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Abstract: The increased concentration of CO2 in the atmosphere has a strong impact on global
warming. Therefore, efficient technologies must be used to reduce CO2 emissions. One of the
methods is the biofixation of CO2 by microalgae and cyanobacteria. This is now a widely described
technology that can improve the economics of biomass production and reduce CO2 emissions. There
are no reports on the possibility of using it to clean exhaust gases from biogas combustion. The aim
of the research was to determine the possibility of using Arthrospira platensis cultures to remove CO2

from biogas combustion. The efficiency of biomass production and the effectiveness of biological CO2

fixation were evaluated. The use of exhaust gases led to a more efficient increase in cyanobacterial
biomass. The growth rate in the exponential phase was 209 ± 17 mgVS/L·day, allowing a biomass
concentration of 2040 ± 49 mgVS/L. However, the use of exhaust gases led to a decrease in the pH of
the culture medium and a rapid decline in the Arthrospira platensis population. The cyanobacteria
effectively fixed CO2, and its concentration was limited from 13 ± 1% to 1.3 ± 0.7%. There was
no influence of the exhaust gases on changes in the qualitative composition of the cyanobacterial
biomass. In the culture fed with exhaust gas, the A. platensis population quickly entered the death
phase, which requires close monitoring. This is an important indication for potential operators of
large-scale photobioreactors.

Keywords: Arthrospira platensis; cyanobacteria biomass; biogas; exhaust gases; carbon dioxide;
vertical photobioreactor

1. Introduction

One of the main environmental threats is the dynamic global warming observed in
recent years. This process entails many dynamic and dangerous atmospheric phenomena,
leads to an imbalance in ecosystems and has a negative impact on human health, agriculture
and the economy [1]. It has been proven that the main cause of the greenhouse effect is
the rapidly increasing concentrations of carbon dioxide (CO2), methane (CH4) and nitrous
oxide (N2O) in the air [2,3].

However, CO2 accounts for almost 65% of total global greenhouse gas (GHG) emis-
sions, which is why it is considered the main factor determining the course of currently
observed climate changes [4,5]. It is mainly related to human economic activity, which
is based on the extraction and utilisation of coal, oil and natural gas [6]. It is therefore
necessary to use effective methods to reduce emissions and the concentration of CO2 in the
atmosphere. This is accomplished both by primary methods, which are mainly based on
renewable and unconventional energy sources, and by secondary methods, which lead to
the capture and subsequent long-term storage, conservation or utilisation of CO2 [7,8].
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The technology widely described in the literature for capturing and binding CO2 is
the mineral carbonisation method [9]. It provides for the contact of contaminated gases
with natural or artificial materials and wastes that have the ability to adsorb CO2. The
result of the application is the production of stable carbonate compounds [10]. The search
is still ongoing for ways to increase the technological efficiency and economic effectiveness
of this technology. Research is focussed on the search for and synthesis of new materials,
innovative designs of adsorption reactors, the suspension of the contact surface and the
residence time in the filtration bed as well as methods for the introduction and distribution
of CO2-containing gases [11]. The undeniable advantages of mineral carbonisation include
the possibility of long-term binding and safe storage of CO2. The weaknesses include
the high investment and operating costs of the reactors, the cost of procuring and storing
adsorption materials, the limited availability of effective adsorbents and the technological
complications of the process [12].

Other secondary methods to reduce CO2 emissions to the atmosphere include the
capture and long-term storage of gases [13]. One of the well-characterised CO2 storage
techniques is sequestration in natural geological formations [14]. It appears attractive
because it enables the storage of large quantities of gas and a very long retention time.
This is important for the possible future utilisation of CO2 in modern technologies and
production processes. This concept assumes CO2 storage in deep, natural, permeable
formations that are covered and isolated by impermeable layers. Commonly mentioned
locations include depleted oil/gas reservoirs, deep aquifers and coal deposits [15]. Other,
less technologically based approaches to capture and remove CO2 from gases include
membrane separation and absorption processes in water or aqueous solutions [16]. The
main disadvantages of these methods are the limited possibility of long-term storage of
the captured CO2 in stable forms and the need to use it directly to prevent transfer to the
atmosphere [17]. Another group includes biological processes based on photosynthetic
organisms, such as forest plantations, planktonic organisms of the seas and oceans and
fast-growing aquatic and terrestrial vascular plants [18].

