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Kurzfassung

Heizen mit Holz ist eine Möglichkeit, fossile CO2-Emissionen im Heiz-
sektor zu verringern. Es führt jedoch zu lokalen Emissionen anderer
Luftschadstoffe wie Feinstaub. Ein Metallgewebefilter mit wasserba-
sierter Abreinigung wurde zur Verringerung der Feinstaubemissionen
getestet. Es wurden zwei Optionen untersucht: Spülen des Gewebes mit
Wasser im Gegenstrom sowie ultraschallunterstützte Reinigung.

Zunächst wurden grundlegende Untersuchungen mit einem manuell
betriebenen Prototypen durchgeführt. Der Schwerpunkt der Untersu-
chungen lag auf den Filterprozessen und dem allgemeinen Verhalten
des Metallgewebes. Sekundäre Phänomene wie z. B. Kondensation
und Teerbildung, die das Verhalten des Metallgewebes und des Filter-
kuchens beeinflussen könnten, wurden minimiert. Es wurden Daten zu
Regeneration, erreichbarer Staubabscheidung und Standzeit gesammelt.

xv



Auf der Grundlage der Ergebnisse wurde ein automatisierter Prototyp
für einen 180-kW-Ofen gebaut, um die Zuverlässigkeit der Regenerati-
on über einen längeren Zeitraum zu demonstrieren und das gesamte
System unter realistischen Bedingungen, einschließlich Kondensations-
prozessen, zu untersuchen. Die Feuerung wurde sowohl mit konstanter
Leistungsabgabe als auch unter Verwendung eines modulierenden Last-
profils mit Zündungen, Stopps und Laständerungen betrieben, was zu
Kondensation und Teeremissionen führte.

Es konnte gezeigt werden, dass die Filtration in zwei Stufen abläuft:
Zunächst findet eine Oberflächenabscheidung auf dem Gewebe statt,
und anschließend eine Tiefenfiltration im Filterkuchen. Der Abscheide-
grad lag während der Oberflächenabscheidung unter 50 %, stieg aber
während der Tiefenfiltration nach Bildung eines Filterkuchens auf über
95 % an. Der Druckverlust (∆p) des Filters kann mit einer Exponential-
funktion dargestellt werden:

∆p = avDb

∆p = Druckverlust [Pa]
a = Faktor, ca. zwischen 12 und 18
v = Gasgeschwindigkeit [m/h]
b = Faktor, ca. zwischen 0,4 und 0,45
D = Staubbeladung [g/m2]

xvi



Die Faktoren werden von der Feuerung, der Ausbrandqualität und der
Brennstoffqualität bestimmt.
Beide Regenerationsmodi waren erfolgreich, und es konnte gezeigt wer-
den, dass sowohl die Abscheideleistung als auch die Standzeit (bevor
eine Regeneration erforderlich war) von der Wahl des Brennstoffs und
der Gasgeschwindigkeit abhängen, ohne dass es Anzeichen für eine
Verringerung der Standzeit aufgrund von Rückständen oder Teerbildung
gab. Bei einer Gasgeschwindigkeit von 33,3 m/h wurde eine Abscheide-
leistung von bis zu 91± 1% und eine Standzeit von 55 h (Pellets) bzw.
38 h (Hackschnitzel) gemessen. Bei 66,6 m/h sank der Abscheidegrad
auf 74± 4% und 12 (Pellets) bzw. 3,4 h (Hackschnitzel) Standzeit.
Der Langzeitbetrieb des automatisierten Prototyps war erfolgreich.

Der Filter wurde 419,5 h mit 234 Regenerationen betrieben. Bei Vermei-
dung einer Partikelanreicherung im Regenerationswasser wurden keine
Anzeichen einer unzureichenden Reinigung festgestellt. Des Weiteren
führten Kondensation und Teeremissionen zu keinen Problemen bei der
Abreinigung. Es konnten keine Unterschiede zwischen den verschie-
denen Regenerationsmethoden festgestellt werden. Allerdings ist ein
Unteraschallschwinger kostspielig, weshalb die Gegenstromabreinigung
vorzuziehen ist.

Über eine gesamte Filtration (einschließlich beider Phasen) konnte
ein Abscheidegrad zwischen 80 und 86% erreicht werden.

Zusätzlich wurden die Abfallprodukte, der unlösliche feste Rückstand
und das mit dem löslichen Anteil der Partikel beladene Regenerations-

xvii



wasser, bewertet. Die im Holz enthaltenen Schwermetalle bildeten bei
der Verbrennung überwiegend unlösliche Verbindungen, die zusammen
mit anderen wertvollen Metallen in hohen Konzentrationen in der Fest-
stofffraktion verblieben. Bei einem großflächigen Einsatz des Filters
sollte die Nutzung der Flugasche im Rahmen von Urban Mining in Be-
tracht gezogen werden. Die flüssige Fraktion kann über das kommunale
Abwassersystem entsorgt werden.

Zusammenfassend lässt sich sagen, dass Metallgewebefilter mit Nass-
regenerierung eine erfolgsversprechende Option darstellen. Der Haupt-
vorteil gegenüber den derzeitigen Technologien besteht darin, dass die
Emissionen während des gesamten Feuerungsbetriebs gefiltert werden
können, einschließlich der Zündung und während Laständerungen, wo-
durch eine 100-prozentige Verfügbarkeit des Filters erreichbar ist.
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Abstract

Wood combustion is a way to reduce fossil CO2 emissions from the heat-
ing sector. However, it results in the local emission of other air pollutants
such as particulate matter. A metal mesh filter with wet regeneration
was tested as a novel option to reduce particulate matter emissions. Two
different options were considered: Counter-current flushing of the mesh
with water, and ultrasound-assisted cleaning.

First, fundamental research was performed using a manually oper-
ated prototype. The main focus of the investigations were the filtering
processes and the general behavior of the metal mesh. Secondary phe-
nomena which could influence the behavior of the metal mesh and
the filter cake, like condensation and tar generation, were minimized,
and data regarding regeneration, potential collection efficiency, and
operation time were collected.
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Based on this research, an automatic prototype for a 180 kW furnace
was built, to demonstrate long-time feasibility and to evaluate the entire
system under realistic conditions, including condensation processes. The
system’s furnace was operated both at stable conditions and using a
modulating load profile including ignitions, stops, and changes of load,
causing condensation and tar emissions.

During the fundamental research, it could be shown that filtration
underwent two stages: First surface separation on the mesh and second
depth-filtration in the filter cake. The collection efficiency was below
50% during surface separation, but increased to more than 95% during
depth- filtration after a filter cake was formed. The pressure drop (∆p)
during the filtration is following an exponential function:

∆p = avDb

∆p = Pressure drop [Pa]
a = Coefficient (approx. between 12 and 18)
v = Gas velocity [m/h]
b = Coefficient (approx. between .4 and .45)
D = Dust per m2 filter surface [g/m2]

The coefficients depend on the furnace, the quality of the burnout,
and the quality of the fuel.

xx



Both regeneration modes were successful, and it could be shown
that collection efficiency and operation time (before a regeneration was
required) depend on fuel choice and gas velocity, without any signs of
decay due to residues or tarring. At a gas velocity of 33.3 m/h, up to
91± 1% collection efficiency and 55 h (pellets) or 38 h (wood chips)
operation time was measured. At 66.6 m/h, the collection efficiency
decreased to 74± 4% and 12 h (pellets) / 3.4 h (wood chips) operation
time.
Long-time operation of the automatic prototype was successful. The

filter was operated for 419.5 h, and 234 regenerations were performed
without signs of insufficient cleaning as long as particle enrichment in the
regeneration water was avoided. No differences between the different
regeneration methods could be observed. Ultrasound cleaning requires
an expensive ultrasound generator, thus, counter-current flushing is
favorable.

Over an entire filtration (including both phases), a collection efficiency
between 80 and 86% could be reached.
Additionally, the waste products, insoluble solid residue and regen-

eration water loaded with the soluble part of particulate matter, were
evaluated. Heavy metals found in wood formed mostly insoluble com-
pounds during combustion, which remained in the solid fraction along
with other valuable metals in high concentrations. If the filter would
be used on a large scale, the use of the solid fraction for urban mining
should be considered. The liquid fraction can be disposed of using the
communal wastewater system.

xxi



In conclusion, metal mesh filters with wet regeneration are a viable
option. The main advantage over current technologies is the ability
to filter the emissions during all times of furnace operation, including
ignition and while modulating load, enabling a 100% filter availability.

xxii



Acknowledgements

Throughout the writing of this dissertation I received a great deal of
support and assistance.
First of all, I want to thank my supervisor, Harald Thorwarth, for

the opportunity to work on this project, for the valuable scientific and
personal input, and his patience while writing the Phd thesis.
Of major importance were the other members of the project consor-

tium my research was part of. Günter Scheffknecht, my supervisor at
the University of Stuttgart, deserves a special mentioning. Also, Günter
Baumbach, together with whom I held my first presentation at a confer-
ence. Also, without the LK Metallwaren GmbH who built the prototypes,
this work would not have been possible.

I would like to acknowledge the staff of the lab for their support and
help. Especially Peter, who integrated the set-ups and had to deal with
my impatience. Carola, who programmed the data acquisition software

xxiii



and helped with various tasks in the lab. Rainer and Julian for the
introduction into ICP-OES analysis and other lab analysis.
Another notable help were the students of the HFR, probably most

important of all my bachelor student, Philip, and also all the Hiwis
helping out in the workshop and the lab.

Also, I want to thank the other researchers and employees of the HFR
for the many enjoyable hours not only during work but also at the events,
barbecues etc. outside of working hours.

In addition, I would like to thank my parents for their help, for moti-
vating me, and also for always reading my papers and this thesis first.

xxiv



Ch
ap

te
r 1

Introduction

Today, energy generation is in a transition phase.

Since industrialization, the majority of energy produced worldwide
is generated by burning fossil fuels. While they were – for a long time
– cheap and readily available, they come with major drawbacks which
were first unknown and then ignored.

During the burning of fossil fuels, the carbon bound in the fuel is
liberated as CO2, which is a greenhouse gas and leads to increasing
global temperatures. The first world climate conference already took
place in 1979 discussing this matter on a global stage for the first time,
but the first stringent action – implementing the Kyoto protocol – wasn’t

1



taken until 1997 [1].

In the following years, awareness for climate change increased – but
the necessary measures were also discussed very controversial. Still, in
Europe, there is a wide consensus that climate change is real and actions
should be taken [2]. In order to reduce fossil CO2 emissions, the EU
introduced a framework, based on which the individual member states
created their own laws, aiming to reduce fossil CO2 emissions. One of
the most important EU-wide laws is the Renewable Energy Directive
2009/28/EC, (RED) [3]. Two goals were formulated: 20% of gross final
energy consumption and 10% of the energy consumed in the transport
sector should be generated from renewable sources.

Based on the RED, the member states formulated national renewable
energy action plans. One major pillar to reach the goals of RED is the
usage of biomass [4]: In average, 11.7% of the gross final consumption
should be generated from biomass, of which 67% are generated by solid
biomass [5]. However, burning biomass generates local emissions of
VOC, NOx and particulate matter. Thus, on a local stage, the use of
biomass can be problematic and lead to unpleasant smog [6].

These two sides of biomass burning lead to public discussions and are
also reflected in the legislative rules.

In the following, the applicable legislative rules will be discussed, as
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well as the causes of the emissions and possible technologies to reduce
emissions. Last, the motivation for the research done will be discussed.

1.1. Legislative background

In Germany, a variety of laws exist that both favor wood furnaces over
furnaces powered by fossil fuels, but also strictly limit emissions.

The main law is the "Gebäudeenergiegesetz" (GEG), which limits how
much energy might be required for heating. The limits can either be
met by implementing better insulation, or by use of a less CO2 intensive
heating [7]. In addition, a new tax on CO2 emissions was introduced
which further favors the use of wood for heating [8].

On the other hand, there are various laws limiting the emissions of
local pollutants. The current limits for small-scale heating furnaces are
defined in the 1. BImSchV [9].

The 1. BImSchV has two stages with increasingly strict limits: The first
stage applies to furnaces built between March 22, 2010 and December
31, 2014. The second stage applies to furnaces built from 2015. Older
furnaces are not regulated by this legislation. The limits depending on
the fuel are listed in Table 1.1.

A second instrument used by the German government is subsidies.

1.1 | Legislative background 3



Table 1.1.: Emission limits according to 1. BImSchV [9], simplified
Stage Fuel Thermal Output Dust CO

[kW ] [g/m3] [g/m3]

Stage 1:
22/3/2010

-
31/12/2014

Coal, Peat 4 - 500 0.09 1.0
> 500 0.09 0.5

Natural Logs,
Wood chips, Wood dust

4 - 500 0.10 1.0
> 500 0.10 0.5

Wood briquettes, Pellets 4 - 500 0.06 0.8
> 500 0.06 0.5

Waste wood
4 - 100 0.10 0.8

100 - 500 0.10 0.5
> 500 0.10 0.3

Straw, misc 4 - 100 0.10 1.0

Stage 2:
1/1/2015

-
today

Coal, Peat, Natural Logs,
Wood chips, Wood dust
Wood briquettes, Pellets

> 4 0.02 0.4

Waste wood 30 - 500 0.02 0.4
> 500 0.02 0.3

Straw, misc 4 - 100 0.02 0.4

Amount and conditions of the subsidies are specified in the "Bundes-
förderung für effiziente Gebäude" (BEG) [10, 11]. Different to the 1. BIm-
schV, subsidies are only granted if dust emissions are below 0.015 g/m3.
An additional bonus is granted if dust emissions are below 0.0025 g/m3.
The basic subsidy is 35%, but using all boni up to 55% can be granted.
Thus, the installation of new furnaces with dust emissions higher than
0.015 g/m3 is unlikely, and the subsidies serve as an additional way to
limit emissions of new furnaces.
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1.2. Technology overview

Burning wood is the oldest technology to generate heat, and is gaining
new importance in order to reduce the CO2 footprint. Modern stoves
and furnaces are very different compared to the first fireplaces, and, in
general, are able to generate heat in a controlled and safe way, gener-
ating much less emissions than their predecessors. However, there still
is a major disadvantage: Compared to oil and especially gas furnaces,
they generate much more local pollution [12].

On a worldwide scale, the most important pollutant are greenhouse
gases, which increase the average temperature around the globe, and
lead to an increase of extreme weather incidents [13]. On a local scale,
however, other pollutants play a very important role as well. In regards
to burning wood, the most important pollutants are particulate matter
(fine dust), NOx, and volatile organic compounds (VOC) [14]. These
are emitted in relatively high amounts, which lead to legislative actions
(by introducing lower legal limits) and also a negative public opinion on
biomass furnaces.

Thus, if wood energy is supposed to play a vital role in reducing green-
house gas emissions, emissions of local pollutants have to be reduced to
an absolute minimum, while still maintaining competitive costs.

1.2 | Technology overview 5



1.2.1. Combustion Process

The combustion of biomass is rather complex, as the feedstock is inho-
mogenous and consists of many different compounds and polymers.

The combustion of solid biomass can be split into two independent
processes: The conversion of solid biomass to gases, and the burn-out of
the generated gases.

The conversion of solid biomass to gases can be differentiated into three
phases as shown in Table 1.2.

Table 1.2.: Conversion of solid biomass
Phase Temperature Main products
Drying < 100 °C Water vapour, dried solid biomass

Devolatilization 100 - 600 °C Tar, combustible gases, H2O, CO2, Char
Char conversion > 600 °C CO2, CO, Ash

based on [15, 16]

These phases do not occur one after one, but instead, due to the
thermal thickness (the particles can be colder inside than outside) of
the fuel particles, occur simultaneously [15]. This makes the process
increasingly complex.

During drying, unbound water is evaporated first. Next, water bound
to cellulose and hemicellulose (as OH– groups) is evaporated. This step
causes shrinkage and cracking. The process is endothermic, thus it slows
down the heating process [15].
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As the next step, devolatilization or pyrolysis occurs. Devolatilization
occurs under slightly oxidizing, while pyrolysis occurs under slightly
reducing conditions. However, both may occur in a biomass furnace, so
a definite separation is hard.

The volatile parts of biomass are converted into gases. The composition
of the gas created depends on the exact composition of the feedstock,
the available oxygen, the temperature, and the heating rate. CO, CO2,
CH4, H2, light hydrocarbons and tars as well as nitrogenous compounds
are generated. Tars and light hydrocarbons react further to other light
gases or repolymerize to char depending on the conditions, while the
non-volatile compounds form char and ash [15, 17, 18, 19].
As last step, the residual char is converted to CO and CO2 and small

amounts of H2 and CH4 during char conversion [15].
After the conversion from solid fuel to gases, the remaining gases are

burnt to CO2 and H2O in gas phase reactions. Here, sufficient residence
time, good mixing and a high temperature is essential to ensure full
burnout to avoid the generation of unwanted toxic products [20].

During the combustion process, also a number of unwanted byproducts
are created. NOx is generated mostly from nitrogen bound inside the
fuel and liberated during the devolatilization phase, e.g. as HCN. HCN
can react further to form NOx, or get reduced to N2 [21].
A possible way to reduce the amount of NOx is air staging: Air is

provided in two (or more) stages, the first one being the bed where
typically 80% of the stoichiometrically required air is added. Thus, a
reducing zone is generated, where a part of the NOx and its precursors
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like HCN are reduced to N2 [22].
Other byproducts are VOC (volatile organic compounds) and CO. They

are formed by incomplete combustion. Incomplete combustion used to
be a larger problem in older furnaces, as is shown in Johansen et al [23].
These emissions are nearly eliminated in modern automatic furnaces,
and significantly lower in modern stoves compared to older models [24,
25, 26].

1.2.2. Causes of dust generation

One of the pollutants generated by wood furnaces is fine dust. Given its
size, it will stay in the atmosphere for a long time before it settles. Still,
it is a local pollutant, which will negatively influence the surroundings
of a fireplace.

Fine dust is known to cause cancer as well as cardiovascular and
respiratory diseases [27, 28]. However, the toxicity is significantly
influenced by the composition as shown by Arif et al [29]. Higher
content of hydrocarbons, especially tars, lead to increased toxicity, while
other compounds like KCl have a low impact.
Basically, two kinds of dust have to be differentiated: Organic dust

caused by incomplete combustion, and inorganic dust caused by trace
elements of the wood. The first has a considerably higher impact on
health and is thus most important to limit [29].
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As mentioned in the previous section, incomplete combustion was
already reduced drastically, so particles from incomplete combustion are
less important.
Inorganic dust stems from trace elements vital for the biomass to

grow like potassium, sodium, and zinc as well as chloride and sulfate.
These elements are therefore called aerosol-forming elements. Their
distribution is not uniform in all parts of the plants, in the bark as well
as in thin branches the concentration is higher then in the stem wood
[30].

The release of inorganic dust is quite complex: The aerosol-forming
elements are liberated from the biomass during combustion. Their main
constituent is potassium. Potassium compounds have a low vapour
pressure at the temperatures reached during pyrolysis, thus the main
release occurs during the char conversion stage [16]. The composition of
the potassium gases changes during their passage through the furnace.
The majority of the potassium is liberated as KCl or KOH, but while
cooling down, the composition changes to KCl and K2SO4 [31]. During
cooldown, the different compounds start to precipitate. Normally, the
compounds precipitated first are Zn-compounds, followed by Na and
K. The compounds can either form new particles (Nucleation), or pre-
cipitate on existing surfaces. Thus, many particles have a core of Zn,
coated in potassium and sodium [32]. The freshly emitted particles have
sizes around 50 nm during complete combustion conditions, but during
incomplete combustion, the particle size increases to 100 nm and more
[32].
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There is a strong correlation between the content of aerosol-forming
elements and dust emissions [33, 34, 35, 36]. As a useful simplification,
the correlation between aerosol-forming elements and dust emissions
is linear. Pollex et al. postulated a critical potassium content of 500 -
600 mg/kg (dry basis) in order to comply with the German legal limit
for small biomass furnaces [37].

1.2.3. Pollution Control: State of the Art

Primary measures
In the past, one of the major sources of dust was incomplete combus-
tion. Due to the introduction of air staging and Computational Fluid
Dynamics (CFD)-aided design of secondary burnout zones, these could
be minimized [38, 39]. Especially for automatic furnaces, dust from
incomplete combustion can nearly be neglected during stable operation
[40].

In contrast, during start-up and stop of the furnaces, incomplete com-
bustion is still a major issue and can add considerably to dust emissions
[41].

Currently, the research focuses on the reduction of inorganic dust.

One solution is to limit the amount of aerosol-forming elements in
the fuel. As most of the elements can be found in the bark and thin
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branches, this means combusting stem wood. However, stem wood is
much more expensive, thus, this is not an option for larger furnaces.
Still, for small furnaces, it is a viable option. The European standard for
pellets (Norm DIN EN ISO 17225-1:2021)[42] sets strict limits on the
amount of ash, which are only possible to fulfill using high-quality wood
– or sawdust from sawmills and carpenters. As a result, in January 2021,
the price for pellets was 236 €/t, while wood chips were considerably
cheaper with prices between 79 and 123 €/t [43].

A different option is to limit the release of aerosol-forming elements.
There are two different approaches to achieve this: The addition of ad-
ditives that bind the aerosol-forming elements into the ash, or reduction
of the firebed temperature in order to reduce evaporation.

There already was extensive research on additives, and theoretically,
it is possible to reduce the amount of dust released drastically. The most
common additive is Kaolin, but in theory, there are four different possible
groups: Aluminium-silicates-based additives, calcium-based additives,
phosphorus-based additives, and other additives [44].
Aluminium-silicate-based additives form potassium aluminium sili-

cates, which are stable at high temperatures and thus bind potassium
in the fuel bed [45, 46]. The other groups also bind potassium, but
the resulting stable compounds are different: Calcium-based additives
form calcium potassium phosphates if a surplus of potassium and phos-
phate is present in the fuel [47, 48], while phosphate additives form

1.2 | Technology overview 11



calcium potassium phosphates if a surplus of potassium and calcium is
present [49]. However, there are also notable drawbacks to additive ad-
dition: First, it requires additional processing of the fuel, which increases
fuel costs. Second, the amount of ash is increased, which might cause
problems with the ash removal system of common furnaces. Third, the
current pellet standards do not allow additives, as that would increase
the ash content [42].

Instead of binding potassium in more stable compounds, cooling of
the firebed can also reduce evaporation of the aerosol-forming elements.
In some, typically larger, furnaces, grate cooling is already employed
but the main reason is to reduce thermal stress of the grate. In small
scale, there were two test beds:

Gehrig et al. [50, 51, 52] added a water cooling loop to the burner of
a conventional pellet furnace, which resulted in slightly lower firebed
temperatures and reduced dust emissions.

Perez-Orozco [53] designed an experimental furnace with cooling of
both the bed and the burnout chamber. While their design reduced dust
emissions to a large extent, the burnout chamber cooling resulted in
incomplete burnout and extensive build-up of tar on the cooled walls.

Secondary measures
Currently, plants with a thermal output in excess of 1 MW already

use extensive secondary measures. However, these are still uncommon
for smaller furnaces with outputs between 50 kW and 1 MW. In this
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range, the usage of high-quality fuel (pellets) is normally too expensive,
so they are fueled with wood chips. On the other hand, the investments
required for secondary measures are too high.

One exception is the use of cyclones, which are already in use, but only
remove coarse particles with an aerodynamic diameter above 10 µm
[54].

