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Abstract
The aim of the study was to investigate the potential of microalgal cultivation on anaerobic liquid digestate as a growth medium.
The two methods of liquid digestate treatment including centrifugation and distillation and the two algal strains (Chlorella
vulgaris and Arthrospira platensis) were compared. Additionally, the volume of the liquid digestate used to prepare the culture
medium constituted from 10 to 50% of the medium volume. The study demonstrated that the highest C. vulgaris and A. platensis
biomass productions of 2490 mg TS/L and 2990 mg/L, respectively, were obtained by adding 50% of distilled digestate to a
growth medium. Regarding centrifuged liquid digestate, only 10% dilution was required to obtain the maximum final biomass
concentration. A. platensis removed 81.1% and 66.4% of the total nitrogen from medium prepared on distilled and centrifuged
digestate, respectively, whileC. vulgaris ensured 64.1% and 47.1% of removal, respectively. The phosphorus removal from both
culture media was higher than 94.2%withA. platensis, while it was 70.4% from distilled and 87.4% from centrifuged media with
C. vulgaris. The study confirmed a great potential of microalgal biomass production on anaerobic liquid digestate with a high
treatment efficiency of digestate.
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Introduction

A new 2030 Framework for climate and energy sets the targets
and policy objectives aiming to help the EU countries achieve
a more competitive, secure, and sustainable energy system, as
well as to meet its long-term 2050 greenhouse gas reduction
target. To achieve these goals, significant investments need to
bemade in the new low-carbon technologies and the advanced
technologies for energy and fuel production.

Today, the use of biomass is regarded as the global per-
spective for the future bioenergy production [1]. In 2017, all
types of biomass collected in Europe for bioenergy purposes
were accounted for about 144 Mt of oil equivalent [2]. The
European bioenergy sector applies a wide range of technolo-
gies and processes to exploit the energetic potential of the
biomass feedstocks, but anaerobic digestion (AD) is the main
conversion pathway to turn wet biomass feedstocks into valu-
able biogas [3]. However, it is often overlooked that AD
plants generate large quantities of digestate that need to be
utilized in environment-friendly and economic manner [4,
5]. Digestate is the remaining part of organic matter treated
by AD, rich in macro- and micro nutrients, nitrogen, and
phosphorus, which composition is highly dependent on the
feedstock used for AD [6]. Many European countries do not
have any legislation concerning digestate, resulting in barriers
to the use of it in agriculture, forestry, or land restoration [7].
Thus, for the wider adoption of AD technology in the short
term, methods for economic digestate processing andmanage-
ment should be developed.

Digestate separation into solid and liquid fraction may help
the management of digestate, and which are characterized by
different properties and bio-availabilities. Generally, the solid
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fraction contains less water, up to 86% of organic matter and
about 75% of phosphorus [6, 8]. As the solid fraction is easily
transported and stored, it can be directly used as a phosphorus-
rich fertilizer or soil conditioner in agriculture, converted to
valuable products such as pyrochar and nanocellulose, as well
as dried and pelletized for energy recovery [9]. The liquid
fraction is more difficult for processing, and cannot be
discharged directly into the water reservoirs. The liquid frac-
tion constitutes 80–90% of digestate, is rich in nitrogen, espe-
cially in ammonia nitrogen and potassium [7]. The treatment
technologies of the liquid digestate mainly concern membrane
separation, evaporation, and stripping, but unfortunately,
these require high energy input [8]. As an alternative solution,
the microalgae cultivation in liquid digestate may be the
cheaper management option.

Currently, the use of liquid digestate as a substrate for
microalgae growth medium has attracted much attention as a
wastewater treatment technology with the simultaneous sus-
tainable microalgae biomass feedstock production [10–13].
Microalgae have the ability to efficiently utilize nutrients from
liquid fraction of digestate, and mixotrophic cultivation may
enhance inorganic and organic carbon removal, while provid-
ing biomass for bioenergy applications [8]. However, today’s
costs of microalgae cultivation are too high to allow commer-
cial applications [7, 14]. Thus, there is a need for overcoming
the limitations to upgrade algal fuel production from pilot to
commercial level. A major challenge for the effective
microalgae production is the liquid digestate treatment to con-
trol the high turbidity of digestate, high and unbalanced nutri-
ents concentrations, content of competing microorganisms,
and the potential toxicity caused by organic compounds and
ammonia concentrations [7, 10, 15].

