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Abstract

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 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 uncertainty 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
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measurements at high temperatures, which are required for safety studies. Overall, this

study serves as a valuable reference material for both modellers and experimenters.

Keywords: Li-ion battery, Heat capacity, Thermal conductivity, Thermal contact

resistance

1. Introduction

In 1991, Sony released the first video camera powered by lithium-ion cells [1] - an
energy storage technology that delivers nearly 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 overall trend is set 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 increase. 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 10-20 °C and ends between
30-40 °C [12,14]. However, as demonstrated by Schimpe et al. [10], the optimal
temperature 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 T,.; for safety, lifetime and
performance, battery developers use thermal cell models. For these models, the specific
heat capacity c,, 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 T,.;; [21,22]. Accordingly,
the increase in T, depends strongly on the specific heat capacity c,, which is reviewed
in this paper. Further influences on T,,;; accrue from the density p, volume V_,;, and
surface Ag,,s of the cell. On the operational side, the heat generation rate inside the
cell gV, the heat transfer coefficient hg,,.r, and the ambient temperature Tg,,, act
on T,y;. For adiabatic boundary conditions (hg,,r = 0 Wm™2 K™'), uncertainties in c,
would translate directly into uncertainties in dT,,;;/dt. For example, an uncertainty of
10% in ¢, would cause an uncertainty in 9T, /dt of 10%, which can drop to an

uncertainty of 6% at lower heat transfer coefficients (7 W m=2 K1) [23].
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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 T..; 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 (k,, k,, k,). It should be noted that Equation (2) is expressed
in Cartesian coordinates (x,y,z) but can readily be expressed in cylindrical

coordinates (7, z, ).

Equations (1) and (2) emphasize the dependency of T,.; on intrinsic material
parameters of the cell (c,, ky, ky, k,) and the operational conditions (¢, hsyrf, Tams)-
Despite the importance of material parameters for T, review papers [2,27]
summarizing their values are out of date. In 2011, Bandhauer et al. [2] analyzed the results
of two thermal conductivity studies [28,29] and expressed the need for a better
understanding 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] published 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 particle 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 c,, 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:

e Summarize values for specific heat capacity and thermal conductivity and
present corresponding uncertainty ranges and medians for thermal models.

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

o 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) components.
Afterwards, the specific heat capacity of these components are compared with results
made on 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 predominately
determined by the layer thicknesses of the current collectors [34], the through-plane
conductivity is influenced by the thermal conductivity 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 () application of the parameter or
indirectly through a calculation (Ya). For model definitions and instructions on how to

select the thermal parameters for each thermal model, see the supplementary material.



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.

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 components such
as the cell housing or stack, and single-domain models (SDM [38]) with a single volume
for the entire cell.

Subsection Measurement Evaluation Applicability to models

level level

LRM CRM SDM

2.1 Heat capacity of porous components and  Cell component Cell component Yy Yac Yac
electrolytes
2.2 Heat capacity of solid non-porous Cell component Cell component Yy Yac Yac
components
2.3 Heat capacity of electrode-separator Full-cell, stack Stack N Yq Yac
stacks
2.4 Heat capacity of full-cells Full-cell Full-cell N N Y
3.1 Conductivity of electrode-separator Full-cell, stack Full-cell, stack N Y Yac
stacks and full-cells
3.2 Conductivity of solid non-porous Cell component Cell component Yy Yac Yac
components
3.3 Conductivity of porous components Cell component Cell component Yy Yac Yac
3.4 Contact resistances Full-cell, stack Cell component Yy Yac Yac

Yq: Can be directly applied in the thermal model. Y ac: Additional calculations are required for use in the thermal model. N: Cannot be applied in

the thermal model.

2. Specific heat capacity

This section addresses various heat capacity experiments from component to full-cell
level, which is illustrated in Figure 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 capacity, which in
principle measure the heat flow to the test object and the subsequent temperature increase.
The most frequently used type of calorimeter is the differential calorimeter with a
measurement uncertainty between 1.5% and 10% [43]. Measurements that are more
precise can be achieved with adiabatic calorimeters, which offer an uncertainty of 0.05 to
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 €. These include the
cathode and anode coatings and the separator, as shown on the left-hand side of Figure 1.
The specific heat capacity of such porous materials c,,, can be calculated with
Equation (3) [13]. ¢,,r depends on the specific heat capacity of the fluid cf,,;; and solid
phase cg,i4, Which are weighted by their mass fraction. Therefore, the volume fraction e
has to be multiplied with the density of the fluid p.,;4 and solid phase pso;;4. The bulk

density pp.. Of the porous material is calculated with Equation (4).

_ CfwiaPruwia€ + CsotiaPsotia (1 — €) 3)
por —
Poulk
Poutk = Priuid€ t+ Psoia(1 — €) (4)

It should be emphasized that the solid phase of anode, cathode, and the separator is
also a composite. According to Equation(5) and (6), the weight
fractions mgep, i /2 Msem,i» densities pgen ;, and specific heat capacities ¢, ; 0f solid
composite materials can influence cy,;;4 and pgoiiq- 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 separator
categories can contain solid materials such as polyethylene terephthalate (PET),
polypropylene (PP), polyethylene (PE), polyamide (PA), polyvinylchloride (PVC),
polyester (PU), Al,Os, and SiO2 [51-53].

c _ Z Msem,i c (5)
solid i Zimscm,i sem,i

Zi mscm,i (6)
i(mscm,i/pscm,i)

Psolia = T

The stack level in Figure 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 capacity of the electrode-separator stack c;,.i 1S defined by Equation (7)
[54], which is independent of the geometry. Instead, the mass of the dry anode and
cathode coatings (Mg, Meqr), the mass of the anode and cathode current collectors
(Manocc» Meatcc), and the mass of the dry separator my,,, compared to the total mass of
the stack mg. o determines the weighting of the heat capacities. The specific heat
capacity of the separator c,,,, anode coating c,,, and cathode coating c,, are dry porous
heat capacities c,,, in the sense of Equation (3). Whereas the heat capacity of the
anode cg,,0cc and cathode c.q.cc 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].
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Figure 1: Schematic of different scales for the specific heat capacity demonstrated for the
cylindrical cell format.

Besides the current collectors, full-cells contain further solid non-porous components
in the cell housing such as the can and the terminal. Especially for cylindrical cells, the
positive terminal can contain 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 c,, and their mass m,, introduce a difference

between the heat capacity of the full-cell c..;; (Equation (8)) and cgqck-

C _ ManoCano + MeatCeat + MsepCsep + MaccCacc + MeccCecc T MeteCele (7)
stack —

Mano + Megr + msep + Mgce + Mecc + Meie

c _ MstackCstack T Zn(cnmn) (8)
=
“ Mseqck T Zn(mn)

The specific heat capacities covered by Equations (3) to (8) are reviewed in the
following subsections. Values for cgy;;4 and ¢ from Equation (3) are analyzed in
subsection 2.1, which determines cqy,0, Ccqr and cge,. Heat capacities for the current
collectors (cuccr Coccc) €an be found in subsection 2.2. Subsections 2.3 and 2.4 cover

direct measurements of ¢y g0 aNd c.qpr, respectively.

» Scale



2.1. Heat capacity of porous components and electrolytes

Table 2 lists experimental results for porous c,,, and fluid c¢y,,;4 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 psyia€/ppuix ECOMES negligible
compared to the solid phase if inert gas such as argon fills the pores. Therefore, dry ¢,
can be equated with c,,;;4 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 psyiia, Prui. @Nd €, which characterizes the

composition and morphology.

