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Abstract

The overuse of mineral fertilizers has brought about numerous matters such as deteriorating
soil health, crop safety concerns, and environmental pollution. The global requirements
for effective waste handling and sustainable agricultural production have been growing
continuously. Therefore, integrated nutrient management method might be a key way to
achieve circular agriculture, such as replacing chemical fertilizers with organic fertilizers.
In modern agriculture, digestate that is a byproduct of anaerobic digestion as a fertilizer is
becoming increasingly favored as a viable method for improving crop yield and quality.
However, the application of digestate in agriculture have not yet been fully explored. This
review addresses a knowledge gap by synthesizing current research on digestate as a
fertilizer. Firstly, the physical-chemical and biological properties of digestate are discussed.
Following that, this review focuses on its specific impact on crop growth and quality. Lastly,
it outlines the challenges faced in the application of digestate and looks ahead to future
trends. With appropriate policy support and technological innovation, digestate holds
promise for advancing environmental sustainability. This review aims to provide direction
and reference for future research on the application of digestate.

Keywords: organic fertilizer substitution; anaerobic digestion; sustainable waste management;
nutrient recovery

1. Introduction

The production of agricultural organic waste has been huge, yet its utilization rate has
remained relatively low. Unprocessed waste has become a major threat to the ecological
environment [1-3]. Anaerobic digestion is a viable solution for achieving these goals,
as it both produces renewable energy and facilitates the implementation of sustainable
agricultural systems [4]. It not only helps reduce greenhouse gas emissions in agricultural
production but also generates biogas, that could be used for thermal energy and power
generation [5]. Besides biogas, Anaerobic digestion also produces digestate rich in nitrogen,
phosphorus, and trace elements, which is returned to the fields as organic fertilizer [6,7].
However, although digestate possesses theoretical advantages in terms of soil improvement
(such as increasing cation exchange capacity and water-holding capacity) and promoting
crop growth and quality (such as providing balanced nutrients and releasing mineral
elements slowly), its actual agricultural effectiveness remains highly uncertain [8]. The
root cause of this uncertainty lies in the highly variable composition of the digestate. As a
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result, its application presents challenges [9]. Fluctuations in the composition of the diges-
tate make it difficult to achieve accurate fertilization because the feedstock for anaerobic
digestion may vary [10]. Its application as a fertilizer is limited by safety dangers and con-
tamination (Heavy metals, pathogens, etc.) [11]. For sustainably using digestate, nutrient
management, regulatory oversight, stringent process control and innovation need to be
addressed [9,11].

The review employs a subject-based keyword retrieval method to collect and organize
relevant literature. The numerous reviews have thoroughly explored the potential value
and future of digestates. However, limited research has focused on the specific effects of
anaerobic digestate on the improvement in crop growth and quality, as well as its practical
application performance. In this paper, based on the relevant and important literature
published in recent years, the physicochemical and biological properties of digestates are
firstly described. The discussion then focuses on the positive impact of the digestate on the
growth of crops and the improvement in crop quality. And the limiting factors and related
optimization strategies for the application of digestate are presented. Finally, the future
research prospects of digestate are analyzed.

2. Physico-Chemical and Biological Properties of Digestate
2.1. Chemical Composition of Digestate

The digestate has often applied in agriculture as a fertilizer [12]. Digestate is a promis-
ing supply of macronutrients and micronutrients for plants. Table 1 indicates the physico-
chemical properties of the digestate reported in the literature. Digestate generally consists
of a series of essential macronutrients, micronutrients, inorganic constituents, humus and
microbial biomass. However, its nutrient content is not fixed but is significantly influenced
by the fermentation feedstock (livestock and poultry manure, food waste, and crop straw,
etc.), process parameters (temperature and retention time) and post-treatment procedures.
The nutritional content of the feedstock is a key element, affecting the nutrient components
in the digestate. For instance, raw materials with high nitrogen level (e.g., food waste or
animal manure) could yield digestate with higher nitrogen concentration. Similarly, raw
materials rich in phosphorus (e.g., sewage sludge or poultry bedding) will result in diges-
tate with elevated phosphorus content [13-15]. Manure serves as a beneficial fermentation
substrate, with its microbial communities promoting anaerobic digestion processes. The
resulting digestate possesses a balanced composition of micronutrients and macronutrients.
To improve fermentation efficiency, livestock manure with high-energy waste materials
is a good approach. Digestate from food waste is rich in nitrogen, phosphorus, and or-
ganic matter. Thus, recovering its agriculturally valuable components is crucial. These
substances serve as a resource for producing fertilizer. The co-digestion of waste residues
with organic waste offers a pathway to obtain higher-quality digestate with reduced phyto-
toxicity, thereby enhancing its suitability for use as fertilizer [14]. Longer retention times
usually promote more efficient digestion and a more substantial nutrient supply, but they
may also lead to increased production of volatile fatty acids and ammonia. Conversely,
shorter retention times may reduce nutrient supply and result incomplete digestion [14].
The quality of the resulting digestate can be actively managed and stabilized through the
implementation of both feedstock pretreatment and post-digestion treatment processes.
This approach enables a more consistent output, moving beyond reliance on material with
inherently variable composition [16].

2.2. Biological Properties of Digestate

As a byproduct of anaerobic digestion, the microbial community in digestate primarily
originates from the feedstock rather than being enriched during the anaerobic process [28].
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Existing research has shown that digestate contains microorganisms that promote plant
growth, such as arbuscular mycorrhizal fungi, Enterobacter, Bacillus, Bacillus siamensis,
Pseudomonas, Rhodococcus, and Bacteroides [29]. The liberation of nutrients contained
in digestate typically requires microbial action. Pseudomonas strains could perform mul-
tiple activities, e.g., biological control, growth promotion, induction of systemic plant
defenses, and pathogenicity. Escherichia coli offers many advantages to plants including
in involvement in the synthesis of specific compounds, preventing or reducing disease,
and aiding nutrient uptake. Mycobacterium phylum plays a significant role in inter-root
phosphorus mobilization in the plant microbiome [29]. Moreover, many promising bene-
ficial microorganisms generate antimicrobial substances that have been shown to inhibit
pathogens [30]. However, it is important to note that despite reducing some pathogens, the
anaerobic digestion process is not effective against all microorganisms [31]. A one-year
field investigation conducted in France by Pourcher et al. revealed marked variations in
the pathogen removal efficiency of anaerobic digestion which exhibited a reduction in
Campylobacter, Clostridium difficile and Clostridium botulinum [32]. Some pathogens can be
enriched and even some emerge and re-emerge after anaerobic digestion [33]. It is generally
not known which potential pathogenic bacteria are present. These bacteria inhabit the soil
or survive anaerobic digestion. They could be irritated by nutrients in the digestate or by
the transformation of the digestate from the anaerobic reaction to the farm. These systems
are extremely complex and may include a variety of abiotic and biotic contributors [34]. In
addition, digestate may serve as a significant reservoir of antibiotic resistance genes (ARGs).
An analysis by Zeng et al. of soil subjected to long-term digestate irrigation revealed a
total of 12 antibiotics, 175 unique ARGs, and 9 mobile genetic elements, and identified 50
potentially pathogenic bacterial genera, 13 of which exhibited multidrug resistance [35].
These pose non-negligible potential risks to soil biosafety and human health.

