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Abstract

This study evaluated the feasibility of using effluent from the anodic chamber of a mi-
crobial fuel cell (MFC), powered by real fruit and vegetable wastewater, as a cultivation
medium for Tetraselmis subcordiformis, a microalga capable of bio-photolytic hydrogen
production. In three experimental variants, different organic loading rates were applied
in the anodic chamber, resulting in significant differences in effluent quality and its suit-
ability as a culture medium. In contrast to the dominant MFC configurations, in which
microalgae act as cathodic biocatalysts, the microbial fuel cell in this study was used as
a source of the inevitable anode effluent, which was subsequently valorized as a cultiva-
tion medium for the marine microalga T. subcordiformis to support biomass and hydrogen
production. In variants with moderate COD concentration and low lipid content, the
highest biomass concentrations, ranging from 941 + 104 mg VS/L to 1020 4= 108 mg VS/L,
were obtained, along with the highest nitrogen assimilation efficiency (48.7-49.1%) and
phosphorus assimilation efficiency (62.3-63.1%). The variant in which the culture medium
contained the highest concentrations of COD, TSS, and lipids showed a substantial lim-
itation of biomass growth to 745 £+ 75 mg VS/L and lower nutrient removal efficiency
(total nitrogen—42.3 & 4.7%, total phosphorus—55.0 & 5.0%). The obtained biomass was
then used for H, production in a mineral photobiolytic medium. The highest total hy-
drogen production reached 184.7 £ 25.0 mL, while the specific hydrogen yield reached
193.7 4+ 32.6 mL/g VS. Increased concentration of organic matter in the medium reduced
total hydrogen production to 112.0 £ 14.8 mL, mainly due to lower biomass concentration,
although the specific hydrogen yield remained high (153.4 £ 25.8 mL/g VS). The biogas
composition was stable (Hp 58.0-58.7%, CO; 35.3-35.9%, O, 6.0-6.2%).

Keywords: Tetraselmis subcordiformis; MFC anodic effluent; microalgal biomass; biohydro-
gen; nutrient assimilation; bioenergy systems

1. Introduction

The energy transition towards a low-emission economy requires the implementation of
technologies that enable the simultaneous acquisition of energy from renewable resources
and waste, thereby reducing emissions and lowering the environmental burden associated
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with pollution streams [1]. In this context, bioenergy systems are becoming increasingly
important, as they allow the transformation of biodegradable wastes of various character-
istics and origins into gaseous, liquid, and solid energy carriers [2]. Due to their ability
to directly generate electrical current, microbial fuel cells (MFCs) represent a competitive
and promising solution compared with conventional technologies. They are a class of bio-
electrochemical systems in which microorganisms convert the chemical energy of organic
substrates into electrical energy while simultaneously removing pollutants introduced into
the system [3].

Particular attention is given to solutions that integrate MFCs with photoautotrophic
microalgal biomass, which can function as an autotrophic biocatalyst supplying oxygen to
the cathodic chamber, thereby eliminating the need for external aeration and stabilising the
electrode potential [4-6]. In other technological configurations, MFC-PBR (photobioreactor)
integration is based on the use of mineralised effluent originating from the anaerobic anodic
chamber of the MFC [7-9].

Available studies indicate that microalgal species from freshwater environments ex-
hibit higher effectiveness in MFC biocathodes than marine species, which is linked to
the physicochemical properties of the medium, including lower electrolyte conductiv-
ity, reduced risk of parasitic ionic flows, and more favourable reagent diffusion across
ion-exchange membranes [10]. Increased salinity of the culture medium, characteristic
of marine microalgal species, destabilises bioelectrochemical processes due to the rise in
electrolyte conductivity and intensification of parasitic ionic shunt currents, which lead
to energy losses and disturbances in charge transport [11]. As a result, the use of marine
microalgae in the cathodic chamber of MFCs is technologically limited and does not favour
high electrical energy generation efficiency [12]. On the other hand, many marine species
exhibit high biomass growth dynamics, favourable sedimentation properties, strong adap-
tive capacity to difficult and variable environmental conditions, and potential for producing
multiple energy carriers [13].

Despite the intensive development of MFC systems, an alternative and increasingly
explored strategy for integrating anaerobic technologies with microalgae is the use of
effluents from anaerobic digestion reactors (e.g., UASB, CSTR, AnMBR) as a source of
nutrients and carbon for microalgal cultivation [14]. In this approach, microalgae do not
serve as an electrochemical component; instead, they constitute a platform for nitrogen
and phosphorus recovery, reduction in residual organic matter, and production of valuable
biomass [15]. Importantly, post-anaerobic effluents are streams that in practice require
further treatment prior to discharge to the environment, and their valorization in microal-
gal cultivation enables simultaneous reduction in pollutant concentrations and resource
recovery in line with the circular economy concept [16]. A similar concept may be extended
to the bioelectrochemical MFC stage, where the anode chamber effluent is treated as a
stream requiring further management and can be transformed into a cultivation medium
for microalgae and subsequently used to obtain value-added products.

One species with significant bioenergy potential is Tetraselmis subcordiformis (T. sub-
cordiformis), a eurybiotic unicellular green alga capable of synthesising metabolites of
biofuel importance, including precursors for biogas production [17], bio-oil [18], and bio-
hydrogen [19]. The marine nature of this taxon, however, limits its applicability in MFC
biocathodes, although it potentially enables its use in integrated systems in which the
culture medium is derived from effluent streams from the anodic chamber of an MFC [20].

From a circular economy perspective, it is particularly important to use biodegradable
waste from the food industry as anodic substrates, including fruit and vegetable wastew-
ater [21]. Such waste, after anaerobic fermentation, generates effluents rich in nitrogen,
phosphorus, and simple, biologically available organic compounds, which may potentially
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support mixotrophic microalgal growth [22,23]. The literature shows that by-products of
anaerobic degradation processes can serve as nutrient sources for microalgae, including
T. subcordiformis [24]. However, no studies have reported the use of effluents from the
anodic chamber of an MFC supplied with real fruit and vegetable wastewater as a culture
medium for this species. There is also no information regarding the effects of such effluents
on biomass growth kinetics, population density, biochemical properties of the microalgae,
their hydrogen-producing capacity, or the quality of the resulting biogas.

The literature is dominated by integrated MFC systems, in which microalgae act as an
oxygen source and biocatalyst in the cathode chamber, and research objectives primarily
focus on improving the electrochemical performance of the device. In the present study,
a different approach was adopted. The MFC was primarily considered as a module for
preliminary bio-processing of wastewater streams from the fruit and vegetable processing
sector, while the anode chamber effluent, inevitably generated during operation, was
subsequently valorized as a cultivation medium. Particular emphasis was placed on
the use of the marine microalga T. subcordiformis, whose salinity requirements limit its
application in conventional MFC biocathodes, yet support the concept of valorizing anode
effluents toward biomass and hydrogen production. The above highlights a research gap
regarding the bioelectrochemical-photobiological integration of MFC systems with the
cultivation of T. subcordiformis using waste resources from fruit and vegetable processing.

This study aims to assess the suitability of effluents from the anodic chamber of an
MEFC powered by fruit and vegetable wastewater at different organic loading rates as a
culture medium for T. subcordiformis, and to determine their effects on biomass production
efficiency, population growth kinetics, biochemical properties of the obtained biomass, and
the parameters and efficiency of biological hydrogen production, as well as the qualitative
characteristics of the generated biogas. The study tested the hypothesis that effluents
from the anodic chamber of an MFC can serve as a functional culture medium for T.
subcordiformis, and that their composition, determined by the applied organic loading rate,
will influence both the intensity of microalgal growth and their bioenergy potential for
hydrogen production.

2. Materials and Methods
2.1. Experimental Organisation

The experimental work was divided into two stages (S). In the first stage (S1), the
biomass production efficiency of T. subcordiformis and the nutrient utilisation efficiency
by the microalgae were analysed. After cultivation, the biomass was separated from the
culture medium and concentrated by sedimentation. The final concentration of microalgae
in the photobioreactors (PBR) was then determined, and analyses were conducted to char-
acterise the composition of the obtained biomass. The second stage (S2) involved hydrogen
production by T. subcordiformis in respirometric reactors. The microalgae were incubated
in a medium providing optimal conditions for biophotolytic processes in respirometric
reactors, where the volume of produced gas was monitored, along with qualitative analysis
of hydrogen content.

