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0. Abstract

Nitrogen limits the productivity of most ecosystems, but cab also cause
environmental problems. With the increasing amount of sludge generated by better
wastewater treatment, land application of pelletised sludge appears as a combined solution
to waste disposal and plant nitrogen nutrition issues.

Six types of sludge pellets/granules, containing different mixtures of sludge, ash
and/or lime have been inoculated and incubated for 8 weeks at 20°C in the dark, to study N
net mineralisation rates. Laboratory results showed no indication of general differences
between sludge/ash and sludge/lime mixtures, with respect to N mineralisation and
nitrification, but some differences between Umea pellets and Gavle granules were
discernible. The higher net N mineralisation rates in pellets appeared to be related to sludge
properties. On the contrary pellets had a low level of nitrification, which might de
explained by preliminary heat treatment of the sludge and the seemingly slow
recolonisation of nitrifiers. It is also believed that considerable amounts of N were lost,
and that the major route for these losses was ammonia volatilisation.

From an economical point of view, sludge pelletisation appears to be the most
cost-effective means of disposal. It transforms sludge into a valuable, odourless and
storable fertiliser or heat source. Some income could even be expected. The benefits
obtained from an increased tree growth could justify forest fertilisation with pelletised
sludge, but further research is needed to determine more precisely the possible growth
increment and the consequences on the environment.

Kvave begransar produktiviteten av manga ekosystem, men kan ocksa orsaka
miljoproblem. Eftersom slammangden okar p.g.a. battre avfallsrening, ger spridning av
slampelletter i fait troligen en bra kombination mellan slamhantering och kvaveaterforing
till markerna.

Sex typer av slam pellets/granuler , med olika blandning av slam och aska eller
kalk, inokulerades och inkuberades i 8 veckor pa 20°C i morket for att undersoka kvave
netto mineralisering. Resultatet fran laborationen indikerade inga generella skillnader i
kvavemineralisering eller nitrifikation mellan slam/aska- och slam/kalk-blandningarna.
Daremot kunde vissa skillnader mellan pellets fran Umea och granuler fran Gavle skonjas.
Den hogre nettomineraliseringen av kvave i pellets verkade bero av slammets
sammansattning. Den laga nitrifikationsnivan hos pelletsen skulle kunna forklaras av
preliminar varmebehandling av slammet och den langsamma aterkolonisationen
avnitrifikationsbakterier. Betydande mangder kvave forlorades under inkubationen,
sannolikt framst genom ammoniak-avgang.

Om man tittar pa. ekonomin verkar slampelletering vara den metod for
avfallshantering som har hogst rantabilitet. Den forvandlar slam till en vardefull, luktfri
och lagringsbar produkt for godsling eller energiproduktion. Man kan aven rakna med viss
(kostnadstackning). Skogsgodsling med slampellets kan ge extra tillvaxt, men det behovs
fortfarande mer forskning for att battre bestamma hur mycket extra tillvaxt man kan rakna
med och vilka miljokonsekvenser som foljer.



l i Introduction and objective of the study

Nitrogen has been and is more studied than any other mineral nutrient. There are
many reasons to this. The productivity of most ecosystems, including agro-ecosystems, is
limited by nitrogen availability. At the same time, excess nitrogen in the soil-water-
atmosphere system can lead to dying forests, eutrophication, declining fisheries, increasing
risk of toxicity to humans, and other widespread environmental problems.

In our society the increasing quality of wastewater treatment leads to a paradoxical
situation. On the one hand the rivers, where effluents are returned to, are cleaner than they
used to be. On the other hand the volume of sewage sludge constantly raises because of the
high yield of treatment plants. The issue now raising is the faith of sludge. In the last three
decades, sewage sludge has evolved from a waste by-product of the sewage treatment
process to a marketable resource. Furthermore it became an intrinsic part of the
environmental issues of the European Union policy.

There are several ways of treating sewage sludge among which production of
dried granulated sludge is one process. This product has many advantages compared to
the less dewatered bulk sludge, giving options for its use. The plant growth value of
pelletised sewage sludge heavily depends on its ability to improve the plant nitrogen
nutrition. A deeper knowledge of the mineralisation of organically bound nitrogen, and
particularly the rates of nitrification, is needed in order to determine fertilisation doses that
provide the maximum plant growth without causing nitrate pollution of ground water.

To find out if it would be possible both economically and ecologically to return
municipal sewage sludge in the form of pellets or granules to the forest without
detrimental consequences on the environment, we have to consider many parameters. They
depend on the particles themselves, but also on soil properties, biota or climate. This study
will in a first part focus on a laboratory incubation to estimate the relative net
mineralisation and net nitrification rates in different types of sludge particles. This
would be related to leaching and other nitrogen (N) losses in the field. The second part will
consist in estimating the economical relevance of the use of sewage sludge pellets in
forest fertilisation, both from the pellet manufacturer's point of view and from the forest
manager's point of view.
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2i Context of the project
This study reflects a general concern about waste treatment and the efforts to turn

waste into a useful resource. Using sewage sludge as a fertiliser would be an alternative to
chemical fertilisers, while at the same time taking part in the recycling of materials

2.1. Description of the Biopell method
The method for sludge pelletising raised from the observation of two facts. First of

all the general hesitation to apply sewage sludge to land because of the risk of infections.
Secondly the intensive agricultural and forest management systems harvest more and more
from the soil, thus impoverishing the poolof nutrients. A natural solution would consist in
returning the nutrients to the soil instead of pouring them into the sea or letting them leave
to the air, as it is now happening with waste water treatment.

Based on this observation a new technique has been patented to manufacture
sludge pellets. Freshly filtered sludge is pressed through a pipe towards an extruder,
where it is continuously sprayed frontward with lime, and simultaneously chopped into
cylinders of 8mm diameter and about 20mm length (see fig. 1). Lime has the characteristic
of preventing particles from conglomerating. Besides it strengthens the pellets and
makes them easier to chop at various dimensions. Thanks to the outside layer of lime, the
product does not stick together and is not misshapen. The pellets are then dried on a belt
drier with hot air until their inside temperature reaches more than 80°C for a short time
period, in order to efficiently eliminate all infectious pathogens by pasteurisation. When
the pellets are dried and reach 90% dry matter, they shrink to their definitive size: about
5mm diameter and 10-12mm length. Most of the outside lime layer falls off the pellets and
70% of the lime sprayed can be recovered and reintroduced in the production system.

The product becomes safe regarding to pathogens, and in contrast to wet sludge it
is almost odourless and easy to handle and store, while conserving its nutritional
value. It may be packed into big plastic bags similar to those in which the commercial
fertilisers are delivered.

A similar method, using wood ash instead of ground lime, has been elaborated
and will soon be routinely produced in a test plant. The ash is not only used for spraying,
but may also be actively mixed into the sludge, to give a final pellet with higher wood ash
content. Hence, pellet ash contents may vary between 10 and more than 40 per cent of dry
weight. Raw undigested sludge, anaerobically or aerobically digested sludge or
composted sludge may be used. The energy source for drying may be e.g. oil, biogas from
the anaerobe digestion, wood pellets, heat from the composted sludge (Modig, interview).

The manufacture factory in Umea1, Northern Sweden, has been producing limed
sludge pellets for two years on a pilot scale and is now expanding its capacity. It can now
process 50 tons dewatered sludge per day (about 10-12t dw/day). This year (2000) a second
factory was built in Lycksele2, Northern Sweden, producing mixed sludge/wood ash pellets
7 to 8t/day of dewatered sludge (about l,6t dw/day).These two factories are the first and
only ones in the world to produce sludge pellets on a large scale. The first goal of the
production is to deliver a fertilising agent to spread on forests, golf grounds or green areas.

1 Umea municipality counts 100 000 inhabitants and has to take care of the proportional quantity of sewage
sludge.
2 Lycksele municipality has 12 000 inhabitants.



The pellets can also be used as an energy source since they contain 4000kWh/t, but it
would not return any nutrients to the soil.

Dewatered
sludge

Figure 1- Pelletising process (Modig, interview)
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2.2. Description of the granulating method
The granules were produced within a technical pilot study on granulation

technique. Anaerobically digested sludge, with or without mixed-in peat ash or lime,
was granulated with a rotating disc method, resulting in 2-4 mm balls. The dry weight
proportions in mixtures of sludge and peat ash (or lime) were approximately 75% sludge
and 25% ash (or lime). They were then sun-dried.

2.3. Nutritional value of pellets/granules
It is widely admitted that the productivity of many forests is limited owing to a

deficiency in major nutrients, especially nitrogen and phosphorus (P), which are both found
in sludge in different proportions. Considering that about 2000 tons of sludge are produced
each day in Sweden (Hanell et al., 1996), of which only 30 to 40% are used as fertiliser,
there could be a potential for sludge utilisation as forest fertiliser. In addition, cation
leaching in connection with soil acidification (Swedish EPA, 2000) and low buffer capacity
of many Swedish forestlands justifies a return to the soil of the nutrients removed from
the ecosystem with the harvest (Greger et al., 1998). Sludge application could decrease the
need for landfills and it becomes particularly economically attractive now that the tax on
landfill deposition has been installed in Sweden since January 2000. A definitive ban of
landfilling with sludge is planned for year 2005.

Sewage sludge is an excellent source of carbon (C) and also has high
concentrations of nitrogen and phosphorus, two of the most important nutrients. Most of



the nitrogen in sludge is organically bound and only a minor part is in mineral form,
primarily as ammonium (NH4+). This means that only a small fraction of sludge nitrogen is
soluble and immediately available, while the bulk of the nitrogen sludge must be released
by microbial mineralisation of organic compounds. It is likely that organic matter in
sewage sludge is quite easily degraded, whereas forest humus is not. Therefore NtLj*
should be rapidly formed.

Several trials with wood ash amendments of Swedish forest soils have been
established since 1983. The ash carries all macro- and micronutrients, except nitrogen. It
can therefore replace non-N commercial fertilisers. In Sweden 55.000 tons of ash are
available each year. According to Egnell et al. (1998), typical effects are: i) increased pH
in soil surface layers, ii) increased nitrification and iii) 0-15% growth increase of trees
on fertile soils and a corresponding decrease on infertile soils. During a rotation, ash
amendments of 3-4 tons dry weight per ha (t dw/ha) is presently the recommended
accumulated maximum dose (Egnell et al., 1998). Insufficient hardening and a high
proportion of fine particles may cause negative effects on the vegetation after ash
amendment. To counteract these effects Egnell et al. (1998) stress that ash has to be
properly hardened and they recommend ash granules to be inert and slowly soluble.

2.4. Counteract the acidification
Wood ash does not only contain mineral nutrients, but also strong bases. One side

effect of ash is therefore its strongly alkalinising effect. The effect -the liming potential-
in pure wood ash is approximately half of that in pure lime. This property of sludge/ash
pellets may appear desirable if there is a need to counteract soil acidification.

Precipitation today is considerably more acid than in pre-industrial times (see
Appendix 1), the reason being anthropogenic emissions of acid sulphur and nitrogen
compounds into the atmosphere. Acid air pollutants often stay a few days to weeks in the
atmosphere before being returned to the ground. During this time the wind can carry them.
Thus the greater part of the sulphur and nitrogen deposition occurring in Sweden emanates
from emissions in Central Europe and the British Isles (Swedish EPA, 2000). Acidity is
greatest in the southern parts of Sweden, decreasing as one moves northwards.

The acid deposition is partly neutralised when it comes in contact with the soil. In
the long term it is mainly the weathering, i.e. the chemical decomposition of soil minerals,
that can neutralise the acid supply. The soil has a certain capacity to resist to acidification
and to protect nearby water. In most of Sweden though the soils are composed of slow-
weathering minerals, which means that the critical acid load3 is low.

So far, morethan one third of precipitation acidity is caused by nitrogen
compounds. When they reach the ground most of these are absorbed by the vegetation and
used as nutrients, which means that the acidifying effect is mitigated (Swedish EPA, 2000).
There is a risk, however, that nitrogen deposition in the future will have a greater
acidifying effect, if the nitrogen load exceeds the nitrogen absorption capacity of the
vegetation. In addition timber extraction has an acidifying impact on soil. In some parts of
Southern Sweden, in shallow soils, the soil is now acidified all the way down to the
bedrock (see Appendix 2). In such places groundwater is strongly acidified too, but to a
lesser extent than lakes and water courses.

' Maximal acid supply which the soil is capable of neutralising.



Every year some 200.000 tons of limestone are now spread in Swedish lakes and
watercourses with the aim of restoring biological diversity (see Appendix 3). State grants
generally cover 85% of the expenditure involved (Swedish EPA, 2000). As a result of
liming most of the lakes acidified at the end of the 70's have recovered to approximately
the pre-industrial levels, with regard to pH values. As long as acid deposition continues on
its present scale, liming will have to be repeated every fifth year (Swedish EPA, 2000).
Liming of forests remains at an experimental stage. Opinions differ whether liming of
forest soils is recommendable, or not.

2.5. Possible effects of mixing sewage sludge and ash/lime
Lime contains mainly calcium carbonate, CaCO3. Wood ash contains many

different minerals, although calcium compounds normally dominates. It is rich in oxides
and hydroxides, and, with time and contact with carbon dioxide and moisture, the oxi-
hydroxides convertmore and more to carbonates. When ash or lime are added to sludge it
raises the pH considerably.

Nitrification is a bacterial process in which NH4"1" is converted to nitrate (NO3').
This mechanism is mainly governed by two factors, i.e. the amount of substrate (NH/) and
pH. The more substrate and the higher the pH, the more intense the process of
nitrification. Since the mixture of sewage sludge and ash or lime improves the state of
both these factors, nitrification would be expected.

There are reasons to expect undesirable effects of this combination. The free N H /
in sludge could be spontaneously transformed into ammonia (NH3) when pH value
exceeds 7-8. Apart from being an irreversible loss of valuable N, this also have
implications for air quality. The pellets/granules could also burn the existing forest floor
vegetation, if applied in too large doses.

