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1. Introduction 

This deliverable is about classification of biomass ashes and about identification of possible 

future utilisations. The classification as proposed is practical.  

The most important future utilisations are in top soils and as construction materials. These 

utilisations are based on EU legislation, on literature, on existing practise and on R&D 

performed within this EU Biofficiency project. 

2. A proposal for classification / categorisation of biomass ashes 

Classification here means, dividing biomass ashes into classes / categories, depending on 

properties and potential applications. The properties of biomass and the related utilisation 

options are affected by fuel composition, combustion technology and the use of additives. 

Different classification / categorisation systems of biomass ashes are possible, for instance, a 

system based on chemical composition. We opted for a practical system, considering existing 

and future EU legislation: 

1. Hazardous product/waste, like with a high UBC content, a high content of heavy 

metals and/or a high CaO content (1); and non-hazardous product/waste.  

2. With a high P content 

3. With a high UBC content 

4. Suitable for application in top soils, like as or in fertilizers, as liming agent, as soil 

improver 

5. Others, like: 

 Suitable for application in traditional glass and -ceramics 

 Suitable for application in geo-polymers 

 Suitable for replacement of cement in concrete, like coal fly ash (2), or as 

raw material for Portland cement 

 Suitable for application in silica-lime blocks. 

In general, biomass ash with a high P content should be used for: 

 Special applications, which require P 

 Recycling, or as or in fertilizer 

 Recovery of P. 

In general, biomass ash with a high content of UBC must be combusted again, and biomass 

ash with CaO can be reacted with water and/or CO2. In this chapter a hazardous product can 

be similar as a hazardous waste. Codes of interest are: H3-A, HP3, HP4 and/or HP15, for UBC 

and CaO. In general, hazardous waste is better not applied in products. 

The general flow diagram presented below shows the main aspects of our classification. As 

indicated some exceptions also exist, which are not illustrated. 
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Figure 1. Flow Diagram of the proposed ash classification scheme. 
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It is very important to note, that both lime and pulverised fuel are commercial products and the 

ash can be made non-hazardous at the site, when required.  

So, we suggest considering treated biomass ash as products, feedstocks or semi-

manufactured products, when UBC is sufficiently low and CaO is hydrolysed or carbonated. 

There is at least an exception: when CaO is required for application in construction materials. 

The CaO will then react in the process of making the construction material. 

It is open for discussion whether biomass ash (with additives), which has reacted with water 

for complete conversion of CaO to Ca(OH)2, is a hazardous substance, as it has a high pH-

value and hence should be considered as a base (1).  

Depending on the potential application, the biomass ash (with additives) must be analysed and 

tested.  

3. Ash utilisations 

A large part of the biomass ash (without additives) will leach with water. A large part of the 

biomass ash (without additives) will react with water and with CO2. These aspects are negative 

for some of the applications.  

A good base for applications of biomass ash is offered by a KEMA report from 2012, a book 

on valorisation of biomass ashes and a thesis (2, 3, 4). 

3.1. Existing utilisations 

At present, most of the biomass ash is land filled. This land filling of biomass ash is not in 

agreement with EU waste legislation. Existing valorisation options for biomass ash are: 

• As a fertilizer in agriculture and forestry 

• As an additive for compost production 

• As a liming agent in agriculture and forestry 

• As raw material in the ceramic bricks industry 

• For grouting mines (= back filling) 

• As filler for asphalt and concrete 

• As construction material at landfills 

• For daily coverage of landfills 

• For soil stabilisation 

• For forest road construction 

• For landscape management, like walls, embankments, hills, back filling 

• For cement 

• For stabilisation of dredging sludge. 

Many of these applications can be considered as “creative” land filling, at least by authorities 

and NGOs. Some of these applications are not specifically for biomass ash.  
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Biomass ashes will most likely not meet the limits of the new EU Fertiliser Directive 2019 for 

applications in top soils (21). 

In general, biomass ash is not suitable for replacing cement in concrete (2, 4), unlike the well-

established application of bituminous coal fly ash. More specifically, wood fly ash is not suitable 

for replacing cement in concrete and wood fly ash does not meet the requirements of the 

standard EN-450 (2, 4). 

3.2.  New utilisations 

Some new and better applications of biomass ash appear on the horizon: 

• Recovery of phosphor, potassium, etcetera, by leaching 

• Use in geo-polymers (part of this study) 

• Use in calcium silicate blocks (part of this study). 

3.3. Our comments 

For this study, especially applications for biomass ash are of interest. Land filling and “creative 

land filling” are not of interest for this study, which is related to EU legislation and because it is 

not specifically for biomass ash. With creative landfilling, the fact that a large fraction of 

biomass ash dissolves in water makes it less suitable for this application. 

We advocate following applications of biomass ash (with additives): 

• Leaching, with recovery of valuable elements and compounds, especially P and K 

• Application in traditional ceramics and traditional glass 

• Application in geo-polymers (this study) 

• Recycling elements back to the soil, for limiting depletion 

• Application as or in fertilizer 

• Application in calcium silicate blocks (this study). 

The presence of heavy metals in the biomass ash, especially Cd, Cr(VI), Ni and Zn, is an 

aspect which requires much attention, especially with recycling of the biomass ash and when 

applied with top soil. Note that plants require following elements as nutrients, listed in an 

approximate order of mass need (5): N, P, K, Ca, Mg, S, Fe, Mn, B, Zn, Cu and Mo. So, it is 

not a surprise to encounter many of these elements in biomass ash. Recycling these elements 

back to top soil is the positive aspect. In some recent literature Cl, I, Ni, Co, Se and V are also 

listed as micro-nutrients (4, 6, 7). 

Examples of traditional ceramics are: fired bricks, fired roof tiles, fired tiles and expanded clay 

pellets. Expanded clay pellets are light-weight aggregates, used amongst others for insulating 

walls, -floors, -roofs, and for hydro-cultures. Expanded clay pellets are produced by firing at 

high temperatures of about 1200°C, which limits leaching of heavy metals from the pellets. 

Geo-polymers are competitors to Portland cement. For instance, they act as binders in 

concrete. A major advantage should be, that with their production the specific emissions of 

fossil CO2 are much reduced, as calcination of limestone is not required. Existing examples of 

such binders already exist and are: 

• Partial replacement of cement by bituminous coal fly ash 
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• Blast furnace slag cement. 

Geo-polymers are also referred to in relation to Roman concrete. With geo-polymers, biomass 

ash can act as an accelerator or catalyst. Geo-polymers are usually based on aluminium 

silicate, like ash from bituminous coal-firing, and an alkaline chemical activator, like NaOH 

and/or sodium silicate, is used (34). Compressive strengths of between 10 and 50 MPa are 

obtained, with increasing compressive strength with increasing Na2O/(Al2O3 + SiO2) ratio (8). 

The Romans used volcanic ash as base for their geo-polymers / concrete. The Romans used 

gypsum and lime as binder / accelerator. 

With applications in construction materials, for bituminous coal fly ash there are limits regarding 

concentrations in the ash, leaching of the ash and leaching of the concrete (9, 10), at least in 

Germany and the Netherlands. Amongst others, heavy metals, organic toxins, inorganic toxins, 

chloride, fluoride and sulfates are considered. The phenol-index, the pH-value and the 

electrical conductivity are considered as well. However, the EU leaching methods are not (yet) 

defined. There is a relevant leaching standard in the Netherlands (2): NEN 7375. This standard 

is for shaped construction materials, like bricks.  

Besides Scandinavian countries, other EU regions and EU countries started looking for 

suitable applications of biomass ashes (11). Application in top soils and in construction 

materials is considered. 

