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Anaerobic digestion (AD) plays a critical role in meeting renewable energy needs and managing solid and liquid
waste streams, thereby making significant contributions towards sustainability and the circular economy.
However, AD generates a large amount of digestate as a by-product. Digestate contains undigested organic
fractions, micro and macro-nutrients, inorganic materials, trace metals etc. It is essential to develop appropriate
ways for managing and valorising digestate for truly harnessing the potential of AD. This review critically an-
alyses the current state of the art on valorisation and management of digestate. It starts with a review of key
digestate characteristics that have a great impact on the valorisation potential and products. Different valor-
isation pathways based on the analysis of digestate properties are then reviewed. The interaction among char-
acteristics of digestate, valorisation technologies, potential products and economic challenges is critically
reviewed and discussed. Furthermore, the separation technologies, advanced valorisation processes and their
potential are discussed. Techno-economic aspects are briefly discussed. Some comments on policies and regu-
lations are included. Key conclusions on the state of the art, specific suggestions for further research, and some
comments on the outlook are included at the end. The review will be useful to researchers, technologists, and

policymakers interested in sustainability and the circular economy.

1. Introduction

Bioenergy production from biomass is essential to tackle the growing
need for renewable energy. It supports global sustainability goals and
places a high priority on environmental sustainability [1,2]. Anaerobic
digestion (AD) is the most promising renewable technology among the
numerous ways of handling organic waste because of its effectiveness in
turning organic matter into useful resources [3,4]. This process supports
a circular economy by producing energy, reducing greenhouse gas
(GHG) emissions, minimizing waste, and decreasing the volume of waste
sent to landfills. About 35 million tonnes of oil equivalent (Mtoe) of
biomethane in 2018 were produced globally from the waste and AD
processes. Most of this production is concentrated in European and
North American markets, with countries like Denmark and Sweden
having significant shares of biogas/biomethane, comprising over 10 %
of total gas sales. Beyond North America and Europe, countries such as
China, Brazil and India are rapidly expanding their biomethane infra-
structure, with the number of upgrading facilities tripling since 2015,
highlighting the global commitment to sustainable energy solutions [5,
6].

AD is a biochemical process that converts biodegradable organic
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matter into methane-rich biogas and digestate through a complex
community of microorganisms without oxygen. Compared to other
biological and thermochemical processes, this is acknowledged as one of
the best renewable energy technologies [4,7]. While AD technology is
highly effective, managing a huge amount of digestate poses significant
challenges. Forecasts predict that the installation of AD plants and
biogas use will increase significantly by 2040, resulting in a fourfold
increase in digestate production [6]. In 2021, Europe produced an
estimated 222-258 Mt of fresh digestate, which offers significant ad-
vantages such as excellent organo-mineral fertilizer properties, the po-
tential to replace synthetic fertilizers and various environmental
benefits [8]. However, the substantial daily production of digestate
poses significant challenges, particularly during transportation and GHG
emissions during storage. The untreated and excessive disposal of
digestate can negatively impact the receiving environment. Concerns
include water pollution from excess nutrients, heavy metal accumula-
tion, pathogen contamination, and the buildup of recalcitrant organics
[9]. The digestate was primarily considered a fertilizer in agriculture
due to its undigested organic content and high levels of nitrogen and
phosphorus. However, soils with high phosphorus content may not be
suitable for receiving digestate for additional nitrogen, as the digestate
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also contains additional phosphorus [10,11]. Additionally, digestate
must meet specific minimum standards to be marketed and used as
fertilizer [12].

Digestate comprises partially digested organic matter, water, and a
blend of micro and macronutrients, and therefore holds significant po-
tential for valorisation. Various sources of digestate and potential val-
orisation pathways are shown schematically in Fig. 1. The perception of
digestate is evolving and is getting transformed from waste to a valuable
resource by the principles of the circular economy and maximizing the
benefits of digestate valorisation [13]. The literatures reviewed in this
study were collected using the Scopus database, applying keyword
combinations such as “Digestate”, “Valorisation”, “Pretreatment”,
“Biogas”, and “Digestate management”. The search was restricted to
publications written in English and published between 2000 and 2025.
Only peer-reviewed research articles, review papers, and select book
chapters were included, while theses and encyclopedia entries were
excluded from consideration. To maintain thematic relevance, only
documents directly addressing digestate processing, valorisation and
nutrient recovery were retained; studies lacking alignment in titles or
keywords were filtered out. This strategy ensured a targeted and reliable
literature base for the present review. Considering the large number of
different valorisation pathways shown in Fig. 1, there is a need to assess
the valorisation potential of digestate and the pathways for realizing it.
Such an attempt is made in this work.

An appropriate understanding of the digestate properties is necessary
for an effective valorisation process. The properties and composition of
digestate are greatly impacted by various factors, such as the feedstock
type, microbial communities, and operational parameters like temper-
ature, retention time, and pressure. As a result, there is considerable
variation in the characteristics and composition of digestate, which
presents difficulties in terms of standardization and utilization [14].
Digestate valorisation can convert this nutrient-rich material into an
array of valuable products, including biofertilizers, biogas with potential
energy applications, biohydrogen and even specialized chemicals that
find utility in diverse industrial sectors. The diverse components of the
digestate can be utilized through different processes to create multiple
alternative products and pathways for valorisation. Potential
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value-added products from digestate are shown in Fig. 2. These include
nutrients like nitrogen and phosphorus which may be used as fertilizers.
The organic fraction of digestate may be used to produce biogas through
AD or biohydrogen through fermentation, thereby converting the
organic matter into renewable energy. Additionally, the lignocellulosic
components may be used to produce biofuels or bio-based chemicals,
contributing to sustainable energy and materials. The maximum po-
tential for valorisation could be achieved when each component is
optimally utilized for its specific application, resulting in minimal waste.
Various studies have been conducted to valorise digestate to certain
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products such as a feedstock for microalgal and fungal cultivation [15,
16], liquid fertilizer, struvite, vivianite [17-20] biofuel production
(biogas, biohydrogen and biodiesel) [21,22] compost [23] animal
bedding, aquaculture and fish feed [24,25] and other applications.

While several recent reviews [26-29] explore digestate valorisation
or its specific applications, there remains a clear need for a compre-
hensive and systematic review focused specifically on digestate char-
acterization, valorisation pathways, product recovery, and the
evaluation of economic sustainability, an aspect that has received
limited attention and is critically addressed in this manuscript. Table 1
summarizes the limitations of recent studies and highlights the novelty
of the present work.

This review aims to fill these gaps by comprehensively analysing the
composition and characteristics of digestate derived from various
feedstocks, including livestock manures, agricultural residues, food and
vegetable wastes, industrial wastes, and Sewage Sludge (SS) as the first
step. It then examines the challenges and opportunities associated with
the valorisation of digestate, focusing on its potential as a nutrient-rich
soil amendment, fertilizer, and renewable energy source. By providing
consolidated data and insights into the characteristics and treatment of
digestate, this work provides a comprehensive review of the different
processes and the sustainable utilization of digestate in various appli-
cations. Some comments on the prospects and outlook are included at
the end. The future of digestate valorisation looks promising with the
need for an in-depth understanding of properties, optimized processes,
standardized quality assessments, and integration with existing biogas
and agricultural systems to enhance sustainability and economic
viability.

2. Composition and characteristics of digestate and potential
products for valorisation

2.1. Characterisation and composition of the digestate

Digestate consists of undigested feedstocks (organic and inorganic
fractions), water and a mixture of micro and macronutrients [39]. To
comprehend the properties of digestate, it is essential to examine the
feedstock and its characteristics. The characteristic features of digestate
highly depend on some major factors such as the feedstock/substrate
(compositional and structural properties), microbial communities and
the operational parameters employed during the process i.e., tempera-
ture, retention time, pressure, digester type and other relevant factors
[40]. These factors significantly impact the properties and composition
of the resulting digestate, leading to considerable variation. Conse-
quently, no standard methods for digestate characterization have been
established yet. Researchers typically use methods suitable for sludges

Table 1
Focus and limitations of recent reviews compared to the present study.
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and slurry to characterize their parameters. Fig. 3 illustrates the suitable
characterization methods for ultimate, proximate, and compositional
analyses of digestate. The most critical parameters such as pH and EC
can be monitored using pH and EC electrodes. Researchers predomi-
nantly use the gravimetric method to determine total solids (TS) and
volatile solids (VS). Spectrophotometric methods can be employed to
measure chemical oxygen demand (COD), total organic carbon (TOC),
total nitrogen (TN), ammonia, and total phosphate (TP), and alternative
titration methods have also proved useful. Ultimate analysis (CHNSO) is
necessary to determine the theoretical product generation potential of
digestate using a CHNSO analyzer [41-43]. The consolidated charac-
teristics data of digestate for different feedstocks from the published
studies are illustrated in Table 2, and the elemental composition of
digestates from various sources and their theoretical biochemical
methane potential (BMP) capacity are listed in Table 3.

The diversity in digestate composition and nutrient availability (see
Tables 2 and 3) has emerged as a significant obstacle to the utilization of
digestate, posing limitations on the potential growth of biogas industries
in the future. During AD, simple organic matter is converted into
methane (CH4) and carbon dioxide (CO2) easily, while complex organic
matter like lignin remains in the digestate, leading to an increase in its
effective organic carbon (OC) content. Apart from the presence of a
significant amount of suspended and colloidal organic matters, phos-
phorous and complex nitrogen, it is filled with significant amount of
macro (N, P, K, S, Mg and Ca) and micronutrients (B, Cl, Cu, Fe, Mn, Mo,
Ni and Zn) in the digestate [63-65].

Digestates exhibit elevated N—NHZ /TKN ratios and low C/N ratios
when derived from highly degradable feedstocks such as poultry and pig
manure, whereas low-N lignocellulosic feedstocks, such as sorghum and
maize silage, result in low N—NHZ/TKN ratios in digestate [66].
Anaerobic digesters commonly utilize a variety of feedstocks, including
livestock manures, corn and maize silage, waste feed, food and vegetable
wastes, slaughterhouse wastes, dairy effluent, industrial wastes, and SS.
Based on the availability and compositional changes, the produced
digestate can be broadly categorized into four types, i.e., 1) Sewage
sludge digestate, 2) Food/vegetable waste digestate, 3) Agriculture
waste digestate and 4) Mixed feedstock digestate. Characteristics of
digestate from different AD feedstocks are discussed in the following
(classified as per the AD feedstock). The rheological behaviour and its
significance on the digestate valorisation are also discussed collectively
after discussing other digestate characteristics.

2.1.1. Sewage sludge digestate (SSD)

Sewage sludge (primary and secondary) is one of the important
feedstock options for AD because of its abundance, richness in organic
matter, and essential methane-producing microorganisms. Digestate

Focus References Limitations

Present Review

Digestate
characterisation

[30-32]

.

e No discussion on digestate rheology

Pre-processing [28,33-36] e Focussed on solid-liquid separation and nutrient extraction
methods strategies (e.g., centrifugation, filtration)

e Limited or no discussion of pretreatment technologies such as
hydrodynamic cavitation, microwave-based systems, or MW-
assisted hydrothermal methods

e No consideration to approaches like co-digestion

Valorisation pathways [13,30,37] e Focussed on products such as biochar, compost, and fertilizers
and products e Limited details on energy recovery routes (e.g., residual biogas,
syngas), or preprocessing
Techno-economics [30,37] e EU-centric, with minimal applicability to developing economies
or small-scale plants
Policy frameworks [28,29,31, e Predominantly focused on EU and US regulatory frameworks
38] e Lack cross-regional comparison and developing country context

Limited discussion on feedstock-specific digestate behaviour

Comprehensive discussion on composition, characterisation
based on feedstock source,

Rheological behaviour and analysis methods. (Section 2)
Dedicated analysis of physical and chemical pre-processing stra-
tegies. (Section 3)

Extensive overview of mechanical, thermal, chemical, and
biological pre-treatments. (Section 3)

Extensive discussion on integrated preprocessing approaches like
co-digestion, digestate recirculation on valorisation pathways
Holistic mapping of valorisation routes: energy conversion,
renewable fuels, fertiliser and other novel products. (Section 4)
Covered all major valorisation pathways and products
Dedicated section (Section 5) for the technoeconomic aspects of
digestate in the EU and other countries.

