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Abstract

The main aim of the European Union’s waste legislation and the corresponding Finnish waste
legislation is to reduce the production of waste. Further, the aims of the European Union’s growth
strategy are to reduce the production of greenhouse gases, increase the use of renewable energy,
and improve energy efficiency. According to the renewed Waste Tax Act, a waste tax has to be
paid on all fly ashes that are deposited in landfills in Finland. 

A large amount of wood- and peat-based fly ashes are formed annually in Finland, and the
amount is likely to increase in the future due to the increasing use of renewable energy. Previously,
these ashes have mainly been deposited in industrial landfills, but the need to utilize the fly ashes
has increased recently due to changes in waste legislation.

In this thesis, several issues related to the utilization of wood- and peat-based fly ash were
studied, with the general objective of improving the utilization potential of such ashes.

As the first stage of this research, the suitability of willow ash for use as a fertilizer was studied.
Willow ash would be well suited for use as a fertilizer due to its very high nutrient content.
However, cadmium, a heavy metal, was found to be enriched in the ashes of the studied willow
species. Due to this, special attention should be paid when choosing willow species for energy
production.

In the second stage of the research, the possibility of improving the strength development of
wood- and peat-based fly ashes, as well as the possibility of stabilizing fly ash containing high
amounts of heavy metals via the addition of cement and/or alkali activation, was investigated.
Strength development was found to be dependent on the amount of reactive calcium and the ratio
between that amount of reactive calcium and the sum of the reactive silicon, aluminum, and sulfur
(Ca/(Si + Al + S)). The studied methods performed well in terms of stabilizing barium, copper,
lead, and zinc.

During the next stage, the effect of different chemical digestion methods, which are regulated
by the Finnish waste legislation, on the utilization potential of fly ash was studied. The digestion
method had a significant impact on the results of the potassium content analysis, which could
affect the possibility of using fly ash as a fertilizer.

As the final stage of the research, the co-granulation of ash with sewage sludge and lime was
studied. From a technical point of view, the co-granulation was successful, although the
compressive strength of the granules was low. Additionally, an insufficient nitrogen content was
achieved with a sludge addition of 20-40 weight%.

Keywords: ash fertilizers, fertilizer legislation, fly ash, geopolymers, granulation, heavy
metals, peat ash, recycled fuels, sludge, solubility, stabilization, willow, wood ash
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Tiivistelmä

Euroopan unionin jätelainsäädännön ja sitä vastaavan suomalaisen lainsäädännön tavoitteena on
ehkäistä jätteiden muodostumista. Euroopan Unionin kasvustrategian tavoitteena on vähentää
kasvihuonekaasupäästöjä, lisätä uusiutuvan energian käyttöä ja parantaa energiatehokkuutta.
Uudistetun jäteverolain mukaan kaikista kaato-paikoille sijoitetuista lentotuhkista tulee Suomes-
sa maksaa jäteveroa. 

Suomessa puu- ja turveperäisiä lentotuhkia muodostuu vuosittain suuria määriä ja määrä
tulee vielä kasvamaan uusiutuvan energiankäytön lisääntyessä. Aiemmin nämä tuhkat ovat pää-
tyneet pääasiassa läjitykseen teollisuuden kaatopaikoille, mutta muuttuneen jätelainsäädännön
seurauksena tarve hyödyntää lentotuhkia on lisääntynyt.

Tässä väitöstyössä tutkittiin puu- ja turveperäisten tuhkien hyödyntämiseen liittyviä kysy-
myksiä. Työn yleistavoitteena oli parantaa tuhkien hyödyntämis-mahdollisuuksia.

Tutkimuksen ensimmäisessä vaiheessa tutkittiin pajutuhkan soveltuvuutta lannoitteeksi.
Pajutuhka soveltuisi hyvin lannoitteeksi erittäin hyvien ravinne-pitoisuuksien ansiosta. Raskas-
metalleista kadmiumin havaittiin kuitenkin rikastuvan tutkittujen pajulajien tuhkiin. Tähän tulisi
kiinnittää erityishuomiota, kun pajulajeja valitaan energiantuotantoa varten.

Tutkimuksen toisessa vaiheessa selvitettiin mahdollisuutta parantaa turpeen ja puun lentotuh-
kien lujittumista sekä raskasmetallipitoisen lentotuhkan stabiloimista sementtilisäyksen ja/tai
alkaliaktivoinnin avulla. Lujuuden kehitys riippui reaktiivisen kalsiumin määrästä sekä reaktiivi-
sen kalsiumin määrän ja reaktiivisten piin, alumiinin ja rikin määrien summan välisestä suhtees-
ta (Ca/(Si + Al + S)). Tutkitut menetelmät toimivat hyvin bariumin, kuparin, lyijyn ja sinkin sta-
biloinnissa.

Seuraavassa vaiheessa selvitettiin Suomen lainsäädännössä määritettyjen kemiallisten hajo-
tusmenetelmien vaikutusta tuhkan hyödyntämispotentiaaliin. Hajotusmenetelmällä oli suuri mer-
kitys kaliumin pitoisuutta määritettäessä, mikä voi vaikuttaa lentotuhkan hyödynnettävyyteen
lannoitteena.

Viimeisessä vaiheessa tutkittiin tuhkan yhteisrakeistusta lietteen ja kalkin kanssa. Teknisesti
yhteisrakeistus onnistui hyvin, mutta rakeiden puristuslujuus oli alhainen. Lisäksi 20 - 40 pai-
no% lietelisäyksellä ei rakeisiin saatu riittävän korkeaa typpipitoisuutta.

Asiasanat: geopolymeerit, kierrätyspolttoaineet, lannoitelainsäädäntö, lentotuhka, liete,
liukoisuus, paju, puutuhka, rakeistus, raskasmetallit, stabilointi, tuhkalannoitteet,
turvetuhka
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AA alkali activator 

CSH  calcium silicate hydrate 

EU  European Union 

FA  fly ash 

FBC  fluidized bed combustion 

ICP-OES  inductively coupled plasma optical emission spectrometry 

L lime 

L/S  liquid-to-solid ratio 

NASH  amorphous alkaline aluminosilicate hydrate 

PC  Portland cement 

PCC  pulverized coal combustion 

REACH Registration, Evaluation, Authorisation and Restriction of 

Chemicals 

REF  recovered fuel 

S sludge 

S/S  stabilization and solidification 

XRD  X-ray diffraction 
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1 Introduction 

1.1 Background 

The European Union’s (EU) Europe 2020 growth strategy aims to reduce 

greenhouse gas emissions by 20%, increase the use of renewable energy to 20%, 

and improve energy efficiency by 20% compared to the levels in 1990 by the year 

2020 (European Commission 2016b). In Finland, the renewable energy target is set 

higher at 38%. The aims of the EU’s circular economy strategy are to increase 

recycling and the re-use of products and waste materials (European Commission 

2016a), while the main aims of the EU’s waste legislation and the corresponding 

Finnish waste legislation are to prevent the generation of waste and increase the 

utilization of waste materials in accordance with the waste hierarchy (European 

Commission 2008, Finnish Ministry of the Environment 2016a). In addition, a new 

Finnish Waste Tax Act 1126/2010 (Finnish Ministry of Finance 2016) came into 

force in 2011. According to the Waste Tax Act, a waste tax has to be paid on all 

combustion ashes that are deposited in industrial landfills (Finnish Ministry of 

Finance 2016). 

In the forest-rich Nordic countries, such as Finland and Sweden, biomass 

combustion is responsible for a considerable amount of the total energy production 

and recent changes to the EU’s energy policies mean that the share of bioenergy in 

the total energy production will continue to grow. Previously, ashes generated by 

the combustion of wood and peat have mainly been disposed of in industrial 

landfills, but the changes to waste legislation and the EU’s new circular economy 

strategy have increased the need to utilize combustion ashes rather than disposing 

of them, as well as the need to develop new ash-based products. 

Ash is the inorganic, incombustible part of the fuel that is left behind after 

combustion. It is usually classified as either bottom or fly ash (FA). Bottom ash is 

the coarse part of the ash that is removed through the bottom of the combustion 

chamber, whereas FA is the fine part of the ash, which exits the combustion 

chamber together with the combustion gases and is then collected using 

electrostatic precipitators. The combustion technique and the fuel that is used both 

have a significant impact on the chemical composition and physical properties of 

the FA.  

Possible targets for the use of wood- and peat-based FA include fertilizers 

(Huotari et al. 2007, Saarsalmi et al. 2012, Saarsalmi et al. 2014), earth 
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construction (Huttunen & Kujala 2000), soil stabilization (van Ejik & Obernberger, 

I., Supancic, K. 2012), wastewater purification (Laohaprapanon et al. 2010), and 

alkali-activated materials (Yliniemi et al. 2015). In order to utilize FA for the 

abovementioned targets, the FA has to fulfill both the material requirements of the 

utilization target, as well as meeting the requirements of the relevant legislation. In 

practice, a good understanding of the physicochemical and mechanical properties 

of the FA in question is necessary in order to meet those requirements. 

1.2 Scope and objectives 

In this thesis, several issues related to the utilization of wood- and peat-based FA 

were studied, with the general objective being to improve the utilization potential 

of such ashes. 

Short rotation tree species, such as willows, are generally well suited for energy 

production, although in some cases they can contain high amounts of heavy metals, 

especially cadmium. Due to this, the FA from willow combustion could actually be 

considered a form of hazardous waste. As the first stage of this research, the 

potential of willow ash for use as a fertilizer was studied (Paper I). 

Portland cement (PC) and alkali activation have been used to stabilize different 

types of hazardous waste. During this stage of the research, the question of whether 

or not the strength development of FA from wood and peat combustion can be 

improved using PC and/or alkali activation, as well as the potential of this type of 

treatment for use in stabilizing FA containing high amounts of heavy metal, was 

studied (Papers II and III). 

The chemical digestion method used affects the results of element content 

analyses. According to the Finnish legislation concerning the utilization of FA, 

several standardized digestion methods can be used in element content analyses. At 

this stage of the research, the possibility of the utilized chemical digestion method 

affecting the elemental analysis of FA to such an extent that it could reduce the 

utilization potential of the FA was investigated (Paper IV). 

Although in some cases the high heavy metal content of FA can reduce the 

possibility of utilizing it, FA, especially that generated by wood combustion, is 

actually a very good forest fertilizer. However, FA does not contain any nitrogen, 

which is released into the atmosphere during combustion. In the final stage of the 

research, whether or not the fertilizing properties of FA granules could be increased 

via the addition of sewage sludge and lime was studied, as well as how these 
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additions affect other properties of the granules, such as the compressive strength 

and heavy metal content (Paper V). 
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2 Finnish legislation regarding fly ash 
utilization 

The most important pieces of Finnish legislation concerning FA utilization are the 

Environmental Protection Act 527/2014 (Finnish Ministry of the Environment 

2016b), the Environmental Protection Decree 713/2014 (Finnish Ministry of the 

Environment 2015c), the Waste Act 646/2011 (Finnish Ministry of the 

Environment 2016a), the Waste Decree 591/2006 (Finnish Ministry of the 

Environment 2015a), the Waste Tax Act 1126/2010 (Finnish Ministry of Finance 

2016), and the Landfill Decree 331/2013 (Finnish Ministry of the Environment 

2015b). Ash fertilizers are regulated by the Fertilizer Product Act 539/2006 

(Finnish Ministry of Agriculture and Forestry 2015a) and the Fertilizer Product 

Decree 24/2011 (Finnish Ministry of Agriculture and Forestry 2015b), while the 

utilization of ash in earthworks is controlled by the Earth Construction Decree 

591/2006 (Finnish Ministry of the Environment 2010). If a particular ash fulfills 

the conditions defined by the Waste Act (Finnish Ministry of the Environment 

2016a) and is therefore classified as an industrial by-product, then registration 

under the EU’s REACH (Registration, Evaluation, Authorisation and Restriction of 

Chemicals) Regulation 1907/2007 (European Commission 2006) is required. 

