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ABSTRACT 

Microalgae-based biorefinery processes are gaining particular importance to produce high-quality 

biomass and energy feedstock for several industrial markets. However, there are still several 

factors that contribute to poor yields of microalgae growth in current technologies. These include 

inadequate light management, inefficient gas exchange, limited control over temperature and pH, 

and susceptibility to contamination. Additionally, challenges associated with scalability and high 

operational costs of photobioreactors (PBR) further hinder the achievement of optimal yields in 

microalgae cultivation. This work presents a detailed characterization of a novel flat-panel PBR 

equipped with a tunable LED lighting system. A computational fluid dynamics (CFD) study was 

conducted to characterize in detail the equipment from the hydrodynamics point of view. CFD 
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results showed that the flow field has several peculiar features, such as vortices and a by-pass 

current, that can be expected to affect the light absorbance statistics, and the microalgae and 

nutrients spatial distributions. Considerations for both the system optimization and the modeling 

of its behavior during the operation were drawn. Additionally, two different microalgae strains, 

namely the green microalga Acutodesmus obliquus and the red extremophile Galdieria 

sulphuraria, each with specific growth parameters and spectra irradiation requirements, were 

successfully cultivated using tailored light spectra. The biomass concentrations and yields 

achieved (yields on light of 0.58 and 0.45 g molph
-1 for A. obliquus and G. sulphuraria, 

respectively) were consistent with currently reported productivities for both the species, 

highlighting the effectiveness of the adopted strategy for light management and the PBR overall 

design.

INTRODUCTION

Microalgae have become increasingly important as a source of biomass for various applications, 

including biofuels, animal feed, food, cosmetics, and dietary supplements. Compared to land 
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plants, microalgae are better at fixing carbon dioxide and converting solar energy into chemical 

energy, and they can grow faster and do not compete with arable land for cultivation 1–3. Microalgal 

cultivation technologies are traditionally classified as open or closed systems (photobioreactors, 

PBRs). Open systems are cheaper to construct and manage, but they have limited biomass 

productivity due to poor mixing, low CO2 mass transfer, and high risks of biological and chemical 

contamination 4,5. Closed systems, on the other hand, allow for precise control of operating 

conditions and show higher biomass productivities, but they require higher capital and operating 

costs, as well as it is challenging to scale up their size while maintaining optimal culture and 

hydrodynamic parameters 6,7. The yield of microalgae growth processes strongly depends on the 

design and operative conditions of the PBR. Dark and light zones typically coexist inside 

photobioreactors, i) because microalgal cultures are optically dense and hinder light penetration, 

and ii) because systems are often designed in such a way as to have microalgae experiencing 

alternate light cycles. This requires the microalgae to move between light and dark zones at a 

frequency that is high enough to support growth and not remain in dark fluid dead zones too long 

up to suffer a decrease in photosynthetic activity. As such, a PBR must be well-designed from the 

standpoint of hydrodynamics. CFD (computational fluid dynamics) simulations have emerged as 
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a low-cost and highly efficient strategy for designing microalgal growth equipment, as they can 

serve either the initial design stage of the PBR or the optimization of its operative conditions, 

eventually allowing one to reduce efforts on expensive and time-consuming experiments. CFD 

simulations can be used to obtain an accurate characterization of the flow field, possibly leading 

to the detection of a fluid dead zone, to get the statistics of shear stress and light absorbance along 

microalgae trajectories, or to detect the sedimentation and adhesion dynamics. By using CFD, 

Belolhav et al., 8 for instance evaluated the hydrodynamics of a hybrid horizontal tubular PBR, 

showing that even at large flow velocities, low-velocity regions, prone to solid settling, can be 

expected. By a similar approach, Wang et al., 9 and Hinterholz et al., 10 developed and optimized 

the internal structure of a bioreactor by introducing inclined baffles which were seen to improve 

the swirling features of the flow. Through Lagrangian cell tracking combined with a solar radiation 

transfer model, Laifa and co-authors 11 related the overall growth rate to the broth velocity, as well 

as by applying CFD simulations, Zhang et al., 12, studied the adhesion of cells and the biofilm 

growth on the walls of a bioreactor at varying surface roughness. Also, models aimed at coupling 

the bio-kinetics of microalgae growth and the equipment hydrodynamics have been devised 13–15 

and seem to compare well with experimental data.
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Managing light is another fundamental aspect in the design of photobioreactors, as it plays a 

crucial role in the growth and productivity of microalgae or cyanobacteria. Precise control of light 

parameters such as intensity, duration, and spectral composition is essential to optimize the desired 

physiological responses in these photosynthetic organisms and the energy supply. The provision 

of light energy can be achieved through natural sunlight or the use of artificial lamps. Utilizing 

sunlight as a light source offers the advantage of being free and readily available in abundance. 

However, it also presents certain drawbacks, including the presence of location-specific day/night 

cycles, unpredictable weather conditions, and seasonal variations. These fluctuations in irradiance 

levels can be mitigated by implementing artificial lighting. By employing continuous and 

controlled illumination, productivity can be enhanced, as biomass is not lost during night-time 

periods 16,17. In the context of artificial lighting, the predominant choices are fluorescent tubes and 

light-emitting diodes (LEDs). LEDs offer numerous advantages compared to fluorescent tubes. 

They exhibit lower heat dissipation, resulting in reduced energy consumption, and possess a 

narrow emission spectrum, just to cite a few 18,19. The utilization of light by phototrophic 

microalgae relies on their specific pigment composition, primarily chlorophylls, carotenoids, and 

phycobiliproteins, characterized by different absorption properties across distinct spectral 
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regions20,21. Furthermore, microalgae and their pigments are gaining increasing commercial 

interest as a source of natural high-value products 22,23. The growth and metabolism of microalgae, 

including pigment content, can be influenced by the quality of light they receive, as determined by 

their spectral characteristics. Numerous studies have investigated the growth behavior and product 

formation of microalgae and cyanobacteria under various light conditions 18,21,24,25. Nevertheless, 

most of those studies have been conducted with monochromatic or dichromatic illumination with 

fixed color ratios. Furthermore, such studies have been performed mostly at a lab scale in strictly 

controlled conditions, and to the authors’ knowledge, no pilot-scale PBR equipped with multi-

LEDs has been proposed so far. 

