
COST EFFICIENT PRECIPITATION OF SUB MICRON PARTICLES IN FLUE GASES FORMED BY THE 
COMBUSTION OF SOLID BIOFUEL 

 
J Pettersson 1 and M Strand 2 

1, 2 School of Engineering, Linnæus University, S-351 95 Växjö, Sweden 
1 Corresponding author: Phone: +46 470 70 81 04, Fax: +46 470 70 87 56, jens.pettersson@lnu.se 

2 Phone: +46 470 70 89 81, Fax: +46 470 70 87 56, michael.strand@lnu.se 
 
 

ABSTRACT: This research considers three stage Electrostatic precipitators, diffusion charging and other novel 
techniques. Electrostatic Precipitators have shown to be both efficient and reliable on larger plants, however too 
costly to be an option for smaller plants. More stringent requirements on exposure of humans to particulate matter, 
especially fine particles, has put a pressure also on small plants to apply additional, costly filter technologies, to 
prevent emission of fine particulate matter. These more stringent requirements on small biofuel plants counteract the 
rational use of unrefined biomass resources. This research aims to investigate new principles to better adopt the 
Electrostatic precipitator technology to suit the specific fine particulate matter characteristic for biofuels, thus 
promoting the use of biofuel, simultaneously fulfilling more stringent emission requirements.  
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1 INTRODUCTION 
 

The effect on health from long term exposure to fine 
and ultra fine particulate matter, PM, especially in 
combination with pre-existing cardiopulmonary diseases, 
has led the WHO to issue guidelines, and also led to EC 
directives on limits of yearly as well as daily average 
exposure limits [1, 2]. The origin of particulate matter 
may be both natural and anthropogenic, with health 
effects varying with the particle’s size, chemical 
composition and morphology. Coarse particles are in 
general not respirable, but are instead caught by the 
human respiratory system protection mechanisms and 
subsequently disposed of. Small particles, on the other 
hand, may pass through the respiratory system and 
deposit in the alveolar region in the human lung. Even 
though there is no distinctive limit between respireable 
and nonrespirable particles, the sizes below 10 µm 
(PM10) has been accepted as a range for monitoring and 
regulatory purposes by most regulatory agencies so far, 
but also the range below 2.5 µm (PM2.5) is referred to by 
e.g. World Health Organization, WHO [3]. 

The more stringent requirements as set forth by 
different regulatory bodies are resulting in enhanced 
requirements on appliances emitting particulate matter to 
the ambient air. 

During combustion of biomass, particulate is formed 
and a combination of stringent requirement on emissions, 
together with a costly technology for precipitation, acts as 
a constraint to further use of bioenergy. Thus, a 
sustainable, readily available and CO2 neutral energy 
resource may not contribute to its full potential to 
environmentally and climate related goals currently 
aimed for throughout the world. 
 
 
2 FORMATION OF PARTICULATE MATTER 

 
During combustion of any liquid or solid fuel, 

particles will form from the ash contained in the fuel. The 
fraction of ash varies between different fuels. This is true 
also for biofules where the ash content varies from a 
fraction of a percent to more than 10 percent by weight in 
the dry substance. Some of the ash may be deposited in 
the furnace or convection part of the combustion 
appliance, whilst some ash will be carried as cinder with 
the flue gas. 

The particulate matter in the flue gas from biofuel 
combustion has basically two different origins, usually 
forming a bimodal particle distribution. The coarse mode 
is formed directly from fractions of mineral compounds 
present in the fuel, whilst the fine mode is formed as a 
secondary aerosol, where organic salts evaporated in the 
furnace are subsequently nucleated and possibly also 
condensed, due to the successively decreasing 
temperature of the flue gas. 

Many commonly used solid biofuels, like e.g. woody 
biomass, gives rise to particulate matter in the flue gas 
with a distribution of mass for which the fine mode is 
dominating, leaving only a small fraction of mass in the 
coarse mode. 

For plant sizes now under consideration, below some 
10 MW, fired with woody biomass, the grate firing 
technique is usually applied. Even though a grate furnace 
may well, at high loads, release a large number of coarse 
particles to the gas, thus increasing the fraction of mass in 
the coarse mode, the particle mass concentration in the 
fine mode will still remain dominant. Naturally, some 
volatile ash components will adhere to the coarse 
particles, but the number of coarse particles will not be 
high enough to provide a sufficiently large total surface 
to accumulate any great deal of the fine particles. Thus, 
the fine mode will dominate also during high load 
conditions, where the number of coarse particles is 
increased [4]. 

As a general conclusion, there will be a considerable 
mass concentration of fine particles, in the sub micron 
range. This is in contrast to fossil fuels, like coal, where 
any sub micron mode constitutes only a small mass 
fraction, typically constituting less than 1 % of the 
particles leaving the combustion equipment [5]. 