Discussed a comprehensive multi-regional policy overview and
compliance mechanisms including EU, US, India, Ukraine, and
other countries (Section 5).
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Table 2
Characteristics of digestate based on their feedstock. WAS: waste-activated sludge; DM: Diary manure; PM: pig manure; SM: swine manure.
Categories Feedstocks pH TS (g/ VS (g/ COD (g/ TOC (g/ TN (g/L) TP (g/L) References
L) L) L) L)
SS Primary WAS 7.9 28 15 18 - 2.75 0.480 [44]
SS 6.62 18.4 5.6 - - 0.039 0.032
SS 7.9 86 54 69.9 - 1.5 -
SS 7.60 52.7 30.4 46.1 0.612.7 - -
Agriculture Wheat Straw 7.62 9.27 5.5 0.668 - - - [45]
residues Wheat Straw 7.88  6.31 3.97 0.591 - - -
Food waste Fw 7.97 920 72 136.8 - - - [36]
Fw 8.3 - - - 34.4 4.5 - [46]
Fw 8.0 68.1 50.2 - 5.9 0.0485 [47]
Sugar beet pulp 8.14  37.50 32.39 - - 3.1 0.032 [48]
Animal manure Guinea pig manure 710 7 3 0.139 - 0.188 [38]
PM 7.63 256 16.3 - - 174.61 g/kg 18.92 g/kg [491
DM DM
cM 7.81 238 15.3 - - 229.83 g/kg 13.46 g/kg
DM DM
DM 752  31.2 21.6 - - 105.77 g/kg 6.75 g/kg
DM DM
DM - 66 51 23.76 - 3.45 0.249 [50]
DM 7.49 70.7 32.5 84.9 - 1.6 0.961 [51]
Sheep slaughter waste 791 68.7 41.9 3.8 - 49.95 g/kg - [52]
DM
Cattle slaughter waste 7.86  83.7 46.7 3.72 - 47.32 g/kg -
DM
Mixed waste Livestock waste and Agro waste 8.2 94 65 74 - 5.21 4.87 [44]
Energy crops, Food industry by-products and 7.9 96 73 - - - - [53]
Animal manure
WWTP sludge and Dairy waste 7.8 93.44 51.71 97.17 21.51 4.35 1.83 [54]

produced from sludge-based AD retains substantial organic material and harmful substances. The TS and VS of SSD lie between 7-8 % and 30-40
diverse plant nutrients, making it suitable for agricultural use as a fer- % of TS, respectively [40,67]. Some studies suggest the presence of
tilizer, except for certain extracellular polymeric substances (EPS) and potentially hazardous materials, such as high content of trace metals and
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Table 3
Ultimate analysis of digestate (% dry basis).
Digestate source C H N S o Theoretical BMP (mL/  CHNSO References
gm VS)
FW 4886 7.25 3.08 1.40 13.82 789 CH; gN0.05450.011002  [55]
Biomass 46.70 550 1.50 0.50 36.90 492 CH1.4N0.02750.00400.6  [56]
FW 4352 484 192 011 39.40 432 CHj 3Np.03850.001007  [571]
Biowaste 3414 2589 432 033 20 488 CHNo.1150.004 [58]
Maize silage 46.60 580 1.10 0.08 40.70 473 CH; 5N0.0250.0,100., [59]
Organic household waste 34.30 4.00 1.90 0.20 23.90 521 CH1.4N0.0450.0,,00.4 [60]
Cow manure digestate 42.60 5.00 2.00 0.40 34.30 478 CH; No.0450.0,100.5
Energy crops digestate 40.30 4.60 2.10 0.30 24.00 569 CH;j .4N0.04550.01100.6
Groats (9 %), olive oil cake (29 %), silage of triticale (57 %) and 42.50 6.10 1.40 0.14 42.10 444 CH;,No.0,,50.0,100.7 [61]
chicken manure (5 %)
Animal sewage (43 %), cow manure (20 %), maize and triticale 43 6.20 1.30 0.14 39.50 473 CH;,N0.1350.0,,00.8
silages (25 %) and cereal bran (12 %)
Solid swine manure 37.22 551 4.56 1.49 3195 443 CH;,No.10550.0200.6 [62]
FW, Grass and Dairy waste 33.99 4.88 5.15 2.31 15.12 593 CH;.8N0.05450.01100.9 [54]

pathogens [68,69], and pharmaceutical residues [70], microplastics
[71] and organic contaminants in SSD that might exceed the legal limits
are not suitable for fertilizer [72]. The phytotoxicity nature of the sludge
digestate is closely linked to the presence of low-weight carboxylic acids,
trace metals, and phenols. The presence of excessive salinity and iron
content in the sludge digestate also significantly hinders seedling
germination [73,74]. Additionally, during the AD process, the
complexation of aromatic carboxylic and phenolic functional structures
in humic acids (HA) helps regulate the presence of metal ions [73]. A
lower carbon conversion ratio, longer retention time, low volatile fatty
acids (VFAs) conversion efficiency, and high recalcitrant materials in
digestate limit mono-digestion of SS. However, adding co-substrates to
co-digest with SS can enhance AD performance. The co-digestion could
help the digestate quality in terms of diluted toxic compounds, syner-
gistic effects on microbial growth, nutrient balance, increased organic
loading rate, enhanced methane yield, and improved buffer capacity
[75].

2.1.2. Food waste digestate (FWD)

Due to its relatively simple composition, food waste (FW) is highly
desirable for AD and other biorefinery processes. Amidst the ongoing
trend of urbanization and population growth, the excess of FW has
transformed into a valuable organic resource, serving as a significant
input to produce bioenergy. However, despite being nutrient-rich, the
rural regions practice the traditional AD of FW and other organic wastes,
such as animal manure and SS to satisfy the microbial diversity and
sufficient feedstock load [76]. Typically, the generation of FWD per ton
of FW feedstock is estimated at 0.20-0.47 tons [77]. Due to the abundant
presence of salts and proteins in FW, the resulting FWD from the
digestion process contains elevated levels of phosphate (PO3"), ammo-
nium (NH3Z), sodium (Na™), potassium (K™), and chloride (Cl1™) ions [14,
76]. However, the phosphorus content in fruit and vegetable waste
digestate is approximately 2.5 %, whereas swine dung digestate contains
4.5 % phosphorus [11,78]. Numerous studies indicate that the alkaline
nature of FWD (with a pH ranging from approximately 7.5 to 9) can
improve acidic soil properties by increasing pH, enhancing bioavailable
nutrients, and boosting dissolved organic carbon and microbial biomass
carbon levels. However, there is a risk of ammonia volatilization during
the process and storage. Acidifying FWD with sulfuric acid can reduce
the digestate pH and stabilize NH4—N and prevent volatilization [15,79,
80]. FWD typically contains higher levels of ammonia nitrogen, ranging
from 0.8 to 6 g/kg, and has a higher nitrogen-to-phosphorus ratio
compared to other digestate like dairy or sludge based digestate [46]. It
has a moisture content of about 65 % to 97 %, organic matter content of
roughly 36 % to 90 % with 32 % of TOC (ranges from 12.8 % — 43.5 %),
and TN content of around 1 % to 9.5 % with an average value of 6.4 %
[14,81]. Lignocellulosic analysis of FWD shows similar cellulose and
hemicellulose content (approximately 32-33 %) and about 13.4 %

lignin, as reported in previous studies [82]. The lignin content in FWD is
higher than in regular FW due to the low biodegradability of this com-
plex organic polymer in the AD process [83]. FWD could be a good
biofertilizer due to its micronutrient richness; however, details
regarding the crucial trace elements it contains are still lacking. Ac-
cording to research, the FWD exhibits considerably reduced amounts of
trace metals when compared to SSs and manures. These properties of
FWD indicate the suitability for manufacturing organic fertilizer, bio-
refinery and other value-added products [84,85]. Moreover, the alkaline
nature of FW helps preserve nutrient content during digestion by con-
verting it into other chemical forms, such as struvite (magnesium
ammonium phosphate) [86].

2.1.3. Agriculture waste digestate (AWD)

The agriculturally based feedstocks have more digestion and diges-
tate valorisation difficulties than other feedstocks. In other words, the
AD process preferentially targets hemicelluloses, leaving behind rela-
tively higher amounts of cellulose and lignin in the solid residue after
digestion [87,88]. Consequently, a range of treatment techniques
(including physical, thermo-chemical, chemical, biological, or a com-
bination of these methods) are necessary to degrade the stubborn layer
of residual lignin and decrease the crystallinity of cellulose. By doing so,
these treatment methods enhance cellulose accessibility to anaerobic
microorganisms, facilitating a more efficient AD process [89] conducted
a study on the properties of agricultural digestate, revealing that its pH
typically ranges from slightly basic to around 7 to 8.5. The pH tends to
increase when the amount of ammonia rises and when VFAs are con-
verted to methane. Conversely, the pH decreases when carbonate and
phosphate precipitation reactions occur or VFAs accumulate in the
system. The TS content in AD digestate can vary widely, from 1 % to 25
%, depending on the biodegradability of the input substrates. Higher TS
content is usually associated with lignocellulosic substrates, common in
agricultural residues with lower digestibility. On the other hand, readily
biodegradable substrates result in a digestate with lower TS content and
a reduced ratio of VS to TS [90]. During AD, organic phosphorus is
converted into orthophosphate, but approximately 90 % of phosphate
interacts and precipitates with Ca?* and Mg?" cations, increasing the P
concentration in the solid fraction of the digestate [91]. AD commonly
utilizes feedstocks such as animal manure, the organic fraction of
municipal solid waste and SS, for co-digestion with agricultural residues
i.e. particularly lignocellulosic biomass, to maintain the carbon/-
Nitrogen ratio for AD process [92-94]. Thus, the digestate from energy
crop or grass or agri-waste based AD comes under AWD. However, it is
important to note that digestate produced by agricultural biogas plants
may not comply with relevant soil regulations due to its higher lignin
content. Thus, additional treatment is necessary to recycle the digestate
and mitigate potential environmental risks.
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2.1.4. Mixed waste digestate (MWD)

Mixing different feedstocks for AD provides several advantages,
including improved biogas production, minimization of digestate, pro-
cess stability, waste utilization, and flexibility. Additionally, as dis-
cussed above, the characteristics of the digestate, such as nutrient
content, heavy metal levels, pH, alkalinity, and organic matter, can be
influenced by the composition of the feedstock mix. This makes it
important to carefully manage the selection and combination of mate-
rials for optimal outcomes; for example, pig slurry as a feedstock con-
tains more potassium [95], whereas co-digested cattle slurry can
increase the concentration of phosphorus [96]. Livestock manures with
other feedstock, though lower-energy feedstocks are a popular choice for
AD because they possess neutral pH, high buffering capacity, and a
natural mix of anaerobic microbes, making them suitable for digestion.
Moreover, manure offers abundant nutrients and can be easily obtained
in large quantities. AD can also effectively handle animal wastes mixed
with bedding, like chicken litter containing wood chips or sawdust [97].
In such cases, the woody material passes through the digestion process
without breaking down due to its lignin structure. Since certain
energy-dense feedstocks are acidic, lack naturally occurring microbes,
and may be nutrient-deficient, using manure as a base is essential to
support efficient AD [98,99]. By blending different feedstocks, farms
operating AD systems can increase biogas production and balanced
nutrient-rich digestate, potentially benefiting from additional revenue
through fertilizer. A complete blend of seed digestate containing cattle
manure 45 %, corn silage 25 %, chicken manure 15 %, and olive pomace
15 % can be a good feedstock for hydrogen production [100]. However,
in some cases the addition of mixed substrate to balance the N content in
AD of maize silage resulting the increase of nitrogen in the final diges-
tate [101].

This divergence in digestate properties arises from the diverse array
of organic materials fed into the anaerobic digester. Factors such as the
carbon-to-nitrogen ratio, moisture content, nutrient concentration, and
presence of contaminants influence the resultant digestate’s behaviors.
Consequently, the valorisation methods employed for digestate must be
optimized to tackle this variability. Depending on the specific digestate
composition, various valorisation routes can be pursued. For instance,
digestate with higher nutrient content can be utilized as a nutrient-rich
soil amendment or fertilizer, enhancing agricultural productivity and
reducing the need for synthetic fertilizers. Similarly, digestate rich in
organic matter and energy content may be directed towards upgrading
biogas to enhance its potential as a renewable energy source and
extracting other value-added products.

