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Abstract Low-low temperature ESPs are important flue gas control device in the near future to achieve ultra-low 
emission from coal-fired power plant in China. In order to reveal the dust removal mechanism and performance-
affecting factors of ESP, Fujian Longking Co., Ltd. has carried out considerable research work, including exper-
imental tests under laboratory and engineering conditions, and numerical modelling of LLTESP. In the experi-
mental study of LLTESP, the effect of temperature on the dust resistivity, grade removal efficiency and charge 
quantity under laboratory and engineering conditions are described in detail. The test results indicate that, as the 
flue gas temperature is reduced, dust resistivity decreases, grading dust removal efficiency and charging quantity 
are promoted, enhancing significantly the dust removal efficiency of ESP in engineering applications. In the nu-
merical part, the history of numerical simulation of electrostatic precipitators, technical progress and existing 
problems are reviewed. The main methods of numerical simulations and the progress of current work are de-
scribed in details, and the numerical modelling results are analysed. Studies have shown that LLTESP has a sig-
nificant effect on improving ESP through reduced dust resistivity and increased working voltage. Sulfuric acid 
condensation can increase the particle saturation charge by an increase in effective dielectric constant of dust 
particles. The decrease of flue gas temperature changes air density, viscosity, dust resistivity, electric field and 
acid deposition conditions, thereby enhancing the efficiency of electrostatic precipitators. 
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1. Background 
ESP is now a dominating technology for coal-firing 
power plants for its advantage in high dust removal ef-
ficiency, low pressure drop, high flue gas handling ca-
pacity, low operation costs and no secondary pollution 
[1]. ESP collection performance is sensitive to dust re-
sistivity, with desired value of 104~1011 Ωcm. Typical 
ESPs operate at 120°C~150°C. Over this range, dust 
resistivity is higher and electric charges on the dust 
particles collected do not release easily, so rapping in-
tensity must be enhanced, resulting in dust re-
entrainment. Meanwhile, when the dust resistivity ris-
es to some point, the back corona phenomena occur, 
which sharply deteriorate ESP efficiency.  

Dust resistivity can be reduced from a temperature 
perspective in two ways: 1) increasing operating tem-
perature of electric precipitator; 2) reducing electro-
static precipitators operating temperature. This idea 
has formed two types of electrostatic precipitators. El-
evated ESP operating temperature can decrease the 
volume resistivity, subsequently the total resistivity of 
dust. Based on this principle, a hot side ESP was de-
veloped. During 1960s ~1980s the United States built 
many hot-side ESPs, which were placed in front of air 
preheater in coal-fired power plant with an operating 
temperature of 300°C ~450°C. Due to various draw-
backs, however, this type of ESPs are now rarely used. 
Reducing ESP operating temperature (generally de-
creased from 120°C ~150°C to around 90°C), can 
make the surface resistivity of dust thus the dust layer 

resistivity decrease. Based on this principle, low-low 
temperature ESP was developed [2, 3]. 

 
2. Low-low temperature ESP technology 

Low-low temperature ESP (Called in China according 
to JB/T 12591-2016, LLTESP for short) utilizes low 
temperature coal economizer or gas-gas heat exchang-
er (GGH) with water as a medium to recover residual 
heat from flue gas. The flue gas can be cooled down to 
a low temperature state of 90°C , so that flue gas vol-
ume flow rate decreases, dust properties change, 
thereby enhancing the ESP performance [4]. 
 
2.1. Characteristics of LLTESP 
LLTESP holds clear technological advantages over 
conventional ESP. 
(1) Improvement on dust removal efficiency 

After the temperature in an ESP is reduced, the 
flue gas volume flow rate is firstly reduced, resulting 
in a lower wind speed and longer residence time of 
aerosol particles in the electric field. Secondly, gas 
viscosity decreases, thus the drag resistance of air on 
the dust particles decreases. Moreover, as flue gas 
density increases, the operating voltage of ESP can al-
so be raised. Meanwhile, the electrical resistivity of 
fly ash can usually be reduced to a suitable range. All 
these effects after lowering the temperature would be 
beneficial in improving the ESP efficiency. Therefore 
LLTESPs have a higher dust removal efficiency than 
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the conventional ESP, thereby emission reduction can 
be achieved in coal-fired power plants. 
(2) Favoring SO3 collection, suppressing low tempera-

ture corrosion 
In conventional ESP, gaseous SO3 is difficult to 

capture. SO3 capture efficiency of the following lime-

stone-gypsum wet desulfurization system is not high 

either, easily causing low-temperature corrosion of 

downstream pipe and chimney. In LLTESP, flue gas 

temperature has dropped below the acid dew point, so 

that most of SO3 in flue gas condenses to form mist 

adhesion on the dust particles surface, which is col-

lected together with the dust (i.e., SO3 condensation 

has a conditioning role to dust collection), thus reduc-

ing the low-temperature corrosion of gas pipework 

and chimney. 
(3) Remarkable energy saving, operating cost reduc-

tion of plant 
In the case LLTESP, if the recovered waste heat is 

used for heating of boiler condensate, can save coal 
consumption, improving boiler efficiency. If the re-
covered waste heat is used for heating the flue gas af-
ter the wet desulfurization, the increase in flue gas 
temperature will reduce wet stack corrosion and visi-
ble plume. Lower flue gas temperature reduces cool-
ing water consumption in the wet desulfurization pro-
cess and related costs. Although adding heat exchang-
er will introduce some pressure drop, power consump-
tion of fan remains essentially the same due to the de-
creased gas volume flow rate. Nevertheless, power 
consumption of the pressure boosting fan for wet 
desulfurization is reduced, and the related power costs 
can be reduced. Therefore, LLTESP can save energy, 
reduce plant operating costs. 
 
