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Negative impact

Overapplication of nutrients due to non-

optimized nutrient ratios

Presence of heavy metals in sewage sludges
and other BBFs

Presence of microplastics and organic

pollutants in soil from sewage sludge

Emission of GHGs from BBE production and

soil application

Emissions of NH,

Mitigation strategy

Optimize N to P ratio through solid-liquid separation or source segregation;

use organo-mineral combinations

‘Thorough monitoring and management of biowastes; use of conversion

factors to predict heavy metal concentration

Monitoring; improving wastewater treatment processes; pyrolysis and

thermal treatments

Use energy from renewable sources for BBF production, placement and

seasonal fertlization strategies; use locally sourced biowastes; use of

nitrification inhibitors

Storage with reduced exposed surface area; injection of digestates into soil

rather than surface applications; use acidifying agents;

References

Deeks etal. (2013) and Sharpley (1996)

de Castro etal. (2023), Geng etal. (2020),
Kupper et al. (2014), and Lu et al. (2012)

Corradini etal. (2019), Crossman et al.
(2020), and Kanteraki et al. (2022)

Kar etal. (2023) and Meneses-Quelal a

Velizquez-Marti (2020)

Alvarez-Gaitan et al. (2016) and Maris
etal. (2021)
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Category
PFC1

PECT

Descriptiol

Fer
of supplying nutrients to plants or mushrooms

s - Products with the primary function

Product Blends - Products that fit into two PFCs,
e.g..a product designed to supply nutrients to

plants but also acts as  soi

Sub-categories
PECT(A):
Organic Fertilizers

PEC1 (B):
Organo-Mineral Fertilizers

PEC 1 (C): Inorganic Fertilizers

Component mate

oMe:
CMC 3: Compost

CMC 4: Fresh Crop Digestate

CMC 5: Non-Fresh Crop Digestate

CMC 6: Food Industry By-products

CMC 12: Precipitated phosphate salts & derivatives (e.g, struvite)

| categories (CMCs)

lants or Plant Extracts

CMC 13: Thermal oxidation materials & derivatives (e.g, ashes)
CMC 14: Pyrolysis & gasification materials

CMC 15: Recovered high purity materials (e.g, ammonium salts,
‘purity >95%)
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Material

Description

Examples of transformation
methods into BBF

References

Animal by-products

Compost

Digestates

Mineral precipitates

or concentrates

Plant based materials

Sewage sludge

Thermally treated

biowastes

E.g Raw animal excreta, meat, and bone

meal

Biowastes that went through a
composting process

Solid or liquid output of the anaerobic
digestion process of biowastes

Mineral compounds extracted, separated,
or precipitated from biowastes (¢.g.

struvite, ammonium sulfate)

Plant juices, extracts, and solids, olive
pomace

By-product of wastewater treatment
plants that concentrates solids of sewage.
Biowastes converted into ash or biochars

via incineration or pyrolysis, respectively.

nally categorized by Wester-Larsen et al. (2022).

Acidification, alkalinization

Incorporation into organo-mineral fertilizers

Biomass pre-treatments
Electrokinetic pre-treatment

Ensiling pre-treatment

Re-digestion after solid-liquid separation
Incorporation into organo-mineral ferilizers

and direct application

Composting, anaerobi

separ:

n

Acidification, alkalinization

Incorporation into organo-mineral fertilizers

Pre-treatments

Cao etal. (2020), Chrysanthopoulos et al. (2024),
Fangueiro etal. (2015), Sica etal. (2023), and

Zireeni et al. (2023)

zmann et al. (2024)

Carlsson etal. (2012)

Nyangau etal. (20232)

Nyangau et al. (2023b)

Aguirre-Villegas et al. (2019)

Fangueiro etal. (2017), Husek et al. (2022), Sena
etal. (2021), Zabaleta and Rodic (2015)

Ameziane etal. (2020), Muscolo et al. (2019) and

Sorensen and Thorup-Kristensen (2011)

Sica etal. (2023)
Deeks etal. (2013)

Kopp etal. (2023a)