The present work aims to propose a detailed characterization of a new semi-pilot scale prototype 

equipped with a multi-LEDs lighting engine. CFD simulations were carried out to characterize in 

detail the PBR’s hydrodynamics. The study of the flow field in both the two constituent parts of 

the equipment, namely an alveolar flat panel and a mixing tank, was performed. CFD simulations 

were run in ANSYS Fluent 20.2 using a k-ε model for modeling turbulence, and numerical tracer 

experiments were run to infer the effect of the flow field on the species residence time and spatial 

distributions. Additionally, a description of the LED lighting engine is provided. The system 
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allows us to unpack the entire visible spectrum with the use of 10 wave lengths, produced by 

different LEDs, evenly distributed along the structure. The analysis of the incident light 

distribution along the entire surface of the flat panels is also provided and commented on. Finally, 

the efficiency of the system has been tested by carrying out batch tests with two commercially 

relevant microalgae, phylogenetically distant and with different pigment composition and abiotic 

conditions requirements. For each microalga, a specific light spectrum composition has been 

applied based on the oxygen evolution response as a performance indicator of photosynthesis from 

the cells exposed to the different wavelengths. The promising biomass yields obtained with both 

species reflect the potential and versatility of the PBR here described. The possibility of monitoring 

all growth parameters, as well as the tuning of light intensity and quality, make this system an 

excellent platform for the study and growth at a semi-pilot scale of several targeted algae or desired 

products. Various considerations and suggestions, especially related to the system’s fluid 

dynamics, are provided, and will help to further improve the proposed technology and to evaluate 

its possible use in an industrial scenario, in which the application of energy-efficient technologies 

is nowadays a priority.
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MATERIALS AND METHODS

The flat panel photobioreactor

The design, hydraulic, and mass transfer characteristics of the flat-panel PBR used in this work 

have been recently described in the literature 26. Briefly, the PBR is composed of two parallel 

polycarbonate alveolar flat panels, each one partitioned into 28 alveoli for a total light-exposed 

surface of 1.5 m2, and a truncated-cone shape tank where mixing and O2 degassing is achieved. 

Liquid circulation occurs through a hydraulic circulator (ALPHA1 L - 45W, Grundfos, Denmark) 

located at the bottom of the mixing tank and upstream of the panels, allowing the culture to flow 

with positive pressure from the bottom to the top of the panels [Fig. 1A]. CO2 injection (> 99.5% 

pure food grade) takes place between the bottom of the mixing tank and the hydraulic circulator, 

and the CO2 flow rate is regulated by a thermal flow meter (Red-y smart controller GSC, Vögtlin 

Instruments GmbH Switzerland). The CO2 flow rate is very small compared to that of the 

circulating liquid and, as a result, the gas dissolves almost immediately in the aqueous solution. 

Indeed, only few gas bubbles manage to reach the inlet of the tube panel. These bubbles are around 

1 mm in size and dissolve completely in the first 10-20 cm of the tube. The PBR is equipped with 

a multi-probes system connected via a transductor to an integrated Programmable Logic Controller 
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(PLC) for both online and offline monitoring and control of cultivation parameters 26. Compared 

to the PBR prototype reported in the above-mentioned study, the lighting hardware has been 

updated through the implementation of an own designed tunable-spectrum LEDs lighting engine 

directly managed by PLC, interposed between the two panels, instead of the more energy-

consuming fluorescent tubes.

Figure 1: The alveolar flat-panel PBR. A. 3D isometric representation of the PBR. B. Schematic representation of the lighting 
engine. PLC: Programmable Logic Controller.

LED lighting system

The lighting engine installed on the PBR is constituted by an innovative LED panel (patent 

number WO2020104895A1) engineered by MEG science (Milan, Italy), co-inventor of the system 

together with Arcobaleno Cooperativa Sociale (Turin, Italy) and the Polytechnic of Turin (Italy). 
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Excluding the mechanical and control components, two elements can be identified as the system’s 

main core: the light engines and the optical guide [Fig. 1B]. The light engines are located at the 

upper and lower ends of the optical guide and are characterized by two water blocks that allow 

heat exchange between the electronic components (LEDs Printed Circuit Boards (PCBs)) and the 

external environment, using a forced water-cooled heat exchanger. This technical expedient serves 

to ensure operating temperatures below the safety junction temperature that characterizes each 

diode, increasing the efficiency and average lifetime of the individual LEDs. Each water block is 

equipped with 3 metal core LED PCBs, each populated by 10 LED clusters containing 12 power 

LEDs (Luxeon CZ Color Line, LUMILEDS, USA). The structure and configuration of this unit 

allow a spatially homogeneous distribution of the 10 discrete LEDs characterized by different 

peaks of dominant wavelength and 2 white light LEDs (not used in this work, as well as the Far-

Red LEDs). The spectral range of the 10 dominant peak LEDs varies from 430 nm to 730 nm, 

while the two white LEDs are characterized respectively by a white with CCT (Correlated Color 

Temperature) 4000 K and CCT 5000 K. It is, therefore, possible to vary the quality and intensity 

of the light spectrum directly through the PLC. However, as indicated in Table S.1, this 

configuration is not normalized in terms of radiometric power, leading to a difference in the 
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furnished light intensity of the single wavelengths. This is due to the different spectral power 

distribution, and the related radiometric powers, of the considered LEDs, which nowadays 

constitutes a hardware limitation with red and blue LEDs considerably more efficient than other 

wavelengths. The optical guide is interposed between the two LED water blocks and ensures a 

homogeneous light distribution from the LEDs over the entire hydraulic panels’ surfaces.  The 

guide is made of polymethylmethacrylate (PMMA), with a length of 1500 mm and a height of 

1120 mm, shaped in a 10 mm-thick sheet. Both the surfaces were laser-carved to obtain a pre-

established pattern allowing the re-direction of light toward the hydraulic panels, assuring a certain 

degree of uniformity. Its geometry has been designed to allow an easy installation between the 

hydraulic panels in which the microalgae circulate and to reduce as much as possible the space 

between the emission source and the illuminated surfaces. 

