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Phosphorus retention and
agronomic e�ciency of refined
manure-based digestate—A
review

Tomas Persson * and Victor Rueda-Ayala †

Department of Grassland and Livestock, Norwegian Institute of Bioeconomy Research, NIBIO, Ås,
Norway

Digestate, a by-product from anaerobic digestion of organic materials such

as animal manure, is considered a suitable plant fertilizer. However, due to its

bulkiness and low economic value, it is costly to transport over long distances

and store for long periods. Refinement processes to valorize digestate and

facilitate its handling as a fertilizer include precipitation of phosphorus-rich

mineral compounds, such as struvite and calcium phosphates, membrane

filtration methods that concentrate plant nutrients in organic products,

and carbonization processes. However, phosphorus retention e�ciency in

output products from these processes can vary considerably depending

on technological settings and characteristics of the digestate feedstock.

The e�ects of phosphorus in plant fertilizers (including those analogous

or comparable to refined digestate products) on agronomic productivity

have been evaluated in multiple experiments. In this review, we synthesized

knowledge about di�erent refinement methods for manure-based digestate

as a means to produce phosphorus fertilizers, thereby providing the potential

to increase phosphorus retention in the food production chain, by combining

information about phosphorus flows in digestate refinement studies and

agronomic fertilizer studies. It was also sought to identify the range,

uncertainty, and potential retention e�ciency by agricultural crops of the

original phosphorus amount in manure-based digestate. Refinement chains

with solid/wet phase separation followed by struvite or calcium phosphate

precipitation or membrane filtration of the wet phase and carbonization

treatments of the solid phase were included. Several methods with high

potential to extract phosphorus from manure-based wet phase digestate

in such a way that it could be used as an e�cient plant fertilizer were

identified, with struvite precipitation being the most promising method.

Synthesis of results from digestate refinement studies and agronomic fertilizer

experiments did not support the hypothesis that solid/wet separation followed

by struvite precipitation, or any other refinement combination, results in higher

phosphorus retention than found for unrefined digestate. Further studies

are needed on the use of the phosphorus in the solid phase digestate,
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primarily on phosphorus-rich soils representative of animal-dense regions, to

increase understanding of the role of digestate refinement (particularly struvite

precipitation) in phosphorus recycling in agricultural systems.

KEYWORDS

anaerobic digestion, digestate refinement, fertilizer, membrane filtration, phosphorus

acquisition e�ciency, phosphorus use e�ciency, phosphorus recycling, struvite

Introduction

Phosphorus is key to plant growth and agricultural

productivity. Rock phosphate, the main source for mineral

phosphorus fertilizers, is a finite and dwindling resource (Nesme

et al., 2015; Chowdhury et al., 2017). In addition, most of

the exploited rock phosphate is used in plant fertilizers and

animal feed (Tao et al., 2016). In many agricultural systems,

sub-optimal fertilizer management results in large losses of

phosphorus from soil, with associated negative environmental

effects, particularly eutrophication of water bodies (Schoumans

et al., 2014; Kleinman et al., 2015; Chowdhury et al., 2017;

Nedelciu et al., 2020). Production of mineral fertilizers from

rock phosphate also emits greenhouse gases and generates

phosphogypsum, a calcium sulfate hydrate that is weakly

radioactive due to its content of uranium and thorium (Nedelciu

et al., 2020), as well as other hazardous compounds such

as heavy metals (Aydin et al., 2010). Phosphorus losses are

a particular problem in intensive animal production regions,

where there is a net import surplus of phosphorus through

animal feed. In these regions, large amounts of animal manure

with a phosphorus content often exceeding plant demand are

applied on agricultural land (Nesme et al., 2015). The main

reason for local application is the bulkiness and low economic

value of manure, which makes it costly to transport (Garbs and

Geldermann, 2018).

Manure can be used in anaerobic digesters to produce

biogas. The main output is methane, which is used for heating

and electricity generation, replacing fossil energy (Yao et al.,

2020). The residues from anaerobic digestion, digestate, has a

higher concentration of phosphorus and other plant nutrients

than the initial input manure (Möller and Müller, 2012; Shi

et al., 2018). Despite this nutrient richness, digestate is still

bulky and costly to transport over long distances (Herbes

et al., 2020). Typically, the dry matter content of manure-

based digestate is lower than 13%, the total N content is lower

than 10 kg per Mg fresh weight and the total P content lower

than 3 kg per Mg fresh weight (Möller and Müller, 2012).

In order to overcome the bulkiness of digestate and better

exploit its content of phosphorus and other plant nutrients,

additional refinement processes for nutrient extraction and

concentration into more manageable plant fertilizers have been

developed. In a step prior to processing that is specifically

designed to extract phosphorus, mechanical solid wet phase

separation by screw press or centrifuges can be performed

(Guilayn et al., 2019). Precipitation of mineral compounds,

such as magnesium ammonium phosphate (commonly named

struvite) and calcium phosphates from the wet phase, produces

well-documented high-quality fertilizers (Estevez et al., 2014;

Tao et al., 2016; Hertzberger et al., 2020; Egene et al., 2021). With

membrane filtration of the wet phase, phosphorus is retained

in the membrane (Gienau et al., 2018b). Thermal treatments

applied to the solid phase include carbonization processes such

hydrothermal carbonization (HTC), which is also called wet

torrefication (Cao et al., 2019; Aragón-Briceño et al., 2021),

and pyrolysis (Tsai et al., 2018). The solid phase can also be

composted (Tambone et al., 2015; Torres-Climent et al., 2015).

Struvite and calcium phosphates can also be produced from

sources such as municipal or food processing water (Kataki

et al., 2016; Zin and Kim, 2019). The agronomic characteristics

of these products, particularly phosphorus acquisition and use

efficiency in plants, have been evaluated to varying degrees

(Kataki et al., 2016; Li et al., 2019). Physical and chemical

characteristics of these refined fertilizers are well-known and

relatively homogenous across different feedstocks (Rahman

et al., 2014; Kataki et al., 2016; Li et al., 2016). Therefore,

studies on the agronomic phosphorus use efficiency of struvite

and calcium phosphates of non-digestate origin can add useful

information regarding the prospects of refining digestate from

manure as a means to increase phosphorus retention in the food

production chain by recycling phosphorus in animal manure.

