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ABSTRACT

Three innovative operational strategies were successfully evaluated to improve the
quality of biomethane in an outdoors pilot scale photobioreactor interconnected to an
external absorption unit: i) the use of a greenhouse during winter conditions, ii) a direct
CO:z2 stripping in the photobioreactor via air stripping during winter conditions and iii)
the use of digestate as make-up water during summer conditions. CO2 concentrations in
the biomethane ranged from 0.4% to 6.1% using the greenhouse, from 0.3% to 2.6% when
air was injected in the photobioreactor and from 0.4% to 0.9% using digestate as make
up water. H2S was completely removed under all strategies tested. On the other hand,
CHa4 concentrations in biomethane ranged from 89.5% to 98.2%, from 93.0% to 98.2%
and from 96.3% to 97.9%, when implementing strategies i), ii) and iii), respectively. The
greenhouse was capable of maintaining microalgae productivities of 7.5 g m? d* during
continental weather conditions, while mechanical CO: stripping increased the pH in order

to support an effective CO2 and H2S removal. Finally, the high evaporation rates during
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summer conditions allowed maintaining high inorganic carbon concentrations in the

cultivation broth using centrate, which provided a cost-effective biogas upgrading.
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1. Introduction

Biogas originating at the anaerobic treatment of wastewater and organic waste represents
arenewable energy vector capable of reducing the use of fossil fuels to satisfy the demand
of electricity and heat for domestic and industrial applications (Mufioz et al., 2015).
Biogas upgrading is required prior use as vehicle fuel or it is injection into gas network
due to the high concentration of impurities present in raw biogas such as CO2 (15-60%),
CO (<0.6%), O2 (0-1%), N2 (0-2%), H2S (0.005-2%), siloxanes (0-0.2%), NH3 (<1%)
and volatile organic compounds (<0.6%) (Ryckebosch et al., 2011). Typical compositions
in biomethane varies depending on the national regulations or regional standards: CH4 >
90-95%, CO2 < 2-4%, O2 < 1% and insignificant amounts of H2S (Mufioz et al., 2015).
In this context, the relevance of biogas and biomethane in the EU energy sector has
increased within the past years as result of the active policies for decarbonization of
European economy. Indeed, the number of biogas plants has escalated from 6227 in 2009
to 17783 by the end of 2017, while biomethane production capacity has escalated from
752 GWh by 2011 to 19352 GWh by the end of 2017 (European Biogas Association,

2018).
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Multiple physicochemical technologies existing at present are commercially available to
remove CO2 and H2S from biogas in order to comply with biomethane standards.
Pressure swing adsorption, water/chemical/organic scrubbing, membrane separation, or
cryogenic separation provide the required levels of CO2 removal at energy demands
ranging from 0.3-0.8 kWh Nm=. In-situ chemical precipitation or adsorption onto
activated carbon or metal ions provide the required levels of H2S removal at operating
costs in the range of 2-3 € cent Nm (Angelidaki et al., 2018; Marin et al., 2019; Mufioz
et al., 2015; Rodero et al., 2018). An integral upgrading of biogas to comply with
biomethane standards requires the sequential combination of these H2S and CO2 removal
technologies, which significantly increases the initial investment and operational fees of
the process (nowadays accounting for ~30 % of the biomethane price (Sturmer et al.,
2016)). The urgent need to decrease the cost and energy demand of conventional biogas
upgrading has triggered research on biological methods for CO2 and H2S removal.
Chemoautotrophic biogas upgrading can support the required levels of CO:
bioconversion to CH4 with renewable Hz, while in-situ micro-aerobic anaerobic digestion
or biofiltration can provide a cost-effective H2S removal (Farooq et al., 2018; Marin et
al., 2018a; Mufioz et al.,, 2015; Rodero et al., 2018). However, algal-bacterial
photobioreactors constitute the only biological alternative to conventional physical-
chemical processes capable of simultaneously removing CO2 and H2S in a single step
process at low operating costs (Bahr et al., 2014; Bose et al., 2019; Mufioz et al., 2015;

Nagarajan et al., 2019).