 

Computational Fluid Dynamics simulations setup

The CFD simulations were run using ANSYS FLUENT 20.2. The geometry of the reactor was 

created using ANSYS DesignModeler, whereas the meshes were created using the tool 

snappyHexMesh from OpenFOAM 5.0. Figure S.1 reports the geometry of the tank and some 
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detailed views of the mesh used for the simulations. The flow is fed to the mixing tank through a 

cascade flow, and it flows out via the bottom outlet tube. The cascade is reproduced as a vertical 

cylindric element of fluid with free slip at the lateral surface. The diameter of the inlet flow and 

the outlet tube are 2.5 and 2.6 cm, respectively. The top surface is the liquid-air interface, which 

stays at a constant level during the operation with a height, measured from the bottom of the tank, 

equal to 30 cm.  Figure S.2 illustrates the geometry of the alveolar flat panel. The fluid enters the 

panel from the bottom right, and it flows to the left along the horizontal direction, then passes 

through the hole (magnified in the inset of Figure S.2) and reaches the upper channel, where it 

inverts its direction and moves to the next hole. The zigzagging motion generated by the sequence 

of 28 horizontal channels allows the fluid to spend sufficient time in the illuminated region of the 

equipment, but also generates a distribution of the residence times of the different elements of the 

liquid. CFD simulations were restricted to the portion of the system shown in green in the Figure 

S.2, since the fluid dynamics of the whole panel can be reconstructed by replicating such 

simulation at each turn.

The meshes of the tank and the flat panel are composed of approximately 1.0∙106 and 1.3∙106 

hexahedral cells, respectively. The side of each cell is approximately equal to 1 mm. The mesh 
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quality was checked evaluating the cells’ orthogonal quality, which was seen to be equal to 1 (on 

a scale from 0 to 1) in practically all the fluid domains. Grids of such resolution have shown to be 

able to accurately predict the velocity field, both in mixing tanks 27 and in ducts of rectangular 

cross section 28. 

Since the CO2 dissolves almost immediately in the circulating fluid, the process was modelled 

as single-phase flow. The fluid’s properties and physical parameters were set by considering the 

culture medium as water. The inlet flow rates to the tank and the flat panel were set equal to 13.5 

L min-1 and 6.75 L min-1, respectively. The Reynolds number in the flat panel duct is about 8000 

(based on the hydraulic diameter), well above the minimum value of 4000 required for the 

turbulence to occur 29. The tank inlet duct has a Reynolds number just above 10000, making also 

this a turbulent flow, when feeding the tank inlet cascade. 

A Reynolds-averaged approach for the computation of the system hydrodynamics was resorted. 

Under these conditions, the equation of fluid motion reads as in [Eq. (1)] and [Eq. (2)]:

                                                         (1)
∂𝑢𝑖

∂𝑥𝑖
= 0

                     (2)𝜌(∂𝑢𝑖

∂𝑡 ) +
∂

∂𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) = ―

∂𝑝
∂𝑥𝑖

+
∂

∂𝑥𝑗
(𝜏𝑖𝑗 ― 𝜌𝑢′𝑖𝑢′𝑗) +𝜌𝑔𝑖
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where  is the viscous stress tensor, μ the fluid viscosity, ,  the velocity,  the 𝜏𝑖𝑗 = 𝜇(∂𝑢𝑖

∂𝑥𝑗
+

∂𝑢𝑗

∂𝑥𝑖) 𝑢𝑖 𝑝

fluid pressure, and ρ the fluid density, and where the bars indicate time-averaged quantities. The 

fluctuating component of the fluid velocity is denoted by .  The Reynolds stress term  was 𝑢′𝑖 𝜌𝑢′𝑖𝑢′𝑗

modeled as in [Eq. (3)]:

                                                       (3)―𝜌𝑢′𝑖𝑢′𝑗 = 𝜇𝑡(∂𝑢𝑖

∂𝑥𝑗
+

∂𝑢𝑗

∂𝑥𝑖)
i.e., as proportional to the mean fluid velocity gradients and the turbulence viscosity . The two-𝜇𝑡

equations  turbulence model was used for the closure of the set of equations. The turbulent 𝑘 ― 𝜀

kinetic energy (m2 s-2) and the rate of energy dissipation  (m2 s-3) were computed by solving the 𝑘 𝜀

additional transport equations [Eq. (4), (5)]: 

                        (4)𝜌(∂𝑘
∂𝑡) +

∂
∂𝑥𝑖

(𝜌𝑘𝑢𝑖) =
∂

∂𝑥𝑗((𝜇 +
𝜇𝑡

𝜎𝑘)∂𝑘
∂𝑥𝑗) + 𝑔𝑘 ―𝜌𝜀

                  (5)𝜌(∂𝜀
∂𝑡) +

∂
∂𝑥𝑖

(𝜌𝜀𝑢𝑖) =
∂

∂𝑥𝑗((𝜇 +
𝜇𝑡

𝜎𝜀) ∂𝜀
∂𝑥𝑗) + 𝑐1,𝜀

𝜀
𝑘𝑔𝑘 ― 𝑐2,𝜀𝜌

𝜀2

𝑘

where the turbulent viscosity is given by , and where the set of , , ,  and  𝜇𝑡 = 𝜌𝑐𝜇
𝑘2

𝜀 𝑐1,𝜀 𝑐2,𝜀 𝑐𝜇 𝜎𝑘 𝜎𝜀

are as given in the standard implementation of the k-ε turbulence model of ANSYS Fluent.  

