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H I G H L I G H T S

A reduction in thermal conductivity of up to 65% compared to BoL.
Operating conditions have a significant impact on the thermal conductivity.
The CCC reduced by 50% from BoL to a SoH of 70 to 75%.
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A B S T R A C T

In this work, we report thermal conductivities of pristine and degraded electrodes, from commercial lithium-
ion batteries. The thermal conductivities were measured with and without electrolyte solvent and at different
compaction pressures. The effect of degradation on thermal transport, both internal and external, is assessed.
In addition, the overall cell cooling efficiency is reported as a function of the state-of-health, and full cell
thermal conductivities are estimated. A reduction of the electrode thermal conductivity of up to 65% is
found for degraded material. The reduction appears to be the most extreme for dry graphite anodes. Both
mechanical clamping of the cells during cycling, and cold temperatures, appear to mitigate the reduction in
thermal conductivity. The cell cooling efficiency is found to decrease by 50% at a state-of-health of 70–75%.
Decreased wetting, due to a reduction in the amount of electrolyte and gassing, is believed to be responsible for
the discrepancy between cell cooling efficiency and thermal conductivity of the electrodes. The main cause of
a reduction in full cell thermal conductivity was found to be due to a reduction in anode thermal conductivity
and reduction of electrolyte solvent.
1. Introduction

The transition to electric vehicles powered by lithium-ion batteries
(LiBs) as well as stationary storage supporting wind and solar energy
has emerged as one of the most important elements in reducing the
world’s CO2 emissions [1,2]. Compared to internal combustion en-
gines, the environmental footprint of LiBs is mainly associated with
the production phase [3,4]. To reduce the environmental impact, the
production must therefore be improved, as well as the lifespan of the
batteries that are produced [1,5] (see Table 1).

Temperature is an important parameter that affects energy effi-
ciency, performance and the lifespan of LiBs [6–10]. The lifespan of
a battery has been found to be one of the most significant factors to
determine its life cycle cost, where a doubling of the life reduces the
carbon footprint by 23% and the life cycle cost by 33% [10]. Both high
and low temperatures have been found to accelerate the degradation
of LiBs, where low temperature causes increased lithium plating during
charging and high-temperature i.a. increases the rate of solid electrolyte
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interface (SEI) growth [11]. A detailed understanding and an optimized
thermal management system (TMS) are therefore of high importance, as
they will not only allow to prolong the life of the batteries [12] but also
allow the design of a TMS that meets the demands of a cell throughout
its entire lifetime.

In many situations, high power and fast charging or discharg-
ing rates are required, which typically generates large amounts of
heat [13]. It has been found that the most effective method of cooling
a battery is surface cooling, i.e. through the side-faces of a pouch
cell, either in contact with cooling blocks, by immersion cooling or
convective air cooling [14]. In general, liquid cooling systems are
more effective than air-based systems, although heavier and more
complex [14,15]. One of the main drawbacks of surface cooling pouch
cells is that it generates layer-to-layer non-uniformities with regard to
cycling temperature, which has been found to reduce the performance
and lifetime of the cells [16,17]. In addition, the directionality of
thermal gradients has been shown to dictate diverging and non-uniform
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Table 1
List of abbreviations, subscripts and superscripts.

BoL Beginning of Life
CCC Cell Cooling Coefficient
EoL End of Life
k Thermal conductivity
LiB Lithium-ion Battery
SEI Solid Electrolyte Interface
SoC State of Charge
SoH State of Health
TMS Thermal Management System

Superscript

⟂ Through-plane
eff Effective full cell
64 Ah Material extracted from the 64 Ah NMC532/graphite cell
6.55 Ah Material extracted from 6.55 Ah LCO/graphite cell

Subscript

BoL Material extracted at BoL
MC Material extracted at EoL, Cell was mechanical clamped during

cycling
No MC Material extracted at EoL, Cell was not mechanical clamped during

cycling
Low T Material extracted at EoL, Cell was cycled at 5 ◦C
High T Material extracted at EoL, Cell was cycled at 45 ◦C
W,top Material extracted at EoL, Cell was water-cooled from the top,

material extracted from the centre of the cell
W,mid Material extracted at EoL, Cell was water-cooled from the top,

material extracted from the centre of the cell
W,bottom Material extracted at EoL, Cell was water-cooled from the top,

material extracted from the centre of the cell

degradation modes [18]. The main alternative to pouch cooling is
removing the generated heat through the tabs. While a thermal gradient
is required to transfer heat, it is important to minimize it [6]. Due to
the high thermal conductivity of the current collectors, tab cooling is
therefore believed to give smaller thermal gradients if the cell and its
cooling system are designed appropriately, and hence result in a more
uniform current density [17,19].

What is ultimately important when dimensioning a cooling system,
is how efficiently the heat can be removed. This depends on the
external cooling of the battery, as well as the heat transport inside
the battery. The heat transport inside the battery is defined by the
effective thermal conductivity of the full cell. Thermal conductivities
have been measured and reported either on material, electrode or
full cell level [20,21]. On the material level, thermal conductivities
have been measured at different stages: fresh material prior to being
implemented into a cell and therefore before formation and any contact
with the electrolyte, or extracted from a cell at BoL or after degradation.
The full-cell thermal conductivity (keff ,⟂) is either calculated from the
material thermal conductivities or measured at the full-cell level.

In 2020, Wei et al. [22] reviewed thermal conductivities for cathode
materials considering the dependency on temperature and the volume
fraction of active material. Steinhardt et al. [21] published a meta-
analysis in 2022 on the experimental results of thermal conductivity
in LiB available in literature both on material and full cell level. But
neither Wei et al. nor Steinhardt et al. differentiated if measurements
have been done before or after formation. Murashko et al. [23] and
Steinhardt et al. [24] conducted thermal conductivity measurements on
full LiB cells, investigating the dependency on temperature. Steinhardt
et al. also considered different external compression pressure. Tendera
et al. [20] analysed the effect of geometry and operation (e.g. SoC,
temperature, pressure) on the thermal conductivity of full LiBs. Richter
et al. [25] also conducted thermal conductivity measurements on a
hard carbon anode and NMC cathode from one commercial LiB, con-
sidering different external compression pressure, as well as comparing
values from a cell at beginning of life (BoL) versus end of life (EoL).
They only noticed a slight increase in the thermal conductivity of the
NMC cathode while the hard carbon anode showed no change with
degradation.

In addition, there are several approaches using modelling to in-
2

vestigate the effect of the electrode microstructure on the thermal
conductivity [26–29]. Werner et al. [30] combined experimental work
and modelling to investigate the thermal conductivity of active ma-
terials and their effect on the thermal properties of full cells. The
recent studies by Steinhardt et al. [21] and Tendera et al. [20] pointed
out the need for further research on the effect of degradation on
the material thermal conductivity on the battery state, especially the
SoH. In addition, the difference in thermal conductivity for dry and
soaked LiB material, ergo the degree of wetting, has been shown to
be significant [25,31]. The effect of electrolyte degradation on the
capacity retention is well known [32–34] and studies have shown
decreased amounts of electrolyte solvent [35,36] as well as gassing [37]
in degraded cells. However, there is currently little research published
on quantifying the reduction in electrode wetting caused by electrolyte
degradation. This is important as the actual thermal conductivity will
be somewhere between the dry and the soaked values in degraded cells.

Measuring the cooling performance of the external cooling system
can be challenging due to the many different and mostly complex
cell chemistries and geometries. Hales et al. [19] therefore developed
a method to measure the heat rejection from a cell, expressed by a
single coefficient, the cell cooling coefficient (CCC), see Eq. (6). As
the CCC is calculated based on non-destructive measurements, it is
possible to monitor how the ability to reject heat changes for ageing
cells. Dondelewski et al. [9] used the CCC to investigate the efficacy
of surface and tab cooling, but without presenting how it changes for
aged cells. Diaz et al. [38] on the other hand, use the same experimental
set-up to study the dependency of heat generation of a cell on factors
such as SoH, SoC, frequency and temperature without presenting the
CCC.

