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A B S T R A C T

Thermal management is essential for the performance, lifetime and safety of intercalation batteries like lithium- 
ion batteries (LIB), especially in large cell assemblies used in electric vehicles or stationary storage systems. With 
the emergence of ever newer cell technologies such as next-generation LIB or sodium-ion battery materials, the 
design of thermal management systems is constantly facing new challenges, as these new cell generations are 
usually not sufficiently characterized. The huge variety of materials and designs at the electrode level influences 
the thermal behavior of the entire cell. The aim of this work is to derive the effective thermal transport pa
rameters for different electrode configurations by means of modeling, based on the thermophysical variables of 
the individual components and the composition. By specifically varying the input parameters, a spectrum of the 
possible thermal properties is demonstrated and a corresponding database provided. The focus of the thermo
physical data is on thermal conductivity, density, and specific heat capacity for commercial and future techni
cally relevant lithium and sodium-ion battery (SIB) systems.

Introduction

Intercalation batteries have become the preferred energy storage 
system in electric vehicles (EVs) [1]. Especially lithium-ion batteries 
(LIBs) have excelled in the recent years due to their high volumetric and 
gravimetric energy density, low self-discharge rate and high cycle sta
bility compared to other electrochemical energy storage systems [2]. To 
increase the energy density, improve the lifetime and the stability of 
battery cells, particularly in the case of fast charging and discharging 
rates, and also to reduce the costs of the battery pack, the most expensive 
part of an EV [3], the components and the design of the cells are 
continuously being developed further.

Next to the electrical and mechanical properties, the thermophysical 
properties are also of essential importance for the commercial use of 
batteries. The temperature level and distribution of a battery cell in an 
EV is influenced, on the one hand, by the heat release caused by loss 
processes and reactions inside the cell during operation. On the other 
hand, they are also influenced by the heat transfer with the thermal 
management system and the environment. The effective thermal con
ductivity, density and specific heat capacity are the central parameters 
that determine the transient thermal behavior of a battery. These 
effective thermal transport parameters, based on the materials used and 

the microstructure of the electrodes, influence the behavior from the 
single cell to the entire cell pack. These parameters are therefore of 
central importance for the design of an efficient thermal management 
system in the vehicle to ensure maximum performance, a long lifetime 
and safety in operation. Through a well-founded thermal conditioning of 
the cells, degradation effects can be minimized and an enhanced per
formance can be achieved [4].

One aspect of the further development of batteries is to increase the 
proportion of active material (AM) and to reduce the share of inactive 
components of the electrode coating such as binder (B) and conductive 
additive (CA). The production of functional battery electrodes with a 
sufficiently contacted binder-conductive-additive-network requires a 
good understanding of the cell manufacturing process. Further devel
oping the active material is another way to improve the cell in perfor
mance and costs. At the electrode level, a wide variety of designs is 
possible due to the combination of materials used and the microstruc
tural properties resulting from the manufacturing process, which deci
sively define the effective transport parameters of the porous electrode 
microstructure.

Fig. 1, which schematically shows the complex inner structure of the 
electrochemical basic unit of an intercalation battery like a LIB or SIB, is 
intended to illustrate the options for variations in material and 
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composition. Based on the design of commercially established LIB sys
tems to date, there are several customization options for future lithium- 
ion and sodium-ion batteries. For newer generations of lithium-ion cells, 
the use of graphite-silicon blends or elemental lithium as anode active 
material should be mentioned in addition to novel cathode intercalation 
materials like nickel-rich NMC [5]. The change of the intercalation ion 
from lithium to sodium also requires an adaption of the active materials 
used. Analogous to LIBs with graphite, hard carbon has emerged as 
preferred anode material for SIBs [6], while on the cathode side there is 
a wide variety of materials with potential relevance for technical ap
plications. The similar operating and manufacturing principles of LIBs 
and SIBs enables a good transfer of knowledge between the two systems, 
and SIBs offer the potential for a more cost-effective option and drop-in 
technology for the future [7].

The overall thermal behavior of battery cells and packs is determined 
at the material level by the selection, composition ratio, and underlying 
microstructure of the electrodes. The pairing of the electrodes, the se
lection of the separator and electrolyte, and the corresponding cell 
format also determine differences in the heat transfer paths from the cell 
and pack to the environment. This huge variety of parameters influ
encing the effective thermophysical properties of the battery cell re
quires appropriate characterization for each application, especially in 
mobile systems where weight and space are limited. The use of simu
lations has proven to be a useful tool for accelerating the design of cell 
system assemblies while minimizing costly and time-consuming char
acterizations. As shown in Fig. 1, the smallest common unit for different 
cell formats is the electrode level, where the effective properties of the 
coating are subject to particularly high variance.

In the literature some data on thermophysical properties of estab
lished LIB can be found on electrode or cell level based on different 
determination methods, for example in Steinhardt et al. [8], or Spitthoff 
et al. [9]. but the literature does not provide a comprehensive descrip
tion, as the exact electrode composition or material combination is often 
unknown. The sparse data basis of the effective thermal transport pa
rameters depending on the composition, especially for newer cell 
chemistries, makes it difficult to apply literature data in simulation tools 
for system designs and transfer to practical applications. The objective of 
this work is to determine the effective thermophysical values of the 
thermal conductivity, density, and specific heat capacity of the electrode 

as a function of composition, based on the pure substance properties of 
the materials. This paper presents comprehensive research on the ther
mophysical pure substance data of established and possible future 
technically relevant active materials. This data is then used to calculate 
the effective values for thermal conductivity, density, and specific heat 
capacity of the electrodes with a variation in pure substance properties 
and composition. In addition to the absolute values, the results also 
provide information about the influence depending on the variation 
variables and, consequently, about their sensitivity influence, thus 
creating a basis for evaluation. The effective values for density and 
specific heat capacity are calculated on a proportion basis, while ther
mal conductivity is calculated using an analytical model approach. For 
selected cases, heterogeneous electrode structures are replicated with a 
3D microstructure model and the values of the analytical model are 
checked and critically evaluated. Overall, the thermal properties of 
different electrode configurations are determined for different active 
materials and the results obtained are plotted in scatter diagrams.

Composition of battery electrodes and thermophysical 
parameters of individual materials

The effective thermal conductivity, density and specific heat capac
ity are determined based in the pure substance properties of the indi
vidual materials and are determined for the respective electrodes. The 
active materials considered in this work are listed in Table 1 and are 
categorized into lithium- and sodium-based active materials as well as 
cathode and anode systems. The selection was made based on techni
cally established battery materials offered by commercial material and 
electrode manufacturers like NEI Corporation [10] and MTI Corporation 
[11]. In the following calculation and simulative determination of the 
effective thermophysical properties (Section 3), only the active material 
is varied and binder, conductive additive and electrolyte from estab
lished LIB-systems are used as a reference base to enable a better com
parison of the electrode systems with each other.

