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Abstract: This study showcases an attached-biomass system based on twin-layer technology
for cultivating Galdieria phlegrea using municipal wastewater, equipped with a smart sensor
system for the remote monitoring of operational parameters. From an industrial scale-
up perspective, the system offers high scalability, with low impact and operating costs.
Mathematical approximation modelling identified the optimal growth conditions across
five experiments. The theoretical yield was estimated to reach 1 kgpw/m? of biomass
within two months. Integrated use of isotopic mass spectrometry and spectrophotometric
methods allowed us to study the metabolic strategies implemented by the algal community
during the best growth condition at different resolutions, showing an increase in the
nitrogen concentration over time and a favourable affinity of the organism for nitrogen
species that are commonly present in the urban effluent. SEM studies showed a clean algal
biofilm (free of foreign organisms), which could guarantee usage in the high economic
potential market of biorefineries.

Keywords: attached biomass; Galdieria phlegrea; EA-IRMS; SEM; smart monitoring; stable
isotopes; twin layers; urban wastewater

1. Introduction

Microalgae possess significant and multifaceted biotechnological potential due to their
photosynthetic and CO,-fixing abilities, as well as their production of valuable compounds
such as fatty acids, proteins, and carbohydrates [1]. Their applications range from the
food industry, where they are used for tailored nutritional supplements [2], to applications
in the energy sector, contributing to the production of biofuels and bio-hydrogen [3], as
well as agriculture, where they serve as a source for biofertiliser production [4]. Moreover,
their ability to adsorb ionic species from liquid matrices makes microalgae valuable for
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environmental remediation and pioneering applications in biomining and urban mining,
including the recovery of critical raw materials from electronic waste [5,6].

The industrial-scale production of microalgae began in the early 1960s and has since
gained increasing traction, with an expanding number of algal strains now regulated
and commercially cultivated (Novel Food status Catalogue published and available on
the website https://ec.europa.eu/food/food-feed-portal /screen/novel-food-catalogue/
search—accessed on 28 February 2025). The most commercially widespread phyla and
classes are those with the most desirable nutritional or energy profiles, particularly for food-
related applications [7]. Currently, the commercial landscape is dominated by green and
blue-green algae, particularly Chlorella spp. and Limnospira/Arthrospira spp. [8]. However,
in recent years, the scientific community has increasingly recognised the biotechnological
potential and diverse applications of extremophilic strains [9].

Among these, Cyanidiophyceae—and, in particular, the genus Galdieria-—hold unique
biotechnological interest due to their tolerance and metabolic productivity under environ-
mental conditions that are typically inhospitable to most eukaryotes. These conditions
include highly acidic pH, elevated temperatures (above 50 °C), and especially the presence
of typically phytotoxic elements in their surroundings [10,11]. When considered within
a biorefinery framework, these extremophilic strains can be efficiently cultivated using
municipal effluents as a nutrient source, offering significant advantages. Specifically, their
ability to utilise nitrogen- and phosphorus-rich waste compounds reduces cultivation costs
by minimising the need for synthetic culture media. At the same time, by assimilating these
compounds for growth, microalgae contribute to the phytoremediation of polluted efflu-
ents [12]. Furthermore, the use of wastewater as a cultivation medium decreases the reliance
on freshwater and marine water resources, which in Europe account for approximately
96% of the total water usage in this sector [8].

Despite these advantages, the cultivation of Galdieria species using municipal effluents
remains largely unexplored in the international literature [13]. To date, only two strains
have been studied: G. sulphuraria CCMEE 5587.1 and G. phlegrea ACUF 784.3. In the
first case, G. sulphuraria was cultivated using municipal wastewater from the Las Cruces
wastewater treatment plant (New Mexico, USA) in semi-continuous plastic bag type photo-
bioreactors (PBRs), to develop a process suited for hot, arid regions [14]. The second study
focused on G. phlegrea, which was cultivated in urban wastewater from the province of
Salerno (Southern Italy) using laboratory-scale cultivation methods [15]. This strain was
specifically selected and studied in comparison with G. sulphuraria to assess its potential
for growth in milder climatic conditions compared to New Mexico.

Scaling up these suspended cultivation methods to industrial scale poses significant
technical challenges, regardless of which microalgal species has been selected. The man-
agement of culture conditions, such as temperature, pH, nutrient availability and light
exposure, is critical to maximise biomass production [16]. In addition, the collection and
separation of biomass from liquid phase reactors can be complex and, above all, costly.
Traditional methods such as centrifugation and filtration can significantly affect biomass
production costs, accounting for between 20% and 60% of total costs [17,18]. Nevertheless,
the economic sustainability of microalgae cultivation also relies on profits deriving from
the sale of biomass or bioproducts, which are usually expected to be higher with purer
biomass [19].

Therefore, optimising existing cultivation processes and integrating innovative tech-
nologies are essential to making microalgae production competitive in commercial markets.
In this context, twin-layer technology, recently introduced in the scientific community, has
proven effective for cultivating G. sulphuraria and other microalgae using both standard
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culture media and secondary urban effluents [4,20,21]. Beyond enhancing cultivation
efficiency, this system addresses many of the operational limitations previously discussed.

When considering the scalability of cultivation systems, one critical aspect is the
implementation of efficient management strategies. In large-scale applications—such as
wastewater treatment plants, often located far from urban areas and research facilities—
remote monitoring of system performance becomes essential [22]. Smart monitoring
technologies allow operators to track system conditions in real time and intervene only
when necessary, such as in cases of malfunction or biomass harvesting, thereby optimising
maintenance and operational efforts [23].

Within this framework, the present study aims to address current challenges in sustain-
able microalgae cultivation by developing an attached-biomass photobioreactor designed
for the growth of G. phlegrea, using urban wastewater as a nutrient source. The system inte-
grates a platform based on IoT (Internet of Things) to enable continuous, remote monitoring
of environmental parameters, contributing to enhanced process control and scalability.

In addition to the engineering innovation, the study introduces a robust analytical
approach by combining conventional spectrophotometric methods with high-resolution
techniques such as EA-IRMS (Elemental Analysis-Isotope Ratio Mass Spectrometry) and
SEM-EDS (Scanning Electron Microscopy—Energy-Dispersive Spectroscopy). This inte-
grated methodology enables the tracking of carbon and nitrogen concentrations in the
biomass, along with their isotopic compositions (5'>C and §'°N), offering valuable in-
sights into nutrient assimilation and the metabolic responses of G. phlegrea under different
cultivation conditions.

The structure of the manuscript reflects this dual focus on system design and experi-
mental validation. It first outlines the scientific and technical rationale behind the selection
of twin-layer technology for the photobioreactor configuration, emphasising its advan-
tages for surface-adhered cultivation and compatibility with wastewater-based media. The
subsequent section provides a detailed description of the physical layout and operating
principles of the prototype, highlighting the integration of the IoT-based monitoring system
and its capacity to measure key environmental variables such as temperature, pH, and light
intensity in real time.

This is followed by a presentation of the cultivation experiments, which were designed
to evaluate the performance of G. phlegrea under varying environmental conditions. Each
test involved controlled modifications of individual parameters—namely, temperature,
nutrient concentrations, and light exposure—to assess their impact on biomass growth.
Particular attention is devoted to the physiological and metabolic responses of the mi-
croalga, as characterised through the combined use of spectrophotometric, isotopic, and
microscopic analyses. The quantitative tracking of C and N dynamics, along with isotopic
profiling (§'3C and 5'°N), enables a deeper understanding of nutrient uptake mechanisms
and carbon fixation strategies specific to this extremophilic species.