2.2. Rheological behaviour of digestate

It is important to understand and quantify the rheological behaviour
of digestates (including yield stress and non-Newtonian viscosity), as it
significantly impacts the overall fluid mechanics of mixing, mass
transfer (including diffusion and convection), and the power re-
quirements for handling digestate. The complex rheological properties
are closely associated with the water content in the digestate [102].
Rheological properties such as viscosity and flow behaviour are critical
for determining how effectively digestate can be mixed and transported
within pre-treatment units and anaerobic digesters. Digestate typically
exhibits shear-thinning behaviour, meaning its viscosity decreases with
increased shear, which enhances mixing efficiency and biogas produc-
tion while reducing energy consumption for agitation [103]. Elevated
viscosity in digestate can impede mass transfer and microbial in-
teractions, thereby reducing organic matter degradation and biogas
yield. For instance, substrates with lower viscosity have shown up to 7.6
% higher biogas production and a shift in microbial community toward
more active methanogens, demonstrating better microbial access and
mass transfer benefits [104]. Higher viscosity also impairs
post-digestion solid-liquid separation and increases the energy demands
of pumping and filtration systems. Therefore, understanding and
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managing rheology through feedstock selection, temperature control, or
pretreatment is essential for improving both digestion performance and
downstream processing. A higher TS content in the digestate leads to
increased resistance to deformation, resulting in inadequate mixing and
the formation of dead zones within the system, which impede the flow
[105]. Additionally, poor kinetic properties contribute to the accumu-
lation of VFAs and ammonia, further reducing methane production
[106]. Table 4 provides an overview of the reviewed studies, detailing
the measurement systems used, the source of digestate, the TS content of
the digestate, and specific outcomes from the studies. Certain pretreat-
ment methods, such as hydrodynamic cavitation or ultrasonic, affect the
biomass or digestate’s rheology and help increase the digestate’s
biodegradability. Garuti and their team studied how HC affects the
viscosity and particle size of digestate, which helps reduce the energy
required for mixing, heating, and pumping. Their findings showed that
viscosity decreased with increasing rotational speed, with up to a 37 %
reduction observed after shredding and HC treatment of the digestate
compared to the untreated sample [107]. All investigations have
concurred that an increase in TS content results in elevated viscosity and
consistency index (K), leading to challenges in mass transfer. The rela-
tionship between rheology and mass transfer has been discussed quali-
tatively rather than quantitatively [108]. Various studies on the
rheological behaviour of SSD have examined variables such as temper-
ature, TS content, and hydraulic retention time. It is suggested that
solids in the fluid plays a crucial role in inducing non-Newtonian flow
behaviour, more significantly than temperature [108-110].

3. Digestate valorisation preprocessing

Valorising digestate is crucial for sustainable waste management by
transforming it into valuable products. This approach aligns with cir-
cular economy strategies by closing the resource loop. There is a sig-
nificant potential to convert this nutrient-rich material into an array of
valuable products, including biofertilizers, biogas with potential energy
applications, and even specialized chemicals that find utility in diverse
industrial sectors. The presence of undigested complex materials, lignin,
and recalcitrant compounds challenges valorisation. Therefore, pre-
processing is essential to reduce complexity and facilitate further
digestate processing for valorisation. Preprocessing makes the digestate
acceptable for agriculture by removing pathogens and pollutants using
techniques like pasteurization and ammonia stripping [39,116,117]. An
appropriate preprocessing tailored to the specific digestate source can
enhance carbon conversion, enhance biodegradability, reduce nitrogen
content, decrease toxicity, and improve nutrient recovery (Fig. 4).

It also produces more homogeneous fractions, facilitating easier use
as soil conditioners and fertilizers. This preprocessing of digestate can be
broadly categorized into three sections: 1) Solid-liquid separation, 2) Co-
digestion/recirculation, and 2) Pretreatment. The solid-liquid separa-
tion reduces volumes for improved handling, decreases transportation
and storage costs, and enables substance fractionation into concentrated
solid and liquid fractions for further valorisation. Various pretreatment
methods for digestate are often necessary to improve its quality,
enhance biodegradability, reduce phytotoxicity, accelerate stabiliza-
tion, conserve nutrients, and to improve its valorisation potential. The
specific sections of this review covering the relevant steps/ products are
also indicated in Fig. 5.

3.1. Solid -liquid separation

Digestate is a semi-solid, heterogeneous mixture consisting of
concentrated suspended solids and dissolved substances in an aqueous
medium. A typical digestate from an AD plant has a high-water content
and a relatively low dry matter (DM) percentage, between 2-10 % (as
shown in Table 2). However, the presence of higher DM was noticed in
the case of grass-based digestate [118]. This highly diluted digestate can
hinder further valorisation processes and complicate transportation and
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Table 4
Rheology of digestate.

Composition of TS [ %] Measurement T( vy s 1 Parameter [K Flow Results Reference

digestate system °C) inPas" behaviour

FW and SS 25.52 Rotational 25 0-100 K = 214.640 Shear The mass diffusion coefficient decreased [111]

rheometer + 14.542 thinning logarithmically as the TS content increased.
n=0.195+
0.020
WAS 4.10 Stress controlled 25 1 to 300 K=131 Shear The hydrolysis rate is indirectly proportional to [112]
rheometer n=0.20 thinning rheological properties (flow consistency index,
yield stress, and viscoelastic module)
WAS 5.02 Stress controlled 20 - K =233 — Rheological measurements may indicate the [112]
rheometer +1 hydrolysis stage, VS removal efficiency, and the
dewaterability of the digestate.

Digested rye and maize 8 Rotational 38 50 to K =50.6 Shear An increase in TS resulted in a rise in apparent [113]
silage mixture rheometer 5000 n=0.1 thinning viscosity, with the yield stress and consistency

index following an exponential equation.
Cow slurry with straw 11.6 Magnetic Bearing 37 - K=0.43 Shear Slurries are highly viscous and display shear- [114]
Rheometer n=0.8 thinning thinning, non-newtonian behavior with negligible
yield stress.

PM, energy crops, - Torsion 42 - - Shear Viscosity decreased with increasing rotational [107]
triticale silage, beet viscometer thinning speed, with up to a 37 % reduction observed after
molasses, grain meal shredding and hydrodynamic cavitation

treatment of the digestate.

CS, green plant silage, 3.8-12.8  Mixing 40 1-10,000 K=2.11-3.67  Shear The viscosity of centrifuged digestate remains [115]

Crop, manure, dung, rheometer n=0.24-0.28  thinning significantly higher than that of water.

grass silage

A4 .

Digestate

=

* Increase biodegradability
* Digestate management
Nutrient distribution

* Valorisation enhancement

Digestate

Preprocessing Valorisation

Fig. 4. Advantages of preprocessing for digestate valorisation.

storage. Efficient separation of digestate opens numerous opportunities
for independent utilization or processing, enabling better control over
valorisation processes [86,119]. Consequently, digestate processing
often involves multiple treatment steps, with solid-liquid separation
typically being the initial process [90]. The major components of the
solid /liquid fractions are DM (mainly containing organic matter), TN
and TP. The solid fraction (SF) of digestate mainly contains undigested
substrates, recalcitrant fibers, organic nitrogen, total phosphorus, and a
liquid fraction (LF) carrying most of the water, ammonical nitrogen, and
total potassium [120]. The nutrient flow in the separation process
analysed by [121] indicated that >87 % of nitrogen flows to the liquid
fraction, while the solid fraction contained only 13 % of the total ni-
trogen. Therefore, nitrogen recovery is probably easier and more
convenient from LF of digestate than from SF. This study claimed the
liquid fraction accounted for 87 % of total kjeldahl nitrogen (TKN), and
71 % of P50s, while the solid fraction accounted for 13 % of TKN, and 29
% of P,0s. Due to the redistribution of nitrogen (N) and phosphorus (P)
between the solid and liquid fractions, the N/P ratio typically increases

in the liquid fraction. This results in a more balanced nutrient profile for
crops and helps reduce phosphorus buildup in the soil.

The separation methods are typically classified as mechanical,
chemical, biological or a combination thereof, depending on the process
type and resulting by-products [48]. The discussion emphasizes con-
ventional separation methods due to their proven cost-effectiveness and
practical applicability. In contrast, many novel techniques, while
promising, are still in early stages and lack techno-economic viability at
scale. Among these separation techniques, screw press and centrifuga-
tion are the most well-known mechanical separations because of their
efficiency and influence on the LF and SF properties.

3.1.1. Screw press

Screw presses operate by separating materials based on particle size,
pushing the digestate against a mesh screen. This process allows liquids
and smaller solids to pass through the mesh, forming the liquid fraction.
The effectiveness of dewatering depends on the specific screens used and
the DM content of the feedstock substrate [90,122]. In a case study



J.K. Nayak and V.V. Ranade

Chemical Engineering Journal Advances 24 (2025) 100887

—{ Digestate -

-

Co-digestion
. =Yl
section 3.2 |_/recirculation

Pretreatment

$4.1.2
(2 (omethane
Biohydrogen

Syngas/Bio-
oil/Biochar

Renewable
fuels

Section 3.3

Section 4.3

Other products

Fig. 5. Processes for digestate valorisation.

conducted by [123] indicated that the screw press effectively increases
the DM content in the solid phase of the digestate. On average, 61.8 % of
the DM from the inflow is recovered in the solid fraction. Similar trends
were observed for VS, ash, and carbon components. For example, the VS
content in the inflow was 5.38 %. In the solid phase, VS increased to
16.54 %); in the liquid phase, it dropped to 3.13 %. Approximately 58 %
of the VS from the inflow was present in the solid phase. These partition
tendencies highlight the effectiveness of the screw press separator in
concentrating valuable components of the digestate. Another study done
by Tambone and the team indicates the DM separation efficiency of 32.5
% (Solid phase) and 68.5 % (liquid phase) achieved using a screw press
separator [121].

3.1.2. Centrifugation

Among other phase separation techniques such as screw press,
filtration and sedimentation, decanter centrifuge is the most efficient
process . Decanter centrifuges operate on the principle of density sepa-
ration by spinning digestate within a rotating bowl, the solids are pushed
toward the bowl’s wall by an internal drill, facilitating their separation.
Compared to screw presses, decanter centrifuges can retrieve smaller
particles as they aren’t constrained by mesh screen size. Decanter cen-
trifuges come in both vertical and horizontal configurations. This rota-
tion generates centrifugal force, causing solids and liquids to segregate
along the wall, forming an inner layer with a high DM concentration and
an outer layer comprising a liquid mixture containing colloids, organic
materials, and salts. Separation using a decanter centrifuge produced a
greater mass of solid fraction compared to screw press separation.
However, it consumes more energy compared to screw press. According
to a study, the two-hour screw press operations consumed around 10
kWh of electricity, whereas the three-hour decanter centrifuge runs
required approximately 15 kWh to power the mixer [124].

In a recent review, [125] discovered that while decanter centrifuges
demonstrate superior efficiency in partitioning phosphorus (P) into the
solid fraction compared to screw presses, there remains substantial
variability in reported separation efficiencies, with total P partitioning
ranging from 6 % to 33 % for screw presses and from 40 % to 82 % for
decanter centrifuges. In a recent study conducted by [124], it was found
that the decanter centrifuge demonstrated a higher efficiency in sepa-
rating phosphorus compared to the screw press. The phosphorus sepa-
ration efficiency of the decanter centrifuge ranged from 51 % to 71.5 %.
In contrast, the screw press exhibited efficiencies ranging from 8.5 % to
10.9 % for digestate containing approximately 5 % solids, such as
slurry/grass silage mix. By utilizing the decanter centrifuge, up to 56 %
of nitrogen was found to be partitioned into solid fractions. The sepa-
ration efficiency could be > 20 % in the case of a decanter centrifuge as

compared to a screw press of < 5 %. However, the wide range of reports
on separation efficiencies and diverse feedstocks suggests that factors
such as feedstock properties, separation methods, and specific separator
settings all contribute to the observed separation efficiencies and
nutrient distribution in LF and SF. Table 5 summarizes the separation
efficiency of both the screw press and the decanter centrifuge for pig and
cattle slurry. Table 6 compares the parameters between the screw press
and the decanter centrifuge.

Overall, the choice of separation method depends on the desired
outcome: screw presses are more energy-efficient and simpler to oper-
ate, but decanter centrifuges offer greater separation efficiency, partic-
ularly for phosphorus and nitrogen. However, factors such as feedstock
characteristics, desired nutrient distribution, and energy considerations
must be carefully evaluated to select the most appropriate technology
for specific applications.

The solid and liquid fractions obtained after digestate separation can
be individually valorized through various pathways. The solid fraction is
suitable for applications such as anaerobic digestion, biohydrogen pro-
duction, and biochar synthesis, as outlined in Sections 4.1.1, 4.1.2, and
4.1.3. In contrast, the liquid fraction can be utilized for ammonium re-
covery and microalgae cultivation, as described in Sections 4.3.1 and
4.3.2. The liquid digestate (LD) is typically rich in dissolved ammonium
nitrogen, phosphorus, suspended and colloidal solids, and pathogenic
microorganisms. Membrane-based technologies have emerged as an
effective strategy for the removal of these contaminants and the recov-
ery of valuable nutrients, thereby enhancing the overall sustainability of
digestate management.

3.2. Co-digestion and recirculation of digestate

The properties of digestate indicate a low C/N ratio and the presence
of high bacterial biomass and other recalcitrant substances, regardless of
the feedstock used. To maximize the C/N ratio and minimize inhibition,
co-digestion and recirculation could be effective options for valor-
isation. Co-digestion of different feedstocks offers several benefits,

Table 5
Separation efficiencies for pig and cattle slurry [126].

