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Samalla, kun tietoisuus omasta ympäristöstämme sekä maapallon hyvinvoinnista huolehti-

minen on kasvanut, ovat ympäristön päästörajoitukset kiristyneet, minkä vuoksi tarvitaankin 

uusia lähestymistapoja päästöjen pienentämiseksi. Aina ei ole tarpeen keksiä uusia ratkai-

suja, vaan sen sijaan on hyödyllistä tarkastella avoimin mielin mitä keinoja onkin jo ole-

massa.  

Tämän opinnäytetyön tavoite oli ymmärtää paremmin soodakattilan pölyn käyttäytymistä 

nykyaikaisilla pussisuodinmateriaaleilla. Tämän saavuttamiseksi suunniteltiin ja rakennet-

tiin pilottilaitos, jota testattiin kuuden kuukauden ajan. Pölyn käyttäytymistä pussisuotimella 

analysoitiin saatuun operointidataan, jota kerättiin testilaitoksesta.  

Käyttämällä hyväksi tämän opinnäytetyön tuloksia on mahdollista löytää uusia yhdistelmä-

ratkaisuja soodakattilan pölypäästöjen pienentämiseksi tehokkaasti pitäen silti mielessä kus-

tannustehokkuustekijät. Tutkitut pölypäästömenetelmät ovat tunnettuja ja laajalti levinneitä 

teollisuuden piirissä. Kun menetelmät yhdistetään siten, että niiden edut voidaan hyödyntää 

maksimoimalla hyödyt ja minimoimalla huonot puolet, voidaan saavuttaa uusi ja tehok-

kaampi tapa puhdistaa hiukkasia.  
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As the environmental awareness and worries of global wellbeing increases along with tight-

ening environmental emission limits new approaches for emission reductions are needed. It 

is not always practical to invent new solutions but instead it can be useful to take a look what 

is already available with open mind. 

The objective of this thesis work is to gain an improved understanding of recovery boiler 

dust behavior on modern fabric filter material. To archive this a pilot plant was engineered 

and operated for a period of six months. Dust behavior on filter bags was analyzed together 

with the operation data gathered from the test plant. 

By utilizing the theses work data it can be possible to find new solution combinations for 

recovery boiler particulate emission efficient reduction, still keeping the cost-comparative-

ness factor in mind. Studied particle emission reduction methods are well known and widely 

used by the industry. When methods are combined in a way that can utilize their benefits 

with minimalizing the negative operation points, a new more efficient way of particle clean-

ing can be achieved.  
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1  Introduction 

Product manufacturing in industrial scale has always side streams aside main product. Some 

of these side streams can be useful and utilized in another way. Unusable side streams are 

considered as waste or emissions to environment. Modern economically profitable industrial 

manufacturing needs to have more useful main products and re-processable side streams 

than waste or emission streams. During the 1990’s, arise of environmental load minimizing 

needs on pulp and paper mills have greatly increased (Dahl, 2008). Driving forces for this 

change come from multiple sources such as increased environmental awareness, emission 

legislations and increased understanding of emission control on wood-based pulping pro-

cess. 

 

In kraft pulp mills various process stages produce different kind of emissions. Recovery 

boiler, as part of energy producing and chemical recycling in kraft pulp mill, is major source 

of atmospheric emissions (Dahl, 2008). These recovery boiler emissions mostly consist of 

NOx, CO2, and particulates. Modern recovery boilers hardly produce SO2 emissions, if the 

kraft pulping process is in normal operational conditions. RB particulate emissions have 

good, well known cleaning system available; electrostatic precipitator or ESP. This cleaning 

device has good cleaning efficiency of RB flue gas particulates. It has coped with current 

emission legislation requirements. However, in near future particulate emission limits are to 

be lowered in the limits that might proof hard for ESP to reach. New particulate cleaning 

system is needed for RB flue gases or a combination of other known flue gas cleaning de-

vices to reach these lowered values. 

 

At same time ANDRITZ has a future target of zero waste and zero emissions in kraft pulping. 

This target suits well RB particulate emission reduction goals, since RB flue gas particulate 

emissions consist mostly of valuable chemical, that can be easily taken into reuse on kraft 

pulping process. By harvesting all RB flue gas particulates back to kraft pulp mill chemical 

cycle, it has positive cash flow influence to mill by reducing the need to buy externally make 
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up chemical to replace otherwise lost chemical with flue gas particle emissions to atmos-

phere. 

The object of this work was to study fabric filter utilization on RB particulate emission re-

duction method. There’s lot of theoretical studies regarding this matter but very limited 

knowledge of FF use in real RB process environment. Work looks combinations possibilities 

of ESP and FF (or BHF) as alternative to other combined known RB flue gas particulate 

emission reduction methods. Also, a field test is done to verify the usability of FF in RB flue 

has particulate cleaning device. For this field test a working baghouse filter system is con-

structed and operated in RB flue gas stream after ESP. Plan was to have test period of six 

months and three samples of used fabric filter to be sent to detailed laboratory analyses after 

every 2 months of test plant operations. 

 

1.1  Background 

Environmental awareness is part of modern industrial manufacturing. All plants and mills 

producing goods in industrial scale must consider local and global environmental emission 

and waste production targets. Environmental awareness with waste and pollution reduction 

goals has led to more strict environmental emission limit values for new plants and mills. 

Same time existing industrial production lines need to fulfil updated emission target values. 

On new plants and mills, these values are considered already in planning phase of manufac-

turing line engineering. For old existing plants and mills, these new lower emission values 

can be achieved by installing additional waste and emission reduction processes or upgrad-

ing main process to be less pollutant and have better utilization of raw material for higher 

yield of main products reducing the waste and emission streams. 

 

1.2  Objective 

Objective is to study the feasibility of the combination of two known dust emission reduction 

methods in a recovery boiler flue gas particle emissions reduction. More efficient flue gas 
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dust removal methods are needed to reach near future new tighter environment permission 

particle emission limits. Chosen emission reduction combination consists of electrostatic 

precipitator and fabric filter combination. The feasibility of combination is compared to in-

dustry dust removal default equipment, electrostatic precipitator. 

 

1.3  Method 

 Technical literature review will be conducted to find out advantages and disadvantages of 

existing dust removal technologies. In addition, known dust removal combination review is 

conducted. To verify chosen dust reduction combination feasibility for recovery boiler ash, 

test plant is constructed with set of field tests performed in co-operation of equipment vendor 

and recovery boiler operator. The economic feasibility of dust removal equipment combina-

tion is estimated by comparing investment costs to electrostatic precipitator in three different 

size recovery boiler cases. Total life cycle costs of various cleaning equipment in recovery 

boiler environment are not considered since these costs are not known publicly and fabric 

filter operation costs in recovery boiler usage is not known.  
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2  Kraft pulp process and chemical recovery 

Kraft process, kraft pulping or sulphate process, converts wood into wood pulp with help of 

cooking chemicals. Cooking chemical mixture consist of water, sodium sulfide (Na2S) and 

sodium hydroxide (NaOH). Wood is cut to smaller pieces, chips, and then chips are soaked 

and cooked in heated chemical mixture bath until chips dissolve into wood pulp as separate 

wood cellulose fibers and used cooking chemical mixture, so called black liquor. All the 

dissolved wood chip particles are in black liquor and this mixture is moved to chemical 

recovery cycle in modern kraft process. To further increase the chemical recycling effi-

ciency, pulp enters various washing stages that separates most of the spent cooking chemi-

cals and dissolved wood organics from pulp. After washing black liquor is fed to kraft re-

covery cycles. 

 

Kraft process was invented and patented in 1879 by Carl F. Dahl in Prussia Germany. The 

initial utilization of cooking chemical washing was to discard the used black alkaline liquor. 

G.H. Tomlinsons invention of recovery boiler in early 1930’s allowed modern regeneration 

of used cooking chemicals. This chemical regeneration and reuse inside pulp mill speeded 

up spreading of kraft process from the 1940’s onward. Black liquor recovery has multiple 

advantages. By removing excess water from black liquor and burning it in recovery boiler 

mill generates steam and electricity for process use. Modern pulp mills generate more energy 

than it internally consumes (Tikka, 2008). Currently kraft process is the dominant pulping 

process in the world. 

 

Kraft process recovery cycle consists of three main process plants: black liquor evaporation 

plant, black liquor combustion plant also known as recovery boiler and causticizing plant. 
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Figure 1. Kraft recovery cycles (Vakkilainen E., 2008) 

 

Evaporation plant dewaters high water content weak black liquor arriving from pulp washing 

to more concentrated black liquor suitable as fuel to burn in recovery boiler. Weak black 

liquor contains 12 – 20% inorganic and organic solids. For black liquor to burn sufficient 

enough, to produce more heat than burning consumes, the solid content must be over 25%. 

Modern evaporation plants produce concentrated black liquor that have dry solid content of 

75-80%. 