No slip boundary conditions were imposed at all walls of the system, whereas a zero-stress 

condition was adopted for modeling the inlet cascade flow and the liquid-free surface of the tank. 
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The pressure-velocity coupling was achieved with the SIMPLE algorithm and a second-order 

upwind spatial discretization scheme was used to solve all the transport equations. In this work, 

the k-ε method used to describe turbulence is a Reynolds-Averaged Navier Stokes (RANS) 

technique that solves a time-averaged equation of motion, where the transient nature of turbulent 

fluctuations is absorbed by the Reynolds averaging. The averaged variables usually reach a 

stationary condition if the flow rate supplied does not vary over time, as is the case here. Hence, 

steady-state computations were performed. The simulations were iterated up to the point where 

the scales residuals of all variables between subsequent iterations stopped decreasing and reached 

an asymptotic value. This value was below 10-6 and, since additional iterations would not reduce 

the residuals any further, to the authors’ opinion a condition where all the variables, including the 

local one, have attained convergence, is reached. 

Due to the extremely special geometry of the system, direct comparisons with literature results 

are difficult to obtain. Modelling single-phase mixing tanks is a classic problem in chemical 

engineering, where reliable simulations are normally obtained using models and grid densities 

similar to those used in this work 30. With regard to the duct, the simulations of this work were 

checked by comparing the prediction of the friction factor far away from the curves, where the 
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flow is fully developed, with the relationship reported by Schlichting (1979, chapter 20) 31, which 

is corroborated by the experimental data. However, the shape of the duct with U-curves of complex 

internal geometry makes it impossible to obtain full validation from literature.

It should be noted that a large number of experimental and modelling studies are available for 

motion in flat ducts of rectangular cross-section, but these are of little significance in the context 

of this work 32–36. In fact, these studies often focus on the ability to predict the secondary flows 

triggered by the anisotropy of turbulence in straight ducts (Prandtl’s secondary flow of the second 

kind). These, however, do not significantly alter the averaged profiles compared to canonical wall-

bounded flows 37, being of modest intensity, with transverse velocities of the order of 1% of the 

axial ones. The k-ε method used in this work is unable to detect this particular type of secondary 

flow, which is triggered by the anisotropy of turbulence. It should be noted, however, that the 

relevant properties of the system, such as pressure drop and mixing in the panel, are dominated by 

the effects of the U-curves and the recirculation immediately following the curves, which is instead 

satisfactorily described by eddy-viscosity-based models such as the k-ε 38. 

Microalgae-specific light spectra composition
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The composition of the species-specific spectrum was based on the evaluation of the O2 

evolution response following cells’ exposure to the individual wavelengths available on the PBR. 

More precisely, the cells of A. obliquus and G. sulphuraria, at a concentration of about 0.5 g L-1, 

were directly exposed within the PBR at the individual wavelengths, each one adjusted to deliver 

about 30 μmolph m-2 s-1, for 10 minutes after a 15-minute dark adaptation period and/or the time 

necessary for the O2 concentration in the culture to be returned at equilibrium with the atmosphere. 

The averaged value of 30 μmolph m-2 s-1 was chosen according to the current upper range limit of 

some of the single wavelengths (i.e., 499.5 and 520 nm). Oxygen evolution activity was recorded 

through the InPro 6000 Optical O2 sensor located at the output of the panels. The ΔO2 value 

recorded was then normalized by the light intensity for each wavelength. The final spectrum was 

built according to the wavelengths yielding net oxygen production, each of them set at a certain 

power percentage weighted for the corresponding yield of O2.

Microalgae and cultivation conditions

Acutodesmus obliquus strain 276-3b, formally Scenedesmus obliquus (Turpin) Kützing, was 

obtained from the SAG Culture Collection of Algae (Göttingen, Germany), whereas Galdieria 
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sulphuraria strain 074W was kindly donated by Prof. Antonino Pollio (University of Naples, Italy). 

The PBR was inoculated with BG-11 medium 39 for A. obliquus or Allen medium 40 for G. 

sulphuraria, and microalgae cells for a total volume (VPBR) of 60 L, corresponding to a surface 

area-to-volume ratio (Sf/V) of 50 m-1, and an initial cell concentration of ≈ 0.25 g L-1 of dry weight. 

Each experiment was conducted in batch mode until the stationary phase was reached. The 

injection of CO2 was carried out with a flow rate of 0.06 NL min-1, keeping constant the CO2 

concentration threshold in the PBR at 25 mg L-1 for A. obliquus and 15 mg L-1 for G. sulphuraria, 

using the combination of solenoid valve and mass flow meter. The choice of key parameters for 

A. obliquus, such as temperature (23°C ± 2) and pH (7.0-7.5), was done according to previous 

experiments performed within the same PBR structure equipped with fluorescent tubes, chosen 

among the most performing setups, as well as the spectrum-specific averaged photon flux density 

(PFD) on the panels’ surface was set to 150 μmolph m−2 s−1 (12.96 molph m−2 d−1 ), to have a fair 

comparison with the previously published results 26. On the other hand, the red microalga G. 

sulphuraria is a polyextremophile organism that has been extensively studied due to its ability to 

survive at low pH (as low as 0.2 for some strains) 41, high temperatures (up to 57°C) and high 

osmotic pressure 42. Therefore, the pH and temperature were adjusted to be 1.5-2.0 and 37.5°C ± 

2, respectively, according to several literature studies 43–46.  The spectrum-specific averaged PFD 
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was set to 125 µmolph m-2 s-1 since, according to its benthonic nature, G. sulphuraria is considered 

extremely photosensitive, usually growing at low light intensities 42,47, with light inhibition already 

occurring above 200 µmolph m-2 s-1 41,45. The culture medium temperature was controlled for both 

the microalgae using a thermostat (Lauda IN 250 XTW, Germany).

