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Abstract: Research to date has mainly focused on the properties and efficiency of the production
of selected, individual types of biofuels from microalgae biomass. There are not enough studies
investigating the efficiency of the production of all energy sources synthesised by these microorgan-
isms in a single technological cycle. The aim of this research was to determine the possibilities and
efficiency of the production of hydrogen, bio-oil, and methane in the continuous cycle of processing
T. subcordiformis microalgae biomass. This study showed it was feasible to produce these three energy
carriers, but the production protocol adopted was not necessarily valuable from the energy gain
standpoint. The production of bio-oil was found to be the least viable process, as bio-oil energy value
was only 1.3 kWh/MgTS. The most valuable single process for microalgae biomass conversion turned
out to be methane fermentation. The highest specific gross energy gain was found after applying a
protocol combining biomass production, hydrogen biosynthesis, and subsequent methane production
from T. subcordiformis biomass, which yielded a total value of 1891.4 kWh/MgTS. The direct methane
fermentation of T. subcordiformis biomass enabled energy production at 1769.8 kWh/MgTS.

Keywords: biofuels; microalgae; T. subcordiformis; biomass; hydrogen; bio-oil; anaerobic digestion;
methane; bioenergy production

1. Introduction

Bioenergy technologies based on the production and utilisation of microalgae biomass
are seen as very universal, promising solutions with great potential for implementation [1].
This conviction is based, among other things, on the proven possibility of utilising this
substrate for the production of many types of biofuels, including biogas from methane
fermentation [2] or the hydrogen fermentation process [3], hydrogen in direct biophotol-
ysis [4], ethanol from alcohol fermentation [5], or biodiesel through transesterification of
storage lipids [6]. The suitability of microalgae biomass for typical thermochemical energy
processes has also been demonstrated, including gasification [7], pyrolysis [8], plasma
processes [9], torrefaction [10], and simple combustion [11].

Energy carriers produced from microalgae biomass are categorised as third-generation
biofuels [12]. Their use is in line with the assumptions of the circular economy [13], directly
meets the requirements related to the need to reduce greenhouse gas emissions and protect
the climate [14], and also supports the policy of developing renewable energy sources [15].
Therefore, interest in these solutions is continuously growing, leading to the development of
technologies and a systematic increase in their technological readiness level. The European
Union (EU) has adopted a very ambitious strategy for the development of the bioeconomy,
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in which microalgae biomass is a resource of great importance that can be widely utilised for
environmental protection technologies, bioenergy production, and as a source of valuable
nutrients for humans and animals [16].

This results in the need to develop concepts for new solutions and to improve existing
methods for producing this type of biomass and converting it into energy carriers [17]. One
possibility for a major breakthrough and the basis for the development of innovative yet
profitable and sustainable protocols for the production of biofuels is the use of saltwater
green algae of the Tetraselmis subcordiformis species. These are unicellular, naturally pho-
toautotrophic microorganisms that can also develop through mixotrophic growth, which
significantly increases the universality of their use [18]. This species has been shown to
be capable of efficiently producing a variety of biofuels, including bio-oil [19], biogas [20],
bioethanol [21], and hydrogen [22]. It is characterised by dynamic growth [23], achieves
high biomass concentrations in photobioreactors [24], and is resistant to harsh environmen-
tal conditions [25]. Its important advantage is the fact that it sediments easily, which is
important to reduce the cost of techniques used for its thickening, separation, and final
recovery of the biomass from the culture medium [26].

Previous research has mainly addressed the production characteristics of selected
individual species of energy carriers produced by T. subcordiformis [27]. The main focus
has been on hydrogen production based on direct biophotolysis, which occurs thanks
to hydrogenase catalysing the reversible H, oxidation reaction and releasing hydrogen
gas by reducing protons [28]. There are also numerous works on the possibility of using
this species to synthesise significant amounts of fatty substances for the production of
biodiesel [29]. This process may be intensifying by modifying technological parameters of
the cultivation process which determine the conditions under which the microalgae biomass
stores reserve substances in the form of lipids [25]. Research has also been carried out to
develop and optimise the methane fermentation process of Tetraselmis sp. biomass [30].
Anaerobic digestion has been carried out directly on the grown biomass [31] or on the
residues after bio-oil extraction [32]. Co-digestion with other organic substrates has also
been used to increase the technological efficiency [20,33].

To the best of authors’” knowledge, there have been no studies so far that would
demonstrate the feasibility of utilising all energy carriers synthesised by the biomass of
T. subcordiformis in a single, continuous production cycle. By carrying out laboratory experi-
ments and continuing them on a pilot scale, data can be collected that will enable ecological,
economic, and energy analyses, and form grounds for assessing the competitiveness of this
solution. The in-house experiments presented in this work are pioneering research that
may be extended to further, more advanced, and large-scale research.

The aim of this study was to determine the possibilities and assess the effectiveness of
the cultivation of T. subcordiformis microalgae using dairy wastewater, and then to analyse the
potential for recovery of energy carriers synthesised from the biomass produced, including
hydrogen and bio-oil, for the production of biodiesel and methane in a single, continuous
production cycle. A preliminary comparative gross energy balance was established for
different protocols aimed at producing biofuels from the T. subcordiformis biomass.

2. Materials and Methods
2.1. Organisation of the Experiment

The experiments were carried out in 6 stages (S), the separation criteria of which were
the individual technological processes. Initially, the research focused on the production
of microalgae biomass (S1), followed by work on biomass conversion into energy carriers
(52-6). The cultivation of T. subcordiformis biomass was carried out in S1. In S2, the
microalgal biomass separated from the original culture medium was stimulated to produce
hydrogen by modifying the environmental conditions. In S3, the concentrated and then
dried T. subcordiformis biomass was subjected to a chemical oil extraction process. In 54,
after processing, the microalgae biomass residues were subjected to anaerobic digestion
to produce biomethane. In addition, alternative protocols were used to compare energy
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production efficiency. S5 involved methane fermentation of biomass obtained directly after
cultivation in a photobioreactor (S1), while in S6 the biomass was anaerobically fermented
after the process of hydrogen production (52). Figure 1 depicts the course of the experiments
and the protocols used.

