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ARTICLE INFO ABSTRACT

Keywords: The optimization of radiation transfer in a mixed culture of purple phototrophic bacteria (PPB) inside a pho-
Purple phototrophic bacteria tobioreactor (PBR) is crucial for maximizing growth efficiency and resource recovery. In this study, the optical
Photobioreactor

behavior of PPB mixed cultures was characterized from 300 nm to 1100 nm at different incident light intensities
of 10 W-m’z, 20 Wom’z, 40 Wom’z, and 60 Wom’z, and at different biomass concentrations. Experimental data
were processed via empirical and Monte Carlo methods to determine the optical properties. Various models,
namely the Beer-Lambert law, the two-flux approximation model, and computational fluid dynamics (CFD)
simulations, were then applied to describe the radiation transfer inside the PBR. Among the most relevant results,
the adaptation of absorption peaks as a function of light intensity was observed. Moreover, the scattering effect
was found to be non-negligible, characterized by a strong non-isotropic nature. Although the scattering effect
was significant, the results showed that the Beer-Lambert law can effectively describe the light attenuation
profiles, resulting in irrelevant errors in calculating the light intensity at each layer of the PBR compared to the
two-flux approximation model and CFD simulations, in turn characterized by higher computational costs.
However, simpler models could lead to higher values for the local volumetric rate of photon absorption along
different layers, especially at lower concentrations. Finally, the results suggest that flat-plate PBRs illuminated
from both sides can be an effective solution for PPB systems compared to raceway ponds, mainly due to the
enhanced two-sided short-path light penetration.

Radiation transfer

Optical properties

Local volumetric rate of photon absorption
Computational Fluid Dynamics

1. Introduction (PBRs) exposed to artificial light [4]. To enhance microbial kinetics in

PBRs, the optimization of radiation transfer is crucial: light must be

The high potential of purple phototrophic bacteria (PPB) to be
applied in biotechnologies for simultaneously treating waste streams
and recovering valuable resources such as carotenoids, single-cell pro-
teins, polyhydroxyalkanoates, and fertilizers has been recognized for
many years [1-3]. Due to their ability to exploit light as a source of
energy, PPB biomass yields can approach unity (in terms of COD
removed), maximizing the recovery potential [4]. PPB collect light in
the visible spectrum (400 — 600 nm) through a variety of carotenoids [5]
and in the near-infrared spectrum (NIR; primarily around 800-900 nm)
through bacteriochlorophylls [6].

So far, PPB have commonly been cultivated in photobioreactors
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delivered at the proper wavelength, intensity, and duration. High light
intensities can cause photooxidation and photoinhibition, while low
values can hinder growth [7]. In addition, for process design and
operation, the light intensity distribution in PBRs is of paramount
importance. Besides the optical characteristics of treated wastewater,
the attenuation profile of light intensity is determined by the suspension
of photosynthetic microorganisms, which also depends on their con-
centration [8]. In fact, light intensity is reduced along the irradiation
path due to the occurrence of optical phenomena (absorption and
scattering) determined by the constituents of the aqueous medium and
the PPB cells [8,9]. Therefore, in view of effective process application, it
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is essential to properly assess the radiation transfer within PBRs, which
is usually done by mathematical modelling tools [10].

To date, most modelling efforts related to radiation transfer in pho-
totrophic engineered systems have been performed on microalgae [11],
with such research demonstrating that it is the primary factor that re-
stricts the productivity of PBRs [12]. While these investigations can be
considered as the starting point for the development of PPB-based bio-
technologies, their results cannot be directly extrapolated as the phys-
ical and biochemical processes of microalgae and PPB differ
significantly, and their adaptation is needed [10,13].

In the view of modelling photo(bio)chemical systems, the radiative
transfer equation (RTE) is typically used to describe the radiative fields
in a participating medium [14]. To solve the RTE in a photo(bio)
chemical reactor, the estimation of optical properties such as the ab-
sorption coefficient, scattering coefficient, and scattering phase function
is required [15]. This information is further utilized in deterministic or
stochastic models to compute the radiation intensity and the local
volumetric rate of photon absorption (LVRPA), the latter being the
number of photons absorbed in a unit of volume medium and in a unit of
time. Such variables are the critical parameters relating the radiation
distribution to the local reaction kinetics [16].

