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• Unknown P fertiliser value of bio-based
products limits recycling in practice.

• Prediction models based on 10 studies
with 69 fertiliser products were devel-
oped.

• NaHCO3-soluble P, Ca:P and/or (Al+Fe):
P in the products were tested as predic-
tors.

• Grouping based on expected inorganic P
bindings allowed prediction up to R2 =
79%.
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 Prediction of the relative phosphorus (P) fertiliser value of bio-based fertiliser products is agronomically important, but
previous attempts to develop prediction models have often failed due to the high chemical complexity of bio-based
fertilisers and the limited number of products included in analyses. In this study, regression models for prediction
were developed using independently produced data from 10 different studies on crop growth responses to P applied
with bio-based fertiliser products, resulting in a dataset with 69 products. The 69 fertiliser products were organised
into four sub-groups, based on the inorganic P compoundsmost likely to be present in each product.Within each prod-
uct group,multiple regressionwas conducted usingmineral fertiliser equivalents (MFE) as response variable and three
potential explanatory variables derived from chemical analysis, all reflecting inorganic P binding in the fertiliser prod-
ucts: i) NaHCO3-soluble P, ii) molar ratio of calcium (Ca):P and iii) molar ratio of aluminium+ iron (Al + Fe):P. The
best regression model fit was achieved for sewage sludges with Al-/Fe-bound P (n = 20; R2 = 79.2%), followed by
sewage sludges with Ca-bound P (n = 11; R2 = 71.1%); fertiliser products with Ca-bound P (n = 29; R2 =
58.2%); and thermally treated sewage sludge products (n=9; R2= 44.9%). Even though external factors influencing
P fertiliser values (e.g. fertiliser shape, application form, soil characteristics) differed between the underlying studies
and were not considered, the suggested prediction models provide potential for more efficient P recycling in practice.
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1. Introduction

Despite rock phosphate being a limited resource, bio-based fertiliser
products still seldom replace mineral phosphorus (P) fertiliser in practical
agriculture. The unknown and variable P fertiliser value of bio-based
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products is one of the main bottlenecks for efficient P recycling. In order
to promote increased use of recycled nutrients, in 2019 the European
Union (EU) issued a new regulation on the use of fertiliser products with
specific focus on recycling fertilisers (EU, 2019/1009). To enable estima-
tion of the P fertiliser value of mineral and organo-mineral fertilisers, the
new EU (2019/1009) regulation requires extractable P (i.e. water-soluble
P and P soluble in neutral ammonium citrate) and total P content to be de-
clared on product labelling. For organic fertiliser products, however, equiv-
alent estimates of P solubility are not required (EU, 2019/1009), owing to
2022
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lack of knowledge about reliable prediction of the P fertiliser value of alter-
native products. For example, Kratz et al. (2019) showed that standard
chemical extraction methods only have limited predictive value when ap-
plied to fertiliser products from recycled materials.

In bio-based fertiliser products, P is usually present as a mixture of var-
ious P compounds of differing chemical structure and solubility, resulting in
variable P fertiliser values (Kratz et al., 2019). Despite the organic origin of
bio-based fertiliser products, P is mainly present as inorganic compounds
(Kratz et al., 2016; Brod and Øgaard, 2021), and therefore, P release is de-
termined by the chemical solubility of these inorganic P compounds, rather
than by biological decomposition of organic compounds. The P in bio-based
fertiliser products is often present as calcium (Ca) phosphates of differing
solubility, depending on the Ca:P ratio and degree of crystallisation (Kratz
et al., 2019). The solubility of various Ca-phosphates is also pH-
dependent, with the P fertiliser value of bio-based products, where P is
mainly bound to Ca, increasing with decreasing soil pH (Lindsay, 1979).
The P present in bio-based fertiliser products may also be found in iron
(Fe) and/or aluminium (Al) compounds or adsorbed to Fe-/Al- (hydr)ox-
ides, especially if Fe-/Al- salts are used for precipitation of P during waste-
water treatment (Øgaard and Brod, 2016). The solubility of P bound to Fe
and/or Al in fertiliser products increases with increasing soil pH and de-
creases with increasing (Al + Fe):P ratio (Lindsay, 1979; Øgaard and
Brod, 2016).