For removing particulate matter with a diameter below 10 µm, the
use of electrostatic precipitators or filtering separators is required.
Electrostatic precipitators are already commercially available [55],

and can remove 70 – 80% of the fine dust [56]. However, they come
with one important drawback: They can only be operated if the exhaust
gas temperature is high enough to avoid dew. Thus, the availability of
the electrostatic precipitators depends on the amount of ignitions and
on the modulation of the furnace [57].
Filtering separators are also available [58]. One commercial solu-

tion consists of ceramic filter candles which (according to the producer)
guarantee very low dust concentrations below 3 mg/m3. A second
manufacturer offers fabric filters. On the downside, like electrostatic
precipitators they can only be operated at high exhaust temperatures or
risk being irrecoverably plugged by tars.

In theory, fabric filters can yield the highest separation efficiencies
with over 99%. However, fabric filters as used in large-scale plants
combined with jet-pulse cleaning cannot be used due to sparks in the
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exhaust gas [54]. As an alternative filter medium, stainless steel meshes
can be used. For example, Hartmann et al. [59] used a stainless steel
mesh with a jet-pulse cleaning facility for a grain combustion furnace.
The collection efficiency was very high with 95-99%, but the removal of
the filter cake was only partial using jet-pulses.
Still, a similar solution was commercially available but taken off the

market. It required electrical preheating [60], which resulted in very
high operational costs. Also, like electrostatic precipitators and ceramic
filters, it was impossible to use during start-up. Schiller und Schmid
[61] improved cleaning and collection efficiency by adding a precoat to
their filter.

Brandelet et al. [62] optimized the temperature required before fabric
filters (or mesh filters) can be operated, but the issue remains.

In research are filters that incorporate SCR abatement by adding
SCR catalysts to the filter, but these also require sufficient temperatures
before they can be used [63].
A different concept was tried by Struschka and Goy [64]: Instead

of a jet-pulse cleaning facility, brushes were used to remove the filter
cake mechanically. Jet-Pulse cleaning is a relatively simple technology,
but it comes with a relevant draw-back: The cleaning pulses are loud,
and pressurized air is required whose compressors are also noisy. In
household appliances, this can be a problem. The mechanical cleaning
was supposed to avoid this problem, but the cleaning was not sufficient.
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A second project based on the work by Struschka and Goy was started
in 2018, of which the presented research is part of. The project name
was "Entwicklung eines kompakten und kostengünstigen Gewebefilters
für Biomassekessel – Stufe 2", funded by the Fachagentur für Nachwach-
sende Rohstoffe, grant number 22019417. The project was a collab-
orative project of the University of Stuttgart (Fabian Schott, Günter
Baumbach, Ulrich Vogt), LK Metallwaren GmbH (Oskar Winkel, Ferdi-
nand Ehard), and the University of Applied Forest Sciences Rottenburg
(Björn Baumgarten, Harald Thorwarth). The research part of this thesis
was conducted at the University of Applied Forest Sciences Rottenburg.

The aim of the project was to examine different regeneration methods
for metal mesh filters with small prototypes able to filter approximately
50 m3/h flue gas, and a subsequent up-scaling of the more promising
option to an automatic prototype for a 180 kW furnace.

The University of Stuttgart tested a metal mesh filter with jet-pulse
cleaning, while the University of Applied Forest Sciences Rottenburg
tested a water-based regeneration method. The project report is online
[65].

The University of Stuttgart could provide insight into the filtering
characteristics of a metal mesh with pulse cleaning. In the main filtering
phase, the collection efficiency was very high, but during the cleaning
pulses, a notable amount of dust passed the filter, and peaks in the dust
concentration of the filtered gas could be measured. In addition, it could
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be shown that the collection efficiency depends on the fuel and on the
pore size of the metal mesh: Using wood pellets, a maximum collection
efficiency of 91.3% was reached with 25 µm mesh, 71.6% with 50 µm
and 20.7% with 135 µm. With wood chips, 96.4% was reached with
25 µm and 75.4 % with 50 µm [65].

At the University of Applied Forest Sciences Rottenburg, two differ-
ent regeneration methods were tested: Counter-current flushing of the
metal mesh with water, which is to some extent similar to cleaning
pulses, but with a different medium. Water is incompressible and has
a higher viscosity than air, thus, the force applied to the filter cake is
more uniform and also lasts a longer time. The second method was
ultra-sound cleaning where the filter cake was removed with the aid of
ultrasound. In addition to the mechanical removal, a part of the filter
cake is soluble and is dissolved in the cleaning water, facilitating the
cleaning.

The results of the University of Applied Forest Sciences Rottenburg,
which are presented here, were also published in two research papers
[66, 67], which are included in the Appendix. The first publication [66]
discusses the research presented in Chapter 3, while the second [67] dis-
cusses the research discussed in Chapter 4. The CRedIT author statement
of the second publication is valid for both publications: The majority of
the work was done by myself, especially the scientific experiments, their
design, the evaluation of the experiments, and the writing. LK Metall-
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waren GmbH (Ferdinand Ehard) provided the prototypes, while Peter
Grammer integrated them into the infrastructure of the Hochschule of
Rottenburg and was responsible for the infrastructure of the Hochschule.
The design of the filter was done by Oskar Winkel, Günter Baumbach,
Ulrich Vogt, Ferdinand Ehard, Harald Thorwarth, and me. The original
grant was written by Michael Struschka and Harald Thorwarth. Ulrich
Vogt was the overall project leader, while Harald Thorwarth was the
responsible for the part at the Hochschule of Rottenburg. Günter Schef-
fknecht and Harald Thorwarth were my supervisors, and helped with
the review and editing of the publications.

1.3. Motivation for the research

As described in the previous Section 1.2.3, the current secondary mea-
surements have a number of issues. Most importantly, they cannot be
used when the exhaust gas temperature is below the dew point and
condensation might occur. On the other hand, these are also the phases
when emissions are highest. Thus, a metal mesh filter with a new re-
generation method - using water, by counter-current flushing with or
without the aid of ultrasound cleaning, was developed and tested.

The main compounds of ash – chloride and sulfate salts of potassium,
sodium and zinc – are soluble in water, which was expected to facilitate
the cleaning process. Ultrasound is already in use for many cleaning
applications, and is known to be very effective for the removal of small
particles [68]. Ultrasound causes cavitation, which results in jets directed

1.3 | Motivation for the research 17



at the surface of objects inside the ultrasonic bath. These mechanically
remove particles [69].
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Research Objectives

As discussed in Chapter 1, there are two commercial options to limit par-
ticulate matter emissions of furnaces: The use of high quality fuel, or the
use of secondary measurements. In this work, a secondary measurement
was focused on: A metal mesh filter with an innovative, water-based
regeneration method.

There were earlier attempts to use metal mesh filters for biomass
furnaces, however, not much theoretical data were published. Approx-
imate gas velocities were stated, but no scientific examination of the
influence of the gas velocity was performed and published before. Water-
based regeneration was not attempted before, thus no data was available.
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As a result, this work was split into two parts:

• Filtering characteristics of a metal mesh

• Evaluation of a filter prototype

In the first part, the main focus is the behaviour of the metal mesh during
filtration.
For that, all phenomena which could potentially influence the filter-

ing behaviour of the metal mesh were minimized. Thus, the furnace
providing the flue gas for the filter was operated at steady state, and
the filter was preheated to avoid condensation. The collection efficiency
and the operation time was measured in dependence of the gas veloc-
ity and the used fuel, and the necessary parameters to design a larger
prototype were determined. Also, the influence of different cleaning
mechanisms was tested. As last step, a concept for design and oper-
ation of an automated prototype was derived from the knowledge gained.

During evaluation of the filter prototype, a prototype as close as
possible to a commercial version was built for a 180 kW furnace, which
was operated under realistic conditions with a modulating load cycle.

The main topic is the long-time operation and reliability of the filter
under realistic operation conditions. Also phenomena like condensation
or unstable flue gas composition including the emission of volatile organic
compounds were not excluded.
In addition, different possibilities to reduce costs were tested. This

includes the pore size of themetal mesh used, the necessity of ultrasound-
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assisted cleaning and prefiltration by a cyclone.
Another important topic were the residues: During operation, the dust

is partly dissolved in the regeneration water. Thus, there are two waste
products: Regeneration water and solid, insoluble particles. Both were
examined and options for disposal were evaluated.
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Filtering
characteristics of a

metal mesh

The aim of the first part of the work was to prove the general feasi-
bility of a metal mesh for filtering particulate matter from a biomass
furnace. Also, the influence of the gas velocity and the type of fuel
(high-quality pellets compared to low-quality wood chips) should be ex-
aminated. Additionally, the influence of different cleaning mechanisms -
ultrasound-assisted cleaning and counter-current cleaning - should be
tested.
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For this, a manually operated filter prototype was built. As emission
source, a furnace able to burn both high-quality pellets and wood chips
was used. This way, operation under optimal conditions, with a good
burnout quality, low concentrations of dust, and no volatile organic
compounds (which could condensate on the filter) in the raw gas and
under more challenging conditions with high dust concentrations and
volatile organic compounds could be simulated.

To gain further insight, the design of the filter enabled inspection of
the metal mesh filter and sampling of the filter cake between each test
and regeneration. In general, the regeneration and operation were per-
formed manually, only the control of the gas velocity and the shutdown
of the filter upon reaching maximum pressure drop was automated to
ensure reproducible test results. The gas velocity is the speed of the gas
through the filter surface, and equals the filter surface load:

v [m/h] =
Q [m3/h]

A [m2]
(3.1)

v = Gas Velocity
Q = Volumetric Flow
A = Filter Surface
Q/A = Surface Load

To achieve the research objectives at this stage, 16 test runs as de-
scribed in Table 3.1 were evaluated.
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Table 3.1.: Experimental runs of the manual prototype
Gas velocity Measurements Cleaning mode Fuel
[m/h]

66.6 3 Ultrasound Pellets
50 3 Ultrasound Pellets
33.3 1 Ultrasound Pellets
66.6 3 Counter-current flushing Wood Chips
50 3 Counter-current flushing Wood Chips
33.3 3 Counter-current flushing Wood Chips

3.1. Methods and Materials

Testing of the cleaning concept was performed using a small-scale pro-
totype with manual operation, integrated into a laboratory setup with
gas composition and dust concentration measurement before and after
filtering.

3.1.1. Filter prototype

The prototype was designed by the project consortium and constructed
by LK Metallwaren GmbH.

The design of the filter is shown in Figure 3.1. 15 filter candles
surround an ultrasonic transducer in two rings. The filter candles have
a surface of 0.08 m2 each, totaling to 1.2 m2, and are made of a metal
mesh from stainless steel (1.4404) with a mesh size of 25 µm.

As ultrasound transducer, a rod transducer (SONOPUSH MONO SPM
1500 25-495 VA, Weber Ultrasonics) with a power of 1500 W was used.
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Figure 3.1.: Construction of the manual prototype.
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To avoid condensation, the filter was equipped with an 800 W barrel
heater (Freek, custom build).

During operation, the flue gas entered the filter using the flue gas
inlet on the left, entered the casing, and was filtered while flowing from
the outside to the inside of the filter candles, producing a filter cake on
the outside of the candles. The filtered gas then left the filter via the
flue gas outlet.

Before cleaning, the filter candles were inspected and a sample of the
filter cake was taken for chemical analysis by removing the top plate
and lifting the filter candles out of the filter casing.

There were two possible modes of cleaning:
For ultrasound cleaning, the filter casing was filled with water, and

ultrasound was applied for 15 min.
For counter-current cleaning, the top plate was removed, and the

candles were flushed manually using a water hose. That way, the water
flowed from the inside of the filter candles to the outside and removed
the filter cake on the outside of the filter elements.
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3.1.2. Experimental setup

Figure 3.2.: Experimental
set-up manual
prototype

The filter was integrated into an experi-
mental setup according to DIN SPEC 33999
[70]. The P&ID diagram is shown in Fig-
ure 3.2.

A commercial moving grate boiler (KWB
Multifire II) was chosen which can combust
both pellets and wood chips. The thermal out-
put of the boiler was 50 kW. Given the scale
of the filter, the furnace was operated at 50%
load. With this setting about 100 m3/h flue
gas with an oxygen concentration of 9.5% was
produced.
Using a side channel blower (Airtech

ASC0080-1MT400-6), a partial stream of the
flue gas was sucked through the filter. The re-
maining flue gas bypassed the filter using an
open bypass to ensure nominal conditions for

the furnace. The relative pressure behind the furnace was regulated
using a blower and set to −12 Pa.

Up- and downstream of the filter, a measuring section was added. An
overview of the used instruments is given in Table 3.2. The measuring
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sections were designed in accordance to DIN SPEC 33999 [70] and VDI
2066 [71].

Particulate matter concentration, temperature, gas composition, and
differential pressure over the filter were measured. The downstream
measuring section also contained a calorimetric flow meter (SEIKOM
RLSW8AL) to control the side channel blower.

The barrel heater was controlled with a Pt100 thermoelement inside
of the filter housing. Process control and data logging were performed
using two ADIT Profimessage modules (Delphin).

3.1.3. Gaseous analysis

PM measurement was performed under isokinetic conditions according
to VDI 2066 [71] before and after the filter.
Plane quartz fiber filters (47 mm diameter, Munktell MG 160) were

used on both sides, while an additional pre-filtration with plugged glass
wool (extra-fine, Karl Hech GmbH & Co KG) was performed before the
filter if the measurement time exceeded 1 hour to avoid overloading
of the plane fiber filters. The gas volume of the measured gas was
determined after cooling to room temperature and drying of the gas
with a gas meter.

Before the measurement, the PM filters and glass wool were pretreated
at 200°C for one hour before the measurement and at 180 °C before
weighting. They were cooled down overnight using a desiccator and
weighted in a climate-controlled room with a laboratory scale (Sartorius
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CPA 124S, readability 0.1 mg).
The gaseous flue gas composition was logged continuously using an

ABB modular measuring solution downstream of the filter. As described
in table Table 3.2, the modular measuring tower measured CO, NO,
CO2, SO2, O2 and VOC (volatile organic compounds). The position was
chosen in order to monitor the tightness of the setup, however, VOC
measurements might be influenced by the low temperatures in the duct
and the filter, especially during the start and the stop of the filter. Before
measurement, the flue gas sample passed through a condenser (ABB),
thus, the gas concentrations are for dry gas.

All values were corrected to standard temperature and pressure (STP,
273.15 K and 1013.2 mbar).

Table 3.2.: Measuring Equipment for the manual prototype
Parameter Measuring principle Instrument Measuring range Unit

Total dust Gravimetry Plane Filter 20 (*) mgplugged glass wool 1000 (*)
O2 Paramagnetism ABB Magnos 206 0 - 25 vol-%
CO2 IR photometry ABB Uras 206 0 - 20 vol-%

CO IR photometry ABB Uras 206 0 - 1000 ppmv0 - 20000
NO IR photometry ABB Uras 206 0 - 408 ppmv
CO IR photometry ABB Uras 206 0 - 6220 ppmv
VOC Flame ionization ABB Fidas 24 0 - 100 mgC/m3
T Thermoelectricity Thermoelements Type K -100 - 1370 °C
v Calorimetry Seikom RLSW8AL V8 LCD 0.1 - 10 m/s

∆p Differential pressure thermokon DPT 2500 0 - 1000 Pa0 - 2500
(*): Maximum load at the end of the measuring period
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3.1.4. Chemical analysis

The fuels and ashes produced were analyzed. Sampling and preparation
were conducted according to DIN EN 14778 [72] and 14780 [73]. All
samples were dried at 105 °C for at least 24 h and milled to 0.25 mm
grain size using a Fritsch Pulverisette 19 (Rotor: hardened steel blades,
fixed knives: tungsten carbide) before analysis.

For the determination of the ash content, 1 g milled sample was heated
in a furnace (AAF 11/18, Carbolite ) according to EN ISO 18125:2017
[74].

For the calorific value of the fuels, 1 g milled sample was pressed into
a pellet and combusted in a calorimeter (C 6000, IKA). Ash samples
were treated differently: 100 mg of ash were combusted with the aid
of a combustion bag (IKA) and 250 mg paraffin oil (IKA). The water
from combustion was diluted to 50 ml with bi-distilled water for de-
termination of the chloride and sulfate. For the measurement, an IC
(ion-exchange chromatograph, 883 Basic IC plus, Metrohm) was used
as described in EN ISO 16994:2016 [75].

Ultimate analysis was performed using a vario MACRO cube (Ele-
mentar). For fuels, 40 mg milled sample was wrapped into zinc foil
(Elementar) and pressed into a tablet, while for ash, 20 mg ash and
60 mg of WO3 (Elementar) and zinc foil were used.
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Chemical analysis of trace elements was performed using an ICP-OES
(Inductively Coupled Plasma Optical Emission Spectroscopy, Spectroblue
FMX 26, Spectro) after microwave digestion. For digestion, 0.4 g of
milled wood or 0.1 g of ash was oxidized using 1 ml of 30% H2O2 (for
Synthesis, Roth), and dissolved in 4 ml 69% HNO3 (Rotipuran Supra,
Roth) and 9 ml 35% HCl (Rotipuran Supra, Roth). The digestion was
performed using a Multiwave GO (Anton Paar) microwave with a ramp
program: The total time in the microwave was 80 min at 175 °C, and
5 min at 185 °C. After the digestion was complete, the sample was
diluted to 50 ml with bi-distilled water and the analysis was performed
using the ICP-OES.

3.1.5. Measurement Procedure

During commissioning, it became apparent that condensation reduced
the measured dust concentration after the filter to a high degree. Since
only the collection efficiency of the filter should be measured, additional
measures were introduced to avoid this problem.

The filter was preheated overnight. Additionally, during the startup of
the furnace, the piping was preheated by blowing hot air through the
piping and filter. With these measures, temperatures above 80 °C could
be ensured in the measurement sections and the filter before starting
the measurements.
The experiments were started after the pre-heating measures were
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complete and the furnace was operating for at least two hours at 50%
power output to ensure stable combustion conditions during the entire
test run. During the test run, the desired gas flow was maintained using
a PID-controlled side channel blower. Once the pressure drop reached
2000 Pa, the side channel blower automatically shut down.

During the entire period, the experimental data was logged in 1 s
steps by Profimessage Modules. Dust sampling was performed following
the scheme in Table 3.3.

Table 3.3.: Sample times during test runs
Sample Time Time between samples

1st sample 15 min 10 min
2nd to 4th sample 30 min 10 min

5th sample 1 h 10 min
6th to 7th sample 4 h 10 min

Night - over night
Additional samples 2x 4 h, afterwards 10 min / over night

pause over night

Before the reported experiments, 10 tests were performed using ul-
trasound cleaning and pellets, but with inappropriate measures to avoid
condensation. This led to an increased collection efficiency, thus these
measurements could not be evaluated. During the last run using pellets
and ultrasound cleaning, the boiler encountered an error and went into
emergency shutdown. Tar deposits inside the boiler from the malfunc-
tion caused a change in the emission characteristics of the boiler, thus,
no additional runs were possible.
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The maximum measurement time during the testing using wood chips
and counter-current flushing was limited to 12 hours. Technical limita-
tions of the fuel feeding system required the manual refilling of wood
chips every 30 min, making automated experiments overnight impossi-
ble.

3.2. Results

3.2.1. Fuel properties and raw gas quality

The behavior of the metal mesh should be tested both with a high-quality
fuel with low content of aerosol-forming elements, and a low-quality fuel
containing a high amount of aerosol-forming elements. In order to do so,
the furnace was operated during the first experiments with commercial
pellets obtained from Scharr Wärme. For the later experiments, low-
quality wood chips obtained from a local supplier were used. Wood
chips larger than 32 mm were removed by sieving to avoid plugging of
the furnace’s screw. To confirm the desired quality of the fuels, both
were analyzed as described in Section 3.1.4.

As shown in Table 3.4, the pellets fulfill the requirements for EN
plus [76] and DIN plus A1 [77] certification. The amount of aerosol-
forming compounds (K, Na, Zn, Cl, and S) was low with a total of 561.4
mg/kg. As intended, the wood chips contained much more aerosol-
forming elements with 2384.7 mg/kg.
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Table 3.4.: Fuel composition, manual prototype
Pellets Wood chips Instrument

Water contentb 6.5 % 16.0 % Drying Oven
Ash contentb d.b. 0.3 % 2.1 % Ash oven
LHVb d.b. 18789 ± 6 J/g 18327 ± 5 J/g Calorimeter
Ca d.b. 500.8 ± 4.3 g/kg 489.6 ± 2.0 g/kg EA
Ha d.b. 65.2 ± 0.6 g/kg 61.7 ± 0.5 g/kg EA
Na d.b. 0.8 ± 0.1 g/kg 2.7 ± 0.2 g/kg EA
Oa d.b. 432.6 g/kg 446.0 g/kg EA
Cla d.b. 2.7 ± 0.2 mg/kg 5.9 ± 0.3 mg/kg IC
Sa d.b. 4.8 ± 0.2 mg/kg 17.7 ± 0.3 mg/kg IC
Caa d.b. 941 ± 12 mg/kg 7297 ± 320 mg/kg ICP-OES
Ka d.b. 537 ± 7.8 mg/kg 2247 ± 76 mg/kg ICP-OES
Naa d.b. 3.3 ± 1.7 mg/kg 88.1 ± 0.9 mg/kg ICP-OES
Zna d.b. 13.6 ± 1.9 mg/kg 26.0 ± 0.9 mg/kg ICP-OES
d.b.: Dry basis. Average ± Standard deviation. a: 6 Measurements. b: 3 Measurements.

Gaseous emissions of the boiler were measured for two reasons: To
assess the combustion quality and to measure a potential gas leakage of
the setup. No gas leakage could be measured, as the deviation between
the data measured by the lambda sensor of the furnace and the mea-
sured oxygen content was below 1% and within 1.5% of the nominal
oxygen content of the furnace (9.5%).

The quality of the combustion was - as intended - depending on the
used fuel.

With pellets, combustion was very good, with low levels of dust and hy-
drocarbons as shown in Figure 3.3. Dust concentration was 7 mg/m3 (cor-
rected to 13% O2, STP), VOC was mostly below the detection limit and
the CO concentration was 53 mg/m3. NOx concentration was 68 mg/m3.
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In contrast to the low emissions with pellets, the emissions were
higher during the combustion of wood chips and above the legal lim-
its of the 1. BImschV [9]. The dust concentration was 0.049 g/m3
(limit: 0.02 g/m3) during wood chip combustion, VOC concentration
was 49 mg/m3, CO concentration was 1.8 g/m3 (limit: 0.4 g/m3), and
NOx concentration was 113 mg/m3.

Figure 3.3.: Raw gas composition during Pellet and Wood Chip combustion. X: Average.
Whiskers: Minimum/maximum value. Box: First quartile, median and third
quartile

3.2.2. Dust collection efficiency

In general, assuming constant flow the dust collection efficiency can be
defined as

E = cDust,in − cDust,out/cDust,in ∗ 100 (3.2)

E = Collection Efficiency
cDust,in = Dust concentration at the inlet, [g/m2]

cDust,out = Dust concentration at the outlet, [g/m2]
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Averaged pressure drop and dust collection efficiencies are displayed
in Figures 3.4 to 3.6. Each figure shows the averaged results for pellet
and wood chips combustion. During the experiments at 33.3 m/h flow,
the experiments had to be stopped before the maximum pressure drop
of 2000 Pa was reached.

Figure 3.4.: Collection efficiency and pressure drop for Pellet and Wood Chip combustion
at 66.6 m/h flow velocity. Averaged curves from 3 measurements. Error bars
equal standard deviation.

The main difference between the different curves is the total duration,
thus, Figure 3.7 shows one curve for discussion in detail.