In the spring of 2016, the European Commission released a proposal for the 

revision of the EU’s fertilizer legislation (European Commission 2016c). One aim 

of the renewed Fertilizer Regulation is to ease the launching of new organic 

fertilizers into the EU market. The initiative also includes limit values for heavy 

metals. However, the revision will certainly affect Finnish fertilizer legislation. At 

the moment, in addition to Finland, Denmark is the only EU country that has a 

specific decree designed to control ash fertilizers (Danish Ministry of the 

Environment 2008). In Sweden, there is no ash fertilizer legislation, although the 

Swedish Forest Agency has provided recommendations concerning the use of ash 

fertilizers (Swedish Forest Agency 2008). 

2.1 Environmental Protection Act 

The purpose of the Environmental Protection Act 547/2014 (Finnish Ministry of 

the Environment 2016b) is to prevent and reduce the risk of environmental 

pollution, prevent and reduce emissions, remove the adverse effects of pollution, 

and prevent environmental damage. The Environmental Protection Act further aims 

to safeguard a healthy, pleasant, and ecologically diverse and sustainable 
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environment, support sustainable development, and prevent climate change. The 

Environmental Protection Act is also intended to promote the sustainable use of 

natural resources, reduce the amount and harmfulness of waste, and prevent the 

harmful effects of waste. The Environmental Protection Act applies to industrial 

and other activities that cause or can cause environmental pollution. It also applies 

to waste management and activities that produce waste. According to the 

Environmental Protection Act, an environmental permit is needed to conduct the 

abovementioned activities. However, an environmental permit is not needed when 

harmless ash is used as a fertilizer. Then, the Fertilizer Product Act 24/2011 is 

applied (Finnish Ministry of Agriculture and Forestry 2015a). In addition, an 

environmental permit is not required when ash is used in earthworks according to 

the Earth Construction Decree 591/2006 (Finnish Ministry of the Environment 

2010). The application procedure for an environmental permit is regulated by the 

Environmental Protection Decree 713/2014 (Finnish Ministry of the Environment 

2015c). 

2.2 Waste Act and Waste Tax Act 

The Waste Act 646/2011 (Finnish Ministry of the Environment 2016a) has recently 

been renewed to coincide with the EU’s Waste Directive 2008/98/EC (European 

Commission 2008, Finnish Ministry of the Environment 2016a). The purpose of 

the Waste Act is to prevent the hazards and harm to human health and the 

environment posed by waste and waste management, reduce the amount and 

harmfulness of waste, promote the sustainable use of natural resources, ensure 

functioning waste management, and prevent littering. The Waste Act includes a 

five-step waste hierarchy, which describes the different options available for 

dealing with waste. The most popular option for dealing with waste is, according 

to the waste hierarchy, preventing the formation of waste streams and reducing 

their harmfulness. If this is not possible, the next step down in the hierarchy is the 

preparation of waste for re-use, followed by recycling, other recovery (e.g., energy 

recovery), and finally, if none of the first four steps are feasible, waste should be 

disposed of using ecologically beneficial methods. (Finnish Ministry of the 

Environment 2016a). 

The Waste Act also includes the so-called End-of-Waste criteria, which 

describe how a material can be classified as an industrial by-product instead of 

waste. A substance or object is not waste but rather a by-product so long as it results 
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from a production process wherein the primary aim is not the production of that 

substance or object and: 

1. further use of the substance or object is certain; 

2. the substance or object can be used directly as is, or without any further 

processing other than normal industrial practice; 

3. the substance or object is produced as an integral part of a production process; 

and 

4. the substance or object fulfils all relevant product requirements and 

requirements for the protection of the environment and human health for the 

specific use thereof and, when assessed overall, its use would pose no hazard 

or harm to human health or the environment. (Finnish Ministry of the 

Environment 2016a). 

Additionally, a substance or object is no longer waste if: 

1. the substance or object has undergone a recovery operation; 

2. the substance or object is commonly used for a specific purpose; 

3. a market or demand exists for the substance or object; 

4. the substance or object fulfils technical requirements for specific purposes and 

meets the existing regulations applicable to similar products; and 

5. the use thereof will not, assessed overall, pose any hazard or harm to human 

health or the environment. (Finnish Ministry of the Environment 2016a). 

Further, the Waste Degree 179/2012 (Finnish Ministry of the Environment 2015a) 

specifies the regulations of the Waste Act (e.g., general requirements for organizing 

waste management) (Finnish Ministry of the Environment 2016a).  

The aim of the Waste Tax Act 1126/2010 (Finnish Ministry of Finance 2016) 

is to increase waste utilization and reduce the disposal of waste in landfills. All 

waste materials (including combustion ashes) for which utilization with 

environmentally friendly methods is possible that are deposited into landfills are 

included within the degree. Additionally, private and industrial landfills are 

included within the decree. Previously, for example, combustion ashes were 

exempted from the waste tax, but now a waste tax of 70 €/ton has to be paid for all 

waste materials that are deposited in landfills. (Finnish Ministry of Finance 2016). 
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2.3 Landfill Decree 

The purpose of the Landfill Decree 331/2013 (Finnish Ministry of the Environment 

2015b) is to prevent surface and ground water, soil, and air pollution, as well as 

climate change and many other environmental hazards, by controlling all aspects 

of landfill design, use, closure, and post-closure care in such a way that the wastes 

deposited in landfills do not cause any danger to humans or the environment over 

long periods of time. (Finnish Ministry of the Environment 2015b). 
Landfills are classified into three types: dangerous waste landfill, non-

hazardous waste landfill, and inert waste landfill. The limit values for the different 

landfill waste classes are listed in Tables 1 and 2. The two permitted methods for 

the solubility measurement of harmful substances according to Landfill Decree are 

the up-flow percolation test CEN/TS 14405 (2004) and the two-stage batch test 

SFS-EN 12457-3 (2012). (Finnish Ministry of the Environment 2015b). 
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Table 1.  Limit values for the solubility of harmful substances from waste materials for 

inert waste, non-hazardous waste, and hazardous waste landfills according to the 

Landfill Decree 331/2013 (Finnish Ministry of the Environment 2015b). 

Element/variable Inert waste landfill  

mg kg-1 dry matter  

(L S-1 = 10 l kg-1)  

Non-hazardous waste landfill 

mg kg-1 dry matter  

(L S-1 = 10 l kg-1) 

Hazardous waste landfill  

mg kg-1 dry matter  

(L S-1 = 10 l kg-1) 

As 0.5 2 25 

Ba 20 100 300 

Cd 0.04 1 5 

Crtot 0.5 10 70 

Cu 2 50 100 

Hg 0.01 0.2 2 

Mo 0.5 10 30 

Ni 0.4 10 40 

Pb 0.5 10 50 

Sb 0.06 0.7 5 

Se 0.1 0.5 7 

Zn 4 50 200 

Cl- 800 15000 25000 

F- 10 150 500 

SO4
2- 10001 20000 50000 

Phenol index 1   

Dissolved 

organic carbon 

(DOC)2 

500 800 1000 

Total dissolved 

solids (TDS)3 

4000 60000 100000 

1) Waste material also fulfills the qualification requirement if the sulfate content does not exceed the 

following  limit values: 1,500 mg l-1 (first extract of percolation test, L S-1 = 0.1 l kg-1) and 6,000 mg kg-1 (L 

S-1 = 10 l kg-1); a percolation test has to be used for content determination at L S-1 = 0.1 l kg-1; and a 

batch or percolation test can be used for the content determination at L S-1 = 10 l kg-1. 
2) Testing can be performed at pH 7.5–8.0 (L S-1 = 10 l kg-1) if the limit value for the DOC is exceeded in 

the natural pH value of the waste material. 
3) The TDS value can be used instead of the limit values for sulfate and chloride. 
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Table 2. Other requirements for waste materials deposited in inert waste, non-

hazardous waste, and hazardous waste landfills according to the Landfill Decree 

331/2013 (Finnish Ministry of the Environment 2015b). 

Element/variable Inert waste landfill, mg 

kg-1 

Non-hazardous waste 

landfill 

Hazardous waste landfill 

Total dissolved carbon 

(TOC) 

30000 (3%) 5%3) 6%3,4 

Benzene, toluene, ethyl 

benzene, and xylenes 

(BTEX) 

6   

Polychlorinated biphenyls 

(PCB)1 

1   

Mineral oil (C10–C40) 500   

Polyaromatic 

hydrocarbons (PAH)2 

40   

pH  ≥6.0  

Neutralizing value  Has to be measured and 

evaluated 

Has to be measured and 

evaluated 

Loss on ignition (LOI)4   10% 

1) Total amount of congenerics 28, 52, 101, 118, 138, 153, and 180. 
2) Total amount of compounds (anthracene, acenaphthene, acenaphthylene, benzo(a)anthracene, 

benzo(a)pyrene, chrysene, benzo(b)fluoranthene, benzo(g,h,i)perylene, benzo(k)fluoranthene, 

dibenzo(a,h)anthracene, phenanthrene, fluoranthene, fluorene, indeno(1,2,3-cd)pyrene, naphthalene, 

pyrene). 
3) Calculated per dry-matter. 
4) The limit value for either TOC or LOI has to be applied. 

2.4 Earth Construction Decree 

The purpose of the Earth Construction Decree 591/2006 (Finnish Ministry of the 

Environment 2010) is to promote the utilization of crushed concrete waste and fly 

and bottom ashes from the combustion of coal, peat, and wood. These waste 

materials can be utilized in earth construction without the need for an 

environmental permit if they fulfill the criteria set by the Earth Construction Decree. 

The Decree is applicable for the following earth construction purposes:  

1. Public roads, streets, bicycle lanes, pavements, and areas directly connected to 

these, necessary for road maintenance or traffic, excluding noise barriers; 

2. Parking areas; 

3. Sports grounds and routes in recreational and sports areas; 
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4. Railway yards as well as storage fields and roads in industrial areas, waste 

processing areas and air traffic areas. (Finnish Ministry of the Environment 

2010). 

The Decree does not apply in groundwater areas that are suitable for water supply. 

The wastes used in earthworks have to be either covered or paved. Covering refers 

to protecting a structure containing waste with a layer of natural rock, the minimum 

thickness of which is 10 cm, in order to prevent the spread of waste. Paving refers 

to protecting a structure containing waste with asphalt with a maximum void of 5%, 

or another material with which a corresponding level of protection can be achieved, 

in order to reduce the seepage of rainwater. The limit values for the content and 

solubility of harmful substances in waste are listed in Table 3. The permissible 

methods for the solubility measurement of harmful substances according to Earth 

Construction Decree are the up-flow percolation test CEN/TS 14405 (2004) and 

the two-stage batch test SFS-EN 12457-3 (2012). The contents of harmful 

substances should be determined using the SFS-EN 13656 (2003) or SFS-EN 

13657 (2003) standards. (Finnish Ministry of the Environment 2010). 
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Table 3. Limit values for the content and solubility of harmful substances from fly and 

bottom ashes generated by coal, peat, and wood combustion according to the Earth 

Construction Decree 591/2006 (Finnish Ministry of the Environment 2010). 