 

Recovery boiler combusts the concentrated black liquor utilizing the combustion energy of 

dissolved wood residues and other volatile components. This combustion energy is trans-

ferred into steam and some of the energy is used inside RB on reduction process where 

inorganic sulphur compounds are changed to sodium sulphide. Burnt black liquors inorganic 

compounds turn into molten smelt flow that is discharged into dissolving tank with weak 

white liquor turning it into green liquor. Green liquor is pumped into causticizing plant. 
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Causticizing plant converts green liquor sodium carbonate back to kraft process main cook-

ing chemical caustic soda. This conversation process is done in following main steps: 

- Green liquor clarification and filtration 

- Lime mixing into green liquor to form sodium hydroxide 

- Causticizing reactions of sodium hydroxide and lime mud in reaction tanks 

- Clarification and filtration of lime mud from formed white liquor 

 

Causticizing plant also include lime kiln that is used to reactive formed lime mud back into 

calcium oxide also known as burnt lime (CaO). This calcining process need subsequent heat-

ing of lime mud in rotating long lime kiln. 

 

2.1  Recovery boiler in kraft pulp process 

Recovery boiler purpose on pulp mill can be divided in three main sections: 

- burning of organic matter dissolved in black liquor to generate high-pressure steam 

- recycling and regenerating cooking chemicals from black liquor 

- treat in environmentally friendly way various pulp mills waste stream thus reducing pulp 

mill waste discharges (Vakkilainen, 2008) 
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Figure 2. Simplified cooking chemical cycle process diagram (Handbook of pulp 2006) 

 

G.H. Tomlinsons invention of the recovery boiler in early 1930’s helped the advancement 

of kraft pulping process. Invention introduced the principles of closed cycle cooking chem-

ical reuse inside kraft mill (Sjöström, 1993). Original design is over 90 years old, but the 

operation principle still applies to modern recovery boilers: recover the used cooking chem-

ical sodium sulphate (Na2SO4) from black liquor and reduct it to sodium sulfide (Na2S). 

Black liquor combustion happens inside furnace part of recovery boiler. Heat produced by 

combustion turned into high-pressure steam. Steam is utilized internally in kraft pulp mill to 

various process needs. Part of the steam is flown into steam turbine that generates electricity. 

This electricity can also be used inside pulp mill and excess can be sold outside to main 

electricity grid. 

 

Operational and mechanical availability are the main factors of recovery boiler operations. 

Recovery boiler development is mainly driven by following factors: increased energy effi-

ciency, increased environmental requirements and increased pulp mill production scales with 

changes at investment costs (Kiiskelä et al, 1993). Sizes of recovery boilers have steadily 

increased with the need of bigger material flow handling capability. Black liquor combustion 

capacity of the recovery boiler in 1980’s was around 1700 tDS/d. In 1990’s, black liquor 
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combustion capacity has risen to 2500-3000 tDS/d (Vakkilainen, 2008). Current modern re-

covery boilers have black liquor burning capacity of over 11000 tDS/s (ANDRITZ Oy).  

2.2  Recovery boiler construction and black liquor firing 

Present day recovery boilers are supported by hanging the furnace with hanging rods from 

the boiler building support steels. This supporting system allows boiler construction to ther-

mally expand in downward and sideways movements. Recovery boiler can be roughly di-

vided into two main components: furnace part, where black liquor combustion along with 

reduction process happens and convective area where combustion produced heat is trans-

ferred to water. 

 

Figure 3. Recovery Boiler schematic side view (ANDRITZ Oy) 

 

Figure 3 recovery boiler parts explained:  

1. Furnace   10. Steam drum 

2. Black liquor burners  11. Boiler bank / steam generating bank 

3. Primary air  12. Ash hoppers 



11 

 

4. Secondary air  13. Economizers 

5. Tertiary air  14. Flue gas duct 

6. Smelt spouts  15. ESP 

7. Dissolving tank  16. Mixing tank 

8. Bullnose   17. Furnace screen 

9. Superheaters 

 

Modern recovery boilers mostly burn more than 75% DS content of black liquor. This is 

referred as “high solids firing” or “high dry solids firing” (Tran & Vakkilainen, 2008). Black 

liquor is fed inside furnace by black liquor burners. Liquor burners distribute the liquor in-

side furnace in specific sized particles that allow the liquor combustion to take place in con-

trolled manner. Preheated furnace is hot igniting the black liquor particle entering the fur-

nace. Ignited liquor particle need oxygen for combustion. Oxygen is fed inside furnace 

through airports. Figure 3 illustrates recovery boiler that has three levels of airports. Airport 

level numbers has varied thorough the development stages of recovery boiler and is also 

dependent of boiler manufacturer. 

Combustion process produced hot 1100 to 1200 C flue gas stream moves from furnace area 

thorough superheaters into boiler generating bank. Heat transfer areas of these different 

boiler areas collect and transfer the combustion heat into the boiler water cycle. From boiler 

bank flue gases flow thorough economizers giving out more heat and after cooling down to 

220-250 C exits the recovery boiler. Cooled flue gas flow is then handled by dedicated emis-

sion reducing equipment before it is vented to atmosphere from the mills stack. Emission 

reduction equipment and methods depend on pulp mills environmental permit limits and 

requirements. Flue gasses exiting economizers have particulate concentration of 20-25 

g/m3
n. 
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3  Environmental management in pulp mills 

During 1990’s the environmental awareness increased greatly and pressure to minimize pulp 

and paper mills environmental loads arise. Driving forces behind this development could be 

seen on the growing concern of the environment globally. Also, tighter environmental emis-

sion legislations dictated lower environmental emission values. Better understanding how to 

control pulping process emissions helped to achieve these lower emission values 

(Dahl,2008). 

 

3.1  Pulp process emissions 

Pulping process environmental loads consist mainly of effluent and solid wastes with air 

emissions. Additionally, noise, vibration and heat are part of environmental loads. 

Figure 4. Simplified diagram of the environmental loads from process industry (Dahl, 2007) 

 

Many factors affect environmental loads. Factors can be either direct or indirect. Figure 4 

presents the path of materials and show how raw material and additives that are not part of 

end product ends up and contributes to environmental loads. Higher the end product yield 

is, the less of material ends up to environmental loads. Same principle applies backwards: 
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lower the end product yield, more environmental loads are produced. Following aspects 

greatly influences to the qualitative environmental loads: 

- Raw material quality with the need of additives and raw water usage 

- Process variables such as temperature, yield, mechanical, chemical, and physical phenom-

ena 

- External purification method effectiveness 

- Noise and vibration abatement 

Recent process objectives have been the manufacturing of high-quality products with opti-

mal use of raw materials, chemicals, and energy, still keeping the environmental impacts on 

minimal level. This approach supports sustainable practises and developments while consid-

ering the whole value chain from raw material to final product. 

 

Efforts to meet the above-mentioned goals, by further developing pulp and paper processes; 

have resulted in general to reductions on environmental loads. Late 1970’s energy crises 

resulted in various measures to reduce mill water consumption and emission figures. Entire 

process concepts have been discarded, such as calcium sulphite pulping in Finland. Calcium 

sulphite pulp process used to lead in high air and waterway emissions. Wood debarking 

process change to dry debarking and closed water circulations have greatly diminished toxic 

effluents. Process water recirculation’s have reduced pulp and paper process freshwater 

needs decreasing same time effluent volumes that need to be treated before discharge to 

environment. 

 

 

 

 

 

 



14 

 

Table 1. Finnish pulp mills environmental performance development. *)sum of SO2 and 

TRS 

 

Kraft pulp mills have major developments achieved in environmental performances. As seen 

on table 1, mills have been able to reduce the environmental emissions significantly. The 

reduction of SO2 and TRS emissions from the mills is mainly due to the introduction of high 

dry solids firing. Also, development of boiler automation to control the combustion reduced 

emissions. Dust emissions reductions are mainly related to the precipitator technology de-

velopment. Better understanding of RB dust and its chemistry, properties, and behavior have 

helped to lower dust emissions (Salmenoja, 2019). 

 

All environmentally friendly developments in pulping process mentioned earlier have led to 

widely accepted comprehensive approach to manage environmental issues. New approach 

is defined in European Union in the Integrated Pollution Preservation and Control (IPPC) 

directive. Directive includes regulatory concepts such as Best Available Techniques (BAT). 

BAT is integrated approach concept that helps assessing mill investments costs compared to 

environment benefits gained. Techniques defined in BAT indicates opportunities for mini-

mizing environmental loads (Dahl, 2008). BAT Reference (BREF) document includes guid-

ance’s of BAT processes and is available to all interested of environmental issues regarding 

pulp and paper industry. 

 

Industrial operations and activities will always have some level of environmental loads. 

