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Preface

In Norway, as in many other industrialised countries, animal manure is one of the most important
sources of secondary phosphorus. In the project “Nutrients in a Circular Bioeconomy: Barriers and
Opportunities for Mineral Phosphorus Independence in Norway (Mind-P)” we therefore explore
possibilities to better utilise phosphorus in manure in addition to phosphorus in fish sludge from
aquaculture in 5 different work packages (WP).

WP 1is dedicated to project management.

In WP 2 we conduct systems analysis to identify the largest system-wide opportunities for phosphorus
recycling in Norway based on geographical resolution.

In WP 3 we identify barriers and opportunities related to phosphorus recycling.

In WP 4, we develop scenarios and pathways for improved phosphorus recycling and mineral
phosphorus independence in Norway.

WP 5 is dedicated to communication and outreach.

The project is led by Prof. Daniel Miiller/NTNU and is a cooperation with NIBIO and DTU, as well as
an advisory board with representatives from public authorities, industry and interest organisations.
The project is running for 3 years (9/2017 — 3/2020) and funded by the BIONAR programme of The
Research Council of Norway.

This report has been produced as part of WP 3.1 Secondary Resources for Agriculture Use.

As, 26.06.18
Eva Brod
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1 Introduction

In many industrialised countries, increasingly specialised agricultural production has over time
resulted in pronounced phosphorus overloads in livestock-intensive areas and in phosphorus deficits
in crop production areas. In livestock-intensive areas, phosphorus in animal manure is often applied
in excess of crop requirements and excess phosphorus is hence accumulating in agricultural soil,
posing a risk of eutrophication of fresh waters following run-off and soil erosion. At the same time,
phosphorus is imported to crop production areas, mainly as mineral fertilisers. Despite rock
phosphate being a limited resource, phosphorus in manure is currently poorly managed and utilised.

In Norway, livestock density is highest in the Western part of the country with the highest density in
the Rogaland county, and there is a clear and visible relationship between livestock density and the soil
phosphorus status in most counties of Norway (Figure 1).

Livestock density Soil P status
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Figure 1. Relationship between livestock density (left) and soil phosphorus status (right) in Norway (Bechmann 2014).
Soil phosphorus status is expressed as mg P-AL/100g, the Norwegian standard soil test where phosphorus is
extracted with 0.1 M ammonium lactate and 0.4 acetic acid adjusted to pH 3.75.

Hamilton et al. (2017) have shown that manure alone could fulfil the Norwegian demand for
phosphorus fertiliser. The yearly demand for phosphorus fertiliser was estimated to be 5800 ton year
when taking the existing plant-available soil phosphorus into consideration. Approximately 8400 ton
phosphorus year is applied as mineral fertiliser to agricultural land, in comparison to manure
representing an estimated phosphorus amount of 12,000 ton year-* (Hamilton et al. 2016). Still, the
current total phosphorus accumulation in soil of 12,000 ton yr is probably mainly due to over-
application of manure in livestock-dense areas.

Transportation of manure from livestock dense areas to phosphorus deficient areas is one of the
options to improve the utilisation of phosphorus in manure. However, since the water content in
untreated cattle and swine manure is very high (4-8% and 8% dry matter on average, Daugstad et al.
2012), transportation of untreated manure over long distances is energy- and cost-intensive. There are
different treatment technologies available to concentrate and separate nutrients in animal manure,
including chemical, mechanical and biological technologies or a combination of these. The phosphorus
fertilisation effect of untreated cattle and swine manure is usually assumed to be equally good as the
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fertilisation effect of mineral fertiliser (e.g. Larsen 1981; Tunney and Pommel 1987). Efficient
phosphorus recycling requires therefore that concentrating and separating nutrients in manure into
new recycling fertilisers does not reduce its high phosphorus fertilisation effect.

Even though treatment technologies for concentrating nutrients in manure have been under
development for quite some time, e.g. in the Netherlands and Denmark, suitable treatment
technologies have not yet been implemented on a large scale in Norway. The Norwegian fertiliser
regulation is currently under revision, and the coming regulation is expected to impose further
restrictions of phosphorus application rates per unit soil area to counteract the effect shown in Figure 1
(Norwegian Agriculture Agency 2018). Stricter regulations on phosphorus application rates per unit
area will most likely encourage the development and application of transportable manure-based
fertiliser products also in Norway.

The aim of this report is to review the main treatment technologies available for concentrating
nutrients in animal manure, and to explore their effect on the phosphorus fertilisation effect of the
produced manure-based recycling fertilisers as described in the literature. A comparison of the
different treatment technologies in terms of operation costs or applicability to the Norwegian farm
scale is not included in the report. We have chosen to focus on treatment technologies for cattle and
swine slurry. Chicken manure has a naturally high dry matter content (33-50% dry matter, Daugstad
et al. 2012). The same is the case for cattle and swine manure that is mixed with straw in-house (20%
dry matter, Tveitnes et al. 1993).

6 NIBIO REPORT 4 (91)



2 Treatment technologies

During manure treatment and upgrading, as a first step, liquid manure is usually separated in a solid
and a liquid fraction (see chapter 2.1). During solid-liquid separation, most of the phosphorus and
organic nitrogen is commonly following the solid phase, whereas mineral nitrogen and potassium is
mainly following the liquid phase. The liquid fraction is therefore well suited for direct application on
fields in livestock-dense areas, where soil phosphorus statuses commonly are high. Also the solid
fraction can be utilised directly e.g. after transportation to agricultural areas in need of phosphorus
fertiliser, or further be treated by the treatment technologies described in chapter 2.2. Also solid
manure (manure which is mixed with straw in-house) can be upgraded by treatment technologies
presented in chapter 2.2.

2.1 Solid-liquid separation

The different mechanical treatment technologies to separate manure in a solid and liquid fraction
include sedimentation, centrifugation, filtration without and filtration with pressure (Christensen et al.
2013).

Sedimentation is a rather cheap and simple technology to increase the dry matter contents of
manure (Christensen et al. 2013). Sedimentation tanks have a conical shape. Manure is added batch by
batch or continuously, the dry matter is settling by gravity, and the solids are removed from the
bottom of the settling tanks. The dry matter content of the solid fraction is varying with the dry matter
content of the manure. Approximately 55-57% of the dry matter in the original raw slurry will be
collected in the solid fraction (separation index), and 41-57% of total phosphorus in the original raw
slurry will be collected in the solid fraction. The dry matter content of the solid fraction is increasing
with increasing sedimentation time.

Centrifugation is the most efficient mechanical treatment technology for separating dry matter and
phosphorus in raw slurry in a solid and liquid fraction (Christensen et al. 2013). By increasing the
gravitational force, settling time to achieve a satisfactory separation efficiency can be shortened and
small particles can be removed that would not settle otherwise. The separation index of centrifugation
is therefore somewhat higher compared with sedimentation, both for dry matter (60-63%) and total
phosphorus (69-73%). At the same time, centrifugation results in a liquid fraction with a nearly ideal
N:P:K ratio compared to crop demands for both cattle- and swine manure (Mgller et al. 2007a). The
downside of centrifugation is that both investment and operating costs are usually higher compared
with simpler separation techniques.

Filtration without pressure comprises separation techniques that utilise screens or filters to drain
the liquid fraction by gravity and retain the solid fraction (Christensen et al. 2013). The solid fraction is
continuously removed by a belt separator. Filtration without external pressure results in 42-47% of the
dry matter and 30-40% of the phosphorus in the original raw slurry ending up in the solid fraction.
Similar to sedimentation, the dry matter content of the solid fraction is increasing with increasing
drainage time.

