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Abstract 
 
The accuracy of the particulate matter (PM) emission measurement in coal-fired power plants has been enhanced to meet stricter 
environmental standards. The self-made "test and calibration device of low PM concentration" was used to simulate the complex 
field conditions of flue gas with high humidity, high acid and low temperature (about 50℃). The detection limits and PM trapping 
performances of six filtration membranes were tested. The filtration membrane with the best trapping performance was studied 
under different filtration wind velocities and low flow velocity condition. And the simulation test was verified by practical 
application. The results showed the feeding frequencies had a good linear relationship to the PM concentrations, which can be used 
as a standard curve to calibrate the PM concentration. The borosilicate membrane had the lowest detection limit and the best PM 
trapping performance in high humidity and low temperature environment. The large diameter sampling nozzle should be selected 
for the measurement of low PM concentration. Predicting constant current isokinetic sampling method was recommended for the 
measurement of low velocity PM concentration. Practical application had proved that our test method is feasible, and the borosilicate 
membrane is more suitable than the commonly used Swedish quartz membrane for the measurement of low PM concentration in 
saturated wet flue gas. 
 
Keywords: coal-fired power plant, high humidity, low temperature, low PM concentration, testing technology 
 
Received: November, 2019; Revised final: July, 2020; Accepted: July, 2020; Published in final edited form: January, 2021 
 

 
1. Introduction 
 

With the frequent occurrence of fog and haze, 
air pollution has attracted more and more attention 
(Zhang et al., 2005). Most of the fine particulate matter 
(PM) comes from pollution such as combustion and 
industrial production. 70% of PM emissions are 
caused by coal combustion, while coal combustion in 
power industry accounts for about 50% of total coal 
combustion in China (Yan, 2010). In the government 
work report of 2015, it clearly pointed out that 
"promote the reform of ultra-low emission of coal-
fired power plants", and the emission requirement of 
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low PM concentration from coal-fired power plants is 
not higher than 20 mg/m3, and even less than 5 mg/m3 
in some areas (EPM, 2011; Xu et al., 2016). According 
to incomplete statistics, the ultra-low emission 
renovation of coal-fired power plants has been 
completed for most of the country. But there are many 
power plants, especially those with low smoke and 
dust emission concentration (e.g., less than 2.5 mg/m3 
or even less than 1 mg/m3), the test data are questioned, 
and the accurate measurement of low PM 
concentration becomes a pivotal issue and difficult 
point in current research (Liu et al., 2018). In recent 
years, many continuous methods have been applied to 



 
Yao et al./Environmental Engineering and Management Journal 20 (2021), 1, 63-71 

 

 64

measure the PM concentration, such as beta gauge 
(Courtney et al., 1982; Takahashi et al., 2008), opacity 
(Choi et al., 1995; Mellon et al., 2011), light scattering 
(Black et al., 1996; Jones, 1999; Kadota and Hiroyasu, 
1984), the electrostatic method (Gajewski, 1999; 
Zheng et al., 2017), and microbalance (Ariessohn and 
Wang, 1985; Ward and Buttry, 1990). However, the 
main method of off-line monitoring is the weighing 
method. The existing weighing method in China 
adopts the determination of particulates and sampling 
methods of gaseous pollutants emitted from exhaust 
gas of stationary source (GB/T 16157-1996). This 
method is only applicable to fixed pollution sources 
whose PM concentration is higher than 50 mg/m3 
(EPA, 1996). When the PM concentration is lower 
than 50 mg/m3, the error is large. The flue gas in power 
plants equipped with wet flue gas desulfurization 
(WFGD) and wet electrostatic precipitator (WESP) 
(Mu et al., 2017; Wang et al., 2016) systems has high 
relative humidity (50~100%) and low PM 
concentration ( even below 1 mg/m3) at the sampling 
location (Sui et al., 2016). Humidity can influence PM 
concentration measurements (Peng et al., 2019). GB/T 
16157-1996 is unsuitable for the "two low and one 
high" condition in which the PM concentration in the 
flue is low, the temperature is low, and the humidity is 
high after the WFGD and the WESP. The monitoring 
data of the flue gas online monitoring system CEMS 
can only give the relative variation curve of smoke and 
dust concentration, and its true value needs to be 
calibrated by the smoke and dust measuring 
instrument (HJ 75-2017, HJ 76-2017) (EPM, 2017a; 
EPM, 2017b). In order to meet the demand for the 
determination of low PM concentration, Ministry of 
Environmental Protection issued Stationary Source 
Emission-Determination of Mass Concentration of 
Particulate Matter at Low Concentration-Manual 
Gravimetric Method (HJ 836-2017) to make up for the 
deficiency of GB 16157 in monitoring PM below 20 
mg/m3. In the new method (HJ 836-2017), filtration 
membrane is used instead of a filtration cartridge, and 
the whole sampling head is used to weigh, which 
overcomes the error caused by the loss of glass fiber 
when sampling and the sediment particles in the front 
of the sampling device cannot be recovered (EPM, 
2017c). 

