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THE CIRCULAR ECONOMY CAN HELP IN RE-THINK 
COMPLETELY FERTILIZER PRODUCTION AND USE 



CIRCULAR ECONOMY 
APPLIED TO NUTRIENT 



Nutrient: SHORT 
CYCLE FIRST…….
……that is not a 
simple local waste 
recycling  and 
disposal



e.g. from waste to compost, that is not a fertilizers but an organic 
amendment, not able replacing synthetic fertilizers.

Crop max requirement 

max nutrient release from compost



So we need technology and 
biotechnologies able to transform 
secondary material into fertilizers.



e.g. : ANAEROBIC DIGESTION
transforms biomass into

BIOFUELS

……and more……….

Renewable fertilizers®





Anaerobic digestion: modification of  

both elements and organic matter 

contained ……
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What about mineral fraction……..?
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Ingestate

Anaerobic digestion 

Digestate
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Fertilizers properties of digestate

Source: Pedersen 2003

digestate
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Dieterich et al, 2008

CAN: Calcium ammonia nitrate nitrate

















The use of digestate and its fraction in full field scale





Digestate
1 4

6

Shallow
Water
Body

1 2 3 4 5

6 Ammonium sulfate

Lime residue

Solid Solid Concentrate

Liquid Liquid Permeate Permeate

Concentrate

Water

Simplified scheme of the plant (1: Screw press separation, 2: Centrifugation, 3: 
Ultrafiltration - UF, 4: Reverse Osmosis - RO, 5: Zeolites refining, 6: Cold ammonia 
stripping)

Ledda et al.,  2014 - Water & Research. 

Chemical physical treatment
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Zeolite

UF + OI + cold stripping plus zeolite refining. 



Untreated After ultrafiltration After reverse osmosis



Ammonia sulfate production



Membrane (MF) and ultrafiltration (UF) techniques consist in physical separation by

forcing stream input (i.e. liquid fraction of digestate after decanter digestate

centrifugation, through membrane by means of pressure. Membranes used to

process digestate can be classified as in the following according to pore size: MF-

(pores > 0.1 μm, 0.1-3 bar), UF- (pores > nm, 2-10 bar) and RO-membranes (no

pores, 10-100 bar). Membranes used can be both organo-polymeric or ceramic. The

first one are less expensive but they are difficult to be cleaned and they do not

support high pressure. Ceramic membrane, used above all for ultrafiltration, are

easier to be cleaned (they have resistance to chemicals) and they allow higher

performance because of high pressure used. Nevertheless, the higher the

separation performance, the higher the energy consumption what might be the

main limitation for the implementation of such technique.

Membranes operate a separation of the suspended solid fraction. This process is

generally used as pretreatment of the reverse osmosis in a cascade modality.

Reverse osmosis applied to the digestate consist in the MF or UF refining.



•N-NH4 reduction (from digestate) = 65 % N-NH4

•N-NH4 cutting (from liquid fraction) = 78% N-NH4

• N tot riduction f(x) N-NH4 = 36-65 % Ntot

• Liquid to shallow water= 47.7 % v/v

• Total solid= 23 % v/v

• Total concentrate = 10 % v/v

• (NH4)2SO4 produced = 1.2 % v/v

Slurry = 100 %:
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• 2 €/m3 = plant management (electricity, reagents etc.).

• 0,6 €/m3 = no service

• 1,2 €/m3 = full service

•1 €/m3 = pay back(10 a).

•Tot. = €/m3 4.2 (full service)

•Tot. = 3 €/m3 no service.

In addition:

• - 1 €/m3 avoided transportation.

• - 0.5 €/m3 trade (NH4)2SO4.

• - x €/m3 land rented for slurry disposal

Tot. = €/m3 2.5-3 (full service)

Cost



Agronomic use of liquid 
separated fraction of digestate



Regione Lombardia SATA –Unimi-DiPrVe

Full scale trials  
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Integrated system to produce renewable energy and
renewable fertilizers from farms

AZIENDA AGRICOLA BIZZONI F.lli S.s. – SOCIETA’ AGRICOLA

GRUPPO RICICLA – DISAA dell’Università degli Studi di Milano

Sustainable Development 
Foundation price on 2013 



MODELLO 
TRADIZIONALE DI USO 

DEI NURIENTI

IMPLEMENTAZIONE 
PARZIALE DI MISURE PER IL 

CONTENIMENTO DEGLI 
IMPATTI

USO DEL PROTOCOLLO DI 
UTILIZZO “FERTILIZZANTI 

RINNOVABILI”

LCA in digestate use



Dieterich et al, 2008

CAN: ammonia nitrate



• Winter wheat; 
• considering: production, packaging, transport, agriculture use;
• Impacts considered: global warming, acidification, smog, heavy metal

Over 90% of impact due to agriculture  

(elaborated from da Kuester and Jenssen, 1998)
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To complete the knowledge



The role of soil biological activity in reducing nitrate

presence in the deepest layers of agricultural soils.

