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Abstract: This paper addresses the thermal management of a solid polymer electrolyte battery
system, which is currently the only commercialized solid-state battery chemistry. These batteries
aim to increase the range of electric vehicles by facilitating a lithium metal anode but are limited by
operational temperatures above 60 ◦C. The feasibility of a cold start procedure is examined, which
would enable a solid polymer battery to be used, without preconditioning, in a wide variety of
ambient temperatures. The proposed solution involves dividing the solid-state battery into smaller
sub-packs, which can be heated and brought online more quickly. Thermal modelling shows a
cold start procedure is theoretically feasible when using a small liquid electrolyte lithium battery at
the start. The key bottlenecks are the rate at which the solid-state batteries can be heated, and the
discharge rates they can provide. After resistive heating is used for the first solid-state module, all
subsequent heating can be provided by waste heat from the motor and operating battery modules.
Due to the insulation required, the proposed system has lower volumetric, but higher gravimetric
energy density than liquid electrolyte systems. This work suggests that with suitable system-level
design, solid-state batteries could be widely adopted despite temperature constraints.

Keywords: cold start; heating; polymer electrolyte; solid state batteries; thermal management

1. Introduction

All Solid-State Batteries (ASSB) are highlighted as a potential solution to many or
all of the limitations and drawbacks of current Liquid Electrolyte Battery (LEB) cells and
systems [1,2]; these include range, charging times, safety, cost, and recyclability. For
this reason, they are of considerable interest to vehicle makers, who are under increasing
pressure from regulators to decarbonize the transportation industry and meet the pledges of
the 2015 Paris Climate Agreement [3] and other regional policies [4,5]. However, ASSBs do
not come without their own challenges. Only polymer electrolyte ASSBs have progressed
beyond laboratory experiments, however these Solid Polymer Electrolyte (SPE) cells require
an elevated operating temperature of around 60–80 ◦C due to poor ionic conductivity at
low temperatures [1,6]. For all types of solid electrolyte, a great deal of research effort is
focused on reducing the viable operating temperature, though by their nature they will
always work better (higher ionic conductivity) at elevated temperatures [7].

At present, the only commercially available ASSB for automotive applications is the
Lithium Metal Polymer (LMP) battery produced by Bolloré, which uses a SPE [8]. This was
used in the Citroën e-Mehari (produced 2016–2019), however owing to the large thermal
inertia of the battery it must be kept permanently at operating temperature, even when not
in use. As such, it must be kept plugged in while parked so that the battery heaters can
draw the heating load from the grid, thereby avoiding discharging the high-voltage battery.
This is an important consideration both in terms of practicality for the application as well as
for whole life cycle energy cost. For long periods of planned inactivity, a ‘hibernation mode’
can be activated where the heaters turn off and the battery cools to ambient temperature [9].
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Bolloré have since focused more on the commercial vehicle market such as busses, which
see much higher utilization rates and so these considerations present less of a disadvantage.

Reviewing the current landscape for ASSBs and the future prospects of the various
technologies, Pasta et al. recently noted that increasing the current densities of ASSBs
“may still require higher pressures or even operating SSBs under higher temperatures.
Is this feasible in practice?” [10] (p. 6). The aim of this paper is to directly address that
question. We examine the feasibility of starting an ASSB battery pack from a variety of
ambient temperatures and warming it to operational temperature during the use phase of
the vehicle. The proposed method involves using a hybrid (multi-chemistry) battery pack
architecture, comprising of a smaller conventional LEB, which provides initial heating and
tractive power while the ASSB warms up, and a larger ASSB component which provides
the majority of the energy storage. This novel architecture and heating approach aims to
tackle the overarching question of whether elevated operational temperature is necessarily a
barrier to ASSB adoption, or whether their adoption could be hastened through appropriate
systems engineering. This is addressed by understanding if the inconvenient and energy
intensive methods currently used can be mitigated by utilizing the waste heat generated by
the electric powertrain.

The remainder of the paper is structured as follows: Section 2 will review the relevant
literature, Section 3 describes the vehicle architecture and model used for the study, Section 4
presents results and notably how component sizing and environmental conditions affect
the feasibility of the proposed approach, Section 5 discusses the relevance of the findings
and Section 6 presents the conclusions.

2. Literature Review
2.1. Solid-State Batteries

Three main categories of electrolyte exist for ASSBs: SPE, inorganic solid electrolyte
(ISE), and organic-inorganic composite solid electrolyte (CSE). ISEs and CSEs are yet to
reach commercial maturity in the automotive sector as they currently suffer from unstable
interface layers between the cathode, anode, and electrolyte, which continue to hinder
the performance of the cells [11]. Although SPEs resolve this through increased plasticity,
they are limited by their poor ionic conductivity, which results in the requirement for
60–80 ◦C operational temperatures [1]. There is currently great effort to reduce the required
operating temperatures of ISE and CSE ASSBs [12,13], though they will always function
better at elevated temperatures due to the higher ionic conductivity and lower internal
resistances [7]. Additionally, the current inability to use high voltage cathodes means that
SPE cells are restricted to offering around 125% the gravimetric energy density of their
liquid electrolyte counterparts [14], hindering the potential two-fold improvements they
are theoretically capable of achieving [15].

