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Liquid digestate from biogas production represents a nutrient-rich by-product that poses logistical and
environmental challenges. This study investigated the suitability of liquid digestate derived from fish sludge as
a growth medium for the freshwater microalga Chlorella sorokiniana (UTEX B2805), with the aim of evaluating
its tolerance to high ammonium concentrations, nutritional value, and nutrient removal capacity. Small-scale
screening experiments were conducted using different digestate concentrations and light intensities, followed
by cultivation in 1 L photobioreactors in 50 % and 100 % digestate at high light intensity. The results showed
that C. sorokiniana was able to grow in undiluted digestate containing very high ammonium concentrations,
although high digestate concentrations caused prolonged lag phases and reduced photosynthetic efficiency
during the initial cultivation period. The photosynthetic performance of the algae recovered during the
exponential growth phase, resulting in biomass with a high total amino acid content (53-59 % of dry weight),
with all nutrients necessary for algae growth provided by the digestate. Microalgae cultivation resulted in
substantial reductions of ammonium (26-28 %), chemical oxygen demand (43-53 %) and total organic carbon
(31-42 %) concentrations within 5-10 days. These findings demonstrate the potential of microalgae cultivation
as a combined digestate treatment and biomass production strategy for biogas systems based on fish sludge.

1. Introduction

Biogas production in Norway is expected to increase by three-fold in the next five years, due especially to
increased utilization of waste streams from food production to improve the environmental performance of these
systems (Sammut, F. et al., 2019). This generates large volumes of by-product digestate that are rich in
ammonium, phosphorus, dissolved organic carbon, and micronutrients (Viancelli et al., 2023). Digestate has
traditionally been used as soil enhancer (Viancelli et al., 2023); however, there are challenges associated with
its transport and storage due to its high water content and limited application area in some parts of Norway.
Therefore, alternative methods for utilization of digestate are necessary. Microalgae cultivation is a promising
strategy for digestate valorisation (Romagnoli et al., 2024; Mirizadeh et al., 2023), offering simultaneous nutrient
removal and production of biomass suitable for biofuels, feed ingredients, extraction of high value compounds
(e.g. pigments, antioxidants, omega-3 fatty acids) and other bioproducts (Resman et al., 2023; Romagnoli et
al., 2024; Xie et al., 2023). Economic and environmental benefits of coupling biogas production with microalgae
cultivation depend on optimization and technological development of the microalgae cultivation process
(Romagnoli et al., 2024). However, the complex and varying chemical composition of digestate including
elevated ammonium concentrations and variable levels of potential inhibitory metals can impose physiological
stress on algal cells and limit productivity (Collos and Harrison, 2014; Miao et al., 2005; Parveen and
Selvasembian, 2026; Xu et al., 2025). Microalgae are a diverse group of organisms with highly different
cultivation requirements and tolerance levels of nutrient sources, nutrient concentrations, pH, temperature,
salinity and heavy metal content. This study focused on the cultivation of the green freshwater microalga
Chlorella sorokiniana in digestate from fish sludge. The C. sorokiniana UTEX B2805 strain originates from an
algae bloom in a wastewater stabilization pond at a treatment facility in Mexico and has previously been reported
as a strain that can remove ammonium efficiently from wastewater, especially at high light intensity (de-Bashan
et al., 2008). Enhanced photosynthetic activity at higher light intensities may support ammonium assimilation by
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increasing the energy and carbon resources required for Glutamine Synthetase — Glutamate Synthase (GS-
GOGAT)-driven nitrogen metabolism (Ariz et al., 2013, 2010; Fortunato et al., 2023; Hong et al., 2021; Setién
etal., 2013). If not efficiently converted to amino acids (AAs), high levels of ammonium can be toxic for microalga
with effects including damage to the photosynthetic apparatus, growth inhibition and even cell death (Collos and
Harrison, 2014; Salbitani and Carfagna, 2021; Wang et al., 2019). Biogas production using fish sludge is
currently (2024) at 17 GWh in Norway (Norwaste, 2024) and is expected to increase to 164 GWh in the future.
In this context, C. sorokiniana’s ability to convert liquid digestate resulting from biogas production from fish
sludge into nutritious biomass while simultaneously removing nutrients from the digestate was investigated.

2. Material and Methods
2.1 Preparation of liquid digestate as microalgae growth medium

Liquid digestate derived from fish sludge sampled from a biogas plants in Norway was used as a microalgae
cultivation medium. Before use the digestate was sterilized by autoclaving at 120°C for 30 min and centrifuged
at 4200 rpm for 15 min. After centrifugation the supernatant was transferred to a sterile container.

