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Abstract: The electrolyte is one of the three essential constituents of a Lithium-Ion battery (LiB) in
addition to the anode and cathode. During increasingly high power and high current charging and
discharging, the requirement for the electrolyte becomes more strict. Solid State Electrolyte (SSE) sees
its niche for high power applications due to its ability to suppress concentration polarization and
otherwise stable properties also related to safety. During high power and high current cycling, heat
management becomes more important and thermal conductivity measurements are needed. In this
work, thermal conductivity was measured for three types of solid state electrolytes: Li7La3Zr2O12

(LLZO), Li1.5Al0.5Ge1.5(PO4)3 (LAGP), and Li1.3Al0.3Ti1.7(PO4)3 (LATP) at different compaction
pressures. LAGP and LATP were measured after sintering, and LLZO was measured before and
after sintering the sample material. Thermal conductivity for the sintered electrolytes was measured
to 0.470 ± 0.009 WK−1m−1, 0.5± 0.2 WK−1m−1 and 0.49± 0.02 WK−1m−1 for LLZO, LAGP, and
LATP respectively. Before sintering, LLZO showed a thermal conductivity of 0.22± 0.02 WK−1m−1.
An analytical temperature distribution model for a battery stack of 24 cells shows temperature
differences between battery center and edge of 1–2 K for standard liquid electrolytes and 7–9 K for
solid state electrolytes, both at the same C-rate of four.

Keywords: lithium ion; solid state electrolyte; Li ion; thermal conductivity; sintering

1. Introduction

Society has seen a major introduction of the lithium-ion battery into the transport sector as of
recently, being an attractive and efficient way to store electrical energy in hybrid and electric vehicles.
Also, larger transportation vehicles are increasingly equipped with hybrid systems and batteries,
creating an ever-increasing need for more specific power and energy, high power opportunity charging,
better performance, and longer lifetime [1]. For any given battery, higher C-rate (complete discharge
relative to an hour) means higher current density. Very high C-rates lead to a large cross-sectional
current density, which creates unwanted loss mechanisms alongside lowered energy efficiency (high
ohmic losses) [2]. At any given C-rate, a battery can be modified to have lower current density,
simply by lowering the electrode thickness. This in turn leads to lower specific energy and specific
power (larger weight fraction of electrolyte separator, current collectors, etc.). This means that, to
simultaneously have high specific energy and power, current density must increase. However, the
liquid electrolyte currently in use in modern lithium-ion batteries does not cope properly with current
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densities well above 100 Am−2 and needs to be replaced with a non-liquid electrolyte to prevent
some of the losses associated with liquid electrolyte/electrode interfaces. A similar evolution took
place in the fuel cell sector, where early alkaline fuel cells used a liquid electrolyte that was subject
to concentration polarization at higher currents [3]. This problem was overcome when solid proton
conducting membranes were developed [4]. Thus, the drive for a solid state electrolyte (SSE) in
lithium-ion batteries is mainly motivated by two things; one is to keep performance at high load
conditions while simultaneously increasing specific energy and specific power of the battery, and the
other is to lower the risk of dangerous fires by removing the liquid and volatile liquid electrolyte [5,6].

