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ABSTRACT

Battery performance has been studied at different temperature, C rate. Different
types of batteries have been used. Capacity and impedance are two factors, which are
focused in the thesis. To evaluate battery performance and battery conditions, the SOC
(state of charge) determination methods have been studied in the thesis. There are two
types of batteries divided in three groups: group 1. Ni-Cd battery (2V, 8Ah); group I
Lead-acid battery (2V, 8Ah); and group III. Lead-acid battery (2V, 25Ah). The
impedance testing is using electrochemical impedance spectroscopy methods. AC
impedance method has been used to test different state of charge (100%, 80%, 60%, 40%,
20%). For the corrosion part, the corrosion rate of metal material in the heat transfer
fluids has been tested at different temperature. Hastelloys C-276 in eutectic molten salts a
mixture of NaCl, KCl and ZnCl, using potentiodynamic method (swap from + 30 mV in
0.2 mV.s™). The lowest corrosion rate of Hastelloy C-276 is 5.51 pum per year at 250 °C.
Particularly, the corrosion rate of Hastelloy C-276 jumps up to 53.33 um per year at 400

°C.
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Chapter 1
INTRODUCTION
Battery plays an important role in nowadays society. Battery as the energy source,
has a stable output voltage, constant current, long time energy support, and less
influenced by the environment. It has the simple structure and it is portable, easy
operation, widely used in our daily life. With the technology development, there is more
renewable energy being used. In Arizona, solar energy acts as an important role for the
reason of the hot climate. Based on the Arizona climate, the work focuses on the battery
performance and corrosion rate of metal materials in heat transfer fluids for concentrating

solar thermal power system especially at high temperature.

1.1 Test & Evaluation of battery performance

1.1.1 Background and Introduction

Portable battery as the power supply of the electrical device is used more and
more widely with the development of the electrical device. The battery is essentially a
chemical energy system that, through the reaction it transfers the chemical energy into
electrical energy. The battery consists of two different electrodes - positive and negative,
and those two electrodes are put into the electrolyte. Once they are connected to the load,
its internal chemical energy can transfer to outside.

In Arizona, the weather is extremely hot and dry, based on this climate. Do
research to test and evaluate battery performance in hot and dry weather. SOC (state of
charge) is important in battery technology, which can help user better use the battery,
decide to charge or not and the charge time. And these will help to extend the battery life,

reduce cost. Many people did a lot of work about SOC determination method [1-3], some
1



of them did not take C rate into consideration, and some of their method could not be
used in testing open circuit voltage. So it is necessary to do research about the different
SOC determination method, which can support the portable battery tester for
measurement SOC of the battery quickly. For the first part, different SOC determination
methods have been studied in order to giving evaluation of battery performance and
battery conditions.

Many people did a lot of work about the how the temperature and C rate influence
the battery life, the degradation of the capacity, and the impedance. But the previous
work, as my knowledge, did not do comparison study about the C rate and temperature
affects to the battery. So it is necessary to study how aging, temperature, C rate affects
the battery performance, do comparison study. And give suggestions to the user and
charger manufacture for the using conditions and charger C rate design.

There are two issues the users will concern about the battery: State-of-charge
(SOC), State-of-health (SOH).

State-of-Charge: the radio of residue capacity and the fully charge capacity [4].

State-of-Health: SOH reflects the condition of the battery, including age and the
capacity degradation into consider, SOH shows the battery performance compare to a
new battery [5].

Both SOC and SOH can give us information about the battery remaining run time.
And the thesis focuses on the SOC.

The temperature will influence the battery life due to its affects chemical reaction
speed inside the battery. Higher temperature, the internal chemical reaction is higher. The
reaction speed almost double if the temperature grows up 10 °C (Developing Monobloc
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Batteries for High Temperature Applications). The chemical reactions include wanted
chemical reactions as well as the unwanted chemical reactions, and as a result, these lead
to a reduction of the battery life. So it is helpful to prolong the battery life by keeping the
battery working in properly temperature. C rate will decide the battery charging and
discharging time, it will also affect the battery life, battery performance. Many work have
been done on temperature and C rate influence to the battery performance. Some people
did research about different C rate [6] and others did work about different temperature [7].
But they did not compare the temperature and C rate influence. So there is a needed to
how aging, temperature and C rate influence the battery performance, take them into a
general consideration.

For the two objects, there were a few methods have been used.

To determine the SOC, there are many methods, through discharge at particular C
rate, EMF method, AC impedance measurement. These are what have been studied in the
thesis. Other methods like pulse load method [8], specific gravity of the electrolyte [9].