Loads need to be recognized and their quantity and quality controlled in the best practicable 

way. To fully understand all pulp and paper process environmental loads one must first un-

derstand and thoroughly know insights of wood raw material chemical structure, raw water 

Emission 

Component 

Emissions late 1970’s 

(kg/ADt) 

Emissions 1992 

(kg/ADt) 

Emissions 2016 

(kg/ADt) 

BAT-BREF 

(kg/ADt) 

NOx N/A 1,8 1,3 0,8-1,7 

SO2 1-30 2,0 0,3 0,03-0,17* 

TRS 0-12 1,0 0,04 0,03-0,17* 

Particulates 0,5-12 1,2 0,2 0,02-0,3 
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quality, additive addition effects with wood fiber behavior in pulping process. When these 

factors are known it is possible to calculate material balance that includes environmental 

loads such as effluents, air emissions and solid wastes. This approach to pulping environ-

mental loads is called internal process-based load control (Dahl, 2008). Overall better un-

derstanding of emission controlling from the processing of wood-based materials has effec-

tively reduced emissions during past three decades. 

 

As the theses work focuses on air emissions it is notable to mention pulp and paper industry 

typical air emissions with their sources. Combustion gases are produced in solid fuel and 

recovery boilers. Exhaust gases come from lime kiln. Modern pulp mills collect concentrated 

and diluted malodorous gases and handle them in the combustion places in environmentally 

friendly way. Still, it is possible to get these gases to atmosphere if problems occur in com-

bustion process and odorous gases are needed to vent into atmosphere temporarily. Wood 

chip storing and heating releases natural volatile organic compounds (VOCs) that are re-

leased into atmosphere. Recently the VOC emissions are tried to be collected and used as 

source for further processes bio-based side stream compounds. Most of the formerly consid-

ered waste side streams are currently part of ANDRITZ Circle to Zero initiative that provides 

customers opportunities for financial growth through the creation of value-added side 

streams. Visible emissions from pulp mills stacks, and chimneys are mostly water vapor 

coming from process itself and from the large quantity of water held in the raw wood mate-

rial itself (Dahl, 2008). 

Figure 5. Total particulate emissions from the Finnish pulp and paper industry (Dahl, 2008) 
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3.2  Kraft recovery boiler emissions 

Recovery boiler is kraft pulp mill’s major atmospheric emission source. RB emission con-

sists mainly of sulphur dioxide with sodium sulphate and sodium carbonate particulates. 

Also, nitrogen oxides and malodorous compound in form of hydrogen sulphide are in the 

atmospheric emissions. These emissions come from the RB fuel, concentrated black liquor, 

in which one-third of dry substances consist of inorganic compounds and two-thirds are or-

ganic substances dissolved in black liquor (Hynninen, 2000). 

 

Table 2. Kraft pulp mill RB emissions per kg/ADt at gas flow of 6000-9000 m3/t of pulp 

(Hynninen, 2006) 

Sulphur dioxide     
- without scrubber and 63-65 % dry solids of black liq-
uor 100-800 mg/m3n 

  60-250 mg/MJ 

  1-4 kg/Adt 

- with scrubber and 63-65 % dry solids of black liquor 20-80 mg/m3n 

  10-25 mg/MJ 

  0.1-0.4 kg/Adt 

- with scrubber and 63-65 % dry solids of black liquor 10-100 mg/m3n 

  12-30 mg/MJ 

  0.2-0.5 kg/Adt 

Hydrogen sulphide     

- over 90% of time < 10 mg/m3n 

  < 0.05 kg/Adt 

- temporarily higher   

Nitrogen oxides (as NO2) 100-260 mg/m3n 

  50-80 mg/MJ 

  0.6-1.8 kg/Adt 

Particulates 10-200 mg/m3n 

- after electrostatic precipitator 0.1-1.8 kg/Adt 
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Recovery boilers have steadily increased in capacity from its invention days. Even if com-

pared to 1980’s recovery boilers the modern boiler capacity is almost 10-times bigger. The 

development of kraft recovery boilers has always been directed by internal and external de-

mands. Internal demand is driven by pulping industry itself. External demand comes from 

authorities and their legislation. Pressures to lower atmospheric emissions from pulp mills 

have strongly affected on the furnace dimensioning especially air system design. The intro-

duction of high dry solids firing in early 1990s is beneficial in maximizing power production 

and minimizing SO2 emissions. There remain challenges to minimize NOx emissions (Sal-

menoja 2019). 

 

Figure 6. RB capacity increase from 1980’s to 2010’s (Salmenoja,2019) 

 

Table 3. RB air emissions during past decades (Salmenoja 2019) 
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3.3  Kraft recovery boiler particulate emissions 

Dust formation in RB can be classified by size distribution or formation mechanism. RB 

furnace condition, black liquor composition and operational practices influence on dust for-

mation and properties (Vakkilainen, 2005). 

 

RB dust can be divided into two main parts: ejecta and fume. Ejecta consists of particles that 

are physically ejected from furnace into flue gas passageway during the black liquor com-

bustion. Ejecta is commonly referred as carryover. Carryover can be divided into two groups: 

burnt and unburnt carryover. When examining these carryover particles, burnt carryover has 

distinct red or pink color on them. Color comes from sulfidation. Burnt carryover causes 

black deposits. Black color comes from unburnt carbon from the black liquor. Most of the 

ejecta particles travelling past furnace and boiler bank are in size range of 10 to 100 μm 

(Hupa, 2007) Bigger particles either fall back into char bed inside the furnace, are stuck in 

heat transfer surfaces on superheater or boiler bank area or are gravity separated in boiler 

bank ash hopper. Only smallest and lightest ejecta particles will follow flue gas flow and 

leave the economizer as part of particle emissions. 

 

Fume particles are a result of condensation of vapor released from combustion of black liq-

uor. When alkali vapors react with flue gas or condense fume is formed. These vapor parti-

cles are typically in a particle size range of 0.2 to 1 μm. 

Figure 7. Black liquor burning stages and particulate formation (Hupa et al, 1987) 
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Release mechanisms of dust in a black liquor recovery boiler can be seen in Figure 8. The 

black liquor droplet starts to burn when ignition temperature is reached by applying enough 

heat to the droplets. Drying stage vaporizes droplet water, and ejecta can be formed. In the 

next stages of devolatilization and char burning, volatiles are released from the droplet. This 

causes the droplet to swell and, ejecta and fume to form. Ejecta continues either burning and 

release fumes or floats with flue gas stream to form carryover. Whole black liquor droplets 

can also become entrained into flue gas stream and cause carryover. Various reactions in the 

flue gas occur in the char burning stage thus releasing fume. Last stage, smelt oxidation, 

releasing sodium as gases, which contribute to fume (Vakkilainen, 2005).  

 

The composition of dust is mostly a combination sodium and other salts: sodium chloride 

(NaCl), KCl, Na2CO3, potassium carbonate (K2CO3), Na2SO4 and potassium sulfate (K2SO4) 

(Vakkilainen, 2005). All ESP dust comes from compounds made from reactions involving 

vaporized sodium. ESP collected dust is mostly from fume. Fume composition can be deter-

mined by release rates of Na, K, S and Cl. It can be generalized that fume will be enriched 

in compounds with higher volatility such as K and Cl. The higher the furnace temperature 

is, the more important Na becomes due to volatilization. 

 

4  Environmental emission controls 

Environmental protection, thus controlling of emissions, has the driving force of human 

wellbeing behind it. Environmental protection is then much wide concept than example na-

ture conservation. Methods directing modern environmental protection is shown in Figure 9 

below. 
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Figure 8. Environmental protection control approach (Hynninen, 2006). 

 

Original, straight law and regulation based with interpreted by authorities’ thorough stipula-

tions and instructions approach on environmental protections start to be ancient history. 

These laws and regulations where all are based might have been originated over 150 years 

ago (Hynninen, 2006), making them very difficult to put in practical use in changed modern 

manufacturing environment. Currently environmental controls are looked like more 
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complete system whereas in past air emissions, wastewater discharges and waste where sep-

arately handled through own legislations. Nowadays waste and emissions are handled com-

monly with help of international conventions and development of framing legislations as 

example directives white in EU area. This theses work focuses on environmental emissions 

on pulp and paper process in EU and how environmental protection policy is formed and 

handled white in EU. 

4.1  Laws, regulations, and future emission targets 

European Union founding document in 1957, establishing the European Economic Commu-

nity, did not include any environmental protection regulations. In 1972 EEC released first 

initiative for common environmental policy. This produced first environmental action pro-

gram for years 1973-77. Program set out number of principles that are still the bases of EU’s 

environmental policy. During years of policy development in 1999 Treaty of Amsterdam 

introduced the explicit requirement where environmental considerations should be consid-

ered as integral part of all policies of the EU (Hynninen, 2006). One of the environmental 

protection driving force can be sourced to basic principles included Amsterdam Treaty: Pol-

lutant pays the prices. This principle states that no one has the right to pollute the environ-

ment at other’s expense and the party causing activities that pollute should bear the cost. 

