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ARTICLE INFO ABSTRACT

Keywords: Oxygenic photogranules (OPG) are granular biofilms that can treat wastewater without external aeration,
Phototrophic-heterotrophic syntrophy making it an advantage over activated sludge. Excess of OPG biomass can serve as energy source through
SBR

anaerobic digestion. Two sequencing batch photoreactors were operated over 400 days to grow OPG.
Biochemical methane potentials (BMP) were obtained from near-infrared spectroscopy. OPGs had an average
BMP of 356 mL CHy4-gVS!, much higher than typical BMP from activated sludge. A partial least squares analysis
could relate BMP with reactor operating conditions, like light regime, load or biomass concentration. Since

Wastewater treatment
Anaerobic digestion
Circular economy

Blorefinery organic load was the most influential parameter on BMP, three starvation experiments were set up. An average
decrease of BMP by 18.4 % was observed. However, the unexpected growth of biomass during starvation resulted
in a higher total methane volume. In conclusion, starvation reduces the BMP of OPGs but anaerobic digestion of
OPG biomass remains a promising route for biomass valorization.

1. Introduction resources and the recovery of value-added products to promote a cir-

cular use of matter. This applies also to wastewater treatment. A step
The United Nations sustainable development goal “Responsible towards a circular use of resources is taken by the aerobic granule
consumption and production” fosters a more efficient use of the technology as a promising alternative to the commonly used
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conventional activated sludge (CAS) process for wastewater treatment
(van der Roest et al., 2011; Pronk et al., 2015). While value-added
products can be recovered from aerobic granules, the wastewater
treatment process still mainly relies on the oxidation of carbon com-
pounds and releases CO; into the atmosphere. The required oxygen is
provided by mechanical aeration. This drawback may be overcome by
another member of the family of granulated biomass: oxygenic photo-
granules. OPGs produce oxygen in situ and CO5 may be incorporated
into the biomass through photosynthesis by the phototrophic members
of the OPG community (Milferstedt et al., 2017). External aeration may
therefore become unnecessary, reducing operating expenses (Brock-
mann et al., 2021). OPGs may be a candidate biomass for a future
wastewater treatment with a reduced environmental impact.

Incorporation of additional COy into biomass is responsible for a
higher biomass yield of an OPG process and leading to the production of
larger quantities of excess sludge compared to aerobic granules and
activated sludge. Processing a higher amount of excess sludge creates
additional costs. Already during by wastewater treatment by conven-
tional activated sludge process, a technology with a comparably low
sludge yield, half of the operating costs of a wastewater treatment plant
are generated by sludge handling (Appels et al., 2008). Consequently, it
is of interest for the sustainability of the process to identify uses for the
excess biomass (Brockmann et al., 2021).

One common process to treat excess activated sludge is anaerobic
digestion. Anaerobic digestion describes the fermentation of organic
material contained in sludge. It generates biogas, a mixture containing
approximatively 60 % CH4 and 40 % CO,. Biogas can be used as an
energy vector to generate heat and electricity directly in the treatment
plant or elsewhere. Biogas can also be generated from the digestion of
OPG biomass. However, little data is available on the digestibility of
OPG biomass. Most of the phototrophic biomass within OPGs is fila-
mentous cyanobacteria (such as Oscillatoria sp.,) (Milferstedt et al.,
2017), but there is also microalgae. Microalgae possess a cell wall that is
comparably difficult to break. For that reason, microalgae biomass often
requires costly pretreatment to produce economically and ecologically
acceptable quantities of biogas during digestion. Therefore, the photo-
trophic cells of the microbial community might make the estimation of
methane yield from OPGs difficult. Not only the microbial composition
of OPGs may have an effect on the digestibility of the biomass, but also
the composition of the biomass itself, e.g., its protein, carbohydrate and
lipid content. A drastic change in operational conditions, e.g., a star-
vation period, may change the proportions of the cellular components
and consequently influence the digestibility of the biomass. In the
literature, a broad characterization of the digestibility of this new type of
biomass is currently lacking and will be provided in this study.

A commonly used tool to assess the digestibility of any kind of
biomass is the biochemical methane potential (BMP) test that quantifies
the maximum amount of methane produced by anaerobic digestion for a
unit of biomass (Angelidaki et al., 2009). Alternatively, the BMP can be
measured by near-infrared spectroscopy (NIRS) using commercially
available methods.

