  

Material ρ
g cm− 3  

T
K  

cp

J kg− 1 K− 1  
αcp ,T

K− 1

g)

Coppera) 8.96 [76] 316 ± 18 [82] 387 ± 2 [82] +0.0 
Aluminumb) 2.70 [76] 293 ± 40 [83] 884 ± 27 [83] +0.1 
Aluminum alloy 3003c) 2.73 [84] – 893 [84] – 
Pouch foild) – 283 ± 50 [13] 1191 ± 208 [13] +0.3 
PPe) 0.95 [70] 300 ± 30 [70] 1634 ± 188 [70] +0.4 
PETe) 1.35 ± 0.05 [71] 300 ± 30 [69] 1172 ± 112 [69] +0.3 
PEe) 1.00 [70] 300 ± 30 [70] 1549 ± 130 [70] +0.3 
Stainless steel AISI 304f) 7.90 [85] 300 ± 30 [86] 480 ± 12 [86] +0.1 

a) Anode current collector, Negative cell terminal. b) Cathode current collector, Anode current collector (LTO) [87], Positive cell terminal. c) Prismatic cell housing 
[34,77,78], Cylindrical housing [45]. d) Aluminum polymer composite [13]. e) Pouch foil layer. f) Cylindrical housing [79,88], Prismatic cell housing [50], Cylindrical 
mandrel/center pin [80]. g) The temperature dependency αcp ,T is determined by dividing the slope of the linear regression ∂cp/∂T by the heat capacity at 300 K. 
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capacity and the SOC in full-cells, since the lithium content is retained for this 
control volume. Finally, it should be mentioned that the investigations in 
Table 2 do not reveal any details or variations in the SOH. 

2.2. Heat capacity of solid non-porous components 

A working lithium-ion cell not only contains porous and fluid compo-
nents introduced in the previous subsection, but also solid non-porous 
components. To complete the electrode-separator stack in Fig. 1, for 
example, the non-porous current collectors for the anode and cathode are 
necessary, which are usually made of copper and aluminum [13,77]. 
Furthermore, in order to determine the heat capacity of a complete 
lithium-ion cell, other non-porous components such as the cell housing must 
be taken into account. In the case of pouch cells, the cell housing consists of 
the pouch foil, a composite of aluminum, polyamide and polyethylene (PE) 
[13]. Prismatic cell housings are usually made of aluminum alloys [77,78] or 
stainless steel [50]. Pouch and prismatic cell formats also have external 
current collectors made of copper and aluminum [36,38]. This is not the case 
for cylindrical cells where the housing acts as the negative or positive current 
collector. Usually stainless steel is applied for the housing of cylindrical cells 
[79] and the terminal of the top cap. Besides the housing and the external 
terminals, lithium-ion cells can contain other components such as the CID 
[56], electrical insulation layers [78] or mandrels inside the jelly roll [80]. 
All consist of the materials listed in Table 3 with their specific heat capacity, 
which are important parameters in order to determine the total specific heat 
capacity of a lithium-ion cell. 

Pure copper has the lowest specific heat capacity in Table 3 of 
387 J kg− 1 K− 1. Furthermore, the temperature dependency αcp ,T is negli-
gible. In contrast, pure aluminum exhibits a small positive temperature de-
pendency. Furthermore, the specific heat capacity of 884J kg− 1 K− 1 is 
approximately twice the magnitude of copper. Both heat capacities are well 
predictable by the Dulong–Petit law [81], which states that the molar heat 
capacity of solid elements cm is equal to three times the universal gas constant 
(cm = 3⋅8.314 J mol− 1 K− 1). Three times the gas constant divided by the 
molar masses of copper (63.5 g mol− 1 [76]) and aluminum (27.0 g mol− 1 

[76]) gives a specific heat capacity of 393 and 923 J kg− 1 K− 1, respectively. 
Both predictions of the Dulong–Petit law show a deviation of 2% and 4% 
from the mid-range heat capacity in Table 3. 

According to Table 3, pure aluminum and aluminum alloys have a 
similar heat capacity. For example, a frequently used aluminum alloy for 
prismatic housings is EN AW-3003 [34,78] that contains 1.5% Mn, 0.6% 
Si, and 0.7% Fe [89]. The heat capacity of pure aluminum and the alloy 
3003 differs in Table 3 by only 1%. Because of this small difference, the 
established assumption [40] of pure aluminum for prismatic cell hous-
ings appears appropriate for thermal cell models. For pure aluminum, 
αcp ,T shows a positive correlation between the temperature and cp. No 
experiments that vary the temperature were found for the alloy 3003. 

With regard to the heat capacity, polymers and aluminum equally 
influence pouch foils of lithium-ion cells. The pouch foil exhibits a 
specific heat capacity of 1191 J kg− 1 K− 1. This corresponds to a devia-

tion of 35% compared to pure aluminum and 27% compared to the 
polymer PP in Table 3. However, pouch foils can also contain polymers 
other than PP. For example, the pouch foil AvALL158 (Avocet Steel Strip 
Ltd) suitable for electric vehicles with a total thickness of 158 μm con-
tains PET (12 μm), adhesive (9 μm), polyamide PA (25 μm), aluminum 
(40 μm), and PP (70 μm). Similar ratios between the thickness of the 
polymer layer and the total thickness for the pouch foil were stated by 
Rheinfeld et al. [21] (72%) and Zhang et al. [90] (62%). Consequently, 
depending on the layer thickness and the polymers used in Table 3, the 
heat capacity of pouch foils can be between 884 and 1643 J kg− 1 K− 1. 
Because of this large range of 759 J kg− 1 K− 1, thermal models must take 
into account the exact construction of the pouch foil. 

2.3. Heat capacity of electrode-separator stacks 

Subsection 2.1 and 2.2 covered porous coatings, separator sheets and 
current collectors used in lithium-ion cells. These components form the 
electrode-separator stack, as shown in Fig. 1. This subsection gives an 
overview of experiments measuring the specific heat capacity of the 
entire stack cstack and compares the results with the two previous sub-
sections. According to Equation (7), cstack depends heavily on the mass 
fractions of the stack components, which are listed in Table 4 for some 
lithium-ion cells based on the total cell mass mcell. 

Regardless of the cell format in Table 4, the cathode coating has the 
largest mass fraction of the electrode-separator stack and therefore the 
greatest influence on cstack. This is due to the high density of the cathode 
coatings, which is about twice that of graphite (see Table 2). The 
separator has the smallest mass fraction and therefore less influence on 
cstack. Table 4 also contains the mass fraction of cell components outside 
the electrode-separator stack (

∑
mn)/mcell, whose impact on ccell will be 

discussed in the next subsection. 
Due to the high mass fraction of the stack mstack/mcell, the heat ca-

pacity of the stack cstack has a significant influence on the heat capacity 
of the full-cell ccell. In the case of pouch cells, for example, the mass 
fraction is between 94% and 96% in Table 4, while cylindrical cells have 
a fraction between 73% and 86%. Despite the importance of cstack, less 
measurement data is available in the literature. cstack can be measured 
either at the stack level [13] or at the full-cell level, while the full-cell 
level requires compensation for the non-stack components [45,47]. 
Table 5 lists the results of both approaches with the nominal capacity of 
the full-cell Qcell, the active materials of the stack, the SOC and the 
temperature T during the experiment, the specific heat capacity cstack 
and the temperature dependency αcp ,T. 

With the exception of NCA, all common cathode materials are rep-
resented in Table 5. Most references state the SOC, but only Cheng et al. 
[96] performed heat capacity measurements at different SOCs. In 
contrast to the temperature T, with a median of the mid-ranges of 303 K, 
no reference states the SOH. The results of Barsoukov et al. [47] in 
Table 5 seem to overestimate cstack as all other investigations measure 
significant lower heat capacities. In addition, some results (Table 5, No. 
2, 3, 5) even exceed the heat capacity of common electrolytes cele, which 

Table 4 
Mass fractions of components within the electrode-separator stack and cell components outside the stack used in Equations (3) and (4) to calculate cstack and ccell. No 
information provided is marked with (− ).  

Ref. Qcell

Ah  
mcell

g  
Format Active material mcat

mcell  

mano

mcell  

mele

mcell  

maCC

mcell  

mcCC

mcell  

msep

mcell  

∑
mn

mcell  

[91] 2.6 44.3 Cylindr. LCO/NMC-G 41% 18% 10% 7% 4% 3% 17% 
[91] 1.5 43.1 Cylindr. NMC-G 26% 15% 10% 17% 7% 3% 22% 
[91] 1.1 39.0 Cylindr. LFP-G 25% 13% 16% 10% 6% 3% 27% 
[92] 3.35 45.4 Cylindr. NCA-G 39% 26% 10% 6% 3% 2% 13% 
[88] 7.5 320.0 Cylindr.a) NCA-G – – 15% – – 5% 48% 
[93] 41 865.0 Pouchb) NMC/LMO-G 38% 25% 14% 10% 6% 4% 4% 
[94] – 791.0 Pouch LCO/NCA-G 43% 21% 14% 9% 7% 2% 3% 
[95] 3.8 88.2 Pouch NMC-G 31% 17% 7% 24% 10% 7% 4% 
[78] 8 328 Prismatic LFP-G – – 15% – – 11% 16% 

a) High-power type. b) High-energy type. 
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is not possible according to the weighted average in Equation (7) and 
heat capacity of the electrolyte cele in Fig. 3. 

Without the investigations of Barsoukov et al. [47], the median of all 
mid-ranges of cstack in Table 5 amounts to 959 J kg− 1 K− 1. This median 
lies within the heat capacity of the stack components from Fig. 3 a). The 
comparison of No. 6 with 7–10 in Table 5 confirms that LCO coatings 
have a lower heat capacity than NMC, which was shown in Fig. 3 a). In 
addition, cstack only varies by ±77 J kg− 1 K− 1 (±8%), which could be 
caused by different stack designs (e.g. high energy or high power) or 
different battery states such as temperature. 

According to Loges et al. [13], the porosity ε in general and the thickness 
ratio of the coating to the current collector of the anode dano/ daCC have a 
dominant influence on cstack. Due to its low mass fraction of 3% (median 
Table 4), the separator usually has a minor influence. In addition, dry cath-
ode coatings and aluminum collectors have a similar heat capacity of 798 ±
101 J kg− 1 K− 1, which reduces the influence of variation in the cathode 
mass fractions on cstack. On the other hand, No. 7 to 9 in Table 5 show that 
cstack increases significantly with dano/daCC, which can be quantified by a 
linear correlation coefficient of +0.87. In contrast, the correlation with εano is 
weaker with a linear correlation coefficient of +0.56. Because of the good 
correlation between dano/daCC and energy density [97], it is also expected 
that cstack will correlate with energy density of the cell. 

In addition to cell design parameters such as dano/daCC, battery states 
such as temperature can also cause differences in cstack. The temperature 
dependency αcp ,T of 0.2% K− 1 of the stack corresponds with that of dry 
cathode materials in Fig. 3 b), which can be explained by the high mass 
fraction of cathode coatings in Table 4. The SOC dependency αcp ,SOC 

shows a declining heat capacity of − 1% when the SOC is increased from 
0% to 100%, which constitutes a weak correlation (Table 5, No. 10). Due 
to the lack of measurement data with varying SOH, the dependency of 
this battery state for cstack is unknown. 

2.4. Heat capacity of full-cells 

This subsection deals with the specific heat capacity of lithium-ion 
full-cells ccell defined in Equation (8). As shown in Fig. 1, ccell is deter-
mined by the heat capacity of solid components outside the electrode- 
separator stack and cstack, which were discussed in Subsection 2.2 and 
2.3, respectively. According to the mass fractions (

∑
mc)/ mcell in 

Table 4, components outside the stack can influence ccell by up to 48%. 
Therefore, a strong impact on ccell is very likely especially in the case of 
housings made of steel with a lower heat capacity of 480 J kg− 1 K− 1 

(Table 3) compared to the stack cstack. Pouch cells, on the other hand, 
have a mass fraction of approximately 4%, which indicates a smaller 
deviation between cstack and ccell. 

