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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• A new set of portable particulate matter 
concentration detection equipment.

• Simulation experiments based on com
bined wind tunnel test bench.

• Wind speed, temperature and humidity 
are negatively correlated with error.

• Size is positively correlated with error.
• Different factors have critical values, 

restrict each other and work together.
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A B S T R A C T

Particulate matter is a primary pollutant generated by waste incineration. This study developed a novel par
ticulate matter concentration detection system based on charge induction principle and investigated the influ
ence of wind speed, temperature, humidity and particle size on measurement accuracy. The detection error 
decreased with increasing wind speed, temperature, humidity, as well as decreasing particle size. The degree of 
factors influencing detection accuracy ranked as follows: wind speed > humidity > temperature ≈ particle size. 
Wind speed primarily affected collision and friction effects and the number of particulate matters passing 
through the electrode. Temperature and humidity influenced the specific resistance and conductivity of particles, 
while particle size affected the nucleus-mass ratio and the spatial distribution uniformity at a given mass con
centration. This study validates the feasibility of the charge method for particulate matter detection and provides 
valuable data for the exploration of influencing factors.

1. Introduction

Incineration is one of the effective treatment technologies for 
municipal solid waste and industrial waste[40,41]. However, the 
incineration flue gas contains a variety of pollutants, such as VOCs, 

acidic gases (HCl, SOx, NOx etc.), particulate matters, heavy metals and 
so on[15,16,21,36]. These pollutants cause strong environmental risk on 
soil, water and organisms once entering the environment[3,30,33,34]. 
Consequently, pollutant detection and control technologies have 
emerged as a pivotal research priority within the environmental 
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protection field.
As one of the primary pollutants, particulate matter necessitates real- 

time concentration monitoring as a critical component of effective 
emission control strategies. To address the limitation of the traditional 
weighing method[35,39], such as its slow detection speed and inability 
to obtain real-time data, new PM concentration detecting technologies 
have been developed, including laser method[18,19,42], oscillating 
balance method[31], charge method[8,26,27] and so on. These 
emerging technologies enable faster, more accurate and real-time 
monitoring of particulate matters in the flue gas. Notably, the charge 
detection method demonstrates distinct advantages, including simpler 
equipment configuration, ease of installation and maintenance, and 
reduced operational costs. These characteristics render it particularly 
applicable for PM concentration detection in industrial applications 
such as mining operations and waste incineration.

The charge-based detection methodology is fundamentally grounded 
in the principle of electrostatic induction. When particulate matters flow 
in a confined space such as a pipe, friction and collision occur between 
particulate matter and either matter or the pipe wall, so that particulate 
matters acquire a certain amount of positive and negative charge 
[1,9,10,24]. When the charged particulate matters pass near the metal 
electrode, the induced electrical signal is measured, which correlates 
with PM concentration[12,29,44].

Building upon the theoretical framework, detection technology 
predicated on charge induction principles has been systematically 
investigated and implemented. The results of Hu et al.[11] proved that 
the induced and transferred charges can be converted into two inde
pendent voltage signals, and the root mean square of the induced charge 
signal and the slope of the transferred charge signal increase with the 
mass flow rate and particulate matter velocity. Liu et al.[17] found that 
the diameter ratio would affect the electrostatic induction effect, and 
obtained the maximum electrostatic induction under a better diameter 
ratio. Chen et al.[5] analyzed the influence of the length and width of 
the electrode and the particle flow rate on the standard deviation of the 
induction signa, and the mathematical relationship between the stan
dard deviation and concentration was obtained.

