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ABSTRACT
Substantially reduced energy and power capabilities of lithium-ion cell operating at low
temperatures pose a technical barrier for market penetration of hybrid electric vehicles (HEV)
and pure electric vehicles (EV), which suffer from significant driving range loss as well as long
charging time in subzero temperature environments. The present work delineates Li-ion cell
behaviors at low temperatures by a combined experimental and modeling approach. An
electrochemical-thermal coupled model, incorporating concentration- and temperature-dependent
transport and kinetic properties, is applied and validated against 2.2Ah 18650 cylindrical cells
over a wide range of temperatures (-20°C to 45°C) and discharge rates.
Detailed resistance analysis indicates that performance limits at -20°C depend on not only
discharge rates but also thermal conditions. The principal performance limitations are found to
be Li+ diffusion in the electrolyte and solid-state Li diffusion in graphite particles. Simulation
and experimental results demonstrate the dramatic effects of cell self-heating upon
electrochemical performance. A nonisothermal Ragone plot accounting for these important
thermal effects is proposed for the first time for Li-ion cells and more generally for thermally
coupled batteries.
To extend the driving range of EVs at low temperatures, preheating Li-ion batteries to room
temperature is proposed as a practical method based on Li ion cell's strong self-heating effect.
The present model is used to simulate the process of heating Li-ion batteries from subzero
temperatures. Three heating strategies using battery power as heating source, namely self internal
heating, convective heating and mutual pulse heating, are proposed and compared. Their
advantages and disadvantages are discussed in terms of capacity loss, heating time, system
iii

durability, and cost. Model predictions reveal that Li-ion batteries can be heated from -20°C to
20°C at the expense of only 5% battery capacity loss within 2 minutes using mutual pulse
heating with high-efficiency dc-dc converter, implying considerable potential for improved
driving range of EVs in cold weather conditions. Whenever external power is available, high
frequency AC signal with large amplitude is a preferred choice, offering benefits to both heating
power and battery life.
To reduce the charging time of EVs at low temperature, a new charging protocol CCCS,
(constant current followed by constant lithium stoich) has been proposed. It consumes less time
than the traditional CCCV method, and also avoids capacity loss due to lithium plating. Based on
this new protocol, further attempts have been made to reduce the charging time by (1) heating
batteries, (2) cell design and material property optimization. Model predictions demonstrate that
the pre-heating-charging method is able to reduce the charging time from 3 hours to 18 minutes.
Solid phase diffusion and electrode transport are identified to be the rate-limiting mechanisms
for charging by both theoretical analysis and model prediction. This study also illustrates how
these limitations are related to cell design parameters and material transport properties
quantitatively. By alleviating these limitations, charging can be reduced to within 5 minutes,
comparable to the time of refilling a fuel tank in gasoline vehicles.
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Chapter 1 Introduction
1.1 Background
Lithium-ion (Li-ion) batteries have achieved rapid market acceptance since their first
introduction in 1991 by Sony Corporation, due to high energy & power density, no memory
effect and low self-discharge. During the past two decades, the energy density and life span of
Li-ion batteries has experienced a tremendous increase. In the meanwhile, the cost of Li-ion
batteries keeps decreasing. Li-ion batteries not only are used in a variety of man-portable
electronics and hand-held devices, but also becomes the primary energy source for electric
vehicles (EV).
Electric vehicles are propelled by electric motor, using electrical energy stored in batteries,
with the advantages of high energy efficiency, low air pollution, less dependence on foreign oil,
reduced driving noise and smooth acceleration. Increases in gasoline price and greenhouse gas
emissions have spurred the growth of EVs. Examples are Nissan Leaf and Tesla Model S.
Despite rapid growth, the market share of EVs in automotive industry is still very limited. In
addition to their high battery cost, EVs suffer from low driving range and long charging time.
Compared to gasoline powered vehicles which requires less than 5 minutes to fill up fuel tank
and delivers more than 300 miles after a full refilling, EVs need hours to get a full recharge and
can achieve only 100 to 150 miles before the next recharging.
Furthermore, the problem of low driving range and long charging time becomes even worse
in cold weather at subzero temperatures. The driving range of 2012 Nissan Leaf reaches 138
miles at the ideal driving condition at 25°C, but drops substantially to 63 miles in cold weather at
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-10°C 1. In spite of additional energy consumed for cabin heating, the range limiting factor is
closely related to significantly reduced energy and power capability of Li-ion batteries at subzero
temperatures.2, 3Also, lithium plating is more likely to happen, inducing capacity loss and
bringing about safety concerns. Reduced charging rate is needed to protect battery from lithium
plating, resulting in extended charging time. The reduced driving range and extended charging
time of EVs make them even less competitive to gasoline powered vehicles in cold weather.
In addition to severe limitation is EVs, poor performance of Li-ion batteries at low
temperature is also a significant barrier to commercialization of hybrid electric vehicles (HEV).
Li-ion batteries need to handle bursts of power during quick acceleration (high rate discharge)
and regenerative braking (high rate charge). For plug-in HEVs, batteries are required to function
under unassisted operation, charge at -30°C, and survive at -46°C. For power assist HEVs,
batteries should be able to deliver 5kW cold-cranking power (three 2-s pulses, 10-s rests between)
at -30°C.4 Research on low temperature performance of Li-ion batteries should be conducted to
meet these stringent goals.
Overall, a comprehensive understanding of Li-ion battery behaviors at low temperatures is
needed to overcome the above barriers for a deeper market penetration of EVs.

1.2 Studies of Li-ion batteries at low temperatures
The energy and power capability of Li-ion batteries reduces significantly at low
temperatures.2 It has been reported that 1.4Ah Panasonic 18650 cells retained only 5% of energy
density and 1.25% of power density at -40°C, as compared to their 25°C values. Tremendous
research work has been done to understand and improve the low temperature performance of Li2

ion batteries. However, it is still under debate as to what are the main performance limiting
mechanisms.

1.2.1 Electrolyte
The electrolyte solution is considered as the main limitation by many researchers. The ionic
conductivity of 1M solution of LiPF6 in 1:1 EC-DMC reduces from 18mS/cm at 25°C to
3mS/cm at -20°C.5 The solution even freezes at about -30°C. It is expected that Li-ion cells using
this electrolyte have significant performance drop at -20°C and dies at -30°C. Investigations are
conducted to seek electrolyte solutions with lower freezing point and higher conductivity. Due to
the high freezing points of widely used carbonate-based solvents, such as ethylene carbonate (EC)
and dimethyl carbonate (DMC), binary, ternary and quaternary electrolytes were used to reduce
freezing points. Smart et al.6 found that the ternary, equi-proportion formula of EC, DMC and
diethyl carbonate (DEC), displayed higher ionic conductivity, faster Li intercalation kinetics and
better surface film characteristics than the binary analogues, especially at low temperatures (20°C).6 Ethylmethyl carbonate (EMC) was found to be a useful cosolvent because of its low
freezing point (-55°C).7 Plichta and Behl proposed the use of 1:1:1 EC-DMC-EMC mixture for
electrolyte. Li-ion cells using it were found to deliver most of the capacity at -20°C at 1/20C rate.
Quaternary formulas were also investigated. Using 1M LiPF6 in the quaternary mixture of EC,
DEC, DMC and EMC (1:1:1:3), prototype 9Ah cells were able to deliver 76% of their room
temperature capacity at -40°C with C/10 rate.8
Cosolvents are also incorporated into multicomponent electrolyte formulations for enhanced
performance at low temperatures. Solvents which possess very low freezing points and
3

viscosities, such as esters, are very effective in improving the ionic conductivity of the
carbonates electrolyte. Shiao et al.9 found that the use of methyl acetate (MA) in EC:EMC
mixture significantly improved the cell capacity below -20°C. Cells using EC:EMC:MA:toluene
solvent was able to deliver 50% nominal capacity at -40°C with C/10 rate. Herreyre et al.10 tested
the use of ethyl acetate (EA) and methyl butyrate (MB) as cosolvents in EC/PC and linear
carbonate in 5.5Ah Gr-LCO cells. EA and MB enabled very good performance (90% nominal
capacity) down to -40°C, even under C/2 rate. A more comprehensive study was given by Smart
et al.11 A number of ester cosolvents, including MP (methyl propionate), EP (ethyl propionate),
MB, EB (ethyl butyrate), PB (propyl butyrate), BB (butyl butyrate), in EC and EMC mixture
were investigated. Prototype 7Ah cells containing the electrolyte with cosolvents was capable of
delivering over six times the amount of capacity than the one with call-carbonate blend
electrolyte, and was able to support moderate rates down to -60°C. Smart et al.12 studied more
electrolyte additives, including mono-fluoroethylene carbonate (FEC), lithium oxalate, vinylene
carbonate (VC), and lithium bis(oxalato borate) (LiBOB). The cell using any of these electrolyte
additives demonstated more than double discharge capacities compared with the one without
additives. These additives helped to form favorable film characteristics, leading to faster charge
transfer kinetics.
With the use of solvent blends, co-solvent, novel electrolyte salts and electrolyte additives,
the Li-ion cells are able to survive and even show good performance down to -60°C.5, 6, 9, 11, 13, 14
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1.2.2 Surface film
Besides the ionic conductivity, the nature of films formed on the surface of active materials
is also strongly related to the electrolyte. The surface film affects the performance of Li-ion cells
because it changes the interfacial kinetics and Li-ion transport through the film. It also dictates
the life of cell because it protects active materials from side reactions. Electrolyte solutions that
are able to form surface film with lower resistance, higher stability and faster kinetics of lithium
intercalation and deintercalation are preferred. Smart et al.13 found that the electrolyte
composition affected the stabilities of surface film. Low molecular weight cosolvents made the
film resistive and inadequately protective, whereas high molecular weight esters resulted in
surface films with more desirable attributes.13 One example is using EA or EB as cosolvent.
Despite of lower conductivity, electrolyte using EB was able to deliver five times more capacity
at -20°C, compared with the one using EA.13 Zhang et al.14 also found that adding PC into
EC:EMC mixture improved the discharge capacity below -20°C, in spite of a slight decrease in
the ionic conductivity. The increased low temperature performances were attributed to the
improved characteristics of the surface film. Wang et al.15 employed GITT and EIS to study Ligraphite coin cell behavior at -30°C. The performance limiting mechanism was found to be the
resistance of solid electrolyte interphase film, which increased by a factor of over 27 from 25°C
to 30°C. In contrast, the resistivity of the electrolyte showed only 10-fold increase. Fan16 studied
the discharge behavior of commercial 18650 graphite-LiCoO2 (LCO) cells down to -40°C. When
temperature drops from room temperature to -30C, cell impedance at 1kHz changed little.
However, the dc impedance was increased by a factor of ten. He concluded that the ionic
conductivity of the electrolyte did not limit the cell discharge capability, while the lithium
diffusion in the cathode surface film may be the limiting factor.
5

1.2.3 Charge transfer kinetics
Charge transfer kinetics in Li-ion cells is an interfacial phenomena at solid particleelectrolyte interface, including Li+ solvation/desolvation, Li+ transport through surface films,
the release/acceptance of an electron from the external circuit and lithium leaving/inserting into
the active materials. Slow reactions (smaller i0 ) generate large overpotental, leading to reduced
cell voltage. Although the charge transfer process is closely associated with other transport
processes, these processes are staying at different time scales. Therefore, it is possible to separate
them by using electrochemical impedance spectroscopy (EIS), where small voltage permutations
(<10mV) are applied to the cell and the complex impedance is calculated from the current
response. The resistance associated with charge transfer Rk can be obtained from the diameter of
the lower frequency semi-circle in Nyquist plot.
Suresh et al.17 analyzed the impedance of Samsung 0.9Ah Gr-LCO cells from -10°C to 40°C
using EIS. The high frequency resistance was invariant while the kinetic resistance showed the
strongest dependence on temperature. He concluded that the poor discharge capacity of Li-ion
cells at low temperature was due to the very low values of exchange current. Zhang et al.18, 19
found that replacing LiPF6 with LiBF4 salt in PC-EC-EMC mixed solvent increased the
discharge capacity from 72% to 86% at -30°C. Although LiBF4 based electrolyte had lower ionic
conductivity than the LiPF6 analogue, it achieved improved performance due to the reduced
charge-transfer resistance. In addition, Zhang et al. performed EIS analysis on various kinds of
Li-ion cells, including coin size full cells,3, 20 coin size symmetric cells20 and 18650 Gr-LCO
2.4Ah cells.21 The cell resistance was separated to bulk resistance, film resistance and charge
transfer resistance. It was found that the charge transfer resistance increased most significantly as
the temperature decreased. At room temperature, the bulk resistance occupied half of the cell
6

resistance. However, at low temperature (-20°C), the charge transfer resistance became
dominated. Jansen et al.22 surprisingly found that the impedance rise at low temperature was not
significantly impacted by the choice of active material. Because the main rise in impedance
occured in the mid-frequency range, the responsible phenomenon was most likely a charge
transfer process at electrolyte-interface. Abraham et al.23 did the impedance analysis on film-free
active materials (LTO), binder-free electrodes and conducting carbon-free electrodes. The charge
transfer processes, whose impedance dwarfed ohmic resistance and diffusional resistance, were
observed to have the same activation energies regardless of the active material, binder and
conducting agent. He suggested that the limiting process was the electrochemical reaction step at
the interface.

1.2.4 Solid phase diffusion
Solid phase diffusion depicts lithium transport inside the particles of active materials. Due to
the limited solid phase diffusivity, concentration polarizations are expected inside active material
particles. Since solid phase diffusivity decreases with reducing temperature, large solid phase
concentration polarization happens at subzero temperatures. During discharge, the lithium
concentration at anode particle surface might get depleted, bring down the cell voltage below
cutoff level, leading to reduced cell capacity.
Huang et al.24 found that the discharge capacity of graphite half-cell differed greatly from its
charge capacity at -40°C, which cannot be explained by electrolyte or surface film conductivity.
It was also found that particle size affected the capacity at subzero temperatures, which further
supported the contention that Li diffusivity limited low temperature performance. Lin et al25
7

tested 100mAh Gr-LCO cell behavior using high conductivity electrolyte at -20°C. Large
permanent capacity loss was found, which was attributed to the high polarization of the anode
due to limited solid-state diffusion of lithium. Zhang et al.26 measured solid phase diffusivity of
graphite at different temperatures. A dramatic decrease in the diffusivity occurred in the
temperature range of 0°C to -20°C, which was responsible for the large capacity drop of the
graphite electrode. Sides and Martin27 investigated the effect of active material particle size on
Li-V2O5 cell performance. They found that, at -20°C, cell performance always improved with
decreasing particle diameter, but sometimes decreased with increasing specific surface area.
Since the particle diameter represented the diffusion length, while the latter denoted the reaction
area, the result implied the dominance of solid-state diffusion. Allen et al.28 compared the
electrochemical performance of Li/Li4Ti5O12 (LTO) button cells using LTO with 350nm and
700nm diameter respectively. Cell using 350nm particle exhibited double capacity at -20°C and 30°C (C/8 rate) compared to the one using 700nm particle, due to the shortened solid state
diffusion length. Liao et al.29 characterized the low temperature performance of Li/LiFePO4 (LFP)
cells made of quaternary electrolyte. This electrolyte was shown to have excellent performance
at low temperatures by Smart et al.8 Despite of the optimized electrolyte solutions, the Li/LFP
cell displayed reduced voltage and capacity at subzero temperatures. EIS tests demonstrated that
the increase of charge-transfer resistance and decrease of lithium ion solid phase diffusivity were
the main performance limiting aspects. Fan and Tan30 investigated the charging of lithium-ion
cells at -20°C. Two peaks were found in the charge and subsequent discharge voltage profiles.
This phenomenon cannot be explained by the increase of charge transfer resistance and surface
film resistance, which generated smoothly increased cell voltage during charge. The two peaks,
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however, can be explained by the two minimums in the solid state diffusivity. It was therefore
concluded that the lithium solid diffusion in the graphite was the ultimate rate-limiting factor.
In summary, the performance limiting factors of Li-ion cells at subzero temperatures are still
under debate. Various sources have been reported by different investigators, including poor
electrolyte conductivity, sluggish kinetics of charge transfer, increased resistance of particle
surface films, and slow Li diffusion through the surface layers and through the bulk of active
material particles. Although there is lack of widely accepted limiting mechanism, all the above
listed factors contribute to the poor low temperature performance. Based on this understanding,
extensive work has been carried out to boost performance generally in two ways: (1) to modify
interfacial property to reduce the high activation energy of charge-transfer kinetics and SEI
resistance, by surface coating31-33 or changing electrolyte composition;6, 8, 11, 13, 34 and (2) to
increase interfacial area by using nanostructured electrodes or different electrode morphology.22,
23, 27, 28

Until now, investigations of low-temperature behaviors of Li-ion cells have been limited to
experimental measurements and observations. A fundamental understanding of cell behavior is
absent, due to the inherent limitations of available experimental techniques. For instance, the
prevailing electrochemical characterization techniques include electrochemical impedance
spectroscopy (EIS), direct current (DC) polarization and cyclic voltammetry (CV). All of these
measurements are conducted in the vicinity of equilibrium states, where large concentration
polarizations in the electrolyte and solid particles have not been established. In fact,
concentration gradient develops during continuous charge or discharge operation. Large
polarizations build up during cell operation at high rates or low temperatures. These polarizations
induce complex non-linear cell behaviors, because electrochemical processes are coupled with
9

the concentration dependence of equilibrium potential, ionic conductivity, salt diffusivity and
solid state diffusivity. The experimental techniques do not provide the capability to understand
cell behaviors at these conditions.
Moreover, Li-ion cell operation at low temperatures is inherently linked to thermal effects,
because internal heat generation is significant due to greatly increased cell resistance (A tenfold
increase in resistance relative to room temperature has been measured in commercial cells at 20°C21), and also because kinetic and transport properties have very strong dependency on
temperatures. On the one hand, heat generated from electrochemical processes, along with heat
dissipation to the ambient environment, dictates cell temperature evolution. On the other hand,
cell temperature affects the electrochemical processes via highly temperature-dependent material
properties. Such interactions between electrochemical and thermal dynamics in Li-ion cells have
not heretofore been explored in the literature.

