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Abstract

During the development of this project, a comparative study of the behavior of a cold-
plate based indirectly cooled battery module is performed. The cell of the study is a Toshiba
SCiB™., After an introduction to batteries and their working principle, a short discussion
on the different models available in the ANSYS Fluent program is made, and the Equivalent
Circuit Model (ECM) is used for the calculations. The design of the battery module and
the indirect refrigeration system is based on a previous study and it is fully described. In
that previous study, the effect of the cold-plate based refrigeration system on the module
temperature was studied during a 4C discharge of the battery and an overall 2.5 kg/s mass
flow. It showed that the module attained too high temperatures, whereby it could be con-
cluded that the residence time of the fluid was very small and did not extract efficiently
the generated heat. Therefore, in this project, the mass flow is reduced to achieve a better
efficiency compared to the previous case. Additionally, in the previous study the electrical
model parameters for the cell considered were not available, so the ones that come by default
in ANSYS Fluent were used. In this study the real electrical parameters of the Toshiba
SCiB™ are used, and a complete study is done, in order to discuss the differences between
both battery models. Finally, as an attempt to find another more efficient cooling strat-
egy, an immersion based refrigeration system is proposed and simulated, and the differences
between both refrigeration methods are studied.

Keywords: indirect cooling, cold-plate, battery module, Toshiba SCiB™, discharge,
Equivalent Circuit Model, immersion cooling.
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Resumen

Durante el desarrollo de este proyecto, se realiza un estudio comparativo del compor-
tamiento de un médulo de baterias con refrigeracion indirecta por placa fria. La celda estu-
diada es una Toshiba SCiB™. Después de una introduccién sobre las baterias y su principio
de funcionamiento, se incluye una breve discusion sobre los diferentes modelos disponibles
en el programa ANSYS Fluent, y se utiliza el modelo de circuito equivalente (ECM) para los
calculos. El diseno del médulo de baterias y del sistema de refrigeracion indirecta esta basado
un estudio previo que se describe aqui. En él se estudia el efecto del sistema de refrigeracién
para una descarga de la bateria de 4C y un flujo mésico total de 2.5 kg/s. Los resultados
muestran que el modulo alcanzaba temperaturas demasiado altas, por lo que se pudo concluir
que el tiempo de residencia del fluido era muy pequeno y no extraia eficientemente el calor
generado. Por tanto, en este proyecto, se reduce el flujo mésico para mejorar el rendimiento
respecto al caso anterior. Ademas, en el estudio anterior los parametros del modelo eléctrico
de la celda considerada no estaban disponibles, asi que se utilizaron los parametros que vienen
por defecto en ANSYS Fluent. En este estudio, se utilizan los pardmetros eléctricos reales de
la bateria Toshiba SCiB™ y se analizan las diferencias entre ambos modelos. Finalmente, en
un intento de encontrar otra estrategia de refrigeracién mas eficiente, se propone y se simula
un sistema de refrigeracion por inmersion, y se estudian las diferencias entre ambos métodos
de refrigeracién.

Palabras clave: refrigeracién indirecta, placa fria, médulo de baterias, Toshiba SCiB™,

descarga, modelo de circuito equivalente, refrigeracién por inmersién.
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Resum

Durant el desenvolupament d’aquest projecte, es realitza un estudi comparatiu del com-
portament d’un modul de bateries amb refrigeracié indirecta per placa freda. La bateria
estudiada és una Toshiba SCiB™. Després d'una introduccié sobre les bateries i el seu prin-
cipi de funcionament, s’inclou una breu discussio sobre els diferents models disponibles en el
programa ANSYS Fluent, i s’utilitza el model de circuit equivalent (ECM) per als calculs.
El disseny del modul de bateries i del sistema de refrigeracié indirecta esta basat un estudi
previ y es descriu completement aci. En ell s’estudia 'efecte del sistema de refrigeracié per a
una descarrega de la bateria de 4C i un flux massic total de 2.5 kg/s. Els resultats mostren
que el modul assolia temperatures massa altes, per la qual cosa es va poder concloure que
el temps de residencia del fluid era molt menut i no extreia eficientment la calor generada.
Per tant, en aquest projecte, es redueix el flux massic per millorar el rendiment respecte
al cas anterior. A més, en l'estudi anterior els parametres del model electric de la bateria
considerada no estaven disponibles, aixi que es van utilitzar els parametres que vénen per
defecte en ANSYS Fluent. En aquest estudi, s’utilitzen els parametres electrics reals de la
bateria Toshiba SCiB ™ i s’analitzen les diferéncies entre els dos models. Finalment, en
un intent de trobar una altra estrategia de refrigeracié més eficient, es proposa i es simula
un sistema de refrigeracié per immersio, i s’estudien les diferencies entre els dos metodes de
refrigeracio.

Paraules clau: refrigeracié indirecta, placa freda, modul de bateries, Toshiba SCiB™,
descarrega, model de circuit equivalent, refrigeracié per immersio.
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1 Introduction

The science has been crystal clear during the last decades: climate change is a reality
and the environment is endangered. This statement has been highly controversial for a long
time, but in recent years it seems that the situation has begun to change and the concern
about our planet’s environment status has started to grow, placing many sectors in a difficult
position. Now, the different industries must find cleaner, more sustainable alternatives to
the harmful and restricted energy sources that have been utilized thus far.

Transportation is one of the businesses that has been pushed into the limelight, and has
started to be regulated by governments throughout the world due to its significant contribu-
tion to overall COy emissions. For example, in 2020, over 26% of total energy consumption
in the United States was used to move people and goods from one location to another, and
petroleum products accounted for around 90% of the total energy use of this sector [1]. How-
ever, electricity represented less than 1% of the overall transportation sector energy usage.

As a result, petrol engines have been the subject of growing criticism in recent years and
have become the objective of some economic disincentives imposed by many governments.
Therefore, the gradual disappearance of petrol engines has started to become a reality, making
room for new types of vehicles, namely Hybrid Electric Vehicles (HEV), Plug-In Hybrid
Electric Vehicles (PHEV), and Pure Electric Vehicles (PEV). All these vehicles have either a
partial or complete electric propulsion system, which is generally powered by a battery pack.

Between all types of batteries that have been used in the past, lithium-ion ones are the
most popular kind in recent applications due to their better performance capabilities and
efficiency. These have a higher energy density than their equivalents and so take up less
space and weight [2]. Moreover, they allow for a longer charging interval only at a slightly
greater cost. Also, it could be stated that the most difficult aspect of Li-ion batteries is
keeping their temperature under control.

Inside a battery cell, many of the electro-chemical reactions that take place are exothermic
[3], which implies that if the heat created in the battery is not effectively managed, the
temperature in the battery might grow, resulting in negative consequences such as capacity
and power fading, uneven electrical performance [4], and thermal runaway, which could result
in considerably more heat production and, eventually, an explosive breakdown [4][5][6].

The employment of Battery Thermal Management Systems (BTMS) is a solution to this
problem. There exist multiple types of BTMS, and they may be compared in many ways. A
typical approach to categorize them is according to their power consumption [5]: a BTMS
might be either active or passive. Passive cooling thermal management systems are designed
for low-energy batteries and do not account for any power-consuming devices in order to
maintain the temperature of the battery. Some commonly used passive BTMS are natural
air cooling, Phase Change Materials (PCM), and heat pipes [7]. Active thermal management,
on the other hand, involves the use of an external power supply and temperature-controlling
equipment, and is more commonly employed in the automobile sector. Some examples are
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forced air [8], liquid cooling [9] [10], and jackets. Another way to classify all the preceding
BTMS is as direct or indirect refrigeration systems, depending on whether the battery is in
direct contact with the refrigeration fluid or not [11].

Knowing the importance of the use of a BTMS in Li-ion batteries, this project offers a
Computational Fluid Dynamics (CFD) study of a cold-plate based refrigeration of a prismatic
battery module using ANSYS Fluent. The case of study is a battery module composed by
12 Toshiba Super Charge Ion Battery (SCiB™) cells in series. The design of the battery
module and the indirect refrigeration system is based on a previous study made by A. Arcila
[12], in which the effect of the refrigeration system on the module temperature was studied
for a 4C discharge and an overall 2.5 Kg/s inlet mass flow. In said work, it is shown that the
module attained too high temperatures, and it was concluded that the residence time of the
fluid was too small to efficiently extract the heat generated.

Therefore, the objective of this project is to extend this previous study. In the first place,
the validity of the previous conclusion will be assessed, by simulating the case with a reduced
mass flow. To do so, the mesh of the battery module and refrigeration system were provided
by Instituto Universitario CMT-Motores Térmicos (CMT). In the aforementioned study, the
real parameters of the Toshiba SCiB™ cell were not available, so the default ones in ANSYS
Fluent were used. Now, a complete analysis will be done using the real electrical parameters of
the Toshiba SCiB™, since they are now available and again provided by CMT, and the results
from both battery models will be compared. Finally, as an attempt to find another more
efficient BTMS for the considered battery module, an immersion based refrigeration system
is proposed and simulated, and the differences between both liquid cooling refrigeration
methods will be studied.
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2 Batteries

Batteries are a widely used source of electrical energy all over the world. From mobile
phones, to laptops or even cars, they offer portable power in a relatively simple manner.

In general terms, a battery is composed by a basic power unit called the cell, two electrodes
and a chemical inside these electrodes known as electrolyte [13], as seen in Figure 1. These
elements are usually inside a metal or plastic outer case in order to ensure safety. It is
important to mention that both electrodes are always formed by different materials, which
need to be conductors of electricity. This difference ensures that the current flows in the
form of electrons, which will be given up by one electrode and captured by the other. Also,
a battery is formed by the combination of two or more cells.

