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Abstract: To address the problems of poor measurement accuracy and long service life of SO2

electrochemical gas sensors when used in thermal power plant areas, fly ash emitted from a thermal
power plant in China was used as the research object. Based on the analysis of the morphological
characteristics of fly ash particles, theoretical calculations were used to obtain the settling speed of
fly ash particles and the amount of fly ash deposited at different times, and then the impact of fly
ash on the measurement error of a SO2 electrochemical gas sensor was investigated by experimental
tests. The research results show that the particle size distribution of fly ash is 2–11 µm, the average
settling speed of fly ash particles is 1.34 × 10−3 m/s, and the deposition amount of fly ash on the
surface of the sensor inlet film is 0.95 mg per day. The deposition time of fly ash affects the sensor
measurement error, and the longer the deposition time, the larger the sensor measurement error,
which is due to the reduction of gas diffusion area S and diffusion coefficient K in the sensor caused
by fly ash deposition. Fly ash deposition has a greater impact on the sensor when measuring low
concentration gases. The higher the gas concentration, the lower the measurement error, because the
higher the gas concentration, the faster the gas reaches the working electrode area and the higher the
effective SO2 concentration detected in the limited response time. When using SO2 electrochemical
sensors in environments with high concentrations of fly ash or dust, it is recommended to install
dust-proof devices (such as air-permeable filter membranes with a pore size of less than 4 µm) and
regularly clean the deposited fly ash, which can improve the accuracy of the sensor measurement
and extend the service life.

Keywords: PM10 particles; electrochemical sensors; SO2 sensors; particle settling speed; particle
size distribution

1. Introduction

The total installed capacity of power generation in China in 2021 was 237,692 million
kW, of which 129,678 million kW was thermal power generation capacity, accounting for
54.56% of the total installed power generation capacity [1], which shows that thermal power
generation is still the main source of power generation in China. Thermal power plants
mainly burn coal to generate electricity, and more than 50% of China’s coal is consumed
for power generation [2]. Coal generates soot, SO2, NOx, and other harmful gases during
the combustion process for power generation [3,4]. Soot is a coal combustion fly ash-
based dust particle that tends to form aerosol state pollutants in the air, leading to human
respiratory diseases and environmental pollution [5,6]. The greatest danger of SO2 is the
formation of acid rain, which causes damage to the ecosystem such as soil, plants, and
aquatic systems [7,8]. NOx has high chemical activity and produces photochemical smog,
forms acid rain, destroys the ozone layer and aggravates the greenhouse effect [9], damages
the human respiratory system and immune system, and threatens life safety [10]. The
increase in thermal power generation has led to an increase in the emission of combustion
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products from thermal power plants, thus requiring the monitoring of toxic and hazardous
gases such as SO2 and NOx in the atmosphere around thermal power plants.

The common types of detection sensors for SO2 gas are catalytic combustion, ther-
mal conductivity, optical interference, and electrochemical [11]. Electrochemical sensors
have the advantages of high measurement resolution, good output linearity, operational
checkpoints, and low price [12,13] and are widely used in gas detection devices in various
industries. Due to the large amount of soot generated by combustion emissions from
thermal power plants, the electrochemical gas sensor monitoring devices installed in the
thermal power plant area are prone to problems such as low measurement accuracy and
short service life. In this paper, we take fly ash emitted from a coal gangue power plant in
China as the research object to study the impact of fly ash PM10 particles on the measure-
ment error of SO2 electrochemical gas sensors and make recommendations for the use and
maintenance of gas monitoring devices in the area of thermal power plants.

In this paper, firstly, the morphological characteristics of fly ash particles and the
particle size distribution of fly ash particles were obtained by electron microscopy scanning
of fly ash samples; secondly, the aerodynamic and hydrodynamic theories were used to
calculate the settling speed of fly ash particles and the amount of fly ash deposited at
different times; finally, the measurement errors of SO2 electrochemical gas sensors under
the conditions of fly ash PM10 particles were investigated by experimental tests.