 

 

Figure 2: Expanded clay pellets. (Argex) 

 

Figure 3: Production of concrete with geo-polymer as binder. (Civil Engineers Forum) 
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Figure 4: Roman concrete with facade bricks. (Treehugger) 

4. Improving the biomass ash quality 

4.1. By treatment of the biomass fuel 

Torrefaction of biomass and steam explosion of biomass have no/hardly influence on the ash 

composition of the fuel. With torrefaction chlorine partially evaporates. With torrefaction, the 

ash content of the fuel increases somewhat, expressed in wt.%. Leaching of the biomass, 

including HTC, influences the composition of the ash. The bagasse is a hot water leached 

biomass fuel and has therefore low contents of K, Na and Cl. 

Water leaching, including hydro-thermal treatment 

With aqueous leaching of the biomass fuel, at least the content of Na, K, S and Cl of the 

biomass ash will be reduced. Chloride can be present in the flue gases as a salt, like KCl, and 

as a gas, like KCl, HCl and Cl2. At high flue gas temperatures KCl will be present as a gas. We 

assume that upon cooling of the flue gases chloride in the flue gases is captured by the alkaline 

ash, assuming available (earth)alkali exceeds the chlorine content of the biomass fuel. 

Depending on the biomass and the water leaching conditions, organic compounds may 

dissolve as well, like sugar and starch. For instance, sugar is leached from sugar cane in 

boiling water, leaving bagasse. Bagasse is low in salts (K, SO3, Na and Cl). With leaching of 

straw, wood and bark, leaching of organic compounds is very limited. 

When the biomass fuel contains less K and Cl, less additives can be used for counteracting 

the presence of KCl in the flue gases and to prevent bed agglomeration. Such additives used 

are clay, aluminium silicates, bituminous coal fly ash, Fuller’s earth, etcetera. The other group 

of additives are sulphur and sulfates, like iron sulfate, aluminium sulfate and ammonium sulfate.  

KCl causes problems regarding bed agglomeration; slagging, fouling and corrosion of the 

boiler; and poisoning of the SCR catalyst. 

The use of biomass ash seems advantageous with treatment of the leachate (12). By classical 

processes both potassium and chloride can be recovered. These processes are based on ion 

exchange, membrane separation and/or (co-)precipitation. 

Reference (13) indicates the removal of K and Cl, by water leaching at elevated temperature 

of wheat straw, of more than 90%. By increasing the temperature and/or reducing the pH-value, 

the leaching of inorganic elements increases (13).  

The TUM treated different biomass fuels by Hydro Thermal Carbonisation (HTC). Some of the 

results of HTC tests are presented in the tables below. The results of some basic analyses of 

the biomass fuels before and after treatment are presented. 
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After the HTC treatment the samples were filtered, using vacuum filtration, followed by drying 

at ambient conditions, and next the moisture content was determined.  According to TUM, the 

filter cake has a moisture content of about 70 wt.%. By filter pressing, the moisture content of 

the filter cake will be about 30 to 50 wt.% With increasing HTC temperature, the moisture 

content of the sample after ambient drying decreases (Lynn Hansen).  

With the leaching of the biomass fuel, the relative amounts of K, Na, S and Cl are substantially 

lowered in the ashes after combustion. The relative amounts of Ca, Si, Al and Fe are increasing, 

which favours application routes in building materials. 

 

Table 1A: Basic analyses of biomass fuels in wt.%, from the TUM. Before and after 4h of HTC treatment.  

ar: as received 

Analysis Brewers spent grains Digestate 

 raw 180°C 230°C 280°C raw 180°C 210°C 240°C 

Moisture 6.60 2.99 2.05 1.99 9.58 5.79 4.12 3.21 

Ash, ar 3.55 3.01 3.43 3.70 8.90 8.81 9.31 10.93 

Volatile matter, ar 75.4 72.1 61.0 56.6 54.0 61.2 57.3 48.5 

Fixed carbon, ar 14.5 21.9 33.6 36.7 27.5 24.2 29.3 37.3 

Fuel ratio 0.19 0.30 0.55 0.65 0.51 0.40 0.51 0.77 

N, ar 3.43 3.77 4.51 4.00 1.35 1.39 1.58 2.05 

C, ar 45.65 59.33 69.07 65.13 44.75 51.72 56.54 64.02 

S, ar 0.34 0.54 0.52 0.42 0.12 0.18 0.18 0.20 

H, ar 6.38 6.78 6.89 6.89 5.30 5.03 5.06 4.89 

O, ar 34.05 23.58 13.55 17.87 30.00 27.08 23.21 14.70 

Cl, ar 0.03 0.01 0.01 0.01 0.36 0.16 0.13 0.11 

LHV, dry 20.0 25.6 29.5 31.0 17.8 20.4 22.1 25.3 

Mass yield, dry 1.00 0.60 0.48 0.45 1.00 0.71 0.60 0.45 
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Table 1B: Basic analyses of biomass fuels in wt.%, from the TUM. Before and after 4h of HTC treatment. 

ar: as received 

Analysis EFB Fir twigs 

 raw 180°C 230°C 280°C raw 180°C 240°C 270°C 

Moisture 7.68 5.17 2.19 2.10 5.69 3.30 1.95 1.93 

Ash, ar 8.29 6.91 8.11 8.89 3.80 3.30 2.90 2.95 

Volatile matter, ar 74.8 67.4 61.1 51.4 76.6 69.0 59.7 55.3 

Fixed carbon, ar 9.25 20.5 28.6 37.7 13.9 24.4 35.4 39.9 

Fuel ratio 0.12 0.30 0.47 0.73 0.18 0.35 0.59 0.72 

N, ar 1.04 0.88 1.50 1.83 1.22 1.12 1.55 1.68 

C, ar 46.72 54.61 64.11 69.02 49.83 55.87 66.56 72.12 

S, ar 0.31 0.09 0.25 0.32 0.10 0.10 0.10 0.10 

H, ar 6.26 5.90 6.87 6.88 5.65 5.48 5.66 5.66 

O, ar 29.70 26.45 16.97 10.96 33.72 30.83 21.28 15.56 

Cl, ar 0.53 0.36 0.19 0.04 0.13 0.05 0.05 0.06 

LHV, dry 19.1 22.0 26.3 28.8 20.0 23.3 27.7 28.8 

Mass yield, dry 1.00 0.65 0.51 0.40 1.00 0.65 0.47 0.45 

 

 

Table 1C: Basic analyses of biomass fuels in wt.%, from the TUM. Before and after 4h of HTC treatment. 

ar: as received 

Analysis Olive pomace Spruce bark 

 raw 180°C 230°C 270°C raw 180°C 230°C 280°C 

Moisture 3.38 3.65 2.12 3.65 8.70 2.50 2.40 2.65 

Ash, ar 2.01 0.44 0.78 0.70 3.43 2.57 3.24 2.87 

Volatile matter, ar 75.4 73.3 58.0 60.0 77.6 69.8 58.7 48.1 

Fixed carbon, ar 19.2 22.6 39.2 35.7 10.2 25.1 35.6 46.4 

Fuel ratio 0.25 0.31 0.68 0.60 0.13 0.36 0.61 0.96 

N, ar 0.46 0.42 0.69 0.64 0.38 0.47 0.54 0.80 

C, ar 52.86 59.53 69.05 74.90 48.09 58.57 66.43 72.97 

S, ar 0.09 0.07 0.10 0.07 0.16 0.26 0.18 0.22 

H, ar 5.87 5.93 5.78 6.05 6.15 6.84 6.85 6.82 

O, ar 35.34 29.97 21.48 13.99 33.09 28.80 20.35 13.68 

Cl, ar 0.12 0.02 0.05 0.02 0.02 0.01 0.01 0.01 

LHV, dry 20.7 23.8 28.1 30.5 19.1 21.8 25.4 29.1 

Mass yield, dry 1.00 0.64  0.48 1.00 0.74 0.62 0.51 

-: not detected 

  



 

9 
 

From table 1 it can be observed that with HTC, the elements K, Na, Cl and S are leached. 

