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Abstract

Integrating cultivation with wastewater treatment improves the economics of microalgal
based biofuel production and allows for the sustainable reuse of nitrogen (N) and
phosphorus (P) from waste streams. Batch-cultivation of a locally isolated green
microalga, UHCCO00027, and an indigenous algal-bacterial consortium was undertaken
on screened municipal wastewater in 24 L pilot reactors. Evaluations of growth and of
N and P removal were performed at different Chemical Oxygen Demand (COD) levels
and N:P ratios. Lipid accumulation and fatty acid composition of the resulting biomass
were also examined. Unique to the present study was the evaluation of wastewater
treatment performance under cold temperatures (7—13 °C) typical of a Nordic climate.
Whilst temperature exerted little influence on heterotrophic COD removal, vigorous
(temperature dependent) growth of microalgae was important in the efficient removal of
N and P, with the N:P ratio playing a central role. The studied cultivation regime and
organisms achieved regulatory N and P removal levels with a hydraulic retention time
(HRT) of 14 days. However, biodiesel properties of the resulting biomass did not meet
international standards due to a high proportion of polyunsaturated fatty acids. Possible
workarounds for simultaneously increasing nutrient removal efficiency, biomass
productivity, and improving biomass suitability for biodiesel under a Nordic climate are

discussed.

Keywords: microalgae, biofuel, wastewater, biodiesel, nutrient removal, cold climate
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1. Introduction

A transition to sustainably produced biofuels is important in meeting recently agreed
global climate change targets [1,2]. Major drawbacks of 1% generation biofuels,
including starch based ethanol and vegetable biodiesel, include competition over arable
land and CO2 emissions generated throughout the supply chain, limiting their
sustainable production [3]. Algae-derived biodiesel is a 3" generation biofuel and is
advantageous in its non-arable production and rapid biomass generation [4]. However,
chemical nutrients can constitute up to 10% of the total costs of microalgal biofuel
production [5]. These costs can be mitigated by exploiting the nutrients readily available
in wastewater. Municipal wastewater is generally rich in nitrogen (N) and phosphorous
(P), which are necessary macro-nutrients for microalgae. Apart from nutrient removal,
microalgae can also be utilized for the removal of heavy metals and organic pollutants,

including hormones and other pharmaceuticals [5,6].

The current popularity of the ‘circular economy’ approach to integrated wastewater
treatment and biofuel production is evidenced by recent microalgal based pilot projects
[7-9]. However, such approaches are not generally considered favorable in Nordic
countries, due to low annual light intensities and low average temperatures [10,11].
Despite this, a few studies performed on laboratory scale have demonstrated the

potential for cold-tolerant strains in wastewater treatment applications [12-14].

Microalgae hold great potential as a feedstock for biodiesel (as well as for other
biofuels) since their oil yield is an order of magnitude higher than that of conventional
oleaginous plants. Indeed, microalgal cells can accumulate lipids at up to 80% of their
dry weight [15]. Unfortunately, high lipid accumulation in microalgae usually takes

place under an environmental stress such as nutrient starvation, which slows down cell
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division and impairs biomass productivity. This complicates the achievement of high
biomass productivity and high lipid yield in a one-stage process [16]. Possible
workarounds include the development of two-stage processes (rapid growth in the first
stage and stress for lipid accumulation in the second), and engineering strains with high

lipid yields without sacrificing the biomass yield [17].

In evaluating the potential of different microalgal strains, it is important to note that not
all lipids are equally suitable for the production of biodiesel. Generally, biodiesel from
microalgae is comparable with that obtained from other sources, such as oleaginous
plants, in that it has relatively low oxidative stability due to a high degree of
unsaturation. This can be amended by blending the biodiesel with fossil diesel and/or
chemical stabilizers [18-20]. In regions of cold climate, the temperature-related
properties of diesel e.g. cloud point and cold filter plugging point become crucial for
optimal fuel performance [21]. Other important properties include: the energy content,
providing the inherent value of the fuel; water and acid contents, which determine the
corrosive effects of the fuel; and viscosity, which determines the efficient operation of

the engine [19].