Filtration with pressure is an attempt to increase the dry matter content in the solid fraction
compared with filtration without external pressure (Christensen et al. 2013). Use of screw presses and
press augers are examples for filtration with pressure. The dry matter content of the solid fraction is
increased compared with filtration without pressure by compression of the cake. Even though the dry
matter content of the solid fraction can be increased, the separation index for both dry matter and
total phosphorus is decreasing (average separation index 35-38% and 14-20%, respectively), as small
particles with particulate phosphorus are forced through the filter with pressure. Filtration with
pressure is therefore the least efficient technique for separating phosphorus. Most of the phosphorus
ends therefore up in the liquid fraction together with nitrogen and potassium. The advantages of
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filtration with pressure are a solid fraction with a high dry matter content and relatively quick
separation.

In general, the separation efficiency of mechanical separators for removal of dry matter and
phosphorus is ranked as follows: Centrifugation > sedimentation > filtration > pressurized filtration
(e.g. Mgller et al. 2007b; Hjorth et al. 2010).

Chemical pre-treatment with a flocculant or coagulant before mechanical separation can improve
separation efficiencies significantly. Flocculants enhance the formation of aggregates of suspended
solids and colloids, thus accelerating the settling of the smallest particles. There is a large variety of
flocculants and coagulants. High-molecular weight, linear cationic polymers with a medium charge
density (20-40 mol%) were found to be the most efficient flocculants to be used before mechanical
solid-liquid separation of manure (Hjorth et al. 2010). In the study of Popovic et al. (2012), the highest
separation indexes were achieved for polymer flocculation combined with drainage or ozonation
combined with centrifugation. Up to 86% of the phosphorus originally contained in pig slurry can in
theory be concentrated in the fibrous solid fraction, depending on the separation technique used
(Popovic et al. 2012).

Growing (micro-)algae in liquid manure is another option to concentrate nutrients before further
treatment (e.g. Mulbry et al. 2005; Franchino et al. 2016), however studies on this biological treatment
process are still very few and the process and its effect on phosphorus availability is therefore not
further elaborated in this report.

Electrocoagulation seems to be a promising technique to pre-treat manure before mechanical
separation and to improve its settling properties (Zhang et al. 2018). Due to very few studies on the
application of electrocoagulation on manure samples, this technology and its effect on the plant-
availability of phosphorus in final products is not further elaborated in this report.

2.2 Upgrading of solid manure, or solid and liquid fractions of
manure after mechanical separation

Following solid-liquid separation, unless utilised directly, the solid and liquid manure fractions can be
treated and upgraded by a range of different technologies. Figure 2 gives an overview over the main
technologies. In general, the different technologies can result in:

e Low technology products (e.g. organic fertiliser, compost amendment), or

¢ high technology products (e.g. mineral fertiliser products based on manure).

Short descriptions of the main technologies are given under in the sub-chapters of chapter 4
“Phosphorus fertilisation effects of manure-based recycling fertilisers”. For a detailed description and
review of the various treatment technologies, the reader is referred to Jensen (2013).
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Figure 2. Schematic overview over possibilities to treat manure in order to upgrade recovered nutrients in recycling
fertilisers (adapted according to Jensen 2013)

2.3 Anaerobic digestion

Even though anaerobic digestion is not a treatment technology, which can be used for concentrating
nutrients in manure, it is mentioned here as it can affect the plant-availability of phosphorus in
manure and manure-based recycling fertilisers (see chapter 4.4).

Animal manures are a considerable source of greenhouse gas emissions, mainly in the form of
methane (CH,4) and nitrous oxide (N=0) being formed through microbial activity during storage and
application. Anaerobic digestion of animal manure is a way of reducing uncontrolled losses of
greenhouse gas emissions by controlled fermentation of volatile organic components to methane,
carbon dioxide (CO-) and some hydrogen (H-). Depending on the environment, anaerobic digestion
can also reduce nitrous oxide emissions from field-applied manure (Sommer et al. 2013a). The
produced biogas can replace fossile energy sources, and anaerobic digestion can hence help reducing
undesired greenhouse gas emissions from agriculture. Anaerobic digestion of manure produces biogas,
stabilises organic matter, and removes odour and pathogens (He et al. 2016).

In Norway, in 2008, a white paper was released proposing the aim to treat 30% of all animal manure
by anaerobic digestion by 2020 to reduce greenhouse gas emissions from agriculture
(“Klimautfordringene — landbruket en del av lasningen”, Stortingsmelding nr. 39 2008-2009). Still, to
date only 1% of animal manure is treated in anaerobic digestion plants (T. Sandberg in daily
newspaper Dagsavisen, 13t of February 2018). Anaerobic digestion of animal manure is more
common in EU-countries including Germany and Denmark (Holm-Nielsen et al. 2009).

Similar to untreated manure, anaerobically digested manure can be spread directly or separated in a
liquid and a solid fraction by treatment technologies described in chapter 2.1 and further treated by
technologies referred to in chapter 2.2. In centralised biogas plants, co-digestion of manure with
easily-degradable organic waste is more common than digestion of manure alone, as animal manure
has a quite low organic matter content and much of the organic matter is slowly degradable (Sommer
et al. 2013b). Biogas production hence increases by co-digestion with e.g. food waste or fish sludge
(Gebauer et al. 2016).
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2.4 Acidification

Slurry acidification is neither a treatment technology which can be used for concentrating nutrients
from animal manure. It is, however, mentioned here as it can affect plant-availability of phosphorus in
manure and manure-based recycling fertilisers (see chapter 4.5).

Addition of acids to manure reduces the pH in manure and is an effective way to minimise ammonia
(NH,) volatilisation, but also methane (CH,) emissions from manure during storage, separation and
application (Petersen et al. 2012). Acidification has also been shown to delay nitrification and
associated nitrous oxide emissions after field application (Sommer et al. 2013a). Slurry acidification by
concentrated sulfuric acid to around pH 5.5 is currently mainly used in Denmark, where livestock
farms meet very strict ammonia emission regulations. Application in other countries is scarce, and in
Norway, acidification of slurry is not common.

10 NIBIO REPORT 4 (91)



3 Methods for determining phosphorus
fertilisation effects

Phosphorus fertilisation effects of recycling fertilisers can be estimated by different methods. The
methods growth experiments, incubations and chemical extractions are described below. None of
these methods is standardized. For example, soils as experimental medium are varying and the results
of different studies can therefore not be directly compared. Results have to be evaluated within the
context of each study and in comparison, with the included reference treatments, rather than with the
results of other studies.

3.1 Growth experiments

Growth experiments are the most reliable method for determining plant-availability of phosphorus in
recycling fertilisers. Most studies describe pot experiments, which are conducted under controlled
conditions and with nutrient-poor soil. Alternatively, field experiments can be conducted.

For evaluating phosphorus fertilisation effects in growth experiments, recycling fertilisers should be
applied based on their total phosphorus contents equivalent to usual fertilisation rates per area.
Further, all essential nutrients except phosphorus must be applied in sufficient amounts to ensure that
only phosphorus is limiting to plant growth. Studies in which more nutrients than phosphorus were
not applied, were not included in the literature review conducted here, as fertilisation effects in these
cases cannot be solely ascribed to phosphorus availability in the recycling fertilisers. Usually, both
biomass production and phosphorus concentration are determined, and phosphorus uptake in plants
is calculated.

The fertilisation effect of recycling fertilisers in the reviewed studies was compared with a mineral
fertiliser reference. Common reference fertilisers are triple superphosphate (Ca(H-PO,).-H-0),
potassium phosphate (KH2-PO,) or disodium phosphate (Na-HPO,). In addition, studies should
include a control treatment without any phosphorus fertilisation to determine the contribution of soil
phosphorus to plant uptake.