+

electrodes

Figure 1: Voltaic cell elements [14]

Now, it is important to explain how does a battery generate electrical energy. The battery
includes a positive terminal, which is connected to the positive electrode and is called the
cathode, and a negative terminal or anode, connected to the negative electrode. When the
battery starts discharging, two separate chemical reactions occur. On the one hand, electrons
are given away by the negative electrode, causing positive ions to form. These positive ions
flow into the electrolyte, whilst the electrons enter an outside circuit towards the positive
electrode, thus being an electric current. On the other hand, at the positive electrode, incom-
ing electrons recombine with the ions from the electrolyte. This process can be graphically
seen in Figure 2. It is also important to take into account that the specific chemical reactions
occurring inside the battery will depend on the materials that form the electrodes and the
electrolyte. Finally, when the chemicals have been completely depleted and no more positive
ions can be formed, the battery is considered completely discharged.
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Electron Flow

Anion flow

Anode
Cathode

__Cation flow _

Electrolyte

Figure 2: Working principle of a battery [13]

As for the different types of batteries, a common classification divides them into primary
and secondary ones. Primary batteries are disposable and cannot be recharged, whilst sec-
ondary ones can. Recharging a battery can be done by passing a current through it in the
opposite direction than for the discharge process.

Primary batteries present one advantage against secondary ones, as they can store
more energy and last longer than a rechargeable one with the same size. However, as it has
been previously mentioned, they cannot be recharged, so they can be considered to pollute
the environment to a higher extent. The three main types of primary batteries are the zinc
carbon, alkaline and lithium ones.

Secondary batteries, also referred to as rechargeables, became common when mobile
power sources started being needed. In this work, the lithium-ion secondary battery will
be used (not to be confused with the lithium primary battery), due to its material proper-
ties, such as specific energy and power, cycle life, and nominal voltage. They are naturally
lightweight batteries that can store a great amount of energy in its atomic bonds [15]. These
characteristics have made lithium-ion batteries widely used amongst many manufacturers for
Electric Vehicles (EV) applications.

In a Li-ion battery, the anode is generally made of a carbon material. Its low working
potential makes graphite the most popular solution [16], however, other anodes are made of
titanium compounds or silicon based materials, for example.

As for the cathode, it needs to be made of a material which contains lithium, such as
a layered oxide, a spinel or a polyanion. The most commonly used one is the cobalt-based
layered oxide LiC'oO,. This material is chosen because of the numerous advantages it offers,
such as its high energy density and good cyclic performance. However, its high price and
low thermal stability are nowadays leading to the use of different compounds like the iron-
based polyanions LiFePO,, which constitute a cheaper alternative to the previusly mentioned
material [17].
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In a Li-ion battery, lithium ions (Li*) flow between the two electrodes, as shown in Figure
3.

4

CHARGER

Electrode Separator Electrode
material material

Figure 3: Li-ion battery working principle illustration [18]

As for the electrolyte, liquid solutions are commonly lithium salts, being hexafluorophos-
phate (LiPFg) the most popular one, dissolved in organic solvents [20]. Nowadays, solid
electrolytes are also being investigated as they would reduce the risk of electrolyte leaks.
The most researched ones are ceramic materials, especially lithium metal oxides.

Another element present in Li-ion batteries is the separator, which is located in between
both electrodes and can be easily located in Figure 3. It is a permeable membrane that
separates the anode and the cathode in order to prevent electrical short circuits, whilst still
allowing lithium ions to travel. Examples of materials that can be used in separators are
ethylene, polyethylene or polypropylene.

Now, Table 1 illustrates the large differences that can exist amongst the different types
of lithium-ion batteries. It must be pointed out that the high safety and life cycle of the
Lithium Titanate Oxide (LTO) battery makes it very popular amongst various automobile
applications.
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2.1 Toshiba SCiB™ Battery

Chemistry Lithium Lithium Lithium Titanate
Cobalt Oxide | Manganese Oxide Oxide
Abbreviation LCO LMO LTO
Nominal voltage [V] 3.60 3.70 2.40
Specific Energy [Wh/kg] 150-200 100-150 70-80
Typical Cycle life 500-1000 300-700 3000-7000
18650,
Packaging types prismatic and Prismatic Prismatic
pouch cell
. Phones, tablets, | Power tools, medical EV, solar street
Applications . . C
laptops devices, powertrains lighting
Long life, fast
High energy, Hig}} power, less charge, wide
Comments limited power capacity; safer than temperature range
Li-cobalt and safe. Low
capacity, expensive

Table 1: Summary of common Li-ion batteries. Adapted from [19]

2.1 Toshiba SCiB™ Battery

In this project, the employed battery will be the Toshiba SCiB™. It is a LTO rechargeable

battery which can be charged up to 90% of its capacity in 10 minutes. Amongst its most
relevant characteristics [21], the following can be found:

Low risk of fire or explosion due to the reduced probability of overheating.
A lifespan of around 20,000 cycles and a low capacity degradation.

As it has been previously mentioned, a rapid charging, which does not cause a significant
capacity degradation.

A high current charge and discharge, which allows a high power input/output in a short
time span. This makes it possible to efficiently store the braking energy of a vehicle, and
also starting the motor without the presence of any external aid.

The possibility of establishing working temperatures as low as -30°C, due to the fact that
lithium metal does not precipitate at these temperatures.

A wide State of Charge (SOC) effective range from 0% to 100% and good input/output
characteristics. This allows mounting less battery cells in a system.

An example of a Toshiba SCiB™ cell can be seen in Figure 4.
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\.__‘

.| TOSHIBA SCiB
T

Figure 4: Toshiba SCiB™ cell [22]

It is also interesting to mention that this type of batteries has been widely implemented.
For example, they are used in a prototype laptop made by Toshiba and the Schwinn Tailwind
and Honda’s EV-neo electric bikes. As for its employment in automobile applications, this
battery fuels the Japanese version of Mitsubishi’s i-MiEV and Minicab MiEV and in Honda’s
Fit EV.

Finally, the geometric dimensions of this battery cell are shown in Figure 5.

115

u
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22
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O @ O
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12

20 55

Figure 5: Toshiba SCiB™ cell dimensions in mm
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2.2 Battery Modelling

Modelling a battery is a complex process that depends on the number of parameters to
be introduced, such as ageing or charge and discharge differences. Moreover, several scales
can be taken into account, from the microscopic point of view of the ion diffusion to a whole
pack.

For the completion of this thesis, the software ANSYS 2019 R2 has been used, more
specifically, the CFD Fluent solver. For characterising a battery’s behavior in ANSYS Fluent,
the following solution methods can be employed:

e CHT coupling method
e FMU-CHT coupling method
e Circuit Network solution method

e MSMD solution method

In this project, the Multi-Scale Multi-Domain (MSMD) solution method will
be used, as it can be applied for systems with diverse physical properties and a complex
geometry.

This solution method makes use of the following equations for solving the thermal and
electrical fields. Equation 1 represents an energy equation, and Equation 2 shows the po-
tential equations, which only need to be solved in the active zones of the cell, that is, the
locations where electro-chemical reactions occur.

opC,T
ot

-V (kVT) =0+ ‘ v¢+ |2 +o_ | V¢— ’2 +QECh + QShm’t + c].abuse (]-)

V- (U+V§0+) = _(jEC’h - jshort) (2)
V- (0-Vy_) = jech — Jshort

This solution method allows using a diversity of electro-chemical models, which are the
following:

e Newman, Tiedemann, Gu and Kim (NTGK) model [23]
e Equivalent Circuit Model (ECM) [24]

e Newman Pseudo-2D (P2D) model [25]
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2.2.1 NTGK model

Proposed by reference [23], this is a model based on semi-empirical results, which of-
fers satisfactory solutions when working with steady electrical loads. However, if sudden
alterations occur in the electric load, this model fails to take into account inertial changes.
Therefore, other models such as the ECM one will be more accurate.

2.2.2 Equivalent Circuit Model (ECM)

In this semi-empirical model, an electrical circuit is used for simulating the electrical
behavior of the battery. As in the work of Chen [24], ANSYS Fluent employs a second order
ECM. This model makes use of six different parameters: an Open Circuit Voltage (OCV),
three resistors and two capacitors, all of them being a function of the SOC. Figure 6 shows
a graphical scheme of the model.

RAG L v, (1) X
I 0 i
| I |
| I |
| R | R, | R I
| —|:LJ— T e e T O+
| | [ —
| | A
C, C, :
L V() |
(_)If’o:,__(.mc) |
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=

Figure 6: ECM scheme [26]

The relation between voltage and current can be obtained by solving the electrical circuit
equations:

V = Vocv(soc) = Vi — Vo — Rg(soc)I(t) (3)
dv; 1 1
=— -
dt Rl(soc)Cl(soc)Vl C(soc) (®)
v, 1 S

dt Ry(soc)Cy(soc) © Cy(soc)
d(soc)  I(t)
dt  3600Q,.f

Also, ANSYS Fluent allows calculating the six parameters (the OCV, the three resistors
and both capacitors) in three different ways:
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1. Expressing them as fifth order polynomials as a function of the SOC

Ry = dy + dy(soc) + da(s0c)* + ds(soc)® + dy
Cy = eg + e1(s0¢) + ea(s0c)? + e3(soc)® + ey
Vocv = fo+ fi(soc) + fa(soc)* + fs(soc)* + fa

(
( (
Cy = cp + c1(soc) + ea(soc)? + c3(soc)® + es(soc)* + c5(soc
(soc (
(
(

(
(soc)* + fs(soc)®

2. By using a function proposed by Chen [24]

Rs = ap + ajexp[—as(
Ry = by + brexp[—bs(
C1 = ¢y + crexp|—co(
Ry = dy + diexp|—ds(soc
Cy = eg + erexp[—es(
Vocv = fo + fi(soc) + fa(soc)* + fs(soc)® + fiexp[—fs(

3. By means of a 2D table that expresses each parameter as a function of the SOC and
the temperature. It is important to notice that this is the only method that takes into
account the temperature effect.

