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Light attenuation in enriched purple phototrophic bacteria cultures: implications for modelling and re-
actor design, Water Research (2022), doi: https://doi.org/10.1016/j.watres.2022.118572

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2022 Published by Elsevier Ltd.

https://doi.org/10.1016/j.watres.2022.118572
https://doi.org/10.1016/j.watres.2022.118572


1 

 

Light attenuation in enriched purple phototrophic bacteria cultures: 

implications for modelling and reactor design 

Gabriel Capson-Tojo a,b,*, Damien J. Batstone a, Maria Grassino a, Tim Hülsen a 

 

a Advanced Water Management Centre, The University of Queensland, Brisbane, 

QLD 4072, Australia 

b CRETUS, Department of Chemical Engineering, Universidade de Santiago de 

Compostela, 15782 Santiago de Compostela, Galicia, Spain 

* Corresponding author: tel. +34 606 23 14 95, e-mail: gabriel.capson.tojo@usc.es 

 

Highlights 

 PPB absorb light at both NIR and VIS wavelengths 

 Light scattering did not affect attenuation 

 Pigments contributed considerably to attenuation via light absorption  

 The proposed model (based on Lambert-Beer) represented PPB growth 

accurately 

 Light penetration of 5 cm in concentrated cultures (≥600 g VS·m-3) 

 

Graphical abstract 
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Abstract 

Light attenuation in enriched purple phototrophic bacteria (PPB) cultures has not 

been studied, and its understanding is critical for proper process modelling and 

reactor design, especially for scaled systems. This work evaluated the effect of 

different biomass concentrations, reactor configurations, wastewater matrices, and 

growth conditions, on the attenuation extent of near infra-red (NIR) and ultraviolet-

visible (UV-VIS) light spectra. The results show that increased biomass 

concentrations lead to higher light attenuation, and that PPB absorb both VIS and 

NIR wavelengths, with both fractions of the spectrum being equally absorbed at 

biomass concentrations above 1,000 g COD·m-3. A flat plate configuration showed 

less attenuation compared with cylindrical reactors illuminated from the top, 

representative for open ponds. Neither a complex wastewater matrix nor the 

presence of polyhydroxyalkanoates (under nutrient limited conditions) affected light 

attenuation significantly. The pigment concentration (both bacteriochlorophyll and 

carotenoids) however, had a strong effect, with significant attenuation in the 

presence of pigments. Attenuation predictions using the Lambert-Beer law (excluding 
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scattering) and the Schuster model (including scattering) indicated that light 

scattering had a minimal effect. A proposed mathematical model, based on the 

Lambert-Beer law and a Monod function for light requirements, allowed effective 

prediction of the kinetics of photoheterotrophic growth. This resulted in a half 

saturation coefficient of 4.6 W·m-2. Finally, the results showed that in dense outdoor 

PPB cultures (≥1,000 g COD·m-3), effective light penetration is only 5 cm, which 

biases design away from horizontal lagoons, and towards non-incident multi-panel 

systems such as flat plate reactors. 

 

Keywords 

Nutrient recovery; Shading; Photoheterotrophy; Wastewater; Purple non-sulfur 

bacteria; Purple sulfur bacteria 

 

Acronyms and symbols 

ANOVA   Analysis of variance 

ATP   Adenosine triphosphate 

ASV   Amplicon sequence variant 

Atmax   Maximum attenuation observed  

BChl   Bacteriochlorophyll 

COD   Chemical oxygen demand 

DNA   Deoxyribonucleic acid 

Ea   Absorption coefficient  

ES   Scattering coefficient 

FIA   Flow injection analysis 

HRAP   High-rate algal pond 
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Iave   Average light intensity  

Iz    Light intensity at depth 

I0   Incident light intensity 

IN   Inorganic nitrogen 

IP   Inorganic phosphorus 

ka   Attenuation coefficient 

Kat   Empirical constant 

kM   Maximum specific uptake rate 

kM,I    Specific uptake rate at a given light intensity 

KI   Half-saturation coefficient for light 

KS   Half-saturation coefficient 

k’a   Apparent attenuation coefficient 

L    Total light path length 

LED   Light-emitting diode 

LHC   Light harvesting complexes 

NIR   Near infrared 

OD   Optical density 

PAnM   Photo-anaerobic model 

PAR   Photosynthetically active radiation 

PBR   Photobioreactor 

PFD   Photon flux density 

PHA   Polyhydroxyalkanoate 

PHB   Poly-β-hydroxybutyrate 

PHV   Poly-β-hydroxyvalerate 

PPB   Purple phototrophic bacteria 
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PWWTE  Poultry processing wastewater treatment effluent 

R2   Coefficient of determination 

rRNA   Ribosomal ribonucleic acid gene 

SCOD   Soluble chemical oxygen demand 

SCP   Single-cell protein 

TCOD   Total chemical oxygen demand 

TKN   Total Kjeldahl nitrogen 

TP   Total phosphorus 

TS   Total solids 

TSS   Total suspended solids 

UV   Ultraviolet 

VIS   Visible 

VS   Volatile solids 

VSS   Volatile suspended solids 

XPB   Biomass concentration 

Y   Biomass yield 

z   Depth 

 

1. Introduction 

Purple phototrophic bacteria (PPB) have been proposed as a potential mediator for 

resource recovery from wastewater, with a focus on the production of value-added 

products, such as polyhydroxyalkanoates (PHAs), carotenoids or biomass (e.g., as 

single-cell protein (SCP) or fertilizer) to balance the overall costs (Capson-Tojo et al., 

2020). Under anaerobic/illuminated conditions, PPB biomass is generated via 

anoxygenic photosynthesis, enabling the simultaneous assimilation of organics, 
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nitrogen, and phosphorus from waste streams via photoheterotrophic growth. Thanks 

to their ability to use light as energy source, PPB biomass yields (in terms of COD 

removed) close to unity can be achieved, which maximises the recovery potentials, 

while minimising dissipative resource losses (e.g., as CO2, N2 or metal-bound P). 

PPB transform light energy into chemical energy via light harvesting complexes 

(LHC) and reaction centres. LHCs are composed of bacteriochlorophylls (BChls) and 

a range of carotenoids. PPB utilise BChls for energy harvesting, with dominant 

absorbance wavelengths at over 800-900 nm, within the near infrared (NIR) 

spectrum (over 700 nm) (Saer and Blankenship, 2017). PPB have accessory 

absorption capabilities in the visible (VIS) range (around 400-700 nm) due to the 

presence of several carotenoids (which enable electron transfer to BChls) (Canniffe 

and Hunter, 2014). The utilisation of NIR wavelengths by PPB avoids the growth of 

other photosynthetic microbes (e.g., algae and cyanobacteria) in NIR-illuminated 

systems, which enables effective selection and enrichment of PPB (Hülsen et al., 

2018a, 2014; Madigan et al., 2011). 

Despite the advantages of phototrophic processes, their inherent dependence on 

light also constitutes the main limiting factor in any engineered phototrophic system 

(Acién Fernández et al., 1997; Naderi et al., 2017). In the case of PPB, artificial 

illumination in large-scale systems appears economically prohibitive, and natural 

illumination with sunlight is the logical alternative (Capson-Tojo et al., 2020), where 

an efficient light supply is even more crucial, as light availability cannot be controlled. 

Therefore, studying light attenuation and distribution within the reactors, as well as its 

accurate mathematical modelling, are critical for a proper reactor design and 

operation (Molina Grima et al., 1999). 
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Decades of research have defined and partly solved the problems related to light 

availability in microalgae cultures (Posten, 2009). While PPB technology can profit 

from algae research, this knowledge cannot be directly transferred to PPB PBRs. 

One obvious difference between algae and PPB systems is caused by the higher 

water selective absorption of NIR light (see, for example, Braun and Smirnov (2020)) 

compared to VIS wavelengths (used by algae). At similar light paths (e.g., reactor 

width or water column depending on the design), the PPB reactor will, a priori, have 

substantially less usable light than an equivalent microalgal system, as PPB 

preferentially use NIR wavelengths as energy source. A recent study has indeed 

shown that, although PPB can also use VIS wavelengths, they capability for doing so 

is limited, meaning that they still depend on NIR-light availability to grow efficiently 

(Yu et al., 2022). PPB reactors (laboratory-scale units) have also been reported to 

operate at higher biomass concentrations compared to traditional HRAPs (>1.0 vs. 

<0.5 gbiomass·L
-1), which is expected to amplify shading effects and NIR attenuation 

via light absorption by pigments (Acién Fernández et al., 1997; Capson-Tojo et al., 

2020; Robles et al., 2020b; Wágner et al., 2018). Several other aspects such as the 

cultivation strategy (e.g., PBR vs. open pond, anaerobic vs. aerobic, or mixing 

strategy), reactor geometry (e.g., affecting light scattering), media complexity (e.g., 

secondary instead of tertiary treatment), and pigment concentration, can affect light 

attenuation. 