 

The IPPC Directive (96/61/EC) states that activities that have potential to cause significant 

harm to the environment is requiring permit to be granted for the activity. IPPC integrated 

approach to all emission sources combines all emission sources equally together and regu-

lators must archive high level of protection for the environment as a whole when deciding 

permit conditions. Best available techniques -concept is based on these conditions. BAT is 

a concept that attempt to balance the emission causing operator costs against environment 

benefits. The IPPC approach aims to waste and emissions production prevention. When ap-

proach is not practicable, waste and emission production is reduced to acceptable levels. The 

essence of IPPC is archived by requiring operators to use BAT. Applying BAT techniques 

and more environmental damages BAT can prevent, the more regulators can justify of the 

cost’s operators need to spend before costs are considered to be excessive. 
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Article 16(2) of information exchange requires member states to exchange BAT information. 

This information exchange need resulted to BAT reference documents, also called BREF. 

European Commissions best available practices technological report from year 2015 estab-

lishes pulp and paper industry process guidance’s and values for emission limits. EC BREF 

report is in use by the pulping industry, but it has some drawbacks in the emission value 

charting. Charts values are calculated by multiplying the emission content value with pro-

duced flue gas amount per produced air-dry metric ton of pulp. Since these emission values 

don’t consider the different wood raw material and their affect to overall flue gas amount, a 

study by Finnish recovery boiler association was made to establish correlation between dif-

ferent wood raw material in pulping and produced flue gas amount (Vakkilainen et al, 2020). 

Study results can be used to explain the effects of wood raw material with end product yield 

influence on overall flue gas amount and emissions. 

 

Table 4. EC BAT BREF emission levels for recovery boiler. *)sum of SO2 and TRS (Dahl, 

2006) 

 

4.2  Environmental emission reduction methods in pulp mills 

As pulp production is multistage process from raw wood insertion with various different 

additives inserted into process, not all output can be solely pure end product, pulp. Different 

emissions are produced in the process path where wood turns to pulp. These emissions from 

Emission type Black liquor DS% or 

mill type 

Annual average by mg/m3n 

dry gas at 6% O2 

Annual average by 

kg/ADt 

SO2 DS < 75% 

DS 75 – 83% 

5-50 

5-25 

0,03-0,17(* 

0,03-0,13(* 

TRS - 1-5 - 

NOx softwood DS < 75% 

DS 75 – 83% 

120-200 

120-200 

0,8-1,4 

1,0-1,6 

NOx hardwood DS < 75% 

DS 75 – 83% 

120-200 

120-200 

0,8-1,4 

1,0-1,7 

Particulates New mill 

Existing mill 

10-25 

10-40 

0,02-0,2 

0,02-0,3 
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kraft process with their typical reduction methods are covered in this chapter. As the partic-

ulate emission is in focus of theses work field test, dedicated chapter to particulate emission 

is included. 

 

Effluents and effluent treatment: 

Liquid effluents are considered to be the main pollutant source in pulp and paper industry. 

Main sources for effluents on kraft pulp mill are shown in Figure 10. Process areas producing 

the most effluents can be listed by the relative amount produce. First one has the most efflu-

ent output: bleaching, debarking, condensates and washing. Rest of the effluents come from 

all other sources combined. Bleaching is the clear effluent producer source as 80% of efflu-

ent come from there. 

Figure 9. Kraft pulp process effluent sources (Dahl, 2006). 

 

Main effluent reduction has been the huge progress on pulp and paper industry’s reduction 

of fresh water use with increased degree of closed water circulation systems (Dahl, 2008). 

Utilization of BREF based valuable information has further degreased effluent loads in var-

ious process stages. 
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Air emissions: 

Pulp and paper industry air emission come from chemical pulping process and energy pro-

duction white in pulp mill. Pulp process air emissions are relatively low due to low process 

temperatures. These emissions mostly consist of volatile organic compounds (VOC’s) and 

water vapors with fibers (Hynninen, 2006) Kraft pulp mill emissions sources to atmosphere 

are illustrated in Figure 11. 

Figure 10. Kraft pulp mill air emissions (Hynninen, 2006). 

 

Kraft pulp mill emissions mostly consist of sulphur containing compounds. These com-

pounds are mainly sulphur dioxide and malodorous reduced sulphur compounds also known 

as reduced sulphur compounds (TRS). Mills furnaces produce NOx, SO2, CO2 and particu-

late emissions. 

 

Air emission control internal methods for kraft pulp mill are: 

- Collecting concentrated and diluted malodorous gases and incinerate them in controlled 

way 

- Efficient recovery boiler combustion control reduces TRS emissions 

- Use of low sulphur fuel in lime kiln with excess oxygen control 
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- Introduction of high dry solid black liquor has reduced SO2 emission in recovery boiler 

- NOx emissions reduced by proper air distribution and controlling in all combustion places 

with the use of ammonia or urea injections in power boilers. 

- SO2 emissions can be controlled by proper scrubber cleaning of the gas stream (both mal-

odorous and flue gas streams) 

- Particulates from flue gas stream can be controlled with proper particulate cleaning system 

such as ESP or baghouse filter 

- Chlorine dioxide bleaching gas emissions are best controlled by optimizing ClO2 use in 

separate bleaching stages. ClO2 use could also be replaced by Ox use in bleaching stages. 

Currently there are no economically viable methods of reducing or collecting CO2 emissions. 

Kraft pulp mill carbon dioxide is produced from wood burning it’s considered as neutral in 

carbon footprint since it only releases the carbon that the wood has integrated thorough its 

growth time. 

 

Solid and liquid wastes: 

Air and water emission more stringent restrictions have led to increase of solid waste in pulp 

and paper industry. Closed water circulations increase sludge-like wastes. Large waste 

streams originate from effluent and flue gas treatment processes. Large amount of wood-

based waste is also produced. Chemical recycling also produces waste streams such as green 

liquor dregs, lime sludge and other process wastes. 

 

Amounts of sludge can be reduced by dewatering them and burning sludge example in re-

covery boiler. By combining the dried biosludge with wood residues, the combustion comes 

more economical option and mills power boilers can be used to combust the product. Bi-

osludges can be fed into evaporation plant and from there, through black liquor cycle, com-

bust in recovery boiler. Solid wastes not possible to process in any other way are taken into 

landfills. Forest industry landfill wastes mostly consist of sludges, ashes, bark waste and 

other process waters (Hynninen, 2006). 
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Noise and vibration: 

Noise and vibration of kraft pulp mill mostly come from the process and its equipment. 

Wood debarking and chipping produces lot of noise with vibrations. Fans, engines, genera-

tors along with steam vents, stacks, flares are known to be noisy. Vacuum pumps and con-

veyors are further sources of noise. Noise and vibration emissions are controlled thorough 

workplace health and safety legislation. Recently IPPC permission has included noise emis-

sions to surrounding environment to list of controllable emissions. 

 

4.3  Emission reduction technologies for particulates 

There is wide variety of different processes and equipment to reduce particulates in gas 

stream. In this chapter most widely known and industrially used are introduced. Particulate 

emissions reduction and cleaning methods for any installation will depend on the following 

factors (Andrew et al., 2012): 

- dust concentrations and dust characteristics, 

- particle size, 

- efficiency of particulate removal required, 

- gas-stream temperature, airstream moisture content, and 

- methods of disposal. 

 

All dust characteristics affecting the collection process need to be distinguished. Dust char-

acteristics include abrasive, explosive, sticky or tacky, and light or fluffy features. Dust par-

ticle shape is also important character. Dust particle shape factors into whether the particles 

are agglomerating (irregular) or non-agglomerating (spherical). Agglomerating particles are 

ideal for collecting purposes. Agglomerating particles allow dust cakes to build up easily on 

the filter cloth surface. This allows for more efficient dust collection. However, agglomerat-

ing particles may tend to get stuck on filter material and are not easily released from the filter 

cloth (Andrew et al., 2012). This assumption needs to be kept in mind as they are this thesis 
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works base assumptions form past theoretical studies related to recovery boiler ash and its 

behavior in different particulate cleaning equipment’s. 

 

The types of dust control equipment used for gas cleaning has large range. It varies from 

very crude gravity separators to more sophisticated electrostatic precipitators (Andrew et al., 

2012). Gas stream particulate emission cleaning equipment types can be listed by this so-

phistication range as: 

1. Gravity separators and drop-out boxes. 

2. Centrifugal collectors or cyclones. 

3. Baghouse collectors. 

4. Cartridge collectors. 

5. Wet scrubbers. 

6. Electrostatic precipitators (ESPs). 

 

From these the ESP has come over the years de-facto choice as recovery boiler dust cleaning 

equipment. As theses work focuses on utilization of ESP and baghouse filter, a brief over-

view to other type of collectors with their advantages and disadvantages to particulate emis-

sion reduction is shortly described in this chapter including mentions of their use in recovery 

boiler processes. 

 

Gravity separators and drop-out boxes: 

Gravity separators and drop-out boxes are chambers in the gas flow passageway where the 

cleaned gas velocity is reduced drastically to allow particle dropping vertically by the help 

of gravity (Andrew et al., 2012). The separator efficiency can be increased if cleaned gas 

stream direction is changed. As the gas stream flow slows down and possible change direc-

tion, gravity makes the large particles to drops out of the gas stream. 
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Figure 11. Gravity separator working principle (Andrew et al., 2012). 

 

Gravity separator benefits are inexpensive construction with marginal maintenance needs. 

