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Chapterxr 1
Introduction

1.1 Trends in the world electricity consumption

Between 1870 and 1914, the second industrial revolution, the world electricity
consumption has been increasing continuously. Electricity is one of the essential keys for
driving economic growth. It has also become a part of modern life, and we cannot think
of'a world without it. Future energy demands should be met and improved efficiently and
securely. According to the report of world energy consumption in the last two decades
(2000-2019) shown in Figure 1.1 [1], it increases 3% per year on average worldwide.
Figure 1.1a shows overall electric consumption in the world. Electricity consumption in
Asia has increased, which is the highest when compared with other continents revealed
Figure 1.1b. Figure 1.1c shows that China is the country where uses the highest electricity
in the world. It has been predicted that the worldwide energy consumption in 2025 and
2030 becomes 665.4 and 721.6 quadrillions of British thermal units (BTU), respectively
[2]. Another report estimates the average annual percent change for 2000-2030, around
2% per year. According to the notice of electricity demand by sectors [3], including
industry, residential, service, transport, other final uses, and power service, it has
increased in all sectors as shown in Figure 1.2 [3]. The trends indicate the growth of the
power system in the future.

Normally, the power system, concluding generation, transmission, and
distribution, is one of the most complex networks in modern society. The rapid evolution
of its size and diversity, as well as the emergence of the smart grid, has brought many
challenges including stability issues and the subsequent occurrence of blackouts. A
summary of major blackouts occurred in recent years is presented in Table 1.1 [4]. These
data show the effect of blackout, failure of the system, in the term of affected people and
loose cost during the outage situation. For example, in the year 2012 in India, 670 million
people were affected, and the 6000 million Dollars of the loose cost was estimated during
the 2-8 h of blackout time. While the year 2003 in North America, the loose cost was
estimated over 10000 million Dollars in North America. During 5-72 h of blackout time.
However, after the outage situation, they tried to improve the system for increasing

reliability. Typically, reliability of system is referred to standard such as IEEE Std. 1366-
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1998 (Trial Use Guide for Electric Power Distribution Reliability Indices). Union for the
Coordination of Transmission of Electricity (UCTE) shows the blackout classification in
Table 1.2 [5], which is calculated from the population and the base of power
corresponding to the whole system.

Table 1.3 [6] shows 66 surveyed major power systems blackouts in some parts of
the world from 2011 to 2019. The survey is not comprehensive of all the power systems
blackouts in the world but is an excellent indicative tool in analyzing the causes of power
system blackouts. It can be seen that the highest number of blackouts was due to
abnormal weather conditions such as severe winds and heavy storms, and trees are falling
on the transmission line. However, bad weather conditions cannot be predicted with
absolute certainty, therefore having a forecast of them and an improved power system
monitoring a control platform can significantly safeguard power systems against such
events. The second failure cause is faulty equipment or human error, shown at 31.8%.
Apparently, the electrical apparatuses need to be improved continuously as well as power
system protection.

Nowadays, there is an electrical power substation everywhere. The power
substation is one of the essential parts of power system reliability. The study on the power
substation and the equipment installed inside should be necessary for power system
improvement. As described above, the power system needs a high degree of reliability.
Therefore, the electrical equipment will be essential to make high quality and capacity.

For these reasons, the electrical apparatus diagnosis is required for the stability
and reliability of the system. In this research, I focused on gas-insulated switchgear (GIS)
diagnosis because of the trends of increasing GIS continuously, and GIS has many
advantages. I would explain the details of GIS in the next section.

Moreover, taking environmental protection into account is also great attention.
Because some ecological problems, such as acid rain, the greenhouse effect, and global
warming, have already become a severe global problem, such as gas-insulated equipment,
which is commonly used in the power system. Leak or emission of insulated gases affects
the environment. Therefore, during the power system development, environmental

influence is also a critical topic concerned in the future.
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Figure 1.1. Electricity consumption in worldwide (a), continent (b), counties (c). (Data

from World Power consumption, Electricity consumption, Enerdata [1])
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Figure 1.2. World electricity consumption by sectors. (Data from Electricity, World
Energy Outlook 2019, Analysis - IEA [3])

Table 1.1. List of major blackouts since 2003 [4]

Blackout | Date People Loss of load | Estimated cost Time Improvement after blackout
location affected (MW) (Million Dollars) | duration
(Millions)
31 March Impro overload monitoring

Turkey 2015 70 322 700 7h and protection of
transmission line

30-31 July
2012

28 September . Implement Day-Ahead
2003 57 24 1200 >-9h Congestion Forecast (DACF)

India 670 48 6000 2-8h New-load shedding strategies

Italy

Introduce higher reliability

North | 14-15 August 50 61.8 Over 10,000 | 5-72h |standards for North

America 2003 American electricity industry
28 August > 30 Enhance cooperation
London 2003 05 724 NA. mins between utility companies




Table 1.2. Disturbance severity classification UCTE [5]
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Classification (Level) Severity Interpretation
(System — minute)
0 <1 Acceptable
1 1-10 Not severe
2 10-100 Severe
3 100-1000 Very severe
4 >1000 Catastrophic

Table 1.3. Analysis on blackouts around the globe and their percentage from 2011 to

2019 [6]
Blackout case Number recorded % of the recorded
number
Weather/Trees 33 50
Faulty equipment or 21 31.8
human error

Vehicle/Accidents 7 10.6

Animal 1 1.5

Over demand 4 6.1

Total 66 100

1.2 Gas-insulated switchgear (GIS)

At first, in this dissertation, the abbreviation “GIS” is used as an abbreviation of
“gas-insulated switchgear.” There are two definitions used in standards: “Gas Insulated
Switchgear” for International Electrotechnical Commission (IEC) and “Gas Insulated
Substations” for Institute of Electrical and Electronics Engineers (IEEE).

Gas-insulated switchgear (GIS) is a compact grounded metallic housing in which
multi-component assembly such as buses, switches, and circuit breakers are enclosed. In
a GIS vessel, SFg is filled as the primary insulating medium. The typical structure of GIS
equipment is schematically illustrated in Figure 1.3 [7].

For small sizing, typically, sulfur hexafluoride (SFe) is used as an insulating gas
due to its excellent insulation properties, such as that the breakdown voltage is higher
than the air around three times, SFs can be heated to 500 °C without decomposition in
the absence of a catalytic material, non-flammable, hydrogen, chlorine and oxygen have
no reaction on it, insoluble in water, and not reacted by acids. Some physical parameters
of SFs are listed in Table 1.4 [8-9]
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1: Busbar 2: Disconnector

3: Maintenance earthing switch 4: Current transformer
5: Circuit breaker 6: Current transformer
7: Maintenance earthing switch 8: Disconnector

9: Earthing switch 10: Voltage transformer
11: Bushing

Figure 1.3. Sectional view of a 550 kV-class GIS [7].
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Table 1.4. Some properties of SFe [8-9]. The asterisk *) denotes quantities that

approximately pressure independent in the range P < 700 kPa.

Density (gas, 20 °C, 0.1 MPa)
Density (liquid, 0 °C, 1.27 MPa)

6.07 kg/m?
1560 kg/m?

Dynamic viscosity (20 °C, *)

1.06x10°5 kg/m/s

Thermal conductivity (20 °C, *) 0.0155 Wm/K
Velocity of sound (20 °C, *) 134 m/s
Isentropic exponent (20 °C, *) 1.08
Critical temperature 45.55°C
Critical pressure 3.759 MPa
Critical density 740 kg/m?
Special heat Cp (gas, 20 °C, *) 524 J/kg/K
(liquid, 20 °C, *) 562 J/kg/K

Heat of sublimation

153,200 J/kg

Heat of melting 34,370 J/kg
Heat of vaporization (20 °C) 62,540 J/kg
Refractive index (20 °C, 0.1 MPa) 1.00073
Relative permittivity (20 °C, *) 1.0021
Loss tangent (gas, 20 °C) <5x1076
Loss tangent (liquid, -51 °C) <1x107
Pressure reduced critical breakdown field (20 °C, *) 89 V/m/Pa

Effective ionization coefficient

o= Aep [E/p-B]

a 1/m

A=2.8x1021/V
B =89 V/m/Pa

Recently, the GIS market is moderately fragmented. Some of the key companies
in the market include ABB Ltd, Siemens, Schneider Electric SE, General Electric
Company, Mitsubishi Electric, Eaton Corporation PLC, and Toshiba International

Corporation [10]. In the last two decades, the evolutionary development of gas-insulated
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switchgear has resulted in higher integration of several new technologies to enhance
performance and reliability by reducing defects, having more compact designs. These
developments enable to reduce intervals and cost for the maintenance. Gas-insulated
systems, such as gas-insulated lines and switchgear (GIL and GIS), are widely used in
the electric industry to transmit and control bulk power, respectively. The concept of high
voltage GIS with SFs has proved itself in several thousands of installations worldwide.
It offers the following outstanding advantages: [11, 12]
Minimal spacer requirements
Complete protection against contact with human and animal
Protection against pollution
Free choice of the installation site
Protection of the environment
Longevity, lifetime > 50 years
Gas-insulated switchgear, components, and related equipment fall under a large
number of standards. Both IEC and IEEE standards have standards for GIS, circuit
breakers, switches, bushings, testing, instrument transformers, controls, cabinets,
pressure vessels, and so on. Some of the current standards most relevant to GIS are as
follows:
IEEE C37.122: IEEE Standard for Gas-Insulated Substations
IEEE C37.123: IEEE Guide to Specifications for Gas-Insulated, Electric Power
Substation Equipment
IEEE C37.122.1: IEEE Guide for Gas-Insulated Substations
IEEE C37.1300: Cable Connections
IEC 62271-203: Gas-Insulated Metal-Enclosed Switchgear for Rated Voltages
above 52 kV
IEC 62271-1: Common Specifications
CIGRE Brochure 125: User Guide for the Application of Gas-Insulated
Switchgear (GIS) for Rated Voltages of 72.5 kV and Above

Figure 1.4 [11] shows the percentage evolution and development of the different
high voltage substations in the market from 1960 to 2020. If GIS and air-insulated
switchgear (AIS) are compared in the needed space for the same function, the space

reduction by GIS is in the ratio of 1:5. That means less than 20% of the area of AISs is

-8-
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needed to install a GIS. For example, Figure 1.5 [13] shows a comparison of the installed
area between AIS and GIS (ABB’s ELK-3 GIS) of 380 kV, Pradella CH, Switzerland.
In 2007, more than 20,000 bays in over 2,000 substations were installed
worldwide, in all kinds of environmental conditions and with the whole spectrum of
voltage and current rating. Highly integrated switchgear (HIS) is a compact switchgear
solution for a rated voltage of up to 550 kV. HIS is mainly used for the renewal or
expansion of air-insulated outdoor and indoor substations. With the HIS solution, all
electrical equipment is accommodated in compressed gas-tight enclosures and a
minimum number of independent gas compartments. This makes the switchgear
extremely compact. Gas-insulated modules have recently been seen at all voltage levels
up to 550 kV as intermediaries between GIS and AIS. They are suitable for the following
categories of application: standardization and optimization of new substations and/or
extension in an extensive network, reconstruction or refurbishment of AIS with

operational constraints and/or space limitation, and AIS extension with space limitation

[11].

1960 1980 2000 2020

I AIS B His Bl cis
AIS compact [l Bay module

Figure 1.4. Percentage evolution and development of HV substation in the market. (Data

from Technological progress in high-voltage gas-insulated substation [11]).
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Figure 1.5. Comparison of the installed area between AIS and GIS 380 kV Data from
ABB [13]).

The switchgear only makes a minor contribution to the total global warming
potential of a representative urban distribution grid. On the contrary, other grid
components such as cables and transformers play a decisive role regardless of whether
AIS or GIS technology is used. Figure 1.6 [11] shows an overview of the percentage of
environmental impact categories examined in a study at the switchgear level, and the
details of environmental impact are described in [14]. It is based on a representative mix
of all switchgear types in the MV range. A clear advantage for GIS compared to the AIS
area is also shown regarding global warming potential, except the SFs emission. SFe gas
is one of the most substantial human-made “greenhouse” gases, where its global warming
potential (GWP) is estimated to be approximately 22,800 times larger than that of carbon
dioxide (CO») gas. Table 1.5 shows the atmospheric lifetime and GWP at different time
horizons for SFs and COx. It was estimated that the emissions would reach 4270 + 1020
ton in 2020 [15], and the concentration of SFe in the atmosphere increased by 20% from
2010 to 2015 [16]. For this reason, many researchers have issued eco-friendly gases to
replace SF¢. Beroual and Haddad [17] report the literature review. The review reports the
main properties of candidate gases that are being investigated; in particular, natural gases
(dry air, N2, or CO) and polyfluorinated gases, especially Trifluoroiodomethane (CF3I),
Perfluorinated Ketones, Octafluorotetra-hydro furan, Hydrofluoroolefin (HFOs), and

Fluoronitriles are presented, and their strengths and weaknesses are discussed with an

-10 -
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emphasis on their dielectric properties (especially their dielectric strength), GWP, and
boiling point with respect to the minimum operating temperature for HV power network

applications.

| Ohmic Losses SFg Emission Materials and Manufacturing

100 A1 AIS AlS AlS
GIS
801 GIS ]
60 n
GIS |
40 GIS
20
0 0
Primary Global Acidification Nitrification
Energy Warming Potential Potential
Demand Potential

Figure 1.6. Environmental impact of AIS and GIS. The vertical axis indicates the
percentage of environmental impact with categories in horizontal axis (Data from

Technological progress in high-voltage gas-insulated substation [11])

Table 1.5. Lifetime and GWP at different time horizon for SF¢ and CO,[17]

o Global Warming Potential (GWP)
Gas Lifetime for Given Time Horizon
(Years)
20 years 100 years 200 years
CO, 30-95 1 1 1
SFs 3,200 16,300 22,800 32,600

-11 -
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1.3 Failures and possible defects in GIS

GIS has been operated for more than 50 years with a low failure rate due to high
reliability levels. However, some evidence shows the failure related to defects in the 300-
500 kV insulation system, as shown in Figure 1.7 [11]. About 72% of total failure cases
are caused by a circuit breaker, disconnector, and busduct and interconnecting parts. The
most important defects can be found around a protrusion from live or grounded parts,
moving particles, void, and inside the spacer, and the mechanical loose of the floating
component as shown in Figure 1.8. The defects may be caused by an error in
manufacturing, shipping, assembly, and poor electrical contacts. The main failure causes
in GIS are shown in Figure 1.9 [11]. It can be seen from Figure 1.9 that the defects shown
in Figure 1.8 represent about 53% of the total main failure causes in GIS. Therefore,
when any failure occurred in GIS, the insulation level would decrease. So far, GIS
diagnosis should be the essential method for monitoring and investigating the stability
and reliability of GIS [11, 12].

Other

Busbar
6.2% Earthing Switch

0.6%

Busducts and interconnecting part Disconnetor
SF6/Air Bushing
9.3%
Cable box
0.6%
Transformer interface Circuit Breaker or Switch
2 5% 27.3%

Surge Arrester
1.9%

Figure 1.7. Main components involved in failures of 300-500 kV GIS. VT: voltage
transformer and CT: current transformer. (Data from Technological progress in high-

voltage gas-insulated substation [11])

-12 -
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|
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Figure 1.8. Possible defects in the insulation system of GIS.

Not Related to Insulation Unknown Moisture

11%
8% E 7% Shields and Electrostatic Contact
18%

Protrusions/Particles on HV
5%

Bulk Insulation on Spacer
] . _ 10%
Particles and Foreign bodies

209
te Current Carrying Contacts

1%
Insulation Coordination of Disconnectors
10%
Figure 1.9. The main failure causes in GIS. (Data from Technological progress in high-

voltage gas-insulated substation [11])

1.4 GIS diagnosis methods

The AC GIS range has recently reached up to 1,100 kV of the rated voltage, and
50 kAms of the rated short-circuit breaking current. Also, 1,200 kV AC GIS is going to
be in the market very soon. Moreover, 500 kV DC GIS for the DC transmission system
has become available. However, insulation faults may occur in the long lifetime of GIS,
as described earlier. According to Figure 1.10 [18], a substation equipment can work
maximum 45 years under the required reliability level (0.9-1), without maintenance it

works only about 18 years (18.0149 years) and with optimal maintenance can work

- 13-
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maximum 45 years under the required reliability level. Therefore, the reliability of the
power system has been essential in the new development trends. Mainly to keep GIS
performance which can function, maintenance is necessary for its whole lifetime.