Biological methods of CO2 fixation include those based on the use of intensive cultures
of microalgae and cyanobacteria [19,20]. Currently, photosynthetic processes in natural
planktonic marine and oceanic biocoenoses play a key role in maintaining the CO2 bal-
ance [21]. The use of about 50 gigatonnes of CO2 per year by microalgae and cyanobacteria
corresponds to half of the global primary production [22]. Many studies have shown
that phytoplankton are characterised by a higher CO2 fixation efficiency and biomass
productivity compared to vascular plants. Photosynthetic microbes utilise the carbon con-
centration mechanism (CCM) to assimilate CO2. This is possible due to the presence of a
specialised organelle (pyrenoid) that allows an increase in the CO2 content in the thylakoid
membrane environment, which can increase the efficiency of carboxylation/oxidation of
ribulose-1,5-bisphosphate (Rubisco), a photosynthetic enzyme that plays the main role in
CO2 biofixation [23].

It has been shown that it is also possible to use controlled systems for the production of
microalgae and cyanobacteria biomass to capture CO2 from anthropogenic sources [24,25].
The biomass thus produced is a raw material for the production of energy carriers and a
source of many economically valuable compounds and chemicals, bioplastics, food supple-
ments, cosmetics, pharmaceuticals, animal feed and fertilisers, which directly enhances the
positive economic and environmental aspects of this type of technology [26,27].

It has been proven that microalgae and cyanobacteria can be used for long-term CO2
capture and utilisation. The biomass of these microorganisms is used for the production
of cement and bioplastic [28]. The production of biocement involves the precipitation of
CaCO3 by some photosynthetic microalgae or cyanobacteria as well as by nonphototrophic
bacteria [29]. Bioplastics are environmentally friendly because they do not increase the CO2
pool and biodegrade faster [30]. An alternative direction is the use of biochar to improve
the quality of poor-quality soils, marginal soils or degraded lands that require reclamation
and biostimulants for crop production [31]. The sequestration of CO2 in soil structures



Processes 2024, 12, 396 3 of 15

ensures its storage and also serves the development of sustainable and organic crops by
reducing the use of synthetic fertilisers [32].

The European Union (EU) has adopted a very ambitious strategy for the development
of the bioeconomy, in which photosynthetic microorganisms represent an important biolog-
ical resource. In particular, microalgae and cyanobacteria are currently being promoted
due to their wide use in environmental technologies, bioenergy production and as a source
of valuable nutrients for humans and animals [33]. The microalgae sector is growing
dynamically, reaching a turnover of EUR 1.5 billion, and indirect activities (research, etc.)
generate a further EUR 240 million [34]. Improving the economic viability of these systems
is achieved by using waste, including waste water and waste gases, as basic components
of the growing medium [35]. A promising solution is therefore the integration of systems
for the production of biomass from microalgae and cyanobacteria with plants that can
ensure an adequate quantity and quality of nutrients and provide a source of CO2 [36]. The
development of systems for CO2 capture by microalgae is also supported by legislative
measures that lead to a reduction in greenhouse gas emissions. One example of this is the
requirements regarding the proportion of BIO components in fuels, which require a wider
use of biofuel technologies. Microalgae are at the top of the list of potential raw materials
for the production of biofuels [37].

The dynamic development of bioenergy systems based on the use of methane fermenta-
tion processes in biogas and biomethane CHP plants leads to the formation of leachate after
fermentation and CO2 emissions [38,39]. Many previous studies have shown the possibility
of utilising post-digestion leachate for the production of microalgae and cyanobacteria
biomass [40,41]. It is a source of biogenic compounds, microelements and CO2 in the
culture medium [42,43]. The high CO2 concentration in the leachate has a positive effect
on the growth rate and determines the achievement of higher technological effects of the
cultivation process [44]. To date, there are few experimental data analysing the possibility
of using exhaust gases from biogas combustion in the production processes of microalgae
and cyanobacteria [45]. So far, this source of CO2 has been considered promising, but the
assumptions described were not based on research [46,47]. Considering the need to fix
CO2 and the observed dynamics in the development of biogas production and combustion
technologies, it is necessary to reliably assess the possibility of using this type of exhaust
gas in the processes of intensive biomass production of microalgae and cyanobacteria.