Finally, the ECM calculates the source terms as follows:

. QNomznal
=]—
JECHh = Qe Vol (6)

qech = jrcn |Voov — (¢4 — ¢-) — Tj—g] (7)

The described model offers successful results for complex simulations and does not com-

promise the computational cost, being fairly cheap regarding this aspect. It is also a very

versatile model, as it cannot only be used for modelling Li-ion batteries but also other types

of solid ones, whilst the other two models can only be employed when working with lithium
based batteries.

2.2.3 Newman’s Pseudo-2D model

This last model is by far the one that requires a higher computational cost. It consists in
a physics-based model, which is founded on a porous electrode and on concentrated solution
theories [25]. This possibility allows modelling the trajectory of the ions across the different
layers of the battery.

10
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For this case, it is important to distinguish between two regions: a continuous electrolyte
solution, which covers the electrodes and the separator between them, and a solid phase
represented as a matrix of regular spheres, which can be found in both electrodes. These

regions can be observed in Figure 7.

Negative Electrode Separator Positive Electrode

Electrolyte

=

1013]|0) Waun)

x=0

w=Lp :=I.p

Solid-Electrolyte Interface

Cs(x,1,t)

Cgelx,1,t)

Figure 7: P2D model schematics, adapted from [27]

During discharge, lithium ions and electrons are diffused radially by the negative electrode
solid particles, from the center to the surface. The ion then travels to the positive electrode
by diffusion, and it is later stored inside the positive electrode spheres, causing an increase

in concentration.
Finally, for mathematically expressing these phenomena, the charge and mass concentra-

tion laws are used.

11
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3 Methodology

In this section, the design of the battery module, refrigeration systems and electrical
models for the cell used will be fully described. The different cases that are going to be
calculated will be explained, including their geometry, mesh and simulation setup.

3.1 Battery Module Design

Based on the chosen battery cell mentioned in Section 2.1, the design proposed is a com-
pact 12 cells battery module, which are connected in series using thin rectangular bus-bars,
building a 12 Series 1 Parallel (12S1P) battery module (Figure 8a). The module has a casing
where the batteries are located, which can be seen in Figure 8b. The casing walls thickness
is 2 mm and there is a 1 mm gap between the cells and the casing, and between the faces of
the cells. There are also 5 mm high spacers at the bottom of the casing that help to battery
to pack into place (Figure 9).

(a) Module without casing (b) Module with casing

Figure 8: Isometric view of the battery module

12
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Detail View A

Figure 9: Main measurements and details of the module casing in mm [12]

3.2 Electro-Thermal Model

After defining the battery module, the first step will be to study its electro-thermal
behavior. For this project, the ECM described in Section 2.2 is considered, and two different
models are used. In order to be able to compare the obtained results with reference [12],
the first model corresponds to the ANSYS Fluent default one, as it was the one used in that
project. This model belongs to a 850-mAh TCL PL-383562 polymer lithium-ion battery. Its
electrical characteristics and ECM coefficients are included in Table 2 and Table 3.

The second model corresponds to the real Toshiba SCiB™, which electrical characteristics

are included in Table 4. The information of the ECM parameters has been provided internally
by the CMT in the form of tables. A total of six tables were provided: three for the resistances
Rg, Ry and Ry; two for the capacitances C; and Cs; and one for the voltage Vpoy. The values
of the parameters presented in the tables are a function of the SOC and the temperature.
The values can be introduced to ANSYS Fluent with a .tab file. These tables are included
in Appendix A.

Chemistry Polymer Lithium Ion
Nominal voltage [V] 3.7
Discharge cut-off voltage [V] 3.0
Nominal capacity [mAh)] 850
Maximum discharge current [A] 1.7(2C)
Discharge operating temperature [°C] from -20 to +45

Table 2: Main electrical parameters of the ANSYS default battery model [28]

13
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’ Coeflicient \ Value H Coefficient \ Value ‘

ao 0.07446 ds 155.2
a 0.1562 €0 4475
as 24.37 e ~6056
bo 0.04669 e 27.12
by 0.3208 To 3.685
by 29.14 i 0.2156
o 703.6 2 0.1178
1 7529 fs 0.3201
Co 1351 £ 1.031
do 0.04984 s 35
d 6.603

Table 3: ECM coefficients of the ANSYS default battery [28]

Chemistry Lithium Titanium Oxide
Nominal voltage [V] 2.3
Discharge cut-off voltage [V] 1.5
Nominal capacity [Ab] 23
Discharge operating temperature [°C] from -30 to +45

Table 4: Main electrical parameters of the Toshiba SCiB™ model [21]

3.3 Non-refrigerated Battery Module
3.3.1 Geometry

The geometry that will be used to study the two electro-thermal models is the one de-
scribed in Section 3.1, which corresponds to the 1251P battery module with casing. One key
aspect is to give a specific name to all bodies and surfaces so that it is possible to assign
certain characteristics later in the setup (boundary conditions, materials, etc.).

The battery module consists in total of 48 bodies (Figure 10):

12 cells

12 positive tab zones

12 negative tab zones

11 busbars

1 casing

14
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Additionally, 2 surfaces must be named, that will act as surfaces for boundary conditions
for the electrical model (Figure 10):

e Tab P
e Tab_N

Casing

Figure 10: Isometric view of the non-refrigerated battery module with named selections

It is very important to mention that all the bodies have been grouped as a single part.
This guaranteed that the interfaces between bodies would allow a conforming mesh when the
mesh was generated, ensuring a correct calculation of the heat transfer across the bodies.

3.3.2 Mesh

The mesh used to evaluate the thermo-electrical behavior of the battery model provided
by the CMT is the one used in [12], and it will be described next. The mesh was generated
using the "body sizing” tool in ANSYS, so that different maximum sizes for the elements of
the mesh could be assigned to different bodies, and therefore to be able to provide enough
definition to properly calculate the physics phenomena occurring in the battery module.
A mesh independence study was made in [12]. The resulting mesh is made of 3.2 million
elements. A summary of the body sizing can be found in Table 5. In Figure 11 a cross-section
of the mesh is shown, where a section of a tab, busbar, cell, and casing can be seen.

15
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| Bodies | Element size [m] | Element type |
Tabzones and busbars 5-1074 Hexahedrons
Cells 4-107°
Casing 103 Tetrahedrons

Table 5: Body sizing of the battery module mesh

Figure 11: Cross-section of the battery module mesh [12]

3.3.3 Model Setup

Before starting with the setup, the mesh needs to be loaded into ANSYS Fluent. Once
it has been imported, a regular battery model setup is done, following the instructions that
can be found in the ANSYS Tutorial Guide [26] step-by-step.

The first step is to define the solver options. The simulation is set as a transient case.
The energy equation is enabled and the flow and turbulence equations are disabled,
since in this case there is no need to calculate any fluid flow.

The next step is to load to Fluent the Dual-Potential MSMD battery model add-on,
using the Text User Interface (TUI). For the E-chemistry model the ECM is set. The Joule
heat in active zones is enabled and the specified C-rate option is selected. The C-rate will
be constant along the simulation, with a value of 4.

Two different simulations will be carried out using the two different electro-thermal models
described in Section 3.2. The discharging parameters of each model are introduced. In the
case of the ANSYS default battery model, the parameters in Table 3 are introduced manually.

16
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In the case of the Toshiba SCiB™ model, the different data tables are introduced with .tab
files.

As for the conductive zones conditions, all cells are defined as active zones, and the
busbars and tab zones as passive. The surfaces Tab_P and Tab_N are defined as the external
connectors.

Now, the materials definition will be covered. 3 different solid materials are used. For
the casing, aluminum is used. For the cells material (e_material), and the tabs and busbars
material (busbar_material), the correlations proposed in the ANSYS Tutorial Guide [26] are
used, using the material properties from [29] and [30]. A summary of the material properties
can be found in Table 6.

’ Property \ Aluminum \ e_material \ busbar_material ‘
p [kg/m3] 2719 2092 2719
C, [J/ (kg K)] 871 678 871
k [W/(m K)] 202.4 18.2 20
o [S/m] 3.541 - 107 3.541 - 107 3.541 - 107

Table 6: Material properties of the battery module

Regarding the boundary conditions definition, all the contact surfaces between the
different bodies are established as a thermally coupled wall. In the case of the surfaces that
are exposed to the ”air” (except for the external connectors Tab_P and Tab_N), a thermal
condition of convection is applied. A natural convection of the air is considered, with a free
stream temperature T,,, of 300 K and a heat transfer coefficient h of 5 W/(m?-K).

Next, the solution controls are specified. The battery module itself enforces a stop-
ping condition when the cut-off voltage is reached, therefore all convergence criteria are
deactivated.

Afterwards, 4 report definitions are created to extract information for the analysis of the
results in Section 4. The reports are the following:

SOC

Voltage

e Maximum temperature of the module

Total heat generation of the module

Eventually, the model is initialized. As recommended by references [12], the time step
has been established to be 0.1 seconds, with 25 iterations per time step.