During measurement procedures, environmental parameters exert 
modulatory effects on the generation and propagation of induced 
charges, thereby compromising the fidelity of detection outcomes. 
Therefore, it is imperative to conduct systematic investigations into the 
underlying mechanisms by which environmental parameters modulate 
the charge characteristics of particulate matter. For example, Mori et al. 
[20] proposed that the frequent migration of water molecules and ions 
will lead to effective collisions between ions and particulate matters, 
thereby expanding the charge distribution of particulate matters. Zheng 
et al.[45] discovered significant relationships between environmental 
conditions and particulate matter charging behavior. For particulate 
matters with a size of 0.73 μm, when the temperature increased from 
300 K to 363 K, the charge on the particulate matters increased by 30 %. 
Additionally, for particulate matters larger than 0.1 μm, increasing the 
relative humidity from 30 % to 80 % resulted in more than a 50 % in
crease in charge. Tang et al.[29] also proved that the charge carried by 
particles increases with the increase of temperature, concentration and 
particle size. These studies have laid the foundation for subsequent 
analysis of the influence of environmental parameters on measurement 
accuracy.

In addition to environmental parameters, the intrinsic physico
chemical properties of particulate matter exert a substantial influence on 
its charge characteristics. Pecherkin et al.[23] found that the amount of 
charge carried by particulate matter increases with the increase of 
particulate matter’s mass. Rodrigues et al.[25] empirically observed a 
linear correlation between the net charge of particulate matter and its 
diameter. Through systematic investigations of starch particulates and 
protein-based powders, Landauer et al.[14] postulated that the chemical 
composition of particulate matter exerts a non-negligible influence on its 
charge characteristics. Collectively, environmental parameters and 

intrinsic particulate properties synergistically modulate the charge 
characteristics of particulate matter, thereby affecting the accuracy of 
charge induction method.

However, the aforementioned studies exhibit certain limitations. For 
instance, their findings remain predominantly theoretical in nature, 
lacking experimental validation through detection equipment and pilot- 
scale systems; additionally, the selected data ranges demonstrate con
strained applicability, particularly in the context of waste incineration 
flue gas. Therefore, this study designed a PM detection device based on 
the charge induction principle and conducted tests on a wind tunnel 
apparatus to investigate the influence of wind speed, temperature, hu
midity, and PM size on detection errors, while analyzing their under
lying mechanisms. This research provides data support for the analysis 
of particulate matter detection errors and device optimization.

2. Materials and methods

2.1. Experimental installations

A wind tunnel test bench was built to provide a flue gas environment. 
The specific structure was described in details in the previous study[43]. 
The structure, key components, and partial parameters are detailed in 
Fig. S1, Table S1, and Table S2 of the supplementary materials. The 
tunnel was equipped with an electrical heater, a humidifier, a PM 
sampler and the detection equipment designed in this study. The elec
trical heater was used for constant temperature heating of flue gas, the 
humidifier was used for humidifying flue gas, and the sampler was used 
to obtain the reference PM concentration.

2.2. Detection equipment

The detection equipment consisted of several parts, including a cy
lindrical metal electrode, a charge amplifier, an information acquisition 
card, a data processing software, etc. The specific models and functions 
of these parts were described in the previous study[43]. The main 
structures of the charge amplifiers and information acquisition cards are 
detailed in Fig. S2 of the supplementary materials, with their selection 
and design referencing existing studies[28]. The information acquisition 
card input the final signal into the computer, which obtained the char
acteristic value of the sinusoidal voltage signal through the developed 
specific data processing software, and then calculated PM concentration 
according to the fitting formulas. These components were connected 
through data lines, and the charge amplifier was powered by 24v DC. 
The subsequent calibration methods for the detection device refer to the 
research findings of De Vito et al.[7], and are not elaborated here.

2.3. Data collection

The data acquisition of this study primarily involved the acquisition 
of PM concentration and corresponding electrical signals, as well as 
measurements of wind speed, temperature, humidity, and PM size. The 
baseline data of PM concentration were obtained by a sampler with 
weighing method according to Chinese national standard ‘The deter
mination of particulates and sampling methods of gaseous pollutants 
from exhaust gas of stationary source’ (GB/T 16157–1996). The elec
trical signals were obtained by the equipment designed in this study.

Particulate matters came from waste incineration fly ash of the fac
tory, and the size was distinguished by vibrating screens and ultra-fine 
screens. The standard referenced Chinese national standard ‘Industrial 
woven wire cloth-Technical requirements and tests’(GB/T 
17492–2019).

