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(C + H) x A
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Abstract

The transition to electromobility plays a crucial role in reducing carbon emis-
sionsandaddressing the impacts of climate change, particularly in the transport-
ation sector. Battery Electric Vehicles (BEVs) powered by Lithium-ion Batteries
(LIBs) have emerged as a key solution in this transition. However, the overheat-
ing potential of LIBs poses a significant challenge, especially with the increasing
demand for high-performance and fast-charging capabilities. Effective thermal
management is essential to ensure optimal performance, safety, and reliability
while addressing challenges related to energy density, specific energy, and fast-
charging requirements.

This research aims to develop a high-performance battery thermal manage-
ment system (BTMS) for electromobility applications, focusing on designing an
optimal system that meets performance standards for demanding use cases.
After introducing an improved cell selection methodology for optimising and
developing an energy-efficient BTMS to provide an integral system design,
two systems are proposed for direct comparison: a Hybrid BTMS with a cold
plate and PCM for temperature peak absorptions and a Dielectric Flow- and
Tab-Based BTMS that can be adapted to different battery pack designs and
cell geometries. After numerical CFD comparison, the research includes the
development of a functional prototype of the Dielectric Flow- and Tab-Based
BTMS for concept-proof validation.

The results demonstrate that the proposed Dielectric Flow- and Tab-Based
system is an effective thermal management solution, improving specific energy
andenergy densitywhile reducingauxiliary energy consumption. It also enhances
safety and overall system efficiency. By addressing these objectives, this re-
search contributes to developing a more sustainable road transport system by
advancing the field of high-performance thermal management systems for BEVs.
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Laburpena

Elektromugikortasunerako trantsizioak funtsezko eginkizuna du karbono emisioak
murriztu eta klima aldaketaren inpaktuak mugatzeko, garraioaren sektorean bereziki.
Litio-ioizko bateriez (LIB) elikatutako bateriazko ibilgailu elektrikoak (BEV) trantsizio
honen funtsezko irtenbide bilakatu dira. Hala ere, LIBen gainberotze ahalmena erronka
garrantzitsua da, errendimendu handiko eta karga azkarreko eskakizunak gero eta
handiagoak diren honetan. Kudeaketa termiko eraginkorra funtsezkoa da errendimendu
optimoa, segurtasuna eta fidagarritasuna bermatzeko, eta, aldi berean, energia dentsit-
atearekin, energia espezifikoarekin eta karga azkarreko baldintzekin lotutako desafioei
aurre egiteko.

Ikerketa honen helburua elektromugikortasun aplikazioetarako errendimendu handiko
baterien kudeaketa termikoko sistema (BTMS) optimobat garatzeandatza, erabilera betek-
izun zorrotzak jasango dituena. Zeldak hautatzeko metodologia hobetua aztertu ondoren,
zeinak BTMS baten diseinu integrala eta sistema energetikoki eraginkorra eta optizatua
garatzea ahalbidetuko duen, bi sistema proposatzen dira konparaketa zuzenerako: BTMS
Hibrido bat, hotz-plaka eta PCM edo fase aldaketako materialez hornitua, bat bateko ten-
peratura igoerak xurgatzeko, eta bestalde, fluxu dielektriko eta borne bidezko hozketan
oinarritzen den beste sistema bat, baterien diseinu eta geometria ezberdinetara egokitu
daitekeena. Jariakin Konputazionalen Dinamikaren (CFD) bidezko konparaketa numeriko-
aren ondoren, ikerketak fluxu dielektriko eta bornebidezkoBTMSprototipo funtzional baten
garapena proposatzen du, kontzeptuaren azterketa eta balioztatze experimentalerako.

Emaitzen arabera, proposatutako sistema dielektrikoa kudeaketa termikorako
irtenbide eraginkorra da, energia espezifikoa eta energia dentsitatea hobetuz eta albo
kontsumoakmurriztuz. Sistemaren segurtasuna eta eraginkortasun orokorra ere hobetzen
ditu. Helburu horiei ekitean, ikerketa horrek errepide bidezko garraio sistema iraunkor-
ragoa garatzen laguntzen du, bateria bidezko ibilgailu elektrikoetarako errendimendu
handiko kudeaketa termikoko sistemen eremuan aurrera eginez.
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Resumen

La transición a la electromovilidad desempeña un papel crucial en la reducción de las
emisiones de carbono y la lucha contra los efectos del cambio climático, especialmente en
el sector del transporte. Los vehículos eléctricos de batería (BEV) propulsados por bater-
ías de iones de litio (LIB) se han revelado como una solución clave en esta transición. Sin
embargo, el potencial de sobrecalentamiento de las LIB plantea un reto importante, es-
pecialmente con la creciente demanda de prestaciones de alto rendimiento y capacidad
de carga rápida. Una gestión térmica eficaz es esencial para garantizar un rendimiento,
seguridad y fiabilidad óptimos, al tiempo que se abordan los retos relacionados con la
densidad energética, la energía específica y los requisitos de carga rápida.

El objetivo de esta investigación es desarrollar un sistema de gestión térmica de alto
rendimiento para aplicaciones de electromovilidad, centrándose en el diseño de un sis-
tema óptimo que cumpla los estándares de rendimiento para casos de uso exigentes. Tras
introducir unametodologíamejoradadeseleccióndeceldaspara optimizar y desarrollar un
BTMS energéticamente eficiente que proporcione un diseño integral del sistema, se pro-
ponen dos sistemas para su comparación directa: un sistema híbrido de gestión térmica
de baterías (BTMS) con un cold plate y un PCM para absorber los picos de temperatura y
un BTMS basado en flujo dieléctrico y refrigeración por los bornes que puede adaptarse a
diferentes diseños de paquetes de baterías y geometrías de celdas. Tras la comparación
numérica CFD, la investigación incluye el desarrollo de un prototipo funcional del BTMS
basado en flujo dieléctrico para la prueba y validación del concepto.

Los resultados demuestran que el sistemapropuesto, basado en flujo dieléctrico y re-
frigeración por los bornes, es una solución eficaz de gestión térmica quemejora la energía
específica y la densidad energética, al tiempo que reduce el consumo de energía auxiliar.
También mejora la seguridad y la eficiencia global del sistema. Al abordar estos objetivos,
esta investigación contribuye al desarrollo de un sistema de transporte por carretera más
sostenible mediante el avance en el campo de los sistemas de gestión térmica de alto
rendimiento para BEV.
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1
General Introduction

Summary

The first chapter of this PhD thesis presents the framework and motivation behind the re-

search, as well as the primary objectives of the study. Additionally, the chapter outlines the

structure of the remaining chapters in the thesis
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Chapter 1. General Introduction

1.1 Framework and Thesis Motivation

The transition to electromobility is a necessary step in reducing the
carbon footprint andmitigating the impacts of climate change. The trans-
port sector is responsible for a significant portion of global greenhouse
gas emissions, with road transport being amajor contributor. In response,
the industry has made significant efforts to promote the use of electric
vehicles, including e-bikes, electric cars, and electric trucks. These
vehicles rely on lithium-ion batteries as an extended energy storage
system with high efficiency, reasonable energy density, and significant
power storage capacity.

Battery Electric Vehicles (BEVs) have emerged as a critical solution
in the automotive industry’s transformation to electrification. These
vehicles rely on Lithium-ion Batteries (LIBs), an extended energy storage
system that offers high efficiency, reasonable energy density, and sig-
nificant power storage capacity. However, there are several challenges
associated with LIBs, including energy density, specific energy, and
fast charge requirements. These challenges make thermal management
critical to maintaining optimal performance, security, and reliability.
Battery thermal management systems, also known as BTMS, have been
studied and used extensively in the literature. The current trend is to
use cold plates to circulate a water ethylene-glycol mixture inside them.
While these systems are thermally efficient, the increased demands for
vehicles create the need for amore optimised solution with better specific
energy, energy density, and lower auxiliary energy consumption.

This research addresses the need for high-performance thermal man-
agement systems for electromobility, where vehicle efficiency and range
are paramount for standardising these vehicles. Additionally, battery se-
curity and reliability are critical factors that require attention. The rest of
the vehicle’s thermal needs are beyond the scope of this thesis.

In summary, this thesis aims to provide a novel approach to thermal
management that meets the high-performance standards required for
high-demanding electromobility applications. By doing so, this work
contributes to the transition to a more sustainable road transport system,
which is necessary to combat climate change and reduce greenhouse
gas emissions.

2
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1.2. Hypothesis

The following sections outline this work’s hypothesis and themain and
secondary objectives for achieving this PhD thesis’s desired outcomes.

1.2 Hypothesis

On the path to the advanced and energy efficient BTMS, a design and
development methodology should be implemented. Therefore, this work’s
hypothesis is described:

Methodology implementation enhances the selection and devel-
opment of optimal advanced battery thermal management system for
high-performance electromobility application.

The hypothesis suggests that by adopting this structured approach,
it will be possible to systematically evaluate various BTMS options, as-
sess their performance, and ultimately improve the overall energy effi-
ciency of the electromobility system under consideration. The compre-
hensive methodology, which will be presented in Chapter 3, is expected to
provide valuable insights into the complex process of designing and de-
veloping an advanced BTMS for high-performance electromobility.

The verification of this hypothesis will be carried out following the ob-
jectives below described.

1.3 Objectives

The main objective of this PhD Thesis on the path to face the chal-
lenges of a more sustainable electromobility based on battery electric
vehicles is as follows:

Development of a novel and advanced battery thermal management
system for high-performance electromobility application.

The correct achievement of thismain objective suggests the definition
of other secondary objectives for the advancement of this work:

• Ensure the proposed system’s applicability and adaptability for dif-
ferent battery pack designs and cell geometries.

3
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• Creation of a functional prototype where the proposed technology
will be experimentally tested and analysed.

• CFD thermal model generation for proposed solution analysis, with
experimental validation from functional prototype tests.

• System must counteract fast charges and highway speed dis-
charges on a high-performance electric cycle.

• Numerical comparison of the proposed system is needed to assess
the improvement obtained concerning reference BTMS solutions.

1.4 Thesis Structure

To achieve these objectives, the following lines depict the thesis
structure defined.

Chapter 2 introduces the state of the art, focused on the BEV and their
lithium-ion battery utilisation and performance. Moreover, the main bat-
tery thermal management systems are introduced, presenting the advan-
tages and drawbacks of the literature studies.

Chapter 3 illustrates the overall methodology followed for the thesis
objectives achievement. A detailed description of the utilised models,
their implementation and the BTMS comparison process are depicted.

Chapter 4 presents the improved cell selectionmethodology employed
in the battery pack cell selection. The cell parameter characterisation
tests are explained and the validation case study for the improved cell
selection methodology is shown.

Chapter 5 shows the CFD-based comparison analysis of two advanced
BTMS solutions for electromobility. The outcomes are discussed with the
numerical results of each system, numerically assessing each thermal
management solution’s main advantages and drawbacks under broad key
indicators.

Chapter 6 shows the development of the proposed advanced BTMS
technology after the comparison analysis in the previous chapter. There-
fore, it gathers the prototype’s design, construction and experimental

4
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1.4. Thesis Structure

analysis. CFD model is also developed and validated, with final extra
geometry analysis.

Finally, Chapter 7 summarises themain conclusions of the PhD Thesis,
the future research lines and the relevant contributions.

5
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2
State of the Art

Summary

This second chapter provides a comprehensive overview of state of the art in the electro-

mobility field, with a specific emphasis on using lithium-ion batteries (LiBs) as energy storage

systems. The chapter also introduces the primary battery thermal management systems utilised in

existing literature, highlighting the strengths and weaknesses of each.
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Chapter 2. State of the Art

2.1 Framework and Current Situation

Global warming is an acute and pressing problem that poses signifi-
cant threats to the planet’s sustainability. The changes in climate caused
by global warming can lead to a catastrophic loss of biodiversity, ecosys-
tems, and theglobal economy. There is unequivocally establishedastrong
correlation between the increase in global temperatures and the rise of
carbon dioxide emissions in the atmosphere, which are predominantly due
to human activities such as burning fossil fuels, deforestation, and indus-
trial processes [1, 2].

The concentration of CO2 in the atmosphere has risen from about 280
parts per million (ppm) before the Industrial Revolution to over 415 ppm
today, surpassing any levels observed in the past 800,000 years [3]. This
unprecedented rise in CO2 levels is the principal driver of the current global
warming trend, which is predicted to continue unless immediate and de-
cisive action is taken to reduce greenhouse gas emissions. The fig. 2.1
shows the trend of CO2 emissions of the last century, along with the tem-
perature changes from the 1951-1980 reference period.

2

2

Figure 2.1: Average global temperature changes (reference period 1951-1980) and world
carbon emissions from fossil fuel burning, adapted from [1, 2].

This unsustainable global warming situation has meant a change
in the mindset of society, especially in the last decade. The Intergov-

8
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2.1. Framework and Current Situation

ernmental Panel on Climate Change Intergovernmental Panel on Climate
Change (IPCC) of the United Nations recommended in a special report in
October 2018 to limit global warming to 1.5 °C above pre-industrial levels
to ensure a more sustainable and equitable society [4]. The European
Union (EU) proposed some climate strategies and targets to achieve this
and similar objectives, dividing them into deadlines for present and near
future decades. Those strategies can be divided into three groups owing
to the target year: 2020 climate & energy package, 2030 climate & energy
framework and 2050 long-term strategy [5].

This target settled for the year 2020, a 20 % cut in Greenhouse Gas
(GHG) emissions (form 1990 levels), the 20 % share of the energy market
for renewable energies and 20 % improvement in energy efficiency [6]. In
the same way, for the 2030 year, the target percentages are increased to
40 % for GHG emissions reduction, 32 % market share for renewable ener-
gies, and 32.5% in energy efficiency upgrade [7]. Besides, 2050 objectives
expect the transition to a climate-neutral society with an economy of net-
zero GHG emissions. For all these purposes, the EU wants different sec-
tors such as power, industry, mobility, buildings, agriculture and forestry
to play an essential role while leading the way by investigating realistic
technological solutions, empowering citizens and aligning action in those
areas [8].

Identifying and defining each sector’s importance is decisive so that
the correct steps are taken to achieve the desired objectives. The GHG
emissions of the EU sectors in 2021 can be seen in fig. 2.2, where three
main blocks can be defined and connected concerning the climate and
energy objectives settled down [9]:

• EnergySupply: Representsone-quarter of the total emissionsdue to
the importance of fossil fuels on electricity generation. The increase
in renewable energies should counteract this.

• Industry & Residential and commercial: This both sectors repre-
sents the 33 % of the emissions of EU. with poorly isolated houses
and not optimised methodologies and industrial processes as
responsible for the problem. Energy efficiency makes a difference
in these areas by using new and more efficient technologies, so the
total emission will dramatically decrease.

9
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• Transport: Transport, together with international aviation and ship-
ping, makes 27 % of the emissions due to using fossil fuel for the
traction system of the vehicles. It is worth mentioning the 3 % in-
crease in emissions since 2016 data [9, 10]. This system is based
on Internal Combustion Engine (ICE), which is used in almost all the
transport ways. With the change in this technology, the decrease in
associated direct emissions would be considerable.

Domestic

Transport 21 %

Transport
27%

Others
73%

Residential and

commercial 12 %

Industry

21 %

Other combustion 2 %

Waste 3 %

Agriculture 10 %

International

shipping 4 %

Energy supply 25 %

International

aviation 2 %

Figure 2.2: GHG emissions by sector in Europe on the year 2021.

These three main blocks make 85 % of the total GHG emissions. When
it comes to transport, whichmeansmobility for people and goods, the pro-
cess for the change goes through the innovation of the current predom-
inant technology of ICE. The EU expects by 2030 an emission cut by 30 %
(compared to 2005) just in road transportation, which means a significant
effort to build the future mobility scenario. Moreover, there is a consensus
on the research that the future of energy systems will be dominated by
solar photovoltaic and wind power, making 100 % renewable energy sys-
tems feasible and cost-effective [11]. This will help on the path to decar-
bonisation through the electrification of the sector.

For this goal, the sector has started a metamorphosis to electrifying
the present transport ways in recent years. This means that Electromobil-
ity (eMOV) has been created to replace today’s technology and, together
with renewable energies as energy suppliers, to reduce or even eliminate
the emissions for the sector. Due to the challenges posed by this novelty
and the problems to solve, this is the area this PhD thesis will focus on.

10
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2.2. Electromobility

2.2 Electromobility

Electromobility could be defined as electricity-powered transport,
which means decarbonising a sector based on fossil fuels. For this
purpose, today’s technology based on fuel combustion has to change
to an electricity-powered one without losing the present mobility’s
characteristics. This means that electric vehicles have some challenges
in fulfilling users’ expectations:

• Driving range: The ICE vehicles have very long driving ranges, allow-
ing them to make long trips without concern. In the case of some
public transport and goods transport vehicles, this is critical due to
the long distances travelled per day. The new eMOV applications will
almost be thesameasnow,whichmeans that thedriving rangemust
be a requirement for the new technology.

Otherwise, the distance travelled per day by the average car user is
not as vast as the goods transport vehicles. The usual urban itin-
erary is not so challenging; current electric vehicles can face these
distances without a problem. However, the charging infrastructure
must be available to recharge the cars comfortably.

• Fast energy recharging: Refuelling the oil of ICE vehicles takes no
more than fiveminutes. This is another comfort issuedirectly related
to the driving range because fast energy recharging will be essential
if electric vehicles have low ranges. Instead, with very high ranges,
recharging will become a secondary issue. Nevertheless, refuelling
and recharging systems are progressing rapidly to provide the best
experience possible.

• Energy recharging areas: With petrol stations everywhere, refuelling
the oil tank is not a problem with the current vehicles. New techno-
logy implementation will suppose the adaptation of all these sta-
tions or the creation of new recharging/refuelling areas and sta-
tions.

The usage of electricity opens a broader possibility enabling the
charge of fully electric vehicles in any area where the cars are
parked. By this, the private garages or even the streets can supply
energy to the vehicles, making the process much more comfortable

11
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and easy. Moreover, it brings the possibility of charging the cars
whenever they are not needed, at night, for instance, which avoids
the charging time issue.

• Security & reliability: Although the present vehicles use flammable
fuels, they can be considered secure, and due to the maturity of ICE
they are also very reliable. The EVs must satisfy both points at least
the same way the present technology does.

• EV prices: The current ICE vehicles have reached a reasonable mar-
ket price, whereas as any new technology EVs are much more ex-
pensive. This is a clear obstacle and disadvantage for the evolution
of the market share and the integration of new vehicles. However,
as the technology strengthens and mass production and sale start,
the new EV investment cost will decrease gradually.

2.2.1 Electric Vehicle Technologies

To fulfil all these objectives, it is necessary to equip the vehicles with
themost suitable technology in Energy Storage System (ESS). Many energy
storage systems are available with sufficient reliability to put into effect
on eMOV. There are different types, such as mechanical, electrochemical
or thermal, but due to each one’s characteristics, just a few are appropri-
ate for mobility applications. Moreover, their advantages and disadvant-
agesmake only two energy storage systems stand out currently; batteries
and fuel cells. Both technologies are being implemented by vehicle man-
ufacturers producing Hybrid Electric Vehicle (HEV) and BEV using batter-
ies, while fuel cells are being used in Fuel Cell Electric Vehicle (FCEV)). The
HEV, using theusual ICE togetherwith an electrical power system, were the
first step of the fully-battery electric vehicles. Now, BEV and FCEV seem to
be the final two configurations of the eMOV. Both systems seem to be the
most likely option for reducing emissions from the transport sector.

Other technologies, such as super-capacitors, have been implemen-
ted on electric trains. Still, due to their high specific power and consider-
ably lowspecific energy compared tobatteries and fuel cells, they areprin-
cipally used for power assistance and to take more advantage of regener-
ative braking [12]. Furthermore, batteries and fuel cells are better choices
for electric cars because of their higher specific energy. The fig. 2.3 com-

12
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pares these technologies’ energy and power densities.
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Figure 2.3: Power and energy density of different ESS Technologies, adapted from [13].

Nevertheless, both technologies are not at the same development,
maturity and usability points. Although batteries’ specific energy is
considerably lower than fuel cells, it is the best current approach for
the EV. FCEVs’ have a higher range and refuelling is as fast as in the ICE
vehicles. These are key issues analysed before, but current technology
prices are not equal to the BEV ones. The price predictions in the following
decades (fig. 2.4) show that BEV will lead the electric vehicle market at
least on each car’s necessary investment. And although the fuel cell will
be helpful for specific applications such as long-range transport, it will
suffer a slower development and implementation [14].

Figure 2.4: Developments of the investment costs of the vehicles investigated due to
technological learning up to 2050, adapted from [14, 15].
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Hydrogen production is also another key issue on FCEV development.
Hydrogen must be generated on electrolysis (if non-polluting hydrogen is
to be used, avoiding the GHG emissions), compressed or liquefied, trans-
ported and stored in that high-pressure condition. Complex facilities are
needed to increase before these vehicles gain market share.

Moreover, the whole process decreases the general efficiency of the
FCEV considering the well-to-tank and tank-to-wheel process, compared
with the simplicity of the BEV. Therefore, the battery technology’s overall
efficiency is around 77 % whereas the fuel cell reaches 33 %, as shown in
fig. 2.5 [16, 17]. Even the efficiency increase in the systems is predicted
for the year 2050, the direct electrification is estimated to be around two
times more efficient than hydrogen. Moreover, transport decarbonisation
based on high electric versus high hydrogen-based scenarios estimates
17.6 % more land needed for renewable energies (based on wind energy
estimations), due to increased electricity requirements [18]. Neverthe-
less, both these technologies are far more efficient than diesel and petrol
(carbon neutral, from CO2 capture) well to wheel efficiencies.
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Figure 2.5: Well to Wheel Efficiency of Battery, Hydrogen, Diesel and petrol EV [17].

For these reasons, this research will focus on the batteries as ESS due
to the current and near-future prevalence for the BEV. Nevertheless, the
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eMOV scenario predictions show that both vehicle types will live together
in the future.

Even the presented well-to-wheel efficiency and the cost estimations
of BEV, their GHG emissions are questioned, mainly focused on battery
pack production. In this regard, Volvo vehicle manufacturer presented
in 2021 an emission research for one of their vehicles in both ICE and
BEV technologies. The study is moreover analysed for diverse electric
mix scenarios, over the global mix, EU-28 electricity mix and complete
renewablemix under wind energy. As depicted in fig. 2.6, over the vehicle’s
life (200,000 km), the ICE vehicle is the most contaminant, reducing the
emissions bymore than half with the full renewable electric mix. Moreover,
even though the Lithium-ion Battery (LIB) and material production is the
most significant contaminant part of the BEV production, only 49,000 km
of use can equal the life emissions of both technologies. Therefore, BEV
show to be efficient in reducing the GHG emissions. Nevertheless, battery
recycling is determinant to reduce the production emissions of this new
vehicle technology [19].
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2.2.2 Energy Storage System: Lithium Ion Battery

The battery is an electrochemical ESS where electrical energy is trans-
formed into chemical energy and vice versa through a reversible charging
and discharging process. These battery cells comprise a positive elec-
trode (cathode), a negative electrode (anode), an electrolyte, a separator,
a current collector and a case. Lithium-ion (Li-ion) is the most extended
battery type due to its high cell voltage, high energy density, long shelf
and life cycle with no memory effect [12]. Moreover, different electrode
materials have been developed to achieve better performances, creating
many cell types such as LiCoO2 (LCO), LiNiO2 (LNO), LiMn2O4 (LMO), LiFePO4
(LFP), LiMnPO4 (LMP) and Li4Ti5O12 (LTO), being the first one the most used
since the Li-ion battery was created [20].

In these Li-ion batteries, the anode material acts as the lithium sink
and the cathodematerial as the lithiumsourcewhile charging, and the op-
posite happens during discharge. By this, when charging, Li+ travels from
cathode to anode, forming into a lithium atom by combining with charging
electrons and depositing between carbon layers as shown in fig. 2.7. The
separator, an electrical insulator, separates the positive and the negative
electrodes in case of an internal short circuit, allowing the lithium ions to
pass through it and blocking the electrons [21, 22].

Figure 2.7: Li-Ion battery operation principle [21].

Appropriate physical and chemical characteristics of Li-ion batteries
made them popular for different applications. As said before, their high
voltage, high energy density, long shelf and cycle life, no memory effect,
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and relatively small size, lightweight and efficiency of 90-98%,make them
stand out compared with other alternatives [21, 23]. The fig. 2.8 shows
the specific energy and the specific power of different types of batter-
ies, where Li-ion prevails. In this way, this technology dominates portable
electronic devices with small format batteries. Beyond this, it has also
been successfully implemented as the technology of choice for eMOV in
hybrid, plug-in hybrid, or fully electric vehicles and for stationary energy
storage [24]. Thismakes this ESS technology the selected one to continue
with the analysis in this work.

S
p

e
c

if
ic

 P
o

w
e

r 
[W

/k
g

]

Specific Energy [Wh/kg]

 
 NaNiCl2
(Zebra)

20 40 60 80 100 120 140 160 1800
1

10

100

1000

10000

200

NiCd
NiMh

High 
Energy 
Li-Ion

Lead 
Acid

Li-Ion Very 
High Power

Li-Ion
High Power

Figure 2.8: Ragone Plot of battery technologies specific energy and specific power, ad-
apted from [25].

However, LIB cells’maindownside stands in their great overheatingpo-
tential, critically exacerbated by the high demanding performances and
fast charging. Durability and performance are associated with working
temperature and temperature differences between the cells. This means
the ageing process speeds up with high temperatures [23, 26]. Moreover,
whereas the acceptable operating temperature range for LIB is -20 °C to
60 °C, the recommended working temperature to maintain its optimal per-
formance is between 20 °C and 40 °C, with a maximum difference of 5 °C
[27–30].

Battery performance worsens outside this temperature range; lithium
plating may arise with cold temperatures, which means the lithium dend-
rites grow on the negative electrode. This loss of some lithium inserted in
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the graphite decreases the charge capacity of the cell. With hot temper-
atures around 90 °C to 120 °C, internal passivating layers decompose, per-
mitting the uncontrolled reaction between electrode and electrolyte and
creating exothermic processes, the so-called thermal runaway. This phe-
nomenon may end up with fire, explosion and generation of harmful gas if
no action is taken [20, 31].

Moreover, achieving a fast-enoughchargingbattery systemaims to in-
crease the charging currents used. By this, heat generation due to joule
heating and internal chemical processes of battery cells is increasing in
large amounts. This fast charging and high C-rates accelerate the de-
gradation of LIBs, deteriorating capacity and power capabilities [32–35]

Proper operation and major security are essential to counter this de-
gradation and ensure a longer life span [36]. Therefore, thermal stress is
controlled through the BTMS. These systems are in charge of temperature
adaption inside theoptimal rangeof operation, usingdifferent approaches
to avoid fast battery degradation and pursue the best performance pos-
sible.

This thermal management system must adjust at each battery pack,
module or cell to achieve the best performance possible. This task is
difficult due to the different sizes and shapes of cells and the modules.
The three cell topologies are cylindrical, prismatic and pouch, as seen in
fig. 2.9.

Cylindrical Prismatic Pouch

Metal case

Anode

Separator Cathode

Metallised Foil Pouch

Anode

Separator Cathode

+ve/-ve Terminals

+ve/-ve Terminals and Safety vent

Anode

Metal Case

Separator

Cathode

+ve/-ve Terminals

Pressure Relief Vent

Figure 2.9: Lithium-ion battery cell topologies [37].

All shapes are made of repeated layers of anode, cathode and separ-
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ator. The current collector connects this anode and cathode to the cell
terminal. This means the current will get into and leave the cells from
there, going through all the layers [38]. As heat is generated partially by
Joule heating, cell terminals are the perfect way to remove the heat from
inside the cells. Therefore, focusing the BTMS contact with these termin-
als will make the difference in cooling ability and efficiency.

2.2.2.1 Heat Generation Mechanisms

The heat generation mechanisms in lithium-ion batteries involve sev-
eral factors:

Electrochemical reactions: Lithium ions move between the positive
(cathode) and negative (anode) electrodes during charge and discharge
cycles. Lithium ions are intercalated and deintercalated inside the elec-
trodematerials during these processes. Due to the energy generated dur-
ing the redox processes, heat production can occur in conjunction with
electrochemical reactions.

Internal Resistance: As electric current passes through the battery, it
encounters resistance, which causes ohmic heating. The electrolyte, cur-
rent collectors, and electrode-electrolyte interfaces are only a few of the
factors that contribute to internal resistance. As the current flows through
the battery, the resistance results in energy losses and heat production.

Side Reactions: Side reactions can happen inside the electrolyte it-
self or at the electrode-electrolyte contacts. For instance, the decom-
position of solid-electrolyte interphase (SEI) layers might occur due to in-
teractions between the electrolyte and electrode materials. These side
reactions might result in heat production and irreversibly deplete lithium
ions.

Heat of Mixing: Heat of mixing refers to the heat released or absorbed
when different substances mix. When lithium salts in the electrolyte dis-
solve or when the electrolyte and electrode materials interact in lithium-
ion batteries, the heat of mixing may arise. The heat of mixing can con-
tribute to the overall heat generation within the battery.

Bernardi et al. [39] presented a comprehensive energy balance frame-
work for battery systems, encompassing various thermal aspects such
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as reaction-related heat, alterations in heat capacity, phase changes,
mixing effects, and electrical work. This framework is captured by eq. (2.1),
which provides a concise representation of the interaction between these
factors. In this equation, Q̇ denotes the heat transfer rate between
the battery system and its surroundings, I·V represents the electrical
work, and the terms on the right-hand side of the equation collectively
contribute to the overall change in energy within the system. Notably,
these terms account for the influences of mixing, phase changes, and
simultaneous electrochemical reactions, with open circuit potentials
being composition-dependent.
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dt
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(2.1)

Bernardi et al. [39] also incorporated specific instances and simplific-
ations of the general energy equation in their research. These modific-
ations are particularly relevant when certain assumptions are made. For
instance, if an average heat capacity is employed, the enthalpies of mix-
ing and phase changes are not considered. Additionally, the enthalpy-of-
reaction is expressed regarding the reversible work contributions and the
entropic heat. Furthermore, the electrical work is redefined as an irrevers-
ible heat effect, considering the associated losses. These refinements
allow for a more streamlined and practical application of the energy equa-
tion in battery systems analysis.
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Furthermore, it is assumed that only one primary electrochemical re-
action occurs. This assumption is deemed valid for the cells in this study,
as they exhibit high current efficiency and demonstrate stable resistance
overmultiple cycles, suggesting the absence of significant side reactions.
Consequently, the consideration of side reactions and their associated
heat production or consumption is omitted in this work. Forgez et al. [40]
similarly assumed that any side reactions contributing to ageingwere suf-
ficiently slow to be disregarded, along with the term representing the heat
generated or consumed by potential chemical reactions occurring within
the cell. In the case of lithium-ion batteries devoid of side reactions, only
a single reaction transpires at each electrode, while phase change effects
are non-existent [41].

Notably, as indicated by [42, 43], in a well-designed battery system
to mitigate concentration overpotential, the heat of mixing is considered
negligible. Forgez et al. [40] further asserted that in electrochemical
systems with favourable transport properties, concentration gradients
are typically limited, thereby allowing for the omission of the heat of
mixing term. Considering that the batteries examined in this study are
specifically designed for high-power applications, it is reasonable to
assume that they adhere to the aforementioned principle. Moreover,
neglecting heat in mixing terms is deemed acceptable when the particle
size is sufficiently small, characteristic of commercial battery designs
[41].

Consequently, the general energy balance is simplified, and the heat
generation equation used in this work is determined as follows:

Q̇ = I(V – U) + IT
dU
dT

(2.2)

2.3 Battery Thermal Management Systems

The thermal management system is pivotal in ensuring the security,
reliability, and efficiency of battery packs, electronics, and even fuel
cells, considering their operation within specific temperature ranges.
However, the subsequent analysis presented in this study narrows its
focus to thermal management at the module or battery pack level in
electromobility-oriented applications. This deliberate approach aims
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to deliver a more concise, precise, and valuable investigation, given
that LIBs represents the most widely adopted ESS implementation in
electromobility. By concentrating on this particular aspect, the study
aims to provide comprehensive insights into the thermal management
practices and challenges encountered in this domain.

The specific requirements imposed by mobility applications signific-
antly impact the criteria a well-functioning thermal management system
must satisfy. For example, the power and energy density rates relative
to the battery’s volume and mass units are paramount. Consequently,
specific thermal management systems may be more suitable to meet
these requirements effectively. Additionally, it is worth noting that
various thermal management systems explored in the following sections
can leverage the existing Heating, Ventilation and Air Conditioning (HVAC)
system in vehicles, regardless of whether they are powered by electricity
or combustion engines. The HVAC system is an integral component in
every vehicle, maintaining the comfort level of passengers or equipment
being transported. As illustrated in fig. 2.10, the HVAC system operates
on the principle of heat pumps, comprising two heat exchangers, a
compressor, and an expansion valve. The integration between the HVAC
system and the thermal management system can vary in complexity
depending on the characteristics of each respective TMS. This integration
is crucial in achieving a harmonious and efficient overall system, resulting
in a simplified, lightweight, and highly efficient electric vehicle or energy
storage system.

Compressor
Evaporator

Expansion Valve

Condenser

Figure 2.10: HVAC operation scheme

A broad classification can be made between conventional BTMS cur-
rently implemented in most commercial electric vehicles and novel or ad-
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vanced thermal management systems. Conventional BTMS have reached a
high level of maturity due to their widespread adoption in the industry. On
the other hand, advanced systems are still in the early stages of research
and development, lacking consolidated solutions and raising uncertain-
ties regarding their practical implementation. These advanced systems
represent a field of ongoing exploration and innovation, aiming to address
emerging challenges and improve the thermal management performance
of electric vehicles.

The analysis of each thermal management system is structured into
four key sections. Firstly, the prevailing physical phenomena underlying
the system’s operation are described, providing an understanding of its
fundamental principles. Secondly, a possible practical implementation of
the system in electric vehicles is outlined, highlighting its integration and
functionality within an BEV context. Thirdly, the current state of the tech-
nology, ongoing research efforts, and advancements made in the field are
thoroughly examined, providing insights into the latest developments and
potential future directions. Finally, a comprehensive assessment of the
system’s strengths and weaknesses is conducted, facilitating a general
conclusion regarding its overall efficacy and suitability.

2.3.1 Conventional BTMS

Within the first group of thermal management systems, notable
examples include those that employ forced air convection and water
ethylene-glycol convection for cooling the battery modules. The forced
air convection systems, however, are gradually becoming outdated due
to their limited capacity for heat extraction. Conversely, the forced water
ethylene-glycol convection systems have gained significant traction and
are well-established among leading manufacturers of electric passenger
cars. These systems typically utilise the vehicle’s HVAC system with
a heat exchanger to dissipate the generated heat to the surrounding
environment. This integrated approach allows for effective temperature
regulation of the battery pack, allowing it to cool below ambient temper-
ature during hot weather conditions. Using forced water ethylene-glycol
convection systems represents a reliable and widely adopted solution,
ensuring proper thermal management and enhancing electric vehicle
battery packs’ overall performance and longevity.
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2.3.1.1 Forced Air Cooling

Physical phenomena & general operation:

This particular system utilises air as the cooling medium. The heat
generated within the battery is transferred to the surrounding environ-
ment by passing air over the surface of the cells, effectively cooling down
the battery pack. The airflow can be initially cooled by routing it through a
heat exchanger connected to the HVAC system if necessary. This arrange-
ment enables the batteries’ temperature to decrease from ambient levels
or, at the very least, approach ambient temperature.

In this cooling process, sensible heat is employed for refrigeration. The
heat energy is transferred to the air, increasing its temperature without
causing any change in its physical state. When evaluating this type of
cooling, it is essential to consider the specific heat capacity (Cp) since
the ability of the fluid to absorb heat with temperature change depends
on it. The specific heat capacity for air is 1.012 kJ/kg·K (under normal en-
vironmental conditions), four times lower than other fluids such as water.
The eq. (2.3) emphasises the significance of specific heat capacity in this
context,

Q̇ = ṁ · Cp ·∆T (2.3)

where Q̇ is the heat energy per time unit absorbed by the air in [J/s], ṁ
is the air mass flow in [kg/s], Cp is the specific heat in [J/kg·K] and ∆T is
the temperature change of the fluid in [K]. This means that a higher flow
rate or a fluid with a greater specific heat is needed to increase the heat
dissipated from the batteries.

Practical implementation:

The implementation of these cooling systems is relatively straightfor-
ward and uncomplicated. It primarily involves using a fan to induce airflow
through the spaces between the battery cells [44, 45]. This spatial separ-
ation between the cells is crucial to enhance air circulation over the en-
tire cell surface, thereby maximising the contact area and improving heat
transfer efficiency [46, 47]. However, it is essential to note that leaving
spacebetween the cells increases theoverall volumeoccupied by thebat-
tery pack. This increase in volume has implications for the power and en-
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ergy density of the battery system [48, 49]. Thus, while this configuration
enhances cooling performance, it also introduces a trade-off by affect-
ing the power-to-energy ratio and overall energy storage capacity. Careful
consideration must be given to striking a balance between effective cool-
ing and optimising the power and energy density of the battery system.

Theair-coolingBTMS is depicted schematically in fig. 2.11. This repres-
entation shows the system without any connection to the vehicle’s HVAC
system. However, a heat exchanger connected to the HVAC system can be
employed if lower battery temperatures are required. Passing the incom-
ing air through this heat exchanger can reduce its temperature, resulting
in improved cooling capacity. This approach allows for better temperat-
ure control of the battery pack but comes at the expense of overall system
efficiency and a potential increase in volume and weight ratios.

Battery cell

Air

Figure 2.11: Air cooling implementation scheme.

Several manufacturers have incorporated this cooling system in their
electric or hybrid vehicles, as exemplified by the Kia Soul in fig. 2.12a
and the Toyota Prius in fig. 2.12b. With their smaller battery packs, these
vehicles can effectively utilise such systems. However, it should be noted
that this cooling system may prove insufficient to meet the stringent
thermal management requirements for new-generation BEVs equipped
with higher-capacity batteries and fast charging capabilities.