Farmers are generally only willing to apply bio-based fertiliser products
if such products have known P fertiliser values compared to those of min-
eral fertiliser and if reliable fertilisation plans, in line with crop demands,
can be established (Case et al., 2017). Therefore, to achieve efficient P
recycling in agriculture, simple and cheap methods for estimating the P
fertiliser value of bio-based products must be identified. Growth experi-
ments are the most reliable method for determining the fertiliser value of
new fertiliser products, but are time-consuming and costly. Alternatively,
extraction of fertilised soil following incubation, using either standard soil
P tests or DGT (diffusive gradient in thin film) tests, has been identified as
a good approach for establishing the P fertiliser value of bio-based products
(e.g. Christel et al., 2014; Christiansen et al., 2020; Duboc et al., 2017;
Vogel et al., 2017). However, this approach is also time-consuming and
the characteristics of the soil used for the incubation can affect the results.
An increasingly popular approach for predicting the P fertiliser value of
new fertiliser products is to apply standard soil or fertiliser extraction
methods directly to the products and compare the P solubility values
against performance in growth experiments (Kratz et al., 2019). The aim
is thereby not to extract the absolute amount of available P in the fertiliser
product, but rather to extract a P fraction that reflects P release in soils,
which is related to P plant uptake.

Previous studies have reached different and partly contradictory conclu-
sions on the most suitable extraction method for predicting the P fertiliser
value of bio-based products. For example, Christiansen et al. (2020) com-
pared nine different P extraction methods and concluded that P solubility
in an alkaline solution of 0.5 M NaHCO3 (pH 8.5) was most suitable for
predicting the P fertiliser values of the products that included: sewage
sludges where P was precipitated with Fe- or Al- salts, compost based on
source-separated household/garden/park waste, meat-bone meal, wood
ash, biochar based on straw and sewage sludge, and industrial sludge. In
a very recent study by Duboc et al. (2022), shoot P content in rye (Secale
cereale L.) was found to bewell correlatedwithNaHCO3-soluble P following
application of 42 fertiliser products to a soil with pH (0.01 M CaCl2) 7.4.
However, no significant correlation with NaHCO3-soluble P in the fertiliser
products was detected after application to a soil with pH (0.01MCaCl2) 5.5
(Duboc et al., 2022). In the acidic soil, extraction of P with H2O combined
with adsorption to ferryhydrate (iron bag method) resulted in the best pre-
diction of P fertiliser values (Duboc et al., 2022). In contrast, a study by
Delin (2016) on 14 products, including sewage sludges, manure, straw
ash, bonemeal, meat meal and digestate based on plant material or slaugh-
terhousewaste, found that the P fertiliser valuewas better correlatedwith P
extracted with an acid solution of ammonium lactate and acetic acid (pH
3.75) than with H2O-soluble P. However, when sewage sludge products
2

were excluded from that analysis, the best correlation with P fertiliser
value was achieved for P extracted in neutral ammonium citrate (Delin,
2016).

The contradictory results obtained to date may be partly explained by
many previous studies including large arrays of products with chemically
diverse characteristics. Following an extensive literature review, Kratz
et al. (2019) concluded that studies including only one specific product
type achieved much closer relationships between P extraction and P
fertiliser value. A more successful approach for prediction of P fertiliser
values might therefore be to group fertiliser products with similar chemical
characteristics and to include information on these chemical P characteris-
tics in regression models. To our knowledge, this approach has not been
tested to date. Thus this study is the first to combine independently pro-
duced data from different studies in development of regression models for
predicting the P fertiliser value of bio-based fertiliser products. Specific ob-
jectives of the study were to:

1) Test the robustness of models using P extractionwith 0.5MNaHCO3 for
prediction of the P fertiliser value of bio-based fertiliser products, by in-
cluding a wide array of products tested across various experiments.

2) Optimise models for prediction of P fertiliser values by grouping
fertiliser products according to their origin and chemical characteristics.

3) Optimise models for prediction of P fertiliser values by using the molar
ratio of Ca:P and (Al + Fe):P in the fertiliser products as potential ex-
planatory variables.

4) Present general recommendations on how to predict the P fertiliser
value of new fertiliser products compared to mineral fertiliser, informa-
tion which can be used for the development of fertilisation plans.

2. Material and methods

2.1. Fertiliser products

Data were taken from 10 independent studies examining crop growth
response to P applied with a total of 69 bio-based fertiliser products
(Alvarenga et al., 2017; Brod and Øgaard, 2021; Brod et al., 2015b;
Christiansen et al., 2020; Lemming et al., 2017a,b; Müller-Stöver et al.,
2021; Øgaard, 2017; Øgaard and Brod, 2016). A complete list of the 69
fertiliser products and a description of origin and processing can be found
in Table S1 in Supplementary material (SM). The fertiliser products com-
prised:

- Municipal sewage treated biologically or with Al-, Fe- and/or Ca- salts
to remove P before anaerobic digestion, liming, oxidisation, drying, in-
cineration, gasification, pyrolysis, thermochemical treatment and/or
acidification (n = 41).

