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A B S T R A C T

Both the current growth strategy and environmental policies of the European Union (EU) aim to increase
the amount of renewable energy and to improve the use of waste streams. This will increase the amount
of bio-ash from biomass combustion in the future, thereby increasing the need for its utilization, with
fertilizer use the most natural target for bio-ash. Wood ash, in particular, contains all the nutrients that
plants need, in almost the correct proportions, excluding nitrogen, which is released into the atmosphere
during combustion. Nitrogen could be added to ash fertilizers by co-granulating bio-ash, for example,
with sewage sludge. However, co-granulation has not been studied extensively.
This study investigated co-granulation of bio-ash with sewage sludge and lime. It measured

compressive strengths, neutralizing values, and elemental concentrations of the granules. The
concentrations of heavy metals (As, Cd, Cr, Cu, Pb, Ni, and Zn) in the granules were sufficiently low
not to prevent their use in forest fertilizer use according to Finnish legislation. Overall, the concentrations
of nutrients (Ca, K, and P) were reasonably high. The addition of lime improved the neutralizing capacity
of the studied granules, and the addition of sewage sludge increased their nitrogen content. The addition
of sewage sludge considerably lowered the compressive strength of the granules, and the addition of lime
(slaked lime) did not improve the strength of the granules. From a technical point of view, the co-
granulation was very successful.

ã 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Sustainable growth is one of the main priorities of the European
Union’s (EU) growth strategy, outlined in Europe 2020 [1]. Key
targets for sustainable growth include a 20% reduction in
greenhouse gas emissions and a 20% increase in both renewable
energy sources and energy efficiency by 2020. The European Waste
Framework Directive (2008/98/EC) introduced the concept of a
waste hierarchy into European legislation [2]. This waste hierarchy
consists of five levels, or goals, the first of which is the prevention
of waste. If this is not possible, the next step in the hierarchy is
reuse, followed by recycling and energy recovery. Waste disposal is
the last option, to be resorted to only if none of the previous steps is
feasible.

In practice, these EU strategies and directives mean that the
combustion of biomass is set to rise in the EU area in the near
future, with as much fly ash as possible being utilized in different
applications rather being disposed of in landfills. Biomass
combustion is already responsible for a considerable amount of

the total energy production in forest-rich Nordic countries, such as
Finland and Sweden [2]. Current options for utilizing bio-ash
include fertilizers [3–5], earth construction [6], and soil stabiliza-
tion [7,8]. The usage of bio-ash in other applications, such as
wastewater purification [9] and geopolymer/concrete structures
[7,10], is currently being studied. Among these options, fertilizer
use is the most natural choice for bio-ash [3–5]. Wood ash, in
particular, contains all the nutrients that plants need, in almost the
correct proportions, excluding nitrogen, which is released into the
atmosphere during combustion [11,12]. This makes bio-ash
suitable for use as a fertilizer in peat lands, which contain high
amounts of nitrogen but lack phosphorus and potassium [5].
However, in nitrogen-poor heath forests, if only ash fertilizer is
applied, an additional nitrogen source is needed [3,4].

It is known that granulated bio-ash is significantly more cost-
effective alternative for ash recycling compared with unprocessed
bio-ash [13]. Granulation also prevents dust problems during
transportation and application of ash. The required nitrogen, as
discussed above, could simply be provided by co-granulating bio-
ash with, for example, sewage sludge. However, the latter has not
been studied previously. Therefore, this study investigated co-
granulation of bio-ash with sewage sludge and lime. Compressive
strengths, neutralizing values, and elemental concentrations of the* Corresponding author. Fax: +358 8 344 064.
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granules were measured and discussed in relation to Finnish
legislation.

2. Materials and methods

2.1. Raw materials

The fly ash used in this study was obtained from a local thermal
power plant that uses a circulating fluidized bed combustion
technique. The fuels used at the plant are wood and peat. The fuel
ratios at the power plant are approximately 60–70% wood and 30–
40% peat. Hygienized sewage sludge samples were obtained from a
municipal wastewater treatment plant that uses the so-called
Kemicond [14] method of hygienization. Element and water
contents of the sludge are presented in Table 1. The total nitrogen
content of the sludge was approximately 10 kg m�3, the water-
soluble nitrogen content was approximately 2 kg m�3, and the total
phosphorus content was approximately 5 kg m�3. The water
content of the sludge was approximately 80%. The lime used in
this study was commercial (Biolan, Finland) slaked lime (Ca(OH)2)
that contained 31% Ca and 3% Mg.