1.3 Modeling study of Li-ion batteries
In tandem with experimental studies, mathematical models are developed to understand cell
behaviors. Due to the limitation of experimental characterization techniques, especially during
high rate or low temperature operation, mathematic models are of great help in understanding the
fundamental mechanisms that dictate cell behaviors. They are able to give detailed physical field
information inside the cell (voltage, current, concentration distributions) which is difficult to
obtain through in-situ observations. Model simulation reveal how the material properties
(thermodynamic, kinetic and transport) affect the cell performance. By using these models,
engineers are able to find rate-limiting mechanisms and performance controlling material
10

properties, which give directions to material specialists to synthetize materials with desired
properties.
Mathematical models are also effective in aiding cell design, which is a critical process for
battery manufacturers. The capacity of 18650 cells has been increased from 1.2Ah to above
2.4Ah with active electrode materials remaining nearly the same (LiCoO2 and graphite). The
gain in capacity is mainly attributed to optimization in cell design. Designing a cell is to seek an
optimal set of parameters (electrode thickness, porosity, capacity ratio, etc.) with the goal of
achieving the highest performance under a specific operation condition. As a result, batteries are
usually designed to tailor to different levels of power applications (e.g. energy cells and power
cells). While the optimization concept is intuitively well known, a great number of experiments
are needed to generate an optimum solution, which his is an expensive task in terms of time and
materials. Mathematical models are able to perform this task in a rapid and cost-effective manner.
In 1990s, Newman and his co-workers developed a macro-homogeneous electrochemical
model for the lithium-ion battery based on porous electrode theory and concentrated solution
theory,35, 36 followed by various experimental validation.37, 38 This model is widely used in the
subsequent literature. Based on the volume-averaged micro-macroscopic modeling approach, in
2000 Gu and Wang39 proposed an electrochemical-thermal (ECT) fully coupled framework able
to simultaneously predict battery electrochemical and thermal behaviors. Song and Evans40 also
attempted the modeling of lithium polymer batteries by solving electrochemical and thermal
equations simultaneously, although only electrolyte conductivity and salt diffusivity are
considered as functions of temperature. In 2003 Srinivasan and Wang41 incorporated all relevant
kinetic and transport properties as dependences on temperature, as well as the state of charge
(SOC) dependence of entropic heat. In 2008 Kumaresan et al42 updated the temperature and
11

concentration dependence of electrolyte properties obtained from recent experimental data.
However, the model is validated only at low discharge rates (no larger than 1C) from 15°C to
45°C, where electrochemical-thermal coupling is insignificant. In the past decade, while multi-D
modeling has been scarce,43, 44 several studies have carried out the modeling of thermal effects in
one dimension by including the energy balance equation and temperature-dependent material
properties. 41, 42, 45, 46 Only most recently, multi-dimensional modeling of Li-ion batteries revived
its attention due to the huge interest in large-format batteries for electric and hybrid vehicles.
Both Gerver and Meyers47 and Kim et al.48 attempted multi-dimensional modeling of largeformat cells under simplifying assumptions in order to render the computational task manageable.
Gerver and Meyers modeled current distribution in current-collecting foils through a network of
empirically determined resistors. Kim et al. employed a state variable model (consisting of
algebraic equations) to model electrochemical and transport processes occurring across the
thickness of a cell by assuming linear electrolyte transport and also ad-hoc updating of cell
temperature. Both simplified models have severe limitation in dynamic operating conditions of
vehicle batteries. Elegant computational implementation of the full ECT model in multi-D,
complex geometries was presented by Luo and Wang.49 This computational model has been
extensively applied to practical cell geometries such as spirally wound or stacked electrode
designs, with excellent computational efficiency and robustness.
Despite the decade-long progress in ECT models40-42, 45, 47, 48, 50-55 40-42, 45, 47, 48, 50-56, no
modeling study of Li-ion performance at subzero temperatures has been attempted. In particular,
there has been no exploration of cell performance in the presence of remarkable temperature rise
that naturally occurs in Li-ion cell usage at low temperatures. Difficulties lie in the lack of
reliable material properties that accurately describe the temperature dependence, as well as a
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comprehensive understanding of limiting mechanisms at low temperatures. In addition, the high
sensitivity of cell performance to heat transfer conditions requires more efforts on model fitting
to experimental data. With the progress on reliable material properties at subzero temperature, as
well as more understanding of cell behaviors from the recent advancements in low-temperature
studies, there emerged an opportunity of employing modeling tools to study low-temperature Liion cell behavior from a more fundamental point of view.

1.4 Overview of the present study
The present work is going to explore the basic nature of Li-ion cell operation at low
temperatures, both experimentally and numerically.
In Chapter 2, we will set up an electrochemical-thermal coupled model and validated this
model against experimental data using a 2.2Ah 18650 cell across a wide range of temperatures
and rates
In Chapter 3, we will employ this validated model to investigate the rate-limiting factors of
lithium-ion cells operating at low temperatures, and find out the controlling parameters in cell
design and material property.
Based on the above understanding of Li-ion cell behaviors at subzero temperatures, we will
propose practical strategies to extend the driving range and reduce the charging time of EVs in
Chapter 4 and Chapter 5 respectively.
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Chapter 2 Model development and experimental validation
2.1 Electrochemical-Thermal (ECT) Coupled Model
Despite vast difference in geometry and capacity (coin cells, cylindrical cells, prismatic
cells), all lithium ion cells are composed of five basic layers: negative current collector (Cu foil),
negative electrode (anode), separator, positive electrode (cathode) and positive current collector
(Al foil). The present study employs 18650 cells, where the sandwich of these layers is rolled up
to form a jelly roll, as shown in Figure 2-1 (a). The schematic of these five layers are shown in
Figure 2-1 (b). The anode, the cathode and the separator are porous structures, containing large
void spaces where electrolyte is filled to provide the media for lithium ion transport. Electron
goes out/into the current collectors from external circuit, while lithium ion transfers internally as
a shuttle between the anode and the cathode through the electrolyte.
Li-ion cell electrodes have three dimensional structures. However, current flow and species
transport take place mainly in the thickness direction of the anode, separator and cathode layers,
owing to the extremely high electrical conductivity of current collectors. It is a good
approximation to employ one dimensional model to simulate Li-ion cell behaviors.
The present model derives from Newman's macro-homogeneous electrochemical model
based on porous electrode theory and concentrated solution theory.35, 36 To account for the tight
coupling between electrochemical and thermal dynamics at low temperature, it also incorporates
thermal effects by modeling cell internal heat generation, external heat transfer, as well as strong
temperature dependence of material's kinetic and transport properties, as proposed by Gu and
Wang.39 This electrochemical-thermal (ECT) model is essential for the modeling of thermally
sensitive batteries such as Li-ion cell.
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Applying the fully coupled electrochemical-thermal model of Gu and Wang33, the following
conservation equations are solved:
Charge conservation in solid electrodes:
∇ ⋅ (σ seff ∇φs ) − j = 0

(2.1)

where φs is the electric potential of solid phase, σ seff is the effective electrical conductivity of the
solid electrode considering porous effect. j is the reaction current per unit volume.
Charge conservation in electrolyte:
∇ ⋅ (κ eff ∇φe + κ Deff ∇ ln ce ) + j = 0

(2.2)

where φe is the electric potential of electrolyte. ce is electrolyte concentration. κ eff is the effective
ionic conductivity of electrolyte accounting for the actual path length of species transfer in
porous electrodes (porosity ε ) using Bruggeman correlation κ eff = κε p . κ Deff is the effective
diffusional ionic conductivity defined as:

κ Deff =


d f± 
2 RT
1 − t + ) 1 +
(

F
 d ln ce 

(2.3)

where R is universal gas constant, T is the temperature, F is faraday constant, t + is the lithium
ion transference number, d f ± / d ln ce is an indication of short-range ion-solvent interactions,
which can be ignored in dilute solutions, but may become dominant in high concentrated
(>2.5mol/L) solutions.57
Material conservation in electrolyte:
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∂c
1 − t+
=
ε e ∇ ⋅ ( Deeff ∇ce ) +
j
∂t
F

(2.4)

where Deeff is the effective salt diffusivity modeled by Bruggeman relation Deeff = Deε p
Material conservation in solid particles:
∂c 
∂cs 1 ∂ 
= 2  Ds r 2 s 
∂t r ∂r 
∂r 

(2.5)

with boundary condition on particle surface:

− Ds ,i

∂cs ,i
∂r

=
r = Ri

i
F

(2.6)

where cs is the lithium concentration in solid particle, Ds is lithium solid diffusivity, i is the
local current density on particle surface.
Butler-Volmer equation for charge transfer kinetics:

α F 
 α F 
=
i i0 exp  a η  − exp  − c η  
 RT 
 RT  


(2.7)

where α a and α c are transfer coefficients of anodic reaction and cathodic reaction. η is the
kinetic overpotential:

η = φs − φe − U i ( cs ,i ) − iR f

(2.8)

where U i is the equilibrium potential at particle surface, R f is the particle surface film resistance.

The exchange current density i0 is calculated as:
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i0 kcsα,ci ceα a ( cs ,max − cs ,i )
=

αa

(2.9)

where k is the reaction rate constant.
Mapping between reaction current density on particle surface and volumetric current density
in the electrodes:
j = ai

(2.10)

Energy conservation of the whole cell (lumped thermal model):

mc p

dT 
Q + hAs (T∞ − T )
=
dt

(2.11)

where h is the convective heat transfer coefficient, As the cell surface area, hAs (T∞ − T ) is the
convective heat. The heat generation power:
L
 dU 
eff
eff
eff
=
Q Ae ∫ j (φs − φe − U ) + j  T
 + σ s ∇φs ⋅ ∇φs + κ ∇φe ⋅ ∇φe + κ D ∇ ln ce ⋅ ∇φe dx (2.12)
0
 dT 

in which L is the sum of the anode, separator and cathode thicknesses, Ae is the electrode area,
j (φs − φe − U ) represents kinetic heat, j (TdU / dT ) is the reversible heat, σ seff ∇φs ⋅ ∇φs ,

κ eff ∇φe ⋅ ∇φe and κ Deff ∇ ln ce ⋅ ∇φe are joule heat from electronic resistance, ionic resistance and
concentration overpotential respectively.
Equation (2.1) (2.2) (2.4) (2.5) (2.7) (2.12) composes a series of partial differential equations
with nonlinear form and nonlinear material properties. They are discretized using finite volume
method and solved simultaneously by Newton's method.
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2.2 Experimental
An important aspect of the present study is to explore the strong interplay between
electrochemical and thermal dynamics. For experimental validation purpose, coin cells are ruled
out because of negligible temperature rise induced by relatively large heat dissipation rate. Large
format battery seems to be a good choice and is representative of the batteries in HEVs and EVs.
However, the long electrode and the large ratio of electrode area to outer surface area in these
batteries imply non-uniform reaction and temperature distribution. Accounting for these nonuniformities requires three-dimensional ECT models, which is out of the context of the current
study. Per the above considerations, 18650 cells with 2.2Ah room temperature capacity are
selected in the present study. These cells have approximately 600cm2 electrode area and 50cm
coating length. The Jelly-Roll structure squeezes the electrode into a small cell volume in which
temperature difference is small. These features of 18650 cells allow a reasonable assumption of
uniform reaction rate and temperature distribution, which allow the use of one dimensional ECT
model to capture cell behavior.
The 18650 cells used in this study consist of LiNi1/3Mn1/3Co1/3O2 (NCM) cathode and
graphite anode with nominal capacity of 2.2Ah and weight of 44g. The anode consists of 95.5%
graphite, 1.5% Super P carbon black and 3% PVDF (by weight), with anode thickness of 80µm.
The cathode compositions are generally 94% NCM (LiNi1/3Co1/3Mn1/3O2), 3% Super P carbon
black and 3% PVDF. Thickness of this cathode is 78µm. The cell has an N/P (negative to
positive electrode) ratio of 1.15 and electrode coating area of 640cm2. Active material loading in
the cathode is 3.9mAh/cm2. Using material balance, the porosities of anode and cathode are
calculated as 0.26 and 0.28 respectively. Separator of 20µm thickness and 0.46 porosity is used.
The electrolyte is 1.2 M LiPF6 in a mixture of PC, EC and DMC (10:27:63 by volume).
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To minimize the cell differences induced during fabrication process and formation cycles,
two cells are selected to operate at the same condition. A consistency check of the cell data is
performed and only one cell data will be presented. To minimize degradation effect on cell
performance, discharges starting at higher temperature with lower rates are conducted with
higher priority.
A list of design parameters for the test cells is given in Table 2-1. Details of cell fabrication
have been extensively described in the literature, e.g. in the authors’ own work,58 and thus are
not repeated here.
Battery charge is performed at room temperature by a constant current (0.7C) followed by
constant voltage (4.2V) protocol with 1/20C cut-off current. The cut-off voltage for discharge is
2.5V. A Tenney Environmental Chamber (with Watlow Series 942 Controller), shown in Figure
2-2 (b), is used to provide constant temperature environment for all the tests. Thermocouples are
used to measure the cell surface temperature, located midway along the length of the 18650 cells,
as shown in Figure 2-2 (a). In order for the cell to reach thermal equilibrium before each charge
or discharge operation, cells are kept for 4 h rest at each temperature except at 25°C, where 1 h
rest is used.

2.3 Material properties
In addition to a physically meaningful model, accurate prediction of the cell behavior hinges
upon accurate material properties, which have many functional dependences on state variables,
such as concentration, temperature, etc. To maximize the model's predictability at extreme
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conditions, we include as many as dependences as possible, based on a thorough literature survey
of literatures from the past two decades.
The open circuit potentials (OCP) of graphite (LixC6) and NCM (LiyNi1/3Mn1/3Co1/3O2) are
obtained from experimental measurements reported by Verbrugge et al.59 and Yabuuchi et al.60
respectively, and have been fitted to empirical equations.
Graphite:

Un ( x) =
0.1493 + 0.8493e −61.79 x + 0.3824e −665.8 x − e39.42 x − 41.92
−0.03131arctan(25.59 x − 4.099) − 0.009434 arctan(32.49 x − 15.74)

( 0 ≤ x ≤ 1)

(2.13)

NCM:
U p ( y) =
−10.72 y 4 + 23.88 y 3 − 16.77 y 2 + 2.595 y + 4.563

( 0.3 ≤ y ≤ 1)

(2.14)

The reversible heat of graphite and NCM as a function of stoichiometric are obtained from
the entropy change reported by Reynier et al.61 and Lu et al.62 respectively. Instead of fitting
these data into empirical relations, discrete data points with linear interpolation are used in the
present study.
With regard to electrolyte properties, Valoen and Reimers57 reported experimentally a full
description of electrolyte properties (ionic conductivity, salt diffusivity, cation transference
number and activity coefficient) with dependency on concentration and temperature in the
solution of PC (10%), EC (27%) and DMC (63%) (by vol) with LiPF6 salt. The empirical data
fittings given by Valoen and Reimers have been used for ionic conductivity and activity
coefficient. For salt diffusivity, we have developed new correlations at low temperatures due to
the fact that the electrolyte used in the present study contains 20% EMC, 20% EC and 60%
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DMC, slightly different composition optimized for enhancing salt diffusivity at low temperatures.
These new correlations are shown in Figure 2-3 along with the original experimental data of
Valoen and Reimers and their fitted curves for comparison.
Other active material properties are listed in Table 2-2.

2.4 Estimation of thermal parameters
In the present work, we apply a lumped thermal model, assuming spatially uniform
temperature within the 18650 cell. Consequently, we eliminate the need for thermal conductivity
in the cell; however, the heat capacity and heat transfer coefficient between the cell and ambient
are still needed in the energy balance equation. An extensive literature survey found that the heat
capacity of 18650 cells falls in the range of 800~1000J/(KgK);63, 64 thus the value of
823J/(KgK)64 is selected in the present study.
The external heat transfer coefficient, indicative of the cell cooling capability, can be
measured by monitoring the cell temperature evolution after interruption of the discharge current
at cut-off voltage. The heat of mixing during the relaxation process is small if the transport
properties are sufficiently high.52 To minimize the effect of heat mixing, cell data at room
temperature and low C rates is preferred. Cell data at other conditions are also collected to see
their applicability. The energy balance during the relaxation is written as:

dT
mc
hAs (T∞ − T )
=
p
dt
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(2.15)

in which h is the convective heat transfer coefficient, As the cell surface area, m the cell mass,
and c p the specific heat. The solution to this equation has a simple exponential form:
T − T∞ = (Ti − T∞ ) e − t /τ

(2.16)

where the characteristic cooling time τ = mc p / hAs , Ti is cell temperature when discharge
current is interrupted at cut-off voltage, T∞ is ambient temperature.
The temperature evolutions after the interruption of current have been analyzed using
equation (2.16), as shown in Figure 1. The temperature data are sampled at the end of 25°C (1C,
3C) discharge, -10°C (3C) discharge and -20°C (1C) discharge respectively. The data from these
four cases show a trend of straight lines in the logarithm plot, except for a few points at the
beginning of the cooling process. Here, a much gentler decrease of temperature (especially after
the low temperature high rate discharge) is seen probably owing to the heat of mixing. Using the
least-squares algorithm, curve fittings are performed in the time range of 100s~600s to avoid the
mixing effect at the beginning and larger error due to smaller temperature difference at later
times. As shown in Figure 1, the characteristic cooling times τ for the four cases are very close to
each other. The average τ value of 322s has been used as the initial guess to fit experimental data.
It is found later that τ = 312s offers the best fitting result. The corresponding heat transfer
coefficient is 28.4W/(m2K), as calculated by the given value of cell specific heat, mass and
dimensions.
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2.5 Model Validation
Model validation in the present work covers a wide range of C-rates and ambient
temperatures, divided into three subgroups: (A) C-rate effect at room temperature, (B)
temperature effect at a moderate discharge rate, and (C) C-rate effect from a subzero temperature.
To fully delineate electrochemical performance that is strongly coupled with thermal behaviors
in low-temperature operation, both voltage and temperature curves are compared between model
predictions and experimental data.
Validation group A involves cells discharged at 0.1C, 1C, 3C and 4.6C rates, starting from
25°C. Cell voltage and temperature as a function of discharge capacity (or state of charge, SOC)
are plotted in Figure 2, showing excellent agreement between model predictions and
experimental data in both voltage and temperature evolutions. As expected, the cell temperature
rise is more significant at higher discharge rate, due to a larger amount of heat generated from
increased voltage loss. The cell discharge capacity, however, reduces minimally even at 4.6C
rate, owing to the increased temperature that enhances electrochemical kinetics and mass
transport.
Validation B is intended to assess the temperature effect, where cells are discharged at 1C
rate but start with different temperatures: 45°C, 25°C, 0°C, -10°C and -20°C, as shown in Figure
3. The agreement between model and experiment is also good, except for a slight over-prediction
on voltage near the cut-off voltage for 0°C and -10°C cases. Both cell voltage and capacity are
lowered with the decrease of temperature, especially at subzero temperatures. Accordingly, cell
temperature rise is more marked at a lower ambient temperature due to higher cell resistance and
larger voltage loss.
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Validation C is used to study the rate effect at subzero temperatures. -10°C is selected as the
ambient temperature since it is representative of a subzero temperature in automotive
applications and at the same time is still capable of delivering reasonably high rate performance.
The cell is subjected to discharge at 1C, 2C, 3C and 4.6C rates, as shown in Figure 2-7. Model
predictions match well with experimental data at 1C and 2C rates, despite a little voltage over
prediction near cut-off voltage. At 3C rate, the deviation in cell voltage develops after 500mAh
discharge capacity. Experimental data shows more rapid voltage decay after rebound to 3.22V,
resulting in 1/3 lower cell capacity than model prediction. At 4.6C rate, the discrepancy in cell
voltage starts earlier, at ~250mAh discharge capacity, where a mild voltage rebound is observed
experimentally. After that, the predicted cell voltage rebounds more significantly than the
experimental data, leading to large deviation in discharge capacity. Both 3C and 4.6C cases show
strong interaction of cell electrochemical and thermal dynamics, as demonstrated by voltage
recovery and marked temperature rise in low-temperature operation.
We hypothesize that the large discrepancy between the predicted and measured voltage
curves shown in Figure 2-7 is caused by extremely high sensitivity of cell performance at subfreezing temperatures to operating conditions, cell design parameters, and material properties, as
to be shown later. Because of such high sensitivity, any spatially non-uniform temperature field
existing in a 18650 cylindrical cell may dramatically impact the cell’s discharge characteristics.
Work is underway to explore this hypothesis by setting up a three-dimensional model with full
electrochemical and thermal coupling and results will appear in a future publication.
In addition to cell discharge behaviors, validation is also performed during charge operation.
Cells are charged at 25°C with the CC-CV protocol described in the experimental section. A
comparison between the model predictions and experimental data is also made for this charge
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process, as shown in Figure 2-8. Good agreement is seen in cell voltage, current, capacity, and
temperature. Over 90% SOC is completed during the CC period, which takes about 78% of the
total charge time, indicating good charge performance. Despite small temperature rise in this
case, good agreement is seen for the temperature curve, implying reliable material properties
used, such as electrolyte conductivity and reversible entropic heat, which are dominant factors
during low-rate charge.
In summary, the present ECT model provides good prediction for rate effects at room
temperature (4.6C or higher), and temperature effects (ranging from -20°C to 45°C) at moderate
rates (1C~2C). For very high-rate operation at very low temperatures, there still exists
discrepancy between model and experiment, which is a research topic currently under
investigation.
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Table 2-1 Design Parameters of 18650 test cell

Parameters

Anode (Graphite)

Separator

Cathode (NCM)

Thickness (µm)

81

20

78

0.264

0.46

0.281

4.5

—

3.9

Porosity
2

Loading (mAh/cm )
Electrolyte
concentration (mol/L)

1.2

Particle (agglomerate)
radius (µm)

10

—

5

Table 2-2 Electrochemical Properties

Properties

Graphite (LixC6)

LiyNi1/3Mn1/3Co1/3O2

Exchange current density i0 (A/m2)

1241 ( x = 0.5 )

2b ( y = 0.5 )

Activation energy of i0 (kJ/mol)

6865

5065

Charge transfer coefficient α a α c

0.5 0.5a

0.5 0.5a

Film resistance R f (Ω cm2)

10b

10b

Activation energy of R f (kJ/mol)

50b

50b

Solid state diffusivity Ds (m2/s)

1.6 ×10−14 (1.5 − x )

1.5 54

3067

Activation energy of Ds (kJ/mol)
Contact resistance (Ω cm2)
a

3 ×10−14 54, 66
30a
6b

: assumed values
: extracted from model-experimental comparison

b
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(a)

(b)

Figure 2-1 Schematic of the five basic layers of Li-ion cell

(b)

(a)

Figure 2-2 18650 cell with thermocouple in Tenney environmental chamber
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Figure 2-3 Salt diffusivity as a function of temperature
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Figure 2-4 Cell temperature evolution after current interruption for estimation of surface heat
transfer coefficient
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Figure 2-5 Validation A: C-rate effect for cell discharge from 25°C
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Figure 2-6 Validation B: Discharge with 1C rate starting from various temperatures
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Figure 2-7 Validation C: C-rate effect for cell discharge from -10°C
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Chapter 3 Li-ion cell behaviors at subzero temperatures
In this chapter, we use the experimentally validated ECT model to explore low-temperature
cell behaviors in three aspects: (1) rate-limiting mechanism, (2) electrochemical-thermal
interaction, (3) controlling parameters in cell design and material properties.

