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ABSTRACT

The paper aims to provide an initial assessment of the potential for phosphorus (P) and nitrogen (N) removal from
wastewater by two underexplored algal strains, Vischeria helvetica ACUS 00025 and Klebsormidium nitens ACUS
00207. The experimental setup consisted of two 4.5 L open photo-sequencing batch reactors (PSBRs) operated at
laboratory scale for three months using secondary effluent from a full-scale municipal wastewater treatment plant.
The comparative analysis showed that Klebsormidium nitens strain had more consistent results for all parameters
throughout the experimental period: i) higher biological phosphorus removal for Klebsormidium nitens (1.02 +
1.66 mgP-d") than for Vischeria helvetica strain (0.25 £ 0.55 mgP-d™); ii) higher nitrogen removal for K/ebsormi-
dium nitens (1.254 £ 1.84 mgN-d™") than for Vischeria helvetica (0.66 + 1.61 mgN-d™"); iii) Klebsormidium nitens
showed superior stability in monoculture, with increased resistance to contamination by other algal strains and
consumption by other heterotrophic organisms, a shortened wastewater adaptation period, and consistent settling
properties via autoflocculation. Both strains maintained relatively universal conditions favourable to effluent and
water quality after treatment. These conditions include an average pH of 8.2 and 8.63 and an average DO concen-
tration of 8.48 and 8.85 mgO L' respectively. The results are particularly important given the paucity of data in

the existing literature on the specific technological parameters required for algal bioreactors.
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INTRODUCTION

The use of microalgae in wastewater treat-
ment has gained substantial recognition in recent
years. It has been demonstrated that microalgal
treatment systems can effectively reduce the nu-
trient loads in effluents, producing nutrients-rich
algal biomass that can be utilized in a range of in-
dustries, including the production of biofuels, an-
imal feed and biofertilizers (Su et al., 2021; Ali et
al., 2022; Khan et al., 2023). A further advantage
is that microalgal systems can effectively reduce
the concentration of emerging contaminants, in-
cluding persistent organic pollutants, pesticides,
heavy metals, etc., via bioaccumulation, adsorp-
tion, precipitation and other mechanisms (Liu et
al.,2021; Goh et al, 2023; Sarma et al, 2024). Un-
like conventional wastewater treatment methods,

which often require significant energy input, al-
gal-based systems are more energy and resource
efficient (Huang et al, 2022; de Lima Barizao et
al., 2023). Additionally, microalgae-based treat-
ment can reduce greenhouse gas emissions by se-
questering carbon dioxide during photosynthesis,
further enhancing its environmental appeal (Has-
nain et al., 2023).

The potential of microalgae in wastewater
treatment has been recognized in strategic poli-
cies and environmental initiatives both within
Europe and globally. For instance, the European
Union’s Circular Economy Action Plan empha-
sizes the need for innovative, sustainable technol-
ogies that reduce waste and repurpose resources,
aligning with the principles of algal-based waste-
water treatment (European Commission, 2020-
a). Additionally, the European Green Deal, with
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its focus on reducing greenhouse gas emissions
and promoting sustainable resource management,
supports the advancement of algal-based technol-
ogies as a means of addressing wastewater man-
agement challenges in an eco-friendly manner
(European Commission, 2020-b). Some countries
in Europe, for example Germany and France,
have established national bioeconomy strate-
gies that prioritize sustainable bio-based innova-
tions, focusing on algal-based technologies spe-
cifically, due to their applications in wastewater
treatment and bioresource recovery. These local
governmental documents highlight the technol-
ogy as an example of how bioeconomy principles
can contribute to environmental and economic
sustainability (Ministére de 1’ Agriculture, 2017;
Federal Ministry of Education and Research,
2020). Globally, organizations like the United
Nations Environment Programme (UNEP) have
highlighted the importance of resource recovery
and sustainable wastewater management, encour-
aging the adoption of innovative approaches like
algal-based treatments to help achieve the sus-
tainable development goals (SDGs) (specifically
SDG 6 on Clean Water and Sanitation, SDG 12
on Responsible Consumption and Production,
and SDG 13 on Climate Action), particularly in
areas of clean water and sustainable cities (United
Nations, 2015).