Biomass concentration measurements

Microalgae growth was gravimetrically quantified as dry biomass concentration as previously 

reported 26. Briefly, 10-20 mL of microalgae culture were filtered using pre-weighted 1.5 µm pore 

size glass fiber filters (Hahnemühle, Germany), then dried using a thermobalance (MLS-N, Kern, 

Germany) until stable weight, and weighed with an analytical balance (Kern, Germany). The 

biomass volumetric productivity Px [g L-1 d-1] was then calculated as [Eq. (6)]: 

                                                                                                                              (6)𝑃𝑥 =
𝑋𝑡 + 1 ―  𝑋𝑡

𝑡 +1 ―  𝑡

where X (t / t+1) is the biomass concentration [g L-1] at the sampling time t / t+1 [d]. The 

volumetric productivity was then used to calculate the biomass yield on light Yx/ph [g molph
-1] 

according to 41 [Eq. (7)]:

                                          (7)𝑌𝑥/𝑝ℎ =
𝑃𝑥 ∙  𝑉𝑃𝐵𝑅

𝐴𝑃𝐵𝑅 ∙  𝑃𝐹𝐷

Where APBR [m2] represents the total illuminated area (i.e., 3 m2 considering both the panels).
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Radiance matrix 

The uniformity of incident light on both panels’ exposed surfaces was determined as 

previously reported 26. Briefly, a matrix array was imposed on the artificial lighting system to fix, 

and homogeneously distribute, the PFD sampling points along the radiant surface. The PFD was 

determined by a calibrated Photosynthetic Active Radiation (PAR) spectroradiometer (PLA 20, 

Everfine, China). The measured PFD values were interpolated by the Linear model Poly22 of the 

Curve Fitting Tool of the software Matlab® to obtain  a PFD’s pattern for the whole exposed 

panel surface. The mean and minimum values of the obtained PFD’s matrix were then used to 

calculate the light uniformity coefficient (UI [%]) as in Eq. (8):

                                        (8)𝑈𝐼 =
𝐼𝑚𝑖𝑛

𝐼𝑚𝑒𝑎𝑛
× 100

where Imin is the PFD minimum value [µmolph m-2 s-1] and Imean is the PFD mean value [µmolph m-2 

s-1].
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RESULTS AND DISCUSSION

CFD

Figure 2 reports a characterization of the flow field in both a 3D and a 2D view for three different 

cross sections. For each of those, a velocity magnitude contour plot, and a representation of the 

velocity field, as obtained by an arrow representation, were reported. Cross section 1 passes 

through the inlet of the tank, but not through the outlet which is instead included in cross section 

2. Cross section 3 is instead parallel to the liquid-air-free surface of the tank. From the pictures, it 

is apparent that the inlet flow is slowed down upon impact on the free surface, and it is deviated 

towards the bulk of the tank by the inclined bottom walls. This is visible both in the velocity 

magnitude contour plot of cross section 1 and in the fluid path lines reported in the 3D view. It is 

also apparent that in the bulk of the mixing tank, the fluid undergoes a large recirculation motion 

with a vortical region that takes up almost completely the tank space, both in the vertical and 

horizontal directions. A lateral by-pass current traveling directly from the inlet to the outlet of the 

tank can also be observed. As it will be later discussed, these features of the flow field have a 
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relevant effect on the fluid residence time distributions in the tank.  In cross section 2 the outlet 

flow is shown; here it is observed that the fluid flows out of the tank with a velocity that is close 

in magnitude to the inlet velocity, though with a velocity gradient that is unsymmetrical with 

respect to the tube centerline. This must be considered as a consequence of the lateral offset 

between the inlet and outlet flow.  

Figure 2: Visualization of the flow field in the mixing tank, by a contour plot representation of the velocity magnitude field and by 
fluid path lines. Three cross-sections are reported together with a 3D representation.

Concerning the panel, our simulations were limited to the green-shaded region of Figure S.2. As 

the horizontal channel connecting two subsequent turns is long enough for the flow to be fully 

developed, an identical replication of the flow configuration at every turn of the panel may be 

expected. This point was confirmed by checking the identity of the simulated velocity distribution 

at the midplanes of the two subsequent horizontal channels. 
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In Figure 3 only the portion of the flow field close to the passage hole was reported, as this is 

the region where the flow presents features of more worth. Figure 3A. illustrates the velocity field 

by a contour plot representation. It is seen here that the flow travels almost undisturbed until it 

reaches the passage hole, where it is accelerated reaching large velocities, particularly in the 

converging region of the hole close to the wall separating two subsequent channels. The flow field 

representations of Figure 3 B. and C. (streamlines and vectors of time-averaged velocity) make it 

also apparent that two vortical regions establish upstream and downstream of the passage hole. 

The first, visible in the bottom left corner, is a small, low-speed vortex, whereas the second, 

occurring downstream the passage hole, takes up a large vertical portion of the channel. However, 

this flow disturbance is seen to vanish completely at moderate distances from the passage hole.  

From the inspection of the flow field just reported, it is apparent that a complex flow dynamics 

condition establishes in the two pieces of the equipment. To address this in some more detail, 

numerical tracer tests using non-reactive, dissolved species were performed. For the case of the 

tank, a step experiment was selected. Two non-interacting passive scalars were defined, one fed 

through the inlet flow at a constant concentration , the second fed through the top liquid-𝑐𝑖𝑛𝑙𝑒𝑡 = 𝑐0

free surface via a constant flux, such as a dissolved gas from the atmosphere. Within the tank, the 
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tracer is transported by the convective motion of the fluid, only, with the diffusive transport 

disregarded. This is done to assess the effect of the flow features on species’ transport and to rule 

out the effect of species’ molecular diffusion. Thus, the transport equation reads as [Eq. (9)]:

                                                                                                                           (9)
∂𝑐
∂𝑡 + 𝑢𝑖

∂𝑐
∂𝑥𝑖

= 0

where c is the passive scalar concentration and where   is the fluid velocity as calculated by 𝑢𝑖

solving the fluid momentum transport equation. For both scalars, the outlet concentration c(t) as a 

function of time was measured. 
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Figure 3: Visualization of the flow field in the flat panel. A. Velocity magnitude contour plot. B. Fluid path lines. C. Arrow 
representation of the flow field. Each arrow is aligned with the local fluid velocity. The length and color of the arrows are set 
according to the velocity magnitude.