Knowledge of thermal conductivity throughout the life of LiB al-
low to engineer a good TMS thought the entire lifetime of a cell.
Temperature distributions within a LiB become more inhomogeneous
for degraded cells and the difference between external temperature
measurements and internal temperatures increase [39]. A lot of BMS
use external temperature sensors for estimating battery temperature, in
combination with virtual sensing to identify hot spots within a cell [40].
To allow for a good estimation, material thermal conductivities are
needed. Material thermal conductivities at different states of battery
health have barely been reported so far [20]. In this paper, we study
the effect of degradation on the thermal conductivity of the electrode
material (Sections 4.1–4.3) — specifically the effect of thermal man-
agement and mechanical clamping of the cells during cycling. Since
the amount of electrolyte solvent is reduced in degraded cells, the
thermal conductivities are also measured for both dry and electrolyte-
soaked materials. Finally, we use the CCC method introduced by Hales
et al. [19] for a holistic investigation of how the cell cooling properties
change with degradation (Section 4.4) — ultimately studying the effect
of changes in thermal conductivity on the cells cooling efficiency
(Section 4.5). The exact thermal conductivities measured are included
in the supplementary material to serve as a reference for future studies.

2. Theory and background

This section presents the general theory and background for thermal
conductivity in LiBs. Factors influencing thermal conductivity on the
material (Section 2.1.1) and cell level (Section 2.1.2) are discussed. A
brief overview of thermal conductivity values reported in the literature
is also presented, with a special focus on which phase of the battery’s
lifetime the electrode was extracted from. Lastly, the CCC method is
introduced (Section 2.3).

2.1. Influencing factors

2.1.1. Material level
Lodges et al. [41] divided the physical aspects influencing thermal
conductivity into three categories:
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• Composition
• Morphology (i.e. porosity, particle size distribution and particle

shape).
• Thickness ratio of coating to current collector.

The composition of active material sets the maximum thermal con-
uctivity, which can be achieved.

To estimate the thermal conductivity of the full cell, a general model
as been established. The Krischer model [42] allows the modelling
f two-phase porous components as a combination of the liquid and
olid phases. Werner et al. [30] adapted this further to account for
he presence of binder and carbon black leading to a continuous solid
hase. It can be expressed with the following set of equations, where
𝑎 is a weighting factor that depicts a kind of tortuosity and 𝜖 is the

solid phase porosity.

𝑘𝑡𝑤𝑜−𝑝ℎ𝑎𝑠𝑒 =
( 𝑓𝑎
𝑘⟂

+
𝑓𝑎 − 1
𝑘∥

)−1
(1)

⟂ =
( 𝜖
𝑘𝑓𝑙𝑢𝑖𝑑

+ 1 − 𝜖
𝑘𝑠𝑜𝑙𝑖𝑑

)−1
(2)

∥ = 𝜖𝑘𝑓𝑙𝑢𝑖𝑑 + (1 − 𝜖)𝑘𝑠𝑜𝑙𝑖𝑑 (3)

erner et al. [30] show that both solid materials exhibit a significantly
igher thermal conductivity than the electrolyte-saturated porous ma-
rix. Therefore, highly porous structures are expected to have lower
hermal conductivity than electrodes with high solid content. As the
hermal contact resistances between particles limit the global thermal
onductivity, the particle–particle interface is of great importance.
his is affected by the shape of the particles, the binder content and
istribution and the manufacturing process, which includes coating,
rying and calendering of the electrodes. Reported experimental values
how large differences between dry and soaked measurements as well
s a strong correlation between the pressure applied during the experi-
ents [25,31]. The electrolyte provides better conductivity since it fills

he voids in the pore structure. This facilitates heat transmission, even
hough the thermal conductivity of the electrolyte is small (between
.45 and 0.6 W/mK [43,44]).

The thickness ratio of coating to current collector essentially deter-
ines the through-plane and in-plane thermal conductivity of double-

ided electrodes [41]. The through-plane thermal conductivity can be
alculated based on a serial connection of the thermal conductivities of
he current collector (cc) and electrode coating (c).

⟂ = (2𝑑𝑐 + 𝑑𝑐𝑐 )
(

2
𝑑𝑐

𝑘eff ,𝑐
+

𝑑𝑐𝑐
𝑘𝑐𝑐

)−1
(4)

2.1.2. Cell level
The through-plane thermal conductivity of the full cell can either be

measured directly or calculated from the material thermal conductivity
and thermal contact resistance using Eq. (5):

𝑘eff =
∑

𝑑𝑖
∑

𝑅𝑖 +
∑ 𝑑𝑖

𝑘𝑖

(5)

ifferent parametric effects have been investigated in the literature
n the full cell level. Recent publications by Tendera et al. [20] and
teinhardt et al. [21] have reviewed and investigated effects such as
ell format, chemistry, compaction pressure, temperature and SoC. The
ffect of the cell format appears not too obvious but cylindrical cells
end to have lower thermal conductivities. Cells with NMC cathodes
end to have higher thermal conductivities, and cells with LFP cathodes
ave rather small thermal conductivities. The capacity appears to have
o effect. Compaction pressure increases thermal conductivity but the
xtent varies between studies. In general, the relationship with the mea-
urement temperature appears to be negative. The relationship is rather
trong for cells with an LCO cathode. Tendera et al. [20] show a change
f 10% in thermal conductivity when the measurement temperature is
aried by 45 ◦C for a larger set of commercial NMC–graphite cells. It
3

as not possible to establish a clear SoC-dependency on the thermal
onductivity. The dependencies that were determined are rather weak
nd vary between linear, parabolic and no relationship at all. There
re not many studies reporting on the correlation between SoH and 𝑘⟂.

Vertiz et al. [45] report a reduction in thermal conductivity of 29% for
an aged LFP/graphite pouch cell (SoH < 80%) compared to BoL. Ko-
vachev et al. [46] investigated the effect of mechanical clamping during
degradation cycling on the changes in thermal conductivity of the full
cell for a commercial NMC/graphite pouch cell. They found a decrease
in thermal conductivity of around 23% for the cell cycled without
any clamping (80% SoH), while the thermal conductivity was only
reduced by 3% and 4% when a pretension was applied (0.56 MPa and
0.06 MPa, respectively). Kovachev et al. explained the SoH dependence
of 𝑘⟂ with an additional thermal resistance on the anode side caused
by the SEI growth. They also assume that electrolyte consumption and
gas development due to the electrolyte reduction could have led to a
decrease in 𝑘⟂.

Formation. During the manufacturing process, LiBs run through
several steps that potentially affect the thermal conductivity of the
LiB. This process includes three major parts: electrode preparation,
cell assembly, and electrochemical activation. The focus of this study
is on electrochemical activation: the formation and ageing. The elec-
trochemical activation steps are applied to enable operation stability.
The purpose is to enable a stable solid-electrolyte interface (SEI) layer
to prevent the irreversible consumption of electrolytes and allow for
sufficient electrolyte wetting [47]. There are different protocols for
this process steps but commonly they consist of several charge and
discharge cycles starting at low rates (e.g., C/10 or C/20) and only
low voltages (e.g., 1.5 V) with a gradual increase in both, and rest
sessions in between. After or during formation cycles, the cells are
stored for complete electrolyte wetting and SEI stabilization — the
so-called ageing step. The gas generated during the formation and
ageing is removed and the cells are resealed. Studies measuring the
thermal conductivity of a full battery, do this after the electrochemical
activation. Studies measuring the thermal conductivity of electrodes
usually do this in two different steps. Either the material is measured
before it is assembled into a battery ( 1⃝ in Fig. 1), or the material is
measured after extracting it from a full cell 2⃝ i.e. after electrochemical
activation.