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

with a linear function: p, (T — 300 K) + p,. The temperature dependency is then defined
by dividing the slope p, = dc,/dT with the heat capacity at 300 K (p, = ¢, (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.

Table 2: Measured specific heat capacity of porous electrode coatings and separators ¢,
and electrolytes cqp,,;4 applied in electrode-separator stacks of lithium-ion cells. All
electrode coatings contain active material, binder and conductive additives. If electrolyte
is contained inside the pore, the measurement is declared wet. Dry measurements contain
inert gas inside the pores, which equates c,, With cs,;4. NO information provided is
marked with (-).

Dry/ Psolia Pbulk € T Cp ac,
No. Ref.  Stack layer wet e Rp— % < kg KT %pK-l
1 [13]  Graphite ? Dry 231 - 46 283 +50 710151  +0.4
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2 [13]  Graphite Dry 231 - 47 283450 715149  +0.4
3 [13]  Graphite ? Dry 2.44 - 53 283 +50 696 +154 +0.4
4 [13]  Graphite ® Dry 2.15 - 51 283450 718139  +0.4
5 [13]  Graphite ® Dry 2.01 - 66 283450 7204147  +0.4
6 [13]  Graphite ® Dry 2.46 - 43 283450  729+149  +0.4
7 [59] Graphite Dry - 1621 - 323430 1134 0.0
8 [54]  Graphite Wet - 1.35 - - 1437 -

9 [58]  Graphite ? Wet - - 31 326 +28 1097 +178  +0.8
10 [60]  Graphite ? Wet - 25 - - 700 -

11 [13]  Separator®9  Dry - - - 283 £50 1786 +436  +0.5
12 [13]  Separator®9  Dry - - - 283 +50 1614 +345  +0.4
13 [13]  Separator 9  Dry - - - 283 50 1581 +337  +0.4
14 [13]  Separator®9  Dry - - - 283 +50 12344239 +0.4
15 [13]  Separator 9  Dry - - - 283 50 1583 +367 +0.4
16 [13] Separator Y9  Dry - - - 283 +50 1600 381  +0.5
17 [13]  Separator ® Dry - - - 283450  1583+340 +0.4
18 [13]  Separator ® Dry - - - 283450 1683 +340 +0.4
19 [13]  Separator ? Dry - - - 283 +50 1556 +354  +0.5
20 [59]  Separator Dry - 0586 - 323430 3250 0.0
21 [61] Separator® Dry - 0.91 - 311413 247545 0.0
22 [54]  Separator Wet - 1.01 - - 1978 -

23 [58]  Separator Wet - - 40 326 +28 1689 +141  +0.3
24 [60]  Separator Wet - 1.2 - - 700 -

25 [13] LcoOVY Dry 481 - 31 28350 697 +08 +0.3
26 [13] LcoOVY Dry 448 - 29 28350 707 +98 +0.3
27 [57] LCO® 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] NMC b Dry 3.88 - 37 283 £50 767 95 +0.2
31 [13] NMC b Dry 3.93 - 22 283 £50 761 +89 +0.2
32 [13] NMC b Dry 4.24 - 36 283 £50 764 94 +0.2
33  [57] NMCY Dry 432 245 424 423150 898+144  +0.1
34 [59] NMC Dry - 2.580 - 323 +£30 1068 0.0
35 [58] NMCP Wet - - 29 326 28 952 +39 +0.2
36 [13] LCO/NCAY  Dry 393 - 23 28350 737 +99 +0.3
37 [63] LFPY Dry 1.65 - - 290+100 735181  +0.2
38 [62] LCO/LMO® Dry 3.96 1.73 58 436 £138 904 +92 +0.1
39 [60] LMO® Wet - 15 - - 700 -

40 [13] Electrolyte 9 - - 1.28 - 293 £40 1639 £58 +0.1
41 [13] Electrolyte M - - 1.24 - 283 £50 1630 £74 +0.1
42 [54]  Electrolyte - - 1.130 - - 2055 -

43 [59] Electrolyte 9 - - 1.280 - 323 £30 229 0.0

a) The temperature dependency Ac,r is determined by dividing the slope of the linear regression dc, /0T 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. ) Manufactured by Celgard. f) Manufactured by Toray. g) LP30 from BASF. h) LP50 from BASF

The bar chart in Figure 2 a) gives an overview of the 43 test samples in Table 2.
Furthermore, the chart differentiates between wet and dry measurements. According to

Figure 2 a), every common cathode chemistry of lithium-ion cells is contained in Table
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2 except for lithium-nickel-cobalt-aluminum-oxide (NCA). Note that LCO/NCA is a
blended cathode. 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 additives 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 e of the material is listed in Table 2.

Figure 3 a) shows the boxplot of selected specific heat capacities with more than one
entries 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
Figure 3 a) with a median heat capacity of 1635 ] kg~ K~1. This median heat capacity
can be explained by common electrolyte constitutes such as ethylene carbonate (EC,
1521 ] kg~ K~ [65]) or dimethyl carbonate (DMC, 1855 ] kg=* K~ [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 ] kg=! K~ using Equation (3). This represents

a slight deviation from the measured median of 3%.
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Figure 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 c,,,, and
the electrolyte ¢4 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 c.,; filtered by the cell format and cathode
chemistry from Table 6. ¢) 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 k;, which are listed in Table 11.
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The boxplot in Figure 3 a) shows a lower and upper whisker of 229 and
2055 ] kg™t K~ 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
capacity. In addition, the influence of the LiPFs salt on the heat capacity of the electrolyte
Crwiq has not yet been investigated. As the mass fraction of LiPFs in common electrolytes
lies around 10% (LP30 11.5 wt.% [68]), a significant impact on csp,q Cannot be

neglected.

The boxplot in Figure 3 a) shows a median heat capacity of 1600 ] kg~ K~ for dry
separator sheets. This median agrees well with common raw materials of separators [52]
such as PET (1172]kg *K™! [69]), PE (1549]kg *K~! [70]), and PP
(1634 kg1 K= [70]). According to the boxplot, No. 14 in Table 2 can be treated as an
outlier, since the value of 1234 ] kg~ K~ 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 ] kg~ K~ measured for a polyolefin
separator does not correspond to the specific heat capacity of conventional polymers at
300 K [71]. In addition, inorganic separator materials such as Al,Osz or SiO, with a
specific heat capacity of 866 and 746 ] kg~! K~ [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 ] kg~! K~ can be derived from the lower and upper whiskers of
the boxplot. The corresponding mid-range of 1671 ] kg~! K~1describes 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 ] kg~ K1, 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] kg~ K~ (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 | kg~*K~1. Taking into account the lower

14



and upper whiskers, the mid-range heat capacity for all cathodes contains an uncertainty
of £13%.

The median for dry graphite coatings is 718 ] kg~ K1 in Figure 3 a), which contains
the measurement results of seven test samples. Although these coatings contain
polyvinylidene fluoride (PVDF) binder (1114 Jkg ! K~! [72]) and carbon black
(650 J kg1 K~ [72]), the median of 718 ] kg™* K~ is close to pure graphite with a
specific heat capacity of 706.9 ] kg~ K~ [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 ] kg1 K. Given the composition of graphite coatings in lithium-ion cells, the heat
capacity of 1134 ] kg~ K~ (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 materials in Figure 3 a). The comparable lower
uncertainty can be explained by the instance that all measurements contained in the
median of 718 ] kg~* K~ are conducted by Loges et al. [13]. Therefore, the +2% range
does not cover any other sources of uncertainty (e.g. measurement technique), which

requires additional measurements in this field.