Fig. 2 b) shows the amount of heat capacity measurements that were 
carried out on full-cells. There are 52 experiments for ccell in the liter-
ature, which are listed in Table 6. The cylindrical cell format is the most- 
studied format with 31 experiments followed by the pouch (12) and 
prismatic (9) format. In addition, Fig. 2 b) differentiates the cathode 
chemistry of the full-cells. Accordingly, the cathodes NMC, LFP, NCA 
and LCO have been well researched, while only one experiment exists 
for LMO (Table 6, No. 42). A graphite coating was used on the anode side 
in most of the studies, but some used LTO (Table 6, No.42, 52). 

The temperature T in Table 6 indicates the temperature during the 
measurement of ccell. Using the median of all mid-ranges in Table 6 
results in a temperature of 299 K and a SOC of 50%. In contrast to T and 
SOC, the SOH is rarely given in the references. Only Geder et al. [99] 
(No. 8), Bazinski et al. [100] (No. 38), and Vertiz et al. [101] (No. 40) 
provide information on the SOH during the measurement. Furthermore, 
the investigation of Geder et al. [99] is the only experiment with varying 
SOH. They did not observe any significant influence of SOH on ccell. 

It is important to examine the uncertainty of ccell when calculating 
this parameter from the heat capacity of the cell components in Tables 2 
and 3. If a sufficiently low uncertainty can be achieved for the calculated 
ccell, measurements on full-cells could be omitted if the researcher has 
sufficient information about the composition of the full-cell. One way to 
determine the uncertainty is to compare the measured and calculated 
value for ccell. In Table 6, two references made this comparison. Sheng 
et al. [78] calculated a maximum deviation of 5% at 300 K from the 
measured ccell (Table 6, No. 49), which is half the deviation of 9% 
observed by Vertiz et al. [101] (Table 6, No. 40). Hence, it seems 
possible to calculate ccell with an uncertainty of 9%, but more research is 
needed to verify this uncertainty. Compared to the uncertainties of 
differential scanning calorimeters, which is between 1.5% and 5% 
depending on the calibration [43], there is no clear answer as to whether 
the calculation or the measurement is more accurate. 

Fig. 4 a) shows a scatter plot of all data points listed in Table 6 if the 
temperature T is stated by the reference. Furthermore, the marker shape 
and color distinguish the cell format. If the SOC is stated by the reference, 
the marker face color is changed according to the gray-scale color bar. It 
can be seen that ccell was measured between 250 K and 340 K, which can 
be viewed as the operating window for lithium-ion cells. No experiments 
for ccell are available for safety simulations with temperatures above 340 
K. In addition, there are no experiments below 250 K, which is still an 
operating temperature for military or aerospace applications [16]. 

The three horizontal lines in Fig. 4 a) indicate a format dependency of 
ccell. Comparing the medians of the mid-ranges shows a lower ccell for cy-
lindrical cells (912 J kg− 1 K− 1) than for prismatic (1041 J kg− 1 K− 1) and 
pouch cells (1168 J kg− 1 K− 1). The housing can explain the difference 
between the formats assuming the same values for cstack. For example, 

Table 5 
Measured specific heat capacity of electrode-separators stacks cstack in lithium-ion cells. Every stack consists of two anode coatings, two cathode coatings, two separator 
sheets and one current collector for each electrode. Each porous layer of the stack is soaked (wet) with electrolyte. No information provided is marked with (− ).  

No. Ref. Qcell

Ah  
mcell

g  
Active material εano

%  
dano

daCC  

SOC
%  

T
K  

cstack

J kg− 1K− 1  
αcp ,T

K− 1

a)

1 [45] 4.4 194 LFP-Gc) – – 50 303 958 – 
2 [47] 1.8 42.7 – – – 100 296 1800 – 
3 [47] 1.5 39.5 – – – 100 296 1900 – 
4 [47] 1.3 41.6 – – – 100 296 1200 – 
5 [47] 1.4 40.9 – – – 100 296 2400 – 
6 [13] 6.8 – LCO-Gd) 46 17 0 303 ± 30 882 ± 65 +0.2 
7 [13] 28 – NMC-Gc) 51 7 0 303 ± 30 977 ± 63 +0.2 
8 [13] 50 – NMC-Gd) 43 10 0 303 ± 30 985 ± 68 +0.2 
9 [13] 60 – NMC-Gd) 53 12 0 297 ± 36 1036 ± 74 +0.2 
10 [96] 37 805 NMC-G – – 55 ± 45b) 308 ± 20 953 ± 42 +0.2 
11 [98] 3.4 49.0 NMC-SiGd) 21 16 40 ± 30c) 300 ± 15 1004 ± 34 +0.2 
12 [98] 4.8 69.0 NMC-SiGd) 30 16 43 ± 28c) 300 ± 15 911 ± 28 +0.2 
13 [13] 3.2 – LCO/NCA-Gc) 66 4 0 303 ± 30 976 ± 52 +0.2 

a) The temperature dependency αcp ,T is determined by dividing the slope of the linear regression ∂cstack/∂T by the heat capacity at 300 K. b) The SOC dependency αcp ,SOC 

is determined by dividing the slope of the linear regression ∂cstack/∂SOC by the heat capacity at a SOC of 50% amounts to − 1%. c) High-power type. d) High-energy 
type. c) αcp ,SOC = 0%. 
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cylindrical steel-housings have a lower heat capacity than prismatic 
aluminum-housings and aluminum has a lower heat capacity than pouch 
foils (see Table 3). The median value for cstack of 959 J kg− 1 K− 1 in Table 5 
is exceeded by the prismatic and the pouch format. This is a contradiction 
because the pouch foil does not have much influence and the heat capacity 
of prismatic housings is below 976 J kg− 1 K− 1. 

There are several reasons that could explain a higher value in ccell than 
cstack. First, the stack design of the cells listed in Table 6 could be systemat-
ically different from the stacks listed in Table 5. For example, this would be 
the case if Table 5 only contains stacks of high-power cells and Table 6 
contains only cells with a high-energy design. However, this is unlikely 
because Tables 5 and 6 contain high-energy and high-power stacks and cells 
with a variety of cathode chemistries. Second, a higher electrolyte volume 
than the pore volume [122,123] could increase ccell compared to cstack due to 
the high heat capacity of the electrolyte. For example, An et al. [123] rec-
ommended an electrolyte volume of 190% of the pore volume to enable 

long-term cycling capability and low impedance. Third, measurement errors 
can be used as an explanation. Nevertheless, the median of the pouch format 
deviates by 20% from 976 J kg− 1 K− 1, which exceeds the measurement 
uncertainty of common measurement methods [43]. In conclusion, more 
research is needed to clarify the discrepancy between cstack and ccell for pouch 
and prismatic cells. 

The median of all temperature dependencies αcp ,T of ccell in Table 6 
amounts to +0.2 K− 1. This value matches the temperature dependency 
of wet electrode-separator stacks in Table 5. The negative dependency of 
− 0.7 K− 1 (Table 6, No. 25) can be treated as an outlier, since αcp ,T of cell 
components lie within 0.0 and 0.4 K− 1 according to Fig. 3 b) and Table 3. 
For the SOC dependency αcp ,SOC, Table 6 lists values between − 4% and 
7% for ccell, which is in the same order of magnitude as the 2% that Loges 
et al. [13] measured for cstack. 

Temperature and SOC can influence ccell, but also design parameters 

Table 6 
Measured specific heat capacity of full lithium-ion cells ccell according to Equation (8). No information provided is marked with (− ).  

No. Ref. Qcell

Ah  
mcell

g  
Format Active material SOC

%  
T
K  

ccell

J kg− 1K− 1  
αcp ,T

K− 1

a) αcp ,SOC

%
b)

1 [48] 2 42.9 Cylindr. – – 293 1013 – – 
2 [48] 2.7 45 Cylindr.d) – – 293 907 – – 
3 [48] 1.1 39.4 Cylindr.c) – – 293 1011 – – 
4 [102] – – Cylindr. – – – 800 – – 
5 [103] 6 375 Cylindr.c) – – – 795 – – 
6 [104] 5 96 Cylindr. NMC 50 303 980 ± 2 – – 
7 [105] 3.49 49 Cylindr. NMC-G – 298 1046 – – 
8 [99] 2.15 44 Cylindr.c) NMC-G 50 316 851 ± 9 – – 
9 [79] 2.4 44.7 Cylindr. NMC – 293 ± 40 1047 ± 115 +0.3 – 
10 [79] 4.6 65.9 Cylindr. NMC – 293 ± 40 1013 ± 92 +0.2 – 
11 [106] 2.25 42.3 Cylindr. NMC-G – – 1100 – – 
12 [107] 4.15 67 Cylindr.d) NMC-G 50 318 ± 20 874 ± 65 +0.4 – 
13 [108] 4.4 82 Cylindr.d) NMC-G 50 ± 50 – 1314 ± 31 – 5 
14 [104] 2.5 76 Cylindr. LFP 50 303 1148 ± 21 – – 
15 [109] – – Cylindr. LFP 100 – 1720 – – 
16 [109] – – Cylindr. LFP 100 – 1605 – – 
17 [110] 2.5 70 Cylindr. LFP-G 50 ± 50 314 ± 19 1117 ± 36 +0.1 3 
18 [106] 1.5 38.6 Cylindr. LFP-G – – 1100 – – 
19 [111] 8 335 Cylindr. LFP-G – – 998 – – 
20 [108] 2.5 70 Cylindr.c) LFP-G 50 ± 50 – 1139 ± 14 – 2 
21 [105] 3.57 48 Cylindr. NCA-G – 298 959 – – 
22 [105] 2.14 45 Cylindr. LCO-G – 298 1002 – – 
23 [29] 1.35 – Cylindr. LCO-G – 315 1000 ± 40 – – 
24 [112] 2.6 – Cylindr. LCO – 288 ± 10 893 ± 79 – – 
25 [113] 1.35 40 Cylindr. LCO-G – 318 ± 10 945 ± 125 − 0.7 – 
26 [106] 2.6 44 Cylindr. LCO-G – – 1100 – – 
27 [83] 0.5 19 Cylindr. LCO-G 48 ± 48 325 ± 15 820 ± 32 +0.1 − 4 
28 [110] 2.7 48 Cylindr. NCA-G 50 ± 50 313 ± 18 830 ± 19 +0.1 2 
29 [114] 2.75 45 Cylindr. NCA-G – 283 ± 30 1133 ± 24 − 0.0 – 
30 [108] 2.7 48 Cylindr.d) NCA-G 50 ± 50 – 837 ± 11 – 3 
31 [108] 3.1 48.5 Cylindr.d) NCA-SiG 50 ± 50 – 1058 ± 31 – 6 
32 [104] 10 198 Pouch NMC 50 303 1160 ± 22 – – 
33 [115] 40 – Pouchd) NMC – 298 860 – – 
34 [78] 9 222 Pouch NMC 50 293 ± 40 1093 ± 113 +0.3 – 
35 [116] 12 326.6 Pouchc) NMC-G – – 1070 – – 
36 [117] 40 910 Pouch NMC-G – 315 ± 17 1138 ± 69 +0.3 – 
37 [118] 37 560 Pouch NMC-G – 299 948 – – 
38 [100] 14 385 Pouch LFP-G 50 ± 50 298 ± 30 1380 ± 251 +0.5 4 
39 [78] 9 235 Pouch LFP 50 293 ± 40 1085 ± 105 +0.3 – 
40 [101] 14 – Pouch LFP-G 50 ± 50 – 1119 ± 5 – − 1 
41 [119] 2.28 – Pouch LCO-G 50 ± 50 304 1091 ± 45 – 7 
42 [87] – – Pouchc) LMO-LTO 50 ± 40 298 1056 ± 12 – 0 
43 [90] 25 1154 Pouch LMO/LCO-G – 300 1243 – – 
44 [104] 5 276 Prismatic NMC 50 303 1025 ± 13 – – 
45 [38] 43 840 Prismatic NMCd) 50 298 ± 15 933 ± 39 +0.2 – 
46 [120] 104 2032 Prismatic NMC-G 50 ± 50 333 ± 8 1033 ± 73 +0.3 7 
47 [121] 43 840 Prismatic NMCd) 50 296 ± 23 978 ± 3 +0.0 – 
48 [46] 42 – Prismatic LFP-G 50 295 1142 – – 
49 [78] 8 328 Prismatic LFP-G 50 ± 50 293 ± 40 1174 ± 137 +0.2 4 
50 [118] 20 610 Prismatic LFP-G – 299 1048 – – 
51 [22] 2.8 45 Prismatic – – 300 907 ± 13 – – 
52 [121] 23 550 Prismatic LTOc) 50 296 ± 22 1146 ± 11 +0.0 – 

a) The temperature dependency αcp ,T is determined by dividing the slope of the linear regression ∂ccell/∂T by the heat capacity at 300 K. b) The SOC dependency αcp ,SOC 

is determined by dividing the slope of the linear regression ∂ccell/∂SOC by the heat capacity at 50% SOC. c) High-power type. d) High-energy type. 
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such as the layer thicknesses have an influence. High-energy cells usu-
ally have a higher ratio between the thickness of the active material and 
the current collectors (dano/daCC, dcat/dcCC). Loges et al. [13] pointed out 
that a thicker anode coating dano increases the specific heat capacity of 
the entire electrode because the low heat capacity of copper has less of 
an impact. Thus, an increase in dano/daCC, increases the specific heat 
capacity of the anode electrode. On the other hand, increasing dcat/ dcCC 
has less of an impact on the cathode electrode, since most wet cathode 
coatings have a similar specific heat capacity as the aluminum current 
collector. This postulates a positive correlation between dano/daCC and 
ccell, which implies a correlation between the energy density of the cell 
and ccell. 