The aim of the research was to determine the possibility of using cyanobacterial
cultures of the species Arthrospira platensis in the process of removing CO2 from biogas
combustion exhaust gases. The efficiency and speed of biomass production as well as the
effectiveness of biological CO2 fixation were evaluated. The scope of the research included
determining the efficiency of Arthrospira platensis by monitoring the concentration of dry
matter and chlorophyll a as well as evaluating the final concentration of cyanobacteria
obtained in vertical photobioreactors (V-PBR). The effects of the introduction of exhaust
gases into the culture medium on the course and duration of the characteristic growth
phases of the monitored population of these photosynthetic microorganisms were evaluated.
The research determined the effectiveness of CO2 fixation in the biological sequestration
process carried out by the Arthrospira platensis population and the effects of the tested
technological treatment on the chemical composition of the biomass obtained. The study
presents the research methodology, including the organisation of the experiment, the
characteristics of the materials and the equipment used, as well as analytical and statistical
methods. The results were presented and discussed in detail, and final conclusions were
formulated.

2. Materials and Methods
2.1. Organisation of the Research

The research was conducted on a fractional technical scale. The experiments were
divided into two variants (V) whose separation criterion was the CO2 source introduced
into the vertical column photobioreactors (V-PBR). In variant 1 (V1), the CO2 introduced into
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the V-PBR came from atmospheric air. In variant 2 (V2), the CO2 source was exhaust gases
from biogas combustion. The duration of the experiment was determined by the reaching
of the death/lysis phase by the increasing population of the cyanobacteria Arthrospira
platensis. In each variant, after cultivation and separation of the A. platensis biomass, the
culture medium was returned to the V-PBR and reused in the cultivation process. In order
to limit the effects of the process of water absorption of CO2 in the culture medium on
the biosequestration results obtained, the results of the first two culture cycles were not
included in the data analysis. The organisation chart of the experimental work is shown in
Figure 1.
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2.2. Materials
2.2.1. Cyanobacteria Biomass and Culture Medium

A. platensis UTEX 3086 (Culture Collection of Algae University of Texas, Austin, TX,
USA) was tested in the experiments. A medium based on tap water with the following
composition in g/L was formulated: NaHCO2—27, Na2CO3—8, K2HPO4—1, NaNO3—25,
K2SO4—2, NaCl—2. At the beginning of the culture, the medium was added to the V-PBR
and then the A. platensis inoculum was introduced in an amount that ensures an initial
biomass concentration of about 250 mg VS/L. The culture medium was supplemented with
tap water in the quantities resulting from the evaporation losses and the separation of the
biomass of Arthrospira platensis at the end of the culture cycle.

2.2.2. CO2 Sources

The exhaust gases, cooled to 20 ◦C, came from the combustion of biogas produced in
an agricultural biogas plant on a technical scale. The biogas was produced in a fermentation
reactor fed with cattle manure, maize and grass silage and operated under mesophilic
conditions. The basic technological parameters for the operation of the biogas plant were
as follows: organic loading rate—2.4 kgVS/m3·day, hydraulic retention time—42 days,
process temperature—39 ◦C, substrate dosing 6 times/day with a frequency of every 2 h,
complete mixing with vertical axis mixers and plant output—500 kWe. The composition
of the purified biogas fed into the CHP module (No. TCG3016V12C, CES Ltd., Sugar
Land, TX, USA, 600 kWe) contained 64.3 ± 1.6% CH4; 31.7 ± 1.1% CO2; 80 ± 10ppm H2S;
1.0 ± 0.2% O2 and 3.1 ± 0.7% N2. The average CO2 content in the exhaust gases was
15.7% ± 1.9%. The exhaust gases were collected once a day and stored in tight Tedlar bags
with a volume of 70 L. In both series, the CO2 mass flow rate fed to the V-PBR was set to
8.0 mgCO2/min. In V1, atmospheric air with a capacity of 10.8 L/min was supplied to the
V-PBR (Mistral 200, Aqua Medic, Brentwood Essex, UK). In V2, the exhaust gases were fed
to the V-PBR with a peristaltic pump (FASTLoad Programmable Control Peristaltic Pump,
VWR, Darmstadt, Germany) with a capacity of 28 mL/min. In V1, the air was discharged
outside the V-PBR after it had flowed through the culture medium. In V2, the exhaust gases
were recirculated with a peristaltic pump (VWR Germany) with a capacity of 10.8 L/min.
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As a result, the volume flow of the gases in both reactors was the same. With the peristaltic
pump in V2, the gas was discharged from the reactor with a capacity of 28 mL/min.