In this study, we continue work with a Finnish isolate of the Scenedesmaceae family,
UHCCO0027. This alga was selected previously on the basis of its superior laboratory
scale performance over other native strains of microalgae in nutrient removal, biomass
and lipid accumulation [14]. To the best of our knowledge, this is the first pilot scale
report on integrated wastewater treatment and biodiesel production of a native cold-

climate alga, using real wastewater under cold climate conditions.

2. Materials and methods
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2.1 Pre-cultures and inoculation of the PBRs

The chlorophyte UHCCO00027 employed in this study was previously described in
Lynch et al. [14]. For experiments performed at ambient temperatures typical of the
Nordic summer (18-25 °C), axenic pre-cultures were grown in 5 L Erlenmeyer flasks
aerated with atmospheric air at a rate of 4 L min™. The cells were batch-grown in
synthetic wastewater [14] for 10 days at 22 °C under 14:10 (light:dark) photoperiod
(light intensity 225 umol PAR m™2 s7%). For the experiment simulating cold season
temperatures, the pre-cultures were grown at 6 °C under the same illumination
conditions. The pre-cultures were harvested by centrifugation (6000 x g, 10 min) and,
based on cell counting with a Biirker hemocytometer, normalized to 1.6 x 108 cells mL"
1(0.45 pg mL Chl) in each of the reactors. Growth was followed using total
chlorophyll (Chl) measurements performed according to Porra et al. [22]. In the blank

(unseeded) wastewater, total Chl starting concentration was below 0.02 ug mL2.
2.2 Pilot-scale experiments

Five pilot scale experiments were performed in photobioreactors (PBR) at Clewer
Technology Oy facilities using screened municipal wastewater (mWW) from the suburb
of Varissuo (Turku, Finland). Conditions are summarized in Table 1 and Fig. S2. The
wastewater used to fill the reactors differed in composition depending on the season
(late spring or summer) and the time of day. This resulted in wastewater samples being
characterized either by a higher COD and lower nitrogen (designated as HC_LN) or
lower COD, higher nitrogen (LC_HN) content (Table 1). The LC_HN wastewater type
was also tested under cold temperature, by placing a PBR in an air conditioned cold

room (referred to as LC_HN cold, see also Fig. S2).
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Table 1

Pilot-scale experimental conditions in PBRs for wastewater of the composition: High
COD, Low N (HC_LN); Low COD, High N (LC_HN); and Low COD, High N
operated under cold temperature (LC_HN cold). VValues marked NM were not

measured.

HC_ LN LC_HN LC_HN cold
Wastewater collection Spring, Summer, Summer,
(season and time) afternoon morning morning
Reactor fill volume (L) 24 24 24
Operating temp. range (°C) 16—26 22-29 7-13
Average operating temp. (°C) 22.8 25.5 8.3
Air flow rate (v vt min™) 0.625 0.625 0.625
Light period (light:dark) 14:10 14:10 14:10
Light intensity (umol m2s™) 250 250 250
COD dissolved (mg L ™) 490 84 84
COD-total (mg L™}) 560 600 600
NH4*-N (mg L ™) 42 56 56
NO3;-N (mg L™?) 0.4 0.4 0.4
NO2-N (mg L) <0.15 <0.15 <0.15
Total-N dissolved (mg L™) NM 59 59
POs#-P (mg L ™) 45 5.4 5.4
Total-P dissolved (mg L) NM 6.1 6.1
N:P (molar ratio) 20.6 22.9 22.9

2.2.1 Pilot-scale reactor and illumination set-up

Pilot-scale (24 L) reactors (provided by Clewer Technology Oy, see Fig. S1) were

cylindrical (40 cm diameter, 20 cm length). At both ends of each cylinder was a 1cm

thick transparent window (diameter 30 cm). Reactors had a perforated stainless steel

internal wall facilitating the even distribution of nutrients and cells in the reactor, which

was continuously mixed by airlift (15 L min™2, atmospheric air). Both ends of each

reactor were illuminated using a 125 W CFL-Lamp (LUMIii, UK, color temperature
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6400K). Lamps were positioned 10 cm away the reactor windows. Light intensity
immediately inside the reactors was 250 umol m2 s™*. Ambient and liquid phase

temperatures were monitored using a Fluke 5411 thermologging device.
2.2.2 Growth monitoring and wastewater analysis