Usually, types of the maintenance of the power system equipment can be
separated into three strategies: [19]

(1) Conventional breakdown maintenance (BDM): actions carried out after
functional failure, i.e., repair, overhaul, partial or total equipment replacement.

(2) Time-based maintenance (TBM): preventive actions carried out at
predetermined intervals given by time or number of operations independent of the
equipment.

(3) Condition-based maintenance (CBM): preventive actions are carried out
depending on the equipment's condition. The condition is inspection on-line or at
intervals that are fixed or dependent on the former inspection results.

The trend in GIS maintenance has shifted from BDM, in which devices are
repaired, and parts are replaced only after a failure occurs. Apparently, BDM has
demonstrated high risk of shutdown or blackout of system. To TBM, in which inspection,
repair, and replacement are performed at regular intervals. However, TBM has the risk
of over-maintenance, in the case of no failure in the system during some periods, which
increases maintenance costs and even the failure rate. Instead, CBM, which detects GIS
conditions, predicts their deterioration, and performs preventive maintenance,
increasingly attracts attention. GIS monitoring and diagnosis by CBM can prevent the

enormous failure as well as the unnecessary displacement of apparatus without damage.

A ——— With maintenance

1.00 Without maintenance
0.99 =

0.98=
0.97 =
0.96 =

0.95p=

Reliability

0.94 =

093

092 =

091 =

0.90

>

5 10 15 20 25 30 35 40 45
Time (year)

Figure 1.10. Reliability of substation equipment with and without maintenance [18]
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1.5 Diagnosis techniques for partial discharge in GIS

IEC 60270 defined partial discharge (PD) as “localized electrical discharge that
only partially bridges the insulation between conductors and which can or cannot occur
adjacent to a conductor.” With the occurrence of partial discharge inside the GIS, high
frequency switching pulses (voltage or current), sound, light, decomposed gases,
electromagnetic waves, etc., are generated. Those phenomena and products can be an
indicator for GIS diagnostics. The partial discharge detection techniques are classified
based on parameters measured by sensors and other equipment. Each detection scheme
has its detection range and physical quantity that limits its application. Diagnosis
techniques can be divided into five techniques:

(1) Electrical detection techniques: conventional electric method, pulse
capacitive coupler method, and high-frequency current transducer method

(2) Electromagnetic detection techniques: ultra-high frequency (UHF)

(3) Acoustic detection techniques: acoustic sensor

(4) Optical detection techniques: photomultiplier (PMT)

(5) Chemical detection techniques: gas chromatography, Fourier transform
infrared spectroscopy (FT-IR)

These techniques have demonstrated, for example, see references [20-26].

Each method has its advantages and disadvantages for practical application. UHF
technique has a high sensitivity (a sensitivity in the MHz or more range), but the
disadvantage is the attenuation of electromagnetic waves from PD, resulting in requiring
many sensors, such as every 5 to 10 m for a typical GIS [12, 27]. The acoustic technique
offers the advantages, such as a good sensitivity (a sensitivity in the kHz range) to detect
most defect types, immunity to external noise, and defected can be localized, but the
position of the sensor is limited because of the high attenuation of the acoustic wave
signals which depend on structure of the GIS vessel [12, 27]. The electrical detection
technique has a good sensitivity (a sensitivity in the pico-Coulomb range), but the on-
site application is limited due to electromagnetic interference [12, 27]. Optical and
chemical detection techniques are still under development. Here, I have proposed a new
chemical detection-based GIS diagnosis method. I focused on the chemical detection in
next section. The advantage and disadvantages of each technique are summarized in

Table 1.6.
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1.6 SFs decomposition detection methods

In this thesis, I have proposed a new chemical detection-based GIS diagnosis
method. Basically, in an electrical arc, the decomposition products are formed in the
presence of [43]:

(1) an electrical arc formed by the opening of contacts normally comprising alloys
based on tungsten, copper and nickel, containing residual quantities of oxygen and
hydrogen

(2) impurities in the SF¢ such as air, CF4 and water vapour

(3) insulating components comprising epoxy (C21H25ClOs), plastic materials
based on carbon, hydrogen and silica

(4) other metallic or non-metallic materials from which the equipment is
constructed

As described above, which is the reason why the solid and gaseous decomposition
products contain. This section describes the decomposition of SFs. When SFs is exposed
to PD or breakdown, it dissociates, then a part of the dissociated species recombines.
Since the recombination occurs imperfect, many decomposition products such as HF,
SO,, CO,, CF4, SiFs, SOF2, SO2F2, S>F10, and SF4 are generated. These decomposition
products can be an indicator of PD, breakdown, or insulation failure in the system. The

main reactions under PD are illustrated in the following equations [44].

e + SFg = SF, + (6 —X)F + ¢, X =1~5 (1.1)
e+0,>0+0+e (1.2)
e+H,0-0+O0H+e (1.3)
SF5 + OH — SOF, + HF (1.4)
SFs +0 — SOF, + F (1.5)
SF, + OH + F — SOF, + HF (1.6)
SF; + 0 - SOF, + F (1.7)
SF; + OH — SOF, + HF (1.8)
SF, + 0 - SOF, (1.9)
SF, + OH + F — SOF, + HF (1.10)
SF+ 0 + F - SOF, (1.11)
SF + OH + 2F — SOF, + 2HF (1.12)
SF¢ + SF, - SF5 + SF; (1.13)
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SFg + SO, — SO,F~SF; (1.14)
SF, + 0, = SO,F, (1.15)
SF, + H,0 — SOF, + 2HF (1.16)
SOF, + H,0 - SOF, + 2HF (1.17)
SOF, + H,0 — SO,F, + 2HF (1.18)
SOF, + H,0 — SO, + 2HF (1.19)
epoxy + F — CF, (1.20)
C+ 4F - CF, (1.21)

In GIS practical application, decomposition gases are removed using active
alumina or molecular sieves effectively. Suppose the adsorbent (molecular sieves or
activated alumina) is present in the equipment in sufficient quantity in the gas
compartment. In that case, the level of corrosion due to the SF¢ decomposition product
(SO2, HF in particular) is very slight, if not negligible. This is because the adsorbents
have a very rapid and effective action such that the corrosive gases do not sufficient time
to react with other materials.

In the real-world GIS, normally, for SF¢ byproducts analysis, an absorbent used
for decomposition gas absorption is not installed in the compartment, the most common
diagnostic gases are SOF; and SO;F, measured by the gas chromatography and mass
spectrometer they may be detected with sensitivities down to 1 ppmv (part per million
by volume). Byproducts of SFs decomposition can be detected by different techniques,
for example, gas detection tubes, gas chromatography, FT-IR, and gas sensors.
Information such as insulation degradation type, property, and level can be measured by
quantifying the gas decomposition components. These chemical detection tools are free
from noise and electromagnetic interference. The sensitivity of the gas detection is
typically below 1 ppm. GC and FT-IR have high sensitivity but are costly, time-
consuming, and suitable for laboratory-based analysis rather than continuous on-line
monitoring or portable detection. A detection tube can be used to detect major
decomposition products, such as SO, and HF, at ppm levels. However, detection tubes
have poor accuracy because the concentration of decomposition products is determined
by color change, making these tubes unsuitable for on-line monitoring. A gas sensor can
be installed in the GIS vessel to achieve on-line monitoring or portable detection.
However, the sensitivity and interference are still under development. The advantage and

disadvantages of each chemical technique are summarized in Table 1.7.
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1.7 Chemical detection-based GIS diagnosis

Recently, byproducts of SF¢ have been studied in many works, such as the
analysis or detection of SF¢ decomposition, which will help verify the failure in GIS [45].
Furthermore, the analysis of generated decomposition gas can indicate the types of PD
[46, 47]. In our lab, it was demonstrated that the SFs decomposition products, such as
HF, SO,, SOF», generated by DC corona discharge could be detected by using a carbon
nanotube (CNT) gas sensor fabricated by positive dielectrophoresis (DEP), which is
applicable to fabricate the gas sensors.

I proposed the new schemes for rapid, inexpensive, and on-site diagnosis of gas-
insulated switchgear (GIS) in this work. It focuses on residual CF4 in the GIS, one of the
decomposition gases from SF¢ by partial discharge or breakdown. Among the variety of
decomposition gases, only CF4 accumulates for a long time because an absorber removes
the others [48]. Therefore, the amount of CF4 represents the condition of GIS (details are
described in Chapter 2).
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Chaptexr 2
Research objective and overview concepts

2.1 Objective

Studies described in the thesis aimed to develop methods for the detection of
residual CF4 in GIS. The methods are to realize rapid, inexpensive, and portable devices
for GIS diagnosis. This section will explain the overview concepts for the CF4 detection
method and discuss the comparison between the current method and the proposed method
for gas analysis for GIS diagnosis.

Typically, recommended maintenance plan of GIS consists of virtual inspection
(ideally several times a year), minor inspection (every 5-10 years), and major inspection
(every 15-20 years) [48]. As mentioned in Chapter 1, recently, CBM would be applied to
the inspection method. Moreover, using the system integrity protection scheme (SIPS)
[49] for power system and GIS condition monitoring is integrated with the machine
learning and internet of things (IoT) and automated monitoring to increase the diagnosis
performance [50-52]. To illustrate, the worst case occurred in GIS, about fault that
occurred exceed the expectation. Therefore, inspection, protection, and recovery of the
system should consider earlier under the right decision that it should be keep working or
stop working then diagnosis. For these reasons, the GIS diagnosis method, which is easy,
rapid, reasonable, and can be used whenever needed, has been required for GIS diagnosis.

The minor inspection of GIS is performed every 5-10 years. This inspection
checks the impurity in SF¢ (if the GIS vessel is not equipped with absorbers). This
maintenance does not require opening the vessel, but the inside gas is sampled for
laboratory analysis. Generally, the sampled gas is analyzed by gas chromatography (GC)
and Fourier transform infrared spectroscopy (FT-IR). Then, the decomposition gas was
analyzed. These methods take time for analysis due to operation in the laboratory. For
this condition, the rapid and on-site test method is interesting and high impact on the GIS
diagnosis engineering field. We have researched the methods to be the one choice for
GIS diagnosis. The proposed CF4 detection would be required during the due date of
minor inspection.

In this thesis, CF4 in SF¢ was considered a detection target because it is retained

for a long time in the GIS vessel after the generation. Details of the CF4and its generation
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process are described below. The CF4 detection methods were designed for an off-line
diagnosis. Unfortunately, the gas sampling method needs some quantities of
decomposition gas for gas analysis. In addition, the CF4 analysis system might need some
space for installation inside the GIS system, including concern of interference of any
signal or noise from GIS. Therefore, I decided to take the gas sample from GIS and on-
site analysis. However, we have not given up yet on an online diagnosis. In future work,
we would improve the method as well as the performance of the system.

The gas analysis should be divided into two categories, SF¢ purity analysis and
SF¢ decomposition analysis. The former is an analysis of SFs. SF¢ can be sampled and
analyzed. SF¢ gas samples can be collected in specially-prepared stainless-steel sampling
bottles and sent to a laboratory for analysis. Moreover, in some cases, portable
instruments are used. The tools are used to measure moisture — typically, 'dew point'
hygrometers are used for this proposal. The latter is SF¢ decomposition analysis. Typical
analysis may include N2, Oz, CF4, SO2, SO:F2, and SOF; operated in the laboratory.

The fact [48] that the portable instruments have the advantage of immediacy
measurement results is immediately available, but less detail is available. On the other
hand, laboratory testing offers a more comprehensive analysis but with the inevitable
delays and possibility of sample contamination and degradation en route to the lab.
Nevertheless, in this study stage, we would research and study the potential of our
concept on CF4 detection and sizing of the detection system and discussion in some topic-

issued cases.

2.2 Decomposition product effect and why CF, is the detection target
CF4 is one of the decomposition products of SFs [48]. CF4 has attracted attention
as an indicator for the GIS diagnosis because CF4 accumulates in the GIS vessel for a
long time [45, 48]. This is because CFj4 is hard to be removed by an absorbent generally
placed in the GIS [53]. According to IEC 60480, the maximum acceptable CF4 level for
re-used SFe is 3% in volume. Therefore, the CF4 detection can be considered as the failure
indicator of the GIS. CF4 is generated when the reactions with the discharge involve
carbon-including materials such as insulator solids and grease. The molecular structure
and some properties of CF4 are shown in Figure 2.1 [54] and Table 2.1 [55], respectively.
Chu [56] reports the decomposition products in the enclosed compartment affect

the system performance in two ways. The presence of gaseous and solid by-products may
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lower the dielectric strength of the system.

The former, Manion [57] tests the arc stability of electronegative gases. The
results indicated that even for arc by-products up to 30% by volume, there is no
degradation of dielectric strength of the gas gap. The relative dielectric strength of by-
product at uniform filed for SFs, SOF2, SO2F2, SO, and CF4 are respectively 1.0, 1.4,
0.75, 1.0, 0.42. Because of the dielectric strengths of these arc by-products and their
concentration, it is not surprising that there is little effect on the gas gap’s insulation
system. Although, these decomposition gases can chemically attach solid insulating
material, which may eventually lead to a reduction of the dielectric strength.

The latter, Murakami and Menu [58] claimed a 20% reduction of flashover
strength when the insulating surface was covered with by-products generated from arcing.
Chu [59] reports that the fluoride powder formed during arcing has a very large surface
area, and the powder can adsorb significant quantities of gaseous by-products. The
surface adsorbed gaseous by-product reaction and the solid insulating surface when the
solid by-product contact the surface are responsible for reducing the solid insulator’s
dielectric strength.

Fault, such as discharges and arcs between the contact of switching devices
during operation, and accidents caused by a defect of the equipment, generates many by-
product species. The most-reported SF¢ by-products are SF4, SOF,, SO2F2, SO», S2Fio,
and AlF; [45]. CF4 is also generated. It is often found when the arcs occur on the
polymeric insulators and grease used in the GIS [48]. In the practical application, it has
been revealed that most of the decomposition gas is removed and controlled using an
absorbent [45, 53]. However, the absorbent or filtration cannot effectively remove CFs.
Figure 2.2 [53] shows the decomposition gas removal efficiency with and without the
absorbent. It is clearly understood that CF4 cannot be removed completely. Typically,
GIS manufacturers put the absorbent to the gas compartment. Other decomposition gases
are removed. But CFy is still remains in the gas compartment. For these reasons, the
unique diagnosis of CF4 is we can apply CF4 detection to any gas compartment in GIS,
with and without the absorbent. Next, I explained why CF4 cannot be removed by an
absorbent, following some references below.

Table 2.2 [60, 61] shows the size of gas molecule including SFs, CF4, CO, and
CO». Comparing SFs and CFa, they are nearly the same of molecule size, 5.5 and 4.7 A,

respectively.
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Figure 2.3 [62] shows the relationship between pore diameter of various zeolites
and molecular diameter of molecules. There are many pore sizes for suitable gas specie
removal. The company where provide an absorbent such as Sinopharm Co. Ltd. and
Shandong Taikai High Voltage Switchgear Co, Ltd. [63]

However, Cai et.at [64] report a very little adsorption occurs in the pores smaller
than 8 A for SFe and CFs. Moreover, Chu [45] explains the time constant for the
absorbent to remove all decomposition gases will be in several days and indicates that
the absorbent cannot effectively remove CF4, for the same reason that it cannot remove
SF¢ because both are nonpolar molecule. Therefore, CF4 is retained for a long time after
the generation by faults. The amount of CF4 in GIS indicates that the number of the
failure and the resulting insulation failure.