To characterize the aging, temperature, C rate influences to the battery life and
battery performance, impedance and capacity as well as HFR (high frequency resistance)
have been calculated and analyzed. Impedance is the whole of the resistive and capacity
and inductive resistance. The capacity reactance decreases with the frequency increases,
while the inductive reactance increases with the frequency increases. EIS
(Electrochemical impedance spectroscopy) has been used to test the impedance and high
frequency impedance. There are a lot of advantages. It is a method widely used in
impedance testing. It can be used in many types of electrochemical systems, and makes
the electrochemical systems easy understand. EIS is a non-destructive method, will not
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harm to battery systems. It is also accessible to collect a plenty of data from this method.
It gives us the impedance of the different frequency, and from that we can get the HFR to
do more comparison of the aging, temperature and C rate affects to the battery. There are
also some researches did research about the battery model based on EIS measurements
[10]. This method is accurate and sensitive, and it can be influenced by testing conditions,
which are the battery temperature or the connections between cable and battery. Thus it is
important to keep the same testing condition.

1.1.2 Goals of Test & Evaluation of battery performance
i. SOC determination gives evaluation of battery performance- a portable Battery tester
can accurate test SOC for OCV

One focus is to search the SOC determination, find a possible method to develop
a portable battery test device to measurement battery condition and battery performance.
ii. Characterize aging, temperature, C rate to the battery performance

Another focus is to study how aging, temperature and C rate influence battery
performance and compare the influence between the factors by studying the trends of
impedance and capacity for three groups two types of batteries (lead-acid batteries, Ni-Cd
batteries). Do comparison experiment of these factors to find which one affects more to
the battery capacity and battery life. From the study of different kinds of battery
performance under different conditions, Lead-Acid, Ni-Cd Batteries at RT and 50-55 °C
at 1C, C/12 and C/3, it is accessible to get conclusion about the factors’ affects and give
suggestions to the users and manufactures about how to use the battery can prolong the

batteries life as well as how to design the C rate of the charger.



1.2 Test & Evaluation of electrode corrosion

1.2.1 Background and Introduction

The heat transfer fluid is used in Concentrated Solar Power systems to transfer
energy. The heat transfer fluid should be stable under high temperature, low freezing
point, cheap and less corrosion. Both materials nowadays have a limited operating
temperature range [11].

The pipe and vessels were used to contain those Heat transfer fluids. There will be
corrosion of the metal materials, and the corrosion is mainly chemical corrosion. The
corrosion was studied by design an electrochemical system, the metal materials as the
electrode materials, the heat transfer fluids as the electrolyte. Some people did research
about using different type molten salts as the heat transfer fluids, some of the work did
not take chlorides salts into consideration, and few of them using Hastelloys materials
[12]. There is needed to find the alloys can be stable at higher operating temperatures.
The metal in the molten salts forms a battery electrochemical system. Study the corrosion
behavior of Hastelloys in NaCl-KCI-ZnCI2 ternary molten-salt mixtures.
HASTELLOY® C-276 alloy contains 57aNi-16Cr-16Mo-5Fe-4W-2.5*%*Co-1**Mn-
0.35**V-0.08**Si-0.01**C, the corrosion resistance improves when percent of Ni grows
in a certain range, and when Ni reaches high percentage over about 80, the corrosion is
higher. When Cr is closed to 20, the corrosion is low [13]. What’s more, Mo is also
helpful to receive a high corrosion resistance. Other elements are also good for the
stability at high temperature. HASTELLOY® C-276 alloy has excellent corrosion
resistance [14], in oxidizing media and reducing media. HASTELLOY® C-22 alloy

contains 56 aNi-22Cr-13Mo-3W-3Fe-2.5*Co0-0.50*Mn-0.35*V-0.08*Si-0.010*C, and it
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can resist to a component which contains mix industrial chemicals. HASTELLOY® N
alloy has little degradation with aging and robust. What’s more, it can sustain in hot
molten salts. The metal materials used in the thesis is the Hastelloy® C-276. The heat
transfer fluid is a mixture of NaCl, KCl, and ZnCl,. NACL molten rate is 58.44, melting
point is 801°C, and boiling point is 1413°C. KCL molten rate is 136.315, melting point is
770°C, and boiling point is 1500°C. ZNCL2 motlen rate is 136.3 °C, melting point is
290°C, and boiling point is 732 °C. This mixture is relative stable at high temperatures,
and cheap.

There are two methods to estimate the Corrosion rates, one is by faraday’s law,
and one is by testing the weight losses. For testing the weight losses, it needs a long time
to make the difference of the weight measurable. And the corrosion rate is average
corrosion rate during a long time. By using potentiodynamic method, an electrochemical
method, can easily and quickly get the enough information for calculating the corrosion
rate.