1.1. Role of the Electrolyte

Traditional lithium-ion batteries contain a concentrated organic liquid electrolyte. The liquid
electrolyte provides intimate wetting with the solid electrode and sufficient ionic conductivity within
the operating temperature [7,8]. The constituents of the liquid electrolyte, lithium cations, associated
counter anions, and solvent molecules, facilitate the formation of a passivation layer on the electrolyte
surface, commonly named solid electrolyte interphase (SEI) [9–11]. The local variation of current
densities linked to inhomogeneities within the SEI can result in the formation of dendrites [12,13].
This is a challenge in liquid electrolyte cells, as dendrites can penetrate the porous separator by
growing through it and can lead to potentially fatal short circuiting of the electrodes. Due the liquid
nature of the electrolyte, mass transport limitations by diffusion will arise in the electrolyte and have
to be considered, especially at high current densities. [14]. This concentration polarization is what
currently limits the available current density in some lithium-ion batteries [15]. Especially the ambition
to quick-charge batteries is stifled by it. New non-liquid electrolytes are necessary to overcome these
challenges. Much attention has been given to a broad new family of electrolytes, namely the solid state
electrolytes (SSE). They demonstrate certain improved properties over the traditional liquid electrolyte.
Due to the absence of concentration polarization effects that characterize liquid electrolytes, higher
current densities are possible and thicker electrodes can be used, which can increase the capacity of
the battery [3,16]. Alternatively, fewer cells are needed to reach the same capacity as when using
thinner electrodes, which means that less material not contributing to the capacity needs to be used,
e.g., copper and aluminium for the current collectors or separator/SSE material. This will increase
the energy density of the battery. Kato et al. have produced a solid state battery with 15.7 mAh cm−2

at room temperature using a cathode layer with a thickness of 600 µm, which is more than twice
the maximum thickness in our study [17]. Currently, most solid state battery prototypes use thinner
composite electrodes to compensate for the lower ionic conductivity of the electrode material and the
absence of electrolytes wetting the electrode [18].

Very high current densities and certainly high temperatures of above 70 ◦C can lead to the
gasification of liquid electrolyte compounds due to overheating, generating a highly flammable gas
with the inherent dangers that holds [5]. Using an SSE will not lead to degassing of a vaporized organic
and flammable electrolyte. This is particularly important on naval and aviative vehicles. The lack of a
flammable organic solvent makes the SSE a safer alternative, as it also eliminates the risk of thermal
runaway, an exothermic accelerated catastrophic process leading to a fire-like explosion [19]. The SSE
enables battery producers to manufacture thin and dense electrolyte layers between the electrodes,
hence increasing the overall volumetric and gravimetric cell capacity. Thicknesses between and 3
and 5 µm were achieved by Yan et al. for an LLZO (Li7La3Zr2O12) ultrathin film SSE that was coated
directly onto the cathode layer [20]. A thinner electrolytic layer also results in a lower ohmic resistance.
Furthermore, Li+ ions are the sole charge carrier in the SSE, meaning the transference number can
approach one as the ions are moving through interstitial or vacant sites in the matrix of a crystalline or
glassy SSE [21,22]. Regrettably, the ionic conductivity of these electrolyte systems is low and they are
therefore not extensively used as the primary electrolyte in consumer lithium-ion batteries as of yet.
Li7La3Zr2O12 (LLZO), Li1.5Al0.5Ge1.5(PO4)3 (LAGP), and Li1.3Al0.3Ti1.7(PO4)3 (LATP), the materials
investigated in this work, achieve an ionic conductivity Si of 0.1–0.2 Sm−1 [23–26] as compared to
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values in the order of 1 Sm−1 for LiPF6-based liquid electrolytes employed in many commercial
lithium-ion batteries today [27–29].

Many research groups are tackling the challenges related to the low ionic conductivity of the
SSE [30–35]. Even though significant advances have been made in terms of ionic conductivity,
the large charge transfer resistance at the interface between the electrode and the solid electrolyte
remains. It originates from the particle-to-particle nature and lack of liquid wetting, meaning there
is poor contact between the electrode and electrolyte resulting in an insufficient charge transfer at
the solid/solid interface [36,37]. In addition, the particle contact is further impaired by the electrode
expansion and contraction during charge/discharge [38]. Efforts are being made to study strategies
that can decrease the interface resistance by applying new interfacial architectures with nanoscale
materials forming a buffer layer in the SSE [19]. Anomalous ionic conduction at the interface of ionic
conductors takes place in the space-charge layers at the interface. This effect has been studied, and
a new field called nanoionics is consequently emerging [39].

1.2. Heat and Thermal Conductivity

To predict the heat distribution in a battery cell requires a good understanding of heat production
and heat transfer within it. The need for accurate temperature values inside the battery is well
documented in the literature, e.g., by Bandhauer et al. [40]. The influence of temperature on the different
ageing mechanisms is well reported [41–44]. Several research groups report internal temperatures of
battery cells using an in situ measurement setup [45–48].