Based on various published articles, an average BMP of 219 + 54 mL
CH,4-gVS™! can be calculated for activated sludge (Supplementary ma-
terial). Park et al. (2015) published with 230 mL CH4-gVS’1 the so far
only available BMP for photogranules. However, for other types of
microalgae-bacteria biomass, values up to 348 mL CH,4gVS™' are re-
ported (Arcila and Buitron, 2016). This rather high range of values
makes it necessary to measure BMP for photogranules from various
sources and subjected to contrasted environmental conditions to estab-
lish a more solid basis of the BMP that can be expected from this novel
kind of biomass.

In this study, two sequencing batch reactors (SBR) were operated to
produce OPG biomass from a synthetic wastewater. The reactors were
operated for more than 400 days under varying operating conditions.
Biomass was systematically sampled and its BMP was predicted. The
resulting BMPs were correlated to operating conditions and notably the
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exposure to starvation. It was hypothesized that starvation has a notable
effect on BMP as the biomass composition is likely to change as a
function of nutrient availability.

2. Material and methods
2.1. Reactor operation

Two sequencing batch photobioreactors (SBR-1 and SBR-2) were
operated for a period of more than 400 days. The working volume in the
reactors was four liters. During each SBR cycle, two liters and thus half
of the volume was replaced with fresh media. For most part of the
experiment, the reactors were operated at a cycle length of four hours,
resulting in a hydraulic retention time (HRT) of 8 h. At day 329 until the
end of reactor operation, the cycle length was decreased to three hours
with a resulting HRT of 6 h. A cycle consisted of (1) six minutes filling,
(2) 171 or 231 min reaction time (three- or four-hour cycles, respec-
tively), (3) 0,5 min settling, (4) 2,5 min emptying (Fig. 1A).

2.2. Environmental conditions

The reactors received a synthetic wastewater as feed with a carbon
load of 48.8, 24.4,21.7 or 16.2 mg coD-Lth7Y, depending on the phase
of the experiment (Fig. 1C). The composition and concentrations of the
feed solution were as follows: 6.1 mM sodium acetate (390 mg COD~L'1),
1.52 mM (NH4)2SO4, 70 uM KHPO4, 60 uM NasHPOy, 13.43 uM EDTA -
Nay, 2.47 uM FeCls, 10 nM NayMoO4, 70 nM FeSO4, 490 nM H3BOs3, 30
nM ZnSOy4, 20 nM MnCl,, 80 nM CoCl,, 120 nM CuSO4 and 10 nM NiCl,.

The reactors were illuminated using LED panels of white light (4000 K).
When illuminated, the LED panels produced on average a photosyntheti-
cally active radiation (PAR) of 62 or 96 pmol- m~2s7! at the vertical
surfaces of the reactors during conditions 1 and 2, and conditions 3 to 5,
respectively (Fig. 1B). Light was switched off for 30 min at the end of
four-hour cycles and 15 min at the end of three-hour cycles (Fig. 1A).
Therefore, over a day with three-hour and four-hour cycles (conditions 4
and 5, and conditions 1 to 3), the reactors received a daily dose of 4.7, 7.2
and 7.6 mol-m ™2 of PAR per day under conditions 1 and 2, condition 3 and
conditions 4 and 5, respectively (Fig. 1B).

Both reactors were operated at an average room temperature of
25 °C. A sufficiently large and naturally ventilated distance between LED
panels and the reactors insured that the temperature in reactors was not
affected by the LED panels. The reactor content was mixed using an
overhead stirrer at 100 rpm. The average pH in the reactor was 8.
Temperature and pH in the reactors were monitored online but were not
controlled.

In consecutive experiments, several correlated operational parame-
ters were varied so that the influence of these parameters on the BMP of
the resulting biomass could be tested statistically. The parameters HRT,
load, initial soluble COD (‘maxCOD’) and biomass concentration (as
total suspended solids, TSS) were independent of each other. Light
regime (‘PAR per day’) was treated as independent from light intensity
(‘PAR’) because of the dark phase at the end of each SBR cycle. The
parameters cycle length as well as light-timing (that determines light
regime) correlate with a correlation coefficient of 1 with HRT; total
solids, volatile solids, and volatile suspended solids correlated with total
suspended solids with a correlation coefficient of 0.8 (p-value < 0.001).
Therefore, these parameters were not included in the analysis, as they do
not add explanatory power to the PLS model, but make it more complex.
In total, five combinations of the independent parameters were obtained
(‘Conditions’ indicated in Fig. 1B) that are listed in Table 1 and were
used in the PLS model.