If the nitrification due to sewage sludge spreading is too intense we can fear an
irreversible leaching of the nitrates towards groundwater. Nitrates areas good a source of
nitrogen to plants as NH4"1", but they are more sensitive to leaching. It might however be
that the soil and plant system has a buffer capacity high enough to balance the excessive
nitrification effect of the high pH of dissolved pellets, and therefore hinder large losses of
nitrate.

2.6. Hypotheses

It is expected that:
- Pellets/granules consisting of mixed sludge and ash will have a higher nitrification

than mixed sludge and lime, which in turn will have higher nitrification than pure sludge
particles,

- A mixture of sludge and ash will have a higher nitrification than the particles with only
an outside (sprayed) layer of ash

- Pellets/granules with very high pH will lose ammonia by volatilisation,
- Granules and pellets will have different mineralisation and nitrification rates due to

differences in organic matter quality.



3. Scientific background of the experiment
3.1. Benefits from sludge application

Application of sewage sludge to forested area has a number of potential
advantages over alternative optional uses. First of all forestland is generally cheaper than
land types suitable for disposal (Henry et al., 1994). Then forest edible vegetation is rather
limited compared to that coming from farming land, thereby diminishing the risk of human
contamination through the food chain. Public acceptance might in the same time be
facilitated compared to the controversial debates concerning application on agricultural
lands (Bastian, 1979). Moreover forest soils have a great deal of organic carbon which
immobilises available N. They also have a high infiltration rate, which should minimise
the surface runoff and a perennial root system, which in some cases allow for year round
uptake of nutrients (Henry et al., 1994). Finally, Brockway and Urie (1983) and Zasoski et
al. (1984) showed that although adapted to the low ambient nutrient levels in forest soils,
native plants respond to sludge application with significant nutrient and biomass
increases.

Although farmland application has been the major and most studied outlet for
sewage sludge, research on forest application appeared two decades ago (Breuer et al.,
1979; Riekerk and Zasoski, 1979; Urie, 1979) and is constantly intensifying since
(Brockway et al., 1986; Henry et al., 1994; Henry and Cole, 1986; Persson and Wiren,
1995).

Nutrient composition of sewage sludge is highly variable and N contents typically
may vary from 3% (Bayes et al., 1989) to 6,4% (White, 1979). While inorganic fertiliser
nitrogen needs to be added to forests every four to sixyears, sludge application could have a
longer effect on site quality (Henry et al., 1994). Because 50 to 90% of the N in sludge is
organic (Sommers, 1977), information about the rate of N mineralisation and
nitrification is necessary to predict N availability for crops and micro-organisms
(Lindemann and Cardenas, 1984). Moreover it seems that micro-organisms often are
strong competitors over roots, but conditions favouring nitrification tend to decrease this
competition advantage of the numerous micro-organisms, which prefer ammonium-N to
nitrate-N (Tamm, 1991).

Type and treatment of sludge determine its fertiliser quality. Hart et al. (1988)
found that undigested sludge releases the most nitrogen in the first year after the
application, followed by aerobically and finally anaerobically digested sludge.

3.2. The nitrogen cycle
Nitrogen is one of the four most important common elements in living cells. It is

the essential constituent of proteins, and nucleic acids, the two groups of substances which
can be said to support life (Tamm, 1991). Moreover, there is often a close relation between
the amount of N available and total plant biomass in the ecosystem (Tamm, 1991). Since
nitrogen can be reused through the mineralisation of N from dead biomass, or be imported
to the system through mechanisms such as biological fixation, vegetation can continue to
remove nitrogen from the soil without depleting it from this essential element.

As described by Burton et al. (1986) following sludge application, ammonium-N
can be volatilised as ammonia-N, immobilised by soil micro-organisms, taken up by
plants, converted to nitrate-N through nitrification, or held on soil exchange sites (see fig.



2). Ammonium-N derived from mineralisation of sludge organic Nis subject to the
processes listed above. Nitrate-N can be utilised by the vegetation, lost to the atmosphere
through denitrification, or leached from the soil profile to groundwater, where it presents
a potential pollution hazard.

Figure 2- The nitrogen cycle in terrestrial ecosystems.
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3.3. Nitrification in forest ecosystems and in acid soils
Nitrification has a crucial role in nitrogen cycle and has received much attention

because it is directly connected with N uptake by plants and N losses (see fig. 2). Most
of the research has dealt with autotrophic nitrification mediated by the bacteria
Nitrosomonas and Nitrobacter, but nitrification also occurs in some soils which are too
acid for known autotrophic nitrifiers, or lacking these nitrifiers for reasons independent
from the pH. This indicates the occurrence of heterotrophic nitrification (Tamm, 1991).
Furthermore it has been shown that nitrification could be inhibited in soils despite the
presence of Nitrobacter, probably because of factors inhibiting the activity of the nitrifiers
(Degrange et al, 1998). Nitrification is still a phenomenon partly unknown.



Nitrification activity in acid forest soils is variable in time and space. Average pH
in Swedish podzols varies between 3,9 and 4,1 in the humus layer, and between 4,7 and 5,2
in the B-horizon (Lundmark, 1988, see Appendix 4). At those pH values nitrification
could occur to some extent in the organic layers and definitely in the mineral layers
(Persson and Wiren, 1995). Nitrification is accompanied by a decrease in pH value, which
is due to the production of protons (H+) from the following reactions occurring during
nitrification:

NH4
+ + 3/2 O2 -> NO2" + 2H+ + H2O + energy

and NO2' + Vz O2 -> NO3" + energy

Because N deposition does not appear to decrease in Scandinavian forests,
Persson and Wiren (1995) suggested that a possible ammonium surplus in the forest floor
followed by a downward transport of ammonium to a nitrifying B horizon could increase
the risk of nitrate leaching in the future.

3.4. Pelletised sludge and mixtures with ash or lime
Pelletised or granulated sludge is easier to spread and releases nutrients more

slowly (Hanell et ah, 1996; Greger et ah, 1998). Transportation costs are saved by
eliminating the water fraction in sludge. With such method as that described by Hanell et
ah (1996) sludge can be processed to pellets. They assess that the macronutrient content
in pellets is rather satisfactory. Studies have already been going on about fertilisation of
Poinsettia {Euphorbia pulcherrima Willd. Ex Klotz) with sewage sludge pellets (Cox,
1999). The results seem to show that sewage sludge pellets give a commercially
acceptable quality (expressed as size and appearance), but that the best quality was
obtained with a addition of a dilute solution of N-containing water soluble fertiliser (Cox,
1999).

To have a product more suitable as fertiliser, ash and sewage sludge could
possibly be mixed, but nitrate leaching is to fear. Lime-sewage sludge mixture should have
similar properties (Staaf et ah, 1996).

3.5. Effects of sludge in forests
3.5.1. Growth effects

The results obtained about sludge fertilisation on forest are still rather
controversial. As far as wood production is concerned, most authors report an enhanced
growth after treatment with industry primary/secondary sludge for instance (Bockheim et
al., 1988). Bockheim et ah (1988) applied 32 to 94t dw/ha of sludge on a red pine (Pinus
resinosa) forest. Using untreated paper industry sludge, Greger et al. (1998) noticed a
slight increase in growth on willow, birch {Betula pendula) and spruce after the addition of
3t/ha of ash mixed with waste products. Brockway and Nguyen (1986) spread 8 to lOt/ha
of anaerobically digested municipal sludge (380 to 780kgN/ha) on aspen, oak, pine and
northern hardwood forests. They reported an increased growth, related to the higher
amount of nutrients available. Wells et al. (1984) noticed up to 40% extra growth after
application of 400kgN/ha of anaerobically digested sludge to pine forests. Finally Corey et
al. (1986) used aerobically digested municipal sludge and aerobically plus anaerobically
digested municipal sludge, applied in a liquid form at a dose of 402 to 804kgN/ha. They
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reported an increase in litterfall weight of 20 to 30% more than the control plots or than the
plot receiving 632kg N/ha solid sludge.

Hinckley et al. (1983) noticed an impressive increase in diameter and height
growth after adding a layer of 2,5 to 6,1cm of dewatered municipal sludge (approximately
50-120t dw/ha4) in Douglas fir (Pseudotsuga menziesii) stands. However it seems that
thinning is an important treatment in assuring the positive reaction of all trees within a
stand. In fact trees with a small diameter respond not as good when the sludge application
is not combined with thinning. The upper crown responds first to the addition of sludge,
while the response in stem growth depends on whether the stand has previously been
thinned or not (Hinckley et al., 1983).

In most cases forest is grown for wood harvest. The effect of sludge on wood
properties will generally be in accordance with accelerated growth e.g. increased diameter
and wide rings. A more critical question is the magnitude of change and its duration
(Briggs et al., 1986). The effects of combining sludge with other treatment are not clear but
the authors found that sewage sludge fertilisation and thinning combined often, but not
always, resulted in additive negative effects on specific gravity. They add that the timing of
sludge application during the rotation is crucial. For example early application will
favour the production of juvenile wood and knots whereas late application will only affect
upper stem and low volume logs. Such characteristics are of vital importance in
manufacturing process of sawn and further processed wood products (Briggs et al., 1986).

On the other hand some studies show no or even negative effects of sludge on tree
growth. Hornbeck et al. (1979) for example found no increase in diameter growth. Me
Kee et al. (1986) described a clear difference of growth response of loblolly pine (Pinus
taeda L.) to sewage sludge depending on the source of sludge, its consistency and mostly
on the age of the trees. Furthermore, Cox (1995) concluded from a study on containerised
plants that sewage sludge could provide adequate N for slow-growing plants but not for
fast-growing ones.

3.5.2. Environmental effects

3.5.2.1. Heavy metals issue
Besides this generally positive effect noticed on growth, two main issues limit the

use of sewage sludge as fertiliser. The first one deals with heavy metals supplied with
sludge. A couple of studies show that the metals from municipal sludge are retained in the
environment, and that no leaching towards groundwater nor movement into the
plants and the food chain occurs (Corey et al., 1986; Henry et al., 1994; Riekerk and
Zasoski, 1979; Zasoski et al., 1984; Zasoski and Edmonds, 1986). Corey et al. (1986) used
industrial and municipal dewatered sewage sludge on several species of pine, at a rate of
402 to 804kg N/ha of municipal sludge and 632kg N/ha of mostly industrial sludge. Henry
et al. (1994) applied up to 470t dw/ha on a clear cut, a young and a mature forest.
Moreover Riekerk and Zasoski (1979) spread or disked 10 to 25cm of dewatered sludge
(approximately 200-5 OOt dw/ha5) on a loamy and on a gravely soil planted with Douglas
fir. Zasoski et al. (1984) applied the same doses of dewatered sludge (equivalent up to 512t
dw/ha) on a clear cut planted with oat and conifer seedlings.

4 Approximation assumptions: lnr3 sludge =lt; dry matter content = 20% in dewatered sewage sludge.
5 Same assumptions than previously mentionned.
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We can however wonder if there could be some case of phytotoxicity due to
metal accumulation in the soil and plant absorption. For example, the cadmium added to
the soil may be taken up by plants, enter the food chain and cause kidney damage to
humans. Some paper industry wastes (Greger et al., 1998) and other sludges with high
degree of heavy metal contamination (Zasoski et al., 1984), should therefore not be used.
Sludge quality, in Sweden, has improved greatly during the last decades. Sludge
application would add about 50% more cadmium to soils if sludge replaced all commercial
P fertilisers in Swedish agriculture. This may seem to be very much, but for comparison it
may be argued that if the commercial fertilisers were replaced by ordinary cattle manure
instead, we would get a similar increase of Cd to soils, as for sludge. P fertilisers contain
about 40mg Cd/kg (Hanell et al., 1996), whereas approximate concentrations in Swedish
sewage sludge and in cattle manure is 65mg Cd/kg P and 60mg Cd/kg P, respectively.
However, commercial inorganic N-fertilisers have a low content of cadmium and the use of
sewage sludge in replacement of N-fertiliser would actually add considerably more
cadmium to the soils.

3.5.2.2. Nitrate leaching issue
The second important issue concerns nitrate leaching. A great number of authors

found little or no water contamination (Greger et al., 1998, Keller and Beda-Puta, 1976)
following sludge application. Greger et al. (1998) applied only 3t/ha of sewage sludge
originating from pulp and paper industry, but Keller and Beda-Puta (1976) used 160m3/ha
of liquid sewage sludge (54OkgN/ha) on the acid loamy topsoil of a mixed hardwood
forest. When they did find a higher concentration of nitrate in groundwater, it was for a
short time after application, within the lOmg/L potability limit, and then the nitrate level
went back to background level (Brockway and Nguyen, 1986; Urie, 1979). Brockway and
Nguyen (1986) applied 8 to lOt dw/ha of liquid municipal sludge (400-800kgN/ha) on a
mixed hardwood forest. Urie (1979) used 14,6t dw/ha of liquid municipal sewage sludge
(446kgN/ha) on acid sandy forests. Finally the study done by Johannesson (1999) is
particularly interesting since he reported a higher nitrification and an increased nitrate
leaching in the topsoil after application of 3kg Biopell pelletised sewage sludge (same as
S-L pellets in this study) to each plant. The dose corresponds to 106t dw/ha on the actual
application and measurement spots, and to 28t dw/ha calculated as a broadcast application.
It has been reported that there is less leaching with sludge pellets than with a conventional
water-soluble fertiliser or a controlled-release fertiliser (Cox, 1995).