In each stage, three variants (V) were distinguished. The criterion for their separation
was the applied organic loading rate (OLR) in the anodic chamber of the microbial fuel cell
(MFC), which was supplied with fruit and vegetable wastewater. The OLR values in the
experimental variants were: 1.0 g COD/L-d (V1),2.0 g COD/L-d (V2), and 3.0 g COD/L-d
(V3). These variants constituted a technological criterion enabling evaluation of how the
degree of loading in the anodic chamber influenced the composition and properties of
the effluents used as a cultivation medium for T. subcordiformis, as well as their impact
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on biomass production efficiency (S1) and hydrogen generation (52). The organisational

scheme of the experimental workflow is presented in Figure 1.
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Figure 1. Organisation and planned sequence of the experimental work.

2.2. Materials
2.2.1. Inoculum of T. subcordiformis

Cultures of the microalga T. subcordiformis (strain SAG 161-1a) were obtained from
the algal collection of the University of Géttingen (Gottingen Germany), operating under
the international abbreviation SAG. In the initial cultivation phase, the inoculum was
propagated to obtain sufficient biomass for the experiment, using a culture medium pre-
pared from chemical reagents [25]. The culture was first maintained in sterile glass tubes
with a working volume of 50 mL (Biospace, Poznan, Poland). Once sta, le cultures were
established, they were transferred to glass bioreactors with a capacity of 1.0 L (Duran
Bottle System, Mainz, Germany). All laboratory glassware was sterilised in an autoclave
(2840 EL-D, Tuttnauer, New York, NY, USA) at 121 °C for 15 min.

2.2.2. Fruit and Vegetable Wastewater and Culture Media

In S1, the PBRs were inoculated with effluent from the anodic chamber of the microbial
fuel cell (MFC), where anaerobic biodegradation of contaminants from real fruit and
vegetable wastewater was performed by fermentative microorganisms. Raw wastewater
was obtained from a fruit and vegetable processing plant (Maspex Sp. z 0.0., KUBUS Juice
Production Plant, Olsztynek, Poland). The characteristics of the wastewater used to supply
the anaerobic anodic chamber of the MFC are shown in Table 1.

The anaerobic anodic chamber was a completely mixed system with a working vol-
ume of 1.0 L and operated at a temperature of 35-37 °C. Anaerobic microorganisms were
immobilised as a biofilm on a conductive carbon cloth with a surface area of approximately
30 cm?. The anaerobic sludge used in this study represented a natural microbial consor-
tium typical of methanogenic environments, comprising functional groups responsible for
successive stages of anaerobic biodegradation of organic matter. These included hydrolytic
and fermentative bacteria converting complex substrates into VFAs and alcohols (repre-
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sentatives of Firmicutes and Bacteroidota), syntrophic bacteria oxidising VFAs and alcohols
in cooperation with hydrogen-consuming microorganisms (Syntrophomonas, Syntrophobac-
ter), and methanogenic archaea utilising acetate and hydrogen (Methanosaeta/Methanothrix,
Methanosarcina, Methanobacterium). After stable electrochemical activity was achieved, the
system was operated under three OLR levels: V1—1.0 g COD/L.d, V2—2.0 g COD/L-d,
and V3—3.0 g COD/L-d. Depending on the selected organic loading rate, the hydraulic
retention time (HRT) in the anaerobic anodic chamber varied (V1—8.4 days, V2—4.2 days,
V3—2.8 days). The applied technological parameters significantly affected the quality
of the effluent from the MFC anodic chamber, which served as the culture medium for
T. subcordiformis biomass production in S1 (Table 2).

Table 1. Characteristics of real fruit and vegetable wastewater supplied to the MFC anodic chamber.

Parameter Unit Value (Mean + SD)
COD mg O, /L 8400 £ 4032
BODs mg O, /L 5040 £ 2688
TSS mg/L 2700 + 1600
pH - 6.7+ 0.8
Soluble sugars mg/L 4200 £ 2300
TN (total nitrogen) mg N/L 249 £ 120
NH4*-N mg N/L 53 £35
TP (total phosphorus) mgP/L 27 £17
P-POy mg P/L 18 £6.2
Lipids mg/L 135 £ 85
Conductivity mS/cm 11.8 £4.7

Table 2. Characteristics of the effluent from the MFC anodic chamber used as the culture medium in
the experimental variants.

V1—1.0g COD/L-d V2—2.0gCOD/L-d V3—3.0 g COD/L-d

Parameter Unit (HRT 8.4 Days) (HRT 4.2 Days) (HRT 2.8 Days)
COD mg O,/L 2100 £ 1010 2250 £ 1150 3200 £ 1460
BODs mg O,/L 504 + 250 540 £ 270 800 £ 380
TSS mg/L 1080 £ 330 1120 £ 420 1550 £ 450

pH - 6.9 + 0.3 6.88 £ 0.33 6.7 £ 0.5
Soluble sugars mg/L 125 + 85 140 + 92 154 + 77
TN mg N/L 217 £111 215 £ 106 226 £115
NH4*-N mg N/L 100 + 50 110 £ 55 130 + 65
TP mgP/L 22+11 225+12 25+ 12
P-PO4 mgP/L 13+2 14 +3 14 +3
Lipids mg/L 34 + 20 36 £ 21 80 £ 43
Conductivity mS/cm 10.5 £ 4.0 10.6 £4.1 112 £45

In all experimental variants in which hydrogen production efficiency (52) was evalu-
ated, a culture medium based on deionised water was used, enriched with mineral salts
and trace elements essential for proper microbial functioning. The medium contained
(mg/L): NaHCO3—0.196, for pH buffering; KC1—0.667 and NaCl—27.23, to ensure ionic

https://doi.org/10.3390/en19040877


https://doi.org/10.3390/en19040877

Energies 2026, 19, 877

6 of 26

balance; H3BO3—0.098 and KBr—0.098 as sources of trace elements; CaCl,—1.123 and
MgCl,—b5.079 as components necessary for cellular metabolism; NaF—0.003, SrCl,—0.024,
and CuCl,—0.002 as microelements supporting enzymatic biological processes. The pH of
the medium was maintained between 7.90 and 8.00. The composition of the medium was
developed based on available literature data and the authors’ previous studies [26].

2.3. Photobioreactors
2.3.1. Cultivation of Microalgae in the Photobioreactor (S1)

T. subcordiformis was cultivated in vertical, column-type photobioreactors (VT-PBR)
with an active volume of 1.0 L (Aquamedic, Janikowo, Poland) at a controlled temperature
of 25 °C (Figure 2). The reactor was completely filled with effluent from the anaerobic an-
odic chamber of the MFC, which served as the culture medium. Subsequently, an inoculum
of T. subcordiformis was then added at an initial concentration of 150 mg VS/L. Depending
on the applied OLR in the MFC anodic chamber, the culture medium displayed different
physicochemical parameters, reflecting the experimental conditions of the respective vari-
ants (Table 2). The PBR was illuminated using 10 W white lamps (Leddy Slim, Aquael,
Warsaw, Poland) with a colour temperature of 900 K. The photon flux in the PAR range
(400-700 nm) was 270-300 pmol/m? s, corresponding to 720 Im. Air was supplied using
Hailea V10 pumps (Hailea Group, Chaozhou, China) with a capacity of 200 L/h, ensuring
medium mixing and aeration.

(a) (b)

Figure 2. Schematic diagram (a) and photograph (b) of the MFC used to obtain effluent from
the anaerobic anode chamber (1—anode chamber, 2—carbon felt anode, 3—Nafion membrane,
4—cathode chamber, 5—carbon cloth cathode, 6—ammeter, 7—voltmeter). The grey colour indicates
anaerobic sludge, while the green colour indicates microalgal biomass.