With increasing coating thicknesses, the specific energy ecell of the 
lithium-ion cell also increases. ecell is often defined as the product of 
nominal voltage and electrical capacity divided by the cell mass 
UcellQcell/mcell. To examine the correlation between ecell and ccell, Fig. 4 b) 
shows ccell as a function of the specific capacity Qcell/mcell listed in 
Table 6. Since only the heat capacities of cells with an LCO cathode and a 

graphite anode are used, the x-axis of Fig. 4 b) can be converted to ecell by 
multiplying it with the nominal voltage of LCO-G (3.7 V [106]). In 
addition, only cylindrical cells are considered in order to reduce the 
influence of the cell housing on the correlation between ecell and ccell. 
The remaining data points are approximated in Fig. 4 b) using a linear 
regression. As postulated, the slope of the linear regression has a positive 
value of 5.8 J K− 1 Ah− 1 with a 95% confidence interval of ±8.1 
J K− 1 Ah− 1. The Pearson’s linear correlation coefficient between Qcell/

mcell and ccell is 0.72. Therefore, as the specific energy of lithium-ion 
cells increases, the specific heat capacity of the cell is likely to in-
crease as well. 

3. Thermal conductivity and resistance 

This section reviews thermal conductivity measurements on full- 
cells, electrode-separator stacks, single stack layers kl, and thermal 
contact resistances Rc between theses layers. In comparison to the 
specific heat capacity, it is not straightforward to formulate an effective 

Fig. 4. Dependencies of the full-cell heat capacity ccell on operational and design parameters of lithium-ion cells. a) Format, temperature, and SOC dependency with 
the format medians in round brackets. Each marker represents one measurement result from the references in Table 6. The marker face color is chosen according to 
the grayscale color bar, if the reference states the SOC. b) Correlation between ccell of cylindrical lithium-ion LCO-G cells with their specific electrochemical capacity 
Qcell/mcell. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Definition of in-plane k‖ and through-plane k⊥ thermal conductivity for wound, piled or flat-wound electrode-separator stacks. The through-plane con-
ductivity of the stack is influenced by the thermal conductivity of the stack layers kl and the thermal contact resistance Rc between them. 
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thermal conductivity for the entire full-cell with which thermal single- 
domain models can be parameterized (see Table 1). In the case of 
pouch cells, the thermal conductivity of the stack [115] can be used with 

an acceptable uncertainty for full-cells, which is not always the case with 
prismatic cells [124]. As a result, single-domain models must carefully 
choose the parameters in this section. In addition, this section does not 

Table 7 
The total thickness of the electrode-separator stack with the thickness shares of the stack layers, which can be used in Equations (9) and (10).  

Ref. Qcell

Ah  
Format Active material 

∑
idl,i

μm  
dcat
∑

idl,i  

dano
∑

idl,i  

daCC
∑

idl,i  

dcCC
∑

idl,i  

dsep
∑

idl,i  

[50] 6.8 Prismatic LCO-G 490 39% 45% 3% 5% 8% 
[119] 2.3 Pouch LCO-G 364 37% 42% 3% 4% 14% 
[127] 41.0 Pouch NMC/LMO-G 350 43% 37% 3% 6% 11% 
[101] 14.0 Pouch LFP-G 223 44% 30% 6% 9% 11% 
[78] 8.0 Prismatic LFP-G 35 26% 11% 17% 17% 29% 
[34] 34.0 Prismatic NMC-G 315 41% 38% 3% 5% 14% 
[59] 25.0 Prismatic NMC-G 357 40% 38% 3% 4% 14%  

Fig. 6. Range of values and dependencies of the in-plane k‖ and through-plane k⊥ conductivity of the electrode-separator stack and full-cells. a) Boxplot of the mid- 
range conductivities listed in Table 8 and Table 9. Round brackets indicate recommended values (medians) for thermal modeling. b) Dependencies on cell tem-
perature, SOC, and SOH. c) Schematic of causes, mechanisms and effects for changes in thermal conductivity k⊥ in through-plane direction. 
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deal with unspecific conductivities that are used in lumped thermal 
models [42]. Dry stack layers are also not discussed as complex models 
are required to determine the wet thermal conductivity from dry mea-
surements [50,72]. 

The thermal conductivity measurement methods can be divided into 
steady-state and transient methods. To determine the thermal conduc-
tivity, a temperature gradient must be measured that was previously 
induced by a heat flow. Common steady-state methods in the field of 
battery cells are the guarded hot plate [34,96] and the comparative 
method [52,125] with an uncertainty of 2% and 10–20% [43], respec-
tively. Transient methods such as the laser flash achieve uncertainties 
between 3–5% [43]. 

Different arrangements of the electrode-separator stack are used for 
different formats of lithium-ion cells. On the left of Fig. 5, a flat-wound 
arrangement is illustrated, which is usually used for prismatic formats 
[34,50]. This arrangement represents a combination of the wound and 
piled stack. Piled stacks are commonly applied for pouch cells [39] and 
wound stacks for cylindrical cells. To save computational costs, a ho-
mogeneous volume often replaces the layered structure of the stack. Due 
to this layer structure, an anisotropic thermal conductivity must be used 
for the homogeneous volume, also known as the unit cell [50]. This 
anisotropy is described by a thermal conductivity in the direction of the 
stack layers k‖ and through them k⊥. In addition, the coordinate system 
must be adapted to the stack-arrangement. For example a cylindrical 
coordinate system (r, z, φ) is recommended for wound stacks and a 
Cartesian (x, y, z) for piled ones [34]. 

Experiments on the anisotropic thermal conductivity of the stack are 
reviewed in Subsection 3.1 starting with the in-plane conductivity k‖. 
The in-plane value can be calculated with Equation (9), which is a 
weighted average of the conductivities of the stack layers kl by their 
layer thickness dl,i. In contrast, the stack layer with the lowest thermal 
conductivity and the highest layer thickness dominates the through- 
plane conductivity k⊥ in Equation (10). Furthermore, k⊥ is affected 
by thermal contact resistances Rc between the stack layers [126]. Rc can 
be divided into a detachable coating-separator and a non-detachable 
coating-collector interface, which are shown in blue and red in Fig. 5. 
It should be noted that Rc is a specific thermal resistance with the unit 
cm2 K W− 1. 

k‖ =
∑

idl,i⋅kl,i
∑

idl,i
(9)  

k⊥ =

∑
idl,i

∑
Rc +

∑
i
dl,i
kl,i

(10) 

Equations (9) and (10) [126] depend on the layer thicknesses of the 
electrode-separator stack. For this reason, Table 7 contains exemplary 
layer thicknesses of lithium-ion cells, which are discussed in the 
following subsections. For k‖, the thickness of the anode and cathode 
current collectors is particularly important (daCC, dcCC), while for k⊥ the 

layer thicknesses of the separator, anode and cathode coatings (dsep, dano, 
dcat) matters the most [34]. In addition, the total stack thickness 

∑

i
dl,i 

determines the influence of the thermal contact resistance on k⊥. 
After discussing the in-plane k‖ and through-plane k⊥ conductivity, 

Subsections 3.2 and 3.3 examine experimental results on stack layers kl. 
Porous components and solid components are treated separately due to 
the excellent availability of measurement data for solid components 
such as copper. For this reason, review articles for the solid components 
already exist, which is why these are only summarized in this paper. 
Afterwards, the reviewed results for kl are discussed in relation to k‖

and k⊥ with the help of Equation (9) and (10). For k⊥ this includes 
results for the thermal contact resistance from the last Subsection 3.4. 

3.1. Conductivity of electrode-separator stacks and full-cells 

Table 8 lists the thermal conductivities measured in in-plane direc-
tion k‖ of the electrode-separator stack or full-cell. Stack conductivities 
that compensate for the influence of the cell housing in the measurement 
evaluation are marked with b) in Table 8. These conductivities can be 
applied directly to the stack in component-resolved thermal models or in 
some cases to single domain models (see Table 1). The stack and full-cell 
thermal conductivity in the in-plane direction is often viewed as the 
same for the pouch format with acceptable uncertainty. In the case of 
prismatic and cylindrical formats, the congruence of the stack and full- 
cell conductivity depends strongly on the stack and housing geometry. 
This must be taken into account when using No. 3, 4 and 10 for stacks in 
component-resolved thermal models. 

In addition, Qcell and mcell in Table 8 provide information about 
whether the electrodes are designed for high-energy or high-power ap-
plications. The SOH is not included in the header of Table 8 because only 
Bazinski et al. [128] reported this battery state. It should be noted that in 
Table 8 only double-coated stacks are taken into account. Therefore, the 
results of Maleki et al. [29], who only used one separator layer, are not 
included for reasons of comparability. 

LFP and NMC are the most prevalent cathode coatings for in-plane 
conductivity measurements as can be seen in Fig. 2 c). No experiments 
are available for the cathode coating NCA and the anode coatings LTO. 
According to the boxplot in Fig. 6 a), k‖ is between 21 and 40.1 
W m− 1 K− 1, which contains all references in Table 8. This represents an 
uncertainty of ±31% from the mid-range of 30.6 W m− 1 K− 1. With a 
known cathode and anode chemistry, the uncertainty from the mid- 
range is reduced to ±21% and ±18% for NMC-G and LFP-G (see Fig. 2 
c)), respectively. No investigation in Table 8 compares its measurement 
results with material measurements kl according to Equation (9). 
Therefore, Equation (9) has not yet been verified, but is often used in the 
literature [6,34,54]. 

The in-plane conductivity shows a weak negative dependency on 
SOC [128], a negligible influence of the temperature T [59], an un-
known relation with SOH, and a negative correlation with the specific 

Table 8 
Measured thermal conductivity in in-plane direction of the separator-electrode stack or full-cell k‖. All stacks are soaked with electrolyte (wet) and the measurements 
were carried out on the stack or full-cell level. No information provided is marked with (− ).  

No. Ref. Qcell

Ah  
mcell

g  
Format Active material SOC

%  
T
K  

k‖
W m− 1K− 1  

1 [128] 14.5 385.0 Pouch LFP-G 50 ± 50 305 28.8 ± 0.6 
2 [128] 10.0 350.0 Pouch LFP-G 50 ± 50 305 40.1 ± 1.1 
3 [109] – – Cylindr. LFP-G 100 – 32.0 
4 [109] – – Cylindr. LFP-G 100 – 30.4 
5 [90] 25.0 1154.0 Pouch NMC/LMO-G – 300 21.0b) 

6 [127] 41.0 – Pouch NMC/LMO-G 30 303 25.7 ± 0.9 
7 [115] 40.0 1180.0 Poucha) NMC – 298 33.0 
8 [59] 25.0 – Prismatic NMC-G – 323 ± 30 23.1b) 

9 [96] 37.0 – Prismatic NMC-G 0 313 21.6b) 

10 [112] 2.6 – Cylindr. LCO – 298 21.9 

a) High-energy type. b) The cell housing was compensated for when evaluating the measurement data. 
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capacity Qcell/mcell. Bazinski et al. [128] and Bohn et al. [59] are the 
only references in Table 8 who examined the dependence on SOC or 
temperature. Therefore, further experiments are necessary to validate 
these results. Nevertheless, the experimental results agree with the fact 
that the in-plane conductivity is strongly influenced by the current 
collectors [34], which do not change their thickness with the SOC and 
have minor temperature dependency (Table 10). In addition, the 
investigation of Bazinski et al. [128] shows a negative correlation be-
tween k‖ and the specific energy or capacity Qcell/mcell. Looking at No. 1 
and 2 (Table 8), the specific capacity drops from 37.7 to 28.6 Ah kg− 1, 
while the k‖ increases from 28.8 to 40.1 W m− 1 K− 1. This is most likely 
caused by thicker current collectors compared to the total thickness 
∑

i
dl,i of the stack in Equation (9). 