2. Experimental Section
2.1. Experimental Instruments and Experimental Samples
2.1.1. Experimental Instruments

We used a MIRA3 field emission scanning electron microscope, TESCAN (Czech
Republic), shown in Figure 1. The device has a high brightness Schottky emitter for high
resolution and low noise imaging. The resolution is 1.2 nm (30 keV) in high vacuum mode
and 2.0 nm (30 keV) in low vacuum mode. The acceleration voltage is 200 V~30 kV, landing
voltage is 50 V~30 kV, probe current is 2 pA~200 nA, and scanning speed is 20 ns~10 ms.
The diameter of the electron microscope chamber is 230 mm and the sample stage is a 5-axis
linkage, 360◦ rotation, and a moving range of X = 80 mm, Y = 60 mm, and Z = 47 mm.
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Figure 1. MIRA3 field emission scanning electron microscope.

Nano Measure, a particle size and distribution calculation software, is widely used
to calculate and statistically analyze the particle size and distribution of SEM images. In
this study, this software was used to calculate and count the size and distribution of fly ash
particles in SEM images.

The manufacturers of SO2 electrochemical sensors in China are Cubic Sensor and
Instrument Co., Ltd. (Wuhan, China), Hanwei Technology Group (Zhengzhou, China),
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Alphasense (Essex, UK), CityTech (London, UK), Honeywell (Morristown, NJ, USA), Figaro
(Minoo city, Osaka, Japan), etc. Comparing various sensor parameters, we found that
Alphasense’s sensor has the highest measurement accuracy, so we chose Alphasense’s
SO2 electrochemical gas sensor for the test. The diameter inlet membrane of the SO2
electrochemical gas sensors used in this experiment is 19 mm, and the area of the membrane
is 283.5 × 10−6 m2. The inlet membrane material is porous PTFE with 12–16 µm pore size,
49% porosity, and 0.28 µm thickness, whose appearance structure is shown in Figure 2, and
the performance parameters are shown in Table 1.
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Figure 2. Structure diagram of SO2 electrochemical gas sensor.

Table 1. Performance parameters of SO2 electrochemical gas sensor.

Category Index Value

Performance

Sensitivity 275 to 475 nA/ppm at 2 ppm SO2
Response time t90 < 30 s, from zero to 2 ppm SO2
Zero current −80 to +80 nA in zero air at 20 ◦C

Noise ±2 standard deviations (5 ppb equivalent)
Range 100 ppm limit of performance warranty

Linearity 0 to −2 ppb error at 100 ppm SO2, linear at
zero and 10 ppm SO2

Overgas limit 200 maximum ppm for stable response to gas pulse

Lifetime

Zero drift <±20 ppb equivalent change/year in lab air
Sensitivity drift <±15% change/year in lab air, monthly test

Operating life >36 months until 50% original signal
(24 months warranty)

Environmental

Sensitivity at −20 ◦C 70%~82%, at 2 ppm SO2
Sensitivity at 50 ◦C 95%~110%, at 2 ppm SO2

Zero at −20 ◦C 0 to−10 nA change from 20 ◦C
Zero at 50 ◦C 10 to 30 nA change from 20 ◦C

Key Specification

Temperature range −30~50 ◦C
Humidity range 15~90%RH
Pressure range 80~120 kPa
Storage period 6 months (at 3 to 20 ◦C)
Load resistor 33~100 Ω

Weight 13 g
Data from the manual of SO2 electrochemical gas sensor.

The schematic diagram of the electrochemical gas sensor is shown in Figure 3 [14],
which mainly consists of a gas permeable membrane, working electrode, counter electrode,
reference electrode, and electrolyte solution [15].
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Figure 3. Schematic diagram of the electrochemical gas sensor.

The electrodes are made of materials that have a catalytic effect on the gas being
measured [16], and the three electrodes are stacked in parallel in the sensor. A constant
voltage is applied between the working electrode, which is used to oxidize or reduce the
gas, and the counter electrode, which allows the gas to come into contact with the catalyst
and electrolyte, forming a three-phase interface between gas, liquid, and solid. The counter
electrode is used to balance the reaction at the working electrode, where the reduction or
oxidation reaction occurs. The reference electrode is used to anchor the working electrode
voltage to keep the potential of the working electrode and the counter electrode constant.