Liquid anaerobic digestate is a very complex mixture of
dissolved substances [16, 17]. Apart from biodegradable or-
ganic matter and nutrients, such as nitrogen and phosphorus
compounds, it contains a whole range of micropollutants,
heavy metals, substances resistant to biodegradation and toxic
to microalgae, metabolites of anaerobic bacteria, competing
microorganisms, and color and turbidity [18, 19]. Due to the
heterogeneous and variable nature, it is difficult to use liquid
digestate as a growth medium for microalgae [20]. It is also
difficult to clearly define what factor has a decisive influence
on the biomass production. In many cases, they may be un-
identified substances, micropollutants, parasites, competing
organisms, or interactions between these factors [21]. It
should also take into account intra-population interactions
and the individual characteristics of the cultivated species
[22]. In technological practice, it is not possible to establish
the full range of dependencies and interactions affecting the
achieved technological effects. For this reason, most studies
focus on the main indicators such as chemical oxygen demand
(COD), total nitrogen (TN), total phosphorus (TP), pH, and
suspension concentration [23, 24]. On the other hand, there is

a need to search some technologically and economically via-
ble solutions that improve the quality of liquid digestate. It has
been also proven that ammonia nitrogen is the preferred nitro-
gen source for microalgae; however, its high concentrations
and high pH values may negatively affect photosynthesis and
the growth of microalgae [25–27]. Chlorophyll fluorescence
analysis revealed that the parameters related to flux ratios and
specific energy fluxes of photochemistry were gradually
inhibited as the free ammonia concentration increased [28].
Researchers suggested that free ammonia (FA) had multiple
impacts on the photosynthetic apparatus, photosystems I (PSI)
and II (PSII), the electron transport chain, the oxygen-
evolution complex, and the dark respiration that were gradu-
ally inhibited by increasing free ammonia concentration. At
high FA concentration, the PSI/PSII activity increased, sug-
gesting that PSI was more tolerant to FA than PSII [29].

In the study, the two methods of liquid digestate treatment
including centrifugation and distillation were explored.
Furthermore, the capability of different algal strains to exploit
nutrients (total nitrogen, total phosphorus, organic com-
pounds) from treated digestate was evaluated using different
digestate concentration. The tested algal strains were
Chlorella vulgaris and Arthrospira platensis.

Materials and Methods

Microalgae Inoculum, Cultivation, and Experimental
Organization

Chlorella vulgaris UTEX 2714 and Arthrospira platensis
UTEX LB2720 originated from UTEX Culture Collection of
Algae (University of Texas, Austin, USA). The biomass of
microalgae was initially adapted for a period of 100 days to
the liquid anaerobic digestate medium obtained from agricul-
tural biogas plant in the hybrid photobioreactors with an active
volume of 2.0 m3 [30, 31].

Liquid algal cultures were grown in the closed, vertical,
tubular photobioreactors with an active volume of 2.4 L (inner
diameter 70 mm and 660 mm working height) made of trans-
parent plexiglass with continuous fluorescent lighting (700 lx
cool-white light, Osram, Germany). The temperature of the
culture was maintained at 23.0 ± 2.0 °C using a TERMIO-1
(TERMOPRODUKT) temperature recorder with a PT1000
temperature sensor. Compressed air was delivered continuously
at 200 L/h (Mistral 200, AquaMedic) to a valve (4 mm internal
diameter) located at the bottom of the reactors by a silicone hose
(5 mm internal diameter). This ensured appropriate mixing of
the culture medium, homogeneity of conditions in the entire
reactors volume, and CO2 supplying to the culture.
Microalgae cultivation was carried out for 14 days. In all ex-
perimental variants, the initial microalgae biomass concentra-
tion reached 250 ± 79 mg total solids (TS)/L.
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The anaerobic digestate was obtained from agricultural bio-
gas plant operated in a technical scale with maize silage and
distillery stillage. The operating parameters of the biogas plant
are as follows: hydraulic retention time—40 days, organic
loading rate—2.4 kg volatile solids (VS)/m3·day, anaerobic
sludge concentration—5.0 g TS/L, temperature—40 °C.
Before using as a nutrient medium, anaerobic digestate was
treated. In series 1, digestate was centrifuged (MPW-251,
Donserv, 5000 rpm for 5 min) and then pasteurized (30 min,
90 °C). In series 2, digestate was distilled at 100 °C in distil-
lation flasks with the working volume of 200 cm3. The con-
densers were cooled by running cold tap water around them,
and the condensates were collected in flasks. The characteris-
tics of the liquid digestates (crude and after treatment) are
shown in Table 1.

