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Highlights

* Evaluate the cooling requirement and temperature uniformity of fast charging LiBs.
*  Predict the fast-charging capability of LiBs under different thermal environments.

*  Propose a thermal modulation method to achieve fast charging with zero cooling.
Abstract

Battery thermal management systems (BTMSs) are expected to keep the battery temperature at a
moderate level (~30°C) to minimize the thermally exacerbated degradation. However, during fast
charging, a strong cooling system is required to restrict the temperature rise of Li-ion batteries (LiBs),
which significantly increases the cost and weight of battery packs, and induces a large temperature
variation inside the battery. In this work we find that all these drawbacks could be relieved by allowing
LiBs to charge at higher temperatures. Since the fast charging of a LiB only takes a tiny fraction of its
lifetime, the aging rate is limited even at a charging temperature of 60°C. Three types of thermal

environments are proposed: kept constant at 30°C, preheated to 60°C, and adiabatic fast charging. With
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an experimentally validated electrochemical-thermal (ECT) coupled model, we explore the interplay
between thermal management and the fast-charging performance. It is found that a gradually increasing
temperature profile is the best option to balance the lithium plating and thermal management of the
battery. Combining adiabatic fast charging with a preheating step, we can achieve minimal cooling need,

perfect temperature uniformity within a battery, and fast-charging capability simultaneously.
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1 Introduction

With a continuous improvement of energy density, Li-ion batteries (LiBs) have become
ubiquitous in our life. Apart from all kinds of electronic devices, LiBs are powering up millions of
electric vehicles (EVs) on the road [1] and even electrify urban air transport in the future [2,3]. However,
the long charging time is still a critical factor that constrains the user experience, hindering broader
adoption of LiBs [4]. The next-generation LiBs should attain high energy density and fast-charging

capability simultaneously [1].

One of the challenges for fast charging is how to deal with the massive heat generation that
comes from high charging currents [5]. Since the heat originating from ohmic loss is proportional to the
square of the current, reducing the charging time by an order of magnitude would result in an increase in
heat generation rate by a hundredfold. It is expected that the battery thermal management systems
(BTMSs) for fast charging LiBs should possess much higher cooling capacities than the existing systems
so as to keep the battery in an optimum temperature range around 30°C [6]. Researchers have proposed to
use liquid cooling or phase change materials (PCMs) to enhance the cooling and limit the temperature rise
during fast charging [7-9]. However, compared with air cooling, liquid cooling and PCMs significantly
increase the cost and weight of BTMSs. Besides, the temperature nonuniformity is proportional to the
heat flux along the thermal boundary; in other words, strong cooling could enlarge spatial variation of

temperature within LiBs, causing nonuniform aging rates within the battery pack.

In a recent study, we discovered that by elevating the cell temperature to ~60°C during fast
charging, the required heat transfer coefficient and heat flux of cooling could be reduced by 12 and 3
times, respectively [10]. Although LiBs degrades faster at elevated temperatures due to the accelerated
growth of the solid-electrolyte interface (SEI) layer, the SEI growth is a function of time, which could be
limited owing to extremely short operation time of fast charging [11]. Some exothermal reactions, such as
decomposition of SEI layers, could be triggered at 90°C or above, causing irreversible damage to the cell

within a single cycle [12]. While around 60°C, the LiBs could survive more than 1,000 hours of cycling



[10,13,14], which could translate into thousands of cycles with fast charging at 60°C [3,10]. Specifically,
for a battery constantly cycled at 60°C, it experiences 2 hours of accelerated aging for each cycle, and
will reach its end of life after e.g. 500 cycles due to SEI growth; whereas for a battery with 10-minute fast
charging at 60°C and discharged at room temperature, the time of accelerated SEI growth for each cycle
is 10 minutes as well, and the corresponding cycle life can reach 6,000. This theory has been validated
experimentally; with heated fast charging, the cell has only 8.3% capacity loss after 2,500 cycles [10]. In
other words, it may not be necessary to constrain the maximum battery temperature rise as long as it is
still well below 90°C and the exposure time to the high temperature is short. Thus, it appears that battery

cooling during fast charging warrants scrutiny.