Notwithstanding the advantages, the institu-
tional and policy support, algal-based municipal
wastewater treatment faces several challenges
that hinder its broader implementation (Abdelfat-
tah et al., 2023). Key limitations include the need
for optimal environmental conditions (light, tem-
perature, and nutrient availability) to sustain algal
growth, the risk of contamination by other micro-
organisms, and the potential for system instabil-
ity due to fluctuations in wastewater composition
(Geremia et al., 2021; Valchev and Ribarova,
2022). Furthermore, large-scale applications re-
quire significant space and infrastructure, which
can be economically and logistically challenging
for urban settings (Geremia et al., 2021). Effec-
tive nutrient removal often demands high-density
algal cultures, which can lead to issues with bio-
mass harvesting, as separating microalgal cells
from water remains a costly and energy-intensive
process (Xu et al., 2020; de Morias et al., 2023).
These technical and operational constraints un-
derscore the need for continued research for
the application of algal-based systems in urban
wastewater treatment.
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To address these challenges, a number of
studies focus on identifying and engineering mi-
croalgal strains suitable for wastewater treatment
(Radi et al., 2021; Liu et al., 2022; Wang et al.,
2022). The selection and cultivation of robust,
high-performance strains, capable of thriving in
variable wastewater compositions and exhibiting
high tolerance to pollutants, are essential to maxi-
mizing the efficiency and feasibility of these sys-
tems. The removal of nitrogen and phosphorus in
algae-based technologies is achieved through two
principal mechanisms: direct uptake and symbiot-
ic interactions with bacteria (Oviedo et al., 2022,
Diaz et al., 2022). Consequently, researchers are
exploring metabolic (algal starvation, luxury up-
take, etc.) and engineering (biomass immobiliza-
tion, CO, aeration, etc.) approaches to enhance the
resilience and productivity of the strains, thereby
expanding the scope of algal-based wastewa-
ter treatment in diverse environmental settings
(Lavrinovi€s et al., 2020; Han et al., 2023; Nor-
dio et al., 2023). Even though some algal genera
like Chlorella, Scenedesmus, and Spirulina (Ar-
throspira) have been thoroughly investigated for
wastewater treatment, no single strain has yet
demonstrated the ideal balance of growth rate,
nutrient uptake efficiency, and resilience needed
for large-scale, consistent wastewater treatment
without preliminary sterilization (Chawla et al.,
2020; Abreu et al., 2023; Tan et al., 2023). While
algae effectively assimilate nutrients, each algal
strain has unique tolerances and metabolic char-
acteristics that impact its performance under dif-
ferent wastewater conditions. For instance, varia-
tions in wastewater composition, such as fluctua-
tions in nutrient concentrations, organic load, pH,
temperature, light availability, and presence of
toxic contaminants, can affect the viability and
efficacy of certain microalgal strains (Li et al.,
2019; Molinuevo-Salces et al., 2019; Mohsen-
pour et al., 2021). Additionally, the selected strain
should produce a biomass that is easy to harvest
and is potentially valuable for downstream appli-
cations, such as biofuels or bioproducts (de Mo-
rias et al., 2023, Ali et al., 2021). Many naturally
occurring strains lack one or more of these traits,
and those that perform well in laboratory set-
tings may not translate to real-world conditions in
large-scale wastewater facilities. This variability
poses a challenge for selecting a strain that can
maintain stable performance across diverse mu-
nicipal wastewater types and treatment systems
(Lietal., 2023; Ugwuanyi et al., 2024).
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This research paper examines two underex-
plored algal strains from the species Vischeria
helvetica and Klebsormidium nitens, with the ob-
jective of advancing our understanding of their
potential for phosphorus (P) and nitrogen (N)
removal from municipal wastewater treatment
plant (WWTP) effluent. The study assesses the
performance of the strains in three distinct as-
pects: 1) Their ability to overcome the main chal-
lenges of this specific technology, in particular,
meeting the requirements for high phosphorus
and nitrogen removal; 2) Their resistance to other
contaminating algal strains and consumption by
protozoa, rotifers, crustaceans, etc., and 3) Their
favourable settling properties. The two strains
are novel additions to the municipal wastewater
treatment field. To the best of our knowledge, no
other studies have reported on the use of Visch-
eria for municipal wastewater treatment, with
the exception of those conducted by the authors
of this study (Valchev et al., 2019). On the other
hand, Klebsormidium has only recently emerged
as a prominent genus in the wastewater treat-
ment field, particularly in suspended and attached
growth reactors (Valchev et al., 2021; Lawton et
al., 2021; Novak et al., 2024; Sabatte et al., 2024).

MATERIALS AND METHODS

Experiment set up

Algal strains

The two following algal strains were used in
the experiment:

1) Vischeria helvetica (Vischer and Pascher) Hib-
berd — the strain was isolated from Pirin Moun-
tain (Bulgaria) and cultivated as Vischeria hel-
vetica ACUS 00025 in the Collection of Living
Algae ACUS of the Sofia University “St. Kli-
ment Ohridski” on standard Bold-Basal medi-
um (BBM) (Uzunov et al., 2012; Stoykova et
al., 2019). The species is a unicellular coccal
alga that belongs to the class Eustigmatophy-
ceae from the phylum Ochrophyta and grows
in different types of habitats with preference to
the aeroterrestrial mode of life (Stoykova et al.,
2019; Ettl and Gértner, 2014; Stoyneva-Gértner
et al., 2019-a; Stoyneva-Giértner et al., 2019-b).

2) Klebsormidium nitens (Kitzing) Lokhorst —
the strain was isolated from high-alpine soils
of Rila National Park (Bulgaria) and cultivated
as Klebsormidium nitens ACUS 00207 in the

Collection of Living Algae ACUS of the So-
fia University “St. Kliment Ohridski” on stan-
dard Bold-Basal medium (BBM) (Uzunov et
al., 2012; Stoyneva-Gértner et al., 2019-c).
The strain belongs to a filamentous alga of the
class Klebsormidiophyceae from the phylum
Streptophyta which is preferably developing in
aeroterrestrial habitats (Ettl and Gértner, 2014;
Stoyneva-Giértner et al., 2019-c).

The two strains were preliminary cultivated
as isolated monocultures in the sterile BBM wa-
ter-nutrient medium in enclosed 100 mL labora-
tory flasks at ambient room temperature (22 to
25 °C) and natural sunlight illumination. Stirring
was performed by laboratory shakers without stir-
rers in the flasks to avoid cell damage.

These specific strains were selected due to
several factors. They are local for the region of
the experiment (Bulgaria). This is an important
element since they can rapidly acclimate to the
specific environmental conditions of the area.
Furthermore, despite their preferably aeroterres-
trial character, both strains were able to quickly
adapt to and strive in the real wastewater medium
(Valchev et al., 2021). An additional benefit of
Vischeria helvetica is that it can accumulate valu-
able substances like carotenoids, lipids, etc. in its
biomass, making it more beneficial as a residual
product with great reclamation potential (Stoyne-
va-Giértner et al., 2019-a; Stoyneva-Girtner et al.,
2019-b). On the other hand, Klebsormidium nitens
that belongs to a genus of a great biotechnological
potential demonstrated resistance to consumption
by other heterotrophic organisms and monocul-
ture contamination in our previous study, which
is a significant advantage since these are major
problems in open algal reactors for wastewater
treatment (Valchev and Ribarova, 2022; Valchev
et al., 2021; Stoyneva-Gértner et al., 2019-c).

Reactors

The experimental set-up consisted of two 4.5 L
open photo-sequencing batch reactors (PSBRs) at
laboratory scale (see Figure 1) (Wang et al., 2021;
Arias et al., 2017; Jia et al., 2018; Ye et al., 2018).

The reactors use suspended-growth algal
systems, operating with natural sunlight without
any artificial light source and without additional
aeration. The reactor body was a glass cylinder
with D = 150 mm and H = 150 mm. Each reactor
was equipped with a Heidolph (RZR 2021) elec-
tric stirrer set to 35 rpm. The propeller size was B
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Figure 1. Scheme of the laboratory scale open photo-sequencing batch reactors (PSBRs)

= 120 mm and H = 50 mm). A Multi-parameter
Universal Controller Display SC1000 (HACH
Lange) with a Luminescent Dissolved Oxygen
(LDO) Sensor, a 1200-S pH Sensor and a tem-
perature sensor was used to measure DO, pH and
temperature in real time and record the readings
once every hour.

