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 A B S T R A C T

Despite advances in lithium-ion battery technology, critical challenges remain that must be addressed to 
accelerate electric vehicle (EV) adoption and global energy transformation. Significantly improved battery 
thermal management (BTM) is key to overcoming these challenges. BTM approaches focus on increasing heat 
transfer coefficients via air, liquid, or refrigerant cooling, but less attention is given to reducing the battery’s 
thermal resistance, a major bottleneck for heat transfer. This work introduces a novel approach to reduce 
battery thermal resistance by integrating in-plane heat transfer with optimized cell geometry, minimized 
thermal resistances, and reduced interfacial resistances, representing a departure from previous methods. 
The standard prismatic can cell incorporating this technology is referred to as the high heat transfer (HHT) 
battery. An equivalent resistance battery thermal model is developed for speed and accuracy, validated against 
experimental data in the literature, demonstrating strong correlation and ensuring reliable predictions for real-
world performance. Thermal performance metrics of the conventional and HHT batteries are compared using 
a parametric study with air, liquid, and refrigerant boundary conditions across a range of aspect ratios. The 
HHT battery shows a heat removal rate up to 20 times higher than a conventional battery. These findings 
suggest that HHT technology could be transformative for EV battery performance, enabling fast charging, 
mitigating thermal runaway, extending battery life, reducing cold-weather power loss, increasing reliability, 
lowering costs, and enabling higher energy density, all critical for EV adoption and energy transformation. 
Future work will focus on prototyping and real-world testing to refine these findings for commercial-scale 
applications.
1. Introduction

The United States is actively working to decarbonize the transporta-
tion sector by expanding the market share of zero-emission electric 
vehicles (EVs) [1]. To accelerate this transition, energy regulatory agen-
cies and EV manufacturers have identified several critical areas for im-
provement in EV battery technology. These include battery energy den-
sity, capacity, life, reliability, safety, decreased battery costs, increased 
battery charge rate, and improved range retention of the battery in cold 
weather [2]. Temperature plays a significant role in influencing all of 
these factors, making advanced battery thermal management (BTM) a 
crucial solution for optimizing battery performance [3–7].

Heat is generated within a battery during the processes of charging 
and discharging due to the ohmic resistance of the cells and various 
entropic reactions. If this heat is not dissipated at a rate that matches its 
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generation, the battery’s temperature will rise. If the temperature is al-
lowed to fall below or exceed certain limits, the result could be battery 
degradation, performance loss and potential safety hazards [8–10].

The process of removing heat from an automotive battery during 
cooling can be categorized into three main stages illustrated in Fig. 
1. The initial stage involves heat movement from the internal volume 
of the battery to its surface shown in Fig.  1a. The subsequent stage is 
managed by the battery thermal management system, which facilitates 
the movement of heat from the battery surface to either directly to the 
surrounding air or to a radiator. This second stage shown in Fig.  1b is 
typically accomplished with a cooling system that utilizes air, liquid or 
refrigerant as the cooling medium. Finally, if a radiator is employed, 
the last stage entails transferring heat from the radiator (Illustrated in 
Fig.  1c) to the ambient air. The primary emphasis of this work is on 
the initial stage, which involves the transfer of heat from the volume 
of the battery cell to its exterior surface.
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Fig. 1. Vehicle battery cooling system example (a) batteries (b) cooling system (c) radiator.
Fig. 2. Schematic of three battery cell types, (a) and (b) are used for pouch cells. (c) is used for cylindrical cells, and (d) is used for prismatic cells. Image credit [13]. (e) Pouch 
cell showing anisotropic thermal conductivity due to its layered structure and equation for thermal resistance, 𝑅𝑡ℎ for cross-plane heat transfer showing the location of 𝐴 and 𝐿.
To enhance battery thermal management, certain battery thermal 
management system (BTMS) needs must be addressed. These include 
increased heat removal rates [11], reduced battery temperature gradi-
ents [11], faster thermal response [4], lower energy consumption [4], 
lower complexity BTMS design [4], size and weight reduction [4], 
lower cost [4] and potentially a fundamentally new approach.

Lithium-ion cells consist of layers including the cathode, anode, and 
separator, as illustrated in Fig.  2. These layers are typically arranged in 
either a stacked or rolled configuration before being enclosed in a cas-
ing that contains the electrolyte. The casing is often constructed from 
metal, and the common shapes for these casings include cylindrical, 
prismatic (rectangular cuboid), or pouch formats.

The layered battery cell construction shown in Fig.  2a through d 
and in Fig.  2e gives battery cells their anisotropic thermal conductivity 
property. Heat transfer perpendicular to the layers of battery materials 
such as copper cathode, aluminum anode, electrolyte, polymer sepa-
rators and their associated interfacial contact resistances is referred 
to herein as ‘‘cross-plane’’ heat transfer. And heat transfer parallel to 
these layers is referred to herein as ‘‘in-plane’’ heat transfer. Due to 
these many interfacial contact resistances and low thermal conductivity 
polymer layers, bulk average thermal conductivity in the cross-plane 
direction is known to be more than an order of magnitude lower than 
in-plane bulk average thermal conductivity. For example, cross-plane 
thermal conductivity of a prismatic lithium-ion battery cell is 0.95 W(m 
K)−1, while in-plane thermal conductivity is 30.8 W(m K)−1 [12].

1.1. Gap analysis — strategies for enhancing battery thermal management 
performance

From a thermal–electrical analogy perspective, the heat removal 
2 
rate from a battery can be mathematically described by the equation: 
𝑄̇𝑏𝑎𝑡𝑡 = 𝛥𝑇𝑏𝑎𝑡𝑡∕𝑅𝑡ℎ 𝑏𝑎𝑡𝑡 as illustrated in Fig.  3a. This equation reveals two 
primary methods for enhancing the heat removal rate from the battery: 
increasing the temperature difference, 𝛥𝑇𝑏𝑎𝑡𝑡, or reducing the battery’s 
thermal resistance, 𝑅𝑡ℎ 𝑏𝑎𝑡𝑡. Historically, the most common approach to 
battery thermal management has been to focus on increasing 𝛥𝑇𝑏𝑎𝑡𝑡.

To achieve a higher 𝛥𝑇𝑏𝑎𝑡𝑡 = 𝑇1 − 𝑇2 while keeping 𝑇1 at its optimal 
value, 𝑇2 must be reduced (cooled). Eq. (1) shows two main ways to 
achieve this. The first method is to increase the heat transfer coefficient, 
ℎ𝑏𝑎𝑡𝑡, at the battery surface or to increase the contact area, 𝐴𝑏𝑎𝑡𝑡, over 
which ℎ𝑏𝑎𝑡𝑡 is acting. The second method involves improving the overall 
heat transfer coefficient of the radiator or condenser, 𝑈𝑟𝑎𝑑 , or increasing 
its fin surface area, 𝐴𝑟𝑎𝑑 𝑓𝑖𝑛𝑠. However, the second method typically 
has a smaller impact because the thermal resistance of the radiator is 
already low due to its large fin area. 

𝑇2 = 𝑇ambient + 𝑄̇batt

(

1
ℎbatt𝐴batt

+ 1
𝑈rad𝐴rad fins

)

(1)

Historically, various methods have been employed to increase the 
heat transfer coefficient, ℎ𝑏𝑎𝑡𝑡, to achieve a greater temperature differ-
ential, 𝛥𝑇𝑏𝑎𝑡𝑡. These methods include natural convection [15], forced 
air cooling [16], pumped single-phase liquid [5], vapor compression 
refrigeration [17], dielectric fluid immersion [18], pumped two-phase 
fluid [19], and jet impingement [6].

The increased 𝛥𝑇𝑏𝑎𝑡𝑡 (higher ℎ𝑏𝑎𝑡𝑡) approach has its limitations. The 
United States Advanced Battery Consortium (USABC) advises keeping 
𝛥𝑇𝑏𝑎𝑡𝑡 to no more than 3 ◦C [20]. And increased 𝛥𝑇𝑏𝑎𝑡𝑡 is known to 
increase battery degradation [21,22]. Furthermore, with 𝛥𝑇𝑏𝑎𝑡𝑡 con-
strained; the heat transfer rate from the battery is limited by 𝑄̇ =
𝑏𝑎𝑡𝑡



A.J. Piggott et al. Applied Thermal Engineering 272 (2025) 126347 
Fig. 3. Prismatic can battery showing equivalent resistance electrical–thermal analogy model.(a) for the battery alone (b) adding a cooling system.
Source: CC-BY image modified from [14].
𝛥𝑇𝑏𝑎𝑡𝑡∕𝑅𝑡ℎ. As a result, any strategies aimed at enhancing ℎ𝑏𝑎𝑡𝑡 or 𝐴𝑏𝑎𝑡𝑡
to subsequently increase 𝛥𝑇𝑏𝑎𝑡𝑡 become largely similar in terms of heat 
removal rate.

In contrast to the increased 𝛥𝑇𝑏𝑎𝑡𝑡 approach, the research herein fo-
cuses on reducing 𝑅𝑡ℎ 𝑏𝑎𝑡𝑡. The thermal resistance of a three-dimensional 
rectangular cuboid, such as certain battery formats, is defined by the 
equation 𝑅𝑡ℎ 𝑏𝑎𝑡𝑡 = 𝐿∕𝑘𝐴. As illustrated in Fig.  2e, 𝐿 represents the 
battery’s thickness in the direction of heat transfer, while 𝐴 is the area 
perpendicular to the direction of heat flow.

Typically, batteries rely on the lower thermal conductivity of the 
cross-plane heat transfer path to dissipate heat. In this approach, 𝐿
is minimized, and 𝐴 is maximized to reduce 𝑅𝑡ℎ 𝑏𝑎𝑡𝑡. More recently, 
electric vehicles using pouch cells have adopted battery edge cooling, 
where the smaller edge, rather than the larger face of the pouch cell, 
is interfaced with a cooling plate heat exchanger. This configuration 
transfers heat through the higher thermal conductivity in-plane direc-
tion. Research comparing the thermal performance of high 𝑘 in-plane 
thermal management to cross-plane methods [22] has revealed sev-
eral significant advantages of in-plane methods, including a sevenfold 
reduction in capacity loss, a 66% reduction in costs, and a threefold 
increase in battery life. However, these studies did not address the 
impact of reducing the battery’s thermal resistance, and as the current 
needs of battery thermal management show, these methods have not 
yet achieved the desired results.

To summarize, current batteries optimize 𝐿 and 𝐴 to reduce 𝑅𝑡ℎ 𝑏𝑎𝑡𝑡
by utilizing low 𝑘 cross-plane heat transfer. Some applications have 
explored edge cooling and tab cooling to investigate the effects of 
high 𝑘 in-plane heat transfer. However, no studies have focused on the 
simultaneous optimization of 𝐿 and 𝐴 for a battery using the high 𝑘
in-plane heat path to reduce 𝑅𝑡ℎ 𝑏𝑎𝑡𝑡 and, in turn, increase 𝑄̇𝑏𝑎𝑡𝑡.

This work is novel in its approach by addressing this gap and 
focusing on the combined optimization of 𝐿 and 𝐴 with high 𝑘 in-plane 
heat transfer to directly reduce thermal resistance and improve battery 
thermal performance.