At present, there is no standard test-bed to 
calibrate the PM concentration in China, and the true 
value of the PM concentration in different 
concentration ranges cannot be determined. Therefore, 
the accuracy of the PM measurement can only be 
determined by the captured PM amount. And it is 
considered that the more PM is captured, the closer the 
result is to the true value. In addition, almost all the 
on-line smoke and dust concentration monitoring 
instruments currently in use have not been calibrated, 
and some relationship determined through manual 
comparison instruments cannot be used at all (Liang, 
2013). In order to improve the accuracy of low PM 
concentration testing, reduce test errors and 
standardize test methods, a calibration device for low 
PM concentration testing with traceability of 

measurement has been developed by our research 
group (hereinafter referred to as calibration device) 
(Chen et al., 2019; Guo et al., 2017). Through the 
calibration device to simulate complex field 
conditions of flue gas with high humidity, high acid 
and low temperature (about 50 ℃). Under the 
conditions, the detection limits and PM trapping 
performances of six filtration membranes were tested. 
The filtration membrane with the best trapping 
performance was studied under different filtration 
wind velocities and low flow velocity condition. And 
the simulation test was verified by practical 
application. Thus, the optimum conditions for low PM 
concentration testing in high humidity, high acid and 
low temperature environment were selected, which 
can provide technical support for the revision of low 
PM concentration testing standards. 
 
2. Material and methods 
 
2.1. Experimental device 

 
The schematic of the calibration device is 

shown in Fig. 1. It is mainly composed of feeding 
device, SO3 generating device, air heater, electric 
heating steam generator, PM on-line monitoring 
device, thermometer, humidity meter, induced draft 
fan, dust and acid gas recovery device, etc. After the 
clean air enters the generating device, the air is heated 
by the air heater, the heating power of the air heater is 
controlled by the downstream thermometer, then the 
dust concentration is controlled by the feeding device 
with adjustable speed. After that the saturated water 
vapor and SO3 are injected. The SO3 concentration is 
regulated by the flowmeter of the SO3 generating 
device. The dust concentration is on-line monitored by 
PCME 181WS. The temperature and humidity of flue 
gas are monitored by thermometer and hygrometer in 
real time. In order to reduce the residue of PM on some 
pipe fittings, the gas with acidic and PM is recovered 
by the dust recovery device after passing through the 
fiber-reinforced plastics (FRP) fan.  

The performance evaluation test and practical 
application of the device were carried out by our group. 
The evaluation results show that the device can 
simulate the working conditions of high humidity, low 
temperature and acid gas in the field. At the same time, 
it can provide stable, uniform and low concentration 
PM output, and can provide technical support for the 
research of low PM concentration testing technology. 
Main design parameters of the calibration device are 
listed in Table 1. 
 

2.2. Experimental method 
 

2.2.1. Reliability verification of calibration device in 
high humidity and low temperature environment 

The filtration membrane was Borosilicate 
membrane (BM), feeding frequencies were 13, 28, 40 
and 50 Hz, respectively, fan frequency was 50 Hz, flue 
gas temperature was 50℃, flue gas humidity was 
13.5%, SO3 concentration was 6.08 mg/m3, and 
maintained stable operation at ±2%. 
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Fig. 1. Schematic of the calibration device. 1: control cabinet; 2: collector; 3: filter; 4: air heater; 
5: feeder; 6: compressed air; 7: diluter; 8: small filtration bag; 9: FRP pipe; 10: online monitoring; 11: heat preservation;  

12: test location; 13: hygrometer; 14: thermometer; 15: FRP fan; 16: steam generator; 17: SO3 generating device;  
18: SO3 and dust recovery device 

 
Table 1. Main design parameters of the calibration device 

 

Qf (m3/h) Pt (Pa) D (μm) vs (m/s) ts (0C) Xsw (%) CSO3 (mg/m3) C (mg/m3) 

1410～1704 3507～3253 10.505 <14 ambient temperature~100 <26% >5 >2 

Note: Qf: Fan airflow rate (m3/h); Pt: Total pressure (Pa); D: Medium particle diameter of the end-precipitator dust used in the test (μm); vs: Flue 
gas velocity (m/s); ts: Flue gas temperature (℃); Xsw: Flue gas humidity (%); CSO3: SO3 concentration (mg/m3); C: Dust concentration (mg/m3). 

 
2.2.2. Detection limits of different filtration 
membranes 

The glass fiber, quartz and 
polytetrafluoroethylene (PTFE) are the main materials 
for common filtration membranes at home and abroad 
now (Luo and Chen, 2018). Six different blank 
filtration membranes such as: Laoying glass fiber 
membrane (LGM), borosilicate membrane (BM), 
Swedish quartz membrane (SQM), Whatman quartz 
membrane (WQM), Pall quartz membrane (PQM) and 
PTFE hydrophobic membrane (PTFEM) were 
respectively measured 7 times in succession according 
to the standard specified procedure in the clean room, 
and the detection limits were calculated by t(n-1,0.99) 
times of the standard deviation (expressed as S). The 
verification tests were conducted at a flow rate of 10 
m/s to 15 m/s, the sampling nozzles diameter of φ10, 
φ8, and φ6 were used for sampling. The sampling 
volume of each sample was 1 m3, and the detection 
limits were calculated according to Eq. (1). 