STAGE 1
biomass production

—

STAGE 2
biohydrogen production

]

l

STAGE 5
biomethane production

STAGE 6
biomethane production

—

STAGE 3
biooil production

]

STAGE 4
biomethane production

Figure 1. Organisational diagram of the experimental works.

2.2. Materials
2.2.1. Microalgae Biomass

The microalgae T. subcordiformis (Wille) Butcher (Chlorophyta) (UTEX B171 culture
collection of algae, University of Texas, Austin, TX, USA) were used for the experiments.
In the initial phase, the biomass was propagated in sterilised (15 min, 121 °C, 2840 EL-D
autoclave (Tuttnauer, Breda, The Netherlands)) falcon vials (50 mL). Then, it was used for
the exact experiments.

2.2.2. Medium Used in S1 (Biomass Production)

The medium contained deionised water, chemical compounds and trace elements [34],
and dairy wastewater pretreated in an anaerobic labyrinth flow hybrid reactor [35]. Prior
to use, the fermented dairy wastewater was pasteurised (90 °C for 30 min) using a 2840
EL-D autoclave (Tuttnauer, Breda, The Netherlands) to ensure the purity of the culture
during microalgae cultivation. Based on the results of the authors’ previous research,
the proportion of dairy wastewater in the culture medium was 50% by volume [22].
The values of the basic indicators of the culture medium tested were as
follows: COD—621 + 37 mgO,/L, TN—127 £ 12 mgN/L, TP—24 + 3.7 mgP/L,
P-PO4—21 + 3.2 mgP/L, N-NH;—112 £ 11 mgN/L, and pH—7.66 £ 0.12.

2.2.3. Medium Used in S2 (Hydrogen Production)

The medium consisted of deionised water supplemented with chemical compounds
according to the protocol described by Ran et al. (2009) [36] and Guan et al. (2004) [34]:
0.667 mg/L KCl, 27.23 mg/L NaCl, 5.079 mg/L MgCl,, 1.123 mg/L CaCl,, 0.002 mg/L
CuCly, 0.024 mg/L SrCly, 0.003 mg/L NaF, 0.098 mg/L KBr, 0.196 mg/L NaHCO3, and
0.098 mg/L H3BOs3. The pH was in the range of 7.90-8.00.

2.2.4. Anaerobic Sludge Used in S4-56 (Methane Production)

The anaerobic sludge used in Stages 4 to 6 was obtained directly from the closed di-
gesters of the municipal sewage treatment plant in Olsztyn (Poland), which are used to sta-
bilise the sewage sludge. These are fully mixed contact reactors operating at a temperature
of 35 °C, with an organic loading rate of 2.5 kgVS/m?3-d and a hydraulic retention time of
the substrates in the technological system of 20 days. The properties of the anaerobic sludge
are as follows: V5—74.3 £+ 2.7% TS, TC—761 £+ 68 mg/gTS, TOC—601 &+ 37 mg/gTs,
TN—40.3 £ 6.4 mg/gTS, TP—3.4 £ 0.9 mg/gTS, C:N—14.9 + 1.2, and pH—7.13 £+ 0.11.
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2.3. Research Stations
2.3.1. Photobioreactor Used in S1 (Biomass Production)

The biomass of T. subcrodiformis was cultivated in a BioFlo 115 bioreactor (New
Brunswick, Edison, NJ, USA) with an active volume of 2.0 L. The experiments were
carried out at a temperature of 25 + 1 °C. White light illumination with an intensity of
5 klux (5000 Im, 67.5 pumol/m?-s) was used, including a 14 h light/10 h dark cycle (Philips
Lighting MASTER TL-D Super 80)—(Philips Lighting, Eindhoven, The Netherlands). The
colour temperature was 6500 K, which corresponds to daylight, and the power was 58 W.
The photobioreactor was aerated (200 L/h) and continuously stirred with vertical stirrers
(150 rpm). The initial biomass concentration of T. subcrodiformis was 150 mgVS/L. A mixed
cellulose ester vacuum filter with a porosity of 8.0 um (MBS 1 filtration kit, Whatman,
Maidstone, UK) functionally coupled with a Mobil 20 vacuum pump (DILO Company, Inc.,
Odessa, FL, USA) was used to separate and concentrate the T. subcrodiformis biomass.

2.3.2. Photobioreactor Used in S2 (Hydrogen Production)

In S2, the biomass of T. subcrodiformis was incubated at a temperature of 25 £ 1 °C
in respirometric bioreactors with an active volume of 0.5 L, permanently connected to a
pressure change recorder (WTW, Weilheim, Germany). The initial biomass concentration
of T. subcordiformis was 4.0 gVS/L. The respirometer set was used to measure and record
every 10 h the changes in partial pressure caused by the production of gaseous products
(hydrogen) of the T. subcrodiformis biomass metabolism. The contents of the respirometers
were mixed at a speed of 100 rpm using VMS—C4 magnetic stirrers (Advanced, VWR,
Lutterworth, UK). The incubation time was 150 h, including 30 h in the absence of light
and 120 h in white light with an intensity of 5 klux (Philips Lighting MASTER TL-D Super
80)—(Philips Lighting, Eindhoven, The Netherlands).

