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ARTICLE INFO ABSTRACT
Guest Editor: Maite Pijuan The versatile capacity of purple phototrophic bacteria (PPB) for producing valuable bioproducts has gathered
renewed interest in the field of resource recovery and waste valorisation. However, greater knowledge regarding
Keywords: the viability of applying PPB technologies in outdoor, large-scale systems is required. This study assessed, for the
Resource recovery first time, the upscaling of the phototrophic polyhydroxyalkanoate (PHA) production technology in a pilot-scale

Polyhydroxyalkanoate (PHA)

Purple phototrophic bacteria ponds (PPB
ponds)

Up-flow anaerobic sludge blanket reactor

system operated in outdoor conditions. An integrated system composed of two up-flow anaerobic sludge blanket
(UASB) reactors (for fermentation of wastewater with molasses), and two high-rate algal ponds retrofitted into
PPB ponds, was operated in a wastewater treatment plant under outdoor conditions. UASB's adaptation to the

(UASB) outdoor temperatures involved testing different operational settings, namely hydraulic retention times (HRT) of
Pilot-scale 48 and 72 h, and molasses fermentation in one or two UASBs. Results have shown that the fermentation of
Outdoor operation molasses in both UASBs with an increased HRT of 72 h was able to ensure a suitable operation during colder

conditions, achieving 3.83 + 0.63 g CODgermentative Products’L, compared to the 3.73 + 0.85 g CODgermentative
products/L achieved during warmer conditions (molasses fermentation in one UASB; HRT 48 h). Furthermore, the
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PPB ponds were operated under a light-feast/dark-aerated-famine strategy and fed with the fermented waste-
water and molasses from the two UASBs. The best PHA production was obtained during the summer of 2018 and
spring of 2019, attaining 34.7 % gPHA/gVSS with a productivity of 0.11 gPHA L™! day ! and 36 % gPHA/gVSS
with a productivity of 0.14 gPHA L~! day ™!, respectively. Overall, this study showcases the first translation of
phototrophic PHA production technology from an artificially illuminated laboratory scale system into a naturally
illuminated, outdoor, pilot-scale system. It also addresses relevant process integration aspects with UASBs for
pre-fermenting wastewater with molasses, providing a novel operational strategy to achieve photosynthetic PHA
production in outdoor full-scale systems.

1. Introduction

Creation of economic value whilst performing resource recovery
from waste streams is key to advance the implementation of sustainable
resource management practices. In the last decade, purple phototrophic
bacteria (PPB) have garnered renewed attention in the field of resource
recovery applications due to their versatile capability for generating
added-value bioproducts (e.g., polyhydroxyalkanoates (PHA), single cell
proteins (SCP), hydrogen, carotenoids, fertilizers, co-enzyme Q10, and
5-aminolevulinic acid), which is an attractive feature when seeking the
valorisation of waste and surplus streams (Capson-Tojo et al., 2020).
PHA is a naturally occurring biopolymer that can be produced by several
microorganisms as intracellular storage compounds. The biodegrad-
ability of PHA as well as their similar physical properties to conventional
plastics, make this biopolymer a compelling alternative to substitute
synthetic, petroleum-based polymers (Reddy et al., 2003). However,
PHA production is currently associated with high production costs,
mostly because of the high cost of carbon substrates, sterilization (in the
case of single strain systems), and aeration requirements (in the case of
aerobic cultures), as well as downstream cost for polymer extraction and
purification (Reis et al., 2003; Fradinho et al., 2021a). In the search for
lower-cost processes, PHA production using photosynthetic mixed cul-
tures (PMC) enriched in PHA accumulating PPB have seen rising interest
in literature studies. This emerging technology relies on PPBs capability
to thrive in illuminated anaerobic environments as well as their
remarkable ability to remove organic carbon from waste streams
without requiring aeration (eliminating aeration and reducing substrate
costs). Such features not only allows them to take advantage of sunlight
as a free energy source, but also minimizes carbon dissipation through
oxidation (typically associated to aerobic systems) and they therefore
attain higher carbon recovery efficiency from waste streams (Fradinho
et al., 2021b). Likewise, in PPB microorganisms, PHA storage can serve
as a sink of reducing power or as a carbon source reserve, widening the
selection strategies that can be applied in PMC to enrich them in PHA
accumulating PPB. Up till now, such enrichment has been accomplished
through the continuous presence of organic carbon, where PHA pro-
duction was a means to maintain their internal cell redox balance
(permanent feast selection) or through alternating periods of feast and
famine of organic carbon, selecting bacteria that store PHA during the
feast phase to consume it for growth during the famine phase (feast and
famine selection) (Fradinho et al., 2013; Fradinho et al., 2016).

Despite the extensive knowledge gained thus far on PPB technologies
most studies on phototrophic PHA production have been conducted at
laboratory-scale and/or using artificial illumination (e.g., halogen
lamps, infra-red lamps) (Fradinho et al., 2013; Allegue et al., 2022;
Almeida et al., 2021; Luongo et al., 2017; Policastro et al., 2020), and
very few were performed with real waste streams or even considered the
simulation of outdoor conditions (e.g., transient light, temperatures).
Nevertheless, promising results with waste streams have been attained
under laboratory conditions with continuous illumination, where 20 % g
PHA/g VSS was reported using fermented cheese whey (Fradinho et al.,
2019) and fermented municipal waste (Luongo et al., 2017),and 42 % g
PHA/g VSS was found utilizing fermented urban organic waste (Allegue
et al., 2022). Prior lab-scale studies simulating outdoor conditions using
fermented wastewater with molasses as feedstock have found a content

of 30 % g PHA/g VSS (Almeida et al., 2021) and 21.6 % g PHA/g VSS
(Almeida et al., 2023) under simulated summer and winter conditions,
respectively. Such findings demonstrate the feasibility of phototrophic
PHA production using real waste, however, scale-up studies in real
outdoor operating systems remains an unexplored area, and there is still
the necessity to assess the full potential of the technology in such con-
ditions. Under outdoor conditions, daily and seasonal fluctuations of
sunlight and temperature are expected, which can impact the overall
performance of PMC (Fradinho et al., 2021b). Furthermore, and since
fermentation products such as volatile fatty acids (VFAs) are the pref-
erable substrates to produce PHA (Sekoai et al., 2021), the assessment of
a biorefinery concept that integrates waste fermentation with PHA
production is needed, in a similar way as performed with aerobic mixed
cultures (Morgan-Sagastume et al., 2015; Valentino et al., 2019).

