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Anton Lidbeck & Kazim Raza Syed

Department of Energy and Environment

Chalmers University of Technology

Abstract

The performance and lifetime of lithium ion (Li-ion) batteries are highly depen-
dent on the internal operating temperature which makes thermal characterization
of battery cells necessary. Therefore, the main focus of this thesis work was to char-
acterize pouch and prismatic Li-ion cells by designing and conducting experiments
to measure thermal parameters. The specific heat capacity was quantified as well
as the heat conductivity in three dimensions. In addition, the heat generation from
the cells was measured for different load cycles. Subsequently, the determined ther-
mal parameters were inputs in a simulation model to determine the internal peak
temperature of the cell during different load cycles.

The experiments were carried out by using a custom-designed isothermal heat con-
duction calorimeter (IHC). This calorimeter was modified for measurement of indi-
vidual thermal parameters. The modified setup was verified using available sample
materials and subsequently applied for measurements on the Li-ion cells. The heat
generated within the cells was measured for constant current rates and a dynamic
operation cycle.

The through-plane thermal conductivity for the provided pouch cell was measured
to be lower than the in-plane (0.7 W m™' K~! compared to 20-30 Wm™!'K~!). In
addition, the specific heat capacity was measured to be ~ 1100 Jkg ' K=! for a
pouch cell and a prismatic cell. Lastly, the heat generated by the cells was measured
between 10 mW to 30 W.

To conclude, the heat generation and specific heat capacity was measured success-
fully for both the pouch and prismatic Li-ion cell. The methods for thermal con-
ductivity in through-plane and in-plane were utilized for the pouch cell. However,
the proposed methods for thermal conductivities were found to be inapplicable for
prismatic cells due to the conduction through the aluminum casing. Nevertheless,
this opens up opportunities within the thermal characterization of Li-ion batteries.

Keywords: Isothermal, Calorimeter, Specific heat capacity, Thermal conductivity,
Li-ion, Battery, SOC, Pouch cell, Prismatic cell, Tian correction.
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Introduction

The environmental aspects have become vital components in numerous research
areas during the last decade, especially in the automotive industry [1]. Due to car-
bon dioxide emissions from internal combustion engines (ICEs), the electric vehicles
(EVs) have gained popularity [2].

A bottleneck for the electric vehicles has been the energy storage since the petrol
used in ICEs has superior energy density compared to batteries. However, during
the last decade different lithium-ion (Li-ion) battery types have gained ground in
the market [2]. The research within the area of Li-ion technology has increased
in proportion to the usage. The performance and lifetime of Li-ion batteries are
highly dependent on the operating temperature which makes thermal management
of battery packs necessary during operation.

1.1 Background

The heat generation or energy loss within the battery is dependent on the charge
and discharge rates. This generated heat, if not dissipated via a cooling system,
will lead to high internal battery temperatures [3]. Thus, measurement of heat gen-
erated from batteries by using experimental techniques or electro-thermal models
has been an area of interest for electric vehicle (EV) manufacturers. This infor-
mation is needed for sizing the capacity of the battery pack cooling system in the
vehicle. The intent is to keep the system weight as low as possible for prolonging
the vehicle range per charge. However, all batteries generates different thermal heat
losses for operating charging and discharging rates. This can mainly be attributed
to individual manufacturer’s approach to cell component material, geometry and
packaging strategies [3]. Moreover, opening the battery casing to investigate the
internal structure and composition of a cell can be impractical and unsafe.

In addition, the control of many cooling systems is based on measurements of cell
surface temperature which may not be a true indicator of the cell internal temper-
ature [4]. A high internal temperature can lead to decreased cell life time and in
more severe cases, even lead to thermal hazards.
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Therefore, to ensure adequate cooling and prolong the life of batteries, thermal prop-
erties are required by electric vehicle manufacturers. These properties are used in
designing battery thermal models which can be implemented to evaluate the battery
internal temperatures during operation cycles and optimize the cooling system.

1.2 Previous work

In this section, the work carried out in literature on thermal characterization of Li-
ion cells is summarized. The list of work highlights the missing information required
to tackle the issue of battery thermal parameter evaluation. Finally, the motivation
for this thesis work is presented.

Vertiz et.al. have studied the thermal characterization of a large size li-ion pouch
cell based on a 1D electro-thermal model [5]. It is stated that the thermal man-
agement is established by the intrinsic thermal properties like specific heat capacity
and thermal conductivity and the heat generation electro-thermal parameters like
open circuit voltage (OCV), internal resistance and entropic factor (described more
in Chapter 2). The experimental results were compared with the calculated values
using the knowledge of its exact compound specifications and lengths. It was shown
that the measured and calculated values for the specific heat capacity were similar
when using an Accelerating Rate Calorimeter (ARC) which is a type of adiabatic
calorimeter (described in section 2.3.1). For the thermal conductivity a standard-
ized method called guarded hot plate was utilized which resulted in a value three
times lower for the measurement compared to the calculated theoretical value. This
highlighted the error in their theoretical model for calculating thermal conductivity,
which did not account for thermal contact between internal solid layers. However,
this experimental method was not applicable for measurement of in-plane thermal
conductivity. As it can be dangerous to open a cell it is of great interest to find
precise measurement methods to quantify the thermal properties.

Chen et.al. [6] used an isothermal heat conduction calorimeter (IHC) to measure the
heat generation in prismatic Li-ion cells (A123LiFePO,). The aim was to under-
stand the battery characteristics in the best way possible to be able to develop good
thermal management systems for EVs. The calorimeter was designed for prismatic
batteries which tend to loose more heat from front and back faces as they have higher
surface area to thickness ratio. The prismatic battery was placed in direct contact
between two slabs of high density polyethylene (HDPE), both of which are five times
the thickness of battery. This assembly was placed between two aluminum slabs for
strength and placed in an isothermal bath of 50-50 mixture of ethylene glycol-water.
They placed two high accuracy thermocouples, one in each HDPE slab and approx-
imately at a depth equal to the center of the battery. Two additional thermocouples
were placed over each battery surface. The idea behind this setup was to estimate
the heat generated in the batteries from the temperature measurements, assuming
one dimensional heat transfer in the HDPE slab. The electrodes of the battery were
kept above the liquid bath at all times during the experiment. The results had an
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inaccuracy in measurement of the heat generation against a known input heat from
heaters of approximately 20 % for the temperature range -10 to 40 °C in this setup.
In addition to the relatively low accuracy of the heat measurement, the setup failed
to measure any thermal parameter such as specific heat capacity or thermal conduc-
tivity of the Li-ion cell. Hence, the measured heat generation can only be used to
estimate the capacity of cooling system and not estimate the internal temperatures
of the battery.

Viswakarma & Jain [7] carried out experimental measurement of in-plane thermal
conductivity and heat capacity of separator sheets in Li-ion cells using the tran-
sient direct current (DC) heating method. The separator sheet is used in Li-ion
cell construction between anode and cathode sheets to prevent short-circuit and al-
low transfer of electrolyte ions through it. As such, it is an electrically insulating
porous material and has the lowest thermal conductivity among all the material
sheets in the internal stack of a Li-ion cell. The method of measurement was based
on heat transfer through a semi-infinite medium for heat conduction. Thin heaters
and temperature sensors were microfabricated on the surface of the separator sheet
and the thermal response from the DC Joule heating was measured. This mea-
sured temperature response was compared with the theoretical temperature solu-
tion for a semi-infinite medium heat conduction model. The thermal conductivity
was then determined when the experiment had been carried for sufficiently long
time and steady state conditions were reached. Subsequently, from the transient
temperature response, the specific heat capacity was calculated by using the pre-
viously measured thermal conductivity. The measured thermal conductivity for
the separator was found to be (0.5 +0.03)W m™! K and the specific heat capacity
(2480 4 300)J kg~! K~t. However, their experiment was based on a Li-ion separator
sheet only and not the whole Li-ion cell assembly. In order to use these values, the
knowledge of the cell assembly is still required such as number of sheets, number
of rolls and thickness of joint sections. Secondly, the separator sheet material and
thickness used by manufacturers may be different than the one used in their work.

Bazinski & Wang [8] studied the influence of surface temperature and state of charge
(SOC) on thermophysical properties of a Lithium Iron Phosphate (LFP) pouch cell.
The state of charge is an estimate of the available energy capacity expressed as
percentage of a reference capacity which usually is the rated capacity of a new cell
(described more in Chapter 2). Their work was based on using an IHC which com-
prised of a battery sandwiched between aluminum platens acting as heat sinks. The
heat generated by the battery was sensed by heat flow sensors which were placed
between battery and aluminum platens. They concluded that the influence of SOC
on specific heat capacity is very weak and can be neglected for cell modeling. How-
ever, the influence of temperature on specific heat capacity warrants consideration in
modeling. Over full temperature range from —5°C to 55 °C, this property can vary
by 38%. In addition, the increase in current rate of charge/discharge will generate
more heat which will change the temperature of the cell and consequently the spe-
cific heat capacity of the cell will change. The through-plane thermal conductivity
was found to be independent of the temperature across its full SOC range. How-
ever, they did not study the in-plane thermal conductivity and heat generation from
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the Li-ion cell. The values of through-plane thermal conductivity and specific heat
capacity were measured for a Li-ion pouch cell only with a capacity of 14 Ah. The
capacity of the cell will govern the internal configuration and consequently affect its
thermal properties.

Léwen, et.al. [9] worked with an isothermal calorimeter to measure the heat ca-
pacity of liquid and metal samples by using the dynamic correction constant of the
calorimeter. The dynamic correction of isothermal calorimeters is based on the Tian
correction equation (more details are discussed in Chapter 2). The equation corrects
the output signal from heat flow sensors in time domain for a delay due to thermal
mass of material between the source of heat and the heat flow sensor. The value
of the dynamic correction factor signifies the thermal mass of the sample and can
be used for measurement of specific heat capacity of samples. This method yielded
results within an uncertainty of less than 4%. The calorimeter used for measure-
ment had a sample holder cup which was an issue for samples with low conductivity,
especially liquids as compared to metals (see Figure 2.6 ). The advantage of this
method was its simplicity and quick experiment durations. The method, however,
has never been applied for battery heat capacity measurement.

The literature work highlights that the lack of methods for measurement of all the
thermal parameters and heat generation for different current-rates during charging
and discharging, in order to complete the thermal characterization of Li-ion cells.
Moreover, they show variation in thermal properties measured for similar Li-ion
cells which further enforce the requirement of measurement for current Li-ion cells
under consideration. The heat generation also varies as per the configuration of the
cell by the manufacturer and thus has to be measured by using the isothermal heat
conduction calorimeter in the lab.

1.3 Purpose

The purpose of this thesis work is to develop experimental methods using a custom-
made THC, which enable accurate measurement of the heat generation during charge
and discharge for different current-rates and thermal characterization of Li-ion cells.
The methods will be developed to measure thermal parameters such as specific heat
capacity, through-plane thermal conductivity and in-plane thermal conductivity for
Li-ion cells, by suitably modifying the custom-made THC. These parameters can
then be utilized in thermal modeling of Li-ion batteries.
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1.4 Scope

The main focus has been to retrieve the thermal parameters and the heat generated
during charging and discharging operation for different Li-ion cells. In order to do
these experiments, a custom-made calorimeter was provided as well as access to
other equipment and tools in the battery lab at Volvo GTT. The designed methods
have been verified by testing samples of similar thermal properties as expected for
Li-ion cells. The physical size and type of the calorimeter has limited the overall
size to 122mm x 215 mm, and form factor of the Li-ion cell to pouch and prismatic
type for testing. The experiment environment in an ideal scenario should have been
completely isolated from the surrounding, however the allocated experimental area
was affected by lab temperature conditions. In addition, the effect of temperature
on different properties of the Li-ion cells have not been studied and all the results
are based on room temperature conditions of around 20°C. The effect of state of
charge and state of health (age effects) on the thermal parameters has not been
considered in this thesis work as well.

