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Abstract:

This study investigates the potential of microalgae-based biostimulants cultivated on
the liquid part of anaerobic digestate as a sustainable solution for modern agricultural
chal-lenges. The liquid part of anaerobic digestate, a nutrient-rich by-product of
biogas pro-duction, is used as a growth medium for the microalgae Scenedesmus sp. to
illustrate the principles of circular bioeconomy by converting organic waste into
valuable agricultural products. The microalgae Scenedesmus sp. were cultivated in
open raceway ponds, har-vested wusing sedimentation, microfiltration or
centrifugation, and further dried in venti-lated cabinet at 35°C. Laboratory germination
tests and field trials were conducted to eval-uate the efficacy of the produced algae as
plant biostimulant. In laboratory tests microal-gae-derived biostimulants significantly
improved seed germination and root develop-ment of garden cress at all
concentrations, Proso millet gave positive response to 1 and 5 g DM/L, however
cabbage showed no response. Foliar applications on Proso millet in the field trial
further highlighted its potential to improve crop yields stability across the field after
but not increased millet grain yield. This research highlights the viability of integrat-ing
microalgae cultivation with waste management systems to produce biostimulants that
can improve crop production while supporting sustainable agriculture.

Keywords: Circular bioeconomy; Sustainable agriculture; Anaerobic digestate;
Nutrient utilization; Microalgae,;Plant biostimulant
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1. Introduction

Microalgae-based biostimulants are emerging as innovative tools in agriculture to
address critical challenges posed mainly by climate change, such as drought, ex-
treme temperatures, irregular rainfall and soil degradation. These biostimulants are
known to promote seed germination, enhance root system development and im-
prove nutrient utilization, thereby increasing plant resilience to environmental
stresses (Van Oosten et al., 2017). The biostimulant potential of microalgae is
strongly influenced by algae growing conditions, with the availability of nutrients
and environmental stresses playing a crucial role in determining their biochemical
composition and efficacy (Petkov et al., 2009). A sustainable approach to the pro-
duction of microalgae-based biostimulants involves the cultivation of microalgae on
the liquid fraction of anaerobic digestate, a nutrient-rich by-product of biogas pro-
duction (Barzee et al., 2022). Biogas plant digestate, derived from the microbial de-
composition of organic waste, is an excellent example of the principles of the circular
economy, transforming agricultural and industrial waste streams into valuable in-
puts for crop production. The liquid fraction of the digestate, which is produced
after mechanical separation of the solid components, is rich in nitrogen, potassium,
calcium, sodium, and trace elements, making it a cost-effective and nutrient-rich
medium for the cultivation of microalgae such as Scenedesmus sp. (Resman et al.,
2021). The use of anaerobic digestate as a growth medium offers several advantages.
It supports efficient nutrient utilization by microalgae, which promotes the produc-
tion of secondary metabolites, including amino acids, polysaccharides and other bi-
oactive compounds that are critical for their biostimulatory properties (Hossain Sani
et al., 2024). In addition, this approach reduces reliance on mineral fertilizers, which
production is energy-intensive and has negative environmental externalities, fur-
ther contributing to the sustainability of agricultural practices. Biostimulants from
microalgae grown on digestate have been shown to improve plant resilience by pro-
moting seed germination, stimulating root development and increasing plant toler-
ance to abiotic stress factors such as drought and salinity (Bulgari et al., 2014). Their
application also benefits soil health by increasing microbial diversity, which is all in
line with the principles of sustainable agriculture and regenerative farming systems
(Win et al. 2018; Gongalves et al., 2023). This study investigates the cultivation of
microalgae in growing media containing water solution of anaerobic digestate as a
sole source of nutrients and evaluates the effectiveness of the resulting algae bio-
mass as plant biostimulants in laboratory and field trials. By integrating waste man-
agement and agricultural innovation, this approach offers a scalable and environ-
mentally friendly solution to improve crop productivity and soil health, thus con-
tributing to global sustainability goals.