Chu [45] reports that when discharge in SFs occurs near a polymetric material,
the CF4 concentration increases as a function of discharge energy and duration. CF4
concentration in a gas component has experienced partial discharge due to loose contact
near an epoxy coating. In this case, CF4 is generated greater than 1000 ppmv. According
to Kyushu electric company's maintenance inspection data, the CF4 amount (Mcrs) in
their 66 kV GIS in 2017 was investigated. Mcrs was measured in overhaul inspection of
the disconnectors that occurred from a loose connection, as shown in Table 2.3 [65].
Shinkai [66] reported that CF4 was found in overhaul inspection of the disconnectors that
occurred from a loose connection. The critical amount of the CF4 analysis curve
demonstrated in the relationship between number of operation and amount of CF4 (mg)
is shown in Figure 2.4 [66]. Based on a statistical analysis, a critical amount of MCF4 is
determined about 200 mg (abnormal condition) [66]. To assume that the quantity of the
gas sample is 10 kg for a one-time GIS diagnosis. Then, we can estimate the parts per
million (ppm) by volume (or ppm mass) of CF4/ SF¢ is around 33.17 ppm by volume
[67]. This value can be regarded as the sensitivity of CF4 detection for GIS diagnosis.
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Figure 2.1. CF4 molecule. (a) Molecular structure, and (b) Lewis structure of C-F bonding

[54]. Green and gray spheres in (a) indicate fluorine and carbon atoms, respectively.

Table 2.1. Some properties of CF4. (Data from American Element [55], [57])

Properties
Compound Formula CF4
Molecular Weight 88
Appearance Colorless liquified gas
Melting Point -184 °C
Boiling Point -130 °C
Density 3.01 (vs. air)
Exact Mass 87.993613
Monoisotopic Mass 87.993613

Relative dielectric strength [57] 10.42
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Figure 2.2. Results of analysis of SFs decomposition with and without an absorbent. (data

from Cahier technique no.188, SFe properties, and use in MV and HV switchgear [53])

Table 2.2 Size of gas molecules [60, 61]

Gas Diameter of gas molecule (A) Diameter of gas molecule (nm)
SFs 556 0.55
CF, 47 0.47
CcO 37 0.37
CO, 3.3 0.33
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Figure 2.3. Relationship between pore diameter of various zeolites and molecular

diameter of molecules (Data from https://jza-online.org/magazines [62])
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Table 2.3. Amount of Ccrs4[ppm] and number of operation of 66 kV GIS [65]
B RAFIERT 2017 FFELFERUR A E T66kVGIS O A A3 HTI 1S < JIRRE2 T & i
RIS WIZERB T 5 TR

Sooraton | Morlma] Malka] Corglppm]
388 0.082 7 0.02
554 0.212 12 0.03

- =0 32 <0.01
204 0.618 7 Q.15
228 1.654 11 0.24
207 0.824 28 0.05

Critical amount of CF, = 200 mg

Upper limit of prediction (99%)
(Boundary line of abnormality
determination)

“— Characteristic curve
Mce=f(n)

CF4 [mg] (Mcga)

Number of operation (n)

Figure 2.4. The characteristic curve of the loose connection diagnosis method [66]. This

curve estimates the critical value of CF4 for abnormal condition at 200 mg

2.2 Related studies

In this research, two types of CF4 detection methods are considered. The first one
utilizes nanomaterial-based gas sensors fabricated by dielectrophoresis (DEP). The
another uses non-thermal plasma application. In this section, a brief review of the related

studies is described.
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2.2.1 Nanomaterial-based gas sensor

Recently, there are various kinds of metal oxide for gas sensor application, the
structure including such as nanowire, nanotube, nanosphere, nanorods, and nanobelts as
well as methods for sensor fabrication. The research in nanomaterial-based gas sensors
is mostly achieving at high sensitivity and improved limit of detection. The nanomaterial-
based gas sensors are widely used in industry and firefighting to detect explosive,
flammable, air pollution, and toxic gases threatening human health and properties. The
nanomaterial-based gas sensors have been made to increase the sensitivity, selectivity,
response and recovery speed, and stability of the metal-oxide-based sensor [68]. I
explained the sensor fabrication and CF4 detection scheme in Chapter 3.

In the previous studies of our laboratory, it has been reported that PD detection
by using a carbon nanotube (CNT) gas sensor. In the researches, SFs decomposition
products, including HF, SO2, and SOF,, were detected by the CNT gas sensor. The sensor
was fabricated by dielectrophoresis [69-71]. Our group has studied and applied the DEP
technique for many applications such as gas sensor fabrication and DNA detection. The
details of the applications can see elsewhere [72-75]. DEP and its application in gas
sensor fabrication are described in Chapter 3. Features of the nanomaterial-based gas
sensor are also described in Chapter 3. Several kinds of nanomaterials were demonstrated

to detect CF4 directly.

2.2.2 Non-thermal plasma applications

Inspired by many kinds of discharge plasma applications [76], | proposed indirect
CF4 detection.

From the late 1990s, it has been required to strictly control perfluorinated
compounds (PFC) emission to the atmosphere for preventing global warming. Since then,
various methods to remove PFC from the exhaust gas, including chemical adsorption,
catalyst, plasma decomposition, and combustion, have been studied [77-78]. Discharge-
plasma-based CF4 decomposition techniques have been reported. Many of them used a
discharge plasma generated in CF4 mixed with O2 to convert CF4 to COF2, CO, and COa,
which have lower global warming potentials than CF4 [79]. Yu and Chang [80] used a
cylindrical reactor to generate dielectric barrier discharge (DBD) energized by a high-
voltage AC (60 Hz). CF4 conversion efficiency increased with O concentration and

reached 27.6% with 20% O addition. Kim et al. [81] reported that using the DBD
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streamer and glow mode enhanced the CF4 removal efficiency. The optimal concentration
of added O to treat 500-ppm CF4 was between 500 and 10,000 ppm. Kuroki ef al. [82]
used an inductively coupled plasma to decompose a CF4/O» mixture. It was reported that
CF4 could be almost completely decomposed at 2 MHz with an O2/CF4 ratio of 1.0~1.25.
Pan et al. [83] demonstrated that perfect CF4 removal by combining non-thermal plasma
with y-Al>-Os.

This motivated us to develop an indirect CF4 detection method by converting it
into easily detectable gas species, CO and COx. This concept was inspired by previous
studies on CF4 emission control in the semiconductor and optoelectronic industries. In
the industries, PFC such as CF4, CoFs, and C3Fs, which contribute significantly to global
warming, was used for cleaning chemical vapor deposition (CVD) chambers and for
plasma etching processes.

Motivated by these previous studies, we proposed an indirect CF4 detection
method in which CF4 is converted into CO and CO- by discharge plasma. Because there
are many sensitive and inexpensive CO and COz gas sensors commercially available, the
proposed method has the potential of achieving reliable and cost-effective GIS diagnosis.

Following two sections, concepts of the direct and indirect detections of CF4 are

described.

2.3 Direct CF, detection

Figure 2.5 shows the concept of direct CF4 detection by using several kinds of
nanomaterial-based gas sensors. First, the gas is sampled from the GIS, and then residual
CF4 in the gas is investigated by the nanomaterial-based gas sensors.

To select the nanomaterials for CF4 detection sensor based on the term of
inexpensive material and commonly used in gas sensor application. The sensitivity
(detection limit, ppm) and response characteristics (response and recovery time) of each

sensor material would be investigated.
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Carbon
nanotube

Metal Oxide
CF,analysis Material

Gas sampling

Gas components Nanomaterial-based gas senor

Figure 2.5. Direct CF4 detection concept. (Sampled gas taken from GIS, incliding CF4

and other decomposition gas, is analyzed by several kinds of nanomaterial gas sensors)

2.4 Indirect CF4 detection

Figure 2.6 shows the concept of indirect CF4 detection by CF4 conversion by
DBD application. The sampled gas is mixed with O> additive, then DBD-treated to
generate CO and COz. The generated CO and COz can be detected with gas sensors. In
GIS, CF4 1s major decomposition gas containing carbon atom [45]. Even if CO and CO»
have already existed in the sample gas, the proposed method should work by evaluating the
increment of these gas concentrations after DBD treatment. This implies that CO and CO-
detection in plasma-treated sample gas can be regarded as an alert for possible accumulation
of residual CF4 in the GIS.
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Gas sampling O, addition

Gas components

l

CO, detection

DBD plasma
treatment
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I cF,
o,
[ coor CcO,
I Other decomposition gases (e.g., HF, SO,, and SOF,)

Figure 2.6. Indirect direct CF4 detection concept. (Sampled gas taken from GIS,
including CF4 and other decomposition gas, is analyzed by CF4 conversion into CO and

CO; using DBD application)

2.5 The details of each chapter in the dissertation

This dissertation is based on direct and indirect CF4 detection, as mentioned
above, and consists of six chapters.

Chapter 1: introduction to world electricity consumption. How necessary of
liability of the power system leading to power system improvement. GIS is one crucial
key of the power system. Explanations of increasing the number of GIS substations, fault
types and possible defects that occurred in the system, and diagnosis methods are the
essential background knowledge to understand the real-world situation of GIS and to find
the way to improve GIS in the future.

Chapter 2: research objective and concepts. This chapter describes the
background of this research, including both direct and indirect CF4 detection concepts. I
explained my research based on three concepts, including rapid test, inexpensive, on-site
test. Explanation of why CFj is interesting to be detection target gas and how to set CF4
sensitivity target.

Chapter 3: direct CF4 detection by using several kinds of nanomaterial-based gas
sensors fabricated by the DEP process. Experimental results of CF4 detection using

several gas sensors are reported. Discussion about the sensitivity for practical application
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is shown.

Chapter 4: indirect CF4 detection by CF4 conversion into CO and CO; by DBD
application. The new proposed schemed is examined. The possibility and limitation of
the detection system are discussed.

Chapter 5: after I tried to fabricate the CF4 gas sensor with a single nanomaterial,
Sn0O,, ZnO, and SWCNT, the results showed a very low response against 1000-ppm CFa.
To demonstrate the new technique of hybrid nanomaterials. This chapter shows the new
DEP-based nanomaterial sensor fabrication technique applying to NO2 gas. The hybrid
nanomaterial-based gas sensor fabricated by two steps of DEP was investigated to expose
NO:. This study is not related to CF4 detection directly, but this point would be the
starting point to study the hybrid materials gas sensors.

Chapter 6: summary of the dissertation and future works.
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Chaptexr 3

Direct CF4 detection by using nanomaterial-based gas
sensors

3.1 Introduction

As described in Chapter 2, at first, I tried to detect the residual CF4 by using
several kinds of metal oxide nanomaterials. Nowadays, there are many kinds of metal
oxide used to fabricated gas sensors [68, 84-86], such as tin oxide (SnOy), zinc oxide
(Zn0), titanium oxide (TiO2). Several metal oxides are suitable for gas detection, which
provide the sensor for the reducing or oxidizing gas. Summary of some studies of
nanoparticles for the gas sensing is listed in [87]. The variety of the metal oxides [88]
and the elementary forms of 1D metal oxide nanostructures [68] used for gas sensor
applications are shown in Figure. 3.1a and 3.1b, respectively. To the best of my
knowledge, there is no study to detect CF4 using metal oxide nanomaterials. In these data,
it seems that SnO2 and ZnO should be the best candidate to select for the first trial of CF4
detection because they are the most utilized material, inexpensive, variety of crystal
structure, and familiar material on the earth. They are n-type granular material whose
electrical conductivity is dependent on the density of pre-adsorbed oxygen ions on its
surface. Metal oxide semiconductors (MOS) have to deal with the low response at room
temperature [68]. Usually, MOS has to be heated by an additional heater for operation
while carbon nanotube (CNT) gives high and fast responses at room temperature [89].

Therefore, SnO», ZnO, and CNT were investigated for the ability of CF4 detection [90].

3.2 Nanomaterial-based gas sensors
3.2.1 Tin oxide (SnO2) and zinc oxide (ZnO)

Generally, a SnO gas sensor was used to detect several gas species such as CO,
CO», and NO; [68]. As mentioned above, SnO, was selected to detect the CF4 because
the SnO; gas sensor demonstrated the highest response against fluorocarbon gas,
CCLLFCCIF; (R-113) and CHCIF; (R-22) among several kinds of metal oxide, such as
SnO», ZnO, In203, Fe203, and WOs [91]. T. Nomura ef al. [91] report the improvement
of the sensitivity to fluorocarbon, surface-modification effects on fluorocarbon detection

of a gas sensor based on metal oxides such as SnO», ZnO, In,03, Fe203, and WO3, have
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been examined. It is reverent that SnO; is the most suitable material for fluorocarbon
detection. Thirty-nine kinds of elements have been investigated as additives to SnO»,
which significantly affect its sensing characteristics. It is confirmed that sulfur is the most
effective modifier to improve sensitivity.

CF4 is one of the perfluorocarbon gases. There are some evidences to explain the
interaction between SnO; and C-F bond. For these reasons, I chose a SnO; nanoparticle
to fabricate the gas sensor for the direct CF4 detection.

Gas sensors using zinc oxide (ZnO) nanomaterials have been studied in the
number of works for detecting variety of gas species such as CH4, CO, and H»S. Again,
according to T. Nomura et al. [91], a ZnO gas sensor was selected to observe the response
of fluorocarbon gases in the same study. The result shows that SnO2 shows the highest
response as described above, and ZnO shows the second-high response, which lower than
SnO2.. As a typical n-type semiconductor, ZnO exhibits unique characterizations
required for an ideal gas sensor, such as a wideband gap of 3.37 eV, large exciton binding
energy of 60 meV, high electromobility, photoelectric response, excellent chemical and
thermal stability. Much more attention is particularly paid to the practical strategies that
create room-temperature gas sensing of ZnO-based gas sensors, mainly including surface
modification, additive doping, and light activation. Finally, some perspectives for future

investigation on room-temperature gas-sensing materials are developed as well [92].
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I Nanorods
I Nanotube
I Nanobelt & nanoribbons 18%

o “

20%

40%
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Figure 3.1. Nanomaterials (a) Relative comparison of various metal oxide as gas sensor
[88] (b) Element forms of 1D metal oxide nanostructures [68]. Data from Review Recent
Advances in Tin Oxide Nanomaterials as Electrochemical/Chemiresistive Sensors,
Handbook of Gas Sensor Materials Properties, Advantages and Shortcomings for

Applications. These graphs show the candidate metal oxides for gas sensors fabrication.

3.2.2 Working principle of semiconducting nanomaterial gas sensor

The working principle of the gas detection using metal oxide material is explained
in the simple case for n-type semiconducting metal oxide [93]. Figure 3.2 shows the
sensing mechanism of SnO> nanomaterial-based gas sensor in the atmosphere. In the
figure, structure and band models before and after exposing carbon-monoxide (CO) are
shown. Energy bands are presented; Ev, Er, and Ec denote the valence band, Fermi level,
and conduction band, respectively. When molecules interact with the surface of SnOo,
the band structure changes.

In the air, free electrons activated from the conduction band Ec of SnO» extract
the oxygen molecules. They are then forming molecules (05) or atomics (07) on the
SnO> surface. The reaction leads to band bending, upward band, and the depleted region
of SnO> bulks. CO gas is exposed to SnO,. CO gas molecules react with oxygen
molecules or atomics on the SnO> surface to form CO» with leaving an extra electron. At
the same time, band bending is reversed by releasing electrons to the bulk. The thickness
of the depletion region decreases, which is a receptor function. The Schottky barrier

between two grains is lowered, and it is easy for electrons to conduct in the sensing layers
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through different grains, which is a transducer function. Therefore, the conductance
among the grains is changed under the exposing gas condition [94-96].

Before CF4 is exposed to a sensor, background gas is initialized until the sensor's
conductance is attained as stable, approximately 1-2 h. Initialization time or warm-up
time is an essential parameter, which determines the application potentiality of the
sensors. The sensors are used in the conductance mode and at temperatures higher than
room temperature. Thus, when it is heated from room temperature to working
temperature, it requires some time to attain operating temperature and initial equilibrium
conductance.

Then begin to expose CF3 to the sensor. However, it was noted that, in the case
of CF4 detection, the SnO, ZnO, and CNT gas sensors would be initialized to attain the
baseline in SF¢ gas. It was not in the air because SFs is the major component when the
sampling gas is taken from the GIS field for decomposition gas analysis. The reaction
mechanism between the metal oxide and gas phases should be different from the reaction
mechanism described above. Therefore, I would observe and verify the responses of

metal oxide as well as the response characteristics of each sensor.

Depletion
region

0
Structure

model
Band Schottlky barrier DeVgyrtace
Ec
model = 0o— £
_____ _—_ L ___ & E

Figure 3.2. Structure and band models of sensing mechanism for n-type semiconducting

metal oxide (a) before (b) after exposing CO [93].