The relative fertilisation effects of recycling fertilisers (mineral fertiliser equivalents, MFE) is
expressed as percent (%) of the effect of mineral fertiliser (Figure 3):

Mineral
fertilizer

Recycling
fertilizer

P uptakeﬂ -

/4
Readily available P pool = 100% MFE

P stock

Residual P pool

€L

Figure 3. Conceptual drawing of mineral fertiliser equivalents adapted based on Hamilton et al. (2017)
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It is the immediate effect of recycling fertilisers, which farmers will be most interest in (readily
available phosphorus pool in Figure 3). In addition to the phosphorus, which is available to plants
during the first growing season, some phosphorus in recycling fertilisers can become available with
time (residual phosphorus pool in Figure 3). Phosphorus availability from the residual phosphorus
pool is influenced by chemical and biological processes and soil processes as diffusion and mass flow.
Long-term effects will therefore be dependent on the characteristics of the soil, to which the recycling
fertiliser was applied.

Long-term fertilisation effects of recycling fertilisers can only be studied by cost-intensive, long-term
growth experiments taking into account the main soil processes. These studies are very few, and no
long-term studies were included in the literature review conducted here.

3.2 Incubations

Incubations are another widely used method for estimating the plant-availability of phosphorus in
recycling fertilisers.

For incubations, recycling fertilisers are mixed with soil at usual fertilisation rates per area based on
their total phosphorus contents and stored moist at a defined temperature. Soil samples are taken at
given times and standard soil tests are conducted to estimate plant-available phosphorus as effect of
the recycling fertiliser. The fertilised soils are compared with soil without phosphorus addition.
Standard soil tests include chemical extractions (e.g. the Norwegian standard soil test P-AL) or
sampling with diffusive gradients in thin films (DGT).

Incubations give good indications about the relative phosphorus solubility between different recycling
fertilisers in soils and are less time-consuming and cost-intensive than growth experiments. However,
incubations cannot be used to draw certain conclusions about the fertilisation effects of recycling
fertilisers. Since incubations do not involve plants, which take up phosphorus and can release root
exudates, their ability to reflect solubility of recycling fertilisers under equilibrium conditions in the
presence of plants is limited.

3.3 Chemical extractions

Determining the solubility of phosphorus in recycling fertilisers by chemical extractions is another
option to estimate the availability of phosphorus to plants.

For mineral fertilisers, chemical extractions have been used already since the 19t century to quickly
determine the product’s quality and it’s solubility of phosphorus (Kratz et al. 2016). Standard chemical
extractions for mineral phosphorus fertilisers include water, neutral ammonium citrate, citric acid and
formic acid. Generally, chemical extraction methods have been developed and established on an
empirical basis, and their development has been based on a large range of studies on the relationship
between chemical phosphorus solubility in mineral fertilisers and the plant-availability of phosphorus
in pot and field experiments.

With the emergence of recycling fertilisers of different origin, lately research has been conducted with
the aim to identify chemical extraction methods which can be applied to this new type of fertilisers to
determine their quality. Studies indicate that plant-availability of phosphorus in recycling fertilisers
shows better relationships with weak extraction methods reflecting soil equilibrium processes such as
water, iron-sink methods and Olsen-P, than with stronger extraction methods (Brod et al. 2015; Duboc
et al. 2017). However, there are still few studies on the prediction of plant-availability of phosphorus in
recycling fertilisers from chemical extractions, and therefore no certain conclusions can yet be drawn
from the extractability of phosphorus in recycling fertilisers on their fertilisation effects.
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4 Phosphorus fertilisation effects of manure-
based recycling fertilisers

In the following, literature on the plant-availability of phosphorus in recycling fertilisers produced by
different treatment technologies (Figure 2) will be reviewed. Products with only phosphorus
compounds (elemental phosphorus in Figure 2) will not be covered as it cannot be applied directly to
agricultural fields as recycling fertiliser. Elemental phosphorus compounds can be used as raw
material e.g. in mineral fertiliser production or for other industrial purposes.

4.1 Manure-based organic fertilisers and composts

This chapter reviews the plant-availability of phosphorus in a range of different solid manure products
produced by solid-liquid separation. Some of the products were further processed by composting or
drying and/or pelleting. The reviewed studies on the phosphorus fertilisation effect of manure-based
organic fertilisers or composts include products based on cattle or swine manure, also in combination
with by-products such as food waste or cereal straw. The dry matter content in manure-based compost
or organic fertiliser can vary between 15 and 100%.

In the study of Gasser et al. (2012), the plant-availability of phosphorus in eight different solid manure
products was found to be comparable to the mineral phosphorus fertiliser reference (potassium
phosphate) after 72 days of plant growth. The availability was studied in a pot experiment with oat
(Avena sativa L.) and four soils with different phosphorus status. We calculated mineral fertiliser
equivalents based on data presented in the paper on phosphorus uptake in aboveground biomass as
average over the four soils. The studied products included six recycling fertilisers based on swine
manure and two based on cattle manure:

e Swine manure, solid fraction after sedimentation at the bottom of an anaerobic digestor (33% dry
matter, MFE = 85%)

e Swine manure, solid fraction after flocculation of digester effluent with polyacrylamide (separation
technology not given), (32% dry matter, MFE = 94%)

e Swine manure, solid fraction after filtering by a rotary vacuum filter system made of diatomaceous
earth (27% dry matter, MFE = 100%)

e Swine manure, solid fraction after sedimentation for two months in a storage tank (26% dry matter,
MFE = 104%)

e Swine manure, solid fraction after flocculation with a mixture of polyacrylamide, soda ash and
alum (separation technology not given), (24% dry matter, MFE = 94%)

e Swine manure, liquid swine manure composted with cereal straw (47% dry matter, MFE = 88%)

¢ Cattle manure, solid fraction after sedimentation for two months in a storage tank (15% dry matter,
MFE = 97%)

e Cattle manure, solid fraction after filtration with pressure by screw press (55% dry matter, MFE =
102%)

In this study, only swine manure derived from anaerobic digestion tended to result in lower
phosphorus uptake in plants compared with the other recycling fertilisers and mineral fertiliser. The
reduced phosphorus fertilisation effect following anaerobic digestion might be due to the formation of
calcium phosphates or struvite (NH;MgPO,4-6H-0) during the treatment process (see also chapter
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4.4). Also liquid swine manure composted with cereal straw tended to result in a somewhat lower
phosphorus fertilisation effect compared with the other organic fertiliser products. Even though the
overall phosphorus availability in all recycling products studied by Gasser et al. (2012) were
comparable with the mineral reference fertiliser, their applicability as transportable manure-based
recycling fertilisers is still limited due to low dry matter contents. The dry matter content was highest
in the solid fraction of cattle manure after separation by a screw press (55% dry matter) and compost
based on swine manure and cereal straw (47% dry matter). The solid fraction after sedimentation of
cattle manure on the contrary contained only 15% dry matter.

Also, Kuligowski et al. (2010) compared the phosphorus fertilisation effects of organic manure-based
recycling fertilisers. The study included:

e Swine manure, solid fraction after separating by a screw press before drying (MFE = 82%)

e Dried pellets from the solid manure fraction after centrifugation of anaerobically digested slurry
from pig and cattle manure mixed with waste from the food processing industry (MFE = 114 —
155%)

e Anaerobically digested pig slurry which was co-digested with wastes from the food industry (MFE =
109%)

Kuligowski et al. (2010), too, found overall similar effects of manure-based organic recycling fertilisers
as the mineral fertiliser reference (disodium phosphate), and there was no significant difference in the
mineral fertiliser equivalents between the organic fertiliser products. Their dry matter content was not
given, however is assumed to be high for the two dried products and else in the same range as for the
products studied by Gasser et al. (2012). Fertilisation effects were studied by a pot experiment with
pots which were pushed into soil outside and filled with a coarse sand or a sandy loam. The
experimental crop was barley (Hordeum vulgare).