Screw press Decanting centrifuge

Separation efficiencies Solid Liquid Solid Liquid
Mass separation efficiency ( %) 10.0 90.0 12.6 87.4
DM separation efficiency ( %) 325 68.5 50.9 49.1
Nitrogen separation efficiency ( %) 13.1 86.9 24.6 75.4
Phosphorus separation efficiency (%)  28.4 71.6 63.9 36.1
References [121] [127]
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Table 6
Comparison of operational parameters between screw press and decanter
centrifuge.

Separator Screw press Decanter centrifuge
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including organic matter stabilization, enhanced energy generation, and
increased microbial digestion rate [128]. Previous studies also suggested
that digestate recirculation in a two-stage system can enhance substrate
conversion and reduce chemical costs. This improvement is due to
preventing VFA accumulation through rejuvenating fermentation bac-
teria, which consequently reduces the amount of chemicals needed to
maintain optimal pH levels [129]. The possible scenario of an integrated
system involving the pretreatment and recirculation of digestate could
be an effective solution for extracting more energy from digestate. LD
can help stabilize digestion and boost methane production by reducing
ammonia loss and maintaining alkalinity. It can also be used to dilute
feedstocks, like dairy sludge, that need better bacterial digestion [7,
130]. The highest biogas production recorded was 8.5 and 12.4 L kg ™*
VS d! under mesophilic and thermophilic anaerobic co-digestion con-
ditions, respectively. These were achieved using a 1:1 ratio of digestate
and rice straw. This resulted in increases of 46.6 % and 25.3 %,
respectively, compared to the control groups [131]. Optimizing the
digestate-to-substrate ratio is crucial for efficient biogas production. A

Operational cost
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study conducted by [100] found that the optimal biohydrogen yield was
50.4 mL/g VS (45.8 mL/g COD) when using seed digestate to FW ratio of
6:4 at pH 6.5 resulting in a COD removal rate of 43.33 %. However,
despite these benefits, there are some limitations. The need to optimize
the digestate-to-substrate ratio is crucial for achieving efficient biogas
production, as an improper balance can hinder microbial activity.
Furthermore, the risk of VFAs accumulation and high operational costs
in managing the recirculation process can limit the scalability of this
approach. Careful system design and substrate selection are essential to
harness the full potential of co-digestion and digestate recirculation.

3.3. Pretreatment for valorisation

The main objective of digestate pretreatment is to break down
complex organic materials (enhance the hydrolysis effect), reduce con-
taminants, and enhance the potential for valorisation (Fig. 6). The dis-
cussion on digestate pretreatment is quite limited and closely resembles
biomass pretreatment methods. Therefore, all biomass pretreatment
techniques are applicable to digestate pretreatment. Additionally, the
characteristics of digestate are largely influenced by the pretreated AD
feedstock. Pretreatment methods for digestate valorisation are broadly
divided into three major categories: physical, chemical, and biological,
each defined by its mechanism of action. Physical pretreatments include
mechanical, thermal, ultrasonic, microwave, steam explosion, and
electrochemical. Chemical pretreatments use substances such as alkaline
and acidic, ozonation, Fenton, wet oxidation, and inorganic salts. Bio-
logical pretreatments employ enzymatic and fungal processes to degrade
organic matter efficiently. Physical pretreatment typically demands
high energy input, chemical methods can produce secondary pollutants,
and biological processes tend to be slow and less effective. Choosing the
appropriate pretreatment method is crucial and should be based on the
physical and chemical characteristics of the substrate to meet specific
requirements and energy requirements effectively [132]. However,
pretreatment methods must fulfil specific criteria, including reducing
substrate size and enhancing porosity, improving the substrate’s de-
gradability and solubility, eliminating inhibitory compounds, and
requiring lower energy input to ensure cost-effectiveness. Here, we
discussed some of the promising pretreatment technologies for digestate
valorisation [133].

Cavitation-based pretreatment is an emerging method known for its
non-chemical nature, low energy consumption, and high yield. Cavita-
tion is the formation and implosion of vapor-filled cavities or bubbles in
a liquid, caused by rapid changes in pressure. This process generates
intense local energy, including high temperatures and pressures, and
shock waves [135]. Bubble collapses produce free radicals that accel-
erate chemical reactions, facilitating the synthesis of nanomaterials and

Lignin K
g . Cellulose
Pretreatment
Amorphous : —_—
region Implosion
Crystalline
region '
L
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Fig. 6. Pretreatment effect for lignocellulosic biomass (Open access [134]).
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polymers, as well as the degradation of organic pollutants. Cavitation
offers significant advantages in sludge disintegration [136]. The intense
local energy generated by the implosion of cavitation bubbles effectively
breaks down the complex organic molecules in sludge, reducing particle
size and increasing the surface area available for microbial action
[137-140]. This enhances the hydrolysis process, making the sludge
more amenable to subsequent biological treatments such as AD. The
improved breakdown of organic matter leads to higher biogas produc-
tion and increased methane yields. Hydrodynamic cavitation (HC) based
pretreatment has recently demonstrated high effectiveness in both lab-
oratory and industrial settings for converting lignocellulosic biomass
(LCB) into value-added products (Fig. 6). Another study on hydrody-
namic cavitation (HC) based pretreatment method was developed to
enhance the AD of DAF sludge. The pretreatment demonstrated a sig-
nificant increase in BMP, surpassing 82 % of theoretical BMP, with VS
removal exceeding 73 %. The highest methane yield achieved was 756
mL/g VS of sludge. The net energy gain (after subtracting the energy
required for pretreatment) was found to be over 100 kWh/ton of sludge
[7]1. The net energy gain from a specific pretreatment condition is
determined by considering the additional biomethane generated as a
result of the pretreatment and the energy consumed during the pre-
treatment process. The energy consumption (Ec) for HC-based pre-
treatment can be calculated using Eq. (1) as:

APn kWh

Ec= ——
©~ 36 x 106 n m3

(€8]

Where AP = pressure drop, n number of passes through the cavitation
device and n = efficiency of the pump. The energy gained by HC pre-
treatment can be calculated using Eq. (2):

kWh
EG = AHcal Yvs [AGmax] F

()
Where AH,q is a typical electricity generation of methane (10 kWh/m®),
Yyvs is %VS of the co-digested sample (w/w) and AGpg, is enhanced
generation of methane per ton of VS due to HC pre-treatment. Consid-
ering typical values for digestate, E¢ is ~100 kWh/m? and Eg is ~102
kWh/m? [54].

The vortex-based HC devices and pre-treatment based on these have
been scaled up to 50 m®/h and have been implemented in commercial
plants [141]. The HC pre-treatment based on rotor-stator devices has
also been scaled up and used in operational biogas plants [107]. These
developments indicate the potential of modular and retrofit-ready HC
pre-treatment units for installation upstream of digesters to enhance
substrate digestibility, reduce hydraulic retention times and enhance
biomethane yield. Digestate contains a significant amount of recalci-
trant and lignocellulosic materials, making hydrodynamic cavitation a
better option for valorisation.

Like HC, ultrasound (US) employs cycling sound pressure waves with
a minimum frequency of 20 kHz to generate cavities in the liquid. When
these cavities implode, they produce mechanical shear forces that break
down organic matter, reduce particle size, and hydrolyze complex
organic compounds into more soluble molecules [142]. This reduction
in particle size results in an increased surface area, thereby enhancing
the hydrolytic rate of microorganisms. A study showed ultrasound
power intensities ranging from 0.05 to 0.21 kW/L (equivalent to 4.13 to
16.52 kW h/kg TS) were applied at a frequency of 20 kHz for durations
of 5 to 20 min to digestate from a domestic wastewater treatment plant.
The highest release of material was observed at an ultrasonic energy
intensity of 0.21 kW h/L. Additionally, the impact of ultrasound on
methane (CH4) production was examined through the AD process.
Applying ultrasound at intensities of 0.05 to 0.21 kW h/L resulted in a
1.6 to 2.3-fold increase in net CH4 production. Energy analysis revealed
that only about 4 % and 11 % of the energy input was recovered as
additional CHy4 production at 0.21 and 0.05 kWh/L, respectively [142].

Another pretreatment method, Microwave-assisted hydrothermal
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pre-treatment (MLHT) is an efficient biomass processing method that
enhances the breakdown of organic matter, particularly in low-cellulose
digestate, through dehydration and decarboxylation at reduced
carbonization temperatures. In a study by Deng and colleagues, MLHT
was applied to digestate derived from grass silage, resulting in signifi-
cant improvements in the quality of the produced hydrochar. At 180 °C,
the hydrochar from digested grass silage exhibited a mass yield of 0.79
g/g TS, with a carbon content of 63.6 % and an ash-free heating value of
27.6 kJ/g VS. Additionally, the process liquor generated during MLHT
had a biomethane potential of 68.7 mL CH4/g TS, demonstrating the
potential for bioenergy recovery alongside hydrochar production [143,
144].

Among other biological pretreatment, enzymatic hydrolysis is a
process that involves the breakdown of bio-macromolecules, such as
polysaccharides and proteins, into monomers like amino acids and
sugars through the action of specific enzymes such as proteases and
cellulases. To ease the AD process enzymatic hydrolysis is an important
process of pretreatment [145]. The research investigated the utilization
of the solid fraction of digestate in contrast to wheat straw, serving as a
benchmark for the production of lignocellulolytic enzymes (including
endo- and exo-glucanase, xylanase, f-glucosidase, and laccase) by fungi
[146]. Chemical treatments, mainly with sodium hydroxide, can
enhance the sugar yield of digested manure during enzymatic hydroly-
sis. Additionally, digested manure contains various nutrients essential
for sugar fermentation by yeasts or bacteria. The elimination of lignin
could enhance cellulose hydrolysis, and the recovered lignin
post-lignocellulosic fermentation holds significant potential for
fermentative valorisation due to its elevated heating value (ranging from
21.5 to 23.5 MJ/kg on a dry basis [147,148].

This section outlines three main categories of pretreatment tech-
nologies for digestate valorisation: physical, chemical, and biological.
Preference is given to pretreatment technologies that do not require the
external addition of chemicals or enzymes. Their non-chemical nature
offers particular advantages for downstream processing by reducing the
risk of secondary contamination and preserving the quality of the
digestate for subsequent recovery or reuse applications. An attempt has
been made to estimate the CAPEX/OPEX of three pretreatment methods:
HC, MW, and MLHT, which operate without the use of chemical or
biological additives. The technology readiness level (TRL) of MLHT re-
mains low, and therefore, reliable estimates of CAPEX and OPEX are not
available. To the best of the authors’ knowledge, MW treatment has not
yet been applied in commercial AD plants. However, some pilot tests
have been conducted in recent years. The HC pretreatment method has
been implemented at a commercial scale. Obtaining reliable CAPEX and
OPEX values remains challenging due to confidentiality constraints.
Private discussions with developers and suppliers of MW and HC pre-
treatment technologies have been conducted, and ranges of energy
consumption and CAPEX are included where possible. These quoted
values, while not referenced due to their confidential nature, may serve
as reasonable indicators of CAPEX and OPEX. Pilot tests of MW-based
pretreatment indicate energy requirements in the range of 40-60
kWh/ton. The estimated CAPEX of an MW pretreatment unit for pro-
cessing 50 tons/day of feed is approximately €200,000 to €500,000.
Energy requirements for HC-based pretreatment are in the range of 4-10
kWh/ton, with an estimated CAPEX of €100,000 to €200,000 for a 50
tons/day processing unit.

Some physical pretreatment methods are used in full-scale applica-
tions, but they often face drawbacks such as high energy consumption,
costly maintenance, and the formation of unforeseen by-products.
Techniques like microwave radiation and pulsed electric field pretreat-
ment are still in the developmental phase and are primarily applied at
the batch or pilot scale. MLHT is particularly notable for its ability to
produce high-quality hydrochar and improve biomethane potential.
However, very little work has been done on digestate pretreatment and
technoeconomic analysis using these methods. Table 7 compares these
methods based on their efficiency and advantages. Moreover, the choice
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Table 7
Comparison of the pretreatment methods.
Feature Hydrodynamic Microwave- Microwave-
Cavitation Assisted Assisted
Pretreatment Hydrothermal
Pretreatment
(MLHT)
Mechanism Formation and Rapid heating of Microwave heating
implosion of vapor- biomass through combined with
filled cavities microwave hydrothermal
radiation reactions
Energy Consumption Low Moderate energy Moderate to high
energy consumption consumption energy
consumption
Temperature Range Typically Generally higher Operates at
operates at ambient temperatures temperatures
to moderate between 160 °C
temperatures and 230 °C
Effect on Reduces particle size ~ Improves Enhances
Biomass and enhances solubilization of breakdown of
surface area organic matter organic matter,
especially low-
cellulose digestates
Pretreatment High efficiency in Effective in Highly effective in
Efficiency disrupting lignin- breaking down specific localized
carbohydrate complex treatments
matrix. structures, varies
with material.
Benefits Non-chemical, Fast processing, High-quality
environmentally effective for hydrochar
friendly various feedstocks ~ production and
effective for low-
cellulose digestates
Limitations Limited studies on Process Need for scalability
digestate optimization and integration
required into existing
processes
Applications Sludge treatment, Biomass Hydrochar
biomass valorisation  pretreatment for production and
anaerobic bioenergy recovery
digestion from digestate
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of pretreatment methods and the sequence of the pretreatment processes
are influenced by the characterization of the digestate and the desired
end products. Fig. 7 describes possible options for the pretreatment of
digestate to enhance residual methane production or another
valorisation.