The study organization is described in Table 2. The exper-
imental stages differed in the microalgae inoculum: stage 1
with Chlorella vulgaris, stage 2 with Arthrospira platensis.
Depending on the digestate treatment method, the experi-
ments were divided into the two series. In the experimental
variants, the volume of liquid digestate used to prepare the
culture medium constituted from 10 to 50% of the medium
volume. For dilution of the liquid digestate, deionized water
was used. As a control, Chlorella vulgaris and Arthrospira
platensis cultivation on a synthetic medium without adding
any liquid digestate was done. The synthetic medium compo-
sition is shown in Table 3. Table 4 shows the composition of
the culture media prepared on centrifuged liquid digestate
(CLD) and distilled liquid digestate (DLD), as well as the
control media used in the individual variants.

Analytical Methods

Algae cells were harvesting by preliminary sedimentation
followed by centrifugation (MPW-251, Donserv, 5000 rpm
for 10 min). The gravimetric method was used to determine

TS and VS in the solid fraction of digestate and culture medi-
um. In supernatant of the digestate and in the culture medium
at the beginning and at the end of experiment, the following
analyses were determined: biochemical oxygen demand
(BOD5) using Oxi-Top Control system (WTW, Germany),
chemical oxygen demand (COD), total phosphorus (TP), or-
thophosphate (P-PO4), total nitrogen (TN), ammonia nitrogen
(AN) using a DR 5000 spectrophotometer with an HT 200 s
mineralizer (Hach-Lange, Germany). The pH of aqueous so-
lutions was determined with a pH-meter (1000 L, VWR,
Germany). Light intensity in photobioreactors was measured
by luxmeter NL-100 (Hanna Instruments, USA). The taxo-
nomic identification of microalgae biomass was conducted
at microscope magnifications of: 1.25 × 10 × 40 or 1.25 ×
10 × 100 and with using algae analyzer BB Moldaenke
(Germany).

Statistical Methods

All experimental variants were repeated three times. The re-
sults were processed statistically with the Statictica 12.0 PL
package (StatSoft, Inc.). The hypothesis on the distribution of
each analyzed variable was verified based on the W Shapiro-
Wilk’s test. One way analysis of variance (ANOVA) was
conducted to determine the significance of differences be-
tween the variables. The homogeneity of variance in groups
was tested with Levene’s test, whereas Tukey’s RIR test was
used to determine the significance of differences between the
analyzed variables. In all tests, differences were considered
significant at p = 0.05.

The formulas that can predict the biomass concentration
depending on the culture medium characteristic were devel-
oped during the study. A multiple regression model using a
stepwise progressive regression algorithm was used to identi-
fy the relevant predictor variables in the formulas, among the
investigated variables by Statistica 12.0 PL package (Statsoft,
Inc.) [32, 33]. Then, the residual analysis was carried out to
validate the regression models.

Results and Discussion

Culture Medium Characterization

The treated liquid digestate was diluted with deionized water
within the range of 10–50% (by volume) as shown in Table 2.
Dilution reduced nutrient concentration and COD concentra-
tion in the culture media compared to undiluted liquid
digestate. The characterization of the culture media used in
all experimental variants is shown in Table 4.

The differences in nutrient concentration in the culture me-
dia resulted from the treatment method used. Culture media
prepared with centrifugation process of digestate (CLD)

Table 1 Characterization of crude digestate (CD) and pretreated
digestate: centrifuged liquid digestate (CLD), distilled liquid digestate
(DLD) (average ± SD; n = 3)

Component Unit Liquid digestate:

CD CLD DLD

TS mg/L 12,740 ± 260 240 ± 30 21 ± 4

COD mg O2/L 8190 ± 170 4740 ± 90 1370 ± 20

BOD5 mg O2/L 3960 ± 90 2030 ± 70 460 ± 30

TN mg N/L 3710 ± 100 2620 ± 30 2150 ± 110

AN mg N-NH4/L 2540 ± 70 1480 ± 20 1450 ± 40

TP mg P/L 350 ± 20 270 ± 40 6,0 ± 2,0

P-PO4 mg P-PO4/L 240 ± 10 210 ± 10 4,0 ± 1,0

pH - 6.9 ± 0.4 7.0 ± 0.2 7.1 ± 0.1
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contained much higher concentrations of total phosphorus
compared to the media prepared with distillation method
(DLD); however, higher dilution rates decreased the differ-
ences. In variant 1, the concentration of TP in CLD medium
was higher by 80.3% (digestate dilution of 50%), while in
variant 5, it was only by 7.5% (digestate dilution of 10%).
Phosphates constituted 93.1–97.7% of TP in DLD media,
while it was in the range from 76.6 to 83.8% in CLD media.
The differences in the total nitrogen concentration between
CLD and DLD media were not significant (p > 0.05) in vari-
ants 2–4. In variant 1, TN concentration was higher by 12.3%

in CLDmedium, while in contrast in variant 5, it was 20.4% in
DLD medium. Nitrogen in CLD and DLD media was mainly
in the form of ammonia, which is the preferred source of
nitrogen for microalgae metabolism [34]. The concentrations
of ammonia in CLD and DLD media were similar in variants
1–3, but significantly higher ammonia concentrations
(p < 0.05) by 14.1% and 26.3% in DLD media than in CLD
media were noted in variants 4 and 5, respectively.