The working principle of the SO2 electrochemical gas sensor is that the SO2 gas to be
measured enters the sensor through the inlet membrane, and an oxidation reaction occurs
at the interface between the working electrode and the electrolyte solution to produce
an electrolytic current, which forms a current loop through the electrolyte solution and
the counter electrode, the magnitude of the electrolytic current is proportional to the
concentration of the SO2 gas to be measured, and the SO2 gas concentration is measured by
the magnitude of the electrolytic current.

SO2 diffuses through the inlet film to the surface of the working electrode, where
an oxidation reaction takes place and the limiting diffusion current (i) is generated at the
same time:

SO2+2H2O→ SO2−
4 + 4H+ + 2e (1)

The limiting diffusion current (i) resulting from this oxidation reaction can be measured
by the internal circuitry of the sensor. Under the specified working conditions, the electron
transfer number (Z), Faraday constant (F), gas diffusion area (S), diffusion coefficient (D),
and diffusion layer thickness (δ) are constants, and the magnitude of the ultimate diffusion
current (i) is proportional to the SO2 concentration (c), so the SO2 concentration (c) can be
determined by the ultimate diffusion current (i) [17].

i =
Z · F · S · D

δ
× c (2)

2.1.2. Experimental Samples

We used SO2 and N2 standard gases. The purity of N2 gas is 99.999%; the concentration
of SO2 gas is 1000 ppm, diluted to 10 ppm, 20 ppm, 30 ppm, 40 ppm, 50 ppm, 60 ppm,
70 ppm, and 80 ppm, respectively, by using high purity N2 gas.

Fly ash samples were used, as shown in Figure 4. The fly ash samples came from the
dust collector hopper of thermal power plants and were collected by using polyethylene
transparent bags for easy observation of sample appearance. A total of 10 kg of fly ash
was sampled at different times. The sampling times were 9:00–10:00, 15:00–16:00, and
20:00–21:00. Sampling at different times made the samples better describe the fly ash profile
of the thermal power plant.
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2.2. Experimental Instruments and Experimental Samples
2.2.1. Scanning of Fly Ash Particle Morphology

The experiments need to research the fly ash particle morphological characteristics
and particle size, which is used to calculate the fly ash settling speed. 500 g of fly ash
samples were dried at 105 ◦C for 60 min. The fly ash sample was put evenly on a tray and
the pile thickness of fly ash was about 5 mm. The drying process of fly ash is shown in
Figure 5. Through the drying checkability experiment, we found that the weight of fly
ash basically no longer changed after 60 min of drying. Then 5 g of the dried fly ash was
taken for morphological scanning, and the remaining fly ash was used for subsequent
experimental tests.
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2.2.2. Measurement Error Experiment of SO2 Electrochemical Gas Sensor

The SO2 electrochemical gas sensor was placed in a sensor measurement error test
chamber made of Plexiglas, as shown in Figure 6. The size of the Plexiglas test chamber is
300× 300× 300 mm, the wall thickness of the glass is 10 mm, and the glass was bonded with
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methylene chloride to ensure hermeticity. There are two reasons for the size of the test cham-
ber. Firstly, the space should be large enough for hand operation space when placing the
sensor in the test chamber. Secondly, if the size is too large (e.g., 1000 × 1000 × 1000 mm),
it will lead to a decrease in sealing and more gas is needed to fill the test chamber. SO2 gas
is a toxic gas, so there will be leakage poisoning potential. The amount of fly ash deposited
under different deposition times was placed on the surface of the sensor inlet film, and
then SO2 gas of known concentration was introduced into the test chamber to measure the
measurement error of the sensor under fly ash deposition. The study conducted three sets
of sensor test trials, each lasting 1 h.
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3. Results
3.1. Particle Morphology of Fly Ash

To visualize the morphological characteristics of fly ash particles, a scanning electron
microscope was used to scan the morphology of the fly ash particles, and the results of
the morphology scan are shown in Figure 7. The fly ash particles were of different sizes
and irregular shapes, with dotted bumps and pits on the surface. The boundaries of the
fly ash particles are relatively clear, and some small particles are attached to the surface
of large particles.
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It is important to note that the particle size distribution of fly ash varies with the origin
and combustion temperature of the coal used as fuel.

The fly ash sample used in this paper was from a coal gangue thermal power plant
and another sample of fly ash was collected from a coal thermal power plant. The particle
size distribution of fly ash from coal thermal power plants is more uniform, with a regular
spherical appearance and a smooth, unattached surface. As coal contains more carbon than
coal gangue, it burns at a higher temperature and burns more fully, so the fly ash particles
will be smaller in size.

