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Abstract: This study investigated the effect of light intensity on the growth and nutrient uptake of
Chlorella sorokiniana cultivated in nitrogen-rich anaerobic digestion wastewater. Three light intensities
(20, 68, and 162 µmol m−2 s−1) were applied over a 30-day period with a 16:8 h light–dark pho-
toperiod. The goal was to understand how light affects biomass productivity, nutrient assimilation,
and biochemical composition under varying nitrogen concentrations originating from biogas plant
digestate, up to 5 g L−1. The results showed that higher light intensities significantly boosted biomass
production, achieving a five-fold increase at 162 µmol m−2 s−1 compared to 20 µmol m−2 s−1. Nutri-
ent uptake followed a similar pattern, with 94% of ammonium nitrogen removed in 7 days under
high light, compared to 55% after 30 days under low light. Phosphorus content was also completely
removed after 7 days under light intensities of 68 and 162 µmol m−2 s−1. Additionally, elevated
light intensity led to increased lipid accumulation (from 29.7% to 34%) and reduced protein content
(from 30.9% to 26.1%), with carbohydrate content not being affected by light intensity. These findings
highlight light intensity as a critical factor for optimizing microalgae cultivation in nitrogen-rich
biogas digestate, promoting both effective nutrient removal and biomass production for potential
bioenergy applications.

Keywords: light intensity; lipids; microalgae; biogas plant digestate; macronutrients; Chlorella
sorokiniana

1. Introduction

Microalgae represent an untapped natural resource with over 25,000 species, of which
only 15 are currently used in various commercial applications [1]. They are microscopic
organisms found in both seawater and freshwater, classified as either eukaryotic or prokary-
otic microorganisms [2]. Different microalgal species have distinct characteristics and are
cultivated under a wide range of environmental factors [3], exhibiting the ability to adapt
to particularly harsh conditions [4]. Microalgae can utilize one or more of three metabolic
growth modes—photoautotrophy, heterotrophy, and mixotrophy—depending on the avail-
ability of light and carbon sources. In each metabolic growth pathway, microalgae can
accumulate large amounts of nutrients assimilated from the growth medium [2], pro-
ducing a wide variety of different products [5], with lipids, carbohydrates, and proteins
as the main components [6]. Microalgae are referred to as the green gold of nature [7],
as they can provide significant amounts of high-value compounds [8,9]. Depending on
the species, available nutrients, and growth conditions, they can produce different types
of bioactive molecules with various properties, including compounds with antioxidant,
anti-inflammatory, antimicrobial, antiviral, anticancer, and antiallergic properties [4]. Fur-
thermore, microalgae are gaining interest as a feedstock for biodiesel production, as several
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species combine high biomass productivity and the ability to accumulate large amounts of
lipids [10].

Despite their simplicity and wide distribution, microalgae require favorable condi-
tions to grow and produce the desired compounds. Specific ecological factors such as
temperature, carbon dioxide (CO2), dissolved oxygen concentration, light intensity, pH,
salinity, and the availability of nutrients might become limiting factors affecting growth
rates and the chemical composition of their biomass [6,11,12]. Light is the primary source of
energy for these photosynthetic microorganisms and is the most important environmental
factor influencing photosynthesis, microalgal cell growth, and metabolic activity [6,10].
Even under adverse conditions such as nutrient deprivation, microalgae are still capable of
photosynthesizing and accumulating triacylglycerols as a survival strategy to withstand
extreme environments [13].

The importance of light for microalgae growth is reflected in two key parameters:
intensity and wavelength of light [14]. In terms of wavelength, only photosynthetically
active radiation (400 to 700 nm) is used by microalgae for photosynthesis, regardless
of the light source [6]. On the other hand, the optimal light intensity (LI) required for
optimal growth and composition varies between species [3]. Insufficient light availability
limits microalgal growth [15], while excessive light, beyond saturation levels, may lead
to photoinhibition, reducing biomass productivity [6,10,16]. Ghosh et al. [17] noted that
natural sunlight often exceeds the optimal light intensity. For many microalgae species,
photosynthesis saturates at irradiances between 100 and 500 µmol m−2 s−1, though the
highest biomass productivity is typically achieved at steady irradiance levels ranging from
50 to 100 µmol m−2 s−1 [6]. In previous studies, Chlorellaceae species showed optimal
growth at a high LI (400 µmol photons) [3], but for Chlorella vulgaris, Daliry et al. [14]
reported a decline in biomass productivity when LI increased from low (5000 lx) to high
(7000 lx). However, Metsoviti et al. [18] observed a different trend, where increasing LI from
70 to 140 µmol m−2 s−1 led to a simultaneous increase in growth rate for the same species.
Higher optimal Lis, ranging between 150 and 300 µmol m−2 s−1, have been reported for
Desmodesmus sp. and Scenedesmus obliquus [19]. Ghosh et al. [17] studied the effect of
LIs of 135, 162, and 189 µmol m−2 s−1 on C. sorokiniana, finding that LI increasing above
135 µmol m−2 s−1 decreased growth rates, with the lowest biomass productivity observed
at 189 µmol m−2 s−1. A similar study showed optimum growth at 104 µmol m−2 s−1, with
higher intensities leading to reduced productivity [20]. These varying results suggest that
light intensity has different effects on microalgal species, making it essential to determine
optimal light parameters under well-defined conditions for each species and nutrient
type [10].