- Animal manure originating from cattle, pigs, chicken, horses or salmon,
untreated or treated bymechanical separation with or without previous
anaerobic digestion, drying and/or pyrolysis (n = 18).

- Source-separated household waste and other food waste treated by an-
aerobic digestion or composting with or without co-substrate (n = 4).

- Ash after incineration of timber wood unsuitable for industrial use and/
or cereal residues (n = 3).

- Meat-bone meal (n = 2).
- Other P-rich industrial sludge (n = 1).
2.2. Preparation and chemical analysis of fertiliser products

An overview of the methods used for chemical characterisation of the
69 fertiliser products, as described in the 10 original studies, is provided
in Table S2 in SM. The fertiliser products were dried at 40, 55 or 105 °C, de-
pending on the actual study, and sieved or milled prior to further analysis.
To determine total P concentrations, the fertiliser products were digested in
various strong acids considered suitable for extracting near-total P amounts
in the respective materials, using an ultraclave or microwave (i.e. 7 M
HNO3, incineration before digestion in H2SO4, aqua regia or a combination
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of HNO3, H2O2 and HF). Phosphorus in the digested samples wasmeasured
spectrophotometrically by the molybdenum blue method according to
Murphy and Riley (1962) or by ICP-OES/ICP-MS. Where applicable, total
Ca, Al and Fe concentrations were also analysed by ICP-OES/ICP-MS.
Total P content and, where available, molar Ca:P and (Al + Fe):P ratio in
the fertiliser products are shown in Table S3 in SM.

The solubility in 0.5MNaHCO3 of P in the fertiliser products was deter-
mined in a solution:sample ratio of 200:1 except in the study byØgaard and
Brod (2016), where the solution:sample ratio was 180:1. Phosphorus ex-
traction with 0.5 M NaHCO3 was originally developed to estimate plant-
available P in soils with a solution:soil sample ratio of 20:1 (Olsen et al.,
1954). The solution:sample ratio has since extended to account for the
higher P content in fertiliser products compared with soil. Three studies in-
cluded adjustment of pH in the extraction solution to 8.5 (Brod and Øgaard,
2021; Christiansen et al., 2020; Øgaard and Brod, 2016), as intended by the
original method. In most studies the extraction time was 0.5 h, but in two
studies the sum of the first two steps in the modified sequential fractiona-
tion according to Hedley et al. (1982) was used. Hence P was extracted in
H2O for 1 h before extraction in 0.5 NaHCO3 for 16 h in those two studies
(Alvarenga et al., 2017; Brod et al., 2015b). Phosphorus concentration in
the extracts was analysed spectrophotometrically or by ICP-OES/ICP-MS.
For 15 fertiliser products, analysis of NaHCO3-soluble P as described
above was conducted specifically for the present study. The solubility of P
in NaHCO3, expressed as ratio of total P in the fertiliser products, is pre-
sented in Table S3 (SM).

2.3. Pot experiments: mineral fertiliser equivalents

The P fertiliser values of the 69 bio-based fertiliser products relative to
mineral fertiliser (as mineral fertiliser equivalents, MFE) was studied in
10 different pot experiments, the set-up of which is described in Table 1.
In some pot experiments, MFE of each fertiliser product was tested on
two or more soil types, resulting in a total of 94 MFE observations for the
69 fertiliser products. To ensure that only P would be limiting for plant
growth, in all pot experiments all other nutrients were applied in solution
in amounts regarded as sufficient. Mineral P control treatments were ap-
plied as Ca(H2PO4)2 or KH2PO4. There were three or four replicates per
treatment in all pot experiments. Phosphorus uptakewas computed bymul-
tiplying dry matter (DM) production in aboveground biomass by plant tis-
sue P concentration. Mineral fertiliser equivalents were calculated based
Table 1
Description of the 10 pot experiments included inmodel development. P-AL=Phosphor
(Egnér et al., 1960); Olsen-P = P extraction with 0.5 NaHCO3 (Olsen et al., 1954); WEP

No. Reference Pro-ducts Soil Initial
soil pH

Initial soil P leve

n P-AL mg
kg−1

Olsen
P kg−

a Alvarenga et al.
(2017)

10 Sand/peat mixture 6.5 11 –

b Brod et al. (2015b) 9 Sand/peat mixture 5.5 11–12 45–4
6.9

c Brod and Øgaard
(2021)

14 Sand/peat mixture 6 30 –

d Christiansen et al.
(2020)

7 Loamy sand 5.2 – 12
Sandy loam 5.3 – 15
Sand 5.2 – 31

e Lemming et al.
(2017a)

3 Sandy loam/quartz;
Sand mixture

6.7 – –

f Lemming et al.
(2017b)