3.1 Analysis of Low-Temperature Characteristics
To analyze the contributions from various transport and kinetic processes on performance
loss, breakdown of the cell voltage drop relative to open circuit potential (OCP) is necessary.
One can divide the cell voltage loss into those due to: (1) electrical resistance in electrodes

∆Vs , (2) charge transfer kinetics on the active material-electrolyte interface ∆Vk , (3) ionic
resistance and concentration polarization in electrolyte ∆Ve , (4) concentration polarization inside
active material particles ∆V p , as well as (5) electrical resistance from the imperfect contact of
electrodes, current collectors and tabs ∆Vc .
Considering non-uniform distributions in each electrode and the separator, for any physical
quantity ξ , average is taken over the thickness to represent its level in an electrode or separator:

ξ = ∫ ξ dl

(2.17)

L

where L is the thickness of an electrode or separator. Voltage losses due to electronic resistance
in the two electrodes are:
∆VsA = V A − φs A

∆VsC = φsC − V C
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(2.18)

in which V A and V C are potentials at the anode-foil interface and the cathode-foil interface
respectively. Voltage losses induced by ionic resistance and concentration overpotential in
electrolyte are:
∆VeA = φe A − φeAS

∆VeS = φeAS − φeSC

∆VeC = φeSC − φeC

(2.19)

where φeAS and φeSC are electrolyte potential at the anode-separator interface and the cathodeseparator interface respectively. The kinetic over-potentials in the anode and cathode are:
∆VkA =
φs A − φe A − U A

∆VkC =
−φsC + φeC + U C

(2.20)

where U = U ( cs ,i ) is the equilibrium potential at the stoichiometry (or equivalently SOC) on the
particle surface. Concentration polarization in active material particles leads to voltage
derivations from open circuit at the same state of charge:
∆V pA = U A − E A

∆V pC = E C − U C

(2.21)

where E A and E C are open circuit potentials of anode and cathode at the same SOC. In addition,
there are contact resistances between foil and electrodes, foil and current collectors. Voltage
losses due to all these contact resistances are:
∆Vc = (V − − V A ) + (V C − V + )

(2.22)

where V − and V + are potentials of negative current collector and positive current collector. Their
difference is the cell voltage. Based on the above definitions, the sum of all voltage losses is
exactly equal to the difference between cell OCP ( E C − E A ) and cell voltage ( V + − V − ).
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In according with these voltage losses, each area-specific resistance is defined by dividing
the voltage drop by the operational current:

Ri =

∆Vi
Ae
I

(2.23)

Cell behaviors are analyzed for C-rate and thermal effects, respectively. The rate effect is
examined by comparing the cell resistance at an infinitely small discharge rate with that at higher
discharge rate assuming no temperature rise, i.e. under the isothermal condition which can be
simulated by setting an infinitely large heat transfer coefficient between the cell and the ambient.
The dependence of resistance on discharge rate would vanish if the cell were ohmically
controlled. The thermal effect is delineated by comparing the cell resistance at the isothermal
condition with that at a convective heat transfer condition. The ambient temperatures of 25°C
and -20°C are chosen to represent room-temperature and subzero performance, respectively.

3.1.1 Low rate resistances
C/1000 rate (2.2mA) is used to simulate low rate discharge. At such low rate, electrolyte
concentration polarizations are negligible. The electrolyte becomes an ohmic resistor whose
resistance is determined by ionic conductivity κ and current transport length l :

Re = c

l

κε p

(2.24)

Regarding interfacial kinetics, low discharge rate implies small overpotential on particle
interface, which allows using linear form of Butler-Volmer equation for interfacial kinetics with
good approximation. Accordingly, the equivalent resistance for charge transfer is obtained:
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Rk =

1
RT
La i0 (α a + α c ) F

(2.25)

where L is the electrode thickness, a is the specific surface area, i0 is the exchange current
density, α a and α c are reaction transfer coefficient, R is the universal gas constant, T is the
temperature, and F is the Faraday constant.
For solid-state diffusion inside active material particles, with the help of diffusion length
concept,68 the lithiation/delithiation rate on the particle surface is expressed as:

− Ds

csi − cs
I
=
lD
aAe L

(2.26)

where Ds is the solid-state diffusivity, lD is the diffusion length equal to one fifth of particle
radius rp at steady state,68 specific surface area a can be expressed as 3ε / rp . csi and c are
interfacial Li-ion concentration and average Li-ion concentration in the particles. At low
discharge rate, the deviation of csi to cs is small. It is therefore safe to use:
U ( csi ) =U ( cs ) +

dU
( csi − cs )
dcs

(2.27)

Combining equation (2.26) (2.27) gives cell resistance due to concentration polarization inside
particles:

U ( csi ) − U ( cs ) dU rp2
=
Rp =
I
dcs 15 Dε L

(2.28)

At 25°C, cell resistances as a function of SOC during low rate discharge are shown in Figure
3-1 (a1). As expected, the electrolyte acts as a resistor. Its resistance remains constant throughout
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discharge because of negligible electrolyte concentration polarization. The anode possesses
higher electrolyte resistance than the cathode, due to its lower porosity (0.26 vs. 0.28) and larger
thickness (81µm vs. 77µm). The much larger porosity (0.46) and smaller thickness (20µm) of the
separator gives rise to lower electrolyte resistance. The combination of electrolyte resistance
from anode, cathode and separator, as well as the contact resistance constitutes the bulk
resistance of the cell, which is 28Ω cm2 according to the model prediction. The bulk resistance
dominates at room temperature. The kinetic resistance, mainly from the cathode, is low and
varies with SOC due to the dependence of exchange current density on SOC. The kinetic
resistance reaches maximum at discharged state. The above analysis on bulk and kinetic
resistance coincides with Zhang's EIS study21 on 18650 cells at 20°C.
At -20°C resistances display different trends as shown in Figure 3-1 (b). Kinetic resistances
are more than an order of magnitude higher than room temperature and dominate all resistances.
This is a result of the large kinetic activation energy, which is 68kJ/mol at the graphite anode and
~50kJ/mol at the NCM cathode according to the recent study of Jow et al.65 These two values are
also used in the present model. The activation energy for charge transfer kinetics is much higher
than those characteristic of other electrochemical and transport processes (~30kJ/mol for solidstate diffusion and 20kJ/mol for electrolyte properties). In contrast to low-rate discharge at room
temperature where anode kinetics are much faster than that of the cathode, at -20°C the kinetics
of the graphite anode and NCM cathode reach a similar level because of the higher activation
energy of graphite. At even lower temperature, anode kinetics would be rate-limiting. These
analytical results of the charge-transfer resistance are in a good agreement with Tafel
polarization measurements by Smart et al.11 across a wide range of temperatures, as well as
Zhang's EIS study21 on 18650 cells at -20°C. From 25°C to -20°C, the electrolyte resistances
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experience seven times increases, from 8Ω cm2 to 60Ω cm2. They are fairly constant throughout
discharge, except for a little fluctuation inside the anode, which is due to the non-uniform
reaction there. The reaction front generated at the anode-separator interface moves towards the
anode current collector, thereby extending the ionic current path. It seems that 1/1000C
discharge rate is insufficient to eliminate all non-uniformities at -20°C.
Additionally, our model predicts the resistance pertinent to the active material particles, as
described in equation (2.28). This resistance is the combined effect of solid-phase diffusion and
the variation of OCP with Li+ concentration. In the entire SOC range, the anode particle
resistance shows two peaks, which are closely related to the three plateaus (85mV, 120mV and
210mV) in graphite OCP.69 dU / dcs values are fairly low in plateau regions, but become very
large in the transition regions between two adjacent plateaus. At the same time, the uniform
utilizations of graphite particles are expected at low discharge rates. The OCP influences are
therefore superimposed by particles at different electrode locations, allowing the averaged
graphite particle resistance to exhibit three troughs and two peaks. In the same way, the much
higher starting particle resistance of NCM cathode is due to its large dU / dcs compared with the
graphite anode at the same cell SOC, in spite of smaller particle radius and two times larger
solid-state diffusivity. These ups and downs in particle resistance are induced by thermodynamic
OCP, and therefore are independent of temperature. This is why similar profiles of particle
resistances are observed at both 25°C and -20°C, though with different magnitudes because of
different solid state diffusivity at different temperatures. Both anode and cathode particle
resistances increase rapidly at the end of discharge, due to the sharp change of voltage in
graphite and NCM OCP curves at a discharged state. That of the anode increases more rapidly,
implying anode-limited cell capacity.
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The above simple analysis of low-rate resistances does not minimize its importance in
description of the influence of thermodynamic and kinetic material properties on cell
performance. The low discharge rate condition is a good approximation of equilibrium state,
where large concentration polarizations and strong non-uniformities do not exist. Non-linear
behaviors are simplified by linear approximation. Experimental analyses, such as EIS, DC
polarization and CV, are all performed close to cell's equilibrium state. It is possible to compare
model prediction with electrochemical analysis data at/near this state.

3.1.2 High rate resistances
During high-rate discharge, the large concentration polarization combined with sluggish
kinetics results in strong non-linear and non-ohmic behaviors. Cell resistances during 4.6C
discharge at 25°C are shown in Figure 3-1 (c). A comparison with Figure 3-1 (a) shows 40%
reduction of discharge capacity due to large increase of electrolyte resistance and particle
resistance in the anode. Herein ∆U / ∆cs should be used in equation (2.28) instead of dU / dcs at
high rate discharge because of a large concentration polarization. In addition, the non-uniform
active material utilization distribution implies a large variation of ∆U / ∆cs for particles at
different locations within an electrode. Whenever an average is taken here, the influence of OCP
curve on particle resistance diminishes. As seen in Figure 3-1 (c), the anode particle resistance
varies monotonically. Peaks and troughs that are shown at low-rate discharge are no longer
displayed here, due to the dominant effect of solid phase diffusivity varying with SOC. The low
value of dU / dcs in the graphite plateau regions does not help to reduce the particle resistance
during high-rate discharge. Instead, larger particle radius and smaller solid state diffusivity of
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graphite makes the anode solid diffusion limited. The cell capacity is actually determined by
anode solid-state diffusion. As seen in Figure 3-1 (c), it is the anode solid particle resistance that
has the most rapid increase before cut-off voltage is reached.
The electrolyte does not behave like a resistor during high-rate discharge. The electrolyte
resistance in both the anode and cathode keeps increasing as discharge continues. The anode side
increase is more marked. Compared with low rate discharge, the lower starting value of
electrolyte resistance is attributed to shorter ionic current transport path because most of the
reaction current is initially generated at locations close to the separator. To better explain the
resistance increase, relevant electrolyte-parameter distributions along the cell thickness direction
x at 2.5V (just before cut-off) are shown in Figure 3-2. The voltage loss in the electrolyte is

reflected by the decrease of electrolyte potential φe along x direction. The anode φe produces the
largest potential drop, followed by cathode φe . The solution potential gradient can be expressed
as:

i κ
−∇φe =e + D ∇ ln ce

κ

κ

(2.29)

which states that the electrolyte potential drop arises from two sources: ohmic loss and
concentration overpotential. For ohmic loss, as observed in Figure 3-2, the ionic conductivity
exhibits low values in both anode and cathode, since Li+ ions accumulate in the anode electrolyte
(deintercalation from graphite particles) and are consumed in the cathode electrolyte
(intercalation to NCM particles), both of which result in departures from the optimal
concentration where maximum ionic conductivity is reached. In addition to the decreased ionic
conductivity, concentration overpotential due to relatively large diffusional ionic conductivity in
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the anode aggravates the potential loss there. This diffusional ionic current is going in the reverse
direction, thus larger electrolyte potential gradient is needed in the anode to balance this reverse
current. The large diffusional ionic current is caused by the increased thermodynamic factor

(1 − t ) (1 + d f
+

±

/ d ln ce ) that contributes to higher diffusional ionic conductivity. d f ± / d ln ce is

an indication of short-range ion-solvent interactions, which can be ignored in dilute solutions,
but may become dominant in high concentrated (>2.5mol/L) solutions.57 As is observed in
Figure 3-2, the electrolyte concentration ce at the anode current collector reaches 3.6mol/L or
three times the optimal level. This high concentration, on one hand, is due to the large Li-ion
accumulation rate generated by high-rate discharge. On the other hand, it leads to the decreased
salt diffusivity, which in turn increases the concentration gradient. This positive feedback
between the salt diffusivity and electrolyte concentration induces an instability that might lead to
cell shutdown if a threshold concentration is exceeded.
At -20°C, 1C rate is used to study high rate resistances at subzero temperatures. During
isothermal discharge, the cell voltage decreases quickly and reaches cut-off voltage at 140mAh,
which is only 6% of the room temperature capacity. The capacity loss is due to the large
electrolyte resistance increase in the anode as shown in Figure 3-1 (d). To understand this,
electrolyte parameter distributions at cell's cut-off voltage (2.5V) are plotted in Figure 3-3. A
steep drop in the electrolyte potential (~0.9V) occurs in the anode region close to the separator.
The potential drop partially arises from the sharp decrease of ionic conductivity (by an order of
magnitude), due to the elevated local concentration. Based on electrolyte property data from
experiments,57 at -20°C temperature, the electrolyte ionic conductivity is lowered significantly
over a threshold concentration (3mol/L). Careful examination of the concentration profile reveals
that the electrolyte concentration exceeds 3mol/L in the region where electrolyte potential drops
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significantly. On the other hand, part of the potential loss is contributed by concentration
overpotential, due to the large value of κ D / κ in concentrated solution, according to equation
(2.29).
The electrolyte concentration drops rapidly in the cathode. At the cathode current collector
interface, the electrolyte concentration reduces to depletion level (0.002mol/L), which induces a
large concentration gradient in the cathode, implying possible large concentration overpotential.
However, κ D / κ is small in this dilute solution. Thus potential loss from concentration
polarization is limited. The ionic conductivity is also very low in dilute solutions, as seen in
Figure 3-3. The ionic conductivity at cathode current collector reduces to the same level as it is
in the anode. However, the total ionic current is small near current collector. The relevant ohmic
potential drop is thus not that large as it is in the anode.
It is interesting to note a different kinetic resistance (around 60Ω cm2) during 1C discharge
compared to the resistance (180Ω cm2) during low (C/1000) rate discharge at -20°C, although the
exchange current density remains the same without temperature change. Indeed, the charge
transfer kinetics for 1C rate discharge falls in the Tafel region, where the reaction current
increases exponentially with overpotential, leading to lower kinetic resistance than that in linear
region. Experimental investigations using EIS3, 21, 22, 34 and dc polarizations6, 34 are all performed
using very small current as perturbations, where linear kinetics are studied. However, at higher
rates, the Tafel kinetics is in control. Thus, caution should be exercised in interpreting these
experimental results for cell operation at high rates.
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3.1.3 Electrochemical-thermal coupling
The above analysis shows large cell resistances when operating at high rates or low
temperatures. It follows that heat generation from these resistances is significant and nonnegligible, potentially leading to substantial cell temperature rise under practical heat-transfer
conditions. The strong dependence of thermodynamic, kinetic and transport properties on
temperature, on the other hand, provides feedback to cell performance due to temperature rise. In
this way, electrochemical performance and thermal behaviors are intimately coupled.
Consider cells discharged at 4.6C rate from 25oC with the thermal effect fully accounted for.
Figure 3-1 (e) shows cell resistance evolutions at this condition. Comparing with the isothermal
condition (Figure 3-1 (c)), the increase of electrolyte resistance and particle resistance slows
down after ~200mAh discharge capacity with 10°C temperature rise seen from Figure 2-5. The
anode electrolyte resistance still increases during discharge, but much slower, as a result of cell
warmup. The charge-transfer kinetic resistance keeps decreasing with temperature rise due to its
high activation energy. The anode particle resistance also decreases and its profile exhibit two
small ups and downs, which are reflections of thermodynamic OCP characteristics , suggesting
more uniform active material utilization and low solid-state concentration polarization. Overall,
the electrolyte resistance is dominating at room temperature, high-rate discharge with
electrochemical-thermal coupling fully considered. The contact resistance comes next. The
resistance trend is quite similar to that at extremely low rate discharge shown in Figure 3-1 (a),
where the electrolyte and contact resistance are dominating and staying at a constant level. From
this point of view, with thermal effect considered at room temperature, the cell behaves like an
ohmic resistor because cell resistances are roughly independent of discharge rates.
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Heat generation rates from various sources are plotted against discharge capacity in Figure
3-4. The definitions of these heat terms can be found in equation (2.12). In according with
resistance characteristics, joule heating and contact resistance heating are the primary heat
generation sources. The reversible entropic heat is negligible during the first 1500mAh discharge
capacity, but increases significantly when approaching the end of discharge, owing to the large
value of dU / dT of graphite at fully discharged state. The convective heat is the heat dissipated
by convective air cooling. Most of the heat generated is used to heat up the cell due to small heat
dissipation rate.
At -20°C and 1C discharge, various cell resistances and heat sources are plotted in Figure
3-1 (f) and Figure 3-5, respectively, with thermal effect. Benefiting from cell self-heating, the
discharge capacity increased from 140mAh at the isothermal condition to 1500mAh. The
capacity gain is mainly attributed to the suppression of anode electrolyte resistance due to higher
ionic conductivity and salt diffusivity resulting from temperature rise. Despite large activation
energy of exchange current density, the kinetic resistances do not show significant decrease with
temperature increase, possibly because of the transition from Tafel region to linear kinetics. The
solid particle resistance in the anode, however, increases continuously and induces large
potential drop after 1000mAh discharge capacity, in spite of more than 10°C rise of cell
temperature. With the transition from isothermal condition to convective heat transfer condition,
the cell limiting step switches from the anode electrolyte to the anode solid-state diffusion.
Heat generation in discharge from -20oC (Figure 3-5) behaves differently from the room
temperature case. Instead of the dominance of ohmic heating throughout the discharge process at
room temperature, irreversible reaction heat contributes to most of heat generation for the first
half for discharge starting at -20°C, though joule heating takes over in the remainder of
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discharge. The contact heating and reversible heating become negligible since they are small
compared to other resistances that increase drastically with lowering temperature.
At subzero temperatures the dependence of cell resistance on discharge rates is strong due to
non-linear kinetics, large concentration polarizations in solid particles and electrolyte, in spite of
cell self-heating. Figure 2-7 provides a visual look at the non-ohmic behavior starting at -10°C.
Unlike room temperature case, the discharge curves at various rates are not similar.