The case of the release from the inlet is reported by the orange curve in Figure 4 together with a 

few snapshots of the spatial distribution of the tracer concentration. It is apparent that at the outlet 

the tracer concentration reaches, in a quite short time, a rather large value  ( ) which 𝑐 ≈ 0.32𝑐0
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stays almost constant for approximately 25 s, and it then progressively approaches the asymptotic 

value ( ). This response is the consequence of the inlet current that drags a large part of the 𝑐 = 𝑐0

tracer feed directly towards the bottom of the tank, from which it flows out practically by-passing 

the bulk of the fluid, as also visible in the concentration field snapshots at 10 and 100 s. The other 

part of the tracer feed flow is instead recirculated by the central vortex and spends a longer 

residence time in the tank. For comparison, the response of an ideal continuous stirred tank reactor 

is reported as a dotted line in the plot. The discrepancy between the two curves makes particularly 

apparent the by-pass phenomena just described. 

The case of a uniform release from the tank-free surface is also reported in Figure 4. In this case, 

the concentration at large times reaches a lower value due to the dilution effect induced by the inlet 

flow. For this mode of release, no by-pass phenomena occur, and the system’s dynamical behavior 

is very similar to the one that would be observed under perfectly mixed conditions. The uniform 

release from the liquid-free surface, together with the large vortical motion of the liquid bulk, 

distributes the tracer uniformly in the tank, making the outlet concentration increase more steadily 

until asymptotic conditions are reached, though with a delay compared to the perfectly mixed case. 

Page 27 of 55

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



28

The signals of the outlet concentration make it possible to calculate the mean residence time τ of 

the tracers for the two different modes of release as in [Eq. (10)]:  

                                                        (10)𝜏 =
1
𝑐0

∫𝑐0

0 𝑡𝑑𝑐

This returned an average residence time equal to 86 s for the case of the release through the inlet 

flow, and 129 s for the case of the free surface release, with a difference compared to the average 

residence time under perfectly mixed conditions equal approximately to -8% and +37%, 

respectively.
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Figure 4: Results of the tracer experiments. Top) Concentration contour plot at three subsequent times for the case of a step release 
from the inlet. Centre) Concentration at the outlet as a function of time for the two modes of release. Bottom) Concentration contour 
plot at three subsequent times for the case of a step release from the liquid-free surface. The dotted lines report the outlet 
concentration that would be observed in perfectly mixed conditions.
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Finally, in Figure 5 the distribution of the residence times in the flat panel, measured at the halfway 

of each channel, is reported. The measurement was done by an impulse experiment and by tracking 

tracer particles on the simulated domain. The results were extended to the whole flat panel by 

taking advantage of the system periodicity. It is seen that the residence time distribution of the 

particles is initially narrow, and it becomes wider after each channel. Finally, at the exit of the flat 

panel, three main peaks of decreasing height can be observed, approximately at 130 s, 140 s, and 

165 s. This behavior is in line with what could be inferred from the analysis of the velocity field 

reported in Figure 3, where it could be observed that the channel arrangement induces the 

formation of two recirculation regions (one downstream and one upstream of each passage hole) 

and the occurrence of a large velocity region near the converging region of the hole. These flow 

field features make the particles to be redistributed longitudinally at each elbow and to display a 

rather wide residence time distribution at the flat panel exit.
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Figure 5: Residence time distributions measured at the halfway of the length of each channel of the alveolar flat panel as obtained 
by an impulse tracer experiment.

Light spectra composition

Although light absorption is wavelength-dependent, every PAR photon absorbed by the 

antennae can be used in the reaction centres to induce charge separation with the same efficiency, 

and results in an equal photosynthetic output. Nevertheless, the absorption bands of each pigment 

are different and, consequently, only certain wavelengths in the PAR region are effective for 

productive algal photosynthesis 48. Red light, with a narrow spectrum of 600–700 nm, is usually 

reported as the optimal wavelength for the photosynthetic growth of most algal species 17,21,49,50. 
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This is primarily because the most abundant pigments in most species are chlorophylls which can 

more efficiently absorb red light compared to other light wavelengths 51. However, due to its longer 

wavelength, the low-energy red light poorly penetrates high-density or deep cultures. Therefore, 

the cultures should be well mixed or kept at low concentrations under these light conditions 52. On 

the other hand, blue light, with its shorter wavelength, has a higher probability to trigger photo-

inhibition by striking the light-harvesting complexes due to its high energy content 50,53. Overall, 

as reported in several works, the different wavelengths affect the cells’ metabolism, by either 

enhancing the growth or the accumulation of specific compounds, acting differently according to 

the microalgae species 21,25,54–58. The experiments described in this section aimed to assess, for 

each microalga used, the optimal conditions in terms of light quality. This ideal light composition 

was investigated by measuring the oxygen evolution response as a performance indicator of 

photosynthesis from the cells exposed to the different wavelengths directly within the PBR, and 

thus when cultivated on a large scale. In this way, the resulting spectra represent the combination 

of wavelengths, rather than using only monochromatic lights, weighted based on the algae's ability 

to trigger redox reactions within the chloroplast. Additionally, the possibility of qualitatively and 

quantitatively regulating the provided individual wavelengths may be a useful strategy to 
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investigate and minimize the energy consumption associated with the use of artificial light. The 

microalgae growth rates were then evaluated directly with the final ideal spectra, rather than testing 

the growth at each wavelength available in the PBR.

Figure 6 shows the ΔO2 values obtained using the methodology described in the “Microalgae-

specific light spectra composition” section. Not surprisingly, the blue and red spectral regions have 

the largest impact on photosynthesis in green algae (Fig. 6A.), due to the large number of 

molecules of chlorophyll a (Chl a) and chlorophyll b (Chl b) in the light-harvesting complexes 

(LHCs). From Fig 6A. It can be noted as the green (520nm) and orange (602 nm) lights do not 

lead to positive oxygen production. For the green light, the ΔO2 is slightly negative, suggesting 

that the light at 520 nm induces electron transfer, but most probably the moles of photons given 

are not enough to reach the compensation point of photosynthesis. For instance, the light at 602 

nm shows very negative ΔO2 values, as there is a hardware limit linked to the fact that the photon 

flux at this wavelength is very small due to hardware limitations (around 6 µmolph m-2 s-1 at the 

highest power). So, this suggests no photosynthetic electron transfer and thus only respiration 

occurring when applying only this light wavelength. For this reason, the ΔO2 values that occurred 
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at 602 nm can be used as a reference for the cell’s respiration. Fig. 6B. shows the correspondent 

spectrum used for A. obliquus.