This integrated approach provides a valuable step towards a scalable and sustainable
bioprocessing platform. By combining innovative reactor engineering with advanced
analytical tools and real-time process monitoring, the study contributes to overcoming key
limitations in the industrial deployment of microalgal systems for bioresource production
and wastewater valorisation.

Rationale Behind the Selection of Twin-Layer Cultivation Technology

The cultivation system implemented and used in this study is based on the operating
principles of twin-layer type photobioreactors (TL-PBRs). These attached-biomass systems
are based on the presence of two layers, namely, (i) a macroporous layer, which is tradi-
tionally referred to as the “source layer” and is the one through which the culture medium
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flows; and (ii) a microporous layer, which is conventionally referred to as the “substrate
layer” and is the one onto which the biomass is attached [4,21].

The first important advantage of this technology is the possibility offered by this
system to safely use municipal wastewater as a microalgal growing medium at zero
cost, which is an extremely advantageous condition from the point of view of process
impacts. In fact, the presence of a microporous substrate guarantees that only the necessary
nutrients for the organisms are able to pass through it, leaving the biomass isolated from
the ensemble of microparticles and/or any micro-aggregates present in the municipal
sewage, as well as competitor microorganisms [4]. As a result, the processed output
should be a clean algal biomass devoid of extraneous aggregates that would invalidate its
purity, which will provide market value benefits when produced for future applications
in biotechnological sectors. This practical advantage becomes even more relevant and
critical when dealing with primary effluents that have not yet undergone activated sludge
oxidation treatment, as in the case of the present study (see Section 2.3). Such effluents
are indeed full of potential because they are rich in their original nutrients that have not
yet been removed/processed by activated sludge, but they also have higher turbidity
levels due to the lack of treatment [24]. Because of this, when the intention is to cultivate
microalgae in liquid phase PBR using municipal effluents (or other types of effluents),
scientific evidences often confront stakeholders with a choice: (a) if the priority is to obtain
higher-value clean biomass, then it shall be necessary to select less turbid (cleaner) effluents
or to perform complex pre-treatments on the effluent before its contact with the biomass
for cultivation, thus affecting the process performance [25]; (b) if the priority is achieving
only a quantitatively high-performance cultivation, then it might be necessary to focus on
other aspects of the cultivation system and this might affect the purity of the biomass and,
consequently, also its sale value [18]. The system presented here makes it possible to avoid
this choice and obtain a clean biomass with a low energy/material demand.

The second important advantage offered by these systems is the possibility of cultivat-
ing the algal biomass in the form of a dense, low moisture algal paste, which can be easily
harvested using spatulas (manually) or low-intensity air sprays (indirect harvesting). This
last solution was proposed by [21], when hypothesising a method for more frequent and
abundant harvesting on an industrial scale. Regarding this advantage, species belonging to
the genus Galdieria (as in this case) claim the advantage of typically developing and thriving
in nature as algal mats on mineral substrates [26], thereby being able to (i) recover moisture
and macro/micro nutrients through contact with the substrate on which they grow, and
(ii) exchange gases directly through the interface in contact with the air. Consequently,
the adoption of TL systems might prove to be a strategically successful choice for the
cultivation of these valuable extremophilic microorganisms.

Gathering the above considerations, the last important advantage consists of the
overall energy efficiency of the system. While liquid-phase cultures require stirring systems
that are almost always electromechanical to ensure continuous mixing [19], the only units
that can be accountable for appreciable energy consumption with this system are the pump
required for the recirculation of the culture media (as explained in detail in Section 2.1) and
the monitoring system. Moreover, this TL cultivation system eliminates the intermediate
stages of settling/filtering and centrifugation of the algal suspensions, which are necessary
in liquid-phase systems to obtain the final dense algal pastes [17], resulting in considerable
energy savings.
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2. Materials and Methods
2.1. The TL-PBR Structure

The prototype PBRs made in the context of the study are composed of 4 essential parts
(Figure 1), namely, the supporting structure; “base” and “cover” for the recirculation and
collection of growing media; growth chamber; and peristaltic pump (driving component).

Figure 1. Sensor units of the monitoring system (A); renderings of cover and base units, respectively,
(B,C); rendering of the supporting structure (D); photos of the TL-PBR prototype cultivation system
during testing operations and cultivation tests (E).

The supporting structure is designed to hold the base, cover, and growth chamber, and
provides vertical stability ensuring a stable centre of mass (Figure 1D). The cover and base
(Figure 1B,C) were 3D-designed and printed in ABS plastic polymer. The cover supports
the growth panel (source layer) and has apertures for head pipes to distribute the growth
medium, while the base features a funnel-shaped structure to facilitate medium recovery
and recirculation. Both cover and base include a small off-centre hole for gas exchange.

The growth chamber, made of tempered glass, ensures adequate lighting for the
microalgae biofilm (Figure 1E). Inside, the macroporous source layer is securely attached
to the cover, with the microporous substrate layer for microalgae growth adhering to it.
For these experiments, fibreglass MAT panels with a density of 135 g/m? were used as
macroporous source layer.

The final essential component of the prototypes is the pump, which functions as the
driving mechanism and is the sole element responsible for the electrical energy consump-
tion of the TL-PBR (excluding the monitoring system). For the laboratory tests, a peristaltic
pump (model: Perimax 12/6 100-240 V SM 1-80; Spetec GmbH, Erding, Germany) was
used. This pump, although having a rated power of 70 W, under real operating conditions
and at full load absorbs only 20 W, regardless of the flow rate. These data were measured
during the experimental activities using a professional energy meter (model BX11, Trotec
GmbH, Verona, Italy). In the conducted tests, the pump was set to ensure a flow rate of
0.5 L/h in each recirculation pipe.
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2.2. The Smart Monitoring System

A critical and innovative aspect of this TL-PBR prototype development was the design
and implementation of sensor technology for real-time monitoring of environmental process
parameters. Specifically, for the cultivation system described in the previous section, a
fully customised sensor system was constructed to detect the following parameters in real
time: ambient temperature and humidity, growth chambers internal temperature, pH of
the culture medium, and light intensity received by the microalgae.

The complete device (Figure 1A) consists of a main unit, the Logger, housed in a
10 x 10 cm Takachi box (Takachi Electronics Enclosure Co., Ltd., Saitama, Japan), which
connects to peripheral probes by means of proper junctions. Table 1 provides an overview
of the peripherals connected to the Logger.

Table 1. Details of the sensors used for the implementation of the monitoring system.

Parameter Type of Probe

Analog pH sensor for acidic solutions
Accuracy: +0.1 at 25 °C

Environmental Light Photodiode
intensity Accuracy: +0.054 1x

pH of culture media

Thermo-hygrometer, CMOS-type sensor
Temperature accuracy: £0.2 °C
Humidity accuracy: +2%

External Temperature and
Relative Humidity

Programmable Resolution 1-Wire Digital
Internal Temperature Thermometer
Accuracy: £0.5 °C

The Logger is equipped with a computing unit based on a low-power Wi-Fi/Bluetooth
module, which ensures continuous connectivity and data integrity. Regarding the data to
be acquired, custom firmware was developed and designed to monitor these parameters
at a constant frequency, which can be changed by the user via a configuration page. The
system was set to transmit data at the following frequency: every six minutes (the default
setting) if there were no significant changes in status; instantaneously if the parameters
changed suddenly.