Growth was monitored using total Chl [21] and dry biomass weight. Dry weight was
measured according to the APHA method 8111G, [23] with a modified drying
temperature (105 °C) and filter (Whatman GF/C, 1.2 um). Specific growth rates were
calculated from the linear portion of natural log transformed Chl data [24]. All nutrient
and COD measurements were made using the Hach Lange LCK cuvette test series
according to the manufacturer’s protocol (LCK304 for NH4"-N, LCK341 for NO2 -N,
LCK339 for NO3 -N, LCK138 and LCK338 for total N, LCK349 for PO4*-P and total-
P, LCK314 and LCK114 for COD). Before the measurements, the samples were filtered
through 0.45 um (Sartorius, ministart, type 16537) filters. Dissolved inorganic nitrogen
(DIN) levels were calculated as the sum of NH4*-N, NO2-N and NOz™-N. Interference
of NO2-N meant levels of NOs™-N were approximated as average values using
uncertainty plots, whereby the maximum values were measured NO3z™-N levels and

minimum values were calculated according to:
NO3; — N(min/max) = [NO3 — N] — X([NO; — N] Eq. 1

Equation 1 was formulated based on the relationship between NO2-N and NO3z™-N when
increasing concentrations of NO2>-N were added to wastewater samples with known
concentrations of NOs™-N. In Eq.1, X is 0.2444 for the NO3z-N minimum value and

0.2012 for the NO3™-N maximum value (refer S4, S5).
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2.3 Lipid and fatty acid composition analysis

Lipid analysis was performed for the LC_HN reactors only, this was so that
concomitantly operated cold and room temperature reactors could be compared. Total
cell lipid content and fatty acid (FA) profiles were determined in the pre-cultures
(control or day 0), in the middle-exponential (days 5 and 10 for the ambient-temperature
and the cold experiments, respectively) and at the late exponential phase (days 14 and
28 for the ambient-temperature and the cold experiments, respectively). The samples
were vacuum-filtered through 20 pm nylon membrane filters (Sterilitech, USA),
biomass was harvested by centrifugation of the filtrate (6000 x g, 10 min) and frozen in
liquid nitrogen. The frozen biomass was lyophilized using a Flexi-dry uP (FTS systems,
USA) freeze dryer for total lipid and FA analysis. Total lipids were quantified
gravimetrically as described by Ryckebosch et al. [25] with a re-extraction step.

Samples were analyzed in triplicate where biomass was sufficient.

For FA profile determination, in situ transesterification was performed according to Van
Wychen and Laurens [26]. The Fatty Acid Methyl Esters (FAME) were separated on an
Agilent 7890C GC equipped with an Agilent Innowax 19091N-213 (30 m x 0.32 mm x
0.5 um) column (Agilent) and detected by 5975C inert MS (Agilent, USA). One
microliter of the samples or standards were injected in splitless mode with helium
carrier gas flowing at 1.4 mL min~! and separated using a gradient program (50 °C for

8.5 min, ramping to 250 °C at 15 °C min, and a final hold at 250 °C for 8 min).

FA identifications were confirmed using a standard FAME mixture (37 FAME mixture,
18919 AMP, Supelco). Quantification was performed using methods described

previously [26,27], with the exception of the C16:4 FA. The C16:4 FA was quantified
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using the 4(2), 7(2), 10(2), 13(Z)-hexadecatetraenoic acid-ds standard (C16:4, Cayman
Chemical) and the esterification efficiency, which was determined using stearidonic
acid and stearidonic methyl ester standards (C18:4 FA and C18:4me, Cayman

Chemical).

Biodiesel properties were estimated by applying the equations reported in Talebi et al.