-37-



Chaptexr 3

3.2.3 Carbon nanotube (CNT)

In the recent year, carbon nanotube gas sensors have received considerable
attention because of its excellent properties such as rapid response, high sensitivity, and
lower operation temperature when compared with MOS [97-100]. Part of the reason for
the explosion of interest from the gas sensor community in carbon nanomaterials is that
while ranging from well-defined nanosized molecules to tubes with lengths of hundreds
of microns, they do not exhibit the instabilities of other nanomaterials as a result of the
very high activation barriers to their structural rearrangement. As a consequence, they
are highly stable even in their unfunctionalized forms. Despite the wide range of carbon
nanomaterials possible, they exhibit common reaction chemistry: that of organic

chemistry [89].

3.3 Dielectrophoresis

Dielectrophoresis (DEP) is the electrical force acting on a dielectric particle
suspended in a medium under the nonuniform electric field. This is based on the
polarizations of the particle and the medium.

DEP force acting on the spherical particle of radius R suspended in a medium of

absolute permittivity &; is given by [101]
FDEP = 27T51R3R9[K((1))]V|E|2 (31)

Where |E| is the magnitude (rms) of the applied voltage and Re[K (w)] is the real
component of the Clausius-Mossotti factor given by

&5—¢]

K(w) = (3.2)

e3+2¢]

where € and &; is the complex permittivity of the medium and particle, respectively.

The complex permittivity is defined as €* = ¢ — j (%), where £ is the permittivity, o is
the conductivity of dielectric, and w is the angular frequency of the applied dielectric
filed.
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The complex Clausius-Mossotti function is obtained by substituting into
Equation (3.2):

_ (82—%)—(51_%) _ w(ex—&1)—j(02-01)
K(w) = (82_m>+2(81_%>  w(ea—281)-j(02-201)

Multiplying the numerator and denominator by the complex conjugate of the

denominator

w?(e3—e1)(e24281)+(02+2071)(02—04) + jw(€2—51)(02—201)—(52—251)(0'2—01)

0)2(£2+2£1)2+2(0'2+20'1)2 0)2(82 +2€1)2+2(0'2 +20'1)2

K(w) =

On substituting into this expression, the characteristic relaxation (response) time T given
by

=&t (3.3)

O'2+20'1

The real component is

Re[K(w)] = [(1_(:):;12) (;22;28;) + <1+a1)21:2) (;2:2(:1)] (3.4

While the imaginary component simplifies to the form

Im[K ()] = [2elehn) | (3.5)

W2(g,+281)2+(05+201)2

For a nanotube or nanowire, which is another typical shape of nanomaterial and

characterized by a cylindrical shape, DEP force is given by [102]

Fpgp = %rzl&Re[Kw(w)]VlElz (3.6)

K, (0) = —‘E;f (3.7)

Where 7 is the radius, and / is the length of the cylinder.

The DEP force depends on the magnitude and sign of Re[K(w)]. Nanomaterial
trapped of DEP process is the positive dielectrophoresis which is defined by
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Re[K(w)] > 0. Particle are attached to electric field intensity maxima and repelled from
minima. In the other hand, negative dielectrophoresis is defined by Re[K(w)] < 0.
Particle are attached to electric field intensity minima and repelled from maxima.

I simulated and plotted the Clausius-Mossotti by using MATLAB (ver. R2021a)
for Equation (3.2) and (3.7). The particles and mediums calculated are assigned as

Case l: e, > €,01 > 0y

g =25¢6gF/m |, & =105 F/m , 0, =4%x10"8S/m , and o, =4x
1078 S/m

Case2: & > &,0, > 04

& =10 F/m, &, = 16 F/m, 0, = 1078 S/m, and 6, = 1077 S/m

Both graphs show the sign of Re[K(w)] were changed with varied frequency
leading to direction change of DEP as shown in Figure 3.3 and Figure 3.4. Therefore, in
the practice of sensor fabrication by using DEP, I investigated and selected the

appropriated frequency to make the positive-DEP as 100 kHz.

3.4 DEP trapping based fabrication of nanomaterial gas sensor

Figures 3.5a and b [101] illustrate the positive and negative dielectrophoretic
effects for two distinct electrode geometries. In the concentric cylindrical geometry of
Figure 3.5a, the observed force is parallel to the vector of the electric field, that is, Fpgp Il
E. On the other hand, between the nonparallel electrode plates shown in Figure 3. 5b, the
DEP force, and the electric field vector are orthogonal, Fppp L E. In the general case,
the force vector Fpgp can have any orientation concerning the electric field vector E.

As described above, if the dielectric properties of the particles are different from
the suspension medium. The particles are accumulated and trapped on microelectrodes.
They are leading to changes in the impedance between the electrode gaps.

We propose a dielectrophoretic integration method that extends the particle
manipulation technology in the field to the nanoscale and presents a gas sensor. The
advantages of DEP are as follows.

1. Low cost without the need for special equipment

2. Orientation of nanomaterials in the electric field direction

3. Integrate any nanomaterial on any metal electrode

4. Real-time monitoring of nanomaterial integration process with impedance

- 40 -



Chaptexr 3

measurement

The biggest advantage of the DEP fabrication technique described is a
quantification of the amount of trapped nanomaterials on a real-time basis by monitoring
the electrical impedance of the sensor by using dielectrophoretic impedance
measurement (DEPIM) [69]. DEPIM is helpful to precisely control and calibrates the

response of the nanomaterial-based sensors.

+DEP
6 >6
+DEP

-DEP

Clausius Mossotti Factor
Clausius Mossotti Factor

-0.5
&>¢
(O3] > (o)}
-1 -1
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Log Frequency (Hz) Log Frequency (Hz)

a b

Figure 3.3. Clausius-Mossotti factor using Equation (3.2) (a) Case 1 (b) Case 2

8 €2>€1
6 61>62

+DEP

-DEP

Clausius Mossotti Factor
Clausius Mossotti Factor

0 1 2 3 4 5 6
Log Frequency (Hz) Log Frequency (Hz)

a b

Figure 3.4. Clausius-Mossotti factor using Equation (3.7) (a) Case 1 (b) Case 2
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@ Particle exhibiting +DEP effect
O Particle exhibiting -DEP effect

.

<—.O"O—>
\.\‘:‘.

a b

Figure 3.5. Positive and negative dielectrophoretic effect in different electrode structure
[101]

(a) Electric field parallel to its gradient: Fpgp || E

(b) Electric field vector perpendicular to its gradient: Fpgp L E

As previous works of our lab, they have already confirmed dielectrophoretic force
as positive-DEP or negative-DEP of their applications by DEP [69-74]. Briefly, as
mentioned earlier, Figure 3.6 illustrate the positive electrophoretic effect for my electrode
geometry used for sensor fabrications. Figure 3.6a show particle behavior movement
concept of particle under DEP process. The results of simulation by using COMSOL
Multiphysics (ver. 5.5), by using particle tracing for fluid flow, creeping flow and electric
current for physics interfaces, shows in Figure 3.6b-f, Figure 3.6b and 3.6c show the
electric field region and velocity of medium flow. Figure 3.6d and 3.6e show particle
behavior movement in case of without and with dielectrophoretic force. It was clearly

understood that the trapping of particles on high filed region of electrode system.
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The total force F,¢,; acting on the particle mass m under DEP process

Ftotal=FDEP+FU+Fg+Ffl0W=ma (3-8)

Where F,, is the viscous force
F, is the gravitational force
F 10y 1s the force of medium flow

a is acceleration

Properties of nanomaterial used as the gas sensor transducer are shown in Table
3.1. The SnO; nano-particles were suspended with the three different concentrations to
investigate effects of the number of nanoparticles trapped on the microelectrode and the
name list of sensors are shown in Table 3.2.

The Cr microelectrode used in the experiments was an interdigitated type. It had
four electrodes fingers and three straight gaps. The electrode fingers had 12 mm in length
and 50 um in width. The gap between electrode fingers is 5 um. The microelectrode was
patterned on a glass substrate by using the photolithography technique. The
microelectrode and the dimension of the electrode are shown in Figures 3.7a and 3.7b,
respectively. Figure 3.7c shows the comparison size between the gas sensor and 100 YEN

coin, which was the same size as each other.
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Figure 3.6. Positive electrophoretic effect (a) particle behavior movement concept (b)
electric potential of electrode (c) electric field of electrode (d) medium flow (e) particle

movement without +DEP (f) particle movement with +DEP
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Table 3.1 Nanomaterials used as the gas sensor transducer.

Materials Diameter  Length Relgt{vc? Purchased from
permittivity
SnO» 15.9-136.7 Kanto Chemical,
. - 11.5

(particle) nm Japan

ZnO (wire)  50nm 300 nm 8.3 Sigma-Aldrich,
Japan

SWCNT | nm I um 25 Meijo Nano

(tube) Carbon, Japan

Table 3.2 Name list and detail of fabricated sensors.

Medium (relative permittivity,

Sensor Material conductivity) Concentration
A-1s SnO» Ethanol (25.2, 0.219 uS/cm) 1 mg/ml
A-2s SnO2 Ethanol (25.2, 0.219 uS/cm) 5 mg/ml
A-3s SnO» Ethanol (25.2, 0.219 4S/cm) 20 mg/ml
B-1s Zn0O Ethanol (25.2, 0.219 uS/cm) 50 pg/ml
C-1s CNT Water (79.9, 5.5 uS/m) 0.1 mg/ml
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Electrode

17|‘ 12 mm >

Figure 3.7. The structure detail of gas sensor (a) microelectrode (b) schematic of

electrode finger (c¢) size comparison between gas sensor and 100 YEN coin

A schematic diagram of the DEP-based fabrication setup of nanomaterial-based
gas sensors and the equivalent circuit is shown in Figure 3.8.

Figure 3.8a shows the experimental setup of the DEP process. The
microelectrodes were covered by a silicone rubber spacer, which has the inlet and outlet
for nanoparticle suspension injection from a peristatic pump (SMP-21AS, AS ONE) at a

flow rate of 0.8 ml/min. The microelectrodes were connected to the integrated circuit of
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a function generator and lock-in amplifier.

Figure 3.9b shows the equivalent circuit of the DEP process. Microelectrodes
were applied at 20 Vpeak-peak, 100 kHz by a function generator (WF 1945 1CH, NF
Electronic Instrument). The conductance between the electrodes was simultaneously
measured by a lock-in amplifier controlled (5560, NF Electronic Instrument) by PC via
the user interface application.

To a function generator and
lock-in amplifier

T Electrodes
Sealed
chamber *
\‘
‘_‘1/
e O — ¢
{
Peristaltic .
pump s Nanomaterial
oo . °, | suspended
° ° in medium

Current, i

Equivalent impedance
Electrodes + trapped nanomaterials

b AC@ Ec:: §Gi

________________ 1
- — Obtained a reference
signal from AC source
R=1kQ

’I:l[l]

ceoonQ °

- o O O O o
<

Lock-in amplifier

Figure 3.8. Dielectrophoresis process (a) schematic diagram (b) DEPIM equivalent

circuit
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Figure 3.9 shows the conductance change during DEP-trapping of the SnO2
nanoparticles. The number of SnO> nanoparticles trapped on the microelectrodes varied
with DEP time, (a) 15, (b) 30, (c) 45, and (d) 60 min. At 60 min-DEP time, it was clearly
understood that the conductance between electrodes was increased and following the
explanation in [69-70]. They explain using a simple equivalent circuit model of a particle
trapped, which is the model as the parallel sum of the individual particle. The DEP
fabrication and impedance monitoring could control the initial conductance of the sensor
and the resultant sensor response. The DEP fabrication method enables the control the
number of nanoparticles trapped on the microelectrode by the impedance measurement.
At this stage, we desired to select the 60 min-DEP time for sensor fabrication. Because
their conductance seemed to be stable. However, this time, I did not observe the effect of
DEP trapping-time against CF4.

In my idea, I think a thin layer (short time of DEP trapping) might be fast sensing
than multilayer (long time of DEP trapping) because, for multilayer, it seems that
equivalent circuit will be series and parallel connection of particle. The sensing layer
should be the outer layer only. But that time, I could not do that because some conditions
limited it. However, in stable conductance (60 min), I think it gives me the advantage of

comparing all sensors in the condition of maximum conductance from the DEP process.
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Figure 3.9. The conductance changes and the number of SnO> nanoparticles trapped on
the microelectrodes varied with DEP time:(a) 15 min (b) 30 min (c) 45 min (d) 60 min.

Inset photos are images of the microelectrode after DEP trapping.

Figure 3.10 shows the conductance of sensors fabricated by 60 min-DEP. After
the DEP process was stopped, the liquid on the microelectrode was gently evaporated at
room temperature (RT), keeping them in the chamber which is controlled humidity. The
conductancen of the fabricated sensors were measured after ethanol evaporation (24 h
after DEP process). The conductance of the dried sensor was lower than that of wetted
sensor with ethanol. In my opinion, getting these results due to the conductivity of
ethanol is greater than the conductivity of air. [ was considering the conductance between
SnO; particles when suspended in ethanol and air, where the conductivity of particles is
constant. Suppose assuming that SnO, and media are connected in series. The
conductivity of the sensor suspended in ethanol would be greater than in air.

The conductance of sensors before and after dry was shown in Figure 3.11. The
scanning electron microscope (SEM) was used for observation of nanomaterial trapped

on the microelectrode as shown in Figure 3.12.
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Figure 3.10. Temporal change of the microelectrode conductance during DEP process.

N1-NS5 indicates SnO; sensors fabricated independently.

aj- T
=4.21 :
>
O
o
T 4 -
3
¢ -
§3.8— .
S @]
C
(@]
O 36 . ‘
14 15 16

Conductance before dry (uS)

Figure 3.11. Relationship between the conductance measured before and after ethanol

evaporation. N1-N5 indicates SnO> sensors fabricated independently.
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nanoparticles

Electrode

Figure 3.12. SEM image of SnO> nanoparticles trapped between the microelectrodes.

3.6 Experimental apparatus for gas sensor performance

Figure 3.13 shows the schematic diagram of the experimental setup for the
investigation of the sensing response of the nanomaterial-based gas sensors. The sensor
was placed in a chamber made of stainless steel (Volume: 1400 cm?), and the working
temperature was controlled by a ceramic heater (Adjusting range: 20 — 300 °C). AC
voltage, 1 Vpeak-peak €nergized the sensor, and 100 kHz of frequency (WF 1945A 1CH,
NF Electronic Instrument), and the sensor conductance was measured by a lock-in
amplifier (7280 DSP, PerkinElmer/EG&G) controlled by PC via user interface
application (LabVIEW, 2019, SP1). The gas flow rate was controlled by a mass flow
control unit (STEC, MU-3406, Horiba, Kyoto, Japan). CF4 gas was diluted by SFs gas to
1% (10000 ppm) concentration.

The sensor was exposed to SF¢ gas in the initialization stage until a steady
baseline was attained (approximately 2 hr.). After that testing stage, the exposing gas
sequences were included the initialize gas (SF¢) for time 300 s, exposing the target gas
for time 600 s and backed to initialize gas for time 600 s. The sensing response was
shown as the normalized values of conductance of the sensor. The given equation

calculates the normalized response of the sensor

AG _ Gg—Gg

3.9
Go Go (3.9)
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where G is the conductance in initialize gas and G,is the conductance in the presence of
the target gas. Response time is expressed in term of time (#r) needed for 90% of full
response. Figure 3.14 shows the apparatuses of direct CF4 detection system. Figure 3.15
shows the user interface application screen on PC for monitoring the sensor response by
LabVIEW (2019, SP1) and the gas exposure sequence used in this study is showed in
Figure 3.16.
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i - [ 1]
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= : = Mass flow PC monitoring
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Figure 3.13. Experimental setup of direct CF4 detection.
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Figure 3.14. Apparatuses of direct CF4 detection
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Figure 3.15. User interface application screen on PC for monitoring sensor response
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Figure 3.16. Tested gas sequences

3.7 Effect of transducer material and operating temperature

Figure 3.17 shows CF4 response in comparison of three gas sensors, which were
made of different nanomaterials (see Table 3.2). The highest response was obtained with
the A-2s sensor, which was made of SnO; nanoparticles, 5 mg/ml. The B-1s sensor (ZnO
nanowire) response was about 30% of A-2s, while the C-1s sensor (CNT) showed little
response.