Table 1. Physicochemical properties of digestate reported in the literature.

Parameters Value Range Unit References
Percentage of ammonia nitrogen = 35-98 Y% [17,18]
Total nitrogen (TN) 139-6000 mg L1 [18-21]
Total potassium (TK) 100-3200 mg L1 [18,19,22]
Total phosphorus (TP) 10-960 mg L-! [18,19,23]
Calcium (Ca) 65-1044 mg L1 [18,22,24]
Sodium (Na) 126-709 mg L1 [18,22,24]
Magnesium (Mg) 3-659 mg L1 [18,22,24]
Sulphur (S) 111-115 mg L1 [18,22,24]
Iron (Fe) 0.9-65 mg L1 [18,22,24]
PH 5.6-9.2 [14,19,25,26]
Carbon to nitrogen (C/N) 1.3-38.5 [19,26,27]
EC 152.7-2500 ps/cm [16,26]

2.3. Physico-Chemical Properties of Digestate

Digestate is typically alkaline because organic acids are converted into methane and
CO; during the anaerobic digestion process, and the pH of the biogas produced from dif-
ferent feedstocks varies. For instances, digestate extracted from sewage sludge is typically
neutral to slightly alkaline properties, with a pH range generally between 6.8 and 8.0. Food
waste digestate often possesses a slightly higher pH value of 7.6-8.5. Pig manure digestate
pH typically falls between 8.04 and 8.14 [25]. Applying digestate helps regulate soil pH
and enhance soil’s ability to buffer acid—base fluctuations. This effectively maintains soil
nutrient balance, thereby further boosting soil fertility [36]. However, due to its high pH,
applying digestate in combination with nitrogen fertilizers like urea increases the risk
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of ammonia volatilization losses [37]. A study by Li et al. demonstrated that adding an
acidic hydrothermally carbonized aqueous phase to alkaline digestate to adjust the pH of
surface water reduced ammonia volatilization by 4.2-65.5%, confirming that pH regulation
is an effective strategy for reducing agricultural ammonia emissions from digestate [37].
EC is another crucial parameter for digestate, reflecting its salinity. It correlates with the
degradation and mineralization of organic matter. Organic substances can influence plants
by regulating cellular osmotic pressure and enzyme activity. The high EC value shows
increased salt concentration, which could cause soil salinization. If not managed properly,
it can also be detrimental to plant growth [36]. The EC standard values proposed by
Chojnacka et al. range from 0.2 to 2.5 ms/cm, while the C/N ratio standard values range
from 10 to 20 [16]. The C/N ratio is also a key parameter for digestate, serving as a pivotal
parameter in digestate fertilizer composting and nutrient balancing. This parameter ex-
hibits much variability, which affects the efficiency of nitrogen during the digestion process
and the stabilization of organic matter [38]. In general terms, microorganisms need the
right C/N to effectively degrade organics. The C/N is elevated when the carbon content
is higher than the nitrogen content, signaling an excess of carbon relative to nitrogen. In
this condition, microbial communities likely encounter restrictions on nitrogen available,
which could impede their metabolic events and growth [6,19]. A low C/N ratio is both an
advantage of digestate as a nitrogen fertilizer and a source of environmental risk. A low
C/N ratio means that nitrogen will not be biologically fixed after the digestate is applied to
the soil, resulting in higher nitrogen supply efficiency. However, due to the lack of sufficient
available carbon sources to fix the nitrogen, the ammonium nitrogen in the digestate is
highly susceptible to loss through leaching or volatilization [39].

3. Bentifits of Digestate Application
3.1. The Influence of Digestate on Crop Growth and Yield

Digestate has the potential to serve as a soil conditioner [14]. It provided sustained
nutrients to crops and increases soil organic carbon content [40-42]. Digestate provides
mineral nutrients, it also reduces soil bulk density and improves aggregate stability, water
conductivity, and water-holding capacity, hence promoting plant growth [43-45]. This may
be due to the metabolic activity of anaerobic microorganisms contained in the digestate.
They produce substances such as polysaccharide gels, fats, and waxes with binding prop-
erties, which effectively improve soil aggregate structure (Figure 1) [46,47]. The relative
advantages of digestate are more pronounced in soils with poor nutrient retention capacity.
Its organic matter content may improve nutrient use efficiency by reducing leaching [48].
By using digestate as an alternative to traditional fertilizers, this approach combines the
immediate benefits of chemical fertilizers with the long-term advantages of organic options,
thereby helping to regulate the soil microbial community. This measure regulated soil
microbial communities by enhancing soil nutrient levels and enzyme activity, providing
essential nutrients for microbial biomass (Figure 1) [49-53]. Organic replacement enhances
soil biomes with helpful functional groups, which benefits the fertility of the soil, while also
aiding in crop growth and yield [54,55]. It induces the involvement of more N cycle-related
bacteria, thus promoting soil nitrogen fixation [56,57]. Although Cheong et al. focused on
crop yield and did not directly measure any microbial indicators, their findings indirectly
suggest that digestate may improve the rhizosphere microenvironment [58]. In contrast,
Doyeni et al. directly measured soil microbial activity under field conditions and found
that the application of digestate enhances microbial activity. This result provides more
direct evidence that digestate promotes crop growth by activating soil microorganisms [59].
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Figure 1. Effects of digestate application in crops: A Case Study of Tomato. The actual scene depicted
in the figure comes from the campus farm at Hokkaido University. A red arrow pointing up indicates
an increase; a red arrow pointing down indicates a decrease.