Using Equation (3) and (4) and the parameters in Table 2 to calculate c,,, 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 Figure 3 a) of dry graphite (cs.4) and the median of the electrolyte (cf,q), 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 capacity of the wet graphite coating of 901 J kg~ K1,
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 Figure 3 a). With a porosity of 40%,
the heat capacity of the wet separator is calculated according to Equation (3) as
1617 ) kg=" K~1. This result for c,,, corresponds to the measurement at 300 K with an

uncertainty of 4% (Table 2, No. 23). Therefore, Equation (3) and (4) and Table 2 can be
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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 c, 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
formulated an equation for the capacity at constant volume, which depends on the
temperature [75]. Often no measurement data for the entire temperature range are given
for compressibility [74], which makes solid-state physical calculations of the temperature
dependency of ¢, more difficult. Therefore, measured temperature dependencies for c,

are discussed without physical calculations in this review paper.

Figure 3 b) shows the boxplot for the temperature dependency Ac,T listed in Table

2. As in Figure 3 a), the ordinate of the box plot in Figure 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 Figure 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 outliers 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, Ac, T for wet materials has to lie between the electrolyte
and the corresponding dry material. This is the case for the wet separator in Figure 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 Figure 3 b), dry separator material has a temperature dependency of
0.4% K~1, which corresponds well to PP material. The heat capacity of PP increases from

1570 to 1920 ] kg~ K~ for a temperature increase from 273 to 323 K [67]. This change
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in heat capacity divided by the heat capacity at 300 K of 1622 Jkg=* K~! [71] gives a
consistent temperature dependence of 0.4% K~1. The consistency supports the suggestion
of outliers in Figure 3 b) for temperature dependencies around 0.0% K. On the cathode
side, LCO and NMC coatings show similar temperature dependencies of 0.2% K1,
which also correspond to LFP and LMO (Table 2 No. 37, 38). In contrast, graphite
coatings show a higher temperature dependency of 0.4% K~ 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~ [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 ] kg~ K~ [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 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.
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Figure 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), csoriq (dry) and cg,;4 (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 Ac,T

from Table 2. SOC and SOH dependency is not include due to the small data quantity.

2.2. Heat capacity of solid non-porous components

A working lithium-ion cell not only contains porous and fluid components introduced
in the previous subsection, but also solid non-porous components. To complete the
electrode-separator stack in Figure 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
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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 Jkg™* K1,
Furthermore, the temperature dependency Ac,, is negligible. In contrast, pure aluminum

exhibit a small positive temperature dependency. Furthermore, the specific heat capacity
of 884 ] kg~ 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 c,, is equal to three times the universal gas constant (c,,, = 3
8.314 ] mol~* K™1). Three times the gas constant divided by the molar masses of copper
(63.5 gmol™? [76]) and aluminum (27.0 g mol~1 [76]) gives a specific heat capacity of
393 and 923 J kg~ K1, respectively. Both predictions of the Dulong—Petit law show a

deviation of 2% and 4% from the mid-range heat capacity in Table 3.

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

. p T Cp a. r®
Material p— I kgt K1 %pK—l
Copper @ 8.96 [76] 316 +18 [82] 387 +2 [82] +0.0
Aluminum 2 2.70 [76] 293 +40 [83] 884 £27 [83] +0.1
Aluminum alloy 3003 2.73 [84] - 893 [84] -
Pouch foil 9 - 283 £50 [13] 1191 +208 [13] +0.3
PP © 0.95[70] 300 +30 [70] 1634 +188 [70] +0.4
PET ® 1.35+0.05 [71] 300 +30 [69] 1172 +112[69] +0.3
PE® 1.00 [70] 300 +30 [70] 1549 +130 [70] +0.3
Stainless steel AISI 304 7 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 dc,r is determined by dividing the

slope of the linear regression dc,/dT by the heat capacity at 300 K.

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
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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 housings

appears appropriate for thermal cell models. For pure aluminum, Ac, T shows a positive

correlation between the temperature and c,. 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 ] kg~* K~1. This corresponds to a deviation 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 um contains PET (12 pm),
adhesive (9 um), polyamide PA (25 pm), aluminum (40 um), and PP (70 um). 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 ] kg~! K~1. Because of this large range of
759] kg~ 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 Figure 1. This subsection gives an overview of experiments measuring the
specific heat capacity of the entire stack c,.4o and compares the results with the two
previous subsections. According to Equation (7), csqcx 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 m.,;;.

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 cygck-
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
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influence on csqc. Table 4 also contains the mass fraction of cell components outside
the electrode-separator stack (3. m,,)/m_.;;, Whose impact on c.,; will be discussed in

the next subsection.

Due to the high mass fraction of the stack mg;q/Mcen, the heat capacity of the
stack cgqqcr has a significant influence on the heat capacity of the full-cell c..;. 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 cgrack, 1€5S measurement data is available in the literature. cyq0 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 Q,;;, the active materials of the
stack, the SOC and the temperature T during the experiment, the specific heat capacity

Csrack @nd the temperature dependency A,

Table 4: Mass fractions of components within the electrode-separator stack and cell
components outside the stack used in Equation (3) and (4) to calculate csqcr and Ceep-
No information provided is marked with (-).

Ref, Qeew Theell oo Active material et Tlano Mele  Macc  Mecc Moo LT
Ah g Meen Meen Meen Meen Meent Mceer Meen
[91] 26 443  Cylindr. LCO/NMC-G 41% 18% 10% 7% 4% 3%  17%
[91] 15 431  Cylindr. NMC-G 26% 15% 10% 17% 7% 3%  22%
[91] 11 39.0 Cylindr. LFP-G 25% 13% 16% 10% 6% 3% 27%
[92] 335 454 Cylindr. NCA-G 39% 26% 10% 6% 3% 2% 13%
[88] 7.5 3200 Cylindr.? NCA-G - - 15% - - 5%  48%
[93] 41 865.0 Pouch® NMC/LMO-G 38% 25% 14% 10% 6% 1% 4%
[94] - 791.0 Pouch LCO/NCA-G 43% 21% 14% 9% % 2% 3%
[95] 3.8 88.2 Pouch NMC-G 3% 17% % 24% 10% 7% 4%
[78] 8 328 Prismatic LFP-G - - 15% - - 11% 16%

a) High-power type. b) High-energy type.

With the exception of NCA, all common cathode materials are represented 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 c ;4. as all other investigations measure significant lower

heat capacities. In addition, some results (Table 5, No. 2, 3, 5) even exceed the heat
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capacity of common electrolytes c,;., which is not possible according to the weighted

average in Equation (7) and heat capacity of the electrolyte c,,;, in Figure 3.

Without the investigations of Barsoukov et al. [47], the median of all mid-ranges
of Cseqer iN Table 5 amounts to 959 ] kg=1 K~1. This median lies within the heat capacity
of the stack components from Figure 3 a). The comparison of No. 6 with 7 to 10 in Table
5 confirms that LCO coatings have a lower heat capacity than NMC, which was shown
in Figure 3 a). In addition, cg.4c ONly varies by 77 J kg=! K1 (£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 € in general and the thickness ratio of the
coating to the current collector of the anode d;,,/d.cc have a dominant influence on
Csrack- DU t0 its low mass fraction of 3% (median Table 4), the separator usually has a
minor influence. In addition, dry cathode coatings and aluminum collectors have a similar
heat capacity of 798 £101] kg~ K~1, which reduces the influence of variation in the
cathode mass fractions on ¢4 - On the other hand, No. 7 to 9 in Table 5 show that c;qcx
increases significantly with d,,, /d.cc, which can be quantified by a linear correlation
coefficient of +0.87. In contrast, the correlation with €,,, IS weaker with a linear
correlation coefficient of +0.56. Because of the good correlation between d,,,/dgcc and
energy density [97], it is also expected that ¢y, Will correlate with energy density of

the cell.