In addition to growth, light intensity also affects the chemical composition of mi-
croalgae [6,19,21,22]. However, there is no consensus on the effect of light on lipid and
macronutrient content [16]. Increased LI may promote lipid production in some, have no
effect in others, or even reduce lipid content in certain cases [6]. Each microalgal species
responds differently to varying LIs [10,21]. Binnal and Badu [16] concluded that the im-
pact of LI on the lipid content of microalgae depends on the species’ ability to capture
carbon under high LI [16]. Under adverse conditions like high LI, some species change
their metabolism by accumulating excess energy into energy-rich products such as lipids
or carbohydrates [10]. The initial hypothesis was that lipid and carbohydrate pathways
compete for a common carbon precursor, suggesting that inhibiting starch synthesis could
increase lipid production [19]. However, recent results showed that a higher lipid content is
associated with a lower protein content in biomass [6], suggesting that lipid synthesis may
rely on protein degradation or inhibited protein synthesis [19]. Therefore, this study aimed
to investigate the effect of light intensity on the production of all three macronutrients from
C. sorokiniana biomass, a topic that has been underexplored in the literature.

The mixotrophic mode of cultivation, combining inorganic and organic carbon sources,
has been shown to maximize species productivity. Common mixotrophic culture modes in-
clude the use of acetic acid, glycerol, and glucose as organic carbon sources, while inorganic



Water 2024, 16, 2782 3 of 15

nitrogen sources include urea and ammonium chloride. To reduce production costs, alter-
native nutrient media, such as nitrogen-rich wastewater, are being explored [17]. Anaerobic
digestion effluents (ADEs), characterized by high ammonia nitrogen contents, require
further treatment before discharge to prevent water pollution of receivers. Conventional
nitrification–denitrification processes are efficient for ammonia nitrogen removal but are
energy-intensive, requiring aeration and external organic carbon sources. Microalgal cul-
ture offers a cost-effective alternative for ammonia nitrogen removal [23]. The cultivation of
microalgae in wastewater may bring additional benefits: the needs of microalgae for carbon
and other minerals can be satisfied by the effluents’ nutrients [6,24–26], reducing simulta-
neously the concentration of organic and inorganic compounds in wastewater [6,24,26].
Therefore, utilization of microalgae in wastewater treatment has become an environmen-
tally friendly decontamination process [1]. C sorokiniana is a particularly attractive strain, as
it can grow in the alkaline conditions and high N-NH4 concentrations of the digestate [27]
with a high growth rate [28]. However, effluents may contain various compounds that
could affect microalgal growth patterns and composition, making it challenging to predict
the effect of light intensity on the species.

To optimize microalgae production, it is important to thoroughly study the effect of
light intensity on the chemical composition of biomass, as little is known about how light
intensity influences the biochemical composition of microalgae beyond its impact on lipid
production [19]. The aim of this work was to examine the effect of light intensity on the
growth rate and macronutrient composition of C. sorokiniana biomass, using anaerobic
digestion effluent as a nutrient source. This study sought to determine C. sorokiniana
production rates under different light intensities, investigate nutrient assimilation rates,
and assess how light intensity affects protein, lipid, and carbohydrate concentrations in
the biomass. This comprehensive approach is necessary, as the simultaneous study of all
macronutrients has been underexplored in the literature.

2. Materials and Methods
2.1. Algae Strains’ Cultivation

The green microalga C. sorokiniana was obtained from the algae culture of the Interna-
tional Hellenic University in Sindos, Greece, and had been isolated from anaerobic digestion
effluent [29]. The cells were cultivated within 2 L Erlenmeyer flasks with a final liquid
volume of 1.5 L, maintaining a constant incubation temperature (25 ± 1 ◦C). A nutrient
substrate of BG-11 medium was used, containing (in g L−1): NaNO3 1.5, K2HPO4·3H2O
0.04, MgSO4·7H2O 0.075, CaCl2·2H2O 0.036, citric acid 0.006, ammonium ferric citrate
0.006, Na2EDTA 0.001, Na2CO3 0.02, and trace elements (in mg L−1): H3BO3 2.86, MnCl2
·4H2O 1.81, ZnCl2 0.222, Na2MoO4·2H2O 0.391, CoCl·6H2O 0.05 and CuSO4·5H2O 0.079.
All BG-11 nutrients and the Erlenmeyer flasks were sterilized at 121 ◦C for 20 min to
prevent contamination. Ammonium ferric citrate and trace elements were sterilized using
a filter (Whatman PTFE syringe filters (Whatman Inc., Piscataway, NJ, USA), pore size
0.2 m). Aeration of the Erlenmeyer flasks was performed using compressed air at a flow
rate of 1 L per minute (LPM) with the air filtered using Whatman PTFE syringe filters
(pore size 0.2 m) before being introduced into the culture. Lighting in the incubation room
was uniform on both sides of the flasks, provided from LED lamps (6.000 K, 7.2 W m−1)
that emitted cool white light at an intensity of 20 µmol m−2 s−1, with a light:dark cycle
of 16:8 h, respectively, [3,14,29] a condition reported to lead to higher biomass productiv-
ity [14]. Light intensity was measured using a PAR Photon Flux Sensor (QSO-E, Apogee
Instruments Inc., Logan, UT, USA) connected to a voltage meter (Model 177 True-RMS
Digital Multimeter, Fluke, Everett, WA, USA). The mother cultures were re-cultivated every
15 days in new flasks by inoculating pre-cultures in BG-11 nutrient substrate at a volume
ratio of approximately 1:10. Regular maintenance and re-culturing of the mother cultures
at a specific frequency ensured that all main cultures were inoculated with cell populations
in similar physiological and metabolic states.
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2.2. Anaerobic Digestion Effluent Collection and Processing