2 6.7 – < 20

g Müller-Stöver et al.
(2021)

7 Sandy loam/quartz 5.0 – –

h Müller-Stöver et al.
(unpublished)

3 Sandy loam/quartz 6.5 – –
Sandy loam 8.3 – –

i Øgaard and Brod
(2016)

11 Sand/peat mixture 7 30 –

j Øgaard (2017) 3 Sand/peat mixture 5.9 – –

3

on aboveground P uptake in all pot experiments, but obtained in two differ-
ent ways. In four studies (b, c, i and j in Table 1), MFE was calculated based
on the P response curve as:

MFE ¼ 100� X1

P applied
(1)

where:

X1 ¼ Y1 � bð Þ
a

and P applied is amount of P appliedwith the bio-based fertiliser product;Y1

is P uptake in aboveground biomass as an effect of the bio-based fertiliser
product; X1 is amount of mineral P fertiliser resulting in equally high P up-
take in biomass as application of the bio-based fertiliser product; and a and
b are slope and intercept, respectively, obtained from linear regressionwith
Y = P uptake after mineral P fertiliser application and X = increasing ap-
plication rate of mineral P fertiliser.

In the six remaining studies (a, d, e, f, g and h in Table 1), MFE was cal-
culated directly compared with the P use efficiency of mineral P fertiliser
as:

MFE ¼ PUE
PUE Mineral P fertiliserð Þ (2)

where:

PUE ¼ P uptake Pþð Þ � P uptake NoPð Þ
P applied

� 100

and P uptake (P+) is P uptake in aboveground biomass of plants that re-
ceived mineral or bio-based P fertiliser product; P uptake (NoP) is P uptake
in aboveground biomass of plants that received no P fertiliser; and P applied
is amount of P applied with mineral or bio-based fertiliser product.

The effect of the fertiliser products on soil pHwas determined after har-
vest, in suspension with H2O or 0.01M CaCl2 solution. Soil pH andMFE for
each fertiliser product are presented in Table S3.
us extractedwith 0.1M ammonium lactate and 0.4M acetic acid adjusted to pH3.75
= water-extractable P.

l Pot
size

P rate Crop Mineral control
treatments

Type of mineral
N fertiliser

-mg
1

WEP mg
kg−1

L mg P
kg−1 soil

mg P
kg−1 soil

– 3 25 Barley 0, 12.5, 25 Ca(NO3)2

8 – 5 12 Ryegrass
(1st cut)

0, 6, 12, 18 Ca(NO3)2

0.5 3 15 Barley 0, 7, 5, 15 Ca(NO3)2

2.9 3 64 Barley 0, 64 NH4NO3

5.0
2.5
– 1 50 Barley 0, 25, 75, 120 NH4NO3

– 2 80 Barley 0, 80 NH4NO3

0.7 2.5 80 Spring
wheat

0, 50, 80 NH4NO3

1.9 2.5 80 Winter
wheat

0, 40, 80 NH4NO3

–
0.5 5 37.5 Ryegrass

(1st cut)
0, 12.5, 25, 37.5 Ca(NO3)2

– 4 21 Ryegrass
(1st cut)

0, 10.5, 21 NH4NO3
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2.4. Data analysis

The 69 bio-based fertiliser products were organised into four groups
based on the inorganic P compoundsmost likely to be present in each prod-
uct according to the literature (for sources, see Table 2). Within each prod-
uct group, multiple regression was conducted with MFE as response
variable and with three potential explanatory variables: i) NaHCO3-
soluble P; ii) molar Ca:P ratio; and iii) molar (Al + Fe):P ratio (Table S3).
For each product group, the respective multiple regression model was sim-
plified by excluding those explanatory variables that contributed little to
explaining MFE (p-value > 0.1), until the model was as simple as possible
while keeping the coefficient of determination (R2) and adjusted R2

(R2
adj, considering the number of independent variables in the regression

model) sufficiently high. Predicted vs. actual plots were also checked for
satisfactory accuracy. In situations with curvilinear relationships between
variables, explanatory variables were transformed to their reciprocal to
achieve better model fit. Residual plots were checked for deviations from
the assumptions of normal distribution and equal variance. If the fitted
model was strongly determined by single observations, those were ex-
cluded from calculation of the regression model and are referred to as out-
liers. Results are expressed as mean ± standard deviation.

3. Results and discussion

The suggested grouping of fertiliser products based on inorganic P com-
pounds most likely to be present and the regression model with the best fit
for each product group are presented in Table 2.