In addition to cell design parameters such as dg,,/d.cc, battery states such as
temperature can also cause differences in cy4c,. The temperature dependency Ac,T of
0.2% K~ of the stack corresponds with that of dry cathode materials in Figure 3 b), which
can be explained by the high mass fraction of cathode coatings in Table 4. The SOC
dependency Ac, s0¢ 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 cs;qcx IS

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

No. Ref. et T pciie material  Sme  ano 50¢ z % a?;'T
Ah g % dacc % K Jkg™' K % K-1

1 [45] 4.4 194 LFP-G© - - 50 303 958 -

> 7 18 4271 - i : 100 296 1800 -

3 [471 15 395 - - - 100 296 1900 -

4 [47] 13 416 - i : 100 206 1200 ;

5 [47] 14 409 - - - 100 206 2400 -

6 [13] 68 - LCO-GY 46 17 0 303+30 882 %65 +0.2

7 [13] 28 - NMC-G 9 51 7 0 303430 977463  +0.2

8 [13] 50 - NMC-G? 43 10 0 303 £30 985 +68 +0.2

9 [13] 60 - NMC-G? 53 12 0 297 £36 103674  +0.2

10 [96] 37 805 NMC-G - - 55 +45% 308 £20 953 +42 +0.2

11 [98] 3.4 49.0 NMC-SiG Y 21 16 40 £309 30015 1004 +34  +0.2

12 [98] 4.8 69.0 NMC-SiG Y 30 16 43289 30015 91128 +0.2

13 [13] 3.2 - LCO/NCA-G9 66 4 0 303+30 976 £52 +0.2

a) The temperature dependency Ac,r is determined by dividing the slope of the linear regression dcgq. /9T by the heat

capacity at 300 K. b) The SOC dependency e, s0¢ is determined by dividing the slope of the linear regression
0¢stack/9SOC by the heat capacity at a SOC of 50% amounts to -1%. c¢) High-power type. d) High-energy type. c)

ac,s0c = 0%

2.4. Heat capacity of full-cells

This subsection deals with the specific heat capacity of lithium-ion full-cells c..;
defined in Equation (8). As shown in Figure 1, c.,;; is determined by the heat capacity of
solid components outside the electrode-separator stack and cg;,.«, Which were discussed
in Subsection 2.2 and 2.3, respectively. According to the mass fractions (3, m.) /M ey In
Table 4, components outside the stack can influence c..; by up to 48%. Therefore, a
strong impact on c.;; is very likely especially in the case of housings made of steel with
a lower heat capacity of 480 ] kg=! K=1 (Table 3) compared to the stack cgq.,. Pouch
cells, on the other hand, have a mass fraction of approximately 4%, which indicates a

smaller deviation between c; 0 and ey -

Figure 2 b) shows the amount of heat capacity measurements that were carried out on
full-cells. There are 52 experiments for c..; in the literature, 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, Figure 2 b) differentiates the cathode

23



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). As at component level, anodes with silicon-graphite have not been

measured so far in the literature.

The temperature T in Table 6 indicates the temperature during the measurement
of c..;;- 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 c.,;;.

It is important to examine the uncertainty of c..;; when calculating this parameter
from the heat capacity of the cell components in Table 2 and Table 3. If a sufficiently low
uncertainty can be achieved for the calculated c..;;, 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 c..y;- In Table 6, two references made this comparison. Sheng et al. [78] calculated a
maximum deviation of 5% at 300 K from the measured c..;; (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 c,;; 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.

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

No. Ref. Qcen Mceu Format ACtng Soc T C_crlzll - aa), a?g,soc
Ah g material % K Jkg=tK % K-1 %

1 [48] 2 429  Cylindr. - - 293 1013 - -

2 [48] 27 45 Cylindr. 9 - - 293 907 - -

3 [48] 11 394  Cylindr.9 - - 293 1011 - -

4 [102] - - Cylindr. - - - 800 - -
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a) The temperature dependency A, 1 is determined by dividing the slope of the linear regression dc.,;;/dT by the heat capacity at 300 K. b) The
SOC dependency e, s0¢ is determined by dividing the slope of the linear regression dc.,;;/dSOC by the heat capacity at 50% SOC. c) High-
power type. d) High-energy type.

Figure 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 c..; was measured between 250 K and
340 K, which can be viewed as the operating window for lithium-ion cells. No
experiments for c.,;; 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 Figure 4 a) indicate a format dependency of c..;.
Comparing the medians of the mid-ranges shows a lower c.;; for cylindrical cells
(912] kg™t K1) than for prismatic (1041 ] kg~ K~1) and pouch cells (1168 ] kg~* K~1).
The housing can explain the difference between the formats assuming the same values
for cgqck- FOr example, 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 ¢y Of 959] kg™ K1 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~ K1,

There are several reasons that could explain a higher value in c..;; than csge - First,
the stack design of the cells listed in Table 6 could be systematically 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 Table 5 and Table 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 c.,;; compared to cg;qcx due to the
high heat capacity of the electrolyte. For example, An et al. [123] recommended 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.
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Nevertheless, the median of the pouch format deviates by 20% from 976 Jkg=* K1,
which exceeds the measurement uncertainty of common measurement methods [43]. In
conclusion, more research is needed to clarify the discrepancy between cgpqcr and e

for pouch and prismatic cells.

The median of all temperature dependencies Ac, T of c.e;; 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~! (Table 6, No. 25) can be treated

as an outlier, since Ac, of cell components lie within 0.0 and 0.4% K~ according to
Figure 3 b) and Table 3. For the SOC dependency Ac,s0¢ Table 6 lists values

between -4% and 7% for c..;;, which is in the same order of magnitude as the 2% that

Loges et al. [13] measured for cg;qck -

Temperature and SOC can influence c_.;, but also design parameters such as the layer
thicknesses have an influence. High energy cells usually have a higher ratio between the
thickness of the active material and the current collectors (d g0 /dace, Aeat/Aecc)- LOGES
et al. [13] pointed out that a thicker anode coating d,,, 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 d,,,/d.cc, increases the specific heat capacity of the anode
electrode. On the other hand, increasing d.,:/d.cc 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 d,,, /dqcc

and c..;;, which implies a correlation between the energy density of the cell and c_;.
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Figure 4: Dependencies of the full-cell heat capacity c..; 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 c_,; of cylindrical lithium-
ion LCO-G cells with their specific electrochemical capacity Q.o /Mcen-

With increasing coating thicknesses, the specific energy e.,;; of the lithium-ion cell
also increases. e, is often defined as the product of nominal voltage and electrical
capacity divided by the cell mass U,z Qcerr/Meey- TO €xamine the correlation between
ecerr aNd ceyp, Figure 4 b) shows c.;; as a function of the specific capacity Q.o /Mcens
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 Figure 4 b) can be converted to e..; 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 e.,; and c..;;. The remaining data points are approximated in Figure 4 b) using
a linear regression. As postulated, the slope of the linear regression has a positive value
of 5.8] K™ Ah~! with a 95% confidence interval of +8.1] K= Ah~1. The Pearson's
linear correlation coefficient between Q..;;/Mceyy and cgep; is 0.72. Therefore, as the
specific energy of lithium-ion cells increases, the specific heat capacity of the cell is likely

to increase as well.
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3. Thermal conductivity and resistance

This section reviews thermal conductivity measurements on full-cells, electrode-
separator stacks, single stack layers k;, and thermal contact resistances R, between theses
layers. In comparison to the specific heat capacity, it is not straightforward to formulate
an effective 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
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 measurements [50,72].

