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Abstract

Electrochemical energy storage devices have been widely applied in various

fields, such as high power station, electric vehicles and portable electronic

equipments. As one of the current and next-generation energy storage de-

vices, lithium-ion batteries and supercapacitors have potential for improved

design for lower cost, higher safety and efficiency, compared with recent status.

Meanwhile, the major development of lithium-ion batteries and supercapac-

itors is currently driven by the experimental approaches, which cost much

time and lack deep insight into interacted multiphysics processes. Multi-

physics modelling approach can overcome such drawbacks, and thus be used

for investigation and discovery of new materials and device design.

For lithium-ion batteries, multiphysics models have been improved to achieve

more accurate and detailed predictions of operation and insight into limiting

processes. There is a need for further development for investigation of com-

plex physical interactions and heterogeneity based on real battery geometries.

For this case, a novel 3D multiphysics model was developed to discover such

heterogeneously physical interactions in a 12Ah pouch cell based on operation

principles. The model analyzes the internal interactions of local thermal ef-

fects, electrochemical and electric performance on electro-active layers in the

pouch cell. It illustrates that the poor heat dissipation and high heat gener-

ation causes strong thermal heterogeneity at large currents, which finally re-

sults in intense local interactions of electric and electrochemical performance.

We applied this 3D multiphysics model to a global sensitivity analysis of

the same cell for the utilizable discharge capacity and local maximum temper-

ature at 1C. By polynomial chaos expansion concepts, the sensitivity analysis

is efficiently executed for 46 parameters in this 3D model. Consequently, it

reveals that the capacity and the local maximum temperature are both most

sensitive to geometric parameters of electrodes and their pore structures. Fol-

lowing these results, a large-format prismatic battery was optimized with the

detailed 3D geometries and components for upgrading safety prevention of

xxvi



Abstract

thermal-runaway and maximizing the capacity.

For supercapacitors, a novel multiphysics pseudo-2D model is developed to

interpret complex faradaic reaction mechanisms and investigate effects of dif-

ferent pore structures on capacitive performance. Symmetric cells of cuprous

oxide and hierarchical porous carbon are parameterized respectively, with

good agreement between experimental data and simulated results at the room

temperature. Next, the effects of micropore size, volume ratio and effective

ion size on the capacitive performance of hierarchical porous carbon capaci-

tors are addressed. The simulation results imply that the total capacitance

decreases when the effective ion size increases at 1A/g due to the reduction

of double layer capacitance in mesopores. The double layer capacitance in

micropores mainly contributes to the total value after the ion size increases

to 0.7nm. The increase of the micropore size slightly increase the cell capaci-

tance as it enhances the electric double layer in mesopores through weakening

the adsorption ability in micropores. The added micropore volume ratio can

lead to the reduction of the cell capacitance. When the micropore volume

ratio increases, one of the mesopores reduces, and thus it causes poor ion

transport. As a result, not enough ions can be obtained by the double lay-

ers, leading to a decrease of cell capacitance. This multiphysics model based

on porous electrode theory, Gouy-Chapman-Stern and modified Donnan con-

cepts for hierarchical pore structures is the first time to be applied in the

field of supercapacitors, to my best knowledge. It can contribute much to op-

timizing the supercapacitor electrode structures to achieve better capacitive

performance.
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Chapter 1

Introduction

Power and energy storage technologies are confronted with technological in-

novation. It stems from a globally profound shift towards sustainable and

emission-free sources, aiming to reduce the dependence of fossil fuels on the

earth. For this reason, electric energy storage (EES) technologies have been

continuously developed and applied from large- and micro-scale power source

systems to electric vehicles and tiny communication devices, and they are ex-

pected to thrive further in the future [1]. Figure 1.1 shows the utilization ratio

of EES technologies in large-scale power source systems. It illustrates that

pump hydro technology entirely dominates the large-scale power systems, and

the battery energy storage (BES) technologies, including fuel cells and various

kinds of batteries, have become of vital importance except for this conven-

tional compressed air technology. Apart from the growing development in the

large-scale power systems, BES has been a major candidate of technologies

for small and micro-grid power systems with renewable sources, because of

the potential, high energy and power capacity, and regulation of batteries and

supercapacitors [3]. Different from conventional energy storage systems, BES

systems comprising batteries and supercapacitors belong to electrochemical

systems. The benefits of electrochemical systems for energy storage come

from their high specific energy, high quantity of energy, and high utilizability

of renewable energy sources [4]. Therefore, electrochemical technology is ex-

pected to be one of the most promising technologies of energy storage in the

future, though it still needs to be further developed and improved at present.
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Figure 1.1: Global utilization ratio of EES technologies in large-scale power
applications in 2015, data obtained from Nikolaidis et al. [1].

1.1 Electrochemical systems for energy storage

Electrochemical technologies have been widely used in the area of energy

research, including investigation of new energy nanomaterials, improvement

and development of promising and prominent BES systems for electric ve-

hicles and grid-scale energy devices [5]. The first electrochemical system,

named Volta pile, was invented by Alexander Volta in 1800 and was widely

applied in batteries, as the ancestor of the modern batteries [6]. He found

that a sandwich-type device of zinc metal, tarnished silver, and paper soaked

with aqueous potassium hydroxide could generate electricity when connecting

a wire between zinc and silver. This experimental phenomenon indicated a

chemical preference of electrons from silver side and it was manifested as a po-

tential drop, driving an external current via a wire. Until now, a typical elec-

trochemical system still comprises of two electrodes, which are separated by

an electrolyte. Electrodes are good conductors of electrons as mobile species

and the electrolyte is a good ionic conductor insulating free movement of elec-

trons. The main feature of an electrochemical system is an electrochemical

reaction, of which a half reaction occurs at each electrode surface individu-

ally. Thus, electrode material structures and charge transfer mechanisms are

presently key issues in battery and supercapacitor research for the improve-

ment of lifetime, energy and power density and safety.

BES technologies have inevitably sustained attention in terms of their high

energy and power density. Table 1.1 briefly summarizes the important fea-

tures of different types of batteries currently. Among them all, lithium-ion
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Table 1.1: Battery features used in electric utilities and devices [3]

Battery
type

Energy
den-
sity
[Wh/kg]

Depth
of Dis-
charge
(DOD)

Lifetime
[cy-
cles]

Working
tem-
pera-
ture
[◦C]

Cost
[¿/kWh]

Self-
discharge
[%]

Lead acid
(flooded
type)

25 72-
78%

1000-
2000

-5-40 50-150 2-5/month

Lead acid
(valve regu-
lated)

30-50 72-
78%

200-
300

-5-40 50-150 2-5/month

Nickel
Cadmium
(NiCd)

45-80 72-
78%

3000 -40-50 200-
600

5-20/month

Sodium Sul-
phur (NaS)

100 89% 2500 325 0

Lithium ion 90-190 100% 3000 -30-60 700-
1000

1/month

Vanadium
redox
(VRB)

30-50 85% 10,000 0-40 360-
1000

negligible

Zinc
Bromine

70 75% 0-40 360-
1000

negligible

Metal air 450-
650

50% 100 -20-50 50-200 negligible

Regenerative
fuel cell
(PSB)

75% 0-40 360-
1000

negligible

batteries apparently have the greatest potential for upcoming development

and optimization of future batteries in terms of their highest energy and

power density and storage efficiency, though the high cost and aging effects

on lifetime impede the advancing applications at the present stage. There-

fore, scientists currently keep on discovering and developing novel materials

to reduce or eliminate negative efforts. In engineering perspectives, optimal

design and management can also improve the energy storage efficiency of bat-

teries. The topics of battery management systems (BMS) and cell design are

also popular and importance at present.

It is noted that batteries cannot perfectly perform in some irregular con-

ditions in electrical vehicle applications, as vehicles consume large amount of

energy in a short time during acceleration and braking period [7]. For this

case, supercapacitors are able to fill this gap, since they can rapidly provide
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energy with relatively high power density. This is because supercapacitors

stores excess electron charges adhering to electrodes in a different way. Elec-

tric double layer capacitors (EDLC) store charges in the double layer at the

electrode-electrolyte interface, involving no faradaic reactions with chemical

phases or material composition change [8]. This feature results in a high

reversibility of EDLC. The working principle of EDLC will be illustrated in

Chapter 5. Moreover, when charge transfer occurs across the double layer

in the capacitor with a change of oxidation state, the capacitor can obtain

additional capacitance due to faradaic reactions. This excess capacitance is

defined as pseudo-capacitance, and the capacitor is called electrochemical ca-

pacitor (EC) [8]. In summary, supercapacitors are a valuable supplement to

electrochemical energy storage devices. It has been investigated and devel-

oped in last decades.

Analogue to lithium ion batteries, the materials of supercapacitors should

have two important features – high specific area and high electric conduc-

tivity. Excluding faradaic reactions, activated carbon is the best candidate

for supercapacitors, nevertheless, other materials even such as zeolites and

metal-organic frameworks have gradually shown suitability to be ECs [9].

The key issues of supercapacitors are high specific area and charge storage

mechanisms. These two factors directly affect the capacitance of EC and are

related to the pore structure of the material. Consequently, researchers are

trying to design supercapacitors based on the discoveries of charge storage

mechanisms and advanced structured materials [10].

As mentioned above, to design future batteries and supercapacitors, it is

necessary to deeply understand their charge transfer and storage mechanisms

and effects of material micro-structures. Here, mathematical modeling and

simulation, can provide detailed interpretation of physical mechanisms and

prediction of device behaviour based on design and optimization strategies in

micro- and macro-scales, while reducing much cost on trial-and-errors.

1.2 Multiphysics modeling of lithium ion batteries

A multiphysics model is essentially defined as a set of differential equations,

which describe and simulate the coupled processes or systems, involving more

than one simultaneous physical phenomena [11]. The systematic mathemat-
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Figure 1.2: A schematic of a lithium-ion battery with a sandwich-type mod-
elling approach, applied in Newman’s P2D model

ical model of lithium batteries was firstly built up in the 1990s [12], which

made earliest mathematical modeling effort into a systematic electrochemi-

cal modelling framework of lithium batteries in pseudo-two dimensions (P2D

model) that is still utilized in most battery models at present. As shown in

Figure 1.2, a lithium ion battery fundamentally consists of cathode, anode,

separator, two current collectors. The lithium ions freely move through sepa-

rator between the anode and the cathode in the electrolyte. When the battery

is discharging, the active particles of the anode releases the lithium ions to

the cathode, and create free electrons that flow to the cathode in the external

circuit. When the battery is charging, all electrochemical processes are vice

versa. More details of the battery working principle will be introduced in

Chapter 2. Doyle and Newman’s P2D model [13, 14] applied porous elec-

trode theory and concentrated-solution theory in electrolyte and considered

two insertion electrodes in full sandwich modeling approach (seen in Figure

1.2). Due to numerical complexity, Newman’s P2D model was simplified and

reformulated as a single particle model, which assumed that no concentration

profiles are involved within the electrodes [15], thereby, eliminating the X

direction in electrode particles. In terms of simplification, a single particle

model is weak to predict accurate performance at high C-rates, compared with

experimental results. After 2000, the P2D model was gradually extended for

different specific requirements, such as microstructure design of lithium bat-
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teries [16], evaluation of solid electrolyte interphase (SEI) layer growth [17],

and identification of ionic transport in electrolyte [18]. At the same time,

molecular and atomistic simulation was used for development of lithium bat-

teries as well, mostly on the basis of kinetic Monte Carlo (KMC) method

and density functional theory (DFT). In molecular-scale simulations, it aids

in understanding and identifying the influence of crystal structure on lithium

diffusion [19], capacity-fade mechanisms [20], interactions of electrolyte and

electrodes [21] and activation barriers of active materials [22]. These calcu-

lations can identify a novel class of active material candidates and explore

detailed mechanisms of lithium batteries in first principles. It is a strong

supplement to electrochemical models in meso-scales, providing real physi-

cal properties and thermodynamic data for batteries and capacitors. Various

computational methods have expanded the applied fields of mathematical

modelling in lithium batteries. With rapid development of computer science,

mathematical modelling of lithium batteries can well satisfy different scientific

and computational demands. Mathematical models can interpret and predict

wide scales of physical phenomena in batteries and capacitors, as shown in

Figure 1.3. The multiphysics models can successfully simulate various pro-

cesses, ranging from the atomic, molecular motion to the macroscale, using

different numerical methods and physical theories.

Multiphysics modelling is a very suitable method to describe interacted

physical phenomena, as defined previously. In lithium ion battery systems,

multiphysics issues mainly stem from complex cell geometry in high dimen-

sions, electrochemistry interacting with thermal effects, complicated capacity

fade mechanisms and mechanical change in micro-scale. In 1985, Bernardi et

al [23] calculated a general energy balance for the design and thermal man-

agement of battery systems. For consideration of cell design and safety issues,

multiphysics modelling was firstly applied in analyzing thermal characteris-

tics of lithium-ion batteries in normal and abused conditions [24]. However,

for simplification, electrochemical performance was coupled as an empirical

model and the cell geometry was neglected in one dimension. Later, Hatchard

et al [25] studied heat dissipation in different cell geometries, with considera-

tion of experimentally obtained electrochemical performance for coupling. At

the same time, Verbrugge et al [26] developed a thermal model coupled with

an electric circuit model to investigate thermal-electrochemical performance

of battery modules in electric vehicle. This study made an enormous stride for

cell design and thermal management with the help of multiphysics modelling.
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Figure 1.3: Suitable mathematical models for various time and length scales.
The figure from J. W. Weidner et al.’s work [2]

Verbrugge’s models were able to work for interpretation of detailed thermal-

electrochemical behavior in different geometries and modules. However, the

description of electrochemical performance was still based on empirical mod-

els or experimental results, which limited investigations in a wide range of

operational conditions. In around 2005, P2D models were applied into mul-

tiphysics modelling of electrochemical cells [27]. Compared with empirical

models, P2D models better described electrochemical performance physically,

coupled with thermal models, but generated new numerical difficulties. After

the first decade of the 21st century, numerical methods were dramatically

improved for simulation of complex physics. The multiphysics modelling of

lithium-ion batteries was also improved for investigation of three-dimensional

thermal-electrochemical performance in different tab configurations [28] and

optimization of battery module configurations [29]. Based on mature mea-

surement and analysis methods of thermal properties [30, 31, 32, 33], the

thermal-electrochemical models were then used for specific issues of battery

and pack design [34, 35, 36], thermal management systems [37, 38], and op-

timization and identification of cells with novel materials [39, 40, 41].

Specific and popular applications of multiphysics models are on the research

of abuse behavior and aging mechanisms in lithium ion batteries. With the
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development of lithium ion batteries, scientists have already noticed effects

of thermal properties of batteries on cycling performance and capacity fad-

ing [42]. Topics of interested were not only existed in the low temperature

operation conditions [43, 44], but also focused on the abuse behavior in abnor-

mally high temperature and thermal-runaway conditions [45, 46, 47], for the

consideration of safety operation in battery applications. The fundamental

simulation of thermal-runaway phenomena was based on measured heat gen-

eration rates and thermal properties of battery components. Spotnitz et al

[48] applied such experimental results into simulation of a lithium ion battery

pack, to estimate the abuse tolerance of the specific battery system. Kim et al

[49] developed a 3D thermal abuse model to predict thermal abuse behavior of

single cells, containing abuse reactions and energy balance. The multiphysics

models of thermal abuse phenomena are continuously improved to investi-

gate and predict realistic failure modes based on experimental verification,

such as nail penetration [50, 51], pinch-torsion [52], internal short-circuit [53]

and thermal propagation of battery packs [54, 55]. In the field of thermal

abuse behavior, multiphysics modelling has been already combined with ex-

perimental tests and contributed much remarkable information to designing

safe batteries. However, for better prediction of specific thermal events, the

recent models cannot suit for every special requirement for its related physical

effects and interactions yet.

Multiphysics modelling of aging mechanisms in lithium ion batteries needs

powerful computational abilities, since aging mechanisms include detailed

phase separation and multi-scale transport processes at both electrodes, in

the electrolyte and SEI layers. Christensen and Newman [17] developed a

1D model to predict the SEI film growth with assumptions of passive layer

and planar electrodes. Different from previously empirical models, this model

defined a detailed aging mechanism including growth reactions and electron

mobility. Safari et al. [56] then combined this method with a P2D elec-

trochemical model, interpreting the effects of solvent-reduction reactions and

predicting capacity fading in terms of self-discharge processes. The investi-

gation of detailed chemistry and transport processes was further pursued by

Colclasure et al [57], who provided new insights into influences of lithium in-

tercalation and cycling currents on SEI layer growth and capacity fade. Since

then, the research frontier of aging mechanisms had turned to SEI layer for-

mation and structure, which significantly affect the electrode stability and

state-of-health (SOH). Therefore, multiphysics modeling started combining
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mechanical effects within the detailed transport processes in lithium-ion bat-

teries, aiming to investigate and identify the cell fatigue from cracking growth

and mechanical degradation [58, 59, 60]. Moreover, the heterogeneity of sur-

face chemistry was investigated by using KMC methods with advanced ex-

perimental characterization [20, 61, 62]. It provides detailed information of

material and structure chemistry, which can help designers with better syn-

thesis of novel energy materials, compared with the ones in recent commercial

batteries.

Nevertheless, multiphysics modeling in lithium-ion batteries still needs to

be constantly improved for the requirement of more detailed and accurate in-

terpretation of interaction of physics phenomena, and for performance predic-

tions of specific events as design guidance in engineering perspectives. Until

now, only a few models can be directly employed in cell design and optimiza-

tion from engineering perspectives.

1.3 Multiphysics modeling of supercapacitors

Mathematical modeling of supercapacitors has similar concepts and methods,

compared with modeling of lithium ion batteries. Both electrodes have porous

structures with electrolyte as ionic charge carriers. The differences are that

the electrolyte of supercapacitor systems is normally aqueous, and EDLCs

have no faradaic reactions during charge transfer. For the investigation of

electrode pore structures in supercapacitors, volume averaging approach is al-

ways employed for the homogenization of electrode pore structure. It assumes

that an effective cylindrical pore structure represents the complex ion trans-

port routines in microscopic scale [63], as shown in Figure 1.4. Therefore, the

supercapacitor system can be also imaged as a sandwich-type structure with

complex double layers in the interphases between porous electrodes and elec-

trolyte (seen in Figure 1.5). In 1999, Srinivasan and Weidner [64] developed a

mathematical model of an EDLC, and investigated the electrochemical behav-

ior under constant current and electrochemical impedance spectroscopy (EIS)

conditions. This model neglected ion transport in electrolyte and detailed

charge transfer processes in double layers, but still generated a series of use-

ful analytic solutions for understanding the physical processes under constant

current and EIS conditions. At that time, scientists focused on the studies

of porous structure effects on specific capacitance of EDLCs with experimen-
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(a) (b)
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Figure 1.4: (a) Porous electrode structure demonstrating ionic transport rou-
tine (dash line), and solid matrix is surrounded by electrolyte.
(b) Homogenized pore structure is made by volume averaging
approach, assuming that the length of ionic transport routine is
equal to the electrode thickness and the direction of charge trans-
fer processes is vertical to the electrode-electrolyte interface.
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Figure 1.5: The schematic of 2D physics-based model for a symmetric super-
capacitor.
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tal characterization and static models [65, 66, 67]. These models concluded

that ion size, concentration and pore size had strong interactions and joint

influences on EDLC performance. These phenomena also promoted further

investigation of effects of porous structures for dynamic processes on Stern

and diffuse layers in EDLCs. In terms of concentrated solutions in superca-

pacitors, Kilic et al [68, 69] fully developed a multiphysics model for static

and dynamic ion transport processes in capacitor and battery systems with

steric effects. It employed modified Poisson-Boltzmann theory and modified

Poisson-Nernst-Planck equations in modeling static and dynamic processes

in double layers, succeeding in describing ion transport and electrochemical

behavior in double layers and bulk electrolyte. This model can be valid in

large voltage and ion concentration profile ranges. Based on this method,

scientists can validate and investigate the electrochemical behavior and elec-

trode structures of supercapacitors in nano- and meso-scales [70, 71, 72]. For

a consideration of pseudo-capacitance in electrochemical supercapacitors, the

modeling of supercapacitor systems was considerably improved by a combi-

nation of faradaic reactions with P2D model schematics [73, 74]. This new

model also unified a multiphysics modeling method of electrochemical systems

including double layer formation and interface charge-transfer reactions. It

can be widely applied in electrochemical behavior predictions and electrode

optimization for electrochemical capacitors. So far, this multiphysics model-

ing method of supercapacitors had been systematically developed for electro-

chemical and capacitive charging processes. Models started to be employed

in studies of highly dimensional pore structures [75, 76] and multiple physics,

such as thermal effects [77], and thermodynamics [78].

In 2015, Pilon group [79] summarized recent EDLC continuum models,

which described interfacial and transport phenomena in solid and liquid phases.

They concluded that recent models succeeded predicting and interpreting ca-

pacitor behavior of experimental observations, with consideration of finite ion

sizes, steric repulsions, spatial-dependent dielectric permittivity of electrolyte

and complex porous electrode structures. These models could be also com-

bined with typical electrochemical test methods, such as EIS, cyclic voltam-

metry (CV) and charge/discharge operations. However, until now, there is

no such systematic modeling approach for porous electrode supercapacitors

with faradaic and non-faradaic contributions, though new experimental ob-

servations have illustrated comparison of pseudo-capacitance and double layer

capacitance [80]. Scientists should pay more attention to the identification
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of the contributions of pseudo- and double layer capacitance, for the next

generation of supercapacitor design.

1.4 Motivation of the research

Mathematical modeling of batteries and capacitors has become a vital tool

for performance prediction, detailed physics investigation and cell design, be-

cause models can predict and simulate specific status and performance under

extreme conditions, which cannot be easily tested by experiments. However,

compared with experimental characterization methods, multiphysics models

cannot entirely simulate realistic physical processes of electrochemical devices

yet. The assumptions and simplification from modeling theories usually lead

to deviations from experimental observations. These deviations also some-

times result in an interpretation gap between experimental observations and

simulations. Therefore, the methods and applications of multiphysics model-

ing should be further improved and explored, especially for the combination

of experimental observations, practical applications and theories. Moreover,

the multiphysics modeling is also limited by its computational cost and nu-

merical methods, which cannot be suitable for detailed and high-dimensional

modeling cases at times. The following paragraphs will introduce recent draw-

backs and necessities of improvement in the field of multiphysics modeling of

batteries and capacitors.

Efficiency in systems engineering perspectives

The research of lithium-ion batteries and supercapacitors mainly pays atten-

tion to robust approaches to system design, creation, and operation strategies

[81]. These approaches serve the solutions of markets issues: cost, lifetime

and safety. In engineering perspectives, the research and development sub-

jects should be suitable to solve such market issues. However, most research

of novel materials and future battery design cannot sufficiently consider these

requirements. They maybe neglect the cost and lifetime problems presently,

because the novel devices and materials should succeed working first. There-

fore, the following design and optimization research has to pay more attention

to the customer demands. The modeling tools can perfectly aid for optimal

design strategies, with a consideration of manufacturing cost and lifetime.

12



Chapter 1 Introduction

However, most recent multiphysics models work for the interpretation of phys-

ical phenomena in multi-scales. Few of them are deeply developed for real cell

and stack design, or scaling-up problems. This is because the computational

cost of multiphysics models is much higher than empirical or equivalent-circuit

models. Although empirical or equivalent-circuit models cannot entirely ex-

press electrochemical or thermal behavior in physical insights, they can save

much time of research and development indeed. However, when solving the

problems of improvement of energy density via novel materials and electrolyte

design, these empirical models meet the bottleneck.

Generally speaking, the multiphysics models have enormous potential in

the field of cell design and system optimization, however, we need to improve

its algorithms or numerical methods at the beginning to reduce the com-

putational cost. This issue has been gradually seriously treated in the last

decades in order to overcome the shortcomings of P2D models as a component

in multiphysics models, using special numerical methods and approximations

[82, 83, 84]. These studies can be effective applied in manual programming

or COMSOL Multiphysics to increase the computational efficiency, but still

need further compatibility with other common computational software or

programs, for example, Ansys APDL, which has been widely employed in

industries and engineering research. Therefore, more compatible and efficient

computational framework and methods of multiphysics modeling are still the

research frontier of the simulation of lithium-ion batteries and supercapaci-

tors.

Identifiability and sensitivity analysis

Despite the plethora of papers available on modeling, simulation, and control-

oriented studies on the dynamics of lithium-ion batteries, sensitivity analysis

is an aspect that has not been sufficiently explored in this field of research

as well as in supercapacitors. It is noted that trial-and-errors do not effi-

ciently determine battery and supercapacitor design parameters and oper-

ating strategies. Sensitivity and identifiability analysis go hand-in-hand in

understanding the design and utilization of batteries based on the predictions

of mathematical models. It is highly valuable for the community in explor-

ing different facets of enhancing battery performance and understanding over

battery / supercapacitor designs. As shown in Figure 1.6, the identifiability
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Figure 1.6: A schematic of modeling tasks

and sensitivity analysis connects the modeling prediction with experimental

observations, and provides optimal strategies for better design. The simulated

results can also prove that the assuming mechanisms are reasonable for de-

tailed physical processes in batteries and supercapacitors, which are difficult

to test and characterize via experiments. For example, the research emphasis

of large-format cell designs and thermal management systems (TMS) is the

thermal behaviour of the cells, in terms of cell performance and safety [85].