On the web platform connected to the monitoring system (M.E.T. Portal) the user is
able to (a) download the data, (b) view it as a raw data table, and (c) visualise its temporal
evolution in the form of a graph.

2.3. Cultivation Tests
2.3.1. Experimental Setup

The fundamental process variables that influence the growth performance of microal-
gal organisms, regardless of strain or cultivation system, include pH of the culture medium,
nutrient availability, lighting conditions, and ambient temperature [27]. Taking these fac-
tors into account, we conducted 5 cultivation experiments, each lasting 15 days, with the
experimental setup summarised in Table 2.

Starting from the conditions of the first experiment (Exp1) (Table 2), each of the next
four experiments differed from the previous one in one parameter.

In Exp2, the temperature conditions were modified. Given the thermophilic nature
of G. phlegrea, its growth was monitored in two different environments: the first at 37 °C
(Exp1) and the second at a variable temperature between 28 °C and 35 °C (Exp2), while
keeping other variables constant. Specifically, Exp1 was carried out in a closed chamber
at a constant temperature of 37 °C, while all other tests were carried out in a laboratory
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dedicated to the management of extremophilic strains, equipped with an air conditioning
system adjusted to 28 °C. The thermal stability and temporal profile in both conditions
were monitored through the sensor system.

Table 2. Summary of the experimental design with the different combinations examined for the
operational parameters.
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Exp 1 15 2.5 37°C 16:8 ~1000 Allen medium (1x) Wastewater Never (batch)
Exp 2 15 2.5 28-35°C 16:8 ~1000 Allen medium (1x) Wastewater Never (batch)
Exp 3 15 2.5 28-35°C 16:8 ~32,000 Allen medium (1x) Wastewater Never (batch)
Exp 4 15 25  2835°C 16:8 32,000  Allen medium (1x) Wastewater LYery2-3days

(semi-batch)

Exp 5 15 2.5 28-35 °C 16:8 ~32,000 Allen medium (1x) Wastewater Continuously

In Exp3, while lighting was provided according to 16:8 h light—dark cycles (regulated
by timers) in all of the tests, the intensity of the light beam during daylight hours was
modified. In particular, Expl and Exp2 were performed using only the ceiling lighting
(fluorescent lamps) available in the two environments, which could provide approximately
1000 lux. In the other experiments, artificial lighting was provided by a 6000 K LED disc
positioned at a distance of about 30 cm from the growth panels, resulting in about 32,000 lux,
which corresponds to real sunlight at a low intensity.

In Exp4 and Exp5, the frequency of medium renewal was increased. In the initial
three tests (Expl, Exp2, Exp3), 1 L of each culture medium was provided on day 0 and
continuously recirculated by the peristaltic pump over the 15-day test period. In contrast,
for Exp4, each 1 L bottle of medium was replaced with fresh medium every 2-3 days,
coinciding with sample collection. Furthermore, in Exp5, an attempt was made to simulate
a continuous supply of fresh medium by configuring the PVC pipes of the TL-PBR to draw
fresh medium from 50 L tanks and pour it into different tanks. These tanks were changed
as required, typically every 2 days, to ensure an uninterrupted flow.

2.3.2. Culture Media Preparation

For the 5 experiments, according to [15], the following culture media were used:
(i) primary urban wastewater (W) as test; (ii) Allen 1x culture medium (A) under au-
totrophic conditions as experimental control.

The urban effluents were collected from a CAS (Conventional Activated Sludge)
treatment plant located in the city of Eboli (Province of Salerno, Campania Region, Italy),
at the inlet of the activated sludge oxidation tanks, hereby referred to as primary effluents.
The sampling point was chosen because, at this stage of the plant design, the effluents have
only undergone pre-treatment to remove grease, sand, and coarse material. Therefore, they
still contain all the dissolved organic and inorganic pollutants that need to be converted
and removed by oxidative treatments, so they are extremely valuable as pool of macro-
and micro-nutrients from which micro-algae can derive food for their growth [15]. The
composition of urban wastewater can vary over the seasons due to various environmental
or anthropogenic factors, such as occasional tourism, meteorological events or seasonal
agricultural and zootechnical practices [24]. Therefore, in order to ensure the use of
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homogeneous effluents in all experiments, a sufficient volume of effluents was collected
and prepared during the sampling campaign to cover all experiments.

Briefly, after sampling, the effluents were subject to microfiltration with high-speed
cellulose filter paper (model: 9.045 807, LLG-Labware GmbH, Meckenheim, Germany),
followed by pH adjustment to 2.5 by adding H,SO, and using an electronic pH meter
calibrated with buffer solutions (model: 6.263 691, LLG-Labware GmbH, Meckenheim,
Germany). The acidified effluents obtained from this step were then sterilised in an
autoclave at 121 °C for 30 min, then stored at 4 °C until use.

For the Allen medium, it was prepared according to the protocol of the reference
microalgal collection for the strain used (published and available on the website https:
/ /www.acuf.net/wp-content/uploads/2025/01/1.pdf—accessed on 23 May 2024) and
adjusted to pH 2.5 by adding H»SO4 and using a pH meter. The same sterilisation and
culture medium storage procedures were then applied, i.e., autoclaving at 121 °C for 30 min
followed by storage at 4 °C. As mentioned at the beginning of this section, the control used
here did not include the addition of organic carbon sources, allowing the biomass to grow
solely by autotrophic metabolism.

As a final note, since Exp5 was designed to simulate a continuous supply of fresh
culture medium, this required the use of large volumes of medium to reach the end of
the 15 days. In particular, for a continuous flow of 0.5 L/h in each recirculation tube and
2 tubes for each growth chamber, it was necessary to prepare at least 360 L of both W and
A for Exp5 alone.

2.3.3. Initial Biomass Inoculum Preparation and Growth Monitoring

The strain selected for the experiments (G. phlegrea ACUF 784.3, Figure 2) was obtained
from the Algal Collection of the University of Naples Federico II (www.acuf.net, accessed
on 6 May 2024). The algal stock was prepared by isolating the strain through streaking
on agar plates. The colonies were then inoculated in liquid Allen medium (pH 2.5) and
incubated at 37 °C under continuous fluorescent illumination (45 umol photons m~2 s,
with weekly medium refreshment.