2.4. Experimental procedure

This study focused on the influence of wind speed, temperature, 
humidity and PM size on the detection error of the charge method. Both 
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the single variable method and gradient experimental method were 
employed. The experimental conditions were referred to the typical 
values found in waste incineration bag cabin, and the particulate matter 
employed in this study consisted of representative fly ash obtained from 
a municipal solid waste incineration facility. To ensure the results’ 

relevance and generalizability, experiments were conducted in both 
low-concentration (10 and 15 mg/m3) and high-concentration (80 and 
100 mg/m3) environments. Each experiment was repeated three times, 
and the average value was taken as the final result.

In the wind speed experiment, each test included 11 groups, and the 

Fig. 1. The results of wind speed at a) 10 mg/m3, b) 15 mg/m3, c) 80 mg/m3, d) 100 mg/m3 and the error at e) 10 and 15 mg/m3, f) 80 and 100 mg/m3.
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corresponding wind speed was 0.5 m/s, 0.6 m/s, 0.7 m/s, 0.8 m/s, 0.9 
m/s, 1.0 m/s, 1.1 m/s, 1.2 m/s, 1.3 m/s, 1.4 m/s, 1.5 m/s, respectively. 
All other parameters were held constant, with temperature maintained 
at ambient conditions (20–25 ◦C), relative humidity stabilized at 25 %, 
and particulate matter size distribution confined to the 70–150 μm 
range.

In the temperature experiment, each test included 8 groups, and the 
corresponding temperature was 140.0 ◦C, 150.0 ◦C, 160.0 ◦C, 170.0 ◦C, 
180.0 ◦C, 190.0 ◦C, 200.0 ◦C, 210.0 ◦C, respectively. All other parame
ters were held constant, with wind speed maintained at 1.0 m/s, relative 
humidity stabilized at 25 %, and particulate matter size distribution 
confined to the 70–150 μm range.

In the humidity experiment, each test included 7 groups, corre
sponding to humidity of 5.0 %, 10.0 %, 15.0 %, 20.0 %, 25.0 %, 30.0 %, 
35.0 %, respectively. All other parameters were held constant, with 
wind speed maintained at 1.0 m/s, temperature stabilized at 160.0 ◦C, 
and particulate matter size distribution confined to the 70–150 μm 
range.

In the size experiment, each test included 9 groups, corresponding to 
size of 20.0 μm, 30.0 μm, 40.0 μm, 50.0 μm, 60.0 μm, 70.0 μm, 80.0 μm, 
90.0 μm, 100.0 μm, respectively. All other parameters were held con
stant, with wind speed maintained at 1.0 m/s, temperature stabilized at 
160.0 ◦C, and relative humidity controlled at 30.0 %.

3. Results and discussion

3.1. Influence of Wind Speed

The results of wind speed in low-concentration were shown in Fig. 1
a and b. At 10.0 mg/m3 concentration with 0.5 m/s wind speed, the 
sampler recorded an average of 9.5 mg/m3, while the charge method 
indicated 11.5 mg/m3, showing the largest discrepancy of 2.0 mg/m3. 
When the wind speed increased to 1.4 m/s, the sampler’s average value 
was 10.2 mg/m3, and the charge method reported 9.5 mg/m3, with the 
smallest difference of 0.7 mg/m3. At 15.0 mg/m3 concentration with 
0.5 m/s wind speed, the sampler recorded 14.3 mg/m3, and the charge 
method reported 16.9 mg/m3, resulting in a 2.6 mg/m3 difference. At 
1.3 m/s wind speed, the sampler’s average was 14.9 mg/m3, and the 
charge method was 15.9 mg/m3, showing a reduced difference of 1.0 
mg/m3. The concentration lattice diagram showed that the sampler’s 
results remained consistent near the set value, with minimal deviation, 
indicating no significant correlation between sampler results and wind 
speed in the experimental range. However, the charge method results 
showed greater variance, gradually converging toward the set value as 
wind speed increased, leading to a reduced difference between the 
charge method and the sampler.