Table 9 contains experimental results for the through-plane con-
ductivity k⊥ defined in Fig. 5. The header of Table 9 is congruent with 
Table 8 except of the temperature and SOC dependency αk,T and αk,SOC, 
because more than one dependency is reported for k⊥. Both de-
pendencies are determined alike the heat capacity by fitting the reported 
data with a linear regression. Dividing the slope of the linear regressions 
(∂k⊥/∂T; ∂k⊥/∂SOC) by the absolute value at 300 K and 50% SOC gives 
αk,T and αk,SOC. 

Table 9 
Measured thermal conductivity k⊥ in through-plane direction of the separator-electrode stack and full-cells. All stacks are soaked with electrolyte (wet) and the 
measurements were carried out on the stack or full-cell level. No information provided is marked with (− ).  

No. Ref. Qcell

Ah  
mcell

g  
Format Active material SOC

%  
T
K  

k⊥

W m− 1K− 1  
αk,T

K− 1

a) αk,SOC

%
b)

1 [131] 2.3 70.0 Cylindr. LFP-G – 296 0.510 – – 
2 [109] –  Cylindr. LFP-G 100 286 0.150 – – 
3 [109] –  Cylindr. LFP-G 100 286 0.200 – – 
4 [45] 4.4 194.0 Cylindr. LFP-Gg) 50 303 0.350i) – – 
5 [110] 2.5 70.0 Cylindr. LFP-G 50 ± 50 314 ± 19 0.472 ± 0.03 − 0.2 − 4 
6 [132] 2.3 – Cylindr. LFP – – 0.200 – – 
7 [108] 2.5 70 Cylindr. LFP-Gg) 50 ± 50 – 0.458 ± 0.01 – − 5 
8 [100] 14.0 385.0 Pouchd) LFP-G 50 ± 50 298 ± 30 0.350 ± 0.01 0.0 − 5 
9 [78] 9.0 235.0 Pouche) LFP-G 50 293 ± 40 0.522 ± 0.02 0.1 – 
10 [101] 14.0 – Pouch LFP-G 50 ± 50 – 0.242 ± 0.04 – -4c) 

11 [78] 8.0 328.0 Prismatice) LFP-G 50 ± 50 293 ± 40 0.540 ± 0.02 0.1 − 3 
12 [124] 60 2000 Prismatic LFP-G – – 0.485 – – 
13 [50] 6.8 150.0 Prismatic LCO-G 70 318 ± 15 0.821i)±0.16 − 1.1 – 
14 [105] 2.1 45.0 Cylindr. LCO-G 50 298 0.239 – – 
15 [112] 2.6 – Cylindr. LCO – 298 0.385 ± 0.17 – – 
16 [100] 75.0 – Pouchd) NMC-G 50 ± 50 298 0.430 ± 0.01 – − 7 
17 [78] 9.0 222.0 Pouche) NMC-G 50 293 ± 40 0.629 ± 0.02 0.1 – 
18 [115] 40.0 1180.0 Pouchf) NMCh) – 298 0.610 – – 
19 [34] 34.0 – Prismatic NMC-G 15 293 ± 22 1.100i)±0.40 − 1.5 – 
20 [38] 43.0 840.0 Prismatic NMCh) 50 298 0.820 – – 
21 [59] 25.0 – Prismatic NMC-G – 323 ± 30 1.100 0.0 – 
22 [96] 37.0 – Prismatic NMC-G 0 308 1.034i) – – 
23 [105] 3.5 49.0 Cylindr. NMC-G 50 298 0.186 – – 
24 [79] 2.4 44.7 Cylindr. NMC-G – 293 ± 40 1.041 ± 0.04 0.1 – 
25 [79] 4.6 65.9 Cylindr. NMC-G – 293 ± 40 1.164 ± 0.03 0.1 – 
26 [98] 3.4 49.0 Cylindr. NMC-SiG 40 ± 30 300 ± 15 1.250i)±0.14 − 0.5 10 
27 [98] 4.8 69.0 Cylindr. NMC-SiG 43 ± 28 300 ± 15 1.352i)±0.21 − 0.7 12 
28 [108] 4.4 82 Cylindr. NMC-Gh) 50 ± 50 – 0.540 ± 0.02 – − 7 
29 [87] – – Pouch LMO-LTOg) 50 ± 40 298 0.641 ± 0.05 – -6c) 

30 [90] 25.0 1154.0 Pouch NMC/LMO-G – 300 0.480i) – – 
31 [127] 41.0 – Pouch NMC/LMO-G 30 290 0.780 ± 0.06 – – 
32 [129] 41.0 – Pouch NMC/LMO-G 50 ± 50 – 0.675 ± 0.13 – 7c) 

33 [110] 2.7 48.0 Cylindr. NCA-G 50 ± 50 314 ± 19 0.786 ± 0.13 − 0.2 24 
34 [105] 3.6 48.0 Cylindr. NCA-G 50 298 0.413 – – 
35 [108] 2.7 48.5 Cylindr. NCA-Gh) 50 ± 50 – 0.763 ± 0.10 – 25 
36 [108] 3.1 48.5 Cylindr. NCA-SiGh) 50 ± 50 – 0.754 ± 0.12 – 33 
37 [102] – – Cylindr. – – – 0.390 – – 
38 [47] 1.8 42.7 Cylindr. – 100 296 0.900i) – – 
39 [47] 1.5 39.5 Cylindr. – 100 296 1.400i) – – 
40 [47] 1.3 41.6 Cylindr. – 100 296 2.800i) – – 
41 [47] 1.4 40.9 Cylindr. – 100 296 1.200i) – – 

a) The temperature dependency αk,T is determined by dividing the slope of the linear regression ∂k⊥/∂T by the thermal conductivity at 300 K k⊥(300K). b) The SOC 
dependency αk,SOC is determined by dividing the slope of the linear regression ∂k⊥/∂SOC by the thermal conductivity at a SOC of 50%. c) Nonlinear relation between 
SOC and k⊥ reported. d) Applied compression load 1500 N. e) Vacuum environment. f) Atmospheric pressure. g) High-power type. h) High-energy type. i) The cell 
housing was compensated for when evaluating the measurement data. 

Table 10 
Measured thermal conductivity of solid non-porous components in lithium-ion 
cells. No information provided is marked with (− ).  

Material T
K  

ks

W m− 1K− 1  
αk,T

K− 1

f)

Coppera) 300 ± 50 [139] 399.0 ± 5.0 [139] − 0.0 
Aluminumb) 300 ± 50 [139] 237.5 ± 2.5 [139] +0.0 
Aluminum alloy 3003c) – 155 [89] – 
PPd) 273 ± 50 [67] 0.215 ± 0.01 [67] 0.0g) 

PETd) 301 ± 25 [140] 0.188 ± 0.00 [140] 0.0 
PEd) 313 ± 40 [141] 0.241 ± 0.02 [141] − 0.2g) 

Stainless steel AISI 304e) 300 ± 50 [138] 14.850 ± 0.86 [138] +0.1 
Pouch foil [37] – 55.1 (||), 0.269 (┴) – 

a) Anode current collector, Negative cell terminal. b) Cathode current collector, 
Anode current collector (LTO) [87], Positive cell terminal. c) Prismatic cell 
housing [34,77,78], Cylindrical housing [45]. d) Pouch foil layer, separator. e) 
Cylindrical housing [79,88], Prismatic cell housing [50], Cylindrical man-
drel/center pin [80]. f) The temperature dependency αk,T is determined by 
dividing the slope of the linear regression ∂k/∂T by the thermal conductivity at 
300 K. g) Nonlinear relation between T and k. 
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The SOH is not shown in Table 9 because this state was only reported 
by Bazinski et al. [100], Kovachev et al. [129], Steinhardt et al. [98] and 
Vertiz et al. [101]. Therefore, future experiments are encouraged to state 
the SOH of the test cell. Furthermore, measurements are only included in 
Table 9 if the result is given as a material constant, i.e. it is expressed on 
specific rather than absolute values. Forgez et al. [42], for example, 
measured the lumped through-plane (or radial) thermal resistance of a 
26650 cylindrical cell. Since they did not convert their absolute resis-
tance between 3.2 and 3.4 K W− 1 into k⊥ with the unit W m− 1 K− 1, the 
comparison with other geometries is complicated. 

Compared to the in-plane conductivity k‖, the through-plane con-
ductivity k⊥ is examined more frequently in the literature. Table 9 lists 
measurements on 41 different lithium-ion cells, which are analyzed in 
Fig. 2 c) according to cathode chemistry and cell format. Concerning the 
cathode, LFP is the most abundant chemistry, followed by NMC. Table 9 
lists five measurements for which the cathode chemistry is unknown (n/ 
a). In general, as shown in Fig. 2 c), all common cathodes are available. 
It should be noted that most cell measurements do not specify electrode 
structures (i.e. porosity) and the thickness of the stack layers, which can 
be a source of uncertainties for the thermal conductivity [130]. 

NMC-G stacks have a higher thermal conductivity k⊥ than LFP-G. 
This finding is highlighted by the boxplot in Fig. 6 a) that determines a 
median thermal conductivity k⊥ for NCA-G, NMC-G and LFP-G of 0.759, 
1.034 and 0.404 W m− 1 K− 1, respectively. The median of all mid-ranges 
in Table 9 is 0.610 W m− 1 K− 1 with an outlier of 2.8 W m− 1 K− 1 

(Table 9, No. 40). The mid-range of the whiskers from all measurements 
is 0.775 W m− 1 K− 1 with a large uncertainty of ±81%. This uncertainty 
is reduced for NMC-G (±76%) and LFP-G (±57%) which is approxi-
mately twice the uncertainty of the specific heat capacity ccell from 
Subsection 2.4. 

There are only two references (Table 9, No. 10, 32) that report a 
strong negative correlation of k⊥ with SOH. Vertiz et al. [101] observed 
a decrease in k⊥ of − 29% between a new and an aged pouch cell (SOH 
<80%). The reason for this significant decrease was not discussed by 
Vertiz et al. [101]. Kovachev et al. [129] cycled three pouch cells at 60 
◦C with different electrical currents (1C–3C) and pretension between 
0 and 0.56 MPa. After 700 cycles, an SOH of 80%, 85% and 86% was 
reached, which correlated positively with the pretention. The decrease 
in SOH caused an average decrease in k⊥ between 23% and 4% (Fig. 6 
b)). Kovachev et al. [129] explained the SOH dependence of k⊥ with an 
additional thermal resistance on the anode side caused by the SEI 
growth. In addition, electrolyte consumption and gas development due 
to the electrolyte reduction could lead to a decrease in k⊥. The results of 
Vertiz et al. [101] and Kovachev et al. [129] show a significant decrease 
in k⊥ with SOH, which is reflected in a poorer thermal performance of 
the cell, since the heat development also increases with SOH. However, 
more research is needed to confirm the correlation between k⊥ and SOH 
for cylindrical and prismatic cells. In addition, further studies with 
various aging causes such as calendar aging are required. 