The RTE can be solved using a variety of different modelling ap-
proaches, such as the Beer-Lambert law, the two-flux approximation
model, and the discrete ordinate method (DOM) [17]. Among the
various methods, the Beer-Lambert law is the most widespread for
modelling microalgae PBR [18,19]. It accounts for one-directional light
attenuation through the culture, and irradiance at any point inside the
PBR can be computed as a function of incident light intensity, optical
path, and biomass concentration [11]. However, the most significant
drawback of the Beer-Lambert law is that it does not account for the
scattering effect, which has been determined to be non-negligible for
algal biomass concentrations above 100 mgeL ™' dry weight [20]. In
such cases, instead of using the Beer-Lambert law, which aggregates
both absorption by pigments and light scattering by cells, a
two-parameter model is required [21]. In particular, the two-flux
approximation model can be used as a method to account for both
light absorption and scattering [12]. More specifically, the two-flux
approximation model is derived from the assumptions of Schuster
[22], and many authors have utilized this model to compute the irra-
diance field in PBRs due to its strong predictability for both flat-plate
[23] and tubular PBRs [13]. In addition, more precise models have been
applied to simulate the distribution of light inside PBRs. For instance,
the Monte Carlo method has been employed because of its accuracy and
simple application [24]. On the other hand, computational fluid dy-
namics (CFD) has emerged as an accurate method for determining the
distribution of radiation intensity in complex geometries [25], although
at high computational costs.

Currently, the modelling of the radiation transfer within PBRs
applying PPB-based biotechnologies remains relatively understudied, as
well as the determination of the related parameters describing the
relevant optical properties, and only a few studies have been conducted,
leaving a noticeable gap in the understanding of the phenomena that
impacts radiation transfer. Although the optical characteristics of PPB
mixed cultures have yet to be investigated, Berberoglu and Pilon [29]
conducted experimental measurements on the optical properties in a
hydrogen-producing PPB pure culture [26]. The results showed that
scattering was not negligible, and the scattering phase function
demonstrated a pronounced peak in the forward direction. These out-
comes suggest that it is important to accurately describe the optical
behavior to predict the light attenuation inside PBRs. Then, Capson-Tojo
et al. [10] utilized different models to represent light attenuation in PPB
PBRs. In this case, the optical characteristics of PPB mixed cultures were
not experimentally measured but determined through modelling
regression. The results showed that the term accounting for light scat-
tering had minimal effect on light attenuation, with a value of approx-
imately zero.
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In the present research work, a combined experimental and model-
ling approach has been developed to investigate the radiation transfer in
flat-plate PBRs for PPB mixed cultures to refine the observations found
in the literature, trying to elucidate the missing elements (such as the
importance of scattering in PPB systems). First, the optical behaviour of
PPB mixed cultures grown on acetate at the laboratory scale was
determined from 300 nm to 1100 nm at different incident light in-
tensities ranging from 10 Wem ™2 to 60 Wem ™2 and different PPB con-
centrations (40 mgTSSeL ! — 320 mgTSSeL ™ 1). Experimental data were
then processed via empirical and Monte Carlo methods to determine the
optical properties, as the optical behaviour of PPB mixed cultures had
not been previously studied, to the best of the authors’ knowledge. Then,
various existing models, namely the Beer-Lambert law, the two-flux
approximation model, and CFD simulations, were applied and
compared to describe the radiation transfer inside the PBR. Finally, the
influence of the most relevant operating conditions (PPB concentration
and light intensity) on PBR performance was assessed with the aim of
identifying guidelines for optimal system design and operation.

2. Material and methods
2.1. PPB enrichment

A mixed culture of PPB was enriched from an environmental sample
collected from a pond in a peri-urban wetland in the Milan area
(Northern Italy). Briefly, PPB enrichment was carried out using a 5.6-L
cylindrical glass reactor fed with modified Ormerod medium [26], in
which biotin, ammonium sulfate, and malic acid were substituted with
yeast extract (0.015 mgoL’l), ammonium chloride (150 mgNoL’l), and
sodium acetate (1500 mgCODeL ™), respectively. To avoid and mini-
mize the production of hydrogen within the enrichment PBR, the ratio
between COD and N was kept around 10, and the pH was adjusted to 7.
The PPB enrichment was performed under anaerobic conditions at
30 + 1 °C, illuminated with a monochromatic LED strip (Waveform
Lighting) at a wavelength of 850 nm attached to the external surface of
the enrichment PBR. An opaque box was used to cover the enrichment
PBR to avoid the penetration of ambient light, and homogeneous mixing
conditions within the PBR were ensured by a magnetic stirrer. After one
week, when the appearance of a marked purple color was observed, 1/3
of the volume was decanted and replenished with fresh synthetic me-
dium. The process continued until a deep purple culture was generated,
which was used as inoculum for the batch experiments.