Studies on digestate refinement usually evaluate phosphorus

retention efficiency as percentage of digestate phosphorus

recovered in fertilizer products, such as membrane filtration

retentates (Adam et al., 2018) and precipitated struvite (Tao

et al., 2016). Previous reviews on the nutrient aspects of digestate

refinement have mainly focused on nutrient content of the

refined products (Vaneeckhaute et al., 2017; Shi et al., 2018;

Vasco-Correa et al., 2018), excluding or only briefly covering

their effects on crops and crop productivity. The effects of

phosphorus from plant fertilizers on plant productivity have

been evaluated in large numbers of agronomic experiments

(Schneider et al., 2019). Phosphorus acquisition efficiency can

be defined as a plant’s ability to take up phosphorus from the

Frontiers in Sustainable FoodSystems 02 frontiersin.org

https://doi.org/10.3389/fsufs.2022.993043
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Persson and Rueda-Ayala 10.3389/fsufs.2022.993043

soil whereas the phosphorus use efficiency usually means the

ability to produce biomass per amount of phosphorus taken

up (Veneklaas et al., 2012; Campos et al., 2018). The ratio

between plant-absorbed phosphorus and phosphorus applied

in the fertilizer is a commonly used metric to assess efficiency

of the phosphorus acquisition, whereas the biomass produced

per amount of phosphorus supplied, instead of the phosphorus

taken up, can be used to assess the phosphorus use efficiency in

fertilizer experiments or other agronomic studies (MacDonald

et al., 2011). Phosphorus use of a specific product have also be

expressed as the amount of phosphorus that is taken up relative

to another reference product, such as a commercial mineral

phosphorus fertilizer (Vanden Nest et al., 2021).

Some agronomic studies have included effects of

unprocessed digestate on soils and plants (Möller and Müller,

2012; Nkoa, 2014; Möller, 2015). However, studies analyzing

nutrient uptake after application of refined digestate phosphorus

fertilizers or analogous products, did not take percentage

nutrient recovery during manufacture of the fertilizer into

account. There is thus a lack of understanding on the usefulness

and prospect for further development of digestate refinement

processes to produce phosphorus fertilizers. Knowledge about

the potential of digestate refinement to increase phosphorus

retention in the food production chain could be gained by

combining information about phosphorus flows obtained in

digestate refinement studies and agronomic fertilizer studies.

This could help identify processing and use chains with high

retention of phosphorus from manure to crop, minimizing

losses and uncertainties in phosphorus capture by plants

associated with such chains. A high retention of phosphorus in

food production chains and reduced losses are, in particular,

important to reduce the use of finite rock phosphate resources

for mineral phosphorus fertilizer production and the negative

environmental consequences that are associated with this

production, as well as the resulting from excessive spreading of

animal manure, mentioned above.

The main aim of this review was to synthesize knowledge

about the usefulness of different refinement methods for

manure-based digestate and the efficacy of the refined products

as phosphorus fertilizers, hence identifying refinement methods,

which can contribute to a high phosphorus retention in the

food production chain. An additional aim was to identify

the range, uncertainty and potential for improvement of the

retention efficiency in agricultural crops of original phosphorus

contained in manure-based digestate. To collate information

on phosphorus retention in digestate refinement studies and

agronomic phosphorus fertilizer studies, a baseline system with

non-refined digestate used as a plant fertilizer was compared

with systems with solid wet separation followed by struvite and

calcium phosphate precipitation, or membrane filtration of the

wet phase, and use of the solid fraction as a soil fertilizer directly,

or following carbonization (HTC or pyrolysis) or composting.

The structure of the overall review is outlined in section

Review structure. The results of digestate refinement studies

are presented in section Digestate refinement and phosphorus

concentration and those on agronomic phosphorus acquisition

efficiency in section Refined digestate as phosphorus fertilizer.

In section Synthesis and research outlook, the results from

sections Digestate refinement and phosphorus concentration

and Refined digestate as phosphorus fertilizer are synthesized

to identify refinement and use pathways for high retention of

phosphorus in the food production system, and areas for future

research are identified.

Review structure

Phosphorus flows in the chain from outlet of the anaerobic

digester to phosphorus uptake in the plant were considered

(Figure 1). Key steps to increase phosphorus retention in food

production systems that include anaerobic digestion of manure

were identified, i.e., only studies on digestate that fully or

partly originated from animal manure were considered. Other

digestate feedstocks were not considered. Animal manure-

based digestate is an environmental concern in animal-dense

regions. It is also characterized by higher phosphorus content

than digestate generated from other sources, such as plant

residues or municipal and food waste (Wang and Lee, 2021). As

regards phosphorus flows in crop production, studies covering

manure-based digestate or refined products frommanure-based

digestate and also analogous or comparable products from

other processing chains were considered. In particular, systems

with non-refined digestate and systems where wet and solid

fractions of separated digestate were refined were compared.

The latter systems included wet fraction refinement consisting

of a) precipitation of mineral phosphorus-rich compounds such

as struvite and calcium phosphates or b) membrane filtration

technologies producing retentate with elevated phosphorus

concentration, and c) treatments of the solid fraction,

including carbonization and composting. The reason for using

unprocessed digestate as a baseline, instead of unprocessed

manure, was that virtually all phosphorus is retained in the

digestate, apart from any leaching losses during anaerobic

digestion. This approach allowed a range of phosphorus

retention efficiency to be determined and limitations in

retention efficiency from specific treatments to be identified.

Digestate refinement and
phosphorus concentration

There are various digestate refinement processes

which result in phosphorus-rich compounds, including (1)

precipitation or crystallization of phosphorus-rich components,

specifically struvite and calcium phosphates; (2) membrane

filtration technologies, which concentrate phosphorus in
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FIGURE 1

Digestate processing and agronomic use alternatives included in this analysis.

organic materials, and (3) carbonization processes, including

pyrolysis and HTC, and (4) composting. Processes (1) and (2)

are applied to wet phase digestate after solid/wet separation,

whereas type (3) and (4) processes are applied to the solid phase

digestate (Grigatti et al., 2015; Vaneeckhaute et al., 2017).

Precipitation

Struvite precipitation is normally preceded by solid/wet

separation of the digestate, after which struvite is precipitated

from the wet phase. In order for struvite to precipitate its

constituting ions Mg2+, NH+
4 , and PO3−

4 need to exceed

the solubility product of struvite (Siciliano et al., 2020). In

order decrease the solubility of these ions, the pH of the

digestate is increased, usually by adding sodium hydroxide

(Vaneeckhaute et al., 2017). The optimal pH which minimizes

solubility has varied between around 8 and 10 in experimental

studies with digestate (Siciliano et al., 2020) and is also

dependent on the digestate origin (Tao et al., 2016). It is

also common to add magnesium (in the form of MgO or

MgCl2) to enhance the removal of phosphorus (Vaneeckhaute

et al., 2017). The precipitation and formation of struvite

crystals are also temperature dependent, and optimal ranges

typically vary between 25 and 35◦C (Siciliano et al., 2020).