The results in high-concentration environment were shown in Fig. 1
c and d. At 80.0 mg/m3 concentration with 0.5 m/s wind speed, the 
difference between the sampler and charge method was largest, which 
was 10.1 mg/m3. When the wind speed increased to 1.4 m/s, the dif
ference showed the smallest discrepancy of 3.5 mg/m3. At 100.0 mg/m3 

concentration with 0.5 m/s wind speed, the largest difference was 10.9 
mg/m3. At the wind speed of 1.5 m/s, the difference reduced to the 
smallest value 4.2 mg/m3. The general rule was similar to the result of 
low-concentration.

The absolute error of the charge detection method compared to the 
sampler results were illustrated in Fig. 1 e and f. At 10.0 mg/m3 con
centration, the average absolute error across varying wind speeds was 
12.0 %. The maximum error of 21.5 % occurred at a wind speed of 0.5 
m/s, while the minimum error of 7.2 % was observed at 1.4 m/s. When 
the concentration was set to 15.0 mg/m3, the average absolute error 
decreased slightly to 10.0 %. The maximum error at this concentration 
was 17.9 % at 0.5 m/s, and the minimum was 6.3 % at 1.3 m/s. At 80.0 
mg/m3 concentration, the average of absolute error value was 7.9 %. 
When the wind speed was 0.5 m/s, the maximum absolute error was 
12.6 %. The minimum absolute error of 4.4 % occurred at 1.4 m/s wind 

speed. When the concentration increased to 100.0 mg/m3, the average 
of absolute error value decreased to 7.2 %. The maximum error of 10.9 
% occurred at 0.5 m/s, and the minimum absolute error was 4.3 % at 1.5 
m/s.

The detection results at different concentrations were consistent. It 
can be considered that in the wind speed range of 0.5–1.5 m/s, as the 
wind speed increased, the absolute error value of the charge method 
gradually decreased. This rule was related to the detection principle. 
With constant PM concentration, when the wind speed increased, the 
number of particulate matters passing near the electrode increased per 
unit time. If the average charge of particulate matters was constant, the 
induced charge on the electrode increased, which led to the enhance
ment of the output signal[5]. This led to an increase in the signal-to- 
noise ratio of the output signal (the ratio of the actual electrical signal 
to the interference signal), resulting in a decrease in the actual error.

In addition, the wind speed also affected the charge of a single par
ticulate matter. Investigators[13] have found that the greater the speed 
was, the greater the nuclear-to-mass ratio of particulate matters was. 
Under low wind speed conditions, particulate matter exhibited reduced 
mobility with diminished collision and friction effects, consequently 
resulting in suboptimal charging performance. As wind velocity 
increased, intensified particle motion significantly enhanced inter
particulate friction and collision frequency, thereby substantially 
improving the charging efficacy. The explanation of Hu et al.[11] and 
Ali et al.[2] was consistent with the results and inferences of this study.

3.2. Influence of temperature

The results of temperature in low-concentration environment were 
shown in Fig. 2 a and b. At 10.0 mg/m3 concentration with 150.0 ◦C, the 
sampler recorded an average of 10.4 mg/m3, while the charge method 
indicated 8.9 mg/m3, showing the largest discrepancy of 1.5 mg/m3. 
When the temperature increased to 210.0 ◦C, the sampler’s average 
reading was 9.8 mg/m3, and the charge method reported 10.4 mg/m3, 
with the smallest difference of 0.6 mg/m3. At 15.0 mg/m3 concentration 
with 140.0 ◦C, the sampler recorded 15.6 mg/m3, and the charge 
method reported 13.5 mg/m3, resulting in a 2.1 mg/m3 difference. At 
200.0 and 210.0 ◦C, the sampler’s average was 15.7 and 14.0 mg/m3, 
and the charge method was 14.4 and 15.4 mg/m3, showing a reduced 
difference of 1.3 mg/m3.