The nutritional value of digestate lies in its high content of readily absorbable, fast-
acting nutrients and organic components that break down slowly. Element P affects energy
transmission within plants, element C alters soil nutrient proportion, calcium influences
plant cell wall structure, and nitrogen impacts soil fertilization and plant growing [60].
Thus, standardized digestate components, especially the macronutrients of potassium,
phosphorus and nitrogen, as well as the micronutrients of calcium, magnesium and zinc,
are essential to meet agricultural needs [61]. Table 2 shows the effects of different methods
of applying digestate on crop growth and yield. A study by Tshikalange et al. [62] on
spinach showed that digestate treatment outperformed inorganic fertilizers in terms of
growth parameters, but was inferior to inorganic fertilizers in potassium content, while
zinc accumulation was significantly higher. This may be due to a compensatory effect be-
tween digestate and chemical fertilizers in nutrient supply, rather than a simple equivalent
relationship. Strategies for replacing chemical fertilizers with digestate in diversified crop-
ping systems hold potential for enhancing resource use efficiency. But their effectiveness
depends on factors such as crop type and a comprehensive assessment of life-cycle carbon
emissions [63]. As fertilizer, digestate provides slow-release nutrients. This reduces the risk
of nutrient loss. Simultaneously, it enhances the availability of soil nutrients and maintains
soil nutrient levels [64,65]. Field experiments with cabbage conducted by Kovacevic et al.
in Serbia showed that the solid digestate treatment (200 kg N ha~!) yielded the highest
yield (5005 g m~2), representing an increase of approximately 9% compared to mineral
fertilizer [66]. In contrast, greenhouse studies by Duri et al. in Italy found that digestate sig-
nificantly boosted early yields in eggplant (+79%) compared to mineral fertilizers, though
total yield over the entire growing season was approximately 6% lower than that achieved
with mineral fertilizers [67]. Comparative analysis of the two studies [66,67] indicates
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that anaerobic digestate can serve as a viable alternative to mineral fertilizers and even
achieve superior yield performance for short-cycle crops such as cauliflower. In contrast, for
long-cycle fruit and vegetable crops represented by eggplant [67], digestate demonstrates
a dynamic yield characteristic, showing a prominent yield advantage at the early growth
stage while resulting in a slightly lower total yield. This is directly related to the nutrient
release pattern of digestate, which involves a rapid supply of available nitrogen followed
by a subsequent deficiency in slow-release nitrogen. Consequently, strategies for replacing
mineral fertilizers with digestate should be differentiated based on the crop growth cycle
and specific objectives.

Table 2. Crop growth and yield responses to digestate application.

Experimental Conditions Compared

Treatment Crop (Country/Climate/Soil) Growth Yield to CK Ref.
Japan/Field and o 150 .
Cattle manure digestate  Tomatoes  Greenhouse/sandy soil 6 /2 15 /?, (Plant height) 10.8%~26.2% Higher [5]
. 26%~34% (Pn)
and loamy soil
Digestate with Singapore/ Tropical } o197 20 . )
other substances Tomatoes rainforest/Potting soil 12.8%~17.3% Higher 401
20% (Photosynthetic
Digestate under Japan/Temperate pigment) B . )
salt stress Lettuce climate /Potting soil 42% (Fresh weight) Higher (431
27% (Dry weight)
Cattl digestate  Spinach  South 333 cm (Root length) - High [62]
attle manure digestate pinac Africa/Subtropical/field cm (Root leng igher
Granular fertilizer Brassica Vietnam /chamber
produced by biogas juncea var. tests /planting soil 24.38 cm (Plant height) - Higher [64]
sludge waste and others  rugosa P &

. Serbia/Humid 3292~5005 g m 2 e
Digestate Cabbage continental /Sandy loam ) (enlarged bulbs) Higher [66]
Livestock and Ttaly /Winter and ) . Slightly
poultry waste Eggplant Spring/Sandy loam Approximately 55 t/ha below (671

. . 108% (Root length) 173% (OFMSW ADg, T3) . o
Sewage sludge digestate ~ Eggplant India/-/- 67% (SPAD) 154%(FW Adg, T4) Higher [68]
Food waste digestate Kale America/Summer/- 0.87-0.93 (Fv/Fm) - Negligible  [69]
Food waste digestate Cucumber  America/Summer/- 0.82-0.88(Fv/Fm) - Negligible  [69]

. Greek/Greenhouse/ Net photosynthetic rate . @
Livestock manure Lettuce Floating Hydroponic of 10.5 pmol CO, /m?-s. Higher (701
Food waste Celery China/Greenhouse/ - 15,345 kg /ha Negligible  [71]

Natural soil

Note: CK: inorganic fertilizer/No fertilization ) /Hoagland ®; Pn: Net photosynthetic rate; SPAD: Relative
chlorophyll content; Fv/Fm: Photosynthetic efficiency.

The data in Table 2 reveal the potential mechanisms by which digestate promotes crop
growth, including enhanced root development and increased photosynthesis (Figure 1).
The digestate contains natural auxin-like substances that could be directly absorbed by
the root system and promote cell division and elongation in the root apical meristem.
Therefore, digestate supplementation may trigger changes in root morphology and root
growth rate [72]. A robust and well-developed root system is essential for the effective
uptake of water, and changes in root morphology in turn affect yield [45,73]. To be specific,
it is early root hair growth and root development that have an impact on plant establishment
and overall growth [72]. Tshikalange et al. [62] found that spinach treated with cattle dung
biogas digestate had a root length of 333 £ 20.14 cm (Table 2), which was longer than
that of plants in plots treated with inorganic fertilizer. In theory, increased root length
demonstrates enhanced nutrient uptake and greater tolerance to diverse stresses [62].
It has been demonstrated in various crops that applying digested digestate alone or in
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combination with chemical fertilizers increases chlorophyll content in plant leaves (Table 2).
This enhances photosynthesis, thereby promoting plant growth and development, while
also reducing leaf aging in the later stages [53]. However, the effectiveness of its application
relies on factors such as the application rate, the crop growth stage, and experimental
conditions. Although the studies by Li et al. [43] and Vaish et al. [68] both revealed the
influence of leachate on chlorophyll, the former indicated that the relative advantage
of leachate was more pronounced under salt stress at 7.5 dS m~!; the latter suggested
that leachate can be used directly as a chlorophyll promoter in conventional cultivation.
Furthermore, these results may be related to crop-specific differences. The primary reason
for the increased chlorophyll content when combined digestate with chemical fertilizers
may be twofold. Firstly, the digestate contains mineral elements such as iron and calcium
that constitute chlorophyll, enabling effective participation in chloroplast synthesis within
the plant [74]. On the other hand, the slow-release effect of the digestate ensures plants
could obtain sufficient nitrogen from the soil over an extended period, that possibly induces
the production of plant hormones, such as cytokinin. Nitrogen in digestate effluent acts as
a nutrient signal to activate the expression of cytokinin synthase genes in roots and leaves,
catalyzing the production of more cytokinin to sustain the increase in chlorophyll content
within the plant [75].