3.2. Particle Size Distribution of Fly Ash

The particle size distribution is shown in Table 2. The particle size distribution ranges
from 2 to 11 µm, with a minimum value of 2.04 µm, a maximum value of 10.88 µm, and an
average value of 6.1 µm.

Table 2. Particle size distribution of fly ash.

Distr./µm Mean/µm Amount Freq./%

2–2.9 2.45 9 10.34
2.9–3.8 3.35 11 12.64
3.8–4.7 4.25 7 8.05
4.7–5.6 5.15 16 18.39
5.6–6.5 6.05 7 8.05
6.5–7.4 6.95 9 10.34
7.4–8.3 7.85 8 9.2
8.3–9.2 8.75 7 8.05
9.2–10.1 9.65 8 9.2
10.1–11 10.55 5 5.74

Data from Nano Measure software statistics.

PM10 particles were chosen as the focus of the study for two reasons.
The first reason is the size of the dust particles in the atmosphere. The dust particles

in the atmosphere are mainly PM2.5 and PM10. Larger particles such as PM50 and PM100
will settle quickly and will not stay in the air for a long time, so this size was chosen as the
main object of study.

The second reason is that the particle size of the fly ash samples is mainly PM10. The
particle size distribution range of the fly ash samples is 2–11 µm, 90% of the particles are
larger than 2.5 µm and the average particle size is 6.1 µm. Therefore, PM10 particles were
chosen as the focus of the study.

The size of the fly ash particles would affect the sensor measurement error. The sensor
inlet membrane material has a pore size of 12–16 µm and a porosity of 49%. When the fly
ash particle size is larger than 16 µm, for example, PM50 or PM100, it will completely cover
the inlet hole of the sensor inlet membrane, resulting in an increase in measurement error.

3.3. Calculation of Settling Speed of Fly Ash Particles (*Appendix A for the Meaning of the
Equation Symbols)

Due to the complex atmospheric environment at the sensor use site, temperature,
humidity, wind speed, wind direction and airflow state (laminar flow zone, transition
zone, turbulent flow zone) can affect the fly ash deposition, and it is difficult to simulate
the atmospheric environment at the site in the laboratory. Therefore, the atmospheric
environment of the laboratory was kept relatively ideal (temperature 20 ◦C, humidity 50%,
wind speed 0, laminar flow zone) to simplify the particle settling process and facilitate the
calculation of particle settling speed and fly ash deposition amount based on theoretical
knowledge of aerodynamics and fluid mechanics.

The temperature range of the sensor is −30 to 50 ◦C and the humidity range of the is
15 to 90%RH. The experimental settings of temperature (20 ◦C) and humidity (50 RH%) are
within the range of the sensor and meet the requirements of sensor use. This experimental
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condition was set because the temperature and humidity are easier to keep stable in the
laboratory. The temperature was kept at 20 ◦C to avoid air convective movement due to
temperature differences and the heat exchange between the molecules and the environment.

The settling process and forces on the fly ash particles in the air of the laboratory are
shown in Figure 8. According to the speed of fly ash particles, the settling process can be
divided into three stages: stationary condition, accelerated settling, and uniform settling.

Atmosphere 2022, 13, x FOR PEER REVIEW 9 of 17 
 

 

are within the range of the sensor and meet the requirements of sensor use. This experi-

mental condition was set because the temperature and humidity are easier to keep stable 

in the laboratory. The temperature was kept at 20 °C to avoid air convective movement 

due to temperature differences and the heat exchange between the molecules and the en-

vironment. 

The settling process and forces on the fly ash particles in the air of the laboratory are 

shown in Figure 8. According to the speed of fly ash particles, the settling process can be 

divided into three stages: stationary condition, accelerated settling, and uniform settling. 

 

Figure 8. The settling motion process and forces on fly ash particles in air. 

In still air, fly ash particles are subject to gravity p
G  and air buoyancy f

F . 