3.1.4 Nonisothermal Ragone plot
Cell discharge performance at other heat-transfer conditions is studied to explore the
performance sensitivity to thermal conditions. Figure 3-6 and Figure 3-7 display cell 1C rate
discharge performance at 0°C and -20°C, respectively. Five heat transfer conditions are
simulated at each temperature, including two extreme cases: adiabatic (i.e. h=0) and isothermal
(i.e. h→∞). At -20°C, cell performance is highly sensitive to heat transfer coefficients. The cell
capacity increaes from 140 to 2250 mAh when the thermal condition is switched from isothermal
to adiabatic. At 0°C, however, the difference becomes smaller. The temperature increase from
0°C is also much smaller than it is from -20°C due to smaller resistance. The low isothermal
performance at -20°C implies large cell resistance, and consequently stronger electrochemicalthermal interactions and larger performance boost, which is most significant at adiabatic
condition. For instance, staring at -20°C with adiabatic condition, the cell is able to discharge
most of its nominal capacity at room temperature. For starting temperature higher than 0°C, 1C
rate is not large enough to induce noticeable performance differences at various cooling
conditions because of reduced cell resistances.
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The above investigation shows strong dependence of cell performance on thermal boundary
condition at subzero temperatures. Hence, it is necessary to prescribe cell thermal parameters
when evaluating its performance at subzero temperature or during high-rate operation. The
Ragone plot, defined as the specific energy vs. the specific power, is widely used for comparison
of energy storage devices in terms of energy and power capabilities. However, when it is used
for thermally coupled batteries such as Li-ion cells, important cell self-heating effect is not
included. In this study, we introduce a nonisothermal Ragone plot to include thermal effects
under normal heat-transfer conditions. We shall show that this nonisothermal plot is more
relevant for Li-ion cells designed to operate at subzero temperatures.
To generate the nonisothermal Ragone plot, the present cell is discharged under constant
power over a vast range of power values until a cutoff voltage of 2.5V. The discharge energy is
then calculated by time integration of the power. To calculate specific energy and specific power,
the mass of the whole cell (44g) is used, including the jelly roll as well as can and other
packaging masses. Model calculations are performed at four different temperatures: 25°C, 0°C, 10°C and -20°C. At each temperature, an isothermal curve and a nonisothermal curve under the
experimental cooling conditions are plotted, as shown in Figure 3-8. As expected, with the
increase of the specific power, the specific energy decreases for all cases. At the isothermal
condition, the decrease in specific energy becomes prominent from 3C rate at 25°C, 1C rate at 10°C and even lower rate at -20°C. With the self-heating effect included, the decline points of
the specific energy are largely deferred. The nonisothermal Ragone plot suggests that starting
from -20°C or higher temperatures, the cell suffers no significant energy loss provided that the
cell is operated at 3C rate and lower. This is a new insight for Li-ion cell operation at low
temperatures. A salient feature in the nonisothermal Ragone curve is a "power cliff", over which
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a steep reduction in the specific energy is triggered. The cliff is a result of competitions between
the voltage loss induced by high power and the performance gain due to temperature increase
from cell self-heating. The benefit from the thermal effect is small at low power where the selfheating effect is negligible. It is also irrelevant at very high power where fast voltage drop does
not provide enough time to induce meaningful temperature rise. Only at moderate to high power
could the electrochemical-thermal coupling provide significant boost on cell energy-power
capability.

3.2 Cell Optimization for Subzero Operation
The significantly reduced energy-power capability of Li-ion cells at subzero temperatures
has spurred research and development to improve cell performance in a variety of ways,
including synthesizing novel electrolytes and using nanoparticles and surface coating for active
materials. However, there is a lack of basic understanding of how much performance boost may
be expected from these measures. The present study has found that the limiting mechanism at
subzero temperatures depends on cell operation rates as well as thermal parameters including
heat transfer to the ambient. Conventional electrochemical techniques are useful tools to
characterize cell performance at low rates or near equilibrium state, but may not be able to
accurately represent cell operation at higher rates, where capture and precise characterization of
strong non-ohmic behaviors and thermal effects are beyond the scope of these tools. In this
section, with the help of the experimentally validated ECT model, we attempt to optimize lowtemperature cell performance.
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Cell performance improvement at subzero temperatures can be achieved chiefly in three
ways: developing new battery materials with desired properties, optimizing cell design and
fabrication parameters, and preheating cells with innovative heating strategies (i.e. system
approaches) . This section is focused on the first two methods, while effective heating strategies
will be pursued in a separate publication. The optimization will be conducted by modeling the
influence of a variety of design parameters and material properties on cell discharge behavior
separately. For each parameter or property investigation, the cell is subjected to discharge
starting from -20°C with 1C rate using two heat transfer settings (isothermal and self-heating),
respectively. The isothermal condition represents cells with infinitely large cooling rate, which
effectively eliminates any temperature rise in the cell. The self-heating case describes a realistic
heat-transfer condition where significant temperature rise accompanies cell operation.

3.2.1 Design parameters
For cell design optimization, we study influences of the electrode thickness, electrode
porosity, electrolyte concentration, and particle size of active materials. The present 18650 test
cells are used as the baseline. For each parameter study, only one parameter is varied around the
baseline value while all other parameters remain at the baseline. Cell voltage and temperature
curves as a function of discharge capacity are displayed in Figure 3-9.
Figure 3-9 (a, b) demonstrates optimization results on the electrode thickness. The anode
thickness of 60µm, 70µm, 81µm, 90µm is used and the cathode thickness is adjusted accordingly
to maintain the (negative to positive) NP ratio of 1.15. The thickness changes are realized by
adjusting active material loading amount without changing electrode porosities. Thinner
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electrodes demonstrate improved low-temperature performance at both isothermal and selfheating conditions. Physically, thinner electrodes imply shorter ionic current transport path and
smaller current density due to enlarged electrode coating area, both of which are effective ways
to reduce the voltage loss in the electrolyte. Indeed, significant improvement due to thinner
electrodes is seen at the isothermal condition (Figure 3-9 (a)). However, the capacity gain from
the thinner electrode design at the self-heating condition (Figure 3-9 (b)) is negligible because
solid-state diffusion in graphite is the capacity-limiting step and is minimally affected by thinner
electrodes. Finally, comparison of Figure 3-9 (a) with Figure 3-9 (b) clearly indicates that it is
quite misleading to optimize cell design parameters based on isothermal electrochemical models
for Li-ion cell operation at low temperatures.
Optimization of electrode porosities is shown in Figure 3-9 (c, d). The anode electrode
porosity varies from 0.2 to 0.4 by changing active material loading amount, while electrode
thicknesses are kept the same, i.e. electrodes of varying loadings are calendared to the same
thickness. Large variations of cell performances are observed in Figure 3-9 (c). High porosity
electrode leads to both increased voltage and capacity during isothermal discharge at -20°C. The
performance gain comes from the reduced effective electrolyte conductivity and salt diffusivity,
due to less torturous transport paths in porous electrodes with larger void space. For the selfheating condition (Figure 3-9 (d)), however, the cell capacity begins to decrease when electrode
porosity is higher than the baseline case. This happens because cell capacity is limited by solidstate diffusion in graphite for the self-heating case. The specific surface area (BET area divided
by the electrode volume) for lithium intercalation is lowered when the void space volume
increases, implying higher concentration polarization due to larger interfacial flux. In addition,
the cell capacity decreases because of less active material loaded at higher porosity. The cell
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capacity is more sensitive to electrode porosity than electrode thickness (20% capacity loss if
anode porosity increases from 0.26 to 0.4). This capacity loss outweighs the voltage gain from
increased electrolyte conductivity and salt diffusivity. Again, the porosity optimization results
differ sharply between the isothermal and self-heating cases.
The idea of changing electrolyte concentration is prompted from the dependence of
electrolyte conductivity and salt diffusivity on solution concentrations. For isothermal discharge
at -20°C, as analyzed in Figure 3-3, large electrolyte potential drop is induced by significantly
reduced conductivity and diffusivity at the location where electrolyte concentration exceeds
3mol/L. It is expected that using a dilute solution, the decrease of electrolyte conductivity and
salt diffusivity may be avoided. The modeling result from Figure 3-9 (e, f) does indicate slightly
improved performance for concentration of 0.9mol/L, for both the isothermal and self-heating
cases. However, more decrease or increase in the solution concentration would lead to worse
performance. For the 0.6mol/L case, cell voltage keeps decreasing at the isothermal condition,
and rebounds when self-heating is included. For the 1.7mol/L case, the cell voltage fails to
rebound at self-heating condition, where discharge capacity is substantially limited (<100mAh).
Overall, the optimized electrolyte concentration exists between 0.9 and 1.2mol/L. A relatively
lower value is preferred whenever the anode electrolyte resistance is limiting, and vice versa.
The last design optimization aims to increase cell capacity under the self-heating condition.
Since solid-state diffusion in the anode is the limiting step in this application, an effective way of
relieving this limitation is to use smaller particles, thereby decreasing the diffusion length and
increasing the BET area for reaction. As shown in Figure 3-9 (h), significant capacity gain (18%
cell design capacity) has been achieved with the use of particle with half radius (5µm). Further
reduction in particle size does not lead to notable performance increase, implying that the cell
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with smaller graphite particles is no longer limited by anode solid-state diffusion. The capacity
gain by decreasing the particle size is not appreciable at the isothermal condition, because the
cell is limited by electrolyte resistance there.
To summarize, the two most notable findings from the cell design optimization for -20oC
operation under realistic thermal boundary conditions are that: (1) reducing the graphite particle
radius is very effective to enhance cell performance; and (2) increasing the electrolyte
concentration beyond 1.2M may substantially lower the cell discharge capacity.

3.2.2 Material properties
Search for novel materials with optimal properties is of great interest to improve cell
performance at low temperatures. Of all cell materials, active materials and electrolyte directly
impact cell performance. The electrolyte properties include ionic conductivity, salt diffusivity,
Li+ transference number, etc. These properties can be modified by employing different salt and
solvent, or adding co-solvents and additives in the electrolyte. For active materials, relevant
properties include the exchange current density describing charge transfer kinetics and solid-state
diffusivity for Li diffusion. Alteration of these properties can be practically achieved by doping,
surface coating, or modifying synthesis methods or conditions.
Optimization results of electrolyte properties are summarized in Figure 3-10. The property
data used for experimental validation serve as the baseline case, whose discharge curves are
plotted as solid green lines. Three multipliers are applied to the baseline value for each
parametric study without changing their dependences on concentration and temperature. For all
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optimization studies, cells are discharged at 1C rate and starting from -20°C under the isothermal
condition and self-heating condition, respectively.
As shown in Figure 3-10 (a, b), the electrolyte conductivity, although widely perceived as
the most important property of electrolytes, does not show significant effect on cell discharge at
the isothermal condition, and has even less effect under the self-heating condition. On the other
hand, as shown in Figure 3-10 (c), with use of 4x baseline salt diffusivity, the cell discharge
capacity at isothermal condition increases from 150 to 900mAh. That is the largest increase
found in the present study and thus, a huge step forward in optimization. It implies that the anode
electrolyte resistance, which is the primary resistance for 1C rate discharge at -20°C, is induced
by the limited salt diffusion rate. Returning to Figure 3-3, although the ionic conductivity is
apparently the reason for electrolyte potential drop, the low salt diffusivity is the underlying
reason for local Li+ accumulation and ultimately leads to much reduced conductivity locally. The
elevation of salt diffusivity is far more beneficial than increasing the conductivity since the cell
performance is more mass transport limited than ohmic resistance limited. At the self-heating
condition, the salt diffusivity also exhibits great importance. As shown in Figure 3-10 (d), with
half salt diffusivity used, the cell voltage keeps decreasing until 3V cell voltage is reached.
Without benefitting from 10°C cell temperature rise, or with larger cell cooling rate, the cell
voltage may not be able to recover and the cell would shut down at a very low discharge capacity.
In the optimization study described above, the ionic conductivity and salt diffusivity are
treated to vary independently. In reality, the two properties are not independent, but
interconnected by the ion mobility. Their link is complex for concentrated solutions or in the
presence of co-solvents and additives. At any rate the salt diffusivity merits full attention in
evaluation of novel electrolytes for Li-ion cells, especially during low-temperature operation.
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Additionally, we investigate effects of two other electrolyte properties: the salt activity f ±
and cation transference number t+ . The activity coefficient f ± , which is a representative of
short-range ion-solvent interactions, increases rapidly with concentration in concentrated
solutions. Accordingly, d ln f ± / d ln c , approaches zero in very dilute solutions but becomes
non-negligible in concentrated solutions. As shown in Figure 3-10 (e, f), cell voltage displays
little change even if ideal behaviors (i.e. the 0x case) are assumed. These results indicate small
influences of salt activity, implying that the concentration overpotential is not that significant for
1C discharge at -20°C. The cation transfer number determines the source or sink of the solution
transport equations. There would be no solution concentration polarizations if unity cation
transfer number were used. The influences of cation transfer number are shown in Figure 3-10 (g,
h). At the isothermal condition, the cell capacity is doubled when cation transference number
increases to 0.6. Since cell performance is solution phase diffusion limited at -20°C, the large
value of cation transference number alleviates concentration polarization, leading to increased
cell capacity. At the self-heating condition, the cell capacity changes little, but higher voltages
are observed, because of decreased electrolyte resistance from less polarized concentration.
In addition to the electrolyte properties, optimization of active material properties is also
conducted. Under the isothermal condition at -20°C, as shown in Figure 3-1 (d), interfacial
kinetic resistance dominates during the first half of discharge. Under the self-heating condition,
as shown in Figure 3-1 (f), large kinetic resistance is observed at the beginning of discharge
while the anode particle resistance increases rapidly and becomes controlling during the rest of
discharge. To reduce these major resistances, optimization of the exchange current density and
solid-state Li diffusivity in graphite anode is performed, as shown in Figure 3-11. Since the
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charge transfer kinetics falls in the Tafel regime, to produce visible differences in cell voltage,
the exchange current density is changed by orders of magnitude. It is seen that at the isothermal
condition (Figure 3-11 (a)), charge transfer kinetics impact on cell voltage is insignificant
(~100mV when kinetics is 10 times faster); there is also little benefit to cell discharge capacity.
Under the self-heating condition (Figure 3-11 (b)), the cell capacity even decreases by 7%
because of less benefit from insufficient temperature rise owing to reduced kinetic resistance.
Optimization of the graphite solid state diffusivity yields an entirely different scenario. As shown
in Figure 3-11 (c, d),when the diffusivity is doubled, the cell is able to discharge 16% higher
capacity at the isothermal condition and 20% higher capacity at the self-heating condition.

3.3 Conclusions
Li-ion cell operation at subzero temperatures has been studied experimentally and
theoretically. An electrochemical-thermal coupled (ECT) model was validated against
experimental data on a 2.2Ah 18650 cell over a wide range of C-rates and ambient temperatures,
with generally good agreement. The experimentally validated ECT model was subsequently used
to gain insight into and for optimization of Li-ion cells operated at low temperatures. The
following conclusions are drawn:
(1) Cell behavior depends not only on the ambient temperature, but also on the operation
rate and thermal conditions. At -20°C, charge transfer kinetics is the limiting factor in low-rate
(C/1000) operation. For 1C discharge under the isothermal condition, however, the anode
electrolyte resistance becomes dominant, due to highly reduced ionic conductivity from large
electrolyte concentration polarizations. When cell self-heating effect is included, the electrolyte
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concentration polarization is alleviated, making the resistance in anode solid particles a limit for
both cell voltage and capacity.
(2) The ECT coupling becomes stronger with increasing C-rate and decreasing ambient
temperature. The cell performance is more sensitive to the heat transfer condition at low
temperatures, due to the enhanced self-heating from higher resistance and stronger temperature
dependence of material properties in that temperature range. At -20°C, the change of heat
transfer condition from isothermal to adiabatic leads to a huge increase in discharge capacity, e.g.
from 140 to 2200mAh.
(3) The non-isothermal Ragone plot is proposed for the first time for applications at high
rates and/or low temperatures, where substantial performance enhancement can be realized by
cell self-heating. The nonisothermal Ragone plot indicates no significant energy loss down to 20°C (ambient temperature) provided that the cell is operated at 3C rate or lower.
(4) For operation at -20°C, decreasing the graphite particle radius is very effective to
enhance cell performance, while increasing the electrolyte concentration beyond a critical level
(1.2M in the present study) may substantially lower the cell discharge capacity.
(5) For material property optimization for cell operation at -20°C, increasing salt diffusivity
in electrolyte and solid-state Li diffusivity in graphite particles are most beneficial to improve
cell discharge capacity.
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Figure 3-1 Cell resistance analysis at 25°C and -20°C
55

Anode

Separator

4.6C isothermal discharge at 25°C
at 2.5V cell voltage

-0.2

De

-0.4

3

ce

4

-1

κ

100

50

2

-1.2

-κD
0

6

-0.8

1

0

8

-0.6

φe

2

φe (V)

ce (mol/L), κ (S/m)

0

Cathode

De (10-10m2/s)

4

x (µm)

150

-1.4

0

Figure 3-2 Electrolyte parameter distributions at the cut-off voltage of 4.6C discharge at 25°C

-2

10

-3

10

-0.4

2

-0.8
-1

-κD

10-11

-1.2

De

-1.4

-4

0

-10

-0.6

φe

κ

10

De (m /s)

ce (mol/L), κ (S/m)

-1

10

Separator
Cathode
1C isothermal discharge at -20°C -0.2
at 2.5V cell voltage

ce

100

10

0

Anode

1

φe (V)

10

50

100

x (µm)

150

10

-12

-1.6

Figure 3-3 Electrolyte parameter distributions at the cut-off voltage of 1C discharge at -20°C

56

4.6C discharge at 25°C

Volumetric heating rate (W/cm3)

3

Joule
2

Contact

1

Reaction
Reversible
0

0

500

Convective

1000

1500

2000

2500

Discharge Capacity (mAh)

-1

Figure 3-4 Heat generation during 4.6C rate discharge starting from 25°C

1C discharge at -20°C

Volumetric heating rate (W/cm3)

3

2

1

Joule

Reaction

Reversible
0

0

500

Convective

1000

Contact
1500

2000

2500

Discharge Capacity (mAh)

-1

Figure 3-5 Heat generation during 1C rate discharge starting from -20°C

57

4

1C(2.2A) discharge
starting at 0°C

Voltage (V)

heat transfer coefficient
2
h: [W/m K]

3

60

h=0 (adiabatic)
h=14
h=28
h=56
h=∞ (isothermal)

2.5

40

Temperature (°C)

80

3.5

20

2

1.5

100

0

500

2000

1500

1000

0
2500

Discharge Capacity (mAh)

Figure 3-6 Cell performance at various cooling conditions (1C discharge starting from 0°C)

heat transfer coefficient
2
h: [W/m K]

1C(2.2A) discharge
starting at -20°C
h=0 (adiabatic)

Voltage (V)

3.5

h=14

3

80

60

40

h=28
2.5

h=56

h=∞
isothermal

20

0

2

1.5

Temperature (°C)

4

0

500

1500

1000

2000

-20
2500

Discharge Capacity (mAh)

Figure 3-7 Cell performance at various cooling conditions (1C discharge starting from -20°C)

58

Specific Energy (Wh/Kg)

10

2

25°C

)
(1C
1h
)
(3C
h
3
1/
101

100

0°C

Nonisothermal Ragone Plot
isothermal (h = ∞)
-10°C

self heating (h=28W/mK)
symbols: experimental data
10

-20°C

-1

101

10

2

Specific Power (W/Kg)

Figure 3-8 Nonisothermal Ragone Plot

59

10

3

4

1C discharge at -20°C

A/C Thickness (µm)
60/57
70/67
81/78
90/86

isothermal

Voltage (V)

3.5

3

2.5

(a)
2

300

200

100

0

Discharge Capacity (mAh)

1C discharge at -20°C

A/C Thickness (µm)
60/57
70/67
81/78
90/86

self-heating

Voltage (V)

3.5

3

20

10

0

2.5

-10

(b)
2

0

500

1000

1500

Discharge Capacity (mAh)

60

-20
2000

Temperature (°C)

4

4

1C discharge at -20°C

A/C Porosity
0.40/0.41
0.33/0.35
0.26/0.28
0.20/0.22

isothermal

Voltage (V)

3.5

3

2.5

(c)
2

300

200

100

0

Discharge Capacity (mAh)

20

1C discharge at -20°C

A/C Porosity
0.40/0.41
0.33/0.35
0.26/0.28
0.20/0.22

self-heating

Voltage (V)

3.5

3

10

0

2.5

-10

(d)
2

0

500

1000

1500

Discharge Capacity (mAh)