At 80.0 mg/m3 concentration with 140.0 ◦C, the difference between 
the sampler and charge method was largest, which was 9.5 mg/m3. 
When the temperature increased to 200.0 ◦C, the difference showed the 
smallest discrepancy of 5.9 mg/m3. At 100 mg/m3 concentration with 
150.0 ◦C, the largest difference was 9.5 mg/m3. At the temperature of 
210.0 ◦C, the difference reduced to the smallest value 6.2 mg/m3. The 
sampler’s results remained consistent near the set value, but the charge 
method results showed greater variance. The rule was similar to the 
wind speed experiments.

The absolute error of the charge detection method compared to the 
sampler results were illustrated in Fig. 2 e and f. At 10.0 mg/m3 con
centration, the average absolute error across varying temperature was 
11.8 %. The maximum error of 14.7 % occurred at 140.0 ◦C, while the 
minimum error of 10.5 % was observed at 190.0 ◦C. When the con
centration was 15.0 mg/m3, the average absolute error decreased 
slightly to 10.8 %. The maximum error was 13.6 % at 140.0 ◦C, and the 
minimum was 8.5 % at 200.0 ◦C. At 80.0 mg/m3 concentration, the 
average of absolute error value was 8.4 %. When the temperature was 
140.0 ◦C, the maximum absolute error was 11.0 %. The minimum ab
solute error of 7.2 % occurred at 210.0 ◦C. When the concentration 
increased to 100.0 mg/m3, the average of absolute error value decreased 
to 7.4 %. The maximum error of 9.7 % occurred at 150.0 ◦C, and the 
minimum absolute error was 6.3 % at 210.0 ◦C. The results were 
consistent with the existing research results[29,45].

According to the analysis of the detection principle, the influence of 
temperature on the detection error was mainly related to the specific 
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resistance of particulate matters. Miya et al.[22] have proved that the 
charge of a single particulate was related to temperature. Particulate 
matters are produced by incineration process, and the components are 
more complex, usually including carbon-containing compounds, metal 
compounds, organic compounds, etc. These components cause the 

specific resistance of particulate matters to change with temperature. 
For the particulate matters used in this study, as the temperature 
increased, the surface temperature of particulate matters increased, and 
the thermal motion intensified[29,45], resulting in the acceleration of 
internal electronic thermal motion and a decrease in specific resistance, 

Fig. 2. The results of temperature at a) 10 mg/m3, b) 15 mg/m3, c) 80 mg/m3, d) 100 mg/m3 and the error at e) 10 and 15 mg/m3, f) 80 and 100 mg/m3.
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which improved the charge performance of particulate matters. And this 
led to a decrease in detection error. However, the increasing tempera
ture gradually reduces the moisture content of particulate matters, and 
the decrease of moisture content increases the specific resistance, which 
weakens the influence of the thermal motion strengthening. Therefore, 

it is not excluded that when the temperature exceeds the experimental 
range, the detection error increases instead of decreasing.

It was also found that in the four groups, the difference between the 
maximum and the minimum absolute error was 4.2 %, 5.1 %, 3.8 % and 
3.4 %, respectively. In the wind speed experiments, the difference was 

Fig. 3. The results of humidity at a) 10 mg/m3, b) 15 mg/m3, c) 80 mg/m3, d) 100 mg/m3 and the error at e) 10 mg/m3 and 15 mg/m3, f) 80 mg/m3 and 100 mg/m3.
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14.3 %, 11.6 %, 8.2 % and 6.6 %, respectively. Therefore, it was pre
liminarily inferred that within the experimental range, the influence of 
wind speed exceeded that of temperature.

3.3. Influence of humidity

The results of humidity in low-concentration environment were 
shown in Fig. 3 a and b. At 10.0 mg/m3 concentration with 5.0 % hu
midity, the sampler recorded an average of 10.4 mg/m3, while the 
charge method indicated 12.0 mg/m3, showing the largest discrepancy 
of 1.6 mg/m3. When the humidity increased to 30.0 %, the sampler’s 
average reading was 10.5 mg/m3, and the charge method reported 9.5 
mg/m3, with the smallest difference of 1.0 mg/m3. At 15.0 mg/m3 

concentration with 5.0 % humidity, the sampler recorded 14.6 mg/m3, 
and the charge method reported 16.6 mg/m3, resulting in a 2.0 mg/m3 

difference. At 35.0 % humidity, the sampler’s average was 14.5 mg/m3, 
and the charge method was 15.8 mg/m3, showing a reduced difference 
of 1.3 mg/m3.