However, leaching of S is often very limited. From table 1 it can be observed that with HTC, 

the LHV of the biomass fuel increases, the O-content is reduced, the fuel ratio increases and 

the moisture content is reduced. The low moisture content obtained possibly indicates that an 

HTC treatment can be beneficial for both wet and dry biomass fuels, as possibly little thermal 

drying is required for obtaining dry fuels. Some biomass fuels show a low mass yield. 

When much organic material is dissolved, digestion of the leachate should be considered. 

When the dissolved organic material has a significant value, like sugars and starch, recovery 

of these materials should be considered. 

Torrefaction 

Torrefaction means heat treatment of the biomass fuel at moderate temperatures of 200 to 

300°C. Depending on the final temperature and the biomass fuel, chlorine may partially 

vaporize (14). Especially samples of Eucalyptus woods lost much of its chlorine content, with 

about 90 wt.%. These wood samples contained a high chlorine content of respectively 0.21 

and 0.32 wt.%, on dry base. The other wood samples lost about 50 wt.% of their chlorine 

content (14). 

The effect of torrefaction on ash quality and its potential application is minimal, since it does 

not substantially changes the relative compositions of ash-forming elements. An exception 

may be chlorine, for certain biomass fuels. 

Removal of foreign objects (and foreign materials) 

Removal of foreign objects from the biomass fuel improves the quality and reduces the quantity 

of the biomass ash. Especially the scrap metals have a value. Removal of scrap metals from 

coal is state-of-the-art with coal-fired power plants and CHP plants.  

Removal of foreign objects from the biomass fuel is advantageous for prevention of damages 

to down-flow equipment, such as mills, transport devices, boilers, locks, etcetera. Especially 

purified waste wood usually still contains many foreign objects and sand. By removal of foreign 

objects (and foreign materials) the availability of the power plant or CHP plant increases.  

Some foreign objects do not survive the combustion process and hence cannot be separated 

from the biomass ash after combustion. In this way such objects “pollute” the biomass ash. An 

example is aluminium cans. Another example is power cells, which usually have a high 

concentration of heavy metals. 

Mechanical and automated separation of municipal waste is state-of-the-art. In this way RDF 

is produced as well. Purification of waste wood, including removal of foreign objects and foreign 

materials, is also state of the art.  

An example of a foreign material in biomass fuel is sand / soil. 

Foreign objects can be removed from the biomass fuel by: coarse sieving, magnetic separation 

and eddy current separation. Foreign materials like sand can be removed from the dry biomass 

by air classification or by fine sieving. With wet biomass, dense media (water) separation can 

be applied. 
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4.2. By treatment of the biomass ash 

UBC 

The content of UBC can be reduced by using the ash as a fuel again (19). This can be done 

by combustion in the boiler at hand. Recycling of the ash back to the boiler can have other 

advantages, like improved flue gas desulphurization and/or the use of less additives for flue 

gas treatment, with CFBC. Recycling of ash back to the boiler may also limit the use of bed 

material. Last but not least, the quantity of biomass ash is reduced when reducing the UBC 

content. 

Fly ash can be granulated prior to recycling. Bottom ash can be ground prior to recycling. 

Especially with BFBC and CFBC, the combustion improves with increasing temperature. This 

means that the UBC content of the ashes decreases with increasing combustion temperature. 

Especially with PFC, the UBC content decreases with decreasing particle size of the pulverised 

biomass fuel. 

With the design of the boiler, a large size of the combustion chamber adds to obtaining a high 

residence time of the fuel and ash particles, and the flue gases, in the combustion zone and 

thereby reducing the UBC content of the ash. 

With CFBC, the application of high-efficiency cyclones, for returning coarse fly ash back to the 

fluidised bed, also limits the UBC content of the fly ash. Besides, it limits primary emissions of 

NOx. 

The ash can be water-leached, filter-pressed and/or dried, prior to recycling of ash back to the 

boiler, for removal of sulfate, Na, K and Cl. 

Removal of foreign objects  

Removal of foreign objects is especially required when further processing of biomass ash is 

considered. Especially the bottom ash may contain foreign objects, such as stones, sand, 

metallic objects, pieces of glass, slags, etcetera. 

Foreign objects are removed by coarse screening, magnetic separation and eddy current 

separation of the bottom ash. Removal of metals from ash is usually economic, due to the 

value of scrap metal. 

Ash reactivation 

For in-bed flue gas desulphurisation, the ash can be reactivated, for using less limestone. The 

ash is partially recycled back to the furnace. Before recycling the ash is reacted with water and 

ground. In this way new and reactive surface is created. With recycling of the ash back to the 

furnace, the UBC content is reduced as well.  

Leaching 

By leaching the biomass ash with excess water, some compounds react and/or dissolve and 

are removed from the biomass ash. This holds especially for sulfate, chloride, potassium, 

sodium, CaO and Ca(OH)2. The leaching of CaO / Ca(OH)2 is limited. By leaching using only 

a small excess of water, especially the chloride is removed. Water leaching can be 

advantageous for applications in construction materials, as the salts are removed and 

especially silica- and calcium compounds remain. 
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Especially the behaviour of trace elements requires attention with leaching.  

When using an acid, phosphate and CaCO3 dissolve and leach as well, depending on the acid. 

Minor elements / compounds, such as magnesium and iron, and trace elements, such as heavy 

metals may be dissolved and leached as well. This acid leaching of biomass ash is 

advantageous for recovery of P from biomass ash with a high P content. Heavy metals and 

minor elements / compounds can be recovered from the acid solution as well, by 

(co-)precipitation, membrane separation and/or ion exchange. 

Selecting the best type of acid is crucial. Acids proposed in literature are: H2SO4, HCl, H3PO4 

and HNO3. The use of organic acids is not encountered in the relevant literature. Some of 

these acids are very useful for producing N-, P- or K-fertilizers. When using sulphuric acid, 

gypsum is formed with the CaO from the biomass ash, and the gypsum does not dissolve. 

So, leaching offers the possibility of upgrading the biomass ash, which is similar to the recovery 

of valuable of elements / compounds from biomass ash. It is applied for ash from the 

combustion of municipal sewage sludge. This ash has a high content of heavy metals and P, 

which makes the direct utilisation of this ash difficult, especially regarding recycling in forestry 

and in agriculture. In this way the biomass ash is split into two fractions: a fraction more suitable 

for building materials and a fraction more suitable for making fertilizers. 

Reaction with water 

By reaction of biomass ash with water at room temperature, lime (= CaO) is converted to 

hydrated lime (= Ca(OH)2, slaked lime). This makes the biomass ash a less hazardous product.  

By reaction of biomass ash with water the pozzolanic properties may be lost. By this reaction, 

the quantity of biomass ash increases. 

The reaction with water can be used for making construction materials. The most well-known 

example is cement in concrete. 

Reaction with acid 

By reaction of biomass ash with acid at room temperature, which includes water, the pH-value 

is reduced down to about 5 to 7. Besides, CaO is converted. At least KOH, Ca(OH)2 and CaO 

are converted to a salt. At pH-values of below 7, CaCO3 reacts as well.  

Depending on the acid selected, sulfates, phosphates or nitrates are formed, which can be 

beneficial for the application as or in fertilizer. 

Reaction with CO2 

By reaction of biomass ash with CO2 at room temperature, which includes water, the pH-value 

is reduced down to about 7. Besides, CaO is converted. At least KOH, Ca(OH)2 and CaO are 

converted into a carbonate. This makes the biomass ash much less hazardous. This process 

is often named carbonation. 

By reaction of the biomass ash with water and CO2, pozzolanic properties may be lost. 

From the point of safety, the reaction of biomass ash with water and CO2 is recommended. 