2.3. Biomass collection and sample preparation

The biomass in the two reactors was composed of oxygenic photo-
granules in a size range from 0.5 to 4 mm in diameter. The biomass
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Fig. 1. Operating conditions for the two sequencing batch reactors (SBR). (A) The SBR cycles including illumination. (B) Illumination over the duration of the
experiment with the average light at the vertical surfaces of the reactors (photosynthetic active radiation, PAR) and the daily light dose, taking into account the dark
phases at the end of the SBR cycles (light regime). (C) Cycle length, hydraulic retention time (HRT) and carbon load over the duration of the experiment. Addi-

tionally, arrows in panels B and C signal to starvation experiments.

concentration as total suspended solids (TSS) was measured according to
Standard Methods 2540D (Lipps et al., 2017). From the same biomass,
55 samples were collected and used for NIRS BMP analysis. Samples
were always taken at the end of a cycle when the dissolved oxygen in the
bulk phase was increasing. Measurable dissolved oxygen in the bulk
phase correlated with a soluble COD concentration approaching zero.
This was experimentally verified. To account with heterogeneity in the
photogranule population, one large sample containing between 25 and
50 % of the total biomass in the reactors was collected per reactor at
each sampling date. The large sampling mass was also taken to adjust
the sludge concentration in the reactors. The reactors continued normal
operation after sampling and no deterioration of carbon removal was
observed. Ammonium and EPS concentrations were not measured dur-
ing the experiment.

Additionally, nine samples of monoclonal cultures of cyanobacteria
were taken for NIRS BMP analysis from the culture collection of this

study. The strains were isolated from OPGs in a previous study. Mono-
clonal cyanobacteria were cultured in sterile flasks that allows gas ex-
change, with standard BG-11 medium for cyanobacteria cultivation,
exposed to 100 pmol-m 25! PAR and at room temperature.

All samples were then centrifuged for 1 min at 7000 g (Eppendorf
Centrifuge 5430, Hamburg, Germany) and the liquid fraction was
removed. To preserve the samples, they were freeze-dried and ground,
yielding between 3 and 6 g of a fine powder. The samples were stored at
room temperature in the dark before analyses.

2.4. Starvation experiments

Six additional biomass samples were collected after starvation pe-
riods of three days and processed as detailed above. The three inde-
pendent experiments were carried out at an interval of 45 days between
the first and second, and 25 days between the second and third
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Table 1
Combination of parameters tested for PLS statistical analysis.
Organic carbon HRT Light intensity TSS Nb
Feed Load PAR PAR per day
(mg COD-L'Y) (mg COD-L1hY) (h) (pmol-m?2s1) (mol-m?) (gLh
1 195.0 48.8 8 62 4.7 4.3-9.2 14
2 97.5 24.4 8 62 4.7 1.6 -125 22
3 97.5 24.4 8 96 7.2 1.9-5.0 4
4 48.8 16.2 6 96 7.6 3.3-64 10
5 65.0 21.7 6 96 7.6 3.5-9.3 5

Note: Nb: the number of samples taken under the defined conditions. ‘HRT’ stands for hydraulic retention time; ‘PAR’ stands for photosynthetic active radiation; ‘TSS’

stands for total suspended solids; ‘COD’ stands for chemical oxygen demand.

starvation periods. It is assumed that the intervals allowed the recovery
of storage compounds.

For each of the starvation periods, a reduced COD load was manually
added three times per day, containing 16 % or 8.0 mg COD-L'1.h™?
during the first starvation experiment, 11 % or 5.4 mg cop-L'th?
during the second starvation experiment, and 0 % of the initial load
during the third starvation experiment (Table 2). The progressive
reduction was done to reduce the risk of reactor failure. During starva-
tion, light was constantly supplied to maximize oxidation of available
COD, i.e., it was not turned off for 30 min as during normal operation,
resulting in 5.4 mol-m~2 of PAR per day instead of 4.7 mol-m~2 of PAR
per day. In addition to oxygen provided by photosynthesis, external
aeration was supplied to provide dissolved oxygen concentrations at air
saturation (9 mg-L1), before every manual feeding. The supplemental
oxygen guaranteed that oxygen did not become limiting. Heterotrophic
activity was thus sustained and the depletion of soluble carbon sources
was achieved for every reactor cycle.