Meanwhile, most of the relevant parameters for cell performance are difficult

to quantify empirically. Therefore, a model-based method of parameter sen-

sitivity analysis is beneficial for cell designs, cell testing, and TMS control

optimization issues [86]. It helps to identify the parameter sensitivities that

demonstrate the most relevant ones for the effects on cell performance and

thermal behaviour. In this case, a parameter sensitivity study, based on the

novel 3D multiphysics model should be executed for the cell voltage and the

local maximum temperature under normal and high applied currents. Here,

the most challenging part was to reduce the computational cost for thousands

of case studies in the model. The sensitivity study listed the sensitivities and

interactions of all groups of parameters, which will be detailedly introduced

in the following chapter. These findings are a valuable source of information

to improve manufacturing processes of high-performance large-format cells

systematically.
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Discovery of detailed physical processes

Introducing more detailed physical processes in a battery/supercapacitor model

can enhance its prediction and reliability with an increasing computational

cost [81]. Therefore, more and more literature has been published on approxi-

mation and simplification methods of complex models, but it is still necessary

to involve more detailed physical processes and mechanisms in multiphysics

models. Since not only Butler-Volmer equations but also Gouy-Chapman-

Stern method has been developed one hundred years ago, new observation

of modern characterization has not been described and included in recent

continuum models sufficiently. For example, Butler-Volmer equation cannot

successfully interpret heterogeneous charge transfer reactions via electronic

tunneling and nuclear reorganization, but this phenomenon commonly oc-

curs in the novel nano-materials [87]. We should use Marcus-Hush formalism

instead, due to time scale of electron dynamics. A typical existing limita-

tion presents in the lithium-ion battery material LixFePO4 (LFP). Bazant

[88] observed that charge-transfer reactions occurred in LFP, the active par-

ticles tend to separate into Li-rich and Li-poor phases inside, and this phase

separation results in a prediction deviation from traditional Butler-Volmer

model, referring to experimental results. He generated a new theory based

on nonequilibrium thermodynamics to solve the problems, and finally applied

it in other multi-phase active materials. However, this modern theory and

model have not been widely used in lithium-ion battery modeling.

In the field of supercapacitor modeling, the complex reaction system of

pseudo capacitance leads to a deviation between experimental results and

model capacitance prediction. This lack of reaction system information ex-

ists in cuprous oxide materials. Because the redox reaction of Cu2O in alkaline

electrolytes cannot be surely determined in terms of the concentrated solu-

tion [89], the recent models cannot accurately predict CV or charge-discharge

behavior of Cu2O-based supercapacitors. More detailed redox reaction mech-

anisms should be included via new experimental measurement for better pre-

dictions. Another limitation appears in the modeling of hierarchical pore

structures. Since supercapacitor capacitance is sensitive to specific active

area, which is determined by material structure, the porous electrodes should

be dynamically modeled in higher dimensions for apparent description of pore

structure effects. However, dynamical modeling of supercapacitors has not

sufficiently included the pore structure effects in porous electrodes, even the

15



Chapter 1 Introduction

detailed redox reaction mechanisms.

In this account, we need to discover and develop more detailed physical

processes in battery/supercapacitor modeling for fulfillment of accurate pre-

diction of multiphysics processes in novel nano- and meso-porous materials.

1.5 Scope of this thesis

This thesis focuses on the multiphysics modelling of electrochemical systems

that contains the lithium-ion batteries and supercapacitors. It includes a mul-

tiphysics multi-dimensional model for lithium-ion cells, accounting for the cell

geometries and anisotropic physical properties. Recently, similar models have

been widely developed, but an effective and efficient model, suitable for all

geometries still needs to be further improved. In this case, the multiphysics

model is developed in three dimensions, applied to two different real cell ge-

ometries for electrochemical performance analysis and cell design. Meanwhile,

we use the same porous electrode theory and Poisson-Nernst-Planck equations

with Gouy-Chapman-Stern and modified Donnan models to develop a novel

multiphysics model for investigation and interpretation of hierarchical pore

structures in supercapacitors. In this way, a general multiphysics modeling

approach of lithium-ion batteries and supercapacitors is built up and sum-

marized, and it can provide accurate and detailed predictions of optimization

and performance information for device design and property improvement.

Chapter two fully introduces the 3D multiphysics model of lithium ion

batteries. The detailed mathematical equations are outlined with its compu-

tational simplification methods. The model has been validated with a normal

pseudo-2D electrochemical model [90] and 2D temperature measurement by

the thermal camera. In the following, the use of the model is demonstrated

by application to a 12Ah pouch cell for analyzing its physical interactions and

heterogeneity in three dimensions.

Next, in Chapter three, the model is used for a global sensitivity analy-

sis with 46 physical parameters in a lithium-ion cell. The geometric data of

the cell is obtained from the 12Ah pouch cell that is used in Chapter two.

An effective and efficient method of Sobol’ indices with polynomial chaos ex-

pansion method is considered for the global sensitivity analysis. The results

of the investigation for the effects of each parameter on the cell tempera-
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ture and discharge capacity at 1C are presented. Moreover, using the same

approach, a large-format prismatic cell by consideration of improving the

thermal-electrochemical performance and reducing the risk of thermal run-

away is also optimized.

The last chapter will address the multiphysics modelling approach of super-

capacitors, with consideration of different double layer structures in meso- and

micropores and relative pseudo-capacitance from electrochemical reactions.

Two particular systems, cuprous oxide and hierarchical porous carbon cells

shall be introduced in the following. They typically represent the capacitive

interactions of faradaic and non-faradaic processes and effects of hierarchical

pore structures respectively. Regarding the experimental measurements, the

agreement of the comparisons between simulated results and measured gal-

vanostatic charge/discharge curves for both cells is shown. Next, the rest of

the chapter mainly focuses on the pore structure and ion transport effects

on capacitive performance, including micropore size, micropore volume ratio

and effective ion size. It is the first time to analyze such factors in porous

electrodes of supercapacitors by using this multiphysics modeling approach.
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Chapter 2

3D multiphysics modeling of lithium-ion

batteries1

2.1 Introduction

As introduced in last chapter, lithium ion batteries are widely applied in en-

ergy storage and supply ranging from electrical vehicles (EVs), hybrid electri-

cal vehicles (HEVs), and small-sized devices in satellites [91, 92, 93]. Thereby,

the need to overcome existing barriers, such as reducing cost and further in-

creasing energy density, motivates to investigate the impact of macroscopic

design features on internal physical processes and their interaction [94]. Those

aspects are in particular important in larger-format cells, e.g. pouch cells

or cylindrical cells. Such large-format cells are made of multiple layers for

high energy density. Therefore, for improvement of large-format cells, it is

necessary to deeply investigate a single multi-layer cell, as a deep insight of

multiphysics processes in the cell is helpful for an directed design and opti-

mization of large-format cells.

Mathematical models can be used to describe various coupled physical pro-

cesses to evaluate their interaction. Such multiphysics models of LiBs can be

applied for detailed analysis of internal physical processes and battery per-

formance. Higher dimensional multiphysical models can be used to reveal

those aspects in large format cells and evaluate local properties for different

operating conditions, e.g. charge and environmental temperature.

To establish multiphysics modelling of LiBs, prior studies applied different

approaches and coupling methodologies. Several fully coupled 2D electrochemical-

thermal models have been developed to investigate temperature and current

1Part of this chapter is published in N. Lin, F. Röder, and U. Krewer, Energies, 11,
2998 (2018).
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distributions in a special cross-sectioned plane, taking into consideration the

effects of detailed battery components, such as current collectors and tabs

[95, 96, 97, 98]. For 3D multiphysics modeling of LiBs, primarily a 1D elec-

trochemical model is coupled with a 2D electric models and a 3D thermal

model, aiming at investigating the performance of a single cell with a single

active layer [36, 99, 100].

For the investigation of battery packs or modules, Guo et al. [101] de-

veloped a 3D multiphysics model. This model has been used to study the

thermal and electrochemical performance in a module made of three pouch

cells. Despite detailed illustration of contour results of electric potential and

temperature, the model didn’t show the inhomogeneity of one cell and a

physical interpretation. Pannala et al. [102] also presented a 3D battery

pack model, which was used to simulate all battery components for a de-

tailed evaluation of the thermal and mechanical safety risk under adverse

conditions. However, even so multiphysics modeling of large format cells has

already enabled a detailed investigation of cell components and the impacts of

the battery materials on its performance, detailed analysis of inhomogeneous

performances in a single large-format pouch cell with multiple electro-active

layers was barely addressed. Moreover, to reduce computational cost, inter-

nal material homogeneity is often assumed. With these, recent multiphysics

models provide few results for heterogeneity within single large-format cell,

including dynamic descriptions of such heterogeneous multiphysics processes.

This work provides a 3D multiphysics model which enables prediction and

investigation of internal inhomogeneity which is in particular applicable to

multi-layer large format pouch cells.

In this chapter, by combining two hierarchical frameworks [84, 103] for

good management of coupling interfaces and submodel solvers, a 3D mul-

tiphysics model is developed and applied for simulation of a 12Ah pouch

cell with multiple electro-active layers. This model is applied to reveal the

thermal-electric-electrochemical interactions and to illustrate local evolutions

of physical processes under various discharge C-rates within those cells. To

enable computationally efficient simulation, a simplified electrochemical elec-

trode model is introduced and coupled to a 3D thermal-electric model on cell

level. Thereby, the simplified electrochemical model has been successfully val-

idated up to 4C discharge rate by comparing it to a full-order P2D model [90].
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2.2 3D modeling approaches

2.2.1 Implementation of standard cell geometries with

hierarchical framework

The 3D multiphysics model uses a hierarchical framework to implement the

coupling of the different physico-chemical processes within the geometry of

the 12Ah pouch cell presented in this work. The framework and the cell

geometry for this 3D model are schematically presented in Figure 2.1. The

framework introduces two submodels on two levels. These are the electrode

and the cell level. On each level an independent coordinate system is assigned

for the discretization. On electrode level, this coordinate describes the local

electrochemical processes of the cell along the x-axis of each electrochemical

element, which consists of anode, cathode, separator and current collectors,

in total five computational domains. On cell level, the cell configuration

includes current collector tabs, current collectors, polymer cover, and electro-

active layers as computational domains in three dimensions. Each meshed

element in an electro-active layer includes all computational domains of the

electrode level and is defined as a non-linear resistor, which represents the

local potential drop that stems from the local electrochemical processes. On

cell level, charge and energy balance equations are solved in three dimensions.

Both submodels are coupled by inter-level variables. The submodels and their

coupling approach will be also provided in details in this section.

Based on the geometry of 10 Ah pouch cell, (see Figure 2.1), we derive a re-

lationship between electrode2 properties (porosity and thickness) and design

length of electrode thickness δ and layer number N . It is noted that there

is a relationship between anode and cathode thickness when manufacturing

parallel active layers, assuming that stored energy in anode is 1.1 times larger

than that in cathode. The reason that we choose a specific capacity ratio

between cathode and anode is to prevent lithium plating, resulting from the

overpolarization at the anodes under accidental overcharging, adverse charg-

ing conditions after manufacturing, and this is always a self-defined standard

in industry [104]. It is defined as

δan

δca
=

1.1ρcaecaεs,ca

ρaneanεs,an
, (2.1)

2Cathode: NMC, Anode: Graphite
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...
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Figure 2.1: Illustration of the hierarchical framework in 3D multiphysics
model of a 12Ah lithium-ion pouch cell, including information
of cell components, computational domains and cell geometry
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where δ represents electrode thickness, ρ is electrode material density, e is

specific capacity of the electrode and εs represents volume fraction of elec-

trode material. The subscribe of an and ca represent anode and cathode

respectively. Equation 2.1 is derived from energy balance,

Eca = Ean, (2.2)

εs,caVcaρcaeca = εs,anVanρanean. (2.3)

Vi = Aiδi, i ∈ {ca, an}, (2.4)

where E represents the total electrochemical energy of electrode material, V

is the volume of electrode material of an active layer, and A is the surface area

of an active layer. Based on Equation 2.4 and cell structure in Figure 2.1,

we can calculate the layer number N and anode thickness δan regarding the

design cathode thickness of one active layer δca, using the following functions:

δan =
1.1δcaρcaecaεs,ca

ρaneanεs,an
, (2.5)

and the layer number N is denoted by

N =
Qnom

δcaAcaρcaecaεs,ca
, (2.6)

where Qnom represents the nominal cell capacity (Ah). Thus, according to

Equation 2.5 and 2.6, δan, δca and N have correlated equations. It means

both δan and N will change as well, when we change δca with a fixed design

capacity of large-format pouch cell with parallel layers. This motivates to

include manufacturing factors, such as the capacity balancing consideration.

2.2.2 Ionic transport on electrode level

The ionic transport in electrolyte is involved on electrode level. It describes

the electrolyte ions transport through anode, separator and cathode compo-
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nents in electrolyte phase. Assuming that the electrolyte solution maintains

charge neutrality, the charge balance is,

∑
k

zkck = 0, (2.7)

where ck is the concentration of ion species k in electrolyte solution and zk

denotes the charge property of ion species k. For a binary electrolyte solution,

with defined charge numbers z+ = 1 and z− = −1, we can assume that the

electrolyte salt concentration ce = c+ = c−, where the subscripts ”−” and

”+” refer to anion and cation species respectively. The mass conservation of

lithium salt in the electrolyte is given by:

εi
∂ce

∂t
= ∇ ·

(
Deffe,i ∇ce

)
+
(
1− t0+

)
aijx,i, i = ca, an, sep (2.8)

with the corresponding boundary conditions expressed by:

Deffe,i ∇ce|x=0,L = 0

−Deffe,an∇ce|x=δ−an
= −Deffe,sep∇ce|x=δ+an

−Deffe,sep∇ce|x=(δan+δsep)−
= −Deffe,ca∇ce|x=(δan+δsep)+

(2.9)

The last term of Equation 2.8 represents the entering and exiting of lithium

ions via heterogeneous charge-transfer reaction on the electrode surface. The

t0+ refers to the transference number of lithium ions in electrolyte solution,

ai and jx,i represent the pore-wall flux at the electrode-electrolyte interfaces

in domain i on electrode level. Deffe,i is the effective diffusion coefficient of

electrolyte. It is evaluated by Deffe,i = Deε
bi
i for every domain, where De,i

is the diffusion coefficient of electrolyte solution, εi refers to the porosity of

electrode i and bi is the Bruggmann coefficient of electrode i. The subscript

sep represents the separator domain on electrode level.

The electric potential in electrolyte solution Φe is evaluated in the contin-

uous liquid phase which consists of 3 domains – cathode, anode, separator,

i = ca, an, , sep on electrode level:

∇ ·
(
κeffi ∇Φe

)
−∇

[
2κeffi RuT

F

(
1 +

d ln f

d ln ce

)(
1− t0+

)
∇ ln ce

]
+ aiFjx,i = 0,

(2.10)
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where jx,sep = 0. The boundary conditions are given as follows:

∇Φe|x=0,L = 0 (2.11)

and at the interfaces,

−κeffan ∇Φe|x=δ−an
= −κeffsep∇Φe|x=δ+an

−κeffsep∇Φe|x=(δan+δsep)−
= −κeffca ∇Φe|x=(δan+δsep)+

(2.12)

where κeffi is the effective ionic conductivity of electrolyte in every domain,

and it is also evaluated by the Bruggmann expression of the ionic conductiv-

ity of electrolyte κi For practical calculation, we make an approximation of
d ln f
d ln ce

= 0, as we assume that the mean molar activity coefficient of electrolyte

f is a constant. Additionally, F is the Faraday constant, Ru represents the

universal gas constant and T refers to the ambient temperature on electrode

level.

2.2.3 Electrode charge conservation and solid diffusion

In electrochemical P2D models [12, 90, 105], lithium ions are assumed to

diffuse in electrode particles, which have no interactions with each other.

With a further assumption of spherical electrode particles, the solid diffusion

process is described by Fick’s law as follows,

∂cs,i

∂t
=

1

r2

∂

∂r

(
r2Ds,i

∂cs,i

∂r

)
, (2.13)

with the boundary conditions of the surface flux at the outer boundary (r =

Ri) of particles and in the particle centre (r = 0) being given as follows:

Ds,i
∂cs,i

∂r
|r=Ri = jx,i (2.14)

Ds,i
∂cs,i

∂r
|r=0 = 0 (2.15)

where cs,i represents the lithium ion concentration in particles of electrode i,

Ri is the particle radius of electrode i and Ds,i is the solid diffusion coefficient

of electrode i. Moreover, the charge conservation in solid phases is represented
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by

∇ ·
(
σeffi ∇Φs,i

)
= aiFjx,i, (2.16)

where Φs,i is the electric potential on electrode i. The effective electric con-

ductivity of electrode i, σeffi , can be evaluated by σeffi = σiεs, where σi is

the electric conductivity of electrode i.

2.2.4 Interfacial kinetics

The core of battery-type storage devices is the charge-transfer process, which

is comprised of heterogeneous charge-transfer reactions and charge-neutral

reactions at the electrode-electrolyte interfaces [105]. The net rate of an ele-

mentary charge-transfer reaction is usually expressed by Butler-Volmer equa-

tion. In lithium-ion batteries, an interfacial one-electron reaction is generally

considered as

Li(B)←→ V (B) + Li+(e) + e−. (2.17)

The species Li(B), V (B) and Li+(e) are an intercalated lithium ion in the

bulk electrode, an intercalated vacancy in the bulk electrode and a lithium

ion in electrolyte respectively. Introducing the open circuit potential (OCP)

Eeqi and the kinetic overpotential ηet,i for the reaction as ηet,i = Φs,i−Φe−
Eeqi (

cs,surf,i
cs,max,i

), we obtain the net rate jx,i:

jx,i =
i0,i

aiF

[
exp

(
αa,iFηet,i

RT

)
− exp

(
−
αc,iFηet,i

RT

)]
, (2.18)

where αa,i and αc,i are the charge transfer coefficients. i0,i is the exchange

current density, which is given as a function of the surface lithium concen-

tration in solid phases and lithium concentration in the solution phase at the

electrolyte-electrode interface:

i0,i = k0,iFc
αa
e

(
cs,max,i − cs,surf,i

)αa cαcs,surf,i, (2.19)

where k0,i is a kinetic rate coefficient, cs,max,i is the maximum lithium con-

centration in active particles and cs,surf,i represents the surface lithium con-

centration in active particles.

25



Chapter 2 3D multiphysics modeling of lithium-ion batteries

2.2.5 Thermal-electric behavior

The thermal and electric performance is modeled on cell level, for the consid-

eration of 3D cell configuration with all components. It can describe realistic

temperature and energy distributions and current flows. The energy conser-

vation for all domains yields:

ρCp
∂T

∂t
= ∇ · (λ∇T ) + q̇X , (2.20)

where specific heat capacity Cp and thermal conductivity λ are attributed

to every domain. qX represents the volumetric heat source in the electro-

active domain. For the cell components of electric conduction, the charge

conservation of the cell follows Ohm’s law. It yields

∇ · (σj∇Φj) + iX = 0, j = −,+ (2.21)

where σj is the electrical conductivity of electrode current collector (+ or -),

and iX is the volumetric current density flowing from electro-active layers.

2.3 Electrode level: electrochemical submodel (ESM)

2.3.1 Simplification of P2D model

In the electrochemical submodel (ESM), the equations mentioned in Section

2.2.3, are recently solved using finite element method (FEM) and finite vol-

ume method (FVM). Consequently, the discretization in both x and particle

radius r directions lead to high computational cost. In order to reduce the

present complexity, two simplifications compared to a full order P2D model

are introduced. In ESM, the pore-wall fluxes jx,i at the electrode-electrolyte

interfaces i = {cathode, anode} are denoted as average lumped variables j̄x,i

over space [34, 106]:

j̄x,i =
1

δi

∫
domain:i

jx,idx, i = ca, an (2.22)

and it can be calculated according to

j̄x,i =
ix

aiFδi
, (2.23)
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with ix the local current density on the current collector flowing out of the

electrode. The average lumped variable j̄x,i simplifies the lithium diffusion

process in Equation 2.13. By taking into account of the corresponding bound-

ary conditions of Equation 2.13 with j̄x,i, it can be approximately solved as

an analytical solution of surface and average lithium concentrations [107].

The surface concentration of lithium in each electrode is expressed as:

cs,surf,i =c̄s,i(t0) −
3j̄x,it

Ri

−

2j̄x,iRi

Ds,i


 1

10
−
Ntr∑
n=1

1

λ2
n


1 − e

−
λNtr+1Ds,it

R2
i

 +

√√√√Ds,it

πR2
i

erfc

λNtr+1

√√√√Ds,it

R2
i




−
Ntr∑
n=1

2j̄x,iRi

λNtr
Ds,i

1 − e

−λ2
Ntr

Ds,it

R2
i


(2.24)

where c̄s,i(t0) is the initial lithium concentration in the electrode particle at

t0, Ntr is the truncation error term number, and is defined as Ntr = 6 in this

work, and λn is the nth eigenvalue, which can be calculated as follows [107]:

λn − tan (λn) = 0, n = 1, 2, 3, ... (2.25)

The bulk concentration in the solid phases c̄s,i can be evaluated by solving

lumped mass balance:

dc̄s,i

dt
= −3

j̄x,i

Ri
, (2.26)

The solid diffusion overpotential in each electrode ηdiff,i is derived as a func-

tion of surface and bulk concentrations, and is expressed as:

ηdiff,i = Eeqi (
cs,surf,i

cs,max,i
)− Eeqi (

c̄s,i

cs,max,i
). (2.27)

Substituting j̄x,i for jx,i in Equation 2.18, the kinetic overpotential ηet,i

can be analytically solved [34]:

ηet,i =
RT

αF
ln

(
Ψi +

√
Ψ2
i + 1

)
(2.28)
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where the term Ψi is given by Eq. (2.29):

Ψi =
RiixF

6εii0,anδi
. (2.29)

It is noted that the evaluation of voltage in ESM element, all field variables,

e.g. Φe, ce,Φs, in the anode are evaluated at x = 0 and in the cathode at

x = L [34]. We also assume that αa,i = αc,i = α = 0.5 for this approximating

solution.

For simplification, the voltage in each ESM element can be denoted as the

sum of different terms, as described by Prada et al. [34]:

Φs,ca(L)−Φs,an(0) = Eca

(
c̄s,ca

cs,max,ca

)
−Ean

(
c̄s,an

cs,max,an

)
+ηca−ηan+Φe(L)−Φe(0),

(2.30)

The reference potential on the anode Φs,an(0) is defined by the electric poten-

tial at the negative current collector on cell level Φ−. The total overpotential

ηi is defined as the sum of overpotentials of diffusion and kinetics:

ηi = ηdiff,i + ηet,i (2.31)

The electric potential in electrolyte solution Φe can be calculated analyt-

ically in every domain regarding the lumped pore-flux j̄x,i as follows [34]:

Φe(x) = Φe(x = 0)+
2RT

F

(
1 +

d ln f

d ln ce

)(
1− t0+

)
ln

ce(x)

ce(x = 0)
−

ixx2

2δanκ
eff
an

(2.32)

for the anode domain,

Φe(x) = Φe(x = 0)+
2RT

F

(
1 +

d ln f

d ln ce

)(
1− t0+

)
ln

ce(x)

ce(x = 0)
−
ixδan

2κeffan

−
ix (x− δan)

κeffsep

(2.33)
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Figure 2.2: a) Comparison of voltage-discharge curves of the ESM (- - dashed
line) and P2D model (– solid line) at a constant temperature of
25◦C, and 0.5C, 1.0C 2.0C and 4.0C. b) Relative errors of voltage-
discharge curves.

for the separator domain, and

Φe(x) = Φe(x = 0) +
2RT

F

(
1 +

d ln f

d ln ce

)(
1− t0+

)
ln

ce(x)

ce(x = 0)
+
ix (L− x)2

2δcaκ
eff
ca

−
ix

2

(
δan

κeffan

+ 2
δsep

κeffsep

+
δca

κeffca

)
(2.34)

for the cathode domain. The governing equations of the ESM, all summa-

rized parameters and material properties of the ESM are listed in Appendix

A.1 and A.2. Further equations about temperature dependence and thermal

behaviour are given in the following sections.

2.3.2 Validation of electrochemical submodel

The ESM is validated by comparing the discharge behaviour for multiple C-

rates to a full-order P2D model [90] as shown in Figure 2.2. Figure 2.2a)

illustrates that the discharge curve of ESM is in good agreement with the

full-order P2D model below 4C discharge, but it shows a larger deviation at

4C. The relative error of ESM at 4C for discharge voltage nearly increases to

5% in the end as shown in Figure 2.2b). For the simulation carried out in
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Figure 2.3: Comparison of electrolyte salt concentration distribution in ESM
(- - dashed line) and full-order P2D model (– solid line) at a) 1C
and b) 4C discharge.

this work, this error is still within an acceptable range, because it does not

lead to large deviations of inter-level coupling variables for the multiphysics

model. The deviation is likely caused by the assumption of lumped pore-wall

flux, which results in overestimated reaction rates along the anode. As a

consequence, ESM overestimates the consumption of Li+ at the anode and

leading to higher overpotentials. Nevertheless, the final capacity is identical,

which suggests that the entire process is not affected by this overestimation.

This observed deviation in voltage curves is further evaluated in Figure

2.3, where salt concentrations in the electrolyte is shown. The electrolyte

salt concentration distribution in ESM is consistent with the results of the

P2D model at 1C, but differs at 4C discharge after 10s. The electrolyte salt

concentration decreases faster in the anode domain in ESM. The salt concen-

tration in electrode domains is related to the local electrochemical reaction

rates, which originate from the pore-wall fluxes at electrode-electrolyte inter-

faces. In ESM, the pore-wall flux is assumed to be constant along x direction

as shown in Figure 2.1. In contrast, in the P2D model fluxes are higher

close to the separator. Therefore, the assumption of the lumped reaction rate

overestimates potential losses on the simulation of discharge behaviour from

full-order model at very high C-rates. To conclude, ESM model is sufficiently

accurate below discharge rates of 4C, but should be replaced with the full

order P2D model at higher rates. However, ESM is computationally much

more efficient compared to the full-order P2D model, as evaluated in Table
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Table 2.1: Computational cost of simulating discharge processes at different
C-rates under galvanostatic conditions, using ESM and P2D model.

0.5C 1.0C 2.0C 4.0C

ESM 9.21 s 9.46 s 7.31 s 5.80 s
P2D 39.80 s 50.19 s 39.22 s 33.63 s

2.1. Therefore, ESM can considerably reduce the computational cost with

moderate reduction of accuracy at appropriate C-rate ranges. This is partic-

ularly relevant for applications which involve 3D multiphysics simulation due

to the parallel executions of a very large number of ESMs.