Christel et al. (2014) used chemical extraction methods (H.O-extractable and DGT-soluble
phosphorus after mixture with sand) to compare the phosphorus quality of manure-based recycling
fertilisers produced by various treatment technologies. Five organic manure-based recycling fertilisers
were included in the study:

¢ Solid fraction of anaerobic digestate (75% animal manure, mainly pig but also cattle, poultry and
mink, and 25% organic waste from food industries) following centrifugation, 31% dry matter

e Mixture of the solid fraction of the anaerobic digestate with carbon-rich barley straw, 36% dry
matter

e Mixture of the solid fraction of the anaerobic digestate with wood-chip char, 38% dry matter

e Compost of the mixture of the solid fraction of the anaerobic digestate with carbon-rich barley
straw, 36% dry matter

e Compost of mixture of the solid fraction of anaerobic digestate with wood-chip char, 38% dry
matter

In the solid fraction of the anaerobic digestate, approximately 15% of the total phosphorus was soluble
in H=0. The authors observed an increase of phosphorus solubility with both extraction methods,
when barley straw or wood-chip char was mixed into the anaerobic digestate. However, since
extractions were conducted for a fixed solid:solution ratio of 1:100 and the products mixed with
bulking material had lower phosphorus concentrations compared with the untreated material,
apparent increased phosphorus solubility might have been due to dilution of phosphorus in the solid
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and hence less phosphorus being extracted by the same extraction solution volume. Composting for 30
days decreased availability again, with a larger decrease with wood-chip char as bulking agent
compared with straw. Christel et al. (2014) explain the negative effect of composting on phosphorus
availability by immobilisation of phosphorus in microbial biomass, increasing adsorption of phosphate
to binding sites present in the material mix or precipitation of phosphorus as immobile iron-
phosphates. The study did not include a comparison of organic manure-based recycling fertilisers with
mineral fertilisers, and direct conclusions on the fertilisation effects of the materials cannot be drawn
from this laboratory study.

Christel et al. (2016) compared the effect of different mechanical separation technologies on
phosphorus availability in organic manure-based recycling fertilisers using incubation in two different
soils and DGT, and with triple superphosphate as mineral reference treatment. Their study included
(dry matter content according to Sommer et al. 2015):

e Solid fraction of pig slurry following separation by a screw press, 27% dry matter
e Solid fraction of pig slurry following separation by a decanter centrifuge, 33% dry matter

e Solid fraction of pig slurry following drainage on a filter band separator after flocculation using
polymers, 13% dry matter

The authors found that, overall, all organic manure-based recycling fertilisers included in their study
increased soil phosphorus availability to a similar extent as the mineral reference treatment. However,
centrifugation and filtration following chemical flocculation tended to result in higher phosphorus
availability than separation by screw press. The authors explain the higher availability by a larger
fraction of small particles in the solid fraction after centrifugation and filter separation following
chemical flocculation compared with separation by a screw press. In manure, phosphorus is mainly
bound in the smaller slurry particulate matter, which by screw presses is forced through the filter into
the liquid fraction resulting in that larger particles and less soluble phosphorus is remaining in the
solid fraction (see chapter 2.1). Even though the dry matter content in the fertiliser products was
higher than in the original slurry (8-10% dry matter), it was still low in all manure-based recycling
fertilisers included in the study (Sommer et al. 2015). The dry matter content was highest after
centrifugation (33% dry matter) and lowest after filter separation following chemical flocculation (13%
dry matter).

Summary

Overall, the reviewed literature indicates that mechanical separation of manure in a liquid and a solid
fraction do not reduce the good phosphorus fertilisation effects of manure. Separation by screw
presses, however, might result in a product with somewhat lower phosphorus fertilisation effects
compared with the product from centrifugation. The flocculants or coagulants used in the reviewed
studies did not reduce phosphorus fertilisation effects. There are, however, indications that the
biological treatment technologies such as anaerobic digestion and composting can reduce phosphorus
fertilisation effects of manure. Dry matter contents of mechanical separated manure products without
further treatment are in general still quite low. Only one study was found including dried and pelleted
manure-based recycling fertilisers, and in this study, these products showed similar phosphorus
fertilisation effects as the mineral reference fertiliser.

4.2 Manure-based ashes and biochars

In this chapter, literature on the phosphorus availability in manure-based recycling fertilisers
produced by thermal treatment including combustion and gasification (ash-based fertilisers) or
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pyrolysis (biochar fertilisers) is reviewed. During gasification, material is reacting at high
temperatures (> 700 °C) into carbon monoxide, hydrogen and carbon dioxide and a gasification ash
under controlled presence of oxygen and/or steam. Pyrolysis differs from combustion in that it
happens in the absence of oxygen and results in a biochar. Advantages of combustion, gasification and
pyrolysis as treatment technologies for manure include distinct volume reduction, recovery of energy,
removal of pathogens and odour, increased chemical stability and increased phosphorus concentration
compared with the original feedstock. However, the majority of nitrogen will be lost during thermal
treatment.

Christel et al. (2014) systematically studied the effect of increasing process temperatures on
phosphorus availability over time in biochar and ash based on pig slurry. Phosphorus availability in
biochars and ashes was studied by chemical extractions (citric acid-extractable, H.O-extractable, and
DGT-extractable phosphorus after mixture with sand) or by extraction with DGT after incubation in
three soils for six weeks. The study included:

¢ 8 biochars based on the solid fraction of pig slurry after centrifugation and drying, pyrolysed at
300, 400, 500, 600, 700, 800, 900 and 1000 °C

¢ 8 ashes based on the solid fraction of pig slurry after centrifugation and drying, incinerated at 300,
400, 500, 600, 700, 800, 900 and 1000 °C

The results indicate a general decrease of phosphorus availability in thermally treated manure
compared with untreated manure. The authors concluded that both incineration and pyrolysis will
result in slow-release fertilisers rather than in effective substitutes for mineral reference fertilisers.
The decrease in phosphorus availability tended, however, to be more pronounced for the ashes
compared with the chars. Comparing all manure-based recycling fertilisers included in the study,
phosphorus availability was found to decrease with increasing degree of processing in the order:
drying > composting > pyrolysis > combustion. When it comes to availability of phosphorus in soil
over time, the immediate availability was highest in pig slurry without thermal treatment, however
decreased quickly with time. Phosphorus availability in ash and biochar on the contrary increased
slightly with time mainly in the two acid soils (sandy soil with pH 5 and loamy sand with pH 5) but
also in the neutral soil (sandy loam with pH 7). Differences between phosphorus availability in soils
with incubated untreated manure and ash and biochar were therefore negligible after six weeks.

Similar results were obtained in the study of Christel et al. (2016), which compared the phosphorus
availability in:

e Biochar based on the solid fraction of pig slurry after centrifugation and drying, pyrolysed at 400
and 600 °C

¢ Biochar based on the solid fraction of pig slurry after acidification with sulphuric acid (H-SO,) to
pH 5.5, centrifugation and drying, pyrolysed at 400 and 600 °C

¢ Ash based on the solid fraction of pig slurry after centrifugation and drying, incinerated at 625°C

¢ Ash based on the solid fraction of pig slurry after acidification with sulphuric acid (H-SO,) to pH
5.5, centrifugation and drying, incinerated at 625°C

The products were incubated in sandy loam (pH 7.2) and sandy soil (pH 5.1) for 12 weeks, and
phosphorus availability was determined by DGT several times during the experiment. Also Christel et
al. (2016) concluded that thermal treatment results in biochar and ash-based fertilisers with lower
phosphorus availability compared with untreated pig slurry, especially shortly after incorporation to
soil. However, in accordance with the study of Christel et al. (2014), after six and twelve weeks,
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incubated biochar and ash-based fertiliser resulted in equally high phosphorus availability as the
untreated solid fraction of pig slurry or the mineral reference fertiliser (triple superphosphate). In
contrary to the study of Christel et al. (2014), in 2016, the authors found no significant difference in
the availability of phosphorus after pyrolysis and combustion.

