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Abstract: 

Lithium-ion batteries (LIBs), crucial to modern portable electronics and increasingly significant 
in transportation and grid storage, represent the state-of-the-art in energy storage technology due 
to their high energy density, efficiency, and long cycle life. Despite declining costs and improving 
energy densities, driven by advancements in materials and manufacturing processes along with 
expanded market scale, current LIBs often struggle to meet the evolving demands of new 
applications. Current research predominantly focuses on material innovations, with less attention 
given to re-engineering cell architectures to address the technological challenges. 
This thesis investigates the "convection battery" cell architecture, a novel approach involving 
circulating electrolyte through the porous electrodes and separator of a LIB cell to enhance mass 
and thermal transport. Compared to traditional LIBs, this architecture may enhance ion flux in 
electrodes, improve safety and maintenance, simplify system design, and ultimately reduce overall 
costs. Prior studies, including experimental work in our laboratory, have highlighted the benefits 
of electrolyte flow, yet a comprehensive engineering analysis on this aspect is lacking. 
To bridge this gap, this thesis employs a combination of modeling and analytical techniques to 
systematically explore the potential advantages and opportunities enabled by the convection 
battery cell architecture. The first half of the thesis delves into the fundamental mechanisms of 
electrolyte convection in enhancing mass and thermal transport within a LIB cell, utilizing a 
convection battery sandwich cell layer model developed from the Li-ION SIMulation BAttery 
(LIONSIMBA) Toolbox. Through dimensional analysis, I identified conditions under which 
convection provides the most performance enhancement, alongside exploring the necessary flow 
rates and performance limitations.  
In the latter half of the thesis, practical implementation aspects are examined, starting with the 
requisite additional electrolyte to achieve desired transport enhancements. A potential design for 
the convection battery system is proposed, and COMSOL-based convection battery cell stack 
models and a system design model were developed to aid the analyses. Through illustrating its 
utility in two distinct scenarios, I have endeavored to highlight the convection battery's unique 
value proposition and its potential to broaden the applicability of current LIB technologies. This 
thesis establishes a foundation for the convection battery technology, highlighting its potential to 
improve the performance of current LIB systems and to venture into novel application domains. 
To conclude the thesis, I discuss future research avenues and the design considerations essential 
for the advancement and realization of the convection battery technology. 

Thesis Supervisor: Fikile R. Brushett 
Title: Associate Professor of Chemical Engineering 
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I. Introduction  

A grand challenge of the 21st century will be the evolution of electrical power system to meet 

emerging energy demands while balancing environmental stewardship and cost-effectiveness. 

82% of the total energy consumed in the United States is derived from fossil fuel sources (i.e., oil, 

coal, and natural gas) and dominated by electricity and transportation.1 However, in the future, this 

dependence will not be feasible,2 as rising population and continuing economic growth in the 

developing world are projected to double global energy consumption by 2050.3 Moreover, the 

continued and increasing generation of anthropogenic carbon dioxide (CO2) from fossil fuel 

combustion will likely have negative implications for the global climate.4 Thus, in an effort to 

sustain increased societal power requirements and to decarbonize both the grid and transportation 

technology, low-cost, energy-dense power sources will be essential. 

Electrochemical technologies, in particular lithium-ion (Li+) batteries (LIBs), are among the key 

technologies to achieve a deep decarbonization through their emerging applications in 

transportation and in the electric grid. However, while the past decade has seen a steady decline in 

battery price and concomitant increase in energy density due to a combination of materials 

development, manufacturing advances, and market scale, current LIBs are still unable to meet the 

stringent performance, cost, and scale requirements of these emerging applications. As such, 

breakthroughs in the science and engineering of LIBs are needed to enable high-energy and high-

power applications while maintaining low cost. This thesis aims to address the challenges facing 

the current LIB through the investigation of a novel LIB cell design, a so-called "convection 

battery". In this opening chapter, I commence with a comprehensive examination of the current 

state of LIB technology and its inherent challenges in Section 1. This is succeeded by Section 2, 

which presents an overview of the convection battery technology, setting the stage for the research 
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presented in this thesis. Section 3 then outlines the thesis's framework, providing a logical flow of 

the topics and the research contributions to be discussed in the ensuing chapters. Finally, Section 4 

discusses the assumptions underlying this thesis work.  

1. Li-ion Batteries 

 Technology overview 

Lithium-ion (Li-ion) batteries are a family of rechargeable batteries that utilize solid compounds 

at both the negative and positive electrodes as hosts for reversible lithium-ion storage. During 

discharge, lithium ions migrate internally from the negative electrode to intercalate into the 

positive electrode through a liquid electrolyte, while electrons simultaneously move in the same 

direction through an external circuit, powering the device to which the battery is connected. During 

charge, the process is reversed, with lithium ions migrating from the positive to the negative 

electrode, and electrons flowing through the external circuit, under voltage supplied by an external 

power source. The Li-ion battery is a relatively mature technology that has benefited from more 

than three decades of commercial development. Thanks to several factors—including the low 

atomic mass of lithium; the development of positive and negative electrodes that are capable of 

reversibly storing lithium ions at high mass and volume concentrations and with large differences 

in electrode potential (cell voltage); and the development of high conductivity electrolytes, 

supporting components, cell designs, and manufacturing methods—Li-ion batteries today offer 

energy and power densities that are superior to most other battery types. State-of-the-art Li-ion 

battery cells have a nominal voltage of 3.6–4.0 volts (V), a specific energy (or gravimetric energy 

density) between 100 and 250 watt-hours per kilogram (Wh/kg), and an energy density between 

300 and 650 watt-hours per liter (Wh/L).5,6 They have high roundtrip energy efficiency (85%–

95%, depending on the rate of charge and discharge), low maintenance requirements, adequate 
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cycle life for many applications (up to several thousand full charge/discharge cycles), and a low 

self-discharge rate. These merits have made Li-ion batteries the incumbent technology for a wide 

range of applications, from portable electronics and power tools to electric vehicles (EVs) and 

stationary energy storage systems. 

A Li-ion cell contains several key components within its external housing (Figure I-1):  a positive 

electrode, a negative electrode, aluminum and copper foil current collectors to which the positive 

and negative electrodes are respectively adhered, a liquid electrolyte, and a porous separator to 

electrically isolate the two electrodes from one another. The positive electrode (commonly referred 

to as the cathode, although this terminology is technically correct only during the discharge step) 

is typically a lithium transition-metal oxide such as lithium cobalt oxide (LCO), lithium manganese 

oxide (LMO), lithium nickel-manganese-cobalt oxide (NCM or NMC), or lithium iron phosphate 

(LFP). The electrode also contains electrochemically inactive materials that improve electrical and 

structural characteristics, typically conductive carbon powders and a polymeric binder. The 

mixture of active and inactive materials is coated on an aluminum foil current collector, which, in 

turn, is connected to the external electrical terminals of the cell. The negative electrode (or anode 

during discharge) is typically a graphite-based material, with higher-specific-energy Li-ion battery 

cells now incorporating silicon in varying amounts. These active materials are also mixed with 

conductivity enhancers and binders and subsequently coated on a copper current collector. To a 

large extent, the choice of compounds for positive and negative electrodes defines battery 

performance and favored applications of different types of Li-ion battery cells. The liquid 

electrolyte enables the movement of lithium ions between the two electrodes during charge and 

discharge; it consists of a lithium salt (e.g., lithium hexafluorophosphate, LiPF6) dissolved in an 

organic solvent, which is most commonly composed of a blend of alkyl and cyclic carbonates (e.g., 
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ethylene carbonate, propylene carbonate, ethyl methyl carbonate, etc.). Various chemical additives 

in the electrolyte are used to improve the performance, lifetime, and safety of the cell. The liquid 

electrolyte can also be infused into a polymer, forming a gel electrolyte; Li-ion batteries that use 

this type of electrolyte are typically called lithium-polymer (or Li-poly) batteries.7 In addition to 

gel electrolytes, fully solid polymer electrolytes have been used—albeit in batteries produced at 

relatively low volumes; today, inorganic compounds (ceramics) are being widely studied as 

possible successors to liquid electrolytes.8 Solid-state batteries using either organic or inorganic 

electrolytes have potential advantages in safety and energy density compared to liquid electrolyte 

systems, but lag in commercial maturity. 

 

Figure I-1: Schematic of a Li-ion battery cell. Dashed and solid arrows show the directions of electron 
and lithium-ion transport during charging and discharging, respectively. 

Li-ion cells are manufactured in a wide range of sizes and in two basic forms: cylinders and 

rectangular prisms. Cylindrical cells are typically contained in a metal can, while prismatic cells 

may be contained in a metal can or in a sealed bag made from a multilayered polymer sheet, 

forming a so-called pouch cell. Individual Li-ion cells, for which the nominal cell voltage is 
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determined by the specific combination of positive and negative electrode materials, can be 

directly used in small-scale applications such as cell phones. To deliver the increased capacity and 

operating voltage required for larger-scale applications, multiple cells are interconnected in 

various series and parallel configurations to form battery modules and packs. Applications that 

require a large number of interconnected Li-ion cells, such as EVs and grid-scale energy storage 

systems, also require several additional subsystems to ensure proper and safe operation. These 

subsystems include thermal management systems that help maintain a proper cell temperature 

range and battery management systems (BMSs) that electronically monitor and control the 

operating state of the cells and battery pack. For grid storage applications, additional electronics 

in the form of inverters and transformers are used to connect the storage systems to each other and 

to the grid; in addition, supervisory controls are used to monitor the entire system and provide an 

interface between the BMS and the grid.9,10  

 Li-ion battery chemistries 

1.2.1. Positive electrodes 

A variety of positive electrode compounds are used in Li-ion batteries depending on the desired 

combination of energy density, power density, lifetime, safety, and cost. Table I-1 shows today’s 

most common positive electrode families and their corresponding applications. The positive 

electrode active material is generally the most expensive single component in the cell, representing 

30%–50% of the total material cost, as shown in Figure I-2, which breaks down material costs for 

Li-ion cells of several types.  
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Table I-1: Classes of positive electrode materials for Li-ion batteries and the applications in which they 
are preferred.11  LFP = the exemplar compound LiFePO4, NCA = Li(Ni,Co,Al)O2, LMO = LiMn2O4, LCO 
= LiCoO2, and NMC = Li(Ni, Mn Co)O2 (the nomenclature “NCM”is also used). Here, Y and N stand for 
“applicable” and “not applicable.” 

Type 
Consumer  

Electronics 

Power  

Tools 

Light 

Duty  

Vehicles 

Cars 
Commercial  

Vehicles 
Buses 

Grid/Energy  

Storage Systems 

LFP Y Y Y Y Y Y Y 

NCA Y N Y Y N N Y 

LMO Y Y Y Y N N Y 

LCO Y N N N N N N 

NMC Y Y Y Y Y Y Y 
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Figure I-2: Cost breakdown for various types of Li-ion cells.12  NCA = lithium nickel cobalt aluminum 
oxide, NMC = lithium nickel manganese cobalt oxide, LFP = lithium iron phosphate. 

The first commercially successful Li-ion batteries, launched by Sony Corporation of Japan in 

1991,13 used lithium cobalt oxide (LCO) as the positive electrode material. When paired with a 

graphite negative electrode, these batteries produced a cell voltage of about 3.8 V,14 considerably 

exceeding the voltage of aqueous chemistries and necessitating the use of non-aqueous 

electrolytes. The main drawbacks of LCO are its relative instability against thermal abuse (thermal 

runaway is initiated at temperatures as low as 150°C),6 its relatively short life (500–1000 cycles), 

and the high cost of cobalt. While LCO-based Li-ion batteries continue to be widely used in 

portable electronic devices due to their attractive specific energy, this type of battery is unlikely to 

see use in grid storage applications given the existence of subsequently developed Li-ion 

alternatives. 
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Several structural analogs to LCO positive electrodes have been commercialized that partly or 

completely substitute nickel, manganese, and aluminum for cobalt. These analogs are motivated 

by the desire to achieve lower cost, greater resource availability, and/or improved safety, while 

retaining high specific energy. Lithium nickel cobalt aluminum oxide (NCA)-based cells have 

been developed with comparable specific energy to LCO-based cells (200–250 Wh/kg, for cells 

designed for a life of 1000–2000 cycles) while using lower-cost metals (typically 85% nickel and 

15% aluminum;5,15 NCA has been the primary Li-ion positive electrode chemistry used in Tesla 

EVs. Lithium nickel-manganese-cobalt-oxide (NMC) is a family of positive electrodes in which 

the relative amounts of the three transition metals vary from a ratio of 1:1:1 to a ratio of 8:1:1 in 

standard formulations (the relative proportions are indicated by the nomenclature, such as “NMC-

111” and “NMC-811”). Higher nickel content provides higher voltage and specific energy, but at 

the expense of poorer thermal stability and cycle life. Nonetheless, by fine-tuning material 

composition, synthesis methods, and electrolyte composition, NMC-622 and NMC-811 

chemistries have been successfully commercialized for EV applications. Thus, the development 

pathway for this family of positive electrodes has led from a starting point of 100% cobalt in LCO 

to only 10% cobalt in NMC-811, and NMC positive electrodes with even lower cobalt content are 

imminent. While multiple advances helped increase the specific energy of commercial Li-ion cells 

from an upper bound of about 100 Wh/kg in 1991 to approximately 260 Wh/kg today (Figure I-

3a), the systematic development of the LCO-NCA-NMC class of positive electrodes has played 

an especially important role. 

Two classes of Li-ion positive electrodes have the potential to achieve even lower cost per stored 

energy than high-nickel NMCs: lithium manganese oxide (LMO) and lithium iron phosphate 

(LFP). However, both have lower specific energy than the NMC family of positive electrodes. 
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Lithium manganese oxide was the first of the two to reach commercial production, around 1996.16 

Compared to LCO positive electrodes, LMO positive electrodes (when used with graphite negative 

electrodes) have a similar operating voltage of about 3.9 V, but their lower practical specific 

capacities15 result in a lower specific energy at the cell level of 100–140 Wh/kg.6 For grid 

applications, the main limitation of LMO positive electrodes is that they are subject to a mode of 

chemical degradation related to the dissolution of manganese and its migration to the negative 

electrode. This type of degradation, which is exacerbated at temperatures above about 50°C,14 

limits the life of LMO positive electrodes to 1000–1500 cycles.6 However, LMO batteries have 

been used in power tools, electric bicycles, and medical devices; in addition, LMO has been 

blended with NMC positive electrodes to improve power density and reduce cost. There are several 

possible avenues to mitigate the elevated temperature dissolution issue (e.g., positive 

electrode particle coatings, electrolyte composition design, ion-blocking membranes), which, if 

successful, could make LMO-containing Li-ion batteries an attractive low-cost option for grid 

storage. 

LFP was first commercialized in the early 2000s. Among commercial positive electrodes, it is the 

most chemically stable, it does not contain resource-limited elements, and it is capable of lasting 

several tens of thousands of cycles. LFP-graphite cells using nanoscale powders are among the 

highest power density Li-ion cells available. LFP has the lowest cell voltage of commercialized 

Li-ion chemistries—about 3.5 V when used with a graphite negative electrode—which contributes 

to its stability. This feature, along with a moderate specific capacity, results in a cell-level specific 

energy of 90–140 Wh/kg.6 The lower specific energy has limited the use of LFP positive electrode 

in some applications—for example, EVs with long driving range—but the combination of power, 

safety, lifetime, and cost they offer has led to use in a broad range of small and large commercial 
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applications ranging from power tools to residential and grid-scale energy storage applications. 

LFP positive electrodes are also increasingly used in batteries for passenger EVs where 

maximizing driving range is not a priority (e.g., buses). They represent perhaps the most attractive 

low-cost Li-ion positive electrode option available today for stationary storage systems. 

1.2.2. Negative electrodes 

The original development of the Li-ion battery was enabled by carbon-based negative electrodes 

and graphitic carbon continues to be the most widely used anode material today. However, two 

alternative negative electrodes have made inroads into commercial products. Lithium titanate 

spinel is a metal oxide negative electrode that provides high power and exceptionally good cycle 

life but at the expense of a smaller cell voltage (of about 2.5 V when used with typical Li-ion 

positive electrodes) and a concomitant reduction in energy density. The cost of chemicals per unit 

stored energy is high for Li-ion batteries using this type of negative electrode; as a result, it is 

limited to applications that require high power and high cycling frequency. A second alternative 

to carbon is silicon-based negative electrodes, which are attractive for high energy density 

applications given that the specific capacity of silicon, at greater than 3,000 milliampere-hours per 

gram (mAh/g), is nearly ten times that of graphite (372 mAh/g). In practice, the capacity of silicon 

anodes must be constrained to lower values to obtain adequate cycle life for most applications. 

Currently, silicon (commonly in the form of micro or nano particles) is added to graphite-based 

negative electrodes in small amounts to achieve a combined specific capacity of 400–500 mAh/g. 

A current trajectory of development is toward negative electrodes with higher silicon 

concentrations for use in high-energy-density Li-ion battery applications such as EVs. Over time, 

silicon-based negative electrodes may find use in Li-ion batteries for grid storage. 
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Figure I-3: Historical increase in specific energy (a) and decrease in price with increased market size (b) 
of Li-ion battery cells.17 

 Growth of the Li-ion industry 

Applications of Li-ion batteries were mainly concentrated in portable electronic devices from the 

inception of this technology in 1991 through the mid-2000s.18,19 Thereafter, applications in power 

tools and motor vehicles took hold, such that Li-ion has become the dominant battery architecture 

across each of those markets today. As of 2016, electronic devices accounted for about 35% of the 

Li-ion battery market, cars and buses accounted for 50% (mostly in China), and industrial and 

energy storage systems (e.g., grid storage, uninterruptible power supplies) accounted for 5%; the 
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remainder of the market (10%) was for other uses such as medical devices, power tools, and e-

bikes.19 Since 2016, growth has been primarily driven by the hybrid and all-electric vehicle 

markets, electric buses, and industrial applications.20 Since 1995, the size of the Li-ion market, as 

measured by total storage capacity, has grown by a factor of about one thousand (Figure I-3b), 

reaching approximately 100 gigawatt-hours (GWh) of annual production (globally) in 2019. 

Concurrently, prices for Li-ion batteries have dropped 97% since 1991 (Figure I-3b). Between 

2010 and 2019, Li-ion prices fell by about 85%.21 Despite declining prices, total market size in 

dollar terms increased from about $9 billion in 200818 to $37 billion in 2019; the market is 

projected to reach $129 billion by 2027.22 Multiple projections signal enormous growth in Li-ion 

manufacturing capacity between now and 2030, driven mainly by growth in the EV market. From 

about 500 GWh worldwide today, the upper bound of projected manufacturing capacity in 2030 is 

about 2,500 GWh worldwide, as summarized in Figure I-4. 

 

Figure I-4: Projected growth in Li-ion battery manufacturing capacity and demand worldwide from 2020 
to 2030. 
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 Technology challenges and ongoing R&D activities 

Despite the many advantages that LIB offers, some issues and challenges remain for the broader 

market penetration of the technology. The first and arguably the biggest challenge is related to 

safety. While generally a safe technology under normal conditions (i.e. no defects, no damage, no 

abuse, etc.), LIB failures can lead to catastrophic consequences such as fire and explosion due to 

the energy-dense materials and the flammable solvent used inside the cell. This is particularly an 

issue under more extreme conditions, such as applications that are more accident-prone (EVs), 

require high power input/output (EVs, electric aviation), and need to be applied at large scale 

(stationary storage systems). Because of the potential safety issue, transportation of LIB has 

already been regulated,23 and it might be reasonable to expect storage and installation regulations 

of large LIB systems in the future should they become largely deployed. 

Another challenge is regarding the rate capability for emerging applications. For example, range 

anxiety stemming from the protracted recharge times, especially in cold weather,24 is a significant 

hurdle to their widespread adoption.25 To mitigate these customer concerns, the US Advanced 

Battery Consortium has instituted a 2023 goal for EV batteries to achieve 80% pack recharge 

within 15 minutes.26 Currently, this can only be accomplished with less energy-dense, more 

expensive cells using thin electrodes. Similarly, LIB-powered electric aircraft are, at present, 

hindered by a combined requirement of high specific energies capable of accommodating long-

duration flight and high-power takeoff and landing.27 State-of-the-art LIBs have specific energies 

of ~250 Wh/kg and a maximum discharge rate of ca. 3C, far below the requisite values for 

electrified flight.28 

Besides the aforementioned performance-level issues, cost is also a challenge that hinders the 

technology’s penetration into a larger application space. Although the price of LIB cell has gone 
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down significantly during the past decade, it is still considered too high to be cost-competitive for 

stationary applications. While LIB cost reduction has been largely driven by the increasing demand 

for EV and the corresponding manufacturing capacity expansion, there still remains many 

opportunities to reduce cost through technology advancement. For example, most of today’s LIB 

cell designs are optimized for EVs which focus on high energy and power densities, some 

requirements that are not so relevant to stationary applications. It is possible that the optimal cell 

design for stationary applications could have a different, and potentially lower cost than the EV 

batteries, but such an innovation is unlikely to occur until there is a large demand in the stationary 

application space. Nevertheless, as the technology becomes more mature and the manufacturing 

capacity continues to expand, LIB price will likely keep decreasing, eventually approaching the 

cost of the chemicals that make up the cell. In other words, material cost sets the floor on the 

battery cost. In general, battery chemistries that contain earth-abundant elements such as LFP are 

more favorable in terms of cost reduction in the long term. 

Intensive research efforts have been put into LIB technology to improve energy and power 

densities, extend lifetime, reduce cost, and meanwhile maintaining safety. A majority of the 

ongoing research focuses on material innovation, altering the existing battery materials or 

developing new materials to enhance the battery performance. The properties of the individual 

components that make up a LIB cell play important roles in determining the battery performance, 

and thus material innovation could be an effective way towards LIB technology enhancement. For 

the cathode, current research focus is on high-capacity and high-energy materials to boost energy 

and power densities. The advanced cathode materials tend to have decreased cobalt content, and 

increased manganese and nickel contents, which also benefits the cost.29,30 For the anode, materials 

that enable higher energy density and increased cycle life are highly sought after. Of the emerging 
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materials, titanate-based materials demonstrate potential for stationary storage systems due to their 

superior stability that enables long cycle life.29,31 Besides the electrodes, some material-focused 

research efforts are also devoted to other components in the LIB cell, such as electrolytes with 

improved stability and transport properties, innovative separator materials that enhance battery 

safety, etc. 

Besides material innovation, battery performance and safety can also be enhanced through better 

design and engineering at multiple scales. At the cell level, some of the ongoing research includes 

optimizing the electrode microstructure and thickness to enhance ionic and electronic transport 

properties; altering the capacity balancing of the two electrodes (N/P ratio) to reduce degradation; 

investigating different cell geometrical designs to enhance cell heat dissipation capabilities. At the 

module and pack levels, researchers have been exploring different heating and cooling system 

designs and control strategies to maintain the battery at optimal operating temperature;32 the design 

of advanced Battery Management Systems to effectively monitor and balance the individual cells 

in a large storage system has also attracted some attention.9,33  

2. Convection-enhanced Li-ion Batteries 

Developing new battery cell architectures offer a promising route to advancing performance, 

building upon, and potentially outpacing, traditional material-based innovations. Recent 

advancements, including BYD's blade battery,34 CATL’s Qilin battery,35 and Tesla’s 4680 

battery,36 have attempted to address energy and power density needs by adopting larger cell sizes 

and minimizing redundant “non-energy-storing” pack components. While these improvements 

increase energy content and reduce bills of material, challenges persist. Key amongst these are the 

difficulties in managing heat dissipation, a problem that becomes increasingly pronounced with 

larger cell and pack sizes.37 Additionally, these cell-to-pack innovations do not effectively address 
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the high-rate charging and discharging limitations inherent in current LIB cell designs. In this 

thesis, I investigate an alternative LIB cell design, the “lithium-ion convection battery”, which 

aims to address the fundamental limitations of current LIB cell designs, and streamlines cell-to-

pack integration by removing unnecessary components. In this configuration, electrolyte is 

circulated through the cell, passing through the porous solid electrodes and separator, to overcome 

mass and heat transfer limitations.  

 Prior work in literature  

The convection battery concept was arguably first proposed and demonstrated in the peer-reviewed 

literature by Suppes and coworkers.38 The initial study used an aqueous Zn/MnO2 chemistry in a 

packed bed configuration, and the authors reported that electrolyte convection enables the use of 

a larger separator distance, which can potentially be used to improve the safety of batteries with 

metal electrodes (e.g. reduced dendrite formation and associated shorting).38 The authors also 

showed that arresting electrolyte flow during cell discharge increases voltage losses. In follow-up 

work, the same authors described a non-aqueous LiFePO4/graphite chemistry in a packed bed 

configuration with 6 mm electrodes.39 In this second study, they showed that convection can enable 

a greater fraction of the theoretical capacity to be accessed but, this increase was from 9% (without 

flow) to 25% (with flow) ,which is significantly less than what is routinely achieved in coin cell 

configurations.39 Beyond this experimental work, theoretical analyses were pursued to understand 

how bulk flow reduced concentration gradients within the cell.40,41 Specifically, Suppes and co-

workers developed a one-dimensional model which illustrated that, if high enough (here, 

118 μm/s), electrolyte superficial velocity can flatten the ion concentration profile across the cell 

and increase limiting current.40 Additionally, the model confirmed that convection lowers cell 

overpotential, consequently improving voltaic efficiency. 



 41 

 Prior work in the Brushett Group 

Inspired by this prior work, our research group began exploring convection batteries in 2016 

initially developing a prototype cell to assess practical feasibility (Figure I-5). The cell was 

constructed with ~5 mm thick, freestanding, pressed-pellet electrodes based on an aqueous 

Prussian blue analogue chemistry and featured rapid redox kinetics, inexpensive constituent 

elements, and simple synthesis.42 The specific model chemistry considered was the following (with 

1 M NaCl used as the electrolyte): 

𝐶𝑢!!𝑁𝑎[𝐹𝑒!!!(𝐶𝑁)"] + 𝑁𝑎# + 𝑒$ ⟶ 𝐶𝑢!!𝑁𝑎%[𝐹𝑒!!(𝐶𝑁)"] E = 0.98 V vs. SHE 

𝐹𝑒!!!𝑁𝑎[𝐹𝑒!!(𝐶𝑁)"] + 𝑁𝑎# + 𝑒$ 	⟶ 𝐹𝑒!!𝑁𝑎%[𝐹𝑒!!(𝐶𝑁)"] E = 0.41 V vs. SHE 

 

Figure I-5: The prior cell prototype in our lab. The cell uses ~5mm thick freestanding electrodes. 

Using a constant volume flowrate of 1 mL/min, the prototype cell demonstrated stable coulombic 

(99%), voltaic (74%), and energy (74%) efficiencies, for over 1500 charge/discharge cycles at a 

C/2.5 rate, corresponding to stable cycling over 10 months. A ca. 25% increase in capacity is 

observed for cycles with flow turned on, which confirms that convection can help enhance 

performance. While generally successful, it was challenging to systematically optimize the 

prototype by varying experimental conditions. The effectiveness of flow has a complex 

dependence on a combination of electrode properties, electrolyte composition, and cell operating 
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conditions, such that sometimes flow enabled capacity enhancement and other times it did not. 

Additionally, the prototype cell design enabled access of ca. 60% of the theoretical capacity, which 

is significantly higher than prior convection battery work, but still lags behind conventional coin 

cell configuration. Finally, while useful as a model redox chemistry, the Prussian blue analogues 

do not afford a high cell voltage (0.57 V) limiting both energy and power density. 

3. Thesis Scope and Outline  

In the quest to optimize cell performance, our exploration leads us to several pivotal areas of 

inquiry. From a fundamental standpoint, we are drawn to questions such as: (1) What benefits can 

electrolyte convection offer in enhancing cell performance? (2) Under which conditions are these 

benefits maximized? (3) What level of flow is necessary to realize these enhancements? Beyond 

fundamental aspects, we must also delve into engineering considerations to evaluate the practical 

feasibility of implementing this approach. Key questions in this regard include: (1) How much 

additional electrolyte is required to achieve the anticipated benefits? (2) How does the pumping 

loss weigh against the energy gains? (3) What are the potential applications for the convection 

battery concept? 

This thesis is propelled by the quest to answer these questions, utilizing simulation tools to shed 

light on these critical issues and offer actionable insights in the realm of Li-ion battery chemistry. 

The focus on Li-ion chemistry is due to its predominant role in contemporary battery applications 

and the availability of comprehensive modeling tools for its study. It is important to clarify that 

the objective of this thesis is not to finalize an optimized system; rather, the aim is to assess the 

viability of the convection battery approach and its potential worthiness for further experimental 

investigation. The selection of Li-ion chemistry and the specific cell and system designs employed 

in this work serve solely to facilitate this exploration and to address the pertinent questions 
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identified earlier. Consequently, the designs and models presented herein should be regarded as 

initial, conceptual frameworks, which are likely to evolve significantly towards a fully realized 

engineered solution. This work is, at its core, an exploratory endeavor meant to lay the groundwork 

for future innovation and experimentation. 

This thesis unfolds over several chapters, each addressing a unique facet of the Li-ion convection 

cell, beginning with the fundamental inquiries in Chapters II through IV.  In Chapter II, I explore 

how electrolyte convection can enhance mass transport within the electrolyte. I introduce the 

LIONSIMBA+c model, an extension of the existing Li-ION SIMulation BAttery (LIONSIMBA) 

Toolbox,43 adapted to perform isothermal simulations for the sandwich cell layer of a Li-ion 

convection battery. Through dimensional analysis, I pinpoint conditions under which convection 

provides the most performance enhancement and address critical considerations such as the 

required flow rate and the limits of performance improvement through electrolyte flow. 

Chapter III shifts the focus to the impact of electrolyte convection on thermal transport. I further 

refine the LIONSIMBA+c model to conduct non-isothermal simulations, examining how 

convection influences cell temperature regulation. This chapter contrasts the efficacy of internal 

cooling, achieved via electrolyte flow, with traditional external thermal management strategies. 

Chapter IV complements the findings of the preceding chapters by applying analytical methods 

to investigate the transient behaviors of electrolyte concentration and cell temperature. It also 

examines the temperature distribution across multiple layers of the sandwich cell configuration 

utilized in the LIONSIMBA+c simulations, providing a holistic view of the concentration and 

thermal dynamics within the convection-enhanced LIB cell. 

The latter half of the thesis, starting with Chapter V, examines practical considerations of 

implementing a convection battery system. It discusses the additional electrolyte requirements for 
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achieving the previously outlined mass and thermal transport benefits. A COMSOL-based model 

of the convection battery sandwich cell layer is developed to simulate various Li-ion chemistries. 