 

StMDL n   )99.0,1(
        (1) 

 

where: MDL-detection limit of the method, mg/m3; n-
parallel measurement numbers of the sample; t-t 
distribution value when the degree of freedom is n-1 
and the reliability is 99%; S-standard deviation of n 
times parallel measurement. 

2.2.3. Effects of different filtration membranes on the 
measurement of low PM concentration 

Six kinds of filtration membranes were 
selected as the same with the method 2.2.2 for 
comparative experiments. Feeding frequency was 13 
Hz, fan frequency was 50 Hz, flue gas temperature 
was 50℃, flue gas humidity was 13.5%, SO3 
concentration was 6.08 mg/m3, and maintained stable 
operation at ±2%. 

 
2.2.4. Effects of filtration wind velocity on the 
measurement of low PM concentration 

The filtration membrane is the one with the 
best performance in method 2.2.2 and 2.2.3, feed 
frequency was 13 Hz, fan frequency was 50 Hz, flue 
gas temperature was 50℃, flue gas humidity was 
13.5%, SO3 concentration was 6.08 mg/m3, and 
maintained stable operation at ±2%. 

 
2.2.5. Effects of sampling method at low flow velocity 
on the measurement of low PM concentration 

The filtration membrane is the one with the 
best performance in method 2.2.2 and 2.2.3, fan 
frequency was 30 Hz, feed frequency was 13 Hz, flue 
gas temperature was 50℃, flue gas humidity was 
13.5%, SO3 concentration was 6.08 mg/m3, and 
maintained stable operation at ±2%. 
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3. Results and discussion 
 

3.1. Reliability verification of calibration device in 
high humidity and low temperature environment 

 
The experimental results of BM at different 

feeding frequencies in wet flue gas are listed in Table 
2, the polynomial fitting curves of the feed frequencies 
and the PM (standard PM and measured PM) 
concentrations are shown in Fig. 2. It can be seen when 
feeding frequencies are 13, 28, 40 and 50 Hz, and flue 
gas flow is 450 m3/h, the standard PM concentrations 
are 4.88, 5.21, 8.71 and 9.92 mg/m3, the measured PM 
concentrations are 4.67, 5.01, 8.42 and 9.61 mg/m3, 
respectively. The polynomial regression equation of 
curve 2 (the polynomial fitting curve of the feed 
frequency and the standard PM concentration) in Fig. 
2 is y=0.00332x2-0.04885x+4.71123, and the R value 
is 0.9795. The polynomial regression equation of 
curve 1 (the polynomial fitting curve of the feed 
frequency and the measured PM concentration) in Fig. 
2 is y=0.2125x2+0.7605x+3.4325, the R value is 
0.9608. According to the selected significance level α 
and the number of observation points n minus 2 
(degree of freedom), the corresponding threshold 
value r (α=0.05) can be found to be 0.950 in the 
correlation coefficient threshold table. The correlation 
coefficient R calculated from the test data is greater 
than or equal to r (≥), which proves that there is a good 
linear correlation between the feeding frequencies and 
the PM (standard PM or measured PM) concentrations, 
their reliabilities are as high as 95.0%. The regression 

curve can be used as the standard curve to calibrate the 
PM concentration through changing different feeding 
frequencies in wet flue gas. The maximum deviation 
between the measured PM and the standard PM 
concentration is 4.3%, which meets the design 
requirement. 

The full program blank is the sample obtained 
when the operation is exactly the same as the actual 
sample, except that the sampling nozzle is back to the 
airflow during the sampling process, and ensure that 
there is at least one full program blank for each group 
of samples. Any sample lower than the full program 
blank weight gain is invalid, and the full program 
blank sample concentration shall not exceed 10% of 
the emission limit. From Table 2 can see that the 
percentages of full program blank concentration to 
measured PM concentration of BM at different 
feeding frequencies in wet flue gas are less than 10%, 
all the test results are valid. 

The relationships between feeding frequencies, 
measured PM concentrations, and online monitoring 
PM concentrations are shown in Fig. 3. The online 
monitoring PM concentration is the average 
concentration monitored online during sample 
measured, and its calibration factor is set as y=x+0 
calibrated by the factory. The measured PM 
concentrations are 2.2 times (the average value of the 
ratio of four measured and online monitoring values 
(2.62, 1.86, 2.24, 2.04)) that of online monitoring PM 
concentrations. The online monitoring PM 
concentrations are lower than manual measurement 
concentrations. 