Pigments concentration in PPB, and thus potentially light attenuation by biomass, is 

impacted by oxygen, which can be present either via active (aeration or turbulent 

mixing) or passive oxygen transfer (surface diffusion). Oxidative conditions (which 

can result from the presence of oxygen) are known to inhibit the expression of most 

genes coding for LHC and reaction centre complexes (Gregor and Klug, 1999; 
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Sganga and Bauer, 1992; Zhu et al., 1986), which ultimately suppresses 

photoheterotrophic growth, and results in pigment loss (Capson-Tojo et al., 2021). 

Due to these differences compared to algal systems, the study of light attenuation 

and distribution within PPB reactors, as well as its accurate mathematical modelling, 

are critical for proper reactor design and operation. Several models have described 

this for algal systems, and they can also be applied for NIR behaviour. The most 

widely applied model to represent light attenuation is the Lambert-Beer equation 

(Acién Fernández et al., 1997; Marsullo et al., 2015; Ruiz-Martínez et al., 2016). This 

model can accurately represent light absorption in the reactors due to biomass and 

pigments. However, it accounts for light scattering as energy loss via absorption 

(neglecting the scattering of light by solids), and it has been found to lead to 

considerable errors in dense, concentrated, microalgae cultures (Acién Fernández et 

al., 1997; Wágner et al., 2018). An option to account for light scattering is the 

Schuster’s model, adapted for cyanobacteria cultures by Cornet et al. (1992). In 

addition, empirical, hyperbolic models have also been applied to model attenuation in 

microalgae cultures, achieving accurate predictions of the light distributions (Acién 

Fernández et al., 1997; Naderi et al., 2017). Although other algorithms exist, such as 

those based on radiate transfer equations (Pilon et al., 2011), the models presented 

above are generally considered as the best options in terms of accuracy-simplicity 

compromise (Naderi et al., 2017). 

The most relevant mechanistic model describing PPB growth for resource recovery 

from wastewater is the Photo-anaerobic model (PAnM), presented in Puyol et al. 

(2017). Light attenuation is not considered in this model, and the effect of light 

intensity is modelled following a type I approach (Béchet et al., 2013), assuming that 

the incident light intensity on the reactor wall is constant through the entire reactor 
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volume. A recent model for hydrogen production with PPB included light attenuation, 

but the conditions were different to those found in resource recovery applications 

(Anye Cho et al., 2021). Moreover, no experiments were conducted to estimate the 

relevant parameters (light intensity throughout the culture was not measured, and 

parameter estimation was performed for a combination of light-related parameters). 

While light attenuation and distribution have been extensively studied for microalgal 

cultures (Acién Fernández et al., 1997; Béchet et al., 2013; Naderi et al., 2017; Ruiz-

Martínez et al., 2016; Wágner et al., 2018), this is missing for PPB. Therefore, the 

objective of this work is to determine the influence of relevant factors on light 

attenuation in PPB-based systems. More precisely, light attenuation was studied 

under different: (i) reactor configurations, (ii) biomass concentrations, (iii) wastewater 

matrices, (iv) growth conditions, and (v) pigment contents. In addition, different 

mathematical models to describe light attenuation were compared to identify the 

most accurate option. Experiments were also performed to determine the minimum 

light intensities allowing effective PPB growth. Finally, the PAnM has been modified 

to consider the impact of light attenuation on PPB growth. 

 

2. Material and methods 

2.1. PPB enrichments and growth media 

PPB were enriched from pre-settled domestic wastewater (characteristics shown in 

Table S1) under anaerobic, illuminated conditions in a 2 L Schott bottle, following the 

procedure described in Hülsen et al. (2014). Once the typical purple colour was 

observed (indication for the presence of BChl and carotenoids, after around 7 days), 

5 sequential dilutions were carried out to further enrich PPB, using Ormerod media 

(Ormerod et al., 1961) at a 1:4 inoculation ratio, and with a batch length of 3-4 days. 
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The enrichment volume increased with each dilution, obtaining eventually 30 L of 

enriched PPB culture (placed in three separate 10 L Schott bottles). These cultures 

(of 10 L each) were used for the experiments described below (Sections 2.1.1-2.1.3).  

2.1.1. Further enrichment and PPB up-concentration 

To further increase the PPB concentrations in the enrichments, the three 10 L bottles 

were re-fed three times each (as fed-batch). At the start of each fed-batch cycle (with 

a duration of 3-4 days) the reactors were spiked with 300 mg COD·L-1 of glacial 

acetic acid, and with the corresponding amounts of micro/macro nutrients in Ormerod 

media.  

To further increase the biomass concentration, two of the 10 L bottles were 

centrifuged (10 minutes at 3,500 rpm, using an Allegra X-12 Centrifuge, Beckman 

Coulter) and the concentrated fraction was then mixed with the remaining 10 L 

enrichment (magnetic mixing was provided at 200 rpm over 2 h to ensure 

homogeneity). This resulted in an up-concentrated enrichment that allowed to test 

the attenuation effect at high total solids (TS) concentrations. The initial biomass 

concentration in the resulting concentrated enrichment was 2,463 g COD·m-3 (1.6 g 

VSS·L-1; VSS being volatile suspended solids). This enrichment was used to 

generate sequential dilutions at lower TS contents (from x2 to x32 dilutions). 

2.1.2. Effect of pigments on light attenuation 

This experiment was designed to evaluate the impact of the presence/absence of 

pigments on light attenuation, and to assess the attenuation caused by the biomass 

itself (e.g., light absorption, shading, scattering, etc.). To produce a pigment-free PPB 

culture (or with minimum pigment contents) a 10 L PPB enrichment (the x4 dilution 

from the concentrated enrichment described above) was used as inoculum for a non-

illuminated, continuously aerated, enrichment (fed with Ormerod media as described 
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before, and at a 1:4 inoculation ratio). The batch lasted for 3 days, after which the 

typical purple colour had disappeared. Air was provided using a fine bubble aerator 

(60 cm Rubber Black Air Diffuser, Effosola, China) and an air compressor (Tetra 

Whisper 60 Air Pump, 50 L·h-1, Tetra, Germany). Total carotenoids and BChl 

contents were measured to confirm the pigment loss. We note that the resulting 

culture consisted of a mixture of PPB and aerobic heterotrophs (see Capson-Tojo et 

al. (2021) for typical microbial communities after aeration). 

2.1.3. Effect of PHA on light attenuation 

A final enrichment was carried out to determine the impact of nutrient-depleted (or 

excess COD) growth conditions on the light attenuation effect, mostly due to 

accumulation of PHA granules within the cells, which might affect light passage. For 

this purpose, the x4 dilution from the previous up-concentrated enrichment (Section 

2.1.1) was used as inoculum for a PHA-accumulating experiment (1:4 inoculation 

ratio; working volume of 10 L). To maximise PHA accumulation, three sequential 

batch enrichment cycles were carried out as follows: (i) the cycle was started with a 

modified Ormerod media with reduced NH4
+-N supply (from 107 mg N·L-1 in regular 

Ormerod to 30 mg N·L-1) to ensure NH4
+-N consumption at the end of this phase, (ii) 

after 2 days, the enrichment was fed with extra COD as acetic acid (500 mg·L-1) to 

favour PHA accumulation under N-limiting conditions, (iii) on day 3, NH4
+-N was 

added (at 30 mg·L-1) to select for PHA-accumulating organisms under COD limiting 

conditions, (iv) on day 6 the cycle was stopped, and the process was repeated, using 

the resulting enrichment as inoculum at a 1:4 inoculation ratio. For comparison 

purposes, a control reactor was carried out, fed with regular Ormerod media. 

Samples were taken at the end of the enrichments for determining the PHA contents. 

2.1.4. Light attenuation in a real wastewater matrix 
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To evaluate the influence of the wastewater matrix on the attenuation effect in PPB 

cultures (compared to the synthetic media used in the previous experiments), the 

effluent from a continuous demonstration-scale PPB flat plate reactor treating poultry-

processing wastewater (poultry wastewater treatment effluent; PWWTE) was also 

used in attenuation tests, at three different dilutions (x2, x4, and x8). An extensive 

characterisation of the PWWTE can be found in Table S1. 