With the aim of addressing these needs, this study evaluated for the
first time an integrated system for phototrophic PHA production under
real outdoor conditions at a pilot-scale level. Two outdoor high rate algae
ponds (HRAPs), typically used for wastewater treatment, were retrofitted
into PPB ponds targeting PHA production whilst valorising an organic
rich stream (molasses) and using domestic wastewater as process water.
Upstream to the PPB ponds, two up-flow anaerobic sludge blanket (UASB)
reactors were used to ferment the molasses-supplemented domestic
wastewater in order to produce VFAs, the precursors for PHA. Overall,
this study focused on the assessment of the feasibility to transfer the
phototrophic PHA production technology into an outdoor pilot-scale
operated system and conduct an evaluation of the performance of an in-
tegrated process consisting of UASBs and PPB ponds.

2. Materials and methods

During one year and a half, an integrated system of UASB reactors
and PPB ponds was operated under outdoor conditions, targeting the
production of a VFA-rich stream and PPB biomass with a high PHA
content, respectively. Fig. 1 presents the overall diagram of the process.
Along the experimentation, adaptations and modifications of the oper-
ating conditions were made to promote PPB culture stability caused by
environmental fluctuations. The specific operational parameters of the
UASB reactors and the PPB ponds are discussed in the following sections
and are summarized in Table 1 (schematically represented in Fig. S2, in
the supplementary material).

2.1. UASB operation

Two 20 m° UASB reactors (4.3 m high and 2.5 m in diameter) were
operated to perform acidogenesis and produce VFA to be subsequently
fed to the PPB ponds. The UASB reactors were operated in the waste-
water treatment plant (WWTP) “El Torno” in Chiclana de la Frontera
(36° 25'38.0” N — 6° 09'22.0” W). These reactors were built in fiberglass
and had an internal triphasic separator (water, solids and gas) in the
inner top-half. Each reactor had an external recirculation system to
continuously measure pH and temperature as well as the redox potential
using a CRI5303.99 probe and 5362 electrode, respectively.

A 0.2 m® tank was placed on top of each UASB reactor to store the
pre-treated wastewater (Fig. S3) that was fed into the reactors. Waste-
water pre-treatment consisted of desanding-degreasing and sieving by a
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1 mm rotary filter. The pre-treated wastewater was then pumped to the
tanks using two mono pumps (Mono® Noy C23K, Q = 0-3 ms/h). The
feeding flowrate pumped into the UASB reactor (0.28 and 0.42 m®/h),
was defined as a function of the UASB HRT for each operational period
(Table 1). The ascending velocity of the feed water was provided under a
pulsed strategy, allowing it to reach 8.63 m/h (Corona et al., 2016).

Throughout the experimental period, the wastewater and molasses
fed into the UASB reactors were analysed. The average and standard
deviation of the main parameters characterized in each stream can be
found in Tables S1 and S2, respectively.

The molasses was provided by a sugar factory “Azucarera Iberia S.L.”
based in Jerez de la Frontera (Spain) and stored in a 12 m? fibre glass
tank. The molasses fermentation was carried out in UASB 2, while UASB
1 performed the fermentation of the pre-treated wastewater. From
January 2019 onwards molasses started to be fermented as well in UASB
1 (Table 1).

The effluent generated in the UASB reactors was collected and stored
continuously in a 1 m® fiberglass tank. The proportional mixture of
effluent rich in volatile fatty acids (UASB 2) and the effluent without
volatile fatty acids (UASB 1) was assured by the inertia and turbulences
of the effluent downflow from the UASB digesters through the upper-
lateral part (3 m height). In this mixing tank, the potential 1 % or 0.5
% fermented molasses proportion was diluted 1:2 as result of the addi-
tion of the UASB 1 effluent or the pre-treated wastewater.

2.1.1. Initial optimization - start-up

Each of the UASB reactors was initially inoculated with 10 m® of
anaerobic sludge from an anaerobic sludge digester of the Guadalete
WWTP, in Jerez de la Frontera. The sludge was characterized via anal-
ysis of volatile suspended solids (VSS = 15.67 g/L), specific methano-
genic activity (SMA = 0.043 g COD/g VSS-d ™) and sludge volumetric
index (SVI = 69.2 mL/g TSS).

Throughout 90 days, an adaptation period was maintained (October
to December 2017) to assure consistent biomass growth and reactor
effluent stability. During this period, both UASB reactors were operated
under an HRT of 48 h, with 0.5 + 0.1 g COD/L. During this time pH in
both reactors was kept around 7.2 + 0.2, indicative of the stability of the
system and an optimal value considered for continuous operation
(Mainardis et al., 2020).

Domestic Wastewater
(desanding and degreasing)
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After the adaptation period the operational conditions in UASB 1
were kept, while the UASB 2 feeding was increased to 10.4 + 0.8 g COD/
L, corresponding to 1 % (v/v) molasses in the wastewater in UASB 2.
Molasses dosing was carried out in the feed line of the pre-treated
wastewater to the UASB 2 feeding tank (Fig. S2, UASB Start Up),
using 2 mono pumps (Seepex, Q = 0.1 m®/h). However, the presence of
remaining sugars in the UASB effluent led to a change of operational
conditions, reducing the molasses proportion in the UASB 2 feeding to
0.5 % (v/v) (Table 1, March 2018). This change allowed to reduce the
remaining sugar content and decrease the COD to a new stable con-
centration in the PPB Ponds influent of 5.5 + 1.4 g COD/L during the
whole experimental period (Phase I, Phase II and Phase III).

2.1.2. Reactor operation in Winter (Phase II)

As the UASB reactors were not thermally insulated, weather varia-
tions influenced their performance and high levels of sugars could be
registered in the winter UASB effluents due to incomplete fermentation.
To avoid such problems, during the cold period between January 2018
and March 2019, the HRT of both UASB reactors was increased from 48
h up to 72 h. This change in the HRT led to a reduction in the available
effluent flow and could not provide sufficient influent to the PPB ponds
downstream. To compensate for this flow reduction, molasses addition
(0.5 % v/v) was extended to both UASB digesters and the dilution of the
effluent rich in VFAs was performed using the same wastewater fed to
the UASB reactors (Fig. S2, Phase II).

After the winter period, temperature and solar irradiation increased,
which allowed restoration of the previous HRT (48 h) in the UASB re-
actors supplemented with molasses (Fig. S2, Phase III).

