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Preface

Thermal Net, supported by the EC through Intelligent Energy — Europe programme, has
established a closely integrated cluster of three networks on thermal processing of biomass for
fuels and electricity. Thisincludes combustion, gasification and pyrolysis, with acommon
focus of providing support for more rapid and more effective implementation of all the
technologies in the market place by addressing technical, non-technical and commercial
issues. The whole chain is considered from biomass production to end-use applications.
Information about ThermalNet and the outputs from the project can be found on the website
www.thermal net.co.uk.

Work package 2E within ThermalNet deals with Gas treatment and is lead by TPS Termiska
Processer AB. One of the deliverables of this work package isto produce reports of particular
items of interest to gas treatment. The present report by Kurt Carlsson, Firma EcoExpert, is
one of two reports that are produced as Deliverable 2E-3.

I would like to thank the author for his work and also for the initiative to make this report.

EvaK. Larsson
TPS Termiska Processer AB
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Summary

Biomass referred to in this paper comprises fuels classified as clean biomass and
contaminated biomass classified as waste.

There are two EU Directives on emissions related to these two fud types, one
regarding large boilers burning solid, liquid and gaseous fuels, thus including
clean biomass, and one directive dealing with combustion of waste.

Besides the above mentioned directives, an Integrated Prevention and Pollution
Control (IPPC) Directive requires Best Available Technique (BAT).

Particles from biomass combustion consists of two fractions; one fraction from
evaporation and condensation, the submicron fraction - particles smaller than
one micron ( m) and one fraction with larger particles - the supermicron
fraction.

The small particles can penetrate down to the narrow alveoli in the lungs and are
therefore very harmful. It is therefore particularly important to remove the
sub-micron particles.

There are three proven, reliable, common and effective types of equipment for
the removal of all particles: Dry and wet electrostatic precipitators and fabric
filter. A wet electrostatic precipitator placed downstream of a condenser for low
temperature heat recovery is agood wet solution. In other cases, wet systems are
seldom a good solution for particulate removal only.

Water soluble gases are removed effectively in wet and dry absorption but dry
scrubbers require an excess of chemicals for a high remova efficiency. Wet
scrubbers normally require special treatment of the waste water.

Selective non-catalytic reduction (SNCR) and selective catalytic reduction
(SCR) methods are available for the removal of nitrogen oxides (NOXx).

Mercury and dioxin can be removed in severa ways.
Gas cleaning of complex flue gases can be realized in many ways in either afew

steps or in several. Each plant is more or less unique and must be evaluated
separately for an optimal solution. Some examples are given in this report.
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Gas cleaning in flue gas from combustion of biomass
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BIOMASS

Biomass is material from vegetation, it can be used as afuel in various boilers and
combustors. Biomass fuels emit carbon dioxide (CO,) when carbon reacts with
oxygen (O;) during combustion but because the biomass has absorbed the carbon
from the CO, in the atmosphere during its growth, the combustion of biomassis
considered to be CO,-neutral.

Biomass can be clean, such as wood chip, which contains cellulose,
hemicelluloses, lignin and ash. The main components of biomass are carbon,
oxygen and hydrogen but it also contains nitrogen, sulphur and, normally, small
amounts of chlorides. The main part of the ash comprises Ca, K, Si, Mg, Mn, Al,
Fe, P, Naand Zn.

Biomass can be contaminated, which is the case with, for instance, demolition
material which, also even after sorting, often contains sulphur from gypsum
board, chlorine from PV C and ash, mortar, sand, etc. The amount and
composition of the impurities varies considerably of course.

BIOMASS COMBUSTION

During combustion, various kinds of impurities are generated and some of them
we find in the flue gas. Most of these are related to the composition of the
biomass: particles from ash, NOx from nitrogen, SO, from sulphur, etc. We can
also find impurities related to incomplete or bad combustion e.g. particles such as
soot and unburned matter, carbon monoxide and other gaseous organic
compounds (TOC) such as dioxin. Dioxin are aromatic molecules in which
chlorine replaces hydrogen. Dioxin is very toxic. The amount of chlorine
necessary for the formation of dioxinisvery low. Dioxin have for instance been
measured in flue gas after boilers fuelled with wood chips from the American
west coast or wood chips contaminated with calcium chloride which had been
used in very small amounts during transport to prevent freezing.

Some metals in the ash, such as lead (Pb), evaporate during combustion and react,
condense and/or sublime during cooling in the boiler. Upstream of the gas
cleaning installation, normally at atemperature < 200°C, wefind al metals as
solid particles, except mercury. Mercury evaporates during combustion and reacts
in the boiler but remains mainly in its gaseous form.

The impuritiesin the flue gas are harmful if they are emitted to the atmosphere.
Flue gas cleaning must beinstalled to eliminate or at least reduce this problem.
The degree of cleaning depends on federal, regional and local regulations but
regional and local authorities, organisations and individuals have often an opinion
on an actua plant dueto its size, location, etc.
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EU DIRECTIVES

EU directives on emissions from various boilers, dependent on type of fuel and size of plants,
exist. Combustion of "clean" biomass has the same requirements as for fossil fuels -
Requirements for large (> 50 MW) boilers (2001/80/EG).

Contaminated biomass is often classified as waste and must fulfil the requirements stated in
the directive on combustion of waste (2000/76/EG).