[28]. Oxidative stability was estimated according to the formula of Park et al.[29].
2.4  Statistical analysis

Pilot reactors were monitored on an approximately daily basis. An unseeded, control
reactor was operated to separate the effect of seeding alga UHCCO0027 from
independent processes. Growth was monitored using single biomass measurements and
total chlorophyll (Chl). Chl and wastewater analyses were performed as single
measurements, with duplicate measurements performed approximately every 2" day to
ensure technical reproducibility. Reproducibility was tested in Excel using paired
student t tests. There was no significant difference found between duplicates over single
test types (P = 0.08 — 0.97); over all Chl analyses (P = 0.84); or over all wastewater
analyses (P = 0.31). Data are presented as either single measurements, or as the average
and standard deviation of duplicate measurements (refer to Figs. 1 and 2 for details).
Lipid and FA analysis were performed as triplicate (technical) measures, unless there
was insufficient biomass, and data are presented as averaged results with standard

deviations (for detalils, see Fig. 4).
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3. Results & Discussion

3.1 Wastewater treatment and biomass accumulation

3.1.1 Growth of alga UHCC0027

The UHCCO0027 cells grew slightly faster in the PBR with the higher COD, lower N
(HC_LN) wastewater than in the lower COD, higher N reactor (LC_HN) (Chl
accumulation Kkinetics, Fig. 1A). Both wastewater types clearly contained a sufficient
amount and appropriate balance of nutrients to support microalgal growth, at least for

the first 10 days of the experiment.

Interestingly, there was a detectable Chl accumulation in the blank LC_HN PBR which
was unseeded (LC_HN blank; Fig. 1A, curve 2). The morphology of the indigenous
cells responsible for this rise indicated the presence of several types of colonial and
unicellular chlorophytes, including diatoms, (Fig. S3). In the reactors seeded with the
UHCCO0027 alga, a small number of diatoms were observed (Fig. S3A) but they did not

proliferate to a significant extent (refer S3D).

Although it was initially much lower, the rate of Chl accumulation in the unseeded
LC_HN PBR eventually matched that of the corresponding seeded PBR (cf. curves 1
and 2 in Fig. 1B). Interestingly, in the first 14 days of the experiment, the seeded cold
PBR exhibited kinetics of Chl accumulation similar to that of unseeded room-

temperature HC_LN culture (cf. curves 2 and 5 in Fig. 1B).
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Fig. 1. Kinetics of total chlorophyll accumulation per unit volume (A) of cells grown in
UHCCO00027 seeded (open symbols) or unseeded (closed symbols) PBRs in LC_HN
(squares, n =2) or HC_LN (circles, n =2 on days 2, 3, 5, 7, 10; n = 1 all others)
wastewater (Table 1) under room or cold (triangles) temperature (see Fig. S2). Growth
was also measured by dry cell weight (B, n = 1). The kinetics of changes in the culture
dry weight (C) and relationships of accumulation of total chlorophyll and dry weight
(D) are also presented. Data are presented as single measurements or the average of
duplicates with standard deviation.

This suggests that under the cold conditions, the indigenous algal-bacterial consortium
might have a competitive advantage over the introduced UHCCO0027 algal cells in spite
of a low overall growth rate and in the absence of N limitation. It might be
advantageous to isolate and scale up the native consortium to test its applicability for
treatment of this kind of wastewater in future. Regardless of the experimental

conditions, a characteristic drop in culture biomass, measured as DW, was recorded in
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the first five days of the experiment (Fig. 1C). The dramatic decline of DW coincided
with abrupt decline of COD in the HC_LN reactors (Fig. 2A) but was not accompanied

by a noticeable change in Chl content (Fig. 1A).

Starting from approximately day 5, there was pronounced biomass accumulation by the
seeded PBRs operated at room temperature (Fig. 1C, curves 1 and 3). The increase in
biomass preceded the onset of the upward trend in Chl accumulation (Fig. 1A). In the
cold PBR, a detectable increase in biomass was observed only after 12 days of
operation, while Chl increased steadily from the beginning of the experiment (Fig 1A,
C, curve 5). At this phase, the increase in the culture DW was closely related to an
increase in Chl content regardless of the temperature or the major nutrient ratio (Fig.

1A).