2.2. Ponds operations

2.2.1. Initial optimization - start-up

Two identical 9.6 m® HRAP were operated in parallel for 426 days
under outdoor conditions. PPB ponds were inoculated in March 2018
with a microalgal mixotrophic culture (9.6 m®, 148 mg TSS/L, 127 mg
VSS/L, 76 mg CODg/L, 26 mg NH4 /L, 3.5 mg POZg/L) from a HRAP of
the WWTP, supplied with urban wastewater and operated for 3 weeks
under fed-batch conditions with sporadic addition of fermented waste-
water. Although, soon after, ponds had to be emptied to roughly half

l Molasses

O

Screening (1mm)

® ®

Pre-treated WW

UASB Reactors
(2x20 m3)
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Rich organic acids
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PPB
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Organic acids
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Fig. 1. General diagram of the operational process. A pictorial representation of the biomass evolution across the process can be found in Fig. S1. WW — Wastewater.
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their content (= 15 cm) and refilled with fresh content from the oper-
ating pilot raceways, due to drastic pH drop caused by the phosphoric
acid supplementation. While the pH of Pond 1 increased steadily, the pH
of Pond 2 stayed low, and the previous procedure had to be repeated
after 10 days (consult Fig. S4 to follow pH drop). After 3 weeks in batch
mode operation, the supply of organic carbon (VFA rich effluents) was
applied through pulse feeding. Organic load was then gradually
increased along two weeks, until reaching a maximum of 8 daily pulses
of 200 L each, in each pond, as described in Table 1. A submersible jet
mixer (Caprari MAM11T2-400V) was placed in each pond as a stirring
system. The ponds were operated under 24 h cycles and the PMC was
selected under a light-feast/dark-aerated famine strategy according to
Almeida et al. (2023) to enrich the ponds in PHA accumulating purple
bacteria. The light-feast phase was ensured by the carbon pulse feeding
during the initial hours of the day, starting at 9 am and spaced hourly.
The pulse addition was ensured by two mono pumps (Seepex, Q = 0.5
m>/h) that pumped the stored effluent from the mixing tank of the UASB
to the two ponds. To accomplish the dark-aerated famine phase, an
aeration system was implemented in the night period to ensure PHA
consumption by the PPB. This aeration was supplied via a pneumatic
valve on the jet mixer that was activated after biomass harvesting (from
11 pm to 9 am) and allowed the entry of air into the jet mixer. The
oxygen levels were not regulated until Phase II. An HRT of 6 days was
implemented during spring/summer operation, and an HRT of 8 days in
the winter period. This was set though the harvesting of biomass that
was carried out before aeration started (around 10 pm). Pond harvesting
was done using one Seepex mono pump (Q = 0.5 m>/h) in each pond.
The harvested volume was 1.2-1.6 m>/day, according to the 8 or 6 day
HRT setpoint, respectively. Harvested biomass was collected in a 2 m®
fiberglass decanter for each pond.

Ammonium (N) and phosphate (P) concentrations were kept be-
tween 30 and 100 mg/L in the pond, assuring non-limiting nutrients
concentrations (Almeida et al., 2023). Dosing was done at the end of the
pulsed VFA feeding phase via addition of liquid Brenntag urea TEC GF
([CH4N20] = 43 %) and Brenntag phosphoric acid TEC GF ([H3PO4] =
75 %). To avoid a drastic pH drop, phosphoric acid addition was per-
formed through a multidosage strategy that was dependent on the pH, to
avoid the pH level going below 6. pH was monitored and varied between
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6 and 7 during the 24 h cycle. The pH profile and overview of the pond's
operation can be found in Fig. S5 of the supplementary material.

Weather parameters during the experimental period (sun irradiance,
rain and temperature) were collected from the Agroclimatic Information
Network of Andalusia (RIA) web site (Red de Informacion Agroclimatica
de Andalucia (RIA), 2018 and 2019).

2.2.2. Winter adaptation (Phase II)

As in the UASB reactors, the operation of the PPB reactors was
adjusted in the winter months during the experimentation period. As
shown in Table 1, the number of feed pulses was reduced from 8 to 6 and
the aeration system was set to automatically control the DO levels below
2 mg Oy/L.

2.3. Analytical methods

Once a week, samples of pre-treated wastewater, the effluent from
each UASB, a mixture of both effluents from the 1 m® feed tank and
effluents from each PPB pond were collected, stored in plastic canisters
at —4 °C and transferred to the laboratory for analysis.

A Hach Lange DR 3900 RFID 320-1100 nm spectrometer and dedi-
cated kits were used to determinate the total nitrogen (LCK238),
ammonium (LCK305), phosphate and total phosphate (LCK349) and the
total and soluble chemical oxygen demand (CODt and COD g, respec-
tively) (LCK214).

Total suspended solids (TSS) and volatile suspended solids (VSS)
were determined accordingly to method 2540 D from APHA standard
methods (APHA, 2012).

Pond samples were collected for cycle monitoring of organics,
ammonia, phosphate and PHA. Unfiltered supernatant and biomass pel-
lets were collected and frozen, and posteriorly sent to NOVA School of
Science and Technology for analysis. The supernatant was then filtered
(0.2 pm) and the biomass pellets were lyophilized for PHA analysis.

Volatile fatty acids, ethanol and sugar concentrations were deter-
mined by high performance liquid chromatography (HPLC) using a
refractive index detector and an Aminex HPX-87H (Biorad) column. The
eluent used was sulphuric acid (0.01 N), at a flow rate of 0.5 mL/min and
an operating temperature of 30 °C.

Table 1
Operational conditions of the UASB reactors and the PPB ponds across all stages.
MONTHS UASB PPB Ponds
HRT Molasses (% v/v) HRT (day) Feeding Pulses Night Aeration Oxygen
(h) level control
UASB 1 UASB 2
Oct 2017
48 0 0
Dec 2017
UASB b
Dec 2017 - - - -
Start Up 0 1
Feb 2018 48
Mar 2018 0 0.5
PPBPPIIJﬁzESiart-u Mar 2018
P s P 48 0 05 6 18 Yes No
. Oct 2018
Summer operation
Oct 2018
48 0 0.5 6 8 Yes No
PHASE II Dec 2018
Overcoming winter Jan 2019
72 0.5 0.5 8 6 Yes Yes
Mar 2019
Mar 2019 72> 48 8-2>6 6->8
PH/.\SE i 0.5 0.5 Yes Yes
Spring 2019 Apr 2019 48 6 8

HRT - Hydraulic retention time.
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Ammonia and phosphate were analysed by a colorimetric method
implemented in a segmented flow analyser (Skalar 5100, Skalar
Analytical, The Netherlands). Polyhydroxyalkanoate content was
determined by gas chromatography according to Lanham et al. (2013),
with small adjustments described in Fradinho et al. (2013).