The following table 1 isashort summary of the requirements on emission to atmosphere for
biomass and waste burning plants from the two EU directives 2001/80/EG and 2000/76/EG.
All figures are given in mg/m3(ntp), dry flue gas at mentioned O,-concentration.

ntp=normal temperature 273 K and pressure 101.3 kPa.

Dioxin (I-TEQ) in ng/m3 (ntp). I-TEQ = International toxic equivalents. HM= heavy metals

Biomass Waste
Power input in MWth 24 h average
50-100 100-300 >300 All plants

Dust
Solid fuel 6%0; 50 30 30
Liquid fuel 3%0; 50 30 30
All fuels 11%0, 10
SO,
Solid fuel 6%0, 200 200 200
Liquid fuel 3%0, 850 400 to 200 200
All fuels 11%0, 50
NOx asNO,
Solid fuel 6%0, 400 300 200
Liquid fuel 3%0, 400 200 200
All fuels 11%0, 200
HCL 11%0, No EU regulation 10
HF - S 1
Cd+TIl -"- " 0.05
Hg " 0.05

9HM -"- 0.5
Dioxin -"- (ng/md) - 0,1
CO " - ? 10
TOC -"- ? 10

Besides these two EU directives, there is one genera EU directive, IPPC 96/61/EC, whichis
important. This | PPC (I ntegrated Pollution Prevention and Control) deals with the whole
plant. Emission limit values are based on Best Available Techniques (BAT) and the IPPC
provides flexibility for the licensing authorities with respect to the local conditions for the
actual plant.

BAT means that the required emission limits will be lower, and become lower as new design
of equipment and system become available and proven.
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GAS CLEANING

The gas cleaning systems can be divided as follows:

Removal of particles or dust collection.

Removal of water soluble gases. SO,, HCI, HF and NHs.
Removal of NOx, mainly NO.

Removal of the very toxic substances Dioxin and Mercury (Hg)

el SR N

One equipment or system can be specific for a certain pollutant or can, sometimes
with some additions, take care of the whole gas cleaning. There are often severa
possible solutions for an actual plant with respect to emission limits, performance,
reliability, costs, etc. Only after an, often thorough, evaluation can an optimal
combination be agreed for an actua plant.

REMOVAL OF PARTICLES

Particles are released and emitted from alot of natural and anthropogenic sources
in the world. Particles in the atmosphere have a great influence on climate,
weather, human health, corrosion, vegetation, etc. Particles smaller than some
microns ( m) are particularly harmful for man as these small particles penetrate
down to the smallest lung aveoli. Severa studies have found arelationship
between the concentration of small particlesin the air, mainly from diesel engines
and boilers, and diseases and deaths. In addition, these small particles, which have
avery large surface, adsorb various unpleasant gaseous matter. It istherefore very
important to remove these very small particles.

The properties of the particlesin the flue gas and flue gas itself influence of
course the behaviour of the particles during the particulate removal process. The
most important parameters in the removal are:

Particles
Physical properties
Phase of particles— solid or liquid
Particle size, particle size distribution and concentration
Particle density and particle shape
Chemical properties
Chemical composition
Hygroscopicity, agglomeration and incrustation properties.
Electrical properties
Resistivity
Electrical strength
Flue gas
Composition and temperature

There are in principle three available forces for the separation of particles from a
gas.
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Mass or inertiaforce
Surface or adhesion force
Electrical force

Cyclones and conventional wet scrubbers are typical mass force separators.
Fabric filter isatypical adhesion force separator.

Electrical isthe dominant force in an electrostatic precipitator.

Mass force separators

Cyclones

Cyclones are totally dependent on mass for the removal. Flue gas and particles are
introduced tangentially into a cylinder so that a rotational movement is obtained.
Centrifugal forces carry the particles toward the wall of the cylinder, to the vortex
chamber and then to the dust collection chamber. Cyclones, and other mass force
separators can be characterized by the particle cut diameter. A massforce
separator has aremoval efficiency of 50% for the stated cut particle diameter.
Particles with diameters larger than the particle cut diameter are removed with
higher rates and smaller particles, with less mass, are removed with lower
efficiency. The curve which describes the removal efficiency for various particle
sizesiscalled the fractional efficiency curve, which is normally more or less
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Sketch of atypical cyclone and fractional efficiency curvesfor two types of
cyclones, one with high efficiency and a particle cut diameter of about 2 m
and another with a particle cut diameter of almost 4 m and larger gas
throughput.

Cyclones can be designed for a cut diameter from some to someten m, thus they
do not remove many harmful particles — particles smaller than some m. They can
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be designed for tangential or axial inlet and can operate horizontally or vertically.
Severa small cyclones are often located in parallel — often named multicyclones.
The design and operation of the dust discharge isimportant for the efficiency, no
leakage of air is permitted — a secondary circuit is sometimes necessary.

A cyclone battery (i.e. anumber of cyclonesin series) can be designed for
extreme conditions — cyclones in circulating fluidised bed (CFBC) and
pressurized fluid beds (PFBC) are examples of such applications.

Cyclones are also used for droplet removal after wet scrubbers.

Sand bed filters

Sand bed filters also use mass forces for removal of particles. When the particles
are deflected during passage through the sand bed they stick on the surface and
are collected. The particle cut diameter for awell designed sand bed filter is
around one m and it can then remove the main part of the coarse particles. The
fractional efficiency curveis normally steep so the removal of particles smaller
thanone mislimited. By introducing el ectrostatic fields in the sand bed the
removal of small harmful particles can be improved.