Photosynthetic biogas upgrading processes using algal-bacterial photobioreactors are
based on the fixation of CO2 by microalgae using solar energy and the aerobic oxidation

of H2S to SO4? by sulfur oxidizing bacteria mediated by the elevated dissolved oxygen
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(DO) concentrations in the photobioreactor as a result of photosynthetic activity (Posadas
et al., 2015; Toledo-Cervantes et al., 2016). Photosynthetic biogas upgrading processes
have been previously optimized in commercially interconnected to external biogas
absorption columns under indoors conditions and with artificial illumination (Bahr et al.,
2014; Franco-Morgado et al., 2017; Posadas et al., 2016; Rodero et al., 2018; Serejo et
al., 2015). In addition, these processes have been validated under outdoors conditions in
multiple photobioreactor configurations. For instance, Posadas et al., (2017) evaluated for
the first time the upgrading of biogas and centrate treatment in a 180 L commercially
during summer time. Marin et al., (2018b, 2018a) assessed the impact of seasonal
variations of environmental conditions on biogas upgrading performance in a 180 L
commercially fed with HCO3/CO3% supplemented digestate. Similarly, Marin et al.,
(2019) investigated the impact of the liquid to biogas flowrate (L/G) ratio and alkalinity
in the cultivation broth on the quality of biomethane in a 11.7 m®horizontal hybrid tubular
photobioreactor. Despite the satisfactory results obtained to date, the photosynthetic
biogas upgrading processes under outdoor conditions is limited by the low temperatures
during winter conditions under continental climate and the need for external alkalinity
sources. Therefore, innovative operating strategies are needed to provide a cost-effective
photosynthetic biogas upgrading during unfavorable environmental conditions and

without external alkalinity supplementation (Toledo-cervantes et al., 2017).

This study investigated, for the first time, the performance of three innovative operational
strategies in order to improve the quality of biomethane and process sustainability in an
outdoors pilot scale photobioreactor interconnected to an external absorption unit. These
strategies aimed at overcoming previous limitations encountered during process

validation under outdoors conditions (Marin et al. 2018). For this purpose, the outdoors
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pilot photobioreactor interconnected to an external biogas scrubbing unit was located
inside of a greenhouse during winter conditions. The potential of direct CO2 stripping in
the photobioreactor via air stripping during winter conditions and of the use of digestate
as make-up water (to compensate water losses by evaporation) during summer conditions

to improve the quality of biomethane were evaluated.

2. Materials and methods

2.1 Biogas and synthetic digestate

A synthetic gas mixture composed of CH4 (70%), CO2 (29.5%) and H2S (0.5%) was used
asaraw biogas in the present study (Abello Linde; Spain). The synthetic digestate (SWW)
used during the first 225 days of experiment consisted of (per liter of distilled water): 7.40
g NaHCOs, 3.70 g Na2COs, 0.94 g K2HPO4, 1.91 g NH4Cl, 0.02 g CaCl2-2H20, 0.005
g FeS0O2-7H20, 0.10 g MgSO4-7H20 and 5 ml of a micronutrient solution (composed of
0.10 g ZnS0O4-7H20, 0.10 g MnCl2-4H20, 0.20 g H3BO3, 0.02 g Co(NO3)2-6H20, 0.02
g Na:Mo04-2H20, 0.0005 g CuSOs-5H20, 0.70 g FeSO4-7H20 and 1.02 ¢
EDTA-2Na-2H20 per liter of distilled water). This resulted in an inorganic carbon (IC)
concentration of 1500 + 43 mg L™, total organic carbon (TOC) concentration of 54 + 4
mg L, total nitrogen (TN) concentration of 530 + 19 mg L™, P-PO4*> concentration of
94 + 8 mg L™ and S-SO4? concentration of 112 + 7 mg L. During the last 25 days of
experiment, the IC concentration of the SWW was decreased to 532 + 24 mg L™ in order

to mimic the typical composition of centrate from Valladolid wastewater treatment plant.

2.2 Experimental set-up
The photobioreactor set-up was located outdoors at the Institute of Sustainable Processes

of Valladolid University. The experimental set-up was integrated by a 180 L
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photobioreactor divided in two water channels and with one baffle at each site of the
photobioreactor. The photobioreactor has an illuminated surface of 1.20 m? (length = 170
cm; depth = 15 cm; width = 82 cm). The cultivation broth inside the photobioreactor was
recirculated with a velocity of 20 cm s by a 6-blade paddlewheel. An absorption unit of
2.5 L was interconnected to the photobioreactor through a conical settler of 8 L. A
metallic diffuser of 2 um pore size was installed at the bottom of the biogas scrubbing
column. The photobioreactor was installed inside of a greenhouse in order to enhance the
performance of the technology during winter conditions (Fig. 1). From day 99 until day
225 of experiment, air was injected directly into the photobioreactor via 3 porous stone
diffusers evenly distributed along the photobioreactor.