At the beginning of each growth test, an appropriate volume of algal stock was
collected and centrifuged at 4000 rpm for 5 min at room temperature. The sedimented
biomass was washed twice with ultrapure water and finally suspended in a 30 mL conical
tube, resulting in a highly concentrated algal suspension. To calibrate the concentration
of the algal suspension for the start of the experiments, three test samples were prepared
from this volume. Specifically, for each test sample, a 500 pL aliquot was taken from the
30 mL suspension and then inoculated onto a 0.4 um mesh hydrophilic polycarbonate filter
(NucleporeTM Track-Etch Membrane—WhatmanTM, Maidstone, UK), which served as the
substrate layer. Custom-made cylindrical shapes were used to ensure a well-centred and
defined spatial distribution of the biomass on the filter, with cellulose filter paper used to
absorb excess supernatant filtered through the microporous membrane. The final result
of the preparation was a polycarbonate microporous disc with a dense algal biomass well
attached, an example of which is shown in Figure 2B. The three test discs prepared using
this procedure were placed in an oven at 65 °C for 30 min to dry the biomass. After this
time and knowing the weight of each disc (standardised and certified by the manufacturer),
the net weight of the dry biomass alone from these discs was determined gravimetrically,
thus allowing us to calculate the corresponding average surface distribution of the biomass
on the substrate layer, expressed as grams per square metre. This allowed the calculation of
the appropriate dilution factor to be applied to the initial 30 mL of concentrated suspension
to achieve the desired value for the start of the tests, namely an average surface distribution
of approximately 6 g/m?.
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Figure 2. G. phlegrea ACUF 784.3: personal shot captured using an optical microscope at
100x magnification (A); test discs usually prepared for the start of cultivation experiments (B);
discs of biomass on polycarbonate micromembranes (substrate layer), adhered to the fibreglass panel
(source layer), and ready for the start of cultivation experiments (C); personal shot captured using an
optical microscope with 40x magnification and 10 um sensitivity graduated slide (D); an example of
dense algal biofilm developed during some preliminary TL-PBR trials (E,F).

With the algal suspension diluted to the appropriate concentration, all the discs
required for the tests were finally prepared using the same procedures as for the three test
discs. At the start of every experiment, a sufficient number of discs were prepared to carry
out the following analyses: biomass growth monitoring; EA-IRMS analysis of biomass (in
Exp3); SEM-EDS observations and microanalysis on the biomass (in Exp3). The frequency
of sampling in all experiments was every 2-3 days from day 0 to day 14, for a total of
15 days.

2.4. Biomass Characterisation

In addition to the gravimetric determination of biomass growth in all experiments,
further compositional and morphological characterisation of the biomass was carried out.
Specifically, EA-IRMS and SEM-EDS analyses were performed on samples collected during
Exp3. Exp3 was chosen as a representative experimental sample for these characterisations
because it not only simulated environmental conditions (light and temperature) that could
easily be achieved in a full-scale cultivation environment, but it also allowed us to observe
the physiological response of the microalgae under management conditions where media
renewal could be scheduled for longer periods (at least after 2 weeks).

2.4.1. EA-IRMS Analysis

Due to differences in mass number, isotopes of the same element exhibit different
physical properties, leading to fluctuations in their relative abundances in nature through
chemical, physical or biological processes (fractionation phenomena). For example, pro-
cesses such as metabolic activity in organisms can lead to enrichment or depletion of
specific isotopes, a mechanism that is also influenced by the specific isotopic signal of the
matrices with which they come into contact [28]. The isotopic composition of elements in
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environmental matrices is typically expressed in delta notation (5), which indicates the
deviation in parts per thousand (%o.) of the isotopic ratio of interest relative to that of a
reference material of known isotopic composition [29]. A § value greater than 0 indicates
that the analysed matrix has a higher content of heavier isotopes compared to the standard.
From another perspective, by analysing the isotopic signal of a given matrix over time
and observing how it deviates from its original signal (whether it increases or decreases),
information about ongoing interactions with surrounding matrices can be obtained.

Here, the application of EA-IRMS aims to quantify carbon and nitrogen isotopic ratios
and concentrations in the biomass, assessing temporal variations and identifying interaction
pathways with the W and A matrices in contact with the microalgae, as reported by [15].
To achieve this, it was also necessary to characterise the initial isotopic signature of W and
A, in addition to the EA-IRMS analysis of the algal biomass over time.

To prepare the biomass for EA-IRMS measurements, a sample disc removed from the
reactor was placed in an Eppendorf tube containing 2 mL of distilled water, exposed to an
ultrasonic bath for 5 min, and finally vortexed for a few seconds to recover all the biomass
from the disc. The tubes were then centrifuged at 10,000 rpm for 10 min, after which the
supernatant was removed, and the biomass was frozen at —80 °C and lyophilised without
further pre-treatment.

To obtain the solid matrices necessary to characterise the initial isotopic signal of C
and N in the W and A culture media, the following procedure was followed. A volume of
100 mL of acidified and sterilised medium was frozen at —80 °C without further treatment
and lyophilised, thus obtaining residual solid material ready for analysis.

To carry out the analyses on the solid matrices thus obtained, a quantity of each
sample was weighed in triplicate in the following ranges using a high sensitivity analytical
balance (AT20, Mettler Toledo, Milano, Italy, £2 pg): biomass in the range 0.4-0.8 mg,
solid residue of A in the range 1.5-2.0 mg, solid residue of W in the range 3.0-5.0 mg.
The weighed material was encapsulated in 4 x 6 mm tin capsules (Tin capsules for solids,
Santis Analytical Italia, Gerenzano, Varese, Italy). These samples were then analysed
using an integrated system consisting of an IRMS apparatus (Delta V Advantage-Thermo
Fisher, Waltham, MA, USA) coupled to an Elemental Analyzer (1112 Series-Thermo Fisher,
Waltham, MA, USA) for the simultaneous measurement of total C and N (%) and their
relative isotopic ratios 513C and §'°N (%o). The reference standards are Vienna PDB for the
§13C ratio (=13C/12C) and air for the '°N ratio (=1°N/#N).

2.4.2. SEM-EDS Analysis

In addition to the EA-IRMS, it was decided to include a morphological characterisation
of the algal biofilm adhering to the discs with a double objective. Firstly, to determine
whether there were any significant morphological differences observed over the cultivation
days as well as between the biomass grown with urban wastewater and that grown with
the standard culture medium. Secondly, microscopic observations were necessary to check
for traces of possible contamination by competing organisms, identified by the possible
presence of fungal hyphae or organisms morphologically distinct from the algal population.
To this end, a part of the collected samples was assigned for SEM-EDS analysis.

In order to prepare the samples for analysis on each sampling day, aiming to preserve
as much as possible the stratification acquired by the biofilm during its growth, the discs
were laid flat on Petri dishes and then fixed in place with small adhesive strips. They were
then frozen at —80 °C and lyophilised.

Finally, the biomass discs were gently detached from the polycarbonate membranes
and mounted on aluminium specimen stubs with double-sided tape and coated with a layer
of gold with a Q150R ES Sputter Coater (Quorum Technologies, Lewes, UK) and observed
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via Scanning Electron Microscopy (SEM) using a Zeiss EVO 15 HD VPSEM (Oberkochen,
Germany) operating at 12 kV accelerating voltage to record images, coupled with an
Oxford Instruments Microanalysis Unit (Abingdon, UK) with Xmax 80 EDS detector for
microanalyses. Standard details used for EDS calibrations are reported in [30].