A sand bed filter is robust and can stand extreme conditions.

Wet scrubbers

Wet scrubbers also rely on mass forces for the removal of particles. The working
principleis the same as for sand bed filters —instead of sand water droplets are
used.

Wet scrubbers can be designed in many ways from

Column, open spray and packed bed scrubbers with arather low power
consumption, similar to cyclonesto
High velocity venturis with high power consumption

The particle cut diameter is very dependent on the velocity difference between
droplets and particles. Higher velocity difference requires more power.

For column and similar scrubbers, the cut diameter is around one m at an energy
consumption of about 0,5 kWh/1000 m3 flue gas.

For the high efficiency venturi scrubber, the typical cut diameter 0,1 mis
obtained at an energy consumption of 3 —4 kWh/1000m3.

It is very important to saturate the flue gas with water vapour so that particles can
absorb water and then increase in size and weight. Condensation after saturation
gives another improvement when the water vapour condenses on the small
particles. By optimised design and high flue gas humidity the removal of small
particles can be much improved at the same time as low temperature heat is
recovered.
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The removal of small particles can also be done using electrical forces, normally
by charging particles and droplets with opposite charge.

Liquid droplets downstream of awet scrubber, with and without the removed
particles, are much bigger than the dust particles and can easily be removed in
cyclones and baffle separators.

Adhesion separators

Fabric Filter (FF), other names are Bag(house)filter, Fibrous filter, Textile filter

The most common adhesion separator, fabric filter, normally has a large area of
woven or needled fabric which the flue gas has to flow through. During passage,
the particles are removed by deflection (mass forces), interception, diffusion
(adhesion forces) and electrical forces. It is the combination of these forces which
gives thistype of filter its unique performance of amost 100 % removal
efficiency for most kinds of dust, independent of particle size (correctly designed,
operated and maintained). Fabric filters can operate up to 200 - 250 °C with
common fabrics, higher temperatures require special material.

The dust cake which is formed on the fabric is regularly removed by shaking,
pulsing, gas reversing, etc.

Pulse cleaned fabricfilter (FF).

Filtration takes placeon and in
the yellow bags which are
supported by cages. Filtration
direction is from outside to
inside.

The bags are, normally with the
gas online, cleaned with short
distinctive air pulses from the top
of the bags. The bags are
expanded and part of the dust
cake isremoved.

Big FF are built with
compartments which each can be
isolated from the flue gas with
dampersin the ducts.

All service, e.g. inspection and
exchange of bags are made from
the clean gas side, above the
yellow bags.

Electrostatic precipitator ( ESP)

The principle of an electrostatic precipitator is very ssmple: charge the particles,
separate them from the gas in an electrostatic field to a collector and remove the
dust layer by dry or wet methods.
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Charging of particlesis good for particles bigger than about one m —field
charging — and for particles smaller than about 0,2 m —diffusion charging. This
phenomenon is one of the reasons why electrostatic precipitators often have a
lower removal efficiency for about 0,5 m particles.

Dry ESP:s are sensitive to dust with high resistivity as flashes can occur in the
dust layer on the collector, but high voltage pulsing decreases this risk.

In principle, an ESP can be designed for very high removal efficiency for all
particle sizes, smply by increasing the size. Construction material is mild steel
and therefore DESP:s can operate up to about 350 °C.

The principle of an electrostatic precipitator with the electrodes and the
high tension system

The mechanical system of adry electrostatic precipitator (DESP) with
threeinsulatorsand the rapping system from the top
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FLUE GASES AND DUST FROM BIOMASS COMBUSTION

The fuel — biomass — can be variable and is often more or less contaminated. It
can be dry or wet, thus giving wet or dry flue gas. The combustion method and
quality varies of course also providing more or less unburnt matter. Nevertheless,
for the removal of particles the following general statement can perhaps be made:

The dust often comprises two fractions. one fraction with particles
smaller than 1 (one) m and one fraction with bigger particles.

The small particles, the submicron fraction, are comprised of
compounds which evaporate during combustion and then react,
condense, etc. when the flue gasis cooled, normally in aboiler. The
evaporation rate depends on the ash composition and the combustion
temperature. Chloridesin the fuel increase the evaporation rate. Small
particles often have a high concentration of potassium (K), sulphur (S)
and chlorine (Cl).

When the combustion is bad alot of small soot particles can be
generated which are then added to the small particulate fraction

The amount of big particles( 1 pm), the supermicron fraction, can
vary alot. In awell designed and operated grate fired boiler the ashis
removed as bottom ash and very little coarse ash is found in the flue gas
after the boiler. On the other hand in a pulverized fuel fired boiler and
some fluidised bed boilers we find amost all the ash as dust after the
boiler. Besides thisinorganic part also unburnt matter can of course

appear.

Submicron particle size distribution measured downstream of multicyclones(MC) in
two gratefired boilers operating on wood fuelswith low ash content. Particle size,
measured with impactor, in aerodynamic diameter Dae. The mass concentration of this
submicron fraction is calculated to be 50 - 70 mg/m3(ntp) or somewhat lower than
measur ed concentration.
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REMOVAL OF PARTICLES - PRACTICAL SOLUTIONS
Dry methods

For the dry removal of particles there is well known equipment available:
cyclones, dry electrostatic precipitators (DESP) and barrier separators — among
others fabric filters (FF) and gravel bed filters. The operating temperature for dry
gas cleaning installations after biomass boilers are well above any dew point and
normally below 200 °C.