2.4 Cell level: 3D thermal-electric submodel

As introduced in section 2.2.5, a 3D thermal-electric continuum submodel is

developed to solve temperature T , and local electric potentials Φ+ and Φ−

at the current collectors and tabs. A 3D geometry of a lithium-ion pouch

cell with multiple electro-active layers is considered as illustrated in Figure

2.1. It consists of 6 computational domains – two electric tabs, two electric

current collectors, electro-active layers and polymer cover. There are 40 par-

allel layers in the electro-active domain for this 10Ah pouch cell. The heat

convection boundary conditions are set on the domains of polymer cover and

tabs. Thermal and electric properties of cell components are considered to be

anisotropic in XY-plane and in Z directions [97]. The energy conservation of

the cell is represented by Equation 2.20. In lithium ion cells, the volumetric

heat source in the electro-active domain q̇X is the sum of the reaction heat

source q̇X,r, the volumetric entropy change q̇X,S and joule heat source q̇X,Ω:

q̇X = q̇X,r + q̇X,Ω + q̇X,S . (2.35)

All locally volumetric heat sources are determined by the ESMs on electrode

level. The coupling values and expressions will be introduced in the following

section. In present simulation scenarios, the cell surfaces are assumed to be

exposed to the environment, where the convective heat transfer boundary
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conditions on surfaces including tabs yield:

−~n · λ∇T = αh(T − Tamb), (2.36)

where ~n is the normal unit vector, Tamb is constant ambient temperature and

αh is the heat transfer coefficient between cell and the environment.

Introducing Ohm’s law in Equation 2.21, we obtain iX = 0 in tab domains.

For a discharge process, the electric boundary conditions as shown in Figure

2.1 are expressed as

~n · (−σ−∇Φ−) =
I

A−
(2.37)

at the negative electrode tab, and

~n · (−σ+∇Φ+) = −
I

A+
(2.38)

at the positive electrode tab, where A− and A+ are areas of anode and

cathode tabs respectively. On the tab terminal of anode current collectors,

the reference potential is defined as:

Φ− = 0 (2.39)

A 1D nonlinear resistor network is employed for charge conservation in electro-

active domain instead of Possion’s equation in Z direction [28]. The number

of nonlinear resistors Ne is equal to the number of nodes on the XY-plane

after meshing the cell (see Figure 2.1). According to Gerver’s approach [28],

the local current Inode in the electro-active domain follows the relation:

Inode =
Φ+,node − Φ−,node

Rnode
(2.40)

where Φ+,node and Φ−,node are the local potentials at nodes on cathode and

anode current collectors on the XY plane respectively. Rnode(Inode, ηnode) is

the local resistance evaluated by an independent electrochemical submodel.

Using nonlinear resistors, it is possible to combine local electrochemical pro-

cesses with geometry on cell level. Therefore, the coupling of too many PDEs

of electrochemical processes is avoided, and the simulation of charge conserva-

tion in 3D pouch cell configuration with a faster convergence than full-physics
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coupling is enabled [28].

2.5 Coupling approach and experimental validation

Figure 2.1 shows the coupling of the two submodels. Each independent elec-

trochemical submodel performs as a nonlinear resistor on cell level. In the

following we will introduce the coupling strategy between both level submod-

els and the computational framework.

2.5.1 Inter-level coupling variables

In this 3D multiphysics model, variables on the electrode level are firstly

solved, then these solutions are delivered to the cell level through inter-level

coupling variables as shown in Figure 2.4. In the electrochemical model, local

resistance Rnode(X,Y, Z) and volumetric heat source q̇(X,Y, Z) are deter-

mined. The thermal-electric submodel provides local temperature T (X,Y, Z),

electric potentials Φ+(X,Y, Z) and Φ−(X,Y, Z), and local current Inode(X,Y, Z)

as an input for the electrochemical submodels. The local temperature of an

electro-active element is the average value of its corresponding nodes. The

local resistance Rnode is defined as a function of local current Inode and local

potential drop between anode and cathode current collectors. The potential

drop is coupled on both levels:

Φ+,node − Φ−,node = Φs,ca(L)− Φs,an(0) (2.41)

Then using Eq. 2.28, Eq. 2.29, Eq. 2.30, Eq. 2.32 and Eq. 2.34, this potential

drop can be finally written as:

Φ+,node − Φ−,node = Eca(θca)− Ean(θan)

+
RT

αF
ln

(
Ψca +

√
Ψ2
ca + 1

Ψan +
√
Ψ2
an + 1

)

+
2RT

F

(
1 +

d ln f

d ln ce

)(
1− t0+

)
ln
ce(L)

ce(0)

−
ix

2

(
δan

κeffan

+ 2
δsep

κeffsep

+
δca

κeffca

)
.

(2.42)
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Figure 2.4: Overview of the inter-level coupling variables between the elec-
trode level and the cell level in the 3D multiphysics model.

where θi = cs,surf,i/cs,max,i. Inode is a local current of the corresponding

resistor and is denoted by:

Inode =
ixA

Nelem
(2.43)

where Nelem is the total number of electrochemical submodel elements in an

electro-active layer.

Using similar approach for the coupling of electrochemical processes and

charge conservation on both levels, the volumetric heat sources q̇X,r, q̇X,Ω

and q̇X,S are defined as average values on electrode level as follows [108]:

q̇X,r =
∑

i=ca,an

aiF j̄x,iηi, (2.44)

q̇X,Ω = aiF j̄x,i [Φe(L)− Φe(0)] (2.45)

and

q̇X,S =
∑

i=ca,an

aiF j̄x,iT
∂Ei

∂T
(2.46)

Using the three terms above, the volumetric heat source q̇X of every corre-

sponding node in the resistor element can be evaluated by Eq. 2.35. For

example, if the resistor is a linear element with two nodes, then one node
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represents the anode, and the other one denotes the cathode. Also, every

volumetric heat source is divided into two pieces: anode and cathode, and

then they are assigned accordingly. For the ohmic heat loss, it is assumed

that the active material is well electronically conducted, thus the ohmic loss

in solid phases is neglected here.

2.5.2 Computational framework

Referring to Allu’s [84] and Kim’s [103] works, the framework of the 3D

multiphysics model with the inter-level coupling variables enables different

solvers to be deployed with the different submodels. Figure 2.5 illustrates

the coupling algorithm in detail. The 3D multiphysics diagram shows that

the electrochemical submodel provides and calculates nodal and elemental

electrochemical information q̇X and Rnode in the electro-active domain on

the cell-level, and the 3D cell-level submodel provides averaged lumped in-

puts T , Φj and Inode for the electrode-level model. At the beginning of

each simulation, on both electrode and cell levels, initial conditions are eval-

uated by static calculations of the two submodels. After starting the tran-

sient simulation, at the start of any time step, ti, all stored solutions and

inter-level coupling variables on both levels are defined by the recent state

at ti. The meshing resolution and the number of nodes in the electro-active

domain determine the total number of electrochemical submodels. All elec-

trochemical submodels read their inter-level coupling variables from the 3D

thermal-electric submodel and calculate the following states at ti+1 with a

self-consistent iteration. Consequently, the exchange state of all correspond-

ing electrochemical submodels at ti+1 and recent state of 3D submodel at ti

are employed in 3D thermal-electric submodel to calculate its new exchange

states at ti+1. At the end of this iterative process, new exchange states of both

submodels become the recent states, and the 3D multiphysics model continues

with the next global time step. This iterative approach of the 3D multiphysic

model is based on Picard iterative method, which has been utilized for tran-

sient calculation of multiphysics models. It enables each submodel to proceed

its own self-consistent iterations to reach a convergence criterion after each

global time step is increased [84].
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Figure 2.5: Illustration of computational algorithm for the 3D multiphysics
model
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Figure 2.6: A 33 mAh sample pouch cell made by BLB

2.5.3 Experimental validation of 3D multiphysics model

Parameterization of sample BLB cells, and temperature distribution measure-

ment in the condition of constant current discharging have been proceeded

for validation of the coupled model. Different from the validation of reduced

model, coupling model is validated by both electrochemical and thermal re-

sults simultaneously. Therefore, thermal and temperature-dependent electro-

chemical tests need to be designed for validation. A group of fresh 33 mAh

pouch cells are prepared by Battery Lab Braunschweig (BLB), as shown in

Figure 2.6. All sample cells are operated in ThermoTec chamber, controled by

MACCOR Series 4000 electrochemical workstation. The thermal chamber can

easily control the environmental temperature of cells, confirming a constant

ambient temperature (10◦C − 40◦C) during operations. FLIR A300-Series

thermal camera is setup in the chamber to record temperature distribution

on the cell. The camera can record in-situ temperature change during cyclic

processes and capture the temperature distribution images of the cell. All

sample cells are cycled at multiple rates with a 10-minute pause between

charge and discharge process.

By simulating discharging processes, we find modeling results are in a good

agreement with experiments at 25◦C as shown in Figure 2.7. Electrochemical

processes are validated by the 3D multiphysics model in moderate conditions,
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Figure 2.7: Discharging curve of model validation in different C-rates and
temperatures

but it should be still improved in the future due to small deviations in extreme

temperatures. This deviation may stem from the numerical approximations

of electrochemical processes in Section 2.3. The approximations can reduce

the accuracy of highly non-linear behaviour, caused by high C-rates and ex-

treme temperatures.

Simulation results of temperature distribution also show a good agreement

with the experiment data. In Figure 2.8, temperature range and values were

well matched. As Figure 2.9 shows, the simulation results of temperature

variation for a given point are located in the experiment test result range.

Therefore, it is concluded that thermal behavior of spatial and time depen-

dencies is accurately predicted by the 3D multiphysics model.
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Figure 2.8: 3D multiphysics model validation for temperature distribution

Figure 2.9: 3D multiphysics model validation for temporal temperature vari-
ation
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2.6 Simulation results of a 12Ah pouch cell

In this section, the 3D multiphysics model is used to simulate a 12Ah large-

format pouch cell at various discharge rates under galvanostatic discharge

conditions. The cell dimensions were 99 mm width × 120 mm height × 9

mm thickness. The cell contains 40 parallel stacked electro-active layers. The

multiphysics model was defined as an open system, with a convective heat

exchange coefficient of 15W/m2 ·K connected to the environment. The ini-

tial and ambient temperatures were chosen as 25◦C. All design and thermal

properties are also listed in detail in Appendix A.3. The electrochemical sub-

models were implemented in Matlab R2015b with SundialsTB solvers [109].

The 3D thermal-electric submodel was implemented in Ansys APDL 15.0. All

simulations were executed on an 8 core I7-2600 processor with 16GB memory.

2.6.1 Temperature distribution

Temperature distribution at the end of discharge is shown in Figure 2.10

for the investigated cell, both on the surface and on cross-sectional area in

the centre of the electro-active layers for 1C and 4C discharge. Comparing

surface and central temperature distribution at 1C and 4C discharge, it can

be seen that temperature distribution is more uniform on the surface with

lower discharge rates. However, temperature difference in X-Y direction is

low compared to the temperature difference along Z direction, i.e. between

centre and the surface. This is caused by the low heat conductivity of the

electro-active layers along Z direction. Further, due to direct convective heat

exchange with the environment the temperature distribution at surface layer

is much more uniform. The local temperature near tabs in the centre is higher

at both 1C and 4C discharge as shown in Figure 2.10b) and d). This is caused

by the higher local current density close to the tabs. During discharge, the

local temperature is higher in the centre of the cell. It stems from the impact

of heat transfer and local current density distribution in the active layers

[101, 103]. It indicates that more heat is generated in the central electro-

active layer near the tabs.

The evolution of local temperature on both, surface and central layers, is

analyzed with Figure 2.11. The surface and the central layers are represented

by layer No.1 and No.21, respectively. Further, the temperature is evaluated

at various positions within one layer as P1, position close to the tab, P2,

central position, and P3 position far from the tab as displayed in the inset of
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a) b)

c) d)

Y

Z
X

Figure 2.10: Temperature distribution profiles [◦C] of the investigated 12Ah
pouch cell at the end of discharge: a) on the surface at 1C, b)
cross-sectional area in the centre of the electro-active layers at
1C c) on the surface at 4C, d) cross-sectional area at the centre
of the electro-active layers at 4C.

41



Chapter 2 3D multiphysics modeling of lithium-ion batteries

0 5 10 15 20 25 30 35 40 45 50
Time [min]

25

30

35

40

45

50

55

60

T
em

p
er

at
u

re
 [
°
C

]

#01, 1C

#21, 1C

P3, #01, 4C

P3, #21, 4C
P1, #01, 4C
P2, #01, 4C

P1, #21, 4C P2, #21, 4C

... ...

No.1 No.21 No.40

P.1
P.2
P.3

Figure 2.11: Evolution of local temperature [◦C] on various positions Pi in
layer No.1 (blue) and No.21 (red) at 1C and 4C discharge. P1:
x = 36.3mm, y = 30mm, P2: x = 36.3mm, y = −15mm, P3:
x = 36.3mm, y = −60mm. The original point (0,0,0) locates at
the center of electro-active layers, the geometry has been shown
in Figure 2.1.

Figure 2.11. As shown previously, the temperature difference between surface

and center is considerably compared to temperature difference within a single

layer. The maximum temperature difference between layer No.1 and No.21

reaches 4.94◦C at the end of 4C. However with 1C discharge, only a small

temperature difference between this two layers can be observed.

This result indicates that in particular the lower heat conductivity along

Z direction can lead to non-uniform temperature distributions. However, at

higher C-rates, also in X-Y direction a considerable temperature gradient

is observed. This leads to a significant thermal heterogeneity through and

across the electro-active layers. This heterogeneity finally may cause a risk of

faster degradation, or even thermal runaway process for large-format cells at

high current operation. It should be noticed that heat generation and thus

temperature distribution is strongly affected by local current, which is inves-

tigated in the following.

2.6.2 Current density distribution

Figure 2.12 shows the electric current density ix(X,Y, Z) distribution on cop-

per current collectors of different layers, at 1C and 4C discharge at SOC =
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a) b)

c) d)
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X

Figure 2.12: Current density [A/m2] on current collectors of different layers
at SOC = 50%: a) at 1C in layer No.1; b) at 1C in layer No.21;
c) at 4C in layer No.1; d) at 4C in layer No.21.

50% (SOC is the state of charge for the cell). As can be seen in Figure 2.12a),

the current density at 1C is larger near tabs of layer No.1 (P1) compared with

Figure 2.12b). In contrast, at 4C, the largest local current density appears

near the tabs of layer No.21 at 4C as shown in Figure 2.12c) and 2.12d).

Figure 2.12c) and d) present larger gradients of current density on both layer

No.1 and No.21 at 4C, which are consistent with the thermal contours shown

in Figure 2.10. The uniform temperature distribution across electro-active

layers at 1C indicates that local temperature is not the major cause for un-

even current density distribution in the case of low applied current. It is

mainly influenced by electrostatic potential, which changes fast near the tabs

[103]. In contrast, discharging with 4C, as local temperature increases fast,
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Figure 2.13: Evolution of local current density [A/m2] on various positions
Pi in different layers (#1, #21): a) at 1C discharge. b) at 4C
discharge, where the local current density at the copper current
collector is normalized by the nominal current density ix,nom =
25.25 A/m2.

the thermal effects become significant. Higher temperature is beneficial for

the electron-transfer reactions. Local resistance Rnode in Equation 2.40 and

2.42 is related to electrochemical reaction kinetics. The local resistance Rnode

along Z direction decreases with local temperature increasing. The local tem-

perature on layer No.21 is higher than on layer No.1 and forms a considerable

temperature gradient within a single layer, and thus, the local resistance on

layer No.21 is smaller than other layers. This finally results in higher local

current density on this layer. Additionally a larger current density gradient is

visible which is caused by the higher local temperature and larger tempera-

ture gradients. Thereby, this result suggests that the internal current density

prefers to travel from anode to cathode in a shorter route at high C-rates in

central layers of the large-format cell due to the higher local temperature.

In spite of the relation between local temperature and current density, the

evolution of local current density shows a significantly more complex, non-

monotonic behavior than temperature suggests, which is shown in Figure 2.13.

Here, the evolution of locally produced current density is shown at position

P1, P2 and P3 in layer No.1 and No.21 at both 1C and 4C discharge rates.

As can be seen in Figure 2.13a), local current density on the chosen po-

sitions of layer No.1 and No.21 is close to the nominal current density of

25.25 A/m2 during 1C discharge process. Due to the fast electrostatic poten-

tial change near tabs as mentioned before, the value of local current density
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is above the nominal value on the positions close to the tabs. It indicates

that the stored Li in the region close to the tabs is preferentially consumed.

Note that the initial value of current density on layer No.1 is larger than the

same position on layer No.21, this is because the finite number of tabs and the

tab positions can result in non-uniform current density distribution among

multiple layers or rolls [110]. The dynamical change of local current density

stems from local resistance variation. As inferred in Equation 2.19, the local

resistance is derived from thermodynamic status, lithium transport in solid

and liquid phases and kinetics. At 1C discharge, due to smooth transport pro-

cesses, the local resistance is sensitive to SOC or the depth of solid lithium

intercalation, which is related to kinetics and thermodynamic status. Since

P1 on both layers and P2 on layer No.1 react faster firstly with higher local

current densities, deeper deintercalation leads to smaller SOC, larger overpo-

tential, and finally larger local resistance. As a consequence, the local current

density on these positions decreases during discharge, and the local current

density on P3 of both layers retains a constant value during discharge, and at

the end, gradually increases to the nominal value due to slight temperature

increasing from cell heating. This effect is also mentioned by Lee et al [110].

This heterogeneity drives temporal variation of current density distributions.

The balance between cells is based on the driving force from the sensitive re-

lationship between SOC or depth of discharge and thermodynamic status and

diffusion reflected by overpotential [103]. By the end of the discharge process,

this relation becomes much more sensitive. Only slight local SOC stemming

from larger local current densities results in much larger local resistance. As a

consequence, the local current densities on these positions decreases rapidly,

and local current densities on other positions increases quickly due to smaller

local resistance.

Similar interactions are illustrated at 4C as shown in Figure 2.13b). It

also depicts considerable differences of current density between layer No.1

and No.21 at 4C. As mentioned above, the finite tab number and the dif-

ferent distance to the tabs result in a non-uniformly spatial current density

distribution at the beginning of discharge. The local values on layer No.1

are large firstly. Afterwards, based on larger local current density, SOC on

layer No.1 decreases faster, resulting in larger local resistance. Meanwhile,

the temperature in layer No.21 increases rapidly due to cell heating, driving

faster local kinetics, which results in smaller local resistance. Consequently,

this heterogeneity ctwoauses a rapid decrease of current density on layer No.1

and increase on layer No.21 in the first 2 minutes. Then the local performance
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is determined significantly by thermal effects. As the local temperatures in

the region close to the tabs are much higher than at other positions as shown

in Figure 2.10, the local resistance in this region becomes much smaller. The

local current density on P1 of layer No.01 and No.21 keeps increasing. The

evolutions on other positions are affected by the interaction of thermal ef-

fects and thermodynamic status as well, but also by transport limitations.

The temporal variations of local SOC and temperature determines current

density evolution during 4C discharge. At the end of 4C discharge, the local

current density is controlled by SOC, i.e. the depth of discharge. Here, similar

as for 1C discharge, the region with higher current density decreases rapidly,

and vice versa. The complex evolution at 4C reveals that electric current

density at high C-rates is strongly affected by thermal effects. During the

discharge process, the spatial and temporal variations of current density in

the cell is gradually determined by the interaction of thermal effects and SOC.

Due to a much more sensitive relation between SOC and local resistance, as a

consequence, the local current density is mainly controlled by SOC, reflecting

thermodynamic status and diffusion limitations.

2.6.3 The solid lithium concentration distribution

Local distribution of relative average solid lithium concentration θ̄an in the

anode at different layers are displayed in Figure 2.14. It can be seen that there

is a positive gradient of solid lithium concentration from tabs to bottom of

the cell, which is similar, but in opposite direction to the current density

distribution shown previously. This is expected as the local current density

determines local reaction rate, and thus, local intercalation fraction. There-

fore, in accordance with the respective current density as shown in Figure 2.12

and Figure 2.13, the lowest concentration of lithium in the solid of anode ac-

tive material appears near tabs of layer No.1 at 1C and layer No.21 at 4C.The

wider range of solid lithium concentration denotes a stronger heterogeneity of

Lithium accumulation in electro-active layers at 4C, and compared with the

results of temperature and current density contours in Figure 2.10 and 2.12.

It illustrates that the electrochemical performance in electro-active layers is

interacts with thermal and electric performance in the cell.

The time dependence of solid lithium concentration evolution also presents

such interactions, as Figure 2.15 demonstrates. We evaluate the same posi-

tions which are used for local variations in temperature and electric current
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a) b)
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Figure 2.14: Relative solid lithium concentration θ̄an on anode surface at
SOC = 50%: a) at 1C in layer No.1; b) at 1C in layer No.21; c)
at 4C in layer No.1; d) at 4C in layer No.21.
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Figure 2.15: Evolution of solid lithium concentration in anode particles, in
difference to theoretical average value: a) at 1C discharge. b) at
4C discharge.

density. The concentration evolution is displayed as a difference to the theo-

retical average value θ̄theo calculated by Faraday’s law, as follows:

∂θ̄theo

∂t
=
ix,nom ∗Nrate
Fδancs,max,an

(2.47)

As shown in Figure 2.15a), the local lithium concentration at P1 in layer

No.1 is lower than at all other positions at 1C. This corresponds with its

highest current density illustrated in Figure 2.13a). For the positions with

smaller current density than the nominal value, the reaction rates are slower

than the theoretical average value. Due to the deviation from average current

density, all positions perform differently from the theoretical average value

during 1C discharge. Figure 2.15b) reveals a more complex solid concentra-

tion variation at 4C. Due to higher local resistance at the beginning, P1 on

layer No.1 reacts slower than the average with a smaller current density. Then

the smaller solid lithium concentration in the centre shifts the local thermo-

dynamic equilibrium, resulting in an increase of local resistance. The current

density on P1 of layer No.1 gradually increases, and thus the solid lithium

concentration on P1 of layer No.1 gradually decreases faster than theoretical

average value at 4C. As expected, the heterogeneity of local solid concentra-

tion is much stronger at 4C than that at 1C, as shown in Figure 2.15. The

results of solid lithium concentration confirm that thermal, electric and elec-

trochemical performances in the cell are strongly interacting during discharge
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processes. Especially at high C-rates, the main determining factors of battery

performance can dynamically vary depending on local temperature and cell

design, with local physical states changing. This is essential information for

designing large-format cell for high power and energy.

2.7 Conclusions

In this chapter, an efficient 3D multiphysics model was developed and val-

idated for investigating physical interactions and heterogeneity of a 12Ah

large-format pouch cell. It couples local electrochemical submodels with a

3D thermal-electric submodel. The simplified electrochemical submodel was

validated against a P2D model up to 4C discharge rate. Analyzing a 12Ah

pouch cell, the following can be concluded:

1. At low discharge C-rates, cell temperature is uniformly distributed and

has only little impact on the behavior of local electric current density,

whereas at high discharge C-rates, cell performance is strongly affected

by its thermal behavior leading to heterogeneity of temperature dis-

tribution, electric current density and solid lithium concentration in

electrode particles.

2. The local current density at the current collectors is mainly affected by

the electrostatic potential at low C-rates. Electrochemical performance

at high C-rates is impacted by local current density and thermal effects.

The largest local current density always appears near the tabs of the

cell.

3. During discharge, the different locations in the cell are exposed to differ-

ent magnitudes of current, heat generation and state of charge. The cell

regions that determine cell performance also dynamically vary during

high C-rate discharge processes.

Knowing the state of large-format Li-ion batteries is essential for safe and

high performance operations. The 3D multiphysics model revealed highly

complex, non-intuitive behavior and interactions with distinct local dynamic

behavior in a large pouch cell, which cannot be reproduced only with a 3D-

thermal-electrical model or with 2D models. As the complex behavior will

affect performance lifetime and safety of such cells, we will employ such a
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multiphysics model for optimizing cell design and thermal management strat-

egy in the following chapter.
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Chapter 3

Global sensitivity analysis and battery

design1

3.1 Introduction

As described previously, physics-based models provide much assistance in cell

design, analysis of battery mechanisms, and solutions for safety issues. They

are crucial as well to give insight with the effect of changes with production

processes or cell performance [111]. Detailed analyses and characterization of

multiphysics processes in LiBs can be carried out via the multi-dimensional

multiphysics (MDMP) model introduced in Chapter 2. It works for detailed

simulations accounting for battery heterogeneity and nonlinearity within real

cell components and geometry, up to the microscopic particle properties. As

high dimensional MDMP models can simulate and predict battery perfor-

mance under realistic operating conditions, their results are much closer to

reality, but with a high computational cost. At the same time, MDMP models

are directly related to and determined by their parameters, including design

and physical properties. Therefore, MDMP models can perform as an effec-

tive tool for battery design and optimization.

Battery design and optimization are one of the most challenging aspects in

the lithium-ion battery engineering, due to its interrelated subsystems with

complex pack function and manufacturing requirements [112]. The design

strategies normally consist of the development of novel active materials, op-

timal cell structure, operation analysis, thermal management and controlling

system optimization. For our 3D multiphysics model, with an intensive study

of its parameter identification, we can obtain a thorough understanding and

better optimization of battery performance. Such an investigation of pa-

1Part of this chapter is published in N. Lin, X. Xie, R. Schenkendorf, and U. Krewer,
J. Electrochem. Soc., 165, A1169–A1183 (2018)
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rameter identifiability and feasibility can provide much valuable information

of desired cell performance in manual operation conditions, thereby, help-

ing with a novel design of the cell structure with optimal cell properties, or

improved operation strategies for safety and energy saving. For this case,

parameter sensitivity studies is necessary, since it characterizes the relation

between parameters and model responses [113]. However, as especially high

dimensional models are computationally demanding, an efficient parameter

sensitivity analysis of the MDMP model is necessary and beneficial for ad-

vancing utilization in the development and design of lithium-ion batteries.