1.2. Research objective

The aim of this work is to quantify, the effect on 𝑄̇𝑏𝑎𝑡𝑡 of employing 
optimized 𝐿 and 𝐴 (Optimized aspect ratio) for a battery that takes 
advantage of high-k in-plane heat transfer. The cell format for this 
study is a prismatic can cell. The in-plane heat transfer for this work is 
enabled by a novel and mass-producible heat transfer design shown in 
Fig.  4. This design is specifically engineered to maximize heat transfer, 
differentiating it from conventional in-plane cooling methods like tab 
or edge cooling, which are essentially new applications of existing 
3 
battery technologies. Batteries utilizing this advanced heat transfer 
design will be designated as high-heat transfer (HHT) batteries. HHT 
batteries also recognized under the trademark ParaThermic® battery 
technology [23].

1.3. HHT battery design & assembly procedure

Although Fig.  4 is designed to illustrate the HHT battery technology, 
it is helpful to first understand the assembly process of conventional 
battery technology. The process begins with Fig.  4a, which shows a 
prismatic battery cell without its case. In this stage, the current collec-
tors are shown arranged, trimmed, and compressed at each end of the 
battery cell. For the time being, we will set aside the steps depicted in 
Fig.  4b through d. Moving on, the next step in the conventional battery 
assembly, shown in Fig.  4e and f, involves sliding the terminal assembly 
over the current collectors and ultrasonically welding it in place. Once 
the weld is complete, the battery and terminal assembly, (excluding 
the thermal connectors, for now), are inserted into the battery case, as 
shown in Fig.  4g. Finally, the lid is laser-welded to the battery case. In 
contrast to this conventional battery, the assembly process for the HHT 
battery will now be discussed.

The process for the HHT battery again begins with a prismatic 
battery cell format depicted in Fig.  4a as previously discussed. An ex-
truded aluminum ‘‘thermal connector’’, also identified by the trademark 
ThermalConnect® is presented in Fig.  4b. These thermal connectors 
are ultrasonically welded to one or both of the compressed current 
collectors illustrated in Fig.  4a, creating a very low thermal resis-
tance conduction heat path to the thermal connector from the battery 
cell. While the connectors have an ideal design, they have not yet 
been mathematically optimized for minimal material use or maximum 
heat transfer. The thermal connectors are coated with a dielectric 
layer engineered for high adhesion and wear resistance. Although the 
connectors are stationary and not subject to wear, the coating is well-
suited for demanding applications such as engine components and 
other mechanical parts. This characteristic suggests that the connectors 
offer greater durability than current battery edge cooling designs, 
particularly in preventing short circuits. The images in Fig.  4c and d 
show the battery cell after the thermal connectors have been added. 
These connectors are designed to create a conduction heat transfer 
pathway with minimal thermal resistance, efficiently directing heat 
from the battery’s in-plane heat transfer layers to the battery case. The 
thermal connectors effectively bridge the thermal gap that would exist 
in a conventional battery that is lacking such thermal connectors. The 
connectors occupy the space that is empty in the conventional battery, 
therefore the energy density of the HHT cell remains unaffected. Fig. 
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Fig. 4. HHT battery design elements and assembly steps (a) Prismatic battery cell with compressed and trimmed current collectors (b) Extruded aluminum ‘‘thermal connector’’ 
with dielectric coating (c) Thermal connectors ultrasonically or laser welded compressed current collectors close up view (d) Both thermal connectors attached (e) Electrical terminal 
assembly alignment (f) Ultrasonic weld terminal assembly to thermal connector non-coated portion (g) Lower cell, thermal and electrical assembly into case (h) Laser weld lid to 
case.
4e shows the alignment of the electrical terminal assembly with the 
battery, while Fig.  4f illustrates the terminal assembly being positioned 
over the thermal connectors, where it is affixed to the non-electrically 
insulated portion through a method such as ultrasonic welding. Once 
the thermal connectors and terminal assembly are secured, the battery 
sub-assembly is placed into the battery case, as depicted in Fig.  4g, with 
a thin layer of thermal interface material applied between the case and 
thermal connectors to enhance heat transfer. Finally, to complete the 
assembly, the lid shown in Fig.  4h is laser welded to the battery case, 
effectively sealing the cell.

HHT technology sets itself apart from other in-plane heat trans-
fer methods, such as edge cooling or tab/terminal cooling, with its 
innovative engineered design and a specific emphasis on enhanced 
thermal performance. By leveraging in-plane heat transfer, HHT allows 
for optimized battery cell geometry that significantly reduces battery 
thermal resistance, achieving greater efficiency than is possible with 
optimized cross-plane geometry due to the high thermal conductiv-
ity in the in-plane direction. Thermal resistances in the components 
are minimized by reducing the thickness of low thermal conductivity 
coating layer. Interfacial contact resistances are further minimized by 
maximizing contact area and ensuring metal-to-metal contact. When 
applied to prismatic can cells, this design transforms the thermal gap 
within the cell into a thermal bridge, enabling heat to flow freely to 
the case surface, where it can be effectively dissipated by the thermal 
management system.

In this context, HHT technology is applied to prismatic cells. When 
used with pouch cells, an added benefit is the formation of a rigid 
thermal interface between the battery cell and the heat exchanger. This 
reduces the need for thick thermal interface material and could enhance 
heat transfer compared to the flexible interface found in edge cooling.

2. Methods

2.1. Modeling overview

A steady-state equivalent resistance electrical–thermal analogy
model (Fig.  5b) is developed for a conventional prismatic battery. 
The target conventional battery studied herein is a 25 Ah automotive 
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battery cell by SANYO PANASONIC (Fig.  5a). This is a lithium-ion cell 
with nickel–manganese–cobalt (NMC)/graphite chemistry [24].

The conventional battery equivalent circuit model is solved symbol-
ically for voltages which are equivalent and analogous to temperatures. 
The resultant center and surface temperatures are compared and vali-
dated against the results of an experiment and model available in the 
literature [24] with excellent agreement.

A detailed resistive circuit, representing the thermal connector tech-
nology and other associated thermal resistances, is incorporated into 
the validated conventional model to develop the HHT battery model.

To compare the thermal performance of the conventional and HHT 
batteries, each resistance in the equivalent resistance circuit is modeled 
as a function of the battery’s aspect ratio. This approach enables the 
calculation of thermal performance across a range of aspect ratios for 
both conventional and HHT battery types, while maintaining a constant 
internal case volume.

Boundary conditions applied are base cooling (face 3, Fig.  5b) for 
the conventional battery and cooling two sides (face 5 and face 6, Fig. 
5b) for the HHT battery. Base cooling thermal resistance for forced 
air, flowing liquid, refrigerant and constant temperature are modeled. 
Battery performance (temperatures and maximum heat removal rate) 
for both conventional and HHT batteries are compared under various 
heat transfer coefficient boundary conditions under variable heat load 
for a range of battery aspect ratios. Side cooling is selected for the 
HHT battery because it minimizes the thermal resistance path and 
provides superior thermal performance. For the conventional battery, 
base cooling is chosen due to its widespread use and recognition 
as a standard method for cooling prismatic cells, which allows for 
a meaningful comparison with the HHT battery that is likely to be 
familiar to a broad audience.

Eq. (2) defines the thermal resistance for many of the resistors 
modeled in Fig.  5b and will be referenced herein frequently. 

𝑅𝑡ℎ =
𝐿ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟

𝑘𝐴ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟
(2)

Here 𝐿 is equal to the length of heat transfer conduction in a specific 
battery component, 𝑘 is equal to bulk average thermal conductivity of 
the component in the direction of heat transfer and 𝐴 is equal to the 
heat transfer area perpendicular to the direction of heat flow.
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Fig. 5. (a) Target battery cell for modeling. 25 Ah automotive battery cell by SANYO PANASONIC. A lithium-ion cell with nickel–manganese–cobalt (NMC)/graphite chemistry. 
Image credit [24] (b) Electrical–thermal analogy model of a HHT battery. The model represents target conventional battery upon removal of R6.
2.2. Equivalent resistance model

Equivalent resistance modeling, or electrical/thermal analogy mod-
eling, was chosen for the thermal model because it is known for 
its speed and accuracy in simulating thermal behavior, allowing for 
efficient analysis of temperature within the battery. [25]. Fig.  5b is 
an image of the equivalent resistance electrical–thermal analogy model 
for the HHT battery. Upon removal of R6, this model represents the 
conventional battery thermal behavior. With this equivalent circuit 
model, electrical resistances are equivalent to thermal resistances. The 
current source at the center of the battery is equivalent to uniform heat 
generation in the battery and the voltage source is equal to the ambient 
temperature. Node voltages are equivalent to temperatures.

To reduce the computational power required to solve for the node 
voltages in the equivalent circuit model and to further increase the 
speed, the number of nodes and resistors is minimized. This is achieved 
by applying geometric symmetry, which allows parallel or series re-
sistors to be simplified into a single equivalent resistance wherever 
possible.

The nodes 𝑛1 through 𝑛6 of the model in Fig.  5b represent the 
temperatures at various locations. For example, 𝑛1 is the temperature at 
the center of the battery cell, 𝑛2 is the temperature of the internal center 
of aluminum case face 1, 𝑛3 is the internal temperature at the center 
of case face 3, 𝑛4 is the temperature between the battery side heat 
exchanger and a vehicle side radiator, 𝑛5 is the ambient temperature, 
𝑛6 is the internal temperature of the battery case face 5 and 𝑛7 is the 
internal temperature of the case in face 4 at the top of the battery.

Each of the resistances shown in Fig.  5b represents a thermal 
resistance. These thermal resistances are the resistance of the battery 
cell, battery case, thermal connectors, electrolyte, film wrap, cooling 
method boundary condition or heat exchanger.

Since the thermal resistances are known based on geometry and 
material properties, the circuit must be solved for the node point 
voltages/temperatures. To accomplish this, two main software tools 
were used. Specifically, Symbolic Circuit Analysis in MATLAB® (SCAM 
tool) [26]. The process of using the SCAM tool is to first draw the circuit 
using a Simulation Program with Integrated Circuit Emphasis (SPICE) 
software. After the circuit is drawn, the SPICE program is used to output 
a netlist. The netlist is a file that contains all the electronic components 
of the circuit, the nodes and how the circuit is connected. The netlist 
is an input to the SCAM tool. The SCAM tool then solves the circuit 
symbolically for the node voltages. The output of the SCAM tool is a list 
of equations for each node voltage. These node voltages are dependent 
on the resistances (thermal resistances) in the circuit, the current source 
(heat generation) and voltage source (ambient temperature).

2.3. Determination of each thermal resistance

To facilitate the recreation of the model and ensure reproducibility 
of the work, the following sections provide a detailed description of 
how each thermal resistance in the circuit of Fig.  5b is modeled, along 
with the assumptions made.
5 
2.3.1. 
R1 is the sum of 𝑧-axis resistances through the battery cell and case. 

These resistances R1a through R1e are shown in detail in Fig.  6a and 
include the cell rectangular cuboid portion, cell rounded bottom half 
cylinder portion, cell film wrap, cell electrolyte and half of the battery 
case. 
𝑅1 = 𝑅1𝑎 + 𝑅1𝑏 + 𝑅1𝑐 + 𝑅1𝑑 + 𝑅1𝑒 (3)

R1a, is the in-plane thermal resistance of the battery cell for the 
portion of the cell shaped like a rectangular cuboid. To model the 
thermal resistance R1a, Eq. (2) is utilized. The heat transfer length 
for Eq.  (2) is equal to 𝐻 ′∕2 where 𝐻 ′ = 𝐻−𝑇 , as defined in Fig.  6a. The 
heat transfer area for Eq.  (2) is equal to 𝐿 × 𝑇 ′. Thermal conductivity, 
𝑘1 is of the cell in this direction is in-plane heat flow. 