Harmful substance Limit value, mg kg-1 dry matter 

Basic characterizations 

Limit value, mg kg-1 dry matter 

Quality control investigations 

Content Leaching (L S-

1 = 10 l kg-1) 

Covered 

structure 

Leaching (L 

S-1 = 10 l kg-1) 

Paved 

structure 

Content Leaching (L S-

1 = 10 l kg-1) 

Covered 

structure 

Leaching (L S-

1 = 10 l kg-1) 

Paved 

structure 

Polychlorinated 

biphenyls (PCB)1 

1.0      

Polyaromatic 

hydrocarbons (PAH)2 

20/403      

Dissolved organic 

carbon (DOC) 

 500 500    

As 50 0.5 1.5 50   

Ba 3000 20 60 3000   

Cd 15 0.04 0.04 15   

Cr 400 0.5 3.0 400 0.5 3.0 

Cu 400 2.0 6.0 400   

Hg  0.01 0.01    

Mo 50 0.5 6.0 50 0.5 6.0 

Ni  0.4 1.2    

Pb 300 0.5 1.5 300 0.5 1.5 

Se  0.1 0.5  0.1 0.5 

Sb  0.06 0.18    

V 400 2.0 3.0 400 2.0 3.0 

Zn 2000 4.0 12 2000   

F-  10 50  10 50 

SO4
2-  1000 10000  1000 10000 

Cl-  800 2400  800 2400 

1) Total quantity of congenerics 28, 52, 101, 118, 138, 153, and 180. 
2) Polyaromatic hydrocarbons, total amount of compounds (anthracene, acenaphthene, acenaphthylene, 

benzo(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(g,h,i)perylene, benzo(k)fluoranthene, 

dibenzo(a,h)anthracene, phenanthrene, fluoranthene, fluorene, indeno(1,2,3-c,d)pyrene, naphthalene, 

pyrene, chrysene). 
3) Covered structure/paved structure. 



29 

2.5 Fertilizer Product Act and Decree 

The objective of the Fertilizer Product Act 539/2006 (Finnish Ministry of 

Agriculture and Forestry 2015a) is, in order to ensure the quality of plant protection, 

foodstuffs, and the environment, to promote the supply of safe fertilizer products 

that are of good quality and suitable for plant production, utilization of by-products 

suitable for use as such, as well as provision of sufficient information on fertilizer 

products to their buyers and users. According to the Act, the term “fertilizer product” 

refers to fertilizers, liming materials, soil conditioners, substrates, microbe products, 

and by-products used as fertilizer products. Only fertilizer products with a type 

designation that is included in either the national type designation list of fertilizer 

products (Evira 2016) or, in the case of EC (European Community) fertilizers, the 

type designation list of EC fertilizers published as an Annex to the Fertilizer 

Regulation (European Commission 2003) may be imported, placed on the market, 

or manufactured for placing on the market. (Finnish Ministry of Agriculture and 

Forestry 2015a). 

Peat-, wood-, and field biomass-based ashes are listed in the national type 

designation list of fertilizer products (Evira 2016) as by-products used as fertilizer 

products. There are also other attributes listed for fertilizers in the national type 

designation list, including the minimum contents of key ingredients and the 

analysis methods for nutrient and heavy metal contents for each fertilizer type. The 

contents of heavy metals in ash fertilizers should be determined according to the 

EPA 3050B (1996), EPA 3051A (2007), or CEN/TS 15411 (2006) standards. The 

nutrient contents can be determined using either the EPA 3050B (1996), EPA 

3051A (2007), CEN/TS 15290 (2006), or CEN/TS 15410 (2006) standards. (Evira 

2016). 

The quality requirements for fertilizers, such as the limit values for heavy 

metals and nutrients, are found in the Fertilizer Product Decree 24/2011 (Finnish 

Ministry of Agriculture and Forestry 2015b) (Table 4). These limit values do not 

apply if the fertilizer products are used for the landscaping of landfills or other 

enclosed areas. 
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Table 4. Limit values for heavy metals (HNO3 extraction for inorganic fertilizers and 

HNO3-HCl digestion for organic fertilizers) and nutrients from ash fertilizers according 

to the Fertilizer Product Decree 24/2011 (Finnish Ministry of Agriculture and Forestry 

2015b). 

Element/variable Unit Field fertilizers Forest fertilizers 

As mg kg-1 25 40 

Hg1 mg kg-1 1.0 1.0 

Cd mg kg-1 2.5 25 

Cr mg kg-1 300 300 

Cu mg kg-1 600 700 

Pb mg kg-1 100 150 

Ni mg kg-1 100 150 

Zn2 mg kg-1 1500 4500 

P + K %  ≥2 

Ca %  ≥6 

Neutralizing value % (Ca)  ≥10 

1) Measured using the EPA 743 method. 
2 ) The limit value can be exceeded in the case of a Cu or Zn deficiency of the soil. The limit value of Zn 

for forest fertilizers can only be exceeded in peatland forests if a Zn deficiency is measured using soil, 

leaf, or needle analysis; then, the maximum amount of Zn is 6000 mg kg-1 ha-1.   

There are also other demands concerning cadmium and arsenic contained in the 

Fertilizer Product Decree. If the phosphorus content of the fertilizer is at least 2.2% 

(5% P2O5), then the cadmium content of the fertilizer may not exceed 50 mg per kg 

of phosphorus (22 mg Cd / kg P2O5). In addition, the average maximum load of 

cadmium should not exceed 1.5 g ha-1 a-1. In forestry, this means a maximum of 

100 g ha-1 of cadmium over a 60-year time period, while in agriculture and 

horticulture, the maximum is 7.5 g ha-1 over a five-year time period. The maximum 

arsenic load resulting from the use of ash fertilizers in forestry should not exceed 

2.65 g ha-1 a-1. The maximum arsenic load is therefore 160 g ha-1 over a 60-year 

time period. (Finnish Ministry of Agriculture and Forestry 2015b). 

The ash must be processed so that dusting is minimized. In practice, this means 

the granulation of the ash. Only inorganic fertilizer products can be added to 

granulated ash in order to increase its usefulness, or meet the minimum 

requirements of the Fertilizer Product Decree. Ash fertilizers with added boron may 

not be used in groundwater or nature conservation areas. (Finnish Ministry of 

Agriculture and Forestry 2015b). 
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2.6 REACH Regulation 

The purpose of the EU’s REACH (European Commission 2006) Regulation is to 

protect human health and the environment. The REACH Regulation is applied to 

the registration, evaluation, authorization, and restriction of chemicals. REACH 

requires all companies to register all chemical substances that they manufacture or 

import at least one ton of per year. The REACH Regulation does not apply to ash 

or other wastes, which are included in the EU’s waste legislation. However, if 

wastes are classified as industrial by-products, i.e., they fulfill the End-of-Waste 

criteria of the Waste Act (Finnish Ministry of the Environment 2016a), they fall 

within the remit of the REACH Regulation and so have to be registered. (European 

Commission 2006). 

2.7 Summary of the chemical digestion methods regulated by 

Finnish authorities 

The chemical digestion method used for the element content analysis regulated by 

the Finnish Earth Construction Decree 591/2006 (Finnish Ministry of the 

Environment 2010), the Finnish Fertilizer Product Decree 24/2011 (Finnish 

Ministry of Agriculture and Forestry 2015b), and the national type designation list 

of fertilizer products (Evira 2016) are presented in Table 5. The leaching tests are 

discussed in section 3.4.1.  

The Earth Construction Decree allows the use of two different chemical 

digestion methods for the analysis of heavy metals: the SFS-EN 13656 standard 

(2003) and the SFS-EN 13657 standard (2003). The SFS-EN 13656 standard is a 

total digestion method intended to dissolve the entire sample, while the SFS-EN 

13657 standard is a partial digestion method intended to digest the portion of the 

elements that could become environmentally available over time. The Fertilizer 

Product Decree and the national type designation list of fertilizer products allow 

the use of five different chemical digestion methods for the analysis of nutrients 

and/or heavy metals: the CEN/TS 15290 standard (2006), the CEN/TS 15410 

standard (2006), the EPA 3050B standard (1996), the EPA 3051A standard (2007), 

and the CEN/TS 15411 standard (2006). The CEN/TS 15290 (2006), CEN/TS 

15410 (2006), and CEN/TS 15411 (2006) standards are total digestion methods, 

while the EPA 3050B (1996) and EPA 3051A (2007) standards are partial digestion 

methods. It is interesting to note that the limit values for heavy metals in inorganic 

fertilizers, including FA, found in the Fertilizer Product Decree are for HNO3 
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digestion, a partial digestion method. However, according to the type designation 

list of fertilizer products, total digestion can also be used for the analysis of heavy 

metals. 

In practice, the results of the element content analysis are higher if they are 

determined with the help of total digestion rather than partial digestion. If the 

results of the partial and total digestion methods are remarkably different from one 

another, then simply by choosing partial digestion instead of total digestion, or vice 

versa, the utilization potential of FA in a given application can be either increased 

or decreased. This issue is discussed in Paper IV. 
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Table 5. The chemical digestion methods used for the element content analysis 

regulated by the Finnish Earth Construction Decree 591/2006 (Finnish Ministry of the 

Environment 2010), the Finnish Fertilizer Product Decree 24/2011 (Finnish Ministry of 

Agriculture and Forestry 2015b), and the national type designation list of fertilizer 

products (Evira 2016). 

Decree Standard Elements Description 

Earth Construction 

Decree 591/2006 

   

 SFS-EN 13656 

(2003) 

Heavy metals: As, Ba, Cd, 

Cr, Cu, Mo, Pb, V, Zn 

Microwave-assisted digestion (HF 

+ HNO3 + HCl) 

 SFS-EN  13657 

(2003) 

Heavy metals: As, Ba, Cd, 

Cr, Cu, Mo, Pb, V, Zn 

Microwave-assisted digestion or 

thermal heating digestion (HCl + 

HNO3) 

Fertilizer Product Decree 

24/2011 and national 

type designation list of 

fertilizer products 

   

 CEN/TS 15290 

(2006) 

Nutrients: P, K, Ca 

 

Microwave-assisted digestion 

(HNO3 + H2O2 + HF) 

 CEN/TS 15410 

(2006)  

Nutrients: P, K, Ca 

 

Microwave-assisted digestion or 

hot water bath digestion (HF + 

HNO3 + HCl) or oven digestion 

(HNO3 + HClO4) 

 EPA 3050B 

(1996)  

Heavy metals: As, Cd, Cr, 

Cu, Pb, Ni, Zn; Nutrients: 

P, K, Ca 

Thermal heating digestion (HNO3 

+ H2O2 + HCl) 

 EPA 3051A 

(2007) 

Heavy metals: As, Cd, Cr, 

Cu, Pb, Ni, Zn; Nutrients: 

P, K, Ca 

Microwave-assisted digestion 

(HNO3 or HNO3 + HCl)  

 CEN/TS 15411 

(2006)  

Heavy metals: As, Cd, Cr, 

Cu, Pb, Ni, Zn 

Microwave-assisted or hot water 

bath digestion (HF + HNO3 + HCl) 

or oven digestion (HNO3 + HClO4) 
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3 Composition and reactivity of fly ash 

3.1 Combustion techniques and the composition of fly ash 

The chemical composition and properties of FA are strongly dependent on the 

combustion technique and the ash composition of the fuel being used. Coal is 

traditionally combusted using the pulverized coal combustion (PCC) technique, 

which takes place at high temperatures (1200–1300ºC) (Marx & Morin 2008, Raiko 

et al. 2002). Together with a fast cooling process, this causes the FA to have a high 

chemical reactivity (i.e., pozzolanic reactivity) (Xu et al. 2010). Wood and peat are 

most often combusted using the fluidized bed combustion (FBC) technique 

(Koornneef et al. 2007, Raiko et al. 2002). In fluidized bed combustion, an inert 

bed material (typically sand) is heated between 800 and 1000ºC and then suspended 

by air flow. The fluidized bed acts as a heat buffer, thereby enabling high heat 

transfer between the fuel particles. FBC is less sensitive than PCC to moisture 

content variations and it is therefore better suited for the combustion of wood and 

peat. However, due to the lower combustion temperature, FBC FA are less reactive 

than PCC FA. (Iribarne et al. 2001, Koornneef et al. 2007, Raiko et al. 2002).  

The main components of wood FA are Ca, K, Mg, and P, whereas the main 

components of peat and coal FA are Si, Al, and Fe. The heavy metal contents of 

wood and peat FA are usually rather low. However, in some cases, the Cd content 

of willow FA in particular can be quite high due to the fact that some willow species 

are metal accumulators, which can be used for the phytoremediation of heavy 

metals from soil (Meers et al. 2007, Mleczek et al. 2010). The accumulation of Cd 

in willow ash is discussed in Paper I. (Alakangas 2000, Harding 2008). 