Degradation. Battery degradation is known to be a result of several
simultaneous physicochemical processes: these processes lead to loss
of Li inventory (LLI), loss of active materials (LAM), and impedance
increase due to reaction kinetics degradation. LLI is mainly caused by
the growth and decomposition of the SEI layer, electrolyte decompo-
sition, and Li plating and dendrite formation. LAM can be introduced
by the dissolution of material, structural degradation, particle isolation,
corrosion of the current collector, loss of electric contact and electrode
delamination. Increased impedance is a result of the formation of
passive films at the active particle surfaces, pore-clogging, as well as
electrolyte conductivity losses and loss of electric contact [13]. Based
on the physical influence factors on 𝑘⟂ discussed in Section 2.1.1, we
know the 𝑘⟂ can be affected by changes in the thermal conductivity
of the solid phase, the fluid phase, porosity and tortuosity, and the
layer thickness. The thermal conductivity of the solid phase could be
affected by Li-plating, SEI growth or changes in the microstructure.
The thermal conductivity of the liquid phase of a full battery can
be affected by electrolyte consumption, reduction and gassing. As we
measure the electrode material after extracting it from the cell, changes
in the measured thermal conductivity are not due to the liquid phase.
But measuring the electrode material both dry and soaked allows us to
analyse this effect in general. The porosity and tortuosity of the cell can

also be affected.
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Fig. 1. Schematic of LiB manufacturing processes and the measurement points — (1) prior to formation, (2) extracted from cell at BoL, (3) at EoL.
Table 2
Measured thermal conductivities of porous electrodes — soaked with electrolyte (s) and dry (d). All electrodes do not contain any current
collector foil. Average particle size (PS) and porosity (𝜖) are specified when available.
Material T [K] p [bar] 𝑘⟂,𝑑 [W/mK] 𝑘⟂,𝑠 [W/mK] Life stage Other Ref.

NMC 296 2.3 0.30 ± 0.05 0.82 ± 0.06 BoL [48]
NMC – – 0.83 BoL [49]
NMC 298 – 0.66 BoL 𝜖 = 0.191 [50]
NMC 296 2.3 0.14 ± 0.02 0.54 ± 0.02 BoL [51]
NMC 296 2.3 0.18 ± 0.01 0.52 ± 0.06 58% SoH [51]
LCO – – 1.58 – [43]
LCO 295 9.3 0.36 ± 0.03 1.10 ± 0.06 fresh PS=19 μm [52]
LCO 296 2.3 0.17 ± 0.02 1.03 ± 0.09 fresh [48]
Graphite 296 2.3 0.832 ± 0.03 0.89 ± 0.01 BoL [48]
Graphite 296 2.3 0.26 ± 0.01 1.11 ± 0.02 fresh [48]
Graphite 295 9.3 0.30 ± 0.01 0.89 ± 0.04 fresh PS=45 μm [52]
Carbon cones 295 9.3 0.07 ± 0.01 0.36 ± 0.01 fresh PS=0.5–4 μm [52]
Carbon cones 295 9.3 0.41 ± 0.02 1.26 ± 0.07 fresh PS=0.5–4 μm [52]
Graphite 298 – 1.45 BoL 𝜖 = 0.308 [50]
Graphite – – 1.44 BoL [49]
hard carbon 296 2.3 0.31 ± 0.05 0.66 ± 0.06 BoL [51]
hard carbon 296 2.3 0.33 ± 0.01 0.6 ± 0.02 58% SoH [51]
2.2. Thermal conductivities

Table 2 presents measured thermal conductivities of LCO and NMC
cathodes, and porous graphite anodes, both soaked in electrolyte sol-
vent and dry. The life stage is specified when available. Fresh refers
to material that was never introduced into a LiB. In general, the value
range is quite wide going from 0.36 to 1.45 W/mK for soaked carbon-
based anodes, 0.54 to 0.82 W/mK for soaked NMC cathodes and 1.03
to 1.58 W/mK for LCO cathodes. There is no obvious trend comparing
fresh and BoL material, but it has to be noted that it was never the
same material measured both fresh and extracted from a cell. A direct
comparison is therefore not possible. This will be discussed in more
detail in Sections 4.2 and 2.1.2.

2.3. Overall thermal transport: Cell cooling coefficient

To analyse and compare the amount and rate at which heat that
can be removed from a battery, the heat generation, the geometry of
the cell and cooling system, and relevant material properties must be
taken into account. The CCC method offers a non-destructive way of
describing the ability of a cell to reject heat with a single number [19],
the cooling efficiency. It, therefore, enables characterization as a func-
tion of e.g., SoC, SoH, temperature. The method relies on generating
heat in the cell itself, which is done with alternating positive and
negative current pulses. This keeps the cell at a constant SoC during
the experiment.

The CCC is defined as the amount of heat that can be transferred
from the cell (�̇�𝑡𝑜𝑡), relative to the temperature difference between the
cooled part and the hottest side of the cell (𝛥𝑇𝑐𝑒𝑙𝑙) [19]:

𝐶𝐶𝐶 =
�̇�𝑡𝑜𝑡
𝛥𝑇𝑐𝑒𝑙𝑙

. (6)

The CCC rig used to measure the heat given off by the cells is illus-
trated in Fig. 2(a). The surface-cooled setup is a good approximation
to commonly used cooling systems in the automotive industry, where
4

two cells are stacked together with cooling on each side [53,54]. The
numbers show the location of K-type thermocouple temperature sensors
and the underlined numbers indicate sensors located on the backside of
the cell. The setup was encapsulated in styrofoam insulation. This was
done in order to prevent additional pathways for the generated heat
other than through the cooled surface.

The cells were cooled with Grant LT ecocool 100 circulating water
baths set at 25 ◦C. The operating temperature of each cell was therefore
dependent on the efficiency of the cooling configuration. The average
temperature difference between the top and bottom of the cell is used.

The known thermal conductivity (𝑘) of the aluminium fins shown
in Fig. 2 enables calculation of the transferred heat (�̇�) through fin 𝑖 as

�̇�𝑖 =
𝑘
𝑙𝑖
𝐴𝑖𝛥𝑇𝑖, (7)

where 𝐴𝑖 is the cross-sectional area of the fin, and 𝑙𝑖 is the distance
between two temperature sensors with a temperature difference 𝛥𝑇𝑖.
The total heat transferred by the four fins therefore becomes

�̇�𝑡𝑜𝑡 =
4
∑

𝑖=1
�̇�𝑖. (8)

The CCCs versus time calculated using Eq. (6) for one cell at different
SoHs are shown in Fig. 2(b). Further information about the CCC method
can be found in the papers by Hales et al. [16,19].

3. Experimental

Section 3.1 presents the cells the electrodes were extracted from as
well as the formation and degradation process the cells went through.
Section 3.2 briefly introduces the thermal conductivity meter and the
settings used for the thermal conductivity measurements. Section 3.3
specifies the experimental details of the CCC measurement.
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Fig. 2. Schematic of the rig used for measuring the thermal conductivity (a) reprinted from [31], and CCC setup (b) adapted from [55], showing the cell, the cooling blocks, the
cooling fins, the copper tab connections and the temperature sensor placement.
3.1. Electrode material

The electrode materials investigated in this study were extracted
from three different LiB. The first cell is a 10 Ah NMC622/Graphite
cell, the second cell is a 64 Ah NMC532/Graphite cell and the third
cell is a 6.55 Ah LCO/Graphite cell. The first cell was investigated
as part of studying the effect of formation on thermal conductivity
(Section 3.1.1). For this, both fresh electrode material and full LiB
were obtained from the manufacturer. The second and third cell types
were part of investigating the effect of degradation (Section 3.1.2).
More detailed information on the cell types, formation and degradation
conditions follow in the respective sections.