3.2. The Influence of Digestate on Crop Quality

Table 3 shows the influences of different methods of applying digestate on crop
quality. Current research indicates that the application of digestate may maintain or
enhance the nutritional quality of certain crops. Under specific crop and experimental
conditions, digestate performs no worse than current fertilization strategies (Table 3). This
will promote the economic value and commodity attributes of agricultural products [76].
Digestate serve as excellent alternatives to chemical fertilizers and have the potential to
minimize the adverse effects of chemical fertilizers [5]. Since digestate is originated from
natural substances, they are an important source of macronutrients and micronutrients that
are released during the digestion process. Their application therefore affects the mineral
composition of crops [77]. Protein level is a quality standard for crops [78]. Brychkova
et al. found that grasses grown on plots fertilized with digestate showed increased crude
protein content of up to 22.8% [73]. Subsequent work by Vaish et al. 2022 confirmed
that the protein content of brinjals grown in culture with digestate increased by 326.8%
at 65 days as compared to the controls [68]. The discrepancy between these two sets of
results may be due to the fact that as a fruit vegetable, eggplant may be more sensitive
to nutritional supply in its protein synthesis than grass forage crops. Soluble sugars are
crucial for osmoregulation under abiotic stress in plant cells [79]. Faran et al. have shown
that lettuce treated with anaerobic liquid dairy digestate had a soluble sugar content 253%
higher than that of the control group treated with standard nutrient solution. The study
also noted that the digestate used exhibited high levels of ammonium nitrogen, with
NH4* concentrations reaching 2376.67 mg/L [79]. Based on this, it may be inferred that
these results reflect an osmotic regulatory response induced by high ammonium nitrogen
stress [79]. Li et al. compared the efficacy of digestate and NPK fertilizer using tomatoes
grown under greenhouse conditions in Japan, employing a nitrogen-equivalent design.
The study showed that the digestate treatment increased soluble sugar content by 21.27%
compared to the NPK treatment [43]. Although both results indicate an increase in soluble
sugars, the former represents a response to high-ammonium stress, while the latter reflects
a metabolic optimization effect. Vitamin C is taken as an antioxidant supplement that is
claimed to strengthen resistance to oxidative stress and disease [80]. In terms of antioxidant
capacity, A pot-based experiment conducted by Lee et al. in a U.S. greenhouse setting
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showed that high-concentration digestate significantly increased the ascorbic acid and
total phenolic content in kale compared to the control group treated with OS +slow-release
fertilizer [69]. Similarly, in a hydroponic study of baby lettuce grown in Greek greenhouses,
Ntinas et al. found that both antioxidant capacity and total phenolic content in the 5%
and 10% digestate treatment groups were significantly higher than those in the Hoagland
complete nutrient solution control group. The optimal range was found to be 5-10%, while
20% was not feasible due to growth inhibition [70]. These studies consistently indicate that
the antioxidant-enhancing effect is concentration-dependent and often comes at the cost of
a relative decrease in yield.

Table 3. Crop quality responses to digestate application.

Experimental Conditions

Treatment Crop (Country/Climate/Soil) Quality Compared to CK  Ref.
Cattle manure Japan/Field and 13%~18% (SAR)
dicestate Tomatoes Greenhouse/Sandy soil and 13%~18% (SP) Higher [5]

& loamy soil 13%~18% (AsA)
Sewage sludge Ireland /Temperate oceanic o .
digestate Grass climate/Sandy loam soil 22.8% (Pro) Higher [73]
Sewage sludge . 326.8% (Pro) . o)
digestate Eggplant India/-/ 23.8% (Total phenols) Higher [68]
D'1geste'1t.e and Fava beans Egypt/Medlterranean/Clay 27.67% (Pro) Higher [75]
biofertilizer loam soil
Anaerobic liquid Canada/Greenhouse/Deep Tot.al phenohcs (011 17%), total .
dairy digestate Lettuce Water Culture antioxidants (44%), and Higher [79]

soluble sugars (253%)
Food waste . ) Vitamin C > 4.0 mmol/g . [69]
digestate Kale America/Summer/ (high-concentration digestate) Higher
Manure digestate ~ Tomatoes Turkey/Mediterranean/Clay S¥gmf}cantly increased Much higher [81]
vitamin C levels.

Microfiltered . . ) 36.8 mg/100 mL (Vitamin C) .
liquid digestate Citrus Italy /Mediterranean/ (Farm 3) Higher [82]
Cattle manure Japan/Field and

. Tomatoes Green-house/Sandy soil and 13%~18% (NOz 1) Lower [5]
digestate ) .

oamy soil

Livestock Lettuce Greek/ Gre.enhouse /Floating 2-10 mg /kg (NO; ~Lin FW) Lower @ [70]
manure Hydroponic
Food waste Celery China/Greenhouse/Natural soil ~ 1400~1800 mg/kg (NO3 1) Lower [71]

Note: CK: inorganic fertilizer/No fertilization @y Hoagland @ Pro: Protein content; SAR: Sugar—acid ratio;
SP: soluble protein; AsA: ascorbic acid; NO;~1: Nitrate content.