61

-20
2000

Temperature (°C)

4

4

1C discharge at -20°C

Electrolyte Concentration
(mol/L)
0.6
0.9
1.2
1.5
1.7

isothermal

Voltage (V)

3.5

3

2.5

(e)
2

0

100

200

300

Discharge Capacity (mAh)

20

1C discharge at -20°C

Electrolyte Concentration
(mol/L)
0.6
0.9
1.2
1.5
1.7

self-heating

Voltage (V)

3.5

3

2.5

10

0

-10

(f)
2

0

500

1000

1500

Discharge Capacity (mAh)

62

-20
2000

Temperature (°C)

4

4

1C discharge at -20°C

graphite particle radius
(µm)
2
5
10
20

isothermal

Voltage (V)

3.5

3

2.5

(g)
2

0

100

200

300

Discharge Capacity (mAh)

1C discharge at -20°C

graphite particle radius
(µm)
2
5
10
20

self-heating

Voltage (V)

3.5

3

20

10

0

2.5

-10

(h)
2

0

500

1000

1500

Discharge Capacity (mAh)

Figure 3-9 Optimization of cell design parameters
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Figure 3-10 Optimization of electrolyte properties
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Figure 3-11 Optimization of active material properties
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Chapter 4 Heating Strategies for Li-ion Batteries Operated from
Subzero Temperatures
4.1 Introduction
Last chapter (Chapter 3) identified rate-limiting factors and controlling parameters for cell
design and material optimization. However, the performance gain is limited without new
breakthrough at material level. Inspired by the dramatic effects of cell self-heating upon
electrochemical performance, it is effective and practical to boost cell performance by quickly
pre-heating batteries to room temperature before using them in very cold weather. This motivates
us to explore fast and energy efficient heating strategies to bring batteries to normal operation
temperature.
A literature survey on battery thermal management reveals that most prior studies focused
on cooling issues. In contrast, studies on battery heating strategies are scarce. Cooling received
attention because battery aging and safety issues at high operating temperatures are of great
concern for previously launched HEVs, where the internal combustion engine is the primary
power source. With the recent introduction of EVs to the automotive market, vehicle
performance relies more on batteries. Battery performance in cold climates has thus become a
limiting factor for driving range, and efficient heating strategies have become a pressing need.
Pesaran et al.70, 71 studied preheating techniques in cold climates including core heating,
jacket heating and fluid heating. These heating strategies were simulated using thermal finite
element models for heat transfer. Battery temperature evolutions of different heating techniques
were compared. For core heating, the internal heating power was specified as a constant or linear
variation with time, instead of being calculated from electrochemical processes. Their model
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simulated the heating process as a pure heat transfer problem, and therefore lacked the ability to
predict nonlinear electrochemical-thermal coupling behaviors. Use of an electrochemical-thermal
coupled model is more appropriate to study heating strategies at subzero temperatures where cell
internal heating is significant. Additionally, external heating using alternating current was
experimentally studied by Stuart and Hande (2004) 72. AC signals of 60 Hz and 20 kHz with
different amplitudes were tested on lead acid batteries and nickel metal hydride batteries,
respectively. It was found that the heating process sped up as the signal amplitude was increased.
However, the effect of signal frequency on heating time and battery cycle life was not studied.
Fundamental understanding of battery behaviors under AC signals is still to be revealed.
While a few heating strategies have been proposed, it remains unclear which strategy is
preferable and how much room remains for further improvement. To answer these questions, in
this work, we introduce four criteria for heating strategy evaluation: (1) electrical energy
consumption in terms of battery capacity, or equivalently, in terms of driving range of EVs, (2)
heating time, (3) effect of heating operation on system durability including battery cycle life, and
(4) system cost. Understanding the theoretical limits of these criteria will help manufacturers
select, optimize and implement viable heating strategies.
This work makes an attempt to exploit electrochemical-thermal interactions. Various heating
strategies are proposed and compared using the four criteria cited above. For EVs, battery pack is
the only onboard power plant and thus the primary source of heating energy. Where access to
electric power is available, consumers can choose external power without sacrificing battery
capacity. This work examines heating strategies involving use of both battery and external power
as heating source.
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4.2 Description of the system
For simplicity but without losing generality, 18650 cells of 2.2Ah capacity used for
validation in Chapter 2 are studied here, instead of a whole battery pack. This provides a good
approximation when cell-to-cell temperature difference across the battery pack is sufficiently
small and when state of charge (SOC) and state of health (SOH) are uniform.
The ambient temperature is fixed at -20°C, which is also the cell's starting temperature.
Heating strategies are employed to heat the cell to 20°C for performance boost. Adiabatic
condition on cell surfaces is assumed whenever convective heat transfer is not used. Unless
explicitly specified, the initial voltage of the cell is 3.8V, corresponding to 64%SOC.
The experimentally validated model is used to investigate heating strategies in the present
study.

4.3 Heating strategies using battery power
In this section, three heating strategies are proposed and evaluated, taking full advantage of
the fact that internal heat generation is greatly enhanced at low temperatures. These strategies
include self-internal heating, convective heating and mutual pulse heating, as shown in Figure
4-1. All of them have resistance heating effect included.
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4.3.1 self internal heating
The self internal heating strategy heats the cell through internal resistance solely. For rapid
heating, high rate operation is desirable, creating a high overpotential. Charging operation should
be avoided in this situation even at low cell SOC in order to prevent Li plating. Two operation
protocols are investigated here: constant current (CC) discharge and constant voltage (CV)
discharge.
Simulation of the heating process is performed by discharging the cell at different CC rates
and CV levels until it reaches 20°C. The evolution of voltage (CC mode), current (CV mode)
and temperature of the cell are plotted in Figure 4-3. For either protocol, the heating time can be
significantly reduced by using higher current (Figure 4-3a) or lower voltage level (Figure 4-3b),
due to increased heat generation. The maximum heating rate is limited by lithium ion transport in
solid phase and electrolyte. Also observed is a transitional period during which the cell voltage
(CC mode) or current (CV mode) decreases first before the subsequent rise. The initial decrease
in cell performance is somewhat counterintuitive because the cell is getting warmer. In fact, there
is an initial period when electrolyte concentration polarization gradually builds up. The increase
in ionic resistance due to departures from the optimal concentration where maximum ionic
conductivity is reached counteracts the ionic conductivity increase owing to temperature rise.
The CC discharge and CV discharge protocols induce different shapes of temperature evolution
profiles that are concave upward for CV mode and concave downward for CC mode. Rate of
temperature rise achieves its maximum early for CC discharge, but continues to increase for CV
discharge.
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To understand the effect of discharge protocols on solid phase diffusion, a parameter, iSOC,
is introduced to reflect the dimensionless stoichiometry on the solid particle interface, i.e.:

 cs ,i / cs ,max (anode)
iSOC = 
1 − cs ,i / cs ,max (cathode)

(3.1)

where cs ,i is concentration of lithium on solid particle interface, cs ,max is the maximum
concentration of lithium in solid phase. The iSOC next to the separator is plotted as a function of
time, as shown in Figure 4-4. CC discharge at 4C rate and CV discharge at 2.2V are selected to
compare because they generate very close heating times. The iSOC decreases for both of the two
protocols at the beginning. After that, the iSOC for CV protocol remains constant (around 0.01)
during the rest of discharge. For CC protocol, however, the iSOC drops to even lower level
(0.002), though rising later. Unstable iSOC may lead to cell shut down due to solid-state
diffusion limitation. The CV protocol outperforms CC protocol in that it is able to maintain iSOC
at a stable level.
To evaluate the percentage of consumed power used for cell warmup, a heating efficiency is
defined as:

η=

c p mC dTC / dt
qC + Pout

(3.2)

where qC is cell internal heat generation rate, Pout is cell output power to the external circuit. By
using this definition, the heating efficiency is calculated at each time instant and shown in Figure
4-5. The heating efficiency for self internal heating is no higher than 50% at all voltage levels.
The low heating efficiency is expected as cell output power is not converted to heat. Larger
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heating efficiency is obtained at lower voltage levels where more electrical energy is used for
internal resistive heating.
The self internal heating strategy does not require additional heat transfer system nor circuit
components, which enables low cost and high reliability. However, this strategy suffers low
heating efficiency and thus extra battery capacity loss. It also requires longer time compared to
the other strategies to be discussed in the following sections.

4.3.2 Convective heating
Convective heating strategy heats the cell both internally and externally. The external
heating is achieved using cell output power, through a resist heater and a fan simultaneously, as
shown in Figure 4-1(b). The heater converts electric power to heat, and the fan creates a
convective flow that enhances heat transfer from heater to fluid (i.e. air here) and then from fluid
to cell.
The convective heating of the cell requires a closed system enclosing flow channel, heater,
fan, cell and other control components, as shown schematically in Figure 4-6. For simplicity, cell,
heater and fluid are assumed to have uniform temperature distribution in each of them. Lumped
thermal equations are employed to evaluate their temperatures:

dTC
+ hC AC (TC − TA ) =
qC
dt

(3.3)

dTH
+ hH AH (TH − TA ) =
I 2 RH
dt

(3.4)

mC c pC

mH c pH
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mAc pA

dTA
0
+ hC AC (TA − TC ) + hH AH (TA − TH ) =
dt

(3.5)

Here m , c p , T , t , h represents mass, specific heat, temperature, time and convective heat
transfer coefficient, respectively. Subscripts C , H , A stand for cell, heater and air respectively.
I is the current going through the heater and RH is the heater resistance. qC is cell internal heat

generation rate, calculated by the electrochemical-thermal coupled model using equation (2.12).
The fluid used for convective heat transfer can be air or liquid. Liquid provides better
thermal conductivity and higher convective heat transfer rate, but puts a more stringent
requirement on the heating system. The pros and cons of each fluid medium are outside of the
scope of this paper and will not be discussed here.
In the present work, air is used as heat transfer media. The air flows along the axial direction
of the 18650 cell and therefore circular-tube annulus flow is assumed between channel wall and
lateral surface of the cell. The convective heat transfer coefficient and friction factor on the cell
surface are evaluated using empirical relations for circular-tube annulus flow. The flow regime
can be either laminar or turbulent depending on the mass flow rate of air and channel size. As for
air flow around the heater, due to the small wire diameter of the heater coil, the flow is treated as
if it is flowing past an infinite cylinder. Parameter study of this convective heating system under
different air mass flow rates and channel-cell distances has been performed. It is found that,
compared to laminar flow, turbulent flow provides a little lower hC but much larger hH at the
same amount of fan power consumption (or flow head loss). The turbulent flow regime is the
preferred choice for heat transfer in the present heating system. The present study uses a gap of
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2.20mm between channel wall and cell surface, and air mass flow rate of 2.34g/s in the channel.
Relevant heat transfer parameters are listed in Table 4-1.
In modeling the convective heating, cells are operated under mixed protocol of power and
resistance discharge. A small portion of cell output power is used to compensate the head loss of
the air flow. For simplicity, only head loss around the cell is accounted for, which is equivalent
to 3W power consumption based on head loss analysis. The rest of cell output power is supplied
to the heater, whose resistance can be controlled by changing the heater coil length. In the
present study, heater resistance of 0.4Ω, 0.6Ω and 0.8Ω are simulated.
The convective heating process started at -20°C and continued until the temperature of the
cell rises to 20°C. Cell voltage (solid line) and temperature (dashed line) evolution are plotted in
Figure 4-7 (a). The voltage decreases somewhat in the first 12 seconds and continues to increase
during the rest of the heating process because of rate boost induced by temperature rise. Shorter
heating time is achieved with lower heater resistance due to higher heating power both internally
(larger voltage drop) and externally (larger current). The heating time reduces from 201s to 85s
with the decrease of heater resistance from 0.8Ω to 0.4Ω. Compared to self internal heating,
which takes 2 minutes while maintaining the cell at 2.2V voltage level, the convective heating is
more efficient because of reduced heating time (close to 1 min) achieved at a relatively higher
cell voltage (3.07V on average).
The heating efficiency defined by equation (3.2) is plotted in Figure 4-7 (b). It ranges
between 0.6 and 0.8 during most of the heating time, much higher than observed in self internal
heating. The heating efficiency is higher at lower heater resistance because of larger heating
power while constant head loss is maintained. Initially, the heating efficiency exhibits a
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transition period, marked by a sharp increase after beginning at very low level. The low level of
initial heating efficiency is due to the energy consumed for temperature increase in both heater
and air, which should be warmed up prior to transfer of heat to the cell. Fortunately, the air mass
is relatively small and low specific heat materials can be used as heater coil, helping to minimize
energy and time required to warm up both air and heater. However, for the battery pack system
in an EV, more inertial components are expected for control and safety reasons. The thermal
mass of these components should be minimized to ensure high heating efficiency.
The evolutions of heater and air temperature are shown in Figure 4-7 (c). Higher
temperature of air and heater, as well as larger temperature difference between air and heater, are
observed at smaller heater resistance. This is because at high heating rate, the convective heat
transfer between components becomes rate-limiting for heat transfer. More attention should be
paid during rapid heating in case air and heater temperature exceeds the threshold level for safety
concerns.
The advantage of convective heating strategy lies in its higher efficiency and thus shorter
time, owing to full utilization of cell's output power. However, this strategy suffers from several
disadvantages. First, the convective heating requires a flow loop and a fan for air circulation,
increasing cost, system complexity, and reducing system reliability. Second, heat transfer from
air to the cell becomes more difficult for larger cells, where heat conduction inside cells is more
rate-limiting due to longer heat conduction distance and induces larger temperature gradient
inside cells. Last, the head loss of flow and the heating of inertial components consume
additional energy, which may significantly reduce the heating efficiency in complex systems
where more inertial components exist.

78

4.3.3 Mutual pulse heating
In this section we study a strategy that utilizes cell output power and at the same time heats
the cell internally, namely to allow the cells to charge or discharge themselves. Practically, the
cells in a whole battery pack are divided into two groups with equal capacity. Whenever one
group is discharging, the other group is charging. The output power of the discharge group is
used as the input power of the charge group. Since voltage required to charge cells is higher than
cell output voltage, a dc-dc converter is needed to boost cell's discharge voltage. To balance the
capacity of the two groups, the charge/discharge roles of the two groups switch at intervals of a
period, accomplished by using pulse signals. Accordingly, this strategy is named mutual pulse
heating, as schematically shown in Figure 4-1(c). In the present study for simplicity, each cell
group is represented by a single cell.
The mutual pulse heating strategy successfully fulfills the requirement that cell output power
is used for internal heating, although this at first seems paradoxical. In this way, a portion of
output power of the discharging cell is used to heat the charging cell through its internal
resistance. The rest of the output power is stored in the charging cell and will be available to use
during the next pulse interval. The heating efficiency of the system is defined as the ratio of the
internal thermal energy gain to the total power consumption of the whole battery pack. In our
simplified two-cell system, the heating efficiency is defined as:

ηH =

c p1m1dT1 / dt + c p 2 m2 dT2 / dt
q1 + q2 + Pout + Pin
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(3.6)

where q1 and q2 are internal heat generation rate of the two cells. Pin and Pout represents input
power of the charging cell and output power of the discharging cell, respectively. They are
related by:

Pin = − Poutηdc

(3.7)

Here ηdc is the efficiency of the dc-dc converter.
Modeling of the mutual pulse heating requires the simulation of two cells simultaneously.
The two cells are set to start with the same initial conditions. The discharging cell is under
constant voltage protocol while the charging cell is under designated power protocol described
by equation (3.7). The voltage and temperature evolutions of cell 1 during the entire heating
process are shown in Figure 4-8 (a). Discharge voltage levels of 2.2V, 2.5V and 2.8V are
modeled independently. Again, lower levels of discharge voltage exhibit shorter heating time
because of higher internal resist heating power. The pulse intervals are tentatively set to 1s. The
voltage evolution profiles during the first 20s are magnified, as shown in Figure 4-8 (b) for cell 1
and Figure 4-8 (c) for cell 2. The lowest discharge voltage level (2.2V), however, yields the
highest charging voltage, owing to much larger discharge current and thus higher output power.
The charging voltage may be higher than 4.5V, giving rise to the possibility of Li plating. To
examine this issue further, the lithium ion concentration on the graphite particle surface, defined
as dimensionless iSOC, is monitored. Figure 4-9 shows the iSOC variation range during the first
pulse cycle of cell 2, which has first been charged for 1s and discharged for another 1s. The
maximum iSOC in the graphite anode appears at the anode-separator interface and reaches 0.64
at the end of the charge interval, indicating safe operation free of Li plating. Figure 4-9 reveals
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that, the anode-separator interface has the largest iSOC variations, which originates from the
relatively lower conductivity of the electrolyte compared to the solid matrix, because it is also
the location where the local reaction current reaches maximum. Small iSOC variations are
preferred since large variation may induce partially overcharge or overdischarge of the active
material. This prompts us to investigate the pulse frequency effect, because higher frequency
pulses generate smaller iSOC variations due to insufficient time for solid-phase concentration
buildup.
Mutual pulse heating is simulated for three different pulse intervals (0.1s, 1s and 10s). The
starting cell voltage has been increased from 3.8V to 4.0V in order to evaluate the possibility of
Li plating at high SOC. Discharge voltage is kept at 2.5V. The iSOC at the anode-separator
interface is plotted as a function of time in Figure 4-10. The iSOC from 10s interval pulse shows
extremely large variations, rising and falling across most of the stoich range. Moreover, it rises
and approaches the unity during the first charging interval, implying high risk of Li plating. The
iSOC variations from 1s and 0.1s interval pulses are much smaller. Furthermore, the highest
iSOC for the latter two cases is well below 0.9, less likely to incur Li plating. Physically, high
frequency pulse signal implies rapid switches between charge-discharge mode, preventing solidphase concentration buildup, leading to smaller iSOC variations.
The previous calculations assume 100% dc-dc converter efficiency, an ideal case and may
not be achieved for real dc-dc converters. One concern is whether system heating efficiency
suffers substantial loss from reduced converter efficiencies. To answer this question, the heating
efficiency evolutions at three converter efficiency levels are calculated, as shown in Figure 4-11.
The system heating efficiencies are only slightly lower than the converter efficiency, ranging
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from 0.85 to 0.86 for 90% converter efficiency and from 0.75 to 0.73 for 80% converter
efficiency. To achieve high energy utilization, high efficiency converters are preferred.
The mutual pulse heating method has three major advantages. First, it provides a heating
system with low maintenance and high reliability due to lack of any moving parts, and without
the need of convective heat transfer system. Second, cell internal temperature distribution is
nearly uniform because the system is free of external heating. Last, high energy utilization and
short heating time can be achieved by using high efficiency dc-dc converters and low discharge
voltages. However, disadvantages also exist. The mutual pulse operation requires a specially
designed circuit and control system, which increases cost. Moreover, pulse heating at high SOC
should be used cautiously in consideration of Li plating. High frequency pulsing is a good
innovation to reduce this risk.