The improvements in energy densities are realized due to the use of lithium metal
anodes. When these are used with liquid electrolyte cells, it results in excessive dendrite
growth due to uneven current distributions, which after repeated cycles pierce the internal
separator causing short circuits and subsequent fires [16,17]. Conversely, the increased
stability of solid electrolytes reduces dendrite growth, and can also act as a barrier to block
them [18]. However, it has been shown that SPE cells may only reduce the rate at which
the dendrites pierce through the electrolyte (not prevent them entirely) as they are still
able to propagate between two grains in the electrolyte’s polycrystalline structure [19].
Nevertheless, they provide a viable solution to facilitate lithium metal anodes.

The improvement in safety offered by ASSBs comes from the fact that liquid elec-
trolytes are flammable—this is the reason LEBs present such a fire risk. Solid electrolytes
are not flammable, and therefore offer considerable safety advantages.

2.2. Battery Heating Techniques

As LEBs are used in the overwhelming majority of BEVs, research into battery Ther-
mal Management Systems (TMS) primarily focuses on them. LEBs can operate between
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−20 ◦C and 60 ◦C; however, at low temperatures, the electrochemistry becomes slow, and
at high temperatures the rate of degradation increases [20]. Additionally, at temperatures
exceeding 60 ◦C, the cells are at higher risk of thermal runaway and battery fires [21]. There-
fore, the recommended operational temperature for these batteries is between 15 ◦C and
35 ◦C [20,22]. As a result, the majority of literature [23,24] focuses on removing heat gener-
ated by batteries to prevent thermal runaway and fires. However, there are also several
studies [25–28] on heating modules from initial temperatures below zero degrees Celsius.
These sub-zero heating systems have many transferable design considerations: energy
consumption, temperature uniformity, cost, system complexity, safety, and reliability [26].
Therefore, insights are taken from these designs for heating a SPE battery system.

For heating or cooling battery systems, it is important to ensure that cell temperatures
in the pack are within 5 ◦C, as this minimizes any difference in performance or aging be-
tween the cells [29]. Temperature inhomogeneity within the battery pack typically arises for
two reasons: firstly, the working fluid inevitably reaches some cells before others meaning
cells are not all exposed to the same rate of heating, and secondly because the internal
cell temperature lags the external. This is a drawback of all external heating methods and
limits the heating and cooling rates of the cells in a pack. Wang et al. [30] summarized the
literature on battery heating and showed through experiment and simulation that heating
rates of up to 200 W/L are achievable without exceeding 4 ◦C temperature difference
between cells in a module. This is broadly supported by a range of other studies [27,28]. To
ensure the rate of heating remains within practical limits, in this work, this rate of heating
is adopted as a maximum, as described later in Section 3.5.

Internal heating methods, including using alternating current (AC), offer an alternative
to external heating and may offer improved temperature uniformity. Many examples of
internal heating are highlighted in a comprehensive review by Hu et al. [26]. However,
since we primarily consider the feasibility of moving waste heat between powertrain
components, a liquid circuit remains essential. Where energy must be directly converted to
heat, Positive Temperature Coefficient (PTC) resistive heaters are assumed rather than any
internal heating, since these are commonplace in the industry. Nevertheless, as this work
focuses on bulk energy flows, the actual heating technology assumed has little bearing on
many of the general conclusions.

3. Methods
3.1. Powertrain Architecture

The powertrain architecture proposed for this study is shown in Figure 1; the key
novelty is the use of a multi-chemistry battery pack as discussed in Section 1. In this
arrangement, a small lithium-iron phosphate (LFP) battery is used to start the drive cycle
while the SPE batteries are heated to operational temperature. The SPE batteries are
arranged into thermally isolated and functionally independent sub-packs in order to
subdivide their thermal mass. In this way, each can be heated sequentially, rather than
heating the whole battery mass together, which should allow this stored energy to be made
available more quickly. This introduces the constraint that each sub-pack must reach its
operational temperature before its energy is required by the tractive power demand of
the vehicle.

The ‘sub-packs’ in this sense are not necessarily similar to modules commonly used as
the building-blocks of battery packs, because each is functionally independent of the others.
Each would likely be of high voltage, and they are therefore more analogous to the multiple
series-connected strings of cells contained in many packs. Whereas in conventional packs
these strings are connected in parallel, in this case they could not be since there may be
significant differences between them in State of Charge (SOC) and therefore voltage. It is
for this reason that each sub-pack is shown with its own DC-DC converter. This approach
of using sub-packs to achieve multi-chemistry battery packs has attracted attention recently
as a means of combining energy-dense cells and power-dense cells [31].
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3.2. Model Architecture 
To address the aims of this paper, a method for obtaining transient thermal infor-
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Figure 1. Architecture of the electric vehicle powertrain considered. The LFP battery sub-pack
supplies the tractive energy requirement until the first SSB sub-pack is at operating temperature.