Massimo Zilio1, Silvia Motta2, Fulvia Tambone1, Barbara Scaglia1, Gabriele Boccasile3, Andrea Squartini4, 

Fabrizio Adani1

In preparation do not reproduce

Zilio et al., 2019, in preparation





Zilio et al., 2019, in preparation



Figure S1. Geographical location of the soils exploited in this

work. The reported cartographic table, excluding the points of

interest, was obtained from OpenStreetMap.org. The data is

available under the Open Database License, and the

cartographic table is published with a CC BY-SA license.

Confidential



SOIL CODE YEAR CROPS FERTILIZER

TIME OF

FERTILIZATION

TOTAL N 
SUPPLIED (kg ha-

1)
CROP HARVEST

DATE FIELD AREA (Ha)

1a

2014

Maize Cattle slurry
16/05/2014
12/06/2014

117
140

07/10/2014 2.95

1b
Maize – Cover 
crop

Urea
31/03/2014
15/07/2014

116
164

17/10/2014 4.41

2
Barley – Silage 
maize

Digestate liquid 
fraction

18/04/2014
13/05/2014

94
59

11/09/2014 4.76

3a
2015

Maize
Digestate liquid 
fraction

13/05/2015
15/06/2015

178
153

31/08/2015 2.63

3b Maize Pig slurry
13/05/2015
15/06/2015

300
104

31/08/2015 1.73

4a

2016

Maize
Digestate liquid 
fraction + Urea

06/04/2016
07/06/2016

245
138

25/08/2016 2.63

4b Maize Pig slurry + Urea
06/04/2016
07/06/2016

287
138

25/08/2016
1.73

5 Maize Digestate
08/06/2016
13/06/2016

222
47

25/09/2016
3.01

6a Maize Digestate
24/06/2016
25/07/2016

269
110

06/10/2016
3.5

6b Maize Digestate + Urea
24/06/2016
25/07/2016

269
184

06/10/2016 3.41

7 (4a + 
extra N)

Maize
Digestate liquid 
fraction + Urea + Pig 
Slurry

06/04/2016
07/06/2016
03/10/2016

245
138
860

25/08/2016 2.63

8 Maize
Digestate + Urea + Pig 
slurry

10/04/2016
28/07/2016
24/10/2016

270
620
580

22/08/2016 4.34

Table S1. Soil studied and soil agronomic management. In the Table are reported the agronomic data of all the experiments made.

Zilio et al., 2019, in preparation





Fig. 1. Nitrate concentration in soil. For each experiment, divided for depth classes, 

the box plot shows minimum and maximum values sampled (bars), the first and the 

third quartile (boxes), the median (lines inside boxes) and the average (crosses); n = 

248.

Zilio et al., 2019, in preparation
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Results of this work suggest that with a normal N fertilization,

soil biological activity, indirectly quantified by measuring the

number of gene copies, is adequate to nitrify-denitrify N,

showing in all soils studied a good opposition to nitrate leaching

in the deepest soil layers and ensuring low nitrate content at 1-

meter depth. However, for higher N fertilization rates, soil

biological activities related to the N-cycle are not sufficient,

with soil characteristics such as texture and rainfall becoming

important variables in determining nitrate leaching.

Zilio et al., 2019, in preparation



To conclude a real 
example of Circular 
Economy applied to 

nutrient in Italy 



Nutrient recovery 
to transfer them 
from rich-nutrient
region to poor-
nutrient region.  



INTRODUCTION TO THE CENTER FOR 
THE RECOVERY OF NUTRIENTS  FROM 

ORGNIC WASTES IN ITALY: AN EXAMPLE 

Vellezzo- Bellini (PV)



PARTNER OF 





Renewable fertilizers from organic 
wastes

• 4,000 Ha fertilized 

• Minimum Tillage

• Precision Agriculture (GPS)



- 108,000 t/year of organic waste;

- 195,000 tons of organic fertilizer completely sanitized and 
deodorized through a thermophilic anaerobic treatment;

- 4,000 tons of ammonium sulphate;

- Fertilizers used by injection promoting precision and conservative 
agriculture. 

