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Preface

Meaningful Use of Biomass Ashes: Closing the Cycle

Biomass ash is the solid residue from the combustion of plant biomass which is

increasingly being used for heat and electricity production. Biomass ash contains

a wealth of macronutrients and micronutrients. Despite the value of the various

elements contained in the ashes, their disposal in landfills is still common prac-

tice, generating considerable costs for biomass plant operators and negating the

recycling potential of ashes. A prerequisite for sustainable use of ashes in agri-

culture and forestry, however, is their quality in terms of nutrients, on the one

hand, and of heavy metals and organic pollutants, on the other. Appropriate

combustion and separation techniques to obtain qualitatively valuable ash frac-

tions are thus highly desirable.

To bring together knowledge and ideas on the reutilization of biomass ashes,

the conference “Recycling of Biomass Ashes” was held in Innsbruck in March

2010, focusing on various recycling technologies for biomass ashes. This book

comprises 11 chapters that are based on selected conference contributions. An

introductory chapter by Insam and Knapp gives an overview of current technologies

and future needs for ash recycling. In Chap. 2 (Schiemenz et al.), the virtue of

ashes as a phosphorous source is emphasized. In Chaps. 3, 5 and 6, nutrient-related

aspects of ashes from wood (Haraldsen et al. and Omil et al.) and olive residues

(Nogales et al.) are addressed. Nieminen in Chap. 4 addresses the effect of wood ash

on the soil fauna. Bougnom et al. in Chap. 7 and Sarabèr et al. in Chap. 8 discuss

the potential of tropical acid soil melioration with ashes (from wood and cocoa

residues, respectively). In Chaps. 9 and 10, Mödinger and Berra et al. elaborate on

the potential of wood ash use in brick making and in the cement industry, respec-

tively. Ash recycling as a puzzle stone in a sustainable society is addressed by

Ribbing and Bjurström in Chap. 11.
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Chapter 1

Recycling of Biomass Ashes: Current

Technologies and Future Research Needs

Brigitte Amalia Knapp and Heribert Insam

Abstract Biomass ash is a final by-product from biomass incineration and is being

produced in increasing amounts. Ash contains a variety of macronutrients and

micronutrients and thus requires an appropriate recycling strategy. This chapter

addresses various recycling strategies and technologies, with a particular focus on

a smart combination of wastes from different sources for optimising recycling

efficiency.

1.1 Introduction

Biomass ash is the solid residue accumulating from the thermal combustion of plant

biomass for heat and electricity production, containing a variety of macronutrients

and micronutrients resistant to incineration. As combustion of biomass is among the

dominant bioenergy applications worldwide, increasing numbers of biomass-based

power plants are being built and thus vast quantities of ashes are produced. Despite

the value of the various elements contained in the ashes, their disposal in landfills is

still common practice, generating considerable costs for biomass plant operators

and negating the recycling potential of ashes. A prerequisite for sustainable use of

ashes in agriculture and forestry, however, is their quality in terms of heavy metal

contents and organic pollutants. Appropriate combustion and separation techniques

for the different ash fractions are thus highly needed.

To bring together knowledge and ideas on the reutilisation of biomass ashes, a

conference entitled “Recycling of Biomass Ashes” was held in Innsbruck in March

2010, focusing on various recycling technologies for biomass ashes. The confer-

ence sessions were targeted at the use of ashes as fertiliser or a supplement for

organic and inorganic fertilisers as well as their combination with compost and

anaerobic sludges. Further, ash amendments to forest soils were a major topic, as

was the use of ashes for geotechnical constructions and industrial processes.

B.A. Knapp (*) and H. Insam

University of Innsbruck, Institute of Microbiology, Technikerstraße 25, 6020 Innsbruck, Austria

e-mail: b.knapp@uibk.ac.at
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Moreover, national and international policies regulating the application of ash were

presented and joint programmes for advancing knowledge in the field of ash

recycling were discussed.

In the following chapters an overview of different fields of application for

biomass ashes is presented, summarising current knowledge on the reutilisation

of biomass ashes and highlighting future research needs. As most investigations on

ash recycling are based on wood ash, this chapter will focus on ash produced from

wood combustion.

1.2 Characterisation of Ash

During incineration of wood and other types of plant biomass, a solid residue is

formed, representing about 2% (e.g. willow wood) to 20% (e.g. rice husks) of the

input material (Jenkins et al. 1998). Depending on the plant species, the origin of

plant, the plant parts used for combustion, the process parameters during incinera-

tion and the storage conditions of combustion residues, ashes differ considerably

regarding their physical and chemical properties (Demeyer et al. 2001). These

characteristics determine the quality of different ash types and their suitability for

further applications (Karltun et al. 2008). Moreover, different treatments after

combustion (self-hardening, thermal treatment or hardening with the addition of a

binding material such as a potassium silicate) affect leaching properties of the ash.

Ash pellets with a denser structure and a smaller specific surface area display lower

leaching rates (Mahmoudkhani et al. 2007). The application form of biomass ash is

of great concern, as untreated ash is difficult to apply evenly to soil and may lead to

burning of the plant surfaces. Pretreatment of ash may thus be necessary to prevent

such damage by lowering the reactivity of the ash. Pretreated ash products are

assumed to be more suitable for application purposes, result in less dust formation

during spreading, facilitate even spreading and prolong the fertiliser effect owing to

slower decomposition rates (Sarenbo et al. 2009).

1.2.1 Wood Ash Composition

Although carbon (C) is mostly oxidised and nitrogen (N) is emitted in the form of

gaseous compounds during combustion, most other elements present in the plant

material are retained in the ash (Steenari et al. 1999). Wood ash mainly consists of

calcium, potassium, magnesium, silicon, aluminium, phosphorus, sodium, manga-

nese and sulphur, whereas it is N-deficient. Trace elements found in wood ash are

iron, zinc, arsenic, nickel, chromium, lead, mercury, copper, boron, molybdenum,

vanadium, barium, cadmium and silver, again found in varying concentrations

in different types of wood ash (Demeyer et al. 2001; Karltun et al. 2008).

The behaviour patterns of these elements differ considerably, as some elements

2 B.A. Knapp and H. Insam



are partially or completely volatilised during combustion, whereas others are

retained to a high degree (Miller et al. 2002). Owing to the incomplete combustion

of biomass, remaining C can be found in the ash to some extent, usually as charcoal

(Karltun et al. 2008). Whereas the amounts of K, S, B, Na and Cu were reported to

decrease with furnace temperature, the amounts of Mg, P, Mn, Al, Fe, Si and Ca

were not affected by temperature (Misra et al. 1993). However, these effects depend

on the tree species incinerated (Pitman 2006). Moreover, a lack of standardisation

concerning the methods used for the assessment of major and minor ash-forming

elements causes further divergences (Baernthaler et al. 2006).

1.2.2 Heavy Metals and Organic Pollutants in Wood Ash

The heavy metals that may accumulate in wood ash are of special concern when it is

used for fertilisation purposes. Compared with coal ashes, ashes derived from wood

are lower in heavy metals, but are more alkaline (Campbell 1990). High concentra-

tions of As, Cd, Cr, Pb, Zn and Cu may, however, occur owing to the incineration of

surface-treated waste wood and wood treated with industrial preservatives (Krook

et al. 2006). Cu concentrations in biomass ashes were frequently shown to exceed

critical values according to national regulations in Austria (Neurauter et al. 2004)

and Germany (Ministerium f€ur Umwelt und Verkehr Baden-W€urttemberg 2003).

Average Cu contents found in three studies dealing with ash composition are

illustrated in Fig. 1.1 (Neurauter et al. 2004; Niederberger 2002; Tóthóva 2005).

Whereas the incineration of pure wood led to moderate Cu concentrations in the

resulting ash, high Cu contents were found when other biomass, especially roadside

greenery and material derived from wood processing, was combusted together with

natural wood (samples 9, 10).

Wood ash is better applicable for fertilisation purposes if it is separated into fly and

bottom ash during combustion, as heavy metals – except for Zn – accumulate in the

fly ash (Pitman 2006; Stockinger et al. 2006). Fly ash is the lightest fraction formed

during combustion, being deposited within the boiler or in the filters (Pitman 2006).

Ashes may also include organic pollutants such as polychlorinated dibenzodioxin,

biphenyls, dibenzofuran and polycyclic aromatic hydrocarbons (PAHs), which are of

interest because of their toxic, mutagenic and carcinogenic effects (Lavric et al. 1994;

Enell et al. 2008). High amounts of PAHs are ascribed to a poor combustion

performance (Sarenbo 2009). Wood ashes may pose a risk not only because of the

direct input of organic pollutants, but also because a rise in soil pH following wood

ash amendments enhances remobilisation of PAHs and polychlorinated biphenyls

(Bundt et al. 2001). An elevated pH also affects metal solubility in soil; however,

changes in solubility do not necessarily correlate with incorporation of heavy metals

in plants grown on the respective soils (Dimitriou et al. 2006). Another essential issue

in regard of ash amendments to soils is leaching of toxic substances to the ground-

water (Williams 1997), especially in combination with an elevated pH and high Na

content (Morris et al. 2000). Leaching is frequently evaluated in laboratory tests, but
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these tend to overestimate or underestimate on-site leaching processes and thus it is

difficult to assess the real situation in the field (Reijnders 2005).

1.3 Areas of Application for Wood Ashes

As versatile as wood ash is, its potential areas of application are:

l Ash application in forest ecosystems

Wood ash is commonly applied to forest ecosystems to return nutrients extracted

through whole-tree harvesting and to counteract soil acidification (Sect. 1.3.1).

l Wood ash as fertiliser or fertiliser supplement in agroecosystems

Wood ash rich in nutrients but displaying a low concentration of heavy metals or

organic pollutants is also suitable as fertiliser or fertiliser supplement for agricul-

tural and horticultural purposes (Sect. 1.3.2).

l Wood ash for geotechnical constructions and industrial processes

Fig. 1.1 Cu concentration (mg/kg) detected in a variety of ash samples derived from plain wood

incineration, or combined incineration of wood with other biomass. (Data compiled from

Neurauter et al. 2004, sample 4; Niederberger 2002, samples 5–10; Tóthóva 2005, samples 1–3)

4 B.A. Knapp and H. Insam



Typical applications in this field are the construction of roads and parking areas,

the use of ash as a surface layer in landfills and admixture of ash for concrete,

brick or cement production (Sect. 1.3.3).

1.3.1 Ash Application in Forest Ecosystems

The effect of wood ash application on forest ecosystems has been intensively

studied in northern European countries where ash is used as fertiliser in boreal

forests (Aronsson and Ekelund 2004). Owing to extensive forest harvesting (espe-

cially whole-tree harvesting), reuse of ashes was established to avoid base element

depletion of forest soils, leading to increasing acidity as well as decreasing amounts

of nutrients and organic matter in the soil, thus threatening forest productivity

(Stupak et al. 2008).

1.3.1.1 Effects of Wood Ash Application on Soil Properties

Wood ash is applied to forest soils to alleviate nutrient depletion and soil acidifica-

tion, either alone or in combination with N fertiliser. Wood ash is also applied as

lime replacement, providing base cations to increase soil pH (Steenari et al. 1999;

Meiwes 1995; Brunner et al. 2004). This liming effect can be attributed to Ca and

Mg carbonates in the ash as well as to its fine structure (Pitman 2006). Arvidsson

and Lundkvist (2003) observed an increased soil pH after 3 Mg ha�1 wood ash

application in young Norway spruce (Picea abies) stands. Moreover, concentra-

tions of exchangeable Ca and Mg as well as the effective cation-exchange capacity

were elevated compared with the control. As salts contained in the ash started to

dissolve after application, high K, Na and SO4 concentrations were also found in the

soil (Augusto et al. 2008). Jacobson et al. (2004) reported an increased soil pH and

base-cation content 5 years after amendment with self-hardened and crushed ash (3,

6 or 9 t ha�1) or pelleted ash (3 t ha�1) on two different coniferous sites in Sweden,

whereby the ash formulation did not have an effect on soil chemistry despite

differences in solubility. Basic substances used to amend soil may, however, foster

nitrification and nitrate leaching in soil ecosystems and hence enhance soil acidity,

counteracting the positive effects of wood ash application (Meiwes 1995). Since

ash components bind to organic substances in the humus layer of forest soils,

fertilisation effects of wood ash amendments on soil acidity and extractable Ca

and Mg were found to last for many years (Bramryd and Fransman 1995; Saarsalmi

et al. 2001, 2004, 2005; Mandre et al. 2006). The impact of wood ash applications

(9 and 18Mg ha�1) on soil properties in different tree stands (European larch, aspen

and poplar) was evaluated in a 7-year experiment in Michigan, revealing that wood

ash was able to foster long-term productivity and repeated applications may even

have the potential to make up for biomass-C losses due to plantation management

operations (Sartori et al. 2007).

1 Recycling of Biomass Ashes: Current Technologies and Future Research Needs 5



1.3.1.2 Effects of Ash Amendments on Trees and Ground Vegetation

in Forest Ecosystems

When looking at the effect of wood ash amendments on tree growth in Nordic

countries, Augusto et al. (2008) revealed a considerable site dependency using a

meta-analysis approach. Whereas wood ash was not able to improve tree growth on

mineral soils, it had a significant effect on trees planted on organic soils. Reviewing

different studies from Finland, Sweden and Switzerland with regard to the impact of

wood ash applications on tree growth and vitality, Lundstr€om et al. (2003) reported

neutral or even negative effects of ash fertilisation. Investigating the effect of

hardened wood ash application (up to 3 Mg ha�1) on ground vegetation in young

Norway spruce stands on mineral soils, Arvidsson et al. (2002) found that biodiver-

sity and plant biomass were not affected. In a Swiss forest, fine roots of spruce were

influenced by ash application (4 t ha�1) on mineral soil, whereby ash fertilisation

enhanced the number of root tips, forks and the root length, but resulted in decreased

root diameters (Genenger et al. 2003). In a set of field experiments applying wood ash

(1–9Mg ha�1) on 30–60-year-old Scots pine (Pinus sylvestris L.) and Norway spruce
(Picea abies (L.) Karst.) stands on mineral soil in Sweden, stem growth was only

promoted when N (150 kg ha�1) was added, whereas wood ash amendments without

N did not lead to significant responses (Jacobson 2003). The same was true for

combined wood ash and N applications on a Scots pine (Pinus sylvestris) stand on a

low-productivity mineral soil, where wood ash plus N positively influenced tree

growth even 20 years after application. Nitrogen fertilisation alone only led to a

short-term effect (Saarsalmi et al. 2006). Whereas wood ash or sludge application

alone did not have any influence on the structure of a commercial willow plantation in

central Sweden in a 3-year experiment, harvestable shoot biomass was increased by a

combined sludge (2.6 t ha�1) and ash (5.5 t ha�1) treatment and thus gave results

comparable to fertilisation with mineral fertiliser corresponding to 14.5 kg P

ha�1 year�1, 48 kg K ha�1 year�1 and 100 kg N ha�1 year�1 (Adler et al. 2008).

However, this treatment showed negative effects on wood fuel quality concerning P,

K and heavy metal concentrations in the bark and wood. Plant growth or biomass

production was also not influenced by wood ash fertilisation (10 and 20 Mg ha�1 for

3 years) in a willow plantation on a silt loam soil in the state of New York (Park et al.

2005). In this experiment, wood ash did not have an impact on nutrient concentrations

of foliar, litter and stem tissue, whereas the concentrations of soil-extractable P, K, Ca

and Mg were significantly higher than in control plots. In contrast, Moilanen et al.

(2002) observed a positive effect of ash fertilisation (8 and 16 t ha�1) on tree volume

growth even 50 years after amendment on a drained peat mire, being accompanied by

elevated nutrient concentrations in the peat.

The results presented are attributed to the fact that ash is low in N, which is the

main limiting element for plant growth on mineral soils in boreal forests. In

contrast, ash fertilisation was considered to be more suitable for peatland forests

displaying higher N contents (Hånell and Magnusson 2005) and was found to

promote tree growth (height, diameter and biomass) of a young Pseudotsuga
menziesii plantation and a Pinus radiata plantation on N-rich mineral soil in

6 B.A. Knapp and H. Insam



Spain (Solla-Gullón et al. 2006, 2008). Besides enhanced stem-wood growth of

Norway spruce, Rosenberg et al. (2010) also observed increased CO2 evolution

rates even 12 years after wood ash applications (6 Mg ha�1) on a N-rich soil,

indicating that ash amendments of N-rich sites have to be evaluated carefully

regarding their effect on C and N cycling.

1.3.1.3 Effects of Ash Amendments on Soil Microorganisms

Fertilisation of coniferous forest soil with wood ash (5 t ha�1) was demonstrated to

affect microbial biomass (on the basis of phospholipid fatty acid analysis). Fungi

reacted more sensitively to wood ash treatment than bacteria, which was reflected by

decreasing fungal-to-bacterial phospholipid fatty acid ratios (Baath et al. 1995).

Because ectomycorrhizal fungi are known to play an important role in the nutrient

supply of trees, Hagerberg and Wallander (2002) investigated the effect of wood ash

amendment on a Norway spruce forest floor and revealed an increase in ectomycor-

rhizal biomass. The ectomycorrhizal fungus Piloderma sp. was found to frequently

colonise granulated wood ash in a wood-ash-fertilised spruce forest, suggesting a

direct impact on nutrient mobilisation (Mahmood et al. 2001, 2002). Piloderma sp.

was moreover assumed to affect short-term storage of Ca derived from wood ash

granules, whereas no effect on P storage or release was discovered (Hagerberg et al.

2005). Gaitnieks et al. (2005) reported a positive effect of wood ash (6 t ha�1) on

Suillus sp. when it was applied prior to planting of Scots pine seedlings; this was

accompanied by increased root and needle biomass of the seedlings.

In a long-term study on different forest sites, wood ash fertilisation (5–8 t ha�1)

led to increased CO2 production caused by enhanced microbial activity but did not

influence N2O emissions, although nitrification and denitrification may have been

affected by wood ash application (Maljanen et al. 2006a, b). This effect was shown

by Ozolincius et al. (2006) in a Pinus sylvestris stand in Lithuania, revealing an

increase of ammonifying, nitrifying and denitrifying microorganisms after wood

ash application (1.25–5 t ha�1). In contrast, Saarsalmi et al. (2010) did not find

changes in net nitrification when investigating the effect of wood ash (3 t ha�1)

combined with N (0.15 t ha�1) on soil microbial processes in two coniferous stands

in Finland 15 years after application.

1.3.1.4 Effects of Ash Amendments on Soil Fauna

Wood ash application at rates of 1 and 5 t ha�1 in a Scots pine stand in central Finland

decreased numbers of the enchytraeid worm Cognettia sphagnetorum, and slightly

changed the soil microarthropod community. Soil chemical parameters were also

influenced by these treatments, whereas microbial communities were only affected

by the higher ash concentration (Haimi et al. 2000). Enchytraeid size and abundance

were found to be reduced inmicrocosms containing 30 g humus from aNorway spruce

forest and amended with 480 mg wood ash, but the negative effect could be offset by

1 Recycling of Biomass Ashes: Current Technologies and Future Research Needs 7



sucrose, indicating that the impact of wood ash on soil animals in forest ecosystems is

mainly linked to C input rates. Negative effects may thus be avoided by minimising C

limitations for decomposers (Nieminen 2008; see Chap. 4, Nieminen 2011).

1.3.1.5 Contamination Risks Through Wood Ash Application

in Forest Ecosystems

Heavy metal concentrations have to be considered when wood ash is recycled to

forests; thus, the quality of the applied ash is of great concern to avoid accumulation

of heavy metals in the environment (Stupak et al. 2008). In a microcosm experiment

performed by Fritze et al. (2000), Cd derived from wood ash application on forest

soils did not show any harmful effects on the microbial activity or fungal and

bacterial community structure. In the same experiment, ash treatments were found

to induce a shift in archaeal community patterns, whereas Cd alone or with ash did

not have an influence (Yrj€al€a et al. 2004). When looking at the heavy metal contents

of forest berries (Rubus chamaemorus, Vaccinium vitis-idaea, Vaccinium uligino-
sum) or mushrooms (Russula paludosa, Lactarius rufus, Lactarius trivialis, Suillus
variegates, Paxillus involutus) on different Finish forest sites after wood ash

fertilisation (4–14 t ha�1), Moilanen et al. (2006) observed no accumulation of

heavy metals or even a decrease in the long term. Similar results were found in six

Pinus radiata plantations repeatedly fertilised with 4.5 t wood ash per hectare in

northwestern Spain, leading to a decrease of Zn, Cu and Cd levels in some

mushroom species, which was attributed to an increase in soil pH. Only Mn

concentrations were elevated in all mushroom species investigated (Amanita mus-
caria, Russula sardonia, Tricholoma pessundatum, Laccaria laccata,Micena pura,
Suillus bovinus, Xerocomus badius). Heavy metals did not accumulate in tree

needles or ground vegetation (Omil et al. 2007). Another aspect of recycling

ashes back to the soil is the accumulation of 137Cs (Hedvall et al. 1996). However,

application of wood ash at a level of 3.0 and 4.2 kg ha�1 contaminated with

30–4,800 Bq 137Cs per kilogram on different coniferous forest sites in Sweden

did not significantly increase radioactivity in the biological system (soil, field

vegetation, tree parts) when measured 5–8 years after ash amendment, which was

partly attributed to the antagonistic effects of wood ash K on 137Cs (H€ogbom and

Nohrstedt 2001). This finding was confirmed in a 100-year-old Scots pine (Pinus
sylvestris L.) stand on Fe podsol in central Finland, on which ash fertilisation (1, 2.5
and 5 t ha�1) led to a reduction of 137Cs concentrations in lingonberries (Vaccinium
vitis-idaea L.) analysed 2 and 7 years after application of ash (Levula et al. 2000).

1.3.2 Ash as Fertiliser or Fertiliser Supplement
in Agroecosystems

Wood ash is not only a valuable fertiliser in forest ecosystems, it can also benefit

agricultural soils, especially acid soil types.

8 B.A. Knapp and H. Insam



Analysing the impact of wood ash (5 and 20 t ha�1) on an Italian agricultural soil

regarding its physicochemical, microbiological and biochemical properties, Perucci

et al. (2008) observed increasing pH values and electrical conductivity as well as

decreasing microbial biomass C in the first months after application, but no long-

term effects of ash amendments were found. Enhanced crop production for barley

(Hordeum vulgare L.) and canola oil seed (Brassica rapa L.) was monitored when

Boralf soils in central Alberta were supplemented with wood ash (12.5 or 25 t ha�1)

in combination with N fertiliser (Patterson et al. 2004a). Although wood ash was,

moreover, found to positively influence canola seed oil content, it may impair oil

quality owing to an increase in the concentration of glucosinolate (Patterson et al.

2004b).

Combining wood ash with N sources is an interesting option for designer com-

posts or fertilisers. Admixture of 8 and 16% wood ash and organic wastes prior to

composting did have positive effects on the composting process (temperature,

microbial activity) and the quality of the final product (no increase in heavy

metal concentrations, improved nutrient balance) (Kuba et al. 2008). In comparison

with mineral and organic fertilisers, wood-ash-amended compost was superior for

the recultivation of a Tyrolean ski run, increasing plant cover and soil microbial

biomass and respiration (Kuba et al. 2008) (Fig. 1.2). Composts produced with 8%

wood ash admixture fostered utilisation of C sources (polymers, carboxylic and

amino acids, alcohol, and carbohydrates) in a MicroResp™ assay and led to a

change in microbial community structure, whereas compost with 16% ash altered

bacterial and fungal community composition, but did not enhance C utilisation

(Bougnom and Insam 2009). Bougnom et al. (2009, 2010) demonstrated that

compost produced with wood ash supplement (8 and 16%) may be a cheap

alternative to liming in tropical areas, where many soils are characterised by a

low pH. Wood ash alone also significantly increased pH and electrical conductivity

in a tropical soil in Cameroon and was found to supply nutrients to the soil (Voundi

Nkana et al. 2002). Besides raising soil pH, wood ash amendments (4 and 6 t ha�1)

Fig. 1.2 Application of

wood-ash-amended composts

(8 and 16% w/w) in a

reclamation trial on a ski

slope in the Austrian Alps

(Mutterer Alm, Tyrol,

1,700 m above sea level). The

trial was set up in a

randomised block with four

replicates, including the two

ash-amended composts as

well as control plots and plots

fertilised with organic or

mineral fertilisers. (Photo:

BioTreaT)
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on an acid soil in Nigeria improved maize grain yield (Mbah et al. 2010). As lime or

artificial fertilisers are unaffordable for resource-poor farmers, wood ash may be an

alternative for improving soil fertility in agricultural soils in the tropics (Voundi

Nkana et al. 1998; Bougnom et al. 2010; see Chap. 7, Bougnom et al. 2011). Wood

ash application of up to 4 t ha�1 on tropical soil in Uganda was observed to enhance

bean (Phaseolus vulgaris) and soybean (Glycine max. L) biomass, but led to higher

Cu, Zn, Cd and Pb concentrations in edible plant parts (Mbaherekire et al. 2003).

Analysing the effect of wood ash application as well as combined wood ash and

compost amendments on soil microorganisms, Odlare and Pell (2009) revealed

toxic effects of wood ash on potential denitrification in an arable soil on a short-

term and a long-term basis. Compost was, however, able to mitigate these heavy-

metal-related negative effects of the ash.

1.3.3 Recycling of Ashes for Geotechnical Constructions
and Industrial Processes

Only high-quality ashes are suitable for the uses in agriculture and forestry

explained in the previous sections. In particular for ashes that are characterised

by elevated heavy metal contents, other uses are suggested, such as construction of

roads, a surface layer in landfills, and as an additive in industrial processes such as

concrete, brick, glass and cement production (van Alkemade et al. 1999; Ribbing

2007; Obernberger and Supanic 2009). Specific information on the use of biomass

ashes in brick making is presented in Chap. 9 (M€odinger 2011), and in Chap. 10

Berra et al. (2011) focus on the reuse of woody biomass fly ash in cement-based

materials. The use of ashes for civil works such as road construction or as a surface

layer for landfills in Sweden is illustrated by Ribbing and Bjurstr€om (see Chap. 11,

Ribbing and Bjurstr€om 2011).

1.4 Future Research Needs

The use of high-quality biomass ashes for fertilisation processes or for geotechnical

and industrial purposes is advisable; however, there are several open questions for

fostering different areas of application:

l If ash is to be used as fertiliser or fertiliser supplement on a large scale, it has to

be turned into a marketable product in a cost-effective manner. Therefore, a

standard product has to be developed, making it applicable on different sites with

specific nutrient supply and pH regulation requirements (Table 1.1). Separation

of high-quality and low-quality ashes at the incineration plant is highly desir-

able. Combustion processes that do not blend the entire ash but provide fractions

of bottom and fly ash are preferable.

10 B.A. Knapp and H. Insam



l Ash applications to soils and the use of ash for geotechnical and industrial purposes

have to be accompanied by quality controls to guarantee short-term and long-term

harmlessness and the usefulness of these amendments/admixtures. International

programmes have to be implemented to build up and merge knowledge on the

recycling of biomass ashes and to work out general user guidelines, accompanied

by standardised tests.
l Whereas wood ash application in forest ecosystems is commonly accepted in

northern European countries, this is not so in other European countries. It is thus

necessary to increase public awareness of the importance of sustainable forest

management, including the recycling of wood ashes.
l On a national and European level, end-of-waste solutions for ashes should be

envisaged, based on strict quality limits.

1.5 Conclusions

Biomass ash is the inorganic residue produced during incineration of biomass for

heat and electricity production, containing valuable macronutrients and micronu-

trients from the combusted biomass. Physical and chemical characteristics of

biomass ashes depend strongly on the plant type (plant species, origin of plants,

plant parts combusted) as well as the process parameters during incineration and the

storage conditions of ashes; thus, the quality of different biomass ashes differs

considerably, even within the same incineration facility.

Investigations on the suitability of biomass ash application to forests as well as

agroecosystems are difficult to compare, as different types and amounts of ash have

been tested in various environments, hindering the establishment of general guide-

lines for ash amendments. Biomass ash applications have been shown to be

beneficial to soil ecosystems, as long as ashes of good quality are used and care

is taken not to accumulate heavy metals or organic pollutants as a consequence of

high application doses or repeated applications. These positive effects have been

Table 1.1 Important steps for development and assessment of a user-friendly and cost-effective

fertiliser with ash admixture

Product development and assessment

Formulation of the product

Detailed assessment of the processing conditions (granulation, pelletising)

Production of prototypes

Chemical assessment of prototypes

Analysis of effects of soil application regarding physicochemical and microbial parameters as well

as plant productivity

Optimisation of product and procedures

Economic assessment and cost optimisation of product

Development of marketing strategies

Registration of product

Development of monitoring programmes (fertilisation effect, ecotoxicology)
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confirmed in long-term experiments in forest ecosystems in northern European

countries, where wood ash applications have a long tradition. Long-term investiga-

tions aside from these forest ecosystems are, however, scarce as are clear regula-

tions and guidelines for biomass ash recycling to soil. The same is true for the use of

combustion residues for geotechnical and industrial purposes.

Research on the recycling of biomass ashes is a relevant and timely issue. More

specific information and recent research outcomes on the recycling of biomass ashes

as fertiliser or fertiliser supplement in forests and agroecosystems as well as for

geotechnical and industrial applications are provided in other chapters of this book.
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Chapter 2

Phosphorus Fertilizing Effects of Biomass Ashes

Katja Schiemenz, J€urgen Kern, Hans-Marten Paulsen, Silvia Bachmann,

and Bettina Eichler-L€obermann

Abstract The reutilization of biomass ashes in agriculture is important to create

nutrient cycles. In field and pot experiments we investigated the fertilizing effects

of different biomass ashes (rape meal ash, straw ash, and cereal ash) for eight

different crops on a loamy sand and a sandy loam. Special emphasis was given to

phosphorus (P). The ashes showed large differences in their elemental composition.

The highest P contents (10.5%) were measured in the cereal ash, and lowest in straw

ash (1% P). The solubility of P in water was low; however, about 80% of P was

soluble in citric acid. Generally, the P fertilizing effect of ashes was comparable to

that of highly soluble P fertilizers such as triple superphosphate. The ash supply

resulted in an increase of P uptake of cultivated crops as well as in increased soil P

pools (total P, water-soluble P, double-lactate-soluble P, oxalate-soluble P) and P

saturation. The ash effects depended also on the cultivated crop. Good results were

found in combination with phacelia, buckwheat, and maize. Provided that biomass

ashes are low in heavy metals and other toxic substances, the ashes can be applied in

agriculture as a valuable fertilizer.

2.1 Introduction

Renewable energy sources are important for reducing the EU’s dependence on

fossil fuels and cutting greenhouse gas emissions and other pollutants. “Biomass is

one of the most important resources for reaching our renewable energy targets.
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It already contributes more than half of renewable energy consumption in the

European Union” said G€unther Oettinger, Europe’s energy commissioner in Feb-

ruary 2010, when the European Commission adopted a report on sustainability

requirements for the use of solid biomass and biogas in electricity, heating, and

cooling (European Commission 2010).

In the context of increasing bioenergy production, the recycling of the residues

in agriculture can contribute to realize nutrient cycles and reduce the necessity of

commercial fertilizer application (see Chap. 3, Haraldsen et al. 2011; Chap. 7,

Bougnom et al. 2011). This has special importance for phosphorus (P), since the

P resources are strongly limited worldwide. Ashes from combustion of biomass are

the oldest mineral fertilizer. Biomass ashes are nearly free of nitrogen but contain P

and other nutrients needed for plant nutrition (Sander and Andrén 1997; Vance and

Mitchell 2000; Patterson et al. 2004; Uckert 2004). Furthermore, biomass ashes can

also be used as liming agents (Muse and Mitchell 1995; Mandre 2006), and can

stimulate microbial activities in the soil (Demeyer et al. 2001; see Chap. 1, Knapp

and Insam 2011).

The nutrient compositions of ashes are affected by different factors. Particularly,

the kind of biomass combusted influences the quality and the nutrient values of

ashes. Besides the raw material used, the combustion process itself affects the

chemical composition of the ashes. The P concentration in biomass ashes may

range from less than 1% up to 10% (Table 2.1).

Positive effects of biomass ashes on crop yields were found in different studies.

Among others, Krejsl and Scanlon (1996) found wood ashes to increase oat and

bean yields. Phongpan and Mosier (2003) found positive effects of rice hull ash on

rice yield, Ikpe and Powell (2002) reported positive impacts of millet ash on millet

yields, and Haraldsen et al. (2011, see Chap. 3) found particularly positive combi-

nation effects with meat and bone meal residues on barley.

Nutrient uptake efficiency andmobilizationmechanisms of crops are important for

high utilization of applied P (Schilling et al. 1998; Neumann 2007), and the utilization

of P in ashes also depends on the cultivated crop. However, research findings

concerning interactions between biomass ashes and crop species are rarely available.

In our studies we investigated three different crop biomass ashes and eight

crop species within field and pot experiments. The objectives of our work were to

evaluate the P fertilizing effect of biomass ashes on different soils, and to investi-

gate possible interactions between the effects of ashes and cultivated crops.

Table 2.1 P contents in biomass ashes

Type of ash P content (%)

Bagasse ash (Jamil et al. 2004) 0.01

Alfalfa stem ash (Mozaffari et al. 2002) 0.90

Horticulture ashes (Zhang et al. 2002) 0.04–1.00

Wood ashes (Erich and Ohno 1992; Saarsalmi et al. 2001; Hyt€onen 2003) 0.90–1.70

Wheat straw ash (Hyt€onen 2003) 1.30

Rape straw ash (Hyt€onen 2003) 2.10

Poultry litter ash (Yusiharni 2001; Codling et al. 2002) 5.00

Cereal ash (Eichler et al. 2008b) 10.4
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2.2 Material and Methods

2.2.1 Treatments and Experimental Design

Two field experiments were conducted on different soil types at the agricultural

experimental stations of the University of Rostock (loamy sand) and at the Institute

of Organic Farming in Trenthorst (sandy loam). The same soil types were also used

for the pot experiments in Rostock; in 2007 the experiments were established on

loamy sand and in 2008 they were established on sandy loam (Table 2.2).

The rape meal ash (RMA) was produced at the University of Rostock in a

fluidized bed combustion at 860�C. The rye straw ash (SA) was produced via

grate firing at 750�C and was supplied by the Leibniz Institute for Agricultural

Engineering in Potsdam-Bornim (Germany). The rye cereal ash (CA) was manu-

factured at the Agricultural Technical School of Tulln (Austria) also via grate firing

at 650–850�C. The fertilization treatments in the field and pot experiments were

established in respect of the nutrient contents of the ashes (Table 2.3). Heavy metal

contents are given in Table 2.4.

Table 2.3 Treatments, nutrient concentrations of the ashes and nutrient supply, field and pot

experiments

Fertilization

treatments

Nutrient

concentrations

(%)

Field experiments Pot experiments (6 kg soil per pot)

Fertilizer

application

rates (kg ha�1)

for 2 years

Nutrient supply

(kg ha�1) for 2 years

Fertilizer

application

rates

(g pot�1)

Nutrient supply

(g pot�1)

P K Mg P K Mg P K Mg

CON – – – – – – – – – – –

Phosphorus

(TSP)

20.2 – – – – – – 1.00 0.20 – –

RMA 8.0 7.3 5.5 650 51.7 47.5 35.4 2.50 0.20 0.18 0.14

SA 1.0 5.3 1.0 850 8.8 44.8 8.2 9.80 0.10 0.52 0.10

CA 10.5 10.8 3.3 500 52.4 54.2 16.7 1.90 0.20 0.21 0.06

Potassium

(KCl)

– 52.4 – – – – – 1.00 – 0.52 –

CON control; TSP triple superphosphate; RMA rape meal ash; SA straw ash; CA cereal ash

Table 2.2 Soil characteristics at the beginning of the field and pot experiments

Type of soil pH OM Pw Pdl Pox PSC DPS

CaCl2 (%) (mg kg�1) (mmol kg�1) (%)

Field experiments

Rostock (0–30 cm) Loamy sand 5.70 1.9 16.9 67.2 15.9 29.3 54.0

Trenthorst (0–30 cm) Sandy loam 6.36 3.5 23.8 81.9 17.3 42.1 41.1

Pot experiments

2007 Loamy sand 5.69 2.4 10.6 38.9 11.9 30.5 39.1

2008 Sandy loam 6.17 3.6 7.6 39.3 9.9 37.4 26.6

OM organic dry matter, Pw water-soluble P, Pdl double-lactate-soluble P, Pox oxalate-soluble P,
PSC P sorption capacity, DPS degree of P saturation
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In the 2-year field experiments with different crop plants (see Table 2.5) the three

ashes were applied once at the beginning of the experiments and incorporated into the

top soil. Nitrogen was given in all treatments according to good fertilization practice.

In the pot experiments six different fertilization treatments were established.

Besides the ash treatments, other treatments included triple superphosphate (TSP)

as a highly soluble P source, potassium chloride (KCl) as a highly soluble potas-

sium source, and a control (CON) without P and potassium. The ashes/fertilizers

were applied on the soil surface and mixed into the upper 5 cm of soil. For nitrogen

supply, 1.4 g NH4NO3 per pot was given. Mitscherlich pots with 6 kg soil each were

used for crop cultivation.

Eight different crops were investigated in the pot experiments. Depending on the

favourable growing time of cultivated main crops and catch crops, two experiments

per year were established (Table 2.5). The main crops were seeded in April and the

catch crops were seeded in August. The crop growing period in the pot experiments

was about 7–10 weeks until the time of maximum biomass. In field and pot

experiments all treatments were replicated four times.

2.2.2 Analyses

Harvested shoots were dried at 60�C, weighed, ground with a plant mill, and stored

for further investigations. The P content in plant tissue was measured after dry

ashing using the molybdovanadate method (Page et al. 1982). Plant P uptake was

calculated by multiplying the P content of the shoots and shoot biomass.