2.5. Near-Infrared spectroscopy

The NIRS method is based on a statistical model trained with a large
number of conventional BMP measurements, including phototrophic
biomass. A conventional BMP test is labor intensive, takes about one
month and requires biomass on the order of several grams. Results from
traditional BMP tests may highly vary between laboratories, despite
international efforts of standardization (Holliger et al., 2016). The main
advantages of NIRS, comparing with traditional BMP tests, are its
rapidity and the non-destructive use of small amounts of biomass (2 cm®
of freeze-dried biomass).

BMP predictions for the lyophilized and ground biomass were done
for all samples taken during the whole experiment (Fig. 2) using the
commercially available near-infrared spectroscopy (NIRS) method Flash
BMP® 11,059,628 by Biichi, integrated in the software for the BUCHI
NIR-Flex N-500 solids spectrophotometer (Buchi, Flawil, Switzerland).
Details on the NIRS method are given in Lesteur et al. (2011) and Latrille
et al. (2013). A disadvantage of the NIRS method is the risk that the
biomass to be tested is not represented in the database used to calculate

the BMP from the spectra. This problem can be addressed by running a
comparison between a NIRS prediction with a biological BMP of a type
biomass, as done in this study. The validity of the NIRS method was
confirmed in a comparison with the result obtained from a photogranule
biomass using the traditional BMP test. The two results differed by 3.3
%.

NIRS was also used to predict the macromolecular composition of the
biomass, i.e., the proportions of carbohydrates, proteins and lipids
(Charnier et al., 2017). For the analysis, approximately 2 cm® of freeze-
dried and ground samples were transferred into capped crystal vials. To
assure homogeneity of the samples, each sample was processed three
times in the NIRS, mixed after each measurement. The reported results
are the average of the three measurements from the same sample with a
standard deviation smaller than 5 %.

2.6. Validating NIRS results using traditional biochemical methane
potential test

For one arbitrarily selected biomass sample, the NIRS prediction of
BMP was compared to the result of a traditional BMP test. A traditional
BMP test was done in triplicate in 500 mL serum bottles, incubated
under mesophilic conditions (35 °C), as in Carrere et al., (2009). 5.85 g
of freeze-dried OPG biomass (68 % volatile solids/total solids) was
added to each bottle, containing 175 mL of anaerobic sludge as inoc-
ulum (70 g~L'1 of volatile solids), 4.3 mL of oligo nutrients, 4 mL of metal
solution, and 21 mL NaHCOs solution (50 g~L'1). Tap water was added to
obtain a total volume of 400 mL. The pH was adjusted to 7-8. The solids/
biomass ratio of samples was 0.3 g COD of OPG biomass per gram of
organic matter from the anaerobic sludge. Biogas volume was measured
by liquid displacement and its composition was measured by gas chro-
matography. A first order k trend function was determined using the
modified model of Gompertz (Batstone et al., 2009) to fit BMP [R? =
0.987). The BMP tests was conducted over 90 days until biogas pro-
duction was indifferent from the negative control, i.e., anaerobic sludge
without the addition of OPG biomass.

Table 2
Operating conditions of SBRs before and during the three starvation experiments and characteristics of OPG biomass observed before and after starvation.
Load VSs C/N BMP
(mg cOD-Lh 1) (gLh (mL CH,-g'VS)
Exp. SBR before starvation before after before after before after
1 1 48.8 8.0 (16 %) 0.4 0.6 3.3 3.7 442 357
1 2 48.8 8.0 (16 %) 1.0 0.4 3.8 3.3 450 361
2 1 48.8 5.4 (11 %) 1.6 1.9 5.1 5.3 523 519
2 2 48.8 5.4 (11 %) 1.6 1.2 5.5 5.9 518 322
3 1 24.4 0 (0 %) 1.1 2.2 4.2 2.9 337 289
3 2 24.4 0 (0 %) 0.8 2.3 4.5 3.4 303 247

Note: ‘Exp.’ stands for experiment number; ‘SBR’ stands for sequencing batch reactor; ‘COD’ stands for chemical oxygen demand; ‘VSS’ stands for volatile suspended
solids; ‘C/N’ stands for carbon to nitrogen ratio; ‘OPG’ stands for oxygenic photogranules; ‘BMP’ stands for biochemical methane potential.; and ‘VS’ stands for volatile

solids.
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Fig. 2. Measured values of total suspended solids (o, TSS) and biochemical methane potential (a, BMP) over experimental time.