2.3.2. Hydrogen Production Reactor (S2)

Biomass of T. subcordiformis obtained from the PBR was separated by simple sed-
imentation and introduced into respirometric reactors (OxiTop—IDS, WTW, Weilheim,
Germany) with an active volume of 1.0 L. Incubation was carried out at 25 + 1 °C, with the
reactor contents magnetically stirred at 60 rpm. The medium and the reactor headspace
were deoxygenated by purging with nitrogen (N;) at a flow rate of 100 L/h for 3 min
to ensure anaerobic conditions required for hydrogenase activation. Pressure changes in
the gas phase were recorded every 10 h and converted to volumetric biogas production

https://doi.org/10.3390/en19040877


https://doi.org/10.3390/en19040877

Energies 2026, 19, 877

7 of 26

under standard conditions using the ideal gas law. The incubation lasted 120 h, comprising
30 h in the dark phase and 90 h in the light phase. The reactors were illuminated with
daylight fluorescent lamps (Philips MASTER TL-D Super 80, Eindhoven, The Netherlands)
with a colour temperature of 6500 K and a power of 58 W, simulating natural daylight
conditions and supporting photosynthetic Hy production. Initial biomass concentrations
in each variant depended on the biomass yield obtained in S1, allowing assessment of the
effects of different biomass yields on hydrogen production.

2.3.3. Characterisation of the Microbial Fuel Cell (MFC)

A conventional, two-chamber microbial fuel cell (MFC) operated in fed-batch mode,
with an “H-type” configuration, was used in the experiments. The cell consisted of two
glass bottles with a nominal volume of 1000 mL each, forming separate chambers: an
anode (anaerobic) and a cathode (aerobic) chamber. The chambers were connected by a
channel equipped with an ion separator in the form of a Nafion™ 117 proton-exchange
membrane (Sigma-Aldrich, St. Louis, MO, USA) with dimensions of 5 cm x 5 cm, enabling
ion transport (mainly H* and other cations) while limiting electrolyte mixing. The anode
was made of conductive carbon cloth with dimensions of 5 cm x 6.0 cm and an active
surface area of 30 cm?. The cathode consisted of a carbon rod with a diameter of 0.4 cm
and an active surface area of 17.84 cm?. To improve mass transfer and maintain medium
homogeneity, the contents of both chambers were mixed using magnetic stirrers. The
operating temperature was maintained at 35-37 °C. The electrodes were connected via
an external electrical circuit including a copper wire and a resistor (R = 100 Q2). Current
and cell voltage were recorded periodically (every 2 h) using a digital multimeter with
automatic range selection. A schematic of the two-chamber MFC (including chamber
separation, Nafion membrane, electrodes, and the V-1 measurement system) is presented
in Figure 2.

The anode chamber was operated under anaerobic conditions (maintained in the dark
and covered with aluminium foil), whereas the cathode chamber was run under aerobic
conditions to ensure the availability of an electron acceptor at the cathode. To maintain
anoxic conditions in the anode chamber, after each medium replacement the chamber was
purged with a gas mixture of 80% Nj and 20% CO, for 10 min. The anode chamber was
inoculated with anaerobic sludge collected from the municipal wastewater treatment plant
“Lyna” (Olsztyn, Poland). The sludge was introduced into the anode chamber and mixed
for 24 h to allow sedimentation and immobilisation of microorganisms on the anode surface
(formation of an electroactive biofilm). Subsequently, part of the sludge was removed and
the chamber was fed with fresh wastewater. Anaerobic microorganisms were immobilised
as a biofilm on the conductive carbon-cloth anode (=30 cm?). After stable electrochemical
activity was achieved, the system was operated under three organic loading rate (OLR)
variants, which determined the hydraulic retention time (HRT).

In the cathode chamber, a culture of Arthrospira platensis (UTEX 3086, Culture Col-
lection of Algae, University of Texas, Austin, TX, USA) was applied. The inoculum was
prepared by cultivation in laboratory-scale photobioreactors (2 L) in a thermostatic cham-
ber at 35 °C prior to inoculation of the MFC system. The medium for A. platensis was
prepared according to a modified Aiba and Ogawa medium [27]: 13.61 g NaHCO3, 4.03 g
Na,CO3, 0.5 g K;HPOy, 2.5 g NaNO;3, 1.0 g K;SO4, 1.0 g NaCl, 1.0 g MgSO4-7H,0, 0.04 g
CaCl,-2H;0, 0.01 g FeSO4-7H;0, 0.08 g Na,EDTA, and 1 mL of A5 and B6 trace-element
solutions per 1 L of distilled water. The cathode chamber was operated under a 16:8 h
(light:dark) photoperiod and illuminated with white light (fluorescent lamps). During MFC
operation, the A. platensis biomass concentration ranged from 2.0 to 4.2 g TS/L. Aeration
of the cathode chamber was provided at 120 dm?®/h. The electrochemical performance of
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the two-chamber MFC fed with fruit and vegetable processing wastewater under different
organic loading rates (OLR) is summarised in Table 3.

Table 3. Electrochemical parameters of the two-chamber MFC fed with fruit and vegetable processing
wastewater as a function of organic loading rate (OLR).

OLR Power Power Voltage Current Coulombic
Variant (¢ COD/L-d) HRT (d) Density PD Output P \Y% I Efficiency CE
& (mW/m?) (mW) (mV) (mA) (%)
Vi 1.0 8.4 35£5 0.098 £ 0.042 313 £ 67 0.313 £ 0.067 22+38
V2 2.0 42 60 £+ 25 0.168 & 0.070 410 £ 85 0.410 & 0.085 16 £ 6
V3 3.0 2.8 55 £ 30 0.154 £0.084 392 +107  0.392 £+ 0.107 11+5
2.4. Analytical, Computational, and Statistical Methods
The control and measurement equipment used during the experimental work, as well
as the applied calculation procedures and statistical tests, are presented in Table 4.
Table 4. Measurement devices and analytical, computational, and statistical methods used.
Parameter Method Equipment/Manufacturer, City, Country
Volatile solids (VS) Gravimetric determination Muffle furnace LAC L, Dabrowica, Poland; ash
by ignition at 550 °C weighing DanLab AX423, Bialystok, Poland
Taxonomic analvsis Lioht microsco Biological microscope MF 346 with Optech 3MP
y & Py camera, Eduko, Warsaw, Poland

Dichromate method PN-EN

Block Digest mineraliser, VELP Scientifica, Usmate,

COD 12260 with sample Italy; UV /VIS DR 5000 spectrophotometer, Hach
mineralisation Lange, Diisseldorf, Germany
BODs 5-day incubation OxiTop-IDC respu‘omett-er, WTW, Weilheim, Germany;
standard respirometric procedure
UV /VIS DR 5000 spectrophotometer, Hach Lange,
Total nitrogen (TN) Kjeldahl/spectrophotometric Diisseldorf, Germany; Kjeldahl apparatus VELP
Scientifica, Usmate, Italy
NH,-N Colorimetric UV/VIS DR 5009 spectrophotometer, Hach Lange,
Diisseldorf, Germany
Colorimetric (molybdenum UV/VIS DR 5000 spectrophotometer, Hach Lange,
Total phosphorus (TP method) Diisseldorf, Germany
pH Glass electrode pH meter 1000 L, \;XVI;I;iernatlonal, Radnor,
Salinity Conductivity electrode Marine Control Digital, Aqua Medic,

Janikowo, Poland

VS (in wastewater) Gravimetric

Ignition in LAC L muffle furnace, Dabrowica, Poland

Nitrogen determination

Protein (Kjeldahl) x factor 6.25 Kjeldahl apparatus VELP Scientifica, Usmate, Italy
Soxhlet Soxhlet apparatus VELP Scientifica, Usmate, Italy;
.. . chloroform Sigma-Aldrich, St. Louis, MO, USA;
Lipids extraction/chloroform . . .
analytical balance Sartorius Cubis,
method s
Gottingen, Germany
Phenol-sulfuric colorimetric UV /VIS DR 5000 spectrophotometer, Hach Lange,
Sugars N
method Diisseldorf, Germany
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Table 4. Cont.

