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Abstract
The increased use of biomass as a fuel in energy production can reduce CO2 emissions in this sector. Fossil fuels can thus be
replaced, especially in the field of heat supply. However, this should not occur at the expense of increased particulate matter
emissions, which is why electrostatic precipitators (ESPs) are used. Continuous monitoring of the ESP is called for in the
European Union Directive 2015/2193 for medium combustion plants (MCP), which applies to plants with a nominal heat output
of between 1 and 50 MW. A monitoring methodology based on the precipitator parameters current (I) and voltage (U) was
presented in an earlier presentation. The work at hand follows up on the previous findings and presents an alternative method-
ology that aims to define the effectiveness of the ESP via threshold values for U and I. It is shown that two types of misinter-
pretation of the operation may occur when threshold values are defined. The operating condition could be regarded as effective
via the methodology, although the measurement proves ineffective in operation and the opposite error also occurs. The statistical
evaluation of the frequency of errors is intended to help the legislative authorities determine the threshold values in a reasonable
way. In addition, checks are made as to whether it is possible to verify the operation of the combustion system via the flue gas
temperature. The operating times of the combustion are essential, as they define the operating times required by the precipitator.
In this context, statistical evaluations are made to determine which plant-specific threshold value could be useful. The aim is to
test the effective operation of the separator from readily available data at all times. These considerations could form the basis for
developing a uniform methodology to ensure compliance with the legal requirements.
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1 Introduction

The discussion in society and politics about the reduction of
greenhouse gases is ongoing [1]. Since climate change is a
global issue, several climate summits have been held to find
a consensus on the worldwide reduction of greenhouse gases;
the latest was the one held in Madrid in 2019 [2]. Existing
technologies and new technological advances can contribute
to CO2 reduction goals [3]. The thermal utilisation of biomass
in the heating and power sector is an available technology that
can cut CO2 emissions dramatically compared with using

fossil fuels. However, the availability of sustainable biomass
sources is limited [4].

The combustion of woody biomass has one major draw-
back: higher particulatematter concentration in the flue gas than
in, for example, gas and oil [5]. This particulate matter has to be
removed with secondary abatement technologies such as bag
filters, cyclones or electrostatic precipitators (ESP). These tech-
nologies can lower the particulate matter emissions reliably to
the emission limit defined by a regulatory framework [6, 7].
One framework is the European Union Directive 2015/2193 for
medium combustion plants (MCP). This regulation specifies
that the effective operation of the abatement technology has to
be proven continuously. In Germany, this was implemented in
2019 in the 44th Federal Immission Control Act (44.
Bundesimmissionsschutzverordnung or BImSchV) [8]. In this
context, plants that have a nominal heat output of between 1
and 5 MW can avoid the need for uninterrupted measurement
by continuously proving the effective operation of the ESP
when a state-of-the-art method is available [8]. A low-cost
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method is therefore needed in order to sustain the economic
competitiveness of biomass combustion plants [9].

Using a measurement device will lead to additional costs
that need to be avoided in order to reduce the investment and
operational costs of the plant. The method proposed is based
on the readily available current and voltage supplied to the
electrostatic precipitator. A previous paper developed a mon-
itoring method and showed its successful application on two
biomass heating plants [10]. However, the method has to be
further refined and tested to guarantee the reliability. The re-
liability of the method is important as it is planned to trans-
form it into an approved standard for continuous monitoring
to fulfil the regulatory framework.

In the course of the investigations, the method proposed in
[10] was also tested on a plant with a modulating load. The
results using the original proposal were not satisfactory be-
cause the plant did not have a stationary operation mode.
For that reason, a new approach is being taken that uses
threshold values for voltage and current to define the effective
operation of the precipitator.Regardless of the choice of mon-
itoring methodology, it is important to know the times at
which the combustion plant is operated. The operation of the
ESP must then be measured at these times. Therefore, it is
discussed how the operation of the combustion system can
be determined by the exhaust gas temperature. This makes
the monitoring methodology independent of signals from the
combustion system manufacturer.