This model includes a 1D representation of the electrolyte recirculation loop, offering a more 

realistic analysis of electrolyte dynamics within the loop compared to a simplified storage tank 

model. Chapter VI synthesizes the accumulated knowledge, proposing a potential design for the 

convection battery system and its applications. This chapter introduces a system design model and 

a COMSOL-based 2D simulation capable of depicting the temperature dynamics within a large 

stack of sandwich cell layers, showcasing the practical applicability of the convection battery 

concept. In the concluding Chapter VII, I reflect on the future research avenues and the design 

considerations essential for the advancement and realization of the convection battery technology. 

4. Key Assumptions Underpinning the Thesis  

Throughout this thesis, the model and analyses are predicated based on several foundational 

assumptions critical for the framework of the investigation, which include:  

(1) The porous electrodes are permeable to flow while remaining mechanical integrity under 

flowrates at least up to 10 μm/s.  

(2) The Kozeny-Carman equation provides a reasonable approximation of the pressure drop and 

associated pumping energy through the electrodes.   

(3) The flow can be uniformly distributed across the entire electrode area.  

While a Li-ion convection cell in the configuration considered in this thesis has not been explicitly 

demonstrated in existing literature, there is a confluence of related knowledge in literature and 

unpublished work from our laboratory that supports the plausibility of these assumptions. First, 

initial prototypes of the convection battery, both from the literature and our lab as discussed in 
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Section 2, provide a foundational proof that electrolyte convection can flow perpendicularly 

through battery electrodes to enhance cell performance. Although these prototypes differ in 

electrode configuration, fabrication method, and battery chemistry from the system considered in 

this thesis, they highlight the practicality of the core concepts. Additionally, the development of 

systems containing flow-through porous electrodes has a long history,44 and one recent 

advancement includes electrochemical flow reactors for lithium extraction from natural brines, 

which may offer valuable insights for convection battery design.45–47 These reactors employ 

electrodes made from LiMn2O4 coated on petroleum coke particles48 or carbon cloth46,49, and are 

designed in either flow-by or flow-through configurations. The pressure drop measured in the 

flow-through cells46 is comparable to the predictions made by the Kozeny-Carman equation for 

the convection battery cell in this work. Moreover, technologies like redox flow batteries and flow-

through capacitive deionization systems, which bear resemblance to the convection battery, have 

seen significant technological progress. Insights from these systems, such as strategies used to 

uniformly distribute fluid flow, could be instrumental in the development of the convection battery 

system. Second, the current landscape of lithium-ion batteries (LIBs) predominantly features 

electrodes that are not permeable to flow, primarily due to the solid current collectors that support 

the electrode coating. However, our lab is developing alternative LIB electrode fabrication 

techniques that promise to circumvent this limitation. Specifically, we are exploring a modification 

of the conventional LIB electrode fabrication method to coat electrode material on a flow-

permeable current collector. Furthermore, our lab's experience with non-solvent induced phase 

separation (NIPS) for developing redox flow battery electrodes offers a nuanced approach to 

controlling electrode microstructure for optimal flow dynamics. These innovative strategies, 

alongside other potential fabrication techniques, could offer a promising path for the convection 
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battery development. Lastly, the envisaged flow rate in this thesis, particularly to harness the mass 

transport benefits discussed, can be as low as approximately μm/s. At such low flow rates, the 

associated pressure drop is expected to be minimal, and it is unlikely that the mechanical stability 

of the electrode will be compromised. The intricate trade-offs and challenges associated with 

higher flow rates to achieve thermal transport benefits in a large battery system are examined in 

Chapter VI. The subsequent sections delve into more detailed discussions on each of the three 

assumptions mentioned above. 

 Flow-permeable electrode 

To facilitate electrolyte flow through the electrodes, conventional current collectors used in current 

LIBs, which are impermeable, must be replaced with alternative designs. Potential replacements 

include perforated or mesh current collectors, which are not only commercially available but have 

also been successfully employed in various electrochemical systems.50,51 Leveraging such flow-

permeable current collectors, our lab has adeptly fabricated LIB electrodes with cohesive coatings 

using the traditional slurry-casting method. Subsequent flow break-through experiments on these 

electrodes demonstrated their permeability to the testing fluid (water) while affirming their 

structural integrity post-experimentation. These preliminary findings are indicative of the potential 

to develop flow-permeable LIB electrodes that can withstand operational demands. 

While the perpendicular flow of electrolyte through the electrodes is not achievable with 

conventional LIBs due to the impermeable nature of the current collectors, studies have shown 

that electrolyte flow parallel to the electrode does occur during the operation of LIB cylindrical 

cells.52–54 This flow is driven by the net volume change in the electrodes during charging and 

discharging cycles, compelling the electrolyte to move in and out. This effect is particularly 

pronounced in silicon-containing anodes. The widespread commercial availability and reliable 
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performance of LIB cylindrical cells, with their respectable cycle lives, indicate that such 

electrolyte flow does not adversely affect cell functionality. Furthermore, when considering flow 

in the perpendicular direction as in the convection battery, it is conceivable that the separators 

could provide an additional safeguard against material leaching, thereby maintaining the integrity 

of the electrode. 

 Pressure drop and pumping loss 

In evaluating the viability of the convection battery concept, it is essential to weigh the energy 

gains against the potential drawbacks of pressure drop and pumping loss. Excessive pumping 

energy, when compared to the gained energy, can render the concept inefficient. This is 

particularly pertinent given the novelty of the flow-through Li-ion electrode configuration 

examined in this study, which lacks precedent in existing literature and, consequently, empirical 

data on pressure drops. To bridge this gap, we utilize the Kozeny-Carman equation, a widely 

recognized method for estimating pressure drops and pumping losses. In this section, we explore 

the foundational assumptions of the Kozeny-Carman equation, evaluate its applicability to the 

convection battery system, and conduct a sensitivity analysis. This analysis aims to reveal the 

impact of any discrepancies between theoretical assumptions and the actual behavior of the 

convection battery on our pressure drop estimates. 

Kozeny-Carman equation derivation and relevant assumptions 

The Kozeny-Carman equation is a useful framework for analyzing the pressure drop in porous 

media during creeping flow (i.e. Re << 1). In the context of the convection battery, we consider 

flow rates up to 1000 μm/s, leading to a maximum Reynolds number of: 

  (I-1) 
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Where the electrolyte is assumed to be LP30 in which the viscosity and density is well tabulated 

in the literature.55 This calculation suggests that the Kozeny-Carman equation applies to the 

convection battery across the entire range of flow rates examined. 

The Kozeny-Carman equation is derived from the framework that creeping flow through a porous 

medium can be approximated by Hagen-Poiseuille flow through a bundle of tortuous channels of 

some homogeneous mean effective path length 𝐿!"". This results in the well-known form of the 

equation: 

  (I-2) 

Where L0 is the total length, 𝑣# is the superficial velocity, 𝐾 is a dimensionless constant, μ is the 

fluid viscosity, ε is the porosity, and Φs is the sphericity of the particles with diameter Dp. The 

explicit derivations can be found in Carman’s original paper or alternative texts.56,57 In particular, 

note that this equation is semi-empirical in nature, in that the dimensionless constant 𝐾 is typically 

defined to be 180 based on fitting of experimental data across a wide regime of porosities, media, 

and fluid velocities as was carried out by Forchheimer.58* Further, there are several explicit 

assumptions made in deriving this equation that could be challenged by realistic systems. 

Therefore, in order to appropriately apply this equation for calculation of pressure drop in flowing 

the electrolyte through the porous electrode, we carefully consider these assumptions: 

(1) Channels in porous media have a hydraulic tortuosity of 𝜏$%& = √2. This assumption was put 

forth because the streamlines in the experiments conducted in the work analyzed by Carman were 

 

* Note that on occasion it is defined to be 150, but this is likely to be simplification from the Ergun equation59 rather 
than explicit fitting for creeping flow, and therefore likely less accurate. 
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angled at 45° from the mean flow direction such that the effective path length was longer than the 

bulk media by this factor. However, this factor was wrapped into the dimensionless constant 𝐾 by 

Carman, likely because the tortuosities in such setups did not substantially vary. In practice it is of 

interest to instead rewrite the equation in a general form as many practical systems are likely to 

have tortuosities different from those observed by Carman:  

  (I-3) 

Where 𝐾′ is the new dimensionless constant not incorporating the tortuosity. It is noteworthy that 

the tortuosity is squared—this is because the tortuosity must be applied twice: once to correct for 

the difference in path lengths, and a second time in correcting for the difference in channel and 

superficial velocities.60 In battery electrodes, porosities have been commonly found to vary 

between 1 and 561—those with tortuosity greater than √2  would be underestimated by the 

commonly utilized Kozeny-Carman. 

(2) Particles that are spherical do not touch. If particles were to touch, this would modify their 

accessible surface area which directly correlates to pressure drop via induced viscous drag. In real 

cases, it is likely that particles are not perfectly spherical and, therefore, overlap to some extent. 

Deviations from Kozeny-Carman for non-spherical particles are well documented in the literature, 

in which the resulting 𝐾 value can vary by as much as a factor of two. Still, we note that this 

analysis was limited to well-defined shapes such as cylinders and plates, and not irregular shapes 

such as quadrilobes which tend to have greater deviations. 

(3) Particle sizes are uniform. For spherical particles of uniform size, the Kozeny-Carman equation 

holds very well over a large range of sizes. However, it has been documented that for porous media 

composed of a mixture of spheres of size ratio 5:1 or greater in near equal proportions, the pressure 
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drop can deviate substantially from that calculated using Kozeny-Carman, even when accounting 

for the mean particle diameter via a Sauter diameter.57 

Use of Kozeny-Carman in related fields 

The Kozeny-Carman has found utility in many fields including packed bed catalysis, 

electrochemical flow-through separations for water treatment, and electrochemical storage. 

Although this framework has not been validated for flow through slurry-cast electrodes, we hold 

that its deployment and experimental validation in similar systems warrants its use. We highlight 

two instances of this in the literature as key examples.  

As mentioned, the Kozeny-Carman equation has been utilized in packed bed reactors (PBRs), 

especially in three phase systems in which there is a mixed gas-liquid feed. In one instance, a gas-

liquid feed comprised primarily of dimethyl acetamide (DMAc) was fed into a PBR with a 4.6 mm 

diameter, not too dissimilar to that utilized in the LIB literature.62 This reactor was structured to 

have a 2 cm long calming chamber at the inlet composed of 75 μm diameter glass beads—only 

slightly larger than secondary particles in common metal-oxide cathodes—to enhance fluid 

dispersion at the inlet. This chamber had a porosity of 0.36, again similar to electrodes 

manufactured for LIBs. The catalyst bed was packed above the calming chamber with particles on 

the order of 200 μm at a porosity of 0.73. Based on the volumetric flow rates tabulated, the fluid 

was flowed between approximately 1000-2500 μm/s, similar or slightly higher than the expected 

operating window for the convection battery.  

In evaluating pressure drops across the entire bed, it was found that the calming chamber 

dominated. Further, while at the lower flow rates the Kozeny-Carman equation underpredicted the 

experimental pressure drop by approximately a factor of 3, it perfectly matched the values at higher 

flow rates. However, it was noted in the discussion that there were system instabilities in 
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maintaining the pressures due to the complexity of the multiphase hydrodynamics, which may 

contribute to the deviation of the Kozeny-Carman equation at the lower flow rates—

experimentally, the values found here tended to have larger experimental error.  

In the LIB field, Kozeny-Carman has been utilized in assessing mechanical failures under 

loading.63 Specifically, it has been employed to describe electrode permeability in stress models. 

It was found that when the analytical solution derived from the Kozeny-Carman framework was 

fitted to experimental data it yielded a nearly perfect correlation, with particle sizes nearly identical 

to that of the secondary particles. It should be noted that when numerical results with certain 

assumptions relaxed were used to fit the experimental data, the fit using the primary rather than 

the secondary particle size yielded the best results; however, it is possible that other inherent 

assumptions not accounted for in the model may have led to the deviation, for which altering the 

particle size enabled an improved fit. It is also possible that the primary particle size enabled 

improved fitting because placing the electrode under mechanical stress similar to that in calendar 

led to deformation and cracking of the secondary particles into its primary particle components. 

This process has been well-documented in the literature, where additional calendaring can 

facilitate improved total surface area as a result of secondary particle fracturing, and may not 

adequately represent convection battery.64 

The collective evidence from the literature supports the adoption of the Kozeny-Carman framework for 

our system-level analysis. We are currently conducting experiments to further validate these theoretical 

estimations. 

Sensitivity analysis with the Kozeny-Carman equation 

Building on the preceding discussion, the Kozeny-Carman equation is utilized in this thesis work 

to elucidate the interplay between pressure drop, pumping power, and performance of the 
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convection battery concept. We adopt a conventional dimensionless constant K of 180, reflecting 

a hydraulic tortuosity of √2, and use the average size of the secondary particles with a sphericity 

of 1 that align with their typical shape. A sensitivity analysis, illustrated in Figure I-6, assesses 

the potential variances in pressure drop should the practical conditions diverge from these 

theoretical assumptions. The baseline parameters for this analysis include particle size (Dp) of 

10 μm, hydraulic tortuosity (τ) of √2, linear flow velocity (vs) of 10 μm/s, and an electrode porosity 

(ε) of 0.4. 

 

Figure I-6: Sensitivity analysis of the pressure drop calculation with the Kozeny-Carman equation. In the 
based case, the particle size (Dp) is 10 μm, the electrode hydraulic tortuosity (τ) is √2, the flow linear 
velocity (vs) is 10 μm/s, and the electrode porosity (ε) is 0.4.        

It should be noted that the electrode microstructure (electrode porosity and tortuosity) is a factor 

that can be controlled with the appropriate fabrication techniques. As previously stated, our 

research group is working on developing an Li-ion fabrication electrode using the NIPS method, 
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which is capable of fine tuning the electrode microstructure for the desired flow dynamics. Prior 

work from our research group with NIPS-fabricated electrodes has demonstrated flow 

permeabilities of at least 10 Darcys for porosities between 0.5 and 0.8.65 Additionally, 

Palagonia et al. have developed a flow-through reactor design for lithium brine extraction that is 

similar to the Li-ion convection battery configuration discussed in this thesis.46 This design uses 

porous LiMn2O4 and KNi[Fe(CN)6] electrodes, hand-painted onto 250 μm-thick carbon cloths 

using a slurry composition similar to that for LIB electrodes. Experimental data shows that a cell 

with two electrodes and a separator, covering a 1.1 cm² area, exhibits a hydraulic resistance of 

130 mbar min/mL. Assuming a separator thickness of 20 μm, this configuration results in a 

pressure drop of 4.6×10⁻⁴ Pa/μm at a flow rate of 10 μm/s, substantially lower than the values 

predicted in Figure I-6. Based on these findings, we anticipate that it is feasible to produce Li-ion 

electrodes for the convection battery that exhibit favorable flow permeability, even at lower 

porosities than these prior demonstrations. Furthermore, the development of fabrication techniques 

aimed at reducing tortuosity presents additional opportunities to decrease pumping losses.66,67 

 Uniform flow distribution  

In this thesis, the efficacy of the convection battery is predicted based on the assumption that the 

electrolyte flow is uniformly distributed within the cell. While the demonstration of uniform flow 

is challenging in the absence of a comprehensive cell prototype, the concept of flow distribution 

is not novel and finds relevance across various fields. This inter-disciplinary relevance suggests 

that principles and strategies for achieving uniform flow in other systems could be adapted for the 

convection battery. For example, redox flow batteries, which also necessitate even flow 

distribution over extensive electrode areas, could provide valuable insights into potential solutions, 
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such as different flow field designs.68–70 Drawing from such analogies, we posit that the convection 

battery can achieve a similarly uniform flow with thoughtful engineering and design interventions. 

To facilitate the even spread of electrolyte from the inlet throughout the cross-sectional area of the 

cell, several approaches are under consideration. One such strategy involves the integration of a 

flow or microfluidic distributor71–73 at the inlet, which could uniformly direct the flow into the cell. 

Alternatively, employing multiple inlet ports could serve to evenly distribute the electrolyte across 

the cell. Further ensuring uniform flow within the cell, the design of perforated current collectors 

warrants careful consideration. The orifices in these collectors could be meticulously designed to 

double as flow distributors, thereby aiding in the uniform distribution of electrolyte flow. 

Moreover, the use of mesh current collectors, albeit necessitating novel electrode fabrication 

techniques, presents another viable avenue for achieving uniform flow. The electrode 

microstructure itself offers additional opportunities for promoting uniform flow distribution. For 

instance, the NIPS method could be employed to create electrodes with tailored anisotropic 

permeability, thereby enhancing flow distribution across the electrode surface. 
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II. A Study on the Impact of Convection on Electrolyte Mass Transport 

1. Introduction 

Ubiquitous in portable electronics and emergent in transportation and stationary applications, 

lithium (Li)-ion batteries arguably represent the state-of-the-art in electrochemical energy storage 

technology owing to their energy density, roundtrip efficiency, and cycle life.6,74 While the past 

decade has seen a steady decline in battery price and concomitant increase in energy density due 

to a combination of materials development, manufacturing advances, and market scale,75,76 current 

Li-ion batteries are challenged by the often incongruous requirements of emerging 

applications.25,27 Of particular note is the need for rechargeable batteries with both high power and 

high energy density at a reasonable cost.77 In the current cell format, sustained high power is 

frequently limited by diffusive transport losses, which necessitate the use of thin electrodes and 

separators.25,78–80 This, in turn, leads to inactive components occupying a substantial fraction of 

the battery weight and volume, leading to higher subsequent energy storage costs.81 

Most current research efforts focus on achieving performance improvements through material 

innovations including electrolyte formulations with reduced viscosity, increased conductivity, and 

high Li+ transference numbers;82–84 charge-storage materials with surface coatings or structuring 

to enhance intercalation rates;85,86 cell chemistries with higher energy density due to increased 

capacity and/or voltage;87–89 and electrode microstructures with reduced tortuosity and increased 

pore connectivity.66,90,91 In contrast, few have contemplated cell engineering as a means of 

unlocking new pathways to performance and cost targets.92–94 One potentially promising approach 

is the convection battery, in which electrolyte is circulated through the device to overcome mass 

transport limitations (Figure II-1b).38–40,95 Forced convection enables a more uniform electrolyte 

concentration throughout the cell, in principle allowing for the use of thicker electrodes or 
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operation at high currents while maintaining high accessed capacity.39 Compared to the traditional 

sealed cell configuration (Figure II-1a), the convection format can offer several advantages 

including (1) electrodes with an increased and controllable ion flux, (2) improved safety and 

maintenance, (3) simplified manufacturing, and, ultimately, (4) reduced system costs.39 Suppes 

and co-workers demonstrated proof-of-concept convection cells, in a packed bed configuration, 

for both aqueous (Zn-MnO2) and non-aqueous (C-LiFePO4) chemistries.38,39 Notably, for the C-

LiFePO4 cell, which contained 6-mm-thick particle-bed-type electrodes, the authors observed an 

increase in accessed capacity from 10% to 25% for cells with stagnant and flowing electrolyte, 

respectively.39 While these seminal experimental studies established that convection could 

improve cell performance, the prototype cell capacities were low, suggesting there are limits to 

this approach. To explain the impact of convection, Suppes and co-workers developed a simple 

electrolyte transport model that showed increasing superficial velocity reduced spatial 

concentration gradients within the cell thereby increasing the limiting current density and energy 

efficiency.40 These findings were further supported by theoretical analysis of electrolyte transport 

through a porous separator by Kim and Monroe.41 While these works serve an important role in 

demonstrating convection-enhanced intercalation batteries, the results are limited to just several 

cases of cell size, flow velocity, and operating current. 
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Figure II-1: Intercalation battery configurations with an (a) enclosed cell design as is typical in most 
modern devices or (b) novel flow-through design that attempts to improve the effective diffusivity of the 
electrolyte. The additional hardware required in (b) consists of an external storage tank and pump to 
provide forced convection through the porous intercalation materials and separators that compose the 
battery cell. 

The past literature leaves key unanswered questions about the potential benefits of convection 

batteries in terms of ranges of geometric, physical, and operating parameters. It is critical to 

understand (1) the combinations of parameters that yield enhancement in convection battery 

performance relative to closed cells with no convection, (2) the upper limits to any enhancement, 

and (3) the transition behavior and output between these upper limits and corresponding closed 

cell cases. The intertwined nature of relationships between cell thickness, electrolyte flow rate, 

transport properties, and operating current and the resultant polarization, power output, and 

accessed capacity of the cell are unclear. Furthermore, there is no prior substantial body of results 

to understanding these relationships. To this end, we refine a Li-ion electrochemical model, 
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perform a systematic study using a range of parameters, and present comprehensive 

representations of cell performance as a function of these parameters. In doing so, we describe the 

key scaling relationships and introduce dimensionless groups that describe the conditional efficacy 

of convection batteries. 

Despite a paucity of convection battery models beyond the works described above, there is a rich 

history of mathematical modeling in Li-ion batteries.96–98 Arguably the most widely-used approach 

is the porous-electrode theory based pseudo-two-dimensional (P2D) model originally developed 

by Newman and co-workers.99 The model describes thermodynamics, electrochemistry, and 

transport phenomena in the cell via a set of tightly coupled partial differential-algebraic equations 

(PDAEs) with variations in cell length (x), active material particle radius (r), and time (t). This 

model has since been reformulated using different numerical techniques and implemented in 

programs such as DUALFOIL,100 COMSOL,101 and Battery Design Studio.102 More recently, 

Braatz and co-workers translated this model to MATLAB to increase usability, and have since 

termed their updated model the Li-ION SIMulation BAttery Toolbox (LIONSIMBA).43 Here, we 

leverage and extend this pre-existing framework to describe convection in Li-ion cells. 

In this work, we seek to provide more comprehensive insight into the impact of convection on the 

cell-level performance of Li-ion batteries. Specifically, we modify the LIONSIMBA software to 

incorporate a convection term in the Nernst-Planck equation, amend the boundary conditions to 

allow for electrolyte flow into and out of the cell, and introduce an electrolyte tank. The new open-

source package, LIONSIMBA+c, is first validated against the original software and then used to 

generate more than 50,000 battery discharge curves as a function of cell dimensions, electrode, 

electrolyte, and separator properties, as well as electrochemical and fluid dynamic operating 

conditions. Through dimensional analysis, this simulation-based data set can be described 
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compactly through relative scales of dimensionless groups, which both reveal cell-level 

performance trade-offs and indicate regions where convection is an effective means of boosting 

performance. While we focus only on cell-level performance enhancement and do not include 

discussion on system-level designs and trade-offs, we anticipate that the insights provided by this 

study will inform future cell engineering campaigns and may inspire further investigation of 

convection-enhanced energy storage systems. 

2. Model Development 

As discussed in the Introduction, LIONSIMBA has been previously validated against COMSOL 

MultiPhysics commercial software103 and Newman’s Fortran DUALFOIL100 simulations to 

demonstrate the accuracy of its predictions to Li-ion battery operation.43 LIONSIMBA uses a P2D 

model44,99 to generate a set of PDAEs by assuming that the cell is perfectly mixed radially, but 

may contain spatial temperature, concentration, or potential gradients in the axial dimension. The 

set of PDAEs is subsequently reformulated into ordinary differential-algebraic equations (DAEs) 

using finite volume method (FVM) by partitioning the spatial domain into discrete volumes or 

cells, each with constant properties due to the assumption of being perfectly mixed, and 

approximating the fluxes through the surfaces of these cells and the rate of generation within in 

terms of the volume averages. Through the FVM formulation, as opposed to a finite difference 

solution, boundary conditions involving a specified external flux may be treated exactly, rather 

than as an approximation. This system of equations is solved numerically using the IDA solver 

produced by Lawrence Livermore National Laboratory, which uses a variable-order, variable-

coefficient backwards differentiation formula.104 To enable the desired extensions to 

LIONSIMBA, we needed to make the changes described in greater detail in the following 

paragraphs: (1) introduce the convection term to the Nernst-Planck equation, (2) modify the 
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boundary conditions to the cell to account for forced convection at the boundaries, (3) gauge the 

conservation of anions within the external tank, and (4) calculate the electrode active area as a 

function of its porosity. 

The convective flux term of the Nernst-Planck equation originally excluded from LIONSIMBA is 

necessary to model electrolyte forced through the intercalation cell by an external pump. Although 

the heat transfer equations were also modified to account for electrolyte flow, for the remainder of 

this work we assume isothermal operation to limit our focus to the connection between mass 

transfer and cell performance. The effects of heat-transfer and the possibility for the use of 

convection to limit thermal excursions are beyond the scope of this initial study, but will be 

contemplated in future work. Eq. (II-1) shows the modified species conservation equation which 

includes the convective transport term (See Section 8.5 for detailed derivation). 

  (II-1) 

Here εi is the fractional porosity of domain i, where i ∈ {p, s, n} indicates the positive electrode 

(p), separator (s), or negative electrode (n) respectively, ce(x,t) is the anion concentration, which is 

equivalent to the cation concentration via the assumption of bulk electroneutrality, at position x 

and time t, Deff,i is the effective diffusion coefficient, v is electrolyte superficial velocity through 

the cell, which is constant by the assumption of constant fluid density within the cell, ai is the total 

particle surface area per unit volume of the electrode, t+ is the Li+ transference number, and j(x,t) 

is the ionic flux averaged over the interfacial area between the matrix and the pore solution. To 

avoid undue complication to the analyses, we neglect axial dispersion due to velocity variation in 

transverse directions. Based on estimations using Sherwood et al. for porous media flow,105 this 

neglect is reasonable at the typical low velocities used in the model.  For the fraction of high 

eff ,
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velocity cases, convection in the primary flow direction already dominates transport and causes 

spatial uniformity in concentration. Hence, we expect that axial dispersion from convective 

spreading only slightly enhances performance beyond the results of the present study. Another 

acceptable model approximation is the theory of dilute solutions rather than concentrated solutions. 

Although dilute solution treatment overlooks some effects, such as, slight variations in density and 

velocity, importantly, the approach is particularly appropriate for major objectives of the work. In 

the identified upper limits of convection cell performance at high flow rates, concentrations remain 

relatively uniform and near inlet values. Then, to explain conditional convection cell performance 

enhancement, dilute solution theory enables the model to capture the trends and competition of 

transport modes. 

The boundary conditions can be treated in a similar fashion to the original LIONSIMBA model, 

such that there is no diffusive flux entering or exiting the cell domain, but, due to forced electrolyte 

motion, convective fluxes now traverse these boundaries. This can be rationalized by considering 

a convection battery cell connected to the external tank with tubes that have cross-sectional area 

significantly smaller than that of the cell, the joints of which are thus dominated by strong 

convection and the diffusive fluxes are negligible in comparison. The cell boundaries specified by 

Eq. (II-2), as visualized in Figure II-2, result in a zero-derivative at the positions x = x̂0 = 0 and 

x = x̂n = ΣLi, where ΣLi is the total thickness of the electrodes and separator. 

  (II-2) 
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Figure II-2: The finite volume discretization and domain used for simulations of the convection battery in 
the LIONSIMBA+c model. The nodes are numbered from the left, starting at x = x̂0 for the left boundary of 
N = 1 to x = x̂n for the right boundary of N = np + ns + nn. The diagram shown above is for the situation of 
flow from the negative electrode to the positive electrode such that the tank is located at a fictitious node 
N+1; however, if the flow were reversed, the tank would be located at a fictitious node 0. 

In addition to requiring the inclusion of the convection term, an open system with forced 

convection from an external holding tank with complete recycling requires a conservation equation 

on this feed material. By assuming the tank is well mixed, it can be treated as a fictitious node 

external to the battery cell components. When electrolyte flows from the negative electrode to the 

positive electrode, a material balance on the tank gives Eq. (II-3). 

  (II-3) 

While the superficial electrolyte velocity in the tubes entering and exiting the tank, vtube, is 

unknown, at steady state and by assuming constant fluid density, the continuity equation simplifies 

to Atubevtube = Acellv, where Acell and Atube are the cross-sectional areas of the battery cell and the 

tube, respectively. Using this relationship, the unknown tank velocity can be substituted for known 

values, resulting in Eq. (II-4), which we use as the modeled conservation equation for anion 
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tank tube tube ,1 tank
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concentration in the tank, ctank, while simultaneously solving for all other concentrations within 

the battery pack. 

  (II-4) 

Lastly, whereas the original LIONSIMBA model allowed independent selection of the spherical 

radius of solid particles, Rp, electrode porosity, ε, and volumetric surface area, a, in reality these 

parameters will be interdependent, in accordance with Eq. (II-5). As such, we include this 

relationship in our updated model, to better reflect the physical limitations that are inherent to solid 

materials. 

  (II-5) 

Additionally, while the original LIONSIMBA modeled solid electrolyte conductivity in isothermal 

operation,106 it contained relationships for liquid electrolyte conductivity in the non-isothermal 

case, which we adapted for LIONSIMBA+c by fixing the temperature (Eq. (II-10)). Although 

dilute solution theory would predict correlation between the diffusivity, transference number, and 

conductivity,107 in this work we treat these as independent parameters to provide a broad 

understanding of the device design space without limiting model applicability in concentrated 

solution conditions or alternate electrolytes. 

Given the analytical modifications to the original np, ns, and nn control volumes in the positive 

electrode, separator, and negative electrode, respectively, the finite volume equations for interior 

points can be determined by assuming that each node is perfectly back-mixed, resulting in the set 

of equations shown in Eq. (II-6). 
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  (II-6) 

We discretize the convection term using upwind differencing scheme due to its stability and robust 

convergence behavior, and its accuracy is adequate for the purpose of this study.108 Throughout 

this study, we assume that the electrolyte flows from the Li+-generating electrode (negative during 

discharge; solid arrow in Figure II-2) to the Li+-consuming electrode (positive during discharge) 

as this minimizes electrolyte salt depletion at low flowrates (Section 8.3). In these equations, Δxi 

is the width of each node in domain i, and k the index of the node being considered. The boundary 

conditions given by Eq. (II-2) can similarly be discretized by considering anion conservation 

within nodes 1 and N assuming perfect mixing, resulting in Eq. (II-7) and (II-8) respectively, where 

N = np + ns + nn. 

  (II-7) 

  (II-8) 

To ensure that the aforementioned changes made for LIONSIMBA+c did not generate unexpected 

deviations from the original model, we compare simulated discharge curves using both 

LIONSIMBA and LIONSIMBA+c with stagnant electrolyte at different C rates, defined as the 

applied current density normalized by areal capacity. Figure II-7 shows no difference between the 

model outputs, indicating that the modifications did not introduce artificial changes to the expected 

behavior. 