Parameter

Method Equipment/Manufacturer, City, Country

Hy, Oy, CO,

GC Agilent 7890 A, Agilent Technologies, Santa Clara,

Gas chromatography CA, USA; samples collected with gas-tight syringe

Gas production rate (r) and
kinetic constants (k)

Nonlinear (iterative)
regression

Experimental replications

Four replicates per variant -

Statistical analysis

- Statistics 13.3, Statsoft, Inc., Tulsa, OK, USA

Significance level

- o« =0.05

Normality and
homogeneity tests

- Shapiro-Wilk test, Levene’s test

Analysis of differences
between means

One-way ANOVA and HSD (honestly significant
difference) test

3. Results and Discussion
3.1. Cultivation Performance of T. subcordiformis

The growth dynamics of T. subcordiformis clearly depended on the quality of the culture
medium, as confirmed by statistically significant differences between the experimental
variants (p < 0.05). The highest yield was obtained in variant V2, where the final biomass
concentration reached 1020 + 108 mg VS/L, and the exponential phase lasted from day 2
to day 10 of cultivation (Figure 3a,b). The growth rate during this period (101.5 = 15.2 mg
VS/L-d) and the total biomass increase (826 & 82 mg VS/L) indicate efficient utilisation of
mixotrophic conditions (Table 5). The stable and prolonged exponential phase suggests
that medium V2 provided a carbon-to-nitrogen-to-phosphorus ratio that supported photo-
synthetic and/or heterotrophic activity (mixotrophy), which is frequently emphasised in
the literature as a key factor enhancing microalgal productivity [28]. According to Yang
et al. [29], during active growth of microalgae, maximum biomass productivity is a com-
bination of growth rate and the content of carbon reserves, which are generally inversely
proportional. Therefore, a nutrient-rich medium promotes biomass formation, whereas
nutrient limitation triggers intracellular storage of reserve products [30].

Variant V1 exhibited similar, though slightly lower, growth dynamics compared to
V2, with a final biomass concentration of 970 £ 102 mg VS/L (Figure 3a). The exponential
growth rate of 89.7 £ 14.5 mg VS/L-d was lower than in V2; however, this difference was
not statistically significant (p > 0.05) (Table 5). The somewhat smaller biomass increase
during the exponential phase indicates that the composition of medium V1 was less
metabolically favourable, although it still supported relatively efficient population growth.
This may have resulted from differences in the availability of key macronutrients, leading to
earlier entry into the stationary phase—typical behaviour in environments with suboptimal
C:N:P ratios [31]. Fernandes et al. [32] showed that microalgae respond to changes in
nutrient ratios in two ways: they may maintain homeostasis by sustaining constant biomass
composition and cellular functionality at the cost of growth rate, or restructure metabolic
pathways and resource utilisation strategies to better adapt to new conditions.

According to Qian et al. [33], improper macronutrient ratios in the culture medium
reduce microalgal biomass accumulation due to inhibition of photosynthesis, lowered ox-
idative stress resistance, and reduced metabolic activity. Similar conclusions were presented
by Magyar et al. [34], who observed that increased nitrate concentrations stimulate chloro-
phyll formation and biomass growth, while elevated phosphate concentrations positively
correlate with microalgal activity. They also reported that higher N:P ratios correspond to
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higher chlorophyll concentrations. This indicates that both the C:N:P ratio and the absolute
concentrations of nutrients in the medium directly influence microalgal growth rate and
biomass yield [29,35].
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Figure 3. Growth curves of T. subcordiformis (a) and the progression of the exponential growth phase
(b) according to the experimental variant.

Table 5. Indicators characterising the developmental phases of T. subcordiformis populations in the
experimental cultivation variants.

Variant ~ Growth Phase D[‘l‘)r:;‘s‘;“ T"[EI{;{‘;;;’L*‘]“ ([;l;‘;"vtg IIE*‘;T
Lag 0-2 78 £36.3 152+ 4.8
Exponential 2-10 661 +79.0 89.7 £14.5
Vi Stationary 10-11 66 £ 102.7 52+21
Death 11-14 —6+104.3 —-35+1.8
Lag 0-2 109 £ 32.3 18.0 £ 5.0
Exponential 2-10 826 + 82.0 101.5 £15.2
V2 Stationary 10-12 2 +106.0 0.1+03
Death 12-14 —67 £107.7 —63+25
Lag 04 75 £ 18.0 320£6.5
Exponential 4-9 388 +47.0 776 £ 7.1
V3 Stationary 9-11 30+£71.7 31+£12
Death 11-14 —23+75.0 —6.8+23

The greatest growth limitations were observed in variant V3, where the differences
were statistically significant compared to V1 and V2 (p < 0.05). The lag phase lasted as long
as four days, indicating slowed adaptation of cells to environmental conditions (Table 5).
The exponential phase was shortened to the period between days 4 and 9 of cultivation,
and the growth rate (77.6 £ 7.1 mg VS/L-d) was the lowest among all variants (Figure 3b).
The total biomass increase reached 388 + 57 mg VS/L, and the final biomass concentration
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was 730 & 76 mg VS/L, corresponding to a reduction in productivity of approximately
30-35% relative to V2 (Figure 3a).

These clearly reduced growth dynamics align with mechanisms of metabolic stress
induced by the unfavourable properties of medium V3, which was characterised by the
highest concentrations of TSS (1550 + 450 mg/L) and lipids (80 £ 43 mg/L). Such an
environment may generate several overlapping inhibitory effects. Under abiotic stress
caused by contaminants present in wastewater, the balance between the production and
suppression of reactive oxygen species (ROS) in algal cells is disrupted, leading to increased
ROS levels [36]. Excessive ROS generation can damage microalgal cell components, includ-
ing lipids, proteins, and the cell membrane [37]. This necessitates activation of protective
systems and metabolic slowdown, reducing growth efficiency [38].

Similarly, the high content of suspended solids reduced light penetration and impaired
effective photosynthesis, which in a mixotrophic strategy represents an additional factor
limiting metabolic flexibility [39,40]. Excessive lipid concentrations may also destabilise cell
membranes and increase ROS production, leading to oxidative stress that inhibits the activ-
ity of enzymes responsible for nitrogen and carbon metabolism [41,42]. This phenomenon
is widely documented in microalgae exposed to high organic loading [40,43]. According
to Lacroux et al. [30], heterotrophic growth of microalgae slows at low initial organic sub-
strate concentrations, resulting in a greater contribution of autotrophic metabolism. This
corresponds with the observed reduction in biomass increase as substrate concentration
increases, since cells incorporate less external inorganic carbon. Furthermore, increased
medium viscosity and elevated TSS may impede mass transfer and delay substrate diffu-
sion, which explains the extended lag phase [36]. Under such conditions, microalgae shift
to a metabolic dormancy strategy, reducing biosynthetic processes and delaying activation
of mixotrophic pathways, consistent with the observed growth parameters [44].

To provide a reference framework for evaluating the efficiency of T. subcordiformis
growth on the MFC anode effluent, the obtained results were compared with data reported
for cultivation on defined synthetic/mineral media as well as on other alternative waste-
derived media. Under control conditions, where a clean medium prepared from chemical
reagents and deionized water is applied, biomass yields of this species are substantially
higher than those achieved on real waste streams. For instance, Dudek et al. reported a final
biomass concentration of 3410 4= 162 mgVS/L with a growth rate of 321 &= 21 mgVS/L-d for
a control culture operated on a chemical medium [18]. Similarly, in the study by Debsowski
et al., the control variant (synthetic medium) enabled the attainment of a final biomass
concentration of 2560 £ 301 mgVS/L [45].