The N/P ratio in CLDmedia ranged from 7.9 in variant 5 to
9.5 in variant 1. In DLD media, it was definitely higher and
ranged from 10.3 in variant 5 to 42.4 variant 1; thus, nitrogen
was in excess with respect to the phosphorus concentration in
DLD media. The culture medium used as a control for
C. vulgaris and A. platensis growth differed from CLD and
DLD media; however, the N/P ratio in the both control media
was about 6.

The cultivation media based on centrifuged digestate
(CLD) contained higher concentrations of COD in all exper-
imental variants compared to the media prepared with distil-
lation method (DLD) (Table 4). In mixotrophic growth, algae
can uptake a part of organic carbon for photosynthesis and
other metabolic pathways to reduce soluble COD in the
growth medium [35]; however, high concentrations of COD
reduce transparency of the medium and increase turbidity,
which limit light penetration into the medium. Organic com-
pounds reduced the production of photosynthetic pigments by
algae; thus, the rate of photosynthesis and biomass production
is also reduced [36].

Microalgal Growth

As shown in Fig. 1, the treatment method of liquid digestate
contributed the yield of microalgal growth. Both C. vulgaris
and A. platensis grew well in liquid digestate without a lag
period, which may indicate that the microalgae readily
adapted to the media composition.

Cultivation media based on centrifuged digestate (CLD)
contained higher concentrations of COD in all experimental
variants compared to the media prepared with distilled

Table 2 The study organization
Stage 1 Stage 2

Chlorella vulgaris Arthrospira platensis

Series I—centrifugation Series II—distillation Series I—centrifugation Series II— distillation

Range of dilution: Range of dilution: Range of dilution: Range of dilution:

Variant 1 50% Variant 1 50% Variant 1 50% Variant 1 50%

Variant 2 40% Variant 2 40% Variant 2 40% Variant 2 40%

Variant 3 30% Variant 3 30% Variant 3 30% Variant 3 30%

Variant 4 20% Variant 4 20% Variant 4 20% Variant 4 20%

Variant 5 10% Variant 5 10% Variant 5 10% Variant 5 10%

Control 0% Control 0% Control 0% Control 0%

Table 3 The synthetic medium composition used for microalgal
cultivation

Component Algal strains:

Chlorella vulgaris Arthrospira platensis
Concentration (g/L)

NaNO3 25 150

K2HPO4 7.5 4.0

KH2PO4 17.5 -

FeSO4·7H2O 5.0 -

MgSO4·7H2O 7.5 7.5

CaCl2·2H2O 2.5 3.6

NaCl2 2.5 -

C6H8O7·H2O - 0.6

C6H11FeNO7 - 0.6

Na2EDTA·2H2O 50.0 0.1

Na2CO3 - 2.0

H3BO3 11.42 2.86

MnCl2·4H2O 1.44 1.81

ZnSO4·7H2O 8.82 0.22

NiSO4·6H2O - -

Na2MoO4·2H2O - 0.39

CuSO4·5H2O 0.57 0.08

Co(NO3)2·6H2O 0.49 0.49

Na2S2O3·5H2O - 248.0
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digestate (DLD) (Table 4). In DLD series, the COD concen-
tration ranged from 194 ± 17 to 720 ± 41 mg O2/dm

3, while in
the CLD series from 512 ± 73 to 2383 ± 214 mg O2/dm

3. In
DLDmedium, COD concentration was not as high as in CLD,
and interestingly, there was an apparent positive relationship
between the initial COD concentration and the final biomass
production. In fact, the relatively low COD concentrations
(max. 720 mg O2/dm

3) in DLD did not have a significant
impact on biomass production inhibition, while the increase
in biomass production should be associated with the increas-
ing concentration of AN in subsequent variants.