Sludge volume index (SVI) was measured by adding 1 L of PPB pond
activated sludge to a graduated cylinder and letting it settle. Biomass
volumes were measured after 10 and 60 min.

2.4. Calculation of kinetic and stoichiometric parameters

The biomass PHA content was determined in terms of percentage of
VSS on a mass basis (g PHA/g VSS). Biomass productivity, in g VSS/
m?.day, was attained by multiplying the VSS concentration per the
volume withdrawn per day (1600 L) and dividing it by the pond's area
(32 m?). The overall PHA productivity, in g PHA L™ day~!, was
determined by multiplying the maximum percentage of PHA attained
per the VSS concentration, multiplied by the total volume withdrawn
per day (1600 L) and divided by the total volume of each pond (9600 L).
The sludge volume index (SVI), in mL/g, was measured by dividing the
biomass volume (mL/L), after 60 min, per the respective TSS
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concentration (g/L). The ratio of the COD of fermentative products
(CODgp) per the soluble COD (CODg), CODpp/CODg, was attained by
diving the CODgp (in g COD/L) per the CODg (in g COD/L).

3. Results and discussion
3.1. UASB performance

The initial 90 days of the start-up period were used to acclimatize the
UASB's inoculum to the operational conditions of the reactors (HRT 48
h) and to the low COD charged wastewater (0.5 + 0.1 g COD/L)
(Table 2, October to December 2017). The long extension of the start-up
was due to technical issues with the molasses piping (blockage and
breaking due to molasses' high viscosity), delaying the molasses feeding
into UASB 2.

From December 2017 to December 2018, UASB 1 fermented only
wastewater, delivering an effluent with no more than 0.11 + 0.02 g
CODg/L and a pH of 7.1 + 0.1 (Table 2, UASB 1). On the other hand, the
UASB 2 organic load was increased in December 2017 to 10.4 + 0.8 g
COD/L-day as a result of the mixture of 1 % molasses with wastewater.
Although the organic load of UASB 2 could meet methanogens' needs

Table 2
UASB 1 and 2 and PPBs feeding tank variations.
PHASE MONTHS UASB settings pH TSS VSs CODy CODg
HRT Molasses
(h) (% v/v) (mg/L) (g COD/L)
7.0 43 38 0.22 0.12
Oct 2017 — Dec 2017 48 - (£0.1) (£20) (+15) (£0.04) (£0.03)
Start 7.1 42 38 0.21 0.11
Dec 2017 — Feb 201
up ec 2017 — Feb 2018 (+0.1) (+4) (£2) (£0.04) (£0.02)
48 -
6.9 39 36 0.19 0.09
Mar 2018 (+0.5) (+14) (+12) (£0.05) (0.02)
7.0 50 43 0.17 0.08
UASB 1 effluent I Mar 2018 — Oct 2018 48 - (+ 0.5) (+33) (+27) (£ 0.04) (£ 0.02)
6.9 31 27 0.14 0.08
Oct 2018 — Dec 2018 48 - (£0.8) (+13) (+10) (£0.04) (£0.02)
I
4.6 377 348 5.46 4.63
2019 — Mar 201 2
Jan 2019 —~ Mar 2019 7 (+0.4) (+118) (+109) (+1.76) (+1.52)
0.5
4.7 398 371 4.98 417
i Mar 2019 — Apr 2019 72 > 48 @02 - 165) 152 “1in & 1.50)
7.3 59 53.2 0.19 0.09
2017 — Dec 201 -
Oct 2017 — Dec 2017 48 (£0.5) (£15) (+£23.4) (+£0.03) (+0.02)
Start 45 542 483.1 223 20.12
up Dec 2017 — Feb 2018 48 E (£0.3) (£33) (+11) (+4.60) (+4.26)
43 613 553 18.43 15.85
Mar 201
ar 2018 48 (20.2) (96) (+:86) (+2.18) (&2.85)
UASB 2 effluent 4.4 513 478 13.7 11.6
I Mar 2018 — Oct 2018 48 A w17 & 148) @28 @)
45 574 530 10.22 7.47
2018 — Dec 201 0.5
. Oct 2018 — Dec 2018 48 (+0.6) (+328) (&301) (£5.46) (+4.16)
4.2 769 705 7.30 6.21
- Jan 2019 — Mar 2019 72 (£0.3) (+286) (+261) (+£2.86) (+£2.52)
46 1044 931 9.1 7.8
il Mar 2019 — Apr 2019 72 > 48 (+ 0.4) (+ 289) (+ 285) “0.8) *1.2)
48 264 246 5.6 45
I Mar 2018 — Oct 2018 (= 0.6) (= 119) (= 100) (+1.5) 1.7
4.9 243 223 5.29 4.53
Oct 2018 — Dec 2018 (£0.9) (£92) (£84) (£1.61) (#+1.31)
PPB ponds influent I
4.7 303 283 5.03 4.45
Jan 2019 — Mar 2019 (+0.6) (+97) (+88) (£1.95) (+1.78)
i Mar 2019 — Apr 2019 46 434 406 47 3.8

(£0.1) (+120) (£111) (+£0.9) (+£1.0)
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(COD loads between 8 and 57.8 g COD/L-day; HRT 6-8 days; Lo et al.,
1991), the operation under a stricter HRT of 48 h was expected to
stimulate acidogenesis. It is worth noting that several studies on
acidogenic fermentation using sugarcane molasses have HRTs lower
than 24 h for a similar OLR. However, all of these studies were con-
ducted at controlled temperatures exceeding 30 °C (Chang et al., 2011;
More et al., 2023; Albuquerque et al., 2007). In contrast, in the present
study, UASB reactors were operated without temperature control and
were exposed to ambient temperatures, which were generally lower.
Consequently, slower biochemical reaction rates were expected due to
the lower operational temperatures (Khan et al., 2016; Liu et al., 2023)
leading to the decision to implement a 48 h HRT.