<Figure 1>

2.3 Operational conditions and sampling procedures

The photobioreactor was inoculated with a microalgal inoculum composed of
Mychonastes homosphaera (82%), Pseudanabaena sp. (17%) and Scenedesmus sp. (1%)
(percentages are expressed in number of cells) to a concentration of 450 mg total
suspended solids (TSS) L. Five stages (namely A, B, C, D and E) were defined as a
function of the operational conditions (Table 1). The SWW used as a source of nutrients
was fed to the photobioreactor at a flow rate of 3.5 L d*. Meanwhile, biogas was injected
at the bottom of the absorption unit at a flow rate of 72 L d* under co-current flow
operation with a L/G ratio of 1.0 (Posadas et al., 2017). Tap water (days 99 — 198), highly
carbonated SWW (days 199 — 225) and SWW (days 226 — 250) were supplied in order to
compensate water evaporation losses but allowing process operation without effluent. Air
was injected in the photobioreactor at a flow rate of 8.0 L min from days 99 to 225 in

order to evaluate the influence of mechanical COz2 stripping in the photobioreactor on
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biomethane quality. Biomass productivity was fixed according to the environmental
conditions present at each operational stage in order to provide a constant growth of
microalgae during stages A (0.0 g m2d?),Band C (7.5 gm2d?')and D and E (15.0 g
m2d?) (Table 1). Harvesting of algae-bacteria from the settler was carried out to maintain
this productivity. The remaining biomass at the bottom of the settler was recirculated to
the photobioreactor at a flow rate of 3.6 or 7.2 L d™*.
<Table 1>

The photosynthetic active radiation (PAR) outdoors and inside the greenhouse, the
temperature outdoors, inside the greenhouse and in the photobioreactor and the DO
concentration were daily monitored at 9:00 a.m and 4:00 p.m throughout the entire
experimental period. The pH was daily measured only at 9:00 a.m since it remained
constant throughout the daytime as a result of the high buffer capacity of the cultivation
broth (Marin et al., 2018b). In order to measure IC, TOC, TN, N-NOs", N-NO2", P-PO4*
, S-S04% and biomass concentrations, 100 mL of liquid samples from the photobioreactor
and the SWW were drawn twice a week. In order to determine CH4, COz2, H2S, N2 and
O2 concentrations in raw biogas and biomethane, gas samples of 100 puL were taken in
duplicate at 10:00 a.m twice a week. At each month, samples of the photobioreactor were

taken in order to morphologically determine the structure of microalgae population.

2.4 Analytical procedures

PAR, pH, temperature and DO concentration were recorded according to Marin et al.,
(2018a). The concentrations of TOC, IC and TN were analyzed according to Posadas et
al., (2017). N-NO3", N-NO2", P-PO4*> and S-SO4? concentrations were quantified by
HPLC-IC according to Posadas et al., (2013). The determination of TSS and VSS

concentrations was carried out according to APHA (2005). Biogas and biomethane
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composition were determined according to Marin et al., (2018a). The determination of
the N and P content of the algal bacterial biomass was determined according to Posadas
et al., (2017). Finally, the identification, quantification and biometry measurements of
microalgae were conducted by microscopic examination (OLYMPUS 1X70, USA) of the
algal-bacterial cultivation broths (fixed with lugol acid at 5% and stored at 4°C prior to
analysis) according to Sournia (1978). The microalgae growing on each unit were
identified and quantified according to the European standard CEN TC

230/WG2/TG3/N83, which is based on Utermohl’s (1958) method.

3. Results and discussion

3.1 Environmental parameters

Considerable variations in the ambient, greenhouse and photobioreactor temperatures
were recorded in the course of the experimental time due to the seasonal climate variation.
The ambient temperature recorded in stages A, B, C, D and E ranged from 4.0 to 23.0, -
3.0t017.0,-3.0t023.0, 7.0to 27.0 and 7.0 to 30.0 °C, respectively (Fig. 2a). This ambient
temperature influenced directly the temperatures recorded inside the greenhouse, which
ranged from 5.0 to 40.0, -4.0 to 26.0 and -2.0 to 43.0 °C in stages A, B and C, respectively
(Fig. 2b). The greenhouse was responsible of the difference of temperatures due to its
inherent ability to retain solar radiation. This increase in the temperature of the
greenhouse exerted an important effect in the temperature of the photobioreactor. Hence,
the photobioreactor temperature recorded in stages A, B, C, D and E ranged from 4.2 to
24.1,-0.2t0 18.7, 0.5 t0 31.7, 6.1 to 27.6 and 8.1 to 32.2 °C, respectively (Fig. 2c). The
temperature values here reported during winter time were significantly higher than those
previously recorded by Marin et al., (2018a) in the same period (2.3 + 3.1 °C), and prevent