There are some exceptions though. Htiser (1977) in his experiment obtained
nitrate concentration up to 160mg/L for a long period in the soil solution after addition of
15O-35Om3/ha of liquid digested sewage sludge (300-1200kg N/ha) to a coniferous forest.
Also Sidle and Kardos (1979) noticed an excess of nitrate in percolate for more than one
year after the second sludge application but they had used doses of sludge as high as twice
the amounts used in more recent research. To be more precise they applied 27t dw/ha of
anaerobically digested sludge (3t N/ha). In thissame study Sidle and Kardos (1979)
demonstrated the strong evidence of solute channelling in the forest soil chosen. There
was indication of the importance of interconnected macro and micropores in the
transmission of water and solutes through the soil profile. According to them, forest soils
are particularly riddled with macropores such as decayed root channels, macro-invertebrate
passage ways, freeze-thaw cracks and small animal burrows, which have an influence on
soil water movement (Sidle and Kardos, 1979).
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Keller and Beta-Puta (1976) reported that vegetation exerts a preponderant role
on nitrate leaching on a loamy forest soil. Roots absorbed practically all the nitrate formed
by nitrifiers and largely prevented loss by leaching even in winter. Therefore they
concluded that clear-cutting would cause a greater increase in nitrate concentration in
leakage than sludge application (Keller and Beta-Puta, 1976). The case of paper industry
sludge is once again apart since it does not have the same characteristics than municipal
sludge (Bockheim et al., 1988). It has also not been very often studied.

One possible side effect of sludge fertilisation on the vegetation cover is the
increased competition from herbaceous plants with tree seedlings (Chapman-King et
al., 1985). Some cases of strong competition by weeds and shrubs has been reported
(Berry, 1986). Bayes et al. (1989) reported in their English site a rapid dieback of heather
to the benefit of herbs and grasses after sludge application. Heather recolonised after a
couple of years but only on sites with light sludge applications. This long-term effect
notably improved the establishment of the trees before the closure of the canopy and made
herbicide treatment unnecessary (Bayes et al., 1989).

Considering these issues as well as parameters such as pathogen contamination or
improvement of wildlife the application rates proposed for municipal sewage sludge range
from 900 to 1140kg total N/ha, applied as a single dose, depending on site and tree species
(Dutchand Wolstenholme, 1994; Brockway and Urie, 1983). Such fertilisation regimes
would not be acceptable in Swedish forests, but the recommendations show that these
authors apparently do not consider negative environmental effect to be major dose-limiting
factors. In Sweden, experience showed that repeated doses, accumulating up to
800kgN/ha could be applied during a tree generation without negative consequences in
comparison with artificial N-fertilisers (Nohrstedt, 1993).

3.6. Reduction of the risks after sewage sludge pellets fertilisation
3.6.1. The concentration of inorganic nitrogen should be low

Some of the risks previously mentioned can be minimised. Burton et al. (1986)
claimed that the nitrate-N produced following liquid sludge application was formed
primarily through nitrification of the ammonium-N contained in the sludge at the time
of application. Therefore nitrate-N leaching following application of municipal sludge to
forest sites may be minimised by using sludge low in inorganic N. This would allow a
higher loading rate for a given risk of nitrate-N leaching.

Most of the applied N would be in organic form, which would be relatively slowly
released, and by that keeping NH4-N concentrations in better accord with the biological
immobilisation, over time. Some research about nitrification inhibitors have been done
and it seems that they could be used to regulate nitrate levels when it is desirable to
apply large amounts of ammonium or readily available organic nitrogen to forest soils
(Wells et al., 1986).

3.6.2. Control the levels of heavy metal and organic pollutants

Another risk often mentioned by people showing resistance to the use of sludge is
heavy metal contamination. Sludge analyses from the 25 largest sewage plants in Sweden
showed that the heavy metal contents are comparatively low for many metals, but
further improvements should be encouraged (Hanell et ah, 1996).
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3.6.3. Site factors must be considered

Soil texture and structure may have a major effect on the amount of nitrate
leached to groundwater (Brockway et al., 1986). Sludge application to a coarse-textured
soil tends to create somewhat larger nutrient losses (especially of calcium and nitrate) as
compared to fine-textured soil (Riekerk and Zasoski, 1979). On soils with shallow ground
water tables liquid sludge applications should be limited in order to avoid anoxia in the
root system (Bayes et al., 1989). This combination would lead to an impoverishment of the
mycorrhizal population active in roots feeding. Bayes et al. (1989) recommend a dose of
200m3/ha of liquid sludge (approximately 1 Ot dw/ha6) to growing trees during periods of
significant soil moisture deficit. At other times lower application rates must be used to
avoid tree damage. The slopes of the site should in any case be kept into a 30% limit to
minimise run-off losses (Bastian, 1986).

Several studies affirm the benefit of municipal sewage sludge on highly disturbed
sites such as eroded lands, mined areas, or areas that for other reasons lack or have sparse
vegetation. Berry (1986) used dried sewage sludge relatively low in total N and
exchangeable P and K. It proved to be an excellent source of nutrients and organic
matter for a drastically impoverished soil. With an application rate of 34t/ha soil N and P
remained high after 10 years. Indications are that the benefits of sludge application will last
at least as long as a rotation and perhaps indefinitely, assuming good soil conservation
practices (Berry, 1986).

3.6.4. The vegetation is a barrier to nitrogen losses

Vegetation cover is of prime interest too since dewatered sludge applications to
cleared forestlands resulted in considerable losses of nitrate with deep percolation, while
applications to existing forest stands reduced these nitrogen losses 10 to 100 times
(Riekerk and Zasoski, 1979). This vegetation control on leaching losses is particularly
important in the case of nitrate which in most soils is not adsorbed on soil colloids, and
then acts as a vehicle for cation leaching, as a leached nitrate ion is always accompanied
by a cation (Tamm, 1991).

Tamm (1991) explains that plants can, to a certain extent, store excess nitrogen
in two ways: either as organic compounds (glutamine, asparagine, N-rich amino-acids) or
as inorganic nitrate-N. Long-term storage is usually in organic form, whereas inorganic N
may be considered as more temporary storage, useful on sites where N availability
fluctuates and does not always correspond to growing plant's need.

Forest canopy also represents some protection against ammonia losses, since in
these conditions much of the ammonia emitted may be reabsorbed by the foliage and thus
retained within the ecosystem (Tamm, 1991).

3.6.5. Timing is crucial

According to Bayes et al. (1989) there are potentially 4 phases for utilising
sludge: preplanting on areas to be afforested, early establishment of spruce plantations
from 1-5 years old, pole stage thinned pine plantations, cleared-felled areas waited

' Same assumptions than previously.
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replanting (similar to case 1). Berry (1986) studied dried sewage sludge and proposed the
following sequence for an application before planting: first of all application of
amendment, then incorporation of the amendment, subsoiling in August or September
when the ground is dry and finally planting in February or March. In that case
subsoiling is encouraged in order to provide for better root penetration to obtain good
moisture relations and anchoring of trees (Berry, 1986). Some of these recommendations
are not relevant, or practically possible, in the boreal forest situation. Sludge pellet
amendments would not be recommendedin connection with regeneration of recently clear-
cut forest stands. This is the situation where sludge application, as any other nutrient
amendment, would be most inappropriate, due to the ongoing mineralisation of inherent
nutrients and the temporarilyincreased runoff.

3.6.6. Regulations have to be more specific

As a conclusion it seems necessary to develop risk assessment procedures
concerning fertilisation with sewage sludge pellets. Cole and Henry (1986) consider that
there is no such thing as zero risk and that an acceptable level of risk has to be decided.
According to them and to Bayes et al. (1989) risk assessment procedures should take into
account heavy metals, pathogens including viruses and parasites, and toxic organic
substances.

Henry et al. (1994) showed that sludge application does not fit all tree species
and all sites characteristics such as soil texture and structure, slope, climate, C/N ratio or
moisture. They claim that the potential risk from exposure of humans (both public and
staff) and animals to sludge contaminants includes direct ingestion of sludge, intake
through consumption of plants and intake through consumption of animals living on sludge
sites. All these parameters need to be considered in the regulation of sewage sludge
application.
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4. Material
4.1. Sludge particles: name, source and treatment

4.1.1. The Biopell pellets

The study used pellets or granules made out of municipal sewage sludge from
Sweden. The experiment included three types of pellets and three types of granules. The
pellets involved were composed of an ash-sludge mix sprayed with ash (AS-A) from two
production batches (I and II), of pure sludge sprayed with ash (S-A) or pure sludge sprayed
with lime (S-L) from two production batches (I and II). AS-AI pellets were manufactured
with well-burned ash; whereas AS-AII pellets contained incompletely burned ash with a
high charcoal content (see tab. 1). These pellets were made out of freshly filtered raw
sewage sludge that did not undergo any digestion or compost treatment. For AS-AI and II
pellets the mixture was made with 10 to 20% ash and 90 to 80% sludge, plus the outside
layer. Because AS-AI and II had different ash composition the two batches were studied
separately, but S-LI and II had almost the same behaviour concerning nitrogen, so the two
batches were treated as one sample.

The AS-A and S-A pellets were both produced and sampled in a specially
designed pilot study of the pellet manufacturer, Muab7, in April 1998. The S-L pellets were
produced in May 1998 and sampled from the regular production line at Muab pilot plant in
Umea. All the types of pellets were made according to the method Biopell, described in the
part 2.1.

4.1.2. The granules

The granules were made with an ash-sludge mix (AS), a lime-sludge mix (LS) or
pure sludge (S). They were manufactured with rotating disk method. The sewage sludge
was anaerobically digested, came from the town of Mora8 in middle Sweden and the ash
is peat ash (see tab. 1). The mixture was made in the proportion 25% ash or lime and
75% sludge. The company Dewatech produced all the types of granules in July 1999 in
Gavle, middle Sweden. They were sampled from a small pilot study and are not produced
in large scale.

In the results we tried to find some similarities between the different samples.
Therefore we compared some groups. The group Pellets contains AS-AI and II, S-A, S-LI
and II. The group Granules logically consists of AS, LS and S. The group Ash is made of
AS-AI and II, S-A and AS, whereas the group Lime contains S-LI and II and LS. To
follow the same structure we also talk about the group Pure sludge but it is actually only
made of one type of granules: S.

4.2. Inoculum: name, source and moisture content
The inoculum was sampled from a rather fertile and well-humidified forest soil.

It was situated in a discharge zone of a clear-cut area in the region of Umea (63°49N,
20°16E, 100 000 inhabitants), Sweden in January 2000. The stand had typical nitrophilous
vegetation e.g. raspberry (Rubus idaeus). The inoculum was sampled down to 20cm depth
in a pure organic horizon with a 7cm-diameter corer instrument. It was then thawed at

7 Muab has now changed name for Biopell Teknik AB.
8 Mora has 20300 inhabitants.
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30°C and separated from twig fragments and moss. It was hand homogenised and sieved
through 2x3mm holes. The water content of the added inoculum material was 68,58% of
the fresh weight (see tab. 1).

In the experiment the control jars are noted CI to CV.

Table 1- General description of pellets and granules in this experiment.

Particle
name
AS-AI

AS-A1I

S-A

S-L I and II

AS

LS

S
Inoculum

Particle
type
Pellet

Pellet

Pellet

Pellet

Granule

Granule

Granule
-

Number of
replicates

5

2

3

6

5

5

5
-

Sludge type

Freshly filtered sludge
Well-burned wood ash
Freshly filtered sludge

Incompletely burned wood ash
Freshly filtered sludge
Well-burned wood ash
Freshly filtered sludge

Ground lime
Anaerobically digested sludge

Peat ash
Anaerobically digested sludge

Ground lime
Anaerobically digested sludge

Forest organic layer

% Dry matter

96,48

94,67

97,55

94,09

91,77

93,14

91,65
31,42

5. Methods
5.1. Overview of the incubation

One method that has been used to assess nitrification involves aerobic incubation
of samples and subsequent analysis for nitrogen forms (Burton et al., 1986; Lensi et al.,
1986; Monreal et al. 1986; Persson and Wiren, 1995).

Our samples consist of sewage sludge in the form of pellets or granules mixed
with soil. Although it is believed that nitrifying bacteria are added with sludge and are still
viable 33 months after application (Burton et al., 1990) the pellets were inoculated with
some soil to assure the presence of nitrifiers. Each type of pellet had 6 to 15 replicates and
all samples were held undisturbed in the dark at 20°C, which is considered as an optimal
temperature (Burton et al., 1986; Lensi et al., 1986). Replicates were randomly displayed.
Following the experiment conducted by Burton et al. (1986), the whole incubation period
lasted 8 weeks, and destructive samplings were taken after 0, 3 and 8 weeks. The samples
were then extracted with potassium chloride (KC1) solutions and tested for total carbon and
nitrogen concentrations.

Laboratory incubations were conducted under these controlled conditions between
January and April 2000. All sample analyses were conducted at the Environmental
research laboratory at the department of Forest Ecology, SLU (Swedish University of
Agriculture) in Umea. in April 2000.
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5.2. Details of the incubation method
The fresh and dry weights were determined for inoculum, pellets and granules

after oven treatment at 105°C during 24 hours, and the loss on ignition was calculated after
heat treatment at 550°C for 6 hours.

For each batch the pellets were chopped off into pieces of 10-12mm long and
5mm diameter, and were thoroughly mixed. To prepare the aerobic incubation 2g fw (fresh
weight) of inoculum were powdered on 3g or 5g fw of S-A pellets or of the other types
of particles respectively. They were placed in 35OmL glass containers sealed with two
layers of paraffin (Parafilm PM-992 from the company American National Can ™) with 6
openings of 1-1,5 mm diameter for gas exchange (see fig. 3). The jars were aerated due to
the fact nitrifying bacteria are aerobic and thus need a sustainable oxygen supply.

The water potential of incubated particles was determined with the filter-paper
technique described by Deka et al. (1995). The potential was adjusted to an approximate
field capacity, i.e. between 15 and SOkPa. The moisture content was restored once a week,
at 62% of the fresh weight for AS granules, 72% for S-LI and II pellets, 85% for AS-AI
and II pellets, 92% for S-A pellets, 94% for LS granules and 103% for S granules. Control
jars received distilled water in an amount balancing the loss by evaporation.