Various parameter sensitivity studies employed in LiB research are avail-

able in the literature [114, 115]. e.g., to figure out the effects of parameter

variation on thermal and electrochemical behavior. Zhang et al. [115] used

the parameter sensitivities calculated from model simulations to categorize

the model parameters with different sensitivity levels and improved the qual-

ity of parameter identification based on the stepwise design of experiments for

each parameter cluster. Vazquez-Arenas et al. [116] indicated that parameter

sensitivities provide precise information for predicting and optimizing a model

as they show whether parameters have significant impacts on the variation of

the model output or not. In most studies, however, the sensitivity analysis of

Li-ion batteries frequently relies on scenario analysis [115, 116] and local sen-

sitivity studies [114, 117], which investigate only minor parameter changes,

i.e., exploring narrow ranges of the entire parameter space. This could lead

to an inevitable loss of information and biased results, and it does not reveal

critical parameter interactions. In first studies, the global sensitivitiy analysis

(GSA) is used to identify the parameter uncertainties of an electrochemical-

mechanical model for solid-electrolyte interphase evolution, based on a single

particle model [118]. GSA, to the best of the authors’ knowledge, has not

yet been applied to large-scale multiphysics Li-ion battery model, can be a

valuable tool in LiB research. The implementation, however, is challenging

because of the CPU-intensive 3D model and its vast number of parameters. In

this chapter, the focus is on the efficient implementation of a global sensitivity

analysis framework of the 3D battery model. Figure 3.1 shows the overall ar-

chitecture of the proposed concept and potential applications. The framework

provides sufficient quantitative information about parameter ranking, which

effectively reduces the need for experimental testing stemming from a large

number of parameters. In the framework, a CPU-friendly GSA calculation
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Figure 3.1: Structure diagram for global sensitivity analysis of 3D multi-
physics model for Li-ion batteries (LiB-3D model). The first two
frames are the focus of this work, and the third frame describes
possible future applications of the results.
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method is obtained as explained in the following.

Global sensitivity analysis has been exploited and implemented in differ-

ent research fields over the last two decades [119, 120, 121, 122]. It quanti-

fies the variation in the model response in the entire parameter domain and

comprehensively analyzes individual and joint effects of parameter variations.

In the literature, various methods for global sensitivity analysis exist, e.g.,

derivative-based global sensitivity methods [123], non-parametric concepts

[124], variance-based approaches [125], and density-based methods [126]. As

Li-ion battery models include highly nonlinear physicochemical phenomena,

the non-parametric methods specified for linear models are not suitable here.

The sensitivity indicators calculated with the derivative-based method and

the density-based method, in turn, are not easy to interpret in general or to

connect to the total variation of the model response. Thus, the variance-based

method, i.e., the Sobol’ sensitivity indices [125], is the standard method in

global sensitivity analysis and the best option for our Li-ion battery model.

The Sobol’ sensitivity indices are constructed with statistical terms, i.e., the

variance and partial variances of the model output. The required statistics

are typically derived via Monte Carlo (MC) simulations [127]. However, MC

simulations require a significant number of model evaluations which need

to cover the entire parameter space to provide a reliable estimation of the

statistical quantities. As a single evaluation of our 3D battery model is CPU-

intensive, the demand for computing sensitivities via MC simulations might

become prohibitive. To balance the computational costs, polynomial chaos

expansion (PCE) [128] as an efficient method for sensitivity analysis is an

attractive alternative and the method of choice in this paper. However, the

number of model evaluations required for constructing the PCE model in-

creases dramatically with the number of model parameters considered; i.e.,

PCE suffers from the curse of dimensionality [129]. Thus, the PCE model

is parametrized by the least angle regression (LAR) method [130, 131] which

typically ensures affordable computational costs. Another problem also arises

with utilizing LAR: Parameters with low sensitivities will be concealed and

cannot be analyzed for large-scale systems. To avoid this problem, the pa-

rameters of the 3D multiphysics model are categorized into two groups, i.e.,

design and material properties, followed by an analysis of each group.

In this chapter, the 3D multiphysics model in Chapter 2 is used to exe-

cute its global sensitivity analysis of 46 parameters, with a stepwise design
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method. Then, a systematic analysis is presented for the impact of the 46

model parameters on the discharge capacity and the maximum cell temper-

ature that reveals the critical parameters and the parameter dependencies.

The derived results are discussed in the context of LiB design and electrode

configurations, respectively. Moreover, with such analysis information, we

implemented a standard hybrid vehicle cell geometry to identify and investi-

gate cell operation regions for the battery design of thermal management and

thermal runaway propagation prevention.

3.2 Parameter sensitivity analysis

3.2.1 Global sensitivity analysis in lithium ion battery models

GSA reliably works for assigning confidence in model prediction and investi-

gation of less know parameters that result in large uncertainties with small

parametric deviations in highly non-linear systems. In non-linear Li-ion bat-

tery systems, it includes many uncertain parameters, such as electrode par-

ticle sizes, porosity, electrode structures and thermodynamics. In the case

of complex, non-linear systems with large amount of parameters, GSA can

effectively and efficiently quantify:

� the relationship between parameters and objective outputs, for example

battery performance,

� parameter uncertainties for more reliable and accurate model predic-

tions,

� the parameter identifiability for simplification of complex model with

high computational cost.

With these functions, more advanced models for large-format Li-ion batteries

can be developed and improved by effectively identifying relevant uncertain

parameters, thereby investigating and predicting detailed physical processes

such as local temperature and discharge capacity, etc. In engineering perspec-

tives, it will contribute much to design and optimization of different lithium-

ion battery systems, and development of efficient on-line monitoring models

for fast prediction and estimation of practical battery systems, for example,

electric vehicles, large-format consumer electronic cells, battery management

systems, etc.
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The parameter global sensitivities are usually quantified by decomposing

the variance of the quantity of interest (QoI) as a sum of contributions and

combinations of all input variables. Here, the QoI represents the function

outputs and the input variables are the target parameters. In the 3D mul-

tiphysics model, the QoIs denotes the discharge capacity and the maximum

cell temperature.

In the variance-based methodes, the Sobol’ indices [125] are well-defined

and robust measures for GSA, decomposing the total variance of the QoI re-

lated to a single parameter or parameter interaction, based on the assumption

of independent parameters. For the discharge capacity and the maximum cell

temperature, they are decomposed as [125]

Var(Q) =

np∑
i=1

Vari(Q) +

np∑
j=1

∑
i≤j

Varij(Q) + · · ·+ Var123...np (Q) (3.1)

Var(Q) is the total variance of the QoI, and the summands, Var123...np (Q)

with np being the number of parameters, are partial variances which are

defined as variances of conditional expectations with respect to certain pa-

rameters and read as:

Vari(Q) = VarXi (EX∼i(Y |Xi)), (3.2)

Varij(Q) = VarXiXj (EX∼ij(Y |Xi, Xj))− Yi − Yj . (3.3)

Here, Y and X represent the model output (QoI), and the model parameters

respectively. E(·) and Var(·) are the mean and the variance of the model

output in different parameter spaces. According to Equation 3.1, the last

summand Var123...np (Q) can be directly obtained by taking out other sum-

mands from Var(Q).

Var123...np (Q) = Var(Q)−Vari(Q) + Varij(Q) + . . . (3.4)
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Finally, these partial variances are normalized by the total variance of the

QoI resulting in

Si =
Vari(Q)

Var(Q)

Sij =
Varij(Q)

Var(Q)

(3.5)

where Si, Sij , . . . S123...np are then the Sobol’ indices which sum up to one

[132]. In the 3D multiphysics model, the first-order index Si represents the

effect of a single parameter Xi on discharge capacity or maximum cell temper-

ature. The higher-order index (e.g.,Sij) represents the effect of the parameter

interaction on either output. The total number of first- and higher-order sen-

sitivity indices for the considered Li-ion battery model with 46 parameters

are 246 − 1 = 7 × 1013, which leads to unaffordable computation costs. Al-

ternatively, the total sensitivity index STi is typically used to describe the

contribution of the single parameter Xi and joint effects with all other pa-

rameters and is defined as:

STi = Si + Sij + Sijk + · · ·+ S1,...,i,...,np , (3.6)

Frequently, only the total and first-order sensitivity indices are calculated to

keep the computational load manageable, which only have a total number

of 2 × 46 = 92. However, the computational burden for implementing MC

simulations to calculate the sensitivities is prohibitive, because a single simu-

lation of the battery model is extremely expensive. Thus, the PCE concept is

utilized to replace the CPU-intensive model and to calculate the sensitivities

efficiently. For this computational content2, it can be detailedly followed by

Lin et al’s work [133].

3.2.2 Stepwise design for parameter sensitivity analysis

The main motivation of the work in this section is to quantify the global

sensitivities of cell material properties and cell design factors on the battery

performance with a significant reduction in the computational cost by uti-

lizing PCE combined with least angle regression (LAR). However, it might

2The computational part of global sensitivities is contributed by X. Xie and R. Schenk-
endorf
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still be challenging to run global sensitivity analyses simultaneously for all

46 parameters and to derive meaningful inferences. The reason is that LAR

aims at selecting significant basis functions gradually based on the number

of provided samples. In other words, we might receive sensitivity values only

for parameters that have significant impacts on the QoI. As the information

about the parameters with low sensitivity might be concealed by the param-

eters with high sensitivity, the sensitivities of all 46 parameters (the material

properties and the design factors) cannot be easily distinguished. A step-

wise design for the sensitivity analysis is utilized to overcome this limitation,

where a hierarchical analysis is carried out to categorize different groups of

parameter sets a priori based on the results of the previous sensitivity anal-

ysis. According to the information about these sensitivities, if the design

parameters and the physical property parameters do not have evident inter-

actions but have different sensitivity magnitudes, we categorize them into two

groups, i.e., the design and physical properties, and study them individually.

If a sensitivity index of a parameter has an extremely high magnitude which

leads to unmeasurable sensitivity indices for the other parameters, then, to

avoid the concealment of information about other parameters, this parameter

is set to its nominal value in subsequent sensitivity studies.

3.3 Simulation results of global sensitivity analysis for

the 3D multiphysics model

In this chapter, the 3D multiphysics model in Chapter 2 is applied into the

global sensitivity analysis. The set of physical parameters in this GSA for

a 10 Ah pouch cell (anode: graphite, cathode: NMC) that is 120mm ×
99mm is given in Appendix B. The convective exchange coefficient is set to

10W/m2 ·K, referred to the natural convection value [134]. The thickness of

the cell is varied and determined by specified parameter ranges. Technically,

Gaussian and uniform distributions are used to describe the variability of the

parameters and provide the key information for global parameter sensitivities

as described in the previous section.

It is noticed that the anode thickness δan is not considered to be an iden-

tified parameter due to an assumption of the design capacity in the manu-

facturing process, calculated by Equation 2.5. The reason of the restraint

of the specific capacity ratio between cathode and anode in Equation 2.1 is

58



Chapter 3 Global sensitivity analysis and battery design

to prevent lithium plating, resulting from the overpolarization at the anodes

under accidental overcharging, adverse charging conditions after manufactur-

ing, and this is always a self-defined standard in industry [104]. According

to Equation 2.1 and 2.5, Nlayer, δca and δan has correlated equations. It

means both Nlayer, and δan will change as well, when δca changes with a

fixed design capacity of large-format pouch cell with parallel layers, for exam-

ple 10Ah. Meanwhile, it is motivated to include manufacturing factors, such

as the capacity balancing consideration, as well as to keep this relationship

in the following GSA. Therefore, in the following, only δca is chosen as a

parameter, since it can represent the impacts of Nlayer, and δan.

In this section, a 1C discharge process is simulated with an initial and

ambient temperature of 25◦C. The cell discharge capacity and the local max-

imum cell temperature are defined as the outputs in the global sensitivity

analysis. The cell-level model is implemented by ANSYS APDL 15.0, and

the electrode-level model is executed by MATLAB with the SUNDIALS TB

solver [109]. All simulation studies are run parallelized on three PCs with an

8-core I7-2600 processor with 16GB memory. Based on the evaluated outputs,

the PCE model is derived, and the global sensitivity analysis is calculated by

running MATLAB with the toolbox UQLab [135].

3.3.1 Utilizable discharge capacity

Global sensitivity allows to easily evaluate the sensitivities of performance to

a group of cell parameters based on the variation ranges for specific outputs.

In this section, the output is utilizable discharge capacity. The utilizable dis-

charge capacity is defined as the discharge capacity when cell voltage reaches

the cut-off value 3V. As shown in Figure 3.2, for the given parameter set

and parameter range in Table B.2, an increase of the cathode thickness to

the upper bound leads to a decrease of utilizable discharge capacity, and a

decrease of cathode thickness to the lower bound as used in this work results

in an increase of capacity. Figure 3.2 illustrates a significant capacity varia-

tion by changing the cathode thickness. This is not only due to effects of the

cathode thickness itself, but also due to the previously mentioned correlation

of Nlayer, δca and δan. When the cathode thickness δca varies in the given

range, the anode thickness δan and the number of active layers Nlayer also

changes dramatically according to Equation 2.1 and 2.5 to maintain a proper
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Figure 3.2: Discharge curves with varying cathode thickness δca in the range
of 30-100 µm, while the anode thickness δan and layer number
Nlayer vary at the same time according to Equation 2.1 and 2.5.
Std denotes the standard value 60 µm in Table B.2; other param-
eters according to Table B.2.

balancing of the cell and the required cell capacity. The layer number Nlayer

can change from 17 to 64. Since the pouch cell is made of stacked layers

as shown in Figure 2.1, Nlayer strongly affects the distributed current on

each current collector, thereby the current density on each current collector.

Consequently, it affects the lithium transport and cell capacity. The strong

negative effect of thick electrodes also needs to be attributed to strong trans-

port limitation, as reported also in the reference [136]. Understanding the

sensitivities of parameters for cell performance is thus crucially important for

optimization of cell design.

In Figure 3.3, the global sensitivities of all parameters for the utilizable

capacity after galvanostatic discharge at 1C are shown. Here, a subset of 10

sensitivities is significant, and the sensitivity of the cathode thickness is much

larger than the others as it determines the design capacity of the cell. The

specific capacity of the cathode material and the solid diffusion coefficients

in both electrodes have the next strongest effects on the discharge capacity.

This indicates that the discharge capacity at 1C is controlled by the solid dif-

fusion processes, because the ability of lithium ion transport in solid phases

determines the electrochemical performance according to the previous model

development section. From these identified parameters, three cathode design
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Figure 3.3: Global sensitivity of all 46 parameters for utilizable discharge ca-
pacity at 1C. First-order sensitivities represent the individual con-
tribution of each parameter to the utilizable discharge capacity,
and the total sensitivities including parameter interactions.

parameters obtain higher sensitivities. The cathode thickness mainly deter-

mines the methodology of cell design, since the variation of cathode thickness

also causes strong variation of layer number and anode thickness. To better

evaluate the sensitivities of the other parameters, the cathode thickness is

fixed to its standard value in the following studies because the cathode thick-

ness has the highest sensitivity of all for its strong correlated effect on battery

performance.

Next, after fixing the cathode thickness, all the other 45 parameters are

divided into two groups for individual sensitivity studies. The first group

represents the design parameters and includes 13 parameters as listed in the

first part of Table B.2. They cover manufacturing factors and geometries,

such as particle radius, porosity, current collector thickness, etc. In design

parameters, the Bruggeman coefficient b is used to represent tortuosity τ = 1
εb

[63, 137]. As the tortuosity of porous electrode can be described by Brugge-

man relation, the Bruggeman coefficient can quantify tortuosity effect. The

second group (32 parameters) contains the physical properties of the cell

component materials, e.g., material densities, thermal conductivity, reaction

kinetic parameters, etc. Table 3.1 illustrates the global sensitivities of the

design parameters for the utilizable discharge capacity at 1C. Here, the cur-

rent collector thickness and the cathode pore properties i.e., εca, bca and
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εs,ca dominate the simulation outcome. An explanation of these sensitivities

Table 3.1: Global sensitivities of 13 design parameters for the utilizable dis-
charge capacity at 1C after the cathode thickness δca and the phys-
ical property parameters are fixed. Sci denotes first-order Sobol’
sensitivity of utilizable capacity. ScTi denotes total Sobol’ sensitiv-

ity of utilizable capacity.

Parameter Sci ScTi
Ran 0.003 0.005
εan 0 0.001
εs,an 0.002 0.003
ban 0.003 0.007
δcc,an 0.117 0.129
δsep 0 0.003
εsep 0.006 0.007
bsep 0.004 0.010
Rca 0 0.003
εca 0.271 0.401
εs,ca 0.031 0.034
bca 0.139 0.269
δcc,ca 0.271 0.280

is that current collectors determine the local current density at the electro-

active layers and the reaction kinetics. Furthermore, the ionic transport and

the interface reactions in the electrodes are determined by the porosity and

the pore structure. Thus, the cathode pore properties and its current collec-

tor thickness have more impact on the discharge capacity. In the investigated

cell, the pore properties of the anode also show visible but weak effects on

the discharge capacity, compared with the cathode pores. Therefore, on the

utilizable discharge capacity at 1C of the investigated cell, the pore properties

of both electrodes play an important role, and the cathode pores are more in-

fluential. A comparison of the first-order and total sensitivities of each design

parameter reveals the apparent differences which indicates strong interactions

with other parameters, especially of the current collector thickness and pore

geometries.

The parameter interactions are revealed in Figure 3.4. It shows that the

Bruggeman coefficients bca, bsep, porosities εan, εsep, εca, and current col-

lector thickness δcc,ca, δcc,an have strong interactions with other parameters.

The current collector thickness of the cathode has a strong interaction only

with the current collector thickness of the anode. Due to the high thermal

conductivities of the battery components, the heat transfer inside the battery
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Figure 3.4: Second-order sensitivities of 13 design parameters for the utiliz-
able discharge capacity, with the constant cathode thickness δca
and physical property parameters. The gray elements show no
interactions between the parameters.

proceeds via them mostly. This heat affects the temperature homogeneity in-

side the battery, thus it affects the local electrochemical performance on each

electrode. The pore geometries of the cathode, anode, and separator are the

main variables that affect the ionic transport in the electrodes together. Ac-

cording to Equations 2.18 and 2.19, the electrochemical performance is influ-

enced by ionic transport in every cell domain. Therefore, the pore geometries

in the cathode, anode, and separator interact via the discharge capacity. The

cathode particle radius Rca also shows a clear interaction with the Bruggeman

coefficient in the separator bsep. This is because both parameters strongly

determine the overpotentials from solid lithium diffusion process and ionic

transport in the electrolyte. As the total overpotential of the cell is related

to discharge capacity, Rca and bsep have a strong interaction for utilizable

discharge capacity. Similarly an interaction between Rca and bsep exists. The

impact of interaction between Rca and bsep on utilizable discharge capacity

is shown in Figure 3.5.

Figure 3.6 demonstrates the parameter dependency of the physical proper-

ties, in turn. The utilized discharge capacity of the cell is mainly determined

by the solid diffusion coefficients of both electrode particles and the specific

capacity of the cathode material, with smaller interactions compared with
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Figure 3.5: Capacity-voltage curves with varying cathode particle size Rca
and Bruggeman coefficient in the separator bsep. Standard pa-
rameter value see in Table B

the design parameter group. According to Equations 2.18 and 2.19, the solid

diffusion process directly affects the electrochemical performance. Based on

our assumed manufacturing process, the specific capacity of the cathode de-

termines the electro-active layer numbers and thus determines the current

density of each current collector. Therefore, among the parameters in the

physical property group, these three parameters have a significant impact

on the cell discharge capacity. In addition to the design parameters, the re-

maining parameters of the physical property group do not have a significant

influence on the discharge capacity as shown in Figure 3.3. Thus, the cal-

culation of the parameter interactions for the physical property parameters

is not shown here. It is interesting to observe that the discharge capacity at

low C-rates is less sensitive to the thermal properties of the cell component

materials. It means that the temperature does not evidently affect the dis-

charge process at low C-rates. Thus, for the investigated cell, the discharge

capacity at 1C is quite sensitive to the electrode material design, including

the structure and the shape.

3.3.2 Maximum cell temperature

For a large-format pouch cell, the investigation of thermal behavior is also

critical because the heat in larger cells may not be removed sufficiently fast,
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Figure 3.6: Global sensitivities of 32 physical property parameters for the
utilizable discharge capacity at 1C after the cathode thickness
δca and design parameters are fixed.

finally causing local overheating. Therefore, the maximum cell temperature

during operation is considered as a second case for sensitivity analysis. It is

a good candidate for safety management in large cells. The maximum tem-

perature of the cell is located close to the tab in the center layer as shown in

Figure 3.7. Based on temperature ranges in Figure 3.7, it is also concluded

that the variation of cathode thickness has a strong impact on cell temper-

ature evolution and variation. the maximum cell temperature on position A

is evaluated, displayed in Figure 3.7, at the end of the 1C discharge followed

by the proposed stepwise design. Figure 3.8 shows the global sensitivity re-

sults for all 46 parameters for the maximum cell temperature at 1C discharge.

Compared with the utilizable discharge capacity, more parameters have sig-

nificant impacts on the maximum cell temperature. Cathode thickness and

pore size strongly affect the maximum temperature of the analyzed cell. The

difference between the first-order and total sensitivities indicates significant

parameter interactions, due to the strong correlated effect of cathode thick-

ness. The maximum cell temperature is also apparently influenced by the

anode pore size, the particle size, the electric conductivities of active materi-

als, and the electrolyte transport properties. Based on Equations 2.44, 2.45

and 2.46, the ionic transport in the electrolyte, the electron conduction in elec-

trodes, and interface reactions mainly contribute to the ohmic and reaction

heat, respectively, during operation. These physical processes are affected by

the electrodes and their pore structures, the electrolyte properties, and the
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Figure 3.7: Temperature distribution [◦C] on cross-section of the central layer
at the end of 1C discharge, with varying cathode thickness, a)
standard 60 µm; b) minimum 30 µm; c) maximum 100 µm. Point
A is defined the evaluated point of maximum cell temperature.

Figure 3.8: Global sensitivities of all 46 parameters for the maximum cell
temperature at 1C discharge.
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electric properties of the electrodes. In contrast to the discharge capacity,

more parameters evidently affect the thermal behavior of the cell. Physical

property parameters still play a minor role in the thermal performance of

the cell. Note that most of the sensitive parameters significantly interact, as

shown in Figure 3.8. Therefore, it is necessary to evaluate parameter inter-

actions in both groups as well.

For a first step, for avoiding strongly correlated parameter and studying de-

sign parameter set, we fixed the physical property parameters and the cathode

thickness and vary the design parameters exclusively. Table 3.2 illustrates the

Table 3.2: Global sensitivities of 13 design parameters for the maximum cell
temperature at 1C after the cathode thickness δca and the physical
property parameters are fixed. Sci denotes first-order Sobol’ sensi-
tivity of the maximum cell temperature. ScTi denotes total Sobol’

sensitivity of the maximum cell temperature.

Parameter Sci ScTi
Ran 0.005 0.012
εan 0 0.015
εs,an 0.005 0.023
ban 0.0246 0.039
δcc,an 0 0.010
δsep 0 0.003
εsep 0.006 0.014
bsep 0.011 0.024
Rca 0.333 0.346
εca 0.178 0.294
εs,ca 0.250 0.279
bca 0.015 0.133
δcc,ca 0 0.020

global sensitivities of 13 design parameters for the maximum cell temperature

at the 1C discharge. In contrast to the sensitivities for the discharge capacity,

all 13 design parameters for the maximum cell temperature have visible total

sensitivities, and the cathode pore structure and the particle size have the

largest effects among them. It indicates that all design factors are involved

in the thermal behavior of the cell individually or indirectly, and the cath-

ode design factors dominate. The pore geometries and the particle radius in

cathodes indicate that the generated heat of the battery mainly results from

the ohmic and reaction heat during operation. When the first-order and total

sensitivities are compared, there are significant parameter interactions for the
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Figure 3.9: Second-order sensitivities of 13 design parameters for the max-
imum cell temperature at 1C discharge with the constant and
physical property parameters. The gray elements show no inter-
actions between the parameters.

maximum cell temperature.

Note that the cathode thickness has a strong correlation with the other

parameters regarding capacity sensitivities; see Figure 3.3 and Figure 3.8.

This strong correlation might result in different sensitivity measures, when

dividing the model parameters into two groups and assume a fixed value for

cathode thickness. Therefore, the expected value of the cathode thickness is

used to provide a representative sensitivity analysis of the individual group

of the design parameters. A better understanding of the effect of the design

parameters, in turn, is mandatory for an effective cell design and is discussed

in more detail below.

The sensitivity matrix in Figure 3.9 reveals the parameter interactions for

the maximum cell temperature. It is evident that there are more interact-

ing parameters compared with the discharge capacity output in Figure 3.4.

The porosities and the Bruggeman coefficients determine the pore structure

and the pore volume. As mentioned earlier, at the electrode level, the heat

generation is determined by the ionic transport and the electrode–electrolyte

interfacial reactions. The reason is that the pore size and the structure de-

termine the lithium ion transport in the solid and solution phases, and the
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Figure 3.10: Global sensitivity of the physical property parameters for the
maximum cell temperature at the end of the 1C discharge, with
the constant cathode thickness δca and design parameters.

electrode particle size influences the specific area and the reaction kinetics at

the interfaces. The combined action finally affects the heat generation of the

cell during discharge. Moreover, the thickness of the current collectors also

interacts with the pore size and the electrode microstructure. This results

from the current density and the heat transport through the current collec-

tor. As the current collectors distribute and collect the current to the solid

and solution phases, the thickness of the two current collectors influences lo-

cal heat generation and heat transfer, and this directly affects the maximum

cell temperature.

At the cell level, it is interesting to see that the pore structure of the anode

interacts with that of the cathode in Figure 3.4. It is because the pore ge-

ometries of both electrodes determine the solid volume of the whole battery,

and thus, the number of electro-active layers and the heat conductivity of the

battery, based on a fixed nominal capacity of the cell. If the pores are bigger

and have more space, the total number of layers should be larger, and this

results in a worse heat transfer from the inside to the outside, and it finally

determines the maximum temperature of the cell.

Unlike the design parameters, significant sensitivities of the physical prop-

erty group concentrate on only three parameters, as shown in Figure 3.10. The

maximum cell temperature is most sensitive to the solid diffusion coefficient
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in the cathode particles. It indicates that the overpotential from the solid

diffusion process in the cathode mainly contributes to the heat generation of

the cell according to Equations 2.44, 2.45 and 2.46. The specific capacity of

the cathode material shows a visible but smaller sensitivity. This indicates

that specific capacity of cathode material can also affect the accumulation of

heat in the cell.