3

p p p p p p

1

6
G m g V g d g  = = =  (3) 

  = 3

f a p p a

1
=

6
F gV d g  (4) 

  = − = −3

s p f p p a

1
( )

6
F G F d g  (5) 

Under the action of the total force s
F , the fly ash particles accelerate to settle, and 

the air produces resistance force r
F . The equation of motion of fly ash particles settling in 

the air is: 

− =
p

s r p

dv
F F m

dt
 (6) 

The force of air resistance r
F  can be calculated by the following equation [18]. 

Figure 8. The settling motion process and forces on fly ash particles in air.

In still air, fly ash particles are subject to gravity Gp and air buoyancy Ff.

Gp = mpg = ρpVpg =
1
6

πd3
pρpg (3)

Ff = ρagVp =
1
6

πd3
pρag (4)

Fs = Gp − Ff =
1
6

πd3
p(ρp − ρa)g (5)

Under the action of the total force Fs, the fly ash particles accelerate to settle, and the
air produces resistance force Fr. The equation of motion of fly ash particles settling in the
air is:

Fs − Fr = mp
dvp

dt
(6)

The force of air resistance Fr can be calculated by the following equation [18].

Fr =
1
2

Ca Apρavp
2 (7)

For spherical particles there are

Fr =
1
2

Ca
πd2

p

4
ρavp

2 = Ca
πd2

pρavp
2

8
(8)
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Substituting Equations (5) and (8) into Equation (6), the expression for the settling
speed of spherical particles is obtained.

dvp

dt
=

(
ρp − ρa

)
g

ρp
− 3Caρa

4dpρp
vp

2 (9)

The initial settling moment of fly ash particles in the air, gravity Gp is greater than the
sum of air buoyancy Ff and air resistance Fr, and fly ash particles had accelerated falling
speed. As the falling speed gradually increases, the air resistance also increases until the
gravity is equal to the air buoyancy and air resistance, and the fly ash particle settling
speed reaches the maximum vpmax. After that, the fly ash particles began a uniform falling
motion, at this time the acceleration of fly ash particles is zero, that is

dvpmax

dt
=

(
ρp − ρa

)
g

ρp
− 3Caρa

4dpρp
vpmax

2 = 0 (10)

vpmax =

√
4dp
(
ρp − ρa

)
g

3ρaCa
(11)

According to a similar theory, the drag coefficient Ca is a function of the Reynolds
number Rep of fly ash particles [19], which can be expressed by the following equation:

Ca =
k

Repm (12)

When the air is in the laminar region, Rep ≤ 1, k = 24, m = 1, it is obtained that:

Ca =
24

Rep
=

24µa

ρavpdp
(13)

Bringing Equation (13) into Equation (11), the maximum settling speed of spherical
particles in the laminar flow region can be obtained as:

vpmax =

(
ρp − ρa

)
gd2

p

18µa
(14)

The true density of fly ash particles is calculated to be ρp = 1200 kg/m3. Accord-
ing to the standard atmospheric table [20], at a temperature of 20 ◦C, the air density is
ρa = 1.205 kg/m3, and the aerodynamic viscosity is µa= 1.810× 10−5 Pa · s.

The dust particles in the atmosphere are mainly PM2.5 to PM10 (2.5 µm–10 µm). When
the particle size is less than 2.5 µm, it easily combines with moisture and other dust particles
in the air to form airborne suspensions (e.g., aerosols). Larger particles such as PM50 and
PM100 will settle down quickly and will not stay in the air for a long time. Particles with
a size of 2.5 µm–10 µm can achieve settling in the air. The particle size distribution of
the fly ash samples in this study is 2–11 µm with an average particle size of 6.1 µm, and
90% of the particles are larger than 2.5 µm, so the fly ash samples can achieve settling in
the experimental environment. Therefore, the maximum settling speed of fly ash sample
particles of different particle sizes in air at 20 ◦C ranges from

vdp=2µm= 1.44× 10−4 m/s

vdp=11µm= 4.36× 10−3 m/s
(15)

The average settling speed of fly ash particles is calculated by taking the average
particle size of 6.1 µm.

vdp=6.1µm= 1.34× 10−3 m/s (16)
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It is important to note that the superiority of this method is that it uses a physical
model to describe the stationary condition, accelerated settling condition, and uniform
settling condition of particles in the air in detail, which makes the particle settling process
intuitive and clear. However, the actual atmospheric environment is far more complex than
the laboratory atmosphere environment. The effects of temperature differences and wind
speeds also need to be considered when simulating the atmosphere in the field.