the freezing of the photobioreactor.
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<Figure 2>
The ambient PAR recorded in stages A, B, C, D and E ranged from 26 to 966, 24 to 790,
27 to 1738, 65 to 1684 and 76 to 1549 pmol m? s, respectively (Fig. 2d). The plastic
material of the greenhouse produced a significant decrease in the PAR recorded inside
during stages A, B and C, which ranged from 17 to 807, 12 to 422 and 17 to 1024 pmol
m2 s, respectively (Fig. 2e). Overall, the average decrease in PAR during the daytime
was 36% along the three initial stages carried out inside the greenhouse. It is important to
stress that these differences in PAR among the three initial stages were inherent to the
seasonal variability of the environmental conditions throughout the experimental period.
Environmental parameters such as temperature and PAR governed the biomass
productivity set (and controlled via biomass wasting through the settler) at each stage,
which was gradually increased from 0.0 to 15.0 g m d* (Table 1), in accordance with
Marin et al., (2018a) and Posadas et al., (2017) in a similar photobioreactor under outdoor

conditions.

The gradual increases in ambient temperature and ambient PAR during the
experimentation time were correlated with the evaporation rate from the cultivation broth
of the photobioreactor. The average evaporation rates recorded in stages A, B, C, D and
Ewere1.7+1.2,1.1+04,24+1.0,52+1.2and 7.3+ 1.1 L m?d?, respectively (Table
1; Fig. S1). The greenhouse prevented the external input of water from rain into the
photobioreactor, which resulted in positive evaporation rates values throughout the entire
experiment. In this context, Marin et al., (2018a) reported an evaporation rate value of -
0.3+1.8L m?d?ina 180 L outdoors photobioreactor during winter time in Valladolid,

while Rodero et al., (2019) reported rain inputs of 4.4 L m2 d* in a 9.6 m® outdoors



225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

photobioreactor in Chiclana de la Frontera (Spain), which resulted in evaporation rates

of -0.1+0.6 L m2d=™

Finally, the mean DO concentrations recorded in stages A, B, C, D and E in the morning
accounted for 8.2 +2.2,9.2+1.7,10.6 +0.8,9.8 + 0.7 and 7.7 + 0.6 mg L%, respectively.
In the afternoon, the average values were 12.5+5.5,128+1.4,9.2+1.1,82 + 0.2 and
7.3+ 0.3 mg L%, respectively (Table 1; Fig. S2). The high DO values here reported as a
result of the low oxygen demand of the synthetic digestate used did not inhibit the
photosynthetic activity of microalgae. In this context, Molina et al., (2001) reported that
outdoors Spirulina productivities increased when the DO concentration decreased from
35 to 20 mg O2 L* The lower DO concentrations recorded under favorable
environmental conditions (stages D and E) were likely due to the higher endogenous
respiration, which supported an active oxygen demand to oxidize the intracellular
reserves of algae and bacteria for cell maintenance, mediated by the higher biomass
concentrations prevailing in the cultivation broth (approx. 3 times higher than in stages
A, B and C) and the higher ambient temperature that decreased DO in equilibrium with

air and accelerated biological reactions.

3.2 Photobioreactor parameters

The pH in the photobioreactor remained fairly constant throughout stage A and B, with
an average value of 9.1 + 0.1, as consequence of the high buffer capacity of the cultivation
broth (Fig. 3a). In stage C and D, the injection of air directly into the photobioreactor
caused a gradual increase in the pH up to 9.9 as a result of a direct CO2 stripping in the
microalgae medium of the photobioreactor (Fig 3a). Finally, the pH remained constant at

9.8 £ 0.1 in stage E. This high pH in the absence of air stripping was likely due to the
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high photosynthetic activity of microalgae and the high 1C concentration prevailing in the
the photobioreactor mediated by the high evaporation rates.
<Figure 3>