Cyclones

Cyclones are rather efficient for the coarse fraction but have minor effect on the
submicron particles. The main application for cyclones in modern biomass plants
is as precollectors. A specia application isthe cyclones at about 900 °C in
circulating fluidized bed boilers (CFBC:s). There are of course many plantsin
operation and the experience is extensive. An aternative to cyclones as a
precollector would be a Louvre type separator which operate with a sharp
controlled deflection. The particle cut diameter is 10 — 20 um and the fractional
efficiency curveisnot very steep.

Dry electrostatic precipitator (DESP)

Dry electrostatic precipitators (DESP) are very common after biomass
combustion. There are several hundreds of DESP:s in operation from small ones
in grate fired boilersto very big for combined heat and power (CHP)-plants. One
very special and demanding application is the removal of chemicals from flue gas
after soda recovery boilers. DESP is very common in all boilers and combustors
in the pulp and paper industry.

Sketch of arather big DESP with three separate electrical systemg/rectifiers.
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Operating conditions are normally good for DESP after biomass boilers as the
electrical properties of the dust and flue gas are favourable. Low or moderate
resistivity resultsin stable operation and good DESP performance.

It isnormally possible to design a DESP for atotal dust emissions lower than
10 mg/m3(ntp). A precollector is sometimes necessary especialy if there are
unburned big particles present.

But there is at |east one exception. Combustion of biomass with ahigh
concentration of chlorides generates a fine dust with a high resistivity and the
DESP does not operate very well. Combustion of unwashed straw is one example.
Fortunately, the fabric filter is a good alternative in this application.

Fabricfilters

Fabric filters (FF) have not been so common for the removal of particles from
biomass combustion but with further tightening emission limitsit will increase its
market share. The biggest advantage with FF isthe very high removal efficiency
almost independently of the particle size and distribution. Thus, it is normally
possible to design afabric filter for adust emission of less than 10 mg/m3. A
fabric filter must operate with rather dry dust otherwise it cannot be removed from
the fabric. On the other hand, it can tolerate a certain amount of droplets but the
ratio of dropletsto dry dust must be controlled. A fabric filter shall normally be
designed so that a dust cake can be formed on the fabric. This dust cake will then
work as afilter mediaand in this dust cake droplets can be removed. Droplets and
sticky dust must be prevented from penetrating into the fabric.

A fabric filter is an excellent bed absorber and this property is used in many plants
where not only particles but also gaseous impurities ( SO,, HCI, etc.) have to be
removed. By injecting adry fine powder e.g. hydrated lime, absorption/reaction
takes place in the filtercake simultaneously with the removal of particles. This,
often very cost effective, method is used in many waste burning plants and in
plants burning contaminated biomass from various sources.

Electrified gravel (sand) bed filter

The electrified gravel (sand) bed filter (EGB-filter) has removal properties
similar to a conventional DESP. The standard design gives emission of about 10
mg/m3 from awood waste fired boiler. It is not sensitive to high resistivity dust,
nor sticky dust and thereis no risk of fire. One maker has delivered 100 EGB-
filters, of them about 10 to biomass combustion plants.

Wet methods for the removal of particles
Adiabatic wet scubbers operate around the water dew point of the flue gas,

normally 55 - 65 °C for biomass boilers. With condensation the temperature
depends on the cooling power but there are plats operating as low as 30 - 35 °C.
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The main wet systems for particulate removal are:

low pressure drop scrubber - spray, tray, column, etc
high pressure drop scrubber - among others venturi
electrified wet scrubbers,

scrubbers with condensation and

wet electrostatic precipitators (WESP).

Scrubbers

Low pressure drop scrubbers have a cut diameter of 0,5 - 1 um and can then
remove about 50 % of the submicron particles.

High pressure drop scrubbers have a cut diameter of 0,1 — 0,5 um and aremoval
efficiency of about 90 % of the fine dust.

Both types remove the coarse particles, the supermicron fraction, very well.
There are very few installations just for dust collection.

Electrified wet scrubber (EWYS)

Thereis at least one maker of an electrified wet scrubber (EWS), the French
company LAB SA in Lyon .They useit asfinal separator of particlesin an air
pollution control chain (often DESP + wet scrubbers + EWS) for Waste-to-Energy
plants. The emission of particles from such aplant isnormally very low.

Wet scrubberswith condensation (CWYS)

Wet scrubbers with condensation (CWS) are installed mainly for energy recovery
and are then often just called the condensation unit.The cold surfaces for the
condensation are either cold droplets in a scrubber, cold surfacesin a heat
exchanger or acombination. There are several unitsin operation in the
Scandinavian countries. Condensation, like electrical forces, improves the
removal of submicron particles. A well, also for removal of particles, designed
condensation unit has a dust removal efficiency between low- and high pressure
drop scrubbers.

Wet electrostatic precipitators (WESP)

Wet electrostatic precipitators (WESP) are very effective particle separators. They
are not dependent on the dust resistivity, as are DESP, as the dust is flushed off,
more or less continuously, from the collecting plates. For the same reason, thereis
no reentrainment of collected dust. The WESP can be designed for avery high
dust removal.