The new approach is derived from the legislation that ap-
plies in Switzerland. The FAQ 38 of the QM Holzheizwerke
also defines threshold values [11]. This approach was devel-
oped by Nussbaumer et al. by using point measurements at
multiple plants [12]. In our work, the difference is that we use
continuously measured data to evaluate whether the definition
of threshold values actually defines an effective operation
point of the precipitator. In contrast to other researchers, our
goal is not to improve the ESP performance [13–16], and we
do not focus on the theoretical evaluation of ESP physics
[17–20] or on the numerical simulation of the ESP [21–23],
but it is to use statistical evaluation in order to find a uniform
monitoring method.

2 Methods and approach

In a previous paper [10], the efficiency calculation for the
particle precipitation was presented. This uses the available
current and voltage values of the high-voltage unit supply of
an ESP. The method is based on the “Deutsch equation”,
which attempts to describe the physics of the precipitation
process [24–27]. This approach was used to create Eq. 1 for
calculating the precipitation efficiency.

η ¼ 1−exp −k � U � Ið Þ ð1Þ

The value of k describes the specific precipitation constant
that includes all the physical properties that can be assumed to
be constant under stationary operation conditions (geometry
of the electrodes, flow velocity, etc.). The aim of this method
was to avoid the high costs of continuous measurements and
yet still be able to validate the mentioned function. One sig-
nificant result was that the deviation between measurement
and calculation is less than 7% for plants that operate under
stationary conditions, when the operation is comparable with
the one during adjustment of the method [10].

The measurement setup consists of continuously operating
particulate matter sensors using light scattering and gravimet-
ric particulate matter measurement equipment working ac-
cording to VDI 2066 part 1 for calibration [28].
Additionally, gas analysers to determine the flue gas temper-
ature as well as flow velocity via differential pressure sensors
were used [10, 29, 30]. The particle matter concentration was
continuously measured before and after the ESP to determine
the precipitation efficiency.

For this work, four biomass heating plants with thermal
outputs of 0.75 MW (plant 1), 1.4 MW (plant 2), 2.0 MW
(plant 3) and 1.4 MW (plant 4) were evaluated. All plants use
wood chips on a grate firing. Plants 1 and 3 use a tubular ESP
and operate in a cyclic mode that is further explained in
Section 3.4. Plants 2 and 4 are equipped with plate ESPs
and are operated full time with modulating power.

The voltage and current signals are extracted from the con-
trol system of the ESP and can be used to determine the pre-
cipitator’s performance. Two different approaches lead to
promising results: calculating the precipitation efficiency by
using Eq. 1 or defining threshold values for U and I. This
means that the precipitator is running efficiently when the
present value of both signals is higher than the corresponding
threshold value. The thresholds are defined as ratios of the
maximum voltage or current. If the measured current is lower
than 20% of the nominal current and/or the measured voltage
is lower than 50% of the nominal voltage, the ESP operation is
defined as inefficient. These percentage values are derived
from the Swiss legislation mentioned before [11]. This mon-
itoring method can be visualised as seen in Fig. 1, where the
grey area marks the invalid operation points.

The following chapter presents the issues of the method
based on Eq. 1. After that, the results of the threshold method
are discussed based on how accurate this method is and which
threshold values are reasonable.

The evaluation of the plants is based on defining a target
value. For plants 1 and 3, a precipitation efficiency of 90%
was set as target value. This was because the cyclone was built
inside the housing of the ESP at these plants. Consequently,
the precipitation efficiency of the cyclone was integrated [10].
At plants 2 and 4, it was possible to measure the particulate
matter concentration between the cyclone and the ESP. In
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conclusion, only the precipitation efficiency of the electrostat-
ic precipitator was determined. The target values were set to
60% for plant 2 and 85% for plant 4. These values were cho-
sen because this precipitation efficiency would directly corre-
late with reaching the legal emission limit values for each
plant. As these plants are operated in Germany, the emissions’
limits are 20 mg/m3 under nominal conditions referring to an
oxygen concentration of 13% for plant 1 and 50 mg/m3 under
nominal conditions referring to an oxygen concentration of
6% for the other plants.