Wastewater

Unsterilized wastewater taken from the mu-
nicipal WWTP of Sofia (1 300 000 p.e.), located
in Kubratovo village, Bulgaria was used in the
experiments. The treatment process of the WWTP
consists of coarse screens, aerated grit chambers,
primary clarifiers, activated sludge reactors, and
secondary clarifiers. The P removal process is
currently achieved through chemical precipitation
(using FeCl, in the biological step). Biologically
treated municipal wastewater was collected after
the secondary settling tank and the experimental
set-up was loaded with it. The treated wastewater
that was taken at the outlet effluent channel of the
plants and stored at 4°C in a refrigerator.

The used wastewater parameters’ concentra-
tions varied in the following ranges: TP = 0.25—
1.5 mgP-L'!; TN = 5.7-10 mgN-L-!; Total Organic
Carbon = 10-12 mgC-L'; Chemical Oxygen
Demand = 17.5-21.5 mgO_-L"'; pH = 7.5-9. At
the beginning of each cycle the used wastewater
was additionally spiked with KH,PO, and NaNO,
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(0.1% laboratory prepared stock solution for
each) in order to increase the initial TP and TN
concentrations. The goal was to simulate effluent
wastewater quality as closely as possible to a sce-
nario in which the wastewater treatment process
does not include targeted TP and TN removal.
The proposed technology considers the biological
removal of organic pollutants in a conventional
reactor, followed by an algal-based reactor for the
recovery of nutrients (subject of the study).

Reactor operation

Once the requisite biomass had been achieved
in the preliminary cultivation stage, each strain
was introduced to the corresponding reactor
containing the biologically treated and clarified
wastewater from the Kubratovo WWTP. The ad-
aptation period to the new medium conditions,
including the wastewater type, temperature, pho-
toperiod, working mode, and so forth, was com-
plete once the results from each reactor began to
show consistency in a stable monoculture system.
Following this period, the actual experimental cy-
cles of the PSBR were initiated. The PSBR algae
treatment was used as an additional fourth stage
of the municipal wastewater treatment for the re-
duction of the biogenic compounds.

The reactor was subsequently operated in
four distinct phases, inherent to the SBR mode:
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filling, reaction, settling (spontaneous auto-floc-
culation) and decanting. Each reactor operated
for approximately three months - the Vischeria
helvetica PSBR from early January to late March
and the Klebsormidium nitens PSBR from early
June to late August. The ambient temperature in
the laboratory and the temperature of the water
medium of the reactor were kept constant at 22
to 25 °C. The length of each cycle varied be-
tween 1 day and 1 week depending on the need-
ed correlation.

Chemical and biological analysis

All samples were filtered using a glass fiber
filter with a pore size of 0.45 pm. Subsequently,
the filtrate was analyzed for total TP and TN us-
ing HACH Lange cuvette tests and spectrophoto-
metric method (approved by ISO 15705).

The unfiltered samples were investigated on
a light microscope (LM) at regular intervals. The
examination was performed utilizing non-perma-
nent slides with a Motic BA400 microscope. Mi-
crophotographs were acquired using a Moticam 2
camera and processed with the Image Plus soft-
ware on the same microscope. The images pre-
sented in this paper were captured at a 40x objec-
tive magnification to depict the quantity and rela-
tive abundance of the observed algal specimens.

Data processing

TP and TN removal rates

The primary data processing of the TP and
TN results included: 1) the concentrations from
the chemical analysis were transformed into mass
load based on the volume of the reactor at the cer-
tain moment, 2) The mass dynamics were moni-
tored over each experimental cycle, and the data
were represented graphically, and 3) The TP and
TN removal rates were estimated through regres-
sion analysis for the reduction rates of phospho-
rus and nitrogen per cycle, expressed in mgP-h!
or mgP-d”', and mgP-h!' or mgN-d"', respectively.

pH level and DO concentration variations

Hourly pH and dissolved oxygen (DO) con-
centration data were analyzed to assess the influ-
ence of natural sunlight intensity (photoperiod) on
algal activity and reactor conditions. Variations in
both parameters were tracked over 24-hour cycles,
with each hourly measurement represented as a

point within the daily profile. Daily profiles were
overlaid across multiple days to identify patterns
and correlations in parameter dynamics.

RESULTS

Phosphorus removal

Phosphorus removal mechanisms in algal-based
systems

Phosphorus removal in algal systems primar-
ily occurs through two mechanisms: assimilation
and chemical precipitation (Vaz et al., 2023; Zah-
matkesh et al., 2023). During assimilation, micro-
algae incorporate phosphorus into essential cel-
lular processes such as ATP production, phospho-
lipid synthesis, and nucleic acid formation (Wu et
al., 2021; Bossa et al., 2024). Algae preferentially
absorb inorganic phosphorus species (H.PO+ and
HPO4+?*) via active transport, utilizing them through
oxidative and photophosphorylation pathways (Lin
et al., 2016; Gongalves et al., 2017). When phos-
phorus is present in organic forms, algae release
phosphatases to convert these compounds into
orthophosphates for uptake (Carrillo et al, 2020).
Certain microalgae can store excess phosphorus
as polyphosphates in volutin bodies, enabling sus-
tained growth during periods of phosphorus scar-
city (Cuellar-Bermudez et al., 2017). Following
nutrient limitation, uptake rates may increase when
conditions improve (Larsdotter et al, 2006).

Chemical precipitation, or spontaneous auto-
flocculation, occurs under intense photosynthetic
activity, often driven by strong sunlight, without
the need for chemical additives. As algae consume
carbon, primarily in the form of CO: (and HCOs~
when needed, with assistance from carbonic an-
hydrase), the resulting pH increase promotes the
precipitation of phosphate ions (Moroney et al.,
2001; Manusiwa et al., 2024). These ions form
insoluble minerals such as calcium phosphate
(Cas3(POs)2), magnesium ammonium phosphate
(struvite), and other phosphate salts, depending
on the wastewater’s ionic composition. These
precipitates contribute to auto-flocculation and
sedimentation of algal biomass (Larsdotter et
al, 2007; Munasinghe-Arachchige et al., 2020;
Abeysiriwardana-Arachchige et al., 2021).

Phosphorus removal typically results from
the combined action of assimilation and pre-
cipitation, with efficiencies ranging from 30% to
100%, depending on algal species, wastewater
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characteristics, and environmental conditions
(Gongalves et al., 2017; Ting et al., 2017).

Phosphorus removal rates (PRRs)

The variations in the average hourly TP con-
centration as a function of the average hourly pH
dynamics in both reactors are presented in Figure 2
and Figure 3. The average hourly values are based
on the data generated from all the measurements
during the full operation period of the reactors.