The filtration can be separated into two different phases:

Phase 1 is characterized by low collection efficiency and low pressure
drop.
Phase 2 is characterized by a high collection efficiency, and an increase
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Figure 3.5.: Collection efficiency and pressure drop for Pellet and Wood Chip combustion
at 50 m/h flow velocity. Averaged curves from 3 measurements. Error bars
equal standard deviation.

Figure 3.6.: Collection efficiency and pressure drop for Pellet and Wood Chip combustion
at 33.3 m/h flow velocity. Averaged curve from 3 measurements for wood
chip combustion, single run for pellet combustion. Error bars equal standard
deviation.
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Figure 3.7.: Filtration phases during the experiments at 50 m/h. Averaged curve from 3
measurements for pellet combustion. Error Bars equal standard deviation.

in pressure drop over time, until the maximum pressure drop of 2000 Pa
is reached and the experiment is stopped.

During Phase 2, the collection efficiency is close to 100%. The mea-
sured raw gas concentrations were extremely low and within the detec-
tion limit of the method, at 0 - 0.3 mg/m3 (corrected to 13% O2, STP).
Separation efficiencies exceeded 98%. In Table 3.5, the average time for
the phases and the overall separation efficiencies are displayed for all
fuels and flow velocities.
With decreasing flow, Phase 2 prolongs in comparison to Phase 1,

resulting in higher overall collection efficiency.
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Table 3.5.: Duration of the phases and overall collection efficiency
Pellets

Gas velocity Phase 1 Phase 2 Collection Efficiencyd Pressure Drop
[m/h] [h] [h] [%] [Pa]

66.6b 1.8± 0.6 9.9± 0.5 75± 4 2000
50.0b 3.1± 0.5 22.0± 3.0 86± 1 2000
33.3c 4.7 49.3 84 1585

Wood Chips
66.6b 0.45±0.1 3.0± 0.5 83± 1 2000
50.0b 0.58±0.2 5.5± 3.0 86± 3 2000
33.3b 0.35±0.1 10.0± 0.1 91± 1 1190 - 1266

Average ± Standard deviation. b: 3 Measurements. c: 1 Measurement. d :
including both phases

3.2.3. Regeneration

Potential signs of an incomplete regeneration are an increase in residual
pressure after the regeneration is completed, decreasing operation time,
or visible remains of filter cake.
None of these signs could be observed at any test run.
No residual pressure drop could be measured during the campaign.

Also, the operation time before the maximum pressure drop was reached
was only dependent on the gas velocity and the used fuel. Measure-
ments were repeated three times for one case (e.g. 50 m/h gas velocity
and pellets). The operation time was in all cases constant for all three
measurements. On optical inspection, as depicted in Figure 3.8, no filter
cake remains could be detected after regeneration.
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Figure 3.8.: Metal mesh filter before and after cleaning

During the entire testing period, including cases of furnace malopera-
tion, the mesh was cleaned using either the ultrasound method or by
counter-current flushing with water. During commissioning, another 10
runs with ultrasound-assisted cleaning were performed, amounting to a
total count of regenerations of 26.
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3.2.4. Chemical analysis of fly ash

Before regeneration, ash samples were scraped off the candles and
analyzed. The results can be found in Table 3.6.

Carbon content is 18.97 wt-% in pellet ash and 2.31 wt-% in wood chip
ash. The main constituents of the ash are aerosol-forming compounds.
Potassium represents 47.8 wt-% of pellet ash and 41.9 wt-% of wood
chip ash. Chloride (14.7 and 25.8 wt-%) and Sulphur (4.8 wt-% and
4.9 wt-%) are inorganic compounds with the second and third largest
share. Another important aerosol-forming compound is zinc with 3.24
and 3.77 wt-%.

Table 3.6.: Ash composition, manual prototype
Pellet Ash Wood Chip Ash Instrument

Ca d.b. 18.97 ± 1.40 wt-% 2.31 ± 0.20 wt-% EA
Ha d.b. 0.47 ± 0.03 wt-% 0.36 ± 0.01 wt-% EA
Na d.b. 0.08 ± 0.01 wt-% 0.27 ± 0.02 wt-% EA
Cla d.b. 14.7 ± 0.2 wt-% 25.8 ± 2.9 wt-% IC
Sa d.b. 4.8 ± 1.2 wt-% 4.9 ± 0.8 wt-% IC
Caa d.b. 1.54 ± 0.02 wt-% 0.41 ± 0.01 wt-% ICP-OES
Ka d.b. 47.83 ± 2.54 wt-% 41.95 ± 0.79 wt-% ICP-OES
Naa d.b. 0.32 ± 0.01 wt-% 0.67 ± 0.02 wt-% ICP-OES
Zna d.b. 3.24 ± 0.11 wt-% 3.77 ± 0.08 wt-% ICP-OES
d.b.: Dry basis. Average ± Standard deviation. a: 6 Measurements.
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3.3. Discussion

3.3.1. Flue gas composition

The burning of pellets resulted in a relatively clean flue gas, which was
already below legal limits. In contrast, during the combustion of wood
chips, the emissions were elevated and emission limits were surpassed.

This resulted in two very different flue gas streams which pose differ-
ent challenges to the filter.

Using pellets, the dust loading is already low with 7 mg/m3, and the
initial buildup of a filter cake might be inhibited.

With wood chips, the dust loading is much higher at 49 mg/m3, which
facilitates the build-up of a filter cake. However, volatile organic com-
pounds are present, which might lead to a sticky filter cake and thus
regeneration might be more problematic compared to pellet combustion.
The high concentration of CO (1.8 g/m3) and presence of VOC indicate
incomplete combustion.
The used wood chips did not fulfill the furnace’s requirement for

fuel, most notably they were sieved to 32 mm maximum size instead
of 16 mm. Due to the small grate of the furnace, this leads to unstable
conditions during combustion. Wood chips from forest residue contain
a high amount of bark, and thus a high amount of aerosol-forming ele-
ments as confirmed by chemical analysis.
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In general, the flue gas temperature at the outlet of the boiler was
in the range of 80 °C. Thus, condensation of water and tar is possible,
however, at the concentrations measured, unlikely.

Dust measurements were difficult, especially during pellet combustion.
Already before filtering, concentrations were low, with around 7 mg/m3.
Downstream of the filter, the concentration was below 1 mg/m3. This
resulted in problems during the gravimetric measurement of the dust
concentration: The loading of the plane filters used for gravimetric
measurement was less than a microgram of dust downstream of the
filter. Thus, the standard deviation of the measurements of the dust
concentration was high. During the combustion of wood chips, the
problem of deviation was less apparent as the concentrations were higher.

3.3.2. Dust collection efficiency

A total of 16 runs were performed to evaluate the dust collection effi-
ciency of the filter. As shown in Figure 3.7, the filtration has to be divided
into two phases, which has major implications on the dust collection
efficiency. As criterion to differentiate between the phases, the pressure
drop can be used: As soon as the pressure drop increases, phase 2 starts.
During the first phase, a filter cake has yet to accumulate, and only filtra-
tion at the surface of the mesh is possible. Compared to the majority of
the fine dust particles (diameter according to literature: 50-100 nm), the
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pores are much larger with 22 µm. Thus, only the biggest particles are
retained and the collection efficiency is low until a filter cake is covering
the entire surface of the metal mesh. During this phase, no pressure
drop could be measured.

Once a filter cake was formed, the second phase started, during which
the retention of particulate matter is nearly complete. Instead of surface
filtration, deep filtration in the filter cake is the main mode of filtration
in this phase. The pressure drop increases with the accumulation of the
filter cake until the maximum pressure drop is reached.

The division of the filtering into two phases has a meaningful impact
on how the collection efficiency has to be evaluated. The first phase
should not be neglected, as it has a major impact on the overall collec-
tion efficiency. Thus, the collection efficiency has to be averaged over
an entire filtration process for evaluation. Considering only the high
efficiency during the second phase results in impressive numbers, which
are, however, not representative for the entire period. During the second
phase, collection efficiencies exceeding 99% are common, but for the
total process, the collection efficiency is between 75 and 91% depending
on fuel and gas velocity.

In general, the collection efficiency increases when the gas velocity is
decreased, as the second phase is prolonged compared to the first phase.

The behavior of the first phase is ambigous. It could be expected that
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a constant amount of dust needs to accumulate on the filter surface until
a filter cake has formed, which would result in a constant amount of
dust passing through the filter during the first stage. However, as shown
in Figure 3.9, this is not the case. The amount of dust passing the filter
was calculated from the gas velocity, multiplied by the dust loading of
the raw gas and the collection efficiency measured. The variety in the
amount of dust passing through the filter is quite high, and no trend
can be observed. Still, it can be assumed that about 0.5 g of dust will
pass through a square meter of the filter before a sufficient filter cake
has built up.
During the first phase, in some cases, the dust collection efficiency

seems to decrease in the first minutes. This effect is most likely caused
by condensation at the very beginning of the filtration. During commis-
sioning, the filter and the piping were not preheated, and the observed
effect was stronger. Thus, a barrel heater was installed to preheat the
filter casing, and the measurement procedure was adjusted to include
preheating.

3.3.3. Pressure drop modelling during depth filtration

In contrast to the first phase, the results of the second phase were very re-
producible. The measured separation efficiencies were very high, during
pellet combustion 98 ± 2% were measured, during wood chip combus-
tion 99.5 ± 0.8%. The error is in absolute numbers similar, but due to
higher dust concentrations caused by wood chip combustion the relative
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Figure 3.9.: Amount of dust passing the filter before a filter cake is accumulated

error is smaller. Due to the measurement uncertainty, negative dust
concentrations were measured in the filtered gas.

As shown in Figures 3.4 to 3.6, the pressure drop follows an exponen-
tial slope. Thus, the behavior of the pressure drop during the second
phase can be described with a mathematical function.
Given the pressure drop increases linearly with gas velocity, all mea-

surements were normalized to 50 m/h by a linear approach (as an
example, for a gas velocity of 33.3 m/h, the pressure drop was mul-
tiplied by 50/33.3). The normalized data for both fuels is plotted in
Figure 3.10.
The pressure drop per g of dust is significantly lower for dust from

wood chip combustion compared to pellet combustion. Using the plot,
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Figure 3.10.: Model functions of the pressure drop. Solid line: pellets, dotted line: wood
chips. Each cross marks an individual measurement. For the regression
curve, values below 500 Pa were ignored

the coefficients of a normalized model function of the form

∆p = anDb (3.3)

∆p = Pressure drop [Pa]
an, b = Coefficients
D = Dust per m2 filter surface [g/m2]

were calculated using a least square approach. All measurements above
500 Pa pressure were used. The coefficients were an = 814.41, b =
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0.4544 for pellet combustion and an = 627.72, b = 0.4125 for wood
chip combustion.

Without the normalization, the general function is:

∆p = avDb (3.4)

∆p = Pressure drop [Pa]
a, b = Coefficients
v = Gas velocity [m/h]
D = Dust per m2 filter surface [g/m2]

In this case, a is 16,28 for pellets and 12,55 for wood chips.

Using this data, it is possible to approximate the operation time in
dependence of the gas velocity and dust concentration by replacing D
with cDust*v*t if the collection efficiency of the second, depth-filtration
phase is approximated to 100%:

tmax =
�

∆pmax

(acdust v2)b

�
1
b

(3.5)

tmax = maximum operation time [h]
∆pmax = maximum pressure drop [a]
a, b = Coefficients from least square approximation
v = Gas velocity [m/h]
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cdust = Dust concentration in the flue gas [g/m3]

Figure 3.11.: Operation time and effective collection efficiency dependent on the gas
velocity through the filter

The result is plotted in Figure 3.11. In addition, it is also possible
to calculate theoretical effective separation efficiencies (including the
build-up of the filter cake and the following deep-filtration) using the
average collection efficiencies of the phases. For phase 1, it was assumed
that 0.5 g of dust would pass 1 m2 of filter surface until a sufficient filter
cake is built up.

3.3.4. Regeneration

For regeneration, two different cleaning modes were attempted which
are fundamentally different.
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Ultrasound cleaning and counter-current cleaning use different clean-
ing mechanisms which have different implications on cleaning:
In an ultrasonic bath, cavitation bubbles cause small jets directed at

any immersed surfaces. These remove particles on the surface, and since
cavitation is induced in the entire bath, the cleaning is uniform. At the
used frequency, the ultrasound cannot penetrate the mesh, which could
in theory cause issues if dust is deposited inside the mesh.

Counter-current cleaning is less uniform, as the water flows through
the candle and removes the filter cake mechanically due to a pressure
gradient over the mesh. In theory, it would be possible that only a small
part of the filter cake gets removed at the bottom of the candle where
the pressure is highest due to hydrostatic effects, and afterwards, the
required pressure gradient is not reached anymore.

In addition to the mechanical forces, most compounds of the dust are
soluble, which further facilitates cleaning.

Both cleaning methods proved to be sufficient. The filter cake was
removed completely from the entire surface, without any spots or patches
which were not cleaned. The usage of additives was not necessary, and
thus not evaluated. Tap water without surfactants provided a sufficient
cleaning.
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3.3.5. Fly ash composition

The fly ash composition is largely as expected from literature data. The
main constituents are aerosol-forming compounds, followed by carbon.
It is, however, important to note that there is considerably more carbon in
fly ash from pellet combustion than in fly ash fromwood chip combustion.
Gaseous emission measurements would indicate the opposite, as volatile
organic compounds were only detectable during wood chip combustion.

However, it is also important that only the relative amount of carbon
is higher. The absolute concentration in the flue gas is 1.2 mgC/m3 for
pellet combustion and 1.1 mgC/m3 for wood chip combustion. This is
an indication that the generation of carbon-containing compounds in
the dust is independent of the amount of aerosol-forming compounds
and to a certain extent from the combustion quality.
The measured carbon is likely carbonates of inorganic compounds,

e.g. potassium carbonate is a very possible candidate. With the used
instruments, a differentiation between carbonates and oils or tars is not
possible. This would also mean that generated organic compounds will
not condense inside of the fabric filter, and thus pass the filter.

3.3.6. Design of an commercial filter

Based on the results, it is possible to outline a general design and concept
for a commercial filter.

The filter needs to be regenerated periodically. During the regenera-
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tion, no filtering is possible. Thus, it is required to either shut the filter
down or to use multiple filters which are operated in parallel.
For pellet furnaces, the use of a single module with a gas velocity of

30 - 40 m/h leads to an operation time of multiple days, or even weeks,
between regenerations. Thus, the use of a single module should be
possible, and to regenerate the filter during shutdowns of the furnace.

For bigger wood chip furnaces, regenerations are more frequent and
thus a single module is less viable. Instead, three (or more) modules
should be used, which can be regenerated one after another. For this to
work, the gas velocity of all modules combined should also be limited to
30 - 40 m/h.

3.4. Conclusions

The research done using the manual prototype gave important insight
into the behavior of a metal mesh filter during filtration. Most im-
portantly, it could be shown that both ultrasonic and counter-current
cleaning remove the filter cake reliably.

It could also be shown that the filtering has to be divided into two
phases: Build-up of the filter cake, followed by depth filtration in the
filter cake. During the build-up of the filter cake, collection efficiency is
low, while particle retention is nearly complete during depth filtration.
Since the ratio of both phases depends on the gas velocity, the gas veloc-
ity is not only an important variable to influence the operation time, but
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also to adjust the collection efficiency.

Also, it was possible to obtain functions for the pressure drop, oper-
ation time, and collection efficiency which can be used for designing
larger and automated filters.
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Evaluation of a filter
prototype

While the focus of previous research was to evaluate the general feasibil-
ity as well as the theoretical behavior of the filter mesh, the following
research focused on practical aspects of the operation.
The most important aspects for a successful commercial application

are high reliability and low costs. Thus, long-time experiments were
conducted. Also, the residues – regeneration water and solid, insolu-
ble residues – were analyzed and possible ways of disposal assessed.
Additionally, possibilities to simplify the filter design were examined.
The option with the biggest economic impact is to use counter-current
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flushing instead of ultrasound, but also the choice of the mesh and the
use of prefiltration by a cyclone are further possibilities.

The most challenging step of the process is regeneration. While the
results from the metal mesh testing were promising, long-time stability
was not sufficiently tested. Also, process control had to be evaluated.

4.1. Material and Methods

A new, automated prototype was built for a 180 kW boiler. Since both
regeneration methods proved to be feasible, the filter consisted of two
modules: One with ultrasound cleaning and one with counter-current
cleaning.

Since the main focus was the reliability of the regeneration, the filter
was designed to be regenerated more often than would be recommended
for a commercial application. In addition to the filter modules, the filter
prototype also included a programmable logic controller to automate the
process and four measuring sections (one upstream and one downstream
of each filter module), a regeneration water reservoir and a blower as
shown in Figure 4.1.
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Figure 4.1.: P&ID of the automated prototype
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4.1.1. Filter modules

Figure 4.2.: Filter car-
tridge

Compared to the previous filter, the most im-
portant change of the filter modules was the
use of folded filter cartridges as shown in Fig-
ure 4.2 instead of filter candles. By folding, the
surface area can be increased to 5 m2 per mod-
ule without increasing the required space. To
evaluate the influence of pore size, cartridges
with a pore size of 22 µm and 60 µm were used.
Both types of cartridges were made from V2A
steel (1.4301), and the meshes were plain weave
meshes.
The ultrasound transducer (SONOPUSH®

MONO HD, 2000 W, Weber Ultrasonics) was
moved inside the cartridge, which meant only
one, relatively big cartridge was used per mod-
ule.

The flow of the flue gas was reversed: During operation, the flue gas
entered the filter on top, flowed through the filter cartridge from the
inside to the outside, so the filter cake accumulated on the inside of
the module. Thus, it could be removed by ultrasound. The design and
operation scheme is shown in Figure 4.3.

Similar to the previous prototype, there was a bypass which connects
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the furnace directly to the chimney, ensuring save operation. During
filtering, an additional flue gas fan was used to direct flow through the
filters. To avoid recirculating of filtered gas when all of the flue gas was
filtered, the bypass was equipped with a check-valve. A PID controller
was used to create a ∆p of 20 Pa over the check-valve to ensure filtering
of the entire flow.

Alternatively, it was possible to couple the controller to one of the vol-
umetric flow meters and filter a defined volumetric flow in one module.

Figure 4.3.: Scheme and operation of the automated prototype. Left: Filtering operation.
Right: Regeneration.

The filter cartridge has seals on the top and bottom and was clamped
between the upper and the lower part of the housing. The filter housing
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consists of stainless steel (V2A).
For the ultrasound module, an additional holder for the ultrasound

transducer was added. Also, the ultrasound generator had to be cooled
by an additional cooling coil to limit the temperature of the generator.
According to the producer, the ultrasound generator should not be sub-
jected to temperatures above 100 °C, or the piezoelectric compounds of
the generator might lose their piezoelectric properties. For the cooling
circuit, a cooling water pump and a cooling water reservoir were added
to the frame of the filter.

To regenerate the filter, the filter is flooded with water via the outer
compartment and flows through themesh in opposite direction compared
to the earlier flue gas flow.
For counter-current cleaning, the filter was first filled with water to

the top. Then, the water valve was opened and the water flowed back
into the regeneration reservoir. Since the water pipe had an 80 mm
diameter, this process was quick and high flow rates were achieved,
which is important for the cleaning. The cleaning process was repeated
once.

For ultrasound-assisted cleaning, the filter was filled with water, and
ultrasound was applied for 5 min. No repetition of the cleaning process
was done.
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4.1.2. Experimental Set-up

The filter modules described in the previous chapter were integrated
into an experimental setup. The P&ID can be found in Figure 4.1.

For flue gas generation, a 180 kW wood chip boiler (Schmidt UTSR
180) was used. The boiler is a modified version of the commercial unit,
with additional temperature measurement in the grate, in the burnout
zone, additional sampling ports above the firebed, and in the burnout
zone for gas sampling, and exhaust gas recirculation.
For the experiment, the boiler was set to an oxygen concentration

of the exhaust gas of 8.5% at full load and 10% at 30% load. Primary
air was set to a fixed amount depending on the thermal output, while
secondary and tertiary air was controlled by a lambda sensor. Exhaust gas
recirculation was set to dilute the primary air by a ratio of approximately
80 : 20 (fresh air : recirculated flue gas). Secondary and tertiary air
were not diluted.

Cooling water at 75 °C was provided by the infrastructure of the Uni-
versity of Applied Sciences Rottenburg, which also measured the thermal
output.

The measurement sections were designed according to DIN EN 33999
[70] with a diameter of 150 mm. To avoid turbulence, the suggested
distances between measuring ports were used. As result, the measuring
sections were large, and the total height exceeded 4 m. The list of
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instruments can be found in Table 3.2.

4.1.3. Gaseous analysis

Particulate matter concentration was measured before and after the filter
during test runs.

For accurate and repeatable measurements, sampling was started
once a volumetric flow was registered inside of the measuring section
after the filter, and stopped when the blower was shut down. Thus,
the average particulate matter concentration during the entire filtration
process was measured.

To account for the different dust concentrations and measuring times
compared to the earlier experiments, some changes were implemented
to the sampling described in Section 3.1.3: Before and after the filter,
plane quartz filters and plugged extra-fine glass wool for prefiltration
were used.

The gaseous flue gas composition was logged continuously using an
ABB modular measuring solution downstream of the filter, which was al-
ready described in Section 3.1.3. The position was chosen to monitor the
tightness of the setup, however, VOC measurements might be influenced
by low temperatures in the duct and filter, causing condensation and
thereby too low values. This is especially problematic during the start
and stop of the filter, as the temperatures are lower during these phases,
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and condensation of water was observed. As described in Table 3.2, the
modular measuring tower measured CO, NO, CO2, SO2, O2 and VOC.
Before measurement, the flue gas sample passed through a condenser
(ABB), thus, the gas concentrations are for dry gas.

All values were corrected to standard temperature and pressure (STP).

4.1.4. Chemical analysis of the fuel, ashes, and regeneration water

The fuel was obtained from one distributor, but due to the volume, three
different batches had to be used for the tests. The fuel arrived in a
roll-off container, of which samples were taken from different spots and
heights.

During operation, different waste products were generated: Regener-
ation water, an insoluble solid residue that accumulated at the bottom
of the regeneration water reservoir, and bottom ash from the furnace.
Samples were taken from the regeneration water and the solid residue
during the exchange of the regeneration water, and also a sample of the
bottom ash was taken.
In addition, a sample was taken directly from the filter cake after

decommissioning of the filter.

Chemical analysis was performed as described in Section 3.1.4.
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Additionally, the regeneration water was analyzed directly using the
ICP-OES without digestion as the sample was already a liquid. pH was
measured using a pH meter (Mettler Toledo FE20) and chemical oxygen
demand (COD) was measured using a rapid test kit (Macherey-Nagel,
Nanocolor CSB 40 and CSB 160).

4.2. Filter testing

To prove the reliability of the regeneration, the filter was operated using a
load cycle which was intended to be close to real operation. Additionally,
the filter was operated at fixed volumetric flows during operation at full
load to evaluate design options.

4.2.1. Long time operation

As discussed in the introduction, modulating load is common during the
operation of a boiler, and also starts and stops occur. Thus, a cycle was
designed to include load modulation and re-ignition of the furnace. It
is shown in Figure 4.4. The cycle is eight hours long and is repeated
three times per day. The furnace is operated at thermal outputs between
30 and 100% before shutting down for one hour after which ignition
is required. The desired thermal output was transferred to the boiler
using a LabVIEW-programme with a MODBUS interface, which was also
used to log the experimental data.
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Figure 4.4.: Load cycle of the furnace

The filter was operated during all times, also during start and stop
phases.

