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A B S T R A C T   

Several classes of power supplies for ESP exist and the choice of the correct class is related to the resistivity of the 
dust to filter. The case of a power plant with high-resistivity dust emissions, for which the replacement of the 
existing power supplies with micro-pulse power supplies has succeeded in halving the dust emission level, is 
presented. The presentation is completed with data measured before and after the installation of the new power 
supplies and with a simplified analytical explanation supporting the results.   

1. Introduction 

This paper deals with the case of the oil-shale fired power plant, Balti 
Power Plant (hereinafter the Plant) near Narva in Estonia, owned by 
Eesti Energia. 

Estonia massively uses oil shale, an organic-rich fine-grained sedi-
mentary rock with a caloric heating value lower than hard coal and with 
higher ash content than lignite, for electricity production. The oil shale 
is burned in traditional boilers and the fumes are dedusted by electro-
static precipitators (ESPs) [1]. 

The three main typical voltage waveforms used in energization of 
ESPs are constant or almost constant voltage, voltage with grid- 
frequency ripple and voltage with microsecond-range pulses (Fig. 1). 

These voltage waveforms need to be adapted to the resistivity of the 
dust to be filtered: typically, a constant or almost constant waveform is 
used for low-resistivity dust (ρ < 1⋅10� 7  Ωm), a grid-frequency ripple 
waveform is used for medium-resistivity dust 
(1⋅10� 7  Ωm < ρ < 5⋅10� 9  Ωm) and a micro-pulse waveform is used for 
medium and high-resistivity dust (ρ > 5⋅10� 9  Ωm) [2,3]. 

Different classes of power supplies are used to create the required 
voltage waveforms as summarized in Table 1 [4]. 

Transformer/rectifier (T/R) sets, switch mode power supplies 
(SMPS)—often referred to as high-frequency power supplies—and 
voltage source converter (VSC)—often referred to as medium-frequency 
power supplies—can technically all provide the two waveforms adapted 
for low and medium resistivity. 

Because of the large electrical time constant typical for an ESP—in 

the order of several milliseconds—, microsecond-range pulses can only 
be created by a special class of power supplies, here referred to as micro- 
pulse power supplies (MPPS). These are special power supplies, 
composed of two independent power supplies coupled by a resonant 
circuit [4,5]. 

In some cases of medium-high resistivity dust and under some lim-
itations, it might still be possible to use single-phase T/R sets or SMPSs 
using the intermittent energization (IE) control technique [5]. 

At the Plant, substituting three SMPSs with three MPPSs succeeded in 
achieving the required low emission level, which otherwise could not be 
reached because of the high resistivity of the ashes. 

In the Materials and Methods section, the description of the ESP in 
the Plant before and after the installation of the MPPSs is presented. It is 
completed by measurements of the original operation of the ESP. The 
section also includes the mathematical analysis used in the calculation of 
the power consumption and in the comparison of the ESP efficiency for 
the different classes of power supplies. 

The Results section contains the measurements of voltage levels and 
power consumption obtained after the installation of the MPPSs, and the 
comparison with the original values. It also contains the measurements 
of dust emission levels and the comparison with the original values. The 
total mass efficiency of one section of the ESP for the different classes of 
power supplies for one specific case is also traced. 

The Discussion and Conclusion sections follow, where the results are 
commented. 
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2. Materials and methods 

This section is divided into four parts. The first part describes the 
setup of the plant and of the ESP under consideration, with its history. 
The second part is an analytical derivation of the equations linking ESP 
power and ESP mean voltage in the most generic case for SMPSs and 
MPPSs. The third part is an analytical derivation of the equations linking 
ESP filtration efficiency and ESP mean and peak voltages in the most 
generic case for SMPSs and MPPSs. The fourth part is an analytical 
derivation of the constraints linking ESP mean and peak voltage values 
in the most generic case for SMPSs and MPPSs. 

Setup of the plant and ESP history — The Plant consists of two blocks, 
called block 8 and block 11. The nominal power of each block is equal to 
215 MW, and each of them consists of 2 boilers with individual pre-
cipitators (Fig. 2). 