1.2.2 Goals of Test & Evaluation of electrode corrosion

The goal of the thesis is to do search about the performance of the metal materials
made by Hastelloys C-276 in different temperature, 250°C, 300°C, 350°C, 400°C. By
using the potentiodynamic method to get the corrosion rate and get a better understanding

of the corrosion.



Chapter 2

EXPERIMENTAL

2.1 Materials & Equipment of battery performance

2.1.1 Equipment
Bench Power Supply

The CSI13020X Bench Power Supply was used to charge the batteries. The voltage
can be adjusted from 0-30 Volts, and it can also provide a constant current adjusted from
0-10 Amps. This charger was used to charge 8 Amps constant current. User can preset

the current. This bench power supply can provides precise output values as the user set.

Fig. 2.1 Bench power supply

DC Power Supply
Array 3631A Programmable Triple Output Dc Power Supply was used to charge
2 Amps constant current. The user can choose 0 — 6V, 5 Amps output mode or 0 — 25V, 1
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Amps output. It has low ripple and noise and excellent load and line regulation. User can
preset the voltage and current. It has USB, and RS-232 communications, which make it

easily to control through computer.

Fig. 2.2 DC power supply

Electronic Load

3711A DC Electronic Load was used to discharge the batteries. This is a
programmable device with high performance. Users can set the discharge current and
voltage using computer control. The unit can be set for constant current, constant voltage

or constant resistance, and it can be used for different types of batteries.
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Fig. 2.3 DC electronic load

Computerized Battery Analyzer (CBA)

FThe CBA III and CBA IV were bought from West Mountain Radio, Waukesha,
WI. Computer can set the parameters. The users can set up the discharge current and the
cutoff voltage. When the discharge voltage reaches the cutoff voltage, it will stop itself.
A temperature probe can be used additionally. By the temperature probe, it is possible to
monitor the battery temperature and to keep it safe. The test method in the thesis is
constant current discharge. CBA uses a solid-state switch and a fan as the cooling
electronic load to make the constant current. The users can set the monitor time. Charging
and discharging is the easiest way to measure the capacity and study the changes. Using
CBA can easily do it. The CBA can be used to discharge from 0 to 40A, the thesis used

2A or 8A constant current.



Fig. 2.4 CBA IV unit

Cadex C7200

The Cadex C7200 has two stations, and it can be used for smaller battery and
storefront operations. User can set the charge and discharge current for different kinds of
batteries, it is suitable to test Lead-acid battery, NiMH battery, Ni-Cd battery, Li-ion
battery and so on. After the user set the cycle number, the cutoff voltage, charge current,
the Cadex C7200 can run automatically, and stop when the cycle number is reached. The
testing battery voltage range is from 1.2 to 15Volts, the charge and discharge current is

from 0 to 4Amps each station, and each station can charge power 40 watts maximum.
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Fig. 2.5 Cadex C7200

Impedance Analyzer

PARSTAT 2273 Advanced Electrochemical System can be used to measure the
battery impedance under room temperature. It can be used for EIS (Electrochemical
impedance spectroscopy) method. Users can set the frequency range, AC amplitude,
point number by using Powersuit, the software matched the equipment. The frequency
range is 10 uHz to 1 MHz, the scan voltage range is -10V to +10V, the current range is -
2A to 2A.

The frequency used in the thesis is from 10 uHz to 1 KHz, and the voltages were
usually from 1.8V to 2.3V. The largest voltage used was 6V. The AC amplitude was
chosen according to the 8% of the battery voltage. It will show three figure, the Nyquist
plots and Bode plots can tell us the transition between the reaction proceeding under
kinetic or transport control [10].

PARSTAT 2273 was used to test the electrochemical system by potential
dynamic method. The PARSTAT can be used to test the electrode corrosion. It can be

11



used to test many kinds of electrodes, it can be used to test microelectrode, mercury

electrode.

Q= PARSTAT 227

Al “
o
mt' i la

Fig. 2.6 PARSTAT 2273

2.1.1 Battery types
Group L. Ni-Cd battery 2 V, 8 Ah (ACME #2, 3, 4)

In the thesis, ACME #2, 3, 4 were marked to easy discuss. ACME #1 already
been used, in the thesis, not include ACME #1. Before 20 cycles, ACME #3, 4 were
charged and discharged with at room temperature. From 20 to 25 cycles, ACME #3, 4
were charged at room temperature and discharged at 55 °C. After 25 cycles, ACME #3, 4
were charged and discharged at 55 °C. ACME #2 was always charged and discharged at
room temperature. During the whole test, the batteries were charged at C/3 rate,
discharged at C/3 rate. The capacities were calculated for each cycling and the
impedances were measured for charge state and discharge state as well as different SOC,

20, 40, 60, 80, 100%.