2.2. Experimental setup for batch growth

A lab-scale irradiation setup (Figure S1) was constructed to investi-
gate the impact of four different incident light intensities (10 Wem 2,
20 Wem ™2, 40 Wem 2, and 60 Wem 2) on a mixed culture of PPB at
controlled temperature (30 + 2 °C) and pH (7 + 0.1). It is worth
mentioning that on clear days at sea level, solar irradiance can peak
around 1000 Wem™2, with about 28 % in the near-infrared range [27].
Although the intensities used in this study are lower, they are realistic
due to natural sunlight reduction. Atmospheric scattering can decrease
direct and diffuse light by 17 %, with additional cuts up to 30 % based on
latitude. Cloud cover may further reduce irradiance by 65 %, and culture
orientation relative to the sun can lower it by another 50 % [28]. Thus,
PBRs in real conditions often receive much less light than the theoretical
maximum. All experiments were conducted in triplicate in an opaque
box to prevent interference from other light sources. The setup included
a control system to adjust the light intensities and to keep the temper-
ature constant. Two wooden panels were mounted vertically close to the
internal walls of the box and equipped with 12 LED strips each (Wave-
form Lighting), emitting a uniform monochromatic (850 nm) radiation
field towards the center of the box from each vertical panel. To enable
parallel testing at different intensities, black cardboard was inserted
between panels to create two distinct radiation zones. Six flat flasks
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made of transparent polystyrene, each with a volume of 316.5 mL, a
surface area of 75 cmz, a flask thickness of 3.3 cm, and a wall thickness
of 1.5 mm, were used. The flasks were capped to maintain an anaerobic
environment, and a multi-magnetic stirrer provided continuous and
homogeneous mixing during the experiments. The incident light in-
tensity on the surface of the flasks was measured by a calibrated radi-
ometer (ILT 1400, International Light).

2.3. Estimation of optical properties

2.3.1. Sample preparation

The content of flasks for PPB batch growth was collected and
centrifuged for 20 min at 4000 rpm (IEC CL 10 centrifuge, Thermo
Scientific). After discarding the supernatant, the biomass was washed
and then suspended in a phosphate buffer saline (PBS) solution,
providing a non-absorbing and non-scattering medium [29]. The
composition of the PBS solution was 8 geL ™! NaCl, 0.2 geL™! KCl,
0.61 geL ™! NayHPOy4, and 0.2 geL ! KH,PO4. The pH of the PBS solution
was adjusted to 7 using HCl 3 M. Then, different PPB concentrations,
ranging from 40 mgTSSeL ™! to 1500 mgTSSeL ™!, were prepared by
dilution using the PBS solution. The higher biomass concentrations up to
1500 mgTSSeL ™! were obtained following the methodology described
by Capson-Tojo et al. [10]. The total suspended solids (TSS) content was
determined via a standard curve based on the optical density (ODgg) at
660 nm (reported in Eq. 1) by diluting the PPB batch cultures at the
stationary phase. The TSS content was measured according to Standard
Methods [30] during the preparation of the standard curve, while the
ODgso was measured by a spectrophotometer (Hach-Lange, model:
DR6000) using 1-cm pathlength glass cuvettes (Hellma Analytics).

TSS = 459.22 * ODggpo; R? = 0.9976 (9]

2.3.2. Optical measurements

Sample transmittance (T) was characterized between 300 nm and
1100 nm with a spectrophotometer (Hach-Lange, model: DR6000),
using 1-cm pathlength glass cuvettes (Hellma Analytics). Sample diffuse
transmittance (%T) and diffuse reflectance (%R) were measured
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Fig. 1. (a) The experimental setup for diffuse transmittance and (b) diffuse
reflectance measurements.
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according to the configurations shown in Fig. 1, with a spectropho-
tometer equipped with a 15-cm-diameter integrating sphere (Lambda
900 UV/VIS/NIR, Perkin Elmer). A 2-mm pathlength quartz cuvette
(Hellma Analytics) was used as a sample holder, and the measurements
were performed for wavelengths ranging from 300 nm to 1100 nm.

2.3.3. Data processing

Two approaches were used for the measured data. The first approach
used in this study is based on the empirical method described by Ber-
beroglu and Pilon [29]. Egs. 2 — 4 were utilized to determine the
extinction coefficient (p,), absorption coefficient (x;), and scattering
coefficient (c;) for each sample and wavelength with their specific
values, respectively. To address the impact of cuvette-based reflection
and refraction, measurements were conducted relative to the trans-
mission spectrum of the cuvette containing only PBS.

_ 1 T x ._ B
b= t ln(Tx.PBs,*) A= X @
_ 1 %T,x K
K, = : In (0/"T)..PBS> , K= X 3)
c
G=h-m . o= “

Where t corresponds to the thickness of the cuvette used for the mea-
surements, i.e., 1 cm for T and 0.2 cm for %T, T) pgs and %T) ppg are the
transmittance and diffuse transmittance of PBS alone in the cuvette, and
T),x and %T), x are the transmittance and diffuse transmittance of the
PPB suspension with a specific concentration X.

The second approach employed in this study for determining the
optical properties was based on the Monte Carlo method (MCM), which
solves a one-dimensional, one-directional radiation transport model,
following the methodology reported previously [31]. With this
approach, it was possible to obtain f;, x; and o¢;, and the asymmetry
factor (g;). The asymmetry factor was determined by averaging the
values obtained in MCM for samples with different PPB concentrations.
Having defined the asymmetry factor, it is possible to use it for the phase
function that accounts for scattering in CFD simulations, which is
essential for describing non-isotropic situations. In this work, the
Henyey and Greenstein (HG) phase function was used.