The IC concentration in the photobioreactor fluctuated during stages A and B, with an
average value of 1332 + 87 mg L (Fig. 3b). A gradual increase in the IC concentration
up to 1639 mg L was observed in stage C likely due to the increase in pH induced by
the injection of air directly into the photobioreactor. A rapid increase in the IC
concentration up to 1952 mg Lt was recorded during stage D mediated by the increase in
water evaporation losses caused by the higher temperatures and removal of the
greenhouse (Fig. 3b; Table 1). Interestingly, the external supply of air in the
photobioreactor directly impacted on the pH and I1C concentration of the cultivation broth,
but it did not increase the evaporation rate. The increase in the evaporation rate was
correlated to the gradual increase in ambient temperature and PAR during the
experimental period. Despite the decrease in the IC concentration of the SWW from 1500
+43 mg L to 532 + 24 mg L™ during stage E, the IC concentration in the photobioreactor
remained constant at 2236 + 61 mg L, which confirmed that a high alkalinity can be
maintained in the cultivation broth using centrate as consequence of the high evaporation

losses in the photobioreactor under favorable environmental conditions (Fig. 3b).

TN concentration recorded in the photobioreactor steadily increased from 65 mg N L at
the beginning of the experiment up to 556 mg L by day 250 (Fig. S3a). This increase
suggests that the nitrogen loading rate exceeded the nitrogen fixation rate by microalgae
and was also promoted by the gradual increase of the evaporation rates. Nitrifying
bacteria were responsible of the oxidation of NH4" from the SWW used as a source of

nutrients, to N-NO2" and N-NOs". In this sense, N-NO2" concentration progressively

11
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increased from stage A till the middle of stage C (day 144) up to 220 mg L as
consequence of the partial oxidation of NH4* (Fig. S3b). However, a rapid decrease in
the N-NO:2" concentration was observed from day 144 concomitantly with an increase in
N-NO3" concentration up to values of 440 mg L by the end of stage E (Fig. S3c). The
reasons underlying the partial nitrification of NH4" at temperatures < 28 °C in excess of
DO during stages A and B, and the sudden increase in NO2™ oxidation activity in stage C,

remain unclear (Metcalf and Eddy, 2003).

On the contrary, P-PO4* concentrations recorded in the photobioreactor remained
constant during stages A and B (109 mg L), and gradually increased in stage C up to
263 mg L concomitantly with the increase in water evaporation from the
photobioreactor. In stage D the P-PO4% concentration further increased up to 395 mg L™
and remained constant in stage E at 400 + 7 mg L (Fig. S4). The increase in P-PO4*
concentration in stages D and E was likely due to the operation without greenhouse, which
along with the higher temperatures of the cultivation broth, boosted water evaporation

and the concentration of all dissolved salts in the medium.

Finally, an increase in the S-SO4% concentration of the photobioreactor from 123 mg L™
at the beginning of stage A to 1027 mg L™ by the end of stage E was recorded as result
of the aerobic microbial oxidation of the H2S. S-SO4% accumulation was also triggered
with the increase in evaporation losses during stages D and E (Fig. S5). These S-SO4*
concentrations were below the typical inhibitory thresholds for microbial activity reported

in literature (74 g L) (Lee et al., 2006; Mufioz et al., 2015).

3.3 Biogas upgrading

12
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Eukaryotic algae and prokaryotic cyanobacteria were responsible of the bioconvertion of
the CO2 present in biogas into biomass using the electrons released during water
photolysis, which entailed a concomitant release Oz2. In this sense, the CO2 concentration
of biomethane in stage A ranged between 1.9% and 4.9%, with CO2 removal efficiencies
(REs) changing from 83.5% to 93.6% (Fig. 4a). During stage B, CO2 concentration varied
from 2.4% to 6.1%, with CO2-REs between 79.7% and 92.0%. A decrease in CO2
concentration from 2.6% to 0.3% was observed during stage C due to the pH increase
mediated by the injection of air, which entailed CO2-REs between 91.4% and 98.7%.
Finally, CO2 concentrations in stages D and E remained constant at 0.5%, which
corresponded to CO2-REs of 98.2% (Fig. 4a). The high CO2 removal efficiencies
observed in stages C to E were supported by the high pH and buffer capacity of the
cultivation broth under the prevailing operational conditions. These values here achieved
were higher than those reported by Rodero et al., (2020), who observed CO:2
concentrations between 1.5 and 4.4% in a similar indoors experimental set-up with a
higher IC concentration in the cultivation broth (1203-3814 mg L™). It should be also
stressed that the CO2-REs observed in stages A to C were higher than those previously
described during winter by Marin et al., (2018a), who recorded CO2 REs between 63.6%
and 85.9% in a similar outdoors photobioreactor configuration during winter without
greenhouse. Therefore, these results validated the use of greenhouses and the injection of
air during winter conditions in order to enhance the CO2-REs. The CO2 concentrations
achieved in stages C, D and E fulfilled with the current legislation on the use of biogas
(CO2 < 2-4%) (European Committee for Standardization, 2018, 2017; Mufioz et al.,

