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Abstract: Microalgae-based photobioreactors (PBRs) have gained attention as a sustainable solution
for indoor air quality (IAQ) control. This study investigates indoor CO2 absorption performance of
Spirulina maxima (S. maxima) in NaHCO3-limited cultivation (standard: NaHCO3-free medium = 1:1
v/v%) of a lab-scale PBR system. Cultivation performance of three medium amendments (standard,
50% NaHCO3, and NaHCO3-free) was compared by observing cell growth for 30 days in a controlled
environment. Empirical examinations were conducted to evaluate the algal CO2 uptake, and overall
system performance in the culture volumes of 2, 4, and 7 L and natural indoor CO2 concentration
of ~1100 ppm. We found CO2 was reduced by ~55%, in an air chamber of 0.064 m3, showing the
greatest mitigation rate (~20%) on Day 4. Under a high concentration of CO2 (10,000 ppm), the CO2

levels were decreased up to ~90% before saturation. This research provides valuable insights into the
development of S. maxima-activated IAQ control systems for airtight buildings.

Keywords: indoor air quality; microalgae; Spirulina maxima; photobioreactor; carbon dioxide

1. Introduction
1.1. Background Problems in Indoor CO2 Mitigation

Indoor air quality (IAQ) can be 3–100 times worse than the outdoor air, due to the
concentration of assorted gaseous pollutants [1,2]. In IAQ indication of building space,
carbon dioxide (CO2), which represents 60~85% of greenhouse gas (GHG), is considered
among the most significant air constituents that impact occupant safety, work productivity,
and well-being in the spatial environment [3]. Therefore, it is needed to find active, lower-
risk, and economically more sustainable building solutions to dilute indoor CO2 and
improve air sterility.

Technical methods to reduce CO2 largely include (i) pollutant source control, (ii) in-
creased ventilation, and (iii) indoor air purification. Regarding (i) and (ii), it is straight-
forward to manage indoor CO2 levels adequately by developing monitoring systems and
refreshing the air readily at exact source positions. However, it becomes suboptimal in
practice because CO2 is emitted with random living activities and metabolic respiration.
Especially in densely occupied buildings, it is almost impossible to prevent CO2 concen-
tration through direct source management due to the complex spatial air streaming. In
effect, natural/forced-air ventilation performance highly depends on outdoor atmospheric
composition [4] and often becomes very expensive due to the extra energy demand for
air conditioning. The recent energy-oriented building system operation tends to risk IAQ
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deterioration, as recirculated indoor air may convey an excessive level of CO2 [5]. Poor
building design and improper system planning may have indoor space vulnerable to air
contamination. Meanwhile, non-ventilation decarbonizing technologies [6–8] such as the
ionized absorber-based indoor air cleaning by means of physical/chemical scrubbing can
be considered [9–11]. Nevertheless, it is not always more effective than mechanical air
filtering, since its efficiency depends on the CO2 concentration, size, and type of ionizer,
and the ventilation rate of the area being treated. Most oxidation technologies are tailored
to remove volatile organic compounds (VOCs) because CO2 is a stable compound that does
not readily react with oxygen in air streams. It is also important to note that those methods
are affected by degradation of the absorbents, corrosion, and high pressure drop [12,13].
Many existing air cleaning systems based on the traditional physicochemical remediation
often significantly suffer from drawbacks of a high installation/maintenance expense and
generation of secondary gas pollutants [14–16].

To overcome the above limitations, biological air remediation using plants and mi-
croorganisms (phytoremediation) has drawn attention recently [17–19]. For example, in the
phytoremediation that uses the metabolic ability of living plants to catabolize and detoxify con-
taminated compounds [20], Sansevieria (Snake plant) can absorb CO2 at ~0.49 ppm/m3 [21],
and, in a closed chamber (1 m3), house plants can reduce CO2 to 17~24% [22], up to 51~77%
by combining ventilation [23]. Nevertheless, there still exist unavoidable obstacles in actual
implementation: large planting areas, constant fertilization and irrigation, potential generation
of toxic byproducts, daytime CO2 accumulation from the soil substrate, etc. Irga et al. [24]
report that a leaf area of 57 m2 absorbs only 13% of CO2 generated per person.