2.2. Development of LLTESP 
The first LLTESP, appeared in 1970s, was applied in 
Liddell power station Australia. This power plant was 
burning Australia Bayswater low sulphur coal, gener-
ating the fly ash of high resistivity. To solve the emis-
sion problem, power plant attempted to apply primary 
air preheaters and secondary air preheaters to reduce 
the flue gas temperature to around 90°C, then dust re-
moval efficiency of ESP improved significantly. As a 
representative parameter of ESP performance, the mi-
gration velocity was increased by 70% than that at 
160°C [2]. In 1980s, Denmark Ensted power plant 
modified the coal to a low sulphur one. To address the 
high resistivity fly ash problems, ESP working tem-
peratures was reduced from 130°C to 105°C, drawing 
on the Liddell power station experience, together with 
the newly introduced Semi-pulse-Intermittent Ener-
gization. As the result, twice times more effective mi-
gration velocity of dust was achieved [5]. In the 90's, 
Japan developed LLTESPs, thereby air preheater was 
followed by a non-leakage GGH and flue gas tempera-
ture was reduced below 100°C. The dust concentration 
at the ESP exit could reach less than 5 mg/Nm3. 
Meanwhile, the recovered heat from GGH of flue gas 
was used for heating wet desulfurization, preventing 

the wet stack and visible smoke plumes. Since then, 
LLTESP was received widespread applications in Ja-
pan [6]. 
 
2.3. Application of LLTESP in China 
In recent years in China, with the rapid economic de-
velopment, and the installed capacity of coal-fired 
power plants has been continually growing rapidly, 
which is becoming one of the important factors of 
large scale haze pollution. In order to improve the en-
vironment, the Chinese Government issued the “Emis-
sion standard of air pollutants for thermal power 
plants (GB 13223-2011)”, which stipulates a dust 
emission concentration limit as 30 mg/Nm3 in general 
regions, 20 mg/Nm3 in key regions. The new standard 
has brought new challenges for ESP technology. In 
order to meet the requirements of the new emission 
standard, coal-fired power plants are required to seek 
new technical approaches to achieving ultra-low emis-
sion of dust. Successful experiences abroad show that 
LLTESP can achieve the double targets of both energy 
saving and emission reduction [7], which provides 
new thoughts for energy energy-saving and emission 
reduction in coal-fired power plant in China. 

A number of successful cases of engineering im-
plementation of LLTESPs in Datang Ningde Power 
plant #4 boilor-600 MW Unit, Jiangxi Xinchang Pow-
er Plant #1 Boilor-660 MW Unit, etc. have opened 
large scale applications of LLTESP in coal-fired pow-
er plants of China. Currently LLTESP has become an 
important flue gas control device to realize ultra-low 
emission in coal-fired power plants of China [8]. 

 
2.4. LLTESP Technology in Longking 
Fujian Longking Co., Ltd. (Longking for short) is the 
largest environmental equipment supplier in China. In 
2006, the company is the first in China to carry out re-
search work of LLTESP. In 2010 a breakthrough pro-
totype was made, and Longking’s LLTESP new prod-
ucts (LSC LLTESP) were formed. In 2012, nationally 
the first 600 MW unit LLTESP was applied in Datang 
Ningde power plant’s efficiency promoting renovation 
project, with all indexes having reached a better level.  
 

 
Figure 1. Longking LLTESP exemplary project 

(Datang Ningde Power Plant 600MW Unit LLTESP) 
 
The company has put LLTESP into operation with a 
cumulative 30 GW installed capacity, a global leader 
in terms of commercialization accomplishment. 
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2.5. Issues requiring investigation in LLTESP tech-
nology 
Massive applications of LLTESPs in China pose a 
challenge for technology development. Engineers ur-
gently need to understand dust removal mechanisms 
under such conditions, need to study and analyse the 
qualitative and quantitative relationship between per-
formance and influential factors, including the follow-
ing aspects: 
• Regarding the mechanism, apart from reducing 

dust resistivity in LLTESP, how are other factors 
affecting dust removal efficiency (such as the 
amount of charges, working voltage, SO3 deposi-
tion, particulate coagulation) changing? 

• For particles with different diameters, how is the 
dust removal efficiency affected? Especially what 
happens to the fine particles collection characteris-
tic? 

• Comparative tests of ESP performance improve-
ment under different engineering conditions (coal 
type, operating condition), when the flue gas tem-
perature is reduced. 

• From a long-term perspective, gradually establish 
a mature computer model for the analysis of im-
pact parameters and the prediction of performance.  
Our work in this area will be described below. 

 
3. Experimental Study of LLTESP 

In order to elucidate LLTESP dust removal mecha-
nism and influence factors, Longking, collaborating 
with Tsinghua University conducted experimental 
study in classification of LLTESP grading dust re-
moval efficiency, dust charging, fine particulate cap-
ture, SO3 removal etc. The factors influencing the per-
formance of LLTESP are studied respectively under 
laboratory conditions and field conditions. 
 
3.1. Effect of temperature on dust removal efficiency 
and charge amount under laboratory condition 
For comparative analysis of the effect of various flue 
gas temperatures on the performance of ESPs, temper-
ature controllable ESP test rig was established for the 
ESP process experiment. By changing the inlet tem-
perature, the effect on dust removal efficiency and 
charge was studied. ESP test rig is shown in Figure 2. 
Air temperature can be heated up to 150°C, and flue 
gas pipe and ESP shell are thermally insulated, with 
temperature difference between the inlet and outlet of 
ESP guaranteed within 3°C. Dust powders after mixed 
with air flow into the ESP together. 

a) Experimental device configuration 

 
b) Photo of experimental device 

 
c) Dimensions of experimental ESP 

Figure 2. Schematic ESP test rig 
 

Lab ESP dimensions, gas velocity are selected in 
accordance with the principles of main governing 
equations of ESP in the process, to ensure a similar 
residence time in the test rig to practical ESP, a similar 
flow field and space charge distribution and electrical 
corona wind as the basic principles. Specific process is 
omitted here. 

Table 1 lists the composition of the ash samples 
used in the experiments. Malvern laser particle size 
analyzer is used for the analysis of particle size distri-
bution as shown in Figure 3. 