The soil samples were air-dried and sieved (2 mm) before analysis. Soil pH was

measured in 0.01 M CaCl2 using a 1:2.5 soil-to-solution ratio. For characterization of

soil P pools, different methods were used. The method described by Van der Paauw

(1971) was used to determine water-extractable P (Pw) with a soil-to-water ratio of

1:25. The P concentrations in the extracts were measured by the phosphomolybdate

blue method via flow-injection analysis. The content of double-lactate-soluble P (Pdl)

Table 2.4 Heavy metal contents (mg kg�1) and pH values of the biomass ashes

Biomass ash pH Cd Cr Cu Hg Ni Pb Zn

RMA 12.6 0.5 227.9 77.1 0.02 273.6 11.9 348.9

SA 11.1 0.1 4.7 24.5 0.02 3.7 <1.5 80.9

CA 12.9 1.3 13.7 170.9 0.04 13.1 2.6 750.5

RMA rape meal ash; SA straw ash; CA cereal ash

Table 2.5 Cultivated crops in the experiments in 2007 and 2008

Year Field experiments Pot experiments

Rostock Trenthorst Main crops Catch crops

2007 Summer barley Summer wheat Maize, blue lupin,

summer barley,

oilseed rape

Oil radish, phacelia,

Italian ryegrass,

buckwheat
2008 Maize Blue lupin
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(photometric method) was quantified according to Blume et al. (2000). By means of

the ammonium oxalate method (Schwertmann 1964) the extractable amount of P

(Pox) allows the estimation of the amount of inorganic P being adsorbed on amor-

phous iron and aluminium oxides in the soil. Pox and the oxalate-soluble aluminium

and iron contents (Alox, Feox) in soil were extracted and their concentrations were

determined by inductively coupled plasma optical emission spectroscopy (ICP-OES;

JY 238, Jobin Yvon, France). With use of these data, the P-sorption capacity [PSC

(mmol kg�1) ¼ (Alox + Feox)/2] and the degree of P saturation [DPS (%) ¼ Pox/

PSC � 100] could be calculated according to Lookman et al. (1995) and Schoumans

(2000). Total P was analysed after aqua regia dissolution in a microwave oven (Mars

Xpress, CEM, Kamp-Lintfort, Germany) followed by ICP-OES.

Furthermore, the sequential P fractionation method developed by Hedley et al.

(1982) was used. Different P fractions of decreasing bioavailability (resin-P,

NaHCO3-P, NaOH-P, H2SO4-P) were extracted step by step by using stronger

extracting agents. The remaining P in the soil sample after the extraction steps is

considered as residual P. The residual P content was determined by subtracting the

amount of extracted P from the total P content [residual P ¼ total P � (resin-P þ
NaHCO3-P þ NaOH-P þ H2SO4-P)] as described by Schlichting et al. (2002). Total P

was determined by aqua regia digestion in a microwave oven.

2.2.3 Statistics

Soil and plant data corresponding to four spatial replications were subjected to two-

and one-factorial analysis of variance (general linear model). The results are

reported as main effects and interactions. The means of soil and plant parameters

were compared by the Duncan test. Significances were determined at p � 0.05.

Significantly different means were indicated by using different characters. The

statistical analysis was carried out using SPSS 15.0.

2.3 Results and Discussion

2.3.1 Effect of Biomass Ashes on P Uptake and Shoot Biomass

In the field experiments positive results of ash supply were found in Rostock on the

loamy sand (Table 2.6), but not in Trenthorst on the sandy loam (Table 2.7). In

Rostock in 2007 higher barley yields (significant) and higher P uptakes (by trend)

were found after SA and RMA application in comparison with the control. For

maize in 2008 the best effects were found again after SA supply but also after CA

supply (Table 2.6).
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The missing effects in the Trenthorst experiment concerning yield and P uptake

(Table 2.7) were most probably related to the soil conditions, mainly to the higher pH

of this soil (Tables 2.2, 2.10, 2.11). Therefore, the liming effect of biomass ashes did

not result in a further advantage regarding the availability of nutrients, likewe expected

for sandy soilswith lower pH. Furthermore, the soil P content in theTrenthorst soilwas

higher, which may have masked the P fertilizing effects of the ashes.

Owing to the lower soil volume, the fertilizing effects were higher in the pot

experiments than in the field experiments. Significant effects were found for both

soils in the 2007 and 2008 experiments.

The crop P uptake increased when P was supplied, independently of whether ash

or TSP was added. In 2007, maize showed the highest P uptake of all main crops,

with a mean value of 91.3 mg pot�1. In comparison with the control, the maize P

uptake rose owing to P supply. The highest increasing rates were found for CA

(about 34%) and TSP (about 44%) (Table 2.8). These results are in coherence with

the biomass yield of maize (data not shown).

In 2008 on sandy loam, barley, which generated the highest biomass, also had

the highest P uptake (especially after RMA supply: 94.6 mg pot�1) (Table 2.9).

Table 2.7 Effect of biomass ashes on yield and P uptake, Trenthorst field experiment

(sandy loam)

Fertilization Summer wheat (grain) 2007 Blue lupin (grain) 2008

Yield (FM, 14 %

water) (dt ha�1)

P uptake (kg ha�1) Yield (FM, 14%

water) (dt ha�1)

P uptake (kg ha�1)

0.370 NS 0.418 NS 0.184 NS 0.134 NS

CON 32.6 11.6 37.2 11.0

SA 31.5 11.3 37.0 10.7

RMA 31.1 11.1 33.6 9.8

CA 31.5 11.3 36.9 10.5

Mean 31.7 11.3 36.2 10.5

FM fresh matter, CON control, SA straw ash, RMA rape meal ash, CA cereal ash, NS not significant
at p � 0.05

Table 2.6 Effect of biomass ashes on yield and P uptake, Rostock field experiment (loamy sand)

Fertilization Summer barley (grain) 2007 Maize (whole plant) 2008

Yield (FM, 14%

water) (dt ha�1)

P uptake (kg ha�1) Yield (DM) (dt ha�1) P uptake (kg ha�1)

0.039* 0.261 NS 0.012* 0.007**

CON 30.2 a 11.6 162 a 32.2 a

SA 35.3 b 13.0 180 b 39.2 c

RMA 35.5 b 13.1 165 a 33.3 ab

CA 33.6 ab 12.7 179 b 37.0 bc

Mean 33.6 12.6 172 35.4

Different characters indicate significant different means at p � 0.05 within a column

*p � 0.05; **p � 0.01

FM fresh matter, DM dry matter, CON control, SA straw ash, RMA rape meal ash, CA cereal ash,

NS not significant
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Maize and lupin showed notable positive reactions on CA fertilization, with up to

74% more P uptake than in the control. For the catch crops, the highest P uptakes

were found for phacelia and buckwheat in both pot experiments in 2007 and 2008.

Crop-specific P utilizations from the P sources were also relevant. In 2007,

usually the highest effects were found for TSP and RMA, whereas the effects of

RMA were a little smaller than those of TSP. The opposite was found for lupin and

Table 2.8 Effect of biomass ashes on P uptake of the main crops and the catch crops in the pot

experiments in 2007 (loamy sand)

Fertilization Maize Blue

lupin

Summer

barley

Oilseed

rape

Oil radish Phacelia Italian

ryegrass

Buckwheat

P uptake of the shoots (mg pot�1)

(relative values in parentheses)

0.000*** 0.073 NS 0.000*** 0.000*** 0.006** 0.038* 0.000*** 0.567 NS

CON 75.6 a

(100)

25.3

(100)

59.1 a

(100)

43.8 a

(100)

64.2 abc

(100)

99.8 a

(100)

61.1 b

(100)

103.8

(100)

TSP 109.2 d

(144)

32.5

(128)

79.3 d

(134)

62.4 d

(142)

77.5 c

(121)

127.2 b

(127)

86.1 e

(141)

116.3

(112)

RMA 99.9 bc

(132)

35.8

(142)

75.1 cd

(127)

60.9 cd

(139)

75.0 bc

(117)

136.1 b

(136)

89.5 e

(146)

121.6

(117)

SA 91.4 b

(121)

27.2

(108)

70.1 bc

(119)

55.2 bc

(126)

54.6 a

(85)

135.9 b

(136)

70.2 c

(115)

111.0

(107)

CA 101.0 cd

(134)

25.9

(102)

61.7 a

(104)

49.3 ab

(113)

77.0 c

(120)

129.5 b

(130)

78.6 d

(129)

127.7

(123)

KCl 70.8 a

(94)

27.5

(109)

66.1 ab

(112)

43.5 a

(99)

62.6 ab

(98)

116.4 ab

(117)

51.8 a

(85)

113.1

(109)

Mean 91.3 29.0 68.5 52.5 68.5 124.1 72.9 115.6

Different characters indicate significant different means at p � 0.05 within a column *p � 0.05;

**p � 0.01; ***p � 0.001

CON control, TSP triple superphosphate, RMA rape meal ash, SA straw ash, CA cereal ash

Table 2.9 Effect of biomass ashes on P uptake of main crops and catch crops in the pot

experiments in 2008 (sandy loam)

Fertilization Maize Blue

lupin

Summer

barley

Oilseed

rape

Oil

radish

Phacelia Italian

ryegrass

Buckwheat

P uptake of the shoots (mg pot�1)

(relative values in parentheses)

0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000***

CON 44.3 a

(100)

53.6 ab

(100)

67.1 a

(100)

47.2 a

(100)

57.2 a

(100)

110.9 a

(100)

51.5 ab

(100)

110.5 bc

(100)

TSP 69.2 c

(156)

61.6 bc

(115)

92.7 b

(138)

78.4 b

(166)

94.1 c

(165)

144.4 c

(130)

80.4 c

(156)

137.1 d

(124)

RMA 71.7 cd

(162)

64.9 c

(121)

94.6 b

(141)

73.2 b

(155)

89.3 c

(156)

150.3 c

(136)

73.5 c

(143)

120.8 cd

(109)

SA 56.7 b

(128)

56.3 bc

(105)

70.6 a

(105)

67.9 b

(144)

71.4 b

(125)

142.0 c

(128)

55.9 b

(109)

78.2 a

(71)

CA 77.0 d

(174)

74.0 d

(138)

88.6 b

(132)

73.0 b

(155)

86.7 c

(152)

150.0 c

(135)

80.1 c

(156)

127.5 cd

(115)

KCl 45.4 a

(102)

46.4 a

(87)

62.7 a

(93)

51.9 a

(110)

64.6 ab

(113)

123.5 b

(111)

47.8 a

(93)

86.6 ab

(78)

Mean 60.7 59.5 79.4 65.2 77.2 136.8 64.9 110.1

Different characters indicate significant different means at p � 0.05 within a column ***p � 0.001

CON control, TSP triple superphosphate, RMA rape meal ash, SA straw ash, CA cereal ash
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phacelia, with slightly better results due to RMA. In consequence of the lower P

concentration, SA application usually resulted in a lower crop P uptake than the

other ashes. For oil radish after SA supply, even lower values were found than in the

control without P. However, the P uptake of phacelia in the SA treatment was 36%

higher than in the control. The SA effect on the P uptake of phacelia was even

comparable to the RMA effect (Table 2.8). Differences in P uptake were also found

after CA application, with high values for maize and rather low values for barley

and lupin.

These effects underline the crop-specific mechanisms (see also Fig. 2.1) which

should be considered when planning ash application within the crop rotation. Plant-

specific adaptation mechanisms may warrant a sufficient P supply also under

conditions of P deficiency in soil. For example, rape may excrete organic acids in

the root zone, which is an effective strategy to increase P uptake mainly on soil with

higher pH (Hoffland 1992). Buckwheat has been shown to have different P uptake

efficiencies depending on soil conditions (Zhu et al. 2002). According to Van Ray

and Van Diest (1979), different plant species differ in their behaviour with respect

to uptake of cations. Excessive accumulation of cations within the plant can result

in net excretion of H+, and in a lowering of pH values in soil, as was found in our

experiments after cultivation of phacelia and buckwheat. Besides such kinds of

chemical modifications in the rhizosphere, morphological root adaptations of plants

may also help to supply plants with P (Fig. 2.1).

High P uptake of catch crops used as green manure provides a high potential for

P supply of succeeding crops, when the decomposing catch crop releases P.

According to our results, buckwheat and phacelia, which had high P uptake rates

when fertilized with ashes, could be suitable in this sense. Furthermore, a combi-

nation of green manure crops and ash application can also provide the soil with

organic material, which ashes do not contain.

 
 
 

 
 

   
 

 
 
 

   
 

 
   

 
  

  
 

 
 

    
     

morphological enhanced
spatial availability:  
• enhanced root:shoot ratio 
• elongation of root hairs  
• enhanced formation of fine roots 
• enhanced mycorrhizal 
  colonization 

physiological enhanced
chemical availability:
• changes in rhizosphere chemistry  
  (pH; redox potential)  
• release of organic acids and enzymes 

Fig. 2.1 Nutrient mobilization due to morphological and physiological mechanisms. (Modified

from Neumann and R€omheld 2002)
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2.3.2 Effect of Biomass Ashes and Cultivated Crops
on Soil Characteristics

In the field experiment in Rostock the bioavailable Pw and Pdl contents in soil

(0–30 cm) were slightly increased following P supply (Table 2.10). Owing to a high

standard deviation, these differenceswere not significant. The effects of the three ashes

were similar. On average, slightly higher P valuesweremeasured for theCA treatment.

In Trenthorst the ashes also resulted in higher bioavailable P contents in soil (the

differences were significant in spring 2008). Again, the highest increasing effect

was found for the CA treatment (Table 2.11).

Like for the plant characteristics, the effects on the soil P pool were also found to

be higher in the pot experiments than in the field experiments. Significant increases

of high available P contents in the soil due to P application were measured at the

end of the pot experiments.

In the pot experiments in 2007 with loamy sand the cultivated crops and

interactions between crop and fertilization had also an effect. Cultivation of lupin

resulted in the highest P values (Table 2.12). This can be partly explained by the

Table 2.10 Effect of biomass ashes on pH values and contents of water-soluble P and double-

lactate-soluble P in the soil (0–30 cm), Rostock field experiment (loamy sand)

Fertilization At harvest 2007 Spring 2008 At harvest 2008

pH Pw

(mg kg�1)

Pdl

(mg kg�1)

Pw

(mg kg�1)

Pdl

(mg kg�1)

pH Pw

(mg kg�1)

Pdl

(mg kg�1)

0.398 NS 0.733 NS 0.701 NS 0.850 NS 0.692 NS 0.599 NS 0.840 NS 0.782 NS

CON 5.60 13.5 61.7 13.6 61.8 6.00 8.8 57.6

SA 5.60 15.3 64.3 14.7 63.7 5.96 9.4 59.8

RMA 5.63 13.9 64.3 14.1 62.9 5.96 9.7 60.0

CA 5.67 14.3 66.4 14.9 65.2 5.98 9.7 61.2

Mean 5.62 14.2 64.2 14.3 63.4 5.98 9.4 59.6

CON control, SA straw ash, RMA rape meal ash, CA cereal ash, Pw water-soluble P, Pdl double-
lactate-soluble P, NS not significant at p � 0.05

Table 2.11 Effect of biomass ashes on pH values and contents of water-soluble P and double-

lactate-soluble P in the soil (0–30 cm), Trenthorst field experiment (sandy loam)

Fertilization At harvest 2007 Spring 2008 At harvest 2008

pH Pw

(mg kg�1)

Pdl

(mg kg�1)

Pw

(mg kg�1)

Pdl

(mg kg�1)

pH Pw

(mg kg�1)

Pdl

(mg kg�1)

0.876 NS 0.689 NS 0.295 NS 0.590 NS 0.038* 0.909 NS 0.835 NS 0.236 NS

CON 6.39 21.9 80.7 18.2 80.0 a 6.46 18.6 76.3

SA 6.40 20.9 81.0 19.0 79.1 a 6.47 18.6 75.7

RMA 6.39 22.2 83.7 19.1 80.3 a 6.48 20.0 77.6

CA 6.44 22.7 84.6 20.3 84.6 b 6.49 19.6 80.1

Mean 6.41 21.9 83.8 19.2 81.0 6.47 19.2 77.4

Different characters indicate significant different means at p � 0.05 within a column *p � 0.05

CON control, SA straw ash, RMA rape meal ash, CA cereal ash, Pw water-soluble P, Pdl double-
lactate-soluble P, NS not significant
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low P uptake of this species (Table 2.8). Furthermore, in many studies P mobiliza-

tion effects were found for lupin, albeit mainly for white lupin (Shen et al. 2003;

Kania 2005) owing to special root morphology (cluster roots) and root-induced

chemical changes in the rhizosphere. According to results of Egle et al. (2003) and

Pearse et al. (2007), blue lupin, which was used in the pot experiments, does not

generate such “cluster roots”, but can enhance nutrient availability by means of

carboxylate excretion into the soil and uptake of cations.

The decrease of the readily available P directly after phacelia harvest is probably

only a temporary process. In a long-time field experiment with various catch crops,

phacelia cultivation resulted in high levels of bioavailable P in the soil (Eichler-

L€obermann et al. 2008a).

Table 2.12 Effect of biomass ashes and crops on pH values and contents of water-soluble P and

double-lactate-soluble P in the soil (0–30 cm), pot experiments in 2007 (loamy sand)

FertilizerMaize Blue

lupin

Summer

barley

Oilseed

rape

Oil radish Phacelia Italian

ryegrass

Buckwheat pH

0.005** 0.036* 0.408 NS 0.336 NS <0.001*** 0.240 NS 0.002** 0.006**

CON 5.49 ab 5.54 ab 5.67 5.71 5.36 b 5.04 5.57 a 5.27 a

TSP 5.43 a 5.51 a 5.69 5.65 5.36 b 5.04 5.59 a 5.19 a

RMA 5.54 ab 5.53 a 5.69 5.67 5.47 bc 5.10 5.71 bc 5.37 a

SA 5.70 c 5.67 b 5.77 5.72 5.63 c 5.06 5.80 c 5.61 b

CA 5.58 bc 5.68 b 5.69 5.77 5.43 b 4.94 5.65 ab 5.33 a

KCl 5.44 ab 5.51 a 5.73 5.65 5.15 a 4.94 5.57 a 5.20 a

Mean 5.53 5.57 5.71 5.70 5.40 5.02 5.65 5.33

Pw (mg kg�1)

0.000*** 0.018* 0.000*** 0.000*** 0.000*** 0.000*** 0.025* 0.000***

CON 7.5 a 10.4 ab 7.8 a 8.0 a 8.7 a 8.1 a 9.6 a 8.0 a

TSP 10.7 bc 15.3 c 11.5 c 11.9 b 12.8 b 11.3 b 12.3 b 15.5 b

RMA 10.8 bc 12.7 abc 10.0 b 12.5 b 12.5 b 11.0 b 10.9 ab 15.7 b

SA 9.5 b 13.5 bc 10.1 b 11.5 b 15.5 c 10.9 b 10.6 ab 14.4 b

CA 11.9 c 11.7 abc 7.5 a 11.1 b 12.7 b 12.3 b 12.2 b 13.9 b

KCl 7.5 a 9.2 a 7.9 a 8.1 a 8.4 a 7.7 a 9.3 a 7.6 a

Mean 9.6 12.1 9.1 10.5 11.8 10.2 10.8 12.5

Pdl (mg kg�1)

0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000***

CON 33.0 a 34.7 a 33.3 a 33.8 a 31.7 a 26.4 a 33.7 a 29.5 a

TSP 39.5 b 44.9 b 41.9 b 41.2 b 39.2 b 32.1 bc 40.8 b 43.8 b

RMA 39.3 b 44.7 b 41.2 b 43.5 b 38.6 b 32.1 bc 42.0 b 42.5 b

SA 40.1 b 45.8 b 41.5 b 42.0 b 44.7 c 34.4 cd 42.0 b 45.2 b

CA 42.2 b 48.3 b 34.6 a 43.5 b 40.7 bc 35.5 d 41.2 b 41.5 b

KCl 32.8 a 34.9 a 34.1 a 32.2 a 30.6 a 30.4 b 34.2 a 31.3 a

Mean 37.8 42.2 37.8 39.4 37.6 31.8 39.0 39.0

Different characters indicate significant different means at p � 0.05 within a column *p � 0.05;

**p � 0.01; ***p � 0.001

CON control, TSP triple superphosphate, RMA rape meal ash, SA straw ash, CA cereal ash,

Pw water-soluble P, Pdl double-lactate-soluble P, NS not significant
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In the pot experiments with sandy loam (2008) the Pw and Pdl contents in the

soil were also influenced by fertilization. The highest values were found after RMA,

CA, and TSP application (Table 2.13).

Remarkably, in the experiments in 2007 and 2008 there were no differences in

Pw contents of the soil between the P fertilizing treatments (TSP and ashes), even

though commercial TSP fertilizer contains 80–93% water-soluble P (Mullins and

Sikora 1995) and the water solubility of P in crop ashes is usually lower than 1%

(Eichler-L€obermann et al. 2008b).

The P contents in soil were also related to the crop P uptake, namely high P

uptakes usually resulted in P exhaustion in soil and in lower soil P contents. Thus,

the relatively low P uptake of oil radish (Table 2.9) was related to rather high Pw

and Pdl values (Table 2.13). Phacelia, which had the highest P uptake of all crops,

showed comparably lower Pw and Pdl values. In contrast, high soil P contents were

Table 2.13 Effect of biomass ashes and crops on pH values and contents of Pw and Pdl in the soil

(0–30 cm), pot experiments in 2008 (sandy loam)

Fertilizer Maize Blue lupin Summer

barley

Oilseed

rape

Oil radish Phacelia Italian

ryegrass

Buckwheat

pH

<0.001*** <0.001*** 0.006** <0.001*** <0.001*** <0.001*** <0.001*** 0.002**

CON 6.05 b 5.84 a 6.08 a 6.02 ab 5.79 a 5.51 a 6.09 a 5.81 a

TSP 5.98 a 5.79 a 6.06 a 5.98 a 5.83 ab 5.60 ab 6.15 ab 5.75 a

RMA 6.12 c 5.84 a 6.15 ab 6.07 b 5.95 b 5.70 b 6.27 cd 5.77 a

SA 6.20 d 6.02 b 6.26 c 6.18 c 6.15 c 5.83 c 6.41 e 6.03 b

CA 6.09 bc 5.84 a 6.21 bc 6.03 ab 5.93 b 5.63 b 6.23 bc 5.89 ab

KCl 6.09 bc 5.82 a 6.14 ab 6.06 b 5.95 b 5.51 a 6.32 d 6.00 b

Mean 6.09 5.86 6.15 6.06 5.93 5.63 6.24 5.88

Pw (mg kg�1)

0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000***

CON 6.1 a 6.5 a 5.9 a 7.3 a 6.6 a 6.5 a 5.7 a 5.7 a

TSP 9.8 bc 11.1 c 10.0 b 9.8 b 11.3 b 10.2 d 10.5 b 11.4 c

RMA 10.4 bc 11.2 c 9.5 b 10.4 b 12.2 b 9.1 c 11.0 b 11.2 c

SA 9.1 b 9.2 b 8.5 b 10.3 b 10.7 b 8.1 b 9.7 b 8.6 b

CA 11.0 d 11.3 c 9.0 b 9.7 b 11.4 b 10.2 d 10.0 b 10.7 bc

KCl 5.9 a 6.8 a 5.8 a 6.5 a 5.5 a 6.0 a 6.3 a 6.3 a

Mean 8.7 9.3 8.1 9.0 9.6 8.3 8.9 9.0

Pdl (mg kg�1)

0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000***

CON 34.4 a 34.5 a 33.0 a 34.1 a 28.2 a 26.8 a 32.1 a 28.3 a

TSP 44.1 b 46.0 cd 45.4 d 43.3 b 42.5 b 39.2 c 44.1 b 43.9 b

RMA 44.7 b 43.7 bc 42.4 bc 43.4 b 42.6 b 35.8 b 45.4 b 42.2 b

SA 43.8 b 41.3 b 41.6 b 44.3 b 41.3 b 35.8 b 45.8 b 43.3 b

CA 45.8 b 47.1 d 44.6 cd 44.7 b 46.9 c 39.7 c 44.2 b 45.6 b

KCl 34.9 a 33.2 a 34.3 a 33.2 a 29.3 a 27.8 a 33.8 a 32.8 a

Mean 41.3 41.0 40.2 40.5 38.5 34.2 40.9 39.4

Different characters indicate significant different means at p � 0.05 within a column

**p � 0.01; ***p � 0.001

CON control, TSP triple superphosphate, RMA rape meal ash, SA straw ash, CA cereal ash,

Pw water-soluble P, Pdl double-lactate-soluble P
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found after buckwheat cultivation in the ash and TSP treatments (Table 2.13),

despite the high P uptakes (Table 2.9).

The P fractionation method can provide additional information about the path-

way of remaining ash P in the soil and helps to predict its presumable availability.

In the pot experiments the highest soluble P fractions (resin P and NaHCO3P) were

increased by the ashes as well as by TSP, as was shown, for example, for the loamy

sand (see Fig. 2.2). The less available P fractions (NaOH P, H2SO4 P, and residual P)

however, were not affected (data not shown). In comparison with the control, the

total P content increased when P was supplied (Fig. 2.2).

2.4 Conclusions

According to our results, a high fertilization effect of biomass ashes can be expected.

In the pot experiments and in the field experiment in Rostock, biomass ashes led to

raised P uptakes of the crops and increased contents of the more easily available P

pools in soil (Pw, Pdl, resin P, NaHCO3 P). Interactions of biomass ashes and

cultivated crops had an additional effect on the utilization of P in ashes and should

be considered for practical fertilization decisions. Provided that the ashes do not

contain harmful substances, the utilization of biomass ashes in crop production is an

important method for the recirculation of nutrients in agriculture and may save

nutrient resources.
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Chapter 3

Mixtures of Bottom Wood Ash and Meat

and Bone Meal as NPK Fertilizer

Trond Knapp Haraldsen, Per Anker Pedersen, and Arne Grønlund

Abstract Bottom wood ash (BWA) contains high concentrations of Ca, Mg, K and

P, whereas meat and bone meal (MBM) has been found to be a good N and P

fertilizer. In a pot experiment on soils with low contents of readily available K and

P, the effects of a mixture of MBM and BWA were compared with those of mineral

NPK (21–4–10), MBM, MBM plus K and Mg mineral fertilizer, and MBM and

different types of crushed K- or Mg-rich rock.

The mixture of MBM and BWA gave the highest yield of barley, at the same

level as mineral for NPK, and significantly higher than for MBM alone. For the

yield of spring wheat there was no significant difference between the treatments

with BWA or other K-rich additives to MBM, MBM used alone and mineral NPK.

Compared with the other treatments, the MBM and BWA mixture significantly

increased the pH of the soils by 0.5 units. MBM plus BWA represents an interesting

concept for development of recycled NPK fertilizer of organic origin.

3.1 Introduction

Many by-products from the food industry and waste products from industry and

bioenergy plants contain high concentrations of plant nutrients. The degree of

recycling of these plant nutrients differs, but there is an untapped potential for

use of by-products and waste products as fertilizers. The bottlenecks for use are

partly lack of knowledge of fertilization and liming effects, logistic problems,

relatively cheap disposal of ash at landfills, heavy metal content and restrictions

due to governmental regulations (see Chap. 1, Knapp and Insam 2011; Chap. 8,
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Saraber et al. 2011). In Norway the regulations for use of organic fertilizers and

related material also apply for ash materials (Norwegian Ministry of Food and

Agriculture 2003). These regulations are based on quality classes of heavy metals

on a dry matter basis. Ash has increased concentrations of metals on a dry matter

basis compared with the original organic material, and the regulations therefore

strongly limit use of ash. In Norway most of the bioenergy plants collect bottom and

fly ash in one container, giving a blend ash with higher concentrations of heavy

metals than are allowed to be used on agricultural land.

Ash from bioenergy plants has mainly been considered as liming material because

of its high content of Ca, although theMg, K and P content may also be of importance.

Owing to the strict regulations, ash has hardly been used in agriculture in Norway in

recent years. Risse (2002) reviewed use of wood ash in agriculture in the USA, and

referred to several investigations where liming with wood ash gave better growth than

use of traditional limestone. The liming effects of ashes vary between 8 and 90% of

the total neutralizing power of lime. Etiegni et al. (1991a, b) found that wood ash had

positive effects as K fertilizer and as a liming agent, but the amounts should be

restricted in accordance with the plants’ need for K, and should not elevate the pH of

the soil too much. The pH was the most important rate-limiting component. Saarelaa

(1991) found that high application rates of wood ash supplied K in excess, and

consequently decreased the Ca contents of plants. Mozaraffi et al. (2000) found that

ash significantly increasedK and decreasedMg concentrations in corn, and concluded

that ash was a potentially good K source and a potential liming agent for acid soils.

Different investigations on ash used as K or P fertilizer have shown different effects:

almost the same of effect as wood ash asmineral K fertilizer (Erich 1991; Ohno 1992),

whereas the P effects were better correlated with the citrate P than the total P in

comparison with mineral P fertilizer (Erich 1991; Hansen 2004). Clapman and

Zibelske (1992) found that plant uptake of Mg, K, Mn and P increased as the wood

ash amendment increased. Meyers and Kopecky (1998) found land application of

wood ash to be an environmentally safe alternative to landfilling, which may replace

conventional limestone and K fertilizer for forage crop production.

Meat and bone meal (MBM) contains appreciable amounts of N, P and Ca,

making it interesting as fertilizer for various crops. MBM has good effects as N

fertilizer (Salomonsson et al. 1994, 1995; Jeng et al. 2004), and has a positive effect

on baking performance of wheat (Fredriksson et al. 1997, 1998). Jeng et al. (2006)

showed that the relative P efficiency of MBM was 40–50% compared with P in

superphosphate (YARA P8) in experiments with cereals and rye grass, and Ylivainio

et al. (2008) found MBM suitable as a long term P supply to perennial crops.

Because use of MBM as feed to produce animals is banned in the European Union,

the meat industry has focused on an alternative use of MBM. The interest in the use

of MBM as fertilizer will increase if MBM is included in an organic mineral

fertilizer which has a predictable NPK effect similar to a compound mineral NPK

fertilizer. The annual production of MBM of category 3 material is about 30,000 t.

MBM of category 3 material is allowed for use as fertilizer in Norway for all crops,

except grassland which is used for grazing or mowing, but can also be used for

grassland if it is mixed with other fertilizer materials (Norwegian Ministry of Food
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and Agriculture 2007). Combining animal bones, feathers and wood ash to make

mineral NPK fertilizers was described by Chojnacka et al. (2006), but the fertilizers

had high P content relative to N content.

The aim of this investigation was to test different mixtures of MBM and

additives of mineral K, crushed K-rich or Mg-rich rock and bottom wood ash

(BWA), and to compare the effects with those from the use of compound mineral

NPK fertilizer (Yara Fullgjødsel® NPK 21–4–10) and an unfertilized control. The

results should be used for development of organic mineral fertilizers based on

MBM and BWA or other suitable K-rich material, which give a predictable NPK

effect similar to that of mineral NPK. The investigation also aimed to find suitable

types of BWA with low concentrations of heavy metals and high concentrations of

K and Mg which satisfy the quality requirements for use on agricultural land in

Norway (Norwegian Ministry of Food and Agriculture 2003).

3.2 Materials and Methods

3.2.1 Chemical Analysis

Total metals, P and S in crushed rock, bottom ash and plant material were extracted

by 7 M KHNO3 and determined by inductively coupled plasma optical emission

spectrometry according to ISO 11885 (ISO 2007). The pH of the soil was deter-

mined in a solid–water suspension (1:2.5, v/v). Readily available P, K, Mg, and

Ca in soil were determined by extraction with 0.1 M ammonium lactate and 0.4 M

acetic acid (pH 3.75) in a solid-to-solution ratio of 1:20 (w/v) (Egnér et al. 1960).

Nonexchangeable K was extracted by 1 M HNO3 according to Pratt (1965). The

particle size distribution of the soils was determined according to Elonen (1971).

Total N was determined as Kjeldahl N as described by Bremner (1960).

3.2.2 Experimental Design

A pot experiment in a greenhouse was performed. Two soils were used; a sand

(Elverum) and a sandy loam (Øksna) (Table 3.1). The soils were selected for this

experiment because of the low content of readily available K, Mg and P which was

found by Jeng et al. (2006). Although the soils were sampled at the same locations

as the soils used in the experiments of Jeng et al. (2006), assuming low concentra-

tions of readily available P and K, analyses of the soils selected for this experiment

showed higher concentrations of readily available K (Table 3.2) than were found in

the previous investigation [Elverum 7.6 mg readily available K (100 cm3)�1, Øksna

8.6 mg readily available K (100 cm3)�1]. According to Øgaard et al. (2002), no

yield response to applied K can be expected if the concentration of readily available

K exceeds 10 mg (100 cm3)�1 (8 mg 100 g�1 and bulk density 1.25 mg m�3).
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The experiment was designed to supply NPK similar to that supplied by use of

the compound mineral NPK fertilizer Yara Fullgjødsel® 21–4–10. On the basis of

the contents of N and P in MBM, and of K in different crushed rock powders

and BWA (Table 3.3), the amounts of different components in the experimental

design (Table 3.4) were calculated using the following assumptions for calculation

of effective amounts of NPK:

1. The N effect of MBMwas estimated as 80% of Kjeldahl N as equal to mineral N

based on Jeng et al. (2004).

2. The P effect of MBM was estimated as 50% of total P equal to the effect of

mineral P (Jeng et al. 2006).

3. The amount of K extracted by 1 M HNO3 from crushed rock powder and by 7 M

HNO3 from BWA was estimated as plant available and equal to mineral K.

Although the total amount of NPK applied differed between the treatments,

based on the assumptions for effective amounts of N, P and K, it was intended to

obtain almost the same effect of NPK as mineral NPK (treatments 3–12).

The pot size was 7.5 l, and the height of the soil in the pots was 20 cm. The

fertilizer level was based on normal fertilization recommendations for cereals in

Norway (120 kg N ha�1), and the concentration of plant nutrients in the pots should

be at the same level as in a 20-cm-deep plough layer. All amounts of added fertilizer

were calculated on a hectare to pot basis. There were three replicates. The crops

used in the experiment were spring barley (Hordeum vulgare cv Kinnan) and spring
wheat (Triticum aestivum), and the amounts of K applied (60 kg K ha�1) were in

line with normal fertilization recommendations for cereals in Norway. Seeding was

performed in May with 30 seeds in each pot. After germination the weakest plants

were removed, leaving 20 plants per pot. Unfortunately, barley seeds from two

different batches were used, and uneven germination of barley was recorded owing

to poor germination of the seeds from one batch. However, in the pots with fewer

than 20 plants, the lack of plants was partly compensated for by an increased

number of tillers. A mean of 19 ears per pot was found at harvest for both barley

and wheat. Therefore, the effect of uneven germination was found not to have

a significant influence on the yield.

The intended temperature in the greenhouse was 15�C at night and 20�C during the

day, but on warm days with outdoor temperature above 20�C the temperature inside

the greenhouse was somewhat higher than the outdoor temperature, reaching 30�C
during some summer days. The pots were initially irrigated 3 days a week, but in

Table 3.1 Texture of the soils used in pot experiments

Soil Gravel

(>2 mm)

(percentage

of sample)

Percentage of material <2 mm

Sand Silt Clay

2–0.6

mm

0.6–0.2

mm

0.2–0.06

mm

0.06–0.02

mm

0.02–0.006

mm

0.006–0.002

mm

<0.002

mm

Øksna 0.2 0.4 8.6 47.0 28.4 9.7 2.3 3.6

Elverum 0.4 0.6 61.7 34.3 1.4 0.0 1.0 1.0
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warmperiods irrigation was carried out almost daily to prevent drought. The irrigation

caused no leaching of plant nutrients from the pots during the experiment.

The nutrient balances were calculated on the basis of effective amounts of P and

K applied and uptake of P and K in wheat grain. In the experiment straw was not

harvested and nutrient uptake in the straw is therefore not included in the calcu-

lations of nutrient balance. After the experiment had finished, soil samples from all

treatments from both the wheat and the barley experiments with both soils were

taken (0–20 cm), 48 samples in total. The samples consisted of nine subsamples,

three from each pot. The results for the soil samples in Table 3.7 represent means

for both soils and both crops.