Nevertheless, the evolution of UASB 2 to an acidogenic regime was
confirmed from December 2017 on, through a fast pH decrease from 7.3
+ 0.5 to 4.5 + 0.3, as well as by the increase of volatile suspended solids
in the effluent from 53.2 + 23.4 mg VSS/L to 483.1 + 11 mg VSS/L
(Table 2, UASB 2, October to December 2017 and December 2017 to
February 2018), which suggested the growth of acidogenic bacteria. In
addition, the reduction of the pH down to 4.5 is well known to inhibit
methanogens (Steinbusch et al., 2009; Hernandez-Mendoza and Buitron,
2014; Guarda et al., 2023) and therefore favour the growth of acido-
genic bacteria. Under the operation of 1 % molasses with the waste-
water, VFA production was detected, however, a high concentration of
sugars in the UASB 2 effluent was observed, representing 30 % of the
total carbon available (Table S3, February 2018), revealing an incom-
plete fermentation of the molasses. Therefore, the organic load of the
UASB 2 was decreased to 0.5 % (v/v) molasses with wastewater to avoid
the presence of sugar in the PPB ponds feedstock (since sugars are not
PHA precursors for PPB and may promote the growth of fermentative
organisms in the ponds, Almeida et al., 2021). The decrease of molasses
from 1 to 0.5 % (v/v) ensured an effluent without the presence of sugars
during phase I (Table S3, March to October 2018), achieving a content of
fermentative products around 3.73 + 0.85 g CODgp/L, corresponding to
93.89 + 29.97 Cmmol/L (Fig. 2 and Table S3, Phase I and II) in the PPB
ponds influent, with butyrate and valerate representing more than 50 %
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of the total VFAs composition. Previous research on sugarcane molasses
fermentation reported similar final concentrations of VFAs (Chang et al.,
2011; More et al., 2023). However, it is important to note that when
considering the composition of the fermentate, earlier studies achieved
higher concentrations of acetic acid, accounting for 50 % to 70 % of the
total VFAs produced. This difference can likely be attributed to the pH
conditions during operation. Some previous studies maintained higher
pH levels (with a pH of 6.2 in Chang et al., 2011 and a pH of 9.5 in More
et al., 2023), whereas the present study observed a lower pH of 4.5.
Nevertheless, a CODgp/CODg ratio around 0.71 + 0.15 (Fig. 2 and
Table S3), was attained during the UASB 2 operation in Phase I, which
could eventually allow the growth of a non-PHA-storing side population.
A higher value of the CODgp/CODg ratio is an important parameter to
achieve when considering a feedstock for the selection of a PHA-
accumulating consortia (Morgan-Sagastume et al., 2015; Moretto
et al., 2020), since increased CODgp/CODs ratios will ensure a higher
VFA content in relation to other residual substrates, promoting the
growth of PHA accumulating organisms over non-accumulating ones, as
previously observed by Albuquerque et al. (2010).

3.1.1. UASB adaptation to the winter and spring periods

Once entering the winter period (Phase II, October 2018 to
December 2018), a gradual decrease of the fermentative products con-
tent (2.83 &+ 1.00 g CODgp/L and 57.38 + 31.05 Cmmol/L, Fig. 2 and
Table S3) as well as the CODgp/CODg ratio (0.47 + 0.20, Fig. 2 and
Table S3) were observed, indicating a loss of efficiency of the fermen-
tative system at colder temperatures (Fig. S6.A). Therefore, to ensure a
proper fermentation of the molasses during phase II, the HRT of both
UASB reactors was increased from 48 to 72 h. Also, to generate a greater
volume of VFA rich influent for the PPB ponds that could compensate
the UASB's HRT increase, UASB 1 started to be fed with wastewater
supplemented with 0.5 % of molasses, mimicking the conditions carried
out in the UASB 2 reactor. Similar to the transition that occurred in
UASB 2 during Phase I, the molasses addition to the UASB 1 reactor
generated a change in the effluent composition, with a pH drop from 6.9
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+ 0.8 to 4.6 & 0.4, an increase in the effluent's VSS from 31 + 13 to 377
+ 118 mg VSS/L, and as expected, an increase in the soluble organic
content from 0.08 + 0.02 to 4.63 + 1.52 g CODg/L (Table 2, UASB 1,
Phase II).

In the UASB 2 reactor, the change in HRT from 48 to 72 h did not
have an impact on the pH, which remained stable through all periods.
However, a 34 % increase in TSS and VSS concentrations were observed
(Table 2, UASB 2, Phase II), which could be due to an accumulation of
biomass inside the UASB 2 reactor, since no biomass wastage of the
reactor was carried out (Van Lier et al., 2010). The return to an HRT of
48 h in the spring period (Phase III) did not change the biomass accu-
mulation trend in the digester. TSS and VSS concentration in the UASB
2's effluent increased again by 36 % and 32 %, respectively, between
phases II and III. Expectably, the augmentation in solids was also
detected in the influent fed to the PPB ponds, with increases of 25 % TSS
and 27 % VSS after the change in HRT from 48 to 72 h (Table 2, PPB
ponds inlet, Phase II) and 43 % in both TSS and VSS after the HRT was
decreased from 72 h back to 48 h (Table 2, PPB ponds inlet, Phase III).
This trend highlighted the need to establish a sludge wastage system in
the UASB, as suggested by Cavalcanti et al. (1999) and Serrano et al.
(2018), to avoid possible sludge clogging and sludge leaks to the
effluent. Although such wastage was not implemented to avoid opera-
tional instabilities, it should be tested in future operational tests.

The effluent COD of the UASB 2 reactor decreased during the winter
period (HRT 48 to 72 h; CODt 29 % and CODg 18 %) as a result of the
reduction in the molasses fed to the reactor. However, the lower values
achieved were compensated by operating UASB 1 with molasses, which
ensured similar contents of CODg and CODgp in the PPB ponds inlet
throughout the operation under an HRT of 72 h, namely 4.45 + 1.78 g
CODg/L and 3.83 + 0.63 g CODgp/L (Phase II), comparatively to the
operation with an HRT of 48 h, 4.53 + 1.31 g CODg/L and 3.73 £ 0.85 g
CODpp/L (Phase I). Furthermore, once the HRT was readjusted back to
48 h (Phase III), the CODt and CODg values in the UASB 2's effluent
recovered, with an augmentation of 25 % and 26 %, respectively
(Table 2, UASB 2, Phase II vs III).