The results in high-concentration environment were shown in Fig. 3
c and d. At 80.0 mg/m3 concentration with 5 % humidity, the difference 
between the sampler and charge method was largest, which was 8.5 mg/ 
m3. When the humidity increased to 35.0 %, the difference showed the 
smallest discrepancy of 6.0 mg/m3. At 100 mg/m3 concentration with 
10.0 % humidity, the largest difference was 10.3 mg/m3. At the hu
midity of 35.0 %, the difference reduced to the smallest value 6.6 mg/ 
m3. The sampler’s results remained consistent near the set value, but the 
charge method results showed greater variance. The rule was similar to 
the previous experiments.

The absolute error of the charge detection method compared to the 
sampler results were illustrated in Fig. 3 e and f. At 10.0 mg/m3 con
centration, the average absolute error across varying humidity was 11.7 
%. The maximum error of 15.4 % occured at 5 % humidity, while the 
minimum error of 9.2 % was observed at 30 % humidity. When the 
concentration was 15.0 mg/m3, the average absolute error decreased 
slightly to 10.6 %. The maximum error was 13.2 % at 5.0 % humidity, 
and the minimum was 8.7 % at 35 % humidity. At 80.0 mg/m3 con
centration, the average of absolute error value was 9.2 %. When the 
humidity was 5,0 %, the maximum absolute error was 11.4 %. The 
minimum absolute error of 7.5 % occured at 35.0 %. When the con
centration increased to 100.0 mg/m3, the average of absolute error 
value decreased to 8.2 %. The maximum error of 9.9 % occured at 5.0 % 
and 10.0 % humidity, and the minimum absolute error was 6.5 % at 35 
% humidity.

It could be seen from the above results that within the range of 
experimental conditions, the detection error of charge method 
decreased with the increase of humidity. In this study, the set humidity 
was relatively low, not more than 50 %. In this case, the morphology and 
size of particulate matters would not change significantly after 
absorbing water. In the case of other conditions unchanged, when the 
ambient humidity increased, the content of water molecules in the flue 
gas increased, and the particulate matters continued to absorb water, 
causing an increase in water content in PM components. This reduced 
the specific resistance of particulate matters, thereby enhancing the 
conductivity and making them easier to carry charge during collision 
and friction, which made the charge-to-mass ratio increased[45]. Xu 
et al.[38] also proved that the aquifer formed by particulate matters 
after absorbing water increased the conductivity and promoted the 
friction electrification. This led to the enhancement of the electrode 
induction signal and the improvement of the signal-to-noise ratio of the 
output signal, which reduced the detection error. Further consideration, 
there is a saturation value for the absorption of water by particulate 
matters. When the humidity further increases, the water absorption of 
particulate matters no longer increases, and the remaining water mol
ecules in the flue gas increase. These water molecules will lead to the 
reduction of free electrons and ions in the flue gas, thus affecting the 
charging effect of particulate matters. Therefore, it is not ruled out that 

when the humidity further increases, the detection error will rise 
[38,46].

In the four experiments, the difference between the maximum and 
minimum absolute error was 6.2 %, 4.5 %, 3.9 % and 3.4 %, respec
tively. The difference was significantly smaller than that of wind speed 
experiments, and slightly larger than that of temperature experiments. 
Therefore, it could be preliminarily judged that in this study, the order of 
the degree of influence on detection error was, wind speed > humidity >
temperature. This also showed that concentration and wind speed, 
which directly affected the number of particulate matters near the 
electrode, had a greater impact on detection error. Temperature and 
humidity, which changed the charge performance of particulate matters 
and then affected the induction signal, had a relatively small impact on 
detection error.