The thermal conductivity measurement methods can be divided into steady-state and
transient methods. To determine the thermal conductivity, 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], respectively. 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 Figure 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 homogeneous 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,¢) is

recommended for wound stacks and a Cartesian (x, y, z) for piled ones [34].
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Figure 5: Definition of in-plane k; and through-plane k, thermal conductivity for wound,
piled or flat-wound electrode-separator stacks. The through-plane conductivity of the
stack is influenced by the thermal conductivity of the stack layers k; and the thermal
contact resistance R, between them.

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 k; by their layer thickness d, ;. 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 R, between the stack layers [126]. R, can be divided into a detachable coating-
separator and a non-detachable coating-collector interface, which are shown in blue and
red in Figure 5. It should be noted that R, is a specific thermal resistance with the
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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 (d,c¢, decc ), 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 Y’; d, ; determines the influence

of the thermal contact resistance on k|, .

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).

chll : - Zi dl,i dcat dano daCC chC dsep
Ref. - Format Active material o S di; T di; T, T d; S di;
[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%

After discussing the in-plane k; and through-plane k, conductivity, Subsections 3.2
and 3.3 examine experimental results on stack layers k;. 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 k; 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 direction 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
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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, Q..; and m..; in Table 8 provide information about whether the
electrodes are designed for high-energy or high-power applications. 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 Figure 2 ¢). No experiments are available for the cathode
coating NCA and the anode coatings LTO. According to the boxplot in Figure 6 a), k; is
between 21 and 40.1W m~! K™%, which contains all references in Table 8. This
represents an uncertainty of +31% from the mid-range of 30.6 W m~! K~1. With known
cathode and anode chemistry, the uncertainty from the mid-range is reduced to £21% and
+18% for NMC-G and LFP-G (see Figure 2 c)), respectively. No investigation in Table
8 compares its measurement results with material measurements k; 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 unknown relation with SOH, and a
negative correlation with the specific capacity Q..;;/m..y;. 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 between k; and the
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specific energy or capacity Q..;;/m.e;;- LOOking at No. 1 and 2 (Table 8), the specific

capacity drops from 37.7 to 28.6 Ahkg™!, while the k;, increases from 28.8 to

40.1 W m~1 K=, This is most likely caused by thicker current collectors compared to the

total thickness Y; d, ; of the stack in Equation (9).

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 at stack or full-cell level. No information provided is marked with (-).

No. Ref. Qcer Teell  Eormat Active material soc T A
Ah g % K Wm-1K-1

1 [128] 14.5 385.0 Pouch LFP-G 50 50 305 28.8 £0.6

2 [128] 100 3500  Pouch LFP-G 50450 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 21.09

6 [127] 41.0 - Pouch NMC/LMO-G 30 303 25.7 £0.9

7 [115] 40.0 1180.0 Pouch® NMC - 298 33.0

8 [59] 25.0 - Prismatic NMC-G - 323 +30 23.10

9 [96] 37.0 - Prismatic NMC-G 0 313 21.69

10 [112] 26 ; Cylindr. LCO ) 298 21.9

a) High-energy type. b) The cell housing was compensated for when evaluating the measurement data.

Table 9 contains experimental results for the through-plane conductivity k, defined

in Figure 5. The header of Table 9 is congruent with Table 8 except of the temperature

and SOC dependency a; r and ay soc, because more than one dependency is reported

for k, . Both dependencies are determined alike the heat capacity by fitting the reported

data with a

and ay, soc-

linear

regression.
(0k,/0T; 0k, /0SOC) by the absolute value at 300 K and 50% SOC gives ayr

Dividing the slope of the

linear regressions

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,
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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 resistance between 3.2 and 3.4 K W1

into k, with the unit W m~1 K1, the comparison with other geometries is complicated.



Compared to the in-plane conductivity k;, the through-plane conductivity k, is
examined more frequently in the literature. Table 9 lists measurements on 41 different
lithium-ion cells, which are analyzed in Figure 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 Figure 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 Figure 6a) that determines a median thermal
conductivity k, for NCA-G, NMC-G and LFP-G of 0.759, 1.034 and 0.404 Wm~* K1,
respectively. The median of all mid-ranges in Table 9 is 0.610 W m~ K~ with an outlier
of 28Wm 1K™ (Table 9, No. 40). The mid-range of the whiskers from all
measurements is 0.775 W m~! K~ with a large uncertainty of +81%. This uncertainty is
reduced for NMC-G (£76%) and LFP-G (£57%) which is approximately twice the

uncertainty of the specific heat capacity c,,,;; 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 etal. [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 to 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% (Figure 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
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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 temperature on k. As
illustrated in Figure 6 b), the temperature dependency a,,  for k lies between -1.5 and
+0.1% K~1. Werner et al. [50] and Steinhardt et al. [34,98] explored a dominant decline
of k, with rising temperature. Murashko [110] et al. confirmed this trend but the intensity
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 R.,
different layer thicknesses or electrode structures. However, the effect of these
explanations is not yet fully understood. In addition, no experiments for k, are available

for safety simulations with temperatures above 340 K.

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 at stack or full-cell level. No information provided is
marked with (-).

a)

b)

No. Ref. Qcen  Meelt Format Active material soc T ke ar @soc
Ah g % K Wm K oKkT 9
T [131] 23 700 _ 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] 44 194.0 Cylindr. LFP-G9 50 303 0.350" - -
5 [110] 25 70.0 Cylindr. LFP-G 50+50 314+19 0.472 +0.03 -0.2 -4
6 [132] 23 - Cylindr.  LFP ) ) 0.200 - ;
7 [108] 25 70 Cylindr. LFP-G9 50+50 - 0.458 +0.01 - -5
8 [100] 14.0 385.0 Pouch® LFP-G 50+50 298 +30 0.350 +0.01 0.0 -5
9 [78] 9.0 235.0 Pouch® LFP-G 50 293 +40 0.522 +0.02 0.1 -
10 [101] 14.0 - Pouch LFP-G 50 50 - 0.242 +0.04 - -49
11 [78] 8.0 328.0 Prismatic® LFP-G 50450 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  0.8219+0.16 -1.1 -
14 [105] 21 45.0 Cylindr. LCO-G 50 298 0.239 - -
15 [112] 2.6 - Cylindr. LCO - 298 0.385 +0.17 - -
16 [100] 75.0 - Pouch® NMC-G 50 +50 298 0.430 +0.01 - -7
17 [78] 9.0 222.0 Pouch® NMC-G 50 293+40 0.629 £0.02 0.1 -
18 [115] 40.0 1180.0 Pouch® NMC - 298 0.610 - -
19 [34] 34.0 - Prismatic NMC-G 15 293 +22  1.100+0.40 -1.5 -
20 [38] 43.0 840.0 Prismatic NMCP 50 298 0.820 - -
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21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

[59]
[96]
[105]
[79]
[79]
[98]
[98]
[108]
[87]
[90]
[127]
[129]
[110]
[105]
[108]
[108]
[102]
[47]
[47]
[47]
[47]