2.2.3. Photobioreactors

V-PBRs made of acrylic glass (polymethyl methacrylate) were used, in which the
culture medium had a volume of 10.0 L, and the gas phase a volume of 5.0 L. CO2 was
introduced into the culture medium through a valve at the bottom of the V-PBR and
discharged at the top. The V-PBRs were equipped with pH probes. The pH was measured
continuously, once a day, and the results were sorted, averaged and stored in the memory
of the pH metre. The reactors were continuously illuminated with fluorescent lamps
(T8 Luxine Plus 15 W Sylvania United Kingdom, colour temperature 6500 K), and the
illumination intensity on the surface of the reactors from the light side was 2 lux. The
temperature of the introduced exhaust gases, the air and the temperature of the culture
was 20 ◦C ± 2 ◦C. The scheme and armament of the PBRs used are shown in Figure 2.
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Figure 2. Scheme of the V-PBRs. Variant 1: (1) V-PBR culture medium; (2) supply of pressurised
air to the culture medium; (3) air supply pump; (4) sampling of cyanobacterial biomass; (5) pH
measurement; (6) pump for gas removal. Variant 2: (1) V-PBR culture medium; (2) supply of
pressurised air to the culture medium; (3) air supply pump; (4) sampling of the cyanobacterial
biomass; (4) pH measurement; (6) pump for gas removal; (7) pump for gas recirculation.

2.2.4. Analytical Methods

Volatile solids (VS)—gravimetric method, chlorophyll a—fluorescence method (Algae
Online Analyser bbe Moldanke, Schwentinental, Germany) and gas composition—Agilent
with TCD detector, Testo 340 Analyser (Testo Ltd., Alton, UK, certificate of conformity
EN 50379). The pH—VWR 1000 L pH meter (Germany), total carbon in biomass (TC),
total organic carbon (TOC) and total nitrogen (TN)—Flesh 2000 analyser, Thermo. Ptot.—
colourimetric method at a wavelength of 390 nm (DR 2800 HACH Lange) after prior
mineralisation (HT200S HACH Lange). Total protein—multiplication of the Ntot. value by
the conversion factor to protein, which is 6.25. Carbohydrates—colourimetric method with
an anthrone reagent at a wavelength of 600 nm with a HACH Lange DR 2800 spectropho-
tometer. The lipid content—Soxhlet method with a Buchi extraction device.
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2.2.5. Statistical Evaluation

The samples for analysis were taken once a day. The tests were carried out in five
repetitions for both research variants. The statistical analysis was performed using a one-
way analysis of variance with the assumed significance level (p < 0.05). The differences
between the mean values of the variables were tested using the Tukey HSD test (Statistica
13.3 PL).

3. Results and Discussion
3.1. CO2 Biofixation and pH Changes

The raw biogas produced in the fermentation reactor and fed to combustion was char-
acterised by the following average qualitative composition: 64.3 ± 1.6% CH4; 31.7 ± 1.1%
CO2; 80 ± 10 ppm H2S; 1.0 ± 0.2% O2; 3.1 ± 0.7% N2. The average composition of the
exhaust gases and air entering and leaving the V-PBR is shown in Table 1. In V1, the CO2
concentration resulted directly from the average content of the air used and was around
400 ± 20 ppm. The composition contained NOx and SOx in concentrations of 22 ± 2 ppm
and 19 ± 2 ppm, respectively. In V2, the CO2 concentration in the exhaust gases from
the biogas combustion was significantly higher and averaged 15.7 ± 1.9%. In addition,
112 ± 21 ppm CO, 130 ± 17 ppm NOx and 91 ± 2 ppm SOx were also detected. The oxygen
content in V1 was 20.9 ± 0.1%, while in V2, it was 7.1 ± 1.5%.

Table 1. Characteristics of the composition of the dry gases entering and leaving the V-PRB depending
on the experiment variant.

Component Unit

Variant

V1 V2

Inflow Outflow Inflow Outflow

CO2 % 0.040 ± 0.002 0.031 ± 0.002 15.7 ± 1.9 1.3 ± 0.7
N2 % 78.2 ± 0.1 78.1 ± 0.1 76.3 ± 0.7 77.3 ± 0.9
O2 % 20.9 ± 0.1 21.4 ± 0.2 7.1 ± 1.5 21.2 ± 0.3
CO ppm 0.0 ± 0.0 0.0 ± 0.0 112 ± 21 0.0 ± 0.0

NOx ppm 22.0 ± 2 0.0 ± 0.0 130 ± 17 0.0 ± 0.0
SOx ppm 19.0 ± 2 0.0 ± 0.0 91 ± 2 0.0 ± 0.0