2. Material and Methods

The biogas plant digestate used in this study was derived from the anaerobic diges-
tion (AD) of food production residues (KOTO d.o.0.). The process is thermophilic
(565-55.5°C) with separate hydrolysis at pH 3.5-4 and digester reactors at pH 7.8-8.0
and thus differs from conventional mesophilic processes. Mixing is continuous. Reg-
ulation of pH is only minimally regulated; soda is occasionally added (e.g. NaHCO;,
Na,COs3) (Lavri¢, 2019). The system in this study includes a screw press for digestate
separation to liquid and solid part. The solid digestate is transported for drying and
the liquid digestate which is rich in essential nutrients such as nitrogen, phosphorus,
potassium and trace elements can be used for microalgae production. For the
growth of the green microalgae Scenedesmus sp. (dominant Scenedesmus quadricauda)
a liquid part of the separated digestate was used as a source of nutrients (Table 1).
The addition of digestate is regulated based on the basis of the limit values of the
indicative parameters defined in previous experiments: pH 6-8, electrical conduc-
tivity EC 1000-2000 uS cm, NH+-N 50-150 mg L', NOs-N 5-50 mg L-1, NO2-N <1
mg L, optical density OD680 from 1 to 1.5 (Resman et al., 2023). The input of diges-
tate is about 4 to 10 L per 1000 L of growing medium per day, depending on the
cultivated microalgae and intended product. The nutrient content of the digestate
and the produced microalgae biomass was analyzed, including parameters such as
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electrical conductivity (EC), dry matter (DM), organic carbon (Corg), nitrogen (N),
phosphorus (P), potassium (K), and the C:N ratio. Additionally, the levels of micro-
nutrients and potentially toxic elements in microalgae grown on digestate (Pb, Cd,
Zn, Cr, Cu, Ni, Hg, As) were measured and compared to regulatory limits.

The microalgae cultivation on digestate took place in an unheated greenhouse with
a double PE foil roof at the Center for Algal Technologies of the Biotechnical Faculty,
University of Ljubljana. The microalgae were grown in open race-way ponds, which
were heated only at the bottom to prevent freezing in the winter. The effective pro-
duction period was approximately 240-280 days per year. The average daily biomass
production was 11+1.5 g/m? at temperature between 10 and 30 °C under optimal
conditions, from March to October. The microalgae were harvested using sedimen-
tation (for 24 hours) and later filtration of the sedentary part with a vibro-microfil-
tration unit (Vibro-Lab 3500, SANI Membranes A/S, DK) to obtain ca. 7.5 % DM
and/or centrifugation (rpm 12 000; max. rcf 27 500; T = 15°C; 10 min; V =250 mL) to
achieve a dry matter content of approximately 15 %. The obtained algae paste could
be used fresh or dried at 35 °C and ground into a fine powder. Obtained powder
was diluted with water to a concentration suitable for application as plant biostim-
ulant. The biostimulants were tested for their effectiveness in promoting seed ger-
mination, root development and crop yield. Germination tests (Figure 1) were car-
ried out in in-vitro tests with Proso millet, garden cress and cabbage seeds, with
treatments including different concentrations of the biostimulant (1 g DM/L, 5 g
DM/L, 10 g DM/L, 25 g DM/L, 50 g DM/L) and deionised water as control. The sec-
ond germination tests were repeated with Proso millet treated with microalgae
Scenedesmus sp. biostimulant at different concentrations (1 g DM/L, 5 g DM/L, 50 g
DM/L) and with growth medium after Scenedesmus sp. cultivation (V-BF). Again,
water was used as a control. The average root length and germination index were
measured and analyzed using the Image] software.