Against this background, the results of the present manuscript indicate that the use of
anode chamber effluent from an MFC fed with fruit and vegetable processing wastewater
ensured stable, albeit markedly lower, biomass growth, ranging from 745 £+ 75 mgVS/L
(V3) to 1020 &= 108 mgVS/L (V2). In the study by Zieliniski et al. [46], cultivation of T. sub-
cordiformis on MFC effluent resulted in a final biomass concentration of approximately
1.1 gVS/L, whereas the control variant (clean mineral medium) achieved biomass yields of
2720 £ 199 mgVS/L. The observed reduction in productivity relative to synthetic controls
is typical of systems in which the cultivation medium is a wastewater-derived stream
or originates from bioelectrochemical processes. In the same study, higher technological
performance was reported for soil-less agricultural wastewater, where the final microalgal
concentration in a VI-PBR reached 3030 + 183 mgVS/L [46]. Importantly, the key advan-
tage of the strategy proposed in this work lies in the valorization of an effluent stream that
would otherwise require further treatment/neutralisation prior to environmental discharge,
while simultaneously generating functional biomass suitable for subsequent H, production.
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Cultivation conditions based on the MFC anode effluent promote a shift of T. subcordi-
formis toward mixotrophic growth, as the medium contains both inorganic carbon as well as
residual fractions of organic carbon (COD) and nutrients. This enables simultaneous CO; as-
similation and uptake of organic compounds, resulting in redistribution of metabolic fluxes
between biomass biosynthesis and carbon storage (carbohydrates/lipids) [47]. Differences
in OLR/HRT (V1-V3) determined the quality of the anode effluent and the availability of
readily assimilable carbon fractions, which may explain the observed changes in growth
kinetics. In variants V1-V2, a moderate level of residual COD together with available
nutrients supported intensive biosynthesis (higher p and higher biomass concentration),
whereas under the highest OLR (V3) part of the metabolic flux may have been redirected
toward adaptive mechanisms and energetically costly stress responses, which is consistent
with the observed growth deceleration [46]. The decrease in biomass productivity in V3
can also be interpreted as a consequence of physiological stress induced by the properties
of the waste-derived medium. Elevated turbidity (TSS) and the presence of hydrophobic
fractions (lipids) reduce light penetration and impair the performance of the photosyn-
thetic apparatus, thereby promoting ROS generation and triggering antioxidant responses.
Under such conditions, increased activity of antioxidant enzymes (e.g., SOD, catalase) and
intensified lipid peroxidation (e.g., MDA) have been reported, leading to reduced growth
rate, changes in chlorophyll content, and modifications in the biochemical composition of
biomass [48]. This mechanism is particularly relevant in integrated bioenergy systems, as
oxidative stress and redox imbalance may limit not only biomass accumulation but also the
efficiency of photobiological H, production by affecting hydrogenase activity, its oxygen
sensitivity, and the cellular redox state [49].

A literature review indicates that anaerobic digestate effluents can be effectively used
as cultivation media for the growth of various microalgal species [50,51]. Scarponi et al. [52]
reported that during the cultivation of Chlorella vulgaris on digestates derived from the
anaerobic biodegradation of the organic fraction of municipal solid waste and activated
sludge, biomass concentrations of 0.6-2.0 gVS/L were achieved. Comparable values
were reported by Zuliani et al. [53], who obtained 2.00 gVS/L of C. vulgaris biomass and
1.75 gVS/L of Scenedesmus obliquus biomass using anaerobic digestate from the treatment
of agricultural waste and sewage sludge. In other studies, biomass production of C. vul-
garis on diluted digestate from the anaerobic treatment of municipal wastewater reached
0.6-3.01 gVS/L [54,55].

3.2. Nutrient Assimilation Efficiency in the Culture Medium

The results indicate that the quality of the culture medium played a key role not only
in determining the growth dynamics of T. subcordiformis but also in the efficiency of assimi-
lating major nutrients. Variants V1 and V2, characterised by elevated sugar concentrations
and relatively low lipid content, promoted rapid development of microalgal populations
under mixotrophic conditions. The achieved biomass concentrations—970 &= 102 mg VS/L
in V1 and 1087 4= 106 mg VS/L in V2—combined with high growth rates in the logarithmic
phase, respectively, 89.7 &+ 14.5 and 101.5 &= 15.2 mg VS/L-d, indicate that the availability
of easily accessible carbohydrates may significantly enhance biomass synthesis through
synergistic utilisation of energy derived from both photosynthesis and heterotrophic sugar
metabolism [56,57].

This phenomenon, widely described in the literature, is characteristic of microalgae
engaged in mixotrophic growth, where an additional carbon source compensates for limita-
tions associated with light intensity or micronutrient availability [58,59]. Napoles-Armenta
et al. [60] compared growth profiles of microalgae under autotrophic and heterotrophic
conditions, observing that in mixotrophic cultivation, energy could be continuously pro-
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duced by aerobic catabolism of organic compounds and by conversion of light energy
into chemical energy via photosynthesis. This improvement enhanced nutrient transport
and adsorption into cells, resulting in increased biomass production and higher growth
rates compared to autotrophic cultures. According to Zhang et al. [56], intermediates of
glycolysis may directly diffuse into chloroplasts and substitute for CO, bound by RuBisCO,
serving as sources of carbon for organic carbon metabolism in the chloroplast.

High growth rates in V1 and V2 were also reflected in efficient nitrogen and phospho-
rus utilisation. The removal efficiencies of TN and NH4-N remained similar, at 48-49%,
confirming stable activity of enzymes responsible for the assimilation of inorganic nitrogen
forms (Table 6). Final TN concentrations in both variants (111 &+ 12 and 110 & 13 mg/L) as
well as NH4-N (52 £ 6 and 56 + 7 mg/L) show that nitrogen uptake rates were sufficiently
high to sustain intensive biomass growth throughout the experiment. A similar pattern was
observed for phosphorus. Removal efficiencies reached 62-63% for TP and 59-60% for PO;-
P, with final concentrations between 8.0-8.3 mg/L and 5.3-5.6 mg/L, respectively. These
results indicate increased nutrient demand by actively growing cells during periods of high
metabolic activity (Table 5). Literature on Tetraselmis species consistently emphasises their
capacity for effective phosphorus biosorption and the formation of intracellular polyphos-
phate reserves, particularly in environments enriched in readily assimilable carbon [61].
Michels et al. [62] achieved 99% phosphorus removal during Tetraselmis suecica cultivation
in fish-farm wastewater. Similarly, Goswami et al. [63] reported more than 90% phosphate
removal within seven days of T. suecica growth. In contrast, Amit et al. [64] recorded lower
efficiency, approximately 60.93%, during T. indica cultivation in domestic wastewater.

Table 6. Indicators characterising nutrient utilisation in the culture medium by T. subcordiformis
biomass in the experimental variants.

Indicator Unit Vi V2 V3
Final biomass concentration mg VS/L 970 102 1087 £ 106 745+ 75

VS linear growth phase dni 2-10 2-10 4-9
VS growth rate in the logarithmic mg VS/L-d 897 +145  1015+152  77.6+7.1

growth phase
TN utilisation rate for biomass growth mg TN/g VS 31.4+48 321+5.1 28.7+4.3
TN removal efficiency Y% 48.7 £5.2 49.1+54 423 +47
Final TN concentration mg/L 111 £ 12 110 £13 130 £ 12
N'foo‘r‘;g;a;rzrv‘vrt;te for mg N-NH, /g VS 145 +23 152425 12.8 £ 2.0
N-NH,4 removal efficiency % 48.1+5.1 49.0+53 412 +45
Final N-NHy concentration mg/L 52+ 6 56 + 7 76 + 8

TP utilisation rate for biomass growth mg TP/g VS 13.7 £ 2.0 142 £21 12117
TP removal efficiency % 62.3 6.2 63.1 6.5 55.0 £5.0
Final TP concentration mg/L 8+1 83+1.2 11.3+15
P-POy utilisation rate for biomass growth mg P-PO4/g VS 78+12 81+13 69 +1.1
P-PO4 removal efficiency % 59.0 £5.8 60.3 £6.0 52.0 £4.7
Final P-PO4 concentration mg/L 534+0.7 5.6 0.8 6.7 £09
COD utilisation rate for biomass growth mg COD/g VS 210 £ 25 225 + 28 180 4= 20
COD removal efficiency % 435+ 45 448 £ 5.0 36.7 4.1
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Table 6. Cont.
Indicator Unit Vi1 V2 V3
Final COD concentration mg O, /L 1190 & 120 1240 + 135 2030 + 160
TOC utilisation rate for biomass growth mg TOC/g VS 180 £ 22 192 +24 158 + 18
TOC removal efficiency % 46.7 £5.0 48.0+£52 39.5+43
Final TOC concentration mg/L 96 + 11 100 £+ 12 123 + 14

The average phosphorus content in algal cells is approximately 1%, and increases
in its content indicate potential for enhanced phosphorus removal via biomass growth
and synthesis of phosphorus-containing cellular constituents such as phospholipids and
polyphosphate storage [65]. Microalgae may increase phosphorus uptake immediately
after deficiency periods, as well as under excess conditions [66]. In response to phos-
phorus depletion, microalgae produce phosphatases with activities stimulated by low
phosphate availability [67]. Cells generally accumulate polyphosphate when phosphorus
is abundant in the environment [68]. Assimilation of inorganic phosphorus is controlled
by active transporters whose kinetics depend on the acclimation state of cells, available
energy for converting inorganic phosphorus into polyphosphate, and cellular phosphorus
demand [69].