Figure 3- Diagram of the equipment used for the incubation

paraffin x 2
6 openings

glass jar—^

(

| xx-x \~

dark 8 weeks 1
20SC J

sample name

pellet +
inoculum

5.3. Physical and chemical analyses
At each sampling occasion, half of the material in the jar was collected, placed

into polyethylene containers and frozen for further determination of pH, and ammonium,
nitrate plus nitrite (NCV+NCh') contents. The pH was measured on a Mettler Toledo MP
220.

After being brought back to ambient temperature the samples were homogenised
in 25mL of 2M potassium chloride (KG) and mechanically shaken for 2h. Inorganic
nitrogen i.e. NH4

+ and (NO3"+NO2') was then extracted with Munktell 120H filters. The
filtrate was analysed for inorganic nitrogen according the method described by Emteryd
(1989), with a flow injection analyser of the model Tecator 5042 detector (see Appendix
5). As the situation is in the Swedish environment, it is very unlikely to have nitrite
formation. In their study about nitrification potential of Swedish acid forest soils Persson
and Wiren (1995) never found NCV in appreciable amounts. This is why we will consider
that the amount of (NCV + NO2") refers only to nitrate content.
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The other half was dried at 70°C to measure the water content. It was then ground
in a Retsch MM2 mill with agate balls and placed into polyethylene tubes. It was finally
stored at 20°C until analysis for total N and total carbon (C) on a dry combustion
instrument, model Perkin-Elmer 2400 CHN of elemental analysers.

5.4. Definition of net nitrification and net mineralisation
Because the experiment does not involve any plant the roots can not reduce the

nitrates. Because nitrification is counterbalanced by other processes (e.g. denitrification),
nitrifying activity was studied by calculating NO3-N accumulation. Because mineralisation
is also counterbalanced by processes such as nitrification, volatilisation or microbial
uptake, (NH4-N + NO3-N) accumulation rates only represent the "apparent" net
mineralisation. Net mineralisation rates were calculated from total N losses minus initial
NH4-N and NO3-N concentrations.

5.5. Statistical methods
In order to determine the strict influence of each type of pellet or granule the

calculations took into account the proportion of inoculum and of sludge particles in the
jars. By comparison with some controls made out of soil only the influence of the
inoculum on the results was estimated and taken away from the results of the jars
containing some sludge and the inoculum.

The comparison between all the samples was made by analyses of variance,
conducted with the statistical program Minitab. The tests of one-factor analysis of
variances were executed with a significance level of 5%, for samples of unequal number
of replicates.
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6. Results
In order to simplify the discussion, all results will present the average values of

each group of particles.

6.1. Chemical properties of the particles

Here are presented some general properties of the samples concerning loss on
ignition (LOI), pH, total carbon and nitrogen, as well as a selection of macronutrients,
micronutrients and heavy metals (see tab. 2). For all samples except AS-AII, the loss on
ignition is always lower when ash or lime is present, and especially when it is directly part
of the mixture. The reason why AS-AII pellets have the highest total C concentration is
because there were made out of low quality ash with high charcoal content. Therefore part
of the carbon is charcoal carbon. As it was expected, some other differences occur between
the samples, since theyhave different proportions of sludge to ash/lime. For example the
percentage of total C or total N is on average lower for the granules. Some variations in
heavy metal and in macro/micronutrient contents are probably due to the source of sludge,
and the facilities connected to the municipal sewage plant.

Table 2- Chemical properties of pellets and granules.

Particle
name

AS-AI

AS-AII

S-A
S-LI and

II
AS

LS
S

Inoculum

%
LOI

42,00

62,85

53,51
58,71

42,96

46,97
60,78

71,32

pH

8,33

7,83

8,34
7,67

8,74

7,70
7,71

3,63

%
total

C
24,03

36,49

31,21
29,74

21,57

25,00
30,83

-

%
tota
IN

2,05

2,24

2,78
2,61

1,28

1,60
2,27

-

Macronutrients (g/kg)

Ca

84,2

82,0

-
97,8

110,0

-
34,3

11,0

K

21,0

10,6

-
4,4

13,3

-
10,0

8,0

Mg

6,5

3,9

-
3,1

2,0

-
1,5

1,3

P

24,9

25,2

-
19,1

8,9

-
22,7

1,2

S

5,5

3,4

-
3,2

4,4

-
3,0

2,3

Micronutrients and heavy
metals (mg/kg)

Cu

65

58

-
58

123

-
178

10

Fe

68
400
70
300

-
82

400
27
800

-
22
300
10

500

Mn

3 440

1 130

-
154

185

-
122

69

Pb

56

13

-
23

47

-
66

47

Zn

699

257

-
318

372

-
532

91

6.2. Losses of dry matter, carbon and nitrogen

As the incubation is going on, the material is lost from the jar (see tab. 3). In every
case there is a loss of dry matter in the first three weeks. There is relatively little difference
according to the origin of the particles or the type of mixture. It seems that the pellets have
a slightly bigger decrease of material, with an average loss of 12,5% and 10,5% for pellets
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and granules respectively at the week 3; and 14,1 and 9,7% at the week 8. At the third
week Pure sludge group has the highest loss of material, followed by Lime and Ash groups.
At the end of the incubation though, the order is changed, and the group Lime has the
biggest loss of dry matter, followed by the groups Ash and Pure sludge.

Total carbon measurement includes both organic and mineral carbon in the form
of carbonates. It is therefore not a good representative for organic matter. However the loss
on ignition is an indicator of the absolute quantity of microbial population since it reflects
the amount of organic compounds contained in the particles.

The differences concerning the loss of carbon or nitrogen are bigger than the
differences concerning the loss of dry material (see tab. 3). After 8 weeks of experiment all
samples lost some C which proves that there has been intensive microbial activity. The loss
of C accounts for 21,9 to 40,2% of the initial total C content for AS-AII and S-L pellets
respectively. Furthermore the granules and AS-AII pellets always have a considerably
lower loss than the rest of the samples.

As far as N loss is concerned, some samples retained all their nitrogen throughout
the incubation period (samples AS-AII, AS and S), but some others lost a considerable
amount of N (samples AS-AI, S-A and S-L I and II).

Table 3- Absolute losses of dry material, carbon and nitrogen at week 8. The
measurements consider the pellets/granules only.

Particle name
AS-AI
AS-AII

S-A
S-LI and II

AS
LS
S

Loss of dry material
(% of initial dw)

Week 8
14 ± 5,2
13 ±4,1
9 ±12,6
21 ±3,8
11 ±3,5
8 ±3,2
11 ± 1,1

Loss of C
(% of init. total C)

Week 8
37 ± 3,4
22 ± 4,5
34 ±11,7
40 ± 2,7
26 ± 3,4
24 ±2,5
27 ±1,5

Loss of N
(% of init. total N)

Week 8
33 ± 4,6

- 1 ± 0,4
28 ± 12,3
30 ±5,2
7±4,4

-12 ±4,8
4 ±4,5

As we can see in fig. 4 the content of total C at the beginning of the incubation is
on average slightly higher in pellets than in granules (30,4 and 25,8% dw on average
respectively), but this difference is not statistically significant. In both Pellets and Granules
groups there is at least one significant difference between two samples. Within the group
Granules it seems that AS granules and LS granules are similar to each other and that S
granules are different. At the week 0 there are also some significant divergences within the
groups Ash and Lime. In the group Ash the sample AS-AII is different from the others.

After 3 weeks of incubation no difference can be made between the groups Pellets,
Granules, Ash, Lime or Pure sludge concerning total C content. Limed samples are not
statistically discernible from each other, but the groups Ash and Pure Sludge contain at
least two samples, which are significantly different.

At the end of the experiment the situation is very similar to that after 3 weeks,
except that the group Pure sludge diverged aside from the others (p=0,025 for Ash and
Pure sludge groups, p=0,000 for Lime and Pure sludge). We can notice that although
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originating from the same process in 2 different batches the pellets AS-AI and II differ
quite a lot concerning their total C content. This is the effect of the charcoal contained in
the latter group.

Figure 4- Mean concentration (% dw) and standard error for total C in
pellets/granules, at the beginning of the incubation (week 0), after 3 weeks and at the end
(week 8).
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The different characteristics of the samples appear more clearly in the
measurement of total N (see fig. 5). Over the 8 weeks of experiment, the amount of total N
in the dry matter present is decreasing for all the pellets but AS-AII, and increasing for the
granules. Such an increase in total N concentration when the granules decompose happens
when the substrate lacks good carbon sources. One-way analyses of variances allowed to
gather some samples in different ways, depending on the time of incubation. In fact at the
week 0 it is statistically relevant to gather pellets on one side and granules on the other
(p=0,000). Within each group some distinctions can then be made, and there are at least 2
discernible samples in each group. At the start of the experiment there is a significant
difference between the groups Ash on one side, and Lime and Pure sludge on the other
side. Furthermore the groups Ash and Lime are heterogeneous and contain at least 2
discernible types of particles.

After 3 weeks of incubation the particles origin is not a determinant criteria to gather
the samples anymore. The mixture becomes very clearly the most important factor, since
the groups Ash, Lime and Pure sludge are significantly different from each other (p=0,045
for Ash and Lime; p=0,050 for Lime and Pure sludge, with Lime in a central position). No
samples are significantly different in the Lime group whereas there are at least two
discernible samples within the Ash group.
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At the week 8, the situation is the same than after 3 weeks, with a higher probability
level when showing differences between the groups Ash, Lime and Pure sludge (p=0,004
for Ash and Lime; p=0,001 for Lime and Pure sludge). During the whole experiment the
groups Lime and Pure sludge are rather homogeneous but within the group Ash it is always
possible to find some dissimilarities.

Figure 5- Mean concentration (% dw) and standard error for total N in
pellets/granules, at the beginning of the incubation (week 0), after 3 weeks and at the end
(week 8).
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Over the whole incubation period, C/N ratio decreases in all samples (see fig. 6).
At the beginning, the granules have a C/N ratio noticeably higher than the pellets (15,4 and
12,7 for granules and pellets respectively), but as incubation goes their C/N decrease is also
bigger. AS-AII pellets and the granules have comparable values, especially with AS
granules. At the end granules and pellets reach a similar C/N level, with mean values of
11,5 and 11,0 respectively. For those samples having a high decrease of C/N, the biggest
change happens in the first three weeks.
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Figure 6- Mean concentration (% dw) and standard error for C/N ratio in pellets
and granules, at the beginning of the incubation (week 0), after 3 weeks and at the end
(week 8).
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6.3. Ammonium nitrogen and nitrate nitrogen
6.3.1. Ammonium nitrogen

Original NH4-N contents are variable, but for most pellet/granule types relatively
low (see fig. 7). The sample containing the least nitrogen as ammonium is the group of AS
granules, and the one with the highest NH4-N concentration is the group of S granules with
31 and 378 mg/lOOg dw respectively. There is no simple correlation between the type of
pellet mixture, or the origin of sludge, and the initial NH4-N concentration. However, there
seem to be a correlation between the particle pH and NH4-N concentration. Pearson's test
showed than pH and NH4-N concentration at the week 0 are correlated with a coefficient of
r=-0,65. This suggests that a low pH corresponds to a high level of NH4-N. The proportion
of NH4-N varies between 2,1 and 16,7% of total N. The pellets and the granules show a big
divergence from the start already, even when taking into account the NH4-poor AS group
(p=0,003). The 4 groups of pellets are rather similar to each other, with an average value
of 98mg/100g dw (see fig. 7).

The general tendency is a production of NH4-N during the first 3 weeks, followed
by a sharp decrease. The pellets having the highest amount of NH4-N at the week 0 do not
compulsorily have the most ammonium 3 weeks later. For instance AS-AII pellets only
double their amount of NH4-N, whereas S-LI and II has its NH4-N content multiplied by 8.
At the end of the experiment the NH4-N content is almost down to zero for the granules,
whereas it is still quite high for the pellets.

Figure 7- Mean concentration (mg/lOOg dw) and standard error for ammonium
nitrogen (NH4-N) in pellets/granules, at the beginning of the incubation (week 0), after 3
weeks and at the end (week 8). Those results are presented without the influence of the
inoculum.

2

1000

900

800

700

600

500

400

300

200

100

0

i
1-

r-m

• week 0

Hweek 3

Hweek 8

<=?'
Samples

The pellets and granules have divergent evolutions concerning the NH4-N content.
These two main groups are significantly different at all three sampling occasions. As
shown in fig. 7, all samples reach a peak in their NH4-N content at the third week, followed
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by a decrease until the end of the incubation. The pellets show a significantly higher
concentration than the granules (p=0,000), with S-LI and II group exhibiting the highest
NH4-N formation (858mg/100g dw). The maximum ammonium content of the granules
(408mg/100g dw) is less than one half of the maximum level reached by S-L pellets.
Granules form 2 groups. AS samples have little NH4-N from the beginning of the
experiment, form little NH4-N and then lose all of it. On the contrary LS and S are already
rich in NH4-N at the start. They form very little NH4+ and lose almost their whole resource
of NH4-N at the end of the incubation.

6.3.2. Nitrate nitrogen

At the beginning all samples are depleted in NO3-N, but as incubation goes the
samples split up (see fig. 8). No difference is visible between the groups Pellets, Granules,
Ash, Lime or Pure sludge and all groups are rather homogeneous. Pellet/granule reactions
with respect to NO3" production varied very much between types and between replicates.
Most pellet types, except AS-AII, contain little NO3-N, whereas the granules contain up to
261mg/100gdw of NO3-N (for granules S) at the end of the incubation.

It is only at the end of the experiment though that pellets and granules are
statistically different (p=0,000). After 8 weeks AS granules separate from the other
granules. The samples and the replicates of each sample are quite variable. AS-AI pellets
do not show any formation of NO3-N at all. The level remains on the zero line over the
whole incubation. On the opposite AS-AII pellets form 154mg/100g dw NO3-N after 8
weeks. No type of granule is noticeably nitrifying at the beginning of the incubation, but on
the other hand they show a real boom in the second part of the experiment, which is visible
at the week 8.