- 12,000 MWh/y , and to replace the following quantities of     
mineral fertilizers: 



SAMPLES WERE TAKEN:

- Before fertilization (t0): superficial soil samples

- During fertilization: digestate sample, odour and GHG emission

- Plant emergence: superficial soil and seedlings samples

- 80 days after fertilization: soil cores at depths 0-25, 25-50, 50-75 and 75-100 cm

- Maize maturity: grain

EXPERIMENTAL DESIGN SYSTEMIC: 

maize for grain for 3 years
THE SITE

D1 C1 U1 D2 C2 U2 D3 U3 C3

Plot Treatment Date N (kg ha-1)

U No fertilization /

C
Urea 23/04/2018 185.35

Ammonium sulphate 22/06/2018 91.69

D
Digestate 23/04/2018 190*

Ammonium sulphate 22/06/2018 91.69

*assuming an efficiency coefficient for digestate-Ntot of 0.5.

THE FIELD

All the analyses were carried out comparing the digestate, chemical and non-fertilized treatments



DIGESTATE:

- Periodic analysis of the digestate produced by the plant (Pollutants, N, C, P, metals)

- Extraction of the Dissolved Organic Matter (DOM) from digestate and GC-MS characterization

- Test of the biostimulant auxine-like activity of the DOM extracted from digestate

- Test of the biostimulant activity of the DOM extracted from soil fertilized with digestate: auxine-like activity test, vegetation 

test in laboratory and open field

ENVIRONMENTAL ANALYSIS:

- Measurement of greenhouse gas emissions (NH3, N2O, CO2, CH4) and odors during fertilization

- Nitrate leaching: coring up to a depth of one meter and analysis of the nitrogen speciation in the soil every 25 cm of depth 

(before and after fertilization with digestate)

- Quantification and characterization of microorganism populations involved in the nitrogen cycle in soil cores every 25 cm of 

depth (before and after fertilization with digestate)

SOIL CHEMISTRY:

- Carbon distribution, Organic fraction characterization (13C CPMAS NMR, GC-MS) and radio dating

- Speciation of P and 31P NMR analysis of single fractions

YIELD:

- Evaluation of the production of grains by plants fertilized with digestate

- Analysis of metals, P, N and C content in grains

PLANNED ACTIVITIES



DIGESTATE ANALYSIS – 1: main characteristics

Parameter Unit of measure Value

Lombardy DGR limits 2031/2014 

for the use of sewage sludge in 

agriculture

pH pH unit 8.6 ± 0.3 5.5-11

Dry residue at 105 °C % 10.3 ± 0.48 n.e.(*)

Dry residue at 600 °C % 4.26 ± 0.37 n.e.

SSV/STS ratio 57.8 ± 1.04 ≤65

Degree of humification
% 43.6 ± 9.8 n.e.

Organic carbon % d.w. 29.2 ± 4.13 ≥20

Total nitrogen % d.w. 7.7 ± 0.3 ≥1.5

N-NH4+/ Total nitrogen % d.w. 62 ± 3 n.e.

Total phosphorous % d.w. 3.1 ± 0.04 ≥0.4

Potassium g kg-1 d.w. 9.9 ± 1.4 n.e.

Arsenic

mg kg -1 d.w.

9.1 ± 2.08 n.e.

Cadmium 1.5 ± 0.4 ≤20

Chromium 110 ± 13 ≤750

Mercury <1.9 ≤10

Nickel 73.9 ± 8.9 ≤300

Lead 76.8 ± 15 ≤750

Copper 444 ± 58 ≤1000

Zinc 1369 ± 111 ≤2500

(*) n.e.: not expected from Lombardy DGR limits 2031/2014

The digestate widely 
respects all the limits 
included in the Italian 
legislation that regulates the 
use of sludge in agriculture



SOIL ANALYSIS- 1: t0 (2018)

Parameter Unit of measure Value

Italian limit 

D.lgs. 99/92 for 

the protection of 

agriculture soils

pH pH unit 7.0 ≥5

CSC  C (mol kg-1) 19.3 ≥8

Oxidizing power for chromium µmol Cr(VI) < 0.2 ≤1

Total Organic Carbon g kg-1 DM 16.07 n.e.(*)