Current research:

Various investigations conducted on air cooling systems have high-
lighted themain challenges associatedwith this technology. Researchers
have observed that due to air’s low specific heat capacity, higher airflow
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(a) Kia Soul’s cooling system [50]. (b) Toyota Prius’s cooling system [51].

Figure 2.12: Implemented air cooling systems on BEV’s

rates are required to achieve comparable cooling results as liquid-based
systems, as depicted in fig. 2.13. The cooling capacity of an air system is
up to nine times lower than that of a liquid system [49]. Similarly, other
studies have concluded that air cooling systems consume two to three
times more energy than alternative technologies to maintain the same
temperature levels on the battery cells [48]. This higher energy consump-
tion is attributed to the increased airflow rates, resulting in increased aux-
iliary power consumption [52, 53].

Figure 2.13: Air vs liquid cooling capacities [48].
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Consequently, this adversely affects the overall efficiency of the
batteries and leads to a decrease in the overall performance of the BEV.
Additionally, specific configurations of air-cooling BTMS have exhibited a
thermal gradient exceeding 5 °C, even when adequately controlling the
maximum temperature [54]. These findings highlight the limitations and
drawbacks of air cooling systems, necessitating the exploration of more
efficient alternatives to meet the evolving requirements of BEVs.

BTMS Conclusions:

Considering the aforementioned factors, air cooling is a simple, light-
weight, easy-to-maintain, cost-effective thermal management system.
Air, a freely available dielectric fluid, makes it readily accessible for cooling
purposes at all times. Some car manufacturers have successfully imple-
mented this solution in their electric vehicles. However, as battery capa-
cities increase, the suitability of air cooling becomes limited in meeting
the demands of longer driving ranges and higher charging currents [55,
56].

These limitations pose significant challenges for air cooling systems
to meet the minimum requirements of efficiency and effectiveness in bat-
tery cooling. Forced air convection systems, which rely on sufficient inter-
spacing between the cells, often incur a penalty in terms of the volumet-
ric ratio of the system. Moreover, these systems tend to exhibit higher
thermal dispersion, leading to more significant inefficiencies in the elec-
trical balance of the battery pack.

Considering these factors, it becomes evident that air cooling is not
well-suited for themost demanding tasks and fails to meet the increasing
requirements of efficiency and effectiveness in battery cooling. Alternat-
ive thermal management systems must be explored and implemented to
address the evolving needs of electric vehicles with larger battery capa-
cities.

2.3.1.2 Forced Liquid Cooling

Physical phenomena & general operation:

Liquid-based thermalmanagement systemsserveasasuitable altern-
ative to air cooling methods, particularly in more demanding applications
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and when dealing with abusive conditions of LIBs that require higher heat
transfer performance. Although air cooling is relatively easy to design [20,
49, 57, 58], liquid cooling offers superior heat dissipation capabilities. This
approach follows the same principle as air cooling, wherein the heat gen-
erated by the battery cells is removed through sensible heat transfer, in-
creasing fluid temperature as it flows through the cells.

A cooler, suchasachiller, dissipates theheat from the fluid. Thechiller
utilises a refrigerant in a closed loop to extract heat from the cooled area
andpump it towhere it canbe transferred to theatmosphere. However, the
HVAC system can be utilised to eliminate the need for additional equip-
ment and improve volume and weight ratios, which effectively functions
as a chiller. In this configuration, the heat is transferred from the cells
to the fluid and ultimately to the air conditioning system through a heat
exchanger, removing it from the vehicle entirely.

When using water as the heat transfer fluid, a freezing problem may
arise in cold climate conditions. To address this issue, anti-freeze liquids,
such as a 50:50 mixture of ethylene glycol and water (w-e50), are com-
monly employed [59]. It is important to note that water has a significantly
higher specific heat capacity compared to air, with values of 4.18 kJ/kg·K
for water and 3.3 kJ/kg·K for a water ethylene-glycol 50%mixture (w-e50),
under normal environmental conditions. This higher specific heat capacity
allows liquids to effectively dissipate heat while raising their temperature
to a lesser extent, making them more efficient coolants than air.

Practical implementation:

In liquid-based thermalmanagement systems, themost common con-
figuration in current commercial vehicles involves indirectly cooling the
battery cells using a cold plate. Indirect cooling means no direct phys-
ical contact between the cooling fluid and the battery cells. Instead, a
cold plate is used as an intermediary component. The cold plate is typic-
ally ametal plate with channels throughwhich the cooling fluid circulates,
as seen in fig. 2.14. It is placed in contact with the surface of the cells to
extract heat from them. An electrical insulation layer, Thermal Interface
Material (TIM), is placed between the cold plate and the battery cells to
prevent short circuits. TIMs provide both electrical insulation and efficient
thermal conduction.
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Figure 2.14: Commercial cold plate [60].

Choosing an appropriate geometric solution that covers the cell sur-
faces and minimises the volume of the battery pack is crucial in this con-
figuration. For example, in the shown example fig. 2.15, cold plates are
positioned among every four cells laterally. Additionally, the BTMS is con-
nected to the HVAC system via a heat exchanger in this configuration.

Battery cell

Water + ethylene-glycol 

TIM

Figure 2.15: Water + ethylene glycol cooling implementation scheme

Effective water/glycol systems have been implemented in certain
vehicles, such as the Tesla Model S fig. 2.16a, demonstrating good cooling
performance in a compact system design. Similarly, the Audi e-Tron
fig. 2.16b features a different configuration but employs a similar cooling
concept. These examples highlight the utilisation of indirect cooling
with cold plates and the integration of water/glycol systems in achieving
efficient cooling for battery packs in electric vehicles.

Current research:

The design and structural configuration of batteries play a significant
role in the performance of thermal management systems. Several studies
have demonstrated the importance of battery design in improving thermal
conductivity and reducingmaximum temperature differences. By compar-
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(a) Tesla Model S’s water-glycol cooling system [61, 62].

(b) Audi e-Tron Sportback 55 quattro’s water-glycol cooling system [63].

Figure 2.16: Implemented water-glycol BTMS systems by Tesla and Audi.

ing different designs, it has been shown that the equivalent thermal con-
ductivity ratio can be improved by up to 64%, and themaximum temperat-
ure difference can be reduced to below 5 °C [64]. However, it’s important to
note that there is always a certain amount of thermal resistance between
the battery and the heat transfer fluid due to the electrical insulation of
the cold plate. This resistance can limit the effectiveness of heat transfer
in these systems [20, 65].

Micro-channel heat sinks, primarily used for cooling power electronics
with high heat generation, operate similarly to cold plates. In this case,
the fluid flows through micro-channels within the heat sink. Studies have
demonstrated a reduced thermal resistance of up to 25 % compared to
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systems that use standard cold plates [66]. Researchers are continuously
optimising the shape of the cold plate, often by narrowing the ducts, to re-
duce thermal resistance further [67–69]. Nevertheless, the increase in en-
ergy consumption due to head losses generated is the greatest obstacle
to implementingmore andmore smaller ducts in the world of batteries [70,
71].

Water ethylene-glycol solutions with cold plates featuring narrow
ducts have shown promising results for thermal management, offering
more suitable required pumping power [72]. However, attention needs to
be given to potential issues such as leakage [73]. Further research and
development are required to address these challenges and optimise the
performance of such systems.

BTMS Conclusions:

Indeed, liquid-based thermal management systems, such as those
using water-glycol solutions with cold plates, offer significant im-
provements over air cooling systems. Water-glycol solutions’ higher
heat absorption properties result in increased cooling efficiency and
improved thermal management. These liquid systems can maintain
battery temperatures even under high work intensities, making them a
reliable solution for various applications, including eMOV. They have been
implemented in many BEVs and have proven effective in ensuring proper
battery temperature control.

However, it is also essential to consider these systems’ drawbacks. It
adds weight and volume to the system, negatively impacting the specific
energy and energy density ratio, a crucial factor in areas like eMOV, where
lightweight and efficient systems are desired.

Finding a balance between the effectiveness of thermal management
and the weight and volume requirements is challenging in designing
liquid-based cooling systems for batteries. Further research and de-
velopment are necessary to optimise the design and address these
challenges, ensuring that the thermal management systems meet the
requirements of efficiency, reliability, and lightweight design in the
context of electric mobility applications.
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2.3.2 Advanced BTMS

In the field of thermal management for electromobility, there are in-
deed several alternative solutions that have been explored beyond con-
ventional methods. These solutions have been implemented on a small
scale and may require further consideration of practical aspects and real
limits specific to electromobility.

Several solutions in thermal management systems utilise the phe-
nomenon of phase change, which involves the transition from a solid to
a liquid state or from a liquid to a gaseous state. Thermal energy can be
stored in the form of sensible heat, as seen in conventional systems,
by increasing the temperature of the heat transfer fluid. Alternatively,
it can be stored as latent heat by inducing a phase change in the heat
transfer fluid. This phase change mechanism offers a greater capacity to
extract heat due to the energy required for the physical transformation.
The ability of a substance to absorb heat is determined by its Specific
Latent Heat (SLH). A higher SLH indicates a greater capacity to absorb
or release energy. The eq. (2.4) represents the heat absorption during a
phase change process,

Q̇ = ṁ · L (2.4)

where Q is the amount of power released or absorbed during the
change of phase of the substance in [kJ/s], the variable m is the mass
flow of the substance in [kg/s] and the L is the specific latent heat for a
particular substance in [kJ/kg]. It is important to note that a higher value
of specific latent heat indicates a substance’s increased capacity to
absorb or release heat. Moreover, it should be recognised that the specific
latent heat of vaporisation differs from that of fusion, with the former
being higher. This implies that vaporisation can absorb greater amounts
of heat energy compared to the melting process. For example, water
exhibits a specific latent heat of vaporisation of 2260 kJ/kg, whereas its
specific latent heat of fusion is only 334 kJ/kg. The table 2.1 compares
the specific latent heat of evaporation for various substances, enabling
the observation of their differences.

However, this cooling technique often presents practical challenges,
including overpressures, hydraulic imbalances, and thermal imbalances
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Table 2.1: Specific Latent Heat of Vaporisation of some substances [74, 75].

Substance SLH of vaporisation [kJ/kg]

Water 2260
Acetone 515
Ethanol 844

Novec 7000 142
Novec 7300 102

that are difficult to manage and control. Alternative solutions such as
PCM have been investigated in specific environments. However, a compre-
hensive analysis is required to ascertain their effectiveness across differ-
ent applications.

There is no clear consensus regarding whether there is a BTMS at the
module or battery pack level that is superior to cold plate liquid cooling.
Various solutions that have tried to go in this direction are discussed be-
low:

2.3.2.1 Forced Refrigerant Cooling

Physical phenomena & general operation:

The natural evolution of liquid indirect forced convection cooling uses
cold plates where refrigerants circulate. This represents a notable differ-
ence compared to the w-e50 system, as it involves a phase change and
utilises latent heat as a cooling medium. This approach offers a more effi-
cient BTMS by effectively dissipating heat from the cells without signific-
antly altering the fluid temperature.

The concept behind this system is to eliminate the need for an inter-
mediate water circuit that passes through a chiller or heat exchanger in
contact with the vehicle’s HVAC system. Instead, the cold plate serves as
a refrigerant evaporator by incorporating a second loop for the passengers
and batteries within the HVAC system. By doing so, it becomes possible to
eliminate the heat exchanger used in the w-e50 system, thereby reducing
theweight and volumeof the thermalmanagement system to someextent.

Practical implementation:

In configuring a cold plate system using refrigerant, the setup is sim-
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ilar to the w-e50 system depicted in fig. 2.15. The cold plates must be
positioned to ensure good contact with the battery cells, maximising the
effective heat transfer area. Just like in the w-e50 system, electrical in-
sulation is still required, and TIM is used, which introduces some thermal
inefficiency.

Figure 2.17 illustrates a possible configuration of this system, where a
direct connectionwith the HVAC systemeliminates the need for a separate
heat exchanger. This improvement contributes to enhancing the overall
volume and weight ratio of the battery pack.

Battery cell

TIM

Refrigerant

Figure 2.17: Forced Refrigerant cooling implementation scheme

Current research:

Studies have shown that refrigerant cooling, particularly in a two-
phase configuration, can meet temperature requirements even under
harsh environmental conditions more effectively than liquid cooling under
normal conditions. In specific investigations, refrigerant cooling outper-
formed liquid cooling regarding battery capacity and internal resistance
during battery ageing under harsh conditions [76–79].

Specifically, the two-phase refrigerant cooling demonstrated a 16.1 %
higher battery capacity and a 15 % lower internal resistance than liquid
cooling under such harsh environmental conditions [80]. These findings
highlight the potential advantages of refrigerant-based cooling systems
for maintaining optimal battery performance and longevity, especially in
demanding operating conditions.
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BTMS Conclusions:

While natural refrigerants like propane or CO2 possess specific dielec-
tric properties, which could address electrical issues and eliminate the
need for TIMs, they also present significant drawbacks that limit their feas-
ibility in electromobility. Propane, for instance, is highly flammable, posing
safety concerns. CO2, on the other hand, requires high operating pres-
sures, which can introduce system design and maintenance challenges.

Although these natural refrigerants may be considered potential
candidates for thermal management systems implementation, their
drawbacks make them less suitable for widespread adoption in the auto-
motive industry. Nonetheless, some vehicles have already implemented
such refrigerants in their cooling systems.

Additionally, when using refrigerants with a phase change, there can
be difficulties in achieving hydraulic balance in the refrigerant flow among
the various cold plates within the battery pack. Achieving a uniform distri-
bution of refrigerant flow andmaintaining consistent cooling performance
across all cells can be a technical challenge that needs to be carefully ad-
dressed in system design and operation.

2.3.2.2 Heat-Pipe Cooling

Physical phenomena & general operation:

The heat pipe is an alternative passive thermal management system
based on a closed-tube casing divided into three sections: the evapor-
ator, adiabatic, and condenser. A working fluid is contained within the
heat pipe, and its physical behaviour is similar to that of refrigerants, util-
ising the latent heat of the working fluid for heat removal. However, the
key distinction lies in the fluid choice, with acetone commonly employed
in heat pipes.

Theoperation of heat pipes is straightforward. The fluidwithin theheat
pipe exists in a saturated state. As heat is transferred from the battery
cells, the fluid evaporates in the evaporator section. The generated steam
moves towards the condenser due to the pressure difference. The con-
denser section of the heat pipe is in a cooler zone, causing the fluid to
condense and release heat, thereby reducing the stored latent heat en-
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ergy. The thermal energy is subsequently transferred to other systems,
such as HVAC, to dissipate it into the environment. The capillary force,
resulting from the heat pipe’s structural design, facilitates the fluid’s re-
turn to the hot zone, completing the thermal cycle [81, 82]. The fig. 2.18
illustrates the fundamental operating principle of a heat pipe.

heat absorbed

capillary wick tube
insulation

heat released

evaporator
adiabatic section

condenser

evaporation condensation

Figure 2.18: Heat-pipe operation principle [82].

Practical implementation:

The configuration of these systems encounters similar challenges to
those encountered with w-e50 or refrigerant systems when utilising cold
plates. Achieving proper contact for enhanced heat transfer and ensuring
effective thermal insulation become crucial design considerations. The
fig. 2.19 illustrates a potential configuration for this technology, wherein
a plate consisting of heat pipes is inserted every four cells, akin to the
approach employed with cold plates.

In this configuration, the condenser side of the heat pipes is con-
nected to the HVAC circuit, incorporating a refrigerant loop. As a result,
the acetone vapour within the heat pipes condenses, returning to the
cell zone and enabling continuous fluid circulation. Another viable option
is to expose the condenser zone of the heat pipes to the ambient air,
despite a reduction in cooling capacity due to the properties of the air.
Consequently, the more suitable choice is connecting the heat pipes to
the HVAC system.

Current research:

Heat pipes exhibit a significant heat dissipation capacity relative to
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Battery cell

Heat Pipe

TIM

Figure 2.19: Heat-pipe cooling implementation scheme.

their compact dimensions. This characteristicmakes themhighly efficient
for cooling small areas that are challenging to access, thus finding wide-
spread application in smartphones and other electronic devices. For ex-
ample, a heat pipe measuring 2x7x120 mm can achieve heat fluxes of ap-
proximately 200 W/cm2 [83]. Nevertheless, the primary challenge lies in
maximising the contact area of the evaporator to enhance heat transfer
[84–89].

Several studies have reported positive outcomeswhen employing heat
pipes with batteries. Combined with heat dissipation methods like cold
plates, the battery temperature could be effectively maintained below 50
°C, with a maximum temperature difference not exceeding 5 °C [90]. It is
crucial to note that these results are highly dependent on the heat gener-
ation characteristics of the battery cells and should be interpreted within
the context of specific operating conditions.

BTMS Conclusions:

Heat pipes offer an advantageous solution for cooling in areas with
limited space and challenging access, as they enable efficient heat ex-
traction and transfer to a separate regionwhere dissipation canoccurwith
fewer constraints. However, similar challenges to cold plate cooling may
arise when applied to batteries, such as thermal resistances between the
battery and the fluid. The attained temperatures are influenced mainly by
the heat generated, posing potential difficulties for high-capacity batter-
ies. While heat pipes provide a compact cooling method, it is essential
to note that additional heat exchangers or systems are necessary for the
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final dissipation of heat, which is a significant consideration for imple-
menting these systems.

2.3.2.3 Phase Change Material Cooling

Physical phenomena & general operation:

Phase Change Material (PCM) has recently gained considerable atten-
tion for passive cooling applications, particularly in stationary settings
like regulating building temperatures. PCM consists of solid materials,
typically paraffin, that leverage the melting process to maintain a con-
stant battery temperature. When the PCM melts or solidifies at a specific
temperature, it can store and release heat to the surrounding system. Like
the previously discussed technologies, PCM harnesses latent heat to keep
the battery cells within a specified temperature range, at least during
the melting process [91–93]. PCM is a cost-effective and non-corrosive
thermal management system with a significant latent heat capacity
[94]. It is proposed as an effective means to enhance thermal inertia,
mitigating temperature peaks or abrupt fluctuations [95]. However, for
electromobility applications, the suitability of PCM is less clear. Once the
phase change occurs, and with limited time for solidification, the cooling
capacity of the batteries may be compromised.

Practical implementation:

To maximise the cooling effect, PCM must have a significant contact
area with the battery element. One approach is to apply a coat of PCM dir-
ectly onto the battery surfaces, creating an encapsulation. This passive
configuration enables the PCM to melt and absorb the heat generated by
the cells. The system’s cooling power is directly influenced by the amount
of PCM used, as it determines the quantity of the substance available to
absorb heat.

However, in scenarios involving high heat generation over extended
periods, the BTMS may need to be complemented with another refriger-
ation system to ensure sustained effectiveness [96]. For applications like
eMOV, where there is limited time for the PCM to solidify passively, the sim-
ultaneous use of an additional cooling system becomes necessary. The
fig. 2.20 illustratesaschematic representationof this setup, featuringPCM
encapsulation alongside a cold plate positioned over on it.
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Battery cell

Phase Change Material

Figure 2.20: PCM cooling implementation scheme.

Current research:

Numerous studies have provided evidence of phase change materials’
effectiveness in reducing the peak temperatures of batteries. Further-
more, it has been observed that during the relaxation period, when the
PCM is in a melted state, and the battery remains below the melting tem-
perature, the latent heat stored in the PCM slightly warms the battery, en-
hancing its capacity and improving energy efficiency, particularly in colder
environmental conditions [95, 97]. The fig. 2.21 illustrates the temperat-
ure difference when comparing a heater cooled by air with and without a
PCM wrap. The versatility of PCM is also a safety feature, as it can prevent
short circuits and facilitate heat dissipation from damaged cells [98].

It is essential to acknowledge that temperature control primarily re-
lies on the material’s ability to absorb latent heat. Once in a liquid state,
the PCM experiences a significant reduction in its cooling capacity and
thermal conductivity. To address these limitations, various materials are
incorporated to enhance the effectiveness of paraffin-based compounds.
Expanded graphite and copper meshes are commonly utilised elements in
these formulations. Graphite prevents paraffin leakage, while the copper
mesh enhances heat conduction, thereby improving heat dissipation from
the battery. As a result, these modifications lead to enhanced heat dis-
sipation, greater temperature uniformity, and improved performance com-
pared to other PCM formulations [99].
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Figure 2.21: Heater temperature with and without PCM [95].

BTMS Conclusions:

The phase change material is a passive cooling system that offers
compact size, affordability, and the absence of a circulation system. It
can remarkably mitigate temperature fluctuations and peaks by lever-
aging increased thermal inertia. However, it is essential to note that
PCM faces challenges such as leakage and limited structural strength.
Moreover, the thermal conductivity of PCM is inherently low, necessitating
the incorporation of copper meshes and other enhancements to improve
heat transfer. Another important consideration is the limitation the PCM
poses once it has melted, which often prompts the consideration of using
it in conjunction with other refrigeration systems [100].

This combined approach entails reintroducing circulation systems and
increasing the weight and volume ratios, which can partially negate the
benefits of the PCM system. Therefore, there is a trade-off between the
simplicity and passive nature of PCM-based cooling and the potential need
for supplementary refrigeration methods to address its limitations.
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2.3.2.4 Dielectric Pool Boiling Cooling

Physical phenomena & general operation:

The pool boiling system utilises direct contact and the evaporation ef-
fect to achieve enhanced cooling efficiency. In this system, a dielectric li-
quidharnesses the latent heat throughaphasechange, similar to thePCM.
However, unlike the PCM, the focus here is on evaporation rather than fu-
sion. This is advantageous because, as mentioned earlier, the latent heat
of evaporation tends to be higher than fusion. Additionally, a dielectric li-
quid is essential to prevent short circuits from direct contact between the
battery and the cooling fluid.

The pool boiling system submerges the battery in the dielectric liquid,
ensuring complete coverage and optimal contact. This arrangement pro-
motes efficient heat convection and minimises thermal resistance. It is
important to note that while the pool boiling technique shows promise, its
application has thus far been limited to stationary setups involving high-
power density electronics.

Practical implementation:

In the context of eMOV, the heat generated by the batteries is absorbed
by the evaporating fluid, which then stores it as latent heat until it can be
transferred to another part of the system or the HVAC system for dissip-
ation. A schematic representation of this implementation can be seen in
fig. 2.22. In this setup, the vapour of the dielectric liquid is directed to a
heat exchanger, which is connected to the HVAC system. Alternatively, the
vapour can be condensed using forced airflow generated by fans. While
this approachmay be less effective, it could still meet the cooling require-
ments depending on the specific needs. It is important to note that imple-
menting this system in a moving vehicle can be relatively challenging due
to its size and complexity.

Current research:

The conducted studies have demonstrated the significant thermal po-
tential of the pool boiling system. Using propane [101] and ammonia [102]
at high pressures allowed to maintain cell temperatures below 30 °C, even
under high current loads of 7C, and this trend continued until approxim-
ately half of the discharge too. A direct relationship between the fluid
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Dielectric liquid        

Dielectric gas
Battery cell

Figure 2.22: Pool Boiling cooling implementation scheme.

level and cell temperature dispersionwasalso observed; higher fluid levels
resulted in lower cell temperatures, as depicted in fig. 2.23. Furthermore,
when employing a hydrofluoroether liquidwith high electric resistance and
non-flammability, the cell temperature remained consistently around 35
°C throughout cyclic charginganddischarging, evenunder extremely high-
rate discharging and charging conditions (approximately 20C) [103].

Figure 2.23: Temperature distribution among the cell depending on the submersion length
[101].
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Other tests were conducted using a commercial hydrofluoroether
dielectric fluid called Novec 7000, which has a SLH of 142 kJ/kg, as indic-
ated in table 2.1. Although its latent heat is lower than other substances,
it was sufficient for meeting the cooling requirements. With Novec 7000,
the temperature difference among the cells was maintained below 0.7
°C without the fluid boiling, and the temperature difference completely
disappeared when boiling occurred [104]. This BTMS utilising hydrofluoro-
ether demonstrates excellent insulation properties and exhibits good
thermal performance, ensuring thermal uniformity within the cells during
boiling [105]. Furthermore, the hydrofluoroether dielectric fluid showed no
problems interacting with the batteries. However, a significant challenge
associated with this technology is the potential interaction between the
fluid and the batteries, such as corrosion or electrical conduction.

One of the main challenges in implementing the pool boiling system is
managing the pressure increase within the system. This requires work-
ing with a pressurised system and necessitates incorporating different
control elements. Nonetheless, evaporation simplifies the design by re-
ducing the need for pumps due to the natural movement of vapour. As a
result, this approach reduces the required space, maintenance require-
ments, and costs associated with the system [57, 106].

BTMS Conclusions:

Indeed, the pool boiling system offers effective cooling by establish-
ing direct contact with the battery cells, enabling improved heat dissipa-
tion through enhanced heat transfer. However, this system operates un-
der pressure due to evaporation, which introduces control challenges and
increased complexity. Another concern is the reluctance of manufactur-
ers to submerge the battery pack and the potential issues that the fluid
may pose to the battery system. Furthermore, implementing this tech-
nology in a moving vehicle appears impractical. Additionally, the volume
and mass rates would be negatively impacted if a large pool of dielectric
fluid is required for effective cooling. Therefore, while the pool boiling sys-
temdemonstratesadvantages in termsof heat dissipation, somepractical
limitations and considerations need to be taken into account for its imple-
mentation in real-world applications.
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2.3.2.5 Dielectric Flow Cooling

Physical phenomena & general operation:

The use of dielectric liquids for BTMSs has recently gained atten-
tion. These systems represent a natural progression from traditional
air and cold plate systems, combining the advantages of both ap-
proaches. Dielectric liquid-based systems leverage the simplicity and
cost-effectiveness of using inexpensive air direct contact flow while also
benefiting from the improved heat regulation achieved by employing liquid
cooling instead of air cooling. Dielectric fluids enhance heat transfer
efficiency by allowing direct contact cooling between the battery cells and
the coolant. This direct contact enables more effective heat dissipation,
improving the battery pack’s thermal management. Additionally, these
systems eliminate the need for intermediary elements like cold plates,
which can contribute to reducing the energy density and specific energy
ratios of battery packs. This means that more energy can be allocated to
the battery cells themselves, enhancing the overall performance of the
battery system.

The current cooling systememploys a dielectric fluid similar to the pre-
vious pool boiling method. Nevertheless, a notable distinction exists in
performance, as the utilisation of the dielectric fluid’s sensible heat re-
places its latent heat. As elaborated earlier, this modification results in
a reduction of the heat dissipation capacity of the BTMS. However, it re-
tains the primary advantages of pool boiling while circumventing certain
implementation challenges and inherent problems.

The battery continues to be immersed completely or partially in the
dielectric liquid, just as in the previous configuration. This arrangement
guarantees optimal contact between the heat transfer fluid and battery
cells, promoting efficient heat convection and minimising thermal resist-
ance. Consequently, the dielectric liquid effectively absorbs all the heat
generated by the cells, facilitating superior heat transfer and augmenting
the overall cooling efficiency. It is important to note that the evaporating
temperature of the dielectric liquid must surpass the battery’s typical op-
erational range. In thismanner, theheat is storedas sensible heat through
temperature elevation rather than latent heat accumulation.
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Practical implementation:

To facilitate effective heat dissipation in this sensible heat-basedsys-
tem, it is imperative to establish a flow of the dielectric liquid, allowing
heat transfer to another designated location or system for subsequent
cooling. This crucial flowmechanism ensures the establishment of a con-
tinuous and efficient cooling loop across the batteries. Similar to previ-
ous BTMSs, it is feasible to integrate this loop with the HVAC system via
a heat exchanger, thereby preventing the requirement for additional cool-
ing equipment such as a chiller, as depicted in fig. 2.24. Unlike pool boiling,
the fluid recirculation necessitates incorporating a pump, which includes
additional equipment, while the employment of boiling control elements
becomes obsolete.

        
Dielectric liquid
Battery cell

Figure 2.24: Dielectric flow cooling implementation scheme.

Current research:

These systems typically adopt a fully immersed approach, submerging
the batteries entirely within the dielectric fluid. This immersion has
demonstrated the ability to reduce the battery cells’ maximum tem-
perature compared to the widely employed cold plate BTMS [107–109].
This temperature reduction proves particularly effective when operating
under high C-rates, requiring greater heat dissipation capacity [110].
Furthermore, utilising low-viscosity dielectric fluids in such systems
reduces pressure drop, thereby mitigating parasitic power consumption
[108, 110]. Notably, the geometry of the Battery Module (BM) significantly
influences the temperature of the cells. Decreasing the inter-cell spacing
decreases the maximum temperature by augmenting the velocity of the
coolant fluid. However, this increase in velocity also results in higher
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system pressure drop [52]. The existing literature predominantly focuses
on fully immersed concepts for their thermal management strategies.
Nevertheless, it is worth considering that partial immersion of the cells
can still yield reasonable temperatures for the BM [102]. This distinction
becomes vital as the thermal management outcomes diverge depending
on the selected BTMS implementation approach.

Similar to the observations made in pool boiling, the direct contact
between the dielectric fluid and the battery cells reduces inter-cell
spacing, reducing the volume ratios of the power system. Using a liquid in
a direct contact configuration also enhances energy efficiency, reducing
energy consumption [111]. Furthermore, this cooling system exhibits
further advantages in minimising themaximum temperature of the battery
module compared to the boiling system [109]. As previously highlighted,
using dielectric fluids allows for maintaining a temperature difference
among the cells of less than 0.7 °C without fluid boiling [104]. Moreover,
this temperature homogenisation due to immersion cooling with dielectric
fluids reduces battery pack ageing, with an increase of 3.3 % on capacity
retention after 600 cycles compared to air cooling BTMS [112].

It is pertinent to note that similar systems find extensive application
in diverse domains, including cooling electrical transformers. In such
cases, mineral oil, characterised by higher viscosity, is commonly em-
ployed. However, using dielectric fluids offers distinct advantages by
reducing viscosity, diminishing pumping consumption, and considerably
surpassing cooling requirements [113, 114].

Several commercial solutions have recently emerged that incorporate
the BTMS above approach. Xing Mobility, for instance, introduced an
automotive-grade and scalable complete immersion-cooled battery pack
suitable for a range of applications [115]. Similarly, Kreisel presented
their high-voltage battery system equipped with dielectric flow cooling
through cell surfaces, which ensures enhanced battery lifespan, improved
performance, prevention of thermal propagation, and a modular design
for maximum flexibility [116]. Additionally, Exoes developed a dielectric
flow immersion thermal management system encapsulating the cells
and circulating the fluid on the cell’s surface, which facilitates precise
temperature control [117, 118]. These systems can be seen in fig. 2.25.
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(a) Xing BTMS [115]. (b) Kreisel BTMS [116]. (c) Exoes BTMS [117].

Figure 2.25: Dielectric flow commercial systems.

BTMS Conclusions:

Similar to the pool boiling approach, this BTMS design exhibits signif-
icant efficiency, simplicity, and a compact structure. Furthermore, it of-
fers the potential for cost savings inmanufacturing andmaintenance. The
cooling performance of this system is commendable, effectively circum-
venting the over-pressure issues associated with pool boiling. Moreover,
using dielectric fluidmitigates concerns regarding leakage and eliminates
the risk of short circuits. However, it is essential to acknowledge that the
complete immersion of the battery cells introduces undesired weight and
volume to the battery pack, which may need to be carefully considered in
terms of overall system design and requirements.

2.3.3 BTMS Implementation Topology

The thermal management solutions or concepts presented in the lit-
erature often overlook the potential implementation variations that can
arise based on cell topology, selected technology, or specific application
requirements. It is crucial to consider these factors as they can signific-
antly influence the effectiveness of thermal management strategies.

Traditionally, thermal management is achieved through contact with
the battery cell’s surface, whichmaximises the available contact area and
enhances heat transfer. However, an alternative approach involves local-
ising the thermalmanagement contact area, specifically on the cells’ tabs.
Numerous studies have highlighted the advantages of this particular BTMS
implementation strategy.

For instance, Hunt et al. [119] conducted a study on the degradation
process of pouch cells, comparing tab cooling and surface cooling meth-
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ods. The results emphasised the significance of the thermal gradient’s
nature. It was observed that when the thermal gradient was perpendicular
to the cell layers (surface cooling), it led to uneven performance, acceler-
ated degradation, and amore significant decrease in cell capacity. In con-
trast, when the thermal gradient was along the cell layers (tab cooling), it
enabled amore uniform degradation distribution and improved overall per-
formance. Figure 2.26 visually depicts this phenomenon.

Tab Cooled Cell
Q
.

Q
.

Q
.

Q
.

Surface Cooled Cell

Thermal Gradient

Approx. 45 ºC

20 ºC

Figure 2.26: Tab vs surface cooling thermal gradient [119].

Dondelewski et al. [120] continued comparing both cooling ap-
proaches, concluding that surface cooling results in lower usable
capacity and energy than tab cooling. However, analysing the cell geo-
metry effect on the cooling configuration determined that tab cooling
is not always better in degradation terms. In that regard, increasing
the heat-releasing ability (i.e. improving the conductivity through the
tab) will make the difference, as analysed by Li et al. [121], showing the
importance of the tab and current collector design for proper heat release
and internal temperature homogenisation. Tab cooling can therefore
gain in importance with new tabless cell designs proposed, reducing
the electrical and thermal resistance caused by the current collector on
today’s cylindrical cells [122], and be highly beneficial for the BTMS.

Notably, the new 4680 design cells, under development by companies
such as Tesla and Panasonic, exemplify this trend. These cells feature
a tabless electrode design, offering intriguing thermal management
prospects. As cylindrical cells increase in diameter, heat dissipation at
the core becomes more challenging. The tabless design facilitates axial
heat transfer through the aluminium and copper current collectors to the
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top and bottom of the cell, enabling efficient cooling of the battery pack
and ensuring more uniform temperature profiles within individual cells
fig. 2.27. Therefore, this enhanced thermal management is expected to
support faster charging and discharging capabilities.

Figure 2.27: Cells’ thermal management opportunities with tabless design [123].

2.4 Literature Gaps and Proposed BTMS Approaches

Several conclusions can be drawn based on the analysis conducted
regarding the state of the art of BTMSs. Firstly, the cold plate approach
emerged as the most widely adopted technology. While it possesses suf-
ficient thermal management capabilities, it still encounters challenges
in meeting the rapidly increasing demands for fast charging and higher
power requirements in current EVs. Additionally, the indirect contact
nature of the cold plate approach and the need for electrical isolating
elements introduce inefficiencies in the system. Furthermore, it is crucial
to consider the leakage issue since the fluid employed in cold plate
systems is electrically conducting, posing a security risk.

In this regard, the PCM solution is a highly efficient and energy-saving
method for heat absorption. As a passive system, it requires no additional
energy input. Utilising latent heat offers excellent temperature peak ab-
sorption and ensures long-term temperature stabilisation. Therefore this
system can complement a primary active solution (e.g. cold plate system),

49



“output” — 2023/10/9 — 13:29 — page 50 — #88

Chapter 2. State of the Art

enhancing the performanceof theBTMS in scenarios suchas fast charging
or demanding applications. However, the volume and weight implications
of the system must be carefully considered.

On the other hand, the novel dielectric fluid systems offer improve-
ments over the limitations of cold plate solutions. These systems
enhance thermal efficiency by enabling direct contact between the
dielectric fluid and the battery cells. They effectively resolve the short-
circuit issue and demonstrate a commendable thermal response even
under high-performance requirements and demanding conditions. How-
ever, it is noteworthy that both commercial solutions and literature
studies predominantly adopt the approach of fully immersing the cells
in the dielectric fluid. While this immersion technique provides certain
advantages, such as improved heat transfer, it also increases volume and
weight. Consequently, this can reduce BEV’s efficiency and overall driving
range.

As a consequence, the cold plate, PCM and dielectric solutions show
the best properties to meet the requirements of an advanced battery
thermal management system for high-performance electromobility
application.

Furthermore, it has been observed that tab cooling can have a favour-
able effect on battery thermal management systems. This approach ef-
fectively dissipates heat from the tabs, even with a relatively small con-
tact area, owing to the high thermal conduction path established by the
connection between the tabs and the internal layers of the battery cells.
This localised heat extraction method can also reduce ageing effects and
improve overall performance. By creating an even thermal gradient along
the cell layers, tab cooling enables a uniform distribution of degradation,
leading to enhanced performance and longevity.

This study compares and evaluates two thermal management systems
based on the existing literature and the gaps found, being the objective
to identify the optimal advanced BTMS solution. Through this comparison,
the study will contribute to developing an effective and efficient thermal
management system for batteries.

The first system incorporates a cold plate solution with a PCM buf-
fer, which utilises a passive approach to mitigate sudden temperature in-

50



“output” — 2023/10/9 — 13:29 — page 51 — #89

2.4. Literature Gaps and Proposed BTMS Approaches

creases during fast charging. This system referred to as the Cold Plate
and PCM Based BTMS, aims to enhance the security and efficiency of the
battery pack.

The second system, known as the Dielectric Flow- and Tab-Based
BTMS, explores the promising approach of dielectric flow cooling along
with the benefits of tab cooling. Both approaches have shown consider-
able potential for enhancing BEV systems. This system aims to provide
effective thermal management while prioritising the highest possible
efficiency while also improving energy density and specific energy.

A numerical comparison between these two systems aims to identify
the optimal advanced solution to effectively manage thermal perform-
ance, ensuring the battery pack operates efficiently and securely.
Additionally, this research aims to contribute to advancements in energy
density and specific energy for improved overall battery performance.
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3
Methodology for Advanced
BTMS Development

Summary

The third chapter of this thesis outlines the comprehensive methodology employed for the

development and selection analysis of the advanced BTMS. This chapter explains all the necessary

methods and models utilised in the research, including the heat generation model applied to the

battery cells and the CFD tool adopted for BTMS analysis. Additionally, the chapter presents the

methodology followed for comparing various BTMS options to facilitate the selection process.
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3.1 Methodology Description

This PhD thesis aims to develop an advanced BTMS, analysing different
solutions for a battery module. Therefore, the methodology proposed in
this work focuses on optimal solution development and consists of three
steps:

• Cell Selection: Prior to conducting BTMS thermal analysis, it is es-
sential to consider the thermal performance of cells as a crucial se-
lection criterion to prevent thermal issues in these fields, optimise
the BTMS, and mitigate risks in new and highly demanding areas, as
it is the electromobility. By carefully selecting the appropriate cells,
developing an energy-efficient BTMS that meets the required spe-
cifications is possible without unnecessary over-dimensioning.