Sensory characteristics are a key factor in consumer acceptance. Studies have shown
that the efficacy of digestate in improving fruit quality exhibits significant crop-specificity
and is highly dependent on experimental conditions. Among the sensory qualities of fruits
and vegetables, flavor quality is one of the core elements. It directly affects consumers’
evaluation of the product and their willingness to buy (Figure 1) [83,84]. Regarding the
impact on sensory quality, we take tomatoes as an example. Tomatoes have become a
widely cultivated crop and rank among the world’s most popular horticultural crops,
holding a significant position in the global vegetable trade [85,86]. The flavor of tomatoes
comes primarily from non-volatile materials, that is ketones, esters, phenols, aldehydes,
alcohols, and terpenes [87]. For example, alcohols enhance the tomato’s sweetness; phe-
nolic compounds have a stimulating odor; these volatile flavor components are organic
compounds produced by metabolic pathways in plants [88]. A variety of compounds with
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differing volatilities collectively contribute to the flavor and aroma of fruits and vegetables.
Insufficient N supply due to reduced release rates from digestate may stimulate stress
responses in plants, subsequently activating the synthesis pathways of jasmonic acid and
ethylene. This leads to increased accumulation of secondary metabolites such as phenolic
flavonoids in fruits, thereby affecting flavor [89]. Alan et al. [81] found in summer field
trials with constant nitrogen levels in Turkey that tomatoes treated with digestate were
not inferior to those treated with chemical fertilizers in terms of flavor-related indicators
such as soluble solids and titratable acidity. A study by Zheng et al. on tomatoes grown in
greenhouses using digestate drip irrigation also reported a similar trend [90]. However, nei-
ther of these studies directly measured consumer-perceived flavor. For many fleshy fruits,
firmness is a valuable indicator of ripeness. Maturity stage is a qualitative element closely
associated with organoleptic features [84]. Ripening and over-ripening are complicated
physiological processes involving fine regulation at different physiological levels such as
hormone regulation, which are a crucial determination of fruit quality [91,92]. Hormones
in the digestate stimulate the crop’s metabolism to make the cell walls thicker. Results
regarding the effect of digestate on fruit firmness remain inconsistent. A two-year field
trial conducted by Alan et al. on tomatoes showed that, compared to an equivalent amount
of chemical fertilizer, treatments with solid digestate and liquid digestate did not increase
fruit firmness [81]. However, a study by Li et al. indicated that an appropriate application
rate (3%) is essential for maintaining cucumber quality [93]. This discrepancy may stem
from differences in crop type, digestate type, and application method. Color is a key market
parameter for consumers, particularly in the Asian market, as Asian consumers tend to
prefer fruits with deeper hues and full pigmentation [94]. Castellano et al. [82] found
in a field trial conducted in Sicily, Italy, that it provided the most direct evidence under
field conditions. Compared to the application of chemical fertilizers alone, the combined
application of microfiltered digestate and chemical fertilizers significantly improved the
color of citrus peel, possibly because the biogas slurry influenced carotenoid synthesis.
Nitrate and nitrite residues are converted into carcinogens such as nitrosamines within
the human (Figure 1). These compounds are also prevalent in traditionally harvested fruits
and vegetables, but are contained at lower values in organically raised crops [48,84,95].
The nitrogen in digestate is predominantly in the form of amino nitrogen, amide nitrogen
and ammonia nitrogen, and these nitrogen sources are distinct in nature from conventional
chemical fertilizers [71,96]. It is also worth noting that many trace elements (e.g., Mn and
Mo) and amino acids in the digestate may stimulate nitrite (nitrate) reductase activity
in celery leaves and roots, leading to a reduction in nitrate content [29]. Greenhouse ex-
periments conducted by El-Beltagi et al. in Pakistan demonstrated that the application
of digestate effectively reduces nitrate levels in spinach leaves. Under arid conditions,
digestate converts nitrate nitrogen into organic nitrogen by activating nitrate reductase
in plants, thereby significantly improving crop safety while increasing yields [97]. The
efficacy of digestate in mitigating nitrate accumulation in vegetables has been consistently
demonstrated across diverse cultivation systems. In a greenhouse study conducted in
Greece, Ntinas et al. reported that when digestate was utilized as the sole nutrient source
in a floating hydroponic system, nitrate levels in lettuce were remarkably lower (approxi-
mately 2-10 mg/kg FW) compared to the control group (250 mg/kg FW) [70]. Similarly, in
soil-based cultivation experiments in China, Bian et al. observed that digestate effectively
inhibited nitrate enrichment in celery [71]. These findings suggest that regardless of the
growth medium—whether soilless or soil-based—or the specific climatic conditions of
protected agriculture, digestate serves as a viable strategy for enhancing vegetable safety by
optimizing nitrogen forms and metabolic pathways. As a sustainable nutrient alternative,
digestate exhibits significant potential in remediating heavy metal-contaminated soils and
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enhancing plant stress resistance [98]. Beyond nutrient substitution, digestate optimizes
soil aggregate structure and aeration, which synergistically mediates the balance of rhizo-
sphere micro-ecology. This physical improvement selectively promotes the proliferation
of probiotics while suppressing pathogen infection through microbial antagonism. Conse-
quently, the transition from nutrient replacement to habitat restoration not only reduces
chemical fertilizer dependence but also provides systemic reinforcement for crop disease
resistance [99].

4. Constraints and Optimization Strategies for Digestate
4.1. Potential Risks and Challenges in Digestate

While digestate offers substantial agricultural benefits, the cumulative risk posed by its
constituent heavy metals (e.g., Cd, Pb, Ni, Cr, and Cu) within the soil-crop system remains
a critical concern that cannot be overlooked [19,100]. Specifically, these risks become more
pronounced under high-intensity application scenarios or in environmental contexts where
soil pH significantly dictates heavy metal bioavailability. First of all, in intensive livestock
farming regions, digestate is frequently recycled onto a limited area of farmland due to
logistical and transportation cost constraints. Risk assessments indicate that this scenario
leads to accumulation rates of heavy metals (particularly Cu and Zn) that far exceed the
soil’s natural attenuation capacity [101]. The cumulative presence of heavy metals in
soil poses significant environmental risks. Their severity does a direct disservice to soil
health and biological activity, while also posing potential threats to ecosystem security and
human health (Figure 2) [102], for example, fractures, kidney injuries, weakened immune
systems, and lung cancer [103]. Sadly, between the 1960s and the 2020s, exorbitant amounts
of heavy metals were liberated into the environment. It is projected that approximately
800,000 tons of lead and 30,000 tons of chromium were released. Most of these heavy metals
accumulated in the agricultural soil, highlighting the necessity for careful monitoring and
management to prevent environmental pollution [104]. Secondly, the ‘regulation by key
environmental variables’ exposure scenario plays a critical role. The bioavailability of heavy
metals depends heavily on soil physicochemical properties, notably pH and soil texture.
Under an acidic soil scenario (pH < 5.5), the solubility of heavy metals increases significantly,
facilitating their desorption from soil particle surfaces into the soil solution. This scenario
drastically enhances the bioconcentration factor (BCF) of crops [19]. As a result, heavy
metals existing in the digestate may heighten soil levels beyond the maximum permissible
concentration. Heavy metals in digestate, like Cd, Pb, Ni, Cr, Cu, etc., could adversely
affect soil quality and crop health at concentrations beyond standard levels (Table 4). In
microbial habitat scenarios, these metals may disrupt the natural decomposition of organic
matter, suppress the growth of soil microorganisms, and cause soil acidification [19].
When taken up by crops, these metals usually concentrate in plant, especially in above-
ground portions and roots, which leads to growth retardation, lower nutritional value and
plant yields [105]. From a toxicological perspective, these risks exhibit species-specific
characteristics. Particular effects involve delayed shoot and root development due to
Cr, reduced nutrient availability and seed germination in wheat caused by Cd, reduced
nutrient uptake from Ni, and interference with enzymes and seed germination in wheat
and maize caused by Pb [19,106].