Higher microalgal biomass also contributes to nitrogen reduction in wastewater. Ac-
cording to Ge et al. [70], Tetraselmis species exhibit high potential for nitrogen removal, with
ammonium being the preferred nitrogen substrate [71]. When ammonium is insufficient,
microalgae assimilate nitrite and nitrate, which are enzymatically converted to ammonium
by nitrate reductase [72].

Significant differences between the variants also appeared in the utilisation of or-
ganic carbon. In V1 and V2, stable COD reduction at 43.5-44.8% and TOC reduction at
46.7-48.0% were recorded, confirming that moderate carbon loading promotes a balance be-
tween autotrophy and heterotrophy and allows the maintenance of high metabolic activity
(Table 6).

The most pronounced deviations were observed in variant V3, where the final biomass
concentration reached only 745 + 75 mg VS/L, while the growth rate decreased to
77.6 £7.1 mg VS/L-d. Despite greater initial nutrient availability, utilisation efficiencies
were significantly lower, amounting to 42.3% for TN and 41.2% for N-NHy, and for phos-
phorus, 55.0% (TP) and 52.0% (P-POy) (Table 6). This phenomenon aligns with the concept
of substrate inhibition, which occurs under excessive availability of carbon-based organic
compounds, particularly lipids [73,74]. The high lipid content in medium V3 may have
led to disturbances in the stability, intensification of oxidative stress, and inhibition of
enzyme activity responsible for nitrogen and carbon utilisation, consistent with reports
on the effects of elevated organic loading on microalgal metabolism [75]. The final TOC
and COD values in variant V3, at 123 £ 14 mg/L and 2030 £ 160 mg O, /L respectively,
indicate that in this variant, the mechanisms of degradation and assimilation of organic
compounds were significantly weakened.

This trend is consistent with the bioelectrochemical characteristics of MFC opera-
tion, indicating that at the highest OLR a larger fraction of electrons was diverted to
competing anaerobic pathways rather than being recovered as electrical current. The
electrochemical parameters of an MFC represent useful indicators of anode-biofilm ac-
tivity and the intensity of bioelectrochemical processes, which translate into the degree
of pollutant bioconversion and the quality of the anode effluent subsequently used as
a cultivation medium [76]. In the present study, changes in OLR and HRT resulted in
significant differences in the electrical performance of the cell (Table 3). Increasing the OLR
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from 1.0 to 2.0 g COD/L.d increased the average voltage from 313 + 67 to 410 4= 85 mV
and the current from 0.313 & 0.067 to 0.410 & 0.085 mA. At the same time, power density
increased from 35 + 5 to 60 + 25 mW/m?, and the average power rose from 0.098 = 0.042
to 0.168 £ 0.070 mW. This indicates that V2 provided the most favourable conditions for
anode respiration and extracellular electron transfer. This effect was consistent with the
quality of the anode chamber effluent, which in variants V1-V2 was characterised by
markedly lower COD (approximately 2100-2250 mg O, /L) and clearly reduced suspended
solids and lipid content (Table 2). At the highest loading, i.e., OLR = 3.0 g COD/L-d,
relatively high voltage and power density were maintained; however, the average current
decreased to 0.392 £ 0.107 mA and coulombic efficiency dropped to 11 £ 5% (Table 3).
This phenomenon indicates a reduction in the electrochemical efficiency of the bioanode
and a greater contribution of processes competing with electron transfer to the anode [77].
Concurrently, variant V3 showed deterioration in effluent quality: residual COD increased
to 3200 £ 1460 mg O, /L, suspended solids reached 1550 £ 450 mg/L, and lipid content
increased to 80 & 43 mg/L (Table 2).

The decrease in coulombic efficiency and current observed in variant V3, despite the
maintenance of relatively high voltage and power density, indicates a shift in the electron
balance toward pathways competing with anode respiration. Under high organic loading
(OLR = 3.0 g COD/L.d) and shortened HRT, the contribution of hydrolysis and fermenta-
tion increases and intermediate products (e.g., VFAs) tend to accumulate, which promotes
electron consumption for metabolite reduction and heterotrophic biomass growth rather
than transfer to the anode, thereby reducing CE [78]. Concurrently, competitive pressure
from non-electroactive microorganisms, including methanogens, increases, resulting in
electron “loss” to CHy formation and a further decline in charge recovery as electrical
current [79]. Moreover, high OLR in fruit and vegetable processing wastewater is typically
associated with elevated TSS and a higher share of hydrophobic fractions (lipids), which
may limit mass transfer to the biofilm, impair biofilm—electrode contact, and slow extracel-
lular electron transfer (EET) through both direct (cytochromes/conductive nanostructures)
and indirect (redox mediators) mechanisms. Additional limiting factors may include local
biofilm acidification and increased internal resistance, which intensify kinetic and trans-
port constraints [80]. These mechanisms are consistent with the observed deterioration of
effluent quality in V3 (higher residual COD, TSS, and lipid content), suggesting a lower
degree of electrochemical bioconversion and a higher proportion of residual fractions in
the effluent medium [81].

The results suggest that not only the quantity of available substrates determines the
growth performance of T. subcordiformis and thus the efficiency of nutrient assimilation
processes. Variants rich in sugars promoted intensive biomass growth and high nitrogen
and phosphorus assimilation efficiency, whereas medium with increased lipid content
limited the metabolic rate, leading to a clear reduction in both biomass accumulation
and organic substrate removal. The observed relationships are consistent with current
knowledge in microalgal biology and environmental biotechnology and provide important
insights for optimising cultivation conditions in systems aimed at biomass productivity or
nutrient removal [82,83].

In natural and exponentially growing phytoplankton populations, the observed Red-
field ratio C:N:P is 106:16:1, reflecting fundamental cellular properties [84,85]. Nevertheless,
elemental ratios in algal cells are not constant and may undergo dynamic changes reflecting
variations in the biochemical composition of the culture medium [31]. As demonstrated in
studies by various authors, the N:P ratio in algal cells changes with nutrient availability,
and a generally positive correlation is observed between the cellular N:P ratio and the
supply ratio of these elements in the medium [84,86]. Conversely, a high C:N ratio results
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in a decrease in cellular protein concentration, a reduction in chlorophyll a content, and
contributes to the accumulation of storage compounds [31,87].

It has been demonstrated that optimisation of ammonia concentration is a key fac-
tor affecting microalgal growth performance and their ability to remove N and P from
anaerobic digestate [52]. Jhouhanggir et al. [51] showed that during the cultivation of C.
vulgaris on anaerobic digestate at a C/N ratio of 6.47 & 1.15, the removal efficiencies of
COD and ammonium nitrogen reached 89.02 & 0.84% and 89.45 + 1.29% (NH;*-N), re-
spectively. Similarly, Ledda et al. [88] reported effective elimination of organic compounds
and nitrogen, achieving 61-73% COD removal and 95-98% NH,;*-N removal during C.
vulgaris cultivation on anaerobic digestate. In turn, cultivation of Scenedesmus dimorphus on
anaerobic digestate resulted in high removal efficiencies of organic matter, nitrogen, and
phosphorus of 65-72% COD, 63-100% N, and 78-82% P, respectively, as well as complete
ammonia elimination [89].