There are several sources that contribute to the heat developed in a battery cell. These are
activation (interfacial kinetics) and concentration (species transport) overpotentials (when the
electrolyte is liquid) as well as ohmic losses (Joule heating from the movement of charged particles) [40].
All of these losses will appear both when discharging and charging a battery. In the case of discharge,
the losses lead to a potential lower than the reversible potential that can be drawn from the battery
cell, whilst they require a larger potential than the reversible potential applied to the battery cell when
charging. These overpotentials will be dissipated as heat in the cell for both cases during operation.
Especially the ohmic losses and the concentration overpotential are dependent on the current drawn
from the cell. That means, when drawing or imposing a very large current from or into the cell, a large
amount of heat will be produced. This would be the case in a high power situation like a vehicle
moving at high speed or the quick charging of a battery at high current levels. These ohmic resistances
are reportedly changing while the battery cell is ageing [49]. The voltage loss in the cell is dominated
by the charge transfer resistance at the electrode/electrolyte interface and the ionic resistivity of the
electrolyte. The first is reported to make up more than 60% of the total resistance of a cell [36,37].
This results in a considerable amount of ohmic heat produced at the interface.

The accurate determination of the heat sources together with measuring the thermal conductivities
of the different battery components enables precise modeling of the internal temperature profiles of
a battery cell. This can provide viable information to the cooling system of a battery pack. Improved
thermal management will also enhance the understanding of local ageing mechanisms and will lead to
superior battery designs and enhanced cell lifetimes [50]. The main heat production in a battery cell
stems from the separator-electrolyte region, closely followed by the solid electrolyte interface region at
high currents [51]. Thus, determining the thermal conductivity of the electrolyte is critical. Cui et al.
measured and reported thermal conductivity of an LAGP SSE prepared by powder sintering and
bulk glass heat-treatment. They obtained values between 0.6 and 1.8 WK−1m−1 at room temperature
depending on the preparation method [25]. Richter et al. reported the thermal conductivity for a
wide range of separator materials dry and soaked in electrolyte solvent which are relevant here for
comparison [50].

In a detailed review, Bandhauer et al. report how thermal issues in Li-ion batteries are connected
to capacity fade, power fade, and self discharge. They also report heat generation mechanisms and
an approach to thermal modeling [40]. According to Brousseley et al., the most likely cause of aging of
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a battery cell is the side reactions between the electrolyte and the active materials of the electrodes.
Insoluble species are produced on the graphite electrode, which changes the SEI properties and in turn
leads to a reduction of the lithium corrosion rate with aging [52].

The desire for increased current densities in lithium-ion batteries could be fulfilled through the use
of SSEs. However, the handling of the dissipated heat in such a battery becomes evermore important
due to their higher ohmic resistance compared to liquid electrolytes and the increased current densities.
This work reports some of the first measured values for thermal conductivity of sintered SSEs using
a custom-built measurement rig. These values are explored with a simple analytical model to give
an indication as to what is to be expected in terms of temperature distribution in a lithium-ion battery
with SSEs.

2. Experimental

2.1. Thermal Conductivity Measurements

The thermal conductivity measurements for this study were performed ex situ in a custom-built
measurement rig, which is sketched in Figure 1, similar to the one in Reference [53]. The rig applies
a constant heat flux through a cylindrical geometry. The setup is symmetrical on top and bottom.
Thermoelectric Peltier modules (Termo-Gen AB TEP1-1264-3.4) are used on either side to generate the
heat flux by heating the top and cooling the bottom. The sample thickness is recorded by two Mitutoyo
micrometers (accuracy ±0.003 mm). Thus, samples and stacks of different thickness (10–2000 µm) can
be studied. Compression is applied by a pneumatic piston (Aventics Series ED02) between 3 and 23 bar
compaction pressure onto the samples progressively throughout testing. That allows for monitoring
of the compression behaviour. The materials investigated in this study were measured at 3–5 bar
compaction pressure.
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Figure 1. Sketch of the measurement rig.