Bruun et al. (2017) support the results of Christel et al. (2014) and (2016) by a study on the effect of
pyrolysis on phosphorus compounds in biochar. The study was conducted with 6 biochars produced of
the solid fraction of digestate based on 75% animal slurry from pig and dairy farms and 25% waste
from the food industry. The digestate was pyrolysed after centrifugation and drying at 300, 450, 600,
750, 900 and 1050 °C. Their results explain the decreasing availability of phosphorus in biochars with
increasing pyrolysis temperatures, and poor immediate availability of phosphorus in biochars
produced at high temperatures. The authors found that the primary phosphorus species in the
untreated solid fraction of pig slurry were simple calcium phosphates. Additionally, the presence of
struvite (NH4;MgPO,-6H-0) and other magnesium phosphates is likely. At low temperature (<600°C),
pyrolysis had little effect on the phosphorus compounds in biochar. During pyrolysis at temperatures
> 600°C, however, phosphorus compounds were transformed to stable calcium phosphates such as
apatite. At temperatures > 1000 °C also reduced phosphorus forms were likely to be present in the
biochar. The study utilized the combination of X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM) as well as XANES spectroscopy at the K- and L-edges for the speciation of
phosphorus. The results were combined with an incubation of the recycling fertilisers in two soils, in
order to study their phosphorus availability by the application of DGT devices.

Also Thygesen et al. (2011) studied the effect of increasing incineration temperatures on the
phosphorus compounds and on the plant-availability of phosphorus in ash produced of various
manure products. The authors estimated plant-availability of phosphorus by chemical extraction with
neutral ammonium citrate. The study included:

¢ Pig manure separated in a laboratory centrifuge.

e 5 products based on pelleted, degassed manure. Addition of polymers before separation (separation
technology not given). 87% dry matter or incinerated at 400, 700, 900 or 1050°C.

e 5 products based on pig manure, untreated mixture of faeces and straw. 18% dry matter or
incinerated at 400, 700, 900 or 1050°C.

e 5 products based on mixed, degassed manure, separated by decanting centrifuge. 34% dry matter
or incinerated at 400, 700, 900 or 1050°C.

The study indicated decreasing availability of phosphorus with incineration temperatures > 400°C. At
the same time, crystallization of the ash-based fertilisers and the presence of hydroxyapatite increased
with increasing incineration temperatures. Crystalline compounds in the ashes were identified by
XRD. Based on their results, the authors suggest that incineration temperatures should be kept below
700°C to ensure high plant-availability of phosphorus in manure-based ashes. Since energy
production, however, is optimal at temperatures above 800°C, the authors suggest thermal
gasification as an alternative treatment.

Siegel et al. (1977) studied the effect of incineration and acidification (H-SO,) alone and in
combination on the availability of phosphorus during two pot experiments with corn (Zea mays L.)
and a phosphorus-deficient soil. Their experiments included 14 manure-based recycling fertilisers:

e 2 ashes based on beef manure, 50% or 100% of base equivalent acidified before incineration

e 3 ashes based on dairy manure, 0%, 50% or 100% of base equivalent acidified before incineration at
550°C. Also air-dried dairy manure.
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¢ 3 ashes based on chicken manure, 0%, 50% or 100% of base equivalent acidified before
incineration at 550°C. Also air-dried chicken manure.

e 3 ashes based on swine manure, 0%, 50% or 100% of base equivalent acidified before incineration
at 550°C. Also air-dried swine manure.

The results indicate that phosphorus availability in air-dried manure was somewhat lower than in the
mineral reference treatment (concentrated superphosphate). Incineration further decreased
phosphorus availability compared with drying, whereas acidification increased availability with
increasing acidification.

Also Mgller et al. (2007b) propose that the plant-availability of phosphorus in incineration ash of pig
manure is low. This is proposed based on sequential fractionation of phosphorus, suggesting that
approximately 80% of phosphorus in the studied manure-based bottom ash is present as stable
calcium phosphates such as apatite.

In the study of Tran et al. (2018), incineration ash of composted cattle manure resulted in equally high
yields of Guinea grass (Megathyrsus maximus) as the mineral reference treatment (Ca(H-PO,4)-2H-0)
during a pot experiment with a sandy soil (pH 7.8); phosphorus uptake, however, was significantly
lower in plants fertilised with the manure ash compared with the mineral reference fertiliser.

In the contrary to the above reviewed literature, the study of Kuligowski et al. (2010) suggested overall
similar total phosphorus uptake in barley following application of thermally treated manure and the
mineral reference fertiliser (disodium phosphate). However, the results of the study have to be
evaluated with caution as triple superphosphate resulted in > 200% of the total phosphorus uptake
compared with the disodium phosphate reference. This might indicate that plant growth in the
experiments of Kuligowski et al. (2010) was limited by sulphur availability even though sulphur and all
other essential nutrients except phosphorus were given at a level sufficient for optimal growth,
according to the authors. The following ash-based fertilisers were applied in pot experiments outside
to sandy soils at equal phosphorus rates:

e Incinerated solid fraction of anaerobically digested slurry from pig and cattle manure mixed with
waste from the food processing industry, after drying and pelleting. MFE = 51-123% (application in
two pot experiments)

e Thermally gasified solid fraction of anaerobically digested slurry from pig and cattle manure mixed
with waste from the food processing industry, after drying and pelleting. The input material was
gasified in a circulating fluidized bed gasifier at a temperature of up to 730°C. MFE = 11-34 and 99-
117% (application at two fertilisation rates in two experiments)

e Thermally gasified dried fraction of separated pig slurry. MFE = 95%
e Thermally gasified poultry manure. MFE = 111%

Only application of a triple load of untreated ash from thermally gasification of the solid digestate
resulted in very poor phosphorus uptake in barley plants (mineral fertiliser equivalent = 11%). The
authors could give no comprehensible reason for this observation. The study did not include a
speciation of phosphorus in the different recycling fertilisers, which could explain the variation of
fertilisation effects. Ash-based recycling fertilisers derived both from gasification and incineration
processes were studied. However, the results do not indicate a difference in phosphorus availability
between ash from gasification and from combustion. This might indicate that the method of thermal
treatment has little influence on availability of phosphorus in the ash.
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Summary

In summary, the reviewed literature indicates that thermal treatment clearly reduces the phosphorus
availability in manure-based recycling fertilisers compared with untreated manure. The reduction in
availability is higher, the higher the temperature which is used in the thermal treatment. There are
indications that incineration and gasification reduce phosphorus availability to a larger degree than
pyrolysis. During thermal treatment simple phosphate compounds in manure seem to be transformed
into more complex minerals, such as hydroxyapatite.

4.3 Manure-based mineral fertilisers

Manure-based mineral fertilisers include a variety of products including salts e.g. struvite
(NH MgPO,-6H-0) and calcium phosphates, or acid extracts and their derivatives.

In the study of Liu et al. (2011), the effect of struvite derived from swine wastewater was compared
with the effect of superphosphate and urea given at equal rates of phosphorus and nitrogen during a
pot experiment with maize (Zea mays L.) and a sandy loam as experimental soil. Based on biomass
production (height and stem circumference), the authors suggest that phosphorus in the struvite was
equally available to plants as phosphorus in the mineral reference fertiliser. Phosphorus uptake in
plants was, however, not analysed. The study further indicated that emissions of nitrous oxide (N-O)
can be clearly reduced, when struvite is used as fertiliser instead of urea.

In the study of Johnston and Richards (2003), the phosphorus fertilisation effect of eleven different
phosphorus salts mainly derived from municipal wastewater was compared with the effect of
monocalcium phosphate used as mineral reference fertilisers. The study also included a K-struvite
(KMgPO,-6H-0), which was derived from a veal manure. Phosphorus effects were studied during two
pot experiments with ryegrass (Lolium perenne), which was harvested six times, and a sandy loam or a
sandy clay loam as experimental soils. All phosphorus salts included in the study showed equally good
effects measured as dry matter production and phosphorus uptake as the mineral reference fertiliser
(monocalcium phosphate), including the manure-based K-struvite.