Table 3.2 Carbon and readily available plant nutrients in the soils used in the pot experiments

pH TOC (g 100 g�1

DM) Na-AL

(mg 100

cm�3)

K-AL

(mg 100

cm�3)

Mg-AL

(mg 100

cm�3)

Ca-AL

(mg 100

cm�3)

P-AL

(mg 100

cm�3)

Øksna 6.7 0.4 1.2 15.2 4.2 42.3 3.3

Elverum 6.9 <0.1 2.5 11.4 3.3 27.9 3.5

TOC total organic carbon; DM dry matter; Na-AL readily available Na; K-AL readily available
K; Mg-AL readily available Mg; Ca-AL readily available Ca; P-AL readily available P

Table 3.3 Chemical properties of crushed rock, wood ash and meat and bone meal used in the pot

experiments

Parameter Crushed rock powder Bottom

wood ash

MBM

MosvikAltagro Oxaal Røyneberg Olivin

pH 9.1 8.3 8.7 9.4 13.0 6.2

DM, g (100 g)�1 – – – – – 95.2

Loss on ignition,

g (100 g)�1 DM

– – – – – 75.2

TOC, g (100 g)�1 DM – – – – – 29.4

Kjeldahl N, g (100 g)�1

DM

– – – – – 9.31

Total P, g (100 g)�1 DM 0.05 0.05 0.05 0.001 1.2 3.95

P-AL, g (100 g)�1 DM 0.0008 0.0006 0.0036 0.0008 – –

Total K, g (100 g)�1 DM 1.41 0.52 1.44 0.02 4.3 0.51

K-HNO3, g (100 g)�1 DM 0.90 0.45 0.74 0.02 – –

K-AL, g (100 g)�1 DM 0.06 0.01 0.01 0.00 – –

Total Ca, g (100 g)�1 DM 2.01 4.10 0.65 0.03 37.0 9.1

Total Mg, g (100 g)�1 DM 0.65 1.36 1.09 19.7 2.8 0.20

Total S, g kg�1 DM 0.0012 0.0099 0.0014 0.0001 0.029 5.31

Zn, mg kg�1 DM 54.8 55.2 267 23.0 354 133

Pb, mg kg�1 DM <4.0 9.6 4.4 <4.0 6.3 <7.5

Ni, mg kg�1 DM 15.3 56.9 29.3 2,050 71.2 9.0

Cu, mg kg�1 DM 7.8 23.1 7.2 9.8 152 37.9

Cd, mg kg�1 DM <0.4 <0.4 0.5 <0.4 0.4 <0.2

Cr, mg kg�1 DM 13.9 58.5 34.5 406 73.6 1.6

Mn, mg kg�1 DM 650 483 522 457 17,000

Hg, mg kg�1 DM – – – – – <0.01

MBM meat and bone meal; K-HNO3 nonexchangeable K
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3.2.3 Statistical Analysis

One-way analysis of variance was carried out. For multiple comparisons the Ryan–

Einot–Gabriel–Welch (REGWQ) multiple range test was applied with a signifi-

cance level of P ¼ 0.05, and the means presented followed by the same letter are

not statistically different.

3.3 Results

The mixture of MBM and BWA gave the highest barley yield (Table 3.5), which

was significantly higher than for MBM alone. The barley yield of the MBM and

different combinations of MBM and crushed rock was at the same level as for

mineral NPK. All treatments with MBM or mineral NPK gave significantly higher

yields of both barley and wheat compared with the unfertilized control (treatment 1).

The yield of wheat was at the same level for mineral NPK and MBM with or

without K addition (Table 3.5), but there was a significantly lower yield for MBM

pellets (treatment 4) and MBM plus Altagro plus Olivin compared with MBM

powder alone (treatment 2).

Different additions of K did not influence the concentrations of K in the wheat

grain (Table 3.6). The unfertilized control had a significantly lower concentration of

N and a higher concentration of P in wheat grain than obtained for treatment with

MBM plus K, Mg and S, and mineral NPK gave a significantly lower P concentra-

tion than the unfertilized control. The concentrations of plant nutrients taken up in

barley grain were not analyzed.

Table 3.4 Application of different fertilizers in the pot experiment

Treatment Fertilizer per hectare Estimated fertilizer

effect (kilograms per

hectare first season)

N P K

1 No fertilization (control) 0 0 0

2 1,700 kg MBM 120 24 8

3 1,700 kg MBM + 220 kg kalimagnesia (K, Mg, S) 120 24 64

4 1,700 kg MBM (pellets) + 220 kg kalimagnesia (K, Mg, S) 120 24 64

5 1,700 kg MBM + 6,000 kg Altagro 120 24 62

6 1,700 kg MBM + 6,000 kg Altagro + 1,000 kg Olivin 120 24 62

7 1,700 kg MBM + 12,000 kg Oxaal 120 24 62

8 1,700 kg MBM + 12,000 kg Oxaal + 1,000 kg Olivin 120 24 62

9 1,700 kg MBM + 7,000 kg Røyneberg 120 24 61

10 1,700 kg MBM + 7,000 kg Røyneberg + 1,000 kg Olivin 120 24 61

11 580 kg Yara Fullgjødsel® NPK 21–4–10 120 21 56

12 1,700 kg MBM + 1,200 kg BWA 120 24 60

BWA bottom wood ash
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The efficiency of the N applied was high and at the same level for the treatments

with MBM or mineral NPK, whereas relatively small amounts of the P and K

applied were taken up in the wheat grain (Table 3.6). On the basis of the nutrient

uptake in wheat, the unfertilized control had a negative balance for N, P and K,

whereas addition of MBM alone caused a negative K balance (Table 3.6). All the

other treatments had a positive balance of P and K. The MBM treatment lowered

the amount of readily available K in the soil, but the difference from the other

treatments was not statistically significant. There was no significant change in the

level of nonexchangeable K (KHNO3) for any of the treatments compared with

the unfertilized control. MBM plus BWA gave a significantly increased amount of

readily available P compared with use of MBM pellets plus K, Mg and S and the

Table 3.5 Grain yield of spring barley and spring wheat (means followed by the same letter are

not statistically significant, P ¼ 0.05)

Treatment Fertilizer type Yield (g DM pot�1)

Barley Wheat

1 Control, no fertilizer 3,00d 1.93c

2 MBM 7.36c 10.04a

3 MBM + K, Mg, S 7.88c 7.83ab

4 MBM (pellets) + K, Mg, S 8.78abc 5.2b

5 MBM + Altagro 7.70c 7.27ab

6 MBM + Altagro + Olivin 9.20abc 6.62b

7 MBM + Oxaal 7.33c 7.35ab

8 MBM + Oxaal + Olivin 8.07abc 7.89ab

9 MBM + Røyneberg 10.07abc 7.56ab

10 MBM + Røyneberg + Olivin 10.94ab 7.80ab

11 Mineral NPK 10.19ab 7.97ab

12 MBM + BWA 11.46a 7.67ab

Table 3.6 Estimated effect of NPK, uptake of NPK in wheat grain and nutrient balance (means

followed by the same letter are not statistically significant, P ¼ 0.05)

Fertilizer Estimated

NPK effect

(mg per pot)

NPK uptake in grain

(g 100 g�1 DM)

NPK uptake

in grain (mg

per pot)

NPK balance

(mg per pot)

N P K N P K N P K N P K

Control, no fertilizer 0 0 0 1.90b 0.41a 0.49a 37 8 9 �37 �8 �9

MBM 450 90 30 2.47ab 0.27b 0.51a 247 27 51 203 63 �21

MBM + K, Mg, S 450 90 240 2.73ab 0.25b 0.46a 214 20 36 236 70 204

MBM (pellets) + K, Mg, S 450 90 240 3.12a 0.30ab 0.48a 162 16 25 288 74 215

MBM + Altagro 450 90 230 2.95ab 0.31ab 0.50a 214 23 36 236 67 194

MBM + Altagro + Olivin 450 90 230 2.95ab 0.29ab 0.49a 195 19 32 255 71 198

MBM + Oxaal 450 90 230 2.91ab 0.29ab 0.47a 214 21 35 236 69 195

MBM + Oxaal + Olivin 450 90 230 2.87ab 0.31ab 0.50a 226 24 39 224 66 191

MBM + Røyneberg 450 90 230 2.87ab 0.29ab 0.49a 217 22 37 233 68 193

MBM + Røyneberg +

Olivin

450 90 230 2.94ab 0.28ab 0.50a 229 22 39 221 68 191

Mineral NPK 450 80 210 2.87ab 0.23b 0.44a 229 18 35 221 62 175

MBM + BWA 450 90 230 2.84ab 0.32ab 0.54a 218 25 41 232 65 189
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control. MBM plus BWA also increased the amount of readily available Ca in

the soil significantly compared with the treatments with MBM, MBM pellets

plus K, Mg and S and mineral NPK. The only treatment that significantly increased

soil pH was the MBM plus BWA treatment. The pH increase was around 0.5

(Table 3.7).

The BWA used in this experiment had a high concentration of Ca relative to K

(Ca-to-K ratio, 8.6; Table 3.3). To find ash with a stronger effect as a K fertilizer

than liming material, analyses of the chemical properties of bottom ash from other

plants were performed (Table 3.8). BWA Akershus (Table 3.8) had a high concen-

tration of K and a low concentration of Ca (Ca-to-K ratio, 1.8) and low concen-

trations of heavy metals. The wood used originated from a timber terminal at

Gardermoen, where bioenergy wood from a large district in eastern Norway is

collected. The ash of cereal waste had high concentrations of P and K and low

concentrations of heavy metals. The analyses indicated differences in the Ca-to-K

ratio between ash of spruce and ash of pine (Table 3.8). The wood used at Reinsvoll

was dominated by spruce and the ash had properties similar to those of the ash of

pure spruce wood.

3.4 Discussion

Different K sources combined withMBMgave an increased yield of barley compared

with the use of MBM alone, whereas supply of K in addition to MBM did not

significantly influence the yield of wheat. The soils used in this experiment had

higher concentrations of readily available K than planned. The soils used in this

experiment were within the group of sandy soils with a low content of acid-soluble K

(acid-soluble K minus readily available K, 8–24 mg 100 g�1) as described by Øgaard

Table 3.7 Mean pH and means of readily available plant nutrients in soil after harvest of cereals

(means followed by the same letter are not statistically significant, P ¼ 0.05)

Fertilizer pH P-AL

(mg per

pot)

K-AL

(mg per

pot)

K-HNO3

(mg per

pot)

Mg-AL

(mg per

pot)

Ca-AL

(mgper

pot)

Control, no fertilizer 7.20b 218b 803a 2,618a 315a 3,045ab

MBM 6.90b 348ab 593a 2,505a 270a 2,873b

MBM + K, Mg, S 6.93b 330ab 698a 2,880a 308a 3,165ab

MBM (pellets) + K, Mg, S 6.90b 236b 810a 2,693a 360a 2,873b

MBM + Altagro 6.95b 330ab 780a 2,835a 345a 3,435ab

MBM + Altagro + Olivin 7.13b 345ab 705a 2,723a 278a 3,045ab

MBM + Oxaal 7.15b 361ab 638a 2,670a 255a 3,780ab

MBM + Oxaal + Olivin 7.20b 335ab 728a 2,693a 263a 3,863ab

MBM + Røyneberg 7.05b 323ab 750a 2,820a 330a 3,285ab

MBM + Røyneberg + Olivin 6.98b 359ab 668a 2,895a 503a 3,345ab

Mineral NPK 7.03b 267ab 765a 2,880a 278a 2,535b

MBM + BWA 7.63a 386a 743a 2,595a 345a 5,220a
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et al. (2002). Øgaard et al. (2002) found no yield response to applied K in perennial

grass leys when the amount of readily available K exceeded 10 mg (100 cm3)�1

(8 mg 100 g�1 and bulk density 1.25 mg m3). In the present experiment the readily

available K level was not significantly lowered owing to only a small negative K

balance in the MBM treatment (Table 3.6), and was clearly above the expected

minimum readily available K level based on texture (Øgaard et al. 2002). Sufficient

K in the soil is therefore themost probable reason for not finding a significant effect of

K supply on K uptake in wheat grain. Using sand of the same origin as the Elverum

sand in this study, Haraldsen et al. (2010) found that application of 80 and 160 kg N

ha�1 in MBM alone and other organic N fertilizers with low K content gave signifi-

cant K deficiency and reduced barley yield compared with the use of the same

amounts of mineral NPK and a liquid anaerobic digestate based on source-separated

household waste. That batch of sand had a considerably lower content of readily

available K than the sand used in this study, and had a readily available K level close

to the expected minimum level as described by Øgaard et al. (2002).

Although the effect of K supply was not large in this study, the mixture of MBM

and BWA gave at least the same yield as mineral NPK or supply of K, Mg and S in

addition to MBM. The concentrations of potential plant-available K in the crushed

rock powder types was too low for making commercial fertilizer products, and the

amounts used in this experiment did not influence K uptake and did not cause any

change in the level of readily available K or nonexchangeable K in the soils.

Combining N-rich waste (human urine) and wood ash gave more biomass of red

beets than mineral fertilizer (Pradhan et al. 2010), and Kuba et al. (2008) as well as

Bougnom et al. (2010, 2011; see Chap. 7) found positive effects on growth of

mixing wood ash with compost. These examples indicate a potential of combining

Table 3.8 Chemical properties of some bottom ash types from Norwegian bioenergy plants

Parameter Bottom ash

Akershus Spruce Reinsvoll 1 Reinsvoll 2 Pine Cereal

waste

TOC, g (100 g)�1 TS 0.1 0.7 1.1 0.7 6.6 1.3

Total P, g (100 g)�1 DM 1.7 1.4 1.3 1.3 0.7 4.9

Total K, g (100 g)�1 DM 7.7 4.3 3.2 7.2 4.3 9.0

Total Ca, g (100 g)�1

DM

14.0 36.1 32.4 28.2 15.0 –

Total Mg, g (100 g)�1

DM

1.7 2.5 3.9 4.3 1.7 3.0

Total S, g (100 g)�1 DM 0.08 0.19 0.29 0.21 0.06 –

Zn, mg kg�1 DM 200 69.5 106 107 279 190

Pb, mg kg�1 DM 7.8 10.7 5.5 7.1 34 15

Ni, mg kg�1 DM 16 25.9 26.4 30.9 26 36

Cu, mg kg�1 DM 75 79.5 116 120 34 93

Cd, mg kg�1 DM 0.6 <0.4 0.8 2.1 0.26 <0.5

Cr, mg kg�1 DM 15 17.9 29.5 47.2 47 61

Mn, mg kg�1 DM 17,000 30,400 36,100 39,300 10,000 2,800
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N-rich and K-rich waste streams as fertilizer or soil amendments. Especially for use

in organic cropping there is demand for recycled NPK fertilizers, which have

predictable effects.

The Ca-to-K ratio of the BWA used in the present experiment was not optimal in

the mixture with MBM, and the ash also had a higher concentration of Ni than

allowed in materials that can be used as fertilizers for agricultural crops in Norway

(maximum quality class II according to the Norwegian Ministry of Food and

Agriculture 2003). BWA Akershus (Table 3.8) has a low Ca-to-K ratio and can

be categorized as quality class I according to the Norwegian Ministry of Food and

Agriculture (2003). Because a smaller amount of BWA Akershus than of the ash

used in this study is needed to obtain the same NPK ratio, it is expected that

a mixture of MBM and BWA Akershus will cause a smaller pH increase than the

mixture of MBM and BWA in this study. The pH increase of 0.5 after a single

application of 1,200 kg BWA ha�1 represented an estimated addition of about

700 kg CaO equiv ha�1, and caused a significant increase in the amount of readily

available Ca in the soil (Table 3.7). According to Franzefoss (2007) natural

acidification (by leaching and acid precipitation) represents an annual demand of

lime of 100–200 kg CaO ha�1 in eastern Norway and 200–400 kg CaO ha�1 in

coastal areas in western and central Norway. A liming effect of 200–300 kg CaO

equiv ha�1 will be suitable for a fertilizer that is to be used annually for cereals. The

ash of cereal waste from a milling plant had interesting properties as a PK fertilizer,

as the levels of heavy metals were lower than the limits for use on agricultural land

(Norwegian Ministry of Food and Agriculture 2003). For further development

of organic mixtures based on MBM plus BWA, ash of similar quality as BWA

Akershus (Table 3.8) will be selected. The challenge is to find sufficient quantities

of BWA with similar properties, in order to establish commercial production of

organic NPK fertilizer by combination of waste streams.

3.5 Conclusions

Amixture of MBM and BWA with a low Ca-to-K ratio and lower concentrations of

heavy metals than the limits in the governmental regulations for organic fertilizers

may give a NPK fertilizer with reliable effects of all three major plant nutrients.

Such a fertilizer, based on combining waste streams from society, will be more

complete fertilizer product than the raw materials represent and is of special

relevance and interest for organic cropping. The BWA used in the mixture with

MBM in the present experiment did not have optimal chemical properties, and gave

too high an increase in pH for annual use for cereals. Further investigations on

optimization of mixtures of MBM and BWA are needed before such fertilizer is

ready for commercial production.
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Chapter 4

Wood Ash Effects on Soil Fauna and Interactions

with Carbohydrate Supply: A Minireview

Jouni K. Nieminen

Abstract Wood ash effects on soil animals in a boreal forest ecosystem are

reviewed focusing on recent results on interactive effects of wood ash and organic

amendments, and laboratory microcosms as a tool to understand soil food webs are

discussed. Loose wood ash can reduce the populations of enchytraeids, collembo-

lans and mites, but increase nematode populations particularly in experimental

laboratory ecosystems with little or no primary production. Recent studies indicate

that the repressive effect on enchytraeids depends on carbon availability. Carbohy-

drate supply seemed to alleviate the negative wood ash effect on enchytraeid body

size and abundance. The fact that carbon alleviated wood ash effects on enchy-

traeids without any change in pH supports the view that wood ash effects on soil

animals are partly indirect consequences of altered food resources. Experimental

evidence suggests that the negative wood ash effect on enchytraeids is partly linked

to increased bacteria-to-fungi ratio after wood ash application, and that this may be

counteracted by carbohydrate addition.

4.1 Introduction

Only a fraction of the wood ash generated in power plants is recycled back to the

forest ecosystem. For example, in Finland some 50% of the wood ash generated in

energy production is utilized, and most of this is used for purposes other than forest

fertilization (Finnish Forest Industries Federation 2008). Although the forest eco-

system would, in principle, benefit from recycling the nutrients back to the har-

vested sites, there are also problems such as short-term effects of elevated pH and

levels of heavy metals on soil biota (Pitman 2006; see Chap. 1, Knapp and Insam

2011). In their review, Aronsson and Ekelund (2004) concluded that wood ash

effects on soil fauna need to be investigated further.
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Wood ash effects on soil animals have been investigated both in small-scale

laboratory microcosms and in large-scale field experiments. Most laboratory

experiments did not include any plants or included only one small tree seedling.

Microcosms containing only heterotrophs are subsequently called heterotrophic

microcosms, and microcosms including plants are called autotrophic microcosms.

Further, loose wood ash was used in most studies, but today granulated ash is

increasingly used as a forest fertilizer. Ash granules dissolve slowly in forest soil

and increase the pH and the concentration of exchangeable cations slower than

loose ash (Eriksson 1998). The properties of pure wood ash used in some studies

are well known. The ash content of young and deciduous trees is higher than that

of old and coniferous trees and the ash content of bark is manyfold that of stem

wood (Hakkila and Kalaja 1983). Wood ash contains 1–6% phosphorus (P), 6–22%

potassium (K), 19–33% calcium (Ca) and 2–5% magnesium (Mg), depending on

the tree species and the component (Hakkila and Kalaja 1983). The Ca content of

bark and branch ash is higher in relation to P, K and Mg than that of stem wood ash,

and compared with other tree species, birch and alder ashes are P-rich (Hakkila and

Kalaja 1983). The quality of ash obtained from power plants is more variable,

depending on the fuel used (Korpij€arvi et al. 2009). For example, in Finland the ash

used in forest fertilization is typically a mixture of wood (logging residue, bark,

sawdust) and peat ash, which contains less P, K, Ca and Mg but more aluminium

and iron than wood ash (Hakkila and Kalaja 1983), and some nutrients are lost

during the process. Consequently, the nutrient concentrations of ash from power

plants are somewhat lower than those of pure wood ash. It is difficult to see whether

differing wood ash effects were due to experimental conditions or ash properties.

Specifically, tests of wood ash effects on soil animals at different levels of organic

carbon availability were lacking until recently.

In this minireview I first briefly summarize the literature on wood ash effects

on soil animals in general. Then I focus on recent laboratory microcosm experi-

ments (plants excluded) and greenhouse experiments (grasses and conifer seedlings

included) testing the effects of loose wood ash at different levels of carbon

availability on enchytraeids and nematodes. Finally, the results are discussed

focusing particularly on the use of laboratory microcosms as a research method.

4.2 Wood Ash Effects on Soil Animals

A summary of the effects of different ashes on forest soil animal groups detected in

both field and laboratory experiments is given in Table 4.1. Loose wood ash was

used in most experiments (Table 4.1). Because the dissolution rate of granulated

wood ash is much lower than that of hardened or loose ash (Eriksson 1998;

Nieminen et al. 2005), the ash effects on soil organisms also differ between ash

types. The solubility of CaCO3 formed during stabilization is 2 orders of magnitude

lower than that of CaO and Ca(OH)2, and, therefore, stabilized ash causes a much

smaller pH shock in soil than loose ash (Steenari and Lindqvist 1997).
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Macroarthropods react slowly to wood ash application (Huhta et al. 1986).

Although very high wood ash doses (7 Mg ha�1) can cause negative effects on

microarthropods (Koskenniemi and Huhta 1986), their populations and community

structure tolerate moderate wood ash application (Liiri et al. 2002a, b). The

numbers of some collembolans even increased after wood ash application in a

field study (Vilkamaa and Huhta 1986). In contrast, 1–5 Mg loose wood ash per

hectare, particularly if mixed with humus, has been shown to reduce the populations

of the enchytraeid Cognettia sphagnetorum (Vejd.) both in many laboratory studies

and in a field study (Huhta 1984; Haimi et al. 2000; Liiri et al. 2001, 2002c, 2007;

Nieminen 2008a). A higher dose, however, was needed for a negative response in

the field than in laboratory experiments (Haimi et al. 2000). In contrast to loose ash,

hardened or granulated ash did not affect enchytraeid abundance, although a

transient increase in the cadmium content of enchytraeid biomass was detected in

one field study (Lundkvist 1998).

Table 4.1 Summary of wood ash effects on soil animals detected in field and laboratory experi-

ments. When several treatment levels were applied, the upper limit is shown

References Study type Ash quality and quantity Target organisms Effecta

Haimi et al. (2000) Field Loose ash (<5 Mg ha�1) Enchytraeids �
Microarthropods (�)

Huhta (1984) Field/
laboratory

Loose ash (<6.7 Mg ha�1)
+ superphosphate
(1 Mg ha�1)

Enchytraeids �

Liiri et al. (2001) Laboratory Loose ash (5 Mg ha�1) Enchytraeids �
Liiri et al. (2002a) Laboratory/

field
Loose ash (<5 Mg ha�1) Collembolans �

Mesostigmatid mites �
Oribatid mites �

Liiri et al. (2002b) Field lysimeter Loose ash (3 Mg ha�1) Nematodes +
Enchytraeids +
Microarthropods ns

Liiri et al. (2002c) Laboratory Loose ash (5 Mg ha�1) Enchytraeids �
Nematodes NS

Liiri et al. (2007) Laboratory Loose ash (5 Mg ha�1) Enchytraeids �
Liiri et al. (2007) Laboratory Loose ash (5 Mg ha�1) Nematodes NS (�)
Lundkvist (1998) Field Self-hardened/granulated

ash (<8 Mg ha�1)
Enchytraeids NS

Nieminen (2008a) Laboratory Loose ash (1 Mg ha�1) Enchytraeids �
Nieminen (2008a) Laboratory Loose ash (1 Mg ha�1) Nematodes NS
Nieminen (2009) Greenhouse Loose ash (0.5 Mg ha�1) Enchytraeids NS
Nieminen (2009) Greenhouse Loose ash (0.5 Mg ha�1) Nematodes +
Hyv€onen and Huhta

(1989)
Laboratory/

field
Loose ash (<7 Mg ha�1) Nematodes +

Vilkamaa and Huhta
(1986)

Field Loose ash (7 Mg ha�1) Collembolans �

Huhta et al. (1983) Laboratory Loose ash (1.75 Mg ha�1)
+ superphosphate
(0.25 Mg ha�1)

Nematodes,
enchytraeids,
collembolans,
mites

�

Koskenniemi and
Huhta (1986)

Field Loose ash (7 Mg ha�1) Oribatid mites �
Mesostigmatid mites �

NS not significant
a+ and� indicate an increase and a reduction of abundance or biomass of broad taxonomic groups,

weak effects in parentheses, � indicates a species-dependent effect
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In contrast to its effects on enchytraeids and microarthropods, loose wood ash

has been found to increase the total numbers of nematodes (Hyv€onen and Huhta

1989; Liiri et al. 2002b; Nieminen 2009).

C. sphagnetorum is an omnivorous litter- and microbe-feeding oligochaetan

worm dominating the mesofaunal community in boreal coniferous forests, and it

is considered a keystone species in those ecosystems (Huhta et al. 1998). Because

this species is adapted to acid soil (Bååth et al. 1980; Standen 1982; Abrahamsen

1983; Huhta 1984), the negative wood ash effects have been explained by the

increase of soil pH after wood ash application (Aronsson and Ekelund 2004).

Changing pH can affect soil animals indirectly by changing the community com-

position of microbes (Perki€om€aki and Fritze 2002).

In addition to nutritional effects, wood ash can also modify enchytraeid popula-

tions. When Nieminen and Haimi (2010) transferred enchytraeids exposed to wood

ash in the forest to laboratory microcosms containing unamended Norway spruce

forest humus, they found that enchytraeid populations originating from wood-ash-

treated soil propagated slower and mineralized less nitrogen (N) than populations

from untreated control forest.

In summary, the most conspicuous wood ash effect on soil fauna is the reduction

of enchytraeid populations after loose wood ash treatment, especially in small-scale

laboratory experiments including small plants or no plants and, hence, very limited

carbon flow to the soil. In contrast, up to 8 Mg granulated ash per hectare had no

effect on enchytraeid abundance in the forest (Lundkvist 1998).

4.3 Experimental Microcosms

The functioning of ecological systems can be studied at small spatiotemporal scales

in controlled laboratory microcosms. In particular, the microcosm method has been

used as a tool to understand the functioning of decomposer food webs (Scheu 2002;

Huhta 2007). Although the experimental approach has limitations such as limited

community composition and restricted mobility of animals (Kampichler et al.

2001), idealized model systems help to reduce the natural variability and exclude

variables which are considered beyond the scope of the research. The dynamics of

decomposer food webs and nutrients in such systems are fairly well known.

Decomposer population dynamics in laboratory microcosms containing no auto-

trophs, and hence no carbon input, consists of one growth phase and a subsequent

decline phase (Nieminen 2008b). The length of the population growth phase

depends on the initial population size (Nieminen 2002). For example, the biomass

of fungal-feeding nematodes increased exponentially for 3.5 weeks in organic

forest soil, then crashed and remained low for 16 weeks (Nieminen 2008b). In a

laboratory experiment using larger pieces of forest floor, nematode populations

crashed after 3 weeks, then collembolan and enchytraeid populations crashed

(Huhta et al. 1983). In such a system lacking carbon input and nutrient uptake by

plants, inorganic N accumulates in soil (Nieminen 2008b).
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In such severely carbon limited systems, addition of organic carbon available to

microbes increases microbial biomass, and reduces the N concentration in soil

(Sparling and Williams 1986; Schmidt et al. 1997; Dunn et al. 2006). In an early

experiment, glucose increased both the biomass of fluorescein diacetate active

mycelium and yeasts as well as fungal-feeding nematodes in pine microcosms

(Bååth et al. 1978). However, the soil properties were quite unnatural, for example

the pH was high (above 6.8), and algae thrived in microcosms but enchytraeids

were lacking (Bååth et al. 1978). In coniferous forest soil, the pH and moisture

usually limit yeast and algal growth. Extra carbon input is also reflected in the

biomasses of higher trophic levels of the soil decomposer food web. Addition of

carboxymethyl cellulose to microcosms containing mineral and organic soil, needle

litter and a Scots pine seedling increased the biomass of both saprotrophic fungi and

hyphal-feeding nematodes (Nieminen and Set€al€a 2001). Although the biomass of

filamentous fungi increases after cellulose addition, addition of labile carbon such

as sucrose can enhance the growth of early successional (r-strategist) microbes such

as bacteria (Moore-Kucera and Dick 2008; Nottingham et al. 2009) and Zygomy-
cota fungi (Hanson et al. 2008). Nieminen (2010) found that a sucrose addition

equalling 100 kg C ha�1 maintained a stable nematode population for one growing

season, and an increasing enchytraeid population. Sucrose addition did not alter net

N mineralization rates, indicating that N mineralization by increased animal popula-

tions exactly balanced the N immobilization in microbial biomass. When the carbon

addition rate is increased above 100 kg C ha�1 in Norway spruce forest soil, soil

animals, which have orders of magnitude lower growth rates than microbes, cannot

consume all the extra microbial biomass in one growing season, and as a conse-

quence, N is immobilized in microbial biomass.

4.4 Interactive Effects of Labile Carbon and Wood Ash

Two recent studies (Nieminen 2008b, 2009) focused on the interaction between

wood ash and carbohydrate supply in microcosms. The enchytraeid C. sphagne-
torum was chosen as the target organism because of its importance in boreal forest

soil, and because studies have consistently shown that it is sensitive to wood ash.

The abundance of microbial-feeding nematodes provided information on microbial

production.

Nieminen (2008b) studied the interactive effects of sucrose and loose wood ash

on enchytraeids and nematodes in organic Norway spruce forest soil from which

enchytraeids had been extracted using the Baermann wet funnel technique (O’Con-

nor 1957). After extraction, the humus was sieved, weighed into 20 cotton-plugged

glass jars and 20 individuals of the enchytraeid C. sphagnetorum were returned and

each microcosm was inoculated with microflora and microfauna. Nieminen

(2008b) treated the microcosms with loose wood ash (480 mg per microcosm,

1,000 kg ha�1) and sucrose (1.6 g per microcosm, 1.3 Mg C ha�1) in a full factorial

design.
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After a 3-month incubation at constant temperature, the dry matter content of

organic soil was 22 � 0.5% (mean � standard error, n ¼ 20) irrespective of treat-

ment (Nieminen 2008b). Addition of wood ash increased the soil pH from

5.2 � 0.1 to 6.9 � 0.2 in both sucrose-amended and non-amended soil. Sucrose

addition increased and wood ash addition reduced enchytraeid length. Sucrose

addition increased nematode abundance by more than 100% on average. Wood

ash addition alone decreased enchytraeid abundance compared with the control

(Fig. 4.1).

Nieminen (2009) studied the interactive effects of three levels of solid sucrose

(0, 0.88 or 8.8 g, equalling 0, 100 and 1,000 kg C ha�1; the intermediate treatment

was omitted in the original article) and two levels of birch ash (0 or 1.175 g per

microcosm, equalling 500 kg ha�1) in pots containing a layer of organic Norway

spruce forest soil on mineral soil. In addition to one Norway spruce (Picea abies
(L.) H. Karst. ssp. abies) seedling, these pots also contained the grasses Deschamp-
sia flexuosa (L.) Trin. and Calamagrostis epigejos (L.) Roth and the experiment

was continued in a greenhouse for one growing season (Nieminen 2009).

Wood ash increased the soil pH from 5.4 � 0.06 to 5.7 � 0.06 irrespective of

carbon addition (Nieminen 2009). Sucrose increased the moisture of organic soil

from 40 � 0.02% to 57 � 0.11% fresh mass in C1000 (analysis of variance,

sucrose � ash F2,24 ¼ 4.9, p ¼ 0.017; control: simple effect of sucrose

F2,24 ¼ 11.4, p < 0.001), but this was partially counteracted by wood ash (mois-

ture percentage 46 � 0.05% in AC1000; F1,24 ¼ 7.5, p ¼ 0.011). Enchytraeids

went close to extinction in control pots, but in C1000 treatments reached 1.8 times

the initial density regardless of wood ash (sucrose F2,24 ¼ 10.5, p < 0.001).
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Fig. 4.1 Abundance of Cognettia sphagnetorum (Enchytraeidae) in organic Norway spruce forest

soil amended with wood ash (WA) and sucrose after a 3-month incubation in laboratory micro-

cosms (mean � standard error, n ¼ 5). (Data from Nieminen 2008a)
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Enchytraeid length varied from 3.66 � 0.28 mm in C1000 to 5.07 � 1.46 mm in

AC1000 ash-treated pots and the wood ash effect was significant. Wood ash

increased nematode abundance (ash F1,24 ¼ 5.6, p ¼ 0.027). The nematode com-

munity in control pots consisted mainly of bacterial feeders (50% of individuals; in

particular, Rhabditis sp.) and predators (Mononchus sp.), and all others amounted to

less than 25% of individuals.

4.5 Discussion

4.5.1 Wood Ash Effects on Enchytraeids Depend
on Carbon Availability

The most dramatic effects of wood ash and lime on enchytraeids have been reported

in laboratory microcosms containing only a small tree seedling as a primary

producer (Liiri et al. 2002c, 2007) or no plants (Pokarzhevskii and Persson 1995).

It has long been realized that ash effects on decomposers are stronger in laboratory

experiments than in the field, but the reason for this has been unknown (Huhta et al.

1986). In a recent experiment by Nieminen (2008b) the negative effects of wood

ash on enchytraeid size and abundance were offset by sucrose addition without any

change in pH, supporting the hypothesis that wood ash effects can be alleviated by

relaxing carbon limitation to microbes.

Huhta et al. (1983) used quite large pieces (40 cm � 60 cm) of Scots pine forest

soil. Nematode populations started to decline in control microcosms 3 weeks after

the start of the experiments, and later collembolan and enchytraeid populations

declined as well. Amixture of birch ash and superphosphate reduced the populations

of enchytraeids, mites and later also collembolans as much as lime. Nematode

populations were initially stimulated by the treatments, but the effect turned nega-

tive towards the end of the experiment. The experiment of Liiri et al. (2007) lasted

for 1 year, and enchytraeids went close to extinction in untreated control pots as well

as in ash-treated systems. In the experiment of Liiri et al. (2002c) enchytraeid

biomass as well as the abundance of fungal-feeding nematodes declined even in

unamended microcosms despite sufficient moisture, suggesting that the experimen-

tal ecosystems were severely resource limited. In the same way, the enchytraeid

population declined in control microcosms in the experiment of Pokarzhevskii and

Persson (1995). Nieminen and Set€al€a (2001) demonstrated carbon limitation in

experimental microcosms: fungal-feeding nematodes propagated rapidly after cel-

lulose addition to pine microcosms. Thus, carbon availability to microbes seems to

be limiting decomposer activity in most laboratory microcosms, and consequently,

resource limitation may have emphasized the effects of disturbances such as wood

ash and lime observed in laboratory microcosms.

Carbon additions not only provide resources for microbes, they can also increase

soil moisture (Szili-Kovács et al. 2007). Using a simple carbohydrate such as
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sucrose as the only carbon source has the advantage that it is easier to distinguish

nutritional effects from other effects. The heterotrophic microcosms reported in

Nieminen (2008b) were maintained relatively moist and because no carbon effect

on moisture was detected at the end of the experiment, the carbon effects were

probably nutritional in that study. In contrast, the topsoil in the greenhouse experi-

ment (Nieminen 2009) was much drier at the end of the experiment. Since quite a

large amount of solid sucrose was used (Nieminen 2009), a mulching effect was

initially possible. In addition, sucrose is hygroscopic, but other mechanisms are also

possible. In any case, the increased moisture in the C1000 sucrose treatment was

critical for the persistence of enchytraeids (Nieminen 2009). Since enchytraeids are

sensitive to drought, and consequently likely to suffer locally from the increasing

frequency of extreme conditions such as drought (Lindberg et al. 2002), it can be

suggested that more attention should be paid to the interaction of soil carbon and

moisture.

The hierarchical nature of the soil food web is also worth noting. Even though

low molecular weight carbon compounds are taken up and utilized on timescales

ranging from seconds (Hill et al. 2008) to days (van Hees et al. 2002), the effects

of labile carbon additions at higher trophic positions were still evident after one

growing season.

4.5.2 Possible Mechanisms of Wood Ash Effects

The hypothesis that carbon amendment increased the ability of C. sphagnetorum to

resist wood ash disturbance because of enhanced microbial production is supported

by the large increase in the abundance of microbial-feeding nematodes (Nieminen

2008b), which is in accordance with the results of earlier field experiments. Bååth

et al. (1995) found that wood ash application reduced the ratio of fungi to bacteria in

pine forest soil. In a field study the ratio of fungal to bacterial phospholipid fatty

acids was lower in forests treated with loose ash than in forests treated with hardened

ash, although the difference from the control was not significant (Perki€om€aki and
Fritze 2002). Further, ash treatment was shown to alter the carbon utilization pattern

of bacteria in a microcosm study, indicating changes in the bacterial community

structure (Fritze et al. 2000). Although wood ash increases CO2 evolution rates

(Perki€om€aki and Fritze 2002), Jokinen et al. (2006) concluded that not all microbial

groups are equally stimulated bywood ash. In other words, by increasing the soil pH,

wood ash application can favour fast-growing microbial species (Zimmermann and

Frey 2002), which are not necessarily preferred food sources for dominant animals

in forest soil (e.g. bacteria over fungi). An increase in microbial activity can also

result from the bacterial decomposition of microbial residues. In particular, because

the dominant enchytraeid species C. sphagnetorum is a litter feeder dependent on

fungal activity, it is plausible that a shift towards the dominance of r-strategist

bacteria has a negative influence on it. In accordance with this reasoning, Nieminen

(2009) observed a tendency towards a lower proportion of bacterial-feeding
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nematodes in the sucrose treatment. We do not know whether sucrose increased the

numbers of the same microbes that were negatively affected by wood ash, or if it

increased other possible food sources for enchytraeids. On the basis of these and the

present results, it seems that loosewood ash affects enchytraeids to some extent through

a change in microbial community structure, and that sucrose counteracts this effect.

A moderate wood ash disturbance in the autotrophic experiment (Nieminen

2009) had little direct effect on decomposer animals. Since enchytraeids only

persisted in sucrose-amended pots, the interaction of wood ash and carbon avail-

ability could not be tested. Although wood ash did not affect enchytraeid biomass, it

did increase the size of individual worms, indicating that there were fewer but

larger enchytraeids in the ash-treated microcosms. Because C. sphagnetorum
reproduces asexually by fragmentation, a large individual size may be indicative

of delayed reproduction. On the other hand, a higher wood ash application rate led

to significantly smaller enchytraeid body size in the heterotrophic experiment

(Nieminen 2008b), suggesting that when these organisms reproduce, they produce

smaller offspring. This reasoning is supported by the data obtained by Nieminen

and Haimi (2010), who found that enchytraeid populations originating from an ash-

treated plot had a lower propagation rate (smaller fragmentation frequency) than

populations from adjacent untreated control forest even when the animals were

transferred to laboratory microcosms containing untreated organic soil. Also, the

body size dynamics differed between populations with different disturbance his-

tories. The overall length variation of the disturbed populations was smaller than

that of the control populations, and, hence, the mean enchytraeid length could be

either smaller or greater than that of control, depending on the sampling date

(Nieminen and Haimi 2010).