Figure 2 illustrates one configuration of a thermal management system that could
distribute heat within the powertrain by pumping coolant around the components shown.
A series of valves control the coolant flow to ensure waste heat is directed to the correct
solid-state sub-pack. Here, it is assumed the LFP pack is air cooled. The logic used to
control the heating within this system is described in more detail in Section 3.2.
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ASSB system.

3.2. Model Architecture

To address the aims of this paper, a method for obtaining transient thermal informa-
tion about the whole powertrain system was required. This was achieved through the
development of a dynamic vehicle model and a lumped capacitance thermal model of the
powertrain, using MATLAB/Simulink R2020b by MathWorks, Natick, MA, USA.

Within the developed model, the size of the ASSB sub-packs can be easily varied;
however, a system with six solid-state sub-packs each of 10 kWh was used within this work.
This model only concerns the flow of energy within the system; therefore, it negates the
requirement to consider the power electronics in any detail.

The heating of the ASSB sub-packs comes from resistive heating via PTC heaters,
waste heat from the motor, and waste heat from any ASSB sub-packs that have reached
operational temperature. For the initial electrical heating, power is drawn from the smaller
LFP starter battery. This was sized at 10 kWh based on results from the model, shown
in Sections 4.3 and 4.4. Additionally, the starter pack must meet the maximum power
demands of 41 kW from the drive cycles in Section 4.1, relating to a discharge rate of



Batteries 2022, 8, 13 5 of 19

approximately 4 ◦C. An LFP pack can achieve this in all the simulated temperatures, which
drop to −10 ◦C. This can be seen by interpolating data from Omar et al. [32], who show
that C-rates of approximately 6 ◦C are possible at −10 ◦C in LFP cells, with a discharge
capacity of 90% their rated value. However, in practice, due to self-heating of the pack
during discharge, this figure increases to around 96% of the rated capacity, as shown in the
datasheet of a similar liquid electrolyte cell operating at 4C in −10 ◦C [33]. Voltage drops
in the cells from 25 ◦C to −10 ◦C are also minimal, at around 7% in [32] and 8% in [33],
though these differences will also reduce as the pack self-heats.

The thermal power available from the motor and ASSB sub-packs is transported using
a coolant fluid. As the fluid transfer pipes are short and have low thermal conductivities,
pipe losses have been neglected. When heating the ASSB sub-packs, heat is only considered
to flow with a negative temperature gradient (i.e., no heat pump), therefore heat is only
taken from the motor and ASSB sub-packs once they have exceeded 60 ◦C; below this
temperature, we consider that a bypass value would be used as is common in automotive
cooling circuits. During heating, any available waste heat (thermal power) is distributed to
the next ASSB sub-pack that is below 60 ◦C. If the total available waste heat power is greater
than the heating limit for a given sub-pack, the excess is distributed to the next sub-pack.
Once no additional sub-pack is available (all are sufficiently heated), the excess waste heat
is considered rejected through a suitably sized radiator, as is standard in automotive cooling
applications (Figure 2) to maintain this temperature. Waste heat from the LFP battery is
disregarded as this was found to be negligible in quantity and difficult to use due to its low
working temperature (below 35 ◦C); this is corroborated by the authors’ own experimental
experience of the air-cooled 7 kWh LFP battery used by the 2016 BMW i8.

3.3. Vehicle Model

To calculate the power demands from the vehicle, and hence the energy flows through-
out the whole system, a model similar to that used by Fiori et al. [34] was built. This model
computes the instantaneous energy flow in and out of the energy storage system using only
the vehicle’s speed, the gradient profile of the road, and certain vehicle characteristics. The
power at the wheels was calculated using Equation (1):

PWheels(t) =
(

mVeha(t) + mVehg. cos(θ).Cr +
1
2

ρA f Cdv2(t) + mVehg. sin(θ)
)

.v(t) (1)

where PWheels is the power at the wheels, mVeh is the mass of the vehicle, a is the vehicle
acceleration, g is gravitational acceleration, θ is the road gradient, Cr the coefficient of
rolling resistance, ρ is the density of air, A f is the vehicle’s frontal area, Cd is the vehicle’s
drag coefficient, and v is the vehicle velocity. The values used are summarized in Table 1.

Table 1. Parameters for Vehicle Model.

Parameter Value

Mass, mVeh 1580 kg

Frontal Area, A f 2.33 m2

Drag Coefficient, Cd 0.28

Rolling Resistance Coefficient, Cr 0.02

The mechanical power at the motor (PMotor) and the electrical power at the battery
terminals (PDC) are calculated from the power at the wheels using the relevant efficiencies
for the driveline (ηDrive) and motor (ηMotor) as follows in Equations (2)–(4):

PMotor(t) = PWheels(t)·ηDrive
k (2)

PDC(t) = PMotor(t)·ηMotor
k (3)
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where the switch k is used to ensure that the efficiency is applied in the correct direction
depending on the direction of power flow.

k =

{
1
−1

i f PWheels(t) < 0
i f PWheels(t) ≥ 0

(4)

The efficiency assumed for the drivetrain is 90% [35], and the efficiency of the motor
is described in Section 3.4. The energy from regenerative braking is represented as the
negative values of PDC(t) and acts to reduce the total energy consumption from the battery.