2.7. Elemental analysis of photogranular biomass

The elemental analysis for carbon, hydrogen, nitrogen and sulphur
(S) contents in samples of total suspended solids were determined in a
Flash EA2000 elemental analyzer (Thermo Fisher Scientific, UK)
equipped with a Flash EA 1112 flame photometric detector, according to
manufacturer’s instructions. The oxygen content was then calculated by
subtracting from total suspended solids the sum of carbon, hydrogen,
nitrogen and sulfur, as well as the and ash contents, determined by loss
at ignition at 550 °C. The elemental analysis was done on samples
immediately before the onset of the starvation experiments and at the
end of the experiments.

2.8. Statistical analyses

Data analyses were conducted using R 4.2.3 (R Core Team, 2023).
Boxplots were created with the ggplot2 package (Wickham, 2016). Test
for association between paired samples (with Pearson’s product moment
correlation coefficient and Kruskal tests) and two-factor analysis of
variance (ANOVA) without replication where computed using R base. A
Partial Least Squares (PLS) analysis was carried out between the non-
constant parameters (X matrix, explicative variables, e.g., HRT or
Load) and the BMP predictions on the 55 samples using the Kernel
method in the ‘pls’ package (Liland et al., 2023). This is particularly
efficient when the number of samples is larger than the number of
variables, because it is not calculating the cross-product matrix of X.
Other parameters were tested but turned out to be highly correlated to
others, i.e., cycle length, light-timing (that determines light regime),
total solids, volatile solids, total suspended solids and volatile suspended
solids. They were thus omitted for the analysis presented here. The co-
efficient of correlation (RZ) was used to assess the accuracy of the PLS
model.

3. Results and discussion
3.1. Benchmarking NIRS method for photogranules

To benchmark BMP predictions from near-infrared spectrometry
(NIRS), a traditional BMP test was done in triplicates. After 90 days, the
cumulated methane from OPG biomass was 461 + 9 mL CH,4-gVS™. For
the same samples, the NIRS approach estimated a BMP of 450 mL
CH4-gVS™. The difference of 5 % between the two methods, corre-
sponding to values between 5 and 25 mL CH4-gVS™, depending on the
sample’s BMP, is much less than the intrinsic errors of the methods
themselves (Holliger et al., 2016). This confirms that the statistical
model approximates well the traditional BMP also for photogranule
biomass. The benchmark was necessary since the original model for
NIRS data was trained with a wide range of biomass, including

phototrophic biomass but not OPGs (Lesteur et al., 2011). All BMP
values in this study were consequently obtained using the rapid NIRS
approach.

3.2. Highest biochemical methane potential for photogranules

In Fig. 3, the BMPs obtained in this manuscript are compared to
literature values for other types of biomass related to wastewater
treatment or to constituents of the microbial community of OPGs. De-
tails from the literature studies are given in the Supplementary material.
Compared to the literature, the BMPs obtained from the two replicated
SBRs were highest with an average of 354 + 11 and 358 + 12 mL
CH,-gVS™, respectively (“OPG” in Fig. 3). There is no statistical differ-
ence between the biomass from the two reactors (p-value = 0.34,
Kruskal test).

Photogranules are a candidate biomass for wastewater treatment.
For this reason, their BMP was compared to biomass from the current
reference process for wastewater treatment, the conventional activated
sludge process. The average BMP of 219 + 54 mL CHy-gVS™! of activated
sludge (“CAS” in Fig. 3) is significantly lower than for OPGs (p-value <
0.001, Kruskal test). The potential to recover energy from OPG biomass
is around 60 % higher than for activated sludge (Fig. 3).