The composition of wood ash makes it a good fertilizer for fields and forests, 

since it contains all the main nutrients that plants need in almost the correct 

proportions, excluding nitrogen, which is released into the atmosphere during 

combustion (Karltun et al. 2008, Vesterinen 2003). This means that wood ash is 

suitable for use as a fertilizer in peat lands, which contain high amounts of nitrogen 

but lack phosphorus and potassium (Huotari et al. 2007). However, in nitrogen-

poor heath forests, if only an ash fertilizer is applied, an additional nitrogen source 

is needed (Saarsalmi et al. 2012, Saarsalmi et al. 2014). This issue is discussed in 

Paper V.  
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3.2 Improvement of the hardening of fly ash 

The high pozzolanic reactivity means that PCC FA is well suited for concrete 

structures, and it has long been used as a partial substitute for cement in concrete 

(Kuroda et al. 2000, Mehta & Monteiro 1993). The basis of the pozzolanic 

reactivity is the pozzolanic reaction, in which amorphous silicon dioxide (SiO2) 

from the FA reacts with calcium hydroxide (Ca(OH)2) according to the following 

reaction (Massazza 1998, Mehta 1987):  

 2 SiO2 + 3 Ca(OH)2 → Ca2Si2·3H2O (1) 

The product of this reaction is calcium silicate hydrate (CSH), which is also the 

main reaction product of cement hardening. CSH is almost solely responsible for 

the final strength of concrete. In PC, CSH is formed in the hydration reactions of 

calcium silicates. Additionally, the calcium hydroxide needed for the pozzolanic 

reaction is formed in the hydration reactions. The main constituent of PC, 

tricalcium silicate (Ca3SiO5), forms CSH and calcium hydroxide according to the 

following reaction (Odler 1998):  

 2 Ca3SiO5 + 6 H2O → Ca3Si2O6·3H2O + 3 Ca(OH)2 (2) 

Dicalcium silicate (Ca2SiO4) is the other important constituent of PC, which forms 

the same CSH and calcium hydroxide during its hydration reaction as the tricalcium 

silicate (Odler 1998): 

 2 Ca2SiO4 + 4 H2O → Ca3Si2O6·3H2O + Ca(OH)2 (3) 

It is also possible to create strong structures via the alkali activation (also known 

as geopolymerization) of coal FA (Fernández-Jiménez & Palomo 2005, Álvarez-

Ayuso et al. 2008). In alkali activation, a solid aluminosilicate precursor, for 

example, coal FA, is dissolved in an alkali (usually Na or K) hydroxide or silicate 

solution to produce a three-dimensional, amorphous alkaline aluminosilicate 

hydrate (NASH) network structure (Provis & van Deventer 2007), which can have 

properties comparable to hardened Portland cement. The formed material is known 

as an alkali-activated material or geopolymer. The network structure is highly 

disordered and the Si/Al ratio of the precursor materials affects the reaction 

pathway of the polymerization reaction and the structure of the geopolymer 

network; therefore, neither the pathway nor the network structure are yet fully 

understood (Barbosa et al. 2000, Provis & van Deventer 2007, Rowles M.R. et al. 
2007). However, the fundamental network consists of AlO4 and SiO4 tetrahedra. 
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The net negative charge imbalance caused by the valency difference between Si 

and Al is compensated for by the alkali cations (Na+ or K+) (Barbosa et al. 2000, 

Rowles M.R. et al. 2007). A semi-schematic presentation of the Na-polysialate 

geopolymer as suggested by Barbosa et al. (2000) is presented in Figure 1.  

Fig. 1. Semi-schematic presentation of the Na-polysialate geopolymer as suggested by 

Barbosa et al. (Barbosa et al. 2000).  

Recently, the alkali activation of coal FA and PC blends has also been studied 

(Palomo et al. 2013). The products of ordinary PC reactions and alkaline activation 

reactions do not form as separate gels, but instead interact and change in structure 

and composition during the process, thereby causing the structure to be complex 

(García-Lodeiro et al. 2012). The high pH (over 13) and the presence of aqueous 

aluminate modifies the CSH towards calcium aluminosilicate (CASH) (García 

Lodeiro et al. 2010). Likewise, the aqueous calcium modifies the NASH gel as 

sodium is partly replaced by calcium to form (N,C)ASH gel (García-Lodeiro et al. 
2010). Studies using synthetic samples have shown that at pH values of over 12, 

the formation of calcium aluminosilicate CASH is favored instead of NASH, so 

long as a sufficient amount of calcium is available (García-Lodeiro et al. 2011). 

Wood- and peat-based FA from FBC are not well suited for high strength concrete 

or alkali-activated structures, even if they contained high amounts of Si and Al, 

because of the low pozzolanic reactivity (Iribarne et al. 2001, Koornneerf et al. 
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2007). However, wood FA in particular possesses self-hardening properties, mainly 

because of the high calcium content (Illikainen et al. 2014, Ohenoja et al. 2016). 

The self-hardening begins with the hydration of calcium oxide (CaO) into calcium 

hydroxide Ca(OH)2 (Isännäinen et al. 1997): 

 CaO + H2O → Ca(OH)2 (4) 

Calcium hydroxide gradually reacts with carbon dioxide (CO2) to form calcium 

carbonate (CaCO3) (Isännäinen et al. 1997):  

 Ca(OH)2 + CO2 → CaCO3 + H2O (5) 

If S and Al are available, then ettringite can also be formed (Illikainen et al. 2014): 

 Ca3Al2O6 + 3 CaSO4·2H2O + 26 H2O → Ca6Al2(SO4)3(OH)12·26H2O (6) 

A common application of self-hardening is the granulation of FA to reduce dust 

formation and improve the handling of ash fertilizers. Peat FA contain less calcium 

than wood FA, and the self-hardening properties of peat-wood FA are generally 

weaker than those of wood FA, while low-Ca ashes do not necessarily self-harden 

at all (Illikainen et al. 2014). However, with alkali activation or the addition of PC, 

the strength development of even low-Ca FA can be improved. These types of low-

strength materials could be used in applications where high strength is not needed, 

such as soil stabilization (Kolias et al. 2005) or earthworks. The improvement of 

the hardening of peat and wood FA is discussed in Paper II. 

3.3 Granulation of fly ash 

Granulation techniques are widely used in many applications in the pharmaceutical, 

agrochemical, and mining industries (Reynolds et al. 2007, Walker 2007). The 

granulation of FA is a routine treatment for FA fertilizers in Finland, although there 

are only a few national research reports on the subject (Isännäinen et al. 1997, 

Korpilahti 2003) and no previous scientific publications. In this thesis, the co-

granulation of FA with sewage sludge and lime was studied in Paper V.  

The granulation of peat and wood FA for fertilization purposes is based on the 

self-hardening reactions (4)–(6) presented in section 3.1. The most commonly used 

granulator types are the rotary drum granulator and the pan granulator (Korpilahti 

2003). Both granulators are based on a sloping, rotating plane along which the 

wetted FA rolls. The collisions of the moist FA particles involved in a rolling motion 
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lead to the enlargement of the particles (granule nuclei). Further granule growth 

takes place due to layering of FA onto these nuclei. (Walker 2007). 

Granulation can also be used for the manufacturing of lightweight aggregates 

from FA, which can be utilized, for example, in lightweight concrete or earthworks. 

In the production of lightweight aggregates, Portland cement or alkali activation is 

used to improve the hardening of the FA. (Yliniemi et al. 2016). 

3.4 Stabilization and solidification 

Stabilization and solidification (S/S) techniques have been widely used for the 

treatment of different wastes. The main applications of S/S technology are: 1) 

treatment of wastes prior to landfill disposal, 2) remediation of contaminated soils, 

and 3) solidification of non-hazardous, unstable wastes such as sludges. (Conner & 

Hoeffner 1998, LaGrega et al. 1994). 

Using stabilization techniques, the contaminants of a waste material are 

converted into less soluble, mobile, or toxic forms through chemical processes, 

although stabilization does not necessarily change the physical characteristics of 

the waste (Conner & Hoeffner 1998). Solidification results in the waste material 

being encapsulated in a solid monolithic block. The contaminants do not 

necessarily interact chemically with the solidifying reagent. Instead, they are 

embedded in the solidified matrix by physical processes. In solidification, the 

strength of the waste material is increased, while the compressibility and 

permeability are reduced. The distinction between chemical and physical 

immobilization is frequently not clear, and both mechanisms operate 

simultaneously. Briefly, chemical immobilization occurs at an atomic scale, 

whereas physical immobilization takes place at a micron scale. (Glasser 1997, 

LaGrega et al. 1994). 

The chemical immobilization of metals in S/S systems is usually achieved 

through precipitation as hydroxides, carbonates, sulfates, or silicates, with the most 

common being the precipitation as hydroxides. Most metal hydroxides have a 

minimum solubility at some specific pH in the alkaline region. The solubility 

increases as the pH moves in either direction from this point (amphoteric behavior). 

For a mixture of metals, the pH control is always a compromise, since the optimum 

pH is different for different metal hydroxides. Other common metal compounds in 

S/S systems are less sensitive to pH than hydroxides. Additionally, the minimum 

solubility of a specific metal is usually not required if the solubility is below the 

regulatory limits. Metals such as Cr and Mo are oxyanionic elements. Thus, in 
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environments with a high pH, their oxidation state can be negative. Oxyanions 

cannot be precipitated in this way because they cannot neutralize the negative 

charge of hydroxide, carbonate, sulfate, or silicate ions. These characteristics of 

oxyanions are the main reason why some elements are poorly immobilized in high 

pH S/S systems (Chen et al. 2009, Conner & Hoeffner 1998). 

Many types of binder materials can be used for S/S processes (Glasser 1997, 

LaGrega et al. 1994). The most commonly used binder is PC. Other binder 

materials include lime and different pozzolanic materials such as coal FA. Recently, 

promising S/S results have also been obtained with the alkali activation of coal FA 

(Guo et al. 2013, Nikolić et al. 2014, Zhang et al. 2008). In Paper III, as a new S/S 

technique, the simultaneous use of Portland cement and alkali activation was 

studied. The paper also deals with the possible mechanism of FA S/S. 

3.4.1 Leaching tests 

The effectiveness of an S/S treatment can be tested by measuring different physical, 

mechanical, or chemical properties (Chen et al. 2009, LaGrega et al. 1994). 

Commonly studied physical properties include moisture content, particle size, 

rheology, and microstructure (X-ray diffraction). Mechanical studies include 

strength, compressibility, and permeability measurements. Since the primary goal 

of the S/S treatment is to reduce the release of contaminants into the environment, 

chemical leaching tests provide the most useful information regarding how 

successful the S/S treatment has been. Experimental conditions such as the pH, type 

of leachant, leaching time, amount of leachant, and particle size of the studied 

material affect the concentration of contaminants in the leachate. Therefore, results 

obtained from different solubility tests cannot be compared and different types of 

tests are used for different purposes. (LaGrega et al. 1994). 

The solubility tests can be roughly divided into three groups: 1) regulatory tests, 

2) predictive tests, and 3) investigatory tests (LaGrega et al. 1994). The first group 

of tests are used in regulatory decision-making processes (environmental permits), 

where the result of the test is compared to the limit values determined by the 

appropriate authorities. For example, in Finland the two-stage batch test (SFS-EN 

12457-3 2012) is used as a quality control test to assess whether waste materials 

fulfill the regulatory requirements determined by the Earth Construction Decree 

and the Landfill Decree (Finnish Ministry of the Environment 2010, Finnish 

Ministry of the Environment 2015b). The extraction fluid used in the two-stage 

batch test is water.  
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Predictive tests are used for modeling real world contaminant migration in the long-

term. An example of this type of test is the static diffusion test NEN 7375 (2004). 

The purpose of the static diffusion test is to simulate the leaching of inorganic 

components into water from monolithic materials under aerobic conditions as a 

function of time. With this test, it is possible to determine the leaching mechanism 

(diffusion, dissolution, depletion, or surface wash-off) of inorganic components. 