2.5. Analysis of NHy*, NO3~ and PO~ Content in We A

In addition to biomass samples for EA-IRMS and SEM-EDS analyses, samples of
the culture media from Exp3 were collected over time to investigate how the levels of
specific ionic species in the growth media varied over the course of 15 days, in particular
ammonium, nitrate and phosphate. For this purpose, 50 mL of supernatant was collected
every 2-3 days and analysed using a portable spectrophotometer (model: DR1900, Hach
Lange S.r.l., Milan, Italy) and the appropriate kits from the same manufacturer, certified
to perform colorimetric tests in cuvettes. Specifically, the Hach LCK303 and LCK304 kits,
based on the indophenol blue method, were used for ammonium; the Hach LCK339 kit,
based on the 4-nitro-2,6-dimethylphenol reaction product, was used for nitrate; and the
Hach LCK348 and LCK350 kits, based on the phosphomolybdate blue method, were used
for phosphate. Trial analyses were carried out before the tests to determine the dilution
factor to be applied to the samples in order to fall within the measuring ranges of the kits.

2.6. Data Processing and Statistical Analysis

For biomass growth monitoring, discs were prepared in 3 biological replicates for
each condition A and W and each was weighed 3 times (n = 9). For EA-IRMS analyses,
3 biological samples were taken from each disc to account for any biomass heterogeneity
(n = 3). For contaminant measurements, chemical analyses were performed in triplicate on
each liquid sample, and each vial containing the reacted sample was spectrophotometrically
observed twice to account for any homogeneity in sample mixing (n = 6).

Based on our experimental growth data, although this study was not primarily focused
on identifying the most accurate mathematical model to describe the metabolic processes of
G. phlegrea, we nonetheless explored a possible approximation of biofilm growth dynamics
over extended time periods. To this end, we applied simple regression models that do
not incorporate specific environmental growth variables. We tested and compared three
approaches: quadratic polynomial regression, three-parameter logistic regression, and
two-parameter exponential regression.

In these models, the response variable y represents surface biomass density, while the
predictor variable x corresponds to time. The reference equations for the three regression
models are as follows:

e  Second-degree polynomial, y = ax? + bx + c. In this equation, 2 and b are the growth
rate coefficients of the second and first-degree functions of x, respectively, while ¢
represents the value of the surface density at time 0;

e  Three-parameter logistic, y = ¢/{1 + exp[—a(x — b)]}. In this equation, a represents
the growth rate, b is the value of x for which y = ¢/2 and c represents the asymptotic
algal density value reached at saturation according to this model;

e  Two-parameter exponential, y = a exp(bx). In this equation, a represents the surface
algal density at time 0 and b represents the growth rate.

The statistical analyses and the calculation of the parameters a-b-c in the 3 models
were performed through the use of the software JMP (version 17 Pro, SAS Analytics).

The following statistical parameters were considered to determine the fit and signifi-
cance of the evaluated models: Akaike Information Criterion corrected (AICc), Bayesian
Information Criterion (BIC), Sum of Squared Errors (SSE), Mean Squared Error (MSE), Root
Mean Squared Error (RMSE) and the R-squared coefficient (R?). For these parameters,
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unlike the R? coefficient, the mathematical model that best describes a given time series is
the one that gives the lowest values within a group of models; the greater the numerical
difference between one model and another, the better it describes the phenomenon.

The significance level used in all statistical analyses is & = 0.05. Data curation, evalua-
tion of statistical parameters and graphs were performed using J]MP17 Pro (SAS Analytics)
and Microsoft Office Excel (version 2403).

3. Results and Discussion

3.1. Metabolic Response and Connections with Isotopic, Spectrophotometric, and Monitoring Data
With the experimental setup investigated in this study, it was possible to compare

the biomass growth response across the five environmental conditions shown in Table 2.

Figure 3 shows, for W and A, respectively, the biomass growth trends in terms of sur-

face density (expressed as grams of dry algal biofilm per unit area of cultivation) in the

five tests.
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Figure 3. Time trend of biomass grown with culture medium A (Allen medium) and W (wastewater),
as surface density.

Upon initial observation, the operational conditions set in Exp3 proved to be the most
effective for both W and A, resulting in significantly higher growth at the end of the 15-day
observation period. Specifically, with W, a final average surface density of biomass of
25.4 g/m? was recorded, which is a +91% increase compared to the average value of
13.3 g/m? obtained from the other four experiments (Figure 3). With the A culture medium,
Exp3 recorded a surface density 56% higher than the average obtained in the other four
tests (19.6 vs. 12.6 g/m?).

With regard to the experimental conditions that were explored in the five experiments,
it appears that temperature variations within the range investigated in Expl and Exp2 did
not result in substantial differences in biomass growth (Figure 3). It seems that the transition
from Exp2 conditions to those of Exp3, with the introduction of a higher intensity light
source, proved to be a successful strategy, leading to the previously mentioned final yields.
In the subsequent two tests (Exp4 and Exp5), no substantial differences were observed
between the semi-batch mode of Exp4 and the continuous mode of Exp5. However, it
seems that the choice to provide fresh medium with progressively higher frequency than
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the batch mode of Exp3 was counterproductive, leading to less satisfactory final yields
(Figure 3). One possible explanation for this result is that, within this cultivation system
and given the nutrient bioavailability in the growth media, the algal community might
have adopted a metabolic strategy that meets its needs without requiring immediate access
to fresh nutrients. Specifically, the microalgal community in this system might require
an initial period to adapt to the growing conditions, during which it might establish a
dynamic chemical equilibrium with the culture medium, and then progressively exploit
all available resources [31]. Varshney et al. [32] indicated that microalgae require a certain
acclimation period when exposed to environments with higher CO, concentrations than
those to which they are used. In this context, the continuous addition of fresh culture
medium—potentially containing increased levels of dissolved CO,—may have triggered a
transient adaptation phase, temporarily influencing cellular metabolism and growth dy-
namics. This phenomenon could explain the observed interference, as sudden fluctuations
in CO, availability may affect photosynthetic efficiency, carbon assimilation rates, and
intracellular pH homeostasis, all of which play a crucial role in microalgal adaptation to
environmental changes.

Compelling evidence supporting this interpretation emerged from EA-IRMS and spec-
trophotometric investigations. The first revealed the presence of interaction mechanisms
with matrices external to the biomass; on the other hand, the second seemed to suggest a
temporary equilibrium in the concentration of ionic species in solution.

Analysing the results of the two methodologies in detail and starting with the EA-
IRMS analysis, Table 3 provides a summary of the results obtained, including the elemental
composition of carbon and nitrogen (%) and the isotopic signals of the analysed matrices.

Table 3. Results of EA-IRMS analysis, i.e., measurements of stable isotope ratios 513C and 51°N,
and C and N content of the analysed matrices. Data are expressed in aggregate form and reported
as mean + standard deviation (SD) versus their standards, whereas VPDB is the Vienna Pee Dee
Belemnite. Allen medium and wastewater represent the initial compositional signals of each of the
two culture media, respectively.