We added sewage sludge, due to the different legislation and fertilization requirements: sewage sludge is excluded from the FPR and most European countries have stricter regulations on land
application of sewage sludges compared to other biowastes (Gianico et 1l 2021). Some European countries ban the land application of sewage sludge entirely a in the case of Switzerland
(Verordnung Uber Umweltgefahrdende Stoffe, 2002). Another introduced category was “thermally treated materials”.
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Biowaste

Cattle manure

Poultry manure

Sewage sludge

Sewage sludge ashes

Olive Pomace

Meat and bone meal

Mineral precipitates
or concentrates, e.g,

struvite:

Organo-mineral
fertilizers (OME)

Composts

Digestates

Phosphorus

6-16gkg" total B, mostly
soluble Pi

13-23gkg” total B, variable Pi

and Po, rich in calcium-bound
Pi

Very rich in P (up to 40g-kg )

Pi of very low availability

Raw pomace s poor in
available P (<0.02-0.04%)

20-40g kg total P, mainly
hydroxyapatite derived from

bones

Struvite: > 12.5 % total P
(Mgassociated P)

>29% P,0; - P that can come
from mineral fertlizer (c.g.
diammonium phosphate)

and/or from P contained in

the organic fraction

2-7gkg" total B, mostly Pi,
rich in calcium-bound Pi

Depends on the biowaste.
Improved (decreased) C:P

ratios in, e.g, olive pomace

Nitrogen

Organic N forms (urea, amino
acids), mineral N (NH,"-N)

Organic N forms (urea, amino
acids)

Dissolved organic N

Low quantity due to thermal

treatment

High C:N ratio

derived from the meat and
blood.

E.g. Ammoniacal form when

ammonia stripping is used

2% N, minimum 0.5%
organic N (if OMF contains P
and/or K). >2.5% N, minimum
1% organic N (OME with only
Nas macronutrient). N can
come from mineral fertilizer

and from the organic fraction

Inorganic N (NH4+, NO3-)

and organic N forms

High inorganic N content, low

organic N, decreased C:N ratio

Nutrient concentrations reported in percentage or gkg' dry matter.

Agr

mic challenges

Imbalanced P to N ratios, poter
excessive P application, risk of P leaching.
Variable P and N content, calcium-bound
pH.

Pi, insoluble at neutral to alkal

Impact of P flocculation or removal
technique on P availability.

Low P solubility due to formation of
crystalline forms.

Low pH, high content of organic
components that can be phytotoxic, low P,

and N contents.

Low P solubility due. o stable mineral
forms, having a low availability to plants,
especially in soils with neutral and alkaline
pH.

Although itis already produced
commercially the precipitation and
recovery processes are costly, making it an
expensive fertilizer.

OME are already commercialized,
‘generally more expensive than equivalent
mineral fertilizers. Peatis still the main
organic matrix used in Europe.

If nutrients come from the organic
fraction, challenges are typical of organic

fertilizers (low solubility and hi

variablity among batches).

Dry matter loss reduces P availability

Nlosses during digestion are lower than
composting, but increased crystallinity
reduces P availability, high N losses when
surface applied.

References

Barnett (1994) and Poulsen and
Kristensen (1998)

Barnett (1994) and Neijat et al
(2011)

Frossard et a. (1997) and Wang
etal. (2022)

Lemming et al. (2017) and
Nanzer etal. (2019)

Ameziane ctal. (2020) and
Muscolo et al. (2019)

Brod et al. (2015) and
Chris

nsen et al. (2020)

Christiansen etal. (2020) and Li
etal. (2019)

EC (2019), Paré et al. (2010) and
Rodrigues et al. (2021)

Frossard et al. (2002) and Zhang
etal. (2023)

Hafner and Bisogni (2009),
Jiang et al. (2022) and Pedersen
etal. (2021)
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Treatm EC (dS m™) TOC Available-P Available-K NO;~N

(gkg™) (mgkg™) (mgkg™) (mgkg™)