2.4. Radiation transfer modelling

As the first approach to describe the light distribution within the
PBRs, the Beer-Lambert law, as the simplest model, was applied ac-
cording to Eq. 5:

I, = Ih-exp(—&-X-2) (5)

Where I, (Wem ) is the light intensity of the beam after a path length of
z (cm) through the medium, Iy (Wem™2) is the incident light intensity at
the surface of the PBR, ¢ (mz'g’l) is the mass extinction coefficient, and
X (gom’3) is the biomass concentration.

Subsequently, to consider both light absorption and scattering by
cells, a two-flux approximation model was employed to provide an
analytical solution. Since the lab-scale PBR was designed to have inci-
dent radiation only on one side of each reactor, Eqs. 6, 7, and 8 were
applied in all four experiments at different light intensities to obtain the
specific absorption coefficient (E,) and the specific scattering coefficient
(Es) [23]. These values were estimated by using the Curve Fitting
Toolbox in MATLAB.

I, 4a,;

= (6)
I (14a) e —(1—aq)’e

E,
" VE+E @
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ay = (E, + E;)-a1- X2 (8)

Where E, (mzog‘l) is the specific absorption coefficient, and Eg (mzog‘l)
is the specific scattering coefficient.

Once the light attenuation was estimated by assuming a well-mixed
condition, the average light intensity along the reactor that each bac-
terium could receive was obtained according to Eq. 9 [19]:

1 L
Iaverage = Z/O I(Z)dz )

Where Iayerage (Wem™2) is the average light intensity, L (m) is the total
light path length, I (z) (Wem™2) is the light intensity at each length step,
and dz (m) is the different length steps.

Finally, CFD simulations were used as the most accurate approach for
modelling the radiation transfer in this study. A two-dimensional ge-
ometry design was created using Ansys SpaceClaim (version 2021 R2),
which includes the flask (90 mm x 36 mm) with a thickness of 1.5 mm
and the PPB culture inside the flask (87 mm x 33 mm). This setup is
surrounded by a 100 mm x 46 mm space (air), through which light
emitted from LEDs enters via an inlet radiation boundary (see Figure S2
(a) in Supplementary Material). Following the geometry generation,
quadrilateral meshes were created using Ansys Meshing (version 2021
R2) to obtain a precise distribution of light within the PBR. To ensure
adequate grid resolution, a grid independence analysis was conducted
using two structured grids consisting of 18,400 and 51,380 quadrilateral
elements. Simulation results indicated that the difference between the
two grids was less than 1 %. Based on these findings, it was concluded
that the grid with 18,400 elements adequately represents the case under
study. However, the grid with 51,380 elements (see Figure S2 (b) in
Supplementary Material) was chosen for all simulations to provide
enhanced resolution. The basic governing conservation equation for
describing radiation transfer is the RTE. The basic RTE at position r, in
the direction s, can be written as [32]:

s
di(rs) _ 5~ (k + 0,) L, (r,s) + 22 / L(r.s) -, (s,8)deY (10)
ds 4z Jo

Where the phase function @ (s, s) accounts for scattering from the di-
rection s' to the direction s and determines the fraction of in-scattering
radiation.

The left side of Eq. 10 shows the change in radiation intensity along a
direction. On the right side, the first term is positive and represents
black-body radiation. The second term is negative, indicating attenua-
tion from absorption and scattering, which are key aspects of this study.
Finally, the last positive term accounts for in-scattering through the
phase function. Since the DO model has emerged as one of the best so-
lutions for solving the RTE [32], it was used to simulate the light dis-
tribution within the lab-scale PBR. The DO model effectively solves the
RTE by using a finite number of discrete solid angles, defined by
appropriately setting the parameters for angular discretization, for
which a value of 5 was identified as appropriate. This choice was based
on preliminary simulations that tested various levels of angular dis-
cretization. A setting of 5 provided a balanced compromise between
computational cost and accuracy, as increasing the discretization
beyond this value did not yield significant improvements in accuracy but
resulted in higher computational demands. Moreover, the radiative
output of the LEDs was characterized by non-gray radiation, with
wavelengths falling within the range of 845nm to 855nm. A
semi-transparent boundary condition type was assigned for all the
reactor walls and the inlet radiation boundary, while an opaque
boundary condition type was set for the other walls, with an internal
emissivity and diffuse fraction equal to one. Direct irradiation was
applied to the radiation boundary, and it was calibrated to have the
same irradiance on the surface of the flask. For describing the distri-
bution of light in the PBR, the optical properties obtained in this study
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for different PPB concentrations grown under different incident light
intensities were utilized as initial conditions. Moreover, a linear aniso-
tropic scattering phase function and refractive index of 1.3 were
assigned for the simulations. To achieve accurate solutions, the
maximum achievable number of iterations and convergence tolerance
were fixed at 250 and 107°, respectively.