Report structure

In chapter 2, theoretical background is provided on different types of Li-ion cells,
calorimeter devices and their working principles as well as heat transfer equations
which are utilized in the designing of the measurement methods. In chapter 3, the
experimental setup is described in general which includes the general schematic of
the THC setup and measurement-recording devices used during all the experiments.
In addition, the custom-built isothermal calorimeter at Volvo GT'T is described with
its components for better understanding. The heat flow and temperature sensors
are described as well, including the calibration methodology and relative offset mea-
surement between the different temperature sensors. In chapter 4, 5 and 6, the
development of the experimental method for through-plane thermal conductivity,
in-plane thermal conductivity and specific heat capacity respectively are described.
The developed methods are verified by testing on sample materials and the results
are discussed as well in these chapters. They are then applied on Li-ion cells, both
prismatic and pouch type, for measurement of thermal parameters. Moreover, the
heat generated from the cells for applied charge and discharge for different load cy-
cles are reported. Finally, the measured parameters are used in a three-dimensional
cell thermal model for investigating the cell internal temperature during operation.
Chapter 8 includes the main derived conclusions and defines additional future work
within this domain.
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1.5 Environmental & ethical aspects

The development and progress within the battery industry introduces questions
regarding both the environment and ethics. It is therefore important to treat these
aspects in relation to this thesis work.

The rise of EVs and HEVs in the vehicle industry has become an important part
of the automobile market [10]. The electric cars are often referred to as the zero
emission vehicles which have been discussed worldwide for decades. However, as the
technology improves both for the utilization and production the environmental gain
is evident compared to ICEs [11]. Furthermore, as the key-component in the vehicles
is the Li-ion batteries, the upcoming issues regarding the battery life-time have to
be taken care of. To get a sustainable production and utilization of Li-ion batteries
the life-time should be extended as far as possible and the recycling process has to
be improved [10]. The incentives of recycling lithium has been very low until now
since it has been a non-profitable market, but the growing interest in lithium might
change this. In order to extend the life-time of the Li-ion batteries the operating
conditions have to be optimized - which is where the thermal management is of
high importance [5]. Not only would the safety increase if the temperature could be
monitored and regulated, but also the life-time of the Li-ion cells. Thus, the batteries
do not have to be replaced that often, which would result in better utilization of
resources and less negative effects on the environment. Moreover, if the economical
incentives and feasibilities grows even more, the EVs and HEVs would phase out the
traditional ICEs. However, the Li-ion batteries will play a big role both locally as
well as globally in the environmental challenges.

When conducting an experimental thesis work there are always ethical issues to
consider. Here, the IEEE code of ethics are utilized as a reference. Regarding the
first code of ethics in [12] the health, safety and welfare of the public could be affected
by this study. If the results are utilized for thermal management systems in real life
applications it could become both dangerous and costly if they are wrong. Thus,
it is of high importance to establish good thermal parameters so that the thermal
management system can be designed in a good way. The third code of ethics in [12]
was of high concern in this thesis. The claims and results had to be presented in a
honest way and with caution. Thermal experiments are always difficult to control
which introduces ethical decisions whether the results are valid or not and if the
measurement error are taken into account. If only the best results are chosen and
presented this could give an inaccurate picture of how it really was. In addition, the
collaboration between the people involved has made the second and eighth code of
ethics in [12] important as well. The different culture background and also education
have been a benefit rather than a source for unnecessary conflicts.
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Technical background

This chapter provides a technical basis for better understanding of the work. First,
an overview of lithium-ion battery cells is presented. Second, theory of the heat
transfer used in the experimental design and modelling are provided. Last, the
concepts of calorimetry are described.

2.1 Li-ion cells

There are numerous cell configurations available on the market today, with different
forms and materials. The main function of a cell is to convert its contained chemical
energy into electric energy through an electrochemical oxidation-reduction (redox)
reaction [13]. A typical Li-ion cell consists of four major components as is shown in
Figure 2.1.

1. The anode (negative electrode), which consists of an active material that is
attached to a current collector.

2. The cathode (positive electrode), which also consists of an active material that
is attached to a current collector.

3. The electrolyte, which is the ionic conductor that provides a path for the trans-
fer of ions between the two electrodes. Some batteries use solid electrolytes
but it is typically a liquid, such as organic solvents with salts to improve the
ionic conductivity [13].

4. The separator, which is used to separate the electrodes mechanically and
should block direct electron transfer between the electrodes while still main-
taining a good path for the Li-ion transport [14].

In order to determine the standard potential of a cell, the oxidation potential of the
anode and the reduction potential of the cathode are added together. The potentials
for a couple of different cathode materials for Li-ion batteries can be seen in Figure
2.2 as where the potential of each chemistry is related to Li/LiT. It should be
noted that the operational range of LMO (Lithium Manganese Oxide, LiMnsOy)
and NMC (Lithium Nickel Cobalt Manganese Oxide, LiNiCoMnQO,) is limited to

7
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Figure 2.1: The electrochemical operation of a cell during discharge.

around 50 %. This is however not the case for LFP (Lithium iron Phosphate,
LiFePO,) and LTO (Lithium-titanate, LiysTi5015) which can be utilized close to
100 % of their capacity. Regarding the anode material, graphite is widely used today
due to cost and performance aspects but other materials such as LTO are also used.
However, this results in a lower cell voltage which is evident from Figure 2.2.

V] : \Y

N
1
~

[

Potential vs Li/Li*

N
|
N
L

Graphite

[Capacity] 50 100 150 200 250 [mANG]
Specific capacity
Figure 2.2: To the left the potential of a couple of different cathode materials is
shown with reference to Lithium metal [3]. To the right the corresponding specific
capacities for the materials are shown (retrieved from [15]).

Furthermore, the cells are optimized for either energy or power and will have different
characteristics, which is difficult to combine in one cell [3]. Capacity of batteries are
usually measured in Ampere-hours (Ah) and its energy in Watt-hours (Wh) [14].
This optimization is a trade-off that has to be chosen for a specific requirement or
application. The current rate that is used will affect the cell performance greatly
which can be seen in Figure 2.3 where the Ragone plot illustrates the available power
and energy [3]. The property C-rate is the current normalized to cell capacity which
means that 1C corresponds to charge/discharge in 1h and 10C corresponds to 1/10
h [14]. By studying the Ragone plot it is evident that energy optimized cells (in
area E) can only be used for low C-rates and power optimized cells (area P) suffer
in energy content instead. Since the cell optimization is limited to the black line

8
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the point Opt is an unreachable state. Therefore, many cells is found to be in the
combined area E/P [3].

[Wh/kg]

0.001C.0.01C_"01C

Specific energy

>

Specific power [W/kg]

Figure 2.3: Ragone plot for cell optimization of energy (E-area) and power
(P-area). Opt indicates the optimal, but unachievable, state whilst the E/P-area is
a compromise of energy and power.

2.1.1 Cell designs

The three dominating Li-ion battery configurations used for EVs are prismatic,
cylindrical and pouch cells [3]. Their appearance as well as important components
for each design is shown in Figure 2.4.

Prismatic cell

Prismatic cells are typically metal enclosed stacks of alternated electrode layers with
a separator in between as can be seen in Figure 2.4a with capacities typically in the
range of 1-100 Ah. The metal enclosure increase the stability of the cell but also
the weight [16]. The scalability of the cell makes it suitable for both consumer
electronics as well as EV-applications but there are many standard formats and
the final design is dependent on the manufacturer. As the cells can swell due to
malfunction or mistreatment, many prismatic cells are provided with a pressure
vent port to prevent high pressure buildup which can also be seen in Figure 2.4a.

Cylindrical cell

Cylindrical cells are usually made out of long strips of electrodes that are wound into
a cylindrical shape as can be seen in Figure 2.4b. The capacity of cylindrical cells are
typically in the range of 0.5 - 50 A h. In addition, they are encapsulated in hard cases
and often sealed with gaskets which improves the mechanical stability. The wound
structure prevents the electrodes from separating during pressure buildup which
makes the swelling less appreciable. Some cells are also provided with pressure
vents. Cylindrical cell types are used in many different applications due to their fast
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Figure 2.4: The three dominating li-ion cell types with their structure and
composition.

assembly and low manufacturing cost including both consumer electronics as well
as in HEVs and EVs [16].

Pouch cell

Unlike prismatic and cylindrical cells that are usually enclosed in a metal cover, the
pouch cells are enclosed in foil pouches with heat-sealed seams as in Figure 2.4c.
This makes them lightweight but the mechanical stability is poor [16]. The thin cells
introduces the benefit of great stacking possibilities i.e. more efficient space usage
but the risk of swelling cells is imminent and reduces the use in commercialized
products. Thus, since it is not having its own mechanical stability, the surrounding
material has to provide this. Moreover, different cell performance characteristics
can be achieved by the placement of the terminals [3]. A power-optimized cell often
has its terminals on opposite sides of the cell whilst energy-optimized cells usually
have their terminals on the same side as in Figure 2.4c. The capacity of pouch cells
are usually in the range of 0.1 - 100 A h.

10
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2.1.2 Equivalent circuit battery model

In order to understand the working principles and function of Li-ion batteries there
are some parameters that are important to study. A simple model of a battery
can be seen in Figure 2.5 as where the OCV (open circuit voltage) is dependent on
the SOC (state of charge) [17]. The OCV is the voltage of the cell under no-load
conditions and is usually close to the theoretical cell voltage [13]. The SOC can in
turn be explained as the charge state of the battery ranging from 0-100%. More-
over, the internal resistance (R;,;) is the sum of several resistances within the cell,
e.g. resistance in the active electrode materials, ionic resistance in the electrolyte
and interface resistances between the different interfaces inside the battery [3]. This
internal sum of resistances is also dependent on the SOC and gives rise to so called
Ohmic losses. The R;,; causes a voltage drop (IR drop) which is directly propor-
tional to the current through the battery. The terminal voltage (V) of the battery
will therefore be Vi = OCV (SOC) 4+ I - R;(SOC).

I

«—

— .

Rint(SOC)

+

0OCV(SOC) C) Vr

Figure 2.5: Simple battery model with internal resistance.

2.2 Heat transfer

Three dimensional heat diffusion equation in cartesian coordinates [18] can be de-

fined as
0 oT 0 oT 0 oT oT
o (%) * (%) E (’“a) Ta=regy (2.1)

where, k = k(x,y,2) is thermal conductivity [Wm™' K~!] dependent on spatial
coordinates x,y & z, T is temperature at a particular (x,y, z) location within the
body, p is the mass density, ¢, is the specific heat capacity [Jkg™' K], ¢ is the
time and ¢ is the heat generation per unit volume. This equation, often referred
to as the heat equation, provides the basic tool for heat conduction analysis. From
its solution, the temperature distribution T'(z,y, z) can be obtained as a function
of time. The apparent complexity of this expression should not obscure the fact
that it describes an important physical condition, that is, conservation of energy.
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2. Technical background

For example, the term 8% (/{;g—z) is related to the net conduction heat flux into the
control volume for the x-coordinate direction. That is, multiplying by dx gives

8 aT 1 1

with similar expressions applying for the fluxes in y- and z-directions. Equation
(2.1) can be further modified for anisotropic material with properties categorised as
per direction.

0*T 0*T 0*T or
(W)* y(8y2>+ (822>+q ar (23)
For steady state heat transfer and no internal volumetric heat generation, (2.1) now
takes the form 5/ or 5/ or 5/ or
— | k= — | k= — (k=] =0 24
83:( 8x>+8y< 8y>+82< 8z> (24)

This model can be used for measurement of thermal conductivity during steady
state experiments. The experiment design has to ensure that the path of heat flow
is unidirectional so as to neglect other components in other directions.

The heat generation within the cell can be expressed as in [4]

dVocv
dT.,

Qi = I1(V —Vocv) + 1T, (2.5)
where [ is the charge or discharge current (positive for charge and negative for
discharge), Vpocy is the open circuit voltage, V is the cell voltage, d‘fio% is the
entropy coefficient. The first term on the right is the heat generated by cell over-
potential which is irreversible and always positive, whereas the second term is the
reversible entropic heat, which can be either positive or negative dependent on the

direction of current and also the sign of the entropy coefficient.

2.3 Calorimeters and calorimetry

A calorimeter is a device used for measurement of heat. In all calorimeters the
calorimeter vessel (alternatively denoted by some authors as cell, container or calorime-
ter proper) is in very good contact with the sample. Moreover, the surrounding is
often called a shield, environment or thermostat. Some calorimeters can have several
shields to further isolate the calorimeter.

In calorimeters which do not undergo mass exchange with the surrounding, the heat
power equation has been described by Zielenkiewicz & Margas [19] as

dT.(t)

P(t) = G(T.(t) - To(t)) + C—

(2.6)
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where P(t) is heat power, G is heat transfer factor based on Newton’s cooling law,
T.(t) is time varying temperature of calorimeter vessel and Tj(t) is time varying tem-
perature of calorimeter shield or surrounding, AT is temperature difference between
calorimeter vessel and surrounding.