A. platensis is a species with a high tolerance to changing environmental conditions. It
is characterised by a relatively simple cultivation, separation and harvesting technique as
well as a fast growth rate [48]. Cyanobacteria are among the oldest organisms on earth [49].
The choice of Arthrospira platensis for research was based on the fact that this species is highly
adaptable to difficult development conditions [50]. They are eurybionts. Cyanobacteria
can colonise the most inhospitable and difficult ecosystems [51]. Those taxa can be found
in soil, on rocks, on tree bark, on glaciers and even in hot springs where temperatures
can reach 90 ◦C [52]. They can be found in both salty and inland waters, floating freely
in the water column among other phytoplankton groups or forming benthic mats at the
bottom of reservoirs [53]. Cyanobacteria can utilise a broad light spectrum, are resistant to
low oxygen levels and tolerate high pH values [54]. They are exceptionally proliferating
organisms that are resistant to unfavourable environmental conditions. Arthrospira platensis
tolerate a lack of oxygen in the water, pH fluctuations and organic contamination as well as
long-term periods of drought and high temperatures [55].

It is easy to maintain the purity of the culture as the growing biomass causes a
significant increase in the pH of the culture medium. This effectively inhibits the growth of
other competitive organisms, including microalgae, fungi and protozoa [56]. The arguments
outlined above indicate significant potential for the practical application of technologies
for the utilisation of exhaust gases and other pollutants based on the use of A. platensis
biomass [57].
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It has been proven that too low CO2 concentrations in PBR are one of the main factors
limiting the efficiency of biomass production of microalgae and cyanobacteria. Many
studies indicate that the use of exhaust gases reduces the costs of supplementing livestock
with other sources of CO2 [58]. In addition, this solution can reduce CO2 emissions to the
atmosphere and reduce the costs of chemical and physical exhaust gas treatment [59,60].
It has been proven that only a few microalgae species tolerate high levels of SOx and
NOx. Therefore, the selection of strains is important for the efficiency of CO2 fixation from
exhaust gases [61,62]. The eurybiontic and resistant to harsh environmental conditions
genera Chlorella sp. and Scenedesmus sp. are considered very promising. Chlorella sp.
achieves CO2 fixation values of 0.73 to 1.79 gCO2/L per culture medium day, depending
on the culture conditions [61]. Jiang et al. (2013) showed that the efficiency of CO2 fixation
by Scenedesmus dimorphus can reach 75.61% [62]. The authors proved that S. dimorphus
can tolerate high concentrations of CO2 and NO. Due to their very high environmental
tolerance and resistance to changing growth conditions and pollution, cyanobacteria,
including A. platensis, also have a very high potential in the fixation of CO2 from exhaust
gases [63].

It was found that the efficiency of biosequestration of CO2 from exhaust gases (V2)
was very high, ranging from 87.3 ± 1.1% to 96.2 ± 0.6% depending on the growth phase
and progress of the A. platensis culture. The CO2 concentration in the gas flowing out of the
V-PBR ranged from 0.5 ± 0.2% to 2.0 ± 0.1% (Figure 3A). The pH increased from 7.17 ± 0.04
at the beginning of the experiment to 9.33 ± 0.09 after 12 days of culture (Figure 3B). In the
following days, the death phase of the culture was observed in V2, leading to a decrease in
the production of exometabolites by the cyanobacteria and a decrease in pH to 8.70 ± 0.12.
Feeding the V-PBR with exhaust gases in V2 also enabled the complete removal of CO,
NOx and SOx.
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In V1, the CO2 concentration was reduced to an average level of 310 ± 20 ppm (Table 1
and Figure 3A), the amount of oxygen was increased to 21.4 ± 0.2% and the NOx and SOx
present in the air were removed. The pH increased significantly from the beginning to the
9th day of culture (Figure 3B). This correlated strongly with the dynamics of A. platensis
population development and the increase in microalgae biomass concentration in V-PBR.
This phenomenon is characteristic of periodic cultures in which the increasing concentration
of exometabolites produced in the photosynthetic process leads to an increase in the pH of
the environment [64]. Reaching threshold concentrations and a significant increase in pH
limits eventually inhibit the growth of the cyanobacterial population [65]. In the following
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days of culture, the concentration of A. platensis biomass remained constant, limiting the
dynamic changes in pH. On day 20, at the end of the process, the pH in V1 was 9.09 ± 0.1
(Figure 3B).