The use of woody biomass in small plants in the 
vicinity of dwellings is a most economic and rational 
development currently under way. 

 
 

3 PRECIPITATION TECHNOLOGIES 
 
3.1 Commercially available technologies 

As a result of the more stringent requirements on 
particulate matter exposure, the demand for precipitation 
of fine particles is increasing also on smaller plants. 
Smaller plants are today equipped with cyclone filters. 
The cyclone is working with gravitational force, and is 

18th European Biomass Conference and Exhibition, 3-7 May 2010, Lyon, France

1296



not effective for precipitation of sub micron particles. 
Available technologies, for precipitation of sub micron 
particles, are fabric filters or Electrostatic Precipitators 
(ESPs). 

The fabric filter unevitably causes a flow restriction, 
thus adding an extra power demand on the exhaust gas 
fan, causing an indirect running cost for the fabric filter. 
The risk for clogging as well as fires, adds on possibly 
further costs for fabric filters. 

The ESP has a low pressure drop and is highly 
reliable, with low running costs, but a largely size 
dependent specific investment results in a high 
investment for small plants. 

 
 
Figure 1: Total costs for ESP respectively fabric filters in 
€/MWh, considering exchange of fabrics, direct running 
costs together with capital costs assuming 10 years with 
4% interest [6] 
 

As can be seen from figure one, the cost for fabric 
filters and ESPs are similar for large plants, if added 
power consumption on exhaust gas fan is excluded for 
the fabric filters. To avoid fires in the fabric filter, it is 
recommended to install a cyclone upstream the filter. The 
cost for such a pre-cyclone is included for all fabric filter 
alternatives in the figure. A draw back with fabric filters 
is that a malfunctioning cleaning device may cause filter 
clogging to an extent completely disrupting the gas flow. 
This will necessitate an unplanned close down of the 
plant, unless a costly by-pass duct with necessary flaps 
has been installed in parallel with the filter. No costs for 
such a by-pass duct are included in the figure. 

The marked fall in costs for ESPs in the higher power 
range is to be noted. Consequently, ESP is the preferred 
choice, as long as the plant size is not too small to 
accommodate the, largely size dependent, cost of 
investment. 

The options regarding emissions from a new bio 
fuelled plant in the lower power range is thus restricted to 
be either emissions of fine particles or a less profitable 
plant. 

Neither option is favorable regarding a continuing 
increase in the rational use of biomass resources for 
heating purposes. Hitherto the authorities have accepted 
emissions of submicron particles from small plants, since 
the benefit of a sustainable and carbon dioxide neutral 
energy source has been considered out rule the particle 
emissions. It appears that this practice is about to change. 
 
3.2 Available ESPs 

Commercially available ESPs for small biofuel plants 
may be characterized as applications initially designed 
for use at large, coal fired, plants, subsequently scaled 
down to suit the small biofuel plants discussed in this 
paper. As set forth previously there is a major difference 
between particulate matter from coal combustion, 
compared to particulate matter from biofuel combustion.  

Not only the size distribution differs, but also e.g. 
resistivity. Both particle size and resistivity are important 
design factors for ESPs. Consequently there may be a 
potential to better adapt ESPs to small biofuel plants, 
considering the different characters of particulate matter 
compared to coal combustion. A novel design of an ESP, 
developed especially for small biofuel plants may retrieve 
the advantages of a high reliability and low running costs, 
simultaneously requiring a lower investment compared to 
today’s available technology. 
 
 
4 ESP PRINCIPLES 
 
4.1 General 

Any ESP rely on a particles ability to be moved by 
electrostatic forces, electric mobility. The electric 
mobility may be expressed as: 

E

p

E F

u
B =  (Eq 1) 

where  
up=Velocity of particle (m/s) 
FE=Force (N) 
The electric force exerted on the particle depends on the 
strength of the electrical field and the charge of the 
particle described by the relation ship: 

EqFE ×=  (Eq 2) 

Where 
  q=Charge of particle (C) 
 E=Field strength (V/m) 

The charged particle, thus forced by the electrical 
field towards the collecting surface having the opposite 
charge as the particle, will adhere either to the surface or 
agglomerate with particles previously collected on the 
surface. The particle will leave its charge to the collecting 
surface and the adhesive forces within the agglomerate 
on the collecting surface are not of electric origin. 

It may be noted from the expressions given, that a 
high particle charge and a strong field both increase the 
electric mobility, on which the precipitation relies. 