Moreover, by the end of February 2019, a desirably high concen-
tration of organic acids was achieved, with values higher than 80
Cmmol/L (3.16 + 0.17 g CODgp/L) consistently attained, with several
days above 100 Cmmol/L (4.24 + 0.73 g CODgp/L) (Fig. 2 and
Table S3). This time a higher CODgp/CODg ratio of 0.81 + 0.04 was
attained (Table S3), which was considered suitable for the efficient se-
lection of a PHA-accumulating consortia, has previously discussed.
Additionally, at this time, the preferable organic acids of purple bacte-
ria, acetic and propionic, represented more than 50 % of the carbon
source, which was a significant increase from the levels in the summer of
2018 that ranged only from 15 % - 30 % (Table S3). Once again, the VFA
concentrations obtained were comparable with the ones achieved in
molasses fermentation studies with a similar OLR (Chang et al., 2011;
More et al., 2023). Propionic acid represented more than 30 % of the
overall acids, which is higher than the propionic acid content attained
by UASB studies fed with molasses (around 10 %) (Chang et al., 2011;
More et al., 2023; Albuquerque et al., 2007).

3.2. Retrofitting of HRAP into PPB ponds

Retrofitting of the HRAPs into PPB ponds started with the inocula-
tion of the two ponds with microalgae sludge (March 2018). After 1
month of stabilization (April 2018), the ponds were fed with fermented
wastewater with molasses and supplemented with P and N to promote
the growth of purple bacteria. Due to the pH drop, pond 2 required more
time to stabilise as compared to pond 1. Nevertheless, the feeding of
nutrients (ammonia and phosphate) and organic carbon allowed the
growth of purple bacteria, and a gradual evolution in the biomass
characteristics was visually observed through the colour alteration of
the biomass from the ponds. The initial green colour of the culture
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suggested a dominance of algae (March 2018, Pond 1 and 2), which
evolved to a red-purple culture, suggesting the increased presence of
purple bacteria in both ponds (June 2018 in Pond 1 and July 2018 in
Pond 2) (see Fig. S7, from March to May 2018). This enrichment in
purple bacteria coincided with increases in the biomass concentration
(Pond 1-2.51 + 0.23 g VSS/L; Pond 2-2.22 + 0.33 g VSS/L) and with
the maximum irradiance and temperature registered in Chiclana in 2018
(Fig. 3).

Additionally, sludge volume index (SVI) analysis performed during
this period (July 2018) showed a SVIggmin of 42.2 + 29.9 mL/g in pond
1, while pond 2 presented a SVIgomin of 58.5 + 5.4 mL/g (Fig. S9 and
Table S4). Both ponds presented low SVI (lower than 150 mL/g) after
sedimentation, indicating a sludge with good settling characteristics,
which would facilitate biomass recovery in the settling step for the
subsequent downstream processing (e.g. PHA extraction).

Furthermore, though there was a decrease of light intensity in
October and November, the ponds were still dominated by a red-purple
colour (indicative of purple bacteria). Nevertheless, the culture started
to become unstable, with the appearance of floating algae that stayed at
the surface, shadowing the organisms underneath (Fig. S7, October and
November 2018). From November onwards, the ponds were subjected to
much lower irradiance and lower and less stable influent COD levels,
leading to a loss in biomass concentration (Pond 1-0.98 + 0.36 g VSS/L;
Pond 2-0.94 + 0.24 g VSS/L). Furthermore, the ponds were no longer
red-purple (Fig. S7), indicating diminishment of the purple bacteria
population. To overcome these changes, an aeration control system was
applied during the famine phase, controlling the DO at a maximum of 2
mg Oy/L. This change was applied to lower energy consumption and
prevent excessive proliferation of aerobic bacteria. After UASB opera-
tion was improved by the end of February 2019 (Table S3), and after the
operation of the PPB ponds stabilized with the increased organic acid
content, the red-purple colour became more accentuated with higher
bacteriochlorophyll content, indicating the recovery of PPBs in the
ponds (March 2019, Fig. S7 and S10).

Overall, the results suggested that biomass was conditioned more by
the light irradiance than by the feedstock concentration. While during
summer, autumn, and winter 2018, similar feedstock concentrations
were observed (Fig. 3), the VSS concentration presented lower levels
during the autumn and winter of 2018, when lower light irradiance was
available. Light irradiance has been found to be a key factor for PPB
proliferation (Fradinho et al., 2021b), and the results of this study
suggest that it is likely to be the limiting factor controlling the photo-
trophic biomass growth rate.

3.3. PHA accumulation performance

The PHA accumulation performance of the biomass from the PPB
ponds were evaluated in Phase I and Phase III. During Phase II, such
evaluation was not conducted, since the system was unstable due to the
adjustments made to UASB operation that led to instability of the ponds.
Fig. 4 presents the PMC profile in the months of July, August, and
October (2018), and the respective feedstock composition.

Table 3 presents the stoichiometric and kinetics parameters and
productivities across the operation of the ponds.

Results indicate that in July, the culture of pond 1 was accumulating
PHA during the daytime and consuming it during the night aerated
period. It achieved a PHA content of 34.7 % g PHA/g VSS (HB:HV C-
molar composition of 36:64) and a VSS concentration of 1.9 + 0.4 g
VSS/L, resulting in a system productivity of 0.11 g PHA L~} day*
(Table 3). In the case of pond 2, an accumulation of 5.7 % g PHA/g VSS
(HB:HV C-molar composition of 62:38) was registered. Despite pre-
senting a biomass concentration of 2.1 + 0.5 g VSS/L, comparable to
pond 1, pond 2 seemed to have a one-month delay in relation to pond 1,
which started to show growth of purple bacteria earlier than pond 2.
Also, an interesting difference between the two ponds is the HV content
in the produced PHA, with 64 % HV and 38 % HV in pond 1 and 2,
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respectively. Fig. 4 shows that in July, the influent was very rich in
valeric acid, a compound that favours HV monomers production. The
culture of pond 1 consumed all the organic acids in the light phase, while
in pond 2, a high content of organic acids passed to the night phase,
which was mostly valeric acid (later consumed in the night-aerated
period, Fig. S11_A.2). This suggests that at this time of operation, the
PHA producers in ponds 1 and 2 had different carbon preferences, which
was reflected in the polymer composition and possibly, on its capacity to
accumulate PHA. Nevertheless, correlations between the microbial
population and respective substrate preferences should be conducted in
future studies, for better understanding of the microbial culture response
to eventual feedstock fluctuations and further advance process
optimization.