4.2.2. Design Simplification

The following design options were tested:

• Use of a metal mesh with 22 µm or 60 µm opening

• Use of ultrasound cleaning

• Use of a cyclone as a prefilter

To examine the influence of different metal meshes, the cartridge of the
ultrasound module was exchanged with a 22 µm cartridge, while the
60 µm cartridge in the second module which was already used in the
previous experiments was kept.

4.2 | Filter testing 65



Different to the previous measurements, only one module was used at
a time, and a constant volume flow was used during the entire exper-
iment. The furnace was operated at full load, to ensure reproducible
conditions for the design optimisation. As will be discussed in more
detail in Section 4.3.2, the initial design did not account for thermal
expansion which led to internal leakages of unfiltered flue gas into the
filtered gas compartment. Thus the construction had to be changed.
Instead of clamping between two metal surfaces, a sleeve with a radial
seal was used on the top, so that there was sufficient room for thermal
expansion. A schematic display of the solution is shown in Figure 4.5.

Figure 4.5.: Gasket scheme of the prototype. Left: Initial design. Right: Improved design,
with a sleeve to allow thermal expansion.

The new design required a change in the mode of operation, as gas
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cannot pass through the wet metal mesh. To avoid the usage of electric
heating, the modules were dried with flue gas as shown in Figure 4.6.

Figure 4.6.: Drying of the improved filter. Left: Wet filter, right: Dry filter.

Instead of dividing the flue gas and filtering of a partial stream in both
filters, the entire flow was passed through the inside of the wet filter and
passed into the second, dry filter using the water pipe. In the second
filter, the flue gas was filtered and left via the outlet to the flue gas fan
and chimney. To achieve this, both water valves were opened and the
valve between the dry filter and the furnace was closed.
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4.3. Results

4.3.1. Fuel properties and raw gas quality

Commercial wood chips were used for the operation tests. This way, a
realistic quality of the fuel was ensured. Three containers were required.

Table 4.1.: Fuel composition, automatic prototype
Batch I Batch II Batch III

Water contentb 38.7 % 29.3 % 35.07 %
Ash contentb d.b. 1.4 ± 0.1 % 2.0 ± 0.2 % 0.7 ± 0.1 %
LHVb d.b. 18482 ± 32 J/g 18600 ± 14 J/g 18516 ± 15 J/g
Ca d.b. 491 ± 3 g/kg 496 ± 3 k/kg 485 ± 3 g/kg
Ha d.b. 64.4 ± 0.9 g/kg 64.8 ± 0.6 k/kg 64.1 ± 0.9 g/kg
Na d.b. 2.2 ± 0.1 g/kg 2.7 ± 0.2 k/kg 0.9 ± 0.2 g/kg
Oa d.b. 437.2 g/kg 430.3 g/kg 446.9 g/kg
Cla d.b. 58.6 ± 1.1 mg/kg 52.3 ± 1.9 mg/kg 57.7 ± 2.3 mg/kg
Sa d.b. 33.5 ± 12 mg/kg 94.6 ± 47.4 mg/kg 38.4 ± 13.0 mg/kg
Caa d.b. 3488 ± 71 mg/kg 4479 ± 93 mg/kg 2048 ± 6 mg/kg
Ka d.b. 1785 ± 14 mg/kg 1814 ± 28 mg/kg 1115 ± 4 mg/kg
Naa d.b. 29 ± 3 mg/kg 46 ± 1 mg/kg 188 ± 10 mg/kg
Zna d.b. 12 ± 2 mg/kg 30 ± 2 mg/kg 18 ± 4 mg/kg
d.b.: Dry basis. Average ± Standard deviation. a: 6 Measurements. b: 3 Measurements.

The quality of the wood chips varied as shown in Table 4.1. For dust
generation, two values are especially important: The water content, as
it may cause incomplete combustion if it is too high, and the amount
of aerosol-forming compounds (K, Na, Zn, Cl, S). The water content
and content of aerosol-forming compounds of Batch I were high, while
Batch II had a lower water content and Batch III a lower content of
aerosol-forming compounds.
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Figure 4.7.: Raw gas particulate matter concentration. X: average. Whiskers: minimum/-
maximum value. Box: first quartile, median and third quartile

The different amounts of aerosol-forming compounds and water af-
fects the raw gas particulate matter concentrations downstream the
boiler, as shown in Figure 4.7.

Modulating load had a major influence on the raw gas composition.
The programmed load cycle included large, instantaneous changes of
the power output (compare: Figure 4.4), but the boiler software limits
the rate of changes to reduce emissions. The resulting internal setpoint,
thermal output, and flue gas temperature before the filter is shown in
Figure 4.8. Due to the large thermal mass of the furnace, the recorded
output is following the internal setpoint with a delay. The change in
flue gas temperature has an additional delay. During shutdowns of the
boiler, the flue gas temperature decreases to less than 70 °C, which
should result in the formation of condensate. Also, short decreases in
temperature can be observed during regeneration of the filter, as the gas
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Figure 4.8.: Thermal output and flue gas temperature during modulating load. 8/4/2020,
fuel: Batch I

is stagnant in the measuring section (e.g. at 03:15).
The resulting gas composition is shown in Figure 4.9. CO emissions

depend on the load (and previous load history) of the furnace. During
ignition, but also during stop and at low power settings, the CO emis-
sions are increased. The highest value was measured while the boiler
was in standby with 2022 mg/m3, while the average CO emission was
391 mg/m3. During re-ignition of the furnace, VOC emissions were
measured in some cases. Oxygen content was close to nominal value
only at full load.

Stable load conditions as shown in Figure 4.10 lead to lower emissions.
CO emissions never exceeded 400 mg/m3, with an average of 94 mg/m3.
The oxygen concentration wasmuchmore stable and close to the setpoint.
Over time, the O2 concentration slowly increased. No VOC emissions
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Figure 4.9.: Flue gas composition during modulating load. 8/4/2020, fuel: Batch I

were measured during stable conditions.

Figure 4.10.: Flue gas composition during stable load (100%). 19/08/2020, fuel: Batch
III

4.3 | Results 71



Figure 4.11.: Long-time measurements of the 8/4/2020. Red boxes: regeneration. Fuel:
batch I

4.3.2. Long time operation

In Figure 4.11, pressure drop, the temperature inside the filter, and
thermal output is displayed for a day of operation. Regenerations are
marked with red boxes. During the first 8 hour cycle, two regenerations
were required, during the second four regenerations, and during the last
cycle of the day, two regenerations were necessary.
After each regeneration, the pressure drop is very high for a short

period. While the filters are still wet after regeneration, no flue gas can
pass through the filter, resulting in the elevated pressure drop observed.
After drying, a minimal pressure drop could be observed at around 700
to 1000 Pa. At a medium gas velocity (200 m3/h per unit resulting in
40 m/h), a pressure drop of 300 Pa was caused by the piping and the
remaining pressure drop was caused by the metal mesh.
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In general, the regenerations were successful and no differences re-
garding regeneration could be recorded between the different modules.
As particles accumulated in the regeneration water, the residual pressure
drop increased which led to more frequent regenerations as shown in
Figure 4.12.

Figure 4.12.: Effect of particle enrichment in the regeneration water. Operation of the
filter was stopped at 9:45 due to short regeneration intervals. Same scale
as Figure 4.11 for illustration. Red boxes: regeneration. Measured on
26/2/2020. Fuel: batch I

A mud-like layer of insoluble particles was present at this stage in
the regeneration water reservoir, and since the water flowed quickly
back into the regeneration water reservoir, a portion of it was suspended
in the bulk water. Settlement of the suspended particles was slow, so
particles were pumped into the filter during the next regeneration. A
secondary filter cake formed on the outside of the filter mesh, causing an
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additional pressure drop. Estimated from the concentration of potassium
in the liquid phase, about 1.35 kg/m3 solid residue was suspended in
the regeneration water.

After replacement of the regeneration water, the time between regen-
eration returned to the previous values for one to two weeks of operation.
However, the used water from the first regeneration was heavily con-
taminated with particles.

During the entirety of the trials, no additional, manual cleaning was
required. Only the automated cleaning protocol was used.

During commissioning and during operation testing, collection ef-
ficiency was measured. A selection of the measurements is given in
Table 4.2.

Table 4.2.: Separation Efficiencies during commissioning and long time operation
Raw gas Filtered gas Separation Operation

Fuel concentration concentration efficiency time
[mg/m] [mg/m] [%] [h]

Commission12.2. Batch I 170± 17 35.8± 8.3 79 0.9 2
Commission13.2. Batch I 123 22.7 82 0.9 1
Full Load 17.2. Batch I 111± 13 30.1± 6 73 1.2 3
Full Load 24.2. Batch I 77± 44 32.5± 22 58 1.6 3
Full Load 11.3 Batch I 83± 25 31.3± 63 63 1.2 5
Full Load 12.3. Batch I 90± 6 19.6± 4 78 1.2 4
Half Load 13.3. Batch I 87± 17 23.9± 20 73 1.7 3
modulating 9.4. Batch I 93± 15 27.9± 8 70 - 3

The collection efficiency was lower as expected based on the results
from the smaller filter. Inspection of the inside of the filter revealed that
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the filter cartridges were compressed, and a gap had formed between
the gasket and metal surface. Thus, a portion of the gas could bypass
the metal mesh and enter the filtered gas compartment without being
filtered.

4.3.3. Design simplification

Before the tests for design simplification, the gasket design was improved
as described in Section 4.2.2 to obtain reliable values for the collection
efficiency.

Mesh size
During the evaluation of different mesh sizes, values for the collection

efficiency in dependence of the gas flow velocity were obtained as shown
in Table 4.3.
During the first runs, the gaskets were not leaking which resulted

in higher separation efficiencies of up to 87% for both filters. During
the later runs, small leakages were registered which resulted in lower

Table 4.3.: Collection efficiency with improved gasket design and different mesh sizes
Volumetric Mesh Raw gas Filtered gas Separation Operation

Flow Size Fuel concentration concentration efficiency time
[m/h] [µm] [mg/m] [mg/m] [%] [h]

250 60 Batch II 51.1± 4 9.3± 0.5 82 ± 2 1.2
250 22 Batch II 45.7± 3 8.7± 1.9 81 ± 4 1.2
200 60 Batch II 52.9± 15 6.2± 0.7 87 ± 4 3.5
200 22 Batch III 31.9± 5 4.4± 0.6 86 ± 5 1.2
150 60 Batch III 38.7± 6 7.3± 0.3 81 ± 3 3.2
150 22 Batch III 30.6± 1 6.2± 0.6 80 ± 3 3.2
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Figure 4.13.: Expected and real behaviour of the filter during drying. The difference
between expected and real development of the volumetric flow is caused by
a leak.

collection efficiency.

Figure 4.13 shows the expected behavior of the filter in comparison
to the recorded behavior during drying.

As explained in Section 4.2.2, flue gas cannot pass through wet filters.
Thus, the filter was dried by passing flue gas through the inside. If the
filter would be tight, no flow should be registered during the beginning
of the drying process. Instead, a small flow of 50 m3/h was registered.
After the required flow passed through the filter around 10.65 h, the
drying process was stopped and normal filtering started. The flue gas
fan automatically stopped whenever no gas flaps were open, thus, the
fan speed reduces during the switch to normal operation. Both modules
had similar leak flows, thus, the measurements are still comparable.
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Use of ultrasound
In general, one module was used with and one without ultrasound

cleaning. The results of both modules are similar when it comes to
regeneration. Still, this might also be caused by differences in the
modules. Thus, additional test runs were performed: Six subsequent
runs were performed without the use of ultrasound cleaning, before
re-enabling ultrasound cleaning and conducting an additional run after
ultrasound cleaning. The operation time for all runs was constant. The
results are shown in Table 4.4.

Table 4.4.: Effect of the use of ultrasound transducer and cyclone
Raw gas Filtered gas Separation Operation

concentration concentration efficiency time
[mg/m3] [mg/m3] [%] [h]

no Ultrasound 28.2± 4 4.6± 3 84± 2 2.0± 0.2
Ultrasound 27.8 6.2 78 2.0

Cyclone 33.9± 3 4.4± 1 87± 1 2.3± 0.1
no Cyclone 62.4± 17 8.0± 3 86± 3 1.2± 0.3

Pre-separation by a cyclone
The furnace is equipped with a built-in multi-cyclone. To evaluate its

influence on the fabric filter, the filter was operated three times with and
three times without cyclone. The collection efficiency is almost equal in
both cases, but the raw gas concentration (and thus also the filtered gas
concentration) was nearly twice as high without the cyclone. Operation
time slightly decreased as shown in Table 4.4.
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4.3.4. Waste products

During operation, the dust which is removed from the flue gas is partly
dissolved by the regeneration water. This leads to a liquid and a solid
waste fraction, which must be separated and disposed of.

Insoluble compounds form a black mud, which accumulates at the
bottom of the regeneration water reservoir but is also suspended in the
water. Three samples were taken and analyzed as shown in Table 4.5.

Table 4.5.: Solid Waste prod-
ucts

Solid Residue
C [g/kg] 269.0 ± 48
H [g/kg] 16.6 ± 2.7
N [g/kg] 10.2 ± 2.3
Cl [g/kg] 0.2 ± 0.06
S [g/kg] 1.5 ± 0.1
Ca [g/kg] 169.4 ± 10
Fe [g/kg] 26.7 ± 7.5
K [g/kg] 12.9 ± 1.1
Al [g/kg] 11.2 ± 1.7
Mg [g/kg] 8.9 ± 0.5
Zn [g/kg] 8.7 ± 0.5
Cu [g/kg] 2.2 ± 1.4
Mn [g/kg] 2.9 ± 0.1
Pb [g/kg] 0.4 ± 0.05
Cr [g/kg] 0.3 ± 0.08

Table 4.6.: Liquid waste products
Liquid Residue Limit

pH 6.4 - 7.6
CSB [mgO2/l] < 83
K [mg/l] < 1210
Sulfates [mg/l] < 989
Chlorides [mg/l] < 169
Cr [mg/l] < 0.095 0.5
Cu [mg/l] < 0.0552 0.5
Ni [mg/l] < 0.0225 0.5
Pb [mg/l] < 0.0015 0.1
Zn [mg/l] < 0.69

Limits according to the German waste water
ordinance [78]

The easiest and cheapest way to dispose of the regeneration water is
to dispose of it into the municipal wastewater system. For that, legal
limits are given in the wastewater ordinance [78]. Five samples of the
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regeneration water were analyzed. The highest value measured and the
corresponding legal limit is shown in Table 4.6.

4.4. Discussion

4.4.1. Fuel properties and raw gas quality

The choice of fuel has a big economic impact. Thus, most furnaces will
use the cheapest fuel available, which quite often means low quality and
high content of aerosol-forming compounds.
To reflect this, the cheapest fuel available was used during the test

runs.

Pollex et al. [37] stated that the potassium content should not be
higher than 500 mg/kg if the dust concentration should not surpass
the legal limits. The measured potassium content of the fuel used was
two to four times higher, which subsequently led to dust concentrations
between 34.0 and 90.1 mg/m3 in the raw gas, as expected surpassing
the legal limit of 0.02 g/m3.
The emissions depend primarily on the fuel, but it can also be seen

that pre-filtration by the built-in cyclone can reduce the amount of dust
in raw gas: During combustion of Batch II, the cyclone reduces gas emis-
sions from 80.1 to 55.3 mg/m3, and during combustion of Batch III dust
emissions are reduced from 60.3 to 34.0 mg/m3. However, the cyclone
only removes coarse particles, and not the dangerous particles of PM2.5
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and below.

Modulating load leads to much higher gaseous emissions, which indi-
cate high particulate emissions during start-up and while changing load.

At stable load, the control of the combustion air was very good, result-
ing in stable conditions and lower gaseous emissions.
Compared to the experiments during the metal mesh testing where

wood chips were burned, the gaseous emissions of CO and VOC were
lower (see: Figure 3.3 for the 50 kW furnace, Figure 4.7 for the 180 kW
furnace). Still, the raw dust emissions of the 50 kW furnace were
comparable to the 180 kW furnace. The 50 kW furnace has a built-in fly
dust separator which is supposed to work like a cyclone, and the average
dust emissions were 49 mg/m3. During the combustion of Batch II, the
180 kW furnace emitted 55.3 mg/m3 when using a cyclone. The filter
was supposed to be tested at all realistic conditions, so the differences
in the furnaces are desirable but limit comparability of the different
experiments.

4.4.2. Long time operation

The biggest risk for the commercialization of the filter would be insuffi-
cient long-time reliability of the regeneration. Thus, during the design
of the experiments, a special focus was set to regeneration. The filter
was deliberately designed small, so the operation time is short and many
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regenerations have to be performed during the experiments. During
419.5 h of operation, 234 regenerations were performed. In a real appli-
cation, a much longer time between regenerations would be chosen, of
approximately 12 h. Thus, 234 regenerations correspond to 2808 h of
real operation.

The main advantage of this filter concept is that it can be used at all
times, also during ignition and during modulating load. To prove this,
the filter was used whenever the furnace was operated. The filter was
also used during the warm-up phase before trials under stable conditions
were performed.

In other works, negative effects could be measured after a few regen-
erations (e.g. Schiller and Schmid [61]: 18 regenerations). Still, longer
trials over multiple heating periods should be conducted in the future.

Judging from the results, the most problematic phases for regeneration
are the ignition and the time directly after a regeneration when the filter
is still wet and cold from the regeneration. As shown in Figure 4.9,
high emissions of CO and VOC occur during ignition, with exhaust gas
temperatures below 70 °C. Under these circumstances, condensation of
both water and partially burned hydrocarbons must be expected.
During regeneration, the filter is filled with water, and the surfaces

are cooled down to the temperature of the water. Thus, condensation
of hydrocarbons which might be present in the exhaust gas is possible
after the regeneration as well.
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Still, all regenerations were successful as shown in Table 4.4 – regard-
less of the employed regeneration technique. No differences between
ultrasound-assisted cleaning and counter-current flushing could be ob-
served. The filter was only cleaned using the automatic cleaning protocol.

During the majority of the operation testing, the gaskets inside the
filter were not tight. Still, the main focus of the trials was to prove the
reliability of the cleaning, which could be achieved.
However, it could be shown that the simple settling of the insoluble

part of the filter cake is not sufficient.
With increasing particle load in the water, an increasing share of par-

ticles was suspended in the water. This led to an increasing residual
pressure drop. The effect was reversible, after replacement of the regen-
eration water the initial residual pressure drop was reached again. Still,
the regeneration water had to be replaced weekly, resulting in increased
water consumption.

Thus, a more advanced particle separation technology must be imple-
mented to remove the suspended particles from the regeneration water
and limit water consumption.

4.4.3. collection efficiency

During the evaluation of the metal mesh (Chapter 3), a collection effi-
ciency of around 80 – 90% was reached. During the operation test, this
could not be repeated. The main issue was the gasket concept, as the
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thermal expansion was not taken into account. This led to an increasing
deformation of the filter cartridge and an increasing leak flow, where
flue gas bypassed the filter directly into the filtered gas chamber. Thus,
the collection efficiency decreased to less than 70%.

After solving the issue with the manifold as described in Section 4.2.2,
collection efficiency of up to 87% was measured. This is in line with the
results from the proof of concept.

4.4.4. Design Simplification

Mesh size
Changing the mesh size potentially influences the collection efficiency

as discussed in section Section 1.2.3. On the other hand, it also influ-
ences the pressure drop and operation time. Thus, two different mesh
sizes were tested, but no differences could be observed in Table 4.3.
The difference in behavior might be caused by a different particle size
distribution, or by the different regeneration method.
However, the higher mesh size is more durable due to the bigger

threads used. Thus, using a 60 µm mesh instead of 22 µm is the better
choice.

Ultrasound assistance
The ultrasound technology increases the total costs of the metal mesh

filter considerably. The ultrasound transducer and generator itself are
expensive, but also the transducer may not be subjected to temperatures
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exceeding 100 °C or the piezoelectric compounds will degrade. Thus,
an additional cooling circuit was necessary, complicating the design and
requiring additional machinery and control.

During the operation test, no advantage could be observed. Also, dur-
ing tests in the ultrasound module with and without ultrasound support,
no difference was recorded (Table 4.4). Thus, no ultrasound should be
used in a commercial version as it only adds costs without benefits.

Pre-filtration by a cyclone
The 180 kW furnace, like many other furnaces with a power output

exceeding 100 kW, has a built-in multi-cyclone. It reduces the raw
gas dust concentration by removing coarse particles, but it also causes
an additional pressure drop. According to Gaderer et al. [54], the
pressure drop can be up to 1500 Pa. The cyclone of the used furnace
reduced the dust concentration by approximately 50%. During the tests,
the collection efficiency of the fabric filter remains equal. However, it
was shown in the proof of concept that the collection efficiency can be
increased by increasing the filter surface. Thus, it is recommended to
remove the cyclone, or in case of a new furnace order a furnace without a
cyclone, and instead increase the filter surface to account for the increase
in dust concentration.
Energy consumption is, in general, significant. Assuming a flue gas

stream of about 700 m3/h, 1.05 kW is required to overcome the pressure
drop of a cyclone and 1.4 kW for the fabric filter. Thus, removing the
cyclone is important to limit energy use.
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4.4.5. Waste products

In general, ashes from wood combustion contain several toxic elements,
in particular chromium, copper, manganese, lead, iron, and nickel.
Depending on the furnace and its specific configuration regarding

particulate matter precipitation, some ash fractions have to be disposed
of as hazardous materials, which can invoke additional costs. This is
discussed in more detail in [79]. With the metal mesh filter system, the
ash is suspended in water, which causes the formation of two fractions:
The regeneration water with soluble compounds, and a slurry of insoluble
compounds.
Most of the toxic compounds form oxides, salts, or carbonates with

low solubility, thus the concentration of toxic elements in the liquid
fraction is low. According to the measurements, the liquid fraction can
be disposed into the municipal wastewater system as shown in Table 4.6.
If more contaminated fuels are used, new measurements have to be
performed to re-evaluate the liquid fraction.
On the other hand, the solid fraction contains trace elements and

heavy metals in high concentrations. The intermediate solution would
be to dispose of it as hazardous material like current fly ash. Due to the
dissolution of the soluble compounds, the amount of hazardous material
produced is lower and costs can be reduced. However, the content of
valuable metals is very high, and in long term, a better solution than
disposal should be aimed for.

4.4 | Discussion 85



4.5. Conclusion

The main objectives of this stage could be completed. Automation was
successful and reliable. The automated cleaning worked satisfactorily,
however, treatment of the regeneration water has to be changed. It is
required to introduce a method to automatically remove the insoluble
particles in the regeneration water before it is reused. For this, solutions
are already commercially available and need to be added to the filter
system. Also, it was shown that thermal expansion must be taken into
consideration during construction, and the current design has to be
improved to compensate for it.
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Evaluation of the
Research

Overall, the development of a filter system was successful. Only small
improvements are required to change the prototype for operation testing
into a commercial product. During the first stage, it could be proven that
water-based regeneration is feasible, that high separation efficiencies
can be achieved and parameters for scaling were defined. During the
second stage, an operation concept was successfully tested and it was
shown that counter-current cleaning without the aid of ultrasound is
sufficient for reliable cleaning.
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5.1. Required Improvements

There are two main points which need to be improved: Solid particles
have to be removed from the regeneration water using an appropriate,
automated method. The design (especially the gasket design) needs to
account for thermal expansion. A possible solution for this is discussed
in Section 4.2.2.

5.2. Possible Implementation

With the results of both parts of the research, it is possible to determine
the requirements for the installation of a filter, and also to propose a
design.