The four ESPs were built by Alstom in 2004, and each consists of 1 
chamber with 4 fields, with 1 section per field. The total collection area 
per ESP is about 16 000 m2; the capacitance of each section is 84 nF. 

This paper focuses on the ESP 8K-2, whose nominal mass flow on a 
wet basis is 432 000 Nm3/h at 190 �C with a water content of 13% in 
volume. The dust concentration at the inlet was equal to 120 g/Nm3 on a 
wet basis and the dust resistivity was measured equal to 1 ∙ 109 Ωm. 

The ESP was originally designed to guarantee a maximum emission 
level of 50 mg/Nm3 and with the introduction of new regulations, the 
system needed to be retrofitted to lower the emission level to 20 mg/ 
Nm3. It was originally powered by single-phase T/R sets. 

A first attempt to reduce the emission level included minor me-
chanical repairs and the substitution of the original T/R sets with SMPSs 
from a first manufacturer. Since the emission levels were still above the 
desired level, two other different types of SMPSs from a second and a 
third manufacturer were installed. The final configuration is shown in 
Fig. 3, with emission levels still above the required limit. 

It is reasonable to assume that, after each installation of the three 
different types of SMPSs, all the necessary mechanical modifications and 
optimization of the rapping timers had been performed to try to achieve 
the required emission levels. 

During an inspection in July 2016, the operating values for the four 
sections of ESP 8K-2 were recorded (Table 2). 

In March 2017, three MPPSs were ordered and then installed on 
sections 2, 3 and 4 of ESP 8K-2 in replacement of the existing SMPSs. The 
MPPSs are FLSmidth Coromax 4: their nominal base voltage is 60 kV, 
their nominal pulse voltage is 80 kV, their nominal output current is 
1000 mA, their nominal pulse width is 75 μs, and their maximum pulse 
repetition frequency is 100 Hz; they are powered by the 400 V three- 
phase low-voltage grid. The MPPSs were commissioned in June 2017. 

The new configuration of the power supplies of the ESP is presented 
in Fig. 4. An aerial view of the roof of the ESP with the new power 
supplies is presented in Fig. 5 and a close view of one of the MPPSs after 
installation is presented in Fig. 6. 

Minor mechanical modifications were also performed, like the 
installation of new baffle plates. The commissioning procedure also 
included the optimization of the rapping timing for all the sections of the 
ESP. 

Analytical derivation of ESP power — To compare and analytically 
explain the power consumption before and after the installation of the 
MPPSs, the following assumptions were made. 

For an SMPS, because of the very small ripple, the secondary voltage 
and current can be assumed constant as 

udcðtÞ � Udc (1)  

idcðtÞ � Idc (2) 

and the secondary power can therefore be calculated as 

Fig. 1. Comparison of the main typical waveforms used in energization of ESPs.  

Table 1 
Comparison of classes of power supplies: T/R set (T/R), switch-mode power 
supplies (SMPS), voltage-source converters (VSC), micro-pulse power supplies 
(MPPS).  

Class Waveforms 

Constant Ripple 

T/R 

SMPS 

VSC 

Micropulse 

MPPS 

Fig. 2. Blocks, boilers, and ESPs of the Plant.  

Fig. 3. Configuration of the power supplies of the ESP before the installation of 
the MPPSs. Udc and Idc represent the nominal secondary dc voltage and current. 
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Pdc ¼Udc  Idc  : (3) 

For an MPPS, the pulsing components need to be considered and the 
secondary voltage and current can be expressed as 

udcðtÞ ¼Udc þ upðtÞ (4)  

idcðtÞ ¼ Idc þ ipðtÞ; (5) 

However, the pulsing voltage and current are mainly related to 
reactive power and the secondary power can be calculated as 

Pdc ffi Udc  Idc  þ cUpIdc; (6)  

where the value of the constant c has been found experimentally and is 
reported in the literature (c ffi 0:5) [5]. 