Actually, this is what happens when mixing biomass ash with top soil. By these reactions, the 

quantity of biomass ashes increases significantly. 

This reaction of wood ash with water and CO2 is considered in Denmark and Sweden, for 

improved handling of these ashes. Besides, granulation of the wood ashes is considered, again 
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for improved handling. This reaction of ash with water and CO2 is applied with bottom ashes 

from municipal solid waste incineration in the Netherlands. 

The reaction with carbon dioxide instead of water can be used for making construction 

materials. This process is a form of carbon dioxide sequestration and may be helpful in limiting 

greenhouse gases from energy production. A well-known example is the product named 

Carbstone, which is made of slag and CO2 mainly. 

Size enlargement, agglomeration, granulation 

Handling of biomass ash can be improved and formation of dust can be prevented by applying 

technologies such as granulation and wetting. Granulation of synthetic fertilizers is state-of-

the-art.  

The information of this paragraph is mainly based on Perry’s Chemical Engineers’’ Handbook 

(15). Granulation techniques can be applied such as: 

 Compaction and briquetting 

 Disk and pan granulation can be considered, by adding water (and a binder). The 

pozzolanic properties of the ashes can be of advantage. 

 High-shear mixer granulators can be applied, by adding water (and a binder).  

Coarse materials must be ground prior to granulation. Bottom ash is usually coarser than fly 

ash.  

Sticking together of the granules, during transport and/or storage, must be prevented. With 

some fertilizers resin coatings are applied on the granules for prevention of further 

agglomeration. Such a resin coating can also contribute to slow release of the nutrients. 

In general, agglomeration of biomass ash increases the bulk density of the biomass ash, which 

is advantageous from the points of view of transport and storage. 

In Finland, the company Ecolan applies compacting to fertilizers based on wood ash plus 

additional nutrients (16). In Sweden and Denmark, heat and power companies apply pan 

granulation for their wood fly ashes. 

Following well-known companies supply agglomeration technologies and agglomeration 

equipment: Eirich, Schugi / Hosakawa Micron and Bepex. 

Size reduction 

Especially grinding of bottom ash can be considered, for increasing the reactivity. This is state-

of-the-art with firing bituminous coal and some types of biomass fuels. In this way the bottom 

ash leaching is easier and the pozzolanic properties are enhanced. Grinding of the bottom ash 

should not add more heavy metals, like Ni and Cr, to the biomass ash. For example, using a 

classical, horizontal ball mill with rubber lining and alumina balls allows for grinding without 

adding metallic impurities to the ash. However, the presence of fine iron particles can be 

beneficial for reduction of Cr(VI) to Cr(III). 

The grinding process can be either wet or dry. With wet grinding, reactions between the 

biomass ash and water must be considered. Besides, some elements and compounds will 

dissolve, which must be considered as well.  
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For very fine, wet grinding of already fine materials, so called pearl mills or micro mills are used. 

These can also be designed without contacts between metallic materials and the to-be-ground 

material. 

Also high-pressure rolls mills can be used for dry grinding and limiting addition of heavy metals. 

Note that the grinding of the material is not between the rolls but just up-flow of the rolls. 

The company MHPS tests the use of grinding aids, here coal fly ash. These tests are part of 

this EU Biofficiency project. About 4.5 wt.% of ash is added, related to the biomass. This 

increases the ash content with about 4.5 wt.% to about 6 wt.%.The wear of the mill almost 

doubled, with the use of coal fly ash as grinding aid. The grinding aid is effective for grinding 

wood pellets: the average particle size is reduced from 0.7 down to 0.6 mm. 

Fine sieving or air classification 

Upon cooling of the flue gases, aerosols form and vaporised compounds deposit on the fly ash. 

Fine fly ash has a high specific surface area.  

By separating fine fly ash, relative large fractions of some heavy metals and aerosols, 

especially potassium chloride and potassium sulfate, are removed. However, fine fly ash tends 

to agglomerate, which makes fine sieving hard. In the laboratory wet sieving is applied, using 

water or isopropanol. In the laboratory, air jet sieving is applied as well.  

Obviously, with wet sieving, using an aqueous solution, leaching and dissolving will occur as 

well. When using isopropanol, safety issues must be considered. Hence these laboratory 

methods are hardly suitable for large-scale application. 

At large scale, different tricks are applied with fine sieving, like adding rubber balls. Instead of 

fine sieving, air classification can be considered for separation of the biomass ash in a coarse 

and a fine fraction. 

The coarser fraction of the biomass fly ash should be relatively low in some toxins, like semi-

volatile heavy metals, and in salts. 

Blending and mixing 

Mixing of fly ash and (milled) bottom ash from one combustion unit for recycling biomass ash 

back to top soil seems logical, for recovery of the nutrients as far as possible. Note that this 

can be in contradiction with fine sieving and air classification, as described above, depending 

on the qualities of the ashes. 

Mixing can be combined with storage, for obtaining large quantities of biomass ash with a fixed 

composition. 

Mixing of biomass ash with synthetic organic and/or synthetic inorganic fertilizer can be applied 

for producing a fertilizer according to specification. Mixing of different types of fertilizers, such 

as N-, P- and K-fertilizers, is state of the art for producing fertilizers on specification. In this 

way, the fertilizer is optimal for a typical agricultural product, such as tomatoes, corn, wheat, 

potatoes, grass, roses, apples, grapes, etcetera. Note, that plants also need Ca, Mg, Fe, 

etcetera. Variation in the quality of biomass ash can easily be compensated for. 

The application of ammonium nitrate as fertilizer must be abandoned, for reasons of safety 

and security, as this is a potent explosive as well.  

Blending and mixing of large quantities of biomass ash is a way to cope with the variation in 

the composition of the biomass ash, even within one type of biomass fuel. Inconsistent quality 
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is your enemy, so blending with the same ash fraction, produced earlier makes sense for 

consistency. Blending and mixing of large quantities of biomass ash with large quantities of 

organic fertilizers, and/or synthetic fertilizer is again a way to cope with the variation in the 

compositions of the biomass ash and of the organic fertilizer. Limestone and/or slake lime can 

be added for increasing the pH-value of this mixed fertilizer.  

In Finland, boron and nitrogen are often added to wood ash, prior to fertilization of forests. 

The figures 9, 10 and 11 show that blending and mixing of raw materials is state-of-the-art with 

the production of fertilizers. 

 

 

Figure 9: Production of synthetic (mixed) NPK fertilizers. (Technip) 

 

 

Figure 10: Production of synthetic mixed NPK fertilizers. (Desmet Ballestra) 
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Figure 11: Production of synthetic mixed NPK fertilizers. (Veolia) 

 



 

16 
 

5. Considering the combustion technology 

The combustion technology selected can have an influence on the quantity of biomass ash 

and will have an influence on the composition of the biomass ash. The combustion temperature 

varies with the combustion technologies. 

5.1. Combustion temperature 

The combustion temperature has an influence on the chemical composition of the biomass 

ash. With PFC the combustion temperature is usually high, with more than 1400°C. With BFBC 

and CFBC, the combustion temperature is usually between 800 and 950°C. With BFBC and 

CFBC sometimes combustion temperatures of below 800°C are selected. 

At low combustion temperatures, carbonates are not calcined. With increasing combustion 

temperatures, the combustion improves. This usually means less primary CO emissions and 

less UBC in the ash. The higher the combustion temperature, the more vaporisation of lead, 

zinc, sodium and potassium.  

For in-bed flue gas desulphurisation, the optimum combustion temperature is between 800 

and 900°C. The presence of water vapour and CO2 stabilises carbonates and hydroxides in 

the ash. Sodium and potassium can act as catalysts for the calcination of limestone.   