2015).
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H2S was completely removed from biogas regardless of the operational conditions tested.
H2S was transferred from biogas to the algal-bacterial cultivation broth in the scrubbing
column, where it was oxidized into SO42 by aerobic sulphur oxidizing bacteria using the
dissolved oxygen contained in the recirculating broth. The main biological mechanism of

H:S oxidation into SO4? can be described by the following equation:

H,S+CO, + N,P + 0, — biomass +S/S0;~ + H,0

In addition, direct chemical oxidization into sulphate could also occur. This complete
elimination was associated to the higher H2S aqueous solubility (Henry’s law constant =
CL/Cc) compared to that of CO2. Indeed, Hnzs is approximately three times higher than
the Hco2 (Sander, 2015). These results were in accordance to Marin et al., (2018a), who
reported a complete removal of H2S in a similar outdoors photobioreactor configuration

without greenhouse.

The N2 concentration in biomethane in stages A and B remained constant at average
values of 2.6 = 0.5%. Interestingly, air stripping induced a reduce in the N2 concentration
from 2.5% to 1.0% during stage C, which remained constant at an average value of 1.7 £
0.3% in stages D and E (Fig. 4b). This decrease in N2 concentration at a constant L/G
ratio might be explained by a decrease in the N2 dissolved in the photobioreactor as
consequence of the gradual increase in the salinity of the cultivation broth (ultimately
induced by the increasing water evaporations). The N2 concentrations here obtained were
lower than those reported by Marin et al., (2018a), who recorded N2 concentration values
of up to 5.8% in a similar outdoors photobioreactor configuration during winter time at a

L/G of 1.
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The O2 concentration recorded in biomethane exhibited a similar behavior than that
observed for N2. Thus, O2 concentration remained constant at an average value of 1.0 +
0.3% during stages A and B, and decreased to 0.4% during stage C. Similarly, the Oz
concentration remained constant in stages D and E at average values of 0.4 = 0.1% (Fig.
4b). The decrease in biomethane Oz concentrations from stage C to E was likely induced
by the lower DO present in the cultivation broth used as scrubbing solution in the biogas
absorption column. The biomethane O2 concentration here reported fulfilled with the
current legislation on the use of biogas which demands O2 levels < 1% (European

Committee for Standardization, 2018, 2017; Mufioz et al., 2015).

Finally, CH4 concentration recorded in biomethane ranged from 91.5% to 94.4% in stage
A, 89.5% to 94.6% in stage B, 93.0% to 98.2% in stage C, 96.3% to 97.6% in stage D
and 97.0% to 97.9% in stage E (Fig. 4c). The high CH4 concentration obtained during
winter conditions compared to previous studies was due to the high capacity of the system
to remove CO2 while preventing an active desorption of N2 and O2. Negligible losses of
CHa, lower than 1% of the CH4 input, were recorded as a result of the low aqueous
solubity of methane (Hcrhs = 0.03 at 25 °C). In addition, the presence of aerobic conditions
likely supported the growth of methanotrophs, which prevented CH4 emission from the
cultivation broth in the photobioreactor (Mufioz et al., 2015; Serejo et al., 2015). The
biogas upgrading performance here achieved was superior to that reported by Marin et
al., (2020), who observed CHas concentrations up to 94.6% in a similar outdoors
experimental set-up without greenhouse during autumn at a L/G of 1. The CHa4

concentrations obtained in the upgraded biogas also fulfilled with the current legislation
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on the use of biogas (European Committee for Standardization, 2018, 2017; Mufioz et al.,
2015).