While the previous sections describe the modifications made to the LIONSIMBA toolkit to create 

LIONSIMBA+c, the task of effectively sampling the battery operating space to elucidate the 
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regimes in which forced convection may be used to improve battery performance remains daunting 

given the number of possible engineering variables. To this end, for early investigation not shown, 

we leverage Monte Carlo methods which generate a random battery system with unique electrolyte 

properties and subsequently examine the impacts of stochastically selected applied current 

densities and forced flow velocities within the battery. For the plots shown, we used dimensionless 

group values to generate simulation conditions that uniformly cover the entire space and then back 

calculate the electrolyte properties, applied current density, and forced flow velocity. Table II-1 

shows the critical parameter value ranges used for this sampling procedure, and the base parameter 

values selected for any un-sampled values, while Table II-2 contains extraneous parameter values 

needed to repeat these simulations which are not relevant to further discussion. As we sought to 

understand the sensitivity of battery performance to electrolyte transport, we performed a number 

of galvanostatic simulations in LIONSIMBA+c using the original LIONSIMBA operating state of 

charge (SoC) range of 85.51% to 0.9% with a lower cutoff voltage of 2.5 V. In each simulation, 

we used a cell cross-sectional area of 1 cm2 and tank volume of 50 mL, where the tank contains 

electrolyte identical to that initially in the cell. We selected the higher-order polynomial 

approximation method provided by the original LIONSIMBA as the solid-phase diffusion model 

(Section 8.1) for all our simulations. In total, we generated ca. 50,000 data sets with distinct 

combinations of cell parameters and operating conditions, with each simulation costing ca. 30 s of 

wall time. 
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Table II-1: A subset of the critical parameters used in LIONSIMBA+c simulations that define the battery 
operation in the positive electrode, which is limiting under all conditions studied throughout this study. aκeff 
is calculated through the electrolyte concentration, ce, temperature, T, as shown in Eq. (II-10). 

Symbol Unit Value 
b - 2.5 

cinitial [mol/m3] 100 – 1500 
D [m2/s] 10-13 – 10-6  

Deff [m2/s] Dεb 
F [C/mol] 96487 

Iapp [A/m2] 10 – 300 

L [m] 8×10-5 
QA [C/m2] 96073 
R [J/mol/K] 8.314 
T [K] 298.15 
t+ - 0 – 1 
v [m/s] 0 – 0.01 
ε - 0.4 

εfiller - 0.025 
σ [S/m] 100 

σeff [S/m] σ(1 – ε – εfiller) 
κeff [S/m] varies with cea 
tdis [s] Q/Iapp 

 

Table II-2: Other parameters used in modified LIONSIMBA. 

 Units Positive 
Electrode Separator Negative 

Electrode 
 - LiθCoO2 - LiθC6 
a m2/m3 862500 - 851100 
b - 2.5 2.5 2.5 

csmax mol/m3 51554 - 30555 
Ds m2/s 1×10-14 - 3.9×10-14 
k m2.5/(mol0.5s) 2.334×10-11 - 5.031×10-11 
L m 8×10-5 4×10-5 8×10-5 
n - 100 100 100 
Rp m 2×10-6 - 2×10-6 

ε - 0.4 0.4 0.4 
εfiller - 0.025 - 0.0326 

Θ100% - 0.4955 - 0.8551 
Θ0% - 0.9917 - 0.0066 

σ [S/m] 100 - 100 
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To illustrate the potential effectiveness of convection-aided intercalation battery operation, we 

select a cell shown to access 60% of its theoretical capacity with a stagnant electrolyte (Figure II-

3a). By introducing a flowing electrolyte with superficial velocities of 0.04 μm/s and 0.07 μm/s, 

83% and 98% of the theoretical capacity could be accessed, respectively, as the electrolyte mass 

transfer limitations originally occurring within the cell were eliminated. While increasing 

electrolyte flow rate beyond this point does not impact the accessed capacity, it results in greater 

power- and energy-density as a higher cell voltage is maintained across the discharge profile. 

Figure II-3b suggests these performance benefits are caused by a smoothing of the concentration 

profile, and are in qualitative agreement with prior models on this topic,40 while any discrepancies 

are attributable to differences in cell parameters and operating conditions. Critically, the cell with 

a stagnant electrolyte experiences salt depletion in the positive electrode, causing the cell voltage 

to rapidly approach the cutoff voltage, whereas flowing electrolyte can be used to delay or 

altogether eliminate salt depletion. However, even when the flowing electrolyte can completely 

eliminate liquid-phase mass transfer resistances, an inability to access the theoretical capacity 

would suggest additional battery losses including ohmics, kinetics, or solid-phase mass transfer 

which cannot be rectified by improved liquid-phase transport (vide infra). Beyond enabling higher 

accessible capacities, more uniform concentration profiles lead to reduced concentration and 

activation overpotentials, and increased electrolyte conductivity (Figure II-8), thus the greater 

power- and energy-density. However, the performance benefits achieved by increasing electrolyte 

flowrate are anticipated to plateau, resulting in optimal flowrates selected to balance the 

improvements in electrochemical performance with the increased pumping losses needed to 

support electrolyte flow. Despite the hypothetical existence of such optima, for the conditions 

assessed here, the pumping losses through the cell constituted at most 0.006% of the energy gain 
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on a per cell basis (Section 8.4) and consequently will not be considered further. Pumping loss in 

components external to the cell require system design and are beyond the scope of the current 

work. Through this illustration, we are able to rationalize improvements in cell performance by a 

flattening concentration profile; however, as Figure II-3 is an extremely limited view of the 

overall parameter space, further simulations are needed to understand the broader trends. 

 

Figure II-3: The effect of convective mass transfer on (a) the discharge polarization curve and (b) the 
concentration profile of electrolyte at t = 380 s. Note the location of positive and negative electrodes is 
opposite to that in Figures II-1 and II-2. These data show the positive impact of increasing flow rate on 
cell performance by minimizing the instances of electrolyte salt depletion in the positive electrode. Further 
discussions of the concentration profiles and the impacts of flow direction can be found in Section 8.2 and 
Section 8.3. 

3. Model Analysis 

The development of LIONSIMBA+c enables assessment of cell performance via the simulation 

of individual discharge curves as a function of electrolyte properties and flow rate, electrode 

properties and dimensions, and applied current. With many adjustable and often interdependent 

system parameters, cell performance can be exhaustively characterized by full parametric sweeps 

(Table II-1) over multiple conditions as discussed above. The use of simulations, as opposed to 
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experiments, enables the rapid identification of performance sensitivities, the evaluation of 

parameter-dependent tradeoffs, and the estimation of property sets required to achieve 

performance targets. However, compact and meaningful representation of cell performance as a 

function of individual variables is challenging as these outputs are based on coupled reaction and 

transport processes whose relative importance varies with different scales. Combining physical 

quantities into dimensionless groups can provide insight on the relative importance of different 

physical processes within the battery and, in turn, a large number of simulation results can be 

collapsed into a lower dimensional space. Here, we first report the derivation of relevant 

dimensionless groups, followed by data analyses using these dimensionless groups. 

Because our focus is on the impact of convection on the electrolyte-phase transport during battery 

operation, it is natural to begin deriving relevant dimensionless groups from electrolyte transport 

equations. The anion conservation equation, Eq. (II-1), equates the time rate of change of anion 

concentration to the divergence of the total anion flux. By electing to non-dimensionalize this 

equation (Section 8.5) through the thickness of the positive electrode, L, the full discharge time, 

tdis, applied current density, Iapp, and the initial concentration, cinitial, the order of magnitude of the 

resulting terms will be entirely defined by the coefficient groupings as shown in Eq. (II-9). 

  (II-9) 

Based on this dimensionless form of the transport equation, several scales become immediately 

apparent: (1) electrolyte accumulation/depletion, cinitialεiLtdis-1; (2) diffusion flux, DeffcinitialL-1; (3) 

convective flux, vcinitial; (4) electromigrative flux, (1-t+)IappF-1. Comparing the relative magnitudes 

of these fluxes, as shown in Table II-3, gives insight into the dominant transport phenomena and 

its relative importance on cell performance in the battery. In comparing the transport phenomena 

initial eff initial
initial app

d
2

is

1i e e
e

c L c D c c tvc c I
t

i
t x L x F

e +¶ ¶ -¶ æ ö= - - + -ç ÷¶ ¶ ¶è ø

 


  



 70 

in an enclosed system, the diffusive and electromigrative fluxes, as determined by the 

dimensionless parameter γ, need to balance to prevent electrolyte salt depletion. A large value of 

γ indicates an increased likelihood for Li salt depletion in the cathode due to insufficient diffusive 

transport into the cathode. To include the effects of convection in our analysis, we introduce ξ, 

which is a measure of electromigrative flux compared to the sum of the diffusive and convective 

fluxes, such that in the absence of convection, ξ = γ. In the same manner, large values of ξ would 

indicate that the combined diffusive-convective fluxes are slower than the electromigrative flux 

removing ions from the cathode. Finally, any electrolyte initially present can be used to buffer 

against electrolyte salt depletion in the cathode, as measured by β, the ratio of electromigration to 

average flux required for electrolyte salt depletion. Importantly, the exact values of these 

parameters will change between the positive electrode, negative electrode, and separator. In this 

work, the dimensionless analyses presented are based on the positive electrode values, as, under 

the specific conditions contemplated, this is the most likely source of performance limitations. 

Note that the set of dimensionless quantities discussed above can also be derived using time 

constants as demonstrated in Section 8.6. 
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Table II-3: Definitions of the dimensionless groups used throughout the remainder of this study to describe 
convection battery operation. 

Dimensionless 
group Expression Meaning 

γ 
  

ξ 
  

Pe 
  

β 
  

δ' 
 

Dimensionless ohmic potential drop 

 

In addition to electrolyte transport limitations, electronic and ionic resistances, solid-phase 

transport, and kinetics may contribute to lower cell voltages or accessed capacity, and we identified 

ohmic losses to have the most dominant impacts on our own simulation results. As such, we 

include an additional dimensionless group, δ', to characterize the ohmic losses of a cell, similar to 

that defined by Newman and co-workers.107 For this particular value, the electrolyte conductivity, 

κeff, is calculated through Eq. (II-10) using the initial electrolyte concentration in the cell as 

opposed to the spatiotemporally varying concentration. While the solid-phase transport and 

kinetics may also limit cell performance, we focus our analysis on electrolyte phase transport 

limitations, as these other effects constitute minor contributions to performance under the 

conditions studied (Section 8.7). 

In this paper, simulations are performed with a wide range of input parameter values to identify 

overarching trends in convection cell performance. While all input parameter values used are 
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grounded in realm of physical possibility, not all combinations may be practically achievable based 

on current material sets. Even in such cases, the observations made provide guidance for future 

research opportunities. Additionally, while this study uses a LiCoO2/graphite redox chemistry, the 

qualitative understandings of the dimensionless groups gained from this work should be applicable 

to other battery chemistries. LIONSIMBA can readily be applied to different chemistries and cell 

formats provided requisite property values are available, and we encourage interested readers to 

adapt the simulations and analyses to their needs. 

For the remainder of this work, we demonstrate the utility of these dimensionless groups through 

their ability to predict qualitative model behavior to enhance the field’s understanding of the 

critical points for convective mass transfer used to improve battery performance. In all cases, we 

rely on the accessed capacity of charge stored within the battery as the metric of performance, 

although there are additional performance benefits to convection, because reducing inaccessible 

capacity is the first step towards improving overall energy density. To begin answering the 

question of the value of convective transport in an electrochemical cell, we examine a subset of 

the data of varying both γ and β. Under identical values of γ and β, we compare the capacity 

accessed in a cell containing a stagnant electrolyte versus a cell with a very high electrolyte 

velocity of 0.01 m/s (104 µm/s). Note in Figure II-3, a velocity of just 10 µm/s yielded relatively 

uniform concentration and transport-optimized performance. We define the difference between the 

stagnant and 0.01-m/s capacities as the accessed capacity enhancement, where a positive value 

indicates that a greater capacity is available when the electrolyte is flowing. The data contained in 

Figure II-4 show the regions where a flowing electrolyte can greatly improve the accessible 

capacity only existing in areas where both γ and β are large. Although quantitative differences exist 

for different initial electrolyte concentrations due to changing kinetic and solid-phase transport 
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resistances, Figure II-9 shows the same qualitative trend as observed here. These trends can be 

rationalized by returning to the definitions of the dimensionless groups γ and β, where γ is the ratio 

of electromigration to diffusion, and β is the ratio of electromigration to the total flux that would 

cause electrolyte salt depletion. From these definitions, a cell with small γ has diffusion within the 

cell capable of balancing electromigration in the opposite direction, making electrolyte salt 

depletion highly unlikely. In practice, a small γ is the result of a thin electrode, an electrolyte with 

high diffusivity or large Li+ transference number, or a low discharge rate. Similarly, with a small 

value of β in the cathode, the initial amount of salt in the electrolyte is more than can be depleted 

by the electromigration of ions. For cells with low electrode porosity, small Li+ transference 

number, or high specific capacity active materials, both γ and β values are large, suggesting the 

accessed capacity for these cells can be significantly enhanced by including convective transport 

as a means of balancing electrolyte mass transfer. 
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Figure II-4: Accessed capacity enhancement by 0.01 m/s of flow compared to a cell without flow. The 
figure is generated from 5166 data sets with varying Iapp, t+, D, but same initial electrolyte concentration 
cinitial = 1000 mol/m3, and constant ohmic resistance, δ' = 3.89 corresponding to a dimensional ohmic 
potential drop of 0.1 V. A different initial electrolyte concentration will result in similar trends with slight 
variations in values, as illustrated in Figure II-9. “*” indicates conditions used for Figure II-3. 

Building on the analysis showing capacity enhancement with extremely high velocity, further 

analysis can help us to understand the degree to which intermediate flow rates and parameter 

combinations enable the convection cell to approach the theoretical maximum enhancement. As 

before, we select a subset of all collected data, choosing varying β, as indicated by different 

discrete colors, γ, as indicated by the saturation color bar, and ξ, as plotted on the abscissa in 

Figure II-5, to demonstrate any underlying patterns in these parameters’ impact on cell 

performance. In addition to confirming the observations made in Figure II-4, this further analysis 

shows the clear existence of performance transition regimes where 1 ≲ ξ ≲ 3. In this range, 
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electromigration flux roughly balances diffusion and convection fluxes combined. Interestingly, 

the transition region narrows with increasing β. This observation can be explained by a greater 

vulnerability to transport limitations with higher β due to decreased initial amount of salt to buffer 

any transport imbalance between electromigation versus diffusion and convection. By comparing 

these first two analyses (Figures II-4 and II-5), there is clear analogy between ξ and γ as both 

parameters represent the ratios of fluxes in opposite directions within the intercalation cell. 

Interestingly, however, in Figure II-5, there is a broadening of the curves of each color that we 

otherwise expect to be individual traces collapsing all Pe values, with only β and ξ determining the 

behavior of cells with flowing electrolyte. Instead, the data presented suggests that the diffusional 

flux scale, DeffcinitialL-1, and convective flux scale, vcinitial, of the same magnitude do not 

counterbalance electromigration equally. A suspected cause is that the scales used to derive the 

dimensionless numbers are only estimates based on initial conditions and do not capture the 

dynamic behavior of the cell. When operated at intermediate ξ values, a concentration gradient 

develops during cell operation, resulting in different magnitudes of diffusion and convection terms 

in Eq. (II-1) due to their different dependence on the concentration gradient. This hypothesis is 

further supported by the diminution of the broadening at low ξ values when the concentration 

gradient becomes more uniform. 
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Figure II-5: (a) Percentage of capacity accessed for convection cells with varying ξ values. The plot 
contains 29792 data sets with varying Iapp, t+, D, cinitial, v, and a constant δ’ value of 3.89 (0.1 V dimensional 
ohmic drop). Results for cinitial >1000 mol/m3 are not included in the plot as they lead to slightly different 
behaviors at intermediate ξ values shown in Figure II-10. (b) Enlarged view of data for β = 3 and contours 
of Pe values. For a particular γ value, the percentage of capacity accessed increases with increasing Pe. 

Lastly, LIONSIMBA+c can be used to understand the impact of improved transport on non-

transport resistances within the cell, such as low electrolyte conductivity or sluggish kinetics. For 

this study, we focus on the impacts of ohmic losses as shown in Figure II-6, but an analogous 

approach could be used to better understand the possible improvements in other areas of cell-

design. With increasing ohmic resistance, the accessed capacity decreases monotonically from ca. 

97% at δ' = 3.89 to ca. 54% at δ' = 31.2, despite including v = 0.01 m/s electrolyte flow to eliminate 

any sources of mass-transfer losses. Again, we see some spread in these data as individual 

simulations will have unique kinetic and solid-phase transport resistances, but the variance 

decreases with increasing δ’ as fewer parameter combinations achieve the desired value. As 

previously discussed, by reducing the electrolyte salt concentration gradient, a convection cell 

offers opportunities for reduced concentration and activation overpotentials, and potentially 
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improved electrolyte conductivity compared to a stagnant cell. Figures II-6b and II-6c compare 

the accessed capacity enhancement by convection for cells with low ohmic resistance (δ' = 3.89) 

and high ohmic resistance (δ' = 31.2). Both figures demonstrate the same qualitative trends seen 

in Figure II-4 but differ in the upper limit for enhancement, as discussed earlier. As such, while 

introducing convection can overcome cell limitations caused by diffusional resistances, this 

approach is not a panacea for limited accessed capacity. 

 

Figure II-6: (a) Percentage of capacity accessed during discharge for convection cells with v = 0.01 m/s 
(104 µm/s), as a function of δ' values ranging from 3.89 to 31.2, corresponding to dimensional ohmic drops 
ranging from 0.1 V to 0.8 V, respectively. The figure contains 560 data sets with varying Iapp, t+, D, and 
cinitial. Accessed capacity enhancement by 0.01 m/s of flow for data sets with cinitial = 100 mol/m3 is shown 
in (b) for δ' = 3.89 and (c) for δ' = 31.2. 

4. Conclusions 

The avoidance of electrolyte mass transfer limits in intercalation-based battery chemistries would 

enable significant enhancements in accessible capacity and overall battery performance for a 

number of important applications. As such, we modified the open-source LIONSIMBA model of 

enclosed Li-ion batteries to incorporate electrolyte flow and, subsequently, simulated the impact 
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of convection on isothermal cell performance over a broad range of conditions. For a cell operated 

under electrolyte transport limited conditions, such as high C-rate or low electrolyte diffusivity, 

electrolyte flow minimizes concentration gradients across the cell thereby preventing electrolyte 

salt depletion that adversely affects kinetic, ohmic, and transport resistances and, if uncontrolled, 

can result in hazardous conditions within the battery. This, in turn, can enable an expanded 

operating envelope for intercalation batteries by increasing the accessible capacity but the 

effectiveness of this approach is dependent upon electrode properties, electrolyte composition, cell 

dimensions, and operating conditions. With the extension and description of physically meaningful 

dimensionless groups, we collapse >10 physical parameters and thousands of cell discharge 

simulation results into insightful comprehensive plots, Figures II-4 to II-6. These plots 

quantitatively address the critical questions of when convection is needed, how much is needed, 

and what is the upper bound of enhancement when convection is used. To summarize our key 

findings, convection is most helpful for a cell with large γ and β values, which has high transport 

resistance from diffusion and there is limited salt in the electrolyte solution to compensate. 

Practical conditions with large γ and β include high applied current density, low electrode porosity, 

low Li+ transference number, and active materials with high specific capacity. The dimensionless 

group, ξ, represents the ratio of electromigrative flux to the sum of diffusion and convective fluxes, 

and can help determine whether flowrate is high enough to access full capacity. The group δ’ can 

help determine ohmic resistance, which is one of the factors that can limit the maximum percentage 

of capacity that a convection cell can access if the resistance is large. If significant, kinetic and 

solid-phase transport effects may also limit convection cell performance, and their impacts can be 

analyzed using a similar approach as demonstrated in this work for ohmic resistance. 
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Our simulation work suggests that compared to an enclosed cell, a convection cell provides 

opportunities for a range of operating conditions and electrode design parameters. With the same 

or similar dimensionless plots presented here, the practitioner can readily calculate dimensionless 

group values for a cell and application of interest to estimate any benefit of flow. This approach 

could potentially lead to applications leveraging rate capability, such as fast charging, and enable 

high energy density by increasing electrode thickness. By eliminating electrolyte salt depletion, 

convection could improve cell safety under extreme conditions. The understanding of transport 

under isothermal conditions in this work lays the foundation to include convective heat transfer 

and to explore the anticipated benefit of thermal regulation in future modeling and 

experimentation. 
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5. List of Symbols 

Symbol Description 
a Particle surface area to volume 
Acell Cell cross-sectional area 
Atube Tube cross-sectional area 
b Bruggeman’s coefficient 
ce(x,t) Anion concentration in the electrolyte 
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cinitial Initial electrolyte concentration 
ctank(t) Tank concentration 
cs,max Maximum solid-phase concentration 
Dbulk Electrolyte diffusivity of a free solution 
Deff Effective electrolyte diffusivity 
Ds Solid-phase diffusivity 
F Faraday constant 
Iapp Applied current density 
j(x,t) Ionic flux 
k Reaction rate constant 
L Thickness 
n Number of control volumes used 
QA Areal capacity 
R Gas constant 
Rp 
 Particle radius 
T Absolute temperature 
tdis Time to completely charge or discharge battery at Iapp 
t+ Li+ transference number 
v Superficial velocity in the cell 
vtube Superficial velocity in the tube 
Vtank Tank volume 
ε Porosity 
εfiller Filler fraction 
Θ100% Stoichiometry at 100% SoC 
Θ0% Stoichiometry at 0% SoC 
κeff Effective electrolyte conductivity 
σ Solid-phase conductivity 
σeff Effective solid-phase conductivity 
 

6. Appendix A: Electrolyte Conductivity Equation 

For both models, we used Eq. (II-10) to calculate the effective electrolyte conductivity equation at 

T = 298.15 K.109 

 (II-10) 
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7. Appendix B: Supplementary Figures 

Figure II-7 compares discharge curves at varying C-rates for the original LIONSIMBA and 

LIONSIMBA+c with v = 0 m/s. The identical outputs suggest no artifacts were introduced to the 

original model during the modifications. 

 

Figure II-7: Comparison between LIONSIMBA and LIONSIMBA+c model outputs at varying discharge 
rates with the same inputs and no flow. 

Figure II-8 shows the conductivity of the electrolyte, LiPF6 in PC/EC/DMC, as a function of 

LiPF6 concentration at T = 298.15 K used in the simulation.109 The curve is generated by least-

square fits of experimental measurements to Eq. (II-11).109 The plot is a non-monotonic concave 

down curve, with maxima at 1 M electrolyte concentration. By maintaining the electrolyte 

concentration closer to the initial concentration of 1 M, a convection cell can help reduce 

electrolyte-phase ohmic resistance, thus minimize ohmic potential drop. 
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                      (II-11) 

 

 

Figure II-8: Electrolyte conductivity as a function of salt concentration at T = 298.15 K used in the 
simulation with the conductivity maxima observed at 1 M. 

Figure II-9 shows the enhancement, as a percentage, in accessed capacity by convection for 

selected β values with initial concentration, cinitial, varying from 0.1 M to 1.5 M. All the conditions 

have a δ’ value of 3.89. Different cinitial values show the same trend with slight variation in absolute 

values. This variation is a result of different kinetic and solid-phase diffusion resistances for 

different cinitial and Iapp combinations. The 1 M and 0.1 M curves within the different β values are 

precisely the data in Figure II-4 and Figure II-6b respectively. 

0 0

( , ) n k
i j

ij
i j

c T c T
c

k k
= =

=åå



 83 

 

Figure II-9: Percentage of accessed capacity enhancement for selected β values with cinitial from 0.1 M to 
1.5 M, with δ’ = 3.89. 

Figure II-10 shows the percentage of capacity accessed as a function of ξ for selected β and γ 

values, with cinitial = 1.5 M and δ’ = 3.89. The figure shows similar trends as in Figure II-5a in the 

main text, with the exception of the transitional region of 1 < ξ < 3 that now demonstrates complex 

behavior as a result of the non-monotonic electrolyte conductivity change with concentration, as 

shown in Figure II-8. Specifically, there is a concentration buildup at intermediate flowrates as 

explained in Section 8.2. When cinitial > 1 M, this concentration buildup leads to lower average 

electrolyte conductivity in the cell, thus larger ohmic drops and decreased accessed capacity. 
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Figure II-10: Percentage of capacity accessed as function of ξ for selected β and γ values, with cinitial = 
1.5 M and δ’ = 3.89. 

8. Appendix C: Supplementary Notes 

 Solid-phase diffusion model 

LIONSIMBA offers three choices of solid-phase diffusion model, including (1) a two-parameter 

polynomial approximation,110 (2) a higher-order polynomial approximation,110 and (3) Fick’s law. 

The first two models are approximations of Fick’s law without significant loss of accuracy. 

Detailed comparisons between the three models can be found in Ref. 3. In this study, we elect to 

use the higher-order polynomial approximation model for all the simulations. This choice is based 

on the high discharge rates used, up to 10 C, for which the higher-order polynomial approximation 

demonstrated higher accuracy than the two-parameter polynomial approximation.111 We also 

observe that the higher-order polynomial approximation shows better convergence than the two-
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parameter polynomial approximation for our applications. While the higher-order polynomial 

approximation is less accurate than the full Fick’s law model at high C-rates (RMSE = 1.9% at 10 

C), we find this reduction in accuracy is acceptable for our application, especially when the savings 

in computational time, ca. 60% at low C-rates and ca. 40% at high C-rates, are considered.111 

The equations for the higher-order polynomial approximation are shown below. In the equations, 

is the solid-phase average concentration,  is the ionic flux, Rp is the active material 

particle radius, is the effective solid phase diffusivity, is the volume-averaged 

concentration flux, and is the solid-phase surface concentration. 

 

 Details of the concentration profiles 

A close inspection of the concentration profiles in Figure II-3b in the main text leads to additional 

intriguing findings. Without flow, the amount of lithium ion accumulation in the negative electrode 

equals the amount of Li+ depletion in the positive electrode, and the average concentration is the 

initial electrolyte concentration. However, this is not necessarily the case in a convection cell. 

During discharge of a convection cell with the flow direction in Figure II-3 in the main text, the 

electrolyte exits the positive electrode to the tank, and enters from the tank to the negative 

electrode. When the electrolyte concentration exiting the cell is lower than that entering the cell, 

there is a net accumulation of electrolyte concentration in the cell, and a net depletion in the tank. 
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The electrolyte concentrations in the cell and the tank average volumetrically to the initial 

electrolyte concentration. Figure II-3b demonstrates this feature in cells with superficial velocities 

between 0.04 and 0.6 μm/s. Figure II-11 shows the tank concentration change with time. Because 

of a high tank volume/ cell area ratio used in our simulation, the change in tank concentration is 

insignificant. Though not explored in this publication, the ability to accumulate salt in the cell may 

have utility in further applications, such as enabling the use of a lower electrolyte concentration 

while still maintaining a relatively small ohmic resistance. 

 

Figure II-11: Corresponding electrolyte concentration change in the tank as a function of time for Figure 
II-3 in the main text.  

 Impacts of flow direction 

Figure II-12 shows the cell voltage curves and corresponding electrolyte concentration profiles 

with same conditions but reverse flow direction compared to Figure II-3 in the main text. The 

trends are similar to what we discussed for Figure II-3, except the impacts of flow on cell 



 87 

performance appear to be less significant at low flow velocities as electrolyte salt depletion 

persists. At v = 10 μm/s when the electrolyte concentration approaches cinitial = 1 M everywhere, 

both flow directions have the same effects on cell performance. These observations also agree with 

previous literature findings.40 This suggests that flow should be in the direction from the Li+ 

generating electrode to the Li+ consuming electrode for maximal effectiveness at low flowrates. 

 

Figure II-12: (a) Cell voltage curves and (b) corresponding electrolyte concentration profiles for reverse 
flow direction compared to Figure II-3 in the main text. 

 Pumping energy loss across single cell 

The pressure drop through the cell is estimated using Kozeny-Carman Equation: 

  (II-12) 

where Δp is the pressure drop, L is the cell total length, v is the superficial velocity, μ is the 

electrolyte viscosity, ε is the porosity, and Φs is the sphericity of the particles with diameter Dp. 
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The energy required for pumping flowrate Q through a cell with cross-sectional area A during 

discharge time td is estimated with Eq. (II-13): 

  (II-13) 

The cell used in Figure II-3 in the main text has L = 200 μm, ε = 0.4, and the active materials are 

assumed to be spheres with Φs = 1 and Dp = 4 × 10-6 m. Assuming the electrolyte has a viscosity 

of 10 cP, Table II-4 shows energy gain for one cell, Ecell_gain , and pumping loss for one cell, 

Ecell_loss, per unit area of the cell with v = 10 μm/s compared to the cell without flow. 

Table II-4: Energy gain and pumping loss by a convection cell with v = 10 μm/s. 

 Discharge time 

[s] 

Cell areal energy density 

[Wh/m2] 

Required pumping energy for 

one cell [Wh/m2] 

v = 0 μm/s 382 57.6 0 

v = 10 μm/s 622 92.9 0.0022 

  Ecell_gain = 35.3 Ecell_loss = 0.0022 

Beyond the single cell considered here, one can analyze the system level trade-off with and without 

pumping. Such an analysis calls for a thorough analysis of pumping losses throughout the cell 

stack, manifolds, pumping equipment, and tank which fall beyond the scope of this study. 

 Derivation of electrolyte transport equations 

For a binary univalent electrolyte, ce = c+ = c-, z+ = 1, z- = -1. In a porous electrode, the superficial 

flux densities of anions and cations are given by Eq. (II-14) and (II-15), respectively, where ui is 
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the effective ionic mobility, Di is the effective ionic diffusion coefficient, and Φ2 is the potential 

in the pore-filling electrolyte: 

  (II-14) 

  (II-15) 

Eq. (II-16) gives the superficial current density i2 in the pore phase for the binary electrolyte: 

  (II-16) 

Substituting Eq. (II-16) into Eq. (II-14) yields: 

  (II-17) 

where the effective electrolyte diffusion coefficient , and the Li+ transference 

number . 

A material balance on the anionic species using Eq. (II-17) gives Eq. (II-18), which is the form 

used for Eq. (II-9).  

  (II-18) 

Only Li+ species in the electrolyte undergoes reaction, and Faraday’s law relates i2 to j, the Li+ 

ionic flux from the solid phases to the pore solution: 

  (II-19) 

Combining Eq. (II-18) and (II-19) gives the governing equation in the form of Eq. (II-1):  
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  (II-20)  

 Derivation of dimensionless groups using timescales 

In the main text, we derive and discuss the dimensionless groups in Table II-3 in the context of 

fluxes, as this provides a straightforward comparison between the magnitude of different physical 

processes. Alternatively, the dimensionless groups can be derived using timescale analysis, an 

approach that is also used in literature.112–114 To identify the relevant timescales, the non-

dimensionalized equation Eq. (II-9) can be rewritten as: 

  (II-21) 

Where Di is the ionic diffusivity in the electrode corrected only for the tortuosity, and relates to 

the effective diffusivity Deff by Deff = εiDi; vpor,i is the electrolyte phase velocity in the porous 

electrode, and relates to the superficial velocity v by v =εivpor,i. The equation yields several time 

scales summarized in Table II-5, which are also compared to their counterparts expressed in rates. 