Particles formed during combustion, may well to 
some extent become charged by flame ionization. 
However, such naturally charged particles will have both 
negative and positive charges. During the passage 
through the boiler, these charges will even out, causing 
the particles leaving the boiler being mainly uncharged. 
Thus, an ESP needs to charge the particles, before 
introducing them into an electrical field for subsequent 
collection. 
 
4.2 Charging mechanisms 

Electrical charges are deposited in the form of ions 
adhering to the surface of the particle. The ions in ESPs 
are produced by a corona discharge from the surface of 
an electrode subjected to a high voltage direct current. 
The ions, of single polarity, are deposited on the surface 
of a particle by sufficiently strong collisions, created 
either by Brownian movement or by a high ion velocity 
relative the particle, created by an electric field. 

Small particles, like ions, will spread by diffusion 
resulting in a gradual evening out of the differences in 
number concentration. During such a diffusion process, 
the ions may collide with and adhere to uncharged 
particles, which there by become charged. This diffusion 
charging mechanism is of great importance for the 
charging of small particles, below 0.1 µm. The charging 
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rate during diffusion charging of the particles is largely 
governed by the ion concentration and the residence time 
of the uncharged particles in this ion concentration. The 
total charge transmitted to the particles is directly 
proportional to the product of ion concentration and 
residence time, the Nit factor. The charging of a particle 
will proceed gradually and with a decreasing rate as the 
electrical forces from the increasingly charged surface of 
the particle repels the ions. 

By field charging, the ions will gain a velocity from 
an electric force transverse to the particle flow. The 
difference in relative velocity between the ion and the 
particle will be sufficient to make the ion to adhere to the 
particle. A particle, resident in the electric field, wills 
distorte the field to an extent depending on the particle’s 
size and dielectric properties. The distortion of the field 
will assist the charging by change in the trajectories of 
the ions treveling in the field. The particle will gradually 
approaches a state where the chrarges on the particle 
repels the ions and the further charging declines to 
practically zero. The particle is then said to have reached 
a stadium of saturation. It is to be noted that even in the 
presence of a strong electrostatic field, diffusion charging 
is the dominating charging mechanism for particle 
smaller than 0.2 µm. 

Charged particles and ions interact with each other 
and any electric field created in the space will influence 
forces and movements in a complex, multi dimensional 
system. The more detailed mechanisms and interactions 
within an aerosol during charging are generally not fully 
understood. However, it is known that particles above 1 
µm may be effectively charged by field charging, whilst 
particles below some 0.1 µm are more effectively 
charged by diffusion charging, even in the presence of a 
strong electric field. The particle sizes in between these 
ranges are considered being a transition zone, making 
prediction of charging complicated 

The charged particles are introduced in a strong 
electric field, where the collecting surface constitutes one 
of the two electric poles. Commercial ESPs commonly 
perform charging and collection simultaneously, using a 
thin wire both as the corona discharging electrode, and as 
the electric pole complementingthe collecting surface. 

The usual ESP construction is prone to fouling of the 
electrode surfaces, which screens off the electrical field. 
This effect is compensated for by an increase in the 
voltage applied, which in turn may result in unwanted 
effects like spark over and generation of ozone. 

 
 

5 EXPERIMENTAL 
 
5.1 Methods 

Two basic methods to lower the costs for small ESPs 
are under examination, namely the construction and the 
working principle. 

A low cost ESP construction, where the collecting 
surface consists of a standard, circular flue gas duct has 
been tested in the field. 

The alternative working principle under consideration 
is a three stage ESP, where ions are formed in air and 
introduced in the flue gas where diffusion charging takes 
place. The flue gas with the charged particles is 
subsequently introduced in an electrical field, where the 
particles are collected. 
 
 

5.2 Field measurements 
The small size ESP is integrated wit a standard, 

commercial flue gas ducting of 150 mm diameter. A high 
voltage direct current is supplied to an electrode inside 
the duct, parallel with and centered to the same. The 
construction is based on previous work carried out by 
Schmatloch and Rauch [7] and intended for sizes down to 
single house holds, about 20 kW. 

 

 
 
Figure 2: General lay out of the Small scale integrated 
ESP, which has been subject to field measurements [7] 
 

Field measurements were performed on a boiler rated 
at 250 kW, fired with wood chips. The furnace was of the 
box type, mainly cooled and provided with a stepped 
grate with moving sections. 

A sample was drawn from the centre of the flue gas 
pipe at a distance of approximately two meters after two 
ESPs connected in series. The gas probe was heated and 
the sample was diluted with hot air to prevent 
condensation of moisture in the sample. The sample was 
further diluted, to bring the particle concentrations down 
to a range within the prevailing limitations of the 
measuring instruments. 