4.3.4 Comparison
Three heating strategies using battery power have been introduced and modeled, each with
its own advantages and disadvantages. It is instructive to compare these strategies in terms of the
four criteria described in the introduction.
Heating study cases for the aforementioned three strategies are plotted in Figure 4-12 in
terms of heating time and cell capacity loss. Each case is represented by one symbol. The voltage
number labeled above each symbol is an indication of the discharge voltage level. For mutual
pulse heating and self internal heating, where constant voltage protocols are employed, the
voltage number is the actual discharge cell voltage level. For convective heating where cell
voltage changes with time, the labeled number is the average cell voltage over the heating period.
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Strong sensitivity of heating time to voltage level indicates that heating time can be significantly
reduced by employing lower voltage levels during discharge as long as the cell works properly
without damage induced and significant degradation. In addition, these voltage numbers are also
served for heating time comparison. Heating time of different strategies should be compared
under the same discharge voltage level.
If decreased battery capacity is the primary concern of manufacturers, mutual pulse heating
with high efficiency dc-dc converters is the best option. The minimum capacity consumed to
warm up cells from -20°C to 20°C can be as low as 5% of the cell capacity. For the Nissan Leaf
with maximum driving range of 138 miles at ideal condition, energy used for mutual pulse
heating consumes only 7 miles of driving range. This would be a dramatic improvement from the
current loss of 75 miles in -10°C cold weather.
If the primary consideration is to reduce heating time, convective heating is the preferred
choice. At 2.5V discharge voltage level, it takes 197s for self internal heating, and 120s for
mutual pulse heating to warm up the cell from -20°C to 20°C. The convective heating spends
much less time (44s) to achieve that goal with slightly higher voltage level (2.66V). Convective
heating is the fastest because most of the power generated from the battery is converted to heat,
both internally and externally. The mutual pulse heating, though featuring a high heating
efficiency, has output power partially converted to chemical energy stored in the battery without
heat generation, limiting its heat generation rate.
For a battery pack composed of large-size cells, convective heating should be used with
caution. Because of longer distance for heat conduction inside cells, a large temperature gradient
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might develop internally, leading to higher cell surface temperature and reduced convective heat
transfer rate.
The above study compares four heating strategies in terms of battery capacity loss and
heating time. The remaining two criteria, system cost and durability, which cannot be quantified
by our model, are equally important for manufacture of the heating system. In terms of system
cost, the self internal heating provides a low-cost option due to its simplicity. The convective
heat transfer system in convective heating and dc-dc converter in mutual pulse heating add
additional cost. System durability is reflected in the need for maintenance of the mechanical
system, as well as cycle life of the battery pack. Mutual pulse heating possesses an advantage
over the convective heating system by offering low maintenance and high reliability since the
latter suffers from possible damage of moving parts in its air circulation system. As for battery
cycle life, it is affected by charge-discharge protocols employed in different heating strategies. A
more comprehensive model incorporating degradation effects is needed to investigate the
influences of heating strategies on battery cycle life, which is our future work.

4.4 Heating strategies using external power
In the above section, heating power comes completely from the battery pack, which is the
only onboard power source in EVs. When customers have access to external power, such as
home charging using household electric power, the heating power can be extracted externally. In
this situation, battery capacity is no longer considered an essential criterion for evaluation.
However, the other three criteria are still valid here, namely, heating time, system cost and
system durability.
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Regarding heating strategies using external power, self internal heating and mutual pulse
heating strategies are not practical since they rely exclusively on battery power. The convective
heating can be modified by connecting the heater and fan to the external power source without
extracting power from the battery, which is termed as external convective heating, as shown in
Figure 4-2(a). This is actually a heat transfer problem without electrochemical reactions, and
thus will not be addressed in the present study. However, it is easy to infer that external
convective heating is not a good option for large cells, due to possible large temperature
difference inside cells, as is analyzed in the convective heating section.
Internal heating is a preferred method in that it heats the cell uniformly and induces little
temperature difference inside cells. At the same time, the cell needs to be charged and discharged
periodically to avoid any change in cell SOC. From this point of view, alternating current is a
good option since it not only satisfies the above requirement but also is easily accessed
household electricity. This strategy is named AC heating as shown in Figure 4-2(b).

4.4.1 AC heating
AC signals are described by two parameters: amplitude and frequency. To minimize the
heating time, large amplitude signals are desired. Caution should be exercised when using high
power heating in case that maximum power limitation is exceeded.
The signal frequency is an essential parameter that affects fundamental kinetic and transport
processes of Li-ion cells. To analyze its effect, electrochemical impedance spectroscopy (EIS) is
simulated by using small amplitude AC signal as input using the present ECT model. Double
layer effect at reaction interface is incorporated by using the following equations:
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=
i iDL + iF

iDL = CDL

∂ (φs − φe )
∂t

(3.8)

(3.9)

where iDL is the double layer current density, iF is the faradic (reaction) current density as
expressed by equation (2.7). CDL is the double layer capacitance(0.2F/m2 is used in the present
study). The double layer current is zero for DC signal, negligible for low frequency signal, but
takes a significant portion of the total current for high frequency signal.
A sinusoidal voltage signal of 5mV magnitude is used as input to the cell. The current
response is monitored for multiple cycles until a stable phase shift is obtained. A time step of
1/10 signal period would be enough for high frequency signals, but needs to drop to 1/100 period
or even smaller for low frequency signals. The impedance is then represented as a complex
number whose absolute value is the magnitude ratio of voltage and current, and whose argument
is the opposite value of current phase shift. A wide range of frequency from 10-5 to 107 Hz has
been simulated at three ambient temperatures (25°C, 0°C, -20°C) and the results are plotted in
Figure 4-13, consisting of a Nyquist plot (a) and two Bode plots (b) (c).
The EIS data exhibits three major trends. First, reducing temperature induces large
impedance rise for all frequencies, especially in the mid-range frequency region, as represented
by semi-circle diameter in Figure 4-13 (a). The observation coincides with the present
understanding of Li-ion cell behavior at low temperature as discussed in the introduction.
Second, the magnitude of impedance decreases with increasing frequency, as shown in
Figure 4-13 (b). As the frequency rises, two sharp drops in impedance emerge in two separate
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frequency regions. The first drop appears in low frequency (10-5 to 10-3 Hz) region, accompanied
by the sharp decrease of phase angle (from 90° to 0°). The diffusion processes in electrolyte and
solid phase dominates at low frequency because of their relatively larger time constant. Above
this frequency level, alternating current direction switches so fast that the buildup of
concentration gradient could not happen. The second drop appears in mid frequency (100 to 102)
region, where phase angle rises at first and then drops to zero. In this region, the current going
through the double layer keeps increasing because of reduced capacitor impedance. Above this
frequency level, the current produced from faradic process (charge transfer at particle-electrolyte
interface) is gradually bypassed by the current going through the double layer. The impedance
gradually decreases and eventually becomes constant, i.e. the high frequency resistance. In other
words, at very high frequency, the cell acts as a pure resistor, where both diffusional and kinetic
processes are bypassed.
Third, temperature affects the critical frequency where impedance transition occurs. The
critical frequency decreases with reducing temperatures. For instance, as shown in Figure 4-13 (b)
(c), the impedance drop in mid-frequency region starts at 10Hz at 25°C, 1Hz at 0°C and 0.1Hz at
-20°C. This implies the ability to reduce the impedance in cold weather without requiring use of
very high signal frequency.
In summary, the second trend implies that possible benefits can be derived from high
frequency signal. At the same cell output voltage, high frequency signal generates higher heating
power and thus less heating time due to reduced cell impedance. Additionally, more current
going through the double layer suggests the possibility of extended cycle life because of reduced
faraday current or lithium intercalation-deintercalation rate. The third trend tells us that these
benefits can be possibly implemented at a relative lower AC frequency in cold weather condition.
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All these facts suggest household electricity may be a good option for AC heating, combining
easy accessibility and a frequency of 60Hz which might be sufficient to trigger these benefits at
low temperatures.
To model the AC heating process, voltage signal V (=
t ) 3.8 − cos ( 2π ft ) has been used as a
protocol for Li-ion cells starting at -20°C. Signal frequency f of 0.01Hz, 0.1Hz, 1Hz, 60Hz and
1000Hz are simulated respectively. Modeling high frequency AC heating presents a great
computational challenge, due to very high time resolution, though possible compromises on
solution accuracy can be made. In the present study, time intervals are chosen as 1/512 signal
period for 0.01Hz, 1/64 for 0.1Hz, 1Hz, 60Hz, and 1/8 for 1000Hz.
Figure 4-14 (a) exhibits the voltage and current evolution during the first six cycles of 60Hz
AC signal. Voltage signal is displayed by dashed black lines and current by solid lines (red for
faradic current, blue for double layer current). A positive phase shift of approximately 30° is
observed for double layer current due to capacitive effects. The faradic current with a peak of
1.7A is significantly smaller than double layer current which peaks at 12.7A. The faradic C-rate
is only approximately 1/8 of the total C-rate, implying reduced cell degradation can be achieved
because of much lower faradic current.
The frequency effect on heating time is reflected in Figure 4-14 (b), which shows the
temperature evolution profiles using various AC signal frequencies. With increasing signal
frequencies, the heating time decreases from 340s at 0.01Hz, 170s at 60Hz to 80s at 1000Hz,
indicating that significant amount of heating time can be saved by using high frequency signal.
As discussed in Figure 4-13, the reduced heating time is a result of the decreased cell impedance
at higher frequency, because of larger heating power according to P = ∆V 2 / R . Heating time
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reduction has been achieved in two frequency regions: 0.01Hz to 0.1Hz, and 1Hz to 1000Hz.
Diffusion effect is bypassed in the former region while charge transfer kinetics is gradually
bypassed in the latter region. Little change in heating time is observed between 0.1Hz to 1Hz,
where cell impedance does not change much.
Overall, the AC heating strategy provides a fast way of heating a battery pack uniformly
using external power. Household electricity can be used at its original frequency (60Hz) and
provides approximately 50% time saving compared to low frequency signals. In addition, the
high frequency heating benefits cycle life because of reduced faradic current. Moreover, this
strategy has potential application in hybrid electric vehicles (HEVs), where onboard power can
be extracted from internal combustion engine and alternator. More experimental research on AC
heating is desired to fully understand its advantages and disadvantages.

4.5 Conclusions
Heating of Li-ion cells from sub-zero temperatures has been studied by employing an
electrochemical-thermal coupled model, which is validated against 2.2Ah 18650 cells from 20°C to 60°C up to 4.6C rate. Four strategies, namely self internal heating, convective heating,
mutual pulse heating, and AC heating using external power, are proposed and simulated and
compared in the present study. Four heating criteria have been introduced and used to evaluate
these strategies.
For battery power heating, convective heating requires the least heating time, while mutual
pulse heating consumes the least battery capacity. Mutual pulse heating has the additional
advantage of uniform internal heating and is free of convective heat transfer system.
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For external power heating, AC heating is proposed because it is an internal heating strategy
that provides uniform heat. Moreover, household electric power can be used at its original
frequency, providing an easily accessible power source, reduced heating time and extended cycle
life. It also has potential onboard application in hybrid electric vehicles (HEVs).
The present study suggests that, for either strategy, heating time can be significantly
shortened by reducing cell output voltage. The capacity loss can be as little as 5% of total cell
capacity for high efficiency heating. There is still considerable potential to reduce heating time
and to improve driving range of EVs operated at subzero temperatures.
The present model is able to present quantitative prediction of heating time and capacity loss.
In future studies, a degradation model will be incorporated so that the effect of heating strategy
on battery cycle life can be quantified. Experimental validation of the proposed heating strategies
is also suggested.
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Table 4-1 Heat transfer properties of convective heating system
Component

Mass / g

cp / J Kg-1 K-1

h / W m-2 K-1

Cell

44

823

214

Heater

2.2

390

245

Air

0.034

1005

—
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Figure 4-1 heating strategies using battery power
(a) self internal heating, (b) convective heating, (c) mutual pulse heating

Figure 4-2 Heating strategies using external power
(a) external convective heating, (b) AC heating
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Chapter 5 Fast charging of Li-ion cells at subzero temperatures
5.1 Introduction
At subzero temperatures, the energy and power capability of Li-ion cells drops significantly,
not only reducing the driving range of electric vehicles (EVs), but also increasing their charging
time.
Long charging time has been one of the major shortcomings of EVs. Compared to traditional
gasoline-powered vehicles whose fuel tank can be filled up in less than 5 minutes, EV requires
hours to get a full recharge. At subzero temperatures, the charging time is even much longer due
to the reduced power capability and the increased possibility of lithium plating in graphite
anodes. Recently, in an effort to make electric vehicles more practical, Tesla Motors is reducing
the charging times by setting up a network of “supercharging” stations that could charge about
half the battery in 20 minutes.73 However, a full charge of battery takes more than 40 minutes.
There is still a long way to go to make the EV's charging time competitive to gasoline-powered
vehicles.
The biggest concern for charging at low temperatures is the lithium plating in the graphitic
anode. Under normal operating conditions, lithium ions shuttle between anode and cathode,
involving only intercalation and deintercalation of Li+ into and out of anode and cathode
particles. However, in the case of high charge rates or low temperatures, the state of charge is
very non-uniform across the electrode. Electrode locations close to separator are more prone to
get overcharged and metallic lithium could be deposited. Due to the very reactive nature, the
deposited lithium reacts quickly with the electrolyte and produces ionic compounds which are
lithium salts. Most of these salts are not soluble so that the lithium ions are trapped and cannot
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travel back to the cathode, leading to lithium inventory loss and buildup of internal resistance.
Furthermore, the metallic lithium grows in dendrite form, creating the possibility of penetrating
separator and shorting the cell internally.
For durability and safety concerns, conventionally Li-ion batteries are charged in two stages.
The first stage involves constant current (CC) charging until the cell voltage reaches an upper
voltage limit. During the second stage, charging is switched to constant voltage (CV) mode.
Charge continues until the current drops to a cut-off level, i.e. C/20. The transition to CV mode
limits concentration polarizations and kinetic overpotential. The local state of charge is more
uniform across the electrode due to effectively lower charging rate in the CV mode and
overcharge close to the separator can be effectively suppressed. This charging strategy has been
widely used in industry for electronic devices and electric vehicles to safeguard batteries and
reduce battery degradation. However, the downside is a much extended charging time. Charging
rate during the first stage is typically limited to 1C at room temperature and much lower (<0.2C)
at subzero temperatures. The total amount of charge added during the second stage (i.e. CV
mode) is relative small (~10% total capacity) but consumes relatively long time.
A few attempts on reducing charging time of Li-ion batteries have been made in the
literature. Notten et al.74 suggest that batteries be charged with very high currents for a short
period of time, followed by CCCV protocol. Purushothaman and Landau75 used pulse-charging
sequences. Both their works end up with reduced charging time. However, it is still not clear as
to, what are the fundamental principles underlying fast charging, what the fastest charging
protocol should be, what the fundamental limits on charging time are and what the most effective
optimizations in cell designs and material selection are to achieve fast charging.
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In this chapter, with the goal of reducing charging time, and to answer the above questions,
new charging protocols aiming to hit the sweet spot between shorter charging time and longer
battery life are studied. Attempts are also made to boost Li-ion battery power capability by
taking the advantage of battery's self-heating effect for fast charging. Additionally, the charging
time limitations arising from material properties and design parameters are investigated, serving
as a direction for material discovery and battery fabrication.

5.2 Lithium deposition
5.2.1 Li deposition kinetics
Lithium intercalation/deintercalation process and lithium deposition/dissolution are both
described by Butler-Volmer equations (subscript I is for intercalation, D is for deposition):


 α I ,a F 
 α F 
=
η I  − exp  − I , c η I  
iI i0, I exp 
 RT

 RT



(4.1)


 α D,a F 
 α F 
=
η D  − exp  − D , c η D  
iD i0, D exp 
 RT

 RT



(4.2)

where i0 is the exchange current density, η = φs − φe − U eq is the overpotential. For
deposition/dissolution reaction, U eq , D is the potential of metallic lithium. Since potentials are
expressed against Li electrode, U eq , D = 0 holds all the time. The overpotential for lithium
deposition is reduced to η D = φs − φe . During charging, the intercalation overpotential η I is
negative. The Li deposition overpotential is written as:
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η=
U A + η=
U A − ηI
D
I

(4.3)

where U A is the equilibrium potential of anode active material for lithium intercalation process.
In the present study, graphite is used for Li intercalation in the anode so that U A is the open
circuit potential (OCP) of graphite.
The lithium deposition/stripping kinetics can be very fast. Experimental data shows
i0, D ≈ 31.6mA/cm 2 ,76 which is significantly higher than i0, I ≈ 1mA/cm 2 for graphite, indicating

lithium deposition process is kinetically favorable and proceeds at a relatively high rate as soon
as η D becomes negative (cathodic process). Equation (4.3) implies that, lithium deposition is
more likely to happen for active materials with lower equilibrium potential (low U A ), during
high rate charge or low temperature operation conditions (large η I ).
Anode materials with high equilibrium potentials are more immune to lithium plating (such
as coke, lithium titanium oxide), while graphite is more susceptible due to its low OCP. The
OCP of lithiated graphite (LixC6) is characterized by three plateaus (85mV, 120mV and 210mV)
and four stages.69 The lowest potential plateau is only 85mV higher than lithium equilibrium
potentials, inducing high risk of lithium deposition. At subzero temperatures, sluggish
intercalation kinetics creates large overpotential η I , making the lithium deposition more likely
to happen.
The validated electrochemical-thermal model is an effective tool to study lithium plating. It
is able to capture the overpotential on particle surface, which cannot be monitored by in-situ
experiment. Figure 5-1 shows the CCCV charging of 2.2Ah Graphite-NCM 18650 cell at room
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temperature and -20°C respectively. At room temperature, shown in Figure 5-1 (a), most of the
charging period stays in CC mode and the charging time is roughly inversely proportional to Crate. The overpotential of lithium deposition η D = φs − φe at anode-separator interface (the
location that exhibits the largest overpotential across the anode) is far above the threshold for
lithium plating. However, at -20°C, as shown in Figure 5-1 (b), CV mode takes a large amount of
charging time at 0.1C rate and is dominant above 0.2C rate. The charging time does not reduce
significantly with increasing C-rate. For 0.5C rate charge, it takes more than 8 hours (2 hours at
25°C) because cell reaches CV mode quite early at -20°C due to increased internal resistance.
The overpotential for lithium plating drops below 0 after 2 hours for 0.2C rate and immediately
for 0.5C rate. These comparisons in Figure 5-1 clearly indicate that (1) lithium plating is very
likely to happen during charging at low temperatures; (2) CV mode is not safe enough to keep
cell away from lithium plating; (3) very low rate C-rate is needed if cell has to be charged at low
temperature; (4) the charging time at low temperature is significantly larger than at room
temperature condition.

5.2.2 Capacity loss due to Li plating
Experimentally, in-situ observation of lithium plating is not practical. However, lithium
plating can be detected indirectly. A result of lithium plating is appreciable loss of cell capacity,
which can be detected by comparing cell capacities before and after a single charging event.
Kwon77 employed this method on 1.2Ah Gr-NCM power cells. These cells were charged by
different amount of charge (∆SOC) from fully discharge state at subzero temperatures with
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various C-rates. The charge amount (∆SOC) that induces 2% capacity loss is defined as critical
∆SOC, below which cells are considered as no capacity loss.
Figure 5-2 displays the critical ∆SOC as a function of C-rates at 0°C, -10°C and -20°C. It
was surprisingly found that, with increasing C-rates, these curves asymptotically converged to 10%
∆SOC, under which cells has negligible capacity loss at any charging rates. Recall our previous
analysis based on Butler-Volmer equation, Li deposition happens immediately during
medium/high rate charging at low temperature (such as 1C rate charging at -20C where kinetic
overpotential drops below 0V immediately). This observation implies that, under certain amount
of charge or SOC increase (10% in Figure 5-2), lithium deposition does not incur noticeable
capacity loss. Below the critical ∆SOC, graphite particle surfaces are not fully saturated with
lithium. The deposited metallic lithium can diffuse into graphite particles and induce little
capacity loss. Only when particle surfaces are saturated with lithium and the deposited lithium
cannot get into graphite, would the lithium react with electrolytes and induce noticeable capacity
loss. The lithium concentration at graphite particle surface is the controlling parameter that
determines capacity loss.