12
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Fig. 2.7 Group.I.

Group II. Sealed-Lead CYCLON® battery 2 V, 8 Ah (SLA #3, 4)

In the thesis, SLA #3, 4 were marked to easy discuss. SLA #1, 2 already been
used, in the thesis, not include SLA #1, 2. Before 55 cycles, the batteries were tested
under room temperature. After 55 cycles, these batteries were charged and discharged at
55 °C. These batteries were charged at C/4 rate and discharged at 1C rate during the
whole test. The capacities were calculated for each cycling and the impedances were
measured for charge state and discharge state as well as different SOC, 20, 40, 60, 80,

100%.

13



Power/Full

2oLt 8.0 AH

SEALED-LE
RECHARGE/
BATTER!
NonspiLLA
MADE IN Y

e

Figi 2.8 Group II. Lead-acid batery 2V, 8Ah
Group III. Sealed-lead CYCLON® battery 2 V, 25 Ah (SLA #5, 6, 7, 8)

In the thesis, SLA #5, 6, 7, 8 were marked to easy discuss. There were four
experiments to compare temperature and C rate influences to the battery by testing them
under different temperature and C rate. To compare the working condition affects, the
capacities have been calculated and the impedances have been tested. The test details are
showed below:

SLA #5: Charge in C/12 rate and discharge in C/3 rate at temperature 55- 60 °C

SLA #6: Charge in C/3 rate and discharge in C/3 rate at room temperature 27 °C

SLA #7: Charge in C/12 rate and discharge in C/3 rate at room temperature 27 °C

SLA #8: Charge in C/3 rate and discharge in C/3 rate at temperature 55- 60 °C

2.2 Materials & Methods of electrode corrosion

2.2.1 Materials
The NaCl, KCI and ZnCI2 were bought from Alfa Aesar. The weight for the

electrolyte is 0.5gNaCl, 0.5gKCl, and 52.9gZnCI2. Melted them in 250 °C muffle furnace
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to obtain the molten salts. Silver and silver chloride powders were bought from Strem
Chemicals (Strem Chemicals, Inc. Newburyport, MA, USA), the pure of them are
99.95% and 99.9% respectively, molten and solid them as the reference electrode. As the
working and counter electrode, HASTELLOY® C-276 alloy was bought from Haynes
International Inc. The thickness is 0.4mm. It has high corrosion resistance with in
oxidizing media and reducing media. Within the electrolyte, the corrosion rates of
Hastelloy C-276 were tested under 250 °C, 300 °C, 350 °C, 400 °C.

2.2.2 Experimental Set-up
First, make the electrolyte.

Weight the NaCL, KCL, ZnCl2, 0.5g 0.5g 52.9¢

Put the solution into the muffle furnace, 250 °C for 2 hours make it become
molten salts.
Second, make the reference electrode.

Weight Ag, AgCl, KCI 1:1:1 for 0.3g respectively.

Put into the frit with an Ag rod inside, the pore size is about 25 um.

Put the frit into the muffle furnace and heat to 500 °C for 2 or 3 hours to make it
solid.

Test the reference electrode potential, using a saturated calomel electrode (SCE)
to calibrated in saturated aqueous KCl solution at room temperature.
Third, make the working electrode.

Cut the HASTELLOY® C-276 alloy 2cm*2cm.
Forth, make the counter electrode.

Cut the HASTELLOY® C-276 alloy lcm*1cm.

15



Fifth, potential dynamic method

Wait them cool down and test the impedance and polarization for 250 °C, 300 °C,
350 °C, 400 °C.

In order to eliminate any mixed potentials in the three electrodes system, the

counter electrode material was the same alloy used as the working electrode in every

measurement.
DA A
A
/ N \ .
. Quartz Tubing
Working Elecrtqde
Quartz Beaker
NaCl-K(l-ZnCLHTF
Ag/Agd1 Reference Counter Electrode
Electrofie with Frit

Fig. 2.9 Schematic of experimental set-up
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It is for conducting high temperature corrosion by potentiodynamic method for
Hastelloys in NaCl-KCl-ZnCl, eutectic molten salts.

The tubes were put into the muffle furnace. There was a thermometer on it.
Through the thermometer, it is convenient to control the temperature. Thermocouple was
not needed.