2.2. Experimental setup for attenuation assessment  

To test the impact of reactor geometry on light attenuation and to represent both 

open ponds and flat plate reactors, the following three configurations were tested: (i) 

cylindrical reactor illuminated from the top (working volume of 6 L, inner and outer 

diameters of 16 and 17 cm, respectively, and a height of 32 cm), (ii) cylindrical 

reactor illuminated from the top (working volume of 3 L, inner and outer diameters of 

7 and 8 cm, respectively, and a height of 81.5 cm), (iii) flat plate reactor illuminated 

from one side (60x41x20 cm (LxHxW), working volume of 10 L, wall thickness of 1.5 

cm). All the reactors were made of Perspex, and light input from any direction other 

than the one desired was blocked (the cylindrical reactors were sprayed with black 

paint on the sides and bottom, and the flat plate was covered with black plastic foam 

on the bottom and all other sides but the one illuminated; the top was covered with a 

black high-density polyethylene cover). Pictures of the three reactors are given in the 

supplementary material (Figure S1). 

Illumination was provided with a 150 W fluorescence lamp (Nelson Portable Flood 

Light; unfiltered light distribution of 17% below 700 nm, 15% at 700-800 nm, 20% at 

800-900 nm and 48% at 900-1,000 nm, measured with a StellarNet BLUE-Wave 

Spectrometer). To measure NIR-specific light intensities, the illuminated sections of 

the reactors were covered with ultraviolet-visible (UV-VIS) absorbing foil (ND 1.2 299, 
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Transformation Tubes). To measure full-spectrum light intensities, the foil was simply 

removed. The UV-VIS fraction of the measured light was determined by subtracting 

the filtered photon flux density (PFD; µmol·m-2·s-1), consisting mostly of NIR light 

(98.1% of incident light above 700 nm), from the full-spectrum PFD. Total incident 

light intensities (on the liquid surface or the reactor wall) ranged between 1,000-1,400 

µmol·m-2·s-1 (600-800 W·m-2), common values for outdoors light irradiation (Kandilli 

and Ulgen, 2008). This illumination strategy was followed because it represents the 

conditions found in outdoors PPB-enriched reactors (Hülsen et al., 2022b). 

The PFD was determined using a submersible SQ-620 extended range PFD sensor 

(with a resolution of 0.1 μmol·m-2·s-1), measuring PFD from 340-1,050 nm, coupled to 

an AT-100 µcache Bluetooth micro-logger (Apogee Instruments, Inc., USA). To 

measure the PFD at different depths in the reactors, the base of the sensor was 

attached to custom-made horizontal plastic supports fixed to two magnets (Aqua One 

Floating Magnet Glass Cleaner, Aqua One Australia QLD, Australia), which allowed 

to vary the depth of the sensor. In the case of the flat plate, the distances from the 

light source were modified by placing the sensor on the base of a vertical metallic 

rod, fixed with a horizontal clamp to an external horizontal support that could be 

moved (see Figure S2 for pictures of the experimental set-up for PFD measurement).  

To ensure proper mixing of the biomass in the system and to prevent settling of 

solids, the reactor content was mixed between each PFD measurement, using a fine 

bubble aerator (60 cm Rubber Black Air Diffuser, Effosola, China) coupled to an air 

compressor (Tetra Whisper 60 Air Pump, 50 L per hour, Tetra, Germany). The 

accuracy of the experimental set-up was tested via repeating one of the tests, 

obtaining almost identical attenuation curves and statistically equal attenuation 

coefficients (p-value <0.005) (Figure S3). 
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2.3. Determination of the minimum light intensity allowing efficient photoheterotrophy 

Experiments were carried out to estimate the minimum light intensity required for 

effective photoheterotrophic growth. To minimise attenuation, results from batch 

experiments using 12-well microplates (Costar, In vitro technologies pty ltd, Australia) 

illuminated at different light intensities (from 0-80 W·m-2) were used to estimate the 

kinetic parameters of Monod functions for substrate uptake. Each well had a working 

volume of 6.9 mL and was filled with a mixture of PPB-enriched inoculum and 

Ormerod media, as described in Section 2.1. Oxygen exposure was limited by 

covering the completely filled wells with a transparent plastic film, non-permeable to 

oxygen. Once filled, the microplates were placed inside custom-built closed plastic 

boxes. The bottoms of the boxes were equipped with NIR-specific light-emitting 

diodes (LED) strips (Infrared 850 nm IR LED, Waveform lighting, Vancouver, USA), 

which illuminated the wells. Only the NIR spectrum was considered because 

enriched PPB reactors are selectively illuminated with this light to allow PPB 

enrichment (Capson-Tojo et al., 2020). The boxes were placed inside a Thermo 

Scientific MaxQ400 Benchtop Orbital Shaker (Thermo Fisher Scientific, MA, USA), 

which was used for mixing (at 150 rpm), and for temperature control (25-27 ºC). A 

custom-built dimmer was used to control the light intensities in the microplates. The 

concentrations of soluble COD (SCOD), NH4
+-N and PO4

3--P were followed by wet 

analyses every 2-3 h (wells were sacrificed for this purpose). The biomass growth 

was estimated from optical density (OD) measurements. A more precise description 

of the microplate setup can be found in Grassino et al. (2022). 

The maximum specific uptake rate (kM) was estimated by minimization of the residual 

sum of squares, using the function lsqnonlin in Matlab (MATLAB R2018b, The 

MathWorks Inc., Natick, MA). 95% confidence intervals were calculated using the 
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function nlparci. A value of the half saturation constant (KS) of 20 mg COD·L-1 was 

assumed (Puyol et al., 2017). The biomass yield (Y) was assumed as 1 g 

CODbiomass·g CODconsumed
-1 (Puyol et al., 2017). Biomass decay was considered in the 

model, using a first rate decay constant of 0.09 d-1 (Puyol et al., 2017). The resulting 

kinetic parameters were used as criteria to identify efficient photoheterotrophic 

growth (Batstone et al., 2002; Henze et al., 2000; Jeppsson et al., 2006). 

The dependence of kM on light intensity was modelled according to a Monod 

(substrate saturation) function (Puyol et al., 2017), of the form: 

        
    

       
     (1) 

Where, kM,I is the specific uptake rate at a given light intensity (d-1), kM is the 

maximum specific uptake rate (d-1), Iave is the average light intensity (W·m-2), and KI 

is the half-saturation coefficient for light (W·m-2). 

Parameter uncertainty was assessed as described in Batstone et al. (2003). 

2.4. Modelling light attenuation in PPB-based systems 

2.4.1. Tested models to represent light attenuation in PPB-based systems 

The light attenuation due to biomass/pigments is commonly represented by the 

Lambert-Beer law (Equation 2): 

                     (2) 

Where, Iz is the light intensity (µmol·m-2·s-1) at depth z (m), I0 is the incident light 

intensity (µmol·m-2·s-1), ka is the attenuation coefficient (m2·g-1), and XPB is the 

biomass concentration (g COD·m-3). Despite its wide application, the Lambert-Beer 

law has been deemed as non-appropriate for high biomass concentrations, mostly 

because it lumps scattering with absorption, considering scattering only as a process 

resulting in energy loss. 

                  



16 

 

Amongst the models considering light scattering, the Schuster’s law (Equation 3) is 

the most popular: 

      
   

(   )           (   )           
    (3) 

Being,  

  √   (     )     (4) 

  √   (     )     (5) 

Where Iz is the light intensity (µmol·m-2·s-1) at depth z (m), I0 is the incident light 

intensity (µmol·m-2·s-1), XPB is the biomass concentration (g COD·m-3), Ea is the 

absorption coefficient (equivalent to ka if no scattering occurs; m2·g-1), and ES is the 

scattering coefficient (0 if no scattering occurs; m2·g-1).  

Another option to model light attenuation is the hyperbolic empirical equation (Acién 

Fernández et al., 1997; Naderi et al., 2017):  

                      (6) 

    
     

       
       (7) 

Where, Iz is the light intensity (µmol·m-2·s-1) at depth z (m), I0 is the incident light 

intensity (µmol·m-2·s-1), k’a is the apparent attenuation coefficient (m2·g-1), XPB is the 

biomass concentration (g COD·m-3), Atmax is the maximum attenuation observed (m-

1), and Kat is an empirical constant (g COD·m-3). 

The coefficients corresponding to equations 2-7 were estimated for different biomass 

concentrations (0-2,463 g COD·m-3), enrichment conditions, reactors, and growth 

media. As previously, the coefficients were calculated via minimization of the sum of 

squares. The coefficient of determination (R2) was used to compare between models. 