 
Table 1. The composition of the ash samples  

used in experiment 

Composition Content(%) Composition Content(%) 

Fe2O3 6.55 K2O 1.00 

SiO2 51.11 CaO 4.87 

Na2O 0.42 Al2O3 29.26 

MgO 0.99 MnO2 0.06 

TiO2 1.07 —— —— 

 

 
Figure 3. Ash sample particle size used in experiment 

The electrical resistivity of test fly ashes is ana-
lysed off-line, and the results are shown in table 2 and 
Figure 4, where the blue and red lines represent the 
tested temperature of 90°C and 130°C respectively. 
The offline resistivity in low temperature stage in-
creases as the temperature rises, peaking at 157°C, and 
then decrease with increasing temperature. Its value at 
90°C is an order of magnitude smaller than at 130°C. 
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Table 2. Fly ash offline resistivity in relation  

to temperature 

Temperature 

 °C 
80 105 120 130 157 185 

Resitivity 

(Ω·cm) 
3.16× 
109 

4.36× 
1010 

8.44× 
1010 

1.02× 
1011 

2.07× 
1011 

1.73× 
1011 

 

 

Figure 4. Offline resistivity of fly ash used  
in experiment 

 
Electrical low pressure impactor (ELPI) is used to 

measure ESP entrance/exit dust concentration and the 
exiting charges. With working voltage of 20 kV and 
wind speed of 0.31 m/s, dust concentrations at ESP en-
trance/exit, removal efficiency and exiting charge for 
90°C and 130°C are shown in Figure 5 and Figure 6. 

Figure 5 shows at the temperatures of 90°C and 
130°C, grading dust removal efficiency has a lowest 
value found within the interval 0.1-0.3 μm. Outside 
this interval, 90°C condition other particle removal ef-
ficiency is higher under 90°C than under 130°C. 

Figure 6 shows, compared with 130°C, significant 
increase in the average quantity at 90°C, where the in-
crease of charge on the particles smaller than 2.5 μm 
is particularly evident. 

 

 
a) ESP inlet/outlet dust concentration and grading removal efficien-

cy for 90°C 

  
b) ESP inlet/outlet dust concentration and grading removal efficien-

cy for 130°C 

  
c) Comparison of dust grading efficiency for 90°C and 130°C 

Figure 5. Effect of temperature on grading dust re-
moval efficiency 

 

 
Figure 6. Effect of Temperature on outlet  

particle charges 
 
3.2. Field measurement of commercial LLTESP 
For a 300 MW unit, in order to meet emission re-
quirements, the original ESP design is modified as a 
low-low temperature one, a heat exchanger is added 
right before the ESP to reduce the flue gas temperature. 
In this LLTESP, by changing the operation of the heat 
exchanger, flue gas temperature can be adjusted to 
130°C, 93°C, 84°C as required. Under various tem-
perature conditions, the dust resistivity, grading dust 
removal efficiency and exiting charges are measured 
online. 

(1) Effect of temperature on online dust resistivity 
Under offline conditions, the change of the flue 

gas conditions in contact with the dust layer makes it 
difficult for laboratory test to reflect the real dust re-
sistivity under working conditions, so online meas-
urement is necessary. Under different temperature op-
erating conditions, on-site online test results of dust 
resistivity at the ESP entrance is given in table 2. Flue 
gas temperatures up to 130°C down to 93°C, 84°C, the 
online dust resistivity decreases as temperature de-
creases. 

 
Table 2. Dust online resistivity under different temper-

atures 
Temperature 

(°C) 
Applied voltage (V) 

Resistivity 
(Ω·cm) 

130 100, 250, 500, 1000 6.09×1011 

93 100, 250, 500, 1000 2.46×1011 

84 100, 250, 500, 1000 1.60×1011 
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(2) Effect of temperature on grading dust removal 
efficiency 

Using ELPI, the number concentrations of dust 
particles at the inlet and outlet of ESP varying with 
particle size are measured under different temperature 
conditions. The corresponding grading dust removal 
efficiency is calculated, with results shown in Figure 7. 

Under the same temperature working conditions, 
the removal efficiency close to 0.1 μm is lower com-
pared with other particle size range. As the size in-
creases, overall classification efficiency tends to in-
crease, particularly for particle size greater than 1 µm, 
dust removal efficiency increases evidently. 

A comparison of grading dust removal efficiency 
under various temperatures indicates that, with de-
creasing flue gas temperature, dust removal efficiency 
increases. At the gas temperature of 84°C, dust re-
moval performance in the entire particle size range is 
higher than at 130°C and 93°C. 

(3) Effect of temperature on PM10, PM2.5 mass 
removal efficiency 

ELPI gives ESP inlet and outlet dust concentra-
tion distribution in terms of particle numbers. The in-
let and outlet grading concentration in mass can be 
calculated according to equation (1): 
 

 ( )3

6i ii
M Di N

π ρ=  (1) 

 
where i is stage number; ρ is dust density 
(2600 kg/m3), Di is geometric mean diameter of stage 
i. 
 Mass removal efficiency for PM10 and PM2.5 is 
calculated from eq (2). 
 

 ( )outlet , inlet ,1 / 100%j jm mη = − ×  (2) 

 
Where minlet,j, moutlet,j are mass concentrations of PM10 
or PM2.5 at the inlet and outlet of ESP respectively. 

Under different temperature conditions, ESP inlet 
and outlet PM10, PM2.5 mass concentration and re-
moval efficiency are listed in Table 3. 

It can be seen that with the decreasing flue gas 
temperature, removal efficiency for both PM10 and 
PM2.5 is improved, notably the removal efficiency of 
PM2.5 is remarkable. 

The removal efficiency of PM10 and PM2.5 is 
transformed to their penetration rate (1 – η), as shown 
in Figure 8. As can be seen from the figure, after the 
flue gas temperature drops, PM10 and PM2.5 penetra-
tion rates are significantly reduced, suggesting that 
LLTESP have a significant technical advantage over 
conventional ESP for removal of fine particles. 

 

Table 3. Mass concentration and removal efficiency 
of PM10 and PM2.5 for different temperatures 

Tem-
perature 

(°C) 

PM10 mass 
concentration 

(mg/Nm3) 

PM10 re-
moval effi-

ciency 

(%) 

PM2.5 mass 
concentration 

(mg/Nm3) 

PM2.5 re-
moval effi-

ciency 

(%) 
Inlet Outlet  Inlet Outlet 

130 904.4 29.4 96.7% 276 11.3 95.9% 

93 632.1 12.3 98.0% 225.4 5.5 97.5% 

84 645.3 11.9 98.2% 224.5 4.5 98.0% 

 

 
a) 130°C 

 
b) 93°C 

 
c) 84°C 

Figure 7. Effect of temperature on grading dust re-
moval efficiency 

 
(4) Effect of temperature on particle charge 

 Under different temperatures, dust particle charges 
and charging ratio (of the actual charge and saturation 
charge) at the ESP outlet are shown in Figure 9. At the 
same temperature, the charge increases with increas-
ing particle size, but over the particle size range, 
charged particles are difficult to achieve saturation. 
The general trend of the results is, the average charges 
on the dust particles get promoted as flue gas tempera-
ture is reduced. 
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Figure 8. Penetration rate of PM10 and PM2.5 

under different temperatures 
 

 

a) Particle charges at different temperatures 

 
b) Particle charging ratio at different temperatures 

Figure 9. Effect of temperature on particle charge  
 

(5) Comparison of field tests of LLTESP 
To obtain the information on the dust removal per-

formance of LLTESP under different kinds of coal, 
operating conditions, Longking measured the dust re-
moval efficiency of a number of power plant 
LLTESPs under different temperatures. Four power 
plant test results are shown in Table 4.  