Thus, a refinedmethodology for cell selection is introduced, inwhich
thermal analysis of cells is incorporated into the selection process.
The case study presented in Section 4.3 serves as a demonstration
of the effectiveness of this approach, leading to the identification
of the cell utilised in the case studies for advanced BTMS solution
development (Chapter 5).

• CFD Based Comparison: This step in the methodology involves the
comprehensive design and development of BTMS solutions, which
will subsequently undergo analysis and comparison over the same
battery module. The comparison process will be conducted in CFD
software to obtain detailed data and insights for evaluation.

Regarding this work, in Chapter 5, a CFD-based comparison will be
conducted between two case studieswith two advanced BTMSs over
the same battery module: a Cold Plate and PCM based BTMS and
a Dielectric Flow- and Tab-based BTMS. Both thermal management
systems will be subjected to a comprehensive comparison analysis,
considering specific parameters outlined in Section3.4. Theaim is to
evaluate and contrast the performance of these BTMSs under well-
defined conditions to gain valuable insights into their thermal cap-
abilities.

• Concept-Proof Validation: Final step of the methodology consists
of the experimental validation of the BTMS solution chosen after the
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CFD comparison on the previous step. Therefore, a prototype needs
to be developed and tested, ensuring the technology’s viability and
validating the CFD model in the preceding step.

Consequently, in this work, after the comparative results give an
advantage to the latter solution, Chapter 6 will present the design
and development process of a functional prototype of dielectric
flow- and tab-based BTMS with the following experimental tests.
The developed battery module will be based on a previous air-
based BTMS for electric elevation application to simplify the design
process. Hence, an easy-to-handle battery module for laboratory
testing and CFD model validation will be created in Chapter 6. The
process will extend dielectric technology’s knowledge and design
concepts, including a geometry optimisation analysis.

The followed methodology scheme is depicted in fig. 3.1.

IMPROVED CELL SELECTION 
METHODOLOGY

Chapter 4 

-Case Study 1: Cold plate & PCM based BTMS

-Case Study 2: Dielectric & Tab Based BTMS

Chapter 5 

RESULTS AND DISCUSSION: ADVANCED BTMS COMPARISON

Chapter 6 
-Design optimisation: prototype

-Experimental Analysis

-CFD Analysis

CONCEPT-PROOF 
VALIDATION

CELL SELECTION

CFD BASED 
COMPARISON

METHODOLOGY THESIS IMPLEMENTATION

Figure 3.1: Thesis methodology and its implementation scheme.

The methodology presented in this work serves as a framework for the
development of an optimal BTMS solution. Through the final comparison
presented in Chapter 5, this methodology will validate or challenge the
ideas supporting the superiority of both technologies highlighted in Sec-
tion 2.4 of Chapter 2: the PCM and the dielectric flow technology, with the
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latter one particularly emphasising the tab-based solution.

• The utilisation of Phase Change Materials holds significant potential
in absorbing heat peaks and serving as a reliable safety element,
effectively equalising the temperature distribution within the bat-
tery pack. By leveraging the latent heat absorption characteristics
of PCMs, the maximum active cooling power requirement can be re-
duced, leading to an optimised sizing of the BTMS.

• Dielectric flow concept enhances the efficiency of battery thermal
management by allowing direct contact of the coolant fluid with the
battery cells, eliminating the need for intermediary elements such
as cold plates and thermal interface materials.

• Tab-based thermal management concept is an efficient solution for
high-performance thermal management, even if the heat transfer
area is limited, as the usage of the cell’s high thermal conductivity
path is enhanced.

• Combination of Dielectric Flow and Tab-Based thermal management
represents an advanced and robust solution for battery thermal
management in high-demanding applications. This approach
gathers the outcomes of both previous hypotheses and results in
a highly efficient battery thermal management system that can
effectively regulate the temperature of high-performance electric
cycles, offering a reduced specific energy and energy density,
enhancing BEV features and performance

The following sections will depict the necessary models and methods
for the BTMS thermal analysis methodology.
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3.2 Heat Generation Model

This section describes the Lithium-ion Battery heat generation model
implemented in thiswork’s thermal analyses. The LIB heat generation phe-
nomenon is presented alongwith the simplified equation, and its effect on
the battery cell’s chemistry is studied. Moreover, the equation application
on the thermal models is described. Finally, the tests to obtain the elec-
trothermal parameters necessary for the cells’ heat generation model are
described.

3.2.1 LiB Heat Generation Phenomenon

When characterising the heat generation on a LIB, certain of the pro-
cesses can be omitted, as mentioned in section 2.2.2.1, simplifying the
understanding of the phenomena. Thus, heat generation on a cell was
defined by Bernardi et al. [39] as the sum of both irreversible and revers-
ible heat. The first one always denotes exothermic heat generation and
refers to joule heating. The latter, however, is known as entropic heat be-
cause of entropy changes and behaves asymmetrically during charge and
discharge, switching from exothermic to endothermic behaviour depend-
ing on the cell’s State of Charge (SOC). The main heat source in a cell com-
prises these heat generation terms, represented by their sum in eq. (3.1).

Q̇ = I2 · Rin + I · T ·
dUavg

dT
(3.1)

I [A] is the cell charging (positive) or discharging (negative) current, Rin
[Ω] is the internal resistance of the cell, T [°C] is the cell’s temperature
and dUavg/dT [V/K] is the EHC defined by equilibrium potential changes to
temperature.

When analysing both reversible and irreversible heat, there is a lack
of homogeneity in the thermal characterisations provided in the literat-
ure. Irreversible heat, which behaves as an exothermic process whether
the cell is charging or discharging, is the most frequently used term. It is
necessary to characterise the battery cell’s internal resistance in order to
assess this irreversible heat. It can occasionally be calculated solely as
a function of temperature [124] or the state of charge [125], but typically
both factors are taken into account [42, 126–129].
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For each SOC step in the charge and discharge processes, the EHC de-
termines the exothermic or endothermic performance and the amount of
reversible heat generated. A cell produces heat when charged (positive
current value) at positive EHC values but absorbs heat when discharged
(negative current value). With negative EHC values, the contrary applies.
Therefore, whether charge and discharge processes are compared for the
same Current Rate (C-rate), reversible heat causes asymmetric thermal
behaviour. As a result, reversible heat is underestimated because it is
frequently less than irreversible. It is sometimes explicitly disregarded for
a presumably undetectable effect [124, 125], or it isn’t even brought up
[130]. Other research [126, 131, 132] either does not examine it or util-
ises it in their models but with little impact [133–135]. Finally, while some
writers are identifying the effects of entropy changes on the heat genera-
tion process [127, 129, 136], others emphasise the need formore research
due to the high proportion of reversible heat in the overall amount of heat
produced [40, 42, 128, 137].

EHC changes are specific to each cell and should be studied for every
cell characterisation to determine its significance. Additionally, an EHC
comparison across various cell chemistry reveals distinct tendencies for
Nickel Manganese Cobalt (NMC), Lithium Iron Phosphate (LFP), and Lithium
Titanate Oxide (LTO) cells. As depicted in fig. 3.2, both NMC (fig. 3.2a) and
LFP (fig. 3.2b) cells exhibit a positive increase during half of the charge
cycle, while LTO (fig. 3.2c) cells display a flatter response with very low
or even negative values throughout the SOC. This can minimise reversible
heat generation during cell cycling.

3.2.2 Lumped Heat Generation Model

TheLIBheat generationmodel used in thiswork follows theheat gener-
ation phenomena described in eq. (3.1). Therefore, this equation is imple-
mented as a lumped heat generation model on the BTMS analyses presen-
ted.

Based on electric current instantaneous solicitations, the model de-
termines the volumetric heat output of each cell. In that regard, at each
time step, the model needs to be fed with the electric current, the cell’s
SOC, and volume-averaged temperature at that particular moment. The
electric current solicitation is defined by the application where the bat-
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Figure 3.2: EHC change depending on cell chemistry [40, 128, 129, 133, 137–146].

tery cell is charged or discharged at a specific C-rate. Moreover, the cell
temperature is calculated through CFD, which averages the volumetric cell
temperature after balancing the heat transfer and accumulation equa-
tions with the heat generated on the cell. Finally, the cell’s SOC is estim-
ated following the Coulomb Counting method depicted in eq. (3.2),

SOC(t) = SOC(t-1) +
∫ t
t0

I
Cbat

· dt (3.2)

where SOC(t) [%] and SOC(t-1) [%] are the SOC at the desired and previ-
ous time step, respectively. I [A] is the electric current, and Cbat [Ah] is the
cell capacity.

LIB variables used on the lumped heat generation model are the In-
ternal Resistance (Rin) and EHC, implemented utilising a look-up table. The
first value is double-interpolated to be adjusted to the desired temperat-
ure and SOC values, whereas the latter only depends on the cell’s SOC level.
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These variables specify the entropic and ohmic heat, which establishes
the total heat power [W] generated by each cell at that time step. The
scheme where the lumped heat generation model’s process is explained
can be seen in fig. 3.3.
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Figure 3.3: Lumped heat generation model scheme.

3.2.3 Heat Generation Model Implementation in CFD

Adding the LIBs heat generation to the CFD numerical models is
mandatory. This heat should be introduced as volumetric heat on the
domain cell zones. However, the LIB heat generation was previously
depicted in section 3.2.2 as a simplified model by eq. (3.1). Hence, the
simplified model must be introduced externally to the CFD software. Two
ways are considered in this work: the User Defined Function subroutine
and the co-simulation of heat generation and CFD models through the
Functional Mock-up Interface protocol.

3.2.3.1 Heat Generation Subroutine: User Defined Function

The User Defined Function gathers the lumped heat generation model
presented in section 3.2.2 using a C language script readable by the CFD.
The script is fed with time function electric current and SOC data arrays.
As a result, the User Defined Function (UDF) allows performing transient
simulations, calculating the volumetric heat generation of each cell every
time step. The script code used can be seen in Appendix A.1.

This approach was previously presented and used by Martín-Martín
[147]. It is entirely independent of the electric configuration of the cells
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in the battery module. Thus, by reducing the resultant volumetric heat
generation by half, models or case studies with half cells affected by sym-
metry planes can be easily studied, with the consequent computational
cost reduction. Therefore, this approach is employed for the comparison
case studies in Chapter 5, where symmetry planes are introduced along
the battery module.

However, a strategy with more possibilities is used when working with
entire cells. This makes use of the Functional Mock-up Interface (FMI) pro-
tocol.

3.2.3.2 Heat Generation Co-Simulation: Functional Mock-up Interface

TheFunctionalMock-up Interface is a free standard that definesacon-
tainer and an interface to exchange dynamic simulation models using a
combination of XML files, binaries and C code distributed as a ZIP file. Thus,
an FMU is created with the heat generation model, which can be uploaded
and co-simulated in Ansys-Fluent.

The FMU used in this work is developed on Matlab-Simulink. Following
the co-simulation scheme shown in fig. 3.4, cell temperatures resulting
from the CFD model’s balance are used as input data, along with the sim-
ulation flow time. Hence, with the predefined electrical current value, the
SOC can be calculated following eq. (3.2). The model estimates, following
the explained procedure in section 3.2.2, the resulting heat generation ra-
tio of each cell, which is then transferred back to the CFD.

The CFD batterymodel activated for FMU co-simulation allows electric-
ally defining the battery module’s configuration and automatically intro-
ducing joule heating on passive elements such as the busbar connection
between cells. Hence, this model can not be used with half cells when
symmetry planes are introduced, in contrast with the UDF approach. Nev-
ertheless, the FMUmodel offers interesting characteristics and possibilit-
ies as it is developed outside the CFD. Therefore, more complex heat gen-
eration models or BTMS’s active control models could be implementable.

However, in this initial approach of the co-simulation of both simula-
tion tools, it is mandatory to ensure the correct operation of themodel de-
veloped in Simulink. FMU and UDF approaches are supposed to give similar
results during a CFD simulation, as the implemented lumped heat gener-
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Figure 3.4: Co-simulation scheme between CFD and FMU lumped heat generation model.

ation model remains the same. However, to properly validate this state-
ment, a comparison simulation is carried out where the same batterymod-
ule presented in Chapter 6 is used for simulation. Therefore, CFD simula-
tions carried under FMU and UDF lumped heat generation models are com-
pared, as seen in fig. 3.5.

Temperature evolution of six charge/discharge cycles is shown, with
the numerical data results for both FMU and UDF cases. As can be ob-
served, both lumped heat generation models produce identical results.
Hence, the FMU co-simulation model is validated and is at least as ac-
curate as the UDF previously employed.

62



“output” — 2023/10/9 — 13:29 — page 63 — #101

3.3. Numerical Analysis: Computational Fluid Dynamics

Figure 3.5: FMU Co-simulation model validation.

3.3 Numerical Analysis: Computational Fluid Dynamics

The thermal analysis of batteries is of utmost importance as it directly
affects their performance and helps prevent potential overheating issues.
A detailed model of the battery’s thermal behaviour and cooling system
is necessary to achieve this. In this study, Computational Fluid Dynamics
(CFD) is selected as themethod to develop thesemodels, allowing for both
constant and transient thermal analysis.

CFD simulations provide a comprehensive understanding of the
thermal behaviour in three-dimensional conditions, considering the
system’s intricate geometric details and precise physical dimensions.
While these simulations require more time and effort than straightforward
methods, they offer superior accuracy and detailed results that enable a
thorough analysis and observation of various system behaviours. Thermal
maps can be obtained by simulating the flow of cooling fluids and heat
transfer throughout the system, which further enhance the understanding
of the results and aid in optimising the thermal management system.

Computational Fluid Dynamics is a commonly applied tool for gener-
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ating quantitative predictions for fluid flow phenomena based on mass,
momentum and energy conservation laws. To virtually develop a solution
for a physical event linked with a fluid flow without sacrificing accuracy,
physical parameters such as velocity, pressure, temperature, density, and
viscosity must be considered simultaneously in mathematical models.

Different software tools (solvers, pre- and post-processing utilities)
can be used to implement such models and obtain the desired simulation
solutions restrained by some boundary and initial conditions. The most
common CFD simulation programs implement the Eulerian Finite Volume
Method. This work employed the Ansys-Fluent 2022R1 software to imple-
ment themodels detailedbelowandhydro-dynamically and thermally ana-
lysed the BTMSs presented.

The following explanations resume the information given by Blazek
[148] and H K Versteeg [149], who depicts the mathematical model and
numerical methods to analyse the fluid flow and thermal transfer used
by the Ansys-Fluent software tool. The Navier-Stokes equations are
specified as the mathematical model of the physical case. This explains
how all the physical characteristics affecting heat transmission and
fluid movement change. The mathematical model changes according to
the issue’s nature, including heat transmission, mass transfer, phase
change, and chemical reaction. Moreover, partial differential equations
are applied describing the essential fluid flow physics (Navier-Stokes),
turbulence effects (models of different degrees of closure and complex-
ity) and energy transfer by conduction, convection and radiation in a 3D
domain.

The CFD discretises these partial differential equations using the con-
servation laws in each of the infinitesimal control volumes of the geo-
metry. The equations carry out a methodical count of changes in mass,
momentum, and energy brought on by fluid flow around the studied geo-
metry. The following equations are considered in order to accomplish this.

Regardless of the characteristics of the fluid or the forces influencing
it, mass conservation is achieved, expressed by eq. (3.3). In its first term, it
exhibits variation in density per unit of time and fluctuation in flow’smatter
in its second term.
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∂ρ

∂t
+

∂

∂xi
(ρ · ui) = 0 (3.3)

The conservation of the moment is expressed in eq. (3.4). This law
states the existence of a balance between the momentum change rate
in a particle and all acting forces on it. The two terms on the left refer to
the conservation of mass and specifically to the term transient and con-
vective, respectively. The terms on the right show the stress tensor.

∂

∂t
(ρ · ui) +

∂

∂xi

(
ρ · ui · uj

)
= –

∂

∂xi
+

∂xij
∂xj

+ SMi (3.4)

According to the energy conservation law, a particle’s energy must
change by an amount equal to the total work done and the energy added
in the form of heat.

The conservation of energy is described in eq. (3.5). It illustrates, in the
first and second terms, how theenergy varies andhow it is transmitteddue
to the fluid’s movement. On the right side of the equation, four terms are
seen. The first two refer to the energy ratio lost in work done by surface
forces on the fluid particles. The final two terms represent the particles’
overall heat absorption ratio.

∂ (ρ · e)
∂t

+
∂ (ρ · E · ui)

∂xi
= –

∂ (ρ · ui)
∂xi

+
∂
(
τij · ui

)
∂xj

+
∂

∂xi

(
k
∂T
∂xi

)
+Sh (3.5)

Conversely, the flow may evolve in a turbulent or laminar manner.
For the turbulent model considered almost in all cases, Reynolds (Re)
and Rayleigh (Ra) numbers have been considered for forced and natural
convection, respectively. Reynolds-Averaged Navier-Stokes equations
(RANS) and the energy equation have been used to introduce the effects
of turbulence on the flow variables. The turbulence model is constructed
from these equations to describe the hydrodynamic and convective heat
transfer phenomena accurately and is represented using the Realizable
k-ε viscous model [150] and a two-layer near-wall treatment [151].
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Equation (3.6) describes the transmission of heat on solids. The first
left term refers to heat conduction, which considers the solid’s orthotropic
conductivity (k). The second term, qg, refers to the solid’s heat gener-
ation, explicitly considering battery cells’ heat generation, which will be
introduced in section 3.2. Moreover, the term on the right represents the
increase in internal energy per unit of time.

k

(
∂2T
∂x2

+
∂2T
∂y2

+
∂2T
∂z2

)
+ qG = ρC

∂T
∂t

(3.6)

The Finite Volume Method is applied to discrete the differential
equations of the mathematical model described above, using a segreg-
ated implicit solver to solve the generated algebraic equation system.
Therefore, equations are linearised and then sequentially solved us-
ing the Gauss-Seidel algorithm accelerated by an Algebraic Multigrid
method [152]. The pressure-velocity coupling is achieved using the
SIMPLE algorithm [153]. Diffusive terms of the equations are discretised
using a second-order centred scheme, and the convective terms are
discretised using a second-order upwind scheme [154]. A body force
weighted scheme [155] is chosen to discretise pressure to deal with this
buoyancy-driven flow. As mentioned, this numerical procedure has been
implemented in Ansys-Fluent 2022R1.

Regarding the boundary conditions employed in this work, the mass
flow rate has been defined as the specificationmethod at the inlet bound-
aries, also defining scalar properties of the flow, while pressure-outlet
boundary conditions were used to define the static pressure at the flow
outlet. Symmetry planes have been employed where possible, reducing
the computational domain by half and fastening the simulating time con-
siderably. Finally, an adiabatic environment has been considered on ex-
ternal walls, which creates a rougher environment for the BTMS.

For thespecific PCMsimulations, thesolidification&meltingmodel has
beenactivated, defining as porous zone the PCMbuffermaterial and quan-
tifying the melted and solidified material ratios during the transitory sim-
ulation.

Furthermore, on those transitory simulations, all case studies have
been initiated at an ambient temperature of 25°C on thermal equilibrium,
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and mass flow rate and fluid inlet temperature have been changed de-
pending on the specifications of the simulation performed (detailed later
in the corresponding section).

Two main convergence criteria have been applied to determine when
the numerical procedure described in the previous paragraph has con-
verged to a solution. The main criterion is to check that the values for
the scaled residuals of the equations are below certain magnitudes (10-3

for the mass, momentum and turbulent equations and 10-6 for the en-
ergy equation). Moreover, the balance between the inlet and outlet mass
flow rate and the energy balance between the generated and dissipated
heat has been checked. For BTMS comparison analysis and data post-
processing, the volume average temperature of battery cells and the area
weighted-average static pressure in the inlet zone is registered.

3.4 BTMS Comparison Methodology

The results obtained from the diverse BTMSs studied are being com-
pared. This will allow numerically assessing the differences between sys-
tems and understanding the pros and cons of each system regarding the
application area. Thus, criteria should be established to select each ap-
plication’s most appropriate TMS.

On the comparison methodology definition, it is mandatory to identify
the battery and TMS parameters to be evaluated. The battery module used
in the comparison will be the same for the TMSs analysed. Moreover, the
same electric cycles will be performed.

Based on that standard battery module, the following parameters will
be quantitatively evaluated:

• Mass [kg]

• Volume [m3]

• Energy Density [Wh/m3]

• Specific Energy [Wh/kg]

• Tmax [°C]

• ∆Tmodule [°C]

• ∆p [Pa]

• Phyd [W]

• Ehyd [Wh]
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Themass and volume of the entire battery module and the BTMS will be
evaluated. Moreover, the energy density and the specific energy of the
system will be assessed with the battery module and previously meas-
ured mass and volume values. The Tmax value corresponds to the max-
imum temperature registered during the simulated electric cycle. On the
other hand, ∆Tmodule refers to the maximum thermal dispersion among
cells in the battery module. The∆p is the mean pressure drop of the pro-
cess between the fluid inlet and outlet of the BTMS.

Using the pressure drop, the necessary hydraulic power (Phyd [W]) for
TMS’s fluid pumping can be estimated following eq. (3.7), which depends
on the mass flow rate (ṁ [kg/s]) and fluid density (ρ [kg/m3]) at a specific
temperature.

Phyd =
ṁ
ρ
·∆p (3.7)

Finally, the total hydraulic auxiliary energy consumption (Ehyd [Wh]) is
evaluated by integrating the previously evaluated hydraulic power (Phyd)
on the battery module cycling period (t0 - t), following eq. (3.8).

Ehyd =
∫ t
t0
Phyd · dt (3.8)

In addition to the primary evaluation criteria, there will be an approx-
imate assessment of several other indicators due to limited available data
for precise quantification. These additional parameters encompass as-
pects such as the material and production cost of the system, the safety
and reliability of the technology employed, and the potential impact on the
overall efficiency of BEVs with the chosen BTMS. While a comprehensive
quantitative analysis may not be feasible, these factors will be considered
qualitatively to provide a broader perspective on the overall performance
and viability of the evaluated thermal management systems.
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4
Cell Selection for
Efficient BTMS
Development

Summary

This thesis chapter delves into the essential process of cell selection, which is a prerequis-

ite before conducting BTMS analysis and comparison. An improved cell selection methodology is

introduced, focusing on thermal performance aspects. The chapter also outlines the necessary

electrothermal parameter characterisation tests for the cells, which are vital for integrating

them into the heat generation and transfer models. A case study exemplifies the cell selection

methodology presented, leading to identifying the specific cell utilised in Chapter 5 for developing

and analysing the advanced BTMS solution. This comprehensive approach ensures the proper

selection of cells to optimise the thermal management system’s performance and achieve the

study’s objectives.
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4.1 Improved Cell Selection Methodology

Cell selection based on adequate thermal behaviour could handle po-
tential hazard problems, reduce the energy consumption of TMS and cor-
rectly size them to lower the total weight of the Battery Pack (BP). This res-
ults in an improvement in overall efficiency and reliability, particularly for
fast-charging processes. For that aim, in-depth research on the thermal
behaviour of battery cells is required. Accurate characterisation and ana-
lysis are required to estimate heat generation, use the data to minimise
overheating, correctly size the TMS, and cover cooling requirements. Thus,
an improved cell selection methodology is presented below.

As far as it has been seen in the literature, there is no clearly defined
approach to cell selection criteria for fast charging coupled with thermal
behaviour. The established technique is based on studies to gauge and
confirm cell properties, lifespan and ageing, safety, and even cost criteria,
but thermal behaviour is rarely considered [156, 157]. In certain studies,
the operating temperature is taken into account when choosing a tech-
nology or sizing a storage system [158, 159], and even the impact of the
charge level, capacity, and ageing on thermal behaviour is taken into ac-
count [160]. However, there is a glaring gap in cell selection approaches
for thermal behaviour, particularly regarding fast charging problems.

In order to prevent overheating, particularly when fast charging, a
deeper thermal behaviour analysis must be incorporated into the cell
selection methodology’s optimisation. Thus, an enhanced cell selection
methodology is described in this work, built from an existing strategy
currently in use [157] and is particularly concerned with electrical per-
formance. The following stages make up that base methodology:

Original methodology:

Stage 0: Creation of a comprehensive database of LIB cellmarket in-
formation.

Stage 1: a) Examination of the specific needs of the application and
battery pack.
b) Identification and theoretical evaluation of appropriate
cell technical specifications.
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Stage 2: Focuses on characterising the cells through testing, in-
cluding validation of nominal capacity, rate capability, in-
ternal resistance, and accelerated life cycle tests.

Stage 3: Includes an analysis of calendar and cycle ageing, lifetime,
safety, and cost.

The steps outlined above sum up the required process for choosing a
cell from a sizeable database. By comparing the application requirements
with the characteristics of the available cells chosen from the Stage 0
database, Stage 1 is crucial for obtaining a quick and sufficient reduced
cell candidate list. Stage 2 characterises the few candidate cells under
application conditions, particularly validating the cell manufacturer’s
data. Stage 3 is where the chosen cell’s durability, cost, and safety
examination is completed. Since each level requires significantly more
time than the one before it, the number of candidates must be drastically
decreased after each stage.

Both irreversible and reversible heat must be considered for imple-
menting an efficient and thorough thermal performance analysis on the
new, enhanced approach. As previously explained, the cell’s internal
resistance is measured at stage 2 of the base methodology, allowing
the irreversible heat to be estimated. The EHC is not measured, however.
Therefore the reversible heat is not accounted for. Depending on each
cell’s characteristics, the element’s significance will vary in relation to
the thermal behaviour, but it is necessary for a thorough thermal analysis.
The cell must therefore be electrically and thermally characterised at the
second stage.

As a result, EHC must be used for the enhanced methodology. The
second stage is the most suited for its measurement, given that char-
acterisation and cell parameter analysis are completed there. Figure 4.1
depicts the updated methodological structure.

For the EHC measurement, it is recommended to start with a 10 % SOC
precision approach with the potential to raise accuracy to 5 % on unique
and intriguing SOC sites. The accelerated life cycle tests are now included
in Ageing and lifespan tests of Stage 3, which is still defined according to
the base methodology.

Laying down some standard criteria is fundamental for a faithful

73



“output” — 2023/10/9 — 13:29 — page 74 — #112

Chapter 4. Cell Selection for Efficient BTMS Development

STAGE 1

STAGE 1

STAGE 1
LI-ION CELL DATABASE

vs
BATTERY 

REQUIREMENTS
CELL TECHNICAL 

SPECIFICATION

NOMINAL 

CAPACITY

RATE 

CAPABILITY

INTERNAL 

RESISTANCE
EHC

THERMAL
CHARACTERISATION

ELECTRICAL
CHARACTERISATION

AGEING & 

LIFETIME
SAFETY COSTS

STAGE 3

STAGE 2

STAGE 1

STAGE 0

Figure 4.1: Improved methodology with EHC measurement and thermal characterisation.

contrast of diverse cells’ heat generation. Hence, the comparison is
made under specific application requirements. First, a cell series-parallel
configuration is suggested, with the cell number to be used dependent
on the application BP’s minimum necessary energy. The thermal model is
then applied to this cell quantity to extrapolate the cell’s heat production
across the entire battery pack. Additionally, the fast charging need
is crucial. In this scenario, time is assumed to be an unchangeable
factor; hence all candidate cells are charged at a predetermined C-rate.
As a result, the battery pack’s recharged energy should be the same,
satisfying the application’s time and energy needs while allowing for a
fair comparison of the various cells.

The thermal behaviour of the cell will be added as a selection para-
meter using this improved methodology. The comparison for this criterion
will favour the lowest heat generation, particularly with fast charging. An
endothermic behaviour will also be desired as it will cause the temperature
to drop.
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4.2 Battery Electrothermal Parameter Characterisa-
tion Tests

The cell selection analysis and the heat generation model require the
battery cell’s Rin and EHC electrothermal parameters. The testing proced-
ure for their obtaining is reported, detailing the necessary equipment us-
age.

Furthermore, the specific heat (Cp) and thermal conductivity (k) test-
ing methods are also depicted. These parameters are not used in the heat
generation model or cell selection. Nevertheless, they will be mandat-
ory on heat transfer and accumulation equations on the latter used BTMS
thermal models.

4.2.1 Internal Resistance

Internal resistance (Rin) [Ω] is one of the essential aspects to consider
when doing a thermal characterisation of a cell. The lower the internal
resistance, the lower the heat generation in the cell will be. It depends on
the thermal and chemical equilibrium levels, meaning it is a function of cell
temperature and SOC.

The cell’s internal resistance is measured by the Hybrid Power Pulse
Characterisation (HPPC) test [161]. This is performed at different SOC and
temperature levels by applying a constant current pulse of 18 seconds
while voltage change is measured. The cell cycling, as well as the current
pulse, is performed with a programmable cycler (Industrial Battery Tester
(IBT) with 0.1 % accuracy of full scale, which runs with Digatron/Firing Cir-
cuits BTS-600 software for data evaluation) shown in fig. 4.2b. A CTS (Clima
Temperatur Systeme) thermal chamber controls the different temperat-
ures at which the cell is tested. This type of chamber provides an excel-
lent testing capacity and significant control due to its wide temperature
range, reaching from -70 °C to +180 °C with an accuracy of 0.3 °C. For in-
creasedaccuracy, cell voltageand temperature aremeasuredusingadata
acquisition system (DAQ) Agilent 34970A shown in fig. 4.2c, along with T-
type thermocouples. The DAQ has an accuracy of ±0.0035 % reading and
0.0005% of range for voltage. Additionally, DAQ’s temperature precision is
±0.5 °C of range and 0.2 % of reading, while type-T thermocouples have a
±1.0 °C accuracy.
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(a) Thermal Chamber (CTS). (b) Programmable Cycler. (c)DataAcquisitionSystem (DAQ).

Figure 4.2: Equipment used in the experimental tests.

A 1C current pulse is used for the test, and cell’s voltage is meas-
ured initially and 18 seconds after the pulse. The relation of the current
and voltages is used to determine the internal resistance, following the
eq. (4.1).

Rin =
V1 – V2
I

(4.1)

The SOC’s usual resolution measured in the test is 10 %, going from 10
% to 90 % of the total capacity of the cell. On the other hand, the temper-
atures for the tests are at least three: a low,mediumand high temperature
of around 10 °C, 25 °C, and 40 °C, which are adapted for the specific applic-
ation.

4.2.2 Entropic Heat Coefficient

The second parameter to be measured is the EHC [V/K] which quanti-
fies the reversible change in the open circuit voltage (OCV) that occurs in
response to a temperature change in the cell. The entropic heat coeffi-
cient is not a constant factor, and its value varies with SOC levels.

The variable temperature potentiometry is employed to determine the
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EHC [162], where thermal chamber temperatures are changed by applying
a temperature profile to the LIB at each desired and stable SOC position.
The thermal profile used is shown in fig. 4.3, alternating between positive
and negative temperature steps of three hours long. This procedure en-
sures reducing to the minimum the cell relaxation; therefore, EHC results
arenot affectedby the voltage variationsderivedby this phenomenon. The
equipment used is the same as depicted in fig. 4.2, with the thermal cham-
ber for temperature control, the programmable cycler for SOC change, and
the DAQ for temperature and voltage measurements.

Figure 4.3: Thermal profile applied for EHC measurement.

The cell’s open circuit voltage is measured for the entire process, ob-
taining voltage fluctuations at each SOC step, as seen in fig. 4.4a. These
SOC steps’ voltage profiles are then isolated and fitted to the eq. (4.2).

V(t, T) = A+ BT+ Ct (4.2)

T is the cell temperature, whereas t is the test time. A, B, and C are the
constants to fit, where B corresponds with the EHC value for that SOC step
[40]. As mentioned, due to the minimised cell relaxation effect over time,
C constant is almost zero, and EHC can be effectively isolated. The con-
stants are determined by the optimisation procedure function “curve_fit”
of the scientific computing module Scipy in Python. Figure 4.4b shows the
example fitting at 70% of SOC of the EHCmeasurements done to a battery.
This procedure is repeated for all the SOC interested.
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70% SOC

(a) OCV voltage measurement of the EHC test. (b) OCV variation fitting at 70 % SOC for entropic
heat coefficient obtaining.

Figure 4.4: EHC measurement procedure with OCV voltage reading and fitting.

4.2.3 Specific Heat Capacity

The specific heat capacity (Cp) [J/kg·K] of a LIB is not necessary for the
heat generation estimation, but it is mandatory for the heat accumulation
equation used on the thermal models. Therefore, the experimental meas-
urement procedure utilised for its obtaining is depicted next.

Accelerating Rate Calorimeter (ARC) (THT, EV Standard Calorimeter)
shown in fig. 4.5 is used for the calorimetry tests to measure the Cp
[163]. In that procedure, the calorimeter walls are heated up following the
sample temperature, creating an adiabatic environment where no heat is
dissipated outside the cell.

Figure 4.5: Accelerating Rate Calorimeter (ARC)
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In that adiabatic environment, the analysed cell is heatedwith a known
energy amount through an electric heater. The temperature evolution is
measured on the cell, obtaining a∆T temperature change onadetermined
period. Cp can then be solved with the measured data from the eq. (4.3):

Q̇ = M · Cp ·
∆T
∆t

(4.3)

where Q̇ [W] is the electric power applied to the heater, M [kg] is the
mass of the cell,∆T [°C] is the temperature change, and∆t [s] is the test
time. The test is repeated several times, altering the electric power ap-
plied, the temperature range or even the time, and results are averaged,
obtaining the cell’s Cpavg .

Two possible arrangements should be used depending on cell geo-
metry. For prismatic or pouch cells, a planar electric heater is sandwiched
between two sample cells, ensuring heat conduction to them, as seen in
fig. 4.6a. However, with cylindrical cells, cartridge heaters are placed sur-
rounded by 3 to 4 cells, as seen in fig. 4.6b. Necessary thermocouples are
added to map the temperature evolution of the cells properly.

(a) Cp measurement procedure for prismatic/-
pouch cells.

(b) Cp measurement procedure for cylindrical
cells.

Figure 4.6: Electric heater arrangement for Cp measurement procedure.
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4.2.4 Thermal Conductivity

A non-destructive technique which required two lithium-ion cells per
measurement was used for the determination of both the in-plane and
cross-plane thermal conductivities.

The equipment used for thermal conductivity measurements was a hot
disk TPS 2500 with anisotropic module (fig. 4.7) with a measurement range
from 0.005 to 500 W/m·K. The repeatability of the measurement is 1 to 2%
and the equipment has a measurement precision of 2-5%.

Figure 4.7: Hot disk TPS 2500.

The hot disk transient plane source (TPS) technique was used, which
met ISO Standard (ISO/DIS 22007-2.2 [164]). This method is limited to ma-
terials in which the thermal properties along two of the orthogonal and
principal axes are the same, but are different from those along the third
axis. This was assumed to be the case of the lithium-ion cells tested.
The hot disk probe comprised a flat sensor with continuous double spiral
of electrically-conducting nickel metal etched out of thin foil and sand-
wiched between two layers of insulating material. During the experiment,
the sensor was placed between the surfaces of two pieces of the sample
measured in a sandwich configuration.

During measurement, a current passed through the Nickel spiral and
created an increase in temperature. The heat generated is dissipated
through the sample on either side at a rate dependent on the thermal
transport characteristics of the material. By recording the temperature
versus time response in the sensor, the thermal conductivity could
accurately be calculated [164].
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4.3 Validation Case Study of the Improved Cell Selec-
tion Methodology

This section relates how the cell selection procedure is validated after
the improvedmethodology is described in Section 4.1. For this case study,
an ICE vehicle electrification project (SELF-sustained and Smart Battery
Thermal Management SolutIon for Battery Electric Vehicles - SELFIE [165])
is used, where cell selection is the first essential part of the design.

This case study is assessed through a thermal stance. Therefore,
this study does not present Stage 3 of the methodology, emphasising
the second stage’s thermal characterisation and the consequent cells’
thermal analysis.

4.3.1 Adequate Cell Identification: Stage 0 and Stage 1

Stage 0

The database is searched for candidate cells at this point. Five ex-
amples are found and chosen based on their accessibility for the project,
and their technical details are shown in table 4.1. The following stage will
determine their appropriateness for the project due to the significant dis-
crepancies in requirements between each other.

Table 4.1: Stage 0 candidate cells’ specifications

Sample

1 2 3 4 5

Name
Model

Toshiba
SCiB

Kokam
SLPB

LG INR21700
M50

ANKAO
IFR32135

Narada
FE50A

Chemistry LTO NMC NMC LFP LFP
Nominal Capacity [Ah] 23 40 5 10 50
Nominal Voltage [V] 2.3 3.7 3.6 3.2 3.2
Nominal Energy [Wh] 52.9 148 18 32 160
Specific Energy [Wh/kg] 96 160 267 128 120
Energy Density [Wh/L] 203 288 186 66.3 227.9
Maximum Charge [C-rate] 8C 3C 0.7C 10C 2C
Mass [kg] 0.55 0.99 0.068 0.25 1.329
Volume [L] 0.260 0.513 0.098 0.483 0.702
Lifetime [Cycles] 15000 3000 4000 2500 2000
Geometry Prismatic Pouch Cylindrical Cylindrical Prismatic
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Stage 1

In this stage1, thenominee cells’ specifications are comparedwith the
requirements for thebattery pack specified for theapplication. Theproject
is built on three essential requirements for this initial cell selection study:
needed energy, maximum volume, and minimum fast-charging capacity.
The project’s feasibility also depends on a minimal cell lifespan.

In order to attain the needed autonomy, the vehicle must have a bat-
tery pack of around 30 kWh of energy capacity, settled as the minimum
value for the cell selection study. Furthermore, as this is the electrifica-
tion of an ICE car, only 220 litres of space is left for the battery pack. The
other crucial requirement for the application is fast car charging, with a
3C charge being the standard minimum. Finally, the project must have a
minimum lifetime of 1500 cycles.