𝑅1𝑎 =
𝐻 ′

2
𝑘1 (𝐿 × 𝑇 ′)

(4)

R1b, is the thermal resistance of the semicircle cross-section geom-
etry rounded cell bottom in Fig.  6a. Or in 3D, the half cylinder in Fig. 
7b. The radius of the semicircle is 𝑟1 = 𝑇 ∕2 − 𝜀.

The battery is wrapped in an acrylic film with thickness, 𝜀. The 
semi-circle cross-section cell bottom consists of battery layers extending 
radially per Fig.  2d. The thermal conductivity of the layers in-plane 
and axially is 30.8 W(mK)−1 [12] and thermal conductivity cross-plane 
through the layers is 0.95 W(mK)−1 [12].

All of the thermal resistances in this section were solved analyt-
ically, except for R1b. Due to the complex geometry of the layered 
battery structure and the way the layers are wound into the ‘‘jelly roll’’, 
CFD analysis was used to calculate R1b. Specifically, STAR-CCM+ is 
used to model the thermal resistance of semi-circle cross-section portion 
of the battery cell. This is shown in the CFD model of Fig.  7b. Here a 
constant thermal heat flux of 𝑄 = 2018 Wm−2 is applied to the large 
flat surface of the half-cylinder geometry. This is equivalent to 6 W 
spread evenly across the surface of the rectangular battery cell cross-
section. This is a realistic value [24], however, since the simulation is 
determining thermal resistance in 𝐾∕𝑊 , and the 𝐾 is proportional to 
𝑊 , any value for 𝑊  could be used. A constant temperature T2 = 25 ◦C
is applied to the full rounded portion of the half cylinder. The two small 
semicircles at each end are considered adiabatic. The resultant average 
temperature of the top flat surface in combination with the constant 
average temperature rounded surface are used to calculate 𝛥𝑇 . The heat 
flux Q and area of the flat surface, (2𝑟1

)

(𝐿) is used to calculate 𝑄̇. T1 
is the average resultant flat side temperature that is 33.4 ◦C. Finally, 
the thermal resistance is calculated using Eq. (5). 

Thermal Resistance = 𝛥𝑇
𝑄̇

=
𝑇1−𝑇 2
2𝑄𝐿𝑟1

(5)

For the target and validation condition, L is equal to 123 mm and 𝑟1
is per Table  1. This thermal resistance of Eq.  (5) in KW−1 is modeled for 
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Fig. 6. (a) z–x plane section cut view of battery cell thermal resistances and dimensions for thermal resistance models. (b) z–y plane section cut view of battery cell thermal.

Fig. 7. (a) Battery section view with enlarged image showing electrolyte area broken down into a rectangular portion and a circular portion for thermal resistance calculation as 
well as section view of CFD target semicircular portion. (b) Battery semicircle cross-section bottom CFD analysis boundary conditions and resultant temperature distribution.
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Table 1
Property values and dimensions used in simulations. 
 Characteristic Item Symbol Value Source  
 

Thermal conductivity [W/mK]

In-plane cell 𝑘1 30.8 Lundgren et al. [12]  
 Acrylic film 𝑘2 0.18 Lundgren et al. [12]  
 Electrolyte 𝑘3 0.6 Kleiner et al. [24]  
 Aluminum 𝑘4 238 Lundgren et al. [12]  
 Cross-plane cell 𝑘5 0.95 Lundgren et al. [12]  
 Copper–aluminum average 𝑘6 319 [12]  
 Dielectric coating 𝑘7 2.5 Proprietary  
 Thermal paste 𝑘8 4.4 [27]  
 
Thickness [m]

Electrolyte 𝜌 4.0 × 10−4 [24]  
 Dielectric coating 𝜈 2.0 × 10−5 Proprietary  
 Thermal paste 𝜎 5.08 × 10−5 None  
 Acrylic film 𝜖 3.5 × 10−4 Lundgren et al. [12]  
 Interfacial resistance [W/mK] Thermal paste 𝜆 6.3 × 10−6 Narumanchi et al. [27] 
 Thermal connector to current collector 𝛾 2.0 × 10−5 Narumanchi et al. [27] 

 
Multiplier [%]

Thermal Connector contact to case area 150  
 Thermal connector width (% of battery thickness) 8.5  
 Collector thickness (% of cell thickness) 24  
 Collector length (% of current collector thickness) 109  
 Volume [m3] Rectangular cuboid around cell (not case volume) 𝑉 2.2278 × 10−4 Lundgren et al. [12]  
 Aspect ratio Target cell height-to-length 𝐻∕𝐿 0.6544 Lundgren et al. [12]  
 Target cell thickness-to-length 𝑇 ∕𝐿 0.1829 Lundgren et al. [12]  
 

Cell and case dimensions [m]

Cell thickness with acrylic film 𝑇 0.0225 Lundgren et al. [12]  
 Cell thickness without acrylic film 𝑇 ′ 0.0218 Lundgren et al. [12]  
 Cell height with rounded ends and acrylic film 𝐻 0.0805 Lundgren et al. [12]  
 Cell height without rounded ends 𝐻 ′ 0.058 Calculated  
 Cell height without acrylic film 𝐻 ′′ 0.0798 Calculated  
 Cell length 𝐿 0.123 Lundgren et al. [12]  
 Case inner length 𝐿′ 0.144 Lundgren et al. [12]  
 Case material thickness 𝛽 0.0001 Lundgren et al. [12]  
 Radius of battery rounded end without acrylic film 𝑟1 0.0109 Calculated  
 Radius of battery rounded end with acrylic film 𝑟2 0.01125 Calculated  
several combinations of 𝐿 and 𝑟1 then fitted with an exponential curve 
fitter. The result of the fit is Eq. (6). The fit has an 𝑅2 value equal to one.
𝑅1𝑏 = 169.506𝐿−1 (6)

Eq. (6) is developed with dimensions between 16 and 600 mm and 
the input for 𝐿 needs to be in millimeters. The thermal resistance of Eq. 
(6) is only a function of length (𝐿). This is because in Eq.  (5) 𝛥𝑇  scales 
exactly proportional to 𝑟1, so those terms along with Q are essentially 
constants

R1c is the cell film wrap. The battery cell is wrapped with a film 
that adds thermal resistance to R1. The thermal resistance of the film is 
calculated with Eq. (2). Heat transfer length for Eq.  (2) is the thickness 
of the film, 𝜀. Heat transfer area for Eq.  (2) is the area calculated by the 
circumference of the half circle with radius 𝑟1 times the cell length, 𝐿. 
This is 2𝜋 𝑟1

2 × 𝐿. Thermal conductivity of the film is 𝑘2. Using Eq. (2), 
the thermal resistance of R1c is: 
𝑅1𝑐 = 𝜀

𝑘2
(

2𝜋 𝑟1
2 × 𝐿

) (7)

R1d is the thermal resistance of the rest electrolyte in the bottom 
of the cell. The electrolyte volume in the cell was measured [24] and 
contained enough volume to completely fill the electrolyte area shown 
in Fig.  7a. To model the thermal resistance, the electrolyte is treated 
as a solid body with no convection per [24] with properties shown 
Table  1. For simplicity, the electrolyte area is broken down into two 
portions geometrically. One is a semicircular cross-section portion and 
one a rectangular cross-sectional portion. The rectangular portion has 
a heat transfer length for Eq.  (2) in the 𝑧-direction of 𝜌 which is the 
distance between the bottom semicircular rounded bottom portion of 
the cell and the battery case. The heat transfer area for Eq.  (2) for the 
rectangular electrolyte portion is found as 𝑇 × 𝐿. 
𝑅𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒 =

𝜌 (8)

𝑘3 (𝑇 × 𝐿)

7 
To find the thermal resistance of the semi-circular electrolyte por-
tion, the heat transfer length is found by averaging the height of 
electrolyte using Eq. (8). 

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 𝑅𝑜𝑢𝑛𝑑𝑒𝑑 𝑃𝑜𝑟𝑡𝑖𝑜𝑛 𝐻𝑒𝑖𝑔ℎ𝑡𝐴𝑣𝑒𝑟𝑎𝑔𝑒 =
1
8
(4 − 𝜋) 𝑇 (9)

With a heat transfer area for Eq.  (2) equal to 𝑇 × 𝐿, the result is 
Eq. (10). Here 𝑘3 is the electrolyte thermal conductivity. 

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 𝑇 ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑅𝑜𝑢𝑛𝑑𝑒𝑑 𝑃𝑜𝑟𝑡𝑖𝑜𝑛 =
1
8 (4 − 𝜋) 𝑇

𝑘3𝐿𝑇
=

1
2 − 𝜋

8
𝑘3𝐿

(10)

Finally, the equation for R1d is as follows: 

𝑅1𝑑 =
𝜌

𝑘3 (𝑇 × 𝐿)
+

1
2 − 𝜋

8
𝑘3𝐿

(11)

R1e is the thermal resistance in face 3 of the battery case in the 
𝑧-axis direction. This resistance is the computed with Eq. (2). The heat 
transfer length is half the thickness of the battery case, 𝛽∕2. The heat 
transfer area is (𝑇 ) (𝐿′), and thermal conductivity for the aluminum 
case is 𝑘4. 

𝑅1𝑒 =
𝛽∕2

𝑘4 (𝑇𝐿′)
(12)

2.3.2. 
R2 of Fig.  5b is the summation of R2a (cell cross-plane), R2b (film 

wrap) and R2c (case) shown in Fig.  6a. R2a is the thermal resistance of 
the battery cell in the 𝑥-direction which is cross-plane to the layers in 
the battery cell. The one half is added because R2 is the equivalent 
resistance of two parallel resistances but one is being used due to 
symmetry 

𝑅2 = 1 (𝑅2𝑎 + 𝑅2𝑏 + 𝑅2𝑐) (13)

2
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R2a is the cell cross-plane thermal resistance in the 𝑥-direction for 
the portion of the cell that is the shape of a rectangular cuboid. The heat 
transfer length in the 𝑥-direction is equal to 𝑇2 −𝜖. The heat transfer area 
for Eq.  (2) is equal to 𝐿× 𝐻 ′. Here 𝐻 ′ = 𝐻 − 𝑇 . Thermal conductivity 
for Eq.  (2) in the cross-plane direction is 𝑘5. 

𝑅2𝑎 =
𝑇
2 − 𝜀

𝑘5 (𝐿 × 𝐻 ′)
(14)

The acrylic film wrap (𝑅2𝑏) adds additional thermal resistance to 
the R2. The heat transfer length for R2b is 𝜖, the film thickness. The 
heat transfer area for Eq.  (2) is equal to 𝐻 ′ ×𝐿. Thermal conductivity 
of the acrylic film is, 𝑘2. With Eq. (2), R2b is: 

𝑅2𝑏 = 𝜀
𝑘2 (𝐻 ′ × 𝐿)

(15)

R2c is the thermal resistance into face 1 of the battery case in the 
𝑥-direction. The heat transfer length for Eq.  (2) is half the material 
thickness of the aluminum battery case which is 𝛽∕2. The heat transfer 
area is equal to 𝐻 ′ × 𝐿. And thermal conductivity for aluminum, 𝑘4. 