When low temperature heat isto be recovered by condensation the combination of
acondenser and a wet electrostatic precipitator is often a good solution at least for
small and medium size boilers. The WESP is very effective in removing
submicron particles independently of the dust composition. Precollection of the
coarse dust in e.g. cyclones is normally necessary. In some countries around the
Baltic this combination is common in boilers up to 20-25 MW. One maker has
delivered more than 70 units of this combination. WESP is aso useful in
combination with wet scrubbers for gaseous impurities.
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Wet scrubbers can be a solution when awater treatment plant is available. In other
cases, wet gas cleaning for pure particulate removal, without recovery of low
temperature heat by condensation, is seldom the best solution.

A wet electrostatic precipitator downstream a multicyclone and a
condensor for a biomass fuelled boiler

REMOVAL OF WATER SOLUBLE GASES

Typical water soluble gases from biomass boilers are:

Sulphur dioxide (SO5)
Hydrochloric acid (HCI)
Hydrofluoric acid (HF) and
Ammonia (NH3)

Some other water soluble gases can sometimes also be detected but then in very
low concentrations. These soluble gases can be removed with wet or dry methods.

Wet absorption

Absorption of water soluble gases in wet phaseis an old technology. Suitable
equipment is wet scrubbers with alarge gag/liquid contact area such as spray, tray,
column or plate scrubbers, that is more or less the same as for the removal of
supermicron particles. Absorption can be physical or chemical but even if the

absorption can be pure physical, such as for HCI, chemical reactions are always
involved during neutralization.
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Sulphur dioxide (SO,) is normally absorbed, neutralized and, at least partly,
oxidized by a calcium carbonate (limestone) slurry or a sodium hydroxide (caustic
soda) solution and oxygen.

SO, + 2NaOH + %20,  Na&SO,4 + H,0

SO, + CaCOs + 120, CasO, + CO,
Gypsum (CaSO,) can be used in cement or gypsum board if it is clean enough.
Sodium sulphate (Na&SO,) has no use but has to be discharged to arecipient.

Hydrogen chloride and fluoride are also neutralized by sodium or calcium

HCI (HF) + NaOH  NaCl (NaF) + H,O
2HCI (2HF) + CaCO;  CaCl, (CaFy) + CO, + H,0

Residues are difficult to reuse and must normally be discharged to a recipient.

Ammonia (NH3) is soluble in water and can be neutralized with HCI or SO, or
other acids.

NH3 + HCI NH,4CI

The concentration of anmoniain the flue gas after combustion is normally low
but when ammoniaor ureais added in excess into the end of the combustion zone
to remove NOXx the concentration of ammonia - often called ammoniadlip - can
reach unacceptable levels. A wet scrubber absorbs the ammonia dlip effectively
and we have converted an air pollution problem to awater problem. It is normally
not permitted to discharge ammonia or anmonia salts to recipients.

One solution isto use the ammonia-(salt) solution as ammonia source in the
SNCR process and inject it into the upper part of the boiler at atemperature of
about 900°C. SNCR means Selective Non-Catal ytic Reduction of nitrogen oxides
(NOx) - NOx reacts with ammoniaresulting in nitrogen (N2). This reaction takes
place directly in the flue gas at high temperature and, in the presence of a catalyst,
also at lower temperatures - 170-450 °C. It isthen called Selective Catalytic
Reduction -SCR. A SCR catalyst can aso be designed to remove NHz-dlip by
reaction with the remaining NOx in the flue gas - adip catalyst. More about SCR
and SNCR in the section on deNOXx.

Ammonia can also be driven off from the liquid by stripping.

The equipment for absorption - the absorber or scrubber or wet scrubber - can be
designed in many ways but the principle is always the same: to attain good contact
between liquid and gas at low power consumption.

The most common constructions of absorbers are

spray absorbers in which the gas meets falling droplets. Power
consumption comes mainly from the pumping of liquid. These
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absorbers are commonly used for SO,-absorption with limestone and
for gypsum production.

packed columns where the flue gas flows through a bed of wetted
packing.

plate or tray columns in which the gas passes plates or trays with
flowing liquid. The plates have openings like bubbles caps, sieves,
valves, etc. The gas bubbles through and very little pumping power is
consumed. Instead, the power consumption comes from the gas side
with higher pressure drop over the absorber.

Wet scrubbing is very effective as the gas/liquid contact is good, the mobility of
the molecules in the liquid is high and the reactions are fast. The reactions are aso
almost complete and therefore no excess of chemicals is needed.

Dry absorption (Dry scrubbing)

With dry absorption we mean here a sorption and chemical reaction between
impurities in flue gas and an absorbent which isinjected into the gas. The reaction
products are removed in a dust collector and the residues from the process are
alwaysdry.

Compared to wet scrubbing, dry absor ption is arather new devel opment.

Adsor ption on e.g. charcoal has been known for along time but absorption in dry
and/or semi-dry phase where the reaction products penetrate into the inner part of
the absorbent was not practiced, at least as far as the author of this paper knows,
until 30-40 years ago when it was tested on Energy from Waste (EfW) plants for
HCI/HF/SO, removal.

The dry absorption solution proved to be a cost-effective way to solve, not only
EfW:s demand but also, heat and power stations, metal smelters, glass- and
ceramic processes and others. To the Dry Absorption principle also variants
belong such as semi-dry, spray-drying, wet-dry, dry-dry, etc.