Even though studies on the phosphorus fertilisation effects of manure-based struvites are rather
limited, a range of studies has been conducted on struvites from other origins during the past years.
Overall, the conducted studies indicate that struvite is slowly releasing phosphorus compared with
mineral reference fertilisers (e.g. Talboys et al. 2016), and that its effect is decreasing with crystal size
and stability.

Achat et al. (2014) studied the phosphorus fertilisation effects of four mineral recycling fertilisers
derived from pig manures. The recycling fertilisers were produced through a chemical precipitation
process and contained 60% of the initial phosphorus of the pig slurry in the form of struvite and an
amorphous calcium phosphate (Daumer et al. 2013). Pig manure was acidified before addition of a
polymer and filtration. The liquid fraction of the acidified pig manure was then mixed with MgO
before the precipitated minerals settled and accumulated at the bottom of the reactor. The recycling
fertilisers still contained between 2 and 3 % organic carbon, which according to the authors probably
delayed the crystallisation process of the minerals. Plant-availability of phosphorus in the products
was determined by a pot experiment with a phosphorus deficient and slightly acidic soil (pH 6.5) and a
gras mixtures (40% Lolium perenne, 60% Festuca rubra) as experimental crop, as well as an
incubation experiment. Achat et al. (2014) found that the phosphorus in all four recycling fertilisers
was as available as phosphorus in the mineral reference (triple superphosphate). Mineral fertiliser
equivalents were 80-107% compared with triple superphosphate (calculated based on data on
phosphorus uptake presented in the paper). The authors concluded based on their study that
commercial mineral fertilisers can be substituted by recycling fertilisers produced from pig manures.

Also the study of Kuligowski et al. (2010) included two manure-based mineral fertilisers:
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e Neutralised acid extract from gasified ash of the solid fraction of anaerobically digested slurry from
pig and cattle manure mixed with waste from the food processing industry, derived by
centrifugation before drying and pelleting (see chapter 4.2). Phosphorus was extracted by sulphuric
acid (H=SO,) before neutralisation with potassium hydroxide (KOH).

¢ Dried neutralised acid extract (drying for 24 hours at 105°C)

Kuligowski et al. (2010) found in their pot experiment with barley that the mineral fertiliser equivalent
of the neutralised acid extract was as high as 73-94%, whereas the mineral fertiliser equivalent of the
dried neutralised acid extract was as low as 15-55% compared with the mineral reference fertiliser
(disodium phosphate). The study did not include a speciation of phosphorus in the two mineral
recycling fertilisers, which might have explained the variation of fertilisation effects, and the poor
fertilisation effect of the dried ash extract. Also the whole growth experiment might have been limited
by sulphur availability as explained in chapter 4.2, and results therefore have to be evaluated with
caution. Here, total phosphorus recovery from the ash in the acid extract was only 19% after
neutralisation, however could be increased to up to 50% according to the authors, if all the extract was
separated from the ash by centrifugation.

Summary

Even though only few studies on the phosphorus fertilisation effect of manure-based mineral fertiliser
products could be found, we can conclude that the phosphorus fertilisation effect of manure-based
mineral fertilisers will vary strongly with the mineral compounds present in the end-product. Also,
there are indications that the phosphorus fertilisation effects of mineral salts (e.g. struvite,
NH,;MgPO,-6H-0) will decrease with an increasing degree of crystallinity. Manure-based mineral
fertilisers vary in the degree to which phosphorus is recovered in the end product.

4.4 Effects of anaerobic digestion on plant-availability of phosphorus

Studies on the effect of anaerobic digestion on phosphorus fertilisation effects of manure and manure-
based recycling fertilisers without co-digestion are limited. To our knowledge, so far no study has
directly compared the phosphorus fertilisation effects of recycling fertilisers based on anaerobically
digested manure with the phosphorus fertilisation effect of untreated manure of the same origin.

The study of Gasser et al. (2012) included two products, which had undergone anaerobic digestion,
both of which resulted in somewhat lower phosphorus uptake in plants compared with the other
recycling fertilisers and mineral fertiliser. Both products had comparatively high Ca and Mg contents.
The authors assumed therefore that reduced phosphorus availability could be due to the formation of
calcium phosphates or struvite (NH,;MgPO,-6H-0) during the treatment process.

Pagliari and Laboski (2013) used sequential fractionation to compare the phosphorus solubility in
undigested manure, mesophilically digestated manure and separated manure after mesophilic
digestion. They concluded that anaerobic digestion did not affect the distribution of phosphorus in
manure compared with the undigested raw manure from the same system. Most of the phosphorus
was soluble in the first two steps of the fractionation (extraction with H-O and 0.5 M NaHCO3) both in
raw and digested manure. The authors also studied phosphorus solubility in the same products by
chemical extraction after incubation in 5 soils, and found no effect of anaerobic digestion on the soil
phosphorus tests Bray-1 and Mehlich-3.

Also, the knowledge on phosphorus forms in anaerobically digested manure is limited (Bruun et al.
2017). In pig and cattle manure phosphorus is mainly present as simple calcium- and/or magnesium
phosphates. Bruun et al. (2017) hypothesize, therefore, that the effect of anaerobic digestion on the
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availability of phosphorus in manure and in manure-based recycling fertilisers is limited, since
calcium unlike e.g. iron is not redox sensitive.

Summary

There are few studies on the effect of anaerobic digestion on phosphorus availability in manure-based
recycling fertilisers and existing studies are inconclusive. Some hypothesise that previously soluble
phosphates in manure might be precipitated as salts during the digestion process, whereas others
hypothesise that calcium- and/or magnesium phosphates, which phosphorus in manure mainly is
present as, are not redox sensitive and that anaerobic digestion will have no effect on the solubility of
phosphorus in manure.

4.5 Effects of acidification on plant-availability of phosphorus

In general, studies indicate that acidification will increase the fraction of dissolved phosphorus in
manure. In the study of Pedersen et al. (2017), lowering the pH to 5.5 and 3.8 by addition of sulphuric
acid (H-SO,) dissolved between 70-80% of the total phosphorus in cattle slurry. In the study of
Fordham and Schwertmann (1977), lowering the pH by addition of hydrochloric acid (HCI) dissolved
phosphorus in cattle slurry mainly from calcium phosphates. In the study of Christensen et al. (2009),
pH in pig slurry was adjusted by addition of perchloric acid (HCIO,) and phosphorus was released
mainly from struvite.

Pedersen et al. (2017) also compared the phosphorus fertilisation effect of untreated, moderately and
strongly acidified cattle slurry in a pot experiment with maize and a coarse sandy soil or a sandy loam
as experimental soils. The study indicated that phosphorus uptake was higher in plants fertilised with
acidified manure. However, this effect could have been both due to dissolution of inorganic
phosphorus in the manure or due to the associated pH decrease in the soil and solubilisation of soil
phosphorus. Moderately acidified slurry (pH 5.5) decreased soil pH by more than one pH unit both in
the coarse sandy soil (initial soil pH 6.3) and in the sandy loam soil (initial soil pH 6.5).

Acidification does not only affect chemical but also physical properties of manure, and seems therefore
to have subsequent effects on the following solid-liquid separation. In the study of Hjorth et al. (2015),
an increase of larger particles could be observed, which was explained by a reduced negative charge of
particles and consequently aggregation of minor organic and inorganic compounds. It was assumed
that this effect could influence solid-liquid separation; however, the effect of acidification on solid-
liquid separation was not evaluated in this study. In the study of Sommer et al. (2015) acidification of
pig slurry with H.SO, to pH 5.5 had a negative effect on the separation index of dry matter of both a
screw press, drainage with a filter band following flocculation using polymers and a decanter
centrifuge. The study of Sommer et al. (2015) suggests further that dissolution of phosphorus by
acidification will result in an increased concentration of ortho-phosphate in the liquid fraction after
separation. Based on the study of Sommer et al. (2015), Christel et al. (2016) propose that the solid
fraction will contain less total phosphorus and that the retained phosphorus is likely to be organic
phosphorus and inorganic phosphorus in insoluble forms. Also Cocolo et al. (2013) found an increased
volume of the liquid fraction following screw pressing, decanter centrifugation or flocculation and belt
thickener drainage. Approximately 30% less of the total phosphorus and 10% less of dry matter was
transferred to the solid fractions after acidification compared with the untreated control manure.