During C. vulgaris cultivation in media based on centri-
fuged liquid digestate (CLD), the final mean biomass concen-
tration increased from 620 mg TS/L in variant 1 to 2060 mg
TS/L in variant 5. On the contrary, in media prepared with
distillation method (DLD), C. vulgaris showed a reduced
growth in variant 5 (970 mg TS/L), and the maximum bio-
mass yield of 2170 mg TS/L was obtained in the most con-
centrated medium (variant 1). Similar trend was observed dur-
ing A. platensis cultivation. The maximum final biomass con-
centration of 2490 g TS/L with CLDmediumwas achieved in
variant 5, while 2990 g TS/L with DLD medium in variant 1.
In the study, significantly higher biomass concentrations
(p < 0.05) in all experimental variants with the genus
A. platensis were obtained (Fig. 1.)

Figures 2 and 3 show the relationship between the initial
concentration of nutrients (AN, P-PO4) and organic com-
pounds (as COD) in the culture medium and the final biomass

concentration. Generally, higher COD concentration reduced
the growth of C. vulgaris and A. platensis when using CLD
medium. It may be attributed to stronger color and turbidity of
the medium by suspension of organic compounds that may
limit the light availability and therefore reduce microalgal
growth [37]. In DLD medium, COD concentration was not
as high as in CLD, and interestingly, there was a positive
relationship between the initial COD concentration and final
biomass production. It could be associated with the presence
of microbial communities from inoculum that may enhance
the growth of microalgae [38]. Bacterial cultures were intro-
duced into photobioreactors along with the inoculum from a
hybrid photobioreactors, where the biomass was cultivated
and adapted to anaerobic digestate. The microbial cultures
were composed of autotrophic nitrifying bacteria, ammonia-
oxidizing bacteria (AOB), and nitrite-oxidizing bacteria
(NOB). AOB belonged to five groups: Nitrosomonas,
Nitrosococcus , Nitrosospira , Nitrosovibrio , and
Nitrosolobus, while the NOB included Nitrobacter,
Nitrospina, and Nitrococcus. The taxonomic composition
was complemented by heterotrophic bacteria of the following
genera: Achrombacter, Aerobacter, Bacillus, Pseudomonas
stutzeri, Pseudomonas celsis.

Regarding AN concentration, there was an inverse correla-
tion when using CLD medium and a positive with DLD me-
dium (Fig. 2 and Fig. 3). In CLD series, a high concentration
of ANwas correlated with a high concentration of COD in the
culture medium, which limited the development of

Table 4 Characterization of the cultivation media prepared on centrifuged liquid digestate (CLD) and distilled liquid digestate (DLD) used in
individual variants

Component Unit Series I—CLD

Variant 1 Variant 2 Variant 3 Variant 4 Variant 5 Control stage 1 Control stage 2

TS mg/L 122±21 97±17 70±9 51±11 23±5 0±0 0±0

COD mg O2/L 2383±214 1920±202 1439±173 982±102 512±73 42±14 61±7

BOD5 mg O2/L 1031±99 817±63 622±71 437±37 245±31 30±9 50±3

TN mg N/L 1402±134 1147±105 903±72 660±50 421±21 168±24 317±17

AN mg N-NH4/L 784±39 651±52 511±47 368±26 228±31 90±13 163±11

TP mg P/L 147±17 123±19 111±13 78±9 53±10 28±6 52±9

P-PO4 mg P-PO4/L 119±13 103±16 85±11 63±7 44±10 26±4 51±7

pH - 7.0±0.2 7.1±0.1 7.0±0.1 7.0±0.2 7.1±0.2 7.1±0.1 7.0±0.1

Component Unit Series II—DLD

Variant 1 Variant 2 Variant 3 Variant 4 Variant 5 Control stage 1 Control stage 2

TS mg/L 11±3 4±1 3±0,5 1±0,5 1±0,5 0±0 0±0

COD mg O2/L 720±41 591±35 450±19 327±12 194±17 42±14 61±7

BOD5 mg O2/L 255±36 220±25 177±13 130±9 92±7 30±9 50±3

TN mg N/L 1230±121 1062±109 871±63 686±51 507±39 168±24 317±17

AN mg N-NH4/L 806±63 680±37 549±31 420±23 288±16 90±13 163±11

TP mg P/L 29±3 33±7 39±11 43±10 49±13 28±6 52±9

P-PO4 mg P-PO4/L 27±3 32±6 37±12 42±11 47±10 26±4 51±7

pH - 7.2±0.1 7.1±0.1 7.1±0.2 7.0±0.2 7.1±0.1 7.1±0.1 7.0±0.1
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autotrophic nitrifying bacteria and contributed to the mainte-
nance of a high concentration of AN in the environment. The
efficiency of AN removal in the CLD series was very low,
from about 18 ± 5.1% (Chlorella vulgaris) to 41 ± 4%
(Arthrospira platensis) at the highest initial AN concentration
(Fig. 4). In the DLD series, the opposite correlation was ob-
served. The relatively low concentration of COD allowed for
the growth of Nitrosomonas and Nitrobacter bacteria, and the
concentration of AN was quickly reduced (the removal effi-
ciency ranged from approximately 37 ± 1.1% with Chlorella
vulgaris to more than 71 ± 8%with Arthrospira platensiswith
the highest initial AN concentration (Fig. 4). Thus, the inhib-
itory initial concentrations of AN were effectively reduced by
symbiotic transformations of nitrifying bacteria and the
growth of microalgae. According to the literature, the algal-
bacterial consortia have become particularly attractive for