In light of these references, arrangements for battery packs larger than
30 kWh are evaluated with all potential cell types. Regarding consistency,
BP’s voltage is likewise made to aim for 400 V. Table 4.2 displays the final
cell series-parallel configuration and the total number of cells (Number of
Cells (ncell)), which also affects the volume of the product. The application
requirement is also compared to the charging rate of the cells.

Table 4.2: Stage 1 cell selection by application requirements comparison.

BP SAMPLE

Requisites 1 2 3 4 5

BP Energy [kWh] 30 30.15 30.19 30.24 30.02 30.72
Voltage [V] - 437.0 377.4 432.0 428.8 307.2
Cell Configuration - 190S3P 102S2P 120S14P 134S7P 96S2P
Number of cells [ncell] - 570 204 1680 938 192

Total Volume [L] Max. 220L 148.2 104.7 164.6 453.1 134.8
Charge [C-rate] Min. 3C 8C 3C 0.7C 10C 2C
Lifetime [Cycles] Min. 1500 15000 3000 4000 2500 2000

Analysing the results, while sample 4 exceeds the maximum volume
permitted, samples 3 and 5 falls below theminimumcharging C-rate. Every
cell has a lifespan higher than theminimum value specified for the applic-
ation. The candidate cells for stage 2 of the revised approach are thus
samples 1 and 2.

The lowest C-rate of Sample 2, with a maximum charge limit of 3C, de-
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termines the charging current to be used in this cell selection case study.
Furthermore, 570 and 204 cells from samples 1 and 2 are employed, re-
spectively, to achieve the requisite battery pack energy. These data will
be integrated into the cell characterisation that comes after stage 1 in or-
der to create a consistent and reasonable comparison of both BP’s heat
generation.

4.3.2 Proposed Cells’ Characterisation: Stage 2

With the two candidate cells selected, electrical and thermal charac-
terisation proceeds for the final cell election. In that way, the cell para-
meters necessary for the following thermal analysis will be measured.

Measurements include nominal capacity, rate capability, internal res-
istance, and entropic heat coefficient. The first two parameters describe
the cell’s electrical behaviour and are measured to check the supplier’s
data. The two latter components define the thermal properties of the cell.
Rin defines electrical and thermal behaviours, but it is only assessed from
a thermal position to validate the methodology presented. Therefore, EHC
and Rin values are used at the end of stage 2 to estimate the heat power
through reversible and irreversible heat, respectively. Hence, cell selec-
tion based on thermal criteria will be performed under a fast charge ana-
lysis.

Rate capability assesses the capacity of cells at various current
loads, whereas nominal capacity is determined by performing three
charge-discharge cycles at varying temperatures and 0.2C in a thermal
chamber [157]. For varying SOC and temperature levels, the Rin values
are determined using constant current discharge pulses lasting 18
seconds [161], whereas the EHC measurements are made using variable
temperature potentiometry [162].

(a) Nominal Capacity and Rate Capability:

The capacity of the cells is significantly impacted by temperature
and C-rate. However, cells’ nominal requirements must be met to
recognise the validity of samples. Table 4.1 shows the nominal ca-
pacity values for samples 1 and 2 at testing temperatures of 25 °C
and 0.5C, respectively, which are 23 Ah and 40 Ah. Nominal capa-
city testing for the characterisation process is done at 0.2C at 10 °C,
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20 °C, 30 °C, and 40 °C. Moreover, rate capability tests are done at
0.5C, 1C, 2C, and 4C at 25 °C. Table 4.3 demonstrates that the cell
manufacturer’s data is effectively attained and only degrades at low
C-rates (>2C for sample 1 and >1C for sample 2) and cold temper-
atures (10 °C). Consequently, candidate cells are accepted from the
nominal capacity and rate capability facets.

Table 4.3: Nominal Capacity and Rate Capability of Sample 1 and Sample 2 [166].

Temperature
Nominal Capacity [Ah]

C-Rate
Rate Capability [Ah]

Sample 1 Sample 2 Sample 1 Sample 2

10 °C 22.22 39.39 0.5C 23.3 40.3
20 °C 23.30 40.43 1C 23.1 38.3
30 °C 24.03 41.29 2C 23.0 38.0
40 °C 24.57 41.97 4C 22.8 37.6

(b) Internal Resistance:

A 10 % resolution is used to quantify the internal resistance on the
cell’s SOC scale from 10 % to 90 %. On the other hand, the test
temperatures are 10 °C, 20 °C, 25 °C, 30 °C, 35 °C, and 40 °C. The in-
ternal resistance results for samples 1 and 2 are shown in fig. 4.8a
fig. 4.8b, respectively. With significantly greater resistance levels on
the second cell, the typical behaviour of Rin with its increase at low
SOC levels and temperatures is shown.

(a) Rin of Sample 1. (b) Rin of Sample 2.

Figure 4.8: Internal Resistance.

(c) Entropic Heat Coefficient: With a 10 % resolution of the SOC, from
10 % to 90 %, the entropic heat coefficient of each candidate cell
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is determined. For sample 2, data at 55 % of SOC is added, and for
sample 1, data steps of 5 % are also introduced from 50 % to 90 %
of SOC values, where fast changes in EHC values are detected.

According to fig. 4.9a, sample 1 candidate cell’s EHC is highly
consistent across all SOC and has a distinct negative peak at -0.46
mV/K at the 65 % charge level. This will imply an increase in heat
power when the cell is discharged at that SOC level, but the charging
process will result in an endothermic effect and a corresponding
decrease in heat power. Sample 2 includes a negative portion with
a peak of -0.2 mV/K on the initial SOC level, but this is balanced out
by positive EHC values practically throughout the rest of the SOC
level with a maximum value of 0.13 mV/K on 55 % of SOC, as seen in
fig. 4.9b.

(a) EHC of Sample 1. (b) EHC of Sample 2.

Figure 4.9: Entropic Heat Coefficient.

The Rin and EHC data obtained in the characterisation will be used in
the next step of the cell selection methodology to properly estimate the
heat generation of each cell sample.

4.3.3 Thermal Analysis: Numerical Assessment

The generated heat estimating model employed in this second stage
adheres to the earlier stated eq. (3.1) and follows the guidelines set by
Nieto et al. [167]. Several works [167–169] have already verified this cell’s
heat generation model. However, as illustrated on eq. (4.4), the number of
cells is added to extrapolate the heat generation to the battery pack level.

85



“output” — 2023/10/9 — 13:29 — page 86 — #124

Chapter 4. Cell Selection for Efficient BTMS Development

Q̇ =
(
I2 · Rin + I · T ·

dUavg

dT

)
· ncell (4.4)

The nominal capacity, charging current, and constant cell temperat-
ure inputs are used to feed the heat generation model together with the
SOC, which is calculated using the coulomb counting method [170]. Util-
ising those inputs, Rin and EHC are interpolated for each time step from the
characterisation data presented. For samples with predominately negat-
ive EHC values, heat generation will be higher during the discharge pro-
cess under the same cycling circumstances. The fast-charging proced-
ure is, however, noticeably more intensive due to increased C-rate utilisa-
tion, which raises the irreversible heat generationwell above the reversible
part and, thus, the total heat generation. As a result, the thermal model is
run over the charging of the cell to acquire the corresponding heat energy
generation of the most demanding operation part.

The heat generation model is fed for a 3C fast charge at four differ-
ent constant temperatures: 15 °C, 25 °C, 35 °C, and 45 °C. According to
fig. 4.10, the amount of reversible, irreversible, and total heat energy for
cells from samples 1 (discontinuous line) and 2 (continuous line) are com-
pared. As internal resistance reduces at higher temperatures, irreversible
energy also decreases. This effectmay be seenmore clearly with cell can-
didate 2, which has significantly higher Rin levels at low temperatures.

Reversible energy variations have less impact on temperature changes
since they are much smaller than irreversible ones. However, the amount
of heat energy in both cells is substantially different. In contrast to Sample
1, which absorbs close to 250 Wh, sample 2 completes the charge with 20
Wh of reversible heat production (Qrev), as seen in table 4.4. Candidate 1 is
helped by this phenomenon to reduce its heating capacity, which results
in a drop in temperature, as evidenced by the total heat energy generated
during the charge. Favourable EHC and, consequently, the reversible heat
enable Sample 1 to release less than half the total heat than Sample 2,
even at 45 °C where the irreversible generation (Qirr) is at its lowest. This
is further corroborated by the charging energy efficiency values (ηcharge)
derived from eq. (4.5), where only the irreversible heat generation is taken
into account because the net reversible heat generated during charge and
discharge is zero [171].
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(a) Heat generation at 15 °C.
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(b) Heat generation at 25 °C..
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(c) Heat generation at 35 °C.
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(d) Heat generation at 45 °C.

Figure 4.10: Heat energy generation of sample 1 and 2, at 3C charge

ηcharge =
Echarge – Qirr
Echarge

(4.5)

Echarge [kWh] is the electrical energy charged onto each battery pack
configurationbetween10%and90%of SOC, andQirr [kWh] is theprocess’s
irreversible heat generation. An endothermic reversible heat is present,
along with the increased efficiency seen in Sample 1 for all temperatures
considered. Consequently, the TMSwill useproportionally less energy than
is required for Sample 2 to dissipate that heat.

The cell Sample1 phenomenon will improve performance with lower ul-
timate temperatures, significantly reducing the need for cooling during
fast charging. Additionally, it makes control more accessible and lessens
any security issues, making this cell the best choice for this specific ap-
plication, particularly for quick charging operation.
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Table 4.4: Heat energy generation results at the end of the 3C charge.

Temperature
Sample 1 [kWh]

ηcharge [%]
Sample 2 [kWh]

ηcharge [%]
Qirr Qrev Qtot Qirr Qrev Qtot

15 °C 1.17 -0.25 0.93 95.1 % 2.67 0.02 2.69 88.9 %
25 °C 0.94 -0.26 0.68 96.1 % 1.74 0.02 1.76 92.8 %
35 °C 0.81 -0.26 0.55 96.6 % 1.29 0.02 1.31 94.6 %
45 °C 0.73 -0.27 0.46 97.0 % 0.98 0.02 1.01 95.9 %

4.3.4 Thermal Analysis: Experimental Validation

This section ratifies the results of the cell selection numerical analysis
to validate the improved methodology presented. First, adiabatic calor-
imetry is used to identify the heat generation rate (Q̇). Finally, a 3C fast
charge is performed under three isothermal ambient temperatures. There-
fore, temperature measurement during operation can confirm the projec-
ted performance of the cell.

(a) Thermal performance during adiabatic ambient discharge:

An Accelerating Rate Calorimeter (ARC) with an accuracy of 0.7 % is
used to determine the heat generation rate in an adiabatic environ-
ment. Due to the cell’s specific EHC property, reversible heat dur-
ing charging behaves endothermically, absorbing heat at certain C-
rate and SOC levels. The endothermic processes cannot be carefully
tracked since the calorimeter heats the enclosure walls to create
an adiabatic atmosphere and has no cooling capability. Hence, the
discharge process, in which net heat is entirely exothermic in this
scenario, must be employed for generated heat measurement.

All the heat produced when cycling the cell is deposited on it since
the adiabatic atmosphere assures that no heat is transferred to the
surrounding air. As a result, this energy balance provides two ways
to gauge the pace at which heat is generated: heat accumulation
and the heat generation model itself. The energy balance equation
is represented by both terms as follows:

I2 · Rin + I · T ·
dUavg

dT
= M Cpavg

dT
dt

(4.6)
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The heat generation model shown on eq. (3.1) is represented by the
term on the left of the energy balance equation. The new term de-
scribes the heat that is stored on the cell on the right side of the
energy balance, where M [kg] is the mass of the cell, Cpavg [J/kg·K] is
the average specific heat capacity, and dT/dt [K/s] is the measured
temperature change over time.

Calorimetry measurements were conducted to determine the Cp
[163]. The values of Cp were determined by measuring the tem-
perature gradient over time while altering the heat power that the
cell received from a planar resistance. The results of the tests
are averaged, giving 1163 J/kg·K for the selected cell, as given in
table 4.5.

Table 4.5: Cpavg values and test data for cell sample 1.

P
[W]

∆Tavg
[°C]

Cp
[J/kg·K]

Cpavg
[J/kg·K]

Sample 1
4.9 22.7 1161

1163
18.7 22.2 1165

For the determination of Q̇, the battery was connected to a program-
mable cycler (Industrial Battery Tester (IBT)with 0.1%accuracy of full
scale, which runs with Digatron/Firing Circuits BTS-600 software for
data evaluation) for discharging the battery at various C-rate during
the adiabatic calorimetry test. T-type thermocouples and an Agi-
lent 34970A data-collecting device were also utilised to gauge the
temperature of the cell’s surface. The Agilent has accuracy require-
ments of ±0.0035 % of reading and 0.0005 % of range for voltage.
Additionally, Agilent’s temperature precision is±0.5 °C of range and
0.2 % of reading, while type-T thermocouples have a±1.0 °C accur-
acy. Figure 4.11 depicts the setup for the discharge test inside the
calorimeter.

Each test was run at three different discharging currents of 1C, 2C,
and 3C, ranging from 90 % SOC to 10 % SOC. The starting temperat-
ure for each test was the ambient one, with mean values of 22.5 °C,
25.5 °C, and 22.2 °C, respectively. The cell temperatures after the
testing were 31.7 °C, 39.8 °C, and 41.1 °C; therefore, additional ex-
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(a) Scheme of calorimetry test.

Calorimeter tracking 

thermocouple

Cycler voltage 

measurament Cycler wires

Agilent 

thermocouples

(b) Setup of calorimetry test.

Figure 4.11: Scheme and setup of adiabatic calorimetry test.

periments with more significant discharge current rates were dis-
missed to guarantee the cell’s functioning within the ideal temper-
ature range. Heat generation was calculated using the accumu-
lation and generation equations in conjunction with the temperat-
ure evolution data recorded on the cell’s adiabatic calorimetry dis-
charge. Figure 4.12 displays the outcomes of this analysis.

The uncertainty in the heat generation model is negligible due to
Agilent’s voltagemeasurement precision onHPPCandpotentiometry
tests all through cell Rin and EHC parameter evaluation. The uncer-
tainty range of the heat accumulation estimation of three discharge
tests from the calorimetry test on Cpavg assessment is displayed in
fig. 4.12. All of the uncertainties were estimated utilising the Lee
[172] technique.

On the three discharge tests, a heat power peak caused by the min-
imum EHC value of -0.46 mV/K is identified using both accumula-
tion and generation models. At that point, reversible heat increases
significantly, raising the heat generated overall. The low EHC value
combined with a flat internal resistance keeps the heat generation
reasonably constant for the remaining SOC values. Owing to the re-
versible heat flip, these results demonstrate theunique thermal per-
formance of the chosen sample 1, which will be extremely helpful in
the charging process.

(b) Thermal performance during isothermal ambient charge:

At this point, fast charging has been used to analyse further the
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Figure 4.12: Adiabatic heat power generation analysis by heat accumulation and heat
generation methods at 1C, 2C and 3C.

selected cell’s observed favourable thermal behaviour. This allows
for the study and real-world validation of the forecasted functioning
and optimal thermal response shown during cell selection.

If the theoretical behaviour of EHC is met, the thermal model
predicts an optimistic scenario of abrupt heat power drop below
zero with a subsequent temperature fall on fast charging. Three
different constant ambient temperatures (15 °C, 25 °C, and 35 °C)
are settled in a thermal chamber as part of a 3C constant rapid
charge to demonstrate this behaviour. The used thermal chamber
(CTS, Clima Temperatur Systeme) can maintain the required ambient
temperature with an accuracy of 0.3 °C. Agilent was used to map
the cell’s temperature, and one T-type thermocouple was placed on
each cell’s surface. The IBT was then used to charge the cells at 3C
current, as shown in fig. 4.13’s experimental setup.

The three experiments began at slightly higher but stable cell tem-
peratures of 16 °C, 26.5 °C, and 36 °C, respectively, due to the high
thermal inertia of the cell and preceding discharging for condition-
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Figure 4.13: Experimental Setup for fast charge analysis.

ing. The cell was totally discharged when the charge began and ter-
minatedwhen themaximum cutoff voltage was achieved. Due to the
high charging current, the cell’s usable capacity was drastically re-
duced, and the cutoff voltage was reached before the battery was
fully charged. The internal resistance is lower and allows for more
charging at higher temperatures, which also impacts this behaviour.
Thus, at 15 °C, only 77 % of SOC is charged; at 25 °C 88 %, and even
at 35 °C test, 92 % of SOC is attained.

After the three tests, the surfaces’meancell temperatureswere21.8
°C, 32.8 °C, and 40.3 °C, respectively. Therefore, maintaining the am-
bient temperature assured the cell’s performance within the ideal
temperature range. Figure 4.14 illustrates the cell’s temperature dif-
ferenceevolutionwith the test beginning temperature andallows for
better result comparison between tests, emphasising the signific-
ance of ambient temperature. Reversible heat has a noticeable ef-
fect, causing a significant temperature change between 60 % and
75 % of SOC. The temperature decreases are relatively insignificant,
coming in at 0.21 °C, 0.17 °C, and 0.41 °C, respectively. The temper-
atures, however, significantly stabilise due to this variance, and the
cell’s maximum ending temperature is significantly lowered.

To conclude with the presented methodology and its validation case
study, the predicted heat generation for the selected cell is much lower,
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(a) 3C charge at 15 °C. (b) 3C charge at 25 °C. (c) 3C charge at 35 °C.

Figure 4.14: Selected cell’s surface mean temperature evolution at 3C charge with 15 °C,
25 °C and 35 °C ambient temperature.

with the total heat being reduced by at least 550 Wh. The efficiency of
the chosen cell is higher than that of the other candidates under all the
research settings. The performance in cell sample 1 is primarily driven by
thespecific EHCcoefficient for rapid charging, highlighting the importance
of the thermal study and the methods described in this work as critical
elements in making the best cell choice.

Therefore, this new methodology aids in identifying a battery’s actual
performance and provides crucial selection criteria for picking the optimal
cell for each activity. After demonstrating the significant impact of the
entropicheat coefficient onheat generationefficiency, thesignificanceof
accurately characterising the cell is further stressed. Better cell selection
for challenging tasks such as fast chargingwill result from this, increasing
battery pack efficiency, decreasing TMS size, and preventing any potential
heat problems in the future.
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5
CFD Based Comparison:

Case Studies for Advanced
BTMS Solutions for
Electromobility

Summary

This thesis chapter compares two case studies of advanced BTMS solutions for electromobil-

ity. Using the same battery module, both systems will undergo CFD simulations. The first system

is a Cold Plate- and PCM-based BTMS, while the second is a Dielectric Flow- and Tab-Based BTMS.

The chapter will present the concepts and designs of these systems, along with the corresponding

thermal models. The obtained thermal and hydraulic results will be discussed, and a comparative

analysis of the BTMS solutions will be conducted. Finally, the chapter will conclude with a

comprehensive discussion of the advantages and disadvantages of each system.
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5.1 Battery Module Implemented for Electromobility
BTMS Comparison

This chapter presents a CFD-based comparison of two advanced
BTMSs in two case studies. The thermal management solutions are
implemented on a real-case electromobility battery module. This shared
battery platformwill allow a fair comparison between the two case studies
and advanced thermal management systems under the same cycling
circumstances.

The electric characteristics of the BEV used in this case study will be
defined following the BP needs previously presented in the case study of
cell selection methodology in Section 4.3. These guidelines were derived
from the SELFIE [165] project, which involved converting an ICE vehicle to
a BEV based on a Fiat Doblo platform. The BP aims to achieve a target en-
ergy capacity of 30 kWh, with an electric structure operating at a nominal
voltage of 400 V. In reality, the BP configuration measures 414 V and 28.56
kWh.

The battery pack comprises prismatic LTO Toshiba SCiB™ 23Ah cells
[173]. These cells correspond to the previous choice in the cell selec-
tionmethodology case study presented on Section 4.3 in Chapter 3. Hence
their fast charging capability with an endothermic behaviour around 60 %
- 70 % of SOC can be enhanced. Their electrical information is depicted in
table 5.1.

Table 5.1: Properties of prismatic Toshiba SCiB 23Ah cell.

Toshiba SCiB™23Ah

Chemistry LTO
Vnom [V] 2.3
Capnom [Ah] 23
Nominal Energy [Wh] 52.9
Specific Energy [Wh/kg] 96
Max CHA Current [A] 200 (8.6C)
Max DCH Current [A] 100 (4.3C)
Temperature Range [°C] -30 to 55
Dimensions [mm] H:105 x L:115 x W:21.5
Volume [L] 0.26
Mass [kg] 0.55
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Moreover, both thermal parameters Rin and EHC, necessary for cell
heat generation modelling, are experimentally characterised following
the methodology presented in Section 4.2. The EHC is obtained for all
the SOC scope of the cell, as well as the Rin, which is measured for six
different temperatures (10 °C, 20 °C, 25 °C, 30 °C, 35 °C and 40 °C). This
data is depicted in fig. 4.8a and fig. 4.9a on the cell selection part.

The 28.56 kWh battery pack is developed under a 414 V infrastructure.
It is distributed in 12 modules connected in series. Moreover, these mod-
ules are assemblies of 45 cells in a 15S3P electric configuration. Under
this configuration, the battery pack has a total amount of 540 cells. The
battery module and pack information are depicted in table 5.2.

Table 5.2: Electric configuration of the battery module and battery pack.

Battery Module Battery Pack

Energy [kWh] 2.38 28.56
Voltage [V] 34.5 414
Capacity [Ah] 69 69
Cell/Module Configuration 15S3P 12S1P
Number of modules - 12
Number of cells [ncell] 45 540

However, the battery pack consists of two entities, as it is adapted to
an existing vehicle. On those entities, the battery cells are uniformly dis-
tributed in arrays of 30 and electrically connected by copper busbars to
form modules. These arrays are modular, designed with an adapted BTMS
and stacked to form the complete battery pack. For this study, the min-
imal representative portion of the battery pack system is defined as this
modular array configuration. Figure 5.1 depicts the battery pack and one
of the cell arrays with the electric connection busbars.

The battery thermal management system’s thermal analysis and com-
parison will be developed over this battery array. Initially, the cold plate-
and PCM based BTMS solution will be presented and analysed, followed by
the dielectric flow- and tab-based thermal management system, both ad-
apted for this battery geometry.

Regarding the operation and cycling of the battery, it will face two dis-
tinct situations, the combination of which constitutes the entire battery
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30 cell row

Busbars

Figure 5.1: Battery pack and its modular 30-cell array used in the study.

cycle employed for analysis in this work (fig. 5.2) and is ostensibly themost
challenging environment to evaluate the thermal management systems:

• Fast Charge (FC): The battery pack undergoes a predefined constant
6C charge, where in 8 minutes, the SOC recovers from 10 % to 90 %.

• Normal Drive (ND): A demanding discharge application has been
defined, which includes a motorway constant driving scenario at
130 km/h. From the vehicle power consumption data shown in
fig. 5.3, 47.8 kW is known to be required. Therefore, with the battery
pack electric configuration information, the necessary discharging
electric current (Idch) of the cells is defined as 38.41 A or 1.67 C-rate,
following eq. (5.1). Therefore, the BP is drained in about 28 minutes.
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Figure 5.2: Current profile employed on the battery cycling.

Figure 5.3: Fiat Doble vehicle power needs.

Idch =
Pvehicle
Vcell · ncell

(5.1)

The following thermal and hydraulic analysis of compared advanced
BTMS solutions will be done under this demanding cycle.
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5.2 Case Study 1: Cold Plate- and PCM- Based BTMS

This case study focuses on the first advanced solution of the compar-
ison analysis. Next, this Cold Plate and PCM-based BTMS system will be
introduced, and the CFD model will be depicted. Finally, the thermal and
hydraulic CFD analysis will be presented.

5.2.1 Hybrid BTMS Concept and Design

The solution in this work corresponds with the one employed for the
battery pack of the SELFIE project. It focuses on developing a cold plate-
and PCM-based BTMS, therefore using passive and active systems, here-
after known as the Hybrid BTMS for that characteristic. This hybridisation
looks to hold both fast charge and vehicle driving efficiently.

The passive approach to thermal management involves a PCM buffer,
which consists of a porous aluminium structure filled with paraffin wax at
a concentration of 58.55 %. This porosity was defined for manufacturing
reasonsand toenhance thebattery pack’s structural strengthand thermal
conductivity. The PCM buffer is situated underneath the battery cells, act-
ing as a heat storage device that absorbs the heat generated during char-
ging through the latent heat of the wax phase change. The passive sys-
tem occupies the entire area under the cells, with a total thickness of 13
mm. This is designed following the vehicle’s available volume and helps
with the battery pack’s structural strength. The paraffin wax used is the
Rubitherm RT35HC, which has a melting temperature of approximately 34
°C to 36 °C and is specifically designed for warm temperatures [174]. In
extreme climate conditions, alternative products may be considered for
system sizing, as the manufacturer provides products with a melting tem-
perature range between -9 °C and 100 °C. Table 5.3 provides data on the
properties of the PCM.

The active system comprises a pair of aluminium cold plates laterally
surrounding the 30-cell row, being 664.2 mm long and 100 mm high. The
hydraulic equilibrium of the flow is achieved by using a parallel configur-
ation for each cold plate connection. The flow is further separated into
threeentrancechannels in theupper half of thecell and three return chan-
nels in the lower half of each cold plate with a 2 mm x 10 mm size each.
The cold plate is designed to work with a water ethylene-glycol 50 % mix-
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Table 5.3: RT35HC paraffin wax properties [174].

RT35HC Paraffin Wax

Melting Point [°C] 34 - 36
Max. Operating Temperature [°C] 70
Heat Storage Capacity [kJ/kg] 240
Thermal Conductivity [W/m·K] 0.2
Density (Solid-Liquid) [kg/l] 0.88 - 0.77
Specific heat capacity [J/kg·K]] 2000

ture (w-e50), with the necessary thermophysical properties depicted in
table 5.4. Moreover, the high thermally conductive TIM THERM-A-GAP G976
[175] is selected to separate the cold plate and PCM buffer from the cells
to prevent electrical short circuits. The 30-cell array used in the analysis
can be seen in fig. 5.4, surrounded by two cold plates at each side, and the
PCM buffer placed below the cells. The internal duct configuration of the
cold plate is also shown.

Table 5.4: Water Ethylene-glycol 50 % mixure’s thermophysical properties.

T
[°C]

ρ

[kg/m3]
Cp

[J/kg·K]
k

[W/m·K]
ν

[m2/s]
µ
[Pa·s]

-30 1089 3088 0.328 4.04e-5 4.40e-2

-20 1087 3126 0.336 2.03e-5 2.21e-2

-10 1084 3165 0.344 1.18e-5 1.27e-2

0 1081 3203 0.352 7.48e-6 8.09e-3

10 1077 3242 0.360 5.10e-6 5.50e-3

20 1073 3281 0.366 3.67e-6 3.94e-3

30 1069 3319 0.373 2.75e-6 2.94e-3

40 1064 3358 0.378 2.12e-6 2.26e-3

50 1058 3396 0.383 1.68e-6 1.78e-3

The Hybrid BTMS is designed to operate using a fixed thermal manage-
ment strategy, which involves using the active cooling system during ND
and relying on the passive PCM system during fast charge. During fast
charging, the active cooling system remains inactive due to the absence
of coolant flow. In contrast, the passive PCMsystemabsorbs theheat gen-
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Cold Plates

PCM Buffer

Coolant Channels

Figure 5.4: Hybrid BTMS configuration on the 30-cell row.

erated by the cells through heat accumulation. This is accomplished by
heating the paraffin wax until it reaches a melting point, enabling it to ab-
sorb heat without affecting its temperature.

During ND performance, the BEV’s active cooling system is activated,
resulting in the dissipation of heat by the coolant. This process involves
cell cooling and PCM solidification, which is necessary for the passive sys-
tem to operate effectively during subsequent charging cycles. As a res-
ult, excess heat energy is transferred from the cells to the cold plate. It
is worth mentioning that the cold plate mass flow rate remains constant
throughout each ND analysed.
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5.2.2 Battery Model and Grid Refinement Study

Using CFD software, a 3D model of the Hybrid BTMS is developed. To re-
duce computing costs, the system’s design is simplified while still provid-
ing a clear understanding of how heat is dispersed within the module. A
vertical symmetry plane is positioned at the centre of the cell row, so only
half of the Hybrid BTMS is included in the computational domain. As a res-
ult, the computational domain consists of only one cold plate, thirty-half
battery cells, and half of the PCM buffer beneath them.

The heat generation subroutine model through a UDF is used for the
cells’ heat generation on the CFD (see methodology Section 3.2.3.1). This
method is employed instead of the FMU approach because a symmetry
plane cuts across the cells. This makes it impossible to establish the co-
simulation process on the software. The battery cells are modelled as ho-
mogeneous volumes because the heat generation model substitutes the
heating processes dependent on the internal geometric design of the cell.
Nevertheless, orthotropic thermal conductivity values are employed. Av-
erage specific heat capacity is also used, experimentally obtained follow-
ing test methodology in Section 4.2.3, with the resultant data depicted in
table 4.5. Moreover, an electric potential is defined in the busbars; there-
fore, the joule heat generation dependent on the electric current of the
charge or discharge can be defined. Materials and their properties used
on the models are defined in table 5.5. Furthermore, an adiabatic environ-
ment is defined for all the external walls. The final geometry employed in
the CFD model can be seen in fig. 5.5.

Table 5.5: Material and element properties used on the CFD model.

Material
Dimensions (x, y, z)

[mm]
ρ

[kg/m3]
Cp

[J/kg·K]
k

[W/m·K]

Cell - 21.5 x 105 x 115 2118.5 1163.95 kx= 0.4 ky,z=31
CP Aluminium 664.2 x 100 x 4 2719 871 202.4

PCM
RT35HC

13 (width)
825 2000 0.2

Aluminium 2719 871 202.4
TIM G974 0.5 (width) 1400 900 6
Busbar Copper 118.4 x 4 x 20 8978 381 387.6

With the createdmodel, a grid refinement study is conducted to exam-
ine the grid independence from the outcomes of the mathematical model
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Figure 5.5: CFD final geometry for analysis simulations.

to avoid any inaccurate or imprecise simulation and to verify the model.
For that objective, the Grid Convergence Index (GCI) method, based on the
Richardson Extrapolation [176] approach, is adopted as done in the previ-
ous chapter.

Three different meshes are produced, depicted in fig. 5.7. The discret-
isation error is evaluated while comparing the outputs for the pressure
drop (∆p) and the convective heat transfer coefficient (hconv) on the cold
plate. Results for the coarse mesh (N1: 771,272 elements), the medium
mesh (N2: 5,068,480 elements), and the fine mesh (N3: 34,735,296 ele-
ments) can be found in fig. 5.6, with refinement factors of r21 = 1.87 and
r32 = 1.89.

All GCI factors are low enough for results acceptance. For the heat
transfer coefficient, the GCI21_hconv = 1.55 % and GCI32_hconv = 0.65 % res-
ults are achieved. Moreover, the pressure drop results showed GCI21_∆p =
0.03 % and GCI32_∆p = 0.0013 % results. The results show a convergence
tendency where changes between meshes reduce one after the other.
With the discretisation error low enough and due to agreement between
mesh components and outcomes, the medium N2 mesh is chosen.
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(a) Convective heat transfer coefficient results. (b) Pressure drop results.

Figure 5.6: Grid refinement study’s results.

(a) Mesh N1. (b) Mesh N2. (c) Mesh N3.

Figure 5.7: Different mesh levels in the cooling channels of the cold plate.

5.2.3 CFD Thermal and Hydraulic Results Analysis

This section presents a numerical parametric analysis of the hybrid
BTMS under realistic and demanding performance conditions. The module
undergoes a cycling processwhereby the cells’ average temperature evol-
ution over time is obtained. This process is achieved using the previously
described electric cycle, consisting of a 6C fast charge from 10 % to 90 %
SOC, followed by a 1.67C discharge until the SOC returns to 10%while sim-
ulating a driving speed of 130 km/h (fig. 5.2). Furthermore, all case studies
are initiated at an ambient temperature of 25 °C, and w-e50 is utilised as
a coolant, following a real-use scenario. A total of seven case studies are
performed using this complete cycle, whereby various parameters of the
hybrid BTMS are altered, as outlined in table 5.6. It is noteworthy that the
presented mass flow rate (ṁ) corresponds to both cold plates of the 30-
cell assembly.
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Table 5.6: Hybrid BTMS Case studies description.

Case
Study

Thermal management
Coolant

Tinlet
[°C]

ṁ
[kg/s]CHA DCH

1Case00 No thermal management - - -
2Hy-Case01 PCM PCM + CP w-e50 25 0.03125
Hy-Case02 PCM PCM + CP w-e50 20 0.03125
Hy-Case03 PCM PCM - - -
Hy-Case04 - CP w-e50 25 0.03125
Hy-Case05 CP CP w-e50 25 0.03125
Hy-Case06 PCM + CP PCM + CP w-e50 25 0.03125

1 Reference case with no BTMS.
2 Reference case with the hybrid BTMS.

The following are the specific cases and their purposes. “Hy-” prefix is
used to indicate the studied case represents the Hybrid BTMS:

• Case00 is the reference check-up, where no thermal management
system is added. Therefore the 30-cell row is studied together with
the busbars. The PCM and the cold plate are removed from the geo-
metry to avoid any thermalmanagement or extra thermal capacity on
the system.

• Hy-Case01 is the referencecase study, where thehybrid BTMS is fully
analysed. The PCM is employed during the fast charge, whereas the
cold plate is responsible for battery cells’ thermal management dur-
ing discharge along with the PCM solidification. The utilised w-e50
mass flow rate is 0.03125 kg/s, whereas the inlet fluid temperature
is 25 °C.

• Hy-Case02 aims to evaluate the coolant inlet temperature effect.
Therefore, the Tinlet of the w-e50 is reduced to 20 °C whereas main-
taining the mass flow rate on the hybrid BTMS with both the PCM and
cold plate.

• Hy-Case03 analyses the PCM passive system individually. It is ad-
ded to the 30-cell geometry to examine its effect without an active
thermal management system.

• Hy-Case04 aims to evaluate the PCM’s temperature control and
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stabilisation capacity by removing it and activating the cold plate
system only during the discharge process on the ND. Therefore,
a 0.03125 kg/s mass flow rate at 25 °C inlet temperature is only
activated during the discharge stage. The idea is to examine the
thermal effect of removing the PCM.

• Hy-Case05, on the other hand, uses only the active system during
the entire cycle of the BEV. The same w-e50 flow and temperature
conditions of the previous case study are used, still, with a longer
activation time of the cold plate system.

• Hy-Case06 finally operates with the entire hybrid system on both the
fast charge andmotorway driving scenario. With the samemass flow
rate of 0.03125 kg/s and an inlet temperature of 25 °C, it looks for the
performance when the hybrid BTMS fully works.

The CFD thermal analysis shows the average temperature evolution of
the cell array for the initial fast charge at the first 480 seconds and the
normal drive discharge until reaching back the 10 % of SOC after nearly
37 minutes of the complete cycle. Moreover, each temperature evolu-
tion line is accompanied by the same colour band showing the maximum
andminimumcell temperature values inside the 30-cell row, thus showing
the ∆Tmodule evolution inside the plot. Moreover, the data is also depic-
ted in table 5.7, showing the maximum temperature reached on the cycle
(Tmax), themaximum thermal dispersion among cells in the battery module
(∆Tmodule), the pressure drop on the cold plate (∆p) and the correspond-
ing hydraulic pumping power (Phyd) and energy consumption (Ehyd).

The comparison analysis commenced by contrasting the case with no
thermal management system (Case00) and the reference case study for
the hybrid BTMS (Hy-Case01) at 25 °C inlet temperature with 0.03125 kg/s
mass flow rate. The temperature evolution of these two cases is shown
in fig. 5.8. An abrupt temperature rise is pronounced due to the high cur-
rent of the 6C charge, resulting in a charge ending maximum temperat-
ure of 39.1 °C for Case00. Otherwise, the Hy-Case01 with the hybrid BTMS
reaches35.2 °C, showinga reduction of 10% in temperature due to thePCM
effect. Moreover, it is worth mentioning that Case00 continues increasing
its temperature during the ND part of the cycle until 45.8 °C. In contrast, the
cold plate achieves a temperature reduction and certainly reaches back
the cycle starting temperature after the complete discharge with an

107



“output” — 2023/10/9 — 13:29 — page 108 — #146

Chapter 5. CFD Based Comparison: Case Studies for Advanced BTMS

Figure 5.8: Case00 and Hy-Case01 comparison results, without and with the hybrid BTMS
at 25 °C and 0.03125 kg/s, respectively.

Figure 5.9: Hy-Case01 and Hy-Case02 comparison results, with Tinlet reduction from 25 °C
to 20 °C.
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Figure 5.10: Hy-Case01 and Hy-Case03 comparison results, with only PCM passive system
on the latter case study.

Figure 5.11: Hy-Case01 and Hy-Case04 comparison results, with only the cold plate active
system actuating on the ND on the latter case study, at 0.03125 kg/s and 25°C.
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ending temperature of 27.1 °C. The thermal dispersion of the module is
negligible on Case00 due to an inexistent thermal management system. In
contrast, the Hy-Case01 increases to a maximum of 1.4 °C as a response
to the cold plate effect, still being a very reasonable value.

The hybrid thermal management system is intended to reach back to
the initial temperature once the cycle ends, in case another fast char-
ging is required or the complete cycle is repeated in the real use scen-
ario of the BEV. Therefore, Hy-Case02 with a lower inlet temperature of 20
°C is introduced in fig. 5.9, directly comparing with the Hy-Case01 refer-
ence case. As expected, the fast charging end temperature remains the
same as the active system is not activated at that stage. Nevertheless,
the cycle-ending temperature reduces to 22.1 °C, below the initial tem-
perature. This ensures the system’s capability to reach the cycle starting
temperature easily. The thermal dispersion is slightly increased due to the
higher heat dissipation capacity of the fluid until reaching 1.8 °C.