In general, two different designs are possible as already discussed in
Section 3.3.6: A single module for small furnaces with low dust con-
centrations (e.g. pellet boilers) and a filtering system of three or more
modules for bigger furnaces.

It was proven that ultrasound cleaning is not necessary for regen-
eration. Since ultrasound cleaning greatly increases complexity, only
counter-current flushing should be used. Also, instead of using cyclones
that increase the overall pressure drop, the filter surface should be in-
creased to account for the potential higher dust loading of the raw gas.
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Using a single module has a significant drawback: The filter can only
be regenerated when the furnace is off. However, for pellet furnaces, the
time between regeneration is so long that this should not be an issue.
Still, the regeneration has to be integrated into the software of a furnace,
so retrofitting might be problematic.
Given the low frequency of regenerations, it is probably advisable to

not reuse the regeneration water and instead dispose of it immediately.
This way, the design can be greatly simplified. Instead of multiple
pumps, flaps, and valves, the filter only requires two valves for water.
For regeneration, the furnace is shut down, the filter is filled with tap
water, and then the water is disposed of directly into the municipal
wastewater system.

For drying, electrical heating will be the cheapest solution. Given the
long time between regenerations, the energy required should not make
a big difference, and a simple heating coil should be sufficient.

Using folded meshes, very compact filters can be built. A very straight-
forward option would be to attach the module directly to the furnace,
with a folded but otherwise plane filter covering the entire side of the
existing furnace.

For bigger furnaces or furnaces with a high dust loading, it is more ad-
visable to use multiple modules, which can be regenerated subsequently.
This implies that the filter can be operated 24/7, and no changes to the
furnace control are necessary. Thus, this is also an option for existing
furnaces.
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The design would be close to the design of the prototype used in
Chapter 4. However, to enable operation during regeneration, the gas
velocity has to be reduced to 30 - 40 m/h to provide the necessary
reserves while one filter module is being regenerated. Also, a technical
solution for exchanging the regeneration water and removing the solid
residue before reuse has to be added.
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Summary

In this work, a water-based regeneration was first attempted for a metal
mesh filter for biomass furnaces - and developed close to a commercial
stage.

As the first step, a proof of concept was attempted with a small, man-
ual prototype. Initially, it was assumed that ultrasound assistance is
required to remove the filter cake from the mesh. However, it was dis-
covered that simple counter-current flushing can reliably remove the
filter cake. The regeneration was by far more successful than expected,
and regeneration was complete during the entire testing period.

In addition to the proof of concept for the regeneration method, the
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filtering process was examined. It could be shown that the filtering
process has to be divided into two phases:

First, no filter cake is present, and surface filtration is the main mode
of filtration. In this phase, the collection efficiency is between 30 and
70%.

Second, a filter cake has accumulated, and the main mode of filtration
thus is depth filtration. The pressure drop is increasing following an
exponential function of t0,4 to t0,45, and collection efficiency is almost
complete.

As a result, effective collection efficiency depends on the ratio between
both phases. Lowering gas velocity greatly increases the duration of the
second phase due to the exponential slope, thereby increasing collection
efficiency.

Other than the gas velocity, also the fuel has a major influence on the
operation time and collection efficiency. The amount of aerosol-forming
elements influences the amount of dust in the raw gas, but that is not
the only effect. When comparing the dust deposited onto the filter mesh
and the pressure drop, still differences are observed between different
fuels.

After completion of the trial with the manual prototype, a new, au-
tomated prototype was built to confirm the long-time feasibility of the
concept.
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The prototype was operated during all phases of furnace operation,
and the results are promising. Removal of the filter cake was reliable both
with the ultrasound-assisted cleaning mode and with counter-current
flushing. This is a major advantage compared to the current particulate
matter abatement technologies, as these can only be used if the exhaust
gas temperature is above the dew point.

Two issues occurred with the prototype: The gasket design did not
account for the thermal expansion of the filter cartridges, and thus had
to be changed. Also, the insoluble parts of the dust did not settle in
the regeneration water tank and formed a secondary filter cake on the
clean gas side of the mesh which led to an increasing residual pressure
drop. Changing the regeneration water resolved this issue, but for a
commercial model, the removal of the solid residue and replacement of
the regeneration water has to be automated.

Apart from these setbacks, the results are promising. Given the differ-
ence in complexity and cost, counter-current flushing is the preferred
option for a commercial version of the filter.
It could also be shown that the use of a cyclone is not advisable due

to its inherent pressure drop, and instead, the filter surface should be
increased accordingly during the design of the filter. Also, no difference
could be measured between using a pore size of 22 and 60 µm, thus,
it is recommended to use the larger pore size due to the increased me-
chanical stability.
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Abstract
Particulate matter emissions are a key issue of modern biomass boilers. A novel gas cleaning method using a metal mesh filter
combinedwith water-based cleaning was developed and tested. The filter was tested batch-wise. Flue gas of a commercial 50-kW
boiler was filtered until a pressure drop of 2000 Pa was reached. Afterwards, the filter was regenerated. The initial prototype used
ultrasound in order to remove the filter cake from the filter candles. Regeneration was complete and, even after boiler
malfunctions producing tar, the filter cake could still be removed. Given the good results, a second cleaning mode, flushing
the filter candles with water, was tested. The results were as good as with ultrasonic cleaning. Peak mass collection efficiency was
very high with 98 ± 2% (burning wood pellets). However, directly after cleaning, the first layer of filter cake has to be developed.
In this initial phase, collection efficiency is low. Service time until maximum pressure drop was reached depended on the gas
velocity. Using pellets as fuel, at a gas velocity of 66.6 m/h, 12-h service timewas reached and 4.1 g dust was collected per square
meter filter surface, while at 33.3 m/h, service time increased to 55 h and collected dust to 13.9 g/m2. Using low-quality wood
chips, the raw gas dust loading was much higher but also the maximum loading of the filter was higher with 13.3 to 28.9 g dust
separated per square meter. Still, the service time decreased to 3.4 respective 38 h. Peak collection efficiency increased to 99.5 ±
0.8%. The overall collection efficiency including the buildup of the filter cake depends on the gas velocity and fuel. It ranges from
74 ± 4 to 91 ± 1%. The feasibility of the filter concept could be proven, and further development towards a commercial
application is in progress. Metal mesh filters with countercurrent cleaning showed a high potential given their simple and robust
design, as well as high collection efficiency.

Keywords Biomass combustion . Particulatematter . Particulatematter filter .Ultrasoundcleaning .Emissioncontrol .Baghouse
filter . Ultrafine dust

1 Introduction

Combustion of biomass, in particular wood, is a traditional
way of heating, which is gaining new importance given the
climate change and that the world strives to reduce CO2 emis-
sions. However, during the combustion of biomass, a variety
of pollutants are emitted. In order to be a viable alternative to
other heat sources, emissions have to be restricted. Modern
boilers already implement a variety of primary measures to
minimize emissions [1]. These are able to reduce gaseous
emissions like CO and NOx to a minimum and ensure good
burnout and thus efficiency of boilers. However, in addition to
gases, particulate emissions occur. Particulate matter is linked
to respiratory diseases, cardiovascular effects, and cancer [2,
3]. Especially very small particles (< PM1), with a high con-
tent of polycyclic aromatic hydrocarbons, are proven to cause
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cytotoxic and genotoxic responses [4]. In legislation, demand-
ing limits of fine particle emissions are established. In
Germany, the limit for household furnaces is 0.02 g/m3 dust
(STP, 13% O2) [5]. In order to meet these, primary measures
are not sufficient and cannot guarantee compliance with the
legal limits under realistic operation conditions [6]. Especially
modulating load and lower fuel quality cause violations of the
limits. Starts and stops contribute considerably to total emis-
sions but are not taken into consideration in legislation [7].

Dust from biomass plants mostly consist of salts of potas-
sium, sodium or zinc, and chloride or sulfate. These are re-
ferred to as aerosol forming elements. Even though the release
mechanisms are quite complex [8–12], there is a strong cor-
relation between the content of aerosol forming elements and
dust emissions [13–16]. As such, there were various attempts
to limit the dust generation by binding of the aerosol forming
elements, either by addition of additives like kaolin, which
should bind primarily potassium in the grate ash [17–22], or
alternatively by fire bed cooling to avoid evaporation [23].
Addition of kaolin proved to be effective; however, it requires
additional processing of fuel and increases the ash content of
the fuels, which implies additional costs for fuel and disposal
of ashes. If the emission limit shall be reached without using
additives and using common furnaces, a critical potassium
content of about 500–600 mg/kg (dry basis) is assumed [24].

If low quality, cheap fuel with high potassium content is
supposed to be burned; cleaning of flue gas is necessary in
order to meet legislatory limits under realistic conditions.

In general, there are three main technologies in use to re-
duce the particle load of flue gas.

1. Cyclones are used to reduce coarse particle load in a va-
riety of boilers; however, they are only effective for par-
ticles larger than 10 μm [25].

2. Electrostatic precipitators (ESP) are used in large-scale
power plants. Currently, they are getting introduced to
the small-scale market, and first models are available.
Commercial ESPs for small furnaces can remove up to
80% of the particles [26]. The collection efficiency of
ESPs depends on particle size. Most effective is removal
of particles bigger than 3 μm and between 50 nm and 0.1
μm. Between 0.03 and 0.2 μm, a local minimum exists
due to a change of the charging mechanism. Particles
smaller than 50 nm pass ESPs nearly entirely [27–29].
Thus, the legally requested limits are met, but the most
dangerous particles remain in the exhaust gas.

3. Fabric filters are used in large-scale plants and have prov-
en their capability to effectively collect all particles, in-
cluding the finest particles smaller than 50 nm [1].
However, they exhibit a higher pressure drop, thus requir-
ing additional ventilation and power. In addition, fabric
filters are traditionally made of textile fabric, which is
inflammable. Fabric filters need to be cleaned

periodically, as pressure drop increases over time. This
requires a periodic regeneration, which is usually realized
using jet pulses [1]. Jet pulse use a short pulse of pressur-
ized air, which creates a backflow in the filter as well as a
mechanical movement, which removes the filter cake
[30].

For small biomass plants (up to 1 MW), the standard pro-
cedure of using textile fabric and jet pulse was not commer-
cially realized so far. While inflammable textile fabric filters
are state of the art in large combustion plants, they cannot be
used in small biomass combustion plants due to the danger of
flying sparks in flue gas without the use of a cyclone [1]. As
alternative, filters made of stainless-steel mesh was suggested
to be used instead, but jet-pulse cleaning of these is problem-
atic. As example, Hartmann et al. [31] used a fabric filter made
of stainless-steel mesh with a jet-pulse cleaning facility for a
grain combustion furnace. Collection efficiency was excellent
with 95–99%, but the pulses cleaned only parts of the filter
while the filter cake remained present on the rest of the
surface.

Still, similar metal mesh filters with jet-pulse cleaning were
available for furnaces with a thermal output of 100 to 740 kW.
While a number of filters is still in use, they are not produced
anymore. In order to avoid condensation, the filter is electri-
cally preheated before ignition of the furnace. Schwabl et al.
[32] worked on an improvement for these. During their work,
Schwabl et al. developed a formula for the dust concentration
in the exhaust gas. It is only indirectly dependent on the raw
gas content, instead, it depends on the maximum pressure
drop, the frequency of cleaning, the pressure of the jet-pulse,
and the gas velocity [32].

Schiller and Schmid [33] pre-coated a fabric filter with
coarse particles. The particulate matter was filtered in the top
layers of the pre-coat, while the lower layers of pre-coat facil-
itated cleaning by separating the potentially sticky particles
from the textile. Also, due to the pre-coating, particle slip until
a filter cake is built up was avoided. However, the applying
and recycling of the pre-coat requires additional machinery
and thereby costs.

Struschka and Goy [34] developed a filter based on a
stainless-steel mesh and brushes to remove the filter cake me-
chanically. While jet-pulse cleaning is a technology that is
relatively easy to adapt, it comes with drawbacks: It requires
pressurized air, and the cleaning pulses are relatively loud.
While this is unproblematic for larger furnaces, it is not ac-
ceptable for small plants installed in the basement of houses.
The mechanical cleaning was meant to avoid these issues, but
the cleaning was not sufficient. Based on his work, a new
solution was developed, which integrates an ultrasonic bath
to clean the metal mesh. Ultrasound is already in widespread
use for cleaning applications [35]. The main mode of cleaning
is the formation of jets directed at the surface of objects
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emerged in the ultrasonic bath, which effectively removes
particles [36]. Further contributing to a good cleaning result
is the solubility of the main ash compounds in water—
chloride and sulfate salts of potassium, sodium, calcium, and
zinc [37–39].

In the current work, a metal mesh filter with ultrasonic-
assisted water cleaning prototype was tested with regard to
regeneration feasibility, pressure drop development, and via-
ble air velocity in order to assess the viability of ultrasound
assisted regeneration for a commercial application. For a suc-
cessful introduction into the market, not only the collection
efficiency but also economics have to be taken into consider-
ation. As such, additional tests were carried out using only
countercurrent flushing instead of ultrasound cleaning, re-
moving the need for an expensive ultrasound transducer.
Ultrasound facilitates the cleaning process by generating jets,
whichmechanically remove particles at the surface of the filter
immersed in the ultrasonic bath; however, it also generates
noise, which might impact adaption of the technology. As
long as regeneration is efficient without the use of ultrasound,
it is advisable not to use it.

2 Methods and material

2.1 Fabric filter

The fabric filter (mesh size 25 μm) consists of stainless steel.
The steel fabric is supported by a mesh and welded to form
filter candles. In the filter housing, 15 filter candles (0.08 m2

filter surface each) in two rings surround the ultrasound rod
transducer (SONOPUSH MONO SPM1500/25-495 VA,
Weber Ultrasonics). The combined filter area is 1.2 m2. For
cleaning, the filter house can be filled with water, and ultra-
sonic cleaning can be performed. The construction is shown in

Figs. 1 and 2. To avoid condensation during operation, the
filter house is heated using an 800-W barrel heater (Freek,
custom build).

2.2 Pellet and ash analysis

All samples were taken and prepared according to DIN
EN 14778 [40] and 14780 [41]. Ash content was ana-
lyzed according to EN ISO 18122:2016 [42] by heating
1 g milled samples (< 0.25 mm) in a furnace (AAF 11/
18, Carbolite). Moisture content was analyzed according
to EN ISO 18134-2:2017 [43] by drying 300 g pellets
or wood chips for 24 h at 105 °C.

The calorific value of the pellets and ash was determined
according to EN ISO 18125:2017 by milling to 0.25 mm,
pressing a pellet of around 1 g, and combustion in a calorim-
eter (C 6000, IKA).

The ash was also combusted using the calorimeter in order
to analyze the chloride and sulfur content. A total of 100mg of
ash was combusted with the aid of a combustion bag and
250 mg paraffin oil.

The combustion water from calorimetry was diluted with
bi-distilled water to 50 ml, and the content of chloride and
sulfur was measured using an IC (883 Basic IC plus,
Metrohm) as described in EN ISO 16994:2016-12 [44].

For ultimate analysis, 40 mg milled fuel sample was
wrapped into zinc foil, pressed into a tablet, and analyzed
using a vario MACRO cube (Elementar). For ash, 20 mg of
ash and 60 mg ofWO3 (Elementar) and zinc foil were pressed
into a tablet.

Further chemical analysis was performed using an ICP-
OES (Spectroblue FMX 26, Spectro) after microwave diges-
tion using HCl, HNO3, and H2O2 following a routine devel-
oped by Tejada et al. [38].

Fig. 1 Design of the filter with
ultrasonic rod and 15 filter
candles
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2.3 Pellets and wood chips

For the combustion tests, pellets were purchased from Scharr
Wärme, while wood chips were purchased from
Maschinenring Sulz GmbH. Theywere analyzed as described.

The results shown in Table 1 prove compliance with the
relevant standards (EN plus A1 [45], DIN plus) and high
quality of the pellets, with low amounts of aerosol-forming
compounds (K, Na, Zn, S, Cl). Wood chips contain more
aerosol-forming compounds.

2.4 Operation test

The filter was tested under standardized conditions. To
achieve standardized conditions, an experimental setup was
designed similar to DIN SPEC 33999 [46]. As emission
source, a commercial moving grate boiler (KWB Multifire)
was used. Its nominal thermal output is 50 kW; however, for
the experiments, it was set to 50% load. At this setting, around

100 m3/h flue gas is produced with a nominal O2 concentra-
tion of 9.5%. The design of the setup is depicted in Fig. 3.

In order to ensure normal operation of the boiler, a bypass
allows free passage of the flue gas. Measurement data logging
and process control was realized using Profimessage modules
(2x ADIT) from Delphin. Using a side channel blower
(Airtech ASC0080-1MT400-6) controlled via a software
PID and a calorimetric flow meter (SEIKOM RLSW8AL),
the filter was exposed to a defined volumetric flow between
40 and 80 m3/h, equaling 33.3 to 66.6 m/h.

Temperature logging was performed upstream and down-
stream the filter using Type K thermocouples, a Pt100 inte-
grated into the barrel heater, and a Pt100 installed close to the
ultrasound generator inside the filter housing, which is used to
control the barrel heater.

Gas analysis was performed with a modular tower from
ABB Ltd. (CO, NO, CO2, SO2: Uras 26, O2: Magnos 206,
VOC: Fidas 24).

PM measurement was conducted according to VDI-2066
[47] before and after the filter using plane quartz fiber filters

Table 1 Analysis of the fuels
Pellets Wood chips Instrument

Water content 6.54% 15.96% Drying oven

Ash content d.b. 0.3% 2.11% Ash oven

Lower heating value d.b. 18789 ± 6 J/g 18327 ± 5 J/g Calorimeter

C d.b. 500.8 ± 4.3 g/kg 489.6 ± 2.0 g/kg Elemental analyzer

H d.b. 65.2 ± 0.6 g/kg 61.7 ± 0.5 g/kg Elemental analyzer

N d.b. 0.8 ± 0.1 g/kg 2.7 ± 0.2 g/kg Elemental analyzer

O d.b. 432.6 g/kg 446.0 g/kg Calculated by difference

Cl d.b. 2.7 ± 0.2 mg/kg 5.9 ± 0.3 mg/kg IC

S d.b. 4.8 ± 0.2 mg/kg 17.7 ± 4.3 mg/kg IC

Ca d.b. 941 ± 12 mg/kg 7297 ± 320 mg/kg ICP-OES

K d.b. 537 ± 7.8 mg/kg 2247 ± 76 mg/kg ICP-OES

Na d.b. 3.3 ± 1.7 mg/kg 88.1 ± 0.9 mg/kg ICP-OES

Zn d.b. 13.6 ± 1.9 mg/kg 26 ± 0.9 mg/kg ICP-OES

d.b. concentrations on dry basis

Fig. 2 Top view of the filter
prototype
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(47-mm diameter, Munktell MG 160). For the raw gas, addi-
tional pre-filtration with plugged extra-fine glass wool (Karl
Hecht GmbH & CO KG) was required if the measurement
exceeded 1 h. The PM filters and the glass wool were ther-
mally treated at 200 °C before and 180 °C after measurement
for 1 h. After cooldown overnight using a desiccator, they
were weighted in a climate-controlled room (Sartorius CPA
124S, readability 0.1 mg).

2.5 Measurement procedure

The filter house was preheated overnight. The boiler was
started 2 h prior start of filtering in order to achieve steady
state operation. Once filtering was started, PM sampling was
performed as shown in Table 2 to account for the decreasing
PM loading in the clean gas.

Once the pressure drop reached 2000 Pa, the side channel
blower was automatically shut down. Cleaningwas performed
by filling the filter house with water and applying ultrasound
at 25 kHz and 1500 W power for 15 min. Alternatively, the
filter candles were flushed with water by removing the top of
the filter case and flushing the candles individually using a
water hose.

In total, 7 test runs were carried out using ultrasonic
cleaning as shown in Table 3: Three out of those with a gas
velocity relative to the filter surface of 66.6 m/h, three with 50
m/h, and one with 33.3 m/h. During the run with 33.3 m/h, the
boiler encountered an error and went into emergency shut-
down. Tar deposits inside of the boiler from the shutdown
changed the behavior of the boiler; thus, later runs are not
directly comparable. It was attempted to perform a second
run with 33.3 m/h; however, pressure drop increased more
slowly. After a full week of operation, the pressure drop was
still below 1300 Pa. Given the different behavior and limited
amount of pellets available, no further tests were performed.

For cleaning by flushing the filter with water, 9 test runs
were conducted, 3 at each gas velocity. Due to technical is-
sues, it was impossible to run the boiler without supervision as
the wood chips had to be refilled every 30 min. Thus, the
maximum measurement time was 12 h.

3 Results

Measurements of the gas concentrations were performed to
measure the quality of combustion and to control gas leakage
of the filter. The deviation between the lambda sensor of the
furnace and the measured oxygen content was below 1% and
within 1.5% of the nominal oxygen content of the furnace
(9.5%). In Fig. 4, gas concentrations of dust, CO, NOx, and
VOC emissions of the furnace are displayed. In general, emis-
sions from pellet combustionweremuch lower comparedwith
emissions fromwood chip combustion. The average dust con-
centrations were very low, with about 7 mg/m3 (corrected to
13% O2, STP) during pellet combustion and 49 mg/m3 during
wood chip combustion. COwas 53mg/m3 for pellets but 1838
mg/m3 for wood chips. VOC was mostly below the detection
limit during pellet combustion but at 45 mg/m3 during wood
chip combustion. Average NOx concentrations were 68 mg/
m3 with pellets and 113 mg/m3 with wood chips.

Pressure drop and dust collection efficiency are displayed
in Figs. 5, 6, and 7 for flow velocities of 66, 50, and 33m/h. In
general, the process consists of two phases: In the first phase,
the pressure drop is very low and collection efficiency is
small. In the second phase, the collection efficiency increases
rapidly to over 95%, while the pressure drop increases contin-
uously until the filter is shut down at 2000 Pa. The main
difference between the different gas velocities is the time until
the maximum pressure drop is reached, while the general

Fig. 3 Experimental set-up
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behavior is identical. During the runs with 33 m/h with wood
chips, the maximum pressure drop of 2000 Pawas not reached
within the maximum operation time possible with our setup.
The time until a pressure drop could be detected depends both
on fuel quality and on gas velocity.

The average duration of the two phases, the overall collec-
tion efficiency, and the maximum pressure drop are summa-
rized for each gas velocity in Table 4. The figures as well as
the table show that the second phase is prolonged if the gas
velocity is reduced; thus, overall collection efficiency in-
creases from 75 to 84% in case of pellets and from 83 to
91% in case of wood chips. The dependence of the first phase
on gas velocity is inconsistent. It increases during reduction
from 66.6 to 50m/h; however, the effect of further reduction is
much smaller in case of pellets; in the case of wood chips, it is
reverted; and the buildup phase is shorter at 33.3 m/h then 50
m/h. It is important to note that the maximum pressure drop of
2000 Pa was not reached during the runs with 33.3 m/h gas
velocity, so the overall efficiency would be higher.

In all cases, the regeneration led to a complete removal of
the filter cake. This is depicted in Fig. 8. The pressure drop
was reduced to zero, and there was no trend to shorter opera-
tion times. The filter was never regenerated using other
methods than the mentioned ultrasound cleaning or flushing
with water.