Operating temperature dependency of these sensors are shown in Figure 3.18.
The temperature dependency of A-2s and B-1s demonstrated a similarity. Their responses
were the highest at RT and decreased with the temperature below 200°C. Above 200°C,
the response increased with the operating temperature. C-1s sensor response became the
highest at 200°C.
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Figure 3.17. Response of sensors against CF4 at room temperature of A-2s, B-1s, and

C-1s [90].
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Figure 3.18. Response of sensors against CF4 at various temperatures of A-2s, B-1s,

and C-1s [90].
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Figure 3.19 shows temporal variation of A-2s sensor response to CF4 gas. As
shown in Figure 3.18, the peak value of the sensor response became the highest at RT.
On the other hand, the sensor response time tended to become faster at elevated
temperature. Table 3.3 compares response times (zr) and peak values (pyv) at RT and
300°C. Figure 3.19 also demonstrates that the sensor conductance showed a peak value
at elevated temperatures, while monotonously increased with time at room temperature.
This result implied CF4 sensing mechanism of SnO> nanoparticle-based sensor depended
on the temperature. Basic working principle for gas detection using metal oxide material

is explained above. The sensing mechanism is discussed in section 3.10.
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Figure 3.19. Effect of the temperature on temporal variation of the A-2s sensor response

[90].

Table 3.3. Effect of the temperature on the response times 7z and peak values py of the

A-2s sensor response.

Temperature tr (8) Dv
RT 230 0.37
300 °C 74 0.28
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3.8 Effect of nanoparticle suspension concentration

In the DEP fabrication process, the amount of nanomaterial (transducer) trapped
on the microelectrode can be controlled by the concentration of nanomaterial suspension.
I investigated how the SnO> nanoparticle amount influences the sensor response. The
results are shown in Figure 3.20. It was found that the sensor response depended on the
SnO> nanoparticles concentration. The highest response occurred at 5 mg/ml
concentration. It was probably due to enhanced agglomeration of nanoparticles which

reduced effective gas adsorption sites on their surface.

3.9 Reproducibility of SnO; gas sensor

As shown in Figure 3.18, it was noticed that the SnO; gas sensor showed the
highest response at RT. In the case of RT without any temperate control, it cannot be
controlled the exact temperature, approximately 15 — 25 °C. Therefore, determination of
the working temperature-controlled will be demonstrated higher stability of sensor
response. In this section, I selected 150 °C to working temperature and tested
reproducibility and repeatability performance.

Figure 3.21 shows the responses of independently developed nine sensors (P1-
P9). Those sensors were operated at 150°C. The normalized responses were in a range
between 0.1-0.22. Average and standard deviation of the values are 0.16 and 0.03,
respectively (coefficient of variance is 18.8%). Figure 3.22 shows repeatedly response of
the three sensors (P10-P12). Comparison of first-time and second-time response, the
results show that the response of second time was 25% of first-time response. These

results suggested that the CF4 could poison the SnO> nanoparticles.
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Figure 3.20. Effect of SnO2 nanoparticle suspension concentration on the CF4 gas

response [90].

O
(N
1

.
—
1

Normalized response to CF,
o

P1 P2 P3 P4 P5 P6 P7 P8 P9
Sensor No.
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Figure 3.22. 1*t and 2™ responses of the sensors

The reproducibility investigation shows there was individual difference in the
DEP-fabricated SnO> gas sensor. To calibrate the individual differences between the
sensors, we tried to utilize NO; as the calibrator. It is well-known that NO> is a gas which
can be detected by semiconductor gas sensors repeatedly. Figure 3.23 shows the sensor
responses (P4-P9) against NO: before and after testing against CF4. It was found that the
NOs responses of all sensors after testing against CF4 were decreased from before testing
against CFa. In this time, it was not clear why the ability of the sensor was deceased but
it provided some evidences to suggest that there was the reaction between CF4 and SnO»

Se€nsor.
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Figure 3.23. NO; response of the sensors before and after experience the exposed by CF4

3.10 Discussion

Although, the chemical sensing mechanism and reaction pathway between
nanomaterial-based gas sensors and CF4 were still unclear, and there is a lack of research
on this reaction. The SnO; gas sensor could detect CF4, but the detection lower limit was
approximately 10,000 ppm, which was not sufficient for the GIS diagnosis. This low
sensitivity might be due to weak CF4 adsorption energy on the SnO- surface [103]. For
one example of SnO; response studies, Zhang and Meng [104] reported the detection of
500-ppm CF4 using a gas sensor based on single-walled CNT modified with a hydroxyl
group (SWCNT-OH). The result shows that 0.8% of response sensitivity and 7 min of
response time. Their gas sensor had cross sensitivities to other decomposition gases, such
as SO2, SOF», and SO2F>. However, its capability was not enough to detect the level of
CF4. We would like to conclude that the direct CF4 detection may be difficult.

In GIS, the sample gas consists of not only CF4 but also many gas species such
as SO, HF, and SOyF,. Thus, the cross-sensitivity performance of gas sensors should
consider and discuss carefully.

As mention above, | have another choice that might improve the sensitivity of the

sensors. I would set the further work to study a combination of nanomaterials for gas
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sensors fabricated by DEP. They were supposed to improve the sensitivity to the target
gas, whether it be CF4, CO, or CO». These topics would be discussed and demonstrated

some experimental results in Chapter 5.

3.11 Summary

Three kinds of semiconducting nanomaterials, carbon nanotube, SnO;
nanoparticle, ZnO nanowires, were integrated on a microelectrode by dielectrophoresis
fabricate a gas sensor. It was found that the SnO; gas sensor showed the highest response
to CF4 gas at 10000 ppm concentration in SFs. The conductance of the SnO; sensor
gradually decreased with elapsed time after exposure to the CF4 gas, depending on the
operating temperature. SnO2 gas sensors fabricated by DEP could detect CF4, but there
was a limitation. Because CF4 may poison the SnO., the sensor could be used once.
Although the reproducibility was not high, the calibration of the sensor using NO2 would
overcome it. In the future, the study of the mechanism of the reaction between CF4 and
SnO; would be made clear to improve the performance of the sensor.

The novelty of this technique is using the nanomaterial-based gas sensor to detect
CF4under the limitation of 10000 ppm-CF4 concentration. The strong point demonstrated
in terms of an inexpensive sensor fabricated by the dielectrophoresis method.

Aiming to an application for GIS diagnosis, nanomaterial-based gas sensors
fabricated by DEP were applied. They show their response against CF4, but the responses
seemed to be low when compared in the real-world of residual CF4 in GIS. However, this
method is one of the CF4 diagnosis methods, and it is the starting stage. Improvement

and new concept would be needed in the future.
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Indirect CF4 detection by using nonthermal plasma
application

4.1 Introduction

The proposed indirect CF4 detection method is conceptually illustrated in Figure
2.6. The GIS sample gas is mixed with O,. Then the gas is processed by DBD to convert
CF4 into CO and COs,. If the conversion is perfect, the sum of CO and CO; corresponds
to the amount of CF4. The generated CO and CO; are detected by conventional gas
sensors, which are available in the market. Because there are many requirements to detect
the gases, we can find cheap but sensitive gas sensors from the market. In GIS, CF4 is
major decomposition gas containing carbon atom [45]. Even if CO and CO; have already
existed in the sample gas, the proposed method should work by evaluating the increment of
these gas concentrations after DBD treatment. This implies that CO and CO» detection in
plasma-treated sample gas can be regarded as an alert for possible accumulation of residual
CF4 in the GIS. This chapter demonstrated the CF4 conversion technique and the
possibility for GIS diagnostic application [105].

Although, each species of decomposition gas generations rates depends on the
types of discharge [46, 47, 106-107]. Therefore, in practical application, I would explain
the pre-condition before taking the gas sample for indirect CF4 detection:

1. After fault occurs, decomposition gases are generated in the case of involving
the polymeric insulators.

2. COz and CO, which are our target gases, are also generated.

3. In the case of an absorbent installed, decomposition gases removal takes 1-10
h [108, 109] or several days [45], except CFs. After this period, it assumes that there is
the only CF4 exists in the gas compartment.

4. Without an absorbent, CF4, CO, and CO; exist in the gas sample. For indirect
detection, measurement of CO and CO» before and after DBD treatment is required to
subtract generated gases. In this case, one or more extra steps are applied to estimate CO
and CO> before DBD treatment. Moreover, under DBD application, CO could be
oxidized into CO», while CO; may be converted into CO. Analysis of generation of CO

and CO2 might be complicated than in the case with an absorbent installed.
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To date, chemical analysis of SFs decomposition gases generally was carried out
by lab instruments, such as gas chromatography and FT-IR. As described earlier, the
purpose of this study is to achieve indirect CF4 detection by DBD-induced conversion
into CO and CO». The converted gases can be detected using commercially available gas
sensors. The commercially available gas sensors (below 50,000 yen) are cheap rather
than expensive lab instruments (approximately 1.5 million yen). In the first stage of this
study, it was investigated that DBD-induced CF4 conversion process. It was confirmed
by FT-IR-based gas analysis. Next, a commercial CO gas sensor was compared with FT-
IR. Finally, discussion of this method in practical application are presented.

A DBD plasma was employed for CF4 conversion because it has been widely
used in various plasma processing applications owing to its simplicity and excellent
performance [110]. Because DBD can be generated at atmospheric pressure, it can be
operated at a lower cost than other plasma generation systems [80]. Figure 4.1 [111]
shows the nonthermal plasma operation using a flow reactor or a closed reactor. In this
case, the reaction mixture is far from the thermal equilibrium. The chemical conversions
are initiated by the high temperature (T. > 104 °K) of free electrons at relatively low gas
temperature (T < 103 °K) (plasma electrical conversion). The processes take place under
highly nonequilibrium conditions of all plasma species. Hot electrons, energetic ions,
cold, excited species, free atoms, and radicals are produced in the so-called active zone
(phase) of the different kinds of nonthermal (electrical) gas discharges. In the passive
zone (phase), the electrons cool down fast. The unstable plasma components change to
stable reaction products by volume and wall reactions.

In the case of a flow reactor, the target gas is introduced into a discharge channel
continuously. In this case, the time for the DBD treatment depends on the flow rate. In
the other case, in a closed reactor, no flow occurs when the DBD occurs. The closed
reactor is filled with the target gas. Then, the reactor is closed. After the DBD treatment,
the gas is recovered for analysis. In this case, DBD treatment is controlled by the
switching of the power source. We would know the actual volume of sampling gas
estimated by the same volume as gas treatment chamber volume. In a practical
application, the volume of the sampled gas from GIS is limited. Controlling the DBD
treatment time of the closed reactor is easier than that of the flow reactor. Therefore, it is

suggested that the closed reactor should be more suitable for our concept.
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DBDs are normally operated in one of the parallel-plate or cylindrical configurations
illustrated in Figure 4.2 [112]. The parallel-plate design is used to surface treat fast-
moving webs and films, and the annular volume of the cylindrical structure is used to
treat airflows for ozone production. At least one electrode of these geometries is covered
with an insulating dielectric barrier to prevent actual currents from flowing from the
discharge volume to the electrodes and power supply. I selected the design of a parallel
plate with a single dielectric layer (Figure 4.2b) because it is the most simple and easiest
to construct, and no special apparatus needs to support the electrode configuration. The
time scale of the relevant process of the filamentary barrier discharge is shown in Figure
4.3 [113]. The time constants of the relevant processes in barrier discharge cover many
orders of magnitude. The development of micro discharge channels, which is
characterized by the production of high-energy plasma electrons, takes place in the ns
range. Otherwise, the phase of plasma chemical reactions by atoms, radicals, excited
species, and short waved radiation typically starts within the ms scale. Their production
is controlled by the plasma parameters of the micro discharges, namely by the reduced
local electric field strength and electron density. Therefore, the knowledge of these
parameters is of essential importance for the desired control of the final plasma process.

Our laboratory has demonstrated three kinds of plasma source configuration in
previous research, as shown in Figure 4.4.

Phansiri et al. [114] reported using a needle to plane electrode configuration for
CF4 conversion into CO; detection by the SnO: gas sensor. The discharge gap between
them was set at 5 mm, and the applied voltage was 12 kVms, 60 Hz as shown in Figure
4.4a.

Phansiri et al. [115] demonstrated the parallel plates electrode configuration for
CF4 conversion into CO and CO» detection by a gas analyzer. The discharge gap between
the upper electrode and dielectric layer was set at 5 mm, and the applied voltage was 20
kVims, 60 Hz as shown in Figure 4.4b.

Miwaet al. [116] using the cylindrical electrode configurations for CF4
decomposition shown in Figure 4.4c. The discharge gap between a high-volt electrode
and dielectric layer was set at 5 mm, and the applied voltage was 22 kVms, 60 Hz.

During discharge occurred, all of the filament discharge photos were taken by

digital camera with shutter speed 1/20 sec and ISO-400.
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4.2 Experiments
4.2.1 DBD reactor and gas treatment chamber

Figure 4.5 shows a schematic diagram of the DBD reactor. Parallel aluminum
round plate electrodes (radius: 25 mm; thickness: 20 mm) were placed in a stainless-steel
gas treatment chamber (inner volume: 9,700 cm?). The distance between the electrodes
was adjusted to 5 mm. A quartz dielectric plate (Heralux, Shin-Etsu Quartz Products Co.,
Ltd., Japan) (dielectric constant: 3.7; thickness: 2 mm) was placed on the surface of the
ground electrode. The distance and volume between the upper electrode and the dielectric
plate were 3 mm and 5.9 cm?, respectively. A high voltage transformer (60 Hz, maximum
output 50 kVms, 5 kVA) was used as a high-voltage source. The applied voltage, Vs, and
charging voltage, Vq, across a series capacitor (0.04 uF) were measured using a digital
phosphor oscilloscope (MDO3012, Tektronix, Beaverton, OR, USA) via high-voltage
probes. The discharge current, ip, was measured using a Rogowski coil (110, Pearson,
CA, USA). The DBD power in the reactor was calculated using the V-Q Lissajous figure
technique [113, 117]. Figures 4.6a and 4.6b show the electric field distribution and
potential field distribution simulated using COMSOL Multiphysics (ver. 5.4),
electrostatic physics mode, for DBD electrode configuration, the high electric filed

region is occurred in 3 mm-gap.

e (ngg 1:3000 Vs VAG
) Source
Oscilloscope J_
Aluminum H.V.E
Quartz plate
Aluminum G.E
o 4 Mica plate
<+— Polycarbonate screw

Figure 4.5. Schematic of DBD reactor and electrode configuration [105].
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Figure 4.6. Electrode configuration simulation (a) Electric field distribution, and (b)

Electric potential. The high electric filed region is occurred in 3 mm-gap.

4.2.2 Test gas

CF4 concentration was varied between 0 and 20,000 ppm (0, 10, 100, 300, 500,
1,000, 2,000, 4,000, 10,000, and 20,000 ppm). As previously mentioned, the target CF4
concentration for GIS diagnosis is approximately 30 ppm (see Chapter 2).

The DBD-induced CF4 conversion into CO and CO; may be performed with or
without artificial O> gas addition to the GIS sample gas. Without additional O>, CO and
CO: might be generated by the reaction between CF4 and Oz, or H20, which could exist
in the GIS as a small amount of contamination. However, this cannot control the amount
of Oy involved in the reaction as desired. Accordingly, we decided to artificially add 1%
or 10% concentration O as an additive. The conversion ratio into CO and CO; is also

expected to improve with higher concentrations of O additive.
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4.2.3 Analysis of generated CO and CO:

The DBD-treated gas was analyzed by FT-IR (IRSpirit-T, Shimadzu, Kyoto,
Japan) and an electrochemical CO gas sensor. For FT-IR analysis, the infrared spectra of
tested gases were measured in the range of 400—4,000 cm™!. Several peaks from SFe, CF4,
CO, CO», and others were detected. Some of the peaks were overlapped [118]. Based on
the FT-IR spectra, the calibration curves were obtained for quantifying each gas
concentration. Details of how the calibration curves were generated can be found in the
gas analysis preparation section. Briefly, in CO2, FT-IR spectra of serial dilutions of CO2
in SF¢ were subtracted from those of pure SFs.