(no. germinated seeds * root lenght)

GI [%] =

x 100

(no. germinates seeds in control *root lenght in control)

Figure 1. Visual example of germination test (left) and evaluation of roots length with Image] app (right)

The field trials were conducted at the Biotechnical Faculty in Ljubljana, where Proso
millet (Panicum miliaceum, variety 'Soncek') was sown (on June 20, 2024), 125 kg
seeds/ha. The soil is eutric-brown, pseudo-gleyic, texture sandy-clay-loam to clay-
loam, with a pH of about 7. In 2024, a basic fertilization with 138 kg N/ha NPK 15-
15-15 was applied, followed by 75 kg N/ha KAN 27% in the BBCH 16 phase. Four
treatments were studied: control (untreated seeds and no foliar application; NS-NF),
biostimulant applied to seeds (AS-NF), biostimulant applied foliarly (NS-AF), twice
during the growing season (first in the development phase of BBCH 59; on August
7,2024, and the second time in the phase of BBCH 69; on August 9, 2024) (Ventura
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et al., 2020), and biostimulant applied to seeds and foliarly (AS-FA), also twice dur-
ing growing season. The concentration of microalgae biostimulant for the seed ap-
plication was 0,5 kg/ha and for the foliar application a concentration of 1 g microal-
gae DM preparation/L of water (for each application a dose of 300 L/ha). The effec-
tiveness of the biostimulation was evaluated by measuring root depth (at BBCH 13;
July 3, 2024), fresh biomass, air-dry biomass and yield. Plants were harvested (on
September 4, 2024) within a 1 m x 1 m frame in three replicates for each treatment
for the purposes of crop analysis. We weighed the produced biomass and grain (dry-
ing of the plants was carried out in a ventilation drying cabinet at 40 °C to a constant
mass). The data obtained from the germination tests and field trials were statistically
analyzed using the R statistical language (R Commander).

3. Results

The liquid part of the digestate from the KOTO biogas plant had an electrical con-
ductivity (EC) of 14.9 mS/cm and a dry matter (DM) content of 0.74%. The phospho-
rus (P) content was 0.53 g/kg DM and the potassium (K) content was 6.70 g/kg DM,
which are crucial for the optimal growth of microalgae like Scenedesmus sp. The high
organic carbon (Corg) content and low Corg:N ratio further support the efficient
nutrient utilization by the microalgae (Table 1). The produced microalgae biomass
of Scenedesmus sp. grown on the liquid digestate had a Corg content of 45.0 % DM,
an N content of 7.5 % DM and a C:N ratio of 6.0. The nutrient profile of the microal-
gae biomass showed higher levels of organic carbon and phosphorus compared to
the digestate, reflecting the microalgae's ability to concentrate these nutrients (Table
1).

Table 1. Electrical conductivity (EC), dry matter (DM) in digestate, N, P, K and C:N value in the used liquid part digestate (KOTO)
and in produced microalgae biomass Scenedesmus sp. (Centre of Algae Technologies, Biotechnical Faculty) grown on the liquid part

of the digestate.

Liquid part of digestate Scenedesmus sp.
(KOTO) (DM)
EC [mS/cm] 14.9 /
DM [%] 0.74 /
Corg [% DM] 34.7 45.0
N [% DM] 17.8 7.5
Corg:N 2.0 6.0
P [g/kg DM] 0.53 13.0
K [g/kg DM] 6.70 5.70

The content of potentially toxic elements in the digestate (Fuentes et al., 2004) and in
the produced microalgae biomass were measured and compared with the legal lim-
its. The levels of elements such as lead, cadmium, zinc, chromium, copper, nickel,
mercury, and arsenic were all below the permissible thresholds, ensuring the safety
of the biostimulants for agricultural use. Notably, the microalgae biomass had lower
concentrations of these elements compared to the digestate, suggesting that the mi-
croalgae can effectively mitigate the presence of potentially harmful substances. All
values of the potentially toxic elements in the digestate and in the cultivated micro-
algae were within the legal limits (Regulation (EU) 2019/1009) for plant biostimulants
(Table 2).
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Table 2. Values of potentially toxic elements according to Regulation (EU) 2019/1009 in the biogas plant digestate (KOTO) and pro-

duced microalgae biomass Scenedesmus sp. (Centre of Algae Technologies, Biotechnical Faculty) grown on the liquid part of the
digestate.
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Scenedesmus sp. grown