The test system is three electrodes system. The three-electrodes system has two
loops. One is consisted of working electrode and counter electrode that is for testing the
electrochemical reaction of working electrode, testing the current. Another one is
consisted of working electrode and reference electrode to create a loop for transmitting
electrons, testing the voltage. The counter electrode provides a stable potential during the
testing progress. The counter electrode is needed for the reason that the potential of
working electrode and reference electrode changes sometimes and they are not always
stable during the test. In order to know the exactly working electrode potential, it is
needed to use a non-changed potential electrode as the counter electrode. During testing,
there is an extremely small current through the counter electrode and it will not influence
the potential change. The counter electrode was the same materials as the working
electrode to avoid mixed potentials in the system.

2.2.2 Method of caculation corrosion rate
Potentiodynamic Method

Under the extra electric field, the electrochemical reaction speed is slower than
the movement of the electrons, and it causes the electrode potential changes in electric

double layer. This process we call it electrochemical polarization. Feature of the
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electrochemical polarization is, there are superfluous electronics accumulated on the
surface of the positive electrode, then it potential is nearly negative.
Test steps:
First, clean the working electrode and the counter electrode.
Second, connect PARSTAT 2273 to the working electrode, counter electrode, and
reference electrode.
Third, wait 1 hour for a stable voltage.
Forth, test the electrochemical polarization for different temperature.

Corrosion rates formula:

Ky Xipope XEW
p

CR (in um per year) =

This formula is from ASTM Standards G 59 and G 102 [15]:
Where K; =3.27 in pm.g.pA™" .cm™.yr!, ., is the corrosion current density in pA.cm™,
EW is the equivalent weight. The p is the density (g.cm™) of the Hastelloy. The current

density is from the projected area but not real area, so it will not influence by corrosion.

Weight losses method
Another corrosion rate calculate is by weight losses.
Mils penetration per year (mpy)
534W
MY = DwA«T
Where, W = weight loss (gms)
D = density of the specimen, g/cm3 A = area of specimen, sq. in.
T = exposure time, hr.

18



The drawback is this method takes a long time to make the difference of the weight be

measurable. And the corrosion rate is the average value during the time.
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Chapter 3

RESULTS OF TEST & EVALUATION OF BATTERY PERFORMANCE

3.1 Results of SOC determination give evaluation of battery performance

3.0

SLA#é o= = ENF
Charge at RT 8A == == Charge voltage
== == Discharge voltage
25 L
2 /-—-——
315 /
1.0
o 40 60 80 100
SOC (%)

Fig. 3.1 SOC determination by EMF

The SOC can be decided by using the discharge graph at particular C rate, EMF
method, pulse load method, specific gravity of the electrolyte, AC impedance
measurement [3].

For the EMF method, the graph shows that there are two curves, charging and
discharging, the average of these two curves are calculated, and the SOC can be
calculated from the run time. Then it can be used to judge the SOC in a charging or
discharging circuit. The EMF method does not provide continuous indication of the SOC,

and the battery should be charging or discharging, in other words, the EMF method can

20



only be used when the battery is working. But it is a widely used method, easy and

convenient. The EMF curve does not depend on aging and temperature of the battery.
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Fig. 3.2 SOC determination by discharge at particular C rate

Another method is to decide the SOC through discharge graph at particular C rate
[2]. This figure is the OCV at different SOC and the discharge curve. It is easy but the
voltage discharge curve strongly depends on the discharge rate. If collect different C rate
discharge open circuit voltage, it will be easier to decide the SOC. Temperature also
should be taken into consideration. The figure shows that the voltage when it is
discharging is different from the open circuit voltage. So for the EMF method, it cannot
be used to decide the OCV. Through discharge at particular C rate is a convenient method

but the main drawback is it is hard to know the battery using history, the discharge C rate.
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The third method is based on the impedance. Impedance is the whole of resistive,
capacitive and inductive resistance. Capacitive reactance decreases with increasing
frequency. Inductive reactance increases with increasing frequency. Resistive resistance

is influenced by temperature.

0.03
SLA#6 @ RT

Charge at C/3
Discharge at C/3
0024 Cycle number 75

0.01 1

Zim (mQ)

0.00 002 004 006 008
Z,, (MQ)

Fig. 3.3 SLA #6 impedance Nyquist diagram

Here is a typical impedance graph based on EIS method. This is a Nyquist
diagram of lead- acid battery in full charge state. The point cross zero is the HFR. The
HFR: 2.3 mQ, Frequency 138.9Hz. HFR becomes higher as the battery capacity degrades

with cycling.
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Fig. 3.4 The EIS data in old battery

This is the EIS data in old battery. VRLA battery has capacitancel00 Ah 12 V.
The battery almost lost the all capacity. The Nyquist plots can show the transition

between the reactions proceeding under kinetic or transport control
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Fig. 3.5 Impedance characteristics of different SOC for SLA #3