813C (%0) vs. VPDB 815N (%o) vs. Air % C % N
Mean + SD Mean + SD Mean + SD Mean + SD
Biomass grown in A —26.0+ 0.4 —13.6 £ 0.5 485+ 1.7 9.3 +0.8
Biomass grown in W —26.0+0.5 —-11.0+£ 1.6 483+ 1.6 9.2+0.8
Allen medium (dry residue) - —-09+02 - 21.5+0.3
Wastewater (dry residue) —263+1.8 51+14 09+01 1.3+0.1

From a content perspective, the biomass showed an average C and N concentration
of 48.4% + 1.6% and 9.2% =+ 0.8%, respectively, with no significant differences observed
between biomass grown in contact with W and that grown in contact with A. The nu-
merical result appears to be consistent with the average values reported in the relevant
literature for species of this algal family [33] and is slightly higher than the values reported
by [15] for the same strain. Observing the temporal trends of %C and %N for both W
and A (Figure 4), it appears that they proceed in a similar way. It is interesting to note
that while the concentration of C remains relatively stable over the 15-day observation
period (R? < 0.1), there is a percentage accumulation of N over time (from 8% to 10%,
R? > 0.6), which might be explained by an intracellular accumulation of nitrogen-containing
macromolecules. When we consider the environmental conditions of Exp3 during which
the samples were collected (Table 2), it seems reasonable to hypothesise that microalgae
exposed to a light intensity of approximately 32,000 lux may have undergone increased
production over time of photosynthetic proteins, such as phycobilins. This hypothe-
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sis is supported by several studies demonstrating a positive relationship between light
intensity received by microalgal cultures—including those of the Galdieriaceae family—
and their phycocyanin content [16,34]. In general, most microalgae, including species
of the genus Galdieria, are typically cultivated under light intensities ranging from ap-
proximately 2000 to 4000 lux (corresponding to ~30-60 umol photons-m~2-s~1) [11,20].
However, increasing the light intensity to values between 5000 and 6000 lux (approximately
100 umol photons'm~2-s~1) has been shown to enhance pigment production [35-37]. Al-
though higher intensities such as those tested in the present study (32,000 lux) are not
commonly adopted, Wang et al. 2020 [34] demonstrated that light intensities approaching
600 umol photons-m~2-s~1 (~32,000-36,000 lux) effectively amplified the photoinductive
response, resulting in increased synthesis of photosynthetic pigments.

Source

= =

3 6§ 9 12 0 3 6 9 12
Time (day)

Figure 4. Time trend of C and N concentration in biomass grown with A (Allen medium) and W
(wastewater) sources.

Concerning the information derived from isotopic data, as mentioned in Section 2.4.1,
whenever a system exchanges with external matrices, it is inevitably influenced by the
isotopic signature of that matrix according to appropriate mixing models [28]. In this
case, despite the two different growth media, the 5'C signal (Figure 5) showed a slight
shift towards higher values for both A (R? = 0.6) and W (R? = 0.7). This suggests a
common carbon-related metabolic pathway based on a source characterised by a higher
§13C signal. This source could be atmospheric air (for photosynthesis), which typically has
§13C values around —8%o [38] and can circulate freely in both growth chambers through
the holes in the base and cover of the PBR. This result suggests the predominance of
photosynthetic processes in both growth conditions, as evidenced by the average 5'°C
value of approximately —26%o (Table 3) observed throughout the study period, which is
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typical of terrestrial plants with a C3 metabolism [39]. In line with these findings, ref. [40]
confirmed the presence of photosynthetic pathways in microalgal biomass similar to those
in C3 terrestrial plants.

Source
A W
02 8"N (%o) vs. Air
0 8%C (%) vs. VPDB =

Figure 5. Time trend of §!3C and §'°N isotope ratios in biomass grown with A (Allen medium) and
W (wastewater) sources.

Regarding nitrogen, the assimilation mechanisms employed by microalgae rely on
the transmembrane transport of inorganic nitrogen from the aquatic environment [41].
Consequently, while no significant alterations of isotopic signal (R? = 0.3) were observed
in the A standard (as expected), the increase in 51°N values observed in W (R? = 0.8)
(Figure 5) correlates with the increase in %N observed in Figure 4, indicating a clear uptake
of nitrogen by microalgae from the wastewater source, the latter being characterised by a
§'5N signal much higher than that of the initial biomass (Table 3). It is also worth noting
that the 5'°N signal observed in the wastewater medium is consistent with the presence of
fertilisers and organic nitrogen [42], which accurately reflects the fact that the wastewater
treatment plant supplying the effluents used in this study is situated in a rural area with
extensive agricultural and livestock activities.

The data obtained from spectrophotometric analyses of ammonium, phosphate and
nitrate content in the culture media add interesting insights to the results of EA-IRMS
analyses. When examining the behaviour of these ionic species in culture medium W,
no significant trend was observed over the days of observation (Figure 6). Instead,
their concentrations fluctuated around average values of 32.5 £+ 2.8 mg/L for NH,",
2.3 £ 0.5 mg/L for PO43~,and 0.6 + 0.1 mg/L for NO; ~. Similar fluctuations were also ob-
served in the standard culture medium A (data available in the Supplementary Materials).
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Figure 6. Time trend of NH;*, NO; ™ and PO43 in culture medium W during Exp3.

This trend, observed in both A and W, may indicate the presence of complex physico-
chemical and biological mechanisms regulating nutrient availability within the culture
system. Since in Exp3 the culture medium was continuously recirculated and not replen-
ished throughout the entire observation period, these fluctuations cannot be attributed to
external nutrient inputs. Instead, the data suggest an internal dynamic equilibrium where
multiple factors contribute to the stabilisation of ionic species concentrations.

The pattern observed in this study aligns with existing knowledge on microalgal
nutrient metabolism. Various studies have demonstrated that the assimilation and release
of nitrogen and phosphorus in microalgae are strongly influenced by environmental pa-
rameters such as pH, temperature, light exposure, and the ionic balance within the culture
medium [43]. When intracellular concentrations of NH4* and NO, ™ surpass the cells’
capacity for assimilation, microalgae may expel these ions into the surrounding medium as
a detoxification response to avoid nitrogen stress [44].

While ammonium is generally the preferred nitrogen source for microalgal growth,
many species including Galdieria spp. can also utilise organic nitrogen compounds, par-
ticularly urea, amino acids, and small peptides, which are commonly present in wastew-
ater [43,45-47]. Given that the metabolic pathways of carbon, nitrogen, and phosphorus
are interdependent, variations in the availability of one of these nutrients can significantly
impact the uptake and transformation dynamics of the others, ultimately shaping the
nutrient equilibrium within the culture system [43].

The literature further supports that microalgae of the genus Galdieria, like many other
species, regulate NH; " and NO; ™~ uptake in response to external conditions. Ammonium
metabolism produces protons (H*) as a by-product, leading to a local decrease in pH,
whereas nitrate assimilation increases pH by consuming protons [41]. The interplay be-
tween these processes contributes to pH stability in the culture system, depending on the
balance of nitrogen sources available in the medium.
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Here, the implementation of a sensor system on the TL-PBR provides a significant
support in the analysis of these data and to better understand these interactions. The
results (Figure 7) show that pH levels oscillated around the initial value, maintaining a
relatively stable pattern throughout the experimental period. This behaviour suggests that
the culture system was able to maintain a chemical equilibrium over time, supporting the

hypothesis of self-regulating metabolic processes that counteract excessive fluctuations in
nutrient concentrations.
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Figure 7. Real-time trend, during Exp3, of the parameters pH, illumination, and temperature inside
and outside the growth chambers.

Moreover, Figure 7 also provides valuable insight into environmental parameter
variations during the experiment. In particular, it highlights the direct influence of LED
lighting on temperature dynamics, showing that pH stability was maintained despite daily
fluctuations in ambient temperature.