Investigatory tests such as sequential extraction are used to study the binding 

mechanisms of contaminants. In sequential extraction, various types of chemical 

reagents are applied to the samples in a series, with each successive treatment being 

more drastic than the previous one. In four-step sequential leaching, the leachable 

elements are divided into four fractions: i) a water-soluble fraction, ii) an acid-

soluble fraction, iii) a reducible fraction, and iv) an oxidizable fraction 

(Nurmesniemi et al. 2005, Rauret et al. 1999). In theory, the first fraction should 

contain water-soluble ions, while the second fraction should contain metals bonded 

electrostatically, metals bonded with weak covalent bonds, or metals bonded to 

carbonates. The third fraction should contain metals bonded to Mn and Fe oxides, 

while the fourth fraction should contain metals bonded to organic matter or to 

different sulfides and oxides. However, sequential leaching was originally designed 

for the fractionating of sediments. Therefore, the bonding of different metals that 

originate from matrixes that differ notably from sediments, such as FA, cannot be 

precisely deduced from sequential extraction results. For example, FA is quite basic 

and the acetic acid used in the second step of sequential extraction is not strong 

enough to acidify the sample matrix. Thus, even if the FA matrix did contain some 

carbonates, they would not dissolve. Still, even when the bonding of metals cannot 

be deduced from sequential extraction data, it nevertheless provides a good 

estimate of the solubility of metals in real environmental conditions. (Rauret et al. 
1999, Tessier et al. 1979). 
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4 Materials and methods 

4.1 Biomass samples (Paper I) 

The studied willow species were Salix myrsinifolia and Salix schwerinii. The 

willow samples were collected from a plantation in Joensuu, Finland. The willows 

had been growing for four years. Two samples of both species were studied: one 

sample containing only stem wood (S) and one sample containing both stem wood 

and bark (SB). The samples were incinerated according to standard CEN/TS 14775 

(2004) protocol. The dry weighed samples were placed in a cold oven (Nabertherm 

Controller P 320) and the temperature was increased to 250°C for 1 hour. The 

temperature was then increased further to 550°C for 24 hours. The incinerated 

samples were named after the corresponding willow species as S. myrsinifolia S, S. 
myrsinifolia SB, S. schwerinii S, and S. schwerinii SB.  

4.2 Fly ash samples (Papers II–V) 

In total, six different FA samples were studied in this thesis (Papers II–V). Detailed 

information regarding the samples is given in Table 5. All the FA samples were 

obtained from Finnish power plants that use the FBC technique. Sample FA3 was 

the result of the co-combustion of recovered fuel (REF) and biomass fuel, while 

the other samples were the result of the co-combustion of peat and wood. The 

recovered fuel was packing material waste such as plastic (not PVC), carton, paper, 

and wood that was collected from industrial and retail outlets. The FA samples were 

collected from either ash silos or the first field of the electrostatic precipitators.  
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Table 6. Details concerning the origin of the fly ash (FA) samples studied in this thesis. 

Property FA1 FA2 FA3 FA4 FA5 FA6 

Boiler type Bubbling 

fluidized bed 

Circulating 

fluidized bed 

Bubbling 

fluidized bed 

Circulating 

fluidized bed 

Circulating 

fluidized bed 

Circulating 

fluidized bed 

Boiler 

capacity 

246 MW 96 MW 194 MW 315 MW 55 MW 96 MW 

Sample 

collection 

Electrostatic 

precipitator 

Electrostatic 

precipitator 

Electrostatic 

precipitator 

Silo Silo Silo 

Sample type Incremental Incremental Incremental Aggregate Aggregate Incremental 

Approximate  

fuel mixture 

70% wood 

30% peat  

70% peat 

30% wood 

50% REF 

50% biomass 

(mainly bark) 

61% peat 

39% wood 

67% peat  

25% wood  

8% other fuels 

(process gas, 

coal, and oil) 

50–60% 

wood 

30–40% peat 

4.3 Preparation of fly ash mortars (Papers II and III) 

The chemical composition and average particle size of the FA1–FA3 and PC used 

in the mortars are presented in Table 6. The hydraulic reactivities of FA1 and FA2 

were assessed using a selective dissolution method in order to determine the 

fraction of each component that is available for short-term hardening reactions. The 

reactive calcium, silica, and aluminum were determined as the amounts found to 

be soluble in an ethylenediaminetetraacetic acid and triethanolamine solution with 

a pH of 11.6 ± 0.1. The Ca, Si, and Al contents of the solution were determined 

using the inductively coupled plasma (ICP) technique. (Dyson et al. 2007, Haha et 
al. 2010, Luke & Glasser 1987). 

The formulae for the mortars prepared and studied in Papers II and III are 

presented in Table 7. A mixture of sodium silicate (Zeopol® 25, Huber, or Merck 

KGaA, Germany) and NaOH solutions (5 M or 10 M) was used as an alkali 

activator (AA). NaOH solutions were prepared from NaOH pellets (p.a. ≥99% 

Merck KGaA, Germany) and deionized water. The cement used in the mortars was 

white Portland cement (CEM I; Finnsementti, Finland). 

The mortars were prepared by first mixing the dry matter thoroughly. This dry 

mixture was then slowly added to the liquid AA solution while stirring. In order to 

obtain good workability of the mortars, some deionized water was added to the 

mixture. Stirring was continued for 3–5 minutes. Directly after mixing, the mortars 

were packed into cubic molds (35 x 35 x 35 mm), which were then placed in airtight 

plastic bags for 24 hours (T = 22ºC). The samples were then removed from the 
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molds and stored in the plastic bags (T = 22ºC) until they were tested. Some 

examples of the mortars are presented in Figure 2. 

Table 7. Chemical compositions and average particle sizes of the fly ash (FA1–FA3) and 

Portland cement (PC) samples. 

Property FA1 FA2 FA3 PC 

d50 (µm) 21.2 18.6 29.0 9.8 

CaO (%) 25.8 9.7 27.7 68.1 

SiO2 (%) 29.5 47.9 32.8 23.7 

Al2O3 (%) 11.6 9.7 12.1 2.0 

Fe2O3 (%) 16.6 24.2 5.9 0.4 

Na2O (%) 1.9 1.1 2.7 0.2 

K2O (%) 2.0 1.3 1.7 0.1 

MgO (%) 3.2 1.7 2.6 0.6 

P2O5 (%) 3.6 2.5 1.5 0.2 

TiO2 (%) 0.3 0.2 1.8 0.0 

SO3 (%) 3.9 1.6 5.5 2.1 

Reactive Si (%) 2.2 1.5  11.1 

Reactive Al (%) 0.8 0.3  0.5 

Reactive Ca (%) 14.4 3.1  48.6 

Table 8. Formulae for the fly ash FA1–FA3 mortars. The abbreviations used are: FA = fly 

ash; PC = Portland cement; and AA = alkali activator. 

Sample FA (%) PC (%) AA Water/binder ratio 

FA1(100)AA 100 0 Yes 0.45 

FA1(80)PC(20)AA 80 20 Yes 0.45 

FA1(70)PC(30)AA 70 30 Yes 0.45 

FA1(80)PC(20) 80 20 No 0.47 

FA2(100)AA 100 0 Yes 0.58 

FA2(80)PC(20)AA 80 20 Yes 0.58 

FA2(70)PC(30)AA 70 30 Yes 0.58 

FA2(80)PC(20) 80 20 No 0.62 

FA3(80)PC(20) 80 20 No 0.28 

FA3(80)PC(20)AA 80 20 Yes 0.31 

FA3(70)PC(30)AA 70 30 Yes 0.31 

FA3(100)AA 100 0 Yes 0.31 
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Fig. 2. Some examples of the fly ash mortars (Papers II and III). Mortar FA1(80)PC(20)AA 

is on the left and mortar FA3(80)PC(20)AA is on the right.  

4.4 Preparation of fly ash granules (Paper V) 

The compositions and sample names of the FA granules prepared and studied in 

Paper V are presented in Table 8. The hygienized sewage sludge was obtained from 

a local municipal wastewater treatment plant that uses the commercial KemiCond 

(Kemira 2014) method of hygienization. The lime was commercial (Biolan, 

Finland) calcium hydroxide (Ca(OH)2). The FA, sewage sludge, and lime were 

weighed and then mixed thoroughly using a ribbon blade agitator. While agitating 

the mixture, a small amount of water was added to the dry materials until small 

aggregates started to form in the paste. The pastes were granulated using a simple 

rotary drum granulator (Fig. 3). The granulator consists of an angle adjustable 

sloping drum that is rotated by an electric motor. After granulation, the granules 

were dried at room temperature (21ºC) in open vessels in a laboratory fume hood 

for 28 days. The granules in the vessels were mixed daily in order to reduce mold 

growth and speed up drying. Some examples of the FA granules are presented in 

Figure 4. 
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Table 9.  Compositions and sample names of the fly ash FA6 granules. The 

abbreviations used are: FA = fly ash; S = sludge; and L = lime. 

Sample FA (%) Sludge (%) Lime (%) Water/dry matter 

ratio 

FA6(100) 100 0 0 0.46 

FA6(80)S(20) 80 20 0 0.54 

FA6(60)S(40) 60 40 0 0.78 

FA6(60)S(30)L(10) 60 30 10 0.57 

FA6(50)S(30)L(20) 50 30 20 0.59 

FA6(40)S(30)L(30) 40 30 30 0.58 

Fig. 3. The experimental rotary drum granulator used in Paper V. 

Fig. 4. Some examples of the fly ash FA6 granules (Paper V). From left to right: FA6(100), 

FA6(60)S(40), and FA6(50)S(30)L(20). 
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4.5 Analytical methods 

Detailed descriptions of the most important analysis methods used in this research 

are provided in the following subsections. 

4.5.1 Elemental analysis 

The standardized digestion methods used in the element content characterization 

are listed in Table 9. The element contents were analyzed using inductively coupled 

plasma optical emission spectrometry (ICP-OES) at an accredited test laboratory, 

Ahma Ympäristö Ltd, or at the Trace Element Laboratory at the University of Oulu. 

Table 10. Chemical digestion methods used in this thesis. 

Digestion 

method no. 

Paper 

no. 

Standard Reagents Sample 

(g) 

1 IV ISO 11466 (2007) Soil quality - Extraction of trace 

elements in aqua regia. 

21 ml HCl 

7 ml HNO3 

3.0 

2 I, IV, V EPA Method 3051A (2007) Microwave-assisted acid 

digestion of sediments, sludges, soils, and oils. 

10 ml HNO3 0.5 

3 II, III, IV EPA Method 3051A (2007) Microwave-assisted acid 

digestion of sediments, sludges, soils, and oils. 

9 ml HNO3 

3 ml HCl 

0.5 

4 IV SFS-EN 13656 (2003) Characterization of waste. 

Microwave-assisted digestion with hydrofluoric (HF), 

nitric (HNO3) and hydrochloric (HCl) acid mixture for 

subsequent determination of elements. 

6 ml HCl 

2 ml HNO3 

1 ml HF 

0.5 

4.5.2 Compressive strength (Papers II and V) 

The compressive strengths of the FA granules and FA mortars were measured using 

a Zwick Z100 Roell testing machine with TestXpert II software. The compressive 

strengths of the FA granules were measured by placing a granule in a steady 

position between two horizontal steel plates. A granule size of 10 mm (sieved to 

this size) in diameter was used. The granule was then loaded under a constant 

deformation rate of 0.01 mm/s. For each batch, the compressive strengths of 3–6 

granules were measured after 28 days of curing, and their average values and 

standard deviations were calculated. The compressive strengths of the FA mortars 

were measured according to the European cement standard EN 196-1 (2005) after 
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14 or 28 days of curing. The average of three individual measurements was taken 

in each case and the standard deviations were calculated. 