3.3. Characteristics and Properties of T. subcordiformis Biomass

The composition of T. subcordiformis biomass varied according to cultivation conditions,
reflecting both the cells’ capacity to accumulate organic matter and their adaptive responses
to changing environmental parameters. In variant V1, the VS content was 86.2 £ 2.8% of
dry mass, while in V2 it reached 88.5 £ 3.1%, with no statistically significant difference
(p > 0.05) (Table 7). A similar pattern was observed for organic carbon content, which in V1
was 505.3 + 21.7 mg/g VS, and in V2 increased to 530.6 £ 23.5 mg/g VS (p > 0.05). The
absence of statistical differences indicates that both conditions enabled cells to maintain
comparable rates of carbon assimilation. This phenomenon is often observed in microalgal
cultures developing under reduced light availability or nutrient limitation. Under such
conditions, cells reduce their division rate but continue to accumulate organic matter to
sustain basic physiological processes [90].

Table 7. Biochemical composition of T. subcordiformis biomass in the cultivation variants.

Parameter Unit A\ V2 V3
Volatile solids (VS) % TS 86.2 £2.8 88.5£3.1 85.3 £3.6
Mineral solids (MS) % TS 13.8+2.38 115+ 3.1 147 £ 3.6

Total carbon (TC) mg/gVS 5407 £264 5653 +£289 5284 +257
Total organic carbon (TOC) mg/gVS 5053 £21.7 530.6£235 4981 +224
TN mg/g VS 482+ 34 50.1 £3.7 46.5+ 39
C/N ratio — 105+ 0.7 10.6 £ 0.8 10.7 £ 0.7
TP mg/gVS  11.3+09 120+ 11 10.8 £ 0.9
pH of the biomass — 718+£019 712+0.17 7.05+0.21
Protein mg/gVS 37044285 4027 +312  355.1+298
Soluble sugars mg/gVS 1356+164 1423 +182 1304 £157
Lipids mg/gVS 725+11.8 783 £125 80.7 £13.6

Protein and carbohydrate fractions were also similar between V1 and V2. Protein
content was 370.4 &+ 28.5mg/g VS in V1 and 402.7 & 31.2 mg/g VS in V2 (p > 0.05), while
carbohydrate content was 135.6 & 16.4 mg/g VSin V1 and 142.3 4+ 18.2 mg/g VS in V2
(p > 0.05). However, variant V2 was characterised by a higher phosphorus content, amount-
ing to 12.0 & 1.1 mg/g VS, whereas in V1 the phosphorus level was 11.3 £ 0.9 mg/g VS
(p > 0.05) (Table 7). Although the difference was not statistically significant, the slightly
greater accumulation of phosphorus may have enhanced the cells’ capacity for ATP and
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nucleic acid synthesis, corresponding with the slightly higher protein and carbohydrate
content observed in V2. Microalgae often respond in this way when phosphorus availability
is sufficient but the growth rate remains low, with part of the surplus phosphate stored
within cellular structures [68].

A distinct biochemical profile of the microalgae was identified in variant V3. The
content of volatile substances decreased to 85.3 &+ 3.6% of dry mass and was signifi-
cantly lower than in V2 (p < 0.05). Similarly, the organic carbon content declined to
498.1 &+ 22.4 mg/g VS, also with statistical significance (p < 0.05) (Table 7). Such a reduc-
tion in the organic fraction typically indicates a limited ability of cells to accumulate carbon,
which may result from both deteriorated light conditions and disturbances in nutrient
transport in a more heavily loaded medium [91]. This mechanism is well described for
microalgae that, under environmental stress, reduce photosynthetic activity and are unable
to maintain high organic content per unit mass [92].

An even more pronounced signal of reduced biosynthetic activity appeared in
the protein and carbohydrate analyses. In variant V3, protein content declined to
355.1 +29.8 mg/g VS, and carbohydrate content to 130.4 £ 15.7 mg/g VS (Table 7). These
changes were statistically significant compared with V2 (p < 0.05). The reduction in these
fractions indicates that the cells encountered conditions that disrupted the synthesis of
metabolites requiring substantial energy input. The literature shows that microalgae, under
low phosphorus availability or when photosynthesis is impaired, first reduce protein syn-
thesis [66,70], which is precisely reflected in the results of variant V3. This is associated with
inhibition of phosphorus-dependent processes (ATP and nucleotide synthesis) and with
adaptive transcriptomic reprogramming, in which cells reduce protein synthesis and the
biogenesis of the photosynthetic apparatus, while excess carbon is redirected towards lipid
or polysaccharide accumulation, resulting in a decline in total biomass productivity [29].
Studies by Plouviez et al. [93] confirm that transcriptomic and proteomic responses of genes
and proteins associated with phosphorus availability are synchronised, and regulation of
the C:N:P ratio may enhance the ability of algal cells to produce high concentrations of
carbohydrates, proteins, or lipids [94].

The biomass obtained in V3 was characterised by a phosphorus content of 10.8 &= 0.9 mg/g VS,
significantly lower than in V2 (p < 0.05). This may indicate disturbances in phosphate
transport or incorporation into cellular structures. Since phosphorus, as previously men-
tioned, is essential for ATP synthesis, nucleotide formation, and membrane phospholipid
production, its reduced availability may directly inhibit the formation of proteins and
carbohydrates, which is consistent with the results obtained. Under stress conditions,
microalgae often compensate for this deficit by reducing growth and entering a state of
metabolic conservation, including phosphorus redistribution, storage as polyphosphates,
lipid accumulation, reduced photosynthetic rate, and lowered biomass productivity [95].

In V3, an increase in lipid content was also observed, reaching 80.7 + 13.6 mg/g VS.
This value was higher than in V2 (78.3 £ 12.5 mg/g VS) and V1 (72.5 + 11.8 mg/g VS),
although the differences were not statistically significant (p > 0.05) (Table 6). It is likely that
microalgae increased lipid production under conditions of limited nitrogenous metabolite
synthesis, which is widely recognised as an indicator of cellular stress [96]. This phe-
nomenon is characteristic of cultures with low growth rates, which first reduce protein
metabolism [66]. A review of the literature indicates that phosphorus concentration and
light intensity have a decisive influence on protein synthesis in algal cells, with higher
phosphorus levels generally increasing protein content, whereas low light favours protein
accumulation at the expense of lipids and carbohydrates [97].
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3.4. Biohydrogen Production

The total H; production in V1 and V2 was similar, with no significant differences
(p > 0.05), amounting to 182.3 & 23.1 mL and 184.7 £ 25.0 mL, respectively (Figure 4a,b).
Comparable values were also obtained for the kinetic parameters: the reaction rate constant
was 0.0435 =+ 0.0051 1/h in V1 and 0.0441 £ 0.0054 1/h in V2 (Table 8). The hydrogen
production rate reached 8.74 + 1.11 mL/h and 8.85 £ 1.19 mL/h, respectively (p > 0.05).
The unit hydrogen production in V1 was 193.7 & 32.6 mL Hy/g VS, while in V2 it was
181.1 £+ 31.1 mL H;, /g VS (Figure 4d). These high and comparable values indicate a very
good metabolic condition of individual cells, which, despite challenging environmental
conditions and limited biomass growth rates, maintained high efficiency in converting
light energy into Hy. The literature confirms that stability of the specific activity of hydro-
genase is characteristic of cultures functioning under moderate, but not extreme, stress
conditions [98].

Table 8. Basic kinetic parameters of H, production by T. subcordiformis and biogas composition.