Control 7.7+0.02d 0.229+0.003a 8.46:+0.38ab 0.91:+0.03abe. 15.540.5bc 338+1la 8.1£05
Fertiliser 7.740.02¢d 0.231+0.004a 7.4510.22b 0.83+0.01c 17.10.2ab 31113 82109
Ash50% P 784003cd 0.196:0.008b 72820316 0:8340.03¢ 17.8+0.4ab 22928 70+01
Ash 65% P 7.9%0.01b 0.226+0.008a 8.2740.60ab 0.85£0.01bc 13.8+0.2c 175+6¢d 79403
Ash 80% P 7.940.01ab 0.241£0.005a 8.80+0.11a 0.98:+0.00abe. 14.8+0.3c 164+5d 7.11£0.1
Ash 100% P 800012 0216£0004b  8.47+032b 0950.03ab 182408 20529be 86£02
ANOVA® ex e NS e e e NS

EC, electrical conductivity: TOC, total organic carbon; TN, total nitrogen (mean £ SE; n=4). Results refer to dry weight. Values followed by different letters indicate significant differences
between treatments according to the Tukey test at p<0.05; %, **, ***: significant at p<0.05, 0.01, 0.001; NS: not significant.
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Measurement

N concentration mg N g plant 13.7 £0.8" 16.5 £ 0.3%0 14.6 £ 0.6 17.3£12° 14.3 £ 0.5% 15.5 & 0.180 165 £0.6 156 £ 1.1
Tr. P (F): <0.05. Tr. P (E): n5; Copg P (): 1s.

P concentration mg P g~ plant 25£0.0° 2.0+0.0° 23£02% 214018 20£0.1° 23013 2.1£0.1 21400
Tr. P (F): <0.05. Tr. P (E): n5; Corg P (E): ns.

N uptake gN kg™ soil 347+ 14> 74.7 £5.0° 793473 69.1% 4.4 612412 66.2% 0.8 728 +82 69.0+ 5.4
Tr. P (E): <0.001. Tr. P (F): n5; Corg P (F): ns.

P uptake gP kg™ soil 6.4+ 0.4° 924 0.6 126+ L1 8.5+ 0.8 8.7 £ 0.7%0¢ 97 +0.4% 92£05 9209
Tr. P (F): <0.01. Tr. P (E): ns; Corg P (E): ns.

NUE % 526462 582+9.0 457 £54 358+ 15 42.1£1.0 502 % 10.1 456 £ 6.6
Tr. P (F): ns. Tr. P (F): n5; Corg P (F): ns.

PUE % 18.6 + 3.4 371458 14.4+42° 159+ 4.0 211 £1.9% 184£29 18.6 50
Tr. P (F): <0.05. Tr. P (F): ns; Corg P (F): ns.

Treatments with a Corg-N-P2Os content of 7.5-20-10, mineral control (MExp), and unfertilized control (NoPo) are compared by treatment (Tr) and block, and their differences are shown in lowercase letters. The block effect was always non-significant. Treatments
with two different Corg-N-P,0s concentrations (7.5-20-10 vs. 7.5-10-5) are compared by treatment (Tr), block, and mineral content (Min). The treatment effect was always not significant. ns, not significant.
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Measuremen

35+06°

54£06

Top root DM (0-15 cm) g DM pot™! 72409 57405 59£05° 57 £0.7" 53£0.1 58403
Tr. P (F): <0.01. Tr. P (F): ns; Corg P (E): ns.

Bottom root DM (15-30cm) | g DM pot™! 07£0.2 0902 0.9:£0.1 07£0.1 0.8:£0.1 05£0.1 09£0.1 L1£0.0
Tr. P (F): ns. Tr. P (): ns; Corg P (F): ns.

Shoot dry matter g DM pot™! 30.6 £ 246 54.5 £ 3.9%" 64.7 £3.6" 487 £5.7° 514 £ 2.0 513 £ 0.8*° 52843 53.6£4.9
Tr. P (F): <0.01. Tr. P (F): ns; Corg P (F): ns.