1.2. Microalgae-Based Air Remediation

Microalgae provide an alternative solution for biological IAQ improvement [13,25–29].
This method is highly advantageous because of very little energy use for algae growth
(10 to 50 g/m2/day, doubling the mass every 24 h [27]) and faster carbon removal due
to the high cellular photosynthetic efficiency (~12%) [30]. It is reported that microalgae
are approximately 50 times more efficient than terrestrial plants in CO2 reduction [31] and
reduce CO2 emissions up to 85% [31]. Also, keeping and growing generic algae do not
necessarily require complicated equipment or expensive conditions. Natural abundance,
low investment cost, ecological adaptivity, and rapid renewability have algae among the
most promising organisms for environmental air remediation [32,33].

Microalgae-derived air cleaners are emerging in consumer products. AlgenAir, Inc.,
founded by Fucich and Abernathy in Pittsburgh, PA, USA, in 2018, launched a home algae
air-purifying device, the aerium 3.0 [34]. Its simple design with an algae subscription
service makes it convenient for ordinary occupants to install, use, and repair. The LIQUID3,
developed by the University of Belgrade in Serbia, 2021 [35], is the first large-scale algal
photobioreactor that is supposed to resolve urban air pollution. Furthermore, Hypergiant,
Inc. (Austin, TX, USA) [36] in the U.S. claims to employ artificial intelligence (AI) for
optimal algae growth and HVAC system integration.

1.3. Research Question: Spirulina for CO2 Removal and NaHCO3-Reduced Cultivation

At present, microalgae species have been explored for their direct carbon assimilating
potential [37,38]. Among the myriad 70,000 algae species, one of the most studied is
Spirulina because they are part of the largest taxonomic groups and the massive biomass is
industrially producible even in inorganic/heterotrophic culture media [39,40]. Spirulina
(Arthrospira), a genus of photosynthetic cyanobacteria, are a filamentous and free-floating
biomass that can photoautotrophically thrive in mineral-rich aquatic surfaces with high pH
(8~10) and carbonate substances. Spirulina vary in their CO2 capture performance according
to their species and culture conditions, but they generally have excellent photosynthetic
efficiency, high tolerance against environmental perturbation, and the ability to absorb
substantial amounts of CO2 from the atmosphere. In de Morais and Costa’s study [41],
415 mg of CO2/L/d was processed by Spirulina sp. at ~12% of CO2 concentration. In Cheng
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et al.’s study [42], Spirulina sp. absorbed up to 27 to 38% CO2. Some researchers suggest
that Chlorella sp. is the most appropriate for CO2 mitigation [28,43], but the choice of the
best algae species depends on the purpose of use and growing conditions. For example, the
biomass of C. vulgaris and S. plantensis is 251.64 and 318.16 mg/L/day, respectively [44], and
S. maxima carries a very high amount of protein (60~71% [38]). Considering that algae can
fix about two times greater CO2 than its biomass, it indicates that Spirulina may outperform
other species in growth and bio-productivity [45]. Indeed, Shabani et al. [46] revealed that
the CO2 sequestration rate of S. platensis was about three times greater (0.49 g/L/d) than
other microalgae in natural water at 10% CO2 supply.

These advantages make Spirulina bioreactors a strongly viable option to support/replace
the conventional building systems. However, the biochemical complexity of the cultivation
medium and complicated growth kinetics thereof become a major barrier to public spread
of the microalgal photobioreactors. The Spirulina cultures generally need alkalinity (pH),
inorganic salts, nitrogen, and especially a high amount of carbon dioxide sources (CO2,
HCO3

−, etc.), and it often increases cost in enclosed culture systems, since NaHCO3 takes
the largest portion in the standard Society of Toxicology (SOT) medium (~76%) [47]. The
need for regular replenishment and adjustment of the chemical composition to meet the
optimal nutritional requirements becomes a limiting factor in their public use. To settle
this challenge, a few researchers [13,48] demonstrate that CO2 added by external aeration
substitutes for the inorganic carbon supply from sodium bicarbonate (NaHCO3). Although
NaHCO3 is a readily available form of CO2 for Spirulina’s photosynthesis, exploiting CO2
through mechanical aeration can be a more renewable and controlled alternative for the
bioreactors, reducing cost and potential contamination associated with the sodium content.