Liquid part of digestate Limit values for plant on diluted digestate

(KOTO) biostimulant (DM) (DM)
Pb [mg/kg DM] 9.20 120 343
cd [mg/kg DM] 0.70 15 0.13
Zn [mg/kg DM] 277 1500 114
Cr [mg/kg DM] 29.0 / 3.30
Cu [mg/kg DM] 47.2 600 20.5
Ni [mg/kg DM] 8.10 50 1.90
Hg [mg/kg DM] 0.05 1 0.009
As [mg/kg DM] <05 40 0.50
The roots of germinated plants were on average longer with biostimulant concen-
tration up to 5 g DM/L. Higher biostimulant concentrations had inhibitory effect.
Optimal concentration depended on the plant species itself. For millet concentration
of 50 g DM/L had phytotoxic effect (Figure 2).
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Figure 2. 1st germination tests (left figure): average root length of germinated plants (millet, cress and cabbage) at different treatments
(1 g DM/L (1), 5 g DM/L (5), 10 g DM/L (10), 25 g DM/L (25), 50 g DM/L (50), control (K)) with standard error and 2"¢ germination
tests (right figure): average root length of germinated Proso millet plants at different treatments (1 g DM/L (1), 5 g DM/L (5),50 g
DMY/L (50), growth medium from Scenedesmus sp. (V-BF), control (K)) with standard error.

Additional germination tests were conducted on Proso millet seeds with different
treatments of microalgae biostimulant including growth medium from Scenedesmus
sp. This additional germination test on millet indicated that the 1 g DM/L treatment
was significantly better than 5 g DM/L (p = 0.00553), with the best germination index
(GI) of 113% (Table 3). Higher concentrations showed a decrease in germination and
root development, indicating an optimal concentration for biostimulant efficacy at
1 g DM/L (Table 3).
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Table 3. Average root length and germination index (GI) of Proso millet plants at different treatments (1 g DM/L (1), 5 g DM/L (5),
50 g DM/L (50), growth medium from Scenedesmus sp. (V-BF), control (K)) with standard error.
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Treatment Average germination [%] Average root length [mm] GI [%]
K 86.1 45.13 100
1 86.1 51.11 113
5 75.0 31.38 61
50 0.0 0 0
V-BF 86.1 48.90 108

Field trials were carried out with Proso millet (Panicum miliaceum) to evaluate the
effectiveness of the biostimulant in real-world conditions. The results of biostimu-
lant application on seeds at 0.5 kg DM/ha showed no improvement in root length at
BBCH 13 (Figure 3). The highest plant dry biomass (dried at 35°C in a ventilated
drying rack) measured at harvest was observed at foliar application (NS-FA, AS-
FA) with 9.5 t/ha (the lowest at AS-NA 8.2 t/ha).

The highest average yield of dry millet grain was observed in the control (3780
kg/ha), but it showed the greatest yield variability within treatment. The lowest
yield variability between repetitions was observed in the foliar application (3549
kg/ha), followed by the combined treatment with seed and foliar application (AS-
FA) (3671 kg/ha). The treatment in which the biostimulant was only applied to the
seed had the lowest yield (3071 kg/ha). The results indicate that the application of
biostimulants can increase yield the stability across the field when applied on leaves
(foliar), although the differences were not statistically significant.
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Figure 3. Field trials (Figure left): root depth [cm] of Proso millet plants in the BBCH 13 stage in untreated seed (NS) and in the case
of seed treated with a microalgae biostimulant (AS) with standard error, and (Figure right): yield of dry millet grain [kg/ha] at
treatments without microalgae biostimulant application (NS-NA), the application of a biostimulant on seed (AS-NA), only foliar
application of the biostimulant (NS-FA) and the application of a biostimulant to seed and foliar (AS-FA) with a standard error.

4. Discussion

The results of this study demonstrate the potential of using anaerobic digestate as a
growth medium for the cultivation of microalgae and the subsequent production of
effective plant biostimulants. The nutrient analysis of the digestate and the pro-
duced microalgae biomass shows that the liquid fraction of the digestate provides a
nutrient-rich environment that promotes the growth of microalgae Scenedesmus sp.
The content of potentially toxic elements in the digestate and the produced microal-
gae biomass is within legal limits, ensuring the safety of the biostimulants for agri-
cultural use. This is a crucial aspect for the widespread introduction of microalgae-
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based biostimulants, as it minimizes concerns about the accumulation of harmful
substances in soil and plants.