Moreover, the presence of a number of ions including Ca2+,

Na+, K+, CO2−
3 , HCO−

3 can hinder the formation of struvite

crystals (Siciliano et al., 2020) and may also change the

morphology of the precipitated struvite crystals (Oliveira et al.,

2021). Precipitation of calcium phosphates, such as CaHPO4

× 2H2O or Ca5(PO4)3OH can be an alternative way of

extracting phosphorus from digestate (Vaneeckhaute et al., 2017;

Barampouti et al., 2020). Also the precipitation of calcium

phosphates is highly dependent on the pH (Vanotti and Szogi,

2009). A pH of 9 that is favorable for precipitation is typically

reached by adding calcium hydroxide (Vaneeckhaute et al.,
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TABLE 1 Phosphorus (P) retention in experiments on precipitation of struvite and calcium phosphates frommanure-based digestate.

Digestate

origin

Main process Initial digestate

phosphorus

concentration

Removal of solid

fraction

P recovery after solid wet

separation

P recovery in precipitated

compound

Phosphorus

concentration in

digestate after

precipitation

Source

Swine manure Struvite precipitation 55mg phosphate- P L−1 Centrifugation 66% in liquid, P recovery in

biosolids∼34%

39% of total P available before

centrifugation

Not stated Amini et al., 2017

40% cow manure

mixed with 40%

salix and 20% fish

sludge

Struvite precipitation 56.0mg PO4-P L−1 in

sieved digestate

Filtration 2.5mm and 1mm

mesh sieves

64% in liquid; 36% in solid 20–60% of phosphate in filtered

digestate removed in struvite

Not stated Estevez et al., 2014

Cow manure Struvite precipitation 0.4 g total P kg−1 Solid liquid separation after

digestion. Type not specified

56.8% of total P as water-soluble P

in liquid phase; 10.6% of P as P in

solid phase

43.8% of liquid phase P in struvite 0.2 g total P kg−1 Szymanska et al.,

2019

Pig manure Acidification+ struvite

precipitation

2,100mg total P L−1 Centrifugation Approx. 90% of P released after

acidification

>98% of P recovered in struvite

when acidified to pH 5.33 (83%

with no pre-acidification)

30mg total P L−1 Corona et al., 2021

Poultry manure, pig

manure, and

vegetable waste

mixture (40/40/20

w/w) from 2- phase

prototype

biodigester

Struvite precipitation+

NaH2PO4·12H2O addition to

adjust N/P and Mg/P ratio

137mg kg−1 Up to 95.4% of theoretical nutrient

recovery

Not stated Hidalgo et al., 2019

Mixture of plant

and organic wastes

Struvite precipitation

Low-cost seawater used as Mg

source

278mg phosphate P L−1

in the liquid phase

Centrifugation Up to 66% of phosphate in the

liquid phase removed

Not stated Melgaco et al.,

2021

Chicken slurry Wheat straw and risk husk

biochar seeding+ struvite

precipitation+ addition of

MgCl2·6H2O and NaH2PO4

to ion ratios

189mg

orthophosphate-P L−1 in

centrifugated

supernatant

Centrifugation Up to 97% of phosphate in

supernatant removed with biochar

seeding, 91% without biochar

seeding

Not stated Muhmood et al.,

2019
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TABLE 1 (Continued)

Digestate

origin

Main process Initial digestate

phosphorus

concentration

Removal of solid

fraction

P recovery after solid wet

separation

P recovery in precipitated

compound

Phosphorus

concentration in

digestate after

precipitation

Source

52% cow manure,

43% pig manure,

and 5% segregates

(food industry

by-product)

Struvite precipitation

Acidification+

struvite precipitation

0.8 g total P L−1 in

digester feedstock

Centrifugation (or

centrifugation+ Ultra

membrane filtration)

Acidification: 64% in liquid phase

No acidification 25% in liquid

phase

43% of total digestate P recovered

in struvite with acidification

membrane filtration and struvite

precipitation; 27.8% recovered in

struvite with struvite precipitation

only; 2.5% recovered in struvite

with membrane filtration+

struvite.

Not stated Pedizzi et al., 2018

Swine manure

(83.7%) and

Ecofrit
R©
(16.3%), a

mix of vegetable

residues

Struvite precipitation 2.0 g P kg−1 in digester

feedstock

Centrifugation+

ultra-filtration. Filtrate fed

into struvite rector

20–40% of digestate P in liquid

phase with no acidification. Up to 4

times higher after acidification

83% of filtrate P recovered in

struvite after membrane filtration

(10–15% of total P recovered in

struvite)

Not stated Pintucci et al.,

2017

Cattle manure+

(some) food waste

Struvite precipitation.

Seawater bittern as Mg source,

bone meal as P source.

Sulfuric acid added to prevent

solution of Ca

0.46 g total phosphorus

L−1

Up to 95–99% molar phosphate

abatement after struvite

precipitation

Not stated Siciliano and De

Rosa, 2014

Livestock manure

(mono-substrate or

dominant

co-substrate)

Struvite precipitation Total P: 622–649mg

phosphate /L in wet

separated fraction in

livestock monosubstrate

Centrifugation 95–98% of phosphate in liquid

digestate removed by struvite

precipitation

Not stated Tuszynska et al.,

2021

Swine manure (HCl+H2O2 hydro-thermal

treatment to solubilize P)+

struvite precipitation

336mg total P L−1 Struvite precipitation from

supernatant (i.e.,

centrifugation)

Up to 88.2% of total P released

after solubilization

Up to 99.3% of supernatant P

recovered in struvite at optimal pH

and Mg conditions

Not stated Zhang et al., 2020

Pig manure Acidification+ calcium

phosphate precipitation

See above Centrifugation ∼90% of P released after

acidification

∼96% of P recovered in calcium

phosphate when acidified to pH

5.33 (19–22% with no

pre-acidification)

53mg P L−1 in the

acidified treatment

Corona et al., 2021

(Continued)
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2017; Barampouti et al., 2020). The fraction of phosphorus

retained in the wet phase after separation governs the

fraction of total digestate phosphorus that can be retained in

struvite or calcium phosphates. In addition to the conditions

during the precipitation process, the precipitated phosphorus

fraction varies with the origin and characteristics of the

digestate (Table 1). Particle-bound phosphorus comprises a

major proportion of total phosphorus inmanure-based digestate

(Egene et al., 2021). These particles can be solubilized into

the wet phase by acidification, e.g., by adding sulfuric acid

(Pedizzi et al., 2018) or formic acid (Daumer et al., 2010),

or by microwave treatment, thereby increasing the fraction of

total digestate phosphorus available for precipitation (Tao et al.,

2016).