Further, to improve comparability between the individual systems, 
standardized weight fractions ws are to be defined for the respective 
electrode components of active material ws

AM, conductive additive ws
CA 

and binder ws
B. The weight fractions of the solid components based on 

the solid phase are listed in Table 2 for anode and cathode systems and 

Fig. 1. Schematic representation of the internal structure of the electrochemical basic unit of an intercalation battery and the variation options of the cho
sen materials.
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are each divided into three configurations. The base configuration rep
resents an average electrode composition as found in real systems. A 
comparison of different electrode compositions from commercial sup
pliers can be found in supplementary section S3. Based on this, so called 
upper and lower configurations are also be considered. The data for the 
upper configuration refer to established electrode systems in which the 
proportion of binder and conductive additive can be minimized because 
a functional electrode can be produced with knowledge of the process
ability. In contrast, the lower configuration requires a higher binder and 
conductive additive content in order to form a sufficiently good binder- 
conductive additive (BCA) network. In order to ensure sufficient elec
trical contact between the active material particles, the total mass 
fraction of conductive additive in the solid phase was kept almost 
identical and only the binder fraction of the total electrode was reduced. 
This results in an increasing proportion of conductive additives in the 
entire binder-conductive additive phase. In addition to the solid 
composition, porosities ϵ were also defined for the respective 
configurations.

The conversion of the mass fractions wi with Eq. (1) and the corre
sponding densities ρi leads to the volume fractions ϕs

i of the solid phase 
of the electrode. In addition to the proportions for the solid phase, the 
porosity ϵ for the respective configuration is specified. The proportions 
of the solid components within the entire electrode ϕEl

i are converted 
from their respective proportions in reference to the solid phase using 
Eq. (2). 

ϕs
i =

ws
i
/

ρi
∑n

j
ws

j

/
ρj

(1) 

ϕEl
i =

(100 Vol% − ϵ)⋅ϕs
i

100
(2) 

To calculate the effective values of the electrodes, the pure substance 
values for thermal conductivity, density and specific heat capacity of the 
individual materials are required in addition to the mass fractions. In an 

extensive literature research, pure substance data for the thermophys
ical material properties were compiled from the literature, material 
databases, and manufacturer specifications. Since no definite statement 
can be made about the state of charge, temperature dependency or 
different crystal structures due to the limited data available in the 
literature, fluctuation ranges are defined for the individual materials to 
take possible uncertainties and variations in our following calculations 
into account. Publications such as those by Marconnet et al. [12], Pfeifer 
et al. [13], Oehler et al. [14], and Steinhardt et al. [8]. demonstrate the 
influence of temperature and state of charge or degree of intercalation 
on the thermophysical properties of battery electrodes and on the 
overall cell. However, this dependence is influenced by a large number 
of electrode and microstructure parameters and is particularly poorly 
understood for newer materials such as those used in SIBs. Since no clear 
database is available, the variation ranges for the thermophysical 
properties were selected generically in this work based on the compiled 
data to demonstrate the influence of fluctuations of pure substance data 
on the electrode level. The data compiled from the literature [14–150]
on thermal conductivity, density, and specific heat capacity are sum
marized in Fig. 2 and are also listed separately, with references to the 
corresponding sources, in the supplementary information S2.

The defined variation ranges of the thermal conductivity, density and 
specific heat capacity for subsequent study in Section 3, consisting of a 
base configuration and a lower and upper limit are summarized in 
Table S4a and S4b. In addition to the literature values (Index: L) also the 
selected base configuration (Index: B) with the defined fluctuation range 
(Index: Range Min/Max) are shown in Fig. 2. Table S4b provides an 
overview of the electrochemically interactive components. Variation 
ranges are also specified for the solid components of the coating, while 
the pore medium is assumed to be constant.

In addition, a calculation according to the approach by Kopp [151]
was used for determining the specific heat capacity of the pure sub
stances of battery materials. This approach is based on the structural 
formular-weighted proportions of the elements Ni and the similarity of 
the specific molar heat capacities ̃cp,i. With the help of the molar masses 
M̃i, this substance-related approach can be converted into mass-related 
quantities using Eq. (3). The supplementary section S1 summarizes the 
molar masses and specific molar heat capacities according to Kopp for 
the known elements. For elements without a value according to Kopp, 
the default value designated as “Misc” should be used [151]. With 
knowledge of the structural formula, the specific heat capacities ac
cording to Kopp can be calculated for the active materials. Furthermore, 
it should be noted that this approach doesn’t take into account any 
dependency on the state of charge or the temperature and the values 
apply to a temperature of about 298 K. When comparing the literature 
values in Fig. 2 with the values calculated using the approach by Kopp, 
the results provide a good estimate for the materials shown here, as can 
be seen in the examples of graphite, LCO, NMC, and LFP. Nevertheless, it 
should be noted that materials such as LMO, LTO, or NVO are under
estimated by up to 20 % relative to the defined base value. The Kopp 
calculation provides a good estimate, but it does not allow for universal 
applicability nor does it serve as a sufficient substitute for experimental 
characterization as already shown by studies of Kriegel et al. [152] and 
Zienert et al. [153]. 

Table 1 
Overview of the investigates materials subdivided into Li- and Na-based active 
materials and electrode additive materials, cathode and anodes systems.

Component Li-based active material Na-based active material

Cathode LCO LiCoO2 NFM NaNixFeyMnzO2

LFP LiFePO4 NFP NaFePO4

LMFP LiMnxFe1− xPO4 NMO NaxMnO2

LMNO LiMn1.5Ni0.5O4 Pr. Blue Na2Fe2(CN)6
LMO LiMn2O4 Pr. White Na2Mn

[
Fe(CN)6

]

NCA LiNixCoyAlzO2 NCP NaCoPO4

NMC LiNixMnyCozO2 NMP NaMnPO4

V2O5 LiV2O5 NNMO NaxNiyMn1− yO2

​ ​ NNP NaNiPO4

​ ​ NVP Na3V2(PO4)3
Anode Li Lithium Na Sodium

C6 Graphite NVO NaVO3

Si Silicon HC Hard Carbon
LTO Li4Ti5O12 NTO NaxTiyOz

TNO TiNb2O7 NTP NaTi2(PO4)3

Table 2 
Mass fractions of the solid components’ active material, conductive additive and binder, based on the solid phase of the electrode coating, the ratio of conductive 
additive in the BCA-phase and the volumetric porosity.

Cathode Anode

lower configuration base configuration upper configuration lower configuration base configuration upper configuration

ws
AM / Ma% 85 90 95 85 90 95

ws
CA / Ma% 3 3 2 3 3 2

ws
B / Ma% 12 7 3 12 7 3

ws
CA/ws

BCA / % 20 30 40 20 30 40
ϵ / Vol% 45 35 20 45 35 20
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cp,AM =

∑
iNi ⋅̃cp,i

∑

i
Ni⋅M̃i

(3) 

Fig. 2(c) also shows the calculated specific heat capacities according 
to Kopp. A comparison of the calculated values with the data from the 
literature shows that in many cases the calculated values according to 
Kopp are a very good approximation.