The germination tests showed that microalgae-based biostimulants significantly im-
prove seed germination and root development only at the optimal concentration
which was found to be 1 g DM/L for Proso millet, cabbage and garden cress. Garden
cress was the most responsive test plant, but Proso millet showed the highest sus-
ceptibility; the highest germination index and average root length for millet concen-
trations was at 1 g DM/L. Higher concentrations resulted in a decrease in germina-
tion and root development, suggesting that there is a threshold beyond which the
biostimulant effect diminishes. This result is consistent with previous studies that
have determined similar optimal concentrations for biostimulant applications (Oan-
cea et al., 2013; Alling et al., 2023; Chovancek et al., 2023). The field trials also con-
firmed the effectiveness of microalgae-based biostimulants in promoting plant
growth and development under real-world conditions. The biostimulant treatments
did not improve yield in Proso millet, although the trend towards higher yields in
treated plants with foliarly applied biostimulant suggests potential benefits of bi-
ostimulant application, so the experiments should be repeated. Current challenges
and opportunities in biostimulant research emphasize the need for standardized
testing protocols (Roopashree et al., 2024). Future research should focus on optimiz-
ing the cultivation conditions for microalgae in anaerobic digestate to maximize the
production and efficacy of biostimulants. In addition, long-term field studies are
needed to assess the different environmental conditions and stressors (Khalid et al.,
2024). Exploring the potential of different microalgae species and their specific bi-
ostimulant properties could further enhance the versatility and effectiveness of this
sustainable agricultural practice.

5.  Conclusions

In conclusion, this study highlights the potential of microalgae-based biostimulants
cultivated on anaerobic digestate as a sustainable and effective solution to address
the growing agricultural challenges posed by climate change and environmental
protection. The reduction in reliance on chemical fertilizers combined with the
transformation of waste into agricultural resources aligns with global sustainability
goals and highlights the potential of this technology to support more resilient food
systems. The use of the liquid fraction of digestate, a nutrient-rich by-product of
anaerobic digestion, provides an efficient and cost-effective medium for the cultiva-
tion of microalgae, for species such as Scenedesmus sp. The results of this study show
that the digestate supports microalgae growth and enables the production of bi-
ostimulants that significantly improve germination and root development of differ-
ent plants. Yield increases in the field trial with Proso millet were not statistically
significant, however the stability of yield across the field was improved.

Funding: The authors acknowledge the financial support provided by the
Waste4Soil project, which has received funding from the European Union’s Horizon
Europe Research and Innovation programme under Grant Agreement No.
101112708 and Slovenian Research and Innovation Agency ARIS through Univer-
sity of Ljubljana interdisciplinary preparative project Nanostructurome 802-
12/2024-5.

Conflicts of Interest: The authors declare no conflict of interest.

1. Alling T, Funk C, Gentili FG. “Nordic microalgae produce biostimulant for the germination of tomato and barley
seeds.” Scientific Reports. 2023; 13: 3509. DOI: 10.1038/s41598-023-30707-8

2. Barzee T ], Yothers C, Edalati A, Rude K, Chio A, El Mashad HM, Franz A, Zhang R. “Pilot microalgae cultivation
using food waste digestate with minimal resource inputs.” Bioresource Technology Reports. 2022; 19: 101200. DOI:

10.1016/j.biteb.2022.101200



Proceedings of 12" Socratic Lectures 2025

& ZF 12™ 2025
. % SOCRATIC
-

UNIVERSITY | Faculty of LECTURES

OF LJUBLJANA | Health Sciences
259 of 260

10.

11.

12.

13.

14.

15.

16.

17.