Studies on the effect of acidification on plant-availability of phosphorus in the solid fraction of manure
after separation by different techniques are few. The study of Christel et al. (2016) indicates however
that plant-availability of phosphorus following acidification varies with the separation technique that
is applied to the manure. In their study, Christel et al. (2016) compared the solubility of phosphorus in
untreated and acidified pig slurry (addition of H.SO, to pH 5.5) after solid-liquid separation by
different techniques. Incubation studies and extraction by DGT indicated that phosphorus solubility in
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the solid fractions of pig slurry after separation by screw press or chemical flocculation and drainage
was higher when the slurry previously had been acidified compared to untreated slurry. Phosphorus
solubility in the solid fraction after centrifugation, however, was lower when the slurry previously had
been acidified compared to untreated slurry. The authors hypothesize that this unexpected result
might have been due to significant increases in particle size in acidified slurry, which facilitated the
separation especially by centrifugation but resulted in a coarser solid fraction with lower phosphorus
content mainly being present in organic or insoluble inorganic forms. The authors emphasize that it
cannot be concluded from their study whether differences between acidified and non-acidified solids
are due to phosphorus solubility or difference in soil pH.

Summary

The reviewed studies show that acidification increases the fraction of dissolved phosphorus in manure.
Therefore, it is likely that acidification will increase the phosphorus fertilisation effect of manure.
Acidification is not only affecting chemical but also physical manure properties, and the reviewed
literature indicates that acidification reduces separation efficiencies for both dry matter and
phosphorus. In accordance, phosphorus availability in the solid fractions of manure after acidification
will probably be higher compared with untreated manure, as dissolved ortho-phosphate is following
that solid phase due to the reduced separation efficiency.

22 NIBIO REPORT 4 (91)



5 Conclusions

A wide range of treatment technologies is available for concentrating and separating phosphorus from
animal manure in transportable manure-based recycling fertilisers. Available technologies include
chemical, mechanical and biological treatment or a combination of these. In this report, the main
treatment technologies have shortly been presented, and their effect on plant-availability of
phosphorus in the manure-based recycling fertilisers has been evaluated.

The effects of the different treatment technologies on phosphorus availability in the end-product can
be summarised as follows:

In general, there are no indications that mechanical separation of manure in a solid and a liquid
phase results in a solid phase with lower plant-availability of phosphorus than in the original
manure.

Mechanical separation of manure by screw presses can, however, result in a solid phase with
somewhat lower plant-availability of phosphorus compared with separation by centrifuges, because
the most available phosphorus fraction follows the liquid phase.

The flocculants or coagulants used in the reviewed studies did not reduce plant-availability of
phosphorus in the solid phase compared with the original manure.

There are indications that biological treatment by composting can decrease plant-availability of
phosphorus in the compost.

Studies on the effect of anaerobic digestion on the plant-availability of phosphorus in manure and
manure-based recycling fertilisers are few and inconclusive. Some studies suggest that anaerobic
digestion decreases plant-availability of phosphorus in the digestate compared with untreated
manure, whereas others suggest that anaerobic digestion has no influence on plant-availability of
phosphorus.

Thermal treatment of manure (incineration, gasification or pyrolysis) decreases plant-availability
of phosphorus in the end-product, and the decrease is larger for higher process temperatures.
There are indications that phosphorus solubility is reduced to a larger degree in ash (incineration
and gasification) than in biochar (pyrolysis).

The phosphorus fertilisation effect of manure-based mineral fertilisers will vary strongly with the
mineral compounds present in the end-product, and the degree of crystallinity of phosphorus salts.

Acidification increases the fraction of dissolved phosphorus in manure. At the same time, there are
indications that acidification has negative effects on the separation indexes of mechanical
separation techniques (both dry matter and phosphorus). In general the solubility of phosphorus in
the solid fraction of separated manure seems to be increased by acidification, with the exception of
centrifugation.

This report shows that there are several technologies in place to facilitate re-distribution of
phosphorus in manure for more resource-efficient phosphorus management, without having negative
effects on the good phosphorus fertilisation effect of manure.

NIBIO REPORT 4 (91) 23



References

Bechmann M (2014) The effect of phosphorus application and balance on concentrations in streams
from agricultural dominated catchments in Norway. Acta Agriculturae Scandinavica, Section B -
Soil & Plant Science 63(2): 162-171

Bruun S, Harmer SL, Bekiaris G, Christel W, Zuin L, HU Y, Jensen LS, Lombi E (2017) The effect of
different pyrolysis temperatures on the speciation and availability in soil of P in biochar produced
from the solid fraction of manure. Chemosphere 169: 377-386

Brod E, Ogaard AF, Haraldsen TK, Krogstad T (2015) Waste products as alternative phosphorus
fertilisers part II: Predicting P fertilisation effects by chemical extraction. Nutrient Cycling in
Agroecosystems 103: 187-199

Christensen ML, Hjorth M, Keiding K (2009) Characterization of pig slurry with reference to
flocculation and separation. Water Research 43: 773-783

Christensen ML, Christensen KV, Sommer SG (2013) Solid-liquid separation of animal slurry. In:
Animal manure recycling: Treatment and management (eds Sommer SG, Christensen ML, Schmidt
T and Jensen LS). John Wiley & Sons, p. 105-130

Cocolo G, Hjorth M, Curnis S, Provolo G (2013) Manure acidification affecting solid-liquid separation
efficiency. In: Proceedings from the 15t International RAMIRAN, Conference, Versailles, France,
June 3—5, 2013

Daugstad K, Kristoffersen AQ, Nesheim L (2012) Neringsinnhald i husdyrgjedsel: Analyser av
husdyrgjedsel fra storfe, sau, svin og fjerfe. Bioforsk Rapport 7 (24), 29 pp.

Daumer M-L, Santellani A-C, Capdevielle A, Diara A (2013) Phosphorus recycling as struvite from pig
manure. Influence of process parameters. In: Proceedings from the 15t International RAMIRAN,
Conference, Versailles, France, June 3—5, 2013

Duboc O, Santner J, Golestani Fard A, Zehetner F, Tacconi J, Wenzel WW (2017) Predicting
phosphorus availability from chemically diverse conventional and recycling fertilisers. Science of
the Total Environment 599-600: 1160-1170

Fangueiro D, Hjorth M, Gioelli F (2015) Acidification of animal slurry - a review. Journal of
Environmental Management 149: 46-56

Fordham AQ and Schwertmann U (1977) Composition and reactions of liquid manure (Giille), with
particular reference to phosphate: II. Solid phase components. Journal of Environmental Quality
6(2): 136-140

Franchino M, Tigini V, Varese GC, Sartor RM, Bona F (2016) Microalgae treatment removes nutrients and
reduces ecotoxicity of diluted piggery digestate. Science of the Total Environment 569-570: 40-45

Gasser M-0, Chantigny MH, Angers DA, Bittman S, Buckley KE, Rouchette P, Masse D (2012) Plant-
available and water-soluble phosphorus in soils amended with separated manure solids. Journal of
Environmental Quality 41(4): 1290-300

Gebauer R, Cabell JF, Ween O (2016) Biogassproduksjon fra settefiskslam i sentraliserte og
desentraliserte biogassanlegg - Rapport til AP3 i prosjektet "Fiskeslam som ressurs for bioenergy
og plantevekst” (Slam BEP) finansiert av Regionalt Forskningsfond i Midt Norge med
prosjektnummeret RFF 277401. NIBIO report 2 (121), 75 p. (in Norwegian)