Fruit dry matter g DM pot™" 22+15 23.0£13 202405 19706 1901+ 11 226+2.0 179+ 1.1 179+ 0.4
Tr. P (F): ns. Tr. P (F): ns; Corg P (F): nis.

Treatments with a Corg-N-P,05 content of 7.5-20-10, mineral control (MFxp), and unfertilized control (NoPo) are compared by treatment (Tr) and block, and their differences are shown in lowercase letters. The block effect was always non-significant. Treatments

with two different Corg-N-P>05 concentrations (7.5-20-10 vs. 7.5-10-5) are compared by treatment (Tr), block, and mineral content (Min). The treatment effect was always not significant. ns, not significant.
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Treatments OMF details Organic Organic Organic Mineral N Mineral P
matrix Corg matrix N matrix P
Organic material Mineral fertilizers Corg-N-P205 mg pot~! mg pot mg pot~! mg pot~! mg pot
concentration
NoPo No organic material No mineral fertilizers 0.00 0.00 0.00 0.00 0.00
MFxp No organic material Ammonium sulfate; urea; and 0-20-10 0.00 0.00 0.00 971 212
triple superphosphate
Peatyo_10 Peat Ammonium sulfate; urea; and 7.5-20-10 364 22 5 971 212
diammonium phosphate
GCao-10 Green compost from pruning Ammonium sulfate; urea; and 7.5-20-10 364 21 8 971 212
residues diammonium phosphate
MSWCzo_10 Municipal solid waste compost Ammonium sulfate; urea; and 7.5-20-10 364 40 14 971 212
diammonium phosphate
VCao-10 Manure-based vermicompost Ammonium sulfate; urea; and 7.5-20-10 364 27 16 971 212
diammonium phosphate
Peatyo_s Peat Ammonium sulfate; urea; and 7.5-10-5 728 44 10 971 212
diammonium phosphate
MSWCiq-s5 Municipal solid waste compost Ammonium sulfate; urea; and 7.5-10-5 728 79 29 971 212
diammonium phosphate

The OMF treatments had two different concentrations of Corg, mineral N, and mineral P;Os: (i) a concentration of 7.5% Corg, 20% N, and 10% Py O5 (OMFz_10); and (i) a concentration of 7.5% Corg, 10% N, and 5% P05 (OMFjo—s). Organic materials used to
create OMFao-10 were green compost from pruning residues (GCz0-10), municipal solid waste compost (MSWCz0-10), manure-based vermicompost (VCz0-10), and peat (Peatzo-10). For OMFio—s, municipal solid waste compost (MSWCio-s) and peat (Peatio—s)
served as the organic matrices. Each OMF was mixed with ammonium sulfate, urea, and diammonium phosphate to obtain the ideal Corg-N-P205 concentration. A mineral control (MFxp) was used to replicate the mineral composition of OMFzo-10. Additionally, a

control without fertilization was used (NoPo).
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Liquid

Straw

Glycerol

Properties digestate Biochar Woodchips
Dry matter (%) 904 52 97.7 862
Organic matter (%) 53 39 - -
pH 8.1 83 13 -
Total Carbon (g/kg fw) 375 206 628 546
Nitrogen

Total (g/kg) 285 63 522 12
Ammonium (mg/kg) - 4147 - -
Nitrate (mg/k) - <10 - -
Phosphorous

Total (mg/kg) 521 102 -
Available (mg/L) 49 . - -
Potassium

Total (mgrkg) - 4275 25 -
Available (mg/L) 755 - - -
CN ratio 1295 327 12039 1897
Microbial biomass Carbon (mg-C/kg) 392 - - -
Microbial Biomass Nitrogen (mg-N/kg) 98 - : -

Data for the liquid digestate, biochar, glycerol and select soil properties (LOI, P, K) were provided by the suppliers.