3.4. Motor Model

Following the calculation of the instantaneous power requirement during a given
drive cycle, the energy rejected as heat from the motor is found assuming all inefficiencies
(i.e., 1− ηMotor) result in heat.

The efficiency map of the Nissan Leaf motor and inverter was used, implemented as a
lookup table. This map is represented in Figure 3. The speed and torque at the motor used
to find the efficiency were calculated using Equations (5) and (6):

τMotor(t) =
|PMotor(t)|

v(t)
rTyreφDrive (5)

ωMotor(t) =
60v(t)φDrive

π·DTyre
(6)

where τMotor is the torque at the motor, rTyre is the radius of the tyres, φDrive is the drivetrain
gear ratio, ωMotor is the speed of the motor, and DTyre is the diameter of the tyre. Note that
by taking the absolute value of power in Equation (5) the efficiency is assumed symmetric
in the drive and regeneration quadrants of operation.
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Using the efficiency value, the thermal power available for heating was calculated us-
ing Equation (7), and the bulk temperature of the motor was calculated using Equation (8).
This method of calculating the motor temperature does not account for temperature gradi-
ents within it; however, it is suitably accurate for understanding the energy flows within the
powertrain system. As it is assumed that all losses are available for heating, once warmed
up, the motor is held at a constant temperature, simulating an ideal cooling system that
extracts all waste heat.

.
QMotor(t) = |PDC(t)|.(1− ηMotor(t)) (7)
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TMotor(t) = TAmb +
∫ t

0

1
mMotor.CMotor

.
.

QMotordt (8)

where
.

QMotor is the heating power from the motor, TMotor is the bulk motor temperature,
TAmb is the ambient temperature, mMotor is the mass of the motor, and CMotor is the bulk
specific heat capacity of the motor.

The specific heat capacity of the motor was found by averaging the specific heat
capacities of the component materials by mass, as shown in Equation (9). These values
were taken from a study by Rassolkin et al. [37].

CMotor = ∑n
i=0

(
Ci

(
mi

mMotor

))
(9)

where Ci is the specific heat capacity of a material in the motor, and mi is the mass of that
component within the motor.

The values used for the motor model are summarized in Table 2, based on values from
the 2011–2018 Nissan Leaf [36].

Table 2. Parameters for the Motor Model.

Parameter Value

Tire Diameter 0.64 m
Drivetrain gear ratio 8.19

Motor mass 56 kg
Motor specific heat 856 J/kg·K

3.5. Battery Model

The battery model encompasses both the liquid electrolyte starter battery and the main
solid-state battery sub-packs. The calculations for this section are split into those relating
to the thermal characteristics, and those relating to the electrical energy available from
the batteries, though in this work, they are inherently related. As noted in Section 3.2, the
thermal characteristics of the liquid electrolyte starter battery are not considered as these
were found to be irrelevant.

The specific heat capacity of the solid-state cells is calculated as per Equation (10)
using the composition (materials and layer thicknesses) of two SPE batteries from the
literature [38,39]; shown in Figure 4.

CSSB = 0.80·
n

∑
i=0

[
di.ρi

∑n
i=0(di.ρi)

.Ci

]
+ 0.20·CCasing (10)

where CSSB is the average specific heat capacity of the cell, ρi is the gravimetric density
of a given material, Ci its specific heat capacity, di its thickness, and CCasing is the specific
heat capacity of the cell casing. The casing is assumed to contribute 20% of the specific
heat capacity, which is consistent with conventional cells for which this value varies from
approximately 15–25% depending on cell geometry [40–42]. Although methods such as
Scanning Electron Microscopy or X-ray Diffraction may allow material properties to be
obtained more accurately, commercial cells of this type are difficult to source at present,
and the chosen method can provide sufficient accuracy for the ends intended here using
data available in the literature.

From Table 3, the bulk specific heat values found for the SPE cells are comparable
to liquid electrolyte cells [43,44], though slightly higher. Since this analysis suggests that
1010 J/kg·K is achievable, this value was used in the analysis. As we have a requirement
in this application for low thermal inertia, minimizing the bulk thermal conductivity may
be considered a target for future system development. From Table 3, the bulk specific heat
values found for the SPE cells are comparable to liquid electrolyte cells [43,44], though
slightly higher. Since this analysis suggests that 1010 J/kg·K is achievable, this value
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was used in the analysis. As we have a requirement in this application for low thermal
inertia, minimizing the bulk thermal conductivity may be considered a target for future
system development.
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Figure 4. Diagram of solid-state battery layers with two thicknesses provided for each layer to
represent different cell configurations of (a) [38] and (b) [39].