In general, humidity changed the specific resistance of particulate 
matters by changing the water content, thus affecting detection error. 
The rule was that within the range of experimental data, the greater the 
humidity was, the smaller the detection error was.

3.4. Influence of size

The results of size in low-concentration environment were shown in 
Fig. 4 a and b. At 10.0 mg/m3 concentration with 60.0 μm size, the 
sampler recorded an average of 11.2 mg/m3, while the charge method 
indicated 9.8 mg/m3, showing the largest discrepancy of 1.4 mg/m3. 
When the size increased to 20.0 μm, the sampler’s average reading was 
8.8 mg/m3, and the charge method reported 9.3 mg/m3, with the 
smallest difference of 0.5 mg/m3. At 15.0 mg/m3 concentration with 
90.0 μm size, the sampler recorded 15.6 mg/m3, and the charge method 
reported 13.7 mg/m3, resulting in a 1.9 mg/m3 difference. At 20 μm 
size, the sampler’s average was 14.9 mg/m3, and the charge method was 
16.2 mg/m3, showing a reduced difference of 1.3 mg/m3. It could be 
seen that the convergence of the results of charge method was poor, and 
the difference between charge method and sampler increased firstly and 
then remained basically stable with the increase of size.

The results in high-concentration environment were shown in Fig. 4
c and d. At 80.0 mg/m3 concentration with 90.0 μm size, the difference 
between the sampler and charge method was largest, which was 10.1 
mg/m3. When the size decreased to 20.0 μm, the difference showed the 
smallest discrepancy of 6.6 mg/m3. At 100.0 mg/m3 concentration with 
100.0 μm size, the largest difference was 11.3 mg/m3. At the size of 20.0 
μm, the difference reduced to the smallest value 6.5 mg/m3. The change 
rule of difference was consistent with that at low-concentration.

The absolute error of the charge detection method compared to the 
sampler results were illustrated in Fig. 4 e and f. At 10.0 mg/m3 con
centration, the average absolute error across varying size was 12.6 %. 
The maximum error of 13.4 % occured at a size of 100.0 μm, while the 
minimum error of 1.7 % was observed at 20.0 μm size. When the con
centration was set to 15.0 mg/m3, the average absolute error decreased 
slightly to 11.4 %. The maximum error at this concentration was 12.7 % 
at 100.0 μm size, and the minimum was 9.2 % at 20.0 μm. At 80.0 mg/ 
m3 concentration, the average of absolute error value was 10.2 %. When 
the size was 90.0 μm, the maximum absolute error was 12.0 %. The 
minimum absolute error of 8.1 % occured at 20.0 μm size. When the 
concentration increased to 100.0 mg/m3, the average of absolute error 
value decreased to 8.9 %. The maximum error of 10.8 % occured at 
100.0 μm size, and the minimum absolute error was 6.7 % at 20.0 μm 
size. The data showed that the absolute error increased with the increase 
of size, and the law was more obvious after the concentration increased.

In general, in a set of experiments, the detection error increased with 
the increase of size, and the increasing extent didn’t change signifi
cantly. At the same time, in the four groups, with the increase of con
centration, the difference between the maximum and minimum absolute 
error tended to increase. This showed that compared with low- 
concentration, the influence of size on the detection error was more 
obvious at high-concentration. The principle of this law could be 
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explained in three aspects. Firstly, when the size was small, the number 
of particulate matters was more at the same mass concentration, which 
increased the probability of mutual collision and friction. This greatly 
improved the charge effect, thus enhancing the induced electrical signal 
and improving the signal-to-noise ratio of the output signal. Secondly, 
although small size led to a reduction in the charge of a single particulate 
matter, it increased the charge-to-mass ratio of particulate matters, that 

was, the charge capacity of per unit volume was improved[13,22,32]. 
Cruise et al.[6] also found that the saturated surface charge density was 
inversely proportional to size. Based on the fact that the output electrical 
signal was the superposition of the induced electrical signals of each 
particulate matter, the decrease of size was beneficial to the increase of 
the charge of the whole PM group, thus enhancing the effective output 
signal. Furthermore, when the number of particulate matters increased, 

Fig. 4. The results of size at a) 10 mg/m3, b) 15 mg/m3, c) 80 mg/m3, d) 100 mg/m3 and the error at e) 10 and 15 mg/m3, f) 80 and 100 mg/m3.
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the spatial distribution in the tunnel was more uniform, which made the 
concentration near the electrode closer to the theoretical average, and 
reduced the accidental error caused by the uneven distribution of par
ticulate matters.