479

60

3919
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Days after Soil only Liquid LD + D)= Sy LD + LD +

e application control digestate Glycerol Woodchip Biochar

F:B ratio 0 0.118+0.001 0.125£0.017 0.173£0.025 0.153+0.026 0.139£0.017 0.146 £0.009

(%mol) 30 0.084+0.005" 0.202+0.007 0.172£0.019° 0.154+0.016% 0.091£0.004* 0.104:+0.009"
90 0.161£0.023* 0.215£0.020" 0.218+0.003" 0.21940.005* 0.142:£0.007" 0.187£0.024*
150 0.124+0.011 0.186+0.013 0.208+0.013 0.183+0.024 0.174£0.028 0.14840.010

) values between treatments in a row (sampling time) denoted with a different lower-case letter are statistically different according to Tukey’ test at the 5% probability level.
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N content in soil Fractionated P in soil

N-NO3 Neg) N-Total Water-P Bicarbonate-P NaOH-P HCI-P Residual-P
mg N kg™ soil mg P kg soil

N, 1819+ 16.4b 17.8£1.8b 10003£17.5 1200.0£0.0 70404 18.40.6b 352414 130627.1b 16689.1ab
MFy, 606742340 346412 92541308 1566.74124.7 676446 45.85.6ab 96,14 1.1ab 168.5:+4.1ab HL1E41b
Peat 568.9473.72b 3208240 1099141886 17000 1414 57.0£9.0a 60221540 863£10.72b 17072022 1149239.7ab
Ge 6103£57.00 27.145.6ab 896041638 15333£1247 593£1.0a 360 10.42b 80.7£80b 14562 13.20b 167.4230.1ab
MSWC 60784258 3B1£19 892441836 15333£170.0 344£60b 302£3.00 83.003b 1533+ 1.4ab 188.2+8.7a
ve 567.7432.1ab 320+41a 100591330 1600.0£100.0 306£07b 280+3.9b 1033261 1580+ 13.0ab 169.2219.3ab
Treatment P(E) N hd ns ns e - e * *

Letters on the right indicate differences between treatments.
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Treatment

NP, 421424 < 591548 b

MEy 1451433 b 47510 b 20717 <

MF, 344226 < 27924465 a 103£23 <
MFy, 177.74106 ab 67.1544 b 615523 ab 22416 ab
Peat 20072285 a 63.05.1 b 7355112 a 25550 a
GC 197.1£66 a 547440 b 55829 b 158516 be
MSWC 20854215 a 673371 b 586477 ab 210847 ab
ve 19245154 a 599445 b 541£55 b 172425 abe
Treatment P(F) <0.001 <0.001 <0.001 <0.001

Letters on the right indicate differences between treatments.
NN calculated as N concentration/N critical *100. Where N critical s calculated as 3.4* Dry matter production ~0.37.
"PNI, calculated as P concentration/P critical *100. Where P critical is calculated as 082 N concentration *0.097.
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P critical content (mg g"DM) = 0.82+ Neontent x0.097  (3)





OPS/images/fsufs-08-1330843/fsufs-08-1330843-e004.jpg
N or Puse efficiency (NUE or PUE, %)
_ Nor Puptake— N or P average uptake o 1o "

N or P fertilization rate






OPS/images/fsufs-08-1330843/fsufs-08-1330843-e001.jpg
Nutrient index =100 x

Nutrient content

Nutrient critical content

(1)





OPS/images/fsufs-08-1330843/fsufs-08-1330843-e002.jpg
N content (%) =3.4x DM~

)





OPS/images/fsufs-08-1330843/fsufs-08-1330843-g003.jpg
N concentration (mg N g* DM)

P concentration (mg P g* DM)

GC MsWe Ve

Wy WP, MR Peal

NPy

B

5001

05 , B3 N Bu) 2¥eidn

100

N

&0

e 8
105 , B d Bu) oyeidn o






OPS/images/fsufs-08-1330843/fsufs-08-1330843-t001.jpg
Parameter Unit Peat GC MswC vc