2.4.2. Implementing light attenuation in mechanistic models for PPB growth 

The equation from Section 2.4.1. providing the best IZ prediction was included in the 
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mechanistic PAnM, presented in Puyol et al. (2017), based on a system of ordinary 

differential equations and algebraic equations. Using the inhibition function and the 

kinetic parameters obtained from Section 2.3, the model was improved to consider 

light attenuation at different biomass concentrations, and a more realistic value for 

the light half-saturation coefficient (KI). Matlab was used for the simulations. In the 

modified PAnM, once the attenuation effect was accurately predicted, the average 

light intensity in the growth media (along the reactor) was calculated according to 

Equation 8 (Béchet et al., 2013; Ruiz-Martínez et al., 2016; Wágner et al., 2016): 

      
 

 
∫      

 

 
      (8) 

Where, Iave is the average light intensity (W·m-2), L is the total light path length (m; 

e.g. pond depth or flat plate width), Iz is the light intensity at each length step (W·m-2), 

and dz the different length steps (m). Assuming a properly mixed, homogeneous 

system, Equation 8 can represent accurately the average light that reaches each 

single bacterium. For unit compatibility with previous models and general measuring 

equipment, the resulting light intensities were converted into power density (W·m-2) 

according to the average energy of different spectrum fractions (different 

wavelengths). For the overall spectrum, a conversion factor of 2.02 µmol·J-1 

(assuming a fraction of 45% of photosynthetically active radiation (PAR) in the broad 

light spectrum, and a NIR fraction of 49%) was used. For the VIS fraction a factor of 

4.57 µmol·J-1 was applied, and for NIR wavelengths the value was 7.52 µmol·J-1 

(Mavi and Tupper, 2004). These conversions factors imply that for an equivalent 

PFD, the power density of NIR wavelengths is almost halved compared to that of VIS 

light. 

Experimental datasets from photoheterotrophic tests from Capson-Tojo et al. (2021) 

were used for validating the modified PAnM. The experiments consisted of batch 
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tests (in triplicate) carried out in 250 mL Schott bottles. The reactors were fed with 

domestic wastewater and spiked with acetic acid at 500 mg COD·L-1 to provide a 

readily available source of organics and to optimise the COD:N:P ratio of the media. 

The tests were started with 250 mL of a 1:4 vol:vol mixture of enriched PPB inoculum 

(1.2 ± 0.4 g VS·L-1) and domestic wastewater (see Capson-Tojo et al. (2021) for 

details on the inoculum preparation). Each reactor was stirred at 150 rpm (RCT 

basic, Kika Labortechnik) and covered with UV-VIS absorbing foil (ND 1.2 299, 

Transformation Tubes). Continuous illumination was provided by 150 W fluorescence 

lamps (Nelson Portable Flood Light) at an incident intensity of 120-130 W·m-2 (with a 

distribution of 17% below 700 nm, 15% at 700-800 nm, 20% at 800-900 nm and 48% 

at 900-1,000 nm, measured with a StellarNet BLUE-Wave Spectrometer).  

The Matlab code corresponding to the modified PAnM function, and the run file can 

be found in GitHub (https://github.com/GabrielCapson/PPB_Light_attenuation.git). 

2.5. Analytical methods 

Total COD (TCOD) and SCOD concentrations were measured using COD cell tests 

(Merck, 1.14541.0001, Darmstadt, Germany). TS, volatile solids (VS), total 

suspended solids (TSS) and VSS contents were measured according to APHA 

(2005). Concentrations of NH4
+-N, NOx-N, NO2

--N and PO4
3--P were measured via 

flow injection analysis (FIA; QuikChem8000, Hach Company, Loveland, USA). Total 

Kjeldahl nitrogen (TKN) and total phosphorus (TP) concentrations were determined 

by digestion with sulphuric acid, potassium sulphate and copper sulphate, as 

catalysts in a block digestor (Lachat BD-46, Hach Company, Loveland, CO, USA) 

(Patton and Truitt, 1992). Soluble compounds were measured after filtration through 

a 0.45 mm membrane filter (Millipore, Millex®-HP, Merck Group, Darmstadt, 

Germany). The absorption spectra were measured between 300-1,100 nm, using a 
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spectrophotometer (Cary 50 conc, Varian). For determining the PHA contents, frozen 

samples were lyophilised (FD-1-54DD, Kinetics Thermal Systems), digested in 

chloroform and a 3% sulphuric acid solution in methanol (with 200 mg·L-1 sodium 

benzoate) for 20 h at 100 °C (Ratek Block Dry Digester), and analysed by GC-FID 

following, which allowed to identify both poly-β-hydroxybutyrate (PHB) and poly-β-

hydroxyvalerate (PHV) (Oehmen et al., 2005). The pigment concentrations (BChls 

and total carotenoids) were determined after their extraction using a mixture of 

acetone/methanol (7:2 v/v), according to (Ruivo et al., 2014). After washing the 

samples (2.5 mL) with 2 mL of the solvent mixture, they were sonicated for 20 min 

(FXP14+, Unisonics Australia) and centrifuged at 3,500 rpm for 10 min. The 

extraction was repeated until the supernatant became clear. The resulting 

supernatants were collected and filtered (0.22 μm membrane filter; MF-Millipore, 

Merck Group, Darmstadt, Germany). All the steps were carried out under dim light 

conditions to prevent photooxidation. The absorbance spectrum of the pigment 

extract was determined using a UV-VIS spectrophotometer (Cary 50 conc, Varian). 

The total carotenoid and BChl contents were calculated according to the Lambert-

Beer law, using the extinction coefficients given in Grassino et al. (2022). 

2.6. Analysis of the microbial communities 

To confirm that the present biomass was dominated by PPB, biomass samples were 

provided to the Australian Centre for Ecogenomics for DNA extraction and 16S rRNA 

gene amplicon sequencing, using the Illumina Miseq Platform. The universal primer 

pair 926F (50-AAACTYAAAKGAATTGACGG-30) and the 1392wR (50-

ACGGGCGGTGWGTRC-30) primer sets were used (Engelbrektson et al., 2010). 

Raw paired reads were trimmed using Trimmomatic, to remove reads shorter that 

190 bp and/or with low quality (with a Phred-33 lower than 20) (Bolger et al., 2014). 
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PANDAseq with default parameters was used to assemble the trimmed paired reads 

(Masella et al., 2012). The removal of adapter sequences was carried out using the 

FASTQ Clipper from the FASTX-Toolkit (Pearson et al., 1997). The resulting 

sequences were analysed using QIIME v1.8.0 (Caporaso et al., 2010), and were de-

noised with DADA2 (Callahan et al., 2016), after which the relative frequencies of the 

amplicon sequence variants (ASV) were calculated. The taxonomy was assigned by 

uclust against the SILVA rRNA gene database (128_release) (Quast et al., 2013). 

ASVs with only one-two reads were filtered from the ASVs table. The resulting ASVs 

were processed according to Hülsen et al. (2018b). 

2.7. Statistical analyses 

Statistical differences were assessed via student’s t tests (between final PHA 

contents and pigment concentrations), performed using the software R (The R 

Foundation, version 3.5.3). Where error bars are presented, these represent 95% 

confidence interval in means, from two-tailed t-tests. A 5% significance threshold was 

used. 

 

3. Results and discussion 

3.1. Enrichment characteristics and performance: evidence of photoheterotrophic 

growth and PPB dominance 

Enrichments were obtained at biomass yields of 0.91 ± 0.07 g CODbiomass·g 

CODremoved
-1, and with SCOD:N:P uptake ratios of 100:10-11:2.6-3.5, values typical 

for photoheterotrophic growth (Capson-Tojo et al., 2020; Hülsen et al., 2014; Lu et 

al., 2019). The absorption spectra (Figure S4) further confirmed phototrophic growth, 

with the characteristic absorption peaks of PPB cultures and indicating the presence 

of LHCs (Capson-Tojo et al., 2021; Okubo et al., 2006; Saer and Blankenship, 2017). 
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The characteristic ―purple‖ colour of the enrichments also showed the generation of 

pigments (Figure S5). The analysis of the microbial communities confirmed that PPB 

were dominant, with a relative abundance of 70% (over 50% of the total PPB being 

Rhodopseudomonas pseudopalustris; Figure S6). The characteristics of the 

produced biomass were also common for enriched PPB systems, with a COD/VSS 

ratio of 1.6 ± 0.2 g COD·g VSS-1 (90% VSS/TSS ratio), and carotenoid and BChl 

contents of 6.6 ± 0.5 g·g CODbiomass
-1 and 7.1 ± 1.0 g·g CODbiomass

-1, respectively 

(Hülsen et al., 2018a, 2014). 