The anaerobic digestion effluent (ADE) used in this study was collected from a 1 MWel
biogas plant in Thessaloniki, Greece, which processes waste and residues from local animal
husbandries. Chemical analysis of the anaerobic digestion effluent was conducted to assess
its suitability for microalgae cultivation based on its nutrient content (Table 1). To remove
suspended particles and reduce turbidity, the ADE was first centrifuged at 5000 rpm for
15 min followed by filtration of the supernatant (Whatman Inc., Clifton, NJ, USA, 150 mm,
Grade 1, pore size 11 m). The filtrate was hyperfiltrated with a hydrophilic flat sheet A4
microfiltration membrane, with a 0.4 µm pore diameter, type H-203 (Kubota, Osaka, Japan)
to remove viruses and pathogenic bacteria that may be present in the raw effluent and
could negatively affect microalgal growth. Finally, the digestate stock sample was stored at
−18 ◦C to prevent any changes in its composition.

Table 1. Chemical composition of raw ADE.

Parameter Before Dilution After Dilution

COD (mg L−1) 4618 ± 23.00 431 ± 12.00
TN (mg L−1) 1097.3 ± 15.38 103.2 ± 2.27

N-NH4 (mg L−1) 917.1 ± 14.05 86.7 ± 1.92
N-NO3 (mg L−1) 21.4 ± 2.12 2.4 ± 0.72
N-NO2 (mg L−1) 0.68 ± 0.09 <0.6
P-PO4 (mg L−1) 14.8 ± 0.04 1.33 ± 0.09

pH 8.17 ± 0.14 8.27 ± 0.19

2.3. Microalga Cultivation

The microalga was cultured in ADE after dilution with sterile water at a volume ratio
of approximately 1:10, to reduce the high ammonia nitrogen concentration of the sample
to one non-toxic for the cells [30,31]. Potassium dihygrogen phosphate (KH2PO4) was
added, to produce a N:P ratio of about 10:1, representing an appropriate N:P ratio for
microalgal growth [32,33]. The cultivation experiment was carried out in 2 L Erlenmeyer
flasks. An inoculum (8% of seed flask culture) of exponentially growing cells was used for
inoculation, with the final culture volume providing an initial optical density (OD600nm) of
approximately 0.35. Each flask was supplied with 1 LPM of ambient air and 0.033 LPM of
CO2 (99.99% purity), both passed through 0.2 µm Whatman PTFE syringe filters. Air and
CO2 flow rates were adjusted using precision flowmeters (EK-2LR, Kytola Instruments,
Lahti, Finland, and 3845G-HVR, Omega Engineering, Norwalk, CT, USA). The flasks were
placed in a temperature-controlled room (25 ± 1 ◦C), under uniform illumination with
cool white LED strips (6000 K, 7.2 W m−1) and a light: dark cycle of 16:8 h. Photosynthetic
photon flux density (PPFD) was adjusted to 20, 68, and 162 µmol m−2 s−1 using an LED
dimmer. Cultivation under each different light condition was performed in duplicate, with
samples for analysis taken in triplicate from each treatment. Diluted substrate containing
KH2PO4 at the predetermined N:P ratios was added each time the aqueous phase N-NH4
concentration reduced below 40 mg L−1, a threshold below which the ability of microalgae
to effectively remove phosphorus from the effluent and accumulate it in microalgal biomass
is significantly reduced [34].

2.4. Microalgae Pre-Treatment for Composition Analysis

Microalgal biomass samples obtained from cultivation flasks were centrifuged at
5000 rpm (Hermle Z326K, Hermle Labortechnik, Wehingen, Germany) for 10 min, and the
supernatant liquid was decanted to concentrate the biomass. The raw microalgal biomass
paste was frozen and introduced directly into a lyophilizer (GAMMA 1–20 LMC, Martin
Christ GmbH, Osterode am Harz, Germany). Freeze-drying of cells was carried out at
0.010 bar and −78 ◦C for 48 h, and the dried biomass was then stored at −18 ◦C.
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2.5. Analytical Measurements
2.5.1. Growth Determination and Nutrient Analysis

The growth of microalgal biomass was indirectly estimated by measuring the con-
centration of photosynthetic compounds in the suspension. To determine the wavelength
with maximum absorption (λmax), a scan was performed in the range of 580 to 750 nm. It
was observed that λmax varied depending on the growth stage, as confirmed in previous
studies [35]. To ensure comparability, the optical density of the sample was measured at
600 nm, following the methods of Psachoulia et al. [29] and Kamyab et al. [36], using a UV-
Vis spectrophotometer (DR 3900, HACH, Loveland, CO, USA). Additionally, the biomass
concentration was measured directly as dry cell weight (DCW), by filtering 15 mL of cul-
ture sample through a pre-weighted glass microfiber filter (Whatman 934-AH, Piscataway,
NJ, USA, pore size 1.2 m), which was then dried at 60 ◦C for 24 h and weighed using a
high-precision micro-balance (XP 105, Mettler Toledo, Greifensee, Switzerland) [29,37]. The
dry cell weight of biomass was calculated by Equation (1).