The principle is simple: precoat afilter with an absorbent with alarge specific
surface, let the flue gas pass through the precoated filter, unwanted impurities
react with the absorbent, particles are removed simultaneously, remove the filter
cake, precoat again and so on.

For HCI/HF/SO,- removal after combustion of biomass there are mainly two
absorbents which are possible namely, calcium hydroxide, Ca(OH), - slaked lime
- and sodium bicarbonate, NaHCO; - baking soda.

Ca(OH), obtains arather large specific surface aready during the slaking process.
Bicarbonate has a low specific surface but when it is heated to 150-160°C or
higher CO, and H,0 is driven off leaving Na,CO3 with many pores and alarge
specific surface.

2NaHCO; + heat  N&COs3 + CO, + H20
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For good absorption calcium hydroxide is dependent on a certain temperature in
relation to the humidity in the flue gas because the Ca(OH), must be able to
absorb water either added as a dlurry, wetted powder or absorbed from the
humidity in the flue gas. If for instance SO, >> HCI the flue gas temperature must
be decreased to about 60°C for a good reaction between Ca(OH),, water and SO,.

HCI reacts with Ca(OH), and Ca(Cl), is formed. It is very hygroscopic and even
deliquescent and thus the water and SO,/HCI/HF absorption takes place at a
higher temperature. If HCI-concentration > SO, which is common in EfW-plants a
suitable operation temperature is around 140°C.

Sodium carbonate, which is generated from the added sodium bicarbonate, is very
reactive and not dependent on water nor humidity. It can therefore be used to
absorb SO, HCI or HF as well as a mixture of these gases in awide temperature
range of 150 to 300°C with and without water in the flue gas.

Sodium bicarbonate is more expensive than calcium hydroxide but less excessis
necessary and the amount of residuesis smaller.

The main process steps in dry absorption are

correction of temperature and, for Ca(OH),, humidity of the flue gas
injection of sorbents - calcium hydroxide or sodium bicarbonate
absorption and reaction

removal of the particles - the reaction products

handling and disposal of the residues

agbrwdNdPE

The two first steps can be made in many ways but 3. and 4. are amost always
performed today in afabric filter which is the key equipment in the dry absorption
Process.

Dry absorption is a cost-effective solution for the gas cleaning for many plants
burning contaminated biomass. The main drawback of the processisthat an
excess of absorbent always is necessary which then also results in bigger amounts
of residues compared to wet scrubbers, at least if the comparison is made on adry
matter basis.

Wet or Dry Absorption of water soluble gases

Wet gas cleaning systems as wet absorption always generate a waste water but dry
absorption gives adry residue. Water treatment systems can be rather complex.

Here are some examples when wet absorption has some advantages:

Cheap chemicals such as limestone can be used
No excess of chemicals
Reusabl e residues such as gypsum
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If low temperature energy recovery by condensation isinstalled, waste
water is generated there and a wet absorption system can use the same
water treatment

A condensation stage can itself remove water soluble gasesif itis
designed and/or adapted also for that purpose.

REMOVAL OF NITROGEN OXIDES - NOX

Nitrogen oxides in flue gas from combustion of biomass mainly arise from the
oxidation of nitrogen in the fuel during combustion. NOx- production from
nitrogen (N2) in the air can also take place if there are very high (local)
temperatures (>1200 - 1300°C) in the furnace.

The NOx comprises normally > 95% NO.

NO is astable gas with low solubility in water but a particular reaction with
ammonia can be and is used to reduce the NOx-emission:

ANO + 4NH3+ O2 4N, + 6H,0
This specia reaction takes place

1. directly in the flue gas at atemperature between 850 and 1000°C and is
named Selective Non Catalytic Reduction (SNCR) or

2. with assistance of a catalyst in atemperature range of 170 - 450°C-
Selective Catalytic Reduction - SCR

The SNCR-process is effective if the conditions are good with stable flows and
concentrations and a reasonabl e residence time for the reaction. But even at good
conditions an excess of ammoniais needed for high NOx-removal. The
non-reacted ammoniaresults in an increased concentration in the flue gas
(ammonia dlip). Wet scrubbers (see above under wet absorbtion) or an SCR-unit
(see below) can reduce this slip. SNCR is often a cost-effective way for NOx-
reduction in biomass combustion.

A Selective Catalytic Reduction (SCR) - unit can, in principle, be designed for
any NOx-removal. The process is well-known with many install ations on various
processes running for along time.

Three main locations of the catalyst are possible:

high dust location - upstream of any dust cleaning at a temperature of
250 to 400°C

low dust location - downstream of the dust cleaning in the same
temperature area as above

tail end location. The catalyst is located here at the end of the gas
cleaning train with - except for NOx - "clean” flue gas. If the gasisvery
clean the operating temperature can be as low as 170 - 180°C.
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The SCR-process was developed for coal fired boilers and there are many
installations from the 1980's with generally very good experiences. Today, all new
coal fired boilers are equipped with high dust catalysts located upstream of the air
preheater.

EfW-plants have a so been equipped with SCR for along time, the first almost 20
years ago. Until today almost all EfW SCR installations are tail end, downstream
either dry absorption, wet absorption or TC (Total Cleaning) but at least one
promising test in a high dust location is ongoing in a plant burning mainly
Municipa Solid Waste (MSW).