3.2. Light attenuation in PPB cultures 

3.2.1. Effect of biomass concentration on light attenuation in different reactor 

configurations  

The intensity of both NIR and UV-VIS fractions of the light spectra decreased at 

increasing light path lengths (increased distance from the light source) in all tested 

reactor configurations. At increasing biomass concentrations, the attenuation effect 

was more pronounced. Figure 1 shows the attenuation curves for the tests in the 6 L 

cylindrical reactor, where light intensities decreased substantially for every additional 

cm the light travelled, with no detectable NIR light at depths of only 5 cm for the most 

concentrated enrichment (2,463 g COD·m-3). The obtained curves in the 3 L 

cylindrical reactor and the flat plate reactor were similar to those shown in Figure 1 

(Figure S7). 

Due to a more pronounced NIR light attenuation when compared to UV-VIS light, a 

negative trend in the NIR fraction was observed at increasing depths in dilute 

cultures (biomass concentrations of 0-469 g COD·m-3; Figure 1C). Higher NIR 

attenuation in reactors with low biomass concentrations can be explained by the 

absorption of NIR wavelengths by water itself, mostly due to fundamental O-H 
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stretching vibrations (confirmed by the curves with pure water, see curves at 0 mg·L-1 

in Figure 1 and Figure S7) (Bertie and Lan, 1996). This is highly relevant for PPB 

reactor design, considering that PPB utilise NIR light via BChl to grow 

photoheterotrophically (Saer and Blankenship, 2017). Interestingly, at high biomass 

concentrations (>1,000 g COD·m-3) the decrease in NIR fraction with depth was not 

observed (Figure 1C), as the measured NIR fraction remained relatively constant at 

increased path lengths for all the tests at biomass concentrations above 1,000 g 

COD·m-3 (see Figures 1, S7, S9, and S10). This suggests that PPB biomass also 

absorbed considerable proportions of UV-VIS light. This is either due to absorbance 

of VIS light by carotenoids, or due to the absorbance of UV by conjugated systems 

(preferentially to NIR). This effect became more relevant at increased biomass 

concentrations and implies that, for practical purposes, both NIR and UV-VIS spectra 

will be absorbed equally, as biomass concentrations above 1.0 g CODbiomass·L
-1 are 

commonly encountered in PPB mediated systems (Capson-Tojo et al., 2020).  

The attenuation coefficients from the Lambert-Beer equation (ka) were calculated for 

all tests. Figure 2 shows a decrease of the attenuation coefficients at higher biomass 

concentrations, which is in agreement with results for other phototrophic organisms, 

such as microalgae (Acién Fernández et al., 1997; Wágner et al., 2018). The 

obtained ka values all fall within the range of those reported for microalgae systems 

at similar biomass concentrations (after conversion to m2·g COD-1 for comparison 

purposes; see Figure 2B) (Wágner et al., 2018). It must be mentioned that this ka 

values correspond to the lumped light absorption by both the solution and the 

biomass. 

To predict the light attenuation and include this in PPB models, the dependence of 

the attenuation coefficients on the biomass concentrations was mathematically 
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represented. A power function was used for this purpose: 

        
        (9) 

Where ka is the attenuation coefficient (m2·g COD-1), XPB is the biomass 

concentration (g COD·m-3), and a (m5·g-2) and b (-) are empirical parameters.  

The results are presented in Figure 2 and Table 1. The defined power functions were 

able to precisely reproduce the observed behaviours, with R2 values over 0.990. As 

the empirical coefficients were significantly different between the top-illuminated 

cylindrical and the side illuminated flat plate reactor, we recommend using the 

coefficients from the 6 L reactor for cylindrical configurations or ponds (not 

significantly different to those for the 3 L reactor, but with higher R2 values and 

smaller confidence intervals), and those from the flat plate reactor for PBRs. The 

results from a global fit (combining data from all the reactors, aiming at finding a 

single equation), resulted in considerably higher confidence intervals and lower R2 

values. Therefore, we recommend using reactor-specific coefficients. An exponential 

decay relationship as presented in Wágner et al. (2018) was also tested, and did not 

provide an effective fit compared with the power law model (see Figure S8 and Table 

S2 for the results of the exponential fit).  

The different attenuation behaviours between the reactor configurations can be 

observed in Figure 2 and Table 2, where the ka values are presented. The ka values 

confirmed that the NIR light attenuation was higher compared to UV-VIS light 

attenuation in all reactors, especially at biomass concentrations ≤469 g COD·m-3 

(see Table S3 for ka values for UV-VIS light). The differences between the 

attenuation coefficients of NIR and UV-VIS light decreased with increasing biomass 

concentrations (Figure S9), further confirming the UV-VIS light absorption by PPB 

biomass. At biomass concentrations above 1,000 g COD·m-3, ka values for NIR light 
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were generally similar to ka values of UV-VIS light (e.g., 0.0028-0.0041 m2·g COD-1 at 

2,463 g COD·m-3 for NIR wavelengths, and 0.0022-0.0037 m2·g COD-1 for UV-VIS 

light).  

The reactor geometry and illumination mode (via top or side) also affected the light 

attenuation. While the values for the cylindrical reactors (with volumes of 3 and 6 L) 

were similar (overlapping curves in Figure 2), the coefficients for the flat plate were 

lower for any tested biomass concentration, which means that light was less 

attenuated. At low biomass concentrations (≤469 g COD·m-3), this can be explained 

by light reflection from the bottom and walls of the reactor, as the width of the flat 

plate reactor was shorter than the depth of the cylindrical reactors (see Section 2.2). 

This also explains why some ka values were lower in the 6 L reactor when compared 

to the 3 L, at least at concentrations below 469 g COD·m-3 (see Table 2). It must be 

considered that this effect would not be observed in large scale ponds. Nevertheless, 

this explanation does not apply to high biomass concentrations (≥1,067 g COD·m-3), 

as light was fully attenuated before reaching the reactor wall opposed to the 

illuminated source (see Figures 1 and S7). Another potential explanation is an 

enhanced light distribution due to scattering, refraction, and diffraction in the Perspex 

wall of the flat plate (side illumination), which did not occur in the top-illuminated 

cylinders, as they were not covered with a Perspex lid (to simulate an open pond). 

Several other factors can explain the lower light attenuation in the flat plate reactor, 

such as a more even light distribution, or a higher light capture efficiency (De Vree et 

al., 2015). We note that additional tests with a 1.5 cm thick Perspex sheet over the 

flat plate reactor wall (total thickness of 2.5 cm) were performed to simulate a thicker 

reactor wall. The results showed that increasing the wall thickness did not 

significantly affect the observed attenuation curves or the ka values (results not 
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shown).  

The differences between the reactors configurations are more obvious when looking 

at the effective attenuation coefficients, defined as ka·XPB (Wágner et al., 2018). As a 

consequence of increased light attenuation, the effective attenuation coefficients 

increased at higher biomass concentrations (Figure 3). Nevertheless, the values 

were always lower for the flat plate reactor, regardless of the biomass concentration 

or the region of the light spectrum tested. More research must be carried to elucidate 

the precise reasons behind this finding.  

3.2.2. Effect of wastewater matrix and growing conditions on light attenuation  

The results corresponding to the experiments performed to evaluate the impact of 

additional factors (other than the biomass concentration itself) on light attenuation in 

PPB cultures are shown in Figure 4. Amongst the tested factors (i.e., wastewater 

matrix, PHA content, and presence of pigments), the single one that had a significant 

impact on light attenuation was the presence of pigments (i.e., BChl and 

carotenoids). 

The impact of the wastewater matrix was studied using the effluent from a continuous 

demonstration-scale PPB flat plate reactor treating poultry-processing wastewater 

(poultry wastewater treatment effluent; PWWTE), in the 6 L cylindrical reactor. The 

corresponding ka values, presented in Figures 4A-B, show that the attenuation effect 

was practically identical between synthetic media and PWWTE (despite the 

considerable quantity of solids contained in the wastewater (Table S1); see Table S4 

for the corresponding attenuation coefficients for different models). 

This was also observed when comparing a PPB culture with increased PHA contents 

(grown under nutrient deficiency), with a control grown with full nutrient supply (the 

corresponding PHA contents were 113 ± 35 mg PHA·g VSSbiomass
-1 in the PHA-
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enriched culture and 35 ± 11 g PHA·g VSSbiomass
-1 in the nutrient supplied control, 

Figure S10). The ka curves for the PHA-enriched culture (Figures 4C-D) show that 

higher PHA contents within the biomass did not affect light attenuation (attenuation 

curves and ka values can be found in Figure S11 and Table S4). These results are 

highly relevant when considering that most of the research on PPB application to 

date has been carried out for hydrogen production, under nutrient limitations 

(commonly N), which results in simultaneous PHA accumulation within the cells 

(Capson-Tojo et al., 2020; Ghimire et al., 2015). In addition, as the concentrations of 

pigments were not significantly different between the PHA-enriched culture and the 

control reactor (see Figure S10), this experiment also served to confirm that, unlike 

microalgae do with chlorophylls, PPB do not consume BChl as N source under 

nutrient-deprived conditions (Wágner et al., 2018). This is highly relevant, as 

pigments such as BChl have a considerable impact on light attenuation. 