3.3.3 Conclusions

A global sensitivity analysis of a 3D multiphysics model for a Li-ion cell was

performed to analyze impacts of 46 parameters on cell performances includ-

ing discharge capacity and temperature variation. For this, an efficient PCE

method was implemented with a stepwise procedure. To overcome the dif-

ficulties of large computational costs due to the number of parameters, a

sparsity-based and highly efficient version of PCE was applied. The number

of random cases was drastically decreased, and the computational efficiency

was improved. In this vein, 46 parameters of the 3D multiphysics model

were efficiently identified and investigated in two studies, namely sensitiv-

ity to thermal performance by analyzing the maximum local cell temperature

and sensitivity to electrochemical performance by analyzing the utilizable dis-

charge capacity at 1C. Through the stepwise design approach, the cathode

thickness was identified as the most sensitive parameter for the discharge ca-

pacity and the maximum cell temperature. Moreover, it was found that the

discharge capacity and the maximum cell temperature at 1C were sensitive

to nine design parameters, including the electrode particle sizes and the pore

geometries of the investigated cell, and the parameters strongly interact with

each other. For the discharge capacity, the cathode design parameters play

an important role. The design parameters of all cell components are visibly

sensitive to the maximum cell temperature as well. Within the physical prop-

erty cluster, only the solid diffusion coefficient of the electrode particles and

the specific capacity of the cathode material were sensitive to the utilizable

discharge capacity. It shows that the utilizable capacity is related to electrode

geometries. In contrast, the thermal behavior of the cell is affected not only

by the electrode geometry but also by the cell geometry and the manufactur-

ing process, which determine the thermal management of the battery.
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To sum up, a global sensitivity study using the Sobol’ indices with a PCE

approach is successfully and efficiently used for a 3D multiphysics model of

a large-format Li-ion battery. This work also inspires future research. One

aspect is the investigation of the performance of other efficient approaches

for constructing CPU-friendly surrogate models, e.g., low rank approxima-

tion concepts. The other aspect is effective improvement in the efficiency of

the cell design and battery testing process, i.e., only to concentrate varying

highly sensitive parameters for cell performances, it is easy to optimize a

well-managed cell design for higher energy/power densities and evaluate hot

spots inside the cell to reduce safety risks. Moreover, battery tests can be

more effectively designed based on monitoring outputs and highly sensitive

parameters.
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Chapter 4

Battery design of a large-format prismatic

cell

In previous chapters, the simulation results and the parameter sensitivities

of the 3D multiphysics model have illustrated that the geometry parameters

have great effects on cell capacity, cell temperature and cell heterogeneity.

Among all the parameters, the cell capacity and maximum temperature are

very sensitive to defined design parameters, especially to the cathode thick-

ness, according to the results in Chapter 3. It means the optimization of

electrode thickness should be a key point of designing a safe large-format cell.

How to design a safe large-format cell is a hot topic in automotive tech-

nologies, since a large-format cell is quite sensitive to its thermal behavior,

and many electrochemical reactions and transport processes are exothermic

in the battery system. This heat can largely increase internal cell tempera-

ture, which may lead to safety issues and a short lifetime performance [138].

However, recent temperature measurement technologies cannot effectively and

accurately detect the internal temperature distribution in LiBs [139]. There-

fore, it is necessary to use the 3D multiphysics model to accurately investigate

internal thermal processes of the cell, so as to design a better cell with a good

thermal management and large capacity in the battery system.

4.1 Implementation of standard cell geometry

In this section, the 3D multiphysics model is employed in a typical automo-

tive cell containing a large-format prismatic cell structure (see Figure 4.1). It

is used to evaluate the safe operation range of such a large-format cell and

optimize the electrode thickness. It is essential to identify effects of jellyroll

geometry on the defined design parameters in Chapter 3, as stated in the high
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Figure 4.1: Schematic of the prismatic cell geometry

sensitivities of these design parameters for the cell temperature and capacity.

It helps to produce better cell design for thermal-electrochemical performance

and reduce the risk of thermal runaway by design.

In most modeling papers, the geometric information of Li-ion batteries usu-

ally includes electrode thickness, separator length, and electrode porosities as

mentioned in the previous chapters. Although these data are enough for the

P2D model governing equations, it still lacks more geometric parameters,

such as layer number (winding number N), winding inner space length d0,

and current collector thickness to draw and model 3D structures of every de-

tailed component in a large-format prismatic battery, as shown in Figure 4.1.

Among them, the battery component sizes can be directly measured and ob-

tained from manufacturers, but the lacking information of the active jellyrolls

in a prismatic cell should be evaluated by the geometric relationship from the

structure graphing of the prismatic cell.

Here, it is noted that there is a relationship between anode and cathode

thickness when manufacturing jellyroll, following the rules in Equations 2.1

and 2.4. Referring to the jellyroll structure in Figure 4.1, we can calculate
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the winding number N and inner space d0 using the following function:

δtot = δan + δca + δsep +
N

2 ∗N − 1
∗ (δcu + δal), (4.1)

where δtot is the total thickness of one active element including electrode,

separator, and current collectors. The term N
2∗N−1

∗ (δcu + δal) represents

an average thickness of current collectors for each winding N . Including the

hard case thickness δcase and polymer cover δpp on the surface of the jellyroll,

the thickness d of the whole cell should be

d = (δcase + δtot ∗ (2 ∗N − 1) + δpp + d0) ∗ 2. (4.2)

The total volume of anode in the jellyroll should be a function of winding

number N and inner spacer d0 with determined cell capacity. Based on the

geometry in Figure 4.1, this geometric relation can be described by

1.1 ∗Q ∗ 1000

ρaneanεan
= wδan [2N ∗ d0 + 2πN(N − 1)δtot + 4Nh+ (0.5πd0 + h)] ,

(4.3)

where Q is cell capacity (Ah), h is the height of jellyroll, and w is the width

of jellyroll respectively. All the data of cell geometry design is listed in Table

4.1.

Table 4.1: List of cell geometry design dataa

Variable Definition Value
δcu Thickness of copper current collector [mm] 0.011
δal Thickness of aluminium current collector [mm] 0.017
δcase Thickness of hard case [mm] 0.9
δpp Thickness of polymer cover [mm] 0.031
w Width of jellyroll [mm] 126
h Height of jellyroll [mm] 80
d Depth of cell [mm] 26.5
a: Measured.

Based on the given geometric information of the prismatic cell in Table

4.1, and nominal capacity (Q), the geometric relationship between electrode1

properties (porosity and thickness) and design length of inner space d0 and

1Cathode: NMC, Anode: Graphite
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Figure 4.2: Relationship of the prismatic cell design parameters: porosity of
cathode εca, porosity of anode εan and cathode thickness δca.
Number of winding N is an integer.

winding number N can be derived in a mathematic expression, according to

Equation 4.2 and 4.3. It is noted that the winding number N is an integer,

the solution of N from Equation 4.2 and 4.3 should be re-evaluated by the

closest integer of N , and this integer should be no less than the exact value of

N . Therefore, all relationships with varied N change in noncontinuous ways.

As shown in Figure 4.2, the winding number N increases when the cathode

and anode porosities increase, meanwhile, the inner space length d0 decreases,

when the single layer thickness of the cathode is fixed as 0.07 mm. When the

electrode porosities are fixed as 0.4, the winding number N decreases with

the single layer thickness of the cathode increasing, and inner space length

increases at the same time.

The importance of the winding number N results from the thermal prop-

erties of the battery. Because of the poor thermal properties of the active

materials in electrodes, the inner part of the battery obtains a poor ther-

mal transport ability when the winding number N increases or the electrodes

become thick, within the assumption of fixed geometric information of the

prismatic cell and the target nominal cell capacity. It will leads to high risks

of thermal runaway and poor usable discharge capacity. Therefore, an op-

timization of anisotropic thermal properties of cell components is needed in

coordination with the optimization of electrode thickness and winding num-
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ber.

4.2 Optimization of anisotropic thermal properties for

the prismatic cell

As mentioned in the last section, the thermal properties are important for

the optimization of thermal performance of the large-format prismatic cell.

According to the manufacturing function above and thermal property list in

Table 4.2, it is easy to figure out that the electrode thickness and porosities

determine the weight ratio of each battery component, and thus affect the

thermal properties of the jellyroll. Therefore, it is necessary to study the

effects of electrode thickness and electrode porosities on thermal properties

of the jellyroll. It is also because Chapter 3 did not detailedly discuss about

the relationship between the design parameters and thermal properties.

Table 4.2: List of jellyroll component material parameters

Component Material Density
[g/cm3]

Heat capac-
ity [J/g K]

Heat con-
ductivity
[W/m K]

Cathode NMC 4.75a 1.016b 1b

Anode Graphite 2.09b 1.095b 1b

Binder PVDF 1.78b 1.3b 0.5b

Separator Polyolefin 0.9b 1.883b 0.5b

Electrolyte EC/DMC/LiPF61.2
a 1.545b 0.5a

Current col-
lector

Aluminium 2.7b 0.896a 226b

Current col-
lector

Copper 8.9b 0.383a 402b

a: adjusted value.
b: Material data come from BLB and Wikipedia.

Figure 4.3 shows effects of electrode porosities and thickness on the heat ca-

pacity of the jellyroll. It demonstrates that jellyroll heat capacity is sensitive

to anode porosity. Jellyroll heat capacity increases by increasing electrode

porosities and reducing electrode thickness. As the other components of the

cell were fixed by material and cell size, the listed components in Table 4.2

mainly affect thermal properties of cell with different jellyroll designs. Due to

low heat capacities and high thermal conductivities of the metal cases in the

outer part of the battery, the variation of jellyroll heat capacity can mainly

determine the overall cell heat capacity and thermal behavior. When the cell

76



Chapter 4 Battery design of a large-format prismatic cell

Figure 4.3: Contour profiles of jellyroll heat capacity Cp,jelly [J/g K], (a)
δca = 0.07 [mm], with varying cathode porosity εca, and anode
porosity εan; (b) εca = 0.4, with varying anode porosity εan
and cathode thickness δca; (c) εan = 0.4, with varying cathode
porosity εca and cathode thickness δca.

heat capacity is high, the temperature variation of the cell can be minor.

The cell can stay in appropriate thermal conditions with minor temperature

variation of the cell. Figure 4.3 indicates that high electrode porosities and

small cathode thickness result in high jellyroll heat capacity. As a result, to

improve thermal properties of cell, it is a good strategy to manufacture sparse

thin electrodes.

The thermal conductivity of the jellyroll depends on the electrode and

electrolyte design and is considered to be anisotropic, with kin−plane and kz

representing conductivity in xy-plane and z-direction respectively (directions

see Figure 4.1). Compared with specific thermal capacity, thermal conductiv-

ity is more complicated because it is correlated to the porosity and materials

of every component of the jellyroll. Analogue to the specific heat capacity,

jellyroll is the component which can be improved with its geometric structure

in design. Therefore, it is necessary to investigate the variation of thermal

conductivity with electrode thickness and porosities. It can be seen in Figure

4.4 kin−plane is larger than kz because heat traverses all thermal insulation

layers in z direction. When heat flows parallel across electrodes, separator
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Figure 4.4: Variation of specific thermal conductivity of jellyroll [W/m K]
(top: kin−plane and bottom: kz) based on cathode porosity εca,
anode porosity εan and cathode thickness δca

and current collectors in xy plane, kin−plane can be expressed by [32]

kin−plane =

∑
i∈{an,ca,sep,Cu,Al}Nδikin−plane,i

d
. (4.4)

Equation 4.4 interprets the discontinuous surface in Figure 4.4. As discussed

in the previous sections, the winding number N is discontinuous with elec-

trode thickness and porosities varying, since it is an integer. When the elec-

trode porosities and thickness vary for the thermal conductivity investigation,

the winding number also changes discontinuously at the same time. Its vari-

ation rules follows the trend in Figure 4.2. When cathode porosity increases

and cathode thickness decreases , according to Figure 4.2, the number of

winding N increases, and thus the term
∑
i∈{an,ca,sep,Cu,Al}Nδikin−plane,i

becomes larger. Therefore, for this case, kin−plane is larger with a fixed jelly-

roll thickness d. In other words, when cell electrodes are thinner and sparser,

the heat conducts better across xy-plane with higher value of kin−plane.

Similarly, Figure 4.4 shows that kz is larger when electrodes are sparser

and thinner. This also results from the value of number of winding N and

the decreasing electrode thickness, as shown in Equation 4.5. In this case,

heat flows through all jellyroll layers including anode, cathode, separator, and

current collectors, the thermal conductivity in z direction can be described

78



Chapter 4 Battery design of a large-format prismatic cell

[32] by

kz =
d∑

i∈{an,ca,sep,Cu,Al}
Nδi
kz,i

. (4.5)

When electrode becomes sparser and thinner, based on Figure 4.2, the term∑
i∈{an,ca,sep,Cu,Al}

Nδi
kz,i

turns to be smaller, due to the thinner electrode

thickness (δca and δan). Therefore, kz becomes larger with a fixed jellyroll

thickness d. Consequently, the thinner and sparser electrode increases ther-

mal conductivity, and this is favourable, because higher thermal conductivity

of jellyroll is helpful for more effective cooling system design.

4.3 Electrochemical performance analysis of the

prismatic cell

Here we simulated the prismatic cell under galvanostatic operations, with

normal air cooling and thermal propagation (TR) conditions. The results

can help us deeply understand the internal cell performance and estimate the

safety operation range of the prismatic cell under thermal propagation con-

ditions.

4.3.1 Normal operation conditions

In this part, we simulated the prismatic cell at 0.5C and 4C discharge rates,

showing the internal temperature, current and solid lithium concentration

distributions of the jellyroll respectively. Figure 4.5 shows jellyroll tempera-

ture distribution at different C-rates. Obviously, jellyroll displayed a uniform

distribution at 0.5C, but a diverse one at 4C. At 4C, highest temperature

appeared in the center of the jellyroll, including part of clamps due to their

good heat conductivity. This difference of temperature distribution at dif-

ferent C-rates indicates that large-format cells generate much more heat at

higher current rates, which may lead to a risk of safety issue. Therefore, cool-

ing strategy for high current rates are important for design and optimization

of battery management system.

The jellyroll exhibited a similar difference of local current distribution at

0.5C and 4C discharge, as shown in Figure 4.6. At 4C, local current dis-
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Figure 4.5: Temperature distribution of jellyroll (37 Ah PHEV II) part at
0.5C (a) and 4C (b) in 25◦C at the end of discharge

Figure 4.6: Local current distribution (i) of jellyroll (37 Ah PHEV II) part at
0.5C (a) and 4C (b) in 25◦C at the end of discharge

80



Chapter 4 Battery design of a large-format prismatic cell

Figure 4.7: Local lithium concentration distributions of the cathodes (37 Ah
PHEV II) part at 0.5C (a) and 4C (b) in 25◦C at the end of
discharge

tributed diversely. The highest value appeared near the centre on the bottom.

It stems from the poor thermal conductivity of jellyroll. When heat generates

in the centre, it is only transported out slowly. Therefore, temperature in the

centre increases fast. Then this higher local temperature results in a lower

local resistance, and thus a higher current that accelerates heat generation in

the center.

Figure 4.7 demonstrates local lithium concentration distributions of the jel-

lyroll cathodes at different discharge rates. It is consistent with local current

and temperature distribution results. It indicates that lithium in solid phases

distributed more diversely at 4C, and particles near the centre fully discharge

first due to higher local current. Therefore, lithium-ion cells benefit from a

better electric conductivity of active material in order to improve its discharge

capacity.

4.3.2 Thermal propagation conditions

The 3D multiphysics model can not be only used in normal condition analy-

sis, but also in special cases, for example, thermal runaway propagation. As

shown in the schematic of Figure 4.8, in a 12-cell battery module, normally,

there are thermal resistance layers which locates between cells for preventing

from the large amount of heat of the thermal runaway cell. In this simulation

scenario, it is assumed that the thermal runaway occurs in No.4 cell. This will

81



Chapter 4 Battery design of a large-format prismatic cell

Figure 4.8: Schematic of 12-cell battery module with thermal resistant layers,
the No.4 cell was under the abnormal condition.

lead to the failure of neighboring cells (No.3 and No.5). To prevent from more

failure cells in the module, it is interesting to investigate whether the second

nearest neighbouring cells, like No.2 or No.6, work well, because this can help

us understand and estimate whether all cells failed during propagation in spite

of execution of passive prevention by the thermal resistance layers. There-

fore, we assumed a fixed temperature boundary condition with a range of

25◦C−100◦C for the large-format prismatic cell from the last section, during

the whole simulation process. Neglecting the structure of the thermal layer,

one side of the prismatic cell is set as the previous fixed temperature bound-

ary condition, and all the other sides are assumed as a natural air convection

boundary, with a 3W/Km2 capability of heat exchange to 25◦C environment.

The simulations run the discharge process of the large-format prismatic cell,

beginning with the cell at SOC = 100%, as the fixed temperature condition

is set for 25◦C, 50◦C, 75◦C and 100◦C. The discharge process is cut off at

an alerting temperature 60◦C and a voltage at 2.5V. The discharge cut-off

temperature is 60◦C due to high probability of thermal runaway.

Figure 4.9 shows the usable discharge capacity at different C-rates for vari-

ous boundary temperature conditions. Cell operation is terminated if at least

one of the cut-off conditions is met. When the fixed temperature condition
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Figure 4.9: Discharge capacity variation (prismatic cell) vs. discharge C-rates
on thermal runaway propagation boundary conditions, starting at
SOC = 100%

at one side of the cell is less than 50◦C, the cell stops the discharge process

due to the full discharging in cathode particles. At higher temperatures, cell

operation stops because temperature anywhere in the cell reaches the cut-off

temperature 60◦C. This indicates that it is necessary to restrain this large-

format cell temperature within 50◦C for its normal operation. For a cell

module under thermal runaway propagation, it is not easy to achieve this

limitation due to strongly exothermal reactions, even if there was a cooling

system accompanied with modules.

However, it is meaningful to investigate the effects of various boundary

temperatures on cell performance, because deep understanding of this non-

uniform temperature boundary effect can help us with a better design of

cooling / heating system or thermal resistant layer and estimation of nor-

mal operation range. Being exposed to more than 50◦C, current distribution

significantly had a different performance from normal boundary conditions,

as shown in Figure 4.10. Maximum region of local current appeared on the

heated contact surface and close to the clamps. With discharge proceeding,

local current becomes uniform gradually. It origins from the fact that the hot

contact surface led to higher local temperatures and lower inner electrochem-

ical resistance. As all electrons released or consumed have to flow through

the clamps, this flow generates a large amount of heat which causes high local

temperature. This leads to a higher local reaction rate/current production.
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Figure 4.10: Local current distribution variation on the fixed temperature
condition of 50◦C on A side at 4C

Figure 4.11: Comparison of local current variation at region A in Figure 4.10,
on natural air contact boundary (a) and propagated temperature
50◦C (b) at multiple discharge current rates

As time passed, cell temperature gradually increased and reduced the differ-

ence in temperature and reaction rate from propagated contact surface, then

as a result, local current distributed uniformly. It also indicates that the high

boundary temperature can lead to very high local current near the clamps,

which may lead to increased probability of safety issue. Figure 4.11 shows

that the maximum value of local current could reach 6C at 50◦C. Therefore,

the design of the cooling system for this kind of cell modules can influence

local current distribution and prevent thermal propagation conditions.
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Figure 4.12: Discharge curve at 4C – time vs. cell voltage in different cathode
thickness: 60µm, 80µm and 100µm.

4.4 Cell design: thin or thick electrodes?

As mentioned above, the electrode thickness determines the thermal proper-

ties of a large-format cell. Therefore, it affects the working status of the cell,

since bad thermal properties of a cell can lead to high risks of the thermal

runaway. As a result, it is worth discussing about the thickness of electrode,

and a choice of thin or thick electrodes determines the techniques of cell man-

ufacturing and design. In this section, based on fixed electrode porosities

εi = 0.4, we varied cathode thickness in the range of 60µm − 100µm. The

respective anode thickness was derived by Equation 2.1. To simulate the dis-

charging working status of the large-format cells in automotive systems, it

defines a standard top-bottom cooling condition. As shown in Figure 4.1, the

standard top-bottom cooling case is set by cooling the top and bottom sides

of the cell. The constant cooling temperature is set as 20◦C. All the other

sides of the cell are assumed to be adiabatic, because the inner cell in the

battery module cannot contact much air. For this simulation scenario, the

cathode thickness is assumed as 60µm, 80µm and 100µm. The discharge rate

is set as 4C, starting at SOC = 100%.

Figure 4.12 shows the discharge behaviour for different cathode thickness.

It is obvious that thinner cathodes performed better with fixed nominal ca-

pacity. When electrodes became thicker, the cell voltage dropped faster. At

85



Chapter 4 Battery design of a large-format prismatic cell

Figure 4.13: Local current [A] distribution at the end of 4C discharge on cath-
odes: a) 60µm, b) 80µm and c) 100µm.

a thickness of 100µm, the cell at 4C terminated very fast, in that case, the

cell was limited with higher local currents.

Apparently, local current distribution is broader with thicker electrodes, as

shown in Figure 4.13. This larger local current led to a higher overpotential,

as a result, the cell terminated more quickly in the case of thicker electrodes.

Therefore, a thin electrode is better for this prismatic large-format cell. The

thermal behaviour of different cathodes also made an agreement with our

conclusion. As Figure 4.14 demonstrates, thicker electrodes made a faster

and higher temperature increment. This can lead to a faster degradation or a

possibility of thermal runaway. From the above, thinner electrodes can con-

tribute to a better electrochemical and thermal consistency for this prismatic

type.
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Figure 4.14: Temperature variation at the centre of jellyroll during 4C dis-
charge process, with different cathodes: 60µm, 80µm and
100µm.

4.5 Conclusions

With a combination of the 3D multiphysics model and non-uniform ther-

mal boundary conditions, the internal heterogeneity of cell performance was

introduced for an advanced evaluation and design of the prismatic cell perfor-

mance. The results demonstrates that a small boundary cooling temperature

difference only affected the cell performance slightly.

Finally, a practical scenario of how to choose an electrode size is assumed.

The scenario helps to identify the thermal effects of electrode thickness on

cell performance. As a result, thin and sparse electrodes better benefit for

the large-format prismatic cell.

It is concluded that the 3D multiphysics model can be widely applied for

cell design and it is helpful for analysis and improvement of a practical battery

management system, as it allows the battery heat management to be tailored

to the given battery. This allows to predict and as such prevent unwanted

thermal runaway on one hand, and reduce unnecessarily large safety margins

in BMS.
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Chapter 5

Multiphysics modeling of supercapacitors

5.1 Introduction

Supercapacitors have been widely used in various applications, from large-

scale power for electric vehicles to tiny electronic units. They can supple

power sources, particularly those units requiring high-energy power peak [9],

and they have long lifespans and fast rates of charge/discharge. Superca-

pacitors are quite similar to the lithium-ion battery, as detailedly introduced

in Chapter 2. They have many similarities in the cell structures and ionic

transport processes of their working principles. However, the fundamental

advantage of supercapacitors is fast recharge processes in the range of min-

utes to hours, which is far away from the slow charge/discharge processes of

batteries. Therefore, the charge storage mechanisms are particularly vital in

the study of supercapacitors. Generally, the capacitive performance of su-

percapacitors is associated with the formation of the electrical double layers

and fast faradaic processes at the surface of charged electrodes [8]. In most

cases, the electric double layer is the main contributor to the capacitance of a

supercapacitor, especially for the carbon-based materials [140, 141, 142]. The

capacitive behavior of these supercapacitors is quite close to EDLCs, and thus

the electrode materials of supercapacitors require high specific surface areas

(SSA), good electric conductivities and appropriate electrolytes. Moreover,

some electrode materials undergo higher pseudo-capacitances, which result

from fast faradaic processes. These materials are mainly synthesized and

manufactured with transition metal oxides [10], such as RuO2 [143], MnO2

[144] and Cu2O [145]. Therefore, optimal materials of supercapacitors should

either possess stable and fast redox reactions or high SSA for charge stor-

age. Recently, novel supercapacitor materials have been discovered, but the

charge storage mechanisms of most have not been thoroughly investigated yet,

which impedes from a further optimization and improvement of supercapac-
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itor materials. However, the normal characterization techniques for testing

supercapacitor materials cannot be executed under all operation conditions,

consequently, they cannot fully characterize the electrochemical properties

under all operation conditions. For deep understanding of novel superca-

pacitor materials, researchers need more detailed and full interpretation and

evaluation of the novel materials in the supercapacitor system. As a result,

these requirements motivate the development of multiphysics modeling of su-

percapacitors.

As mentioned in Section 1.3, multiphysics models of supercapacitors have

already considered the effects of electrode pore structures, faradaic reactions,

double layer structures and temperatures on capacitive behavior of superca-

pactors. Scientists originally worked separately on pseudo-capacitors [146]

and EDLCs [64]. In this case, modeling of pseudo-capacitors were analogue

to batteries, in which the capacitors store charges by electrochemical reac-

tions occurring at the electrodes. Early models of EDLCs didn’t describe the

detailed structure of electric double layer, and these models cannot physi-

cally interpret capacitive behavior of capacitors and perfectly validate the ex-

periment characterizations, because the materials of supercapacitors possess

both faradaic processes and electric double layers [10]. Pilon et al. [77] have

modelled planar electrodes with the combined consideration of faradaic and

non-faradaic factors, which can obtain closer results with experimental char-

acterization and validations. However, few papers have used similar methods

to model porous electrodes, which play a key role in supercapacitor devel-

opment. Only the work of capacitive deionization under dilute solutions has

been recently simulated and validated [147]. Therefore, novel multiphysics

models of supercapacitors should physically describe the combined capacitive

behavior under concentrated solutions, and consider the geometric effects of

porous electrodes. Such multiphysics models can meet the major require-

ments of novel supercapacitor design and fabrication.

