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A B S T R A C T   

The valorisation of anaerobic digestate in the context of circularity and sustainability is a very challenging issue, 
given its increasing production rate. The main aim of this paper was to study the established and emerging 
technological alternatives considering anaerobic digestate as secondary resource for nutrients recovery. Initially, 
after mapping the composition of digestate, elevated fluctuations of nutrients content were revealed. Nitrogen 
content ranged from 1.6 to 21% (dry base) and phosphorous from 0.1 to 3.5% (dry base), reflecting its potential 
to be used as feedstock in new value chains for the production of higher value bio-based fertilisers through a 
multi-stakeholder and zero waste approach in line with circular economy. The current state of knowledge that 
was collected was then synthesized into two scenarios under the concept of integrated biorefineries that would 
allow the production of bio-based products, ready to enter new supply chains.   

1. Introduction 

Anaerobic digestion (AD) of organic waste has been prioritized 
among waste treatment approaches, since “green energy”-biogas and 
anaerobic digestate, a material with potential fertilising capacity can be 
produced simultaneously. The financial opportunities offered by biogas 
utilisation boosted the number of biogas plants in Europe counting 
17783 installations in 2017 (+11556 units since 2009) which corre
sponds to a total Installed Electric Capacity of 10532 MWe (+6374 MWe 
since 2010) [1]. Most of that growth derives from the increase in plants 
running on agricultural substrates (agricultural and plant residues and 
manure) which account for more than 70% of total EU biogas plants 
(12496 installations of 6631 MW in 2017) [1]. 80–90% of the feedstock 
introduced into AD ends up as digestate [2]. Its physicochemical 
composition presents high fluctuations and is regulated by the feed 
material and the AD operational conditions [3]. In 2016, fertilisers 
containing an average of 15*106t of nitrogen, 3.8*106t of phosphate and 
4*106t of potassium were applied to 173*106ha of farmland in Europe 
[4]. Nevertheless, global food insecurity is imminent and agriculture is 
expected to play a crucial role in the effort to ensure security in the food 
supply chain. But, all efforts should be made without posing any envi
ronmental concerns [5]. Moreover, the need for efficient nutrient 
management, as demanded by limitations on direct land application of 

digestate, along with the criticality of raw materials such as phospho
rous, render nutrients recycling and recovery essential for all stake
holders involved such as farmers, technology providers and policy 
makers [3]. In this context, valorisation of digestate as a secondary 
nutrient resource is a promising exploitation option that can provide a 
two-fold benefit: (a) closing the loop in the biogas AD process by finding 
end-uses of the resulting digestate and (b) nutrients recycling which are 
much in need to the agricultural sector. In view of its fertilising prop
erties, direct land application of digestate is the current practice [6]. 

However, biogas digestate is also associated with environmental 
impacts with varying outcomes. These impact and potential risks 
include amongst others water pollution through leaching (nutrients 
runoff - eutrophication, NO3

− discharge to surface water and ground
water), soil contamination (toxic elements concentration e.g. heavy 
metals), threat to human health by food contamination (e.g. presence of 
pathogens) and volatile emissions to air estimated equal to 139 g CO2-eq/ 
kg digestate [6]. Other issues of concern in regard to biogas digestate 
management include inter alia (i) difficulties to manage due to its fer
tilising properties and high water content, (ii) increased transportation 
cost in cases where digestate cannot be applied locally and needs to be 
transported and marketed into applicable areas [7], (iii) limitations to 
the application on agricultural land due to Nitrate Vulnerable Zone 
(NVZ) legislation and EC Nitrates Directive (91/676/EEC), regional and 
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seasonal restrictions and limitations to the time periods in the year when 
the digestate can effectively be spread to soil resulting in long, expensive 
storage periods and a negative economic value. 

To this end, the main objective of this review is to map the digestate 
composition in light of its valorisation via nutrients recovery. Thus, the 
technological status quo in nutrients recovery from digestate is thor
oughly discussed in view of controlling operational parameters, nutri
ents recovery efficiency and quality, cost and possible 
commercialization. This critical review shall aid all key actors to 
materialize the utmost objective of this paper; that is to use the state-of 
the art as a solid foundation to the development of a sustainable inte
grated biorefinery aiming to turn digestate into a nutrients secondary 
resource. 

2. Digestate characteristics 

During AD, most of macro (N, P, K, S, Mg and Ca) and micronutrients 
(B, Cl, Cu, Fe, Mn, Mo, Ni and Zn) present in the feed are concentrated in 
the digestate [8,9]. Thus, the feedstock used, the configuration and the 
operating conditions of the digester regulate digestate’s composition 
[10,11]. Nutrients profile for digestates deriving from various feedstocks 
have been mapped in regard to their dry matter, carbon, nitrogen, 
phosphorus, calcium, magnesium and potassium, contents along with 
sulphur and heavy metals contents (Table 1) and are further discussed 
below. 

The typical range of pH in fresh digestate is 5.6–9. The pH is mostly 
influenced by the progress of AD bioreactions as well as by the 
composition of the AD feed [12–14]. pH tends to increase when volatile 
fatty acids are consumed and/or when basic cations (K+, Ca2+) [12] are 
released, whereas a decrease in pH occurs due to carbonates and phos
phates precipitation phenomena [3,15]. 

Dry matter of digestate ranges from 1.5 to 45.7% and is strongly 
influenced by the respective content of the AD feedstock and its biode
gradable fraction. It is basically regulated by the initial total solids 
content of feedstock, the easily degradable organic content and the type 
of AD process (dry or wet). Digestate deriving from agricultural feed
stocks presents elevated dry matter content (6.41–24%) due to very low 
digestibility of the structural plant polymer; lignin. On the other hand 
digestate from highly biodegradable substrates (that have high fat, sugar 
or alcohol contents) present lower total solids content according to 

Table 1. The organic fraction of digestate may even reach 77% on a dry 
basis [3]. According to Peng and Pivato [16], digestate with 35% solids 
content was observed after a dry AD process of organic fraction of 
municipal waste (OFMSW). Accordingly, digestate from the wet and 
dry-batch digestion of biowaste presented 24.8 and 34% dry matter 
respectively [17]. 

As far as nitrogen in digestate is concerned, elevated concentrations 
of total nitrogen (TN) (up to 21% d.b.) mainly in form of total ammo
niacal nitrogen (TAN) (35–81%TN) have been reported [11,18]. This 
fact is probably due to the low assimilation of organic nitrogen degraded 
by anaerobic sludge. Especially digestates coming from protein rich 
substrates such as food waste presented 40% nitrogen content higher 
than digestate from manure [19,20]. Cattle slurry has lower NH4–N and 
N-total contents than pig slurry, and this will also be the case for 
digestate [21]. Table 1 also reflects the variances in nitrogen content of 
other AD feedstocks such as agricultural, industrial and food waste. 