6o °
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TP concentration [mg-L-!]
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0:00 3:00 6:00 9:00 12:00

The two systems exhibit chemical precipita-
tion of P during periods of intense illumination,
with subsequent recycling of P back into the water
medium once the sunlight source reduces its po-
tency. The peak pH values were observed to occur
shortly after the hours with the highest amount of
solar radiation. This resulted in a minimum con-
centration of TP in the medium of both reactors,
which reached its lowest point in the Vischeria
reactor earlier in the day — at 15:00 on average

12

10

Hour [h:min]

@ Average hourly TP concentration

. ®
2
0
15:00 18:00 21:00 0:00
@ Average hourly pH value

Figure 2. TP concentration and pH dynamics in the Vischeria Helvetica reactor
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Figure 3. TP concentration and pH dynamics in the Klebsormidium nitens reactor
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— while in the Klebsormidium reactor the lowest
values were observed at 19:00 on average. Two
factors contributed to this outcome. Firstly, the
location of the reactor setup was at a northern
window that received higher illumination during
the second part of the day. Secondly, the Vischeria
reactor was active during the first part of the year
(January to late March) and the Klebsormidium
reactor was active from early June to late August.
This is a possible reason for the observed displace-
ment of the peak illumination of the two reactors.
Similar results have been achieved in other
studies in literature with strains such as Chlo-
rella vulgaris, Neochloris oleoabundans, and Tet-
radesmus obliguus (Syn. Scenedesmus obliquus),
where peak pH values coincided with periods
of maximum photosynthetic activity (Alemu et
al., 2018; AlMomani et al., 2020; Hussain et al.,
2021). This phenomenon resulted in phosphorus
precipitation in the form of calcium phosphate
during the day, followed by a gradual release
back into the aqueous phase as pH levels declined
with reduced illumination. Studies have particu-
larly highlighted the strong diurnal pattern of
pH-driven phosphorus precipitation, with peak
phosphorus removal efficiency observed during
midday, as well as subsequent re-dissolution oc-
curring toward the evening (Larsdotter, 2006).
These changes in the pH level and its correla-
tion with the respective momentary TP concentra-
tion should be closely monitored when investigat-
ing a specific algal strain since each monoculture
behaves differently with distinct wastewaters.

2.000
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Cycle PRR [mg-d']
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This is an important technological parameter that
could lead to a significant reduction in the hy-
draulic retention time in the reactor when algae
are used for P removal. This is the mechanism
that is responsible for the most rapid P removal
in the algal-based wastewater treatment systems,
while, at the same time, helping with the easier al-
gal harvesting from the treated water. By aligning
reactor operations with diurnal light cycles and
selectively choosing algal strains that are resilient
to daily pH fluctuations, it may be possible to en-
hance phosphorus retention within the biomass
or precipitated form (Valchev et al., 2021). How-
ever, most of the P is recycled back into the water
medium once the pH is back to neutral (Larsdot-
ter, 2006; He et al., 2022). As this dynamic pro-
cess is influenced by both environmental fac-
tors and strain-specific characteristics, ongoing
research is essential to refine these systems for
improved phosphorus management in wastewater
treatment applications. The results in terms of the
phosphorus removal rates from both mechanisms
of P reduction (assimilation and precipitation) are
discussed in the next section of the paper.

The range of the PRRs in both reactors, ob-
tained from the initial data processing, are pre-
sented in the box plot graph in Figure 4.

Since the phosphorus removal mechanism
plays a significant role in the algal-based waste-
water treatment, the assessment of the perfor-
mance of each used strain in the experiment is
represented as the rate at which the algal monocul-
ture takes up the phosphorus mainly biologically

W Vischeria helvetica WM Klebsormidium nitens

Figure 4. Full cycle PRRs in both reactors
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(active transport, biosorption, bioaccumulation).
This is a much slower process than the biological-
ly induced chemical precipitation, and the graph
includes the data from the full individual experi-
mental cycles. This approach has been selected
since the P removal due to precipitation (peak pH)
on a daily basis may be more rapid, but after the
end of the cycle, the new portion of the treated
water in the SBR would reduce the pH of the me-
dium and recycle the P back into dissolved state,
making the reactor effluent quality unpredictable.
After a few cycles the water will then reach a
higher P concentration artificially that can only be
reduced biologically. For this reason, the assess-
ment of biological P removal in our study is based
on a regression analysis of the initial data for the
entire cycle. The measurement of the individual
samples was performed before sunrise, at the pH
minima values (peak values for TP) for the day
and the P removal rate was measured in mgP-d!.

A comparison analysis of the biologically
induced P chemical precipitation through the in-
creased pH levels during intensive photosynthetic
activity was also done. However, the data is not
presented in a graph since it could result in a mis-
leading interpretation of the results and unrealis-
tically performance of the strains. Since this is a
chemical reaction and not an autotrophic/mixo-
trophic biological process, the PRR in this case
is much higher compared to the other mechanism
of P removal.

The graph in Figure 4 shows that in terms of
the full cycle PRRs, the algal strain Klebsormidium
nitens sustains much higher rates than Vischeria
helvetica with median value that is approximately
5.88 times greater. Furthermore, Klebsormidium
nitens reached higher P removal efficiency rang-
ing from 49.74% to 80.64%, whereas Vischeria
helvetica removed 28.24% to 67.25% of the initial
P from the treated water. However, Klebsormidi-
um nitens the PRRs vary in much larger range than
Vischeria Helvetica making the operation of the
process less predictable and more susceptible to
meteorological changes. This may result in a more
difficult reactor operation if the system depends
mainly on the biological P uptake.

In terms of the daily biologically induced
chemical P precipitation, Vischeria performs better
than Klebsormidium. Its median rate is 2.36 times
higher and its average rate with this mechanism is
0.52 +0.78 mgP-h"!, while Klebsormidium’s aver-
age rate is only 0.18 = 0.09 mgP-h"'. The faster
P removal through precipitation by Vischeria
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helvetica would result in a much smaller algal-
based reactor footprint. However, such a system
would be highly susceptible to delayed P release
and higher risk of WWTP effluent deterioration.
The results suggest that the P removal mechanism
and the algal strain selection should be considered
together at the designing phase of the reactor since
this could lead to a dramatic change in the perfor-
mance of the treatment technology.