17
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3.4 Cold-plate Refrigeration System Design

The refrigeration system used to refrigerate the module described in Section 3.1 was de-
signed based on the Audi e-tron cooling system [31], so that it resembles a realistic refrigera-
tion system. The dimensions of the inlet and outlet collectors and the general configuration
have been modified to adapt it to refrigerate the battery module considered in order to obtain
a satisfactory distribution of the fluid across all channels.

The geometry of the refrigeration system used can be appreciated in Figure 12. It consists
of two 55 mm diameter cylindrical collectors (inlet and outlet) and 6 plates with 28 micro-
channels (168 channels) which connect both collectors in a U-shaped layout. Each micro-
channel measures 2x5x530 mm and are separated between them by a distance of only 0.5
mm. The distance between two plates is 83.5 mm and the total length of the inlet and outlet
collectors is 1428 mm.

A total of 12 battery modules will sit on top of the refrigeration system, which means that
each plate will refrigerate two battery modules. The grey rectangles in Figure 12a represent
each of the modules laying on each plate.

(b) Detailed view of a plate and the outlet collec-
(a) Isometric view of the refrigeration system tor

Figure 12: Geometry of the refrigeration system [12]

As proven by references, this refrigeration system design ensures equal cooling for all cells.
A study performed by A. Arcila [12] confirms that for mass flow values between 0.5 kg/s and
2.5 kg /s the speed across all plates is almost identical, since the velocity distribution variation
is less than 5.1%. Therefore, the coolant is uniformly distributed between all micro-channels,
and the refrigeration of the 12 battery modules will not have significant differences. Hence,
in order to save a considerable amount of computational cost, it is enough to consider the
refrigeration of a single battery module.

18
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3.5 Cold-plate Refrigerated Battery Module

Once the battery module in Section 3.1 and refrigeration system in Section 3.4 are de-
signed, both models are coupled together into a single simulation, so that the efficiency of
the cold-plate based refrigeration system can be studied regarding the thermal management
of the module.

3.5.1 Geometry

The geometry that will be used to study the behavior of the refrigerated battery module
is very similar to the one used in Section 3.3.1 but adding a plate of the refrigeration system
(28 channels) under a single battery module lengthwise. As in Section 3.3.1, a specific name
is given to all the new bodies and surfaces added.

In this case, the refrigerated battery module consists in total of 77 bodies, after adding
the following 29 bodies (Figure 13):

e 1 refrigeration body

e 28 fluid channels

Also, 2 additional groups of surfaces are named, that will act as surfaces for boundary
conditions for the fluid (Figure 13):

o Inlet

e Qutlet

3.5.2 Mesh

The mesh used to evaluate the behavior of the refrigerated battery model was again
provided by the CMT and is the one used in [12]. The mesh was generated using one more
time the "body sizing” tool in ANSYS, but also using the ”edge sizing” tool. In this mesh,
the edge sizing was used in each fluid channel to define the total number of elements along
two edges: the horizontal and vertical edges of the section of the channels. The horizontal
ones were divided in 4 equal parts and the vertical ones were divided in 15 non-equal parts.
The segments closer to the top part are smaller in order to capture the boundary layer
(Figure 14a). This sections were extruded from the inlet to the outlet faces, creating the
mesh appreciated in Figure 14b.

This mesh was also subjected to a mesh independence process until an independent mesh
of 4 million elements was obtained. Regarding the body sizing of the different bodies, all
element sizes remain the same as in Table 5, but adding the plate (refrigeration body), which
elements are hexahedrons with a size of 1073 m.
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Refr. body & Fluid

Figure 13: Isometric view of the refrigerated battery module with named selections

(a) Front view of the channels inlet face (b) Cross-section view of the mesh

Figure 14: Refrigerated battery module mesh [12]
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3.5.3 Model Setup

The setup of this model is similar to the setup made in Section 3.3.3, but some differences
are appreciated due to the presence of the refrigeration system, which will be described next.

Regarding the solver options, the solver employed is pressure-based. In this simulation,
the flow and turbulence equations are enabled, as there is a fluid (water) flowing through
the refrigeration system. Also, it is necessary to define the viscous model employed in the
simulation. The model selected is a realizable k-epsilon with enhanced wall function.

With respect to the boundary conditions, an inlet velocity is imposed in the inlet group
of surfaces. First, the velocity imposed will be of 1.47 m/s. This value is equivalent to an
inlet mass flow of 2.5 kg/s, as is the one used by A. Arcila in his study [12]. Additionally,
a velocity of 0.735 m/s will be imposed, which is half the velocity of the previous one (inlet
mass flow of 1.25 kg/s). This is made to study if the fluid can extract more heat from the
battery module when the residence time is increased.

Additionally, 4 more report definitions are created, with the purpose of extracting infor-
mation about the performance of the refrigeration system. These are:

e Heat flux from the casing to the refrigeration body
e Heat flux from the refrigeration body to the fluid
e Maximum temperature of the fluid at the outlet

e Average temperature of the fluid at the outlet

3.6 Immersion Refrigerated Battery Module

As an additional study, an immersion based refrigeration system is proposed. This system
consists on submerging the battery module in direct contact with a dielectric fluid. The fluid
will be contained inside the module casing, and will continuously enter and exit the casing
through some openings in the casing to avoid the heating of the fluid. All cells are directly
exposed to the dielectric coolant to 95% of their height (5 mm of the cells are packed into
the casing spacers).

As recommended by references [32], the dielectric fluid used for this study is a Hydroflu-
oroether (HFE) from 3M™ called NOVEC™ 7500, which is commercially available [33].
Hydrofluoroethers are a type of fluorocarbon dielectric fluids which have many advantages
in industrial cooling applications, such as high thermal and chemical stability, immunity to
flammability issues, wide range of boiling points and less environmental concerns with respect
to other dielectric fluids [34]. In Table 7, the material properties of the dielectric coolant are
presented.
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’ Property ‘ 3SM'M NOVEC™ 7500 ‘
p [kg/m?] —2.0845 T'[°C] + 1665.8; 20°C < T < 70°C
p [kg/(m-s)] 1-107" T?°C] —3-107° T[°C] + 0.0018; 20°C < T < 70°C
Cp [J/(kg-K)] 1.4982 T[°C] + 1091; 20°C < T < 70°C
k [W/(m-K)] 4-1077 T?[°C] — 2-10~* T[°C] + 0.069; 20°C < T < 70°C

Table 7: Material properties of the dielectric coolant depending on temperature [32] [33]

To simulate the behavior of the immersion refrigeration system in a precise way, a new
mesh must be created. The new mesh must include the new design of the inlet, outlet and
casing, and the whole volume inside the casing must be meshed, as this is the space in which
the fluid will be contained. However, this work is out of the scope of this project, since only
an initial approximation of this problem is wanted to be obtained.

Consequently, the mesh used in Section 3.3.2 is going to be employed. The setup for
this simulation is identical to the one made for the non-refrigerated battery module. But, to
simulate the behavior of the dielectric coolant flowing around the cells, a different thermal
condition of convection is applied on the faces in contact with the cooling fluid by changing
the value of the convective heat transfer coefficient h.

3.6.1 Determination of h

First of all, some dimensionless numbers must be defined. These dimensionless numbers
will be very useful in the calculation of the convective heat transfer coefficient h.

The first one is the Reynolds number, which relates the inertia forces and the viscous
forces acting within a fluid. It also allows to predict if the fluid flow is laminar or turbulent.

_ pux L
i

Re

(8)

The second one is the Prandtl number, which relates the momentum diffusivity and the
thermal diffusivity.

D

_H
Pr = k 9)

And the last one is the Nusselt number, which is the ratio of the convective and conductive
heat transfer at a boundary of a fluid. It is directly related to the convective heat transfer
coefficient h.

h L

Nu= =~ (10)
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After these previous definitions, the conditions of the dielectric fluid will be determined.
The free stream temperature of the fluid 7, is determined to be 300 K, as this was the
temperature of the air for the natural convection considered in the previous simulations. The
initial temperature of the cells and casing is also considered to be 300 K. Once the free stream
temperature is known, the equations in Table 7 are applied. Additionally, using Equation 9,
the value of the Prandtl number for the NOVEC™ 7500 is calculated. The values obtained
are presented in Table 8.

| Property | SM™ NOVEC™ 7500 |

p [kg/m3] 1609.831
w [kg/(m-s)] 1.067 - 1073
C, [1/(kgK)] 1131.267
k [W/(m-K)] 0.0639

Pr 18.877

Table 8: Material properties of the dielectric coolant at T, = 300 K

The problem is going to be considered as a convective heat transfer problem in an internal
flow. The flow is considered internal because it is flowing in a small gap of 1 mm between
the cells, and between the cells and the casing. Therefore, the flow will behave in the same
way as a fluid flowing inside a pipe, in which the boundary layer grows from the entrance of
the pipe (entrance zone) until covering the whole section (developed flow zone) (Figure 15).