Ratio C:N 9.13 n.e.(*)

Cadmium

mg kg-1 DM

< 0.5 ≤1.5

Mercury < 0.5 ≤1

Nickel 13.1 ± 2.62 ≤75

Lead 17.1 ± 3.42 ≤100

Copper 21.2 ± 4.24 ≤100

Zinc 51.6 ± 10.32 ≤300

Texture
Silt (%) Clay (%) Sand (%)

44.2 ± 2.1 10.4 ± 0.5 45.5 ± 1.6

(*) n.e.: not expected from Lombardy DGR limits 99/92

MAIN CHARACTERISTICS



CARBON FRACTIONATION

SOIL ANALYSIS - 2: t0 (2018)

Labile C

(biochemical protected)
Mineral protected C

Stable C

(chemical protected)

% TOC

62 ± 2 34.9 ± 1.6 3.04 ± 0.01

NITROGEN SPECIATION

N tot N-org N-NO3
- N-NH4

+

mg kg-1 DM

1430 ± 82 1411 ± 80 13 ± 2 6.5 ± 0.3

PHOSPHOROUS SPECIATION

P tot P NaHCO3 P HCl P NaOH+EDTA Recovery 

%
mg kg-1 DM

395 ± 21 89 ± 12 191 ± 15 55 ± 18 85 ± 7

Labile C

Mineral protected C

Stable C

P NaHCO3

P HCl

P NaOH+EDTA

Organic N

N-NH4+

N-NO3-

Scheduled for next year: radio dating of the carbon fraction in the soil



AMMONIA (CUMULATED)

DIGESTATE IMPACT - 1: GHG emission during spreading
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ODOUR POTENTIAL (LAB ANALYSIS)

DIGESTATE IMPACT - 2: odour emission during

spreading

Treatment
Odour potential 

(OU m-2h-1)

Untreated -

Chemical 827 ± 256

Digestate 3.949 ± 817
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ODOUR EMISSION DURING OPEN 
FIELD FERTILIZATION

Urea spread on soil 
surface Digestate injected in 

soil at 10 cm depth

Digestate shows an high odour potential, 
but the injection into the soil significantly 
reduces odour, to a level comparable with 
chemical fertilizers



NITROGEN SPECIATION

DIGESTATE IMPACT - 3: N leaching 80 

days after spreading
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SOIL ANALYSIS 80 days after 

digestate spreading
TOTAL ORGANIC CARBON
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MAIZE YIELD
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(*) Indicates that the value is significantly different from the values for other treatments (ANOVA, p<0.05).

Average moisture 16.1% wet weight

Plot Treatment Date N (kg ha-1)

U No fertilization /

C
Urea 23/04/2018 185.35

Ammonium sulphate 22/06/2018 91.69

D
Digestate 23/04/2018 190*

Ammonium sulphate 22/06/2018 91.69
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86

Saved economic costs

price (t) cost per ton

Amount[

t] total

N € 870.00 1231 1,070,970.00

P2O5 € 930.00 1090 1,013,700.00

K2O € 380.00 273 103,663.00

TOTAL (€) 2,188,333.00

Not to mention the environmental benefits, the replacement of mineral fertilizers by fertilizers 
produced in the Centre will result in an annual economic benefit of more than € 2 million: 

Not to mention the environmental benefits, the replacement of mineral fertilizers by fertilizers 
produced in the Centre will result in an annual economic benefit of more than € 2 million: 

Saved energy costs for the production and transport of fertilizer

GHG emissions 

saved

Energy analysis for the production and 

transport of fertilizer [GJ/y] (Wang, 2007)

GJ/t

N 53 1231 65,248 3,816

P2O5 14 1090 15,261 1,090

K2O 9 273 2,455 191

TOTAL

(GJ) 82,964

(kWh)

23,045,811

(t CO2 eq)        

5,097    
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BIOSTIMULANT EFFECT OF THE DISSOLVED ORGANIC MATTER

DIGESTATE ANALYSIS – 2: 

biostimulant effect

Dissolved organic matter was extracted from the digestate, and tested for its 
biostimulant auxine-like effect on cucumber seeds.

STANDARD CURVE (AUXINE)

G
R
O

W
T
H

 I
N

D
E
X

DOSE

ROOT ELONGATION CURVE – SEEDS TREATED WITH DIGESTATE
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Dose-dependent reduction of root 
elongation