3.1.1. Formation
We studied the effect of the formation cycling on the thermal

conductivity of electrode material. For the investigations, electrodes
free of electrolyte and electrochemically untreated ( 1⃝ in Fig. 1) are
compared to electrodes extracted from ready-to-use pouch cells (cov-
ered with electrolyte and undergone the formation, ( 2⃝ in Fig. 1).
This was done for material from two cells with similar specifications
e.g. NMC622/graphite pouch cells from CustomCell. The anode mate-
rial was artificial graphite (4 mAh/cm2) and the cathode was NCM622
(3.5 mAh/cm2). The pouch cell underwent 2x C/10 and 2x C/5 at
room temperature of 25 ◦C for the formation and 2x C/5 at room
temperature of 20 ◦C for a check-up in the voltage window 3.0 up
to 4.2 V. The electrolyte used is: EC:DMC (50:50) LiPF6 with vinylene
carbonate (VC).

3.1.2. Degradation study
Table 3 summarizes the cell cycling conditions used for the degra-

dation study. The electrode materials were extracted from these cells
as described in Section 3.1.3. The first cell type used in this study
is the LG Chem JP3 64 Ah pouch cell with an NMC532 cathode and
graphite anode. The degradation study using this cell type investigates
the effect of mechanical clamping during degradation cycling. All cells
were cycled inside a temperature chamber at 25 ◦C. This cell type was
cycled either with or without being clamped. This was obtained by
fixing the pouch cells between two 1 cm thick aluminium plates and
secured with 6 bolts. Each bolt was fixed with a 1 Nm torque and
kept in this position, effectively limiting the swelling otherwise seen
for degraded cells.

The second cell type used in this study is a 6.55 Ah pouch cell
from Shenzhen Melasta Battery Co with an LCO cathode and graphite
anode. The electrolyte is EC:EMC:DMC LiPF6 with VC and PC. As
Table 3 specifies, the degradation study using Melasta cells focuses on
5

different cooling strategies. Here the cells are either air-cooled within a
temperature chamber at a specified temperature or water-cooled. The
water cooling is detailed in Section 2.3. All cells have been charged
with constant current, constant voltage charge and constant current
discharge. The cycling was done within the full SoC window with
voltage limits of 3 V and 4.2 V. The C rates and ambient temperatures
as well as SOH are specified in Table 3. The electrode material of both
cell types was extracted at BoL ( 2⃝ in Fig. 1) and EoL ( 3⃝ in Fig. 1).

3.1.3. Materials harvesting
The disassembly of the battery cell and extraction of electrode

material was done after fully discharging the battery. The cell was
opened inside a glove box with an argon atmosphere. The electrodes
were cleaned using DMC to remove the LiPF6 salt. The materials were
then dried inside the glovebox for at least 72 h and under vacuum
for 15 min before measuring the thermal conductivity. The cleaning
procedure was found to remove some electrode material and the thick-
ness was therefore measured both prior to and after cleaning. The
electrode material was extracted from random locations in the cells,
excluding the very outer layers. When location-specific effects were
investigated, the exact location from which the material was extracted
will be specified.

3.2. Thermal conductivity rig

The thermal conductivity meter used in this work is presented and
explained by Richter et al. [31] and Burheim et al. [56]. In summary, a
constant heat flux is applied over a sample using a cold and warm water
bath and the resulting temperature drop is measured. The thermal
resistance obtained this way is plotted versus sample thickness to obtain
the thermal conductivity.

The temperature of the heating bath was kept constant at 35 ◦C
while the cooling bath was kept at 10 ◦C resulting in a sample tem-
perature around room temperature. Measurements were carried out at
compaction pressures of 2.0 bar, 2.9 bar, 3.9 bar, 4.8 bar, 5.8 bar and
6.0 bar. When measuring electrolyte solvent-soaked samples, materi-
als were soaked in diethyl carbonate (DEC) for 30 min prior to the
measurement.

Strict stability conditions for the heat flux and pressure were imple-
mented that had to be met prior to proceeding with the measurement.
This is to ensure accuracy and repeatability in the measured thermal
conductivities, which was confirmed by repeated measurements on

different samples from single cells.
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Table 3
Conditions during degradation study (cooling temperature (T𝑐𝑜𝑜𝑙), C rate, MC/no MC (MC: mechanical clamping)) and cell condition when
electrodes were extracted (e.g FEC, SOH, thickness increase).

Cell type Condition T𝑐𝑜𝑜𝑙 [◦C] C rate FEC SOH [%] d% Electrode Location Label

64 Ah,
pouch

BoL – – 100 100 Graphite C𝐵𝑜𝐿
64 Ah

NMC NMC𝐵𝑜𝐿
64 Ah

MC 25 1.5 2764 80.6 100 Graphite C𝑀𝐶
64𝐴ℎ

NMC NMC𝑀𝐶
64𝐴ℎ

no MC 25 0.75 1090 70.5 155 Graphite C𝑛𝑜𝑀𝐶
64𝐴ℎ

NMC NMC𝑛𝑜𝑀𝐶
64𝐴ℎ

6.55 Ah,
pouch

BoL – – 100 100 Graphite C𝐵𝑜𝐿
6.55 Ah

LCO LCO𝐵𝑜𝐿
6.55 Ah

low T 5 2 239 67 121 Graphite C𝑙𝑜𝑤𝑇
6.55𝐴ℎ

LCO LCO𝑙𝑜𝑤𝑇
6.55𝐴ℎ

high T 45 1 331 71 150 Graphite Cℎ𝑖𝑔ℎ𝑇
6.55𝐴ℎ

water-
cooling 24 3 1024 73 135

Graphite top C𝑤,𝑡𝑜𝑝
6.55𝐴ℎ

Graphite centre C𝑤,𝑚𝑖𝑑
6.55𝐴ℎ

Graphite bottom C𝑤,𝑏𝑜𝑡𝑡𝑜𝑚
6.55𝐴ℎ
4
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3.3. CCC measurement procedure

The theory explaining the CCC method is presented in Section 2.3.
The CCC tests were performed every 200 cycles or 10% drop in SoH,
and always at 50% state of charge (SoC). To mitigate a shift in SoC,
alternating positive and negative current pulses (4.5 C) were used to
generate heat. The CCC was found to be independent of C-rate, see
Fig. 2 in the SI. The highest current was therefore chosen, as this gave
the most stable measurements due to a larger denominator in Eq. (6).
The pulse rate was 0.25 Hz, which was maintained for 3.6 h to ensure
stable temperatures. The cells were left to rest for two hours between
each characterization period. Multiple characterization periods were
used to improve accuracy and to determine if the method itself caused
degradation.

3.4. Uncertainty analysis

The errors presented for the thermal conductivity measurement
values are the double standard deviation resulting from the linear
regression. It has to be noted that there is an additional systematic error
of 3% due to the rig set-up and calibration procedure. This is mainly
due to the precision in temperature difference between the thermocou-
ples. The error of the estimated effective thermal conductivities were
calculated using error propagation:

𝑠2𝑎 =
𝑛
∑

𝑖=1

( 𝛿𝑓 (𝑥1, 𝑥2, 𝑥3,… , 𝑥𝑖)
𝛿𝑥𝑖

𝑠𝑥𝑖
)2

(9)

. Results and discussion

Results of the thermal conductivity measurements, the effect of
egradation on changes in thermal conductivity and the cooling ef-
iciency of LiBs are examined in the following sections. Section 4.1
nalyses the influence of pressure and the presence of electrolyte
olvent at BoL, Section 4.2 deals with the effect of formation, while
ection 4.3 focuses on the effect of degradation on thermal conduc-
ivity and the effect of mechanical clamping, the temperature during
uty cycling and local differences. Finally, we present the changes in
CC (Section 4.4) and effective full-cell thermal conductivities (Sec-
ion 4.5) in an attempt to link the cooling efficiency with the thermal
onductivities. All numeric values are included in the SI.
6

.1. Thermal conductivity at BoL

This section presents the measured thermal conductivities as func-
ions of pressure, as well as the impact of solvent at BoL. Results
rom earlier publications by Richter et al. [48] for similar electrodes
arvested at BoL are included in the figures and depicted in grey.