They also help to reduce primary dust collector load. Disadvantages are low separation effi-

ciency and light finer particles are not affected by this cleaning method. Recovery boiler 

process utilizes this cleaning method on ash hoppers where coarse and heavy particles are 

separated from flue gas stream. 

 

Centrifugal collectors and cyclones: 

Cyclones utilize centrifugal force to separates particulate from the gas-stream. The cyclone 

forces the incoming gas-stream to spin in a vortex around the cyclone shell. Inside cyclone 

the gas-stream is forced to change its direction. Spinning motion gives inertia to the partic-

ulates and causes them to continue in the original movement direction. This opposite direc-

tion movement of particulates and gas-stream separated particulates from the gas-stream 

(Andrew et al., 2012). The main particle stream vortex spirals downward and carries the 

coarser particles. An inner vortex, created near the bottom of the cyclone, spirals upward, 

and carries finer dust particles. 
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Figure 12. Cyclone working principle (Andrew et al., 2012). 

 

Cyclones advantages are cost-effective and low-maintenance needs. They can handle high 

temperatures. Same as gravity separators, cyclones also reduce loading on the primary col-

lector and allow for the dry recovery of product (Andrew et al., 2012). Cyclone’s disad-

vantages are low efficiencies in removing fine particulate and large space need. Recovery 
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boiler process utilizes this cleaning method as droplet separator on wet gas streams such as 

DNCG gas water droplet removal before entering to furnace as part of black liquor combus-

tion air. 

 

Cartridge collectors: 

Latest generation of fabric collectors are the cartridge collectors. Cartridge collector’s collect 

particulate from a gas-stream by forcing the gas through filter canisters. Inside canister fil-

tering media is fabricated in a pleated configuration. Two basic configurations of cartridge 

collectors exist: those that have the filter canisters installed vertically and those that have 

horizontally installed canisters (Andrew et al., 2012). The pleated cartridges manufacturing 

material vary. They can be made from different media including polyester or syn-thetic ma-

terial. Pleated cartridges design makes total filtering surface area greater than with conven-

tional bags when comparing same diameter filter units (Andrew et al., 2012). Collected dust 

is filtered on the outside of the elements. Cartridge collectors’ initial investment is lower 

than a baghouse filters because the cartridges have more filtering area than bags. This means 

less cartridges are required, and less footprint of cleaning plant is needed. 

Figure 13. Cartridge collector principle and example photo of horizontal cartridge filter (An-

drew et al., 2012). 

 

The compact design and ease of cartridge changing are the main advantages of cartridge 

collectors. Disadvantages to cartridge collectors are lack of extreme temperature resistance 



31 

 

and ability to clean moist gas-streams. Cartridge collectors’ operation temperatures are typ-

ically restricted to applications below 85ºC. They also do not work well with sticky materi-

als. Recovery boiler process don’t currently utilize cartridge filters in any process as partic-

ulate cleaners. 

 

Wet scrubbers: 

Wet scrubbers’ particulate collection is done by using water or another liquid as particulate 

collection media. There are many different wet scrubber designs. Common types are venturi, 

impingement plate and spray tower scrubbers. Most particulate cleaning wet scrubbers work 

by creating a wetted target for particle to be collected on. This wetted target plane can be a 

bed of water or a dedicated area where the particle and water droplet will collide (Andrew 

et al., 2012). 

Figure 14. Venturi scrubber working principle (Andrew et al., 2012). 
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Advantages to wet scrubbers are their ability to perform well in various gas-stream moisture 

and temperature conditions. Wet scrubbers also resist well against chemical corrosion. Wet 

scrubbers typically have low maintenance need. Disadvantages of wet scrubbers is the sig-

nificant amount of scrubbing medium usage. Scrubbing medium needs to be disposed along 

with the collected particulates (Andrew et al., 2012). Wet scrubbers are also relatively com-

plex as process with multiple process equipment’s making the investment and maintenance 

needs high. 

 

Wet scrubbers can harvest thermal energy from cleaned gas flow. This can be either ad-

vantage or disadvantage to wet scrubber process depending on the utilization rate of har-

vested thermal energy. Recovery boiler process utilizes this cleaning method on various ap-

plications from malodorous gas scrubbing to flue gas particulate cleaning. 

 

4.3.1  Electrostatic precipitator 

The operating principle of an ESP is to electrically charge the particles in the flue gas stream 

and generate an opposite electric field to collecting surfaces which the particle containing 

flue gas passes. Charging of particles is done by using high voltage that is emitted from 

discharge electrode. The charged particles are accelerated towards collecting electrode that 

is made from steel plate surfaces. Particle velocity in a different direction than the flue gas 

stream path. This particle velocity is called migration velocity and results in collection of 
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the particles on the collecting surfaces. (Zevenhoven & Kilpinen 2004) (Flagan & Seinfeld 

1988.) 

Figure 15. ESP particulate charging and collecting principle (ANDRITZ) 

 

The particle Migration Velocity is a critical design parameter, and primarily determines the 

ESP collecting efficiency. When the particles reach the collection plates, the negative charge 

is neutralized, and a layer of ash accumulates on the plates. 

Figure 16. Typical construction of industrially used flue gas particulate removing ESP (AN-

DRITZ) 

 

ESP chambers are usually divided into several sections. Applied voltage can be controlled 

separately with collected dust cleaning cycles in each section, increasing the efficiency of 

the overall ESP. At the inlet of the ESP the dust concentration is highest. High duct 
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concentration suppresses the corona current, whereas downstream the lower dust concentra-

tion allows the voltage to be increased. (Mizuno 2000.)  

 

ESP is currently the most common recovery boiler flue gas particulate emissions reduction 

method in pulp and paper industry. RB flu gas dust is relatively easy to clean with ESP from 

particulates and the cleaning efficiency of >99% can be reached with cost competitive con-

struction. ESPs are also often used in other combustion gas cleanings inside pulp mill, except 

malodorous gas burning plants, where flue gas need to be threaded and cleaned from many 

other compounds than mainly dust particulates. 

 

ESP filtration strength can be summarized: 

- Low pressure drop over chamber. Typically, 300 Pa. 

- Mechanically robust for temperature variations 

- Low maintenance requirements 

 

ESP filtration weaknesses can be summarized: 

- High ash content and difficult ash composition requires large footprint 

- Particulate emissions limited to 15-20 mg/m3
n  

- High power consumption 

 

4.3.2  Fabric filtration 

Fabric filtration also known as baghouse collectors capture particulates in gas stream by 

forcing the gas flow through filtering cloth. Typically filtering cloth is shaped like a one end 

opened bag or pouch thus the name baghouse collector. A baghouse works by taking the 

inlet dust particle contained gas and initially reducing the velocity to drop out larger parti-

cles, then filtering the remainder of the particles by passing the air through a fabric bag. 
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Separation occurs by the particles colliding and attaching to the filter fabric and subsequently 

building upon themselves, creating a dust cake on surface of filtering medium (Andrew et 

al., 2012). As the dust deposits on the outside of the bag, dust cake removal from the bag is 

helped by gravity and removed dust is collected into the collection hopper. Hopper is located 

below the bag section. Collected dust can then be removed from the collector by various 

different dust transportation means. Fabric filter collectors can achieve air cleaning efficien-

cies of more than 99.97 percent for fine particles. The fabric bags can be made from various 

materials such as cotton, synthetic materials, or glass fiber. Particle size distribution plays a 

key role in determining the air to cloth ratio. The air to cloth ratio is a measure of the volume 

of gas or air per minute per unit area of bag 

(m3 of air per minute / m2 of bag area), and can be expressed mathematically as follows: 

- air to cloth ratio = Q/A 

where Q = quantity of gas (air) in m3 and, A = area of the filter cloth or total number of bags 

in m2. Also, correct filter bag selection is in key role to have properly working baghouse 

filter unit (Andrew et al., 2012). 

 

Bulk density of the material influences baghouse filter engineering. Especially materials 

with low bulk density (<500 kg/m3) must have specialized designs. Recovery boiler dust 

leaving the economizers has typical bulk density of 150kg/m3. Particle size distribution plays 

a key role in determining the air to cloth ratio and filter bag selection. It is generally under-

stood that the finer the dust is the lower the air to cloth ratio is needed (Andrew B. et al, 

2012). Recovery Boiler dust leaving the economizer has particulate sizes generally from 

very fine <1 μm size up to 20 μm. So, in recovery boiler cases, collector designs must be 

modified to accommodate these factors. Typical modifications include wider bag to bag 

spacing, shorter length bags, or high side inlets for dirty gas (Andrew et al., 2012). 
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Figure 17. Principle design of baghouse gas particulate collector (Andrew et al., 2012). 

 

Most common industrial applications for baghouse filters are shaking, reverse-air and pulse-

jet cleaning (Cora & Hung 2002). Pulsejet cleaned baghouses are the most commonly used, 

as they are the least expensive and require less space than the other options. In pulse-jet 

cleaning, the bags are cleaned by introducing compressed air down the inside of the bags to 

remove the dust deposited on the outside of the bags. (Ohlström et al. 2006.) Large baghouse 

filters are often constructed with multiple compartments that can be individually separated 

from process to allow maintenance works without the need to isolate the whole unit from 

process stream. 