The one-dimensional form of Fourier’s first law is

qx = −κ
dT
dx

(1)
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where qx is the heat flux (Wm−2) in the x-direction through the sample, κ is the thermal conductivity
(Wm−1K−1) of interest, and dT is the temperature change (K) over the sample thickness dx (m).
Therefore, to obtain the thermal conductivity dT, dx and qx must be measured. The temperature
difference over the sample is recorded by two thermocouples: T4 and T5 (Omega type K). They are
positioned inside an aluminum cap on either side of the sample. Aluminum was chosen for its high
thermal conductivity, which ensures a uniform temperature distribution over the whole sample contact
area. Three additional thermocouples spaced equally apart both in the upper (T1–T3) and the lower
(T6–T8) steel cylinders determine the magnitude of the heat flux. Upper and lower heat fluxes were
allowed to equilibrate to within 4% of each other before each measurement, where their average was
used to calculate the thermal resistance of the sample. The sample thickness dx is measured using the
micrometers. An insulation cap was designed and fitted tightly around the steel cylinders (top and
bottom) to ensure that the heat transport occurs in the longitudinal direction. The deviation between
upper and lower heat flux was below 0.5% for most measurements, which supports the assumption
that the heat flux travels axially only. The thermal resistance measured this way does include a
thermal contact resistance between rig and sample. To decouple this contact resistance, two samples
with different thicknesses of each material were measured, each on its own and stacked together.
When only a small amount of material is available, samples can be stacked to obtain a variation of
thickness. Then, the thermal resistance can be plotted against the sample thickness. Applying a linear
trendline to these results will yield a slope of which the reciprocal is the average thermal conductivity
of the measured samples. The thermal resistance value for a thickness of zero will then be the total
contact resistance in the system. The accuracy of the obtained results is limited by the precision of
the thermal conductivity calibration. This calibration was achieved by measuring sample discs of the
same polyether ether ketone (PEEK) material with different thicknesses, which had been measured for
their thermal conductivity by an independent commercial actor with an accuracy of 5% prior to our
measurements. The given error in the results shows the deviation from the expected linear trend of
thermal resistance against sample thickness. Further details on the measurement rig and the procedure
can be found in Reference [53].

2.2. Sample Preparation

Three commercially available solid electrolyte materials were obtained in powder form with
particle sizes between 1 and 10 µm from Toshima Manufacturing Co., Ltd.: LLZO, LAGP, and
LATP. Two different amounts of each electrolyte were weighed (to obtain different thicknesses) and
individually transferred into a press die (25 mm in diameter). The powders were then compressed
between two punches in a hydraulic press at pressures between 50 and 500 bar for one minute; pressure
was increased until stable samples were obtained. Afterwards, the pressed pellets were transferred to
a muffle furnace and sintered. Pressure and sintering details for the three different SSE materials are
given in Table 1.

Table 1. Sample preparation pressure and sintering parameters of the three different solid state
electrolytes measured for thermal conductivity.

Solid State Comp. Pressure Heating Rate Sintering Temp. Sintering Time
Electrolyte (bar) (◦C min−1) (◦C) (min)

LLZO 200 200 1100 60
LAGP 50 200 1100 60
LATP 500 200 1100 60

Further characterization like XRD or SEM imaging could not be performed due to very limited
availability of both sample material and proper characterization equipment. Other very recent studies
have more detailed characterization data available [25,54,55].
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2.3. Modeling of the Temperature Distribution

A simple analytical model of a lithium-ion battery cell stack was constructed to show the impact
of the results obtained through the thermal conductivity measurements. It is based on a work by
Richter et al. [56]. The model calculates the maximum temperature in the middle of a lithium cobalt(III)
oxide (LCO) battery with 24 pouch cells, assuming cooling on both ends of the stack that keeps
room temperature T0. The temperature change is then modeled one-dimensional in the x-direction,
through-plane. The cells were simplified to consist of electrodes and separator/SSE material only; see
Figure 2. Thermal contact resistance between these layers was neglected in this simple model, even
though it could have a non-negligible impact on the thermal performance of real systems [57].