Regarding phosphorous, the conditions prevailing in anaerobic di
gesters favour phosphates production and their precipitation as 
Mg3(PO4)2 and Ca3(PO4)2 [22]. Nevertheless, the digestate phosphate 
content is independent of the anaerobic bioprocess but solely affected by 
the feedstock composition [12,13]. 

As for heavy metals and trace elements, their range in various 
digestates is presented in Table 1. During AD process the heavy metal 
content of the influent streams does not change. Nevertheless, the heavy 
metals and trace elements in the feedstock accumulate in the AD pro
cess, leading to an even higher concentration in the digestate due to the 
decrease in dry matter content [12,19]. 

Furthermore, various pathogenic microorganisms may be detected in 
AD substrates. A thermophilic treatment (over 52 ◦C and 10 h), but not a 
mesophilic [11,23], could replace a sanitation process efficiently [3,24]. 
The extent to which the inactivation of pathogens is sufficient depends 
entirely on digester’s operational conditions such as temperature and 
residence time and on the type of microorganism [12]. 

Besides the aforementioned major components of digestates, atten
tion has been drawn on organic micropollutants and their detrimental 
consequences due to uncontrolled land disposal. Although some pesti
cides, detergents and pharmaceuticals are partly anaerobically biode
gradable, nonylphenols, estrogens, linear alkyl benzene sulphonates and 
synthetic musks resist to anaerobic biodegradation [11]. 

Table 1 
Typical characteristics of digestate for various feedstock types for various references.a.   

Sewage 
Sludge 

Food Waste OFMSW Agricultural 
feedstock 

Manure Co-Digestion Manure + crops and/or 
industrial waste 

Digestate 

pH  7.9–8.3 8–8.3 7.5–8.4 7.3–8.6 5.6–8.3 7.5–9 
Dry matter (DM) (%) 1.9 1.4–7.88 0.72–51.2 6.41–24 2.2–9.2 1.5–24 1.5–45.7 
Organic matter (OM) 

(%DM)  
38.0–73.3 62.1–75.0 69–77 67.8–75.0 62.1–77 38–77 

Total N (%DM) 0.005 0.06–1.24 0.21–7.8 0.14–2.1 0.05–0.62 0.12–5.04 0.005–5.04 
Total NH4 (% DM)  0.05–0.85 0.17–2.75 0.04–1.71 0.255–1.01 0.15–0.68 0.052–2.75 
NH4 (% TN)  68–83 30–80 38–47.6 19–61 44–81 35–81 
Total C (% DM)  0.44–3.56 0.20–17.72 1.92–18.48 0.59–5.07 0.41–11.6 0.41–25.2 
C/N  2.87–8.8 0.95–2.71 8.8–13.7 8.17–11.8 9.4–17.06 1.3–29.8 
Total P (%DM) 0.04 0.008–0.126 0.002–0.819 0.058–2.400 0.034–0.221 0.010–1.001 0.002–2.400 
Total K (%DM) 0.00019 0.03–0.64 0.004–3.994 0.324–0.392 0.03–0.43 0.03–2.52 0.001–2.52 
Total Mg (%DM)  0.0042–0.079 0.001–0.512 0.041–0.042 0.013–0.166 0.006–0.260 0.001–0.26 
Total Ca (%DM)  0.014–0.410 0.036–2.56 0.077–3.1 0.044–0.846 0.01–1.56 0.01–3.1 
Total S (%DM)  0.01–0.08 0.01–0.358 0.01–0.041 0.008–0.048 0.004–0.096 0.004–0.358 
Mg (mg/kgDM)  <0.1     0.5–0.7 
Heavy metals (mg/ 

kgDM)        
As    29   29 
Cd 0.12 0.3–1 0.9 0.05–10 0.1–1.03 0.1–1.03 0.1–10 
Cr  6–40 6–188 0.5–55 14–364 14–364 6–364 
Cu 0.15 14–80 13–55 1–29  14–681 14–681 
Mn  0–201 <0.7  164–663 24–1100 0–1100  

a Sewage sludge: [26]; Food waste: [11,16]; OFMSW: [16,19,26]; Agricultural feedstock: [11,19,26,34,38]; Manure: [19,115,116]; Co-Digestion Manure + crops 
and/or industrial waste: [33,34,38,116–118]; Digestate: <u> [8,10,17,36]. 
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3. Technological approaches for nutrients recovery from 
digestate 

In this paper, nutrients recovery from digestate is the ultimate goal of 
this study (Fig. 1), whereas technological alternatives focused on 
digestate treatment and management as waste or energy production 
source are out of the scope. 

3.1. Solid-liquid separation 

Separation of digestate in two distinct fractions (solid – liquid) is 
currently applied on site for a more efficient land application [25]. 
Nevertheless, it is also the initial stage of digestate valorisation schemes 
[11,26–28] aiming to improve its handling, cease degradation reactions 
composition process, reduce its volume and thus transportation costs 
[26,29–34]. 

After the separation, the solid fraction of digestate (about 20–25% 
TS) contains concentrated levels of organic material [27], organic ni
trogen and phosphorus (Table 2). More specifically, it contains 40–80% 
of its dry matter and 40–90% of the phosphorus while just 20–25% of the 
nitrogen (Fig. 2) when conventional techniques are employed. In 
contrast, the liquid fraction is characterised by lower dry matter, 
phosphorous and organic carbon contents but is rich in ammonium ni
trogen and potassium (Table 2). For the separation of digestate, 
numerous technological approaches have been proposed, determining 
the characteristics of the respective fractions (Fig. 2). 

Screw press, centrifuge and screening drum press [26,30,31] are the 
most commonly used in full scale application whereas belt press [11,27, 
42], bow sieve, double circle bow sieve [31] have also been reported. 
Screw presses are the usual configuration selected for the treatment of 
fibrous substrates while decanting centrifuges are used for non-fibrous 
feedstocks [37]. In terms of cost, a screw press (0.54 €/m3 digestate 
[43]) is cheaper than a centrifuge (3.68€/m3 [44]) (capital and opera
tional cost). Total cost for centrifugation coupled with an ultrafiltration 
system has been reported for full scale plant between 4 and 12 € m− 3 

[27] when ultra-filtration costs around 6.05 €/m3 [43]. 
In order to further increase nutrients recovery, advanced mechanical 

technologies have been developed [42]. Additives such as Al2SO4, FeCl3, 
Fe2(SO4)3 and Ca(OH)2, polymers and flocculants [45] usually improve 
separation via molecular intercrossing as is evident in Fig. 2 [11,46]. 
More specifically, the addition of precipitating agents (FeCl3 and CaCO3) 
increased the separation efficiency of the suspended solids from 46% to 
75% according to Meixer at el [45]. Functionalized chitosan has been 
recognised as another advanced additive [31,47]. Garcia et al. [48] re
ported that separation by screening alone was not effective (TSS removal 

efficiency 60%) while mixing with chitosan before screening substan
tially increased separation over 95%. 