While comprehensive data based on literature values and databases 
is available for density, the data available for thermal conductivity and 
specific heat capacity is significantly more limited. For the latter, the 
Kopp calculation [151] is a suitable approximation method, as the 
values determined for numerous active materials are within the range of 
typical literature values. The limited availability of data on thermal 

conductivity is also due to the methodologically challenging charac
terization of particulate bulk materials. Overall, the data available on 
the thermophysical properties of battery materials, especially with re
gard to technologically relevant systems of the future, must be consid
ered insufficient. Design variations at the electrode level further expand 
the spectrum. Simulative variation studies are intended to identify 
possible ranges of effective thermal properties and sensitivities of 
influencing factors on battery electrodes.

Determination of effective thermal parameters of the electrodes

The effective values for the electrode coating can be determined 
based on the data for the pure substances of the active materials, the 

Fig. 2. Overview of literature values ●, selected base □ and limit values ▬ as well as the calculated Kopp values ✱✱ for (a) the thermal conductivity, (b) the density and 
(c) the specific heat capacity of active materials for lithium- and sodium-ion batteries.
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conductive additive, the binder, and the pore medium. In the variation 
studies, both the respective mass fractions of the solid phase and the 
pure substance data for the thermophysical parameters are varied. To 
calculate the effective value of the electrode, the pore volume is assumed 
to be completely filled with electrolyte and parameterized accordingly.

Calculation of the effective density and heat capacity of battery coatings

The effective density of the electrode coating ρC,eff is determined by 
Eq. (4) by summing the volume-weighted individual densities of the 
electrode components. 

ρC,eff =
∑

i
ϕEl

i ⋅ρi (4) 

Analogous to the density, the effective specific heat capacity of the 
electrode coating cp,C,eff is determined by the mass-weighted summation 
of the individual specific heat capacities. The conversion of the mass 
fractions into volume fractions is done via the density of the individual 
components and leads to the following Eq. (5). 

cp,C,eff =
∑

i
wi⋅cp,i =

∑

i
cp,i⋅ϕEl

i ⋅ρi

∑

i
ϕi

El⋅ρi
(5) 

Determination of the effective thermal conductivity of battery coatings

The calculation of the effective thermal conductivity is more com
plex compared to the volume and weight fractioned-based analytical 
calculation for the density and specific heat capacity. Combining ma
terials with thermal conductivities that differ by several orders of 
magnitude and a microstructure with complex heat conduction paths 
doesn’t allow an easy and only volume-fraction based analytical calcu
lation. In this work, the effective thermal conductivity of selected sys
tems is determined using a 3D model approach with a heterogeneous 
resolution of the electrodes. An analytical model developed in our 
group, which is derived from the numerical model and was validated for 
material systems of established LIB [14,15,154], is used for the calcu
lation during variation studies due to its computational efficiency.

Analytical model
The analytical determination of the effective thermal conductivity of 

the porous structure of battery electrodes is based on the model ac
cording to Oehler [15], which is a battery-specific extension of the 
Zehner-Bauer-Schlünder model [155–157] for porous particle beds. The 
calculation of the effective thermal conductivity of the electrode coating 
λC,eff using the analytical model approach requires knowledge of the 
volume fractions of the individual components ϕi and the thermal con
ductivities of the pure substances λi. Additionally, two geometric pa
rameters that describe the particle contact area α and the mean length of 
the binder phase between particles c has to be defined. In this study, the 
contact area between two active material particles is assumed to be zero, 
while the factor c used to describe the binding phase between two 
particles is calculated according to Eq. 7. The dependency is summarized 
in Eq. (6). 

λC,eff = f(ϕAM;ϕCA;ϕB; ε; λAM; λCA; λB; λMed; c; α) (6) 

c = 0.008⋅exp[4.21⋅ϵ] (7) 

The effective value of the thermal conductivity of the battery elec
trode coating is determined by Eq. (8) based on the combination and 
weighting of three main heat conduction paths connected in parallel. 
These paths describe the heat transfer through the fluid and active 
material phases, as well as through a mixed phase of fluid, active ma
terial and binder-conductive additive (BCA) with the normalized radii r 
of the individual phases. 

λC,eff =
(
1 − r2

2)⋅λpath1 +
(
r2

2 − r3
2)⋅λpath2 + r3

2⋅λpath3 (8) 

The thermal conductivity of the additive phase consisting of binder 
and conductive additive is considered homogeneous for both models 
and calculated as the effective thermal conductivity of the BCA phase 
according to Hamilton and Crosser [158] using Eq. (9). As a factor, the 
value of f = 3.2 was used, as recommended by Oehler [154]. 

λBCA = λB⋅
[

λCA + (f − 1)⋅λB − (f − 1)⋅ϕCA⋅(λB − λCA)

λCA + (f − 1)⋅λB + ϕCA⋅(λB − λCA)

]

(9) 

For a more detailed description of the analytical model by Oehler 
et al. and its validation for established LIB materials we refer to the 
corresponding publications from our group [14,15,154].

Based on the pure substance data, the electrode composition, 
microstructure parameters and the calculation Eqs. (4), (5), (6) and (8), 
the effective values for the thermal conductivity, density and specific 
heat capacity of the electrode coating are determined. In order to sys
tematically investigate the influence of possible material and design 
variations in the configuration of battery electrodes, the analytical ap
proaches described were used to determine not only a value based on the 
data of the defined base configuration, but also the influence of indi
vidual parameter variations and combined parameter variations that 
build on each other. The results obtained from these variation studies 
were summarized in scatter diagrams showing possible ranges of the 
effective thermal transport properties dependent on composition and 
individual material properties.

Fig. 3 shows an example of such a scatter plot for the thermal con
ductivity of an electrode coating with graphite as active material. The 
base configuration is based on the mean values for the volume fractions 
in Table 2 and the individual parameters of the pure substance proper
ties in Table S4. Starting from the base configuration, individual pa
rameters are adjusted stepwise, accumulation subsequently on each 
other, increasing or decreasing the effective thermal conductivity, 
resulting in the green and red lines. The objective of this variation is to 
identify possible maximum and minimum effective thermal conductiv
ities based on variations of the electrode composition (ϕAM, ϕB/ϕCA, ϵ) 
and the thermal properties of the pure substances of active material 
(λAM), conductive additive (λCA) and binder (λB). The calculation is based 
on defined solid mass fractions and a defined pore volume fraction of the 
electrolyte phase. The BCA phase serves as the closing condition when 
varying the composition and is specified in the respective adjustment 
step with a constant composition ratio of binder and conductive addi
tive. As already mentioned, the thermal properties of the electrolyte 
were not varied in this study for reasons of comparability. In order to 
also evaluate the individual influence of each variation variable on the 
thermophysical properties of the electrode coating, the single-parameter 
influence is shown in the black bars for the case of the base 
configuration.