Recently, various characterization methods have been applied to evaluate

and investigate the geometric and electrochemical properties of supercapac-

itor materials. Cyclic voltammetry, electrochemical impedance spectroscopy

and galvanostatic charge-discharge operations are usually used for capacitive

behavior tests [141]. These measured data can be directly combined with

model parameterization. The physical characterization techniques, such as

scanning electron microscope (SEM), Gas adsorption-desorption, and atomic
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force microscopes (AFM) can give insight into the morphology and specific

surface area of the electrodes. Regarding this, the predicted results should

be also consistent with experimental measurements as mentioned previously.

Based on the consistence, the validated multiphysics models with detailed

pore structure information, can be improved for better interpretation of both

redox reactions and EDL formation processes in porous supercapacitors. The

predicted results of the improved models can better match the experimental

observation.

In this chapter, a novel P2D multiphysics model will be introduced for

carbon-based and nano-Cu2O supercapacitors. It firstly considers hierarchi-

cal porous electrode structures, the finite ion size in concentrated solutions,

the electric double layer structures and faradaic processes simultaneously.

This model can sufficiently describe the physical processes of supercapacitor

operations, thereby, better serving for the capacitor design and fabrication.

5.2 Theory

In this section, the porous electrode theory is applied including ion transport

processes within the mesopores of the electrodes, double layer formation in the

mesopores of the porous electrodes (hollow nano-Cu2O and carbon), charge

formation in the micropores of the hierarchical porous carbon and faradaic

processes in both electrode materials. The porous electrode theory has been

maturely employed in the battery systems, and the detailed description has

been noted in Doyle’s work in 1995 [148]. In the macroscopic description of

the porous electrode theory, the pore geometry is replaced by two factors –

porosity εi and specific surface area ai. This simplified assumption can be

also used here, because supercapacitors are essentially capacitive cells. For

the full calculation, the complete solution phase should be considered using

Nernst-Planck equations [73]. A symmetric supercapacitor geometry is built

up as shown in Figure 5.1. In this work, the thickness of the electric double

layer in the mesopores is described by Debye screening length lD [68],

lD =

√
εε0RuT

2z2F 2ce,0
(5.1)

where ε0 and ε are the vacuum permittivity and the relative permittivity

respectively, and the ce,0 is the ion concentration in the bulk electrolyte.
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Figure 5.1: The aqueous symmetric supercapacitor configuration with hierar-
chical pore structures.

The Debye screening length (lD ≈ 0.1 − 1nm), calculated by Equation 5.1,

is much smaller than mesopore sizes, so it is assumed that there is locally

electric quasi-neutrality in the bulk solution of the mesopores and quasiequi-

librium in double layers. Additionally, for the hierarchical porous carbons,

there are besides mesopores also micropores. It should be noted that formally

the mesopores are defined as the pore size in the range of 2 – 50 nm, and the

micropores denote the pores < 2nm [74]. According to the pore size distri-

bution of the hierarchical porous carbon electrodes in Table 5.1 , there are

Table 5.1: Information of pore size distribution of the hierarchical porous car-
bon electrode. DFT method is the density function theory model
for pore size calculation. The sample measurement data are pro-
vided by State Key Laboratory of Inorganic Synthesis and Prepar-
ative Chemistry, College of Chemistry, Jilin University, China.

Information Value
Average pore size (4V/A by BET) 2.1322 nm

Micropore volume (≤ 1.93nm) by DFT
method

0.7341 ml/g

Total pore volume (≤ 50.33nm) by DFT
method

0.9358 ml/g
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two types of porosities in our supercapacitor model, i) mesoporosity εme; ii)

microporosity εmi. For the limited size of micropores, it is assumed that ion

transport only occurs in the mesopores and quasiequilibrium charge storage

occur in both mesopores and micropores [149]. The faradaic processes are

assumed to occur in both types of pores, which will be detailedly introduced

in the following sections. The charge formation mechanism in mesopores fol-

lows the Gouy-Chapman-Stern model and the one in the micropores follows

the modified Donnan model.

5.2.1 Ion transport in mesopores

With a symmetric electrolyte and symmetric electrode structure of the capac-

itive cell, it is still assumed that ideal point charges move in the bulk solution

of the mesopores. A general Nernst-Planck (NP) equation can describe the

species concentration gradient and migration according to the electric field.

Regarding the porous electrode theory, the NP equation in one dimension can

be written as

Jme,i = −Deff,me,i
∂cme,i

∂x
−
ziFDeff,me,icme,i

RuT

∂Φe,me

∂x
(5.2)

where cme,i is the ion concentration of cations (i = 1) or anions (i = 2) in

the bulk solution of mesopores (me), and Jme,i is the ion flux in the bulk

solution of mesopores. Considering the mass balance in both mesopores and

micropores, the NP equation can be extended and reformulated as [74]

∂

∂t
(εmecme,i + εmicmi,i) = Deff,me,i

[
∇2cme,i +∇ ·

(
ziFcme,i

RuT
∇Φe,me

)]
−∇

(
cme,ivL,sup

)
+ νiajF

(5.3)

where the subscribe mi denotes micropores, vL,sup is the superficial velocity

of the electrolyte, jF is the interfacial flux resulting from the faradaic process

and νi is the stoichiometric coefficient of the redox reaction (νi = 1 denotes the

reaction rate of the reductant and νi = −1 represents the oxidant). According

to Doyle’s [148] and Biesheuvel’s [74] works, the convective flow in the porous
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media can be neglected, consequently, the Equation 5.3 is simplified as

∂

∂t
(εmecme,i + εmicmi,i) = Deff,me,i

[
∇2cme,i +∇ ·

(
ziFcme,i

RuT
∇Φe,me

)]
+νiajF

(5.4)

In the simulations, 2M KOH concentrated solution is set as the electrolyte,

thus z1 = 1 and z2 = −1. The assumption of local charge neutrality leads to

cme,1 = cme,2 = cme (5.5)

where it is derived from the charge neutrality in the bulk solution F
∑
i zicme,i =

0. Through Equation 5.4 and 5.5, it can fully describe the ion species in the

electrolyte. Moreover, the charge balance in the micropores by summation

of Equation 5.4 and 5.5 with positive and negative charges, in one dimension

can be derived as

∂

∂t
(εmiρq,mi) =

(
Deff,me,1 −Deff,me,2

)
F
∂2cme,i

∂x2
+

F 2
(
Deff,me,1 +Deff,me,2

)
RuT

∂

∂x

(
cme,i

∂Φe,me

∂x

)
+ajFF

(5.6)

where ρq,mi is the charge density in the micropores. It is defined by ρq,mi =

F
∑
i zicmi,i. In this case, the cation concentration term is removed from the

equations, therefore, the anion is the reference ion species here. Based on

Equation 5.4, 5.5 and 5.6, the ion transport in hierarchical porous electrodes

and separator has been fully described. Similar to the battery system, referred

to the coordinate space in Figure 5.1, Neumann boundary conditions are
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applied in ion transport equations as follows

Deff,me,i
∂cme,i

∂x
|x=0 = 0

Deff,me,i
∂cme,i

∂x
|x=Le = Deff,sep,i

∂cme,i

∂x
|x=Le

Deff,sep,i
∂cme,i

∂x
|x=Ls = Deff,me,i

∂cme,i

∂x
|x=Ls

Deff,me,i
∂cme,i

∂x
|x=Ls+Le = 0

∂Φe,me

∂x
|x=0 = 0

∂Φe,me

∂x
|x=Le+Ls = 0.

(5.7)

Obviously, the charge density ρq,mi and the faradaic reaction jF relate to the

ion transport with charge diffuse and the faradaic reaction in the supercapac-

itor. These two terms will be detailedly introduced in the following sections.

5.2.2 Electric double layer formation

Different from recent models, the electric double layers here are assumed to

form in both mesopores and micropores. Conventionally, the electric dou-

ble layer can be well modeled for mesopores and macropores by the Gouy-

Chapman-Stern (GCS) model, which assumes that the electric double layer

includes a Stern (compact) layer and a diffuse layer as shown in Figure 5.2.

With consideration of a diffuse layer in a high salt concentration, the model

can contain the physical processes of mobile ions in the double layer, such as

electrostatic forces and steric repulsion [150]. These processes are important

in the hierarchical pore structure. When the pore size is not much larger

than the Debye length, e.g. in the micropores, it is needed to use the modi-

fied Donnan model instead [147]. Therefore, the GCS and modified Donnan

models are simultaneously employed in our model for the hierarchical pore

structure.
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Figure 5.2: The double layer structure in mesopores.

Due to the concentrated solution, the steric effects of the finite ion size in the

quasi-equilibrium double layer of the mesopores are considered. Therefore, the

ion concentrations in the diffuse layer cdl,i can be described by the modified

Boltzmann distribution

cdl,i =
cme,iexp

(
−ziFΦ
RuT

)
1 + 2hsinh2

(
|−zi|FΦ

2RuT

) , (5.8)

where Φ is the electrostatic potential, defined as the difference between elec-

trode matrix Φs and the bulk solution in the mesopores Φe, and h is the

packing parameter. It results from the equation h = 2NAl
3cme,2 [68], where

l is the effective size of the ion in the electrolyte and NA is the Avogadro

constant NA = 6.02× 1023mol−1. According to a mean-field approximation,

the combination of Poisson equation and Equation 5.8 yields the 1D modified

Poisson-Boltzmann model [151] and it is expressed as

ε0ε
∂2Φ

∂y2
= Fcme,i

2sinh2
(
|−zi|FΦ
RuT

)
1 + 2hsinh2

(
|−zi|FΦ

2RuT

) (5.9)

Equation 5.9 describes the electrostatic potential distribution in the diffuse

layer, with respect to the bulk solution in the mesopores. Assuming a thin

double layer in the mesopores, the charge density of the diffuse layer ρq,mpb
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is obtained by integrating Equation 5.9 [68]:

ρq,mpb = −sgn (∆ΦD) 2a|−zi|Fcme,ilD

√
2

h
ln

[
1 + 2hsinh2

(
| − zi|F∆ΦD

2RuT

)]
,

(5.10)

where ∆ΦD is the potential drop of the diffuse layer with respect to the

potential in bulk solution at the same position. It modifies the charge-voltage

relation in the high voltage area for the diffuse layer. Because the Stern layer

is a compact layer, it results in a linear solution of the Poisson equation. The

charge density of the Stern layer can be expressed as

ρq,st = aε0ε
∆ΦSt

lH
(5.11)

where ∆ΦSt denotes the potential drop of the Stern layer and lH is the

effective thickness of the Stern layer. The effective thickness of Stern layer

[150] is calculated by

lH = 0.355 max {l1, l2} . (5.12)

The Stern layer and the diffuse layer can be treated as two capacitors in series,

therefore, the charge density of the double layer ρq,me can be evaluated by

the relation:

ρq,me = ρq,mpb = ρq,st. (5.13)

Considering that the double layer is located in the interphase between elec-

trode particle matrix and the electrolyte, two potential drops in the double

layer can be obtained by

Φs − Φe,me = ∆ΦSt + ∆ΦD. (5.14)

Consequently, Equation 5.13 and 5.14 relate potential in the double layer to

that in the bulk solution and electrodes via NP equations. It is noted that

the charge-transfer processes at the electrode-electrolyte interface do not only

result from faradaic reactions, but also the double layer formation. Therefore,

Equation 5.6 cannot accurately describe the charge balance in micropores and
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Figure 5.3: The double layer structure in micropores.

mesopores within double layers. It should be modified by the term jcharge,

∂

∂t
(εmiρq,mi) =

(
Deff,me,1 −Deff,me,2

)
F
∂2cme,2

∂x2
+

F 2
(
Deff,me,1 +Deff,me,2

)
RuT

∂

∂x

(
cme,2

∂Φe,me

∂x

)
+ajchargeF,

(5.15)

where jcharge denotes the contributions of both faradaic reactions and double

layer adsorptions. As pointed out in reference [73], it relates to the charge

density in the double layers ρq,mpb, according to

∂ρq,mpb

∂t
= aF

(
jcharge − jF

)
. (5.16)

This equation is only valid in the case of monovalent electrochemical reactions.

5.2.3 Charge formation in micropores

The charge formation in micropores is much different from that in mesopores.

Since the micropore size is similar to the Debye screening length, the diffuse

layers in the micropores have a strong overlapping, as seen in Figure 5.3. It

results in a constant potential drop in the diffuse layers ∆ΦDo as illustrated

in the modified Donnan model [147]. Certainly, a Stern layer locates in be-

tween the electrode matrix and diffuse layers, the potential drop of which

is also defined as ∆ΦSt. To describe the ion concentration in the microp-

97



Chapter 5 Multiphysics modeling of supercapacitors

ores, an excess chemical potential (energy) µatt is introduced. This excess

chemical potential is defined as the attractive surface forces for the ions in

the micropores by electrostatic image correlations [152] and aims to prevent

the unrealistic prediction of extremely high salt adsorption in concentrated

solutions [147]. With the image force correction, the ion concentration in the

micropores is represented by the modified Boltzmann distribution:

cmi,i = cme,iexp

(
−zif∆ΦDo +

µatt

RuTamb

)
, (5.17)

where f =
F

RuTamb
, and µatt can be evaluated by the approximating theory

of the image forces in the micropores [147],

µatt =
Eimf

can,mi + cca,mi
, (5.18)

where Eimf is the attractive Coulomb energy Eimf = z2lB

lp

(
l3pNA

) , lB is defined

as the local Bjerrum length lB = F2

4πε0εRuTambNA
and lp is the micropore size.

The charge density in the micropores is given by

ρq,mi = F
∑
i

zicmi,i. (5.19)

The charge density in the micropores can relate to the voltage drop of the

Stern layer according to [153, 154]

ρq,mi = −Cst,v∆ΦSt, (5.20)

where Cst,v is the volumetric Stern capacitance. For the volumetric Stern

capacitance, there is an empirical expression [147]

Cst,v = Cst,v,0 + βρ2
q,mi (5.21)

where β is the empirical correction factor for the experimental observation,

with respect to the model parameterization. Analogue to the relation of

electrostatic potential drops in the mesopores, there is a similar equation

existing here:

Φs − Φe,me = ∆ΦSt + ∆ΦDo. (5.22)
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Equation 5.22 illustrates the potential drops between the electrode particle

matrix in the micropores and the bulk solution. Until now, the charge for-

mations in hierarchical pores have been fully described.

5.2.4 Salt adsorption in diffuse layers of mesopores

As described in our model, the concentration of counterions and coions in the

diffuse layers of mesopores should increase with the applied voltage increasing.

In this case, the required excess salt concentration has to be adsorbed from

the neutral bulk. This phenomenon has been detailedly discussed in Bazant

et al’s work [155], which figured out that analytical models of diffuse layer

dynamics could break down when the cell voltage was high enough, stemming

from a depletion of salt concentration in the bulk. Although their following

work took account for quantifying such statement with steric effects in their

models [66], this consideration has not been implemented in the supercapac-

itor models yet. In this work, the salt adsorption is considered in the salt

concentration variation term in the bulk, except for the faradaic processes.

At first, the excess salt concentration in the double layer [155] is defined as

w =

∫ bulk

surface

(
cdl,+ + cdl,− − 2cme

)
dy, (5.23)

where w is the total excess neutral salt concentration in the double layers,

and dl represents the double layer interphase. For the description of the

double layers in Section 5.2.2, this excess salt concentration can be solved

and computed numerically as [66]

w =

∫ zF∆ΦD
RuT

0

coshu− 1

1 + 2hsinh2u

2cmelD (1− h)√
2
h

ln
(
1 + 2hsinh2u

)du. (5.24)

Consequently, with consideration of the excess salt adsorption in the diffuse

layers, the term νiajF in Equation 5.4 should be replaced by the term viajsalt,

shown as

∂

∂t
(εmecme,i + εmicmi,i) = Deff,me,i

[
∇2cme,i +∇ ·

(
ziFcme,i

RuT
∇Φe,me

)]
+νiajsalt,

(5.25)
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where jsalt relates to the salt adsorption term w [73], according to

∂w

∂t
= jsalt − jF . (5.26)

Similar to Equation 5.16, this equation is also only valid for monovalent redox

reactions. For pure EDLCs, jF = 0.

5.2.5 Faradaic reactions

The pseudo-capacitance of the capacitor Cφ originates from the faradaic re-

actions at the electrode-electrolyte interfaces. The charges move across the

interface, finally stored in the electrode matrix. Conway [8] proposed that

there were three types of reaction systems providing the pseudo-capacitance,

including redox systems, intercalation systems and underpotential deposition

systems. In this chapter, the redox system is the only topic. Typically, a

one-step, one-electron reaction can be represented as

Ox + e− ⇀↽ Red, (5.27)

where Ox denotes the reactants and Red represents the products. The ki-

netics of such faradaic reactions in both capacitive cells and batteries are

normally described by the generalized Frumkin-Butler-Volmer equation [156]

(BV equation). It illustrates that the reaction kinetics relate to the overpo-

tential ηi and active species at the interface, as presented in Equation 2.18.

In the lithium-ion battery system, the charge-transfer reactions are defined

as intercalation processes, and the effects of the double layer structure are

neglected. The kinetics only relate to the concentration of active species in

the electrode matrix and pure solution. However, in supercapacitors, consid-

ering the importance of double layer structures, the active species should be

considered to also transport and react in double layers, due to the interface

potential drop. Therefore, the description of electrochemical reactions should

be considered within the effects of capacitive layers. There are two types of

pores in the model, the effects of double layers or capacitive layers are needed

to be discussed separately.
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Generally, the generalized form for this one-step, one-electron reaction with

double layers, can be represented as [157]

jF = kf cOe
−αf∆ΦSt − kbcRe(1−α)f∆ΦSt (5.28)

where kf and kb are the forward and backward kinetic rate coefficients, and

cO and cR are the concentrations of oxidants and reductants in the reaction

zones respectively, while the potential drop across the interface (driving force)

is defined as the potential drop through the Stern layer ∆ΦSt. Assuming

equilibrium status jF = 0 to analyse Equation 5.28, ∆ΦSt at the equilibrium

status denotes

∆ΦeqSt =
RuT

F
ln
kf cO

kbcR
. (5.29)

Normally, the Nernst potential Eeq is defined as the potential drop between

the solid and liquid phases Eeq = Φ	s −Φ	e . According to Equation 5.14, the

Nernst potential equation of this faradaic reaction in mesopores is exhibited

as

Eeq =
RuT

F
ln
kf cO

kbcR
+ ∆ΦD, (5.30)

where the term ∆ΦD represents the effects of double layers on the thermo-

dynamics of the faradaic reaction. Since the model includes different pore

structures, the double layer effects should be described respectively.

Effects of double layers in mesopores

As previously described, the double layers in the mesopores follow the Gouy-

Chapman-Stern model. Newman et al. [156] and Bard et al. [157] sug-

gest assuming that the diffuse part of the double layer should be separately

treated beyond the faradaic reactions. It means the concentrations of active

ion species in Equation 5.28 should be the concentration at the Stern layer.

According to Equation 5.8, within the quasi-equilibrium in the double layer,

the concentration of active ion species c∗ac at the Stern layer is represented as

c∗ac =
cac,meexp

(
−zacF∆ΦD

RuT

)
1 + 2hsinh2

(
|−zac|F∆ΦD

2RuT

) , (5.31)
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where the species concentration follows the modified Boltzmann distribution.

Now, assuming that one-electron anion species participate in the electro-

chemical reaction except for the oxidant and reductant, the Butler-Volmer

equation within Gouy-Chapman-Stern model in Equation 5.28 is exhibited as

jF = kf cOe
−αf∆ΦSt − kbcRc∗ace(1−α)f∆ΦSt . (5.32)

After substituting the modified Boltzmann distribution of the anion species

to Equation 5.32, the BV-equation turns to be

jF = kf cOe
−αf∆ΦSt − kbcR

cac,meexp
(
F∆ΦD
RuT

)
1 + 2hsinh2

(
F∆ΦD
2RuT

) e(1−α)f∆ΦSt . (5.33)

In this case, the Nernst potential of this electrochemical reaction can be de-

rived as

Eeq =
RuT

F
ln

kf cO

kbcRcac,me
+
RuT

F
ln

[
1 + 2hsinh2

(
F∆ΦD

2RuT

)]
. (5.34)

Here, an equilibrium ratio is defined as K =
kf
kb

, and the overpotential η is

still expressed as η = Φs − Φe − Eeq . Equation 5.32 can be transformed as

jF = k0c
(1−α)
O cαR (c∗ac)

α
[
e−αfη − e(1−α)fη

]
, (5.35)

where the kinetic rate coefficient denotes k0 = k
(1−α)
f kαb and the Nernst po-

tential is Eeq = RuT
F

ln KcO
cRcac,me

+ RuT
F

ln
[
1 + 2hsinh2

(
F∆ΦD
2RuT

)]
.

Effects of double layers in micropores

Different from the double layer in mesopores, the capacitive layers in mi-

cropores follows the rules of the modified Donnan (mD) model in previous

sections. Similarly, based on the quasi-equilibrium of the mD model in the

micropores, it is assumed that the reactions occur at the interface of the Stern

and diffuse layer in the micropores. Consequently, regarding Equation 5.17,

the active ion species can be represented as

cac,mi = cac,meexp (−zacf∆ΦDo + µatt) . (5.36)
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Assuming that one-electron anion species participate in the electrochemical

reaction in the micropores except for the oxidant and reactant, the Butler-

Volmer equation within the mD model can be exhibited as [74]

jF = kf cOe
−αf∆ΦSt − kbcRcac,mie(1−α)f∆ΦSt . (5.37)

Following the BV-equation derivation process for mesopores, as a result, the

electrochemical reaction rate in the micropores can be exhibited as

jF = k0c
(1−α)
O cαR (cac,mi)

α
[
e−αfη − e(1−α)fη

]
, (5.38)

where the Nernst potential in the micropores is derived as Eeq = ln KcO
cRcac,me

−
µatt. Therefore, for the electrochemical reactions, only the equilibrium con-

stant K and reaction rate coefficient k0 should be additionally considered

during simulations both in the micropores and mesopores.

5.2.6 Governing equations

In this work, the supercapacitors are assumed to be in the aqueous basis

solution of 2M KOH. Equations 5.3-5.7 and 5.23-5.26 provide a complete

description of ion transport in the bulk solution of the porous electrodes. The

subscripts 1 and 2 of ion concentrations denote K+ and OH− respectively.

In this case, the salt concentration in the bulk solution cme follows the rule

cme = cme,1 = cme,2. Therefore, a partial differential equation (PDE) for

the salt concentration in the bulk solution is derived, by combining the rule

with Equation 5.25,

∂

∂t
(εmecme + εmicmi,2) = Deff,me,2

[
∇2cme +∇ ·

(
ziFcme

RuT
∇Φe,me

)]
+νiajsalt,

(5.39)

where OH− is treated as the reference ion species. The charge balance of

Equation 5.15 can be rewritten by using the reference species,

∂

∂t
(εmiρq,mi) =

(
Deff,me,1 −Deff,me,2

)
F
∂2cme

∂x2
+

F 2
(
Deff,me,1 +Deff,me,2

)
RuT

∂

∂x

(
cme

∂Φe,me

∂x

)
+ajchargeF,

(5.40)
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and the boundary conditions of Equation 5.39 and 5.40 are

Deff,me,2
∂cme

∂x
|x=0 = 0

Deff,me,2
∂cme

∂x
|x=Le = Deff,sep,2

∂cme

∂x
|x=Le

Deff,sep,2
∂cme

∂x
|x=Ls = Deff,me,2

∂cme,2

∂x
|x=Ls

Deff,me,2
∂cme

∂x
|x=Le+Ls = 0

∂Φe,me

∂x
|x=0 = 0

∂Φe,me

∂x
|x=Le+Ls = 0.

(5.41)

Next, Equations 5.8-5.22 are used to fully describe the charge formation and

balance of the capacitive layers in the meso- and micropores, where i = 2 for

the reference species OH−.

Porous carbon system

In the porous active carbon system, it is assumed that the carboxylic groups

at the carbon particle surface can react with hydroxyl ions reversibly, for the

case of Langmuir adsorption isotherm [74, 141],

−COO + H2O + e− ⇀↽ −COOH + OH−. (5.42)

Neglecting the volume change of the electrodes, the faradaic reaction can be

obtained as

jF,dl = k0,COOH,me

(
cCOOH,tot − cCOOH

)1−α
cαCOOHc

α
OH,dl

[
e−αfη − e(1−α)fη

]
,

(5.43)

in the mesopore double layer, and

jF,mi = k0,COOH,mi

(
cCOOH,tot − cCOOH

)α
c1−αCOOHc

α
OH−,mi

[
e−αfη − e(1−α)fη

]
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(5.44)

in the micropores, where cCOOH,tot is the total concentration of carboxylic

groups in the meso- and micropores. The total faradaic reaction flux fol-

lows as jF = jF,dl + jF,mi. The Nernst equation of the carboxylic group

deprotonation is

Eeq,me =
RuT

F
ln
KCOOH

(
cCOOH,tot − cCOOH

)
cCOOHcOH,dl

+
RuT

F
ln

[
1 + 2hsinh2

(
F∆ΦD

2RuT

)]
,

(5.45)

for the mesopore double layers, and

Eeq,mi = ln
KCOOH

(
cCOOH,tot − cCOOH

)
cCOOHcOH,mi

− µatt, (5.46)

for the micropores.

Nano-hollow cuprous oxide system

Compared with porous carbon system, the faradaic reactions with porous

structure effects more strongly determines the capacitive performance of the

supercapacitor. To deeply investigate the effects of faradaic reactions on

capacitive performance of the supercapacitors, the cuprous oxide supercapac-

itor is introduced in this part of the work. The nano-hollow cuprous oxide

supercapacitor system assumes to work in the alkaline solution. Especially

in the concentrated alkaline electrolyte, the oxidation of Cu(I) executes vari-

ous redox mechanisms possibly in terms of the thickness of copper crystalline

electrodes [158]. For simplification, one redox couple in the cuprous oxide

system is considered as[145],

2CuO + H2O + 2e− ⇀↽ Cu2O + 2OH−. (5.47)

As the Cu concentration as the reference species in the reaction system, the

cuprous oxide reaction can be rewritten as a one-electron one-step type

CuO +
1

2
H2O + e− ⇀↽ CuO 1

2
+ OH−. (5.48)
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Because the cuprous oxide hollow particles form a meso-pore structure [159],

the faradaic reaction only occurs under the GCS assumptions, showing

jF,dl = k0,Cu2O,me

(
cCu2O,tot − cCu2O

)α
c1−αCu2Oc

α
OH,dl

[
e−αfη − e(1−α)fη

]
,

(5.49)

where cCu2O,tot denotes the total concentration of cuprous oxide in the elec-

trode. The Nernst equation of the cuprous redox reaction is

Eeq,me =
RuT

F
ln
KCu2O

(
cCu2O,tot − cCu2O

)
cCu2OcOH,dl

+
RuT

F
ln

[
1 + 2hsinh2

(
F∆ΦD

2RuT

)]
.