In this work, we consider three kinds of thermal environments for fast charging. The first one has
no cooling components, and all the thermal boundaries are assumed to be adiabatic to approximate the
minimum cooling condition. The second one has a very strong cooling system, which starts working once
the battery temperature reaches 30°C and maintains the surface temperature at 30°C thereafter. The third
one has an internal heater; the battery is rapidly preheated to 60°C prior to fast charging and subsequently
maintained at the elevated temperature by an appropriate cooling condition during fast charging. We shall
use an experimentally validated electrochemical-thermal (ECT) coupled model to examine the three
thermal environments and predict their temperature evolution, cooling need, and temperature variation of
LiBs, respectively. It is worth noting that the presence of lithium plating, a hazardous side reaction when
the charge rate exceeds the maximum capability of lithium insertion [15-17], is strongly influenced by the
thermal condition of the battery [18,19]; thus, we will also include the onset charge rate of lithium plating

in our analysis. The goal is to find out the most optimized BTMS design for fast charging LiBs.

2  Model development and experimental validation
The ECT model used in this work describes the 1D electrochemical processes through the porous
electrode, with Li diffusion in spherical particles accounted for by the so-called pseudo-2D approach

[20,21]. The governing equations have been widely introduced in our previous work [22-24]. Here we



give a brief introduction to the numerical model for brevity (the description for each term in the

governing equations can be found in the “List of Symbols”).

» The reaction current (i) is related to the surface overpotential by the Butler-Volmer equation. Where
the exchange current density (ip) determines the kinetics of lithium insertion/deintercalation at the

active material/electrolyte interface.
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» The surface overpotential (#) is the potential difference between the solid and electrolyte phase at the

reaction interface, driving electrochemical reaction. When # > 0, the reaction is dominated by the
anodic reaction (lithium deintercalation); when # < 0, the reaction is dominated by the cathodic

reaction (lithium insertion).
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» Effective parameters in a porous medium are expressed as a function of porosity and Bruggeman

exponents to account for tortuosity. Higher porosity results in higher effective transport values in the

electrolyte but smaller effective values in the solid phase.
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» Volumetric current density (j) is the source term in charge conservation equations, which can

be obtained by multiplying the specific surface area (as) with the electrode current density.

The value of asis computed by assuming spherical particles.

jzasi’ as :3(1_6)/7; (4)
» Charge conservation in the solid phase describes the voltage drop caused by the ohmic resistance in

electrodes. Usually, the potential drop in the solid phase is much smaller than that in the electrolyte

phase, and thus is negligible.
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» Charge conservation in the electrolyte consists of two parts: the first part describes the voltage drop
caused by the ohmic resistance in the electrolyte; the second part describes the concentration

overpotential, which comes from the concentration gradient of the electrolyte.
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» Species conservation in the electrolyte is governed by a diffusion process, with a non-zero
migration term if the transference number (z+) for Li-ion is less than one. The distribution of
electrolyte concentration (c.) is described by this equation, which determines the magnitude of

concentration overpotential. The surface kinetics is also influenced by the value of ce.

0
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» Species conservation in the active material particles is given by Fick’s law. The value of lithium
stoichiometry in solid particles is determined by this equation. The equilibrium potential of the active

material is determined by the lithium stoichiometry on the particle surface.
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> Heat generation is calculated by the equation below. The heat generation comes from four
components, namely: heat generation at the reaction interface, ohmic heat generation through the

solid electrodes, heat generation through the electrolyte, and reversible heat.
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» The energy conservation equation determines the evolution of battery temperature in the form of a
lumped model.
T .
me, === Q.. h(T-T,)A, (10)
» The thermal dependence of electrochemical properties is described by the Arrhenius equation. With
the battery temperature solved by the lumped thermal model, the electrochemical properties are

updated according to:
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» The onset of lithium plating is determined by the lithium deposition potential. When # jzix <0V (or
the surface overpotential of lithium insertion exceeds the equilibrium potential on graphite surface),

Li-ions start to deposit on the graphite surface [3].

Neiriv = U_|,7LixC6|Li+ | (12)

The ECT model described above is solved with GT-Autolion, a commercial simulation package
[25]. Using the design parameters of an energy-dense LiB (271 Wh/kg if scaled to 50-Ah format) [26], we
set up a model and validate it with the experimental results of rate performance tests. These results were
measured using 4-Ah experimental cells. We built the smaller test cells consisting of the same electrodes

and electrolyte for saving of materials and convenience of experimentation, However, all results can be



extrapolated to the 50-Ah design which is similar to actual cells used in EV applications [27]. The fully
charged cell is discharged under various discharge rates and measurement techniques fully described in
our previous work [23]. As shown in Fig. 1, the simulation results adequately predict the voltage and

temperature profiles under various discharge rates. The design and modeling parameters of the battery are

listed in Table 1, 2 and Fig. S1, S2. [19,28-36].
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Fig. 1 — Validated ECT model with voltage and temperature profiles of rate performance tests.