1.4. Study Objectives

To fill the gap in the indoor CO2-cleaning performance of the S. maxima genus [49]
and the problem in the agal medium of the Spirulina phytoremediation (Figure 1), we
hypothesized that NaHCO3-reduced SOT amendment can provide an economical and
convenient method to improve IAQ, based on da Rosa [13]’s finding. To examine the
S. maxima growth and indoor CO2 removal effectiveness in a NaHCO3-reduced (by 50%)
medium, we devised a low-cost custom-designed photobioreactor. CO2 removal through
S. maxima respiration is empirically examined using a comparative analysis and field
measurements within a controlled environment. This study presents scientific evidence on
the air purification function of S. maxima according to the growth and development in a
biochemically constrained culture medium. Note that this study limited its scope to the
experimental results of the presented S. maxima cultivation and air system operation, and
the removal efficiency of organic pollutants or byproduct gases was not covered.
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2. Materials and Methods
2.1. Material and Culture Preparation: Algal Strain, Growth Medium, and Inoculum

S. maxima (LB2340, UTEX) was selected. The S. maxima strains of ~2 v/v% (150 mL) were
subcultured in our lab for 5 days in a modified SOT medium (7.5 L), based on the standard nutri-
ent composition (g/L H2O): K2HPO4 (0.5), NaNO3 (2.5), K2SO4 (1), NaCl (1), MgSO4·7H2O (0.2),
CaCl2·2H2O (0.04), FeSO4·7H2O (0.01), and C10H16N2O8 (0.8) with an A5 solution (H3BO3 (2.86),
MnSO4·7H2O (2.5), ZnSO4·7H2O (0.222), CuSO4·5H2O (0.079), Na2MoO4·2H2O (0.021)) [50]
(results of the empirical media synthesis are presented in Section 3.1). Note purified tap water
(20~21 ◦C) was used without distillation or extra boiling to consider potential massive economic
processing of Spirulina cultivation. For sterilization, we irradiated the water with ultraviolet
rays (UVC and UVA) for 45 min at 23~28 ◦C. Dissolved inorganic carbon (DIC) in the medium
was ~0.5 mol/L, and the initial pH of the medium was 9.5~9.8 and it was settled at a level
between 10 and 10.5. For cost-effective algal growth, we prepared a modified SOT solution
(7.5 L) in which NaHCO3 was cleared to allow atmospheric carbon dioxide to dissolve naturally,
reducing the medium production cost, and then it was inoculated with 7.5 L of the SOT-cultured
S. maxima at a 1:1 ratio.

2.2. Equipment Development: Design and Fabrication of a Purification System

An integration scheme of the household agal air purifier is illustrated in Figure 2, and the
experimental equipment was engineered as shown in Figure 3a,b. The central air-exchange
container (Figure 2) consists of a set of plexiglass cylindrical columns: bubble column photo-
bioreactors (PBRs) filled with an S. maxima medium and an aseptically closed empty vessel for
moisture filtering and flushing out the fresh air. It is known that bubble column reactors are
advantageous in temperature control, low pressure drop, and high rate of interfacial areas [51],
and we prepared three container systems with vertically arranged PBRs whose maximum liquid
containing capacities are 4 L (two 2 L bottles, inner diameter = 76 mm, height = 400 mm, and
thickness = 2 mm each), 6 L (a single bottle, inner diameter = 86 mm, height = 950 mm, and
thickness = 2 mm), and 10 L (one 4 L and two 3 L bottles, thickness = 2 mm), respectively
(Figure 3a). A portable electric water pump (12 V DC, 5.16 W, 6.5 L/min, YHD337412-0703,
YeHaus, Yuyao, China) was connected through plastic tubes (inner diameter = 4.8 mm) at the
bottom of PBRs to inject the medium liquid. A vacuum pump system of three optional mini
airflow pumps (12 V, 10 W, >max. 15 L/min, ZR5551PM, Zhirong Huaguan, Dongguan, China)
powered with a 12 V DC converter (LRS350-12, MEAN WELL, Seoul, South Korea) was used
to stir the microalgae, constantly creating small bubbles with external air mixed to the PBRs,
so that the medium is partially recirculated within the PBRs for active algal incubation and air
exchange. An effluent chimney tube was connected to the top of the air-discharging column,
and a closed plexiglass chamber (400 × 400 × 400 mm) was devised to collect decarbonized air
from the air tube.
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2.3. Experiment Procedure and Measurement Methods