 

  

eff( ) (1 )e e ec c cD v a t j
t x x x

e +

¶ ¶ ¶¶
= - + -

¶ ¶ ¶ ¶

por,
app 22

initialdis

11 ie i e
e

i

vc D c tc I i
t x L x L Ft c Le

+æ ö¶ ¶ -¶
= - - + -ç ÷¶ ¶ ¶è ø

 


  



 91 

Table II-5: Timescales and corresponding characteristic rates relevant to the electrolyte transport during 
convection battery operation. 

Phenomenon Characteristic 
Timescale  

Characteristic Rate 
 (mol / time*cell 

area) 
Meaning 

Implication: 
Discharge ends 

due to… 

Discharge 
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Similar forms of diffusion and migration timescales have also been defined in prior literature.114 

Using these timescales, the dimensionless groups in Table II-3 can be derived as: 

Table II-6: Derivation of the dimensionless groups using timescales defined in Table II-5. 

Dimensionless group Definition Expression 

γ 
  

ξ 

  

Pe 
  

β 
  

 

 Effects of solid-phase transport and kinetics 

Effect of solid-phase transport 

The effect of solid-phase diffusion can be evaluated using the solid diffusion timescale (ts) derived 

in Eq. Error! Reference source not found.. A similar expression has also been reported by Jiang 

et al.114 In this study, the particle radius Rp and solid-phase diffusivity Ds are constants, hence the 

solid-phase diffusion timescale in the positive electrode has a constant value of 133.3 s. 
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  (II-22)  

Comparison with the timescales defined in Table II-5 can help estimate the magnitude of solid-

phase diffusion resistance. Firstly, the discharge timescale (tdis) used in this study ranges from 

320 s to over 2000 s, which is significantly larger than ts, suggesting fast solid-phase diffusion 

during the discharge process. Secondly, for the cases in this study the electrolyte diffusion 

timescale (tdepletion) is in general relatively large. For example, the condition used in Figure II-3 

has tdepletion of 256 s, and thus solid-phase transport is not a major limitation in comparison.     

Effect of kinetics 

We define a dimensional kinetics potential drop (Vkinetics) in Eq. 

Error! Reference source not found., which is derived from ν2 defined by Newman and co-

workers,107 and δ' defined in this work.  

  (II-23) 

For the conditions used in Figure II-3, Vkinetics is 0.031 V and 0.027 V in positive and negative 

electrodes, respectively, which are both small compared to the dimensional ohmic drop of 0.1 V. 

This holds true for all the sets of conditions used in this study.  
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III. A Study on the Impact of Convection on Thermal Transport 

1. Introduction 

Lithium-ion (Li+) batteries (LIBs) are expected to play an important role in global decarbonization 

through their ubiquity in portable electronics and emergence in transportation and on the electric 

grid.115,116 Over the last few decades, LIB prices have steadily decreased while energy density has 

increased due to a combination of material development, manufacturing improvements, and 

market scale.17,76 However, current embodiments are still unable to meet the demanding 

performance, cost, and scale requirements of many new applications.27,117 A notable challenge is 

thermal management, as for today’s LIBs, typical operating temperatures between 15 ℃ and 40 ℃ 

are required to ensure optimal cell and battery performance, durability, and safety.118 At elevated 

temperatures, accelerated solid-electrolyte interphase growth and component degradation can lead 

to capacity/power fade,117,119 and, in the most extreme cases, thermal runaway and hazardous 

releases. At low temperatures, sluggish electrolyte transport and electrode reaction kinetics 

facilitate lithium plating and subsequent lithium dendritic growth on the negative electrode.120,121 

In addition, non-uniform temperature distribution leads to reaction maldistribution within the 

electrodes of individual cells and electrical imbalance between cells within the modules and packs, 

both of which reduce battery performance and cycle life.121–123 

To mitigate the adverse impacts of temperature, the battery thermal management system (BTMS) 

has become an essential component of the battery pack. Most current BTMS utilize an external 

strategy, where heat is exchanged through the exterior surfaces or tabs of the battery cells. 

Categorized by the heat transfer media (HTM), some common BTMS include air-, liquid-, and 

phase-change-materials (PCMs)-based approaches, each possessing benefits and limitations.124,125 

An air-based BTMS has merits, such as, simple structure, low cost, low weight, easy maintenance, 
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and no leakage concern, but is challenged by high-rate charge/discharge applications due to the 

low heat capacity and thermal conductivity of air.126,127 Comparatively, a liquid-based BTMS has 

greater thermal conductivity and heat capacity, leading to better heat transfer efficiency and 

compactness, and is hence a popular choice for space-constrained applications, such as, battery 

electric vehicles (BEVs).119,128,129 Among liquid-based systems, indirect methods that adopt water-

glycol mixtures, nanofluids, or liquid metals as the HTM have been widely investigated.119,124 

While such solutions are relatively easy to implement, they rely on heat transfer auxiliaries such 

as cooling tubes or plates that add weight and complexity to the battery pack. Further, the 

additional heat resistance and confined contact area with the cell surfaces limits heat transfer 

efficiency.124 Direct liquid systems that use a dielectric HTM, such as mineral oil, to contact the 

cells are emerging because, as compared to the aforementioned indirect methods, they enable 

simpler design, smaller footprints, and greater heat transfer rates.130,131 However, the HTM suitable 

for these systems can be expensive as well as viscous and/or dense, leading to significant cost, 

power consumption, and added weight.130 In recent years, PCM-based BTMSs have received 

considerable attention.132,133 The PCM absorbs or releases a large amount of latent heat during 

phase transitions, resulting in a relatively constant temperature for the battery. However, most 

PCMs have poor thermal conductivities, which lead to low material utilization.132 There is also a 

risk for thermal runaway in the case of complete melting, especially under harsh conditions, such 

as, high charge/discharge rates and high ambient temperature.134 

In contrast to external thermal management approaches, there has been limited focus on methods 

of internal thermal management that regulate temperature from within the battery cell. Internal 

thermal management is most commonly used in battery preheating strategies, which leverage the 

heat generated inside cells when applying a current at low temperatures due to high 
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resistance.135,136 Over the past decade, only a few systems that utilize internal means of device 

cooling have been proposed. Bandhauer et al. developed a passive cooling approach for prismatic 

cells that used an internal evaporator with micro-channels integrated in a thick current collector.137 

A subset of the same authors then demonstrated through simulations that even though the pack 

volume increased due to the engineered current collector, the pack-level volumetric energy density 

for both charge and discharge was still greater than for a similar pack with external liquid 

cooling.138 Mohammadian et al. proposed another internal cooling approach for prismatic cells in 

which liquid electrolyte served as a coolant, flowing through rectangular micro-channels 

embedded in the electrodes.139 The authors showed that internal cooling not only effectively 

decreases the maximum temperature inside the cell, but enables a five-fold improvement in the 

temperature uniformity within the cell as compared to external liquid cooling at the same pumping 

power.139 For cylindrical formats, several studies have contemplated a through-hole in the core of 

the cell to form an axial fluidic channel for liquid or gas coolants, or to embed a heat pipe or a 

thermally-conducting metal rod.140–142 Such a configuration enables rapid heat dissipation 

especially in the center of the cell albeit with a minor reduction in cell capacity and energy density. 

Despite the different configurations, all of the aforementioned internal and external cooling 

methods for LIBs have inherent shortcomings in thermal management due to their collective 

reliance on heat exchange with macroscopic surfaces. There is limited heat transfer area within the 

battery typically, and the introduction of new area inside a cell, for example, via pipes, channels, 

or rods mentioned above, leads to a loss of internal volume. High heat removal rates therefore 

require large amounts of cooling fluid, high flow rates, and/or significant pumping or fan power 

relative to overall battery system size and output. Additional disadvantages are spatial non-
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uniformity within a cell or pack, especially as battery size increases. Further, there is no access to 

the interior of electrodes and thus no benefit to transport to and from electrode material surfaces. 

As an alternative approach, electrolyte can be directly circulated through the porous electrodes and 

separator of the electrochemical cell (Figure III-1b). A similar configuration was proposed for 

lead-acid batteries by Choi and Yao in 1979, who showed through simulation that electrolyte 

circulation can effectively maintain the cell temperature at a desired setpoint while providing a 

uniform temperature field.143 For LIBs, such a cell configuration was proposed by Gordon and 

Suppes in 2013 as an approach to overcome electrolyte diffusion limitations, and is termed the 

convection battery.40 Several subsequent reports have studied the benefits of incorporating forced 

electrolyte convection on mass transport via experiment and modeling.39–41,144 Specifically, the 

circulating electrolyte reduces concentration gradients across the cell, thereby preventing salt 

depletion that adversely affects kinetic, ohmic, and transport resistances. This, in turn, leads to 

improvements in accessible capacity as well as energy and power density, especially under 

conditions of electrolyte mass transport limitations, such as high C-rate, thick electrodes, or low 

electrolyte diffusivity.144 While an effective means of enhancing mass transport, forced electrolyte 

convection can also support battery thermal management, as it introduces convective heat transfer 

to the cell. Thus far, the impact of electrolyte convection on thermal regulation for LIBs has not 

been well-described. Initial investigation of thermal effects can be difficult to pursue 

experimentally, as it requires precise control and measurement of the heat fluxes; computationally, 

non-isothermal modeling provides a path to exploration given that the simultaneous impact of 

convection on electrolyte heat and mass transport may lead to further synergistic effects. 
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Figure III-1: Lithium-ion battery configurations with (a) an enclosed cell design as is typical of 
contemporary devices and (b) the proposed flow-through concept that attempts to improve mass and 
thermal transport through electrolyte convection. The additional hardware required in (b) consists of an 
external storage tank, pump, and tubing or pipes to provide forced convection through the porous 
intercalation materials and separator that compose the battery cell. Note that (b) is presented solely for the 
purpose of illustrating the underlying concept and the model setup. 

Here, we aim to investigate the effect of a circulating electrolyte stream on thermal management 

through 1D modeling of a single LIB cell. Building upon prior work that employs isothermal 

modeling and dimensional analysis to elucidate the impact of electrolyte convection on mass 

transport,144 we expand to temperature varying conditions to illustrate the impact of electrolyte 

convection on simultaneous mass and thermal transport. We first describe the model development 

including incorporation of a convective term into the governing cell heat balance equation, the 

modification of thermal boundary conditions at the current collectors, and the introduction of heat 

exchange equations between the electrolyte tank and the surrounding environment. We 

subsequently illustrate through three distinct case studies that electrolyte flow can suppress 

temperature rise in LIB cells that operate at high rates through a combination of reduced heat 
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generation and increased heat removal. Accordingly, we derive dimensionless groups to describe 

key thermal transport processes that, along with their mass transport analogues,144 describe 

conditions under which electrolyte convection can improve thermal management and the extent of 

these potential benefits. Lastly, we highlight the capability of electrolyte convection to 

dynamically regulate cell temperature through varying flow rate, which offers consideration of 

greater flexibility and responsiveness in thermal management. 

2. Model Development 

In our previous work,144 we developed a convection cell model, LIONSIMBA+c, by extending the 

Li-ION SIMulation BAttery Toolbox (LIONSIMBA),111 a pseudo two-dimensional (P2D) 

representation that has been validated against COMSOL MultiPhysics commercial software103 and 

Newman’s Fortran DUALFOIL.100 By introducing a convection term to the governing electrolyte 

mass transport equation and including a continuity equation to describe the electrolyte tank, we 

were able to investigate the impact of electrolyte flow on cell performance as a function of 

component geometries, electrolyte properties, and cell operating conditions. The detailed 

descriptions of the modifications made, the governing equations, as well as the discretized 

approaches can be found in our prior open-access publication.144 Here, we expand the capabilities 

of LIONSIMBA+c to enable the study of thermal processes within a convection cell. Specifically, 

we (1) introduced a convection term into the governing heat balance equation within the electrodes 

and separator; (2) amended the boundary conditions to account for the flowing electrolyte at the 

inlet and outlet of the cell; (3) adjusted the heat transport equation at both current collectors to 

account for the cell design change due to the addition of electrolyte tubing; and (4) incorporated 

energy conservation equations to track the electrolyte temperature within the external tank under 
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a range of assumptions about its heat exchange mode with the surrounding environment including 

isothermal, adiabatic, ambient cooling, and constant heat flux input/output. 

The original LIONSIMBA software package, developed by Torchio et al.,111 considers both 

isothermal and non-isothermal cell operation. For non-isothermal operation, the model adopts a 

general thermal treatment derived by Gu and Wang145 to simulate the temperature change within 

a LIB cell. Similar to the description of electrolyte mass transport, the thermal model assumes that 

the cell temperature is radially uniform but that spatial temperature gradients can exist in the axial 

direction (x-direction in Figure III-1). An assumption underlying this approach is that the lateral 

walls of the cell are well-insulated, and heat exchange with the environment only occurs through 

the current collectors at either end of the cell (axial). It is also assumed that the different phases 

within the cell are in local thermal equilibrium, that is Tliquid(x,t) = Tsolid(x,t) = T(x,t). In 

LIONSIMBA+c, a convective term is introduced into the local heat balance within the electrodes 

and separator, as shown in Eq. (III-1). 

    (III-1) 

Here, ρi, Cp,i, and λi are the density, heat capacity, and thermal conductivity of domain i, where i ∈ 

{p, s, n} indicates the positive electrode (p), separator (s), or negative electrode (n), respectively, 

T(x,t) is the temperature at position x and time t, ρe is the electrolyte density, Cp,e is the electrolyte 

heat capacity, and v is the superficial electrolyte velocity, which is assumed to be constant 

throughout the cell. While many possible sources of heat generation exist in a LIB cell,146 the 

model considers three major contributors: (1) Qohm, the heat generation from ohmic resistance 

(Joule heating); (2) Qrxn, the irreversible reaction heat generation due to activation overpotential; 

(3) Qrev, the reversible reaction heat generation due to entropy change. The expressions for these 
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heat generation sources are refined based on the work by Srinivasan and Wang,147 and provided in 

Section 6. The current collectors exchange heat with the surrounding environment, yielding the 

same boundary conditions as the original model: 

  (III-2) 

  (III-3) 

Here, λcu and λal are the thermal conductivities of the negative copper (cu) and positive aluminum 

(al) current collectors, respectively, hcell is the convective heat transfer coefficient of the cell, and 

Tambient is the temperature of the ambient environment external to and surrounding the cell, which 

is assumed to be constant at 298 K in this study. As shown in Figure III-1b, the convection cell 

configuration contemplated in this study assumes that the electrolyte flow enters and exits the 

electrochemical cell through tubes located at the center of the current collectors. For simplicity, 

we assume that, upon entering the cell, the flow is immediately uniformly distributed in the radial 

direction (cross-sectional plane perpendicular to the x-direction in Figure III-1), and that this 

uniformity is maintained until the exit (i.e., we do not consider any entrance or exit effects). We 

also assume the tubing between the cell and the tank is well-insulated and does not exchange heat 

with the surrounding environment or the current collectors. At the cell inlet and outlet, Danckwerts 

boundary conditions are implemented: 
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In Eq. (III-4) and (III-5), Acell and Atube are the cross-sectional areas of the cell and the tube, 

respectively. The addition of the inlet/outlet tubes at the center of the current collectors necessitates 

modification of the heat transfer equation to account for the continuity in the output current: 

  (III-6) 

Here, Ac.c. is the current collector cross-sectional area where Ac.c.+Atube = Acell, Iapp is the applied 

current density, and σi is the electrical conductivity of the current collectors. Note that variable 

current operation (Iapp as a function of time) is possible with LIONSIMBA+c, but is not pursued 

here. The temperature change inside the external electrolyte tank can be described as follows: 

(III-7) 

We assume that the tank is well-mixed with a volume Vtank and a total surface area Atank. Four 

different heat exchange conditions between the tank and the surrounding environment are 

considered in the model: (1) Isothermal, where the tank remains at its initial temperature at all 

times; (2) adiabatic, where the tank does not exchange heat with its surroundings, and any 

temperature change is only due to the electrolyte flowing into and out of the tank; (3) ambient 

cooling, where the surface of the tank exchanges heat with its surroundings via convective cooling, 

and htank is the convective heat transfer coefficient of the tank; and (4) constant input, where there 

is constant heat flux q into (q is positive) or out of (q is negative) the tank through its surface. The 

discretization of the thermal governing equations follows the approach described in prior work,144 

which uses the finite volume method (FVM) to partition the spatial domain into discrete volumes, 
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while the convection term is treated with the upwind differencing scheme. Upon the 

aforementioned modifications, we compare simulated discharge curves using both LIONSIMBA 

and LIONSIMBA+c under non-isothermal conditions and with stagnant electrolyte (v = 0 µm/s). 

As shown in Figure III-7, there is no difference between the model outputs across a range of C-

rates, indicating that the modifications did not introduce artificial changes to the expected 

behavior. 

The parameters used for the simulations performed in this study are shown in Table III-1. While 

this modeling framework can support the investigation of a wide range of component parameters 

and operating conditions, for clarity and tractability, we elect to study cell behavior under the 

following conditions. For all cell components, the literature-reported experimental values of ρi, 

Cp,i, and λi are used.148 Temperature-dependent physicochemical properties (e.g., electrolyte 

diffusion coefficient) are described using the relationships implemented in the original 

LIONSIMBA package,111 which are shown in Section 6. All the simulations were performed for 

galvanostatic operation, with a state of charge (SoC) range of 85.51% to 0.9%, a lower voltage 

limit of 2.5 V, and an upper temperature limits of 52 °C (325 K) based on the typical operating 

conditions and safety cutoffs for LIBs.149 For the subsequent simulations, we used a cell cross-

sectional area of 1 cm2 and an adiabatic tank with a volume of 50 mL. The use of 1 cm2 is 

convenient for normalization and does not reflect a fundamental limitation of the model. 

Specifically, the findings described herein scale to cells of various areas subject to cross-sectional 

uniformity. The tube cross-sectional area is assumed to be 10% of the cell cross-sectional area, 

that is, . While LIONSIMBA+c makes it possible to specify distinct initial 

electrolyte concentrations and temperatures in the cell and tank, this work assumes the same initial 

tube c.c.

cell cell

1 0.1A A
A A

= - =
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electrolyte concentration of 1 M and same initial temperature of 25 °C (298 K) throughout the 

domain. 

Table III-1: Simulation parameters used in this study. 

 Units Positive 
CC 

Positive 
Electrode Separator Negative 

Electrode 
Negative 

CC 
 - Al LiθCoO2 - LiθC6 Cu 
a m2/m3 - 862500 - 851100 - 

brugg - - 2.5 2.5 2.5 - 
Cp J/kg/K 903 1269 1978 1437 385 
Cp,e 2055 J/kg/K      

cinitial mol/m3 - 1000 1000 1000 - 
csmax mol/m3 - 51554 - 30555 - 
𝐷)#  m2/s - 1×10-14 - 3.9×10-14 - 
𝐸'
.!
"

 J/mol - 5000 - 5000 - 
𝐸'
/! J/mol - 5000 - 5000 - 

F 96487 C/mol - - - - - 
Iapp 150 A/m2      
ki m2.5/(mol0.5s) - 2.334×10-11 - 5.031×10-11 - 
L m 1×10-5 8×10-5 4×10-5 8×10-5 1×10-5 
n - 12 100 50 100 12 
R 8.314 J/mol/K - - - - - 
Rp m - 2×10-6 - 2×10-6 - 
t+ 0.37      
ε - - 0.4 0.4 0.4 - 

εfiller - - 0.025 - 0.0326 - 
Θ100% - - 0.4955 - 0.8551 - 
Θ0% - - 0.9917 - 0.0066 - 

λ W/m/K 238 1.58 0.33 1.04 398 
ρ kg/m3 2702 2329 1009 1347 8933 
ρe 1130 kg/m3      
σ S/m 3.55×107 100 - 100 5.96×107 

 

3. Model Analysis 

 Base Case: Conditions of Significant Thermal and Mass Transport Limitations 

To illustrate how the consideration of the thermal effects impacts convection cell performance, we 

begin by repeating a base case analysis described in our prior work,144 where the galvanostatic 
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discharge of a single LIB cell with a stagnant electrolyte (v = 0 μm/s) was simulated at 5.7 C 

(150 A/m2 for a 26 Ah/m2 cell) and at isothermal conditions. Here, as shown in Figure III-2, we 

perform the same simulation, but relaxing the isothermal assumption and allowing the cell 

temperature to vary freely. A small cell convective heat transfer coefficient (hcell = 0.5 W/(m2K)) 

is used to represent any background heat exchange between the cell and its surroundings. The 

discharge curve, Figure III-2a, shows that the accessible capacity without flow is just 54% of 

theoretical capacity. A large electrolyte concentration gradient develops across the cell during 

discharge due to the competing effects of diffusion and electromigration (Figure III-2b). 

However, with the inclusion of thermal processes, complete electrolyte salt depletion in the 

positive electrode is not realized by the end of the discharge, indicating that electrolyte mass 

transport limitation is not the sole cause of the abbreviated runtime. Rather, in the absence of 

electrolyte flow, the cell temperature increases rapidly upon discharge and reaches the cutoff 

(safety) temperature prior to electrolyte depletion (Figure III-2c). The rate of temperature rise can 

be slowed by convective flow, and for the single cell considered here, a superficial electrolyte 

velocity of 0.7 μm/s prevents the cell from hitting the cutoff temperature during discharge. For 

perspective, this flowrate for the single cell corresponds to a residence time of ~290s. Greater 

velocities further suppress cell temperature rise, and gradually reduce the electrolyte concentration 

gradient as well (Figure III-2b). Note that while the model simulates the cell temperature as a 

function of axial position, the temperature is uniform across the cell due to its thinness (Figure III-

8). Thus, the temperature shown in Figure III-2c represents both the average cell temperature and 

the temperature at all positions and in all phases within the cell. Overall, Figure III-2 shows that 

the introduction of electrolyte flow simultaneously enhances mass and heat transport, both driving 

electrolyte concentration uniformity and mitigating cell temperature rise. It is noteworthy that, for 
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the single cell analyzed in this study, overcoming the mass and thermal limitations requires 

electrolyte convection at similar scales, on the order of 1-10 μm/s, for a near-uniform electrolyte 

concentration profile (Figure III-2b) and a temperature trajectory close to the initial cell 

temperature (Figure III-2c). In a battery format of greater thickness, such as, multiple layers of 

the same single cell, the flow rate required to eliminate mass transport limitation would remain in 

the same order of magnitude as that for the single cell. However, a larger flow rate would be 

necessary to overcome thermal limitations. Nevertheless, for the scope of the current study, the 

corresponding pressure drop and resultant pumping losses across a single cell follow the estimates 

described in our previous study144 and remain negligible compared to the energy gain on a per cell 

basis (Section 8.1).  

 
Figure III-2: The effect of electrolyte convection on (a) the galvanostatic cell discharge (b) the 
concentration profile of electrolyte within the cell at t = 347 s, the end of discharge for the no flow case, 
and (c) the time-dependent trajectory of cell temperature. These results show the benefit of increasing flow 
rate on cell performance by minimizing the electrolyte concentration gradient while suppressing 
temperature rise. The corresponding heat generation data can be found in Figure III-9. Further 
discussions of the tank temperature change and the impacts of flow direction can be found in Section 8.2 
and Section 8.3. 

 Dimensionless Group Development 

Having demonstrated the case of benefit to runtime with both heat and mass transport effects, we 

present a generalized analysis of cell and component dimensions, component properties, and 
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operational parameters where convection may prove advantageous. Compact and meaningful 

representation of cell performance as a function of individual cell properties and operating 

conditions can be challenging as it often requires comprehensive parametric sweeps. Alternatively, 

combining the relevant physical parameters into dimensionless groups can provide insight on how 

the relative scales of different physical processes influence performance. For the single convection 

cell considered in this study, the temperature profile across the cell remains uniform, hence we 

limit our focus to dimensionless groups that describe the average cell temperature rise. To derive 

the dimensionless groups, we examine the overall cell heat balance equation:* 

   (III-8) 

Next, we identify appropriate scales for the terms in Eq. (III-8). Applied current density and areal 

capacity provide a timescale of discharge, . Then, by approximating the cell temperature 

change from its initial temperature, Tinit, at t = 0, to a safety cutoff temperature, Tmax, at t = tdis, and 

the tank temperature with its initial temperature, Ttank, init, several useful quantities emerge: (1) the 

magnitude of ambient heat exchange rate of the cell, – in this case, the cell 

exchanges heat with the surrounding environment through the current collectors at either end of 

the device only; (2) the magnitude of convective heat exchange rate with the tank, 

; (3) average heat generation rate, ; and (4) Average heat storage 

rate, . The average volumetric heat generation rate, , can be estimated 

 

*Cell thermal energy accumulates or depletes from internal heat generation and net fluxes at the boundaries – 
convection from the tank and ambient heat exchange. Mathematically, this emerges from integration of the local heat 
balance, Eq. (III-1), and substitutions from the subsequent equations. 

dis
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using the cell parameters and operating conditions, as detailed in Section 8.4; the multiplicative 

product of the average density, , and the average heat capacity, , can be calculated by 

averaging the ρCp products of each cell component weighted by their respective thicknesses. 

Comparing these quantities yields the list of dimensionless groups that can be used to evaluate the 

average cell temperature gain (shown in Table III-2), which are subsequently denoted with the 

subscript H. To prevent any temperature rise, the heat removal rate from the cell must balance the 

heat generation rate within the cell. That is, the ratio of heat generation to heat removal must be 

small. In the case of an enclosed device (e.g., a conventional LIB cell) where heat removal relies 

on ambient heat exchange alone, this ratio is captured by the dimensionless parameter, γH. A large 

γH value indicates that the heat removal rate is insufficient, which, in turn, leads to temperature 

increases during charge or discharge. In the case of a convection cell, the electrolyte flow provides 

an additional mode of heat removal, and ξH represents the ratio of the heat generation to the sum 

of heat removal via ambient cooling and electrolyte convection. In the absence of convection, γH 

= ξH. Similar to γH, a large ξH value indicates insufficient combined heat removal as compared to 

heat generation. Finally, the inherent buffering ability of the cell against heat generation is captured 

by βH, where a large value indicates the cell is more prone to temperature increase for a given 

amount of heat generation. The dimensionless groups for mass transport, derived in our prior 

work,144 are also included in Table III-2 for reference and comparison, and are subsequently 

denoted with the subscript M. These groups are analogous to those used to describe heat transport. 

Specifically, γM compares the electromigrative and diffusive fluxes, where a large value of this 

parameter indicates an increased likelihood for electrolyte salt depletion in the positive electrode 

during discharge due to insufficient diffusive transport. ξM compares the electromigrative flux to 

the sum of diffusive and convective fluxes, where large values of this variable indicates that the 

r pC
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combination of diffusive and convective fluxes are slower than the electromigrative flux that 

removes anions from the cathode. βM measures the buffering ability of the cell against electrolyte 

salt depletion, and a large value of this quantity indicates that the initial amount of salt in the 

electrolyte is insufficient compared to the depletion by the electromigration of the anions. 

Table III-2: Dimensionless groups quantifying the extent of bulk mass and thermal transport limitations. 

The corresponding dimensionless group values of the Base Case are shown in Table III-3, 

column (a). The large values for all the four dimensionless groups indicate that, under these 

conditions and in the absence of convection, the inherent mass and thermal transport properties are 

insufficient to support the high discharge rate of 5.7 C in a cell of these dimensions. This deficiency 

explains the large electrolyte concentration gradient and rapid temperature increase shown in 

Figures III-2b and c, respectively. 
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Table III-3: Mass [M] and heat [H] transport dimensionless group values for the cases demonstrated in 
(a) Base Case (b) Diffusive Transport Limited Case and (c) Thermal Transport Limited Case. The 
electrolyte properties at room temperature are used for the mass transport dimensionless group 
calculations. 

 (a) Base 

Case 

(b) Diffusive Transport Limited (c) Thermal Transport Limited 

γM 2.4 2.4 2.4 × 10-3 

βM 19.6 19.6 19.6 

γH 3.0 3.0 × 10-3 2.1 

βH 3.6 3.6 2.5 

While the Base Case demonstrates that the introduction of electrolyte convection enables 

simultaneous enhancement of mass and heat transport, further investigation is needed to decouple 

and elucidate the impact of convection on each process. This can be achieved by contemplating 

two extensions of the Base Case: (1) Diffusive Transport Limited Case, where without convection, 

the cell has adequate heat transfer capabilities but the same poor mass transport properties and 

conditions used in the Base Case, and (2) Thermal Transport Limited Case, where the mass 

transport in the cell without convection is sufficiently facile, but the heat transfer rates are 

restricting. The following sections discuss the findings from these two alternative cases. 

 Diffusive Transport Limited Case 

In the first scenario, to focus on a diffusion limited case, we consider a cell with a convective heat 

transfer coefficient (hcell = 500 W/(m2K)) large enough to facilitate thermal transport to the point 

that the increase in cell temperature during discharge is negligible (Figure III-10), while all other 

conditions remain identical to the Base Case. The corresponding dimensionless group values are 

shown in Table III-3, column (b). The heat transfer coefficient value chosen here is representative 

of an indirect liquid cooling system.150 This case corresponds to a cell with external heat removal 
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capability sufficient to maintain near-isothermal operation (e.g., a highly effective thermal 

regulation system), which approaches the isothermal base case described in our prior work.144 In 

the absence of an elevated average cell temperature, which increases diffusion rates, electrolyte 

mass transport presents significant limitations, but this can be alleviated by increasing electrolyte 

convection (or decreasing ξM value) as shown in Figure III-3a. Enhanced electrolyte mass 

transport rates also positively impact the thermal regulation of the cell. As shown in Figure III-

3b, reduced electrolyte concentration gradients facilitate more uniform reversible heat generation, 

suggesting improved reaction homogeneity particularly within the Li-ion-consuming electrode 

(here, the positive electrode). Importantly, this observation implies that electrolyte convection may 

help mitigate reaction maldistribution that limits power output and capacity utilization of thick 

electrodes in energy-dense cells.78 Furthermore, electrolyte convection can reduce irreversible 

reaction heat generation in the positive electrode and overall Joule heating as shown in 

Figures III-3c and III-3d, respectively. As convection enables higher electrolyte concentration in 

the positive electrode facilitating the charge transfer reaction, the activation overpotential required 

to sustain a desired current output is reduced thus lowering irreversible reaction heat generation. 