Experimental data attained from discharging the battery at room temperature under various rates.



Table 1 - Design parameters for the energy-dense LiB

Parameters Anode Separator Cathode
Composition artificial graphite Celgard-2325 LiNio.sMno.1C00.102
(Gr) (NMC811)
Weight fraction of 97.7 wt% - 97.7 wt%
the active materials
Specific capacity, 350 - 203
[mAh/g]
Porosity, € 0.26 0.40 0.30
Areal loading capacity, 3.75 - 34
[mAh/cm?]
Electrolyte composition IM LiPF6 in EC/EMC (3:7 by wt.) + 2wt% VC
Specific energy of cell 237
(4-Ah test cell), [Wh/kg]
Specific energy of cell 271
(50-Ah cell), [Wh/kg]
Properties Graphite (LixCs) Separator LixNig.sMny.1C00.102
Particle radius, 10 - 3
r [um] A B
Exchange current density, | 0.21[2x%c.%3(1-x)%] - 0.2[2x%3¢c%3(1-x)%3]
ip [mA/cm?] c[19,28] B
Activation energy of i, 65 65
E:, [kJ/mol] c [29,30] B
Charge transfer coefficient, | 0.5, 0.5 0.5,0.5
aa, Oc A A
Solid state diffusivity, 2e-10 (1.5-x)!* 2e-10 (1.5-x)!”
D [em?/s] c [31] B
Activation energy of Ds, 38 21
E> [kJ/mol] c [32] B
Film resistance, 0 - 0
R¢ [Qcm?] A A
Bruggeman factor, p 2.2 2 2.1
c [33] c [33] B
Specific heat of cell, 1200
¢p [J/(kg'K)] c [36]

A, measured/calculated/commonly-used values.
B, fitted from simulation-experiment comparison.

C, obtained from the literature.



Table 2 -Modeling parameters for active materials and separator

3 Results and Discussion
3.1  Fast charging LiBs under different thermal environments

Battery performance varies significantly under different thermal environments, especially when it
comes to fast charging. The internal resistance of LiBs is closely related to the battery temperature. Due
to the large charging current, changes in internal resistance could cause notable impacts on voltage profile,

heat generation rate, and lithium deposition potential.

Fig. 2(a) depicts three temperature profiles corresponding to the three different cooling strategies
during 3C charging. The ambient temperature and the initial temperature of the battery both remain
constant at 20°C. In the first case with no cooling, heat generated during charging is converted into the
internal energy of the battery, causing the maximum temperature rise to around 50°C when the battery
reaches the cut-off voltage. The temperature profile for the second case consists of two sections. In the
beginning, we assume there is no cooling, and the temperature profile coincides with the first case. Active
cooling is then activated when the battery temperature reaches 30°C and is sufficiently large to maintain a
constant temperature. For the third case, the battery is preheated prior to charging and then kept at 60°C

during charging.

The voltage profiles under the different thermal environments are plotted in Fig. 2(b). The voltage
loss decreases with elevation of battery temperature and enables the battery to take in more energy before
reaching the cut-off voltage limit. If the battery is kept at 30°C, the battery can only reach 50% state of
charge (SOC) when it hits the cut-off voltage, while the final SOCs under the adiabatic condition and

preheating to 60°C are 80% and 90%, respectively.

In addition to less energy get charged, large voltage loss also results in higher heat generation

rates. The cooling should balance the heat generation to maintain a steady battery temperature. The
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requisite heat dissipation rates under different conditions, as plotted in Fig. 2(c), are averaged at 0.132 and
0.035 W/cm?®, respectively, for keeping at 30°C and preheating to 60°C cases. Thus, the cooling need is
much reduced either by increasing the operating temperature or allowing temperature elevation during

charging.

Fig. 2(d) shows the evolution of lithium deposition potential. According to Eq. (12), lithium
plating is prone to happen with small equilibrium potential or large surface overpotential on graphite.
Higher charging temperatures could significantly lower the surface overpotential. Consequently, for
battery charging at 60°C, the lithium deposition potential is always above the onset line, while for the
battery charging at 30°C, lithium plating exists during the majority of the charging process. For the
battery with an adiabatic boundary condition, lithium plating happens in the beginning of charging when

the battery temperature is still low.
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Fig. 2 - Battery behaviors under 3C fast charging with different thermal environments. (a)
temperature profiles. (b) voltage profiles. (c) requisite volumetric heat dissipation rates. (d) evolution of

lithium deposition potentials.