Analytical derivation of ESP efficiency — To compare and analytically 
explain the difference in the efficiency of an ESP between single-phase 
T/R sets (1-T/Rs), three-phase T/R sets (3-T/Rs), SMPSs and MPPSs, 
the total mass efficiency of a section (η) has been related to the values of 
peak (Ut) and mean (Udc) voltage of the section itself, to which corre-
spond the values of peak (Et) and mean (Edc) electric field. 

The maximum obtainable charge (q) for a particle is proportional to 
the peak value of the electric field (Et) and can be expressed by Ref. [6]. 

q¼ kqEt; (7)  

where kq depends on the particular geometry. 

The electrical force (F) acting on a dust particle in the direction of the 
collecting plates is proportional to the mean value of the electric field 
(Edc) and of the particle charge, and it can be expressed as [6]. 

F¼ qEdc ¼ kqEtEdc: (8) 

The migration velocity (w) of a particle in the electric field is pro-
portional to the force acting on it as expressed by Stokes’ law [6]. 

w¼ kwF ¼ kwkqEtEdc; (9)  

where kw depends on the particular geometry and on the property of the 
fluid in which the particle is moving. 

The total mass efficiency of a section can be expressed by the Deutsch 
equation [5]. 

η¼ 1 � e�
wA
Q ; (10)  

where A is the cross-sectional area and Q is the mass flow of the gas, and 
by substituting (9) in (10) 

η¼ 1 � e�
kw kq EtEdcA

Q : (11) 

The electric field (E) inside a section is directly proportional to the 
voltage applied to it (U) as 

E¼ kEU; (12)  

where kE depends on the particular geometry. 
The total mass efficiency of a section can thus be rewritten as 

η¼ 1 � e�
kw kq k2

E UtUdcA
Q ¼ 1 � e� kηUtUdc (13) 

Showing that the higher the peak (Ut) and mean (Udc) voltages, the 
higher the efficiency is. 

Constraints on ESP peak voltage — The peak voltage (Ut) is limited by 
the breakdown voltage (U*) of the gas inside the section 

Ut � U*: (14) 

For 1-T/Rs, 3-T/Rs and SMPSs, this also limits the mean voltage (Udc) 
since 

Ut¼ ξUdc (15)  

where ξ ffi 1:2 for the former class, while ξ ¼ 1 for the latter two classes. 
For MPPSs, the voltage is the sum of a base voltage (Ub) and of a 

pulse voltage (Up), which can be independently adjusted. The peak 
voltage (Ut) is the sum of base and pulse voltages and is limited by the 
breakdown voltage of the gas inside the section 

Ut¼Ub þ Ut � U*
p : (16) 

Also, because of the mechanisms of discharge in presence of micro- 

Table 2 
Measured mean secondary voltage (Udc), peak secondary voltage (Ut), mean 
secondary current (Idc), spark frequency (fsp) for the four sections (F) of ESP 8K-2 
before the installation of the MPPSs. T indicates the type of power supply: S for 
SMPS.  

F T Udc/kV  Ut/kV  Idc/mA  f sp/(1/min)  

1 S 70 70 1560 13 
2 S 70 70 1570 0 
3 S 55 55 1550 0 
4 S 59 59 1550 0  

Fig. 4. Configuration of the power supplies of the ESP after the installation of 
the MPPS. Udc, Up and Idc represent the nominal secondary dc voltage, pulse 
voltage, and current. 

Fig. 5. Aerial view of the roof of the ESP.  Fig. 6. Close view of one of the MPPSs after installation.  
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pulses is different, the breakdown voltage (U*
p) for the gas inside the 

sections powered by MPPSs is typically higher than the breakdown 
voltage (U*) for the gas inside the sections powered by 1-T/Rs, 3-T/Rs or 
SMPSs, and can be expressed by 

U*
p ¼ γU* (17)  

with γ > 1. 
Because of the narrow pulses, the contribution of Up to the mean 

voltage is negligible. Therefore, the base voltage and the mean voltage 
can be confused 

Udc ffi Ub: (18) 

Although the pulse of voltage is typically shorter than 100 μs, the 
duration of the related electric field is in the order of several millisec-
onds, which is longer than the time required to charge to saturation the 
particles. This ensures the validity of (13) for all types of power supplies, 
including MPPSs [5]. 