The review paper by Nguyen et al. 2022 re-
ports comparable P removal rates to those ob-
served in our study (Figure 4), ranging from 0.59
to 0.9 mgP-d"! with the monoculture of Tetrades-
mus obliquus (Syn. Scenedesmus obliquus) for
the treatment of primary and secondary municipal
effluents (Nguyen et al., 2022). The removal effi-
ciencies reported in the paper fall within the range
of 65% to 100%. Another study by Gongalves et
al. 2017 reports PRRs 0f 0.17 to 0.67 mgP-d™! (cal-
culated based on the removal efficiency and the
reactor volumes) for the treatment of municipal
wastewater with different microalgal consortia,
which are primarily composed of algae from the
green evolutionary line. However, the removal ef-
ficiencies in that study are considerably higher, at
93 to0 99% (Gongalves et al., 2017). This compari-
son with the literature demonstrates that the me-
dian PRR of Klebsormidium nitens (1.02 mgP-d™!)
is within the upper range of the spectrum, while
that of Vischeria helvetica (0.25 mgP-d™!) is with-
in the lower range. This observation lends further
support to the assertion that Klebsormidium ni-
tens is the more efficacious species for P removal
from municipal wastewater.

Nitrogen removal

Nitrogen removal mechanisms in algal-based
systems

The N removal in algal-based wastewater
treatment occurs mainly through two principal
mechanisms. The first mechanism is the direct
uptake of nitrogen by some algae for utilization
in their biological processes (Ugwuanyi et al.
2024). The second mechanism is nitrogen strip-
ping, which involves the volatilization of nitrogen
compounds induced by increase in the pH levels
(Alazaiza et al., 2023). The initial mechanism (N
uptake) is fundamental to the metabolic processes
of algae, as nitrogen is an essential nutrient for the
synthesis of proteins, nucleic acids, and chloro-
phyll. Algae prefer to absorb dissolved nitrogen in
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the form of ammonium (NH4") over other N spe-
cies present in the water medium since it can be
used directly for cellular structures (Sisman-Aydin
et al., 2022). When ammonium is not available in
the water medium, algae switches to other inor-
ganic N sources such as nitrites (NO,’) and nitrates
(NO,’) by reducing them first with nitrate reduc-
tase enzymes (Ugwuanyi et al. 2024). The algae
then incorporate these nitrogen sources into the
biomass that support growth and photosynthesis
(Nguyen et al., 2022). The process effectively re-
duces nitrogen concentrations in wastewater, pro-
vided that the accumulated biomass is harvested
on a regular basis to prevent the re-release of nu-
trients upon cell decay. The rate of nitrogen uptake
is contingent upon a number of factors, including
the species of algae involved, the intensity of light,
and the availability of nutrients within the reactor
(Ugwuanyi et al. 2024; Nguyen et al., 2022).

The second principal mechanism of nitro-
gen removal - nitrogen stripping, occurs through
ammonia volatilization, which is closely associ-
ated with diurnal pH fluctuations within the algal
treatment system (Cai et al., 2023). As algae raise
the pH of the water medium during intense pho-
tosynthesis (under conditions of strong sunlight),
and its value exceeds approximately 9.5, ammo-
nium (NH4") in the water shifts towards ammonia
(NH,), which is volatile in this state (Romero-
Villegas et al., 2018). This gaseous form of am-
monia readily escapes from the water into the
atmosphere, effectively stripping nitrogen from
the wastewater without relying on biomass as-
similation. The efficiency of this volatilization
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process is influenced by the degree of sunlight ex-
posure, pH levels, temperature, and the concen-
tration of ammonium in the water. Furthermore,
this process is amplified when aeration is added
to the system that helps the formed ammonia to
escape into the atmosphere (Romero-Villegas et
al., 2018). For instance, Gustin, S., and Marinsek-
Logar report in their study that a 92% stripping of
the initial total ammonium is reached at pH levels
above 9.5, at 70 °C, and with a continuous airflow
that is fed to an open high-rate algal pond (Gustin
and Marinsek-Logar, 2011).

Nitrogen removal rates (NRRs)

The used wastewater was taken after the sec-
ondary clarifier (and after an aeration chamber in
the activated sludge reactor). The form of N in
the effluent is almost fully NO - (essentially no
amounts of NH,"). Also, the laboratory set-up did
not include any aeration of the reactors with air
that is artificially enriched with CO,. These pre-
conditions show that the stripping nitrogen effect
would be negligible, and it cannot be considered
as a mechanism of N removal in this experiment.
In this regard, the main process of N reduction
in wastewater, with this construction of the two
algal-based reactors, is through the biological
uptake of N by algae. Since there are no drasti-
cally different N removal rates through the full
experimental cycles and during each day of the
individual cycle (only biological mechanism of
removal), the graphs in Figure 5 include the full
N removal data of the experiment.

W Vvischeria heivetica W Kiebsormidium nitens

Figure 5. NRRs in both reactors for the entire experiment duration

193



Journal of Ecological Engineering 2025, 26(11), 185-204

Even though the median value of the Klebsor-
midium nitens (1.254 mgN-d™") is 1.9 times higher
than that in the Vischeria helvetica reactor (0.66
mgN-d') and the third quartile (75" percentile)
limit value is 3.2 times greater, the range of the N
removal rates is similar in both reactors. Still, the
overall comparison of the algal strains, in terms
of NRR, shows that the strain from the Klebsor-
midium genus performs better. This means that a
future application of Klebsormidium nitens over
Vischeria helvetica for N removal in a larger
scale algal-based bioreactor for municipal waste-
water treatment could lead to a reduction in the
hydraulic retention time (HRT). The capital cost
and the accumulated operational cost savings of a
WWTP, connected to the HRT, and respectively
the size of the built and maintained reactors, are
major factors for the real applicability of the tech-
nology in urban and suburban areas.

These NRRs are in the lower spectrum in
comparison to the reported data on the parameter
in the scientific literature. For example, Ji et al.,
2021 uses five algal monocultures and reports
NRRs close to the ones achieved in our study,
ranging from 0.84 to 0.97 mgN-d"!' in a simulated
domestic sewage with initial TN of 50 mg-L"!
(Nezbrytska et al., 2022). On the other hand, in
the Sisman-Aydin, 2022 experiment the NRRs
with three algal monocultures and one algal con-
sortium reached 6.1 to 8.3 mgN-d"'. However, this
study uses sterilized primary-treated municipal
wastewater with high initial concentration of 60
mg-L! while in our study the initial TN concen-
tration was in the range of 9.91 to 38.5 mg-L"'
with raw secondary treated wastewater that may
contain residual amounts of grazers (Sisman-
Aydin, 2022). The NRRs from both studies were
calculated based on the removal efficiency and
the reactor volumes used in each experiment.