4.5.3 Context-Dependent Wood Ash Effects on Nematodes

In accordance with earlier studies, wood ash increased nematode abundance

(Hyv€onen and Huhta 1989) in the autotrophic experiment (Nieminen 2009) but

not in the heterotrophic experiment (Nieminen 2008b). Although nematodes were

not identified, it is probable that their diversity was less in the simpler heterotrophic

experiment, and this could partly explain their different response. Another major

difference between the two experiments was that in the experiment without plants,

soil moisture was kept optimal throughout the experiment, whereas in the pot

experiment with plants, the organic soil dried considerably after grass harvest.

The increase of nematode numbers after loose wood ash application in field

lysimeters with pine seedlings was mostly due to increased abundance of bacterial

feeders, in other words, the ratio of bacterial feeders to fungal feeders increased

(Liiri et al. 2002b). Liiri et al. (2007) found that loose wood ash reduced the

abundance of fungal-feeding nematodes, but no effect on nematodes was evident

in another microcosm study by Liiri et al. (2002c). The results are in broad

accordance with an increased ratio of bacteria to fungi after ash application reported
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elsewhere (Bååth et al. 1995; Perki€om€aki and Fritze 2002), although Liiri et al.

(2002b) did not detect ash effects on the ratio of bacteria to fungi. This illustrates

that given sufficient response time, microbe-feeding nematodes can reliably indi-

cate ash effects on soil microbes. It remains unclear why nematodes are not always

responsive to wood ash. One possible reason for this is the initial community

composition. For example, in Liiri et al. (2002c), the abundance of fungal-feeding

nematodes was low and highly variable at the beginning of the experiment, which

obviously made it difficult to observe changes in the ratio of bacterial feeders to

fungal feeders.

4.6 Conclusion

In summary, laboratory experiments have shown that wood ash effects on dominant

enchytraeids depend on labile carbon availability to the decomposer food web. The

fact that increased carbon availability alleviated wood ash effects on enchytraeids

without changing the pH supports a view that wood ash effects on soil animals are

partly indirect consequences of altered food resources. In other words, food limita-

tion magnifies negative wood ash effects. Although the effects of loose wood ash

are well known, knowledge of the effects of granulated ash and ashes amended

with organic materials on soil organisms in boreal coniferous forests is still

incomplete.
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Bååth E, Frostegård Å, Pennanen T, Fritze H (1995) Microbial community structure and pH

response in relation to soil organic matter quality in wood-ash fertilized, clear-cut or burned

coniferous forest soils. Soil Biol Biochem 27:229–240

Dunn RM, Mikola J, Bol R, Bardgett RD (2006) Influence of microbial activity on plant-microbial

competition for organic and inorganic nitrogen. Plant Soil 289:321–334

54 J.K. Nieminen



Eriksson H (1998) Short-term effects of granulated wood ash on forest soil chemistry in SW and

NE Sweden. Scand J For Res 2:43–55

Finnish Forest Industries Federation (2008) Forest industry’s environmental statistics. Statistics

for 2006. http://www.forestindustries.fi

Fritze H, Perki€om€aki J, Saarela U, Katainen R, Tikka P, Yrj€al€a K, Karp M, Haimi J, Romantschuk

M (2000) Effect of Cd-containing wood ash on the microflora of coniferous forest humus.

FEMS Microbiol Ecol 32:43–51

Haimi J, Fritze H, Moilanen P (2000) Responses of soil decomposer animals to wood-ash

fertilisation and burning in a coniferous forest stand. For Ecol Manage 129:53–61

Hakkila P, Kalaja H (1983) Puu – ja kuorituhkan palauttamisen tekniikka. Folia For 552:1–37

Hanson CA, Allison SD, Bradford MA, Wallenstein MD, Treseder KK (2008) Fungal taxa target

different carbon sources in forest soil. Ecosystems 11:1157–1167

Hill PW, Farrar JF, Jones DL (2008) Decoupling of microbial glucose uptake and mineralization in

soil. Soil Biol Biochem 40:616–624

Huhta V (1984) Response of Cognettia sphagnetorum (Enchytraeidae) to manipulation of pH and

nutrient status in coniferous forest soil. Pedobiologia 27:245–260

Huhta V (2007) The role of soil fauna in ecosystems: a historical review. Pedobiologia 50:489–495

Huhta V, Hyv€onen R, Koskenniemi A, Vilkamaa A (1983) Role of pH in the effect of fertilization

on Nematoda, Oligochaeta and microarthropods. In: Lebrun PH, Andre HM, De Medts A,
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Szili-Kovács T, T€or€ok K, Tilston EM, Hopkins DW (2007) Promoting microbial immobilization

of soil nitrogen during restoration of abandoned agricultural fields by organic additions. Biol

Fertil Soils 43:823–828

Van Hees PAW, Jones DL, Godbold DL (2002) Biodegradation of low molecular weight organic

acids in coniferous forest podzolic soils. Soil Biol Biochem 34:1261–1272

Vilkamaa P, Huhta V (1986) Effects of fertilization and pH on communities of Collembola in pine

forest soil. Ann Zool Fenn 23:167–174

Zimmermann S, Frey B (2002) Soil respiration and microbial properties in an acid forest soil:

effects of wood ash. Soil Biol Biochem 34:1727–1737

56 J.K. Nieminen



Chapter 5

Characterization of Olive Waste Ashes

as Fertilizers

Rogelio Nogales, Gabriel Delgado, Mar Quirantes, Manuel Romero,

Esperanza Romero, and Eduarda Molina-Alcaide

Abstract Wet and dry olive cakes are the most important wastes generated when

olive oil is produced. In recent years, both olive wastes have been incinerated to

produce electricity, and thereby large amounts of fly and bottom ash are generated.

In this study, physical, physicochemical, and chemical characteristics of olive waste

ashes produced in Andalusian biomass power plants were analyzed to evaluate their

suitability for agriculture. High variability among fly and bottom ashes may be

ascribed to the origin of the olive waste and the combustion temperature. Waste

olive ashes, which contained all particle sizes, showed high values of pH, salinity,

water holding capacity, calcium carbonate equivalent, and P, K, Cu, and B contents.

In contrast, moderate values were recorded for Ca, Mg, Zn, and Ni. Nitrogen is

scarce in olive waste ashes; they thus can only be part of any fertilization strategy.

5.1 Introduction

The renewable energy consumption in the EU will increase from 11.6% in 2009 to

20% by 2020. Biomass is the main (61%) resource for the renewable energy

consumed (10th EurObserv´ER 2010). In Spain, the contribution of renewable

energy tp total gross domestic consumption in 2008 was 7.6%, of which biomass

up 5.1 Mt (47% of total renewable energy, INE 2010).

Olive oil production is one of the most important industries in Mediterranean

countries. In Spain, olive tree cultivation mainly occurs in Andalusia. In 2008,

600 � 103–900 � 103 t olive oil was produced in this region, using the two-phase

centrifugation systems as common (90%) extraction technology (Fig. 5.1). This

system generates huge amounts (between 2.5 and 3.5 Mt/year in Andalusia) of a
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waste called crude wet olive cake, or alperujo, which is composed of olive pulp,

stones, and skins together with residual oil, and water added during the oil extrac-

tion process. Alperujo is an acidic, semihumid waste, rich in organic matter and

potassium. After drying (less than 1% moisture), its low heating values ranges from

15 to18 MJ kg�1. Part of this waste is dried and treated with solvents to obtain

olive-cake oil and a waste called dry olive cake, or orujillo. The orujillo
(0.6–0.9 Mt/year in Andalusia) has recalcitrant organic matter, high potassium

content, and low heating values between 14.5 and 20 MJ kg�1 (Agencia Andaluza

de Energı́a 1999; Alburquerque et al. 2004; Caputo et al. 2003; Nogales et al. 1998).

In recent years, both olive wastes are being used as fuel for electrical energy

production. In Andalusia, ten biomass power plants have been established and

produced 0.81 TWh (80% of the total renewable electricity generation in this

region) in 2009. In general, the previously mentioned olive wastes, alone or

mixed with other wastes, are burned in conventional boilers at 450�C. The heat

released is used to heat water to turn a steam turbine, which generates green electric

energy. In some biomass power plants, fluidized-bed combustors at 850�C are used

as boilers. The combustion of olive wastes for energy production generates great

amounts of fly ash and bottom ash (between 4 and 8% of the total burned olive

wastes) as end waste. In general, this end waste is landfilled in sites adjacent to the

biomass power plants. However, the use of landfills for ash disposal is expensive

and is being discouraged by more stringent regulations and public opposition.

Numerous studies focused on chemical characteristics of ash produced by coal

combustion or gasification (Ahmaruzzarman 2010; Hytonen 1998; Jala and Goyal

2006). In contrast, ash generated from biomass has received less attention and most

of the research has focused on ash from woody biomass combustion (Demeyer et al.

2001; Kuba et al. 2008; Someshwar 1996; Vance 1996; see Chap. 6, Omil et al.

2011). Other ashes have been characterized, such as those from the pulp and paper

industry (Naylor and Schmidt 1989; Muse and Mitchell 1995) and those produced
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Wet olive cake or “alperujo” 

Two-phase decanter

Extra olive oil

Olive cake oil 

Leaves

Cleaning

Milling and beating

Dry olive cake or “ orujillo” 

Cleaning

Milling and beating   

Drying
Solvent extraction

Fig. 5.1 The two-phase

centrifugation system for

olive oil extraction
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by the incineration of municipal solid waste (Zhang et al. 2002) and biosolids

(Benı́tez et al. 2001; Merino et al. 2005) or other agricultural wastes (Mozaffari

et al. 2000). However, information is not available concerning the characteristics of

ashes from olive waste combustion.

The aim of this study was to analyze the physical, physicochemical, and chemi-

cal characteristics of fly ash and bottom ash produced in Andalusian biomass power

plants, which use olive wastes (wet and dry olive cakes) as fuel, to evaluate their

suitability for use in agriculture.

5.2 Material and Methods

Representative samples of fly and bottom ashes from dry (orujillo) or wet (alperujo)
olive cake, alone or mixed with other wastes were collected at different biomass

power plants located in Andalusia (Spain, in 2008 and 2009. Table 5.1 shows the

production characteristics and the types number of samples of olive waste ashes. The

physical characteristics were determined for original samples, whereas the physico-

chemical and chemical analyses were carried out with ground (2-mm) samples using

an agate mortar. Each analysis was replicated three times.

5.2.1 Physical Analyses

The particle size distribution was determined by sieving and sedimentation by the

Robinson pipette method. The following particle fractions were separated:

0–50 mm, 50–250 mm, 250–2,000 mm, 2,000–5,000 mm, and more than 5,000 mm.

Water retention at a matrix potential of 33 and 1,500 kPa was measured on a

Richards pressure membrane.

Table 5.1 Production characteristics and types of olive waste ashes

Origin Olive waste

consumption

(t year�1)

Type of

incinerator

Combustion

temperature

(�C)

Type and number

of ash samples

analyzed

Wet olive cake 180,000 Moving grate 450 Fly ash (3)

Wet olive cake/

olive leaves

225,000 Moving grate 450 Fly ash (3)

Bottom ash (3)

Wet olive cake/

olive leaves

53,000 Moving grate 450 Fly ash (3)

Bottom ash (3)

Wet olive cake/

baggase

150,000 Fluidized bed 850 Fly ash (3)

Bottom ash (3)

Dry olive cake 45,000 Fixed grate 450 Fly ash (3)

Bottom ash (3)

Dry olive cake 104,000 Fixed grate 450 Fly ash (3)

Bottom ash (3)
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5.2.2 Physicochemical Analyses

The pH was measured using mixtures of ash and water (1:2.5) and the electrical

conductivity was measured on a 1:5 ash–water extract. The cation exchange

capacity (CEC) was determined by the ammonium acetate (pH 7) displacement

method (Jackson 1970).

5.2.3 Chemical Analyses

The calcium carbonate equivalent (CCE) content was determined by analyzing the

evolution of CO2, after reaction with dilute hydrochloric acid, in a Bernard calci-

meter (MAPA 1986). The total organic carbon content was determined by dichro-

mate oxidation of the samples and subsequent titration with ferrous ammonium

sulfate (Yeomans and Bremner 1989). The total Kjeldahl N was determined by

semimicro-Kjeldahl digestion (Bremner and Mulvaney 1982). The total concentra-

tions of P, K, Ca, Mg, Na, Fe, Mn, Cu, Zn, Cd, Ni, Pb, and B were analyzed by

inductively coupled plasma mass spectrometry after digestion of samples in con-

centrated aqua regia (McGrath and Cunliffe 1985).

5.2.4 Statistical Analysis

Statistical analyses were carried out using the Statistical Package for Social Science

(SPSS® Windows version 13.0) and Excel Statistics 2003 for Windows.

5.3 Results and Discussion

Figure 5.2 shows the particle size distribution for ashes from combustion of olive

wastes. These particle sizes in ashes from olive wastes ranged from those for coarse

sand to those for clay as stated by the USDA/FAO. As observed in other power

plants that use coal or biomass as fuel, the particle size in fly ash is lower than in

bottom ash. Sixty-five to 90% of particles in fly ash were less than 250 mm, whereas

the percentage particles of that size was very low (1–25%) in the bottom ash. These

particle sizes are similar to those observed in ashes from paper mill sludge (81.6%

smaller than 250 mm) or wood (80% smaller than 1,000 mm) combustion as

observed by others (Muse and Mitchell 1995; Etiegni and Campbell 1991). The

combustion of olive wastes at 850�C significantly reduced the particle size of fly

ash (43% smaller than 50 mm) compared with the combustion at 450�C (4–16%

smaller than 50 mm). However, this effect did not occur in the bottom ash.

Water holding capacity is a physical parameter rarely analyzed in ashes from

combustion of coal and biomass. However, it is well recognized that application of
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fly ash to soil increases the water holding capacity at different matrix potentials and,

in addition, the plant-available water of soils (Campbell et al. 1983; Pathan et al.

2003; Sharma et al. 1990). Fly ash shows a higher water holding capacity at�33 kPa

(field capacity) than bottom ash from olive waste combustion, although both types of

ashes showed a high variability (Fig. 5.3) induced by the temperature of combustion

(higher water holding capacity in ashes from olive wastes burned at 450�C) and also
by the type of olive waste burned (significant higher values for wet olive cake mixed

with leaves). In contrast, at �1,500 kPa (permanent wilting point), the variability

decreased, and there were no significant differences between fly ash and bottom ash.

Finally, the water capacity (or the difference between the water content at the field

capacity and that at the permanent wilting point of the ashes) was significantly

higher in fly ashes from combustion of olive wastes than in the bottom ashes.

As observed in ashes from wood or other biomass sources, ashes from combustion

of olive wastes showed strongly alkaline pH (between 9.9 and 13.7; Table 5.2).
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In general, the pH values of bottom ashes are slightly higher than those of fly ashes,

although this difference was not significant owing to the high variability of pH

recorded between the different samples assayed. The alkalinity depended, mainly, on

the carbonate, bicarbonate, and hydroxide contents in the different ashes analyzed.

The (CCE) of the ashes, a parameter closely related to the pH, ranged from 22 to

453 g kg�1 (Table 5.2). In general, the values were lower than those found for

wood, paper, and pulp ashes. Vance (1996) reported an average CCE of 481 g kg�1,

ranging between 132 and 924 g kg�1, for 18 different wood-fired boiler-ash

samples. The high variability recorded in our study is due to the type of olive

waste burned, the type of ash (fly or bottom) produced, and the combustion

temperature. In general, ashes from dry olive cake combustion had significantly

higher CCE than those from wet olive cake. In addition, the CCE values were

higher in fly ashes than in bottom ashes. The CCE decreased sharply with increased

temperature of combustion. According to Etiegni and Campbell (1991), carbonates

and bicarbonates predominate in ashes from combustion at 500�C, whereas oxides
are prevalent in those from combustion above 1,000�C. In addition, the CCE can

also change during ash storage and under varying environmental conditions such as

divergent CO2 amounts and moisture. Oxides can be hydrated to form hydroxides,

which can subsequently react with CO2 to form carbonates (Meiwes 1995).

The effective neutralizing value ranged from 3.8 to 41%, being appreciably

higher in fly ash from combustion of olive wastes at 450�C (Table 5.2). This quality

index, based on both purity and fineness, is widely used to express the effectiveness

of a liming material for neutralizing soil acidity. Purity is measured as the CCE,

whereas the fineness determines the reactivity or efficiency of the material. There-

fore, only fly ashes from olive wastes could be considered as an acceptable liming

agent to correct the pH of acidic soils.

Olive waste ashes had variable and high electrical conductivity (24–139mS cm�1)

(Table 5.1), generally higher than those for ashes from coal and wood combustion

(Kuba et al. 2008; Pathan et al. 2003). Comparatively, the electrical conductivities

were significantly higher in fly ash obtained by combustion at 450�C. The high

electrical conductivity, which reflects the concentration of total dissolved electrolytes

in ashes, implies that a significant fraction of nutrients and metals present in ashes are

Table 5.2 pH, calcium carbonate equivalent (CCE), effective neutralizing value (ENV), electrical
conductivity (EC), cation exchange capacity (CEC) and organic carbon in ashes from olive wastes

combustion

Fly ashes (N ¼ 18) Bottom ashes (N ¼ 15)

450�C 850�C 450�C 850�C
Mean Range Mean Range Mean Range Mean Range

pH 11.6 9.9–13.3 12.2 12–12.4 13.3 13–13.7 11.8 11.6–12

CCE (g kg�1) 269 111–453 46 41–50 174 116–298 24 22–26

ENV (%) 24 9.6–41 4.3 3.8–4.6 6.25 4.6–9.4 2.4 2–2.6

EC (mS cm�1) 110 59–139 78 72–81 45 24–66 27 24–30

CEC (cmol kg�1) 14.4 7.2–20 11 9.9–11.6 16.9 11–26 2.5 1.5–3.5

Organic C (g kg�1) 6.9 4.3–14.4 7.3 6.8–7.8 19.4 12–27 1.5 1–2
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dissolved basic salts (Nurmesniemi et al. 2005), which would have arisen during the

combustion of olive wastes. The high electrical conductivity recorded, particularly in

fly ash, could have an adverse effect on crops, particularly vegetables, if high doses of

this type of ash are applied to the soil (Maas 1990).

The total CEC is another index of fertility rarely analyzed in ashes. Values of the

CEC between 2.3 and 15.4 cmol kg�1 have been recorded in fly ashes from coal

combustion (Pathan et al. 2003). Similar values (1.5–26 cmol kg�1) were observed

in ashes from combustion of olive wastes, with no differences between fly ash and

bottom ash (Table 5.2), although an increased combustion temperature diminished

significantly the CEC of both types of ashes. Although the CEC is directly related to

the texture and organic matter content in soils, in the ashes assayed no correlation

between the CEC and particle size and/or organic carbon content was found.

Although organic carbon is generally oxidized and transformed into gaseous

constituents during combustion, its content in ashes is quite variable

(1–14.4 g kg�1, Table 5.2), indicating the presence of unburned organic matter,

as a consequence of incomplete combustion of the olive wastes in the conventional

boilers or fluidized-bed combustors. The presence of unburned carbon in the olive

waste ashes could enhance their adsorbent properties. This has also been observed

in other types of ashes, particularly those produced by the combustion of paper mill

bark (Someshwar 1996; Muse and Mitchell 1995). Bottom ashes had higher levels

of organic carbon (about 3 times) than fly ashes. Increase of the combustion

temperature scarcely affected the organic carbon content in fly ash, whereas it

decreased sharply in the bottom ashes.

Information concerning macronutrients and Na concentrations in the fly and

bottom ash from combustion of olive wastes is shown in Fig. 5.4. High variability in
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all the elements was observed. A low N content was recorded, which may be due to

the loss of this nutrient as gaseous N during the combustion of olive wastes.

Significantly lower N content was found in ashes from combustion at 850�C than

in those from combustion at 450�C. Calcium, K, Mg, and P were the major

macronutrients in those ashes, and were found, mainly, in the form of carbonates

owing to the high combustion temperature. In general, the P and K concentrations

were higher in fly ash than in bottom ash, whereas the Ca and Mg concentrations

were higher in bottom ashes. An increased combustion temperature promoted

decreasing K and Ca concentrations and increasing Na concentration in both

types of ashes from olive wastes. Etiegni and Campbell (1991) showed that, for

the most part, the metal content in ashes increased with temperature, but the K, Na,

and Zn content decreased, probably owing to the low boiling and decomposition

points of their carbonates and oxides. In addition, volatilization of K has been

observed with combustion temperatures varying from 800 to 900�C, resulting in

losses of 63 and 90% of this nutrient (Naylor and Schmidt 1989).

As has been observed in other studies, macronutrients and Na concentrations in

ashes depend on the type of biomass used as fuel, the type of incineration, the

combustion temperature, and the type of ash (bottom or fly). The ashes studied in

the present work had K concentration between 14 and 58 g kg�1, higher than values

observed in wood ashes (Etiegni et al. 1991; Kuba et al. 2008). This is due to the

high K content characteristic of olive wastes (Alburquerque et al. 2004; Nogales

et al. 1998; Melgar et al. 2009). Although an important fraction of the K contained

in ashes should form insoluble complexes as a consequence of the high tempera-

tures reached during the combustion of olive wastes (Lewis and Schmidt 1986),

another fraction should be soluble and, as a consequence, should be rapidly

available in the soil and extracted by crops (Ulery et al. 1993; Nogales et al.

2006). Phosphorus (3.5–17 g kg�1), Ca (22–181 g kg�1), Mg (8–22 g kg�1), and

Na (1–16 g kg�1) concentrations in the ashes from olive wastes were similar to

those from wood, paper, pulp, and coal (Huang et al. 1992; Jala and Goyal 2006;

Ohno and Erich 1993). Therefore, olive waste ashes may be a direct source of P, K,

Ca and Mg for soils, although the Ca and Mg contents in those ashes were less than

those in liming agents currently used in agriculture.

A high variability was observed for trace element contents in ashes from olive

wastes (Fig. 5.5). Fe was the most abundant element (1,519–26,240 mg kg�1),

whereas concentrations of Mn (71–400 mg kg�1), Cu (92–797 mg kg�1),

Zn (91–622 mg kg�1), and B (128–544 mg kg�1) were more similar among

most samples. Nickel concentrations (12–54 mg kg�1) were lower, and Pb

(3–70 mg kg�1) was only detected in fly ashes and not in bottom ashes. Compared

with ashes from coal and wood, the Cu and B contents in those from olive wastes

were higher, whereas the contents of other trace elements were lower (Huang et al.

1992; Jala and Goyal 2006; Pitman 2006). However, owing to the broad ranges,

comparisons are difficult for these trace elements. Compared with other liming

agents, B and Cu concentrations were greater in ashes from olive wastes. The

contents of Cd, Co, and Cr were below the detection limits (less than 0.02 mg kg�1)
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in the olive waste ashes with the analytical procedure used. That could be due to

both the low content of these trace elements in the olive wastes and possible losses

during combustion (Belevi and Moench 2000).

It is generally accepted that the concentration of trace elements is significantly

higher in fly ash than in bottom ash (Obernberger et al. 1997; Obernberger

and Supancic 2009). Vaporization of metals taking place during the combus-

tion processes is followed by condensation on cooler surfaces away from the

heating zone and results in high heavy metal concentrations in fly ash (Hakkila

1989). However, in our study this was only observed for Zn and Pb. The

concentrations of other trace elements did not decrease as was observed for B,

Cu, Fe, and Mn.

Similar to macronutrients, with the exception of N, olive waste ashes contain

high amounts of essential trace elements; therefore, these ashes could be used as

soil amendments to increase the availability of those elements in the soil. The

contents of heavy metals as Pb, Ni, Cd, Cr, and Co were low or negligible, so

the use of the olive waste ashes as fertilizers would not constitute a risk for

accumulation of those elements in soils and plants. Although in Spain there are

no guidelines for the appropriate application of biomass ashes on agricultural

and forest lands, most of the trace element contents in the olive waste ashes

comply with the limits set in the guidelines of other countries, such as Austria,

Germany, Denmark, Sweden, and Finland (Haglund and Expert group 2008;

Obernberger and Supancic 2009). The only exception was Cu, which reached

values varying from 506 to797 mg kg�1 in ashes from wet olive combustion

mixed with leaves. Those values were higher than the maximum values allowed

in the above-mentioned guidelines.
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Fig. 5.5 Boxplots showing trace elements in ashes from olive waste combustion. Boxes represents
the interquartile range, with a horizontal line for the median, and the whiskers over and under the

boxes represent the 90 and 10% level data. The black points indicate the average value of each

element in ashes from olive waste combustion at 850�C
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5.4 Conclusions

Energy production from olive wastes generates great amounts of fly ash and bottom

ash. The characteristics of these ashes were examined in this study. High physical,

physicochemical, and chemical variability in both fly and bottom ashes from olive

wastes were observed. This variability may be due to factors such as the origin of

the olive waste, the type of incinerator, the combustion temperature, and the type of

ash (fly or bottom). Both fly and bottom ashes showed high values of pH, salinity,

CCEs, and P, K, Cu, and B contents. In contrast, moderate or low values were

recorded for Ca, Mg, Zn, and Ni. The contents of Cd, Co, and Cr were negligible.

Fly ashes had a smaller particle size than bottom ashes, which resulted in higher

neutralizing values in fly ash than in bottom ash. Therefore, fly ash from olive

wastes may be used as soil amendment for liming purposes and potentially as forest

fertilizer. Since N is scarce in fly ash from olive wastes, care has to be taken to

provide supplemental N. On th basis of their lower fertilizer value, bottom ashes

from olive wastes may be used for alternative purposes such as soil remediation or

in industrial applications such as road and civil construction.
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Chapter 6

Effects of Ash Applications on Soil Status,

Nutrition, and Growth of Pinus radiata
D. Don Plantations

Beatriz Omil, Federico Sánchez-Rodrı́guez, and Agustin Merino

Abstract The aim of this study was to evaluate the effectiveness of multiple

applications of biomass ash to acid soils. The study was carried out in two stands

of Pinus radiata D. Don, aged 13 and 15 years, in the province of Lugo (northwest

Spain). The soils in the stands were developed on lutites and migmatites. Experi-

mental plots (each 1,225 m2) were established, and the experimental treatments

were as follows: control (untreated), ash (addition of 4.5 Mg dry matter ha�1 year�1

in 2003, 2004, and 2005) and ash plus P (addition of ash plus phosphate fertilizer

in 2003).

The ash was generated in a moving grate furnace, and had the following

characteristics: pH 8.9–13.5, high concentrations of K, Ca, Mg, and P, and low N

content and low concentration of heavy metals.

The responses of the forest stands, evaluated as the effects on forest nutrition and

tree growth, were measured in 2005, 3 years after the initial treatment. The results

showed that continuous fertilization with ash improved the nutritional status and

growth of Pinus radiata D. Don stands, and resulted in increased contents of the

main macronutrients in needles and soil.

6.1 Introduction

The Galician timber industry makes an important contribution to the regional

economy. Forest land covers more than 60% of the total area, and the annual timber

harvest is approximately 7,000,000 m3. The wood is used in sawmills and to prod-

uce paper, particle board, and fiberboard. Lignocellulosic by-products generated in

the latter industries are used in biomass incineration plants to meet increasing energy
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needs and to reduce waste production. The by-products mainly consist of bark

(from pine, eucalyptus, and a small amount of birch, depending on the type of

manufacturing) and to a lesser extent sand, dust, and panel fragments. The volume

of these by-products created annually is approximately 900,000 m3 and that of other

by-products is approximately 40,000 m3.

This source of energy is considered neutral from an environmental point of

view, as it releases the same amount of CO2 to the atmosphere as trees have

removed. Combustion does not affect global warming or the greenhouse effect

and has several advantages, such as a reduction in the use of fossil waste and the

reuse of waste that has no value other than being a source of energy.

Biomass ash is produced as a result of this process (on average, combustion of

wood produces 6–10% ash; Gaskin and Risse 2002). Ash is considered a non-

hazardous waste (ERL codes 100101 and 100103, bottom ash and fly ash,

respectively) and is therefore stocked at dumping sites. However, to reduce

these stocks, alternative uses of the waste are being investigated, e.g., for

production of enamel and glass (Xirokostas et al. 2001), as a building material

for tracks or rural paths, for amation of coal mine (Gil-Bueno and Monterroso

1998; Seoane and Leirós 2001), as an absorbent for the removal of dichlorodi-

phenyldichloroethane (DDD) and dichlorodiphenyldichloroethylene (DDE) ori-

ginating from pesticides (Gupta and Ali 2001), and as an additive in cement

production (Van Der Sloot and Cnubben 2000). The latter use is not recom-

mended because of the high level of C in the ashes. In this case, wood ash is

usually used as a pozzolan (a siliceous and aluminous material). Despite not

having binding properties, pozzolan reacts with finely divided calcium hydroxide

in the presence of water to form compounds with cementing properties at room

temperature (ASTM 1994).

Nevertheless, wood ash contains nutrients such as P, K, Ca, and Mg, which are

present in relatively soluble forms (the NPK content is typically 0–1–5). Apart from

these macronutrients, the waste contains oxides, hydroxides, and carbonates. The

waste is therefore highly alkaline and contains low amounts of heavy metals (Erich

and Ohno 1992; Korpilahti et al. 1998; Demeyer et al. 2001; Miller et al. 2002;

Solla-Gullón et al. 2006). For all these reasons, application of wood ash to forest

soils may be of interest as regards the environmental management of such waste,

improvement of the nutritional status of forest plantations, and completing the CO2

cycle (Torre-Minguela and Giraldo 2006). Fertilizer is added in an attempt to

replenish the nutrients exported as a consequence of the extraction of biomass

after final harvesting.

However, despite the high productivity of Galician forests, most Pinus radiata
D. Don plantations are deficient in nutrients such as P, Mg, and Ca (Sánchez-

Rodrı́guez et al. 2001; Zas 2003), which can be attributed to the strongly acidic soils

and to the extraction of nutrients as a result of the management of the plantation in

medium rotations (less than 40 years). Fertilization with wood ash would also

contribute to the sustainability of the stands, intensive exploitation of which results

in large losses of nutrients.
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6.2 Materials and Methods

6.2.1 Site

This study was carried out in February 2003 in two Pinus radiata D. Don planta-

tions, aged 13 and 15 years (Table 6.1), in the province of Lugo (northwest Spain)

(43�130 N, 7�390 W and 43�070 N, 7�490 W respectively). Shrubs predominated in

the understory vegetation (Calluna vulgaris, Cytisus scoparius, Erica umbellata,
Halimium lasianthum subsp. alyssoides, Ulex europaeus, etc.).

The average annual precipitation during the study period (2003–2006) was

1,135 mm, and the average monthly minimum and maximum temperatures were

15.1 and 5.0�C, respectively.

6.2.2 Soil

The plots (Table 6.2) were established on different soils developed on migmatites

and lutites both classified as Humic Umbrisol (FAO-UNESCO 1998) (Fig. 6.1).

The soil in the first plot contained a high percentage of coarse particles (which

create a sandy loam soil that favors good drainage), had a low pH (4.7), and had a

C-to-N ratio of 19.3. In contrast, the soil in the second plot was of fine texture, with

moderate permeability, was low hydraulic conductivity, had a high percentage of

organic matter (C-to-N ratio 31.2), and had acid pH (4.8).

6.2.3 Experimental Design

The study comprised a random experimental design of a wood ash treatment

program similar to fertilizer applications that are typically carried out in the study

area. In 2003, four experimental plots of size 35 � 35 m2 were established in

quadruplicate. The experimental treatments were as follows: control (no treatment);

WA [addition of 4.5 Mg dry matter (DM) ash ha�1], and WAP (addition of 4.5 Mg

DM ash ha�1 plus 0.1 Mg P2O5 ha
�1). In 2004 and 2005, the WA experimental

plots were again treated with 4.5 Mg DM ash ha�1 (Fig. 6.2). It is important to

Table 6.1 Characteristics of the Pinus radiata D. Don stand plots

Location Parent

material

t (years) SI

(m)

N (trees

ha�1)

G
(m2 ha�1)

Ho

(m)

v
(m3 ha�1)

MAI

(m3 ha�1year�1)

Parga Lutites 15 18.7 1465 18.5 15.3 113.4 7.6

Pino Migmatites 13 23.1 792 15.5 15.7 104.8 8.1

t age of plantation, SI site index, N density, G basal area, Ho top height, v over bark volume,

MAI mean annual increment
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emphasize that the phosphate fertilizer was only applied to the plots in 2003. The

phosphate fertilizer (0–29–0) is partially disaggregated, and P release is therefore

slower than from commercial fertilizers (e.g., superphosphate). This fertilizer is

appropriate for acid soils and enables the amount of P applied to the soils to be

monitored over time.

6.2.4 Fertilizer Composition

The chemical composition of biomass ash varies depending on the combustion

technique used, the type of material used in the combustion (tree species and

Fig. 6.1 Pinus radiata D. Don plots: (a) lutites at Parga and (b) migmatites at Pino
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original material, bark, stem, braches, etc.), the storage conditions, etc. (Vance

1996; Blander 1997; Obernberger et al. 1997; Larsson and Westling 1998). The

material used in this study was bottom ash generated in moving grate furnaces in

three biomass plants in Spain (FINSA, Financiera Maderera). Chemically, this type

of ash is less reactive than ash generated in fluidized bed combustors (equivalent

neutralizing value 18% CaCO3) since it contains a high percentage of unburned

materials. The composition and the quantity of elements provided by such ash are

shown in Table 6.3. The concentration of heavy metals is very low (bottom ash),

especially in comparison with other waste such as sewage sludge and coal ash

(below the limits established by the EU–European Community (1986) and the US

Environmental Protection Agency).

However, there are some drawbacks associated with bottom ash which may

hinder the spreading process, such as the high humidity (55%) and the high

Fig. 6.2 Appearance of the plots after application of wood ash

Table 6.3 Elements (kg ha�1; Cd g ha�1) applied in different treatments

N P K Ca Mg Mn Fe Zn Cu B Cd Ni

Control – – – – – – – – – – – –

WA 16.2 35.4 251.1 516.9 154.8 37.5 190.5 4.2 2.1 0.9 9.6 2.7

WAP 4.5 61.8 83.7 172.3 51.6 12.5 63.5 1.4 0.7 0.3 3.2 0.9

The nutrients applied in wood ash (WA) treatment are the sum of three applications of 4.5 Mg ha�1

in 2003, 2004, and 2005 (P 3 g kg�1, K 19 g kg�1, Ca 38 g kg�1, Mg 11 g kg�1, Mn 3 g kg�1, Fe

14 g kg�1, Zn 0.3 g kg�1, Cu 0.2 g kg�1, B 0.1 g kg�1, Cd 0.7 mg kg�1, Ni 0.2 g kg�1)
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proportion of coarse elements (more than 20% larger than 4 mm) such as slug,

unburned wood swath, and metals.

6.2.5 Sampling and Chemical Analyses

In each experimental plot, samples were collected from each soil layer, at a depth of

0–40 cm, from the center of each plot, following a zigzag route. Soil samples were

mixed to ensure homogeneity, dried at 40�C, and sieved through a 2-mm screen;

microoelements and macroelements were extracted by the Mehlich 3 procedure

(Mehlich and Mehlich 1984). Soil pH was measured in H2O and KCl (0.1 M). For

elemental analysis (CNS), the soil samples were ground in a mortar to obtain a fine

powder.

Sampling was carried out in spring and autumn. Needle samples were also

collected, approximately 25% from the floor of the plot (Ballard and Carter

1986), approximately 25% from the upper third, approximately 25% from

the growth of the year, and approximately 25% from the sunniest branches

(Will 1985). The needle samples were dried at 60�C to constant weight and

were ground for CNS analysis by inductively coupled plasma optical emission

spectrometry.

6.2.6 Statistical Analysis

Analysis of variance was used to test for effects of multiple wood ash application on

soil chemical properties and foliar concentration of macroelements and microele-

ments, with the PROC GLM procedure of SAS (SAS Institute 2004).

Normal diameter and total height were measured annually in all trees within the

plots at the end of the growing season for a period of 3 years. The breast diameter

was measured in two directions with a caliper, to an accuracy of less than 1 mm.

Tree height was measurement with a Vertex III hypsometer. A volume equation

based on the allometric model of Schumacher and Hall was used to calculate the

tree volumes. The parameters of this model were estimated by Castedo (2004) by

use of the following expression:

v ¼ 0:000048� d2:0062 � ht0:86691;

where v is the bark volume (m3) of individual trees; d is the breast diameter in

centimeters, and ht is the total height in meters. The total height and breast

diameters were compared by repeated measurement analysis with the PROC

GLM procedure of SAS (SAS Institute 2004) after prior confirmation of the
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assumptions of equal (Levene test), normal (Kolmogorov–Smirnov test), and inde-

pendent variance. The mathematical model used was as follows:

yij ¼ mþ bxitþ Tiþ Djþ Ti� Djþ eij;

where yij is the random variable representing the value in the jth observation of the

ith treatment, m is a constant representing the mean response of the variable; bxit
models the linear relationship between the response and the covariate (initial height

or diameter measured before the application of ashes), Ti and Dj are the effects of

treatment i (control, WA, and WAP) and the time j (0,1,2,. . .4 measurements),

respectively, Ti � Dj is the interaction effect of treatment i by time j, and eij is the
experimental error.