Collectively, the kinetics of biomass growth and accumulation of photosynthetic
pigments (Chl) indicate a bi-phasic pattern of growth that is driven by the predominance
of different organisms (Fig. 1D). The first phase is governed by the heterotrophic
bacteria indigenous to the wastewater. The net result of this process was a rapid decline
in the COD, essentially without participation of microalgal cells. The second phase is
characterized by an exponential (linear in the case of the cold culture) growth of

microalgae.
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Fig 2. Parameters characterizing wastewater treatment in the PBRs: Dissolved COD (A,
n=2forHC LN days 1, 3,5, 7, 10; n = 1 all others), pH (B, n =1), ammoniacal
nitrogen (C, n =2 for HC_LN days 1,3,5,7,10; n = 1 all others), total dissolved nitrogen
(D,n=2,for LC_HNdays 1, 4,7,9, 12, 15, 18, 20, 23, 25; n = 1 all others), inorganic
phosphate (E, n =2 for HC_LN days 2, 3, 5, 7, 10; n = 1 all others) and total dissolved
phosphorous (F, n = 1) of UHCCO0027 seeded (open symbols) and unseeded (closed
symbols) PBRs in LC_HN (squares) or HC_LN (circles) wastewater (Table 1) under
room or cold (triangles) temperatures (see Fig. S2). Data are presented as single
measurements or the average of duplicates with standard deviation.

PBRs displayed distinct patterns of change in the pH of the wastewater (Fig. 2B). In
unseeded PBRs a large drop in the wastewater pH was recorded at day 6 or 7, it was the
highest in the LC_HN PBR, whereas it was modest in the HC_LN reactor. It is likely
that these changes in pH resulted from the nitrification activity of bacteria in the
absence of a notable growth of microalgae. In the reactors characterized by vigorous
growth of microalgae, the pH was more or less stable around neutral, likely due to

alkalization of the medium as a result of inorganic carbon uptake by microalgal cells.

3.1.2 Biological nutrient removal efficiency as a function of WW composition and

cultivation conditions

The variable composition of the wastewater at different collection times allowed us to
evaluate the performance of alga UHCCO0027 under two different nutrient conditions,
HC LN and LC_HN (Table 1). While all of the pilot scale PBRs rapidly (within five
days) met COD removal requirements of the EU Urban Waste Water Treatment
Directive (UWWTD) 91/271/EEC [30], only the reactors seeded with UHCC0027 cells

met the total N and P requirements (Fig. 2D & F). Overall, microalga UHCC0027
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demonstrated a higher growth rate in the wastewater enriched in organics (HC_LN), the
growth rate correlating with the efficiency of treatment. However, the difference in
performance of UHCC0027 between the HC_LN and LC_HN conditions was small,

demonstrating the robust performance of this alga.

The largest difference between the studied wastewater types were the COD and
ammoniacal nitrogen concentrations (83.6 and 55.5 mg L™ for the LC_HN and 493 and
41.6 mg Ltand HC_LN, respectively; Fig. 2A & C). The HC_LN wastewater had a
5.9-fold higher starting COD level than the LC_HN (Table 1). Accordingly, the most
dramatic decrease in the dissolved COD took place in the HC_LN within the first day of
operation, resulting in a drop in dissolved COD concentration to that of LC_HN; the
COD level did not change significantly thereafter (Fig. 2A). Such a rapid decrease in
organic content was likely driven by fast growing heterotrophic bacteria indigenous to
the wastewater [31], evidenced by transient but discernible peaks in the biomass
accumulation curves of both seeded and unseeded HC_LN PBRs (Fig. 1C). It is also
possible that (indigenous or seeded) microalgal cells capable of mixotrophic growth,

contributed to both initial and subsequent decreases in COD.

Removal of total dissolved N and P was evaluated in LC_HN reactors to verify the
fulfillment of UWWTD requirements at higher concentrations of total N and P. These
requirements were met at hydraulic retention times (HRTSs) of 9 and 12 days, for the
seeded and unseeded PBRs respectively, whereas the cold climate HRT was 20 days
(Fig. 2D & F). The room temperature HRTS are in the same range as batch experiments
with similar initial nutrient loadings and cell densities as those summarized in Table 1
of Whitton et al. [32]. For example, the ‘medium’ cell density (1 x 108 cells mL™)

experiment of Lau et al. [33], with initial loadings of 48.4 mg L™ total Kjeldahl N
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(TKN) and 4.29 mg L™* total P, demonstrated 81.6% and 87% of TKN and total P
removed respectively after 10 days HRT. Phosphate removal was more rapid in the
HC_LN reactor where complete removal was achieved by day 10. This compares more
favorably with the medium cell density study of Lau et al. [33], which reached 92.8%
removal by day 10. Nevertheless, decreasing the observed HRTs would be desirable.
Seeding at a higher Chl concentration would decrease the algal nutrient load in the PBR
and would be a first step toward decreasing HRT. The next step would be to operate in a
continuous or semi-continuous mode, with chemostat operation shown to decrease

lengthy algal HRTs observed in batch mode [34].