The whole system was set up on a desk near a side wall of a general small office
room (Republic of Korea) with a floor area of 53 m2 and ceiling height of 2.5 m, and
all windows and doors were closed during our tests to prevent daylight and occupancy
disturbance (Figure A1). For the start-up of the experiments, the PBR columns were filled
with the Spirulina medium so that a gas–liquid interfacial area of each cylinder became
approximately 78.5 cm2, and they were incubated at ~25 ◦C with 24 h continuous artificial
backlights (3500~4800 lux) (Figure 3a). Plant-growth light emitting diode (LED) strips
were used to create test light regimes illuminating the algal cylinder vessels: 7.2 W/12 V
white LED, 28.8 W/12 V yellow LED, and 14.4 W/12 V purple lighting (two red (660 nm)
and one blue (460 nm) LED combination) for the 4 L, 6 L, and 10 L container, respectively.
After a 24 h incubation period, we evaluated IAQ by detecting the gas escaped from the air
discharger column directly linked to PBRs through an air hole at the center of the chamber
ceiling. To that end, a computer monitoring system with electrochemical gas sensors was
equipped in the test environment: two SGP30 multi-pixel gas sensors (Adafruit, New York,
NY, USA, range: 400~60,000 ppm eCO2, resolution: 15 %Vol) for CO2 and a SEN0322
oxygen sensor (DFRobot, Shanghai, China, range: 0~25 %Vol, resolution: 0.15 %Vol) for O2
concentrations. The I2C (inter-integrated circuit) sensor modules were wired to a Raspberry
Pi 4B board outside the chamber. Note that spatial CO2 concentrations were estimated by
averaging two SGP30 readings, and three small air outlets were built at the bottom of a
chamber side so that each was connected to an airflow control pump and an inner pressure
of the chamber space remained at the atmospheric pressure (1.013 × 105 Pa) while in the
inflow of the PBR-filtered air. The 4 L, 6 L, and 10 L volumes of PBRs were filled with a
2, 4, and 7 L medium with S. maxima inoculated. Two different tests were carried out to
identify CO2 removal performance of the developed air purifier system: (i) measurement
of the gas composition by activating entire PBRs simultaneously and (ii) measurement
by operating only a single PBR container system, respectively (stopping all, other than
target PBRs). The gas composition of CO2 and O2 was monitored at an interval of 15 s,
considering the response time limits of the sensors. To test removal potential under high
CO2 concentration, high-grade CO2 (10,000 and 6000 ppm) was forcibly injected using
commercial CO2 diffusers (Ista, Taiwan, 5500 mL of CO2 at 1 atm, 25 ◦C). It was blown
through the headspace of the chamber, maintaining the constant air exhaustion rate and
prolongation of gas–liquid equilibration time (Figure 4).

2.4. Culture Treatment, Observation, and Data Analysis

Non-invasive and fast microscopic observations were performed to characterize culti-
vation states (cell concentration and proliferation) under different nutrient composition
and cultivation. To characterize the microalgal cell growth in a NaHCO3-exclusive bio-
chemical condition, we examined three different experimental treatments (cases) in the
laboratory: (1) the modified standard SOT in which SOT-cultivated S. maxima were injected,
(2) sodium bicarbonate (NaHCO3)-free SOT with S. maxima cultivated in the modified
SOT, and (3) sodium bicarbonate (NaHCO3)-free SOT with S. maxima cultivated in sodium
bicarbonate (NaHCO3)-free SOT. Note that the semicontinuous operation mode was con-
sidered; to control the nutritional and light environment, a small volume of seed cultures
was incubated first in batches and fed into large media later. To prepare for the inoculum
cultures, S. maxima was sterilized for 15 min at 121 ◦C and transferred in a 250 mL conical
flask with >~3000 lux LED irradiated to provide a suitable photoautotrophic condition
for 30 days. A spirulina seed batch of 50 mL was injected afterwards into 1500 mL of
different suspension media each (~3.33%) at an initial pH of 8.44 in Case 1 and 7.15 in Cases
2 and 3, respectively. The salinity was 1.23% (492 mg) in Case 1 and 0.41% (164 mg) in
Cases 2 and 3. The cultivation cylinder vessels were individually and equally aerated at
1.5 L/min through φ 4 mm air tubes in the lab (Figure 5). Then, we identified the influence
of NaHCO3 in S. maxima cell growth in a room environment for 2 weeks. Viable cell sizes,
structures, and populations were examined by imaging magnified at ×120~7000 (BX53M,
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Olympus, Tokyo, Japan). Culture samples for the analysis were taken aseptically from the
top surface of the suspended solutions. The pH values were obtained using a calibrated
Benchtop pH Tester, PM-3 (CAS, Seoul, Republic of Korea) (Figure A2).
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On the other hand, air diffusion in the test chamber was simulated to justify the
positions of sensor installation and measurement of gas concentrations. Ansys Fluent (ver.
2022 R2) software was used for computational fluid dynamics (CFD). For data analysis
results, the mean value of CO2 concentration per each treatment was compared using
the Mann–Whitney U test and the variance using Levene’s test. The Kruskal method
was applied to compare removal efficiencies upon CO2 reinforcement. Dunn’s test was
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followed as a post hoc analysis for multiple pairwise comparison. Data difference was
considered significant at p-value ≤ 0.001. All statistical analyses were performed using R™
via RStudio 1.3.959 (RStudio, Inc., Boston, MA, USA). The nortest and lawstat packages were
used to carry out the Anderson–Darling (AD) normality and Brown–Forsythe variance test,
respectively, in R™.