In August, the culture in pond 2 achieved up to 21.7 % g PHA/g VSS
(HB:HV C-molar composition of 73:27), while in pond 1 it achieved 14.5
% g PHA/g VSS (HB:HV C-molar composition of 39:61) (Fig. 4). The
increase in pond 2 accumulating capacity was expected, since it had a
one-month delay in the appearance of purple bacteria in relation to pond
1. In the case of pond 1, the low PHA accumulation is very likely due to
an organic carbon load that could not meet the culture requirement.
With a VSS concentration of 2.7 + 0.3 g VSS/L, higher than the 1.9 +
0.3 g VSS/L obtained in July, pond 1 presented just residual amounts of
ethanol (< 0.5 mM C) and almost no organic acids were detected
(Fig. S11_B.1). As such, with carbon limitation, the culture could not
increase the PHA content. In pond 2, butyric and valeric acids were
leftover carbon sources that passed to the night phase (Fig. S11_B.2),
again indicating the low preference for these compounds. These results
suggest that higher productivities could have been achieved if acetic and
propionic had been the prevalent acids in the influent. During these
months, biomass was also collected for microscopic observations and the
PHA containing biomass could be visualized by microscopy (Fig. S12),
corroborating the analytical data.

In October, results indicated that both ponds were behaving very
similarly with respect to PHA accumulation. PHA contents of 9.5 % g
PHA/g VSS (HB:HV C-molar composition of 46:54) and 12.5 % g PHA/g
VSS (HB:HV C-molar composition of 30:70) were registered in pond 1
and 2, respectively, and at this stage no organic carbon was passing to
the night phase. Once again, the culture of pond 1 seemed to be limited

in organic carbon (residual values <1 mM C) and in pond 2, butyric and
valeric were the acids measured in the pond. This likely impacted the
PHA productivity and stresses the importance of a controlled OLR/VSS
ratio and a favourable influent acid composition. Indeed, despite the
higher OLR of the ponds (Table 3) than reported by previous studies on
PHA production with PMC selected under simulated outdoor conditions
at lab-scale (9 Cmmol/L-day in Almeida et al., 2021; 11.1 Cmmol/L-day
in Almeida et al., 2023), the obtained ratio of OLR/VSS in the PPB ponds
was lower (6.7 + 0.4 OLR/VSS in this study; 8.6 OLR/VSS in Almeida
etal., 2021;10.3 OLR/VSS in Almeida et al., 2023) as well as the level of
PHA accumulation attained (26.1 % g PHA/g VSS in Almeida et al.,
2021; 21.6 % g PHA/g VSS in Almeida et al., 2023).

After the winter period and UASB stabilization, the ponds were again
stable and the reappearance of the reddish colour in the ponds indicated
the enrichment of PPB (Phase III, Fig. S7). Fig. 5 presents the feedstock
composition and the PHA content obtained from the ponds in April
2019. The UASB alterations led to a higher concentration of fermenta-
tive products (Fig. 5 and Table S3) in 2019, with 50 % content of the
preferable organic acids of purple bacteria, acetic and propionic (con-
trary to summer 2018 that ranged only from 15 % - 30 %; Fig. 4 and
Table S3). Pond 1 did not go further than a 6.9 % g PHA/g VSS content,
despite the constant presence of organic acids in the medium (Fig. S13),
suggesting a poor selection of PHA accumulating microorganisms. On
the other hand, Pond 2 achieved a PHA content of 36 % g PHA/g VSS
(HB:HV C-molar composition of 17:83) and presented a VSS concen-
tration of 2.3 g VSS/L, resulting in a system productivity of 0.14 g PHA
L! day’1 (Table 3).

In general, results showed that both ponds became enriched in PHA
producing purple bacteria and that the cultures followed the behaviour
previously predicted in similar studies performed at laboratory scale,
with a PMC selected under outdoor simulated conditions and under a
light feast/dark-aerated famine strategy (Almeida et al., 2023). The best
outcomes were achieved in July 2018 and April 2019, with 0.11 g PHA
L' day ! and 0.14 g PHA L' day ™! (Table 3), respectively, which are
very promising results for a first approach to the pilot operation of this
technology. The obtained productivities were higher than the results
achieved at laboratory scale by Almeida et al., 2023 (0.05 g PHA L™}
day1). Nevertheless, the pilot pond was operated in summer conditions
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with temperatures between 15 °C — 30 °C (Fig. S6) and volumetric light
intensities of 2000 W/m?, while the lab tests were conducted in winter
conditions (13.2 + 0.9 °C; 820 W/m®). Additionally, and when consid-
ering the maximum PHA contents obtained, 34.7 % and 36 % g PHA/g
VSS, these results are in close alignment with the 42 % g PHA/g VSS
content reported by a previous research on PHA production with PMC
using fermented urban organic waste (Allegue et al., 2022). Though, it is
noteworthy that such outcome was attained with a PMC selected under a
permanent feast regime in a laboratory-scale membrane photo-
bioreactor. Furthermore, it is evident that the PHA outcomes of the
ponds were close to the 40 % g PHA/g VSS threshold established for a
cost-effective downstream polymer recovery process (Bengtsson et al.,
2017; Werker et al., 2018). Yet, several factors can lead to improved
results in the future, namely a better control of the OLR/VSS ratio and
the influent composition, both of which can likely lead to improved PHA
productivities in the ponds. Results indicated that pond 1 was often
limited by organic carbon and an increase of the influent carbon con-
centration would be beneficial. As well, results from pond 2 indicated
that purple bacteria likely preferred acetic and propionic acids, and
therefore, the operation of the fermenter should be tuned according to
favour the production of these VFAs. In fact, after the feedstock
composition and organic loading rate had stabilized (April 2019,