Bulgari R, Cocetta G, Trivellini A, Vernieri P, Ferrante A. “Biostimulants and crop responses: a review.” Biological
Agriculture & Horticulture. 2014; 31(1):1-17. DOI: 10.1080/01448765.2014.964649

Chovancek E, Salazar J, Sirin S, Allahverdiyeva Y. “Microalgae from Nordic collections demonstrate biostimulant
effect by enhancing plant growth and photosynthetic performance.” Physiologia Plantarum. 2023; 175:2/13911.
DOI: 10.1111/ppl.13911

Fuentes A, Lloréns M,Saez J, Aguilar I, Ortufio JF, Meseguer VF. “Phytotoxicity and heavy metals speciation of
stabilised sewage sludges.” Journal of Hazardous Materials. 2004; 161-169. DOI: 10.1016/j.jhazmat.2004.02.014
Gongalves ], Freitas ], Fernandes I, Silva P. “Microalgae as Biofertilizers: A Sustainable Way to Improve Soil
Fertility and Plant Growth.” Sustainability. 2023; 15:12413. DOI: 10.3390/su151612413

Hossain Sani N, Amin M, Bergstrand K], Caspersen S, Prade T, Hong Yong JW. “Harnessing biostimulants from
biogas digestates for high-value resource recovery: a review.” Environmental Chemistry Letters. 2024; 23:139-164.
DOI: 10.1007/s10311-024-01801-8

Khalid F, Rasheed Y, Asif K, Shahbaz M, Zulfigar U, Sardar R, Haider FU. “Plant Biostimulants: Mechanisms and
Applications for Enhancing Plant Resilience to Abiotic Stresses.” Journal of Soil Science and Plant Nutrition. 2024;
24:6641-6690. DOI: 10.1007/s42729-024-01996-3

Lavri¢ L. “Microalgal treatment of anaerobic digestate and thermophilic anaerobic digestion of food waste and
microalgal biomass.” Doctorate dissertation. 2019.
https://repozitorij.uni-lj.si/IzpisGradiva.php?lang=slv&id=113430

Oancea F, Velea S, Fatu V, Mincea C, Ilie L. “Micro-algae based plant biostimulant and its effect on water stressed
tomato plants.” Romanian Journal of Plant Protection. 2013; 6:104-117. DOI: 10.5555/20143380895

Petkov G, Kambourova R, Bankova V. “Extracellular substances in cultures of the green alga Scenedesmus.”
Comptes rendus de I'Acad_emie bulgare des Sciences. 2009; 63 (2):235-240. DOI: 10.1127/1864-1318/2006/0119-0155
Resman L, Oven P, Bertoncelj ], Miheli¢ R. “Treatment of microalgae for biostimulation of agricultural plants.” In:
New challenges in agronomy 2021: symposium. Ljubljana: Slovensko agronomsko drustvo. Ceh B (ed.), et al. 2021;
299-305. ISBN 978-961-94613-1-0

Resman L, Berden Zrimec M, Zitko V, Lazar B, Reinhardt R, Cerar A, Miheli& R. “Microalgae production on biogas
digestate in Sub-Alpine region of Europe - development of simple management decision support tool.”
Sustainability. 2023; 15:24. DOI: 10.3390/su152416948

Roopashree DH, Ram K], Santosh A, Raghavendra S, Kamala Bai S, Shanthanagowda GM. “Bio-stimulants and its
influence on growth and yield of millets: A review.” International Journal of Research in Agronomy. 2024; 7:692-
698. DOLI: 10.33545/2618060X.2024.v7.i75j.1177

Van Oosten M]J, Pepe O, De Pascale S, Silletti S, Maggio A. “The role of biostimulants and bioeffectors as alleviators
of abiotic stress in crop plants.” Chemical and Biological Technologies in Agriculture. 2017; 4:5. DOIL
10.1186/s40538-017-0089-5

Ventura F, Vignudelli M, Poggi G, Negri L, Dinelli G. “Phenological stages of Proso millet (Panicum miliaceum L.)
encoded in BBCH.” International Journal of Biometeorology. 2020; 64:1167-1181. DOI: 10.1007/s00484-020-01891-3
Win TT, Barone GD, Secundo F, Fu P. “Algal Biofertilizers and Plant Growth Stimulants for Sustainable
Agriculture.” Industrial Biotechnology. 2018; 14:203-211. DOI: 10.1089/ind.2018.0010


https://doi.org/10.1080/01448765.2014.964649