\gu u U 3{

—
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Figure 15: Boundary layer in an internal flow [35]

Then, there will be 7 ”pipes” with a rectangular cross section of 1x98 mm and a longitude
of 231 mm, which are represented in Figure 16 by green rectangles. The hydraulic diameter
of these non-circular ”pipes” is computed using Equation 11, where A is the cross section
area and P the perimeter.

o_4A_ 4198
H="p ~9.14+2.98

= 1.9798 mm (11)

Regarding the mass flow entering the casing, it is set to be the same as the mass flow
entering one plate in Section 3.5. In that case, the mass flow was 1.25 kg/s for the whole
refrigeration system, which means that each one of the 6 plates had a mass flow of 0.2083
kg/s. This is the mass flow that will enter into the casing, and will split up between the 7
"pipes”, having a mass flow of 0.0298 kg/s in each individual pipe.
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Figure 16: Cross-section view of the rectangular ”pipes” between the cells

Now, knowing the mass flow that goes through each ”pipe” and considering them as
a circular tube using the hydraulic diameter Dy as the characteristic length, the Reynolds
number is calculated using Equation 12. In internal flows, the transition between the laminar
and turbulent regime is considered to be at Re ~ 2500, and a full turbulent flow at Re ~ 10*.
For this reason, the flow is considered to be turbulent.

oD 41
Rep =LY =™ _ 795 10° (12)
ju T Dy p

Given that, the Chilton-Colburn analogy can be used (Equation 13). This analogy is
very useful to obtain a good first approximation of the Nusselt number for a fully developed
turbulent flow.

cf f Nup 2
L L TP pp2/3 1
2 8 Rep-Pr | (13)

Knowing that the friction factor for smooth pipes is f = 0.184 - Re~'/5 for Re < 2 - 10%,
Equation 13 can be developed into a more convenient expression to calculate the Nusselt
number.

Nup = 0.023 - Re}l” - Pr'/? (14)
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Another way to obtain the Nusselt number is using some experimental correlations based
on the previous equation. These are: the Dittus-Bolter correlation, the Sieder & Tate corre-
lation, and the Gnielinski correlation.

The Dittus-Bolter correlation (Equation 15) can be used for flows with 0.7 < Pr <
160, Re > 10* and L > 10D. All these conditions are fulfilled.

Nup = 0.023 - Re%® - Pro3 (15)

The Sieder & Tate correlation (Equation 16) can be used for flows with 0.7 < Pr <
16700, and L > 10D. All these conditions are fulfilled.

Nup = 0.027 - Reb® - Prt/3 (16)

The Gnielinski correlation (Equation 17) can be used for flows with 0.5 < Pr < 2000,
and 3000 < Re < 5-10%. All these conditions are also fulfilled. This correlation is especially
made for the range of 2300 < Re < 10%, since the previous correlations can introduce some
errors in that range.

L. (Rep — 1000) - Pr
NUD = 8
1427 (f/8)/2- (Pr2/3 —1)

(17)

Finally, once the Nusselt number is known, the convective heat transfer coefficient
can be obtained by solving it from Equation 10.

NUD'I{?
h = 18
b (18)

The results of the Nusselt number and A obtained by using the different correlations are
included in Table 9.

L Chilton-Colburn L Dittus-Bolter L Sieder & Tate l Gnielinski \

Nu [] 154.952 140.497 181.9 535.72
h [W/(m2K)] 5002.664 4535.974 5872.693 17295.893

Table 9: Results of the Nusselt number and A

From Table 9, some conclusions can be drawn. In the first place, it is noticeable that
the Gnielinski correlation differs significantly from the rest, predicting a substantially higher
value. This might be due to the fact that this correlation is mostly used in the range of
2300 < Re < 10*, and the problem studied is outside this range. Thus, this correlation can
be dismissed.
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Nevertheless, the other three equations predict similar values of Nu and h. For safety,
the highest and lowest values of h are going to be discarded, in an attempt to be neither
too optimistic nor pessimistic. As a result, the values obtained with the Chilton-Colburn
analogy are the ones used. On the other hand, the analogy is made to predict the Nusselt
number within a fully developed flow, and does not take into account the entrance zone, where
the Nusselt number is higher. But the Nusselt number can be corrected using Equation 19
to consider the entrance zone, and the final value of h is calculated.

1
NUD = NUDdeveloped . (1 + W) = 161.441 (19)
Nup -k
h= ;L)D = 5212.175 W/(m? - K) (20)
H

Then, the value for the heat transfer coefficient h = 5212.175 W /(m? - K) is the one
chosen to simulate the behavior of the immersion refrigerated battery module.
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4 Results

4.1 ANSYS Default Battery Model
4.1.1 Non-refrigerated Battery Module

The global temperature contours for the non-refrigerated ANSYS default battery are
presented in Figure 17. The temperature distribution in the module is stratified. The highest
temperatures can be found at the upper part close to the tabs, and the lowest ones at the
bottom (Figure 17a), resulting in maximum temperature difference within the cells of around
16 K. This behavior is produced because the cells are directly touching the casing at the
bottom, which is in contact with the colder ambient temperature and has a lower temperature
than the battery. As a result, part of the heat produced is lost by conduction through the
bottom of the casing. Thus, the temperature at the bottom of the casing increases until
reaching the cells bottom one, as seen in Figure 17a. On the other hand, at the top part,
the cells do not touch the casing, causing that the heat generated is not properly evacuated,
and therefore producing a high temperature increase.

temperature
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(a) Isometric view of temperature contours of the (b) Isometric view of temperature contours of the
non-refrigerated module - internal non-refrigerated module - external

Figure 17: Temperature contours for the non-refrigerated ANSYS battery at 800 s [12]

In Figure 18, the evolution of some variables during the discharge of the batteries is
presented. In Figures 18a and 18b, the discharge process can be appreciated. The battery
is fully charged, so the SOC starts at 1 and both SOC and voltage start decreasing. The
module is subjected to a 4C discharge until the cut-off voltage of the battery is reached,
which happens after 813.1 seconds. In Figures 18c and 18d, the total heat generated by the
module and the maximum temperature reached within the module are shown, respectively.
It can be seen that the temperature increases almost linearly, with a rate of 0.1 K/s, until
reaching a final temperature around 380 K (107 °C).
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Figure 18: Results of a 4C discharge of the non-refrigerated ANSYS battery [12]

4.1.2 Cold-plate Refrigerated Battery Module

In this section, the results from the simulation of the cold-plate refrigerated ANSYS
default battery module are exposed. During this calculation, different variables were tracked,
and are illustrated in Figure 19. These plots contain the results from the two simulations
performed: one with an inlet mass flow of 0.735 m/s and another with an inlet mass flow
of 1.47 m/s. Additionally, some of them also contain the previous results from the non-
refrigerated case, to facilitate the comparison of the different cases.

In the first place, Figure 19a depicts the total heat production (Qgenermd) of the module,
which is clearly almost equal for the three different simulations. Figure 19b shows that, all
the heat transmitted by the module to the casing, and then to the cooling plate (refrigeration
body), is being extracted through the fluid (Qextracted). The concept of Active Cooling (AC) is
introduced in Figure 19c¢. It is defined as the proportion of heat removed by the cooling fluid
to heat generated by the module, and it assesses the efficiency with which the refrigeration
system extracts heat
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AC _ Qextracted 100 (21)

Qgenerated

The AC value is primarily determined by the heat flow, since the heat generated behaves
slightly sloped throughout the majority of the discharge process. During the first 200 seconds
of the discharge, the cold-plate system is able to extract only 40% of the heat generated.
This, translated into temperature (Figure 19d), results in a high temperature increase of the
module, as if no refrigeration system was used. From that point, the AC continues increasing
until reaching a value around 70% near the end of the discharge. As a result, the temperature
increase slows down, obtaining a final maximum temperature of the module of 357 K (84 °C),
and a decrease around 23 K with respect to the non-refrigerated case. Despite the cooling,
however, the maximum temperature attained at the end of the discharge is still too high for

the battery to work properly, since it exceeds the maximum operating temperature of 45 °C
(see Table 2).

Regarding the differences introduced by changing the inlet mass flow, it can be seen that
the heat extracted, active cooling, and maximum temperature of the module are really similar
for both cases. In Figure 19e, it can be appreciated that by reducing the inlet mass flow, the
fluid temperature increases. This is due to the longer residence time of the fluid, which has
more time to be heated. Nevertheless, it does not have enough time to see large differences
on the maximum and average temperature of the outlet at the end of the discharge, which
are only of 0.635 °C and 0.296 °C, respectively. This explains why the previous mentioned
variables do not show significant differences between them.

Lastly, in Figure 19f the SOC and voltage during the discharge of the battery module are
included. The refrigerated module behaves as expected, and no perceptible differences were
found between the non-refrigerated case and the two simulations of the indirectly refrigerated
module. Therefore, only one curve for each variable has been drawn.

As for the temperature distribution for the refrigerated module displayed in Figure 20,
the temperature of the casing is no longer stratified and a more uniform contour is obtained,
whereas the temperature distribution of the batteries is still layered. As it has just been said,
the cooling system manages to lower the maximum temperature of the module to 357.4 K.
On the other hand, the temperature gradient within the cells increases, having a maximum
temperature difference around 50 K between their upper and lower parts.
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Figure 19: Results of a 4C discharge of the cold-plate refrigerated ANSYS battery
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Figure 20: Temperature contours for the cold-plate refrigerated ANSYS battery at 800 s - 0.735
m/s

4.1.3 Immersion Refrigerated Battery Module

The results from the simulation of the immersion refrigerated ANSYS default battery
module are displayed in Figure 21. These plots contain the results from the simulation
performed, and previous results from the non-refrigerated and cold-plate cases.

Figures 21a, 21b and 21c show that the SOC, voltage and heat production remains equal
for the three cases. Since the ECM parameters of the ANSYS default battery model only
depend on the SOC, it is clear why all these characteristic properties of the battery do not
change from one simulation to another.