On the basis of (2.6), the calorimeters have been divided into two major groups:

I. Adiabatic calorimeters in which the temperature gradient between the calorime-
ter shield and vessel is zero (AT = 0).

IT. Non-adiabatic calorimeters in which the temperature gradient between calorime-
ter shield and vessel is not zero (AT # 0).

Two subgroups of adiabatic calorimeters can be distinguished:

i. Calorimeter with constant shield temperature Ty(¢). They can be called adiabatic-
isothermal.

ii. Calorimeter where temperature of the shield Ty(t) changes with time. They are
can be called as adiabatic-nonisothermal or simply adiabatic.

In addition, nonadiabatic calorimeters have two subgroups:

i. Calorimeter with constant shield temperature Ty(t) called isoperibol calorime-
ter.

ii. Calorimeter where temperature of the shield Tj(¢) changes with time. An ex-
ample of this type of calorimeter is scanning calorimeters.

The isoperibol calorimeter have a temperature gradient which is stable in time. They
can also be denoted as non-adiabatic isothermal calorimeters [19]. The custom-made
calorimeter in the battery lab at Volvo GTT can be classified in this category of
non-adiabatic isothermal calorimeters.

2.3.1 Isothermal heat-conduction calorimeter

[sothermal operation of a calorimeter is normally defined as where the calorimeter
shield has a constant temperature [20]. A general construction of heat conduction
is shown in Figure 2.6. The sample in the cup (cup used only for liquids) is placed
between two heat flow sensors (called thermopiles). The thermopiles are in direct
contact with heat sinks maintained at a constant temperature. The heat sinks are
usually made from aluminum and has an internal channel for coolant circulation.

In heat conduction calorimetry, the heat flow sensors are of high importance since
they are measuring the thermal power, P = d@Q/dt, generated within the sample.
However, the instantaneous power is generated from measured power by applying
a Tian correction equation [21] (explained more in 2.3.3). The integration of the
thermal power output from thermopiles gives the total heat (). When heat is gen-
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Measuring cup

T

Heat sink

~

Heat sink

N

Thermopiles

Figure 2.6: Principle CAD of an isothermal conduction calorimeter

erated or absorbed in the sample, its temperature rises or falls respectively relative
to stable heat sink temperature conditions. The resulting temperature difference
between sample and the heat sink gives rise to a heat flow through the heat flow
sensors that can be measured. Note that the heat-flow sensors generate a voltage
that has to be converted into the thermal power, i.e. the power is not measured
directly.

2.3.2 Calibration of IHC

The conversion of thermopile voltage output to measured thermal power is done
by a multiplication coefficient called the calibration factor . It is evaluated by
calibrating the output of thermopiles against a known input thermal power.

In order to calibrate an THC either of the two proposed methods, steady-state and
pulse, described in [21] can be used. The two alternatives are shown in Figure 2.7
as where a known heat is released inside the calorimeter (represented by red curve)
whilst the thermopile voltage signal is measured (represented by blue curve). Note
that the voltage signal (blue curve) initially lags the input power (red curve) due
to thermal inertia of calorimeter (described more in section 2.3.3). The baseline in
the curve is the output from the thermopiles under steady conditions when no heat
is being generated in the calorimeter cell. These baselines shifts to higher or lower
levels based on the change in the surrounding temperature of the calorimeter as well
as the surrounding. The voltage output from the thermopiles has to be corrected
for this baseline value in order to measure the contribution from the heat generated
in the sample only.
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The calibration factor € can then be calculated as

P
=15 (2.7)

for steady-state, where U is the baseline corrected sensor voltage and P the input
power. If pulsed calibration are to be used instead the calibration factor is calculated
as

_ P-At
- [Udt

where U is the baseline corrected sensor voltage, At the power pulse duration and
P the input power.

€ (2.8)
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Figure 2.7: Steady state calibration (to the left) where a constant thermal power
is used. Pulse calibration (to the right) where a pulsed power is utilized. The
baseline has to be substracted for both methods.

2.3.3 Thermal output and dynamic correction

The general heat power equation of calorimeters represented previously by equa-
tion (2.6) can be modified for isothermal calorimeters since shield temperature 7y is
constant and independent of time. The difference between calorimeter vessel tem-
perature T.(t) and shield Tj can be represented by a single function 7'(¢). Thus, the
equation changes to

cdzit) L GT() = P() (2.9)
or in the form
CdT'(t) + GT(t)dt = P(t)dt (2.10)

Here it is assumed that the general calorimeter has a temperature sensor as mea-
suring output in 7'(¢) values. If however, the output from the IHC is measured in
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a different physical quantity 5 such that g = T - g where ¢ is the proportionality
constant, then equation (2.9) is modified to

c dpt) G, ..
= 28y Eﬁ(t) — P(t) (2.11)

This can be solved to get values of thermal power in time expressed as a function
of measured output §. Equation (2.11) is referred to as Tian-Calvet equation [19].
The Tian constant 7 can be denoted as ratio of heat capacity C' to heat transfer
factor G and then (2.11) can be modifed to

dp(t) g
T——= t)y=P(t)= = f(t 2.12
2 ) = P = 1) (212
For steady state conditions, the temperature gradient becomes constant and the
output of calorimeter is denoted as [3;. We can then apply this constant to derive a

solution for equation (2.12) as

Bt) =Bl —e7) (2.13)
which is the general solution for the output of a isothermal calorimeter.

In order to evaluate the calorimetric results from the provided THC, there are es-
sentially three different properties that should be considered: the baseline Uy (V),
the calibration coefficient ¢ (W V™) and the time constant 7 (s) [21]. The baseline
and the calibration coefficient are used to calculate the steady state power from the
calorimeter, i.e. to convert the measured voltage into the steady thermal power as

P(t) = e(U(t) — Uo(t)) (2.14)

The Tian constant 7 is coupled to the thermal parameters of the calorimeter mate-
rials and design. It can either be approximated by the steady state fall time (to 36.8
% of initial steady state value from equation (2.13)) or by theoretical calculations
(ration of C and G).

If the output of the provided IHC is in voltage U from thermopiles, the Tian-Calvet
equation (2.11) can be represented by

dU (t)

P.(t)=¢ <U(t) + Tdt) (2.15)

where P. denotes the corrected power for the transient in consideration. This cor-
rection can be applied to the raw output signal as shown in figure 2.8 to correct for
the thermal power.

If the assumption that the calorimetric vessel and the investigated sample are at
the same temperature is not valid, an additional coefficient has to be added. If
the power balance equation for the sample and the power balance equation for the
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«_Input power

Corrected signal

/Raw signal

Thermal power [W]

Time [min]

Figure 2.8: Application of Tian equation to raw signal from a calorimeter

calorimetric cell are combined (see [22] for theoretical details) this results in the
formulation
oU(t)

PC:€ U(t)"i_(Tl—i_TQ)'W—i_(Tl'TQ)'

oU (t)?
55 (2.16)

where the Tian constant is now divided into 7; and 75. Thus, the thermal inertia
of the system can be described by 7 which is coupled to heat capacity and heat
exchange parameters whilst 7, is related to the internal temperature gradients [22].
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3

Experimental setup

This chapter describes the experimental setup of the thesis work. It outlines the
general schematic of IHC connection to sensors, recording equipment and computer.
The construction and calibration of the IHC are also presented here.

3.1 General setup

Volvo GTT had previously acquired a custom-made isothermal conduction calorime-
ter for carrying out measurements of heat generation. The working principle for this
type of calorimeter was explained in section 2.3. The acquired calorimeter had to
be setup before measurements could be carried out.

The general setup for the experiments is as shown in Figure 3.1. A calorimeter with
two sides, labeled A and B, was used to sandwich the sample at the center which
reduces the heat loss from the sample.

M {
PICO GAMRY

Temperatures A Heat Flow Voltage A
Temperatures B ‘ ( Heat Flow Voltage B
Heat- |Side Side | Heat-
sinkA | A | S3MPe 17T Gk

QH Water Reservoir

Figure 3.1: Schematic of experimental setup showing measuring devices and
calorimeter layout
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The CAD schematics for the calorimeter can be seen in Figure 3.2. There are 6 heat
flow sensors [23] mounted on each calorimeter side making it a total of 12 for both
calorimeter side A and B. The heat sink for both side A and B is made from two
aluminum plates which have a water flow channel machined into them. The channel
is sealed when both plates are assembled together, by an O-ring fitted around it.
Moreover, the pressure plates have tension spring holders used to keep the Li-ion
cell in good contact with the calorimeter.

Heat flow sensors

Heat sink

Water cooling

N \1
z.ix

Plastic leg
Pressure plate

Figure 3.2: CAD of the calorimeter assembly made in Solidworks.

The voltage output from both side heat flow sensors are combined to get the final
output of the setup. Voltages are recorded using a GAMRY electrometer [24], which
is presented in section 3.2 along with the other measurement setup. Temperature
sensors of PT100 type were used to sense the change in temperature at different
locations of the calorimeter side A and B. PICO-104 recorders were utilized to
record the data from the PT100 sensors which enabled 8 channels for temperature
measurements in total. In addition, the heat-sinks of the calorimeter were kept at
isothermal temperatures using a large water reservoir and a pump arrangement.
Finally, the calorimeter was surrounded by glass wool insulation to reduce heat
losses to the surrounding.

In the later stages of thesis work, the water reservoir and pump arrangement was
replaced by an isothermal bath system JULABO F25MA, which can regulate tem-
perature around £0.02°C [25]. This modification was made as per availability of
equipment.

3.2 Measurement equipment

The measurement equipment used for monitoring and feeding voltage and current
to the setup was the GAMRY Reference 3000 potentiostat with an auxiliary elec-
trometer. This instrument utilizes four terminal measurement in order to get high
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resolution and accuracy of the measurements. The operating mode used for all the
measurements was the PWR, 3000 which offers the opportunity to read voltage for
selected channels as well as charging with a custom current level. Also, it offers
two different compliance voltage and current settings. Either a higher voltage range
of £30V for a compliance current of £1.5 A or a lower voltage range of £15V for
a compliance current of £3.0 A. In addition, the eight auxiliary channels that are
included for this instrument can measure a + 5V signal superimposed on a common
mode voltage up to £+ 36 V [24]. The used specifications as well as the measurement
uncertainties for this GAMRY instrument can be found in Table 3.1.

For the temperature measurement, platinum resistance thermometers of type PT100
class B 1/3 DIN were used. The principle is that the resistance of the PT100 element
is measured (which should be 1002 at 0°C) and can be linearized within the range
of 0 to 100 °C according to the International Temperature Standard 90 (ITS-90). For
the PT100 sensor a 1°C will cause a resistance change of 0.384 (2 [26]. Therefore,
the chosen method was to use 4-wire measurement in order to eliminate the effect
of the feeding wires. To record and convert the resistance readings from the PT100
sensors the PT-104 temperature data logger [27] instrument with its PICO software
was used. The specifications such as the compatibility and accuracy can be found
in Table 3.1.

Table 3.1: Measurement equipment used in the experimental setup as well as the
measurement accuracies for the different instruments.

GAMRY 3000 Reference

Operation limits +15V;3.0A or £30V; 1.5A
Potential applied accuracy + 1mV +0.2% of setting
Potential measured accuracy + 1mV £0.2% of reading

Current applied/measured accuracy | +5pA 4+ 0.05% of range
+0.2% of value (3A - 3nA)
PT-104 Data Logger

Compatibility Works with PT100 and PT1000 sensors
Accuracy (unit at 23 £2 °C) 0.015°C +0.01% of reading
Resolution 0.001°C
FLUKE 787
Accuracy (40k€2 range) 0.2% of reading + 1 count
(resolution of 0.01 k€2)
Accuracy (400k(2 range) 0.2% of reading + 1 count

(resolution of 0.1k€2)
VERNIER Mitutoyo Digital
Accuracy (length <200mm) + 0.02mm

For the resistance measurements that had to be conducted, a FLUKE 787 instrument
was used. In order to limit the current going through the voltage dividers a higher
resistance was desirable. Thus, the accuracy for the two ranges considered is shown
in Table 3.1.

The last important measurement equipment was the heat flow sensors. The setup
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has 6 thermopile modules on each calorimeter side which utilizes the Seeback effect
to generate a voltage. The Seeback effect is the direct conversion from heat to
electricity at the junction of different wire types. They are attached with their "cold"
side onto the heat-sink in a (2x3) matrix as seen in Figure 3.2 and are coupled in
series to measure the total generated voltage.