Photogranules may be imagined as a mixture of an activated sludge
community with phototrophic organisms, i.e., algae and cyanobacteria.
It may therefore be that the phototrophic constituents of a photogranule
increase their BMP compared to activated sludge. Comparing OPG
biomass with phototrophic biomass, it appears that the BMP from OPG is
significantly higher than the BMP from algae or cyanobacteria, whether
they originate from miscellaneous environments (“Cyanobacteria A” in
Fig. 3) or whether they were isolated from photogranules (“Cyanobac-
teria B”) (p-value < 0.001, Kruskal test). An arithmetic mix of BMPs
from activated sludge and phototrophic biomass therefore cannot pro-
duce the observed higher BMP of photogranules.

Other heterotrophic-phototrophic assemblages have been studied in
the literature, among them microalgal-bacterial flocs (MaB-floc) (van
den Hende et al., 2015, 2016) and microalgal-bacterial aggregates
(MABA) (Arcila and Buitron, 2016). These types of biomass were often
dominated by eukaryotic microalgae (van den Hende et al., 2015, 2016;
Arcila and Buitron, 2016). The supposed functioning of these types of
biomass centers around syntrophic interactions between the two major
groups of organisms and is similar to what is postulated for photo-
granules. The major difference between these assemblages and photo-
granules is their spatial structure and the frequent dominance of
filamentous cyanobacteria in OPGs. Assemblages of heterotrophic bac-
teria and phototrophic organisms can grow as suspensions, e.g., indi-
vidual cells or assemblages of some cells, typically difficult to settle by
gravity (“Suspended” in Fig. 3) with an average BMP of 178 + 17 mL
CH4-gVS! or as aggregates of various forms (e.g., flocs, granules,
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“Aggregated” in Fig. 3) with an average BMP of 242 + 28 mL CH,-gVS™.
For both types of biomass, the average BMP is significantly lower than
for OPGs (p-value < 0.000, Kruskal test). One notable studies discussing
aggregated biomass reports an exceptionally high BMP value of 348 mL
CH4~gVS'1 (Arcila and Buitron, 2016), similar to what was found for
OPGs in this study. According to the description in the article, this type
of biomass shares several properties of OPG biomass. It may therefore be
that the spatial organization of the biomass is linked to elevated BMPs.
However, the first and so far only report of a BMP for true OPG biomass
by Park et al. (2015) does not support this hypothesis as it is with a value
of 230 mL CH4gVS™! well below the average BMP of OPGs reported
here. These results suggest that high BMPs from OPG biomass are due to
their particular growth form and are not simply caused by a combination
of heterotrophic and phototrophic microorganisms.

Placing biomass into the two categories “Suspended” and “Aggregated”
(Fig. 3) on the basis of a qualitative description in the literature is an
oversimplification of a complex situation and holds the risk of misclassi-
fication. In the worst case, this may result in an erroneous detection of

significant differences with OPGs. To avoid misclassification, in the cate-
gory “Aggregated”, only samples that correspond to the following quan-
titative criteria were placed: a sludge volume index after 30 min of settling
(SVI3p) smaller than 150 or a Zone Settling Velocity (ZSV) greater than 1
m-h~L. Typical SVIs values for activated sludge are between 300 and 400
ml-gTSS ™ with a ZSV between 0.1 and 0.2 m-h~! (Abouhend et al., 2018).
“Aggregated” biomass therefore settles more easily than activated sludge
(Arcila and Buitron, 2016; Van den Hende et al., 2016). The samples in the
“Suspended” category are assumed to not settle better than a typical
activated sludge, based on their descriptions in the respective publications.

3.3. Effect of starvation on BMP of photogranules

The effect of the starvation periods on BMP was tested for photo-
granular biomass. During the starvation periods, the organic carbon
provided in the feed of the two photobioreactors was reduced and in one
case eliminated from the feed for three consecutive days (Table 2). This
experiment was repeated three times at about one-month intervals. The

SBR1

SBR2

. Before starvation
After starvation

BMP [mL CH,-gVS]
N Wb O
o
o

500+
400+
300+
200+
100+

0 -

Fig. 4. BMP of OPG biomass before and after three days of starvation in two independently operated reactors during three independent experiments. The average
BMP decreased after starvation (ANOVA with “reactor” and “experiments” as factors, p-value = 0.02).
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six datasets (two reactors x three experiments) were analyzed using
ANOVA blocking the factors “reactor” and “experiment”. A decrease of
BMP of on average 80 + 11 mL CH4~gVS'1 (-18.6 %) after starvation was
detected (ANOVA test, p-value = 0.02) (Fig. 4). The pre-starvation level
of BMP was recovered about 10 days after normal operation was picked
up again. These changes in BMP suggest a cycle of production and
consumption of storage compounds in OPG biomass.