Table 3. Properties and mass percentage of materials in two Solid Polymer Electrolyte Batteries:
(a) [38] and (b) [39].

Component Material
Density
(kg/m3)

Layer Percentage (%) Specific Heat
(J/kg·K)

(a) (b)

Solid electrolyte P(EO)20LiBETI 900 10.8 44.6 1730 [45]
Anode Lithium 534 12.3 38.2 3550

Cathode V2O5–C–PEG–
PEO 3000 67.7 7.6 935 [45]

Collector (+/−) Aluminum 2700 9.2 9.6 900
Case Aluminum 900
Average Specific Heat Capacity (J/kg·K) 1010 1550

As with the motor model, heat generated from the SPE sub-packs was calculated by
finding the losses. Because the losses are dependent on the discharge rate of the sub-pack,
a proxy ‘C-rate’ was first calculated using Equation (11).

PCRSSB(t) =
PDC(t)

nSSBon. ESSB
, (11)

where PCRSSB is the proxy C-rate of the ASSB system, nSSBon is the number of preheated
ASSB sub-packs, and ESSB is the capacity of a ASSB sub-pack. This proxy C-rate approxi-
mates the actual C-rate, necessary because the different sub-packs may have varying SOC
and therefore different voltages.

The proxy C-rate was used to find the instantaneous efficiency according to Figure 5.
Randau et al. [46] found through an extensive literature survey that ASSBs generally exceed
90% round-trip energy efficiency at a cycling rate of 1 C, and so 93% at 1 C is taken here as a
conservative estimate for heat generation for an ASSB. To increase the simulation accuracy
an efficiency degradation is accounted for at increased C-rates. Since these data are not
available in the literature, the general efficiency profile form for the round-trip efficiency of
a LFP battery, as described by Stan et al. [47], was used and scaled to 93% at 1 C.
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The ASSB efficiency was used to calculate heat generation within online solid-state
sub-packs as in Equation (12). Here, the energy efficiency is divided by two to give a
unidirectional efficiency.

.
QSSBWaste(t) = PDC(t).

1− ηSSB(t)
2

, (12)

where
.

QSSBWaste is the heating power from the heated ASSB sub-packs, and ηSSB is the
efficiency of the ASSB sub-packs.

The total heat energy available for heating additional ASSB sub-packs is found by
considering the energy balance in Equation (13) where heat lost from the online batteries by
convection to the environment is removed, and additional heat is added from the electric
motor and the PTC heaters.

.
QSSB(t) =

.
QSSBWaste(t) +

.
QMotor(t) +

.
QPTC(t)−

i=nSSBon

∑
1

.
QSSBLossi(t) (13)

where
.

QSSB is the total thermal power available for heating subsequent ASSB sub-packs,
.

QPTC is the heating power from the PTC, and
.

QSSBLossi is the convective heat loss to the
environment of each online sub-pack.

The control logic for the heating is as described in Section 3.2. For the first ASSB
sub-pack only the heating power available from waste heat may be supplemented by
electrical heating of the coolant using the PTC, whose power is determined in order to
achieve the maximum heating power limit:

.
QSSB(t) =

.
QSSBMax (14)

where
.

QSSBMax is the maximum heating power for an ASSB sub-pack.
Convective heat loss to the environment from each online sub-pack is found from:

.
QSSBLossi(t) = ASSModule(TSSModulei(t)− TAmb).

1(
1

hSSModule
+ dInsulation

kInsulation

) (15)
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where ASSModule is the surface area of a sub-pack, TSSModulei is the temperature of a given
sub-pack, hSSModule is the convective heat transfer coefficient, dInsulation is the insulation
thickness, and kInsulation is the insulation thermal conductivity.

Finally, the temperature of each sub-pack is found using Equation (16):

TSSModulei(t) = TAmb +
∫ t

0

.
QSSBi(t)

0.9 mSSModuleCSSB
dt (16)

where mSSModule is the mass of the solid-state sub-pack. The mass is multiplied by 0.9 to
account for a 90% gravimetric packing efficiency [48], as external sections of the module
are not heated.

The sub-pack mass and volume are based on a Tesla model S pack [49], with the
figures in Table 4 representing a volumetric and gravimetric energy density increase of 25%
to account for the use of a SPE [14]. Table 4 also includes a figure for the maximum heating
power; this was included to ensure the simulated sub-packs are not heated with more
power than they could realistically receive, due to temperature gradients and heat transfer
rate limitations. For this, the value of 200 W/L from [30] (see Section 2.2) was multiplied
by the average volumetric packing efficiency of cells into modules of 0.66 [48,49] giving
132.7 W/L at the sub-pack level. Calculation of the natural convection heat transfer co-
efficient for each sub-pack is simplified by using a constant value [50], and for the sub-pack
surface area the sub-pack is taken to be a cube to minimize surface area to volume ratio.

Table 4. Parameters for the Solid-State Battery Model.