4.5.3 X-ray diffraction (Paper II) 

The main crystalline phases of the powdered ash mortars were identified with a 

Siemens 5000 X-ray diffractometer using CuKaα radiation (40 mA and 40kV) and 

a graphite monochromator. The step interval, integration time, and angle interval 

used were 0.04°/step, 2.5 s/step, and 10–60°, respectively. The X-ray diffraction 

(XRD) analysis was performed on the starting materials and on the ash mortars 

after 14 or 28 days of curing. The International Centre for Diffraction Data database 

was used to identify the crystalline phases (The International centre for diffraction 

data 2006). All measurements were conducted at the Center of Microscopy and 

Nanotechnology at the University of Oulu.  

4.5.4 Leaching tests (Paper III) 

The leaching of heavy metals was studied using three different methods: 1) a two-

stage batch test (SFS-EN 12457-3 2012); 2) a static diffusion test for monolithic 

materials (NEN 7375:2004 2004); and 3) a four-step sequential leaching procedure 

(Nurmesniemi et al. 2005, Rauret et al. 1999). 

In the two-stage batch test SFS-EN 12457-3 (2012), the samples were crushed 

and sieved to a particle size <4 mm and then mixed for 6 hours (step 1) with 

deionized water (liquid-to-solid ratio; L/S = 2) on a mechanical end-over-end 

tumbler. In the second step, the residue from step one was mixed for 18 hours with 

deionized water (L/S = 8). The eluates from both steps were filtered (1 µm filter 

paper retention) and analyzed according to the ICP-OES method. The cumulative 

release (L/S = 10) was then calculated.  

In the static diffusion test NEN 7375 (2004), the solid cubic mortar samples 

were subjected to leaching in closed tanks using of deionized water as the leachant 

(Vwater/Vsample = 4.7). The water was replaced eight times during the test (at 0.25, 1, 

2.25, 6, 9, 16, 35, and 65 days). The eluates were then filtered (1 µm filter paper 

retention), and the filtrates were collected and analyzed according to the ICP-OES 

method. Cumulative leaching was then calculated.  

In the four-step sequential leaching procedure (see Table 11), the sample 

mortars were first crushed and sieved to a particle size <0.5 mm. In the first step a 
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sample size of 1.0 g was used. The eluates from each step were filtered (1 µm filter 

paper retention) and then analyzed according to the ICP-OES method. 

Table 11. Four-step sequential leaching procedure (Nurmesniemi et al. 2005, Rauret et 
al. 1999).  

Step Fraction Extractant Experimental conditions 

F1 Water soluble 40 ml H2O at pH 4 (with HNO3) 16 h at 22 ± 5°C, constant shaking 

F2 Exchangeable and 

acid soluble  

40 ml HOAc 0.11 mol l-1 16 h at 22 ± 5°C, constant shaking 

F3 Reducible 40 ml NH2OH·HCl 0.5 mol l-1 

at pH 1.5 (with HNO3) 

16 h at 22 ± 5°C, constant shaking 

F4 Oxidizable 10 ml H2O2 30% w/v 

 

 

10 ml H2O2 30% w/v 

 

50 ml NH4OAc 1 mol l-1 at pH 2 

(with HNO3) 

1 h at 22 ± 5°C, occasional manual 

shaking, then 1 h 85 ± 2°C. Reduce the 

volume to less than 3 ml  

1 h at 85 ± 2°C. Reduce the volume to 

about 1 ml 

16 h at 22 ± 5°C 

4.5.5 Neutralizing values (Paper V) 

The neutralizing values of the FA granules were determined according to European 

standard EN 12945 (2014). The dried and crushed granules (2 g) were extracted 

with 0.5 M HCl (50 ml), and the mixtures were boiled on a hot plate for 10 min. 

The excess acid in the mixtures was titrated with 0.25 M NaOH solutions. The 

mixtures were stirred with a magnetic stirrer during titration. The neutralizing 

values were calculated based on the consumption of NaOH. 



51 

5 Results and discussion 

5.1 Willow samples (Paper I) 

The element contents of the S. myrsinifolia and S. schwerinii ash samples are 

presented in Table 11. The nutrient contents of the willow ash samples were at a 

good level, and they were several times higher than the minimum requirements (Ca 

≥ 60000 mg kg-1 and K + P ≥ 20000 mg kg-1) for forest fertilizers stipulated by 

Finnish legislation (Finnish Ministry of Agriculture and Forestry 2015b). Therefore, 

these willow ashes would be well suited for use as a fertilizer.  

However, the Cd contents of the ashes were 4–8 times higher than the Finnish 

limit value for forest fertilizers (25 mg kg-1). In practice, this means that these ashes 

could not be used as a forest fertilizer due to their high cadmium content. Even 

though the Cd contents were below the detection limits in the soil (<0.4 mg kg-1), 

Cd still accumulated in the willows. The accumulation of Cd is explained by the 

fact that certain willow species have been found to be metal accumulators, which 

can hence be used for the phytoremediation of heavy metals from soil (Meers et al. 
2007, Mleczek et al. 2010). Cd accumulation and metal accumulation in general 

can hamper the use of willow in energy production, especially if the amount of 

soluble Cd increases together with the increasing total Cd content. In such a case, 

it is possible that the ash from willow combustion may even be classified as 

hazardous waste. To prevent this, special attention should be paid to choosing 

willow species for energy production that are not metal accumulators.   

The element contents were usually higher in the bark-free samples (2S). The 

reason for this was the different ash content in the SB and S samples. The Cd 

contents were also notably high in the samples containing bark (SB). 
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Table 12. Element contents in the S. myrsinifolia and S. schwerinii ash samples and the 

Finnish limit values for forest fertilizers (Finnish Ministry of Agriculture and Forestry 

2015b). Samples with the notation SB contain both stem wood and bark, while samples 

with the notation S contain only stem wood. 

Element unit S.  myrsinifolia  

SB 

S. myrsinifolia  

S 

S. schwerinii  

SB 

S. schwerinii  

S 

Limit value 

Ca mg kg-1 275000 209000 266000 188000 ≥60000 

K mg kg-1 107000 149000 119000 135000  

P mg kg-1 42000 70000 38000 63000  

K + P mg kg-1 149000 219000 157000 198000 ≥20000 

Mg mg kg-1 33000 48000 34000 51000  

S mg kg-1 12000 14000 11000 20000  

As mg kg-1 <40 <40 <40 <40 40 

Cd mg kg-1 95 137 127 213 25 

Cr mg kg-1 <40 <40 <40 <40 300 

Cu mg kg-1 300 600 300 700 700 

Ni mg kg-1 35 32 46 49 150 

Pb mg kg-1 <40 <40 <40 <40 150 

Zn mg kg-1 4165 3854 4797 4286 4500 

5.2 Fly ash Mortars 

5.2.1 Improvement of the hardening of fly ash (Paper II) 

Compressive strength 

The 14-day compressive strengths of the FA mortars are shown in Figure 5. Better 

compressive strengths were achieved with FA1, which contained significantly more 

Ca than FA2. The FA2 ash did not harden at all without the addition of PC 

(FA2(100)AA).  

These compressive strengths were significantly lower than the typical values 

for coal FA (20 MPa and over) (García-Lodeiro et al. 2013, Palomo et al. 2013, 

Temuujin et al. 2009), which was expected because peat and wood FA obtained 

from FBC combustion are generally considered to have less pozzolanic activity 

than coal ash obtained from PCC (Iribarne et al. 2001, Koornneef et al. 2007). The 

compressive strengths of the self-hardened samples prepared from the same type 

of FA were much lower in a previous study: 2.6 MPa for the FA1 type ash, while 
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the FA2 type ash barely hardened at all, so significant improvements were obtained 

when cement addition and alkali activation were used (Illikainen et al. 2014). 

Fig. 5. Compressive strengths of the FA1 and FA2 sample mortars (Paper II). 

A very strong positive correlation between the compressive strength and the 

amount of reactive Ca and a strong positive correlation between the compressive 

strength and the ratio between reactive Ca and the sum of the reactive (Al + Si + S) 

(Fig. 6) were found. Hence, the compressive strengths increased as the amount of 
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reactive Ca increased compared to the other reactive components. There is probably 

some optimum value for this ratio, after which the compressive strength starts to 

decrease. In PC, this ratio is close to 4, and here the ratio in the highest compressive 

strength mortar (FA1(80)PC(20)) was close to 3.5. However, the total sum of the 

reactive components also influences the strength development of the mortars in 

addition to the ratio between the reactive components. For example, the one clearly 

abnormal result (FA2(80)PC(20)) in Figure 6 is explained by the low sum of the 

reactive components in the mortar. So, in addition to having the reactive 

components in the correct proportions, there have to be enough of the reactive 

components in the mortars.  

The mortars studied here are very complex, since the reactive components 

come from three very different sources (FA, PC, and AA) and it is difficult to 

predict how these precursors interact with each other and which reaction products 

are formed during the hardening process. Still, the strength development of the 

mortars can be explained, at least to some extent, with these simple correlation plots. 

It should be noted that the AA solution used was highly basic (pH over 14) when 

compared to the pH of 11.6 of the solvents used for the reactive component 

determinations. Due to the high alkalinity, the AA solution most likely dissolves 

more Ca, Al, and Si than is indicated by the reactive component determinations, 

which could have some effect on these correlation plots. 
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Fig. 6. Compressive strengths (14 days) of the FA1 and FA2 sample mortars (Paper II) 

as a function of the reactive CaO and of the ratio (Ca/(Al + Si + S)). 
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XRD analysis 

Some examples of the XRD diffractograms are shown in Figure 7. The anhydrite, 

lime, and alite had mainly been consumed from the FA1 mortars after 14 days of 

curing. In mortar FA1(80)PC(20), sodium aluminum sulfate and some form of 

hydrated calcium aluminate were detected. A broadly distributed halo between 26° 

and 37° was detected in all the FA1 sample mortars. The NASH gel in geopolymers 

is usually detected as a broad halo between 20° and 40°, whereas in cement the 

CSH signal is a broad peak at 30° (García-Lodeiro et al. 2011, Lecomte et al. 2006, 

Pangdaeng et al. 2014). No clear CSH signal was found in the FA1 mortars, 

although the broad halos indicated that some amorphous phases were formed. 

Most of the anhydrite and alite phases were consumed from the FA2 mortars 

after 14 days of curing. No crystalline product signals were detected in the alkali-

activated mortar FA2(80)PC(20)AA. Ettringite and portlandite were detected in 

mortar FA2(80)PC(20). A visible halo between 25° and 38° could be detected in all 

the FA2 sample mortars, indicating amorphous phases.  

Ettringite and portlandite were only detected in the mortars that did not contain 

any AA. These phases usually form during both the self-hardening of the FA and 

cement hydration (Illikainen et al. 2014, Mehta & Monteiro 1993, Steenari & 

Lindqvist 1997, Taylor 1997). Their absence in the mortars containing AA suggests 

that the presence of the AA prevents their formation. Martinez-Ramirez and Palomo 

(2001) concluded that highly alkaline media retard normal PC reactions. 

Additionally, mainly amorphous phases were detected when simultaneous AA and 

PC addition to coal FA was studied (García-Lodeiro et al. 2013, Palomo et al. 2013). 

It should be noted that the mortars based on the FBC ashes differ significantly from 

the PCC FA-based mortars, which consist almost entirely of reactive components. 