In general, the size affected the error by affecting the charge per
formance and spatial distribution of particulate matters. The specific law 
was that within the experimental range, the larger the size was, the 
greater the detection error was.

In the four experiments of size, the difference between the maximum 
and minimum absolute error was 1.7 %, 3.5 %, 3.9 % and 4.1 %, 
respectively. The variation range of the difference was obviously smaller 
than that of wind speed, and close to temperature. It was considered that 
the order of influence on detection error was wind 
speed>humidity>temperature≈size in this study. This conclusion can 
be explained through the detection principle of the charge method. The 
charge method is based on the principle of electrostatic induction. As the 
induced charge quantity increases, the effective electrode signal 
strengthens, thereby enhancing the system’s anti-interference capability 
and reducing detection errors. Among the four parameters, wind speed 
directly affects the charging effect of particulate matter and particulate 
flux, playing a dominant role in determining the magnitude of induced 
charges. Increased humidity improves particulate conductivity, which is 
beneficial to the generation and conduction of induced charges. The 
influence of temperature on particulate conductivity depends on the 
particulate composition. When particulates contain components with 
both positive and negative correlations between conductivity and tem
perature, this weakens the temperature’s overall effect. When particle 
sizes are generally small, their impact on the total induced charge is 
limited to altering the charge-to-mass ratio of particulates to some 
extent, resulting in a weaker influence compared to wind speed. Several 
research findings[4,37] can corroborate the above analysis.

4. Conclusions

This study investigated the influence patterns of wind speed, tem
perature, humidity, and size on detection errors of charge method. 
Under the four concentrations of 10 mg/m3, 15 mg/m3, 80 mg/m3, 100 
mg/m3, the order of the degree of influence was wind speed > humidity 
> temperature ≈ size. Wind speed influenced both the intensity of 
particle collisions/friction and the particulate flux through the detection 
electrode. Measurement errors demonstrated an inverse relationship 
with wind velocity, showing minimum values of 7.2 %, 6.3 %, 4.4 %, 
and 4.3 %, while maximum errors reached 21.5 %, 17.9 %, 12.6 %, and 
10.9 % across tested conditions. Temperature affected the specific 
resistance of particulate matters. The higher the temperature was, the 
smaller the error was, but the magnitude of error reduction was 
shrinking with the increase of temperature. The minimum error was 
11.1 %, 8.5 %, 7.2 %, 6.3 %. The maximum error was 14.7 %, 13.6 %, 
11.0 %, 9.7 %. Humidity affected the specific resistance of particulate 
matters. The higher the humidity was, the smaller the error was. And 
there was a critical value of saturated water absorption. The minimum 
error was 9.2 %, 8.7 %, 7.5 % and 6.5 %. The maximum error was 15.4 
%, 13.2 %, 11.4 %, 9.9 %. Size affected the nuclear-to-mass ratio and the 
spatial distribution at the same mass concentration. The larger the size 
was, the greater the error was. The minimum error was 11.7 %, 9.2 %, 
8.1 %, 6.7 %. The maximum error was 13.4 %, 12.7 %, 12.0 %, 10.8 %. 
This study provided an innovative new equipment for detection of 
particulate matter concentration by charge induction principle and data 
support for exploration of influencing factors. However, there were still 
some shortcomings in experimental gradient division, experimental 
condition setting and principle analysis. Future research will address the 
aforementioned limitations and focus on establishing a correction sys
tem to mitigate the effects of various parameters on detection accuracy.
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