After obtaining the light distribution within the PBRs, it is possible to
determine the LVRPA expressed in Einsteinem es™!. For mono-
chromatic light intensity at 850 nm, it can be calculated according to Eq.
11:

LVRPA = 1(z)-1-0.836-10 5-A an

Where A (nm) is the wavelength equal to 850 and A (m™) is the
absorbance at 850 nm.

3. Results and discussion
3.1. Characterization of the PPB mixed culture

The process of enriching PPB using the modified Ormerod medium
consistently resulted in a color change within approximately a week. By
replacing one-third of the enrichment reactor with fresh synthetic me-
dium on a weekly basis, a remarkable intensification of color density
was observed, until reaching a stationary situation (1.2 gTSSeL™!) in
about 2 weeks. Upon analysis of the samples taken, distinctive absorp-
tion peaks emerged around the wavelength range of 400 nm — 550 nm
related to the carotenoid content responsible for the change in color.
Furthermore, peaks at 590 nm, 805 nm, and 865 nm indicated the
presence of PPB bacteriochlorophylls. These peaks have been observed
for batch experiments under different incident light intensities applied.

3.2. Determination of optical properties

The extinction, absorption, and scattering coefficients were deter-
mined for different PPB concentrations ranging from 40 mgTSSeL ! to
320 mgTSSeL ™! by the two approaches described in Section 2.3.3.
Subsequently, these coefficients were normalized based on the corre-
sponding concentrations, obtaining the specific extinction, absorption,
and scattering coefficients as defined previously. Fig. 2(a) — (f) show the
results obtained from the sample with different PPB concentrations for
incident light intensity of 10 Wem ™2 over the spectral range from
300 nm to 1100 nm.

As shown in Fig. 2, the optical properties obtained by the two pro-
cedures were roughly equal over the entire spectral range from 300 nm
to 1100 nm. This similarity was consistent for all incident light in-
tensities considered in this study, as shown in Supplementary Material
(Figures S3 — S5). As can be observed, there are two absorption peaks in
the NIR region due to the presence of PPB bacteriochlorophylls, whereas
peaks in the visible range can be attributed to the presence of caroten-
oids, being such results in agreement with literature [33-35]. As ex-
pected, an increase in absorption and scattering coefficients was noticed
with increasing the biomass concentrations (Fig. 2(c) and (e)). Upon
normalizing these coefficients with their corresponding concentrations,
the specific extinction, absorption, and scattering coefficients were
determined, aligning closely along a single line. This shows the inde-
pendence of specific coefficients from PPB concentration, as demon-
strated in Fig. 2(b), (d), and (f). It should be noted that for higher
concentrations of 700 mgTSSoLfl, 1000 mgTSSoLfl, and 1500
mgTSSoL’1 (data not shown), the results aligned with the trend
observed at lower concentrations. However, these higher concentrations
posed a challenge due to the settling of biomass during the measurement
process. This settling phenomenon caused inaccuracies, impeding the
precise determination of optical properties.

To better understand how various incident light intensities impact
the optical properties of PPB, it was essential to compare different
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Fig. 2. Spectral (a) extinction, (c) absorption, and (e) scattering coefficients, and the corresponding specific (b) extinction, (d) absorption, and (f) scattering co-

efficients measured at different PPB concentrations from 300 nm to 1100 nm at incident light intensity of 10 Wem

specific coefficients. For this purpose, Fig. 3(a) — (d) present the specific
extinction, absorption, and scattering coefficients obtained from the
empirical method, and asymmetry factor determined through the Monte
Carlo method, respectively, across light intensities of 10 Wem 2,
20 Wom’z, 40 Wom’z, and 60 Wem 2 in the spectral range of 300 nm —
1100 nm.

Fig. 3(b) highlights that the absorption peaks in PPB were not con-
stant throughout tests but rather varied depending on different incident
light intensities applied. In more detail, higher light intensities led to
lower specific extinction and absorption coefficients. Regarding the
peaks in the NIR region, a strong downward shift was observed at
incident light intensity of 60 Wem™2 in the light absorption of PPB
(Fig. 3(b)). This could be probably due to the occurrence of photo-
inhibition phenomena at incident light intensities above 40 Wem ™2, as
indicated by Shi and Yu [36]. Regarding the specific absorption

-2

coefficient measured at wavelengths from 300 nm to 600 nm, a decrease

in the light absorption of PPB was noted at incident light intensities of

40 Wem 2 and higher. Carotenoids in this wavelength region play a
vital role in photoinhibition protection [37]. When photoinhibition oc-
curs, the degradation of carotenoids takes place as defense mechanism
[38], leading to lower absorption coefficients from 40 Wem 2 onward.
Moreover, in a research work conducted by Cerruti et al. [39] under
different light intensities up to 350 Wem 2, lower photopigment con-

tents were observed by increasing light intensity. Indeed, under low
light conditions, the mass fractions of bacteriochlorophyll and carot-
enoid were 4.6 and 10 times higher, respectively, than those under high
light conditions. This suggests that light intensity could be used as a
controlling factor for guiding the photopigment content in PPB when
looking at the recovery of these compounds.