With the aim to investigate the possible ranges of thermophysical 
parameters, the determination of effective thermal conductivity was 
chosen as the basis for the whole variation study. This is motivated by 
the very limited data available for this parameter and to overall gain a 
coherent dataset of thermal conductivity, density and specific heat ca
pacity based on the same variation of the electrode composition. The 
parameter variation for effective density and specific heat capacity were 
therefore then carried out on the same basis concerning the electrode 
composition. Analogous to the determination of the effective thermal 
conductivity, calculations were made for the effective density and spe
cific heat capacity so that the parameters for all three effective thermal 
parameters were varied, resulting in a coherent set of parameters. An 
excerpt of the scatter diagrams for an NMC electrode can be found in 
Section 4.1 in Fig. 7 while the summary of all scatter diagrams is pro
vided in the supplementary section S5.
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Numerical simulation
The numerical evaluation of the effective thermal conductivity of a 

heterogeneous resolved battery electrode presented in this work in
volves three steps. In the first step the particular microstructure of the 
active material is replicated in MATLAB using a stochastic Drop- and 
Roll algorithm. In the next step the binder-conductive-additive-phase 
(BCA) is added to the active material phase. The last step is the trans
fer of the geometry objects to COMSOL Multiphysics, parameterize and 
mesh them, set the initial and boundary conditions and simulate the heat 
transfer. The heterogeneous replication of the microstructure of a bat
tery electrode coating is based on a modified in-house generic geometry 
generation routine which is presented in previous publications by 
Oehler et al. [14,15,154] and Seegert [159]. The microstructure gen
eration routine was adapted and further developed as a part of this work, 
and instead of using the open-source tools OpenSCAD (computer aided 
design (CAD) program) and OpenFOAM (finite volume method (FVM) 
simulation tool) in the work of Oehler et al., the software COMSOL 
Multiphysics (finite element method (FEM) simulation tool) in combi
nation with MATLAB was used. To distinguish enhancements in the 
generation routine for microstructures from the approach in our previ
ous work, we will explain the routine and describe the corresponding 
adjustments.

First a matrix is generated that contains all geometric information 
about the graphical objects, that represent the desired active material 
configuration. According to the corresponding probabilities of a particle 
size distribution (PSD), the entries of the volume-equivalent diameters 
are entered into the matrix and sorted randomly. The shape of the active 
material particles, can be modified to ellipsoids or super-ellipsoids in 
order to better replicate real electrode microstructures or to investigate 
the influence of the particle shape itself. Eq. (10) is used to calculate the 
semi-axes of an ellipsoid with the same volume as the corresponding 
sphere with the specified diameter from the PSD. In this case a, b and c 
are the corresponding half-axis, r is the volume-equivalent radius from 
the PSD and wx, wy and wz are the aspect-ratios to modify the sphere to 
an ellipsoid, which is shown as an example in Fig. 4. This also ensures 
that the PSD is maintained when the particles are modified. Further
more, several aspect-ratios with corresponding probabilities can be 
specified. The assignment to the respective particles is random in this 
case. In addition to modifying the shape of the graphical objects, also 
their initial rotation can be defined. 
⎡

⎣
a
b
c

⎤

⎦

i

=
ri

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅wx⋅wy⋅wz3
√ ⋅

⎡

⎣
wx
wy
wz

⎤

⎦

j

(10) 

Fig. 3. Representation of the influence of parameters on the effective value using the example of the thermal conductivity of an electrode coating with graphite as 
active material with the help of a scatter diagram.

Fig. 4. Comparison of a (a) spherical geometric object with an (b) ellipsoid derived using given aspect ratios.
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After defining the stochastic distribution based on the desired elec
trode configuration, the graphical objects are sedimented one after 
another in a predefined system volume until they reach a stable position. 
In order to obtain a random distribution in the particle bed, the input 
variables for the PSD, aspect ratios, and initial rotation are randomly 
combined with each other. The system volume is defined by a base area 
in x- and y-direction and a height in z-direction. The particles are 
generated randomly in the system volume and move in negative z-di
rection by a predetermined increment unit until they either reach the 
lower system limitation or get in touch with other particles which are 
already positioned. If they get in contact with each other, the graphical 
object is rotated by predefined Euler angles around the center of the 
shape to ensure the particle reaches a stable position. This is achieved 
when no further movement is possible without particle intersecting. For 
this purpose the Gilbert-Johnson-Keerthi algorithm by Gilbert et al. 
[160]. is implemented and checks whether there is contact between two 
geometric elements during each step. After reaching a stable position, 
the next particle is generated until the upper system limitation is 
reached. Particles that come into contact with the lower boundary (z =
0), which corresponds to the current collector, are cut off by a pre
defined length to ensure a desired contact area between the system 
boundary and the particles. If a particle crosses one of the four outer 
lateral boundaries of the system volume during the sedimentation, the 
particle is cut and the section is mirrored on the opposite side. Like the 
cutting off of the particles at the lower boundary a similar procedure 
takes place at the upper limitation of the system volume. Particles that 
exceed over the upper limitation corresponding to the separator are 
cutting off to ensure a contact area and to terminate the sedimentation 
process when a particle protrudes beyond the predefined value.

After ending the sedimentation process all structural data like par
ticle size, half-axes, cartesian coordinates and the rotation of each par
ticle are transferred to COMSOL Mutiphysics via the MATLAB-COSMOL- 
Livelink to rebuild the structure and evaluate the volume fraction and 
specific surface area of the active material structure. According to the 
generation of the BCA-domain later in this process and the meshing and 
simulation afterwards, it should be mentioned that the half-axes of the 
particles are multiplied with a shrink factor to avoid point contacts and 
reduce narrow regions. This reduction in the length of each half-axis by 
less than two percent has a negligible effect on the particle size distri
bution. This factor can also be used in combination with the drop-and- 
roll algorithm to reduce the volume fraction of active material in the 
system e.g. the replication of high porous electrodes. In order to still 
achieve the predefined particle size distribution, this is first shifted to 
higher total values and then reduced to the original size distribution. 
This results in a greater distance between the particle centers and, 
consequently, higher porosity and a lower active material volume 
fraction.

According to the previous work [14,15,154,159] the generation of 
the Binder-Conductive-Additive-Domain takes place after the generation 
of the particular microstructure of the active material phase. The 
assumption of a homogenized phase consisting of binder and conductive 
additive has already been shown and is justified by the accumulation of 
these two phases into clusters as shown by Pfaffmann et al. [161]. The 
design of the BCA-Phase as shells around or as bridges between active 
material particles adapted in the routine in COMSOL in this work is 
similar to the previous work from our group.