3.3 Calibration

The heat flow sensors are used to measure the heat flow in watts while the output
of the sensors is in units of volt. Therefore, it was needed to calibrate the setup and
experimentally evaluate the calibration coefficient. To calibrate the setup, i.e. to
find the conversion factor £ as explained in section 2.3.1, a known input of heat had
to be measured along with the recorded voltage. In addition to the existing setup
a calibration heater was built and adapted to the measurement equipment. Also, a
temperature sensor performance test was conducted.

3.3.1 Calorimeter setup

For the calibration of the calorimeter, i.e. the retrieval of the calibration coefficient
e (see section 2.3.2), the manufactured calibration heater was sandwiched between
the two calorimeter sides as in Figure 3.3. The temperatures were monitored using
the PT100 sensors at particular locations inside the different calorimeter parts. The
locations were inside the heat sinks, the pressure plates and inside the calibration
heater. Hereinafter those sensors will be referred to as Side A/B heat sink, Side A/B
and Cell center. To insulate the setup it was surrounded by glass wool insulation.

Calorimeter
side B

Calibration heater

Calorimeter
side A

Glass wool
insulation

Figure 3.3: Setup for the calibration of the calorimeter with the bidirectional
calibration heater sandwiched between the two sides.
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3.3.2 Calibration heater

In order to both achieve good control of the power dissipated in the calorimeter, as
well as a sample with known properties, a calibration heater was constructed. It
was designed to have similar dimensions as the sample pouch cell (150x100x7 mm)
which resulted in the dimensions 170x120x10 mm. In order to produce heat inside
the calibration heater two silicon rubber heater mats [28], each with rated power
of 15 W, was used. To isolate the two heater mats an isolation foam [29] was used
and were finally encapsulated as a sandwich by two 3mm thick aluminum plates
to enable good contact. The calibration heater can be seen in Figure 3.4 with its
electrical connections.

(a) Heater pads and insulation (b) Aluminum sheet assembly
for the calibration heater with finalized connections

Figure 3.4: The inside and outside of the calibration heater with its heater pads,
insulation and connections.

In order to measure the power produced in the heater mats as accurate as possible,
the actual voltage applied to the heater mat terminals had to be measured. This
was done by soldering the sensing cables onto the feeding cables close to the heater
mat terminals. Since the rated voltage is 12V for each heater mat and that the
GAMRY auxiliary channels can only measure a voltage difference of + 5V, voltage
dividers were needed. These voltage divider circuits were constructed so that the
whole range of 12V could be mapped onto 0-5V. The chosen resistors in the series
connection had the values 24 k2 and 51 k€ respectively as where the sensing cables
from the GAMRY was probing the difference over the smaller of the two. This
resulted in a maximum voltage of 3.84 V according to

Ry
Vawe = Vaer 05— = 12|V
v R, 2

24 [k
51 [k + 24 [kQ)]

= 3.84[V] (3.1)
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where V., is the voltage input to the GAMRY auxiliary channels, V,; is the actual
voltage applied on the heater mat, R; is the resistor which is measured across and
R5 is the high value resistor.

3.3.3 Calibration constant

The calibration was performed at three different power levels: 0.184 W, 1.65 W and
4.59 W. This was done to investigate the variation of calibration constant with input
power. Moreover, if higher power levels would have been used that would start to
heat up the thermal bath used for the calibration. The second run at 1.65W is
shown in Figure 3.5 to visualize how the system behaves during a measurement. It
can be seen that the heat flow sensor voltages on calorimeter side A and side B are
overlapping and have a maximum deviation of 0.6 % from each other. In addition,
it is evident that the temperatures of the heat sinks do not increase significantly
during the pulse and consequently returns to their initial value at the end of pulse.
The final calibration results of the setup can be seen in Table 3.2 where the three
specified power levels were used. It can be seen that the values of € are not dependent
on the power level and are not deviating much. Also, the average values for the two
different sides are very similar which makes the total average value more trustworthy.
In addition, the measurement uncertainty was calculated to 2.4 % and the derivation
can be found in Appendix A.1.

. 19 . .
Cal side A ——Side A
80t —Cal side B i —Side A heat sink
—Side A + Side B . —Side B
. cQ —— Side B heat sink
=60t .18.57 Cell center
E o
© =
g 401 g
= o
2 E 18}
G
20
0 ' ‘ ' 175 —_—
0 1000 2000 3000 500 1000 1500 2000 2500 3000 3500
Time [s] Time [s]
(a) Heat flow sensor voltages (b) Temperature readings

Figure 3.5: The heat flow sensor voltages as well as the temperature readings for
the calibration with 1.65 W. Note that some signals are overlapping.

Even if the results were consistent the insulation of the setup could be improved.
The glass wool is keeping most of the heat inside but there is still some heat loss to
the surrounding.
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Table 3.2: Measurement values from the steady-state calibration tests. The inde-
pendent values for both the A-side and the B-side as well as the sides combined is
shown with their average values and standard deviation.

e WV
Power | A-side  B-side Total
0.184 W | 17.585  17.760 17.672
0.184 W | 17.559  17.556 17.558
1.66W | 17.466  17.492 17.479
1.6bW | 17.653  17.692 17.672
4.59W | 17.610 17.655 17.633
4.59W | 17.756  17.492 17.622
Avg 17.6048 17.6078 17.6060
o 0.097 0.110 0.076

3.3.4 Validation of calibration constant

In order to validate if the calibration factor was working properly it was necessary to
estimate the power from a known input. This means that the power was to be back-
calculated from the heat flow voltage measurements. As the actual input power was
known the comparison between the back-calculated power (using e = 17.606 WV 1)
and the actual power is shown in Figure 3.6. The maximum deviation from the actual
input power during steady state was &~ 0.6 % and the two baselines before and after
are close to the same values. In addition, the sensitivity is highlighted in Figure 3.6
to show that the calorimeter is able to measure power levels down to &~ 10 mW.

0.61% Actual input power
0.8 error Measured power
06}
=
o
> 0.4
o
o
0.2} ~10 mW
sensitivity
0 (J
0 1000 2000 3000
Time [s]

Figure 3.6: Measurement of the output power based on calibration constant.
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3.4 Temperature sensors

Measurement of the thermal parameters for different cells is dependent on the differ-
ential temperature readings of the PT100 sensors and not the absolute temperatures.
Therefore, a performance study of the PT100 sensors had to be conducted. A copper
plate with stainless steel clamps was utilized. The setup can be seen in Figure 3.7
as where the copper plate was then submerged in water while the PT100 sensors
were kept just above the water level ensuring dry working conditions.

Figure 3.7: PT100 comparison setup where the copper plate was submerged in
water whilst the sensors were kept in the air.

The high thermal conductivity of the copper plate ensured that the sensors were
subjected to the same temperature. The outcome of this study was to evaluate
the offset and the gain when comparing the PT100 sensors at different temperature
levels. The temperature levels were maintained by utilizing a Lauda E100 immersion
circulation thermostat [30]. The result of the study can be seen in Figure 3.8 for
different temperature levels.

| [—st
61|,
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(a) Temperatures for the 6 PT100 (b) Zoomed in temperature sensor data
sensors over the range of 18-27°C to see the offset levels

Figure 3.8: Temperature sensor calibration for different temperature levels.
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In Figure 3.8b it can be onserved that there is an offset for the S6 sensor whilst
the other sensors lies within 0.1°C. In addition, there is gain for each individual
sensor which makes them diverge for rising temperature. It can be noted as well
that the Lauda E100 thermostat is not able to keep the water bath at a particular
temperature as the overall temperature of the bath is increased.

The study was helpful in selection of PT100 sensors with similar performance char-
acteristics (showing negligible offest or gain) for measurement of differential tem-
perature in thermal properties measurements.
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4

Measurement of through-plane
thermal conductivity

This chapter describes the method development for the measurement of through-
plane thermal conductivity. The method was validated by carrying out measure-
ments on sample materials. The results of the measurements are presented at the
end of the chapter.

4.1 Method development

The thermal conductivity of a prismatic or pouch type cell can be categorized into
three components: through-plane (z-direction), in-plane horizontal (x-direction) and
in-plane vertical (y-direction).

The initial experiment setup was designed from the general setup by modifying it as
shown in Figure 4.1. The calorimeter side B was removed and the setup was insulated
from the environment on that side to force heat along the z-direction towards the
heat sink A. This reduced the experiment time as well. This uni-directional heat
flow was aided by insulating the whole setup, thereby restricting the heat flow in
x- and y-direction. The one dimensional steady state heat conduction equation can
be derived from the general three dimensional heat conduction equation (2.4) by
assuming constant heat flux boundary condition as

q oT

=k, — 4.1
Agy 0z (4.1)
where, k.= through plane thermal conductivity (Wm™'K™!), q= heat flux (W),
A,y = cross section area (m?), z= through plane thickness of sample (m).

The temperature drop across the thickness of the sample was to be measured with
PT100 sensors which have a finite thickness (including the wires). Therefore, the
sensors could not be sandwiched between sample and pressure plates without cre-
ating an air gap.

The initial concept of the temperature measurement was based on utilizing two
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aluminum plates of 3mm thickness and same cross-section area (x-y plane) as the
sample. Those were then used to sandwich the sample. In addition, a channel
was machined up to the center in both plates which is illustrated in Figure 4.1.
The depth of the channels was such that the PT100 sensors (along with connecting
wires) can be accommodated completely within the channel. These two plates along
with sensors were then stacked on both sides of the sample and then mounted in the
calorimeter. The idea was that each PT100 would be able to measure the surface
temperature of the sample on both sides.

A sample made from an acrylic glass sheet of 2mm was fabricated which had an
isotropic thermal conductivity of 0.19 Wm~' K~!, which is in the order of the ex-
pected Li-ion battery through-plane thermal conductivity value (<1 W m™'K™!).
However, the expected temperature drop was not obtained. One of the possible
reasons could be that the heat flow through the sample area was dominantly along
the z-direction and the PT100 (along with wire) was itself offering a high resistance
path for the heat to flow.

Temperature
sensors

Calorimeter

side A / Calibration heater

Sample

(a) Experimental setup (b) Milling of channnel
Figure 4.1: Initial concept for through-plane conductivity measurement

This issue was overcome by fabricating plates made from aluminum of similar cross-
section area (x-y plane) as the sample and thickness 0.5mm (z-direction). The
PT100 sensor was then be mounted on a small extension from each aluminum plate
as shown in Figure 4.2. The PT100 sensors were placed close to the sensing area of
plates and secured with ties to the extension so as to prevent displacement during
handling. The method was again applied for acrylic glass samples for validation of
the method.

4.2 Validation

The experiment was carried out for an acrylic sheet of cross-section area 0.015m?,
thickness 2 mm and repeated for a sandwich of 3 sheets (6 mm in total). The setup
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(a) PT100 sensors mounted close (b) Assembly with sample
to the sensing area

Figure 4.2: Fabricated temperature sensing plates from 0.5 mm thick aluminum

assembly can be seen in Figure 4.3.

Temperature

Calorimeter sensor plates

side A Calibration heater

\ .....

(a) Schematic for measurement of (b) Actual picture of setup
through-plane conductivity shown from the side

Figure 4.3: Through plane conductivity experiment

The heat flow as well as the temperature difference over the sample stabilizes after
sufficiently long time as can be seen in Figure 4.4. The time to reach steady state
is dependent on the specific heat capacity of sample and will vary between different
sample materials. The results of the test by utilizing (4.1) are shown in Table 4.1.
The presented power levels are based on application of constant current levels (0.5 A
& 0.7 A) to the heater. However, the represented value is the converted steady state
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voltage sensed by the heat flow sensors during the experiment and not to be confused
with applied power to the heaters. The measurement uncertainty for this method
was calculated to be £3% and is shown in Appendix A.2.
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(a) Heat sensor voltage (b) The temperature drop over the
sample

Figure 4.4: Measurements of the through-plane conductivity of sample

Since each experiment takes significant time for completion, the number of tests on
the sample were limited. Another issue faced by prolonging the experiment was that
the cooling arrangement of pump and water reservoir began to see an increase in
temperature (~0.1°C), as the experiment was continued for sufficiently long time.
The results from the experiments were acceptable to validate the method. This
method of testing was utilized for measurement on Li-ion cells.