Moreover, a uniform ~1 M electrolyte concentration across the cell decreases Joule heating by 

lowering ohmic losses (high ionic conductivity). Collectively, these results demonstrate that 

electrolyte flow can enable greater spatial uniformity in heat generation as well as reduce overall 

heat generation within a cell. In this case, the average volumetric heat generation rate ( ) is 

halved at 10 μm/s as compared to stagnant operation. As previously mentioned, the cell 

temperature gain is determined by both the rate of heat generation and the rate of heat removal. It 

is this ability to decrease heat generation via electrolyte flow that differentiates the convection 

approach from other external and internal thermal regulation methods that are solely designed to 

totalQ
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enhance heat removal rates. The reduction in heat generation through convection appears unique 

amongst reported BTMS and relaxes the requirement for heat removal capability in the first place. 

 
Figure III-3: Diffusive transport limited case (a) distributions of concentration and contributions to (b) 
reversible heat generation, (c) irreversible reaction heat generation, and (d) Joule heating. The figures are 
taken at t = 100 s, before complete electrolyte salt depletion occurs. The Joule heating in the current 
collectors is negligible and not shown. 

 Thermal Transport Limited Case 

In the second scenario, we consider a cell without mass transfer limitations by invoking a very 

large electrolyte diffusivity (D = normal value × 103) with all other conditions the same as the 

Base Case. While, to the best of our knowledge, such diffusive rates are infeasible in practical 

electrolytes, the simulated conditions are instructive as they enable isolation of the effects of 
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electrolyte convection on heat transfer. The corresponding dimensionless group values are shown 

in Table III-3, column (c). The γH and βH values are both slightly lower than Base Case values as 

the augmented diffusivity leads to more uniform electrolyte concentration across the cell, reducing 

the activation overpotential and thus diminishing the heat generation rate, . This result is 

analogous to increasing the electrolyte flow rate in the previous case. This effect is clearly 

observable in Figure III-4, where even without electrolyte flow, the cell can discharge for a longer 

time as compared to its counterpart in Figure III-2c. With the introduction of electrolyte flow, the 

temperature rise is further suppressed, and when ξH ≲1, the cell can be fully discharged, accessing 

almost all of the available charge storage capacity, without hitting the upper threshold. Thus, 

Figure III-4 evinces the second effect of electrolyte flow on thermal management, namely that 

bulk flow can remove heat from the cell to prevent temperature increase (i.e., boosting the heat 

removal capability of the cell). Additionally, consistent with physical intuition, a transition value 

of ξH ≲ 1 means that the heat generation rate ≲ the heat removal rate. As a heuristic, the amount 

of flow required to prevent the cell from hitting the cutoff temperature can be estimated from 

ξH = 1, and the remaining parameters defining this dimensionless group in Table III-2. Note that 

although a single cell (~200 μm) is demonstrated in this study, ξH is also applicable to a larger 

battery format, which suggests that the flowrate needed to suppress average temperature rise 

roughly scales with the system dimension in the direction of flow. Also note that while convection 

can effectively prevent the cell temperature gain, it may be desirable for the cell to operate at a set 

temperature above or below the ambient conditions.151,152 This may be to promote favorable 

reaction kinetics and/or mass transport characteristics, to heat a device in cold climes, or to cool a 

device subjected to excessive heat due to local weather conditions or proximity to an external heat 

totalQ
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source. A non-ambient target temperature can be achieved by regulating the flow rate and/or 

introducing electrolyte pre- conditioned at a different inlet temperature. 

 

 
Figure III-4: Thermal transport limited case temperature profile over time. The use of a large electrolyte 
diffusivity (D = normal value × 103) yields a uniform electrolyte concentration profile even in the absence 
of electrolyte flow (Figure III-11). Thus, the suppression of temperature gain by increasing flow rate is 
solely due to increased rates of heat removal and no effect on heat generation. 

 Comparison Between Internal and External Cooling 

The analyses above illustrate the unique advantages that a flowing electrolyte offers through 

simultaneous improvement of mass and heat transport with one of the two limitations significantly 

relaxed. Now we directly compare the impact of convection (hereafter referred to as “internal 

cooling”) and the typical external thermal management methods (hereafter referred to as “external 

cooling”) on temperature regulation and cell performance, with no upfront relaxation of any 

transport limitation. We use the same cell configuration and discharge conditions as in the 

Base Case. For external cooling, the cell exchanges heat with the surrounding environment 

through the axial ends (i.e., the current collectors), with a total representative heat exchange rate 
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of . For internal cooling, electrolyte flows through the cell in the direction 

shown in Figure III-1b (from the negative electrode to the positive electrode) and exchanges heat 

with the tank at a representative heat exchange rate, . Equivalent heat 

removal rates are anticipated for the external and internal modes when the two heat exchange rates 

are equal, as is shown in Section 8.5. However, as Figure III-5 demonstrates, an “equivalent” set 

of v and hcell values yields the same heat removal capability yet different impact on cell temperature 

regulation and thus performance. With external cooling, the first increments in hcell value help 

extend the cell runtime (Figure III-5a) by inhibiting temperature rise (Figure III-5c) and 

prolonging or avoiding the 325 K cutoff. However, without internal convection, mass transfer 

relies upon temperature-dependent diffusion alone, and further increases in hcell values have an 

adverse effect on mass transfer. A lower average cell temperature results in slower electrolyte mass 

transport (Figure III-5b) leading to lower cell operating voltage (reduced power density), and 

even shortens the cell runtime as electrolyte salt depletion increases at higher hcell values. Hence, 

for external cooling, increasing heat removal capability (i.e., increasing hcell) improves thermal 

transport but compromises mass transport; if the cell has a large electrolyte mass transport 

resistance (i.e., large γM and βM values), such as the case shown in Figure III-5, increasing hcell 

values will ultimately cause the cell to transition from thermal-transport-limited behavior to 

diffusive-transport-limited behavior. This compromise is in contrast with the internal cooling, 

where increasing heat removal capability (i.e., increasing v) results in simultaneous heat and mass 

transport enhancement, as shown in Figures III-5d, III-5e, and III-5f, ensuring that neither bulk 

transport mode hinders cell performance at sufficient v. 

The contrasting impact of the two cooling strategies on electrolyte mass transport has further 

implications on their efficacy. As discussed in the Diffusive Transport Limited Case, improved 

( )cell cell max2 ambientA h T T-

cell , max tank( )e p eA C v T Tr -
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electrolyte mass transport, such as, with internal cooling, leads to diminished heat generation rates 

due to reduced overpotential losses. Conversely, heat removal with external cooling decreases 

electrolyte mass transport and therefore increases heat generation as shown in Figure III-12. 

Consequently, internal cooling suppresses cell temperature rise more effectively than external 

cooling even with the same heat removal capability, as observed by comparing Figures III-5c 

with III-5f. This implies that compared to external cooling, the heat removal capability required 

of internal cooling is lowered due to the reduced amount of heat generation. This finding further 

supports the argument that through enhanced electrolyte mass transport, the internal cooling 

method offers unique advantages over external cooling methods by both removing heat (heat 

transfer) and reducing heat generation (mass transfer), resulting in greater effectiveness. 

The comparison between internal and external cooling discussed here is not limited to a single cell 

of ~200 μm thickness but is also applicable to larger systems, such as, multiple cell layers. 

However, in these cases, the effect of temperature gradient becomes significant and should be 

considered for the design with both cooling strategies. Regarding the internal cooling strategy, the 

temperature gradient is mainly present in the direction of flow and is closely related to the system 

design/configuration and resultant flow path, which are beyond the scope of this initial work. 

Nevertheless, the temperature gradient can be significantly reduced or become negligible at high 

flow rates. As such, the findings presented here represent the full potential of electrolyte flow (i.e., 

the performance of an optimized system) and provide a basis for future work on system 

development. 
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Figure III-5: Comparison of external cooling (left plots) and internal convective cooling (right plots) on 
three (3) key outputs: galvanostatic discharge curves (a, d), electrolyte concentration distributions (b, e) 
at 269 s, the end of the shortest discharge (hcell = 12.9 W/(m2K)), and transient temperature trajectories (c, 
f). Each curve on the left has a corresponding curve on the right of the same color with equal heat removal 
rate. Internal cooling shows improvements in these 3 key outputs with successive increasing flow rates. 
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However, with external cooling, cell behavior shifts from thermal to mass transport limited ultimately 
leading to truncated discharge at the highest heat removal rate simulated. 

 On the Potential for Dynamic Thermal Regulation via Varying Electrolyte Flow Rate 

The ability to modulate electrolyte flow rate during convection cell operation offers new 

opportunities to dynamically regulate the cell performance. While many different and specific 

scenarios could be considered, we contemplate two general approaches in Figure III-6. In the first 

scenario, as shown in Figure III-6a, we illustrate a reactive approach where electrolyte convection 

is triggered by a cell safety temperature (in this example 325 K), and a sufficient flow rate (that 

satisfies ξH ≲1) suppresses the temperature rise almost instantaneously. In practice, this scenario 

may correspond to urgent rescue situations, such as, thermal runaway protection. Interestingly, the 

higher flow rates (0.7-10 μm/s) have convex temperature profiles, where the temperature drops 

immediately upon the introduction of flow, but, given sufficient time, gradually increases again. 

This is because as the cell temperature reduces, the heat removal rate decreases to the point where 

it is less than the heat generation rate and the cell temperature begins to increase again. In a second 

scenario, we show a proactive approach where the flow rate is changed based on operating 

conditions. As shown in Figure III-6b, electrolyte convection is simultaneously introduced when 

there is a change in C-rate. This corresponds to a situation where a rapid change in battery power 

is required during operation, such as, a sudden acceleration in a BEV. The ξH values calculated for 

this scenario are based on 5.7 C and a cutoff temperature of 325 K, so a flow rate that suffices ξH 

≲1 suggests that the cell will not reach the cutoff temperature of 325 K. If minimum temperature 

rise is desired, a smaller cutoff temperature (e.g., 300 K) could be used to calculate the 

corresponding flow rate that yields ξH = 1. 
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Importantly, variable “on-demand” convection instead of continuous flow allows the system to 

forgo convection when not needed, such as, for low current charge or discharge, for intentional 

self-heating, or for pumping energy savings. Reactive mode (Figure III-6a) can tune the use of 

flow to critical situations only, but precise effectiveness of this mode may rely on accurate 

temperature measurements of the cells within a battery pack. The proactive use of flow coordinated 

with a significant increase in heat generation, for example, in Figure III-6b, can prevent 

temperature escalation in advance or when difficult to reliably measure. However, proactive 

scenario can call for flow prematurely or when unnecessary, such as, if high heat generation 

operation is aborted. 

 
Figure III-6: Demonstration of dynamic flow rate for thermal regulation. In reactive mode (a), convection 
is triggered by a safety temperature (e.g., thermal runaway protection); in proactive mode (b), convection 
is triggered by a change in current density (e.g., sudden acceleration in a BEV). 

4. Conclusions 

Effective thermal management remains key to enabling emerging applications of LIBs, 

particularly those that require high power input and output (such as, BEV fast charging, electric 

aviation), or need large battery formats (e.g., stationary storage systems). In this work, we 
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investigated a unique internal cooling strategy, where the electrolyte is directly circulated through 

the porous electrodes and separator of a LIB cell. We expanded upon our prior isothermal model, 

LIONSIMBA+c, to incorporate convective heat transfer mode. Through the modeling and analysis 

of a single LIB cell (~200 μm), we illustrated the impact of electrolyte flow on thermal 

management, which lays a foundation for the consideration of larger, practical systems. To 

summarize our findings, we showed that the electrolyte flow can effectively suppress temperature 

rise in a single LIB cell operating at high rates, and elucidated its dual effects on thermal 

management: (1) Electrolyte flow reduces heat generation rate through the elimination of the 

electrolyte concentration gradient, and through the resulting decreases in activation, ohmic, and 

concentration overpotentials. (2) The bulk electrolyte flow enhances heat removal rate by directly 

carrying the generated heat out of the cell. To aid interpretation and understanding between the 

balance of heat generation, heat storage, and heat removal, we derived three dimensionless groups, 

βH, γH, and ξH, that characterize the simulation results, which parallel our prior list of dimensionless 

groups for mass transport processes.144 In summary, electrolyte convection is most beneficial to 

introduce to cells with insufficient heat capacity and heat removal relative to heat generation, 

which is represented by large βH and γH values. The dimensionless group, ξH, compares the heat 

generation rate to the total heat removal rate including electrolyte convection, and can help 

determine the flow needed to prevent the cell from reaching the safety cutoff temperature. The 

temperature rise of a cell can be curbed through the balance of heat generation by heat removal, as 

represented by ξH ≲ 1. It should be emphasized that the dimensionless groups developed in this 

study are not restricted to single cells. The group, ξH, for instance, scales with thickness and can 

provide estimates for larger energy storage devices composed of multiple cell layers as well.          
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Electrolyte convection has favorable effects on cell transport behavior that differ from existing 

approaches. Cooling strategies to date focus nearly exclusively on improving heat removal, which 

can lead to increased heat generation rates due to reduced mass transport at lower temperatures. In 

some cases, this sacrifice of transport properties shifts the cell from thermal-transport-limited to 

mass-transport-limited regimes. In contrast, the cooling strategy proposed here offers synergistic 

enhancement of heat and mass transport, which results in more effective thermal management, as 

it not only improves heat removal capability, but also reduces heat generation in the first place. 

This method also offers opportunities for dynamic temperature regulation through readily 

adjustable electrolyte flow rate and temperature. One application of particular interest is the cell 

operation at a slightly elevated but stable temperature for improved kinetic and transport properties 

without compromising safety.  

While this work focuses on the scale of a single cell (~200 μm thickness, 1 cm2 area), we expect 

the reduction in heat generation and improved heat removal with electrolyte convection would 

play a signification role in larger embodiments (such as, thick electrodes, greater area cells, and 

multi-cell configurations). The dimensionless groups on thermal and mass transport derived in this 

and prior work144 can be used to guide the design of convection battery prototypes.  Nevertheless, 

transforming this concept in a scaled prototype requires considerations beyond those discussed 

here. As ξH suggests, the flowrate needed to suppress the temperature rise roughly scales with the 

system dimension in the direction of flow. For the single cell studied here, pumping loss is 

negligible, but thus may change for a larger system that relies solely on electrolyte flow for heat 

removal. Furthermore, when the flow path is longer, the temperature gradient can become 

significant at intermediate flow rates. The design of the electrolyte storage tank is also crucial, as 

a bigger tank may increase heat removal efficacy but at the expense of system energy density. 
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Such factors and tradeoffs should be carefully evaluated in future work on system design and 

optimization. In addition, the cost and availability of technology innovation and additional 

hardware to enable fluidic distribution across high aspect ratio flow through porous electrodes, as 

well as the potential benefits in terms of improved performance and cost savings, should be 

carefully considered. It is worth noting that, compared to external liquid-based BTMS, this concept 

presents an opportunity to explore a simplified balance of plant that could include the elimination 

of external cooling pipes and plates, which warrants further investigation. Future research should 

incorporate both technical and economic analyses to ensure the practicality and scalability of this 

concept in real-world applications.   
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5. List of Symbols 

Symbol Description 
a Particle surface area to volume 
Ac.c. Current collector cross-sectional area 
Acell Cell cross-sectional area 
Atank Tank total heat transfer surface area 
Atube Tube cross-sectional area 
brugg Bruggeman’s coefficient 
Cp Heat capacity 
𝐶̅p Average cell heat capacity 
Cp,e Electrolyte heat capacity 
ce(x,t) Anion concentration in the electrolyte 
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cinitial Initial electrolyte concentration 
ctank(t) Tank concentration 
𝑐#∗(x,t) Solid-phase surface concentration 
csmax Maximum solid-phase concentration 
D Electrolyte diffusivity 
Deff Effective electrolyte diffusivity 
𝐷!11,)#  Effective solid-phase diffusivity 
𝐷)# Solid-phase diffusivity 
𝐸'
.!
"

 Solid-phase diffusion temperature dependent activation energy 
𝐸'
/!  Reaction rate constant temperature dependent activation energy 

F Faraday constant 
hcell Cell convective heat transfer coefficient 
htank Tank convective heat transfer coefficient 
Iapp Applied current density 
j(x,t) Ionic flux 
keff,i Effective reaction rate constant 
ki Reaction rate constant 
L Thickness 
Lcell Total cell thickness 
n Number of control volumes used 
QA Areal capacity 
Qohm Volumetric ohmic heat source term 
Qrev  Volumetric reversible reaction heat source term 
Qrxn  Volumetric irreversible reaction heat source term 
𝑄9+3+',  Average volumetric heat generation rate 
q Tank input/output heat flux 
R Gas constant 
Rp  Particle radius 
Tambient Ambient temperature 
Tmax Safety cutoff temperature 
Tref Reference temperature 
Ttank Tank temperature 
Ttank,init Tank initial temperature 
T(x,t) Cell temperature 
tdis Time to completely charge or discharge battery at Iapp 
t+ Li+ transference number 
U Open circuit potential 
Vtank Tank volume 
v Superficial velocity in the cell 
vtube Superficial velocity in the tube 
ε Porosity 
εfiller Filler fraction 
η Surface overpotential 
Θ100% Stoichiometry at 100% SoC 
Θ0% Stoichiometry at 0% SoC 
κeff Effective electrolyte conductivity 
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λ Thermal conductivity 
ρ Density 
𝜌̅ Average cell density 
ρe Electrolyte density 
σ Solid-phase conductivity 
σeff Effective solid-phase conductivity 
Φe Electrolyte potential 
Φs Solid potential 

 

6. Appendix A: Equations used in the simulation 
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Effective reaction rate 

 

Effective solid-phase diffusion coefficient 

 

7. Appendix B: Supplementary Figures 

Figure III-7 compares discharge and temperature rise curves at varying C-rates for the original 

LIONSIMBA111 and LIONSIMBA+c with v = 0 μm/s. The identical outputs suggest no artifacts 

were introduced to the original model during the modifications. 

 
Figure III-7: Comparison between non-isothermal LIONSIMBA and LIONSIMBA+c model outputs: (a) 
discharge curves (b) temperature rise curves at varying discharge rates with the same inputs and no flow. 

Figure III-8 shows the temperature vs. cell position for the base case at 347 s, which corresponds 

to the end of discharge for the stationary cell in Figure III-2a. Due to the thinness of the cell used 
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for this study, the temperature distribution is uniform across the cell as expected with 

. This uniformity allows representation of the cell temperature with a single value rather than as a 

function of position. 

 
Figure III-8: Flow rate-dependent temperature vs. position curves for the base case at 347 s, the end of 
discharge for the stagnant cell in Figure III-2(a). 

Figure III-9 shows the heat generation by sources, as well as the total heat generation for the base 

case at 347 s (end of discharge for the stationary cell in Figure III-2a). With the increasing 

electrolyte flow rate, the heat generation reduces in magnitude and becomes more uniform across 

the cell. 
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Figure III-9: Heat generation by different sources as a function of the cell position at 347 s, the end of 
discharge for the stagnant cell, and the electrolyte flow rate for the conditions used in the base case: (a) 
Reversible heat generation, (b) irreversible reaction heat generation, (c) Joule heating, and (d) total heat 
generation. The Joule heating in the current collectors is negligible and not shown. 

Figure III-10 shows the cell temperature as a function of time at different electrolyte flow rates 

for the Diffusive Transport Limited Case. The negligible temperature rise confirms that the use of 

a large heat transfer coefficient (hcell = 500 W/(m2K)) effectively eliminates thermal transport 

limitations as intended. Thus, this case focuses on the impact of electrolyte convection on mass 

transport, and the subsequent influence on heat generation rate shown in Figure III-9. 
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Figure III-10: Cell temperature as a function of time for the Diffusive Transport Limited Case for different 
electrolyte flow rates. 

Figure III-11 shows the electrolyte concentration as a function of position in the cell at different 

electrolyte flow rates for the Thermal Transport Limited Case. The uniform concentration 

confirms that the use of a large diffusion coefficient (D = normal value × 103) effectively 

eliminates mass transfer limitations as intended. Thus, this case focuses on the impact of 

electrolyte convection on thermal transport. 
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Figure III-11: Electrolyte concentration as a function of cell position for the Thermal Transport Limited 
Case. Across all flow rates considered, the electrolyte concentration remains constant across the cell, thus 
the curves directly overlay and are not visible. 
 

Figure III-12 shows the heat generation by sources, as well as the total heat generation at 225 s 

(before complete electrolyte salt depletion for the hcell = 12.9 W/(m2K) case) for the cases shown 

in Comparison Between Internal and External Cooling. For external cooling, the heat generation 

rate increases with increasing hcell due to slower mass transport at lower temperatures. For internal 

cooling, the heat generation rate decreases with increasing v as mass transport improves as 

discussed in Diffusive Transport Limited Case. 
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Figure III-12: Heat generation by sources as a function of the cell position at 225 s (before complete 
electrolyte salt depletion occurs for the hcell = 12.9 W/(m2K) case), and the cell heat transfer coefficient or 
electrolyte flow rate for the conditions used in the Comparison Between Internal and External Cooling 
cases. Plots (a)-(d) show the reversible heat generation, irreversible reaction heat generation, Joule 
heating, and total heat generation for the external cooling conditions respectively; (e)-(h) show the same 
set of plots for the internal cooling conditions. The Joule heating in the current collectors is negligible and 
not shown. 

8. Appendix C: Supplementary Notes 

 Pumping energy loss and energy gain across a single cell 

The pressure drop through the cell is estimated using Kozeny-Carman equation153: 

  (III-9) 

where Δp [Pa] is the pressure drop, Lcell [m] is the cell total length, v [m/s] is the superficial 

velocity, μ [cP] is the electrolyte viscosity, ε [-] is the porosity, and Φs [-] is the sphericity of the 

particles with diameter Dp [m]. The energy required to maintain a pumping flow rate Q [m3/s] 

through a cell with cross-sectional area A [m2] during discharge time td [s] is estimated with 

Eq. (III-10): 

  (III-10) 

The cell used in Figure III-2 in the main text has Lcell = 2 × 10-4 m, ε = 0.4, and the active materials 

are assumed to be spheres with Φs = 1 and Dp = 4 × 10-6 m. Assuming the electrolyte has a viscosity 

of 10 cP, a flow rate of 10 μm/s results in a pressure drop of approximately 1000 Pa across the two 

electrodes and the separator in a single cell. This suggests that the pressure the hardware needs to 

withstand is relatively low. Figure III-13 shows energy gain and pumping loss per unit area of a 

single cell as functions of the superficial velocity compared to the cell without flow that has an 

areal energy density of 52 Wh/m2. A flow rate above 0.5 μm/s nearly doubles the cell energy output 
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and incurs 4 orders of magnitude smaller pumping energy loss. Note that the electrolyte viscosity 

will decrease with higher temperature,83 which is not considered here, making the analysis a 

conservative estimate. Also note that this calculation is performed for flow within a single cell. A 

thorough analysis of fluid dynamics throughout the cell stack, manifolding, pumping equipment, 

and tank would be necessary to understand this trade-off at the system-level. 

 
Figure III-13: Flow rate dependent trade-off between energy gain and pumping loss for a convection cell 
under the conditions used for Figure III-2 in the main text. 

 Temperature change inside the tank 

Figure III-14 shows the temperature change inside the external electrolyte storage tank as a 

function of time at different flow rates used for the base case. While the tank is operating 

adiabatically (i.e., there is no heat exchange of the tank with the ambient environment), the 

temperature remains virtually unchanged at all flow rates. This consistency is because the tank 

used in this study has a large volume compared to the single cell size. In this case, the heat 

exchange mode of the tank with the environment has no impact on the cell operation. In practice, 

a smaller tank-to-cell volume ratio will likely be used to achieve greater system-level energy and 
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power density, and some cooling capacity of the tank will likely be required for effective thermal 

management. The optimal design of the tank-to-cell volume ratio and the tank heat exchange mode 

is beyond the scope of this initial study. 

 

Figure III-14: Tank temperature change as a function of time at different flow rates for the base 

case. 

 Impacts of flow direction 

Figure III-15 shows the cell voltage curves, the corresponding electrolyte concentration profiles, 

and the cell temperature profiles under the same conditions as the base case but with flow direction 

reversed. The trends are similar to what was discussed for the base case, except the impacts of 

flow on cell performance and temperature regulation appear to be less significant, or even adverse 

at low flow rates. This effect can be more clearly observed in Figure III-16, which shows the heat 

generation by sources and the total heat generation at 325 s (the end of the shortest discharge, 
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v = 0.2 μm/s). At low flow velocities (v < 1.5 μm/s), the total heat generation rate at most locations 

inside the cell is actually higher than the case without electrolyte flow due to lower electrolyte 

concentration. This is in contrast with the base case, where the heat generation rate at most 

locations inside the cell monotonically decreases with increasing flow rate as shown in 

Figure III-9. These results suggest that flow should be introduced in the direction from the Li+-

generating electrode to the Li+-consuming electrode for maximal effectiveness at low flow rates. 

 
Figure III-15: The effect of reverse electrolyte flow direction on (a) the discharge polarization curve (b) 
the concentration profile of electrolyte at t = 325 s (the end of the shortest discharge, v = 0.2 μm/s) and (c) 
the cell temperature rise compared to the zero-velocity base case in the main text. 
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Figure III-16: Heat generation by sources as a function of the cell position at 325 s (the end of the shortest 
discharge, v = 0.2 μm/s) and electrolyte flow rate for the reverse flow case: (a) reversible heat generation, 
(b) irreversible reaction heat generation, (c) Joule heating, and (d) total heat generation. The Joule heating 
in the current collectors is negligible and not shown. 

 Derivation of  for the dimensionless group calculation 

The average volumetric heat generation rate,  [W/m3], used for calculating the dimensionless 

group values in Table III-2 of the main text is estimated using the following equation: 

  (III-11) 

In Eq. (III-11), Lcell [m] is the total thickness of the two electrodes and the separator, and Iapp [A/m2] 

is the applied current density. The equation considers heat generation from four sources: the ohmic 
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overpotential ηohmic [V], the concentration overpotential ηconc [V], the activation overpotential 

ηact [V], and the reversible reaction heat due to entropy change as characterized by the last term 

within the parentheses on the right-hand side of the equation. 

A representative electrolyte concentration change (Δce [mol/m3]) at the end of discharge is 

estimated by the relative contributions of electromigration, diffusion, and convection fluxes: 

  (III-12) 

Here L [m] is the electrode thickness, and td [s] is either the time to complete discharge or the time 

for Δce to equal the initial concentration cinitial, whichever occurs first (i.e., Δce cannot exceed 

cinitial). Additionally, Δce is set to 0 if it is calculated to be a negative value, as a reverse 

concentration gradient where the concentration in the positive electrode is greater than that in the 

negative electrode during discharge is physically impossible. The electrolyte concentration in the 

separator at the end of discharge is estimated to be the initial concentration, cinitial. The 

representative electrolyte concentrations at the end of discharge in the negative electrode (ce,n) and 

positive electrode (ce,p) are evaluated as: 

  (III-13) 

  (III-14) 

The ohmic overpotential, ηohmic, in Eq. (III-11) is estimated individually for the two electrodes and 

the separator by:        

  (III-15) 

In Eq. (III-15), L [m] is the thickness of each section; κeff [S/m] is the effective electrolyte 

conductivity, and is evaluated at room temperature with , , and  to 
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represent the average concentration in the negative electrode, the separator, and the positive 

electrode, respectively; σeff [S/m] is the effective solid-phase conductivity, and is considered for 

the electrodes only. The concentration overpotential, ηconc, in Eq. (III-11) is calculated with 

Eq. (III-16) at room temperature (T = 298 K). 

  (III-16) 

In Eq. (III-16), t+ [-] is the Li+ transference number, R is the universal gas constant 

[8.314 J/(mol K)], F is the Faraday constant [96485 C/mol]. The activation overpotential, ηact, in 

Eq. (III-11) can be evaluated for each electrode using: 

  (III-17) 

In Eq. (III-17), a [m2/m3] is the particle surface area per unit volume, k [m2.5/(mol0.5s)] is the 

reaction rate constant, csmax [mol/m3] is the maximum solid-phase concentration, and 

𝑐#,4546478∗  [mol/m3] is the initial solid-phase surface concentration. 

For the last term in Eq. (III-11), a representative value of  V/K is selected to estimate 

 based on the correlations in Section 6, and the whole term is evaluated at room temperature 

(T = 298 K). 

Note that this approach provides an estimated  for the dimensionless group calculation, which 

can subsequently be used to guide cell design. Because the estimation of  relies only on 

information that can be easily obtained prior to cell operation (e.g., cell and electrolyte properties, 

operating conditions), the dynamic changes that occur during discharge cannot be fully captured. 

While generally in good agreement with the actual  values determined from simulations, the 
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estimated  values may deviate from the actual values, albeit within an order of magnitude, 

under certain extreme conditions. As an example, this approach tends to underestimate  for 

cells with very large electrolyte mass transport resistance (e.g., high C-rate operation, low 

electrolyte diffusivity), as the large amount of Joule heating resulting from electrolyte salt 

depletion near the end of discharge is not considered in the calculation. 

 Equivalent heat removal capabilities 

The total representative heat exchange rate for the cell considered in Comparison Between Internal 

and External Cooling is  for external cooling, and 

 for internal cooling. Assuming the tank remains at ambient temperature 

due to its large size compared to the cell, comparing these two quantities yields 

, where hcell is the external convective heat transfer coefficient, and 

ρe, Cp,e, and v are the density, heat capacity, and superficial velocity of the electrolyte, respectively. 

Note  is also the expression for the Stanton number (St), but it is used differently in this 

context as St considers two different cooling fluids as opposed to a single fluid. The prefactor in 

the expression is determined by the cooling methods and the cell form factor. A value of 2 appears 

in this case to account for the two cooling surfaces of the external cooling method – the current 

collectors at either end of the cell. Equivalent heat removal capability, but generally unequal heat 

generation, should be expected for external and internal cooling methods when the expression has 

a value of 1. As  and  are known electrolyte properties, a relationship between v and hcell 

that yields equivalent heat removal capability can be determined as shown in Figure III-17. 
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Figure III-17: A relationship between v and hcell that would yield the same heat removal capability for the 
cell considered in the section, Comparison Between Internal and External Cooling. The typical ranges of 
different external cooling methods are labeled for reference.154 

To validate this relationship, a set of v and the corresponding hcell values based on Figure III-17 

are used to simulate the performance of a single cell, as shown in Figure III-18. As we only 

compare the heat removal capability of the two cooling methods, an artificially high diffusivity 

(D = normal value × 103) is used to eliminate the convolution of mass transport enhancement by 

convection. As Figure III-18 shows, the sets of v and hcell values indeed yield the same 

performance, suggesting they result in the equivalent heat removal capability. Also note that the 

exact same cell performance shown in Figure III-18 can only be observed when the cell is thin 

(i.e., temperature is uniform across the cell); if there were a temperature gradient within the cell, 

the internal and external cooling methods would have different impacts on the cell performance 

even if they would yield the same heat removal capability. The detailed discussion on this effect 

is beyond the scope of the present study. 
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Figure III-18: Discharge curve and temperature profile with artificial elimination of mass transport 
limitations and temperature dependence. The matching results validate heat transfer coefficient, hcell, and 
velocity, v, values that cause equivalent external (a, b) and internal (c, d) heat removal rates. Comparison 
of these plots with Figure III-5 in the main text shows the significant adverse effect of coupled mass 
transport on external cooling approaches that is overcome by internal convective cooling. 