DCW
(

g
(L)

)
=

(W1 − W0)

V
· 1000 (1)

where DCW is the cell concentration, W1 is the weight of the dry cell and the dry hollow
fiber membrane (g), W0 is the weight of the dry hollow fiber membrane (g), and V is the
total volume of the hollow fiber membrane.

2.5.2. Nutrient Analysis

Concentrations of ammonium nitrogen (N-NH4), soluble phosphorus (P-PO4), and
chemical oxygen demand (COD) were determined in the liquid phase of filtrate samples
using standard HACH cuvette tests in a UV-Vis spectrophotometer (DR 3900, HACH,
Loveland, CO, USA).

2.5.3. Lipid Determination

Approximately 0.2 g of lyophilized microalgal biomass was used for the lipid ex-
traction process following the extraction protocol of Bligh and Dyer [38]. Briefly, 2 mL of
methanol, 1 mL of chloroform, and 0.8 mL distilled water (2:1:0.8 v:v) were added in the
dried biomass sample, and the mixture was subjected to sonication at a constant frequency
of 20 kHz and the power density of 400 W L−1 (Sonopuls UW 3400, Bandelin, Berlin,
Germany) for 30 min. Subsequently, the solution was centrifuged at 5000 rpm for 10 min
and the solvent was collected. The procedure was repeated two more times to ensure
complete lipid extraction [29,39]. Volumes of 3 mL of chloroform and 3 mL of distilled
water (2.2:1.8 v:v) were added to the recovered solvent, followed by centrifugation under
the same conditions to ensure the formation of two phases. After complete separation
of the two phases, the upper phase was removed and the lower phase containing the
extracted lipids was collected. This phase was dried overnight at 60 ◦C and weighed on a
high-precision micro-balance (XP 105, Mettler Toledo, Greifensee, Switzerland).

2.5.4. Protein Determination

Proteins were extracted from approximately 0.2 g of lyophilized microalgal biomass,
after being re-dispersed in 100 mL distilled water. Cell disruption was performed by
sonication at a constant frequency of 20 kHz and the power density of 400W L−1 for
30 min followed by centrifugation at 10,000 rpm for 10 min at room temperature, and the
supernatant was analyzed for its protein content using the Lowry method [40]. Specifically,
5 mL of Lowry’s modified reagent was added to 1 mL of sample, and the mixture was
stirred and incubated for 10 min. After incubation, 0.5 mL of Folin–Ciocalteu reagent (1N)
was added, followed by immediate stirring and incubation for 30 min. The blue color
solution formed was measured at 750 nm using a UV-Vis spectrophotometer (DR 3900,
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HACH, Loveland, CO, USA). A calibration curve was prepared using standard bovine
albumin aqueous solution, in a concentration range from 0 to 1500 µg mL−1.

2.5.5. Carbohydrate Determination

Samples obtained after centrifugation of dried biomass–water mixtures, obtained
using the method applied for protein determination, were also used for the analysis of
carbohydrates by the phenol-sulfate method. Specifically, the content of neutral monomers
was quantified as glucose equivalents by the treatment of the unknown samples with
1 mL of 1% (w:v) phenol solution and 5 mL of 96% (w:w) H2SO4 and measurement of
the absorbance at 483 nm with a UV-Vis spectrophotometer [41]. D-glucose solutions of
known concentrations were used as reference standards for the development of the glucose
concentration–absorbance calibration curve.

2.5.6. Statistical Analysis

All measurements were carried out in triplicate from each treatment, and the data
were expressed as the mean value ± standard deviation (SD). The results were analyzed
using a computer program Minitab (Minitab LLC 21.4.2, State College, PA, USA). Analysis
of variance (ANOVA) with Tukey’s post hoc HSD was performed at a statistical significance
of p ≤ 0.05.

3. Results
3.1. Effect of Light Intensity on Chlorella sorokiniana Growth

Light is the primary energy source for photosynthetic organisms and a crucial environ-
mental factor that directly affects the photosynthetic rate, microalgal cell growth, and their
biochemical composition. [6,10,22]. As such, optimizing light is essential for maximizing
biomass productivity [6]. However, the optimal light requirements vary depending on
the microalgae species [21], and several additional parameters, such as temperature or
nutrient supply type, should be considered simultaneously when selecting the appropriate
light intensity [3,6]. Studies have examined a broad range of light intensities, from 300
to 250,000 lx, to understand the corresponding growth patterns of various species [42].
It has been observed that excess light beyond a certain saturation point can disrupt the
photosynthetic process due to photoinhibition, reducing biomass production [6,10,16].

In this study, three light intensities were applied in a 30-day experiment to simulate
various real-world light conditions and assess their effect on the growth rate of C. sorokiniana.
The range of LI was from 20 to 162 µmol m−2 s−1, which falls within the commonly reported
values for Chlorella in the international literature [3,11]. This range also includes LI values
that have been found by other researchers to induce photoinhibition [20]. The lowest
PPFD value, 20 µmol m−2 s−1, corresponds to light typically experienced on a cloudy day,
while higher values, 68 and 162 µmol m−2 s−1, represent light intensities characteristic of
typical daylight.