6.3 Results

6.3.1 Soil

Soil pH and Ca, Mg, K, P, and S levels increased slightly after ash application. No

leaching loss was observed after several applications of ash. Furthermore, microbial

activity increased and ammonium and nitrate concentrations decreased as a conse-

quence of N immobilization. No effects due to heavy metals were observed in the

soil solution, and the availability of Mn and Zn increased slightly after the third

application of ash.

6.3.2 Nutrition

The Pinus radiata plantations were initially deficient in P, K, andMg (Table 6.4), as

often found in this type of acid soil plantation (Mesanza et al. 1993; Romanyá and

Table 6.4 Concentrations of nutrient elements in the needles (mg g�1)

N P K Ca Mg N/P

Lutites 13.4 0.9 4.3 1.3 1.0 18.0

Migmatites 15.0 0.9 5.6 1.4 0.8 17.7

Will (1985) and Lambert (1984)a 15 >1.4 >5.0 >1.0 >1.0 –

Zas et al. (2002)b 16.9 1.1 6.2 2.1 0.8 15.4

Sánchez-Rodrı́guez et al. (2002)c 16.4 0.8 7.5 1.7 0.7 20.5

WAP wood ash plus P2O2
aOptimal values for Pinus radiata D. Don plantations
bFoliar concentrations in Galicia for Pinus radiata young plantations
cAverage concentrations of nutrient elements in the needles of Pinus radiata plantations on

different soil parent material
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Vallejo 1996). In contrast, foliar N concentrations were sufficient (15 mg g�1).

Repeated application of wood ash to the soil did not have any effect on foliar

concentration 3 years after the initial treatment. Although the concentrations of

basic cations such as Ca2+ and Mg2+ increased significantly in the soil, foliar

analysis did not show any significant changes in the needles after the treatment.

This may be the result of tree growth and the consequent dilution effect.

Supplemental fertilization with slow release of phosphorus (WAP treatment)

increased the foliar concentration of the element throughout the study (Fig. 6.3).

The differences between treatments are more significant for the soils over migma-

tites than for those over lutites. However, repeated application of wood ash did not

increase the levels of P in needles.

6.3.3 Heavy Metals

Repeated application of ash did not produce significant changes in foliar concen-

trations of any of the elements. However, the application produced an increase in

the concentration of Zn, Cu, and Ni in needles in the plots on lutites (Table 6.5).

This was not observed in 2006. The foliar concentration of Cd was closely related to

soil acidity and therefore the concentration of Cd decreased from the third applica-

tion of ash onwards.

6.3.4 Tree Growth

Plots on lutites and migmatites were selected for this study in order to compare two

plantations of the same age, but located over two different geological materials.

The following figures include the estimated marginal means of the dasymetric

variables: total height and normal diameter (corrected in the covariance function,

data from the plots before the treatment in 2003 are used as a covariate). A statistical

analysis comparing between levels of the factor “treatment” corresponding to each

level of the factor “time” and the levels of the repeated means is also included.

Different effects were observed in both types of plots. In the first plot (Fig. 6.4),

the statistical analysis revealed significant increases in height and diameter growth

as a result of the application of ash and phosphorus, mainly from 2005 onwards.

The time–treatment interaction revealed some differences between the treatments,

with benefits to both plots. In the second plot (Fig. 6.5) increases in the normal

diameter for WA and WAP treatments were significant. The different response of

the plantations may be due to the differences in the nutritional state, as indicated by

the different site index values (18.7 and 23.1 m in the lutites and migmatites,

respectively).
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6.4 Discussion

The bottom ash used in this study was generated in moving grate furnaces and did

not contain fly ash. This is a major difference from fluidized bed combustors,

which produce an ash mix. The analysis thus revealed lower concentrations

of N, P, K, Mg, and S than those reported by other authors (Ohno and Erich

1990; Korpilahti et al. 1998; Demeyer et al. 2001; Miller et al. 2002; Solla-Gullón

et al. 2006). In accordance, heavy metal concentrations were relatively low

compared with those of other waste products used in agriculture, e.g., slurry

from wastewater treatment plants and coal ash (Arvidsson and Lundkvist 2002;

Hyt€onen 2003).

Ht (m)

Control WA

2 doses

A: Comparison of means
between levels of factor
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Fig. 6.4 Estimated marginal means of Pinus radiata D. Don in plots over lutites. Control
untreated, WA application of 4.5 Mg wood ash ha�1 for three consecutive years (2003, 2004,

2005), WAP single applications of 4.5 Mg wood ash ha�1 and 0.1 Mg P2O5 ha
�1. In the repeated

measures analysis, the sphericity assumption was not valid and therefore values of P-Huynh Feldt

were used in univariate tests of their interactions. Ht total height, Dn normal diameter
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6.4.1 Soil

The soils under study are acid, as are most forest soils in the region, mainly due to

the instability of the parent rock and to the strong leaching of the base cations. Also,

the plant growth itself generates soil acidity. This implies a great obstacle to the

growth of forest species since it reduces the availability of essential nutrients such

as P (Sánchez-Rodrı́guez et al. 2002; Merino et al. 2005).

In this study, the application of ash slightly and temporarily increased the pH of

the solid soil fraction, resulting in higher availability of elements such as K, Ca, and

Mg. The availability was proportional to the quantity of ash applied. The concen-

tration of Ca increased greatly after the second application. Thus, a direct relation-

ship between the application and the availability of the element was observed.
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Fig. 6.5 This figure is a result of Pinus radiata D. Don for plots over migmatites. Control
untreated, WA application of 4.5 Mg wood ash ha�1 for three consecutive years (2003, 2004,

2005), WAP single applications of 4.5 Mg wood ash ha�1 and 0.1 Mg P2O5 ha
�1. In the repeated

measures analysis, the sphericity assumption was not valid and therefore values of P-Huynh Feldt

were used in univariate tests of their interactions

6 Effects of Ash Applications on Soil Status, Nutrition, and Growth 81



Nevertheless, the increases were less than those reported for soil treated with fly ash

(Ohno and Erich 1990; Saarsalmi et al. 2001; Hyt€onen 2003; Solla-Gullón et al.

2006).

The behavior of P was different, and a low response to the different treatments

was observed. This may be due to the low availability of P in the ash, as well as to

the chemical and biological reactions that this element undergoes in the soil. In acid

soils, phosphate ions tend to precipitate with Fe and Al, forming insoluble com-

pounds and thus reducing the concentrations of H2PO
�
4 and H2PO4 taken up by

plants (Garcia-Rodeja and Gil-Sostres 1997). It is also possible that the availability

of P decreases owing to microbial immobilization, a process that is accelerated by

the application of organic waste to the soil (Salas et al. 2003).

6.4.2 Nutrition

Results of foliar analyses may differ depending on environmental factors. The date

of sampling, the age of the plants, and the type of parent material found below the

plantation must be taken into account.

The foliar concentration of N tends to decrease in response to application of

biomass ash, as expected from the low N content in the ash and its immobilization

in the soil. However, an increase in N concentration has been observed in some peat

soils, which can be attributed to a higher mineralization as a consequence of an

increase in pH and availability of nutrients (Weber et al. 1985). In a prior study,

Solla-Gullón et al. (2006) also detected an increase in foliar N concentration in

Pseudotsuga menziesii plantations in Galicia.

In this study, the foliar values of P were prone to increase, as observed by

Moilanen et al. (2002), Ludwig et al. (2002), and Solla-Gullón et al. (2008). This

positive response may be the result of the symbiotic association between ectomy-

corrhizal fungi that colonize the ash. These fungi increase the solubility of the

content of P in the ashes, thereby promoting the uptake of ash by trees (Mahmmood

et al. 2003). Use of a diagnostic system based on the N-to-P ratio showed that a

balance between N and P was achieved, since it did not exceed the normal ratio

ranging from 6 to 16 (Raupach 1967). These values are similar to the average value

of 12.0 reported by Solla-Gullón et al. (2008) for Pinus radiata in Galicia.

Foliar K concentration also increased slightly in the WA and WAP plots,

confirming the relationship between plant and soil concentration (Zas 2003).

Increases in plant K concentration in response to the application of ash have been

reported earlier (Moilanen et al. 2002; Solla-Gullón et al. 2008). However, no

differences were observed by Hyt€onen (2003).

Despite the higher availability of Ca and Mg in the soil, foliar tree analysis did

not reveal significant increases in concentration for these elements. This is consis-

tent with the findings of some studies in which concentrations did not increase, or

increased only slightly (Hyt€onen 2003; Moilanen et al. 2002; Ludwig et al. 2002).

Other studies in which greater amounts of ash were applied revealed increases in
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the foliar concentration, which lasted for a few years (Solla-Gullón et al. 2008;

Arvidsson and Lundkvist 2002).

6.4.3 Heavy Metals

Soil concentrations of Cu, Ni, Zn, and Cd were similar to the average values

reported by Merino et al. (2005) for forest soils. Repeated application of ash did

not increase the level of heavy metals in the soil, and the levels of extractable Ni

decreased owing to the slight increase in pH, which reduced the solubility of Ni.

The concentrations of Cd did not change in either the soil or the tree needles. This is

consistent with the results reported by other authors such as Helmisaari et al.

(2009).

6.4.4 Tree Growth

Earlier studies revealed that Pinus radiata shows a good response to fertilization

(Sánchez-Rodrı́guez et al. 2002; Omil et al. 2005; Solla-Gullón et al. 2008).

However, this response varies depending on the age of the trees, on the density,

and on the nutritional needs (Zas 2003). The demand for elements such as N and P

increases during the first years of life, a maximum of 6–8 years (Turner and Lamber

1986). Ca and Mg, which do not suffer retranslocation before needle fall (Ericsson

1994), may cause problems in forest crops since the demand for these elements by

higher plants tends to increase with age (Turner and Lamber 1986).

Analysis of covariance revealed that improvement in soil nutritional status leads

to higher tree growth from the second year of treatment onward, confirmingthe

findings of other studies (Bonneau 1995; Vesterinen 2003). This is due to the site

quality (ecological conditions, soil physical properties, weather, and water avail-

ability of the trees): under adverse conditions fertilization does not improve soil

nutritional status. Thus, the response was more significant in plots on lutites (of

lower site quality) than in plots on migmatites. This confirms the results reported by

other authors, mainly for rich soils (Silfverberg and Huikari 1985; Ferm et al. 1992;

Emilsson 2006). Production may be improved by application of a higher dose of

ash, although there is a risk of leaching contamination and increased heavy metal

concentrations.

The application of other types of waste such as slag and dairy sludge was found

to increase tree height growth (Virgel-Mentxaka 2002; Omil et al. 2005). The

combination of ashes with certain organic wastes has considerably increased the

growth of agricultural crops (see Chap. 4, Nieminen 2011). However, the amount

of N applied must be taken into account. Prior studies revealed that the tree

structure of this species may be affected by N and P stresses (Will 1985). Although

height growth is not usually altered, radial growth in both stem and branches was
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most sensitive to addition of these elements. These changes have important impli-

cations such as the loss of apical dominancy in fertilized trees and possible stem

distortions, resulting in a decrease in the economic value (Will 1985; Hopmans and

Chappell 1994).

6.5 Conclusions

Fertilization with bark ash improved the nutritional status of Pinus radiata planta-

tions, and increased the contents of the main macronutrients in the needles. How-

ever, some limiting nutrients such as P did not exceed critically low levels, so there

is some room for improvement in the fertilization treatments. The effects on the

needles were also inconsistent, and delay and the intensity of the effects depended

on the time of application. The third application of ash significantly improved the

diameter and height (and so the volume) growth in one of the plots (lutites) relative

to the control treatment. It may be concluded that only after careful site evaluation

ash application is indicated, otherwise the costs may exceed the benefit.
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Chapter 7

Possible Use of Wood Ash and Compost

for Improving Acid Tropical Soils

Blaise Pascal Bougnom, Brigitte Amalia Knapp, François-Xavier Etoa,

and Heribert Insam

Abstract Infertility of acid soils is a major limitation to crop production on highly

weathered and leached soils throughout the world. The main characteristics of these

soils are their low pH, low levels of organic matter, Ca, Mg, P, or Mo deficiency,

Al or Mn toxicity, or both, and very low mineralization and nitrification rates.

Lime is generally recommended to correct soil acidity, but lime is unaffordable for

resource-poor farmers in the tropics. Many alternatives have been proposed, and

among them products from organic waste materials, e.g., composts, have proven to

be an efficient alternative to the use of lime. Wood ash is a potential source of trace

elements, nutrients, and lime. Wood ash could be used as an additive to fertilizer,

and wood ash admixture to organic wastes prior to composting is known to improve

compost quality and may reduce the amount of compost required to raise the pH to

suitable levels. Wood ash compost as a liming agent as a replacement for lime could

potentially aid in remediating acidity and base deficiency as well as boosting the

soil microbial pool in tropical agricultural soils.

7.1 Introduction

Agricultural primary production is essential for maintaining human life. Sustaining

the productivity of soils is important for future generations, but the way to maintain

productivity is often disputed. Intensive agriculture is based on the use of large

quantities of pesticides and other chemical substances aiming at increasing yields,

but the price to pay is the deterioration of soil quality and the environment, water

pollution, the emergence of new pathogens that are more and more resistant to pesti-

cides, and the threat to human health from the consumption of pesticide residues
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entering the food chain as well as inhalation of toxic gases. These practices, however,

are beyond the reach of resource-poor farmers in the tropics, because of their high

cost. On the other hand, agricultural and forestry products are exported from tropical

to western countries; together with nutrients like nitrogen, phosphorus and potassium,

present in this biomass. Sustainability issues are thus becoming more important,

reflecting the need for long-term fertility and environmental protection. A sustained

agricultural system is one in which the sum of income extracted every year is

sustained over years without altering the natural resource levels (Yunlong and Smit

1994). Organic farming principles and objectives are achieving good crop yields by

using techniques which minimize the human impact on the environment (Rigby and

Caceres 2001). Organic farming can allow resolution of the problem of disposal of

organic wastes that human beings have to get rid of and which are a valuable source of

nutrients for plants, and serve the purpose of soil conditioners. That allows the carbon

cycle to be closed and thus greenhouse gas emissions to be reduced.

Besides organic wastes, ashes from biomass incineration are also worth consid-

ering for agricultural recycling. Wood energy production is classified as a form of

green energy production because it is both carbon neutral and renewable (Kumar

2009). In many African regions, fuel wood constitutes 61–86% of primary energy

consumption and generates large amounts of wood ash, which are just discarded to

the natural environment without any control, causing serious environmental pro-

blems (Samir Amous 1999). On the other hand, in Europe and North America, the

increased use of wood to produce bioenergy generates huge quantities of wood ash

that are currently deposited at high cost. That ash, known to be rich in nutrients and

lime, could be returned to depleted soils as a supplement to organic fertilizers by

suitable management practices (Bougnom et al. 2009). Addition of wood ash to

compost is among the available possibilities, and the compost produced could be

used for forest fertilization as well as for agricultural purposes such as replenishing

depleted and/or acid soils (Bougnom et al. 2009, 2010; Kuba et al. 2008). In this

chapter, we explore the possibility of using both compost and wood ash as an addi-

tive to remediate tropical acid soils. The problem of soil acidity is also explained to

inform the reader about the origin of this phenomenon and its consequence for soil

fertility as well as the mechanisms by which organic wastes could alleviate soil

acidity.

7.2 Soil Acidity

Soil acidity can be considered as the capacity of soils to manifest properties of acids

or proton donors (Vorob’eva and Avdon’kin 2006). It occurs when acidity-generating

processes outweigh acidity-consuming processes (Ulrich 1994). A soil is defined

as acid when its pH is lower than 7. Soil acidification has many causes that are natural

and unnatural. Although soil acidification is a slow natural process, it can be acce-

lerated by plants, animals, and human activities or slowed down or reversed by care-

ful management practices (Bolan et al. 1994; Poss et al. 1995).
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7.2.1 Some Causes of Soil Acidity

7.2.1.1 Rainfall and Leaching

In climates where rainfall exceeds evapotranspiration, soils with low buffer capac-

ity tend to acidify. Excess water infiltrating the soil enhances leaching of basic ions

such as calcium (Ca2+) and magnesium (Mg2+) from the exchange complex of soil

(clay minerals, humus) and their substitution by protons (H+) and aluminum ions

(Al3+) (Mayer 1998). This way, neutral clay may be converted into a hydrogen clay

or acid clay, which gradually accumulates and intensifies under increasing amounts

of rainfall.

7.2.1.2 Acidic Parent Material

The parent material is the geological horizon from which soil horizons form; it is

a key factor that in many cases determines the kinds and contents of secondary

minerals of soils (Arbestain et al. 1999). Soils that develop from granite are likely

to be more acidic than soils developed from calcareous limestone. In tropical and

subtropical areas, under rainfall and high temperatures throughout the year, the

process of acidification occurs over a long or a short time with the weathering of the

soil parent material that liberates significant amounts of silica, iron, and aluminum

and subsequent association of minerals of low crystallinity and aluminum–humus

complexes (Garcia-Rodeja et al. 1987). In the humid tropics, most silicate minerals

in the parent material are weathered away by desilication, leaving little other than

the oxides of iron and aluminum (Sumner and Noble 2003).

7.2.1.3 Cropping Systems

Decay of organic matter, inappropriate use of nitrogenous fertilizers, and the removal

of alkaline plant material from the field in cropping systems further accelerate

soil acidification (Vieira et al. 2008). Some studies have shown that legumes increase

soil acidification in pastures and arable cropping systems (Williams 1980; Burle et al.

1997). Acid production during carbon and nitrogen cycles is considered to be the most

relevant in agricultural and pasture ecosystems (Helyar and Porter 1989). In non-

polluted areas, soil acidification is mainly caused by the release of protons during the

cycling of carbon, nitrogen, and sulfur in the soil–plant–animal system (Ulrich and

Summer 1991). In a balanced system, carbon, nitrogen, and sulfur cycling processes

are coupled and there is no generation of acidity. Perturbations such as uncoupling

of nutrient cycles, accumulation of soil organic matter, leaching of nutrients (mainly

NO3
�) and the mobile exchangeable basic cations (Ca2+, Mg2+, K+, and Na+), and

application of nitrogen fertilizers (which cause oxidation of NH4
+ to NO3

�) generate
soil acidity. NO3

� is not strongly adsorbed by the soil and will leach, and if it is not
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totally taken up by the crop, increased soil acidification will occur as a consequence

(Bolan and Hedley 2003).

7.2.2 Problems of Acidic Soils

Acidification involves four main processes, which are (1) leaching of basic cations

(Ca2+, Mg2+, K+, and Na+) from the exchangeable complex of the soil (clay, minerals,

humus) and their substitution by protons (H+) and cation acids (Si4
+, Fe3

+, Al3
+), (2)

accumulation of potentially toxic heavy metals (Co, Cd, Zn) in deeper soil layers, (3)

accumulation of aluminum sulfates after saturation of exchange sites with Al ions that

allows transportation of acidity to deeper soil layers or groundwaters, and (4) transfer

of potentially toxic cation acids (Al, heavy metals) toward groundwater and surface

water owing to the increased solubilization of compounds formed by these cation

acids under very acidic conditions (Mayer 1998). Acid soil infertility is a major limi-

tation to crop production on highly weathered and leached soils throughout the world

(Von Uexk€ull andMutert 1995). It is a complex interaction of growth-limiting factors

including toxic levels of aluminum, manganese, and iron, as well as deficiencies

of some essential elements, such as phosphorus, nitrogen, potassium, calcium, and

magnesium, and some micronutrients (Kochian et al. 2004). Among these constra-

ints, aluminum toxicity and phosphorous deficiency are the most important owing

to their ubiquitous existence and overwhelming impact on plant growth (Kochian

et al. 2004).

7.2.2.1 Aluminum Toxicity

Aluminum is a light metal that makes up 7% of the earth’s crust and is the third most

abundant element, after oxygen and silicon, plant roots are therefore almost always

exposed to aluminum in some form (Ma et al. 2001). Aluminum exists in soils inmany

harmless forms, including hydrous oxides, aluminosilicates, sulfates, and phosphates

(Haynes and Mokolobate 2001). Aluminum inhibits plant growth by affecting plant

roots and development (Delhaize et al. 1993; Ma et al. 2001), inhibiting both cell

divisions in the apical root meristem and cell elongation (Blamey et al. 1983). Roots

become stubby and brittle; root tips and lateral roots become thick and occasionally

necrotic brown (Mossor-Pietraszewska 2001). These effects restrict the ability of the

plant to take up nutrients and water, leading to nutrient and/or water stresses (Rout

et al. 2001; Haynes and Mokolobate 2001). Plants in acid soil, owing to aluminum

solubility at low pH, exhibit a variety of nutrient-deficiency symptoms, with a conse-

quent decrease in yield. Aluminum toxicity is linked with phosphorus, calcium,

magnesium, or iron deficiency syndrome (Rout et al. 2001). To overcome the lack

of productivity in aluminum toxic soil, the first step is to treat acidity, which will

promote better root growth and function and will allow nutrients and water to be taken

up more effectively by the plant.
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7.2.2.2 Phosphorus Deficiency

In most humid tropical and subtropical regions where acid soils prevail, warm and

moist conditions result in weathered soil types. These tropical soils are depleted in

available phosphorus, and usually the total phosphorous level is low, ranging from

0.01 to 0.1% (Chen and Ma 2001). Much of the phosphorus is bound to aluminum

and iron complexes during pedogenesis (Walker and Syers 1976). Through adsorp-

tion and precipitation mechanisms aluminum forms insoluble and stable comple-

xes with inorganic and organic phosphates, forming highly insoluble phosphorous

compounds; therefore, their solubilization is a prerequisite for phosphorous uptake

by plants. Soils suffering from aluminum toxicity are generally associated with

phosphorous deficiency. The phosphorous-use efficiency in such soils is around

10–15% in the best situations (Verma et al. 2005). The low phosphorous status of

these soils is of great concern because large amounts of phosphorous need to be

applied to raise the concentrations of available soil phosphorous to an adequate

level (Sanchez and Uehara 1980). Low phosphorous availability is considered to be

one of the main limiting factors to plant growth in acid soils, in addition to human

wealth in tropical areas (Barber 1995; Sanchez 2002). For temperate soils, ash

amendments have been shown to alleviate phosphorous deficiencies (see Chap. 2,

Schiemenz et al. 2011).

7.2.3 Some Solutions to Soil Acidity

Since the problem of acid soil low fertility status has been known for long, many

agricultural practices have been recommended to overcome the problem.

7.2.3.1 Liming

Liming is defined as the application of ground calcium and/or magnesium carbo-

nates, hydroxides, and oxides. Liming the soil is the most common and oldest

method for reducing soil acidity. Liming is often performed through high-dose

applications of products such as calcitic lime (CaCl2) and dolomitic lime [CaMg

(CO3)2]. The aim is to increase the soil pH and therefore to modify the physical,

chemical, and biological parameters of the soil. Studies have shown that liming

materials affect the activity and composition of microbial populations and can

create better environmental conditions for the development of nonacidophilic

microorganisms, resulting in increased microbial biomass and soil respiration

(Neale et al. 1997; Tate 2000). Nevertheless, liming has some limits; the effec-

tiveness of surface application of lime to soils under a particularly no-till system

withregard to subsoil acidity is uncertain, agricultural liming materials are rela-

tively insoluble, and lime effects may be restricted to the top few centimeters of

the soil surface for many years (Shainberg et al. 1989; Costa and Rosolem 2007).
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Large quantities are generally required to improve plant growth, and for many

resource-poor farmers in the tropics carrying out semisubsistence agriculture, its

use is effectively prevented by the unavailability or the high cost of lime, or both

(Haynes and Mokolobate 2001).

7.2.3.2 Use of Organic Waste Materials

Organic waste materials used to tackle soil acidity include undecomposed plant

materials, composts, manures, peats, and coal products. Organic amendments are

suitable for resource-poor farmers, as these farmers are unable to buy large quantities

of lime and fertilizer phosphorous needed for their lands because of economic reasons.

Some authors have reported an increase in soil pH after addition of organic materials

to soil, followed by a decrease of aluminum saturation and an improvement of plant

growth, depending on the type of residue, its rate of application, and the buffering

capacity of the soil (Hue 1992; Noble et al. 1996). The rise of soil pH is due to the flow

of protons from the soil (lower pH) to the organic matter sites (higher pH), decom-

position of less stable materials in the soil resulting in mineralization and nitrification

of organic nitrogen, and microbial decarboxylation (Haynes and Mokolobate 2001;

Wong and Swift 2003). A long-term increase of soil pH is dependent on the balance

between proton production and consumption in the system (Helyar and Porter 1989).

The role of humic substances in increasing phosphorous availability is unclear. Some

authors have reported the role of humic substances contained in organic matter in

competing for adsorption soil sites and subsequent decrease in phosphorous adsorp-

tion (Bolan et al. 1994; Perrott 1978), whereas other authors have stated the unim-

portance of soil organic matter in increasing phosphorous availability (Borggaard

et al. 1990). Humic substances concomitantly with organic acids, organic residues,

and release of inorganic phosphorous have been found to be the main factors involved

in increase of available phosphorous. A decrease in aluminum phytotoxicity is

directly linked to phosphorous availability.

A conceptual model of the major processes that lead to the detoxification of soil

aluminum and an increase of phosphorous availability when wood ash compost is

applied to acid soils is summarized in Fig. 7.1.

7.3 Compost and Wood Ash

7.3.1 Compost

Compost is a product derived from composting that is high in nutrients and rich

in humic acids. Nutrients are usually bound organically and thus released at a

moderate speed (Gobat et al. 2003). Mature compost contains a diverse community

of microorganisms; addition of compost to soil modifies considerably its biological,
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physical, and chemical properties in the short term as well as in the long term

(Ryckeboer et al. 2003; Fuchs 2009). The use of compost in agriculture aids in

replenishing and maintaining long-term soil fertility by providing optimal condi-

tions for soil biological activity and a slow flow of nutrients adapted to the needs of

the crop (Gobat et al. 2003).

7.3.1.1 Effect on Soil Physical Parameters

Depending on the amount, the type, the interval of application, and especially

the characteristics of the soil, compost will improve soil structure and aggregate

stability, hydraulic conductivity, infiltration, resilience against erosion, water hold-

ing capacity, air balance, and soil temperature (Gerzabek et al. 1995; Hartmann

2003). Stabilization of soil aggregates by organic matter occurs in three main ways:

(1) Application of organic matter maintains the microbial activity and thereby the

production of metabolic products with cementing properties by microbial degra-

dation, mature compost performing better than immature compost; (2) application

of organic matter supports the activity of the soil microfauna and mesofauna, e.g.,

earthworms. Excrement aggregates have positive effects on the soil structure and

influence the formation of wide macropores and generally enhance microbial acti-

vity; (3) application of high molecular weight humic acids improves the long-term

stability of microaggregates (Hartmann 2003; Fuchs et al. 2004). Annual applica-

tions of small amounts of compost are more effective in stabilizing aggregates and

pores size distribution than any singular application of high amounts (Lamp 1996).

Fig. 7.1 A conceptual model of the major processes that lead to the detoxification of soil

aluminum and an increase of phosphorous availability when wood ash compost is applied to

acid soils
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7.3.1.2 Effect on Soil Chemical Parameters

Composts (e.g., from green and kitchen waste) and soil differ in their compo-

sition and properties in almost every parameter. The amount of organic carbon,

the amount of organic nitrogen, pH, electrical conductivity (EC), cation exchange

capacity (CEC), salinity, chloride concentration, and sulfate concentration are

higher in compost. Therefore, depending on the quality and quantity of compost,

climate, and soil characteristics, their application will result in a modification of the

soil organic matter composition (Fuchs et al. 2004). Compost application increases

soil organic carbon and total nitrogen content at the upper horizon in both sandy and

clay soils, and that increase can be observed even more than 10 years after

application (Melero et al. 2007; Delschen 1999). Generally, an increase in soil

pH after compost use is observed because most composts are basic and have a

considerable buffering capacity. The mineralization of carbon and the subsequent

production of OH� ions by ligand exchange as well as the introduction of basic

cations such as K+, Ca2+, and Mg2+ leads to an increase of soil pH (Mkhabela and

Warman 2005). Compost application can ameliorate soil acidity by increasing soil

pH and allows large quantities of lime required for these soils to be saved (Haynes

and Mokolobate 2001). Application of municipal, mixed green and animal waste

compost has been reported to proportionally increase the EC and salt effects of soils

(Stamatiadis et al. 1999; Walter et al. 2006). Agricultural soil EC levels ranged

from 0 to 4 dS m�1, whereas soil EC levels of municipal solid waste composts

ranged from 3.69 to 7.49 dS m�1 (Brady and Weil 1996); therefore, the increase of

EC could be of concern. In some cases, soil EC levels were excessive and inhibited

plant growth; nevertheless, Zhang et al. (2006) reported that the increased soil EC

values decline over time because of nutrient removal by crops and leaching, but the

long-term soil biological activity could be negatively affected (Iglesias-Jimenez

and Alvarez 1993). Incorporation of compost into soil, especially at high doses,

increases the CEC (Bengtson and Cornette 1973); the rise is generally linked to an

increase in the level of organic material, the pH, and in base saturation (Ca, K, Na)

(Fuchs et al. 2004). Nitrate leaching is one of the concerns regarding compost

utilization. NO3
� is highly mobile in soils and is susceptible to leaching through the

soil profile and into the groundwater by the infiltrating water. When compared with

organic and mineral fertilizers, the nitrate leaching potential of composts is very

low (Insam and Merschak 1997). Composts for agricultural use should come from

source-separated organic waste and green waste only; then heavy metals are not of

concern, as they would be if municipal solid waste compost were used (Epstein

et al. 1992; Sharma et al. 1997).

7.3.1.3 Effect on Soil Biological Parameters

Effect on Soil Microorganisms

Heterotrophic organisms in the soil are ultimately responsible for ensuring the

availability of nutrients for primary production (Wardle 2002). Microorganisms
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play a very important role in many biogeochemical cycles in agroecosystems

including organic matter decomposition, nutrient mineralization, and trace gas

emission and consumption (Carney et al. 2004). The principal “players” in the

decomposition process are microorganisms, i.e., bacteria, archaea, and fungi.

Bacteria are able to perform an extremely wide range of chemical transforma-

tions, but are, however, only active over a very narrow range of environmental

conditions (Lavelle and Spain 2001). As with all microorganisms, bacteria have

a system of external digestion mediated through the production of extracell-

ular enzymes, and some of the metabolites released by extracellular digestion

may be used by other organisms, thus creating a trophic stimulus for opportunistic

or cooperating microorganisms (Hattori 1973; Lavelle and Spain 2001). Until

recently, archaea were considered to occur in extreme environments only, but

their presence was also reported in numerous other habitats, including forest and

agricultural soils, where their potential for ammonia oxidation was demonstrated

(Bintrim et al. 1997; Pace 1997; Prosser and Nicol 2008). Bacteria and archaea, on

the one hand, and fungi, on the other, differ biochemically and morphologically.

Fungi are larger than bacteria and have hyphae that can grow into and explore

distant microhabitats, and translocate carbon and nitrogen and other nutrients

within the hyphal network. Thus, fungi are regarded as being more capable than

bacteria and actinobacteria in degrading polysaccharides (Atlas and Bartha 1998;

Lavelle and Spain 2001). The broad functions of fungal mycelium in soil and litter

are decomposition and nutrient cycling. In contrast to bacteria, fungi can remain

active in soils at very low water potential (�7,200 kPa) and are better suited than

bacteria to exist in interpore spaces (Shipton 1986). These microorganisms influ-

ence or control ecosystem processes and form mycorrhizal interactions with plants

(Coleman 2001; Wardle 2002).

Soil microbial community diversity has been suggested as a way of assessing the

“health” or “quality” of soils (Chapman et al. 2007). High biodiversity may be

vitally important in structurally diverse ecosystems such as soil because it may

promote productivity and stability of this environment (Grime 1997; van Bruggen

and Semenov 2000). The biodiversity of fungal or bacterial populations in the

rhizosphere is closely related to growth of crops; hence, crop yield may be used

as an indicator of soil health associated with greater stability in productivity (Lynch

et al. 2004).

The effect of different composts on the microbial biomass and diversity depends

in part on the amount used and very strongly on the compost quality (Ros et al.

2006). Populations of rhizosphere microorganisms were reported to increase in

relation to increasing inputs of composted organic matter to soil, and compost

application has been found to enhance biomass nitrogen, carbon, and sulfur

content and microbial activity over several years (Perucci 1990; Ros et al. 2006).

Single and repetitive applications of different amounts of organic wastes signifi-

cantly increase the amount of soil microbial biomass and enhance nitrogen

mineralization potential, but excessive rates of application (100 t ha�1) reduce

the functional diversity of the microbial community (Banerjee et al. 1997). Several

studies have reported modification of both bacterial and fungal community
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structure following application of compost (Crecchio et al. 2004; Ros et al. 2006;

Innerebner et al. 2006). Increases in dehydrogenase, b-glucosidase, urease, nitrate
reductase, and phosphatase activities were observed 3 months after application of

municipal solid waste compost (Crecchio et al. 2004). Some composts rich in heavy

metals (Zn, Cu, and Pb) have been reported to decrease enzyme (phosphatase and

urease) activities, whereas other enzymes (dehydrogenase, catalase, protease) were

not affected (Garcia-Gil et al. 2000).

Effects on Soil Fauna

The relative contributions of the soil fauna to microbial turnover and nutrient

mineralization are directly related to the demographics of the soil biota (Coleman

et al. 1983). Many invertebrates (e.g., earthworms, termites, and ants) play an

important role for soil fertility; they produce macropores (e.g., galleries, chambers)

and organomineral structures that influence hydraulic properties, macroaggre-

gation, and organic matter dynamics in soil (Lavelle 1997, 2002). The importance

of earthworms in enhancing nutrient availability and raising the rate of nitrogen

turnover through the breakdown and incorporation of organic matter into the soil

was demonstrated (Basker et al. 1992). Leroy et al. (2007) and Moreira et al. (2008)

reported a significant increase of earthworm density and biomass after compost

application. Earthworms can affect other soil-inhabiting invertebrates by altering

their resource base, affecting soil structure, by direct ingestion, and by dispersing

them (Blair et al. 1995); a direct effect of earthworm activities following compost

application is an increase in the number of trophic groups of soil-inhabiting

arthropods (phytophages, predators, omnivores, and saprovores) (Gunadi et al.

2002). Nematodes play a role in decomposition and nutrient cycling; free-living

nematodes that feed on bacteria and fungi (as opposed to plants) contribute as much

as 27% of the readily available nitrogen in the soil and promote rhizosphere

colonization of beneficial rhizobacteria (Ekschmitt et al. 1999; Knox et al. 2003).

Compost supply stimulates nonparasitic nematodes and encourages predator nema-

todes and parasitic fungi which specifically destroy the eggs of certain parasitic

nematodes (Fuchs et al. 2004). By boosting the key functional species in soil

defined as “ecosystem engineers” (Jones et al. 1994), compost allows optimal

conditions for plant health and growth.

7.3.2 Wood Ash

Wood ash is a by-product of the wood industry resulting from burning of wood

residues for energy production (Nkana et al. 2002). Most of the inorganic nutrients

and trace elements in wood are retained in the ash during combustion; the quality

of the end product depends on the quality of the wood, the tree species, and the

burning process (Perki€om€aki et al. 2004). The ash and the metal contents are
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generally higher in bark than in stemwood (Hakkila 1986; Werkelin et al. 2005).

Fly ash contains higher levels of dioxins and heavy metals than the bottom ash

(Pitman 2006). For agricultural and horticultural purposes, only bottom ash should

be used according to Stockinger et al. (2006). Wood ash is a significant source of

the nutrients phosphorous, potassium, magnesium, and calcium, and its properties

resemble those of lime (Naylor and Schmidt 1986; Ohno and Erich 1990). Ash

fertilization can compensate for the nutrient losses caused by harvesting operations,

nutrient leaching, and soil acidification (Saarsalmi et al. 2006).

7.3.2.1 Effect on Soil Physical Parameters

More than 80% of wood ash is composed of particles smaller than 1.0 mm, with

all particle sizes ranging from coarse sand to clay (Etiegni et al. 1991; Etiegni and

Campbell 1991). Wood ash particles may swell in contact with water and can clog

soil pores and therefore affect the texture, decrease aeration, and increase water

holding capacity and hydraulic conductivity of the soil (Etiegni and Campbell

1991). Ash-amended soils tend to have lower bulk density, higher water holding

capacity, lower hydraulic conductivity, and increase the protection of soil against

erosion (Eisenberg et al. 1986; Kalra et al. 1998). Application of ash for agricul-

tural purposes should be done with precaution because of the detrimental effects

observed at high rates; amounts of ash exceeding 20% (v/v) in calcareous soils and

10% in acidic soils have been reported to deteriorate the hydraulic conductivity

(Gupta et al. 2002). However, many of the available studies refer to fly ash of coal,

which has distinctive properties different from those the wood ash we are dealing

with.

7.3.2.2 Effect on Soil Chemical Parameters

Calcite (CaCO3) and fairchildite [K2Ca(CO3)2] at a combustion temperature of

600�C and lime (CaO) and magnesium oxide (MgO) at a combustion tempe-

rature of 1,300�C are the major compounds of wood ash (Etiegni and Campbell

1991; Misra et al. 1993). Wood ash alkalinity or neutralizing capacity expressed as

calcium carbonate equivalent ranges from less than 20% to over 90% (Vance 1996).