  



 142 

IV. Transient Analyses on Mass and Thermal Transport 

1. Introduction 

In Chapters II and III, we analyzed mass and thermal transport to explore the design space and 

operational parameters of cells where electrolyte convection is advantageous. These studies 

primarily focused on end-of-discharge states following a complete discharge cycle. Building on 

this, the present chapter expands the investigation to include transient behaviors—specifically, the 

evolution of concentration and temperature profiles over time. This exploration is crucial for 

understanding the potential benefits of convection in applications requiring short-duration, pulsed 

charge/discharge cycles, such as electric vehicle acceleration. It also helps assess the practicality 

of intermittent electrolyte flow strategies aimed at reducing pumping demands and improving 

system responsiveness. 

Furthermore, the previous thermal transport analysis was confined to a single cell layer with 

uniform temperature due to its thin geometry. However, in larger-scale systems, such as multi-

layer cells (e.g., prismatic and cylindrical) or battery packs, significant temperature gradients are 

expected. This chapter, therefore, expands our exploration to these larger configurations, using 

analytical methods to investigate the development of transient temperature profiles across greater 

length scales. Finally, it presents a comparative analysis of internal and external thermal 

management approaches in their effectiveness at regulating temperature at these expanded length 

scales. 

2. Transient Electrolyte Mass Transport Analysis 

In Chapter II, the impact of electrolyte on mass transport in cells undergoing continuous full 

discharges is discussed, and regions where electrolyte flow will lead to significant performance 
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enhancement are identified through simulations. This section aims to discuss the impact of 

electrolyte flow on mass transport by analytically examining the electrolyte mass transport 

governing equation, and provides some insights into the transient development of electrolyte 

concentration, which will help answer questions such as at what time does electrolyte salt depletion 

occur. 

The non-dimensionalized form of the electrolyte mass transport governing equation (Eq. (II-1) in 

Chapter II) is given by: 

  (IV-1) 

A list of timescales becomes apparent from this equation, as shown in Table II-5 in Chapter II. 

Using these timescales, a list of dimensionless groups can be derived as shown in Table II-6 in 

Chapter II, which are used to analyze the impact of electrolyte flow on cell performance as 

discussed in Chapter II. To analyze the transient evolution of electrolyte concentration profiles, 

one additional dimensionless group, , is added to the list. This dimensionless 

group compares the discharge timescale to the diffusion timescale. A large Fo value suggests a 

long discharge process compared to the diffusion process, which is an indicator that the electrolyte 

concentration has reached a pseudo-steady state by the end of discharge.  

 Evolution of electrolyte concentration without electrolyte flow 

As discussed in Chapter II, there are three distinct regions revealed by Figure II-4: (1) small 

 , in which region electrolyte salt depletion will not occur as 

diffusion rate is sufficient compared to electrolyte migration rate; (2) small 
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, in which region electrolyte salt depletion will not occur as there 

is sufficient initial electrolyte to buffer against electrolyte salt depletion; (3) large γM and βM, in 

which region electrolyte salt depletion will occur due to a combination of insufficient diffusion 

rate and initial electrolyte concentration. The development of electrolyte concentration for 

conditions in each of the three regions will be examined in the next sections.  

2.1.1. Electrolyte concentration development for conditions with small γM 

The observation that electrolyte salt depletion will not occur when γM is small can be justified by 

examining the steady-state solution of the electrolyte mass transport governing equation. 

Assuming uniform reaction distribution, Equation II-1 for the positive electrode (p) without the 

convection term can be written as: 

  (IV-2) 

With the boundary conditions  where  at the 

separator/positive electrode interface, and  at the positive electrode/current collector 

interface, the steady-state solution can be written as: 

  (IV-3) 

Figure IV-1 shows the validation of this equation against simulation results. For the conditions 

used in Chapter II, , and , the steady-state concentration is 

 at the separator/positive electrode interface, and  at the positive 
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electrode/current collector interface, which represents the minimum electrolyte concentration 

(css,min) inside the cell. Hence, to avoid electrolyte salt depletion at the steady state, the equation 

 needs to be satisfied, which requires that . This 

validates the observation in Chapter II that electrolyte salt depletion will not occur if .  

 

Figure IV-1: Comparison between simulated end-of-discharge electrolyte concentration results (solid 
lines) and the analytical steady-state solution shown in Eq. (IV-3) (dashed lines) for three different sets of 
conditions. 

Figure IV-2 shows the typical transient concentration development trends for conditions with 

small γM. Most concentration change occurs within the timescale , and  can 

thus be used to inform whether the steady-state solution is a good approximation for the end-of-

discharge electrolyte concentration profile for a given discharge period tdis.  
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Figure IV-2: Electrolyte concentration evolution for conditions with small γM. 

2.1.2. Electrolyte concentration development for conditions with small βM 

The observation that electrolyte salt depletion will not occur when γM is small can be justified by 

examining the electrolyte concentration change with consumption only. Assuming uniform 

reaction distribution, the electrolyte concentration governing equation without diffusion in the 

positive electrode can be written as: 

  (IV-4) 

With the initial condition , the electrolyte concentration at time t is: 

  (IV-5) 
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The time at which electrolyte concentration is 0, tdepletion, is thus . As such, 

electrolyte salt depletion will not occur if the discharge timescale (tdis) is smaller than tdepletion, i.e., 

. 

For conditions with small βM and γM, the electrolyte concentration evolution follows that discussed 

in Section 2.1.1. For conditions with small βM and large γM, the discharge completes before tdiff, 

and the pseudo-steady state will not occur by end of discharge. In this case, the electrolyte 

concentration development typically follows the patterns in Figure IV-3, where the majority of 

the electrolyte concentration can be approximated with . Note that 

under these conditions, the electrolyte concentration profile is strongly affected by reaction 

distribution inside the electrode.   

 

Figure IV-3: Electrolyte concentration evolution for conditions with small βM and large γM. 
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2.1.3. Electrolyte concentration development for conditions with large γM and βM 

For conditions with both large γM and βM values, the electrolyte salt depletion will occur, as the 

steady-state solution will lead to a negative concentration in the lithium-depleting electrode, and 

the depletion timescale is smaller than the discharge timescale. The electrolyte concentration 

generally evolves following Figure IV-4. Simulation data suggest that the electrolyte salt 

depletion occurs around , which converges to  at large γM, and increased 

electrolyte diffusivity will lead to a smaller γM and delay electrolyte salt depletion.  

 

Figure IV-4: Electrolyte concentration evolution for conditions with large βM and γM. 

 Evolution of electrolyte concentration with electrolyte flow 

In Chapter II, it is observed that a flowrate is sufficient to eliminate electrolyte mass transport 

limitation when it satisfies , where 
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. Similar to the case with small γM, this observation can be justified by 

examining the electrolyte concentration steady-state solution with flow. Assuming uniform 

reaction distribution, Eq. (II-1) for the positive electrode (p) with the convection term can be 

written as: 

  (IV-6) 

The boundary condition at the separator/positive electrode interface can be approximated with 

 where , and cbulk is the concentration in the 

middle of the separator. At the positive electrode/current collector interface, the boundary 

condition is . At steady state, the concentration difference between the two 

boundaries of the positive electrode is , which is approximately 

. This suggests that a small γM (high diffusivity) or large Pe (high convection) helps 

reduce electrolyte concentration gradient, confirming the observations in Chapter II. 

Additionally, to ensure the lowest steady-state concentration within the cell (i.e., the concentration 

at the positive electrode/current collector interface) is above zero, the flowrate needs to satisfy 

, corresponding to the findings in Chapter II. 

The electrolyte concentration evolution with sufficient flowrate (i.e., small ξM) is shown in 

Figure IV-5, where  effectively serves the same role as tdiff in the case of 

no electrolyte flow. In this case, most concentration change occurs within tcombined, and
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 can be utilized to determine if the steady-state solution accurately approximates 

the electrolyte concentration profile at the end of the discharge period for a specified duration tdis. 

 

Figure IV-5: Electrolyte concentration evolution for conditions with small ξM. 

3. Transient Thermal Transport Analysis 

In Chapter III, a single sandwich cell layer consisting of two electrodes and a separator was 

examined, and the temperature distribution within the layer is uniform due to its thinness. 

However, a typical LIB cell is composed of numerous sandwich cell layers, leading to a much 

greater thickness ranging from several millimeters for a pouch cell to tens of millimeters for a 

prismatic or cylindrical cell. At this larger length scale, temperature gradient will likely develop, 

which is undesirable since it can lead to inhomogeneous degradation within the cell.121,155 In this 

section, I compare temperature evolutions and distributions within the cell cooled externally via 

ambient heat transfer and internally via electrolyte convection. Figure IV-6 shows the schematic 

of the problem analyzed in this section, where the domain represents a LIB cell consisting of 

multiple sandwich layers with a total thickness of L and a cross-sectional area A. The cell is 
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assumed to have uniform thermal conductivity λ, heat capacity Cp, and uniform density ρ. For 

external cooling, the cell is cooled from both ends by a cooling fluid at temperature Ta with a heat 

transfer coefficient h. For internal cooling, the electrolyte with an inlet temperature Tinlet flows 

through the cell with a surficial velocity v. The top and bottom of the cell are assumed to be 

insulated, leading to a 1D problem with the temperature variations in the horizontal direction. To 

simplify the analysis, the heat generation rate Q within the cell is assumed to be constant and 

uniform. This approach is broadly justifiable, as simulation data indicate that variations in heat 

generation during battery operation are relatively minor (less than 30%). However, treating the 

heat generation as uniform might overestimate the internal temperature gradient of the cell. In 

reality, the sandwich layers located in the cooler regions of the cell could cause an increase in heat 

generation due to reduced kinetics and transport properties, which would in turn diminish the 

temperature gradient. Despite these potential overestimations, this simplified analysis provides a 

foundational insight into the temperature dynamics of cells under various cooling strategies, both 

external and internal.   

 

Figure IV-6: Schematic of the problem analyzed in this work. 

The thermal transport governing equation in the cell is shown in Equation III-1 in Chapter III, 

which can be non-dimensionalized as: 
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  (IV-7) 

In this equation, the non-dimensionalized parameters are  where Ta is the ambient 

temperature; ; and . The dimensionless group   where  

compares the discharge time with the thermal conduction time, and  compares 

the thermal conduction time with the convection time. For the cell considered in Figure IV-6, if 

, the left (inlet) boundary condition is   where  compares 

ambient heat transfer to thermal conduction, and the right (outlet) boundary condition is 

.  

 External cooling analysis 

For the cell with external cooling only, Eq. (IV-7) can be simplified as: 

  (IV-8) 

With boundary conditions  at both sides, the steady-state solution is: 

  (IV-9) 

The dimensionless temperatures at the center and surface of the cell are  and 

, respectively, leading to a dimensional maximum cell temperature of 

, and a dimensional maximum temperature difference of 
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. This suggests that at steady state, the temperature gradient within the 

cell will become more significant with large amount of heat generation, large cell thickness, or 

small thermal conductivity, and increased external cooling will only help control the cell maximum 

temperature rather than the temperature gradient. Similar to the mass transport, whether the steady-

state solution is a good approximation of the end-of-discharge temperature profile is dependent on 

the dimensionless group Fo. Simulation data suggest that steady-state solution is approached when 

. Figure IV-7 shows the impact of Bi on cell temperature distribution under large Fo, 

corresponding to long discharge time duration (or low C rate), and small Fo, corresponding to 

short discharge time duration (or high C rate). For a particular cell with long discharge duration, 

an increased Bi (i.e., increased h) will only lead to reduced maximum temperature as opposed to 

temperature gradient as discussed previously. At short duration, an increased Bi may lead to a 

larger temperature gradient, as the cell surface temperature gets controlled while the cell center 

undergoes adiabatic temperature rise.  

 

Figure IV-7: Impact of Bi on temperature distribution at (a) large Fo and (b) small Fo. 
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 Internal cooling analysis 

For the cell with internal cooling only, Eq. (IV-7) has boundary conditions of  and 

 at the left and right cell end, respectively. The steady-state solution is: 

  (IV-10) 

The dimensionless temperatures at the inlet and outlet of the cell are                   

and , respectively. The maximum temperature difference within the cell,

, decreases with increasing Pe, and can be approximated with 

 at large Pe (Pe > 20). This leads to a dimensional maximum temperature of , 

and a maximum temperature difference of . This suggests that at steady state, a high 

flowrate can lead to both a reduction in the maximum temperature and the temperature gradient. 

For internal cooling, simulation data suggest that the steady-state solution is a good approximation 

of the end-of-discharge temperature profile when . This strong dependence on Pe 

introduces complexity into its effect on the cell during transient phases, as seen in Figure IV-8. 

For a particular cell, a high flow rate (i.e., large Pe) at long discharge duration (i.e., large Fo) will 

lead to reduced maximum cell temperature and temperature gradient, as discussed with the steady-

state solution. At intermediate Fo, increasing flowrate will still result in a lower maximum 

temperature, but the temperature gradient may first increase before a decrease, as the temperature 

profile develops faster with increasing Pe. At very small Fo, similar to the external cooling external 

cooling, an increased Fo may lead to a larger temperature gradient, as the inlet temperature gets 



 155 

controlled while the outlet temperature follows adiabatic temperature rise. This analysis indicates 

that determining the optimal flow rate for minimizing temperature gradients should be contingent 

upon the specific condition of the cell and the intended operating modes. 

 

Figure IV-8: Impact of Pe on temperature distribution at (a) large Fo, (b) intermediate Fo, and 
(c) small Fo. 

 Comparison between external and internal cooling 

While both external and internal cooling methods can help control the cell temperature, their 

impact on the cell temperature distribution is different. External cooling has limited control over 

the maximum temperature difference within the cell, and in some cases, increased external cooling 

can lead to a temperature variation within the cell. In contrary, internal cooling has direct control 

over the cell temperature distribution, and in theory, the temperature gradient can always be 

minimized with a sufficiently high flowrate (the practical impact of high flow on the cell is 

discussed in Chapter VI). The difference between the two approaches can be explained using 

field synergy principle, which indicates that improving synergy for the velocity and temperature 

gradient/heat flow fields can markedly enhance heat transfer with less increased flow resistance.156 

Figure IV-9 illustrates the comparative effectiveness of external vs. internal cooling in managing 
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peak cell temperatures and temperature disparities, highlighting conditions under which one 

approach outperforms the other. Note that in the region where external cooling leads to a smaller 

temperature variation, it results in a higher peak cell temperature. As demonstrated in the figure, 

internal cooling with a large Pe is generally preferred, as it leads to effective thermal regulation 

with a minimized temperature gradient. However, choosing a high flow rate necessitates weighing 

the trade-offs, including higher pumping power and greater degradation risks, as elaborated in 

Chapter VI. 

 

Figure IV-9: Comparative analysis of external vs. internal cooling effects on (a) cell maximum temperature 
and (b) cell maximum temperature difference. 

4. Conclusions 

This chapter builds on the mass and thermal transport discussions from Chapters II and III, 

focusing on transient electrolyte concentration and temperature developments, as well as 

temperature distribution within a cell stack. A new dimensionless group, Fo, is introduced, which 

compares the discharge timescale with the diffusion or thermal conduction timescale, and a large 

Fo suggests that the end-of-discharge can be approximated with the steady-state solution. For mass 
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transport, the findings in Chapter II are validated through analytical examination of the governing 

equation for electrolyte mass transport. The discussion also covers the evolution of concentration 

over time in scenarios with both stagnant electrolyte and flowing electrolyte, which can be 

particularly relevant to shorter-duration applications, such as pulsed charge/discharge. For thermal 

transport, an analytical examination is conducted on temperature changes and variations within a 

cell stack using both external and internal cooling methods, followed by a comparison of their 

effectiveness. Due to the lack of access within the cell, the external cooling approach may not 

effectively reduce cell temperature variations and could, and in some cases, exacerbate them. In 

contrast, internal cooling directly influences temperature distribution, potentially minimizing 

variation at high flow rates. However, practical considerations, such as increased pumping power, 

may limit the desirability of high flow rates, as discussed in detail in Chapter VI. Despite these 

considerations, the convection battery-enabled internal cooling presents a promising avenue for 

effective thermal management with reduced temperature gradients, which is difficult to achieve 

using the current external thermal management approaches. 

5. List of Symbols 

Symbol Description 
A Cell cross-sectional area 
Cp Heat capacity 
Cp,e Electrolyte heat capacity 
cbulk Bulk electrolyte concentration 
ce(x,t) Anion concentration in the electrolyte 
cinitial Initial electrolyte concentration 
Deff Effective electrolyte diffusivity 
F Faraday constant 
h Cell convective heat transfer coefficient 
Iapp Applied current density 
L Thickness 
𝑄 Cell volumetric heat generation rate 
Ta Ambient temperature 
Tinlet Electrolyte inlet temperature 
T(x,t) Cell temperature 
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tcombined Timescale for combined electrolyte diffusion and convection 
tcond Timescale for thermal conduction 
tconvec Timescale for electrolyte convection 
tdepletion Timescale for electromigration 
tdiff Timescale for electrolyte diffusion 
tdis Timescale for discharge or charge 
t+ Li+ transference number 
v Superficial velocity in the cell 
ε Porosity 
λ Thermal conductivity 
ρ Density 
ρe Electrolyte density 
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V. Extra Electrolyte Requirements 

1. Introduction 

In the preceding three chapters, the analysis relied on the assumption that the electrolyte storage 

tank was substantially larger than the cell itself. This configuration maintained constant electrolyte 

concentration and temperature inside the tank, thereby focusing the examination on transport 

phenomena within the cell. However, such a high tank-to-cell volume ratio may not be optimal at 

the system level, negatively impacting energy and power densities and incurring additional costs 

due to excess electrolyte. Optimizing the tank-to-cell volume ratio is crucial for balancing 

performance gains by electrolyte flow against these trade-offs. An alternative configuration using 

a recirculation loop, where the storage tank is replaced by a pipe, could offer further advantages, 

such as an increased surface area for heat transfer. Nevertheless, evaluating this design demands a 

comprehensive understanding of how the dimensions of the pipe affect the balance between 

performance enhancement and operational costs, including factors like pumping loss. This chapter 

aims to delve into these issues by examining the impact of extra electrolyte on performance 

enhancement through electrolyte convection, and how this is influenced by changes in the volume 

and shape of the extra electrolyte.  

2. Model Description 

In this study, numerical simulations were conducted utilizing COMSOL Multiphysics 6.1 with the 

Livelink interface to MATLAB R2023a. A 1D electrochemical and thermal coupled convection 

cell model (Figure III-1) based on the P2D (Pseudo-Two-Dimensional) framework was developed 

by integrating the Lithium-Ion Battery Module and the Heat Transfer Module within COMSOL 

Multiphysics. The lateral walls of the cell are assumed to be well-insulated while heat exchange 
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with the environment only occurs through the current collectors at either end of the cell (axial). 

Hence, the cell temperature is radially uniform but spatial temperature gradients can exist in the 

axial direction (x-direction in Figure III-1). To accommodate electrolyte flow, convection terms 

are incorporated into the electrolyte mass transport and thermal transport governing equations. The 

detailed descriptions of the modifications made and the governing equations can be found in 

Chapters II and III.  

In our prior studies, the electrolyte storage tank is assumed to be well-mixed (0D). This approach 

is implemented in this COMSOL-based model through the Global Ordinary Differential Equations 

(ODEs) and Differential Algebraic Equations (DAEs) interface. In the context of a recirculation 

loop, this assumption translates to an infinite backmixing scenario. Additionally, to investigate the 

impact of electrolyte mixing in the tank/recirculation loop on convection battery cell performance, 

another treatment of the extra electrolyte assuming it has a 1D pipe configuration is also 

implemented in the model. Eq. (V-1) shows the electrolyte mass transport equation inside the pipe 

under this treatment.  

  (V-1) 

Here, cpipe(x,t) is the electrolyte concentration inside the pipe at position x and time t, De is the 

electrolyte diffusion coefficient, vpipe is electrolyte superficial velocity inside the pipe and is related 

to the superficial velocity in the cell, v, by the continuity equation Apipevpipe = Acellv by assuming 

constant fluid density, where  Apipe and Acell are the cross-sectional areas of the pipe and the battery 

cell, respectively. The temperature distribution inside the pipe can be described as follows: 

    (V-2) 



 161 

Here, ρe is the electrolyte density, Cp,e is the electrolyte heat capacity, Tpipe(x,t) is the electrolyte 

temperature inside the pipe at position x and time t, λe is the electrolyte thermal conductivity. The 

pipe with total volume Vpipe is assumed to exchange heat with its surroundings through its lateral 

surface via convective cooling, with total lateral surface area Spipe, convective heat transfer 

coefficient hpipe, and ambient temperature Tambient. The pressure drop inside the pipe, ΔPpipe, is 

calculated using Hagen–Poiseuille equation: 

  (V-3) 

Here, μ is the electrolyte viscosity, Lpipe is the length of the pipe, and dpipe is the diameter of the 

pipe. To simplify the analysis, each cell is considered to have an individual recirculation loop. The 

pressure drop through the cell, ΔPcell, is estimated using Kozeny-Carman equation153:         

  (V-4) 

where μ is the electrolyte viscosity, Lcell is the cell total length, v is the superficial velocity in the 

cell, ε is the porosity, and Φs is the sphericity of the active material particles with diameter Dp. The 

pumping energy Epump is then calculated as: 

  (V-5) 

where Q is the volumetric flowrate, which is assumed to be constant through the cell and the pipe, 

and td is the duration of discharge. 

The gravimetric energy density of a convection battery system is calculated by: 

  (V-6) 
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Here, 𝑄9:'; is the theoretical accessible capacity of the cell, 𝐴𝑐𝑐𝑒𝑠𝑠𝑒𝑑% is the percentage of the 

theoretical capacity accessed, 𝑉  is the average running voltage during operation, 𝜂(<:(  is the 

pump efficiency, and 𝑚#%#+!: is the total system mass.  

Multiple lithium-ion battery chemistries are implemented in the model, with parameter values 

obtained from the COMSOL library, LiionDB, and comprehensive literature reviews.157,158 Using 

the Lithium Cobalt Oxide (LCO)/graphite chemistry, the model is validated against our MATLAB-

based LIONSIMBA+c. For this study, we opted for the NMC622/Graphite chemistry, given its 

commercial availability and prevalent use in electric vehicles, with the electrolyte being LiPF6 in 

a 1:1 EC:DMC mixture. The parameters used for the simulations performed in this study are shown 

in Table V-1. All the simulations were performed for galvanostatic operation, with a state of 

charge (SoC) range of 99% to 0.9%, a lower voltage limit of 3 V, and an upper temperature limits 

of 52 °C (325 K) based on the typical operating conditions and safety cutoffs for LIBs.149 The cell 

and extra electrolyte are assumed to have the same initial electrolyte concentration of 1 M and 

same initial temperature of 25 °C (298 K) throughout the domain. To accommodate the 

computational demands of this study, the MIT Supercloud was employed,159 which offered 

enhanced computational power and efficiency.  
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Table V-1: Simulation parameters used in this study. 

 Units Positive 
CC Positive Electrode Separator Negative 

Electrode 
Negative 

CC 
 - Al LiNi0.6Mn0.2Co0.2O2  - LiθC6 Cu 

brugg - - 2.5 2.5 2.5 - 
Cp J/kg/K 884 905 1617 966 387 
Cp,e 1635 J/kg/K      

cinitial mol/m3 - 1000 1000 1000 - 
csmax mol/m3 - 47664 - 30555 - 
𝐷)#  m2/s - 5×10-14 - 2×10-14 - 
𝐸'
.!
"

 J/mol - 5000 - 5000 - 
𝐸'
/! J/mol - 5000 - 5000 - 

F 96485 C/mol - - - - - 
ki m2.5/(mol0.5s) - 1×10-11 - 2×10-11 - 
L m 1×10-5 6.9×10-5 2.5×10-5 9×10-5 1×10-5 

R 8.314 
J/mol/K - - - - - 

Rp m - 5×10-6 - 5×10-6 - 
ε - - 0.4 0.4 0.4 - 

εfiller - - 0.0872 - 0.0326 - 
Θ100% - - 0.258 - 0.9 - 
Θ0% - - 0.917 - 0.192 - 

λ W/m/K 238 0.66 0.312 1.195 398 
μ 5×10-3 Pa•s      
ρ kg/m3 2702 3060 1036 1832 8933 
ρe 1240 kg/m3      
σ S/m 3.55×107 10 - 100 5.96×107 

 

3. Results and Discussion 

 Extra electrolyte volume analysis 

3.1.1. Requirement to achieve mass transport enhancement 

In this section, we examine the influence of the extra-electrolyte-to-cell volume ratio on cell 

performance under isothermal conditions, facilitated by a sufficiently large cell convective heat 

transfer coefficient (hcell = 500 W/(m²*K)). This coefficient effectively minimizes temperature 

increase during cell discharge, allowing us to attribute performance improvements solely to 
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enhanced electrolyte mass transport. This analysis assumes a well-mixed tank, although 

subsequent sections will explore the effects of mixing dynamics on performance.  

Figure V-1a illustrates the augmentation of theoretical capacity accessed by electrolyte flow, in 

comparison to a cell with stagnant electrolyte, at a discharge rate of 5C. Under the specified rapid 

discharge conditions, the stagnant cell is hindered by diffusion-limited behavior, leading to a 

notable depletion of electrolyte salt in the positive electrode before the discharge cycle concludes. 

This limitation is mitigated by the introduction of electrolyte flow, which enhances electrolyte 

mass transport, as supported by our previous findings.144 As illustrated in Figure V-1a, the volume 

of extra electrolyte influences the effectiveness of the flow in boosting cell performance. We 

incorporate the dimensionless group ξM formulated in our previous work, which compares the 

electromigrative flux against the combined diffusive and convective fluxes, to offer a deeper 

insight into our analysis. In scenarios where flowrates are inadequate to overcome electrolyte mass 

transport limitations (ξM >> 1), a larger extra-electrolyte-to-cell volume ratio (>10-2) shows slight 

performance benefits. Notably, at intermediate flow rates (ξM ~ 1), we discern an optimal extra-

electrolyte-to-cell volume ratio of about 0.1; ratios below this threshold reduce the flow's efficacy, 

while higher ratios further diminish its effectiveness. Conversely, at flow rates capable of 

eliminating electrolyte mass transport constraints (ξM <1), the additional electrolyte volume ceases 

to have a substantial impact on enhancing cell performance.  
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Figure V-1: (a) Accessed capacity enhancement under 5C isothermal discharge by electrolyte flow of 
varying flowrates compared to a cell without stagnant electrolyte as a function of extra-electrolyte-to-cell 
volume ratio (b) Cell electrolyte concentration overlay for extra-electrolyte-to-cell ratios of 0.005 (blue), 
0.1 (red), and 100 (black) at electrolyte flowrates of 0.07 μm/s (long-dashed lines),  0.2 μm/s (short-dashed 
lines), and  10 μm/s (solid lines). The tank concentration evolution with time can be found in Figure V-6. 

The findings depicted in Figure V-1a are further elucidated by examining the electrolyte 

concentration profiles shown in Figure V-1b, along with the concentration changes within the 

tank in Figure V-6. A substantial volume of extra electrolyte is more adept at buffering the impact 

of electrolyte depletion, thereby increasing the inlet electrolyte concentration to the cell and 

consequently leading to a heightened net concentration accumulation within the cell. For 

insufficient flowrates (ξM >> 1, long-dashed lines in Figure V-1b), a larger volume serves as a 

material source, increasing cell concentration and delaying electrolyte salt depletion (long-dashed 

lines). Nevertheless, the concentration accumulation is predominantly at the negative electrode, 

which limits the extent of performance enhancement. With increased flowrates (ξM ~ 1, short-

dashed lines in Figure V-1b), more even distribution across the cell yields greater performance 

gains, but excessive concentration accumulation can impair cell performance due to reduced 

electrolyte conductivity, especially with an extra-electrolyte-to-cell volume ratio significantly 
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above 0.1. At sufficient flowrates (ξM << 1, solid lines in Figure V-1b), a uniform electrolyte 

concentration within the cell renders the additional electrolyte volume inconsequential.  

Figure V-1 highlights that, when the flowrate exceeds a certain threshold (ξM < 1), the contribution 

of increased electrolyte volume to performance improvement becomes negligible in terms of mass 

transport. In this scenario, the purpose of the electrolyte flow is merely to homogenize 

concentration, without the necessity for extra material input. However, up to a ratio of 

Vextra electrolyte/Vcell ~ 0.5 might be beneficial in boosting flow efficacy, potentially reducing required 

flowrate and mitigating startup effects. It is important to note that while these simulations focus 

on a single sandwich layer, the deduced flowrate remains applicable to larger cells with multiple 

layers, as it scales with electrode thickness rather than the cell dimension. In practical terms, this 

scenario underlines the potential gains achievable with minimal disruption to system design. Here, 

thermal management components remain unchanged, with flow benefits confined to the electrolyte 

mass transport enhancement and the accompanying reduced heat generation for eased thermal 

regulation requirement/safer operation. These benefits are achieved at the expense of the altered 

cell architecture to allow flow, additional requirements of extra electrolyte, necessary flow 

components (e.g., pumps, tubing), and the associated pumping losses. 

3.1.2. Requirement to achieve thermal transport enhancement 

In this section, we extend our analysis beyond the isothermal condition to assess how the extra-

electrolyte-to-cell volume ratio influences the capability of electrolyte flow to regulate cell 

temperature. Figure V-2a delineates the enhancement in theoretical capacity enabled by 

electrolyte flow compared to a cell with stagnant electrolyte under a 5C discharge rate. For this 

scenario, the cell is modeled as insulated (hcell = 0 W/(m2K)), with thermal regulation achieved 

solely through heat removal by the flowing electrolyte. The well-mixed tank is designed with an 
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aspect ratio (height/diameter) of 1.5 and an overall heat transfer coefficient (htank) of 100 W/(m2K), 

indicative of either forced air convection or free liquid convection cooling methods.154 

 

Figure V-2: (a) Accessed capacity enhancement under 5C discharge by electrolyte flow of varying 
flowrates compared to a cell without stagnant electrolyte as a function of extra-electrolyte-to-cell volume 
ratio. The cell is insulated (hcell = 0 W/(m2K)), and the well-mixed tank has a height/diameter ratio of 1.5 
and an overall heat transfer coefficient (htank) of 100 W/(m2K)  (b) Minimum flow velocity required to keep 
cell temperature below the safety threshold before the completion of discharge, plotted against the extra-
electrolyte-to-cell volume ratio. This is depicted for varying htank values under an insulated cell 
condition(hcell = 0 W/(m2K), indicated by solid lines), and for  increasing hcell values while keeping htank 
constant at 100 W/(m2K) (indicated by dashed lines). 