5.2.3 CCCS charging protocol
The experimental observation of capacity loss from lithium plating enables us to design
efficient charging protocols. Since Li plating does not always lead to observable capacity loss,
temporary lithium plating during charging can be allowed, as long as cell experiences little
capacity loss. Traditional CCCV protocol is designed to avoid lithium plating at any instant,
which is not necessary. In fact, larger charging rate can be used during CC period. Figure 5-2
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exhibits no capacity loss even at 15C charging rate if SOC increase is less than 10% at -20°C
temperature. The CC period continues until graphite particle surface SOC reaches a threshold
level, above which permanent capacity loss might be induced. The fastest charging protocol is to
maintain the surface SOC at that threshold level, which is named as CS (constant SOC or Stoich)
protocol. Theoretically, to achieve the fastest charging rate, CC model is not needed and CS
protocol should be implemented at the beginning of charge. However, to avoid very large
starting current, CC mode is used during the first stage but elevated to much higher rate. After
the particle surface reaches the critical SOC, charging protocol switches to CS mode until the
cell capacity reaches the designated level or the cell current drops below a cutoff level. This new
combined charging protocol is thus named as CCCS.
Figure 5-3 displays the cell charging process at -20°C using CCCS protocol. 1C current is
used for CC period to be comparable with CCCV results. The lithium concentration at particle
surface is measured by iSOC (defined in the last chapter). Figure 5-3 shows iSOC at anodeseparator interface where Li plating is most likely to happen. The charging time of CCCS
protocol is very sensitive to iSOC level. Using 99% as the critical SOC, the cell can be charged
in 3 hours, which is much faster compared with 8 hours for traditional CCCV protocol.
Figure 5-3 also shows the cell voltage evolution. Depending on the CS level, the cell voltage
using CCCS protocol can be higher than 4.2V. For the case of 99% CS level, the cell voltage
reaches 4.4V at the end of charge. Intuitively, the cell could be under suspicion of overcharge. Is
that true? The anode is not overcharged because iSOC is controlled at 0.99 at anode-separator
interface. The iSOCs at other anode electrode locations are even lower. We also monitored the
lithium concentration in the cathode and find that the lowest level of y in LiyNi1/3Mn1/3Co1/3O2 is
0.34, which is also within normal range (1/3~1) for NCM cathode material. (If y < 1/3, capacity
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fading of NCM is incurred due to the change in lattice volume60). Excluding the overcharge of
the anode and the cathode active materials, the high cell voltage is attributed to the large cell
internal resistance during CCCS charging. The large charging current induces deeper
concentration polarization in electrolyte solutions that further creates higher ionic resistance.
As to which CS level is the best choice, one need to find the balance between shorter
charging time and less cell degradation. CS levels that are close to fully saturated should bring
about more capacity loss. To verify cell capacity losses, experiments on cell degradations under
different charging protocols are needed. Nonetheless, when comparing CCCS 0.97 case with the
CCCV case, the maximum CS in the former case does not exceed that in the latter, while the
charging time is half.

5.3 Heating strategies for fast charging
The CCCS protocol reduces charging time from 8 hours to 3 hours at -20°C. However, 3
hours charging time is still far less competitive to 5 minutes refueling of gas for gasoline vehicles.
Further improvement of charging rate is needed. The CCCS protocol has already achieved the
full potential of charging protocols. We need to resort to other strategies.
Heating strategies have been used in the last chapter to increase the driving range of EVs at
subzero temperatures. In a similar way, they can also be used to reduce the charging time of
batteries if pre-heating is applied before charging. The heated batteries possess much higher
charge acceptance without scarifying their capacities, potentially leading to reduced charging
time overall (i.e. preheating plus charging time).
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During charging of EVs, external power source should be available. Heating methods using
external power are thus considered. The battery can be first heated to room temperature and then
subjected to charge, or can be charged and heated at the same time. The former case is named as
"pre-heating-charging", while the latter one is called "co-heating-charging". Both of the two
methods heat Li-ion batteries internally. Internal heating is the preferred choice due to its high
energy efficiency and uniform temperature distribution inside cells as discussed in the last
chapter.
EVs are normally operated in the SOC range from 25% to 100%. In the following studies,
Li-ion cells are charged from 25% SOC instead of 0% to represent the situation in EVs.

5.3.1 Co-heating-charging
For Co-heating-charging, the modeling studies in section 5.2.3 have already incorporated
cell's self-heating effect during charging. Two thermal conditions are evaluated here. One is a
convection condition with the surface heat transfer coefficient of 28W/m2K (representative of
cooling condition in an environmental chamber), so part of heat will be released to the
environment. The other is the adiabatic condition, representing the full utilization of internal heat
generation. The adiabatic condition is our baseline in following simulation studies.
Using ECT model, simulations are carried out applying CCCV and CCCS as charging
protocols respectively under adiabatic condition. The CC rate for CCCV is 1C and for CCCS is
3C. Medium rate (1C) is used for CCCV to generate enough amount of heat and also to prevent
oversaturation on particle surfaces. Figure 5-4 (a)-(e) displays the evolution of cell SOC, current,
temperature, voltage and iSOC. Charging processes under convection condition (h=28W/m2K)
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are also included for comparison. A huge amount of reduction in charging time is observed by
using adiabatic condition. Figure 5-4 (a) shows that the charging time reduces from 8 hours (not
shown in Figure 5-4 after 2.5 hours) to 45 minutes for CCCV, and from 2.5 hours to 21 minutes
for CCCS.
Figure 5-4 (b) and (c) explain the reason for reduced charging time. The CC period is so
short that charging runs into CV/CS mode immediately. Normally, the current would keep
decreasing in CV/CS mode, which is observed in the case using convective heat transfer
condition (blue lines). However, at adiabatic condition (red lines) cell current rebounds strongly
(Figure 5-4 (b)) after a slight decrease at the beginning and keeps for some time before dropping
again. The rebound of current is associated with rapid increasing of temperature (Figure 5-4 (c))
which brings down cell's internal resistance. The effect of internal resistance drop outweighs the
effect of OCV rise so that cell current is able to keep increasing in CV/CS mode, leading to
reduced charging time. Without the presence of remarkable temperature ramping, high level
charging current cannot be maintained and longer charging time is needed. This case clearly
demonstrates strong electrochemical-thermal interaction at low temperatures, which, if properly
used, could reduce charging time of EVs in addition to extending driving range as discussed
earlier.
Figure 5-4 (d) and (e) depict cell's voltage and iSOC evolution during charging. Li-ion cell
is maintained at constant voltage level under CCCV protocol and constant iSOC level under
CCCS protocol. Although CCCS protocol incurs higher charging voltage, the iSOC are kept
below fully saturated level and thus should be safe from capacity loss. By contrast, the iSOC
level for CCCV at adiabatic condition overshoots 99% at around 20 minutes, subjected to a
higher risk of capacity loss, despite of lower cell voltage.
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The comparison between CCCS and CCCV protocol demonstrates again the advantage of
CCCS protocol, which allows charging proceeds at the maximum rate with tolerable capacity
loss. The CCCS protocol generates twice current of CCCV and achieves half charging time.

5.3.2 Pre-heating-charging
In pre-heating-charging mode, batteries are heated first for boosted charge acceptance. After
that, high rate current is applied to pass through the cell for charging. To achieve faster charging,
the reduction in charging time due to heating should outweigh the extra time spent during
heating process.
AC power or DC pulses can be used in the first heating step. For AC power, current goes
back and forth periodically. For DC pulses, discharge current or relaxation period exists. The
reverse current and relaxation period help to prevent high iSOC in the anode and at the same
time allow high amplitude signals for fast heating.78
In the following studies, DC pulse current 11A (5C) is used to heat the cell from -20°C to
20°C. Current direction reverses every 1s to prevent large iSOC oscillation. After cell reaches
20°C, CCCV or CCCS are used to charge the cell to 100% SOC. CC rate is selected as 5C for
CCCV mode and 10C for CCCS mode. Adiabatic condition is employed during heating process
to accelerate temperature rising. During charging process, because of high charging rate, cooling
of Li-ion cells is needed in case of overheating of cells. Five levels of heat transfer coefficients
(adiabatic, h=10%h0, 15%h0, 20%h0 and 25%h0) are tested and the temperature evolutions are
plotted in Figure 5-5.
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Figure 5-5 (a) and (b) displays the pre-heating-charging process using CCCV and CCCS
respectively. The heating protocols are the same for all cases. The pre-heating period is very
short. It takes less than 3 minutes to heat the cell from -20°C to 20°C. The following charging
processes are very sensitive to heat transfer conditions, especially for CCCV mode. The fastest
charging is achieved at adiabatic condition. However, cell temperature finally reaches above
70°C where accelerated degradation and safety issues are serious concerns. On the other hand, if
stronger cooling condition is used, such as h = 25%h0, as shown in Figure 5-5 (a), cell
temperature drops very quickly during CV mode due to reduced internal heating rate. The low
cell temperature slows down charging rate and extends charging period to much longer time
(more than 1 hour for h = 25%h0). If maximum cell temperature of 60°C is allowed, the optimum
h should be 10%h0 which compromises between faster charging and safer cell temperature range.
Using h=10%h0 as the cooling condition, the total heating-charging time is 26 minutes under
CCCV mode and 18 minutes under CCCS mode. Despite extra time spent during heating, this
separated heating-charging method is even faster than the combined heating-charging strategy,
which requires 45 minutes for CCCV mode and 21 minutes for CCCS mode.
To get a deeper understanding of pre-heating-charging process, the cell SOC, current,
voltage and iSOC evolutions using h=10%h0 are plotted in Figure 5-6 (a)-(d). The iSOC
evolutions are separated into two figures (c) & (d), where (c) is for the first 3 minutes heating
process and (d) is for charging during the rest of the time. During the 3 minutes heating time, the
pulse current switches every 1s between -5C and 5C (a), inducing large voltage oscillations (b).
The cell voltage rises above 5V and drops below 2V at the beginning but shortly falls into
3V~4V range owing to temperature rise. Though large oscillations in voltage, the iSOC stays
within 0.1~0.6 range, which is far away from saturated level and therefore capacity loss due to
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lithium plating is not a concern. During the subsequent charging period, the iSOC for CCCS
protocol reaches 0.99 soon and stays on that level until charge ends. The iSOC for CCCV,
however, overshoots 0.99 again and tops at 0.998, which is even closer to fully saturated state.
Therefore, CCCV has a higher risk of capacity loss due to lithium plating, even though its iSOC
drops gradually after the peak.
To compare the combined and separated heating-charging methods, Figure 5-7 plots the cell
SOC and temperature evolution of these two methods. Each method is modeled with CCCV and
CCCS charging protocol respectively. Overall, the separated heating-charging method provides
faster charging than the combined one, though it spends extra time on pre-heating. The benefits
from higher cell temperature, which increases charge acceptance and allows for higher rate of
charging current, outweigh the extra time consumed for the pre-heating process.

5.4 Fast charging limitations
In the last section, by taking advantage of cell's self-heating effect, the cell charging time has
been reduced from 3 hours to 18 minutes, which is getting closer to the ultimate goal: 5 minutes,
the time to fill up a gas tank. Are there any other strategies to further reduce the charging time?
Is it possible to push the charging time to the ultimate goal? To answer these questions, an
understanding of fundamental mechanisms that limit charging time is needed.
To find out the limitations in charging time, Li-ion cells are charged at room temperature
using CCCV and CCCS protocols. Room temperature is used to eliminate power limitation at
low temperatures. In addition to normal convective heat transfer condition h=28W/m2K,
isothermal condition (h=infinity) is also examined to rule out temperature influence. Cells are
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maintained at 4.2V and 0.99 iSOC at CV and CS conditions respectively. Various Crates during
CC mode are tested. Figure 5-8 shows the charging time as a function of Crates. With increasing
Crates in CC mode, the charging time decreases and asymptotically approaching a constant value.
The charging time limit under CCCS protocol represents the shortest charging time that can be
achieved under operating temperature. The time limit is 20 minutes under normal heat transfer
condition (25°C~46°C) and 25 minutes if cell is isothermally kept at 25°C. The shorter charging
time (18 minutes) in the last section is due to its higher operation temperature (40°C~60°C).
The above simulation provides the isothermal charging time limit at room temperature: 25
minutes. With full optimizations in charging protocols and little room left through heating cells,
the only way we can further reduce charging time lies in the Li-ion cell itself. Figure 5-9 shows
the lithium concentration distribution in the anode at the time when CC mode is switched to CS
mode during CCCS charging. The red line represents Li concentration distribution (radius
direction) inside graphite particle at anode-separator interface, while the blue line is the
distribution of iSOC along the anode electrode thickness direction. These two lines show very
non-uniform Li distribution both inside particles and across the anode electrode. Despite that the
particle surface Li concentration reaches 99% at anode-separator interface, the Li concentration
inside particles and in other anode locations are far less saturated. This non-uniform Li
concentration inside particles and across the anode severely limits the charging current. The
charging current has to be reduced in case of Li oversaturation at the bottleneck, namely particle
surface at the anode-separator interface. If uniform Li concentration distribution were able to be
achieved, charging time would not be limited by transport inside cells but by input power and
cooling conditions.
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The Li transport inside graphite particles and across the anode, respectively, is controlled by
two different mechanisms. In the following section, they will be investigated separately with the
goal of reducing concentration polarization in each domain for shorter charging time.

5.4.1 Solid phase diffusion limitation
In this case, the Li diffusion in solid particles is the rate-limiting process for charging. There
is large concentration polarization inside graphite particles, but negligible iSOC gradient across
the anode electrode. To achieve this condition, large electrolyte conductivity and salt diffusivity
are assumed so that reaction rate across the anode would be uniform. Charging is to fill the
vacant sites in graphite particles with Li ions to the desired SOC level. The fastest charging is
achieved by applying CS (constant stoich) at graphite particle interfaces. Mathematically, this is
equivalent to solving the solid phase diffusion equation by applying first-order boundary
conditions at particle interface:
∂cs 1 ∂ 
∂c 
= 2  Ds r 2 s 
∂t r ∂r 
∂r 

(4.4)

=
t 0,=
cs x0 cs max

(4.5)

∂cs
0
=
r 0=
∂r

(4.6)

=
r R=
cs xapp cs max

(4.7)

where x0 is the initial Li stoich level in the anode, xapp is the applied Li stoich level (iSOC level
or CS level) at particle interface. In the present study, for an initial cell SOC = 25%, x0 is
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calculated to be 0.267. The CS level of 99% is used so that xapp = 0.99 . Cell SOC is determined
by the average Li concentration x in the graphite particles, which is defined as:

=
x (t )

cs ( t ) 1 cs ( r , t )
=
dV
cs max V p V∫ cs max

(4.8)

The cell reaches fully charged state when SOC = 1, or equivalently xend = 0.836 . Assuming
constant solid phase diffusivity, an analytical solution is available for the above boundary value
problem:

x ( t ) − x0
6
= 1− 2
xapp − x0
π

∞

exp ( −n 2π 2 Ds t / R 2 )

n =1

n2

∑

(4.9)

Using long time approximation, where terms with n>1 are dropped off. The charging time
can be expressed in a simple form:

t=

 6 xapp − x0
R2
ln

π 2 Ds  π 2 xapp − xend





(4.10)

Equation (4.10) indicates that the charging time is proportional to the square of particle
radius and inversely proportional to the solid phase diffusivity. If charging is limited by solid
phase diffusion, the most efficient method is to reduce anode particle size. Using half size
particles leads to 75% reduction in charging time.
Equation (4.10) also provides a quantitative way to calculate limiting charging time. In
deriving equation (4.10), constant Ds is assumed. However, the actual solid phase diffusivity
depends on the local Li concentration in graphite particles. At room temperature, Ds ranges
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from 2.2 ×10−14 m 2 /s at cs = x0 csmax to 0.58 ×10−14 m 2 /s at cs = xapp csmax . Accordingly, the
charging time calculated from (4.10) ranges between 8 minutes to 31 minutes at 25°C.
Model simulation is also performed to verify the analytical results. To achieve solid phase
diffusion limitation, the ionic conductivity and salt diffusivity of electrolyte are continuously
multiplied by 2 step by step. CCCS charging is simulated at each step. 10C current is used for
CC mode while 0.99 is used as the CS level. The charging times are recorded and plotted in
Figure 5-10. The charging time at isothermal condition decreases and asymptotically approaches
19.4 minutes, which is in good agreement with analytical prediction (the average value ((8+31)/2
= 19.5 minutes). The non-isothermal condition achieves much shorter charging time due to cell's
self-heating effect. The shortest charging time appears at 4 times conductivity where cell
temperature rises to the highest level (60°C).
To demonstrate the quantitative dependence of charging time on solid state diffusivity Ds
and particle radius R p as predicted in equation (4.10), parameter studies are carried out by model
simulation. To set the cell to solid phase diffusion limited condition, the ionic conductivity and
salt diffusivity of electrolyte are set to 256 times of their original value (the last point in Figure
5-10). The charging times at various levels of Ds and R p are simulated respectively and plotted
in Figure 5-11. Isothermal charging is used to rule out temperature influence. The charging rate
under CC mode is set to 30C to push the charging time limitation to 2 minutes. As shown in
Figure 5-11, linear dependences of charging time on 1/ Ds and R p2 are clearly shown.
Furthermore, the two lines almost overlap, implying the same rate of time dependence on both

1/ Ds and R p2 , which is in a good agreement with equation (4.10). The radius line (blue line)
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becomes flat at 2 minutes when R p2 / R p2 0 < 0.1 , because charging current (30C) in CC mode
becomes rate-limiting.

5.4.2 Electrode transport limitation
In this case, Li transport across the anode electrode is rate-limiting. As shown by the blue
line in Figure 5-9, the local SOCs are very non-uniform across the anode electrode, which is
attributed to the vastly different reaction rates along the anode thickness direction. Based on
Butler-Volmer equation for Li intercalation (4.1), the reaction rate is determined by kinetic
overpotential:
η I = φs − φe − U eq

(4.11)

Because of high electrical conductivity in the solid matrix, φs can be assumed uniform. U eq is also
uniform for a fully discharged cell. The non-uniformity of η I comes from φe , due to the relative
low ionic conductivity of the electrolyte. During high rate charging, the solution concentration is
highly polarized, with high Li ion concentration in the anode and low in the cathode, bringing
about reduced ionic conductivity in both electrodes which further enlarges φe gradient. Therefore,
the non-uniform SOC distribution across the anode during high rate charging is more severe and
becomes the limitation for fast charging. Since this limitation is associated with Li ion transport
through the void spaces (filled with electrolyte) in the electrode, it is named as "Electrode
transport limitation".