2.3.3. Bioreactor Used in 54 to S6 (Methane Production)

Methane was produced by volumetric gas production in batch respirometric reactors
(AMPTS II, BPC Instruments AB, Lund, Sweden). Fermentation was carried out at a
temperature of 37 & 1 °C. The bioreactors were equipped with a vertical agitator operating
at a capacity of 100 rpm every 10 min for 30 s. The active volume of the respirometers
was 500 mL. The initial organic load rate (OLR) was 5.0 gVS/L. A detailed description
of the operation of the AMPTS II bioreactors was presented in previous works by the
authors [37,38].

2.4. Analytical Methods

The composition of the biomass was analysed in all stages. The concentrations of
total solids (TS), volatile solids (VS), and mineral solids (MS) were determined using the
gravimetric method. The TS content in the biomass was determined by drying to a constant
mass at a temperature of 105 °C. The MS/VS content was determined by burning the
biomass at a temperature of 550 °C. The loss after combustion was VS according to the
PN-EN 15935:23022-01 standard [39]. In S1, the gravimetric method was used at the end of
each selected growth phase of T. subscordiformis biomass. The TSS Portable probe (Hach
Lange GmbH, Germany) was used for daily measurements of the biomass content in the
reactor. In 52 and S3 the gravimetric method was used at the end of the experiment. TN, TC,
and TOC were determined in biomass samples dried at 105 °C using a Thermo Flash 2000
organic molecule analyser (Thermo Scientific, Waltham, MA, USA). TP was determined
colourimetrically in ammonium metavanadate (V) and ammonium molybdate after prior
mineralisation in a mixture of sulphuric (VI) and chloric acid (VII) at 390 nm using a DR
2800 spectrophotometer (Hach-Lange, Diisseldorf, Germany). The total protein content
was estimated by multiplying the TN value by the protein conversion factor of 6.25. The
lipid concentration was determined using the Soxhlet method with a Biichi extraction
device (B-811, Biichi AG, Flawil, Switzerland). The reducing sugars were determined
colourimetrically with an anthrone reagent at 600 nm using a DR 2800 spectrophotometer
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(Hach-Lange, Diisseldorf, Germany). The pH value was determined by weighing 10 g of
the homogenised, air-dry sample into a 100 mL beaker, adding 50 mL of distilled water
and mixing, and then measuring the pH value in the sample after calibrating the device.

2.5. Procedures Used in Individual Stages
2.5.1. S1 (Biomass Production)

Taxonomic analysis of algal biomass was performed using an MF 346 biological
microscope with an Optech 3MP camera (Delta Optical, Warsaw, Poland). The content of
the monitored indicators in the culture medium was determined using a UV /VIS DR 5000
spectrophotometer (Hach Lange, Diisseldorf, Germany). The salinity of the medium was
tested using a marine control digital instrument (Aqua Medic, Bissendorf, Germany). The
light intensity was measured with an HI 97500 luxmeter (Hanna Instruments, Woonsocket,
RI, USA).

2.5.2. 52 (Hydrogen Production)

Gaseous metabolic products of T. subcordiformis (5 mL) were collected from the
respirometers using a gas-tight syringe (Sigma-Aldrich, Darmstadt, Germany). Their
composition and percentage were analysed using a GC 7890 A gas chromatograph (Agilent,
Palo Alto, CA, USA). The percentages of the following biogas components were determined:
carbon dioxide CO,, oxygen O;, and hydrogen Hj.

2.5.3. S3 (Bio-Oil Production)

The biomass was separated from the medium with a flow centrifuge (CEPA LEA Lab,
Ingersheim, Germany) at 40,000 rpm, and the flow of the liquid was about 35 L/h. The
harvested biomass was dried at 105 °C for 24 h. Next, it was crushed using a grinder (IKA
Multidrive, IKA ® -Werke GmbH, Staufen, Germany) at 20,000 rpm for 60 s (every 100 g).
Hexane was added to the crushed biomass in a dose of 300 mL per 100 g of biomass. Next,
the mixture was sonicated for 60 s, which resulted in energy production at 18,635.57 Ws and
an amplitude of 100%. The separation of hexane with oil from the biomass was performed
in a centrifuge (Eppendorf, Hamburg, Germany) at 11,000 rpm for 3 min. Next, the hexane
was evaporated from the oil, and the o0il was subjected to transesterification (following the
S Van Wychen protocol [40]).

The properties of bio-oils were analysed in accordance with the following standards:
viscosity at 40 °C—ISO 3104 [41], density at 15 °C—ISO 3675 [42], flash point—ISO 15267 [43],
total contamination—EN 12662 [44], calorific value—DIN 51900 [45], carbon residue—ISO
10370 [46], oxidation stability at 110 °C—EN 14112 [47], water content—ISO 12937 [48], acid
value—EN 14104 [49], phosphorus content—ISO 10540 [50], sulphur content—ISO 3987 [51],
and iodine value—EN 14111 [52]. The degree of reaction of triglycerides contained in the
bio-oils tested in the transesterification process was determined using the HPLC technique
(LC-10AT chromatograph, Shimadzu, Kyoto, Japan). The chromatograph was equipped with
two detectors—DAD (wavelength A = 205 nm) and a C-18 column. The temperature of the
column was 25 °C, the injection volume was 1.0 puL, and the flow rate was 0.9 mL/min. The
mobile phase was a mixture of solvent A—isopropanol-hexane (4/5) and solvent B—methanol,
and was applied according to the following gradient: 0 min—100% solvent A, 20 min—100%
solvent A, 45 min—100% solvent B, 70 min—100% solvent B, 71 min—100% solvent A, and
75 min—100% solvent A.