There are contradictory results regarding the influence of tempera-
ture on k⊥. As illustrated in Fig. 6 b), the temperature dependency αk,T 

for k⊥ lies between − 1.5 and + 0.1 K− 1. Werner et al. [50] and Stein-
hardt et al. [34,98] explored a dominant decline of k⊥ with rising 
temperature. Murashko [110] et al. confirmed this trend but the in-
tensity of the decline was lesser. No dependency on temperature was 
explored by Bazinski et al. [100] and a positive trend by Sheng et al. [78, 
79]. Different results in temperature dependency can be explained by 
different magnitude of thermal contact resistances Rc, different layer 
thicknesses or electrode structures. However, the effect of these expla-
nations is not yet fully understood. In addition, no experiments for k⊥
are available for safety simulations with temperatures above 340 K. 

As illustrated in Fig. 6 b), the SOC dependency αk,SOC implies a 
change in k⊥ between − 7% and +33% when the SOC is increased from 
0% to 100%. It should be noted that αk,SOC assumes a linear relationship 
between SOC and k⊥ and three references measured a parabolic 

relationship (Table 9, No.10, 29, 32). For example, Vertiz et al. [101] 
observed a reduction in thermal conductivity of − 17.22% and − 16.23% 
at a full-cell SOC of 0% and 100%, respectively, compared to the thermal 
conductivity at 50% SOC. In contrast, the remaining five references in 
Table 9 are well described by a linear relationship. 

The dependence of k⊥ on the SOC is often explained by a changing 
thermal conductivity of the active particle with the degree of lithiation 
[78,87,110]. This explanation is supported by the work of Ju et al. [133] 
and Cho et al. [134], who reported a strong correlation between the 
thermal conductivity of graphite and LCO with the degree of lithiation. 
For example, Cho et al. [134] measured a decrease in thermal conductivity 
from 5.4 to 3.7 W m− 1 K− 1 during the delithiation from Li1.0CoO2 to 
Li0.6CoO2. A strong dependence of αk,SOC on the cathode material also 
explains the opposite dependence of − 4% and +33% for an LFP and NCA 
cell, which were measured using the same test method (Table 11, No. 5, 
33). However, such a strong dependence on the cathode material was not 
explored by Bazinski et al. [100]. Further measurements are therefore 
required to clarify whether a linear or non-linear relationship between k⊥
and SOC exists and which cell parameters influence this relationship. 

Instead of measuring, the through-plane conductivity can be calcu-
lated with Equation (10) if the layer thickness dl and the layer con-
ductivity kl are known. The validity of this calculation depends on the 
thermal contact resistance Rc, which is not a material-specific property. 
Some of the references in Table 9 determined k⊥ with Equation (10) 
neglecting Rc. Vertiz et al. [101] and Sheng et al. [78] overestimated k⊥
in their calculation by 255% and 59%, respectively. Both authors 
explained this overestimation with thermal contact resistances between 
the stack layers, but uncertainties in the selected layer conductivities kl 
could also be an explanation. Uncertainties arising from kl can be 
neglected for the calculation of Werner et al. [50], because they used an 
LCO cell whose kl was previously measured by Loges et al. [130]. They 
achieve an excellent agreement between their experiments and calcu-
lations, which confirms the assumption that Rc can be neglected. 
However, more research is needed to understand the relevance of Rc to 
k⊥. 

Variabilities in k⊥ of lithium-ion cells are practically always ignored 
in thermal models. However, as discussed in this paper, several studies 
in the literature have shown that changes in SOC, SOH and temperatures 
can lead to variations in k⊥. One of the remaining challenges is that the 
causes of these effects on k⊥ are multifaceted in nature, and so far, the 
causal relationships have been barely investigated. The complexity of 
the cause-effect chain is illustrated in Fig. 6 c) for k⊥ using a network 
graph. For the interest of the reader, we provide a visual summary of the 
main causes and effects, and the mechanisms by which they can be 
mediated. Note that this network graph is not intended to illustrate 
every cause, mechanism or effect. 

In Fig. 6 c), we have divided the cause-effect chain for k⊥ into causes, 
mechanisms and effects. The primary causes are fundamental processes 
related with battery operation, i.e. heat transfer, ageing, mechanical, 
and charge/discharge processes. These are directly linked to the sec-
ondary causes, which are changes in key battery states, such as tem-
perature, SOH, SOC, strain or internal stress. Then these changes in 
battery states are linked to seven underlying mechanisms leading to five 
primary effects considered in Equation (10) and porous media theory 
such as Krischer [50]. For example, 1) a change in thermal conductivity 
in the liquid phase could result from electrolyte consumption [129] if 
the electrolyte is replaced by gases with low thermal conductivity. 2) 
The thermal conductivity of the solid phase depends on the phonon and 
electron conduction, which are influenced by the crystal lattice pa-
rameters [133]. 3) Changes in porosity or tortuosity can influence the 
weighting between the solid and fluid phase and thus the overall 
through-plane conductivity. 4) According to Equation (10), thermal 
contact resistances due to nanoscopic contact points must be taken into 
account for heat conduction. 5) The change in thickness of the stacked 
layers due to mechanical stresses within the cell or changes in the 

M. Steinhardt et al.                                                                                                                                                                                                                             

79



Journal of Power Sources 522 (2022) 230829

16

microstructure could further influence k⊥. 
The line colors in Fig. 6 c) illustrate the cause-effect chain of the in-

dividual battery states such as SOH, temperature, SOC or internal me-
chanical stress. An increase in the stress can, for example, change the 
microcontacts between the stacked layers [135], which is known to affect 
the thermal contact resistance. The temperature can influence the thermal 
conduction by phonons [136] and thus the thermal conductivity of every 
solid phase within the cell. In addition, the thermal expansion influences 
the microcontact and the microstructure of the cell layers, which both 
have effects on k⊥. SOC can change k⊥ through several mechanisms, 
which are also triggered by temperature or mechanical stress within the 
cell. Further mechanisms must be taken into account for the battery state 
SOH. For example, Li-plating or SEI growth changes the composition of 
the solid phase and the porosity [15], which can affect the overall k⊥. In 
addition, mechanisms such as electrode exfoliation [137] should have a 
strong influence on the thermal contact resistance. Overall, Fig. 6 c) shows 
that the discussion of the relationship between battery states and k⊥ is not 
trivial and further experimental and modeling efforts are required in order 
to understand the cause-effect chain. 

3.2. Conductivity of solid non-porous components 

As discussed in Subsection 2.2, lithium-ion cells contain solid non- 
porous components such as the current collectors, whose dimensions 
and design may influence the thermal conductivities of the stack, as 
thoroughly discussed for a cylindrical cell by Li et al. [36]. In addition, 
thermal models require the thermal conductivity of all subcomponents 
of the cell housing (see Fig. 1), which are solid too. Table 10 lists the 
thermal conductivity and temperature dependence αk,T of important 
solid materials that are often used for the stack or the cell housing. 

Most of the thermal conductivities in Table 10 are recommended 
thermal conductivities based on a variety of measurements in the liter-
ature. For example, the thermal conductivity of stainless steel from 

Bogaard et al. [138] is based on 15 different thermal conductivity 
measurements. Therefore, the thermal conductivity in Table 10 already 
has a strong data integrity, which is why a comparison of different in-
vestigations is dispensed with. 

Copper and aluminum show a slight temperature dependence αk,T, 
but a significant dependence on the composition. According to Equation 
(9), the in-plane thermal conductivity is strongly influenced by the 
current collectors made of copper and aluminum. Therefore, the small 
magnitude of αk,T copper and aluminum explains the temperature 
dependence of k‖ in Fig. 6 b), which is also close to zero. In addition to 
the temperature, the composition is also a dominant factor for thermal 
conductivity. This can be seen when comparing pure aluminum with the 
alloy 3003. Due to the 1.1% manganese composition of this alloy, the 
thermal conductivity drops by − 35% from 237.5 to 155 W m− 1 K− 1. 
The strong dependency on the composition is also observed with stain-
less steel [138]. Therefore, the composition of each component of the 
cell must be carefully identified for accurate thermal cell models. 

The thermal conductivity of pouch foils has a pronounced anisotropic 
thermal conductivity, which results from the aluminum and polymer layers 
discussed in Subsection 2.2. Yi et al. [37] measured the thermal conductivity 
of a pouch foil used in a commercial cell from LG Chem Ltd.. Their mea-
surement results are listed in Table 10, which have a similar thermal con-
ductivity for the in-plane (||) and through-plan (┴) directions as discussed for 
the electrode-separator stack in Subsection 3.1. The result of Yi et al. [37] 
corresponds to theoretical calculations such as those carried out by Rheinfeld 
et al. [21], which resulted in a thermal conductivity in in-plane (||) and 
through-plan (┴) direction of 67.08 and 0.25 W m− 1 K− 1, respectively. The 
influence of the pouch foil on the through-plane conductivity of the stack k⊥
should be small due to the low ratio between foil thickness and total cell 
thickness of 4%–5% [21,37] and the similarity of the through-plane con-
ductivity of the stack and pouch film. 

Table 11 
Measured thermal conductivity of porous stack layers kl applied in electrode-separator stacks of lithium-ion cells. All stack layers are soaked with electrolyte (wet) and 
do not contain any collector foils or substrate. No information provided is marked with (− ).  

No. Ref. Stack layer T
K  

p
bar  

kl

W m− 1K− 1  

1 [52] NMC 296 6.9 ± 4.6 0.895 ± 0.02 
2 [135] NMC – – 0.830 
3 [58] NMC (ε = 0.191)  298 – 0.660 
4 [125] NMC (Pristine) 296 6.9 ± 4.6 0.550 ± 0.01 
5 [125] NMC (Aged) 296 6.9 ± 4.6 0.540 ± 0.02 
6 [52] Separator (PET, Al2O3) 296 6.9 ± 4.6 0.375 ± 0.02 
7 [52] Separator (PET, Al2O3) 296 6.9 ± 4.6 0.380 ± 0.02 
8 [52] Separator (PET, Al2O3) 296 6.9 ± 4.6 0.335 ± 0.02 
9 [52] Separator (PET, Al2O3) 296 6.9 ± 4.6 0.290 ± 0.01 
10 [52] Separator (PP, Al2O3) 296 6.9 ± 4.6 0.120 ± 0.02 
11 [52] Separator (glass microfiber) 296 6.9 ± 4.6 0.190 ± 0.01 
12 [52] Separator (No. 13 without LiPF6) 296 6.9 ± 4.6 0.220 ± 0.01 
13 [52] Separator 296 6.9 ± 4.6 0.230 ± 0.01 
14 [54] Separator (PP) – – 0.334 
15 [53] Separator (PP, PE) – – 0.190 
16 [53] Separator (PVDF-HFPa), Al2O3) – – 0.920 ± 0.21 
17 [58] Separator (ε = 0.395)  298 – 0.680 
18 [52] Graphite 296 6.9 ± 4.6 1.270 ± 0.16 
19 [52] Graphite 296 6.9 ± 4.6 1.130 ± 0.24 
20 [52] Graphite 296 6.9 ± 4.6 1.450 ± 0.27 
21 [142] Graphite 295 9.3 0.890 
22 [142] Graphite 295 9.3 0.360 
23 [142] Graphite 295 9.3 1.260 
24 [58] Graphite (ε = 0.308)  298 – 1.450 
25 [135] Graphite – – 1.440 
26 [125] Graphite (Pristine) 296 6.9 ± 4.6 0.685 ± 0.02 
27 [125] Graphite (Aged) 296 6.9 ± 4.6 0.615 ± 0.02 
28 [52] LFP 296 6.9 ± 4.6 0.340 ± 0.02 
29 [54] LCO – – 1.580 
30 [142] LCO 295 9.3 1.100 

a) Hexafluoropropylene. 
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3.3. Conductivity of porous components 

This subsection deals with the thermal conductivity of porous stack 
layers, which can be used in Equations (9) and (10) to calculate k⊥ and 
k‖. Since the pores of an operational lithium-ion cell contain electrolyte, 
only wet layer conductivities kl are discussed below. Dry layers are 
omitted in this subsection, as at least the porosity and tortuosity must be 
known [50] in order to calculate the wet conductivity, which is often not 
the case. This is different from heat capacity, where dry measurements 
are more useful. 

Table 11 lists wet conductivities kl for various separators, anode and 
cathode coatings used in the electrode-separator stack in Fig. 5. Most of 
the references in Table 11 give the temperature T, which has a median of 
296 K. The SOC and SOH of the full-cell are not included in the header of 
Table 11 as they are rarely stated in the references, in part because ma-
terials such as the separator do not store charge. The compression pressure 
p is included in Table 11 due to its expected influence on kl [52]. 