Figure 6: Light spectra customization. A. Wavelength-specific normalized oxygen evolution response (ΔO2 [mg L-1] / µE [µmolph 
m-2 s-1]) of A. obliquus. B. Resultant final spectrum employed for A. obliquus. C. Wavelength-specific normalized oxygen 
evolution response of G. sulphuraria. D. Resultant final spectrum employed for G. sulphuraria. (Kindly refer to section [2.4]). 
Graphs were produced with the software OriginPro8.5®.

In contrast to green algae, red algae, as well as cyanobacteria, possess water-soluble 

Phycobilisomes (PBS) as major photosynthetic light-harvesting complexes. In G. sulphuraria, the 

PBSs are composed exclusively of allophycocyanin and (mainly) (C-) phycocyanin (C-PC) 

phycobiliproteins, with the C-PC having a single absorption maximum at ̃  620 nm 59. Furthermore, 
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as widely reported in the literature, cyanobacteria and red algae possess low photosystem II / 

photosystem I (PSII/PSI) ratios, with the core complexes of PSII usually incorporating less Chl a 

than PSI cores 60,61. Moreover, unlike green algae, G. sulphuraria also lacks Chl b and instead has 

zeaxanthin as its major xanthophyll 62. In accordance with its photosynthetic apparatus, G. 

sulphuraria showed no positive oxygen production when illuminated with all the blue wavelengths 

[Fig. 6C.]. The wavelengths resulting in the highest positive ΔO2 were 627 nm and 662 nm, and 

in less extent 639.5, being the first two closer to the maximal absorption peak of C-PC and Chl a, 

respectively. Although Chl a is not present around PSII, it provides the energy along the C-PC to 

PSI, therefore enhancing electron transfer between the two photosystems. Unlike A. obliquus, also 

green light (520nm) lead to positive oxygen evolution.  Despite this, it has been decided to not 

include it in the correspondent spectrum since (Fig. 6D.), as previously reported, the cultivation 

process appears to not require a green or blue fraction to achieve optimal biomass productivity 21. 

This would also reduce the energy consumption related to the artificial lighting system since in 

this prototype each LED is associated with a dedicated electric transformer. As for the light at 

602nm, the same considerations for A. obliquus can be done, reflecting the need for adequate 
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hardware modifications if the effects on photosynthesis of this wavelength need to be further 

investigated.

Light homogeneity

Light availability in photoautotrophic microalgae cultivation is of primary importance for the 

overall process performance. Especially when employing artificial light, it is important to evaluate 

the light distribution along the photo-exposed surfaces to better characterize the amounts of 

photons and times at which microalgae cells are exposed. As previously investigated for a 

fluorescent tube light source, also in this work the light measurements on the exposed surfaces 

have been used to build up a radiant matrix for the two composed spectra used. The data were then 

computed as described in the “Radiance matrix” section, obtaining an averaged PFD of 150 μmolph 

m−2 s−1 and 125 μmolph m−2 s−1 for A. obliquus and G. sulphuraria, respectively, as well as a light 

uniformity coefficient UI of 70% (Fig. 7A.) and 48% (Fig. 7B.). The considerable uniformity 

difference between the two spectra may be ascribed, as already addressed in the “LED lighting 

system” section, to the fact that the individual LEDs are distributed uniformly in clusters along the 

whole PCBs, but their distribution implies an unevenness from the emissive point of view. This is 
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most evident from Fig. 7B., where the composed spectrum for G. sulphuraria is characterized by 

only 3 wavelengths, and therefore by a lower resolution along the entire optical guide. This non-

uniformity, with an important gradient of light intensity ranging from 250 to 50 µmolph m-2 s-1 

along the surface of the hydraulic panels, may be overcome by changing the PCBs components, 

replacing the unintended wavelengths with a greater population of LEDs more uniform for each 

cluster. For the sake of simplicity, in this work, the averaged PFDs have been considered for the 

calculations of the biomass yields on light. Nevertheless, as pinpointed by Blanken et al. 63, the 

light distribution over the reactor surface has a significant influence on the growth rate, as high 

light will result in increased photosaturation. Further investigations on the growth kinetics with 

respect to the light distribution described in this section are currently ongoing.

Figure 7: Graphical representation of the light intensity in a 3D space of the LEDs lighting source. PFDs measurements were 
interpolated by the Linear model Poly22 of the Curve Fitting Tool (f(x,y) = p00 + p10*x + p01*y + p20*x2 + p11*x*y + p02*y2 

where x and y are the optical guide’s length and height for the PFD sampling points, and p(n) the fitted coefficients) of the software 
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Matlab®. A. Light intensity distribution for the light spectrum employed for A. obliquus. The goodness of fit: SSE = 320.3, R2 = 
0.972. B. Light intensity distribution for the light spectrum employed for G. sulphuraria. The goodness of fit: SSE = 70.2, R2 = 
0.995.  

Microalgae growth 

In this study, the behaviour of PBR’s fluid dynamics as well as the influence of the composed 

spectra on the biomass productivity of the two different microalgae (A. obliquus, G. sulphuraria) 

was investigated 26. After 7 days of cultivation, the A. obliquus cells reached a final concentration 

of 2.305 g L-1 (Fig. 8A.). The analysis of the growth curves showed a mean daily volumetric 

productivity (Px) of 0.295 g L-1 d-1 ± 0.03 (n = 3). The biomass yield on light energy was found to 

be on average 0.58 g molph
-1 during the exponential phase, a value between the highest found in 

the literature for several green microalgae 64,65, although continuous experiments should be 

performed to address consistent estimations of this value. Nevertheless, to the authors’ opinion, 

there is ample room for improvement, especially considering that in this work the batch 

experiments were conducted with a relatively low averaged light intensity (150 µmolph m-2 s-1).   

Overall, the results obtained in this work are slightly higher than what was found in the previous 

study conducted with fluorescent lights, where the average light intensity on the panels’ surface 
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was found to be 120 µmolph m-2 s-1. This confirms the suitability of using the composed optimized 

spectrum for A. obliquus. 