3. Results and Discussion
3.1. Examination of Culture Media Recipes

In our study, we have two different seed cultures, the grown in the modified SOT
incl. NaHCO3 and excl. NaHCO3, and each was used for Case 1, 2, and 3, respectively.
We observed that the cells were actively grown in a NaHCO3-enriched medium (modified
SOT), as aggregated in the filaments with a well-developed spiral form. Figure 6 compares
the cell growth status of the seed cultures during the 30 incubation days (Day 14 and 28).
Figure 6a shows a large population of S. maxima in a high concentration. Each cell exhibits
a clear three-dimensionally left-handed (LH) open helicoidal structure, and the numbers
of cells were exponentially multiplied after 28 days. However, resulting cultures in the
SOT excl. NaHCO3 (Figure 6b) showed a severely lower cell concentration. The sparse
cell population and linear form of filament aggregates indicates that the cell growth was
limited and remained unsettled in the medium. Even after 28 days, we observed that the
cell structures were not able to develop LH coils vividly and the cell density on Day 28
appeared only as good as that on Day 14 in the NaHCO3-inclusive SOT. From [52,53], we
may suppose that Spirulina proliferation was affected by proper nutrient balance such
as nitrogen and carbon more critically than light intensity or temperature. Particularly,
bicarbonate is served as an external inorganic substance for the carbonic anhydrase reaction
to derive CO2 for photosynthesis. This result supports the previous findings [47,54], and
Figure 6b reveals that NaHCO3 deficiency significantly reduced the growth rate (below the
average cell reproducibility of 25% per day [55]).
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Figure 7 exhibits the results of the S. maxima growth in three different media during
20 days. As shown in Table 1, the liquid solution temperature was measured to be constant
all the way at ~29 to ~30 ◦C under an average light intensity of 6842.5 lux. It was observed
that Case 3 was almost translucent in the beginning and Case 2 appeared slightly thicker in
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visual solution concentration than 1 until the first 5 days, even though their initial cultures
were identical. In Table 2, we identified that Case 1 became optically denser, exhibiting
characteristic green coloration after Day 7. However, after Day 12, such difference was
relented, while the solution density of Case 3 was the thinnest. This observation was
confirmed by the measurement of gaps in optical density (O.D.) between 1 and 2, which
was about 21.2 and 16.0% on Day 10 and 20, respectively. Suboptimal growth such as
the markedly lagging development finds that the nutritional state of the parent culture
is considerably important for the early-stage promotion of cultivation. Nevertheless, in
this test, the NaHCO3-exclusive medium performed well to proliferate the S. maxima
culture after a certain period of time. This result suggests that, in enclosed reactors, the
insufficient phototrophic growth due to the lack of bicarbonate can be supplemented by
automatic external aeration, CO2 dissolution thereof in water. It is certain that CO2 is
poorly soluble compared to NaHCO3, and the carbon limitation constrains microalgal
growth [56]. However, Monteiro et al. [57] find that constant aeration with artificial
illumination improves S. maxima growth, and, despite such a positive impact of bicarbonate
addition on the rapid cultivation, Mokashi et al. [58] reveal that the growth rate is not
linearly related to the NaHCO3 content. Also, note that increased cell mobility attributed
to the artificially aerated stirring yields reduced intercellular shading, which can lead to
better light penetration and photosynthesis.

Table 1. Medium treatments: Cultivation environment.