Parameter Unit Vi V2 V3
Total biomass mg VS 941 £ 104 1020 + 108 730 £ 76
Total H, production mL 182.3 £23.1 184.7 £ 25.0 112.0 £14.8
H; production rate constant (k) 1/h 0.0435 + 0.0051 0.0441 £ 0.0054 0.0348 +£ 0.0045
H, production rate (r) mL/h 874 £1.11 8.85 £+ 1.19 5.35+0.70
Specific H, production (unique Hj) mL/g VS 193.7 £ 32.6 181.1 £31.1 153.4 £ 25.8
Biogas composition—Hj % 582 1+45 58.7 = 4.6 58.0 =44
Biogas composition—CO, % 35.6 £3.8 353 £3.7 359 £39
Biogas composition—O; % 6.2+12 6.0+13 6.1+11
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Figure 4. Hydrogen production by T. subcordiformis in V1 (a), V2 (b), V3 (c), and comparison of final
gas yields (d).
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Hydrogenase is highly sensitive to oxygen concentration in the environment; there-
fore, under aerobic conditions or when excess O; is produced during photosynthesis, it
becomes deactivated [99]. When the environment becomes too stressful (e.g., severe nutri-
ent deficiency, intense oxidative stress, degradation of the photosynthetic apparatus), cells
often lose photosynthetic activity, may have damaged photosystems, reduced efficiency of
electron transfer, and consequently exhibit markedly lower or unstable H, production [100].
Conversely, properly controlled environmental conditions strongly promote long-term and
stable hydrogenase activity, and thus high efficiency of photobiological H, production.
This includes maintaining oxygen balance to limit photogenic O, accumulation, which
deactivates [FeFe]-hydrogenase, as well as ensuring a continuous supply of electrons gen-
erated in photosynthetic processes [100]. At the same time, creating functional protective
zones around the enzyme is essential—local microenvironments with reduced oxygen
content formed, for example, inside cell aggregates, biofilms, immobilised systems, or
environments with controlled, slightly acidifying or buffered pH [101,102]. Such conditions
limit O, diffusion into cells and stabilise redox parameters, while maintaining hydrogenase
activity even when photosynthetic oxygen evolution still occurs [103]. As a result, these
complex but stable microenvironments allow long-lasting enzyme functionality and effi-
cient electron flow into the H, production pathway, leading to markedly higher and more
stable photobiological hydrogen yields.

The presence of oxygen (ca. 6%) in the headspace during the hydrogen production
stage requires clarification, as O, is a strong inhibitor of hydrogenase and its occurrence
may limit H; yields. Despite applying a medium deoxygenation procedure, residual bio-
logical O, production may have occurred. The T. subcordiformis biomass was concentrated
and subsequently transferred to sulphur (S)-depleted medium; however, S limitation does
not result in an immediate shutdown of photosystem II (PSII). During the initial adaptation
phase, cells may retain partial photosynthetic activity due to the existing photosynthetic
apparatus and intracellular sulphur reserves [104]. Consequently, despite a 30 h dark phase,
the application of a 90 h light phase could have promoted limited O, evolution. This is
consistent with the S-deprivation mechanism used to induce H, production, in which the
transition from photosynthetic conditions to full hydrogenase activation occurs gradu-
ally [104]. Importantly, the O, fraction measured in the headspace does not directly reflect
conditions in the liquid phase. Due to limited diffusion and rapid oxygen consumption
within the biomass suspension, microanoxic conditions conducive to hydrogenase activity
could have been maintained in the medium despite detectable O, in the headspace.

The biomass amount in V3 reached only 730 £ 76 mg VS, representing a significant
decrease compared with V1 and V2 (p < 0.05). Limited biomass means fewer cells capable
of photosynthesis and biophotolysis. For this reason, the total H, production in V3 was
significantly lower than in V1 and V2, amounting to 112.0 + 14.8 mL (Figure 4c). The
hydrogen production rate in V3 reached 5.35 £ 0.70 mL/h and was significantly lower than
the values observed in V1 and V2 (p < 0.05), indicating a slowdown in electron flow through
the photosynthetic chain and reduced hydrogenase activity at the level of the entire cell
population. Importantly, reduced total H, production did not indicate a loss of potential
for its generation. The unit hydrogen production in V3 reached 153.4 & 25.8 mL/g VS,
which, although lower than in V1 and V2, remained high, especially considering the
significantly lower biomass amount. This result indicates that the population in V3 was
less numerous but metabolically active, and the cells that survived under these conditions
retained substantial photobiological H, production capacity. Such a profile is characteristic
of microalgae functioning under moderate, selective stress: weaker cells are eliminated,
while the population is maintained by units exhibiting higher enzymatic activity [105]. The
proportions of gases remained within stable ranges: hydrogen 58.0-58.7%, carbon dioxide
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approximately 35-36%, and oxygen around 6%, with no significant differences between
variants (p > 0.05), indicating a stable biogas composition. The observed differences
occurred only at the process scale, depending on the amount of biomass and reaction
kinetics, not on the mechanism of biophotolysis itself.

Other microalgal and cyanobacterial species are also capable of coupling photosyn-
thesis with biohydrogen production due to the presence of enzymes such as hydroge-
nases or nitrogenases [106]. Using C. vulgaris strains, photobiological H, production of
12 mL Hy/L-h has been achieved [107]. In other studies, C. vulgaris cells were maintained
under alternating illumination in light/dark cycles, resulting in a maximum H; production
rate of 34.8 mL/L-h [108]. Moreover, the application of violet light for cultivation of C.
vulgaris and S. obliguus yielded hydrogen productivities of 204.8 mL/L-d and 39.18 mL/L-d,
respectively [109].

Literature indicates that the amount of microalgal biomass directly affects total hydro-
gen production, as the number of active cells determines the available enzymatic centres
responsible for generating H, [110,111]. Moderate stress conditions generally do not al-
ter the metabolic pathways leading to H, generation; however, they may modulate the
intensity of these pathways, increasing or decreasing their efficiency. This results only
in quantitative differences in H, production, not in changes to the mechanism of its for-
mation [112]. Furthermore, optimal lighting conditions increase H, production rates by
suppressing photosynthetic oxygen evolution [113]. According to Arimbrathodi et al. [114],
low microalgal cell density in the cultivation system regulates the amount of light passing
through microalgal cells and effectively reduces dissolved oxygen uptake by the culture.
In contrast, high cell density may lead to carbohydrate accumulation and inhibit the
cell growth rate. Therefore, to achieve high H, production, the active growth phase of
microalgae and appropriate cell density in the culture must be maintained [115].

4. Conclusions

The results indicate that the growth of T. subcordiformis and the ability of these mi-
croalgae to produce hydrogen were most effective in cultivation media with lower lipid
content, moderate levels of organic compounds, and limited suspended solids. Under
these conditions, the highest biomass concentrations, ranging from 970 to 1020 mg VS/L,
were achieved, along with the greatest nutrient assimilation efficiency, particularly for
nitrogen (approximately 49%) and phosphorus (62-63%). The microalgae also maintained a
stable biomass composition, with a predominance of protein and lipid fractions, which may
have supported higher photosynthetic and enzymatic activity. The cultivation medium
parameters and relatively high biomass productivity directly translated into the highest
total (182-185 mL) and unit hydrogen production yields (181-194 mL/g VS).

Conversely, media containing higher concentrations of lipids, TSS, and organic loading
significantly limited biomass accumulation to 745 + 75 mg VS/L, led to reduced nitrogen
(approximately 42%) and phosphorus (approximately 55%) assimilation, and shifted the
biomass composition towards an increased lipid fraction, a typical indicator of metabolic
stress and decreased activity of nutrient transporters. As a result, total H, production
decreased to 112.0 = 14.8 mL, although unit production remained high at 153 £ 25mL/g VS,
suggesting that the cells surviving under more challenging conditions retained substantial
enzymatic potential, but their number was insufficient to achieve higher total production.

The stable biogas composition under all tested conditions (H, 58-59%, CO, 35-36%,
O, approximately 6%) confirms that differences in overall process efficiency were primarily
driven by biomass quantity and quality as well as nutrient assimilation efficiency, rather
than changes in photobiolysis mechanisms. The findings highlight that in bioenergy
systems utilising biodegradable waste, controlling the quality of the cultivation medium is
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crucial for increasing total biohydrogen production, mainly by supporting efficient growth
of T. subcordiformis biomass.

The key contribution of this work is the demonstration of an alternative MFC-
microalgae integration model, in which the fuel cell is not considered a system aimed
at maximising electrical energy recovery, but rather a module generating an effluent stream
that requires further neutralisation and can subsequently be valorized as a resource. The
use of the marine microalga T. subcordiformis is of high practical relevance, as its salinity
requirements limit conventional applications in MFC biocathodes, while enhancing the
potential for valorization of anode effluents toward biomass production and a clean energy
carrier. The obtained results confirm the feasibility of integrating wastewater treatment and
resource recovery (carbon and nutrients) with biomass and hydrogen production within
the circular economy framework, while indicating that a key implementation prerequi-
site is controlling the quality of the anode effluent (particularly TSS and lipids) through
appropriate selection of OLR/HRT.
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