 

 
Fig. 2. PM concentration and sample parallelism distribution curves at different feeding frequencies 

 
Table 2. Test results of BM at different feeding frequencies in wet flue gas 

 

Ff (Hz) ts (0C) 
Xsw 
(%) 

W (mg/min) Cs (mg/m3) Cm (mg/m3) 
RSD 
(%) 

Cf (mg/m3) 
Xc 

(%) 
Co (mg/m3) 

13 50 13.8 36.6 4.88 4.67 0.7 0.04 0.9 1.78 
28 50 13.7 39.1 5.21 5.01 1.7 0.17 3.0 2.68 
40 50 13.8 65.4 8.71 8.42 3.8 0.06 0.7 3.75 
50 50 13.5 74.4 9.92 9.61 2.0 0.06 0.6 4.71 

Note: Ff: Feeding frequency (Hz); ts: Flue gas temperature (℃); Xsw: Flue gas humidity (%); W: Feeding weight of feeder (mg/min); Cs: Average 
value of standard PM concentration (mg/m3); Cm: Average value of measured PM concentration (mg/m3); RSD: Sample parallelism (%); Cf: Full 
program blank concentration (mg/m3); Xc: Percentage of full program blank concentration to measured PM concentration (%); Co: Online 
monitoring PM concentration (mg/m3). 
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Table 3. Detection limits of the different filtration membranes 

 

Tf 
Testing results of parallel sample (mg/m3) S  

(mg/m3) 
Value t 

MDL 
(mg/m3) 1 2 3 4 5 6 7 Cm 

BM 0.28 0.07 0.12 0.22 0.15 0.00 0.14 0.140 0.092 3.143 0.29 
SQM 0.84 0.59 0.74 0.87 0.87 0.80 0.78 0.784 0.098 3.143 0.31 
WQM 0.03 -0.06 0.07 0.28 0.05 -0.06 0.08 0.056 0.114 3.143 0.36 

PTFEM -0.02 0.13 -0.21 0.03 -0.20 -0.07 -0.11 -0.064 0.123 3.143 0.39 
PQM -0.06 -0.22 0.21 -0.20 0.02 -0.15 -0.32 -0.103 0.177 3.143 0.56 
LGM -0.04 0.16 0.04 -0.34 0.07 -0.17 -0.26 -0.077 0.184 3.143 0.58 

Note: Tf: Filtration membrane type; Cm: Average value of measured PM concentration (mg/m3); S: Standard deviation of 7 times parallel 
measurement (mg/m3); MDL: Detection limit of the method (mg/m3). 
 

 
 

Fig. 3. Measured and online monitoring PM concentration 
distribution curves at different feeding frequencies 

 
The main reason may be that the online 

monitoring of PM was calibrated under the condition 
of ambient temperature and humidity when leaving the 
factory, which fails to simulate the complex actual flue 
gas conditions. And in the process of extracting the 
flue sample gas from the sampling probe to the 
atomization chamber, there will inevitably be a loss of 
PM, especially for the low PM concentration, which 
has a greater influence on the calibration factor. 
Therefore, the calibration factor y=x set by the factory 
needs to be adjusted under different environmental 
conditions. According to the test results, the 
calibration factor should be set as y=2.2x in high 
humidity and low temperature environment. 

 
3.2. Detection limits of different filtration membranes 

 
The quality of filtration membranes is one of 

the key factors to ensure the accuracy of PM test 
results. The material selection of filtration membranes 
is particularly important. The material of filtration 
membranes should not absorb or react with gaseous 
compounds in exhaust gas, and avoid mass loss during 
the sampling  process. In this paper, six kinds of 
common filtration were selected for comparative 
experiments, to optimize the filtration membranes 
suitable for testing low PM concentration in high 
humidity and low temperature environment. 

The determination of detection limit is of great 
significance for the selection of analytical methods. In 
order to reflect the error of analytical methods in the 
whole analytical process, we tested the detection 

limits of six kinds of filtration membranes, and 
screened out the filtration membranes with the lowest 
detection limit. The test results of the detection limits 
for BM, PTFEM, LGM, SQM, PQM and WQM are 
listed in Table 3. 

In Eq. (1) and Table 3, the value t is t 
distribution value when the degree of freedom is n-1 
and the reliability is 99%. When testing 7 parallel 
samples, then n-1=6, and the corresponding reliability 
is 99%, then according to “Value t” distribution table, 
we can obtain value t is 3.143. The detection limits of 
the six filtration membranes are 0.29, 0.31, 0.36, 0.39, 
0.56 and 0.58 mg/m3, respectively. Which all meet the 
requirement of the research that the detection limit 
should be less than 1 mg/m3. The detection limit of 
LGM is the highest, followed by PQM, and the lowest 
is BM. 
 
3.3. Effects of different filtration membranes on the 
measurement of low PM concentration 

 
The experimental results of six filtration 

membranes (when flue gas is 450 m3/h) in wet flue gas, 
are shown in Table 4 and Fig. 4. The full program 
blank concentrations of six filtration membranes in 
wet flue gas are less than 10% of the measured PM 
concentration, which indicates that the test results are 
valid. 