Factor 1 2 3

Date A B A B A B

pH 10.01 9.41 8.69 8.83 7.92 8.16

Medium temperature (◦C) 30.1 29.2 30.2 29.0 30.1 29.1

Lighting intensity (lux) 6842.5 ± 869.0 (Min: 5948, Max: 7629)

CO2 supply (ppm) 732.5 ± 44.5

(Lab) Air temperature (◦C) 32.0 ± 0.3

(Lab) Air humidity (%) 98 ± 0.7

O.D. 0.52 0.81 0.41 0.68 0.37 0.49
Note: A—Day 10, B—Day 20.

Table 2. Magnified cell growth status on Day 9, 14, and 30 (×200).

No. Day 9 Day 14 Day 30

1
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Typically, as a unicellular organism, Spirulina exponentially grow from the 4th to 15th
days, if nutrient and light conditions are met. The coloration of the bottles in Figure 7
indicates that the culture in Case 1 experienced an exponential growth phase from Day
5 to 14, whereas that in Case 2 underwent longer (2~3 day delay) and smooth growth
phases. However, Case 3 showed highly lagged biological development. Even though
they appeared thriving enough and became stationary after Day 20, the O.D. of Case 3 was
only about 60% or less of O.D. 1 (Table 1). In general, the pH values successively increase
as Spirulina grows and phototrophic degradation decreases medium alkalinity. A notable
feature in the NaHCO3-free SOT cultivation (2 and 3) was that the low pH values (8.69
and 7.92) due to the deficient bicarbonate metabolism increased by 2~3% on Day 20. This
demonstrates that S. maxima continued to grow (or maintained metabolic activity at the
least), slowly though, in the carbon-limited environment. It is visible that cell propagation
from the parental filaments still occurred after 14 days.

In Figure 8a, the microscopy of Case 1 on Day 14 shows that the divided cells started
to grow due to the relatively abundant HCO3

− availability. The typical size of Spirulina ap-
pears bigger on a cellular scale due to its helical shape (8~9 µm in diameter and 100~200 µm
in trichome length [50]), comparing to other species such as the spherical Chlorella cells
(2~10 µm [58]). Figure 8 shows that the filaments increased in length (50~60 µm) and
morphed to structure the typical spirals. However, in all cases, the cell spirals were not
entirely skewed to develop the helix geometry during this process. In Case 3, it seems
conceivable that carbon starvation in both the parent cultivation and growth medium
resulted in poor cell growth because only few cell spin-offs were visible even in a stationary
mature stage (Day 30, Figure 9).
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Figure 9. Cellular microscopy on Day 30: (a) ×1000, (b) ×7000.

3.2. Air Dispersion in the Chamber

The chamber geometry for CFD is illustrated in Figure 10. The air (CO2) flow in the
chamber was modeled as transient laminar fluid with the gravity and energy equations
activated. An airflow rate of 2 L/min was assigned on the inlet and outlet as a boundary
condition. A total of 5000 ppm was set to an initial CO2 level of the inlet air. The results
show that the front upper corner space close to the inlet was significantly affected and the
indoor air became turbulent immediately (5 s). However, Figure 10b shows that the flow
distribution became homogeneous in a stationary phase (<60 min). We found that the in
situ CO2 sensor position can be justified by comparing Figure 3b and these CFD results.
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3.3. Air Purification Performance

The results in Section 3.1 suggest that NaHCO3-free SOT can be used for our device. To
identify an immediate CO2 removal effect of the developed PBR-based air system using a
1:1 (vol.) mixture of the NaHCO3-free SOT and SOT, gas concentrations of the test chamber
in the room (Figure 3) were tracked during the first 7 days after installation and the vessel
cultivation using the NaHCO3-free SOT. The air temperature and humidity in the chamber
were 26.9 ± 0.8 ◦C and 63.3 ± 3.8%. As seen in Table 3, we found that the air exchange
through the S. maxima PBRs does not necessarily lead to revamping the gas composition
other than carbon dioxide. The oxygen almost invariably remained at about 20%, and other
gases including volatile organic compounds (VOCs) were not significantly reduced.

Table 3. Gas measurement result (chamber, 7 days).