2.2 Small-scale cultivation and growth measurements

Chlorella sorokiniana (UTEX B2805) was obtained from the culture collection of the University of Texas (UTEX).
The supernatant from section 2.1 was tested as a small-scale microalgae cultivation medium in concentrations
ranging from 10 to 100 % in 10 % increments. A standard microalgae growth medium (Conway medium
(Khatoon et al., 2014)) was included as a control and the cells were also maintained in this growth medium
before the start of all experiments. The pH of the growth media was adjusted to 7.5 - 8 with 2.5 M HCI
(supernatant from liquid digestate) or 1 M NaOH (Conway medium). For the small-scale experiments, the cells
were grown in 24-well plates (2 mL of culture in each well) at a starting concentration of 50,000 cells/mL at 20
°C and four different light intensities (50, 250, 500, or 1000 pymol photons m?2 s'). Growth was measured
indirectly by recording the daily increase in in vivo chlorophyll a fluorescence (IVF; Excitation: 460 nm; Emission:
680 nm) for one week. IVF was measured using a Tecan Spark plate reader (Tecan, Switzerland), and the
average IVF values from three biological replicates for each growth medium and light intensity were used to plot
growth curves. IVF sample values were blank-corrected with the corresponding growth medium at each light
intensity.

2.3 Medium-scale cultivation and measurements of growth, photosynthetic efficiency and AA profile of
the algae biomass

C. sorokiniana was cultivated in 1 L photobioreactors at 20°C and 450 pymol photons m-2 s-'. Growth medium
was the liquid digestate prepared for use as a microalgae cultivation medium in section 2.1-2.2 at a
concentration of either 50 or 100 %. The use of ammonium as a nitrogen source is known to lower the pH of
microalgae cultures (Collos and Harrison, 2014). To avoid additional acidification that could inhibit algae growth,
a low level of additional CO2 (0.05 %) was mixed into the pressurized air that was bubbled into the
photobioreactors. Cell numbers were recorded daily from four biological replicates for each growth medium by
manual counting using a Blrker-Tlrk counting chamber until the microalgae reached the stationary growth
phase. The photosynthetic (photosystem Il) efficiency or F./Fm was measured daily at the end of a 5 min dark-
acclimation period using an Aqua-Pen-C (Photon Systems Instruments, Czech Republic). The algae biomass
was harvested by centrifugation after reaching stationary phase. The supernatants were stored at -20 °C and
the pellets were stored at -80°C. The AA profile of freeze-dried and ground algae material was analysed by
HPLC (Agilent Infinity 1260) using an online post-column derivatization module (Pickering Laboratories Pinnacle
PCX). Ninhydrin (Trione) was used as the derivatization reagent, and separation was performed on a Na™* ion-
exchange column. A total of 18 AAs, as well as ammonia and taurine, were quantified using calibration curves.
Prior to analysis, samples were hydrolysed in 6 M HCI containing 0.4 % mercaptoethanol for 24 h at 110 °C;
glutamine and asparagine were converted to glutamate and aspartate, respectively, and cysteine was quantified
as cystine. Tryptophan was not quantified because it is degraded during acid hydrolysis in 6 M HCI. The samples
were filtered, adjusted to pH 2.2, and further diluted with citrate buffer before HPLC analysis.

2.4 Chemical analyses

The concentration of macronutrients, micronutrients, total organic carbon (TOC) and the chemical oxygen
demand (COD) in the supernatant derived from the liquid digestate described in section 2.1, and in the
supernatant from the microalgae cultures described in section 2.3, were determined at the laboratory of Nemko
Norlab AS (Namsos, Norway).



3. Results

3.1 Growth of C. sorokiniana in small scale in different concentrations of liquid digestate and light
intensities

Small-scale experiments with C. sorokiniana cultivated at different concentrations of liquid digestate and light
intensities revealed that the digestate could support algae growth at all the tested conditions (Figure 1). In
general, lower concentrations of digestate resulted in a more rapid growth between day 1 and 3 (exponential
phase) compared to higher concentrations, whereas the cells grown at higher concentrations stayed in the
exponential growth phase longer.

At the end of the growth experiments the IVF signal indicated that a similar biomass was achieved for all
cultivation conditions except for the highest light intensity where low concentrations of digestate resulted in less
biomass (Figure 1d).
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Figure 1: Growth curves for small-scale cultivation of C. sorokiniana in different concentrations (%) of liquid
digestate at a light intensity of a) 50; b) 250, ¢) 500 and d) 1000 umol photons m s.