𝑅2𝑐 =
𝛽∕2

𝑘4 (𝐻 ′ × 𝐿)
(16)

2.3.3. 
R3 consists of two resistors R3a and R3b that model the thermal 

resistance of the battery case. These two are connected electrically in 
series. R3a is located in face 1 running in the 𝑧-direction and R3b is 
in face 3 running in the 𝑥-direction. The 1∕2 is added due to model 
symmetry simplification. 

𝑅3 = 1
2
(𝑅3𝑎 + 𝑅3𝑏) (17)

R3a is the thermal resistance in the 𝑧-direction in Face 1 of the 
aluminum battery case. Eq. (2) is used to model the thermal resistance 
of R3a. The heat transfer length is 𝐻 ′∕2 + 𝛽∕2. The heat transfer area 
for Eq.  (2) is (𝐿′ + 2𝛽

)

× 𝛽. Thermal conductivity of aluminum is 𝑘4. 
With these, thermal resistance is Eq. (18). 

𝑅3𝑎 =
𝐻
2 + 𝛽

2
𝑘4 ((𝐿′ + 2𝛽) × 𝛽)

(18)

R3b is the thermal resistance in face 3 of the battery case in the 
𝑧-direction. To model R3b, Eq. (2) is utilized. The heat transfer length 
for R3b is 𝑇 ∕2 + 𝛽∕2. The heat transfer area is (𝐿′ + 2𝛽

)

× 𝛽, thermal 
conductivity of aluminum is 𝑘4. With these, thermal resistance, R3b is 
Eq. (19). 

𝑅3𝑏 =
𝑇
2 + 𝛽

2
𝑘4 ((𝐿′ + 2𝛽) × 𝛽)

(19)

2.3.4. 
R4 of Figs.  5b and 7b consists of two resistors in series, R4a and 

R4b. These consist of the face 3 bottom of case in the 𝑧-direction 
and the cooling method resistance/boundary conditions. R4b is only 
used for the conventional battery cooling model except for the target 
battery conventional modeling validation condition which is a constant 
temperature boundary condition and therefore R4 is equal to zero. 
The other boundary conditions used for R4 are forced convection with 
air, forced liquid cooling and refrigerant cooling. For forced air, it 
is assumed the air acted directly on the battery cell. For liquid and 
refrigerant, the same assumption is made as the heat exchanger thermal 
resistance is known to be very small [24]. 
𝑅4 = 𝑅4𝑎 + 𝑅4𝑏 (20)

R4a is the thermal resistance in face 3 which is the bottom of the 
case in the 𝑧-direction. To model R4a, Eq. (2) is utilized. The heat 
transfer length for R4a is 𝛽∕2. The heat transfer area for Eq.  (2) is 
8 
(𝑇 + 2𝛽)×
(

𝐿′ + 2𝛽
)

. Thermal conductivity of aluminum is 𝑘4. With this, 
Eq. (2) is: 

𝑅4𝑎 =
𝛽
2

𝑘4 ((𝑇 + 2𝛽) × (𝐿′ + 2𝛽))
(21)

R4b is the convection boundary thermal resistance and is modeled 
using Eq. (22). Here h is the heat transfer coefficient and A is the area 
the heat transfer coefficient is acting upon. For R4a, the area is the 
bottom of the battery case is (𝑇 + 2𝛽) ×

(

𝐿′ + 2𝛽
)

. 

𝑅4𝑏 = 1
ℎ𝐴

= 1
ℎ ((𝑇 + 2𝛽) × (𝐿′ + 2𝛽))

(22)

The heat transfer coefficient for forced air is 25 W/m-2K-1 [28], 
390 W/m-2K-1, [28] for liquid cooling and 1740 W/m-2K-1 [29,30] 
for refrigerant.

2.3.5. 
R5 is the sum of thermal resistances R5a and R5b in the aluminum 

battery case. R5a is located in face 1 of the aluminum battery case in 
the 𝑦-direction. And R5b face 5 in the 𝑥-direction. The 1∕4 in Eq.  (23) 
below is added due to model symmetry which uses the equivalence law 
of parallel resistors of equal value. 

𝑅5 = 1
4
(𝑅5𝑎 + 𝑅5𝑏) (23)

R5a is the thermal resistance in the case, face 1 in the 𝑦-direction. 
To model R5a, Eq. (2) is utilized. The heat transfer length for Eq.  (2) 
is 𝐿′∕2 + 𝛽∕2. The heat transfer area for Eq.  (2) is 𝛽 × (𝐻 + 2𝛽). The 
thermal conductivity of aluminum, 𝑘4 is used. Therefore, R5a is: 

𝑅5𝑎 =
𝐿′∕2 + 𝛽∕2

𝑘4 (𝛽 × (𝐻 + 2𝛽))
(24)

R5b is the thermal resistance in face 5 of the battery case in the 
𝑥-direction. The modeling process for R5b is to again use Eq. (2). The 
heat transfer length for Eq.  (2) is 𝑇 ∕2 + 𝛽∕2. The heat transfer area 
is (𝐻 + 2𝛽) 𝛽. Here 𝑘4 is the thermal conductivity of aluminum. The 
thermal resistance is: 

𝑅5𝑏 =
𝑇 ∕2 + 𝛽∕2

𝑘4 ((𝐻 + 2𝛽) 𝛽)
(25)

2.3.6. 
R6 captures the thermal resistance of the battery cell in-plane, ther-

mal connector and case resistance. For conventional batteries there is a 
thermal gap between the battery cell and case and thus no appreciable 
𝑦-direction heat flow. Therefore, for the conventional model R6 is ∞. 
For the HHT model, the modeling of R6 is discussed below.

Section D-D of Fig.  8 shows a cross-section of a prismatic HHT 
battery. This section shows the x–y plane of the battery cell and case. 
Thermal resistances are shown drawn through the in-plane direction of 
the battery cell, uncompressed current collectors, compressed current 
collector, interfacial resistance between compressed current collec-
tor and thermal connector, thermal connector, electrically insulative 
coating on thermal connector, thermal paste, interfacial thermal resis-
tances, and battery case. The 1∕2 coefficient is added due to symmetry 
assumptions in the model.

The dimensions shown in Fig.  8 are all scaled from the battery 
cell thickness 𝑇 . As 𝑇  varies in the model, each thermal connector 
dimension shown scales to keep the thermal connector dimensions 
proportional to 𝑇 . For example, the compressed current collector is 
always 24% of 𝑇  as 𝑇  varies. Other dimensions have a second scaling 
factor; for instance, the dimension 1.09×(24%)×𝑇  shows the dimension 
as 9% of the compressed current collector, which was previously scaled 
from 𝑇 . 
𝑅6 = 1

2
(𝑅6𝑎 + 𝑅6𝑏 + 𝑅6𝑐 + 𝑅6𝑑 + 𝑅6𝑒+

𝑅6𝑓 + 𝑅6𝑔 + 𝑅6ℎ + 𝑅6𝑖 + 𝑅6𝑗 + 𝑅6𝑘 + 𝑅6𝑙 + 𝑅6𝑚)
(26)
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Fig. 8. Section D-D showing R2, R5a, R5b, R6, R7, R9, thermal connector thermal resistances, and dimensions and scaling factors.
R6a is the thermal resistance of the battery cell in-plane in the 𝑦-
direction of heat flow. For Eq.  (2), the heat transfer length is one half of 
the length of the battery cell or L/2. The heat transfer area for Eq.  (2) is 
the summation of the area of two semicircular ends of the battery and 
the rectangular cuboid center which is 𝜋 𝑟21 +

(

𝐻 ′) (𝑇 ′). The thermal 
conductivity is that of the cell in-plane which is 𝑘1. R6a is: 

𝑅6𝑎 =
𝐿∕2

𝑘1
(

𝜋 𝑟21 + (𝐻 ′) (𝑇 ′)
) (27)

R6b is the thermal resistance of the uncompressed current collector. 
The heat transfer length for R6b from Fig.  8 is 1∕2 (1∕2 × 0.24 × 𝑇 ). 
Here an additional 1∕2 is added outside the parenthesis because the 
distance is half of the defined distance on the drawing of (1∕2 × 0.24
× 𝑇 ). The heat transfer area for R6b is (𝑇 ×𝐻). Because there are 
two R6b in parallel, the law of parallel resistors says the equivalent 
resistance of two equal value resistor is one half the original value. 
Therefore, an additional 1∕2 is placed in front of the equation for 
thermal resistance shown in Eq.  (28). The thermal conductivity of 
the compressed current collector will either be aluminum or copper, 
depending on the side of the battery. Since the principle of symmetry is 
being use, the thermal resistance model uses an average of the thermal 
conductivity of aluminum and copper, 𝑘6. 

𝑅6𝑏 =
( 1
2

)

(

1
2

)(

1
2 × 0.24 × 𝑇

)

𝑘6 (𝑇 × 𝐻)
(28)

R6c is the thermal resistance of the uncompressed current collectors. 
For R6c, the heat transfer length is (1∕4) 𝑇 . The heat transfer area is 
𝐻 (1∕2 × 0.24 × 𝑇 ). Since there is an identical resistor in parallel, 
thermal resistance using Eq. (2) for R6b becomes Eq. (29). Per the 
description of R6b, the thermal conductivity is 𝑘6. 

𝑅6𝑐 =
( 1
2

)

(

1
4

)

𝑇

𝑘6
(

𝐻
(

1
2 × 0.24 × 𝑇

)) (29)

R6d is an identical resistance to R6b but is modeled with one 
resistor rather than two. 
𝑅6𝑑 = 𝑅6𝑏 (30)

R6e is the thermal resistance of the compressed current collector. 
The heat transfer length for R6e is 1∕2 (1∕2 × 0.24 × 𝑇 ) per Fig.  8. 
The heat transfer area for R6e is (0.24 × 𝑇 × 𝐻). Along with the 
uncompressed current collector, the compressed current collector also 
uses a thermal conductivity that is the average copper and aluminum, 
𝑘6. Using Eq. (2), R6e is: 

𝑅6𝑒 =
1∕2 (1∕2 × 0.24 × 𝑇 )
𝑘 (0.24 × 𝑇 × 𝐻)

(31)

6

9 
R6f is the thermal resistance of the 𝑥-direction heat flow in the 
compressed current collector. The heat transfer length for R6f is 1∕4
(0.24 × 𝑇 ).

The heat transfer area is 𝐻 (1∕2 × 0.24 × 𝑇 ). The thermal conduc-
tivity is 𝑘6. R6f has an identical resistance in parallel, and therefore due 
to the laws of parallel resistors, Eq. (2) is. 