Membrane filtration technologies

Different membrane filtration processes, including

micro-, ultra-, and nanofiltration, reverse osmosis, forward

osmosis, membrane distillation and electrodialysis, have been

developed or tested to treat the wet phase of separated digestate

(Camilleri-Rumbau et al., 2021). Membranes are often based of

polymeric compounds or aluminum or titan oxides. Micro- or

ultrafiltration enables the removal of macromolecules, whereas

reverse osmosis enables the separation and concentration of

phosphates or other soluble compounds (Camilleri-Rumbau

et al., 2021). Combining different membranes has been shown

to be favorable in removal of both particle-bound and dissolved

phosphorus (Vaneeckhaute et al., 2017; Zacharof et al., 2019;

Zhan et al., 2020). Hence, micro- ultra- or nanofiltration has

often been combined with reverse osmosis in experimental

studies resulting in a set of different retentate fractions (Adam

et al., 2018; Camilleri-Rumbau et al., 2021). In electrodialytic

processes, positive ions are transported across an ion exchange

membrane to a cathode and negative ions to an anode (Oliveira

et al., 2021). This has been shown an efficient method to

separate phosphorus from heavy metals in municipal solid

waste and sewage sludge (Oliveira et al., 2020, 2021) and

could possibly be applied to digestate from manure as well.

Reported retention of phosphorus varies substantially (from 16

to 99%) between membrane filtration studies (Le Corre et al.,

2009; Tao et al., 2016; Amini et al., 2017; Yan et al., 2019b;

Zubair et al., 2020) (Table 2). Values at the upper end of this

range indicate good potential to use membrane filtration as

one step in recovering and concentrating phosphorus from

digestate. Clogging or fouling of membrane pores have been

considered a serious problem (Adam et al., 2018), which

can vary between flow conditions, digestate characteristics

and membrane types (Camilleri-Rumbau et al., 2021). Even

though full-scale filtration facilities have been in operation this

treatment method is considered costly (Vaneeckhaute et al.,

2017). The phosphorus-rich retentate from these processes still
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has a low dry matter content and requires further treatment

such as drying (Adam et al., 2018) or struvite precipitation

(Pedizzi et al., 2018) to be manageable and transportable over

long distances. Since soils in animal-dense regions generally

already have a high phosphorus content (Kronvang et al., 2009;

Senthilkumar et al., 2012), the prospect for using membrane

filtration directly, without any further treatment, is limited.

Treatment of solid phase digestate

After solid/wet separation, solid phase digestate can be used

as a plant fertilizer or soil amendment (Vaneeckhaute et al., 2012;

Adam et al., 2018). However, this fraction is bulky and further

treatment is needed to concentrate its phosphorus content

before use in regions far away from its origin where there is a

demand for phosphorus fertilizers. In HTC (Cao et al., 2019;

Aragón-Briceño et al., 2021), organic compounds are, under

contact with hot, pressurized water at a temperature between

180 and 250◦C (Selvaraj et al., 2022) in an inert atmosphere,

transformed by a series of hydrolysis, decarboxylation and

dehydration reactions into charcoal, which mainly consists of

the element carbon (Aragón-Briceño et al., 2021). There are

also a wet phase and a gas phase output from the HCT process

(Jouhara et al., 2018; Zhao et al., 2018; Selvaraj et al., 2022).

Hydrochar, the solid phase output from HTC, is easy to handle

and transport, especially after being pelleted (Mohammadi,

2021), compared with raw organic materials including digestate

(Mohammadi et al., 2020). HTC can be applied to feedstocks

with a high water content, preferably 15–25% dry matter (Lanza

et al., 2018; Selvaraj et al., 2022). This range of dry matter

content matches rather well that of the solid fraction of separated

digestate. A few studies have investigated phosphorus retention

in hydrocarbonized digestate. In one such study, by Zhao et al.

(2018), more than 96.1% of phosphorus from dried and ground,

solid phase filtration separated digestate based on a mixture of,

40% maize silage, 30% liquid cattle manure and 30% grass silage

was recovered in the solid phase after HTC at 190◦C during 3 h.

HTC temperatures of 220 and 250◦C and same reaction time

resulted in a slightly lower phosphorus retention (Zhao et al.,

2018). In another study, HTC of dried digestate based on 70%

maize silage and 30% cow manure with a solids content of 20%

after adding distilled water at 220◦C during 185min resulted in

retention of about 90% of the phosphorus in the digestate in

the solid phase hydrochar (Funke, 2015). However, phosphorus

recovery can vary considerably depending on HTC processing

settings, e.g., a maximum recovery of 63% phosphorus in the

hydrochar was found at pH 8 and temperature 165◦C and a

processing time of 500min in HTC experiments using either

agricultural wastes or a mixture of food and agricultural wastes

(Stutzenstein et al., 2018). Pyrolysis is also performed in an

oxygen limited atmosphere (Bruun et al., 2017; Brassard et al.,

2018) but at a higher temperature than HTC, typically between

300 and 1,000◦C (Jouhara et al., 2018; Prurapark et al., 2020).

Also pyrolysis includes a number degradation processes, which

like HTC result in a solid phase, called biochar and mainly

consisting of the element carbon, as well as a wet phase, called

bio-oil, and gas phase (syngas) (Brassard et al., 2018). It is

generally used for materials with a higher dry matter content

than HTC (Ro et al., 2010), but it has been evaluated as a way

to refine digestate (Cheng et al., 2020). For example, pyrolysis

of dried pig manure-based digestate at 800◦C has generated

biochar with a phosphorus content of 9.27 weight%whichmeant

more than a doubling of the phosphorus concentration in the

dried digestate (Tsai et al., 2018). Composting of solid phase

manure based digestate has also been tested to improve its

characteristics. Ligno-cellulosic bulking agents can be added

(Tambone et al., 2015), and the pH and moisture content can

be adjusted to improve the composting process (Torres-Climent

et al., 2015). Results from composting of non-manure based

digestate indicate nature and origin of the digestate can have

an impact on the composting effect of the P characteristics

of the digestate (Grigatti et al., 2015) but it is difficult to

extrapolate these results to manure-based digestate. Moreover,

composted solid phase manure-based digestate has a water

content within the same range as non-composted solid fraction

digestate (Tambone et al., 2015), which makes it unsuitable for

long-distance transport.

Refined digestate as phosphorus
fertilizer

In this section, the prospects for using the outputs from

digestate refinement processes, and analogous products

or products that are otherwise comparable as phosphorus

fertilizers, are compared with those of non-refined digestate.

Together with the information presented in section Digestate

refinement and phosphorus concentration, this comparison

enabled a full evaluation of phosphorus retention efficiency,

including extraction and agronomic performance from

anaerobic digester outlet to plant uptake.

Use of refined digestate wet-phase
products as plant fertilizer

Struvite is a widely studied phosphorus fertilizer that is easy

to handle compared with organic fertilizers and has a nutrient

content matching that of many commercial mineral fertilizers

(Huygens and Saveyn, 2018). A few studies have compared the

efficacy of struvite as a phosphorus fertilizer with that of organic

fertilizers, including unprocessed digestate. Vaneeckhaute et al.