 

Baghouse filter strengths can be summarized: 

- Low particulate emissions <2-5 mg/m3
n 



37 

 

- Fabric filtration is independent of dust composition or dust load 

- If additives used, effective removal of mercury and other pollutants possible 

 

Baghouse filter weaknesses are: 

- Cleaned gas temperature limited to filter media operation range 

- Filter bags need to be replaced after 3 to 5 years of operation 

- Higher pressure drop compared to ESP. Typically over 1200 Pa 

- Consumes compressed air for filter bag cleaning 

 

Kraft pulp mill recovery boiler don’t currently utilize fabric filtration for flue or other gas 

filtration. 

 

4.3.3  Fabric filter feasibility study for kraft recovery boilers 

Utilizing fabric filter in recovery boiler environments has been long time under speculation. 

Various theories and speculation of fabric filter or baghouse filter suitability to recovery 

boiler ash particle emission reduction exist. Only one known real-world example in opera-

tion of recovery boiler and baghouse filter combination could be found. But this example 

could not be used as kraft pulp mill recovery boiler reference for baghouse particle filtration 

since it was on sulfite process mill instead of current main pulping process of sulfate process 

that the theses work focuses on. Sulfite process chemical recovery with black liquor com-

bustion differs too much to have any value for how baghouse filter operates in flue gas par-

ticle cleaner. 

 

One of the latest and well executed study is done by Pauliina Sjögård. Her theses work, 

Feasibility of Fabric Filters in Reducing Dust Emissions from Kraft Recovery Boilers, takes 

a deep look how baghouse filter could be used as only particulate filtration system for 
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recovery boiler duct emission reduction. It has comprehensive comparisons between ESP 

and baghouse filter performances and investment comparisons. With a help of companies 

engineering and selling both of these equipment, very thorough investigation on pros and 

cons of baghouse filter was done. But as Pauliina states in her conclusion: “For future studies 

it would also be interesting to evaluate the feasibility of combining a fabric filter and an 

electrostatic precipitator in kraft recovery boilers” a next phase study needed to be conduct. 

 

As a result of numerous brainstorming sessions with ECP-Group Pekka Päiviö, when we 

met in our own business trips around various location of the globe, a seed of hybrid filter 

combination was formed. Pauliina’s thorough theses work laid the path for the next step that 

for sure would be a field test of fabric filter with true process environment of recovery boiler. 

Bases for this thesis work field study was formed and execution of plan done when appro-

priate test location and time was found. The main fear of the need to add additives to recov-

ery boiler flue gas stream for the fabric filters to work needed to be proven to be untrue. The 

old understanding deeply impeded to fabric filter manufacturers of recovery boiler ash being 

“sticky” when estimating its behavior on fabric filter might not be the case in modern recov-

ery boilers anymore. The increased high solid content and free heat of furnace in modern 

high efficiency recovery boiler has also changed the construction and behavior of emitted 

dust. Since these changes are almost impossible to simulate in laboratory tests an adequately 

sized field test was needed to be done. Thanks to ECP, ANDRITZ and Stora Enso for ena-

bling this test to be conducted during year 2021. 

 

5  Electrostatic precipitator and fabric filter combinations on re-

covery boiler 

By combining best properties of known filtering equipment /processes it is possible to 

achieve more uniform and better results than solely relying on in one method of particle 

cleaning. These combinations can also be used to reduce known limitations or flaws of single 

cleaning equipment / method approach. 



39 

 

Future trends include development of hybrid systems that combine ESPs, fabric filters and 

other multipollutant particulate control systems. Many of these systems are considered to be 

close of commercial feasible applications. (Miller 2010.) 

Figure 18. Fractional collection efficiencies of particulates by different techniques (Hasler 

& Nussbaum 1999) 

 

Future of reducing dust loads from the range 20 to 30 g/m3
n to 10 mg/m3

n and below requires 

a dust collection efficiency of over 99.90 %. This high efficiency requirement combined to 

recovery boiler dust composition of fine particles, use of conventional scrubbers and cy-

clones in dust emission reduction is not an option, even if combined with other reduction 

methods. Scrubbing process also produces lot of excess heat harvested from the flue gas 

stream that currently has only use in colder climate environments. On warmer climates this 

heat needs to be cooled and vented out making it comparable as new undesired additional 
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heat emission source. To look for solution that would work in all market areas these facts 

overrule all other particulate emission combinations out except fabric filter and ESP. 

 

Combining ESPs with fabric filters has several advantages. Especially if fabric filter is added 

to the exit of an ESP, the ESP acts as prefilter for baghouse filter removing most of the dust 

leaving the small challenging particles for the ESP to handle be cleaned by fabric filter. The 

penetration window for submicron particles smoothens and the dependency or need of dust 

abatement for fabric filter operation decreases. Also, combination overall pressure drop is 

smaller than when using only a fabric filter. This allows smaller Flue gas fans to be used 

which lowers the operating costs. (Aragon et al 2015.) 

 

Investment estimations for both ESP-baghouse hybrid and combination cases was done by 

following steps. First gathering of resent history capital RB delivery project ESP information 

and converting the scope of supply’s to be equal or as close to equal as possible. Then pricing 

data was broken into separate sections that cover the ESP scope of supply. From delivery 

history a most common ESP delivery scope was taken to be as baseline for prizing and scope 

structure that was then broken into separate sections. With the help of this sectioned ESP 

scope and prize structure it was possible to estimate the ESP prize change in different supply 

scopes with different number of electrical fields in one ESP chamber. Since the electrical 

field number influence the ESP particulate cleaning efficiency the changed ESP performance 

was possible to estimate also. When removing ESP’s electrical field or fields a savings figure 

can be calculated compared to the baseline investment. This saving was then used to see if 

the money amount would be adequate to make an investment that covers up the lost ESP 

performance. And in best case would improve the particulate cleaning efficiency when com-

paring to starting point, the baseline case. 

 

5.1  Hybrid design and layout principles 

In hybrid design, both ESP and baghouse filter are combined inside the same physical en-

closure or casing. As mentioned in earlier chapter the theoretical data shows the most 
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beneficial way to combine ESP and fabric filter in order where ESP is first to remove par-

ticulates and fabric filtration part after ESP. ESP-baghouse filter hybrid construction princi-

ple could then be such where few of the last ESP electric fields are replaced by fabric filter 

construction as shown on Figure 20. 

 

Figure 19. Principle construction of hybrid ESP-Baghouse filter. 

 

Presented construction could be useful in case there is a need to rebuild ESP electrical fields 

for any reason or there is a need to reach new lower particulate emission values for existing 

ESP. This kind of modification limit to retrofit or service cases. Gas flow from electrical part 

to fabric filtration part would be ideal when comparing to baghouse filter gas distribution 

recommendation for fine and light particulates. Since the ESP part gas flow is already dis-

tributed to wide area with low flow speed, the transition to fabric filter area would be ideal: 

large side feed with even gas distribution. 

 

Biggest drawback of ESP-Baghouse hybrid filter construction is the need to shut down the 

whole filter if one of the cleaning systems fails or has operation problems. ESP works with 

high current electricity, so any fault repair need causes the electric system to be shut down 

for work safety reasons. Also, fabric filter part of hybrid is inaccessible due to proximity of 

high current system in the same casing. This issue can be considered as equal item as for 

ESP chamber operation anyway since all ESP internal maintenance work require whole 
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chamber electric field shutdown and isolation from flue gas stream. The loss is the flexibility 

thought behind baghouse filters where separate filter compartments can be separately iso-

lated from flue gas stream for on-operation maintenance works. 

 

5.2  Combination design and layout principles 

As the hybrid approach presented in previous chapter would aim to tie the two or more par-

ticle cleaning methods in one space or process construction the combination approach is 

more flexible in that sense. Combination of two or more particle cleaning processes could 

be connected in more flexible ways and don’t necessarily aim to be in same physical or 

process locations. In combinations the different cleaning equipment’s can be connected in 

roe or parallel or in combination of connections. Equipment’s would be in their own dedi-

cated constructions that are then connected by process lines, such as gas ducting’s in the case 

of recovery boiler particle reduction. Since these process line connections can have multiple 

routes and flow directions and paths changed by valves and dampers a wide variety of dif-

ferent process connections can be easily achieved. 

Figure 20. Simplified process diagram of  RB flue gas particle combination. 

 

In case of recovery boiler particle reduction, the combination approach allows the utilization 

of industry’s default approach on particle cleaning: minimum of two ESP chambers in every 
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recovery boiler installation. This is to increase the redundancy of ESP operation thus allow 

one of the chambers to be in service still leaving another one to be in operations. Since large 

baghouse filters are typically internally divided by isolation dampers to separate chambers, 

online maintenance for large baghouse filters can also be done. 