VOCs (ppb) CO (ppm) O2 (%) CH4 NO2 NH3

µ 129 98.6 19.98 621.8 100.4 96.7
σ 93 36.5 0.07 31.9 14.0 12.7

Min. 0 6 19.74 519 82 76
Max. 474 242 20.25 704 175 165

Figure 11a presents overall trends of CO2 reduction. Starting from ~1100 ppm in a
non-treated environmental state, the CO2 concentration gradually decreased by 55%, less
than 500 ppm after 7 days. The regular fluctuations during the lag phase (1~3 days) of
algal growth parallel a cyclic metabolic pattern of S. maxima; CO2 decreases due to daytime
photosynthesis and increases during the night respiration. Before Day 3, it was seen that
CO2 accumulations were peaked at 12:00~2:00 a.m., but the peak intensity noticeably
decreased since Day 4. In Figure 11b, the changes in daily average CO2 concentration
suggest that the exponential cell growth during Day 3 and 4 (see Figure 7) results in a sharp
CO2 decline with a diminutive respiration effect. The reduction rates in Figure 11c confirm
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a thriving event on Day 4, which is consistent with study [31] revealing that Spirulina
cultures undergo exponential growth regimes in 3~7 days followed by stationary phases.
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rate per day.

Figure 12 compares CO2 reduction performance of our modified NaHCO3-exclusive
SOT and the standard SOT. In Figure 13a–c, CO2 concentrations differed by about 300 ppm,
which reveals that early cell growth highly depends on the readily available carbon content.
However, note that such gaps were quickly narrowed after Day 4. The Mann–Whitney U
test result confirmed that the average concentration in the NaHCO3-exclusive SOT was
significantly lower than that in the standard SOT treatment. Also, the Brown–Forsythe
test revealed that the null hypothesis could not be rejected, and their variance could be
considered similar (Table 4).
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Figure 13. Test results (forced CO2 injection): (a) Daily comparison of CO2 decrease, (b) CO2 decrease
and PBR capacity.

Table 4. Statistical analysis of the carbon dioxide density in the chamber.

Medium Day 1 Day 2 Day 3 Day 5 Day 7

SOT excl. NaHCO3 µ 817.9 885.5 709.6 497.6 521.0
σ 6.1 23.1 17.9 5.8 16.6

p-Value ** *** *** *** ***
Max. 828 928 743 510 547
Min. 807 842 671 479 483

Standard SOT µ 533.0 525.6 413.9 442.6 532.2
σ 10.2 23.6 12.8 16.9 17.1

p-Value *** *** *** *** ***
Max. 542 580 476 465 588
Min. 486 452 365 373 489

Mann–Whitney U p-Value *** *** *** *** ***
Brown–Forsythe p-Value 0.767 *** *** *** 0.805

*** p < α, α = 0.001, ** p < β, β = 0.01.
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3.4. Performance of Individual PBRs under High-Grade CO2

We conducted an additional test to identify the removal effect under a very high CO2
level, according to a date of cultivation (Day 1, 2, and 5) and volumetric capacity (Figure 14,
Table 5). A 10,000 and 6000 ppm dose of CO2 (for daily observation and separate PBR test,
respectively) were initially supplied in 30 s and mechanically reinforced to circulate the
system through the air tubes at a rate of 2 L/min. Each test was started at 12:00 PM and
continued for 6 h. Figure 13 displays the measured data distributions and their polynomial
approximation. As the profiles show in Figure 13a, for all dates, the CO2 concentrations in
the chamber were shortly decayed in 25 min and leveled off afterwards. Nevertheless, note
that their absorption behaviors were different. Estimated from the fit curves, they began to
stabilize at 24 min 37 s (Day 1), 17 min 7 s (Day 2), and 16 min 48 s (Day 4), respectively. The
mean value of 871.2 ppm on Day 5 was significantly lower than that of Day 1 and 2 (1020.4
and 1014.5 ppm). The Kruskal–Wallis rank sum test followed by the Dunn test using the
Bonferroni method supported this difference, which confirmed better performance of the
system on Day 5.
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Figure 14. Test results (forced CO2 injection): bar charts: (a) Daily, (b) PBR capacity.

Table 5. Forced CO2 injection: Statistical analysis of the carbon dioxide density in the chamber.

Test Parameter Day 1 Day 2 Day 5 2 L 4 L 7 L

µ 1020.4 1014.5 871.2 1337.0 1096.3 1305.3
σ 982.9 940.1 1112.6 1028.5 349.2 1231.0

Min. 584 686 504 695 949 515

Kruskal p-Value *** ***
*** p < α, α = 0.001.