It typically ranges from 50 to 100% of that of limestone on a dry weight basis

(Naylor and Schmidt 1986; Lerner and Utzinger 1986). The soluble alkalinity is

mainly due to hydroxides (92%) and a small amount of carbonates (8%) of calcium,

magnesium, and potassium (Etiegni and Campbell 1991). The pH (H2O) of wood

ash ranges between 8.9 and 13.5 (Demeyer et al. 2001) and when wood ash is

applied, it acts faster in raising soil pH than lime: the pH increase is higher for soils

with low pH and low organic matter content (Ohno 1992). The oxides, hydroxides,

and carbonates (quickly soluble) are responsible for the faster soil pH rise, which

does not persist for a long time in the soil, whereas calcite (less soluble) lasts longer

and is responsible for the moderate alkalinity of the soil (Ulery et al. 1993;
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Muse and Mitchell 1995). Many studies (Nkana et al. 1998) have shown that wood

ash appears to be a neutralizer of soil acidity and lowers aluminium and manganese

toxicity in acid soils. Application of wood ash increases the CEC (Eriksson 1998;

Nkana et al. 1998). Wood ash contains very little carbon and nitrogen because of

their oxidization and transformation to gaseous constituents during combustion

(Demeyer et al. 2001). However, it can lead to an increase of the organic carbon

solubility and nitrification rate and potentially an increase of the nitrogen leaching

rate (Pietik€ainen and Fritze 1995; Kahl et al. 1996). However, nitrogen availability

often increases indirectly as a result of ash application owing to a rise in soil pH and

consequent nitrogen mineralization (Pitman 2006). The wood ash fertilization

effect has been shown to act in a way similar to that of NPK commercial fertilizers

on the basis of the nitrogen, phosphorous (P2O5), and potassium (K2O) concentra-

tions in the ratio 0:1:3 for a commercial wood boiler and 0:3:14 for a domestic

wood stove (lower temperature burn) (Naylor and Schmidt 1986).

Wood ash constitutes a significant source of nutrients such as calcium, potas-

sium, magnesium, silicon, and phosphorous as the major macroelements (Etiegni

and Campbell 1991; Vance 1996). Because of the complicated nature of wood ash

(several cations forming oxides, hydroxides, carbonates, and bicarbonates), the

dissolution rates of the compounds formed are different. Potassium dissolves very

quickly (more than 50% of the total), calcium and magnesium dissolve more rapidly

with decreasing ash-to-water ratio, and phosphorous remains relatively insoluble

and may be immobilized as iron and aluminum phosphates in acidic soils (Ohno

1992; Khanna et al. 1994). Wood ash contains many micronutrients (Fe, Mn, Zn,

Cu, B, Mo, Cr, Pb, Co, Cd), with iron as the most abundant, followed by manganese,

zinc and copper, boron, and molybdenum. Depending on the soil pH, application of

wood ash leads to lower iron, manganese, zinc, and copper availability at pH� 6.5;

if the pH decreases, the micronutrients become more mobile and their concentra-

tions in soil increase (Clapham and Zibilske 1992; Zhan et al. 1996). Heavy metals

hazardous to human health, such as arsenic, cadmium, chromium, lead, mercury,

and selenium, and those that may be phytotoxic, but are not normally hazardous to

humans, such as boron, copper, nickel, and zinc (ICRCL 1987), are generally found

in wood ash and could be of concern, but the heavy metal concentration in agricul-

tural fertilizers frequently exceeds that from bottom wood boiler ash. Variability of

zinc, nickel and copper contents is of concern only if large quantities of wood ash

are used; chromium, cadmium, arsenic, mercury, and lead contents are harmless as

long as fly ash is not used (Pitman 2006).

7.3.2.3 Effect on Soil Biological Parameters

Effect on Soil Microorganisms

Wood ash may have a stimulatory or an inhibitory effect (when applied at high dose,

e.g., more than 5 Mg ha�1), or an initial stimulation and later an inhibition effect on

microbial activity and biomass (Baath et al. 1995; Zimmermann and Frey 2002).
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The changes in microbial biomass and microbial activity are related to the increase

in soil pH, which induces the development of bacteria to the detriment of fungi

(Perucci et al. 2006). Modifications of both bacterial and fungal community struc-

ture have also been reported following wood ash application, with the fungal

community being more sensitive to the ash dose (Baath et al. 1995). Alkaline

phosphatase, arylsulfatase, and catalase activities increased under wood ash appli-

cation at 5 t ha�1, but were affected negatively at 20 t ha�1 (Perucci et al. 2006).

Generally, the different changes in microbial biomass and composition are related

to the dose of ash applied (Takeuchi et al. 2009).

Effects on Soil Fauna

Wood ash application has generally shown little effect on soil fauna (Haimi et al.

2000; Liiri et al. 2002a). The effect of wood ash application on enchytraeids or

earthworms depending on the rate of application has shown to be positive (Huhta

et al. 1986), neutral (Lundkvist 1998), or negative (Haimi et al. 2000). When wood

ash was applied at a rate 3 Mg ha�1, there was no change in the number of

microarthropods (Liiri et al. 2002a), whereas their total number decreased at

an application rate of 5 Mg ha�1 (Haimi et al. 2000) in a pine forest. A positive

correlation was found between wood ash treatment and an increase in the number of

nematodes, especially of bacterial feeders (Huhta et al. 1986; Liiri et al. 2002a).

However, a shift from fungi to bacteria might hamper number of enchytraeids (see

Chap. 4, Nieminen 2011). The impact of wood ash on mites and collembola was

positive, neutral, or negative (Huhta et al. 1986; Haimi et al. 2000; Liiri et al.

2002b). Once more, the dose was the main factor responsible for these results.

Wood ash has a negative effect on the soil fauna if large quantities are used

(Siddiqui and Singh 2005).

7.4 Conclusions

Regarding the attributes of these wastes, co-composting organic wastes with wood

ash as an additive to obtain a compost with higher liming potential and rich in

nutrients is of great interest for both solving the problem of waste disposal and

providing an economically attractive alternative to chemical fertilizers for acid

tropical soils. Compost with wood ash additive could be an excellent amendment to

compensate for loss of nutrients or to treat soil acidity, or both. Preliminary studies

have already been carried out using wood ash compost in greenhouse experiments

by Bougnom et al. (2009, 2010). The results of these experiments revealed that the

use of compost with wood ash as an additive presents no risk to a sustainable

agriculture in the tropics in terms of plant toxicity, physical and chemical para-

meters, and impact on the soil microbiota if a small amount of ash is added. Wood

ash compost represents new chances in tackling infertility of acid tropical soils as it
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could be an efficient and yet affordable alternative to lime. Organic waste composts

are available in very limited amounts in the tropics and despite fuel wood consti-

tuting the primary energy consumption, little ash for large-scale application is

available. Balanced ash compost could allow the amounts of organic waste compost

needed to reach suitable pHs to be reduced, restore soil organic matter pools, and

remediate nutrient deficiencies in agricultural soils. Cautiously prepared and orga-

nized, the use of high-quality wood ash, otherwise discarded in Europe, if sub-

stituted to some mineral feedstock, could be an option for ameliorating acid tropical

soils, hitting two birds with one stone: less has to be deposited in waste dumps and

impoverished tropical soils might be improved.

References

Arbestain MC, Barreal ME, Macı́as F (1999) Parent material influence on sulfate sorption in forest

soils from Northwestern Spain. Soil Sci Soc Am J 63:1906–1914

Atlas RM, Bartha R (1998) Microbial ecology: fundamentals and application, 4th edn. Benjamin

Cummings, San Francisco, p 694

Baath E, Frostegard A, Pennanen T, Fritze H (1995) Microbial community structure and pH

response in relation to soil-organic-matter quality in wood-ash fertilized, clear-cut or burned

coniferous forest soils. Soil Biol Biochem 27:229–240

Banerjee MR, Burton DL, Depoe S (1997) Impact of sewage sludge application on soil biological

characteristics. Agric Ecosyst Environ 66:241–249

Barber SA (1995) Soil nutrient bioavailability: a mechanistic approach. Wiley, New York,

pp 202–230

Basker A, Macgregor AN, Kirkman JH (1992) Influence of soil ingestion by earthworms on the

availability of potassium in soil: an incubation experiment. Biol Fertil Soils 14:300–303

Bengtson GW, Cornette JJ (1973) Disposal of composted municipal waste in a plantation of young

slash pine: effects on soil and trees. J Environ Qual 2:441–444

Bintrim SB, Donohue TJ, Handelsman J, Roberts GP, Goodman RM (1997) Molecular phylogeny

of archaea from soil. Proc Natl Acad Sci USA 94:277–282

Blair JM, Parmelee RW, Lavelle P (1995) Influences of earthworms on biogeochemistry. In:

Hendrix PF (ed) Earthworm ecology and biogeography in North America. Lewis, Boca Raton,

pp 127–158

Blamey FPC, Edwards DG, Asher CJ (1983) Effects of aluminum, OH-Al and P-Al molar ratios,

and ionic strength on soybean root elongation in solution culture. Soil Sci 136:197–207

Bolan NS, Hedley MJ (2003) Role of carbon, nitrogen, and sulfur cycles in soil acidification.

In: Rengel Z (ed) Handbook of soil acidity. Marcel Dekker, New York, pp 29–56

Bolan NS, Naidu R, Mahimairaja S, Baskaran S (1994) Influence of low-molecular weight organic

acids on the solubilization of phosphates. Biol Fertil Soils 18:311–319

Borggaard OK, Jorgensen SS, Moberg JP, Rabenlange B (1990) Influence of organic-matter on

phosphate adsorption by aluminium and iron oxides in sandy soils. J Soil Sci 41:443–449

Bougnom BP, Maier J, Etoa FX, Insam H (2009) Composts with wood ash addition: a risk or a

chance for ameliorating acid tropical soils? Geoderma 153:402–407
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Chapter 8

Ash from Combustion of Cacao Residues

for Nutrient Recycling: A Case Study

Angelo Sarabèr, Marian Cuperus, and Jan Pels

Abstract A case study has been formulated concerning the use of ashes from

combustion of cacao residues (shells) for electricity production and for nutrient

recycling to the original soil. The effect in terms of kilograms of fertilizer per

hectare and the environmental impact of closing the nutrient and mineral cycle are

quantified. If the ashes are used as fertilizer, this fertilizer will only replace about

2% m/m of phosphorus and potassium that is necessary to fulfill the nutrient

demand. This means that the contribution of the ashes is small. Furthermore,

nitrogen has to be added as fertilizer. There is also a small advantage of reduction

of CO2 emissions by nutrient recycling; this reduction is negligible from the point

of view of the plantation, but from the point of view of the filter ash, the potential

emission reduction is significant. This study shows that ashes from stand-alone

combustion of certain agricultural residues are an potential valuable mineral source

for elements such as phosphorus and potassium.

8.1 Introduction

Biomass is one of the sustainable sources of energy that is used for today’s

production of electricity and heat. Sustainable use of biomass for energy production

encompasses many aspects. They range from social aspects such as security of food

supply and workers’ health to environmental aspects such as clean emission and

protection of nature. Although interesting and relevant, this study is limited to only

one of those aspects: the role of ash management in nutrient recycling and emission

reduction. In Finland and Sweden, for instance, ashes from peat and wood combus-

tion are utilized for fertilization in forestry (Emillson 2006). In 2004, about 27,000 t
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was used for forest fertilization in Finland. Certain wood ashes contain high

amounts of calcium compounds, which make them suitable as an alternative liming

agent. The calcium carbonate equivalent may be 26–59% depending on the source

(Ohno and Erich 1990). Other biomass ashes may also be interesting for fertiliza-

tion, such as ash from cacao residues as suggested by Simpson et al. (1985), which

contain high amounts of potassium.

The Netherlands is one of the biggest producers of cacao products in the world, but

all cacao beans are imported from other countries such as Côte d’Ivoire, one of the

largest (40%) producers of cacao beans. Some of the process residues (shells) is

currently used for direct co-combustion for power generation and some is used in

gardening as soil cover. Cacao residues (shells) contain about 8–10%m/m ash-forming

matter, which mainly consists of potassium and phosphorous, which are interesting

nutrients for agriculture. The caloric value of cacao shells is about 19–22MJ/kg (higher

heating value), whereas the water content is 7–13% m/m (ECN 2010).

An interesting step forward would be to use the ashes from cacao residues as a

source for nutrients by recycling the ashes back to the plantations where the cacao

was grown or to use them as raw material for fertilizer production. In this case

study, the impact on the nutrient balance and reduction of CO2, NOx, and SO2

emissions has been assessed. Disposal of the ashes in a mine is used as a reference.

8.2 Case Description

8.2.1 Methodology and Starting Points

The starting point is that the whole chain has to be analyzed to assess the environ-

mental effects involving closure of the nutrient and mineral cycle. Interviews with

representatives from the cacao industry and a literature study were used to define

the parameters and to describe the scenarios. The most important part of this chain

analysis is the definition of the parameters. The so-called base unit is the most

important issue, as it expresses the product under study. The functional unit in this

study is fertilization of 1 ha of land in Côte d’Ivoire, on which cacao trees are grown

together with shade trees. Further, the effect categories have to be determined,

which are the parameters of environmental impact, namely, the nutrient balance and

the CO2, NOx, and SO2 emissions.

The starting points for this study are:

– The cacao plantation is situated in Côte d’Ivoire, and the beans are transported

to the location of the cacao industry in the Netherlands.

– The cacao shells are a 100%natural residue of the beans and are thermally processed

in a stand-alone power plant (so-called bioenergy plant) in the Netherlands.

– The efficiency of the nutrients is comparable to that of the commercial fertilizers

which are used on the plantation. Also, the effect of trace elements and
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contaminants which are present in the ashes is comparable to that of the

commercial fertilizers.

The chemical composition of the ashes is predicted with a modified version of

the KEMA Trace Model® (KEMA 2005). The model is an empirical and statistical

computer model to predict emissions and ash composition of a dry pulverized coal-

fired boiler including biomass co-combustion. A modified version of the model has

been developed for fluidized bed boilers, taking into account the lower combustion

temperature, the use of inert or reactive bed material, and the distribution of ash and

bed material.

8.2.2 Two Scenarios

Two scenarios have been examined and compared in this study. These scenarios are:

– Scenario 1 (Fig. 8.1): The cacao shells are combusted in a bioenergy plant in the

Netherlands. The ash produced is transported to a sea port in the Netherlands.

From this port the ash is shipped to Côte d’Ivoire. The ash is transported by truck

to a cacao plantation. The ash is used as fertilizer. The ash contains no nitrogen

and not enough phosphorous and potassium. Therefore, extra NPK-containing

fertilizer is used to fulfill the nutrient demand. This NPK fertilizer is produced in

Côte d’Ivoire.

– Scenario 2 (Fig. 8.2): The cacao shells are combusted in a bioenergy plant in the

Netherlands. The ash produced is transported to a mine in Germany as filling

material. The fertilization of the cacao plantation is performed by means of an

artificial fertilizer (NPK). The fertilizer is produced in Côte d’Ivoire.

The system has to be bounded for the analysis. The boundaries determine the

scope of the study. There are four subsystems in this study of importance:

Fertilization 
plantation in 
Ivory coast

Production 
fertilizer in 
Ivory Coast

Transportation 
cacao ashes 

from 
Netherlands to 

Ivory Coast

Combustion 
cacao shells in 

Bio energy 
Plant

Production 
cacao in Ivory 

coast

Transportation 
cacao from 

Ivory Coast to 
Netherlands

Transportion 
fertilizer in 
Ivory Coast

Fig. 8.1 System boundaries of scenario 1
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1. The cacao plantation subsystem

2. The cacao shell combustion subsystem

3. The cacao shell ash subsystem

4. The fertilizer production subsystem

8.2.3 Cacao Cultivation

Cacao (Theobroma cacao) is a small evergreen tree in the family Sterculiaceae or
Malvaceae. Cacao is grown in more than 30 countries around the world in Africa,

South America, and Asia, principally in areas that fall within 20�N and 20�S of the

equator (FAO 2009). The cacao tree is an understory tree, growing best with some

overhead shade. The seeds of the cacao tree are used to make cacao and chocolate.

The fruit, called a cacao pod, contains 20–60 seeds, usually called beans. The pods

consist of the husks and the beans. Every bean is surrounded by a thin shell. The

pods are harvested, the husks are removed, and the beans are dried and fermented.

After fermentation, drying, and packing, the beans, including the shells, are trans-

ported to the location of the cacao industry.

8.2.4 Combustion of Cacao Shells for Heat and Power Generation

In this case it is assumed that the beans are transported to the Netherlands. The

beans are stored in the harbor before transport to the cacao processing plant. Beans

are broken to nib and the shells are separated. The nib is processed to cacao

products. The shells are combusted or used as gardening material. All materials

are transported by road or water. An example of cacao shells is given in Fig. 8.3.

For the scenarios it is assumed that the cacao shells are combusted in a circulat-

ing fluidized bed combustion plant to produce heat and power. This is a type of

boiler for production of energy from biomass on a large scale (so-called bioenergy

Filling of old 
mines in 
Germany

Fertilization 
plantation in 
Ivory coast

Production 
fertilizer in 
Ivory Coast

Transportation 
cacao ashes 

from 
Netherlands to 

Germany

Combustion 
cacao shells in 

Bio energy 
Plant

Production 
cacao in Ivory 

coast

Transportation 
cacao from 

Ivory Coast to 
Netherlands

Transportion 
fertilizer in 
Ivory Coast

Fig. 8.2 System boundaries of scenario 2
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plants) (Fig. 8.4). The general data of the bioenergy plant that were used in this

study are given in Table 8.1. Sand is used as bed material. Some limestone is used to

capture sufficient SO2 to meet the Dutch emission requirements.

The predicted chemical composition of the filter ash is presented in Table 8.2. The

macroelements are also expressed as oxides (this does not mean that these elements

Fig. 8.3 Cacao shells: a

residue of processing cacao

beans

flue gas

heat exchanger

Biomass
bed material

combustion air filter ash
bed ash

Fig. 8.4 Basic design of the circulating fluidized bed combustion plant
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are present as oxides). The main nutrients in filter ash are potassium, calcium, and

phosphorus. Thermodynamic calculations were performed to predict the potential

compounds in cacao ash under equilibrium conditions. These were performed using

FactSage#. The main compounds will be K2SO4, K2CO3, and Ca5HO13P3. It is

assumed that the filter ash contains 5% residual pyrolized cacao shells (carbon).

8.2.5 Basic Assumptions of the Two Scenarios

In Côte d’Ivoire the production of dried beans in 2005 was 740 kg/ha (Elzebroek

and Wind 2008). According to ADM Cacao (2007 Interview with F. de Kort ADM

Table 8.1 General data of the bioenergy plant

Parameter Unit Value

Net power MWe 30

Net electrical efficiency % 29.0

Full load hours h 6,000

Net electrical capacity MWe 29

Use of cacao shells (as received) t/h 23

Use of bed material kg/h 824

Percentage of ash that is filter ash % 80

Percentage of ash that is bed ash % 20

Table 8.2 Predicted composition of filter ash from the bioenergy plant

Macroelements (%)

Based on elements Based on oxides

Al 0.6 Al2O3 1.2

Ca 13.6 CaO 19

Cl 0.2

Fe 2.8 Fe2O3 4.0

K 39 K2O 47

Mg 2.9 MgO 4.8

Na 0.4 Na2O 0.5

P 4.2 P2O5 10

Si 4.3 SiO2 9

Ti 0.3 TiO2 0.5

Residual fuel 5

Microelements (mg/kg)

As 3.3 Mo 1.1

Ba 285 Ni 143

Be 0.2 Pb 10

Cd 1.0 Sb 26.9

Co 45 Se 0.15

Cr 78 Sn 40.8

Cu 514 Te 1.0

F 3.2 U 1.6

Hg 0.10 V 25

Mn 946 Zn 985
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Cacao 22 November 2007. Koog aan de Zaan, the Netherlands), 10% of the beans

consist of a shell, which means that per hectare 74 kg cacao shells is produced.

For the environmental impact of transportation many data are available. In this

study the Eclipse data were used. Eclipse (Environmental and Ecological Life
Cycle Inventories for Present and Future Power Systems in Europe) was funded
by the EU and was carried out in 2002–2003. One of the objectives of Eclipse was

to provide a harmonized set of public, coherent, transparent, and updated data on

new and decentralized power systems for life cycle analyses.

The transportation by road in Europe is carried out by means of a heavy lorry

trailer (40 t). The transportation by sea is carried out by means of a bulk carrier. The

transportation by road in Côte d’Ivoire is carried out with a medium lorry. In

Table 8.3, an overview is given of the emissions per ton kilometer of these vehicles.

An overview of the assumed distances used in this study is given in Table 8.10.

Transport of cacao beans to the Netherlands and transport of shells to bioenergy

plants are not included, as these are present in both scenarios.

8.3 Mineral Balance

To estimate the amount of nutrients needed for fertilization of the soil, an estimate

of the nutrient balance is needed. The plant density and the climate are important

(IFA 2008). Nutrient stocks have been restricted to the upper 30 cm, as most

feeding roots of cacao are concentrated at that depth. Removal of nutrients from

cacao ecosystems is caused by yield (beans and husks), immobilization in stem and

branches, and leaching of nutrients below the rooting zone (Hartemink 2005). Most

nutrients in cacao ecosystems are lost by the harvest of beans and husks. In

Table 8.4, an overview is given of the nutrient removal caused by the crop of

1 ha (740 kg dry cacao beans and 1.0 t cacao husks).

For the nutrient demand there are several recommendations for cacao. The

recommendations for the nutrient demand for 1 ha of cacao plantation differ hugely,

as shown in Table 8.5. We decided to use the statistical approach: all improbable

data have been removed.

For the mineral balance it is assumed that the husks are returned to the soil and

that all the available nutrients are reused. This assumption is assessed in the

sensitivity analysis. In Table 8.6, an overview is given of the mineral balance.

The husks are supposed to be returned to the soil, so these nutrients are directly

Table 8.3 Emission per ton kilometer of transportation (Eclipse 2003)

Road: heavy

lorry trailer (40 t)

Medium-sized lorry

(regional transport)

Sea: bulk

carrier

CO2 (g/t km) 60.1 156 7.97

NOx (g/t km) 0.99 2.56 0.21

SO2 (g/t km) 0.045 0.115 0.20
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recycled to the plantation. The nutrient demand minus the natural addition of

nutrients minus the husks gives the amount to be added by fertilization. Further,

some natural addition occurs by deposition and transfer. Data from plantations in

Cameroon (Hartemink 2005) are used, as data for Côte d’Ivoire were not found in

the literature.

The preferred nutrient sources for the nitrogen, phosphorous, and potassium

fertilizers for a cacao plantation are urea, triple superphosphate (with 48% P2O5),

and potassium chloride (with 49% K2O), respectively (IFA 2008). It is assumed that

the fertilizer is produced in Côte d’Ivoire. Data for production in Europe were used,

as other data were not available (Table 8.7).

Table 8.4 Nutrient removal in kilograms caused by the crop of 1 ha of plantation in Côte d’Ivoire

(IFA 2008)

Beans (+shells) Husks Total

N P2O5 K2O MgO CaO N P2O5 K2O MgO CaO N P2O5 K2O MgO CaO

16.4 5.0 6.7 1.7 0.4 9.8 3.1 38.4 6.9 3.1 26.1 8.1 45.1 8.6 3.6

Table 8.5 Fertility recommendations according to different literature sources (kg/ha)

References N P K

Elzebroek and Wind (2008) 50–100 25 75

FAO (2009) 0 28 32

CABI (2009)a 200 25 300

Uribe et al. (2001) 100 90 200

IFA (2008) 147 8 106

CPCRI (2009) 110 10 64

Average 126 26 202
aBefore pod production

Table 8.6 Mineral balance for a cacao plantation in Côte d’Ivoire (kg/ha)

Nutrient

demand

Addition

by

husks

Natural addition

of nutrients

Amount to be added by

means of fertilizer/ash

N 126 13.2 43.3 69.5

P 26 1.83 0.30 23.9

K 202 43.1 95 63.9

Table 8.7 Emission data (kg) for triple superphosphate and potassium

chloride (source Simapro 7.1.8 using Ecoinvent 2.0 database)

Emissions Per kilogram P2O5 Per kilogram K2O

CO2 2.016 0.484

CO2eq 2.064 0.533

NOx 0.0072 0.0016

SO2 0.028 0.0083
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8.4 Environmental Impact Analysis

The environmental impact analysis is focused on emissions, especially those of

CO2, NOx, and SO2. The emissions related to ash transport and fertilizer production

and transport need to be calculated to obtain the total environmental impact.

8.4.1 Combustion of the Cacao Shells in the Bioenergy Plant

Per hectare cacao plantation in Côte d’Ivoire, 74 kg cacao shells are produced.

These shells are combusted in a bioenergy plant. In Table 8.8, an overview is given

of the main characteristics of the circulating fluidized bed combustion plant for the

combustion of 74 kg cacao shells. The combustion of 74 cacao shells produces

5.3 kg filter ashes. Only the filter ash is suitable as a fertilizer. The bed ash consists

of approximately 69% bed material (sand) and additive, whereas the filter ash

contains only 13% bed material and additive. It is assumed that all potassium is

present as K2CO3.

8.4.2 Amount of NPK Fertilizer Needed

In Table 8.9, an overview of the amounts of fertilizer/ash to be used on 1-ha

plantations is given for both scenarios. The amount of fertilizer in scenario 2 needed

to compensate for the amount of filter ash used in scenario 1 is 1.1 kg/ha for triple

superphosphate and 4.1 kg/ha for potassium chloride.

Table 8.9 Overview of the amounts of fertilizer/ash needed for the two scenarios (kg/ha)

Demand Scenario 1 Scenario 2

Added by filter ash Synthetic fertilizer Synthetic fertilizer

N 69.5 0 298 kg urea 298 kg urea

P 23.9 0.22 113 kg triple superphosphate 114 kg triple superphosphate

K 63.9 2.05 125 kg potassium chloride 129 kg potassium chloride

Table 8.8 Overview of the main characteristics of the combustion of 74 kg cacao shells in the

bioenergy plant

Characteristics Amount (kg)

Amount of fuel used (as received) 74

Amount of bed material used 2.7

Amount of additive used (lime) 1.0

Amount of filter ash produced, including bed material and additive 6.7
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8.4.3 Overview of the Process Steps for the Two Scenarios

As already stated, the functional unit in this study is the fertilization of 1 ha of land

in Côte d’Ivoire, on which cacao trees are grown together with shadow trees. In

Table 8.10, an overview is given of the process steps for the two scenarios. As can

be seen from Table 8.10, several process steps are identical for both scenarios. This

means that these process steps are not taken into account.

8.4.4 Scenario 1: Recycling of the Ashes as a Fertilizer

The filter ash is transported by means of a heavy lorry trailer from the bioenergy

plant to the port. The distance between these is assumed to be 100 km. Table 8.3

gives the emissions per ton kilometer. Per hectare cacao plantation in Côte d’Ivoire,

74 kg cacao shells are produced, resulting in 6.7 kg filter ash, corresponding to

0.67 t km. The filter ash is transported by means of a bulk carrier from the Dutch

port to Côte d’Ivoire. The distance is assumed to be 6,000 km (SenterNovem 2007),

which results in 40.2 t km. The ash is transported by means of a medium-sized lorry

from the port in Côte d’Ivoire to the cacao plantation. The distance is assumed to be

800 km, which results in 5.4 t km.

Table 8.10 Overview of the process steps for PK fertilization of 1 ha cacao plantation in Côte

d’Ivoire (N fertilization excluded)

Process step Scenario 1 Scenario 2

Production of cacao beans in Côte d’Ivoire 740 kg dried beans

Transportation of cacao beans from Côte d’Ivoire

to the Netherlands

740 kg fried beans

6,000 km

Production of cacao shells 74 kg cacao shells

Transportation of cacao shells to bioenergy plant 74 kg cacao shells

100 km

Combustion in bioenergy plant 74 kg cacao shells

6.7 kg filter ash

Transportation of ash to port in the Netherlands 6.7 kg filter ash

100 km

–

Transportation of ash to salt mine in Germany – 6.7 kg filter ash

250 km

Transportation of ash to Côte d’Ivoire 6.7 kg filter ash

6,000 km

–

Transportation of ash to cacao plantation 6.7 kg filter ash

800 km

–

Production of fertilizer in Côte d’Ivoire 113 kg triple

superphosphate

125 kg potassium

chloride

114 kg triple

superphosphate

129 kg potassium

chloride

Transportation of fertilizer in Côte d’Ivoire 238 kg PK fertilizer

800 km

243 kg PK fertilizer

800 km
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Themajor part of the PK nutrient demand has to be provided by synthetic fertilizer.

Table 8.7 shows the emissions produced by 1 kg of these fertilizers. These emissions

are valid for production of the fertilizer in Europe. We assume the production of the

fertilizers takes place in Côte d’Ivoire. However, because of lack of better data, the

production data for Europe are used. The fertilizer (238 kg) is transported within Côte

d’Ivoire by means of a medium-sized lorry. The distance is assumed to be 800 km,

corresponding to 190 t km. In Table 8.11, an overview is given of the total emissions

in scenario 1.

8.4.5 Scenario 2: Use of an Artificial Fertilizer

The filter ash is transported by means of a heavy lorry trailer from the bioenergy

plant to a mine in Germany. The distance is assumed to be 250 km. The amount of

ash transported is 6.7 kg, which corresponds to 1.68 t km. The total PK nutrient

demand has to be provided by synthetic fertilizer (243 kg) under the same condi-

tions as described in scenario 1. The transport distance corresponds to 194 t km. In

Table 8.11, an overview is given of the total emissions in scenario 2.

8.4.6 Comparison of the Two Scenarios

In Table 8.11, the emissions caused by the two scenarios are compared. The

emissions caused by scenario 1 and by scenario 2 are about the same, which is

not surprising because of the low level of replacement of the PK fertilizer that can

Table 8.11 Overview of the CO2, NOx, and SO2 emissions caused by scenarios 1 and 2 for PK

fertilization of 1 ha

CO2

(kg)

NOx

(g)

SO2 (g)

Scenario 1
Transportation of ash from bioenergy plant to Dutch port 0.04 0.66 0.03

Transportation of ash from Dutch port to Côte d’Ivoire 0.32 8.4 8.0

Transportation of ash from port in Côte d’Ivoire to cacao plantation 0.84 14 0.62

Production of PK fertilizer 145 487 2,004

Transportation of fertilizer to cacao plantation 30 487 22

Total 175.5 997 2,034

Scenario 2
Transportation of ash from circulating fluidized bed combustion plant

to German mine

0.10 1.7 0.08

Production of PK fertilizer 147 493 2,033

Transportation of fertilizer to cacao plantation 30 498 22

Total 177.1 993 2,056

Difference (scenario 2 minus scenario 1) 1.6 �4.4 21
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be obtained. However, the potential CO2 reduction per kilogram of filter ash is

significant, namely, about 0.40 kg CO2/kg filter ash.

In this study some assumptions have been made. In the sensitivity analysis, the

influence of these assumptions on the emissions is determined.

l All of the phosphorous and potassium present in the ash is available as nutrient.

If the availability of both elements drops below 40–45%, then the CO2 and SO2

emissions in scenario 1 will be higher than those in scenario 2.
l The transport distance within Côte d’Ivoire is 800 km. If the transport distance

is 500 km, the CO2 emissions in scenarios 1 and 2 decrease to 160.3 and

161.9 kg, respectively. If the transport distance increases to 1,000 km, the CO2

emissions are 179.3 and 180.9 kg, respectively. This means that the absolute

value in both scenarios will be influenced to a small extent, but the difference

between the values in both scenarios remains the same.
l The transport distance within Côte d’Ivoire is the same for the filter ash and the

PK fertilizer. If the transport distance of the ash is about 1,500 kmmore than that

for the PK fertilizer, then the CO2 emissions in scenario 1 will be higher than

those in scenario 2.

8.5 Discussion

From an environmental point of view, the impact of recycling the ashes originating

from the yield of 1 ha of cacao beans are very small. The ratio of phosphorous to

potassium that is present in the ash is more or less comparable with the ratio that is

present in the artificial fertilizer. Therefore, it is possible to replace only a small part

of the PK fertilizer that is needed for the fertilization of 1 ha. If the ashes are used as

fertilizer, not more than 5.2 kg synthetic PK fertilizer will be replaced per hectare.

However, to fertilize the soil properly, another 243 kg synthetic PK fertilizer (and

about 298 kg urea) per hectare is necessary (depending on the nutrient need). So

only a very small part (about 2%) of the synthetic PK fertilizer can be replaced,

assuming that the uptake by the cacao tree is the same as for commercial fertilizer.

It is important to examine how much of the phosphorous and potassium present

in the ash will be effectively available as nutrient. The nutrients in artificial

fertilizer are available instantly. Thermodynamic calculations showed that the

most probable potassium compounds are sulfates and carbonates, which are also

highly soluble compounds, but that phosphorous may be present as a less soluble

compound. No research has been carried out yet on the nutrient demand of the soil

for trace elements. These trace elements (Fe, Zn, Cu, Mo, B, and Mn) are present in

both the synthetic fertilizer and the filter ash. Also, the influence of potentially toxic

elements (Pb, Cd, CrVI, Hg) on the fertilization of the soil and on the health of the

cacao trees has not been examined. In a recent study on the suitability of alleviating

low pH, Bougnom et al. (2009, 2010, 2011) have shown that composts prepared

with ashes could be suitable for remediating tropical soils.
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In this study only the emissions of CO2, NOx, and SO2 in both scenarios have

been compared. The replacement of artificial fertilizer with the ashes diminishes the

amount of CO2 SO2 emitted per hectare by 1.6 kg and 21 g, respectively. This is

negligible from the point of view of the plantation, but from the point of view of the

filter ash, the potential of emission reduction is attractive. This makes the ash a

potentially valuable mineral source.

In this case study it is assumed that the cacao residues are combusted in the

Netherlands and have to be transported over a large distance to Côte d’Ivoire. This

can be avoided by using the ash as a raw material in fertilizer production in the

Netherlands itself. This will reduce the overall sea transport of ash to Côte d’Ivoire

and raw materials for fertilizer production to the Netherlands.

8.6 Conclusions

A case study has been performed to assess the environmental impact and feasibility

of ash recycling to restore the nutrient balance of 1 ha of a sustainable plantation in

Côte d’Ivoire. From a limited environmental analysis, in which only the emissions

of CO2, NOx, and SO2 were compared, it can be concluded that:

If the ashes generated by combustion of cacao residues (shells) derived from cacao

beans are used as fertilizer on a cacao plantation, this fertilizer will replace only about

2% m/m of phosphorus and potassium that is necessary to fulfill the recommended

fertilization. This means that the contribution of the ashes is negligible. Furthermore,

nitrogen has to be added as fertilizer because the ashes do not contain nitrogen

The replacement of artificial fertilizer with ashes diminishes the amount of CO2

and SO2 emitted per hectare by about 1.6 kg and 21 g, respectively, despite the

reverse logistics. However, the NOx emissions increase by 4 g. This is negligible

from the point of view of the plantation, but the potential emission reduction per

kilogram of filter ash is significant.

It will be more interesting to use the ashes generated as raw material for fertilizer

production in the region where the ashes are generated (i.e., the Netherlands). The

accompanying CO2, NOx, and SO2 emissions due to transport will be reduced.

Another advantage is the less complex logistics.

This study shows that ashes from stand-alone combustion of certain agricultural

residues are a potentially valuable mineral source for elements such as phosphorus

and potassium.
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for ameliorating acid tropical soils: effects on the soil microbiota. Appl Soil Ecol 45:319–324

Bougnom BP, Knapp BA, Etoa FX, Insam H (2011) Possible use of wood ash and compost for

improving acid tropical soils. In: Insam H, Knapp BA (eds) Recycling of biomass ashes.

Springer, Heidelberg, pp 87–105

CABI (2009) http://www.cabi-commodities.org. Accessed Jan 2010

CPCRI (2009) Central Plantation Crops Research Institute. Garden management – Cocoa. www.

cpcri.gov.in. accessed Jun 2009

Eclipse (2003) Environmental and ecological life cycle inventories for present and future power

systems in Europe. Biomass. Workpackage 3. More information on the project is available at

http://www.eclipse-eu.org. Accessed 20 Jan 2008

ECN (2010) Phyllis database. Available via http://www.ecn.nl. Accessed 26 Apr 2010

Elzebroek ATG, Wind K (2008) Guide to cultivated plants. Kyodo, Singapore

Emillson S (2006) From extraction of forest fuels to ash recycling. International handbook.

Published by Swedish Forest Agency

FAO (2009) http://ecocrop.fao.org/ecocrop/srv/en/dataSheet?id¼2074. Accessed 28 Jun 2009

Hartemink AE (2005) Nutrient stocks, nutrient cycling and soil changes in cacao ecosystems – a

review. Adv Agron 86:227–253

IFA (2008) World fertilizer use manual, Cacao. J. Snoeck and P. Jadin, Institut de Recherches du
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Chapter 9

The Use of Biomass Combustion Ashes

in Brick Making

Fritz Moedinger

Abstract The addition of biomass ashes to a brick feed has been investigated in a

full-scale industrial production process over several days. The addition of biomass

ashes to the brick feed is part of an ongoing research and development project

targeted at substituting or combining quarried raw materials with suitable waste

materials. In this chapter some of the early results of the first industrial trial runs

with biomass ashes are presented. The main scope of this ongoing research and

development project is reduction of production cost, generation of additional

revenue from gate fees, and improvement of product characteristics.

9.1 Introduction

Besides other methods of recycling biomass ashes as described in other chapters

in this book (see Chap. 1, Knapp and Insam 2011; Chap. 6, Omil et al. 2011;

Chap. 11, Ribbing and Bjurstr€om 2011), another option is to use the ashes for

producing construction materials such as concrete (see Chap. 10, Berra et al. 2011)

and brick.

For the production of ceramic bricks, the predominant raw material used is

mineral clay. Any good brick clay should have low shrinkage and low swelling

characteristics, consistent firing color, and a relatively low firing temperature, but at

the same time produce an adequately dry and fire-strength brick. The guiding rule of

choice on wastes and by-products must rest on their compatibility with the original

(host) raw material being used, whereas they must not degrade the final product by

focusing simply on making it a repository for wastes. Thus, it is necessary to
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establish a company-and-production- site-specific “tailor-made” quality product

standard. In general, the firing of a mineral mass rich in aluminum silicate such

as brick clay allows permanent stabilization of almost all heavy metals included

except chromium (Anderson and Skerratt 2003).