On the contrary, the temperature of the cells has a completely different behavior, as
seen in Figures 21d and 22. In this case, the cooling liquid is able to extract a lot of heat
from the batteries. The temperature of the cells increases to 300.65 K at the beginning of
the simulation and then it remains constant until the end of the discharge. With respect
to the temperature distribution, it can be seen that the stratified behavior has completely
disappeared, and a more homogeneous cooling is achieved. It is interesting to remark that
now, the highest temperatures are achieved at the bottom part of the cells, given that the
batteries are placed inside the 5 mm spacers of the casing and no convection is produced
here.
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4.2 Toshiba SCiB™ Model

BTM

In this section, the analysis of the results is repeated, now for the Toshiba SCi model,

and they are compared to the results from Section 4.1.

4.2.1 Non-refrigerated Battery Module

The global temperature contours for the non-refrigerated Toshiba SCiB™ are presented
in Figure 23. The temperature distribution of the module is similar to the ANSYS default
battery case: a stratified behavior, with higher temperatures at the upper part and lower
temperatures at the bottom. The maximum temperature difference within the cells is around
2 K, but higher temperatures can be found within the tab zones and busbars.
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Figure 23: Temperature contours for the non-refrigerated Toshiba SCiB™ at 800 s

In Figure 24, the evolution of the SOC, voltage, heat generated and maximum temperature
of the cells is presented. In Figure 24c, it can be seen that the heat generated during most of
the discharge process is around 30 W, which is considerably smaller than the 600 W generated
by the ANSYS default battery. Therefore, the temperatures achieved by the Toshiba SCiB™
are noticeably lower, with a maximum temperature at the end of the discharge of 305 K
(32°C). This value is already inside the operating temperature range of the battery (see
Table 4).

4.2.2 Cold-plate Refrigerated Battery Module

The results from the simulation of the cold-plate refrigerated Toshiba SCiB™ module
are exposed in Figure 25. As in Section 4.1.2, the plots contain the results from the 0.735
m/s and 1.47 m/s inlet mass flow simulations, and some also contain the results from the
non-refrigerated case.
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Figure 24: Results of a 4C discharge of the non-refrigerated Toshiba SCiB™

The first thing that must be said is that, once again, the differences introduced by reducing
the inlet mass flow are negligible. So, from now on, both simulations will be analysed as a
unique case.

The most interesting result is the maximum temperature of the battery cells (Figure 25d).
It can be appreciated that the cold-plate helps extracting the heat from the batteries, and
the final temperature decreases approximately 1 K. This change in temperature may be the
cause of the little differences in the heat generated (Figure 25a), since the ECM parameters
used for this battery depend on the SOC, but also on temperature (see Appendix A).

Concerning the temperature distribution displayed in Figure 26, the behavior is similar
to the one experienced by the ANSYS default battery: the casing temperature becomes
more uniform, whereas the temperature contour of the cells is still layered. The temperature
difference between the upper and lower parts increases, but only up to 3 K.
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Figure 25: Results of a 4C discharge of the cold-plate refrigerated Toshiba SCiB™
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Figure 26: Temperature contours for the cold-plate refrigerated Toshiba SCiB™ at 800 s - 0.735
m/s

4.2.3 Immersion Refrigerated Battery Module

The results from the simulation of the immersion refrigerated Toshiba SCiB™ are dis-
played in Figure 27. It contains the outcome from the immersion case calculation, as well as
the ones from the non-refrigerated and cold-plate cases.

In this case, Figures 27a and 27b show that the values of the SOC and voltage are
equivalent for the three simulations. The evolution of the heat generated is similar in all
cases, but not equal, due to the dependence on temperature of the ECM parameters.

Once again, by using the immersion cooling method, a lot of heat is extracted from the
batteries. Consequently, the final temperature of the cells drops 5 K compared to the non-
refrigerated case (Figure 27d). This means that the temperature rise is only 0.1 K. With
respect to the temperature contour, in Figure 28 it is visible that the temperature is no longer
stratified, and a more uniform temperature distribution is obtained.
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Figure 27: Results of a 4C discharge of the immersion refrigerated Toshiba SCiB™
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Figure 28: Temperature contour for the immersion refrigerated Toshiba SCiB™ at 800 s
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5 Conclusions

In this project, a CFD model for a refrigeration system of a battery module was created.
The procedure was separated into three steps: the non-refrigerated module, the cold-plate
refrigerated battery module, and the immersion refrigerated battery module.

The first step was to understand the battery add-on module from ANSYS Fluent, which
allows to work with different electric models that are quite comparable. After reviewing the
literature about the different models, the Equivalent Circuit Model (ECM) was chosen, and

the parameters from two different batteries are used: the ANSYS default battery model and
the Toshiba SCiB™ model.

The study of the non-refrigerated module allows to observe the electro-thermal behavior
of the battery module itself. Despite the addition of a casing, which might be viewed as an
additional thermal barrier and a potential way of isolating the batteries, due to the ideal
thermal boundary conditions, it actually helps in the dissipation of heat. The heat generated
by the cells is extracted through conduction from the lower part of the batteries. The casing,
which is made of thin aluminum, absorbs the heat in the form of temperature. The result is
a battery module and its casing with a stratified distribution of the temperature, as seen in
Figures 17 and 23.

This first study permitted also to look into the differences between the two battery models
considered. For instance, the ANSYS default battery generates much more heat than the
Toshiba SCiB™, and the temperature of the cells increase up to 380 K. Therefore, an effective
BTMS is needed to decrease its maximum temperature inside its operative temperature
range. The temperature of the Toshiba SCiB™, however, stands inside its recommended
temperature range, obtaining a reasonable temperature of 305 K at the end of the discharge.
Therefore, if the battery undergoes just a single discharge, a cooling system is not needed. The
importance of a BTMS for this battery after a series of continuous charging and discharging
cycles is left to be studied in future projects.

The results from the indirect refrigeration system simulation are really interesting. In the
study performed by A. Arcila [12], it was concluded that the residence time of the fluid flowing
through the cooling plate was to short to efficiently extract the heat generated by the battery
module. In this study, the inlet mass flow was reduced in half, thus increasing the residence
time of the fluid. Nevertheless, the results from both battery models show that there are
no significant differences when decreasing the mass flow. In both cases, the temperature
is reduced from its respective non-refrigerated equivalent, which is to be expected, but the
temperature drop is unsatisfactory. In the case of the ANSYS default battery, the final
temperature is still too high to be inside the operative range. For this reason, it can be
concluded that the indirect refrigeration system studied is not efficient enough for the correct
operation of the battery, and that its implementation is not worth it.

Given this circumstance, an attempt to find another more efficient BTMS is made, and the
immersion refrigeration system is studied. The results from simulating this cooling system
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are that the temperature of the module experiences a really small increase of temperature,
since the direct contact with the dielectric fluid allows to extract a large amount of heat by
convection. As a result, the temperature of the ANSYS default battery never goes beyond
its operative limits. Additionally, as the battery cells are surrounded by the cooling liquid,
the temperature distribution is more uniform, and the stratified behavior disappears.

However, it is important to remind that the outcome from the last study must been seen
just as a gateway to further research, and not as precise results about the real behavior of
the immersion refrigeration system. The cooling fluid was simulated considering a convection
thermal condition, instead of meshing the whole fluid volume, and the convective heat transfer
coefficient h was obtained using experimental correlations. As a future additional study, the
influence of the value of h on the solution could be contemplated. All in all, the immersion
cooling system seems to be a really promising technology.
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6 Project Solicitations

6.1 UPYV regulations

In this section, the necessary requirements for the correct execution of the project are
described, in accordance with the current regulations applied to the guidelines to a final
degree project at the Universitat Politecnica de Valéncia. The following norms have been
directly extracted from the UPV regulations document [36]. As the original language of the
document is Spanish, the regulations have been translated to English.

Article 1. Subject matter

The purpose of the current regulations is to establish the general regulatory framework
of the conditions governing the registration, assignment, assessment and other aspects
of the academic and administrative processing of the Final Degree Projects ( Trabajos
Fin de Grado; hereinafter TFG) and Final Master’s Projects ( Trabajos Fin de Mdster;
hereinafter TEM) at the Universitat Politécnica de Valéncia (hereinafter, UPV).

Article 2. Scope of application

1. The present regulations will be applicable to the courses taught by the UPV lead-
ing to the achievement of Bachelor’s and Master’s degrees that are official and valid
throughout the Spanish territory (hereinafter, official degrees).

5. The TFG and TFM of the official degrees that enable the exercise of regulated pro-
fessions will be governed by the provisions of the corresponding Ministerial Order that
establishes the requirements for the verification of the degree, without prejudice to the
complementary application of what is indicated in the present Framework Legislation.

Article 3. Nature of the TFG and TFM

1. The TFG and TFM must be oriented to the application and evaluation of compe-
tences associated to the degree.

2. In the case of the TFG and TFM of degrees that enable the exercise of regulated
professions, a professional approach is required. In all other cases, the TFM may have
a professional or research approach.

3. The TFG and TFM consists of the completion of an original work or project show-
ing the knowledge, skills and competences acquired by the student throughout their
studies and, specifically, the competences associated with the TFG or TFM subject, as
indicated in the verification report.

4. The originality of these projects must be understood as an individual part of a com-
prehensive work developed jointly between students from the same degree or different
degrees and the Responsible Structures for the Degrees (Estructuras Responsables de

los Titulos, hereinafter ERT). In any case, the defense of the TFG and TFM must be
individual.
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5. The TFG and TFM subject may be defined through formal teaching activities in
the form of a seminar, workshop or similar; via autonomous and supervised work of
the student; or through a mixture of both.