Under these conditions, the cell with stagnant electrolyte struggles with heat dissipation, reaching 

the safety temperature limit before the completion of discharge. In contrast, the introduction of 

electrolyte flow not only suppresses temperature escalation but also curtails heat generation by 

improving electrolyte mass transport, thereby extending cell runtime.160 As depicted in Figure V-

2a, in contrast to the isothermal case, the effectiveness of flow in temperature regulation is 

significantly influenced by the volume of extra electrolyte. The dimensionless group ξH formulated 

in our earlier work, which compares the heat generation to the sum of heat removal via ambient 

cooling and electrolyte convection, is incorporated in Figure V-2a to aid the analysis. The results 

suggest that a minimal volume of extra electrolyte diminishes the flow's ability to effectively 
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regulate cell temperature, with a threshold below which effective thermal regulation is 

unattainable, regardless of the flow rate. Nevertheless, even with substantial extra electrolyte 

volume, an adequate flowrate (ξH ~1) remains crucial for effective temperature regulation. 

A larger volume of extra electrolyte offers dual advantages: (1) enhanced heat storage capacity 

and (2) improved heat dissipation due to increased heat transfer surface area (with a fixed 

height/diameter ratio). These combined effects slow the temperature rise in the extra electrolyte, 

resulting in a cooler inlet electrolyte temperature to the cell and consequently improving the heat 

exchange efficiency between the cell and extra electrolyte. This leads to a lower requisite flow rate 

for effective thermal management. In scenarios where the extra electrolyte volume is minimal, the 

cell and tank's combined heat storage and dissipation capacities are insufficient to counterbalance 

the heat generation rate, causing the cell to reach the safety cutoff temperature regardless of flow 

rate. On the other hand, a significantly large extra electrolyte volume effectively maintains 

isothermal conditions, necessitating a flowrate that ensures the total heat removal rate of the cell 

matches its heat generation rate, i.e., ξH < ~1, to prevent the cell from reaching the safety cutoff 

temperature before end of discharge. Notably, unlike the flowrate needed for mass transport 

enhancement, which is dependent solely on electrode thickness, the flowrate required for thermal 

regulation scales with the cell dimension. For a cell comprising multiple sandwich layers, the 

flowrate inferred from Figure V-2 should at least be scaled proportionally to the number of layers, 

and even higher if more uniform temperature distribution is desired.  

Figure V-2a reveals a trade-off between the necessary velocity (i.e., pumping loss) and extra 

electrolyte volume (i.e., added weight and volume) for maximizing performance enhancement. 

This balance becomes more complex when factoring in the heat transfer efficiencies of both the 

tank and cell to their environment. Figure V-2b delineates this complexity by presenting the 
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minimal flow velocity necessary to maintain cell temperature beneath the safety threshold prior to 

discharge completion. This is depicted as a function of the ratio of extra electrolyte volume to cell 

volume, across various htank while maintaining the insulated cell condition (hcell = 0 W/(m2K), 

represented by solid lines), and increasing hcell with a constant htank of 100 W/(m2K) (represented 

by dashed lines). The tank's heat dissipation ability to the environment affects the rate of 

temperature rise in the extra electrolyte, which, in turn, influences the effectiveness of a particular 

combination of flowrate and extra electrolyte volume on regulating the cell temperature. As the 

solid lines with increasing htank values suggest, superior heat dissipation by the tank lessens the 

need for higher flow rates and extra electrolyte volume. Likewise, the cell’s inherent heat 

dissipation capability plays a crucial role in determining the required flow rate and extra electrolyte 

volume. When the cell's inherent heat dissipation capability is substantial enough to manage the 

cell temperature below the safety cutoff threshold, the scenario reverts to the previously discussed 

scenario where electrolyte flow mainly contributes to mass transport enhancement.  

This scenario opens up the possibility for a significant redesign of existing lithium-ion battery 

systems by capitalizing on the electrolyte flow's capacity to regulate cell temperature. It suggests 

that internal thermal management, driven by electrolyte convection, could potentially replace the 

current external thermal management components. To enhance the tank's ability to dissipate heat 

(increasing htank), a strategy combining passive cooling with ambient air and active cooling by 

adapting the heat exchanger from modern liquid-based thermal management systems could be 

employed. This could render certain components, such as coolants and cooling plates, obsolete. 

However, this approach comes with trade-offs, such as considerable pumping losses at high flow 

rates, the need for more extra electrolyte and tubing, and possibly a larger pump to accommodate 

the increased demand for pumping power. Alternatively, retaining some level of external thermal 
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management (i.e., increasing hcell) could lessen the required flow velocity and the amount of extra 

electrolyte needed. This highlights the critical need for a thoughtful design approach that carefully 

weighs the trade-offs among flow velocity, the ratio of extra electrolyte to cell volume, and the 

choice between retaining or eliminating external thermal management components to arrive at an 

optimally configured system. 

 Extra electrolyte shape analysis 

The previous analysis highlights the diminishing returns on mass transport enhancement from 

added electrolyte volume beyond a certain flow rate (ξM < 1), while the extra electrolyte volume 

and design have significant impact on the thermal regulation efficiency of the electrolyte flow. 

Enhanced thermal regulation can be achieved by improving the heat exchange capability of the 

extra electrolyte with its surroundings, either through a higher heat transfer coefficient (e.g., by 

incorporating a heat exchanger) as depicted in Figure V-2b, or by expanding the heat transfer 

surface area. For a tank with a fixed aspect ratio, enlarging the tank size enhances the heat transfer 

surface area and, consequently, the heat dissipation capability, as detailed in Section 3.1.2. 

Alternatively, when the tank volume is fixed, augmenting the aspect ratio can also increase the 

heat transfer area. In practical terms, an electrolyte tank with an exceedingly high aspect ratio 

resembles a recirculation pipe, making the well-mixed assumption inapplicable. Hence, a 1D pipe 

model is employed to assess the design impact of an electrolyte-filled recirculation pipe on cell 

performance, assuming a circular pipe for simplicity. Figure V-3a illustrates how altering the 

pipe's length-to-diameter ratio affects the efficacy of a 1.5 μm/s electrolyte flow in maintaining the 

cell temperature below critical levels during a 5C discharge, keeping the pipe volume constant at 

30% of the cell volume and assuming a heat transfer coefficient of 100 W/(m2K) for an insulated 

cell. As Figure V-3a shows, an increase in the length-to-diameter ratio of the pipe, while keeping 
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its volume constant, leads to a slower rise in cell temperature due to a larger heat transfer area and 

the subsequently cooler inlet electrolyte temperatures. To examine mixing dynamics' effects, 

Figure V-3a also includes the temperature profiles for well-mixed tanks with equivalent volume 

and surface area (dashed lines). At a minimal length-to-diameter ratio of 0.01, the pipe functions 

similarly to a well-mixed tank, and their temperature profiles coincide. As the length-to-diameter 

ratio increases, thermal management efficiency via the recirculation pipe surpasses that of the well-

mixed tank due to the development of temperature and concentration gradients within the pipe, 

enhancing the inlet electrolyte's concentration and cooling effect, thereby improving electrolyte 

flow's effectiveness. This suggests that the flow rates discussed in Section 3.1 are conservative, 

and a hybrid design incorporating both the storage tank and recirculation loop might offer 

intermediate performance between the solely well-mixed tank (dashed lines) and the exclusive 

recirculation loop (solid lines). 

 

Figure V-3: (a) Temperature profiles of cells with electrolyte recirculation pipes of varying length-to-
diameter ratios, utilizing a fixed electrolyte volume at 30% of the cell's volume and a superficial velocity 
of 1.5 μm/s. The pipe has an overall heat transfer coefficient of 100 W/(m2K). Dashed lines represent the 
temperature profiles under the well-mixed tank assumption with htank = 100 W/(m2K), and the tank is 
matched in volume and surface area to the corresponding pipes. (b) Total pumping energy required for the 
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cell and its recirculation pipes, plotted against varying pipe-to-cell volume ratios, with each line 
representing a different length-to-diameter ratio of the pipes. The energy increase enabled by electrolyte 
flow is 67 Wh/m2. 

While a high length-to-diameter ratio is beneficial for thermal regulation due to increased heat 

transfer surface and reduced mixing, this advantage must be balanced against the system's overall 

pumping energy requirements. While reduced flow rates decrease pumping losses across the cell, 

elongated and narrower pipes may cause significant pressure drops, increasing the total pumping 

energy for both the cell and the pipe. This trade-off is depicted in Figure V-3b, examining the 

total pumping energy per unit cell cross-sectional area for various pipe volumes and length-to-

diameter ratios, under the same conditions as Figure V-3a. Excessively high length-to-diameter 

ratios may be counterproductive due to the disproportionate pumping energy required for the pipe. 

With increasing pipe volume and length-to-diameter ratio, the minimum flow velocity required to 

keep the cell temperature below the safety threshold decreases. As the cell is kept unchanged, 

reduced velocity due to increased pipe volume and length-to-diameter ratio leads to lower pressure 

drops across the cell. For a specific pipe length-to-diameter ratio, enlarging the pipe volume 

significantly reduces the pipe's pressure drop initially, due to both the decreased required velocity 

and larger cross-sectional area, followed by a gradual decrease as the required velocity stabilizes. 

However, as the pipe's length-to-diameter ratio increases, the pressure drop for a given volume 

also increases, as the longer and narrower pipe's increased pressure drop outweighs the reduction 

from lower velocity. While the pipe's pressure drop is usually minor compared to the cell's, it 

becomes considerable at small volumes and high length-to-diameter ratios. Nonetheless, it's 

important to note that even the highest pumping energy is minimal compared to the overall energy 

enhancement of 67 Wh/m2 achieved with electrolyte flow (32 Wh/m2 without electrolyte flow and 

99 Wh/m2 with flow). 
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 Practical design considerations 

The previous sections discuss the impact of extra electrolyte on the mass and thermal transport 

benefits of electrolyte flow, as well as the complex interplay between extra electrolyte volume, 

electrolyte flowrate, and heat dissipation capability from the cell and the extra electrolyte to 

achieve effective thermal regulation. In this section, we aim to provide some insights into how 

these factors together play into the performance and cost of a convection battery system. We start 

by examining the impact of different design consideration on the gravimetric energy density of a 

convection system. A LIB system design in which the cells make up 85% of the total system weight 

(i.e., a cell to pack mass ratio of 0.85) excluding components necessary to enable electrolyte flow 

is selected as the basis of the analysis, which is representative of a system utilizing the emerging 

cell-to-pack design approach.152 Compared to a system design using the traditional cell-module-

pack design approach that has a cell to pack mass ratio of around 0.6, the balance of plant 

components in this system take up a smaller fraction, making the addition of components necessary 

to enable electrolyte flow (e.g., extra electrolyte, extra pump) have a larger impact, such 

representing a conservative estimation. In this baseline system, the coolant used for the liquid-

based external thermal management is assumed to make up 5% of the system weight, and the rest 

10% system weight consists of components such as battery management system (BMS), wiring, 

cooling plates, heat exchanger, and pump for the coolant. The system has a nominal energy density 

of 165 Wh/kg. Two potential convection battery system designs built upon the baseline system are 

considered. In the first system, the electrolyte flow only serves to provide mass transport 

enhancement, and the thermal regulation is achieved using the existing external thermal 

management components in the system (hcell = 500 W/(m²*K)). The minimum extra components 

required in this system to enable electrolyte flow include the extra electrolyte, its container (tubing 



 174 

and an optional storage tank), and an extra electrolyte pump (in addition to the existing coolant 

pump for the thermal management system). The electrolyte container is assumed to be 20% of the 

extra electrolyte weight. As discussed in Section 3.1.1, the flowrate needed to achieved mass 

transport only scales with electrode thickness and is in general ~ μm/s, leading to a required pump 

that adds negligible mass to the system (As an example, for a 77 kWh system, a pump with power 

output sufficient to provide 10 μm/s flow is well within 500 g, taking up less than 0.1% of the total 

system weight.) In the second system, the electrolyte flow is utilized to both enhance mass 

transport and regulate cell temperature. The coolant in the external thermal management system is 

eliminated from the baseline system, while other components remain unchanged. The coolant 

pump is assumed to be compatible with the electrolyte and is repurposed as the electrolyte pump. 

For this system, the minimum extra components to enable electrolyte are the extra electrolyte and 

the tubing, and the electrolyte storage tank is assumed to be not present in the system. The tubing 

is assumed to be made of plastic materials with a wall thickness of 0.3 mm, and has a heat transfer 

coefficient of 200 W/(m2K) and a length-to-diameter ratio of 5 for a single sandwich layer. As 

discussed in Section 3.1.2, the flowrate needed for effective thermal management scales with the 

cell thickness rather than the electrode thickness, and a LIB cell stack such as a prismatic cell 

typically consists of numerous layers of the sandwich cell considered in the model for this work 

(Figure III-1). Simulating the temperature distribution in such a cell stack requires a more 

advanced model beyond the scope of this work, which is demonstrated in Chapter VI. For the 

purpose of this study, the velocity is scaled according to the dimensionless group ξΗ from the 

simulated single sandwich layer to a cell stack. A LIB cell stack consisting of 150 layers of the 

sandwich cell is assumed, leading to a total cell thickness of around 30 mm. Assuming a well-

insulated cell (hcell = 0 W/(m2K)), the flowrate used for the single sandwich cell is scaled by 150 
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following ξΗ. To calculate the pumping loss in the pipe for this cell stack, the pipe is assumed to 

be scaled in length by 150 while the diameter remains unchanged, leading to the same Vextra electrolyte/ 

Vcell for the sandwich layer and the cell stack.  

The actual gravimetric energy density for both system designs undergoing a 5C discharge is 

calculated using Eq. (V-6) assuming a pump efficiency of 50%. The results are shown in Figure V-

4. For the system that only leverages the mass transport benefit of electrolyte flow, the total 

pumping energy is almost negligible for the ~μm/s, and the variation in energy density is mainly a 

result from the percentage of accessed capacity enhancement, as illustrated in Figure V-1a, and 

the added weight by the extra electrolyte. As Figure V-4a demonstrates, the system has the highest 

energy density at sufficient flowrate (ξM < 1) and with small extra electrolyte volume. This 

corresponds to the findings in Section 3.1.1 that extra electrolyte volume impact is minimal beyond 

a flowrate threshold but merely adds weight to the system. However, there is a practical limit to 

the minimum amount of extra electrolyte (e.g., it needs to complete the recirculation loop). As 

such, a system that only utilizes electrolyte flow for its mass transport benefits should focus on the 

design of an electrolyte manifold that minimizes extra electrolyte volume. For the system that uses 

electrolyte flow as thermal management in addition to mass transport enhancement, there exists 

an optimal intermediate extra electrolyte volume that yields the highest energy density as 

demonstrated in Figure V-4b. Note that due to the elimination of coolant in this system, the 

maximum achievable energy density is slightly larger than that of the system in Figure V-4a. An 

extra electrolyte volume smaller than the optimum will lead to insufficient thermal regulation, as 

discussed in Section 3.1.2, and potentially significant pumping loss in the pipe as discussed in 

Section 3.2. On the other hand, an extra electrolyte volume larger than the optimum adds 

significant weight to the system, negatively impacting the system energy density despite its 
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superior thermal regulation capability. Note that the value for the optimal Vextra electrolyte/ Vcell 

depends on the heat dissipation capability of the cell and the pipe, as well as the cell operating 

condition, and should be optimized based on the application of the system.  

 

Figure V-4: (a) Impact of extra electrolyte volume on the gravimetric energy density for a system designed 
to (a) solely utilize the mass transport benefit of electrolyte convection and (b) leverage both mass and 
thermal transport benefits of electrolyte flow. Note that the energy density value is based on the assumed 
system design in this work, and there are opportunities for improvement through system optimization. 

In addition to optimizing performance metrics such as energy density, development of a practical 

system relies on striking a balance between the benefits conferred and the associated additional 

cost. To effectively assess such costs, we employ a simplistic scheme wherein we price pump 

energy using electricity costs and convert them to an equivalent capital cost by discounting lifetime 

costs to the present. This assumes that the pump will draw power directly from the cell and 

therefore operates according to practical charging costs. These costs can then be directly compared 

to the capital cost associated with the extra electrolyte. We convert between costs on areal and 

energetic bases utilizing equivalent loadings and nominal capacities utilized in the above 

simulations, as is commonplace in the electrochemical storage literature. It is important to note 

that the capital cost of purchasing a pump was not included in these calculations, as the cost could 

vary widely depending on system scale, associated pump power, and required pump head. 
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Furthermore, it may be possible to utilize the existing pump infrastructure in the thermal 

management system, which would render this cost unnecessary.  

As expected, such an analysis results in somewhat independent cost scaling–the pump cost remains 

unaffected by the extra electrolyte volume, and the extra electrolyte volume remains independent 

of the velocity and lifetime. Additionally, while the added electrolyte costs scale linearly with 

amount, pump costs have a more complicated cost scaling with both velocity and lifespan due to 

the square dependence in the pressure drop and discounting factors applied over the lifetime. 

Combining these plots in Figure V-5 enables a proper comparison of the tradeoffs necessary for 

consideration in designing practical systems over lifetimes relevant to such systems. As such, we 

also extend velocities to more realistic values as highlighted in the discussion above.  
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Figure V-5: Total added cost of systems with electrolyte recirculation over a given lifetime. The pump is 
assumed to operate continuously over the associated lifespan at 50% efficiency. Solid lines represent the 
relative pump to added electrolyte costs of a given operating condition. 

To validate this analysis, we first note that when the velocity is zero, the cost of the added 

electrolyte is approximately $7/kWh, which aligns with values reported in the literature.76,161 

Examining the plot, we see that when the amount of extra electrolyte is greater than 10, the relative 

cost is high, such that even at high electrolyte velocities, the pump cost is minimal. As the amount 

of added electrolyte decreases, the pump cost is of greater significance, especially at high velocities 

and long system lifetimes. Still, we highlight that these costs are total lifetime costs. It is likely 

that in practical systems requiring system design decisions, such costs would be considered on an 

annualized basis, whereby increasing system lifetimes would actually reduce costs by spreading 

out the capital cost of the electrolyte over a longer period and by enabling discounting of future 
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pump operating costs. For this reason, we also caution that the costs in the plot above should not 

necessarily be compared to current lithium-ion battery costs that are on the order of $100/kWh,162 

as operating costs of the thermal management system are typically not included in such values. 

We highlight that this cost evaluation assumes that the pump is continuously operating, and that 

practical embodiments for many applications would not necessitate this. If this limitation were 

alleviated, the relative pumping cost would be substantially reduced. Further, we emphasize that 

this analysis only considers costs, as the benefits afforded by increased capacity under the extreme 

operating conditions would be application specific, and could manifest as premiums paid for 

electric vehicles or as extra electricity stored in grid-scale systems. Moreover, such benefits could 

include increased adoption rates of storage technologies, or the unlocking of applications in new 

areas, which would require detailed market analysis for potential market capture, all of which 

extend beyond the scope of this paper. We simply present this practical analysis as a means to 

assess and understand the design space for this technology, rather than for making actual decisions. 

4. Conclusions 

Previous studies show that a convection battery can improve cell performance through enhanced 

mass and thermal enhancement, but the requirements for the extra electrolyte to achieve such 

benefits have not been investigated. This work aims to fill this gap by examining the impact of 

extra electrolyte volume and design on the cell performance enhancement. Through simulating a 

single sandwich cell layer, it is demonstrated that to achieve the mass transport benefits, the extra 

electrolyte volume plays a minimum role beyond a flowrate threshold (ξM < 1), while if the 

electrolyte flow is also used for thermal regulation, tradeoffs exist between the required flowrate 

to effectively control the cell temperature, the extra electrolyte volume, and the incorporation of 

external thermal management. While utilizing thin and long piping for the extra electrolyte aids 
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thermal regulation by enlarging heat transfer area and reducing mixing, pumping loss can become 

significant in pipes with a large length-to-diameter ratio and a small total volume. Finally, we 

synthesized the findings of this study by conducting practical analyses on the system energy 

density and the incremental costs associated with additional electrolyte and pumping. Note that 

the analyses are limited by the single sandwich layer cell model used in this study. Specifically, 

the temperature distribution is assumed to be uniform within the cell, and the thermal regulation 

will be effective with sufficient external cooling or internal cooling with a flowrate that satisfies 

ξH < 1. This assumption is likely not applicable in a larger cell stack that has a non-uniform 

temperature distribution, resulting in a shorter run time due to the maximum temperature reaching 

the safety cutoff temperature despite sufficient external or internal cooling. Nevertheless, this work 

lays the groundwork and offers initial insights for exploration in convection battery system design. 

Building on this work, a comprehensive system design study utilizing an advanced model that 

considers the temperature distribution within a large cell stack is presented in Chapter VI.   

5. List of Symbols 

Symbol Description 
a Particle surface area to volume 
Acell Cell cross-sectional area 
Apipe Pipe cross-sectional area 
Accessed% Percentage of the theoretical capacity accessed 
brugg Bruggeman’s coefficient 
Cp Heat capacity 
Cp,e Electrolyte heat capacity 
cinitial Initial electrolyte concentration 
cpipe(x,t) Electrolyte concentration in the pipe 
csmax Maximum solid-phase concentration 
De Electrolyte diffusivity 
Deff Effective electrolyte diffusivity 
𝐷)# Solid-phase diffusivity 
Dp Active material particle diameter 
dpipe Pipe diameter 
𝐸'
.!
"

 Solid-phase diffusion temperature dependent activation energy 
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𝐸'
/!  Reaction rate constant temperature dependent activation energy 

Epump Total pumping energy 
Esystem System gravimetric energy density 
F Faraday constant 
hcell Cell convective heat transfer coefficient 
htank Tank convective heat transfer coefficient 
hpipe Pipe convective heat transfer coefficient 
Iapp Applied current density 
ki Reaction rate constant 
L Thickness 
Lcell Total cell thickness 
Lpipe Pipe total length 
msystem Total system mass 
ΔPcell Cell pressure drop 
ΔPpipe Pipe pressure drop 
Q Electrolyte volumetric flowrate 
𝑄9:'; Theoretical areal capacity 
R Gas constant 
Rp  Particle radius 
Spipe Pipe total lateral surface area 
Tambient Ambient temperature 
Tpipe(x,t) Electrolyte temperature in the pipe 
td Duration of discharge 
t+ Li+ transference number 
𝑉9  Average running voltage 
Vcell Cell total volume 
Vextra electrolyte Extra electrolyte total volume 
Vpipe Pipe total volume 
v Superficial velocity in the cell 
vpipe Superficial velocity in the pipe 
ε Porosity 
εfiller Filler fraction 
ηpump Pump efficiency 
Θ100% Stoichiometry at 100% SoC 
Θ0% Stoichiometry at 0% SoC 
λ Thermal conductivity 
λe Electrolyte thermal conductivity 
μ Electrolyte viscosity 
ρ Density 
ρe Electrolyte density 
σ Solid-phase conductivity 
Φs Active material particle sphericity 
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6. Appendix: Tank concentration evolution 

Figure V-6 illustrates the change in concentration within the tank under the conditions for 

Figure V-1b. Adding a substantial amount of extra electrolyte can buffer against the depletion 

effects, resulting in a higher concentration of electrolyte entering the cell. Initially, increasing the 

flow of electrolyte causes a faster depletion within the tank due to a quicker material exchange 

with the electrolyte leaving the lithium-depleting electrode. However, as the flow rate increases, 

this depletion rate slows down because the concentration at the lithium-depleting electrode rises. 

 

Figure V-6: Concentration change within the tank under the conditions for Figure V-1b. 
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VI. System Design and Potential Applications 

1. Introduction 

The previous chapters investigated the benefits of incorporating electrolyte convection into the 

LIB as well as the requirements of extra electrolyte in the system. In this final chapter, I aim to 

provide some insights into the prospective system designs and potential applications. While a full 

system optimization is beyond the scope of this thesis, the work serves as a starting point for future 

system design and applications, and points to future research directions needed for system 

optimization. 

Currently there are two typical design approaches in scaling LIB cells into a battery pack for 

applications such as EVs. The traditional approach, known as the “Cell-Module-Pack”, assembles 

a collection LIB cell into a battery module, and several modules are interconnected to form a 

battery pack. While the specific design varies, battery pack designed following this approach 

typically has a cell to pack gravimetric ratio of around 0.6, and a cell to pack volumetric ratio of 

around 0.4.152 An emerging pack design trend is to skip the individual modules, directly integrating 

the cells into a battery pack, i.e., the “Cell-Pack” (CTP) approach. Compared to the traditional 

Cell-Module-Pack approach, the CTP approach leads to increased energy density due to reduced 

balance of plant components, leading to a cell to pack gravimetric ratio >0.8, and a cell to pack 

volumetric ratio of around 0.7.152 Additionally, the cells in CTP designs are typically larger, 

leading to reduced manufacturing and integration cost. Some examples BYD's blade battery,34 

CATL’s Qilin battery,35 and Tesla’s 4680 battery.36  

CTP is likely to be the preferred approach to scale a single convection battery cell to a battery 

pack, as the internal thermal management offers the advantage of reduced thermal gradient inside 
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larger cells, and the reduced cell number leads to simpler electrolyte manifold design. Among 

various possibilities, a preliminary conceptual design of a convection battery system using the CTP 

approach is presented, as discussed in Section 2. This design aims to minimally disrupt the current 

LIB architecture, particularly the Qilin Battery pack configuration.163 To assess the cell 

performance within this framework, a COMSOL-based model that couples a 1D electrochemical 

model and a 2D heat transfer model was developed to simulate the electrochemical performance 

as well as temperature distribution of the prismatic cell. Furthermore, to quantify performance 

metrics such as system energy density and to facilitate comparisons with existing LIB systems, a 

system design model was formulated in line with the methodology employed by the BatPaC model, 

which is based on the cell-module-pack design,164 incorporating assumptions derived from 

literature and online data on the cell-pack design. Two potential use cases of the convection battery 

system were subsequently investigated: fast charging and stationary energy storage. 

2. A Conceptual Convection Battery System Design 

A system design based on CATL’s Qilin battery pack163 is selected as the baseline system in this 

study, as shown in Figure VI-1a. This system consists of water/glycol-filled cooling plates located 

between arrays of prismatic cells. The cooling plates provide the dual function of thermal 

management structural support in the battery pack. A heat exchanger and a pump are included in 

the system to ensure the coolant reaches the desired temperature. A coolant reservoir can be 

optionally incorporated in the system to store the excessive coolant as the battery expands. The 

system also includes extra components not shown in the figure, such as the battery management 

system (BMS). Figure VI-1b shows a conceptual convection battery system design that aims to 

cause minimum disruption to the baseline system. In this design, each cell has an individual 

recirculation loop to ensure the electrolyte is maintained within its stability voltage window. The 
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extra-electrolyte-filled circular tubing is embedded inside the cooling plate, with a diameter same 

as the cooling plate thickness. The system incorporates the same type of pump and heat exchanger 

as in the baseline system, although the weight and volume of these components could vary 

depending on specifications such as cooling capacity and pumping power requirements.  

While the convection battery system largely resembles the baseline system, some differences exist. 

First, components such as the current collector need to be modified to permit flow, and the 

electrode design might need to be altered to balance performance and pumping requirements. 

Certain components need to be added to the cell, such as inlet/outlet connectors for the tubing, and 

a flow distributor might also be necessary to ensure uniform flow distribution. The tubing itself 

also adds extra weight to the system, although the contribution might not be significant as the 

tubing is likely to be made of plastic materials. There are also opportunities to eliminate certain 

components in the baseline system. For example, if the electrolyte flow can provide sufficient 

thermal management, the coolant can be eliminated, and the cooling plates might be replaced by 

cheaper or lighter components as they do not need to function as thermal management components.  
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Figure VI-1: (a) A baseline system design (no flow) based on CATL’s Qilin battery pack. (b) A conceptual 
convection battery system design that aims to cause minimum disruption to the baseline system. 

3. Model Development 

 Thermal-electrochemical model 

To predict the prismatic cell performance, a coupled thermal-electrochemical model is developed 

using COMSOL 6.1, as illustrated in Figure VI-2, which includes a 1D electrochemical sandwich 

layer model and a 2D heat transfer model. The 1D electrochemical sandwich layer model is the 

same as the ones used in prior chapters, and it is used to predict both the electrochemical 

performance of the cell and the heat generation rate within the sandwich layer as a function of 

position. The average heat generation is calculated and fed into the 2D heat transfer cell model, 

which is used to predict the temperature distribution inside the prismatic cell. The geometry of the 

2D model represents the side profile of the prismatic cell, with cooling plates located at both left 

and right sides of the domain. The temperature distribution in the direction perpendicular to the 

2D geometry is assumed to be constant, which is a reasonable assumption when the domain surface 

is insulated, and heat transfer only occurs through the boundaries. Both temperatures of the coolant 

entering the cooling plates and the electrolyte entering the cell are assumed to be at Tinlet, which 

implies that the heat exchanger in the system can provide sufficient cooling capacity. The coolant 

is also assumed to remain at constant temperature inside the cooling plate, which represents the 

best-case scenario of the external cooling, as in reality, the coolant temperature will increase as it 

goes through the cooling plate. The average temperature within the 2D model domain is calculated 

as serves as the operating temperature for the 1D electrochemical model. This treatment likely 

leads to an overestimation of the temperature gradient inside the cell, as in reality, the sandwich 

layers at colder places inside the cell will result in larger heat generation due to more sluggish 
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kinetics and transport properties, thereby reducing the temperature gradient. As such, the 

temperature gradients predicted in this work represent the worst-case scenario.  

 

Figure VI-2: Schematic of the thermal-electrochemical model. 

 System design model 

To assess the system-level performance such as energy and power densities, a system design model 

was developed, incorporating assumptions derived from BatPaC 5.1 package, literature, and online 

data on the Qilin Battery design. This model takes information such as runtime, energy and power 

output, and heat generation rate from the thermal-electrochemical model in Section 3.1 as inputs. 