Upon cooling down of the flue gases, the alkaline ash particles can react with water vapour 

and acid compounds present in the flue gases, like CO2, HCl, HF, SO2, SO3, and vaporised 

elements and compounds may deposit on the ash particles, like potassium sulfate, potassium 

chloride and semi-volatile heavy metals. 

With PFC and grate firing, the fly ash is partially molten and the ash particles are spherical. 

With BFBC and CFBC the ash particles are not spherical and not (partially) molten. The particle 

size distribution of fly ash varies between 1 and 100 µm, with an average diameter of about 10 

µm, based on mass. 

5.2. BFBC 

This combustion usually operates at temperatures between 800 and 950°C. The flue gases 

contain about 3 vol.% O2, dry. With fuels with low ash content, bed material is added. The 

recommended particle size of the (biomass) fuel should be about between 2 and 10 mm, 

preferably between 2 and 5 mm. However, coarser biomass fuels are encountered as well, for 

instance up to 50 mm. The BFBC is usually operated with a superficial flue gas velocity in the 

bed of about 1 m/s. 

In-bed flue gas desulphurisation is possible, by adding limestone to the bed and operating at 

temperatures of about 850°C. As biomass ash is alkaline, in-bed flue gas desulphurisation will 

occur without addition of limestone. For excellent flue gas desulphurisation, the Ca to S ratio 

should be at least 2. With increasing combustion temperature, the primary N2O emissions are 

reduced. 

Often the temperature in the freeboard is much higher than the temperature in the bed. The 

high freeboard temperature prevents primary emissions of N2O. 

Combustion additives can be applied, such as sulphur, sulfate and aluminium silicates, against 

bed agglomeration, corrosion and poisoning of the SCR catalyst. 
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The capacity of a BFBC is limited. An advantage of BFBC is fuel flexibility. However, fuel 

flexibility is still limited and must be considered with the design. Very wet fuel (50 to 60 wt.% 

moisture and more) should not be combusted, as it results in high costs. 

So, with BFBC of a biomass fuel with a low ash content, biomass ash will contain added bed 

material as well. The usual added bed material is quartz sand. However, other added bed 

materials can be used as well, such as olivine. The biomass ash may contain residues from 

the other additives used as well. 

5.3. CFBC 

This combustion usually operates at temperatures between 800 and 950°C. The flue gases 

contain about 3 vol.% O2, dry. With fuels with low ash content, bed material is added. The 

particle size of the (biomass) fuel should be about between 2 and 10 mm, preferably between 

2 and 5 mm. However, coarser biomass fuels are encountered as well, for instance up to about 

50mm. The CFBC is usually operated with a superficial flue gas velocity in the bed of about 5 

m/s. 

In-bed flue gas desulphurisation is possible, by adding limestone to the bed and operating at 

temperatures of about 850°C. As biomass ash is alkaline, in-bed flue gas desulphurisation will 

occur without addition of limestone. For excellent flue gas desulphurisation, the Ca to S ratio 

should be at least 2. With increasing combustion temperature to between 900 and 950°C, the 

primary N2O emissions are reduced. 

Combustion additives can be applied, such as sulphur, sulfate and aluminium silicates. 

CFBC is available at the largest scale, which is at present about 1800 MWfuel. For large 

capacities, at present 2 CFBC units are used on 1 steam turbine. An advantage of CFBC is 

fuel flexibility. However, fuel flexibility is still limited and must be considered with the design. 

Very wet fuel (50 to 60 wt.% moisture) should not be combusted, as it results in high costs. 

For combustion of solid fuels, CFBC is in general the best choice (17). A large number of CFBC 

units have been built for various types of biomass fuels. 

So, with CFBC of a biomass fuel with a low ash content, biomass ash will contain added bed 

material as well. The usual added bed material is quartz sand. However, other added bed 

materials can be used as well, such as olivine. The biomass ash may contain residues from 

the other additives used as well. With CFBC, there is about 30 wt.% bottom ash and 70 wt.% 

fly ash. For example, with firing wood pellets and using added bed material, there will be about 

95 wt.% fly ash. 

5.4. PFC 

With dry fuel, this combustion usually operates at temperatures of more than 1400°C. The flue 

gases contain about 3 vol.% O2, dry. Bed material is not added. The particle size of the 

(biomass) fuel should be about 100% less than 1 mm, at least in 1 dimension. With such fine 

fuel the risk of dust explosions and fires must be considered, and dust explosions and fires 

must be prevented.  

Obviously, as there is no bed and the combustion temperature is high (not near about 850°C), 

added bed material and in-bed flue gas desulphurisation cannot be applied. There are no 

primary N2O emissions with PFC.  
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Combustion additives can be applied, such as sulphur, sulfate and aluminium silicates. The 

biomass ash may contain residues from the additives used. With PFC, there is about 15 wt.% 

bottom ash and 85 wt.% fly ash. 

PFC requires well-controlled fuel specifications with narrow margins. PFC is available at the 

largest scale. 

5.5. Grate firing 

Grate firing is not part of this EU project. On request of one of the participants, this subject is 

added. Including this technology makes this study more complete. 

With dry fuel, this combustion usually operates at temperatures of about 1400°C, assuming 

the combustion air is preheated. The flue gases contain about between 3 and 6 vol.% O2, dry. 

Bed material is usually not added. However, a layer of ash or other refractory material may be 

applied on the grate, for protection of the grate against damages by high temperatures. The 

particle size of the biomass fuel can be coarse with 50 mm and more, at least in 1 dimension. 

Fuels of finer particle size can be applied as well and this is preferred. Grate firing can cope 

with the presence of foreign objects and –materials, depending on the grate type.  

With wet fuels and/or without preheating of the combustion air the combustion temperature will 

be much lower than 1400°C.  

Obviously, as there is no bed other than the bed of fuel and the combustion temperature is not 

near about 850°C, added bed material and in-bed flue gas desulphurisation cannot be applied. 

There are no primary N2O emissions with grate firing. With a dry fuel and limited excess air, 

the combustion temperature is more than 1000°C, even without preheated combustion air. 

Combustion additives can be applied, such as sulphur, sulfate and aluminium silicates. The 

biomass ash may contain residues from the additives used. With grate firing there is about 50 

wt.% bottom ash and 50 wt.% fly ash, not considering the application of a layer of refractory 

material on the grate and depending on the fuel. However, literature can be found which 

indicates a much higher percentage of bottom ash and a much lower percentage of fly ash, for 

instance about 90 wt.% bottom ash and 10 wt.% fly ash. With firing municipal solid waste, 

indeed the percentage bottom ash is high and the percentage fly ash is low. 

The capacity of grate firing is limited. An advantage of grate firing is fuel flexibility. However, 

fuel flexibility is still limited and must be considered with the design. Very wet fuel should not 

be combusted, as it results in high costs. 

6. Considering the flue gas treatment 

For this study, four different types of flue gas treatment are considered: 

 A fly ash filter only 

 A fly ash filter and a semi-dry FGD 

 A fly ash filter combined with a semi-dry FGD, which here is similar to in-bed flue 

gas desulphurisation combined with a fly ash filter. 

 A fly ash filter and a wet limestone-gypsum FGD. 

Each of the flue gas treatments can be combined with SCR and/or SNCR. With the semi-dry 

FGD, Ca(OH)2 is used as additive, and water is injected into the flue gases as well. For the fly 
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ash filter a maximum operating temperature of 125°C is assumed. In practise, temperatures 

up to 140°C can be encountered. 

Some of the biomass fuels contain about 1 wt.% Cl on dry mass, which is a high Cl content. 

As mentioned, a biomass fuel with a low Cl (and K) content is preferred for combustion. Only 

municipal sewage sludge and manure contain a high S content.  

For this study, manure is best not combusted, but applied as an organic fertilizer. However, it 

can be digested first. 