 

Combination approach was selected for pilot plant field test where existing ESP would serve 

as prefilter for particulate emission reduction and baghouse filter after ESP as final absolute 

flue gas dust particle removal device. 

 

6  Field test of electrostatic precipitator and fabric filter combina-

tion 

As in the future the particulate emission limits of kraft pulp mills are getting lower and the 

conventional method of particulate cleaning, utilizing ESP, is pushed to its limit of con-

structing economically viable ESP construction to achieve these new limits, a new kind of 

approach to particulate emission reductions is needed. At the same time global environmen-

tal protection trend with universal emission reduction goals is widely spreading up. The 

global warming and general pollutant states of large metropolis has alarmed decision maker 

to proceed with solution and decisions that take environmental protection to next level. Not 

to mention the kraft pulp mill own internal goals to close the chemical circle even more and 

utilize sources that in the past was thought not to be worth the effort. Since recovery boiler 

particulate emission are practically all directly reusable cooking chemical element it would 

seem to make sense to collect them all and reuse instead letting any part of them to be re-

leased into atmosphere and away from the pulping process. To see if the modern fabric filter 

bags can cope with recovery boiler duct without any additives a pilot plant field test was 

constructed. After finding suitable test plant and a location for the test equipment the pilot 

plant vent to action, and series of test runs conducted during 2020 and 2021 in a Finnish 

recovery boiler. 
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6.1  Dimensioning and layout 

Pilot plant equipment where engineered so that all the items could be loaded into shipping 

containers if needed. This will allow a relocation of pilot plant easily since shipping con-

tainer transportation is global business. 

Figure 21. Simplified process diagram for the pilot plant 

 

Pilot plant test equipment’s consist of isolation dampers to existing recovery boiler flue gas 

duct and new ducting system to connect pilot plant to existing recovery boiler flue gas duct-

ing. One pulse jet cleaning baghouse filter compartment with circulation fan for the pilot 

plant flue gas flow. And variable amount of instrument with control logics to run and operate 

the pilot plant. Test run instrument data was collected to database for later detailed analyses 

of baghouse filter compartment behavior in different operation conditions. 

 

To see if recovery boiler dust could form its typical saltcake formation in the baghouse en-

closure, especially between the filter units, longest possible filter bags were chosen. Com-

bined to layout and pilot plant container shipping requirements a three-meter-long filter bag 
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usage was chosen. It was estimated that this length of filter should show fouling issues, if 

any would start to occur. 

Figure 22. Pilot plant baghouse filter dimensional drawing. 

 

Induced draft flue gas fan for the pilot plant was selected to be centrifugal fan with back-

wards inclined straight bladed impeller. This impeller design is known to be less sensitive to 

dust fouling. So, in case there would be a major leak from the baghouse filter the risk of fan 

damage would be minimized. Fan was oversized on purpose to allow test runs with flue gas 

speeds beyond filter manufacturers air to cloth ratios. Also, maximum operation temperature 

was chosen to be 300 C. It is 50 to 80 degrees higher than typical recovery boiler economizer 

exit flue gas temperature. This allow pilot plant to be placed on high temperature flue gas 

flows. 

 

Test mill had a convenient place for the pilot plant to be installed. Pilot plant layout came 

out functional and compact. All equipment were in close proximity with relatively short 

connection ducting along with instrumentation. This helped to run the pilot plant since 
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basically all items where in same line of sight aal the time. Main control cabinet and the 

baghouse filter cleaning logic box could be placed really close to each other so main opera-

tion parameters where easily accessible. Connections to existing flue gas ducting were also 

close to pilot plant location. All the equipment’s and duct work where in same space so no 

extra precautions needed to be done as example in case that the connection ducting would 

have been with long duct parts. 

Figure 23. 3D-model screen capture of the pilot plant layout. 

 

During budgeting phase of pilot plant three different filter types was used to estimate overall 

costs. Same three filter prize category is utilized in the overall investment expense calcula-

tion sheets to see the impact of different prize range filter on whole investment. Filter me-

dium used for pilot tests was chosen to be a material that was known to work on small par-

ticle size dust with good tendency of avoiding internal particulate embedding. Filter material 

used was expanded polytetrafluoroethylene or ePTFE. 
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Figure 24. ePTFE material scanning electron microscope image 

6.2  Test runs 

After installation of pilot plant commissioning runs started at the end of February 2021. For 

two days all systems where tested and verified to be in order to continue with longer period 

test runs. In the beginning of May 2021, the planned test run sequence started. Test runs 

lasted up to start of September 2021. Total of 107 operational test days with operation data 

was gathered. 

Table 5. Test run schedule with major events. 
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Test runs where divided into three separate stages. Stage one consisted of filter behavior 

study in recovery boiler flue gas stream. During test phase different flue gas flow speeds 

were tried out to see how dust cake started to build up on filter surface and how long would 

it take to build the fouling layer thick enough for the cleaning cycle to start. After few itera-

tion runs a suitable flow speed for current inlet dust amount was found and phase two started. 

Phase two was run on higher air to cloth ratio than recommended by filter manufacturer to 

speed up the fouling of filters and also to see if too high particle speeds would make the finer 

particles penetrate inside the cleaning medium causing permanent fouling of filter material. 

First filter was sent to laboratory analysis after phase 2 ended. 

 

On phase three start the inlet dust concentration changed to higher value. Same time the 

overspeed of flue gas flow was kept. The start of last phase showed that the light recovery 

boiler ash will need adequate cleaning time with correct flue gas flow speed. Over speeding 

proofed the point that the accumulated dust particle layer needed suitable flue gas flow speed 

for it to drop into collection bin. In higher flue gas floe speed the light collected ash was 

drawn back to filter material as soon as it is released by air impulse from the cleaning mate-

rial. This caused the system to keep the duct on the filter material thus making the cleaning 

efforts unfunctional. After changing the flue gas flow speed to the boundaries of filter man-

ufacturer recommendations the system returned to normal operation immediately.  Run was 

kept continuous until second filter was sent to laboratory analyses. Only few short interrup-

tions to test runs was done due to recovery boiler operation issues or to check and clean the 

collected as away. As the collecting tray size was limited to certain size it needed to be 

emptied several times during the test runs. 

 

After second filter was taken out and sent to laboratory the test run continued to its final end, 

and last filter was sent to laboratory. Halfway between second and third filter removal flue 

gas speed was slightly increased to get more dust inside the pilot plant circulation. Flow 

speed was still in proximity of filter manufacturers recommendations. Only slightly higher 

than recommended air-to-cloth ratio. This was to maximize inlet particulate concertation 

without hindering the pilot plant cleaning cycle operations. 
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During every ash cleaning and filter removal the exit side of the pilot plan filter compartment 

with flue gas fan internals where visually checked. Since only inlet dust was measured by 

instrument the outlet cleaning efficiency was decided to do by visual inspections. As the 

pilot plant was manufactured from carbon steel and no surface treatment was applied to it, it 

was estimated that recovery boilers bright white dust could be easily observed from the car-

bon steel surfaces. And in fact, this proofed out to be true. Moisture of recovery boilers flue 

gas very quickly corroded system internal surfaces to even thin red rust layer. This rust layer 

effectively highlighted any white duct particles that might have been in contact with it. 

 

After test runs the pilot plant was isolated from the main process- and cleaned. In the clean-

ing phase dust samples were gathered from the collected dust and sent to laboratory to ana-

lyze duct particulate composition and size distribution. 

 

6.3  Test results and laboratory analyses 

During test runs three filter units was removed and sent to laboratory for detailed analyses. 

Removal of filter was aimed to be one thirds of whole test period so the fouling of the filters 

would have gotten equal increased time portions of the whole test run time. Laboratory test 

for the filter were done in filter manufacturers own laboratory. Laboratory located in Swe-

den. Visual examinations of baghouse filter exit side showed only minor dust leakages from 

filter casing. All leakages where in the area of filter connection to filter holding tray indicat-

ing either a faulty installation or debris between sealing ring and the support plate. Dust 

leakages where anyway minor. 
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Figure 25. Visual inspection of ID flue gas fan impeller after test runs. 

 

After test runs ended a last visual examination of flue gas fan impeller showed the impeller 

to be almost in same state as it was when arriving to test place from workshop. Slight rust 

coating could be seen produced by the moisture in recovery boiler flue gas. 
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Figure 26. Look from inside of the filter bag after test runs. 

 

Visual examinations of filter bags revealed no dust particles were visible inside the filter 

unit. All three separate laboratory tests done for the individual filter bags had close to same 

result. No internal dust particle penetration was found from any sample. Filter bags were in 

good shape. Even the last filters had only marginal pressure drop increase that indicated 

some degree of permanent fouling. Still the laboratory estimated the filter to be in good 

operation condition. All filters would have been suitable to continue normal cleaning oper-

ation. Laboratory test also confirmed the same issue what could be visually seen when re-

moving the filter bags; imprint of support cage on the filter bag surface. These imprint marks 

were result of test run part where too high flue gas flow speed was used. Still, the imprint 

were just visual items. No influence on filter separation quality could be seen from the im-

print marks. 
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Figure 27. Remains of dust cake formation on top of filter unit with denting marks from the 

overspeed runs. 