(5.50)

So far, all the equations in this section constitute the mathematical for-

mulation of our multiphysics model, including both faradaic reactions and

capacitive charging / discharging. All the parameters for the simulations are

listed in the Appendix C.

5.3 Simulation results of multiphysics modelling for

supercapacitors

In this section, the multiphysics modelling of supercapacitors is applied to two

systems, a porous carbon and a nano-hollow cuprous oxide system, consider-

ing faradaic and electric double layer capacitance. As described above, the

nano-hollow cuprous oxide electrodes are considered as the meso-pore struc-

ture, and the porous carbon system is assumed as the hierarchical meso-micro

pore structure.

In the nanp-hollow cuprous oxide part, the cuprous oxide cells were devel-

oped by Amreesh Chandra group, IIT Kharagpur, India. The physical and

electrochemical information1 of cuprous oxide nano-spheres was also provided

by Amreesh’s group. The cuprous oxide cells were implemented by coating

active material powders on the graphite current collectors. The low electrode

thickness with high electric conductivity prevents from limited diffusion effects

1The nano-spheres were imaged and measured by SEM, and tested under CV and 1A/g
charge/discharge operations.
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on capacitive performance. The system employed 2M KOH as the electrolyte.

In the porous carbon part, the carbon supercapacitors were developed and

assembled by Haibo Lin’s group, State key laboratory of inorganic synthesis

and preparative chemistry, college of chemistry, Jilin University, China. The

physical and electrochemical information2 of hierarchical porous carbon cells

was also provided by Lin’s group. The hierarchical porous carbon was pre-

pared by rice husks. The electrode plate was made as 1×1 cm2 squares. The

system employed 6M KOH as the electrolyte.

All the relative charge/discharge experiments, symmetric electrodes were

evaluated under galvanostatic operations at the room temperature 25◦C. In

this case, the model is parameterized and simulated compared with the ex-

perimental results. The cell design specifications and parameters of cuprous

oxide and porous carbon for simulations are listed in the Appendix C. The

multiphysics model were implemented in COMSOL Multiphysics, and were

executed on an 8 core I7-2600 processor with 16GB memory.

In the following, this work will firstly discuss about the simulation of tem-

perature effects on capacity performance of the cuprous oxide system under

galvanostatic discharge operations. Due to the complexity of the redox re-

actions in the cuprous oxide system, the discussion will only focus on the

comparison of experimental data and simulation results. In the hierarchical

carbon systems, finite ion sizes (electrolyte), micropore sizes and meso-micro

pore structure are analyzed by using this model, for detailed discussion about

the effects of these physical properties on capacitive performance.

5.3.1 Simulation of galvanostatic charge/discharge

experiments

Cuprous oxide cells

Normal operation is executed at 25◦C. For first analysis of thermal effects,

the cells are also operated at 40◦C and 60◦C. Here the total capacitance and

capacity are evaluated by the discharge processes after 5 cycles for dynamic

quasi-equilibrium, due to the different capacitive behaivor in the charge pro-

2The hierarchical porous carbon was measured by SEM and gas adsorption-desorption,
and tested by CV and various C-rate charge/discharge operations
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Figure 5.4: Comparison of simulated to experimental discharge curves in dif-
ferent temperatures at 1A/g, i.e., cell voltage vs. discharge time,
for symmetric cuprous oxide electrodes. The solid lines are the
simulation results, and the cross markers are experimental data.

cess of the experimental test. Thereby, the discharge processes in different

temperatures have been simulated, since the supercapacitor capacitance is

evaluated by the discharge behavior in the experiments. The cyclic tests were

executed in a three-electrode system, with the reference electrode of Hg/HgO.

The voltage windows changed to the range of −0.4V − 0.8V.

Figure 5.4 gives the comparison between simulated and experimental dis-

charge curves at different temperatures. The discharge rate follows the ex-

periments at I = 1A/g. It can be found that the simulation curves agree with

experiment results, though some deviation at high temperatures. In terms of

the temperature dependence, it is assumed that Arrhenius-type correlation is

applied for faradaic reaction kinetic rates k0, equilibrium constant K, relative

permittivity ε and Stern layer thickness lH , following as

pi = Ai exp

(
ES,i

RuT

)
. (5.51)

After simulating all temperature cases, the temperature-dependent parame-

ters of this cell was fitted by least-squares regression. The parameters are

listed and expressed below
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Table 5.2: List of temperature dependent parameters of Arrhenius-type cor-
relations

Parameter Ai ES,i [J/mol]
k0 0.0309 m2.5/mol0.5s −4.99× 104

K 5.65× 10−28 mol/m3 −1.51× 105

ε 10.6 −4.30× 103

lH 5.38× 10−9 m 9.55× 103

The relative permittivity and the double layer structure (i.e.Stern layer

thickness) are temperature-dependent, because of the Gibbs energy storage

mechanism and the thermal effects of electric polarization in double layers [8].

Moreover, the temperature dependence of the electrochemical kinetic rate and

thermodynamics can not be ignored either. The ionic conductivity κ is also

temperature-dependent, but it can be neglected due to the small variation

in the temperature range. Based on three discharge curves, temperature-

dependent parameters and temporal cell voltage dependencies were identified.

For the given small experimental data set, the identified parameters reproduce

the behavior reasonably well. Further in-depth experiments and sensitivity

analysis would allow to elucidate identifiability and cross correlations, but is

out of scope of this work. For the experimental curves, the IR drops and the

redox potential drops from the profiles changes obviously in different tem-

peratures. At higher temperatures, due to the change in the electrochemical

environment inside the device, the extent and type of reactions get altered

[160]. Therefore, the multiphysics model can be improved by detailedly clar-

ifying the thermodynamics of redox reaction mechanisms.

Hierarchical porous carbon system

Compared with pore structure of cuprous oxide electrodes, the hierarchical

porous carbon includes both meso- and micropores, following GCS and modi-

fied Donnan models respectively. Therefore, this hierarchical structure needs

all physical process description in this chapter, when being modelled. Ac-

cording to this interesting complexity, the following analysis and discussion

on the effects of pore structures on the cell capacitance will be based on this

hierarchical porous structure.
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Figure 5.5: Comparison of simulated to experimental discharge curves at
0.5A/g, 1A/g, 2A/g, 5A/g, 10A/g, i.e., cell voltage vs. discharge
time, for symmetric hierarchical porous carbon electrodes. The
solid lines are the simulation results, and the circle markers are
experimental data. All tests are operated simulated at 25◦C.

Figure 5.5 gives the comparison of simulated galvanostatic charge/discharge

curves and related experimental results at different discharge rates. Good

agreement was found in the comparison of simulated to experimental data.

It illustrates that the multiphysics modelling could well describe the electro-

chemical processes in the hierarchical porous carbon electrodes under galvano-

static operation. In this analysis, the total capacitance of the cell is defined

and calculated by the discharge processes, expressed as

Ctot =
Qtot

∆V m
, (5.52)

where Ctot is the total specific capacitance, Qtot is the total passed charge

of the cell, ∆V is the potential drop of the discharge process and m is the

mass of the active materials on the electrode. The total capacitances at dif-

ferent discharge rates can be consequently evaluated. Figure 5.6 shows the

simulated specific capacitance profile of hierarchical porous carbon at differ-

ent discharge rates. The total capacitance decreases as the discharge rate

increases in the simulated range. At high C-rates, the ions takes time to

reach saturation in diffusional process for equilibration, which leads to high

potential drop from ionic transport and ohmic loss, therefore, the total capac-

itance is smaller than that at low C-rates. At the beginning, the capacitance
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Figure 5.6: Specific capacitance of the cell as a function of discharge current
density for the hierarchical porous carbon model.

decrease shows a non-linear trend in the curve. This is because the ionic

diffusion process for equilibration behavior non-linearly with the current in-

creasing. A similar observation is also mentioned by Dupont et al [144].

The capacitance decrease can be also seen in the detailed capacitance contri-

butions of each process in Table 5.3, where the double layer capacitance in

mesopores is Cme,EDL =
∫ ∫ ∂ρq,me

∂t
dx

Lsρs
dt, the double layer capacitance in mi-

cropores is Cmi,EDL =
∫ ∫ ∂ρq,mi

∂t
dx

Lsρs
dt, the pseudo-capacitance in mesopores

is Cme,F =
∫ ∫ ∂aFjF,me

∂t
dx

Lsρs
dt, and the pseudo-capacitance in micropores is

Cmi,F =
∫ ∫ ∂aFjF,mi

∂t
dx

Lsρs
dt.

Table 5.3: Specifice capacitance contributions for Cme,EDL, Cmi,EDL,
Cme,F , Cmi,F on the negative and positive electrodes at differ-
ent currents respectively.

Negative electrode Positive electrode

me-
EDL

mi-
EDL

me-F mi-F me-
EDL

mi-
EDL

me-F mi-F

0.5A/g 36.92 79.58 6.489 ×
10−5

1.5 × 10−3 55.34 57.08 0.9647 3.1122

1.0A/g 36.25 78.25 1.785 ×
10−5

6.971 ×
10−4

55.81 57.70 0.1176 0.8683

2.0A/g 35.79 77.23 4.272 ×
10−6

3.413 ×
10−4

55.52 57.35 0.0777 0.2296
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It illustrates that the major capacitance contributions comes from the dou-

ble layer capacitance in meso- and micropores. The pseudo-capacitance is low

because the total amount of active reaction sites is low, and it provides only

little capacitance for the capacitor. Furthermore, the pseudo-capacitance in

micropores is larger than in mesopores. It implies that the charge transfer re-

action mainly occurs in the micropores. With the current density increasing,

the pseudo-capacitance significantly decreases, it agrees with the assumption

of slow ionic diffusion equilibration as mentioned previously. The large double

layer capacitance at low C-rates also demonstrates that the low current den-

sities result in sufficient charge storage from ion diffusion due to the enough

time for equilibration. Dupont et al. [144] observed similar results in their

experiments of CV operations.

It is interesting to find that the contribution of double layer capacitance

in the negative electrode is much larger than the one in the positive elec-

trode, and the contribution of pseudo-capacitance in the negative electrode

is smaller. It results from charge storage mechanism in micropores. Starting

from the first charge process, the potential on the negative electrode decreases

below zero due to the electron conservation and the reduction process, and

this results in negative ∆ΦSt, ∆ΦDo and low concentration of OH− species,

and thereby, producing little electrochemical reactions according Equation

5.44. For example, at 1.0A/g discharge, the negative electrode behaves sim-

ilarly as an EDLC does. As shown in Figure 5.7a, the ΦDo on the negative

electrode varies in a larger range than that on the positive electrode during

discharge process. The larger variation of Donnan potential indicates that

the absorbed charge in micropores of the negative electrode is more than the

one in micropores of the positive electrode, according to Eq 5.17. Figure 5.7b

shows the variation of the adsorbed OH− concentration on both electrodes.

It agrees with the analysis from Figure 5.7a, and thus, the double layer of the

micropores in the negative electrode contributes more than that in the posi-

tive electrode. It is noted that the stronger faradaic reaction on the positive

electrode also results in a smaller Donnan potential range, and it drives lower

anodic adsorption concentration, regarding Equation 5.17, as shown in Figure

5.7b. The excess chemical potential evolutions illustrate that the mircopores

can continuously adsorb ions by attractive forces, which is also predicted and

simulated in Biesheuvel et al’s work [147]. Additionally, the powerful salt

adsorption ability of micro-porous materials has been already applied for wa-

ter desalination and energy extraction in seven years ago [149, 161]. To my
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Figure 5.7: Time dynamics in response to discharge process at 1A/g. (a)
Evolution of Donnan potential ∆ΦDo as function of position in
the electrodes. (b) Evolution of OH− adsoption concentration
cOH−,mi− cOH−,bulk in micropores as function of position in the
electrodes

best knowledge, this is the first time to detailedly analyze this phenomenon

in supercapacitor systems.

5.3.2 Effects of effective ion size in the electrolyte

The solute ion size significantly affects the capacitance for the meso- or micro-

porous supercapacitors, since it determines the structure of double layers and

ion transport during charge transfer. However, the known selection of elec-

trolytes in the experimental studies can only provide limited information of

effective ion size effects on capacitor capacitance in a narrow range [71, 162].

Due to this, this model can offer strong support for the systematic optimiza-

tion of supercapacitor properties. For the consideration of practical electrolyte

selection, the effective ion size is varied in the range of 0.1nm-1.0nm for the

analysis, besides, the micropore size is fixed at 1.13nm. Figure 5.8 shows the

specific capacitance as a function of solute ion size for the hierarchical porous

carbon model at 1A/g discharge. The total capacitance Ctot, the double layer

capacitance Cdl and the pseudo-capacitance CF decrease as the effective ion

size increases over the whole range. The double layer capacitance mainly

determines the total capacitance, as the low kinetics of the faradaic reaction

leads to few ions that can react. The Stern layer in the mesopores follows
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Figure 5.8: Specific capacitance of double layers Cdl, faradaic processes CF
and total Ctot, including the contributions of meso- and micro-
pores, at 1A/g discharge. The circle marker represents the total
capacitance, the star marker is the double layer capacitance and
the cross marker is the pseudo-capacitance.

the Gouy-Chapman-Stern model, which states that the thickness of Stern

layer can be assumed a monomolecular layer. The Stern layer thickness lH is

assumed to be determined by the effective ion size regarding Equation 5.12.

Consequently, the Stern layer thickness in mesopores decreases when the ion

size decreases. It results in an increase of charge storage in mesopore double

layers, according to Equation 5.11. The large charge storage also provides a

long time for faradaic processes to reach quasi-equilibrium during discharge,

thereby, obtaining a high pseudo-capacitance for small effective ion size. The

variation of detailed capacitance contributions can be observed in Figure 5.9.

The double layer capacitance in mesopores varies similarly compared with

the total capacitance Ctot in Figure 5.8. It follows the rules that Cdl,me is

strengthened by the decrease of effective ion size in the electrolyte, based

on Equation 5.8. After the ion size increases to 0.7nm, the theoretic charge

storage in mesopore double layers is smaller than that in the micropores,

and the micropores gradually determines the capacitance of the supecapaci-

tor. It is noted that the double layer capacitance is slightly increasing when

the effective ion size is close to the micropore size. The similar results of

the matching size between the solute ion and the micropore are also summa-

rized and observed by Taberna et al [163]. From the acetate aqueous elec-

trolytes [140] to the ionic liquid, i.e. ethyl-methylimmidazolium-bis(trifluoro-
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Figure 5.9: Specific capacitance contributions as a function of effective ion size
at 1A/g discharge. The circle marker represents the double layer
capacitance in mesopores Cdl,me, the square marker is the double
layer capacitance in micropores Cdl,mi, the diamond marker is
the pseudo-capacitance in mesopores CF,me and the cross marker
is the pseudo-capacitance in micropores CF,mi.

methane-sulfonyl)imide(EMI-TFSI) [162], the ion size cannot be varied in a

large range for systematic optimization, therefore, the pore size turns to be

considered as an important factor to improve the supercapacitor capacitance.

5.3.3 Effects of the micropore size

Most studies of the micropore size concentrate on the capacitive matching

with ion size [163, 164]. They also suggested that the ions were able to pass

through the nano-pores, which were smaller than the ion size. Based on our

model assumptions, this case is neglected. Regarding this, the pore size is

varied in the range of the effective ion size to the upper limitation of micro-

pore size 2 nm. The solvated ion size is defined as 0.7nm in the simulations.

Figure 5.10a) shows the total specific capacitance as a function of micropore

size at the end of 1A/g discharge. The curve illustrates that the total spe-

cific capacitance of the capacitive cell negligibly increases with the micropore

size increasing. Figure 5.10b) demonstrates that the total capacitance mainly

comes from the contributions of double layers both in meso- and micropores.

These predicted results have been observed and tested in the experiments for
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Figure 5.10: Specific capacitance contributions as a function of micropore size
at the end of 1A/g discharge, with respect to the cathode. (a) To-
tal specific capacitance; (b) square marker represents the double
layer capacitance in micropores, and cross marker is the double
layer capacitance in mesopores.

the carbon materials [71, 165]. Further, the micropore curve shows that the

double layer capacitance in micropores almost remains independent of the mi-

cropore size, albeit within a numerical deviation in the point of 0.9 nm. The

contribution of double layer in mesopores follows the same variation trend as

the total capacitance. According to Equation 5.21, the double layer capaci-

tance in micropores is mainly determined by the volumetric capacitance. It

is hardly affected by the ionic transport and faradiac reactions. Conversely,

the charge storage in the mesopore double layers is significantly influenced,

with the definition in Equation 5.10. The bulk ion concentration determines

the two important factors – packing parameter h and Debye screening length

lD. As shown in Figure 5.11, the square and circle markers reproduce the

trend of decreasing excess chemical potential and adsorbed ion concentration

in micropores synchronously, with increasing the pore size. Equation 5.18

expresses the relation of image force and the micropore size, and thus the

excess chemical potential and the micropore size directly affects the adsorb-

ing ability of the micropores. The small pore size results in a high attractive

Coulomb energy, thereby, obtaining high ion concentrations in micropores. It

means more ions from the bulk move into the micropores, with a high value of

adsorbed ion concentration cOH−,mi − cOH−,bulk. In this case, for high ion

concentrations in small pores, the bulk ion concentration is low, thereby, few

charge density of the diffuse layer is obtained regarding Equation 5.10. Con-
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Figure 5.11: Adsorbed ion concentration cOH−,mi − cOH−,bulk and excess
chemical potential in micropores as a function of pore size at
1A/g discharge. The ion concentration and excess chemical po-
tential are obtained from the average value of the cathode. The
square marker represents the excess chemical potential and the
circle marker is the adsorbed ion concentration in micropores.

sequently, the total specific capacitance and the contribution in mesopores

slightly increases with the micropore size increasing. Furthermore, Figure

5.11 indicates that the effects of pore structure on charge storage is dramat-

ically weakened as the micropore size increases. In that case, the modelling

should be reduced to a meso-/macropore-based model. Huang et al [71] also

made a similar observation for the range of micro-/mesopore sizes. Here, a

physical explanation of capacitance variation for the micropore structure in

supercapacitors has been given, based on attractive force theory at the first

time. However, the region of nano-pore sizes, which are smaller than the ef-

fective ion size, is not concerned and predicted in this model. This model is

considered to be improved and developed within this part in future.

5.3.4 Effects of micro-/mesopore volume ratio

For activated carbon, its pore structure and volume is mainly related to the

carbonization-activation methods [141]. Since the mesopores determine the

ionic transport and a significant part of the cell capacitance, balanced and

optimal micro- and meso-porosities can moderately improve the energy den-

sity and power capability of the capacitive cell [10]. For given hierarchical
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Figure 5.12: Specific capacitance contributions as a function of micropore vol-
ume ratio at 1A/g discharge, with respect to the cathode. (a)
Total capacitance Ctot; (b) double layer capacitance in microp-
ores Cdl,mi represented by square marker and mesopores Cdl,me
represented by diamond marker.

pore volumes inside the electrode, it is interesting to investigate the effects

of micro-/mesopore volume ratio on the capacitance, thereby, to systemati-

cally improve the electrochemical performance of supercapacitors. Based on

the parametrized hierarchical porous carbon properties, the total porosity is

fixed as εtot = εme + εmi = 0.346. In this study, it is assumed that the

microporosity is varied in the range of 0.1εtot to 0.9εtot.

Figure 5.12 shows the specific capacitance contributions predicted from gal-

vanostatic discharge simulations as a function of micropore volume ratio. The

microporosity varies in the range of 0.0346 to 0.3114. Figure 5.12a) demon-

strates that the total capacitance curve collapses after the micropore volume

increases to 50% and is almost zero at 80%. As mentioned previously, the

decreasing mesopore volume leads to less accessible transport paths for the

ions in electrodes. It may impede double layer formation and ion adsorption

in meso- and micropores. Two regimes can be clearly observed from Figure

5.12b). When the micropore volume ratio is less than 50%, the double layers

in meso- and micropores reach ion saturation (named quasi-equilibrium) due

to the fast electric double layer formation. The slight decrease of the specific

capacitance results from the increased potential, due to the decreased meso-

porosity. When the micropore volume ratio is more than 50%, the limited

mesopore volume cannot provide good transport paths for ions, thus the cell
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capacitive behavior is limited by the ionic transport processes. Meanwhile, the

double layer capacitance in this regime almost make the same contribution,

due to the same rate of charge transfer in both types of pores. Moreover,

the high potential drop caused by the micropore volume variation during

discharge finally results in sharply decreased capacitance in this case. This

potential drop, or the ohmic resistance can be approximately interpreted by

the deduction of Equation 2.32–2.34, assuming a constant salt concentration

in electrolyte and high electric conductivity of the electrodes,

RΩ =
1

A

(
Ls

κeffe

+
Le

κeffsep

)
, (5.53)

where A is the cross-section area of the electrode, κeffe and κeffsep are the effec-

tive ionic conductivity in electrodes and separator respectively. Because the

effective ionic conductivity also follows the Bruggemann equation, it means

the ohmic resistance yields

RΩ =
1

A

(
Ls

κeεbme
+

Le

0.7κsep

)
. (5.54)

The ionic conductivity can be evaluated by Equation C.1. It is easy to con-

clude charge adsorption and conservation in micropores. The evolution for

the adsorbed ion concentration and the excess chemical potential is displayed

in Figure 5.13.

Figure 5.13a) shows the evolution curves of adsorbed hydroxyl ion concen-

tration from mesopores at the cathode current collector. It illustrates that

the adsorption ability of micropores generally becomes weaker as the micro-

pore volume ratio increases. In this dynamic response, an interesting feature

is observed for intermediate as the micropore volume ratio. The predicted

concentration briefly rises and then decreases close to the bulk concentration

in mesopores. It results from the fact that the electric conductivity is much

larger than the ionic conductivity in the electrolyte. As the capacitive cell

keeps dynamic pseudo-equilibrium after several cycles, the outer part of the

electrode proceeds early compared with the inner part, due to the slow ion

transport in the mesopores. Therefore, the brief rise of the adsorbed concen-

tration means the major part is still inactive at the beginning of the discharge.

The curves of high micropore volume ratios indicate that the delay of the ad-

sorbed concentration decrease lasts longer with the micropore volume ratio
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Figure 5.13: Evolution of adsorbed hydroxyl ion concentration (a) and excess
chemical potential (b) in micropores of the negative electrode
at 1A/g discharge. The reference point is the position close to
the current collector of the cathode. The simulated curves are
related to the varied micropore volume ratio in the range of 0.1
to 0.8.

increasing. It further proves that the poor ion transport in mesopores leads

to the nonmonotonic simulated results. This phenomenon is early observed

and tested in the study of capacitive deionization [166, 167]. It means that

the capacitive deionization also occurs in the meso-/microporous electrodes

for supercapacitors, and implies that the hierarchical porous carbon has a

potential application in the water desalination.

Figure 5.13b) demonstrates that the excess chemical potential increases

with the micropore volume increasing before the severe limitation of ion trans-

port processes, when the ratio reach 65%. Although the increasing amount

of micropores obtains excess absorption of ions, the ion transport determines

the absorbed ion concentration or charge storage. After the micropore vol-

ume possesses more than 65% of the total porosity, in these cases, it cannot

provide comfortable conditions for ion transport, which consequently results

in nonmontonic change of absorbed ion concentration and excess chemical

potential, as seen in Figure 5.13a) and b).

In conclusion, a balanced/optimal micro- and mesopore volume should be

considered to maximize the capacitance of the supercapacitor with hierarchi-
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cal pore structures. The study of varying micropore volume ratio presents

the significant effects on capacitive performance and ion transport processes

for hierarchical porous carbon. Furthermore, the observed phenomenon of

capacitive deionization implies that the porous carbon material may have a

potential application in the field of water desalination.

5.4 Conclusions

A novel P2D multiphysics model is presented for analysing and predicting

the detailed electrochemical performance of supercapacitors based on both

cuprous oxide and hierarchical porous carbon materials. Poisson-Nernst-

Planck equations with the porous electrode theory was used to simulate the

capacitive dynamics including pseudo-capacitance and double layer capaci-

tance, under large electrolyte concentration and galvonostatic cyclic oper-

ations. For the first time, it described hierarchical pore structure with the

Gouy-Chapman-Stern model with modified Boltzmann distribution and mod-

ified Donnan model accounting for double layer structures. The nano-hollow

cuprous oxide and hierarchical porous carbon cells were parameterized and

investigated for galvanostatic charge/discharge measurements based on the

model. The following conclusions can be drawn:

1. The cuprous oxide cell was parameterized in galvanostatic dicharge pro-

cesses at different temperatures. The simulation results can well agree

with experimental data at room temperature, but have a little differ-

ence at higher temperature, due to the changed thermodynamics and

kinetic. It shows that the model can work well for the cuprous oxide

system, but detailed mechanisms with thermal effects should be further

investigated in the future.

2. For hierarchical porous carbon cells, good agreement was observed in

galvanostatic charge/discharge curves between simulated results and

tested data in the range of 0.5A/g to 10A/g. The meso- and microp-

orous structures in this carbon material were well described and param-

eterized based on the model. The predicted capacitance contributions

illustrate that the electric double layer capacitance mainly determined

the total value of the cell, while a capacitance decrease follows with the

C-rate increasing due to the lack of equilibration time during cyclic op-
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erations. This phenomenon was significantly observed in the predicted

ion adsorption process in micropores.