Besides that, there is also the problem of pathogenic microbial residues from the
application of digestate as a fertilizer (Figure 2). The utilization of digestate on farm
land, particularly unprocessed agricultural land, carries a high threat of environmental
spread of these pathogens, which could pollute water, air, and food [33,111]. This is of
particular concern for readily available crops, as they could be straightforward vectors
of dietary borne illnesses. The health effects of pathogen retention in anaerobic digestate
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are crucial, since improperly treated or non-treated digestate results in pollution of water,
soil and agricultural products [19,112]. This is a threat to both animal and human health,
which is underlined by the potential contamination pathways of cropland, silage, and
directly applied of digestate [113]. In practical applications, the risk of residual pathogens
in digestate is influenced by a complex interplay of various factors. High concentrations
of free ammonia nitrogen (FAN) in digestate exhibit a chemical inactivation effect on
pathogens. However, residual organic matter may provide nutrient support for opportunis-
tic pathogens, leading to a ‘regrowth” phenomenon during storage [114]. According to
data from the ADRISK risk assessment model developed by Nag et al., while mesophilic
anaerobic digestion can achieve a removal rate of 2.0-4.5 log units for indicator bacteria, its
inactivation efficiency for enteric viruses is often below 1.5 log units. Notably, when the
residual biodegradable COD in the digestate exceeds 2.0 g L1, pathogen concentrations
may rebound by up to 1.2 log units during the early stages of storage [111]. Following the
application of digestate, microorganisms such as Enterococcus faecalis may persist on crop
surfaces through rhizospheric uptake or foliar contact. For fast-growing vegetables, the risk
of pathogens entering the human food chain increases significantly if the interval between
application and harvest is insufficient. Kalaitzidis et al. found that an insufficient interval
(less than 2-3 weeks) between the application of basil and harvest prevents pathogens from
breaking down naturally, significantly increasing the likelihood of pathogens entering the
food chain through the consumption of raw leaves [115].
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Figure 2. Potential risks and optimization directions for digestate as fertilizer.

Table 4. Heavy metal content standards to be followed in different countries for the use of digestate
as a fertilizer.

Country China USA France UK Sweden Ireland Germany
heavy metals (mg kg ')

Cadmium 0.3 85 3 1.5 1 1.5 1.0-3.0
Nickel 50 420 60 50 50 50 50-100
Copper 100 4300 600 200 600 300 100-600
Lead 300 840 180 200 100 150 100-180
Chromium 200 3000 120 100 100 100 100-120
References [107] [108] [109] [110] [110] [109] [14]
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Another risk inherented in the application of digestate is the lack of standardization
of the concentration and frequency of application, which lead to multiple hazards such as
fertilizer damage, environmental pollution and soil health risks (Figure 2). Under short-
term risk scenarios, continuous high-frequency application leads to the rapid accumulation
of ions such as chloride (Cl—), sulfate (50427), calcium (Ca%"), magnesium (Mg2+), and
sodium (Na*), causing a sharp increase in electrical conductivity (EC). The osmotic pres-
sure generated by this high-salinity environment inhibits the normal absorption of water
and nutrients by plants, resulting in stunted crop growth [116,117]. In the greenhouse
experiment on Shanghai cabbage cultivation conducted by Jin et al. [118], the initial elec-
trical conductivity (EC) of the soil was 28.9 mS m~!. After applying the digestate, the
EC values in the DF-340 and DF-680 groups rose to 108.0 and 102.2 mS cm ™! short-term,
respectively [118]. Based on this, it is inferred that the yellowing of the leaves may be
related to the EC levels. Under conditions of long-term accumulation and concentration
effects, results from Meng et al.’s greenhouse experiments on Chinese cabbage indicate
that digestate at concentrations of <10% is harmless to soil and plants. High-concentration
digestate (>10%) could inhibit root elongation and seed germination, with germination
rates dropping from 87.6% to 2.4%. However, digestate at concentrations of 50% and 100%
promotes crop growth due to its high nutrient content [119]. Nevertheless, long-term
application of high-concentration digestate, particularly in the top 1-4 cm of soil, may
lead to the potential accumulation of salts. From this, it can be seen that the appropriate
application rate for digestate may need to be determined through field trials in order to
decrease secondary pollution and negative impacts [120].