Hamilton HA, Brod E, Hanserud OS, Gracey EO, Vestrum MI, Bgen A, Steinhoff FS, Miiller DB,
Brattebg H (2016) Investigating cross-sectoral synergies through integrated aquaculture, fisheries

24 NIBIO REPORT 4 (91)



and agriculture phosphorus assessments: A case study of Norway. Journal of Industrial Ecology
20(4): 867-881

Hamilton H, Brod E, Hanserud O, Miiller DB, Brattebg H, Haraldsen TK (2017) Recycling potential of
secondary phosphorus resources as assessed by integrating substance flow analysis and plant-
availability. Science of the Total Environment 575: 1546-1555

He Z, Pagliari PH, Waldrip HM (2016) Applied and environmental chemistry of animal manure: A
review. Pedosphere 26(6): 779-816

Hjorth M, Christensen KV, Christensen ML, Sommer SG (2010) Solid-liquid separation of animal
slurry in theory and practice. A review. Agronomy for Sustainable Development 30: 153-180

Hjorth M, Cocolo G, Jonassen K, Abildgaard L, Sommer SG (2015) Continuous in-house acidification
affecting animal slurry composition. Biosystems Engineering 132: 56-50

Holm-Nielsen JB, Al Seadi T, Oleskowicz-Popiel P (2009) The future of anaerobic digestion and biogas
utilization. Bioresource Technology 100: 5478-5484

Jensen LS (2013) Animal manure residue upgrading and nutrient recovery in biofertilisers (eds
Sommer SG, Christensen ML, Schmidt T and Jensen LS). John Wiley & Sons, p. 271-294

Johnston AE, Richards IR (2003) Effectiveness of different precipitated phosphates as phosphorus
sources for plants. Soil Use and Management 19: 45-49

Kuligowski K, Poulsen TG, Ruba&k G, Sgrensen P (2010) Plant-availability to barley of phosphorus in
ash from thermally treated animal manure in comparison to other manure based materials and
commercial fertiliser. European Journal of Agronomy 33: 293-303

Kratz S, Schick J, @gaard AF (2016) P solubility and inorganic and organic P sources. In: Phosphorus
in Agriculture: 100% Zero (eds Schnug E and De Kok LJ). Springer Science+Business Media, pp.

127-153

Larsen KE (1981) Phosphorus effect of animal manure and sewage sluge. In: Proceedings of the EEC
Seminar (eds. Hucker TWG and Catroux G). AGRIS, pp. 207-232

Liu Y, Rahman MM, Kwag J-H, Kim J-H, Ra C (2011) Eco-friendly production of maize using struvite
recovered from swine wastewater as a sustainable fertilizer source. Asian-Australasian Journal of
Animal Sciences 24 (12): 1699-1705

Mulbry W, Westhead EK, Pizarro C, Sikora L (2005) Recycling of manure nutrients: use of algal biomass
from dairy manure treatment as a slow release fertilizer. Bioresource Technology 96: 4514-458

Mgller HB, Hansen JD, Sgrensen CAG (2007a) Nutrient recovery by solid-liquid separation and
methane productivity of solids. Transactions of the ASABE 50 (1): 193-200

Mgller HB, Jensen HS, Tobiasen L, Hansen MN (2007b) Heavy Metal and Phosphorus Content of
Fractions from Manure Treatment and Incineration. Environmental Technology 28 (12): 1403-1418

Norwegian Agriculture Agency (2018) Forslag til gjgdselbrukforskrift.
https://www.landbruksdirektoratet.no/no/miljo-og-okologisk/jordbruk-og-
miljo/gjodsling/regelverk/forslag-til-nye-forskrifter-levert-gj%C3%B8dsel-st%C3%B8rre-ressurs-
mindre-ulempe Accessed 21 March 2018 (in Norwegian)

Pagliari HP, Laboski CAM (2013) Dairy manure treatment effects on manure phosphorus fractionation
and changes in soil test phosphorus. Biology and Fertility of Soils 49: 987-999

Pedersen IF, Rubzk GH, Serensen P (2017) Cattle slurry acidification and application method can
improve initial phosphorus availability for maize. Plant and Soil 414: 143-158

NIBIO REPORT 4 (91) 25



Petersen SO, Andersen AJ, Eriksen J (2012) Effects of cattle slurry acidification on ammonia and
methane evolution during storage. Journal of Environmental Quality 41: 88-94

Popovic O, Hjorth M, Jensen LS (2012) Phosphorus, copper and zinc in solid and liquid fractions from
full-scale and laboratory-separated pig slurry. Environmental Technology 33(18): 2119-2131

Sandberg T (2018) Regjeringen satser pa mokk. Dagsavisen, 13t of February 2018 (in Norwegian)

Siegel RS, Rubin J, Hafez AAR (1977) Phosphorus fertilizer as a by-product of energy production.
Journal of Environmental Quality 6(2): 116-120

Sommer SG, Clough TJ, Chadwick D, Petersen SO (2013a) Greenhouse gas emissions from animal
manures and technologies for their reduction. In: Animal manure recycling: Treatment and
management (eds Sommer SG, Christensen ML, Schmidt T and Jensen LS). John Wiley & Sons, p.
178-194

Sommer SG, Ward AJ, Leahy JJ (2013b) Bioenergy production. In: Animal manure recycling:

Treatment and management (eds Sommer SG, Christensen ML, Schmidt T and Jensen LS). John
Wiley & Sons, p. 237-269

Sommer SG, Hjorth M, Leahy JJ, Zhu K, Christel W, Sgrensen CG, Sutaryo (2015) Pig slurry
characteristics, nutrient balance and biogas production as affected by separation and acidification.
Journal of Agricultural Science 153: 177-191.

Talboys PJ, Heppell J, Roose T, Healey JR, Jones DL, Withers PJA (2016) Struvite: a slow-release
fertiliser for sustainable phosphorus management? Plant and Soil 401: 109-123

Thygesen AM, Wernberg O, Skou E, Sommer SG (2011) Effect of incineration temperature on
phosphorus availability in bio-ash from manure. Environmental Technology 32 (6): 633-638

Tran QT, Maeda M, Oshita K, Takaoka M, Saito K (2018) Phosphorus and potassium availability from
cattle manure ash in relation to their extractability and grass tetany hazard. Soil Science and Plant
Nutrition 64 (3): 415-422

Tunney H, Pommel B (1987) Phosphorus uptake by ryegrass from monocalcium phosphate and pig
manure on two soils in pots. Irish Journal of Agricultural Research 26: 189-198

Tveitnes S, Bruaset A, Berug R, Nesheim L (1993) Husdyrgjodsel. Statens fagteneste for landbruket,
As. 119 pp. (in Norwegian)

Zhang X, Lin H, Hu B (2018) The effects of electrocoagulation on phosphorus removal and particle
settling capability in swine manure. Separation and Purification Technology 200: 112-119

26 NIBIO REPORT 4 (91)






NIBIO

NORWEGIAN INSTITUTE OF
BIOECONOMY RESEARCH

NIBIO - Norwegian Institute of Bioeconomy Research was established July 1 2015 as a merger
between the Norwegian Institute for Agricultural and Environmental Research, the Norwegian
Agricultural Economics Research Institute and Norwegian Forest and Landscape Institute.

The basis of bioeconomics is the utilisation and management of fresh photosynthesis, rather
than a fossile economy based on preserved photosynthesis (oil). NIBIO is to become the leading
national centre for development of knowledge in bioeconomics. The goal of the Institute is to
contribute to food security, sustainable resource management, innovation and value creation
through research and knowledge production within food, forestry and other biobased
industries. The Institute will deliver research, managerial support and knowledge for use in
national preparedness, as well as for businesses and the society at large.

NIBIO is owned by the Ministry of Agriculture and Food as an administrative agency with special
authorization and its own board. The main office is located at As. The Institute has several
regional divisions and a branch office in Oslo.

Cover photo: Kari Stensgaard

nibio.no