6. The scope, content and level of demand of the TFG and TFM must be adapted
depending on the allocation of ECTS that this subject has received in the verification
report [...].

7. Like any other subject in a syllabus, the TFG and TFM must have a Teaching Guide

).

Article 4. Supervisors

1. When part or all of the ECTS assigned to the subject is organized through au-
tonomous and supervised work, the students will have the guidance of an academic
supervisor who will oversee the academic work and will give them support in the ad-
ministrative management for the completion of their TFG or TFM [...].

4. Supervisors for TFG or TFM may be lecturers who teach in the degree, or have
taught in the previous two academic years, or lecturers assigned to the ERT [...].

7. All full-time teaching staff who teach on the degree to which the TFG or TFM
corresponds to will be obliged to act as supervisors for the TFG and TFM assigned to
them. Part-time teaching staff teaching on the degree may also act as supervisors.

Article 6. Registration for the TFG and TFM

1. In order to be able to register for the TFG or TFM, it will be necessary to be enrolled
to all the ECTS pending to complete the studies part of the degree.

2. The registration of the TFG or TFM can be made effective on any date of the course
up to 30 calendar days after the date of delivery of the minutes of the first semester
3. The registration of the TFG or TFM in an academic year grants the right to present
the work in any of the calls that take place in that academic year, without limit of
number of calls, in accordance with the deadlines and procedures established in this
Framework Legislation [...].

Article 7. Offer and assignment of TFG and TFM

2. Any student enrolled in the TFG or TFM may submit to the ERT a work proposal
endorsed by a supervisor.

3. The Academic Committee of the Degree (Comision Académica de Titulo, hereinafter
CAT) will be responsible for the acceptance of the TFG or TFM proposals taking into
account the nature of the work, in accordance with the details presented in article 3 of
these regulations, its suitability to the subject of the degree, the estimated duration of
the work, and the eligibility of the supervisor as indicated in article 4.

6. The assignment of a TFG or TFM will be valid during the academic year in which
the assignment is made and the following academic year [...].
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Article 8. Delivery

1. Unless the nature of the work prevents it, prior to the defense and grading of the TFG
or TFM, the student must submit to the secretary’s office of the ERT the completed
project in electronic format, written in Spanish, Valencian or English. The delivery of
the work will be done following the procedure established by the Library and Scientific
Documentation Area (/frea de Biblioteca y Documentacion Cientifica), aiming to be
included in the institutional repositories of the university.

2. The work submitted will include on the cover page, at least, the author’s name; the
title; the name of the supervisor and co-supervisor, if applicable; the ERT’s name; the
degree s name; the academic year; and the UPV logo. The inclusion of other logos is
permitted following the rules for the UPV’s logo usage.

5. In order to admit the delivery of a TFG or TFM, the student’s transcript must
show that he/she has passed all the ECTS credits of their degree, excluding those
corresponding to the TFG or TFM itself and, if applicable, those corresponding to
external internships or those taken in study exchanges.

6.2 Technical specifications

In this section, the technical specifications necessary for carry out this project are stated.

The use of high-performance computing resources is required to complete the calculations
required by the current project. These computer resources may be divided into two categories:
hardware and software.

e Hardware: Due to the complexity of the calculations to be performed, computing
devices with high calculation and memory capacity are required. These are workstations
that are connected to the internet, allowing remote access and uninterrupted work
without overloading the access terminal. These machines require routine maintenance
to ensure that they continue to function flawlessly and efficiently.

e Software: The use of computer programs of various types, such as CAD, numerical
simulation and post-processing programs, is required to complete the required tasks.
The use of commercial software has been chosen, with a view to be able to get technical
support in the event of a problem. Therefore, it is needed to have the appropriate
licenses in place.
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6.2.1 Hardware specifications

A laptop computer and a calculation cluster were used as hardware. The laptop was used
as a terminal for accessing the calculation cluster. In addition, it has been used to complete
tasks that do not need high levels of performance, such as the setup of the simulations or the
data processing. The specifications for the laptop computer and the calculation cluster are
described further down.

Laptop computer
The laptop used is an ASUS ZenBook Pro 15 UX580, which has the following specifications:

e Processor: Intel®) Core™ i7-8750H @ 2.2 GHz (9M Cache, up to 4.1 GHz)
e RAM memory: 16GB DDR4 2400Mhz on board

Graphic card: Intel® UHD Graphics 630, NVIDIA®) GeForce® GTX 1050, 4GB
GDDRS5

Storage unit: 512GB SSD M.2 NVME
Operating system: Windows 10 Home 64-bit

UPYV calculation cluster
The UPV’s cluster for massive parallel processing (RIGEL) is made up with [37]:
e 72 Fujitsu BX920S3 type nodes, divided in 4 chassis, each of which is made up of 18
nodes. Each node of the chassis consists of:
= 2 Intel Xeon E5-2450 8¢/16T processors of 8 cores and 64 GB/RAM DDRS3.
e 56 Bull R424E4 nodes.

= 48 nodes with 2 Intel Xeon E5-2630v3 processors of 8 cores, 2.4 GHz, 20 Mb L3
Cache, and 64 Gb/RAM DDRA4.
= 8 nodes with 2 Intel Xeon E5-2630v3 processors of 12 cores, 2.5 GHz, 30 Mb L3
Cache, and 128 Gb/RAM DDRA4.
e 27 Dell Power Edge R640 nodes.
= 24 nodes with 2 Intel Xeon Gold 6154 processors of 18 cores, 3 GHz, 25 Mb L3
Cache, and 192 Gb/RAM 2666MT/s DDR.

= 5 nodes with 2 Intel Xeon Gold 6154 processors of 18 cores, 3 GHz, 25 Mb L3
Cache, and 768 Gb/RAM 2666MT /s DDR.

43



Final Bachelor’s Degree Project 6.2 Technical specifications

6.2.2 Software specifications

Now, the type of software used is detailed and the use of each program is also specified.

e Autodesk Fusion 360

This Computer Assisted Design (CAD) program was used to create certain sketches of the
Toshiba SCiB™ geometry.

e ANSYS 2019 R2

This software was used to import the mesh and build the setup of the different simulations.
Some of the applications used from ANSYS 2019 R2 are: ANSYS Workbench, ANSYS
Design Modeler, and ANSYS Fluent.

e MATLAB R2019b

This program was essential to create the code that allowed to process the data and present
the results.

e Microsoft Office 365

Microsoft Teams tool allowed to have online meetings between the student and the tutor,
Microsoft Excel was used during the data processing, and Microsoft Power Point allowed
to assemble the slide presentation of the project.

e Overleaf

Overleaf is an online I{TEX editor that was used to write the project memory.
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7 Budget

In this section, the total expense of this project is detailed and divided into labour, energy,
hardware and software costs.

7.1 Labour costs

Labour costs include expenses related to the hours that both the student and the tutor
have dedicated to this work. They are respectively summed up in Tables 10 and 11.

In the case of the student, the wage of a UPV intern was used as a model. It was calculated
by taking into account that a scholarship’s monthly salary is 400 € for a 3-hour daily work,
and typical month with 21 working days.

In the case of the tutor, it has been used as a benchmark the annual remuneration for a
UPV-contracted doctor, which is 30139.94 €, and the annual working time is 1750 hours.

’ Concept \ Hours \ Cost [€/h] \ Subtotal [€] ‘
Meetings 30 6.35 190.48
Documentation and research 30 6.35 190.48
ANSYS tutorial learning 20 6.35 126.98
Simulations setup 40 6.35 253.97
Acquisition of results 35 6.35 222.22
Post-processing 50 6.35 317.46
Memory writing 120 6.35 761.90

| Total | 325 | - | 2063.49 |

Table 10: Labour costs corresponding to the student

| Concept | Hours | Cost [€/h] | Subtotal [€] |

Meetings 30 17.22 516.68
Project revising 10 17.22 172.23
| Total | 40 | - | 688.91 |

Table 11: Labour costs corresponding to the tutor
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7.2 Energy consumption costs

For the completion of this academic work, one of the most employed tools by the student
has been a Personal Computer (PC). As many hours have been spent throughout the entire
project, the total expense should include the energetic cost of this laptop. Said PC is an
ASUS ZenBook Pro 15 UX580, and its manufacturer [38] states that the power consumption
associated to this hardware is 150 W. The total number of hours that the computer has been
used equals 325 h, so the total power consumption can be calculated as follows.

P, =150 W - 325 h = 48.750 kWh (22)

Now, it needs to be taken into account that the cost of electric power in Spain depends
on the day and even on the hour [39]. The computed average as of September 1% is 0.2193
€/kWh, which allows calculating the total cost of the power consumed by the laptop as:

Cp = 48.750 kWh - 0.2193 €/kWh = 10.69 € (23)

Additionally, the cost of using the UPV calculation cluster RIGEL must also be computed.
Each of the 6 simulations calculated in RIGEL has been using 24 processors during an average
of 100 hours. Considering that the price of use is 1 cent/hour per processor, a total of 144
€ have been invested.