<Figure 4>

3.4 Microalgae biomass parameters

The VSS concentration in the photobioreactor increased from 0.14 g L™ at day one to
0.53 g L* at the end of stage A. This increase was due to the fact that no biomass
harvesting was conducted in order to reach a pre-determined biomass concentration in
this stage (Fig. 5a; Table 1). In stage B, this concentration decreased to steady state values
of 0.30 g L as a result of the constant withdrawal of biomass to maintain a biomass
productivity of 7.5 g m d1. By the end of stage C, an increase in biomass concentration
up 0.83 g L™ was observed, which was supported by the more favorable environmental
conditions. Similarly, an increased in biomass concentration up to 1.34 g L"* was observed
by the end of stage D regardless of the increase in biomass withdrawal to 15 g m?2 d.
Finally, an average VSS concentration of 1.25 g L™ was recorded in stage E (Fig. 5a). At
this point, it is important to highlight that the VSS concentration during each stage was
determined by the predominanting environmental conditions and biomass productivity
imposed in each stage (Table 1). The greenhouse provided the local environmental
conditions in the photobioreactor to maintain higher VSS concentrations in the
photobioreactor during the winter months than those reported by Marin et al., (2018a) in
a similar photobioreactor.

<Figure 5>

The structure of the microalgal inoculum was gradually replaced by a microalgae
assemblage composed of Mychonastes homosphaera (78%) and Navicula sp. (22%)

during stage A (October) (Fig. 5b). In stage B, Mychonastes homosphaera was the
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dominant microalga in the consortium, accounting for a share of 95% in November, 61%
in December and 100% in January. The dominant microalgae by the end of stage C was
Pseudanabaena sp. (66%) and Mychonastes homosphaera (34%) (April). Interestingly,
Mychonastes homosphaera represented 99% of the microalgae population and
Pseudanabaena sp. accounted only for 1% (May) in stage D. Finally, the microalgae
assemblage in stage E was composed of Mychonastes homosphaera (92%) and
Scenedesmus sp. (8%) (June) (Fig. 5b). It's important to highlight the fact that ambient
temperature and PAR were the most important environmental parameters determining the
microalgae population structure prevailing in the photobioreactor, which were directly
impacted by the use of a greenhouse during stages A to C. Temperature induce an
exponential influence on the bioreactions occurring in microalgae, which ultimately
determine the specific microalgae growth rate and the dominance of a microalga species
under continuous cultivation. Variations in temperature can also affect the magnitude of
algal nutrients uptake and therefore the phytoplankton growth processes can be indirectly
affected (Beardall and Stojkovic, 2006). The PAR controls microalgae growth rate,
inducing the inhibition of photosynthesis at high light intensities in some species, which
would result in changes in the dominant species in the system (Beardall and Stojkovic,
2006). The use of tap water or Na2CO3/NaHCOs supplemented SWW in order to
compensate water evaporation also modified the characteristics of the cultivation broth
(in terms of salinity), which likely impacted microalgae growth. Finally, process
operation under different biomass productivities (set by controlling the biomass wastage
rate from the settler) likely influenced the microalgae population structure. However, the
changes in microalgae population structure along the experiment were not correlated to
biogas upgrading efficiency, since photosynthetic activity was actively maintained

regardless of the dominant microalgae species. Indeed, different CO2 removal
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efficiencies and CH4 contents were recorded in November and June or January and May

under similar microalgae population structures.

An analysis of the N and P fixed and oxidized by the algal-bacterial biomass was
conducted and summarized in Table 2. A share of 34 £5,83 +5, 88 + 3,50 + 8 and 39
+ 5% of the nitrogen supplied with the SWW was fixed into biomass at stages A to E,
respectively. Similarly, the share of the input nitrogen oxidized into NO2™ and NOs"
accounted for 66 + 6, 12 + 3, 29 £ 4, 16 + 3 and 3 £ 1% in stages A, B, C, D and E,
respectively. Similarly, a share of 32 + 3, 62 + 6, 53 £ 13, 30 £ 4 and 25 + 4% of the
phosphate input was assimilated into biomass.

<Table 2>

4. Conclusions

This study proved for the first time the effectiveness of three innovative operational
strategies in an outdoors pilot photobioreactor interconnected to a biogas absorption unit
to overcome the main technical limitations of photosynthetic biogas upgrading. The use
of a greenhouse and direct CO:2 stripping in the photobioreactor via air stripping during
winter conditions, and the use of digestate as a make-up water during summer conditions

can provide a biomethane that fulfilled with the current legislation on the use of biogas.
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FIGURE CAPTIONS

Figure 1. Schematic diagram of the outdoors experimental pilot plant used for the
continuous photosynthetic upgrading of biogas.