The literature shows that the final technological effect associated with CO2 bioseques-
tration is generally influenced by two factors. During biosynthesis, CO2 is utilised by the
photosynthesising biomass and by its dissolution and absorption in the culture medium [66].
Considering that the culture medium had a hardness of 474 ± 14 mg CaCO3/L, the chem-
ical absorption of CO2 by calcium or magnesium ions could have a significant influence
on the observed binding effects. This is confirmed by the studies of Liu et al. (2022), who
analysed the efficiency of CO2 fixation in the autotrophic culture of Prymnesium parvum [67].
To limit this phenomenon and saturate the medium with CO2, the culture medium of
each variant was returned to the V-PBR after completion of cultivation and separation
of the biomass of A. platensis and reused in the research process. Wang et al. (2019) [68]
used biofilm technology to cultivate A. platensis biomass. The study was conducted in
a pilot plant with an area of 10 m2 under greenhouse conditions. The CO2 fixation effi-
ciency was 75.1% [68]. Sydney et al. (2010) [69] used air enriched with 5% CO2 for the
production of A. platensis LEB-52 biomass. A CO2 removal coefficient of 318.61 mg/L/d
was achieved. It was found that 80.4% of CO2 was utilised for biomass production [69].
Ramanan et al. (2010) [70] exposed A. platensis to different concentrations of CO2. The
efficiency of CO2 biosynthesis was 59%, 51% and 46% for initial concentrations of 1%, 5%
and 10%, respectively [70]. Chunzhuk et al. (2023) [71] investigated the efficiency of CO2
capture during the cultivation of A. platensis at high CO2 concentrations. Constant flushing
of the medium with a gas–air mixture at initial CO2 concentrations of 1.5 and 9% was
used. In the variant with an initial CO2 concentration of 1%, the decrease in CO2 content
in the gas–air mixture, which is due to the capture of CO2 during photosynthesis by the
microalgae, was 0.06%(CO2)/d. In the variant with 5% CO2, the decrease in concentration
was 0.10%(CO2)/d. However, the use of 9% CO2 led to a decrease in concentration of
0.04%(CO2)/d [71]. The results of the first two cultivation cycles were not considered when
analysing the experimental data. In V2, when exhaust gases were used, a strong correlation
(R2 = 0.9421) was found between the CO2 concentration at the outflow from the V-PBR and
the recorded pH, while in V2, no relationship was found between these two monitored
factors (R2 = 0.2302) (Figure 4A,B).
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3.2. Production and Properties of the Biomass

Significant differences in the rate and amount of cyanobacteria biomass produced
were found depending on the variant. Both V1 and V2 were in the lag phase during the
first 6 days, and the differences in the achieved efficiency of biomass growth were not
significant. In V1, the biomass concentration of A. platensis increased from 250 ± 11 mgVS/L
to 621 ± 24 mgVS/L. In V2, an increase from 250 ± 13 mgVS/L to 566 ± 32 mgVS/L was
observed (Figure 5A). In the logarithmic growth phase, the biomass growth rate was
148 ± 12 mgVS/L-d in V1 and 209 ± 17 mgVS/L-d in V2. The observed differences were
statistically significant (Figure 5B).
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After 13 days of culture, a value of 1660 ± 74 mgVS/L was reached at the end of the
exponential growth phase in V1. In V2, the concentration of A. platensis was significantly
higher at 2030 ± 51 mgVS/L (Figure 5A). In the following days, the culture entered
the stationary growth phase, which was characterised by slight changes in the biomass
concentration in V-PBR. In V1, this phase lasted an average of 7 days, and at its end, a
cyanobacterial biomass concentration of 1760 ± 72 mgVS/L was observed. In V2, this
phase was significantly shorter, lasting 3 days on average, and the biomass concentration
was 2010 ± 56 mgVS/L. After this time, the A. platensis culture entered the death phase.
After 20 days at the end of the culture, a concentration of 1630 ± 81 mgVS/L was reached
in V1 compared to 1510 ± 48 mgVS/L in V2 (Figure 5A).