 

 
 

Fig. 4. Measured PM concentration and sample 
parallelism distribution curves of different filtration 

membranes 
 
The measured PM concentrations are 2.01, 

2.73, 2.81, 2.82, 2.87 and 4.67 mg/m3, respectively. 
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When the feeding frequency is 13 Hz, the standard PM 
concentration is 4.88 mg/m3. The filtration membrane 
that trapped highest concentration PM is BM, the 
lowest one is PTFEM, the other membranes are similar. 
The sample parallelisms of the measured PM 
concentration are 0.7%, 5.2%, 5.4%, 6.1%, 8.0% and 
8.1%, respectively. Which meet the requirement that 
the relative standard deviation should be less than 18% 
in the research. BM has the minimum relative standard 
deviation, which is only 0.7%. BM has higher trapping 
performance in the measurement of low PM 
concentration, and the test results have smaller error 
and higher accuracy, indicating that the BM is superior 
to other membranes in capturing PM under wet flue 
gas conditions. Scanning electron microscopy (SEM) 
photographs of six filtration membranes can explain  

the results (Fig. 5). 
From Fig. 5, the surfaces of LGM, SQM, PQM 

and WQM are rough and their structures are 
comparatively fluffy, and their thicknesses are slightly 
thicker than other kinds of filtration membranes 
through actual comparison. The non-compactness of 
membrane structure and the non-uniformity of pore 
make their PM trapping performance poor. Fibers of 
PTFEM are thick and flat, and the porosity of 
membrane is low, high sampling resistance leads to the 
worst PM trapping performance. 

Fibers of BM are uniform in thickness, 
compact in structure, flat in surface and high in 
porosity. Therefore, BM has better PM capture 
performance and smaller sampling resistance. Luo and 
Chen (2018) also report similar conclusions. 

 
Table 4. Test results of six filtration membranes in wet flue gas 

 

Tf 
ts  

(0C) 
Xsw  
(%) 

Testing results of parallel sample (mg/m3) RSD  
(%) 

Cf  
(mg/m3) 

Xc  
(%) 

Co  

(mg/m3) 1 2 3 Cm

PTFEM 51 13.7 1.98 1.93 2.13 2.01 5.2 0.18 9.0 1.31 
SQM 51 13.7 2.70 2.91 2.58 2.73 6.1 0.25 9.2 1.42 
PQM 50 13.5 2.70 3.07 2.66 2.81 8.0 0.12 4.3 1.19 
WQM 50 13.5 2.69 2.99 2.79 2.82 5.4 0.09 3.2 1.29 
LGM 50 13.5 2.84 2.66 3.12 2.87 8.1 0.18 6.3 1.24 
BM 50 13.8 4.65 4.65 4.71 4.67 0.7 0.04 0.9 1.78 

Note: Tf: Filtration membrane type; ts: Flue gas temperature (℃); Xsw: Flue gas humidity (%); Cm: Average value of measured PM concentration 
(mg/m3); RSD: Sample parallelism (%); Cf: Full program blank concentration (mg/m3); Xc: Percentage of full program blank concentration to 
measured PM concentration (%); Co: Online monitoring PM concentration (mg/m3). 

 

  
(a) 

 
(b) (c) 

  
(d) (e) (f) 

 
Fig. 5. 2,000 fold magnification microscope images of filtration membranes used in the experiment: (a) represent BM, (b) 

represent PTFEM, (c) represent LGM, (d) represent SQM, (e) represent PQM, (f) represent WQM 
 

Table 5. Test results of PM concentration at different filtration wind velocities 
 

Dh (mm) Dn (mm) vf (cm/min) ts (0C) Xsw (%) Cm (mg/m3) RSD (%) Cf (mg/m3) Xc (%) 
47 6 2.508 50 13.8 2.77 8.0 0.26 9.8 
47 8 4.805 51 13.1 3.33 11.5 0.14 4.7 
47 10 6.930 50 13.8 4.67 0.7 0.04 0.9 

Note: Dh: Sampling head diameter (mm); Dn: Sampling nozzle diameter (mm); vf: Filtration wind velocity (cm/min); ts: Flue gas temperature (℃); 
Xsw: Flue gas humidity (%); Cm: Average value of measured PM concentration (mg/m3); RSD: Sample parallelism (%); Cf: Full program blank 
concentration (mg/m3); Xc: Percentage of full program blank concentration to measured PM concentration (%). 
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3.4. Effects of different filtration wind velocities on 
measurement of low PM concentration 

 
The experimental results of PM concentration 

measured by BM at different filtration wind velocities 
in wet flue gas are listed in Table 5, and the 
distribution curves are shown in Fig. 6. The full 
program blank concentrations at the different filtration 
wind velocities in the wet flue gas are less than 10% 
of the measured PM concentrations, and all the test 
results are valid. 