Figure 8- Mean concentration (mg/lOOg dw) and standard error for nitrate
nitrogen (NO3-N) in pellets/granules, at the beginning of the incubation (week 0), after 3
weeks and at the end (week 8). After taking into account the influence of the inoculum,
negative values have been replaced by zero. The original values are available in Appendix

350

•a
en
o
o

I

300

250 -

200 •

150 -

100 -

50

0

• week 0

E3 week 3

11 week 8

*>'

<•>'

Samples

6.

28



6.3.3. Mineralisation and nitrification

For those samples producing nitrate the mechanism involved, nitrification, is
mainly active in the latter part of the incubation period. As shown in tab. 4 the granules
have a higher NO3" accumulation rate than the pellets, although the subgroup AS-AII has a
rather high rate.

Table 4- Nitrate accumulation rates (mg NO3-N/100g dw/day) calculated for the
period 3-8 weeks.

Particle name
AS-AI
AS-A II

S-A
S-LI and II

AS
LS
S

NO3-N ace. rate
(mgNOj-N/lOOgdw/d)

Weeks 3-8
0 ± 0
4 ± 2
1 ± 1
1 ± 1
2 ± 1
7± 1
7 ± 1

Combined (NH4-N + NO3-N) accumulation rates between the weeks 0 and 3 differ
very much between pellets and granules, with mean accumulation rates of 22 and 1
mg/lOOg dw/day of (NH4-N + NO3-N) for the groups Pellets and Granules respectively (see
tab. 5). It is not relevant to gather the samples according to the presence of ash or lime
because each group would be extremely heterogeneous. The main factor differentiating the
samples according to (NH4-N + NO3-N) accumulation rates appears to be the quality of the
sludge. The differences between the samples are smaller when we consider the whole
incubation period.

The comparison of (NH4-N + NO3-N) accumulation rates with the net
mineralisation rates suggests that the losses through gaseous ammonia, denitrification
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Table 5- Net mineralisation rates (calculated from total N losses) and (NH4-N +
NO3-N) accumulation rates during the periods 0-3 weeks and 3-8 weeks. Net
mineralisation rates were calculated from total N losses minus initial NH4-N and NO3-N
concentrations (mg N/lOOg dw/day).

Particle name
AS-AI
AS-A II

S-A
S-LI and II

AS
LS
S

Net mineralisation rates
(% of initial N)

Weeks 0-3
29 ±4,1
11 ± 3,0
48 ± 8,9
52 ± 4,4
2 ±5,4

-6 ± 7,6
5 ±9,7

Weeks 0-8
44 ±7,1

2 ±2,8
34 ±13,3
46 ±7,1
12 ±7,2
-17±7,6
-3 ± 6,0

Net tnin. rates
(mgN/lOOgdw/d)

Weeks 0-8
31±5

1 ± 2
36±14
47 ±8

6 ± 3
-9 ±4
-1±5

(NH4-N + NO3-N) ace. rates

(mg (NH4-N + NO3-N)/100g
dw/d)

Weeks 0-8
4 ± 2
1±1
2 ± 1
9 ± 1
1 ± 1
0 ± l

-2±1

6.4. ThepH
For all samples pH was measured at the weeks 0, 3 and 8. Ash-treated

pellets/granules have significantly higher initial pH compared to lime-treated and pure
sludge (see tab. 6). The average pH value of the group Ash at the week 0 is 8,31 whereas
the average value for the groups Lime and Pure sludge are 7,69 and 7,71 respectively. AS-
AII pellets, with the ash rich in charcoal, have lower value. The limed sludge samples have
a pH somewhat below the pH of a system in equilibrium with solid calcium carbonate
CaCO3 (pH = 8,2). The pH value of pure sludge granules is, unexpectedly, similar to that of
limed sludge particles. Such a high pH is not typical for pure sewage sludge. Lime might
have been used in the precipitation process of sludge from the wastewater, without being
mentioned by the producer.

In limed and pure particles, and in the charcoal AS-AII pellets, there is a weak and
non-significant trend of increasing pH up to 3 weeks, and then pH declines significantly. In
all other ash pellets/granules there is a continuous decline in pH throughout the incubation
period.

Table 6- Mean value and standard error for pH (2M KC1).

Particle name
AS-AI
AS-A II

S-A
S-LI and II

AS
LS
S

Inoculum

WeekO
8,3 ± 0,04
7,8 ±0,06
8,3 ± 0,04
7,7 ± 0,05
8,7 ±0,13
7,7 ±0,07
7,7 ±0,03
3,6 ±0,02

Week 3
8,3 ± 0,02
8,1 ±0,01
8,2 ± 0,03
8,1 ±0,05
8,3 ± 0,02
8,1 ± 0,01
8,0 ±0,05
3,6 ±0,03

Week 8
8,1 ±0,04
7,7 ± 0,01
8,0 ± 0,04
7,4 ± 0,06
8,2 ±0,01
7,7 ± 0,02
7,5 ± 0,05
3,6 ±0,03
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7. Discussion

7.1. Microbial activity and net mineralisation
7.1.1. Influence of sludge type on microbial flora

7.1.1.1. Heat treatment of sludge
Burton et al. (1986) assessed from their study that the organisms responsible for a

majority of the nitrification were added with sludge. This observation is however valid
when sewage sludge has not been frozen and has not been treated with heat, but we can
expect that the same phenomenon would happen with frozen samples. In our case the
pellets have been pasteurised at 80°C, which has killed their microbial population.
Therefore it is the microflora added through the inoculum that was involved in the
biological processes such as mineralisation and nitrification.

On the contrary the granules were just sun-dried, so their bacterial population
was still alive at the beginning of the experiment. We could in any case expect the
granules to be immediately biologically active, whereas the inoculum microbial population
would need some time to colonise the pellets. However, the decreasing absolute amount of
total N in pellet samples indicates an intensive heterotrophic microbial activity already
during the first three weeks. This indicates that the time lag to recolonise, for the
heterotrophic functional group, is probably shorter than three weeks. It is less certain
whether nitrifier colonisation of pellets has affected the results, or not. The variable
nitrification in pellets could possibly indicate that colonisation of nitrifiers limited the
nitrification in pellets, but there were no clear differences between pellets and granules,
which supported that conclusion.

7.1.1.2. Biological treatment of original sludge
Moreover granules and pellets were not made out of the same type of sludge. In

fact the pellets contained freshly filtered sewage sludge, that did not undergo any digestion
or compost treatment. Opposite to pellets, granules were made of anaerobically digested
sludge. This difference of treatment probably means that the pellets had more high
quality organic compounds than the granules, since it is known the main substrates for
anaerobic digestion are the easily degradable polymeric carbohydrates, leaving a more
recalcitrant residue. It might explain why there is little NH4+ formation.

7.1.1.3. Sludge mixture
Basically we have 3 types of mixture, but in fact ash and lime can be involved in

the mixture in different proportions, and either be actively mixed with the bulk sludge
and/or sprayed around the formed pellets. Since ash and lime are mainly composed of
mineral elements, pure sludge will evidently have more organic compounds. When ash
or lime is used only by spraying, its proportion of the particle mass is small. It is not
surprising that S-A, S-L pellets, and S granules have higher total C content than AS-AI, AS
or LS. The case of LS granules, and to a smaller extent AS-AII, which appear to fix some
nitrogen, is very special (see tab. 3). Possibly, this could be caused by some non-symbiotic
N fixing micro-organisms in the sludge mixture.
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7.1.2. Net mineralisation rates

Because of the high proportion of organic nitrogen and low NH4-N level in the
types of sludge used in this study, mineralisation of sludge organic N will play a major role
in controlling NH4-N and NO3-N levels in the samples. Because no leaching could occur in
the jars, it was assumed that the inorganic N not immobilised in the microbial biomass and
necromass would accumulate in the system.

The accumulation of NH4-N between the weeks 0 and 3 suggests that the organic
matter has been decomposed in most sludge types. Moreover it indicates that most samples
released N by mineralisation faster than the existing nitrifying population could oxidise the
ammonium. Both pellets and granules have a C/N ratio below or slightly above 15, which
suggests that immobilisation is just overweighed by mineralisation, so that some net
mineralisation happens (Burton et al, 1986). The granules C/N ratios are slightly higher
than the pellets in the first part of the incubation. This could explain why they have a
lower net mineralisation. For LS and S granules NH4-N represents 16,4 and 16,7% of total
N at the start of the incubation. The amount of ammonium is inherited from the sludge
treatment, where a lot of NH4-N is lost as NHsby volatilisation. Figure 7 suggests that
more NH4-N remains in the sludge when the pH is not so high and for the samples
that have been treated at a lower temperature. At the week 0 most of the N is still
organically bound in the pellets. In the incubation this distribution of N will shift in favour
ofNH4-NandNO3-N.

Basically there is net ammonification going on in the first three weeks and net
nitrification between weeks 3 and 8. Our experiment does not allow setting more precise
time limits for the shift of process though. The amount of NH4-N at the beginning does not
give any information about the mineralisation potential to come. It only expresses a prior
mineralisation and different levels of losses in the pellet making process. Pearson's simple
correlation coefficient between pH and NH4-N content at week 0 may indicate that a raise
in raw sludge pH due to addition of lime or, even more, of ash causes losses of NH4-N as
NH3 during the pellet production process. In turn, this suggests that differences in NH4-N
between the pellet types at the start of the incubation are not mainly due to differences in
NH4-N concentrations in the original sludges, but rather an effect of how much pH has
been risen with lime or ash in the pellet production.

Net mineralisation rates indicate high changes in organic N for the pellets.
However little NH4-N and NO3-N is accumulated, which implies that considerable N
losses occurred. Data concerning N lost from the system suggest that most losses were
gaseous. Johannesson (1999) stated that N mineralisation can be low if there is no easily
digested carbon left in the material after digestion. The granules have on average a lower
(NH4-N + NO3-N) accumulation between the weeks 0 and 3 than the pellets, with 1 and
21mg (NH4-N + NO3-N)/100g dw/day for granules and pellets respectively. They also have
low true net mineralisation rates during that period. On the other hand they show a
considerable loss of carbon, and a rapidly decreasing C/N ratio. This indicate that the
microbes initially feed on a material which is actually a good carbon source, but a bad
nitrogen source. In the following period, i.e. 3 to weeks, both C mineralisation and N
mineralisation is very low in the granules, implying that lack of easily digested C could be
limiting N release during this stage. Also other factors may have been limiting N
mineralisation from granules. Heavy metals could inhibit the mineralising flora. The
granules do not generally have higher heavy metals concentrations than pellets, except for
uranium, which appear to be 5 to 15 times higher in the granules (see Appendix 7).
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7.2, Nitrification and leaching
7.2.1. Net nitrification rates

Nitrifiers generally use bicarbonate ions and CO2 as source of C to synthesise their
cellular compounds. However being autotrophs, Nitrosomonas and Nitrobacter do not
require organic matter as either a C source or an energy source (Brady and Weil, 1996). As
a result the variations in organic matter between the different kinds of sludge particles
should not have any effect on autotrophic nitrifiers activity. Consequently the variations in
nitrification can not be due to organic carbon availability, but instead they are a function of
NH4-N availability and possibly other factors such as population dynamics, pH or heavy
metals.

Mineralisation and nitrification are two close biological processes. We can easily
see this link by examining NO3-N. The increase in NO3-N levels at the end of the
experiment can be attributed to a raise in NH4-N concentration over time as sludge organic
N mineralised, and to an increase of the population of nitrifiers as more NH4-N was
available to their growth. For AS no massive production of NH4-N ever happened, whereas
for LS and S the NH4-N formed was nitrified into NO3-N.

Since NO3-N production is visible after 8 weeks only, it seems that the growth of
the nitrifier population is slow. In some of the pellet types (AS-AI and S-A), which all
had to rely on colonisation of nitrifiers from the inoculum, nitrification never occurred, or
very little, within the incubation period. Variations in inoculation success also gave rise
to large differences in nitrification between replicates within the same pellet type. The pH
of the inoculum was low, approximately 3,6 in 2M KC1, which would correspond to
approximately 4,5 in water (Borggaard et al., 1988). It contained a nitrifying population, as
shown by the inoculum nitrification rate, but the colonisation of sterile pellets appeared to
be a factor that caused some problems in the experimental conditions. This situation would,
however, be similar after the spreading of pellets in the field.

Most pellets, and particularly the AS-AI subgroup, had poor nitrification
compared to granules, despite plenty of substrate (NH44). One could speculate that pieces
of pellets, being somewhat bigger than individual granules, developed anaerobic central
microsites, which hampered nitrification and/or induced denitrification. However, since the
setting of the water potential in the incubated material was in the range 15-50 kPa, this is
not very likely (Ilstedt et al., 2000). Microbial immobilisation of NH4-N will occur
continuously in the system, but shortage of NH4-N substrate for nitrifiers is apparently not
the reason for low nitrification intensity in pellets. The main hypothesis to explain the late
and variable nitrification in pellets would be a slow population increase of nitrifiers.

There is a very clear shift of NH4-N to NO3-N for the granules. We can imagine
that the nitrifier population immediately found favourable conditions.

7.2.2. Losses by leaching

As nitrification occurs this transformation simultaneously provides the 2
prerequisites for cation leaching: a mobile ion is produced and a replacing hydrogen cation
is provided to exchange for a resident cation on the exchange site. Therefore parallel to
NO3* leaching we expect leaching of cations such as calcium (Ca2+), magnesium (Mg2+)
or potassium (K+). This would lead to a general nutrient depletion. However plant uptake
and denitrification are 2 pathways that may potentially remove significant amounts of
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NO3-N from leaching. Some plants can take up several hundreds kilograms per hectare of
N each year (Breuer et al., 1979).

The situation of NH44" is a bit different concerning leaching. In fact NH4+ attach on
negatively charged surface of clay and humus where they can be held in exchangeable
form, available for plant uptake, but better protected from leaching than N(V.