Parameter Value

Sub-pack capacity 10 kWh
Number of sub-packs 6

Sub-pack mass 40.6 kg
Sub-pack volume 23 L

Sub-pack surface area 0.49 m2

ASSB specific heat capacity 1010 J/kg·K
Maximum heating power 132.7 W/L

Natural convective heat transfer 10 W/m2K
Insulation conductivity 0.02 W/m·K

Insultation thickness 0.02 m

The total available energy capacity (EBatt) of the whole battery system is determined
based on the temperatures of all the solid-state sub-packs. The initial value for EBatt is set
to the capacity of the LFP starter battery and any pre-heated solid-state sub-packs. When a
solid-state sub-pack reaches operational temperature, EHeated increases by the capacity of
the heated sub-pack, representing an increase in total available capacity, as described by
Equations (17) and (18):

PBatt(t) = −
.

QPTC(t)− PDC(t), (17)

where PBatt is the total electrical power to or from the complete battery system.

EBatt(t) =
∫ t

0
PBatt(t)dt + EHeated(t) + EInitial (18)

where EBatt is the total energy available within the battery system, EHeated is the energy
available from heated ASSB sub-packs, and EInitial is the available energy in the complete
battery system when the simulation begins.

4. Results
4.1. Drive Cycles

To understand the feasibility of the cold start procedure, two different drive cycles
were used. This enabled the response of the system to be understood in various use cases.
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Figure 6 shows a velocity with time graph for the Worldwide Harmonized Light Vehicle
Test Procedure (WLTP) and a motorway drive cycle.
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The WLTP was chosen as it gives a standardized example of a realistic drive cycle,
while the motorway drive cycle presents the most challenging situation for the proposed
system because it requires rapid availability of tractive energy. The motorway drive cycle
was constructed by taking the initial acceleration of the highway portion of the WLTP (at
around 1500 s) until 130 kph is reached, and then holding this speed continuously until all
the sub-packs were heated. The 1800 s WLTP was also cycled on repeat until all the ASSB
sub-packs were heated.

4.2. Sub-Pack Insulation

Insulation is essential for thermally isolating the sub-packs. However, the degree to
which each sub-pack is insulated provides trade-offs, most notably relating to the volume of
the sub-packs and the amount of heat that is lost from them. Figure 7 graphically illustrates
these key trade-offs at various ambient temperatures, helping to guide the best choice for
any given scenario. It can be seen that the heat loss rate quickly drops up to an insulation
thickness of 20 mm, where the average heat loss is in the order of 20–35 W depending on
ambient conditions. However, with 20 mm of insulation, the sub-pack increases in volume
by 50%, resulting in a net 25% volumetric increase over competing liquid electrolyte LiB
systems. Nevertheless, due to the negligible mass of the insulation, this would still achieve
a 25% improvement in gravimetric energy density. This is still highly valuable as mass
reduction can be more important in many scenarios.

Although 10 mm of insulation may be sufficient for many applications, as waste heat
from the powertrain could easily compensate for the corresponding heat losses, 20 mm
insulation was chosen for the following simulations. This is because the 20 mm insulation
may enable some sub-packs to remain heated in between uses, as discussed in Section 5.
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Figure 7. Effect of insulation thickness on the volume and heat loss rate of the solid-state battery
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4.3. WLTP Cold Start Testing

By comparing the energy requirements for the vehicle with the available energy in the
battery system, defined as the initial LFP battery capacity plus any heated ASSB sub-packs,
we can determine whether the ASSB can be heated quickly enough in a cold start procedure.
The results for the WLTP drive cycle are presented in Figure 8, which show that, with an
initial 10 kWh available from the LFP pack, there is sufficient time and energy available
to heat each sub-pack before it is required in all ambient conditions considered. This is
apparent because the Capacity Available traces stay above the Energy Consumed trace,
whereas insufficient energy availability would be shown by the Energy Consumed trace
exceeding the Capacity Available at some point. The minimum remaining capacity (margin)
at any point is approximately 8 kWh. Hence, the starter pack could be smaller, however
this buffer is required for more demanding use cases, shown in Section 4.4.
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The 10 kWh available from the LFP starter pack does not account for performance
degradation over time or due to sub-optimal temperatures. Therefore, the 10 kWh is
assumed to be the required capacity deliverable from the module and hence allowances
may be required in certain operating conditions. This can be in the form of a larger total
capacity or other mitigation methods seen within the literature [25–28].

The variation in time for each sub-pack to heat up arises as some begin to be heated
before the previous one reaches operational temperature. This occurs when the first
sub-pack is unable to accept all the available heat due to the set maximum heating rate.
Therefore, it is redirected to the second sub-pack.

To provide further insights into the transfers of energy within the system, Figure 9a
shows the cumulative energy used from each source and Figure 9b shows the available
heating power from each source as a percentage of the total heating power.