The generation of BCA-shells refers to the defined volume fraction, 
an initial relative factor corresponding to the particle diameter, and a 
probability. The outer shell diameter is calculated by multiplying the 
diameter of the individual particle with the relative factor. The defined 
probability determines whether a shell is created or not. For example, a 
probability of 50 % means every second particle has a binder shell. Af
terwards the geometry elements are then transferred to COMSOL and 
the volume fraction of the binder shells is determined. In order to 
correctly determine the volumes of the individual phases, overlapping 
geometric elements are subtracted from each other. The process of the 

creation of a shell is shown in Fig. 5(a) to (c). If the evaluated volume 
fraction of the shells mismatches the defined value, the relative factor is 
either in- or decreased to raise or reduce the volume fraction of the 
shells. This is repeated until the value lies within a certain fluctuation 
around the predefined value. Generating BCA-bridges between two 
particles follows a similar routine. In addition to the probability of 
generating a bridge, two relative factors are defined depending on the 
diameters of the particles involve, one for the permissible bridge length 
and one for the bridge radius. To fulfill the condition whether a bridge 
may be generated, for each couple of particles in the system the distance 
between the center points is evaluated. If the calculated bridge length is 
within the permitted bridge length, it will be created. Once all possible 
bridges have been identified, the probability of creating a bridge is also 
taken into account here. After determining the bridges, the geometry 
elements are transferred to COMSOL to calculate the volume fraction of 
the BCA-bridges. The bridges are approximated in COMSOL as cylinders 
between the particle centers. Analogous to the previous step, the inter
section between the active material particles and the shells are sub
tracted and only the volume of the bridges is evaluated. Fig. 5(d) to (f) 
shows the generation process of a bridge between two active material 
particles. If this doesn’t match the defined value, either the bridge length 
or the radius can be in- or decreased. This iteration of either the length or 
radius is executed until the predefined value of ± 0.5 Vol% is reached. 
There is also the option of producing only shells or bridges, or a com
bination of both according to predefined volume fractions, as shown in 
Fig. 5(g) to (i). It is also possible to grade the BCA phase based on the 
height of the electrode, for example, to replicate binder migration. The 
simulation of the BCA phase using the simplified representation of shells 
and bridges shows good agreement for the determination of effective 
thermal conductivity, as proven in previous studies. The validation 
studies shown in Supplementary Information S7 compared with exper
imental data confirm this. For better comparability and in line with 
previous work by our group [15] this study also focuses primarily on 
binder bridges for BCA phase generation, resulting in an overall BCA 
network throughout the electrode.

After finishing the structure generation process all geometry ele
ments are finally transferred to COMSOL Multiphysics. To simplify the 
parameterization of the individual geometry objects, the phases of the 
active material and the BCA are each combined into a union. The 
remaining pore volume is defined as the electrolyte phase. All necessary 
variables and parameters are then implemented and assigned to the 
corresponding phases. To evaluate the effective thermal conductivity of 
the electrode replica, the physics module “Heat Transfer in Solids” in 
COMSOL is used. For the lateral system boundary, “Thermal Insulation” 
is selected as an adiabatic boundary condition. A first-order boundary 
condition with a fixed temperature value is specified at the lower 
(323 K) and upper (273 K) system limit. A schematic representation of 
the boundary conditions is shown in Fig. 6(b) using a polydisperse 
spherical active material. The arithmetic mean value of these two tem
peratures (298 K) is selected as the initial value for the whole structure. 
Once the physics module has been implemented and the initial and 
boundary conditions are defined, the mesh is added. The geometry is 
meshed using “Free-Tetrahedral” for each of the phases, shown in Fig. 6
(c). Following the mesh-generation, a study is implemented using a 
stationary solver. Fig. 6(d) shows an example of the temperature dis
tribution across the microstructure. The model is setup completely 
automatically using the MATLAB-COMSOL-Livelink.

To validate the improved microstructure generation routine, the 
electrodes of a high-power 3.2 Ah KOKAM cell presented and experi
mentally characterized by Oehler [14] were replicated. The results are 
summarized in Supplementary Information S7 and show a deviation of a 
maximum of 12 % for both electrodes, which is within the margin of 
measurement accuracy.

In addition to the representation of spheres and ellipsoids, which can 
be chosen as a good approximation for most electrode structures of 
commercial LIBs, the microstructure simulation was expanded to better 
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simulate NIB systems in the future. This was done against the back
ground that Prussian blue and its analogues, as well as Prussian white, 
have cube-shaped active material particles [162]. Against this back
ground, the generation routine in MATLAB was extended to include 
graphics object generation based on the equation according to Barr 
[163] for super ellipsoids. If n = m≫10 is selected for the values of the 
exponents in the equation, as shown by Becker [164], cube-shaped ge
ometry objects can be generated in MATLAB. The methodology for 
microstructure generation is analogous to that for spherical particles. 
The geometry elements are then transferred in COMSOL using block 
elements instead of ellipsoids, while the remaining automated model 
set-up process stays the same. A corresponding replica of the micro
structure for a Prussian blue electrode with cube-shaped active material 
particles is shown in Fig. 11 in Section 4.

Evaluation of the effective thermal conductivity
In this section, the calculation of the effective thermal conductivity 

for porous media is explained. In solids and static liquids, a temperature 
gradient induces heat transfer trough thermal conduction. COMSOL uses 

the transient heat conductive equation extended by the convection and 
source term shown in the following Eq. (11). Where T is the tempera
ture, t is the time, u→ is the velocity field, Q̇S is the source term and V the 
volume. The material-specific variables ρ, cp and λ are the density, 
specific heat capacity and thermal conductivity. 

ρ⋅cp⋅
(

∂T
∂t

+ u→∇T
)

= ∇(λ⋅∇T)+
Q̇S

V
(11) 

The implemented equation uses the resolved form with the definition 
of the Fourier heat conduction Eq. (12). Assuming isotropic material 
properties, this leads to the following Eq. (13) rearranged according to 
the source term. 

q̇
→

= − λ⋅∇T (12) 

Q̇S

V
= ρ⋅cp

(
∂T
∂t

+ u→⋅∇T
)

+∇⋅ q̇
→

(13) 

Since the effective thermal conductivity is to be derived from the 
structure, neither heat sources nor sinks are taken into account in the 

Fig. 5. An (a) ellipsoid-shaped active material (b) the cross-section view of a BCA-shell and (c) the full BCA-shell around the active material particle. (d) shows a 
BCA-bridge between the center of two active material particles (e) the remaining bridge after subtracting the intersecting parts and (f) the final bridge between the 
two active material particles. (g) shows a structure with only BCA-shells, (h) a combination of shells and bridges and (i) a structure with only BCA-bridges.
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structure, and no flowing medium is involved, so that the source and 
convection terms are set to zero. This leads to the following Eq. (14), 
which corresponds to the transient heat conduction equation in its 
original form. 