 
Table 4. A list of dust removal efficiency of different 

power plant LLTESP 

 

Tem-
pera-
ture 
°C 

Inlet 
concen-
tration 

mg/Nm3 

Outlet 
concen-
tration 

mg/Nm3 

Collection 
efficiency 

% 

No.1 power 
plant 600MW 
unit LLTESP 

120 7895 90.6 98.852 

97 7860 29.3 99.627 

No.2 power 
plant 660MW 
unit LLTESP 

147 40021 42.6 99.894 

103 39820 13.1 99.967 

No.3 power 
plant 135MW 
unit LLTESP 

154 2275 15.2 99.332 

122 2102 9.8 99.534 

No.4 power 
plant 135MW 

148 23760 98.2 99.558 
117 20300 16.3 99.918 

unit LLTESP 

After the accumulated engineering test results are 
summarized and analysed, one will learn about the 
performance boosting coefficient of LLTESP under 
different kinds of coal and different working condi-
tions, which can be used as selection guidance of new 
LLTESP designs (including modification). 

(6) Effect of ash-sulphur ratio, SO3 concentration 
on SO3 deposition 

To study the factors affecting the dust deposition 
rate of SO3 in LLTESP, we developed a theoretical 
model of sulfuric acid droplets-particles aggregation. 
For different SO3 content in the flue gas, ash-sulfur ra-
tios, SO3 deposition scenario calculated is shown in 
Figure 10.  

 

 
a) 5 ppm SO3 

 
b) 10 ppm SO3 

 
c) 20 ppm SO3 

 
d) 40 ppm SO3 

Figure 10. Effect of ash-sulphur ratio on deposition 
rate for different SO3 content 
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The results indicate that SO3 deposition rate in-

creases with time, and ash-sulfur ratios and SO3 con-
centration have a significant impact on SO3 deposi-
tion. Under the same SO3 content, as ash-sulfur ratios 
increase, the deposition rate of SO3 increases. Take a 
SO3 content of 10ppm for example, ash-sulfur ratio of 
50, then maximum deposition rate of SO3 is 20%. 
When the ash-sulfur ratio is increased to 200, SO3 
maximum deposition rate will be raised to 60%. In 
addition, under the same ash-sulfur ratio, when SO3 
content increases, the SO3 deposition rate is also in-
creased. 
 
4. Numerical modelling of LLTESP 
ESP is a complex physical process. In recent decades, 
world-wide researchers have made a lot of progress in 
the theoretical aspects on electric field, particle charg-
ing, dust-gas flow, dust deposition, etc. On the whole, 
however, we have not been able to fully understand 
ESP process theoretically. Many studies still rely on 
experiment testing and on-site debugging. Therefore 
the study of ESP as a whole is far from enough. In 
parallel with experimental and theoretical research, 
numerical simulation can deepen the theoretical analy-
sis on the one hand, on the other hand can generate da-
ta that cannot be obtained experimentally, so as to ex-
plore the nature of specific phenomena of ESP. 
 
4.1. A short historical review of numerical modeling 
of ESP 
With the development of numerical computing, nu-
merical simulation technology has been applied to the 
ESP study. In 1970’s, numerical methods first began to 
be applied to solve electric field Possion equation and 
current continuity equation. Yabiet al. [9], Yamaoto 
and Velkoff [10], Ushimaru and Butler [11] used finite 
difference method to solve the above governing equa-
tions, but their model needs surface current density 
and the applied voltage to determine current density 
boundary conditions on the corona wire. Later，

McDonald, Smith and Spence [12] also used the finite 
difference method in wire-plate ESP control equation. 
Sekar and Stomberg [13] used orthogonal transform 
method to simulate the electric distribution in a plate 
type ESP. Kallio and Stock [14] numerically calculat-
ed electric field and space charge distribution in a 
wire-plate type ESP using a hybrid method (finite el-
ement near the corona wire, while finite difference far 
from the wire) . 

With the advancing computing capabilities, numer-
ical simulation technologies are increasingly being 
used to predicting inner flow field of ESP. In numeri-
cal simulation of airflow distribution, Nielsen et al. 
[15] considered ESP components such as flow distrib-
utor. The simulation results are compared with exper-
imental tests, pointing out that the numerical simula-
tion technology of internal airflow in ESP is an effec-
tive detection tool, and can replace experiment tests, 
shortening test time of air distribution. Veronique Ar-

rondeli et al. [16] used Fluent and N3S software to 
calculate three dimensional airflow distribution in 
ESP, with a scope including inlet pipelines, inlet dif-
fuser, inside electric field, outlet trumpet. Horizontal 
velocity components of air flow were presented re-
spectively at inlet/outlet cross section, which were 
consistent with test results. Canada's Arthur G. Hein 
used two dimensional CFD model of ESP to study a 
skew gas-flow technology. The results show that CFD 
numerical simulation is helpful in optimization of 
smoke movement and air flow, can successfully pre-
dict performance improvement of dust collector with 
the skew airflow technology [17] . 

An overview of the past, although numerical simu-
lation technology of ESP has been developed, most 
studies were in favour of numerical simulations of a 
specific process phenomenon: electric field, airflow, 
electrohydrodynamic, while numerical simulation 
study of ESP system performance is lacking. 

 
4.2. Main methodology and innovation of present 
study 
Longking and University of New South Wales started 
a collaborative project from 2007 in numerical simula-
tion of ESP. Models of air flow, electric field, gas-
particle two phase flow, integrated ESP were devel-
oped, which provided new technical support to the 
study of LLTESP. 