The reaction products of algal oil transesterification were analysed using a GC chro-
matograph (GC-15A Shimadzu, Kyoto, Japan) equipped with an Rt-2560 column
(110 m x 0.20 um LD., 0.25 mm film thickness). The quantitative and qualitative anal-
yses were performed using the following analytical standards: Food Industry FAME Mix
with 37 methyl esters (C4:0—C24:1) and FAME Mix C18:0—C20:0 (certified reference ma-
terial): methyl oleate 20% (w/w), methyl laidate 20% (w/w), methyl linoleate 20% (w/w),
methyl linoleate 20 % (w/w), methyl arachidate 10% (w/w), and methyl stearate 10% (w/w).
The parameters of the GC analysis were as follows: initial column temperature—100 °C,
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temperature gradient: 4.0 °C/min—185 °C, 0.5 °C/min—220 °C, 5.0 °C/min—240 °C, split
ratio—10:1, make-up gas flow rate—40 mL/min, and column flow rate—0.80 mL/min.

2.5.4. 54 to S6 (Methane Production)

The composition of biogas produced at each section of the reactor was measured
every 24 h using a gas-tight syringe (20 mL injection volume) and a gas chromatograph
(GC, 7890A Agilent, Palo Alto, CA, USA) equipped with a thermal conductivity detector
(TCD). The GC was fitted with two molecular sieve columns (60/80 mesh), two Hayesep Q
columns (80/100 mesh), and a Porapak Q column (80/100) operating at a temperature of
70 °C. The temperature of the injection was 150 °C, and that of detector ports was 250 °C.
Argon and helium were used as the carrier gases at a flow rate of 15 mL/min.

2.6. Statistical Analysis

The statistical analysis of the results obtained was performed using the STATISTICA
13.3 PL package. The significance of differences between the groups was determined using
a one-way analysis of variance (ANOVA). The significance of differences between the
analysed variables was determined using Tukey’s test. A significance level of p = 0.05 was
assumed in the tests.

3. Results and Discussion
3.1. Stage 1 (Biomass Production)

T. subcordiformis biomass growth was observed until the 14th day of incubation in the
photobioreactor (Figure 2a). At the end of the culture cycle, the biomass reached concen-
trations of 2610 £ 170 mgVS/L and 2893 + 192 mgTS/L. The multiplication rate of the
microalgae biomass in the exponential growth phase (from day 5 to day 12 of the culture)
reached 275 £+ 11 mgVS/L-d and 306 £ 11 mgTS/L-d (Figure 2b). During this time, an
increase from 520 4 51 gVS/L to 2450 4= 155 gVS/L was recorded in biomass concentration
(Figure 2b). In the following days of the cultivation process, the biomass growth rate
did not exceed 90 gVS/L-d. The lag growth phase lasted until day 5, and the observed
biomass growth rate was 74 =7 gVS/L-d (82 £ 9 gTS/L-d). During this time, the biomass
concentration increased from 150 4 25 mgVS/L (166 & 28 mgTS/L) to 520 + 51 gVS/L
(576 £57 gTS/L) (Figure 2a). After 12 days of incubation, the T. subcordiformis popu-
lation reached the stationary growth phase, in which the biomass increased by only
40 £ 3 mgVS/L-d (44 £ 4 mgTS/L-d) (Figure 2a).

i Exponential | Stationary = 4000
| growth phase 1 growth phase iy 3500
! : 2. 3000 R*=0.9817
. g g g g r=306£11 mgTS/L-d
X g g = 2500 B
1 — N
: 8 g : S 2000 gg
I | ud _ 8‘_-:_", =
B L. £ 1500 g8
! | o TL v
' 8 | 7 1000 S
| (111

o] ! g 5000
: : m 0
56 7 8 910111213141516 5 ] 7 8 9 10 11 12

Time [days] Time [days]

aTs oVSs aTs oVs

(a) (b)

Figure 2. Production of T. subcordiformis biomass during incubation in a photobioreactor (a) and
biomass production rate in the exponential growth phase (b).
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Researchers most frequently describe the feasibility of producing T. subcordiformis biomass
using culture media prepared based on distilled water and chemical reagents [53,54]. Their
use provides the microalgae with optimal growth conditions. Ji et al. (2010) [53], for example,
achieved T. subcordiformis biomass production of 3200 mgVS/L under such conditions. Xie
et al. (2001) [54], in turn, were able to increase the biomass concentration of these microalgae
to 3680 mgVS/L. A comparable value, namely 3493.33 & 465.44 mgVS/L, was achieved by
using water from natural reservoirs, i.e., from the Gulf of Gdansk, as an environment for the
intensive production of T. subcordiformis biomass [55]. However, the culture medium had to
be supplemented with nitrogen and phosphorus compounds from external sources, as the
content of biogenic compounds in the waters from the coastal zone of the Baltic Sea was too
low to ensure intensive development of the T. subcordiformis biomass [55]. The usefulness
of various urban and industrial wastewater or post-production water from aquaculture and
fermentation residues for the propagation of microalgae of the genus Tetraselmis sp. has
also been demonstrated [56]. Heo et al. (2015) [57] used pretreated wastewater from the
food sector and obtained a Tetraselmis suecica biomass concentration of 2000 mg/L. In turn,
Schulze et al. (2017) [58] analysed the feasibility of using urban wastewater before and after
the nitrification process for the production of T. subcordiformis biomass. To this end, they
evaluated the influence of the mineral form of nitrogen (ammonium nitrogen and nitrates)
on the production of microalgae biomass. In both variants, about 1900 mgVS/L of biomass
was produced at the growth rate of about 343 £ 53 mg/L-d [58]. Dudek et al. (2022) [59]
achieved T. subcordiformis biomass production of 2240 + 206 mgVS/L using dairy wastewater
and deionised water as a culture medium (at 50%:50% ratio, v:v). However, increasing the
proportion of wastewater in the culture medium to 100% led to a decrease in microalgal
biomass production to 2110 £ 273 mgVS/L [59]. The lower efficiency of microalgal biomass
growth in the culture media with wastewater could be due to its complex nature and the
presence of substances that inhibit microalgal growth [60]. Researchers emphasise that urban
and industrial wastewater has high loads of toxic compounds, including heavy metals and
antibiotics [61].