3. In the hierarchical porous carbon system, the capacitance decreased as

the effective ion size increased at 1A/g, since the Stern layer and diffuse

layer in mesopores grew large resulting in significant decrease of double

layer capacitance in mesopores. After the effective ion size was larger

than 0.7nm, the double layer capacitance in micropores was larger than

that in mesopores.

4. The cell capacitance slightly increased while the micropore size in-

creased in the range of 0.7nm to 2nm at 1A/g discharge.

5. The cell capacitance sharply decreased after the micropore volume ra-

tio increased to 50% for the hierarchical porous carbon cell, due to the

limited ion transport.

In fact, this model is the first one to simulate the charge/discharge pro-

cesses of supercapacitors by accounting for the hierarchical pore structures,

to my best knowledge. It can be also extended for the CV operation pre-

diction. The model remains valid and performs well for porous electrodes as

long as the continuum theory is valid and the micropore size is larger than

the effective ion size in electrolyte. In the chapter, the predicted results of

this model agree with many experimental observations[163, 71, 166, 167], it

can contribute much to optimizing the supercapacitor electrode structures to

achieve better capacitive performance.
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Summary and outlook

This thesis systematically describes the multiphysics modeling approaches for

electrochemical systems. Specifically, it addresses the multidimensional mul-

tiphysics modeling of lithium-ion batteries with detailed 3D geometries and

P2D multiphysics modeling of supercapacitors with electric double layer and

pseudo-capacitance, accounting for the cell design, thermal management and

optimal investigation of novel porous material structures.

6.1 Multiphysics modeling of lithium-ion batteries

Starting with the pseudo-2D electrochemical model, the multiphysics model-

ing of lithium-ion batteries has been developed for several decades. From the

empirical expressions of physical properties to fully physico-chemical equa-

tions, the models undergoing the continuum theory are almost perfectly de-

veloped until now. However, the bottlenecks are also clearly observed. These

models, though involving electrochemical behavior, thermal dynamics, and

even thermal-electric transport phenomena, are still limited to predict the

multiphysics processes through different temporal and spatial scales. For

example, when applying first principles to calculate material properties in

microscales, it is really difficult to run such a sandwich-type cell model for

predicting the macroscopic performance at the same time, since thousands

of iterated rounds in microscopic can only serve one computational step in a

macroscopic submodel. It is necessary to generate new mathematical meth-

ods and appropriate computational technologies to improve the multiphysics

model.

First, a novel 3D multiphysics model was developed for the investigation of

thermo-electrochemical interacted processes and heterogeneity of large-format
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cells. The multiphysics model coupled elemental electrochemical submodels

with a 3D thermal-electric submodel. The electrochemical submodels calcu-

lated and collected the nodal and elemental electrochemical information of

the electro-active domain in 3D geometry on every iterated step. The 3D

thermo-electric model calculated the thermal and electric information of the

whole cell at every time step, and provided the thermo-electric solutions of

inter-level coupling variables to the electrochemical submodels. The BLB

sample cells were tested for the validation of the 3D multiphysics model. The

33 mAh sample pouch cells were tested in the thermal chambers and con-

trolled by MACCOR electrochemical workstation in constant temperatures

under discharge processes. The thermal camera was designated to record in-

situ temperature distribution of the cells. The validation results show good

agreement with experiments in the temperature range of 10◦C to 40◦C at

up to 5C. Meanwhile, the temperature distributions are also accurately sim-

ulated.

The validated 3D multiphysics model was employed in investigating a 12Ah

pouch cell. The simulated results demonstrates that the cell temperature dis-

tributes uniformly at low discharge rates. However, at high discharge rates,

significant heterogeneous behavior of the electric current density and solid

lithium concentrations is displayed in the cell due to the strong thermal ef-

fects from the temperature distribution. It indicates that the temperature

distribution strongly affects the local dynamical electrochemical performance

of the cell at high C-rates. This model can contribute much to the optimiza-

tion of cell design and thermal management strategies.

For deep insights of the impacts of 46 parameters on the cell capacity and

temperature variation, the 3D multiphysics model of the 12Ah pouch cell was

investigated by a global sensitivity analysis. The effective and efficient PCE

method identified the effects of the parameters on cell discharge capacity and

maximum local temperature. The analysis shows that the discharge capacity

and maximum local temperature is sensitive to the design parameters (e.g.

eletrode porosities, electrode thickness and particle size), and these parame-

ters strongly interact with each other. The physical properties shows weaker

sensitivity on both discharge capacity and maximum cell temperature. More-

over, the cathode design parameters mainly determines the cell capacity, due

to a manufacturing role as designed for the pouch cells.
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Due to importance of the cell geometry and structure (manufacturing roles)

on the thermo-electrochemical performance of a large-format battery, the 3D

multiphysics model was applied for a battery design optimization analysis

of the large-format prismatic cell with detailed cell components. The opti-

mization analysis indicates that the thin electrodes (low thickness) with high

porosities can result in homogeneously thermo-electrochemical performance of

the prismatic cell and good overall thermal properties of the jellyroll, thereby,

preventing thermal runaway risks.

The 3D multiphysics model shows a great power of investigating detailed

multiphysics processes of the lithium batteries and predicting the cell perfor-

mance of the promising cases. However, the recent models have to neglect

part of the processes or simplify them to achieve a successful computational

convergence at first, due to the high non-linearity. It may still lead to the

deviation between the predicted results and experimental observations. It

reduces the reliability of the predicted results, which originally aim to save

the high costs and safety risks from extensive trial-and-error experiment ap-

proaches. In short, the better multiphysics models of lithium-ion batteries

through different temporal and spatial scales are still expected in future, to

provide much help with accurate performance prediction and battery design.

6.2 Multiphysics modeling of supercapacitors

The multiphysics modeling method of lithium-ion batteries was also applied in

the similar electrochemical system – supercapacitors. A multiphysics model

was implemented to first account for detailed dynamic capacitive performance

from the complex faradaic reactions and the electric double layer in the hierar-

chical pore structures. Different from modeling the lithium-ion batteries, the

multiphysics model of supercapacitors combined the Poisson-Nernst-Planck

equations with Gouy-Chapman-Stern and modified Donnan models to de-

scribing different double layer structures simultaneously. By adding up the

attractive surface force theory, this model first interpreted the dynamic charge

transfer processes of the supercapacitors in micropores, with concentrated so-

lutions.

The nano-hollow cuprous oxide and the hierarchical carbon systems were

simulated and validated in galvanostatic discharge processes. The valida-
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tion results show good agreement with experimental data. It is noted that

the analysis of pseudo-capacitance is not sufficient yet, due to the complex

detailed thermo-dynamics and reaction mechanisms of cuprous oxide. In the

experiments, it is observed that the reactions changed with temperature vary-

ing, and this led to some deviation between the predictions and observations.

Moreover, the further investigation of nano-hollow structures of the cuprous

oxide should be executed as well.

The hierarchical porous carbon cells were mainly used for the analysis of

pore structure effects on the electric double layer capacitance. The analysis

shows that the ion adsorption processes are also observed in the concentrated

solution of the micropores in the porous carbon supercapacitors. It results in

part capacitance of the micropores. The increasing effective ion size may lead

to large reduction of double layer capacitance in mesopores due to the large

thickness of the Stern layer. Meanwhile, the cell capacity is also determined

by the micropore volume ratio, since the increasing micropore volume ratio

can reduce the ion transport routines in mesopores. It finally limit the charge

storage both in the meso- and micropores.

Currently, this multiphysics model can sufficiently describe the charge stor-

age and transfer processes in detail. It can provide much help for interpre-

tation of multiphysics processes and capacitance optimization in the porous

supercapacitors. However, similar with the issues of lithium-ion batteries, the

speed of novel material development is recently much faster than that of the

relative mathematical models. It results in the fact that some new experimen-

tal observations cannot be well explained by the existing theories or concepts.

More detailed and accurate models are expected to provide such contributions

to the physical description of novel material properties. Furthermore, due to

the rapid development of nano-materials, the recent continuum models are

not fully suitable for these materials. Modern theories (i.e. quantum me-

chanics/chemistry) should be considered and welcome to be applied in the

modeling approach. In this case, the modern theories should be well applied

in multiphysics modeling for electrochemical systems in future work.

126



Appendices

127



128



Appendix A 3D modeling approaches

Appendix A

3D modeling approaches

A.1 Governing equations in ESM for 3D multiphysics

simulation

Solution variable Governing equations and expressions

Cathode and anode

cs,surf,i (t)

cs,surf,i =cs(t0) −
3j̄x,it

Ri

−
2j̄x,iRi

Ds,i

·


 1

10
−

N∑
n=1

1

λ2
n


1 − e

−
λN+1Ds,it

R2
i

+

√
Ds,it

πR2
erfc

λN+1

√√√√Ds,it

R2
i



−
N∑
n=1

2j̄x,iRi

λNDs,i

1 − e

−λ2
NDs,it

R2
i


ηet,i (t) j̄x,i =

i0,i
aiF

[
exp

(
αaFηet,i

RT

)
− exp

(
−
αcFηet,i

RT

)]

Φe (x, t)

∇ ·
(
κ
eff
i
∇Φe

)
−

∇ ·

 2κ
eff
i

RT

F

(
1 +

d ln f

d ln ce

) (
1 − t0+

)
∇ ln ce

 + aiF j̄x,i = 0

∇Φe|x=0,L = 0

ce (x, t)
εi
∂ce

∂t
= ∇ ·

(
D
eff
e,i
∇ce

)
+
(
1 − t0+

)
aij̄x,i

D
eff
e,i
∇ce|x=0,L = 0

Separator

Φe (x, t)

∇ ·
(
κ
eff
i
∇Φe

)
−

∇ ·

κeffi
RT

F

(
1 +

d ln f

d ln ce

) (
1 − t0+

)
∇ ln ce

 = 0

− κeffan ∇Φe|
x=δ
−
an

= −κeffsep∇Φe|
x=δ

+
an

− κeffsep∇Φe|x=
(
δan+δsep

)− = −κeffca ∇Φe|x=
(
δan+δsep

)+

ce (x, t)

εi
∂ce

∂t
= ∇ ·

(
D
eff
e,i
∇ce

)
−Deffe,an∇ce|x=δ

−
an

= −Deffe,sep∇ce|x=δ
+
an

−Deffe,sep∇ce|x=
(
δan+δsep

)− = −Deffe,ca∇ce|x=
(
δan+δsep

)+
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A.2 Material property data in ESM for 3D multiphysics

simulation

All material property and design parameters are presented below. Most of

them are literature-based. Some are provided as a function of temperature

and concentration.

List of electrode material parameters used in simulation
Parameter Description Cathode Anode

Ds,i,ref m2/s Reference solid 3.0 × 10−15 9.0 × 10−14

diffusion coefficient [101]

cs,max,i mol/m3 Maximum Li capacity [101] 49, 000 28, 700

cs,init,i mol/m3 Initial Li concentration* 17640 25830

Ri m Particle radius* 5.0 × 10−7 2.35 × 10−6

εi Porosity [101] 0.4 0.4
εs,i Volume fraction of 0.41 0.51

active electrode [101]
br Bruggeman factor* 1.5 1.5

δi m Thickness 70 × 10−6 61 × 10−6

ai m2/m3 Specific surface area* 2.4 × 106 5.11 × 105

σi S/m Solid electronic 10 100
conductivity [101]

EAi J/mol Activation energy for 4.0 × 103 2.0 × 104

solid diffusion [101]

Eri J/mol Activation energy for 3.0 × 104 3.0 × 104

kinetic coefficient [101]

ki,ref m2.5/mol0.5 · s Reference kinetic 4.966 × 10−11 7.733 × 10−10

coefficient [101]
αi Transfer coefficients [101] 0.5 0.5

Rfilm Ω ·m2 Particle contact resistance* 0 0

Tref K Reference temperature 298.15 298.15

R J/mol · K Ideal gas constant 8.314
F C/mol Faraday constant 96, 487

*: Estimated value

ki = ki,ref exp

[
−Eri

R

(
1
T
− 1
Tref

)]
Ds,i = Ds,i,ref exp

[
−Eai

R

(
1
T
− 1
Tref

)]

Temperature dependence of open circuit potential for each electrode i is

defined as

Eeqi = Eeqref,i +
(
T − Tref

) dEeqi
dT

where relative open circuit potential for cathode (V) is a function of the

fraction of solid concentration by the max concentration θi =
csurf,i

csurf,max,i
[101]:

Eeqref,ca = 1.638θ10
ca − 2.222θ9

ca + 15.056θ8
ca − 23.488θ7

ca + 81.246θ6
ca − 344.566θ5

ca

+621.3475θ4
ca − 554.774θ3

ca + 264.427θ2
ca − 66.3917θca

+11.8058− 0.61386 exp
(
5.8201θ136.4

ca

)
,
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where we assume
dEeqca
dT

= 0. Open circuit potential for anode (V) [90] is then:

Eeqref,an = 0.2808 exp (0.9− 15θan)− 0.7984 exp (0.4465θan − 0.4108)

+0.7222 + 0.1387θan + 0.029θ0.5
an −

0.0172

θan
+

0.0019

θ1.5
an

,

and

dEeqan

dT
|Tref =

0.001


0.005269056 + 3.299265709θ − 91.79325798θ2+

1004.911008θ3 − 5812.278127θ4 + 19329.7549θ5−

37147.8947θ6 + 38379.18127θ7 − 16515.05308θ8




1− 48.09287227θ + 1017.234804θ2 − 10481.80419θ3+

59431.3θ4 − 195881.6488θ5 + 374577.3152θ6−

385821.1607θ7 + 165705.8597θ8


.

dEeqca

dT
|Tref = 0

List of electrolyte parameters used in simulation [101]
Parameter Description Value

ce,0 mol/m3 Initial electrolyte concentration 1200

t+ transference number in electrolyte 0.363 [90]

1 + d ln f

d̊ ln ce
Thermodynamic factor 1

εs Porosity of separator 0.4

δs m Thickness of separator 2.5× 10−5

Diffusion coefficient in electrolyte

De = 5.84× 10−7 exp
(
− 2870

T

) (
ce

1000

)2
− 33.9× 10−7 exp

(
− 2920

T

) (
ce

1000

)
+

129× 10−7 exp
(
− 3200

T

)
Ionic conductivity in electrolyte

κ = 3.45 exp
(
− 798

T

) (
ce

1000

)3
− 48.5 exp

(
− 1080

T

) (
ce

1000

)2
+ 244 exp

(
− 1440

T

) (
ce

1000

)

A.3 Design and thermal parameters

The following parameters are used for 3D configuration and simulation.
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List of cell design parameters
Description Units Value
Height of cell m 120× 10−3

Width of cell m 99× 10−3

Thickness of cell m 9× 10−3

Thickness of polymer cover m 1.12× 10−3

Thickness of clamps and tabs m 0.1× 10−3

Width of clamps and tabs m 22× 10−3

Height of clamps m 7× 10−3

Distance between cell side and clamps m 15× 10−3

Height of tabs m 10× 10−3

Thickness of anode current collector m 0.011× 10−3

Thickness of cathode current collector m 0.016× 10−3

Current collectors are made of copper (anode) and aluminum (cathode).

Copper current collector electronic conductivity1 is

σan =
1

1.55× 10−8
(
1− 4.33× 10−3Tref

)
+ 4.33× 10−3 × 1.55× 10−8 × T

.

Aluminum current collector electronic conductivity is

σca =
1

2.5× 10−8
(
1− 4.6× 10−3Tref

)
+ 4.6× 10−3 × 2.5× 10−8 × T

.

where Tref = 298.15K

1Measured value
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List of thermal property data
Domain Parameter Description Value

Electro- Cp J/kg · K Specific heat capacity 111.65 + 2.6922T
active*

λx W/m2 · K Thermal conductivity −0.0718 + 0.0007T
x-direction

λy W/m2 · K Thermal conductivity −0.0408 + 0.0006T
y-direction

λz W/m2 · K Thermal conductivity −0.0408 + 0.0006T
z-direction

ρ kg/m3 Density 1.45 × 103

Current Cp J/kg · K Specific heat capacity 383

collector λ W/m2 · K Thermal conductivity 401

– Anode [101] ρ kg/m3 Density 8.9 × 103

Current Cp J/kg · K Specific heat capacity 896

collector λ W/m2 · K Thermal conductivity 237

– Cathode [101] ρ kg/m3 Density 2.7 × 103

Clamp Cp J/kg · K Specific heat capacity 383

and tab λ W/m2 · K Thermal conductivity 401

– Anode [101] ρ kg/m3 Density 8.9 × 103

Clamp Cp J/kg · K Specific heat capacity 896

and tab λ W/m2 · K Thermal conductivity 237

– Cathode [101] ρ kg/m3 Density 2.7 × 103

Polymer Cp J/kg · K Specific heat capacity 1950

cover λ W/m2 · K Thermal conductivity 0.12

ρ kg/m3 Density 0.9 × 103

*: Estimated value
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Global sensitivity analysis

B.1 Basic electrochemical parameter functions

Open circuit potential (OCP) is calculated by a function of θ as follows:

for cathode [111]

Eeqca = 7.976−5.5419θ+5.2824θ1.07−1.0556×10−4e124.7407θ−114.2593−4.0446θ0.0766,

(B.1)

for anode [101]

Eeqan = 0.1456θ−0.5595 − 0.07, (B.2)

and

dEeqan

dT
|Tref =

0.001


0.005269056 + 3.299265709θ − 91.79325798θ2+

1004.911008θ3 − 5812.278127θ4 + 19329.7549θ5−

37147.8947θ6 + 38379.18127θ7 − 16515.05308θ8




1− 48.09287227θ + 1017.234804θ2 − 10481.80419θ3+

59431.3θ4 − 195881.6488θ5 + 374577.3152θ6−

385821.1607θ7 + 165705.8597θ8


.

(B.3)

dEeqca

dT
|Tref = 0. (B.4)
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Ionic conductivity in the electrolyte solution is evaluated by

κ = 3.45 exp

(
−

798

T

)( ce

1000

)3
− 48.5 exp

(
−

1080

T

)( ce

1000

)2
+

244 exp

(
−

1440

T

)( ce

1000

)
.

(B.5)

B.2 Material properties and design parameters

Table B.1: Electrochemical properties and geometry data for 1D electrochem-
ical model in global sensitivity analysis

Parameter Anode Range
Separa-

tor
Range

Cath-
ode

Range

Design parameters for cell structure
Particle radius,

R(µm) 12.5a,u
7 − 13a,u 5a,u 3 − 7a,u

Thickness,
δ(µm) 91.2c,u

25c,u 20 − 30c,u 60c,u 30 − 100c,u

Porosity, ε 0.4a,u 0.3− 0.5a,u 0.4a,u 0.4− 0.6a,u 0.4a,u 0.3− 0.5a,u

Volume fraction
of binder, εb 0.19a,u

0.01 −
0.2a,u 0.09a,u

0.01 −
0.2a,u

Bruggeman
factor, b

2a,u 1.5 − 4a,u 2a,u 1.5 − 4a,u

Specific surface

area, a(m
2

m3 )
3(1−ε−εb)

R
3(1−ε−εb)

R
Thickness of

current collector,
δcc(µm)

11a,g 50%a,g 16a,g 50a,g

Solution phase
Initial

electrolyte
concentration,

ce,0(mol/m3)

1200a,g
10%a,g

Transference
number, t+

0.363a 10%a

Activation
energy of
electrolyte
diffusion,

Ee(kJ/mol)

17.120a,b,u
16.99 −

17.25a,b,u
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Parameter Anode Range
Sepa-
rator

Range
Cath-
ode

Range

Solid phase
Specific capacity,
ρe(mAh/g) 368c,u 178c,u

153 −
178c,u

Maximum Li+

concentration,

cs,max(mol/m3)
28700a 36224a

Initial Li+

concentration,

cs,in(mol/m3)

26130 3984.6

Solid diffusion
coefficient,

Ds(m2/s)

9.0 ×
10−14 a,b,u

3.0 ×
10−15−
3.0 ×
10−13 a,b,u

3.0 ×
10−15 a,b,u10−16−

10−14 a,b,u

Electric
conductivity,
σ(S/m)

13.991a,b,u
10.571−
17.411a,b,u

23.797a,b,u
19.370−
28.224a,b,u

Reference kinetic
coefficient,

k0(m2.5/mol0.5 · s)
7.733×
10−10 a,c,u

10−11−
10−9 a,c,u

4.966×
10−11 a,c,u

10−12−
10−10 a,c,u

Activation energy of
solid diffusion,
ED(kJ/mol)

35a,b,u
35 −

40.8a,b,u 40a,b,u
30 −

80a,b,u

Activation energy of
reference kinetic

coefficient,
Er(kJ/mol)

53.4a,b,u
45 −

60a,b,u 30a,b,u
30 −

50a,b,u

Transfer coefficient,
α

0.5 0.5

aRef.[103]
bRef.[90]
cEstimated: based on Ref.[168]
gGaussian distribution, value represents standard deviation.
uUniform distribution.

Note: Percentage number represents the standard deviation from the ex-

pected value, and all physical constants are listed in Appendix B.
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Table B.2: Thermal properties of cell components for global sensitivity anal-
ysis

Compo-
nent

Density
kg/m3 Range

Sepecific
heat

capacity
J/g · K

Range

Thermal
conducitiv-

ity
W/K ·m2

Range

Electro-active layers

Cathode 4.8c
4.75−
4.85u

1.106c 10%g 1.0c
10%g

Anode 2.09c
2.09−
2.28u

1.095c 10%g 1.0c
10%g

Binder 1.78c 10%g 1.3c 10%g 1.0c
10%g

Separa-
tor

0.9c 10%g 1.883c 10%g 0.5c
10%g

Elec-
trolyte

1.2c 10%g 1.545c 10%g 0.5c
10%g

Copper
current

collectora
8.9 0.383 401

Alu-
minium
current

collectora

2.7 0.896 237

Clamps and tabs
Coppera 8.9 0.383 401

Aluminiuma
2.7 0.896 237

Polymer
cover

1.95c 10%g 0.9c 10%g 0.12c
10%g

aRef.[169]
cEstimated: based on Ref.[32, 170, 138]
gGaussian distribution, value represents standard deviation.
uUniform distribution.
Note: Percentage number represents the standard deviation from expected value.
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Supercapacitors

C.1 Nano-hollow cuprous oxide electrodes

List of electrode properties used in simulations at 25◦C
Parameter Description Value

Ls m Electrode thickness 1.0 × 10−5

As m2 Electrode cross-section area 1.0 × 10−4

εme Porosity* 0.3
b Bruggmann coefficient* 7.2

σ S/m Electric conductivity of electrode 1.0 × 105

k0 m2.5/mol0.5s Kinetic rate of cuprous redox reaction* 7.6 × 10−11

K mol/m3 Equilibrium constant of cuprous redox reaction* 5.0 × 10−2

α Transference number* 0.1

cCu2O,tot mol/m3 Total cuprous oxide concentration* 41931

cCu2O,0 mol/m3 Initial cuprous oxide concentration* 41848

a m−1 Specific area of electrode 4.2 × 107

*: Estimated value
The rest of parameters is parameterized by fitting the experimental data.

The ionic conductivity in the electrolyte is evaluated by

κ =
F 2 (D1 ∗ c1,0 +D2 ∗ c2,0)

RuTamb
. (C.1)
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List of electrolyte properties used in simulations at 25◦C
Parameter Description Value

Le m Separator thickness 3.33× 10−6

εsep Porosity* 0.7
b Bruggmann coefficient* 1.5

l1 m Effective size of cation* 3.31× 10−10

l2 m Effective size of anion* 2.20× 10−10

z1 Valency of the cation 1
z2 Valency of the anion −1

D1 m2/s Diffusion coefficient of cations 1.957× 10−9

D2 m2/s Diffusion coefficient of anions 5.273× 10−9

ε0 F/m Free space permittivity 8.854× 10−12

ε Relative permittivity* 60

c1,0 mol/m3 Initial cation concentration 2000

c2,0 mol/m3 Initial anion concentration 2000
*: Parameterized value by fitting the experimental data
The rest of parameters is measured value by the experiments from Amreesh’s group.

C.2 Hierarchical porous carbon system

List of electrode properties used in simulations at 25◦C
Parameter Description Value

Ls m Electrode thickness 100 × 10−6

ρs kg/m3 Electrode material density 0.37 × 103

εme Meso-porosity 0.277
εmi Micro-porosity 0.069

lp m Micropore size 1.13 × 10−9

b Bruggmann coefficient* 5

σ S/m Electric conductivity of electrode 1.0 × 104

k0,me m2.5/mol0.5s Kinetic rate of cuprous redox reaction* 1.0 × 10−14

k0,mi m1.5/mol0.5s Kinetic rate of cuprous redox reaction* 2.5 × 10−7

K mol/m3 Equilibrium constant of cuprous redox reaction 1 × 105 [74]
α Transference number* 0.5

cCOOH,tot mol/m3 Total carboxylic group concentration 1000 [74]

cCOOH,0 mol/m3 Initial carboxylic group concentration* 900

a m−1 Specific area of electrode 5.05 × 107

Cst,v,0 MF/m3 Volumetric Stern capacitance 46.91

β Fm3/mol2 Empirical correction factor* 0

*: Estimated value
The rest of parameters is measured by the experiments from Lin’s group.

The effective thickness of Stern layer is calculated by [79]

lH = 0.5 max {l1, l2} . (C.2)
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Appendix C Supercapacitors

List of electrolyte properties used in simulations
Parameter Description Value

Le m Separator thickness 146× 10−6

εsep Porosity* 0.7
b Bruggmann coefficient* 1

l1 m Effective size of cation* 6.75× 10−10

l2 m Effective size of anion* 7× 10−10

z1 Valency of the cation 1
z2 Valency of the anion −1

D1 m2/s Diffusion coefficient of cations 1.957× 10−9 [79]

D2 m2/s Diffusion coefficient of anions 5.273× 10−9 [79]

ε0 F/m Free space permittivity 8.854× 10−12 [79]
ε Relative permittivity* 60

c1,0 mol/m3 Initial cation concentration 6000

c2,0 mol/m3 Initial anion concentration 6000
*: Estimated value
The rest of parameters is parameterized by fitting the experimental data.
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