250 - Prismatic ~ NMC-G - 323+30  1.100 0.0 -
370 - Prismatic ~ NMC-G 0 308 1.034) - -
35 490 Cylindr.  NMC-G 50 298 0.186 - -
24 447 Cylindr.  NMC-G - 293+40  1.041+0.04 0.1 -
46 659 Cylindr.  NMC-G - 293+40 1.164+0.03 0.1 -
34 490 Cylindr.  NMC-SiG 40+30 30015 1.2507+0.14 -05 10
48  69.0 Cylindr.  NMC-SiG 43428 300+15 13527021 -0.7 12
44 82 Cylindr.  NMC-G" 50 +50 - 0540 £0.02 - -7
- - Pouch LMO-LTO9 50 +40 298 0.641+0.05 - -69
250 11540 Pouch NMC/LMO-G - 300 0.480" - -
410 - Pouch NMC/LMO-G 30 290 0.780 +0.06 - -
410 - Pouch NMC/LMO-G ~ 50#50 - 0.675+0.13 - 79
27 480 Cylindr.  NCA-G 50 #50 314 +19 0.786+0.13 0.2 24
36 480 Cylindr.  NCA-G 50 298 0.413 - -
27 485 Cylindr.  NCA-GM 50 +50 - 0.763+0.10 - 25
31 485 Cylindr.  NCA-SiGM 50 +50 - 0.754+0.12 - 33
- - Cylindr. - - - 0.390 - -
18 427 Cylindr. - 100 296 0.900" - -
15 395 Cylindr. - 100 296 1.400 - -
13 416 Cylindr. - 100 296 2.800" - -
14 409 Cylindr. - 100 296 1.200) - -

a) The temperature dependency a, r is determined by dividing the slope of the linear regression dk, /9T by the thermal conductivity at 300 K

k, (300K). b) The SOC dependency a; s, is determined by dividing the slope of the linear regression dk, /dSOC 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.

As illustrated in Figure 6 b), the SOC dependency ay, soc implies a change in k;
between -7% and +33% when the SOC is increased from 0% to 100%. It should be noted
that a 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.

36



a)'

All (27.3) ]
{21.0} {40.1}
NMC-G (23.1) .
{21.6} {33.0}
LFP-G (31.2) {28.8(71}
20 30 40
ky /Wm ' K™
All (0.610) | - +
{1.400}
NCA-G (0.759)} &
£0.413} — {0.781}
{0.186} {1.352}
LFP-G (0.404) | ¢ o|ew
( ) (o 5403
0.5 1 1.5 2 2.5

Calendar
ageing

Cycle
ageing

Heat
sources

Charge and
discharge

Self-
discharge

External
pressure

Mechanical
displacement

k‘L/Wm_l K!

SOH
changes

Cell
temperature
changes

b)

Ky,
(= = &

Outlier 4+
) Temperature dependency o,
] hisk KT
{Upper winisiery (OKIOT) Ky
Data point
+0.0% K™
(Median)

« sk} Xq,’.’?lo
ower wnisker *
230/0
SOC dependency o, SOH dependency o, son
(OkIOSOC) Ko 0.2(0k/0SOH)/K, ggs0m

Phonon, electron and fluid

particle conduction Thermal

conductivity of
solid phase
Electrolyte consumption &
reduction & gassing

Electrode

exfoliation
Change

microcontact

Thermal

contact

SOC
changes

Stain or
internal stress
changes

of the layers resistances

Li-plating,
SEI growth

Porosity and
tortuosity

=

Thermal
expansion

Change
Microstructure
of the layers

Layer
thickness

Figure 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 temperature, SOC, and
SOH. c) Schematic of causes, mechanisms and effects for changes in thermal
conductivity k, in through-plane direction.
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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 Wm™1K~! during the delithiation from Li10C0oO; to
LiosCoO2. A strong dependence of ay 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 exist and which cell parameters influence this relationship.

Instead of measuring, the through-plane conductivity can be calculated with
Equation (10) if the layer thickness d; and the layer conductivity k; are known. The
validity of this calculation depends on the thermal contact resistance R, which is not a
material-specific property. Some of the references in Table 9 determined k, with
Equation (10) neglecting R,.. 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 k; could also be an explanation.
Uncertainties arising from k; can be neglected for the calculation of Werner et al. [50],
because they used an LCO cell whose k; was previously measured by Loges et al. [130].
They achieve an excellent agreement between their experiments and calculations, which
confirms the assumption that R, can be neglected. However, more research is needed to

understand the relevance of R  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 Figure 6 c¢) for k, using a network graph. For the

38



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 Figure 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 secondary causes, which are changes in key battery states, such as
temperature, 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 parameters [133]. 3) Changes in porosity or tortuosity
can influence the weighting between 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 microstructure could further influence k.

The line colors in Figure 6 ¢) illustrate the cause-effect chain of the individual battery
states such as SOH, temperature, SOC or internal mechanical 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
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resistance. Overall, Figure 6 ¢) 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 Figure 1), which are solid too. Table 10 lists the
thermal conductivity and temperature dependence a; r 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 literature. 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 investigations

is dispensed with.

Copper and aluminum show a slight temperature dependence a,, -, 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 a; ;- of copper and aluminum explains the
temperature dependence of k; in Figure 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
stainless steel [138]. Therefore, the composition of each component of the cell must be

carefully identified for accurate thermal cell models.
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Table 10: Measured thermal conductivity of solid non-porous components in lithium-ion
cells. No information provided is marked with (-).

H

Material Z L Y
K Wm-1K-1 0p K-1

Copper ? 300 £50 [139]  399.0 +5.0 [139] -0.0
Aluminum ® 300 £50 [139]  237.5+2.5[139] +0.0
Aluminum alloy 3003 - 155 [89] -
PP 9 273 £50 [67] 0.215 +0.01 [67] 009
PET 9 301 £25[140]  0.188 +0.00 [140] 0.0
PE® 31340 [141]  0.241 +0.02 [141] -0.29
Stainless steel AISI 3049 300 +50 [138]  14.850 +0.86 [138] +0.1
Pouch foil [37] - 55.1 (|]) , 0.269 (1) -

a) Anode current collector, Negative cell terminal. b) Cathode current collector, Anode current collector
(LTO)[87], Positive cell terminal. ¢) Prismatic cell housing [34,77,78], Cylindrical housing [45]. d) Pouch
foil layer, separator. €) Cylindrical housing [79,88], Prismatic cell housing [50], Cylindrical mandrel /
center pin [80]. f) The temperature dependency a;  is determined by dividing the slope of the linear
regression dk /AT by the termal conductivity at 300 K. g) Nonlinear relation between T and k.

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 measurement results are listed in Table 10,
which have a similar thermal conductivity for the in-plane (||) and through-plan (1)
directions as discussed for the electrode-separator stack in Subsection 3.1. The result of
Yietal. [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 (1)
direction of 67.08 and 0.25 W m~* K1, 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% to 5% [21,37] and the similarity of

the through-plane conductivity of the stack and pouch film.

3.3 Conductivity of porous components

This subsection deals with the thermal conductivity of porous stack layers, which can
be used in Equation (9) and (10) to calculate k, and k. Since the pores of an operational
lithium-ion cell contain electrolyte, only wet layer conductivities k; 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.
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Table 11 lists wet conductivities k; for various separators, anode and cathode coatings
used in the electrode-separator stack in Figure 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 materials such as the separator do not store charge. The compression pressure p

is included in Table 11 due to its expected influence on k; [52].

According to Figure 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 k; measurements are required for LFP to increase integrity and determine
uncertainties. It should also be mentioned that the porosity € is rarely given despite its
high effect on k;. 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.

Table 11: Measured thermal conductivity of porous stack layers k; applied in electrode-
separator stacks of lithium-ion cells. All stack layers are soaked with electrolyte (wet)
and contain no collector foils or substrate. No information provided is marked with (-).