Figure 9a shows how the cumulative split of each heat source changes throughout the
drive cycle. As the drive cycle progresses, the share of heating energy shifts from solely
the PTC to primarily the motor and preheated batteries. Specifically, after 7500 s, which
is approximately the time taken to fully heat the system in 20 ◦C ambient conditions, the
PTC, motor, and ASSBs provided 17.9%, 57.1%, and 25%, respectively.

Figure 9b further highlights the initial dependence on the PTC heater, which is subse-
quently switched off after the first sub-pack is heated. Due to the relatively low aggressivity
of the WLTP, when the PTC heater is switched off at 500 s the motor temperature is still too
cold to provide thermal energy to the ASSB sub-packs. All the thermal energy at this time
comes as waste heat from the first ASSB sub-pack, which comes online at this point.

Once the motor temperature exceeds 60 ◦C, at around 1900 s, it becomes the main
source of thermal power within the system since its losses are several times higher than
those of the battery. At this point, waste heat from the motor is directed to the ASSB modules
in addition to the heat they generate themselves, which causes the sudden decrease in the
proportion of heating power coming from the battery modules at 1900 s, not any actual
reduction in their absolute contribution to heating power. It can also be observed that
throughout the remainder of the drive cycle the share of thermal power from the preheated
batteries gradually reduces further. This is a result of the increased efficiency within the cells
as the C-rate decreases due to more ASSB sub-packs reaching operational temperatures.

4.4. Motorway Cold Start Testing

The motorway use case is more challenging due to the increased rate of energy
consumption. Figure 10 uses the same format as Figure 8 to illustrate the feasibility of the
proposed system for the motorway drive cycle.

Despite the intensity of the motorway drive cycle, with the use of a 10 kWh LFP
starter battery, the system enables the battery to meet the energy demands of the vehicle at
all points, even in the coldest ambient conditions. However, the spare capacity (margin)
available during the early portion of the cold start procedure is almost certainly too low
when operating in cold ambient temperatures. Specifically, the spare capacity ranges from a
minimum of 4.8 kWh at 20 ◦C, to 0.7 kWh at−10 ◦C. The inconstant rise in available capacity
after the second one is heated happens due to the large amount of heat generated by the
powertrain, enabling multiple sub-packs to be heated simultaneously. This is exaggerated
for module 3 as there is increased waste heat due to the high discharge C-rate from the first
module which lowers its efficiency. The high waste heat is apparent in Figure 11a from the
initially steep gradient.
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Figure 9. Analysis of heating power during the WLTP at 20 ◦C ambient conditions. (a) Cumulative
heating power by source; (b) Relative contribution of heat from each source; the heat contribution
from the battery decreases during the drive cycle firstly as the motor passes 60 ◦C, and then as more
subpacks come online, reducing the C-rate and improving their efficiency.
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Figure 11 illustrates the transfers of energy within the system during the motorway
drive cycle, using the same format as Figure 9. As with the WLTP simulation, the initial
heating power all comes from the PTC. However, due to the more intensive drive cycle, the
motor heats up much faster, providing usable thermal energy from 600 s when the ambient
temperature is 20 ◦C, as seen in Figure 11b.

As with the WLTP simulation, clear reductions in the proportion of heating from the
ASSB system happen throughout the drive cycle, representing the increase in efficiencies as
the C-rate decreases.

Despite the motor providing thermal power earlier into the drive cycle, Figure 11a
shows that the overall percentage of thermal energy it provides up until the sub-packs
reach operational temperature is less than for the WLTP scenario. Specifically, after 2100 s,
the PTC, motor, and ASSBs provided 17.5%, 52.7%, and 29.8%, respectively. This is due to
the higher load and therefore lower efficiency of the ASSB sub-packs.

5. Discussion
5.1. System Considerations and Limitations

In this section, we consider the real-world applicability of the results and the proposed
system, sighting design considerations and limitations, with potential methods for mini-
mizing them. The first such consideration is the maximum allowable heating rate of the
ASSB sub-packs. This has a large effect on how quickly sub-packs are heated, and hence
the feasibility of the system. To increase the heating rate the thermal management system
must be carefully engineered, whilst also focusing on the cell design. For example, smaller
cells may present an advantage over large cells as their higher surface area to volume ratio
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would allow faster heating whilst limiting temperature gradients within cells and within
the sub-pack.

It is clear from the results that during the motorway drive cycle, at temperatures below
−10 ◦C, the proposed system struggles to maintain enough spare capacity. Increasing
the maximum heating rate would resolve this; however, it may also be possible to start
preheating the first sub-pack before departure. Alternatively, the first sub-pack could be
maintained at, or close to, operational temperature while not in use. For this, the first
sub-pack could have thicker insulation and draw heat from the PTC, powered by the battery
system itself. Alternatively, it is possible a small solar panel may be able to supplement
or completely support the heating of a sub-pack. For this, a 200 W panel would have to
operate with a capacity factor of 16% to support a sub-pack with 20 mm of insulation at
−10 ◦C ambient temperature. This is below the global average of 18% so could be achieved
in many scenarios [51]. However, other considerations including panel placement, shading,
fouling, and geographic location must also be accounted for to conclude the viability of
such a system.