4. Digestate valorisation pathways and products

In continuation of the previous section, the valorisation process and
the products are significantly dependent on the digestate characteriza-
tion. Considering the composition of the material, there are several
alternative pathways and products for valorisation. These pathways
include nutrient recovery, where essential elements like nitrogen and
phosphorus are extracted for fertilizers, maximizing the material’s po-
tential to enhance agricultural productivity. Another approach involves
utilizing the organic fraction to produce biogas and biohydrogen, con-
verting organic matter into renewable energy. Additionally, the ligno-
cellulosic components can be employed in the production of biofuels or
bio-based chemicals, contributing to sustainable energy and materials.

4.1. Renewable fuels

4.1.1. Biomethane

In countries like Germany, high energy costs and supportive gov-
ernment incentives make the use of digestate for nutrient-rich irrigation
more attractive than bioenergy production. In contrast, in North
America, where energy prices are relatively low, operators often seek
alternative revenue streams to maintain economic viability. As a result,
converting digestate into bioenergy represents a valuable approach for
nutrient recovery and reuse in the North American context [149].

AD involves converting approximately 20 % to 95 % of the carbon
(C) present in the feedstock into gaseous carbon compounds, with a
specific percentage depending on the feedstock type and its resistance to
decomposition [150]. The remaining digestate may be degraded 15 to
25 % in the storage tank via post-methanation, where the digested waste
is often kept for months before application to agricultural land. This
process reduced the revenue and generated GHGs for the environment.
There is a huge potential for residual biogas generation from digestate.
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Fig. 7. Possible options for digestate pretreatment for valorisation: A) Conventional feedstock pretreatment; B) Recirculation of pretreated digestate; C) Pretreated
digestate to secondary digester.
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Table 3 mentioned the theoretical residual BMP of digestate according
to the elemental analysis data. However, that amount of methane gen-
eration would not be possible due to the presence of indigestible ma-
terials. The post-treatment of digestate reduces greenhouse gas
emissions from storage or land application and enhances methane re-
covery. The remaining percentage of organic matter and carbon in
digestate depends on two vital parameters to convert into biogas: 1)
hydraulic retention time (low) and 2) organic loading rate (high) in the
AD process, apart from the C/N ratio. Analysing data from Table 2 and 3
on digestate sources and compositions reveals a notable amount of
carbon percentage and their theoretical BMP or other carbon-based
products. Digestates from FW and biomass exhibit higher carbon per-
centages, with FW ranging from 43.52 % to 48.86 % and biomass at
46.70 %, which corresponds to relatively high theoretical BMP values of
432 to 789 mL/g VS. This suggests that digestate-rich in carbon, such as
those from FW and biomass, have higher potential for methane pro-
duction, indicating their suitability for bioenergy applications. Priori-
tizing digestate with higher carbon content can optimize methane yield
for effective bioenergy production. A study was conducted by [151] on
the residual biogas potential from the storage tank of raw digestate and
liquid fraction digestate. Significant production of 19.5 and 7.90 N m®
biogas MWhel ! (megawatt-hours per unit of electricity) was noted.
Another batch study was conducted by the same research group with
different waste digestates where their methane yields were heteroge-
neous and varied between 2.88 and 37.63 L/kg VS. Table 8 illustrates
the previous studies on residual methane production from digestate.

Optimizing digestion processes and pre-treatment of digestate
significantly enhances methane recovery of the digestate. Feedstock
composition, rheology of digestate, and hydraulic retention time are
crucial for maximizing residual methane production efficiency. A co-
digestion and recirculation optimization study could be a way forward
to the solution (discussed in Section 3.3). Following the pretreatment
process, a minimum of 35 % of the organic material could be reduced in
the digestate [21,155].

Another convenient way to valorise digestate is the biogas genera-
tion from LD through the efficiency of the single dairy manure biogas
facility in Cantabria, located in Northern Spain, which was evaluated
based on the separation of liquid and solid components, as well as the
AD of the liquid portion. The separated liquid component underwent
successful treatment in a continuous stirred-tank reactor (CSTR)
digester, with HRTs varying from 20 to 10 days and organic loading

Table 8
Residual biogas generation from digestate.
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rates ranging from 2 to 4.5 kg VS/ (m3d). Consistent biogas production
rates of 0.66 to 1.47 m*®/ (m®d) were attained. Stable biogas production
from 0.66 to 1.47 m3/(m3d) was achieved when the screened liquid
fraction of digestate from a dairy manure biogas plant in Cantabria
(Northern coast of Spain) was treated in a CSTR digester with organic
loading rates ranging from 2.0 to 4.5 kg VS/ (m3d) [153].

Some research delves into the possible advantages of reintroducing
concentrated digestate back into biogas digesters by assessing the BMP
of the digestate. The BMP varied between 156 and 240 CH4 NL kg’1 VS,
showing similarity to the BMP of untreated cattle slurry. However, the
gravimetric BMP (BMP per kg of wet waste) was significantly higher for
the digestate, estimated at 15-49 CH,4 NL kg~!, compared to the un-
treated animal slurry. These findings suggest that recirculating
concentrated digestate into biogas digesters could enhance biogas yield
and improve process stability [154]. Due to the pre-established AD plant
and its well-understood biochemical mechanisms, valorisation of
digestate through biogas production is a convenient option. However,
the preprocessing of digestate could lead to an enhanced residual biogas
generation.

4.1.2. Biohydrogen

Unlike biomethane, the biohydrogen potential (BHP) primarily relies
on the composition of the substrate, particularly the presence of soluble
carbohydrates, along with lipids and proteins. Because of the hydrolysis
rate, these different substrate-based digestate end up being a limiting
factor for the production of biohydrogen. The production of hydrogen
from digestate is very difficult because of the presence of high recalci-
trant materials, low COD removal rate, reduction of pH, and high
hydrogen partial pressure, which hinder microbial activities. However,
these factors are also applicable to the fresh substrate [156,157]. Study
showed a significant amount of hydrogen production from various
complex waste biomass digestate materials such as potato and pumpkin
wastes (171.1 + 7.3 mL Hy/g VS), followed by buffalo manure (135.6 +
4.1 mL Hy/g VS), dried blood (from slaughterhouse waste, 87.6 + 4.1
mL Hy/g VS), fennel waste (58.1 + 29.8 mL Hy/g VS), olive pomace
(54.9 £+ 5.4 mL Hy/g VS), and olive mill wastewater (46.0 + 15.6 mL
Hy/g VS) by pretreatment using dark fermentation method [158]. In the
Campania Region, the common agro-industrial waste digestate holds
significant promise for harnessing dark fermentation processes to pro-
duce hydrogen (Hy). Among these waste sources, fruit and vegetable
waste, buffalo manure, and slaughterhouse waste (specifically dried

Type of
digestate

Feedstock

Experimental condition

Raw separated
digestate

Digested liquid
fraction

Digestate before
storage

Liquid fraction
digestate

Concentrated
digestate

Farmyard manure (31 %), Poultry manure
(8 %), Maize silage (27 %), Drying maize
residue (21 %) and Cattle slurry (12 %)
Farmyard manure (24 %), Maize silage (26
%)

Triticale silage (11 %), Drying maize
residue (3 %), Kiwi (3 %), Cattle slurry (33
%)

Animal manure (70 %), Energy crops (20
%)

Food industries by-products (10 %)
Animal manure (55 %), Energy crops (45
%)

Energy crops (47 %), Food industries by-
products (16 %), Animal manure (37 %)
Energy crops (17 %)

Pig slurry (87 %)

Dairy manure

Pig manure + 15 % fish mucus

The biogas recovery device from storage was made up of a
squared floating polyethylene and stainless-steel frame (2.5 m
x 2.5 m: total surface 6.25 m?) covered by a PVC two-side-
coated polyester fiber membrane.

Each reactor was filled with 0.9 L of digestate and sealed with
glass taps connected to Tedlar gas bags. Samples were
incubated at 40 °C (+1 °C) in a temperature-controlled room
for 70 days.

Treated in a CSTR digester at HRTs from 20 to 10 days with
organic loading rates ranging from 2.0 to 4.5 kg VS/ (m® d).

The I:S ratio was set to 3:1 on a DM basis and a mixture of
inoculum and substrate was digested at 36 °C in triplicate for
60 days.

Biogas Methane References
83-319 LN - [152]
biogas m?
surface day™
2.32 NL biogas -
m~> surface
day™
81.67 NL/kg VS 37.63 NL/kg [151]
VS
47.06 NL/kg VS 19.07 NL/kg
VS
25.12NL/kgVS ~ 3.53 NL/kg
VS
20.75NL/kg VS 2.88 NL/kg
VS
0.66 to 1.47 12.7 to [153]
m®/(m? d) 102.4 L/g
VS
- 240 CH4 NL [154]
/kg VS
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blood) stand out as favourable options for dark fermentation due to their
capacity for biohydrogen production. The recirculation of digestate into
the main reactor or two-staged AD is more advantageous than a
single-stage process because of the optimum conditions for bacterial
activity during each stage of either Hy production or CH4 production
[159,160]. Hydrogen-producing microorganisms are inhibited by acidic
environments, making pH management crucial for hydrogen produc-
tion. A co-digestion system or recirculation is a technical method to
adjust fermentation conditions to support the growth and hydrogen
production of these microorganisms [100]. Unlike residual methane
generation from digestate, the co-digestion process can significantly
enhance biohydrogen production. Studies have shown a substantial
biohydrogen yield of 50.4 mL/g-VS and a COD removal rate of 43.33 %
from anaerobic fermentation of chicken/cattle digestate combined with
high carbohydrate content [100]. Similarly, another study showed the
effect of digestate recirculation ratio (RR) on both biohydrogen and
biomethane production. A maximum hydrogen production rate of 3 L-Hy
L1 d7! and a yield of 135 L-H, kg~! VS were achieved with a recircu-
lation ratio (RR) of 0.3, a hydraulic retention time (HRT) of 5 days, and
an organic loading rate (OLR) of 18 kg VS m™ d L. The energy recovered
from the recirculation process boosted hydrogen production by 8 %.
Various studies suggested that using the recirculated digestate could be
viable to regulate pH levels in two-stage reactors. This approach can
potentially lower the need for alkaline solutions, ultimately resulting in
cost savings during operations. The hydrogen production increased by
208 % with a recirculation ratio of 0.25 [161]. To avoid the pH fluc-
tuation, a study was conducted with whole digestate recirculation from
the methanogenic reactor. Results showed that hydrogen was produced
(0.117 Nm® kg1 VS, 47.7 %) when recirculating the whole digestate
with an organic loading rate of 20 kg TVS m~> day ™! [160]. However,
the other parameters need to be optimized for valorisation as digestate
such as the effect of viscosity and agitation on the hydrogen production
potential of digestate [22]. Microbial Electrochemical Technologies
(METs) could be a promising technology to valorize digestate and
generate hydrogen energy. METs, i.e. a Microbial Electrolysis Cell (MEC)
and a Microbial Fuel Cell (MFC), were introduced for converting organic
matter into electrical energy or hydrogen [162]. When the substrate of
MFC and MEC was digestate, the MFC showed a coulombic efficiency of
35 %, with a volumetric power produced of 14.2 + 0.15Wm™> where
MEC systems produced 1.90 + 0.04 LH,l''d"! using a stainless-steel
mesh (SSM) and 2.02 + 0.03 LHzl’ld -1 using a platinum cathode
from digestate [163].

Future research on biohydrogen production from digestate should
focus on optimizing key process parameters such as pH, viscosity, and
organic loading rates to enhance hydrogen yields. Co-digestion with
high-carbohydrate waste and the recirculation of digestate in two-stage
anaerobic digestion systems have shown potential but need further
exploration at industrial scales. The integration of pretreatment
methods, such as hydrodynamic cavitation and enzymatic hydrolysis,
could improve the bioavailability of recalcitrant materials, boosting
hydrogen production. Advances in microbial electrochemical technol-
ogies (METs), including microbial electrolysis cells (MECs) and micro-
bial fuel cells (MFCs), offer promising directions for recovering both
biohydrogen and energy from digestate. Additionally, developing cost-
effective strategies to manage hydrogen partial pressure and mitigate
pH fluctuations will be critical for scaling up production. Future efforts
should focus on developing sustainable, low-energy, and economically
feasible methods for large-scale biohydrogen production, with a focus
on reducing the environmental impact and maximizing energy recovery
from waste streams.