6.1. A fly ash filter only 

With a dedicated fly ash filter either “pure” biomass fly ash or biomass fly ash with combustion 

additives, especially calcined aluminium silicates, is obtained.  

With fresh wood pellets firing, a fly ash filter only is often sufficient, as the fresh wood has 

relative low contents of S and Cl, of about 0.1 wt.% on dry matter each, and the ash is alkaline. 

Upon cooling down of the flue gases, CaO reacts with water vapour, CO2, HCl and SO2, 

thereby forming compounds such as CaCO3, Ca(OH)2, CaCl2, CaSO4. Also KOH can react 

with acid gaseous compounds in the flue gases.  

Both ESP and FF are used with biomass combustion, as with bituminous coal combustion. 

6.2. Fly ash filter and a semi-dry FGD 

First, fly ash is removed from the flue gases using a fly ash filter.  

Downflow of this filter water and hydrated lime are injected into the flue gases. The reactions 

between Ca(OH)2 and the acid gaseous compounds forms the basis of the semi-dry FGD. 

Water is for control of the flue gas temperature and for increased capture of acid compounds. 

There is an empty reactor, for creating a residence time of about 10s. The reaction product is 

removed from the flue gases by a second filter. The reaction product is recycled, for using near 

stoichiometric quantities of hydrated lime. The lower the operating temperature, the more 

efficient the flue gas cleaning process. An operating temperature of about 80°C is ideal for flue 

gas desulphurisation. 

When much CaCl2 is formed, the reaction product is sticky. This stickiness is counteracted by 

increasing the operating temperature, for instance to between 125 and 140°C.  

To the Ca(OH)2, activated carbon can be added, for instance for reduction of emissions of Hg, 

dioxins, furans, etcetera. When much CaCl2 is formed, which is very hygroscopic, the reaction 

product becomes sticky. To counteract sticky reaction product, the temperature is raised to 

between 125 and 140°C. 

The acid dew point and the materials selected must be considered, for prevention of corrosion. 

Especially sulphuric acid increases the acid dew point of flue gases. The semi-dry FGD is 

wastewater free.  

There are several suppliers of this semi-dry FGD technology, which is applied especially with 

municipal solid waste incineration plants. 

6.3. Fly ash filter combined with a semi-dry FGD 

The semi-dry FGD can be combined with the fly ash filter. Both the fly ash and the reaction 

product are removed from the flue gases by the filter. It can be more difficult to valorise the 
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mixture of reaction product and fly ash, compared to dedicated marketing of fly ash and 

reaction product. From the CAPEX point of view, this combination of technologies is cheaper. 

6.4. The wet limestone-gypsum FGD 

With this flue gas treatment, there is a dedicated filter for capturing fly ash only, with 

combustion additives when applied. As the fly ash is alkaline, acid compounds will be captured 

from the flue gases anyway. 

Acid compounds, volatile metals and volatile compounds not captured in the fly ash filter, may 

be captured by the wet scrubbing. Examples of such compounds are SO2, HCl, H3BO3, Hg. 

The wet scrubber operates at a pH-value of about 5 to 6. Additives may be used for enhanced 

capture of Hg. 

SO2 is converted to gypsum, which is separated. Pulverised limestone is used as additive, 

which is cheap and safe to handle. The limestone is used at near stoichiometric ratio. 

Control of the value of the ORP of the wet FGD is important, for conversion of sulfite to sulfate 

and for preventing the conversion of Hg(II) and Hg(I) to Hg(0), of Cr(III) to Cr(VI) and of selenite 

to selenate. The value of the ORP is usually controlled by controlling the air injection into the 

sump of the wet FGD. 

The wet limestone-gypsum has an effluent flow. This flow is purified at least. However, after 

purification it still contains salts, like calcium chloride. Zero liquid discharge technology may be 

applied, which is at present extremely expensive. Progress with cheaper zero liquid discharge 

methods is ongoing, and cheaper alternatives are already known, like using the concentrated 

brine for anti-icing. Another alternative to the conventional zero liquid discharge process is the 

combination of evaporation for concentration plus precipitation of salts at low temperatures. 

Excellent, affordable purification technology is available, for the FGD effluent. The technology 

is based on co-precipitation, using iron, hydrated lime and sulfide. The effluent should have a 

chloride concentration of about 20 g/l. The operating pH-value of the treatment should be about 

9. Poly-electrolyte is used as flocculant. Anearobic digestion can be added, amongst others 

for removal of S-N-compounds and selenium. In this way, the concentration and discharge of 

at least heavy metals, fluoride, sulfate and phosphate is much reduced. The anaerobic 

digestion can be advantageously combined with the use organic additives, like adipic acid, in 

the FGD, for increased efficiency of capture of SO2. 

We believe that discharging purified, salt water into the sea is quite acceptable. Obviously, 

discharging purified, salt water to fresh water seems less suitable from the environmental point 

of view. 

6.5. Our comments regarding FGD 

In the ways described above, the flue gas treatment influences the quality and the quantity of 

the biomass ash. 

Obviously, operating a fly ash filter only is the cheapest option, assuming it is sufficient. 

The combination of semi-dry FGD and one fly ash filter is the second cheapest option. It is as 

cheap as in-bed flue gas desulphurisation with BFBC and CFBC, but it is much better, as it 

allows for the use of additives which otherwise interfere with in-bed flue gas desulphurisation, 

like formation of primary NOx and primary N2O.  
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Depending on the biomass fuel, the dedicated fly ash filter plus dedicated FGD allows for 

obtaining the biomass fly ash and the flue gas purification reaction product separately. This 

can make marketing of the 2 residues simpler.  

The use of the wet limestone-gypsum FGD is especially of interest with biomass fuels with a 

high S and a low Cl content. The S is with the combustion converted to SO2 and with the wet 

FGD to gypsum. Quality gypsum can be marketed. 

Instead of limestone or hydrated lime, NaOH, NaHCO3 or Na2CO3 can be used with flue gas 

purification. These compounds have several disadvantages, like being much more expensive, 

more difficult in handling and/or reduced safety. The combination of the reaction products with 

the biomass fly ash (with additives) for use in top soils seems a bad idea. With waste 

incineration these compounds are used with flue gas purification and the reaction product is 

taken back by the supplier of the sodium compounds. 

The use of KOH, KHCO3 or K2CO3 can be considered for flue gas purification. The combination 

of the reaction products with the biomass fly ash (with additives) for use in top soils seems a 

much better idea, as K2SO4 and KCl are sold and used as fertilizer. However, the potassium 

compounds are expensive. 

Instead of limestone with the wet limestone-gypsum process, scrubbing with aqueous 

ammonia is offered in the market. Aqueous ammonia is much more expensive than pulverised 

limestone. The reaction products ammonium chloride and ammonium sulfate can be marketed. 

Handling aqueous ammonia is much less safe compared to handling pulverised limestone. 

The market for the ammonia compounds is much smaller and the prices are much more volatile, 

compared to the market and prices of gypsum. Amongst others ammonia is an N-fertilizer and 

ammonium sulfate is sold and used as a fertilizer. 

For all of these reasons, we advocate the use of hydrated lime and limestone for flue gas 

purification. As such, we should spend time and resources only on ashes and flue gas 

cleaning/desulphurisation additives based on hydrated lime and limestone. 

6.6. Ammonia and S(N)CR 

When applying SCR or SNCR, there is slip of ammonia. This means that the flue gases down-

flow of the SCR or SNCR contain about 1 mg/Nm³ (SCR) or between 5 and 15 mg/Nm³ of 

ammonia (SNCR). Ammonia is a basic compound.  

This ammonia may react with SO3, forming ammonium sulfate or ammonium bisulfate. 

Ammonium bisulfate is sticky and may cause fouling of the air preheater. At temperatures of 

the catalyst of below about 320°C, it may also cause fouling of the catalyst. 