Under these conditions, the growth of C. sorokiniana cells is presented in Figure 1a,b
as a function of OD600 and DCW, respectively. Biomass concentration increased almost
linearly with light intensity. By the 30th day of cultivation, the highest biomass content
was measured at the highest PPFD of 162 µmol m−2 s−1, with OD600 reaching 11.7 and
DCW at 3.5 g L−1. For the culture exposed to 68 µmol m−2 s−1, biomass content was about
25% lower (OD600 = 9.5, DCW = 2.9 g L−1). At the lowest light intensity, biomass content
was significantly lower (OD600 = 2.31, DCW = 0.7 g L−1), corresponding to about a five
times lower concentration compared to the optimal condition. Despite these differences,
the biomass growth rate followed a similar pattern: the average biomass productivity
levels per day were 23, 94, and 123 mg L−1 d−1, at low, medium, and high light intensities,
respectively. A near constant growth rate was observed after the second day of cultivation
for all cases.
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Figure 1. Effect of light intensity on growth, measured by (a) optical density (OD600 nm) and (b) dry
cell weight (DCW) of C. sorokiniana as a function of cultivation time.

In similar studies, C. sorokiniana exhibited a higher growth rate at an LI of 65 µmol m−2 s−1,
which were 1.5 and 3 times higher than at LIs of 39 µmol m−2 s−1 and 13 µmol m−2 s−1,
while no photoinhibition effects were observed in the LI range [39,43]. During the exam-
ination of C. sorokiniana growth in a wide LI range, from 30 to 200 µmol m−2 s−1, Gao
et al. found that the optimum value for the achievement of high biomass productivity was
100 µmol m−2 s−1, representing a saturation point, above which excess light resulted in
a decrease in biomass productivity [20]. Moreover, an increase in LI to 200 µmol m−2 s−1
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resulted in a decrease in biomass productivity below the level achieved by an LI equal
to 30 µmol m−2 s−1 [20]. In a similar range of LI, from 80 to 190 µmol m−2 s−1, produc-
tivity of microalgal biomass presented a peak at 135 µmol m−2 s−1, with a reduction in
biomass production occurring above this level [17]. However, Yun et al. (2020) showed
that C. sorokiniana KNUA114 and KNUA122 have a wide range of tolerance through-
out the tested light intensity, with an absence of photoinhibition even at a LI of around
600 µmol m−2 s−1 [3]. Chlorella protothecoides showed a similar behavior to C. sorokiniana,
with an increase in LI leading to more than double the biomass content [16]. The increase
in light intensity from 50 to 150 µmol m−2 s−1 had beneficial effects on the biomass pro-
ductivity of microalgae species C. vulgaris, Ettlia pseudoalveolaris, Desmodesmus sp. as well
as S. obliquus, although a similar significant increase was not observed in C. vulgaris and
S. obliquus cultures in the LI range of 150 to 300 µmol m−2 s−1 [19].

3.2. Effect of Light Intensity in the Macronutrient Concentration of Biomass

Microalgae cultivated under different light conditions exhibit significant changes in
their chemical composition [20–22]. Lipids, the main macronutrient, show substantial
concentration variations in response to environmental conditions. Additionally, microalgae
also contain carbohydrates and proteins, and changes in one of these macronutrients
are often associated with alterations in the others [19]. Current results show that under
increasing light intensity, lipid accumulation in biomass intensifies [10,16]; it seems that in
their effort to survive under the adverse conditions of high light intensity, cells change their
metabolism, accumulating excess energy in energy-rich products such as fatty acids [6,10].
However, a clear consensus has not been achieved on the effect of irradiation to lipid
formation, and light may have different effects in microalgal species [16]. In recent studies,
a high light intensity reduced lipid contents in several microalgae, including marine strains
of Chlorella, despite a biomass increase, possibly due to the utilization of excess light for
cell division rather than being stored as lipids [19].

As cultivation progresses, the composition of certain macronutrients in the biomass
changes [44]. To monitor these variations, macronutrient levels were measured on all days
except the first, last, and fifteenth days of cultivation. The composition of C sorokiniana cells
in different macronutrient fractions, under various light intensities, is presented in Table 2
as a function of cultivation time. The lipid content of inoculated biomass at the start of the
experiment was 29.7%, and it increased after 30 days to about 33% and 34% at a PPFDs of
68 and 162 µmol m−2 s−1, respectively, while a slight decrease was observed at the low
light irradiation of 28% approximately.

Table 2. Effect of light intensity on macronutrient content of C. sorokiniana culture as a function of
cultivation time, under three photosynthetic photon flux density (PPFD) conditions: (22, 68 and
162 µmol m−2 s−1).

Cultivation
Time (Days)

PPFD
(µmol m−2 s−1) Lipids (%) † Proteins (%) † Carbohydrates

(%) †

0 22 29.7 ± 1.0 b,c 30.9 ± 1.6 a,b 27.8 ± 2.1
0 68 29.7 ± 1.0 b,c 30.9 ± 1.6 a,b 27.8 ± 2.1
0 162 29.7 ± 1.0 b,c 30.9 ± 1.6 a,b 27.8 ± 2.1

15 22 29.1 ± 1.3 b,c 31.9 ± 1.6 a,b 27.5 ± 0.8
15 68 31.3 ± 1.8 a,b,c 28.9 ± 1.8 a,b 28.4 ± 1.6
15 162 32.6 ± 0.9 a,b 27.8 ± 1.0 b 28 ± 1.0
30 22 27.9 ± 0.6 c 33.9 ± 2.1 a 27 ± 1.6
30 68 32.7 ± 0.6 a,b 27.3 ± 0.6 b 28.6 ± 2.2
30 162 34 ± 0.8 a 26.1 ± 1.3 b 29 ± 2.0