The electrochemical CO sensor (model TGS5042) and its evaluation module
(model EM5042A) were purchased from Figaro Engineering (Osaka, Japan). This sensor
can detect CO in the range of 0-10,000 ppm. The TGS5042 is a battery operable
electrochemical sensor, the electrolyte of TGS5042 is a low concentration of
mixed/prepared alkaline electrolyte consisting of KOH, KHCO3, and K>COs3 [119, 120].

The sensor was placed in the sensor chamber, to which the DBD-treated test gas
was introduced for CO detection. According to the CO sensor datasheet, the sensor shows
cross-sensitivity to other gases. Among the gas, an effect of SO, was concerned, which
is generated by discharge plasma to a mixture of SFs and O2 [110, 114]. Before
performing the test gas sensing, the sensor response was calibrated for CO detection in
SF¢ with SOz. Details of the CO sensor calibration can be found in the gas analysis

preparation section.

4.2.4 Experimental procedure

Figure 4.7 shows a schematic diagram of the experimental setup. The flow rate
of gases (SF¢, CF4, and O2) was controlled with a mass flow control (MFC) unit (STEC,
MU-3406, Horiba, Kyoto, Japan). The purity of SFs gas used in the experiments was
99.99%. First, the mixture of CF4/O2/SFs gas was introduced into the DBD treatment
chamber closed for the DBD treatment. After the DBD treatment, the processed gas was
introduced into the sensor chamber, where the electrochemical CO sensor was placed.
Also, the gas was introduced to the FT-IR cell. The gas flow for the analysis was
controlled by a pump, 7L/min (DAP-6D, ULVAC, Methuen, MA, USA) placed
downstream of the DBD chamber. All experiments were carried out at RT (approximately

20°C). Detail of the experimental procedure is as follows:
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(1) The aluminum electrodes and quartz were cleaned using purified water. Then,
after 24 h to allow the water to evaporate, the reactor was set in the gas treatment chamber.

(2) After setting up the apparatus, the DBD chamber was evacuated to less than
10 Pa. This pressure was maintained for at least 2 h to remove impurities and residual
gases in the chamber.

(3) The gas mixture, with varied CF4 concentration diluted in SF¢ with O» additive,
was introduced into the gas treatment chamber at a pressure of 0.1 MPa.

(4) The test gas was exposed to DBD at an applied voltage of 22 kVms for 30 min.
In the meantime, the V-0 Lissajous figure was obtained to quantify the average DBD
power. After the DBD process was completed, the DBD-treated gas was introduced into
the sensor chamber and FT-IR cell for gas analysis.

(5) After each experiment, the gas treatment chamber was evacuated for 2 h to
remove residual gases at the pressure of less than 10 Pa as in step (2), then filled with N>

at atmospheric pressure until the following experiment.

4.3 Gas analysis preparation
4.3.1 Determination of CO2 concentration

Figure 4.8 shows the IR absorption bands of 100% SF¢, 100% CF4, and 500-ppm
COz in N2. It should be noted that the main CO2 absorption band is located in the spectral
range of 2280-2385 cm!, which is overlapped with that of SFe. Therefore, the spectra
curve subtraction technique was employed as follows [121- 123]. The concentration of
DBD-generated CO> was calculated by subtracting the integral value of the absorbance
in the range of 2280-2385 cm™! of 100% SFe from the measured integral value of the
absorbance in 22802385 cm™' of CO». The integral value of the absorbance of CO

(Aco,), can be estimated by the following equation:

Aco2 = 1‘151~"6+co2 - ASF6 4.1)

where Agp, +co, represents the integral value of the measured absorbance, which is
obtained from the DBD-treated CF4/O2/SFs gas mixture. Agp, is the integrated value of
the absorbance in the range of 2280-2385 cm™ of 100% SFs. Figure 4.9 shows the
relationship of the absorbance spectra. The CF4 absorption is negligibly small when the

mixed ratio was less than 1%. Oz has no overlapped absorption band in this wavenumber
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range [124]. Agp , which represents the SF¢ concentration after DBD application, can be
obtained by integrating the IR absorption curve for DBD-treated O»/SFs gas mixture
without CO» generation (Figure 4.9, middle curve). The IR absorption curve obtained by
subtracting these two curves (Figure 4.9, top curve), which represents that of CO»
generated by DBD-induced CF;4 conversion, is integrated to obtain A¢,,. Other gases, such
as CO, SO, H>0, had no effect for analysis significantly.

This procedure enables the quantification of CO> concentration generated by DBD
treatment of CF4/O2/SFe/ gas mixture. The validation of the procedure was confirmed by
using SFs gas mixed with known concentrations of CO.. The calibration curve is depicted
in Figure 4.10, showing that A¢o, linearly increases with CO> concentration in the
concentration range between 0 to 700 ppm. Ao, is almost identical to the integral value
of the absorbance of CO2 in Ny. This implies the subtraction method determines the

concentration of CO; in SFs correctly.
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Figure 4.7. Schematic diagram of the experimental setup [105].
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Figure 4.8. IR absorption bands of CF4, SFe, and COs».
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Figure 4.9. Typical IR absorption bands of DBD-treated CF4/O/SF¢ gas mixture (bottom),
pure SF¢ (middle), and the subtraction (top).
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4.3.2 Determination of CO concentration

Figure 4.11 shows the IR absorption bands of a gas mixture of 500-ppm CO and
1,000-ppm CFj4 diluted with SFe (upper curve). The main CO absorption band is located in
the spectral range of 2050-2225 cm!, which is partially overlapped with the absorption
bands of CF4 and SFe in the range of 2150-2250 cm™ (lower curve). CO concentration can
be quantified by integrating the absorption curve in the range of 20482125 cm’!, where
CF4 and SFeabsorptions are not overlapped. The validation of the procedure was confirmed
by using SFs gas mixed with known concentrations of CO. The calibration curve is
depicted in Figure. 4.12, showing that the CO absorption area linearly increases with CO
concentration in the range between 0 and 800 ppm. This enables quantification of CO
concentration generated by DBD treatment of the CF4/O/SFs gas mixture. Other gases,
such as CO, SO2, H20, had no effect for analysis significantly.
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Figure 4.11. IR absorption bands of CO, CF4, and SF¢[105].
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4.3.3 CO sensor performance under SF¢ background gas and SO: influence

Figure 4.13 shows the photo of the CO sensor and its evaluation module used in
this study. The evaluation module converts sensor output current to voltage output and it
is designed the electrical noise reduction for stable operation. The cost of the sensor and
the module are 9900 yen and 32000 yen, respectively. Figure 4.14a shows the schematic
diagrams of the CO sensor system. The CO sensor was installed in the sensor chamber,
160 ¢cm® in the volume. Figure 4.14b shows the steps how to obtain the CO
concentrations. When CO sensor response to CO gas generated after DBD treatment.
Evaluation module, drive-by 5 VDC source (PA36-1.2B, TEXIO), sends the voltage
signals to the data logger. Then data logger (LR8431, HIOKI) sends signals to the PC
via a USB port interface. They are monitoring the real-time response by Logger Utility
software on PC and storing data in Excel files. Finally, calculate the CO response in ppm

using the master calibration curve obtained from the experiment.
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Figure 4.13. The electrochemical CO sensor (a) model TGS5042 and its evaluation
module model EM5042A, and (b) their assembly.
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Figure 4.14. CO sensor (a) CO sensor system (b) calculation steps

Figure 4.15 shows the calibration curves of the CO gas sensor obtained under
different background gas conditions. According to the datasheet supplied by the sensor
manufacturer, the electrochemical gas sensor exhibits a cross-sensitivity to SOz, which
is generated by the DBD treatment of CF4/O2/SF¢/ gas mixture. 100-ppm SO, gas was
detected by a gas detection tube (5DH, Gastec, Warminster, PA, USA) along with the
COz and CO generation shown in Figures 4.23 and 4.24, respectively. I examined the CO
gas sensor for known concentrations of CO mixed with 100-ppm SO under the
background gases, SFs or N2. When N2 was used as the background gas, the CO sensor
reading corresponded to the actual CO concentration adjusted by MFC. If 100-ppm SO»
was mixed with the background N2, the CO sensor reading was slightly higher than the
actual CO concentration. However, it is worth noting that the CO sensor reading was
lower than the actual CO concentration with SF¢ as the background gas. It might be
possible that SF¢ with a strong electron affinity could act as a scavenger of electrons [45].
SF¢ may cause decreasing the electron flowing the circuit, especially for the surface of

the sensor. The calibration curve obtained with 100-ppm SO> with SFs background was
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used to get the data shown in the results section.

Figure 4.16 shows an example of the temporal response of the CO sensor. After
a steady baseline was attained by the gas before DBD application, the DBD-exposed gas
was introduced. Sequences were included the tested gas for time 7, exposing the
decomposition gas for time #, and backed to tested gas again for time 73. The sensing
response was shown as ppm response against CO generated.

4.3.4 DBD plasma characterization

Figure 4.17 shows photographs of DBD plasma generated in the DBD reactor
filled with pure SFs. The number of discharge filaments and the emission light increased
with the applied voltages.

Figure 4.18 shows the voltage waveforms to the reactor and the discharge current
when the microdischarges occurred with 25 kVims. The current pulses of the
microdischarge are observed only in the pulse rising phase [110].

Power consumed by DBD is calculated by drawing Lissajous Figure [110, 117]. I
studied DBD power because I need to know the power consumption of DBD reactor when
compared to another type of reactor, such as a cylindrical reactor and another reason is |
need to confirm the result of DBD power when the background gases were changed. Figure
4.19a shows a comparison of the V-0 Lissajous diagram at the applied voltages of 21 and
25 kVms. Figure 4.19b shows the charge-voltage slope m1 and m> on the obtained Lissajous
Figure [117]. This illustrates the two duty cycles when discharge off and discharge
occurring. The slope m1 of the Lissajous Figure represents the capacitance of the barrier
discharge arrangement, Cgp = m1, when the discharge off. The slope m» represents the
capacitance of the dielectric barrier, Cq = m2, when discharge occurs. With these values,

the capacitance of the discharge gap, Cg, can be calculated using

CBD = . (42)

The electrical power dissipated in the DBD plasma was calculated using the
Lissajous Figure method and summarized in Figure 4.20. The plasma power increased
almost linearly with applied voltage and was not significantly influenced by the gas

mixture components.
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Figure 4.16. Typical response of CO sensor against CO in decomposition gas.

- 80 -



Chapterxr 4

Figure 4.17. Typical DBD generated by the DBD reactor with various applied voltages
(30 frames per second). Discharge filament with increasing applied voltage from 20 to
25 kVums. All photos were taken by digital camera with shutter speed 1/20 sec and ISO-
400.
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Figure 4.18. Typical waveform under DBD. (a) Applied voltage, and (b) current.
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Figure 4.20. Plot of DBD plasma power as a function of the applied voltage with

various gas contents. Legends indicate the ratio of the gas mixture.

4.4 Results
4.4.1 DBD plasma characteristics

Typical images of the microdischarges of DBD in the CF4/O2/SF¢ gas mixture are
shown in Figure 4.21 (shutter speed of camera 1/20 sec). There were many bright
microdischarge filaments generated between the electrodes. Detailed DBD
characteristics can be found in the Appendix. The discharge power characteristics
(averaged over 30 min) are plotted in Figure 4.22. It was found that the power was almost

independent of O, and CF4 concentrations and was in the range of 1.5-2.0 W.
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Quartz dielectric layer

Figure 4.21. Typical images of micro discharge filament between electrodes. (a) The
backlight on, and (b) the backlight off. At 22 kVms applied voltage. All photos were taken
by digital camera with shutter speed 1/20 sec and ISO-400.
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Figure 4.22. 30-min-averaged DBD power for various CF4 concentrations and O2
content at 22 kVms [105].
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4.4.2 Generation of COz and CO by DBD

The FT-IR analysis results of CO> and CO gas generated by DBD treatment of
CF4/02/SFs gas mixture with various CF4 concentrations are shown in Figures 4.23 and
4.24, respectively. The conversion rate was defined as (CO2 or CO concentration after
DBD) / (adjusted CF4 concentration).

In 1% O2 addition, CO> generation was detected only for CF4 concentrations
higher than 100 ppm. The CO: concentration gradually increased with the CF4
concentration, then decreased after peaking at a CF4 concentration of 1,000 ppm, as
shown in Figure 4.23a. The maximum conversion rate was 1.4%, which occurred at the
CF4 concentration of 1,000 ppm. When the O» addition increased from 1% to 10%, the
CF4 to COz conversion rate was enhanced for the tested entire CF4 concentration range,
as shown in Figure 4.23b. The peak values of CO: concentration and CO; conversion
rate were increased two- and seven-fold, respectively. As depicted in Figure 4.24, the CF4
concentration dependence on the CO concentration was almost similar to the CO>
concentration. However, it should be noted that the CF4 to CO conversion rate was not
enhanced when the O addition increased from 1% to 10%. This finding is discussed in

the next section.
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Figure 4.23. CO; concentration and CF4 conversion rate into CO»: (a) 1% and (b) 10%
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30 min [105].
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4.4.3 Electrochemical CO sensor performance

The FT-IR results shown in Figures 4.23 and 4.24 suggest that the possibility of
indirect CF4 detection using the proposed DBD-induced conversion to CO or CO». The
CF4 detection limit is approximately 100 ppm, which is very close to the target
concentration of 30 ppm for GIS diagnosis. These results encouraged me to attempt CO
detection using a commercially available CO gas sensor.

I selected CO as the target gas to be detected with a gas sensor, not CO». There
are commercially available sensitive CO gas sensors that detect 10-ppm, whereas such a
CO; gas sensor is not. We can find cheap but sensitive CO sensors. CO2 and CO gas
sensor are available in the market shown in Figure 4.25 and 4.26 [125], respectively.
Moreover, Table 4.1 shows the recent CO sensors which are available in the market (The
year 2021). The cost shows around 100-200 USD/Pc.

As mentioned before, DBD treatment of CF4/O2/SFs gas mixture produces SOz,
to which electrochemical CO gas sensors are known to have a cross-sensitivity. Therefore,
the CO sensor was calibrated in advance with SO2 as a coexisting decomposition gas.
Figure 4.27 compares the CO gas concentrations obtained by FT-IR and the CO gas
sensor with 10% O addition. The CO gas concentrations obtained by the two different
methods are in good agreement for the tested entire CF4 concentration range. However,
upon closer examination, it is revealed that the CO gas sensor tends to show higher CO
concentrations than FT-IR analysis in some cases. This may be attributed to unknown
decomposition gases other than SO2, to which the CO gas sensor might show cross-

sensitivity.
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Figure 4.25. CO gas sensors in the market [125]
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Figure 4.26. CO: gas sensors in the market [125]
Table 4.1. CO sensor, detection range, and cost
Manufacturer Sensor model ra?\(;t:((;gg;) Technology Cost (USD) Website
Figaro TGS5042-A00 | 0-10,000 | Electrochemical 90 ““psz”""w‘;;'ﬁgam'm'j
Figaro FECS40-1000 0-1.000 Electrochemical 122 htlps:llwwvx;.ﬁgaro.co.j
! P
Alphasense Electrochemical https://iwww.alphasens
CO-AF 0-5000 199 o.com/
i o . hitp://microsens.ch/pro
Microsens MGSM 5-1000 Resistive Price quotes ' ducts/
Unitec SENS-IT 0.1-80 Electrochemical | price quotes h“p:’im;“,"“ec'
Nenvitech NT-CO-SLI1000 0-1000 Electrochemical Price quotes https:/lwv:;vr.r:/envitech.
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treatment time was 30 min [105].

-9 -



Chapterxr 4

4.5 Discussion
4.5.1 CF4 to CO and CO: conversion rates

As shown in Figures 4.23 and 4.24, the CF4 to CO and CO» conversion rates were
less than 10% and depended on CF4 concentration. To realize secure detection of 30-ppm
CF4, which is the target concentration for GIS diagnosis, a higher conversion rate should
be achieved, especially for CF4 concentrations below 100 ppm. The low conversion rates
might be attributed to the relatively small volume of the DBD reactor (approximately 6
cm?®) compared to that of the DBD chamber (9,700 cm?) in which it was installed.
Because the test gas in the DBD chamber was not circulated using a pump, only a limited
portion of the gas was exposed to the DBD plasma. Additionally, this study required a
large chamber because the DBD-treated gas was analyzed in series by FT-IR (gas cell
volume: 235 cm®) and by the gas sensor installed in a 160 cm® volume chamber. As
demonstrated in Figure 4.25, CF4 converted to CO gas could be detected by the CO gas
sensor, which means that the sample gas volume could be reduced as small as the DBD
reactor volume. Higher conversion rates might also be achieved under elevated

temperatures [ 126] or by introducing catalytic reaction steps [127].