Deposited fly ash samples from pellet as well as wood chip
combustion were taken from the filter and were chemically
analyzed. The results can be found in Table 5. Main constitu-
ents of both ashes are potassium salts, with concentrations of
47.8 wt-% (pellets) and 41.9 wt-% (wood chips). Chloride

concentrations amount to 14.7 wt-% and 25.8 wt-% and sulfur
to 4.8 and 4.9 wt-%. Wood chip ash contains much less chlo-
ride but approximately the same amount of sulfur as pellet ash.
The carbon content is relatively low with 19.0 and 2.3 wt-%.
Another important constituent is zinc with 3.2 wt-% and 3.7
wt-%. The calcium content is also low with concentrations of
1.5 and 0.4 wt-%.

4 Discussion

Gas analysis was done primarily to monitor the tightness of
the setup, especially at high pressure drops. The deviation
between measured O2 concentration and nominal O2 concen-
tration is within measurement error of the probes; thus, dilu-
tion effects by false air are negligible.

Additionally, CO, VOC, and NOx emissions were moni-
tored. CO and VOC can be used to control combustion qual-
ity; given the very low emissions observed with pellets (in
case of VOC below detection limit), complete combustion
can be assumed. CO and VOC emissions were significantly
higher during wood chip combustion, indicating incomplete
combustion. Still, CO emissions were well within German
legal limits (average: 0.18 g/m3, the limit is 0.4 g/m3). In order
to assess the regeneration of the filter under suboptimal con-
ditions, wood chips of low quality (forest residue) were used.
They do not fulfil all requirements of the boiler manufacturer;
most notably, they were sieved to 32 mm maximum size in-
stead of 16 mm maximum size. Given the wood chips are
from forest residue, they are rich in bark and therefore aerosol
forming elements as shown by the chemical analysis, resulting
in the observed higher emissions.

Temperature measurements showed low gas temperatures
in the range of 80 °C. Normally, at this low temperature, there
is a risk of tar condensation. However, given no or only small
concentrations of VOC were detected during normal boiler
operation, no noticeable tar condensation should occur.

Measurement of the dust concentrations in the filtered gas
was difficult. The boiler already emits very low amounts of
around 7 mg/m3 using pellets. This can be accounted to the
low amounts of potassium and other aerosol forming elements
in the pellets. As a result, the plane filters used during

Table 2 PM sampling scheme
Sample time Pause between samples

1st sample 15 min 10 min

2nd to 4th sample 30 min 10 min

5th sample 1 h 10 min

6th to 7th sample 4 h 10 min

Night – Pause overnight

Additional samples 2× 4 h, afterwards pause overnight 10 min/overnight

Table 3 Experimental runs

Gas velocity (m/h) Repetitions Cleaning mode Fuel

66.6 3 Ultrasound Pellets

50 3 Ultrasound Pellets

33.3 1 Ultrasound Pellets

66.6 3 Countercurrent flushing Wood chips

50 3 Countercurrent flushing Wood chips

33 3 Countercurrent flushing Wood chips
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gravimetric measurement of the dust concentration in the fil-
tered gas were loaded with less than a microgram of dust,
leading to a high standard deviation.

With wood chips, the boiler emits 49 mg/m3 at standard
conditions (13% O2), which is caused by the much higher
amount of aerosol forming elements.

Two different phases can be identified in the pressure drop
curves: During the first phase, the filter cake is accumulating,
the collection efficiency is low, and a pressure drop cannot be
measured. The collection efficiency during the first phase
seems to decrease in the first minutes. This effect is most
likely caused by condensation. During commissioning of the
prototype, it was tested without preheating. There, the ob-
served effect was much stronger. Even if it increases apparent
collection efficiency, the collection efficiency of a metal mesh
filter should be examined and not the effect of condensation
on dust emissions. Thus, a barrel heater was purchased and
installed. From an engineering point of view, it is not neces-
sary and should not be added to a commercial version since it
adds additional costs.

Once the filter cake is established, the second phase begins
and the collection efficiency increases up to values close to

100%. While the pressure drop continuously increases, it fol-
lows an exponential slope.

The filter captured over 95% of the particulate emissions in
the second phase. Given the low clean gas dust concentra-
tions, the measured weight difference of the dust samples
was below 1 mg after 4 h. The readability of the scale is 0.1
mg. As a result, the measurement of the peak separation effi-
ciency of pellets is relatively inaccurate with 98 ± 2%. Since
the raw gas concentrations during wood chip combustion are
much higher, the separation efficiency could be calculated
with more precision to 99.5 ± 0.8%. Due to the measurement
uncertainty, in some cases, negative dust concentrations were
measured in the cleaned gas.

Overall collection efficiency is lower than the separation
efficiency during the second phase, as significant penetration
of the filter occurs during buildup of the filter cake. With
decreasing gas velocity, the share of the filtering phase in-
creases drastically. As such, the overall collection efficiency
increases with decreasing gas velocity. Unfortunately, it was
not possible to run the setup long enough to reach 2000 Pa
pressure drop during the runs with low gas velocity. Still, the
overall collection efficiency reached 91% with wood chips

Fig. 4 Gas emissions of the KWBMultifire during operation with pellets and wood chips at 50% load (factory settings) over the course of an entire test
run
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and 84% with pellets at the lowest gas velocity of 33.3 m/h.
Pellet overall collection efficiency during the run with 50 m/h
was higher with 86% compared with the run at 33 m/h, but
that is most likely due to the early stop of the test at 1585 Pa
instead of 2000 Pa.

The influence of the gas velocity on filter cake buildup is
inconsistent. For pellets, the 24% decrease in gas velocity
from 66.6 to 50 m/h resulted in an increase of 72% in time
until a filter cake was established, while the 33% decrease
from 50 to 33.3 m/h resulted only in an increase of 51%.

For wood chips, the decrease from 66.6 to 50 m/h led to a
28.8% increase of the duration of the first phase, while the
decrease from 50 to 33.3 m/h led to a decrease of 39.6%. In
fact, the buildup phase was shorter with a gas velocity of 33.3
m/h then with 66.6 m/h. The exact reason for this behavior
cannot be determined using the existing data. Potential causes
might be electrostatic forces or diffusion playing a bigger role
at lower velocities.

In order to compare the results of the different measure-
ments, they were normalized. Given the pressure drop in-
creases linearly with velocity, the pressure drop of all mea-
surements was normalized to 50 m/h using a linear approach
(e.g., if the velocity was 60 m/h, the pressure drop was mul-
tiplied by 50/60). From the data of all runs excluding pressure
drops below 500 Pa, a model function of the form

p ¼ a Db

with D being the collected dust per square meter and a and b
being coefficients, was calculated for each fuel using the least
square approach. In general, the pressure drop with wood
chips was lower than with pellets. The coefficients were a =
814.41 and b = 0.4544 for pellets and a = 627.72 and b =
0.4125 for wood chips. The function and all measurements
for comparison are displayed in Fig. 9. Based on that, it is
possible to approximate the operation time in dependence of

Fig. 6 Pressure drop and collection efficiency of the metal mesh filter. Average of 3 runs at 50 m/h. Error bars equal standard deviation

Fig. 7 Pressure drop and collection efficiency of the metal mesh filter. Single run at 33 m/h for pellets and average of 3 runs for wood chips
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the gas velocity and dust concentration in the flue gas by
replacing D with cDust ∗ v and introducing a linear correction
factor for the gas velocity v/50 m/h:

tmax ¼ pmax

a cDust v2
50mh

� �b

tmax maximum operation time (h)
pmax maximum pressure drop (Pa)
a, b coefficients from least square approximation
v gas velocity (m/h)
cDust dust concentration in the flue gas (g/m3)

Using an average raw gas dust concentration of 7 mg/m3

for pellets and 49 mg/m3 for wood chips, the operation time
until 2000 Pa pressure drop is reached is displayed in Fig. 10.
Using the data, it is possible to determine the optimum filter
surface. Depending on the cleaning mode (e.g., shutdown of
the furnace and then cleaning or using multiple filters in

parallel, which are cleaned one after another enabling contin-
uous operation), the required surface is different.

The composition of the particles is mostly as expected.
Given the low concentration of CO and VOC in flue gases,
the carbon content is low.While the relative content of carbon
in the pellet ash is higher than in the wood chip ash, the
absolute concentration in the flue gas is approximately 1.2
mg/m3, while the concentration in the flue gas fromwood chip
combustion is approximately 1.1 mg/m3. This indicates that
the generation of dust with compounds incorporating carbon
is independent from the amount of aerosol-forming elements
and approximately equal for both fuels even though the com-
bustion quality of the wood chips is not as good. However, it
is also important to note that not all of the carbon found in dust
has to originate from incomplete combustion but can also
occur as carbonates of the inorganic compounds like
potassium.

In general, the volatile elements (potassium, zinc, sulfur,
chloride, sodium) can be found in the fly ash as expected. The
biggest constituent is potassium with 47.8 (pellets) and 41.9%
(wood chips), followed by chlorine and sulfur.

A more detailed analysis can be found in the supporting
information including all elements with a concentration of

Table 4 Duration of the phases
and overall collection efficiency Phase 1 Phase 2 Overall collection efficiency Maximum pressure drop

m/h (h) (h) (%) (Pa)

Pellets

66.6 1.8 ± 0.6 9.9 ± 0.5 75 ± 4 2000

50 3.1 ± 0.5 22.0 ± 3.0 86 ± 1 2000

33.3 4.7 49.3 84 1585

Wood chips

66.6 0.45 ± 0.1 3.0 ± 0.1 83 ± 1 2000

50 0.58 ± 0.15 5.5 ± 0.4 86 ± 3 2000

33.3 0.35 ± 0.05 10 ± 0.1 91 ± 1 1190–1266

Fig. 8 Metal mesh filter before and after cleaning

Table 5 Fly ash composition

Pellet ash (wt-%) Wood chip ash (wt-%) Instrument

C 18.97 ± 1.40 2.31 ± 0.20 Elemental analyzer

H 0.47 ± 0.03 0.36 ± 0.01 Elemental analyzer

N 0.22 ± 0.05 2.56 ± 0.01 Elemental analyzer

Cl 14.7 ± 1.3 25.8 ± 2.9 IC

S 4.8 ± 1.2 4.9 ± 0.8 IC

Ca 1.54 ± 0.02 0.41 ± 0.01 ICP-OES

K 47.83 ± 2.54 41.95 ± 0.79 ICP-OES

Na 0.32 ± 0.01 0.67 ± 0.02 ICP-OES

Zn 3.24 ± 0.11 3.77 ± 0.08 ICP-OES

Elemental concentrations on dry basis
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more than 500 mg/kg (wood chips: more than 100 mg/kg) in
the fly ash.

Cleaning of the filter was expected to be the biggest issue
of this work. Instead, the ultrasonic cleaning procedure was
successful in all cases. Even after maloperations of the boiler,
which caused tar formation, the standard cleaning procedure
was sufficient and no additives were required. Given that re-
generation by ultrasound cleaning was successful for the first
batch of experiments, during the second set of experiments,
with the more challenging fuel quality, the filters were only
flushed with water and no ultrasound bath was used. It was
impossible to detect any efficiency differences between the

different cleaning modes, even though the cleaning mecha-
nism of ultrasound and flushing with water are very different.
In an ultrasonic bath, cavitation bubbles generate small jets of
water directed to the surface and removing any particles as
described by Chahine et al [36]. These occur in the entire bath,
resulting in a uniform cleaning. At the used frequency, the
ultrasound waves cannot penetrate the mesh; however, as
the filter cake is on the outside of the candles, that is not
necessary.

Cleaning using water is not uniform, as the water flows
through the candle. Potentially, it is possible that only parts
of the filter cake are removed and the water starts flowing

Fig. 9 Model functions of the pressure drop. Solid line: pellets, dotted line: wood chips. Each cross marks an individual measurement. For the regression
curve, values below 500 Pa were ignored

Fig. 10 Operation time until 2000 Pa pressure drop dependent on the gas velocity through the filter
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through the already cleaned part of the candle, while the rest of
the filter cake remains.

Still, both cleaning modes achieved the same cleaning ef-
fect. No residual pressure drop could be recorded after regen-
eration of the filter. In the supplementary information, the
results from the individual test runs in chronological order
can be found. No negative trend of the operation time could
be recorded during the repetitions at the same gas velocity.
Optical inspection of the filter indicates complete removal of
the filter cake in all cases. Since it was possible to remove the
filter cake after tar generation, the filter can most likely be
used during start and stop of the filter. Given that these are
phases with very high emissions, that is a major advantage.

Compared with traditional jet-pulse cleaning, the behavior
of the filter is different. As discussed by Dittler [30],
Hartmann et al. [31], and Schiller and Schmid [33], jet-pulse
cleaning results in a residual pressure drop after cleaning. For
example, during the experiments of Schiller and Schmid, the
residual pressure drop was about 400 Pa. Also, Hartmann
et al. reported a residual filter cake after cleaning. In contrast,
cleaning using water removes the entire filter cake, resulting in
no residual pressure drop. It is also to be noted that, after each
cleaning pulse, a considerable amount of dust passes jet-pulse
filters, similar to the first phase described here in which the
filter cake has to build up. Schwabl et al. [32] state that the
separation efficiency of a fabric filter cleaned by jet-pulse
depend mostly on the maximum pressure drop, the pressure
of the jet-pulse, gas velocity, and cleaning frequency. This is
also true for water cleaning; similar to their findings, the sep-
aration efficiency increases with lower gas velocity and
cleaning frequency, while it improves with a higher maximum
pressure drop due to the prolonged phase of filtering.

Another major difference is the resistance against conden-
sation of water or tar. The filter designs discussed by other
researchers all require either preheating or a bypass in order to
avoid condensation, as condensation would permanently
block the filters. During the experiments reported in the pres-
ent paper, the filter was also preheated in order to avoid the
influence of condensation on separation efficiency but not for
operational problems. In a commercial application, no
preheating is necessary as the cleaning is based on water.
Due to the additional mass, which has to be heated up during
the start, condensation might occur for a longer time in the
exhaust system. Thus, it is necessary to use an appropriate
chimney that will not corrode.

5 Conclusion

As shown by the results, fabric filters offer a possibility to
limit particulate matter emissions of biomass plants to an ab-
solute minimum and a regeneration using water is feasible. In
order to avoid flammability, the application of a metal mesh

proved to be feasible. Collection efficiencies exceeding 95%
are reached once a filter cake is established. Regeneration
using simple flushing is a viable, reliable solution and resulted
in a reproducible cleaning without any signs of decay.
Flushing of the filter is silent, enabling the use in small house-
hold furnaces. It was also possible to demonstrate a nonlinear
relationship between gas velocity and time until regeneration
of the filter is necessary.

During the buildup phase, penetration of the filter is signif-
icant. Thus, the buildup phase has to be limited. A possible
option is to decrease the gas velocity and thereby exploiting
the nonlinear relationship between gas velocity and pressure
drop buildup.

Further research with different biomass is necessary
in order to explore the potential of metal mesh filters
under more realistic conditions including startups and
modulating load. A 3-month test is planned for begin-
ning of 2020 with a commercial prototype. The com-
mercial prototype consists of two modules, thus en-
abling continuous gas cleaning while one module is
regenerated. If very high separation efficiencies are re-
quired, another option would be to operate both filters
in line directly after cleaning. This would negate the
particle slip during build-up of the filter cake but re-
quires additional effort. The commercial prototype is
fully automated and, different compared with the current
setup, can be used to determine costs. If cleaning with-
out ultrasound proves to be viable over a long period of
time, metal mesh filters might be a cost-efficient way to
reduce particulate matter emissions to an absolute min-
imum including start and stop of furnaces. Also, it is
required to assess whether an extensive treatment pro-
cess of the water is required before it can be disposed
into the municipal wastewater system.
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A.1.2. Chemical Analysis

Figure A.1.: Analysis of Pellets, numbers equal the average

Figure A.2.: Analysis of Wood chips, numbers equal the average
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Figure A.3.: Analysis of Pellet ash, numbers equal the average

Figure A.4.: Analysis of Wood chip ash, numbers equal the average
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A.1.3. Details of experimental runs

Figure A.5.: First Set of Experiments using Ultrasound cleaning: 3 Runs at 66.6 m/h,
Pellets
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Figure A.6.: Second Set of Experiments using Ultrasound cleaning: 3 Runs at 50 m/h,
Pellets
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Figure A.7.: Third Set of Experiments using Ultrasound cleaning: 1 Run at 33.3 m/h,
Pellets
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Figure A.8.: First Set of Experiments using Counter-current cleaning: 3 Runs at 66.6 m/h,
Wood chips
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Figure A.9.: Second Set of Experiments using Counter-current cleaning: 3 Runs at 50 m/h,
Wood chips
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Figure A.10.: Third Set of Experiments using Counter-current cleaning: 2 Runs at 33.3
m/h, Wood chips
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A.2. Evaluation of a filter prototype

A.2.1. Scientific publication
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Abstract
Wood combustion is a major part of the current efforts to reduce  CO2 emissions. However, wood combustion leads to emis-
sions of other pollutants like fine particulate matter. A new option to reduce particulate matter emissions is a metal mesh 
filter with counter current flushing. An automatic prototype was tested under realistic conditions including starts and stops 
of the boiler. For regeneration, the filter was flushed using water in opposite flow direction. The water was recycled multiple 
times to limit water consumption. The results are very promising. Regeneration was successful and no signs of decay could 
be observed over 419.5 h of operation and 234 regenerations. The filter can be operated during all phases of boiler operation, 
which is a major step forward compared to alternative secondary measures. Separation efficiency was high with 80–86%, 
even though the filter showed internal leakage, which reduced the separation efficiency. Additionally, waste products were 
examined. About 1000 l wastewater can be expected to be produced every month, which could be disposed using the com-
munal waste water system, given the low heavy metal loading. A part of the fine particulate matter is unsoluble and has to 
be removed from the regeneration water before reuse. The unsoluble fraction contains the majority of heavy metals and has 
to be disposed as fly ash or used for urban mining. Generally spoken, the metal mesh filter is a new, promising option which 
can overcome limitations of current secondary measures without increasing costs given its simple and robust construction.

Keywords Biomass combustion · Particulate matter · Emission control · Baghouse filter · Metal mesh filter · Wet 
regeneration

1 Introduction

The climate change is one of the major challenges of the 
current time. It is important to limit the release of fossil  CO2 
to an absolute minimum. For heating, wood combustion is 
an obvious and relatively easy to implement solution. Thus, 
it is a major part of the energy strategy of the European 
Union [1]. However, during combustion, certain pollutants 
are generated and can be emitted in comparably high con-
centrations [2].

One pollutant of special concern is particulate matter and 
here especially particulate matter with a diameter below 
2.5 μm. It is known to be cancerogenic and cause cardio-
vascular diseases [3–6]. Therefore, the emissions must be 
limited.

The possibilities to further reduce particulate matter 
emissions are limited. One former major source, hydrocar-
bons from incomplete combustion, is mostly eliminated in 
modern boilers. Instead, the particulate matter mostly con-
sists of the so-called aerosol-forming compounds [7–11].

Highlights                                                                                                    
• Metal mesh filters can be regenerated by counter-current                     

water flushing.
• 100% filter availability can be reached without the risk of 

clogging the filter mesh.
• Overall separation efficiencies between 80 and 86% were 

reached.
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The most important aerosol-forming substances are inor-
ganic substances of potassium, zinc and sodium with chlo-
rine and sulphur. During combustion, the aerosol-forming 
compounds are evaporated [12]. The aerosol-forming com-
pounds are essential to the growth and for the metabolism 
of plants, thus their content is especially high in bark and 
branches [13]. Their content directly correlates with the 
amount of particulate matter generated [14–16].

A possible solution is to use fuel with low amounts of 
aerosol-forming compounds. Pollex et al. proposed a limit 
of 500 mg/kg if the emission limits should be met without 
the use of other measures [14].

Typically, fuels containing low amounts of aerosol-
forming elements (e.g. pellets from sawdust) are relatively 
expensive. In January 2021, the price for pellets was 236 €/t, 
while the price for wood chips was between 79 and 123 €/t 
depending on the water content [17]. Thus, pellets are viable 
only if the fuel costs are relatively low compared to invest-
ments. Also, a possible solution in research is the addition 
of kaolin and other additives which bind aerosol-forming 
elements to the bottom ash by forming compounds which 
are stable at fuel bed temperatures [18–20].

Until now, no fuel with additives is available, due to addi-
tional costs involved, increased amount of ash which poses 
challenges for existing boilers, and nonconformity with cur-
rent pellet standards [21, 22] (due to the higher ash amount).

Another option is to cool the fuel bed to avoid evapo-
ration of the aerosol-forming compounds [23, 24]. While 
cooled grates are available for large boilers and for one type 
of small-scale biomass boiler (ÖKOTHERM [25]), it is still 
uncommon and associated with higher costs.

For large plants in excess of 1 MW, the usage of low-
quality fuel and secondary measures is common. However, 
for plants between 50 kW and 1 MW, the situation is prob-
lematic. Usage of high-quality fuel has a relevant impact 
on costs, but also the investment for secondary measures is 
problematic. As theoretical option, the following secondary 
measures are possible:

Cyclones are currently available (and often in use in boil-
ers exceeding 100 kW), but they only remove coarse parti-
cles with aerodynamic diameters above 10 µm [26].

Electrostatic precipitators are a second commercially 
available option [27]. Commercial electrostatic precipitators 
have a separation efficiency of 70–80% [28]; however, they 
are normally only operated once the exhaust gas reaches a 
sufficient temperature to avoid formation of condensate. Due 
to frequent start and stops during heat-based operation, this 
leads to low precipitator availability [29].

Filtering separators are a third option [30], and in wide 
use for many large-scale applications. For small-scale 
applications, a commercial option consisting of ceramic fil-
ter candles is available [31]. While they obtain very good 
separation efficiencies (according to the producer, < 3 mg/

m3 particulate matter in filtered gas), they again require a 
minimum exhaust gas temperature.

A solution using a metal mesh filter with similar restric-
tions was commercially available, but taken off the market. 
One reason for this was the required preheating of the filter 
before the furnace was started to avoid formation of dew 
[32]. Currently in research are filter solutions which incor-
porate SCR catalysts to reduce NOx emissions, but like the 
previous solution require electrical preheating to avoid con-
densation [33]. Brandelet et al. attempted to optimise the 
temperature window in which a fabric filter can be operated 
at a biomass boiler and showed that the current temperature 
limits are too high, but the issue remains [34].

The solutions mentioned before all have major drawbacks. 
Special focus for this work was put on cost-effectiveness, 
and the ability to filter the exhaust gas during all phases of 
boiler operation. A secondary goal was to construct a filter 
which shows no need to interact with the boiler, thereby 
allowing easy retrofitting of existing systems. One possible 
solution was the use of a metal mesh filter with water-based 
cleaning. Most of the particulate matter is water soluble, 
thus, water-based cleaning was expected to be very effective 
and reliable.

A proof of concept was achieved in a previous work 
[35]. There, it was shown that metal mesh filters can be 
an effective solution to limit the particulate matter emis-
sions of wood boilers to a minimum. The main issues 
discussed above of other particulate matter filters can be 
avoided. In particular, higher separation efficiencies can be 
achieved compared to electrostatic separators. Depending 
on the gas velocity and fuel, separation efficiencies between 
91 and 75% were reached. The filtering can be divided in 
two phases, first, surface filtration is the mode of filtration 
and separation efficiency is low. Second, after a filter cake 
has formed, depth filtration is the mode of filtration which 
results in a separation efficiency up to 99%. Thus, the overall 
separation efficiency over the entire filtering process must 
be measured, to correctly evaluate the separation efficiency.

A possible solution to further increase separation effi-
ciency is to use a precoat as tested by Schiller and Schmid, 
which resulted in very high separation efficiencies. A precoat 
powder is applied to the filter surface after regeneration, 
thus, the time until a filter cake is formed is shortened. How-
ever, it also requires additional machinery and increases the 
amount of dust which has to be disposed considerably [36].