As shown in Fig. 3(c), the scattering is not negligible over the spectral
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300 nm to 1100 nm.

range from 300 nm to 1100 nm. This result is in line with PPB optical
properties measured by Berberoglu and Pilon for a pure culture of PPB
[29]. In contrast to absorption, no significant downward trends were
observed in scattering by increasing incident light intensities.

Fig. 3(d) illustrates that the asymmetry factor was close to one for all

the considered wavelengths at different incident light intensities. These
values indicate that forward scattering was the primary occurring phe-
nomenon and confirm the assumptions of Berberoglu and Pilon [29], in
which forward scattering prevailed. In more detail, the asymmetry
factor equals 0.9 at A = 850 nm. The strongly scattered behavior of PPB
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is comparable with that of other photosynthetic microorganisms, such as
microalgae [40].

As mentioned earlier, the specific coefficients are independent of PPB
concentrations. Therefore, the extinction, absorption, and scattering
coefficients for any known concentration can be easily obtained. To
further investigate the variation in optical properties of PPB under
different incident light intensities at a wavelength of 850 nm, f*gs,
k*gs0, and o*gsg, are reported in Table 1. Although this is the first
measurement of radiation characteristics for PPB mixed cultures under
different incident light intensity conditions and there are no literature
values for directly comparing the results, the obtained values seem to be
higher compared to previous work experimentally measured the optical
properties for a pure culture of PPB [29]. This can probably be attributed
to the significant differences in the microbial community and operating
conditions for the reference study, i.e. a pure culture of PPB grown by
applying incident light intensity of 2000 lux — 3000 lux (16 Wem ™2 —
24 Wem?) provided by a tungsten light bulb.

3.3. Radiation transfer modelling

To obtain the light intensity profiles for various PPB concentrations
at different incident light intensity and biomass concentration condi-
tions, various modelling approaches considered in this study were
applied. For the Beer-Lambert law, as previously discussed, Eq. 5 was
used to estimate the attenuation profiles based on the estimated
extinction coefficients and concentrations at different incident light in-
tensities. Meanwhile, for the two-flux approximation model, curve
fitting to experimental data at different incident light intensities was
applied and the specific coefficients for absorption (E,) and scattering
(Es) were estimated, as shown in Table 2.

The two-flux approximation model showed high goodness-of-fit with
respect to experimental data, resulting in a difference of values below
1 % in most cases and always less than 5 % (data not shown). The
specific absorption and scattering coefficients obtained using this model
were higher than the ones experimentally determined in this study (see
Section 3.2). This could be attributed to the simplified assumptions
considered in this model for two parameters related to light absorption
and scattering to effectively describe experimental data depending on
the hypothesis of isotropic scattering. However, the estimated values for
E, were within the range of 0.335 — 20 m2eg ™! reported in the previous
research works [10,13], and the estimated values for E; were compa-
rable to the value obtained by Ross and Pott [13]. Moreover, the effect of
different incident light intensities on the estimated values by this model
was evident, showing that higher incident light intensities led to lower
coefficients as observed in optical properties measurements.

For CFD simulations, the experimentally estimated values of radia-
tion characteristics were utilized to obtain the light attenuation profiles
at different incident light intensity and biomass concentration condi-
tions. Fig. 4(a) — (d) show attenuation profiles determined by these three
models for incident light intensity of 10 Wem™2 at different biomass
concentrations. It should be noted that to validate the CFD model, a set
of simulations was performed using only extinction coefficients as input
parameters. By considering these coefficients, the accuracy of CFD
model in predicting light attenuation was tested against the Beer-
Lambert law. The results demonstrated that the CFD model could
replicate the Beer-Lambert law, confirming its reliability in capturing

Table 1
Specific extinction, absorption, and scattering coefficients for different incident
light intensities at A = 850 nm determined via empirical method.

1 (Wem™2) Paso (mZeg™) Kjs0 (m%eg™1) 650 (mZeg™)
10 0.6180 0.2780 0.3400
20 0.5941 0.2558 0.3383
40 0.5187 0.2536 0.2651
60 0.4531 0.1884 0.2647
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Table 2

Specific absorption and scattering coefficients for different incident light in-
tensities at A = 850 nm determined via two-flux approximation model regres-
sion of experimental data.

I (Wem™3) E, (m*eg™") E (m*eg™")
10 0.3960 0.3972
20 0.3763 0.3902
40 0.3482 0.3620
60 0.3216 0.3427

light absorption behaviors based on extinction coefficients (data not
shown).