𝑅6𝑓 = 1
2

(

1∕4 (0.24 × 𝑇 )
𝑘6 (𝐻 (1∕2 × 0.24 × 𝑇 ))

)

(32)

R6g is the interfacial thermal resistance between thermal connector 
and the compressed current collector. Although interfacial resistance of 
an ultrasonic weld may be ideal for this connection between thermal 
connector and the compressed current collector, there was no reference 
found for thermal interface resistance for an ultrasonically welded 
aluminum/aluminum or aluminum/copper. Therefore, the interfacial 
resistance of a bolted joint is used. Because interfacial resistance for an 
ultrasonic weld may be lower than a bolted joint, a HHT battery may 
show increased performance when modeled with an ultrasonic weld. 
The interfacial area for the joint is equal to 2 × ((1.09 × 0.24 × 𝑇 )𝐻). 
The factor of two is used because the weld exists on both side of the 
compressed current collector. Here 𝛾𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 represents the interfacial 
resistance in m2 K(W)−1. Thermal resistance is modeled multiplying 
one over the area times the interfacial resistance which give thermal 
resistance in KW−1. 
𝑅6𝑔 =

𝛾𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
2 × ((1.09 × 0.24 × 𝑇 )𝐻)

(33)

R6h is the 𝑥-direction thermal resistance in the connector portion of 
thermal connector. The heat transfer length for R6h is 1∕2 (𝑇 ∕12). The 
heat transfer area is (1.09 × 0.24 × 𝑇 )𝐻 . The thermal conductivity is 
that of aluminum, 𝑘4. R6h has an identical resistor in parallel, therefore 
using Eq. (2), the thermal resistance, R6h is: 

𝑅6ℎ =
( 1
2

) 1∕2 (𝑇 ∕12)
𝑘4 ((1.09 × 0.24 × 𝑇 )𝐻)

(34)

R6i is the 𝑦-direction thermal resistance in the connector por-
tion of thermal connector. The heat transfer length of for R6i is 1∕2
(1.09 × 0.24 × 𝑇 ). The heat transfer area is (𝑇 ∕12)𝐻 . The thermal 
conductivity is that of aluminum, 𝑘4. There is an identical resistor in 
parallel with R6i and therefore Eq. (2) is: 

𝑅6𝑖 =
( 1
2

) 1∕2 (𝑇 ∕12)
𝑘4 ((1.09 × 0.24 × 𝑇 )𝐻)

(35)

R6j is the non-connector portion of thermal resistance of thermal 
connector in the 𝑦-direction. The heat transfer length is 1∕2 (0.085 ×
𝑇 ). The heat transfer area is (𝑇 ) (𝐻). The thermal conductivity is that 
of aluminum, 𝑘4. Using Eq. (2), R6j is: 

𝑅6𝑗 =
1∕2 (0.085 × 𝑇 ) (36)
𝑘4 (𝑇 ) (𝐻)



A.J. Piggott et al. Applied Thermal Engineering 272 (2025) 126347 
R6k is the non-connector portion of thermal resistance of thermal 
connector in the 𝑥-direction. The heat transfer length for Eq.  (2) is 
1∕4 (𝑇 ). The heat transfer area for Eq.  (2) is 0.0850𝑇 × 𝐻 . The thermal 
conductivity is that of aluminum, 𝑘4 There is an identical resistor in 
parallel, so Eq. (2) is: 

𝑅6𝑘 = 1
2

(

1∕4 (𝑇 )
𝑘4 (0.0850𝑇 × 𝐻)

)

(37)

R6l is the second half of the thermal resistance of the non-connector 
portion of thermal connector in the 𝑦-direction. And therefore, it is 
identical to R6J. 
𝑅6𝑙 = 𝑅6𝑗 (38)

R6m is the thermal resistance of the electrically insulative coating, 
thermal paste and thermal paste interfacial resistance. 
𝑅6𝑚 = 𝑅6𝑚1 + 𝑅6𝑚2 + (2) (𝑅6𝑚3) (39)

R6m1 is the thermal resistance of the electrically insulative coating. 
An electrically insulative hard coating is applied to the aluminum 
thermal connector bar to allow for thermal conduction but prevent an 
electrical short through the aluminum battery case. For Eq.  (2), the heat 
transfer length for the electrically insulative coating is the thickness 
of the coating, 𝜈. The heat transfer area of the coating is equal to 
𝑇 × 𝐻 × 𝐴𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑒𝑟. 𝐴𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑒𝑟 is an assumption of how much the notched 
shape multiples the contact area vs. a purely flat shape. This is left as a 
variable so it could be studied without modeling complex geometries. 
The thermal conductivity of the coating is, 𝑘7. The thermal resistance 
of R6m1 from Eq.  (2) is: 
𝑅6𝑚1 = 𝜈

𝑘7
(

𝑇 × 𝐻 × 𝐴𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑒𝑟
) (40)

R6m2 is the thermal resistance of the thermal paste. Thermal paste 
is used to fill microscopic air gaps between thermal connector and the 
battery case. This thermal paste is thermally resistive; however, it has 
a lower thermal resistance than having the microscopic air gaps. The 
heat transfer length of the thermal paste is the thickness of the paste, 𝜎. 
The heat transfer area is 𝑇 × 𝐻 × 𝐴𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑒𝑟. The thermal conductivity 
is that of the grease is, 𝑘8. 

𝑅6𝑚2 = 𝜎
𝑘8

(

𝑇 × 𝐻 × 𝐴𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑒𝑟
) (41)

R6m3 is the interfacial resistance of the thermal paste. Interfacial 
thermal resistance exists between the grease layer and thermal connec-
tor and between the grease layer and the battery case. The interfacial 
resistance is symbolized at 𝜆 with units of m2 K(W)−1. The contact 
area is represented by 𝑇 × 𝐻 × 𝐴𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑒𝑟. Multiplying the interfacial 
resistance by one over the contact area gives thermal resistance. 

𝑅6𝑚3 = 𝜆
(

𝑇 × 𝐻 × 𝐴𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑒𝑟
) (42)

2.3.7. 
R7 is the thermal resistance of the case side wall and the cooling 

method/ boundary condition resistance. R7 is 1∕2 the sum of R7a and 
R7b. The 1∕2 is due to symmetry in the model and the law of equivalent 
resistance for two identical value resistors. The R7a heat transfer path is 
halfway through the battery case on face 5. Symmetry has an identical 
resistance through face 6. R7b is the thermal resistance due to the heat 
transfer coefficient on face 5 and face 6. R7 is used only for the HHT 
model and not the conventional model. The conventional model is base 
cooled and therefore uses R4. HHT does not use R4. 
𝑅7 = 1

2
(𝑅7𝑎 + 𝑅7𝑏) (43)

R7a is the battery case thermal resistance in face 5 in the 𝑦-
direction. Eq. (2) is used model R7a. The heat transfer length of R7a is 
10 
𝛽∕2. The heat transfer area is (𝐻) (𝑇 ). The case material is aluminum 
and therefore thermal conductivity is 𝑘4. Eq. (2) is: 

𝑅7𝑎 =
𝛽∕2

𝑘4 ((𝐻) (𝑇 ))
(44)

R7b is the thermal resistance of the cooling method at Face 5. Here 
h is the heat transfer coefficient and A is the area that the heat transfer 
coefficient is acting upon. For R7b, the area of the battery case is face 
5 and is equal to (𝑇 + 2𝛽) × (𝐻 + 2𝛽). 

𝑅7𝑏 = 1
ℎ𝐴

= 1
ℎ ((𝑇 + 2𝛽) × (𝐻 + 2𝛽))

(45)

The heat transfer coefficient for forced air is 25 W(m2 K)−1 [28], 
390 W(m2 K)−1, [28] for liquid cooling and 1740 W(m2 K)−1 [29] for 
refrigerant.

2.3.8. 
R8 is the thermal resistance of the battery case in the z and y-

dimensions in face 3, 4, 5 and 6. R8 is 1∕2 the sum of R8a and R8b. 
This 1∕2 is due to this resistance being in two places symmetrically and 
the law of equivalent parallel resistors. 

𝑅8 = 1
2
(𝑅8𝑎 + 𝑅8𝑏) (46)

R8a is the thermal resistance in the battery case face 5 in the 𝑧-
direction. Eq. (2) is used to model R8a. The heat transfer length for Eq. 
(2) is (1∕2)𝐻 + (1∕2) 𝛽. The heat transfer area for Eq.  (2) is (𝑇 + 2𝛽) 𝛽. 
The thermal conductivity is for aluminum, so 𝑘4 is used. Eq. (2) gives: 

𝑅8𝑎 =
(1∕2)𝐻 + (1∕2) 𝛽
𝑘4 ( (𝑇 + 2𝛽) 𝛽)

(47)

R8b is the thermal resistance of the battery case in face 3 in the 𝑦-
direction. Eq. (2) is used to model R8b. The heat transfer length for Eq. 
(2) is (1∕2)𝐿′ + (1∕2) 𝛽. The heat transfer area for Eq.  (2) is (𝑇 + 2𝛽) 𝛽. 
The thermal conductivity is for aluminum, so 𝑘4 is used. Eq. (2) gives: 

𝑅8𝑏 =
(1∕2)𝐿′ + (1∕2) 𝛽
𝑘4 ((𝑇 + 2𝛽) 𝛽)

(48)

2.3.9. 
R9 is the thermal resistance of the system radiator or condenser. 

For R9 a radiator is used for liquid cooling and a condenser is used for 
refrigerant cooling. For air cooling and constant temperature boundary 
conditions, there is no system radiator, so 𝑅9 = 0 for those cases. The 
convection thermal resistance of a heat exchanger can be modeled as 
one over the overall heat transfer coefficient ℎ of the heat exchanger 
times the total heat transfer area heat exchanger. 

𝑅9 = 1
hA

(49)

For the radiator used, the heat transfer area is 6.05 m2 and the 
heat transfer coefficient is 986 W(m2 K)−1[31]. For the condenser used, 
the heat transfer area is 7.14 m2 and the heat transfer coefficient is 
4174 W(m2 K)−1[32]

2.3.10. 
R10a is the 𝑧-direction thermal resistance of the battery case in face 

5 and R10b is the 𝑦-direction thermal resistance in face 4. Although 
these values are not symmetrical to R8a and R8b, the values used are 
the same. 

𝑅10𝑎 = 𝑅8𝑎 (50)

𝑅10𝑏 = 𝑅8𝑏 (51)
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2.3.11. 
R11a is the 𝑧-direction thermal resistance of the battery case in face 

1 and R11b is the 𝑥-direction thermal resistance in face 4. These values 
are not symmetrical to R3a and R3b, however the values used are the 
same. 

𝑅11𝑎 = 𝑅3𝑎 (52)

𝑅11𝑎 = 𝑅3𝑎 (53)

2.4. Boundary conditions

Two sets of model boundary conditions are used in this study: the 
first set is for validating the base model that represents the conventional 
target SANYO PANASONIC cell, and the second set is for the simula-
tions conducted after the model validation and used to generate the 
results section.

For model validation, real battery electric vehicle (Real BEV) bound-
ary conditions, as defined in [24], are used. These boundary conditions 
simulate a single battery cell within an actual BEV battery pack. The 
Real BEV conditions include a constant temperature at the cell bot-
tom (face 3 of Fig.  5b, representing base cooling with a liquid heat 
exchanger that maintains a constant temperature of 30 ◦C. In a real BEV 
battery pack, the large cell faces (faces 1 and 2 in Fig.  5b are considered 
adiabatic, as the target battery is surrounded by other cells, resulting 
in minimal temperature differences between them. Similarly, faces 4, 
5, and 6 in Fig.  5 are treated as adiabatic due to negligible convection 
and radiation losses in a real BEV.

To facilitate the recreation of the model and results presented here, 
Table  2 is provided. This table summarizes the thermal resistances for 
the model that correspond to the target conventional SANYO PANA-
SONIC battery geometry. It also includes a validation column, which 
uses the same boundary conditions found in the experimental results 
and model from the literature [24], enabling validation of the model 
herein.