Table 4.1: Through-plane conductivity experiment for reference material (i.e
Acrylic glass with isotropic £ = 0.19 Wm~1 K1)

Sample Power [W] | AT [°C ] | k. [Wm™ K] | Error
Acrylic glass sheet 2.21 1.34 0.219 15.2%
Acrylic glass sheet 4.36 2.62 0.222 16.8%
Acrylic glass sandwich 2.04 3.89 0.206 8.4%
Acrylic glass sandwich 3.98 7.35 0.213 12.1%
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Measurement of in-plane thermal
conductivity

In-plane conductivity measurements were conducted by utilizing only one of the
calorimeter sides. Firstly, a heater configuration was constructed. Secondly, a new
heat flow sensor configuration was assembled to measure the heat flow. Thirdly, the
new sensors were calibrated (i.e. retrieval of new €). Then the method was optimized
for good accuracy. Lastly, a modular setup was constructed so that different samples
and batteries could be measured more easily. The experiments were carried out both
for the x-and y-direction.

5.1 Method development

In Figure 5.1 the initial design for the in-plane conductivity measurement is visual-
ized. Note that the CAD is for the y-direction measurement but the x-direction is
similar with a 90° shift of the sample.

Insulation foam Added heat flow
sensors

Copper tape

Sample

:kTemperature

Heaters sensors

v
2

Figure 5.1: CAD schematics of the initial setup of the y-direction in-plane
conductivity measurement
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5. Measurement of in-plane thermal conductivity

In order to replicate the design the different components such as a heater configu-
ration, a heat flow sensor arrangement and a temperature sensor composition had
to be designed and manufactured.

5.1.1 Heater configuration

For the in-plane conductivity experiments a new heater configuration was needed
in both x- and y-direction. The heat should now be uniform but localized to a
certain part of the sample or battery. Also, in order to measure the input power
in an accurate way, four-wire measurements of the voltage were utilized similarly
to what was described in section 3.3.2. Three heater mats with the dimensions
25 x 50mm and nominal power 1.25 W were used for the y-direction and only two
for the x-direction. They were mounted on 3mm thick aluminum pieces with the
dimensions 25 x 150 and 25 x 100 respectively in order to spread the heat uniformly.
The configurations can be seen in Figure 5.2 with their placement and the electrical
connections.

(a) Heater configuration for the (b) Heater configuration for the
in-plane x-direction with two in-plane y-direction with three
heaters heaters

Figure 5.2: Heater configurations for the in-plane conductivity measurements.

The heater mats nominal voltage were same as for the calibration heater, 12 V, which
meant that voltage dividers had to be utilized to map the voltage. Two different
high precision resistors were used to construct each voltage divider. Slightly different
values were used compared to the previous voltage divider (see section 3.3.2) which
resulted in the following mapping voltage for each heater mat:

24.9 [k
511 [k + 24.9 [kS)]

Ry

V:zux = ‘/ac e —
"Ry + R,

12]V] =3.93[V] (5.1)
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5. Measurement of in-plane thermal conductivity

5.1.2 Heat flow sensor configuration

In order to measure what heat that actually transferred through the sample a new
heat flow sensor configuration had to be constructed. A 3 mm aluminum piece was
used as backing and the heat flow sensors were put with their hot side against the
sample and the cold side against the calorimeter pressure plate. The three sensors
were then series connected before mounting them with a thermal pad onto the
aluminum as can be seen in Figure 5.3a. This heat flow sensor arrangement was
utilized for both x- and y-direction.

(a) Heat flow sensor (b) Photo of the actual
configuration utilized for both x- calibration setup.
and y-direction.

Figure 5.3: The new heat flow sensor configuration as well as the setup during
calibration of the sensors.

Since this was a new configuration of heat flow sensors a calibration had to be
conducted. The y-direction heater (described in section 5.1.1) was attached di-
rectly onto the heat flow sensor arrangement which in turn were attached onto the
calorimeter pressure plate as can be seen in Figure 5.3b. In order to control the
conditions from time to time and improve the insulation of the setup a new glass-
wool insulated box was constructed. After putting the setup in the insulated box
the sensors were calibrated with two different currents: 0.061 A and 0.081 A which
corresponds to 1.3 W and 2.16 W respectively. By utilizing the calibration concept
in 2.3.1 the new calibration constant €5 could be calculated to 17.382 W V~! and
17.381 W V! respectively (see Table 5.1).

Table 5.1: Measurement values from the steady-state calibration tests for the new
heat flow sensors.

Power [W] | &5 [WV]
1.3 17.382
2.16 17.381
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5. Measurement of in-plane thermal conductivity

By having the setup inside the insulated box it was seen that the variation from time
to time as well as the input power did not affect the calibration factor significantly.
In addition, by comparing the new calibration factor with the previous one (see
section 3.3.3) the difference is comparably small which indicates good and repeat-
able calibration conditions. Hence, the two different power levels were considered
sufficient for retrieval of the new calibration constant.

5.2 Fixed setup

Similarly as for the through-plane conductivity in chapter 4 the one dimensional
steady state conduction equation (4.1) was used. Therefore, both the temperature
difference and the distance between the temperature sensors were critical for good
estimation of kj,_piane. The experiments were carried out for a reference sample
made from Stainless steel (Grade 304L with length x width x thickness: 151mm x
102mm x 2 mm respectively). The grade SS 304L has an isotropic thermal conduc-
tivity of 14.76 Wm~' K~! as given in [31]. Stainless steel was chosen since it would
result in a few degrees in temperature difference. The alternatives were aluminum
(resulting in a fraction of a degree) or acrylic glass (resulting in several hundred
°C). Moreover, since the temperature measurement on a discrete point of the sam-
ple would not have be representative for the full length the initial setup (see Figure
5.4a) had copper tape wound around the sample. The PT100 sensors were then
taped at the edge of the sample in contact with the tape. Short aluminum strips
were also added for better mechanical strength.

(a) Photo of the prepared sample with ~ (b) Photo of the setup inside the new
copper tape to spread the heat for the insulation box. The lid is not visible but
PT100 measurement on the edge. is also insulated with glass wool.

Figure 5.4: Photos of the initial setup for the in-plane conductivity
measurements.

Finally, the experiment was conducted as per the CAD schematics in Figure 5.1.
When the sample had been mounted and put in the insulation box (see Figure 5.4b)
the in-plane conductivity could be calculated from the measurement data. The re-
sulting conductivity for an input power of 2.16 W was 15.3 Wm ! K~! which was
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5. Measurement of in-plane thermal conductivity

close to the reference value of 14.76 with an error of 3.8%. However, the modularity
and preparation time were practical issues. It was realized that the issue of repeat-
ably placing the tape and PT100s at the exact distance would be to impractical
for applying on actual battery cells. Also, the time for making the initial assembly
was to long. Therefore, a modular setup that preferably would achieve the same
accuracy, had to be designed and manufactured.

5.3 Modular setup

In order to overcome the obstacle of being impractical and non-repeatable, an ar-
rangement similar to the CAD schematics in Figure 5.6a was the new aim. Firstly,
it was desirable to keep the two temperature sensors at a certain distance. This was
achieved by manufacturing two thin bars with 20 mm long spacers and attach the
sensors at a known position onto the bars. Secondly, as the temperatures should
represent the whole width of each bar and not only discrete points, a heat-spreading
copper tape was applied onto each bar. The arrangement can be seen in Figure 5.5a.

(a) One of the two temperature (b) Temperature arrangement

sensor bars with the PT100 attached to the stainless steel
positioned at the edge. sample.

Figure 5.5: Temperature sensor arrangements as where the heat spreading copper
tape is visible in the single sensor bar photo (a) and the final sample assembly (b).

In addition, the heat sensors were glued onto the insulating foam backing and tight-
ened with ties to get better stability. The two bars were then used to clamp the
PT100 sensors onto the sample as in Figure 5.5b.

By fastening all the components with screws and bolts it was possible to make
changes more easily and to utilize for different samples. Moreover, in order to be
sure that most of the heat would be transferred through the sample it was desired
to have an airgap between the heater side and the calorimeter. The modular setup
was designed so that an airgap of 2mm (see Figure 5.6b) was obtained and that
the only part in contact with the calorimeter would be the heat flow sensor arrange-
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Added heat flow
sensors

~ .\ Temperature

sensors

Y
2l
L ' ‘
(a) CAD model of the in-plane (b) Photo of the actual setup
experiment for y-direction which also indicates the
airgap.

Figure 5.6: Experimental setup for the in-plane conductivity measurements.

ment. Finally, the measurement data could be retrieved and is shown in Figure 5.7
for an input power of 1.3W. It can be seen that steady state was achieved after
approximately 3 h.

Heat flow [W]
Temperature [°C]

0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5

Time [h] Time [h]
(a) Measured heat flow from the new  (b) Temperature difference between the
heat flow sensor arrangement. PT100 by the heater and the PT100 by

the heat flow sensors.

Figure 5.7: The heat flow rate as well as the temperature difference for the
measurement of stainless steel.

With the new cross-section area (compared to through-plane conductivity) of 2 x
151 mm and the achieved heat flow and temperature difference curves the in-plane

conductivity could be calculated. The results of the experiments are summarized in
the Table 5.2.
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5. Measurement of in-plane thermal conductivity

Table 5.2: In-plane conductivity experiment for reference material (i.e SS 304L
kiso = 14.76 Wm~! K™!) with a calculated measurement uncertainty of 3.3 %.

Power [W] | k, [Wm™ 'K~ | Error
1.32 14.47 2.0 %
1.32 14.58 1.2 %
2.16 14.82 0.4 %
2.16 14.76 0.0 %

Since the stainless steel sample is isotropic it was unnecessary to validate the method
in x-direction as well.
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5. Measurement of in-plane thermal conductivity
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Measurement of specific heat
capacity

This chapter describes the method development for measurement of specific heat
capacity. Several approaches were attempted, such as a dynamic method, before
converging onto preferred method of absorbed heat measurement. The validation
results of this method are presented at the end of the chapter.

6.1 Method development

Several methods were investigated for the measurement of specific heat capacity.
Most of them were based on adiabatic conditions during the experiment and apply-
ing a known amount of heat while measuring the temperature rise of the sample.
However, it was found to be very difficult to isolate the system completely from the
ambient temperature fluctuations.

6.1.1 Dynamic method

A significant challenge in the experimental setup design as per theory for specific
heat capacity was to restrict heat losses while the material shows a temperature
response. Therefore, this theoretical approach to experiment design was changed as
per the IHC response to heat input.

The use of an isothermal conduction calorimeter for measurement of specific heat
capacity has been investigated by Lowen et al.[9]. The methodology for calculation of
the specific heat is based on measurement of the first time constant of the calorimeter
71, from a two time constant dynamic correction (see (2.16)). This first time constant
was measured for three cases: calorimeter without any sample (denoted as 79), a
known reference material in the calorimeter (denoted as 7,.; and the experiment
sample (whose specific heat capacity is to be measured, denoted as 7.;,). The
specific heat capacity for the sample material was evaluated as per Equations (6.1)

to (6.3).
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6. Measurement of specific heat capacity

ATref = Tref — 70 and ATEZ’p = Texp — 70 (61)

A re A ex:
At = rel and AT, Teop (6.2)
Myef Mexp
AT,
Cp,e:pp = Cp,ref : AT:e; (63)

where, A7, is the difference between the first time constant of the known reference
material and the calorimeter, m,., is the mass of known reference, Ar.,, is the
difference between the time constant of the experiment sample and the calorimeter,
Megp 1s the mass of the sample.

For this experiment, the reference sample was fabricated from an aluminum sheet
(3 mm thickness) of known specific heat capacity of 900 Jkg=! K~1. The experiment
sample was Stainless Steel SS304L (2mm thickness). The first time constants for
aluminum and SS304L samples, 7,.r and 7., respectively, were calculated after
carrying out experiments. Finally, the first time constant 7y for the calorimeter
without any sample inside it was calculated and (6.3) was utilized to calculate the
specific heat of stainless steel. However, this method was not successful. One of the
possible reasons for high errors can be that this method (2.16) is only applicable
when the heat generation occurs at the center of the calorimeter whereas in this
experiment, the calibration heater can be placed on one side of the sample. This will
alter the second time constant 75, which signifies the internal temperature gradient
within the sample [9], and consequently the measured first time constant 71 may not
be representative of its true value.

6.1.2 Absorbed Heat Method

In the next approach, instead of applying heat and measuring the response of the
sample, a known temperature rise was applied to the calorimeter by changing the
temperature of cooling water in the heat sinks. Consequently, the heat absorbed by
the system was measured from the negative voltage output of calorimeter. A similar
approach was conducted previously by Bazinski et al.[8] which is kept as reference.
The general setup of calorimeter was modified for the measurement of specific heat
capacity.