3. Results 

This section is divided into two parts. The first part describes the 
operation of the ESP after the installation of the MPPSs. The second part 
presents the plots of the analytical functions of peak voltage and filtra-
tion efficiency versus mean voltage for a generic case, where the values 
of the constants introduced in the previous sections have been chosen to 
highlight the differences between the power supplies. 

Operation of the ESP with MPPS — The operating electrical values for 
all the power supplies of 8K-2 measured after optimizing the parameters 
of the MPPSs are reported in Table 3. The peak voltage, which corre-
sponds to the maximum voltage attainable, for the sections powered by 
an MPPS is between 39% and 50% higher than for the first section, 
which is powered by an SMPS. 

The measurements of peak secondary voltage were also compared 
section by section for the two conditions before and after the installation 
of the MPPSs, and are reported in Table 4. The peak secondary voltages 
were between 40% and 90% higher for the sections supplied by an 
MPPS, while it was the same for the first section. 

The secondary power before and after the installation of the MPPSs 
was derived from the operation values and reported in Table 5. The 
secondary power decreased to between 36% and 43% of the original 
value for the sections supplied by an MPPS, while it was the same for the 

first section. 
The dust concentration after ESP 8K-2 was measured and is reported 

in Table 6. The average dust concentration corrected to 6% of O2 is 64% 
of the guaranteed value (20 mg/Nm3). 

The dust concentration levels for 8K-1 and for 8K-2 after the instal-
lation of the MPPSs were also measured for two different operating 
conditions of the boiler and is reported in Table 7. The ratio of the dust 
concentration after the two ESPs was calculated. On average the ESP 
powered by MPPSs presents around half of the dust concentration of the 
ESP powered by SMPSs. 

Analytical functions of filtration efficiency and peak voltage — To 
illustrate the effect of the increased peak voltage on the ESP efficiency, 
the case of section 3 has been taken as an example. 

The peak voltage (Ut) for the different classes of power supplies has 
been plotted as an analytical function of the mean voltage (Udc) in Fig. 7. 

The effect of the mean voltage, peak voltage, and breakdown voltage 
is shown in Fig. 8 as the analytical function of the efficiency of the 
section versus mean voltage, where the constant kη of (13) has been 
arbitrarily chosen to highlight the differences between the classes of 
power supplies. 

4. Discussions 

The peak secondary voltage for the sections with MPPSs was much 
higher than the peak secondary voltage for the section with SMPS, and 
for the same sections before the installation of the MPPSs for the same 
operating conditions. The same peak secondary voltage on the first 
section, where the SMPS had not been changed, is an indicator of having 

Table 3 
Mean voltage (Udc), pulse voltage (Up), peak voltage (Ut), mean current (Idc), 
spark frequency (fsp) for the four sections (F) of ESP 8K-2 after the installation of 
the MPPSs in September 2017. T indicates the type of power supply: S for SMPS, 
P for MPPS.  

F T Udc/kV  Up/kV  Ut/kV  Idc/mA  f sp/(1/min)  

1 S 72 n/a 72 1500 > 0 
2 P 50 50 100 800 13 
3 P 46 60 106 800 11 
4 P 43 65 108 800 2  

Table 4 
Comparison of peak voltage before (Ut;1) and after (Ut;2) the installation of the 
MPPSs for the four sections (F) of ESP 8K-2. ku is the ratio Ut;2= Ut;1. T indicates 
the type of power supply: S for SMPS, P for MPPS.  

F Before After ku  

T Ut;1/kV  T Ut;2/kV  

1 S 70 S 72 1.0 
2 S 70 P 100 1.4 
3 S 55 P 106 1.9 
4 S 59 P 108 1.8  

Table 5 
Comparison of power before (Pdc;1) and after (Pdc;2) the installation of the MPPSs 
for the four sections (F) of ESP 8K-2. kp is the ratio Pdc;2=Pdc;1. T indicates the 
type of power supply: S for SMPS, P for MPPS.  