Despite its shortcomings, the method is effective for deriving particle settling speeds
in laboratory atmospheric environments and is useful for the analysis of particle settling
processes in actual atmospheric environments.

3.4. SO2 Electrochemical Gas Sensor Measurement Error Experiment

Chinese air pollution emission standards for thermal power plants stipulate [21] that
the emission concentration limit of soot from thermal power boilers and gas turbine units
for air pollutants is 30 mg/m3. In the laboratory environment, the amount of fly ash settling
per unit area when settling in a unit volume is 30 mg, then the final amount of fly ash
settling on the surface of the SO2 electrochemical gas sensor inlet film is 8.6 × 10−3 mg.
According to Equation (16), the time required for the complete settling of fly ash in a unit
volume at a height of 1 m is 746.3 s (approximately 13 min).

There are two reasons for the selection of fly ash concentration.
The first reason is that the fly ash concentration in the actual scene is too small to affect

the sensor measurement error in a short period of time. This experiment studied the impact
of fly ash on the SO2 electrochemical gas sensor, with fly ash as the independent variable
and the measured value of the SO2 sensor as the dependent variable. The concentration
of fly ash discharged from the coal-fired boiler is as high as 800–1000 mg/m3. After dust
removal and desulfurization, the concentration of fly ash discharged into the atmosphere
must not exceed 30 mg/m3. We installed the measurement equipment 100 m away from the
thermal power plant and found that the actual measurement of PM10 was only 1 mg/m3

at the highest and the measurement varied in real time. Initially, we chose 1 mg/m3 for
the experiment and found that the fly ash concentration was so small that the amount
deposited on the sensor surface for 1 day was essentially zero, so we finally chose the
concentration limit of 30 mg/m3 for the experiment.

The second reason is that the concentration of 30 mg/m3 can achieve the effect of time
acceleration, which is convenient for the life prediction of the sensor.

Under relatively ideal laboratory conditions, it can be considered that the deposition
amount of 1 day at 30 mg/m3 is equivalent to the deposition amount of 30 days of continu-
ous deposition accumulation at 1 mg/m3. By varying the days of continuous deposition, a
time acceleration effect can be achieved.

When the SO2 electrochemical gas sensor was placed in the fly ash environment with a
concentration of 30 mg/m3 for a long time, the theoretical deposition amounts at different
deposition times are shown in Table 3. Three sets of sensors were used for testing in this
study and the measurement error results were calculated from the average of three sets of
sensor measurements.

Table 3. Deposition amounts of fly ash at different deposition times.

Deposition Time 1 h 1 day 30 days 60 days 100 days

Deposition Amount/mg 39.7 × 10−3 0.95 28.5 57 95
Data from experimental measurements.

The SO2 electrochemical gas sensor was placed inside the SO2 test chamber and the
deposition amounts of fly ash under different deposition times were placed on the surface
of the inlet film. Then the SO2 gas with concentrations of 10 ppm, 20 ppm, 30 ppm, 40 ppm,
50 ppm, 60 ppm, 70 ppm, and 80 ppm was introduced, respectively. The series of SO2 gas
concentrations were set according to the range of the sensor. The range of the sensor is
100 ppm, so the concentration of SO2 gas was set to 10 ppm, 20 ppm, 30 ppm, 40 ppm, 50 ppm,
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60 ppm, 70 ppm, and 80 ppm for the reliability of the test. These concentrations were not
related to the SO2 concentration emitted from the power plant. Sensor measurements were
obtained for deposition times of 30, 60, and 100 days, as shown in Table 4. The data processing
results are shown in Figures 9 and 10.

Table 4. Sensor measurements for different concentrations of SO2 gas at different deposition times.