The main method of the present study [18-22] is to 
establish mathematical model for electrostatic precipi-
tation process. Finite volume method is used to solve a 
variety of transport equations to achieve quantitative 
calculations of physical quantities in the ESP process. 
Compared with many other numerical simulations of 
ESP, innovations of this research are： 

(1) Proposed a method of multi-scale CFD simula-
tion of airflow distribution of ESP and tackled the 
modeling difficulty of ESP micro-scale flows, such as 
perforated plates, groove boards, etc. 

(2) Numerical simulation study is more systematic, 
comprehensive, covering several submodels such as 
gas flow, electric field gas-particle flow and so on, and 
an integrated model. 

(3) Effects of such factors as geometry, tempera-
ture, acid adsorption, particle charging, back corona, 
on ESP collection efficiency are considered systemati-
cally. 
 
4.3. Contents and results of numerical modelling 
of LLTESP 

(1) Numerical modelling of gas flow distribution  
Gas flow distribution is so important that its uni-

formity will make 20%~30% difference in ESP effi-
ciency. A difficulty in the numerical simulation of gas 
flow distribution is smoothing perforated plate and 
grave board, because they have either too many holes 
or structures of small size, which are difficult to mesh. 
Engineers generally set the parameters based on past 
experience of orifice and groove boards, thus lack of 
reliability. A multiscale method is presented in this 
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paper, thereby flow distribution in ESP is simulated at 
micro-scale, medium-scale and large scale respective-
ly (Figure 11). At micro-scale, unit cell model is es-
tablished for perforated plate and grave board, numer-
ical simulation of gas flow within micro-hole deter-
mines the resistance coefficient of the perforated plate 
and grave board. At medium scale, the parameters ob-
tained above for perforated plate and grave board are 
used to simulate flow characteristics and parameters of 
a single ESP body unit. At the large scale, the ESP 
unit parameters obtained at the medium scale are used 
to simulate the flow in the entire ESP network system. 

 
 

Perforated plate 

ESP loss coefficient 

Loss coefficient 

Channel plate 

ESP system model 

Unit cell model 

Upstream velocity 
Upstream velocity Loss coefficient 

ESP unit model 

Velocity profile 

 
Figure 11. Multiscale CFD method for the gas flow  

in an ESP system 
 

In the numerical simulation of gas flow distribu-
tion, assuming Newtonian incompressible gas, flue 
gas flow in steady-state follows the equation of con-
servation of mass and conservation of momentum 
equation: 

 
  (3) 
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ρf is flue gas density, kg/m
3
; U velocity, m/s; P pres-

sure, Pa; k turbulence kinetic energy, m
2
 /s

2
; μ dynam-

ic viscosity, N·s/m
2
; μt turbulent viscosity, N·s/m

2
. 

In addition, the two equation k-ε turbulence model 

is chosen. 
The numerical simulation results of gas flow dis-

tribution in a 1000 MW unit LLTESP are shown in 

Figure 12, measures are taken (installing/adjusting in-
pipe baffles, perforated plates and guide vanes), to op-

timize the flow field, making the deviation of flow 

rate to each pass within 5%, root-mean-square speed 

before the electric field less than 0.2. The mean ve-

locity in each pipe is compared between numerical 

simulation and physical test result, with deviation in 

3%. 

 
Figure 12. A 1000 MW Unit ESP gas flow simu-

lation and experimental rig 
 

(2) Numerical modelling of electric field distribu-
tion 

When ESP is powered, the electric field is estab-
lished between corona wires and collection electrodes, 
providing driving force to dust separation from flue 
gas. Electric field distribution is a main factor deter-
mining ESP performance, affecting corona generation, 
charging and migration of particles in electric field. 

The fundamental governing equations to describe 
the electric field-Poisson equation and current conti-
nuity equation: 

 

  (5) 

 
  (6) 

 
  (7) 
 
  (8) 

 
where V is electrical potential, V; ρion space charge 

density, C/m
3
; ε0 permittivity, F/m; b ionic mobility, 

m
2
/(s·V), related to temperature and gas composition; 

E field intensity, V/m; J current density, A/m
2
. 

According to Lawless and Sparks, ionic mobility 
depends on temperature as eq (9) [23]: 
 
  (9) 

 
where b0 and β are evaluated by fitting the experi-
mental data [21]: 
 

  (10) 

 

  (11) 

 
T is gas temperature, K; mfH2O water mass fraction. 

Peek equation is used to determine the corona on-

set field [24]: 
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  (13) 

 
E0 is corona onset field, V/m; δ relative density, i.e., 

the ratio of actual gas density and the density of nor-

mal state; T0 represents normal temperature, 273K; P0 

normal atmospheric pressure, 101325 Pa; r, corona 

wire radius of curvature; m, pollution coefficient. 
For clear collection plate without dust layers, max-

imum working voltage depends on the electric field 
breakdown voltage of ESP. When the maximum field 
strength at the collection plate reaches its corona onset 
threshold, the electric field is considered as break-
down [21]. The radius of curvature of the collection 
plate r = ∞. Under standard atmospheric pressure, ac-
cording to Eqs (12) and (13), the corona onset field is 
derived as: 

 
  (14) 

 
Ion charge density on the corona electrode: 
 

  (15) 

 
a is an empirical constant,0.05 s2/m2 [20]. 

Taking the wire-plate ESP single channel structure 
(Figure 13) as an example, we simulated the electric 
field in ESP with configuration: corona wire diameter 
3.5 mm, wire-to-wire spacing 200 mm, plate-to-plate 
distance 400 mm. Electric boundary conditions: 0 kV 
at collection plates, a given input voltage (negative) 
applied at corona wire. Simulations are undertaken in 
the framework of ANSYS CFX software. By changing 
temperature, simulation results of electric characteris-
tics can be obtained for different temperatures (90°C, 
120°C, 150°C). Figure 14 shows simulated electric 
field for 90°C: a corona zone of high field strength 
forms in a close space around the wire. The field 
strength gradually decreases towards the dust collec-
tion plate. 

Calculated breakdown voltages under different 
temperatures are shown in table 5. When temperature 
drops from 150°C down to 90°C, the breakdown volt-
age rises from 72.8 kV to 85 kV, close to the experi-
mental results. In the experiment, electrodes with a 
layout shown in Figure 13, are placed in the heating 
cabinet, and when heated to the desired temperature, 
electric breakdown voltage is measured. Therefore, 
numerical simulation results indicate that when tem-
perature decreases, the ESP allows a higher operating 
voltage. 