Anode Cathode
Separator/SSE

Anode Cathode

Separator/SSE

95µm 80µm
285µm 240µm25µm5µm

80 Am-2 240 Am-2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

+

-
T0T0

Figure 2. Sketch of the modeling geometry on top showing three times thicker electrodes for 240 Am−2

than for 80 Am−2: Separator/ Solid State Electrolyte (SSE) thickness is varied between 5 and 25 µm for
both cases. Setup of the modeled 24-cell stack is shown below.

The heat sources for each cell were combined into a heat flux q (Wm−2) as follows [50]:

q =
T∆S

F
j + ηohmic j + ηact j (2)

where T∆S
F j is the reversible heat generated the cell reactions (∆S is the entropy of reaction (Jmol−1K−1),

and F is the Faraday constant (Cmol−1); j is the current density (Am−2)); ηohmic j is the ohmic heat
generated in the separator/SSE only, as the electrodes are assumed to have an electrical conductivity
several magnitudes higher; and ηact j is the heat caused by the activation overpotential at the interfaces.
A volumetric heat production Qeff was obtained for n cells:

Qeff =
q · n
dtotal

(3)
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by using the heat density q and the total thickness of the cell stack dtotal. The thermal conductivities
κi of the electrodes and the separator/SSE were weighted by their thicknesses di and combined into
an effective thermal conductivity per cell:

κeff =
dtotal/n

∑cell (di/κi)
=

dcell

∑cell (di/κi)
(4)

See Table 2 for the thermal conductivity and thickness values used. Fourier’s second law was set
up in one dimension for the predominating heat transfer perpendicular to the cell area:

d2T
dx2 =

−Qeff
κeff

= α (5)

After integrating once,
dT
dx

= αx + c1 (6)

where x = 0 denotes the center of the battery. With the maximum temperature in the center of the
battery dT/dxx=0 = 0 and, thus, c1 = 0. Upon integrating again

T(x) =
αx2

2
+ c2 (7)

and with the temperature T0 on the battery surface at x = dtotal/2, c2 is found. It follows that

T(x) =
αx2

2
−

αd2
total
8

+ T0 (8)

Solving this for Tmax and substituting for α yields the following:

Tmax|x=0 =
Qeff
κeff
·

d2
total
8

+ T0. (9)

To explore the effect of thicker electrodes made possible by the use of SSEs, calculations were
made for standard thickness and a tripling of it. This is not deemed possible for traditional separators
but was included as a hypothetical case nonetheless for the sake of comparison.

Table 2. Thermal conductivities used in the model shown in Equation (9).

Material κ (through-Plane) di Ref.
(WK−1m−1) (µm)

Liquid electrolyte soaked separator 0.6 5 and 25 [50]
LLZO, LAGP, LATP; sintered 0.5 5 and 25 [*]

Cathode, dry 0.3 80 and 240 [50]
Cathode, soaked 1.0 80 and 240 [50]

Anode, dry 0.3 95 and 285 [50]
Anode, soaked 1.0 95 and 285 [50]

* values measured in this work at 3 bar compaction pressure.

A discharge current density of 80 Am−2 was drawn from the thinner cells, while 240 Am−2 was
drawn from the thicker SSE cells. This corresponds to a C-rate of four if a capacity of 20 Ah m−2

is assumed for the former and 60 Ahm−2 is assumed for the latter case [58]. The thickness of the
separator/SSE layer was varied between 5 and 25 µm, as such low thicknesses have been reported
possible [20].

The entropic heat term is temperature dependent. An entropy change value of −35 Jmol−1K−1 is
used as reported for LCO battery chemistry [59]. This negative value denotes an exothermic process,



Energies 2020, 13, 253 8 of 13

which in turns leads to a heat source. Heat sources are reported as positive values in Table 3. The ohmic
heat has a wide range due to the difference in ionic conductivity by one order of magnitude between
SSE and separator in addition to the different thicknesses considered. However, even a reduction
of the SSE thickness to less than 5 µm would only decrease part of the considerable ohmic heating
occurring in a cell with an SSE. The activation overpotential is calculated for the negative electrode
during discharge only, as it dominates for the electrochemical reaction in LCO batteries [51].