Experience has shown that the duration of the lag phase and the exponential growth
phase was the same for both variants, averaging 5 and 8 days, respectively. The stationary
growth phase was significantly longer in V1 and lasted 7 days, while in V2, it was only
3 days until the transition to the death phase (Figure 6A). Wang et al. (2019) [68] determined
an average biomass production of A. platensis of 38.3 g/m2/d during CO2 sequestration [68].
Sydney et al. (2010) [69] used air enriched with 5% CO2 to cultivate A. platensis. The
maximum cell concentration of 2.18 g/L was observed on day 14. The maximum cell
productivity was 0.73 g/L/d [69]. In the study by Ramanan et al. (2010) [70], the growth
rate of A. platensis increased with the highest CO2 concentration. The biomass production
was 2.91 g/L at a CO2 concentration of 10% [70]. In the study by Chunzhuk et al. (2023) [71],
at an initial CO2 concentration of 5%, the highest biomass density value of A. platensis was
found to be 1.28 g/L wt% on day 15. The maximum biomass growth rate was 79.4 mg/L/d
at an initial CO2 concentration of 1%. In addition, almost complete cell death of A. platensis
was observed under the influence of a CO2 concentration of 9% [71]. The relationships
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related to biomass growth are confirmed by the observations of chlorophyll a concentration
in V-PBR. The progression of changes in chlorophyll a content over time is similar, but not
identical, to the changes in A. platensis biomass concentration (Figure 6B). From the 6th to
the 10th day of culture, significantly higher chlorophyll a concentrations were observed in
V1. However, no statistically significant differences were observed from the 11th to the 15th
day of culture. Analogue chlorophyll a concentrations were observed in both experimental
variants. On day 15, it was 6.47 ± 0.32 mg/L in V1, while it was 6.37 ± 0.18 mg/L in
V2 (Figure 6B). In the following days of the culture, a significant and rapid decrease in
chlorophyll a concentration was observed in V2, which was 4.99 ± 0.16 mg/L at the end of
the culture (Figure 6B). In V1, the concentration of chlorophyll a remained at a steady level
until the end of the culture, ranging from 6.67 ± 0.34 mg/L on day 16 to 6.16 ± 0.33 mg/L
on day 20 of the culture (Figure 6B).
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Analysing the chlorophyll a content in V-PBR proved that the use of exhaust gases
is beneficial in the short term. In the long term, however, it leads to negative changes in
the population of A. platensis. This is mainly determined by the rapid transition to the
death phase and the dynamic decline in biomass after 15 days of cultivation. The effects of
cultivating microalgae with exhaust gases on the change in chlorophyll concentration were
also analysed by Yang et al. (2004) [72]. It was found that high concentrations of bisulphites
and free radicals above 2 mmol/L destroy chlorophyll in Botryococcus braunii. Chlorophyll
bleaching processes and lipid peroxidation of the cell membranes were observed [72].

There was no significant effect of the CO2 source on the composition and characteristics
of the biomass of A. platensis. Regardless of the experimental variant, the content of the
basic parameters characterising the biomass was similar. The content of volatile solids was
about 93%, the amount of protein was close to 37%, lipids 11% and carbohydrates around
26%. The detailed characteristics of the biomass are presented in Table 2. In the study
by Sydney et al. (2010) [69], the composition of the biomass of A. platensis LEB-52 after
CO2 sequestration was as follows: 42.33 ± 1.9% proteins, 11 ± 2.2% lipids and 11 ± 0.88%
carbohydrates [69]. In turn, Chunzhuk et al. (2023) [71] reported 70.0 ± 0.6% proteins and
5.7 ± 0.6% lipids in A. platensis biomass grown at a CO2 concentration of 1%. However,
increasing the CO2 concentration to 5% led to a decrease in the concentration of proteins
and lipids to 47.7 ± 1.5% and 4.2 ± 0.5%, respectively [71].
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Table 2. Characteristics of the A. platensis biomass composition depending on the experimental
variant.

Parameter Unit
Variant

V1 V2

Volatile solids % dry mass 93.4 ± 0.9 92.9 ± 1.3
Mineral solids % dry mass 6.6 ± 1.0 7.1 ± 1.5

Ntot. mg/g dry mass 59.2 ± 2.3 57.9 ± 2.7
Ptot. mg/g dry mass 14.1 ± 1.1 12.9 ± 2.5
TC mg/g dry mass 643.2 ± 27.8 631.8 ± 46.7

TOC mg/g dry mass 563.1 ± 31.0 555.9 ± 31.2
Proteins % dry mass 37.1 ± 1.1 36.6 ± 1.4
Lipids % dry mass 11.4 ± 0.7 10.9 ± 1.9