In the current work, the batch filter concept from the 
previous work was upscaled for a 180 kW boiler. Different 
to the previous filter, two pre-series filter units were con-
structed with extensive measuring equipment and automa-
tion to evaluate long-time operation.

The main purpose of this work is to evaluate the feasibil-
ity of the filtering concept under realistic conditions and to 
assess the waste materials produced. The main focus was 
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the reliability of the regeneration. Thus, an operation time of 
about 3–4 h at full load was aimed for. A pre-series model of 
the filtering system with two filter modules was built and the 
filter was subjected to a modulating 8 h load cycle including 
start and stop of the boiler as well as partial load. Theoretical 
possibilities to simplify the filter system were examined to 
reduce costs and improve reliability. Main simplifications 
tested are the removal of a prefiltering cyclone, and the 
removal of ultrasound assistance for cleaning. The boiler has 
an integrated multi-cyclone, and the influence of the multi-
cyclone on separation efficiency and operation time was 
evaluated. While ultrasound cleaning was proven to be very 
effective in the earlier work, a cooling circuit is required to 
avoid decay of the piezoelectric compounds used to generate 
ultrasound, as well as an ultrasound transducer and a con-
troller. Thus, it was tested if the ultrasound is required. To 
do so, one filtering module was equipped with an ultrasound 
transducer and one was limited to counter-current flushing. 
Another option is to use a larger mesh to reduce pressure 
drop caused by the mesh itself.

2  Methods and material

To evaluate the metal mesh filter system, a test rig according 
to DIN SPEC 33,999 [37] was designed and operated for a 
total of 419.5 h with 234 regenerations. For generation of 
the flue gas, a 180 kW boiler was used which burned wood 
chips obtained from a local distributor.

2.1  Filter prototype

The core of the new filter prototype is two filter cartridges 
made of metal mesh. The mesh is folded to increase the 
surface area without increasing required space as shown in 
Fig. 1. The filter surface of the cartridges is 5  m2 each.

Two different plain weave meshes made of V2A (1.4301) 
were used, one with a pore size of 22 µm and one with a pore 
size of 60 µm.

The filter cartridges were integrated into two separate pre-
series filter units, one with, one without ultrasound trans-
ducer (SONOPUSH® MONO HD, 2000 W, Weber Ultra-
sonics). A detailed view and operation scheme is shown in 
Fig. 2.

During filtering, the raw gas stream enters the filter mod-
ule on top and passes the metal mesh filter from the inside 
to the outside (left part of Fig. 2). During regeneration, the 
module is flooded with water (right part of Fig. 2). Due to 
the counter current flow of the water from the outside to 
the inside, the filter cake on the inside of the filter module 
is removed. In case of the module containing an ultrasound 
transducer, the ultrasound transducer is also used for 5 min 
at 2000 W at 25 kHz (maximum power).

2.2  Experimental setup

The experimental setup consists of a 180 kW boiler, two 
filter modules (one with, one without ultrasound emitter) 
with independent measuring sections before and after the 
respective filter module, a regeneration water reservoir, the 
required pumps and an additional flue gas fan to overcome 
the additional pressure drop. The P&ID diagram of the filter 
can be found in Fig. 3. For temperature measurements, the 
filter and the measuring sections were equipped with Type K 
thermocouples. Gas velocity was measured using two calo-
rimetric flow meters (SEIKOM RLSW8AL). Pressure drop 
was measured using thermokon DPT 2500 differential pres-
sure sensors. The measuring section was designed according 
to DIN SPEC 33,999 [37], with a diameter of 150 mm and 
distances between measuring openings as defined in the DIN 
SPEC to ensure reproducibility.

The filter was controlled using an industrial PLC and all 
data relevant for operation (temperatures, volumetric flow, 
pressure drop) were logged by the PLC. In addition, all data 
were logged using LabView for scientific purposes.

As boiler, a 180 kW grate furnace (Schmid UTSR 180, ret-
rofitted with additional measurement ports and flue gas recir-
culation) was used. The boiler is a modified commercial boiler 
with additional thermocouples and exhaust gas recirculation 
with primary, secondary and tertiary air supply. The boiler 
was set to an exhaust oxygen concentration of 8.5% at full load 
and 10% at 30% load. Primary air was set to a fixed amount 
depending on the thermal output. Secondary and tertiary air 
was controlled by a lambda sensor. The primary air was diluted 
with exhaust gas at an approximate ratio of 80:20. Second-
ary and tertiary air was not diluted. As fuel, wood chips were 
used during the tests. The boiler is connected to the infrastruc-
ture of the University of Applied Sciences Rottenburg, which 

Fig. 1  Inner surface of a filter cartridge
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provides cooling water for the boiler at 75 °C and measure-
ment of the thermal output.

2.3  Gaseous analysis

During the test runs, particulate matter concentration of the 
raw and filtered gas streams were measured according to VDI 
2066 [38] under isokinetic conditions. For the measurement, 
plane quartz fiber filters (Munktell MG 160, diameter: 47 mm) 
and plugged extra-fine glass wool for prefiltration were used. 
Filters and glass wool were pre-treated at 200 °C for 1 h and at 
180 °C for 1 h after measurement. Cooldown was performed 
in a desiccator overnight. Measurement of the loading was 
performed in a climate-controlled room with a lab scale (Sar-
torius CPA 124S, readability 0.1 mg). Measurement started 
once a volumetric flow could be detected after regeneration 
and stopped when the flue gas ventilator stopped (the first step 
of the automatic regeneration). Also, flue gas composition was 
logged using a modular measuring tower from ABB (CO, NO, 
 CO2,  SO2: Uras 26,  O2: Magnos 206, VOC: FIDAS 24). The 
units were calibrated as specified by ABB before experiments. 
Before measurement, water was removed from the flue gas by 
a condenser (ABB). All values given are corrected to standard 
temperature and pressure (STP).

2.4  Chemical analysis of the fuel, ashes 
and regeneration water

Fuel and ash samples were taken and prepared according 
to DIN EN 18,135:2017–08 [39] and 14,780:2020–02 [40]. 

Sampling of the fuel was achieved by taking 16 samples 
from the container using a sample scoop which were then 
mixed and reduced using sample dividers. From the regen-
eration water, 5  l samples were taking after stirring the 
reservoir. While replacing the regeneration water, the solid 
residue formed a slurry which could be removed. The slurry 
was filtered to remove regeneration water and subsequently 
dried and mixed.

Moisture content was analysed by drying of 300  g 
wood chips at 105 °C for 24 h as described in EN ISO 
18,134–2:2017 [41].

The dried wood chips were milled to 0.25 mm for further 
analysis.

Calorific value was obtained according to EN ISO 
18,125:2017 [42] by combustion in a calorimeter (C6000, 
IKA) after pressing a pellet of 1 g. The other solid samples 
(ashes and the insoluble fraction from regeneration) were 
also combusted as pre-treatment for IC (Ion chromatogra-
phy) with the aid of a combustion bag and 250 mg paraffin 
oil in addition to 100 mg of sample.

After dilution with 50  ml using bi-distilled water, 
the chloride and sulphur content was analysed using a 
883 Basic IC plus (Metrohm) in accordance to EN ISO 
16,994:2016–12 [43].

Ultimate analysis was performed using a vario MACRO 
cube (Elementar) after pressing 40 mg milled fuel sample or 
20 mg solid sample and 60 mg of  WO3 and zinc foil into a 
tablet. Oxygen content was calculated by difference.

Trace elements were analysed using a ICP-OES (induc-
tively coupled plasma atomic emission spectroscopy, 

Fig. 2  Scheme and operation of 
the pre-series filter units

Regenera�on water
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Spectroblue FMX 26, Spectro) after microwave digestion 
using HCl,  HNO3 and  H2O2 as described by Tejada et al. 
in [44].

When disposing the used regeneration water, samples 
were taken for analysis of both the insoluble, solid fraction 
and the liquid fraction. The regeneration water was first fil-
tered. The trace elements were measured using the same 
ICP-OES and IC methods as for the solid samples, but with-
out digestion. Additionally, pH was measured using a pH-
meter (Mettler Toleda FE20) and COD (chemical oxygen 
demand) was measured using a test kit (Macherey–Nagel, 
Nanocolor CSB 160 and Nanocolor CSB 40).

2.5  Filter testing

Testing of the filter can be separated into two categories:

◦ First, operation testing was conducted to prove long-
time durability of the regeneration method.

◦ Second, an evaluation of multiple options to reduce 
costs was done.

2.6  Operation testing

During operation of a boiler, modulating load and start and 
stops are common, also when a buffer is used [45]. Dur-
ing operation testing, realistic operation of the boiler was 
simulated by modulating the power output according to 
8-h cycles repeated during the day as shown in Fig. 4. The 
thermal output varied between 30 and 100% and included 
a stop of the boiler for 1 h during each 8-h cycle. The filter 
was set to treat the entire exhaust gas stream, also during 
start and stop phases.

Using the Labview programme which was also used to 
record data, the desired thermal output was transferred to 
the boiler using a MODBUS interface.

Fig. 3  P&ID diagram
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2.7  Design simplification

For reducing costs of a later series filter, the following 
options were tested:

◦ Usage of different metal mesh width
◦ Usage of ultrasound cleaning
◦ Usage of a cyclone as pre-filter

Thus, the filter cartridge in the ultrasound module was 
replaced by a finer mesh (22 µm). For evaluation, test runs 
as listed in Table 1 were conducted. The first 6 runs were to 
evaluate the influence of the metal mesh on the separation 
efficiency and on the operation time, the next two runs for 
evaluation of ultrasound usage, and the last two runs for 
evaluation of the cyclone.

Also, the internal construction of the filter was optimised 
to reduce internal leaks. However, as a side effect, this meant 
that the filter modules did not dry after cleaning. To avoid 
the usage of electrical heating, the filters were dried using 
exhaust gas. The exhaust gas was passed through the inside 
of the wet filter and filtered in the second filter as shown in 
Fig. 5.

3  Results

3.1  Fuel properties and raw gas quality

For the investigation, low-quality wood chips from a local 
supplier were used. Three batches were used during the 
experiments; their composition can be found in Table 2.

There was a spread in the wood chip quality. First, 
the water content of the second batch is lower. Second, 
the amount of aerosol-forming compounds (K, Na, Zn) 
is lower in batch 3 compared to batch 1 and 2. Batch 3 
showed low amounts of which resulted in the lower 
amounts of trace elements. This results in different raw 
gas particulate matter concentrations as shown in Fig. 6.

As described earlier, the boiler is set to modulate its 
thermal output in 8-h cycles as shown in Fig. 4. The boiler 
automatically limits the rate of change of the thermal out-
put to limit emissions due to rapid changes in output. In 
Fig. 7, the internal setpoint after smoothening by the boiler 
PLC and the recorded thermal output is shown, as well as 
the flue gas temperature before the filter. The change in 
thermal output is slower than the change in setpoint due 

Fig. 4  Thermal output setpoint 
during operation testing
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Table 1  Economic optimisation 
of the filter

Volumetric 
flow  (m3/h)

Mesh size 
(µm)

Repetitions Cyclone Ultrasound Fuel Boiler load

250 60 3 Yes No Batch II 100%
250 22 3 Yes Yes Batch II 100%
200 60 3 Yes No Batch II 100%
200 22 3 Yes Yes Batch III 100%
150 60 3 Yes No Batch III 100%
150 22 3 Yes Yes Batch III 100%
200 22 6 Yes No Batch III 100%
200 22 1 Yes Yes Batch III 100%
200 60 3 Yes No Batch III 100%
200 60 3 No No Batch III 100%



Biomass Conversion and Biorefinery 

1 3

to the large thermal mass of the boiler, but modulating 
output is achieved which was the main goal. Also, the flue 
gas temperature decreases to 70 °C when the boiler is shut 
off, which should be sufficiently low to cause formation 
of condensate. The short decreases in temperature (e.g. at 

3:15) occur during regeneration, while the gas is stagnant 
in the measuring section.

The gas composition during the cycle is displayed in 
Fig. 8. The concentrations of CO are dependent on the 
load. Start, stop and change of the thermal output led to 

Fig. 5  Drying of the pre-series 
filter units

Table 2  Composition of the 
wood chips

d.b, dry basis. Average ± standard deviation. a6 repetitions. b3 repetitions

Wood chips Batch I Batch II Batch III

Water content b 38.7 wt% 29.03 wt% 35.07 wt%
Lower heating value b 18,482 ± 32 J/g d.b 18,600 ± 14 J/g 18,516 ± 15 J/g
Ash content b 1.41 ± 0.1 % d.b 1.99 ± 0.2 % d.b 0.70 ± 0.1 % d.b
C b 491 ± 3 g/kg d.b 496 ± 3 g/kg d.b 485 ± 3 g/kg d.b
H b 64.4 ± 0.9 g/kg d.b 64.8 ± 0.6 g/kg d.b 64.1 ± 0.9 g/kg d.b
N b 2.2 ± 0.1 g/kg d.b 2.7 ± 0.2 g/kg d.b 0.9 ± 0.2 g/kg d.b
O 437.2 g/kg d.b 430.3 g/kg d.b 446.9 g/kg d.b
Cl b 58.6 ± 1.1 mg/kg d.b 52.3 ± 1.9 mg/kg d.b 57.7 ± 2.3 mg/kg d.b
S b 33.5 ± 12 mg/kg d.b 94.6 ± 47.4 mg/kg d.b 38.4 ± 13.0 mg/kg d.b
Ca a 3488 ± 71 mg/kg d.b 4479 ± 93 mg/kg d.b 2048 ± 21 mg/kg d.b
K a 1785 ± 14 mg/kg d.b 1814 ± 28 mg/kg d.b 1115 ± 4 mg/kg d.b
Na a 29 ± 3 mg/kg d.b 46 ± 1 mg/kg d.b 188 ± 10 mg/kg d.b
Zn a 12 ± 2 mg/kg d.b 30 ± 2 mg/kg d.b 18 ± 4 mg/kg d.b
Pb a Below limit mg/kg d.b 6.9 ± 6.1 mg/kg d.b 0.7 ± 0.11 mg/kg d.b
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elevated CO concentrations. The highest measured value 
was 2022 mg/m3 during a stop of the boiler (average: 
391 mg/m3). Also, during ignition of the boiler, VOC 
emissions were measured. Oxygen content is higher as 
expected, especially during lower loads. In contrast, opera-
tion at stable load leads to CO emissions below 400 mg/
m3 and an average of 94 mg/m3 as shown in Fig. 9. The 
oxygen concentration is close to the setpoint. VOC emis-
sions could not be detected during operation at 100% load.

3.2  Operation testing

In Fig. 10, the pressure drop and the thermal output of the 
boiler is displayed for a full day of simulated operation.

During the first and third 8-h cycle, two regenerations 
were necessary, while during the second cycle, 4 were nec-
essary. After each regeneration, the filters were still wet. 
While wet, no flue gas can pass through the filters, result-
ing in a spike in recorded pressure drop of up to 2500 Pa. 
Minimal pressure drop depended on the gas velocity and 

Fig. 6  Raw gas particulate mat-
ter concentration. X: average. 
Whiskers: minimum/maxi-
mum value. Box: first quartile, 
median and third quartile
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Fig. 7  Thermal output and 
flue gas temperature during 
modulating load. 8.4.2020, fuel: 
batch I
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Fig. 8  Flue gas composi-
tion during modulating load. 
8.4.2020, fuel: batch I
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was around 700 and 1000 Pa. At a medium gas velocity 
(200  m3/h), about 300 Pa of the residual pressure drop 
was caused by the piping, with the rest being caused by 
the metal mesh.

Regenerations were successful, up to a point where the 
particle load in the regeneration water reached a certain con-
centration. After operation for 2 weeks without replacing the 
regeneration water, the particles suspended in the regenera-
tion water formed a secondary filter cake layer on the outside 
of the metal mesh, leading to more frequent regenerations 
as shown in Fig. 11. Estimated from the amount of dust in 
solution, about 1.35 kg/m3 solid residue were present in the 
regeneration water.

Replacement of the regeneration water removed the filter 
cake and the previous, lower frequency of regeneration could 
be observed again, without the need for manual cleaning.

While the regeneration itself caused no problems, the 
separation efficiencies were unexpectedly low as shown in 
Table 3. This was caused by a significant internal leakage 
which increased over time during the tests, caused by an 
inappropriate gasket concept.

Separation efficiency in one of the filter modules 
decreased below 50%. The filter cartridge was mounted 
between the top and bottom covers, and the seals used 
only allowed 2–3 mm of clearance for thermal expansion. 
This led to compression and deformation of the cartridges. 
Instead of clamping, a sleeve with a radial seal was used 
on one side, so that there was sufficient room for thermal 
expansion.

Before starting the trials for economic optimisation, the 
construction of the filter was improved to reduce leakages. 
Also, one of the cartridges with 60 µm mesh openings was 
removed and replaced with a cartridge with 22 µm mesh 
openings. The results of these changes are shown in Table 4. 
Separation efficiency was increased up to 87% and no sig-
nificant differences between the different mesh sizes could 
be measured.

However, especially during the later experiments with 
lower gas velocities, a leakage of about 50  m3/h could be 
recorded and separation efficiency decreased.

The leakage becomes apparent when looking at the 
drying stage. Theoretically, while the metal mesh is still 

Fig. 9  Flue gas composition 
at full load. 19.08.2020, fuel: 
batch III

0

5

10

15

20

0

200

400

600

800

1000

11 12 13 14 15 16

O2
 [v

ol
-%

], 
VO

C 
 [m

gC
/m

³]

CO
 [m

g/
m

³]

Time [h]

CO VOC O2

Fig. 10  Long-time measure-
ments of 8.4.2020. Red boxes: 
regeneration. Fuel: batch I
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wet, no gas flow should be registered. Directly after opti-
misation, the gaskets were tight and no leakage could be 
detected. However, after several experiments, the gaskets 
started to leak with the new configuration. In Fig. 12, 
the leakage flow after optimisation is shown. At approxi-
mately 10.52 h, regeneration was complete and the filter 
automatically started the drying process by setting fan 
speed to 100%, opening both water valves and closing the 

raw gas valve of the dry filter module in order to dry the 
filter as described in Fig. 5. Different from the expected 
behaviour, at the beginning of the process, about 50  m3/h 
passed through the wet module (marked with arrows). 
This means that at full power of the fan (resulting in a 
recorded pressure drop of about 2500 Pa), 50  m3/h pass 
the filter unfiltered. As drying progresses, the volumetric 
flow increases. Once it surpasses the set volumetric flow 

Fig. 11  Effect of particle 
enrichment in the regeneration 
water. Operation of the filter 
was stopped at 9:45 due to short 
regeneration intervals. Same 
scale as Fig. 7 for illustration. 
Red boxes: regeneration. Meas-
ured on 26.2.2020. Fuel: batch I
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Table 3  Separation efficiencies during commissioning and long-time operation

a Adjusted to standard conditions, 13%  O2, in mg/m3. Repetitions of particulate matter measurements, the boiler and filter were in operation dur-
ing the entire day

Fuel Raw gas concentra-
tion ( mg/m3)a

Filtered gas concentra-
tion (mg/m3)a

Separation effi-
ciency (%)

Operation 
time (h)

Repetitions

Commissioning 12.2 Batch I 170 ± 17 35.8 ± 8.3 79 0.9 2
Commissioning 13.2 Batch I 123 22.7 82 0.9 1
Full load 17.2 Batch I 111 ± 13 30.1 ± 6 73 1.2 3
Full load 24.2 Batch I 77.9 ± 44 32.5 ± 22 58 1.6 3
Full load 11.3 Batch I 83.9 ± 25 31.3 ± 5 63 1.2 5
Full load 12.3 Batch I 90.0 ± 6.3 19.6 ± 4 78 1.2 4
Half load 13.3 Batch I 87.4 ± 17 23.9 ± 20 73 1.7 3
Modulating 9.4 Batch I 93.8 ± 15 27.9 ± 8 70 - 3

Table 4  Separation efficiency 
with improved gasket design 
and different mesh sizes

a Adjusted to standard conditions, 13%  O2, in mg/m3. 3 repetitions per measurement

Volumetric 
flow  (m3/h)

Mesh 
size (µm)

Fuel Raw gas concen-
tration ( mg/m3) a

Filtered gas 
concentration (mg/
m3) a

Separation 
efficiency (%)

Operation 
time (h)

250 60 Batch II 51 ± 4 9 ± 1 82 ± 2 1.2
250 22 Batch II 46 ± 3 9 ± 2 81 ± 4 1.2
200 60 Batch II 53 ± 15 6 ± 1 87 ± 4 3.5
200 22 Batch III 32 ± 5 4 ± 1 86 ± 5 1.2
150 60 Batch III 39 ± 6 7 ± 1 81 ± 3 3.2
150 22 Batch III 31 ± 1 6 ± 1 80 ± 3 3.2
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(here: 150  m3/h), drying ends and the filter enters normal 
filtering operation.

Still, given the relatively similar behaviour of both 
modules, the measurements are still comparable.

3.3  Design simplification

3.3.1  Usage of ultrasound

To examine the effect of the ultrasound transducer, six 
subsequent runs were performed without the use of the 
ultrasound transducer, followed by a seventh run after 
ultrasound cleaning as shown in Table 1. The results are 
presented in Table 5; the operation time was stable during 
the runs which indicate consistent, successful cleaning 
without an accumulation of not-removed filter cake.

3.3.2  Pre‑separation by a cyclone‑separator

Without cyclone, the raw gas concentration is consid-
erably higher. As the separation efficiency remains 
unchanged, this results in an equally higher particulate 
matter concentration in the filtered gas. The operation 
time is slightly reduced.

3.4  Waste products

As last part of the evaluation, analyses of the waste prod-
ucts were performed. During regeneration, the filter cake is 
partly dissolved, leading to the formation of both a liquid 
and solid waste fraction. Analysis was performed on both 
waste products. During operation, 1000 l of wastewater were 
disposed per week of operation. Five samples of the regen-
eration water were analysed (Table 6).

Given the legal limits must be met at all times, the high-
est concentrations of contaminants measured are given in 
Table 7 as well as the German limits [46] for heavy metals.

Trace element concentrations for the solid fraction 
are displayed in Table 6. Three samples were taken and 
analysed.

4  Discussion

4.1  Fuel properties and raw gas quality

For economic reasons, most boiler operators use the cheap-
est fuel available. Thus, the fuel chosen for these experi-
ments was also the cheapest fuel available. As expected, the 
quality of the fuel was rather low, which becomes apparent 
both during analysis and the emission measurements. The 
amount of potassium in the fuel is 2–4 times higher than 

Fig. 12  Leakage during drying, 
6.8.2020, 150  m3/h, red line: 
expected behaviour without 
leak, module: 22 µm, fuel: batch 
III
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Table 5  Use of ultrasound 
transducer and cyclone

Average ± standard deviation. aAdjusted to standard conditions, 13%  O2, in mg/m3. Operation at full load, 
fuel: batch III. b6 measurements. 22 µm module. c3 measurements, 60 µm module

Raw gas concentra-
tion (mg/m3) a

Filtered gas concentra-
tion (mg/m3) a

Separation effi-
ciency (%)

Operation time (h)

No ultrasound b 28 ± 4 5 ± 3 84 ± 12 2.0 ± 0.15
Ultrasound 28 6 78 2.0
Cyclonec 34 ± 3 4 ± 1 87 ± 1 2.3 ± 0.03
No  cyclonec 62 ± 17 8 ± 1 86 ± 3 1.97 ± 0.22
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what would allow operation without secondary measure-
ments according to Pollex et al. [14]. As expected, without 
secondary measures, the emissions were higher than Ger-
man legal limits allow. Still, the quality of the fuel must be 
expected in real operation and thus the filter should be tested 
in these conditions to reflect real operation.