Afterwards, the PCM effect is studied with Hy-Case03 and Hy-Case04,
utilising only the PCM and only the cold plate, respectively. Initially, on Hy-
Case03, the PCM buffer is utilised without the active system, meaning the
battery keeps heating after the fast charge. As seen in fig. 5.10, it con-
tains the temperature during the fast charge reaching to 35.8 °C. However,
the discharging process ends at 37.6 °C, increasing the∆Tmodule until the
2.4 °C. This is the direct consequence of not having an active system with
higher thermal management capacity and the ability for PCM solidification.

Conversely, theHy-Case04 changes the PCM for the cold plate, activat-
ing it only during discharge with a mass flow rate of 0.03125 kg/s and inlet
temperature of 25°C. The temperature increase with respect to the refer-
ence case at the end of the fast charge is considerable, reaching 38.1 °C,
2.9 °C higher, as seen in fig. 5.11. Thus, the passive system usage entails
a 7.7 % reduction in the maximum temperature. The normal drive ends at
similar temperature conditions, 0.4 °C colder for Hy-Case04. Thermal dis-
persion is also similar but slightly lower for this last case studywith amax-
imum value of 1.2 °C.

The temperature contour of both cases is shown in fig. 5.12, where the
FC ending temperature is displayed. The passive systems, therefore, re-
duce the average temperature of the module considerably, keeping the
module and cell temperature homogeneity properly.
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(a) Hy-Case01 temperature contour at FC end.

(b) Hy-Case04 temperature contour at FC end.

Figure 5.12: Temperature contour of Hy-Case01 and Hy-Case04 with and without PCM, re-
spectively, at the end of FC.

Finally, the cold plate effect is studied for the entire cycle, in Hy-
Case05 without and in Hy-Case06 with the passive PCM system. The
temperature evolution is depicted in fig. 5.13. Both case studies reduce
the maximum temperature of the cycle due to cold plate activation. The
first one reaches 33.2 °C whereas the latter stays at 32.0 °C, denoting
the thermal capacitance increase of the system as the PCM buffer is
added. The discharge ending temperature is similar for the three case
studies, with less than 0.5 °C difference. Moreover, thermal dispersion is
the lowest of the studied cases, with 1.1 °C and 1.2 °C, respectively.

Regarding the hydraulic analysis, the simulation results include the
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Figure 5.13: Hy-Case01 reference case, Hy-Case05 and Hy-Case06 comparison results.
Hy-Case05 employs only the cold plate for the complete cycle, whereas Hy-Case06 also
adds the PCM.

fluid pressure drop (∆p), which enables comparing the required pumping
power and corresponding energy consumption in all the studied cases.
Equation (5.2) is used to evaluate the pumping power (Phyd), which is
closely related to the pressure loss of the cooling plate and the mass flow
rate utilised. Additionally, the density of the coolant used is relevant as it
influences the necessary hydraulic power.

Phyd =
ṁ
ρ
·∆p (5.2)

Phyd [W] is the hydraulic power required for the fluid to flow under a
specified mass flow rate and temperature conditions. The mass flow rate
through the cold plate is represented by ṁ [kg/s], ρ [kg/m3] denotes the
fluid density, and∆p [Pa] corresponds to the pressure loss measured on
each cold plate. Once the required hydraulic power is calculated, the cor-
responding energy consumption can be determined by interpolating the
hydraulic power over time using eq. (5.3),
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Ehyd =
∫ t
t0
Phyd · dt (5.3)

where the hydraulic energy Ehyd [Wh] is integrated from the beginning
of the active cooling period, t0 [h], to the end of it, t [h].

For each case study analysed in the present study, table 5.7 presents
the values of pressure drop (∆p), cold plate active time, mass flow rate
and the resultant Phyd and Ehyd. The fluid density (ρ) is evaluated for each
case study’s inlet temperature following w-e50 fluid data in Appendix B.3.

Table 5.7: Hybrid BTMS case studies’ results. Maximumcycle temperature (Tmax), maximum
thermal dispersion among cells on the module (∆Tmodule), pressure drop (∆p), hydraulic
power (Phyd) and hydraulic energy consumption (Ehyd) are shown.

Case
Study

Tmax
[°C]

∆Tmodule
[°C]

CP active
time [s]

ṁ
[kg/s]

∆p
[Pa]

Phyd
[W]

Ehyd
[Wh]

Case00 45.8 0.3 0 0 0 0 0
Hy-Case01 35.2 1.4 1725 0.03125 4821.3 0.14 0.067
Hy-Case02 35.2 1.8 1725 0.03125 5127.5 0.15 0.072
Hy-Case03 37.6 2.4 0 0 0 0 0
Hy-Case04 38.1 1.2 1725 0.03125 4821.3 0.14 0.067
Hy-Case05 33.2 1.1 2205 0.03125 4821.3 0.14 0.086
Hy-Case06 32.0 1.2 2205 0.03125 4821.3 0.14 0.086

Pressure drop results are consistent for nearly all the cases as the
mass flow rate is not varied. Therefore, the game-changing effect remains
on the activation or not of the cold plate active system during the fast
charge. The pressure drop is 4821.3 Pa, and thus, the necessary pumping
hydraulic power is 0.14 W for all the cases where the cold plate is intro-
duced with the inlet temperature at 25 °C. However, the only variation is
in Hy-Case02 with the fluid inlet temperature at 20 °C, which slightly in-
creases the pressure drop to 5127.5 Pa. Nevertheless, cases with the act-
ive system operating the entire cycle have 0.086Wh hydraulic energy con-
sumption. Case studies with thewhole hybrid BTMS using the cold plate on
the normal drive obtained an energy consumption of 0.067 Wh, except the
change registered in Hy-Case02, which slightly increases it to 0.072 Wh.
This entails an energy reduction of 22.1 % when using the hybrid system.

With the use of the hybrid BTMS, apart from this energy consumption
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reduction, the PCM buffer reduces the maximum temperature peaks in ex-
treme conditions such as a 6C fast charge, reducing it in 7.7 % as seen in
fig. 5.11. If compared with Case00, where no thermal management sys-
tem is used, the use of PCM as seen in Hy-Case03, can reduce the fi-
nal temperature from 45.8 °C to 37.6 °C, as can be seen comparing those
cases in fig. 5.8 and fig. 5.10. As a consequence, PCM buffer demonstrated
a powerful system for temperature control and stabilisation or even for
safety reasons in case of cold plate malfunctioning; however, the need
for the active system is mandatory for the thermal management capability
recovery after each cycle.

With the data obtained, a further comparison of thermal management,
hydraulic energy requirements and battery pack’s specific energy and
volumetric energy consequences will be presented in the Section 5.4 and
Crefsec:FinalDiscusion against the following Case Study 2 solution, based
on dielectric BTMS over the same battery module.

5.3 CaseStudy2: Dielectric Flow-andTab-BasedBTMS

This case study focuses on the second advanced solution of the com-
parison analysis. Next, this Dielectric Flow- and Tab-based BTMS will be
introduced. The concept and design of the proposed system are inspired
from the prototype development methodology followed in Section 6.1 of
Chapter 6, where Dielectric Fluid Selection Analysis (section 6.1.2) and
Duct Size Optimisation (section 6.1.3) are carried out.

Moreover, on this section the CFD model will be depicted. Finally, the
thermal and hydraulic CFD analysis will be presented.

5.3.1 Dielectric BTMS Concept and Design

The advanced battery thermal management system proposed in this
case study is developed over the same battery module of first case study,
shown in fig. 5.1. This strategy will allow a fair comparison of both ad-
vanced BTMS solutions. It focuses on developing a Dielectric Flow- and
Tab-Based BTMS, gathering the dielectric flow concept along with the tab
cooling one. It will hereafter be known as the Dielectric BTMS for shorten-
ing.
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This advanced solution proposes utilising the existing copper busbars
to channel the dielectric flow. Therefore, the busbars are perforated,
creating a duct inside them. Then, busbars are hydraulically connected
via plastic or rubber connectors, thus eluding any short circuit between
cells and maintaining the battery module’s electrical configuration. In
this way, the tab cooling idea is reinforced by avoiding extra structures. In
fig. 5.14, this dielectric BTMS is depicted, with the internally holed busbars
and plastic hydraulic connector creating two ducts over cell tabs.

Hydraulic Plastic 

Connectors

Busbars

Dielectric 

Fluid Inlet

Dielectric Tab 

Flow Ducts

Figure 5.14: Advanced dielectric BTMS configuration on the 30-cell row.

The dielectric fluid chosen for this study is Novec7200, manufactured
by 3M company, based on its low viscosity. This property can enhance
the thermal and hydraulic performance as will be demonstrated on the
concept-proof validation in Section 6.1.2. The thermophysical properties
of the selected dielectric fluid are provided in table 5.8. To further enhance
the thermal transfer capacity of the system, a narrow duct is designed,
taking advantage of the low viscosity of the chosen fluid. The analysis
of dielectric fluid selection is discussed in detail in Section 6.1.2, and the
optimisation of duct sizing is explained in Section 6.1.3. These processes,
which are further elaborated upon in Chapter 6 for the concept-proof val-
idation prototype, have greatly contributed to the design of the second
case study BTMS.

The busbars are modified in size to properly fulfil the dielectric fluid
flow’s requirements for optimal thermal management. In that regard, ini-
tially, the optimal duct size used in chapter 6 prototype is employed, cor-
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Table 5.8: Novec7200 fluid’s thermophysical properties. [177–180]

T
[°C]

ρ

[kg/m3]
Cp

[J/kg·K]
k

[W/m·K]
ν

[m2/s]
µ
[Pa·s]

-30 1550.2 1148.6 8.48e-2 8.76e-7 1.36e-3

-20 1527.2 1192.5 8.05e-2 7.39e-7 1.13e-3

-10 1504.1 1236.3 7.66e-2 6.28e-7 9.44e-4

0 1481.1 1280.2 7.30e-2 5.45e-7 8.08e-4

10 1458.1 1324.1 6.97e-2 4.73e-7 6.90e-4

20 1435.0 1367.9 6.67e-2 4.19e-7 6.02e-4

30 1412.0 1411.8 6.41e-2 3.78e-7 5.34e-4

40 1389.0 1455.7 6.17e-2 3.42e-7 4.76e-4

50 1366.0 1499.5 5.97e-2 3.15e-7 4.31e-4

responding with a 26 x 5mm cross-area duct. However, the duct size ana-
lysis in that chapter disclosed the beneficial effect on heat dissipation
of flattening the cross-area of the duct, as seen in fig. 6.6 and fig. 6.7.
Therefore, an extra busbar design is developed for simulation comparison
to select the most appropriate duct size for optimal thermal management.
These designs’ dimensions are depicted in fig. 5.15. The original busbar is
shown in fig. 5.15a, and the initial design with the mentioned 26 x 5 mm
duct size is depicted in fig. 5.15b. Finally, fig. 5.15c shows the improved
design to test with a 26 x 3 mm duct.

4 mm 20 mm

(a) Original design of busbars.

5 mm

10 mm

26 mm

30 mm

(b) Initial design of dielectric
duct busbars.

3 mm

8 mm

26 mm

30 mm

(c) Improved design of dielectric
duct busbars.

Figure 5.15: Busbar design sizes.

This advanced dielectric flow- and tab-based BTMS needs to be cap-
able of facing thehigh-performancecycle previously utilisedwith this bat-
tery pack, composed of the 6C fast charge FC and the normal drive (ND) at
equivalent 130 km/h motorway speed. The thermal management strategy
for this demanding cycle must be adapted to the characteristics of the
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BTMS for optimal equilibrium between the system’s performance and effi-
ciency. In contrast with the Hybrid BTMS with a passive solution, this sys-
temmust operate for the entire cycle. However, due to the low viscosity of
the selected dielectric fluid, the hydraulic pumping energy consumption
is not expected to rise drastically. The system analysis will be developed
in the following sections with a CFD model, where diverse aspects of the
operation will be simulated.

5.3.2 Battery Model and Grid Refinement Study

Using CFD software, a 3D model of the Dielectric BTMS is developed.
To reduce computing costs, the system’s design is simplified while still
providing a clear understanding of how heat is dispersed within the mod-
ule. A vertical symmetry plane is positioned at the centre of the cell row, so
only half of the dielectric BTMS is included in the computational domain. As
a result, the computational domain consists of only one tab cooling duct
and thirty-half battery cells.

As previously done with the Hybrid BTMS, the heat generation sub-
routine model through a UDF is used for the cells’ heat generation on
the CFD (see methodology Section 3.2.3.1). This method is employed
instead of the FMU approach because a symmetry plane cuts across the
cells connected in parallel. This makes it impossible to establish the
co-simulation process on the software. The battery cells are modelled as
homogeneous volumes because the heat generation model substitutes
the heating processes dependent on the internal geometric design of the
cell. Nevertheless, orthotropic thermal conductivity values are employed.
Average specific heat capacity is also used, experimentally obtained
following test methodology in Section 4.2.3, with the resultant data
depicted in table 4.5. Moreover, an electric potential is defined in the
busbars; therefore, the joule heat generation dependent on the electric
current of the charge or discharge can be defined. Materials and their
properties used on the models are defined in table 5.9. Furthermore,
an adiabatic environment is defined for all the external walls. The final
geometry employed in the CFD model can be seen in fig. 5.16.

With the created model, the grid refinement study is conducted to
examine the grid independence from the outcomes of the mathematical
model to avoid any inaccurate or imprecise simulation and to verify the
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Table 5.9: Material and element properties used on the CFD model.

Material
ρ

[kg/m3]
Cp

[J/kg·K]
k

[W/m·K]

Cell - 2118.5 1163.95 kx= 0.4 ky,z=31
Busbar Copper 8978 381 387.6
Plastic
Connector

Plastic 1250 1950 0.24

CFD Simmetry 

plane

Half battery cells

Busbars

Hydraulic Plastic 

Connectors

Figure 5.16: CFD model geometry for Dielectric analysis simulations.

model. For that objective, the GCI method is adopted as previously done,
based on the Richardson Extrapolation approach [176].

Three different meshes are produced. The discretisation error is eval-
uated while comparing the outputs for the pressure drop (∆p) and the
convective heat transfer coefficient (hconv) on the dielectric duct. Res-
ults for the coarse mesh (N1: 3,271,551 elements), the medium mesh (N2:
4,629,479 elements), and the fine mesh (N3: 7,232,423 elements) can be
found in fig. 5.17, with refinement factors of r21 = 1.12 and r32 = 1.16. The
three meshes are also depicted in fig. 5.18, showing the perpendicular
(top) and parallel (bottom) sections of the fluid.
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(a) Convective heat transfer coefficient results. (b) Pressure drop results.

Figure 5.17: Grid refinement study’s results.

(a) Mesh N1. Perpendicular (top)
and parallel (bottom) sections of
the fluid.

(b) Mesh N2. Perpendicular (top)
and parallel (bottom) sections of
the fluid.

(c) Mesh N3. Perpendicular (top)
and parallel (bottom) sections of
the fluid.

Figure 5.18: Different mesh levels in the cooling ducts of the tabs.

All GCI factors are low enough for results acceptance. For the heat
transfer coefficient, the GCI21_hconv = 0.73 % and GCI32_hconv = 0.62 % res-
ults are achieved. Moreover, the pressure drop results showed GCI21_∆p =
0.08 % and GCI32_∆p = 0.035 % results. The results show a convergence
tendency where changes between meshes reduce one after the other.
With the discretisation error low enough and due to agreement between
mesh components and outcomes, the medium N2 mesh is chosen.

With these grid refinement results, the model can be considered suit-
able for its use in the following thermal analysis of the dielectric BTMS.
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5.3.3 CFD Thermal and Hydraulic Results Analysis

This section presents a numerical parametric analysis of the Dielectric
BTMS under realistic and demanding performance conditions. The module
undergoes a cycling processwhereby the cells’ average temperature evol-
ution over time is obtained. This process is achieved using the previously
described electric cycle, consisting of a 6C fast charge from 10 % to 90
% SOC, followed by a 1.67C discharge until the SOC returns to 10 % while
simulating a driving speed of 130 km/h. Furthermore, all case studies are
initiatedat anambient temperature of 25 °C, andNovec7200dielectric fluid
is utilised as a coolant. A total of seven case studies are performed using
this complete cycle, whereby various parameters of the dielectric BTMS are
altered, as outlined in table 5.10. It is noteworthy that the presentedmass
flow rate (ṁ) corresponds to both dielectric ducts of the 30-cell assembly.

Table 5.10: Dielectric BTMS Case studies description.

Case
Study

Thermal management
Coolant

Tinlet
[°C]

ṁ
[kg/s]CHA DCH

1Case00 No thermal management - - -
Di-Case01 Dielectric Tab Flow Novec7200 25 0.03125
2Di-Case02 Dielectric Tab Flow Novec7200 25 0.03125
Di-Case03 Dielectric Tab Flow Novec7200 20 0.03125
Di-Case04 Dielectric Tab Flow Novec7200 25 0.0625
Di-Case05 Dielectric Tab Flow Novec7200 20 0.0625

1 Reference case with no BTMS.
2 Reference case with the dielectric BTMS.

The followings are the specific cases and their purposes. “Di-” prefix
is used to indicate the studied case represents the Dielectric BTMS:

• Case00 is the reference check-up (the same used with the Hybrid
BTMS), where no thermal management system is added. Therefore
the 30-cell row is studied together with the original busbars. The
dielectric ducts are removed from the geometry to avoid any thermal
management or extra thermal capacity on the system.

• Di-Case01 is the case study where the initial design of the dielectric
duct busbar is tested, with 26 x 5 mm dimension. The case study
uses a dielectric fluid inlet temperature of 25 °C and the total mass
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flow rate for both ducts is 0.03125 kg/s.

• Di-Case02 is the improved design of the dielectric duct busbars.
Therefore, the duct is slightly flattened with a final size of 26 x 3
mm. The mass flow rate and inlet temperature are the same as in
the previous case, with 0.03125 kg/s and 25 °C. From the analysis
of both dielectric duct busbars, the optimal one will be used as the
reference case for comparison with the following case studies.

• Di-Case03 searches for the system response to inlet temperature
changes. Therefore, it is reduced to 20 °C. The idea is to analyse
the thermal management capability in case more heat dissipation is
needed. The mass flow rate is maintained at 0.03125 kg/s.

• Di-Case04 is defined for similar reasons as the previous case study,
but this time, themass flow rate doubles until reaching 0.0625 kg/s,
whereas the fluid inlet temperature keeps at 25 °C.

• Di-Case05 increases the system’s cooling capacity by joining both
the Di-Case03 and Di-Case04. Therefore, 20 °C inlet temperature
and 0.0625 kg/s mass flow rate are evaluated to achieve maximum
thermal performance.

The CFD thermal analysis shows the average temperature evolution of
the cell array for the initial fast charge at the first 480 seconds and the
normal drive discharge until reaching back the 10 % of SOC after nearly
37 minutes of the complete cycle. Moreover, each temperature evolution
line is accompanied by the same colour band showing the maximum and
minimum cell temperature values inside the 30-cell row, thus showing the
∆Tmodule evolution inside the plot. Moreover, the data is also depicted
in table 5.11, showing the maximum temperature reached on the cycle
(Tmax), themaximum thermal dispersion among cells in the battery module
(∆Tmodule), the pressure drop on the cold plate (∆p) and the correspond-
ing hydraulic pumping power (Phyd) and energy consumption (Ehyd).

The comparison analysis commenced by contrasting the case with no
thermal management system (Case00) and the case studies with initial
and improved dielectric busbar duct designs, Di-Case01 and Di-Case0, re-
spectively. Bothwith amass flow rate of 0.03125 kg/s and an inlet temper-
ature of 25 °C. The temperature evolution of these two cases is shown in
fig. 5.19. An abrupt temperature rise is pronounced due to the high current
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of the 6C charge, resulting in a charge ending maximum temperature of
39.1 °C for Case00. Otherwise, the Di-Case01 with the initial busbar design
of the dielectric BTMS reaches 37.8 °C, showing a reduction of 3.3% in tem-
perature due to the active cooling effect. Moreover, it is worth mentioning
that Case00 continues increasing its temperature during the ND part of the
cycle until 45.8 °C. In contrast, the dielectric tab cooling method achieves
a slight temperature reduction with an ending temperature of 34.5 °C. The
thermal dispersion of the module is negligible on Case00 due to a nonex-
istent thermal management system. In contrast, the Di-Case01 increases
to a maximum of 2.7 °C as a response to the tab cooling effect, still being
a reasonable value.

However, Di-Case02 improves these thermal results by optimising the
duct’s geometry. The FC ends at 36.8 °C, reducing the temperature in con-
trast with Case00 in 5.9 %. Moreover, the cycle ending temperature is
32.3 °C improving the Di-Case01 results to 2.2 °C. Even that, the thermal
dispersion between cells is similar, with a maximum value of 2.8 °C. With
these results, it is clear that the improved busbar geometry is beneficial
for thermal management, and thus, this duct shape will be used for the
following analyses.

The dielectric thermal management system is intended to reach back
to the initial temperature once the cycle ends, in case another fast char-
ging is required or the complete cycle is repeated in the real use scenario
of the BEV. Therefore, the following case studies attempt to the thermal
dissipation ability of the system, by dielectric inlet temperature and mass
flow rate parameters change. Di-Case03 with a lower inlet temperature of
20 °C is introduced in fig. 5.20, directly comparingwith the Di-Case02 refer-
ence case. As expected, both the fast charging and cycle-ending temper-
atures were reduced due to a higher thermal jump between the dielectric
fluid and the cells. As a consequence, the cycle’s maximum temperature
at the end of FC is 35.6 °C, which implies a 1.2 °C reduction with respect
to the reference case. Moreover, the cycle ending temperature is 28.6 °C,
reducing the reference case temperature by 11.4 %. However, the tem-
perature stability inside the module is reduced, increasing the ∆Tmodule
to 3.5 °C.

Doubling the mass flow rate to 0.0625 kg/s while maintaining the inlet
temperature at 25 °C is analysed in Di-Case04 as seen in fig. 5.21. These
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Figure 5.19: Case00 with no thermal management, and Di-Case01 and Di-Case02 com-
parison results, with the initial and improved (flattened) busbar duct geometry change,
respectively.

Figure 5.20: Di-Case02 and Di-Case03 comparison results, reducing the dielectric fluid’s
inlet temperature to 20 °C.
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Figure 5.21: Di-Case02 and Di-Case04 comparison results, doubling the dielectric fluid’s
mass flow rate to 0.0625 kg/s.

Figure 5.22: Di-Case02 reference case and Di-Case05 comparison results, with 20 °C inlet
temperature and 0.0625 kg/s mass flow rate.
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changes have a lower effect on temperature reduction compared with the
previous Di-Case03. Nevertheless, it contributes to temperature reduction
from the reference case. The maximum temperature at the end of the fast
charge is 35.9 °C, whereas the cycle-ending temperature reduces to 29.9
°C. Additionally, mass flow rate changing benefits over inlet temperature
change reducing the thermal dispersion in the module until 2 °C.

Evenwith the temperature benefits shown by both dielectric inlet tem-
perature and mass flow rate changes, the dielectric BTMS is in trouble for
reaching back the test’s initial temperature when the cycle ends. There-
fore, Di-Case05 gathers both previous cases with the dielectric inlet tem-
perature settled at 20 °C and amass flow rate of 0.0625 kg/s. The temper-
ature evolution results can be seen in fig. 5.22, with significant temper-
ature reduction over the reference case Di-Case02. The maximum tem-
perature measured after the fast charge is 34.2 °C, resulting in a 7.1 %
reduction. Moreover, the cycle-ending temperature is 25.7 °C, with a re-
duction of 20.4 % from the reference case. Furthermore, this temperature
reduction is not conditionedwith thermal dispersion on themodule, as the
maximum∆Tmodule is 2.6 °C. These results show dielectric BTMS’s thermal
control and stability ability on the presented demanding performance.

The fig. 5.23 shows the temperature contour of the dielectric BTMS. It
can be observed the ability of the system with Di-Case05 to reduce the
average temperature of the cells. However, a significant thermal gradient
can be seen between the top and bottom sides of the cells. This can be
considered themain drawback of the system, even though the cell-to-cell
dispersion remains sufficiently homogeneous.

Regarding the hydraulic analysis, the simulation results include the
fluid pressure drop (∆p), which enables comparing the required pumping
power and corresponding energy consumption in all the studied cases.
Following the equations presented in Section 3.4 of methodology, from
eq. (3.7) the hydraulic pumping power (Phyd) required for the fluid to flow
under a specified mass flow rate and temperature conditions is obtained.
Furthermore, the associated hydraulic energy consumption (Ehyd) is eval-
uated by interpolating the hydraulic power over time, following eq. (3.8).

For each case study analysed in the present study, table 5.11 presents
the values of pressure drop, dielectric flow active time, mass flow rate
and the resultant Phyd and Ehyd. The fluid density (ρ) necessary for results
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(a) Di-Case02 temperature contour at FC end.

(b) Di-Case05 temperature contour at FC end.

Figure 5.23: Temperature contour of Di-Case02 and Di-Case05, at the end of FC.

Table 5.11: Dielectric BTMS case studies’ results. Maximumcycle temperature (Tmax), max-
imum thermal dispersion among cells on the module (∆Tmodule), pressure drop (∆p), hy-
draulic power (Phyd) and hydraulic energy consumption (Ehyd) are shown.

Case
Study

Tmax
[°C]

∆Tmodule
[°C]

Dielectric Flow
active time [s]

ṁ
[kg/s]

∆p
[Pa]

Phyd
[W]

Ehyd
[Wh]

Case00 45.8 0.3 0 0 0 0 0
Di-Case01 37.8 2.7 2205 0.03125 37.4 0.0008 0.0005
Di-Case02 36.8 2.8 2205 0.03125 160.1 0.0035 0.0022
Di-Case03 35.6 3.5 2205 0.03125 162.7 0.0035 0.0022
Di-Case04 35.9 2.0 2205 0.0625 460.4 0.0202 0.0124
Di-Case05 34.2 2.6 2205 0.0625 467.1 0.0203 0.0125
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calculation is evaluated for each case study’s inlet temperature following
Novec7200 fluid data in table 5.8.

Results show a pressure drop increase as advancing in the thermal
dissipation capacity of the dielectric BTMS. Initially, with the dielectric
busbar duct geometry improvement from Di-Case01 to Di-Case02, the
pressure drop quadruples from 37.4 Pa to 160.1 Pa. This is a direct
consequence of the duct’s flattening, which creates resistance to the
fluid flowing. Therefore, the necessary hydraulic energy consumption
increases from 0.0005 Wh to 0.0022 Wh.

Next, Di-Case03 has a minor change in pressure drop due to fluid
temperature change from 25 °C to 20 °C. This entails a 2.6 Pa increase,
which has an insignificant repercussion on hydraulic energy consumption.
However, doubling the mass flow rate in Di-Case04 abruptly increases
the pressure drop to 460.4 Pa, considerably increasing the energy con-
sumption to 0.0124 Wh. In comparison, as already seen, changing the
inlet temperature on the Di-Case05 has negligible effect again, slightly
increasing the pressure drop to 467.1 Pa and, therefore, the energy
consumption to 0.0125 Wh.

To further contextualise the obtained data from this proposed ad-
vanced dielectric flow- and tab-based BTMS, the comparison with the
cold plate and PCM based BTMS will be performed in the next section.

5.4 Results and Discussion: Advanced BTMS Compar-
ison

This chapter presents a detailed comparison between both advanced
systems proposed, the Cold Plate and PCM based BTMS, and the Dielectric
Flow- and Tab-based BTMS, to assess their fundamental capabilities. This
comparative analysis involves a numerical assessment of the differences
between the two systems, which provides a comprehensive understand-
ing of the advantages and disadvantages of each system. The outcomes
of this analysis are discussed in detail in this and the next sections.

For a more in-depth analysis, two case studies of the Hybrid BTMS will
be used for comparison. The Hy-Case01 will represent the Hybrid BTMS,
composed of both the PCM passive system and the cold plate active sys-
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tem. It employs the PCM for the FC, whereas cold plate is used on ND at
a 0.03125 kg/s mass flow rate of w-e50 at an inlet temperature of 25 °C.
Moreover, Hy-Case05 uses only the cold plate at the same mass flow rate
and temperature as the previous case as the unique thermal management
system for the entire cycle. This is the most similar approach utilised in
current BEV; therefore, it is added to the comparison process as the refer-
ence Cold Plate BTMS.

As a result, three thermal management systems will be compared: the
reference Cold Plate BTMS, and both the analysed Hybrid BTMS and Dielec-
tric BTMS. This last system will be based on Di-Case05, with a mass flow
rate of 0.0625 kg/s and inlet temperature of 20 °C, characteristics neces-
sary to obtain the desired temperature at the end of the testing cycle. The
three systems’ geometry is presented in fig. 5.24.

(a) Cold Plate BTMS. (b) Hybrid BTMS. (c) Dielectric BTMS.

Figure 5.24: Battery Thermal Management Systems compared.

Several aspects of the thermalmanagement systems are evaluated for
the intended extensive analysis. Thermal analysis is the leading and most
important condition for system evaluation. However, many other features
should be analysed to define each system’s suitability and the optimal
scenarios for each thermal management system. Therefore, the hydraulic
energy consumption, eachsystem’smassandvolume, specific energy and
energy density, cost, safety and reliability, and overall BEV efficiency are
evaluated beyond temperature and thermal dispersion evolution.
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5.4.1 Thermal Criterion

The thermal perspective is fundamental in studying the three systems
under examination. Building upon the findings reported in the preceding
case studies, this indicator compares the temperature evolution andmax-
imumcell-to-cell thermal dispersion across the three BTMSs considered in
this study.

Figure 5.25a illustrates the average temperature evolution of themod-
ule for each of the three BTMSs under analysis. The results demonstrate
that all three cases exhibit adequate responses to the high-performance
cycle simulated, with the Hybrid BTMS recording a maximum temperature
of 35.2 °C at the end of the fast-charging period. Notably, the Dielectric
BTMS outperforms the Hybrid solution by reducing the maximum temper-
ature by 1.0 °C, representing a 2.9% improvement. However, the Cold Plate
BTMS stands out as the optimal solution, exhibiting the most significant
advancement in thermal performance among the three systems studied.

(a) Temperature evolution results. (b) Maximum cell-to-cell thermal dispersion res-
ults.

Figure 5.25: Thermal results for the high-performance cycle of reference Cold Plate and
Hybrid BTMSs, and proposed advanced Dielectric BTMS.

Regarding the cell-to-cell thermal dispersion on the module
(∆Tmodule), the Dielectric BTMS exhibits less favourable results than
the other two systems, with a maximum ∆Tmodule of 2.6 °C, although
still representing a reasonable temperature dispersion. The temperature
dispersion evolution over the tested cycle is depicted in fig. 5.25b, with
the Cold Plate and Hybrid BTMSs displaying comparable performance,
achieving maximum values of 1.1 °C and 1.4 °C, respectively. Compre-
hensive temperature and thermal dispersion results are tabulated in
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table 5.12, facilitating an in-depth analysis of the thermal behaviour of
the BTMSs under examination. Moreover, these results are also plotted in
fig. 5.27a and fig. 5.27b.

Table 5.12: Thermal management system thermal comparison results. Maximum cycle
temperature (Tmax), maximum cell-to-cell thermal dispersion on the module (∆Tmodule),
and the resultant improvement concerning the Dielectric BTMS (negative values repres-
enting performance deteriorating with the Dielectric BTMS).

Thermal Management
System

Tmax
[°C]

Improvement with
Dielectric BTMS [%]

∆Tmodule
[°C]

Improvement with
Dielectric BTMS [%]

Cold Plate BTMS 33.2 -2.9 % 1.1 -57.7 %
Hybrid BTMS 35.2 2.9 % 1.4 -46.1 %
Dielectric BTMS 34.2 - 2.6 -

Furthermore, the temperature contours of the three systems at the
end of the fast charge are presented in fig. 5.26. It is observed that the
Cold Plate BTMS exhibits the lowest temperatures and highest homogen-
eity. In contrast, a comparatively higher thermal dispersion between the
top and bottom regions of the cells is evident in the Dielectric BTMS. These
findings provide valuable insights into the heat transfer mechanisms and
associated thermal behaviour of the different solutions under scrutiny, fa-
cilitating an informed evaluation of their thermal performance character-
istics.

(a) Cold Plate BTMS at fast charge end. (b) Hybrid BTMS at fast charge end.

(c) Dielectric BTMS at fast charge end.

Figure 5.26: Temperature contours of the three battery thermal management systems.
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5.4.2 Hydraulic Criterion

Regarding hydraulic pumping energy consumption, the already eval-
uated data is depicted in table 5.13 for Cold Plate, Hybrid and Dielectric
BTMS. The pressure drop (∆p), hydraulic power (Phyd) and hydraulic energy
consumption (Ehyd) are shown, together with the resultant improvement
concerning the Dielectric BTMS. Moreover, these results are also plotted in
fig. 5.27e.

Table 5.13: Hydraulic results of the compared BTMSs. Pressure Drop (∆p), hydraulic power
(Phyd) and hydraulic energy consumption (Ehyd) are shown, together with the resultant im-
provement concerning the Dielectric BTMS.

Thermal Management
System

∆p
[Pa]

Phyd
[W]

Ehyd
[Wh]

Improvement with
Dielectric BTMS [%]

Cold Plate BTMS 4821.3 0.14 0.086 85.5 %
Hybrid BTMS 4821.3 0.14 0.067 81.3 %
Dielectric BTMS 467.1 0.0203 0.0125 -

The selected dielectric fluid’s reduced viscosity substantially impacts
the BTMS’s pressure drop, resulting inmore than a ten-fold reduction com-
pared to the other two systems analysed. This improvement enhances the
hydraulic performance of the Dielectric BTMS, achieving hydraulic efficien-
cies of 85.5 % and 81.3 % compared to the Cold Plate and Hybrid BTMSs,
respectively. Notably, the energy consumption differences between the
latter two systems are attributed to the active system usage time. The Hy-
brid BTMS utilises the PCM buffer during fast charging, reducing the cold
plate operation time, which results in a more energy-efficient system.

Due to the Dielectric BTMS’s reduced pressure drop, significant reduc-
tions in auxiliary energy consumption are observed, enhancing the sys-
tem’s energy efficiency. Additionally, the reduced pressure drop provides
design flexibility for the dielectric system, enabling the incorporation of
narrower ducts or higher mass flow rates to improve the system’s thermal
management ability.

5.4.3 Mass and Volume Criterion

The battery pack’smass and volume characteristics are critical factors
in the design of BEVs and significantly impact the vehicle’s energy con-
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sumption and overall efficiency. Therefore, these fundamental aspects
are vital for comparing different battery systems for BEV use.

The 30-cell row battery module studied in this work is the comparison
reference. Therefore, the mass and volume increase provided by each
BTMS is quantified based on this reference module, with the results de-
picted in table 5.14.

Table 5.14: Mass and volume increase associated with each BTMS utilisation.

Battery
Module

Cold Plate
BTMS

Hybrid
BTMS

Dielectric
BTMS

Mass [kg] 17.39 18.71 20.47 18.59
Increase from base BM [%] 100% +7.57 % +17.71 % +6.88 %

Volume [L] 7.9 8.3 9.4 8.0
Increase from base BM [%] 100% +5.68 % +19.57 % +1.33 %

The reference mass and volume of the battery module are evaluated
based on a configuration consisting of 30 cells and their corresponding
copper busbars used for electrical connection. Regarding the mass of
each BTMS, the reference assembly weighs 17.39 kg. Including the alu-
minium cold plate and the w-e50 fluid in the Cold Plate solution increases
the weight to 18.71 kg, representing an increase of 7.57 %. The Hybrid
BTMS yields an even higher weight increase of 17.71 % due to the addition
of the PCM buffer, resulting in a weight of 20.47 kg. However, the Dielec-
tric BTMS exhibits the most modest weight increase of 6.88 %, with a final
weight of 18.59 kg. In this system, the initial copper busbars are replaced
withdielectric duct busbars and the fluid on them. Thedifference inweight
between the Cold Plate and Dielectric BTMS is contained due to the size in-
crease in the duct busbars and the high density of copper.

A similar trend is noticed in the volume data analysis among the
compared systems, with a notable improvement observed in the Dielectric
BTMS. The reference batterymodule has a volume of 7.9 L, which increases
by 5.68 % when implementing the Cold Plate BTMS. The Hybrid BTMS shows
a more significant increase of 19.57 % due to including the PCM buffer.
Conversely, the Dielectric system experiences only a slight rise of 1.33 %,
bringing its total volume to 8.0 L. Consequently, the Dielectric system’s
volume improvement is evident as only the busbar size has beenmodified,
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and small plastic connectors have been added to the assembly.

5.4.4 Specific Energy and Energy Density Criterion

The analysis of mass and volume is of direct relevance to the specific
energy and energy density of the battery. These properties are evaluated
based on the energy of the 30-cell row battery module and the corres-
ponding mass and volume data for each thermal management system.

The energy of each cell is 52.9 Wh, resulting in a total energy of 1587
Wh for the 30-cell module. Based on the corresponding weight of 17.39
kg and volume of 7.9 L, the specific energy and energy density reference
values are calculated to be 91.3 Wh/kg and 201.2 Wh/L, respectively, as
presented in table 5.15.

Table 5.15: Specific Energy and Energy Density change associatedwith each BTMS utilisa-
tion.

Battery
Module

Cold Plate
BTMS

Hybrid
BTMS

Dielectric
BTMS

Specific Energy [Wh/kg] 91.3 84.8 77.5 85.4
Reduction from base BM [%] 100% -7.04 % -15.05 % -6.43 %

Energy Density [Wh/L] 201.2 190.4 168.3 198.6
Reduction from base BM [%] 100% -5.38 % -16.37 % -1.31 %

The specific energy reduction is 7.04 % for Cold Plate BTMS and 15.05
% for Hybrid BTMS. However, the Dielectric system reduces the reference
specific energy only by 6.43 %, reaching 85.4 Wh/L.