Sensor Measurement
Values/ppm

Deposition Time Measurement Error/%

0 Day 30 Days 60 Days 100 Days 30 Days 60 Days 100 Days

SO2 gas concen-
tration/ppm

0 0 0 0 0 0 0 0
10 10 5.975 3.359 2.051 40.25 66.41 79.49
20 19.944 16.404 12.333 7.864 17.75 38.16 60.57
30 29.955 27.066 28.081 16.222 9.64 32.96 45.85
40 40.000 37.298 29.53 25.338 6.76 26.18 36.66
50 49.975 47.823 39.874 34.470 4.31 20.21 31.03
60 59.994 57.793 48.010 44.864 3.59 19.91 25.16
70 70.000 67.126 57.960 55.773 4.11 17.20 20.32
80 79.960 76.308 68.288 66.045 4.57 14.60 17.40

Data from experimental measurements and calculations.
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times.

There are also two reasons for the selection of SO2 gas concentration.
The first reason is that the actual SO2 gas concentration is too small to be configured

in the laboratory. The measurement equipment found that the actual value of SO2 gas
concentration does not exceed 0.3 ppm (300 ppb), which is difficult to achieve when
configured and not available from most standard gas suppliers so we chose ppm level
concentration for the experiment.

The second reason is that selecting different concentrations to be measured within
the range of the sensor enables a comprehensive study of the measurement error of the
sensor. The range of the sensor used for the experiments was 0–100 ppm (resolution 5 ppb).
In order to make it easier to configure the concentrations and process the data, 10 ppm,
20 ppm, 30 ppm, 40 ppm, 50 ppm, 60 ppm, 70 ppm, and 80 ppm were selected for the test.

3.4.1. Impact of Deposition Time on Sensor Measurement Error

From the experimental data, the maximum value of sensor measurement error is
4.025 ppm at 30 days of deposition, 12.04 ppm for 60 days, and 15.505 ppm for 100 days,
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which indicates that the sensor measurement error increases as the deposition time increases.
The measurement error is equal to the SO2 gas concentration value minus the sensor
measurement values and then multiplied by 100%. (For example, the measurement error of
deposition time of 30 days is 40.25% = (10−5.975) × 100%.)

The reason for this phenomenon is that the particle size distribution of fly ash ranges
from 2–11 µm, while the pore size of the sensor inlet membrane material is 12–16 µm, with
a porosity of 49%. Although the pore size of the inlet membrane material is larger than the
particle size of fly ash, the pore size does not represent the filtration accuracy. When fly
ash is deposited on the surface of the sensor inlet film, the inlet film material can block fly
ash particles smaller than the pore size from entering the sensor electrode area through
inertial collision, diffusion collision, ideal interception, and electrostatic adsorption [22],
thus forming a single layer of deposited fly ash on the inlet film and blocking part of the
pores, resulting in the reduction of the gas diffusion area S in Equation (2) and generating
a negative measurement error, making the sensor measurement value is smaller than the
standard concentration value.

Meanwhile, with the growth of deposition time and the increase of deposition layer
thickness, the single-layer deposited fly ash will gradually develop into multi-layer de-
posited fly ash, so that the diffusion coefficient K in Equation (2) continues to decrease,
leading to a decrease in the measured value and an increase in the measurement error.
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Figure 10. Measurement errors of sensors with different deposition times for the same concentration
of SO2 gas: (a) 10 ppm measurement error; (b) 20 ppm measurement error; (c) 30 ppm measurement
error; (d) 40 ppm measurement error; (e) 50 ppm measurement error; (f) 60 ppm measurement error;
(g) 70 ppm measurement error; (h) 80 ppm measurement error.

3.4.2. Impact of Fly Ash Deposition on the Measurement Error of Different Gas Concentrations

From Figure 10a, when the SO2 gas concentration was 10 ppm, the measurement
error was 40.25% for depositing 30 days, 66.41% for depositing 60 days, and 79.49% for
depositing 100 days.

From Figure 10b, when the SO2 gas concentration was 20 ppm, the measurement
error was 17.75% for depositing 30 days, 38.16% for depositing 60 days, and 60.57% for
depositing 100 days.

From Figure 10c, when the SO2 gas concentration was 30 ppm, the measurement error
was 9.64% for depositing 30 days, 32.96% for depositing 60 days, and 45.85% for depositing
100 days.

From Figure 10d, when the SO2 gas concentration was 40 ppm, the measurement error
was 6.76% for depositing 30 days, 26.18% for depositing 60 days, and 36.66% for depositing
100 days.