4.2. Optimization Strategies in Digestate

The potential value of digestate may be elevated through the pretreatment of raw
materials prior to anaerobic digestion or post-treatment of digestate (Figure 2). Various
substrate pre-treatment methods could be used to treat address pathogens, non-digestible
materials and organic pollutants [14]. As a new type of green solvent, Deep Eutectic
Solvent (DES) holds significant potential for processing hard-to-degrade materials (such
as lignocellulose). DESs are eutectic mixtures composed of two or more hydrogen bond
acceptors (HBAs) and hydrogen bond donors (HBDs), resembling ionic liquids in their
structure and properties. Compared to traditional ionic liquids, DES possess multiple
benefits, which include environmental friendliness, low cost, high purity, ease of recovery
and purification, simple synthesis, and good biocompatibility. Based on the properties of
the HBDs, DESs are typically categorized into carbohydrate-based, acid-based, and alcohol-
based types [121]. Research in China on the use of DES for the pretreatment of digestate has
established a systematic technical approach, primarily comprising two pathways, including
in the direct treatment of digestate with acidic DES and the pretreatment of agricultural
waste (straw) with DES to enhance anaerobic digestion efficiency. He et al. treated digester
residue with a formic acid:choline chloride (5:1) DES at 120 °C for 4 h, recovering high-
purity lignin (Mw = 3179 g/mol) while increasing the biochemical methane potential
of the solid residue by 91.59% [122]. Shen et al. found that choline chloride/glycerol
pretreatment resulted in a cumulative methane yield of 316.85 mL/g vs. from corn stover
(2.22 times that of the control), yet choline chloride/triethanolamine pretreatment achieved
a cellulose retention rate of 97.90%, hemicellulose retention of 88.29%, and lignin removal
of 23.73% [123]. Europe has indeed placed greater emphasis on the ecological safety aspects
of DES research, with the core research focus shifting from traditional DES to natural deep
eutectic solvents (NADES)—low-melting-point mixtures composed of natural primary
metabolites such as organic acids, amino acids, and sugars [124]. Temperature has a vital
function in pathogen elimination. Compared to thermophilic conditions, hyperthermic
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environments are often more efficient at reducing or eliminating pathogenic bacteria, for
example, Clostridium spp and Escherichia coli [19,125]. Certain substrates (e.g., mixed
biowastes) present a high risk of pathogen transmission when improperly disposed of.
Therefore, pre-treatment by methods such as pasteurization is necessary to ensure the
safety of digestate applications [19]. The EU generally adopts a standard of 70 °C for 1 h,
while Ireland, in order to achieve more thorough inactivation of pathogens, uses a longer
treatment time of 60 °C for 96 h [126]. Because of the high content of soluble ammonia
and phosphorus in the digestate, failure to properly dilute it could damage plant growth
and cause leaf burn. Moreover, the presence of highly concentrated toxic compounds in
digestate could inhibit crop growth. Consequently, dilution appears to be the preferred
approach for diluting raw digested slurry using tap water, secondary/tertiary treated
wastewater, saline groundwater, synthetic culture media, or seawater. This technology
avoids the suppression caused by excessive nutrients and inhibitors, while also providing
crops with the appropriate amount of nutrients for growth [127]. The United States employs
the most direct dilution strategy, using irrigation water to dilute manure slurry directly
in the fields (Iowa Administrative Code r. 567-65.101, last amended 2024) [128]. Japan is
known for its “irrigation water mixing and dilution” approach and places a strong emphasis
on optimizing irrigation methods. Kitaya et al. [129] studied a sweet potato production
system that combines bottom irrigation with digested slurry. Their research clearly indicates
that the digested slurry must be diluted to a specific concentration (1:20) to achieve optimal
growth [129]. These technologies can be applied individually or engineered in combination
based on the specific characteristics of the digested residue, ensuring compliance and
environmental safety throughout the disposal process [130,131].

The strategies for heavy metal management in digestates exhibit distinct regional
characteristics driven by local environmental regulations and agricultural demands. In
the EU, heavy metal removal focuses on precision treatment and nutrient recycling, with
the primary treatment methods being solid-liquid separation and membrane treatment
(ultrafiltration/reverse osmosis). Solid-liquid separation is typically performed as the
first treatment step, yielding the solid fraction (SF) and liquid fraction (LF) from anaerobic
digestion. Reverse osmosis (RO) is typically used for solid-liquid separation to prevent
membrane damage caused by abrasive solids and to remove macromolecules, microorgan-
isms and suspended solids, preceding microfiltration (MF) or ultrafiltration (UF) in the
processing cascade [132]. Pressure-driven membrane processes, which include nanofiltra-
tion, ultrafiltration and reverse osmosis, concentrate and separate phosphorus or nitrogen
from the feed solution, producing products with higher fertilizer value [133]. In the Nether-
lands, Van Puffelen et al. found through their study of a full-scale cascade membrane
filtration system that 98% of the phosphorus in digestate was removed prior to reverse
osmosis. Although the study did not directly measure heavy metals, since heavy metals
such as copper and zinc in digestate are often bound to solid particles and phosphates [132].
This efficient physical separation process likely also resulted in the simultaneous removal
of significant amounts of major heavy metals. Research findings indicate that the ultrafiltra-
tion process achieves a retention rate of over 96.9% for heavy metals such as Cu, Zn, and Fe
in digestate [133]. This is consistent with the findings of Proskynitopoulou et al. [134], who
reported that the vast majority of heavy metals are effectively retained during the coarse
filtration and ultrafiltration stages, with only trace amounts detected in the final reverse
osmosis permeate. In recent years, China has placed a strong emphasis on the synergistic
passivation of heavy metals in digestate (Figure 2). The combination of digestate and
biochar aids in the immobilization of heavy metals in soil. Biochar produces synergistic
effects with organic fertilizers through its abundant functional groups, while effectively
immobilizing heavy metals in soil via its strong adsorption capacity and high specific sur-
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face area, thereby reducing ecological risks from heavy metal contamination. Concurrently,
the combined application of biochar and organic fertilizers establishes a nutrient-rich soil
microenvironment that promotes metabolic activity and proliferation of beneficial microbial
communities [135]. An analysis of soil Cd speciation based on the findings of Feng et al. [1]
indicated that the OFB treatment increased the levels of oxidizable Cd and residual Cd by
14.90% and 17.60%, respectively, compared to the control, suggesting a significant transfor-
mation of Cd from an active form to a stable form. Evidently, the conjunctive application of
biochar and digestate provided a feasible answer for remediating Cd-contaminated soils.
Simultaneously, it provides significant benefits for composting and soil remediation [98].
Research by Xue et al. [136] indicates that the co-application of biochar and pig manure di-
gestate (BSD-8 treatment) can reduce the content of bioavailable cadmium to 0.167 mg/kg,
while significantly increasing the activity of transaminase, urease, and alkaline phosphatase.
The synergistic effects between biochar and digestate have been confirmed. The former
promotes plant growth and reshapes microbial communities by enhancing soil organic
matter and nutrient content. While the latter reduces the bioavailability of Cd through
surface complexation and ion exchange. In addition, the use of nanoparticle additives may
be considered. Nanoparticles stabilize heavy metals in digested slurry primarily through
morphological transformation and adsorption. The strong reducing power of nZVI can also
alter the valence state of polyvalent heavy metals (such as Cr(VI)), thereby reducing their
toxicity [137]. Yadav et al. [138] noted that iron-based nanoparticles (nZVI, Fe;O3, Fe304)
efficiently remove heavy metal contaminants such as Cr(VI), Pb(II), As(III), and Cd(II) from
water and soil through multiple mechanisms, including adsorption, reduction, precipi-
tation, and oxidation. Furthermore, removal efficiency is significantly influenced by pH,
dosage, and contaminant concentration. Lu et al. [139] reported that nZVI-loaded biochar
can remove >99% of Cd within 40 min. The MnFe;O4-biochar composite achieved removal
rates exceeding 90% and 85% for Sb(IlI) and Cd(II), respectively, and NH,-functionalized
magnetic chitosan beads exhibited an adsorption capacity of 158.73 mg/g for Cu(II) [139].
These data demonstrate that iron-based nanoparticles and their composites possess highly
efficient immobilization capabilities for various heavy metals, offering a technically feasible
approach to mitigating heavy metal risks in digestate.