As shown in Fig. 4(a) — (d), all three different models had the same
trend in estimating light attenuation profiles throughout the flasks at
different biomass concentrations. The light was slightly less attenuated
for the two-flux approximation model and CFD simulations compared to
the Beer-Lambert law for lower concentrations (Fig. 4(a) and (b)).
However, as biomass concentration increased, this difference became
negligible (Fig. 4(c) and (d)), indicating that the Beer-Lambert law and
the two-flux approximation model could effectively predict the light
attenuations inside the PBR. The observed trends highlight that due to
the complex RTE solved by CFD simulations, resulting in high compu-
tational costs, the use of the Beer-Lambert law as the simplest and easiest
modelling approach is a good option for estimating radiation transfer for
PPB. This is consistent with the findings of Capson-Tojo et al. [10],
suggesting that the Beer-Lambert law was effective in predicting light
attenuation. In addition, as light penetrated the PBR containing a PPB
suspension, there was a decrease in the light intensity with increasing
the light path, which was due to the light absorption and shading effect
of the culture. For concentrations lower than 160 mgTSSoL’1 (Fig. 4(a) -
(c)), the entire reactor was illuminated, while for concentrations higher
than 320 mgTSSeL ™!, approximately half of the reactor received an
almost null amount of light. The same results were observed for the
other incident light intensities at different concentrations (shown in
Figures S6 — S8 in Supplementary Material). It should be noted that by
increasing incident light intensities from 10 Wem ™2 to 60 Wem 2, the
amount of light that reached the deepest part of the reactor at concen-
trations of 320 mgTSSeL ! was higher (Fig. 4(d), S5 (d), S6 (d), and S7
(d)). As an additional element showing the light distribution in the
flasks, the contour plots of light intensity obtained from CFD simulation
for incident light intensity of 10 Wem 2 are shown in Figures S9 (a) - (d)
of Supplementary Material.

These results suggest the importance of proper design of PBRs for
ensuring that light penetrates deeply enough to reach all bacterial cells,
especially in dense cultures. In addition, selecting a proper light in-
tensity to optimize light distribution throughout the reactor volume is
essential for efficient biomass growth and preventing the formation of
dark zones where bacteria might not receive sufficient light. Based on
the results obtained in this study, the maximum light penetration path
with monochromatic light at 850 nm from one side was below 4 cm.
This suggests that raceway ponds used for microalgae with a depth of
20cm - 30 cm are not suitable applications for PPB-based bio-
technologies, as light would not reach these depths. This is in line with
the results of Capson-Tojo et al. [10], as the study tested the effect of
PBR configuration on light attenuation using polychromatic light in-
tensities in the range of 600 Wem ™2 to 800 Wem 2 and concluded the
maximum depth for a PPB raceway pond should be below 5 cm. In
contrast, flat-plate PBRs are ideal for light-dependent processes due to
their thin culture layer and large surface area, which ensure maximized
light penetration and uniform light distribution compared to other PBR
configurations, such as tubular or cylindrical reactors. However, it is
important to note that while a shallower depth may allow for higher
light availability and cell density, the overall production might be
limited due to the reduced culture volume. To increase the overall
production and overcome the formation of dark zones for high PPB
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concentrations in flat-plate PBRs for having a deeper light path, light can
be applied from both sides, potentially allowing for a maximum light
penetration path of approximately 10 cm.

To have a better understanding of the average light available
throughout the experiments, Fig. 5(a) — (d) compare the average light
intensity obtained by the applied models, evidencing higher values for
CFD simulations in most cases. This is due to the complex RTE solved by
CFD that precisely considered all the phenomena (absorption and scat-
tering) occurring in the PPB suspensions. In particular, it was observed
that as PPB biomass concentrations increased, the difference between
each model (specifically the Beer-Lambert law and the two-flux
approximation model) and CFD simulations results increased in most
cases, with the percentage difference values within the range of 0.15 % —
17 % (data not shown). These results suggest that neglecting scattering
effect and using Beer-Lambert law for its simplicity, as suggested else-
where, can lead to slightly lower values for the average light intensity,
hence determining errors when applying such values for model param-
eter estimation.

3.4. Perspectives on biochemical kinetic modelling

Although the estimation of biochemical kinetic parameters is beyond
the scope of this study, it is crucial to emphasize the importance of
identifying the proper approach to include light intensity in kinetic
models to accurately represent PPB growth. One approach is to consider
the light intensity at the reactor wall or at the raceway top surface as a
constant model input value, as it has been done by Puyol et al. [41].
However, although this approach resulted in a good fitting of the

experimental data for parameter estimation, it is not realistic as light
strongly attenuates crossing the PPB suspension due to a combination of
optical phenomena, as it was clearly observed also in the present
research work. To address this issue, simple models such as the
Beer-Lambert law can be integrated in the biochemical kinetic model-
ling to describe the light attenuation by applying the average light in-
tensity value for parametric estimation, as reported in Capson-Tojo et al.
[42]. This approach is more realistic as the light attenuation is consid-
ered. However, the description of the irradiation conditions along the
PBR thickness is needed to account for photoinhibition phenomena, thus
highlighting the importance of integrating the light attenuation model
inside the biochemical kinetic model.