9.2 Clay as a Raw Material in Brick Making

In compositional terms, good brick clay should feature:

l Grain size distribution (sieve line): A high percentage of larger particles requires

higher sintering temperatures, resulting in a greater energy requirement and

longer firing times.
l Accessory minerals: Quartz, feldspar, and amphibole have an effect on the

sintering behavior and might result in undesired colors.
l Organics: Create voids in the finished product. If the organics have a high

sulfur content, this might have effects on color, the fumes, and the kiln

atmosphere.
l Sulfur: Pyrite and marcasite release SOx on firing, creating large-diameter pores

in the brick that might reduce compressive and flexural strength.
l Carbonate minerals: Calcite, dolomite, and other carbonate minerals, such as

ankerite and siderite, do have, if finely dispersed, an effect on the release of low-

temperature-carbonization gases owing to the formation of channels and funnels

but in larger quantities will reduce the compressive and flexural strength of the

final product and might lead to chipping on the surface.
l Alkalis: A low alkaline earth content, magnesium and calcium being the most

common, is desirable to avoid firing interactions which could promote discolor-

ation of the final product.
l Metal oxides and hydroxides: Goethite and hematite, for example, both contain-

ing iron oxide (the chief colorant responsible), which ideally should be in the

range 5–12% (for good strong color), are the main origin of the red brick color.
l Natural radioactivity of the raw materials (radon).

Adding foreign substances to influence the physical properties of the finished

product or the workability is nothing new. It is important to distinguish between

“additions” to the clay body (such as saw dust or paper sludge), and “substitutions”

(such as sewage sludge, ash, or treated aluminum salt slag) that replace a part of the

original clay body. The distinction between “addition” and “substitution” for

extraneous materials is not always straightforward or easy: Any substance that is

added to the original clay body without substitution of clay modifying its inherent

characteristics might be considered an addition. A substitution, on the other hand,

may be viewed as any material that for a required volume of brick reduces the

quantity of clay needed to achieve that specific volume target. A substitution can

also modify the clay body.
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9.3 Brick Production Process

The brick production process in itself has remained unchanged for a very long time:

a shapeable mass is formed into a brick, assumed to be a small, regularly shaped

unit that a bricklayer can grasp with one hand while picking up mortar with the

other. A typical modern production process is shown in Fig. 9.1.

Additions to the brick feed can take place either at the beginning of the process

or in later steps.

In the trial runs explained later, biomass ashes were introduced as a substitution

displacing quarried raw materials. They were mixed with the other raw materials

right at the beginning of the process.

Quarried raw materials Body fuels

Stockpiles

Souring

Fine grinding / fine mixing

Intermediate stockpile

Wet extrusion

Continuous or batch drying

Continuous or batch firing

Packaging

Transport to final point of use

Additions (body fuels, pore
formers, extrusion aids, coloring
agents, scumming agents,
liquefiers, surfactants, drying
aids, pH modifiers, steam, etc.)

Blending and mixing
Removal of coarse foreign
substances

Additions
Substitution

Fig. 9.1 Brick manufacturing process
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9.4 Use of Waste-Based Additions or Substitutions

to Brick Feeds

In most cases waste disposal laws and regulations require that the waste to be

disposed of be accompanied by some kind of analytical data. However, such data

are generally insufficient to determine whether the waste can be used in brick. For

a typical brick factory the information that is required is listed in Table 9.1

(Moedinger and D’Anna 2002; Moedinger 2003, 2004).

It is essential that the quality and composition of the waste in use at the brick

plant be continuously monitored so one is aware of any sporadic fluctuations in

composition that could detrimentally affect the manufactured product. Long-term

Table 9.1 Basic information for testing the potential waste material for inclusion in a brick body

Oxides and heavy metals Other Mineralogy Impacts

Aluminum oxide (Al2O3) Humidity (H2O%) Kaolinite (%) Odor

Sulfur trioxide (SO3) Acidity (pH) Smectite (%) Odor (on drying)

Antimony oxide (Sb2O3) Conductivity (mS/cm) Illite (%) Firing color

Barium oxides (BaO) Dry substance (ç) Muscovite

(%)

Shrinkage (drying –

firing)

Boron trioxide (B2O3) Not combusted (%) Chloride (%) Cracking (drying –

firing)

Calcium Oxide (CaO) Chloride (%) Mica (%) Evaluation of possible

emissions

Iron oxide (Fe2O3) Sulfur (%) Fluor (%) Evaluation of possible

health risks

Phosphorus pentoxide (P2O5) Fineness (percentage

clay minerals if any)

Evaluation of possible

financial benefits

Magnesium oxide (MgO) Plasticity Evaluation of possible

liability risks

Manganese oxide (MnO) Firing temperature Leaching on firing

Lead oxide (PbO) Mechanical properties at

different firing

temperatures

Potassium oxide (K2O)

Silica (SiO2)

Sodium oxide (Na2O)

Titanium dioxide (TiO2)

Zinc oxide (ZnO)

Zirconium oxide (ZrO2)

Arsenic (As)

Cadmium (Cd)

Chromium (Cr)

Mercury (Hg)

Nickel (Ni)

Copper (Cu)

Selenium (Se)

Lead (Pb)

Zinc (Zn)

Vanadium (V)

124 F. Moedinger



production tests are necessary to establish eventual variations in the composition

and the impact on the product or production process.

Some of the potentially detrimental results on brick products or the production

process caused by various wastes can be offset by the use of appropriate “correc-

tive” additives:

l The concentration of chromium and chlorates with respect to their possible

volatilization on firing and their subsequent concentration in the flue gases and

potential effects on the refractory material of the kiln
l Odor and smells
l Heavy metals
l Organic contamination
l Chemical contamination
l Particle size distribution
l Water absorption
l Content of carbonate minerals
l Soluble salts

9.5 Body Fuels

Body fuels, i.e., combustible substances added to the brick feed that are then

combusted upon firing the brick, have been in use since the Egyptians added

straw to the brick feed. Owing to the remaining organic content, biomass combus-

tion ashes might be considered a low calorific value body fuel.

A tunnel kiln (Fig. 9.2) works as a counterflow heat exchanger. In the tunnel kiln

packs of bricks set on a car train on rails move through the kiln one after the other.

During their journey, the cars move toward, through, and past the stationary firing

section at the center of the structure. During its travel, the brick set on the kiln car is

slowly, ideally uniformly, heated up to the required firing temperature and then

cooled down again (Fig. 9.3). Heat transfer within a tunnel kiln and within the

Fig. 9.2 Tunnel kiln
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usually densely packed bricks on the kiln car takes place primarily by forced

convection of the turbulent kiln gas flow, and, limited to the firing zone, by radiance

of the burner flame to the brick. Further heat transfer by conduction from

brick to brick occurs at the contact surfaces of the tightly stacked bricks. At a

temperature range of 150–350�C the volatile proportion of any organic addition

made to the brick feed is released as low-temperature-carbonization gases. These

gases are usually conveyed to the chimney or to an appropriate postcombustion

system.

As heating of the bricks set on the kiln car does not take place uniformly across

the section of the brick, release of low-temperature-combustion gases at different

points of the travel through the kiln can cause problems. The firing curve pictured in

Fig. 9.4 shows the delayed reaction of the energy rich additions to the clay body:

Fig. 9.3 Methods of stacking bricks on kiln cars
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The combustion of the energy content in the core of the pile occurs later than that on

the perimeter.

Only at a temperature of about 550–600�C do the temperature differences

between the lower and the upper layers of the brick stacked on the kiln car diminish

considerably.

The problems of using body fuels featuring a high percentage of volatiles is

explained here with the example of paper sludge: At a temperature of about 150�C,
all water that is still present in the cellulose is evaporated. This evaporation process

is concurrent to driving out water still present in the clay body and extends into the

first phases of release of crystalline water. At temperatures between 100 and 200�C,
volatile substances are dissociated and evaporate, releasing carbon monoxide,

hydrogen, and hydrocarbons.

Recent research by the author has shown the effects of concurrent combustion

(a substance with an otherwise higher ignition temperature is ignited by the

combustion of a substance with a lower ignition temperature) and the impact on

the energy balance of a tunnel kiln. Such an example is pictured in Fig. 9.5 for a

brick feed with 20% of paper sludge added to the clay in addition to a 1.5% of a

bituminous coal featuring a high volatile content.

The above-mentioned differential thermal analysis (DTA) is of particular inter-

est when it is compared with the DTA for the same basic mix but with 1.5% of

anthracite and less than 2.5% of volatiles instead of the bituminous coal in the

previous example. The DTA in Fig. 9.6 shows release of energy at the same

temperatures as in the previous case but a second, smaller peak is observed at

higher temperatures as well. This second peak has a positive impact on the thermal

balance of the kiln.
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Fig. 9.5 Differential thermal analysis (DTA) of brick feed with 20% by volume paper sludge and

1.5% by volume of a bituminous coal
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An effect similar to that observed for the anthracite/paper sludge mix was

observed in the tunnel kiln when a biomass ash/paper sludge mix was fired. This

effect has to be confirmed in further and longer-lasting tests to prove that, biomass

combustion ashes contribute positively to the energy balance of a brick tunnel kiln.

9.6 Industrial Testing

The data were obtained in industrial testing with manufacturing batches of about

1,750 t of brick. The daily production capacity of the plant where the tests were

performed is, depending on the format and characteristics of the brick manufac-

tured, approximately 750 t/day. Such large test runs are necessary to assess with

sufficient accuracy, considering the latency of the tunnel kiln, the effects of addi-

tions or substitutions on the firing process, emissions into air, and the energy

consumption.

The use of ashes as an addition to the brick feed must take into account that in the

clay free calcium ions are available for a pozzolanic reaction with some compo-

nents of the biomass ash. This reaction is not immediate but rather slow and

certainly accelerated by temperature. This reaction can cause problems in extru-

sion: stiffening associated with a loss of plasticity and hence denting of the extruded

strand. It is hence necessary to hinder or delay this behavior either by adding the

ashes, as done for polystyrene, for example, directly prior to extrusion or by

hydrophobizing the ashes at least partially with a suitable agent. In brick making
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the two most suitable agents are waste glycerine from the production of biodiesel

and waste antifreeze from the car industry. So far, no industrial tests with waste

antifreeze compounds have been carried out. The trials were carried out with

glycerine-treated ash.

The fruit and the wood combustion ashes were mixed in a 30:70 ratio and then

subjected to hydrophobization with waste glycerine. The ashes were added to the

raw material feed prior to its storage in the silo for souring. The raw material

characteristics are indicated in Table 9.2. The mix was made up of 20% by volume

of ashes and 80% by volume of clay. The use of ashes resulted in a noticeable

reduction of the density and hence substantial improvement of the thermal perfor-

mance of the finished product, as summarized in Table 9.3.

The reduction in unit weight is tied to a lower setting density. In the tests carried

out, a reduction of about 8% of fuel was observed. A certain percentage can

certainly be attributed to the energy content, body fuel, of the biomass ash.

Extrusion data were collected automatically and show that the power require-

ment of the extruder was lowered by 8%, whereas the density achieved is lower.

The overall savings in production costs, considering that the ash is delivered free of

charge to the brick plant, is estimated to be about 7.5%.

Table 9.2 Mixture of ash and brick fed used in this study

Biomass ash Brick feed

Density (kg/l) 0.3 1.73 raw density (not fired)

In the plant a raw material mix

with a fired density of

1.625 kg/l was used. This

mix contains about 25% of

nonquarried secondary raw

materials and 75% of

quarried materials

Humidity 1–2% 18.9%

Waste glycerine used as percentage

of brick feed weight

0.25

Waste glycerine used in kilograms

per kilogram of biomass ash/

brick feed mix

1.73 � 0.8 � 0.25% ¼ 0.0035 kg

Waste glycerine used as percentage

per kilogram of biomass ash

0.0036/0.30 � 0.2 ¼ 5.7667%

Table 9.3 Comparison of standard and ash-added bricks

Standard brick Ash-added brick

Unit weight 19.5 15.5

Material density of fired brick 1.625 1.475

R (m2 K/W) 2.2 2.71

Thermal capacity (kJ/m2 K) >300 265

Acoustic Rw0R (dB) >45 >43

Average/least compressive strength (N/mm2) 14/10 9/7.5
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Reactive swelling was not observed, at least at the percentages used in the tests.

The bricks manufactured with the addition of the biomass ashes are of good quality.

The analytical data for the raw ashes used and the brick manufactured are given in

Table 9.4. No significant changes to the leaching values were found between a

standard brick and a brick formed from the addition of biomass combustion ashes.

9.7 Conclusion

When hydrophobized biomass ashes were not used, the extrusion power require-

ments increased rapidly to a point where the tests had to be stopped because of

excessive power requirement.

The results of the tests with hydrophobized ashes are as follows:

l Lower power requirement of the extruder at almost the same cutting frequency

but at the same time a higher extrusion pressure
l Reduction of the water content of the brick by 2.5–3.0% (wt)
l Reduction of drying cracks
l Reduction of fired sulfate visible on the surface of the brick
l Substantial modifications to the firing curve

These results are positive. A problem, at least with the ashes used in the test, is

that they are not delivered in a way that allows the brickyard to accept them,

without any major and costly modifications to the plant. Most are delivered in big

bags. This requires extra effort and expense on the part of the brickyard. If the ashes

were delivered in trucks, an appropriate silo, similar to one used for coal or pet

coke, could be installed. Another unresolved problem is the seasonality of the

ashes. A storage bunker to overcome this problem usually cannot be accommodated

in a brickyard. Once the producer of the ash has resolved these problems, a

brickyard can certainly become an ideal recycler for this type of waste.

References

Anderson M, Skerratt G (2003) Variability study of incinerated sewage sludge ash in relation to

future use in ceramic brick manufacture. Br Ceram Trans 102:109 ff

Berra M, de Casa G, Dell’Orso M, Galeotti L, Mangialardi T, Paolini AE, Piga L (2011) Reuse of

woody biomass fly ash in cement-based materials: leaching tests. In: Insam H, Knapp BA (eds)

Recycling of biomass ashes. Springer, Heidelberg, pp 133–146

Knapp BA, Insam H (2011) Recycling of biomass ashes – current technologies and future research

needs. In: Insam H, Knapp BA (eds) Recycling of biomass ashes. Springer, Heidelberg,

pp 1–16

Moedinger F (2003) Recycling and reuse of waste materials as raw materials within the framework

of integrated product policy IPP. In: Dhir RK, Newlands MD, Dyer TD (eds) Recycling and

reuse of waste materials. Thomas Telford, London, p 117 ff

9 The Use of Biomass Combustion Ashes in Brick Making 131
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Chapter 10

Reuse of Woody Biomass Fly Ash in

Cement-Based Materials: Leaching Tests

Mario Berra, Giancarlo De Casa, Marcello Dell’Orso, Luigi Galeotti,

Teresa Mangialardi, Antonio Evangelista Paolini, and Luigi Piga

Abstract The feasibility of using woody biomass fly ash (WBFA) as a mineral

admixture in cement-based materials was investigated. This fly ash was character-

ized for chemical composition and used to prepare a cement blend with 70 wt%

Portland cement and 30 wt% WBFA. Cubic specimens were cast from a blended

cement paste (water-to-binder ratio 0.50) and, after 28 days of curing at 20�C and

100% relative humidity, these specimens were tested for heavy metal leachability

through the use of a sequential leaching protocol, at a constant pH of leachant

(deionized water; pH 6.0). It was found that, except for the chloride content, the

WBFA is able to meet the European chemical requirements established for reuse of

coal fly ash in cement-based materials. Although the WBFA is characterized by a

significant content of heavy metals of particular environmental concern (Cd, Cr, Cu,

Ni, Pb, Zn), the results of the monolith leaching test have shown a good immobiliza-

tion capacity of such metals by the cementitious matrix and, consequently, a good

environmental quality of the blended cement investigated.

10.1 Introduction

In March 2007, the European Commission undertook an approach to climate and

energy policy in order to fight climate change and increase EU energy security

while strengthening its competitiveness. The European Commission committed

itself to transform Europe into a highly energy efficient, low-carbon economy.
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To achieve this goal, the European Commission aimed to carry out, by 2020, what

is known as the 20:20:20 project, namely:

– A reduction in EU greenhouse gas emissions of at least 20% below 1990 levels

– Twenty percent of EU energy to be produced from renewable resources

– A 20% reduction in primary energy use to be achieved by improving energy

efficiency

In this context, the use of biomasses in place of traditional fuels represents a

suitable way of reducing greenhouse gas emissions. In fact, the biomasses may be

regarded as clean and renewable energy resources with no net CO2 production,

since the amount of CO2 produced from biomass combustion is approximately

equivalent to that taken up from the environment during biomass growth.

The most important biomasses are the residues from woodworking or forest

activities, the wastes from farms and agrobusiness, the organic fraction of munici-

pal solid wastes, and the plants deliberately grown for energy production purposes.

In Italy, the most utilized biomasses for burning in power plants are chipped wood,

and, to a minor extent, rice-husk and olive residues (GSE 2009).

Although the use of biomass in Italy is less than the European average, the high

potential of burnable biomass along with the fast increase in the number of

biomass-based thermal plants calls for a solution to the disposal problems asso-

ciated with ash production. Both the quality and the quantity of ash depend on the

type of biomass used as a fuel. The amount of ash produced per unit weight of

original biomass can vary from about 2% (w/w) (chipped wood) to 15% (w/w) (rice

husk) (Lokare et al. 2006).

Irrespective of the type of biomass used, two kinds of ashes are produced: fly ash

and bottom ash. Fly ash is generally trapped by electrostatic precipitators or sleeve

filters located downstream of the combustion process, before the gas and the very

fine particles are released to the environment. Bottom ash is collected in the bottom

of the boiler. The relative amount of fly ash and bottom ash depends on the type of

boiler. Powder boilers produce more bottom ash than fly ash; fluidized bed boilers

produce more fly ash than bottom ash. Grate boilers produce about the same

quantity of both ashes.

According to the European waste catalog and hazardous residues list (Commis-

sion of the European Communities 2000), both fly ash and bottom ash originating

from combustion of untreated wood are classified as nonhazardous wastes and are

listed with codes 10.01.03 and 10.01.01, respectively. The former code also

includes fly ash from peat; the latter also includes slag and boiler dust.

Woody biomass ash, being a waste, has to be disposed of in authorized landfills.

Alternatively, this waste may be reused as a fertilizer or for building purposes,

provided it passes the tests prescribed by the environmental laws. Bottom ash may

be used directly as a building material to replace granular material in geotechnical

works, such as road foundations. Fly ash may be reused as a filler in cementitious

mixes. However, the high content of alkalies and chlorides could prevent the reuse

of fly ash in cementitious mixes.
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From the environmental point of view, reuse of biomass fly ash in concrete

would be very profitable as partial replacement of Portland cement. This may (1)

solve the problem of fly ash disposal, (2) reduce the CO2 emissions involved in the

industrial production of cement from traditional raw materials, namely, limestone

and clay (0.83 t CO2 is emitted for each ton of Portland cement produced), and (3)

preserve the natural resources involved in cement production, with further benefi-

cial effects on the environment.

A recent study (Rajamma et al. 2009) has shown that the replacement of Portland

cement with woody biomass fly ash (WBFA) up to 20% (w/w) of cement does not

negatively affect the development of the mechanical properties of cementitious

mixes. The practical inference of such fly ash reuse would be a 20% reduction of

CO2 emission related to cement production, and this would be an innovation in line

with what is expected by the European Commission.

However, the reuse of biomass fly ashes in cement-based materials is strongly

related to their chemical and environmental characteristics. Generally, fly ashes

originating from traditional and innovative fuels may contain significant amounts of

heavy metals that pose severe limitations for their disposal in landfills or for their

reuse in agricultural/industrial applications. In particular, cadmium appears to be

the most problematic heavy metal in biomass fly ashes, and chromium, mainly in

the Cr(VI) state, may be problematic in many ash stabilization processes because of

its mobility at high pH values (Lima et al. 2008). Presently, little it is known about

the environmental compatibility of blended cements made with Portland cement

and biomass fly ash.

In this study, the leaching behavior of a mixture of Portland cement and WBFA

was investigated in view of the possible reuse of this kind of fly ash as a mineral

admixture in the formulation of blended cements. The eco-compatibility of such a

mixture was assessed through the use of a monolith leaching test on hardened

cement pastes under constant pH conditions (pH 6.0).

10.2 Materials and Methods

The WBFA used in this study came from the electrostatic precipitators of an Italian

chipped-wood burning plant. The sample of WBFA “as received” contained less

than 1% (w/w) moisture and about 30% (w/w) of particles with sizes above 150 mm.

This fly ash was first sieved with a 150-mm sieve, and the retained portion was

ground to fineness below 150 mm and then mixed with the remaining ash portion.

The characteristic diameters of the resulting powder were as follows:D10 ¼ 1.34 mm,

D50 ¼ 11.99 mm, and D90 ¼ 38.86 mm. This powder was used to prepare the

blended cement pastes to be subjected to monolith leaching tests.

The X-ray diffraction pattern (not reported here) showed that the WBFA mainly

consisted of a vitreous matrix, with the presence of crystalline phases such as lime,

calcite, and quartz.
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Table 10.1 gives the elemental analysis of WBFA, as determined by X-ray

fluorescence for major elements and by atomic absorption spectrophotometry

(AAS) for trace metals. Sulfates and chlorides were determined by ionic chromatog-

raphy (high-performance liquid chromatography, HPLC). The contents of unburned

carbon and inorganic carbon of fly ash, as determined by simultaneous thermogravi-

metry/differential scanning calorimetry (static air; heating rate of 10�C/min over a

temperature range from 25 to 1,000�C), were 0.5% (w/w) (weight loss in the range of

300–500�C) and 1.09% (w/w) (weight loss in the range of 630–750�C), respectively.
A sample of WBFA was subjected to elution with deionized water to evaluate

the contents of water-soluble species, such as alkalies, chlorides, and sulfates, as

well as the pH and the percentage of ash dissolution.

The elution test was carried out according to the experimental procedure speci-

fied in the European leaching test UNI-EN 12457-2. In particular, an aqueous

suspension of fly ash (liquid-to-solid ratio of 10 L/kg) was put in a closed vessel

and left for 24 h under agitation at 20�C. Afterwards, the suspension was allowed to
settle for 15 min and was then vacuum-filtered through a 0.45-mm membrane filter,

with no rinsing of the filter. Finally, the eluate was analyzed for the concentrations

of chloride and sulfate ions (by HPLC) and sodium and potassium ions (by AAS),

as well as for the electric conductivity (by a conductimeter) and pH (by a pHmeter).

The weight loss of fly ash was also determined after drying of the solid residue to a

constant weight at 80�C.

10.2.1 Preparation of Hardened Cement Paste Specimens
for Monolith Leaching Test

A sample of WBFA was dry-mixed with Portland cement (CEM I 42.5R) with an

ash-to-cement ratio of 30:70 by mass, and the resulting blended cement (binder)

was used for environmental compatibility studies. Table 10.2 gives the chemical

Table 10.1 Elemental composition of woody biomass fly ash (WBFA)

Element Dry solid (% w/w) Element Dry solid (mg/kg)

Ca 15.09 Zn 2,274

Si 13.01 Pb 177

Al 4.49 Cu 175

Fe 3.98 Cr 101

K 3.02 Ni 41

Mg 2.1 Cd 9

Na 0.98

P 0.73

Sa 1.16

Cl 1.07

LOI at 950�Cb 4.50
aAcid-soluble sulfate expressed as sulfur
bloss on ignition
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and mineralogical compositions of the Portland cement, the composition of the

latter being calculated by the Bogue method.

Cement pastes were prepared manually by using the blended cement and deio-

nized water as mixing water, at a water-to-binder weight ratio (w/b) of 0.50.

Cubic specimens, with sides of 40 mm, were cast from the cement paste and,

after 24 h of curing within the molds, the specimens were demolded and cured for

28 days in a controlled temperature and humidity environment (20�C and relative

humidity above 95%). Afterwards, the cubic specimens were subjected to the

monolith leaching test.

10.2.2 Monolith Leaching Test

The monolith leaching test used in this study was a modified version of the

conventional NEN 7345 leaching test (Dutch Standardization Institute 1995).

The conventional NEN 7345 test consists of immersing the test specimen in a

closed polypropylene reactor containing deionized water as a leachant (initially

acidified to pH 4.0 by nitric acid addition). A liquid-to-solid volume ratio (L/S) of

5.0 was used. During the test, there was no agitation of the leaching solution and the

pH was free to change according to the acid or basic characteristics of the com-

pounds released from the test specimen. The leachate was periodically replaced

with an equal volume of leachant, after cumulative leach times of 0.25, 1, 2.25, 4, 9,

16, 36, and 64 days. The eight leachates were filtered through a 0.45-mmmembrane

filter and, after pH and electric conductivity measurements had been conducted,

they were acidified to pH 2.0 with 5 M nitric acid. Finally, each leachate was

analyzed for the concentrations of selected heavy metals (in this study, Cd, Cu, Cr,

Ni, Pb, and Zn) by using an atomic absorption spectrophotometer equipped with a

graphite furnace.

Table 10.2 Chemical and mineralogical compositions of Portland cement

Component Percentage (w/w) Bogue potential constituenta Percentage (w/w)

CaO 63.0 C3S 54.6

Free CaO 0.70 C2S 16.3

SiO2 20.0 C3A 9.23

Al2O3 5.04 C4AF 7.42

Fe2O3 2.44

MgO 1.35

Na2O 0.30

K2O 1.12

P2O5 0.13

SO3 3.36

Cl 0.01

LOI at 950�C 1.74
aCement chemistry notation is used: C is CaO; S is SiO2; A is Al2O3; F is Fe2O3.
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The modified leaching test used in this study differed from the conventional

NEN 7345 test only for the continuous and moderate agitation of the leaching

solution within the reactor (realized by a magnetic stirrer) and, especially, for the

pH evolution throughout the test. In particular, the pH was kept constant to a

predetermined value by means of an automatic titrator. The pH was monitored

constantly, and the titrator compensated for alterations of pH by small additions

of 0.5 M HNO3 from a burette. A pH of 6.0, which is characteristic for most

natural waters, was selected for the modified NEN 7345 test. The addition of nitric

acid was motivated by the necessity of compensating for the pH rise due to the

release of alkaline compounds (alkalies and calcium hydroxide) from the cemen-

titious test specimen, without altering the leachability of heavy metals through

complexation reactions. Indeed, the nitrate ion is known as a poor complexing

agent toward most heavy metals. Figure 10.1 illustrates the apparatus used for the

monolith leaching test.

Fig. 10.1 Apparatus used for the monolith leaching test
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Three replicate leaching tests were performed and the test results were averaged.

In each test, one cubic specimen (64 cm3 in volume) was used and was moistened

with 320 cm3 of deionized water (L/S ¼ 5.0; eight leachant renewals).

10.3 Results and Discussion

10.3.1 Chemical Characterization of WBFA

As shown in Table 10.1, the WBFA was characterized by a significant presence of

heavy metals of particular environmental concern, such as cadmium, chromium,

copper, lead, and zinc. Zinc was the predominant heavy metal (2,274 mg/kg),

whereas cadmium was the heavy metal with the lowest concentration (9 mg/kg).

With regard to the reuse of WBFA in cement-based materials, it must also be

considered that several other chemical species, such as chlorides, sulfates, alkalies,

and magnesium oxide contained in this waste (Table 10.1), may exert adverse

effects on cement hydration and concrete durability.

It is undoubted that the presence of a significant amount of water-soluble

compounds, such as chlorides and alkalies, could promote the formation of a high

porosity within the hardened cementitious mixes, thus penalizing mechanical

strength development and durability. High contents of water-soluble chlorides

can also be deleterious for steel-reinforced concrete, since they will promote the

corrosion of iron reinforcing bars. High contents of available alkalies (i.e., the

amount of alkalies released into the pore liquid of cementitious matrices) are

responsible for the development of deleterious expansion associated with alkali–silica

reaction in concretes made with aggregates containing some alkali-reactive forms

of silica or silicate, or both. Deleterious expansive phenomena in concrete can also

arise from very slow dissolution of significant amounts of sulfates or magnesium

oxide, with subsequent precipitation of very expansive phases, such as ettringite

(CaSO4·32H2O) and brucite [Mg(OH)2].

In the USA, the current restrictions concern the use of fly ashes originating from

combustion of fossil fuels (bituminous and subbituminous coal, peat, and lignite),

and these restrictions are specified in the ASTM C 618 method. In Europe, the

current restrictions concern both the fly ashes derived from fossil fuels and those

resulting from the combustion of biomass and fossil fuel blends (cofiring), with a

biomass content not higher than 20 wt%. These restrictions are specified in the EN

450-1 method.

For the above reasons there exists no standard method dealing with the chemical

requirements for reuse of fly ash from pure biomass combustion in cementitious

mixes. However, it is reasonable that the quality of fly ash from pure biomass

burning should follow the same regulation as fly ash from fossil fuel combustion.

Table 10.3 compares the specific chemical characteristics of the WBFA (also

reported in Table 10.1 in terms of elemental composition) with the corresponding
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limits (chemical requirements) specified by ASTM C 618 and EN 450-1. In this

table, the chemical characteristics of the solid residue resulting from the elution of

WBFA with deionized water (elution test) are also reported.

The chemical characteristics of this solid residue, also referred to as washed

WBFA, were evaluated on the basis of the results of the elution test reported in

Fig. 10.2, in terms of percentage removals of alkalies, chlorides and sulfates, and

percentage weight loss of WBFA.

As shown in Table 10.3, with exception made for the loss on ignition, the

American specifications appear to be less severe than the European specifications.

In particular, ASTM C 618 does not restrict chloride, free calcium oxide, magne-

sium oxide, and soluble phosphate contents. Moreover, the sulfate limit (5%) is

Table 10.3 Comparison between the chemical characteristics of WBFA and the chemical

requirements for reuse of fly ash in concrete

Chemical characteristic (wt%) Chemical requirement

WBFA Washed WBFA EN 450-1 ASTM C618

LOI 4.5 8.1 9.0a 6.0

Chloride 1.07 0.20 0.10 –

Sulfate (as SO3) 2.9 0.75 3.0 5.0

Alkalies (as Na2Oeq
b) 3.72 1.43 5.0c 1.5d

Free calcium oxide 2.4 – 2.5 –

Magnesium oxide 3.5 3.9 4.0 –

Water-soluble phosphate (as P2O5) 0.003 – 0.01 –
aCategory C
b%Na2Oeq ¼ %Na2O þ %K2O�0.66
cAcid-soluble alkalies (EN 196-2)
dAvailable alkalies (ASTM C311)

Fig. 10.2 Results of the elution test on the woody biomass fly ash sample
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more than the maximum allowable (3%) by European regulation. As far as the

alkali content is concerned, the American limit [1.5% (w/w) as available alkalies]

appears to be comparable to the European limit [5.0% (w/w) as acid-soluble

alkalies] if it is considered that, depending on the type of coal fly ash, the content

of available alkalies, as determined by the ASTM C311 test method, may vary from

20 to 50% of total alkalies (acid-soluble alkalies), as determined by the EN 196-2 test

method (Berra et al. 1992).

According to the chemical requirements prescribed by EN 450-1, which are

mostly more severe than those required by ASTM C 618, and remembering that, to

date, these requirments do not apply to pure biomass fly ashes, the WBFA was

found to meet all chemical requirements, except for the chloride content (1.07%

against the limit of 0.10%) (Table 10.3).

In spite of the high release of water-soluble chlorides (82.2% removal) accom-

panied by a relatively low percentage weight loss of fly ash (12%) (Fig. 10.2), even

the washed WBFA failed to meet the chemical requirement for chlorides, but the

chloride content (0.20%) was only slightly higher than the limit of 0.10% (w/w)

(Table 10.3).

As compared with WBFA, washed WBFA was also characterized by much

lower contents of alkalies [1.43% (w/w) Na2Oeq against 3.7%] and sulfates

[0.75% (w/w) SO3 against 2.9%]. Conversely, washed WBFA was more rich in

MgO [3.9% (w/w) against 3.5% for WBFA], but the MgO content remained below

the limit of 4.0% (Table 10.3). The washed WBFA could also be richer in heavy

metals thanWBFA, in consideration of the expected low release of these substances

into aqueous solutions.

As far as the use of washed WBFA in cement-based materials is concerned, it is

likely that a washing treatment of fly ash with a liquid-to-solid ratio above 10 L/kg

could reduce the chloride content below the 0.1% limit (Table 10.3). In that case,

the wastewater resulting from the washing of fly ash could contain chloride and

sulfate concentrations below the limits established for wastewater disposal. How-

ever, this wastewater should be treated for pH correction and, probably, for heavy

metal removal. In this regard, the pH of WBFA, defined as the pH of the aqueous

suspension of fly ash with an L/S ratio of 10 L/kg, was 12.9. This high pH, which is

compatible with the use of WBFA in cement-based materials, was attributable to

the release of alkalies and calcium oxide from fly ash.

The electrical conductivity of the eluate (1.53 S/m) evidenced significant release

of electrolytic compounds from WBFA.

10.3.2 Leaching Behavior of Blended Cement Pastes

Table 10.4 gives the results of the monolith leaching test on cubic specimens of

cement pastes (water-to-binder weight ratio 0.50) made with blended cement [70%

(w/w) Portland cement and 30% (w/w) WBFA]. In this table, the concentrations of

selected heavy metals (Cd, Cr, Cu, Ni, Pb, and Zn) in each of eight leachates are

reported as the average values of three replicate leaching tests.
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With respect to the other heavy metals investigated, the higher concentrations of

copper, lead, and zinc measured for most leachates were directly related to their

higher contents in the original fly ash (Table 10.1).

Using the data in Table 10.4, we calculated the leaching rate of each of the

selected heavy metals as an average within each leaching period, and these rates are

reported in Fig. 10.3 for each of the eight leachant renewals.

For copper, lead, and zinc, the leaching rates dramatically reduced after the first

leachant renewal (the first two renewals for Zn), thus revealing the existence of two

different mechanisms governing the leaching process of such heavy metals. At

early leaching times (first two renewals), the controlling mechanism appeared to be

the release of heavy metal from the outer surface of the monolith specimen by

dissolution into the leaching solution or by wash-off, or both. At longer leaching

times, the release was probably controlled by diffusion, and the heavy metal ions

had to migrate within the pore liquid of the cementitious matrix of the test specimen

prior to reaching the liquid bulk. As a result, this leaching phase was characterized

by a much lower rate as compared with the initial leaching phase. In the case of

Table 10.4 Results of the

monolith leaching tests on

cubic specimens of blended

cement pastes

Renewal number Heavy metal concentration (mg/L)
Cu Cd Ni Pb Cr Zn

1 20.9 0.7 5.3 46.6 5.4 105

2 10.8 0.4 3.3 8.1 0.5 100

3 16.2 0.4 2.1 1.2 1.2 46

4 10.2 0.5 0.3 7.0 0.3 72

5 13.0 0.5 4.4 3.6 3.2 93

6 11.4 0.5 8.5 1.8 2.5 34

7 16.4 0.5 1.5 14.9 8.8 135

8 13.0 0.5 2.0 10.0 4.0 105

Fig. 10.3 Average release

rates of heavy metals within

the leaching periods
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cadmium, chromium, and nickel leaching, no dissolution/wash-off phenomenon

was detected during the early release phase.

As shown in Fig. 10.3, after the first or the second leachant renewal, the release

rate of each heavy metal did not significantly vary with increasing leaching time.

Thus, the high concentrations of heavy metals measured for the seventh and eighth

leachates (Table 10.4) were attributable to the much higher contact times between

the specimen and the leachant (20 and 28 days for the seventh and eighth renewals,

respectively).

With use of the results in Table 10.4, the cumulative mass of each heavy metal

released per unit exposed surface area of specimen,Mt (mg/m2), was also calculated

and is plotted in Fig. 10.4 as a function of the square root of the cumulative leach

time, t (h1/2).
For the leaching of cadmium, chromium, and nickel, there existed straight line

relationships between Mt and t1/2, with no intercept on the coordinate axis. This is

typical of leaching processes controlled by the diffusion mechanism. Conversely,

for copper, lead, and zinc leaching, linear relationships with positive intercepts on

the ordinate axis were obtained. This is typical of leaching processes controlled

initially by dissolution or wash-off phenomena, or both.

To predict the long-term release of copper, lead, and zinc from monolithic speci-

mens, the leaching data in Table 10.4, relative to these metals, were considered over

the leach time interval for which diffusion was the release-controlling mechanism. In

other words, the first two leachant renewals were considered as preconditioning steps

for the subsequent leaching test. In this way, straight line relationships between Mt

and t1/2 were obtained for the release of copper, lead, and zinc, as shown in Fig. 10.5.
With use of the linear regression equations resulting from the data in Figs. 10.4

and 10.5, the releases of heavy metals after 100 years of leaching were estimated

Fig. 10.4 Cumulative release of heavy metals as a function of the square root of leaching time
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and compared with the standard limits (Category I applications) as specified in the

Dutch Building Materials Decree (1995). These specifications are commonly taken

as a reference for evaluating the environmental quality of cement-based materials

incorporating hazardous wastes. Figure 10.6 compares the estimated releases of the

selected heavy metals with the Dutch standard limits.

As can be noted, all the releases were well below the corresponding regulatory

limits and this proved the good immobilization capacity of heavy metals by the

cementitious matrix investigated and, consequently, the good environmental qual-

ity of the blended cement formulated with 30% (w/w) WBFA.

10.4 Conclusions

The WBFA is characterized by a significant content of heavy metals of particular

environmental concern, such as cadmium, chromium, copper, nickel, lead, and

zinc, and by a remarkable amount of water-soluble compounds, such as alkalies,

chlorides, and sulfates.