Cos mgkg™ DM 166.9 1938 2127 198.1
Total Humic C mgkg™ DM 795 603 926 97.6
Humification degree % 790 530 68.6 721
N 162 177 101 147
Alkyl C/O-Alkyl 09 06 08 06
Nuw mgkg™ DM 100 10 21 148
Nug mgkg™ DM 93 107 214 141
3 mgkg™ DM 24 44 84 87
K mgkg™ DM 103 139 100 134
Mg mgkg™ DM 140 ns ns 120
Ca mgkg™ DM 07 529 465 405
Fe mgkg™ DM 302 175 163 150
CEC meq 100g™ 575 646 494 618
EC mS ! 15 L1 22 15

pH 80 95 93 99
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EC (dS N Total-P Total-K Soluble-K* Total-Na  Soluble-Na*

m) (gkg™) (mgkg™) (gkg™) (gkg™) (gkg™) (gkg™)
Initial M+ W5050  116£03b | 20.4+03a 168+6.0a 111204 2924194 324%07a 372016 sz nd 1584020 nd
Manure 100 11.1£0.1b 18.1+0.3b 56.942.9b 3.7+0.2b 582+8cd 24.4£0.1b 336+29a 88.4+0.3b 45.1£0.9a 13.7£0.3b 52+0.1a
M+ W 50:50 11.9+0.1a 16.5+0.2¢ 385+2.2b 24%0.bc 895169 11.1£0.2¢ 55+0.2b 68.21 1.5bc 32.0£0.6b 8510.2¢ 3.00.1b
M+ W 60:40 11.9+0.1a 17.3£0.2bc 40.5£2.5b 26+0.3bc 816+ 8b 11.2+0.6¢ 5.10.1b 66.6%1.1c 33.0£0.0b 8540.2¢ 32:0.1b
Wood 100 1801 162+01c 373219 20202 8234200 112403 65£02b 623228 326+0.1b 79203 32:0.1b
ANOVA B e s es . s P e e P -

EC, electrical conductivity; TOC, total organic carbon; TN, total nitrogen. Total elements and water-soluble forms for anions (NO,™ -N and PO,"-P) and cations (K" and Na‘). Results rfer to dry weight (mean-+E; n=2). Values followed by different letters indicate
significant differences between treatments according to the Tukey test at p<0.05; %, **, ***: Significant at p <0.05, 0.01, 0.001. nd: not determined.
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) values between treatments in a row (sampling time) denoted with a different lower-case letter are statistically different according to Tukey’s test at the 5% probability level.
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Organic Content, g product® References
resource

N B

Cattle slurry 76 4.12£071 0.61£0.15 54425 CBGV, 2023; Statistics Netherlands (CBS), 2024

Pig slurry 67 642+ 1.78 1.63£0.63 40£38 CBGV, 2023; Statistics Netherlands (CBS), 2024

Poultry manure 561 250£7.10 8.19+249 478 £ 124 CBGV, 2023; Statistics Netherlands (CBS), 2024

Solid cattle manure 233 7.61 £3.18 1.61 & 0.98 162 + 68 CBGV, 2023; Statistics Netherlands (CBS), 2024

Solid pig manure 249 8.95 +3.39 4.18 £ 2.63 209 & 81 CBGV, 2023; Statistics Netherlands (CBS), 2024

VGF <:0mp<)sld 681 11.8 279 322 CBGV, 2023

Sewage sludge® 230 £ 60 7.13£1.79 4.14 £ 1.04 144 £36 Huygens et al., 2022

Meat and bone meal 94.6 94 524 Dittrich and Klose, 2008; Centraal Veevoeder
Bureau, 2012

*For cattle, pig and poultry manure, the presented N and P values are based on a database of transported and analyzed manure samples from Dutch farms in the period 2020-2022. The number
of manure samples range from 3,879 for solid pig manure to 150,362 for cattle slurry. Fewer data on OM contents of manures were available, approximately 10% of the total sample size, and a
‘minimum of 50 individual samples per category [CBGV, 2023; Statistics Netherlands (CBS), 2024]. For VGF compost, sewage sludge and meat and bone meal the sample size is unknown, as
well as the variation therein.

bFresh weight.

€Of which 50% is assumed to be C.

dCompost of Vegetable, Garden, Fruit waste.

Dewatered sewage sludge, based on 17 international peer review papers.
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