Overall, these findings suggest that the lack of significant nutrient depletion or ac-
cumulation in the medium does not indicate an absence of metabolic activity but rather
the presence of compensatory physiological and chemical mechanisms that dynamically
regulate nutrient levels within the culture system.

3.2. SEM Characterisation and Projections of Biomass Yields Obtainable from the System

In addition to the metabolic investigations, two important focuses of this study were
(i) the potential for reusing biomass in biotechnological applications and (ii) the long-term
biomass yields.

Regarding the first aspect, as suggested in Section Rationale Behind the Selection of
Twin-Layer Cultivation Technology, the application potential increases with the level of pu-
rity of the harvested biomass. Here, the TL-PBR used in this study allows the production of
homogeneous and uncontaminated biomass within the observation period. SEM analyses
of the biomass (Figure 8) showed that the algal biofilm had a very homogeneous struc-
ture, free from foreign organisms/bodies, with no significant morphological differences
observed either over time (day 2 vs. day 14) or relative to the culture medium from which
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the microalgae derived their nutrients. Any irregularities within the algal biofilm depicted
in Figure 8 are not due to the medium used, but to the drying phase of the biomass discs
via lyophilisation, which can cause cracks as a result of the mechanical stress associated
with the operating pressure [48]. Examining the cellular aggregates, it becomes apparent
that cells seem interconnected by an external matrix (Figure 8). This morphological trait
likely arises from the cells” capacity to secrete extracellular polymeric substances (EPSs)
rich in polysaccharides [49], as confirmed by the results of the EDS investigations. Compo-
sitional analyses via EDS of the algal biofilm surface detected primarily carbon and oxygen,
alongside traces of other elements naturally present in the culture media employed (for
example sulphur, phosphorus, potassium, calcium, magnesium, and others). Complete
EDS spectra of the analysed samples are provided in the Supplementary Materials. While
the SEM characterisation in this study focused on the horizontal plane to examine the
surface distribution of cells, future experimental investigations will focus on a more de-
tailed study of the vertical section of the algal biofilm. This approach will provide more
information on the porosity and morphology of the cells within the different photosynthetic
layers, thus allowing further clarification of the structure and functions exhibited by the
algal community.

Regarding the second key objective of this study, namely the long-term biomass yields
achievable by the system, this aspect was explored through statistical extrapolation rather
than mechanistic modelling. Specifically, we applied simple predictive regression models
to the temporal trends observed in the five experiments, as a means of statistical approxi-
mation. Table 4 presents the statistical parameters obtained for the three regression models
tested—quadratic polynomial, three-parameter logistic, and two-parameter exponential—
for the two conditions, A and W, as detailed in Section 2.6. The full statistical report of the
models applied to the growth data is available in the Supplementary Materials.

Table 4. Comparison of the three mathematical regression curves fitted to the growth data for
conditions A and W, respectively.

Treatment Model AICc BIC SSE MSE RMSE R?
Second-degree polynomial 678.35 736.57 142.71 0.47 0.69 0.96

A 3-parameter logistic 773.64 831.85 193.12 0.64 0.80 0.95
2-parameter exponential 787.01 827.41 208.62 0.68 0.83 0.95
Second-degree polynomial 716.85 775.07 161.26 0.54 0.73 0.97
w 3-parameter logistic 718.05 776.26 161.87 0.54 0.73 0.97
2-parameter exponential 763.52 803.93 193.63 0.63 0.80 0.96

Although the quadratic polynomial regression exhibited the best statistical fit (Table 4),
all three models produced similar performance metrics, suggesting high statistical reliability
within the 15-day observation period. However, these models were applied purely as
statistical tools for interpolation and extrapolation, rather than as biologically representative
frameworks. As such, they do not capture the metabolic or physiological mechanisms
governing the growth of G. phlegrea. Future studies aiming to better describe the system’s
long-term behaviour should consider incorporating biologically informed models that
account for environmental variables and resource limitations.

When analysing the long-term projections (Supplementary Materials), the models con-
sistently identified Exp3 as the most favourable operating condition, with higher biomass
accumulation observed in wastewater (W) compared to the standard culture medium (A),
as illustrated in Figure 9. This finding aligns with previous literature [13,14].
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Figure 8. SEM observations on biomass samples grown with W and A and collected at days 2 and 14.

For Exp3, the extrapolated growth trends in Figure 9 suggest potentially significant
long-term biomass yields. Among the models tested, the exponential regression provided
the most optimistic projection, indicating that a surface biomass density of 1 kgpy /m?
could be achieved within approximately two months (54 days for W, 64 days for A).

It is important to emphasise that these projections are purely theoretical. Both poly-
nomial and exponential models lack saturation constraints, mathematically suggesting
continuous biomass accumulation. However, in real-world conditions, multiple limiting
factors—including nutrient depletion, light attenuation, and physical constraints of the
growth substrate—would inevitably halt further biomass accumulation [50]. The attached-
biomass nature of the twin-layer system adds an additional layer of complexity, as vertical
biofilm thickening would eventually reduce light penetration and slow down photosyn-
thetic efficiency. Moreover, from a physical point of view, there must be a maximum surface
density threshold above which the gravitational force exerted on the algal biofilm exceeds
the adhesive forces between the polycarbonate substrate and the biofilm, which behaves
as a high-density fluid matrix [51]. This would cause the biofilm to ‘drip” off the vertical
panel, necessitating biomass collection before this occurs.
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Figure 9. Regression curves for W and A during Exp3, with extended scales to highlight the time
required to reach specific surface biomass density values.

As suggested, intrinsic phenomena related to biofilm stratification must be considered.
Indeed, the dense biomass layer can be viewed as a stratification of cellular layers, with
some layers more in contact with the internal interface, receiving more moisture and
nutrients through the polycarbonate membrane, while other layers are more exposed to
the atmospheric environment, promoting better gas exchange and more efficient light
exposure [50]. As the biofilm thickens due to cell reproduction, the inner layers become
progressively less efficient in terms of light, gas exchange and nutrient supply [51]. This
progressive decrease in efficiency for the inner layers might correlate with a slowdown
in growth rates after a certain period, thus necessitating the use of more complex and
comprehensive mathematical models [50,52]. For instance, Li et al. [53] employed an
automata model to investigate the behaviour of Chlorella vulgaris (Chlorophyta) algal
biofilms under varying environmental and nutrient conditions. Their study highlighted
two key findings: first, the existence of a critical depth (30-70 um in their case) beyond
which light penetration is insufficient, resulting in an active growth zone where cells
actively engage in photosynthesis and contribute to biofilm thickening. Second, carbon
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transport occurs with lower resistance through the deeper biofilm layers, where cellular
respiration predominates.

Building on these considerations, future investigations with this cultivation system
will benefit from monitoring actual growth rates over extended periods in order to, first of
all, understand whether there really is a growth-inhibiting effect linked to the continuous
supply of fresh medium as a stress condition, but more importantly to efficiently schedule
biomass removal from the reactor as well as accurately quantify biomass production per
unit area over a reference period (e.g., one year). Additionally, these tests will help assess
the long-term durability of the material used as the source layer. Future research could
also explore the use of environmentally friendly materials in place of the fibreglass used in
this study, potentially utilising innovative polymers or structural materials derived from
recycled waste [54].