The energy density is reduced by 5.38 % for Cold Plate BTMS and 16.37
% for Hybrid BTMS. However, the Dielectric system reduces the reference
energy density only by 1.31%, reaching 198.6Wh/L. These results are also
plotted in fig. 5.27c and fig. 5.27d.

The results demonstrate an improvement in both specific energy and
energy density for the Dielectric BTMS, with the volume leverage proving
superior to the weight leverage. This enhancement is noteworthy com-
pared to the Cold Plate BTMS and offers a distinct advantage compared to
the Hybrid BTMS.
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5.4.5 Other Criteria

In addition to the quantifiedmetrics presented in this PhD thesis, other
criteria must be considered when comparing BTMSs. One of the primary
variables that battery pack manufacturers and automobile companies will
consider is the manufacturing and material cost. The safety criterion is
also of utmost importance for ensuring passenger security and system
reliability. Furthermore, overall BEV efficiency is critical for vehicle design
and development, particularly in the context of range optimisation.

5.4.5.1 Cost Criterion

Price estimation of the BTMS’ components is a complex process for a
final product on mass production. However, some key points can be un-
derlined to approximate each system’s cost.

• Cold Plate BTMS is a commonly used solution for battery thermal
management. Aluminium is affordable, and the manufacturing
process for cold plates is standardised, making it a cost-effective
solution. The fluid in the cold plate is standard w-e50, which
is relatively cheap. However, the cost of this system may vary
depending on the size and complexity of the cold plate required for
the specific battery application.

• Hybrid BTMS combines the cold plate with a PCM buffer made of par-
affin wax inserted into a porous aluminium structure. The cold plate,
as alreadymentioned, should be a cost-effective solution. However,
manufacturing a PCM buffer can be challenging and require special-
ised equipment, leading to a higher cost than the cold plate, con-
siderably increasing the overall cost of the system.

• Dielectric BTMS uses copper busbars expressly manufactured for
this system and an expensive dielectric fluid. The busbars can be
extruded under a certainly standardised manufacturing process,
being reasonably cost-effective. However, dielectric fluid presents
a considerable cost increment for the system, as it is not a standard
and extended coolant.

In conclusion, the cost estimation for battery thermal management
systems depends on several factors, such as the material used, the man-
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ufacturing process, and the size and complexity of the system required
for the specific battery application. The classical aluminium cold plate
system is a cost-effective solution, while the hybrid system may be more
expensive due to the specialised manufacturing processes required. The
dielectric system’s cost may come between both previous systems.

Therefore, it is essential to consider the cost-benefit analysis for dif-
ferent battery thermal management systems to select the most suitable
solution for the specific application.

5.4.5.2 Safety and Reliability Criterion

When analysing the safety and reliability of the battery pack system,
some characteristics such as leakages, battery cell degradation and
lifespan and thermal runaway contention should be considered.

• Cold Plate BTMS can be prone to leakage, especially if not designed
andmaintained correctly. The w-e50 fluid used is not dielectric, and
a leak can cause short circuits in the battery cells. Nevertheless, it
can provide good cooling capacity and low thermal dispersion, mak-
ing it an optimal solution for battery degradation and lifespan.

• Hybrid BTMS also has the same leakage problem on the cold plate
and an additional one on the PCM buffer. The PCM buffer is made
of a porous structure with paraffin inside, which can leak and con-
taminate the battery module, leading to reduced battery perform-
ance, degradation, or even failure. Nevertheless, the PCM can act as
a passive safety mechanism to absorb thermal energy and prevent
temperature fluctuations, even preventing thermal runaway in case
of cold plate failure.

• Dielectric BTMS is the most effective system in preventing leakage
problems, as non-conductive and non-flammable dielectric fluids
are used. Moreover, it can be helpful in thermal runaway control
if designed to capture thermal runaway gases. The slightly higher
thermal dispersion on the battery module can slightly affect the cell
unbalance. However, this dispersion is far inside the standardised
security limits.

In conclusion, battery thermal management systems’ safety and re-
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liability estimation depends on several factors. The classical aluminium
cold plate system is reliable for temperature control. However, removing
leakage-associated problems and thermal runaway control featuresmake
the dielectric system stand out from the other two BTMSs. Nevertheless,
Cold Plate and Hybrid BTMSs are still competitive solutions.

5.4.5.3 BEV Efficiency Criterion

Battery electric vehicle system efficiency is essential for reducing
energy consumption and, thus, range anxiety. This is directly related to
the BTMS weight and the auxiliary energy consumption from the required
coolant pumping energy. Therefore, the BEV efficiency is directly related
to the previously defined specific energy and hydraulic criteria.

• Cold Plate and Hybrid BTMSs require high hydraulic pumping energy
for fluid distribution in the thermal management system, especially
the cold plate system, which is not supported with a passive system
for the fast charge process. However, this PCM buffer increases the
system weight far from the single cold plate solution, significantly
deteriorating the specific energy. Therefore, both systems deteri-
orate the vehicle’s efficiency and range, especially underlining the
Hybrid BTMS.

• Dielectric BTMS is the lightest of the three systems, reducing the re-
quired energy for vehicle propulsion. Moreover, the dielectric system
has less energy consumption related to fluid pumping due to the re-
duced viscosity of the selected dielectric fluid.

Both aspects of the analysed BTMS support the dielectric system as
the most efficient. It requires less energy to pump the fluid through the
battery thermal management system, resulting in less auxiliary energy
consumption and more available energy for propulsion. The reduced
weight of the system also leads to less energy needed to move the BEV,
further increasing efficiency and resulting in the least impact on the BEV’s
range.

In conclusion, the Dielectric BTMS further increases efficiency and res-
ults in the least impact on the BEV’s range due to weight reduction and low
auxiliary energy consumption.
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5.5 Final Discussion

The main variables affecting the performance of the three different
BTMS have been presented. Some are numerically assessed, such as the
thermal, hydraulic and specific energy and energy density variables. In
contrast, some others are theoretically gathered, such as the cost, safety
and reliability, and the BEV efficiency.

The exact results and percentage comparisons are already made.
Therefore, the five numerically evaluated variables are depicted in fig. 5.27
for a faster resume, visualisation, and comparison. Moreover, arrows in-
dicating the variable’s direction for BTMS optimal performance are added
on the right side of each plot row.

Figure 5.27a and fig. 5.27b on the first row, showsmaximum temperat-
ures and cell-to-cell thermal dispersion on the battery module, respect-
ively. The lower these variables are, the better the thermal management
system works. As seen, the Cold Plate BTMS obtains the best results, fol-
lowed by the Dielectric BTMS on Tmax variable, and by the Hybrid system on
∆Tmodule variable. However, the three systems present adequate results
inside the optimal performance span.

Figure 5.27c and fig. 5.27d on the second row show the specific energy
and the energy density, respectively, where higher values represent more
onboard energy per mass and volume. Dielectric BTMS presents the best
results, followed by the Cold Plate BTMS.

Finally, the fig. 5.27e on the third row presents the auxiliary pumping
energy consumption, where lower values represent more efficient BTMSs.
Again, the Dielectric solution is the optimal system, far from Hybrid and
Cold Plate BTMS.

On the other hand, the theoretically assessed variables’ results can
be resumed as follows: the cost-optimal solution is the Cold Plate sys-
tem, whereas Dielectric BTMS presents better performance and potential
for safety and reliability. Finally, the overall electric vehicle efficiency can
also be boosted with the Dielectric solution.

Therefore, these variables’ results are depicted in table 5.16. A colour
code is used to reflect the results, where green (best), yellow (intermedi-
ate) and red (worst) indicates the optimal solution for each variable ana-
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(a) Maximum temperature results (Lower Best).
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(b) Maximum cell-to-cell thermal dispersion results
(Lower Best).

(c) Specific Energy results (Higher Best).
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(e) Hydraulic energy consumption results (Lower Best).

Figure 5.27: Results of analysed BTMS comparison variables.

lysed. An extra symbol code is also added, whereH is used for the optimal
solution, and 3 and 7 show the intermediate and worst solution, respect-
ively, for each variable.

Hybrid BTMS presents the least adequate results as it does not stand
out in any of the variables. By contrast, the Cold Plate system is outlined in
the thermal performance variables and the cost indicator. Finally, Dielec-
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Table 5.16: Compared indicators with colour and symbol code for each BTMS advantage
and disadvantage evaluation. The analysed BTMSs are classified as best solution— green
colour,H—, intermediate solution — yellow colour,3— and worst solution — red colour,
7—.

Thermal Management
System

Tmax ∆Tmodule Ehyd
Specific
Energy

Energy
Density

Cost
Safety and
Reliability

BEV
Efficiency

Cold Plate BTMS H H 7 3 3 H 3 3

Hybrid BTMS 7 3 3 7 7 7 3 7

Dielectric BTMS 3 7 H H H 3 H H

tric BTMS is the optimal solution for the other factors, such as reduced
hydraulic energy consumption, higher specific energy and energy density
values, increased safety and reliability and better vehicle efficiency.

When selecting the most competitive battery thermal management
system, two main conclusions can be drawn based on the results of the
comparative analysis:

1. The Dielectric Flow- and Tab-Based Battery Thermal Management
System appears promising, with a convincing performance in every
indicator analysed. It is outstanding in main indicators for a high
performance BEV, highly adaptable for different battery module
designs, and with valuable safety and reliability characteristics.
Moreover, it offers a competitive thermal performance if compared
with the cold plate standard solution, with the battery cells in-
side the optimal performance temperature zone even in the most
demanding tested electric cycle.

The unique and main drawback is the cost associated with the
dielectric fluid’s price. However, in specific applications where
the cost is not a limiting factor, and outstanding BEV efficiency
or reduced weight are pursued, the Dielectric BTMS represents the
optimal solution.

2. The standardised Cold Plate Battery Thermal Management System
appears to be a reliable and effective solution for electric vehicles
when no outstanding performances are required. This technology
provides the best possible thermal response over high-performance
electric cycles. However, the detriment of specific indicators shows
a less efficient performance with an associated range reduction
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compared to the advanced dielectric system proposed.

Therefore, this system can comprehend the thermal management
of standard BEVs, where overall automobile cost is a limiting factor,
and no outstanding range or reduced weight is pursued.

Beyond this, other ideas and concerns emerged after the analysis.
This work does not thoroughly evaluate these topics, but their importance
should be highlighted.

• It is crucial to evaluate the potential impact of the slightly increased
thermal dispersion on battery cell degradation, even if the results
are currently within acceptable performance limits. This evaluation
should be done through numerical analysis to assess and discard
any associated cell degradation.

Additionally, the temperature gradient observed in fig. 5.26 within
the battery cells is not considered significant, provided that the
dielectric system is oriented parallel to the cells’ layers rather than
perpendicular. This effect has been previously noted in literature
studies.

• In order to achieve a more competitive solution, exploring the cost
of alternative dielectric fluids can be considered. However, it should
be noted that many alternative dielectric fluids have a significantly
higher viscosity than the base fluid used. This increased viscos-
ity will increase the auxiliary pumping energy consumption, which is
one of the key indicators of the proposed system. Therefore, appro-
priate design considerations must be made to mitigate this issue’s
impact on the system’s overall performance.

• Implementing alternative designs above the cells’ venting hole could
be a promising solution to mitigate thermal runaway propagation.
It is important to note that the use of larger ducts may result in a
reduction in the specific energy and energy density of the system.
However, the potential benefits of enhanced safety and reliability
and improved thermal performance could outweigh this drawback.
Further research is necessary to evaluate such designs’ feasibility
and potential benefits.
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• To ensure accurate analysis of the vehicle’s efficiency improvement
with the dielectric BTMS, it is crucial to measure and numerically as-
sess the range increase achieved through the reduction in weight
and pumping auxiliary energy consumption. Such an assessment
will better illustrate how much the dielectric BTMS can enhance the
vehicle’s efficiency.
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6
Concept-Proof Validation:

Prototype Development and
Experimental Analysis

Summary

This chapter unveils the prototype development of the proposed advanced Dielectric Flow-

and Tab-based BTMS, designed for a battery module composed of cylindrical cells. The prototype is

constructed and tested through a series of experimental tests, validating the CFD model previously

developed. The system’s design is studied for optimisation, and comparison simulations are carried

out. The primary objective of this study is to gain an in-depth understanding of the proposed

technology’s capabilities and its potential to enhance the overall performance of the battery

module.
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6.1 Dielectric BTMS Prototype: Concept, Design and
Development

Section 2.3 of Chapter 2 presented a literature review that serves as
the foundation for both proposed advanced solutions. Moreover, the com-
parative analysis in Chapter 5, consolidated one of those solutions as the
most promising: the Dielectric Flow- and Tab-based battery thermal man-
agement system. This system’s concept is developed based on two key
ideas:

• The dielectric flow concept reduces thermal resistance by enabling
direct contact between the coolant fluid and the battery cells. This
design ensures that there are no thermal inefficiencies during heat
transfer. By employing a dielectric coolant, the proposed battery
thermalmanagement systemcanachieve ahigher thermal conduct-
ivity than traditional liquid coolants, thereby playing a critical role in
facilitating efficient heat transfer and ensuring the optimal perform-
ance of the battery thermal management system.

• Tab-based thermal management concept is an efficient solution for
high-performance thermal management, even if the heat transfer
area is limited, as the usage of the cell’s high thermal conductiv-
ity path is enhanced. This contact area reduction can lead to more
compact systems with reduced specific energy and energy density.

These ideas have been corroborated under CFD comparison with other
BTMSs, and this chapter aims to transfer these results to a functional pro-
totype. In developing this dielectric flow and tab-cooling prototype, the
prototype can be considered a testing platform, contemplating possible
design aspects, such as several duct sizes or different dielectric fluids.
The prototype allows for practical experimentation and assessment of
these design parameters.

For a more straightforward implementation, testing ease and to
minimise required testing resources, a previously developed battery
module for an elevation application [169], with an air-based thermal
management system, is utilised to conceptualise the dielectric flow and
tab cooling technology. Cylindrical cells are employed in this module,
so the design and solution proposed in chapter 5 needs to be adapted,
proving technology’s flexibility. Figure 6.1a shows this conceptualisation
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enclosing a duct on the cell tabs area, where dielectric fluid is intended
to flow through. Fluid circulating through cell tabs will extract the heat
from the cell core, being the convective heat transfer rate generated on
the duct critical. Therefore, thorough work on the design of the duct is
crucial.

For the prototype, the battery module configuration comprises twelve
cylindrical cells with the exact dimensions and distribution of base air
BTMS solution. The design should include two independent ducts, one for
the top and another for the bottom tabs. The concept idea is shown in
fig. 6.1b, cut in half.

ToutTin

Qfluid

.

.

.

Qconv

Qcond

.
Qgen

(a) Dielectric tab flowing thermal
concept.

(b) Battery module concept idea for dielectric tab flowing TMS.

Figure 6.1: Dielectric flow- and tab-based BTMS concept idea.

During the development of the prototype, two significant difficulties
were identified. The first challenge is the need for multiple temperature
and voltage sensors on the cells’ tab surfaces to conduct accurate ex-
perimental measurements. This requirement necessitates a considerable
amount of wiring to be routed out of the duct, directly impacting the
second difficulty: duct sealing and fluid leakage issues.

To address the challenges of implementing multiple sensors and min-
imising the risk of fluid leakage, a polythene block structure with neces-
sary holes for the cells is machined to form the duct on the cells’ tabs.
The created opening dimensions are proportional to the area taken up by
the cell tabs, resulting in a big duct of 262.5 x 69.5 mm surface and a 22.5
mm height. This allows testing other duct sizes by adding specifically de-
signed extra polythene pieces on these two openings, as will be seen in
section 6.1.3. This initial duct design, called Geom01, is enclosed with top
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and bottom transparent covers and sealed with a rubber pad to ensure
correct sealing.

All sensor connections are added to the prototype sides to facilitate
their connections and provide easy access. Voltage readings are obtained
from every cell tab, while three thermocouples (positive tab, centre body,
and negative tab) are implemented to monitor temperature changes. The
prototype’s Computer-Aided Design (CAD) is depicted in fig. 6.2.

The proposed design solution provides a robust and reliable platform
for testing the advanced BTMS concept. A polythene block structure with
necessary holes and a duct on the cells’ tabs enables accurate and ef-
ficient temperature measurement while minimising the risk of fluid leak-
age. Incorporatingmultiple sensors, including thermocouples and voltage
sensors, provides valuable data for analysing and validating the proposed
BTMS concept.

Temperature 
reading

Voltage 
reading

Power 
connector

Prototype 
structure

Cover

Rubber pad

(a) Complete prototype geometry.

Cells

Duct 
inlet

(b) Exploded prototype geometry.

Cell tabs

Busbar

(c) Half view prototype geometry.

Figure 6.2: Geom01 dielectric flow- and tab-based BTMS prototype’s design.
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Table 6.1: Properties of cylindrical LithiumWerks ANR26650m1B cell.

LithiumWerks ANR26650m1B

Chemistry LFP
Vnom [V] 3.3
Capnom [Ah] 2.5
Max CHA Current [A] 10 (4C)
Max DCH Current [A] 50 (20C)
Temperature Range [°C] 0 to 55
Diameter [mm] 26
Length [mm] 65
Mass [kg] 0.076

The battery module under study consists of twelve LithiumWerks
ANR26650m1B cylindrical LFP cells [181], each with a capacity of 2.5 Ah.
These cells are selected as the commercial evolution of the A123 cells
used in the reference case with air BTMS, which justifies their use in this
study. The cells’ characteristics are identical to those of the previous
research and are connected in a 12S1P electric configuration to produce a
39.6 V and 2.5 Ah module. The cell properties are summarised in table 6.1.

In addition, the thermal parameters necessary for modelling the cell
heat generation, Rin and EHC, are experimentally characterised using the
methodology presented in Section 4.2. The EHC is determined for the cell’s
entire SOC range, while the Rin is also measured at three different temper-
atures (10 °C, 25 °C, and 45 °C). The resulting data is presented graphically
in fig. 6.3.

(a) Internal Resistance. (b) Entropic Heat Coefficient.

Figure 6.3: LithiumWerks ANR26650m1B cell’s properties for heat generation model.
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6.1.1 Hypothetical Battery Pack Architecture

The proposed dielectric BTMS prototype is intended for application in
electromobility. As such, it is essential to establish the requisite back-
ground information and requirements to facilitate proper experimental and
numerical analysis. To this end, the concept of a BEV and its associated
requirements must be thoroughly considered. A realistic case study can
be established by applying these requirements to the developed battery
module prototype to obtain results. This will involve determining critical
data such as the discharging current (which is directly linked to the elec-
trical configuration of the BP) and the dielectric flow rate (which is asso-
ciated with the hydraulic connections of the battery modules). With these
data points established, BP’s hypothetical electric and hydraulic architec-
ture can be defined in detail.

6.1.1.1 Electric Architecture

The electric characteristics of the BEV used in this case study will be
defined following the BP needs previously presented in the chapter 5.
Therefore the present study utilises the prototype battery module char-
acteristics to develop an approach that aligns with the aforementioned
BP requirements.

Therefore with a battery module in a 12S1P electric connection and
39.6 V and 2.5 Ah, the calculated number of battery modules required to
meet these requirements is 290, achieving a 396 V and 28.71 kWh battery
pack. Each module must be connected in a series of 10 and parallel of 29
to achieve a complete cell configuration of 120S29P, resulting in a bat-
tery capacity of 72.5 Ah. A detailed description of these specifications is
presented intable 6.2.

Once the electrical configuration of the hypothetical BP is obtained,
the discharge current could be calculated knowing the vehicle’s driving
power needs. The vehicle power related to the constant driving speed
curve is shown in fig. 5.3, obtained from SELFIE project for the Fiat Doblo
vehicle.

For the present case study, a demanding discharge application has
been defined, which includes amotorway constant driving scenario at 120
km/h, corresponding to the maximum permitted speed and referred to as
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Table 6.2: Electric configuration of the battery module and battery pack.

Battery Module Battery Pack

Energy [kWh] 0.99 28.71
Voltage [V] 39.6 396
Capacity [Ah] 2.5 72.5
Cell/Module Configuration 12S1P 10S29P
Number of modules - 290
Number of cells [ncell] 12 3480

Normal Drive (ND). The power demand data shows that the vehicle’s power
needs have been determined to be 39.7 kW. The expression in eq. (5.1) can
be utilised to determine each cell’s discharging current (Idch).

Consequently, the discharging current corresponding to the ND scen-
ario is determined to be 3.45 A per cell, equivalent to a 1.38 C-rate. Con-
cerning charging current, the Fast Charge (FC) criterion is adopted, and
thus, 10 A or 4C C-rate, the maximum current rating of each cell, is used.

6.1.1.2 Hydraulic Architecture

Thehydraulic architecture of the hypothetical battery pack is also con-
sidered, specifying the flow rate through the ducts of each module. This
process involves setting the maximum hydraulic capacity of the vehicle
and utilising it to determine the appropriate configuration. The maximum
hydraulic capacity of the vehicle is predetermined to be 20 l/min in the
Selfie project.

Based on the predetermined hydraulic capacity of the vehicle, the 290
batterymodules that constitute the BPmust be organised into groupswith
specific numbers of serial and parallel hydraulic connections, as depicted
in the schematic diagram in fig. 6.4.

Serial arrangements of 10, 29, 58, 145, and 290 battery modules have
been identified to establish different hydraulic configurations for the
battery pack. These configurations are named hyd-10S29P, hyd-29S10P,
hyd-58S5P, hyd-145S2P, hyd-290S1P, with the “hyd-” prefix added to pre-
vent confusion with the electrical connections described in the preceding
section. The hydraulic flow rate on each row increases with the degree
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Serial 

connectionsParallel 

connections

Figure 6.4: Hydraulic configuration scheme.

of serial connection among the modules. Consequently, a higher serial
connection increases cooling capacity and raises the thermal gradient
between the cells.

Considering all the previously mentioned considerations, the hydraulic
groups identified above will have a corresponding maximum volumetric
flow rate. The following analysis will use these values as the nominal
flow rates. However, it should be emphasised that the defined hydraulic
groups are solely for logical flow rates utilisation on the dielectric BTMS
prototype analysis. The actual volumetric flow rate obtained will depend
on the hydraulic configuration and the maximum available volumetric flow
rate in each cooling row, which are closely interrelated. The volumetric
flow rate used on the analysis, corresponding with each hydraulic con-
figuration, is depicted in table 6.3. The equivalent mass flow rate is also
shown.

Table 6.3: Hydraulic configuration of the modules in the hypothetical battery pack, with
the corresponding volumetric flow rates utilised on the prototype case study.

Hydraulic
Configuration

V̇
[l/min]

Equivalent ṁ
[kg/s]

hyd-10S29P 0.7 0.0165
hyd-29S10P 2 0.0478
hyd-58S5P 4 0.096
hyd-145S2P 10 0.239
hyd-290S1P 20 0.478
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6.1.2 Dielectric Fluid Selection Analysis

This section will outline the procedure for analysing the appropriate
dielectric fluid for the prototype study. Even though the Novec7200
was selected for its low viscosity in the previous chapter, diverse fluids’
thermal and hydraulic effects are analysed to ensure adequate fluid
selection. Specifically, the analysis procedure with a lumped thermal
model and the results obtained from this analysis will be described.

The analysis involves six different dielectric fluids: two hydrofluoro-
ethers, the Novec7200 and the Fluorinert FC-72 from3Mcompany; the nat-
ural ester Envirotemp FR3, and the synthetic ester M&I Midel-7131; the hy-
drocarbon PAO (poly-alpha olefin); and a solution of water with ethylene-
glycol at 50 % of the mixture (w-e50). However, it should be noted that
the latter is a conductive solution currently used in cold plate BTMS solu-
tions. Therefore, it is unsuitable in direct contact with the cells and is only
included for comparison reasons. The necessary fluids’ data for the ana-
lysis are presented in Appendix B.3. The presented parameters include the
fluid density (ρ), the specific heat capacity (Cp), the thermal conductivity
(k), the kinematic viscosity (ν) and the dynamic viscosity (µ).

6.1.2.1 Lumped Thermal Model

The temperature of the cells in the Geom01 design-based battery
pack is determined by calculating it along the hydraulic configurations
presented earlier. This is done to identify the most suitable dielectric
fluid to effectively maintain the cells within the optimal temperature
range. A lumped thermal model of the BTMS is developed in this regard.
The model considers the system’s energy balance and interrelates the
mechanisms of heat transfer and fluid mechanics to understand the
system’s behaviour comprehensively.

The energy balance on the cells follows the eq. (6.1),

M · Cp ·
∆T
∆t

= Q̇gen – Q̇diss (6.1)

where the left term represents the heat stored on the cell, Q̇gen [W] is
the cell’s generated heat, and Q̇diss [W] is the heat dissipated from the cell
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to the fluid by convection.

The energy balance is applied in this study under two main simplifica-
tions sufficient to obtain the desired results. Firstly, a stationary calcula-
tion is used, where the temperature-dependent average heat generation
of the cells during the charge and discharge cycle is considered. In the
stationary situation, where the temperatures are stabilised, the heat ac-
cumulation on the cells is assumed to be zero, and all the heat generated
on the cells is dissipated to the fluid. Secondly, radial heat transfer due to
the insulating effect of the prototype structure is eliminated. Therefore,
only the axial direction of the cells is considered for heat transfer ana-
lysis. By adopting these simplifications, evaluating the cell temperatures
with the lumped thermal model becomes feasible.

The average cell heat generation is computed by evaluating the heat
generation of the charge and discharge cycles (under the SOC and current
scope) at different constant temperatures, following the heat generation
depicted in eq. (3.1) and with the heat generationmodel scheme in fig. 3.3.
by following this approach, the results presented in table 6.4 are obtained.

Table 6.4: Averaged cell heat generation by temperature

Temperature [°C] 10 15 20 25 30 35 40 45 50
Q̇gen [W] 0.94 0.82 0.71 0.60 0.52 0.44 0.36 0.29 0.21

Under the simplifying assumptions outlined above, the lumped thermal
model of the system consists of three main blocks: heat generation, heat
dissipation, and fluid mechanics. The heat generation block is obtained
directly by interpolating the data presented in table 6.4. The heat dissipa-
tion block includes heat conduction through the cell and heat convection
to the fluid. Finally, the fluid mechanics block evaluates the fluid’s heat
storage capacity, which depends on its characteristics and the size and
shape of the Geom01 duct. This interrelation is illustrated in fig. 6.5. Fig-
ure 6.5a shows the energy balance from the cell core heat generation to
the fluid heat storage, while fig. 6.5b shows the scheme of the lumped
thermal model.

For the model calculation in the stationary situation suggested, the
processes are related in the following way: the heat generated by the cell
propagates through the cell by conduction (Q̇gen = Q̇cond); this heat is, in
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Figure 6.5: Heat transfer and lumped thermal model schemes for Dielectric BTMS design.

turn, transferred to the fluid by convection (Q̇cond = Q̇conv). Finally, it is
dissipated, depending on the fluid properties (Q̇conv = Q̇stofluid ). With these
relations, cells’ core and surface temperatures and the fluid’s temperature
after each cell is calculated. Moreover, the pressure drop (∆p) produced
by the duct is also estimated to find the auxiliary energy consumption with
each fluid. All the heat transfer and fluid mechanics equation systems are
depicted in Appendix B.1.

The lumped model is developed in Python code, using the roots find-
ing function “optimize.fsolve” of the scientific computing module Scipy in
Python over the equation system suggested.

6.1.2.2 Dielectric Fluid Selection Results

The simulations inlet fluid temperature is imposed at 20 °C, and hyd-
10S29P, hyd-29S10P, hyd-58S5P, hyd-145S2P and hyd-290S1P hydraulic
configurations for the modules are simulated. Reynolds number (Re) is
evaluated to understand the fluid flow patterns, along with the convective
heat transfer coefficient (hconv), which shows the heat dissipation capab-
ility from the cell to the fluid. Moreover, the thermal resistance (Rth) is cal-
culated following eq. (6.2), where the cell’s axial dissipation area is used,
which corresponds with the cell tab surface. Maximum registered temper-
ature (Tmax) from the modules and the thermal dispersion among cells in
the modules (∆Tmodule) is also calculated. Finally, the pressure drop (∆p)
is calculated following eq. (B.13) from Appendix B.1 to estimate the auxili-
ary energy consumption. The results are shown in table 6.5.
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Table 6.5: Dielectric fluid selection analysis results.

Fluid
Hydraulic
configuration

V̇
[l/min]

Re
[-]

hconv
[W/m2·K]

Rth
[K/W]

Tmax
[°C]

∆Tmodule
[°C]

∆p
[Pa]

w-e50

hyd-10S29P 0.7 34.99

49.35 38.17

29.52 1.01

4.55
hyd-29S10P 2 101.48 29.53 1.02
hyd-58S5P 4 202.96 29.53 1.02
hyd-145S2P 10 507.41 29.53 1.03
hyd-290S1P 20 1014.82 29.53 1.03

Novec7200

hyd-10S29P 0.7 306.25
9.00 209.37

45.33 0.57

2.83
hyd-29S10P 2 888.13 45.33 0.57
hyd-58S5P 4 1776.25 45.33 0.57
hyd-145S2P 10 4440.63 93.22 20.20 27.15 2.18
hyd-290S1P 20 8881.25 188.23 10.01 25.11 2.49

FC72

hyd-10S29P 0.7 351.27
7.79 241.69

46.76 0.51

3.20
hyd-29S10P 2 1018.70 46.76 0.51
hyd-58S5P 4 2037.39 46.76 0.52
hyd-145S2P 10 5093.48 90.38 20.84 27.47 2.37
hyd-290S1P 20 10186.95 178.93 10.53 25.47 2.73

Envirotemp FR3

hyd-10S29P 0.7 2.00

24.63 76.48

35.58 1.36

68.23
hyd-29S10P 2 5.80 35.59 1.38
hyd-58S5P 4 11.61 35.59 1.38
hyd-145S2P 10 29.02 35.59 1.38
hyd-290S1P 20 58.04 35.59 1.39

M&I Midel7131

hyd-10S29P 0.7 2.00

21.39 88.04

36.85 1.26

71.68
hyd-29S10P 2 5.81 36.85 1.27
hyd-58S5P 4 11.62 36.86 1.28
hyd-145S2P 10 29.05 36.86 1.28
hyd-290S1P 20 58.10 36.86 1.28

PAO

hyd-10S29P 0.7 2.03

21.00 89.68

37.08 1.31

58.13
hyd-29S10P 2 5.88 37.09 1.32
hyd-58S5P 4 11.76 37.09 1.33
hyd-145S2P 10 29.40 37.09 1.33
hyd-290S1P 20 58.79 37.09 1.33

Rth =
1

hconv · Aaxial
(6.2)

In low-viscosity fluids like hydrofluoroethers, achieving a high Reyn-
olds number is much easier than for higher-viscosity esters or hydrocar-
bons. In fact, results show that the only fluids to obtain turbulent flow are
Novec7200 and Fluorinert FC72 (coloured in green) during the highest flow
rates (with more modules in series). This has allowed considerably higher
convection coefficients to be obtained than in the laminar flow cases.

This phenomenon has been directly transferred to the thermal resist-
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ance, lowering it and being the heat transfer capacity of those high flow
rates Novec7200 and Fluorinert FC72 configurations better than for the
other fluids. This can be appreciated in the maximum temperatures re-
gistered on the cells. Whereas on laminar flows, the rest of the fluids show
lower temperatures, changing to turbulent flow helps reduce those tem-
peratures drastically.

The temperature difference in these cases, highlighted in green, is
somewhat more significant than in the others. This is because of the in-
creased heat transfer capacity of the fluid, which is considerably heated
with each cell, thus reducing the thermal gradient and hence the heat
transfer on the last cells. However, this difference is still well below the
5°C of the optimal range.

On the other hand, it can be seen that the pressure drop with esters
and hydrocarbons is higher due to the higher viscosity. This indicates that
the energy consumption needed for pumping will be higher, benefiting the
Novec7200 and Fluorinert FC72 also in this respect.

In short, as a result of the analysis, it can be said that the hydrofluoro-
ethers present the most suitable properties for the cooling method to be
studied in this work. They show an excellent capability for cooling, espe-
cially on turbulent regimens. This was achieved at high flow rates; how-
ever, a correct design of the prototype’s duct, with a narrow area, will have
a similar effect at lower flow rates due to the velocity increase.

According to the manufacturer’s recommendations, Novec7200 will be
used in this work. Fluorinert FC72 is more suitable for electronics applic-
ations, while Novec7200 is more suitable for battery applications. The se-
lected fluid is characterised by having a boiling point of 76°C, zero ozone
depletion and low global warming potential beyond the aforementioned
low viscosity [177, 182].

6.1.3 Duct Sizing Optimisation

Reducing the number of modules in series and hence the flow rate is
desired to minimise possible uneven performances between cells on the
hydraulic loop. Moreover, duct shape and size optimisation is enhanced
after detecting the turbulence effect’s importance on the dielectric flow
based BTMS. The initial size can be reduced, obtaining higher fluid speed
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at lower volumetric flow rates and thus increasing the turbulence level,
maintaining or even improving the heat dissipation capability.

The lumped thermal model employed in fluid selection is adapted and
used for the prototype’s duct sizing analysis. The lowest three flow rates
of the previous research are used — 0.7 l/min, 2.0 l/min and 4.0 l/min —,
which should be the most reasonable for smaller ducts and having fewer
cells in series. Moreover, the duct is now divided into two narrower chan-
nels, each running through the tabs of one row of cells in the module. Di-
verse duct sizes are studied, with two duct heights— 5 and 10 mm—, and
four widths — 10 mm, 15 mm, 20 mm and 26 mm —, being the final width
equal to the cell’s tab diameter.

As a result, maximum cell temperatures (Tcell) on the cooling loop are
estimated for each duct size. The maximum thermal dispersion among
cells (∆Tmodule) in the hydraulic loop is also calculated. The resultant data
are shown in fig. 6.6, depicted for the three volumetric flow rates and every
duct size combination.
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Figure 6.6: Cell maximum temperatures (Tcell) and maximum thermal dispersion among
cells (∆Tmodule) on duct size optimisation analysis.

The study results indicate that reducing the width of the duct leads
to a decrease in temperature. Similarly, the temperature is also lower with
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the narrowest height. A clear temperature-lowering tendency can be seen
with the duct broadening due to the cell’s tab and fluid contact area in-
crease. Regarding the flow rates studied, 0.7 l/min and 2 l/min configur-
ations present similar temperatures related to the laminar characteristic
of the flow. However, changing to turbulent fluid flow on the 4 l/min volu-
metric flow rate entails temperature reduction for every duct size. Related
to that turbulence effect, the narrowest configuration (5 mm x 10 mm) has
achieved turbulent flow at 2 l/min flow rate as reflected on the temper-
ature. Conversely, the largest duct involves flow becoming laminar, with
the temperature increase even for the 4 l/min flow rate case. On the other
hand, the ∆Tmodule is increased with narrower duct sizes or higher volu-
metric flows. This is a direct effect of the increased heat transfer cap-
ability under those both conditions. Nevertheless, this thermal dispersion
among cells is always below 3 °C, a more than acceptable value.

These results are translated to the duct’s thermal resistance point
of view through convective heat transfer (hconv) and cell’s tab axial area
(Aaxial) relation, following the previously presented eq. (6.2). With the
results in fig. 6.7, Re number is also displayed, being the green-coloured
top zone correspondent to the laminar flow zone and the red area below,
the turbulent zone.

mm2

R
th

 [
K

/W
]

Figure 6.7: Dielectric flow tab cooling TMS validation.

The results indicate that at high flow rates, turbulent flow is observed,
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resulting in asignificant decrease in thermal resistanceand improvedheat
transfer. However, when the volumetric flow rate is insufficient to enter
the turbulent zone, the thermal resistance decreases as the duct width
approaches the cell diameter size. In this regime, the correlations are
mainly dependent on duct size and not flow speed. As a result, the two
laminar flows studied (0.7 l/min and 2.0 l/min) exhibit minimal variation.

Based on the results obtained from the study, the duct size of 5 mm x
26mmwas chosen as themost suitable size to improve heat transfer. This
duct size can be used with various hydraulic connections and flow rates.
The duct should entirely cover the cell tab to enhance the area for heat
transmission, and a 5 mm height improves the flow by increasing turbu-
lence. The new design, called Geom02, can be seen in fig. 6.8. It can be
easily updated from the initial Geom01 design through the usage of an ex-
tra piece designed for creating ducts over the cells’ tabs, reinforcing the
idea of prototype adaptability for many duct sizes and different fluid test-
ing capability.

Optimised
Duct

(a)Widthwise view of Geom02 design.

Duct 
optimisation pieces

(b) Lengthwise view of Geom02 design.

Figure 6.8: Geom02 dielectric flow- and tab-based BTMS prototype’s design.

6.2 Experimental Analysis

Thedielectric flow-and tab-basedBTMSprototypeconcept anddesign
is materialised on a functional prototype to perform the technology’s ex-
perimental analysis. The internal construction of the prototype is shown in
fig. 6.9, which depicts the busbar connection, internal thermocouple, and
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voltage measurement wiring. As previously mentioned, all these connec-
tions are carried to the prototype’s side. All the voltage reading wires are
directly welded to the cells’ tab. Moreover, the thermocouples are stuck
to the tabs utilising high thermally conductive Kapton® film, covering up
with epoxy adhesive for contact durability. The same epoxy adhesive also
seals the wire holes and avoids fluid leakage.

(a)Wiring connections. (b) Busbar connections.

Figure 6.9: Busbar and wiring connections on Geom01 prototype.

With the prototype in operation, an experimental setup is created to
investigate the BTMS’s thermal performance over the system’s operational
range.

The hydraulic circuit of the experimental setup is divided into two sep-
arate loops; the former, which serves as the primary loop, includes the
prototype and has a separate pump for the dielectric fluid. Moreover, a
flow meter and fluid thermocouples are added at the inlet and outlet of
the prototype. The latter loop is thermally coupled to the former by a coil
heat exchanger. The temperature of the dielectric fluid on themain loop is
controlled by this latter loop using chilledwater froma chiller. Figure 6.10a
depicts the configuration’s layout, whereas fig. 6.10b shows the prototype
with all the correspondent connections.