.1.1. Effect of pressure
Thermal conductivities of the dry electrode materials as a function

f pressure are presented in Fig. 3(a). For the materials measured in this
tudy, the graphite anodes show larger thermal conductivities than the
athodes, with large pressure dependencies. C𝐵𝑜𝐿

64 Ah shows the largest
thermal conductivity (0.90 ± 0.02 W/mK at 2 bar), which increases by
approximately 30% when the pressure is increased from 2 to 6 bar.
The C𝐵𝑜𝐿

6.55 Ah shows an increase of 60% from 0.448 ± 0.018 W/mK
in the same pressure range. The thermal conductivities of NMC𝐵𝑜𝐿

64 Ah
(0.495 ± 0.003 W/mK at 2 bar) and LCO𝐵𝑜𝐿

6.55 Ah (0.272 ± 0.003 W/mK
at 2 bar) increase by 13% and 19%, respectively.

When the electrodes are soaked in electrolyte solvent (Fig. 3(b)),
the measured thermal conductivity is significantly higher than for the
dry samples. In general, the pressure dependency also appears to be
lower, both relative and in absolute value. The C𝐵𝑜𝐿

64 Ah shows a very
large thermal conductivity of 1.93 ± 0.06 W/mK at 2 bar, which
is significantly larger than both the C𝐵𝑜𝐿

6.55 Ah (1.27 ± 0.04 W/mK at
2 bar) and literature values for soaked graphite anodes reported by
other studies (0.35 W/mK to 1.45 W/mK, summarized in Table 2).
Repeated measurements confirmed the higher thermal conductivity of
C𝐵𝑜𝐿
64 Ah. Loges et al. [41] pointed out that the composition of active

material sets the maximum thermal conductivity that can be achieved.
In addition, the intrinsic thermal conductivity of graphite is strongly
influenced both by the manufacturing process and the precise type
of material as well as the orientation of the graphite. It can be as
large as approx. 2000 W/mK [57]. Unfortunately, no details on the
manufacturing process or the material composition were available for
this commercial cell. The combination of binder and active material
particles with the used manufacturing process is likely to allow for good
particle–particle contact.

Compared to the dry measurements, the pressure dependency for
the soaked anodes is very low, with an increase of 11% to 15% when
increasing the pressure from 2 to 6 bar. The soaked NCM𝐵𝑜𝐿

64 Ah has a
thermal conductivity of 1.03 ± 0.04 W/mK and the soaked LCO𝐵𝑜𝐿

6.55 Ah
has a thermal conductivity of 0.919 ± 0.008 W/mK at 2 bar. This
is in the range of thermal conductivities reported in the literature
for soaked NMC cathodes (0.52 to 0.83 W/mK, Table 2) and soaked
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Fig. 3. Thermal conductivity of electrode materials at BoL. Data depicted in grey from Richter et al. [48].
CO cathodes (1.0 to 1.58 W/mK, Table 2). NMC𝐵𝑜𝐿
64 Ah barely shows

ny change with pressure increase (approx. 1%), while the pressure
ependency of LCO𝐵𝑜𝐿

6.55 Ah is similar to the dry values (22% increase
ith the increase in pressure from 2 to 6 bar).

The dependence of thermal conductivity on pressure could be ex-
lained by uneven surfaces and porosity, producing voids in the mea-
urement volume as well as thermal resistance between particles. These
ffects become less significant when the sample is soaked, as the
lectrolyte solvent fills these voids. This is discussed in more detail in
he next section.

.1.2. Effect of electrolyte
The results presented in Section 4.1.1 already showed a large in-

rease in thermal conductivity due to the presence of electrolyte sol-
ent. Fig. 4 presents the ratio of dry thermal conductivity and soaked
hermal conductivity. The smaller the ratio, the more affected is the
hermal conductivity by the presence of a solvent. A ratio of 1 would
efer to the same thermal conductivity of dry and soaked material.
CO𝐵𝑜𝐿

6.55 Ah appears to be affected the most, with the dry value being
nly about 25% of the soaked. NMC𝐵𝑜𝐿

64 Ah, on the other hand, is the
east affected — the dry value is still about 60 to 70%. The graphite
nodes have the same ratio at 2 bar, but the ratio is varying more with
ressure for C𝐵𝑜𝐿

6.55 Ah.
Whereas the effect of soaking slightly decreases for higher pressures

n the JP3 cathode, the LCO cathode shows close to no effect of the
ncreased pressure. Both graphite anodes are around 50% at 2 bar, the
ifference becoming smaller with increased pressure. C𝐵𝑜𝐿

6.55 Ah shows the
argest pressure dependency, caused by the large pressure dependency
f the dry electrodes.

When going from 2 bar to 6 bar, the thickness of the active material
s reduced the most for C𝐵𝑜𝐿

6.55 Ah (2%), followed by 1.4% for both
MC𝐵𝑜𝐿

64 Ah and C𝐵𝑜𝐿
64 Ah. LCO𝐵𝑜𝐿

6.55 Ah is the least compressed (0.6%). This
s in agreement with the pressure dependency of the ratio (largest
or C𝐵𝑜𝐿

6.55 Ah, smallest for LCO𝐵𝑜𝐿
6.55 Ah). Although the compression may

ot change the porosity of the material drastically, it can increase the
article–particle contact substantially. Another reasonable explanation
ould be a difference in particle size distribution. The particle size
istribution affects the area of the solid–gas interphase (dry) and
olid–liquid interphase (soaked) and therefore the thermal interfacial
esistance. The thermal interfacial resistance over the solid–liquid in-
erphase (also known as Kapitza resistance) has been shown to decrease
ith an increasing wetting coefficient [58]. Therefore, for different
article size distributions, the ratio between the dry and soaked thermal
onductivity varies.
7

Fig. 4. Ratio of dry thermal conductivity to soaked thermal conductivity at BoL. Data
depicted in grey from Richter et al. [48].

Table 4
Thermal conductivities at 2 bar measured fresh (e.g. prior to
introducing into the cell) and at BoL.

Fresh BoL
k𝑎𝑚,𝑑 k𝑎𝑚,𝑑

Graphite 0.407 ± 0.002 0.379 ± 0.008
NMC622 0.32 ± 0.05 0.29 ± 0.03

4.2. Effect of formation

Table 4 presents the thermal conductivities prior to and after
electrochemical activation. In general, it appears that the thermal
conductivities of the electrodes extracted from the cells after they went
through the electrochemical formation are smaller than the thermal
conductivity of electrodes that were never implemented in a cell
(fresh). However, there is quite some variation in the reduction. The
thermal conductivity of the dry graphite anode is reduced by 7%,
whereas the dry thermal conductivity of the NMC cathode is reduced
by 9%. Possible reasons for the changes in thermal conductivity have
been discussed in Section 2.1.2, e.g. porosity changes due to gassing,
and the formation of SEI on both anode and cathode. This can affect
the thermal interface resistance between particles, between particles
and solvent and between particles and gas.