3.3. Opportunities for Process Scale-Up and Use of Biomass Produced

The experimental results obtained under controlled laboratory conditions allow us
to outline realistic scenarios for the scale-up of the twin-layer photobioreactor (TL-PBR)
system, as well as to assess the potential applications and economic value of the algal
biomass produced. From an operational standpoint, the TL-PBR demonstrated a low
energy footprint, as the main power consumption was limited to the peristaltic pump,
artificial illumination, and the sensor system. In a future pilot or full-scale configura-
tion, artificial lighting could be replaced with natural sunlight, and the overall energy
demand could be met using photovoltaic systems. A representative scale-up scenario
might involve a cultivation surface of 100 m?, achievable through the modular arrange-
ment of ten 2 x 5 m panels. Under the most favourable experimental conditions observed
(Exp3), regression analysis suggested that a surface biomass density of 1 kgpy /m? could be
reached in approximately 54 days, aligning with relevant literature that testifies to rates of
10-15 g m~2 day ! [20]. This would correspond to a theoretical yield of 100 kg of dry, clean
algal biomass in under two months.

However, this projection should be interpreted with caution, as it is derived from
short-term lab trials and does not account for limiting factors such as non-uniform light dis-
tribution, accumulation of metabolic byproducts, or fouling. Large-scale cultivation would
require addressing additional challenges such as the mechanical durability of the support
materials, biofilm overgrowth, and long-term system maintenance. Biofilm thickness must
be controlled to ensure adequate light penetration and gas exchange, and periodic harvest-
ing is necessary to maintain productivity [53]. Repeated cleaning and scraping procedures
may introduce physical stress to the materials used for the support and substrate layers,
which could affect performance over time [55].

One particularly critical consideration when envisioning real-world applications is the
method of sterilising the culture medium. In laboratory tests, sterilisation was achieved
via autoclaving; however, this approach is impractical and unsustainable on a larger scale.
In scaled-up systems, sterilisation could instead be implemented using UV lamps placed
along the fluid circuit. This method is compatible with continuous or semicontinuous
wastewater recirculation and has the advantage of being energy-efficient and reagent-
free [56]. Nevertheless, it requires careful material selection, since the acidic pH used here
in the cultivation of G. phlegrea (2.5) can cause corrosion in metallic components, especially
in the collection tanks of standard UV units. For this reason, future configurations may
evaluate the cultivation of G. phlegrea at slightly higher pH values, such as 4 to 5, which
remain within the physiological tolerance of the species while mitigating corrosive effects
and reducing the chemical demand associated with pH adjustment of the influent.
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Another important factor to consider in scale-up scenarios is the variability of the
wastewater composition. Unlike synthetic media, urban effluents exhibit seasonal and
diurnal fluctuations in nutrient content, ionic strength, and the presence of potential in-
hibitors [24]. These variations can affect not only biomass growth rates but also biomass
composition. The monitoring system implemented in our prototype—based on an IoT plat-
form for real-time remote acquisition of environmental parameters such as temperature, pH,
and light intensity—offers a useful foundation for adaptive system management [57-59].
Future iterations may benefit from the inclusion of additional sensors for nutrient con-
centrations or biofilm thickness, enabling closed-loop feedback control and predictive
operation supported by artificial intelligence models [60-62].

From an economic and environmental perspective, the TL-PBR system shows advan-
tages when compared with conventional systems such as open raceway ponds or tubular
photobioreactors. Open ponds are characterised by low capital costs and simple operation,
but they suffer from low areal productivity, high water losses through evaporation, and
high risks of contamination. Tubular PBRs offer better control over culture conditions
and higher volumetric productivity, but they require significant energy inputs for mixing,
pumping, and often cooling, in addition to high infrastructure costs. Based on literature
data, the operational cost of biomass production in open raceway ponds ranges approxi-
mately from EUR 2 to EUR 15 per kg of dry biomass [63-65], while closed PBRs can exceed
EUR 30/kg under suboptimal conditions [66-68]. In contrast, TL-PBRs operate without
active mixing, with minimal water use, and allow direct biomass harvesting via scraping,
thereby avoiding the need for flocculation, filtration, or centrifugation—steps that are
energetically expensive and economically burdensome [69,70]. Although no dedicated
techno-economic study on TL-PBRs exists to date, these features suggest that operational
costs could reasonably fall in the range of EUR 4 to EUR 10 per kg of dry biomass under
realistic conditions, depending on scale, climate, and configuration. These data are inferen-
tial estimates based on significant overall cost reductions (over 50%) associated with lower
harvesting costs, media production and mixing when using twin layers compared to other
conventional cultivation systems [64,71-74].

The quality and purity of the biomass obtained represent another significant advan-
tage [8,75]. As the TL-PBR supports attached growth in a controlled and physically isolated
environment, the harvested biofilm is free of suspended solids and exhibits low microbial
contamination. This clean biomass can serve as a platform for the production of high-value
compounds, and the microalgal biomass of Galdieriaceae is a rich reservoir of biotechno-
logically relevant compounds, with an established market demand [1,2,33,76]. Literature
reports indicate that members of the Galdieria genus can accumulate phycobiliproteins,
particularly phycocyanin and allophycocyanin, with yields reaching up to 14% of dry
weight [16]. Market prices for purified phycocyanin currently range from USD 500 to over
900 per kg, depending on purity and intended use [2,76]. In addition, G. phlegrea is known
to produce carotenoids such as zeaxanthin and 3-carotene, bioactive polysaccharides
with antioxidant and immunomodulatory properties, sulphur- and nitrogen-rich amino
acids relevant for feed applications, and polyunsaturated fatty acids including linolenic
and arachidonic acid [1,11,33,77]. These compounds are in growing demand across the
nutraceutical, cosmetic, and pharmaceutical sectors [8,74,76].

Even after the extraction of these compounds, the residual biomass can be further
valorised. It may serve as feedstock for hydrothermal liquefaction processes [78] aimed at
producing biofuels or be used as a biosorbent in processes for recovering metals and rare
earth elements from industrial effluents [10,79,80]. These cascading uses align well with
the principles of circular bioeconomy and are of increasing relevance in the context of EU
strategies for waste valorisation and sustainable resource use [81,82].
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Although the data presented here are based on short-term experiments conducted
at laboratory scale, they provide an evidence-based foundation for future studies. The
TL-PBR system, in its current configuration, combines low energy consumption, reduced
water demand, simplified harvesting, and a capacity to produce high-purity biomass from
low-cost inputs such as urban wastewater. Its modular nature and compatibility with smart
monitoring infrastructures make it a promising candidate for deployment in decentralised
contexts where resource efficiency and environmental sustainability are priorities. Further
research at pilot and industrial scale will be essential to validate the long-term performance,
economic feasibility, and environmental benefits of the system under real-world conditions.

4. Conclusions

This system enables the efficient cultivation of G. phlegrea using municipal wastewater
as the sole nutrient source, producing a dense, clean algal paste ready for use. The inte-
gration of isotopic analysis with physical methodologies proved to be a crucial tool and
provided valuable insights into metabolic pathways and algal growth dynamics. With low
operating costs, the system is simple and easily scalable in greenhouses. Additionally, the
novel implementation of a customised IoT-based system for real-time remote monitoring
increases practical feasibility and provides an essential tool for supporting companies in
managing harvesting and maintenance operations.
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