According to Fig. 2 d), all common stack layers in lithium-ion cells 
have been measured except of LMO, NCA, silicon-graphite and LTO. 
Despite the importance of LFP, there is only one experiment for this 
cathode coating (Table 11, No. 28). Therefore, more kl measurements 
are required for LFP to increase integrity and determine uncertainties. It 
should also be mentioned that the porosity ε is rarely given despite its 
high effect on kl. Only Yang et al. [53] and Liebig et al. [58] state the 
porosity of their stack layers. Therefore, it is recommended to indicate 
the porosity in future investigations. 

Fig. 7 a) displays the medians and whiskers of the mid-ranges of kl in 
Table 11. According to this boxplot, separators have a median conduc-
tivity of 0.312 W m− 1 K− 1 with two identified outliers (Table 11, No. 16, 
25). The whiskers and the mid-range of 0.25 W m− 1 K− 1 determine the 
uncertainty of ±52%. Separators in lithium-ion cells are usually made of 
PET, PE or PP [52], materials with a thermal conductivity below 0.25 
W m− 1 K− 1 as shown in Table 10. Considering that the thermal conduc-
tivity of common electrolytes is below 0.2 W m− 1 K− 1 [50,143], the 
median of 0.312 W m− 1 K− 1 is inconsistent. The inconsistency could be 
explained by the presence of Al2O3 (35 W m− 1 K− 1 [53]) ceramic parti-
cles or coatings, which are used in composite separators to provide 
pathways for efficient heat transfer [53] and to increase safety [144]. 
Parikh et al. [145] showed, for example, that the ceramic coatings can 
increase the thermal conductivity of the separator from 0.2 to 0.6 

W m− 1K− 1, which could explain the outliers in Fig. 7 a). Consequently, the 
volume of Al2O3 particles inside the separator has to be taken into account 
for the thermal conductivity of the separator, which is rarely the case. 

According to the median in Fig. 7 a), wet graphite layers have a thermal 
conductivity of 1.195 W m− 1 K− 1 with an uncertainty of ±60% based on 
the mid-range of 0.905 W m− 1 K− 1. The large uncertainty is mainly 
caused by the lower whisker of 0.360 W m− 1 K− 1 (Table 11, No. 22). This 
anode coating was an in-house carbon material that was not graphitized 
by heat treatments [142]. Therefore, when choosing the right kl for the 
anode coating, the heat treatment must also be considered. 

According to the box plot in Fig. 7 a), LCO has the highest cathode 
thermal conductivity followed by NMC and LFP. Yang et al. [146] 
explained the relationship between LCO and NMC using phonon trans-
port. According to their calculation, the thermal conductivity of NMC 
decreases with decreasing Co content, which means that LCO has a 
higher thermal conductivity than NMC111 and NMC111 a higher con-
ductivity than NMC 811. The uncertainties for LCO and NMC in Fig. 7 a) 
are ±18% and ±25%, respectively. The higher uncertainty of NMC 
could be caused by different Co contents. Nevertheless, cathode coatings 
show less uncertainty than graphite coatings. 

The temperature dependency αk,T of wet kl has been poorly inves-
tigated in the literature. Only Liebig et al. [58] measured αk,T for a wet 
graphite, NMC and separator coating and observed an increase in ther-
mal conductivity with increasing temperature. This positive correlation 
of kl with T contradicts some of the findings for k⊥ in the literature [34, 
50], which is why Liebig et al. [58] questioned the transferability of 
their results to other battery models. This underscores the need for 

Fig. 7. The thermal conductivity of wet stack layers kl and the thermal contact resistance Rc, which determine the through-plane conductivity k⊥ of the electrode- 
separator stack according to Equation (10). a) Boxplot for kl from Table 11 with recommended (median) conductivities for thermal modeling, indicated by round 
brackets. b) Dependence of k⊥ on the sum of the thermal contact resistances

∑
Rc for a stack thickness of 300 μm and a constant kl specified in the legend for each 

stacking layer. 

Table 12 
Estimation of the thermal contact resistance between the stack layers 

∑
Rc based 

on thermal conductivity measurements k⊥ in Table 9 (No. 11, 10).   

Sheng et al. [78] Vertiz et al. [101] Unit 

Calculated k⊥ 0.86 1.01 W m− 1K− 1  

Measured k⊥ 0.54 0.242 W m− 1K− 1  

Stack thickness 
∑

i
dl,i  35 413 μm 

Calculated 
(
∑

i
dl,i

)
/
k⊥

0.41 4.09 cm2 K W− 1       

Measured 
(
∑

i
dl,i

)
/
k⊥

0.65 17.07 cm2 K W− 1    

Estimated 
∑

Rc  0.24 12.98 cm2 K W− 1   
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further research on the temperature dependence of wet kl. 
The relationship between the degree of lithiation and the thermal 

conductivity of wet anode and cathode coatings has not yet been 
measured. Only dry measurements are available in the literature. For 
example, Gotcu et al. [57] increased the degree of lithiation of dry NMC 
and LCO coatings from 0 to 1, which in turn increased the thermal 
conductivity for both coatings by more than 32%. This finding would 
indicate a negative correlation between the SOC of the full-cell and k⊥ if 
the graphite conductivity is independent of the SOC. There are neither 
wet nor dry thermal conductivity measurements for graphite coatings 
with different degrees of lithiation in the literature. However, molecular 
dynamics simulations show a strong increase in the graphite thermal 
conductivity with increasing lithiation [133], which was reasoned by 
the change in sound velocity with lithiation. This would suggest a pos-
itive correlation between the SOC of the full-cell and k⊥. In summary, 
there are arguments for a positive and arguments for a negative corre-
lation between SOC and k⊥, which is consistent with Fig. 6 b). 

According to the study by Richter et al. [52], the thermal conduc-
tivity of the wet anode and cathode coatings increases with increasing 
pressure p, while no significant correlation was measured for the sepa-
rator. The pressure dependency could be caused either by thermal 
contact resistances during the measurement or by changing porosity of 
the active material [147]. The pressure dependence of kl could explain a 
correlation between SOC and k⊥ if the pressure in the stack is influenced 
by the SOC. In addition, Richter et al. [125] examined the effects of 
different SOH on the thermal conductivity of kl and found no significant 
changes with aging. This contradicts Vertiz et al. [101] and Kovachev 
et al. [129], who measured a sharp drop in k⊥ with aging (Table 9, No. 
10, 32). Therefore, more research is needed to clarify this inconsistency. 

3.4. Contact resistances 

Any heat that flows through a solid-solid [148] or solid-liquid [149] 
interface must overcome thermal contact resistance in the unit cm2 K W− 1. 
This resistance arises due to the narrowing of the heat flow at the nanoscopic 
contacts at the interface and the acoustic mismatch between dissimilar 
materials [135,150]. The thermal contact resistance appears on every length 
scale of lithium-ion cells. On the nanoscale, intra-grain thermal resistances in 
active particles such as LCO can reduce the thermal conductivity of the 
monocrystalline material [151]. In the micrometer scale, there is solid-solid 
contact resistance between the particles and the binder and solid-liquid 
contact resistance between the solid phase and the electrolyte. This subsec-
tion deals with the macroscale thermal contact resistance within the layer 
structure of lithium-ion cells (see Fig. 5). 

On the macro scale, the thermal contact resistance results from a 
parallel connection of the resistance caused by the interstitial material 

and the series connection of the two resistors due to the phonon mismatch 
and the constriction of the heat flow [135]. Increasing the thermal con-
ductivity of the electrolyte and increasing the particle radius and pressure 
can therefore reduce the overall contact resistance [135]. In addition, 
reducing porosity and improving adhesion between the stacked layers can 
reduce contact thermal resistance [152]. For example, surfactants could 
be used to control particle size and porosity [153]. 

There are two types of thermal contact resistance on the macro scale. 
The first type (Rc) takes into account the interfaces between the stack 
layers, which are marked in blue and red in Fig. 5. Therefore, this contact 
resistance occurs several times from the core to the shell of the cell. The 
second type appears only once, namely between the cell housing and the 
electrode-separator stack. Gaitonde et al. [154] investigated the second 
type, which is usually an interface between the separator and the housing. 
They measured an inverse contact resistance of 670 W m− 2 K− 1 with no 
significant dependence on pressure or temperature. Gaitonde et al. [154] 
regarded their results as an upper limit, since the separator was not 
saturated with electrolyte and the contact resistance generally decreases 
with liquid interstitial materials [155]. Therefore, further investigations 
into the thermal contact resistance of the interface between separator and 
cell housing with electrolyte as interstitial material are warranted. 

The thermal contact resistance between the stacked layers was 
further subdivided into a non-detachable coating-collector interface and 
a detachable coating-separator interface in Fig. 5. The contact resistance 
of the coating-collector interface is often neglected [152], probably 
because of the calendaring during electrode production, but there is no 
experimental evidence to support this assumption in the literature. 
Comparable interfaces such as thermally conductive adhesives on 
aluminum generate a thermal contact resistance between 0.07 and 0.3 
cm2K W− 1 [156]. For the entire stack in Fig. 5, this would mean a 
contribution of 0.28–1.2 cm2K W− 1 to the total thermal contact resis-
tance 

∑
Rc in Equation (10). 

In Subsection 3.1, it was mentioned that the measured through-plane 
conductivity k⊥ of the stack is lower than the calculated value for k⊥ if 
the contact resistances are neglected (

∑
Rc = 0). A total thermal contact 

resistance between the stack layers 
∑

Rc of 0.24 and 12.98 cm2K W− 1 

could explain the discrepancy between the calculated and measured 
conductivity k⊥. The range between 0.24 and 12.98 cm2K W− 1 is 
described in Table 12 for the experiments conducted by Sheng et al. [78] 
and Vertiz et al. [101]. To estimate 

∑
Rc, the calculated and measured 

thermal resistance 
(
∑

i
dl,i

)
/
k⊥ of the stack is first determined. The 

difference between these two resistances gives the estimated thermal 
contact resistance 

∑
Rc of 0.24 and 12.98 cm2 K W− 1. The large varia-

tion of the 
∑

Rc underlines the need for further k⊥ experiments which 

Table 13 
Measured thermal contact resistances Rc for interfaces within the electrode-separator stack in lithium-ion cells. If Rc can be used in Equation (10) to calculated k⊥, it is 
cumulated adequately for the total thermal contact resistance 

∑
Rc for stacks with double coated electrodes. No information provided is marked with (− ).  