4.3. Thermal conductivity of degraded electrodes

Fig. 5 presents the change in thermal conductivity compared to the
same material at BoL. The values are here averaged for all applied pres-
sures, and for the 6.55 Ah cell also for different thermal management
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Fig. 5. Change in thermal conductivity compared to BoL, averaged over all pressure
teps and operation conditions. (MC: Mechanical Clamping). (For interpretation of the
eferences to colour in this figure legend, the reader is referred to the web version of
his article.)

trategies during cycling. This results in large standard deviations but it
erely aims to get a brief overview of the changes before discussing the

mpact of clamping (Section 4.3.1), the effect of thermal management
Section 4.3.2) and local differences (Section 4.3.3) in more detail. All
egraded electrodes have a significantly lower thermal conductivity
ompared to BoL, both soaked and dry, and for all cycling conditions.
he only exception is the soaked NMC𝑛𝑜𝑀𝐶

64 Ah , which appears to have a
igher thermal conductivity when aged. Generally, the anode appears
o be more affected than the cathode and the dry more than the soaked.
he most extreme drop in thermal conductivity is observed for the
ry C𝐸𝑜𝐿

6.55 Ah, around 60%. It has to be noted, that there are cell-to-
ell variations in the SoH (see Table 3) which is also likely to factor
nto the differences between the thermal conductivities of the degraded
aterial.

For the measurement, the electrodes are harvested from degraded
ells and are cleaned and soaked in solvent. Both the BoL and degraded
aterial are soaked in the same way. In a full battery cell, on the

ther hand, this may not be representable. While at BoL, assuming fully
oaked electrode values appear fair, it might be less so at EoL due to
assing and thickness volume changes. When considering the values for
alculating the effective thermal conductivity of a degraded LiB, the dry
nd soaked values should therefore be seen as a lower and upper limit.

.3.1. Effect of clamping during degradation
Fig. 6 presents the thermal conductivities of the anode and cathode

xtracted from the 64 Ah cell at 2 bar, at BoL and EoL. We compare the
hermal conductivity of material extracted from a cell that was cycled
ith mechanical clamping (MC, orange) and a cell that was cycled
ithout applied clamping (no MC, yellow). All dry measurements show
decrease in thermal conductivity at EoL compared to BoL. When

he cells were not clamped during cycling, the reduction in thermal
onductivity is more extreme, most extreme for the anode (51%, 38%
or the cathode).

When mechanical clamping of the cells was applied during cycling,
similar reduction for both electrodes of around 22% is observed.

onsidering the soaked electrode measurements, the effect of clamping
uring cycling on the thermal conductivity is reversed. For the anode,
here is still a significant reduction observable (43% MC, 28% no MC).
he thermal conductivity is still decreased compared to BoL for the
aterial from the clamped cell (17%) but is increased for the cathode
8

rom the unclamped cell. Ergo, the same material shows a reduction
Fig. 6. Effect of clamping during cycling on the thermal conductivity of the 64 Ah
NMC532/Graphite cell. (Labels C64 Ah and NMC64 Ah in Table 2, MC: Mechanical
Clamping).

Table 5
Compressibility: Relative thickness changes when pressure is increased
from 2 to 6 bar, JP3.

NMC cathode Graphite anode

BoL −1.103 ± 0.0011% −1.34 ± 0.07%
MC −0.680 ± 0.0005% −0.61 ± 0.08%
no MC −0.937 ± 0.0008% −4.63 ± 0.09%

of 38% when measured dry and an increase of 17% when measured
soaked (compared to the dry and soaked thermal conductivity at BoL,
respectively).

Possible reasons for the differences in thermal conductivity could
be due to changes in particle–particle contact due to particle cracking
resulting from volume changes. This is considered to benefit from
adding pressure [59,60]. This is also likely to suppress micro-gassing
which affects the porosity. This hypothesis is supported by the ob-
served changes in the thickness and compressibility of the material. A
thickness increase for both electrodes compared to BoL was observed.
The anode showed an extreme thickness increase and large variations
(37 ± 20%) when not clamped during cycling (compared to 25 ± 3%
when clamped). One reason for the large variations in the cells without
clamping is that the active material was partially stuck on the separator
when opening the cell. The cathode thickness increase is very similar
for MC (6%) and no MC (7%). Another observation is the change in
compressibility of the electrode material ( Table 5). The compressibility
of the material (2 bar to 6 bar) is similar for the anode and cathode
at BoL (1.3% and 1.1%, respectively) and is reduced for all degraded
cathode material and the anode material with MC. The compressibility
of the degraded anode material of the unclamped cell on the other hand
increased significantly to 4.7%. Based on those observations it appears
reasonable to assume that a combination of porosity and structural
changes is causing these effects. Another aspect could be an increased
resistance between the active material and the current collector. The
effective thermal conductivity of the current collector double-coated
with active material is measured and Eq. (4) is used to estimate the
thermal conductivity of the active material from this measured value.
Any changes in thermal resistance between the current collector and
active material would therefore be included in the thermal conductivity
of the active material as presented and discussed. As the thickness of
the electrodes increases and for the cells without clamping, the porosity
appears to increase, it becomes apparent that at EoL a perfectly soaked
electrode material is unlikely. This will be discussed in more detail in
Section 4.5.
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Table 6
Thermal conductivities of Melasta graphite anodes at 2 bar measured at BoL and EoL
using different thermal management strategies during cycling degradation.

k𝑒,𝑑 k𝑎𝑚,𝑑 k𝑒,𝑠 k𝑎𝑚,𝑠

C𝐵𝑜𝐿
6.55 Ah 0.604 ± 0.003 0.495 ± 0.003 1.27 ± 0.04 1.04 ± 0.04

C𝑙𝑜𝑤𝑇
6.55 Ah 0.321 ± 0.003 0.267 ± 0.003 1.02 ± 0.03 0.86 ± 0.03

Cℎ𝑖𝑔ℎ𝑇
6.55 Ah 0.204 ± 0.002 0.177 ± 0.002 0.663 ± 0.011 0.573 ± 0.011

C𝑤,𝑚𝑖𝑑
6.55 Ah

(mod. T)
0.224 ± 0.004 0.193 ± 0.004 0.665 ± 0.008 0.581 ± 0.008

LCO𝐵𝑜𝐿
6.55 Ah 0.470 ± 0.003 0.397 ± 0.003 1.584 ± 0.008 1.339 ± 0.008

LCO𝑙𝑜𝑤𝑇
6.55 Ah 0.376 ± 0.003 0.318 ± 0.003 1.1066 ± 0.0018 0.9378 ± 0.0018

d — dry, s — soaked, e — electrode, am — active material.

Table 7
Thermal conductivities of Melasta graphite anodes at 6 bar measured at BoL and EoL
using different thermal management strategies during cycling degradation.

k𝑒,𝑑 k𝑎𝑚,𝑑 k𝑒,𝑠 k𝑎𝑚,𝑠

C𝐵𝑜𝐿
6.55 Ah 0.976 ± 0.002 0.800 ± 0.002 1.49 ± 0.02 1.22 ± 0.02

C𝑙𝑜𝑤𝑇
6.55 Ah 0.569 ± 0.003 0.474 ± 0.003 1.10 ± 0.16 0.93 ± 0.16

Cℎ𝑖𝑔ℎ𝑇
6.55 Ah 0.384 ± 0.002 0.333 ± 0.002 0.717 ± 0.002 0.620 ± 0.002

C𝑤,𝑚𝑖𝑑
6.55 Ah 0.292 ± 0.005 0.251 ± 0.005 0.930 ± 0.004 0.813 ± 0.004

LCO𝐵𝑜𝐿
6.55 Ah 0.5494 ± 0.0019 0.4644 ± 0.0019 1.910 ± 0.007 1.615 ± 0.007

LCO𝑙𝑜𝑤𝑇
6.55 Ah 0.439 ± 0.005 0.372 ± 0.005 1.1405 ± 0.0016 0.9665 ± 0.0016

4.3.2. Effect of thermal management
This section describes the effect of different thermal management

strategies (see Table 3) on the thermal conductivity of the Melasta
electrodes measured at EoL. Tables 6 and 7 present the thermal conduc-
tivity of the anodes at BoL and EoL at 2 bar and 6 bar, respectively. 𝑘𝑒,𝑑
and 𝑘𝑒,𝑠 are the thermal conductivities (dry and soaked, respectively)
of the electrode sheets, e.g. including the current collector. For 𝑘𝑎𝑚,𝑑
nd 𝑘𝑎𝑚,𝑠, the contribution of the current collector has been calculated
o estimate the isolated effect of the active material.