 
 

Circular wire 
(not to scale) 

Collecting plate 
Electric field 
boundary 

Inlet Outlet 

 
Figure 13. Wire-plate type single channel ESP model 

 

 
Figure 14. Simulated electric field at 90 °C 

 
Table 5. Breakdown voltage-comparison between ex-

periment and simulation (m = 0.25) 
Gas temperature(°C) 90 120 150 

3.5mm smooth wire Experiment(kV) 94.3 86.5 77.5 
Simulation(kV) 85.0 78.4 72.8 

Barbed wire (needle 
pointing plate) 

Experiment(kV) 82.0 70.6 63.8 
Simulation(kV) 85.6 78.8 73.1 

Barbed wire (needle 
parallel to plate) 

Experiment(kV) 84.0 71.3 69.5 
Simulation(kV) 91.8 84.7 78.4 

 
The round corona wires are replaced by needled 

wires, with electrodes’ spacing remained the same. 
Three-dimensional electric field are numerically simu-
lated for two cases, i.e., needles perpendicular to the 
plate and needles parallel to the plate respectively. 
Common in both cases, the electric breakdown voltage 
increases with decreasing temperature. Under the 
same temperature, the breakdown voltage is higher in 
the case of needles parallel to the plate than the other 
case, which is consistent with the experimental results, 
as shown in Table 4. Besides, the needle orientation 
has an impact on current density distribution of dust 
collection plate. In the case of needles parallel to the 
plate, the current density is more uniform, with differ-
ent patterns shown in Figure 15. Due to the higher 
breakdown voltage and more uniform current density, 
the configuration with needles parallel to the collec-
tion plate can be selected in practical LLTESP. 
 

  
a) Needles parallel to plate 

  
b) Needles perpendicular to plate 

Figure 15. Simulated electric field for needled  
corona wire 

 
(3) Simulation of particle charging and motion 
Particle charging rate is calculated using Lawless 

model [25]: 
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qe is unit ion charge, C; κp is dielectric constant of par-
ticle. 

Particle dielectric constant: 
 

 
1 1
3 3

1

n

p i i
i

κ v κ
−

=∑  (17) 

 
κi dielectric constant of component i, vi mass fraction 
of component i. The dielectric constant of the fly ash 
in Table 1 is calculated to be 6.6. 

Equation of particle motion: 
 

  (18) 

 

  (19) 

 
mp is particle mass, kg; up particle velocity, m/s; uf gas 
velocity, m/s; dp particle diameter, m; ρp particle densi-
ty, kg/m3

; ρf gas density, kg/m3; q particle charge, C; 
Fdis dispersion force, N; Rep Reynolds number. CC is 
Cunning correction factor, which can be calculated as 

[26]: 
 

  (20) 

 
Free pass of molecules: 
 

  (21) 

 
kB Boltzmann  constant, J /K; dmol diameter of mole-
cule, m. 

According to the flue gas temperature and pressure 
in ESP, the flue gas is taken as ideal gas. The flue gas 
density obeys the equation of state of ideal gases (11). 
The kinetic theory of molecules is used for gas dy-
namic viscosity in relation with temperature [27]. 

Ash-entrained gas passes the electric field at 
1 Nm/s and exit the ESP through the outlet, the cou-
pled gas flow, particle charging, particle flow are 

solved numerically, and particle trajectories of differ-
ent size 0.05-25 μm are obtained (Figure 16). 
 

  
a) dp = 0.05 μm b) dp = 0.1 μm 

  
c) dp = 0.5 μm d) dp = 1.52 μm 

  
e) dp = 8.15 μm f) dp = 25 μm 

Figure 16. Particle trajectories for different  
particle sizes 

 
As can be seen from Figure 16, particle surface 

charge density reaches its maximum near the corona 
region where is most favorable to particle charging. 
Large particles are captured by the collection plate 
under electrical force, before saturation charges were 
reached, thus their surface charge density is small. 
Small particles stay longer, thus continuously charging 
for longer time. As the particle size decreases, diffu-
sion charging plays more and more important role, so 
that small particles can absorb more charges without 
restrictions. Therefore, with decreasing particle size, 
particle surface charge density is increased. Particle 
collection efficiency is related to particle trajectories. 
If a particle trajectory is able to reach the plate, this 
particle can be collected. Figure 16 displays particles 
diameter dp = 0.5 μm, few particles trajectories can ar-
rive at the plate, suggesting lowest dust removal effi-
ciency. When particles diameter is less than 0.5 μm, 
due to increasing diffusion charging and reduced gas 
drag force (particles diameter and gas molecular aver-
age free pass are getting close), dust removal efficien-
cy improves. When particles diameter is greater than 
0.5 μm, particles removal efficiency increases with in-
creasing diameter. 

(4) Effect of dust resistivity 
Dust particle resistivity is closely related to tem-

perature, and affected by dust composition, moisture 
of flue gas, etc. Bickelhaupt [28] obtained resistivity 
correlations, where volume resistivity in Ohm-m is: 

  (22) 

Surface resistivity in Ohm-m is: 
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  (24) 

 
X is the atom concentration of Li and Na; Y is the at-
om concentration of Fe; Z atom concentration of Mg 
and Ca. 

Based on the Bickelhaupt correlation, dust resistiv-
ity for the ash sample in Table 1 is obtained under dif-
ferent moistures and temperatures (Table 6). 

 
Table 6. Calculated fly ash resistivity (Ωm) 
Temperature 

(°C) 
Water content (%vol) 

0 5 9 
90 6.886×1010 8.380×109 1.546×109 
120 6.480×1010 1.846×1010 8.926×109 
150 4.838×1010 2.472×1010 1.342×1010 

 
Seen from Eqs (22) and (23), dust volume resistivity 

is affected by temperature and humidity-independent, 
whereas the surface resistivity is affected by both. In 
dry flue gas (zero moisture), dust resistivity decreases 
with increasing temperature (Table 6). Therefore, for a 
dry flue gas, temperature reduction increases the dust 
resistivity, undesired for dust removal. However, the 
actual boiler flue gases contain water. Under moist con-
dition, when flue gas temperature is reduced from 
150°C to 90°C, dust resistivity decreases with tempera-
ture. In addition, it can be seen from Table 5, under the 
same temperature, the higher the moisture, the smaller 
the dust resistivity, so water in the flue gas is beneficial 
to reduce the dust resistivity. 