The graph shows the full charge high frequency resistance is lower. The
impedance change with different SOC shows that at different SOC, the curve is different.
It provides another method to test the SOC. However, this method is not practical for
SOC indication in a portable device. Because a frequency sweep signal should be applied
to the battery, the device will be large. And EIS method to test the SOC will take a
longer time. One method to solve this problem is to collect a plenty of data for different C
rate, HFR and make a look up chart. By using the chart into a portable battery device, it is

accessible to test the battery SOC.
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Fig. 3.6 Impedance characteristics of different SOC for ACME #2

The impedance characteristics of various SOC for Ni-Cd batteries are similar to
the graphs of SLA batteries. From the impedance change with different SOC, it can be
seen that the 20% SOC has higher HFR than 40%, and the 40% SOC has higher HFR
than 60%, the full charge HFR is near the 80% percent curve. It provides an accessible

method to measure the state of charge.
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Fig. 3.7 ACME #2 HFR change with SOC

This figure shows that the HFR is lower when SOC higher. The HFR of the full
charge state is a little bit higher than the HFR of 80% percent. This figure clearly shows

that the HFR changes with the SOC.
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Fig. 3.8 Impedance characteristics of different SOC for ACME #4

ACME #4 SOC figure is similar to ACME #2, the full charge SOC is between the

80% and 60% curve.
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Fig. 3.9 ACME #4 HFR change with SOC

Again, the graph shows that different state of charge, different high frequency

resistance.

This method can be used for open circuit voltage, and it is not dependent on

temperature.

The chart below shows the SLA #4 charge and discharge impedance with cycling

as an example to show that HFR change with cycling.
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By collecting the HFR values and the frequency for different SOC, it can be used

to make a reference table for the portable device to test the battery state of charge easily

and accurately. So it is a widely used method.

Table 3. 1, take SLA #4 charge and discharge impedance with cycling as an

example, from the table, the charge impedance of the SLA #4 is keeping increasing, the

impedance of the discharged battery is increasing but only one point. It might be caused

by the different time interval between the discharge finish and impedance test. When the

battery is discharging, the cutoff voltage is 1.0 V.

Table 3.1 SLA #4 charge and discharge impedance with cycling

Charged Discharged

Cycle number Temperature HFR(mQ) | High HFR(mQ) | High
Freq.(HZ) Freq.(HZ)

26 RT 3.128 372.8 5.957 372.8
35 RT 3.294 372.8 6.433 719.7
40 RT 3.370 517.9 6.535 1000
55 RT 3.478 517.9 5.526 719.7
70 50C 6.732 517.9 13.25 10,000

The impedance of the fully charged battery is increasing with the cycle number.

Some people developed modeling based on impedance [16]. When the battery finished

discharge and immediately test the voltage, the voltage is 1.85 Volts, when put the

battery for 10 minutes, the voltage will grow up to 1.9 Volts, so it make it hard to use the

discharge impedance to test the battery condition. So the later discussions in this thesis

use the full charge impedance.
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3.2 Results of Characterize aging, temperature, C rate to the battery performance
This is a typical discharge graph. In this figure, the battery was charged at the rate

of C/4, discharged them at the rate of 1C rate at room temperature.

2.4

SLA#3

2.0 A

1.6

Voltage(V)

1.2 H

0.8 , . , . , . , . ,
24:00 00:15 00:30 00:45 01:00

Time(hh:mm)

Fig. 3.10 Discharge graph of the SLA #3

In the figure above, according to the discharge time, the capacity is about 80
percent. There is a sudden drop at the beginning of the battery discharge stage.

It is caused by the electrochemical reactions within the battery; the reaction name
is coup de fouet. The coup de fouet can be seen in the fully charged battery, so it is a

signal to show that the battery is fully charged. In a very short time, the voltage recovers

[17].
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Fig. 3.11 Capacity of the batteries SLA #3, 4

Figure above is Group II. Seal Lead-acid battery 2 V, 8 Ah (SLA #3, 4). It shows
that the battery capacity decreases from about 87 percent to 75 percent in 55 cycles of
charge and discharge. The high frequency resistance for SLA #3, 40th cycle, charge HFR
was 3.064mQ, 50th cycle, charge HFR was 3.243m€Q. The high frequency resistance for
SLA #4, 35th cycle, charge HFR was 3.294mQ, 55th cycle, charge HFR was 3.478mQ. It
showed that HFR becomes higher as the battery capacity degrades with cycling.