0 = ρ⋅cp
∂T
∂t

+∇⋅ q̇
→

= ρ⋅cp
∂T
∂t

− ∇⋅(λ⋅∇T) (14) 

To find the solution to this equation, the Fourier heat conduction 
term must be solved. Since only one-dimensional heat transfer in the z- 
direction needs to be solved and the stationary solution is of interest, the 
equation simplifies to the following form Eq. (15) of the Fourier’s 
equation. 

q̇ = − λ
∂T
∂z

(15) 

The total heat flow is obtained by integrating the heat flow over the 
base area A of the structure which leads to the Eq. (16) for the total heat 
flow Q̇. 

Q̇ =

∫

A
q̇⋅ n→dA = −

∫

A
λ

∂T
∂z

⋅ n→dA (16) 

To derive the effective thermal conductivity λeff of the structure with 
Eq. (17), the evaluated total heat flow relative to the total base area is 
calculated using the temperature gradient ΔT across the height H of the 

structure. 

λeff = −
Q̇
A

⋅
H
ΔT

(17) 

Results and discussion

Variation study of thermophysical properties of battery electrodes

The outcomes of the investigation into potential material and design 
variations in the configuration of battery electrodes described in Section 
3 are summarized in Fig. 8. The effective values shown for the thermal 
conductivity, density, and specific heat capacity of the electrode coat
ings are based on the derived scatter diagrams and are compared for the 
different battery materials investigated. In addition to the value for the 
base configuration, the respective end values after the variation for the 
lower and upper configuration are also depicted. As explained in Section 
3, the variation was carried out with the aim of adjusting the electrode 
configuration within plausible limits, starting from a base value, so that 
this results in a maximum and minimum effective value for thermal 
conductivity. In order to obtain a consistent data set for the three 
thermal properties, this variation of the electrode configuration is also 
used as the basis for calculating the effective density and specific heat 
capacity. Fig. 7 shows the corresponding scatter diagrams for a NMC 

Fig. 6. (a) The electrode replica, (b) Microstructure with schematic representation of boundary conditions – red: 323 K, blue: 273 K, yellow: adiabatic, (c) 
meshed microstructure and (d) the stationary solution of the temperature distribution across the microstructure and.
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electrode.
For the effective thermal conductivity and density, the picture is 

similar, with higher proportions of electrochemically active components 
leading to higher effective values for the overall electrode. For the 
effective specific heat capacity, the picture is mostly reversed. The 
parameter configuration that delivers the highest effective values for 
thermal conductivity and density often results in a value below that of 
the base configuration in case of specific heat capacity. This can be 
explained by looking at the input parameters in S4a and S4b, which 
serve as the basis for calculating the effective values of the electrodes. 
The thermal conductivities of the electrochemically inactive compo
nents (binder and pore medium) are significantly lower than those of the 
active materials.

The proportion of conductive additive in the overall system is too 
small to have a significant influence on the entire system if, for example, 
the total proportion of the binder-conductive additive (BCA) phase in
creases. A closer look at the individual scatter diagrams in Fig. 7 and in 
the supplementary S5 reveals that the most significant influencing 
parameter for the effective thermal conductivity is the porosity of the 
overall electrode; a higher solid content leads to higher effective values, 
which supports the previous statement. As the pure substance value of 
the thermal conductivity of the active material increases, and 

consequently the effective value of the electrode increases, the influence 
of the active material on the effective thermal conductivity of the overall 
electrode decreases since the other components impede the heat trans
fer. This becomes particularly clear when considering graphite and sil
icon as active materials, which both have comparably high thermal 
conductivities and variation of their pure substance properties show 
almost no influence on the overall thermal conductivities of the resulting 
porous electrode. On the other hand, the influence of variation of the 
active material properties is very significant for active materials with 
comparably low thermal conductivity, such as NMO, LTO, or LFP. The 
thermal conductivity of the binder and the content of conductive addi
tives in the BCA phase have a similar influence to the previously 
described effects of the active material. As the thermal conductivity of 
the active material increases, the importance of the binder and 
conductive additives for the effective electrode properties rises. This 
clearly shows which component limits heat transport through the elec
trode structure and provides a comprehensive picture.

Graphite and hard carbon have become established as commercially 
used materials in LIB and SIB, especially for anode systems, which 
greatly reduces the variety of active materials [7,165]. The picture is 
different for the cathode side, with a wide range of active materials 
available. Despite the variety of materials for cathode systems, the 

Fig. 7. Excerpt from the determination of effective values for an electrode with NMC as active material with (a) thermal conductivity, (b) density, and (c) specific 
heat capacity, shown as a scatter plot with the underlying dependencies of composition and individual material influence.
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effective thermal conductivity for LIB and SIB electrode coatings aver
ages 0.75 ± 0.25 Wm− 1 K− 1 for layered oxide, olivine, and cubic struc
tures. These results are consistent with experimentally determined 
values from Spitthoff et al. [9], Steinhardt et al. [8], and Marconnet et al. 
[12]. A difference in the active materials examined here between LIBs 
and SIBs is not apparent, although the data available is insufficient, 
particularly for SIB systems. Most anode systems result in a slightly 
higher effective thermal conductivity compared to cathode systems, due 
to the significantly higher thermal conductivity of the active materials.

A similar picture emerges for the calculation of the effective density 
of the electrodes. Here, too, porosity and, as a result, the total solid 
fraction are shown to be the strongest influencing parameters on the 
effective value of the electrode coating. Since the densities of the 

electrochemically inactive and active components are similar for most 
materials, the volume fraction of active material and its density are the 
next most important influencing factors on the effective value, alongside 
the total solid content. Since the total proportion of active material in 
the electrode is significantly higher than that of the BCA-phase, the 
active material results in higher sensitivity to the effective value of the 
electrode. The effective density values are higher for cathodes than for 
anodes, with LIB systems tending to have slightly higher values than SIB 
systems.

As already mentioned, the situation is different when it comes to the 
factors influencing the effective specific heat capacity. The progression 
of the configuration’s changes compared to those of effective thermal 
conductivity and density. This is due to the higher specific heat capacity 

Fig. 8. Overview of the calculated effective electrode values with the base and the end values for (a) the thermal conductivity, (b) the density and (c) the specific 
heat capacity for LIB and SIB.
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of the electrochemically inactive components binder and electrolyte 
compared to the active materials. As with effective thermal conductivity 
and density, the most decisive factors are the porosity and the specific 
heat capacity of the active material. A detailed look at Fig. 7 and the 
scatter diagrams in S5 also shows that the porosity and the underlying 
values for the specific heat capacity of the active material have opposite 
effects on the effective value of the electrode coating. This is particularly 
evident in the configurations for NMC and NMO. However, as in the 
other two diagrams, the graph in Fig. 8(c) also shows the final value 
based on the variations chosen for the determination of the effective 
thermal conductivity, in this case, not the maximum or minimum value, 
in order to obtain a coherent data set. The individual variations show, as 
can be seen in Fig. 7, that a larger effective value range is theoretically 
possible for the specific heat capacity. The overall trend here is the 
opposite of that for density, and the specific heat capacity for cathodes is 
lower than that for anodes, although it is difficult to distinguish between 
LIB and SIB systems. The difference is slightly greater for density than 
for heat capacity, so that the volumetric heat capacity follows the trend 
of density.