The calorimeter side B was removed and the sample material was placed in be-
tween the pressure plates as seen in Figure 6.1. The temperature of the sample
was measured by using the aluminum sensing plates on both sides of the sample.
The temperature of the sample at any instant, was defined as the average of the
temperatures from both the sensing plates. The whole setup was placed in the insu-
lation box and the temperature of the coolant was regulated using a Julabo F25MA
thermal bath [25].
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6. Measurement of specific heat capacity

Temperature

Calorimeter
sensor plates

side A

Time [hrs]

Pressure plate

Output power [W]

Sample

(a) Setup assembly (b) Output curve due to applied
temperature rise

Figure 6.1: Experimental setup for the specific heat capacity measurements.

The output curve obtained from thermopiles was converted to power units (by the
calibration coefficient €) and the curve was integrated to obtain the energy absorbed
by the system for the applied temperature rise. Similar experiment was applied for
the calorimeter setup without any sample and the absorbed heat was removed from
the previous value to correct for the heat absorption by the calorimeter itself. The
calculation of the specific heat capacity was done according to

= (fn_é?> (64)

where 07" is the applied temperature rise, m is the mass of sample, C, is the specific
heat capacity, E is the energy absorbed by sample and calorimeter and FEj is the
energy absorbed by the calorimeter alone.

Issue of the shifting baseline

The setup is maintained at a stable initial temperature for sufficient long time until
a baseline is established (labelled as baseline 1 in Figure 6.2). However, it can be
observed that after raising the temperature of the setup, the output from heat flow
sensors will not return to initial baseline 1, even after allowing enough time for the
setup to reach stability. A new baseline is established (labelled as baseline 2 in
Figure 6.2). Since the energy absorbed by the sample is given by the area under the
curve, it is necessary to correct for this shifting baseline.

The reason for this shift of baseline can be attributed to change in overall tem-
perature of the setup, which affects the equilibrium between the environment and
the calorimeter. As the heat transfer equilibrium is dependent on the temperature
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6. Measurement of specific heat capacity

Temperature [°C]

v

Time [s]

bas/éline 1  Time [s]

A

baseline 2

Heat flow [W]

Figure 6.2: Correction of shifting baseline

difference between calorimeter and environment, the correction of the baseline can
be carried out as per the surface temperature profile of the calorimeter in Figure
6.2.

6.2 Validation

Measurements of the specific heat capacity were performed as per the methodology
described in section 6.1.2. The challenge was to maintain the heat within the setup
and keep the same conditions for both the measurement without sample E, and the
reference measurement with sample E. The results for the C}, measurement for both
acrylic glass and aluminum are shown in Table 6.1.

Table 6.1: Resulting specific heat capacity for 5 different measurements.

Sample Actual value | Measured value Error

[Jkg™' K] [Jkg™' K]
Acrylic glass (20-22 °C) 1470 1259 14.3%
Acrylic glass (18-23 °C) 1470 1227 16.6%
Aluminum  (20-22 °C) 900 815 9.3%
Aluminum  (20-22 °C) 900 907 0.7%
Aluminum  (18-23 °C) 900 580 35.5%

The experiments were conducted for two different AT i.e 2°C and 5°C, to study
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6. Measurement of specific heat capacity

the behaviour of the setup. It can be seen that the results for the bigger AT of
5°C gave bigger error in the C,. The aluminum experiment for AT = 2°C was also
repeated to study the repeatability. Since the values varied from time to time it
was concluded that the experimental conditions differed for each experiment. The
ambient temperature in the room fluctuated by =~ 4°C and the insulation of setup
had to be improved. Thus, an insulated box with finer glass wool and tighter holes
for hoses was constructed. This improvement provided more stable conditions during
experiment (see Figure 5.4b). The Fy measurement was repeated for this modified
setup as well as for the aluminum sample - both for AT = 2°C between (20-22 °C).
The measurement of the aluminum sample was repeated three times in order to see
study the repeatability and the results are summarized in Table 6.2.

50 T T 23
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w
-150 1 19r
-200 ‘ ‘ ‘ ‘ 18 ‘ ‘ ‘ ‘
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time [s] Time [s]
(a) Sensor output curve along with (b) Temperature variation of Side B
corrected baseline pressure plate as reference for

correction

Figure 6.3: Specific heat capacity measurements for aluminum

Table 6.2: Resulting specific heat capacity for three different measurements with
improved conditions.

Sample Actual value | Measured value Error
[J/kgK] [J/kgK]

Aluminum (20-22°C ) 900 949 5.4%

Aluminum (20-22°C) 900 951 5.7%

Aluminum (20-22°C) 900 884 1.8%

It can be seen that the error in the calculated Cp-values were reduced and that the
absolute range was narrowed. Note that the shifting baseline correction explained
in section 6.1.2 was utilized for the calculations. The reference temperature for
correction was considered to be Side B pressure plate (Figure 6.3b), since it has the
largest surface area which offers more heat transfer to the environment. Moreover,
the values could be improved even more, if longer settling time can be provided for
the setup. The measured material specific heat capacity values indicate that the
method can be utilized for Li-ion cell measurements within acceptable error range

(<10%).
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Battery cell measurements

This chapter conveys the results and analysis of the measurements for the Li-ion cells.
The thermal property measurements are presented as well as the heat generation.
In addition, a simple simulation model is used to evaluate the experimental results.

Table 7.1: Specification of the two cells used for the experiments - pouch and
prismatic.

Voltage Dimensions

range Ca[zalf]lty (WxH=xT) W([e;jght Chemistry
V] fm]
Pouch cell 2.7-4.2 6 150x100x6.67 237 NMC
Prismatic cell | 2.0 - 3.6 20 173x85x21 636 LFP

Figure 7.1: Photo of the pouch cell (left) and the prismatic cell (right) used for
the experiments.

7.1 Through-plane thermal conductivity

The method described in chapter 4 for measurement of through-plane conductiv-
ity was applied for both the Li-ion cell types in Figure 7.1 with specifications as
per Table 7.1. In the first experiment, the pouch cell was tested. The measure-
ment was carried out until both heat rate and temperature drop reached steady
state. The results of the experiment showed that the value of k, was calculated
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7. Battery cell measurements

to 0.735 Wm ™! K=! by utilizing (4.1) and the steady state values from Figure 7.2.
This value is typically expected of cells of this type as the heat has to flow through
different layers of electrode and separator sheets [3]. The measurement results are
summarized in Table 7.2 along with error in the measurement (Appendix A.2).

Table 7.2: Through-plane conductivity experiment for Li-ion pouch cell
Power [W] | k. [Wm™ K]

221 | 0.735 £0.024
300 3
250 t —25)
s 3
o200 g 2t
(@] ©
8 o
51501 515
z ©
3 100 ‘é 1
[
» s
50 0.5}
0 ‘ ‘ : ‘ : 0 ‘ : ‘ ‘ :
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Time [s] Time [s]
(a) Heat sensor voltage ouput (b) Observed temperature difference

Figure 7.2: Measurement of through-plane conductivity of pouch cell

The method of through-plane conductivity measurement was then applied on the
prismatic cell. The results of the experiment showed that the measured temperature
difference was very low. The possible reasons for this outcome can be allocated to
the very high thermal conductivity of aluminum casing of the cell, which offers the
least resistive path to the flow of heat. As the method involves measurement of both
temperature and heat flow on the exterior of prismatic cell, the effect of external
aluminum casing influenced the result significantly. Alternative methods can be
utilized which involve cell disassembly to remove the casing.

7.2 In-plane thermal conductivity

The modular setup method described in section 5.3 was utilized for the pouch cell
only and not for prismatic, due to the same reasons as presented in section 7.1.

For the measurement of the in-plane conductivities the fabricated 20 mm spacers
was used due to the space limitation in y-direction. The setup for the in-plane y-
and x-direction can be seen in Figure 7.3. The temperature sensors were kept as far
from the heaters as possible to make measurements in the section where the heat
flow becomes uni-directional.
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7. Battery cell measurements

(a) y-direction (b) x-direction
Figure 7.3: Experimental setups for measurement of in-plane conductivities.
The measurements were carried out until both the heat flow and temperature drop

had stabilized to a steady state. The steady-state values from Figure 7.4 were then
utilized in (4.1) to retrieve the in-plane conductivity.
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(a) Measured heat flow through the cell.  (b) Observed temperature difference.
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Figure 7.4: Measurement of in-plane conductivity of pouch cell

The experiment was conducted for the in-plane x-direction in the same way as for
the y-direction but with the battery shifted 90° as is evident from Figure 7.3b. The
results for the in-plane conductivities are presented in Table 7.3. It was seen that
both the conductivities are significantly larger than the through-plane conductivity
as expected. However, a difference between the in-plane conductivities themselves
(y-and x-direction) was observed. Usually the two in-plane conductivities are as-
sumed to be the same which may therefore not be true in all cases. The clamping
of the electrode sheets as well as other internal composition designs might affect the
thermal resistance and consequently the thermal conductivity. The calculated error
in the measurements was found to be £5.4% as shown in Appendix A.3.
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7. Battery cell measurements

Table 7.3: Resulting in-plane thermal conductivities.

Direction ‘ In-plane conductivity ‘ Measurement uncertainty
k, 23.0 [Wm™ K1 +1.2
ky 31.4 [Wm 1K™ +1.7

7.3 Specific heat capacity

The method of measurement described in Chapter 6 for specific heat capacity was
applied on Li-ion pouch and prismatic cells.

In the first step, the energy absorbed by only the calorimeter Ejy, without any sample
in it, was evaluated. This value was used in measurements of specific heat capacity
of both cell types. In the next step, the pouch cell was mounted in the calorimeter
and the energy absorbed was measured. Subsequently, the experiment was repeated
for prismatic cell type as well. In all the experiments, the setup was subjected to a
temperature rise of 2°C. This temperature difference ensured that the specific heat
capacity did not vary significantly during the experiment.

The measured values of specific heat capacities were 1087 and 1091 Jkg=! K~! for
the prismatic and pouch cell respectively. The values are also presented in Table 7.4
along with error in the measurements (shown in Appendix A.4). In Figure 7.5a the
shifting baseline of the heat absorption curve is shown whilst the changing pouch
cell temperature is represented in Figure 7.5b. These values of specific heat capacity
are around the values for Li-ion cells as reported in literature [7, §].

Table 7.4: The measured specific heat capacity for the pouch cell and the prismatic
cell.

Measurement
Measured value .
Sample 17 /kgK] uncertainty
[J/keK]

Pouch cell

(20-22°C) 1091 +29.45
Prismatic cell

(20-22°C) 1087 +29.35
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Figure 7.5: Measurements from the specific heat capacity of the pouch cell.
7.4 Heat generation - Pouch cell

In order to investigate the heat generation from the pouch cell during charge/dis-
charge for different C-rates the full calorimeter (both sides) was utilized. The actual
electrical connections can be seen in Figure 7.6 where they are tightened onto the

cell terminal clamp. The sensing cables were placed close to the feeding cables (not
included in the photo).

Figure 7.6: Photo of the pouch cell heat generation setup. The sensing cables
were connected as close to the feeding cables as possible (not included in photo).

In addition, a temperature sensor was added to the cell as safety cut-off, to shut
down the operation if the sensed temperature exceeded 40°C. When the cell had
been mounted and connected it was put in the insulation box.

Three different measurements were conducted for the pouch cell: Dynamic, 1.67C
discharge/charge and 0.83C discharge/charge. Initially, the capacity of the pouch
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7. Battery cell measurements

cell was not known which is why the charge-rates are different from the aim of 1C
and 0.5C (assuming a capacity of 10 Ah). Each measurement contained two similar
cycles to be able to study the repeatability and to have redundancy. Therefore, all
the measurements have calculated values (such as heat generation) for two cycles.
The first measurement was the dynamic measurement which contains a very tran-
sient load portion and ends with a fast charge. The recorded data is visualized in
Figure 7.7 where the following quantities are shown: Cell voltage and fed current;
generated power; Tian-corrected generated power and temperature recordings.
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Figure 7.7: The heat generation experimental data for the dynamic cycle.
Conducted for the pouch cell.

It can be seen that the transient load portion of the current in Figure 7.7a is reflected
both in the temperatures as well as for the heat flow (generated power). However,
it can also be observed that the calorimeter, even with the Tian-corrected power,
have limitations for the transient portion. The instantaneous generated power may
therefore not be exact even if the total amount of energy will be recorded with
a delay. From Figure 7.7b and 7.7d it is also evident that the final fast charge
generates a lot of heat. Moreover, the Tian-corrected generation shows a higher
maximum power than the raw data and since the energy is the same this indicates
that a correction is needed. The maximum recorded power for the Tian-corrected
generation was 4.04 W and the resulting generated heat for two cycles were 9.05kJ.
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A summary of the heat generation results for the pouch cell (2 cycles) is shown in
Table 7.5.