After 55 cycles, the batteries were charged and discharged at 55 °C. The capacity
grew up to about 10 percent.

From this experiment, there were three questions:
31



Is all kinds of battery will have better performance when charging and
discharging at high temperature?

Is charging temperature influence the battery performance or discharging
temperature?

What could be the results if there are more cycles? How long will this better
performance remain in higher temperature?

When the batteries were put into higher temperature, the capacity increased, in
order to figure out how the temperature and C rate influences the battery capacity and
impedance, the thesis investigated and designed experiment: charging and discharging

the battery under different temperatures for different C rates.
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Fig. 3.12 Charge and discharge of battery ACME #3
The figure is Group I. Ni-Cd battery 2 V, 8 Ah (ACME #2, 3, 4). The battery was
charged and discharged in 2.5A at room temperature in this figure. It is the charge and
discharge graph of Ni-Cd with the cycle number 20. The charge impedance is 4.713mQ
at 517.9Hz and the discharge impedance is 4.979mQ at 372.8Hz. The full charge

impedance is higher than discharge impedance.
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Fig. 3.13 ACME #3, 4 capacities degrade

The ACME Ni-Cd batteries were tested, marked them as ACME #3 and ACME

third part was charging and discharging at 55 °C.
For the first part, the first 3 cycles drop quickly from 120 percent to 100 percent,
and then it remained rather stable around 100 percent.
For the second part, the capacity has a little decrease when charge the battery at

room temperature and discharge at 55 °C.
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#4. The testing was divided into three parts, first part was tested under room temperature
for about 20 cycles; the capacity was 8Ah, discharge current 2.5A. The second part was

charging at room temperature and discharging at high temperature for about 5 cycles. The



For the third part, capacity drops quickly and finally stays about 40 percent.

When the batteries are put into the oven for charging and discharging, the
capacity decreases quickly. When the Ni-Cd batteries are put at 55 °C, it is hard to make
it fully charged. When using 2.5A and charge for 3.2 hours and discharge, it shows 40
percent or 60 percent capacity.

This experiment solved the first two questions in the last experiment:

First, not all batteries will have batter performance under a higher temperature.

Second, Charging temperature has more affects on the battery performance. Since
the batteries were charged at room temperature and discharge at high temperature did not
have an obviously capacity degradation. While when the batteries were charged at room
temperature, the degradation is quickly.

The figures below are batteries for Group III. Sealed-lead CYCLON® battery 2 V,
25 Ah (SLA #5, 6,7, 8).

In order to study the temperature and C rate influence to the batteries, the batteries
were charged and discharged under different conditions. Below are the test details.

Table 3.2 Group III Seal-acid battery 2 V, 25 Ah cycling details
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Battery cycling details(SLA)

Battery C rate
number Temp. (°C)

Charge Discharge

5 55-60 | C/12 c/3
6 27 c/3 C/3
7 27 C/12 C/3
8 55-60 | C/3 C/3

There are four experiments under different conditions. SLA #5 and 8 were tested

under high temperature.

SLA #6 and 7 were tested under room temperature. SLA #6 and 8 are charging in

high C rate (C/3). SLA #5 and 7 are charging at low C rate (C/12).
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>
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Fig. 3.14 SLA #6 discharge
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To study the capacity degradation with aging, the figure shows the discharge
graph of different cycle number, one is collected when the battery was fresh, and one is
old. The run time of 75th cycle is lower than the run time of 3rd cycle, it can be
concluded that the capacity decreased. Capacity has a little degradation after about 70

cycles, the capacity changes from about 100 percent to 85 percent even at room

temperature.
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Fig. 3.15 SLA #7 discharge

SLA #7 capacity has a little degradation after about 50 cycles, the capacity

changes from about 100 percent to 90 percent.

From figure.21 and figure. 22 it can be concluded that relatively, the battery

charges at higher rate degrades fast, at room temperature.
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Fig. 3.16 SLA #5 discharge

SLA #5 capacity has a little degradation after about 30 cycles discharge. The

capacity changes from about 104 percent to 99 percent.
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Fig. 3.17 SLA #8 discharge

SLA #8 capacity has an obvious degradation after about 50 cycles discharge. The
capacity changes from about 110 percent to 85 percent. At elevated temperature, higher
electrolyte conductivity, the higher current migration ability and the migration resistance

will be lower. These lead the improvement of discharge performance. However, the

degradation is fast.
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Fig. 3.18 HFR values of SLA #6 & 7

HFR becomes higher as the cycle number higher.
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Fig. 3.19 HFR values of SLA #5 & 8

The figure shows that the rate of increase in HFR is higher for a battery with

faster charging rate.
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Fig. 3.20 HFR values of SLA #5 & 7

It is interesting to note that the rate of increase in HFR is not high even at 60 °C, if

the charging slowly.
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Fig. 3.21 The contrast of the influences of the C rate and temperature

Temperature influences the internal chemical reactions of the battery. The hotter

the battery, the faster chemical reactions will occur.