Furthermore, aiming to further increase separation efficiency, some 
processes integrate two sequential separation technologies [26,49]. A 
screw press–centrifuge working at relatively low flow rates (4.5 m3/h) 
could provide higher N and P recoveries (45–80%) but with consider
able expenses (3.68€/m3; 4.43€/kg P and 2.34€/kg N) while a run-down 
screen screw press system working at high flows (0.3 m3/min) could 
achieve P and N recoveries of 20 and 15% respectively with lower 
operational costs (1.03€/m3; 4.96€/kg P and 1.96€/kg N) [26]. 

Similarly, Xia et al. [50] proposed a two-step sand and pebble 
filtration apparatus for the passive solid and liquid separation of 
anaerobically digested manure (15–92 g/L TS), achieving a mean TS 
content of 5.5 g/L and 793 mg/L after sand and pebble filtrations 
respectively [50,51]. 

3.2. Processing of liquid fraction of digestate 

3.2.1. Ammonia stripping 
A technology for the recovery of nitrogen from the liquid fraction of 

digestate is ammonia stripping [25,27,36,42,52–54]. 
Ammonia stripping takes place in a desorption column [55,56]. The 

most common mass transfer design is packed towers, as they provide 
increased mass transfer area [53], but in practice they are easily fouled 
[40,57]. Selecting the most suitable technique is usually site-specific. 
Scaling problems are also common [25]. To prevent them, prior to 
stripping, a CaO softening stage must be included that can remove most 
of magnesium, calcium and carbonates by increasing pH. To prevent 
fouling, a high efficiency solid– liquid separation step is essential [3,36, 
40,58,59]. Other configurations reported are bubble diffusers, spray 
towers, aspirators and surface aerators. Furthermore, novel gas/liquid 
contactors (semibatch jet loop vessel) have been proposed [60]. 

Fig. 1. Schematic overview of techniques available for the recovery of nutrients.  

Table 2 
Composition of digestate’s liquid and solid fractions on wet basis [33–36].   

Liquid fraction Solid fraction 

pH 7.8–7.9 7.7–8.5 
TS (%) 3.3–6.6 19.3–24.7 
Total C (% DM) 2.64–3.15 9.0–10.1 
Total N (% DM) 0.32–0.51 0.33–0.65 
Total NH4 (% DM) 0.17–0.3 0.13–0.3 
NH4 (% Total N) 40–80 26–49.4 
Total P (% DM) 0.03–0.1 0.08–0.25 
Total K (% DM) 0.29–0.52 0.25–0.48 
Total Mg (% DM) 0.03–0.05 0.09–0.10 
Total Ca (% DM) 0.04–0.06 0.16–0.19  
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Ukwuani and Tao [61] used an alternative vacuum thermal stripping 
process treating digestate from manure. Stirred tank reactors also pro
vided encouraging results [40]. Another ammonia stripping system 
developed by the Dutch company Dorset consists of rotating disks 
partially underwater in the liquid fraction of digestate or in H2SO4. The 
distance between the disks is small and thus gaseous NH3 is absorbed 
from the H2SO4 of the other disc [36,62]. 

In the study of Limoli et al. [25], a low-cost ammonia stripping 
configuration imposing turbulence was assessed for high TS digestate 
from manure. Working at pH 10, elevated ammonium removal effi
ciencies were obtained without causing scaling or fouling. Coupling 
post-sanitation and (NH4)2SO4 production through stripping of digestate 
resulted in 80% removal efficiency with a positive energy balance [63]. 

The efficiency of NH3 stripping is governed by numerous factors like 
NH4–N content of substrate, hydraulic loading, packing [53], retention 
time, air and liquid flow rates [64], air to liquid ratio [25], mass transfer 
area, etc., but mostly temperature and pH [54,59,64–66]. Typically, 
temperatures over 20 ◦C and pH over 9 are preferable [25]. Neverthe
less, there are several papers reporting the optimum temperature around 
70 ◦C and pH in the range of 10–11.5 [55,67]. However, at 80 ◦C the 
ammonia nitrogen could be fully recovered independently of pH [59]. 

Laureni et al. [68] applied a stripping tower to raw digestate at 50 ◦C 
and lower air consumption achieving 80% and 95% ammonia stripping 
efficiencies at pH 8.5 and 9.5, respectively. Furthermore, elevated ni
trogen removal efficiencies (93%) were obtained in a packed tower 
treating the liquid fraction of digestate at 50 ◦C, pH 10.5 and elevated air 
consumption [69]. 

According to Norddahlet al. [57] And Quan et al. [66] for an 
economically viable recovery, a pH around 11–12 is necessary [57,66]. 
By increasing pH from 8 to 11 a subsequent increase in the recovery 
efficiency (from 80 to 92%) was induced [65]. 87% efficiency was 
achieved by Bonmatí and Flotats [59] at 80 ◦C and pH 9.5. 

Nitrogen as (NH4)2SO4 was recovered with 90% efficiency from 
anaerobically digested dairy manure [58] and it was suggested to be 
used as concentrated nitrogen fertiliser. The scheme also produced 
electricity and biogas. Similarly, Ledda et al. [35] used animal digestate 
to recover nitrogen as (NH4)2SO4 from an integrated process scheme 
utilizing ultrafiltration, reverse osmosis, and “cold ammonia stripping”. 
The scheme recovered 71% nitrogen with 1.8 m3 concentrated 
(NH4)2SO4 obtained for every 100 m3 of treated digestate [53]. 
Ammonia recovery efficiencies of 80–90% for full scale plant have also 
been reported by “cold ammonia stripping” operating at 20 ◦C by 
regulating pH with lime at 12–12.5 [27]. 

The stripping of ammonia in the presence of carbon dioxide can 
achieve 40–50% N recovery rates producing a 35% ammonium sulphate 
solution without requiring alkali chemicals or stripping towers [42]. 

During ammonia stripping, ammonium sulphate is usually recovered 
when H2SO4 is used as a scrubbing means. This end-product stands as a 

chemical platform with market value used for the production of bio
fertilizers and other products [3,26,36,55,64,70] in line with the cir
cular economy concept [54]. Nevertheless, market penetration is lower 
because of the fluctuation in S and N contents (61–100 kg S/t; 30–100 
kg N/t), corrosive and acidic characteristics (elevated conductivities: 
100–150 mS/cm; pH 2.5–7) along with farmers mistrust in its fertilising 
attributes [36,71]. Due to sulfuric acid, the pH of the acidic air scrubber 
water may reach 2, which is very low for use as a fertiliser. The low pH 
could cause corrosion to application instruments, leaf burning, and soil 
acidification after long-term application. Thus, it is advisable to 
neutralize the acidic pH [72]. Sulfuric acid has been traditionally used 
for this purpose but nitric acid is usually preferred. The higher nitrogen 
content of NH4NO3 render it a higher value bio-product [27,52]. The 
chemical demand constitutes a major concern in ammonia stripping, 
since large amounts of chemicals need to be consumed and thus they 
have a fair share in the cost [3,55,64,73,74]. 