Carbohydrates % dry mass 26.3 ± 3.3 25.9 ± 3.0

Due to its high nutritional value (Table 2), A. platensis has numerous applications
in food, feed, pharmaceuticals, nutraceuticals and cosmetics [73]. It is one of the most
commercially produced species and is considered a very good source of proteins, pigments
(phycocyanin and chlorophyll), vitamins and antioxidants [74]. A. platensis has great po-
tential as an important ingredient for the development of new functional foods that fulfil
consumer demand for nutrient-rich and health-promoting foods [16,17]. It is used in the
human diet not only for its high protein content but also for its desirable amino acid (AA)
profile in terms of the amount of essential AA and good digestibility, making it a potential
alternative protein source. In addition, microalgae proteins also have promising techno-
functional properties and are used as foaming agents, gelling agents and emulsifiers [75].
Some studies have shown that microalgae proteins can compete with some commercial
proteins used as emulsifiers, such as soya and whey proteins and sodium caseinate [76]. As
for the polysaccharides of A. platensis, studies have demonstrated their biological activity
and potential for use in the food industry [77]. Microalgae are also an important source of
minerals, especially Fe, Zn, Mn and Cu, as well as water-soluble vitamins (B and C complex)
and vitamin E [78]. A. platensis is rich in vitamin B12, as it is estimated that it can contain
between 1.6 and 3.2 µg of this vitamin per gramme of dry matter, which covers 25 to 133%
of the daily requirement [79]. In recent years, microalgae biomass has been successfully
used as an additive to foods, offering innovative and healthy alternatives such as biscuits,
pasta, mayonnaises, jelly desserts and cold meats [80]. Another important aspect is the use
of A. platensis for the production of biofuels [81]. They show a high biochemical tendency
to accumulate carbohydrates and proteins through their metabolism [82]. The biomass of
A. platensis could easily be converted into biogas [83], bioethanol [84] and biodiesel [85].
However, current processes and technologies are not sufficient to make large-scale pro-
duction economically viable. It is therefore necessary to introduce improvements and
innovations in the biofuel production process, including the development of a biorefinery
approach [74].

It should be noted that a complete and reliable assessment of the CO2 fixation ef-
ficiency of cyanobacteria can be made by taking into account the energy consumption
during cultivation (lighting, nutrient dosing, mixing, gas supply, separation, etc.). This is
only possible on the basis of data obtained from plants operated on a pilot or technical
scale. This is of course an important aspect that determines the application potential of
this technological solution. Studies of this type in an innovative photobioreactor with
a total volume of 30 m3 were carried out by Chen et al. (2012) [86]. These researchers
determined the CO2 binding potential of the cyanobacteria Spirulina platensis. The total
CO2 sequestration in this photoautotrophic culture was 2234 kg CO2/year. However, if the
emissions from the operational energy consumption of 1494 kg CO2/year are taken into
account, the amount of CO2 bound in the biomass was only 740 kg CO2/year. Ultimately,
the estimated amount of bound CO2 would be around 74 tonnes/ha·year [86].
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4. Conclusions

It was shown that the biomass of A. platensis effectively fixed CO2 from the combustion
of biogas. Using this CO2 source, a higher growth rate of the biomass in the logarithmic
growth phase and higher concentrations of cyanobacteria in the photobioreactors were also
observed. The growth rate in the exponential growth phase was 209 ± 17 mgVS/L·day,
which allowed a biomass concentration of 2040 ± 49 mgVS/L. In the control V-PBR, it was
a maximum of 1800 mgVS/L. The cyanobacteria effectively captured the CO2 from the
biogas combustion, and its concentration was reduced from 13 ± 1% to 1.3 ± 0.7%. Feeding
the V-PBR with exhaust gases had no significant effect on the biomass properties in terms
of organic matter content, including lipids, proteins and carbohydrates.

The exhaust gas-fed culture quickly transitioned to the A. platensis population die-off
phase after only three days of stable growth, requiring close monitoring of cyanobacteria
concentrations to enable rapid response and biomass removal. This is an important in-
dication for potential operators of large-scale photobioreactors. Cultivation with air was
characterised by much greater stability and a long phase of stationary growth.

Further research should aim to determine the maximum amount of exhaust gas that
can be introduced into the cultivation system without significantly limiting the effectiveness
of CO2 fixation and inhibiting the production of cyanobacterial biomass. It is important
to automate the process and possibly link the amount of exhaust gas added to the pH
changes in the culture medium. In the longer term, it is advisable to increase the technical
readiness level and conduct research on a larger scale in order to obtain reliable results that
are necessary for drawing up a mass, energy and economic balance as well as a complete
life cycle assessment.
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