The ammonia slip may be adsorbed on the fly ash, during cooling of the flue gases, with the 

exception of a tail-end SCR. With bituminous coal-firing, the fly ashes contains about between 

10 and 100mg/kg of ammonia. The fly ash from wood-firing is basic, and hence one can 

assume that the fly ash does not adsorb ammonia. Fly ash from biomass-firing, including wood-

firing, can have a high UBC content. UBC behaves like activated carbon, which adsorbs 

ammonia. Hence, the ammonia content of biomass fly ash can be high as well. Bituminous 

coal contains about 10 wt.% ash. Some types of biomass contain much less ash, compared to 

bituminous coal, like wood pellets with about 1 wt.% ash. When this fly ash captures the 

ammonia slip, the fly ash can contain up to about 1000 mg/kg of ammonia. However, fly ash 

with maximum 100mg/kg of ammonia is normally encountered. 

Experience with the waste-wood fired unit at Zolling power station showed that the fly ash plus 

FGD residue contained more than 100mg/kg of ammonia. This unit is operated with a SNCR. 
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The waste wood contains 17 wt.% ash. About 75 wt.% of the ash is bottom ash, about 15 wt.% 

is fly ash and about 12 wt.% is cyclone ash. The cyclone ash contained about 10 wt.% UBC 

and 30 mg/kg ammonia. This grate-fired unit has a semi-dry FGD, with one dust filter only, for 

capturing fly ash plus FGD residue. About 30% of the dust captured in the FF is FGD residue 

and 70 wt.% is the fly ash. Hydrated lime plus activated coke is used as additive, which is 

injected into the flue gases between multi-cyclone and FF.  

This subject of ammonia in biomass fly ash requires more attention. 

6.7. In-bed FGD 

This technology is based on addition of limestone to the bed. With BFBC and CFBC, we do 

not advocate in-bed flue gas desulphurisation, due to several reasons:  

 This technology limits the combustion temperature to about 850°C  

 It may increase emissions of primary NOx, especially with fuels of low FR such as 

biomass fuels  

 The calcination of limestone requires energy   

 Excess limestone is applied 

 It reduces the ratio of S/Cl in the flue gases, as it captures SO2 and SO3. A high 

ratio of S/Cl limits corrosion by Cl and KCl, and limits poisoning of the SCR catalyst 

by KCl. 

As indicated above in this chapter 6, suitable alternatives are available. In practise the mixture 

of fly ash and residue from in-bed FGD is often encountered, as it is still state-of-the-art. 
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7. Considering the use of additives with combustion and flue gas 

treatment 

7.1. With combustion 

Aluminium silicates 

Aluminium silicates can be used as additive for capturing potassium. In this way KCl and K2SO4 

are not present in the flue gases, which limits slagging, fouling and corrosion of the boiler and 

poisoning of the SCR catalyst. The reaction of interest is simulated by: 

2 KCl + Al2O3.2SiO2 + H2O = K2O.Al2O3.2SiO2 + 2 HCl   

Aluminium silicates are used in excess, considering both sodium and potassium in the biomass 

fuel, and the ash content of the biomass fuel. Aluminium silicates like kaolin are most effective 

at about 950°C. It seems worthwhile looking for cheap aluminium silicates. For instance spent 

bleaching earth can be a fuel, depending on its oil content, or a residue, when the oil is 

recovered from the spent bleaching earth. As a residue it should be cheap.  

For some applications, calcined aluminium silicates are advantageous, like for geo-polymers. 

For other applications, calcined aluminium silicates have no added value, like for fertilisation 

of top soils. 

Calcined aluminium silicates are pozzolanic. Examples of aluminium silicates are clays, 

Fuller’s earth, kaolin, etcetera. The calcined aluminium silicates are captured with the biomass 

fly ash at the dust filter, which is either an ESP or a FF. As the aluminium silicates are often 

used in large quantities, compared to the biomass ash, the calcined aluminium silicates “dilute” 

the biomass ash. 

When using aluminium silicates additives, we anticipate that potassium will not leach from the 

ashes with water-leaching. 

Aluminium silicates not only capture sodium and potassium, they also capture phosphate. 

Bituminous coal fly ash 

From the chemical point of view, bituminous coal ash resembles aluminium silicates, as a large 

part of the ash originates from clay. This bituminous coal ash is cheap, with about 0€/ton. 

However, the content of heavy metals in bituminous coal ash is often significantly higher than 

that of clay, which can be a disadvantage, depending on the application of the biomass ash 

with bituminous coal ash. Especially the presence of mercury, which is volatile, in the 

bituminous coal fly ash requires attention. 

As the bituminous coal ash is used in large excess, compared to the wood ash, the mixture is 

probably acceptable for the standard EN-450, which is about partial replacement of cement by 

bituminous coal fly ash from PFC in concrete (18). 

Coal fly ash is pozzolanic. The bituminous coal fly ash is captured with the biomass fly ash at 

the dust filter, which is either an ESP or a FF. As the bituminous coal fly ash is often used in 

large quantities, compared to the biomass ash, the bituminous coal fly ash “dilutes” the 

biomass ash. For instance, the Avedore fly ash consists of “about 90 wt.% coal fly ash and 

about 10 wt.% wood fly ash”.  
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Stockpiles of bituminous coal fly ash are available. In some countries, like the Netherlands and 

Germany, most bituminous coal fly ash is utilized for decades, especially as partial 

replacement of Portland cement in concrete. 

As indicated in this EU Biofficiency project, in Denmark PFC power plants burning wood pellets 

use bituminous coal fly ash as additive. The Avedore fly ash is an example of the use of 

bituminous coal fly ash mixed with wood fly ash. 

When using aluminium silicates additives, like bituminous coal fly ash, we anticipate that 

potassium will not leach from the ashes with water-leaching. At high combustion temperatures 

Na and K become part of the matrix of fly ash particles.  

Sulphur and sulphate 

Sulphur can be used as additive for converting KCl into K2SO4. First S is oxidised to SO2. Next, 

following overall reaction is of interest: 

4 KCl + 2 SO2 + O2 + 2 H2O = 2 K2SO4 + 4 HCl.  

With combustion S is converted to SO2 for about 99%, and to SO3 for about 1%. This makes 

S less effective compared to sulfate, as SO2 is less effective compared to SO3. Actually, only 

the SO3 is effective. 

Alternatively, sulfate can be used as additive. Upon heating, the sulfate decomposes and 

mainly SO3 is formed. Aluminium sulfate, iron sulfate and ammonium sulfate are offered as 

additive for combustion. Again, KCl is converted to K2SO4. The reactions of interest are: 

2 KCl + (NH4)2SO4 = K2SO4 + 2 NH3 + 2 HCl 

(NH4)2SO4 = 2 NH3 + SO3 + H2O 

6 KCl + Fe2(SO4)3 = 3 K2SO4 + 2 FeCl3  

Fe2(SO4)3 = 2 Fe2O3 + 3 SO3 

SO3 is much more effective than SO2 regarding the formation of potassium sulfate.  

The addition of sulphur and sulphate is counteracted by the presence of CaO, which either 

originates from the biomass ash or from other additives used. CaO reacts with SO3, forming 

calcium sulphate. 

Ammonium sulfate is sold under the name ChlorOut by the company Vattenfal. Iron sulphate 

and aluminium sulfate are sold under the name CorroStop by the company Valmet. 

Iron oxide is also mentioned as material for capture of alkali. 