4.1.3. Syngas, bio-oil, and biochar

The production of major renewable fuels from digestate such as
biogas and biohydrogen are discussed in the previous sections. Apart
from these two valorising products, other valuable renewable fuels have
been produced from the discarded digestate. Generally discarded
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digestate after valorisation also contains 20-30 % carbon in the form of
some recalcitrant such as lignin, microplastic and others. The thermo-
chemical process for valorisation is currently best suited to highly ho-
mogenous dry materials (dried fibrous digestate). Many studies have
been conducted to verify the potential of digestate for other renewable
fuels than biomethane and biohydrogen (Table 9). The primary purpose
is to convert digestate into syngas, comprised of hydrogen and methane,
to enhance overall energy efficiency. A study showed that the
lignocellulosic-based digestate could be a suitable raw material for
gasification and pyrolysis. Antoniou and the team managed to produce
synthesis gas (syngas) from agricultural waste-derived digestate using in
a downdraft fixed-bed reactor through gasification at 750-850 °C and
observed 2.88 MJ/Nm? lower heating value (LHV) of the syngas [164].
Another study was conducted on the digestate gasification from manure
and straw within a 600-800 °C temperature range while maintaining an
air equivalence ratio between 0.25 and 0.30. The findings revealed that
at 800 °C, the LHV of the syngas reached 4.78 MJ /Nm? [165]. Steam

Table 9
Renewable fuels from digestate.

Digestate source Operating condition Valorising References

product

Biochar and
ash

Manure and straw The air gasification [165]
process was carried out
on digestate with a high
ash content using a
downdraft fixed bed
gasifier. The
temperatures ranged
from 600 °C to 800 °C,
while the air equivalence
ratio (ER) varied between
0.25 and 0.30.

The dried AD residue was
mixed with woody
biomass and then fed into
the fixed-bed downdraft
gasifier with a capacity of
10 kg/h, for syngas
production.

The fixed-bed horizontal
tubular reactor was
operated at a heating rate
of 10 °C/min, reaching
four distinct final
temperatures of 300,
400, 500, and 700 °C.
The HTPT temperature
and time varied from 110
to 200 °C, and 30-90
min, respectively.

4 g of solid digestate
(moisture content of 7 %)
in 100 mL Teflon vessels
with a magnetic stirring
bar; a mixture of PEG and
glycerol (at the fixed
ratio of 4:1) as a solvent
and 3.5 % sulfuric acid,
600 W.

Air gasification
experiments were
conducted, in a
downdraft fixed-bed
reactor, at a temperature
range from 750 °C to 850
°C, with A varying from
0.14 to 0.34. Results have
shown that gasification
of digestate at 850 °C
with A = 0.24, increased
producer gas yield (65.5
wt %), and its LHV (2.88
MJ Nm™3).

Anaerobic sludge and
fallen leaves

Syngas [168]

FW Biochar [82]

FW residue Biochar [93]

A mixture of pig waste, Bio-oil [169]
leftover olive
residue, corn silage,
sorghum silage, and
discarded onion

pieces

LHV and
HHV

Pig manure (43 %),
cow manure (20 %),
maize and triticale
silages (25 %), and
cereal bran (12 %)

[164]
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gasification could be an option for digestate from AD and dark
fermentation of lignocellulosic biomass to produce syngas with high
hydrogen content [166]. Integrated AD of aqueous pyrolysis liquor was
tried by [167], using pyrolyzed solid digestate in batch mode. The
highest methane yield of 199.1 =+ 18.5 mL gCOD ! was observed for the
330 °C pyrolysis liquor with a lower dosage.

Hydrothermal carbonization (HTC) is gaining recognition as a
promising thermo-chemical process for valorising digestate. In an
aqueous environment, HTC may occur at temperatures as high as 300 °C
and pressures as high as 10 MPa. Three main products come from this
process: i) a gaseous byproduct that is mostly carbon dioxide; ii) a liquid
fraction that contains organic chemicals that are soluble in water; and
iii) hydrochar, which has the potential to be used as fertilizer because of
its characteristics. Unlike gasification and pyrolysis, HTC offers the
advantage of treating digestate from wet anaerobic processes without
the need for extensive pretreatment, as it doesn’t necessitate the drying
of the digestate [170].

4.1.3.1. Bio-oil and biochar from pyrolysis. Pyrolysis refers to the pro-
cess of thermally decomposing organic materials in an anaerobic envi-
ronment (without oxygen). Pyrolysis of digestate produces combustible
gas, liquid, and biochar as the solid product [171,172]. Recently, there
has been a growing interest in exploring the potential of pyrolyzing
digestate. Numerous studies have examined the pyrolysis performance
of digestate derived from various sources, such as FW [57,173], roadside
grass [174], SS [175], algae [176], agricultural waste (AW) [177], and
the organic fraction of municipal solid waste. However, a significant
challenge in effectively utilizing pyrolysis for digestate management lies
in the high-water content of digestate, which hampers its transportation
and thermal conversion efficiency.

The compositions of the digestate feedstock significantly influence
the physical and chemical properties of the resulting biochar [60]. The
resulting pyro-oil can be converted into a fuel with a high heating value
of 35.2 MJ/kg, low viscosity, and low acid content (a total acid number
of 5.1 mg KOH/g). The pyrogas, which contain CO, CO», Hy, and CHy,
typically have a high calorific value and can be used to supplement
biogas from the thermal treatment process. Pyrolysis significantly en-
hances the pore properties, reduces nutrient leaching losses (by 11 % for
total nitrogen and 69 % for total dissolved phosphorus), and improves
the anion and cation exchange capacity and carbon sequestration ca-
pacity of the digestate. The study examined the pyrolysis characteriza-
tion of digestate and the phosphorus availability in the resulting
pyrochar. Additionally, pyrochar is enriched with nitrogen, phosphorus,
and potassium elements [178,179]. Thermogravimetry (TG) analysis
revealed a 15.56 % weight loss between 600 °C and 750 °C due to CaCO3
decomposition. As the final temperature increased from 500 °C to 700
°C, the higher heating value (HHV) of pyro gas slightly increased from
17.20 MJ/Nm?® to 18.12 MJ/Nm?, while the relative content of poly-
cyclic aromatic hydrocarbons (PAHs) in the liquid rose from 1.36 % to
6.28 % [179]. Combining catalytic pyrolysis of digestate with anaerobic
fermentation can effectively convert all biomass components, trans-
forming waste into high-value products. In digestate pyrolysis,
increasing the temperature was found to raise the levels of CO, CHy4, and
monocyclic aromatic hydrocarbons (benzene, toluene, and xylene; BTX)
while reducing the contents of phenols, acids, aldehydes, and other
oxygenates. Additionally, the catalytic pyrolysis process significantly
inhibited the formation of acids, phenols, and furans in the liquid, and
the yield of BTX increased from 25.45 % to 45.99 %. The selectivity for
xylene also rose from 10.32 % to 28.72 % with the addition of ZSM-5,
which also suppressed the production of nitrogenous compounds [180].

4.1.3.2. Syngas and heat from gasification. Gasification of biomass is an
environmentally friendly and cost-effective technology to produce Hy
and CO. According to the report, the gasification market already
attained $119 billion in 2023 and is expected to reach $196.7 billion by
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2032 with a growth rate of 5.6 % [181]. Gasification is a process that
occurs at high temperatures ranging from 700 to 1000 °C, in which solid
fuel is broken down into synthetic gas (syngas). The primary flammable
components of syngas are Hy, CHy4, and CO. To address the large volume
of solid digestate, this process could be a game changer by converting
digestate into potential fuel. However, the quality of syngas from
digestate depends on the flammable components, calorific value and
impurities i.e. dust and tar. The quality of syngas derived from digestate
is highly dependent on the carbon and hydrogen content in the digestate
and Table 3 indicates the amount of C and H percentage in various types
of digestate. A study indicated that a significant amount of hydrogen
(62.7 % DM) was obtained from lignocellulosic-based digestate (crop
residue) using a downdraft fixed-bed gasifier. The allothermal conver-
sion process was carried out at a temperature of 1000 °C and a pressure
of 2-3 MPa [166]. Another study was conducted at a lower temperature
range of 730-760 °C using an atmospheric fluidized bed gasifier. The dry
fermented digestate produced syngas with a lower heating value of
3.93-4.42 MJ/Nm? and a high cold gas efficiency (CGE) of 73.6-76.8 %.
Nanna et al. [182] conducted research where CO,, steam, and a com-
bination of both were utilized to gasify digestate in a continuous
bench-scale rotary kiln at a temperature of 800 °C. The digestate was fed
into the kiln at a rate of approximately 0.7 kg/h, resulting in a conver-
sion rate of around 60 wt %. Another study performed gasification ex-
periments on digestate with a high ash content using an electrically
heated downdraft fixed-bed gasifier at a laboratory scale. Interestingly,
no slagging problems were encountered during the process. The equiv-
alences ratio (ER) ranged from 0.25 to 0.30, the tar content exhibited a
significant reduction from 6.48 g/Nm? to 1.61 g/Nm? [165].

[183] conducted a few gasification experiments in a pilot-scale ro-
tary kiln plant with an approximate biomass feeding rate of 20 kg/h. A
combination of digestate and almond shells (60:40 wt %) was utilized
for gasification to improve cold gas efficiency. By using this mixture,
autothermal conditions were attained at an equivalence ratio of 0.30,
resulting in a peak cold gas efficiency of 55 %. The resultant raw gas had
a lower heating value ranging from 4 to 5 MJ/Nm?®. Gasification of
biomass, particularly digestate, is a promising environmentally friendly
and cost-effective technology for producing H and CO. The quality and
efficiency of syngas production depend on the type of digestate, oper-
ating conditions, and specific gasification methods, with significant
advancements demonstrated in both laboratory and pilot-scale studies.

4.2. Fertiliser

The extraction of fertilizer nutrients from digestate becomes excep-
tionally vital in times of fertilizer scarcity when raw materials are
limited, and the production costs of fertilizer energy reach unprece-
dented levels. In the early stage, the use of digestate as organic fertilizer
was the only option for AD plants. However, the presence of high
amounts of nitrogen and P5Os restricted the direct use in the field for
agricultural purposes. Research suggests that the digestate serves as a
top-notch bioorganic fertilizer abundant in essential elements and nu-
trients like nitrogen (N), phosphorus (P), potassium (K), amino acids,
vitamins, and minerals. Additionally, specific helpful bacteria have the
potential to boost the soil’s humic material content, laying the founda-
tion for enhanced soil fertility [184]. Compared with the control groups
using chemical fertilizers, a higher degree of digestate treatment boosts
antioxidant capacity, total phenolics content, and levels of ascorbic acid
[185]. However, the findings regarding legume nutrient levels present a
puzzling outcome. Research has demonstrated that digestate can
enhance soil quality, fertility, mobile humic acid concentration, soil
durability, and sustainability. The fertilizing potential of digestate is
enhanced by the presence of organic carbon, phosphate, and potassium.
Following the application of solid and LD to the topsoil layer (0-40 cm)
with nitrogen dosages of 170 kg/ha N, the fertility category increased
from high (200-300 mg/kg) to very high (>300 mg/kg) based on P30s
levels. This resulted in a fivefold increase in nitrogen content [186]. A
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study showed the improvement of phenol and flavonoids in cucumber
grown in sandy loam soil with digestate [187]. The application of
digestate for an extended period has been demonstrated to enhance the
microbial biomass in soil [188]. Nevertheless, the effects of AD digestate
on microbial biomass and community composition in alternative
growing media have yet to be investigated. Table 10 summarizes some
studies on digestate application, process and cultivation of vegetables.

An obstacle frequently encountered in employing AD as a fertilizer
lies in the division of nutrients between its liquid and solid segments.
Typically, the liquid part holds a higher concentration of mineral ni-
trogen, while the solid component contains increased phosphorus con-
tent [36]. Segregating NPK fractions could lead to the production of
fertilizers tailored to specific purposes rather than general use, poten-
tially limiting the market for AD-based products. Additionally, the
considerable moisture content in AD presents challenges in terms of
storage and transportation, as highlighted in prior studies [192]. Stru-
vite extraction and composting could be more effective alternatives to
the direct use of digestate, which are discussed here.