Table  2 lists values for thermal resistances R1 through R11 that de-
fine geometry and boundary condition thermal resistances. R4, R7 and 
R9 are specifically resistances that define only boundary conditions. As 
a example, for validation column:

• R4 represents the boundary resistance for the constant temper-
ature condition at the battery bottom and is set to zero for 
validation. Constant temperature implies no thermal resistance.

• R6 accounts for the in-plane heat path, which does not exist in 
the target battery, so its value is set to infinity or a large enough 
number to make heat flow through it negligible.

• R7 represents an adiabatic boundary, where the resistance is set 
to a sufficiently high value to make heat flow negligible.

• R9 corresponds to another constant temperature boundary condi-
tion, so its value is also set to zero.

Additional columns are included for the air, liquid, and refrigerant 
boundary conditions for both the conventional and HHT batteries, 
specifying the thermal resistances that define each boundary condition.

For the modeling conditions that generated the results presented 
here, the boundary conditions are air, liquid, and refrigerant, but the 
locations of the cooling vary depending on whether the battery is the 
conventional target or the HHT battery. The conventional battery uses 
base cooling (face 3) with face 5 being adiabatic, while the HHT battery 
cools the sides (face 5) with face 3 being adiabatic. Additionally, it is 
important to note that R9, which represents the radiator, is set to zero 
for air cooling. This is based on the assumption of direct air cooling, 
where the hot air is transferred directly to the ambient environment.
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2.5. Additional model considerations

 For the target battery, with the resistor analogy model developed, 
thermal resistances calculated, and boundary conditions aligned with 
the experimental setup from the literature, the model is nearly ready for 
execution. Once run, its output can be compared with the experimental 
results, allowing for an assessment of whether the model’s accuracy 
is sufficient to inspire confidence in its predictions. However, a few 
additional considerations needed to be addressed before proceeding 
with the model validation.

These considerations mainly arise from the fact that the model 
presented here is set up for steady-state analysis, while the literature 
experimental and model results are based on transient temperature 
vs. time models. The first consideration involved ensuring that the 
transient temperature data from the literature had reached steady-state 
before comparing it with the single-point output of the steady-state 
model.

Another important consideration was the transient heat generation 
used in the literature. A method had to be developed to average the 
transient heat generation over time and convert it into a single point 
value suitable for the steady-state model.

To determine whether the literature experiment and literature
model temperatures had reached steady-state, their transient data 
needed to be verified to have a time constant of at least 5𝜏

Using the literature transient temperature data, temperature vs. 
time is fitted with Eq. (54) to determine the time constant of the 
literature data. In this equation, 𝑇  is temperature, 𝑡 is time, 𝑇0 is 
the initial temperature, 𝑇𝑓  is the final temperature and 𝜏 is the time 
constant. 𝑇𝑓  is calculated by averaging the last 22 data points from the 
transient data in the literature. 

𝑇 (𝑡) = 𝑇𝑓 +
(

𝑇0 − 𝑇𝑓
)

𝑒
(

− 𝑡
𝜏

)

(54)

The curve fit of the data described by Eq.  (54) is optimized by 
minimizing the sum of squared differences between the fitted curve and 
the actual temperature data from both the experiment and the model 
in the literature. The resulting curve fit yields a time constant of 5𝜏 =
3642 s. Since the experimental and model temperature data from the 
literature extended beyond this value, the transient data is confirmed 
to have reached a steady-state, with a final surface temperature (𝑇𝑓 ) of 
37.6 ◦C. This steady-state temperature is then used as the target value 
for model validation in this study.

Using the same process applied to the surface temperature above, 
the battery center temperature in the literature model was also con-
firmed to have reached steady-state, with a time constant of 5𝜏 =
3642 s. A final battery center temperature of 41.1 ◦C is then used for 
steady-state target battery model validation herein.

The heat generation data from [24] was provided as a transient plot 
of heat generation versus time, representing the heat generated during 
the first cycle of a constant 75-amp charge/discharge cycle (equivalent 
to 3 times the rated capacity of the 25 Ah battery). The transient heat 
generation ranged from approximately 8 to 22 W. It is important to 
note that after each 75-amp charge or discharge, a 10-s rest period was 
applied during which no heat was generated. This rest period resulted 
in a 0.55% reduction in the average heat generation. The final averaged 
heat generation value used for the steady-state model in this study is 
12.85 W.

Another consideration was that the experiment had a heat removal 
rate of 0.85 W through the terminal-connected copper cables. In the 
model, this is accounted for by reducing the battery’s heat generation 
by 0.85 W. The model is validated against the test run from [24], which 
did not include a thermal pad between the cell and the cooling source. 
This approach is considered the most appropriate as it minimizes the 
number of variables, ensuring that the validation focuses solely on the 
battery model, rather than a combined thermal pad and battery model.
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Table 2
Summary of resistor values and boundary conditions.
 Resistances for target 25 Ah automotive battery cell by SANYO PANASONIC
 Resistor Thermal resistance [kW−1] Boundary condition and thermal resistance [kW−1]

 Bottom (face 3) - Conventional Side (face 5) - HHT
 Validation Air Liquid Refrigerant Air Liquid Refrigerant 
 R1 3.8864  
 R2 0.9406  
 R3 0.3777  
 R4 varies → 0 [24] 9.8954 0.6349 0.1427 adiab. adiab. adiab.  
 R5 1.0727  
 R6 (0.7204)a ∞  
 R7 varies → adiab.[24] adiab. adiab. adiab. 11.1831 0.7174 0.1615  
 R8 4.8555  
 R9 varies → 0 [24] 0 1.676 ⋅10−4 3.355 ⋅10−5 0 1.676 ⋅ 10−4 3.355 ⋅10−5  
 R10 4.8555  
 R11 0.3777  
a Not present in model validation for target 25 Ah automotive battery cell by SANYO PANASONIC.
Table 3
Model compared to published experiment [24].
 Published Model Temperature 
 experiment [24] herein delta  
 Battery surface

36.7 36 0.7
 

 Temperature [◦C]  
 (No Thermal Pad)  

Table 4
Model compared to published model [24].
 Published Model Temperature 
 model [24] herein delta  
 Battery surface 37.6 36.4 1.2  
 Temperature [◦C]  
 Battery center 41.1 44.9 −3.8  
 Temperature [◦C]  

2.6. Model validation

To validate the model herein, the surface and center temperature re-
sults are compared with the literature experiment and model from [24]. 
This comparison is shown in Tables  3 and 4. Surface temperature delta 
is within 0.7 ◦C of the published experiment and 1.2 ◦C of the published 
CFD model. The battery center temperature is within 3.8 ◦C of the 
published CFD model. For comparison, standard K-type thermocouple 
error is +∕ − 2.2 ◦C or 4.4 ◦𝐶 spread [33], which indicates that the 
temperature deviations between the models are reasonable. Therefore, 
we can proceed with confidence in running simulations using the 
model.

In addition to examining absolute errors, we also considered relative 
percent errors. When comparing our model to the published exper-
imental data, we observed a 1.9% error in reproducing the battery 
surface temperature. When comparing our model to the published CFD 
model, the relative errors were 3.2% for the surface temperature and 
9.2% for the battery center temperature. These relative error values of 
1.9% for the comparison between the equivalent resistance model and 
the published experiment, and 3.2%–9.2% for the comparison between 
the equivalent resistance and CFD models are within a reasonable 
range, especially considering the simplicity of the equivalent resistance 
model compared to the detailed CFD simulation. For most practical 
applications, the equivalent resistance model provides an excellent 
balance between computational efficiency and accuracy.

2.7. Variable battery aspect ratio modeling

After the model validation, the hypothesis that changing the battery 
cell aspect ratio could reduce the thermal resistance of the battery 
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and thus improve heat transfer performance is revisited. To investigate 
this, thermal resistance models are set up with variables in nested pro-
gramming for-loops. The model calculated battery thermal resistance, 
maximum heat removal and battery temperatures for 2500 combina-
tions of battery height to length (𝐻∕𝐿) ratio and battery thickness to 
length (𝑇 ∕𝐿) ratios which ranged from 0.05 to 10.

To remove the variability of changing battery case internal volume, 
each point is calculated at a constant volume of 2.2278𝑥10−4 m3. This 
is the volume of the validation target conventional battery cell herein. 
It should be noted that this volume is not the internal volume of the 
case, or the volume contained in the external rectangular volume of 
the battery case. This is the volume of an imaginary rectangular cuboid 
with length, width and height that contains the active cell portion of 
the battery. This volume is smaller than the internal case volume.

Constant volume is arrived at using Eq. (55). In Eq.  (55), 𝑉  is 
equal to the constant volume, 𝐻∕𝐿 is the height to length ratio of the 
specified volume and T/L is the thickness to length ratio of the specified 
volume. To determine 𝐿 from the resultant surface plots, Eq. (55) is 
used with the specified constant volume in Table  1 and chosen aspect 
ratio combinations. H and 𝑇  can then be calculated by (𝐻∕𝐿) × 𝐿 and 
(𝑇 ∕𝐿) × 𝐿. 

𝐿 = 3

√

√

√

√

𝑉
(

𝐻
𝐿

)(

𝑇
𝐿

) (55)

3. Results

3.1. Battery center temperature vs. Aspect ratio

Fig.  9a presents a plot of battery temperature versus the battery 
height-to-length ratio (𝐻∕𝐿), with a constant battery thickness-to-
length ratio (𝑇 ∕𝐿) of approximately 5. Here, 𝐻 and 𝑇  are defined in 
Fig.  6, while L is specified in Fig.  8.

Fig.  9b shows a plot of battery temperature versus the 𝑇 ∕𝐿 ratio, 
with a constant 𝐻∕𝐿 ratio of approximately 5. Both Fig.  9a and b 
display the temperature at the center of the battery for both con-
ventional and HHT batteries, under air cooling boundary conditions. 
These conditions include a heat transfer coefficient of 25 W(m2 K)−1, 
an ambient temperature of 30 ◦C, and a battery heat generation of 1.4 
W. Both Fig.  9a and b demonstrate that the HHT battery maintains 
significantly lower temperatures than the conventional battery under 
the same conditions. However, these plots are limited in that they do 
not cover the full range of the 𝑥-axis, making them appear truncated. 
Specifically, each plot only shows the relationship between battery 
temperature and either the T/L ratio at a constant H/L ratio, or the H/L 
ratio at a constant T/L ratio. As a result, they do not fully capture the 
interaction between H/L and T/L across their entire ranges. To provide 
a clearer picture, we chose to present the data in the form of 3D plots, 
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Fig. 9. Battery steady-state center temperature vs. aspect ratio (T/L and H/L) for conventional and HHT batteries with various heat transfer coefficients and heat generation rates. 
Ambient temperature is 30 ◦C. Conventional batteries use base cooling, while HHT batteries use side cooling. Aspect ratios resulting in battery center temperatures above 60 ◦C
are not shown. (a) Battery steady-state center temperature vs. H/L ratio, with a constant T/L ratio of 5. Heat transfer coefficient is 25W(m2 K)−1, and battery heat generation is 
1.4 W. (b) Battery steady-state center temperature vs. T/L ratio, with a constant H/L ratio of 5. Heat transfer coefficient is 25W(m2 K)−1, and battery heat generation is 1.4 W. (c) 
Air cooling with a heat transfer coefficient of 25W(m2 K)−1, and battery heat generation is 1.4 W. (d) Liquid cooling with a heat transfer coefficient of 390W(m2 K)−1, and battery 
heat generation is 4 W. (e) Refrigerant cooling with a heat transfer coefficient of 1740W(m2 K)−1, and battery heat generation is 6 W.
as shown in Fig.  9c through Fig.  9e, rather than using cross-sectional 
views of a 3D plot.