Table 3. Heat sources used in the developed model.

Heat Loss Terms Current Density Ref. Heat Flux, T = 25 ◦C
Source (V) j (Am−2) qi (Wm−2)

Entropic 35 Jmol−1K−1 · T/F 80 and 240 [59] 8.6–27.0
Ohmic di/Si · j 80 and 240 [26,29] 0.03–15.6

Activation -0.039 + 0.068 log(j) 80 and 240 [51] 7.2—31.0

di according to Table 2; Si = 0.1 Sm−1 for SSE and 1.0 Sm−1 for separator.

3. Results and Discussion

The production of samples in a mechanical press yielded tablets that were solid in appearance
but very brittle and easily disintegrated. Great care had to be taken when transferring them to the
measurement rig.

3.1. Thermal Conductivity Measurements

The values of the measured thermal conductivities are presented in Table 4. Measurements were
taken at 3–5 bar compaction pressure only, as Li-ion batteries are not usually compressed beyond that.

Table 4. Thermal conductivity values of different solid state electrolytes.

Compaction LLZO LLZO LAGP LATP
Pressure Unsintered Sintered Sintered Sintered

(bar) κ (WK−1m−1) κ (WK−1m−1) κ (WK−1m−1) κ (WK−1m−1)

3 0.22± 0.02 0.470± 0.009 0.5± 0.2 0.49± 0.02
4 0.228± 0.006 0.47± 0.04 0.5± 0.2 0.458± 0.008
5 0.23± 0.02 0.47± 0.05 0.5± 0.1 0.44± 0.02

All three types of sintered SSE show a thermal conductivity of around 0.5 WK−1m−1 for the
range of compaction pressures they were measured in. LLZO and LATP gave results with very
low errors of 2–4%, whilst the LAGP results show a very large error of 20–40%, as visualized
in Figure 3. During the measurement with stacked LAGP samples, one of the sample discs was
fractured. This may have led to less sample area available for the heat transport, which would result in
an overestimated thermal resistance for the remaining measurements. These results match with the
lower scale of Cui et. al’s thermal conductivity measurements for LAGP of 0.6–1.8 WK−1m−1, also at
room temperature. The thermal conductivity of LATP decreases slightly with increasing compaction
pressure. Keeping in mind the overall 5% accuracy limitation of the measurement rig, this is deemed
as hardly significant and can be attributed to inaccuracies when measuring and calculating the heat
flux through the sample.
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Figure 3. Measured thermal conductivities as a function of compaction pressure for sintered and
unsintered solid state electrolytes.

The traditional electrolytes that SSEs are intended to replace are reported to have
thermal conductivities in the range of 0.14–0.36 WK−1m−1 when soaked with electrolyte and
0.07–0.14 WK−1m−1 when dry, both at a compaction pressure of 2.3 bar. The compaction pressure
does not have a significant influence for sintered LLZO and LAGP; for LATP, the thermal conductivity
decreases by around 10% from 3 bar–5 bar compaction pressure. The unsintered SSE has a thermal
conductivity of 0.22 WK−1m−1, which is in the same range as the electrolyte-soaked separators. Thus,
the sintering has a significant influence on the structure of the SSE. The assumption that both electrical
and thermal conductivity are likely to (independently) increase as the porosity of the solid electrolyte
decreases can be made because neither phonons (heat transfer [60]) nor ions (current transfer [1]) can
conduct through gas-filled pores.