The relative proportions of proteins, carbohydrates and lipids of the
feedstock have an impact on the digestion performance. Excessively high
concentrations of any of these fractions lead to the release or accumulation
of secondary products that inhibit methanogens (Hagos et al., 2017;
Cuellar-Bermudez et al., 2019). Therefore, it is important to consider the
macromolecular composition of a feedstock for anaerobic digestion. In
cyanobacteria, the macromolecular composition highly depends on
nutrient supply (Cuellar-Bermudez et al., 2019). It is thus expected that the
BMP of OPGs depends on the nutrient supply. To test whether a decrease in
BMP after starvation was associated with a change in the biochemical
composition of the biomass, the macromolecular composition of the OPG
biomass before and after starvation was compared. The proportions of
carbohydrates, lipids and proteins of photogranules were predicted using
NIRS. Photogranule biomass was composed of on average 19.6 % + 14.3 %
carbohydrates, 67.5 % + 8.4 % proteins and 12.9 % + 13.3 % lipids,
resulting in a protein to carbohydrate ratio of 3.4. No change was detected
before and after starvation. The elemental analysis reveals the molecular
formula of the biomass (carbon, hydrogen, oxygen, nitrogen and sulfur
composition) from which the C/N ratio can be calculated. The C/N ratio
did not change before and after starvation of experiments 1 and 2 (ANOVA
test, p-value = 0.37) (Table 2). However, for starvation experiment 3,
the C/N ratio decreased from 4.2 to 2.9 for SBR-1 and from 4.5 to 3.4 for
SBR-2 (Table 2), indicating a relative increase of nitrogen content in the
biomass. Fixation of atmospheric nitrogen by some cyanobacteria such as
Oscillatoria sp. is possible under shortage of other nitrogen sources
(Benemann, 1979; Gallon, 2001; Markou et al., 2014). Since nitrogen and
organic carbon are absent in the feed solution used in the third starvation
cycle, N3 and CO; fixation are possible. N5 fixation comes at a high ATP
cost (GroBkopf and LaRoche, 2012). This might explain a higher
consumption of carbon-rich storage compounds, resulting in a lower C/N
and lower BMP. The correlation between the macromolecular composition
of OPG biomass obtained by NIR spectroscopy and the chemically
measured elemental composition may reveal interesting dynamics
possibly adding a relatively simple and fast measure to assess the
suitability of a specific type of OPG biomass for methane production. At the
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same time, it is important to recall that a BMP is normalized by mass and
represents a property of a type of biomass, but not an absolute quantity.
From an energy recovery perspective, it is equally important to consider
the amount of biomass (with a specific property) inside a reactor to obtain
an absolute amount of methane to be produced. Contrary to what was
expected, in some situations, notably the starvation experiment 3, the
biomass increased after starvation (Table 2). Therefore, the total volume of
methane that could be potentially produced from the biomass contained in
the reactors may increase after starvation, despite a decrease in specific
BMP (Fig. 5). It is unclear how the biomass, especially in the starvation
experiment 3, could increase over time in the absence of a carbon source
other than atmospheric CO». After careful checking, measurement errors
can be ruled out. It was therefore decided to present the data, as there are at
this point no methodological problems identified that justify omitting
these points as outliers. To conclude, starvation generally reduces the BMP
of OPG biomass grown in SBR. Starvation thus influences the property of
the biomass. The changed properties are not reflected by the measure-
ments of the elemental or macromolecular composition of the biomass.
The unexpected and so far unexplained biomass increase after starvation
offset the reduction in BMP and leads in some cases to an increased po-
tential methane volume when considering the total biomass in the reactor.