3 Results and discussion

3.1 Evaluation of the equation-based method

An attempt to evaluate the precipitator performance by calcu-
lating precipitation efficiency had been performed previously
[10]. Although it can be seen that themethod shows promising
results under stationary conditions, it is not possible to use it
on plants with a variable power output. Figure 2 shows the
comparison between the measured and the calculated precip-
itation efficiency at plant 2. This plant feeds an industrial
process with steam. Hence, it is controlled by the overall heat
demand of the production process. As a result, there is no
defined stationary operation and the calculated precipitation
constant for this plant fluctuates.

It can be seen that the precipitation efficiency fluctuates.
This is due to changes in the operation status of the plant. The
current output of the plant cannot be assigned a numerical
value, but only rough changes can be determined from the
parameters on site. For example, after minute 350, the plant
is set in partial load operation. This means that the actual
precipitation efficiency rises due to a lower gas velocity.
This behaviour cannot be predicted with the method that had

previously been proposed. It is thus impossible to calculate the
precipitation efficiency using Eq. 1 for these types of opera-
tion modes.

A different approach that uses threshold values is necessary
in order to find a surveillance method that can be uniformly
applied to all plants.

3.2 Using threshold values

To find suitable threshold values for defining an efficient op-
eration of the ESP, the operation points when the measured
precipitation efficiency is above the defined target values are
marked. In Fig. 3, every valid operation point is marked with a
circle, meaning that the target value was reached in each case.
There is no clear distinction between the measured effective
and ineffective operating points. Accordingly, operating states
existed at which the precipitation efficiency was sufficiently
high, but this was not reflected in high current and voltage
values. Possible causes could be periods with very low partic-
ulate matter levels. In these cases, the integrated cyclone and
low precipitation efficiency of the electrostatic precipitator
would also be sufficient to maintain the target value. At very
low particulate matter concentrations, the transport of charge
carriers from the spray electrode to the collecting electrode is
also limited, and the measurable current would be low.

The second problem is the conditions with high voltage
and current values, although the collection efficiency was
lower than the target. This can happen, for example, when
very high particulate matter concentrations occur during
cleaning events. On the one hand, the precipitator may be
overloaded, and on the other hand, the delay in particulate
matter cloud detection may lead to an incorrectly calculated
efficiency. This effect has already been discussed and also
leads to a falsified result [10]. Similar behaviour can also be
seen at the other plants.

Fig. 1 Using threshold values to
define the invalid operation area
(grey) of the precipitator
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This behaviour of voltage and current can be seen at the
other plants as well. There is no clear distinction between
efficient and inefficient operating points either (Appendix;
Figs. 11, 12, and 13).

It can be seen that the current and voltage signals do not
correlate clearly with an efficient precipitation process.
Individual events with very high or low particulate matter
concentrations lead to operating states that are misinterpreted,
both in the direction that efficient points are actually consid-
ered inefficient and vice versa. This makes it necessary to
carry out a statistical evaluation aimed at permitting a fair
assessment of the precipitator efficiency.

When applying the threshold values, it is evident that
misinterpreted points occur. However, what is not apparent
from the figures is the number of errors. Since points may
overlap here, the actual number must be evaluated. This is
done by varying the threshold of current and voltage and
counting how many events are defined as efficient operating
points—even though the measured precipitation efficiency is
too low—and howmany are correspondingly inefficient, even
though they are efficient. Figure 4 shows the number of incor-
rectly interpreted operating points at plant 1, relative to the
total operating points, for the different threshold values.