In this study, all the added PC and AA increased the amount of reactive components 

in the mortars, thereby increasing the strength. Due to this, remarks made regarding 

those reactive precursors do not necessarily apply to the less reactive FBC ashes 

studied here. In any case, the main strength increasing component in PC is the CSH 

gel, while in geopolymers it is the NASH gel, which are both poorly recognizable 

in XRD diffractograms. NASH gel does not include any Ca, which, according to 

the compressive strength data, should play a significant role in the strength 

development of the studied mortars. This means that amorphous CSH gel or other 

amorphous phases (such as CASH) containing Ca should be produced even though 

they cannot be recognized from the diffractograms. 
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Fig. 7. XRD diffraction data for the fly ash FA1 and FA2 and Portland cement (PC) mixes 

and the sample mortars after 14 days of curing (Paper II): 1 = quartz, 2 = anorthite, 3 = 

maghemite, 4 = lime, 5 = alite 6 = anhydrite, 7 = sodium aluminum sulfate, 8 = hydrated 

calcium aluminate, 9 = ettringite, and 10 = portlandite. 
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5.2.2 Stabilization/solidification (Paper III) 

Solubility tests 

Figure 8 shows the theoretical leaching of Ba, Cr, Mo, Pb, Sb, V, and Zn versus the 

determined leaching from the FA3 and FA3 mortars, as well as the limits permitted 

by the Finnish government (Finnish Ministry of the Environment 2010) for heavy 

metal leaching from the FA used in earthworks. The theoretical leaching was 

calculated by identifying the leachable metals in the precursors and then 

multiplying the leachable content by the precursor weight percentages in the final 

mortars.  

The leached amounts of Cr, Mo, Pb, and Zn from the FA3 mortar exceeded 

Finnish limits. It is possible that the leached amount of Sb exceeded the legal limits 

as well, but its concentration was below the detection limit. The leaching of Pb, Zn, 

and Ba had clearly decreased in all the sample mortars. Good immobilization of 

these metals has been reported before (Anastasiadou et al. 2012, Bankowski et al. 
2004a, Bankowski et al. 2004b, Bie et al., Guo et al. 2013, Izquierdo et al. 2009, 

Izquierdo et al. 2010, Luna Galiano et al. 2011, Minaríková & Škvára 2006, 

Ogundiran et al. 2013, Xu et al. 2006, Álvarez-Ayuso et al. 2008, Škvára et al. 
2009).  

The leaching of Cr increased in all the mortars, while the leaching of Mo 

increased in all the mortars, except FA3(80)PC(20), where it decreased. Both the 

increased solubility of Cr (Izquierdo et al. 2010, Álvarez-Ayuso et al. 2008, Škvára 
et al. 2009) and the immobilization of Cr have been reported (Bie et al., Guo et al. 
2013, Izquierdo et al. 2009, Luna Galiano et al. 2011, Xu et al. 2006). Increased 

leaching of Mo has been reported from alkali-activated ash (Bankowski et al. 2004a, 
Izquierdo et al. 2009, Luna Galiano et al. 2011, Ogundiran et al. 2013, Álvarez-

Ayuso et al. 2008). 

The leaching of Sb was below the detection limit in the FA3 mortar and in all 

the cement-containing mortars, whereas it was increased in the alkali-activated 

mortar FA3(100)AA. Higher leaching of Sb was reported when the ash was 

stabilized/solidified with an AA than when S/S was achieved with cement (Luna 

Galiano et al. 2011).  

Research has suggested that the main mode of stabilization for alkali-activated 

FA is precipitation as metal hydroxides (Izquierdo et al. 2009). In this study, the pH 

value of the leachates was approximately the same before and after alkali activation 

and/or cement addition. The leaching of all the metals would have been the same 
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before and after alkali activation and/or cement addition if the pH alone was a key 

factor. The fact that it was not contradicts the idea that hydroxide precipitation is 

the main mode of stabilization. The same observation has been made previously 

(Ogundiran et al. 2013, Yliniemi et al. 2015).  

Compared to the FA3, the solubilities of Pb and Zn were below the Finnish 

Earth Construction Decree 591/2006 (Finnish Ministry of the Environment 2010) 

limits (for FA used in earthworks) after alkali activation and/or cement addition, 

although the solubility of Cr and Mo in all the mortars exceeded the limits, with 

even higher values than in the FA3 (especially the FA3(100)AA). Additionally, the 

solubility of Sb exceeded the legal limit in the FA3(100)AA mortar. Due to the high 

levels of leaching of Cr, Mo, and Sb from the FA3(100)AA mortar, alkali activation 

alone seemed to be the worst S/S method of all the S/S procedures studied here. 

Furthermore, although the immobilization of Zn and Pb was good with all the S/S 

methods, the increased leaching of Cr and Mo means that the performance of none 

of the S/S methods was completely satisfactory. It is not possible to deduce from 

these results whether the immobilization of Zn and Pb was chemical or physical 

because the sample mortars were only ground to a particle size of <4 mm. Therefore, 

it is possible that these metals were only physically encapsulated in the solidified 

matrix. 
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Fig. 8. Theoretical leaching vs. determined leaching from the fly ash FA3 mortars (Paper 

III) according to the EN-12457-3 (2012) standard and the limit values of the Earth 

Construction Decree 591/2006 (Finnish Ministry of the Environment 2010). The dashed 

line column (marked with M*) represents the calculated leaching of a metal if the 

leachability was unaffected by the alkali activation and/or cement addition. The black 

column presents the determined leaching concentration. The symbol X denotes that the 

leachable concentration was below the detection limit. 
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The cumulative leaching results derived from the static diffusion test NEN 7375 

(2004) are presented in Table 12. Overall, the results were in good agreement with 

the results of the two-stage batch test, which is most likely due to the similar pH 

conditions used in both tests. As the leaching of heavy metals was mostly below 

the detection limit (<0.05 mg l-1), the leaching mechanism could not be determined. 

However, according to the standard, if conductivities at stages 7–8 (35 and 65 days) 

are less than two-times higher than conductivities at stages 5–6 (9 and 16 days), the 

sample matrix is not soluble. Conductivities at stages 7–8 were on the same level 

as in the stages 5–6 (5.5–7 mS), indicating that the matrix of the sample mortars 

did not dissolve during the test period. This, together with the leaching data, 

indicates that the sample mortars were stable and that the heavy metals were, for 

the most part, immobilized well in the sample mortars, at least by the physical 

encapsulation mechanism. The exceptions were the relatively high solubilities of 

Cr and Mo from the alkali-activated mortar FA3(100)AA and the solubility of Ba 

from the cement-containing mortar FA3(80)PC(20). 

Table 13. Cumulative leaching results for the fly ash FA3 mortars (65 days) derived from 

the static diffusion test NEN 7375 (2004). 

Mortar Unit As Ba Cd Cr Cu Mo Ni Pb Sb V Zn  

FA3(80)PC(20)  mg kg-1 <1.0 5.8 <1.0 <2.3 <1.0 <1.4 <1.0 <1.0 <1.0 <1.0 <1.0 

FA3(80)PC(20)A

A 

mg kg-1 <1.1 <2.0 <1.1 <1.9 <1.1 2.3 <1.1 <1.1 <2.5 <1.1 <1.1 

FA3(70)PC(30)A

A 

mg kg-1 <1.1 <3.4 <1.1 <1.2 <1.1 <1.5 <1.1 <1.1 <1.1 <1.1 <1.1 

FA3(100)AA mg kg-1 <1.2 <1.4 <1.2 5.3 <1.2 6.0 <1.2 <1.2 2.2 <1.2 <1.2 

The results of the four-step sequential leaching procedure for Ba, Cu, Cr, Pb, V, and 

Zn are presented in Figure 9. As explained in section 3.4.1, sequential leaching was 

originally designed for the fractionating of a sediment matrix (Rauret et al. 1999, 

Tessier et al. 1979), which is very different from the FA-based matrix studied here. 

Therefore, the bonding of different metals cannot be precisely deduced from these 

results. Nevertheless, it is clear that the first two fractions (F1 and F2) contain the 

most readily bioavailable metals. Here, the first two fractions (F1 and F2) are 

referred to as easily bioavailable fractions, while total bioavailability refers to the 

sum of all the fractions (F1–F4) (Kaakinen et al. 2012).  

The total bioavailability of Sb was clearly decreased in all the mortars, while 

the total bioavailability of Zn and Cu was decreased in the FA3(80)PC(20) and 
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FA3(70)PC(30)AA mortars. The total bioavailability of Ba, Cr, and Pb was 

increased in all the mortars when the dilution effect caused by the addition of 

cement and AA was taken into account.  

The increase in the total bioavailability after the S/S treatments suggests that 

encapsulation is more likely to be a physical process than a chemical process. 

However, if the sum of the easily bioavailable fractions (F1 and F2) is considered, 

it can be seen that the easily bioavailable amount of Zn and Cu was decreased 

considerably in the mortars containing cement (FA3(80)PC(20), 

FA3(80)PC(20)AA, and FA3(70)PC(30)AA). Thus, these elements seem to be 

subject to some level of chemical stabilization in addition to the physical 

stabilization (encapsulation). As the leaching of these elements was increased in 

the FA3(100)AA mortar (no PC), chemical stabilization likely involves reaction 

products produced during cement hardening. As stated earlier, the precipitation of 

heavy metals as hydroxide is unlikely. Yet, precipitation as carbonate, sulfate, or 

silicate could be a possible immobilization mechanism (Chen et al. 2009). As 

silicates are generally only very slightly soluble, precipitation as carbonate or 

sulfate is more likely. 

The total bioavailability of Ba, Cu, Cr, Pb, and Zn was highest in the alkali-

activated FA3(100)AA mortar. In addition, the amount of easily bioavailable Zn 

and Cu was the highest in this mortar. Thus, the results confirm that alkali activation 

alone seems to be the worst S/S method of all the S/S procedures studied here.  
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Fig. 9. Results of the four-step sequential leaching for the fly ash FA3 mortars (Paper 

III). F1 = water-soluble fraction; F2 = acid-soluble fraction; F3 = reducible fraction; and 

F4 = oxidizable fraction. 
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5.3 Comparison of digestion methods (Paper IV) 

5.3.1 Comparison of the digestion methods mandated by the Finnish 
authorities for fertilizer use 

As discussed in section 2.7, the permissible pre-treatment methods for determining 

the concentration of heavy metals according to the Finnish Fertilizer Product 

Decree 24/2011 (Finnish Ministry of Agriculture and Forestry 2015b) and the 

national type designation list of fertilizer products (Evira 2016) include HNO3 

extraction (method 2; Table 9) for inorganic fertilizers (including FA) and HNO3-

HCl extraction for organic fertilizers (method 3; Table 9) as described by the EPA 

3051A (2007) standard. Additionally, three acid digestion (HNO3 + HCl + HF) 

according to the CEN/TS 15290 (2006) standard or CEN/TS 15410 (2006)  

standard can be used for nutrient content studies. The last two are total digestion 

methods similar to method 4 (Table 9). EPA 3051A (2007) (methods 2 and 3) is 

intended to digest the samples almost completely, except for those elements that 

are tightly bound to silicate or alumina mineral fractions, rendering them non-

mobile. (Evira 2016, Finnish Ministry of Agriculture and Forestry 2015b). 

In this study, the heavy metal (Cd, Cu, Ni, Pb, and Zn) contents of FA4 were 

quite low, clearly lower in fact than the limits set by the Finnish authorities (Table 

13). However, the As content exceeded the Finnish limit for field fertilizers. The 

stronger digestion conditions of method 3 provided somewhat higher results for Zn, 

Cr, Co, and Ni than those obtained by method 2. Still, the overall recoveries with 

method 2 were quite good (78.4–100%). Similar behavior was observed with Ca 

and P, with the recoveries of method 2 being 83.4% for Ca and 91.3% for P. The 

largest differences were seen with K. For FA4, method 3 gave just over 20% higher 

results than method 2. Compared to the total concentration (method 4), only 34.6% 

(method 2) to 42.1% (method 3) of the K was obtained with methods 2 and 3. An 

even larger difference for K was found with FA5. Method 3 gave over 30% higher 

results than method 2, and the recovery percentage for method 2 was only 22.7%.  