In summary, it can be noted that the porosity and, conversely, the 
solid content of the electrode have the greatest influence on the effective 
values of all thermophysical properties of the electrode coating. The 
change in the effective value as porosity varies within the specified 
limits depends on the initial value. For thermal conductivity, graphite 
and silicon show an increase in the effective value of approximately 
77 % when porosity is reduced to 20 Vol% and a decrease of just under 
33 % at a porosity value of 45 Vol%. Since most cathode active materials 
exhibit similar initial values for effective thermal conductivity, their 
dependence on porosity also shows an increase in the effective value of 
approximately 20–35 % or a decrease of 13–20 %. A similar trend is 
observed for density, with an increase of 4–14 % (porosity reduced to 
20 Vol%) or a decrease of 2–9 % (porosity increased to 45 Vol%.) in the 
effective value. Since the pure material values for the densities of the 
active materials under consideration do not differ by several orders of 
magnitude, as is the case with thermal conductivity, no single material 
stands out in particular here. For the effective specific heat capacity, no 
trend is observed as a function of the underlying effective value, and the 
fluctuation around the calculated value lies within a range of 2–10 %.

For thermal conductivity, the binder also proves to be a limiting 
component in the heat transport paths through the structure and is 
therefore sensitive in the effective value determination. Similarly to the 
symmetric variation in the thermal conductivity of the binder by ±
0.05 Wm− 1 K.− 1 around the base value, the resulting effective value of 
the electrodes also varies by up to ±20 %. For the specific heat capacity, 
the highly sensitive influence of the pure substance properties of the 
active material on the effective value is particularly noteworthy, as it 
counteracts the influence of porosity. The effect on the effective value is 
of the same order of magnitude as that of porosity.

Comparison between analytical and numerical simulation

In addition to the influence of different variations on the effective 
values of the thermophysical parameters, the analytical model accord
ing to Oehler et al. [15]. for determining the effective thermal conduc
tivity will be compared with the numerical model presented in chapter 
3.2, and the results will be evaluated. For this purpose, defined cases for 
NMC, graphite, and Prussian blue electrode coatings are replicated and 
the results are compared with each other. A detailed list of the input 
variables for simulating such electrode structures can be found in sup
plementary section S6. A brief comparison of the results for the effective 
thermal conductivity of the electrode coating calculated using the 
analytical and numerical model compared to experimental data from the 
literature can be found in Table 3.

NMC configuration
The first case involves simulating the base configuration of the NMC 

electrode. The underlying particle size distribution is simulated based on 
data from NEI Corporation [166]. The particle shape of spheres used as a 
basis is justified by cross-section images such as those found in Pfeifer 
et al. [13]. The numerical simulation was performed on two differently 
stochastically distributed microstructures in order to demonstrate the 
reproducibility of the results. After their creation, both structures show 
good agreement with the predefined volume fractions but are composed 
of a locally different distribution of active material particles and 
BCA-phase. The comparison is made with the values for effective ther
mal conductivity determined using the model according to Oehler et al. 
[15]. With values of 0.94 Wm− 1 K− 1 and 0.95 Wm− 1 K− 1, both struc
tures shown in Fig. 9 show a deviation of 0.28 % and 1.37 % from the 
analytically determined values and, consequently, a very good agree
ment between the two models as well a very good replication of the 
representative electrode section with the two stochastically generated 
microstructures.

Graphite configuration
Compared to the NMC structure, the simplifying assumption of 

spherical active material particles in graphite electrodes is not justified. 
In this case, the AM phase is approximated using ellipsoids, as exem
plified by SEM images in Asenbauer et al. [165]. The underlying particle 
size distribution was selected in the same way as for the NMC configu
ration based on data from NEI Corporation [167] and reconstructed 
using Origin 2023. The aspect ratio was selected in the same way as in 
the work of Oehler [14] and specified for microstructure generation on a 
proportionate basis. The heterogeneous replication of the electrode 
coating for the two simulation cases is shown in Fig. 10. A detailed 
overview of the PSD, aspect ratio, and thermophysical parameters for 
the calculation is provided in the supplementary section S6. Despite the 
good agreement between the volume fractions of the AM, BCA, and 
electrolyte phases, a direct comparison of the numerical and analytical 
simulations reveals a larger deviation of approximately 30% in the 
effective thermal conductivity between the analytical model based on 
spherical particle shape and the numerical models based on ellipsoids. 
As already discussed by Oehler [14], this is due to the underlying aspect 
ratio, which must be taken into account for heat transport through the 
microstructure. The compression of the semi-axis along the heat flow 
path results in an accumulation of heat transfer between the highly 
thermally conductive active material phase and the poorly thermally 
conductive BCA and electrolyte phases. Correcting the value of 
2.81 Wm− 1 K− 1 calculated with the analytical model with spherical 
particle shape taking the proportion-weighted aspect ratio in the heat 
transport direction (z-axis) of 0.76 into account, results in a value of 
2.13 Wm− 1 K− 1 for the effective thermal conductivity through the 
electrode. The deviation between the analytical and numerical models is 
reduced to just under 5% and 1%, respectively. This shows that the 
consideration of heat transport through the microstructure and the un
derlying aspect ratio of the active material particles is crucial here and 
must be taken into account, which is made possible by application of the 
heterogeneous microstructure simulation model.

Prussian blue configuration
As already presented in the section on the numerical model, micro

structure simulation was expanded to include the aspect of generating 
cube-shaped active material particles, which are typical for Prussian 
blue and white active material particles [162]. As with the other elec
trode simulations, a particle size distribution from NEI Corporation 
[168] was selected for microstructure generation. Like the NMC and 
graphite structures, the specified volume fractions of the PB structure 
are also reproduced very well. The underlying data for the PSD and 
volume fractions can be found in the supplementary section S6, while 
the heterogeneous reproduction of the electrode structures is shown in 
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Fig. 11. In both cases, the effective thermal conductivity of the generic 
microstructure replication in the numerical simulation model is 
approximately 13 % higher than that of the analytical model. This is to 
be expected, since the calculation in the analytical model is based on 
spherical particles, which is not the case in the 3D microstructure 
replication. A correction factor for the calculation using the analytical 
model analogous to the aspect ratio as in the ellipsoid shaped graphite 
electrode, or, for example, a correction based on sphericity, does not 
lead to promising results in this case. Even replacing the geometric el
ements of the active material with spheres of identical diameter or 
equivalent volume does not provide a sufficient explanation for the 
given deviation between the numerical and analytical models Never
theless, the value of 0.94 Wm− 1 K− 1 determined using the analytical 
model provides a good approximation compared to the value of 
1.08 Wm− 1 K− 1 from the numerical model and, given the current poor 
data basis, provides a good starting point from which to make im
provements and analyze influencing factors.