The pros and cons for fast charging the batteries under different thermal environments can be
summarized as follows. When keeping the battery temperature at 30°C, the degradation owing to SEI
layer growth is negligible; however, the requirement for cooling is high, and the battery has severe
degradation mainly due to lithium plating. In contrast, if we elevate the charging temperature to 60°C, the
degradation is dominated by SEI growth, but it is beneficial to lower the cooling requirement and avoid
battery degradation due to lithium plating. For the battery under the adiabatic condition, the advantage is
that the battery needs no cooling, and there is no spatial temperature variation within the battery; the

aging rates caused by lithium plating and SEI growth both lie between the former two cases.
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3.2 Temperature uniformity and heat transfer requirements during fast charging

Temperature uniformity and the required heat transfer coefficient are two crucial factors in
designing BTMSs for fast charging LiBs. In the ECT model, we used a lumped analysis for the battery
(Eqg. (10)) to predict the heat generation and temperature evolutions under various charging conditions. In
this subsection, we introduce a 1D heat transfer model to estimate spatial temperature variation inside a
battery cell. Specifically, we assume that the cooling is applied only from in-plane or through-plane
direction from the outer surface of the battery. With the prescribed thermal profiles on battery surface
(Dirichlet boundary condition), the required heat transfer coefficients for cooling and the corresponding

center temperatures can be calculated as functions of cell dimensions.

Under the adiabatic condition, the batteries have perfect temperature uniformity with no need for
thermal management. While if we want to keep the battery temperature constant, the generated heat must
be fully removed from the battery; we can calculate the corresponding heat transfer coefficient and
temperature distribution within the battery if the characteristic length for heat conduction is given. As
shown in Fig. S3, the characteristic length, Lc¢, equals to half of the cell thickness if the heat flux is
applied in the through-plane direction, and equals to half of the cell width if the heat flux is applied in the

in-plane direction. The governing equation for 1D heat transfer is given below.

] k
—=g—+ , Where @ =—— (13)
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Fig. 3 — Temperature uniformity and cooling requirements for a 20-mm cell under 3C charging. (a,
b) temperature variations between surface and cell center when keeping the surface temperature at 30°C

and 60°C. (c, d) required heat transfer coefficients when keeping the surface temperature at 30°C and

60°C

Assume a battery under 3C charging is cooled along the through-plane direction; the cell
thickness is 20 mm (Lc= 10 mm). The maximum temperature variation within the battery occurs between
half-thickness of the cell and the cooling surface. Suppose the thermocouple is mounted on the battery
surface for feedback control. In that case, we can calculate the variation of battery temperature under
different thermal environments as plotted in Fig. 3(a), 3(b). When keeping the battery temperature at
30°C, the maximum spatial variation is ~7°C, which drops to ~2°C if we elevate the charging temperature

to 60°C. The required heat transfer coefficients for cooling are given in Fig. 3(c) and 3(d). For battery
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charging at 30°C, the maximum heat transfer coefficient reaches 150 W/m?K, which can be achieved only
with strong forced convection of air or liquid cooling. When charging at 60°C, the required heat transfer

coefficient drops to ~10 W/m’K (a 15-fold reduction), which could be easily achieved with air natural

convection.
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Fig. 4 — Thermal behavior under different cell dimensions. (a, b) Maximum temperature variations
within the battery vs. characteristic length in through-plane and in-plane directions. (c, d) Required heat

transfer coefficients for cooling vs. characteristic length in through-plane and in-plane directions.

To describe the thermal behavior of batteries with larger thickness under fast charging, we plot
the maximum temperature variations and the required heat transfer coefficients vs. Lc, as shown in Fig. 4.

The characteristic time for thermal diffusion is given by 7 = (Lc)*/a; the thermal behavior in different
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directions would be identical if the characteristic time is the same. The thermal diffusivity through the in-
plane direction is about 20 times larger than the through-plane direction. So, if the width of the cell is
larger than 4.5 times (20°° ~ 4.5) of the cell thickness, the cooling should be applied in the through-plane
direction, and vice versa. For practical battery cells with the thickness ranging from 10 to 30 mm, this
implies that the present assumption of dominant through-plane heat transfer is valid for cell width greater
than 45 and 135 mm, respectively. There is a rapid growth of temperature variation and cooling need as
the characteristic lengths getting larger. Although larger cell formats are beneficial to increase the energy
density of batteries, if the battery is required to keep at a constant temperature, the characteristic length in
the cooling direction should be kept small to have a uniform temperature distribution and low cooling

needs.