No. Ref. Stack layer Z P L
K bar Wm~1K-1

1 [52] NMC 296 6.9 +4.6 0.895 +0.02
2 [135] NMC - - 0.830

3 [58] NMC (e = 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, Al205) 296 6.9 +4.6 0.375 £0.02
7 [52] Separator (PET, Al;03) 296 6.9 +4.6 0.380 £0.02
8 [52] Separator (PET, Al>05) 296 6.9 +4.6 0.335 £0.02
9 [52] Separator (PET, Al205) 296 6.9 +4.6 0.290 £0.01
10 [52] Separator (PP, Al;Os) 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 LiPFs) 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-HFP @, Al,O;) - - 0.920 +0.21
17 [58] Separator (e = 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
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20
21
22
23
24
25
26
27
28
29
30

[52] Graphite 296 6.9 +4.6 1.450 £0.27
[142] Graphite 295 9.3 0.890
[142] Graphite 295 9.3 0.360
[142] Graphite 295 9.3 1.260
[58] Graphite (¢ = 0.308) 298 - 1.450
[135] Graphite - - 1.440
[125] Graphite (Pristine) 296 6.9 4.6 0.685 +0.02
[125] Graphite (Aged) 296 6.9 4.6 0.615 +0.02
[52] LFP 296 6.9 +4.6 0.340 +0.02
[54] LCO - - 1.580
[142] LCO 295 9.3 1.100

a) Hexafluoropropylene

Figure 7 a) displays the medians and whiskers of the mid-ranges of k; in Table 11.
According to this boxplot, separators have a median conductivity of 0.312 Wm™! K1
with two identified outliers (Table 11, No. 16, 25). The whiskers and the mid-range of
0.25W m~! K~ 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
0.25Wm™t K~ as shown in Table 10. Considering that the thermal conductivity of
common electrolytes is below 0.2 W m~* K~ [50,143], the median 0f 0.312 Wm™* K1
is inconsistent. The inconsistency could be explained by the presence of Al.Os;
(35Wm 1 K™! [53]) ceramic particles 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~*K~1, which could explain the outliers
in Figure 7 a). Consequently, the volume of Al,Os 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 Figure 7 a), wet graphite layers have a thermal
conductivity of 1.195 W m~! K~ with an uncertainty of +60% based on the mid-range
of 0.905 Wm™! K™%, The large uncertainty is mainly caused by the lower whisker of
0.360 Wm~! K~! (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 k; for the anode coating, the heat treatment must also be considered.

According to the box plot in Figure 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 transport. According to their calculation, the

43



thermal conductivity of NMC decreases with decreasing Co content, which means that
LCO has a higher thermal conductivity than NMC111 and NMC111 a higher conductivity
than NMC 811. The uncertainties for LCO and NMC in Figure 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 a; - of wetk; has been poorly investigated in the
literature. Only Liebig et al. [58] measured a; - for a wet graphite, NMC and separator
coating and observed an increase in thermal conductivity with increasing temperature.
This positive correlation of k; 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 further research on the

temperature dependence of wet k;.

a) b)

i k‘l — 0
Separator (0.312) t + + 1 outlier —+ k=134 Wm ! K"
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Figure 7: The thermal conductivity of wet stack layers k; and the thermal contact
resistance R, which determine the through-plane conductivity k, of the electrode-
separator stack according to Equation (10). a) Boxplot for k; 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 }: R, for a stack
thickness of 300 um and a constant k; specified in the legend for each stacking layer.

The relationship between the degree of lithiation and the thermal conductivity of wet

anode and cathode coatings has not yet been measured. Only dry measurement are

44



available in the literature. For example, Gotcu et al. [57] increased the degree of lithiation
of dry NMC and LCO coatings from 0 and 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 positive correlation between the SOC of the
full-cell and k,. In summary, there are arguments for a positive and arguments for a

negative correlation between SOC and k ;, which is consistent with Figure 6 b).

According to the study by Richter et al. [52], the thermal conductivity of the wet anode
and cathode coatings increases with increasing pressure p, while no significant
correlation was measured for the separator. 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 k; 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 k; 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 cm? K W=, 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
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the solid phase and the electrolyte. This subsection deals with the macroscale thermal

contact resistance within the layer structure of lithium-ion cells (see Figure 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 conductivity 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
(R.) takes into account the interfaces between the stack layers, which are marked in blue
and red in Figure 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 Wm™2 K~ 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 Figure 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 cm?K W~ [156]. For the entire stack in Figure 5, this
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would mean a contribution of 0.28 to 1.2 cm?KW~! to the total thermal contact

resistance ; R, 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 (3. R, = 0). A total thermal contact resistance between the stack layers }; R, of
0.24 and 12.98 cm®?K W~ could explain the discrepancy between the calculated and
measured conductivity k ;. The range between 0.24 and 12.98 cm?K W~ is described in
Table 12 for the experiments conducted by Sheng et al. [78] and Vertiz et al. [101]. To
estimate Y, R., the calculated and measured thermal resistance (}; d;;)/k, of the stack is
first determined. The difference between these two resistances gives the estimated
thermal contact resistance Y. R, of 0.24 and 12.98 cm? K W1, The large variation of the
Y. R, underlines the need for further k, experiments which specify the thicknesses and

materials of the stacked layers.

Table 12: Estimation of the thermal contact resistance between the stack layers ). R,
based on thermal conductivity measurements k, in Table 9 (No. 11, 10).

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

Calculated k | 0.86 1.01 Wm™K™?
Measured k| 0.54 0.242 Wm™K™?
Stack thickness }; d; ; 35 413 pm

Calculated (3; d; ;) /k, 0.41 4.09 cm? Kw™!
Measured (3; d;;)/k. 0.65 17.07 cm? Kw™1
Estimated Y R, 0.24 12.98 cm? KW™!

The estimates for ), R, in Table 12 can be compared with measurement results for
Y. R, 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 R,. If R, can be used to calculate the total contact
resistance Y, R, 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 (Figure 5), R, is multiplied by two for the total contact
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resistance ; R.. 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 ¥, R. of 4.94 cm? W K~*. They
investigated R, 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 the interstitial material (wet) reduces the contact
resistance by more than 66% compared to the dry resistance. In addition, wet R, 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 omega-3 thermal conductivity sensors in a single-layer pouch cell.
During the formation cycles, they arrived at a contact resistance of 2.47 cm? W K~ 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 ). R, of

4.94 cm? W K™%, 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 separator 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 cm? W K~ for the entire stack. In addition, Vishwakarma et al. [152] made some
surface modifications to the cathode and separator that reduced the Y R, to

1.8 cm? WK1,
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One of the first R, 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 (3; d,;;)/k, was not
subtracted from R.. Therefore, the R, stated by Ponnappan et al. [155] includes the
contact resistance and the resistance of the material. The R, 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 ); R.. The result
of Ponnappan et al. [155] of 3.48 cm? W K~ can be subtracted by the wet Cu interfaces
of Lubner et al. [135] (Table 13, No. 2 and 3), which gives a compensated R, of
1.54 cm? W K~1. This compensated R, would result in a total contact resistance Y. R, of

3.08cm? WK1,

Smaller thermal contact resistances, as reported by Lubner et al. [135], are consistent
with the literature. Figure 7 b) shows the through-plane conductivity k, as a function of
the thermal contact resistances ), R, with three different values for the stack layers k;
according to Equation (10). The lower value fork; of 0.34 Wm™* K1 is chosen
according to the median of wet LFP coating in Figure 7 a) and 1.34 W m~* K~* according
to LCO. The black line (k; — oo) represents the maximum k, for a given value of }, R,..
For Y. R, of Lubner et al. [135] in Table 13, the black line indicates a maximum of
0.6 Wm™K™?! for a stack thickness of 300 pm, which is below the maximum of
1.4Wm 1K™ in Table 9 measured fork,. Therefore, smaller thermal contact
resistances as reported by Lubner et al. [135] are possible. Figure 7 b) shows that thermal
contact resistances ), R, and the thermal conductivity of the stack layers k; equally

influence k, , which makes their separation difficult.