3.2. Modeling of Discharge Temperature Distribution

Figure 4a,b shows the temperature distribution through one symmetrically cut half of the cell
stack according to the developed model and the discussed inputs. Figure 4a explores the heat
distribution when employing a traditional electrolyte-soaked separator of thickness 5 or 25 µm for
two different electrode thicknesses with the respective discharge current densities of 80 and 240 Am−2.
The 240 Am−2 case where the electrode thickness is increased by a factor of three to obtain more
lithium ions per cell area is not possible today. The limiting current density for this type of electrolyte
is governed by concentration polarization so that 80 Am−2 can be considered the maximum current
density to be obtained from such a system. Nonetheless, both current densities were included in the
model to facilitate the comparison of separator and SSE. The two different thicknesses do not have
a significant effect, suggesting that the ohmic heat from the separator plays a minor role in the overall
heat contribution. The temperature in the centre of the battery is not significantly higher than at the
edge for both thicknesses at 80 Am−2. The change reaches slightly more than 2 K for the hypothetical
case of 240 Am−2 and less than 1 K for a current density of 80 Am−2. Note that the overall thickness of
the battery is almost tripled due to the thicker electrodes.
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Figure 4. Temperature of the stack center (24 cells) compared to the outer boundary for batteries with
the two different electrolytes, each with two possible SSE thicknesses (5 and 25µm): The 240 Am−2

battery has three times thicker electrodes than the 80 Am−2 battery; it is almost three times thicker for
same number of cells and has three times the capacity. C-rate is four in all cases, and 240 Am−2 is a
hypothetical case for electrolyte-soaked separators.

Figure 4b shows the temperature distribution when using an SSE electrolyte between the
electrodes. Here as well, current densities of 80 and 240 Am−2 were considered, but in this case, they are
deemed realizable. For the low current density, the SSE thickness plays a less significant role; both reach
a temperature difference of just over 2 K from the centre of the battery to the edge. For the high current
density, the SSE thickness has a more prominent impact of around 2 K maximum temperature difference
between the two thicknesses, where the thicker SSE produces a higher temperature due to more ohmic
heating. The overall temperature difference from battery centre to outer edge for this current density is
7–9 K.

There are two key mechanisms that influence the temperature gradients in these results. Firstly,
the difference in ionic conductivity by one order of magnitude in separator and SSE makes a significant
difference in their ohmic heat productions. Secondly, the dry design of a cell containing an SSE means
lower overall thermal conductivity in the system, as liquid electrolyte in porous media enhances
their thermal conductivity by a factor of three. The resulting increase in stack temperature must be
addressed in connection to the degradation mechanisms attributed to thermal issues in Li-ion batteries.

4. Conclusions

In this work, the thermal conductivity of three types of solid state electrolytes, Li7La3Zr2O12

(LLZO), Li1.5Al0.5Ge1.5(PO4)3 (LAGP), and Li1.3Al0.3Ti1.7(PO4)3 (LATP) was measured at different
compaction pressures. LAGP and LATP were measured after they had been sintered, whilst LLZO was
measured before and after sintering the sample material. The thermal conductivity of the sintered solid
electrolytes was measured to 0.470 ± 0.009 WK−1m−1, 0.5± 0.2 WK−1m−1, and 0.49± 0.02 WK−1m−1

at 3 bar compaction pressure for LLZO, LAGP, and LATP respectively. Before it was sintered, LLZO
was measured to have a thermal conductivity of 0.22± 0.02 WK−1m−1 at 3 bar compaction pressure.
The SSE materials are shown to have higher thermal conductivity than the electrolyte-soaked separators
commonly used in commercial lithium ions batteries. They do, however, have an ionic conductivity
one order of magnitude lower than the separators used today. This leads to increased heat production
from ohmic heating, as shown in the results from the analytical temperature distribution model.
The shortcoming of low ionic conductivity in the development of dry electrodes is in the focus of
several research groups.

An analytical temperature distribution model for a battery stack of 24 cells shows temperature
differences between battery center and edge of 1–2 K for standard liquid electrolytes and 7–9 K for
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solid state electrolytes, both at the same C-rate of four. The developed model shows the necessity of
more focus on heat management of a cell stack if SSEs are to be used in the future. Especially high
power batteries that deliver very high current densities will face enormous heat production that needs
to be dissipated to ensure prolonged function of the battery.
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