Moreover, the N removal efficiency in the
Klebsormidium nitens reactor was slightly higher
reaching 15.59% to 66.45%, whereas in the Visch-
eria Helvetica reactor this parameter was between
16.56% and 57,04%. However, this removal effi-
ciency is relatively low compared to the literature
data. Tan et al., 2023 for example reports removal
efficiency of 62.07% to 94.81% with four separate
algal monocultures for primary domestic waste-
water, but the main source of N in their medium
was in the form of NH," (Tan et al., 2023). Alazai-
za et al., 2023 also reports efficiency in the range
of 80% to 95% for sewage water treatment using
Chlorella vulgaris, however, the nitrogen was in
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the same form as in Tan et al., 2023 (ammonium-
N) (Alazaiza et al., 2023). On the other hand, other
studies like Nezbrytska et al., 2022 and Ji et al.,
2021 also close to our low TN removal efficiency
from wastewater in the range of 49 to 63% and
46% to 77.5% respectively (Nezbrytska et al.,
2022; Ji et al., 2021). The lower N removal effi-
ciency in our study was probably reached mainly
due to the NO_~ form of nitrogen in the feed water
which is the less preferred source of the biogenous
element for the algae than NH," (Sisman-Aydin,
2022). Also, there could be other factors like sub-
state competition, suboptimal C:N:P ratio, toxic
contamination due to regional industry, etc. that
are specific to the local wastewater which remain
beyond the scope of our study but need to be fur-
ther examined in the future (Nezbrytska et al.,
2022; Salgado et al., 2023).

pH and DO

Since the pH level and the DO concentra-
tion are both functions of light intensity (related
to photosynthesis), their values vary significant-
ly during the day. This is caused by the natural
photoperiod of the algae, since the experimental
set-up uses only solar radiation and no artificial
sources of light. Peak DO values were observed
in the reactor in the hour following the peaks in
pH and vice versa in terms of the minimums.
Comparison of the two strains in terms of maxi-
mum, minimum and average pH levels and DO
concentrations is presented in Table 1.

With regard to pH levels, both strains of al-
gae exhibited relatively consistent levels within
the alkaline range, which is anticipated and attrib-
uted to the intense photosynthetic activity during
the daylight hours. However, Vischeria helvetica
reached lower maximum value below 10, mean
value of 8.20 + 1.10 and a median of 8.15. The
strain also reaches higher minimum levels than
Klebsormidium nitens leading to lower variation
between the lowest and the highest values of the
parameter. The mean value of the pH in the Kleb-
sormidium nitens reactor was 8.63 + 1.49 and the
median was 8.16. Both strains exhibited higher
minimum and lower maximum values than those
reported in previous studies, despite Klebsor-
midium nitens approaching the highest pH lev-
els documented in the literature (Whitton et al.,
2015; Beltran-Rocha et al., 2024; Yu et al., 2022).

In terms of DO concentration — the two
strains perform closely in terms of the different
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Table 1. pH level and DO concentration ranges in the reactors with the two algal strains compared to the highest
and lowest values found in the literature

pH in the pH in the |it2r:t|3re DO in the DO in the mggtg‘re
Parameter | Vischeria Klebsormidium . Reference Vischeria Klebsormidium . Reference
with other with other
reactor reactor . reactor reactor .
strains strains
Whitton et al.,

. 2015; Beltran- 1 G 4 | Nordio et
Maximum 9.96 10.52 10.5-11.1 Rocha et al., 17.26 mg-L 17.76 mg-L > 27 mg-L al., 2023
2024
Minimum 7.38 6.83 <4 Yuetal, 2022 | 592 mgL" | 5.12mgL" <5 aLlag;O;

value categories. Both Vischeria and Klebsormid-
ium maintain very high DO concentrations in the
reactor even at the lowest algal activity (always
higher than 5 mg-L"), at night, and extremely
high of around 200% supersaturation (reactor
temperature of 22-26 °C) at peak photosynthetic
activity, during the part of the day with the high-
est amount of solar illumination. Algal reactors
are sensitive to high DO concentration, since it
could lead to inhibition of the vital processes of
the strains in the system. In Nordio et al., 2023 for
example, an open high-rate algal pond (HRAP)
struggles to maintain relatively low DO concen-
tration around 19 mg-L"' with wastewater me-
dium. A reduction to 14 mg-L-1 was successful
with the use of a system for CO, injection for DO
and pH control. One of their reactors reaches a
maximum value of 27 mg-L"! at peak illumination
(without the control system) (Nordio et al., 2023).
The DO concentration levels in both reactors of
our study were below 18mg-L"' without any con-
trol system and the mean values for Vischeria and
Klebsormidium were 8.48 +0.41 mg-L! and 8.85
+ 0.50 mg-L! respectively. This means that both
reactors perform very well in terms of maintain-
ing DO concentration levels that do not inhibit the
algal processes majorly.

In future applications of the algal-based
wastewater treatment technologies, the two pa-
rameters and their timeline variations should be
carefully considered, since they affect directly the
ecosystem of the water body after WWTP’s ef-
fluent discharge. Local legislations’ permissions
differ in their allowed values depending on the
geographical area, the water body type and its’
buffer capacity, the specific ecosystem, etc., but
in general the pH values are considered safe in
the range of pH = 69 for treated wastewater dis-
charge (USEPA, 2010). In this regard, prelimi-
nary considerations should be made before scal-
ing an algal-based reactor. The specific timing
of the effluent release should be considered with

respect to the photosynthetic activity in the reac-
tor, the biologically induced precipitation of the
algae and at what pH level does it occur with the
specific strain, the HRT needed for the full treat-
ment process to take place and finally the specif-
ics of each strain.