Fig.  9c through e present 3D plots of battery cell center temperature 
as a function of both T/L ratio and H/L ratio. The heat transfer 
coefficients for the boundary conditions are 25 W(m2 K)−1 in Fig. 
9c, 390 W(m2 K)−1 in Fig.  9d, and 1740 W(m2 K)−1 in Fig.  9e. The 
corresponding heat generation rates are 1.4, 4, and 6 W, respectively.

It is notable that only half of the xy-plane contains plotted data 
points. This is due to the three-dimensional geometry of the pris-
matic cell, which changes with variations in the height-to-length and 
thickness-to-length ratios. The prismatic cell is essentially a rectan-
gular cuboid with half-cylinders at both ends. When the thickness-
to-length ratio is greater than or equal to the height-to-length ratio, 
the height of the rectangular cuboid can approach zero, causing the 
geometry to no longer be prismatic. As the study focuses on pris-
matic cells, non-prismatic geometries were excluded from the data 
programmatically.

The first observation from these 3D plots is that, for most combina-
tions of T/L and H/L aspect ratios, the HHT battery center temperature 
is much lower than the conventional battery center temperature and 
is much closer to the ambient temperature of 30 ◦C. The maximum 
temperature limit plotted is 60 ◦C, and many of the conventional 
battery temperatures exceed this limit, which is why they are not 
shown.

In each of the three cases, there is a noticeable trend where the best-
performing conventional battery aspect ratios are approximately equal 
to the worst-performing HHT battery aspect ratios. This suggests that 
the aspect ratio of the conventional cell may already be optimized.

The heat generation rates of 1.4, 4, and 6 W were selected somewhat 
iteratively and subjectively. If the chosen heat generation rate is too 
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high, many of the conventional battery aspect ratios would exceed 
60 ◦C and therefore would not be shown on the plot, making the 
conventional battery surface difficult to compare with the HHT surface. 
Conversely, if the heat generation rate is too low, the full performance 
potential of the HHT battery could be easily underestimated.

3.2. Maximum heat removal capacity vs. Aspect ratio

Looking at battery temperature is an important way to assess ther-
mal management performance. However, as described above, the 3D 
temperature plots did not seem like the best way to compare maximum 
performance of HHT and conventional batteries. To better understand 
the full capability of both conventional and HHT batteries, the maxi-
mum heat removal rate was defined and plotted in Fig.  10a through c.

Fig.  10a through c are plots of maximum battery cell heat removal 
rate vs. battery aspect ratio. The heat transfer coefficient boundary 
conditions are 25, 390 and 1740 W(m2 K)−1 respectively. The heat 
generation in the figures represents the maximum heat removal rate 
possible. And this maximum heat transfer rate is defined as a heat 
removal rate that produces no more than a 60 ◦C battery center 
temperature or a 𝛥𝑇  in the cell in the x, y, or z-dimension that does 
not exceed 20 ◦C under the stated boundary conditions. This definition 
represents an extreme condition designed to demonstrate maximum 
capabilities.

It is notable for Fig.  10a through c, that, at the typical aspect 
ratio marker, the conventional battery exhibits the maximum heat 
removal rate. This suggests that prior work may have optimized the 
conventional battery’s aspect ratio for thermal management.

For air and liquid cooling, the maximum heat removal capability ap-
proaches an asymptote as the thickness-to-length (T/L) ratio increases. 
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Fig. 10. (a) through (c), battery maximum heat generation vs. battery aspect ratio for both for HHT and conventional batteries. Heat generation maximum is defined as maximum 
heat generation that can be applied without exceeding the extreme conditions of 60 ◦C battery cell center temperature or 20 ◦C battery cell 𝛥𝑇  in x, y, or z-dimension with an 
ambient temperature 30 ◦C. (a) Air cooling, heat transfer coefficient 25 W(m2 K)−1. (b) Liquid cooling, heat transfer coefficient 390 W(m2 K)−1. (c) Refrigerant cooling, heat transfer 
coefficient 1740 W(m2 K)−1. (d) Conceptualization of what selected aspect ratios from figure (a) through (c) would look like.
This asymptotic behavior indicates a point of diminishing returns with 
further increases in T/L. In contrast, the refrigerant-cooled case reaches 
a peak more steeply with increasing T/L before decreasing. The air 
and liquid cooling configurations may also experience a decline in 
performance if T/L is increased beyond what was modeled.

The heat removal rate as a function of H/L appears to increase 
almost linearly or at a constant rate for HHT across all cooling methods. 
This suggests that there could be additional performance gains with 
further increases in the H/L ratio. While manufacturing capabilities 
should be assessed, if manufacturers are currently limited to H/L ratios 
of 10, these results may serve as an incentive to innovate the battery 
manufacturing process, potentially opening up a new market for them. 
Additionally, it is important to note that the slope of the maximum heat 
removal rate with increasing H/L becomes steeper as the heat transfer 
coefficient increases for HHT batteries.

3.3. Explanation of the physics behind surface plot behavior

Each point on the response surfaces in Figs.  9c through d and 10a 
through c corresponds to the temperature or heat flow in a specific 
aspect ratio battery, modeled using the circuit diagram in Fig.  5b. 
Looking at Fig.  10a through c, as the T/L ratio increases, we observe a 
general trend across all cooling methods: the maximum heat removal 
rate increases, but the rate of increase slows down with further in-
creases in T/L. For refrigerant cooling, the heat removal rate eventually 
starts to decrease after reaching its peak. These trends can be attributed 
to the net or equivalent thermal resistance of the model reaching a 
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minimum, at which point the heat removal rate peaks. As T/L increases 
while keeping H/L constant, the primary heat flow area in the 𝑅6
thermal path expands, reducing the thermal resistance of the HHT 
battery cell in the in-plane direction, as shown in Eq.  (2). However, 
as T/L increases, the average distance that heat must travel from each 
battery current collector also increases, requiring a longer path to reach 
the center of the thermal connector. Once the heat reaches the center 
of the thermal connector, it must travel a longer distance to spread to 
its edges. Consequently, although the thermal resistance of the battery 
cell decreases with increasing T/L, the thermal resistance of the thermal 
connector increases. The net effect is an initial increase in the heat 
removal rate, driven by the lower thermal resistance of the battery cell. 
But as T/L continues to increase, the increasing thermal resistance of 
the thermal connector becomes more influential, leading to a reduction 
in the overall heat removal rate.

As H/L increases with constant T/L, we observe a nearly linear 
increase in the maximum heat removal rate. This is once again due 
to the combined effect of the dominant thermal resistances from both 
the battery and the thermal connectors. From Eq.  (2), the area 𝐴 of the 
𝑅6 heat flow path increases directly with the height of the battery cell. 
Unlike T/L, the thermal resistance of the thermal connectors does not 
experience increasing heat flow distances as H/L increases, because the 
heat flow distance remains constant as H/L increases.

In summary, the response surfaces are shaped by the interplay of 
competing factors. The thermal resistance of the active portion of the 
battery cell decreases with increasing H/L and T/L, while the thermal 
resistance of the thermal connector increases with increasing T/L, 
but not with H/L. The net effect of these factors at any given point 
determines the overall shape of the response surfaces.
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Table 5
Maximum heat removal rate for conventional and HHT batteries, both with typical aspect ratios using various cooling methods (air, liquid, and
refrigerant).
 Cooling method Conventional battery [W] HHT battery [W] Cooling gain Aspect ratio
 𝐻∕𝐿 𝑇 ∕𝐿  
 Air 2.4 3.2 1.3×

0.65 0.18
 

 Liquid 16.1 41.5 2.6×  
 Refrigerant 17.5 45.7 2.6×  
Table 6
Comparison of maximum heat removal rate between a conventional battery with a typical aspect ratio and an HHT battery with an improved aspect ratio using various cooling 
methods (air, liquid, and refrigerant).
 Cooling method Conventional with typical aspect ratio [W] HHT with improved aspect ratio [W] Cooling gain Aspect ratio
 𝐻∕𝐿 𝑇 ∕𝐿  
 Air 2.4 24.8 10.3× 9.8 10  
 Liquid 16.1 220.7 13.7× 9.8 10  
 Refrigerant 17.5 362.3 20.7× 1.9 10  
3.4. Summary and comparison of maximum heat removal rates and their 
corresponding aspect ratios

Table  5 summarizes a comparison of the maximum heat removal 
rate between a conventional battery and an HHT battery, both using 
the typical aspect ratio of the conventional target battery. At this aspect 
ratio, HHT batteries demonstrate a performance improvement ranging 
from 1.3X to 2.6X, depending on the cooling method and boundary 
conditions.

In contrast Table  5 which compares conventional and HHT batteries 
with typical aspect ratios, Table  6 compares a conventional battery with 
a typical aspect ratio to an HHT battery with an optimized aspect ratio. 
In this comparison, HHT batteries with improved aspect ratios show a 
maximum heat removal rate improvement of 10.3X to 20.7X over the 
conventional battery with the typical aspect ratio’’.

3.5. Visualization of the ‘new’ HHT aspect ratios

Fig.  10d shows an example of the aspect ratios from Tables  5 and
6 which clearly differ from the typical aspect ratio of conventional 
batteries. However, these ‘new’ aspect ratios could present opportu-
nities for battery thermal management designers, both for individual 
modules and entire packs, to explore creative ways to increase pack 
energy density and integrate novel cooling configurations. Additionally, 
they could open up potential intellectual property opportunities in the 
HHT battery thermal management space.

4. Discussion

4.1. Contextualizing HHT heat removal improvements and their impact on 
lithium-ion batteries and EVs

In the previous sections, it was demonstrated that HHT batteries 
have the potential for significant improvements in heat transfer capabil-
ities compared to conventional batteries. However, these improvements 
require further context to understand their impact on overall battery 
performance. Below, we highlight several key areas of battery perfor-
mance and explore how these enhanced heat transfer capabilities could 
influence them.

4.1.1. Extreme fast charging
Extreme fast charging of lithium-ion batteries faces several chal-

lenges, one of the main ones being the ability to dissipate heat at the 
rate it is generated during charging. The rate of Joule heat generation 
during charging can be calculated using the formula 𝐼2𝑅, where I is 
the current into the battery and 𝑅 is the electrical resistance of the 
battery. For the target battery with a resistance of 2 mΩ [24], the 
heat generation at 15, 10, 5, and 3.5 min charging intervals is 20, 45, 
15 
180, and 363 W, respectively. When these heat generation values are 
compared with the heat removal rates in Tables  5 and 6 it becomes 
clear that, regardless of the cooling method used, conventional batteries 
cannot achieve a 15 min charge from a thermal standpoint. However, 
for the HHT battery with a typical aspect ratio, a 10 min charge could 
be feasible with either liquid or refrigerant cooling. For HHT battery 
with an improved aspect ratio, a 3.5 min charge could be achieved with 
refrigerant cooling, a 5 min charge with liquid cooling, and a 15 min 
charge with a simple, low-cost air cooling system.