No. Ref. Interfaces in Rc  Dry/wet p
bar  

T
K  

Rc

cm2K W− 1  

∑
Rc

cm2K W− 1  

4 [135] Graphite/Cu Wet – – 0.77 ± 0.04 – 
5 [135] Graphite/Cu Dry – – 2.28 ± 0.22 – 
6 [135] NMC/Cu Wet – – 1.17 ± 0.14 – 
7 [135] NMC/Cu Dry – – 4.84 ± 0.07 – 
8 [135] Separator/NMC Dry 0.34 298 4.76 ± 0.4 9.52 

Separator/Graphite 
9 [135] Separator/NMC Wet 0.34 298 2.47 ± 1.4 4.94 

Separator/Graphite 
10 [152] Separator/LCO Dry – 300 4.20 8.4a)b) 

11 [152] Separator/LCOc) Dry – 300 0.90 1.8a)b) 

12 [155] Cu/Graphite Wet 8.6 ± 8.6 >263 3.48 ± 0.79 – 
Graphite/Separator 
Separator/LCO 
LCO/Cu 

a) Thermal contact resistance of coating-collector interface is neglected. b) Thermal contact resistance of anode coating to separator is neglected. c) Separator with 
amine-based chemical bridging of the interface. 
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specify the thicknesses and materials of the stacked layers. 
The estimates for 

∑
Rc in Table 12 can be compared with measure-

ment results for 
∑

Rc in Table 13. All measurement results listed in 
Table 13 were carried out on stack layers that were either extracted from 
full-cells or produced in-house. Table 13 also provides information 
about the interstitial material (dry/wet), the apparent pressure p during 
the test, the temperature, and the non-detachable interfaces that are 
included in the measured contact resistance Rc. If Rc can be used to 
calculate the total contact resistance 

∑
Rc of the electrode-separator 

stack, it is also listed in Table 13. For example, No. 9 includes a 
separator-NMC and a separator-graphite interface. Since both interfaces 
appear twice in stacks (Fig. 5), Rc is multiplied by two for the total 
contact resistance 

∑
Rc. By this measure, the results in Table 13 can be 

used in Equation (10) to calculate k⊥. 
Lubner et al. [135] measured a total contact resistance 

∑
Rc of 

4.94 cm2 W K− 1. They investigated Rc with stationary ex-situ and transient 
in-situ measurements. For the ex-situ measurement, they clamped graphite 
and NMC electrodes between two copper rods and measured the contact 
resistance (Table 13, No 4–7) with and without electrolyte. It can be seen that 
the use of electrolyte as interstitial material (wet) reduces the contact resis-
tance by more than 66% compared to the dry resistance. In addition, wet Rc 
of the graphite-copper interface is of the same order of magnitude as the 
cathode-separator interface. This contradicts Vishwakarma et al. [152] who 
neglected the thermal contact resistance of graphite interfaces. For the in-situ 
measurement, Lubner et al. [135] implemented eight 3-omega thermal 
conductivity sensors in a single-layer pouch cell. During the formation cy-
cles, they arrived at a contact resistance of 2.47 cm2 W K− 1 for an external 
compaction pressure of 0.34 bar. They assigned this contact resistance to a 
single anode-separator and cathode-separator interface. Therefore, for 
double-coated electrode-separator stacks, this would lead to a total contact 
resistance 

∑
Rc of 4.94 cm2 W K− 1, which is in the estimated range in 

Table 12. 
Vishwakarma et al. [152] claimed that 88% of the stack’s thermal 

resistance is determined by the cathode-separator interface. They 
explained the dominance of the cathode-separator interface by a larger 
mismatch in phonon speed compared to the anode-separator interface. 
Vishwakarma et al. [152] carried out three stationary conductivity 
measurements with the same setup as Lubner et al. [135] on dry sepa-
rator and cathode electrodes. Like Lubner et al. [135], they had to 
compensate for the resistance of the electrode material. For this 
compensation, they neglected effects of the electrolyte to the heat 

transport, which completely contradicts the literature [52,125,142] and 
overestimates the contact resistance. This likely overestimated and dry 
contact resistance results in an 8.4 cm2 W K− 1 for the entire stack. In 
addition, Vishwakarma et al. [152] made some surface modifications to 
the cathode and separator that reduced the 

∑
Rc to 1.8 cm2 W K− 1. 

One of the first Rc measurements was carried out by Ponnappan et al. 
[155] with a similar test setup as used by Vishwakarma et al. [152] and 
Lubner et al. [135]. According to the description of the experiment, the 
resistance of the material (

∑

i
dl,i)

/
k⊥ was not subtracted from Rc. 

Therefore, the Rc stated by Ponnappan et al. [155] includes the contact 
resistance and the resistance of the material. The Rc of the wet stack 
(Table 13, No. 1) shows a slight dependence on temperature and pressure. 
However, due to the detachable Cu-coating interfaces, the results cannot 
be used directly for 

∑
Rc. The result of Ponnappan et al. [155] of 3.48 

cm2 W K− 1 can be subtracted by the wet Cu interfaces of Lubner et al. 
[135] (Table 13, No. 2 and 3), which gives a compensated Rc of 1.54 
cm2 W K− 1. This compensated Rc would result in a total contact resistance 
∑

Rc of 3.08 cm2 W K− 1. 
Smaller thermal contact resistances, as reported by Lubner et al. [135], 

are consistent with the literature. Fig. 7 b) shows the through-plane 
conductivity k⊥ as a function of the thermal contact resistances 

∑
Rc 

with three different values for the stack layers kl according to Equation 
(10). The lower value for kl of 0.34 W m− 1 K− 1 is chosen according to the 
median of wet LFP coating in Figs. 7 a) and 1.34 W m− 1 K− 1 according to 
LCO. The black line (kl→∞) represents the maximum k⊥ for a given value 
of 

∑
Rc. For 

∑
Rc of Lubner et al. [135] in Table 13, the black line in-

dicates a maximum of 0.6 W m− 1 K− 1 for a stack thickness of 300 μm, 
which is below the maximum of 1.4 W m− 1 K− 1 in Table 9 measured for 
k⊥. Therefore, smaller thermal contact resistances as reported by Lubner 
et al. [135] are possible. Fig. 7 b) shows that thermal contact resistances 
∑

Rc and the thermal conductivity of the stack layers kl equally influence 
k⊥, which makes their separation difficult. 

In summary, the total thermal contact resistance between the stacked 
stack layers in Equation (10) 

∑
Rc appears to have a dominant influence 

on the total through-plane conductivity k⊥. However, compared to 
other thermophysical properties, 

∑
Rc is less studied in the literature. In 

particular, in-situ measurements with full-cells of different formats, 
comparable to the investigations by Lubner et al. [135], could explain 
different findings for k⊥. In addition, the correlation of 

∑
Rc with 

pressure, temperature, and SOH also needs to be better understood. 

Fig. 8. Summary figure that describes the most important results of this meta-analysis for thermal parameters of lithium-ion cells and their components.  
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4. Conclusion 

This article gives an overview of specific heat capacity and thermal 
conductivity measurements on cell components and complete lithium- 
ion cells. To facilitate the parameterization of thermal cell models, 
this paper calculates recommended medians for both thermal parame-
ters. Furthermore, parameter uncertainties are given which can be used 
for the error estimation of thermal simulations. The correlation between 
thermal parameters and common battery states such as temperature, 
SOC and SOH is also examined. In addition, this review paper reveals 
missing experiments and gives implication for battery design. A sum-
mary of the results is shown in Fig. 8. 

4.1. Specific heat capacity 

The following conclusion can be drawn for the specific heat capacity 
of non-porous and porous cell components:  

• The electrolyte and dry separator sheets have the highest median 
heat capacity between 1635 and 1600 J kg− 1 K− 1. Dry anode coat-
ings, cathode coatings and aluminum collectors have a median heat 
capacity of 718, 764 and 884 J kg− 1 K− 1, respectively. Copper col-
lectors and steel housings introduce the lowest median heat capacity 
between 387 and 480 J kg− 1 K− 1.  

• The specific heat capacity of stack layers is either not correlated with 
the temperature or is positively correlated (0.0–0.5 K− 1). The cor-
relation of SOH or SOC with specific heat capacity has seldom been 
investigated for stack layers, probably because a characterization 
would require the disassembly of many cells in different SOHs or 
SOCs. The few results show either a positive or a negative SOC de-
pendency, while no results are available for the SOH.  

• There is a large uncertainty for the heat capacity of the electrolyte of 
±80%, which means that further measurements are required to 
identify outliers and narrow the value range. In addition, no heat 
capacity experiments were found for dry LTO, silicon-graphite and 
NCA coatings. 

The following conclusion can be drawn for the specific heat capacity 
of the electrode-separator stack:  

• The specific heat capacity of the wet electrode-separator stack shows 
a slight variation between different stack designs and chemistries of 
±77 J kg− 1 K− 1 with a median of 959 J kg− 1 K− 1. Variations are 
caused, for example, by the strong correlation between the coating- 
collector thickness ratio of the anode and the heat capacity of the 
stack.  

• The temperature dependence of the stack capacity is 0.2 K− 1, which 
corresponds to the temperature dependence of dry cathode coatings 
for lithium-ion cells.  

• Further measurements are required to determine the dependencies of 
SOC or SOH at the stack level. In addition, no measurements for 
NCA-G stacks are published in the literature. 

The following conclusion can be drawn for the specific heat capacity 
of full-cells:  

• The heat capacity of the full-cell depends heavily on the cell format, 
which can be explained by the mass fraction of the cell housing. The 
housing material is responsible for the fact that cylindrical cells (912 
J kg− 1 K− 1) have a lower heat capacity than prismatic cells (1041 
J kg− 1 K− 1) and prismatic cells have a lower heat capacity than 
pouch cells (1168 J kg− 1 K− 1).  

• The temperature dependence has been well studied with an order of 
magnitude equal to that of dry cathode coatings. The heat capacity of 
the full-cell shows a minor SOC dependency between − 4% and 7%. 

In addition, a positive correlation between the specific energy and 
the specific heat capacity of full-cells can be determined, which is 
due to a reduced mass fraction of the copper current collectors and 
cell housing.  

• Further experimentation at the stack and full-cell level is required to 
resolve the discrepancy between the measured heat capacity at the 
stack and the full-cell level. Moreover, the correlation between the 
heat capacity of the full-cell and the SOH needs to be deeply studied. 
Only one study is published, and this study did not reveal any cor-
relation between the heat capacity of full-cells and the SOH. 

4.2. Thermal conductivity 

The following conclusion can be drawn for the in-plane thermal 
conductivity of the electrode-separator stack and full-cells:  

• The in-plane conductivity ranges within 21 and 40.1 W m− 1 K− 1. 
Compared to the through-plane conductivity, the in-plane conductivity 
has a smaller uncertainty and is measured less often in the literature.  

• The in-plane conductivity shows a weak negative dependency on 
SOC, a negligible influence of the temperature, and an unknown 
relation with SOH. In addition, the measurements indicate a negative 
correlation between the specific energy of the cell and the in-plane 
conductivity.  

• Experiments for stacks with an NCA cathode or LTO anode are 
missing for the in-plane conductivity. 

The following conclusion can be drawn for the through-plane ther-
mal conductivity of the electrode-separator stack and full-cells:  

• The through-plane conductivity of electrode-separator stacks and full- 
cells is between 0.15 and 1.4 W m− 1 K− 1. The uncertainty of the 
through-plane conductivity is therefore 81% if the cathode chemistry 
and the layer thicknesses of the electrode-separators stack are unknown. 
The high uncertainty likely results from variations in structural param-
eters such as porosity or thermal contact resistance between the layers. 

• In contrast to the in-plane conductivity, the through-plane conduc-
tivity shows a dependency on the active material. NMC-G stacks, for 
example, exceed the median through-plane conductivity of LFP-G by 
more than 296%. The through-plane conductivity changes between 
− 7% and +33% when the SOC is increased from 0% to 100%. A 
decrease in SOH significantly reduces the through-plane conductiv-
ity, but this statement is only supported by two experimental studies.  

• Further tests with specified porosities and layer thicknesses are 
necessary to quantify the influence of the thermal contact resistance. 
With regard to temperature dependency, conflicting results have been 
obtained in the literature, suggesting either a positive or a negative 
correlation. Therefore, further experiments are needed to correlate the 
SOH and temperature with the through-plane conductivity. 

The following conclusion can be drawn for the thermal conductivity 
of non-porous and porous cell components:  

• The conductivity of all measured stack layers is in the range from 
0.12 to 1.58 W m− 1 K− 1 with a strong dependence on the material. 
The uncertainty for the thermal conductivity of the stack layers lies 
between 18% and 60%. It should be mentioned that porosity is rarely 
given in the references, which could be a source of uncertainty.  

• The relationship between the temperature or the degree of lithiation 
and the thermal conductivity of the stack layers has been sparsely 
researched in the literature. Most stack layers have a slight depen-
dence on pressure and weak dependence on SOH. It is therefore 
unlikely that the SOH dependencies observed at full-cell level are 
caused by the conductivity of the stack layers.  

• Concerning the separator, the volume of inorganic materials such as 
Al2O3 seems to have a strong influence on the thermal conductivity, 
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which should be taken into account in the cell design. In addition, the 
effects of the heat treatment of the graphite coating appear to have a 
large influence on the thermal conductivity, which requires further 
experimental investigations. Measurements are missing for LMO, 
NCA, silicon graphite and LTO. Despite the importance of LFP, there 
is only one experiment for this cathode coating. 

Since thermal contact resistances between the stack layers can have a 
considerable influence on the through-plane conductivity, the test re-
sults were summarized in this paper.  

• Deviations between the calculated and measured through-plane 
conductivity indicate a thermal contact resistance between 0.24 
and 12.98 cm2K W− 1. This range of values agrees with the only 
experiment that directly measured a wet contact resistance of 
4.94 cm2 W K− 1.  