The ~0.5 kWh energy used to electrically heat the first ASSB sub-pack will need to
be spent each time the battery is heated. It may therefore be an acceptable proportion of
the battery energy on a long journey, but much less so on repeated short journeys. Whilst
this could present a problem, it is possible that good foreknowledge of the journey would
greatly diminish this, and interest in predictive thermal management of powertrains has
grown recently, drawing on the methods often applied to predictive energy management.

A limitation of the proposed system is the aging effect increased discharged rates
would have on the ASSB sub-packs. To combat this, it would be recommended to alternate
the order in which the sub-packs are heated, ensuring all sub-packs are used an equal
amount in each configuration. Additionally, this reinforces the notion the proposed system
would be best suited, but not limited to, less strenuous drive cycles.

The management of charge levels within each sub-pack is of high importance, as using
energy to heat a largely depleted sub-pack is far less worthwhile than heating one that is
full. Also, the LFP starter battery capacity must be kept as near fully charged as possible to
ensure enough energy is available to warm the first sub-pack using the PTC. To combat
these issues, it would be possible to reallocate energy within the sub-packs before the
system cools to ensure energy is consolidated into fewer sub-packs and that the LFP battery
is fully charged.

5.2. Applications of Findings

This work has demonstrated that it is possible to benefit from the increased gravimetric
energy density of SPE ASSBs, without requiring the whole system to be kept warm or
to go through a lengthy pre-heating phase. While the benefit of a lighter battery system
remains, due to the insulation requirements, the volumetric energy density will likely be
equal to or lower than a liquid electrolyte counterpart. Therefore, this system would be
best considered where battery mass is more important than volume.

Beyond SPE batteries, the findings of this work have clear applications to the devel-
opments of CSE battery systems. Although not yet commercialized, these systems show
good operational performance at lower, albeit still elevated, temperatures. Zhang et al. [52]
and Sun et al. [53] report running CSE cells at 30–45 ◦C, and this moderate reduction in
operating temperatures would greatly increase the viability of the proposed system in
many more applications. Similarly, the use of the proposed cold start methodology could
also be applied to any cell chemistry requiring elevated operating temperatures, including
ionic liquid and sodium–sulphur cells. Finally, findings from this study may also be used
to inform the heating of liquid electrolyte LiB systems from sub-zero temperatures in a
modular manner.

Other pre-heating solutions include Phase Change Materials (PCM), however the
architecture presented in this paper carries two key advantages over this alternative. Firstly,
the LFP battery stores significant tractive energy and so adds relatively little mass for the
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same energy requirement, whereas PCM stores no tractive energy and so increases mass
for the same tractive energy. Secondly, PCM would not allow an immediate start from cold,
as the LFP battery does.

5.3. Future Work

Thermal management of ASSBs in vehicle applications is a nascent area of research
with several opportunities for future work. Firstly, more detailed and accurate modelling
of each component of the thermal management system is needed to understand how best
to transfer the thermal energy to and from each sub-system. Secondly, the control and
optimization of the heating order and capacity distribution of the modules will be important,
with the results having applications to other battery systems of various chemistries. Thirdly,
experimental validation of the proposed system will enable implementation challenges to be
addressed, though availability of automotive sized solid-polymer electrolyte cells remains
a challenge. Validation of the waste heat capture for heating a body of equivalent thermal
mass may be an easier intermediate objective. Fourthly, means of maintaining sub-packs at
operational temperatures for extended periods of time in between use will be important;
this may require a small continuous heating load which could be supplied by a small solar
panel or otherwise. This may also include the optimization of sub-pack insulation, for
example with shared walls. Finally, exploring the applicability of the approach presented
here to systems with other battery chemistries and properties, for example those with lower
operational temperatures or higher energy densities.

6. Conclusions

This work outlines the development and analysis of a lumped capacitance thermal
model for an electric vehicle powertrain, utilizing thermally isolated SPE ASSB sub-packs.
This work shows there is enough waste heat available from an electric powertrain to
heat solid-state sub-packs, from a cold start, quickly enough to ensure there is always
enough energy available for tractive power demands. However, this relies on the use of
a resistive heating element to heat the first solid-state sub-pack, which must be supplied
by a liquid electrolyte battery pack. This was sized at 10 kWh within this work, though
it could be reduced in warmer and less demanding use cases. The insulation thickness
required for each ASSB module means the proposed system would be unable to compete in
volumetric energy density with liquid electrolyte cells. However, the improved gravimetric
energy density will benefit mass critical applications. These benefits will be increased with
future improvements in cathode materials, which may also enable sequentially heated SPE
ASSBs to compete volumetrically with their liquid electrolyte counterparts. The findings
of this study could remove barriers to the adoption of solid-state batteries with elevated
operational temperatures. This is specifically applied to SPE systems in this work, but also
applies to those utilizing CSE cells. Thermally isolated and sequentially heated modules
appear to provide a viable solution for using elevated operational temperature solid-state
batteries in automotive applications.
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