In their field study Persson and Wiren (1995) found that almost no nitrification
could be detected at pH lower than 4 on Swedish soils. However the addition of CaCC>3
(lime) stimulated nitrification in the humus layer, indicating the presence of acid-sensitive
nitrifiers. Mineral soil layers, especially the B-horizon, are suggested to be important
sources of NO3' leaching in southern Sweden, because these soil layers may have a high
nitrification potential (Persson and Wiren, 1995). My results do not allow any conclusion
about the actual nitrification rates in the field, where plant roots compete with nitrifiers for
NH4+, and thereby reduce the risk of NO3" leaching. The B-horizon, rather than the more
acid humus layer, might be the source of NO3* leaching during periods of reduced root
uptake, e.g. during wintertime. Deposition of NH4+, followed by downward transport of
NH4+ from the organic soil layers to the nitrifying subsoil, can result in an increased risk of
nitrate leaching in the future also in Swedish forests.

It looks like factors other than short-term nitrification potential must be taken into
consideration in determining the potential for NO3-N leaching after sludge application.
Also even if laboratory experiments, at best, can give relative estimates of the amounts of
nitrates formed, field trials are needed to incorporate the plant influence on the N cycle.
For instance it would be interesting to establish a field experiment with different forest tree
species. Earlier studies show that there are major differences in response between
species, e.g. as shown byCooley (1979) poplars are very effective assimilators of
mineralised N when receiving sludge fertilisation.

Temporary storage capacity for N, in soil organisms and in the vegetation, can
counteract a surplus of NO3'. It is however quite variable. The timing of sludge application
is therefore crucial. Brockway et al. (1986) suggest that nitrate leaching occurs already
when N reaches only 50% of the storage limits. As a general rule, nitrates are not
immobilised or stored in soils by any other way than biological uptake.

One way to decrease N pool in the ecosystem is to harvest managed systems.
This could cause problems in the short run, however, since the absence of vegetation
increases leaching because of a lack of nutrient uptake by the plants. One must be
especially careful not to apply fertiliser during these periods of sparse vegetation cover.
Another way is to use a nitrification inhibitor, for instance dicyandimide (DCD), to slow
down nitrification (Goos and Johnson, 1993). This method would reduce N losses by
leaching and denitrification. It would allow for fall application of N, which is particularly
good in some climates because the access is facilitated by the absence of leaves, and some
soils are inaccessible in spring because of late frost or excess moisture due to thawing.
Goos and Johnson found that a dose of 1 to 2%N as DCD-N was as effective in slowing
nitrification as higher rates.
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7.2.3. Different routes for gaseous nitrogen loss

As described in tab. 3 and fig. 5, the proportion of nitrogen lost is changing
between the samples, but it is notably higher in the pellets. The main routes for N loss are
volatilisation as NH3 and denitrification of nitrates, which leads to gaseous losses to N2O
and N2. There are also some losses of gaseous nitrogen in the nitrification process.
Denitrifying organisms require an oxygen deficient environment and an organic carbon
energy source. Denitrification is often insignificant in well-drained forest soils, but when
occurring, it is typically irregular in time and space, reflecting variations in water content.
However if the conditions are favourable to denitrifiers, for instance when water tables are
perched, large amounts of NO3-N can be denitrified. Land management practices in order
to induce denitrification losses of nitrogen gases may also be a method to protect phreatic
aquifers against leaching nitrates (Brockway et al., 1986).

NH4-N concentrations decreased overtime. Part of this is due to nitrification.
Additional NH4-N losses due to volatilisation in high pH zones and/or microbial
immobilisation have probably occurred. In fact pH values above 7-8 strongly favour
volatilisation of ammonia (NH3), which is the case in all our samples. It is therefore
believed that volatilisation caused considerable N losses. For instance the pellets
containing ash, especially AS-AI and S-A, lost NH4-N between the weeks 3 and 8 without
any corresponding increase in NO3-N. Sommers and Nelson (1981) stated that
volatilisation losses may range between 20 to 60% of the NH3 formed. Apart from being a
risk of volatilisation too much NH3 can inhibit nitrification. It could be the explanation
for the poor nitrification of pellets even though there is a substrate available to nitrifiers
(Brady and Weil, 1996).

Soil colloids, both clay and humus, are capable of adsorbing NH3 gas, so ammonia
losses are greatest where little of these colloids are present. High temperature, as often
occurs on the surface of the soil, also favours the volatilisation of ammonia. It is
unfortunate that pellets or granules can not be injected, on the opposite to liquid sludge.

Finally the pH values of the investigated sludge pellets/granules were above 7, but
when this material is applied in the field, the proportion of forest soil and sewage sludge
would cause the pH to stabilise a bit above soil pH. In general, the organic surface layer of
Swedish forest soils is acid so the pH values should decrease considerably, provided that
there is an intimate physical contact between pellets and the forest floor. However, the
critical period, before pellet pH is substantially affected by surface soil pH, probably
extend several months, maybe even until pellets have disintegrated. If volatilisation occurs
we can expect the forest canopy to reabsorb some of the NH3 through the foliage.
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7.3. Conclusions

This laboratory experiment leads to some conclusions:
- Decomposition of organic matter happens already in the first 3 weeks of

incubation.
- The initial amount of NH4-N does not give any information about the

mineralisation potential to come. It only expresses a prior mineralisation and different
levels of losses in the pellet making process.

- The Biopell pellets and the Gavle granules have distinctly different N
mineralisation rates and, although less certain, different nitrification rates.

- Biopell AS-AI and S-L pellets net mineralised 44±7 and 46±7 % of their initial
amount of N, over the 8 weeks incubation. The comparable AS and LS granules
released 12±7 and -17±8 %, indicating low or even negative net mineralisation. The
higher net N mineralisation in Biopell pellets appear to be related to properties of the
sludge used.

- Net nitrification within 8 weeks was low, or absent, from most of the Biopell
pellets, while it consumed all the available NH4-N in the Gavle granules. A lower
average level of nitrification in Biopell pellets may be related to the fact that these
particles have been heated and therefore must be recolonised by nitrifiers.

- There were no indications suggesting that sludge/ash and sludge/lime mixtures, in
general, are different with respect to N mineralisation and nitrification.

- There were clear indirect evidence that most of the N mineralised was lost from
the system. Between 80 and 90 % of the net mineralised N (44 and 46 % of initial N,
respectively) from the AS-AI and S-L pellets was lost, i.e. not recovered as NH4-N or
NO3-N. It is suggested that the major route for losses was NH3 volatilisation.

- There is an obvious need for field studies, testing how the contact with the soil
environment affects pH values and N transformation processes in pellets/granules,
over time.
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8. Economic viability of sludge particles fertilisation programs
8.1. Introduction

Sewage sludge still needs to be defined and standardised, but the European Union
is already taking measures to regulate its disposal. Many studies are trying to determine in
what proportions sewage sludge could be applied on a forest stand, and whether it can be
harmful to the environment or not, but the economical dimension is more seldom
considered. On local scale, pelletised sludge could represent a new solution for sewage
treatment plants if it is proved to be cheaper than the actual treatment. Finally, forest
fertilisation in Sweden has been constantly decreasing for more than two decades (Malm,
1992), and sludge fertilisation will therefore have to be economically attractive in order to
change this tendency.

8.2. The European Union takes environmental measures
8.2.1. Directive Nitrate

Groundwater supplies 75% of drinkable water (Centre d'information sur l'Europe,
2000). Therefore people are now generally concerned about pollutants susceptible to
degrade groundwater quality. The directive 91/676/EEC, so-called Directive Nitrate,
focuses on the reduction and prevention of water pollution by the nitrates originating from
agricultural sources.

All the European countries are affected by water pollution due to nitrates. The
situation was aggravated in the 80's due to the development of in-door breeding of pigs or
chickens for instance in endangered regions and due to intensive farming using chemical
weed killers and over-fertilisation (Centre d'information sur 1'Europe, 2000).

Action programs should have begun in December 1995. In reality only Denmark,
Germany, Luxembourg, Austria and Sweden had handed in their program to the European
Commission by July 1997. The impact of the directive is still hard to determine because of
the late introduction in each member country. Some common form is being organised in
order to facilitate data synthesis and comparison of all members.

8.2.2. Directives concerning sewage sludge disposal

8.2.2.1. Regulation and alternatives of sludge disposal
Sewage treatment is also connected to groundwater quality. 50% of the European

Union's population still lives in a region lacking sewage plant (Centre d'information sur
l'Europe, 2000). Through the directive 91/217/EEC concerning waste water all
municipalities of more than 15000 inhabitant-equivalents will have to organise a sewage
treatment system before the end of year 2000, and those with less than 15000 inhabitant-
equivalents before the end of year 2005 (article 4). This disposition will considerably
increase the amount of sludge to be taken care of. Parallel to this increase the means of
disposal are reduced. In fact a European directive forbids sea disposal after 1998 and
prohibits landfilling of organic waste after 2005. The remaining solutions include
incineration, composting, anaerobe digestion and field application.

8.2.2.2. Regulation of sludge field application
Some regulations described in the directive 86/278/EEC concerning agricultural

use of sewage sludge were specified in detail in the decree 97-1133. For instance, sludge
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can only be applied if the soil or plant can benefit from it. It is forbidden to apply sewage
sludge in the single perspective of disposal. It is also stated that the sludge must have been
treated physically, biologically, chemically, thermally or by any other method aiming at a
significant decrease in fermentation capacity of sludge and in the risks involved with its
use. The allowed conditions of application related to the weather, the heavy metal content
in sludge and in the soil, the slope, the method used and the distance to water and dwelling
among other parameters are described in detail.

The Commission report dating from 1999 states that few member states have a
high reuse rate of sludge. The prediction of a 40% increase of sludge production until 2005
induces the necessity for a renewal of the sludge disposal directive. Finally the European
Committee for Standardisation has set up a Technical Committee (TC3O8) for the
standardisation of methods applied to characterise sludges (European Environmental
Agency, 1997).

8.2.3. Environmental impact assessments

An environmental impact assessment (EIA) study can play an important role in the
decision making process of large sludge treatment projects. The EIA procedure is governed
by European (directive 85/337/EEC) and by national law. The goal of a is "to evaluate
systems [...] and to evaluate possible sites. The goal of the project EIA is to optimise the
project within stricter boundary conditions, such as the considered site, the local
infrastructure and the existing facilities" (European Environmental Agency, 1997).

All inputs and outputs of the alternative techniques should be considered
completely in terms of their environmental impacts. A problem may rise when the
information available on the various techniques is not readily comparable. However the
description of the alternatives should include reliable information on air and surface water
quality, soil and groundwater conditions, noise effects, ecological impacts, safety and
energy.

8.3. Economic balance for the producer of sludge pellets
This part is based on the experience of a full scale project by Muab, a company

producing sludge pellets sprayed with lime or ash as an alternative to depositing its sewage
sludge in a landfill. The company is owned by the municipality of Umea .

8.3.1. Description of the project of a large scale factory

As it is stated in the application for subsidies from the European Commission (see
Appendix 8), the aim of the project is " to install a full-scale prototype for a direct
pelletising sludge according to a new technique. The project will allow some development
work to adjust the technique to different sizes of sewage treatment works, to different
sludge quality and to different uses of the pellets. This project results in returning the
nutrients and humus of sewage to the natural cycle or alternatively in retrieval of the energy
content of sludge".

The establishment of the full-scale production is planned to last 4 to 5 years. As
described in Appendix 9 a small-scale experimental pellet drier will be installed the first
year and then a full-scale prototype will be installed and used for production of pellets for
three years. Parallel to this, research and dissemination of the information will take place.
Finally, an evaluation would tell if a full-scale factory can be considered.
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The overall cost of the project reaches 17 million SEK (Swedish crowns9), and
the distribution is detailed in tab. 7.

Table 7- Distribution of the cost for the establishment of a full-scale factory
producing sludge pellets (Modig, pers. coram.).

Task description
MANAGEMENT:
monitoring, meetings, reports

personnel
travel and subsistence

DISSEMINATION:
Building of network, internet site, workshop

personnel
travel and subsistence
external assistance
other

SMALL-SCALE EXPERIMENTAL
PRODUCTION:
Installation, control, evaluation

durable equipment
consumables

FULL-SCALE PROTOTYPE:
Installation, control, evaluation,
process of 16.000t/yr of municipal sludge

personnel
durable equipment
consumables

RESEARCH AND INVESTIGATION:
Energy balance, hygiene, adaptation

personnel
external assistance

Duration
36 months

30 months

6 months

30 months

18 months

Amount (SEK)
0,8 million

• • .

0,6 million
0,2 million
0,9 million

0,2 million
0,1 million
0,5 million
0,1 million
4,1 million

4 million
0,1 million

10,9 million

1,5 million
8,5 million
0,9 million
0,3 million

0,2 million
0,1 million

% of total cost
5%

5%

24%

64%

2%

8.3.2. Balance sheet of the production of Biopell pellets

Until now the prototype has been a success in the municipality of Umea. The
factory is now running on a full-scale production since 2000. In any case, sewage sludge
treatment is a cost for the municipality. Studies are constantly made in order to find new
methods which could limit this expense. If the costs for installation, personnel and durable
equipment are rather constant regardless of yield, production costs depend very much on
the amount of sludge treated. Now that the project has already been tested on a large scale,
the benefit of pelletising compared to landfilling increases with the amount of sewage
sludge treated (see tab. 8). At present Umea municipality is producing 16.000 tons sludge
per year, which corresponds to 45t sludge/day. The Biopell pilot plant has a capacity of
25t/day (about 9.000t/yr), i.e. about half the amount produced by the municipality.
However, the new facility, which is being built, will be able to take care of the whole
production.

9 For comparison we can mention that 1 SEK = 0,76 FF (Handelsbanken, Swebank, Forex, Dagens nyheter,
2000.07.20).
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Table 8- Estimate of the balance sheet of a Biopell production line running with
gas as energy source instead of landfilling sewage sludge (Modig, pers. comm.).