The following reaction explains the corrosion by HCl and the formation of chloro organic 

compounds, like hexa chloro benzene, dioxins and furans: 

4 HCl + O2 = 2 Cl2 + 2 H2O 

This is the so-called Deacon reaction. Cl2 is very reactive / corrosive. A high moisture content 

of the flue gases reduces the formation of Cl2. Similar holds for a high SO2 content of the flue 

gases:  

SO2 + Cl2 + H2O = 2 HCl + SO3. 
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Limestone, Dolomite, magnesia 

With CFBC and BFBC, limestone and Dolomite can be added to the bed, for calcination and 

capture of sulphur, which is present as SO2 in the flue gases mainly. However, we do not 

recommend this, see paragraph 6.7. For calcination of limestone, a temperature of above 

about 800°C is required. Impurities like Na and K catalyse the calcination reaction. The 

presence of CO2 in the flue gases stabilises the carbonate. So, a minimum temperature is 

required. At elevated temperatures, of about 900°C and more, the CaO starts to sinter, which 

reduces the specific surface area and hence the reactivity towards flue gas desulphurisation. 

The finer the ground limestone or Dolomite, the higher the reactivity and the higher the specific 

price of the ground limestone or Dolomite. 

With in-bed flue gas desulphurisation, the S to Cl ratio in the flue gases decreases, which is 

highly undesirable regarding prevention of: 

 Fouling, slagging and corrosion of the boiler 

 Poisoning of the SCR catalyst, 

as the conversion of KCl to K2SO4 will be very limited indeed.  

The presence of CaO in the mixture with ash requires attention regarding health and safety. 

The calcination of limestone and Dolomite for in-bed flue gas desulphurisation requires energy. 

The formation of calcium sulfate is an exothermic reaction. 

Ca-compounds are also beneficial for limiting the formation of phosphates of potassium and 

sodium. A P to Ca weight ratio of much less than 1 is preferable. 

Magnesia and Dolomite are also used with several fuels, like HFO and pet cokes, for increasing 

the fusion temperature of the ash. In this way slagging of the boiler is reduced. 

Bed materials, like quartz sand 

With CFBC and BFBC, a bed material must be used, when the ash content of the biomass fuel 

is low. Besides, the bed material may be used to limit bed agglomeration, depending on the 

ash composition and the ash fusion temperature. 

Quartz sand is often used as bed material. The particle size of this sand used in CFBC is often 

between 0.1 to 0.2 mm, with a trend towards using finer sand with an average particle diameter 

of about 0.1 mm. The particle size used in BFBC is usually coarser with about 0.5 mm. 

The combination of superficial flue gas velocity in the bed of about 1 m/s and coarser particle 

size limits entrainment of bed material with the flue gases with BFBC. The presence of the 

recycling cyclone(s) with CFBC limits entrainment of bed material with the flue gases, despite 

the flue gas velocity in the bed of about 5 m/s and the finer particle size. 

Quartz sand is very cheap and has a low specific density, but has some distinctive 

disadvantages, like: 

 Health problems, like silicosis 

 Erosion of the boiler 

 Reaction with K2O, which results in a low melting temperature and bed 

agglomeration. 

The erosion is related to the high hardness and the sharp edges of quartz sand. 
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The quartz sand particles are captured with the biomass fly ash at the dust filter, which is either 

an ESP or a FF. The quartz sand “dilutes” the biomass ash. For some biomass ash applications, 

the presence of quartz sand can be positive.  

Other bed materials can be encountered in literature as well, like: 

 Olivine, for instance magnesium iron silicate. 

 Feldspar, for instance calcium aluminium silicate, potassium aluminium silicate or 

sodium aluminium silicate 

 Dolomite 

 Magnesite 

 Alumina  

 Ilmenite 

 AggloStop  

Often for prevention of bed agglomeration. Alumina is usually very hard (harder than quartz) 

and expensive. Ilmenite is relatively expensive, but can be used as a “chemical oxygen 

homogeniser”. AggloStop is a quartz-free bed material from Valmet. 

By using a finer CFBC and BFBC bed material heat transfer increases (20). This increased 

heat transfer allows for a reduction in bed suspension density, which in turn allows for a 

reduced pressure drop of flue gases over the fluidised bed. With finer particles, both the kinetic 

energy and the momentum of the particles are reduced, which results in reduced erosion of 

the boiler by the bed material. 

Beach sand is often rounded. Sand can be rounded in a factory as well. This in contrast with 

non-rounded sand, for instance obtained from a stone quarry. Rounded particles are less 

erosive to the boiler. 

 

 

Figure 13: Rounded beach sands. 
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Figure 14: Edged quartz particles. 

7.2. With flue gas treatment 

A fuel like fresh wood has a low sulphur content and its ash is basic. In practice with firing such 

a fuel, flue gas desulphurisation is not required. The acid flue gas compounds react with the 

fly ash and are removed from the flue gases in the fly ash filter. When the alkaline character 

of the ash is insufficient, other alkaline components like lime are used. The residues of this 

addition can be found in the fly ash or in a separate flue gas treatment residue. 

Lime and hydrated lime 

Handling of lime at a power station or a CHP unit includes risks related to health and safety. 

Especially because persons well trained and experienced in handling CaO are not available at 

a power station or a CHP unit. So, it is better to use hydrated lime at a power station or a CHP 

unit. Alternatively, the supplier of CaO converts CaO at the power station or CHP unit to 

hydrated lime. From the legal point of view, the owner of the power station or CHP unit remains 

responsible for all activities at his site. 

Hydrated lime and water are injected into the flue gases. Fly ash, acid flue gas compounds 

which reacted with the hydrated lime and biomass fly ash are removed from the flue gases by 

the dust filter.    

When a dedicated biomass fly ash filter is available, the biomass fly ash and the reaction 

product of acid flue gas compounds with hydrated lime become available separated.   

By recycling the reaction product back to the flue gases, the consumption of hydrated lime 

(and biomass fly ash) is near stoichiometric. In this way the reaction product (with biomass fly 

ash) will have low contents of: 

 Unreacted Ca(OH)2 

 CaO 

Instead, it will be rich in: 

 Calcium sulfate 

 Calcium chloride 
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 Carbonate. 

The operating temperature of the semi-dry FGD is assumed with between 80 and 125°C. As 

mentioned before, it can be up to about 140°C. A high chloride content is probably not/hardly 

beneficial for any application. 

Limestone 

When a wet limestone-gypsum FGD is applied, pulverised limestone is used as additive. 

Handling pulverised limestone is rather safe, especially when comparing it with lime and 

hydrated lime. The reaction products are mainly gypsum and dissolved calcium chloride. 

When the wet limestone-gypsum FGD is applied, there is a dedicated fly ash filter. So, the 

biomass fly ash and the reaction product of acid flue gas compounds with pulverised limestone 

become available separated.   

Sodium bicarbonate 

The company Stockholm Exergi adds this compound sodium bicarbonate to the bed of the new 

CFBC unit, when required for increasing flue gas cleaning.  

Sodium bicarbonate is also used as additive and is often injected into the flue gases upstream 

of the dust filter. Sodium bicarbonate is used for capturing acid compounds from flue gases, 

such as SO2, SO3, HCl and HF. Instead of sodium bicarbonate, sodium carbonate is 

sometimes used.  

The use of these additives can be combined with injection of water to the flue gases, for control 

of the flue gas temperature. A lower flue gas temperature can be required, for instance in 

combination with activated carbon injection, for increased capture of mercury and/or dioxins 

and furans. 

Urea and ammonia 

For S(N)CR either an aqueous solution of ammonia or an aqueous solution of urea is usually 

used. This results in flue gases with some slip of ammonia, down-flow of the S(N)CR. Some 

of this ammonia will adsorb on the fly ashes.  

The ammonia content of the biomass fly ashes depends on: 

 The ash content of the biomass fuel 

 The use of combustion additives 

 The slip of ammonia 

 Possibly on the chemistry of the fly ash. 

This last point requires further study.  

The higher the ash content of the biomass fuel and the higher the content of residues from 

additives in the biomass fly ash, the lower the content of ammonia of the biomass fly ash (plus 

additives), assuming a constant ammonia slip.  
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