As it would be expected, the occurrence of events errone-
ously rated as “efficient” decreases with an increased thresh-
old value and the frequency of points erroneously rated as
“inefficient” increases. This plant provides a good basis for
discussing the selection of possible threshold values. If the
objective is to generate as few misinterpretations as possible,
the voltage threshold would be 20% of the nominal voltage
and the current threshold would be 50% of the current. In this
case, the discussion of the voltage threshold should also con-
sider that the ratio of mistakes is rather constant until 0.7. This
indicates that it would be beneficial to use 60% of the nominal
value, because it is the highest value before a significant in-
crease starts. This reduces the weight of possible errors in the
statistical evaluation. If the aim is to achieve as similar a dis-
advantage as possible, the thresholds should be 70% for volt-
age and 60% for current. In both cases, the relative ratio of
misinterpretations would be approx. 10%.

In the case of plant 2 (Fig. 5) and plant 3 (Fig. 6), it can be
seen that the ratio of errors increases very late when the thresh-
old values are increased. This is due to the relatively uniform
operation of the precipitators. Although this does not provide
any new information about a good placement of the threshold
values, it is possible to monitor both installations with the

Fig. 2 Comparison of the
calculated and measured
precipitation efficiency for plant 2

Fig. 3 Efficient and inefficient
operation points of the ESP at
plant 1 evaluated based on the
chosen target value
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threshold values from plant 1 as well. This suggests that a
uniform definition may be possible.

At plant 4 (Fig. 7), the modulating current signal helps to
find a suitable threshold value. Suitable threshold values
would be 70% of the nominal voltage and 50% of the nominal
current, which are almost the same as those of plant 1.

In Switzerland, the threshold values are 50% of the nomi-
nal voltage and 20% of the nominal current [11]. Table 1
shows the ratio of falsely counted events in respect to all
operation points if these values are used to evaluate the oper-
ation of the four plants.

It can be seen that at plant 1, the proportion of misinterpre-
tations is 14.2%. This is due to the modulating mode of oper-
ation of the ESP, which produces many values in the low-to-
medium power range of the high-voltage generator. As
discussed before, it is possible to use these threshold values
for plants 2 and 3. However, due to missing values in the low
and medium power range, the results do not provide further
useful information in order to define suitable thresholds. At
plant 4, the threshold values used in Switzerland are fitting as
well. Before the legal authorities can discuss the determination

of the threshold values used in order to legally implement the
monitoring method, it will be necessary to answer the two
questions in the following section.

3.3 Consequences for the operation of ESPs

3.3.1 What is the legal purpose of the precipitator?

In a technical sense, the task of the precipitator is to reduce
particulate matter emissions. Which target value is to be used
to define success is not clearly defined. However, since an
emission limit value is defined, compliance with this value
can be defined as a target. This has the benefit that the target
is also covered by the valid regulations, but it also has the
disadvantage that not only the function of the precipitator is
decisive for compliance with the limit value. Indeed, if the
firing system is operated incorrectly, for example, because
inferior fuel is used, so much particulate matter can be created
that even a well-functioning precipitator will not be sufficient
to comply with the limit value. This would result in a negative

Fig. 5 Relative quantity of falsely
counted events when defining a
voltage and current threshold for
plant 2

Fig. 4 Relative quantity of falsely
counted events when defining a
voltage and current threshold for
plant 1
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assessment of the ESP, even if other factors have to be blamed
for malfunction.

The other option is to set a sufficiently high precipitation
efficiency as a target value. This focuses only on the function
of the ESP, but does not necessarily mean that the limit value
is met. Overall, the investigations show that there are only
isolated operating points at which the change in the target
value influences the evaluation of the precipitator. Under nor-
mal circumstances, the precipitation efficiency also correlates
very well with compliance with the limit value. Nevertheless,
a target value must be defined for the implementation of le-
gally required monitoring.

3.3.2 Is one misinterpretation more severe than another?

If the defined thresholds are increased, there is an increase in
the frequency of the operating points, which are actually effi-
cient but are assessed as inefficient, but there is a decrease in
the frequency of the opposite misinterpretation. Thus, it makes
sense to look for a minimum of total errors in between. For
this purpose, however, it has to be decided whether one error

is less severe than the other. If an operating point is considered
efficient even though it is not, this error is disadvantageous for
the legislation. Precipitator malfunctions are more likely to be
accepted. However, if an operating point is wrongly judged
inefficient despite being efficient, the precipitator manufactur-
er is at a disadvantage because their product will be judged
worse. Since a complete exclusion of the respective faults is
only possible with the extreme values of zero and one, it has to
be decided whether a weighting of the faults is present, an
overall minimum of faults is aimed at, or whether both sides
should be equally disadvantaged. Without more information
on the sources of misinterpretation, minimising the sum of
misinterpretation should be the target.