Table 7.5: Summary of the heat generation results for the pouch cell in consider-
ation (2 dynamic cycles).

Pouch cell Dynamic
(2 cycles) cycle
Generated heat [kJ] 9.05
Mazimum power [W] 4.04
Average power [W] 0.62
Average power (1 cycle only) [W] 1.35

The two following measurements were designed to contain two cycles of constant
discharge and charge of 1C and 0.5C respectively. As mentioned, the capacity was
6 Ah and not the assumed 10 A h which resulted in the C-rates 1.67C and 0.83C.
The same parameters as for the dynamic measurement are visualized in Figure 7.8 as
where the discharge/charge current levels are more visible. For the lowest C-rate of
0.83C the noise of the signal began to get more significant which also influenced the
Tian-correction since it utilizes the derivative of the data. In addition to what was
seen in the dynamic cycle, a bump/plateau is visible for the two different C-rates in
the middle of the discharge and charge. Since the heat flow as well as the tempera-
tures levels out or even drop this reaction has to be endothermic and absorbs energy.
The difference between charge and discharge shows that the endothermic reactions
are more evident in the charge-process. If the irreversible losses are sufficiently small
the reversible heat rate (described in section 2.2) can be observed and even quanti-
fied. If the encircled portions in Figure 7.8d are assumed to be at the same SOC level
this could be used to approximate the reversible heat rate. The difference between
the two encircled instants (the drop in power) is approximately 0.4 W which means
that if the irreversible heat rate is assumed constant (I - R = const.) the reversible
heat rate is:

Discharge : Rev+1-R=04W -
{ Charge: —Rev+1-R=0 = ftev =02W (7.1)
A summary of the heat generation results for the pouch cell is presented in Table 7.6
as were it can be seen that the generated heat for the discharge portions dominates
over the charge portions.
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discharge/charge cycle. Conducted for the pouch cell.
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Table 7.6: Summary of the heat generation results for the pouch cell (2 dis-
charge/charge cycles).

Pouch cell 1.67C Discharge/ | 0.83C Discharge/
(2 cycles) Charge Charge
Generated heat [kJ] 6.52 4.46
Mazimum power [W] 2.32 1.07
Average power [W] 0.27 0.14
Average power (1 discharge) [W] 0.73 0.27
Average power (1 charge) [W] 0.42 0.16

7.5 Heat generation - Prismatic cell

The heat generation measurements were also conducted for the prismatic cell. Since
the terminal electrodes were much more stable for the prismatic cell, no clamps
were needed. The electrical connections can be seen in Figure 7.9 as well as the
thermocouple which was attached similarly as for the pouch cell. This temperature
measurement was simply a security measure to shut down if the cell was overheated.

Figure 7.9: Photo of the prismatic cell heat generation setup.

The prismatic cell was then put in the insulation box and was subjected to similar
load cycles as the pouch cell. The measurement data for the dynamic measurement is
shown in Figure 7.10 as where it is obvious that the generated heat is high compared
to the pouch.
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Figure 7.10: The heat generation experimental data for the dynamic cycle.
Conducted for the prismatic cell.

The maximum power recorded for the dynamic measurement was 17.6 W and the
total generated heat for the two cycles was 38.2kJ (see Table 7.7). It can be con-
cluded that the cell impedance has a significant impact on the heat generation due
to the Ohmic losses. As was presented in section 2.1.2 the irreversible losses are
greatly affected by both the current and the impedance.

Table 7.7: Summary of the heat generation results for the prismatic cell (2 dynamic
cycles).

Prismatic cell Dynamic
(2 cycles) cycle
Generated heat [kJ] 38.2
Mazimum power [W] 17.6
Average power [W] 2.83
Average power (1 cycle only) [W] 3.79

The two constant discharge/charge experiments were conducted for the C-rates 1C
and 0.5C. The measurement data is visualized in Figure 7.11.
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It should be observed that the cell voltage drops fast when approaching low SOC
and that the average discharge and charge power are more or less equal for the
0.5C case. Furthermore, the "inside box" temperature was added for the prismatic
cell measurements. It was not included for the pouch because then the calorimeter
temperatures would not be visible. However, this PT100 sensor shows how the
temperature inside the box is varying during the experiments which can explain
the somewhat varying peaks from one discharge to another. If the surrounding
temperature of the calorimeter is not same during an identical discharge or charge
the heat flow will not be equal either. To improve the heat generation measurements
further the insulation of the setup (now the insulated box) should be improved.
Ideally, all the generated power from the cell should be transferred away to keep
the same baseline throughout each experiment and cycle. A summary of the heat
generation results for the prismatic cell is presented in Table 7.8.

Table 7.8: Summary of the heat generation results for the prismatic cell (2 dis-
charge/charge cycles).

Pouch cell 1C Discharge/ | 0.5C Discharge/
(2 cycles) Charge Charge
Generated heat [kJ] 57.1 36.2
Mazimum power [W] 10.0 3.41
Average power [W] 1.89 0.81
Average power (1 discharge) [W] 2.61 1.01
Average power (1 charge) [W] 2.06 1.02

7.6 Simulation model

In order to evaluate what temperature distribution 7'(z,y, z) there is within the
battery, and consequently maximum temperature in hot-spots, a three dimensional
model was made in COMSOL multiphysics. The module "Heat transfer in solids'
was utilized with a time-dependent study in 3D. Moreover, the measured thermal
properties were utilized as inputs for the battery model. The heat conductivities (k,,
k.,k,) were implemented in their respective direction as well as the measured weight
and specific heat capacity (see Table 7.9). It should be noted that the accuracy of
the model and the results should solely be seen as indications and proof of concept.

Several simplifications were applied to the modelling of the pouch cell battery. First,
the pouch cell battery was simplified to a cuboid and the meshing can be seen in
Figure 7.12a. The minimum quality factor was 0.6 whilst the average quality factor
was 0.8. This was considered as a sufficiently good mesh as a proof of concept even if
an enhanced mesh would give a better representation of the solid cuboid. However,
this would increase the simulation time.

Second, it was assumed that the heat generation was uniform all over the battery.
It was implemented as a time dependent heat source as where the input was the
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Figure 7.12: Mesh and temperature distribution for the COMSOL model of the
pouch cell.

measured heat generation from the different load cycles. Last, the heat transfer
was simplified by assuming that the cuboid was hanging in the air surrounded by
a constant temperature of 273.15 K. Thus, natural convection was defined for the
four vertical walls, the top portion and the bottom side. Radiation from the battery
was also implemented where the thermal diffusivity was set to 0.9 as the surfaces
are considered "shiny"'. Relevant settings and data are summarized in Table 7.9

Table 7.9: Parameters for the COMSOL model of the pouch cell

Parameters Value

Cp 1091 [Jkg 1K™

Weight 0.238 [kg]

Height; Width; Thickness 100; 150; 6.67 [mm]

ky; ko kz 23; 31.4; 0.735 [Wkg ' K]

Mesh statistics

Minimum element quality
Average element quality
Number of elements
Study

0.3375
0.7884
9453

Time dependent
Heat transfer - radiation

(0,0.5,12000) [3]

Emissivity (epsilon)

0.9 [m?s™!]
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7.6.1 Load cycle - 1.67C discharge and charge

The simulation was conducted for the 1.67C discharge and charge cycle with input
from the generated heat (7-corrected) presented in section 7.4. In Figure 7.12b the
temperature distribution for the pouch cell model is visualized for the time instant
(2304 s) where the temperature is the highest.
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Figure 7.13: Temperature distributions both for a xy-plane through the middle
of the cell and the temperature plot of a cut-point placed at the battery hot-spot.

This time instant was retrieved by evaluating the whole volume for maximum tem-
perature over time. The highest temperature was found to be 22.508 °C for a cut-
plane in xy-direction through the center of the cell. It can be seen in Figure 7.13b
that the maximum temperature is not found in the mid point of this cut-plane which
can be explained by the different natural convection defined in the simulation. How-
ever, this is most certainly the case for a real pouch cell as well since the terminals
and stacked layers increase the complexity of the geometry. It is also evident that
the high conductivity in the plane (x- and y-direction) distributes the heat very well
which results in a low gradient over the surface plane. However, the absolute tem-
perature results of the simulation was highly dependent on the heat transfer from
the solid (convection and radiation) and only indicates distributions and hot-spots.

7.6.2 Load cycle - dynamic

In addition to the constant discharge and charge cycle a dynamic cycle was utilized
for the pouch cell. The input for the COMSOL cuboid model was now the Tian-
corrected heat generation from the dynamic cycle described in section 7.4. The
temperature distribution was similar to the 1.67C case which was visualized in Figure
7.12b but the maximum temperature was higher for the dynamic cycle. In Figure
7.14a the temperature distribution for a xy-plane through the middle of the pouch

60



7. Battery cell measurements

cell can be seen with the hot-spot indicated. The higher internal temperature of
25.44°C at the time instant 2512s is a result of the higher C-rate for the dynamic
cycle. This maximum temperature is recorded in the final charge of the cycle where
a C-rate of 5C is applied for the pouch cell.
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3

Conclusion

The purpose of this thesis work was to develop experimental methods using a
custom-made THC which enable accurate measurement of the heat generation dur-
ing charge and discharge for different current-rates and thermal characterization of
Li-ion cells. The high sensitivity as well as the versatility of this specific type of
[HC in relation to Li-ion cell characterization was demonstrated through this work.

In order to measure the through-plane conductivity the IHC was modified and the
method validity was established for a reference material of acrylic glass with a con-
ductivity of 0.19 Wm~t K1, The test results showed an average error of 13 % from
this reference value. The through-plane conductivity of the pouch cell was found to
be around 0.73 Wm ™! K~!. It is concluded that the results can be further improved
by better insulation of the setup and an accurate temperature control on the cool-
ing system. Moreover, the method was inapplicable for the prismatic cell due to its
aluminum casing.

A modular setup for measurement of the in-plane conductivity was fabricated and
the method was validated for a sample of 14.76 Wm ™! K~! with an average error
of 0.9%. Significantly lower error was observed in these experiments as compared
to the through-plane thermal conductivity by utilizing better insulation box and
an isothermal bath equipment. The measured in-plane conductivity for the pouch
cell was 23.0 and 31.4Wm~'K~! in y-direction and x-direction respectively. The
thermal conductivity values are different, in contrast to the general assumption that
it is similar for both planar directions.

The specific heat capacity measurement method was validated against a sample of
aluminum with an error of 5.7% against its datasheet value. The issue of shifting
baseline during the experiment was overcome by a method of connecting both base-
lines as per varying calorimeter surface temperature (pressure plate). The measured
specific heat capacity of both pouch and prismatic cell was around 1000 J kg~ K.

The heat generation measurements for the pouch and prismatic cell showed that
the calorimeter was able to measure powers in the range between 10 mW and 30 W.
However, it was not able to record the instantaneous power for fast transients even
when applying the dynamic Tian-correction. Due to the high sensitivity of the setup
the reversible heat was visible for low currents but in order to quantify it correctly
more stable conditions has to be achieved. The setup has to be insulated much more
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thoroughly to avoid shifted baseline as well as interfering noise.

A simulation model for the pouch cell in COMSOL multiphysics was utilized in
order to observe the resulting inside temperatures for the different load cycles. It
was concluded that the maximum temperatures were achieved during the discharge
portion for the 1.67C cycle and the fast charge portion for the dynamic cycle. How-
ever, the simulations should be seen as indications and proof of concept rather then
true values since it was a simple cuboid model with approximated emissivity.

The results of this thesis work will be significant in design strategies of the thermal
management of Li-ion battery packs. This includes optimization of cooling capacity,
prediction of peak internal temperatures of Li-ion cells during operation and design-
ing cooling paths through the battery packs. Consequently, this will lead to safer
operation of Li-ion battery packs as well as prolong their life time.

8.1 Future work

The work conducted in this thesis can be improved in several aspects. One or many
of the listed suggestions below can be implemented to increase the accuracy and
usability of the measurements or simply enable measurement on more cells.

— The insulation of the setup proved to be one of the main difficulties which
emphasizes the construction of a practical and well insulated setup. Moreover,
the experimentation time should be extended for all experiments so that proper
baselines are achieved.