3.1. Fertiliser products with Ca-bound P

The largest group (n= 29) comprised fertiliser products where P is usu-
ally mainly present as Ca-bound P. This group included animal manure prod-
ucts, source-separated household waste and other food waste products (i.e.
digestate, compost), meat-bone meal, ash based on wood/cereal residues
and limed industrial chemical sludge (Table S1). According to the literature,
in these products most inorganic P occurs in the form of Ca-phosphates of
varying solubility, struvite and other magnesium phosphates (Frossard
et al., 2002; Toor et al., 2005; Brod et al., 2015a; Bruun et al., 2017).

Total P content in fertiliser productswith Ca-bound Pwas 26.0±17.2 g
P kg−1 DM on average, with the highest P content (65.9 g P kg DM−1) in
Table 2
Grouping of fertiliser products based on inorganic phosphorus (P) compoundsmost likel
each product group.

Product group Fertiliser products Main P species

Ca-bound P
(n = 29)

- Animal manure
- Source-separated household waste and
other food waste (i.e. digestate, compost)

- Meat-bone meal
- Ash based on wood/cereal residues etc.
- Industrial sludge post-treated with lime

- Various apatites
- Octo-calcium pho
phates

- Di-/tri-calcium p
phates

- Weakly crystallin
and Mg-phosphat

- Struvite
Sewage sludge
with
Al-/Fe-bound P
(n = 20)

- Sewage sludge where P is chemically pre-
cipitated with Al-/Fe-salts

- Al-/Fe-bound P
- P adsorbed to (am
phous) Al/Fe-(hy
oxides

Sewage sludge
with Ca-bound P
(n = 11)

- Sewage sludge precipitated with Al-/Fe--
salts and thereafter treated with reactive
lime

- Sewage sludge where P is chemically pre-
cipitated with lime

- Sewage sludge and other sludge

- Non-crystalline C
bound P

- Al-/Fe-bound P

Thermally treated
sewage sludge
(n = 9)

- Sewage sludge ash
- Biochar based on sewage sludge

- Crystalline Ca--
phosphates

- Crystalline Fe-/A
phosphates

4

biochar based on swine manure (Brod and Øgaard, 2021) and the lowest
(6.3 g P kg DM−1) in dairy manure (Brod et al., 2015b). The MFE of
fertiliser products with Ca-bound P was 54.7 ± 26.2% on average, with
the highest MFE (127%) being reported for dairy manure (Brod et al.,
2015b) and the lowest (11%) for meat-bone meal (Brod et al., 2015b).
In the study by Brod et al. (2015a), the P in dairy manure was mainly
present as readily soluble inorganic compounds, whereas the P in meat-
bone meal was suggested to be mainly present as crystalline and stable
Ca-phosphates, such as hydroxyapatite and chlor-fluorapatite, based on
XRD and 31P MAS-NMR analysis.

Of the three explanatory variables tested in the present study, the ratio
of NaHCO3-soluble P (% of total P) in the bio-based fertiliser products
contributed most to explaining their MFE (p < 0.001). The higher the
ratio of NaHCO3-soluble P in a fertiliser product with Ca-bound P, the
higher its MFE (Fig. 1A). One of the principles of P extraction with 0.5 M
NaHCO3 is to estimate the amount of readily soluble Ca-bound P by
precipitating Ca2+ with CO3

2− as CaCO3 and hence solubilising readily
soluble Ca-bound P as orthophosphate in the extraction solution (Kuo,
1994). The pH of the extraction solution (around 8.5) ensures that stable
Ca-phosphates remain undissolved (Lindsay, 1979). The molar ratio of
Ca:P made the next largest contribution to explaining the MFE of the
fertiliser products with Ca-bound P (p = 0.09). The higher the Ca:P ratio
in the fertiliser product, the lower its MFE, an effect attributable to the
low solubility of Ca-phosphates with high Ca:P ratio, e.g. apatite (Ca:P =
1.67) compared with dicalcium phosphate (Ca:P = 1) (Lindsay, 1979).
However, the Ca in bio-based fertiliser products can also occur in com-
pounds with elements other than P. In the wood ash product studied by
Brod et al. (2015a), the high Ca:P ratio was most likely explained by the
presence of CaCO3 and Ca(OH)2 (Brod et al., unpublished results), as also
indicated by its high pH (pH 13). This product was therefore excluded
from the prediction model as an outlier. The reciprocal of the Ca:P ratio
resulted in a better model fit than the untransformed variable.