In general, the dry anode values appear to be affected the most by
egradation. It also appears that the thermal conductivities of Cℎ𝑖𝑔ℎ𝑇

6.55 Ah
re affected more severely. The thermal conductivity of C𝑙𝑜𝑤𝑇

6.55 Ah was
educed by 46% (averaged over all pressure steps), while it was reduced
y 63% and 67% when cycled at an ambient temperature of 45 ◦C
Cℎ𝑖𝑔ℎ𝑇
6.55 Ah) or one-side water-cooled with 25 ◦C (C𝑤,𝑚𝑖𝑑

6.55 Ah), respectively.
he thermal conductivity of the soaked materials is not as significantly
educed, but a similar trend is observed. An even stronger link to
he temperature at which the cell was cycled becomes apparent. The
hermal conductivity of C𝑙𝑜𝑤𝑇

6.55 Ah was reduced by 21% compared to BoL,
or C𝑤,𝑚𝑖𝑑

6.55 Ah it was reduced by 37% and for Cℎ𝑖𝑔ℎ𝑇
6.55 Ah it was reduced by

7%.
LCO𝑙𝑜𝑤𝑇

6.55 Ah also shows a reduction in thermal conductivity which is
n a similar range as the respective anode. Although, here it behaves
he opposite way in terms of solvent being present. The dry thermal
onductivity is reduced by 20% while the soaked one is reduced by
0%.

.3.3. Local differences
Fig. 7 presents the thermal conductivities of the cell cooled in the

CC setup presented in Fig. 7 (a). To study the location-dependent
hanges in thermal conductivity, we differentiate between thermal
onductivity measurements of the 5 top layers on the cooling side
Top, C𝑤,𝑡𝑜𝑝

6.55 Ah), the 5 bottom layers on the insulated side (Bottom,
𝑤,𝑏𝑜𝑡𝑡𝑜𝑚
6.55 Ah ), and 5 centre layers in the middle of the cell (Mid, C𝑤,𝑚𝑖𝑑

6.55 Ah).
The very outer layer was excluded on each side as even though it was
coated from both sides, only one side is electrochemically active during
cycling. At BoL a maximum cycling temperature of 34.1 ◦C on the
insulated side and 29.8 ◦C on the cooling side were measured on the
attery surface. The temperatures increased to 40.8 ◦C and 30.7 ◦C at
9

he EoL, respectively.
Fig. 7. Thermal conductivity at different locations for the water-cooled Melasta cell.

Table 8 presents the thermal conductivities of the different layers for
both 2 bar and 6 bar as well as dry and soaked. In general, we observe
significant differences in thermal conductivity based on the location of
the electrodes that were extracted — especially when measured soaked.
The thermal conductivity appears to be the lowest for the bottom
layer, which is the insulated side that therefore experienced the highest
cycling temperatures.

When measured dry, only minor differences due to the location
can be observed. The top and bottom layers have very similar thermal
conductivities and are reduced by 70 to 75% compared to BoL. The
thermal conductivity of the mid layer is still the largest and reduced
by about 60 to 69% compared to BoL. Interestingly, when soaked the
thermal conductivities of the locations compare differently. Soaked, the
thermal conductivities of the mid and bottom layers are nearly the
same, about 32 to 48% smaller than at BoL. The thermal conductivity
of the top layer is significantly larger, with only a reduction of about 11
to 17% compared to BoL. This is in agreement with the observations in
Section 4.3.2 on the relationship between changes in thermal conduc-
tivity and cycling temperature as the thermal conductivity of the layers
with the lowest temperature, decreases the least.

In Section 4.1, it was found that the pressure dependency for the an-
ode at BoL decreased with soaking: increasing the pressure from 2 bar
to 6 bar, the thermal conductivity increased by 62% for dry anodes
but only 18% for soaked. For the top layer, a similar dependency on
the pressure is observed although weaker (46% and 22%, respectively).
For the mid- and bottom layers, it turned (mid: 30% and 40%, bottom:
41% and 53%). The compressibility is significantly larger for degraded
material compared to BoL but the location has no significant effect.
The higher compressibility suggests a higher porosity and crack density,
and may explain the increased sensitivity to pressure for the thermal
conductivities measured for degraded electrodes.

The visual inspection of the layers upon opening showed that both
the layers towards the top and bottom of the cell appeared to be
significantly more degraded and a quite substantial amount of active
material came off when separating the layers. (SI, Fig. 4) . Measuring
the layer thickness after opening and pre-washing showed the largest
thickness increase for the top layer (35% ± 5%) and a similar thickness
increase for the middle and bottom layer (26% ± 2%). It was noted that
especially the top layer showed a large variation in thickness. During
the washing and preparation of the electrodes for the measurement,
a substantial loss of active material was noticed. This was the most
extreme for the top layer. It was noted as a reduction of the thickness
of about 11% for the top layers, 6% for the bottom layer, while no
significant change was noted for the mid layer.
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Fig. 8. CCC values and relative change of CCC and effective thermal conductivity as a function of SoH. Additional measurements from other cells that were available from other
xperiments are also included. The relative decrease in CCC is 50% at EoL for both the surface and tab-cooled cells, although the absolute reduction is larger with the pouch-cooled
ells. Cells 2–5 reported in [55]. .
Table 8
Thermal conductivities for water-cooled cell at different locations.

Dry Soaked

2 bar 6 bar 2 bar 6 bar

C𝐵𝑜𝐿
6.55 Ah 0.4947 ± 0.0006 0.8000 ± 0.0003 1.038 ± 0.040 1.220 ± 0.018

C𝑤,𝑡𝑜𝑝
6.55 Ah 0.147 ± 0.001 0.214 ± 0.001 0.860 ± 0.020 1.047 ± 0.004

C𝑤,𝑚𝑖𝑑
6.55 Ah 0.193 ± 0.001 0.251 ± 0.001 0.581 ± 0.001 0.813 ± 0.0008

C𝑤,𝑏𝑜𝑡𝑡𝑜𝑚
6.55 Ah 0.1417 ± 0.0003 0.1991 ± 0.0007 0.540 ± 0.001 0.826 ± 0.016

4.4. The measured CCC values

To investigate how changes in the thermal conductivities of a single
electrode affect the full cell, the CCC coefficients were measured for the
6.55 Ah LCO/Graphite pouch cell, as explained in Sections 2.3 and 3.3.
Compared to the single electrodes, the CCC captures the overall effect of
degradation on the thermal transport of the full cell, while also masking
the direct cause of the changes observed.

All CCCs measured are summarized in Fig. 7(a), plotted as a func-
tion of SoH. All cells presented in this section are 6.55 Ah LCO/Graphite
cells. Cell 1–4 were cooled with water cooling from one side, as
described in Section 2.3. Cell 5 was cycled in a temperature chamber
kept at 25 ◦C, e.g. air cooled. Cell 1 and 2 were cycled beyond 80%
SoH, whereas the test was stopped at only 90% SoH for cell 3 and
4. From Fig. 7(a) it is seen how the cells’ ability to transmit heat
is reduced as the cells degrade, observed as a reduction in the CCC.
The temperature difference required to transfer off a given amount of
heat is therefore increased. It can be seen how the reduction in the
CCC follows approximately the same trend for all cells. The cycled
cells show CCC reductions of more than 50%, although from different
starting points. It also appears that the largest change occurs before
80% SoH has been reached and that the decrease slows down as the
cells age. The variations between the cells before cycling (100% SoH)
can be due to production differences in the new cells [61], or due
to variations in the experimental setup, e.g., the placement of the
thermocouple temperature sensors. The electrodes used for the thermal
conductivity measurements were taken from Cell 1 in Fig. 7(a), with
samples taken from the outer layers at the top side (cooled) and the
bottom (insulated), as well as from the middle.