F Before After kp  

T Pdc;1/kW  T Pdc;2/kW   

1 S 109 S 108 0.99 
2 S 110 P 60 0.55 
3 S 85 P 61 0.71 
4 S 91 P 60 0.66  

Table 6 
Dust concentration measured in August 2017 after the installation of the MPPSs; 
δA indicates the raw measurements, while δB indicates the measurements cor-
rected to 6% of O2; the measurements intervals are in accordance with the EN 
13284 standards “Stationary source emissions—Determination of low range 
mass concentration of dust,” which is used for performance tests.  

Interval δA/(mg/m3)  δB/(mg/m3)  

11:00–12:00 7 12 
13:00–14:00 8 14 
14:00–15:00 7 12 
Average 7.3 12.7  

Table 7 
Comparison of measured dust concentrations δo between ESP 8K-1 (without 
MPPSs) and ESP 8K-2 (with MPPSs); kδ is the ratio in dust concentration with 
and without MPPSs (measurements corrected to 6% of O2); the measurements 
consist of two sets of measurements, each one 1-h long, performed during two 
different days (4 January 2018 and 5 January 2018, by the operator of the 
plant).  

Condition δo/(mg/Nm3)  kδ  

8K-1 (w/o MPPS) 8K-2 (w/ MPPS) 

(a) 26 17 0.65 
(b) 35 16 0.46 
Average 30.5 16.5 0.54  
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compared the ESP under similar operating conditions. 
In general, under the same operating conditions, and, therefore, 

under the same electrical conditions of the gas, the breakdown voltage 
of the gas inside a section powered by a 1-T/R set, a 3-T/R set or by an 
SMPS is the same. Since the breakdown voltage limits the peak voltage, 
SMPSs and 3-T/R sets can equally provide a higher average voltage than 
1-T/R sets, which yields to a higher filtering efficiency of the ESP. 

On the other side, MPPSs can generate pulses which are narrow 
enough to influence the mechanism of discharge and can, therefore, 
increase the breakdown voltage of the gas. As a result, the achievable 
peak voltage is even higher, which yields to an even higher filtering 
efficiency of the ESP. 

Because the higher peak voltage of an MPPS does not necessarily 
entail a higher mean voltage and, therefore, a higher mean current, an 
MPPS requires less power for achieving the same or higher filtering ef-
ficiency compared to the other classes of power supplies [7]. 

Because of the higher peak voltage, an ESP powered by MPPSs has a 

higher total mass efficiency compared to the other classes of power 
supplies. This is particularly evident for medium- and high-resistivity 
dust, for which the back-corona phenomenon is one of the main limi-
tations for the other classes of power supplies [8]. 

This comparison between SMPSs and MPPSs does not consider fac-
tors like complexity and purchase price of the power supplies them-
selves. These factors, which depend on the particular manufacturers, 
enter into play in the financial analysis of the different solutions avail-
able and able to deliver the expected results. They are therefore beyond 
the scope of this paper. 

5. Conclusion 

This paper dealt with the case of an oil-shale fired power plant, for 
which changing the power supplies of an ESP from switch-mode power 
supplies (SMPSs) to micro-pulse power supplies (MPPSs) has halved the 
dust emission level. At the same time, this has also yielded a reduction in 
power consumption. The configuration of the ESP together with the 
operational data before and after the installation of the MPPSs has been 
presented. A simplified analytical explanation of why MPPSs have 
higher filtering efficiency than other classes of power supplies was also 
given. 

The installation of three MPPSs instead of existing SMPSs has suc-
ceeded in reducing the emission levels caused by high-resistivity dust to 
the levels required by the law. This solution was cheaper and required a 
shorter downtime than other solutions, like the extension of the ESP or 
the conversion to a fabric filter. 

The type of the installed MPPSs was FLSmidth Coromax 4, which is 
the reference in the market for what concerns MPPSs because of its long 
tradition, its maturity level, and its proven performance. 
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