In conclusion, the method presented can evaluate the effec-
tive operation of the ESP, but there are misinterpretations that
need to be considered. Yet, the impact of these faults can be
reduced if the legislation implements rules aligned with the
requirements of continuous measurement in the Directive
(EU) 2015/2193 [31]. Therefore, the operation is valid if all
monthly average values are within the limit, all daily average
values are below 110% of the limit and 95% of all hourly

Fig. 6 Relative quantity of falsely
counted events when defining a
voltage and current threshold for
plant 3

Fig. 7 Relative quantity of falsely
counted events when defining a
voltage and current threshold for
plant 4
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average values are below 200% of the limit value. Applying
similar rules would reduce the influence of misinterpretations.

3.4 “Fire on” signal

The definition of a “Fire on” signal is crucial in evaluating
precipitator performance. This signal should indicate to the
ESP that the combustion is running and producing particulate
matter emissions. After receiving this signal, the ESP control
determines if it is possible to switch on the high voltage supply
and start operation. With this information, the availability or
the failure times can be determined. This step is independent
of the choice of method used tomonitor the ESP. Even when a
measurement device is chosen, a suitable “Fire on” signal will
still be needed. In a previous work, it was discussed whether
the flue gas temperature could be a suitable signal trigger,
without the need for any signal coming from the combustion
plant [10]. The definition of the temperature threshold value
will be further discussed in this section. Here too, the target
first needs to be defined, since the choice of threshold affects
the duration and timing of the “Fire on” signal. This is illus-
trated in Fig. 8.

The tiled area represents the duration of the “Fire on” signal
when 150 °C is used as the threshold and the dotted area
accordingly for 100 °C. On the one hand, it can be seen that
the duration of the signal increases at a low threshold value
and that short phases caused by the ember preservation state
are also taken into account. A sufficiently long signal duration

is positive, since less particulate matter is emitted. The “Fire
on” signal should be active as long as emissions occur, since
the precipitator should also be running at this time. To evalu-
ate this, an attempt is made to determine the particulate matter
emissions that would occur if the precipitators were switched
off due to the missing signal. For this purpose, the measured
particulate matter concentrations are summed up to the total
mass of emitted matter using the measured flow velocity.
Since the differential pressure sensor cannot be used at low
flow velocity, a flow velocity of 1 m/s is assumed for the
phases of operation where no fans are used. This is only an
estimated value, as no literature values are available and the
velocity cannot be calculated on a theoretical basis. This is
then considered in relation to the selected threshold value.

One further evaluation criterion is that excessive precipita-
tor running times may lead to increased power consumption
and ozone formation due to a high oxygen content in same
operating phases [32]. Accordingly, the ESP should not be
operated for longer than necessary.

These two opposing influences can be used to determine an
optimal temperature threshold.

Figure 9 shows the progression of the two opposing effects.
As the threshold increases, the required precipitator run time
decreases, but the sum of emissions increases at times when
the precipitator is turned off due to the missing “Fire on”
signal. At the intersection of the two curves is the threshold
temperature at which the sum of both effects is minimal. In
this installation, this would be a temperature of 136 °C. If the

Fig. 8 Visualisation of the
influence of the chosen
temperature threshold value on
the operating time of the
precipitator; example from plant
1 at full load from minute 150 to
475

Table 1 Ratio of falsely counted
events in respect to all operating
points, using the threshold values
of FAQ 38 in Switzerland

Plant Inefficient counted as efficient Efficient counted as inefficient Overall

1 7.7% 6.5% 14.2%

2 8.1% 0.0% 8.1%

3 1.0% 0.0% 1.0%

4 0.8% 0.1% 0.9%
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threshold value rises after this point, there is a sharp increase
in unprecipitated emissions, so the limit should not be set
higher. In the other direction, particulate matter emissions
can only be effectively reduced from about 110 °C, but this
occurs largely at the expense of the running time. However,
the optimal threshold value for plant 1 (136 °C) is only valid if
equal importance is assigned to both effects. If legislation
states that unprecipitated emissions are to be avoided at all
costs, the threshold must be significantly reduced and long
running times must be accepted.