From Figure 10e, when the SO2 gas concentration was 50 ppm, the measurement error
was 4.31% for depositing 30 days, 20.21% for depositing 60 days, and 31.03% for depositing
100 days.

From Figure 10f, when the SO2 gas concentration was 60 ppm, the measurement error
was 3.59% for depositing 30 days, 19.91% for depositing 60 days, and 25.16% for depositing
100 days.
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From Figure 10g, when the SO2 gas concentration was 70 ppm, the measurement error
was 4.11% for depositing 30 days, 17.20% for depositing 60 days, and 20.32% for depositing
100 days.

From Figure 10h, when the SO2 gas concentration was 80 ppm, the measurement
error was 40.57% for depositing 30 days, 14.60% for depositing 60 days, and 17.40% for
depositing 100 days.

Fly ash deposition has a greater impact on the sensor when measuring low concen-
tration gases. As the SO2 concentration increases, the sensor measurement error becomes
smaller and smaller. The reason may be due to the fact that during the limited response
time of the sensor, the SO2 gas flows at a certain rate from the outer region of the inlet film,
where the concentration is higher, to the working electrode region, where the concentration
is lower or even zero. Additionally, this flow rate is proportional to the difference in concen-
tration between the two regions [23]. Therefore, under the same experimental conditions,
SO2 gas with a concentration of 80 ppm reaches the working electrode region faster, and
the effective SO2 concentration detected by the working electrode in the limited response
time is higher and the measurement error is smaller.

The experiment also found that the timely removal of fly ash deposited on the sensor
inlet film surface could reduce the sensor measurement error.

3.4.3. Actual Field Measurements and Limitations of Purely Experimental Methods

Measurement equipment had been installed at a distance of 100 m away from the
thermal power plant, as shown in Figure 11, and the actual maximum measurement value
of PM10 was only 1 mg/m3, which was much smaller than the concentration limit. The
high measurement error was caused by the calculation using a fly ash concentration limit of
30 mg/m3 and not by the method of particle settling analysis. No relevant information on
the research aspect of this paper has been found, and future studies are needed to address
this lack of knowledge. Therefore, the limiting concentration of PM10 has been chosen for
testing purposes due to test feasibility and experimental operability.
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Figure 11. Measurement equipment around thermal power plants.

The limitation of the purely laboratory experimental method is that the fly ash con-
centration values used were much higher than the field values, resulting in rapid sensor
failure, which in practice does not occur so quickly.

4. Conclusions and Recommendations

Fly ash deposition reduces the sensor gas diffusion area S and diffusion coefficient K,
the longer the deposition time, the greater the sensor measurement error. Additionally, the
fly ash deposition has a greater impact on the sensor when measuring low concentration
gases, the higher the gas concentration, the smaller the measurement error.
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The different particle sizes of fly ash produced from different coal thermal power
plants may have different settling speeds, which requires the use of sensors with different
pore inlet membranes for monitoring. Meanwhile, the same sensors may not have the same
lifetime when used in different thermal power plants.

When using SO2 electrochemical sensors in environments with high concentrations of
fly ash or dust, it is recommended to install a dust-proof device (such as an air-permeable
filter membrane with a pore size of less than 4 µm) outside the sensor inlet membrane to
block the entry of fly ash. At the same time, a heating function should be installed on the
dust-proof device to prevent the filter pores from being blocked by moist fly ash. Timely
cleaning of the deposited fly ash can also reduce the sensor measurement error and extend
the service life of the sensor. Additionally, cleaning of deposited fly ash timely can also
reduce sensor measurement errors and extend sensor life.
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Appendix A

Explanation of equation symbols in the main text.

1. Equations (3)–(5)
mp: Mass of fly ash particles, kg
ρp: Density of fly ash particle density, kg/m3

Vp: Volume of fly ash particle, m3

dp: Aerodynamic equivalent diameter of fly ash particle, m
ρa: Density of air, kg/m3

2. Equations (6) and (7)
Ca: Air resistance coefficient, dimensionless units
Ap: Maximum cross-sectional area of fly ash particles in the direction of motion, m2

Defined by the parameter equivalent diameter
vp: Speed of movement of fly ash particles in the air, m/s

3. Equations (12) and (13)

Rep =
dPρavp

µa

µa: Dynamic viscosity of air, Pa · s
k, m: Constants
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