• The paucity of measurements underlines the knowledge gap 
regarding the thermal contact resistance between the stack layers. In 
particular, the resistance between the current collector and the 
active coating has not yet been measured. This can also be found for 
the thermal contact resistance between the stack and the cell hous-
ing, which was not measured for a wet separator interface. 

In conclusion, the specific heat capacity and thermal conductivity of 
lithium-ion cells were measured at every scale, from the stack layers to 
the entire full-cell. However, there are still gaps in knowledge for both 

parameters, exacerbated by the increasing variability of cell designs. For 
specific heat capacity, further research should focus on the inconsistency 
between the heat capacity of the stack and the heat capacity of the full- 
cell. With regard to thermal conductivity, there is a need for further 
research into thermal contact resistance and the dependencies of battery 
states, particularly SOH. In addition, both thermal parameters must be 
measured at full-cell level for temperatures above the normal operating 
window, aiming to improve thermal model parameterization in safety 
simulations. 
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Nomenclature 

Abbreviations 
CC Current collector 
CID Current interrupt device 
CRM Component-resolved models 
DMC Dimethyl carbonate 
EC Ethylene carbonate 
EV Electric vehicles 
HFP Hexafluoropropylene 
ICE Internal combustion engine 
LCO Lithium-cobalt-oxide 
LFP Lithium-iron-phosphate 
LMO Lithium-manganese-oxide 
LRM Layer-resolved models 
LTO Lithium-titanate-oxide 
NCA Lithium-nickel-cobalt-aluminum-oxide 
NiMH Nickel–metal hydride 
NMC Lithium-nickel-manganese-cobalt-oxide 
PA Polyamide 
PE Polyethylene 
PET Polyethylene terephthalate 
PP Polypropylene 
PU Polyester 
PVC Polyvinyl chloride 
PVDF Polyvinylidene fluoride 
SDM Single-domain models 
SEI Solid-electrolyte interface 
SOC State of charge of full-cell 
SOH State of health of full-cell  

Greek symbols and units 
αcp ,T in K− 1 Temperature dependency of specific heat capacity 
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αcp ,SOC in % SOC dependency of specific heat capacity 
αcp ,SOH in % SOH dependency of specific heat capacity 
αk,T in K− 1 Temperature dependency of thermal conductivity 
αk,SOC in % SOC dependency of thermal conductivity 
αk,SOH in % SOH dependency of thermal conductivity 
ε in % Porosity of cell layer 
εano in % Porosity of anode coating 
ρsolid in g cm− 3 Density of solid phase of porous material 
ρfluid in g cm− 3 Density of fluid phase of porous material 
ρbulk in g cm− 3 Density of porous material 
ρscm,i in g cm− 3 Density of subcomponent inside the solid phase of porous material i  

Latin symbols and units 
Asurf in m2 Cell surface area 
cpor in J kg− 1 K− 1 Specific heat capacity of porous material 
cstack in J kg− 1 K− 1 Specific heat capacity of the electrode-separator stack 
ccell in J kg− 1 K− 1 Specific heat capacity of the full-cell 
csolid in J kg− 1 K− 1 Specific heat capacity of solid phase inside porous material 
cfluid in J kg− 1 K− 1 Specific heat capacity of fluid phase inside porous material 
cn in J kg− 1 K− 1 Specific heat capacity of solid components outside the electrode-separator stack 
cano in J kg− 1 K− 1 Specific heat capacity of dry anode coating 
ccat in J kg− 1 K− 1 Specific heat capacity of dry cathode coating 
caCC in J kg− 1 K− 1 Specific heat capacity of anode current collector 
ccCC in J kg− 1 K− 1 Specific heat capacity of cathode current collector 
csep in J kg− 1 K− 1 Specific heat capacity of the dry separator 
cele in J kg− 1 K− 1 Specific heat capacity of the electrolyte 
cm in J kg− 1 K− 1 Molar heat capacity 
cp in J kg− 1 K− 1 Specific heat capacity at constant pressure 
cscmi in J kg− 1 K− 1 Specific heat capacity of subcomponent inside the solid phase of porous material i 
dl,i in m Thickness of layer inside the electrode-separator stack 
dano in m Thickness of anode coating 
daCC in m Thickness of anode current collector 
dcat in m Thickness of cathode coating 
dcCC in m Thickness of cathode current collector 
dsep in m Thickness of separator 
ecell in Wh kg− 1 Specific energy of the cell 
hsurf in W m− 2 K− 1 Heat transfer coefficient at the outer surface of the cell 
kx in W m− 1 K− 1 Thermal conductivity in x-axis direction 
ky in W m− 1 K− 1 Thermal conductivity in y-axis direction 
kz in W m− 1 K− 1 Thermal conductivity in z-axis direction 
kl in W m− 1 K− 1 Thermal conductivity of the electrode-separator stack layer 
k‖ in W m− 1 K− 1 Thermal conductivity in in-plane direction of the electrode-separator stack 
k⊥ in W m− 1 K− 1 Thermal conductivity in through-plane direction of the electrode-separator stack 
ks in W m− 1 K− 1 Thermal conductivity of solid non-porous components 
mcell in kg Mass of full-cell 
mano in kg Mass of dry anode coating 
mcat in kg Mass of dry cathode coating 
maCC in kg Mass of anode current collector 
mcCC in kg Mass of cathode current collector 
msep in kg Mass of dry separator 
mn in kg Mass of cell components outside the electrode-separator stack 
mstack in kg Mass of electrode-separator stack 
mscm,i in kg Mass subcomponent inside the solid phase of porous materia 
mc in kg Mass of cell component 
q̇ in W m− 3 Heat generation inside the cell 
Qcell in Ah Nominal capacity of the full-cell 
Tcell in K Cell temperature 
Tamb in K Ambient temperature 
Ucell in V Nominal voltage of the cell 
Vcell in m3 Cell volume 
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p in bar Pressure during the measurement 
Rc,i in cm2 K W− 1 Thermal contact resistance of interface i 
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The performance of lithium-ion cells is largely determined by their temperature. For example, if the
cell temperature is outside the optimal range, cell aging can increase significantly and the state of safety
of a lithium-ion cell deteriorates at temperatures above 80 °C, as self-sustaining exothermic reactions
can occur. Due to aging or safety concerns, the battery management system can reduce battery power
if the temperature rises too much, affecting consumer acceptance in situations such as fast charging. In
addition, design trends toward a more sustainable battery cell could increase cell volume to facilitate
recycling and favor high-power over high-energy electrodes to reduce overall battery energy. Both
design trends have the potential to worsen temperature rise and gradients due to higher C-rates and
a longer characteristic length from the cell core to the cell environment. Therefore, the modeling and
optimization of the temperature behavior of lithium-ion cells is an important research discipline both
now and in the future.

The thermal conductivity through the layers of the electrode-separator stack influences both the spatial
temperature distribution and the temperature increase of the cell over time. In most cases, the heat
within the cell flows perpendicularly through the stack-layers to the external heat sink. This applies,
for example, to surface-cooled cylindrical cells, base plate-cooled prismatic cells or stacked pouch
cells with cooling fins in between. In general, the spatial temperature difference is small when the
through-plane conductivity is high. Smaller spatial temperature differences mean less uncertainty
about the maximum cell temperature and lower aging rates are likely because the cell is operated
more homogeneously. The increase in the mean cell temperature is strongly influenced by the thermal
conductivity in the presence of strong cooling or heating. Since the mean temperature influences the
mechanical, electrochemical and aging properties, the temperature is taken into account in various
simulation studies. Therefore, the through-plane conductivity is very important for thermal modeling
of lithium-ion cells, especially in connection with battery thermal management systems. As a result,
this thesis aims to measure the through-plane conductivity and examine its dependencies on battery
state variables such as temperature and state of charge.

In this thesis, the guarded hot plate method for measuring thermal conductivity was adapted for
prismatic lithium-ion cells for the first time. The advantage of the guarded hot plate method is the low
measurement uncertainty and the widespread use in the field of thermal conductivity measurement.
When a prismatic cell is measured using this method, the result will be affected by the thermal
conductivity of the cell housing and the stack inside the cell. The challenge of evaluating the through-
plane conductivity from the measurement data is to compensate for the influences emanating from the
cell housing. The effects of the cell housing were compensated by first measuring the electrical resistance
of the housing and using theories such as Wiedemann-Franz to derive the thermal conductivity of the
housing. This compensation constitutes the main innovation to the field by this thesis but it also
increases the measurement uncertainty significantly from 2% to 6%.

The variant-convective cooling method for cylindrical cells was developed in this thesis to measure
the through-plane conductivity of the jelly roll in cylindrical cells. Similar to thermal impedance
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spectroscopy, the variant-convective cooling method can measure the conductivity of any cell format
and only requires standard laboratory equipment. Besides being one of the first studies to introduce this
method for cylindrical cells, an evaluation technique has been developed that does not require complex
finite element method models to calculate the through-plane conductivity. In addition, a detailed
analysis of the measurement uncertainties for the variant-convective cooling method is presented for
the first time. According to this analysis, the uncertainty is 6%, as in the GHPs method.

The through-plane conductivity increases by 7% to 9% when the SOC of an NMC-G cell was increased
from approximately 10% to 70% in this thesis. Theoretical calculations showed that this increase
with SOC could be explained by a change in the thermal conductivity in the active material, as these
calculations predicted an increase of around 12%. Nevertheless, the literature review revealed a variety
of possible reasons for the SOC dependency such as: changes in phonon, electron and liquid particle
conduction, changes in the microcontacts between the stack-layers and changes in the microstructure
of the layers. The literature search revealed a range between -7% and +33% for the SOC dependency
for the entire SOC range. Therefore, according to the current state of knowledge, there is no generally
valid statement about the correlation between SOC and through-plane conductivity.

In two experiments on two different cell formats with two different measurement methods it could be
shown in this thesis that the through-plane conductivity decreases significantly by -1.5 to -0.5% K−1

with increasing cell temperature. The theoretical calculation of the temperature dependency resulted
in a range between -1.7 and -0.2% K−1 for NMC-G stacks, which agrees with the measurement results.
The literature review revealed a range between -1.5 and +0.1% K−1 for the temperature dependence.
The variation in temperature dependency can be explained by many influencing factors. Temperature
can influence, for example, the thermal conductivity of the solid and liquid phase in porous stack-
layers, thermal contact resistance and the layer thickness through thermal expansion. Although this
thesis concludes that the temperature dependence is negative, this may not hold true for other cell
designs, for example, due to a dominance of the thermal contact resistances.

In the case of the prismatic cell in this thesis, the through-plane conductivity was enhanced by increas-
ing the external pressure on the cell housing, which is evidence that thermal contact resistances play
an important role in heat conduction. Normally prismatic cells have to be installed under compression
in order to counteract the swelling of the jelly roll. This compression was increased in the range from
37.1 to 74.2 kPa, which increased the thermal conductivity through the stack-layers by 11.9%. This
increase is most likely caused by thermal contact resistance, which suggests that thermal conductivity
is determined not only by the thermal resistance of the stack-layers, but also by the interfaces between
the layers.

With regard to the measurement methods for the thermal conductivity in lithium-ion cells, future work
should concentrate on the quantification of measurement uncertainties. In particular, the comparison
of different measurement methods on the same test cell would be beneficial to assess current findings
about the through-plane conductivity. In addition, there is a need for the development of in-operando
methods for commercial lithium-ion cells. A combination of the new variant-convective cooling method
and thermal impedance spectroscopy could be a new method for determining the thermal conductivity.

From the literature review, which includes the experimental investigation of this thesis, the following
further research directions for the better understanding of the through-plane conductivity in lithium-
ion cells were identified: 1) More experimental studies are needed to investigate state of health depen-
dence. 2) Future experiments should specify the porosity and layer thicknesses of the stack in order to
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quantify the influence of thermal contact resistances. 3) Further experiments are needed to improve
the understanding of the temperature dependence. 4) For safety simulations, thermal conductivity
measurements with temperatures above 60 °C are required. 5) The thermal contact resistance between
the stack and the cell housing as well as between the stack-layers are still insufficiently quantified in
commercial cells. 6) It should be investigated whether the thermal contact resistance between the
active coating and the current collector can be neglected.
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