Table 13: Measured thermal contact resistances R, for interfaces within the
electrode-separator stack in lithium-ion cells. If R, can be used in Equation (10) to
calculated k|, it is cumulated adequately for the total thermal contact resistance . R for
stacks with double coated electrodes. No information provided is marked with (-).

No. Ref. Interfaces in R, Dry / wet P Z R LR
bar K cm? KW-1 cm? Kw-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 -
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8 [135] Separator/NMC Dry 0.34 298 4.76+0.4 9.52
Separator/Graphite

9 [135] Separator/NMC Wet 0.34 298 24714 4,94
Separator/Graphite
10 [152] Separator/LCO Dry - 300 4.20 8.430)
11 [152] Separator/LCO 9 Dry - 300 0.90 1.8 20)
12 [155] Cu/Graphite Wet 86186  >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.

In summary, the total thermal contact resistance between the stacked stack layers in
Equation (10) Y. R, appears to have a dominant influence on the total through-plane
conductivity k, . However, compared to other thermophysical properties, Y. R, 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 3. R. with pressure, temperature, and SOH

also needs to be better understood.

4, Conclusion

This article gives an overview of 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 parameters. 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 summary of the results is shown in Figure 8.
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Figure 8: Summary figure that describes the most important results of this meta-analysis
for thermal parameters of lithium-ion cells and their components.

4.1. Specific heat capacity

The following conclusion can be drawn for the specific heat capacity of non-porous

and porous cell components:

e The electrolyte and dry separator sheets have the highest median heat capacity
between 1635 and 1600 ] kg~ K=!. Dry anode coatings, cathode coatings and
aluminum collectors have a median heat capacity of 718, 764 and 884 ] kg~ K1,
respectively. Copper collectors and steel housings introduce the lowest median heat
capacity between 387 and 480 ] kg~ K1,

e The specific heat capacity of stack layers is either not correlated with the
temperature or is positively correlated (0.0 to 0.5% K~1). The correlation 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
dependency, while no results are available for the SOH.

e 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.
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The following conclusion can be drawn for the specific heat capacity of the electrode-

separator stack:

e The specific heat capacity of the wet electrode-separator stack shows a slight
variation between different stack designs and chemistries of +77 J kg™ K= with a
median of 959 ] kg~ K~!. 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.

e The temperature dependence of the stack capacity is 0.2% K™=, which corresponds
to the temperature dependence of dry cathode coatings for lithium-ion cells.

e  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 full-cells:

e 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 ] kg~ K~1) have a lower heat
capacity than prismatic cells (1041 J kg~ K~1) and prismatic cells have a lower heat
capacity than pouch cells (1168 ] kg=* K~1).

e 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.

e  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 correlation 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:

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

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

The following conclusion can be drawn for the through-plane thermal conductivity of

the electrode-separator stack and full-cells:

e The through-plane conductivity of electrode-separator stacks and full-cells is
between 0.15 and 1.4Wm 1K™l 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 parameters such as porosity or thermal contact resistance
between the layers.

e In contrast to the in-plane conductivity, the through-plane conductivity 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 conductivity,
but this statement is only supported by two experimental studies.

e  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:

e The conductivity of all measured stack layers is in the range from 0.12 and
1.58 W m~! K~ 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.

e 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 dependence on pressure and weak dependence on SOH. It
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is therefore unlikely that the SOH dependencies observed at full-cell level are
caused by the conductivity of the stack layers.

e Concerning the separator, the volume of inorganic materials such as Al,0O3; seems to
have a strong influence on the thermal conductivity, 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 results were summarized in this

paper.

e Deviations between the calculated and measured through-plane conductivity
indicate a thermal contact resistance between 0.24 and 12.98 cm?K W1, This range
of values agrees with the only experiment that directly measured a wet contact
resistance of 4.94 cm® W K1,

e 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 housing,
which was not measured for a wet separator interface.

In conclusion, the 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
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SOC
SOH

State of charge of full-cell
State of health of full-cell

Greek symbols and units
%K1

acp,T
Qcp,s0C
Qcp,,S0H
Ay,
Ak.soc
Ak.soH
€

Eano
Psotid
Prluid
Pouik

pscm,i

%
%

%K™?

%
%
%
%
gcm~
gcm™
gcm™
gcm~

3

3

3

3

Temperature dependency of specific heat capacity
SOC dependency of specific heat capacity

SOH dependency of specific heat capacity
Temperature dependency of thermal conductivity
SOC dependency of thermal conductivity

SOH dependency of thermal conductivity
Porosity of cell layer

Porosity of anode coating

Density of solid phase of porous material
Density of fluid phase of porous material

Density of porous material

Density of subcomponent inside the solid phase of porous
material i

Latin symbols and units

Asurf
Cpor
Cstack
Ceell
Csolid
Cfluid
Cn

mZ

]kg—l K—l
]kg—l K—l
]kg—l K—l
]kg—l K—l
]kg—l K—l
]kg—l K—l

]kg—l K—l
]kg—l K—l
]kg—l K—l
]kg—l K—l
]kg—l K—l
]kg—l K—l
]kg—l K—l
]kg—l K—l
]kg—l K—l

m

Cell surface area

Specific heat capacity of porous material

Specific heat capacity of the electrode-separator stack
Specific heat capacity of the full-cell

Specific heat capacity of solid phase inside porous material
Specific heat capacity of fluid phase inside porous material

Specific heat capacity of solid components outside the electrode-
separator stack
Specific heat capacity of dry anode coating

Specific heat capacity of dry cathode coating
Specific heat capacity of anode current collector
Specific heat capacity of cathode current collector
Specific heat capacity of the dry separator
Specific heat capacity of the electrolyte

Molar heat capacity

Specific heat capacity at constant pressure

Specific heat capacity of subcomponent inside the solid phase of
porous material i
Thickness of layer inside the electrode-separator stack
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8 8 8 8 8

Wh kg™?!

Wm 2K™?
Wm-tK™?
Wm 1K™?
Wm™1K™?
Wm™1K™?
Wm™1K™?

Wm 1K1

WmtK™?

Thickness of anode coating

Thickness of anode current collector

Thickness of cathode coating

Thickness of cathode current collector

Thickness of separator

Specific energy of the cell

Heat transfer coefficient at the outer surface of the cell
Thermal conductivity in x-axis direction

Thermal conductivity in y-axis direction

Thermal conductivity in z-axis direction

Thermal conductivity of the electrode-separator stack layer

Thermal conductivity in in-plane direction of the electrode-separator

stack

Thermal conductivity in through-plane direction of the electrode-

separator stack
Thermal conductivity of solid non-porous components

Mass of full-cell

Mass of dry anode coating

Mass of dry cathode coating

Mass of anode current collector

Mass of cathode current collector

Mass of dry separator

Mass of cell components outside the electrode-separator stack
Mass of electrode-separator stack

Mass subcomponent inside the solid phase of porous materia
Mass of cell component

Heat generation inside the cell

Nominal capacity of the full-cell

cell temperature

Ambient temperature

Nominal voltage of the cell

Cell volume

Pressure during the measurement

Thermal contact resistance of interface i
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