119

To achieve electrode transport limitation, the Li transport resistance inside solid particles
should be reduced. One direct way is to assume very large solid state diffusivity, so that Li
concentration in solid particles becomes uniform. In other words, the bulk concentration and
surface concentration are the same in solid particles.
To obtain an analytical solution for electrode transport limitation, the assumption of fast
kinetics and linear anode OCP are needed. The former assumption allows the kinetics be reduced
to linear form ( φs = 0 in the anode):

i0 F
( −φe − U i )
RT

iI =

(4.12)

and the latter assumption linearly relates equilibrium potential to iSOC:

U
=
i

( csi − cs max )

dU
dcs

(4.13)

The solid state diffusion equation reduces to ordinary differential equation:

F

d cs
3
=
iI
dt
Rp

(4.14)

where cs is the average Li concentration in solid particles, which also equals surface
concentration:

csi = cs

(4.15)

To simplify the charge conservation equation in the solution phase, diffusional overpotential is
neglected and constant ionic conductivity of electrolyte is assumed:
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κ eff

3 (1 − ε ) γ
d 2φe
= −
iI
2
dx
Rp

(4.16)

where γ is the volume percentage of active materials in solid phase.
Combining equations (4.12) to (4.16) leads to:

 R p RuT ∂cs dU  
∂cs ∂ 2  κ eff
=
−
cs  

2 
∂t ∂x  (1 − ε ) γ F  3 i0 ∂t dcs  

(4.17)

For fast kinetics, R p RuT / 3 i0 can be neglected. The above equation reduces to:

 dU  
∂cs ∂ 2  κ eff
cs  
=
−


∂t ∂x 2  (1 − ε ) γ F  dcs  

(4.18)

which is a time dependent diffusion equation. The equivalent diffusivity:
 dU 
κ eff
Ded
=
−
(1 − ε ) γ F  dcs 

(4.19)

is named as "electrode diffusivity". It represents the lithium ion transport capability across the
electrode. Larger electrode diffusivity creates more uniform local SOC ( cs / cs,max ) distribution
inside the electrode.
Using equation (4.18), the electrode transport limited CCCS charging process can be
described by the following initial-boundary value problem:
∂cs
∂ 2 cs
= Ded
∂t
∂x 2

=
t 0=
cs x0 cs max
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(4.20)

(4.21)

x= 0 ∂cs / ∂x= 0

(4.22)

=
x L=
cs xapp cs max

(4.23)

where the meaning of x0 and xapp are the same as they are in equation (4.5) and (4.7). Using the
same x as defined in equation (4.8), the analytical solution is expressed as:
2
2
2
∞ exp  − ( n − 1/ 2 ) π Ds t / L 
x ( t ) − x0


= 1 − 2∑
2
2
xapp − x0
n =1
( n − 1/ 2 ) π

(4.24)

Employing long time approximation, which reserves the term n=1only, the charging time is:

t=

 8 x −x
4 L2
ln  2 app 0
2
π Ded  π xapp − xend





(4.25)

Equation (4.25) indicates that the charging time under electrode transport limitation is
proportional to the square of electrode thickness L and inversely proportional to the electrode
diffusivity Ded .
The electrode diffusivity Ded defined in (4.19) is proportional to the effective ionic
conductivity, which incorporates torturous transport path effect by Bruggeman relation:

κ eff = κε p

(4.26)

where the exponential factor p ranges from 1.5 to 3.5, depending on anode electrode
microstructure. Unfolding the electrode diffusivity in equation (4.25) gives:

t=

 8 x −x
4 L2 (1 − ε ) γ F
ln  2 app 0
2
p
π κε dU / dcs  π xapp − xend
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(4.27)

Equation (4.27) shows that the charging time is proportional to L2 and inversely proportional to
κ , ε p and dU / dcs . Higher order relations are effective in reducing charging time, such as

t ∝ L2 and t ∝ ε − p , which suggests use thinner & larger porosity anode electrode. However,
compromise on reduced anode capacity is needed. To compensate anode capacity loss, mixing
graphite with high specific energy active materials, such as silicon, is a good option. Using
silicon also increases the slope of the anode OCP dU / dcs , which further helps to reduce
charging time.
Equation (4.27) also provides a quantitative way to estimate charging time under electrode
transport limitation. Using ionic conductivity 1.2 S/m , electrode thickness 81µm, porosity 0.264,
p=2.5, dU / dc=
6.4 × 10−6 Vm3 /mol , the charging time is estimated to be 15 minutes. However,
s
it should be noted that the result cannot be very accurate, because of the grossly simplified
assumptions used. For example, linear OCP is assumed to derive equation (4.27). However, the
real graphite OCP consists of a couple of plateaus and jumps, which are not in linear form. In
addition, due to the dependence of ionic conductivity on salt concentration, the assumption of
constant κ does not hold during charging.
Model simulation is conducted to find out the electrode transport limited charging. To
remove the solid phase transport limitation, the solid phase diffusivities of both anode and
cathode are continuously doubled at each step. The charging time as a function of solid state
diffusivity is plotted in Figure 5-12. The charging time monotonically decreases with increasing
solid state diffusivity and approaches a constant level, which is limited by transport in the anode
electrode. Large exchange current densities ( i0,new 103 i0 ) are used to satisfy the fast kinetics
assumption. Li ion transference number of 1 is employed so that electrolyte concentration
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polarization is suppressed and constant ionic conductivity is achieved. The charging time
limitation is 16 minutes from isothermal model simulation, which is in good agreement with
analytical estimation. If self-heating effect is considered, the charging time reduces to 11.5
minutes as predicted by non-isothermal model.
To verify the charging time dependence on L , κ , ε , as analytically expressed in equation
(4.27), model simulation has been conducted. Because any changes in electrode thickness L and
porosity ε lead to the change of cell capacity, the dependence simulation on these two
parameters are not performed. The dependence on ionic conductivity κ is carried out by setting
κ at 1~10 times of the original value. At the same time, Li ion transference number of 1 is used

to maintain constant κ level throughout the anode electrode, and large exchange current densities
( i0,new 103 i0 ) are used to satisfy the fast kinetics assumption. The dependence of charging time on
electrolyte ionic conductivity is shown in Figure 5-13. With the increasing of κ , the charging
time decreases linearly, clearly demonstrating and verifying its linear dependence on κ −1 . If ten
times κ is used, the charging time can be reduced to 2 minutes, which is even shorter than
refilling gas for an IC engine car. This simulation results demonstrate the possibility of 5 minutes
charging for an EV. However, to achieve this level of charging time, removal of solid phase
diffusion limitation and electrode transport limitation are needed, which requires optimizations in
cell design parameters and material properties. Additionally, efficient battery cooling system is
also needed, because of tremendous amount of heat generated during ultra-fast charging.
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5.4.3 Mixed mode
The last two sections studied the charging process under either solid phase diffusion
limitation or electrode transport limitation. For each limitation, the charging time is proportional
to its own time constant: t p ∝ τ p = R p2 / Ds for solid state limitation and ted ∝ τ ed = L2 / Ded for
electrode transport limitation. However, in real situations, these two limitations typically coexist
in Li ion cells. In this situation, how would these two time constants determine the charging time?
To answer this question, analytical analysis is not practical due to the high complexity of
governing equations. Parameter studies can be used through model simulation.
Our goal is to find out the relation between charging time t and two time limitations t p and

ted . The variations of t p and ted are realized by changing the solid phase diffusivity Ds and ionic
conductivity κ respectively. Isothermal condition at room temperature is used to exclude
temperature effect. The baseline case is the CCCS charging (10C during CC and 0.99iSOC
during CS) from 25%SOC to 100%SOC. The time limitations t p and ted for baseline case are
obtained from model simulations in Figure 5-10 and Figure 5-12: t p = 19.4 min and

ted = 16.0 min . t p and ted for other cases are calculated based on their linear dependence on Ds−1
and κ e−1 , as shown in equation (4.10) and (4.27). The simulated charging times are tabulated in
Table 5-1 and Table 5-2 along with Ds , t p and ted . The charging time for baseline case is 25
minutes, which increases if t p or ted increases and decreases if t p or ted decreases (Table 5-1
shows a little lower charging time for base line case (24.6 minutes) because fast kinetics is used
there). The charging time approaches ted when t p is getting close to 0 (Table 5-1), vice versa
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(Table 5-2). To show the data in Table 5-1 and Table 5-2 in the same plot, a new parameter �,
named as "charging limitation factor", is defined as the ratio of two time limits:
β = ted / t p

(4.28)

A dimensionless charging time is also introduced as:
t* = t / t p

(4.29)

The dimensionless charging time is plotted against the charging limitation factor in Figure
5-14. The red circle symbols are generated by changing solid phase diffusion time limit t p or
solid phase diffusivity Ds , while the blue triangle symbols come from the variations of electrode
transport time limit ted or electrolyte ionic conductivity. Although red and blue symbols are
obtained from different routes, they all fall on the same curve:
*
t=

1+ β 2

(4.30)

For solid phase diffusion limitation, ted << t p , β → 0 , equation (4.30) gives t * → 1 , t = t p .
For electrode transport limitation, ted >> t p , β → ∞ , equation (4.30) gives t * → β , t = ted . In the
mixed mode, converting equation (4.30) to dimensional expression gives:
=
t

t 2p + ted2

indicating charging time is the root-sum-square of t p and ted , which can be analytically
expressed by equation (4.10) and (4.27) respectively.
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(4.31)

Relation (4.31) can be displayed by isolines of charging time in a two-dimensional
coordinate, where t p and ted are the two independent dimensions, as shown in Figure 5-15. The
isolines of charging time are quarter-circular arcs, plotted in dash lines and labeled by 5, 10, 15
20 and 25 minutes. The baseline point is sitting on 25 min isoline with t p = 19.4 min and

ted = 16.0 min , as already simulated in Figure 5-10 and Figure 5-12. Figure 5-15 clearly
demonstrates that the baseline case is in the mixed mode, where charging time is limited by both
t p and ted . To reduce the charging time to 5 minutes, numerous pathways exist. Three of them

are shown here, as displayed by red, blue and black lines with arrows. The red line represents the
efforts made in solid phase diffusion limitation section (5.4.1) where electrolyte conductivity κ e
was increased first (Figure 5-10) followed by increasing of solid state diffusivity Ds (Figure
5-11). The blue line shows the processes in electrode transport limitation section (5.4.2) where

Ds was increased first (Figure 5-12) followed by increasing of κ e (Figure 5-13). However, these
two pathways are not efficient enough in reducing charging time. The most efficient path lies in
the gradient direction of the isolines, as shown by the black line, which requires t p and ted are
reduced in a fixed ratio:

∆ted ∆κ e
= =
∆t p ∆Ds

( ∆L=
)
2

( ∆R )

2

p

ted 0
= β0
t p0

(4.32)

so that reduction of ∆t in charging time can be achieved by:

=
∆t p

∆t
=
∆ted
1+ β 2
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∆t
1 + 1/ β 2

(4.33)

The most efficient path (black line) in Figure 5-15 is very useful in cell optimization. For
instance, if the target charging time is 15 minutes, blue line pathway requires reducing t p to zero,
while red line path way requires reducing ted to zero. Neither of them is practical because infinite
large ∆κ e and ∆Ds cannot be achieved, neither do zero ∆L or ∆R p . Following the most efficient
path (black line), we only need to reduce both ∆t p and ∆ted by 40%, which can be realized by
increasing κ e and Ds by 67% or reducing L and R p by 23%.

5.5 Conclusions
Charging of lithium-ion cells at subzero temperatures has been studied by using the
validated electrochemical-thermal model. The biggest concern for charging at subzero
temperatures is noticeable cell capacity loss induced by lithium plating in the graphitic anode. To
avoid capacity loss, and also to achieve short charging period, a new charging protocol CCCS
has been proposed based on analysis of experimental data, which indicates the level of lithium
concentration on graphite particle surface determines cell capacity loss due to lithium-plating.
The CCCS protocol consumes less time than the traditional CCCV method, and also avoids
capacity loss due to lithium plating.
Attempts have been made to shorten the charging time in two aspects: (1) heating, (2) cell
design and material optimization.
On heating strategies, two methods have been proposed: co-heating-charging and preheating-charging. During co-heating-charging, Li-ion cells are charged from subzero temperature
with medium rates, which at the same time heats the cell internally and boost cell's power
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capability as charging continues. As for pre-heating-charging, Li-ion cells are heated first by bidirectional pulse current until the desired temperature is reached. After that, high rate current is
applied to the cell for fast charging. These two methods are simulated by ECT model and
demonstrate significant reduction in charging time. The pre-heating-charging method is superior,
reducing the charging time from 3 hours to 18 minutes.
On cell design and material optimization, the rate-limiting mechanisms for low temperature
charging are identified by both theoretical analysis and modeling parameter studies. It has been
found that solid phase diffusion and electrode transport are the two limitations. In pure solid
phase diffusion limitation regime, the charging time is proportional to the square of particle
radius and inversely proportional to the solid phase diffusivity. In pure electrode transport
limitation regime, the charging time is proportional to the square of electrode thickness and
inversely proportional to the electrode diffusivity. The concept of electrode diffusivity has been
proposed for the first time to evaluate lithium transfer through the porous electrode,
incorporating ionic conductivity, electrode porosity and the slope of OCP curve.
Typically, Li-ion cell is limited by both of the above two mechanisms. Cell charging time is
found to depend on the two limiting charging times in a simple way: t 2= t p2 + ted2 , which direct us
to find the most efficient way of optimizing design parameters and material properties. By
reducing the limitation in both solid phase and electrode transport, the charging time can be
reduced to within 5 minutes, which is comparable to the time of refilling gas tank in gasoline
vehicles.
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Table 5-1 Charging time dependence on t p

Ds / Ds 0

t (min)

t p (min)

te (min)

1/3
1/2
0.7
1
1.4
2
3
4
5
6
8
10

59.4
41.3
31.1
24.6
20.9
19.0
17.6
16.9
16.5
16.3
16.1
16.0

58.7
38.7
27.4
19.4
13.8
9.7
6.5
4.8
3.9
3.2
2.4
1.9

15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9

Table 5-2 Charging time dependence on te

κ e / κ e0

t (min)

t p (min)

te (min)

1/10
1/8
1/6
1/5
1/4
1/3
1/2
0.7
1
1.4
2
3
4
5
6
8
10

153.6
123.6
93.9
79.3
64.8
50.6
36.9
29.5
25.0
21.8
20.4
19.8
19.6
19.6
19.5
19.5
19.4

19.4
19.4
19.4
19.4
19.4
19.4
19.4
19.4
19.4
19.4
19.4
19.4
19.4
19.4
19.4
19.4
19.4

158.9
127.1
95.2
79.5
63.6
48.2
31.8
22.7
15.9
11.4
7.9
5.3
4.0
3.2
2.6
2.0
1.6
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Chapter 6 Conclusions
6.1 Conclusions
Rechargeable Li-ion batteries are the leading candidate for hybrid electric vehicles (HEV)
and pure electric vehicles (EVs). In addition to cost reduction, a large market penetration of
HEVs and EVs relies on overcoming technical barriers of Li-ion batteries in three major areas:
performance, degradation and safety. In this dissertation, the barrier of poor low temperature
performance has been studied using a combined modeling-experimental approach.
Experimentally measured data reflects the real physics, whereas model simulations provide a
cost-effective way to reveal how fundamental mechanisms dictate battery behaviors. By using
this combined approach, the electrochemical-thermal coupled model is developed to account for
significant self-heating effect at subzero temperatures. It is first validated against 18650 cells
across a wide range of rates and temperatures, and then used to study the rate-limiting
mechanisms, efficient heating strategies and fast charging methods at low temperatures.
Despite of substantial achievements in the modeling study of Li-ion cell behaviors during
the past two decades, modeling investigations at subzero temperature has not been conducted.
Difficulty lies in the high sensitivity of cell's electrochemical behavior to material properties and
heat transfer conditions, which results in complex cell behaviors, adding difficulty to model
validation. To overcome these challenges, the following efforts are made as described in Chapter
2: (1) careful model validations on rate effects and temperature effects are conducted separately.
The heat transfer coefficient is measured independently; (2) Material properties are obtained to
the highest degree of accuracy, with dependence on concentration and temperature. (3) The nonlinear partial differential equations are solved in a fully coupled way without simplifications. By
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using these methods, the electrochemical-thermal coupled (ECT) model was validated against
experimental data on a 2.2Ah 18650 cell up to 4.6 C-rate and down to -20°C ambient
temperature, generating good agreement.
Chapter 3 investigates the rate-limiting factors of Li-ion cells at low temperatures using this
validated model. A clear view of Li-ion's low temperature behavior is presented by a thorough
resistance analysis showing the contributions from various transport and kinetic mechanisms.
This analysis is performed by separating rate effect and heating effect, which cannot be realized
using experiments alone. Using this approach, (1) the non-isothermal Ragone plot has been
proposed for the first time for applications at high rates and/or low temperatures, where
substantial performance enhancement can be realized by cell self-heating. It indicates no
significant energy loss down to -20°C provided that the cell is operated at 3C rate or lower. (2) It
has also been found that the rate-limiting mechanism depends on operation rates and heat
transfer conditions. Charge-transfer kinetics which is the rate-limiting mechanism at low rates
does not hold at higher discharge rates, where diffusion in solid phase or electrolyte dominates
cell behavior.
In addition to demonstrating rate-limiting effect, this model is also used to find the critical
design parameters and material properties. Regarding to design parameter optimization at -20°C,
reducing particle sizes in graphite anode is the preferred method because of anode solid phase
diffusion limitation. The electrolyte concentration should be controlled below a critical level
(1.2M in the present study), above which cell discharge capacity is substantially reduced. For
material property optimization, while higher electrolyte conductivity and faster kinetics are
effective in voltage gain, they contribute little to larger discharge capacity. Increasing salt

145

diffusivity and solid state diffusivity are far more useful to enlarge cell's discharge capacity. In
other words, the decreases in discharge capacity are mostly induced by diffusion processes.
As demonstrated in Chapter 3, low temperature performance of Li-ion cells can be increased
in three ways: optimizing design parameters, employing or synthesis new materials for desired
properties and taking the advantage of self-heating effect. However, the performance gain is not
significant for the former two. The material optimization also takes large amount of time and
cost. In comparison, employing self-heating effect can be achieved using the present Li-ion cell
material and bring a significant gain in performance, and thus is the most practical one. This
motivates us to explore the system approach based on battery thermal management to quickly
heat batteries to normal operation temperature before use.
Traditional heating approach heats the battery externally using thermal jacket or high
temperature air flow, which are not efficient for large cells, where heat conduction inside cells is
more rate-limiting than heat transfer to cell surface, due to longer heat conduction distance inside.
Internal heating is the preferred method because it heats the cell uniformly inside and thus
heating efficiency is not affected by cell dimensions. The difficulty lies in how to use cell's
output power as a heating source for internal heating.
In Chapter 4, a strategy has been proposed by making the cells in a battery pack mutually
heat each other. Practically, the cells in a whole battery pack are divided into two groups with
equal capacity. Whenever one group is discharging, the other group is charging. The output
power of the discharge group is used as the input power of the charge group. Dc-dc converters
are needed to boost cell's discharge voltage for charging. This strategy has been simulated by our
validated ECT model. The cell can be heated from -20°C to 20°C in almost one minute by
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setting low discharge voltage level. Though simulated on 18650 cells, it also works on large
format cells typically used in EVs and HEVs, since the internal heating is not affected by cell
dimensions. Comparisons to other external heating methods are also simulated. It turns out that
the mutual pulse heating consumes the least battery capacity (5%) and also provides fast heating.
Heating strategies using external power are also investigated in Chapter 4. Household AC
power is a preferred choice, not only because of its easy access, but also due to the frequency it
provides. At medium to high frequencies, part of the cell current is going through the interfacial
double layer instead of the charge transfer process. The double layer acts as a capacitor which is
able to pass current at high frequencies. The intercalation current into the solid phase is therefore
reduced, implying lower rate of active material expansion and contraction, benefiting Li-ion
cell's cycle life.
Li-ion cell's performance during discharge has been increased by using heating strategies in
Chapter 4. For EV, the extremely long charging time compared to the refilling of gas for gasoline
vehicles limits its market penetration. Chapter 5 investigates efficient ways to reduce the
charging time of Li-ion cells at subzero temperatures. The biggest concern for charging at
subzero temperatures is noticeable cell capacity loss induced by lithium plating in the graphitic
anode. To avoid capacity loss, and also to achieve short charging period, a new charging protocol
CCCS has been proposed based on analysis of experimental data. It consumes less time than the
traditional CCCV method, and also avoids capacity loss due to lithium plating.
Based on this new protocol, attempts have been made to shorten the charging time in two
aspects: (1) heating, (2) cell design and material optimization. Regarding heating strategies, two
methods have been proposed: co-heating-charging and pre-heating-charging. These two methods
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are simulated by ECT model and demonstrate significant reduction in charging time. The preheating-charging method is superior, reducing the charging time from 3 hours to 18 minutes.
Regarding cell design and material optimization, the rate-limiting mechanisms for low
temperature charging are identified by both theoretical analysis and modeling parameter studies.
It has been found that solid phase diffusion and electrode transport are the two limitations. More
importantly, this study also illustrates how these limitations are related to cell design parameters
and material transport properties in a quantitative way. By reducing the limitation in both solid
phase and electrode transport, the charging time can be reduced to within 5 minutes, which is
comparable to the time of refilling gas tank in gasoline vehicles.

6.2 Future work
6.2.1 High rate discharge at low temperature
As shown in Figure 2-7 in Chapter 2, there is large discrepancy between model prediction
and experimental data at -10°C when discharge rate is higher than 3C. Possible reasons are:
(1) Due to the high rate of heat generation, as well as poor electrolyte & solid phase
transport capability at low temperatures, spatially non-uniform temperature field and large
polarization exist in 18650 cylindrical cells, which may dramatically impact the cell’s discharge
characteristics. Three dimensional models are needed to demonstrate this non-uniform effect.
(2) For 4.6C discharge, the cell temperature rises to 50°C at the end of discharge. However,
only 40% cell capacity is delivered. The phenomena indicates that cell capacity cannot be fully
extracted even if cell temperature rises to above room temperature, implying history dependent
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cell behavior, which cannot be explained by the present electrochemical model. More
experimental investigations are needed.
6.2.2 The effect of heating & charging strategies on cell degradation
Chapter 4 compares various heating strategies in terms of energy and time cost, and Chapter
5 proposes new charging strategies aiming at shortest charge duration. Before the application of
these strategies in EVs, additional concerns need to be addressed. One major concern is how
these strategies affect Li-ion cell's life, which cannot be predicted by the present performance
model. It would be helpful to incorporate degradation model and simulate Li-ion cell's aging
response to these strategies along with experimental validation.
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