According to the European chemical requirements established for reuse of coal

fly ash as a mineral admixture in cement-based materials, the biomass fly ash

studied appears to be suitable for the formulation of blended cements, provided

that its chloride content be preliminarily reduced.

Fig. 10.5 Cumulative release of Cu, Pb, and Zn as a function of the square root of leach time

(diffusion-controlled leaching data)
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As indicated by the results of the water elution test on WBFA, a single-stage

washing treatment of this ash with deionized water might be sufficient to reduce the

chloride content to acceptable levels.

As evidenced by the results of the monolith leaching test on hardened pastes of

blended cement [70% (w/w) Portland cement–30% (w/w) WBFA], in spite of

the high content of water-soluble compounds of WBFA and the acid pH conditions

of the leachant throughout the test (pH 6.0), very low releases of heavy metals were

always obtained, thus revealing a high metal immobilization capacity by the

cementitious matrix and, consequently, a good environmental quality of the

blended cement investigated.

For some heavy metals such as copper, lead, and zinc, the release from a

monolithic specimen appears to be governed by two different leaching mechan-

isms: dissolution/wash-off at earlier leach times and diffusion at longer leaching

times. Conversely, in the case of cadmium, chromium, and nickel leaching, no

dissolution/wash-off phenomenon was detected.
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Chapter 11

The Swedish Ash Programme with Focus

on Bioashes: Ashes Are a Resource

in a Sustainable Society

Claes M. Ribbing and Henrik G. Bjurstr€om

Abstract The Swedish Ash Programme is an applied R&D programme aimed at

demonstrating uses for combustion residues (ash) and providing an improved

understanding of these residues for the purpose of resolving regulatory questions.

Fuels are biomass, wastes, peat – any solid fuel but coal. The progress in the Ash

Programme since its inception in 2002 is reviewed. The hierarchy for biomass ash is

recycling to forest soils as compensation for the removal of mineral nutrients first,

and use in civil works second. Assessment of the environmental impact in view of

permitting procedures for civil works and ecotoxicity are particularly addressed.

11.1 Introduction

The Swedish Ash Programme is an applied R&D programme aimed at demonstrat-

ing uses for combustion residues (ash) and providing an improved understanding of

these residues for the purpose of resolving regulatory questions. It is a collaborative

undertaking implemented since 2002 by V€armeforsk, the Swedish Thermal Engi-

neering Research Institute, and co-financed by the ash producers, i.e. the combus-

tion plants, and the government, principally through the Swedish Energy Agency.

The Swedish Environmental Protection Agency and the Swedish Road Administra-

tion also contribute financially.

The vision moving the Ash Programme is:

“Combustion residues are resources in a sustainable society”

Since its inception in 2002, the Ash Programme has supported more than 100

applied R&D projects, most of them co-financed by other organisations. Including
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currently ongoing projects to be concluded by the end of 2011, they represent an

investment of approximately €9 million. All of these are short actions aimed

directly at a specific question, demonstrating on a large scale the utilisation of

combustion residues or monitoring the environmental impact of a large-scale

application. The programme does not support traditional university research over

a period of several years.

The results achieved in the Ash Programme between 2002 and 2008 were

reviewed in a contribution to the 2009 International Waste Management and

Landfill Symposium (Bjurstr€om et al. 2009). They are also described in a synthesis

in English available from V€armeforsk’s Web site (Bjurstr€om and Herbert 2009).

These results will be summarised briefly in this review, as a background to the

themes focused on here, ash from solid biofuels and the regulatory process, which

will be developed in more detail.

The areas of use targeted by the Ash Programme are (1) as a geotechnical

material, e.g. in roads or other civil works, (2) in landfill construction and closure

and (3) as mineral nutrients in wood ash recycled to forest soils. Issues common to

all these areas are the chemistry of ash and environmental aspects.

The results obtained and the conclusions presented within the projects are those

of the scientists. Environmental authorities do not automatically agree with the

conclusions. To be more specific, bones of contention are the official environmental

target “A non-toxic environment” and whether considering wastes as a resource is

politically correct.

11.2 Combustion Residues: A Background

The fuels in Sweden are solid biofuels as well as different combustible wastes,

including municipal solid wastes (MSW). The share of fossil fuels, coal or oil, is

very small. The ash content in the fuels differs considerably. Clean heartwood as in

wood pellets has an ash content of 0.2–0.5%.Wood chips obtained from forest residues

have an ash content of 2–4% as the proportion of bark increases. Waste wood, such as

construction and demolition debris, usually has higher ash contents. For peat, a figure of

5% is generally used, although the content can be much higher. Waste materials have

comparatively high ash contents: 25% inMSW is quite common and various sludges in

the pulp and paper industry have ash contents ranging between 10 and 50%.

11.2.1 Production of Combustion Residues

In 2006, 1.3 million tonnes of combustion residues was produced (estimate for

2008: 1.5 million tonnes) and almost 80% was utilised. A summary of the quantities

and types of combustion residues is provided in Table 11.1. The presentation is split

into more categories than is usual in surveys, because mixtures of fuels, some of
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them particular to a type of industry and to type of furnace, are important for the

properties of the residues.

As one may see, the problem for a provider of materials is that the sources are

numerous and small. For example, the 600,000 t/year of MSW incineration

(MSWI) residues is produced by more than 25 plants. Many district heating plants

produce less than 2,000 t of mostly wood-based ash per year. The smallest ones, as

well as small sawmills, do not produce more than 1 t/year. The really small capacity

furnaces are not included in these figures, e.g. pellet furnaces in individual homes,

or farm units firing agricultural residues.

If one sums up all categories of solid biofuels and mixtures, the total quantity of

ash from solid biofuels is of the order of 370,000 t/year.

All types of furnaces are used, grate furnaces, pulverised fuel (PF) furnaces and

fluidised bed furnaces, the latter being perhaps more common in Sweden than in the

rest of Europe. The capacities range from a few hundred kilowatts to a couple of

hundred megawatts on a fuel basis. Small furnaces up to 10 MW fuel are usually

grate furnaces, and fluidised bed furnaces are preferred from 20 MW fuel and

upwards. PF furnaces are not so common in Sweden. All these types of furnaces

have their particularities, which affect the properties of the residues; see

Sect. 11.2.4.

Table 11.1 Production of combustion residues in Sweden in 2006, tonnes of dry substances (DS)

per year (survey performed by Svenska Energiaskor)

Type of furnace Fuel Bottom ash Fly ash and

APC residues

Combined

bottom and

fly ash

Grate furnaces and

others

Municipal solid waste,

industrial waste

445,000 93,000 –

Solid biofuels (wood chips,

logging residues)

13,000 10,000 77,000

Solid biofuels and sludge from

the pulp and paper industry

12,000 11,000 10,000

Mixed fuels 35,000 25,000 –

Wood chips and peat 2,500 1,000 2,000

Coal 3,000 2,000 –

Pulverised fuel

furnaces

Coal and peat 7,000 24,000 –

Peat, wood, etc. 18,000 31,000 –

Fluidised bed

furnaces (CFB,

BFB)

Municipal solid waste,

industrial waste

45,000 57,000 –

Solid biofuels 15,000 14,000 5,000

Mixed fuels 31,000 88,000 14,000

Peat and wood chips 11,000 27,000

Pulp and paper industry 21,000 78,000 10,000

Coal (PFBC) 5,000 44,000

Subtotals – 660,000 500,000 120,000

Grand total 1,280,000 – – –

APC air pollution control; CFB circulating fluidised bed; BFB bubling fluidised bed; PFBC
pressurised fluidised bed combustion
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11.2.2 The Definition of Biomass

In the EN 14588 standard, biomass is defined as “material of biological origin excluding

material embedded in geological formations and transformed to fossil”. When discuss-

ing solid biofuels, one generally assumes that the fuel has to have 100%biological origin

and that it is a virgin material, not a waste. A few points should be made here.

Peat is normally regarded as something between a renewable and a fossil solid

biofuel. From our point of view, peat is a biomass because:

It agrees with the definition in the standard.

The annual formation of peat in Sweden and Finland is much larger than the yearly

harvest.

Vast peat land areas have already been drained in Sweden and in Finland, and these

areas now leak climate change gases; utilising the energy that the oxidation

releases is much better than not using it at all.

Harvesting old peatlands increases the rate of growth of new peat.

This being said, peat is a minor fuel: woody biomass represents 48% of the fuel

supplied to district heating systems in Sweden, on an energy basis. Peat represents

only 5%, but it is often used for its comparatively high sulphur content as an

auxiliary fuel to abate corrosion.

Unless the biomass is harvested solely for energy and used as is, most solid biofuels

are actually wastes. For example, logging residues are considered as virgin biomass

although technically they are residues from the conventional exploitation of forests.

Analogously, residues from sawmills, board production, and pulp and paper mills

combusted at themills for the energy needs of themills are somewhere between virgin

biomass and wastes. Waste biomass is still biomass according to EN14588. For

example, often 85% of the energy in MSW is biomass, and industrial biomass waste

contains normally somewhat less than that.

Incineration is destruction of waste without utilisation of the energy produced. This

does not occur in Sweden,where all waste-burning plants provide heat to district heating

systems and most of them are cogeneration plants. The Swedish High Environmental

Courtwanted to regard all combustion of industrial ormunicipalwaste as incineration. It

has, however, been overruled by the Advocate General of the EU: if themain purpose is

to generate energy, then this is co-combustion, even if all fuel fractions are wastes.

To keep within the purpose of this review of the Ash Programme, we will not

consider residues from the combustion of MSW. The review deals with other non-

fossil fuels, i.e. those originating from wood or peat. The properties of these

residues are discussed in Sect. 11.2.4.

11.2.3 Utilisations

The large quantities of combustion residues may be swallowed only by a mass

market, that of materials for civil works. The largest single use in 2006 was as a
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construction material in the closure of landfills (as well as for capping), with

approximately 650,000 t; see Table 11.2. The financial incentive for this use is

the possibility to waive the tax on waste sent to landfill: the materials are used and

replace virgin materials. However, many currently active landfills will be closed

within the next 10–15 years. It should be noted that backfilling cavities in Table 11.2

concerns mostly air pollution control (APC) residues from combustion of MSW.

Spreading to forest soils is a small area of use, with approximately 35,000 t/year,

but is of vital importance for the sustainability of the production of solid biofuels

from biomass harvested from forests. The relevant biomass fraction is the logging

residues, and harvesting it on top of the extraction of timber and pulping wood in

conventional forestry not only removes the mineral nutrients in the residues that if

left in the forest would have been available to the next generation, but also

exacerbates the natural acidification of forest soils by conventional forestry.

11.2.4 A Primer on Furnaces and Properties

Bundling different residues into one use in Table 11.2 does not contradict our

attention to detail in Table 11.1. The properties of individual combustion residues

need to be taken into account even when considering the same use. All quantitative

information on the properties of ash that has been determined in the Ash

Programme as well as all information from Swedish R&D projects on ash is stored

in a database, Allaska. It is available in Swedish and English at http://www.

askprogrammet.com.1

11.2.4.1 Pulverised Fuel Furnaces

Pulverised fuel (PF) furnaces are often very large furnaces converted from furnaces

for coal or oil to biomass. The fuel must be ground finely for it to be injected into the

Table 11.2 The uses of

combustion residues in

Sweden in 2006 (survey

performed by Svenska

Energiaskor)

Area of use Quantities (tonnes

DS per year)

Landfill construction and closure 650,000

Civil works outside of landfills 200,000

Backfilling cavities

(e.g. mines and quarries)

50,000

Spreading to forest soil and arable land 35,000

Other uses and unknown uses 175,000

Total quantity used 1,000,000

Total quantity produced 1,300,000

1The Web site of the Ash Programme will soon be incorporated into that of V€armeforsk (http://

www.varmeforsk.se), but visitors will be redirected to the V€armeforsk Web site.
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burners. This is not a very common type, as one usually prefers to retrofit such a

furnace with a grate or to convert it to a fluidised bed furnace. However, when there

are severe constraints on space in an existing combustion plant, a new PF furnace

may be attractive.

The major part of the residues is fly ash. Having passed through high tempera-

tures, 1,200�C and more, fly ash consists of small glassy particles that can yield

pozzolanic reactions as in Portland cement. Biomass fly ash is not as good a binding

material as coal fly ash, but it is very suitable for road building.

In converted coal or oil furnaces, the bottom ash usually has high contents of

unburned carbon and it may be used as fuel in fluidised bed furnaces. It is a poor

road building material because of its high water uptake. However, it may be used as

low-quality filling material.

11.2.4.2 Grate Furnaces

The grate furnace design is the most common in Sweden up to approximately

100 MW fuel, and the only one for capacities below 20 MW fuel (approximately

6 MW electricity)2. The ash has been through high temperatures, but not as high as

in PF furnaces. The major part of the residues is bottom ash, and various fly ashes

are a minor part.

In a PF furnace, the quantities of fly ash are so much larger than those of bottom

ash that the composition of the fly ash corresponds very closely to that of the ashed

fuel. With a grate furnace, however, the elements in the ash will be fractionated into

several streams of residues.With a grate at more than 1,000�C, volatile elements and

their compounds will concentrate in the fly ashes. If heavy metals are an issue, as in

the regulations on recycling ash to forest soils, this may pose a problem with fly ash.

The bottom ash is a good road building material, and it is even better if the ash

has been burned out and sintered. Even if its water absorption in laboratory tests is

quite high, the road will be of good quality and will withstand freeze–thaw cycles.

Because of their binding properties, the fly ashes are good building materials for

roads. Tests have shown that up to 50% of the cement in stope mine filling may be

replaced with these ashes.

11.2.4.3 Fluidised Bed Furnaces

The two types of fluidised bed furnaces commonly distinguished are the circulating

fluidised bed furnace and the bubbling fluidised bed furnace. The bed material,

usually sand, is finer for the circulating fluidised bed furnace than for the bubbling

fluidised bed furnace, 0.3 and 2 mm respectively. Part of the bed is bled out to keep

an acceptable chemistry in the bed: alkalis tend to dissolve in the sand and reduce

2There are other types with special designs, e.g. cyclone furnaces, but they are not common.
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the temperature at which the particles sinter together. The combustion temperature

is low, approximately 850�C.
The largest part of the residue is fly ash. The proportion of bottom ash depends

on how much material is bled from the bottom of the bed. Both streams of ash

contain not only ash from the fuel but also bed material, oversized material in the

bottom ash and fine particles from attrition in the fly ash.

The combustion temperature is too low to allow the Portland cement reactions in

the fly ash (these require at least 1,400�C). However, they still have binding

properties through other reactions which are not fully known. Because of the low

combustion temperatures, the particles have irregular shapes. The compressive

strength is good even in the green stage if they have been well packed. Among

other properties, this makes them very good materials for road building. Mixed in

equal proportions with digested sewage sludge, they also provide dense sealing

layers to landfills.

The bottom ash contains mostly bed material. It is often too fine and has too

narrow a size distribution to be useful in construction, other than as low-quality fill

material. However, under certain circumstances, e.g. absence of binding properties,

it could be used as backfill material in trenches for piping.

11.3 Recycling Wood Ash to Forest Soils

Sustainability in the use of solid woody biofuels requires that forestry is sustain-

able. Conventional forestry has an acidifying effect on soils, and intensive

harvesting has an even greater effect. “Intensive” is taken to mean whole-tree-

harvesting, i.e. timber and pulp wood as well as logging residues. “Sustainabil-

ity” implies that the mineral nutrients removed in an intensive harvest are

returned to the forest soil, e.g. as ash. A good yield of biomass in the future is

an important motive, but maybe even more important is to restore the buffering

capacity of the soil.

Compensation with ash after harvesting logging residues is an environmental

measure encouraged and regulated in Sweden. The details can be found in the

recommendations from the Swedish Forest Agency (2002, 2008), which are the

fruit of extensive research activities stretching back to the 1980s and financed

largely by the government. The environmental impact assessment of removing

logging residues published by the National Forest Agency presents the collected

scientific basis for the recommendations (Egnell et al. 1998).

To return the desired quantities of mineral nutrients, one needs to keep track of

the quantities of logging residues actually removed, which vary depending on soil

fertility, essence, etc., and the ash content. Regarding the composition of ash, the

basic principle behind the recommendations is that what has been taken away may

be returned, nutrients as well as less desirable constituents. A guideline on limit

concentrations for elements in ash is then obtained; see Table 11.3.
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A consequence of the governing principle of balance is that the tolerable

concentration of certain elements in ash is higher than if ash had been considered

as a fertiliser. In the latter case, everything in the ash is a net addition to the load on

the soil, and the net increase of the concentration of these elements in the soil

should be limited. When compensating, one need only to see that the net addition is

negligible. Table 11.4 (H. Eriksson and Swedish Forest Agency, personal commu-

nication) provides a background for Table 11.3: it summarises the results of

analyses of ashed softwood with respect to these contentious trace elements. For

each element, the median of the available set of data and the 85th percentile are

presented; the number of data ranges from a dozen to slightly more than 100.

The main result of studies of the environmental impact of ash is that these high

concentrations of trace elements are not an important issue with the low doses of ash

that are being spread for compensation purposes (Egnell et al. 1998). The basicity is

a greater problem: ash may not be used fresh from the furnace. Ash must be

stabilised by mixing it with water and allowed to mature during storage so that its

pH is lowered. To these recommendations, one should add the regulation from the

Radiation Protection Authorities that limit the concentration of caesium-137 in ash

that is to be used. This is of course owing to the impact from the Chernobyl accident.

Table 11.3 The recommended Swedish limit values for nutrients and trace elements in woody

biomass ash to be spread to forest soils as a compensation for whole-tree harvest (Swedish Forest

Agency 2008)

Macronutrients (g/kg DS)

Element Ca Mg K P

Low limit 125 15 30 7

Trace elements (mg/kg DS)

Element As B Cd Cr Cu Hg Ni Pb V Zn

Low limit – – – – – – – – – 500

High limit 30 800 30 100 400 3 70 300 70 7,000

Table 11.4 Analyses of the concentration of trace elements (mg/kg DS) in the ash of tree parts

(H. Eriksson and Swedish Forest Agency, personal communication)

Tree part Value As B Cd Cr Cu Hg Ni Pb V Zn

Limit 30 800 30 100 400 3 70 300 70 7,000

Pine stem Median 15 342 68 100 313 2 59 24 2 2,928

85th p 15 540 90 144 437 2 170 133 2 4,305

Spruce stem Median 12 456 22 29 257 2 39 39 2 3,920

85th p 32 595 39 110 422 4 84 99 4 5,200

Pine bark Median 2 337 23 19 127 1 17 21 3 1,707

85th p 3 422 33 26 163 2 47 37 8 2,448

Spruce bark Median 2 408 10 13 113 1 37 29 5 4,851

85th p 3 495 22 22 157 2 71 59 10 5,983

Pine branch Median 3 615 27 47 276 1 15 81 14 3,615

85th p 4 774 38 69 382 2 39 139 20 5,397

Spruce branch Median 5 371 7 42 177 2 20 216 35 5,210

85th p 5 434 13 65 220 3 76 311 44 6,663

85th p 85th percentile
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In principle, it should always be possible to spread ash from clean wood to forest

soils. However, it is unavoidable that some residues will have concentrations in

excess of these recommended limits. Some trees (birch, pine and willow) may

naturally contain excessively high quantities of cadmium. Fractionation in the

furnace will remove cadmium and caesium from the bottom ash of a grate furnace

and concentrate them in the fly ash. Fractionation does though also reduce the

concentration of potassium and zinc in the bottom ash. Other elements that may

cause concern are chromium and sometimes nickel, a result of corrosion in the

furnaces or in the fuel handling equipment. An illustration of the span of actual

concentrations is given in Table 11.5 for some nutrients and in Table 11.6 for trace

elements.

The only combustion residues that consistently meet the requirements are fly

ashes from FB furnaces. One should remember that their content of objectionable

substances is diluted by the bed material that is entrained with the fly ash.

Phosphorus is especially important as conventional harvest already creates a

deficiency in many stands, and the deficiency is accentuated by intensive harvesting

where logging residues are removed. The experience acquired hitherto is that the

phosphorus content of the combustion residues generally does not reach the desired

levels. Zinc is also problematic, as the zinc content of bottom ashes seldom exceeds

the lowest level in the recommendations.

Table 11.5 Minimum values in the Swedish recommendations for ashes recycled to forests and

median values of concentrations in Allaska (g/kg DS) for main elements in clean wood ash

Element Minimum value Median value

wood fly ash,

all furnaces

Median value wood

bottom ash, grate furnace

Ca 125 172 131

Mg 15 18 16

K 30 42 38

P 7 8 7

Zn 0.5 3 0.33

Table 11.6 Maximum values of concentrations in the Swedish recommendations for ashes

recycled to forests (mg/kg DS) and median values in Allaska for trace elements in clean wood ash

Trace

element

Maximum

value

Fly ash, grate

furnace

Bottom ash,

grate furnace

Fly ash, fluidised

bed furnace

Bottom ash,

fluidised bed furnace

As 30 9.8 7.6 14 36.5

B 800 230 205 295 290

Cd 30 10 1 9 0.3

Cr 100 147 265 77 60.5

Cu 400 120 120 145 135

Hg 3 0.2 0.01 0.4 0.012

Ni 70 21 12 47 18

Pb 300 145 89 122 74

V 70 17 43 36 30

Zn 7,000 2,100 461 1,460 151
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A guideline for the classification of ash from solid biofuels and peat has been

published by Nordtest (Haglund and Expert Group 2008) targeting its use in

recycling and fertilising. A table comparing guideline values for elements in ash

in the Nordic countries is provided there. If an ash does not meet all of the

requirements for spreading on soils as a compensation measure, it should be used

as material in civil works.

However well accepted by authorities, compensation has not yet really taken off:

only part of the logging sites that should receive a compensatory dose of ash has

actually received one. The Swedish Forest Agency has intensified the distribution

of information to stakeholders in order to push adoption of compensation with ash,

for example through the EU-Life project RecAsh (Emilsson 2006). The Web site of

RecAsh has been closed down, but all information is now available in Swedish,

Finnish and English on the Web site of the Swedish Forest Agency (http://www.

skogsstyrelsen.se).

The Ash Programme has chosen to complement the RecAsh project as well as

the extensive R&D programmes on wood ash by focusing on biomass growth. It

was perceived that one essential non-technical barrier is the absence of an economic

incentive: spreading ash to soils in doses of a couple of tonnes per hectare is costly

but the forest owner is not to expect an immediate return as increased growth. If

increased growth could nevertheless be demonstrated for at least some circum-

stances, one could expect an increased general interest. However, this is not an easy

proposition as growth in Swedish forests in most cases is limited by the availability

of nitrogen.

In these discussions one has to consider mineral soils separately from organic

soils (peat lands), as they are two different cases. Much of the R&D leading to the

official recommendations dealt with mineral soils. Although some increased growth

was observed on fertile sites, some reduced growth could be observed on less

fertile sites. None of the figures in isolated studies are statistically significant, but

the general trend is convincing. However, public opinion has mostly retained the

negative part of the conclusions, i.e. decreased growth. On the other hand, there is

plenty of historical evidence for increased growth of drained peat lands as a result

of applying ash. The adverse effects of ash on mineral soils are now well known,

but it is feared that applying ash to peat lands will, for example, increase the

emission of greenhouse gases.

There is controversy regarding the causes for increased growth on mineral soil.

In one school of thought, the basicity of ash increases the availability of nitrogen to

vegetation. In the other school of thought, increased growth is a result of an

improved nutrient supply, primarily phosphorus. Older experimental fields have

been revisited within the Ash Programme and new ones have been established

(Sikstr€om et al. 2006, 2009a; Thelin 2006, 2009). Evidence is coming in, but

slowly. So far, none of the interpretations have been invalidated.

Peat land is usually taken to be only the present peat bogs or peat cutovers.

However, in the 1950s and 1960s almost one million hectares was drained and

afforested in Sweden. Growth is very variable as peat lands are almost always

deficient in several mineral nutrients. In a prestudy by Hånell and Magnusson
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(2005), it was found that spreading ash as a fertiliser on approximately 190,000 ha,

i.e. compensating for the future harvest before it is actually carried out, could yield

a short-term profit. Larger areas could benefit from an application of ash, but it will

take more time to obtain harvestable trees.

The priority of the Ash Programme is to address possible adverse effects. In a

series of studies, the effect of ash on water chemistry, on the production of

greenhouse gases (methane, nitrous oxide, carbon dioxide), on biodiversity and

on microbial mass was investigated (Sikstr€om et al. 2006, 2009b), as was also done

by other authors (Kuba et al. 2008; Bougnom et al. 2010). The results do not

indicate any important negative effect: the production of methane is mostly unaf-

fected, that of carbon dioxide decreases, biodiversity increases. . .
The Ash Programme is now shifting its emphasis towards growth on fertile

mineral soil. Peat lands remain interesting targets in northern Sweden, but nature

conservation requirements as well as difficulties to use modern and heavy machines

on such soils make them less interesting in southern Sweden.

11.4 Civil Works and Landfills

11.4.1 Landfills and Mining Waste Deposits

Combustion residues are used to provide a barrier against the penetration of water

or oxygen, or both, into the body of the landfill or of the heap or impoundment of

mining waste. The properties that make fly ash from solid biofuels suitable are their

high pH and their self-binding properties. The potential for use in several contexts is

quite high and the demand could easily exceed the availability of suitable residues.

Fly ash mixed into sewage sludge in equal dry substance proportions raises the

pH of the sludge, thus preventing its biological degradation. The percolation rates

achieved in field experiments with fly ash mixed into sewage sludge are on the order

of 12 l/m2/year, both initially and after a few years, which is sufficiently low for

sealing layers on landfills for non-hazardous waste (Carling et al. 2006; Mácsik

et al. 2005). Its shear strength is acceptable and it withstands settling in the body of

the landfill.

On the Tveta landfill, the functional requirements on a sealing layer are fulfilled

using monolithic layers of ash through diffusional processes, i.e. particle size

distribution, moisture content and reactivity of the combustion residues, all con-

tributing to the minimisation of the pore volume (Tham and Andreas 2008).

A sealing layer of fly ash from solid biofuels, covered by a protective layer of

vegetated sewage sludge, prevents oxygen from reaching sulphidic tailings from

mining. The experimental object is the 80-ha large tailings impoundment of

Gillervattnet, where an experimental field covering 3 ha was established in

2003–2005. The hardened layer of ash and the toxicity of the fresh ash prevent

roots from breaking through the sealing layer and providing channels for air entry.
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However, reed canary grass has some capacity to weaken even hardened fly ash

sealing layers with a resistance of approximately 5 MPa. The study suggests that the

secretion of saccharides by some plant roots may contribute to this effect (Greger

et al. 2006, 2009). It is thus best to avoid these particular plants.

11.4.2 Utilisation in Civil Works

Although roads are not a particularly suitable use for residues for logistical reasons,

they are the type of civil works with the best developed set of requirements, against

which constructions with combustion residues may be assessed. Fly ash, preferably

from solid biofuels or sludges from the pulp and paper industry, has been used in

non-surfaced gravel roads and bottom ash is now also beginning to be used.

Non-surfaced roads have been built using fly ash in Sweden for some time.

However, through the introduction of the Finnish experience with this technology

(Lahtinen 2001) as the starting point within the Ash Programme, a convenient

impulse was given to renewed development. In successive projects, fly ash from

biomass has been characterised, recipes have been developed and a few test roads

have been built (Mácsik and Svedberg 2006; Mácsik et al. 2009). A short summary

of the results is as follows: bearing capacity and freeze–thaw resistance have

increased, fly ash replaces natural materials of about twice its volume, which

leads to a significant reduction in weight and height. For the good properties of

biomass fly ash to be optimally exploited, and for conservation of fly ash resources,

ash should be used to stabilise bad or worn-out road materials. Adverse impacts on

the environment could not be observed during the monitoring of construction and

use of the roads.

Bottom ash from solid biofuels is also used for roadwork. An example is a

private road north of Norrt€alje, where approximately 5,000 t of mixed bottom and

fly ash from a grate furnace have been used since 2006; see Fig. 11.1. It was

possible to run 40-t lorries on the road even when it was flooded by melting snow,

which is remarkably good. Infiltration in the body of the work is very slow, which

indicates that the environmental impact should be minor. The impact of an ash pile

stored for 7 years on the place has been investigated: the uptake of heavy metals in

ash by plants and berries did not lead to any increased levels in the plants.

The ash of solid biofuels also has binding properties and it has been utilised in

concrete applications. One project involved replacing Portland cement in panel

stope mine filling, where large blocks or “stopes” of ore are removed, creating a

large cavity. These stopes are backfilled using concrete (cement and mine tail-

ings) to stabilise the mine. In full-scale trials, biomass fly ash from grate furnaces

could replace 50% of the Portland cement. The other use of solid biofuel ashes

demonstrated in the Ash Programme is as filler in low-quality concrete. However,

the chloride content of the ash may pose corrosion problems for steel reinforce-

ment bars.
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11.5 Environmental Permitting for Civil Works

The key to utilising combustion residues as well as other mineral wastes in civil

works and keeping them out of landfills is the assessment of the environmental

impact in the permitting procedures. This was one of the main reasons for creating

the Ash Programme: a method of computing impact had to be developed and

numerical values for the properties have to be fed into the method. This work

was performed in conjunction with environmental authorities, but this does not

mean that these authorities reach the same conclusion in their assessment.

Initially, concepts similar to the “end of waste” presently discussed in the EU

were considered, but as an assessment still has to be done, the method of the

Swedish Environmental Protection Agency for assessing the impact of contami-

nated soil on health and the environment was chosen as a starting point and adapted

to the pilot cases (Bendz et al. 2006):

l A non-surfaced road in a forest, with a comparatively thin layer of ash
l A surfaced road with MSWI bottom ash in the subbase, with a comparatively

thick ash layer

The purpose of the assessment is to define the boundary between a low risk level

and a not low risk level (in legalese terms, as “no risk” does not exist and “high

risk” will not be allowed). Below the boundary, a simplified procedure could be

defended, for example only giving notice to the environmental authorities. Above

the boundary, a full permitting procedure would of course be necessary, with a

detailed analysis of the expected local environmental impact.

All mechanisms for dispersal from the body of the road and for human exposure

were described in the model. The model is conservative: a plausible worst-case

Fig. 11.1 Photograph of a stretch of the gravel road built at Tranbol using mixed wood ashes
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scenario is assumed, yielding rather large safety margins. For example, the most

exposed person is assumed to live all his or her life within 20 m from the road, 30%

of this person’s intake of vegetables is home-grown close to the road (hardly

washing them) and when the road is disused after some 60 years, it is used as a

recreation area by adults and children, assuming 40 windy days per year and person.

The result of these first computations is that dispersal of dust yields the dom-

inating health risk (Bendz et al. 2006). Criteria based only on leaching to ground-

water yield significantly larger limit values for, for example, heavy metals in the

combustion residues. In the simulations, even with MSWI bottom ash, leaching

from several roads yields insignificant increases in heavy metal content in the

recipients of two catchment areas (Wik 2009).

To put this result in perspective, the composition and leaching properties of most

combustion residues are such that, if correctly used, these residues present a “low

risk” to health and the environment. The only ones that cannot satisfy the upper

limit values for low risk are APC residues from MSWI and fly ash or APC residues

from combustion of impregnated wood.

The low risk limit values for some of the trace elements are shown in Table 11.7.

Two references are given in Table 11.7 for the sake of comparison. The first

reference is a set of limit values derived by the Swedish Environmental Protection

Agency after the Ash Programme had published its proposal (Swedish Environ-

mental Protection Agency 2010). The purpose of this set is to define a boundary

below which the user of a waste material does not even need to give notice of his or

her use of these materials. These values are substantially lower as they represent the

90th percentile of concentrations in soil. The boundary defined by the Swedish

Environmental Protection Agency and that proposed by Bendz et al. (2006) and

later updated (Bendz et al. 2009) are not the same. The second reference is the

recommended limit values for ash spread to forest soils as nutrient compensation

(Swedish Forest Agency 2008).

Note the comparatively low concentration found for arsenic, 15 mg/kg dry

substances, the immediate reason for which is that arsenic is genotoxic. One should

keep in mind though that the results in Table 11.7 are the first results based on

conservative models, conservative assumptions and uncertain data. For the time

being, it is recommended that ash with an arsenic content in excess of this value

should not be left on the surface when the road is abandoned.

Table 11.7 Maximum tolerable concentration (mg/kg DS) of key trace elements in ash for the

boundary between low risk and not low risk for health and the environment, values computed by

Bendz et al. (2009) for uses of combustion residues in civil works

Pb Cd Hg Zn As

Low local risk in gravel roads 1,400 330 80 >25,000 55

Low risk when ash is exposed at the surface of a disused road 1,500 60 60 >50,000 15

Free use according to the Swedish Environmental Protection

Authority

20 0.2 0.1 120 10

Swedish Forest Agency, compensation for whole-tree

harvesting

300 30 3 7,000 30
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11.6 Ecotoxicity

Ecotoxicity is a key property from a regulatory point of view, H14 in the European

Waste Catalogue. Although the EU is expected to issue rules on criteria 2011, today

there is no legally binding rule. There is no accepted test procedure for ecotoxicity

yet, and an H14 value is computed using knowledge of the chemical composition of

the waste and of the ecotoxicity of the pure chemical substances.

There is a difference of opinion in Sweden on the level at which a waste is to be

considered ecotoxic. When a chemical product contains more than 2.5% of an

ecotoxic substance, it is hazardous enough for organisms to warrant labelling as

such. Analyses of ash usually yield the elemental composition, very seldom the

concentration of chemical compounds. A study for the Ash Programme suggested a

conservative selection of substances for the key trace elements and recommended

that this value, 2.5%, be used to determine whether an ash is ecotoxic or not. The

environmental authorities are of the opinion that the limit should be 0.25% because

this is the limit for aquatic organisms.

The key element in this discussion is zinc, an essential nutrient. To be conserva-

tive and not underestimate the ecotoxicity, the above-mentioned study assumed

zinc was present as zinc oxide. At approximately the same time, zinc oxide was

reclassified as ecotoxic, which has severe consequences for bioash. The zinc

content in clean wood ash recommended by the Swedish Forest Agency is up to

7,000 mg/kg, i.e. 0.7%, which is larger than 0.25%. Concentrations of approxi-

mately 0.4% are not uncommon for bark ash.

One way of tackling this difficulty is to examine whether zinc oxide is a

reasonable choice as a reference substance after all, rather than just a conservative

one. Three investigations should be mentioned here:

l Van der Sloot at ECN utilised the database LeachXS on leaching properties of

MSWI residues and concluded that zinc is present mostly as willemite, a zinc

silicate (H. van der Sloot, oral communication).
l Sj€oblom (2007) reexamined the chemical thermodynamics of zinc in combus-

tion residues, in particular the solubility equilibria, and concluded that zinc

is present probably as franklinite, a mixed iron and zinc oxide, rather than

willemite.
l Steenari and Norén (2008) studied the binding distances for zinc in different

combustion residues using extended X-ray absorption fine structure spectros-

copy, and found that the distances agree with zinc being bound in silicates or

aluminates. They also found that in fresh ash, some of the more soluble zinc

compounds are also present in minor quantities. When ash is wetted, zinc is

rapidly redistributed to insoluble compounds.

Thus, zinc does not occur as oxide in combustion residues, but rather in much

more stable compounds. Choosing oxide in the ecotoxicity assessment was overly

conservative and significantly overestimates the environmental impact of zinc in

ash. Settling for a realistic model compound is not straightforward: it seems more
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probable that zinc is found as willemite or a silicate, but there is no official

assessment of these compounds. On the other hand, less probable franklinite but

with similar properties has been assessed as non-ecotoxic.

At the end of the day, when there are doubts, an ecotoxicity test will clinch

the discussion. In a study co-financed by the Ash Programme, the Swedish

Waste Management Association and the Swedish Environmental Protection

Agency, a battery of tests were performed on different combustion residues

(Stiernstr€om et al. 2009). Care was taken to choose organisms that naturally occur

in brackish waters rather than the freshwater organisms that are sensitive to the salt

concentration.

At a liquid-to-solid leaching ratio of 10 (waste test condition to be on the

conservative side, but for chemical products the liquid-to-solid leaching ratio

should be 10,000 according to OECD good practice) almost all residues were

ecotoxic. A more detailed examination revealed that the ecotoxicity is due to the

high concentrations of potassium and calcium (nutrients) and of aluminium. This is

scarcely a reason to consider the residues as ecotoxic.

Results from tests of bottom ash from MSWI are illustrative. Ash which had

been stored and allowed to mature for 3 months was somewhat ecotoxic. Ash which

had been aged and exposed to the weather (actual liquid-to-solid leaching ratio of

3.4, rainwater as leachant) for 12 years was not ecotoxic at all to the three organisms

tested. And yet, its composition had not changed, except for a lower content of

chlorides and probably of sulphates, too.

11.7 Conclusion

Projects within the Ash Programme have contributed increased knowledge of the

properties of combustion residues as well as demonstrated large-scale uses for

residues. The Ash Programme has been active since 2002, and it is quite probable

that it will be extended for another 3 years at the end of 2011.

With ash from clean solid biofuels, priority should be given to recycling the ash

to forest soils as a compensation for the extraction of mineral nutrients in an

intensive harvesting, i.e. whole-tree harvesting. If that is not possible, the residues

should be used in civil works, e.g. for building roads or hard surfaces. One should

put all such ash to use, instead of rejecting particular streams.

The Ash Programme has striven for a common understanding of the level of risk

for human health and the environment when using ash in civil works. Boundaries

between low risk and not low risk have been suggested. The Swedish Environmen-

tal Protection Agency has developed another boundary, below which one does not

even need to pay notice to the environmental authorities.

All reports are public and are available from V€armeforsk’s Web site (http://

www.varmeforsk.se). The language is Swedish, but there is always a summary in

English.
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