According to the details provided in Section 6.1.1, the electrical profile
utilised by the battery cycler during the testing is characterised by a cycle
of 1.38C discharge and a 4C fast charge, with the SOC range continually os-
cillating between 10%and 90%. To allow for an accurate evaluation of the
thermal jump from the initial to the final temperature, the aforementioned
cycle is executed six times to ensure prototype temperature stabilisation.
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(a) Experimental setup scheme.

(b) Dielectric prototype BTMS experimental testing.

Figure 6.10: Dielectric flow- and tab-based prototype experimental test setup.

In addition, the ambient temperature is adjusted as the inlet temperature
of the dielectric fluid by performing tests in the CTS thermal chamber.

The experimental test results have been segregated into two distinct
blocks. The first block concerns the study of volumetric flow rate change,
while the second half deals with modifying the fluid inlet temperature. Ac-
cordingly, three tests are carried out in the first block at an ambient tem-
perature of 25 °C, with volumetric flow rates of 0.0 l/min (Test03), 0.7 l/min
(Test04), and 3.2 l/min (Test05), with the latter representing the maximum
attainable flow rate with the pump in use. Similarly, the study’s second
section comprises three additional experiments conducted at a flow rate
of 0.7 l/min, with fluid input temperatures of 15 °C (Test01), 25 °C (Test04),

160



“output” — 2023/10/9 — 13:29 — page 161 — #199

6.2. Experimental Analysis

and 35 °C (Test06), respectively.

The temperature change of cells during the tests is studied. Fig-
ure 6.11a for flow change testing and fig. 6.12a for temperature change
tests, respectively, indicate the average temperature during module
cycling. In addition, the maximum and minimum cell temperatures for
each test are delineated by a coloured band.

(a) Volumetric flow rate change under experi-
mental cycle.

(b) Tests’ thermal jump (∆Ttest) from the initial
temperature to the last cycle averaged temper-
ature, under volumetric flow rate change.

Figure 6.11: Volumetric flow rate change results for 25 °C inlet temperature condition.

(a) Fluid inlet temperature change under experi-
mental cycle.

(b) Tests’ thermal jump (∆Ttest) from the initial
temperature to the last cycle averaged temper-
ature, under fluid inlet temperature change.

Figure 6.12: Fluid inlet temperature change results for 0.7 l/min volumetric flow rate con-
dition.

Figure 6.11b and fig. 6.12b, on the other hand, display the thermal jump
for each test (∆Ttest). Once the module temperature between test cycles
is stabilised, this number is computed by subtracting the beginning test
temperature from the average temperature of the last cycle.
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Due to the cells’ relatively modest heat generation and the system’s
efficient cooling capacity, all tests demonstrated rapid stabilisation
times. The scenario without fluid flow proves this in fig. 6.11a, where the
increase in temperature after six electric cycles is 7.9 °C, more significant
than the other tests, and even the temperatures are still rising (no
stabilisation). The volumetric flow rate increases from 0.7 l/min (Test04)
to 3.2 l/min (Test05) for the other two tests in fig. 6.11, decreasing the
∆Ttest from 2.6 °C to 1.6 °C.

Regarding the outcomes of the intake temperature-changing experi-
ments, fig. 6.12b shows that the∆Ttest decreases as the inlet temperat-
ure is raised. The primary cause of this phenomenon is the variation in cell
heat generation over the temperature spectrum. Low temperatures signi-
ficantly increase the cell’s internal resistance, as depicted in fig. 6.3a. As
a result, the heat generated due to the irreversible effect is more signifi-
cant thanat higher temperatures. Theheat generation reduction results in
a∆Ttest drop from 3.4 °C to 2.3 °C at the test scope between 15 °C (Test01)
and 35 °C (Test06).

As shown in table 6.6 the temperature dispersion among cells on the
module (∆Tmodule) is also compared. The maximum ∆Tmodule is found to
have a value of 2.7 °C at Test02 (15 °C and 2.0 l/min). A value of 2.7 °C on the
same test shows a similar result for the maximum thermal gradient inside
each cell (∆Tcell).

Table 6.6: Experimental results: Test ending temperature averaged on the last cycle
(Tavg last–cycle), thermal jump of the test (∆Ttest), and maximum thermal dispersion among
cells on the module (∆Tmodule) and inside cells (∆Tcell).

Test
Tavg last-cycle

[°C]
∆Ttest
[°C]

∆Tmodule
[°C]

∆Tcell
[°C]

Test01: 15 °C - 0.7 l/min 18.1 3.4 2.0 2.4
Test02: 15 °C - 2.0 l/min 17.0 2.5 2.7 2.7
Test03: 25 °C - 0.0 l/min 32.6 7.9 1.2 0.9
Test04: 25 °C - 0.7 l/min 27.2 2.6 1.8 2.0
Test05: 25 °C - 3.2 l/min 26.3 1.6 2.2 2.4
Test06: 35 °C - 0.7 l/min 37.1 2.4 1.6 1.6
Test07: 35 °C - 2.0 l/min 36.1 1.7 1.9 1.9

This effect is due to the combination of high cells’ heat generation at
low operating temperatures and the high flow rate, which results in elev-
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ated heat dissipation difference from one cell to another. Regarding the
lowest ∆Tmodule and ∆Tcell, 1.2 °C and 0.9 °C are identified respectively
on the Test03 (0.0 l/min and 25 °C). It is worth mentioning that the thermal
dispersion is kept below the advised 5 °C in every test.

These findings show that working at mid-to-high temperatures is de-
sirable to lessen the heat production of the cells. Moreover, low volumetric
flow rates are sufficient for effectively operating thedielectric flowand tab
based BTMS prototype.

The results show lower temperatures than expected on the lumped
thermal model due to its simplifications. The experimental results con-
cord with the need for electromobility and LIB battery correct and secure
performance. However, the duct size effect localised on the duct sizing
optimisation needs further analysis and hypothesis verification. There-
fore, a CFD analysis is conducted, validating the developed 3D model with
theexperimental results of theGeom01andmakingacomparative analysis
with the Geom02.

6.3 CFD Analysis

This section explains the models developed and their use for the
consequent analysis. 3D CFD models are developed for both Geom01 and
Geom02. The mesh independence study is developed for both models,
and the former is validated against experimental data. Finally, both duct
designs are compared under the same performance conditions.

6.3.1 Model Development and Validation

The prototype’s constructional details are simplified to cut down on
computation costs, but they nonetheless give a precise representation of
the temperature distribution inside the module. The computational do-
main only contains half of the BM described in section 6.1 with a symmetry
plane in the lengthwise direction. Hence, as shown in fig. 6.13, six cells
with their corresponding busbars and half of the two top and bottom ducts
for the dielectric flow are included.

The co-simulation model through a FMU is used for the cells’ heat
generation on the CFD (see methodology Section 3.2.3.2), even the
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(a) Geom01 for the CFD model of the BTMS.
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(b) Geom02 for the CFD model of the BTMS.

Figure 6.13: Geom01 and Geom02 designs adaption for CFD models.

symmetry plane is applied. This is possible due to cells being connected
in series, which allows the closing of the electrical circuit on the model.
This model replaces the heat generation associated with the processes
dependent on the internal geometry construction of the cell, hence
representing the battery cells as homogeneous volumes. Nonetheless,
cylindrical-orthotropic thermal conductivity is used, with the radial and
axial thermal conductivity values, obtained from the hot disk transient
plane source experimental technique [183]. Average specific heat capa-
city is also used, experimentally obtained following test methodology in
Section 4.2.3. Those materials and their properties used on the models
are defined in table 6.7.

Table 6.7: Material and element properties used on the CFD model.

Material
Dimensions (x, y, z)

[mm]
ρ

[kg/m3]
Cp

[J/kg·K]
k

[W/m·K]

Cell - ∅=26, l=65 2318.1 1089.6 kaxial= 2.17, kradial=0.434
Busbar Steel 40 x 13 x 0.6 8030 502.5 16.27
Structure PE1000 312.5 x 51.75 x 130.15 930 1800 0.4

A grid refinement study for the geometry, focusing on the fluid volume,
is conducted to guarantee that the model outcomes are independent of
themeshusedduring theCFDanalysis. GCI analysis, basedon theRichard-
son Extrapolation [176] approach is the process used.
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Three different meshes are produced, starting with the Geom01. The
discretisation error is evaluated while comparing the outputs for the
pressure drop ∆p and the convective heat transfer coefficient hconv
on the dielectric fluid duct. Results for the coarse mesh (N1: 1,099,821
elements), the medium mesh (N2: 2,231,507 elements), and the fine mesh
(N3: 9,135,272 elements) can be found in fig. 6.14, with refinement factors
of r21 = 1.26 and r32 =1.6. The three meshes are also depicted in fig. 6.15,
showing the fluid on the duct inlet and the first cell.

Both GCI factors are nearly zero for the pressure drop results and heat
transfer coefficient. The erelative21 = 4.22 % and erelative32 = 0.25 % for
the pressure drop and erelative21 = 2.62 % and erelative32 = 0.82 % for the
heat transfer coefficient, respectively, are the relative errors between the
meshes. These results indicate a clear mesh refinement convergence
tendency. Due to the concordance of mesh components and outcomes,
the medium N2 mesh is chosen.

(a) Convective heat transfer coefficient results. (b) Pressure drop results.

Figure 6.14: Geom01 grid refinement study results.

(a) Mesh N1. (b) Mesh N2. (c) Mesh N3.

Figure 6.15: Different mesh levels of the fluid in the inlet part of the duct for Geom01.
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With theduct updating in Geom02, GCI analysis is doneagain to confirm
the results’ independence from the geometry alteration.

The∆p and hconv are assessed, and the results are shown in fig. 6.16,
for the three meshes used in the study (N1: 2,037,014; N2: 4,114,147; N3:
16,115,061), which have refinement factors of r21=1.26 and r32=1.57. The
three meshes are also depicted in fig. 6.17, showing the fluid on the duct
inlet and the first cell.

The GCI factor for heat transfer coefficient is nearly zero, whereas, for
the pressure drop, low values of GCI21_∆p = 0.46 % and GCI32_∆p =0.17 %
are achieved. ThemediumN2mesh is chosen for the following simulations
based on the results of the convergence tendency analysis.

With the models arranged with adequate meshes, three of the exper-
imental tests previously presented are selected to perform the dielectric
flow- and tab-based BTMS validation process. The model’s response to

(a) Convective heat transfer coefficient results. (b) Pressure drop results.

Figure 6.16: Geom02 grid refinement study results.

(a) Mesh N1. (b) Mesh N2. (c) Mesh N3.

Figure 6.17: Different mesh levels of the fluid in the inlet part of the duct for Geom02.
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temperature change is tested at 15 °C and 35 °C at 0.7 l/min, while the
flow rate change effect is tested at 25 °C at 3.2 l/min. The six cycles used
in the experimental testing are reproduced using the model to verify the
overall thermal performance seen on the prototype.

In fig. 6.18, the experimental (continuous line) and numerical (discon-
tinuous line) temperature evolutions show the validation results for the
three analysed situations. The difference between the experimental and
CFD temperature readings is displayed by the absolute error (eabs [°C]),
which is placed below them. Consequently, the maximum error is 1.92 °C,
while the mean errors for the 15 °C, 25 °C, and 35 °C cases, respectively,
are 0.88 °C, 0.39 °C, and 0.34 °C.

Figure 6.18: CFD model validation of the dielectric BTMS.

The results indicate that the dielectric BTMS model faithfully repro-
duces the phenomena of heat generation and transport on the examined
cycles. It accurately depicts the physical effects of the charging and dis-
charging procedures on the battery temperature. Furthermore, it correctly
describes the various ∆Ttest throughout the multiple test scenarios. As
a result, the battery module and heat management system are correctly
characterised, allowing the use of the CFD model in the subsequent re-
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search.

6.3.2 Performance Comparison of Geom01 and Geom02

The validated model is used for Geom01 and Geom02 design’s thermal
performance comparison. Therefore, the turbulence effect and thermal
performance improvement are considered.

Several cases are simulated using CFD. In that sense, experimental
tests’ charging and discharging conditions are maintained while the cycle
number is decreased. As a result, each case simulates a single cycle com-
posed of a 4C charge and a 1.38C discharge.

This analysis studies four cases with quite similar conditions to the
experimental ones. Three employed 0.7 l/min volumetric flow rates at 15
°C, 25 °C, and 35 °C, named Case-A, Case-B and Case-C, respectively. Fur-
thermore, Case-D at 4.0 l/min and 25 °C is used to examine the impact of
increasing the flow rate. Both geometries are evaluated from the thermal
and hydraulic points of view using the resulting data. Figure 6.19 depicts
the evolution of cell temperature for the Geom01 and Geom02 samples.
Table 6.8 also displays various simulation findings.

Table 6.8: BTMS geometry optimisation analysis results: maximum cycle temperature
(Tmax), maximum thermal dispersion among cells on themodule (∆Tmodule) and inside cells
(∆Tcell), pressure drop (∆p), hydraulic power (Phyd) and hydraulic energy consumption
(Ehyd).

Case

Tmax
[°C]

∆Tmodule
[°C]

∆Tcell
[°C]

∆p

[Pa]

Phyd
[W]

Ehyd
[Wh]

Geom Geom Geom Geom Geom Geom

01 02 01 02 01 02 01 02 01 02 01 02

Case-A: 15 °C - 0.7 l/min 20.1 18.8 2.0 1.7 2.7 3.7 8.3 11.0 9.7e-5 12.8e-5 5.9e-5 7.8e-5

Case-B: 25 °C - 0.7 l/min 29.0 27.9 1.5 1.3 2.0 2.8 7.8 10.1 9.1e-5 11.8e-5 5.6e-5 7.2e-5

Case-C: 35 °C - 0.7 l/min 38.4 37.5 1.3 1.1 1.8 2.4 7.4 9.4 8.7e-5 11.0e-5 5.3e-5 6.7e-5

Case-D: 25 °C - 4.0 l/min 26.9 26.2 0.4 0.4 3.2 3.6 163.5 147.8 10.9e-3 9.9e-3 6.6e-3 6.0e-3

The maximum temperature of the cycle (Tmax) and the maximum
thermal gradient among cells in the battery module (∆Tmodule) can be
seen, followed by the maximum thermal gradient inside the cells (∆Tcell).
Also, the fluid pressure drop (∆p [Pa]) on the duct is used to estimate
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(a) Temperature evolution at Case-A, 15 °C and 0.7
l/min test.

(b) Temperature evolution at Case-B, 25 °C and 0.7
l/min test.

(c) Temperature evolution at Case-C, 35 °C and 0.7
l/min test.

(d) Temperature evolution at Case-D, 25 °C and 4.0
l/min test.

Figure 6.19: Temperature evolution for Geom01 and Geom02 on the duct size optimisation
analysis results.

auxiliary consumption and determine the resulting energy consumption
for pumping dielectric fluid (Ehyd [Wh]). This is assessed using eq. (5.3) as
previously done, which interpolates the power consumption based on the
relationship between the pressure drop and volumetric flow rate over the
cycle time span (t0 - t).

With the implementation of Geom02, the temperature experienced
throughout the cycle has been consistently lower for each case ex-
amined, thereby reducing the highest temperature from 1.4 °C to 0.7 °C.
Furthermore, the temperature associated with the highest∆Tmodule case
has been reduced from 2 °C to 1.7 °C. In comparison, the temperature
associated with the highest ∆Tcell case has increased from 2.7 °C to
3.7 °C. This can be directly attributed to the higher heat transmission
capacity of the modified duct geometry. The findings from the four
examples analysed align with the experimental results documented in
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Section 6.2; specifically, at higher temperatures, there is a decrease in
thermal jump (∆Ttest), much like with high volumetric flows.

As a result of the reduction in duct size and consequent increase in
fluid velocity, there is a notable increase in pressure loss of up to 2.7 Pa
in Geom02. Nevertheless, Case-D shows a different behaviour, as Geom02
has a lower pressure drop than Geom01. This phenomenon can be under-
stood by seeing that the pressure loss curves for flow rate in each geo-
metry cross each other from 2.2 l/min onwards, as seen in fig. 6.20. This
means that the increase in pressure loss concerning flow rate in Geom02 is
slower than in Geom01. Therefore, Geom02 has an advantage over Geom01
when using higher flow rates.

Figure 6.20: Pressure loss evolution over flow rate for Geom01 and Geom02.

However, thepressuredrop results observed in thedielectric BTMSpro-
totype are low, primarily because of the fluid’s low viscosity. This unique
fluid characteristic necessitates relatively low pumping energy than the
energy consumed by the battery module.

Regarding the duct shape changes, its volume is decreased by 79.8%,
which is particularly significant for the system’s energy density reduction
compared to more traditional BTMS.

Finally, it should be noted that if the dielectric BTMS’s cycle is operated
repeatedly, it is necessary to lower the fluid inlet temperature. This would
enable safe repetitionof the fast chargebybringing thecycle-ending tem-
perature down to at least the initial point temperature.
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6.4 Conclusions

This chapter successfully validated theDielectric Flow-andTab-based
BTMS technology by developing a functional prototype and experimental
validation. The design process was effectively carried out, including the
analysis of dielectric fluid selection andduct size optimisation. The exper-
imentally validated CFD model compared different duct geometries during
the simulation stage.

The developed prototype is a reliable testing platform for evaluating
various duct shapes, sizes, and dielectric fluids. The initial design could
be easily adapted to accommodate different duct geometries, as demon-
strated with the Geom02 duct shape, as shown in fig. 6.8, which can be
experimentally validated.

This validation platform is crucial for conducting tests with different
ducts and fluids, as the fluid selection analysis revealed significant dif-
ferences in behaviour among fluids. The selected Novec7200 fluid, with its
extremely low viscosity, allowed for exploring very narrow duct sizes. How-
ever, it was observed during testing that the Novec7200 fluid experienced
challenges with evaporation, particularly at the tested temperatures of 35
°C. Two main factors were identified as the primary causes: insufficient
watertight joints and the fluid permeating through certain plastic materi-
als.

Further analysis and testing with alternative fluids are necessary to
address these issues. The comparison of different fluids through simula-
tion and experimental testing is essential, considering the unique char-
acteristics and challenges associated with each fluid.
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Summary

This concluding chapter presents the key findings of the PhD Thesis and provides a compre-

hensive review of the research objectives and hypotheses. Moreover, future research lines and key

contributions are also underlined.
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7.1 Conclusions

This PhD Thesis addressed the battery thermal management system
improvement investigation for the electromobility application. Focused on
the thermal needs of energy-denser battery packs with fast charge re-
quirements, the research objectives were centred on the development of
an innovative BTMS that would be capable of improving the performance of
electric vehicles bymaintaining the temperature of the battery cells within
a safe operating range. The proposed research offers essential insights
into the development of advanced BTMS to enhance the performance of
electric vehicles and expand their viability as a sustainable transportation
option.

The work posed a hypothesis, which ensures the possibility of im-
plementing a methodology to enhance the selection and development
of an optimal advanced battery thermal management system for high-
performance electromobility applications. This hypothesis has been
corroborated with the process depicted in this document. Cell selection
was performed with an improved methodology focusing on the cells’
thermal behaviour. Moreover, the research explored various thermal
management solutions to develop an advanced BTMS. Dielectric flow and
tab cooling technologies denote noteworthy performance characteristics
among these solutions after being compared under high-performance
conditions against a Cold plate BTMS and a Coldp Plate- and PCM-based
BTMS, showing significant improvement potential on the root perform-
ance indicators such as auxiliary energy consumption, specific energy
and energy density, safety and reliability and overall vehicle range and
efficiency. Consequently, a functional prototype was developed to study
these technologies further and evaluate their suitability in advanced
BTMS designs. The knowledge acquired from this prototype provides
valuable design criteria for optimising and developing the novel dielectric
flow- and tab-based solution.

Therefore, the procedure carried out in this work has accomplished the
main objective proposed; A novel and advanced battery thermal manage-
ment system for electromobility application was successfully developed.
Moreover, the secondary objectives were also satisfactorily fulfilled:

• The effectiveness of the proposed thermal management system in
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accommodating diverse battery pack designs and cell geometries
was evaluated by integrating the solution into two battery modules,
each featuring distinct cylindrical and prismatic cell geometries, re-
spectively. The results demonstrate the system’s robustness and
versatility in maintaining appropriate temperature levels for differ-
ent battery configurations.

• A functional prototypewas developed and tested on a cylindrical cell
battery module to study the proposed thermal management solu-
tion. In addition, a CFD model was created and validated using the
experimental data, enabling further investigation into the system’s
performance.

• To evaluate the performance of the advanced BTMS, a high-
performance electric cycle was employed, featuring a 6C fast
charge and a 130 km/h motorway discharge equivalent to 1.67C.
The results demonstrate the system’s capability to maintain the
battery’s temperature within the optimal range, enhancing its
durability and efficiency during high-demanding applications.

• The advanced dielectric system’s improvement over standard
solutions was numerically compared and assessed. Two reference
systems were incorporated into that process: a standard Cold Plate
BTMS and a Hybrid BTMS.

Some key conclusions of the proposed advanced dielectric flow- and
tab-based BTMS can be obtained from the thesis objective fulfilment.
The first one refers to the results evaluation of the proposed advanced
thermal management system. In contrast, the following three main
conclusions answer the technology selection supporting ideas generated
after the state of the art analysis. The fifth conclusion relates the studied
fluid drawbacks and difficulties that came crossed in this work:

1. Advanced dielectric flow- and tab-based BTMS’s comparison ana-
lysis results over the cold plate, and the hybrid reference systems
showed that the proposed dielectric system has a compelling per-
formance as a promising advanced thermal management solution.
It outperforms the key performance metrics for a high-performance
BEV, is extremely adaptable to various battery module designs, and
possesses important safety and reliability qualities.
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Additionally, compared to the cold plate standard solution, it
delivers comparable thermal performance, keeping the battery cells
within the ideal performance temperature range even throughout
themost difficult tested electric cycle. The expense of the dielectric
fluid is the unique and significant downside. However, the Dielectric
BTMS is the best option in particular situations when superior BEV
efficiency or decreased weight are desired, and the cost is not a
limiting factor.

2. Dielectric flow concept, enhances the efficiency of battery thermal
management by allowing direct contact of the coolant fluid with the
battery cells, eliminating the need for intermediary elements such
as cold plates and thermal interface materials. This innovation
improves heat transfer efficiency and results in a high-performance
BTMS that surpasses the performance of standard or more tradi-
tional systems.

3. Tab-based thermal management concept is an efficient solution for
high-performance thermal management, even if the heat transfer
area is limited, as the usage of the cell’s high thermal conductivity
path is enhanced. This innovative approach can effectively regulate
the temperature of the battery cells and afford high-performance
thermal management.

4. Combination of Dielectric Flow and Tab-Based thermal management
represents an advanced and robust solution for battery thermal
management in high-demanding applications. This approach
gathers the outcomes of both previous hypotheses and results in
a highly efficient battery thermal management system that can
effectively regulate the temperature of high-performance electric
cycles. Moreover, the system offers a reduced specific energy and
energy density, enhancing BEV features and performance. The
combined use of dielectric flow and tab-based thermal manage-
ment is a promising direction for future research in battery thermal
management.

5. The dielectric fluid in this study exhibited a high evaporating rate
during experimental tests due to its boiling point temperature of 76
°C, highlighting the importance of a hermetic thermal management
system design. Additionally, the high cost of the fluid is a critical
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aspect that may limit the standardisation of the proposed advanced
system. Therefore, alternative fluid selection may be of interest
to overcome these drawbacks. However, the lack of suitable low-
viscosity fluids identified during the search process may limit the
results presented in this study if used in the proposed BTMS.

As a general conclusion, this PhD thesis proposes an important al-
ternative to existing thermal management systems through an advanced
dielectric flow- and tab-based BTMS. The proposed system exhibits high-
performance standards for high-demanding electromobility applications,
making it a promising solution for enhancing the features of electric
vehicles and contributing to the development of more sustainable road
transport. The results of this study underscore the significance of battery
thermal management as a critical aspect of electric vehicle design and
pave the way for further research in this field.

7.2 Future Research Lines

The development of the PhD Thesis unveiled some possible future
research lines to deepen the study of the proposed advanced dielectric
flow- and tab-based battery thermal management system.

• Furthermore, integrating the proposed BTMS with other vehicle sys-
tems, such as the battery management system, powertrain, and cli-
mate control, should be considered. A holistic approach to vehicle
thermal management can lead to better overall vehicle performance
and increased range.

• An interesting research line not covered in this work is the de-
gradation analysis of the proposed system. Further research on
the quantification of degradation compared to a standard system
would provide valuable insights into the long-term performance
and durability of the advanced dielectric flow- and tab-based
BTMS. Additionally, investigating the potential effect of tab cooling
and different dielectric designs (fully or partially immersed) on
degradation would be of interest.

• As previously mentioned, the employed dielectric fluid has some
drawbacks, including a high evaporation rate and high cost. Future
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research should focus on analysing other dielectric fluids under
the proposed design or exploring the design requirements for other
more viscous dielectric fluids that could be used in the system.
The potential impact of different fluids on the overall system’s
performance should be evaluated, including their effects on heat
transfer efficiency, durability, and cost.

• To further advance the proposed BTMS, an implementation of an act-
ive control strategy is necessary. This would involve the develop-
ment of control algorithms and integration with the vehicle’s overall
control system. The electric profile used in this work was designed
to meet high-performance needs, but it may not represent a real-
istic driving cycle. Therefore, the active control strategy should aim
to optimise the auxiliary energy consumption by adapting the BTMS
operation to the actual driving conditions. This will help further to
improve the system’s performance and energy efficiency.

7.3 Scientific Contributions, Publications andDissem-
ination Activities

Within the presented research work, several scientific publications
and contributions were made. The list of these publications is provided
below for reference:

EUROPEAN PATENT REQUEST

1. Eneko Gonzalez-Aguirre, Jon Gastelurrutia Roteta and Nerea Nieto
Aguirrezabala. “Electric vehicle battery temperature regulation sys-
tem”. 2023.

INTERNATIONAL JOURNAL ARTICLES

1. Eneko Gonzalez-Aguirre, Jon Gastelurrutia, Mahesh Suresh Patil,
Luis del Portillo-Valdes. “Avoiding Thermal Issues During Fast
Charging Starting with Proper Cell Selection Criteria”. In: Journal of
The Electrochemical Society 168.11 (Nov. 2021), p. 110523. issn:
1945-7111. doi: 10.1149/1945-7111/ac3348.

2. Eneko Gonzalez-Agirre, Hamidreza Behi, Jon Gastelurrutia, Luis
del Portillo-Valdés, Theodoros Kalogiannis, Maitane Berecibar.
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“Implementation of Battery Thermal Management System for
High-Performance Electromobility Application: A Hybrid Cold Plate
and Phase Change Material Approach”. In: IEEE Transactions on
Vehicular Technology (2023), pp. 1–12. issn: 0018-9545. doi:
10.1109/TVT.2023.3305505.

3. Eneko Gonzalez-Agirre, Jon Gastelurrutia, Laura Oca, Luis del
Portillo-Valdés, Leire Erbiti Goienetxe. “Dielectric Flow- and Tab-
BasedBattery ThermalManagement SystemFor EVHighPerformance
Application”. In: Journal of Energy Storage. Under Review

INTERNATIONAL CONFERENCE ARTICLES

1. Eneko Gonzalez-Aguirre, Iñigo Aranburu, Jon Gastelurrutia, Luis Diaz,
Mahesh Suresh Patil, Luis del Portillo-Valdes. “1D Dynamic Thermal
Model Development for a Battery Hybrid Thermal Management
System”. In: 2021 IEEE Vehicle Power and Propulsion Conference
(VPPC). IEEE, Oct. 2022, pp. 1–6. isbn: 978-1-6654-0528-7. doi:
10.1109/vppc53923.2021.9699281.

PRESENTATIONS AND POSTERS

1. Eneko Gonzalez-Aguirre, Leire Erbiti Goienetxe, Jon Gastelurrutia
Roteta, Luis del Portillo-Valdes. “Design Optimisation of Advanced
Dielectric Battery Thermal Management System”. In: 5th Inter-
national Forum on Progress and Trends in Battery and Capacitor
Technologies - Power our Future 2022. 5th - 8th July 2022.
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A
Appendix:

Heat Generation Models

A.1 UDF Lumped Heat Generation Script

The entropic heat coefficient and the internal resistance are defined
as an array. As can be seen in the following code, the entropic heat gener-
ation coefficient is defined as ”Coeftxt”, whereas the internal resistance
as ”Data”.

#inc lude ” udf . h ”
#inc lude < s td i o . h>

#def ine n_CELL 50
#def ine n_DATA 100000

r e a l I D [ n_CELL ] = { 0 } ;
r e a l HEAT [ n_CELL ] = { 0 } ;
i n t I D _ i ;
i n t I D _ s i z e ;
i n t I D_va lue ;

r e a l CURR [ n_DATA ] [ 2 ] = { { 0 } } ;
i n t CURR_i , CURR_j ;
i n t CURR_size_ i , CURR_s ize_ j ;
f l o a t CURR_value ;
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r e a l SOC [ n_DATA ] [ 2 ] = { { 0 } } ;
i n t SOC_i , SOC_j ;
i n t SOC_s ize_ i , SOC_s i ze_ j ;
f l o a t SOC_value ;

f l o a t Coe f t x t [ 1 3 ] [ 2 ] = {
{ 10 . 0000 , −0 .04025 } , { 20 . 0000 , −0 .0377 } ,
{ 30 . 0000 , −0 .02770 } , { 40 . 0000 , −0 .0135 } ,
{ 50 . 0000 , −0 .00958 } , { 55 . 0000 , −0 . 0128 } ,
{ 60 . 0000 , −0 . 09700 } , { 65 . 0000 , −0 .4600 } ,
{ 70 . 0000 , −0 . 32800 } , { 75 . 0000 , −0 .1166 } ,
{ 80 . 0000 , −0 .06260 } , { 85 . 0000 , −0 .03599 } ,
{ 90 . 0000 , 0 .03270 }
} ;
i n t s i z e _ j =13;

f l o a t DATA [ 4 ] [ 9 ] = {
{ 1 . 7 1 , 1 . 6 9 , 1 . 7 0 , 1 . 7 5 , 1 . 7 1 , 1 . 6 9 , 1 . 7 3 , 1 . 9 0 , 2 . 6 9 } ,
{ 1 . 3 9 , 1 . 3 7 , 1 . 3 6 , 1 . 4 1 , 1 . 3 9 , 1 . 3 6 , 1 . 3 7 , 1 . 4 6 , 1 . 7 7 } ,
{ 1 . 2 1 , 1 . 1 8 , 1 . 1 5 , 1 . 2 1 , 1 . 1 9 , 1 . 1 4 , 1 . 1 5 , 1 . 2 3 , 1 . 4 4 } ,
{ 1 . 0 8 , 1 . 0 5 , 1 . 0 2 , 1 . 0 8 , 1 . 0 6 , 1 . 0 1 , 1 . 0 2 , 1 . 0 9 , 1 . 3 1 }
} ;

f l o a t SOCrow [9 ]= {10 , 20 , 30 , 40 , 50 , 60 , 70 , 80 , 90 } ;
r e a l Tcolumn [ 4 ] = { 1 0 , 2 0 , 3 0 , 4 0 } ;
i n t size_m =4;
i n t s ize_n =9;

DEFINE_ADJUST ( I D_ input , d )
{

# i f ! RP_NODE
F I LE * I D _ f i l e ;

#end i f
# i f ! RP_NODE

I D _ f i l e = fopen ( ” I D . t x t ” , ” r ” ) ;
f scanf ( I D _ f i l e , ”%d\n ” ,& I D _s i z e ) ;

f o r ( I D _ i =0 ; I D _ i < I D _ s i z e ; I D _ i ++)
{

fscanf ( I D _ f i l e , ”%d\n ” ,& ID_va lue ) ;

I D [ I D _ i ]= I D_va lue ;
}
f c l o se ( I D _ f i l e ) ;

#end i f
host_to_node_int_1 ( I D _ s i z e ) ;
host_to_node_rea l ( ID , n_CELL ) ;

}

DEFINE_ADJUST ( i npu t_co r r i en t e , d )
{

# i f ! RP_NODE
F I LE *CURR_ f i l e ;
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#end i f
# i f ! RP_NODE

CURR_ f i l e= fopen ( ” CURR . t x t ” , ” r ” ) ;
f scanf ( CURR_f i l e , ”%d\n ” ,& CURR_s ize_ i ) ;

f scanf ( CURR_f i l e , ”%d\n ” ,& CURR_s ize_ j ) ;

f o r ( CURR_i =0; CURR_i < CURR_s ize_ i ; CURR_i ++)
{

f o r ( CURR_j =0; CURR_j < CURR_s ize_ j ; CURR_j ++)
{
fscanf ( CURR_f i l e , ”%f ” ,& CURR_value ) ;
CURR [ CURR_i ] [ CURR_j ]= CURR_value ;
}

}
f c l o se ( CURR_ f i l e ) ;

#end i f
host_to_node_int_2 ( CURR_s ize_ i , CURR_s ize_ j ) ;
host_to_node_rea l ( CURR , (2* n_DATA ) ) ;

}

DEFINE_ADJUST ( input_soc , d )
{

# i f ! RP_NODE
F I LE *SOC_ f i l e ;

#end i f
# i f ! RP_NODE

SOC_ f i l e = fopen ( ” SOC . t x t ” , ” r ” ) ;
f scanf ( SOC_ f i l e , ”%d\n ” ,& SOC_s i ze_ i ) ;

f scanf ( SOC_ f i l e , ”%d\n ” ,& SOC_s ize_ j ) ;

f o r ( SOC_i =0; SOC_i < SOC_s i ze_ i ; SOC_i ++)
{

f o r ( SOC_j =0; SOC_j < SOC_s ize_ j ; SOC_j ++)
{
fscanf ( SOC_ f i l e , ”%f ” ,& SOC_value ) ;
SOC [ SOC_i ] [ SOC_j ]= SOC_value ;
}

}
f c l o se ( S OC_ f i l e ) ;

#end i f
host_to_node_int_2 ( SOC_s ize_ i , SOC_s i ze_ j ) ;
host_to_node_rea l ( SOC , (2* n_DATA ) ) ;

}

DEFINE_SOURCE ( Toshiba_01 , c , k , dS , eqn )
{
# i f ! RP_HOST

r e a l source1 ;

source1 = HEAT [ 0 ] ;
dS [ eqn ] = 0 . 0 ;
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r e tu rn source1 ;

#end i f
}

DEFINE_SOURCE ( Toshiba_02 , c , k , dS , eqn )
{
# i f ! RP_HOST

r e a l source2 ;

source2 = HEAT [ 1 ] ;
dS [ eqn ] = 0 . 0 ;

r e tu rn source2 ;

#end i f
}

DEFINE_SOURCE ( Toshiba_XX , c , k , dS , eqn )
{
# i f ! RP_HOST

r e a l sourceXX ;

sourceXX = HEAT [ 2 ] ;
dS [ eqn ] = 0 . 0 ;

r e tu rn sourceXX ;

#end i f
}

DEFINE_EXECUTE_AT_END ( execute_at_end )
{

# i f ! RP_NODE
F I L E *fp ;

#end i f

r e a l t ;
r e a l CURR_t =0 . 0 ;
r e a l SOC_t =0 . 0 ;

i n t CELL_ i ;
r e a l VOL [ n_CELL ] = { 0 } ;
r e a l TEMP_SUM [ n_CELL ] = { 0 } ;
r e a l TEMP_AV [ n_CELL ] = { 0 } ;
r e a l DUDT [ n_CELL ] = { 0 } ;
r e a l R IN [ n_CELL ] = { 0 } ;
r e a l QGEN [ n_CELL ] = { 0 } ;

f o r ( CELL_ i =0 ; CELL_i < ( I D _ s i z e ) ; CELL_ i ++)

184



“output” — 2023/10/9 — 13:29 — page 185 — #223

A.1. UDF Lumped Heat Generation Script

{
Domain *domain=Get_Domain ( 1 ) ;
Thread *k=Lookup_Thread ( domain , I D [ CELL_ i ] ) ;
c e l l _ t c ;

i n t CURR_k ;
i n t SOC_k ;
r e a l T IME_min =0 . 0 ;
r e a l TIME_max =0 . 0 ;
r e a l CURR_min =0 . 0 ;
r e a l CURR_max =0 . 0 ;
r e a l SOC_min =0 . 0 ;
r e a l SOC_max =0 . 0 ;
r e a l Rin_Tmin_SOCmin =0 . 0 ;
r e a l Rin_Tmin_SOCmax =0 . 0 ;
r e a l Rin_Tmax_SOCmin =0 . 0 ;
r e a l Rin_Tmax_SOCmax =0 . 0 ;
r e a l Rin_T_SOCmin =0 . 0 ;
r e a l Rin_T_SOCmax =0 . 0 ;

i n t l ;
i n t y1 ;
i n t x1 ;
r e a l SOCmin =0 . 0 ;
r e a l SOCmax =0 . 0 ;
r e a l dUdTmin =0 . 0 ;
r e a l dUdTmax =0 . 0 ;
r e a l Tmin =0 . 0 ;
r e a l Tmax =0 . 0 ;

# i f ! RP_NODE
t=CURRENT_TIME ;

#end i f
host_to_node_real_1 ( t ) ;

i f ( t <= CURR [ ( CURR_s ize_ i − 1 ) ] [ 0 ] )
{

i f ( t <= CURR [ 0 ] [ 0 ] )
{

CURR_k = 0 ;
}
e lse
{

CURR_k = 1 ;
whi le ( ( CURR_k < ( CURR_s ize_ i − 1 ) )
& ( t >= CURR [ CURR_k ] [ 0 ] ) )
{

CURR_k ++;
}
CURR_k = ( CURR_k − 1 ) ;

}
T IME_min = CURR [ CURR_k ] [ 0 ] ;
TIME_max = CURR [ ( CURR_k + 1 ) ] [ 0 ] ;
CURR_min = CURR [ CURR_k ] [ 1 ] ;
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CURR_max = CURR [ ( CURR_k + 1 ) ] [ 1 ] ;
CURR_t = ( CURR_min +( CURR_max−CURR_min )*
( t −TIME_min ) / ( TIME_max−TIME_min ) ) ;