The ammonia stripping effluent still contains nutrients and thus it 
may be utilized in the agricultural sector after pH regulation, usually 
obtained by use of H2SO4 [25,54]. 

The cost of nitrogen recovery may range from 2 to 7€/kg N removed. 
The operational costs may be mainly accredited to the acid (1.5 L 
H2SO4/kg NH3) and energy (0.057Wh/m3 air) needs [36]. If ammonium 
sulphate penetrates in the market, the potential revenues may range 
from 90 to 120€/t fresh digestate, rendering the process economically 
viable [36]. 

Advances in ammonia stripping of digestate from lab-scale to full- 
scale have been successfully performed. In USA, 9–10 full scale plants 
operate recovering ammonia from digestate. There are also several full 
scale stripping systems in Europe producing mainly ammonium sul
phate. Ammonia efficiency reaching 98% may be achieved by these 
configurations, although 80–90% is usually achieved in an effort to cut 
down the expenses [36,44,64]. 

3.2.2. Chemical precipitation 

3.2.2.1. Struvite. One alternative to recover P and/or N from digestate 
is to induce the formation of struvite [Mg(NH)4PO4⋅6H2O] [64]. At 
elevated pH, in the presence of ammonium, magnesium and phosphate 
ions, struvite crystals presenting an orthorhombic pyramidal crystal 
lattice [51] are produced [42]: 

mg2+ +NH+
4 Hnpo3− n

4 + 6H2o→mgNH4po46H2o + nh+where − 0, 1or2 (1) 

Struvite formation takes place in two stages: crystal birth and growth 
[75]. These stages are influenced by various criteria including pH [76], 
supersaturation [77], temperature, presence of other ions (Ca2+), 
agitation energy [78], reaction time as well as Mg2+:PO4

3− ratio [79–81]. 
Digestate valorisation via struvite as a bio-based fertiliser prevents 

eutrophication phenomena by eliminating N and P run-off and mitigates 

Fig. 2. Distribution of main components after applying different solid-liquid separation techniques on weight basis [3,26,34,37–42].  
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N2O emissions as a slow release product. In addition, digestate could 
stand as a secondary phosphorous resource, eliminating depletion of 
phosphate rock [81,82]. 

Equimolar concentrations of NH4
+, PO4

3− and Mg2+ are required for 
struvite precipitation although in general magnesium ion concentration 
in digestate is the lowest of the three [29,83]. For this reason, a mag
nesium source has to be supplemented to induce struvite. Mg(OH)2 and 
MgO are among the most used Mg2+ precursors at different degrees of 
purity [84]. However, MgCl2 could be preferable given that its pro
duction demands little energy. Nevertheless, the reactions are not as fast 
and Cl− remain in the solution. Hence, this end-product could be applied 
in Cl-tolerant crops [12]. Other Mg2+ sources have also been tested e.g. 
bittern [85], struvite pyrolysate recycling [86], magnesite pyrolysate 
[87] and byproducts from magnesite’s calcination [26,88]. 

During struvite formation in digestates, a high consumption of alkali 
is required, given the buffer capacity of the medium. The buffer capacity 
id mainly due to the ionic equilibria H2CO3/HCO− 3/CO2

− 3 and NH3/ 
NH4

+. Low-rate aeration reduces alkali needs due to CO2 stripping [89] 
with a subsequent pH increase [29]. 

The molar ratio of Ca2+:PO4
3− ought to be below 0.5 for efficient and 

pure struvite formation [27,52]. Inhibition of calcium could be over
come by the addition of oxalic acid or EDTA increasing however the cost 
of chemicals [64,90]. In a full scale plant, struvite was recovered by 
Moerman et al. [91] from digested dairy manure when the Ca2+:PO4

3−

ratio was decreased from 2.69 to 1.36. Huchzermeier and Tao [92] 
induced calcium carbonate precipitation to the same substrate by 
reducing Ca2+ (46–74%); nonetheless low efficiency in struvite forma
tion was achieved. Low efficiencies were also reported even at high 
PO4

3− :NH4 and/or Mg2+:NH4 ratios [93]. Except for struvite, other 
P-precipitates were also identified by Song et al. [65] when treating pig 
manure digestate (MgHPO4, MgHPO4⋅3H2O, MgKPO4, K2NH4PO4, 
Ca3(PO4)4⋅5H2O, Ca5(PO4)3OH, CaHPO4⋅2H2O and CaHPO4) [64]. 

Typically, the struvite nucleation lasts around 30 min, but possible 
impurities may elongate this period along with crystal growth [29,78]. 
Struvite formation from cattle manure digestate resulted in 83% of P 
recovery after 40–60min with PO4

3− :NH4 and Mg2+:PO4
3− ratios 1.25 and 

23, respectively [94]. Lower N and P recovery efficiencies (58% and 
55% respectively) were reported for the same feedstock at a much lower 
Mg2+:PO4

3− ratio (1.5) after 50min [81]. 
It has been reported that struvite precipitation improves the effi

ciency of the solid-liquid separation of digestate and thus in some cases 
it may come as an earlier step of treatment [55]. 

Air-agitated and fluidised bed configurations have been commonly 
applied for struvite crystallization [64,75,78]. The process may take 
place either in one or two-stage reactors where separation of crystals 
takes place in another reactor [3]. 

Struvite has been efficiently applied as slow-release fertiliser on 
several crops especially for those that need magnesium, like sugar beet 
[95], given its high nutrient value per unit weight [75] preventing 
fertilization issues (e.g. nutrients runoff and crop burn) [10,51]. Yet, 
despite the possible heavy metal content of digestate that is trapped in 
struvite, it is unlikely to exceed limit concentrations for land application 
[26]. 

The production cost of struvite ranges from 270 to 2060€/t struvite 
[53,54] while its price ranges from 600 to 2500€/t [52]. The contribu
tion of chemicals may reach 75% of the production cost [3]. To ensure 
economic viability of recovered fertilisers, market prices of P and N of 
mineral ones should be taken into consideration. 

There are several established processes for struvite recovery as well 
as struvite-based products commercially available [27,54]. Neverthe
less, technical challenges such as chemical demand, end-products purity 
and process stability hinder the market penetration of the process. 