3.2 Growth, photosynthetic performance and AA content of C. sorokiniana using medium-scale
cultivation in 50 and 100 % liquid digestate

As indicated by the small-scale experiments, C. sorokiniana was also able to grow in 50 and 100 % liquid
digestate at medium-scale, but the high concentrations caused prolonged lag phases for two out of four cultures
cultivated with 50 % liquid digestate and all cultures cultivated in 100 %.

As a consequence, the cultures grown in 50 % liquid digestate reached stationary phase at different time points
and were therefore also harvested at different time points (day 5 and day 9; Figure 2a). The cultures cultivated
in 100 % digestate were all harvested after 10 days of growth (Figure 2a). At the time of harvesting the average
total AA content was 53.1 % of dry weight (48.0 % essential AA) and 59.2 % of dry weight (44.5 % essential
AA) for C. sorokiniana cultivated in 50 and 100 % digestate, respectively (Table 1). The photosynthetic efficiency
(FvW/Fm) for day O of the cultivation period was high (Figure 2b), but this measurement was performed before
addition of the cells to the digestate used as growth medium.

A significant drop in Fv/Fm took place between day 0 and day 1 for all cultures. The cultures grown in 50 %
digestate started to recover on day 2, whereas the cultures grown in 100 % digestate displayed low Fv/Fm values
for a longer period of time (Figure 2b). The F\/Fm values decreased again during the stationary phase.
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Figure 2: a) Growth curves and b) Photosynthetic efficiency (F./Fm) as a result of medium-scale cultivation of
C. sorokiniana in 50 and 100 % of liquid digestate at a light intensity of 450 umol photons m2 s,

Table 1: AA profile of C. sorokiniana as a result of medium-scale cultivation in 50 and 100 % of liquid digestate
at a light intensity of 450 umol photons m2 s™.

AA 50 % digestate, % AA (dry weight) 100 % digestate, % AA (dry weight)
Taurin 0.0+£0.0 0.0+£0.0
Methionine sulfoxide 0.0+£0.0 0.0+£0.0
Hydroxyproline 0.1+£0.03 0.0+£0.0
Aspartic acid + Asparagine 4.4 +0.2 46104
Threonine 25+0.0 26+0.1
Serine 2901 3.1+£02
Glutamic acid + Glutamine 7.7 £ 0.9 10.7+0.2
Proline 25+01 26102
Glycine 29+0.2 3.7+0.3
Alanine 56+04 6.9+0.3
Cystine (Cys-Cys) 0.0+0.0 0.0+0.0
Valine 3.2+0.1 3.3+0.2
Methionine 1.2+0.2 14+0.0
Isoleucine 27+0.2 26+0.1
Leucine 46+0.1 44+0A1
Tyrosine 1.6+£0.1 1.3+0.1
Phenylalanine 25+01 22+02
Histidine 0.9+0.1 1.0+£0.0
Hydroxylysine 0.0+0.0 0.0+0.0
Lysine 45+0.3 53+02
Tryptophan n/a n/a
Ammonia 1.5+0.1 2.0+01
Arginine 3.4+01 3.5+0.5
% EAA av AA 48.0 44.5

SUM (AA only) 53.1+1.3 59.2+1.9
SUM (AA + ammonia) 546+14 61.2+1.9

Table 2: Nitrogen, COD and TOC in the liquid digestate before and after microalgae cultivation. The values for
the concentrations after microalgae cultivation are presented as the average of four biological replicates.

Before microalgae After microalgae Removal (%)
cultivation cultivation (50/100 % digestate)
(50/100 % digestate) (50/100 % digestate)

Total nitrogen (mg N/L) 495/990 343/763 31/23

Ammonium (mg N/L)  460/920 330/685 28/26

Nitrate + Nitrite (mg N/L)<0.95/ <0.95 1.3/1.3 n/a

COD (mg/L) 3050/6100 1425/3450 53/43

TOC (mg/L) 800/1600 553/923 31/42

3.3 Chemical content of the liquid digestates before and after microalgae cultivation

The digestate contained all nutrients and trace metals typically included in a standard algae growth medium (N,
P, Fe, Mn, Co, Cu, Zn, Mo (data not shown). In which form P was present, was not determined, but N was
completely dominated by ammonium N (93 % of total N) (Table 2). Ammonium, COD and TOC were present at
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very high concentrations in the liquid digestate, but at the end of the cultivation period (5-10 days depending on
the length of the lag phase), the algae had removed around 26-28 % of the ammonium, the COD was reduced
by 43-53 % and the amount of TOC had declined by 31-42 % (Table 2).