Sweden has a balanced fee system for NOx emission to the aimosphere for heat
and power plants. If the emission for an actual plant is above the equilibrium level
it hasto pay SEK 40 per kg emitted NOx, calculated as NO,, to apool. If on the
other hand, the emission is below this equilibrium level the pool pays the plant. It
IS not a taxation system since the pool shall balance. Therefore, many biomass
plants in Sweden burning various kinds of wood and forest residues have installed
high dust SCR.

Deactivation takes place more or lessin all SCR- high dust- installations due to
mainly penetration of potassium salts. The rate of deactivation depends not only
on the ash composition but aso on the combustion, boiler and the type of catalyst.
In some plants, the deactivation rate has been unacceptable and the catalysts have
been reactivated by washing, SO,-treatment or a combination. The process has
been successful but the deactivation has of course returned.

Some catal yst makers now have so much experience that they are willing to
design and guarantee a high dust catalyst, at least for boilers burning "clean”
biomass.

Low dust SCR-catalysts, downstream a DESP at about 300 °C, should also be
possible. A problem with DESP:s at this temperature level isthat Dioxin can be
formed even at very low Cl- concentrations.

REMOVAL OF DIOXIN AND MERCURY

Dioxin isashort name for chlorinated dibenzo(p)-dioxin and furan compounds.
To simplify the evaluation, the 17 most toxic isomers (of 210 in total) are
summarized with individua factorsto adioxin equivaent - Dioxin I-TEQ - and it
isthis equivalent which is maximized to 0,1 ng/m3 in the EU directive.

Dioxin is, as mentioned before, the common name of organic compounds with
basically two aromatic rings connected to each other over one (Furans) or two
(Dioxins) oxygen atoms. The hydrogen atoms in the bensen rings are replaced by
chlorine atoms in various degrees and they are very toxic.

Dioxin is normally not found directly after the combustion but is formed by
complex reactions in the boiler/gas cleaning part at about 200- 450°C. The Cl-
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concentration necessary isvery low. Organic precursors are necessary and
therefore there is no dioxin formation after perfect combustion.

A catalyst for SCR is an oxidizing catalyst and can break down dioxin. The
catalyst must often be bigger than required for SCR-deNOX.

FF-fabrics with catalyst in the fabric material are marketed by the Gore company
Recommended temperatureis 190°C.

Dioxin are heavy aromatic molecules which have a great affinity to, particularly
organic, surfaces and this phenomenon is used for cleaning - adsorption. Material
with alarge surface, such as activated carbon, is of course effective but also char,
plastic and rubber is used. A common solution isto inject powdered activated
carbon in the flue gas upstream of a fabric filter (FF), often together with e.g.
hydrated lime (for SO,/HCI- removal). FF is avery efficient reactor and the
dioxin concentration can be reduced to < 0.01 ng/mé.

Another solution isto install a packed bed tower filled with small pieces of plastic
or rubber often impregnated with activated carbon. Scrubbers operating with oil
have also been, at least, tested.

When the activated carbon, plastic, rubber and oil have been saturated with dioxin
and other organic compoundsit is normally destroyed by combustion in the same
boiler.

The emission of dioxin to the atmosphere can be kept very low with modern air
pollution control (APC). It is aso important to design the boiler and APC- system
for alow dioxin concentration in the ashes.

The EU-directive for mercury (Hg) and its compounds demands a maximum
emission of 50 g/md for plants burning waste. Thisis avery generous level as Hg
isvery toxic and as it accumulates in nature.

Mercury has successively been phased out from our society during the latest 20
years and the concentration in waste is now normally low. However, metallic
mercury, which has been emitted from natural and anthropogenic sources during
centuries has precipitated and accumulated al over our world, particularly in the
cold areas. Therefore, we find mercury also in wood and forest residues.

All the mercury in the fuel is evaporated during combustion and after some
transformations in the cooling sections we have roughly three forms of mercury
in the flue gas upstream of the gas cleaning: particulate mercury, gaseous
oxidized mercury and gaseous metallic mercury. When chlorides are present in
the flue gas, such asin MSW-plants, the oxidized part is mainly mercury chloride
- HgCl,.

Particulate mercury is removed in good dust separators such as DESP, WESP and
FF. Oxidized mercury, which often is the dominating part of the mercury in the
flue gas, at least in MSW-plants, can be removed in wet and dry scrubbers. The



EcoExpert 20
Kurt Carlsson 2008-04-07

wet scrubber must be designed so that removed oxidized mercury is not reduced
to the metallic form and then evaporates from the liquid. If thereis HCI in the flue
gas a prescrubber with low pH is often a good solution. Dry scrubbers with
additives- activated carbon is the most common - can remove both oxidized and
metallic mercury.