Indeed, as opposed to the PWWTE and the PHA tests, the presence of pigments 

(i.e., carotenoids and BChls) did affect light attenuation. After suppressing pigment 

synthesis and reducing their concentrations (by oxidation) via continuous aeration as 

in Capson-Tojo et al. (2021) (from 5.68-6.63 mg carotenoids·g CODbiomass
-1 and 5.8-

7.1 mg BChl·g CODbiomass
-1 in anaerobic enrichments to 0.45 ± 0.08 mg 

carotenoids·g CODbiomass
-1 and 0.52 ± 0.06 BChl mg·g CODbiomass

-1 after aeration, see 

Figure S10), the ka values were basically halved in the non-pigmented culture 

(Figures 4E-F). The different light attenuation behaviour between the anaerobic-

pigmented enrichments and the non-pigmented culture becomes even more evident 

when looking at the corresponding effective attenuation coefficients (ka·XPB; shown in 

Figure S12). The impact of the pigment concentration on the ka values further 

suggests that light absorption by pigmented biomass (rather than scattering) is the 
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major factor affecting light attenuation. The attenuation curves and ka values for 

these tests are shown in Figure S13 and Table S4.  

In summary, both the PWWTE and the PHA-enriched tests suggest that the 

parameters presented in Tables 1 and 2 can be extrapolated to represent light 

attenuation in real applications, using complex wastewaters, and/or under conditions 

prone to induce PHA accumulation. This does not apply to colourless PPB cultures 

(e.g., aerated and grown under oxidative conditions), as the pigment content was the 

only variable amongst the tested that significantly affected the extent of light 

attenuation. For all the tests presented above, the corresponding effective 

attenuation coefficients further confirmed the obtained results (see Figure S12). 

3.3. Modelling light availability in PPB cultures 

3.3.1. Selecting a simple light attenuation model for enriched PPB-cultures 

Three different modelling approaches (i.e., Lambert-Beer law, Schuster’s law, and a 

hyperbolic empirical equation) were tested to find the option that allowed the best 

prediction of light attenuation in enriched PPB cultures. The results for NIR 

wavelengths in the three reactor configurations tested using cultures grown on 

synthetic media are shown in Table 2 (results for UV-VIS wavelengths can be found 

in Table S3, and those for the PWWTE, the PHA-enriched culture, and the pigment-

free test (from Section 3.2.2) are presented in Table S4). The performance of the 

three tested models was the same at all tested conditions (same R2 values). The first 

conclusion to draw from this is that light scattering did not affect light attenuation in 

the reactors. The facts that the values of ka from Lambert-Beer were at all the 

conditions equal to Ea from the Schuster’s law, and that the ES values (term 

accounting for light scattering) were basically always zero (all values below 10-3 and 

most below 10-6), confirm that scattering had little or no impact in any of the tests 
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performed. This is in agreement with the results from the non-pigmented tests, 

confirming that light absorption by cells (not refraction or scattering) was the 

predominant mechanism affecting attenuation. This lack of scattering is opposed to 

most of the literature on microalgae, where light scattering was found to have a 

significant effect of light attenuation, and where the application of the Lambert-Beer 

law has been found to lead to considerable errors in dense, concentrated, microalgae 

cultures (Acién Fernández et al., 1997; Naderi et al., 2017; Wágner et al., 2018). 

Multiple reasons can explain the different behaviour in PPB cultures, including the 

absence of bubbles (no aeration), a more efficient light utilisation, higher energy 

dissipation as heat, smaller cell sizes, and/or higher pigments contents. Using the 

empirical hyperbolic equation did not improve the prediction performance either. In 

addition, the value of Atmax (with a confidence interval of 0, thus defining the model) 

was equal to Ka·XPB (the effective attenuation coefficient derived from the Lambert-

Beer law) in all the tested conditions, suggesting that the Lambert-Beer equation was 

able to predict the light attenuation to the same extent as the hyperbolic equation.  

Overall, we recommend the use of the Lambert-Beer law to model light attenuation in 

enriched PPB cultures, as light absorption by pigmented biomass is the main 

attenuation mechanism, and therefore using another model did not result in any 

advantage. The resulting models were able to predict both NIR light and UV-VIS light 

attenuations accurately (R2 over 0.965 and 0.850, respectively). Interestingly, the 

performance of the model decreased at low biomass concentrations (see Figure 

S14), with much better prediction capacities at concentrations above 500 g 

CODbiomass·m
-3 (R2 >0.994 for NIR spectrum and >0.980 for UV-VIS), which are 

frequently found in PPB systems (Capson-Tojo et al., 2020; Hülsen et al., 2018a). 

This is again related to the fact that the Lambert-Beer law can only account for light 
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absorption due to biomass, and thus at low biomass concentrations its prediction 

capabilities are jeopardised, as light absorption due to biomass loses relevance. 

3.3.2. PAnM modification: light modelling in mechanistic models for PPB growth 

Batch tests performed in anaerobic microplates were used to estimate the 

photoheterotrophic uptake rates at different light intensities (see Figure S15 for the 

experimental data). The corresponding values of kM,I are presented in Figure 5, 

together with a Monod function (Equation 1) fit to the data to predict the impact of 

light intensity on the photoheterotrophic uptake rates (the corresponding values of kM 

and KI are 2.65 ± 0.98 g COD·g COD-1·d-1 and 4.58 ± 7.40 W·m-2). 

The maximum kM value obtained is in agreement with the one used in the PAnM 

(2.65 ± 0.98 vs. 2.37 ± 0.40 g COD·g COD-1·d-1). Nevertheless, the half-saturation 

coefficient for light (intensity allowing an uptake rate equal to 50% of the maximum; 

KI) differs considerably. While the value from our curve is 4.58 ± 7.40 W·m-2, Puyol et 

al. (2017) used a KI of 88 W·m-2 in the PAnM, a value that was gathered from the 

literature. The study where this value was taken from evaluated the effect of light 

intensity on hydrogen production, and 88 W·m-2 was the lowest tested intensity (Uyar 

et al., 2007). Although the authors reported a decrease in hydrogen production at 88 

W·m-2 when compared to higher intensities, accurate KI estimation would have 

required tests at lower intensities. In addition, the experimental design used did not 

account for light attenuation. It must be mentioned that the PAnM did not address the 

topic of light delivery in detail. In addition, the KI value used in the PAnM (88 W·m-2) 

was low enough to result in a process not limited by light (excluding attenuation, they 

assumed that the incident light intensity of 200-250 W·m-2 was constant throughout 

the whole reactor volume). The obtained uptake rates at low light intensities are also 

in agreement with values previously reported at 1.4-3.0 W·m-2, of 1.37 g COD·g 
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COD-1·d-1 (Dalaei et al., 2020). 

The mechanistic PAnM from Puyol et al. (2017) was modified to include the uptake 

rates and the Monod function defined above (using Iave as light available for the 

biomass), as well as the Lambert-Beer equation obtained from the experiments using 

the flat plate reactor. Results from photoheterotrophic batch experiments (Capson-

Tojo et al., 2021) were used for model validation. Both the simulation and the 

experimental results are presented in Figure 6. These show that the modified PAnM 

was able to accurately predict photoheterotrophic PPB growth, considering SCOD, 

inorganic N (IN), and inorganic P (IP) uptake. The values of the parameters used for 

the simulations can be found in Table S5. The Petersen matrix for this model is the 

same as the one reported in Puyol et al. (2017), and is therefore not presented here. 

Figure 6 also shows the light intensity at different depths in the modelled reactors (for 

various batch times, i.e., biomass concentrations). It can be observed that 

photoheterotrophic growth would have been limited considerably if a KI of 88 W·m-2 

had been assumed, meaning that the kinetic constants previously used in the PAnM 

could not have represented the observed behaviour if attenuation had been 

considered. It has to be mentioned that, compared to the PAnM, the nitrogen and 

phosphorus contents in the biomass had to be modified to accurately predict the IN 

and IP profiles (from 0.086 g N·g CODbiomass
-1 and 0.015 g P·g CODbiomass

-1 to 0.065 g 

N·g CODbiomass
-1 and 0.010 g P·g CODbiomass

-1). The higher modelled final 

concentrations for IN and IP compared to the experimental results (see Figure 6) 

might be simply due to a slight overestimation of the biomass decay rates in the 

PAnM. 