An advanced electrochemical process that delivers struvite without 
adding bases or salts has been patented in a configuration including a 
metallic cathode and a magnesium anode [54]. Struvite formation 
recovering 15% of the N, 90% of the P and 80% of the K from dairy 

digestate was achieved in a process combining microwave irradiation 
with advanced oxidation processes [42]. Similarly, Quan et al. [66] 
introduced the coupling of NH3 stripping and CaNH4PO4⋅4H2O forma
tion in a water-sparged aerocyclone reactor achieving high efficiencies. 
Combination of struvite precipitation with AD in a single vessel may 
decrease costs and ammonia inhibitions achieving elevated efficiencies 
(P:90%, N:50%). Nevertheless, increased Mg2+ dosages may invoke in
hibitions due pH or cations [26]. 

P recovery in the liquid fraction could be boosted by an acidic pre
treatment step of the whole digestate. Schoumans et al. [96] proposed a 
hydrolytic stage, where degradation of organo-phosphoric substances 
took place. Similarly, the liquid fraction of acidified with formic acid pig 
manure digestate presented elevated phosphates concentrations [97]. 

3.2.2.2. K-struvite. K-struvite (KMgPO4⋅6H2O) may be recovered from 
digestates as well when potassium ion concentration exceeds the 
respective of ammonium, given struvite and K-struvite solubility con
stants [27]. In Netherlands four large scale plants are producing 
K-struvite from calf manure digestate [98]. 

3.2.2.3. Calcium phosphate recovery. Phosphorous could be recovered 
from digestate as calcium phosphate. Adding calcium hydroxide to the 
liquid fraction of digestate at 70 ◦C invokes a pH rise to 10, and subse
quent fast (5min) precipitation of phosphorus as CaHPO4⋅2H2O or 
Ca5(PO4)3OH [27]. CO2-stripping may be performed prior to precipita
tion preventing competing CaCO3 sedimentation. A removal efficiency 
of 50–60% P is usually achieved but efficiencies as high as 80–100% P 
have also been reported [36]. There are several processes commercially 
available for calcium phosphate recovery. Capital costs have been esti
mated around 2300–2900€/kg P/d while the Ca(OH)2 demands define 
operational cost [36]. 

3.2.3. Ion exchange and adsorption 
Extraction of nutrients (up to 100% P and 83% N) from the liquid 

fraction of digestate via ion exchange and adsorption takes place in 
column beds filled with solid sorbents, such as zeolites, resins and clays 
[64,99,100]. The sorbents may be thermally or chemically modified. 
Intermolecular forces govern adsorption and ionic ones the 
ion-exchange process. Batch or continuous processes by multiple col
umns may be applied [36]. Regeneration may be performed with HNO3, 
NaCl washing, or even biologically, depending on sorbent and 
end-products. 

Zeolites have been extensively studied as adsorption agents for nu
trients removal [36]. The adsorption capacity of natural zeolite is 19 g 
NH4

+/kg and of Na-zeolite 21 g/kg while the removal efficiency ranges 
between 71 and 91% [101]. Adsorption of phosphorous by zeolites can 
be achieved but with lower efficiencies at pH 6.5–7.0 [102]. By applying 
at full scale an acidic gel cation exchange resin column after filtration 
and reverse osmosis, 27.6 g NH4

+-N/L resin was extracted (99% effi
ciency) while 91.7% of the cation exchange capacity was achieved after 
regeneration with 3 bed volumes of 2 mol/L hydrochloric acid [103]. 

Fouling phenomena because of the high suspended solids content of 
liquid fraction of the digestate, the competition of foreign ions along 
with the reduction of exchange capacity after regeneration cycles are the 
main bottlenecks of this technological approach. Nonetheless, due to the 
porosity of zeolites, the ammonium release from zeolites is slow 
rendering ammonium-loaded clinoptilolite a slow-release fertiliser [36]. 

The applicability of ion exchange with zeolite in practice for the 
treatment of the liquid fraction of digestate still remains to be demon
strated, as does the use of the nutrient-enriched clinoptilolite or other 
regenerated N-solutions as a fertiliser. Nevertheless, the ion-exchange 
process may be used as an intermediate step in the digestate treatment 
train. In this context, coupling of zeolite and struvite precipitation for 
the production of a slow release fertiliser has been demonstrated as part 
of an integrated scheme [36]. 

E.M. Barampouti et al.                                                                                                                                                                                                                        



Renewable and Sustainable Energy Reviews 134 (2020) 110379

6

The chemical cost for zeolite is higher than struvite precipitation and 
ammonia stripping since zeolite demands are higher than MgO and lime 
respectively [44]. Nevertheless, low energy needs and cost personnel are 
required due to the operation simplicity of ion exchange and adsorption 
processes [64]. 

3.2.4. Membrane-based separation 
Membrane-based separation has been presented as an alternative 

nutrient recovery option. 

3.2.4.1. Pressure-driven membrane. Microfiltration (MF), ultrafiltration 
(UF), nanofiltration (NF) and reverse osmosis (RO) are the most prom
inent techniques [53,55] allowing nutrients concentration in the liquid 
fraction of digestate into bio-based fertilizers along with the production 
of high quality water [104]. MF (pores>0.1 μm, 0.1–3 bar) and UF 
(0.01<pores<0.2 μm (colloids), 2–10 bar) remove suspended solids 
(MF) and macromolecules (UF) by a porous membrane, while dissolved 
compounds (NH4

+-N) remain in the permeate [104]. In order to further 
purify the permeate, nanofiltration and reverse osmosis are applied 
[40]. Separation efficiencies of 5–23% NH4

+-N and 97–98% P were 
achieved by NF [105]. In RO, dissolved solids are retained via a 
semi-permeable membrane at 10–100 at m [99] achieving 99–100% 
recoveries [106] and producing a permeate free of other pollutants. The 
energy needs of RO-systems are estimated around 4–6 kWh/m3 [36]. 

A tubular RO membrane configuration recovered 95% of TN of the 
liquid fraction of anaerobically digested manure. At pH 8.0, TAN 
removal was 75–96%, while at pH 4 almost 100% efficiency was re
ported [107]. When cleaning the membranes, the flux was fully recov
ered [106]. 

The separation efficiency may be improved by the addition of sur
factants, and water-soluble polymers (chitosan, polyethylenimine and 
polyacrylamide) able to complex with metals [53,104]. 

Total removal of pathogens (e.g. E-coli) and parasites (e.g. Nema
tode) has been reported by UF and MF [104]. When anaerobically 
digested manure was treated by UF (0.01 μm) coliforms and suspended 
solids were completely removed while COD remained unaffected [108]. 

The quality of permeate render it suitable for direct disposal or for 
other water uses such as irrigation, cleaning etc. [27,99]. 