The document Waste in Sweden reports a total mercury emission from
combustion of 3,1 Mton mixed waste of less than 40 kg for the year 2004. If these
Swedish M SW-plants had emitted the permitted level of mercury, 50 /m3, the
total emission would have been about 20 times higher or about 800 kg

Another comparison: USA (EPA) reports that about 50 000 kg of mercury is
emitted from forest firesin USA in ayear, more than from all power stationsin
USA. | mention thisjust to get a perspective on the situation.
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EXAMPLES OF GAS CLEANING COMBINATIONS WITH BEST
AVAILABLE TECHNIQUE - BAT
1. " Clean" biomass such aswood and forest residues
1.1 Removal of particlesand NOx without condensation
DeNOx: SNCR and/or HighDustSCR

1.1.1  Noremoval of submicron particles- Small licensed boilers,
skilled personal and clean fuels - MultiCyclones (MC).

1.1.2 Removal of sub-micron particles
1.1.2.1 Removal of sub-micron particles with, often, low operating cost:
Dry Electrostatic Precipitator DESP

A modern DESP at a biomassfired boiler. The ESP isits own housethus
reducing the investment cost.
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1.1.2.2 Removal of sub-micron particles with very low particul ate
emissions - Fabric filter (FF)

Combustion of straw generates many small particleswith a high resistivity.
Fabricfiltersdo agood job in this application.

Below the Dong/M asnedd plant in Denmark with the two FF compartmentsto the
left which can be seen before the housing has been erected. To theright, the
whole plant after completion. Unit generates9 MW electric and 23 MW heat for

district heating

1.2 Removal of particlesand NOx with condensation
DeNOx: SNCR and/or HighDustSCR.
1.21  Limited removal of sub-micron particles- Small licensed boilers,
skilled personal and clean fuels: MC + WetScrubber (WS) /
/Condenser (C) + Waste Water Cleaning (WWC)

1.2.2 Remova of sub-micron particles



EcoExpert
Kurt Carlsson

23
2008-04-07

1.2.2.1 Wet method with WESP: MC + C + WESP + WWC

Wet Electrostatic Precipitator downstream of a multicyclone and a condenser for a

steam boiler fuelled with forest and similar residues.

1.2.2.2 Wet method with DESP or FF + C + WWC

Sandviksverket, own and operated by VEAB, burnsmainly forest residues, in a
CFBC generating 38 MW édlectric and 66-76 MW heat for district heating. Steam:
flow=147 ton/h, p=140 bar, t=540°C. The typical gas cleaning comprises:

SNCR + NHy-dlip catalyst + DESP + C

High pressure turbine

Steam outlet

Steam
Water

Steam drum

Downcorner

SNCR: Ammonium in ———>
Compact solids separator ——> Economizer

Limestone Sand
Feedwater inlet

XXxxxxx Catalytic converter

Electrostatic
precipitator

Secondary

Toflyashsilo Primary airfan
air fan

Combustion Bottom ash
chamber

Low pressure

turbine
Generator
Gear Gear
Direct
condenser ——> 1\ 1\
Steam turbine
condenser

Feedwater tank

Measuring

equipment,

emission

Induced draft fan

Flue-gas
condenser Muffler
Condensed
Water to District heating out to
treatment consumer

District heating in from custemer
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2. Contaminated biomass, classified as waste
DeNOx: SNCR, TalEndSCR.

2.1 Dry method: Dry or SemiDry Absor ption (DA)
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The Termoutilizzatorein Brecsia, burning M SW and residues from paper industries,
comprisesthree units each equipped with adry absor ption system for gascleaning. In
thefirst step the gastemperatureis decreased and controlled in an economizer. Sorbents
areinjected downstream and thereal cleaning takes placein thefabricfilter by
filtration, absor ption and adsor ption, or in short: Filsorption.
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2.2 Wet methods with and without condensation

221 Wet method 1: DA + WS/C + WWC

Theno. 6 boiler in Stockholm/Hogdalen burnsrecycled material, classified aswaste, in a
circulating 90 MW th) fluidized bed. Gas cleaning comprises a dry absor ption system
type" moist dust" with lime and activated carbon followed by a two stages wet scrubber
and a condensing unit. SNCR isreducing NOx and NH3-dlip isabsorbed in the wet
scrubber. The ammonia solution from the wet scrubber isused in the SNCR-system.

2.2.2 Wet method 2: DESP or FF + WS/C + WWC

Mabjergveerket, Denmark
(2 incineration lines)

Adiox tower .—I/—\h
packing

-

\ G
_@Jiergy recovery to

district heating

|

Electrostatic
O
HCI-Scrubber SO, /dioxin

recipitator
P
Scrubber
Water treatment D_(}i

NaOH tank Sulphate tank
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M abjer gverket, owned and operated by Dong, hastwo incineration units, each burning
9 ton waste/h, and gas cleaning comprising SNCR, DESP and a multistage WS/C: 1st
stage quenches the gas and removes HCI and mercury compounds, 2nd mainly SO»-
removal, 3rd and 4th: low temperature heat recovery by condensation. Some stages are
equipped with a special packing, called Adiox, for adsorption of dioxin, they also remove
some particles. Aswet scrubberstransfer a pollutant from air to water the waste water
treatment isan important part of the total pollution control.

2.2.3 Wet method 3: DESP or MC for small plants + WS/C + WESP +
WwC

2.24  Wet method 4: DESP + WS/C + WWC + DA + SCR

Flue gas cleaning for three M SW-boilersat KVA Luzern (CH) comprising dry
electrostatic precipitators, three stages wet scrubber, fabric filter with additives
(Filsorption) and Tail-End SCR. The SCR-system operates with clean gas at alow
temperature. The plants own steam istherefore used for thefinal reheat. The ash from
the Filsorption unit containing dioxin and other organic matter is destroyed by
combustion in its own M SW-furnaces.
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