3.4. Effect of operation parameters on BMP of photogranules

Operating conditions were deliberately varied over time (Table 1 and
Fig. 1) to related their impact on the BMP of the resulting biomass. A PLS
analysis was performed to discern the most influential parameters. The
tested parameters were light intensity (PAR), light regime (PAR per
day), hydraulic retention time (HRT), maximum carbon concentration
in SBR cycle, organic carbon load (related to maximum carbon con-
centration and HRT) and biomass concentration. Every combination of
parameters was kept constant over at least three days to insure stable
reactor behavior. The results from the PLS analysis are presented as
principal component plot in Fig. 6. The PLS model encompassed the
variance in the BMP data with a correlation of 40 %, indicating that
other parameters may exist that correlate with BMP but were not
considered in this study. Among the parameters tested in this study,
organic carbon load (‘Load‘ in Fig. 6) and its maximum concentration
(‘maxCOD’) positively correlated with BMP (Pearson correlations cor =
0.566, p-value < 0.001 for Load and cor = 0.573, p-value < 0.001 for
maxCOD respectively). The carbon load was therefore the more influ-
ential reactor parameter on BMP. On the other hand, the biomass
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Fig. 5. Expected methane volume per volume unit of the reactor, considering BMP and biomass concentration before and after starvation. This measure can be
interpreted as an absolute BMP. The data are separated by reactor (SBR 1 and 2) and starvation experiments 1-3.
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PAR

PAR

per day Load

------------------- maxCOD-

PC 2 (21.2%)

TSS HRT

PC 1 (62.6%)

Fig. 6. Biplot of the PLS analysis from BMP values. Black arrows (statistically
significant) and grey arrows (statistically not significant) indicate reactor de-
scriptors that varied among samples: light intensity (PAR), light regime (PAR
per day), biomass concentration (TSS), hydraulic retention time (HRT),
maximum carbon peak which is obtained at the beginning of every cycle
(maxCOD) and organic carbon load (Load). Principal components 1 in x-axis
(62.6%) and 2 in y-axis (21.2%) explained a total of 84% of the variance on
BMP with a correlation of 40%.

concentration (TSS in Fig. 6) was negatively correlated to BMP (Pearson
correlation cor = -0.361, p-value < 0.05). This may be caused by a lower
specific load at higher biomass concentrations, or adverse effects caused
by reduced light penetration into the reactor (Gernigon et al., 2019).
Determining the optimal biomass concentration and carbon load for
maximizing energy recovery of the excess biomass will be a future
challenge towards the development of a photogranule-based bioprocess.

The HRT was not significantly correlated to BMP, in contrast to other
studies. In Arcila and Buitron (2016), the highest methane yield (348 mL
CH,4-gVS™) was obtained at the longest HRT of 10 days, compared to 2
and 6 days HRT, for microalgae-bacteria granules grown in a high-rate
algal ponds. Results from Arcila and Buitron (2016) and from this
study were however not directly comparable since SBR operation allows
much shorter HRTs (<8h) due to the uncoupling of HRT from solids
retention time (SRT). On the other hand, van den Hende et al. (2016)
reported a decrease of BMP of 13.8 % after increasing the SRT in a
microalgae-bacteria flocs system grown in high-rate algal ponds and fed
with food-industry effluent. The effects of SRT and HRT on BMP varied a
lot between studies, but range of variations of these operating parame-
ters also differed greatly between studies, making comparisons difficult.
In any case, varying SRT or HRT may possibly induce the growth of a
biomass with altered biochemical composition leading to different BMP
values.

Further research is essential to unravel the interplay between pho-
tobioreactor operation, the accumulation of storage compounds in
biomass, and the subsequent energy recovery from the biomass.
Although OPG biomass has been identified as a promising candidate for
future applications in wastewater treatment, a significant knowledge
gap remains in terms of biotechnological applications and the valori-
zation of biomass. This study marks an initial stride towards the un-
derstanding of modulation of the energy recovery potential from OPG
biomass.
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4. Conclusions

This study showed that oxygenic photogranules (OPGs) grown on
wastewater in SBR have on average a higher BMP (356 mL CH4-gVS™)
than related biomass from other sources. It seems that more highly
structured phototrophic-heterotrophic biomass creates conditions that
leads to an elevated BMP. The effect of photobioreactor operation on
BMP was identified. Carbon load had the greatest effect among the six
operational parameters tested. Conversely, starving OPGs for three days
significantly decreased the BMP by 18.6 % on average (80 mL CH4-gVS’
1. As final conclusion, load conditions can modulate BMP of OPG
biomass.
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