(2016) observed only non-significant differences in phosphorus

uptake and dry weight biomass between maize plants fertilized

with 1) unseparated digestate processed from amixture of maize
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TABLE 2 Phosphorus (P) retention in experiments with membrane filtration of manure-based digestate.

Digestate

origin

Solid liquid

separation

Initial phosphorus

concentration in

the digestate

Main process P recovery in

concentrated product

Phosphorus

concentration or flow rate

in the permeate after

filtration

End product References

Cow slurry (55%),

agricultural

residues (18%),

food industry waste

(14%) and cow

manure (13%), or a

mixture of

agriculture residues,

maize silage,

chicken manure

and food industry

waste

Screw press 740 g P h−1 Or 82.5 g P

h−1

Nano-filtration followed by

reverse osmosis

90 or 99% of P in the liquid phase

in nanofiltration retentate. 3–10%

of P in the liquid phase in reverse

osmosis retentate.

0 or 1 g h−1 after nanofiltration

followed by reverse osmosis

Organic NPK fertilizer.

∼7% dry matter content

Adam et al., 2018

Pig manure mixed

with food-industry

waste

Centrifugation Not stated Ultra-filtration-

nanofiltration+ reverse

osmosis

>90% of phosphates in liquid

phase retained

0.4mg phosphate L−1 after reverse

osmosis

Carretier et al.,

2015

Solid residues from

agro-food industry

mixed with solid

cattle manure, cattle

and pig manure

Centrifugation Not stated Ultra-

filtration+nanofiltration+

reverse osmosis

>90% of phosphates in liquid

retained

Not stated Carretier et al.,

2015

Swine and poultry

manure and corn

silage

Centrifugation 2.21 g P L−1 Ultrafiltration+reverse

osmosis

>99% with ultrafiltration.

Remaining 1% removed by reverse

osmosis

Non detectable concentrations Chiumenti et al.,

2013

Dairy manure Sedimentation. Further

treatment of super- natant

61.01mg PO−
4 P L−1 Nanofiltration Phosphate P rejection 83% at pH 3,

97% at pH 7, and 95% at pH 11

Not stated Gerardo et al.,

2015

Cattle

manure+corn

silage+ sugar beet

and seasonal crops

Screw press

separation+decanted

centrifugation

Not stated Ultra-filtration+ reverse

osmosis

80% of P in dry fraction after

separation.

Not stated Gienau et al.,

2018a
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TABLE 2 (Continued)

Digestate

origin

Solid liquid

separation

Initial phosphorus

concentration in

the digestate

Main process P recovery in

concentrated product

Phosphorus

concentration or flow rate

in the permeate after

filtration

End product References

Animal manure,

energy maize and

residues from the

food industry

Rotation drum separation+

screw press (+drying of thick

phase)

2.2 g P kg−1 in digestate 2-step vibratory shear

enhanced processing (VSEP)

filtration

91% of digestate P in the thick

phase, 95% of P in the wet phase

removed by VSEP filtration

0.094 g P kg−1 permeate A dried thick-phase

fertilizer product

Vaneeckhaute

et al., 2012

Cow manure Settling and mesh sieve

filtration

45.45mg phosphate L−1 Hydrophobic PVDF

membrane

100% phosphate rejection+ almost

complete rejection of organic

compounds

No phosphate in permeate Yan et al., 2019a,b

Swine manure Screw press separation 100.6mg total P L−1 Ultrafiltration.

Polyether-sulfone with pore

size 5–50 kDa

> 70% removal of total P. The

smaller the pore size, the higher the

removal rate

25–30mg total P L−1 Yue et al., 2021

Cattle slurry+

vegetable waste+

maize and grass

silage

Dilution with water+

acidification (to solubilize P)

+ sedimentation

9.5 mmol phosphate L−1 Ultra-filtration+

nanofiltration

Not stated Not stated Zacharof et al.,

2019

Swine manure Paper filtration 48mg total phosphorus

L−1

Hollow fiber ultrafiltration

membrane or ceramic

membrane+ combined

nanofiltration and reverse

osmosis

99% 0.20mg total phosphorus L−1

permeate (hollow fiber) 0.68 total

phosphorus L−1 permeate (ceramic

membrane)

Zhan et al., 2020

Swine manure Gravity settling 186mg total phosphorus

L−1

Ultrafiltration+ reverse

osmosis

>95% Not stated Zheng et al., 2019
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and energy crops, animal manure, and industrial food waste and

2) struvite in a soil with high and a soil with low phosphorus

status. In a greenhouse experiment with Westerwolds ryegrass

(Loliummultiflorum L. subsp.Westerwoldicum) on phosphorus-

deficient sandy loam soil, Vanden Nest et al. (2021) found that

phosphorus exports in biomass of plants fertilized with a group

of unseparated, wet, solid, composted solid, and dried digestates,

based on animal manure, plant wastes and energy crop material

was 86% of, and that the phosphorus exports in plants fertilized

with struvite were similar to the phosphorus exports in plants

fertilized with triple super phosphate (TSP). In a pot experiment

with rye (Secale cereale L.), (Oliveira et al., 2019) found that

fertilization with struvite resulted in an even higher uptake than

in plants fertilized with single superphosphate, even though

the higher phosphorus uptake did not result in a larger shoot

biomass. The same type of struvite also resulted in a higher

content of Olsen phosphorus than single superphosphate in

an incubation experiment (Oliveira et al., 2019). Struvite has

also been proven to be as good a fertilizer as TSP in pot

experiments with maize at pH 4.6 and 6.6 (Cabeza et al.,

2011), and as efficient as monocalcium phosphate for perennial

ryegrass (Lolium perenne L.) on a sandy soil (Johnston and

Richards, 2003) (Table 3). Incubation studies on agricultural

soil found no significant differences in percentage of total

phosphorus released as orthophosphate between treatments

with manure-based digestates and struvite (Case and Jensen,

2019). Together, the results from these studies indicate equal

or better phosphorus acquisition efficiency for struvite than for

unprocessed digestate.

Other studies have shown that struvite and TSP have

similar solubility in soils ranging from acid to neutral (Kataki

et al., 2016) and that the effects of struvite on phosphorus

uptake and crop yield are similar to, or better than, those of

TSP and other common mineral phosphorus fertilizers for a

broad range of agricultural and horticultural crops (Li et al.,

2019). In a meta-analysis, Huygens and Saveyn (2018) found

similar phosphorus acquisition efficiency and dry matter yield

effects for struvite, other precipitated salts, and mined and

synthetic phosphorus fertilizers across conditions representing

agricultural production in Europe. However, the efficiency of

struvite as a plant fertilizer is reported to be low under high

soil pH conditions, due to its low solubility (Kataki et al., 2016),

although Massey et al. (2009) found struvite to be an efficient

fertilizer in a limed soil with pH as high as 7.6. Moreover,

the high magnesium content in struvite sometimes causes

magnesium accumulation in soil, affecting plant calcium uptake,

soil hydraulic conductivity, and aggregate stability (Kataki et al.,

2016).