wastewater treatment plants over the past few years because
they efficiently produce molecular oxygen, which is utilized
in organic removal and significantly intensifies nitrification
[39–42]. The literature data shows that microalgal growth
was significantly affected by ammonium, but the microalga
in mixotrophic cultivation shows better growth and stronger
tolerance to higher ammonium. The microalgal proteins were
increased by increasing nitrogen concentration [43].

This study confirmed the need for digestate treatment. The
media prepared with distilled digestate mostly stimulated
microalgal growth when they were concentrated. The highest
C. vulgaris and A. platensis biomass production was observed
with the most concentrated DLDs (50% digestate, variant 1).
In turn, to obtain the efficient growth of microalgae using
CLD medium, the dilution of digestate was required. In the
study, CLD media were tested in different concentrations

a b

c d

Fig. 1 Increase in biomass concentration during all experimental time achieved in individual variants (a—stage 1, series 1; b—stage 1, series 2; c—stage
2, series 1; d—stage 2, series 2)
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(from 10 to 50% digestate in the culture medium), and the
highest microalgae biomass concentration was obtained with
the highest dilution (10% digestate, variant 5). The literature
data show that an appropriate dilution of the liquid digestate is
an important factor when using them for microalgae produc-
tion, and it is defined as being between 30 and 50% [44–47]. If
the medium is too dense, the light penetration is limited and
the culture is inhibited by ammonia nitrogen, whereas if it is
too dilute, the nutrient levels are insufficient [36]. In the study,
there was no difference (p > 0.05) between the maximum final
mean biomass yield of C. vulgaris cultivated on CLD (variant
5, 10% digestate) and on DLD (variant 1, 50% digestate) (Fig.
1). In turn, the difference in the maximum A. platensis bio-
mass production using centrifuged and distilled liquid
digestates was significant (2490 mg TS/L vs. 2990 mg TS/
L, p < 0.05). It should be concluded that distillation of the
liquid digestate is an appropriate method for its treatment,
without the need for high dilution of the growth medium.

Despite the low biomass production obtained compared to
the control, the experiments demonstrated that both
C. vulgaris and A. platensis grew well on the liquid digestate.
Only in variant 1, series II (50% DLD), the final A. platensis

biomass concentration was equal to that measured in control
(p > 0.05). Other researchers found the maximum biomass
production ofChlorella sorokiniana of 12,000 mg TS/L using
anaerobically treated black water as a growth medium [48].
Yang et al. [49] achieved the maximum biomass concentra-
tion of Chlorella pyrenoidosa of 3.01 g/L using anaerobic
digested starch and alcohol wastewaters, while Tan et al.
[50] obtained 2.05 g/L biomass yield using the same genus
of algae and digestate. In turn, the maximum final biomass
production ofA. platensis grew 10 days on anaerobic digestate
from a commercial biogas plant based on plant residues ob-
tained from local agriculture was as low as 1.5 g TS/L [51].
Nonetheless, the comparison of the biomass yields achieved is
not straightforward, due to the different growth conditions
applied (e.g., light intensity, the experimental time, digestate
characteristic) significantly affecting the microalgae growth.

The multiple regression models were developed to indicate
variables significantly affecting the final microalgae biomass
yield. The estimated values of biomass concentrations in the
equations in relation to the results obtained in the experimental
works were very high (coefficients of determination from
R2 = 0.9213 to R2 = 0.9814), which indicated the correctness

ba

c d

Fig. 2 Relationship between the initial concentration of organic compounds (as COD), ammonia nitrogen (AN) and orthophosphates (P-PO4) in the
culture medium, and the final biomass concentration (a—stage 1, series 1; b—stage 1, series 2; c—stage 2, series 1; d—stage 2, series 2)
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of the assumptions made and the practical value of the opti-
mization procedure. The regression equations for the estima-
tion of the final biomass production with determination coef-
ficient (R2) and standard error (SE) in all experimental stages
are calculated for stage 1, series 1 (Formula 1, R2 = 0.9767,
SE = 85.001); stage 1, series 2 (Formula 2, R2 = 0.9763, SE =
72.478); stage 2, series 1 (Formula 3, R2 = 0.9814, SE =
62.592); and stage 2, series 2 (Formula 4, R2 = 0.9213, SE =
181.040):