4.5. Effective full cell thermal conductivities

The combination of electrode measurements and the CCCs enables
the validity and actual effect of the electrode measurements to be
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assessed. Table 9 presents the estimated effective thermal conductivity
of the full cells both at BoL and EoL. The effective thermal conductivity
was estimated using Eq. (5). The EoL values are estimated using only
the EoL values of the anode for the Melasta cell (unless specified
otherwise) and the thermal conductivity of the anode and cathode
at EoL for the JP3 cell, as well as including the measured thickness
increase. Both thickness changes and thermal conductivity changes
of other layers (e.g. current collector, separator, pouch laminate) are
considered negligible. Although, when calculating the extreme case of
a ‘‘dry-off’’, the thermal conductivities of the dry separator and dry
cathode were used.

The relative values presented in this section are all in comparison to
the effective thermal conductivity of the battery at BoL. The effective
thermal conductivity at BoL was calculated using only soaked values,
as it appears to be fair to assume all layers to be fully soaked at
BoL. The full cell thermal conductivity at BoL is calculated to be
0.86 ± 0.08 W/mK for the JP3 cell and 0.94 ± 0.10 W/mK for the
Melasta cell. This fits well within reported literature values for the
cross-plane thermal conductivity of 0.284 W/mK to 1.63 W/mK for
pouch cells [20]. Although, this is a very wide range — it can be said
that the value of the JP3 cell compares well to the measurements by
Tendera et all [20] of commercial NMC532 and graphite pouch cells
measured at similar temperatures (0.81 to 1.03 W/mK).

Using the soaked values, a reduction of around 19% compared to
BoL was calculated for 64 Ah NMC/Graphite cells that were clamped
during the degradation study. On the other hand, the thermal conduc-
tivity of the 64 Ah cell that was not clamped appears to have not
changed due to degradation. It is essential to point out, that when
considering BoL cells it might be fair to assume the layers to be fully
soaked — but it is less so when considering EoL. This becomes even
clearer when considering that the cell without clamping increased
in thickness by 55%. When considering the dry and soaked thermal
conductivities as the extremes for the actual thermal conductivity of
a full cell, the degradation will result in shifting the actual thermal
conductivity from close to the soaked value in the direction of the
dry value due to dry-off. Considering the dry values, a reduction of
around 53% compared to BoL was calculated for 64 Ah cell that were
clamped during the degradation study and 63% for the cells that were
not clamped.

Considering the calculated thermal conductivity of the full 6.55 Ah
LCO/Graphite cell, a reduction of 19% to 36% compared to BoL is
observed. Using the dry values, the reduction would be as large as 75%
to 80%. The reduction is the largest using the bottom values — the
values from the side where the cell was insulated. This compares well
with the observations from the CCC measurements. Fig. 7(b) visualizes
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Table 9
Estimated effective through-plane thermal conductivities of the full cells at BoL and EoL.

Effective thermal conductivity [W/mK] Compared to BoL, S

Unit cell Full battery Unit cell Full battery

BoL, dry 0.46 ± 0.04 0.46 ± 0.04
BoL, soaked 0.90 ± 0.08 0.88 ± 0.08 100% 100%
MC, dry 0.41 ± 0.04 0.41 ± 0.04 45% 46%
MC, soaked 0.7 ± 0.1 0.7 ± 0.1 80% 81%
no MC, dry 0.32 ± 0.09 0.32 ± 0.09 35% 36%
no MC, soaked 0.89 ± 0.26 0.87 ± 0.25 99% 99%

BoL, dry 0.34 ± 0.04 0.33 ± 0.04
BoL, soaked 1.04 ± 0.10 0.94 ± 0.10 100% 100%
W-C, top dry 0.19 ± 0.05 0.19 ± 0.05 18% 21%
W-C, top soaked 0.8 ± 0.2 0.75 ± 0.2 78% 81%
W-C, mid dry 0.23 ± 0.05 0.23 ± 0.05 22% 25%
W-C, mid soaked 0.67 ± 0.14 0.62 ± 0.13 64% 67%
W-C, bottom dry 0.19 ± 0.08 0.19 ± 0.08 18% 20%
W-C, bottom soaked 0.6 ± 0.2 0.6 ± 0.2 61% 64%
W-C, bottom dry
(including cathode)

0.18 ± 0.08 0.18 ± 0.08 18% 20%

W-C, bottom soaked
(including cathode)

0.6 ± 0.2 0.6 ± 0.2 58% 61%

Upper part: 64 Ah NMC532/Graphite pouch cell. Lower part: 6.55 Ah LCO/Graphite pouch cell. (W-C: water-cooled).
I
V
d

he relative changes in thermal conductivity and CCC compared to BoL
alues. The values presented are averaged for all respective measure-
ents, depicted in the standard deviation. We recall that the CCC was

educed by 39% at EoL compared to BoL. This reduction is about 20%-
oints, 6%-points, and 3%-points (using only top, mid, and bottom
alues, respectively) larger than the reduction calculated based on the
oaked thermal conductivity values. Again, degradation will result in
hifting the actual thermal conductivity from close to the soaked value
n the direction of the dry value due to dry-off. For this specific cell,
n increase in cell thickness of 28% supports this claim. Including the
easured changes in thermal conductivity for the LCO cathode, does
ot result in a significant further reduction. The dry reduction of the
ry thermal conductivity is within the confidence interval, while the
oaked value is reduced further by 3%-points. But in general, it can
e said that the main reduction in the thermal conductivity of the full
ell is due to changes in the anode and a reduction in the electrolyte
olvent.

. Conclusion

This work assessed the effect of degradation on thermal transport in
iB, both internal and external. The thermal conductivities of electrodes
xtracted from cells both at BoL and EoL were measured, as well as
he overall CCC. The effective full-cell thermal conductivities were
alculated, and the changes due to degradation were compared to
easured changes in CCC. The main findings are:

• A reduction in thermal conductivity of up to 65% compared to
BoL.

• The reduction in thermal conductivity is most extreme for dry
graphite anodes.

• Clamping cells during cycling has the potential to mitigate the
reduction in thermal conductivity.

• The thermal conductivity of graphite anodes cycled at cold tem-
peratures appeared to reduce significantly less than when the cell
was cycled at moderate or high temperatures.

• The CCC reduced by 50% from BoL to a SoH of 70 to 75%.

The effective full cell thermal conductivities were calculated using
he measured thermal conductivities from the electrodes, separator and
ouch laminate. Considering a fully soaked cell, keff was determined to
e 0.86 ± 0.08 W/mK for the NMC/graphite cell and 0.94 ± 0.10 W/mK
or the LCO/graphite cell at BoL. When assuming still a fully soaked cell
t EoL, keff of the NMC/graphite cell was reduced by 19% when the cell
11

as clamped during cycling and by 19 to 39% for the LCO/graphite
cell. It is crucial to point out, that when considering BoL cells it might
be fair to assume the layers to be fully soaked — but it is less so when
considering the thickness increase of the full cell at EoL. When consid-
ering a full dry out of the cells at EoL, keff was reduced by 54% for the
NMC/graphite cell when not clamped during cycling and up to 80% for
the LCO/graphite cell. The actual thermal conductivity of the full cell
is somewhere between those two extreme (dry and fully soaked) which
was found to be in agreement with the CCC measurements. It was found
that the main reduction in the thermal conductivity of the full cell is
due to changes in the anode and a reduction in the electrolyte solvent.
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