The pumping power and energy calculations follow the same approach used in Section 2 of 

Chapter V, with the pressure drops through the electrolyte tubing and the cell estimated with 

Hagen-Poiseuille equation and Kozeny-Carman equation, respectively. For the enclosed cell in the 

baseline system, the cell casing is assumed to be aluminum, and the cell-level additional 

components beyond the casing, such as the terminal, spacer, and gasket, are assumed to take up 

6% of the total cell mass. Unless otherwise specified, the convection battery cell adopts the same 

design as the cell in the baseline system, and the additional components necessary to enable 
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electrolyte flow, such as the inlet/outlet connectors and flow distributor are assumed to take up 3% 

of the total cell mass. The cooling plates in both systems are assumed to be made of aluminum 

alloy, with the plate thickness 10% of the prismatic cell thickness, and a wall thickness of 0.5 mm. 

In the baseline system, the coolant is assumed to fill the entire cooling plate. In the convection 

battery system, the extra electrolyte tubing embedded in the cooling plate is assumed to be made 

of plastic and have the same diameter as the cooling plate thickness. Unless otherwise specified, 

the cooling system in both systems consisting of a heat exchanger, a pump, and valving is assumed 

to add 7 kg in mass and 2.8 L in volume to the system. The same type of pump with a pumping 

efficiency of 50% is assumed in both systems. The optional reservoir for coolant or the extra 

electrolyte is not included in this model. The additional components in the system, such as the 

BMS and wiring, are assumed to scale with the cell number, and adds 0.6 g per 1 Ah of cell 

capacity for each cell. For both systems, the total volume consists of the volumes of the cells, the 

cooling plates, and the cooling system. An additional 30% of the total cell volume is added to 

account for the additional system components.  

4. Potential Application Demonstrations 

Figure VI-3 shows a Ragone plot comparing system-level specific energy and power of a 

convection battery system and a typical LIB system (no flow). While the exact values might change 

based on different system designs, in general, the convection battery will provide higher specific 

power by eliminating electrolyte mass transport limitations. However, even with the potential to 

eliminate certain components such as the coolant and cooling plates, it is unlikely that the system 

will lead to significant system specific energy improvement for applications with low power 

requirement, as the current LIB system adopting CTP design already has a high cell-to-pack mass 

ratio 0.8-0.9. The system specific energy is ultimately constrained by the theoretical specific 
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energy of the battery chemistries, which is typically 200-300 Wh/kg for Li-ion chemistries. This 

suggests that the convection battery system employing Li-ion chemistries is not suitable for 

applications with energy density requirements beyond Li-ion material limits, such as all-electric 

long-haul trucking165 and all-electric commercial aircraft27. The most suitable applications for the 

convection battery system might be ones with energy density requirements within the Li-ion 

chemistry limits but will benefit from increased rate capability. Examples include EV fast 

charging, eVTOLs during takeoff and landing,28,166 and hybrid vehicles.167 Additionally, there are 

certain applications with requirements beyond specific power and energy, such as stationary 

energy storage applications, to which cost is the key consideration. The following sections examine 

how convection battery system can potentially provide value to two applications: fast charging and 

stationary energy storage.  

 

Figure VI-3: A sample Ragone plot comparing the convection battery system and a typical LIB system 
(no flow). 
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 Fast charging 

Fast charging is crucial to alleviating range anxiety and facilitates wider adoption of EVs. U.S. 

Advanced Battery Consortium sets goals of 80% charge in <15 mins.26 Significant progress has 

been made by EV makers, with the best charging performance to 75% around 20 mins.168 However, 

such improvement is typically accompanied with tradeoffs, such as through the use of thin 

electrodes, which scarifies energy density and increases cost. Additionally, fast charging under 

extreme conditions, such as cold weather in which transport properties are sluggish, presents 

significant challenge.24 It is also critical to properly manage the large amount of heat generation 

accompanied by high rates to ensure safe operation, and the temperature variation should be 

minimized to prolong battery life. This section discusses the benefits and tradeoffs of using the 

convection battery for fast charging.  

A typical LIB system (no flow) with the design shown in Figure VI-1a is selected as the baseline 

system. The cell utilizes NMC622/graphite chemistry with an N/P ratio of 1.1, and the electrolyte 

is LiPF6 in a 1:1 EC:DMC mixture. The properties of the sandwich layer are summarized in 

Table VI-1. The prismatic cells have dimensions of 30 mm (thickness) x 200 mm (width) x 120 

mm (height). The system consists of 216 cells in total, arranged by 6 cells per row and 36 rows in 

total. The cells are interconnected in a 108s2p configuration (108 cells in series and 2 series strings 

in parallel), resulting in the system with a nominal voltage of 396 V and a nominal capacity of 221 

Ah. With a total nominal energy density of 87.5 kWh, the system has a gravimetric energy density 

of 182.4 Wh/kg (0.89 cell-to-system mass ratio), and a volumetric energy density of 396.8 Wh/L 

(0.71 cell-to-system volumetric ratio).  
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Table VI-1: Simulation parameters used in this section. 

 Units Positive 
CC Positive Electrode Separator Negative 

Electrode 
Negative 

CC 
 - Al LiNi0.6Mn0.2Co0.2O2  - LiθC6 Cu 

brugg - - 2.5 2.5 2.5 - 
Cp J/kg/K 884 905 1617 966 387 
Cp,e 1635 J/kg/K      

cinitial mol/m3 - 1000 1000 1000 - 
csmax mol/m3 - 47664 - 30555 - 
𝐷)#  m2/s - 5×10-14 - 2×10-14 - 
𝐸'
.!
"

 J/mol - 5000 - 5000 - 
𝐸'
/! J/mol - 5000 - 5000 - 

F 96485 C/mol - - - - - 
ki m2.5/(mol0.5s) - 1×10-11 - 2×10-11 - 
L m 1×10-5 6.7×10-5 2.5×10-5 8×10-5 1×10-5 

R 8.314 
J/mol/K - - - - - 

Rp m - 5×10-6 - 5×10-6 - 
ε - - 0.4 0.4 0.4 - 

εfiller - - 0.0872 - 0.0326 - 
Θ100% - - 0.258 - 0.9 - 
Θ0% - - 0.917 - 0.127 - 

λ W/m/K 238 0.66 0.312 1.195 398 
μ 5×10-3 Pa•s      
ρ kg/m3 2702 3060 1036 1832 8933 
ρe 1240 kg/m3      
σ S/m 3.55×107 10 - 100 5.96×107 

In this study, the constant current-constant voltage (CC-CV) charging protocol with a cutoff 

voltage of 4.2V is used. Figure VI-4a compares the charging time without electrolyte flow and 

with a 10 μm/s flow under isothermal conditions at 298.15K, which represents the charging 

performance achievable of a single cell without the complication of thermal transport limitations 

(e.g., under lab testing conditions). The charging rate during the CC period is varied, and the figure 

shows the total time that charges the cell from 10% to 80% capacity. As Figure VI-4b shows, a 

10 μm/s flow significantly reduces charging times as a result of reduced overpotentials from 
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overcoming mass transport limitations, as explained in Chapter II. The flowrate required to 

enhance mass transport only scales with the electrode thickness regardless of the cell dimension, 

leading to a total pumping power of 1.8 W to achieve 10 μm/s flow for the entire system. This 

leads to minimal pumping energy, and the pump required to provide the pumping power likely 

adds negligible weight to the entire system.  

 

Figure VI-4: (a) Total charging time under isothermal conditions (298.15 K) of the cell without flow and 
with 10 μm/s flow. CC-CV charging protocol with 4.2V cutoff voltage is used. Note that the charging time 
values will vary depending cell design and ambient temperature, but the overall trends still hold. (b) The 
electrolyte flow reduces charging speed by enabling a more uniform electrolyte concentration.  

In addition to the reduction in charging time, the enhanced mass transport by electrolyte flow 

potentially helps alleviate certain degradation mechanisms as well. The higher and more uniform 

electrolyte concentration in the anode leads to a smaller magnitude of lithium plating potential at 

the anode-separator interface (Figure VI-5a), suggesting reduced lithium plating, and the more 

uniform intercalation fraction within the electrode (Figure VI-5b) might reduce electrode cracking 

caused by mechanical stress. However, it should be noted that the electrolyte flow could potentially 
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introduce new degradation pathways, which needs to be investigated experimentally in future 

work. 

 

Figure VI-5: The enhanced mass transport through 10 μm/s flow leads to (a) reduced lithium plating 
potential and (b) more uniform intercalation within the electrode. 

The isothermal charging speed can be considered as the best charging speed that can be achieved 

of a given sandwich cell design. In practice, the charging speed likely needs to be slowed due to 

thermal transport limitation within a larger cell stack. As shown in Figure VI-6a, for the 30 mm-

thick cell considered in this work undergoing CC-CV charging with 6C during the CC period, the 

cell center will reach the safety cutoff temperature (325 K) despite high external cooling capacity 

(hcell = 500 W/(m2K), Tcoolant = 288.15 K) applied at both sides. This is due to the small thermal 

conductivity of the cell, especially in the through-layer direction, leading to a large Biot number 

and a subsequently large temperature gradient within the cell. As shown in Figure VI-6b, the rate 

during the CC period needs to be slowed to 3.8 C to ensure the cell center does not reach the safety 

cutoff temperature during charging, and may need to be slowed even further to if a smaller 

temperature variation is desired for prolonged life.   
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Figure VI-6: (a) Temperature distribution at 142s within the cell undergoing CC (6C) – CV (4.2V) charge 
with external cooling (hcell = 500 W/(m2K), Tcoolant = 288.15 K). The cell is forced to stop due to the center 
reaching the safety cutoff temperature. (b) The maximum CC charging rates with external cooling to ensure 
the cell does not reach the safety cutoff temperature (blue), and the maximum temperature difference within 
the cell does no exceed 15K (black). Note that the coolant conditions are different, as the first case aims to 
maximize heat dissipation while the second case aims to minimize temperature difference. 

As discussed in Chapter IV Section 3, the external cooling approach is limited, especially with 

large dimension and high heat generation rate, due to a lack of control over the internal of the cell. 

In contrary, the internal cooling approach offers direct control over the cell temperature 

distribution, which is especially helpful in mitigating the thermal management challenge during 

fast charging, as shown in Figure VI-7 for a CC (6C)-CV (4.2V) 10%-80% SoC charging session. 

The effectiveness of electrolyte flow in facilitating fast charging improves with flowrate, which in 

turn influences the system design. A flow of 5 μm/s, adequate to mitigate mass transport 

limitations, enhances cell temperature regulation, allowing the cell to achieve a higher capacity. 

This improvement primarily results from a lower rate of heat generation due to decreased 

overpotentials (Table VI-2). Given that the increase in heat dissipation from this modest flow rate 

is minimal, the need for external cooling capacity remains essential, leading to a reduced energy 

density (Table VI-2). When a higher flowrate of 140 μm/s is used, the entire charging session can 
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be completed owing to effective thermal management, and external management system 

components such as the coolant are no longer needed in the system design. Further increase in the 

flowrate can more effectively reduce the cell temperature variation, which is desirable for reduced 

degradation within the cell.122,169  

 

Figure VI-7: Increasing electrolyte flowrate provides increasing thermal management benefits during 
fast charging. CC (6C) – CV (4.2V) is used, and the cell is charged from 10% to 80% capacity. 

While a high electrolyte flowrate can reduce charging time by effectively regulating cell 

temperature with minimum temperature variation—a feat difficult with current external thermal 

management systems—it comes with tradeoffs, such as increased pump energy requirements and 

pressure drops, as summarized in Table VI-2. Note that liquid-based external thermal management 

also requires pumping through the cooling plate, but the pumping loss is typically trivial compared 

to the pumping power associated with the internal thermal management. Since mass of the pump 

is proportional to its pumping power, a high flowrate might necessitate a heavier pump, reducing 
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the system energy density. Alternatively, the pump could become so cumbersome that it is more 

practical to station it at the charging site, necessitating substantial upgrades to the charging 

infrastructure. Finally, an increased flowrate also elevates the potential for flow-induced 

degradation, suggesting a practical upper limit to flowrate that ensures a viable cell lifespan. This 

threshold warrants future experimental investigation. 

Table VI-2: The charging times and associated design and operating metrics at varying flowrates for a CC 
(6C) – CV (4.2V) 10%-80% charging session. For reference, the charging power of the system at 6C is 500 
kW.   * Includes an extra pump (0.5kg / 0.5L) for the electrolyte; ** Same pump as in the “no flow” 
system;*** A larger pump is used (adds 5kg / 2L); ****Assumes the heavy-duty pump is provided at the 
charging station. 

 No flow 5 μm/s 140 μm/s 320 μm/s 1000 μm/s 

Charging time 
Tmax < Tcutoff [mins] / 

ΔTmax < 15K [mins] 

12 /      
16.3 

9.2 /       
14 

7.9 / 
12 

6.1 / 
7.8 

5.6 / 
5.6 

External cooling 
needed Yes Yes No No No 

ΔPcell [bar] 0 0.08 2.1 4.9 15 

Total Pumping 
power [kW] 0 5e-4 0.36 1.9 18 

6C Average heat 
generation [kW] 73 55 53 53 54 

Nominal energy density 

Gravimetric [Wh/kg] / 
Volumetic [Wh/L] 

182.4 / 
396.8 

175.5 / 
395.9* 

182.1 / 
396.8** 

180.2 / 
393.2*** 

182.1 / 
396.8**** 

To mitigate the adverse impacts of high flow, alternative cell and system design strategies should 

be explored.  One example is to consider redesigning the electrode to make it more porous and 

thicker. As the pumping loss is closely related to the electrode porosity, as shown in Figure VI-

8a, an increase in electrode porosity will lead to reduced pressure drop and pumping loss. While a 
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more porous electrode will lead to reduced energy density, this can be mitigated by increasing the 

electrode thickness. Note that this electrode design is uniquely desirable to the convection battery 

system, as increasing electrode thickness leads to greater electrolyte mass transport resistance, 

resulting in a significant increase in total charging time when electrolyte flow is not present, as 

shown in Figure VI-8b. In contrary, in the presence of sufficient electrolyte flow to eliminate the 

mass transport limitation, this alternative design only slightly increases the total charging time a 

slightly larger ohmic resistance.  

 

Figure VI-8: (a) Pumping power as a function of porosity calculated using the Kozeny-Carman equation. 
(b) The comparison of isothermal charging times of the two electrode designs without flow and with a 10 
μm/s to eliminate mass transport limitations. 

Table VI-3 compares the charging performance and system metrics of the baseline electrode 

design (80 μm thick anode with 0.4 porosity) and an alternative electrode design (130 μm thick 

anode with 0.47 porosity) for the CC (6C) – CV (4.2V) 10%-80% charging session. An electrolyte 

flowrate of 320 μm/s flow is used in both cases. The alternative electrode design leads to a slight 

increase in charging time and reduced energy densities, but the pressure drop through the cell and 

the total pumping power are significantly reduced.  



 198 

Table VI-3: The charging performance and metrics of systems with two different electrode designs. The 
electrolyte flowrate is 320 μm/s, and the charging protocol is CC (6C) – CV (4.2V) with the cell from 10% 
to 80% capacity. 

 Lneg=80 μm, ε=0.4 Lneg=130 μm, ε=0.47 

Charging time  

ΔTmax < 15K [mins] 
7.8 8.2 

ΔPcell [bar] 4.9 2.3 

Total Pumping power [kW] 1.9 1.1 

Nominal energy density 
Gravimetric [Wh/kg] / 

Volumetic [Wh/L] 

180.2 / 

393.2 

178.9 / 

375.5 

 Stationary energy storage 

LIBs are increasingly employed for stationary energy storage, with applications  ranging from 

second-long services such as frequency regulation to hours-long services such as peak shaving.9,170 

In contrast to the EV sector that prioritize battery performance metrics, for stationary storage, cost 

is the key consideration. This section presents some initial findings into the potential benefits of 

electrolyte convection for stationary storage applications. The simulations examine a cell utilizing 

LMO/graphite chemistry with an N/P ratio of 1.2, and the electrolyte is LiPF6 in a 1:1 EC:DMC 

mixture. The properties of the sandwich layer are summarized in Table VI-4. 
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Table VI-4: Simulation parameters used in this section. 

 Units Positive 
CC 

Positive 
Electrode Separator Negative 

Electrode 
Negative 

CC 
 - Al Spinel LiMn2O4 - LiθC6 Cu 

brugg - - 2.5 2.5 2.5 - 
Cp J/kg/K 884 914 1617 966 387 
Cp,e 1635 J/kg/K      

cinitial mol/m3 - 1000 1000 1000 - 
csmax mol/m3 - 22860 - 30555 - 
𝐷)#  m2/s - 1×10-13 - 2×10-14 - 
𝐸'
.!
"

 J/mol - 5000 - 5000 - 
𝐸'
/! J/mol - 5000 - 5000 - 

F 96485 C/mol - - - - - 
ki m2.5/(mol0.5s) - 1×10-10 - 2×10-11 - 
L m 1×10-5 Varying 2.5×10-5 Varying 1×10-5 

R 8.314 
J/mol/K - - - - - 

Rp m - 5×10-6 - 5×10-6 - 
ε - - 0.4 0.4 0.4 - 

εfiller - - 0.0810 - 0.0326 - 
Θ100% - - 0.175 - 0.9 - 
Θ0% - - 0.95 - 0.192 - 

λ W/m/K 238 0.5 0.312 1.195 398 
μ 5×10-3 Pa•s      
ρ kg/m3 2702 2876 1036 1832 8933 
ρe 1240 kg/m3      
σ S/m 3.55×107 10 - 100 5.96×107 

For short-duration services such as frequency regulation, the battery is swiftly charged and 

discharged for seconds to minutes to mitigate the mismatch between load and generation of the 

power grid. The depth of charge/discharge is in general very small, and the battery typically sits at 

a SoC near 50% to be prepared for fluctuations on either side.9 For this scenario, a 10-second pulse 

test starting at SoC = 50% was performed using the COMSOL model to compare the maximum 

discharge rate without flow and with a 10 μm/s flow at varying electrode thicknesses. At this short 

duration of operation, cell temperature rise is minimum, and thermal transport enhancement by 

electrolyte flow is likely not required. As such, a 10 μm/s flow is used to solely provide the mass 
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transport benefits. As Figure VI-9a shows, electrolyte flow will lead to a higher maximum 

discharge rate, but the improvement diminished with electrode thickness. The enhancement by 

electrolyte flow is limited because at the duration of ~ seconds, the electrolyte is unlikely to build 

up a significant concentration gradient, especially at lower rates with the thicker electrodes that 

are mainly constrained by the ohmic resistance. Nevertheless, the electrolyte flow could still lead 

to some enhancement in peak power, or given the same power requirement, a slightly thicker 

electrode could be used to potentially lead to a lower cost through reduced inactive material 

fraction and manufacturing cost.171 

The benefits of electrolyte convection become more significant at longer-duration services, such 

as peak-shaving services that require a full discharge within hours starting at 100% SoC. 

Figure VI-9b shows the simulation results of the maximum allowable anode thickness to achieve 

full discharge for varying durations without flow and with a 10 μm/s flow. Similar to the previous 

case, a flowrate of ~10 μm/s that is sufficient to eliminate mass transport limitation is used, as 

thermal transport is unlikely to limit cell performance given the low C rates (0.1C to 2C).  As 

Figure VI-9b demonstrates, the electrolyte convection leads to a significant increase in the 

maximum allowable electrode thickness, as mass transport limitation becomes significant with 

thick electrodes and long discharge time. Through the use of thick electrodes, the convection 

battery has the potential to reduce cost of longer-duration services by minimizing inactive 

components and manufacturing expenses. 
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Figure VI-9: (a) Maximum 10s pulse discharge rate as a function of anode thickness for cells without flow 
and with 10 μm/s flow. (b) Maximum anode thickness that can be used to achieve full discharge of varying 
durations for cells without flow and with 10 μm/s flow. 

Besides the performance-related benefits, there might be additional benefits and opportunities 

enabled by the open cell architecture of the convection battery design. For example, because of the 

potential safety issue, transportation of LIB has already been regulated,23 and the convection 

battery might provide the opportunity for safer transportation and storage by separating the solid 

and liquid components when the system is not in use. Additionally, there is an emerging trend to 

facilitate circular use of the LIBs,172 with most efforts surrounding LIB recycling and 

repurposing.173,174,24 With the open cell architecture, the convection battery might provide the 

opportunity to rejuvenate the cell at the end of life. There might also be opportunities for 

maintenance and service throughout the battery life to extend its lifespan and reduce energy storage 

cost. 
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5. Conclusions and Future Directions 

This chapter aims to provide some initial insights into the convection battery system design and 

its potential applications. While many designs are possible, the convection battery system will 

likely adopt the CTP design strategy for more simplified manifold design. A conceptual design 

based on a baseline system derived from the Qilin battery pack design was proposed, and a 

COMSOL-based thermo-electrochemical as well as a system design model were developed to 

enable comparison between the two systems. The system design model also serves as the 

foundation for techno-economic analyses in the future. While there are opportunities to eliminate 

certain components such as the coolant and cooling plates, a convection battery system is unlikely 

to lead to a significant improvement in energy density over the current LIB systems. Two 

applications that the convection battery might provide value in were investigated. The findings for 

each application are summarized below, and the future research directions are also discussed.  

Fast charging: The convection battery has the potential to reduce charging time through enhanced 

electrolyte mass transport. By reducing heat generation and facilitating heat dissipation from 

within the battery cell, the convection battery could also address the key challenges with current 

external thermal management approaches, leading to more efficient and uniform temperature 

control. With increasing flowrates, there are increasing thermal management benefits, but tradeoffs 

such as increasing pumping power requirements, higher degradation risk, and decreased energy 

density also become more significant. To optimize the system design, a key parameter, namely the 

maximum allowed velocity, needs to be identified. Future studies could involve investigating flow-

induced degradation mechanisms, obtaining experimental pressure drop measurement, and 

assessing impact of pressure drop on hardware requirements. While certain strategies could be 

adopted to mitigate the adverse effects, such as utilizing thicker and more porous electrodes, these 
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strategies are typically accompanied by tradeoffs such as reduced energy density. It is thus 

important to understand the desired system performance & cost targets (e.g., industrial 

engagement) for system optimization. Additionally, for the more established sectors such as EVs, 

a convection battery system design should aim for minimum disruption to current Li-ion battery 

manufacturing infrastructure and processes.  

There are additional considerations even if a convection battery can prove feasible to build with 

the predicted charging benefits in this work. In this study, it is assumed that the heat exchanger 

can provide enough cooling capacity for the coolant and/or extra electrolyte to reach the desired 

temperature. However, the cooling capacity of existing heat exchangers may not meet the 

requirement of high C rates.175 Additionally, the pumping power required of the heat exchanger to 

provide the high cooling capacity may be forbiddingly high. For example, to provide 500 kW fast 

charging and assuming a 94% efficiency (i.e., 6% heat generation) as is typical with the current 

LIB technology,175 30 kW cooling capacity is required. If the cooling capacity were to be provided 

entirely through active cooling with the heat exchanger, which commonly has a coefficient of 

performance (cooling power/input power) of around 3, the input power required of the heat 

exchanger, typically in the form of pumping power, will be around 10 kW. In addition to the power 

consumption, such a cooling system will add significant weight and volume to the battery system. 

As such, maximizing passive cooling (i.e., use ambient air to move heat around) might be a critical 

design factor. Additionally, current charging station provides power up to ~350 kW,176 hence 

charging infrastructure with higher power will be necessary to enable faster charging. 

Stationary storage: Electrolyte flow has the potential to drive down cell cost through thicker 

electrodes, and the open cell architecture could enable new opportunities such as safer transport 

and maintenance. A techno-economic analysis is needed in the future to assess the cost benefits 
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associated with these strategies.  Additionally, due to the relatively high material cost of lithium-

ion chemistries, there are more cost-effective chemistries (e.g., sodium-ion) that are developed for 

stationary storage applications. Exploring the advantages of electrolyte convection in systems 

employing these alternative chemistries could offer further insights. Lastly, the simulation work 

predicts that the convection battery could enable ~mm thick electrode for hour-long applications. 

This electrode thickness may not be achievable through current LIB electrode manufacturing 

methods, and a future research direction should therefore be to explore alternative approaches to 

fabricate thick electrodes.    

6. List of Symbols 

Symbol Description 
brugg Bruggeman’s coefficient 
Cp Heat capacity 
Cp,e Electrolyte heat capacity 
cinitial Initial electrolyte concentration 
csmax Maximum solid-phase concentration 
𝐷)# Solid-phase diffusivity 
𝐸'
.!
"

 Solid-phase diffusion temperature dependent activation energy 
𝐸'
/!  Reaction rate constant temperature dependent activation energy 

F Faraday constant 
hcell Cell convective heat transfer coefficient 
ki Reaction rate constant 
L Thickness 
ΔPcell Cell pressure drop 
R Gas constant 
Rp  Particle radius 
Tcoolant Electrolyte inlet temperature 
ΔTmax Maximum temperature difference within the cell 
Tinlet Electrolyte inlet temperature 
v Superficial velocity in the cell 
ε Porosity 
εfiller Filler fraction 
Θ100% Stoichiometry at 100% SoC 
Θ0% Stoichiometry at 0% SoC 
λ Thermal conductivity 
λe Electrolyte thermal conductivity 
μ Electrolyte viscosity 
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ρ Density 
ρe Electrolyte density 
σ Solid-phase conductivity 
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VII. Summary and Outlook 

The drive to broaden the application of state-of-the-art Lithium-Ion Battery (LIB) technology, with 

the goal of decarbonizing additional sectors, calls for improvements in LIB performance, 

especially in terms of high-energy and high-power capabilities. This thesis explores the potential 

advantages and opportunities arising from altering the cell architecture to incorporate electrolyte 

flow perpendicular to the electrodes, an approach referred to as the “convection battery”. 

Despite previous demonstrations in literature and our laboratory of the potential benefits of 

electrolyte flow for cell performance, a comprehensive engineering analysis exploring electrolyte 

convection benefits and design considerations for such systems remains unexplored. This work 

aims to fill this gap by employing modeling and analytical tools for an in-depth examination of Li-

ion convection battery technology, covering both fundamental and practical aspects. Throughout 

this thesis, I develop and utilize various simulation tools, ranging from a MATLAB-based 1D 

isothermal sandwich cell model to a COMSOL-based 2D model for analyzing the performance of 

large cell stacks, and a system design model to evaluate the performance metrics of a convection 

battery system. These tools have enabled me to demonstrate that integrating electrolyte convection 

within a LIB cell can significantly enhance mass and thermal transport, a crucial factor for high-

demand applications such as fast charging and electric Vertical Takeoff and Landing (eVTOL) 

operations. Further, my analysis reveals that the additional electrolyte volume required for these 

benefits can be minimized with adequate flow rate and heat dissipation, confirming the practicality 

of the convection battery system. Finally, by proposing a potential system design and illustrating 

its utility in two distinct scenarios, I have endeavored to highlight the convection battery's unique 

value proposition and its capacity to broaden the applicability of current LIB technologies. 
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However, it is pivotal to recognize that this thesis represents an initial exploration into the 

convection battery concept, aiming to discern its feasibility for laboratory pursuit and to outline 

design guidelines for a convection battery cell and system. The anticipated performance 

enhancements posited in this thesis are contingent upon several assumptions that might encounter 

practical challenges, potentially leading to discrepancies between predicted and actual 

performance outcomes. These assumptions, elaborated upon in Section 4 of Chapter I, might 

necessitate significant research and engineering efforts to actualize. For instance, it is anticipated 

that current collectors will need alterations to allow for fluid permeability, and there might be a 

need to redesign electrode microstructures, moving away from the existing commercial LIB 

electrodes towards structures characterized by greater porosity and reduced tortuosity. Such 

alterations are imperative to facilitate electrolyte flow without incurring prohibitive pressure drops 

and pumping power at elevated flow rates. Furthermore, to ensure uniform flow distribution within 

the cell, the integration of additional components, such as a flow distributor, may become requisite. 

In this body of work, estimates for pressure drop and pumping energy, derived via the Kozeny-

Carman equation, require empirical validation and refinement through actual pressure drop 

measurements. Future modeling endeavors could further refine these assumptions and furnish 

performance predictions under scenarios where these assumptions are not upheld. For instance, a 

3D model incorporating a detailed electrode microstructure could unveil the intricacies of flow 

dynamics and distribution within the electrode. Models accounting for non-uniform flow 

distribution might also shed light on performance deviations from the ideal.  

The system design model, employed to evaluate the performance metrics of the hypothetical 

convection battery design, draws upon assumptions sourced from literature and the BatPaC model 

for LIBs. This model warrants refinement in future studies as more information about the 
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convection battery system design emerges. The application demonstrations elucidated in 

Chapter VI are intended to provide preliminary insights into potential areas where the convection 

battery could find utility and add value. A systematic analysis is imperative in future endeavors to 

pinpoint the most apt applications for this technology.  

Moreover, several critical facets not captured by the models in this thesis necessitate further 

investigation. For example, the lifetime of LIB technology, a pivotal aspect, presents challenges 

for analysis via simulation tools. While the convection battery concept, in theory, may mitigate 

certain degradation mechanisms, such as Li-plating, through enhanced electrolyte mass transport, 

it might also introduce novel degradation pathways, such as SEI shearing by flow. Empirical 

studies are thus warranted to probe the degradation behaviors and lifespan of convection batteries. 

Additionally, the exploration of chemistries beyond Li-ion, such as aqueous chemistries, could 

illuminate the potential of convection batteries in scenarios where Li-ion chemistry faces 

significant degradation hurdles. 

The engineering of a convection battery system encompasses a multitude of design considerations. 

For instance, the design of the manifold must ensure uniform flow rates across all cells while 

minimizing shunt currents through the external electrolyte and manifold. A paramount engineering 

challenge lies in maintaining a leak-free system, given the potential hazards posed by the 

electrolyte used in LIBs, necessitating an air-free environment. This might involve minimizing 

connection ports within the system, considering the adoption of contactless pumps, and selecting 

materials compatible with the electrolyte solvent. Current LIB systems employ modular designs 

to guarantee that the failure of a single cell does not compromise overall system performance, 

facilitating the easy replacement of failed battery cells. Achieving a modular design that allows 
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the safe swap of battery cells within a convection battery system may pose additional challenges 

and necessitate sophisticated engineering solutions. 

The strategies devised to facilitate the convection battery system might entail increased costs. 

While cost considerations fall outside the scope of this thesis, a future techno-economic analysis 

is essential to ascertain the economic viability of convection battery technology. Such an analysis 

should also explore avenues for cost reduction, including maintenance and servicing of the cell. 

The system design model introduced in this thesis serves as an initial step toward this cost analysis. 

In conclusion, this thesis establishes a foundation for the convection battery technology, 

highlighting its potential to improve the performance of current LIB systems and to venture into 

novel application domains. The trajectory of this technology is marked by a spectrum of challenges 

and possibilities. Moving from theoretical constructs to real-world implementations will demand 

concerted efforts in research, inventive engineering solutions, and collaborative engagement 

across various disciplines. The anticipated benefits and opportunities highlighted in this thesis 

make such endeavors a worthy pursuit. 
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