Due to the impact of the carotenoids and BChl concentrations on light attenuation, 

the possibility to include pigments as a state-variable in the model could be 
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considered, as in Wágner et al. (2018), which could be particularly interesting in 

aerated reactors, as dissolved oxygen impacts pigment availability. This was not 

considered in this work since the detailed analysis of PPB pigments is not available 

(and the overall concentrations are uniform under anaerobic conditions). Therefore, 

attenuation will depend mostly on biomass concentration. We note that very low 

illumination intensities might increase the pigment contents, but that these conditions 

would not be practical for wastewater treatment/resource recovery purposes (other 

than carotenoid production). 

Finally, although the incident total light in the modelled indoor tests was lower than 

those used to estimate the attenuation coefficients (120 vs. 600-800 W·m-2), the 

influence of the incident light has been reported to be insignificant for attenuation 

purposes, particularly when the light source is distant from the illuminated surface or 

at high biomass concentrations (Naderi et al., 2017). The accurate modelling results 

confirmed the applicability of the used light attenuation functions. 

3.4. Implications for industrial application 

The results presented here show that light attenuation is a critical factor to be 

considered in PPB systems. Depending mostly on the biomass concentration and the 

light path (and therefore the reactor design), attenuation might lead to an insufficient 

light supply, limiting effective photoheterotrophic growth of PPB. Compared to other 

phototrophs, such as microalgae, the attenuation coefficients are similar for PPB (at 

a given biomass concentration). Nevertheless, it has to be considered that PPB 

reactors are expected to work at higher concentrations than microalgal systems, 

which will amplify the attenuation effect. Typical biomass concentrations in 

microalgae ponds treating wastewater rarely exceed 200-600 mg VSS·L-1, even 

when biomass retention is implemented (Robles et al., 2020a, 2020b; Wágner et al., 
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2018). Since the biomass yield of PPB is around 1 g CODbiomass·g CODremoved
-1, the 

biomass concentration in the reactors depends mostly on the concentration of 

biodegradable COD in the wastewater, which is commonly over 1.5-2.0 g COD·L-1 

(e.g. in agri-industrial wastewaters), resulting in biomass concentrations over 1.0 g 

VSS·L-1 (Capson-Tojo et al., 2020; Hülsen et al., 2018b). In addition, NIR light 

absorption by water at low biomass concentration will also increase the attenuation 

effect in PPB systems (e.g., for domestic wastewater treatment). 

Maximising the treatment capacities and the biomass production rates is crucial to 

balance the high capital costs associated with outdoors PPB reactors (Capson-Tojo 

et al., 2020). This makes it imperative to provide optimal conditions for PPB growth, 

with uptake rates close to the maximum values. A light distribution allowing an 

effective photoheterotrophic growth is essential. Therefore, well-designed 

reactors/ponds must provide sufficient light along the light path, allowing effective 

PPB growth throughout the system to minimize dark zones. Figure 7 shows an 

example of maximum dimensions (i.e., pond depth or flat plate width) that a PPB 

cultivation system could have to support 15 W·m-2 in all the reactor volume (15 W·m-2 

was around the lowest intensity allowing maximum uptake rates, see Figure 5), under 

an illumination of 400 W·m-2 (NIR fraction; considered as a common value at zenith 

during winter months in sub-tropical areas (Kandilli and Ulgen, 2008)). The results 

show that the maximum depth of a pond working above 500 g CODbiomass·m
-3 is 

below 5 cm, while a vertical flat plate reactor could have a thickness of around 10 

cm, mainly due to the 2-sided illumination. These data suggest that common pond 

depths applied for microalgae systems (e.g., over 20-30 cm) should not be 

extrapolated to PPB cultures, as no light would be available in most of the pond 

volume at these depths. These values are in agreement with recent results from an 
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open PPB pond, showing that a 10 cm deep raceway performed better than a system 

with a depth of 20 cm (Alloul et al., 2021). Heavy competition with non-phototrophic 

microbes would be expected in deep ponds, especially when considering that PPB 

systems are primed for raw wastewater (secondary rather than tertiary treatment) 

with sufficient COD. Minimising non-illuminated areas is a key factor in PPB-based 

systems, as the NIR-phototrophic capabilities are the main competitive advantage of 

PPB allowing their enrichment (as photoautotrophy in microalgae). Flat plate PBRs 

have recently been proposed as a promising option (Hülsen et al., 2022a, 2022b). 

Nevertheless, as PBRs are more expensive than open ponds, fully detailed economic 

analyses must be carried out before selecting one alternative over the other. Our 

results imply very large surfaces in ponds (even larger than for microalgae). At 

optimum water depths (e.g., 5 cm), ponds would require very large surfaces and land 

areas, which in turn would increase oxygen diffusion, further disturbing the 

photoheterotrophic metabolism and increasing the competitiveness of common 

aerobic heterotrophs (Capson-Tojo et al., 2021). The alternative, e.g., using common 

HRAP depths of around 30 cm, can be expected to result in a very diverse microbial 

population, where PPB might not be dominant due to the lack of light throughout 

most of the system. This would be indicated by low SCOD:N:P ratios and low 

biomass yields. However, in terms of oxygen diffusion, this might be a better 

alternative, as 5 cm deep PPB ponds might fail due to PPB outcompetition by faster 

growing common aerobic heterotrophs, especially if paddlewheel mixing is provided, 

thus increasing oxygen diffusion (Capson-Tojo et al., 2021). Research should be 

carried out regarding optimal design for ponds specific for PPB, continuing the work 

presented in Alloul et al. (2021). 

Other than design and modelling purposes, the findings presented here are also 
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relevant for process optimisation. An example is the application of biomass retention 

in PPB reactors to increase the treatment capacities and volumetric production rates. 

This alternative has been previously applied, increasing significantly the biomass 

concentrations in the reactors and the treatment performances (Cerruti et al., 2020; 

Hülsen et al., 2016; Stegman et al., 2021). The results presented here show that the 

attenuation effect is increased at high biomass concentrations, which might hinder 

the application of biomass retention methods, unless the light path is optimised. 

Nevertheless, the asymptotic behaviour of the ka values at biomass concentrations 

over 1.5-2.0 g CODbiomass·L
-1 (see Figure 2) suggests that further increases in the 

biomass contents might not require significantly lower light path lengths to allow 

efficient photoheterotrophic operation. 

 

4. Conclusions 

PPB biomass attenuated both UV-VIS and NIR wavelengths, with an increasing 

fraction of UV-VIS at higher biomass concentrations. At concentrations above 1,000 

mg CODbiomass·L
-1 (≥600 g VS·m-3), the attenuation of both spectral bands was 

approximately equal. Light attenuation depended on the reactor configuration, with a 

square/rectangular cross-section attenuating less than a cylindrical cross-section. 

Attenuation was not impacted by the complexity of the wastewater matrix, or by the 

presence of PHA, but the concentration of pigments (both BChl and carotenoids) had 

a strong effect, likely related to their functionality as part of light harvesting 

complexes. Scattering had a minimal impact, as assessed by use of the Lambert-

Beer equation vs. alternative models including light scattering. A proposed 

mathematical model, based on the Lambert-Beer law and a Monod function for light 

requirements, allowed effective representation of the kinetics of anaerobic 
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photoheterotrophic growth. The estimated half saturation coefficient for illumination 

was 4.6 W·m-2, indicating that non-incident irradiation can be an effective light 

source. The predicted NIR light penetration in outdoor PPB systems with biomass 

concentrations >1.0 g·L-1 is only 5 cm, which will favour engineered systems with 

multiple panels (e.g., plate reactors), rather than horizontal lagoons. 
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Figure and table captions 

Figure 1. (A) NIR and (B) UV-VIS attenuation curves for the 6 L cylindrical reactor at 

different biomass concentrations (g COD·m-3), and the (C) NIR fraction in the 

measured light. 

Figure 2. Dependence of the attenuation coefficients from the Lambert-Beer law (ka) 

on the biomass concentration. Different reactor configurations are shown, separating 

(A) NIR and (B) UV-VIS wavelengths. Both experimental and modelling results (data 

fit to a power function) for the different configurations is shown (R2 of 0.990-0.999). 

The error bars represent 95% confidence intervals. For comparison purposes, values 

for microalgae are also presented (from Wágner et al. (2018), assuming a conversion 

factor of 1.6 g COD·g TSS-1). 
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Figure 3. Effective attenuation coefficients for (A) NIR and (B) UV-VIS spectra, 

calculated as the product of the attenuation coefficient (ka) and the biomass 

concentration (XPB), at increasing XPB values. The error bars represent 95% 

confidence intervals. 

Figure 4. Dependence of the (left) NIR and (right) UV-VIS attenuation coefficients 

from the Lambert-Beer law (ka) on the biomass concentration for the experiments 

using (A, B) PWWTE, (C, D) PHA-enriched cultures, and (E, F) non-pigmented 

biomass (vs. pigmented). The error bars represent 95% confidence intervals. 