In the case of this experimental research, if
the monoculture strains are used in a reactor of a
larger scale, a back-up reagent dosing system for
pH level correction should be considered at the
pilot scale/full scale WWTP and the effluent re-
lease timing should be connected to the achieved
preliminary results with the specific strain (Figure
2 and Figure 3). The high DO concentration prob-
ably would not cause any harm to the receiving
water body, since the dissolvability of the oxygen
itself is very low, and the supersaturation values
would get lower (to the point of saturation at the
respective temperature) naturally after the remov-
al of the algae from the treated wastewater. Fur-
thermore, a high DO concentration in the effluent
favors the ecosystem in the receiving water body
and decreases the possibility of eutrophication
and its’ negative effects (oxygen depletion and
anaerobic activity) and correspondingly decreas-
es the “sensitivity level” of that water body (Eu-
ropean Parliament and Council, 1991; European
Parliament and Council, 2024; USEPA, 2024).

Changes in biomass, monoculture integrity
and settling properties of the strains

Changes in biomass

Every specific strain of microalgae has its own
natural development in their preferred habitat.
Both strains used in this experiment showed their
unique ways of adapting to the harsh environment
of real wastewater. For the strain of Vischeria hel-
vetica (Vischer and Pascher) Hibberd. In natural
environment the cells have spherical or ellipti-
cal shape with size of 7 to 14 pm and an orange
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colored, carotenoid crystal is clearly visible in
light microscope view. A light microscope photo
of the initial moment when Vischeria is added to
the new wastewater environment at the start of
the experiment is provided in (Figure 6A). All
the signs of natural growth are present, and the
suspension has a prominent yellow-brown color
(Figure 6B). On the photo, typical reproduction
by cell division is visible.

After two weeks of staying in the experimen-
tal reactor with real wastewater and a few water
changes of the cycles, the strain of Vischeria hel-
vetica started to become much greener in color
and a small floc formation occurred. Also, under
a light microscope examination the cells appeared
clustered together with smaller cell size and less
visible carotenoid crystal in them (Figure 7).
These symptoms of more intensive cell division,
increased production of chlorophyll @ (bringing
the green color), increased photosynthesis and a
less visible amount of carotenoids stored in the
cell (less stock substances) show that the strain
has adapted very well to the new conditions and
that the wastewater medium is a suitable environ-
ment for its development.

The formation of the small flocs is not natu-
ral for Vischeria and this exception is probably
due to the intensive photosynthesis, the increase
in pH and respectively the activation of the alka-
line, chemically induced precipitation (autofloc-
culation due to the decrease of free CO, and the
formation of Ca?* and Mg?" phosphate salts en-
folding the algal cells).

For the strain of Klebsormidium nitens (Kiitz-
ing) Lokhorst. Since Klebsormidium nitens (Kiit-
zing) Lokhorst is a strain from the green algal
evolutionary line, the green color and the synthe-
sis of high amounts of chlorophyll @ are natural
for it. In its habitats, in nature, the strain is usually
considered as a medium-sized filamentous algae.
It usually forms algal mats, and it is examined as
one of the algal land plant progenitors (Stoyneva-
Girtner et al., 2019-c).

In the experiment, the strain was kept in sus-
pension. Due to the specific environment of the
wastewater and its nutrient dense nature, the reac-
tor adopted a light green color in the beginning of
the experiment in a homogenous suspension and
gradually progressed to a dark green suspension
with visible flocs within two weeks. This was

Figure 6. Light microscope photo of Vischeria helvetica (Vischer and Pascher) Hibberd (A) and a PSBR photo
(B) right after the addition of it to the reactor

Figure 7. Light microscope photo of Vischeria helvetica (Vischer and Pascher) Hibberd (A) and a PSBR
photo(B) after two weeks of development of the strain in the reactor
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Figure 8. Light microscope photo of Klebsormidium nitens (Kiitzing) Lokhorst (A) and a PSBR photo (B) after
two weeks of development of the strain in the reactor

probably caused by the same alkaline autofloc-
culation (Figure 8 B). Furthermore, the micro-
photos (Figure 8 A) from the reactor show that
the strain divides faster, forms shorter filaments
and grows thoroughly (typical for a well-adapted
algae in a nutrient dense environment with favor-
able conditions).

In general, both strains adapted very well to
the real wastewater with acute growth and inten-
sive photosynthesis.

Monoculture integrity and strain contamination

During each of the experiments with the in-
dividual used monocultures, contamination with
algae, native for the real wastewater, was noticed.
The native algae etc., that inhabit flowing water
streams (in this case the effluent channels of the
studied WWTPs) caused the contamination ob-
served in both reactors. However, it evolved dif-
ferently with each used strain.

Both systems functioned in the same opera-
tion mode. In the reactor with the Vischeria strain,
after a month and a half of regular wastewater
change (each week) in the reactor for each new
cycle, the strain started to lose dominance in the

system. The native algae took over which led to
a significant compromise in the wastewater treat-
ment process - worse settling, reactor walls and
bottom entwinement, less light penetration, color
change in the suspension and fluctuation in the
PRRs and NRRs (Figure 9 A). The reactor with
the Klebsormidium strain contained relatively
constant conditions even after a month and a
half of operation and regular wastewater changes
(each week). Even though some diatoms were
noticed in some light microscopic photos of the
reactor, the Klebsormidium strain remained domi-
nant in the system (Figure 9 B) and the wastewa-
ter treatment process did not change significantly.
The settling properties of the algae in the reactor
were consistent, no significant color changes of
the algae-wastewater suspension were visible, no
major deviations from the standard variations in
the pH levels and DO concentrations were ob-
served and the PRRs and NRRs remained rela-
tively the same.

Overall, Klebsormidium nitens maintained
a more stable process compared to Vischeria
helvetica. This displays a higher potential of
Klebsormidium in terms of consistent results in

Figure 9. Light microscope photo of the two algal strains (A — Vischeria helvetica (Vischer and Pascher)
Hibberd; B — Klebsormidium nitens (Kiitzing) Lokhorst)) in each of the PSBRs after a month and a half of
reactor operation
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a wastewater treatment process, compared to
Vischeria. However, further research is needed to
demonstrate whether this monoculture stability,
the conditions and the technological parameters
can be maintained in a larger scale system.