4.2.1. Struvite

The liquid phase of anaerobic digestate serves as a nutrient source,
containing elements like nitrogen (N) and phosphorus (P), often tar-
geted for recovery through various technologies. However, it’s impor-
tant to note that this liquid fraction only holds a portion of the overall
nutrient influx, thus limiting the potential for total recovery [193]. To
remove the impurities, microfiltration (MF) effectively separates the
digestate into a solid-rich retentate and a nutrient-rich aqueous
permeate, thereby facilitating subsequent membrane processes aimed at
concentrating valuable chemical constituents [194]. Following the
removal of suspended solids and macromolecules, the resulting
permeate is typically enriched with K and N, making it suitable for use in
the formulation of green fertilizers. Similarly, the membrane distillation
(MD) is particularly advantageous for ammonia recovery and P enrich-
ment. For instance, direct contact MD has demonstrated over 99 %
removal of total phosphorus from the LF of digestate. Among the
available technologies suitable for the liquid phase of digestate, two
prominent ones are struvite precipitation and ammonia stripping [195,

Table 10
Fertilizer using digestate.

Digestate source Operating condition Cultivation References

Tomato & [189]

Cucumbers

Animal manure
(Poultry, cow, and
sheep)

Plastic pots (26 cm
diameter x 27 cm
height) were filled with
4.5 kg of an alkaline
sandy-loam soil and
amended with two
different digestate
separated into liquid
and solid fractions
Every treatment
consisted of 2 L
containers containing a
mixture of 40 %
biochar, compost, or
cocopeat, along with
60 % soil (volume/
volume). A liquid
solution was created by
dissolving 1.2 g of
fertilizer in 23 mL of
tap water, with 250 mL
utilized for each round
of application.
Hydroponic nutrient
film technique system

Biochar, compost, Tomato [190]

cocopeat, and FW

85.5 % crop residues [191]
by weight, 12.5 %
plant-based
residues from the
food industry, and 2

% iron chloride.

Bok choy
(Brassica rapa
var. chinensis)
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196],. These methods, identified through systematic mapping of
nutrient and carbon recovery technologies from domestic wastewater,
offer solutions for P and N recovery. Struvite precipitation primarily
focuses on P recovery, involving the formation of struvite, a crystalline
mineral composed of magnesium (Mg), ammonium (NHy4), and phos-
phate (PO4) [197]. The efficacy of the struvite precipitation process
relies on various factors, notably pH and the molar ratio of NHy, POy,
and Mg in the liquid solution. Products derived from
magnesium-ammonium-phosphate can contain up to 12.65 % of P in its
pure compound form, whereas struvite precipitated from organic waste
typically contains between 6 and 12 % P [198]. The optimization of pH,
molar ratio, and pretreatment is needed to maximize the precipitation.
From cow digestate, the average P recovery of 60 % was noticed when
the combined process of struvite precipitation and ammonia stripping
was tested in the laboratory [199]. With electrochemical precipitation
technology, a two-chamber MEC reactor with a fluidized bed cathode
could be used to enhance phosphorus removal and reduce cathode
scaling. The phosphorus removal of 70-85 % was noticed with the
current generation, compared to 10-20 % for the control using diges-
tate. The fluidized bed increased struvite precipitation by producing
high surface area particles, which also scoured the cathode to minimize
scale buildup [200].

4.2.2. Compost

In addition to fresh organic waste, the solid fraction of digestate is an
excellent option for composting. Compost mixtures comprising the solid
fraction of digestate, derived from the anaerobic co-digestion of cattle
slurry and silage, were subjected to composting using the Rutgers sys-
tem, with or without vine shoot pruning as a bulking agent. The
resulting composts demonstrated satisfactory levels of stability and
maturity and exhibited favourable physical attributes suitable for utili-
zation as growing media [201]. Notably, the solid fraction holds sig-
nificant value for composting, underscoring the importance of
separating digestate into two fractions before commencing the com-
posting process. The solid fraction of digestate stands out due to its
elevated organic matter content, free-flowing structure and porosity.
Digestate presents a good option for composting, serving either as the
sole feedstock or co-composted with other organics. It can also function
as an inoculum or amendment in composting processes, enriching
compost feedstock with moisture content and essential nutrients like
nitrogen and phosphorus. Additionally, digestate can enhance the bio-
logical properties of compost by increasing microbial populations and
potentially improving overall composting performance [202]. Its
considerable nutrient composition, including nitrogen, phosphorus, and
potassium, suggests its potential as an agricultural fertilizer [76].
However, alongside its nutrient richness, solid digestate harbors trace
metals like zinc and copper, along with pathogenic bacteria, posing
significant environmental contamination risks when used as fertilizer
[86]. Consequently, there is a pressing need for a practical and efficient
approach to managing solid digestate, as its treatment greatly influences
the viability of AD engineering.

Co-composting and the addition of additives to improve the compost
quality are now the talk of the town. A study was conducted with FWD
co-composting with sawdust and compost, incorporating with additive
zeolite to conserve nitrogen. Findings revealed that adding 5 % and 10 %
of zeolite decreased NH3 emission to 1.8 % and 1.6 % respectively,
compared to 2.5 % in the control (without zeolite). In summary, inte-
grating zeolite showed a beneficial effect on nitrogen retention,
reducing nitrogen loss by 34-39 % with zeolite doses of 5-10 % [23].
The characterization findings indicate that digestate and sawdust
possess both macro (N, P, Mg, Na, Ca, and K) and micro (Mn, Zn, Fe, and
Cu) nutrients which, upon composting, can serve as biofertilizers or soil
enhancers. Furthermore, the resulting compost (biofertilizer) contains
Zn, Cr, Cu, Cd, and Pb levels that fall within the recommended thresh-
olds for agricultural utilization [203]. Solid digestate, with its rich
organic matter and nutrient content, holds great potential for



J.K. Nayak and V.V. Ranade

composting as a biofertilizer. However, careful management is essential
to mitigate the risks of heavy metal contamination and ensure safe
agricultural use.

4.3. Other valorisation products

In addition to recovering valuable products like renewable fuels and
fertilizer, the remaining nutrients found in digestate can also be har-
nessed indirectly via cultivating various microorganisms or microalgae
to manufacture beneficial bio-based chemicals and products such as
bioplastics, biosurfactants, biofuel, biopesticides, and enzymes that have
diverse commercial uses [204]. Polyhydroxyalkanoate (PHA) is
considered one of the most extensively studied types of bioplastics.
Biosurfactants, on the other hand, are amphiphilic compounds with
detergent-like properties that are biologically synthesized through
fermentation. Among the most researched biosurfactants are sopho-
rolipids and rhamnolipids. Recent research revealed the production of a
substantial amount of 4.6 g/L PHA with a 75 % cell dry weight content
from a combination of sunflower oil and micro-filtered digestate liquor
obtained from chicken manure [205] and colleagues have devised a new
aeration approach to generate Bacillus thuringiensis (Bt) derived bio-
pesticides via solid-state fermentation, employing a combination of
digestate and biowaste as feedstocks [206]. The highest production
achieved was 1.3 x 108 spores g"! DM for By and 4 x 108 spores g™ DM
for By, resulting in a final yield of 5 and 29 spores produced per initial
CFU, respectively. Many studies revealed the potential of digestate for
enzyme production. The digestate contains a significant amount of
carbon stored as solid structural molecules like lignin and cellulose,
forming a noteworthy value-added chain wherein enzyme-producing
microbes can access the residual carbon in the digestate solids [146,
2071.

The nutrients and functional molecules in the digestate foster
enzyme growth, which facilitates the hydrolysis of lignin and cellulose
within the digestate. As a result, the digestate residue becomes more
degradable, allowing it to be reintroduced into the AD system to boost
biogas production. This makes digestate a more technologically and
economically attractive alternative to traditional substrates for enzyme
production.

4.3.1. Microalgae cultivation

Microalgae, which are rich sources of lipids and protein, grow pri-
marily on mineralized nitrogen (mostly ammoniacal-N) and other nu-
trients. To achieve peak microalgal productivity, it is critical to
constantly supply particular nutritional requirements. Supplying such
nutrients from commercial sources will undoubtedly raise the cost of
microalgae production [208]. Digestate is a great resource for micro-
algae since the AD process converts phosphorus and nitrogen into forms
of orthophosphate and ammonium that can readily be consumed. Many
studies have been conducted on cultivating microalgae in a waste stream
and its capacity to reduce the high nutrient content of LD while pro-
ducing high-value algal biomass (Table 11). After growing microalgae
using digestate, the residual waste may be securely disposed of in the
environment [15,209].

The LD, abundant in nitrogen and potassium, typically serves as
fertilizer when spread onto fields, while the solid phase, containing
phosphorus and stabilized carbon, is commonly employed as a soil
amendment. Nevertheless, recent research has directed attention to-
wards exploring the potential of utilizing LD as a nutrient reservoir for
promoting microalgae growth. The application of microalgae in diges-
tate treatment offers various advantages, including rapid growth and
utilization of nutrients, high fertilizer demand, carbon capture, and
biomass production. Also, the possible COy supply can be from the
biogas as a carbon source from biogas for microalgae cultivation, which
can facilitate simultaneous biogas upgradation and digestate treatment.
Employing the liquid fraction of digestate as a substrate for microalgae
growth presents two significant challenges, primarily associated with its
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Table 11
Microalgal cultivation using digestate.

Digestate References

source

Operating condition Microalgae species

Green peas [210]
waste and
corn cobs,
grains,
leaves and
stalks

Two photobioreactors
with a working volume
of 350 mL each were
employed in the study.
The initial operation
involved the first
reactor being exposed
to artificial LED light
(T8 LED temperature -
6000 K, electric power -
14.5 W, luminous
power - 1440 Im) and
direct sunlight for a
period of 90 days.
Pilot-scale microalgae
cultivation trials were
carried out over
approximately 400
days in four 100 L
plastic raceway
reactors (RWO0.5i, 20
cm liquid depth, 0.5 m?
aerial area).

The microalgae sample
(10 mL) obtained
directly was cultivated
in Erlenmeyer flasks
with 50 mL of diluted []
for 14 days with light
exposure ranging from
107 to 175 pmol/m?/s,
horizontal shaking at
105 rpm, a temperature
range of 19 to 23 °C.
The raceway consisted
of a surface of
approximately 3.8 m?
and volume of
0.50-0.88 m°,
depending on the water
depth.

Microalgae and
bacteria were
introduced into 500 mL
conical flasks with 300
mL of sterilized
anaerobic digestate.
The flasks were then
placed in an incubator
for a period of 12 days
at a consistent
temperature of 25 + 1
°C, while being exposed
to a light intensity of
2.5+ 0.1 K lux.

A photosynthetic bio-
reactor with a working
volume of 900 mL and a
magnetic stirrer
(mixing velocity of 50
rpm) was operated for
mixing the reactor
content. Both sides of
the PBR had an external
light source of 11,000
1x (14 W TL5 tungsten
filament lamps).

Tetradesmus obliquus
(formerly Scenedesmus
obliquus),
Desmodesmus
subspicatus and
Microglena sp.

FW Chlorella sorokiniana

UTEX 1230

[211]

Farming waste Monoraphidium sp.,
Scenedesmus
Quadricauda,
Scenedesmus acutus,

Scenedesmus sp

[212]

Scenedesmus-
Chroococcus

Farming and [213]
agro

practices

Pig manure Chlorella sp.- [214]
Lysinibacillus sp. and
Chlamydomonas sp.-

Shinella sp. (bacterial-

microalgal symbiosis)

Textile
wastewater

Scenedesmus sp. [215]

elevated nitrogen content and turbidity level. Specifically, the liquid
fraction of digestate is frequently marked by a notable concentration of
total suspended solids, leading to inherent turbidity and diminished
light penetration. Additionally, it often contains elevated levels of
ammonia (> 100 mg N L™ 1), posing potential toxicity risks to microalgae
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[216]. The high concentration of ammonium may induce toxicity, while
the increased optical density can hinder light penetration, thereby
adversely impacting the rate of biomass production [217]. Dilution with
fresh water has often been proposed as a method to enhance the char-
acteristics of digestate for microalgal cultivation purposes. One effective
approach for purifying LF of digestate involves the application of
pressure-driven membrane technologies, such as microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). In
general, low-pressure membranes like MF and UF are adequate for
achieving effluent quality suitable for environmental discharge, as they
effectively remove turbidity, suspended solids, bacteria, certain viruses,
color, and high-molecular-weight organic compounds [218].

Furthermore, microalgae rapid growth can significantly minimize
the amount of land required for digestate application. However, one
obstacle to microalgae development on digestate is its slightly alkaline
pH, which favors the free-ammonia form of nitrogen and can signifi-
cantly impede microalgae growth [219]. A study conducted by Praveen
and team showed an impressive growth of microalgae Chlorella vulgaris
and effective nutrient removal when introduced to nitrified digestate
(5-30 % mixed with municipal wastewater) in batch mode. The
two-stage symbiotic bacterial-microalgal process achieved a significant
reduction for COD, NH4-N, NO3-N, and PO:O{’—P of 87 %, 100 %, 30 %,
and 77 %, respectively. When applied in continuous mode, the
microalgae-based membrane photobioreactor (MPBR) downstream of a
membrane bioreactor (MBR) managed to reduce COD of 91 %, NHZ-N of
97 %, and >99 % of PO3 -P from 10 % digestate [220].