 

Both collected ash inside baghouse filter dust compartment and remains on filter fabric were 

analyzed to see the particle size distribution. Collected dust from filters had the majority of 

it composed of smallest, below 1 μm particles. This particle size range is known to be the 

most difficult ones for ESP to collect. Particle size distribution of dust compartment had 

little bit different size distribution. Peak volume count of the particles was in the size range 

of 3-6 μm. 

Figure 28. Particle size distribution as volume (blue) and weight (orange) orientated percent-

ages 
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Figure 30 illustrates the particle size (blue bars) distribution from different sample taking 

locations. The particle weight (orange bars) was calculated assuming equal density for all 

particles and with an average diameter for the size ranges. Only the finest dust particles could 

be found from the filter unit itself. Filter material air permeability declined at steady pace 

during test runs. Clean filter value of 34 dm3/dm2, min (all tests done at 200Pa) air flow 

permeability dropped to 31 dm3/dm2, min after first 38 test period. Second analyses showed 

permeability average value of 29 dm3/dm2, min after 52 operation days. Last filter was sent 

to laboratory before baghouse filter run its own cleaning cycle to get the dust coating sample 

in top of filter material. This might have resulted to last analyses higher permeability value 

drop to 25 dm3/dm2, min after 17 operation days. Filter bags nominal weight increased from 

clean filter 700 g/m2 value to average of 765 g/m2 value measured from the last filter sample. 

A reduction of permeability and some increase of area weight is something to expect after 

some time of use in the filter unit. The filter medium still allowed cleaning of dust particles 

from the surface when simulated cleaning procedure was performed. Laboratory analyses 

stated the felt was still considered sufficiently open for continued use in filter unit even if a 

certain degree of permanent dust is embedded in the filter media and was difficult to remove 

during cleaning procedure. The tensile strength test of the filter medium gave values that are 

somewhat reduced compared to new, unused filter medium in both warp and weft direction. 

The mechanical strength of the material was considered to be in good enough state for con-

tinued use in filter unit. 

 

7  Discussion 

Environmental items, such as sustainability and emission reductions have been in growing 

numbers in the topics globally. More increased concern for the wellbeing of humans together 

with nature has sprung up the discussions of nature resource limitation and emission levels. 

Targets to reduce industrial emissions have been globally approved meaning even more strict 

emission level for production of goods. Even though environmental issues have been noted 

and taken into account in increased manner for the last decades in the pulp and paper 
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production the future shows needs for even more lower emission values. Same time pulp and 

paper producers with process equipment supplier have developed more efficient processes 

and equipment’s to minimize raw material usage and reduce the need to use excessive 

amount of additives with makeup chemicals but still increase the yield of final product. This 

path has resulted to closed process loops inside pulp mills and reduced the need to use natural 

resources such as raw water. Still, as on every production process a certain amount of waste 

streams are produced. In case of kraft pulp mill recovery boiler the air particle emissions are 

mainly directly reusable pulping chemical components. To harvest these particulates from 

recovery boiler flue gas stream makes both economically and environmentally sense. 

 

As the kraft pulp mills de-facto particulate emission reduction equipment, electrostatic pre-

cipitator is getting closer to its economically practical emission reduction limits new kind of 

particulate reduction methods are needed. Commonly used fabric filtration by the use of 

filter bags in baghouse filter has long been a speculation source to be utilized in recovery 

boiler particle removal. Various theoretical studies can be found on this issue. It is commonly 

speculated by the fabric filter manufacturers, that the recovery boiler unique dust composi-

tion would need additives in the flue gas stream for the filter bags to cope and work effi-

ciently. Publicly available field test material of fabric filter use on recovery boiler dust re-

duction is not to be found. Even though fabric filter development has moved forward and is 

known to cope with various particulate reduction places that are known for their difficult 

particle behavior when it comes to handling of the particles. As a result, a field test was 

planned where fabric filter working in flue gas stream closely matching recovery boiler dust 

behavior was chosen as test material. 

 

Test plant engineering phase included investment analyze to estimate what kind of combi-

nations using electrostatic precipitator with fabric filters could be economically viable op-

tions. Calculations only included the cleaning equipment’s investments whit various combi-

nation scenarios. Real world implementation of ESP-baghouse filter hybrid or combination 

has too many variables dependent of target mill so whole installation, operation and/or life-

cycle costs where not included in calculations.  
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Test plant operation close to half year with over 2500 hours of operation data produced via-

ble data on fabric filter behavior in recovery boiler flue gas stream. Operation data analyze 

proofed that modern filter bags can cope with recovery boiler dust without the need to inject 

any additives to flue gas stream.  Result estimations still need to consider the very unique 

process of recovery boiler dust generation and its relation to mill specific boundary condi-

tions. Still, a positive result of filter bag usage for recovery boiler absolute dust emission 

reduction could be seen and the need to use additives for filter bags to work diminishes. As 

for future various filter bag alternatives should be tested along with different particle densi-

ties on the incoming flue gas stream to baghouse filter.  

 

8  Conclusions 

“It worked, I told you so….” 

Above statement can surely be shear with many colleagues who work in the field of recovery 

boiler particulate emission reduction. For sure it slipped out from my mouth during the test 

runs when it was clear that chosen filter bags can cope with recovery boiler dust with ease. 

Modern ePTFE material fabric filters are known for their capability to cope with various 

process gasses and situation with good operational performances. Now, at least with ade-

quate amount of certainty the fabric filter usability to reduce recovery boiler dust particles 

can be confirmed. Of course, we have to bear in mind the multiple variables influencing 

black liquor burning behavior in recovery boiler and thus the emissions that come out of the 

recovery boiler. 

 

Still the chosen construction with the chosen fabric filter material proofed out the concept of 

using baghouse filter as at least partial cleaning device to achieve very low dust emission 

out of recovery boiler. Some doubts still remain. One is the filter behavior for pure recovery 

boiler dust emissions coming out of the economizer exit, without the help of ESP as prefil-

tering device. As the pilot plant inlet duct concertation was about 1% (200 mg/m3n) com-

pared to raw flue gas stream concentration (20 g/ m3n) one could speculate the fabric filter 
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is not able to cope on much higher particulate concentration. But the basic engineering prin-

ciples and the working fundamentals of baghouse filter quite clearly show that the fabric 

filter is really insensitive to incoming duct concentration. There are several industrial pro-

cesses that have much higher gas particulate density compared to recovery boiler and 

baghouse filter technology is successfully used to clean gas flow particulates. Such indus-

tries are metal refineries and from flue gas dust composition very similar to recovery boiler, 

cement manufacturing. One would say the close behavior of duct particulates between ce-

ment industry and recovery boiler has stirred up the speculations from which the suitability 

of fabric filter technology for removing recovery boiler flue gas particulates has started. To 

totally overrule all speculations the test could be reproduced by replacing the baghouse filter 

before ESP and run the test with high particulate concentrated flue gas flow. Alternatively, 

the use of collected dust and refeed it into the inlet of pilot plant could be used. With this 

approach the incoming dust concentration can be adjusted to specific densities by altering 

the recycle dust amount. This method enables very fine changes and exact dust concentra-

tions conditions for detailed test runs. What also could be done is to test common industrial 

used low-cost filter alternative to see how so-called basic filtering material cope with very 

fine recovery boiler duct particles. Same time we have to keep open mind and eye for filter 

technology’s latest inventions and ponder how they could be utilized in the field of recovery 

boiler flue gas cleaning. 

 

From investment point of view the use of solely ESP on recovery boiler particle cleaning 

compared to either hybrid or combination of ESP and baghouse filter seem to be plus minus 

zero. The particulate cleaning efficiency the best outcome is achieved with the use of ESP-

Baghouse hybrid or combination cleaning systems. Ranking between hybrid or combination 

cleaning systems is totally dependent of the recovery boiler and existing mill factors; is the 

planned investment greenfield or to existing mill. What is the layout and free areas for par-

ticle cleaning devices. Flue gas fan iteration cleaning system investment equation. Other 

possible flue gas cleaning needs. And so on. 

 

This study did not include the overall lifecycle cost aspect when calculating investment dif-

ferences. Lifecycle cost estimation has too many unknown variables that are totally 
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dependent of target recovery boiler / mill’s location, status, and general maintenance logic 

for the mill. In detail these unknown variables start from the foundation works, cost of the 

good manufacturing with manufacturing location thorough goods shipping and installation 

costs up to mills service plan and possible utilization of spare parts between mill different 

process areas. All these would be left purely to speculation level crippling the calculations 

useless. Basics of the presented cleaning system investment costs are now known and mill 

specific detail calculations are then easier to do when the unknown variables are refined to 

adequate degree. One worthy particulate cleaning method is now field tested and ready to be 

used in the world of recovery boiler particle emission reduction. Step closer to ultralow par-

ticulate emission from recovery boiler is made.  
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