The total costs associated to the energy consumption are included in Table 12.

| Concept | Subtotal [€] |
pPC 10.69
Calculation cluster 144

| Total | 154.69 |

Table 12: Energy consumption costs
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7.3 Hardware costs

Now, the cost associated to the hardware use needs to be estimated. Regarding the
student’s PC, as it has only been employed for a limited amount of time. The calculated cost
will be the one related to the depreciation during that time span. The monthly depreciation
cost has been calculated considering that the laptop was bought in 2018 for 1599 €, and
a total depreciation period of 8 years. On the other hand, regarding the hardware costs of
the calculation cluster RIGEL, the depreciation cost is considered to be included in the 1
cent/hour per processor used before. Therefore, the total costs associated to the hardware
are included in Table 13.

| Hardware | Months | Cost [€/month] | Total [€] |
’ ASUS ZenBook Pro \ 8 \ 16.66 \ 133.25 ‘

Table 13: Hardware costs

7.4 Software costs

Finally, all software licenses employed need to be taken into consideration for computing
the total cost of the project. The expenses associated to the software are shown in Table 14.

First of all, the license of the CFD software ANSYS is paid by the amount of time that
the simulations have been running. This cost per hour of use of this software is 0.8 €/h.

Regarding MATLAB, it has been used to process the data obtained with the simulations.
The cost that the UPV pays for the educational license is of 250 € /year.

In the case of the Microsoft Office 365 programs (Excel, PowerPoint and Teams), the cost
that the university pays is 79 € for a 4 year license.

Finally, Fusion 360 was obtained using a free educational license, and Overleaf is a free
online tool.

| Software | Usage time | License cost | Subtotal [€] |
ANSYS 2019 R2 600 h 0.8 €/h 480
MATLAB R2019b 8 months 20.83 €/month 166.67
Microsoft Office 365 8 months 1.65 €/month 13.17
Autodesk Fusion 360 - 0 0
Overleaf - 0 0

| Total | 659.83 |

Table 14: Software costs
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7.5 Total costs

The results obtained in previous sections have been summed up in Table 15. To calculate
the final budget, an industrial benefit of 5% has been applied, and the Value Added Tax
(VAT) of 21% has been added.

] Concept | Cost [€] |
Labour costs 2752.4
Energy consumption costs 154.69
Hardware costs 133.25
Software costs 659.83

Raw total 3700.17 |

| |

’ Industrial benefit (5%) | 185.01 |
’ Total with industrial benefit \ 3885.18 ‘
| |
| |

VAT (21%) 815.89 |
Tender budget 4701.07 ‘

Table 15: Total costs

Therefore, the total raw cost of the project is of:

THREE THOUSAND, SEVEN HUNDRED EUROS WITH SEVENTEEN CENTS
And if industrial benefit is added:

THREE THOUSAND, EIGHT HUNDRED AND EIGHTY-FIVE EUROS WITH EIGH-
TEEN CENTS

Finally, the tender budget is of:

FOUR THOUSAND, SEVEN HUNDRED AND ONE EUROS WITH SEVEN CENTS
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Appendices

A Toshiba SCiB™ ECM Tables

Temp.

300 298 308 323 333 343
0.05 1.942 | 1.543 | 1.1813 | 1.2341 | 1.3036
0.1 17775 | 1.367 | 1.0753 | 1.0968 | 1.1339
0.15 1.6874 | 1.3311 | 0.9959 | 1.0546 | 1.0971
0.2 1.6401 | 1.2677 | 0.9493 | 1.0231 | 1.0071
0.25 1.5447 | 1.1832 | 0.9118 | 0.9862 | 1.0076
0.3 1.4761 | 1.1782 | 0.8856 | 0.976 | 0.992
0.35 1.45 | 1.1308 | 0.8808 | 0.9711 | 1.019
0.4 1.4186 | 1.094 | 0.8706 | 0.9717 | 0.9875
0.45 1.4136 | 1.0998 | 0.8179 | 0.9242 | 0.9136
0.5 1.4033 | 1.132 | 0.8608 | 0.9513 | 0.9247
0.55 1.4152 | 1.0953 | 0.8931 | 0.9359 | 0.9996
0.6 1.3246 | 1.0957 | 0.8777 | 0.9308 1
0.65 1.3729 | 1.0111 | 0.8567 | 0.9259 | 0.9686
0.7 1.3307 | 0.969 | 0.8039 | 0.9263 | 0.9902
0.75 1.3471 | 0.9853 | 0.7886 | 0.8844 | 1.0386
0.8 1.3156 | 1.0656 | 0.7891 | 0.922 | 1.0336
0.85 1.3107 | 1.0022 | 0.8001 | 0.8958 | 0.9278
0.9 1.3271 | 1.0133 | 0.7793 | 0.907 | 0.9229
0.95 1.3328 | 0.9712 | 0.8169 | 0.1014 | 0.9446

1 1.5036 | 1.078 | 0.9823 | 0.8653 | 1.0567

Table 16: Rg in m§ as a function of SOC and temperature for the Toshiba SCiB™
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Temp.

300 298 308 323 333 343
0.1 4.0745 | 3.6650 | 1.5148 | 0.9689 | 1.0881
0.2 3.3093 | 3.1218 | 1.0912 | 0.8691 | 0.8011
0.3 3.2273 | 2.3908 | 0.9231 | 0.7527 | 0.1723
0.4 3.3834 | 1.2334 | 0.9598 | 0.7039 | 0.1755
0.5 3.7958 | 1.1677 | 1.1510 | 0.8262 | 0.3317
0.6 3.6963 | 2.5700 | 1.0172 | 1.0175 | 0.0277
0.7 3.9893 | 3.5114 | 1.1394 | 0.7983 | 0.001
0.8 3.9409 | 0.05 | 1.0743 | 0.8351 | 0.0001
0.9 3.4658 | 1.4866 | 0.8892 | 0.8727 | 0.07

1 5.6189 | 4.2026 | 5.0387 | 1.0623 | 0.875

Table 17: Ry in mf) as a function of SOC and temperature for the Toshiba SCiB™TM

Temp.

SOC 298 308 323 333 343
0.1 0.5839 | 0.3875 | 0.2893 | 0.1821 | 0.1107
0.2 0.4083 | 0.1821 | 0.1881 | 0.1345 | 0.1286
0.3 0.3964 | 0.197 | 0.1107 | 0.1405 | 0.1107
0.4 0.3399 | 0.1673 | 0.1464 | 0.078 | 0.1256
0.5 0.3667 | 0.1405 | 0.1494 | 0.1137 | 0.1167
0.6 0.3905 | 2.57 | 0.1077 | 0.1494 | 0.1464
0.7 0.3964 | 3.5114 | 0.1941 | 0.1464 | 0.1554
0.8 0.4768 | 0.05 | 0.1851 | 0.1464 | 0.1345
0.9 0.5363 | 1.4866 | 0.1941 | 0.2149 | 0.1702

1 0.825 | 4.2026 | 0.7774 | 0.1792 | 0.322

Table 18: Ry in m€ as a function of SOC and temperature for the Toshiba SCiB™
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Temp.

300 298 308 323 333 343
0.1 12273.89 | 11954.89 | 12210.23 | 14637.59 | 12465.1
0.2 15010.13 | 14243.85 | 15458.61 | 17566.25 | 17439.4
0.3 15510.21 | 15382.66 | 16341.11 | 17810.99 | 19983.48
0.4 14093.63 | 11731.13 | 14669.42 | 13135.41 | 20164.8
0.5 13700.84 | 10186.02 | 14211.05 | 12677.53 | 20665.13
0.6 12027.7 | 12156.22 | 11325.32 | 14967.93 | 15926.38
0.7 12145.37 | 13679.38 | 13744 | 13422.83 | 21666.51
0.8 11944.52 | 10857.06 | 12327.9 | 12645.94 | 26958.86
0.9 12763.85 | 10399.42 | 11613.22 | 14169.1 | 23945.58

1 8854.56 | 9685.46 | 5787.98 | 12369.13 | 4190.08

Table 19: C; in C as a function of SOC and temperature for the Toshiba SCiB™

Table 20: Cs in C as a function of SOC and temperature for the Toshiba SCiB™

Temp.

500 298 308 323 333 343
0.1 1685.9 | 2748.4 | 3399.4 | 5594 | 5456
0.2 2400.4 | 5382.2 | 5519.3 | 7542 | 6822
0.3 2496.9 | 4999.8 | 8394 | 6885 | 10107
0.4 2835.1 | 5816.9 | 6743.3 | 12502 | 9416
0.5 2691.8 | 6874 | 6736.6 | 8896 | 9650
0.6 2497.5 | 4502.6 | 8891 | 3285 | 10125
0.7 2471.8 | 3503.2 | 5319 | 6691 | 9605
0.8 2091.4 | 6308 5279 | 6857 | 9050
0.9 1880.2 | 4108.1 | 5067 | 4725 | 8565

1 1154 | 1908.4 | 1497 | 5679 | 4376.9

il
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Temp.

500 298 308 323 333 343
0.1 2.1617 | 2.1449 | 2.1196 | 2.106 2.1
0.2 2.1847 | 2.1719 | 2.1505 | 2.1426 | 2.1349
0.3 2.2059 | 2.1969 | 2.1813 | 2.1696 | 2.1618
0.4 2.2572 | 2.2315 | 2.2179 | 2.2101 | 2.2043
0.5 2.3139 | 2.2896 | 2.2624 | 2.2487 | 2.2468
0.6 2.3478 | 2.3477 | 2.3302 | 2.3127 | 2.3087
0.7 2.3824 | 2.363 | 2.3551 | 2.3435 | 2.3396
0.8 24288 | 2.421 | 2.419 | 2.4132 | 2.4054
0.9 2.4966 | 2.4966 | 2.4947 | 2.4869 | 2.4869

1 2.6033 | 2.6306 | 2.6617 | 2.6247 | 2.6325

Table 21: Vocy in V as a function of SOC and temperature for the Toshiba SCiB™