Another study conducted by Xi Chen and team focused on the effi-
ciency of phycoremediation of four microalgae species: Scenedesmus
dimorphus, Scenedesmus quadricauda, Chlorella sorokiniana, and Chlorella
vulgaris ESP-6 on anaerobically digested wastewater (ADW). These
microalgae were cultivated in a membrane photobioreactor (MPBR) fed
with ADW to investigate the efficiency of ammonia and phosphorus
removal. The results showed that C. sorokiniana had the best perfor-
mance for the removal of ammonia and phosphorus from ADW. The
highest amount of C. sorokiniana biomass was 1.15 g/L, and the removal
efficiency of phosphate (66.2 %) peaked at an ammonia concentration of
128.5 mg/L after 9 days of incubation [221].

The integration of microalgae cultivation with anaerobic digestate
treatment shows great promise in sustainable waste management and
resource recovery. Microalgae’s ability to rapidly assimilate nutrients
and capture CO, while generating valuable biomass makes it an
attractive solution for nutrient recovery from digestate. However,
challenges such as high ammonia toxicity, turbidity, and pH imbalance
limit its widespread application. Future research should focus on opti-
mizing these cultivation conditions through dilution, consortia systems,
and adaptive microalgae species. Scaling these systems and addressing
economic constraints will be crucial to making microalgae-based
digestate treatment a commercially viable and environmentally sus-
tainable approach.

4.3.2. Ammonia stripping and recovery

Several technologies have been developed for nitrogen recovery
from waste streams, including 1) high-pressure reverse osmosis [222],
2) air-stripping systems [223], 3) ion exchange through zeolite-based
adsorption [224], (4) struvite precipitation [197]; and (5) an
emerging technique involving gas-permeable membranes [225].

Ammonia stripping denotes the mechanism by which ammonia
transitions from the liquid phase to the gas phase [226]. As outline, the
ammonia stripping procedure consists of the subsequent steps: (i)
transforming ammonium ions (NHY) into free ammonia (FA), (ii) mov-
ing FA from the main liquid phase to the boundary between the liquid
and gas phases, (iii) shifting FA across this boundary into the gas phase,
and (iv) dispersing FA throughout the gas phase. Studies have indicated
that ammonia stripping becomes economically viable when the con-
centration of ammonia nitrogen exceeds 1500 mg/L [32]. Since
ammonium ions can be trapped or adsorbed onto suspended organic
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matter, performing stripping on the liquid fraction of the digestate after
solid-liquid separation should theoretically result in higher ammonia
recovery [227,228]. The effect of TS on ammonia removal efficiency is
controversial, with some researchers arguing that lower TS levels
enhance free ammonia stripping, while others see no impact. Overall,
there is no consensus, and the studies do not provide sufficient infor-
mation on how digestate composition influences ammonia recovery. The
study also demonstrated the influence of COs in the stripping gas in the
model solution, whereas there is not much study on digestate [229]. The
process of ammonia stripping can be directly implemented within
anaerobic digesters through a method known as side-stream stripping.
This approach effectively regulates the concentration of ammonia
within the digestate, ensuring it remains below inhibitory levels for
methanogenic bacteria [230]. Additionally, vacuum thermal stripping
combined with acid absorption is an alternative approach for ammonia
recovery from digestate. In this process, applying a vacuum enables the
removal of ammonia at temperatures slightly below its standard boiling
point. The released ammonia gas is subsequently captured in a sulfuric
acid solution, resulting in the formation of ammonium sulfate crystals
[231]. The effectiveness of ion exchange for N recovery has been vali-
dated in several studies. For example, natural zeolitic rocks have ach-
ieved up to 62 % ammonium recovery from the liquid fraction of
digestate (LFD), with an adsorption capacity of 159 mg g, primarily
through cation exchange involving elements such as calcium, silicon,
and sodium [232]. Several technologies for ammonia stripping and ni-
trogen recovery from digestate are available, with their efficiency
influenced by ammonia concentration, digestate composition, and pro-
cess conditions. While several technologies show potential, further
research is needed to optimize energy use and assess performance under
real digestate conditions.

5. Economic, environmental, regulatory and policy
considerations

In early 2022, the European Commission announced its plan to in-
crease the 2030 biomethane production target in the EU from 17 to 35
billion cubic meters to reduce reliance on imported natural gas [233].
Annually, the EU produces approx. 220-258 million tonnes of digestate
rich in nitrogen (2-5 kg/m®) and phosphorus (0.5-1.5 kg/m?®) [8].
However, apart from the benefits and lots of advantages, the
nutrient-rich digestate can pose challenges, where local application is
not feasible, such as in areas along the Dutch German border, where
transport costs for digestate can exceed €10 per ton [234]. The economic
and operational feasibility of digestate treatment can vary significantly
across global regions, especially in developing economies where infra-
structure, regulatory frameworks, and market conditions differ sub-
stantially. Currently, the value of digestate as a fertilizer is in the range
of €2 to €8 per tonne [122,235]. Additionally, digestate is often viewed
negatively in public discourse due to concerns about excessive nutrient
loads on land and the resulting environmental damage to groundwater
[236]. Considering the major stake of digestate utilized in fertilizer, one
case study was conducted on the treatment costs of digestate across four
different plants in Belgium, which evaluates the potential fertilizing and
humus value (PFHV) of the resulting products, and allocates the cash
flows to demonstrate potential regional benefits. Treatment costs for the
pre-dried solid fraction of digestate ranged from €19 to €23 per tonne of
output. These costs can be offset by selling the treatment products at a
price covering at least 34-41 % of their PFHV (approximately €55 per
tonne). However, treating raw digestate incurs significantly higher
operating costs (€216-247 per tonne of output), which greatly exceed
the PFHV of the products (around €35-51 per tonne). To sustain such
systems, either financial subsidies from authorities are necessary, or
substrate providers need to pay a disposal fee of €13-32 per tonne of
input [237]. Pressure-driven membrane technologies, such as ultrafil-
tration and reverse osmosis, are emerging as significant methods for
nutrient recovery, achieving nitrogen and phosphorus removal
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efficiencies of 75-95 % and 85-99 %, respectively. Additionally, the
operational costs of membrane processes are relatively high, ranging
from €4 to €12 per m® of digestate, compared to other available tech-
nologies. The discussion is supported by the recent data from studies
conducted in the EU [89]. Despite the recent advances, membrane-based
processes face severe challenges and limitations while handling diges-
tate, primarily because of fouling and clogging. Fouling significantly
influences membranes’ performance, including reduced permeability,
increased transmembrane pressure and higher energy consumption.
However, induction of pretreatment to the feed/digestate and use of
antifouling agents may enhance the effectiveness of the
membrane-based processes. However, these additional measures may
also increase the overall cost of digestate valorisation.

The recent German fertilizer and fertilization legislation reform has
increased the urgency for effective digestate management solutions.
Under this reform, farmers must include the nutrients from digestate in
their total nutrient calculations, which are capped at 170 kg of nitrogen
per hectare [238]. Similar stringent regulations have been introduced in
other countries, putting pressure on biogas plants to manage their
digestate efficiently. These plants must either transport digestate to
areas without nutrient surpluses or market it for non-agricultural uses,
such as private gardening [234,239]. Although most digestate in Europe
is still used in agriculture, some biogas plants have started selling it to
alternative sectors, including private gardening, landscaping, and
nurseries [240]. Regarding the economic sustainability of the digestate,
upgraded digestate products, with higher nutrient content and lower
water content, are more marketable. These products appeal to fertilizer
and soil manufacturers, farmers, horticulturists, and private customers.
Disposal prices for digestate vary widely, from negative to strongly
positive, influenced by regional nutrient availability, agricultural
structure, season, feedstock, and the level of processing. Consequently,
marketers need to better understand consumer concerns and prefer-
ences, and consumers need more education on the safety and benefits of
using digestate.

The Nitrate Directive (91/676/EEC) at the EU level establishes the
regulatory framework aimed at safeguarding ground and surface water
against nitrate pollution. All EU member states are required to integrate
it into their national legislation [241]. The new regulation outlines 11
component material categories to produce EU fertilizer products. These
Component Material Categories (CMCs) include specific requirements
for permissible input materials, acceptable production and processing
techniques, and mandatory process parameters. Relevant to digestate
are CMC 4 (Fresh crop digestate), CMC 5 (Other digestate than fresh
crop digestate), and potentially CMC 3 (Compost). Digestate derived
from input materials classified under CMC 5 must not contain >6 mg/kg
DM of PAH16 and no >5 g/kg DM of macroscopic impurities such as
glass, metal, and plastics over 2 mm, with each type of impurity limited
to 3 mg/kg. For both CMC 4 and CMC 5, the maximum residual methane
potential is set at 0.25 L/g VS [242].

According to the National Organic Standards Board (NOSB), USA,
due to the potential negative impacts on human health from food-borne
pathogens, the unproven safety of digestate fiber, and the availability of
numerous alternative practices and materials in organic production, the
NOSB has concluded that anaerobic digestate, as currently petitioned
without pre-harvest application intervals, is not compatible with a sys-
tem of sustainable agriculture [243]. While digestate presents signifi-
cant potential for nutrient recovery and bio-based fertilizer production,
its economic viability is challenged by high treatment costs, regulatory
constraints, and negative public perception. In contrast, India’s Fertil-
izer Control Order (FCO) allows digestate (‘Fermented organic liquid
fertiliser’) as a form of organic fertiliser but lacks clear quality stan-
dards, leading to limited adoption and trust [244]. China has issued a
national standard 'Digestate Fertilizers" (NY/T 2596-2022),
nutrient-based thresholds for land application but faces regional
enforcement challenges [29]. While there are numerous reports
analyzing the economics of digestate as fertilizer across the globe, there
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is comparatively little analysis on the economic viability of other val-
orisation methods. Future research should focus on improving
cost-efficient treatment technologies, such as membrane processes, and
enhancing public awareness and marketability of upgraded digestate
products to promote sustainable waste management.

6. Summary of valorisation potential and outlook

This review comprehensively summarizes the valorisation of diges-
tate, a by-product of AD processes, focusing on its composition, potential
products, and various processes for its effective utilization. Unlike pre-
vious studies, this review uniquely integrates insights on digestate
characterisation, rheological behavior, advanced pretreatment tech-
nologies, and techno-economic constraints across multiple regions.
Digestate typically contains organic matter, water, and a range of macro
and micronutrients, the composition of which can vary significantly
based on factors like feedstock type, digestion conditions, rheological
behavior and valorisation processes. This variability and excess nitrogen
and phosphorous poses challenges for standardizing digestate use,
especially in agriculture, where it is most commonly applied. The paper
explores the potential pathways of converting digestate into value-
added products such as fertilizers, soil amendments, nutrients and en-
ergy sources. It highlights the importance of separating digestate into
solid and liquid fractions for effective valorisation. The review also
delves into advanced pretreatment methods like hydrodynamic cavita-
tion, which has shown promise in enhancing biogas production and
methane yield from digestate. Economic and regulatory aspects are
critical for the widespread adoption of digestate valorisation technolo-
gies. The review discusses the financial implications of different treat-
ment methods, the market potential for digestate-derived products, and
the impact of stringent regulations on nutrient management. It empha-
sizes the need for financial incentives and supportive policies to make
digestate valorisation economically viable and environmentally sus-
tainable. A major contribution of this review is the consolidation of
digestate characteristics across diverse feedstocks and the evaluation of
their suitability for various valorisation routes, which has not been
systematically addressed in earlier reviews.

The outlook for digestate valorisation is promising but requires sig-
nificant advancements and collaborative efforts from scientific, indus-
trial communities and policy makers. Future research should focus on
optimizing treatment processes to enhance the efficiency and cost-
effectiveness of digestate conversion technologies. Developing stan-
dardized methods for assessing the quality and composition of digestate
will be crucial for its broader application and acceptance. There is a need
for innovative solutions to address the challenges of nutrient manage-
ment and regulatory compliance, particularly in regions with strict
environmental regulations. Scaling up successful laboratory and pilot-
scale technologies to industrial levels will be essential to meet the
growing demand for sustainable waste management solutions.
Furthermore, integrating digestate valorisation with existing biogas and
agricultural systems could provide synergistic benefits, improving the
overall sustainability and economic viability of these sectors. Policy-
makers should consider providing subsidies and incentives to encourage
the adoption of advanced digestate treatment technologies and support
the development of markets for digestate-derived products.
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