To measure particle concentration the following two 
instruments were connected in parallel to the sampling 
line: Scanning Mobility Particle Seizer (TSI instruments 
SMPS 3080, DMA 3081 and CPC 3010), Aerodynamic 
Particle Seizer (TSI instrument APS 3321) 

The air for dilution was dried and filtered through 
micro pore filters to provide an air of a suitable quality 
for dilution of the sample. 

The dilution ratio was governed by a gas analyzer 
based on infrared measuring cells connected to the 
sampling line. 

A series of individual measurements were carried out, 
using a scanning time of just above two minutes and a 
new scan carried out every few minutes.  
 
5.3 Laboratory tests 

The three stage ESP principle is intended to use 
proven technique for the collecting stage, whilst the 
charging mechanism is diffusion charging, using ionized 
air. The so far tested principle to ionize air is the needle 
to plate ionizer, based on previous work by Whitby [8]. 
Such ionizers have previously been used at laboratories 
for research purposes. 
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Figure 3: The original design of needle to plate ionizer 
A –Metal housing, B –Needle with high voltage 
connection, C –Isolating bushing, D –Pressurized air 
supply, E –orifice 
 

The ionized air was introduced to an aerosol, 
produced from potassium chloride. The potassium 
chloride was evaporated and the vapor cooled down to 
form nuclei in a similar size and of similar concentration 
as is found in the fine particle mode in flue gas from 
combustion of biomass. For characterization of the 
aerosol a scanning mobility particle sizer (SMPS) was 
used (TSI instruments SMPS 3080, DMA 3081 and CPC 
3010). 

The mixture of air ions and aerosol was led through a 
large diameter pipe, to allow sufficient time for diffusion 
charging. The number of charges transferred to the 
particles was measured using an electric low pressure 
cascade impactor (Dekati instrument ELPIVI). The 
instrument uses a series of electrometers to measure the 
current from particles when collected and discharged in 
each of the different impactor stages. 
 
 
6 RESULTS 

 
6.1 Field measurements 

Records of the scans from field measurements were 
stored and arithmetic mean values calculated over several 
periods with stable load. The most stable load conditions 
recorded covers a load of 70 kW for more than one hour. 
The recorded registrations for this condition have been 
recalculated, anticipating spherical particles with a 
density of 1000 kg/m3. Based on these assumptions, the 
distribution of mass has been deducted. 

 

 
 
Figure 4: Data from field measurements. The mass 
distribution, grey, on left hand log scale, shown against 
aerodynamic diameter. The removal efficiency,black, is 
shown on right hand linear scale 

 
From the calculations of mass distribution, the 

removal efficiency has been derived. The efficiency is in 
the magnitude of 0.30 in the fine mode, where the major 
mass of particles are found, and increasing with 
increasing particle diameter to a maximum of about 0.75 
in the coarse mode. 

 
6.2 Laboratory tests 

The ionized air charged the aerosol particles, 
however far from a saturated state. 

 

 
 
Figure 5: Example of total charge of particles, recorded 
by the ELPI. The peak in the middle of the curve 
constitutes a reference level from the instrument 

 
Based on the results from the particle charging 

experiments, the needle to plate ionizer has been 
modified. 

 
 
7 CONCLUSIONS 
 

A review of the situation regarding biomass 
combustion and emerging demands on limitations on 
emissions clearly indicates a need for cost effective 
precipitation of sub micron particles, also for plants 
below 10 MW. Further more, experiences from plants of 
somewhat larger size show excellent long term technical 
and economical performance from ESPs. However, this 
technology has a first cost increasing with decreasing 
plant size, making today’s ESPs economically 
unfavorable for small plants.  

The field testing of a small size ESP integrated in a 
standard flue gas duct, shows that a considerable amount 
of the submicron particle could be removed. Considering 
the possibility to add several units in series, the 
precipitation could be improved. The removal efficiency 
increase with added units, as per the relationship: 

)1)...(1()1(1 21 ntot ηηηη −−×−−=  (Eq 3) 

 Clearly, the total price will grove fast with increasing 
plant size if a high removal efficiency is to be obtained. 
However, for small plants the small size integrated ESP 
could be an alternative, considering the low power used 
for each unit, making safety requirements less stringent 
compared to large size units.  

A close investigation of charging mechanisms for sub 
micron particles of the type and concentrations found in 
flue gas from biomass combustion may reveal new 
concepts for ESPs. For the concept of ionizing air to 
diffusion charge particles, which will subsequently be 
removed by an electric field in the usual manner; the 
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ionizing and charging has been studied in the laboratory. 
The needle to plate ionizer used has been modified, but a 
higher ion concentration is preferred to fully benefit from 
the diffusion charging. The work within charging and 
precipitation of high concentrations of sub micron 
particles will continue. 
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