The red microalga Galdieria sulphuraria is nowadays considered one of the most promising 

biotechnological platforms for food and feed applications, due to its peculiar polyextremophile 

characteristics, favouring a selective environment that prevents contaminations, as well as its high 

content of proteins, insoluble dietary fibers, and antioxidants 43,66. Moreover, its amino acid profile 

is particularly noteworthy, as it contains a higher proportion of essential sulfur amino acids 

compared to Chlorella, Spirulina, and soybean protein 67. 

In this work, it has been decided to assess the photoautotrophic growth of G. sulphuraria strain 

074W, one of the most performant autotrophic strains 43, to show the versatility of the presented 

PBR to investigate and achieve high biomass growth even with extremophiles, far from common 

green microalgae. 

After 16 days of cultivation, the cells reached a final concentration of 3.28 g L-1 (Fig. 8B.). The 

analysis of the growth curves showed a mean daily volumetric productivity Px of 0.22 g L-1 d-1 ± 

0.03 (n = 3). Although the observed Px may seem quite low compared to other reported autotrophic 

batches 41,69, it is noteworthy pinpoint that the light intensity used is relatively low as well as, to 
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the authors’ knowledge, this work is one of the few studies where G. sulphuraria growth was 

conducted at real scale. Indeed, the biomass yield on light energy was found to be on average 0.45 

g molph
-1 during the exponential phase, a value in accordance with what has been found by Canelli 

and co-authors 70 in a 17 L annular column PBR (G. sulphuraria strains ACUF 064 and SAG 

108.79), and close to the highest (0.5 – 0.65 g molph
-1) reported for G. sulphuraria (ACUF 064 and 

074G)  grown in autotrophic conditions at lab-scale 41,67,69. Taken together, the results obtained 

show the potential of the presented PBR prototype to achieve relatively high biomass 

concentrations, at a real scale, with more microalgae belonging to different phyla.  Furthermore, 

the adopted strategy for the wavelength-specific spectra composition turned out to effectively 

achieve comparable yields on light obtained at the lab scale, especially considering G. sulphuraria. 

This aspect is relevant as, considering the cost of artificial lights, the possibility of choosing the 

optimal wavelengths according to the microorganisms’ quantum requirements may strongly 

reduce the energy losses associated with, e.g., blue-to-yellow light conversion in white LEDs, and 

the overall electric input.  Nevertheless, the authors are in accordance with the fact that, due to the 

increase of the overall costs and the negative energy balances, the electrical energy required for 

microalgae cultivation employing artificial light should be generated as ‘green’ energy instead of 
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that derived from exploiting fossil fuels 17, or alternatively be used in compensation of sunlight to 

ensure a 24h production.

Figure 8: Photoautotrophic batches. A. Biomass concentration of Acutodesmus obliquus in the flat panel photobioreactor. B. 
Biomass concentration of Galdieria sulphuraria in the flat panel photobioreactor. Squares represent the dry weight measurements 
± standard deviation (n = 2 A. obliquus, n = 3 G. sulphuraria). The dotted lines represent the third-degree polynomial interpolation 
(R2 = 0.999 A. obliquus, R2 = 0.997 G. sulphuraria) obtained with the software OriginPro8.5®.

CONCLUSION

In conclusion, the detailed characterization of a novel flat-panel PBR equipped with a LED 

lighting system is proposed. From the CFD analysis, it has been observed that the system 

hydrodynamics has several peculiar features which must be expected to determine the statistics of 

light and flow field sampling by the microalgae. In the mixing tank, two main regions of interest 

were observed: a vortex occupying almost completely the bulk of the tank, and a rather large lateral 
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by-pass current traveling directly from the inlet to the outlet, counting for approximately 30% of 

the inlet flow and having a short residence time compared to what is obtained under perfectly 

mixed conditions. Also, the flat panel was seen to have a peculiar feature: close to the passage hole 

between two subsequent channels, the fluid was accelerated and two vortical regions were 

observed, causing the axial dispersion of the particles and a distinctive behaviour of the distribution 

of the residence times. Overall, the CFD analysis returned several useful indications for the 

technical optimization of the system and put the basis for a few further studies. Among these, the 

use of internal baffles or deflectors of the fluid flow will be considered, as these can improve the 

mixing and mass transfer performance of the equipment. 

The PBR has been equipped with a peculiar LED system capable of unpacking the entire visible 

spectrum. The possibility to dynamically change the light spectrum and intensity allows a high 

degree of customization of the cultivation process. This has been demonstrated by cultivating two 

completely different microalgae strains characterized by different growth parameters and spectral 

requirements. The biomass concentrations and yields achieved with both the strains, for which 

specific spectra were built, were perfectly in line with the data reported in the literature. These 

highlight the effectiveness of the adopted strategy for light management, which includes precise 
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control of the light intensity and wavelength, and showcase the high efficiencies achieved by the 

PBR, with still ample room for improvement also considering the low light intensities applied. The 

peculiar light management features would also open the investigation of wavelength-specific 

effects on biomass composition at a pilot scale. The PBR’s hardware components, equipped with 

the multi-probes system – transductor - integrated PLC connections, make this prototype already 

suitable for remote monitoring and control of cultivation parameters to incorporate the Internet of 

Things (IoT). This aspect is becoming relevant as both academic research and industry are 

gradually moving towards process automation and remote operation. Future research will focus on 

advance optimizing the PBR design and exploring the economic viability of scaling up the system 

for commercial production.

ASSOCIATED CONTENT

Supporting Information. Table S.1: LEDs technical specifications extrapolated from the 

producers’ technical sheet; Figure S.1: The geometry of the tank and some detailed views of the 
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mesh used for the simulations; Figure S.2: The geometry of the alveolar flat panels with details 

on the hydraulic direction change section.
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FOR TABLE OF CONTENTS USE ONLY

SYNOPSIS 

Advanced PBR with LED lighting optimizes microalgae growth, cuts costs, enables 24h 

production, and aligns with sustainability principles in closed systems.
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