MF and UF usually precede NF and RO in order to relieve fouling 
issues. Nevertheless, fouling remains the major challenge in membrane 
processes. Intermittent backwashing by air or water and increased 
tangential velocities on the cross-flow stream could lead to fouling 
mitigation. Ultrasonication may be applied for UF membrane cleaning. 
In case physical methods are insufficient, chemical means such as acidic 
or alkaline media, surfactants, chelants, oxidants, enzymes, or mixtures 
should be used to recover the capacity of the membranes [64]. 

Scaling due to low-solubility salt precipitation and biofouling due to 
bacteria colonization on the membranes may reduce their efficiency. 
Regulation of pH along with antiscalants could mitigate scaling phe
nomena, whereas biofouling cannot be removed easily [109]. 

Even though pressure-driven membrane processes are well- 
established waste treatment techniques, their potential on digestate 
has not been fully demonstrated yet in large scale [36]. Vibrating shear 
enhanced processing (60–90 Hz) has been proposed at pilot scale for 
manure digestate treatment, reducing cleaning needs [36]. RO com
bined with ammonia stripping has been employed for the treatment of 
liquid digestate [57]. 

Energy needs and economic viability are still crucial issues for 
membrane-based techniques aiming at nutrients recovery [36,40]. 

3.2.4.2. Non-pressure membrane technologies. Non-pressure membrane 
technologies are also being developed aiming to overcome conventional 
membrane filtration drawbacks. 

Electrodialysis (ED) manages to concentrate ions (NH4
+, K+, HCO3

− ) 
of liquid digestate by using an ion exchange membrane and applying 

electrical potential [63]. Higher ammonium concentrations (up to 
16–21 g/L) have been reported by ED rather than RO [64]. Apart from 
lab-scale ED, the treatment of digestate by membrane electrolysis in 
pilot scale in Netherlands recovering ammonium and potassium car
bonates has been reported [12]. 

Bipolar membrane electrodialysis is an advanced technique, that, 
based on principles of ED and using a bipolar membrane, promotes 
water dissociation in H+ and OH− . The derived products (acid and base) 
can be applied in various applications. Shi et al. [64] proposed an acid to 
substitute conventional chemical reagents used for acidification and 
cleaning of digestate, instead of a basic medium for ammonia stripping 
process. In the framework of a selective electrodialysis process, 
mono-selective membranes could achieve PO4

3− retention, fact that 
would be advantageous for the following struvite precipitation. Fouling 
is also a serious operational problem for electrodialysis techniques. The 
Cl2 produced in the anode is considered as a reagent able to reduce 
fouling, but cracking and pitting phenomena on membranes are the 
main bottlenecks for its use [64]. 

Bioelectrochemical systems are alternative membrane configura
tions for nutrients recovery. Total recovery of ammonia from anaerobic 
digestate could be achieved by microbial fuel cells application. Despite 
the low energy needs of this configuration, full scale plants have not 
been established yet [26]. 

Nitrogen recovery through the application of membrane distillation 
is a promising option for anaerobic digestate, since ammonium could be 
concentrated in the permeate up to 18.3 g/L (pH > 9.68 and 45 ◦C) [64]. 
The fouling issues for this approach are not as important as for the other 
membrane-based processes. Regeneration with citric acid for 1.5 h was 
applied after 72 h of continual membrane operation by Kim et al. [110]. 

Holloway et al. [111] reported that in a reclamation facility in 
Nevada high water flow and nutrient condensation were achieved by 
applying forward osmosis on the liquid fraction of digestate. The process 
low energy demands and cleaning may lead to improved economics. 
However, fouling issues and issues related to the customised design of 
membranes and draw solution still exist [12]. 

Trans-membrane-chemosorption is another system for ammonia re
covery demonstrated for pig manure digestate. NH3 is recovered after 
diffusion via hollow fibre membranes and captured in H2SO4 [12]. 

3.2.5. Evaporation 
Evaporation as an established management approach, concentrates 

(50%) the liquid fraction of digestate producing an aqueous stream rich 
in ammonia and volatile compounds [40] (Fig. 3). Ammonia content 
may be reduced if an acidic pretreatment is applied prior to evaporation. 
For further concentration, drying is recommended [12]. The high ther
mal energy needs of evaporation (300–350 kWh/t evaporated water) 
could be covered by waste heat of anaerobic plants [40]. 

Another option reported for the condensation of the liquid fraction of 
digestate is vacuum evaporation. Chiumenti et al. [112] reported that a 
single stage vacuum evaporation achieved 5-fold condensation. The 

Fig. 3. Efficiencies of a typical evaporating system treating digestate.  
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addition of a second evaporation step led to a concentrate with 59% TS. 
Nitrogen distribution in the two fractions was regulated by pH; 97.5% 
was maintained in the concentrate at pH 5. Nitrogen balance was 
influenced by digestate pH. Low energy demands of vacuum evapora
tion should be taken into account. 

3.3. Processing of solid fraction of digestate 

The current practice for the solid fraction of digestate is direct land 
application. However, new pathways for resource-efficient management 
are proposed and discussed below. 

3.3.1. Composting 
Low C/N ratios and bio-degradability along with high moisture are 

the main bottlenecks in solid fraction digestate composting [113]. In 
view of this, composting mixture of digestate should be enriched with 
suitable bulking materials (e.g. straw, wood chips, etc.) in order to 
ensure optimum C/N ratio and aeration conditions. Despite the con
centrations of nutrients during composting, N losses have also been re
ported [33]. Rehl and Müller [99] estimated ammonia emissions up to 
20% of TAN, nitrous oxide up to 1.4% of TN and methane up to 8.12 of 
carbon during a 10-week composting. However, Grigatti et al. [17] 
concluded that composting of food waste digestate may reduce CO2 
emissions without affecting fertilising properties. Coupling AD with 
composting may prove beneficial resulting in an integrated scheme. 
Shorter composting times along with high quality products are ensured 
[113]. 

3.3.2. Biodrying 
The basic principal of biodrying is as composting. Nevertheless, in 

this case elimination of moisture is set as a priority while maintaining 
high carbon content. Biodried digestates with 45% carbon, stable and 
odorless could be valorized in various applications. The risk of nitrous 
oxide emissions is high and special care should be taken [55]. 

Processes for P recovery from dried digestate such as coupling of low- 
pressure wet oxidation and nanofiltration, wet chemical extraction and 
struvite formation and metallurgical P recovery are commercially 
available [12]. 

3.3.3. Drying 
A 98% dry matter digestate-based stream free of odour and ammonia 

derives after thermal drying. The high energy needs of this process in 
most cases is covered from the waste heat of anaerobic digestion process. 
Pelletisation of end-product may improve its fertilising features, reduce 
transportation cost and facilitate land application strategies [3,55]. 
Binders such as lime and starch have been tested producing pellets with 
improved mechanical properties [99]. Numerous applications have been 
proposed including agriculture, landscaping or specific cultivations (e.g. 
mushroom) [3]. There are hundreds of drying digestate systems on 
farms in Europe and the predominant systems used are: belt dryers, 
mechanical drum dryers and solar drying systems [3,42]. 