When a dust layer forms on the collection plate, 
maximum working voltage of ESP is limited by both 
electric field breakdown and back corona. Formation 
of dust layer on collection plates will create a voltage 
drop, causing an effective voltage loss: 

 
  (25) 

 
Jd dust layer current density, same value as the current 
density at the collection plate, A/m2

; d dust layer 
thickness, m. 

Field intensity in the dust layer: 
 
  (26) 

 
Whether or not back corona occurs depends on the 

maximum field intensity in the dust layer, Ed-max. 
When the electric field has not yet broken down, but 
the maximum field intensity in the dust layer Ed-max 
has already exceeded the dielectric strength, Eb, back 
corona will occur. When the electric field broke down, 
but Ed-max has not reached Eb, back corona cannot 
form. Therefore, the condition for back corona to oc-
cur is: 

 
 Ep-max < E0(r=∞) (27) 

 Ed-max ≥ Eb (28) 
 
Ep-max is maximum field intensity on the collection 

plate, V/m; Ed-max maximum field intensity in the dust 
layer, V/m; Eb dielectric strength of dust layer, 2.2×105 

[29] ~1.8×106 V/m [30]. Eb = 1.×106 V/m in present 
study. Table 6 gives the dust resistivity calculated for 
dust layer thickness d = 5 mm, moisture content of 9%. 

Numerical simulations of electric field give V-I 
characteristics under different flue gas temperatures  
with and without dust layer on the collection plate in 
Figure 17, where solid line denotes the case with dust 
layer, dotted line represents no dust layer on the col-
lection plate. Without dust layer on the plate, Va is the 
voltage difference between corona and collection 
plate. When a dust layer forms, Va is the effective 
voltage drop between corona wire and the layer sur-
face, i.e., the dust layer voltage drop is deducted from 
electrode voltage. J is the average current density on 
the collection plate. 

Figure 17 shows: without dust layer, for the tem-
perature of 150°C, and 120°C and 90°C, the maximum 
effective voltages are 72.8 kV, 78.4 kV and 85 kV re-
spectively. With a dust layer, the corresponding max-
imum effective voltages become 25 kV, 34 kV and 
66.8 kV respectively, suggesting that existence of dust 
layer makes the effective voltage reduced. At 90°C, 
the effective voltage is reduced to a less extent than at 
150°C and 120°C, because dust resistivity decreases 
as temperature decreases, cause smaller voltage drop 
across the dust layer. Compared with the case of no 
dust layer, the dust layer allows smaller operating 
voltage range. If this range is exceeded, the dust layer 
maximum field intensity will exceed the dielectric 
strength, thus back corona will occur in ESP. 

 

 
Figure 17. Simulated V-I curves with and without dust 

layer: dashed lines, no dust layer; solid lines,  
with dust layer 

 
Figure 18 shows numerically simulated space-

charge distribution at different temperatures and with 
dust layer. As temperature decreases, the effective 
voltage can be increased, thus the electric charge den-
sity at 90°C is greater than at 150°C and 120°C. 

In addition, particle collection efficiency of differ-
ent size particles predicted is shown in Figure 19. In 
the full size range considered, particle removal effi-
ciency appears as "U" shape, with minimum efficien-
cy between 0.2~0.5 μm. Collection efficiency of parti-
cles smaller than 0.2 μm or greater than 0.5 μm in-
creases. When there is a dust layer, by resistivity, 
temperature has important implications for the effec-
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tive voltage of ESP, which further affects particle col-
lection efficiency. When temperature is reduced from 
150°C to 90°C, the collection efficiency of dust parti-
cles of all different sizes has been significantly im-
proved. 

   
a) 150°C 

(Va =25 kV) 
b) 120°C 

(Va =34 kV) 
c) 90°C 

(Va =66.8 kV) 

Figure 18. Simulated space charge density for  
the case with dust layer 

 

 
Figure 19. Simulated particle collection efficiency for 

different particle sizes with dust layer 
 

(5) Numerical study on effect of acid condensation 
on ESP 

Typically LLTESP operates at a temperature 
around 90°C. When the flue gas temperature falls be-
low the acid dew point, gaseous SO3 molecules com-
bine with water vapor and condense to form liquid 
droplets of sulfuric acid. Due to high concentration of 
dust mass in the flue gas before LLTESP, particle spe-
cific surfaces is also high, thus acid mists easily ad-
here to dust particles surface. SO3 mist adhesion on 
the dust particles surfaces are removed along with dust 
particles by LLTESP. SO3 condensation and adhesion  
to dust particles play a role to reduce dust resistivity 
and facilitate particle coagulation [31-33], but the im-
pacts of SO3 condensation on particle charging were 
not studied. By numerical simulation, the present pa-
per analyzed the impact of SO3 condensation on dust 
collection efficiency via a change in dielectric con-
stant. 

Several correlations (Verhoff and Banchero [34], 
Akkes [35], Pierce [36]) are exclusively for the predic-
tion of the SO3 dew point temperature. We used a new 
method to predict SO3 acid dew point- Acid dew-point 
thermodynamic model. The partial pressure data of 
aqueous solution of sulfuric acid in Perry Manual [37] 
for water, SO3 and H2SO4 in relation to temperature 
are fitted by an equation with coefficients dependent 
on the acid mass fraction. Based on mass conservation 
and phasic equilibrium, dew point can be calculated 
iteratively. Similarly, the amount and concentration of 
acid condensate can also be calculated under different 

gas conditions. For different moistures, the acid dew 
point and acid concentration as a function of SO3 con-
centration are shown in Figure 20. Acid dew point in-
creases as SO3 concentration increases. Moisture con-
tent affects the acid dew point, the greater the mois-
ture content, the higher the acid dew point. Acid con-
centrations in the condensate increases with SO3 con-
centration. Moisture content also affects sulfuric acid 
concentration, the greater the moisture content, the 
lower the concentration of sulfuric acid. 