The Battery degrades fast at elevated temperature only when the charging is

carried out faster (C/3 rate).
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Fig. 3.22 Capacity degradation with impedance change

This is the capacity degradation and impedance increasing of SLA #8 as an
example. The graph shows that the more cycle number, the lower capacity, and the higher
impedance. The capacity losses for lead acid batteries are caused by sulfation, the grid
corrosion and lower density of the electrolyte [18]. Self-discharge can lead to sulfation.
Sometimes recharging can reduce it. However, if the sulfation is remained long time and
too much, it will be hard to reduce. The chemicals in the electrolyte lead to the grid
corrosion. When the temperature is higher, these unwanted chemical reactions speed will

be higher, in other words, the corrosion reaction speed increases.
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Chapter 4

RESULTS AND DISCUSSION ON CORROSION OF METALLIC ALLOYS

The figure below shows the polarization for the Hastelloy C-276 in molten salt
NaCl-KCI-ZnCl, at 250 °C by potentiodynamic method. The left branch is anode
polarization and the right branch is cathode polarization. Draw tangent for each branch

and the crossing is the i values [18-20].
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Fig. 4.1 Polarization curve of Hastelloy C-276 in molten salt

The corrosion of the Hastelloy is mainly caused by chemical corrosion. The metal

has oxidation-reduction reaction with electrolyte and the electrode, metal will lost. So it



asks for high corrosion resistance. The higher operating temperature, the higher thermal

transfers efficiency, while higher corrosion of the metal.
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Fig. 4.2 Hastelloy C-276 in molten salt at different temperature

Corrosion rate calculation

Ky Xipope XEW
p

CR (in um per year) =

250 °C CR =5.51 pum per year
300 °C CR = 6.09 pm per year
350 °C CR = 8.65 pm per year

400 °C CR = 53.33 pum per year
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Fig. 4.3 HFR in molten salt at different temperature

It shows that the HFR is higher when the temperature is lower. The reason is
higher temperature, lower migration resistance. It suggests that in a battery system,
higher temperature might leads to a better performance in a short time. However, higher
temperature, higher corrosion rate and other unwanted chemical reaction. If there is a
metal material within a pacific heat transfer fluid, higher temperature lower corrosion rate
and lower unwanted chemical reaction, it will have good application. Although according
to the technology now, it seems impossible, but it might be some materials, higher

temperature, there might be film forms on the surface and prevent corrosion, or some
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chemical reactions can corrode the corrosion product. By unstop imagining, the science

being pushed ahead.
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Chapter 5
CONCLUSION

In this paper, there are two parts of work. Part one: Test & Evaluation of battery
performance. Part two: Test & Evaluation of electrode corrosion.

For the first part, different SOC determination methods have been studied in order
to giving evaluation of battery performance and battery conditions. From the experiment,
the conclusion is AC impedance method is the better methods compare to another two for
supporting a portable battery tester to test SOC for open circuit. It has less limitation. By
collecting enough HFR at different SOC, it is accessible to make a look-up chart for the
battery tester to determine the SOC of the battery. There are three experiment have been
designed to characterize the aging, temperature and C rate affects to the battery
performance, battery life. The conclusions are: At higher temperature, the rate is higher
and will have an obvious increase in impedance. At room temperature, the rate is higher
and impedance will have a slight increase.

For the second part, Hastelloy C-276 corrosion rate has been studied at different
temperature in the chlorides salts. Hastelloy C-276 corrosion rate is 5.51 pm per year at
250 °C while jumps up to 53.33 pum per year when the temperature reached 400 °C in the
NaCl, KCI, ZnCl, mixture. The conclusion from the experiment is higher temperature
the corrosion rate is higher.

There are four recommendations from the experiment:

First, there should be more research to make the evaluation of other battery

system, such as lithium-ion batteries and NiMH batteries.
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Second, collect more data about HFR values of different SOC and make a look up
chart to support a portable battery tester.

Third, explore other types of fluids which are cheap and stable in high
temperature can act as the heat transfer fluids in concentrated solar thermal power system.
Different ratio of different chlorides salts should be studied.

Forth, test different metal materials corrosion rate in different molten salts for
different temperature, also includes HFR (high frequency resistance) into consideration.
Search the heat transfer fluids at the same time do study with metal materials to find the

best match up.
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