}
e lse
{

T IME_min = 0 . 0 ;
TIME_max = 0 . 0 ;
CURR_min = 0 . 0 ;
CURR_max = 0 . 0 ;
CURR_t = 0 . 0 ;

}

i f ( t <= SOC [ ( SOC_s i ze_ i − 1 ) ] [ 0 ] )
{

i f ( t <= SOC [ 0 ] [ 0 ] )
{

SOC_k = 0 ;
}
e lse
{

SOC_k = 1 ;
whi le ( ( SOC_k < ( SOC_s i ze_ i − 1 ) ) &
( t >= SOC [ SOC_k ] [ 0 ] ) )
{

SOC_k ++;
}
SOC_k = ( SOC_k − 1 ) ;

}
T IME_min = SOC [ SOC_k ] [ 0 ] ;
TIME_max = SOC [ ( SOC_k + 1 ) ] [ 0 ] ;
SOC_min = SOC [ SOC_k ] [ 1 ] ;
SOC_max = SOC [ ( SOC_k + 1 ) ] [ 1 ] ;
SOC_t = ( SOC_min +( SOC_max−SOC_min )*
( t −TIME_min ) / ( TIME_max−TIME_min ) ) ;

}
e lse
{

SOC_k = ( SOC_s i ze_ i − 1 ) ;
T IME_min = 0 . 0 ;
TIME_max = 0 . 0 ;
SOC_min = 0 . 0 ;
SOC_max = 0 . 0 ;
SOC_t = SOC [ SOC_k ] [ 1 ] ;

}

# i f ! RP_HOST

beg in_c_ loop_ in t ( c , k )
{

VOL [ CELL_ i ] += C_VOLUME ( c , k ) ;
TEMP_SUM [ CELL_ i ] +=C_T ( c , k )*C_VOLUME ( c , k ) ;

}
end_c_ loop_ int ( c , k )
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VOL [ CELL_ i ] = PRF_GRSUM1 ( VOL [ CELL_ i ] ) ;
TEMP_SUM [ CELL_ i ] = PRF_GRSUM1 ( TEMP_SUM [ CELL_ i ] ) ;

TEMP_AV [ CELL_ i ] = ( TEMP_SUM [ CELL_ i ] / VOL [ CELL_ i ] ) ;

i f ( SOC_t <= Coe f t x t [ 0 ] [ 0 ] )
{

l = 0 ;
}
e lse
{

l = 1 ;
whi le ( ( l < ( s i ze_ j − 1 ) ) & ( SOC_t >= Coe f t x t [ l ] [ 0 ] ) )
{

l ++;
}
l = l −1 ;

}
SOCmin=Coe f t x t [ l ] [ 0 ] ;
SOCmax=Coe f t x t [ l + 1 ] [ 0 ] ;
dUdTmin=Coe f t x t [ l ] [ 1 ] ;
dUdTmax=Coe f t x t [ l + 1 ] [ 1 ] ;

DUDT [ CELL_ i ]= dUdTmin +( dUdTmax−dUdTmin )*
( SOC_t −SOCmin ) / ( SOCmax−SOCmin ) ;

i f ( SOC_t <= SOCrow [ 0 ] )
{

y1 = 0 ;
}
e lse
{

y1 = 1 ;
whi le ( ( y1 < ( s ize_n −1 ) ) & ( SOC_t >= SOCrow [ y1 ] ) )
{

y1 ++;
}
y1 = y1 −1 ;

}

SOCmin=SOCrow [ y1 ] ;
SOCmax=SOCrow [ y1 +1 ] ;

i f ( ( TEMP_AV [ CELL_ i ] −273) <= Tcolumn [ 0 ] )
{

x1 = 0 ;
}
e lse
{

x1 = 1 ;
whi le ( ( x1 < ( size_m −1 ) ) &
( ( TEMP_AV [ CELL_ i ] −273) >= Tcolumn [ x1 ] ) )
{

187



“output” — 2023/10/9 — 13:29 — page 188 — #226

Appendix A. Heat Generation Models

x1 ++;
}
x1 = x1 −1 ;

}

Tmin=Tcolumn [ x1 ] ;
Tmax=Tcolumn [ x1 +1 ] ;

Rin_Tmin_SOCmin=DATA [ x1 ] [ y1 ] ;
Rin_Tmin_SOCmax=DATA [ x1 ] [ y1 +1 ] ;
Rin_Tmax_SOCmin=DATA [ x1 +1 ] [ y1 ] ;
Rin_Tmax_SOCmax=DATA [ x1 +1 ] [ y1 +1 ] ;

Rin_T_SOCmin =( Rin_Tmin_SOCmin −Rin_Tmax_SOCmin )*
( ( TEMP_AV [ CELL_ i ] −273) −Tmax ) / ( Tmin−Tmax )+ Rin_Tmax_SOCmin ;

Rin_T_SOCmax =( Rin_Tmin_SOCmax −Rin_Tmax_SOCmax )*
( ( TEMP_AV [ CELL_ i ] −273) −Tmax ) / ( Tmin−Tmax )+ Rin_Tmax_SOCmax ;

R IN [ CELL_ i ] = ( Rin_T_SOCmin −Rin_T_SOCmax )*
( SOC_t −SOCmax ) / ( SOCmin−SOCmax )+ Rin_T_SOCmax ;

QGEN [ CELL_ i ] = ( pow ( CURR_t , 2 ) )* R IN [ CELL_ i ]/1000+ CURR_t*
TEMP_AV [ CELL_ i ]*DUDT [ CELL_ i ] /1000 ;

HEAT [ CELL_ i ] = ( QGEN [ CELL_ i ] ) / VOL [ CELL_ i ] ;
#end i f

node_to_host_ int_1 ( CELL_ i ) ;
node_to_host_rea l_3 ( t , CURR_t , SOC_t ) ;
node_to_host_rea l_6 ( VOL [ CELL_ i ] , TEMP_AV [ CELL_ i ] ,
DUDT [ CELL_ i ] , R IN [ CELL_ i ] , QGEN [ CELL_ i ] , HEAT [ CELL_ i ] ) ;

# i f ! RP_NODE
Message ( ” C e l l�=�%d\n ” , ( CELL_ i + 1 ) ) ;
Message ( ” Gene ra t ion�=�%f \n ” , QGEN [ CELL_ i ] ) ;
fp = fopen ( ” GEN . t x t ” , ” a ” ) ;
f p r i n t f ( fp , ”%d�%f�%f�%f�%f�%f�%f�%f�%f�%f \n ” ,
( CELL_ i +1 ) , t , CURR_t , SOC_t , VOL [ CELL_ i ] , TEMP_AV [ CELL_ i ] ,
DUDT [ CELL_ i ] , R IN [ CELL_ i ] , QGEN [ CELL_ i ] , HEAT [ CELL_ i ] ) ;

f c l o se ( fp ) ;
#end i f

}
node_to_host_rea l ( HEAT , n_CELL ) ;

# i f ! RP_NODE
Message ( ” Cu r r en t�=�%f \n ” , CURR_t ) ;
Message ( ” SOC�=�%f \n ” , SOC_t ) ;

#end i f
}
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Dielectric BTMS Lumped
Thermal Model

B.1 Lumped Thermal Model for Fluid Selection

The lumped thermal model used on fluid selection analysis follows the
scheme in fig. B.1.

Heat 
Power 

[W]

hconv

Tcell
INSTANT AVERAGE 
HEAT GENERATION

EHC Rin

Heat Generation

CELL HEAT 
TRANSFER

Heat Dissipation

DIELECTRIC 
CONVECTION HEAT 

TRANSFER

FLUID MECHANICS

Aduct

Tfluid

Figure B.1: Dielectric prototype’s lumped thermal model scheme.

189



“output” — 2023/10/9 — 13:29 — page 190 — #228

Appendix B. Dielectric BTMS Lumped Thermal Model

Moreover, the system’s energy balance follows eq. (B.1).

M · Cp ·
∆T
∆t

= Q̇gen – Q̇diss (B.1)

where the left term represents the heat stored on the cell, Q̇gen [W] is
the cell’s generated heat, and Q̇diss [W] is the heat dissipated from the cell
to the fluid by convection.

The energy balance is applied in the stationary situation, where the
temperatures are stabilised, and the heat accumulation on cells is zero,
dissipating all the heat generated on the cells to the fluid.

For the model calculation in the stationary situation suggested, the
processes are related in the following way: the heat generated by the cell
propagates through the cell by conduction (Q̇gen = Q̇cond); this heat is, in
turn, transferred to the fluid by convection (Q̇cond = Q̇conv). Finally, it is
dissipated, depending on the heat capacity of the fluid (Q̇conv = Q̇stofluid ).
With these relations, cells’ core and surface temperatures and the fluid’s
temperature after each cell is calculated.

The following equations and correlations of heat transfer and fluid
mechanics are obtained from Incropera et al. [184]. Thus, the heat flux
transferred through the cell is expressed by the conduction as follows in
eq. (B.2),

Q̇conda = kaxial · Aaxial ·
(T0 – Tsa)
La

(B.2)

where kaxial [W/m °C] is the axial conductivity of the cell, Aaxial [m
2]

the axial surface, T0 [°C] the temperature at the centre of the cell, Tsa [°C]
the temperature at the axial surface and La [m] the distance between the
centre and the top of the cell. Moreover, the convective heat transfer to
the fluid is defined in eq. (B.3),

Q̇conva = hfluid · Aaxial · (Tsa – Tfm) (B.3)

where hfluid [W/m2·K] is the fluid convection coefficient and Tfm [°C]
the average temperature in the fluid, calculated in eq. (B.4), where Tin [°C]
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and Tout [°C] are respectively the temperatures before and after cell’s heat
transfer to the fluid.

Tfm =
Tout + Tin
2

(B.4)

Finally, the heat stored in the fluid can be defined by eq. (B.5),

Q̇stofluid = ṁ · Cp · (Tout – Tin) (B.5)

where ṁ [kg/s] is the mass flow rate and Cp [J/kg·K] its specific heat
value.

These heat transfer calculations allow simulation of the temperature
of the cells as well as the maximum dispersion between them. However, it
is necessary to obtain the convective heat transfer coefficient (hconv) of
the fluid, which will differ according to the temperature, the flow rate and
the hydraulic diameter of the channel.

The hconv can be calculated from the hydraulic diameter of the duct (Dh
[m]), the Nusselt number (Nu) and the conductivity (k) of the fluid, following
eq. (B.6).

Nu =
h · Dh
k

(B.6)

The hydraulic diameter in a rectangular channel, such as the one to be
used in the prototype follows eq. (B.7), where P [m] is the wet perimeter of
the duct.

Dh =
4 · A
P

(B.7)

The Nusselt number is a dimensionless ratio of convective to conduct-
ive heat transfer at a boundary in a fluid. The way to evaluate that num-
ber varies, whether the flow is laminar or turbulent. For this, the Reynolds
number must be first calculated as seen in eq. (B.8),
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Re =
v · Dh
ν

=
ρ · v · Dh

µ
(B.8)

where v [m/s] is the fluid velocity, ρ [kg/m3] is the fluid density, µ [Pas]
is the dynamic viscosity and ν [m2/s] is the kinematic viscosity of the fluid.
In the case of laminar flow (Re < 2300), the Nusselt number is constant for
the same shape of the cross-sectional duct area. These values are shown
in table B.1, where a and b represent the height and width of a rectangular
area, respectively.

Table B.1: Nusselt numbers as a function of channel cross-section for laminar flow.

b/a Nu fReDh
1.0 2.98 57
1.43 3.08 59
2.0 3.39 62
3.0 3.96 69
4.0 4.44 73
8.0 5.60 82
∞ 7.54 96

Triangular 2.49 53
Circular 3.66 64

In the case of turbulent flow (Re ≥ 2300), however, it is calculated by
eq. (B.9), where f is the friction factor calculated with eq. (B.10) and Pr the
Prandtl number.

Nu =

(
f
8

)
(Re – 1000)Pr

1+ 12.7
(
f
8

)1/2 (
Pr2/ 3 – 1

) (B.9)

f = (0.79 · ln Re – 1.64)-2 (B.10)

The Prandlt number evaluated by eq. (B.11) is the ratio of themolecular
diffusivity of the quantity of motion to the molecular diffusivity of heat (α),
which can be calculated following eq. (B.12).
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Pr =
ν

α
=

µ · Cp
k

(B.11)

α =
k

ρ · Cp
(B.12)

Finally, the pressure drop (∆p) produced by the duct can be calculated
to know the energy consumption that would be required to impose each
flow rate in the study using eq. (B.13).

∆pL = f
L
Dh

ρv2

2
(B.13)
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B.2 Script of the Lumped Thermal Model for Fluid Se-
lection

impor t os
impor t numpy as np
impor t pandas as pd
from sc ipy . op t im i ze impor t f s o l v e
impor t math
impor t ma tp l o t l i b . p yp l o t as p l t
from i n t e r p o l i n impor t i n t e r p1
from s t a t i s t i c s impor t mean

d f ana l y s i s=pd . DataFrame ( columns =[ ’ vf_bp [ lpm ] ’ , ’ v f _ l oop [ lpm ] ’ ,
’ v f_channel [ lpm ] ’ , ’ mf_channel [ kg/s ] ’ , ’ modules_ser ies [ − ] ’ ,
’ coo l i ng_ loops [ − ] ’ , ’ channel_he ight [m] ’ , ’ channel_width [m] ’ ,
’ A_channel [m2] ’ , ’ A a x i a l [m2] ’ , ’ Re [ − ] ’ , ’ Nu [ − ] ’ , ’ P r [ − ] ’ ,
’ h_conv [W/m2K ] ’ , ’ T f i [ ºC ] ’ , ’ T fou t [ ºC ] ’ , ’ T ce l l _m in [ ºC ] ’ ,
’ Tce l l_max [ ºC ] ’ , ’ d T c e l l [ ºC ] ’ , ’ dPa [ Pa ] ’ ] )

#########################
#### PARAMETER INPUT ####
#########################

#%%
vf_bp=20 #[ l /min ] t o t a l f low a v a i l a b l e .
modules_ser ies_param =[ 290] #10 , 29 , 58 , 145 , 290

# se lec t −> 2 ,5 ,10 ,29 ,58 ,145 ,290 ## number of modules
( o f 12 c e l l s ) i n se r i e s f o r the coo l i ng loop

Tf i_param =[25 ] #[ ºC ] i n i t i a l ( i n l e t ) f l u i d temperature
channel_height_param = [ 0 . 0 2 ] #[m] channel he ight
channel_width_param =[0 . 0695 ] #[m] width channel
Amu l t i p l a y e r =1

def designDF ( vf_bp , modules_ser ies , T f i , channel_height , channel_width ,
Amu l t i p l a y e r ) :

### IMPORT HFE7200 DATA ###
def read ( ) :

f i l e = ’ HFE7200_data . csv ’
path= ( r ’ C : \ Users \eneko . gonzalez \ OneDr i ve�−�IKERLAN�S . COOP\

��������TES IA \ [ 03 ]�PROIEKTUAK \ [ 03 ]�D IELECTR I C�FLOW\ [ 04 ]�S imu la t i on \
��������[01 ]�Predimentsionamendua ’ )

os . chd i r ( path )
N7200=pd . read_csv ( f i l e , sk ip rows =0 , header =0 , d e l i m i t e r = ’ , ’ ,
dec imal= ’ . ’ )
r e tu rn ( N7200 )

N7200=read ( )
##########################
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############################
### HEAT GENERATION DATA ###
############################

# fs_HG=pd . DataFrame ( data = { ’ T_C ’ : [ 10 ,15 ,25 ,35 ,45 ,55 ,65 ] , #[ ºC ]
# ’ Heat ’ : [ 5 . 2 3 , 4 . 4 6 , 2 . 9 1 , 2 . 4 5 , 2 . 0 0 , 1 . 5 4 ,

1 . 0 9 ] } )
#[W] Fa lse steady Heat generat ion
at 4C charge and 6 .8 C d ischarge

fs_HG1=pd . DataFrame ( data ={ ’ T_C ’ : [ 10 ,15 ,20 ,25 ,30 ,35 ,40 ,45 ,50 ] , #[ ºC ]
’ Heat ’ : [0 .941724138 ,0 .822241379 ,0 .712758621 ,

0 .598448276 ,0 .521551724 ,
0 .442068966 ,0 .362586207 ,0 .285689655 ,

0 . 206206897 ] } )
#[W] Fa lse steady Heat generat ion
at 4C charge and 1 .38 C d ischarge

Nu_laminar=pd . DataFrame ( data ={ ’ b_a ’ : [ 1 . 0 , 1 . 4 3 , 2 . 0 , 3 . 0 , 4 . 0 , 8 . 0 ] ,
# channel width / he ight r e l a t i o n

’ Nu ’ : [ 2 . 9 8 , 3 . 0 8 , 3 . 3 9 , 3 . 9 6 , 4 . 4 4 , 5 . 6 ] ,
’ fRe ’ : [ 57 , 59 , 62 , 69 , 73 , 8 2 ] } )

#[ −] Nusse l t number f o r l am ina r f low

###############
## CELL DATA ##
###############
k_a =2.17 #[W/m·K ] c e l l a x i a l c onduc t i v i t y
r =0.013 #[m] c e l l r ad ius
L=0.065 # [m] c e l l he ight
Aa=math . p i*( r )**2 #[m^2] c e l l a x i a l sur face

######################
## CHANNEL GEOMETRY ##
######################

A_channel=channel_he ight*channel_width
channe l_per imete r = ( channel_he ight*2) + ( channel_width*2)
Dh=(4*A_channel ) / ( channe l_per imete r )

#Aa=math . p i*( r )**2 #[m^2] c e l l a x i a l sur face
## A x i a l sur face f o r heat t r a n s f e r changes depending on the width

of the channel .

i f channel_width >= 0 . 0 26 :
A a x i a l =(math . p i*( r )**2)* Amu l t i p l a y e r #[m^2] c e l l a x i a l sur face

e lse :
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alpha =( np . degrees ( np . a r cs i n ( ( channel_width /2 )/ r ) ) )
Asector =( a lpha*2/360)*math . p i*( r )**2
h_sector= r*np . cos ( np . rad ians ( a lpha ) )
A t r i a ng l e _ sec t o r =channel_width*h_sector /2
As ide= ( ( ( np . sq r t ( ( r*2)**2−channel_width**2))

*channel_width /2) − A t r i a ng l e _ sec t o r )
A a x i a l =(2* Aside+2*Asector )* Amu l t i p l a y e r

################
## FLU ID DATA ##
################

n_ce l l =3480 #c e l l number on the BP
ce l ls_module=12 #ce l l s i n each module
n_module=n_ce l l / ce l ls_module #t o t a l number of modules
c e l l s _ s e r i e s =modules_ser ies*ce l ls_module #ce l l s i n se r i e s on each

coo l i ng loop
coo l i ng_ loops=n_module/modules_ser ies #coo l i ng loops i n

p a r a l l e l , each one wi th
” module_ser ies ” number
of modules i n se r i e s .

v f_ l oop= vf_bp / ( coo l i ng_ loops ) #[ l /min ] f low in each coo l i ng
loop

vf_channel=v f_ loop /2 #[ l /min ] f low in each i n t e r n a l channel −
one channel f o r tab+ of one channel ,
connected i n se r i e s ( t he rma l l y ) w i th
the next

#########################
#########################

##################################################################
#### h_conv − CONVECTIVE HEAT TRANFER COEFF IC IENT CALCULATION ####
##################################################################
def h_ f l u i d ( T f i , Nu_laminar ) :

#####################
##f l u i d p r ope r t i e s ##
#####################

rho = i n t e r p1 ( N7200 . T_C , N7200 . rho , T f i )
#[ kg/m3] FLU ID DENSITY i n t e r p o l a t i o n i n regard
to f l u i d temperature

cp = i n t e r p1 ( N7200 . T_C , N7200 . cp , T f i )
#[ J/ kg ·K ] SPEC I F I C HEAT i n t e r p o l a t i o n i n regard
to f l u i d temperature

k = i n t e r p1 ( N7200 . T_C , N7200 . k , T f i )
#[W/m·K ] CONDUCT IV ITY i n t e r p o l a t i o n i n regard
to f l u i d temperature
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nu = i n t e r p1 ( N7200 . T_C , N7200 . nu , T f i )
#[m2/s ] K INEMAT IC V I SCOS I T Y i n t e r p o l a t i o n i n
regard to f l u i d temperature

alpha = k / ( rho*cp )
#[m2/s ] THERMAL D I F F US I V I T Y

###################
## f low quan t i t y ##
###################

# mf_channel =( v f_ loop*rho )/ (1000*60) #[kg/s ] mass flow − ra te
mf_channel =( v f_channel*rho )/ (1000*60 ) #[ kg/s ] mass flow − ra te
v _ f l u i d = mf_channel / ( rho*A_channel ) #[m/s ] f l u i d f low speed

###########################################
## Reynolds , P r and t l and Nusse l t numbers ##
###########################################

Re = ( v _ f l u i d*Dh ) / ( nu ) # [ ] Reynolds number c a l c u l a t i o n
# Re = 2300

i f Re >=2300:
f = (0 .79*np . log ( Re ) −1 .64)** ( −2)

## ” f ” c o e f f i c i e n t es t imat ion ##

Pr = nu/ alpha
# [ ] P r and t l number c a l c u l a t i o n − k inemat ic

v i s c o s i t y / thermal d i f f u s i v i t y

Nu = ( ( f /8 )* ( Re−1000)* Pr ) / ( 1 + ( 1 2 . 7* ( ( f / 8 )** ( 1 /2 ) ) )

*( P r ** (2/3) −1) )

h_conv = ( Nu*k ) / Dh
#[W/m2·K ] CONVECTIVE HEAT TRANSFER
COEFF IC IENT es t imat i on

e lse :
b_a= channel_width / channel_he ight # channel p ropo r t i ons
Nu = i n t e r p1 ( Nu_laminar . b_a , Nu_laminar . Nu , b_a )
f=Nu_laminar . fRe /Re
h_conv = ( Nu*k ) / Dh #[W/m2·K ] CONVECTIVE HEAT TRANSFER

COEFF IC I ENT es t imat i on
Pr = nu/ alpha # [ ] P r and t l number c a l c u l a t i o n − k inemat ic

v i s c o s i t y / thermal d i f f u s i v i t y

# p r i n t ( b_a )
# p r i n t ( mf_channel )
# p r i n t ( v f_ loop )
r e tu rn ( Re , mf_channel , cp , h_conv , Nu , f , v _ f l u i d , P r )

Re , mf_channel , cp , h_conv , Nu , f , v _ f l u i d , P r =
h_ f l u i d ( T f i , Nu_laminar )
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#### heat func t ions ####
def HeatT rans fe r ( T f i , h_conv , mf_channel , cp ) :
####ad i a ba t i c a l r a d i a l area suppossat ion###

def a x i a l ( p ) :
### va r i a b l e s
# the c e l l i s d i v i ded i n 5 s l i c e s
T0 = p [ 0 ] #cent re temperature
Tsa = p [ 1 ] #Sur face Temperature ( Temperature Sur face A x i a l )
T f f = p [ 2 ] #F i n a l F l u i d Temperature

Tfm = ( T f f + T f i ) /2 #f l u i d mean temperature
T c e l l = T0#Tsa #mean ( ( Tsa , T0 ) ) #C e l l mean temperature

### HEAT GENERATION AND TRANSFER EQUATIONS ###
qgen = i n t e r p1 ( fs_HG1 . T_C , fs_HG1 . Heat , T c e l l )
qconda = ( k_a*Aa*( T0−Tsa ) / ( L / 2 ) ) #a x i a l conduct ion
qconva = h_conv*Aa x i a l *( Tsa−Tfm ) #f l u i d ( channel )

convect ion
qsto f = mf_channel/2*cp*( T f f − T f i ) #f l u i d storage

### HEAT TRANSFER CORRELATIONS ###
eq1 = qconda − qgen/2
eq2 = qconva − qconda
eq3 = qsto f − qconva

r e tu rn [ eq1 , eq2 , eq3 ]

T0 , Tsa , T f f = f s o l v e ( a x i a l , [ 1 ]* 3 )

r e tu rn T0 , Tsa , T f f

#################

#### EST IMAT ING TEMPERATURES ON COOLING ROWS ####
def coo l i ng l oop ( T f i , module_number ) :

#create th ree a r r a ys f o r the temperature r e su l t s
T i n t e r n a l = [ ]
Tsur face = [ ]
T f l u i d f i n a l = [ ]
T f l u i d i n l e t = [ ]

#create th ree a r r a ys f o r the temperature r e su l t s
Reynolds = [ ]
h_convect ive = [ ]
Nusse l t = [ ]
P r and t l = [ ]
massflowchannel = [ ]

# create a r r a ys f o r ce l l , module and row pos i t i o n i d e n t i f i c a t i o n
cel l_num = [ ]
module_num = [ ]
row_num= [ ]
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row=0 #row counter f i r s t va lue
#create r e su l t s dataframe
d f r e s u l t s =pd . DataFrame ( )

# range counter to use on the ” FOR ” loop
modules=range ( module_number )
c e l l s =range ( 6 )

f o r module i n modules :
f o r c e l l i n c e l l s :

Re , mf_channel , cp , h_conv , Nu , f , v _ f l u i d , P r =
h_ f l u i d ( T f i , Nu_laminar )

# run DEF and ca l cu l a t e the heat t r a n s f e r f o r
the s p e c i f i c c e l l number .

T0 , Tsa , T f f =HeatT rans fe r ( T f i , h_conv , mf_channel , cp )
T f l u i d i n l e t . append ( T f i )
T f i = T f f

T i n t e r n a l . append ( T0 )
Tsur face . append ( Tsa )
T f l u i d f i n a l . append ( T f f )
massflowchannel . append ( mf_channel )

Reynolds . append ( Re )
h_convect ive . append ( h_conv )
Nusse l t . append ( Nu )
P r and t l . append ( P r )

cel l_num . append ( c e l l +1)
module_num . append ( module +1)
row=row+1
row_num . append ( row )

d f r e s u l t s [ ’ T i n t e r n a l ’ ]= T i n t e r n a l
d f r e s u l t s [ ’ Tsur face ’ ]= Tsur face
d f r e s u l t s [ ’ T f i ’ ]= T f l u i d i n l e t
d f r e s u l t s [ ’ T f f ’ ]= T f l u i d f i n a l
d f r e s u l t s [ ’ module ’ ]=module_num
d f r e s u l t s [ ’ c e l l s ’ ]= cel l_num
d f r e s u l t s [ ’ row ’ ]= row_num
d f r e s u l t s [ ’ Re ’ ]= Reynolds
d f r e s u l t s [ ’ Nu ’ ]= Nusse l t
d f r e s u l t s [ ’ P r ’ ]= P r and t l
d f r e s u l t s [ ’ mf_channel ’ ]= massflowchannel
d f r e s u l t s [ ’ h_conv ’ ]= h_convect ive

r e tu rn ( d f r e s u l t s )
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d f r e s u l t s =coo l i ng l oop ( T f i , modules_ser ies )

###pressure drop ##
def pressuredrop ( T f i , Nu_laminar , Re , v _ f l u i d ) :

l_channe l =0.2625
Tmeanf lu id=mean ( ( T f i , d f r e s u l t s . T f f [ ( l en ( d f r e s u l t s ) − 1 ) ] ) )
rho = i n t e r p1 ( N7200 . T_C , N7200 . rho , Tmeanf lu id )

#[ kg/m3] FLU ID DENSITY i n t e r p o l a t i o n i n regard
to f l u i d temperature

i f Re >=2300:
f = (0 .79*np . log ( Re ) −1 .64)** ( −2)

## ” f ” c o e f f i c i e n t es t imat ion ##
e lse :

b_a= channel_width / channel_he ight # channel p ropo r t i ons
fRe = i n t e r p1 ( Nu_laminar . b_a , Nu_laminar . fRe , b_a )
f=fRe /Re

dPa= f*( l _channe l /Dh )* ( ( rho*v _ f l u i d **2)/2)
r e tu rn ( dPa )

dPa = pressuredrop ( T f i , Nu_laminar , Re , v _ f l u i d )

data = [ ]
data . append ( f l o a t ( vf_bp ) )
data . append ( f l o a t ( v f _ l oop ) )
data . append ( f l o a t ( v f_channel ) )
data . append ( f l o a t ( mean ( d f r e s u l t s . mf_channel ) ) )
data . append ( f l o a t ( modules_ser ies ) )
data . append ( f l o a t ( coo l i ng_ loops ) )
data . append ( f l o a t ( channel_he ight ) )
data . append ( f l o a t ( channel_width ) )
data . append ( f l o a t ( A_channel ) )
data . append ( f l o a t ( A a x i a l ) )
data . append ( f l o a t ( Re ) )
data . append ( f l o a t ( Nu ) )
data . append ( f l o a t ( P r ) )
data . append ( f l o a t ( h_conv ) )
data . append ( f l o a t ( T f i ) )
data . append ( f l o a t ( d f r e s u l t s . T f f [ ( l en ( d f r e s u l t s ) − 1 ) ] ) )
data . append ( f l o a t ( min ( d f r e s u l t s . Tsur face ) ) )
data . append ( f l o a t (max ( d f r e s u l t s . Tsur face ) ) )
data . append ( f l o a t ( ( d f r e s u l t s . Tsur face [ ( l en ( d f r e s u l t s ) −1 ) ] −

d f r e s u l t s . Tsur face [ 0 ] ) ) )
data . append ( f l o a t ( dPa ) )

d f ana l y s i s . l oc [ l en ( d f a na l y s i s ) ] = data

p r i n t ( ’ v f_bp [ lpm ]�= ’+ s t r ( vf_bp ) )
p r i n t ( ’ v f _ l oop [ lpm ]�= ’+ s t r ( v f _ l oop ) )
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p r i n t ( ’ v f_channel [ lpm ]�= ’+ s t r ( v f_channel ) )
p r i n t ( ’ Re [ − ]�= ’+ s t r ( mean ( d f r e s u l t s . mf_channel ) ) )
p r i n t ( ’ modules_ser ies [ − ]�= ’+ s t r ( modules_ser ies ) )
p r i n t ( ’ coo l i ng_ loops [ − ]�= ’+ s t r ( coo l i ng_ loops ) )
p r i n t ( ’ channel_he ight [m]�= ’+ s t r ( channel_he ight ) )
p r i n t ( ’ channel_width [m]�= ’+ s t r ( channel_width ) )
p r i n t ( ’ A_channel [m2]�= ’+ s t r ( A_channel ) )
p r i n t ( ’ A a x i a l [m2]�= ’+ s t r ( A a x i a l ) )
p r i n t ( ’ Re [ − ]�= ’+ s t r ( mean ( d f r e s u l t s . Re ) ) )
p r i n t ( ’ Nu [ − ]�= ’+ s t r ( Nu ) )
p r i n t ( ’ P r [ − ]�= ’+ s t r ( P r ) )
p r i n t ( ’ h_conv [W/m2K ]�= ’+ s t r ( h_conv ) )
p r i n t ( ’ T f i [ ºC ]�= ’+ s t r ( T f i ) )
p r i n t ( ’ T fou t [ ºC ]�= ’+ s t r ( d f r e s u l t s . T f f [ ( l en ( d f r e s u l t s ) − 1 ) ] ) )
p r i n t ( ’ T ce l l _m in [ ºC ]�= ’+ s t r ( min ( d f r e s u l t s . Tsur face ) ) )
p r i n t ( ’ Tce l l_max [ ºC ]�= ’+ s t r (max ( d f r e s u l t s . Tsur face ) ) )
p r i n t ( ’ d T c e l l [ ºC ]�= ’+ s t r ( ( d f r e s u l t s . Tsur face [ ( l en ( d f r e s u l t s ) −1 ) ] −

d f r e s u l t s . Tsur face [ 0 ] ) ) )
p r i n t ( ’ dPa [ Pa ]�= ’+ s t r ( dPa ) )

r e tu rn ( fs_HG1 , N7200 , d f r e su l t s , d f ana l y s i s )

f o r modules_ser ies i n modules_ser ies_param :
f o r T f i i n Tf i_param :

f o r channel_he ight i n channel_height_param :
f o r channel_width i n channel_width_param :

fs_HG1 , N7200 , d f r e su l t s , d f ana l y s i s=
designDF ( vf_bp , modules_ser ies , T f i ,
channel_height , channel_width , Amu l t i p l a y e r )

B.3 Fluid Thermophysical Data

The fluid data employed in the analysis can be found in the tables be-
low. Hence, table B.2 shows the data for water ethylene-glycol mixture at
50 %, Novec7200 data is shown in table B.3, Fluorinert FC72 data is shown
in table B.4, Envirotemp Ester FR3 data is shown in table B.5, M&I Midel-
7131data is shown in table B.6, and finally, PAO’s data is shown in tableB.7.
Water data is also depicted in table B.8
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Table B.2: Water Ethylene-glycol 50 % mixure’s thermophysical properties.

T
[°C]

ρ

[kg/m3]
Cp

[J/kg·K]
k

[W/m·K]
ν

[m2/s]
µ
[Pa·s]

-30 1089 3088 0.328 4.04e-5 4.40e-2

-20 1087 3126 0.336 2.03e-5 2.21e-2

-10 1084 3165 0.344 1.18e-5 1.27e-2

0 1081 3203 0.352 7.48e-6 8.09e-3

10 1077 3242 0.360 5.10e-6 5.50e-3

20 1073 3281 0.366 3.67e-6 3.94e-3

30 1069 3319 0.373 2.75e-6 2.94e-3

40 1064 3358 0.378 2.12e-6 2.26e-3

50 1058 3396 0.383 1.68e-6 1.78e-3

Table B.3: Novec7200 fluid’s thermophysical properties. [177–180]

T
[°C]

ρ

[kg/m3]
Cp

[J/kg·K]
k

[W/m·K]
ν

[m2/s]
µ
[Pa·s]

-30 1550.2 1148.6 8.48e-2 8.76e-7 1.36e-3

-20 1527.2 1192.5 8.05e-2 7.39e-7 1.13e-3

-10 1504.1 1236.3 7.66e-2 6.28e-7 9.44e-4

0 1481.1 1280.2 7.30e-2 5.45e-7 8.08e-4

10 1458.1 1324.1 6.97e-2 4.73e-7 6.90e-4

20 1435.0 1367.9 6.67e-2 4.19e-7 6.02e-4

30 1412.0 1411.8 6.41e-2 3.78e-7 5.34e-4

40 1389.0 1455.7 6.17e-2 3.42e-7 4.76e-4

50 1366.0 1499.5 5.97e-2 3.15e-7 4.31e-4
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Table B.4: Fluorinert FC72 fluid’s thermophysical properties.

T
[°C]

ρ

[kg/m3]
Cp

[J/kg·K]
k

[W/m·K]
ν

[m2/s]
µ
[Pa·s]

-30 1818.30 967.38 0.063 9.04e-7 1.64e-3

-20 1792.20 982.92 0.062 7.69e-7 1.38e-3

-10 1766.10 998.46 0.061 6.56e-7 1.16e-3

0 1740.00 1014.00 0.060 5.47e-7 9.53e-4

10 1713.90 1029.54 0.059 4.47e-7 7.66e-4

20 1687.80 1045.08 0.058 3.66e-7 6.17e-4

30 1661.70 1060.62 0.057 3.15e-7 5.23e-4

40 1635.60 1076.16 0.056 2.99e-7 4.90e-4

50 1609.50 1091.70 0.055 2.90e-7 4.67e-4

Table B.5: Envirotemp Ester FR3 fluid’s thermophysical properties.

T
[°C]

ρ

[kg/m3]
Cp

[J/kg·K]
k

[W/m·K]
ν

[m2/s]
µ
[Pa·s]

25 917 2028 0.182 5.63e-5 5.16e-2

40 908 2082 0.180 3.27e-5 2.97e-2

60 892 2166 0.178 1.83e-5 1.63e-2

80 880 2259 0.175 1.15e-5 1.01e-2

Table B.6: M&I Midel-7131 fluid’s thermophysical properties.

T
[°C]

ρ

[kg/m3]
Cp

[J/kg·K]
k

[W/m·K]
ν

[m2/s]
µ
[Pa·s]

25 964 1910 0.158 5.51e-5 5.32e-2

40 953 1964 0.156 2.83e-5 2.69e-2

60 940 2052 0.153 1.40e-5 1.32e-2

80 926 2149 0.151 8.11e-6 7.51e-3
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Table B.7: PAO fluid’s thermophysical properties.

T
[°C]

ρ

[kg/m3]
Cp

[J/kg·K]
k

[W/m·K]
ν

[m2/s]
µ
[Pa·s]

-54 863 1926 0.166 9.63e-4 8.31e-1

-40 851 2009 0.164 5.43e-4 4.62e-1

0 814 2135 0.159 1.06e-4 8.62e-2

40 775 2260 0.152 2.08e-5 1.61e-2

100 719 2470 0.144 1.81e-6 1.30e-3

135 687 2553 0.140 4.37e-7 3.00e-4

Table B.8: Water’s thermophysical properties.

T
[°C]

ρ

[kg/m3]
Cp

[J/kg·K]
k

[W/m·K]
ν

[m2/s]
µ
[Pa·s]

0 1000 4220 0.556 1.79e-6 1.79e-3

10 1000 4200 0.579 1.31e-6 1.31e-3

20 998 4180 0.598 1.00e-6 1.00e-3

30 996 4180 0.615 8.01e-7 7.97e-4

40 992 4180 0.629 6.58e-7 6.53e-4

50 988 4180 0.641 5.53e-7 5.47e-4

Table B.9: Mivolt DF7’s thermophysical properties.

T
[°C]

ρ

[kg/m3]
Cp

[J/kg·K]
k

[W/m·K]
ν

[m2/s]
µ
[Pa·s]

-10 confidential
0 confidential
10 confidential
20 916 1907 0.129 1.64e-5 1.50e-2

30 confidential
40 confidential
50 confidential
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