4.5.2 CF4 conversion selectivity

In this study, FT-IR analysis revealed that CO and CO2 were simultaneously generated
via DBD treatment of the CF4/O2/SF¢ gas mixture. As illustrated in Figure 4.23 and 4.24,
their concentrations were almost identical under the same CF4 concentration. It might be
possible that other gases derived from CF4, such as COF», were also generated and might
have contributed to the CO gas sensor response to some extent. Considering that
commercial CO gas sensors have higher sensitivity than CO2 gas sensors, it is preferable
that CF4 1s selectively converted to CO rather than CO;. To date, plasma-induced CF4
decomposition under the existence of O> has been classified into the following two steps
[126, 127]. In the first step, a plasma-produced high-energy electron collides with CF4

molecules to produce CFx radicals (x =1, 2, 3), as shown below

e+CF, > CF;+F+e (4.3)

e+CF, »CF,+2F +e (4.4)
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e+CF; > CF+2F+e (4.5)

e+CF, > CF+F+e (4.6)

In the second step, CFx radicals react with an O atom, which is also produced from O-

molecules by the electron impact, to produce CO, CO», and COF,. For example,

CF; + 0" > COF, + F (4.7)
COF, + 0* - CO, + F, (4.8)
CF, + 0" > CO + F, (4.9)

CO can also be produced from COF; and CO; by the electron impact as

e+ COF, > CO+F,+e (4.10)

e+C0, >CO+0+e (4.11)

As shown in Figures 4.23 and 4.24, CO; concentration increased with O> addition,
whereas CO concentration did not. This might imply that electron impact energy was not
high enough to convert CO from COF; and CO; via reactions (4.10) and (4.11). For the
DBD reactor employed in this study, a higher electric field is obtained by increasing the
voltage applied to the electrode, which is mainly limited by the electrical breakdown of
the electrode gap. At the same time, a higher electric field strength could also improve

the overall CF4 decomposition efficiency, as predicted by equations (4.3)—(4.6).

4.5.3 Effect of decomposition gases on the damage of the sensor

At this stage, the most important thing I had to concern about was the generation
of corrosive gases such as HF and SO,. Especially, HF is a highly acidic chemical that
can easily react with the CO sensor's metal pins. It was concerned that the sensor response
property might be damaged by the decomposition gas. To confirm this, I tested the CO

sensor to expose the decomposition gas many times (for trial and error experiment as

-93 .



Chapterxr 4

more than ten times, corresponds to 10 hours of the exposure). Then, it was confirmed
that after the sensor responded to CO/decomposition gas mixture, then reset the sensor
by N> exposing. The results showed that the CO sensor could be recovered to initial
response. Moreover, the recovery time to the blank value of the sensor response was not
affected by repeated use. Therefore, I concluded that this sensor used here works stably

under the practical application.

4.5.4 Prospects for on-site GIS diagnosis application

The main purpose of this study was to demonstrate the new technique for GIS
diagnosis based on a chemical gas analysis. Using the plasma reactor, the target gas, CF4
in SF¢ with Oy additive, was converted into CO and CO2, which could be securely
detected by a commercially available electrochemical gas sensor. Compared to other gas
analysis apparatus, such as FT-IR or gas chromatography, the chemical gas sensor is
inexpensive, manageable, field-portable, and suitable for on-site GIS diagnosis. However,
for DBD generation, the present study employed a high-voltage AC source, which is
expensive and not portable due to its large size and heavyweight. To overcome this
limitation, a combination of a small-sized high-voltage source and a plasma reactor could
be used, which is already being widely employed for portable air cleaners or ozonizers
[128].

The portable air cleaner or ozonizers is interesting for our concept because they
are small size, portable device and low cost of HV power source. Typically, the reactor
of ozonizers designed to surface discharge electrode with high power frequency
(approximately 5 kVrms, 15 kHz) for air decomposition. In the gas sample that contained
SFs, which is the main content, the voltage should be greater than this for CF4
decomposition. However, a further step of our concept is to try this equipment to observe
the possibility of conversion, discharge power, and contamination of its design.

To study the selectivity improvement of CO; and CO under plasma application
at the low level of CF4, lower than 100 ppm, would investigate in future work. At this
point, as we have known that PFCs are not easily be decomposed because of their stable
C-F and tetrahedral structure. Many factors should be investigated, such as an applied
voltage, decomposition time, frequency, O> content addition, or plasma catalytic.
Especially, the thermal plasma application, arc plasma, or plasma torches should be

considered the important factor to improve the CF4 conversion efficiency.
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4.6 Summary

A novel scheme for detecting residual carbon tetrafluoride (CF4) gas in gas-
insulated switchgear (GIS) is presented. CF4 is one of the decomposition gases that
occurred after partial discharge or breakdown in GIS, which accumulates in long-span
usage because it is hard to be removed by absorbent in GIS. Therefore, the CF4 can act
as the failure indicator in the GIS. The purpose of this study is to investigate the
possibility of a new concept; the indirect detection of CF4 by converting CF4 in SFs
background gas with additional Oz into easily detectable CO2 and CO, under dielectric
barrier discharge (DBD) application. The maximum selectivities of CO, and CO
measured by Fourier transform infrared (FT-IR) were 7.33% (10% O> addition) and
8.33% (1% O2 addition), respectively. Moreover, the performance of the commercial CO
sensor was tested in the experimental environment, and it had a similar trend as FT-IR.

The presented scheme can apply in the practical application for GIS diagnosis.
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Chaptexr S

Gas sensor fabricated by two-step dielectrophoretic
assembly

5.1 Introduction

As described in Chapter 3, further works investigated nanomaterial combination
for the CF4 gas sensor fabricated by DEP. In this chapter, I reported some parts of my
research studies related to nanomaterial combination. Nowadays, the challenges in
hybrid material-based gas sensing is the key attention [129]. I selected this technique
applied to fabricate NO> gas sensors by two-step dielectrophoretic assembly. It appeared
the sensitivity enhanced when the mixture ratio and materials of the combination were
suitable [130]. Combination technique might be the essential key to develop CF4
detection in future work.

A literature review, D. Wang et.al [131] report the first-principles calculations to
investigate the sensing properties for the systematically study of the adsorption behavior
of SF6 decomposition products (H2S, SOz, SO2F2, and SOF2) on germanium phosphide
(GeP) monolayer by using first-principles calculations. The results show that SO»
molecules are physically adsorbed on GeP monolayer with the largest adsorption energy
and the greatest charge transfer compared to other molecules. It can be seen from this

study that the hybrid material can be used to improve the selectivity and sensitivity.

5.2 Nitrogen Oxide (NO)

Nitrogen dioxide (NOy), which is widely generated in industry and transportation,
is one of the major gas species of air pollution. The average NO> concentration in the
atmosphere is ~30 ppb [132]. For NO: detection, spectrophotometry and
chemiluminescence are the established gas detection methods [129]. However, these
methods require expensive and large equipment, and the optical system is sensitive to
vibrations. Therefore, small, cheap, and robust NO> gas sensors are necessary for
environmental monitoring.

The semiconducting gas sensor has widely been investigated for environmental
monitoring [129]. Because only a small amount of semiconducting nanoparticles is used

as the transducer, the cost of the gas sensor can be reduced. Among the semiconducting
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nanoparticles, semiconducting carbon nanotubes (CNTs) have shown good potential for
gas detection at room temperature [133—137]. When CNTs bridge the electrodes, the
micro electrode used in this work is the same structure in Chapter 3, the individual CNTs
act as a conductive channel, and they are well modulated by adsorbed gas species, such
as NO; [138, 139]. In addition, nanoparticle decoration of CNTs enhances the sensitivity
of gas detection [140-150]. In particular, tin dioxide (SnO3) particle decoration of CNTs
has been shown to enable an enhancement of the gas sensitivity at room temperature
[139] because of the formation of pn hetero-junctions at the CNT/SnO> interfaces [139].

Various methods have been reported to form CNT channels for CNT-based gas
sensors, such as dispersed CNT network formation [151-153], single CNT bridging, [ 154,
155] and DEP assembly [156-158]. Among them, the DEP assembly is a powerful
method to produce aligned CNT channels. When small dielectric materials are located in
a high non-uniform electric field, the polarization of the particles occurs, and the
polarized particle can be moved by the DEP force. CNTs are effectively polarized owing
to their high aspect ratio. Our group has reported the DEP assembly of CNTs and other
nanoparticles [157, 159-161]. To fabricate SnO;-decorated CNT (CNT/SnO;) gas
sensors, it is necessary to attach SnO: nanoparticles onto the CNT surfaces. SnO>
nanoparticles should be assembled by the DEP method when a high electric field is
formed on the CNT surface. In this chapter, I fabricated CNT/SnO, gas sensors by a two-
step DEP assembly method, and investigated the NO; gas detection properties.

5.3 Experiment

To fabricate the CNT/SnO: gas sensor devices, CNTs and SnO; particles were
assembled by a two-step DEP assembly, as shown in Figure 5.1a. First, CNTs were
assembled by DEP between the electrodes. Second, SnO> nanoparticles were decorated
also by the DEP, where the CNTs acted as electrodes generating the high electric field
around them. SnO; nanoparticles were effectively attached to the CNT surface, and
formed pn hetero-junctions at the CNT/SnO; interfaces. To validate the two-step DEP
assembly method, the second DEP assembly was simulated using COMSOL
Multiphysics (ver. 5.4). To study particle movement, I selected the particle tracing for

fluid flow for physics interfaces and configured the electrode which applied electric field.
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Figure 5.1. (a) Schematic of the two-step DEP assembly method. CNTs and SnO:
nanoparticles were assembled during the first or second DEP assembly, respectively. In
the second DEP assembly, CNTs acted as the grounded electrodes. SnO> nanoparticles
were attracted by CNTs by the DEP force. (b) Schematic of the NO> gas detection system
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I fabricated the devices with the two-step DEP assembly. The chromium
interdigitated microelectrodes were fabricated on a glass substrate. The gap between
fingers, the finger width, and the total finger length were adjusted to 5 um, 50 um, and
36 mm, respectively. The semiconducting CNT-dispersed solution (99.9% in purity) was
purchased from Nanolntegris Co., Ltd., QC, Canada. The average diameter and length of
the CNTs were 1.4 nm and 1 pum, respectively. The CNTs were assembled in the first step
of the DEP assembly. The microfluidic channel, as described in Chapter 3, formed by
polydimethylsiloxane (PDMS) was placed on the substrate, and CNT-dispersed water
with a concentration of 100 ng/ml was circulated for 5, 10, and 15 min with flow rate of
0.8 ml/min. Simultaneously, an AC voltage of 20 V,, at 100 kHz was applied to the
electrodes. The CNT assembly was confirmed by dielectrophoretic impedance
measurement (DEPIM) [28]. The conductance increased as CNTs assembled between the
microelectrodes. Next, the top counter electrode was placed on the CNT channel. The
microelectrodes on the substrate were connected to the ground, where the assembled
CNTs had the same potential, and an AC voltage of 20 V,, at 100 kHz was applied
between the ground including CNTs and the top counter electrode. SnO»-dispersed water
with a concentration of 1 mg/ml was circulated for 5 min, 15 min, and 60 min with flow
rate of 0.8 ml/min. SnO» nanoparticles were purchased from Kanto Chemical Co., Ltd.,
and the diameter was distributed in the range of 14—120 nm. The solution was replaced
with deionized water, and an AC voltage was applied. After replacing the counter
electrode with the PDMS microfluidic channel, the sample was annealed at 150 °C for 2
h in air to evaporate the surface solution. The formed device was observed by SEM.

A schematic of the gas sensing system is shown in Figure 5.1b. The CNT/SnO-
sensor was placed in a stainless-steel chamber, volume 160 cm?, and the atmosphere was
replaced by nitrogen gas with a continuous flow followed by surface initialization by UV
irradiation for typically 2 h. UV light-emitting diodes (365 nm, 9.2 mW/cm?, NS365L-
ERLM, Nitride Semiconductors Co., Ltd., Tokushima, Japan) were used as the UV light
source. After the UV light was turned off, 1 ppm of NO; diluted by N> gas was introduced
to the gas chamber with the flow rate of 350 sccm. The impedance of the sensor was
measured by a lock-in amplifier. Here, the impedance of the CNT/SnO; gas sensors was
calculated from the impedance of the external detection resistance. The resistance R of
the sensor corresponded to that of the RC parallel equivalent circuit of the sensor. It was

calculated that the normalized response as the resistance change as AR/Ro = (R — Ro)/Ro,
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where R and Ro were the resistances during NO> exposure and just after initialization,

respectively.

5.4 Result and discussion

To validate the two-step DEP assembly method, I simulated the second DEP
assembly step using COMSOL Multiphysics (ver. 5.4), as the first DEP assembly has
already been established [157]. For the second-step DEP assembly, the CNTs were
already assembled between the microelectrodes, and they acted as electrodes. The
regions near the CNTs had a high electric field by applying an AC voltage of 0.1 Vims
between the interdigitated electrodes and the counter electrode, which were located 5 pum
from each other. Because the counter electrode was located ~900 um from the
microelectrodes in the real system, the value of the AC voltage in the simulation was
determined as a proportionate voltage for a distance of 5 um. CNTs were bridged between
the microelectrodes, which corresponded to the situation where CNTs were assembled
between the microelectrodes with the 5-pm gap by the DEP assembly method.

The simulation result of an electric field is shown in Figure 5.2a. A high electric
field was formed around the CNTs. The particle behavior was simulated, as shown in
Figure 5.2b. Here, the particle was SnO, where the relative dielectric constant of SnO-
and the solution, the conductivity of SnO; and the solution, and the SnO> particle size
were set to 11.527 and 80, 1 S/m and 1 x 10™* S/m, and 100 nm, respectively. Electric
property of SnO; nanoparticle was from Ref. The applied frequency was 100 kHz. The
SnO» nanoparticles were attracted to the CNTs by the positive DEP force. Thus, the SnO»
particles were decorated on the CNTs by a two-step DEP method.
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Figure 5.2. (a) Electric field simulation results for the second-step DEP assembly. Five
CNTs are bridged over the 5-um electrode gap and electrically connected to
microelectrodes. Thus, CNTs act as thin electrodes. High electric field is formed around
the CNTs. (b) Simulation result of SnO; particle movement by a DEP force induced by
the high electric field around CNTs. Red lines indicate trajectories of the particle. It was

calculated that the particle movements for 0.8ms [130].
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To confirm the device fabrication, SEM images of the channel were obtained, as
shown in Figure 5.3. The image after the first step of the DEP method was Figure 5.3a.
CNTs bridged between the electrodes. CNTs formed bundles between the
microelectrodes, and some intervals existed between the bundles. Figures 5.3b—5.3¢
show the SEM images after the two-step DEP assembly with assembly times of CNTs
and SnO» of (b) 15 min and 5 min, (¢) 15 min and 15 min, (d) 15 min and 60 min, and
(e) 5 min and 60 min. The number of apparent SnO» nanoparticles increased as the ratio
of the SnO2/CNT assembly time increased. For a low SnO2/CNT assembly time ratio,
SnO> nanoparticles were sparsely deposited on the CNT sidewalls [Figures 5.3b—5.3d].
For a high SnO,/CNT assembly time ratio, SnO; nanoparticles assembled and formed
large clusters on the CNTs [Figure. 5.3¢].