Belt dryer achieves 85% TS content in the digestate when high 
temperature (85 ◦C) air is fed. During mechanical drum drying, the 
influent digestate is pretreated by mechanical means and then it is sent 
to the rotating drum. Its energy needs in terms of heat and electricity are 
up to 3 GJ and 0.31 GJ/t water, respectively. Another promising alter
native is solar drying. Mechanically pretreated digestate is fed in a solar 
green-house dryer where it is mixed and aerated. The evaporation rate 
may range between 0.6 and 3.5tn water/y/m2. The energy needs for 
mixing and aeration may rise up to 200kWh/t water resulting in a 
digestate with 65% dry matter while the heating needs are covered by 
AD excess heat [99]. 

3.3.4. Thermochemical treatment 
The application of thermal treatments is relatively restricted. 
Regarding incineration, the ashes produced during this process 

contain up to 20–25% P2O5, as well as K, Si, Mg and Al traces and 
perhaps a few heavy metals (e.g. Cd, Zn, Cu). The prospect of recovering 
nutrients (mostly phosphorous) from ashes has been reported reaching 
recoveries of 78% in P [64]. The economic viability is threatened 
especially in small scale from the intensive flue gas cleaning and energy 
demands [36]. 

Biochar as a value-added product of pyrolysis and hydrothermal 
carbonization has demonstrated high nutrient capacity with improved 
fertilising properties. Complete retention of phosphorous has been 
demonstrated when manure digestate was pyrolyzed [12]. The perfor
mance of biochars regarding nutrients recovery is better compared to 
incineration ashes. Nevertheless, pyrolysis biooil in qualitative and 
quantitative terms, was inefficient [36]. Furthermore, nitrogen losses, 
over 90% of N, were diffused in the carrier gas [64]. 

Hydrothermal carbonization of digestate favors immobilization and 
retention of nitrogen and potassium over 50% in the liquid phase and 
their subsequent recovery via membrane-based processes with lower 
energy needs. For hydrochar, energy demands were up to 27kWh per m3 

solid digestate and the respective cost was estimated 157€/ton [64]. 
Biochars either from hydrothermal carbonization or pyrolysis could 

stand as promising advanced bio-based materials with high fertilising 
and agronomic properties improved by their absorption capacity, 
nutrient slow release and CO2 immobilization [64]. The estimated value 
of phosphorous in biochar is higher (4.25€/m3) than the respective 
value of phosphorous in ash (<1€/m3) [36]. 

4. Integrated biorefinery 

A major concern in full scale plants that treat digestate and recover 
bio-based products is the management of process residues. For instance, 
in membrane-based processes only 50% of digestate is turned to purified 
water, while the remaining nutrient condensate requires further man
agement. Thus, valorisation concepts that meet simultaneously tech
nical, economical and environmental viability should be established. In 
this context, residues that usually present high nutrients concentrations, 
should be further processed in order to meet commercial standards [3]. 

To this end, biorefinery concepts that include biobased materials and 
energy recovery are currently very popular. Based on the principles of 
oil refinery, biorefinery produces numerous bioproducts or chemical 
blocks from renewable feedstocks by applying plethora of technologies 
and configurations. Thus, biorefineries are very promising alternatives, 
since they turn waste into secondary resources in a circular, zero-waste, 
environmental friendly and economical viable approach [114]. 

Technology is out of question the core issue, given that a biorefinery 
is materialised through the synthesis of the best available techniques 
into an integrated valorisation scheme. Beyond the technological 
maturity of each system, close collaboration of all supply chain key 
actors (farmers, AD managers, scientists, engineers and decision makers) 
is more than necessary [114]. 

In line with the basic principles of biorefineries, two scenarios 
involving the recovery of nutrients from digestate were investigated. 
These scenarios were based upon the literature analysis discussed above, 
assuming efficient and established technological approaches suitable for 
digestate valorisation. Rough mass balances were estimated, taking into 
consideration moderate assumptions. They propose an integrated 
approach for closing the loop in the management of digestate for the 
agri-food supply chain, reducing external inputs of fossil mineral fer
tilisers and irrigation water required to agriculture. They also promote 
the establishment of new sustainable value chains of digestate nutrient 
recycling and valorisation leading to high quality biobased products, 
including liquid/solid fertilisers and soil amenders. 

In the first scenario proposed, the treatment train refers to larger 
scale anaerobic digestion plants, whereas the second one could be easily 
adopted even on a single farm. 

In the first scenario, the digestate valorisation from an anaerobic 
digester that treats manure (125 t/d), producing 1000 m3/d biogas is 
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proposed. A two-stage solid/liquid separation process including a screw- 
press and an ultrafiltration (UF) membrane unit is used for the separa
tion of the whole digestate. The efficiency of screw-press, in terms of 
mass removal of digestate solids, typically exceeds 20% and reaches up 
to 45%. Regarding nutrients, they are divided into solid and liquid 
fractions in different ratios (Fig. 2). In the end, around 70% of nitrogen 
and 40% of phosphorous content of the digestate will be treated in the 
following stages of the liquid line and the remaining fraction present in 
the sludge will be sent to composting. The liquid effluent will then be 
treated in a UF configuration with frame and plate membranes. The UF 
process will operate with a recovery of 75% and the permeate will be 
free of TS. The UF concentrate will have a TS concentration of approx
imately 12% and will be mixed with the other solid fractions and thus 
sent for composting. A Struvite crystallization reactor (SCR) will be 
incorporated in the treatment train for phosphate recovery. Reactors 
that include in the same vessel chemicals addition and precipitation of 
the struvite white crystals are proposed. The settler (for the solid-liquid 
separation) will be located in the bottom of the reactor with a conical 
shape in order to collect the larger crystals produced. Appropriate 
number of parallel struvite crystallization units should be designed for 
the liquid fraction of digestate, with a maximum phosphate concentra
tion of 1000 mgP/L. As it can be seen in Fig. 4a, up to 2 kg of struvite 
could be produced per t of animal waste treated, meaning that 80% of P 
entering the unit is recovered. Furthermore, ammonium ions will be 
recovered by an Ion Exchange Unit using natural zeolite. The ion ex
change column design should take into consideration aspects, such as 
the volume of absorbent, its surface area, the height of column, the 
number of columns and the pressure drop. Ammonium loaded zeolite 
(2.9 t/d) could stand as a promising end-product, given its slow release 
fertizing properties. Alternatively, ammonium ions will be recovered 
(957 kg/d) during the regeneration process. A Sequencing Batch reactor 
(SBR) is also included as a polishing step in order to obtain clean water 
for reuse. The quantity of liquid fed to the SBR shall be around 71 m3/d. 
The sludge produced from SBR could be included in the feedstocks of the 

composting unit. As presented in the Figure above, almost 80% of car
bon entering the SBR is expected to be removed from the liquid phase. 
Finally, a composting reactor is proposed for the treatment of the solid 
by-products (i.e. solids from screw-press and the UF units and sludge 
from the SBR) mixed with appropriate bulking agents (e.g. straw). The 
by-products to be composted have an elevated moisture content (85%) 
and very low C/N ratio (6.6). Therefore, a suitable additive should be 
added to optimise the C/N ratio around 20:1–40:1 and to reduce the 
moisture level below 70% (50–70%). This shall produce a total wet 
weight of almost 50 t/d that needs to be composted. The main objective 
of this stage is the maturation of the solid fraction resulting from the 
previous stages of the system in order to obtain high-quality compost. 
According to Fig. 4a, 8.2t compost with 45% moisture can be produced 
daily. 