 

 
 

Fig. 6. Measured PM concentration and sample parallelism 
distribution curves at different filtration wind velocities 

 

When the diameter of sampling head is 47 nm 
and the diameters of sampling nozzle are 6, 8 and 10 
nm respectively, the effective filtration wind velocities 
are 2.508, 4.805 and 6.930 cm/min respectively. 
Under different filtration wind velocities, the 
measured PM concentrations (when flue gas flow is 
450 m3/h) are 2.77, 3.33 and 4.67 mg/m3 respectively. 
When the feeding frequency is 13 Hz, the standard PM 
concentration is 4.88 mg/m3. The sample parallelisms 
are 8.0%, 11.5% and 0.7%, respectively. Under the 
same conditions, the measured PM concentrations of 
captured by the sampling head of φ47 increase with 
the increase of the filtration wind velocities (i.e. the 
diameter increase of the sampling nozzle), which is 
just contrary to the fact that reducing the filtration 
wind velocities is beneficial to the PM capture. The 
reason may be that the edge of the sampling nozzle has 
a certain thickness (≤0.2 mm) (HJ 836-2017) (EMP, 
2017), and when PM enter the sampling nozzle, they 
are easy to collide with the edge of the sampling 
nozzle. Some fine PMs are intercepted outside the 
sampling nozzle. When the diameter of the sampling 
nozzle is smaller, the probability of collision is greater 
than that the sampling nozzle with a larger diameter, 
which results in lower PM capture when the sampling 
nozzle has the smaller diameter. 

 

3.5. Effect of sampling method at low flow velocity on 
the measurement of low PM concentration 

 
The results of PM concentration test using 

predicted constant current isokinetic sampling and 
automatic tracking isokinetic sampling are listed in 

Table 6. From Table 6, the full program blank 
concentrations are less than 10% of the measured PM 
concentrations, indicating that the results are valid. 
When flow velocity is 2 m/s, the measured PM 
concentrations are 22.28, 14.94 mg/m3, and the sample 
parallelisms are 14.9% and 16.0%, respectively. 
Under the same conditions, the measured PM 
concentration of the predicted constant current 
isokinetic sampling method is 49.1% higher than that 
of the automatic tracking isokinetic sampling method, 
and the sample parallelism is also slightly better. This 
is mainly because the dynamic pressure and velocity 
displayed by the sampler will gradually increase with 
the prolongation of sampling time, when the PM of 
low-flow saturated wet flue gas is tested by the 
automatic tracking isokinetic sampling method. These 
will result in the sampling velocity higher than the 
actual flow velocity of the sampling point, make the 
measured PM concentration lower, and the front 
pressure of the meter will slowly rise to the point in 
which the sampling is impossible.  Therefore, it is 
recommended to adopt predictive constant current 
isokinetic sampling method in the measurement of 
low-velocity PM. 
 
3.6. Practical application 

 
According to HJ836 test method (EPM, 2017c), 

the outlet of No. 4 boiler WESP in Songyu Power 
Plant was tested by SQM and BM. The test results are 
listed in Table 7. Table 7 shows that the sampling 
volumes measured by SQM and BM are larger than 1 
m3, which meet the requirements of HJ836 Article 
10.3.6 that the weight gain of each sample should not 
be less than 1 mg, or the sampling volume should not 
be less than 1 m3. According to the principle of parallel 
double sample, the sample parallelism is not 
considered when the PM concentration is lower than 1 
mg/m3. However, the full program blank weight gain 
of SQM is 0.63 mg. The full program blank weight 
gain divided by the average volume of the 
corresponding measurement series accounts for 86.3% 
of the measured PM concentration, failing to meet the 
requirements of HJ836 Article 10.3.4 that “any below 
the full program blank weight gain is invalid. The full 
program blank weight gain divided by the average 
volume of the corresponding measurement series 
should not exceed 10% of the emission limit”, and 
10.3.7 “When the PM concentration is lower than the 
detection limit of the method, the full program blank 
weight gain should not be higher than 0.5 mg, and the 
weight loss should not be more than 0.5 mg.” 
Therefore, the test results by using SQM are invalid. 
The full program blank weight gain of BM is 0.05 mg. 
The full program blank weight gain divided by the 
average volume of corresponding measurement series 
accounts for 8.3% of the measured PM concentration. 
It meets the requirements of research, and the test 
results are valid. It shows that BM is suitable for 
testing the low PM concentration in saturated wet flue 
gas, while SQM is unsuitable. 
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Table 6. Test results of PM concentration with different sampling methods at low flow rate 

 
Ms ts (0C) Xsw (%) vs (m/s) Cm (mg/m3) RSD (%) Cf (mg/m3) Xc (%) 
Sp 50 13.5 2 22.28 14.9 0.36 1.6 
Sa 50 13.5 2 14.94 16.0 0.19 1.2 

Note: Ms: Sampling method; ts: Flue gas temperature (℃); Xsw: Flue gas humidity (%); vs: Flue gas velocity (m/s); Cm: Average value of measured 
PM concentration (mg/m3); RSD: Sample parallelism (%); Cf: Full program blank concentration (mg/m3); Xc: Percentage of full program blank 
concentration to measured PM concentration (%); Sp: Predicting constant current isokinetic sampling; Sa: Automatic tracking isokinetic sampling. 