BC ¼ −5:970ANþ 21:259P−PO4 þ 0:113COD

þ 2490:921 ð1Þ
BC ¼ −3:0408ANþ 0; 5406P−PO4 þ 5:4278COD

þ 748:9154 ð2Þ

BC ¼ −8:130N−NH4 þ 27; 039P−PO4

þ 0:609CODþ 2809:490 ð3Þ
BC ¼ 5:5291AN−4:1606P−PO4−2:4034COD

þ 527:5946 ð4Þ

where BC—the final biomass concentration (mg DW/L),
AN—the initial ammonia nitrogen concentration in a growth
medium (mg/L), P-PO4—the initial orthophosphate concen-
tration in a growth medium (mg/L), and COD—the initial
COD concentration in a growth medium (mg/L).

Fig. 3 Relationship between the biomass concentration and the initial concentrations of COD and AN

�Fig. 4 Effectiveness of nutrients removal from the culture medium
achieved in individual variants (a—stage 1, series 1; b—stage 1, series
2; c—stage 2, series 1; d—stage 2, series 2)
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The graphical presentation of the models is in Fig. 5. The
regression analysis confirmed a statistically significant linear
relationship between the observed concentration of biomass
and the predicted biomass yield in all experimental variants.

Nutrient Removal and Digestate Treatment Efficiency

Microalgae biomass production was accomplished by taking
up nutrients; thus, nitrogen and phosphorus removal from the
culture medium was observed during the study. The nutrient
as well as organic compound removals (as the percentage
amount of compounds removed to the initial value in a growth
medium) were assessed (Fig. 4).

During C. vulgaris cultivation, the total nitrogen (TN) re-
moval in the control achieved 52.3% which indicate that ni-
trogen was in excess in a growth medium. The highest TN
removal of 64.1% was achieved in variant 5 using CLD me-
dium, and the efficiency dropped gradually to 9.2% as the
concentration of CLD increased to 50% (variant 1) (Fig. 4).
When using DLD medium, there was no relationship between
the digestate concentration in the medium and the efficiency
of nitrogen removal. In variant 5, the maximum TN removal
of 47.1% was similar to those obtained in the control
(p > 0.05). In variants associated with the highest biomass
production (variant 1 and variant 2), TN removal achieved
about 40%. A similar tendency was observed in cultivation
of A. platensis. In variants using CLD media, the efficiency of

Fig. 5 Relationship between the observed and the predicted values of biomass concentration in the experimental
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TN removal increased with the increasing degree of the
digestate dilution within the range from 21.8% (variant 1,
50% CLD) to a similar level that obtained in the control
(81.1%, variant 5, 10% CLD). The reduction in total nitrogen
concentration in the media prepared on distilled liquid
digestate (DLD) was the highest in variants 1–3 (30–50%
DLD) ranging from 60.2 to 66.4%, which was about 20%
lower than that determined in the control. Regarding phospho-
rus, it was observed that the effectiveness of the total phos-
phorus (TP) removal decreased with increasing percentage
concentration of CLD in a culture medium (Fig. 4). In culti-
vation of C. vulgaris, TP removal ranged between 8.2% (var-
iant 1, 50% CLD) and 70.4% (variant 5, 10% CLD), while in
A. platensis cultivation, it was from 30.6% (variant 1, 50%
CLD) to 94.2% (variant 5, 10% CLD). A reverse relationship
was observed for DLD media, where phosphorus removal
increased with the concentration of DLD medium. The max-
imum TP removal when using DLD media was 87.4% by
C. vulgaris and 97.7% by A. platensis, and there were no
differences between the control (p > 0.050).

The organic compound removal effectiveness (as COD and
BOD5) of C. vulgaris and A. platensis is shown in Fig. 4. In
CLD medium, the highest COD removal was obtained with
C. vulgaris in variant 1 (58.0%), while with A. platensis, it
was 62.0% in variant 3. In all experimental variants with
C. vulgaris, higher organic compound removal was found than
in the control (p < 0.05), while during A. platensis cultivation,
there were no differences in COD removal (p > 0.05) between
experimental variants and the control. The COD removal effec-
tiveness in DLD medium by C. vulgaris ranged from 31 to
63%, which was significantly higher than those obtained in
the control (p < 0.05). In turn, COD removal between 17.8%
and 56.3% was achieved by A. platensis, and in variants 4 and
5, it was below a value achieved in the control (p < 0.05).
Higher COD removals achieved in experimental variants than
in the control suggested that dissolved organic compounds re-
leased during microalgal photosynthesis were low. However,
low efficiency of organic compound removal from CLDmedia
characterized by high initial COD and BOD5 concentrations
indicated that microalgae cultivation was not a sufficient treat-
ment method of the anaerobic liquid digestates.