Overall comparison of heterogeneous electrode replication
For the electrode coatings reproduced here and the resulting thermal 

conductivities, summarized in Table 3, there is overall good compara
bility between the analytical and numerical models as well as the 
comparison with electrodes from the literature. It should be emphasized 
that the electrode coatings reproduced here are generic model cases. 
Comparison with literature values is only possible with certain limita
tions, as parameters such as the porosity or particle shape of the active 
material have a significant influence on the effective properties, and 
these vary greatly in the electrodes examined in the literature or are not 
always known. However, the models prove to be suitable for consis
tently reproducing the underlying relationships and show very good 
agreement with the values found in the literature.

Conclusion and outlook

The selection and composition of materials determine the effective 
thermal behavior from the electrode to the cell level of LIB and SIB, 
which affects the entire battery system, for example. The data available 

Table 3 
Comparison of the effective thermal conductivity of electrode coatings with NMC, graphite, and Prussian blue as active material, determined using analytical (An) and 
numerical models (N1, N2) and compared with literature values (Lit).

Active material Analytical 
λAn / Wm− 1K− 1

Numerical 1 
λN1 / Wm− 1K− 1

Numerical 2 
λN2 / Wm− 1K− 1

Literature 
λLit / Wm− 1K− 1

NMC 0.94 0.94 0.95 0.91 [169]
Graphite 2.13 2.22 2.11 1.8…2.8 [14,15]
Prussian Blue 0.94 1.08 1.08 −

Fig. 9. Microstructure replication of generic NMC electrodes with spherical particles and polydisperse particle size distribution for two stochastically generated 
structures (a) and (b) with identical structural parameter specifications.
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is very limited, especially for next-generation LIB and SIB. Against this 
background, extensive data from literature, material databases, and 
manufacturer specifications were compiled to provide a comprehensive 
overview of the available pure substance thermophysical parameters for 
active materials of lithium- and sodium-ion battery electrodes. The focus 
is on the thermal conductivity, density, and specific heat capacity of 
established and future technically relevant materials. While acceptable 
data could be found for density, including for possible future materials, 
this was only possible to a limited extent for specific heat capacity, and 
even less for the thermal conductivity of the active materials. In addi
tion, a calculation approach according to Kopp was used to approximate 
the specific heat capacity, and its applicability was demonstrated by 
comparison with available data on established battery materials. The 
devised data set of pure substance constitutes the basis for determining 
the effective thermophysical properties of porous electrodes for the 
investigation of a broad spectrum of possible design variations in battery 
cells. For this purpose, a base value and a fluctuation range were defined 
for the respective materials based on the researched parameters. On the 
one hand, this is intended to provide a good base value, but on the other 
hand, due to insufficient data in the literature, it also takes into account 
influences such as different material and crystal configurations or tem
perature and state of charge dependencies. In addition to the pure ma
terial data and their ranges, also the electrode composition was defined 
based on data from commercial suppliers. To establish a basis for elec
trode design, the following three cases were defined: a base configura
tion, as found in typical technically advanced electrodes, an upper 
configuration with a higher AM content, and a lower configuration in 
which the share of AM is reduced.

In addition to the volume- and mass-weighted calculation of the 

effective values for the density and specific heat capacity of battery 
electrodes, determining the effective thermal conductivity poses greater 
challenges. This is due to the complex heat conduction through the 
underlying heterogeneous microstructure of the porous electrodes 
composed of active material particles, a connecting BCA-phase and the 
electrolyte within the pore space. Two models were used for the deter
mination: an existing, computationally highly efficient analytical model 
developed in our group by Oehler et al. [15], and a numerical 3D model 
that was further developed in this work to simulate heterogeneous 
electrode microstructures, taken into account PSD, aspect ratios, and 
particle shape, among other factors.

The analytical model was used for the variation studies in order to 
take into account the broad spectrum of materials and design variations. 
Starting from a base configuration, the volume fractions of the AM 
phase, the composition of the BCA phase, the porosity, and the pure 
material data were varied. The variation was carried out with the aim of 
increasing or decreasing the effective thermal conductivity of the elec
trode in order to identify the extreme values in our permissible variation 
range. In addition to this sequential variation, the individual influence of 
the parameters was also investigated on the base configuration and the 
single-parameter influences were presented in scatter diagrams. In 
addition to the effective thermal conductivity, this variation was also 
carried out for the calculation of the effective density and specific heat 
capacity. The results of these variation studies are summarized in Fig. 8
or presented in scatter diagrams in supplementary section S5 and can 
serve as a database and guidance for thermal simulations, investigations, 
or designs, as only limited data is currently available.

The numerical model was used in order to assess the influence of the 
aspect ratio and particle shape on the effective thermal conductivity of 

Fig. 10. Microstructure replication of generic graphite electrodes with ellipsoidal active material particles and polydisperse particle size distribution for two sto
chastically generated structures (a) and (b) with identical structural parameter specifications.
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the electrodes and verify the analytical model. An NMC configuration 
was selected as the first case, in which the assumption of spherical active 
material particles is justified. The comparison of the numerically 
determined effective thermal conductivity shows very small deviations 
from the value determined with the analytical model and, consequently, 
very good agreement. In the case of ellipsoidal active material particles, 
such as those found in graphite electrodes, there are comparatively 
larger deviations for the determined effective thermal conductivity of 
the two models. If the underlying aspect ratio of the particles in the 
direction of the heat transport path is considered for the determination 
of the analytical model, the results also show very good agreement. Only 
the influence of the particle shape when changing from spherical to 
cubic active material particles, as is the case for Prussian blue, for 
example, currently shows potential for improvement in calculations 
using the analytical model.

In addition to further developing the analytical model to better 
replicate more complex active material shape, validating the studies 
using experimentally characterized electrodes is an essential next step. 
By specifically replicating the microstructures of electrodes with known 
composition ratios and electrode components used, it is possible to 
further develop the microstructure replication. In addition to replicating 
the volume proportions of the microstructure as accurately as possible, 
the focus here is also on accurately reproducing the PSD and BCA dis
tribution as well as the active material particle shape. This enables, 
possibly supported by cross-section images, more precise knowledge 
about heat transport through the complex and very heterogeneous 

microstructure of a battery electrode and which parameters are to be 
considered particularly sensitive and which can be homogenized and 
simplified.
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