3.3 Fast charging capability under different thermal environments

In this subsection, we are going to evaluate the fast-charging performance of LiBs by calculating
the battery SOC, at which lithium plating first occurs, vs. the charge rate. For a given thermal
environment, the cell is simulated under a consecutive set of charge rates. For each case, the lithium
plating potential (LDP) predicted with Eq. (12) is a function of the final SOC. When LDP drops to zero,
the corresponding SOC is plotted as that at the onset of Li plating in Fig.5 as dashed lines. Fig. 5 also
depicts the maximum SOC with constant-current charging as solid lines. Thus, the areas between solid
lines and dashed lines indicate the SOC range of lithium plating under different charge rates. Such 2D

diagrams reflect the fast-charging capabilities under various thermal environments.

If the batteries are charged from 0% SOC, the maximum charge rates without lithium plating
under adiabatic, keeping at 30°C, and preheating to 60°C cases are predicted to be 2.9C, 1.8C, and 4.1C
respectively (Fig. 5). It is noteworthy that batteries under the adiabatic condition could achieve a
reasonable charge rate without any cooling or heating components and maintain a uniform temperature at

the same time; therefore, can we just charge the batteries without any thermal management?

16
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(e, f) Charging the battery from 0% and 40% SOC after preheating the battery to 60°C
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maximum temperature at 30°C.

A drawback of the battery in the adiabatic environment is that it would be very sensitive to the
initial condition. As shown in Fig. 5(b), if we start charging the battery from 40% SOC rather than 0%,
the maximum charge rate under the adiabatic condition drops from 2.9C to 2C. According to Eq. (12),
lithium plating is more likely to occur at higher SOCs due to the decrease of equilibrium potential on the
graphite surface. When the initial SOC equals to 40%, there is no time for the battery to heat up itself, and
the battery temperature is not high enough to avoid lithium plating. As shown in Fig. 6, there is a
remarkable drop of battery temperature during adiabatic charging after increasing the initial SOC from 0%

to 40%. For instance, under 3C charging, the maximum temperature drops from 50°C to 35°C. If we
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change the initial temperature of the battery to 0°C, the decay of fast charging capability is even more
significant, with maximum charge rate drops below 1C (Fig. S4). In contrast, the preheated battery always
has the same temperature profile during charging regardless of initial conditions; thus, we would expect a

stable fast-charging performance under all circumstances.

3.4 Adiabatic fast charging with preheating

Allowing temperature rise during charging could reduce cooling needs and temperature variations,
but the fast-charging capability varies with initial conditions. To solve this issue, it is instructive to
preheat the battery to a moderate temperature before adiabatic fast charging, which requires zero cooling
and permits fast charging under any initial conditions. The preheating temperature varies under different
charge rates and initial conditions. As shown in Fig. 7(a) and 7(b), the temperature rise during adiabatic
charging becomes larger with the increase of charge rate, and we can lower the preheating temperature to
keep the maximum temperature at 60°C. While if the charge rate is fixed, the temperature rise becomes
smaller at higher initial SOCs and we will increase the preheating temperature accordingly. The detailed

temperature profiles are plotted in Fig. 7(c) and 7(d).

More generally, we can estimate the preheating temperature with Eq. (14), where Ty denotes the
maximum temperature, 7p denotes the initial temperature, A7, denotes the temperature rise during
preheating, and A47,,; denotes the temperature rise during adiabatic heating. When operating at low rates,
the energy efficiency of the battery could exceed 99%, and the fraction of irreversible heat is less than 1%
of the energy charged into the battery; while as we elevate the charge rate, the fraction of heat generation
(H) increases rapidly and reaches ~9% at 5C charging (Fig. 7e), resulting in a larger temperature rise
during adiabatic charging. Similarly, a wider SOC range (4SOC) or larger specific energy (SE) will also

lead to a more significant change of battery temperature after fast charging.

k k
Tmax = TO + ATh + ATad’ATad = ASOC SE H (14)