Note: †: In the same column, terms followed by a different letter show statistically significant differences.
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Lipids content changes were followed by a corresponding change in protein content in
a reverse order: in the high PPFD conditions, proteins decreased from 30.9% to 27.3% and
26.1%, respectively, while at a low PPFD, proteins increased to 33.9%. Nevertheless, the
carbohydrate content remained almost constant over time, varying from 27 to 29% during
the whole cultivation run. Similar results were observed for Desmodesmus sp. and S. obliquus,
with an increase in lipid content and a corresponding reduction in proteins, while the
carbohydrate content was almost stable [19]. These results can be attributed to microalgal
lipid synthesis mainly based on protein degradation or inhibition of protein synthesis [6].
Moreover, the increase in lipid content without a concomitant increase in carbohydrate
content suggests that these macronutrients are probably competing for a common carbon
precursor, precluding starch synthesis for lipid production [19]. A similar increase in
lipid permeability has been reported by switching light intensity from low to high values
for several species such as Mychonastes homosphaera, Raphidocelis subcapitata, Scenedesmus
sp. [21], Botryococcus braunii, E. pseudoalveolaris, Desmodesmus sp. [10], S. obliquus [22], and
C. vulgaris [45]. Nevertheless, inconsistent results have been reported for C sorokiniana since
low light levels may lead to lipid accumulation, while by increasing light irradiation, a
significant decrease has been observed in lipid content [39]. However, in another study, at
a wide range of LI, from 30 to 200 µmol m−2 s−1, the lipid content presented a statistically
significant increase from 25.10% to 29.04% [20].

3.3. Effect of Light Intensity on the Nutrients’ Removal

Microalgae have shown a high potential for bioremediation of effluents, making
microalgae cultivation in wastewater a promising alternative for energy conservation,
environmental sustainability, and carbon neutrality as well as resource recovery [1]. High
removal rates of phosphorus and nitrogen can be achieved in a microalgae wastewater treat-
ment, reaching up to 75% efficiency [7,46,47]. Microalgae show a considerable preference
for ammonium nitrogen assimilation, as less energy is required for its uptake [48]. Other
nitrogen sources are converted to ammonium inside the cells before being assimilated into
biomass, requiring additional energy [20].

The reduction in N-NH4 content from ADE through binding by C. sorokiniana cells is
shown in Figure 2 as a function of cultivation time, under the three conditions of PPFD.
Cultivation took place using a certain volume of diluted digestate. As soon as the N-NH4
content in the aqueous phase was reduced below a certain concentration, the addition of
new substrate volume took place to reach initial nitrogen concentrations, aiming to extend
the cultivation time and receive reliable results. The correlation of N-NH4 concentration
with time was significantly affected by light intensity. At the low PPFD, a continuous
reduction in N-NH4 concentration was measured. However, it was never reached below
the lowest N-NH4 concentration value that it was set as a limit for a new substrate addition,
and the final N-NH4 concentration was measured at 33.9 mg L−1 after 30 days. At the higher
PPFD, however, N-NH4 assimilation was high, resulting in nitrogen depletion after almost
7 days of cultivation: N-NH4 reached about 4.6 mg L−1 after one week, corresponding
to a 94.2% reduction, while similar results were observed at the medium light intensity,
resulting in an N-NH4 reduction of about 77.1%. A similar pattern was revealed after
the addition of new substrate volume, and after 8 days of cultivation, the N-NH4 content
reduced by 49.7 and 91.9% at a PPFD of 68 and 162 µmol m−2 s−1, respectively. The
same trend was observed as well in the third recharge period, resulting in a final aqueous
phase with 38.9 and 6.34 mg L−1 N-NH4 contents at PPFDs of 68 and 162 µmol m−2 s−1,
respectively. Similar results were calculated by using the ammonia nitrogen removal
rate, estimated from the slope of the corresponding curves: the averages for ammonia
nitrogen removal were equal to 2.1, 5.6, and 8.5 mg L−1 d−1, at low, medium, and high
light intensities, respectively.



Water 2024, 16, 2782 10 of 15Water 2024, 16, x FOR PEER REVIEW 10 of 15 
 

 

 

Figure 2. Effect of light intensity on ammonia nitrogen removal by C. sorokiniana as a function of 

cultivation time and light intensity. 

The importance of LI for nitrogen uptake has been justified by several studies. The 

cultivation of C. sorokiniana was examined using agricultural wastewater, and the effect of 

LI and the photoperiod were studied on N-NH4 and P-PO4 removal rates, showing that 

only light intensity had a significant effect [49]. Specifically, a low removal rate of 77% was 

measured at an LI of 60 µmol m−2 s−1, which was significantly lower than the complete 

removal achieved at an LI of 200 µmol m−2 s−1 [49]. In another study investigating a wide 

range of LIs (30 to 200 µmol m−2 s−1) and the relationship with N-NH4 assimilation, it was 

found that although there was higher N-NH4 and total nitrogen removal at certain high 

LIs, the difference did not appear to be statistically significant [20]. Unexpectedly, a 

threshold was observed, and above it, the rates of N-NH4 and total nitrogen fixation were 

decreased [20]. 