Figure 10 shows the same discussion for plant 3. It can
be seen here that particulate matter emissions only in-
crease at high thresholds. The optimum temperature is
165 °C if both factors are evaluated equally. With this
choice, the switched-off precipitator would release only
small amounts of emissions. Yet, it can be seen that not
insignificant amounts of emissions occur due to the ember
preservation state. This operation mode needs to be eval-
uated in legislation. In this case, reducing the threshold to
150 °C would reduce the relative emissions by 10% while
increasing the running time by only 7.6%. Therefore, this
can also be a suitable value. This discussion cannot be

repeated for plants 2 and 4 because there were no shut-
downs while the measurements were being made.

4 Summary and conclusion

This work follows on from the previous work by approaching
the problems with plants operating with modulating heat out-
put. The method for calculating precipitation efficiency based
on the “Deutsch equation” only provides satisfactory results if
the plant is operating at stationary conditions [10]. For plants
with modulating power, however, the uncertainty is too high.
The use of threshold values, as applied in Switzerland, is
much more efficient. It was shown that when operation points
were evaluated as efficient by the method, the measured pre-
cipitation efficiency could be too low and vice versa. The
determination of the thresholds can therefore be measured
by how many values are incorrectly interpreted as being effi-
cient or inefficient operating points. The results indicate that
suitable threshold values that are uniform for all evaluated
plants can be found. Nevertheless, the legislators must decide
on the actual values. To do this, the legal task of the

Fig. 9 Relative operating time in
relation to the total monitoring
time and unprecipitated emissions
in relation to the chosen threshold
temperature at plant 1

Fig. 10 Relative operating time in
relation to the total monitoring
time and unprecipitated emissions
in relation to the chosen threshold
temperature at plant 3
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precipitator needs to be defined. Either the task is to reduce the
particulate matter emissions to meet the legal requirements of
the plant or it is to achieve a specific precipitation efficiency.
The pros and cons of both viewpoints have been discussed. In
addition, legislators need to clarify whether one kind of mis-
interpretation is more severe than the other.

Promising approaches are also emerging in terms of how
combustion operation is defined. If the exhaust gas tempera-
ture before the ESP is used as a reference signal, the “Fire on”
signal can be detected accurately and cost-effectively.
However, in such a case, the actual threshold value must be
individually determined for each system. Two criteria for
decision-making are shown. Lowering the threshold tempera-
ture leads to longer operating times and therefore more power
consumption as well as a higher risk of producing ozone.
Higher values, in contrast, lead to shorter operating periods
and increase the particulate matter emissions that occur be-
cause the precipitator is turned off. Here, legislators also need
to clarify the optimum threshold value.

It has been shown that the use of threshold values for volt-
age and current for the evaluation of ESP operations, as well
as the use of flue gas temperature for the definition of firing
operations, allows a future continuous monitoring of an effec-
tive operation of electrostatic precipitators.

The results suggest that threshold values of 70% of the
nominal voltage, 60% of the nominal current and a flue gas
temperature threshold of 150 °C are applicable to all evaluated

plants. These values can be used in a uniform monitoring
method.

Future investigations will focus on generating more data
from different plants to support the findings. This will include
the determination of the influence of the particle number dis-
tribution and the chemical composition of the particles.
Additionally, it will be evaluated whether the results can be
transferred to smaller ESPs.
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Fig. 11 Efficient and inefficient
operation points of the ESP at
plant 2 evaluated based on the
chosen target value
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