4. Discussion

Autoclaving of the digestate ensured controlled experimental conditions at laboratory scale, but this sterilization
method is not scalable to industrial applications. Autoclaving might also have increased the bioavailability of
dissolved organic carbon (potentially enhancing mixotrophic growth of C. sorokiniana) and caused loss of
nitrogen through NH; volatilization, meaning that the results are not directly transferable to industrial conditions.
However, C. sorokiniana UTEX B2805 displayed an extreme tolerance and ability to acclimate to high
ammonium concentrations (up to 920 mg N/L as ammonium). This is higher than the reported tolerance level of
the C. sorokiniana hact (high ammonium concentration tolerance) strain where the highest tested concentration
was 778 mg N/L as ammonium (1000 mg/L ammonium) (Xu et al., 2025). C. sorokiniana hact was able to
remove 35 mg/L/day of ammonium per day during a 7-day cultivation period (Xu et al., 2025), whereas the
equivalent number for C. sorokiniana UTEX B2805 strain was 23.5 mg/L/day over a 10-day period including an
extended lag phase (Table 2; Figure 2a). Growth of C. sorokiniana hact was not inhibited in the study by Xu and
coworkers (Xu et al., 2025) even at high ammonium concentrations, a feature that was explained by the ability
to alleviate high ammonium stress by inhibiting ammonium uptake. The growth inhibition of C. sorokiniana UTEX
B2805 in higher percentages of digestate, as indicated by both the small and medium-scale experiments (Figure
1; Figure 2a), and the low photosynthetic efficiency (Figure 2b) after transferal of the algae cells to the
ammonium-rich digestate, indicates that sudden exposure to high ammonium levels (and also other possible
growth inhibiting compounds in the digestate) caused significant stress and transient damage to the
photosynthetic apparatus of this strain of C. sorokiniana. Reduced photosynthetic performance and growth
inhibition as a result of high ammonium concentrations are commonly observed in photosynthetic organisms
(Collos and Harrison, 2014; Farahin et al., 2021; Wang et al., 2019). Despite the initial growth inhibition, the
microalgae reached high cell concentrations at the end of the cultivation period (Figure 2a). A prolonged lag
phase at high digestate concentrations may limit productivity at industrial scale, but using a C. sorokiniana
inoculum pre-acclimated to high ammonium concentrations could help reduce the start-up time of the culture.
The high total AA level and the high fraction of essential AA in the microalgae biomass produced in this study
(Table 1) prove that valuable biomass can be produced using digestate as a growth medium. In addition to
supporting robust growth of C. sorokiniana UTEX B2805 and the production of protein-rich biomass through
ammonium assimilation, cultivation on liquid digestate resulted in a substantial reduction of TOC and COD,
implying that the organic carbon present in the growth medium can be utilized for biomass production of C.
sorokiniana. The reduction of nitrogen and organic carbon from the digestate suggest an easier discharge of
used digestate streams into natural environment considering Best Available Techniques-Associated Emission
Levels. The nutritious C. sorokiniana biomass could potentially be further utilized as animal feed or food
ingredients. However, biomass produced using animal-derived waste as growth medium is currently only
allowed to be used in the production of products like biofuels, biofertilizers and bioplastics (Verdelho Vieira et
al., 2022).

5. Conclusions

This study demonstrates that Chlorella sorokiniana UTEX B2805 can be cultivated directly in liquid digestate
from fish-sludge—based biogas production, tolerating ammonium concentrations up to 920 mg N/L and
producing protein-rich biomass under controlled photobioreactor conditions. Although high digestate
concentrations caused transient reductions in photosynthetic efficiency and prolonged lag phases, the cultures
acclimated and achieved total AA contents of 53—-59 % of dry weight, with 45-48 % essential AAs. During 5-10
days of cultivation, 26-28 % of ammonium-N, 43-53 % of COD, and 31-42 % of TOC were removed,
demonstrating simultaneous biomass production and digestate remediation. In a Norwegian context, where
biogas production from fish sludge is expected to increase substantially in the future and generate growing
volumes of nutrient-rich digestate, these results highlight microalgae cultivation as a biological treatment
possibility of liquid digestate. The demonstrated robustness of C. sorokiniana UTEX B2805 supports its potential
integration into biogas facilities to reduce the nutrient load of the liquid digestate, while converting this side
stream to a nutritious biomass.
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