Calcium phosphate is reported to be an efficient fertilizer

only on acid soils and plant phosphorus uptake from this

source is often lower than from struvite or synthetic mineral

fertilizers (Cabeza et al., 2011; Tarayre et al., 2016), which

arguably limits its usefulness as a fertilizer compared with

struvite. For raw digestate, more positive effects on organic

matter and microbiology have been reported for soil with

neutral pH than for alkaline soil (Panuccio et al., 2021),

but no studies examining direct effects of soil pH on

plant phosphorus uptake after application of unprocessed

digestate were found. Sorption experiments show poor soil

retention capacity for phosphorus in anaerobically digested

slurry and abattoir waste compared with phosphorus in

other organic materials, including sewage sludge and compost

(Stutter, 2015), indicating a higher risk of phosphorus leaching

from digestate.

The physical and chemical characteristics of struvite can

affect its usefulness as a plant fertilizer. The crystal size of

struvite varies with pH, flow velocity, and supersaturation

during precipitation, potentially generating trade-offs between

handling efficiency and plant fertilizer uptake. Smaller crystal

size favors nutrient release under certain conditions, due

to faster dissolution, but requires higher crushing strength,

whereas larger crystal size facilitates efficient handling during

production, transportation, and application (Kataki et al., 2016).

However, crystal size and crushing strength have not been the

focus of most studies on struvite precipitation from digestate.

The purity of struvite can fluctuate widely, depending on the

origin, and the precipitation process can affect usefulness of

struvite as a plant fertilizer. A study comparing purity showed

a relatively low content of most detectable heavy metals in

struvite precipitated from digestate compared with the levels

in struvite from other sources (Kataki et al., 2016). However,

these results should be interpreted with caution, because only

one of the struvite samples was precipitated from digestate and

analysis methods may have differed between studies. Moreover,

unprocessed digestate based on manure may contain substantial

amounts of heavy metals (Li et al., 2018; Tang et al., 2020).

Therefore, methods that can separate phosphate ions frommetal

ions such as electrodialytic processes (Oliveira et al., 2020) could

possibly be of particular interest to apply prior to precipitation

of struvite from manure-based digestate in order to avoid plant

uptake of heavy metals.

Products containing phosphorus, including retentate from

filtration methods, can be categorized as organic fertilizers

(Adam et al., 2018). The lower nitrogen/phosphorus ratio

in filtration retentates in comparison with digestate indicates

greater potential for the former as phosphorus fertilizers.

However few, if any, experimental studies investigating the

use of filtration retentate as phosphorus fertilizer have been

published. Although the phosphorus content in retentate

is higher than in unprocessed liquid digestate, the total

phosphorus content is much lower than in struvite (Kern et al.,

2008) andmany other mineral phosphorus fertilizers. Therefore,

high transportation costs and storage space requirements are

likely, meaning that retentate which has not undergone any

further treatment is mainly a viable alternative for local use and

distribution near the processing facility.
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TABLE 3 Agronomic e�ects of refined wet phase digestate phosphorus fertilizers on plants compared with those from non-refined digestate and

traditional mineral phosphorus fertilizers.

Compared fertilizersa Plant species Soil Phosphorus

fertilization

Effect on plants References

1) Digestate based on a mixture of

maize, energy crops, manure, and

industrial food waste, and

2) struvite

Maize (Zea maize

L.)

1) A sandy soil with high

phosphorus status pH 5.0, and

a Rhinesand soil with low

phosphorus status and pH 7.9

Phosphorus corresponding

to 80 kg P2O5 ha−1

Only non- significant

differences in phosphorus

uptake and plant biomass

after 5 weeks of application

between the two fertilizer

types on both soils

Vaneeckhaute et al.,

2016

1) A group of unseparated, wet,

composted dried or untreated

solid digestates based on manure,

plant waste and energy crops,

2) struvite produced from pig

slurry,

3) triplesuperphosphate (TSP)

Westerwolds

ryegrass (Lolium

multiflorum L.

subsp.

Westerwoldicum)

A phosphorus deficient sandy

loam

39.3 kg phosphorus ha−1 Phosphorus export in plant

material in the digestate

treatment on average 86% of

that in the TSP treatment. P

exports in plants fertilized

with struvite similar to the P

export in plants fertilized with

TSP

Vanden Nest et al.,

2021

1) Struvite from municipal solid

waste, and

2) single superphosphate

Rye (Secale cereale

L.)

An acidic sandy loam soil

with low P content (a Dystric

Regosol)

30 kg P ha−1 Higher P uptake to shoots and

roots in plants fertilized with

struvite than in plants

fertilized with single

superphosphate after 45 days.

No different in shoot and root

biomass between the two

fertilizer regimes.

Oliveira et al., 2019

1) Three struvite samples from

three different waste water

treatments,

2) calcium phosphate from

municipal waste water,

3) triple super phosphate

Maize (Zea maize

L.) in a pot

experiment over 2

years

A sand soil with pH 4.6 and a

loamy soil with pH 6.6, both

with a poor phosphorus status

60mg P kg−1 soil No different between P uptake

in plants fertilized with

struvites and plants fertilized

with TSP 80 and 70 days after

sowing in either of the soils.

Lower P uptake in the calcium

phosphate treatment in than

in the TSP and the struvite

treatments in the neutral soil

but not in the acid soil

Cabeza et al., 2011

1) Struvites from sewage plants,

industry, manure and digested

sewage sludge and laboratory

produced struvite,

2) mono calcium phosphate

(MCP)

Perennial ryegrass

(Lolium perenne L.)

1) A sandy loam with pH 6.6

and medium Olsen P status,

and 2) a sandy clay loam with

pH 7.1 and low Olsen P status

0.087 g P pot−1 No difference in plant dry

matter and P conc between

any of the struvite treatments

and the MCP treatment in the

total biomass of 6 (dry matter)

harvests from day 20 to 100

after sowing, and 5 harvests

from day 20 to 85 after sowing

(P content)

Johnston and

Richards, 2003

1) Struvite from a dairy farm, and

2) TSP

Wheat (Triticum

aestivum L.)