springtime), the selected PMC presented a productivity increase of 20 %
in relation to the best productivity results achieved in July 2018 (sum-
mertime). This result not only corroborates the increased PHA produc-
tion with purple bacteria with a controlled OLR and feedstock
composition, but also that in outdoor conditions, PHA production is not
limited to only the summer periods, but it is also achievable during
springtime. Nevertheless, further optimization of the acidogenic
fermentation should be considered, not only to maximize the PHA
accumulation by the PMC, but also to ensure the economic feasibility of
the process. For instance, previous acidogenic fermentation studies with
sugarcane molasses have shown that higher acetic acid contents can be
attained at pH 6 as compared to pH 5 (Albuquerque et al., 2007).
Therefore, higher pH levels might be considered in future studies in
order to increase the concentration of acetic and propionic acids, and
thus, the growth and PHA production of PPB. Additionally, when
considering the overall setup, a decrease in operational costs may be
achieved by lowering the molasses dilution with the domestic waste-
water, while tuning the HRT and the pH of the UASB for complete and
efficient fermentation of the feedstock (Khan et al., 2016). Moreover,
due to the adjustments of the UASB reactors during the winter period,
further information is still required on the performance of the PPB ponds
during wintertime. Previous reports have highlighted the capacity of
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Table 3
Summary of the PHA content and volumetric productivities of VSS and PHA attained with the pilot ponds during the months of July, August and October of 2018, April
of 2019.
OLR VSs g PHA/ Productivity
VSS
Cmmol/L.day g/L & g PHA L' day ™! g VSS L' day?
Jul 13.34 19 0.35 0.11 0.31
y 3 +0.3) . 3 .
2.7
2018 August 13.78 0.14 0.07 0.45
(£0.3)
Pond 1 24
by 14. . 3 . .
October 4.98 - 0.5) 0.09 0.04 0.40
] 2.4
2019 April 17.35 - 0.1) 0.07 0.03 0.41
Jul 13.34 21 0.06 0.02 0.34
uly . +05) . . .
2018 August 13.78 23 0.22 0.08 0.38
(+£0.4)
Pond 2 21
October 14.98 - 0.4) 0.13 0.04 0.35
2019 April 17.35 23 0.36 0.14 0.38
pi .  0.0) . . .

OLR - considers the total content of acetate, propionate, ethanol, butyrate, isovalerate and valerate detected by HPLC.

maintaining the PHA accumulation performance of phototrophic mixed
cultures under simulated winter outdoor conditions (Almeida et al.,
2023), nevertheless, further studies will be necessary to evaluate the
possibility of operating outdoor ponds throughout the full year, which is
a fundamental step to the economical sustainability of the process.
Overall, such findings suggests that the production of PHA in retrofitted
PPB ponds should be pursued further in the future, and that the tech-
nology of PHA production with photosynthetic systems was successfully
transferred from lab scale to pilot-scale.

3.4. Implications for industrial PHA production by PMCs

The technology of resource recovery through phototrophic PHA
production was, for the first time, implemented in an outdoor pilot-scale
operational system, and results have shown that the implementation of
PHA production in outdoor operating systems using fermented real
waste is achievable. The first step towards the implementation of the
technology in industry was accomplished, however when prospecting
future on-site implementation, there are several factors that must be
considered. Some important factors include the process design and/or
infrastructure retrofit, the type of feedstock to be used within the process
and also the water demand and usage within the process.

This study was conducted in a WWTP, an industry that may possess
open raceway ponds for wastewater treatment that could be retrofit to

40 -
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PHA production by PPB. Such infrastructure facilitates the growth of
PPB in PMCs and represents a potentially viable means of implementing
phototrophic PHA production in WWTPs. Nevertheless, the application
of this technology in other industries (e.g., food industry with organic
rich waste/surplus streams) without pre-existing infrastructure is also
possible. Although initial investment would be necessary, limitations
tied to the design of existing structures would be removed and the
construction of reactors with a high ratio of volume to illuminated
surface (such as tubular reactors or flat panels) would be possible,
enabling the enhancement of the overall productivity of the PMC system
(Fradinho et al., 2021b). When considering operations with diluted
feedstocks (e.g. low organic carbon or nutrient content), a membrane
photobioreactor configuration would allow the uncoupling of the HRT
from the SRT, enabling a higher fluid inflow into the reactor without the
washout of the biomass. Such set-ups could also be taken into consid-
eration for PHA production. In fact, previous reports presented very
promising PHA levels (42 % g PHA/g VSS) with a PMC operated in a
membrane photobioreactor and fed with fermented urban organic waste
(Allegue et al., 2022).

An ideal feedstock for PMC technology would be fermented organic
streams rich in VFAs and depending on the characteristics of the waste
stream available on site (e.g., organic content), the resources for the
fermentation step can be locally or externally sourced. In WWTPs, a high
amount of wastewater sludge is produced, and its narrow disposal routes
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Fig. 5. PHA content obtained in both ponds in April 2019 and respective feedstock concentration and composition. 1. Ponds 1; 2. Pond 2; HLac - lactate; HAc -
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are a major problem for WWTP (Gherghel et al., 2019), so valorisation of
sewage sludge by fermenting it into VFAs can be an interesting approach
that some have suggested to be viable (Presti et al., 2021; Tayou et al.,
2022). However, external feedstock sources could also be considered,
such as animal waste, agriculture waste and even food waste, where the
fermentation of such streams have been extensively reviewed by Sekoai
et al. (2021), Mengqi et al. (2021) and Battista et al. (2022),
respectively.

Furthermore, it's crucial to consider the increasing demand for fresh
water and its imminent scarcity within PMC technology. In the context
of this particular study, domestic wastewater was employed as the water
source, where the PMC demonstrated its capability to grow and produce
PHA. The fact that PPB could indeed thrive in systems with wastewater
was expected, given that these microorganisms have been frequently
studied for their wastewater treatment capabilities (Puyol et al., 2019;
Hiilsen et al., 2022; Septlveda-Munoz et al., 2022). Furthermore, PPB
have often been found in saline environments, however, the under-
standing of PPB's performance under high salinity conditions is still
limited. Recent studies have reported that PPB are readily adaptable to
wastewater treatment with high salinities (Hiilsen et al., 2019), and can
also produce PHB when growing in high salinity environments (Carlozzi
et al., 2020). This highlights the opportunity of utilizing seawater or
saline waste streams in PMC processes enriched in PPB for phototrophic
PHA production.

4. Conclusions

The potential for scaling up phototrophic PHA production technol-
ogy in an outdoor pilot-scale system was evaluated through the perfor-
mance of an integrated setup comprised of two UASB reactors
(responsible for the fermentation of wastewater with molasses), and two
outdoor PPB ponds for PHA production using light-feast/dark-aerated-
famine operation. The study revealed successful outdoor PHA produc-
tion with the PMC enriched in PPB, achieving promising productivities
across the summer and spring seasons. Control of OLR/VSS ratio in the
PPB ponds and the VFA profile from the anaerobic pre-fermentation step
were identified as key parameters impacting PHA production by the
PMC outdoors. Overall, the transition of phototrophic PHA production
technology to a larger operational scale was successful, prospecting
future implementation of the technology.
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