The sum of the P and K contents was below the minimum requirements of the 

Finnish Fertilizer Product Decree with methods 2 and 3. However, method 4 

showed that the sample met the requirements. Additionally, the Ca concentration 

determined by method 2 was slightly below the minimum requirement set by the 

decree, although the requirements were met with methods 3 and 4. All the methods 

(2–4) are permitted by the Finnish environmental administration for nutrient 

analysis, even though the use of HNO3 digestion (method 2) is recommended. In 
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practice, these results demonstrate that total digestion, as in method 4, is the 

preferred method when the nutrient contents of FA fertilizers are analyzed. In the 

worst case scenario, the use of nitric acid digestion can either prevent the use of ash 

as a fertilizer, or lead to significant extra costs, for instance, requiring the addition 

of potassium to meet the minimum requirements of the Fertilizer Product Decree.  

Table 14. Heavy metal and nutrient concentrations in fly ashes FA4 and FA5 based on 

three digestion methods, and a comparison with Finnish limit values (Finnish Ministry 

of Agriculture and Forestry 2015b). 

Sample Element Limit 

value1  

(mg kg-1) 

Method 22  

HNO3 

(mg kg-1) 

Recovery3  

 

(%) 

Method 32  

HNO3 + HCl 

(mg kg-1) 

Recovery3  

 

(%) 

Method 42  

HCl + HNO3 + 

HF (mg kg-1) 

FA4        

 As 25/40 33.2 (± 1.4) 94.9 34.4 (± 0.6) 98.3 35.0 (± 0.4) 

 Cd 2.5/25 2.2 (± 0.03) 100.0 2.2 (± 0.1) 100.0 2.2 (± 0.1) 

 Cr 300 116 (± 3) 78.4 136 (± 2) 91.9 148 (± 3) 

 Cu 600/700 104 (± 1) 81.3 108 (± 1) 84.4 128 (± 2) 

 Ni 100/150 51.4 (± 0.2) 87.9 53.5 (± 0.4) 91.5 58.5 (± 1.6) 

 Pb 100/150 42.9 (± 1.0) 80.8 44.2 (± 1.2) 83.2 53.1 (± 0.7) 

 Zn 1500/4500 269 (± 6) 85.7 299 (± 4) 95.2 314 (± 7) 

 Ca 60000 57810 (± 541) 83.4 60593 (± 629) 87.4 69290 (± 705) 

 K K + P  

20000 

6305 (± 191) 34.6 7677 (± 180) 42.1 18227 (± 363) 

 P 8607 (± 130) 91.3 9188 (± 51) 97.4 9429 (± 160) 

FA5 K  2893 (± 133) 22.7 3874 (± 37) 30.3 12767 (± 445) 

1) Field fertilizers/Forest fertilizers. 
2) Mean result (± standard deviation). 
3) Recovery % = (measured value)/(measured value with digestion method 4= x 100. 

5.3.2 Comparison of the digestion methods mandated by the Finnish 
authorities for earth construction use 

The digestion methods permitted by the Earth Construction Decree (Finnish 

Ministry of the Environment 2010) are three acid digestion SFS-EN 13656 (2003) 

(method 4) and aqua regia digestion SFS-EN 13657 (2003), which is comparable 

to method 1.  

All the results for FA4 obtained with methods 1 and 4 (Table 14) were clearly 

below the limits of the Finnish Earth Construction Decree (Finnish Ministry of the 

Environment 2010). The recoveries obtained with method 1 were mainly good 

(over 80%), except for Pb (60.8%) and Ba (45.6%). Since the Finnish authorities 
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accept both these methods, method 1 should be used for the digestion in order to 

minimize the heavy metal content analysis results and therefore maximize the 

utilization potential in earthworks. However, it should be noted that the final 

decision is made based on leaching tests instead of these content analyses. If the 

heavy metal contents exceed the limit values of the decree, but the results of the 

leaching tests are below their corresponding limits, then utilization in earthworks 

is still possible (without an environmental permit), although in the opposite 

situation such a use is not possible. 

Table 15. The Finnish Earth Construction Decree limits and the heavy metal 

concentrations in fly ash FA4 yielded by the two digestion methods (Finnish Ministry of 

the Environment 2010). 

Element Limit value 

(mg kg-1) 

Method 11  

HCl + HNO3 

(mg kg-1) 

Recovery2  

(%) 

Method 41  

HCl + HNO3 + HF 

(mg kg-1) 

As 50 33.6 (± 0.4) 96.0 35.0 (± 0.4) 

Ba 3000 627 (± 10) 45.6 1375 (± 28) 

Cd 15 1.9 (± 0.02) 86.4 2.2 (± 0.1) 

Cr 400 131(± 3)  88.5 148 (± 3) 

Cu 400 114 (± 3) 89.1 128 (± 2) 

Mo 50 6.6 (± 0.06) 81.5 8.1 (± 0.3) 

Pb 300 32.3 (± 0.2) 60.8 53.1 (± 0.7) 

V 400 272 (± 5) 91.9 296 (± 3) 

Zn 2000 293 (± 5) 93.3 314 (± 7) 

1) Mean result ± standard deviation. 
2) Recovery % = (measured value)/(measured value with digestion method 4) x 100. 

5.4 Fly ash granules (Paper V) 

5.4.1 Compressive strengths 

The compressive strength results for the FA granules are presented in Figure 10. 

The compressive strengths were reduced by up to 90% after the addition of sludge 

when compared to the control granule FA6(100). The granules containing sludge 

were so weak that they could easily be crushed with bare fingers, and it is likely 

that they would not be able to withstand various processing stages, transportation, 
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and application to the forest. However, the optimum strength of the FA granules is 

quite a complicated issue. FA is generally used for forest fertilization because of its 

very long-lasting (over 20 years) fertilizing effect (Saarsalmi et al. 2012). The 

granules should be hard enough to promote the gradual transfer of nutrients to the 

forest soil over several years. On the other hand, too high a compressive strength 

can retard and possibly prevent the leaching of nutrients. 

The self-hardening reactions of the FA were presented in section 3.2 (reactions 

(4) – (6)). Self-hardening begins with the hydration of calcium oxide (CaO) into 

calcium hydroxide (Ca(OH)2, which gradually reacts with CO2 to form calcium 

carbonate (CaCO3). Ca can also form other strength-providing products such as 

ettringite (Eq. 6). One possible reason for the low strength is that the large, 

unreactive sludge particles physically blocked the reactive ash and lime particles 

from reaching one another. However, further studies with, for example, an electron 

microscope are needed to determine the reason(s) for the low strength of the sludge-

ash granules. 

 

Fig. 10. Compressive strengths of the fly ash FA6 granules (Paper IV). 

5.4.2 Element contents 

The element contents of the FA granules are presented in Table 15. The N content 

of the granules remained quite low (approximately 0.1–0.3%) after the addition of 

sludge, which can be explained by the relatively low dry matter content of the 

sludge. At least some of the N was volatilized during granulation, which was 
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noticed as a smell of ammonia. However, the N content was in line with the relative 

portion of the sludge in the granules. The typical N nutrient needs of Finnish heath 

forests ranges between 120 and 200 kg ha-1, and to achieve this level, at least 45 t 

ha-1 of the granule FA6(60)S(40) containing the highest concentration of N would 

need to be spread in a forest. In practice, the N content of the studied granules is 

too low for N-poor heath forests and thus granules with a higher sludge portion 

appear to be needed. 

A general observation from Table 15 is that when the concentration of one 

nutrient increased, the concentration of another nutrient decreased, which makes it 

difficult to determine the most suitable nutrient mix for the granules (for any given 

application). The sum of the K + P contents in the granules FA6(50)S(30)L(20) and 

FA6(40)S(30)L(30) fell below the minimum limit value of Finnish legislation 

(Finnish Ministry of Agriculture and Forestry 2015b). However, P or K deficiency 

is usually not a major problem in Finnish heath forests. In addition, the value of the 

K content is strongly dependent on the digestion method used in the analysis, as 

discussed in Paper IV. The heavy metal content of the granules was quite low and 

the addition of sludge and lime, in particular, decreased the heavy metal content 

further in all samples. All the studied granules would be suitable for use as forest 

fertilizer and only the Cd content exceeded the Finnish limit for field fertilizers 

(Finnish Ministry of Agriculture and Forestry 2015b). However, in samples 

FA6(50)S(30)L(20) and FA6(40)S(30)L(30), the amount by which it exceeded the 

limit value was within the measurement uncertainty (±18%) of the analysis method. 

Thus, in practice, these two samples fulfil the requirements of Finnish legislation 

concerning field fertilizers. 
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5.4.3 Neutralizing values 

The neutralizing values of the FA6 granules are presented in Table 16. All the 

granules exceeded the minimum neutralizing value (10% Ca) set by the Finnish 

Fertilizer Decree (Finnish Ministry of Agriculture and Forestry 2015b). The 

neutralizing value increased together with an increase in the lime content, while it 

decreased slightly as the sludge content of the granules increased. In practice, the 

neutralizing ability of the ash-sludge granules was high enough to enable the pH 

adjustment of acidic soil, even without any addition of lime, due to the relatively 

high Ca content of the FA (Table 15). However, the addition of lime clearly 

improves the ability of the granules to raise the pH of acidic soil. As a comparison, 

the neutralizing value of commercial lime is on average 32% Ca (Käytännön 

maamies 2013).  

Table 17. Neutralizing values of the fly ash FA6 granules and the Finnish limit values for 

field fertilizers (Finnish Ministry of Agriculture and Forestry 2015b). 

Sample Neutralizing value (% Ca) 

FA6(100) 12.8 

FA6(80)S(20) 12.4 

FA6(60)S(40) 11.4 

FA6(60)S(30)L(10) 14.4 

FA6(50)S(30)L(20) 17.2 

FA6(40)S(30)L(30) 19.3 

Field fertilizers >10 
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6 Conclusions 

In this work, various issues related to the utilization of wood- and peat-based FA 

were studied, with the general objective of improving the utilization potential of 

such FA. At first, the suitability of willow ash for use as a fertilizer was studied. 

After this, the possibility of improving the strength development of FA obtained 

from wood and peat combustion with the addition of PC and/or alkali activation, 

as well as the possibility of using this type of treatment to stabilize FA containing 

high amounts of heavy metals, was investigated. Then, the effects of the different 

chemical digestion methods that are regulated by Finnish legislation on the 

utilization potential of FA were studied. Lastly, the co-granulation of ash with 

sewage sludge and lime was studied. The main findings of this thesis are: 

– Willow ash would be well suited for use as a fertilizer due to its very good 

nutrient contents. However, special attention should be paid to choosing willow 

species for energy production that are not metal accumulators, since Cd 

accumulation in particular can hamper the use of willow in energy production 

if high amounts of Cd are enriched into the FA. 

– The hardening properties of peat-wood FA can be improved with PC and/or 

alkali activation. The strength development of the peat-wood FA-based mortars 

is dependent on the amount of reactive Ca, as well as the ratio between the 

amounts of reactive Ca and reactive Si + Al + S.  

– Very good immobilization results can be achieved for metals such as Ba, Cu, 

Pb, and Zn using PC- and/or alkali activation-based S/S of REF-biomass FA. 

In general, PC-based S/S seems to perform better than alkali activation-based 

S/S alone. These S/S processes are not suitable for the immobilization of 

oxyanionic elements such as Cr. 

– Finnish authorities allow the use of several different digestion methods for the 

concentration analysis of nutrients from ash fertilizers. The measured K 

content is strongly dependent on the digestion method used. Total digestion 

using, for example, a mixture of three acids (HF + HCl + HNO3) would be the 

preferred method when the nutrient contents of FA fertilizers are analyzed. The 

use of nitric acid digestion could, in the worst case scenario, either prevent the 

use of FA as a fertilizer, or lead to significant extra costs, for instance, requiring 

the addition of K to meet the minimum requirements of the Fertilizer Product 

Decree. 
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– From a technical point of view, FA can be co-granulated with sludge and lime 

without any problems, although the addition of sludge considerably lowers the 

compressive strength of the granules. Therefore, it is likely that ash-sludge 

granules would not be able to withstand various processing stages, 

transportation, and application to the forest as such. Additionally, a sludge 

addition of 20–40% is not high enough to enable ash-sludge granules to be used 

as a fertilizer in N-poor heath forests. 
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