In addition to this, the direct use of light intensity as an input in
biochemical kinetic models, being a common practice in most modelling
applications on phototrophic microorganisms, is possibly critical in case
of highly scattering systems. In particular, the biochemical kinetics for
PPB growth depend on the actual fraction of energy that is absorbed by
photosystems, which is not proportional to the incident light intensity
when scattering is non-negligible. In fact, the absorbed energy differs in
principle from computed light intensity at each PBR location and is more
effectively described by the LVRPA. Fig. 6(a) — (d) show the LVRPA as a
function of the PBR thickness for incident light intensity of 10 Wem 2
and different biomass concentrations. Such results enable the compu-
tation, and thus the comparison, of the absorbed energy predicted by
applying each radiation transfer model. As can be seen, the absorption of
photons inside the PPB suspension is not uniform, and not all the layers
within the reactor contribute equally to PPB growth, as their produc-
tivity depends on the availability of local photons. As expected, the
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LVRPA values obtained from the Beer-Lambert law are higher compared
to the other models. This is attributed to the fact that the Beer-Lambert
law aggregates the absorption and scattering phenomena as a single
value, while the other two models account for absorption and scattering
effects separately, resulting in lower values. However, as biomass con-
centrations increased, the difference between these models decreased.

These results highlighted that the Beer-Lambert law, although
effective in describing the light attenuation profile, can lead to errors in
calculating the energy absorbed by each layer inside the PBR at lower
concentrations. Nonetheless, given that PPB-based biotechnologies
often have biomass concentrations higher than 1 gCODoL’1 [4], the
difference between this model and CFD simulations could be less pro-
nounced. The same can be stated for the two-flux approximation model
although resulting in much more limited differences with respect to CFD
simulations, thanks to the empirical inclusion of scattering phenomena
in the computation. Therefore, a possible negative outcome of the
application of simplified radiation transfer models for integrating light
intensity into biochemical kinetic models is the case-specific nature of
estimated parameters, as the outputs obtained in the calibration pro-
cedure, although successful, could be conditioned by the specific setup
geometry or optical characteristics of the liquid medium. Such hypoth-
esis is in agreement with observations reported by Capson-Tojo et al.
[10]. The integration of scattering-aware radiation transfer models into
LVRPA-based biochemical kinetic models, as is commonly done for
other photochemical processes (i.e., photocatalysis) would represent an
effective solution to this problem.

Finally, Fig. 6(a) and (b) illustrate that for low biomass

concentrations, photons are absorbed along the entire light path of the
PBRs, while for higher biomass concentrations, a large portion of inci-
dent photons are absorbed in layers closer to the irradiated boundary,
with approximately half of the PBR not absorbing enough light energy
(Fig. 6(c) and (d)). This is a further demonstration that PPB biomass
concentration plays a crucial role in affecting the biochemical process by
influencing photon absorption rates. Similar trends were observed for
other incident light intensities considered in this study (see Figures S10 —
S12 in Supplementary Material). Again, these observations strengthen
the importance of adopting a multi-layer modelling approach based on
the actual absorbed energy at each PBR location.

4. Conclusions

This study investigated the optical properties of a mixed culture of
PPB and assessed the radiation transfer in a flat-plate PBR using the most
relevant models and comparing them with CFD simulations in a
controlled setup at different incident light intensities ranging from
10 Wem 2 to 60 Wem 2 and various PPB biomass concentrations. The
optical properties obtained by the empirical and Monte Carlo methods
yielded roughly equal results over the entire spectral range of wave-
lengths from 300 nm to 1100 nm. PPB grown with a light intensity of
60 Wem 2 showed the lowest specific absorption values at the peaks
over the entire spectral range of interest. The results showed that scat-
tering was significant in the mixed culture of PPB, with an asymmetry
factor of 0.9 for all the experiments at a wavelength of 850 nm, indi-
cating forward scattering as the prevailing phenomenon. When
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compared with the two-flux approximation model and CFD simulations,
the Beer-Lambert law was effective in describing radiation transfer
although it led to an overestimation of the LVRPA at lower concentra-
tions, as this model does not differentiate between absorption and
scattering phenomena. The maximum light penetration using a light
source from one side was found to be less than 4 cm. Consequently, flat-
plate PBRs emerged to be more effective for PPB-based biotechnologies
rather than raceway ponds since light can be provided from both sides,
reducing the formation of dark zones at larger depths. In conclusion, this
paper paves the way for selecting and applying appropriate models for
the integrated description of radiation transfer and biochemical kinetics
in PBR in the view of process scale-up. Further future research activities
should focus on understanding the influence of the optical properties of
the liquid medium and on extending the assessment to solar energy.
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