Efficient utilisation of nutrients from the culture medium was observed during
T. subcordiformis biomass production. The initial concentration of nitrogen compounds, in-
dicated by the TN concentration, was 127 £ 12 mgN/L. At the end of the cultivation cycle,
less than 30 mgN/L was determined (Figure 3a). In the logarithmic growth phase, the N
compounds were utilised with an efficiency of 0.26 mgN/mgVS, while in the lag phase it was
0.30 mgN/gVS. The final TN removal efficiency at the end of S1 was 78.7 & 1.2% (Figure 3b).
The TP concentration in the culture medium at the beginning of the photobioreactor operation
was 24 + 3.7 mgP/L. The growing population of T. subcordiformis consumed this nutrient
almost completely, with 0.2 &= 0.1 mgTP/L measured at the end (Figure 3a). The efficiency of
TP utilisation was 99.1 & 0.8% (Figure 3b). In the logarithmic growth phase, the specific TP
binding efficiency was 0.07 mgP/mgVS, while in the lag phase it was 0.05 mgP/mgVS. The
biomass of T. subcordiformis obtained in S1 had a VS content of 90.21 & 3.4%TS and a TOC
content of 459.8 & 22.7 mg/gTS. The concentration of proteins was at 29.37 £ 3.5%TS, lipids
at 9.91 &+ 1.6%TS, and saccharides at 37.56 &= 5.2%TS (Table 1).

Table 1. Characteristics of the biomass of T. subcordiformis in the subsequent stages of the technological
protocol used.

Parameter Unit S1 S2 S3
VS [% FM] 90.21 + 3.4 88.13 £ 2.5 82.67 +3.3
TS [% FM] 9.79 £ 3.4 11.87 £ 2.5 17.33 £ 3.3
TN [mg/gTSs] 49.22 £ 6.5 47.03 +5.9 439 +54
TP [mg/gTSs] 9.14 +1.3 9.02+1.2 8.02+1.1
TC [mg/gTS] 512.3 +22.7 488.1 +23.5 451.6 =214
TOC [mg/gTSs] 459.8 +22.7 421.8 +23.5 3722 +21.4
Protein [% TS] 29.37 £ 3.5 31.2+29 30.7 £3.3
Lipids [% TS] 991+ 1.6 841+ 1.1 0.00

Saccharides [% TS] 37.56 £5.2 235+41 2191 +£3.5
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Figure 3. Changes in TN and TP concentration in the culture medium (a) and the efficiency of TN
and TP removal (b).

The benefits of Tetraselmis sp. strains have been repeatedly demonstrated in wastewater
treatment technology, especially in the removal of biogenic compounds [62].
Xiang et al. (2021) [25], who used synthetic industrial wastewater with a nitrogen con-
centration of 3500 mg/L for the cultivation of T. subcordiformis, demonstrated the possibility
of complete removal of this nutrient in the technological system. A similar high efficiency
of nitrogen removal was reported by Heo et al. (2015) [57] who used pretreated wastew-
ater from the food sector for Tetraselmis sp. cultivation. The wastewater had contents of
nitrogen and phosphorus compounds of about 390 & 14 mg/L and 438.3 4+ 54.4 mg/L,
respectively. The biogenes were removed from the medium with an efficiency of 99% and
52.3%, respectively [57]. Amit et al. (2017) [63], who used the Tetraselmis indica Arora &
Anil strain in the treatment of social wastewater, recorded a removal efficiency of the moni-
tored N and P indicators at 72.94% and 60.93%, respectively [63]. Another study [64] also
confirmed the high efficiency of nutrient utilisation by T. subcordiformis from aquaculture
wastewater, namely 87.0-95.0% for nitrogen and 98.0-99.0% for phosphorus [64]. As Chew
et al. (2018) [65] show, the efficiency of biogenic compound removal is closely related to
the type of culture medium used [65]. The phosphorus removal efficiency achieved in
the present study was very high (99.1 & 0.8%), whereas the nitrogen removal efficiency
(78.7 £ 1.2%) was lower compared to literature data. The lower efficiency of the removal
of biogenic compounds from wastewater is often explained by the presence of factors that
inhibit the development of microalgal biomass [66]. These include the presence of organic
compounds that influence the development of competing groups of microorganisms, like,
e.g., bacteria [67]. Together with the naturally increased turbidity of the wastewater, this
phenomenon restricts light transmission, which directly reduces the rate of photosynthesis
and thus biomass growth [68]. This has an immediate effect on the efficiency of nutrient
consumption from the culture medium [69].

3.2. Stage 2 (Hydrogen Production)

The total volume of hydrogen produced in S2 was 171 4= 26 mL. The production rate
of this component of the gaseous metabolites of T. subcordiformis was 5.13 mL/h, and the
rate constant (k) reached 0.031/h (Figure 4a). The efficiency of hydrogen synthesis reached
85.6 = 13 mL/gVS and 77.2 £+ 11.7 mL/gTS. The production rates were 2.58 mL/gVS-h
and 2.31 mL/gTS-h, respectively (Figure 4a). The total volume of gaseous metabolites of
T. subcordiformis biomass was 277 £ 31 mL, which allowed a production rate of 8.31 mL/h
(k =0.03 1/h) (Figure 4b). The gas produced in S2 contained the following components:
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Hy—61.9 £ 5.3%, CO,—36.8 £ 3.7%, and O,—1.3 + 0.2% (Figure 4c). The biomass of
T. subcordiformis after the process had a VS content of 88.13 & 2.5%TS and a TOC content of
421.8 £ 23.5 mg/gTS. The concentration of proteins was 31.2 4= 2.9%TS, that of lipids was
8.41 £+ 1.1%TS, and that of saccharides was 23.5 + 4.1%TS (Table 1).