The reduction in P-PO4 from ADE is shown in Figure 3 as a function of time. Efficient 

P-PO4 removal was observed at medium and high PPFDs (68 and 162 µmol m−2 s−1), fol-

lowing a similar profile, indicating that phosphorous assimilation was not really affected 

by light irradiation. The phosphorous content was completely removed after 7 days of 

cultivation, and a similar trend observed after the addition of new substrate- KH2PO4, in 

the following periods. However, phosphorous reduction followed a different pattern at 

the low PPFD, corresponding to about 34.9% removal over the entire cultivation period of 

30 days, resulting in an effluent with 3.13 mg L−1 phosphorous. The average phosphorus 

removal rates were estimated as 0.3, 0.9, and 1.1 mg L−1 d−1, at low, medium, and high light 

intensities, respectively. It must be underlined that the highest rates of phosphorus assim-

ilation, via active transport, were observed during periods of phosphorus abundance. This 

is a known phenomenon, phosphorous luxury uptake, i.e., the uptake and storage of phos-

phorus at levels higher than those required for cell growth; it represents a specific condi-

tion stimulated at phosphorus concentrations above 5 mg L−1, where excess phosphorous 

is adsorbed and stored by the cells for subsequent use when the external concentration of 

phosphorus is becoming limited for their growth [6,34]. 

Figure 2. Effect of light intensity on ammonia nitrogen removal by C. sorokiniana as a function of
cultivation time and light intensity.

The importance of LI for nitrogen uptake has been justified by several studies. The
cultivation of C. sorokiniana was examined using agricultural wastewater, and the effect of
LI and the photoperiod were studied on N-NH4 and P-PO4 removal rates, showing that
only light intensity had a significant effect [49]. Specifically, a low removal rate of 77% was
measured at an LI of 60 µmol m−2 s−1, which was significantly lower than the complete
removal achieved at an LI of 200 µmol m−2 s−1 [49]. In another study investigating a wide
range of LIs (30 to 200 µmol m−2 s−1) and the relationship with N-NH4 assimilation, it
was found that although there was higher N-NH4 and total nitrogen removal at certain
high LIs, the difference did not appear to be statistically significant [20]. Unexpectedly, a
threshold was observed, and above it, the rates of N-NH4 and total nitrogen fixation were
decreased [20].

The reduction in P-PO4 from ADE is shown in Figure 3 as a function of time. Efficient
P-PO4 removal was observed at medium and high PPFDs (68 and 162 µmol m−2 s−1),
following a similar profile, indicating that phosphorous assimilation was not really affected
by light irradiation. The phosphorous content was completely removed after 7 days of
cultivation, and a similar trend observed after the addition of new substrate- KH2PO4, in
the following periods. However, phosphorous reduction followed a different pattern at
the low PPFD, corresponding to about 34.9% removal over the entire cultivation period of
30 days, resulting in an effluent with 3.13 mg L−1 phosphorous. The average phosphorus
removal rates were estimated as 0.3, 0.9, and 1.1 mg L−1 d−1, at low, medium, and high
light intensities, respectively. It must be underlined that the highest rates of phosphorus
assimilation, via active transport, were observed during periods of phosphorus abundance.
This is a known phenomenon, phosphorous luxury uptake, i.e., the uptake and storage
of phosphorus at levels higher than those required for cell growth; it represents a specific
condition stimulated at phosphorus concentrations above 5 mg L−1, where excess phospho-
rous is adsorbed and stored by the cells for subsequent use when the external concentration
of phosphorus is becoming limited for their growth [6,34].



Water 2024, 16, 2782 11 of 15Water 2024, 16, x FOR PEER REVIEW 11 of 15 
 

 

 

Figure 3. Effect of light intensity on phosphorus removal by C. sorokiniana as a function of cultivation 

time and light intensity. 

A similar trend as a function of light intensity was observed for COD (chemical oxy-

gen demand). Effective COD removal was noted at medium and high PPFD levels (68 and 

162 µmol m⁻2 s⁻1), following almost identical profiles, indicating that phosphorus assimi-

lation was not significantly affected by light intensity. After 7 days of cultivation, 73%, 

71%, and 54% of COD were removed at PPFD levels of 162, 68, and 20 µmol m⁻2 s⁻1, re-

spectively. A similar trend was observed after the addition of a new substrate (KH2PO4) 

in subsequent periods, with COD removal reaching 92%, 90%, and 77% by the end of the 

experiment at PPFD levels of 162, 68, and 20 µmol m⁻2 s⁻1, respectively. 

Light intensity has been proven to be an important factor in phosphorus uptake in 

other studies. An increase in phosphorus removal from 23% to 100% was observed as LI 

was increased from 60 µmol m−2 s−1 to 200 µmol m−2 s−1 [49]. Similar results were obtained 

in a study investigating the relationship between light intensity and P-PO4 assimilation 

over a wide range of LIs, and it was concluded that light is beneficial for phosphorous 

assimilation by microalgal biomass, improving the culture growth efficiency of C. sorokin-

iana [20]. A similar relationship between LI and phosphorous assimilation was found for 

C. vulgaris, Desmodesmus sp., and S. obliquus, showing a higher rate of assimilation by in-

creasing LIs from 50 to 150 µmol m−2 s−1, although a similar observation was not made for 

E. pseudoalveolaris [19]. 

Phosphorus uptake is an energy-intensive process, and microalgae receive the re-

quired energy from the light source; therefore, a higher phosphorous uptake rate is ex-

pected at increased LI conditions [34]. Nevertheless, since higher LI favor biomass growth, 

rapid phosphorus accumulation is simultaneously associated with increased consump-

tion by the biomass. At a low LI, phosphorous accumulation is still low, but biomass 

growth is even lower than at a high LI and, therefore, it is expected that cells retain more 

phosphorus at a low LI [50]. 