Additionally, to confirm that the SnO> nanoparticles were attracted by the electric
field formed by CNTs, SnO, nanoparticles were assembled by the DEP with the counter
electrode without CNTs, as shown in Figure. 5.3f SnO; nanoparticles were not assembled
between the microelectrode gaps and assembled mainly at the outer edges of them.
Because the potential of the microelectrodes was the same, the electric field between the
microelectrodes was low. Then, SnO2 nanoparticles were not assembled between the
microelectrodes. When the CNTs were assembled between the microelectrodes in
advance, the CNTs effectively formed a high electric field and attracted the SnO»

nanoparticles.
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Figure 5.3. SEM images of Cr electrode gaps (a) after the first step DEP assembly, (b)—
(e) after the second-step DEP assembly, and (f) after the second-step DEP without the
first CNT assembly. The CNT/SnO> DEP assembly times are (b) 15 min/5 min, (c) 15
min/15 min, (d) 15 min/60 min, and (e) 5 min/60 min, respectively. The scale bars in (a)—
(e) and the left figure in (f) corresponds to 1 um [130].
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The gas responses of the CNT/SnO> gas sensors are shown in Figure. 5.4a. NO;
with a concentration of 1 ppm diluted by N> was introduced from 60 s and reached the
chamber around 70 s. The resistance quickly increased for ~30 s and then gradually
decreased in all samples. For comparison, sensors using the CNT only and the SnO> only
were fabricated Their 1-ppm NO; responses are shown in Figure. 5.4b.

The normalized resistance decreased for the CNT channel gas sensor, and
increased for the SnO> channel gas sensor upon NO; exposure. Because CNT and SnO>
are ordinary p-type and n-type semiconductors, these sensor responses in resistance
decreased and increased, respectively. The response of the SnO> gas sensor quickly
saturated to be positive, while that of the CNT gas sensor slowly decreased.

The normalized resistance varied for the CNT and SnO, DEP assembly
conditions. To investigate the relationship between the DEP assembly condition and the
sensor response, the highest normalized resistances were plotted as the function of the
ratio of the SnO2/CNT DEP assembly time, as shown in Figure. 5.4c. As the assembly
time ratio increased, the normalized response increased, and became the highest at the
ratio of 4, which corresponded to DEP assembly times of 15 min and 60 min for CNT
and SnO», respectively. For a higher ratio, the normalized response was reduced.

For further investigation, the NO2 concentration dependence of the sensor was
measured for the CNT/SnO> gas sensor with the highest response, as shown in Figure.
5.4d. For the normalized response with 100 ppb of NO», the resistance gradually
increased compared with that with 1 ppm and reached a response of ~10. After reaching
the maximum resistance, it decreased slowly. Note that the time when the resistance
began to increase was long for low concentration NO; exposure, which stemmed from
the mass-flow control system rather than the sensor properties. For 50 ppb of NO, the
resistance increased even slower. The response of the sensor was confirmed for less than
50 ppb. Although a slight increase in resistance was observed for 10 ppb, this may be the
long-term shift of the sensor resistance. The maximum response did not linearly depend

on the NO; concentration.
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Figure 5.4. Normalized resistance characteristics of (a) CNT/SnO gas sensors and (b)
CNT (red line) and SnO> (blue line) gas sensors, for 1 ppm of NO,. (c¢) Highest
normalized resistance as a function of the SnO2/CNT assembly time ratio. The color of
the plots corresponds to that of the characteristics curves in (a). {add error bars} (d)
Normalized resistance characteristics of CNT/SnO> gas sensors with the highest response
(CNT: 15 min/SnO;y: 60 min) for low NO> concentration [130].

To understand the response of the CNT/SnO- gas sensor, I proposed an equivalent
circuit and a response mechanism of the CNT/SnO, gas sensors. The large response was
derived from the resistance change of the CNT/SnO> pn hetero-junctions, though CNTs
without SnO: decoration may exist in the sensor channel. The resistances of the sensors
with the CNT only (after the first step of the DEP assembly for 15 min) and with the
CNT/SnO; (after the second step of the DEP assembly for 60 min) without UV
initialization were ~4 kQ and 50 kQ in air, respectively. This indicated that the resistance
of the CNTs increased by decorating with SnO» nanoparticles. If CNT and SnO> were
connected in parallel, the resistance should decrease. Therefore, the equivalent circuit of

this sensor is that shown in Figure 5.5a, where the resistances of the CNTs Rcnt and
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CNT/SnO; pn hetero-junction Rpn were connected in series.

When the gas sensor was initialized by UV irradiation in N> atmosphere, the
number of CNTs was depleted and exhibited a high resistance at the CNT/SnO> pn
hetero-junctions, as shown in Figure 5b. When NO> molecules approached the channel,
the SnO» nanoparticles quickly responded toNO, gas adsorption, and an electron in SnO;
was transferred to molecular NO; [163]. The depletion region expanded and the
resistance of the CNT/SnO2 pn heterojunction regions Rpn increased, as shown in Figure
5.5¢c. The NO; gas response rate of SnO; nanoparticles was faster than that of CNTs from
the response shown in Figure 5.4b. After the NO: response of SnO; nanoparticles became
saturated, the response of the CNT surfaces to NO2 gas molecules became apparent. An
electron in the CNTs was also transferred to NO2 gas molecules and the hole carrier
induced by surface negative adsorbates. The depletion region shrunk by the additional
carriers in the CNTs, and the resistance of the CNT/SnO2 pn hetero-junction regions Rpm
gradually decreased, as shown in Figure 5.5d. Here, the resistance of the CNTs Rcnt also
decreased by the increase in carrier density in the CNTs. For low concentration NO; gas
exposure, the gas adsorption rate should decrease, and the response rate should decrease.
The resistance increase, and the following decrease for an NO; gas response to 100 ppb
was slower those that to 1 ppm. Because NO> gas molecules adsorbed to both SnO»
nanoparticles and CNTs, the shape of the response remained for a low concentration.
Although only a resistance increase was observed for 50 ppb of NO., the resistance

should decrease for further NO> exposure.
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Figure 5.5 (a) Equivalent circuit of the CNT/SnO; gas sensor. (b)—(d) Schematic of the
CNT and decorated SnO> nanoparticles (b) before NO» exposure, (¢) soon after NO»
exposure, and (d) long time after NO; exposure [130].
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Note that I considered that the charge transfer between SnO> and NO> was
dominant, while some reports have shown oxygen vacancies at the SnO» surface trap
NO> gas molecules to result in a gas response [163—170]. This is because the CNT/SnO»
gas sensor is operated at room temperature, so the oxygen vacancies are not active as
reaction sites. Ruhland et al. [163] reported that a high temperature is necessary for the
reaction to occur. Additionally, I confirmed that the resistance after initialization was
almost the same for repeated use. If oxygen vacancies at the SnO> surface trap NO> gas
molecules, the number of oxygen vacancies decreases and the resistance of the SnO; film
should change by repeated use.

According to this model, when the SnO; amount is small, the first response should
be low. Conversely, as the ratio of the SnO2/CNT DEP assembly time increases, the
number of CNT/SnO> pn hetero-junction increases, which corresponds to the tendency
observed by SEM, as shown in Figures 5.2b—5.2d. The increase in the resistance of pn
hetero-junction caused the high sensor response. For a higher assembly ratio, the
normalized response decreased. This arose from the DEP assembly method. If SnO-
particles attach to the CNT surface, the SnO> nanoparticles could form a high electric
field around them. If the density of SnO2 nanoparticles increases, additional nanoparticles
could be attracted by the high electric field formed at SnO> nanoparticles attached on
CNTs.

To confirm this phenomenon, I simulated the electric field distribution in the case
of a SnO> nanoparticle attached on a CNT surface using COMSOL Multiphysics, as
shown in Figure. 5.6. The electric field around the attached nanoparticle became high,
and the high electric field attracted other nanoparticles. When the density of SnO>
nanoparticles in the solution is increased, the probability of a SnO2 nanoparticle attracted
to the attached SnO> nanoparticle should be increased. Then, SnO> nanoparticles tended
to pile up and form large SnO; clusters on the CNT network, as shown in Figure 5.3e.
The effective number of SnO; nanoparticles was decreased by the formation of SnO>
clusters for a long SnO» assembly time, which resulted in the low response. Therefore,
this two-step DEP fabrication of the CNT/SnO; gas sensor has the limitation of SnO»
decoration to CNTs. It is possible to improve the sensor response by enhancing the
density of SnO; nanoparticles decorated on the CNT surface. In this case, the decrease in
resistance, as exhibited in Figure. 5.5d, should be suppressed because the regions of bare

CNTs are decreased, where the SnO» nanoparticles are not decorated. The DEP assembly
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method should be further improved to enhance the gas response.
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Figure. 5.6. Electric field cross-sectional images across a SnO> nanoparticle decorated
on a CNT simulated using COMSOL Multiphysics [130].

- 109 -



Chaptexr S

5.5 Perspective for the detection of CF4 and CO

I demonstrated the example of application of material combination for gas sensor
fabricated by DEP techniques. While direct CF4 detection by using a single SnO;
nanomaterial-based gas sensor could not reach the target limit of detection. There are
many researchers reported the results of combination and decoration [171-177]. To
enable the high sensitivity, these studies would assist to improve my final goal in next
steps.

For instance, the recent publication of CO gas sensors, Moseley [178] reports in
a review research article about the combination between TiO, and Au, which can reach a
detection limit lower than 10 ppm at operating temperature 325°C. Especially, gas
responses of oxides modified by the addition of precious metals are reported. Dey [179]
demonstrated that the SnO2/Pt fabricated by the sol-gel technique shows a detection limit
lower than 10 ppm at operating temperature 350°C. Gong reports a high sensitivity of
Cu-doped ZnO film. The result shows the response against 6 ppm at 150°C [180].

In the case of CF4, Nomura et al. [91] demonstrated the detection of fluorocarbon
gases by using an SnO» doped with various elements. The results show that when SnO»
doped by sulfur, tungsten and germanium, the response of the sensor is increased to 12,
4.40, and 4.00-fold of initial response, respectively.

However, as described in Chapter 4, the cross sensitivity of the sensor was
seriously concerned. Again, if we need to detect CO or COz. After decomposition process,
there were many gas species occurred, then they would affect to the sensor responses.
Therefore, the cross sensitivity would be the one of important factor that we have to pay

concentration in our research in future.

5.6 Summary

A CNT/SnO; composite gas sensor for NO2 detection was fabricated by a two-
step DEP assembly method. In the first DEP assembly, CNTs are assembled between
comb-shaped electrodes, and SnO; is additionally assembled on the CNTs in the second
DEP assembly, where the CNTs act as electrodes with a high electric field. To validate
this two-step DEP assembly method, the electric field formed by the CNTs was simulated.
The formed CNT/SnO> gas sensor exhibits a sharp increase in resistance followed by a
gradual decrease upon NO2 exposure. pn hetero-junctions are formed between the CNTs

and the SnO> nanoparticles, and the resistance shift of the depletion region in the CNT at
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the pn hetero-junction induces the sharp resistance increase.
In GIS, the choice of the different components of the hybrid materials used as
CF4, CO or CO; sensing materials. The most essential key that need to be paid is the

cross-sensitivity with other decomposition gases.

- 111 -



Chapterxr 6

Chapter 6
Conclusion

Improving the reliability and stability of the power system is the essential key to
the success of the economy and world business. GIS is one of the main apparatuses to
reach the goal. For maintaining the reliability and stability of the system, GIS diagnosis
techniques have been studied widely. One of them is the chemical diagnosis technique
which has a unique advantage and interesting for GIS application.

In this research, direct and indirect CF4 detection were expected to apply for GIS
diagnosis. The present study proposed to develop a detection of the residual CF4 in GIS.
The CF4 detection method was divided into 2 cases of study. The former is direct CF4
detection by using nanomaterial-based gas sensors. The latter is indirect CF4 detection
by CF4 conversion, then detect the by-product of it, CO and CO., under dielectric barrier
discharge application. We attempted to study the possibility and the limitation of the
proposed methods. Finally, we could summarize it as follows.

1. Direct detection method, SnO> gas sensor fabricated by DEP could detect
10000-ppmCF4 and showed the highest response among them (SnO2, ZnO, and CNT)
but demonstrated an inadequate response. It appeared that 10000-ppm CF4 should be the
detection limited.

2. Indirect detection, 100-ppmCF4 could be converted into CO and CO> under
dielectric barrier discharge application. A commercially CO gas sensor can detect
converted CO, which was very close to the target CF4 concentration for GIS diagnosis.

3. Detection of CF4 and its decomposition gases, CO and CO3, should be studied
by a material combination for gas sensor fabricated by DEP.

The results show that direct and indirect CF4 can be used for residual CF4
diagnosis in GIS, although the proposed methods have been limited by sensitivity. When
discussing the three methods described above, the first and third methods, using single
and hybrid nanomaterial, can be used to direct CF4 detection. Still, the improvement point
is the sensitivity and cross-sensitivity of the selected materials for CF4, CO, or CO2
sensor fabrication. In the case of CF4 conversion into CO and COa», there are two close
attention points. The former, improvement of increasing conversion, and the latter,

improvement of the small-size system.
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I concluded the comparative effectiveness among methods used in the GIS field
and our proposed methods in Table 6.1. However, this study was the first stage of CF4
detection. We have known the problems, the way to solve them and any key to achieve
discussed in each chapter. The proposed direct and indirect CF4 detection needs to be
improved in future work.

The novelty and strong points of the research to the GIS diagnostic engineering
field are concluded below.

1. Revealed that CF4/O2/SF¢ gas mixture can generate CO and CO2 by using NTP

2. CF4 target 1s unique and worth observing for GIS diagnosis.

3. The CF4 target can be applied to any compartment in GIS installed and not
installed an absorbent.

4. Concepts of the research, including rapid tests, inexpensive, on-site tests, lead
to the high impact of GIS diagnosis

5. Improvement of detection limitations is possible.

Additionally, I would like to list some research topics for future objectives below.

1. The study on the adsorption reaction between the metal oxide-based gas sensor
and CF4 using an atomic-scale material modeling software such as Vienna Ab initio
Simulation and Atomistix ToolKit.

2 Single nanomaterial with their decoration and hybrid materials for increasing
performance of gas sensors.

3. Downsizing of CF4 conversion system and high CFs4 conversion ratio
improvement

4. Rapid tests, inexpensive systems, and on-site tests are required for completing
this study.

Finally, point of view of social and commercial aspect, world electricity
consumption highly increased including industry, residential, service, transport, other
final uses, and power service sector. Power system, including generation, transmission,
and distribution, is the essential key for economic growth in our world. The reliability
and quality of the power system indicate how is the business movement significantly.
Low reliability and quality of the power system affect to mass production of any business.
Especially in the industry field, the electricity outage and shutdown are not acceptable.
For example, as described in Chapter 1, which explains the loose cost during electricity

shutdown. GIS is one part of the power system. My research pays attention to how to
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diagnose the GIS when GIS is under abnormal conditions. The research is based on rapid
test, inexpensive, and on-site tests. Under these concepts of research, this technique will
be highly effective in the GIS diagnosis engineering field. If we can diagnose and know
the main problem fast, we will resolve the problem fast, and it issues a small impact.

Nowadays, using the power system diagnosis integrating automation, machine
learning, big data analysis, and the internet of things (IoT) is high performance to
maintain and recovery the power system. I believed that my research would be useful
when it is integrated with the other system as described earlier. The integration concept
is shown in Fig. 6.1. GIS is monitored and analyzed by the integration system. Finally,
we cannot say that which part of the power system is the highest necessary. In fact, every
aspect of the system needs to be developed and integrated into other systems at the same
time. Recently, world electricity consumption will increase continuously and every
second of the business world is high value. Therefore, the reliability and quality of the
power system will be constantly improved as well.

However, this technique is under research. In the current stage, the proposed
methods have not been achieved the final goal yet. Advances in the term of detection
sensitivity and small-size design are required in the future study. In my opinion, the target
gas, CFy4, is to be unique and different from the other decomposition gases as described
in Chapter 2. The successful CF4 detection method would be high impact and value for
GIS diagnostic engineering field.

Table 6.1. Effectiveness among gas analysis methods

Effective ac FT.IR SF¢ Gas CF, Dn.'ect CF, Indllrect
analyzer detection detection
Measuring
time (min) 10 1 10 30 60
(not include
warm-up time)
e ~10,
(Senrﬁl)tIVItyhmlt Depends <1 <L(goé,ol-)|F 10000 100
PP on detector =
On-site No No Yes Possible Possible
Cost/unit ~2 M¥ ~3 M¥ ~2 M¥ ~0.5 M¥ ~0.5 M¥
Size Large Large Compact . Need . Need
improvement improvement
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