Amount of sludge treated in t fw/yr (t dw/yr)
RUNNING COSTS:
- Energy and lime
- Recovery of hygienising lime
- Repair and maintenance
- Personnel

SAVINGS:
- Landfilling costs
- Transport to landfill
- Landfilling tax
REDEMPTION AND CAPITAL:
Buildings (20 yrs annual instalment)
Machines (10 yrs annual instalment)
SAVINGS COMPARED TO LANDFILLING

Cost (SEK/t)
3000(750)

-324 (-1.296)
-167

26
-83

-100

i 500(2.000)
200

50
250

^ - 2 4 8 (-992)
-93

-155

-73 (-292)

Cost (SEK/t)
5000(1250)

-261 (-1.044)
-167

26
-60
-60

500(2.000)
200

50
250

-229C-916)
-82

-147

10 (40)

Cost (SEK/t)
10.000(2500)

-206 (-824)
-167

26
-35
-30

500(2.000)
200

50
250

-142 (-568)
-53
-89

152 (608)

INVESTMENT (estimation)
PAY-BACK TIME (yrs)

2.667 (10.668)

15,2
2.000 (8.000)

8,4
1.250 (5.000)

4,3

In the case of a production line running with gas, it is not economically relevant to
build a factory treating only 3000t of sludge per year, but the advantage is obvious as the
yield reaches 5000t/year. The benefit of Biopell method is even bigger when the energy
source is biogas coming from the sludges own anaerobic process. Then even a small-scale
factory like the one which is being built in Lycksele would gain from it (see tab. 9).
Lycksele will be able to treat 7 to 8 t/day of sludge, so about 2500 to 3000t/yr.

Table 9- Estimate of the balance sheet of a Biopell production line running with
biogas as energy source instead of landfilling sewage sludge (Modig, pers. comm.).

Amount of sludge treated in t/yr (t dw/yr)
RUNNING COSTS:
- Energy and lime
- Recovery of hygienising lime
- Repair and maintenance
- Personnel

SAVINGS:
- Landfilling costs
- Transport to landfill
- Landfilling tax
REDEMPTION AND CAPITAL:
Buildings (20 yrs annual instalment)
Machines (10 yrs annual instalment)
SAVINGS COMPARED TO LANDFILLING

Cost (SEK/t)
3000(750)
-224 (-896)

-67
26

-83
-100

500(2.000)
200

50
250

-248 (-992)
-93

-155

27 (108)

Cost (SEK/t)
5000(1.250)
-161 (-644)

-67
26

-60
-60

500(2.000)
200

50
250

-229 (-916)
-82

-147

110 (440)

Cost (SEK/t)
10.000 (2.500)

-106 (-424)
-67
26

-35
-30

500(2.000)
200

50
250

-142 (-568)
-53
-89

252 (1.008)

INVESTMENT (estimation)
PAY-BACK TIME (yrs)

2.667(10.668)

9,7
2.000 (8.000)

5,9
1.250(5.000)

3,2
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There are some possibilities that this product would give some income to the
treatment plant. In fact, when sludge pellets are applied on land, their fertiliser value is as
high as 600SEKA. As an alternative use, sludge pellets can be involved in the production of
heat. In that case they have an energetic value of 3000-4000kWh/t, at the price of
106re/kWh. Thus when, for any reason, it is not possible to find any use for pelletised
sludge in nature, it can be used in heat production, and it can create an income of 300-
400SEK/t (Biopell Teknik AB, 2000).

8.3.3. Comparison with alternative treatments

Forestland application is the second most preferred sludge management alternative
(see fig. 9). Incineration is most preferred only because of the perceived human health
protection it offers. When the public becomes aware of the major health, environmental,
and economic limitations inherent in sludge incineration, forestland application will
become an increasingly attractive option (Hart et al, 1988)

Figure 9- Public preference for sludge management (Gigliotti and Peyton, 1986).

Incineration Forest Landfill Ajricultural No
application application opinion

The costs of sludge disposal vary greatly depending on local conditions and on the
size of the treatment facility. The European Environmental Agency (1997) estimated the
treatment costs of the different ways of sludge disposal (see tab. 10). Those costs do not
include transportation and dewatering, nor any other pre-treatment (aerobic or anaerobic
stabilisation) of the sludge. Sludge pelletising costs can be reduced down to 400SEK/t dw
when sludge is processed in a plant with high capacity and having biogas as energy source.
It is very clearly the most cost-effective way of disposal, and will even become more
valuable if it can be used as fertiliser or as a heat source.

1997).
Table 10- Treatment costs per ton dry matter (European Environmental Agency,

Treatment
Utilisation in agriculture/forestry

Composting
Drying

Incineration1'
Landfilling

Cost (SEK/t dw)10

650 -1740
1090-2610
1310-3480
1960-3480
870-2610

10 The costs were estimated with the assumption that 1 SEK = 0,23 DEM (Handelsbanken, Swebank, Forex,
Dagens nyheter, 2000.07.20).
11 Lower commercial prices when paying marginal prices for sludge incineration at waste incineration plants.
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8.4. Economic balance for the forest manager using sludge pellets
The economic justification for applying sludge on land has most often been

addressed in management planning as a least-cost alternative when compared to traditional
options such as landfilling, which do not beneficially recycle nutrients contained in sludge.

The economic feasibility of an application program in the forest depends on the
values that might be derived minus the cost of the operation. In forest, these values added
are measured by the quantity and the quality of the wood produced due to the sludge
application. The balance must then be calculated, and if it is positive, sludge application is
economically relevant.

8.4.1. Cost of land application

The four categories of land application costs are: administrative, sludge
preparation, site management and transportation, application and incorporation (Benzel
and Stewart, 1994).

8.4.1.1. Administrative costs
There are two sorts of administrative costs. One concerns the project management

i.e. the development and regulatory approval of a management plan. The other one deals
with the sampling and analysis of soils and, if required, the post application monitoring of
soils and groundwater. If artificial fertilisation is already being used, then a shift to sludge
fertilisation should not create much extra management costs. Public education can be
considered an administrative cost. It is in a sense cost-effective because it reduces public
and local government opposition, reduces any negative impacts of problems when they
arise, and avoids the need for defensive public relations (Benzel and Stewart, 1994).

Public information might be very relevant in some cases, but the costs vary very
much depending on factors such as the current level of information available on the
subject, the profile of the public or the pressure from consumer groups. Part of the public
information costs are covered by the policy of the manufacturer (see part 8.2.1.,
Dissemination of the information), but it could be a good environmental policy to develop
the sources of information about sludge pellets fertilisation. In this perspective the forest
manager could organise some public education by means of for instance school excursions,
conferences in universities or waste and nature related organisations. Because they are
highly variable these costs were not considered in our estimation.

8.4.1.2. Product- and site related costs
In our case, the manufacturer supports the cost for the preparation of the sludge

and the product is available ready-to-use.
The preparation of the site includes costs for removing stumps, trees or rocks as

required to provide access for vehicle or facilitate the application. In stands of
unmerchantable trees, access trail development may be a net cost to the land manager.
However, if we follow the indications of Bayes et al. (1989) sludge application would
correspond to periods when the forest soil is nude or when access tracks have already been
opened up for thinning. Extraction racks are usually separated by 12-20m intervals (Bayes
et al., 1989), which allows spreading of sludge pellets by normal manure-type spreaders
covering 15m (Henry et al., 1986). Therefore no extra cost should be generated. Benzel
and Stewart (1984) also mention the expenses for the adjustment of pH but it is in our case
not relevant on the majority of soils since we add ash or lime with the sludge, which raises
the pH.
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The transportation expenses include the loading and transport of residuals to the
application site (Benzel and Stewart, 1994). White (1979) suggests that the transport can be
done with a large dump truck or trailer. The application can be made with a spreader
mounted on a truck or pulled by a tractor.

Is it still rather unclear who should cover the costs for sludge transportation and
sludge application. When the principal of "who pollutes pays" described by Barnier's Law
on 1995, February 2nd, is applied we can expect that transportation costs, and possibly the
application costs, would be paid by the sludge generator. In that case, the economic
benefits of sludge fertilisation in the forest are apparent to the land manager. This cost
distribution might change if legislation takes into account the possible income created by
sludge used as a fertilisation or in heat production.

The average cost for forest application is 1 .OOOSEK/t, when 0,5t/ha is applied, but
when the dosage increases the costs decreases. For example 2-4t/ha wood ash or lime are
applied for 200-300SEKA (Malm, pers. comm.). In our case, if 18t/ha of pellets are applied
(as discussed in part 8.4.2.2.) for lOOSEK/t, the spreading cost would be 1.800SEK/ha.
Transportation costs depend very much on the distance between sewage plant, storage
place and application place. They are therefore not estimated in this study.

8.4.2. Gains obtained with sludge application
8.4.2.1. The enhanced tree growth brings an extra income

As mentioned earlier (in part 3.5.1.) there is a great deal of variation in growth
response after sludge application. The results depend on many parameters such as tree
species, stand age, soil properties, sludge preparation, etc. After sludge fertilisation we
expect to see a shift in some wood properties. Clearly, the accelerated rate of growth will
increase the log diameter and thus the grade of sawlogs. Where trees are grown for biomass
or woodpulp, changes in wood quality may not be an issue (Cole and Henry, 1986).

8.4.2.2. Estimation of the extra income
Sludge pelletisation is a very new technique, which is only used in Sweden for a

couple of years. It has never been used for forest fertilisation except for some research
areas. This price estimation will therefore be based on rough assumptions, and further
research would be required in order to establish more accurate results.

Calculations are made on two average stands of Northern Sweden. The first stand
(index G20) is planted with Norway spruce (Picea abies), trees are ready to be harvested
about 125 years, with a diameter of 23cm and the harvested volume is 290m3/ha
(Skogsstyrelsen, 1989). The index G20 corresponds to a 3,2nrVh/yr growth increase, which
was the average growth in Vasterbotten during the period 1989-1993 (Skogsstyrelsen,
1996). The second stand (index T20) is planted with Scots pine (Pinus sylvestris),
harvested after 125 years when the trees have a diameter of 24cm and the harvested volume
is about 260m3/ha (Skogsstyrelsen, 1989). Index T20 corresponds to a growth increase of
3,lm3/ha/yr.

According to Nohrstedt (1993), repeated doses of sludge can be applied,
accumulating up to 800kg N/ha during a tree generation in Swedish conditions. This
corresponds to 37t dw/ha of pellets, with an average pellet nitrogen content of 2,12%.
Wells et al. (1984) suggested that a sludge application of 400kg N/ha on pine gave 40%
extra growth. It is said that needles have a lifecycle of several years, and therefore the
growth increase resulting from one application of artificial fertiliser would last for 8-10
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years (Malm, 1992). Since smaller pellet doses could favour timber assortments in forests
stands which are reaching the end of the rotation (Magnusson and Hanell, unpubl.), I
assumed 2 applications of 18t dw/ha of pelletised sludge at the age 105 and 115. 40%
increment during 20 years corresponds to +6,4% extra growth over the whole rotation.
Harvested volume on the pine stand would thus increase of 16,64m3/ha.

In Sweden, 64% of the conifer wood harvested in 1996 was directed to timber
production, and 36% was pulpwood (Fridman, 1997). However, the late application should
have favoured timber production, so I assumed that 70% of the extra increment would be
timber and 30% would be pulpwood, which corresponds to 11,6 and 5,0m3/ha of timber
and pulpwood respectively. This is a high assumption, but it is not irrelevant since land
managers would probably mostly fertilise good stands. Finally, by the average price over
the last five years (Skogsstyrelsen, 2000) was 416,4 and 219,8SEK/m3 for pine timber and
pine pulpwood respectively, which corresponds to a total extra income of approximately
5.920SEK/ha on the pine stand.

The same estimation made on the Norway spruce stand would give a extra
income of approximately 1.750 SEK/ha, with average prices of 343,2 and 236,8SEK/m3

for timber and pulpwood respectively.

8.4.2.3. Wildlife response influences recreational value
Several authors noticed at least some change in the plant communities after sludge

application (Hart et al., 1988; Haufler and West, 1986). For example changes are possible
through the introduction of new species from seeds contained in the sludge, or from shifts
in competition of plant species favoured by nutrient enrichment (Haufler and West, 1986).

Haufler and West (1986) found little accumulation of metals in animal tissues
following sludge application. The concentrations tended to be low in herbivores and
granivore-omnivores, but they could be higher in insectivores. According to them no
problem have been noticed using municipal sewage sludge from areas not supporting major
industrial complexes.

According to Haufler and West (1986), sludge will increase the quantity and the
quality of forages for herbivores. Animal species favoured by greater quantities of ground-
level vegetation will increase in numbers. Campa et al. (1986) noticed that browsing by
white-tailed deer (Odocoileus virginianus) and elk (Cervus elaphus canadensis) in North
America increased significantly on sludge-fertilised areas in response to improved forage
quality, higher cover density, and greater ease of movement along access trails.
Nevertheless browsing populations should be kept at a certain level to avoid severe
damages on seedlings in clear cuts.

The influence of sludge on wildlife will affect, and most probably improve, the
recreational value of the forest. In areas where hunt is allowed, the forest manager could
get an extra income by increased herbivorous population. However, it seems that moose
hunters are not always willing to increase amount of game hunted or to sell part of their
hunt to foreigners (Cluer, pers. comm.).
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8.4.2.4. Degraded sites
Two facts are central in the economic analysis of degraded sites. First of all stands

situated on this type of sites will probably never reach merchantable size without the
addition of fertiliser or sludge. Secondly Berry (1986) noticed that tress on plots receiving
17 to 34t/ha of sludge had grown as well or better than trees on the best nearby undisturbed
sites. Thus sludge-amended sites will be as productive as the best adjacent sites, whereas
without the addition of sludge or fertiliser the yield will be extremely low (Berry, 1986).