In fertiliser products based on animal manure, food waste or other
plant-based material, the molar ratio of (Al + Fe):P is commonly low
(Table S3). However, as indicated in Fig. 1C, a molar ratio of (Al + Fe):P
> 1 can still negatively affect the MFE of fertiliser products where P is
mainly present as Ca-bound P. Our dataset comprised in total only six prod-
ucts with (Al+ Fe):P> 1 (Table S3), and therefore the explanatory variable
was not included in the final prediction model. For further optimisation of
the model, we suggest dividing fertiliser products with mainly Ca-bound P
y to be present according to the literature, and prediction models with the best fit for

Literature suggesting presence of main P
species

Prediction model derived in this
study

s-

hos-

e Ca-
es

Frossard et al. (2002); Toor et al. (2005);
Brod et al. (2015a); Bruun et al. (2017)

- MFE = 35.4 + 1.1 ∗
NaHCO3-soluble P − 12.0 ∗ 1
/ (Ca:P);

- R2 = 58.2%, R2
adj = 56.3%

- NaHCO3-soluble P: p < 0.001
- 1/(Ca:P): p = 0.09

or-
dr)

Frossard et al. (1997); Huang and Shenker
(2004); Øgaard and Brod (2016)

- MFE = −10.7 + 76.0 * 1 /
[(Al + Fe):P];

- R2 = 79.2%, R2
adj = 78.2%

- 1 / [(Al + Fe):P]: p < 0.001
a-- Huang and Shenker (2004); Shober et al.

(2006); Alvarenga et al. (2017)
- MFE = −20.7 + 1.1 ∗
NaHCO3-soluble P + 2.3 ∗ Ca:
P;

- R2 = 71.1%, R2
adj = 56.7%

- NaHCO3-soluble P: p = 0.10
- Ca:P: p = 0.10

l--

Nanzer et al. (2014); Müller-Stöver et al.
(2021)

- MFE = 4.1 + 51.2 ∗
NaHCO3-soluble P;

- R2 = 44.9%, R2
adj = 38.0%

- NaHCO3-soluble P: p = 0.03



0

20

40

60

80

100

120

140

5 25 45 65 85

tnelaviuqeresilitreflareni
M

NaHCO3-soluble P

A.

0

20

40

60

80

100

120

140

0 1 2 3 4 5

M
in

er
al

 fe
r�

lis
er

 e
qu

iv
al

en
t

Ca:P

B.

0

20

40

60

80

100

120

140

0 1 2 3

M
in

er
al

 fe
r�

lis
er

 e
qu

iv
al

en
t

(Al+Fe):P

C. 

Fig. 1. Relationship between mineral fertiliser equivalents (MFE, %) of bio-based fertiliser products with Ca-bound P (48 observations) and: A) 0.5 NaHCO3-soluble P (% of
total P, 48 observations), B) Ca:P ratio in the fertiliser product (48 observations, of which two outliers with Ca:P= 13 not included in the diagram) and C) (Al + Fe):P in the
fertiliser product (33 observations).
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into two sub-groups, with (Al+ Fe):P> 1 and (Al+ Fe):P< 1, and creating
two separate prediction models.

3.2. Sewage sludge products

3.2.1. Sewage sludge with Al-/Fe-bound P
The second largest group (n=20) comprised sewage sludge products in

which P was chemically precipitated with Al-/Fe-salts. According to the lit-
erature, in Al-/Fe-precipitated sewage sludge P is mainly present as Al-/Fe-
bound P or is adsorbed to (amorphous) Al-/Fe-(hydr)oxides (Frossard et al.,
1997; Huang and Shenker, 2004; Øgaard and Brod, 2016). However, lim-
ing or thermal post-treatment of Al-/Fe-precipitated sewage sludge has
been shown to alter P binding forms and P solubility in soil (Shober et al.,
2006; Alvarenga et al., 2017). Therefore limed sludge products and ther-
mally treated sewage sludge products were considered as separate groups
in this study (Table 1).

Total P content in sewage sludge with Al-/Fe-bound P was 27.1± 8.5 g
P kg−1 DM on average. The MFE was 22.7 ± 24.4% on average and, ac-
cording to a t-test, was significantly lower (p < 0.001) for sewage sludge
products with Al-/Fe-bound P than for fertiliser products with Ca-bound P.

Of the three explanatory variables considered in the present study,
molar (Al + Fe):P ratio in fertiliser products with Al-/Fe-bound P contrib-
uted most to explaining MFE (p < 0.001). As can be seen from Fig. 2C,
the MFE of fertiliser products with Al-/Fe-bound P clearly decreased for
products with (Al + Fe):P > 3. Because of the non-linear nature of the de-
crease, transformation of (Al + Fe):P to its reciprocal resulted in a much
better fit of the multiple regression model than the untransformed explan-
atory variable.