As shown in Sect. 3.1, gaseous emissions are 4 times 
higher during modulating operation than during stable load. 
This is in agreement with literature, which also reports 
high emissions during start and stop. This behaviour was 
expected, and given the filter must be reliable under all cir-
cumstances, it is important that the filter was operated while 
the burnout was not optimal and partially unburned hydro-
carbons were present in the flue gas.

4.2  Operation testing

Both proposed cleaning methods resulted in reliable, suf-
ficient cleaning over the test period. Based on the previous 
work, a time span of around 12 h between regenerations 
was considered the best compromise between cost and sepa-
ration efficiency. Since the focus was on the reliability of 
the cleaning, the filter was dimensioned smaller. In total, 
234 regenerations were done without problems. If the fil-
ter would have been dimensioned with 12 h operating time 
between regenerations as suggested, this would resemble 
2808 h of operation instead of the 419.5 h the filter was 
operated. Also, the filter was always operated whenever the 
furnace was used, including ignition and warm-up of the 
furnace before the trials for evaluation of the mesh size, use 
of ultrasound, and cyclone. Thus, the conditions the filter 
was operated in should be close to real operation conditions. 
In other works, an increase in residual pressure could be 

recorded after few regenerations (e.g. Schiller and Schmid 
[47]: 18 regenerations). Still, further trials with longer total 
operation time should be conducted to proof long-time sta-
bility over multiple heating periods.

The most important improvement compared to other par-
ticle filters is the ability to operate at all times, even during 
challenging phases like start-up or stop of the boiler. The 
filter was generally operated whenever the boiler’s exhaust 
gas ventilator was running, without any regard for exhaust 
gas temperature. A particularly problematic situation was 
ignition of the boiler. As shown in Sect. 3.1, high concentra-
tions of CO and VOC were measured during ignition, and 
the exhaust gas temperature had decreased to 70 °C. Under 
these circumstances, condensation of both water and par-
tially burned hydrocarbons must be expected.

During regeneration, the filter was regenerated with cold 
water, which also lead to low surface temperatures and 
thereby the risk of condensation. Still, cleaning was reliable.

However, it is important to limit the particle load of 
the regeneration water. Particles in the regeneration water 
formed a secondary filter cake on the filtered gas side of the 
metal mesh during regeneration. While it is easily removed 
once the particle load is reduced to normal levels, measures 
have to be introduced to remove particles from the regenera-
tion water.

For the test unit, the particles were supposed to be sepa-
rated using a tank as simple gravity separator. As proven, 
this is not efficient enough. As intermediate solution, the 
water was replaced once per week, but the insoluble frac-
tion had to be removed by hand from the bottom of the tank. 
Thus, this is not an option for continuous use and involves a 
water consumption of 1  m3 per week which can and should 
be avoided.

Thus, a more advanced particle separator like a band filter 
or a hydro cyclone is required, which enables continuous and 
automatic operation.

4.3  Separation efficiency

Determination of the separation efficiency over the metal 
mesh was problematic due to internal leakages of the fil-
ter during the operation test. Given a considerable amount 
of flue gas bypassed the filter, the measured separation 
efficiency was lower. According to the previous work on 

Table 6  Regeneration water 
composition

Highest values from five samples

pH CSB (mg O2/l) Potassium (mg/l) Sulfates (mg/l) Chlorides (mg/l)

Water 6.4–7.6  < 83  < 1210  < 989  < 169
Cr (mg/l) Cu (mg/l) Ni (mg/l) Pb (mg/l) Zn (mg/l)

Water  < 0.095  < 0.0552  < 0.0225  < 0.0015  < 0.69
Limit (max.) 0.5 0.5 0.5 0.1 1

Table 7  Composition of the insoluble fraction

Average ± standard deviation. 6 measurements per sample, 3 samples

C (g/kg) H (g/kg) N (g/kg) Cl (g/kg) S (g/kg)

Insolubles 269 ± 48 16.6 ± 2.7 10.2 ± 2.3 0.2 ± 0.06 1.49 ± 0.1
Ca (g/kg) Fe (g/kg) K (g/kg) Al (g/kg) Mg (g/kg)

Insolubles 169.4 ± 10 26.7 ± 7.5 12.9 ± 1.1 11.2 ± 1.7 8.9 ± 0.5
Zn (g/kg) Cu (g/kg) Mn (g/kg) Pb (g/kg) Cr (g/kg)

Insolubles 8.7 ± 0.5 2.2 ± 1.4 2.9 ± 0.1 0.4 ± 0.05 0.3 ± 0.08
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a smaller scale [35], a separation of around 80–90% was 
expected. As the deformation of the filters progressed and 
the amount of bypassed gas increased, the separation effi-
ciency decreased to less than 70%.

Before investigating possibilities to reduce costs, the gas-
ket concept was changed as described in Sect. 3.2. Thus, 
higher separation efficiencies up to 87% were achieved 
during the later runs, independent on the mesh size. These 
results are more in line with the previous experiments.

Different to the previous measurements during commis-
sioning and long-time operation testing, the influence of the 
mesh size was tested using the furnace’s cyclone as pre-
separator. Thus, and due to the different fuel, the measured 
raw gas concentration was lower. From literature, it also 
must be assumed that the particle size distribution changed 
as cyclones only remove coarse particles measuring multiple 
µm. However, as shown in the next chapter when discussing 
the influence of a cyclone, this has no influence on the sepa-
ration efficiency. Thus, the improved separation efficiency 
is caused by the improved gasket design and not by using a 
pre-separator.

The different mesh sizes had no effect on separation effi-
ciency, while the operation time increased due to the lower 
pressure drop caused by the wider mesh. In general, the 
operation time is lower than it was expected from the previ-
ous work. This is caused by an additional pressure drop of 
300 Pa caused by the piping and 300 Pa caused by the filter 
mesh. In a commercial filter without the need for measuring 
sections, the pressure drop in the pipes should be lower, but 
the pressure drop caused by the mesh must be considered 
during design.

The operation time has a direct influence on the separa-
tion efficiency as discussed during the earlier work [35]. 
Depending on the selected values for gas velocity, a higher 
separation efficiency can be achieved, for example if this is 
required to fulfil the requirements for subventions.

4.4  Design simplification

One of the major obstacles when introducing flue gas clean-
ing technologies, are additional costs. Thus, much emphasis 
was put on identifying options to reduce costs without reduc-
ing the precipitation efficiency of the filter.

The first possible option is using a higher mesh size. 
Metal meshes with higher pore size have a lower pres-
sure drop, thus requiring less energy and enabling longer 
operation times. Thus, 22 µm and 60 µm meshes were 
tested. During the testing, the fuel had to be changed from 
batch II to III, which caused a decrease in raw gas par-
ticulate matter concentration during the 200  m3/h runs. 
Still, operation time was longer using the 60 µm mesh (at 
higher particulate matter concentration) compared to the 
operation time with 22 µm mesh. At the same time, the 

operation times in the other cases, where the same fuel 
was burned for both mesh sizes, are nearly identical. This 
is a strong indication that not only the concentration but 
also the composition of the particulate matter influences 
the operation time. This was also shown in the previous 
work, where a filter cake of the same weight from pellet 
combustion proved to cause a higher pressure drop then 
a filter cake from wood chip combustion. The separation 
efficiencies of both meshes were nearly identical, thus, the 
mesh size has a small influence on the filter. Due to the 
lower inherent pressure drop, a mesh size of 60 µm would 
be a better option.

While ultrasound cleaning is a cleaning technique 
which is easy to implement in an automatic system and 
yields good results, it also involves additional costs and 
required additional construction and maintenance efforts. 
The complexity of the filter increases, as an ultrasound 
transducer and ultrasound generator have to be integrated 
into the filter. Also, an additional cooling loop is required 
to avoid decay of the piezoelectric compounds used. 
However, no benefit of the ultrasound cleaning could be 
detected compared to counter-current flushing. During the 
operation test, one of the modules was using ultrasound 
while the second was not equipped with an ultrasound 
transducer. No differences could be measured between 
the modules. Additionally, the module with the mounted 
ultrasound transducer was operated without ultrasound 
cleaning for six runs followed by a run with ultrasound 
cleaning, again with no notable difference. Thus, it can be 
assumed that ultrasound cleaning has no benefit. Remov-
ing it and the cooling circuit for the transducer greatly 
simplifies the design of the filter and reduces the invest-
ment and maintenance efforts.

A third option is prefiltering using a cyclone. Many boil-
ers with a thermal output above 100 kW are equipped with 
a cyclone, including the 180-kW boiler used for the tests. 
During the runs, the cyclone reduced the raw gas concentra-
tion by nearly half. On the other hand, cyclones only remove 
coarse particulate matter with a diameter exceeding 10 µm, 
and cause a significant pressure drop. According to Gaderer 
et al. [26], up to 1500 Pa pressure drop must be expected. 
The tested boiler produces about 700  m3/h flue gas, so over 
1.05 kW electrical power (assuming a maximum of 100% 
efficiency of the fan) is required to overcome the pressure 
drop of the cyclone, and 1.4 kW for the fabric filter (assum-
ing a maximum of 100% efficiency). As was shown in the 
previous paper, the operation time and separation efficiency 
of a metal mesh filter can be improved by increasing the 
filter surface. Thus, it is recommended to remove existing 
cyclones or, in case of new boilers, order none to reduce 
electric power usage and investment costs. Instead, the 
required filter surface of a metal mesh filter should be based 
on the raw gas concentration without a cyclone.
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4.5  Waste products

Ash from wood combustion contains various toxic elements. 
Thus, disposal of ash is problematic. In the ash produced 
during this process, notable amounts of chromium, copper, 
manganese, lead, iron and nickel were detected.

Most of the toxic compounds form oxides, salts or car-
bonates with low solubility, resulting in a low concentration 
of toxic elements in the liquid fraction. Thus, according to 
the measurements, the liquid fraction can be disposed into 
the municipal wastewater system. This might be different if 
contaminated fuels are used, and a measurement should be 
done to evaluate the regeneration water in these cases.

The solid fraction contains trace elements and heavy met-
als in high concentrations, thus it has to be disposed like fly 
ash. Still, the amount of ash is significantly lower compared 
to conventional precipitation methods, as the soluble part is 
disposed with the water. Given the high concentrations of 
valuable metals in the solid fraction, different applications 
should be evaluated.

5  Conclusion

In total, the metal mesh filter with wet regeneration is a new 
possibility to reduce fine particulate matter emissions while 
overcoming limitations of other secondary measures.

Regeneration of the pre-series filter units worked reliable 
during the entire testing period.

Most importantly, the filter does not require high exhaust 
gas temperatures to avoid the forming of condensates. Thus, 
it can be operated at all times, even during start-up at low 
exhaust gas temperatures. This is a major advantage com-
pared to other secondary measures.

Separation efficiencies of up to 87% could be measured in 
experiments with stable load and gas velocity. Unfortunately, 
due to issues with internal leakages, the separation efficiency 
could not be determined during operation with variable 
loads, as a significant portion of the gas was bypassed and 
passed the filter unfiltered.

It could be proven that ultrasound assistance is not 
required to clean the filter mesh. Thus, the filter only requires 
ventilation, water pumps and valves which are relatively 
cheap, simple and reliable equipment. A further possibility 
to reduce costs is to construct boilers without a cyclone.

A full economic evaluation is not possible using the cur-
rent knowledge. Given the results from this work, a com-
mercial version would include no ultrasound and no cyclone 
(or the removal of an existing cyclone). Thus, the required 
power for ventilation can be assumed to be about 30% higher 
compared to a conventional boiler with a cyclone. Water 
costs were negligible from an economic point of view as 
the consumption was 4000 l/month. With water purification, 

water consumption should be further reduced. However, a 
realistic estimate of the construction costs is not possible. 
The biggest cost factor is the working time, which depends 
on the final design and the conditions on site. Therefore, a 
direct comparison with electrostatic precipitators or filtering 
separators is not possible, also because there is no reliable 
data for the cost of these.

As next step in the development process, an appropriate 
measure to remove the solid fraction from the regeneration 
water has to be integrated into the filter. Also, the gasket 
design of the pre-series filter units has to be optimized in 
order to avoid leakages. The current prototype was designed 
as an experimental setup—the piping and general construc-
tion were designed accordingly. For the series version, this 
must be improved. Instead of the current, spacious construc-
tion with large measuring sections, the construction must 
be as compact as possible while minimising any pressure 
drop caused by the piping. The series version is intended 
to consist of multiple modules with a filter unit similar to 
the pre-series one tested during this work, so the necessary 
scaling to the boiler output is easy. Regeneration should be 
performed sequentially, while the other modules still filter 
the exhaust gas. For very small boilers, a single filter unit 
might be an option with a different operation concept.
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A.2.2. Chemical Analysis

Table A.1.: Full chemical analysis wood
Batch I ± Batch II ± Batch III ±

LHV J/kg 18482.55 32.20 18600.05 13.89 18516.80 15.00
Water contentwt-% 38.70 0.37 29.03 0.55 35.07 0.17
C wt-% 49.19 0.28 49.66 0.24 48.54 0.22
H wt-% 6.44 0.09 6.48 0.06 6.41 0.09
N wt-% 0.22 0.01 0.27 0.02 0.09 0.01
Cl mg/kg 58.63 1.13 52.28 1.91 57.68 2.30
S mg/kg 33.46 12.07 94.56 47.41 38.43 13.06
Al mg/kg 71.98 2.67 157.74 6.54 32.28 5.73
B mg/kg 2.41 0.26 4.44 1.71 < DL
Ba mg/kg 17.69 0.30 30.12 0.72 32.27 0.30
Ca mg/kg 3488.99 71.34 4479.93 93.00 2047.75 21.30
Cr mg/kg 0.85 0.31 4.92 1.83 0.95 0.04
Cu mg/kg 0.92 0.12 1.77 0.16 4.25 0.27
Fe mg/kg 73.62 10.08 177.99 19.10 32.89 4.50
K mg/kg 1785.00 13.88 1814.17 27.67 1114.74 3.49
Li mg/kg 3.70 1.71 7.59 1.73 0.77 0.14
Mg mg/kg 326.70 2.18 643.33 8.37 304.30 2.75
Mn mg/kg 155.06 2.81 132.69 2.93 42.78 0.43
Mo mg/kg 0.01 0.01 0.12 0.09 0.04 0.02
Na mg/kg 28.67 2.60 45.63 1.26 188.38 9.14
Ni mg/kg < DL 1.05 0.44 0.36 0.03
Pb mg/kg < DL 6.88 6.02 0.69 0.11
Sb mg/kg 0.02 0.02 0.04 0.03 < DL
Se mg/kg 0.59 0.20 1.00 0.48 < DL
Sr mg/kg 7.91 0.23 10.89 0.32 10.00 0.35
Ti mg/kg 2.58 0.47 7.02 0.85 1.44 0.29
V mg/kg 0.18 0.07 0.35 0.10 0.15 0.12
Zn mg/kg 12.24 1.48 29.99 1.52 17.51 3.66

< DL: below detection limit
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Table A.2.: Full chemical analysis waste water
24.2. 26.2. 20.07. 17.08. 25.08.

pH 7.57 7.51 7.29 6.44 6.93
CSB g O2 / kg 56.00 83.00 14.67 7.00 15.67
Al mg/kg < DL < DL < DL < DL < DL
B mg/kg 0.94 1.75 0.13 < DL 0.06
Ba mg/kg 0.11 0.15 0.08 0.10 0.11
Ca mg/kg 175.40 214.40 76.46 74.87 80.30
Cr mg/kg 0.06 0.09 0.01 0.01 0.01
Cu mg/kg 0.06 0.03 < DL 0.01 0.03
Fe mg/kg 0.01 0.01 < DL < DL < DL
K mg/kg 732.90 1210.00 65.29 58.58 85.64
Li mg/kg 0.03 0.04 0.03 0.03 0.03
Mg mg/kg 37.25 45.19 24.30 24.74 25.05
Mn mg/kg 0.50 0.88 0.39 0.11 0.48
Mo mg/kg 0.07 0.09 < DL < DL < DL
Na mg/kg 25.73 31.60 19.33 19.48 19.02
Ni mg/kg 0.01 0.01 0.02 0.02 0.02
Pb mg/kg 0.001 0.002 < DL < DL < DL
Sb mg/kg 0.006 0.010 < DL < DL < DL
Se mg/kg 0.006 0.011 < DL < DL < DL
Sr mg/kg 0.35 0.40 0.20 0.20 0.20
Ti mg/kg 0.0008 < DL < DL < DL < DL
V mg/kg 0.0015 0.0026 < DL < DL < DL
Zn mg/kg 0.49 0.62 0.37 0.70 0.66
Flouride mg/kg 0.36 0.52 0.26 0.24 0.29
Chloride mg/kg 113.80 169.23 47.27 43.09 23.38
Nitrite mg/kg 36.93 68.98 0.41 < DL < DL
Nitrate mg/kg 4.52 10.58 50.43 39.18 32.27
Phosphate mg/kg 4.42 2.96 0.80 < DL 1.20
Sulfate mg/kg 615.34 989.37 116.02 76.50 127.57
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Table A.3.: Full chemical analysis solid residues
20.07. ± 17.08. ± 25.08. ±

C wt-% 22.68 0.27 24.61 0.47 33.66 0.75
H wt-% 1.39 0.19 1.57 0.25 2.03 0.29
N wt-% 0.75 0.09 1.00 0.01 1.31 0.16
Cl mg/kg 244.58 30.48 377.92 48.52 260.67 51.70
S mg/kg 1659.31 342.90 1465.27 323.53 1338.38 233.31
Al mg/kg 11864.98 292.60 12845.80 201.58 8965.99 323.50
B mg/kg 223.18 5.71 129.29 5.46 327.70 22.90
Ba mg/kg 886.99 25.61 913.77 12.90 1010.20 34.70
Ca mg/kg 181784.28 4994.92 158726.00 2212.00 167594.00 3719.00
Cr mg/kg 412.37 20.15 442.62 39.97 256.40 19.60
Cu mg/kg 503.15 14.99 2204.00 20.00 3939.00 159.00
Fe mg/kg 28511.49 1046.68 34959.95 807.67 16842.77 671.40
K mg/kg 13880.75 330.84 13418.24 199.36 11352.75 298.00
Li mg/kg 83.24 13.29 46.11 4.45 61.20 7.77
Mgmg/kg 9468.50 158.74 9134.00 31.00 8229.50 288.69
Mnmg/kg 2842.35 31.66 2847.70 34.00 3115.00 110.00
Momg/kg < DL < DL < DL
Na mg/kg 1122.02 72.14 1513.00 55.00 1306.00 43.10
Ni mg/kg 178.76 8.82 182.49 16.80 108.46 5.32
Pb mg/kg 306.59 8.90 421.70 3.13 396.57 17.00
Sb mg/kg < DL < DL < DL
Se mg/kg < DL < DL < DL
Sr mg/kg 463.57 438.43 392.09 1.43 494.90 29.72
Ti mg/kg < DL < DL < DL
V mg/kg < DL < DL < DL
Zn mg/kg 9287.94 211.70 8738.00 31.00 8142.75 562.00
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Table A.4.: Chemical analysis bottom and filter ash (sampled before regeneration)

Bottom Ash 17.08. ± Filter Ash 25.08. ±

C wt-% 1.76 0.03 13.18 0.19
H wt-% 0.31 0.05 0.55 0.10
N wt-% 0.03 0.03 0.27 0.02
Cl mg/kg 23.04 15.13 5899.53 592.29
S mg/kg 706.39 125.30 5725.27 1063.89
Al mg/kg 12387.64 400.49 7214.39 429.78
B mg/kg 93.55 21.90 327.77 22.90
Ba mg/kg 1230.35 34.24 954.99 49.50
Ca mg/kg 331646.31 9203.02 236875.20 12812.00
Cr mg/kg 53.97 2.75 146.49 10.50
Cu mg/kg 29.64 4.00 1272.19 85.44
Fe mg/kg 7473.24 209.24 8294.73 459.95
K mg/kg 87399.33 2519.62 31354.24 2218.00
Li mg/kg 188.20 55.66 61.20 7.77
Mg mg/kg 37665.80 1075.29 17079.25 939.00
Mn mg/kg 3551.99 82.40 4303.96 219.00
Na mg/kg 4963.78 179.00 2312.60 155.00
Ni mg/kg 92.44 5.58 66.59 5.30
Pb mg/kg < DL 357.00 15.00
Sr mg/kg 968.90 33.80 494.90 29.70
Zn mg/kg 76.09 13.48 11286.00 645.00
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A.2.3. List of experimental runs

Table A.5.: Experimental Runs of the 180 kW filter

Date Operation Time Regenerations Fuel Operation mode

10.02.2020 5.4 h 6 other (Comissioning) full load
12.02.2020 5.2 h 9 Batch I (Comissioning) full load
13.02.2020 5.6 h 4 Batch I (Comissioning) full load
17.02.2020 6.6 h 6 Batch I full load
18.02.2020 3.5 h 0 Batch I Furnace malfunction
24.02.2020 14 h 6 Batch I full load, 30% load
25.02.2020 24 h 12 Batch I 30% load, modulating load
26.02.2020 9.5 h 9 Batch I modulating load
11.03.2020 5.7 h 4 Batch I full load
12.03.2020 6.5 h 5 Batch I full load
13.03.2020 5.6 h 4 Batch I full load
07.04.2020 13.5 h 5 Batch I modulating load
08.04.2020 24 h 8 Batch I modulating load
09.04.2020 11.6 h 5 Batch I modulating load

Filter cartridge replacement

16.04.2020 13 h 15 Batch II full load
17.04.2020 11.5 h 16 Batch II full load
21.04.2020 11.2 h 6 Batch II full load
22.04.2020 24 h 16 Batch II full load
23.04.2020 13.2 h 8 Batch II modulating
24.04.2020 12.2 h 5 Batch II modulating
27.04.2020 7 h 3 Batch II 250 m3/h
28.04.2020 18 h 10 Batch II modulating
29.04.2020 15 h 10 Batch II modulating
04.05.2020 8.3 h 6 Batch II modulating
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Table A.5.: Experimental Runs of the 180 kW filter, Continuation

Date Operation Time Regenerations Fuel Operation mode

05.05.2020 6.6 h 2 Batch II 200 m3/h
12.05.2020 6.7 h 4 Batch II 250 m3/h
15.05.2020 9.1 h 6 Batch II 150 + 200 m3/h
19.05.2020 6.9 h 2 Batch II 150 + 200 m3/h
29.05.2020 9.4 h 5 Batch II 150 + 200 m3/h

Gasket replacement

18.06.2020 2.5 h 2 Batch II full load
22.06.2020 5.9 h 3 Batch II 250 m3/h
23.06.2020 8.1 h 4 Batch II 200 + 250 m3/h
24.06.2020 19.1 h 3 Batch II 200 m3/h
04.08.2020 7.3 h 3 Batch III 150 m3/h
05.08.2020 7.9 h 4 Batch III 150 + 200 m3/h
06.08.2020 8.2 h 3 Batch III 200 m3/h
11.08.2020 5.7 h 4 Batch III 150 m3/h

12.08.2020 7.4 h 3 Batch III Ultrasound
13.08.2020 8.9 h 4 Batch III Ultrasound
18.08.2020 6.3 h 3 Batch III Cyclone
19.08.2020 7.1 h 3 Batch III Cyclone
20.08.2020 8.5 h 4 Batch III Cyclone
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