— Since the custom made IHC is limited in size an up-scaled version should be
built in order to measure on larger cells.

— The dependency of thermal properties on temperature, cell SOC and SOH can
be further studied. This will be helpful in understanding the behavior of cells
and validation of electro-thermal models.

— The method of thermal conductivity measurement proposed here is based on
measurement of external temperature and heat rate. This made measurements
on prismatic cells inapplicable. A possible extension of the work can be done
by conducting experiments on the internal jelly roll (cell without external
casing). This would give a better value of thermal conductivity for prismatic
cells.

— The Li-ion cells have been limited in this work to pouch and prismatic cell
types, however cylindrical cells can be used in the provided IHC as well. This
would require an additional cell holder which can be rectangular in external
geometry but have an internal cylindrical bore where the cell can be mounted
maintaining good thermal contact.
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— The simulations conducted for the pouch cell were simplified with a cuboid
and rough estimations of the outward heat transfer. In order to achieve results
that are usable for designing cooling systems more detailed models should be
constructed. In addition, the thermal model could be coupled with an electrical
and/or a chemical model.
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Appendix 1

A.1 Measurement uncertainty - calibration coef-
ficient

The theorem of uncertainty propagation was utilized for calculation as mentioned
below [32].

Uncertainties in sums and differences:
Suppose that x,...,w are measured with uncertainty dx,...,0w and the measured value
used to compute

=2+ ...+z—(u+..+w) (A1)

If the uncertainties in x,...,w are known to be independent and random, then uncer-
tainty in q is quadratic sum

0q = \/53:2+....+(522+(5u2—|— ..... + Sw? (A.2)

Uncertainties in products and quotients:
Suppose that x,...,w are measured with uncertainty 0x,...,0w and the measured value

used to compute

T X o X 2
== A3
1= Ux . xw (A.3)

If the uncertainties in x,...,w are known to be independent and random, then uncer-
tainty in q is quadrature of original fractional uncertainties,

()

Sample calculation for measurement uncertainty evaluation in calibration coefficient
e at combined power of 1.65W for Calorimeter A side only:

The measurement of resistance was carried out by using FLUKE 787 device with
measurement uncertainties as per Table 3.1.

Voltage divider:

Measured value of resistance R1=23.99 k{2
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Uncertainty in R1 resistance dR1 = (0.2% x 23.99 + 1 x 0.01)k2 = 0.057 98 k{2
Similarly for measured resistance R2=51 k()

Uncertainty in measurement dR2 = (0.2% x 51 + 1 x 0.1)kQ = 0.202k2
(higher resistance than 40k(2, hence resolution changes)

Sum (R14+R2) = 74.99kQ
As per (A.2) Uncertainty §(R1 + R2) = v/0.05798% + 0.2022 = 0.210 16 k2

Fraction Ry = (R1+ R2)/R1 = 3.12588k(}
As per (A.4), uncertainty 0 Ry = 3.12588 X \/(0'21016)2 + (0-05798)2 = 0.011 56 kQ

74.99 23.99

Measurement of Voltage was carried out by GAMRY with measurement uncertainty
as per Table 3.1.

Measured heater voltage V,,, = 0.88204V

Uncertainty 6V, = (0.2% x 0.88204 + 0.001) = 0.002 76 V

Actual Heater voltage Vj, = V,, x Ry = 2.75718V
As per (A.4) §Vp = 2.75718 x \/ (Bo0216)" | (001156)* _ 0,013 370

0.88204 3.12588

Measurement of current was carried out by GAMRY with measurement uncertainty
as per Table 3.1.

Current through heater I = 0.299 037 A

Uncertainty 61 = 0.2% x 0.299037 + (5e — 15) + 0.05% x 3 = 0.00209 A

Power applied to heaters P =V, x [ =0.82449 W

2 2
As per (A.4), uncertainty in power 6P = 0.82449 x \/(g%i‘g) + ((250909200397) =
0.004 405 W

Measured Heat flow sensor voltage U = 0.046 706 V
As per Table 3.1, uncertainty 60U = 0.00109V

Calibration coefficient € = g =17.653WV~!

0.82449 0.046706

Uncertainty in coefficient e = 17.653 x \/(0'004405)2 + ( 0.00109 )2 = 0.423880457TW V! =

2.4%
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A.2 Measurement uncertainty - though-plane ther-
mal conductivity

The theorem of uncertainty propagation [32] was utilized for calculation of uncer-
tainty in the through-plane conductivity measurements.

A sample calculation is shown below for through plane conductivity measurement
for acrylic sheet with power level of 2.21 W through the sample.

Measurement of temperature was carried out by using PICO device which has mea-
surement uncertainty as per Table 3.1.

Measured temperature on sample hot side T}, = 21.13225°C

Uncertainty 67}, = (0.01% x 21.13225 + 0.015) = 0.01711°C

Measured temperature on sample cold side T, = 19.58243°C
Uncertainty 67, = (0.01% x 19.58243 + 0.015) = 0.016 95°C

Difference in temperature across the sample Ty = T, — 1T, = 1.54982°C
As per (A.2), uncertainty 6Ty;rr = v/0.01711% + 0.01695% = 0.024 09 °C

Length measurement was carried out by digital vernier calipers with uncertainty in
measurement as per Table 3.1.

Measured thickness of sample L = 2mm

Uncertainty in thickness L = 0.02 mm

Measured width of sample L; = 151.48 mm
Uncertainty in thickness 0L, = 0.02 mm

Measured length of sample Ly = 99.15 mm
Uncertainty in thickness d Ly = 0.02 mm

Area of sample A = L; X Ly = 15019.242 mm?

As per (A.4), unceratinty in area § A = 15019.242X\/(lgi?38)2 + (%)2 = 3.620 87 mm?

Sensor voltage was measured using GAMRY which has measurement uncertainty as
per Table 3.1.

Measured sensor baseline voltage Uy = 0.004 24 V

Uncertainty in sensor baseline Uy = (0.2% x 0.00424 + 0.001) = 0.00101V
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Measured sensor voltage U, = 0.12955V
Uncertainty in sensor voltage 6U,, = (0.2% x 0.12955 + 0.001) = 0.001 26 V

Steady state voltage Uy = U,,, — Uy = 0.12531V
As per (A.2), uncertainty in steady state voltage 60U, = +/0.001012 + 0.00126% =
0.00161V

Calibration coefficient for calorimeter A ¢ = 17.6048 W V!
Uncertainty in coefficient de = 2.4% x 17.6048 = 0.42283 W V1

Heat flow rate Q = ¢ x Uy = 2.206 06 W
As per (A.4), uncertainty 6¢) = 2.20606 x \/(0'00161)2 + (0‘42283)2 =0.060117W

0.12531 17.6048

Product (QL) = @ x L = 0.004412

Uncertainty 6(QL) = 0.004412 x \/ (Gueoiry® 4 (002)° = 0,000128

Product (ATdiff) =Ax Tdiff = 0.02327

2 2
Uncertainty §(ATy ;) = 0.02327 x \/ (o208t )" + ($92089)" = 0.000362

Through-plane conductivity k, = (QL)/(ATuyss) = 0.18954 Wm ! K™

2 2
Uncertainty k. = 0.18954 x \/ (Gooo28)” 4 (G000302)" = 0.006241 Wm ™ K1 =
3.3%

A.3 Measurement uncertainty - in-plane thermal
conductivity

The theorem of uncertainty propagation [32] was utilized for calculation of uncer-
tainty in the specific heat capacity measurements.

A sample calculation is shown below for in plane conductivity measurement for
Stainless Steel sample with power level of 1.32 W through the sample.

Measurement of temperature was carried out by using PICO device which has mea-
surement uncertainty as per Table 3.1.

Measured temperature on sample cold side T}, = 22.235°C

Uncertainty 67, = (0.01% x 22.235 + 0.015) = 0.0172°C

IV



A. Appendix 1

Measured temperature on sample hot side T, = 24.939 °C
Uncertainty 673, = (0.01% x 24.939 + 0.015) = 0.0174°C

Baseline temperature difference 7y = 0.202°C
Uncertainty 67y = (0.01% x 0.202 + 0.015) = 0.0150 °C

Difference in temperature across the sample Ty;rp = T}, — 1. = 2.50°C
As per (A.2), uncertainty 6Ty;rr = v/0.017112 + 0.016952 + 0.015% = 0.0287 °C

Length measurement was carried out by digital vernier calipers with uncertainty in
measurement as per Table 3.1.

Measured thickness of sample L; = 2mm

Uncertainty in thickness 6L = 0.02 mm

Measured width of sample Ly, = 151.04 mm
Uncertainty in thickness dL; = 0.02 mm

Measured length of sample L = 20 mm
Uncertainty in thickness L, = 0.02 mm

Area of sample A = L X Ly = 302.084 mm?

2 2
As per (A.4)Unceratinty in area A = 302.084 x \/(1?)'19(2)4) + (O'zﬂ) = 3.021 mm?

Sensor voltage was measured using GAMRY which has measurement uncertainty as
per Table 3.1.

Measured sensor baseline voltage Uy = 0.001 03 V

Uncertainty in sensor baseline Uy = (0.2% x 0.00103 4 0.001) = 0.001 002 V

Measured sensor voltage U, = 0.0324 V
Uncertainty in sensor voltage 6U,, = (0.2% x 0.0324 + 0.001) = 0.001 06 V

Steady state voltage Uy = U,,, — Uy = 0.0314V
As per (A.2), uncertainty in steady state voltage dU, = v/0.00106% + 0.001002% =
0.00146V

Calibration coefficient for heat flow sensors ¢ = 17.382 WV !
Uncertainty in coefficient de = 2.4% x 17.382 = 0.4174 WV !
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Heat flow rate Q = ¢ x U, = 0.546 W
As per (A.4) Uncertainty 6Q = 0.546 x \/ (0~00146)2 + (R )2 = 0.0286 W

0.0314 17.6048

Product (QL) = Q x L = 0.0109

2 2
Uncertainty 6(QL) = 0.0109 x \/ (%0286)” + (52)" = 0.000572

Product (Aleff> = A x Tdiff = 0.000755
Uncertainty §(ATj;;) = 0.000755 x \/ (o) 4 (00257)° = 11518F — 05

302.084 2.5

In-plane conductivity k, = (QL)/(ATuiss) = 14.474 Wm 1 K*

Uncertainty ok, = 14474 (300012)? 4 (La1srm)" 780 063 409 WL K- =
5.4%

A.4 Measurement uncertainty - specific heat ca-
pacity

The theorem of uncertainty propagation was utilized [32] for calculation of uncer-
tainty in specific heat capacity measurement.

A sample calculation is shown below for specific heat capacity measurement of an
aluminum sample.

Measurement of temperature was carried out by using PICO device which has mea-
surement uncertainty as per Table 3.1.

Measured initial temperature of sample T; = 19.898 °C

Uncertainty 67; = (0.01% x 19.898 + 0.015) = 0.017 04 °C

Measured final temperature of sample Ty = 21.788°C
Uncertainty 67 = (0.01% x 21.788 + 0.015) = 0.01733°C

Difference in temperature Ty;rp = Ty — T; = 1.889°C
As per (A.2), uncertainty 67yr = v/0.01704% + 0.01733% = 0.0243 °C

Mass measurement was done by Mettler PC440 with uncertainty in measurement of
+50mg for mass between 0-420 g.

Measured mass of sample m = 0.11579 kg

Uncertainty in mass m = 0.000 05 kg
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Sensor voltage was measured using GAMRY which has measurement uncertainty as

per Table 3.1.

Net integrated area under curve V,,,; = 11.796 Vs
Uncertainty 6V,,e; = (0.2% x 11.796 + 0.001) = 0.0246 V s

Calibration coefficient for heat flow sensors € = 17.6048 W V!
Uncertainty in coefficient de = 2.4% x 17.6048 = 0.42284 W V1

Heat flow absorbed E,,.; = € X Vs = 207.67J
As per (A.4), uncertainty 6Q) = 207.67 x \/<0‘42284)2 + (0‘0246>2 = 5.0067 J

17.6048 11.796

Product (deiff) =m X Tdiff = 0.218

2 2
Uncertainty 6(ATyz7) = 0.218 x \/ (5:20903)" + (4%22)” = 0.00281

Specific heat capacity C, = (QL)/(ATyss) = 949.1 kg ' K!

2
Uncertainty 6C, = 949.1 x \/(0’00281)2 + (5~0067> —=25.938 Jkg 'K~ = 2.7%

0.218 207.67
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