Figure 2. Time course of (a) ambient temperature, (b) temperature inside the greenhouse
(c) photobioreactor temperature, (d) ambient PAR and (e) PAR inside the greenhouse
during the morning (solid symbols) and afternoon (empty symbols).

Figure 3. Time course of the (a) pH in the photobioreactor and (b) concentration of

inorganic carbon in the SWW (m) and in the photobioreactor (o).

Figure 4. Time course of the concentration of (a) CO2 (m), (b) N2 (A) and Oz (@), and

(c) CHa4 (©) in the upgraded biogas.
Figure 5. Time course of the (a) concentration of volatile suspended solids in the

photobioreactor and (b) structure of microalgae population in the photobioreactor.
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Figure 2. Time course of (a) ambient temperature, (b) temperature inside the greenhouse
(c) photobioreactor temperature, (d) ambient PAR and (e) PAR inside the greenhouse

during the morning (solid symbols) and afternoon (empty symbols).

) g5 STAGEA STAGEB STAGEC STAGE DI STAGEE
= 25- ey | 'Dg@m %
3815‘{. 68 g - u@b&iﬁgj @;fmm_-tyﬁl@
£S5 o A & e
gl e g
-5 T T T T T T L
0 30 60 0 120 150 180 210 240 270
b) 45

& &
o

Greenhouse T
(°C)

o 5

| %

| __ (@ I
..o
'3
‘1.

%
"‘8?

0 30 6 9 120 1% 180 2'10'240'2'70

Photobioreactor T
(°C)
&

30 0 30 60 9 120 150 180 210 240 270

.g...

Ambient PAR
(Hmol m*s™) o
=
88
8o,
5o
g &
<&
>
o
&

5888

200 270

Greenhouse PAR
(umol m?s™) o

0 0 120 150 180 210 240 270



Figure 3. Time course of the (a) pH in the photobioreactor and (b) concentration of inorganic

carbon in the SWW (m) and in the photobioreactor (o).
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Figure 4. Time course of the concentration of (a) CO2 (m), (b) N2 (A) and Oz (), and (c)

CHa (o) in the upgraded biogas.
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Figure 5. Time course of the (a) concentration of volatile suspended solids in the photobioreactor and (b) structure of microalgae population in

the photobioreactor.
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Table 1. Environmental and operational parameters during the five operational stages.

Stage
Parameter A B C D E
Date 15-Oct — 04-Nov 05-Nov - 20-Jan 21-Jan — 30-Apr 01-May — 27-May  28-May — 21-Jun
Stage period 3 11 14 3 4
(approx. weeks)
Use of Greenhouse Yes Yes Yes No No
Air Supply
(L min) 0.0 0.0 8.0 8.0 0.0
Make up water 05+£0.2 0.0+£0.0 1.1+12 28+1.4 52+1.4
(Ld? (Tap water) (Tap water) (Tap water) (SWW) (SWW~)
Mom'”(?ng“l’_‘?[?ge DO 82422 9.2+17 10.6 £ 0.8 9.8+0.7 77406
Afternoon Average
DO 125+55 128+1.4 92+1.1 82+0.2 7.3+£0.3
(mg L)
Average Evaporation
Rate 1.7+£1.2 1.1+04 24+1.0 52+12 7.3+£1.1
(L m2d?
Biomass productivity
(g m? d) 0.0 7.5 7.5 15.0 15.0

*- SWW with an inorganic carbon concentration of 532 + 24 mg C L



Table 2. Nutrient recovery via biomass assimilation.

N P
Stage
g Fixed (%) Oxidized (%0) Fixed (%)
34+5 66 £+ 6 32+3

A

B 83+5 12+3 62+ 6
C 88+3 29+4 53+13
D 508 16 +3 30+4
E 39+5 3%x1 25+4
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Figure S1. Time course of the evaporation rate in the photobioreactor.
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Figure S2. Time course of the dissolved oxygen concentration in the photobioreactor in

the morning (solid symbols) and afternoon (empty symbols).



Cultivation broth parameters
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Figure S3. Time course of the concentration of (a) total nitrogen, (b) N-NO2"and (c) N-
NOs3s" in the photobioreactor.
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Figure S4. Time course of the concentration of P-PO4* in the photobioreactor.
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Figure S5. Time course of the concentration of S-SO4% in the photobioreactor.
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