8.5. Conclusions
The regulations concerning water quality and waste treatment is becoming stricter,

generating new dispositions in European countries. Research and legislation will probably
lead to very restricted use of sludge in the future. From the municipalities point of view
sludge pelletisation seems to be a technique particularly cost-effective, which would
change sludge disposal costs into a potential income. At present it is still rather difficult to
determine whether sludge pellets fertilisation on forests could be economically relevant. It
looks like some extra income would be possible on pine stand even if the land manager has
to pay for the application costs. If the sludge generator covers both transportation and
application costs, the land manger would get benefit on sludge and pine stands. The
recreational value of the forest would also probably be improved by sludge application, but
this increase might not be translated into any direct income.
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9. Overall conclusion

According to these results the higher net N mineralisation rates in pellets appears
to be related to sludge properties. Sludge preliminary heat treatment and time for nitrifiers
recolonisation might explain the low level of nitrification in the pellets. It is probable that
nitrifier population growth would be slow on the pellets in the field as well. Moreover,
unless the pH decrease after spreading of pellets on the forest floor is very rapid, which is
not so likely, then these results indicate that there is a major risk of losing much of the
mineralised N to the atmosphere. The major route for these losses is believed to be
ammonia volatilisation. This is valid for all pellets/granules in the present study, and raise
the question if the possible advantages of mixing ash/lime with sewage sludge would not
be completely outweighed by serious disadvantages.

It appears quite clearly that sewage sludge pelletisation is a good process for
sludge disposal, but it is still unsure whether the forest managers would also gain enough
from the utilisation of sludge pellets as fertiliser. At present sludge application, especially
in pelletised form, is still in its infancy, but future advancements can be expected, as
research intensifies and legislation becomes more specific.
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11. Appendix
11.1 Appendix 1: Nitrogen in precipitations over Middle Sweden
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11.2 Appendix 2: Map of the pH in the B horizon in Sweden
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11.3 Appendix 3: Map of the lakes and watercourses limed in Sweden
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11.4 Appendix 4: pH of a soil profile in normal and acidified conditions
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(0 horizon)
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>5.5 <5.5

Source: Naturvardsverket
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11.5 Appendix 5: Application notes from Teeator

Extract from the application note ASN 50-06/91 for NH4-N analysis

Method:

R2

nn

The aqueous sample is injected into a carrier stream and mixed with Sodium
Hydroxide containing Sodium Citrate to complex Magnesium and Calcium in the sample.
The joint stream passes along a PTFE membrane in a gas diffusion cell. The Ammonia gas
diffuses through the membrane into an indicator stream. The resulting colour change of the
indicator is measured at 590nm.

Extract from the application note ASN 110-01/92 for NO3-N and NO2-N analysis

Method

40/200 wl

3O/0.5 Cadmium
colunn

30/0.5 60/0.5

V

540 nm

The aqueous sample containing Nitrate/Nitrite is injected into a carrier stream
which is merged with a second buffered carrier stream. The Nitrate is reduced to Nitrite in
a cadmium reductor. On the addition of acidic sulphamilamide a diazo compound is
formed, which then reacts with N-(l-Naphtyl)-ethylene-diamine dihydrochloride provided
from a second reagent stream. A purple azo dye is formed and the colour intensity is
measured spectrophotometrically at 540nm.

11.6 Appendix 6: Original data (next p_agej
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Fresh weight (g)
WkO
Wk3
Wk8

Dry weight (%)
WkO
Wk3
Wk8

Loss on ignition
(%)

PH
WkO
Wk3
Wk8

Total Carbon (%)
WkO
Wk3
Wk8

Total nitrogen(%)
WkO
Wk3
Wk8

NO3-N
(mg/lOOg pel)

WkO
Wk3
Wk8

NH4-N
(mg/lOOg pel)

WkO
Wk3
Wk8

AS-AI

11,08 ±0,05
11,03 ±0,01
10,97 ±0,03

49,24 ±0,10
44,90 ± 0,95
43,89 ± 2,25

42,00 ±1,36

8,33 ± 0,04
8,32 ± 0,02
8,07 ± 0,04

26,39 ± 1,62
23,26 ± 0,94
20,88 ± 1,12

2,10 ±0,16
1,96 ±0,16
1,68 ±0,15

0,03 ± 0,06
-0,59 ± 0,02
-0,72 ± 0,05

90,48 ± 15,95
376,40 ± 93,54
289,06 ±90,15

AS-AII

11,07 ±0,03
11,06 ±0,01
10,94 ±0,04

47,99 ±0,11
40,21 ±0,61
43,29 ± 1,61

62,85 ± 0,48

7,83 ± 0,06
8,12 ±0,01
7,72 ±0,01

38,58 ±0,57
35,55 ±0,05
35,10 ±0,20

2,32 ± 0,03
2,57 ± 0,00
2,65 ± 0,08

0,18 ±0,04
25,02 ± 20,43

154,21 ± 104,56

139,21 ±30,99
252,56 ± 53,56

69,14 ±60,79

S-A

7,68 ±0,17
7,52 ± 0,02
7,46 ± 0,02

46,14 ± 1,06
41,69 ±3,23
44,51 ±3,97

53,51 ±n.a.

8,34 ± 0,04
8,24 ± 0,03
8,03 ± 0,04

32,83 ± 0,20
28,13 ±0,48
25,67 ± 0,64

2,67 ± 0,05
2,25 ± 0,07
2,14 ±0,07

0,14 ± 0,11
-0,91 ±0,08

23,73 ± 20,55

58,23 ±11,37
647,64 ±104,72

170,15 ±44,00

S-LI and II

11,42 ±0,09
10,38 ±0,02
10,21 ±0,04

44,65 ± 1,13
40,03 ± 1,02
41,20 ± 1,12

58,71 ± 1,27

7,67 ± 0,05
8,06 ± 0,05
7,38 ± 0,06

34,18 ±0,64
28,67 ± 0,72
27,20 ± 0,45

2,83 ±0,11
2,54 ±0,10
2,48 ± 0,07

-0,01 ±0,11
18,26 ±18,38
61,39 ±47,29

105,94 ±14,12
858,53 ± 77,72

553,11 ±113,59

AS

11,55 ±0,03
9,91 ±0,03

10,46 ±0,08

46,17 ±0,37
50,26 ±0,31
46,56 ±1,37

42,96 ± n.a.

8,74 ±0,13
8,29 ± 0,02
8,15 ±0,01

24,66 ± 0,26
22,62 ±0,21
21,56 ±0,48

1,43 ±0,02
1,45 ±0,05
1,48 ±0,05

-0,07 ± 0,03
2,64 ± 0,53

85,82 ±51,62

31,39 ±6,47
41,84 ±12,03

3,96 ±3,21

LS

11,46 ±0,05
11,49 ±0,03
10,44 ±0,11

46,67 ± 0,35
41,19 ±1,67
48,35 ±1,81

46,97 ± n.a.

7,70 ± 0,07
8,06 ±0,01
7,67 ± 0,02

27,70 ± 0,23
25,08 ±0,31
23,74 ±0,24

1,71 ±0,02
1,95 ±0,02
2,02 ± 0,04

0,19 ±0,10
7,18 ±2,60

250,55 ± 38,33

263,21 ±1,46
287,24 ± 23,24

0,10 ±1,25

S

12,01 ±0,04
11,92 ±0,02
11,13 ±0,05

44,06 ±0,14
36,86 ± 1,65
43,42 ± 0,50

60,78 ± n.a.

7,71 ±0,03
7,95 ± 0,05
7,52 ± 0,05

33,58 ±0,18
30,48 ±0,19
28,44 ± 0,61

2,37 ± 0,09
2,61 ±0,03
2,50 ± 0,08

0,32 ±0,21
13,43 ±6,87

261,37 ±30,72

378,22 ± 3,59
408,88 ± 37,77

9,16 ±4,48

Inoculum

1,81 ±0,02
1,80 ±0,00
1,76 ±0,03

34,24 ± 0,26
26,89 ± 0,89
38,08 ±1,08

71,32 ± n.a.

3,63 ±0,01
3,62 ± 0,03
3,64 ± 0,03

38,14 ±0,32
38,00 ±0,41
36,94 ± 0,22

1,93 ±0,01
1,90 ±0,01
1,85 ±0,01

n.a.
n.a.
n.a.

n.a.
n.a.
n.a.

n.a.: non available



11.7 Appendix 7: Elemental analysis after (HNOT +HCIO4 + HF) digestion of
pellets/granules

All measurements are expressed in mg/kg.

A127
As 75
B l l
Bal37
Be 9
Bi209
Ca44
Cdl l l
Co 59
Cr52
Csl33
Cu63
Fe57
H&202
K39
Li 7
Mg25
Mn55
Mo 98
Na23
Ni60
P31
Pb208
Rb85
S34
Sbl21
Se82
Si 28
Sn 118
Sr88
Ti47
U238
V51
Zn66
Zr90

AS-AI
31000

12,7
4,03
668
0,80
0,55

84200
6,08
6,96
50,9
1,42
64,6

68400
3,57

21000
7,54
6490
3440

4
820O
34,7

2490O
56,4
93,2
5490
4,21

2,7
41,4
45,9
165

1510
1,46

22
699
32,5

AS-AII
9400
3,87
1,65
195

0,27
0,37

82000
0,937

3,71
24,2

0,476
64,6

68400
3,57

10600
2,26
3920
1130

2
985
18,5

25200
13,2
41,1
3440
0,98
1,41
42,7
67,7
66,5
1030
0,61
8,03
257
15,5

S-LI and II
12450

5,95
0,846

163
0,72
0,41

97750
1,61
4,47
28,3

0,414
57,2

82400
3,05
4380
3,14
3050

154
170
917

27,2
19050

23,0
14,2

3215
1,0

1,54
33,9
52,6
46,5
9,64
0,98
15,8
318
19,3

AS
41900

8,72
1,31
343
1,05
0,40

110000
1,24
5,13
55,1

0,394
123

27800
3,32

13300
7,15

2040
185

7
3340
31,7
8940
46,7
33,2

4400
1,32
2,82
80,9
30,2
80,3
1020
16,5
26,6
372

36,5

S
49100

6,31
0,952

311
0,51
0,48

34300
1,3

3,73
61,2

0,381
178

22300
4,92

10000
3,44
1500

122
4

2730
27,8

22700
65,5
26,6

2970
1,65
1,54

36
39,1
29,2
718
5,68
11,7
532

29,2

Inoculum
17800

4,8
1,54
153

0,37
0,32

110O0
0,56
1,14
18,5

0,815
9,69

10500
1,45

8010
1,6

1310
69

1
4050
9,58
1240
46,5
24,7

2330
0,75

1,3
34,1
6,4
31

837
0,84
13,8

91
28,6
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11.8 Appendix 8; Aim of the European project for the pilot plant in Umea

Extract of the proposal summary

Aim of the project and results foreseen
The aim of the project is to install a full-scale prototype for direct-pelletizing

sludge according to a new technique. The project will allow some development work to
adjust the technique to different sizes of sewage treatment works, to different sludge
quality and to different uses of the pellets. This project results in returning the nutrients and
humus of sewage to the natural cycle or alternatively in retrieval of the energy content of
sludge.

Concise technical description of the project
This project concerns recycling for use as fertiliser in agriculture. The non-

recycling sewage sludge is a waste of resources and the deposition of this waste creates
huge environmental problems in Europe and most other parts of the world.

Sludge from sewage treatment works has a water content of between 70-80%. To
reduce the water content below this level with mechanical means has proved to be
impossible as most of the water is bound in cells or slime substances. Previous attempts to
direct-pelletize sludge has failed due to the fact that the sludge is very sticky which causes
the pellets to stick together in large lumps. These lumps, of different sizes re almost
impossible to dry to a water content which makes them storable.

Storability (low water content), spreadability (pellet shape) and sterility (sludge
dried at high temperature) are key factors for making it possible to recycle the sludge.

With a new and patented technique to direct-pelletize sludge (KL-method),
pellets are continuously sprayed with lime powder when they are emerging from the
extruder die. This has the surprising effect that the pellets prevents the pellets from sticking
together during the whole process. This makes it possible to dry the pellets down to a water
content of 12-15%.

With the new technique of direct-pelletizing sludge many advantages are
achieved. The end product contains all the nutrients and organic materials, but the
unpleasant smell is removed. Due to the drying process at thigh temperature the product
becomes sterile. The dry pellets are as easy to spread as commercial fertilisers. The pellets
are storable without any inconvenient or environmental problems.

During the period 1992-1995, intensive development work was undertaken in the
sewage treatment works in Umea with the objective of achieving a reliable method of
pelletizing sludge. This research and development works has resulted in the construction of
a small scale experimental machine to trial production of sludge pellets. This machine has
been in operation daily and has produced pellets with high reliability.

The aim of the project is to install a full-scale prototype plant for direct pelletizing
of sludge. With this process the approximately 16000tons of sludge produced in Umea
sewage treatment works per year can be recycled to be used, for example, for agricultural
purposes instead of as happens today being deposited at refuse tips at high cot and huge
environmental risks.

With the installation of a full-scale prototype plant, it will become possible to
disseminate this new technique to other sewage treatment works in Europe and other parts
of the world. The project will allow some development work to adjust the technique to
different sizes of sewage treatment works. To different sludge qualities and to different
uses of the pellets. A dissemination and education program for authorities and consumer
groups will also be carried out to increase information and awareness of recycling of
sludge for agricultural purposes.
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The installation and monitoring of such a prototype would place Europe at the
front of sludge recycling. This project would make a crucial and important contribution to
meeting the objectives of Agenda 21 and would assist to the implementation of the
Community environmental policy.

11.9 Appendix 9: Phases of the project for the pilot plant in Umea

Extract of the technical description of the project proposal

Task
* Preparation work (1992-1995)
* Planning (spring 1996)
1. Small-scale experimental pellet

dryer:
* Installation
# Drift and control
* Evaluation
2. Full-scale prototype:
# Planning
* Installation
* Drift, measurements and control
* Evaluation
3. Research and investigation:
* Investigation (prototype)
* Investigation (product)
* Evaluation
4. Dissemination and education:
* Video
* Internet
* Publications
* Workshops, study visits

1996

—

—

1997

—

1998 1999
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