Τhe assimilation rate of N-NH4 and P-PO4 per biomass weight in mg of nutrients per 

g of cells as a function of time is presented in Figure 4. As can be observed in Figure 1, 

light intensity affects biomass growth, and therefore, a more consistent conclusion can be 

Figure 3. Effect of light intensity on phosphorus removal by C. sorokiniana as a function of cultivation
time and light intensity.

A similar trend as a function of light intensity was observed for COD (chemical
oxygen demand). Effective COD removal was noted at medium and high PPFD levels
(68 and 162 µmol m−2 s−1), following almost identical profiles, indicating that phosphorus
assimilation was not significantly affected by light intensity. After 7 days of cultivation,
73%, 71%, and 54% of COD were removed at PPFD levels of 162, 68, and 20 µmol m−2 s−1,
respectively. A similar trend was observed after the addition of a new substrate (KH2PO4)
in subsequent periods, with COD removal reaching 92%, 90%, and 77% by the end of the
experiment at PPFD levels of 162, 68, and 20 µmol m−2 s−1, respectively.

Light intensity has been proven to be an important factor in phosphorus uptake
in other studies. An increase in phosphorus removal from 23% to 100% was observed
as LI was increased from 60 µmol m−2 s−1 to 200 µmol m−2 s−1 [49]. Similar results
were obtained in a study investigating the relationship between light intensity and P-PO4
assimilation over a wide range of LIs, and it was concluded that light is beneficial for
phosphorous assimilation by microalgal biomass, improving the culture growth efficiency
of C. sorokiniana [20]. A similar relationship between LI and phosphorous assimilation was
found for C. vulgaris, Desmodesmus sp., and S. obliquus, showing a higher rate of assimilation
by increasing LIs from 50 to 150 µmol m−2 s−1, although a similar observation was not
made for E. pseudoalveolaris [19].

Phosphorus uptake is an energy-intensive process, and microalgae receive the required
energy from the light source; therefore, a higher phosphorous uptake rate is expected at
increased LI conditions [34]. Nevertheless, since higher LI favor biomass growth, rapid
phosphorus accumulation is simultaneously associated with increased consumption by the
biomass. At a low LI, phosphorous accumulation is still low, but biomass growth is even
lower than at a high LI and, therefore, it is expected that cells retain more phosphorus at a
low LI [50].

The assimilation rate of N-NH4 and P-PO4 per biomass weight in mg of nutrients per
g of cells as a function of time is presented in Figure 4. As can be observed in Figure 1,
light intensity affects biomass growth, and therefore, a more consistent conclusion can be
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obtained by considering the corresponding biomass concentration in nutrients’ assimilation
rate [48]. Increased assimilation rates of N-NH4 and P-PO4 were observed in the first days of
experiments, due to an excess nutrient substrate content and low biomass content. However,
upon a biomass increase, a large number of cells were produced and the assimilation rate
per weight unit decreased significantly with time, demonstrating that the relationship
between light intensity and nutrient assimilation was mainly attributed to the effect of light
on biomass productivity rather than to a change in the cell metabolism. A similar conclusion
was reached by Delgadillo-Mirquez et al., who reported that the effect of microalgae on
nutrient assimilation was primarily related to biomass productivity rather than to light
availability [48]. Nevertheless, as shown in Figure 4, nutrient assimilation per dry biomass
weight followed a similar trend for all lighting conditions, revealing, therefore, that light
intensity did not significantly change the pathway of nutrients that were bonded by cells.
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4. Conclusions

The primary aim of this study was to examine the effect of light intensity on C. sorokini-
ana, cultivated in a biogas plant effluent, as an effort to identify the optimum conditions for
high biomass growth, maximum nutrient removal from the aqueous phase, and production
of cells with a specified composition. The key conclusions drawn from the results were
the following: (1) The optimal PPFD for high growth and production of C. sorokiniana
biomass was 162 µmol m−2 s−1, followed by 68 µmol m−2 s−1. Insufficient light was found
to limit microalgal growth, but no photoinhibition was observed under the high light
intensity tested, which could have reduced the growth rate. (2) The chemical composition
of C. sorokiniana biomass changed with varying light conditions. Specifically, a higher light
intensity led to an increased lipid content and decreased protein content, while a low light
intensity resulted in a higher protein and lower lipid content. Carbohydrate concentration
changes were not considered significant. The effect on carbohydrate concentration was
not considered significant. (3) Light intensity affected the rate of nutrient assimilation
of anaerobic digestion effluent (ADE). More efficient ammonium nitrogen removal was
observed at higher light intensities, with a direct relationship between removal rate and
light intensity. Similarly, the removal of phosphorous was more efficient at higher light
intensities, without a difference between the two high intensity levels. (4) The effect of light
intensity on the assimilation of ADE nutrients was due to the relationship between light
conditions and biomass productivity. These findings support the potential for enhanced
biomass production in large-scale microalgal cultures using ADE with an appropriate
chemical composition as the nutrient substrate.
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