Precision fertilization is a crucial aspect of sustainable agriculture and has proven
highly effective in developed countries that possess digital infrastructure (Figure 2). Pre-
cision fertilization employs the “4R nutrient management” approach, which involves
selecting the right fertilizer source, applying the right amount, at the right time, and in the
right place. By precisely matching fertilizer application to crop needs, this strategy helps
optimize nitrogen use [140]. Variable Rate Application (VRA), sensor-based monitoring,
controlled-release fertilizers, water-fertigation, and remote sensing—these nitrogen man-
agement technologies enable farmers to precisely match nitrogen fertilizer application to
crop needs in both space and time, thereby significantly reducing unnecessary nitrogen
leaching and nitrous oxide (N,O) emissions [141,142]. Precise nutrient management re-
duces costs and greenhouse gas emissions, while also improving fertilizer efficiency by
10-20% and increasing yields by 5-10% [143]. Therefore, the application of digestate as
fertilizer resource, combined with treatment procedures that have a low impact on the
environment, will have a beneficial influence on the environment and make the agricultural
sector sustainable. Additionally, various countries have enacted relevant regulations to
reduce over-fertilization. According to the Chinese standard “Digested Fertilizer” [144]
(NY/T 2596-2022), digestate is returned to fields in accordance with the requirements for
applying livestock and poultry manure; however, this makes it challenging to market as
a product [38]. In accordance with the EU Nitrates Directive, Denmark currently limits
the supply of nitrogen in digestate to no more than 170 kg ha~!. While the addition of
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phosphorus is capped at 30 kg ha~! starting in 2025 [145]. Malaysian standards for or-
ganic fertilizers stipulate that the concentration of pathogenic E. coli should be less than
10 CFU per gram of product [146]. France classifies digestates into four grades—A, B, C,
and D—based on the origin of the raw materials and heavy metal content. Compared to
other European countries, France’s Grade A has relatively lenient tolerance limits for Cu
(<300 mg kg~!) and Zn (<600 mg kg ') [147]. Swedish SPCR 120 requires that digestate
must be labeled with information on plant nutrients (N, P, K), heavy metals (Cd, Pb, Hg,
Ni, Cr, Cu, Zn), sanitary quality (Salmonella-free), physical impurities (<specified limits),
as well as organic matter and dry matter content [148].

5. Future Research Prospects in Digestate

Technological innovation is a major direction for the future development of diges-
tate. Developing advanced analytical methods is crucial for identifying pollutants such as
microplastics and heavy metals in digestate that adversely affect soil health. During the
application of digestate, the high variability in the properties of its raw materials poses chal-
lenges for identifying its diverse components. Emerging treatment technologies also serve
as methods to reduce heavy metal accumulation in digestate. Heat treatment is capable of
killing pathogens. Evaporation concentration technology efficiently concentrates nutrients
while preserving active substances. Membrane separation technology selectively separates
nutrients from harmful substances. Future efforts will focus on enhancing the development
of digestate treatment technologies and advancing new techniques. Additionally, in terms
of precision fertilization and targeted regulation, research approaches include integrating
digestate application equipment with crop sensors to achieve precision drip irrigation, and
utilizing multispectral drones for real-time monitoring of crop growth [16].

Extension recommendations and policy are critical to the future application of diges-
tate. Establishing unified technical standards is crucial for the processing and commercial-
ization of digestate, ensuring environmental safety, and enhancing market confidence [149].
In addition, in order to realize a circular economy in agriculture, it is important to identify
adequate end-users of N, K and P recovered from anaerobic digestion to ensure a practically
viable closed-loop system. Such products could be applied straight to the field to improve
soil fertility, especially in areas with nutrient deficiencies. Recycled potassium chloride is
critical for the production of entirely NPK fertilizers that are widely used in horticulture and
agriculture. However, to ensure a successful circular economy and achieve a closed-loop
system, establishing a buyer market is crucial, encompassing farmers, fertilizer companies,
and municipal authorities managing public green spaces. Furthermore, establishing market
pathways to sell these recycled nutrients at competitive pricing is also crucial. Appropriate
collaboration between fertilizer producers and anaerobic digestion plants also assists in as-
sure that recovered nutrients are integrated into prevailing agricultural practices. This will
generate economic motivation for the revival process and strengthen circulative economy
approaches [150].

6. Conclusions

The application of digestate as fertilizer is of significant importance to the development
of circular agriculture. Digestate has shown potential in agricultural production, yet its
application as organic fertilizer remained controversial across numerous studies. Overall,
regarding the fertilizing properties, appropriate application of digestate can enlarge soil
nutrient retention capacity, refine soil stability, promote microbial community development,
and stimulate plant root growth. It is worth observing that digestate, as one of the fertilizer
sources in integrated nutrient management, has been found to be quite effective and
can rival mineral fertilizers in many conditions. In agricultural production, the rational
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utilization of digestate could enhance crop photosynthetic efficiency and carbon metabolism
efficiency, thereby supporting circular and sustainable agricultural practices. However, the
widespread application of digestate as a sustainable fertilizer faces many challenges. The
potential of digestate may be better harnessed in agricultural production by overcoming
current limitations. This review indicates that the digestate is worth promoting because
it is able to achieve resource utilization and also meets the development trend of green,
sustainable, and circular economy. It is suggested that uniform regulatory standards should
be developed to strengthen the promotion and application in the future. The furture
research should focus more deeply on emerging technologies and policies to enhance the
safety of digestate in circular agriculture.
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