¢
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generation during charging with initial SOCs at 0% and 40%.
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Due to the high equilibrium potential on graphite surface at low SOCs, it could be unnecessary to
heat up the cell to 60°C from the beginning. During adiabatic charging, the battery temperature gradually
increases with SOC, offsetting the drop of equilibrium potential. The idea is similar to the multistage
constant current (MCC) charging, where the charging currents decrease consecutively to accommodate
the reduction of graphite potential, and get the maximum fast-charging capability at different SOC ranges
[37]. The maps of fast charging capability under adiabatic charging with a preheating step are plotted in
Fig. 8; the maximum charge rates without lithium plating with 0% and 40% SOCs are 3.9C and 4.3C,
respectively, which is very close to the battery with a constant charge temperature at 60°C (4.1C charging
from 0% SOC and 4.4C charging from 40% SOC). To sum up, adiabatic charging reduces the average
battery temperature without sacrificing the rate capability. More importantly, with adiabatic charging, we
can obtain minimal cooling and perfect temperature uniformity within the battery, which remarkably

reduces the BMTS weight and enables us to make single cells in larger formats.

Granted, the preheating process consumes extra energy. According to Eq. (14), elevating the
battery temperature by 10°C consumes 1.2% of the energy stored in the battery, which means the extra
energy consumption is 4.8% if the temperature rise is 40°C during preheating. However, note that the
energy for preheating comes from roadside chargers, so the preheating process will not affect the cruising
range of EVs; rather, this gives consumers another choice to shorten their charging time by slightly
increasing the amount of electricity they pay (~5%). Cooling after heated charge is by means of air
natural convection or aspirated convection during driving, under a very large temperature difference, and

hence consumes no battery energy.

The main challenge to realizing thermal modulation in fast charging is to heat up the cell quickly.
A heating rate of 1°C/s could be achieved with an internal heating structure introduced in our previous
study [38]. This method is also applicable for large format batteries; the temperature nonuniformity could

be controlled within a reasonable level by embedding multiple heater sheets inside the battery [39].
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Fig. 8 — Maps of fast charging capability under adiabatic thermal conditions. (a) 0% initial SOC. (b)
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4  Conclusions

Thermal management for fast charging should not only pursue high cooling capacities but also
consider the effect of thermal environments. Limiting the maximum temperature at 30°C brings little
benefit, considering the large heat transfer coefficient required for the system and the low charge rate
causing the onset of lithium plating. Using the battery performance at 30°C as a baseline, if we increase
the battery temperature to 60°C, the temperature variation and cooling need will be reduced to 1/3 and
1/15 of the reference, while the maximum charge rate doubles. Although elevated temperatures accelerate
the SEI layer growth, short charging time limits the exposure time of LiBs to high temperatures. As such,

we expect very little impact on SEI-induced battery degradation over the lifetime.

By allowing the maximum temperature excursion to 60°C, there are multiple ways to modulate
the battery temperature during fast charging. One is that we can allow the battery to heat up itself during
charging, which greatly lowers the cooling needs and spatial temperature variations within the battery.
Noting that lithium plating is more likely to happen at higher SOCs, the temperature profile of a LiB
under the adiabatic environment benefits the fast-charging capability. With low initial temperatures or

high initial SOCs, the fast-charging capability under adiabatic charging is considerably constrained. A
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more robust strategy is to add a preheating step before adiabatic charging, which enables fast charging of

LiB with zero cooling and perfect temperature uniformity regardless of initial conditions.
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List of Symbols

Symbol Description

Ag total electrode area

as specific surface area (SSA)

As total surface area

Ce electrolyte concentration

cp specific heat

Cs ion concentration in solid phase

D, ionic diffusivity

Dy solid diffusivity

E.c activation energy

F Faraday constant.

f= activity coefficient

h convective heat transfer coefficient

H fraction of heat generation

i reaction current density.

iy exchange current density.

I. superficial current density in electrolyte
I superficial current density in solid phase
L. characteristic length for heat conduction
p Bruggeman exponent

Qgen total heat generation rate

Goen volumetric heat generation rate

R universal gas constant.

Ry film resistance.

ri particle radius

SE specific energy

t, transference number of cations

U equilibrium potential vs. E°ijzi+

a thermal diffusivity

Oa, Oc (anodic/cathodic) apparent transfer coefficients.
& porosity

/] surface overpotential.

N LilLi+ lithium deposition potential

HLizcpi+  sSurface overpotential of lithium insertion on graphite
K ionic conductivity

KD diffusional ionic conductivity

p density

o electrical conductivity

D, D, solid phase/electrolyte potential

v, V. solid/electrolyte phase parameters
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