400 k=003 ln A0 1y _po31m  £=0031A k=0031h
350 r=231mlL/h 330 r=831mlh r=414mlh r=375mlLh
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Figure 4. H, production (a), production of gaseous metabolites of the biomass of T. subcordiformis (b)
and gas components in S2 (c).

Some researchers are of the opinion that the process of biomass production should
be continued until the middle of the exponential growth phase [70]. However, others
prove that a higher density of algal cells has a direct impact on improving efficiency and
prolonging hydrogen production time [71]. Ji et al. (2010) [53] demonstrated that with
a T. subcordiformis cell density of 0.5 g/L, a hydrogen production of 16 mL/g biomass
could be achieved, and that increasing the cell concentration to 3.2 g/L led to a hydrogen
production of over 49 mL/g biomass. An almost 10-fold increase in the gas production
rate with increasing substrate density was also observed [53]. Other studies [72] have not
confirmed this phenomenon. Hydrogen production was investigated at initial concentra-
tions of T. subcordiformis cells in the bioreactor of 3.0 gVS/L and 5.0 gVS/L. The amounts
of hydrogen produced were similar in both variants and reached 63.98 £+ 6.35 mL and
64.74 & 4.11 mL, respectively. The percentage concentration of hydrogen in the biogas was
59.9 £ 1.6% and 63.2 £ 1.4%, respectively. The technological parameters tested resulted
in statistically significant differences in the efficiency of gaseous metabolite production
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by microalgae biomass per unit biomass growth, which reached 35.44 + 3.52 mL/gVS
and 27.14 £ 0.43 mL/gVS, respectively. The efficiency of biohydrogen production was
similar, amounting to 21.33 £ 2.12 mL/gVS and 16.87 & 0.27 mL/gVS, respectively [72].
Jietal. (2011) [73] investigated the production of T. subcordiformis biomass in substrates de-
pleted in nitrogen, phosphorus, and sulphur. At the same cell density of 6 x 10° cells/mL,
the efficiency of hydrogen production was found to be the highest when the T. subcordiformis
cells were maintained in a nitrogen-free medium for 6 days. A total of 55.8 mL Hy /L of the
culture was then achieved in the presence of carbonyl cyanide m-chlorophenylhydrazone
(CCCP). It was also found that the lack of nitrogen in the medium reduced the protein
content in the cells of T. subcordiformis, but increased the carbohydrate content by more than
fourfold, resulting in a 5.5-fold increase in hydrogen production [73]. Guo et al. (2016) [27]
used a photobioreactor with an integrated alkaline fuel cell (AFC) to increase the hydrogen
yield. After 40 h of continuous irradiation, hydrogen production from T. subcordiformis
reached 78 £ 5 mL/L. This was a 1.5-fold higher value compared to an algae culture with-
out AFC, which yielded hydrogen production at 50 = 3 mL Hy /L [27]. Guo et al. (2017) [74]
also attempted to improve hydrogen photoproduction using a system based on T. subcordi-
formis. They found that a high H; efficiency of 126 £ 10 mL/L could be obtained under
a 9/6 h light/dark regime, which was 1.6-fold higher than that achieved under contin-
uous illumination. They also observed that hydrogen production was accompanied by
physiological and morphological changes in the cells [74].

3.3. Stage 3 (Bio-Oil Production)

The bio-o0il content was 8.41 £ 1.1%TS. Characterisation of the FAMEs in the bio-
oil produced showed octadecatrienoic acid C18:3 (all-cis-9,12,15) to be the major FAME,
which accounted for 48.63 £ 3.44% m/m (Table 1). Other major FAMEs were oleic acid
C18:1 (cis-9) and octadecadienoic acid C18:2 (all-cis-9.12), whose concentrations were
27.09 £ 2.36% m/m and 13.08 £ 1.17% m/m, respectively. The concentration of palmitic
acid and stearic acid was below 5% m/m. The remaining FAMEs of the analysed bio-
oils were detected in traces (Table 2). The bio-oil produced had a calorific value of
40.2 + 4.2 MJ /kg, a density (measured at 15 °C) of 823 4 23 kg/m?, and a viscosity of
3.7 £ 0.9 Mm?/s. Its acid value was 0.2 + 0.1 mg-KOH/g, and the iodine value was
53.8 & 3.4 mg-KOH/g. Other physical and chemical properties of the bio-oil are listed in
Table 3. The biomass of T. subcordiformis after the bio-oil extraction had a VS content of
82.67 &+ 3.3%TS and a TOC content of 372.2 + 21.4 mg/gTS. The concentration of proteins
was 30.7 &+ 3.3%TS and that of saccharides was 23.5 & 4.1%TS (Table 1).