The fraction of NaHCO3-soluble P in fertiliser products with Al-/Fe-
bound P products showed a weak relationship (p = 0.7) with MFE
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(Fig. 2A). At p-value > 0.2, NaHCO3-soluble P was not included in the
final version of the prediction model for bio-based fertiliser products with
Al-/Fe-bound P. Extractionwith 0.5MNaHCO3 gives an estimate of the sol-
ubility of Al-/Fe-bound P following two main principles (Kuo, 1994): First,
Al3+ and Fe3+ precipitate as oxides with OH−, resulting in release of phos-
phate from easily soluble Al-/Fe-bound P to the extraction solution. Second,
an increase in negative surface charge results in desorption of sorbed P.
Non-labile Al-/Fe-bound P,which is heldmore strongly to Fe andAl compo-
nents, is not extracted with 0.5 M NaHCO3 (Hedley et al., 1982).

In sewage sludge products where P is chemically precipitated with Al-/
Fe-salts, Ca-bound P plays a minor role. Therefore the explanatory variable
Ca:P ratio was not included in the final multiple regression model with the
best fit (Fig. 2B).

3.2.2. Sewage sludge with Ca-bound P
During post-treatment of Al-/Fe-precipitated sewage sludge with lime,

P bound to Al and/or Fe is released as pH increases, and non-crystalline
CaP binding forms instead. Alvarenga et al. (2017) used chemical fractiona-
tion to demonstrate the shift from Al-/Fe-bound P to Ca-bound P achieved
by liming of Al-/Fe-precipitated sewage sludge. In sewage sludgewhere P is
precipitated with Ca-salts, CaP binding dominates (Huang and Shenker,
2004; Shober et al., 2006).

Our dataset included 11 sewage sludge products with mainly Ca-bound
P. Total P content in sewage sludge with Ca-bound P (mean 8.9 ± 3.3 g P
kg−1 DM) was significantly lower (t-test, p < 0.001) than in sewage sludge
with Al-/Fe-bound P (mean 27.1 ± 8.5 g P kg−1 DM). This difference can
be explained by dilution following lime addition. TheMFE of sewage sludge
with Ca-bound P was 46.0 ± 22.5% on average, which was significantly
higher (t-test, p < 0.01) than for sewage sludge products with Al-/Fe-
bound P (22.7 ± 24.4%). The positive effect on MFE resulting from the
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shift fromAl-/Fe-bound P tomore soluble Ca-bound in limed sewage sludge
products can be seen in Fig. 2C: Limed sewage sludge products were
characterised by relatively high MFE values, despite (Al + Fe):P > 3 for
most products. The fraction of NaHCO3-soluble P was also significantly
higher (t-test, p < 0.001) for sewage sludge with Ca-bound P than for sew-
age sludge with Al-/Fe-bound P (Fig. 2A).

TheMFE of sewage sludge with Ca-bound P was best explained by in-
cluding NaHCO3-soluble P (p = 0.1) and the molar ratio of Ca:P (p =
0.1) in the prediction model (Table 2). However, the latter only contrib-
uted to explaining MFE of sewage sludge with Ca-bound P when a limed
sewage sludge product denoted NRA (Øgaard and Brod, 2016) was ex-
cluded from the multiple regression model. The MFE of NRA sewage
sludge was much lower than expected from its Ca:P ratio, probably
because it was still unstable after liming, as indicated by its high
pH (>11). The explanatory variable (Al + Fe):P ratio did not
contribute to explaining the MFE of sewage sludge with a high propor-
tion of Ca-bound P (Fig. 2C).

3.3. Thermally treated sewage sludge products

The smallest group in our dataset comprised thermally treated sewage
sludge products (n = 9), in the form of sewage sludge ash or biochar
based on sewage sludge. In thermally treated sewage sludge products,
both Al-/Fe- and Ca-associated P species have been identified (Table 2).
There are indications that thermal treatment causes a shift towards more
Ca-associated P (Müller-Stöver et al., 2021). Formation of crystalline P-
phases as an effect of thermal treatment has also been reported (Nanzer
et al., 2014).

The total P content in thermally treated sewage sludge products was
86.3 ± 19.7 g P kg−1 DM on average. The MFE was 33.4 ± 20.7% on av-
erage, ranging from 6.0% for thermochemically treated sewage sludge ash
(TrASh; Lemming et al., 2017b) to 68% for oxidised biochar based on sew-
age sludge (PYR-OX; Müller-Stöver et al., 2021).

TheNaHCO3-soluble P in thermally treated sewage sludge products was
the only explanatory variable included here, which contributed to
explaining the MFE (p = 0.03). The fraction of NaHCO3-soluble P was
very low on average (0.57 ± 0.27% of total P), despite relatively high
MFE comparedwith untreated sewage sludge (Fig. 3A). However, the latter
value might have been biased by including many materials from an exper-
iment by Müller-Stöver et al. (2021), using acidic soil and finely ground
fertiliser products, which resulted in overall high MFE values of the ther-
mally treated products.