A fine-loamy over sandy or

sandy-skeletal, mixed, mesic

Aridic Argiustoll with a

moderate P content, either

limed (pH 7.6) or unlimed

(pH 6.5)

Phosphorus fertilization

equivalent to 45 or 90 kg

P2O5 ha−1

No difference in dry matter

between the plants in the

struvite and TSP treatment in

either of the soils 30, 60 and

90 days after sowing, or in P

uptake over the whole

experiment

Massey et al., 2009

aA few of the experiments included also other organic or inorganic fertilizers whose use and agronomic effects were outside the scope of this review.
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Use of solid phase digestate products as
phosphorus-rich plant fertilizer

The phosphorus that ends up in the solid phase after

solid wet separation, which typically represents around one-

third of total digestate phosphorus (Table 1), is not available

for precipitation of struvite or other phosphate salts, or

suitable for membrane filtration. To achieve high retention

of phosphorus in the food production chain, it is important

that this fraction is taken up by crops. In a crop rotation

involving forage maize, potatoes (Solanum tuberosum L.),

fodder beet (Beta vulgaris L.), and oats (Avena sativa L.),

Vanden Nest et al. (2015) found that application of solid phase

digestate based on a mixture of organic waste, energy crops,

and animal slurry increased soil calcium chloride-extractable

phosphorus (P-CaCl2) concentration and phosphorus leaching

but not soil ammonium lactate-extractable phosphorus (P-AL)

concentration, hot water-extractable phosphorus, or crop yield

or quality compared with application of equal, higher, or lower

doses of TSP to a soil with initially high phosphorus status. Bach

et al. (2022) found similar or higher maize biomass and biomass

phosphorus content in treatments that received phosphorus

as struvite, calcium phosphate, and magnesium phosphate

precipitated from cow manure and maize silage-based digestate

in combination with dried solid phase of the same types

of digestate, than in treatments that received phosphorus as

TSP on two soils with low phosphorus status. Ehmann et al.

(2019) found that steam dried solid digestate from pig manure

resulted in higher sunflower (Helianthus annuus L.) shoot and

flower biomass than a mixture and calcium phosphates and

struvite precipitated from the same digestate type. However,

Pantelopoulos et al. (2017) found that thermal drying of solid

phase digestate decreased phosphorus uptake in ryegrass plants

compared with non-dried solid digestate. In another study,

acidification of the solid fraction after screw press separation

of digestate increased the water-extractable phosphorus content

and also plant phosphorus uptake, but not plant biomass, in

maize (Zea mays L.) compared with non-acidified solid digestate

(Regueiro et al., 2020) (Table 4).

Another way of increasing phosphorus retention in food

production chains could be to use the aqueous phase remaining

after HTC of the solid phase of digestate and to perform a second

solid wet separation after HTC (Belete et al., 2021). However,

the aqueous phase can contain growth-inhibiting substances

(Belete et al., 2021). In a hydroponic experiment on maize,

the aqueous phase from HTC-processed cow manure digestate

was found to be toxic at low dilution rates or to have low

fertilizer value at high dilution rates (Celletti et al., 2021). de

Jager and Giani (2021) found an increase in soil phosphate after

application of hydrochar from digestate based on a mixture of

animal manure and plant material to three diverse soils, and

observed no negative effects on seed germination of Chinese

cabbage (Brassica rapa L. subsp. pekinensis) or positive effects

on plant growth. Moreover, it has been shown that high levels

of heavy metals in biochars generated by pyrolysis of manure-

based digestate can be reduced by citric acid leaching (Zuo et al.,

2020).

There is limited information of the effect of composted

digestate on plant P availability. For non-manure based

digestates, Grigatti et al. (2015) found that the composting effect

of phosphorus availability varied with the origin of the digestate.

As for composted pig-manure based digestate, there were only

limited effects on general digestate characteristics (Tambone

et al., 2015) indicating that composting may not be a very useful

treatment of manure based digestate.

Solid fractions of separated digestate are widely regarded as

soil amendments with potential positive effects on soil organic

matter content (Egene et al., 2021) and heavy metal stabilization

(Van Poucke et al., 2020), with indirect and long-term positive

effects on crop productivity in addition to directly providing

plant nutrients. Other benefits include a positive effect of dairy

manure-based digestate on plant growth-promoting bacteria

with anti-fungal activities and phytohormone production (Qi

et al., 2018). However, such effects are difficult to account for in

estimates of phosphorus retention capacity in agricultural food

production chains. Besides, Coelho et al. (2019) showed low on

no direct effect of different liquid digestates, including digestate

based partly on pig slurry, on soil microbial gene copy number

in a greenhouse experiment with perennial ryegrass (Lolium

perenne L.) and white clover (Trifolium repens L.) monocultures

and mixtures. Similarly, studies using digestate from non-

manure feedstocks show a lack of effect on soil microbial

biomass (Andruschkewitsch et al., 2013). Also the potential

to spread pathogenic microorganisms through solid phase

digestate could be mentioned even though anaerobic digestion

generally reduce the pathogen level considerably (Chiapetta

et al., 2019). In many cases the solid phase of separated manure-

based digestate had a lower concentration of pathogenic bacteria

than the unseparated digestate but also increased concentrations

of pathogenic bacteria in the solid phase have been reported

(Cathcart et al., 2022). Pelleting (Cathcart et al., 2022) or

composting (Chiapetta et al., 2019) could reduce the pathogen

levels further, at least for some species.

Synthesis and research outlook

Multiple studies report high extraction rate (up to 100%)

of phosphorus as struvite or calcium phosphate from separated

liquid digestate (Table 1). Membrane filtration studies also

report high potential to concentrate phosphorus from manure-

based digestate. However, the latter does not provide a

solid phosphorus fertilizer that is easily manageable and

transportable, and hence is less relevant for systems where
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TABLE 4 Agronomic e�ects of refined solid phase digestate phosphorus fertilizers on plants compared with those frommineral phosphorus

fertilizers.

Compared fertilizersa Plant species Soil Phosphorus

fertilization

Effects on plants References

1) Solid fraction digestate based

on organic waste, energy crops

and animal slurry,

2) triple super phosphate (TSP)

A 4 year field experiment

with maize (Zea mays

L.), potato (Solanum

tuberosum L.), fodder

beet (Beta vulgaris L.,

ssp. vulgaris) and oat

(Avena sativa L.).

Silt loam (Eutric Endogleyic

Retisol) with a high

phosphorus content. pH in

the range of 5.7–6.2

37 kg P ha−1 yr−1 . In the

TSP also in higher and

lower P doses

No difference between

digestate and TSP treatment

on crop yield. Higher soil

calcium chloride-extractable

phosphorus content, and total

and dissolved P in dried solid

phase digestate treatments

than in the TSP treatment.