As expected in the developmental states and Figure 11a, this suggests that the system
improves the IAQ more efficiently after full-fledged S. maxima growth. However, note that
the Dunn test p-values showed that variances were significantly different in all the cases,
but it finds that the variance of Day 1 and Day 2 was statistically identical. Figure 13b
characterizes an impact of the culture volume and light on individual PBRs’ performances
on Day 7. The largest volume (7 L) showed a stable settlement at the minimum of 515 ppm
at the end. Also, the 7L-PBR performance more continuously saturated until the end of
the test, while the 2L- and 4L-PBR tended to reach a plateau earlier (at ~2 h 43 min and
~2 h 21 min, respectively). It is interesting to note that the quickest CO2 drop (Figure 14b)
was detected in the 4L-PBR illuminated by the highest power (28.8 W) yellow LED. This
result parallels the fact that increased energy intensity rapidly activates photosynthetic
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production of microalgae before saturation [59]. Meanwhile, one may assume that the 7-L
PBR should have showed better CO2 mitigation during the early stage, since the cell’s
vital response is generally the most sensitive at red LED wavelengths of 640–700 nm [60].
However, this result does not contradict the existing findings [52,61] that light source color
has a far lesser impact on cultivation than the amount of photon energy reception.

3.5. Study Limitations and Further Implications

Building codes and green building standards increasingly regulate airtight construc-
tion for energy efficiency. It gives rise to significant extra energy use for ventilation, which
may take 40% of the primary energy use [62]. Low-cost renewable microalgal air-remedying
systems can offer a useful option in this context.

For practical use of such a living PBR system for IAQ improvement, note that the
photosynthetic performance must be affected by the choice of species, nutritional status,
seasonality, and room conditions, including temperature, light intensity, and carbon density.
Accordingly, although the IAQ-modifying ability was clinically proved by comparing other
treated cases, a lack of parallel test groups per each case may lead to uncertainty in data
interpretation and limit generalizing the above findings. A further parametric analysis
is necessary to identify influence of the individual environmental factors (e.g., water
pH, evaporative loss, aeration rate, and CO2 supply dose) on the cell growth in varying
NaHCO3 content and biochemical composition. Cultivation of the algae in harsh, cold, and
low-sun interior environments can be considered to investigate the system performance in
respect to different scenarios of building occupancy.

On the other hand, for greater commercial possibility of the system operation, techno-
logical and market maturity need to be achieved to make the product and process more
economical in a close-knit culturist–consumer chain. As some techno-economic studies
regarding microalgae for biofuel production suggest [63,64], the developed system might
not be viable for a large-scale use or mass production. Nevertheless, in the present ex-
perimental stage, it is very challenging to discuss large-scale economic feasibility such as
payback periods and return on investment (ROI), other than a small-facility life-cycle anal-
ysis or compromise between the promising opportunity of the microalgae as air-remedying
material and immediate availability of existing building systems.

4. Conclusions

Microalgae-based phytoremediation can provide an ecologically safe indoor air-
cleaning method. A main goal of our experiments was to develop a S. maxima-activated CO2-
absorbing system and demonstrate CO2 removal potential in a low-sodium-bicarbonate
PBR environment. We investigated the effect of bicarbonate SOT amendment on the S.
maxima culture and CO2 absorption performance in indoor growth. The morphologi-
cal characteristics of the cell growth demonstrated that S. maxima can be cultured in the
NaHCO3-reduced SOT, even though its full development could be slightly delayed. We
developed an indoor PBR system that cultured S. maxima in a total 13 L volume of NaHCO3-
reduced (by 50%) SOT media and measured CO2 change in the test chamber. The results
suggest that the developed microalgae system integrated with a low-rate air circulation
can eliminate about 55% and 83~92% of CO2 in the air, in a natural room state and under
high CO2 concentrations. It was confirmed that that air quality control critically depends
on the vitality of the microalgae in the photobioreactors. Considering that general use
of microalgal air-control applications is often limited by cultivation complexity, it can be
drawn that use of the NaHCO3-contrained SOT medium may offer an effective solution to
encourage the development of microalgae-enabled ventilation systems in the future.
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Figure A2. Measuring equipment: 1© pH meter (CAS Benchtop), 2© Auxiliary portable pH meter
(CAS High Precision pH Meter PM-1 PLUS), 3© Salinity meter (Salinometer CSF-2500, CAS, Seoul,
South Korea), and 4© Light meter (YL-103, Range 0~100,000 LUX ± 3%+5 LUX, Lutron, Washington,
DC, USA).
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