Figure 5 (A) Estimated photoheterotrophic uptakes rates (kM) of acetate at different 

light intensities and corresponding modelled values using a Monod function. (B) 

Parameter determination results including 95% confidence intervals and confidence 

regions. The error bars represent 95% confidences intervals in mean. 

Figure 6. Experimental and modelled results of the photoheterotrophic batch test 

used for model validation (R2 values of 0.97-0.98). The predicted light attenuation 

profiles at different times of the batch test (times given in days) are also shown. 

SCOD stands for soluble chemical demand, IN for inorganic nitrogen, IP for inorganic 

phosphorus, and IZ for the light intensity at a given depth z. 

Figure 7. Maximum dimensions (light path length) allowing a minimum light intensity 

of 15 W·m-2 in all the reactor volume, assuming an incident NIR light of 400 W·m-2. 

The values are given for different biomass concentrations and reactor configurations. 

Table 1. Kinetic parameters of a power function to describe the attenuation 

coefficients (ka; m2·g COD-1) as a function of the biomass concentration (XPB; g 

COD·m-3). 
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Table 2. Parameters and performance of the different attenuation models for the 

experiments using different reactors (NIR light). 
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Figure 1. (A) NIR and (B) UV-VIS attenuation curves for the 6 L cylindrical reactor at 

different biomass concentrations (g COD·m-3), and (C) NIR fraction in the measured 

light. 

 

 

Figure 2. Dependence of the attenuation coefficients from the Lambert-Beer law (ka) 

on the biomass concentration. Different reactor configurations are shown, separating 

(A) NIR and (B) UV-VIS wavelengths. Both experimental and modelling results (data 

fit to a power function) for the different configurations is shown (R2 of 0.990-0.999). 

The error bars represent 95% confidence intervals. For comparison purposes, values 

for microalgae are also presented (from Wágner et al. (2018), assuming a conversion 

factor of 1.6 g COD·g TSS-1). 
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Figure 3. Effective attenuation coefficients for (A) NIR and (B) UV-VIS spectra, 

calculated as the product of the attenuation coefficient (ka) and the biomass 

concentration (XPB), at increasing XPB values. The error bars represent 95% 

confidence intervals. 
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Figure 4. Dependence of the (left) NIR and (right) UV-VIS attenuation coefficients 

from the Lambert-Beer law (ka) on the biomass concentration for the experiments 

using (A, B) PWWTE, (C, D) PHA-enriched cultures, and (E, F) non-pigmented 

biomass (vs. pigmented). The error bars represent 95% confidence intervals. 
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Figure 5. (A) Estimated photoheterotrophic uptakes rates (kM) of acetate at different 

light intensities and corresponding modelled values using a Monod function. (B) 

Parameter determination results including 95% confidence intervals and confidence 

regions. The error bars represent 95% confidences intervals in mean. 
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Figure 6. Experimental and modelled results of the photoheterotrophic batch test 

used for model validation (R2 values of 0.97-0.98). The predicted light attenuation 

profiles at different times of the batch test (times given in days) are also shown. 

SCOD stands for soluble chemical demand, IN for inorganic nitrogen, IP for inorganic 
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phosphorus, and IZ for the light intensity at a given depth z. 

 

 

Figure 7. Maximum dimensions (light path length) allowing a minimum light intensity 

of 15 W·m-2 in all the reactor volume, assuming an incident NIR light of 400 W·m-2. 

The values are given for different biomass concentrations and reactor configurations.  
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Table 1. Kinetic parameters of a power function to describe the attenuation 

coefficients (ka; m2·g COD-1) as a function of the biomass concentration (XPB; g 

COD·m-3). 

Light 
spectrum 

Reactor a (m5·g-2) b (-) R2 

NIR 

Cylindrical 
(6 L) 

8.00 ± 1.76 0.68 ± 0.05 0.9986 

Cylindrical 
(3 L) 

9.30 ± 5.60 0.71 ± 0.13 0.9901 

Flat plate 4.09 ± 1.54 0.61 ± 0.08 0.9946 

UV-VIS 

Cylindrical 
(6 L) 

2.59 ± 0.90 0.55 ± 0.07 0.9940 

Cylindrical 
(3 L) 

6.58 ± 2.93 0.69 ± 0.10 0.9943 

Flat plate 1.47 ± 0.51 0.51 ± 0.07 0.9927 

NIR Global fit 6.93 ± 3.98 0.67 ± 0.12 0.9352 

UV-VIS Global fit 3.22 ± 2.72 0.59 ± 0.19 0.8255 
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Table 2. Parameters and performance of the different attenuation models for the experiments using different reactors (NIR light). 

Reactor 
Light 

spectrum 

Biomass 
concentration 
(g COD·m

-3
) 

Lambert-Beer Schuster Hyperbolic 

ka 
(m

2
·g COD

-1
) 

R
2 Ea 

(m
2
·g COD

-1
) 

Es 
(m

2
·g COD

-1
) 

R
2
 

Atmax 
(m

-1
) 

Kat 
(g COD·m

-3
) 

R
2
 

C
y
lin

d
ri
c
a

l 
(6

 L
) 

NIR 

2463 0.041 ± 0.002 0.9981 0.041 ± 0.003 5·10
-10

 ± 0.004 0.9981 102 ± 0 0.990 ± 0.599 0.9981 

1067 0.066 ± 0.002 0.9985 0.066 ± 0.004 8·10
-11

 ± 0.006 0.9985 70.5 ± 0 0.990 ± 0.916 0.9985 

469 0.120 ± 0.008 0.9946 0.120 ± 0.012 7·10
-10

± 0.021 0.9946 56.4 ± 0 0.990 ± 1.24 0.9946 

318 0.148 ± 0.011 0.9920 0.148 ± 0.018 1·10
-9

 ± 0.032 0.9920 47.1 ± 0 0.990 ± 1.42 0.9920 

120 0.314 ± 0.030 0.9821 0.314 ± 0.054 3·10
-9

 ±0.098 0.9821 38.0 ± 0 0.990 ± 2.20 0.9821 

61 0.478 ± 0.053 0.9692 0.478 ± 0.099 2·10
-9

 ± 0.187 0.9692 29.7 ± 0 0.990 ± 2.78 0.9692 

C
y
lin

d
ri
c
a

l 
(3

 L
) 

NIR 

2463 0.038 ± 0.002 0.9971 0.038 ± 0.003 5·10
-9

 ± 0.005 0.9971 94.7 ± 0 0.990 ± 0.591 0.9971 

1067 0.082 ± 0.005 0.9964 0.082 ± 0.007 1·10
-9

 ± 0.011 0.9964 88.0 ± 0 0.990 ± 0.805 0.9964 

469 0.127 ± 0.016 0.9800 0.127 ± 0.025 9·10
-10

 ± 0.042 0.9800 59.6 ± 0 0.990 ± 1.19 0.9800 

318 0.153 ± 0.012 0.9899 0.153 ± 0.021 2·10
-9

 ± 0.036 0.9899 48.7 ± 0 0.990 ± 1.34 0.9899 

120 0.287 ± 0.012 0.9960 0.287 ± 0.023 2·10
-9

 ± 0.042 0.9960 34.7 ± 0 0.990 ± 1.94 0.9960 

61 0.518 ± 0.024 0.9952 0.518 ± 0.045 8·10
-9

 ± 0.083 0.9952 32.1 ± 0 0.990 ± 2.68 0.9952 

F
la

t 
p

la
te

 

NIR 

2463 0.028 ± 0.001 0.9998 0.028 ± 0.001 8·10
-14

 ± 0.001 0.9998 68.6 ± 0 0.990 ± 0.638 0.9998 

1067 0.056 ± 0.001 0.9997 0.056 ± 0.002 4·10
-10

 ± 0.003 0.9997 59.7 ± 0 0.934 ± 0.945 0.9997 

469 0.090 ± 0.003 0.9989 0.090 ± 0.005 2·10
-12

 ± 0.009 0.9989 42.3 ± 0 0.990 ± 1.18 0.9989 

318 0.138 ± 0.018 0.9885 0.138 ± 0.028 1·10
-9

 ± 0.044 0.9885 44.1 ± 0 0.990 ± 1.69 0.9885 

120 0.228 ± 0.013 0.9967 0.228 ± 0.022 2·10
-9

 ± 0.040 0.9967 27.6 ± 0 0.990 ± 2.29 0.9967 

61 0.335 ± 0.025 0.9936 0.335 ± 0.043 2·10
-8

 ± 0.078 0.9936 20.7 ± 0 0.990 ± 2.77 0.9936 

 

 

 

                  