 
Table 7. Test results of PM concentration using SQM and BM in Songyu Power Plant 

 
Tf Sp Sn Dn (mm) Wi (g) Wf (g) Wn (mg) V (L) Cm (mg/m3) Xc (%) 

SQM 

1 326651 10 14.33235 14.33309 0.74 1002.2 0.74 
0.73 

86.3 
2 322271 10 14.27771 14.27843 0.72 1007.3 0.71 
3 326641 10 14.24187 14.24262 0.75 1005.4 0.75 
Fb 322281 10 14.17165 14.17228 0.63 1005.0 0.63 

BM 

1 322221 10 14.19966 14.20018 0.52 1005.9 0.52 
0.58 

8.3 
2 326671 10 13.64836 13.64917 0.81 1003.1 0.81 
3 326661 10 14.16982 14.17023 0.41 1002.7 0.41 
Fb 326681 10 14.01903 14.01908 0.05 1003.9 0.05 

Note: Tf: Filtration membrane type; Sp: Parallel sample; Sn: Sample number; Dn: Sampling nozzle diameter (mm); Wi: Initial weight of sample 
(g); Wf: Final weight of sample (g); Wn: Net weight of sample (mg); V: Standard sample volume (L); Cm: Measured PM concentration (mg/m3); Xc: 
Percentage of full program blank concentration to measured PM concentration (%); Fb: Full program blank. 
 

4. Conclusions 
 
At present, the ultra-low emission of flue gas 

from coal-fired power plants has been fully 
implemented. In order to improve the accuracy of the 
low PM concentration measurement in high humidity, 
low temperature after WFGD and WESP, a self-made 
calibration device had been used to carry out the 
research, and its practical application had been 
verified. The following conclusions were obtained. 
When the calibration device ran in wet flue gas, the 
reliability of the relationship between feeding 
frequencies and PM concentrations was up to 95%, 
and there was a good linear relationship between them. 
The measured PM concentrations were 2.2 times that 
of the online monitoring PM concentrations, the 
calibration factor of the online monitor should be set 
as y=2.2x  in high humidity and low temperature 
environment. BM has the lowest detection limit and 
the best PM capture performance, was recommended 
for the measurement of low PM concentration in wet 
flue gas after WFGD and WESP. The influence of 
filtration wind velocity on the low PM measurement 
was small. If the field conditions permit, the sampling 
nozzle with a large inlet diameter should be selected 
as far as possible.  At low flow velocity, the 
measurement of low PM concentration was 
recommended to adopt the predicted constant current 
isokinetic sampling method.  Practical application 
results showed that our test method is feasible, and the 
BM is more suitable than the commonly used SQM for 
the measurement of low PM concentration in saturated 
wet flue gas. 

 
Acknowledgements 
This study was fully supported by the National Key R&D 
Program of China "low cost ultra-low emission technology 
and high-end manufacturing equipment" 
(No.2016YFC0203703). 

 

References 
 
Ariessohn P.C., Wang J.C.F., (1985), Recent development 

of a real-time particulate mass sampling system for high 
temperature applications, Combustion and Flame, 59, 
81-91. 

Black D.L., McQuay M.Q., Bonin M.P., (1996), Laser-
based techniques for particle-size measurement: A 
review of sizing methods and their industrial 
applications, Progress in Energy and Combustion 
Science, 22, 267-306. 

Chen W.X., Guo J., Yang D., Ye X.L., Luo Y., Lin Q.C., 
(2019), Development and application of test calibration 
device for low concentration particulate matter in coal-
fired flue gas, (in Chinese), Chinese Journal of 
Environmental Engineering, 13, 2781-2788.  

Choi M.Y., Mulholland G.W., Hamins A., Kashiwagi T., 
(1995), Comparisons of the soot volume fraction using 
gravimetric and light extinction techniques, 
Combustion and Flame, 102, 161-169. 

Courtney W.J., Shaw R.W., Dzubay T.G., (1982), Precision 
and accuracy of a beta gauge for aerosol mass 
determinations, Environmental Science Technology, 
16, 236-239. 

EPA, (1996), The determination of particulates and 
sampling methods of gaseous pollutants emitted from 
exhaust gas of stationary source, GB/T16157-1996, 
Environmental Protection Agency of the People’s 
Republic of China, Beijing, On line at: 
http://std.samr.gov.cn/search/ std?tid=&q= 
GB%2FT16157-1996. 

EPM, (2011), Emission standard of air pollutants for thermal 
power plants, GB13223-2011, Ministry of 
Environmental Protection of the People's Republic of 
China, Beijing, On line at: 
http://kjs.mee.gov.cn/hjbhbz/bzwb/dqhjbh/dqgdwrywr
wpfbz/201109/W020130125407916122018.pdf. 