Other authors have also attempted to investigate the potential conversion of the
biomass of various microalgae species following hydrogen production. In the study by
Torri et al. (2011) [75], the biomass of the alga Chlamydomonas reinhardtii P.A.Dangeard was
processed into nitrogen-rich biochar, biodiesel, and pyrolysis oil (bio-oil) after hydrogen
fermentation. The lipid content (algal oil) obtained by solvent extraction was 15+2% w/w
TS [75]. In addition, methods to increase the lipid content in T. subcordiformis microalgae are
still being sought. Attempts have been made to optimise the technological conditions for
their cultivation. Wei et al. (2015) [76] cultured T. subcordiformis at different temperatures
and then analysed the biomass properties. They found that T. subcordiformis grew best
at 20 °C and produced the highest total lipids of 22.25%. The major fatty acid methyl
esters were C16:0, C16:3n3, C18:3n3, and C20:0, and their proportions were, respectively,
14.93-18.49%, 6.77-12.30%, 15.99-23.65%, and 9.04-10.09%. With increasing temperature,
the proportions of saturated fatty acids C16:0 and C18:1 and monounsaturated fatty acids
increased significantly. However, the proportions of C16:3n3, C18:3n3, C20:5n3, and
polyunsaturated fatty acids decreased significantly. Their study also demonstrated that
the predicted cetane number of fatty acid methyl esters increased from 45.3 to 47.6 [76].
Huang et al. (2014) [29], in turn, investigated the effect of iron ions on the lipid content
and fatty acid profiles of T. subcordiformis. The microalgae were grown at the following
iron ion concentrations: 1.2 x 1072,1.2 x 1071, 1.2, and 12 mmol/L. The lipid content was
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17.41 + 0.38% when the biomass was cultured in the medium with 1.2 x 10~2 mmol/L
iron ions. As the iron ion concentration increased, the total lipid content increased and
then decreased. When treated with 1.2 mmol/L iron ions, the biomass of T. subcordiformis
had a significantly higher total lipid content of 33.72 = 0.22%. The major fatty acids were
C16:0 (14.28-39.06%), C16:3 (0-12.91%), C18:2n6 (11.32-13.88%), C18:3n3 (1.65-19.56%),
and C20:0 (6.82-11.52%). Fatty acids 18-C and 16-C accounted for over 80% of all fatty
acids [29]. Different methods of extracting bio-oil from Tetraselmis sp. have also been tested.
For example, Grierson et al. (2012) [77] compared the use of an organic solvent, supercritical
carbon dioxide (SC-CO,), and pyrolysis to evaluate their relative ability to extract oil from
the marine microalgae Tetraselmis chui Butcher. The SC-CO, technique was found to be
the least effective in the natural extraction of bio-oil from T. chui. Solvent extraction alone
ensured the most complete extraction of bio-oil at a content slightly below 15% by weight.
In turn, the subsequent pyrolysis of the residue from solvent extraction increased the total
amount of bio-oil produced by more than 11% [77].

Table 2. Characteristics of fatty acid methyl esters (FAME) in bio-oil.

Fatty Acid Content % m/m

C8:0 0.08 £ 0.02

C10:0 0.04 £ 0.01

C11:0 0.02 £ 0.01

C12:0 0.07 £+ 0.01

C14:0 0.03 + 0.02

C15:0 0.02 + 0.01

C16:0 4.77 £0.12

C16:1 (cis-9) 0.09 + 0.02
C17:0 0.07 £ 0.01

C17:1 (cis-10) 0.05 £ 0.01
C18:0 433 £0.12

C18:1 (trans-9) 0.07 + 0.02
C18:1 (cis-9) 27.09 £+ 2.36
C18:2 (all-cis-9,12) 13.08 £ 1.17
C18:3 (all-cis-6,9,12) 0.33 £ 0.07
C18:3 (all-cis-9,12,15) 48.63 £+ 3.44
C20:0 0.17 £+ 0.05

C20:1 (cis-11) 0.15 + 0.02
C20:2 (all-cis-11,14) 0.02 £+ 0.01
C22:0 0.17 £ 0.05

C22:1 (cis-13) 0.12 & 0.02
C20:4 (all-cis-5,8,11,14) 0.13 £ 0.03
C22:2 (all-cis-13,16) 0.13 + 0.06
C24:0 0.21 £0.07

Table 3. Properties and characteristics of the bio-oil produced.

Parameter Unit Value

Density at 15 °C kg/m?3 823 +22.6
Viscosity at 40 °C Mm? /s 3.7+09
Flash point °C 126 £ 6.2

Carbon residue (on 10% distillation residue) % (m/m) 0.3 +0.1
Total contamination mg/kg 28 +04
Oxidation stability at 110 °C Hours 13.0£19
Calorific value MJ/kg 402 +:4.2

Acid value mg-KOH/g 02+01

Iodine value mg-KOH/g 53.8+34

Water content mg/kg 68.4 £4.3
Sulphur content mg/kg 2.6 £05

Phosphorus content mg/kg 314+05
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3.4. Stages 46 (Methane Production)

The CH4 production efficiency of T. subcordiformis biomass remaining after chemical
extraction of the bio-oil (S4) was 156 £ 21.6 mL/gVS. The anaerobic digestion rate charac-
terised by methane synthesis was 85.8 mL/gVS-d, with a constant k = 0.22 1/d (Figure 5a). In
terms of total solids, the specific biomethane production rate was 129 + 19.5 mL/gTS. The
qualitative analysis of the biogas produced showed that the CH, content was 52.1 & 2.4%
(Figure 5d). Methane fermentation of T. subcordiformis biomass obtained immediately after
cultivation in the photobioreactor (S1) was carried out in S5. In this case, CH4 production
efficiency reached 214 £ 259 mL/gVS and 193 £ 23.4 mL/g TS (Figure 5b), and production
rate was 128.4 mL/gVS-d. The content of this fermentation gas component was 56.4 £ 1.7%
(Figure 5d). The post-processed biomass from S2 was used in S6. In this variant, the biogas
production efficiency was 201 £ 23.8 mL/gVS and 181 + 21.4 mL/gTS (Figure 5c). The
methane production rate was 115.58 mL/gVS-d, and the methane content was 53.2 + 2.6%
(Figure 5d).
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Figure 5. Biomethane production in 54 (a), S5 (b), and S6 (c), and CHy concentration in 54-56 series (d).