In the second scenario, the digestate treatment train is suggested for 
a smaller scale AD plant treating a mixture of manure with agricultural 
residues (70:30) producing 900 m3/d biogas. An integrated digestate 
valorisation scheme is proposed, producing compost, solid organic fer
tiliser, (NH4)2SO4, and process water as presented in Fig. 4b according to 
rough estimations of mass balances. Specifically, a conventional me
chanical separation technique as screw press is included taking into 
consideration its low cost (CAPEX and OPEX) and energy needs. The 
liquid fraction rich in ammoniacal nitrogen will be further processed by 
an evaporating system, which separates digestate liquid fraction into (a) 
nutrient rich condensate in a solid form (2 t/d) and (b) water (37 m3/d) 
that can be used as process water in the AD and/or composting process 
as well as water supply for irrigation purposes after conformity to the 
relevant quality assurance assessment. An ammonia scrubbing system is 
also incorporated in the evaporator’s gas emission stream, producing an 
inorganic nitrogen high quality fertiliser (576 kg/d (NH4)2SO4). The 
solid fraction of the digestate is composted towards the delivery of ni
trogen, phosphorous and potassium rich solid organic fertiliser (0.9 t/d). 
By use of additives (e.g. zeolite, perlite, biochar) and bulking agents 
(agrowaste, sawdust etc) in appropriate ratios that would control C/N 

Fig. 4. a. Flow diagram and end-products analysis of the first scenario proposed from an anaerobic digestion plant producing 112 t/d digestate from manure. All 
percentages are in wet basis (w.b.). Flow diagram and end-products analysis of the second scenario proposed from an anaerobic digestion plant producing 21 t/ 
d digestate from manure. All percentages are in wet basis (w.b.). 
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ratio, an advanced biobased fertiliser with enhanced agronomic prop
erties will derive. This plant is characterised as a zero liquid discharge 
system, since digestate water is recovered as process water and partly as 
moisture content of the products. 

The proposed scenarios showcase the feasibility of treatment tech
nologies for digestate’s valorisation, in order to recover nutrients pri
marily nitrogen, phosphorous and potassium and process water. Both 
scenarios materialize the circular economy concept of digestate with 
direct benefits in the whole agro-food value chain by turning a problem 
into a solution through innovative or already available technologies in a 
new context. 

5. Future perspectives of nutrients recovery from digestate 

This paper aspires to practically demonstrate a spectrum of circular- 
nature based technologies for the valorisation of biogas digestate, via 
sustainable pathways, that will be, by design and intention, restorative 
aiming at recovering process water and nutrients in new biobased fer
tilisers and at minimizing risks induced by storing, managing and direct 
land use of digestate. Nevertheless, prior to the commercialization of the 
fertilising end-products, some key issues have to be dealt with. 

First of all, the recovered products from the demonstration of the 
proposed processes need to be fully characterised, evaluated and vali
dated in terms of physico-chemical and biological quality in order to 
ensure that all possible health risks are alleviated. According to the 
findings of the aforementioned assessment, the output products should 
be adequately tested in field trials in order to examine the agronomic 
properties, the effect on the environment and the food safety of biogas 
digestate products. The end-products should be thoroughly assessed in 
terms of quality in order to establish a concrete view for their suitability 
for direct use on arable land or in combination with other fertilisers/ 
additives. To this end, high quality fertilisers which meet field trial re
quirements in terms of crops cultivation, climate and soil conditions in 
conformity to EU and national policy and regulations shall be produced. 

The production of high efficiency fertilisers from digestate does not 
guarantee their commercial success and if market conditions are not 
favourable, it is unlikely that a profit will be made from their sale. 
Waste-derived fertilisers usually face the scepticism of end-users. In 
addition, the adoption of new innovative solutions often comes with the 
need for change of the deep-rooted agricultural practices and this may 
stand as a bottleneck to the full commercialization of a scheme. Eco
nomic incentives, the new EU legislation (Regulation (EU) 2019/1009) 
as well as consumers awareness may aid to overcome these aforemen
tioned barriers. 

Thus, as a next step, it is necessary to define and setup business 
models, marketing concepts and a suitable market entry strategy for the 
technological solutions that have been successfully demonstrated and 
their end-products. To this end, new business models in rural areas 
should be developed, that are synergised with existing ones creating 
further value from digestate. It is also important to unveil and enhance 
technologies and end-product market potential through targeted sup
port actions, and to foster networking and create synergies between 
commercialized outputs and potential customers/end-users, advancing 
further market uptake. By considering those dimensions, a credible path 
to deliver the innovations to the market, maximizing economic, envi
ronmental and societal impacts and generating added value to the 
companies involved shall emerge. 

6. Conclusions 

Conclusively, this review outlines the inherent potential of digestate 
in terms of nutrients recovery in a sustainable context. In addition, this 
paper traces the basic constituents of digestate which may be valorized. 
Various technologies such as solid-liquid separation, ammonia stripping, 
membrane -based separation, struvite formation, composting, as well as 
thermal treatments used for digestate valorisation have been presented 

in this study. Hence, it is undeniable that digestate could be considered 
as an appropriate feedstock for bio-base products promoting in turn 
circular economy. 

Through the in-depth knowledge on technological schemes on nu
trients recovery from digestate, the prospect of classifying digestate as a 
secondary resource for biobased fertilisers has been established. Taking 
into account the state-of-the-art, two integrated biorefineries, custom
ised for AD plants were developed. Hitherto, apart from the technical 
challenges, economical and environmental feasibility should also be 
assessed. Policy and decision-makers should promote these “green” 
technological approaches and the respective products, so as to ensure 
social acceptance. 

To sum up, it is indisputable that digestate could stand as a secondary 
nutrient resource. Although many technological alternatives are avail
able, many challenges have to be overcome for full scale sustainable 
implementation. 
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