2.2. Granulation process

The compositions and sample names of the granules used in the
study are presented in Table 2. For each granule type, a few
kilograms were produced. Sample FA100 was a control sample that
contained only fly ash and water. The fly ash, sewage sludge, and
lime were weighed and mixed thoroughly using a ribbon blade
agitator. While agitating the mixture, a small amount of water was
added to the dry materials until small aggregates started to form in
the paste. The pastes were granulated using a simple rotary drum
granulator (Fig. 1). The granulator consists of a sloping drum that is
rotated by an electric motor. Premixed raw materials were poured
into the drum from the top end. The slope of the granulator can be
adjusted to control the speed at which the granules travel through
the drum. After granulation, the granules were dried at room
temperature (21� C) in open vessels in a laboratory fume hood for
28 days. The granules were dry after this period (water content of

<3%). The granules in the vessels were mixed daily to reduce mold
growth during drying. All the granulations were successful from a
technical point of view. Examples of the dried granules are shown
in Fig. 2.

2.3. Analytical methods

The crushing strength of single granules was measured with a
Zwick Z100 Roell testing machine. TestXpert II-software was used
to determine the crushing force of the granules. A granule size of
10 mm (sieved to this size) in diameter was used. The granule was
placed in a steady position between two horizontal steel plates.
The granule was then loaded under a constant deformation rate of
0.01 mm/s. From each batch, the compressive strengths of 3–
6 granules were measured, and their average values and standard
deviations were calculated. The elemental concentrations were
analyzed with a Thermo Fisher Scientific iCAP 6500 Duo ICP-OES
spectrometer, according to EPA Method 3051A [15]. The concen-
trations of soluble nutrients were analyzed according to a method
developed by MTT Agrifood Research Finland [16]. For the
determination of soluble Ca, K, Mg, and S, the samples were
extracted with ammonium acetate, and the contents were
analyzed with a Thermo Electron IRIS Intrepid II XDL Duo
spectrometer (ICP-OES). Soluble P was extracted with ammonium
acetate, and analyzed using a Foss-Tecator Fiastar 5000 spectro-
photometer using the molybdenum blue procedure. The elemental
concentrations and soluble nutrient concentrations were analyzed
in an accredited test laboratory. The neutralizing values of the
granules were determined according to European standard EN
12945 [17]. The dried and crushed granules (2 g) were extracted
with 0.5 M HCl (50 ml), and the mixtures were boiled on a hot plate
for 10 min. The alkaline components (e.g., oxides, hydroxides,
carbonates, and silicates) in the granules neutralize a portion of the
acid (HCl) [18]. The excess acid in the mixtures was titrated with
0.25 M NaOH solutions. The mixtures were stirred with a magnetic
stirrer during titration. Based on the consumption of NaOH, the
neutralizing values were calculated with Eq. (1).

Nd ¼ 50 � V1 � C1 � V2 � C2ð Þ � MCa½ �mt ð1Þ
where Nd = the neutralizing value [Ca%]

V1 = the volume of HCl [ml]
C1 = the concentration of HCl [mmol ml�1]
V2 = he consumption of NaOH [ml]
C2 = the concentration of NaOH [mmol ml�1]
MCa = the molecular weight of Ca [mg mmol�1]
mt = the mass of the sample [mg]

Table 1
Element and water contents of the hygienized sewage sludge.

Property Unit Hygienized sewage sludge

Water content % 80
Total N content mg kg�1, dry matter 42,000
Water-soluble N content mg kg�1, dry matter 8,000
Total P content mg kg�1, dry matter 21,000
Water-soluble P content mg kg�1, dry matter 40
Total K content mg kg�1, dry matter 2,000
As mg kg�1, dry matter 3
Cd mg kg�1, dry matter 0.3
Cr mg kg�1, dry matter 23
Cu mg kg�1, dry matter 120
Pb mg kg�1, dry matter 10
Ni mg kg�1, dry matter 10
Zn mg kg�1, dry matter 300

Table 2
Compositions and sample names of the granules.

Sample Fly ash (%) Sludge (%) Lime (%) Water/dry matter

FA100 100 0 0 0.46
FA80S20 80 20 0 0.54
FA60S40 60 40 0 0.78
FA60S30L10 60 30 10 0.57
FA50S30L20 50 30 20 0.59
FA40S30L30 40 30 30 0.58

Fig. 1. The experimental rotary drum granulator used in this work.
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