Other researchers also subjected the Tetraselmis sp. microalgae to methane fermen-
tation and obtained satisfactory results. Bohutskyi et al. (2014) [31] performed methane
fermentation of Tetraselmis sp. collected by centrifugation and recorded a higher methane
yield than in this present study, which was 0.42 &= 0.01 L/gVS. The methane concentration
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of the biogas was 79% [31]. In turn, Hernandez et al. (2014) [32] achieved a methane
production of 236 mL/gVS from the biomass of the Tetraselmis sp. alga after lipid extraction.
Santos-Ballardo et al. (2015) [33] also investigated the feasibility of recovering methane
from the solid biomass residue of Tetraselmis suecica (Kylin) Butcher microalgae after oil
extraction. The influence of different types of inoculum on the efficiency of methane pro-
duction was determined, and the co-fermentation of microalgae biomass with glycerol was
investigated. The highest biogas production of 173.78 & 9.57 mL/gVS was detected when
mesophilic inoculum was used, with almost double the methane production than under
thermophilic conditions. In addition, an increase in methane production was found when
co-fermentation with glycerol was applied, reaching 438.46 £ 40.50 mL/gVS [33]. Feki
et al. (2024) [30] investigated the co-digestion of Tetraselmis sp. microalgae biomass with
frying oil residues using ultrasonic pretreatment. They found that correcting the C/N ratio
with frying oil waste coupled with the sonication of Tetraselmis sp. biomass resulted in the
highest methane yield of 443.7 £ 6.4 mL/gVS [30].

3.5. Gross Energy Production

On the basis of the results obtained, an estimated energy balance was drawn up to
compare which protocol and which technological sequence of biofuel production can produce
the highest gross energy yield. The studies carried out under laboratory conditions provide a
reliable basis for calculating the necessary energy input for this type of process and, therefore,
do not allow even approximate estimates of the net energy effect. Taking into account the
production efficiency of each type of energy carrier and its unit energy value, the total amount
of energy that can be obtained was determined as a function of the technological line used.
The lowest energy efficiency was found in the protocols in which the grown T. subcordiformis
biomass was used only for the production of hydrogen (51, S2) or hydrogen followed by bio-oil
(51, 52, S3). In these technological variants, the total gross energy yield was 231.6 kWh/MgTS
and 232.9 kWh/MgTS (Table 4). It should be emphasised that bio-oil extraction for the
subsequent biodiesel production is the least profitable from the point of view of energy
yield. Taking into account the low content of fatty substances in the biomass, the unit energy
value of the bio-oil was only 1.3 kWh/MgTS (Table 4). Research to date has shown that
methane fermentation is the most energetically suitable process for T. subcordiformis biomass
conversion. Its inclusion into the technological line significantly increases the gross energy
gain, which for the protocol combining all three processes (51, S2, S3, S4) is 1415.9 kWh/MgTS,
including the biomethane fraction with 1182.9 kWh/MgTS (Table 4). The most energy-efficient
protocol proved to be the combination of biomass production (S1), hydrogen biosynthesis
(52), and anaerobic digestion (S6) of the post-processed T. subcordiformis biomass. A total of
1891.4 kWh/MgTS was achieved with this variant. The direct use of microalgae biomass as
an organic substrate in methane fermentation made it possible to obtain 1769.8 kWh/MgTS
(Table 4).

Table 4. Comparison of the gross energy gain per unit mass depending on the technological protocol
for biofuel production.

Technological Eneray Carrier Production Efficiency Energy Value Energy Value Total Energy Value
Protocol Used ergy Larrie m3/MgTS KWh/m? KWh/MgTS KWh/MgTS
51,52 Hydrogen 772 3.0 231.6 231.6

Hydrogen 77.2 3.0 231.6
51,52, 58 Bio-oil 0.12 112 13 2329
Hydrogen 772 3.0 231.6
S1,S2,53, 54 Bio-oil 0.12 11.2 13 1415.9
Methane 129 9.17 1182.9
Hydrogen 77.2 3.0 231.6
51,52, 56 Methane 181 9.17 1659.8 18914
S1, S5 Biomethane 193 9.17 1770 1769.8
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4. Conclusions

The research results have shown that the recovery of three energy carriers from the
biomass of T. subcordiformis, although possible, is not the most viable technological protocol
from the standpoint of energy production. Bio-oil extraction for biodiesel production was
found to be the least efficient and justified process in this respect.

Research has proven that methane fermentation of T. subcordiformis biomass is the
most advisable single process from the perspective of energy conversion. Regardless of the
technological protocol applied, the biomethane produced made the largest contribution
to the gross energy balance. However, it should be emphasised that the upstream perfor-
mance of other individual processes, such as hydrogen biosynthesis or bio-oil production,
significantly reduces the efficiency of anaerobic digestion, the methane yield, and the final
energy gain.

A comparative analysis of the technological protocols applied made it possible to
draw up an estimated energy balance. It showed that the highest gross energy gain was
obtained with the technological variant combining the processes of hydrogen biosynthesis
and subsequent methane fermentation of T. subcordiformis biomass.

The experiments carried out should be considered as preliminary studies, because
on a laboratory scale it is not possible to establish a complete energy balance that takes
into account both the gains and the different types of outputs. The next step should be to
carry out pilot-scale experiments in which the operating parameters of individual processes
are close to real conditions. In this way, the necessary data will be collected to conduct a
reliable and dependable analysis of technological effectiveness, economic profitability, and
environmental neutrality.
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