Vanden Nest

et al., 2015

1) Air dried (40◦C) or steam-

dried 120◦C) solid fraction of

separated cow manure and maize

silage based digestate either alone

or in combination with struvite

containing salt mixtures,

2) P salt mixtures

3) TSP

Maize (Zea mays L.)

followed by ryegrass

A silty sandy loam with pH

5.5 and a clay loam with pH

7.4. Both soils had a low soil P

status

150mg P kg−1 soil. Half of

the P came from each

fraction in the salt and

dried digestate treatment

Higher maize shoot dry

matter yield 50 days after

sowing of the plants fertilized

with a combination of dried

digestate and salt mixtures,

than of those fertilized with

TSP or only salt mixtures in

both soils. No difference in

ryegrass yield between any of

the treatments

Bach et al., 2022

1) Air dried (40◦C) or steam-

dried 120◦C) solid fraction of

separated pig manure based

digestate either alone or in

combination with a mixture of

struvite and calcium phosphate

2) mixture of struvite and calcium

phosphate

3) TSP

Sunflower Helianthus

annuus L.), marigold

(Tagetes erecta L.),

Chinese cabbage

(Brassica campestris L.).

A growing medium consisting

of peat, clay granules, quartz

sand and lime with a pH of 5.8

Sunflower: 262 and 131mg

P L−1 growing medium.

Marigold: 262 and 131mg

P L−1. Chinese cabbage:

87.2 and 43.6mg P L−1 .

Half of the P came from

each fraction in the

mixture treatment

Higher sunflower shoot and

flower biomass in the steam

dried solid treatment than in

the salt mixture treatment

across the two fertilization

levels.

Lower biomass in marigold

plants fertilized with air-dried

soils than in marigold plants

fertilized struvite and calcium

phosphate across the two

fertilization levels.

Ehmann et al.,

2019

1) Dewatered solid digestate based

on mainly cow and pig slurry. The

digestate was either raw, acidified

to pH 5.5, dried or dried and

acidified.

2) superphosphate

Ryegrass Sandy loam, pH 5.7. 6.2mg

kg−1 lactate extractable P (low

P status)

Solid digestate treatments:

172 kg P ha−1 .

Superphosphate controls:

45, 90 kg P ha−1

Dried non-acidified solid

digestate treatments had

lower plant yield than

superphosphate controls 35,

64, and 130 days after plant

emergence. Raw, raw acidified

and dried acidified solid

digestate treatment yield

mostly corresponded to those

from the superphosphate

controls

Pantelopoulos

et al., 2017

1) Solid fraction digestate based

on mainly dairy and pig manure

either acidified or non-acidified to

pH 5.5.

2) TSP

Maize (Zea mays L.) Fine sand. pH 6.1. 35mg

Olsen P kg−1 soil

40mg P kg−1 soil Higher water-extractable P

digestate content and P plant

uptake in the acidified

digestate treatment than in

the non-acidified 35 days after

sowing

Regueiro et al.,

2020

aA few of the experiments included also other organic or inorganic fertilizers whose use and agronomic effects were outside the scope of this review.
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the phosphorus needs to be transported out of a production

region with high animal densities. Besides, this refinement

method is sometimes associated with technical hindrances

such as membrane fouling and is also considered costly. Only

around 66% of total digestate phosphorus is available for

struvite precipitation after solid wet separation of digestate that

has not undergone any phosphorus solubilization treatment.

Agronomic studies show similar or only slightly better

phosphorus uptake and biomass production after struvite

fertilization than after fertilization with unprocessed digestate.

Agronomic and horticultural experiments do not indicate that

the ability to take up phosphorous from soils, and produce plant

biomass per amount of phosphorus taken up, is substantially

higher after application of from solid phase digestate or

products processed from this phase than after application of

non-refined digestate. Neither are there any studies reporting

higher phosphorus acquisition or use efficiency after application

of output products from membrane filtration processes than

after application of non-refined digestate. Overall, this means

that solid/wet separation followed by precipitation of struvite

or calcium phosphates or by membrane filtration does not

in itself substantially increase the proportion of digestate

phosphorus that can be recycled back into the food production

chain through crop uptake. However, even if the phosphorus

acquisition and use efficiency of crop fertilized with struvite

and calcium phosphates are the same as for crops fertilized

with unprocessed digestate the chemical homogeneity of the

former products could facilitate the planning of the phosphorus

fertilization at least compared to systems where there is a risk

of runoff and leaching of phosphorus during the storage of

organic fertilizers, or when there is limited access to chemical

analyses of organic materials. There are also other reasons why

research results to date do not necessarily imply that digestate

refinement processes are irrelevant to phosphorus recycling

in agricultural systems, but rather reveal uncertainties and

research gaps that need further attention. First, far from all

studies show a struvite extraction ratio of digestate phosphorus

close to 100%. Increasing the proportion of total digestate

phosphorus by solubilization of particle-bound phosphorus

could increase the total extractable amount considerably.

Second, given that struvite is relatively easy to transport over

long distances out of animal-dense regions, whereas non-

refined digestate is not, comparison of these two types of

fertilizers on similar soils is often of limited practical relevance.

Third, there are already several commercial facilities, which

precipitate struvite from digestate in animal dense regions

(Muys et al., 2021), indicating a possibility to further upscale

this production.

These uncertainties and limitations indicate a need for

more tailored studies on the effects of different phosphorus-

rich fertilizers in agriculture. Better knowledge is needed about

the phosphorus recycling capacity of systems where digestate

phosphorus is exported out of animal-dense regions. This will

require determination of the effects of low-phosphorus solid

phase digestate on phosphorus acquisition by plants growing

on soils with high phosphorus content. High carbon/nitrogen

ratio or lignin/nitrogen ratio in organic materials used as

soil amendments, including plant residues, is reported to

be negatively correlated with soil nitrogen mineralization

(Kaleeem Abbasi et al., 2015), suggesting that application

of large amounts of phosphorus-poor solid phase digestate,

which also has a low nitrogen content, could have similar

effects. Therefore, good knowledge of the specific effects of

fertilization with low-nutrient solid phase digestate on soils

and crops, and of the underlying microbiological mechanisms

causing or resulting from these effects, would probably also

be beneficial to understanding the prospects of struvite

precipitation in manure and phosphorus handling chains.

Increased solubilization of phosphorus by acidification or

microwave treatment, decreasing the phosphorus content in

the solid phase, would further enhance the relevance of such

studies. Moreover, processing methods to reduce impurities

such as heavy metal contamination, as well as the consequences

of large variations in struvite crystal size and chemical purity,

and contamination, on phosphorus recycling efficiency and soil

accumulation and plant uptake of hazardous compounds need

to be investigated further. Thorough agronomic comparisons

under conditions that represent regions and soils with high

phosphorus demand should be part of such investigations.

Feedback from such studies could be used to tailor digestate

refinement processes to agronomic demands and to combine

the capacity and efficiency of different digestate refinement

processes, in particular struvite precipitation, to achieve

high phosphorus retention in agronomic production chains.

Integrated analyses of digestate refinement and agronomic

performance of refined fertilizers would also facilitate further

investigations of other aspects of these chains than phosphorus

retention, such as life cycle assessments of environmental loads

including global warming potential and eutrophication, or

economic cost analyses.
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