It is likely that themolar ratio of Ca:P and/or (Al+ Fe):P can also partly
explain the MFE of thermally treated sewage sludge products. However, in
our dataset there was too little variation within these two explanatory var-
iables for them to be included in our proposed prediction model with the
best fit (Fig. 3B, C). This could change with inclusion of more products
and observations for further improvement of the prediction models sug-
gested in Table 2.
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3.4. Implications for practical use: Shortcomings and applicability

The regression models presented in Table 2 give an indication of the
MFE of bio-based fertiliser products with unknown fertiliser effect, and
can thus be used in devising fertilisation plans for practical agriculture.
However, the predictions are still lacking accuracy, with the difference be-
tween measured and predicted MFE (Table S3) exceeding ±20% for:

- 13 of 48 values for products with Ca-bound P
- 3 of 23 values for sewage sludge products with Al-/Fe-bound P
- 2 of 8 values for sewage sludge products with Ca-bound P
- 1 of 10 values for thermally treated sewage sludge products.

Fig. S1 displays a comparison betweenmeasured and predictedMFE for
each product group.

It can be argued that the main shortcoming of the prediction models
suggested in Table 2 is that MFE values are predicted independently of ex-
ternal factors, which might affect their P fertiliser value. External factors of
importance include fertiliser shape (e.g. powder or pellets; Müller-Stöver
et al., 2021), fertiliser application method (e.g. surface application, incor-
poration or placing; Pedersen et al., 2020) and the soil type to which the
fertiliser products are applied (e.g. Lemming et al., 2020).

Our dataset provided indications that soil pH in particular should be
considered as additional explanatory variable in future work to optimise
the regression models presented in Table 2. For example, the predicted
MFE of meat-bone meal (Brod et al., 2015b) was 29% below the measured
value when applied to soil substrate with pH (H2O) 5.5, while it was 28%
above the measured value when applied to limed soil substrate with pH
(H2O) 6.9. The large differences between measured and predicted MFE
values depending on soil substrate can be explained by the P in meat-
bone meal mainly being present as crystalline and stable Ca-phosphates,
the solubility of which is highly dependent on soil pH (Lindsay, 1979). Ac-
cordingly, Delin (2016) identified a significant negative relationship be-
tween soil pH and P uptake in ryegrass after fertilisation with 14 P-rich
residues. Even though Duboc et al. (2022) anticipated good prediction of
the P fertiliser value of 42 fertiliser products based on their fraction of
NaHCO3-soluble P, a strong correlation (R2 = 0.74) was only achieved
on a carbonate-rich alkaline soil with pH (0.01 M CaCl2) 7.4. Since farmers
usually test their soils on a regular basis, including soil pH as an explanatory
variable would not result in decreased applicability of the prediction
models proposed in the present study.

Our dataset did not allow us to include soil pH as an explanatory vari-
able, even though soil pH was measured in almost all of the 10 studies on
which our analysis was based (Table S3). This was because only a few of
the studies tested the P fertiliser value of a particular fertiliser product on
different soils with awide range of soil pH values. Further, soil pHmeasure-
ments were not standardised across the different studies (measurement in
H2O or 0.01 M CaCl2 solution).

Increased accuracy of the proposed prediction models might also be
achieved by extending the dataset to include other fertiliser products and by
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including themolar ratio of Ca:P and/or (Al+Fe):P in themodels for fertiliser
products with Ca-bound P and thermally treated sewage sludge products.

4. Conclusions

Accurate prediction of the P fertiliser value of bio-based fertiliser prod-
ucts is essential for their wider use in practical agriculture. Based on com-
bined results on 69 bio-based fertiliser products from 10 independently
conducted studies, we developed regression models for predicting the
relative P fertiliser value of four sub-groups of bio-based fertiliser products,
distinguished by their chemical characteristics: 1) Fertiliser products with
Ca-bound P; 2) sewage sludge with Al-/Fe-bound P; 3) sewage sludge
with Ca-bound P; and 4) thermally treated sewage sludge products. To ex-
tend the applicability of the proposed prediction models, we suggest that
bio-based fertiliser products be labelled with information on: i) total P con-
centration, ii) ratio of NaHCO3-soluble P; iii) molar ratio of Ca:P; and iv)
molar ratio of (Al + Fe):P. For further optimisation of the regression models,
we suggest considering external factors influencing P fertiliser values (e.g.
fertiliser shape, application form, soil characteristics), particularly soil pH.
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