The results showed that the treatment method of digestate
used to prepare a growth medium mostly influenced the nutri-
ent removal, and A. platensis was able to accumulate more
nitrogen and phosphorus than C. vulgaris. It was also found
that ammonia nitrogen concentration on the level of about
800 mg/L did not affect the microalgae growth, and moreover
ensured a maximum final biomass concentration of C. vulgaris
and A. platensis if the liquid digestate was initially distilled
(Table 4, Fig. 1). According to the literature, ammonium was
reported as a toxic for microalgal strains when its concentration
in a growth medium was above 100 mg/L [52]. Chlorella
sorokiniana was completely inhibited at ammonium

concentration of 210 mg/L [53], whereas Spirulina platensis
at 150 mg/L [54]. Using 50% of DLD medium allowed for
the maintenance of the highest biomass productivity of both
microalgae species, even though the N/P ratio in the culture
medium was 42.4. Despite this, higher dose of DLD to the
culture mediummay inhibit the microalgae growth due to phos-
phorus limitation, especially during Arthrospira platensis culti-
vation. It should be noted that the N/P ratio affects the
microalgae biomass productivity, and the required ratio is strict-
ly dependent on the microalgae species [15]. According to
Fernandes et al. [48], the green alga Chlorella sorokiniana
was able to efficiently remove nutrients from wastewaters with
N/P ratios ranging between 15 and 26. In turn, Yu et al. [10]
indicated the optimal N/P ratio for Chlorella varied between 5
and 15. For Arthrospira platensis cultivation, the best medium
composition had the C/N/P ratio of 60.5/6.2/1 [36]. Other liter-
ature data show that cyanobacteria may grow under a wide
range of N/P ratios from 0.5 to 64 [55, 56].

In the study, CLD medium was characterized by a rela-
tively similar N/P ratio in all experimental variants, but the
N/P ratio of DLD medium ranged from 10.3 to 42.4. It was
observed that phosphorus removal was the highest, even if
the N/P ratio in DLD medium was as high as 42.4 (Table 4,
Fig. 1). During C. vulgaris cultivation in DLD medium, the
highest effectiveness of ammonia and total nitrogen re-
moval (71.2% and 47.1%, respectively) was at N/P ratio
of 10.3 (variant 5), but there were no differences reported
for ammonia removal at N/P of 42.4 (p > 0.05). In turn,
during A. platensis cultivation in DLD medium, the maxi-
mum total nitrogen removal of 66.4% was at N/P ratio of
32.2. Wang and Lan [57] concluded that the complete ni-
trogen removal from the culture medium took place at low
N/P ratio (≤ 3), while phosphorus removal was indepen-
dent of N/P ratio. On the other hand, it was not possible to
remove all nitrogen from the culture medium when the
cultures were phosphorus-limited [44].

The reduction of biomass productivity and nutrient remov-
al using concentrated centrifuged liquid digestate (CLD) to
prepare a growth medium might be related to worse lighting
conditions in photobioreactors due to turbidity and color of the
medium, rather than to the depletion of the nutrients or am-
monia inhibition. Due to the lower biomass production and
nutrient removal, the growth of C. vulgaris appeared to be
more sensitive to cultivation conditions than A. platensis.
Similar findings were noted by Tao et al. [38], who compared
the growth of Chlorella vulgaris and Scenedesmus
acuminatus in liquid digestates.

Conclusions

The study confirmed a great potential of microalgal cultiva-
tion on anaerobic liquid digestate for their treatment, as well as
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for the production of microalgae biomass. However, the treat-
ment method of liquid digestate has a significant impact on the
results achieved.

The study demonstrated that the highest C. vulgaris and
A. platensis biomass production can be obtained by adding
50% of DLD to a growth medium, even though the N/P ratio
in the culture medium was 42.4. Regarding CLD medium,
10% dilution of digestate was required to obtain the maximum
final biomass concentration. The biomass production of
A. platensis cultivated in 50% DLD medium was comparable
with the production obtained using a synthetic medium (con-
trol). The results demonstrated the efficient nutrient removal
(nitrogen and phosphorus) by both microalgae species, but
higher nutrient removal effectiveness was obtained during
A. platensis cultivation.
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