4.1.2. Safety — thermal runaway mitigation
At the onset of thermal runaway, the battery generates more heat 

than it can dissipate, causing a rapid temperature rise. If the temper-
ature reaches a critical threshold, an uncontrollable exothermic chain 
reaction may be triggered. From a thermal management perspective, 
the key factors in preventing thermal runaway are the system’s response 
rate and its maximum heat removal capacity. If the thermal manage-
ment system can detect and respond quickly enough and has sufficient 
heat removal capacity in the onset stage, the battery could be prevented 
from reaching the critical temperature and thermal runaway can be 
avoided.

The thermal response of a battery or how fast it can respond to the 
cooling system can be measured by its time constant which is 𝜏 = 𝑅𝐶, 
where 𝑅 is the thermal resistance of the battery and 𝐶 is its thermal 
capacitance. The thermal resistance of the liquid cooled conventional, 
HHT with typical aspect ratio and HHT with improved aspect ratio are 
1.9, 1.1 and 0.13 ◦C (W)−1. The thermal capacitance is 624 J(◦C)−1. 
The time constants are 1186, 686 and 81 s respectively, indicating 
significantly smaller time constant and improved thermal response in 
the HHT batteries.

Battery self heating rates for thermal runaway start at zero and 
max out around 12–23 ◦C per minute [34–36]. With the equation 
𝑄̇ = 𝜌𝑉 𝐶𝑝𝛥𝑇 ∕𝑡, this equates to 124 to 240 W of heat generation.

These heat generation rates are within the capabilities of HHT bat-
teries. Combined with the improved time constant (thermal response), 
there is potential for HHT batteries to thermally mitigate thermal 
runaway.

4.1.3. Extended battery life
Research has demonstrated that tab cooling with its in-plane cooling 

configuration, similar to HHT batteries, can increase battery lifespan 
by up to three times under high discharge rates, compared to surface-
cooled batteries [22]. However, HHT batteries exhibit lower thermal 
resistance than the in-plane systems discussed in existing studies. Ac-
cording to the equation 𝑄̇𝑏𝑎𝑡𝑡 = 𝛥𝑇𝑏𝑎𝑡𝑡∕𝑅𝑡ℎ 𝑏𝑎𝑡𝑡, a significant reduction 
in 𝑅𝑡ℎ 𝑏𝑎𝑡𝑡 allows the battery to operate at a lower 𝛥𝑇𝑏𝑎𝑡𝑡. High 𝛥𝑇𝑏𝑎𝑡𝑡
is a key factor that reduces battery life. Additionally, operating at 
temperatures higher than the optimal range can further shorten battery 
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lifespan. A battery with a faster thermal response rate can remain closer 
to its optimal temperature for a longer period, which should, in turn, 
extend its overall lifespan. Therefore, HHT batteries, by utilizing in-
plane cooling, lower 𝛥𝑇𝑏𝑎𝑡𝑡 and a faster thermal response, have the 
potential to significantly improve battery life.

4.1.4. Reduced cold weather power loss
Cold temperatures reduce ion mobility in lithium-ion batteries, 

which limits the available power for vehicle acceleration. A potential 
solution to improve the customer experience is the rapid preheating of 
batteries prior to driving in cold weather, thus preventing power loss 
during use.

From a thermal management perspective, a battery with lower 
thermal resistance and a low time constant, such as an HHT battery, 
will respond to applied surface heating much more quickly than a 
conventional battery without these attributes. Therefore, it is expected 
that HHT batteries could significantly improve battery warm-up times, 
leading to better customer satisfaction in cold weather conditions.

4.1.5. Increased reliability
Battery reliability refers to the ability of a battery to consistently 

perform according to its key metrics over its lifespan. These metrics 
include capacity (Ah and Wh), state of charge (SOC), state of health 
(SOH), depth of discharge (DOD), cycle and calendar life, charge rate 
(C-Rate), energy density (Wh/kg, Wh/l), charge/discharge efficiency, 
coulombic efficiency, and open circuit voltage (OCV).

Effective battery thermal management is crucial for improving reli-
ability. Key thermal management characteristics that enhance battery 
reliability include increasing heating and cooling rates to maintain 
the battery at an optimal temperature across varying environmental 
and operational conditions, reducing temperature gradients within the 
battery to ensure spatially uniform temperatures, and providing a faster 
thermal response to keep the battery closer to its optimal temperature 
for longer periods. HHT batteries significantly improve all of these ther-
mal management characteristics, which could lead to a corresponding 
increase in battery reliability.

4.1.6. Lower costs
Due to their improved thermal management characteristics, HHT 

batteries could help reduce costs in several areas.
Lower battery costs - Studies have shown that using tab cooling to 

enable in-plane heat transfer like HHT batteries can reduces costs by 
66% over surface cooling at high charge and high discharge rates [22]. 
These benefits came from uniform temperature of each battery layer. 
This is due to cooling be applied uniformly to each layer with the 
in-plane cooling configuration like HHT batteries.

Further studies have shown that to meet customer expectations for 
battery life, batteries are often over-sized to account for degradation 
and ensure a minimum level of performance at the end of their specified 
lifespan. However, research has also demonstrated that improving the 
battery thermal management system can reduce the need for over-
sizing. The cost savings from eliminating the need to oversize the 
battery can offset the investment in enhanced thermal management [5]

Battery thermal management system content reduction - HHT 
batteries have the potential to enhance heat transfer efficiency and 
decrease the power consumption of the battery thermal management 
system, while maintaining the same cooling rate.

Referring to Eq.  (56), which represents the heat transfer from the 
battery, 

𝑄̇𝑏𝑎𝑡𝑡 =
𝛥𝑇𝑏𝑎𝑡𝑡
𝑅𝑡ℎ 𝑏𝑎𝑡𝑡

=
(𝑇𝑏𝑎𝑡𝑡 𝑐𝑒𝑛𝑡𝑒𝑟 − 𝑇𝑏𝑎𝑡𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒)

𝑅𝑡ℎ 𝑏𝑎𝑡𝑡
(56)

It is shown that by lowering the battery’s thermal resistance, a 
smaller 𝛥𝑇batt is required to maintain the same 𝑄̇batt. If the battery cen-
ter is kept at an optimal temperature, a reduced 𝛥𝑇batt means 𝑇batt surface
will be increased. Now, considering Eq. (57), which represents the 
16 
upper limit for the Coefficient of Performance (COP), where COP is 
the efficiency of the cooling system. It becomes clear that increasing 
𝑇batt surface can increase the COP/ efficiency of the system. 

𝐶𝑂𝑃cooling =
𝑇𝐶

(𝑇𝐻 − 𝑇𝐶 )
=

(𝑇𝑏𝑎𝑡𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒)
(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 − 𝑇𝑏𝑎𝑡𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒)

(57)

The implications are that the thermal management system will 
draw less power from the batteries, resulting in an increased range. 
Moreover, a higher COP opens the possibility of downsizing the cooling 
system components, such as using a smaller compressor or fans that 
consume less power and reduce costs. Additionally, reducing the thick-
ness of the condenser could decrease drag, further, reducing weight 
improving range and lowering costs. Similar efficiency improvements 
would be observed with both air and liquid cooling systems.

Reduced parts required for battery pack - In conventional batter-
ies, the battery thickness may be limited to facilitate effective thermal 
management. However, with HHT batteries, the cells have the potential 
to be made thicker. Thicker cells could lead to a battery pack with 
fewer cells, reducing the number of components like bus bars, nuts, 
bolts, connectors, welds, and wires. As a result, material and labor costs 
could be lowered, and assembly time reduced. Additionally, the Battery 
Management System (BMS) could be made with less complexity.

4.1.7. Increased energy density
The rate of heat generation in batteries is known to increase with 

higher energy density [37]. To effectively implement batteries with 
greater energy density, enhanced thermal management systems will be 
crucial. With its exceptional heat transfer properties, HHT technology 
could facilitate the implementation of these higher energy density 
batteries.

5. Conclusion

Background and Context: Lithium-ion (Li-ion) batteries and associ-
ated thermal management technologies have made remarkable
progress, driving the adoption of electric vehicles (EVs). However, 
to further accelerate the global energy transition and enhance EV 
adoption, continued advancements in Li-ion batteries are essential. 
Significant improvements in Battery Thermal Management (BTM) can 
play a critical role in this effort. Traditional BTM strategies primarily 
focus on improving heat transfer coefficients at the battery surface 
using air, liquid, or refrigerant cooling. While effective, these methods 
have drawbacks and may not be sustainable in the long term. In 
contrast, less attention has been paid to reducing the battery’s thermal 
resistance, which is a significant bottleneck to efficient heat dissipation.
Proposed Solution: This work introduces a novel approach: a reduced 
thermal resistance, high-heat transfer (HHT) battery technology. Unlike 
previous designs, the HHT battery is specifically engineered to optimize 
thermal performance. It features in-plane heat transfer, optimized ge-
ometry, low thermal resistances, minimal thermal interface resistances, 
and thermal bridging to achieve superior heat dissipation.
Validation and Performance: A battery thermal model based on 
equivalent electrical–thermal circuit analogies is developed for speed 
and accuracy. The model is validated against experimental data from 
the literature, showing strong correlation and ensuring reliable real-
world performance predictions. Thermal performance metrics for both 
conventional and HHT batteries are compared in a parametric study 
using air, liquid, and refrigerant boundary conditions across a range 
of aspect ratios. HHT batteries demonstrate heat removal rates up to 
20 times higher than conventional batteries, marking a major break-
through in overcoming thermal challenges that limit Li-ion battery 
performance.

Implications and Potential: The potential implications of this 
technology are significant. From a heat dissipation standpoint, the 
HHT battery with a typical aspect ratio can achieve a 10 min charge 
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using either liquid or refrigerant cooling. With an improved aspect 
ratio, the HHT battery could achieve a 3.5 min charge with refrigerant 
cooling, a 5 min charge with liquid cooling, and a 15 min charge 
with a simple, low-cost air-cooling system. The thermal response times, 
measured by their time constant, for conventional batteries, typical 
aspect ratio HHT batteries, and enhanced aspect ratio HHT batteries are 
1186, 686, and 81 s, respectively. With their fast thermal response and 
high heat transfer rates, HHT batteries have the potential to thermally 
mitigate battery thermal runaway. Due to high heat transfer rates, 
uniform temperatures, and fast thermal response, opportunities are also 
explored in areas such as battery life, reduced cold-weather power loss 
through rapid battery preheating, increased reliability, lower battery 
pack costs, reduced BTMS power consumption, and higher energy den-
sity. These advancements could dramatically improve the affordability 
and performance of electric vehicles, accelerating their widespread 
adoption.

Future Work: While the study explored a range of aspect ratios, 
the non-typical ones have not yet been confirmed as manufacturable. 
However, the significant potential of HHT batteries suggests that, even 
if these aspect ratios are not currently manufacturable, the technology 
could drive innovation in battery manufacturing. Additionally, the 
typical aspect ratios, which are known to be manufacturable, already 
demonstrate substantial improvements over conventional batteries.
Conclusion: In conclusion, HHT battery technology represents a trans-
formative advancement in addressing the thermal management chal-
lenges of Li-ion batteries. By enabling faster charging, enhancing safety, 
extending battery life, and reducing costs, HHT technology has the 
potential to significantly improve the performance and affordability 
of electric vehicles. While further real-world testing and full range 
manufacturability studies are needed, this innovation paves the way for 
future breakthroughs in battery design, supporting the global energy 
transformation and accelerating the adoption of electric vehicles.
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