EPM, (2017a), Specifications and test procedures for 
continuous emission monitoring system for SO2, NOX 
and particulate matter in flue gas emitted from 
stationary, HJ 76-2017, Ministry of Environmental 
Protection of the People's Republic of China, Beijing, 
On line at: 
http://kjs.mee.gov.cn/hjbhbz/bzwb/jcffbz/201801/W02



 
Research and application of low particulate matter concentration testing technology in high humidity and low temperature environment 

 

 71

0180108 591018226127.pdf. 
EPM, (2017b), Specifications for continuous emissions 

monitoring of SO2, NOX, and particulate matter in the 
flue gas emitted from stationary sources, HJ 75-2017, 
Ministry of Environmental Protection of the People's 
Republic of China, Beijing, On line at: 
http://kjs.mee.gov.cn/ 
hjbhbz/bzwb/jcffbz/201801/W0201803225355663501
57.pdf. 

EPM, (2017c), Stationary source emission-Determination of 
mass concentration of particulate matter at low 
concentration-Manual gravimetric method, HJ 836-
2017, Ministry of Environmental Protection of the 
People's Republic of China, Beijing, On line at: 
http://kjs.mee.gov.cn/hjbhbz/bzwb/jcffbz/201801/W02
0180108584617605202.pdf. 

Gajewski J.B., (1999), Non-intrusive solids charge and mass 
flow measurements with an electrostatic flow probe, 
Journal of Electrostatics, 46, 271-284. 

Guo J., Yang D., Ye X.L., Chen W.X., Lin Q.C., Chen Y.Q., 
Luo Y., (2017), Used for marking the low density 
particles method for testing accuracy of the flue gas 
generating system. Chinese Patent, 
No.CN201721869892.4. 

Jones A.R., (1999), Light scattering for particle 
characterization, Progress in Energy and Combustion 
Science, 25, 1-53. 

Kadota T., Hiroyasu H., (1984), Soot concentration 
measurement in a fuel droplet flame via laser light 
scattering, Combustion and Flame, 55, 195-201. 

Liang Y.P., (2013), Monitoring technology situation and 
thinking on low concentration particulate matters 
emitted from stationary sources, (in Chinese), 
Environmental Monitoring in China, 29, 161-164.  

Liu H.X., Zhao L., Guo Y., Xu D.X., Fang X.W., Li B.F., 
Yang Q., (2018), Analysis on precise measurement of 
low-concentration particulate matters in ultra-low 
emission flue, (in Chinese), Environmental Impact 
Assessment, 40, 65-68. 

Luo Y., Chen W.X., (2018), Experimental study on 
sampling filter membrane for low concentration 
particulate matter under high-humidity low-
temperature environment, (in Chinese), Electric Power, 
51, 180-184. 

Mellon D., King S.J., Kim J., Reid J.P., Orr-Ewing A.J., 
(2011), Measurements of extinction by aerosol particles 

in the near-infrared using continuous wave cavity ring-
down spectroscopy, Journal of Physical Chemistry A, 
115, 774-783. 

Mu Y.Y., Du J.H., Ma F.Q., Tang S.J., (2017), Wet 
Electrostatic Dust Removal Technology and its 
Application Status in Coal-fired Power Plants, The 
17th China Electro-Dust Research Conference, 23-26 
October, Anhui Hefei, China. 

Peng Y., Sui Z., Zhang Y., Wang T., Norris P., Pan W.P., 
(2019), The effect of moisture on particulate matter 
measurements in an ultra-low emission power plant, 
Fuel, 238, 430-439. 

Sui Z., Zhang Y., Peng Y., Norris P., Cao Y., Pan W.P., 
(2016), Fine particulate matter emission and size 
distribution characteristics in an ultra-low emission 
power plant, Fuel, 185, 863-871. 

Takahashi K., Minoura H., Sakamoto K., (2008), 
Examination of discrepancies between beta-attenuation 
and gravimetric methods for the monitoring of 
particulate matter, Atmospheric Environment, 42, 5232-
5240. 

Wang M., Wang D.G., Zhu F.H., Hui R.T., Wei F., Wang 
C.L., (2016), Application of wet electrostatic 
precipitator in coal-fired power plant for depth 
treatment of dust, (in Chinese), Electric Power 
Technology and Environmental Protection, 32, 26-29.  

Ward M.D., Buttry D.A., (1990), In situ interfacial mass 
detection with piezoelectric transducers, Science, 249, 
1000-1007. 

Xu Y.S., Liu X.W., Cui J., Chen D., Xu M.H., Pan S.W., 
Zhang K., Gao X.P., (2016), Field measurements on the 
emission and removal of PM2.5 from coal-fired power 
stations: 4. PM removal performance of wet 
electrostatic precipitators, Energy and Fuels, 30, 7465-
7473. 

Yan J., (2010), Experimental study on removal of acid mist 
from flue gas using WESP, MSc Thesis, Shandong 
University, Shandong, China. 

Zhang C.F., Yao Q., Sun J.M., (2005), Characteristics of 
particulate matter from emissions of four typical coal-
fired power plants in China, Fuel Processing 
Technology, 86, 757-768. 

Zheng C.H., Shen Z.Y., Chang Q.Y., Su Q.F., Zhu X.B., 
Gao X., (2017), An experimental study on electrostatic 
precipitation of low resistivity high carbon fly ash at 
high temperature, Energy and Fuels, 31, 6266-6273. 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