Settling properties

Both reactors with the individual monocul-
tures showed a noticeable floc formation (auto-
flocculation) - size of 1-3 mm in diameter for
each individual floc. The flocs became visible
with unarmed eye, but in the Vischeria reactor
they started to form at a slightly lower pH value
than Klebsormidium — pH = 8-9 for Vischeria
compared to pH = 8.5-9.5 for Klebsormidium.
This allowed for a relatively easy harvesting of
the biomass after the wastewater treatment pro-
cess only through stoppage of the stirring unit
and sedimentation of the algae (at the lowest pos-
sible pH level with visible flocs). No addition
of any coagulants/flocculants to the system was

needed. However, the process of easy algal har-
vesting through biomass settlement was possible
through the whole experiment only with the strain
of Klebsormidium (Figure 10). This was due to
the remaining dominance of the strain in the reac-
tor and the monoculture properties and conditions
of the system that were maintained even after the
constant weekly changes of the reactor’s waste-
water after every cycle. In the reactor containing
the Vischeria algal strain, the settling properties
of the biomass were also very good at the begin-
ning of the experiment (Total Suspended Solids
(TSS) around 25 mg-L! in the decant after 30 min
of settling — Figure 11 A), but started to worsen
with every wastewater change at the beginning
of each new cycle. New native algal strains accu-
mulated, which displaced the Vischeria strain and
entwined the glass walls of the reactor. This led
to problems with the harvesting in the Vischeria
reactor throughout the later stages of the experi-
ment (TSS around 100 mg-L" in the decant after
30 min of settling - Figure 11 B).

Figure 10. Photos of the PSBR with the strain of
Klebsormidium nitens
(A — with active mixing; B — at rest, after 30 minutes
of settling)
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Figure 11. Photos of the PSBR with the strain of
Vischeria helvetica at rest, after 30 minutes of settling
(A — with dominant Vischeria monoculture; B — after

contamination with native algal strains)
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Table 2. Comparison analysis of the strains Vischeria helvetica and Klebsormidium nitens

Parameter

Vischeria helvetica

Klebsormidium nitens

Average PRR (biological removal of P)

0.25 £ 0.55 mgP-d"!

1.02 + 1.66 mgP-d"!

Average PRR (biologically induced P
precipitation)

0.52 £ 0.78 mgP-h"!

0.18 £ 0.09 mgP-h"!

Average NRR

0.66 + 1.61 mgN-d”'

1.254 £ 1.84 mgN-d"’

P removal efficiency 49.74% to 80.64% 28.24% to 67.25%
N removal efficiency 16.56% to 57.04% 15.59% to 66.45%
Maximum reached pH 9.96 10.52
Average pH 8.20+1.10 8.63 £ 1.49
Maximum DO concentration 17.26 mgO,-L* 17.76 mgO,-L"

Average DO concentration

8.48 £ 0.41 mgO,-L"

8.85 £ 0.50 mgO,-L"

Monoculture integrity maintenance

Unstable, severe contamination, drastic
change in the reactor conditions and
settling properties

Relatively stable, slight contamination, no
change in reactor conditions and settling
properties

Settling properties

Very good only at non-contaminated
monoculture

Very good

Adaptation period to the wastewater

Slower adaptation (approx. one month)

Faster adaptation (less than two weeks)

Even though Vischeria manages to maintain
slightly better reactor conditions during the au-
toflocculation phase (pH around 8), Klebsormid-
ium is much more stable in terms of monoculture
integrity and predation resistance. This is prob-
ably due to Klebsormidium’s filamentous nature
(multicellular algae) that gives it an advantage
over the unicellular strains (Valchev et al., 2021).
These promising initial laboratory results will be
examined and verified in future experiments to
further validate the obtained results.

DISCUSSION ON THE COMPARATIVE
ANALYSIS OF THETWO ALGAL STRAINS

The results and conclusions from all experi-
ments carried out in the 3-month long experiment
with the two monoculture strains of algae, are
gathered, generalized and compared in Table 2.

The comparison analysis brings a general
view on the wastewater treatment performance
of the two used algal strains and gives a perspec-
tive on the reactor conditions and technological
parameters for future PSBR design and mainte-
nance. Overall, both strains showed potential for
wastewater treatment as a final P and N remov-
al step of a WWTP at a laboratory scale. Even
though the strain of Vischeria helvetica manages
to maintain higher induced precipitation PRR and
closer to neutral pH levels, the strain of Klebsor-
midium nitens outperforms the other strain in all
other aspects (Table 2). The stable monoculture

(relative resistance to culture contamination and
consumption by other heterotrophic organisms),
the faster adaptation period, the more rapid full
biological P removal, the higher NRR and the
constant conditions and parameters throughout
the full period of the experiment make Klebsor-
midium the more applicable algal strain of the two
for real wastewater treatment. Further research is
needed to verify the results in the harsher envi-
ronment of the pilot-scale or full-scale reactors
but the gathered laboratory data from this experi-
ment shows promising initial results and helps
with the transition of the technology to a higher
technological readiness level.

CONCLUSIONS

Two suspended growth PSBR systems with
separate monocultures of underexplored algal
strains, namely, Vischeria helvetica ACUS 00025
and Klebsormidium nitens ACUS 00207 were in-
vestigated for their feasibility in tertiary wastewa-
ter treatment for the removal of phosphorus (P)
and nitrogen (N). The comparative analysis based
on three months of operation in laboratory condi-
tions revealed that:

e Klebsormidium maintained a 5.88 times higher
mean value for biological PRRs and a third quar-
tile (75" percentile) limit value for NRR that is
3.2 times greater than in the Vischeria reactor;

o Klebsormidium nitens reached higher P
and N removal efficiencies than Vischeria
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helvetica, however, both were in the lower
spectrum of the efficiencies reported in the
scientific literature;

e Both Vischeria and Klebsormidium maintain
relatively universal conditions, favorable for
the effluent quality and the water body after
the treatment - average pH of 8.2 and 8.63,
and average DO concentration of 8.48 and
8.85 mgO,'L");

o Klebsormidium maintained a more stable
monoculture with higher resistance to con-
tamination and consumption by other hetero-
trophic organisms, shorter wastewater adapta-
tion period, and constant settling properties
via autoflocculation;

e Klebsormidium produced more consistent re-
sults in all aspects throughout the whole pe-
riod of the experiment.

The full-scale application, which has a more
challenging environment, necessitates a more
stable monoculture and more consistent param-
eters within the PSBR. The results of our feasi-
bility study, conducted in laboratory conditions,
indicated that the Klebsormidium nitens strain ex-
hibited greater potential than Vischeria helvetica.

The research carried out in this experiment
contributes to the advancement of our under-
standing of the applications of algal-based waste-
water treatment technology with suspended bio-
mass. This is particularly important considering
the dearth of data in the existent literature on the
specific technological parameters required for
algae bioreactors and the continuous research ef-
forts for finding an optimal strain or consortium
of algae to achieve the highest possible perfor-
mance in the field of wastewater treatment.
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