 

 
a) Acid dew point 

 
b) Acid concentration of liquid 

Figure 20. SO3 condensation thermodynamic  
model result 

 
Moisture content 9%(vol), dust concentration 

10 g/Nm3 and SO3 concentration 10 ppm are taken as 
base case conditions, and Figure 21 shows the quantity 
of condensate varying with temperature. Temperature 
has an important effect on condensation. Here the acid 
dew point of the base case is 123°C, water dew point 
is 44°C. When the temperature is lowered from the ac-
id dew point, the quantity of acid condensate increases 
rapidly, relatively stable for 70°C ~100°C, and in-
creases dramatically when close to water dew point. 

 

 
Figure 21. Quantity of condensate versus temperature 

 
For a homogeneous particle, the saturation charge 

in an external electric field E0: 
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Surface charge density is proportional to pe, 
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For a composite particle of two materials as 

sketched in Figure 22, κp in Eqs (29) and (30) is re-
placed by κeff [43] 
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f is volume fraction. 
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Figure 22. Composite particle 

 
When acid mist adheres to the dust particle surface, 

a wet particle forms with the dust particle as core and 
the acid film as the shell. Since the dielectric constant 
of the acid is 80~100, far greater than that of dust par-
ticles (6~8), the particle after acid adhesion, according 
to Eq (31), has effectively increased its dielectric con-
stant, apart from increased diameter. According to Eq 
(29), the wet particle will be able to acquire more 
charges than the dry particle. 

When dust particles dielectric constant increases 
from 3.9 to 6.6, theoretically particle saturation charge 
can increase by 16%. Change in effective dielectric 
constant will lead to change in collection efficiency of 
different size particles. Numerical simulation results 
are shown in Figure 23. When the dielectric constant 
increases, the collection efficiency for particles greater 
than 0.1 μm particle is improved, but particles less 
than 0.1 μm are not affected. Compared with Fig-
ure 19, overall, the effect of acid condensation on aer-
osol particle charging limit, and subsequently on dust 
removal efficiency, is insignificant compared with the 
role of dust layer resistivity. 

 
Figure 23. Effect of dielectric constant  

on dust removal efficiency 
 

In addition to increasing particle effective dielec-
tric constant, acid condensation affects dust resistivity. 
According to Bickelhaupt model, when SO3 is present 
in the gas, acid resistivity should be considered: 
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CSO3 is SO3 concentration, ppm. 

Combined resistivity is: 
 

 1 1 1 1

total v s aρ ρ ρ ρ
= + +  (35) 

 
For the ash sample in Table 1, with SO3 content of 

10 ppm, resistivity values calculated are listed in Ta-
ble 7. The results show that, the acid resistivity is 2~5 
orders of magnitude smaller than the surface and vol-
ume resistivity, causing the dust resistivity to fall 
sharply. When SO3 condenses, dust resistivity be-
comes so small that the voltage drop at the layer can 
be ignored. 
 

Table 7. Dust resistivity 
(9%vol moisture, 10 ppmv SO3) 

Resistivity 

(Ω·m) 

Temperature (°C) 

90 120 150 

Volume 1.549×1012 1.903×1011 3.146×1010 

Surface 4.665×108 1.997×109 4.416×109 

Acid 5.195×103 6.900×105 4.582×107 

Total 5.195×103 6.898×105 4.528×107 

 
(6) Integrated simulation of LLTESP 
In engineering applications, Deutsch-Anderson 

equation is commonly used to calculate dust removal 
efficiency of ESP. The limitations of the equation are 
obvious, as it cannot consider the effects of various 
parameters, e.g., dust composition, particle size distri-
bution, resistivity, flue gas temperature and composi-
tion. 

In this model, electric field, gas flow, particle 
charging and particle trajectories are simulated in a 
coupled way. The combined effects of temperature, 
density, viscosity, resistivity and SO3 condensation on 
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ESP are taken into account, collection efficiency for 
different particle sizes is obtained (Figure 24). 

Temperature mainly affects particles greater than 
0.1 μm. When temperature decreases, the collection 
efficiency for particle diameter greater than 0.1 μm 
improves, while the collection efficiency of particles 
less than 0.1 μm is barely changed. For the same parti-
cle diameter, when flue gas temperature falls from 
150°C to 120°C, dust removal efficiency can increase 
by 0~8%. When flue gas temperature falls from 120°C 
to 90°C, dust removal efficiency can increase by 
0~5%. It can be concluded from the integrated model-
ling of LLTESP, reducing flue gas temperature will 
increase particle collection efficiency for particle size 
greater than 0.1 μm, thereby increasing the total dust 
removal efficiency. 

 

 
Figure 24. Combined effect of temperature on dust 

removal efficiency – simulation result 
 
5. Summary and future perspective 

LLTESP provides Chinese coal-fired power plants 
a new technique for achieving ultra-low emission with 
high removal efficiency for dust and SO3, energy sav-
ing and other significant advantages. 

Laboratory and field tests have proven that, by re-
ducing flue gas temperature, LLTESP can decrease 
dust resistivity, increase grading dust removal effi-
ciency and particle charges, thus ESP outlet dust con-
centration has decreased significantly. 

For ESP process, mathematical models for gas 
flow, electric field, particle charging, particle flow, 
back corona, dust resistivity, and SO3 condensation 
are developed, finite volume method is used for the 
numerical simulation of LLTESP process. The major 
mechanisms of LLTESP in improving dust removal 
efficiency are revealed. When temperature is reduced 
from 150 °C to 90 °C, dust resistivity decreases, ESP 
working voltage rises, which has a significant role in 
improving dust removal efficiency. Adhesion of SO3 
acid condensate to the particles increases the dust die-
lectric constant, which has some effect on increasing 
saturation charge of dust particles. The collection of 
dust particles greater than 0.1 μm is partially improved. 

Results from the experiment and numerical simula-
tion are on the whole consistent, but there are some 
differences that require further investigation. 

Since ESP is a complex physical process, many 
factors have an impact on its performance. It is diffi-
cult to rely on theoretical and experimental methods to 

precisely quantify the effect of single factor. Based on 
fundamental physics, through accurate and quantita-
tive computations of the governing equations of ESP 
process, numerical simulation technology has generat-
ed a large amount of data and information to facilitate 
the analysis of dust removal mechanism. With contin-
ued model development and improved accuracy, nu-
merical simulation will be more and more valuable for 
the future ESP performance prediction. 
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