Ammoniacal N was the major form of nitrogen present in the municipal wastewater
(80% of total dissolved N), with 33% more in the LC_HN than HC_LN wastewater
(Table 1; Fig. 2C & D). Algal uptake was demonstrated in both wastewaters by higher
rates of ammoniacal N removal in seeded versus unseeded reactors (Fig. 3A). However,
the differences between average removal rates between days 0 and 5 were small (7.6
and 6.7 mg L d? vs 4.3 and 2.4 mg L d* respectively), indicating that microalgal
uptake was not the major process driving ammoniacal N removal. Initial losses (day 1
and 2) of N from the reactor system, whereby ammoniacal, total dissolved and total N
all decreased and nitrate and nitrite levels remained close to zero can be explained by
ammonia air stripping, which is highly pH and temperature dependent and occurred to a

greater extent in the higher temperature LC_HN condition.

Nitrification was responsible for ammoniacal N removal once heterotrophic growth
slowed. This was evidenced by increased nitrite and nitrate concentrations and biomass
accumulation peaks in both seeded and unseeded reactors (Fig 1B, S4). Nitrification

appeared to be responsible for the majority of ammoniacal N removal in this study; the
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oxygen required for this process was supplied by continuous aeration of the reactors.
Nitrification rates were higher in the LC_HN reactors, possibly due to the higher
temperatures and substrate concentrations. Despite the major role that nitrification
played in N removal, the contribution made by seeded and indigenous algae is apparent
in the positive correlation of dissolved inorganic nitrogen (DIN) removal with the
accumulation of algal biomass (Fig. 3A). Seeding with UHCCO00027 algae was
necessary to achieve both phosphate and total dissolved phosphorous removal. Indeed,
the unseeded reactors demonstrated net increases in P concentrations after the first day
(Fig 2E & F). In the seeded PBRs operated at room temperature, approximately 100%
and 90% (the HC_LN and LC_HN, respectively) phosphate removal was achieved after

14 days of the experiment.
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Fig. 3. Relationships between dissolved inorganic nitrogen (DIN, sum of NH4*-N, NOy
-N and NOz™-N) and dry weight (A) and between DIN and inorganic P (B) in PBRs
seeded with alga UHCC00027 (open symbols) or unseeded (closed symbols) in LC_HN
(squares) or HC_LN (circles) wastewater under room or cold (triangles) temperatures.

The lowest final phosphate concentration was recorded in the HC_LN reactor (0.04 mg
L. The slightly better algal growth rate in HC_LN was reflected in average phosphate
removal rates, whereby a 36% faster removal rate was demonstrated between days 5 and
10. However, small overall differences between the reactors demonstrated the robust
performance of the UHCCO0027 alga over both wastewater compositions. Low

phosphorus removal was demonstrated by UHCCO0027 seeded under the cold condition
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until day 7. However, an impressive removal rate was observed over days 15-20, when
indigenous algal cells were rapidly growing. This resulted in the complete removal of

phosphate and a final total dissolved phosphorous concentration of 0.3 mg L1,
3.1.3 UHCCO0027 performance under cold climate conditions

The UHCCO0027 alga was originally isolated from a coastal area of the Baltic Sea where
the sea surface freezes most winters, indicating its potential for wastewater treatment
under cold climate conditions. As temperatures in the cold PBR averaged approximately
15 °C below that in the corresponding LC_HN room temperature PBR (Fig. S2),
delayed growth and nutrient removal were expected. Surprisingly, COD removal in the
cold PBR was similar to that at room temperature (Fig. 2A) and biomass accumulation
in exponential growth (delayed by 5—7 d under the cold condition) was only 1.3 times
lower (35.3 vs. 45 mg L™t d1) than under the room-temperature condition (Fig. 1C).
Importantly, the cold PBR eventually met the UWWTD N and P removal targets,
although HRTs were 2.1- and 1.4-fold longer than in the corresponding room-

temperature PBR.

The lower N removal rates observed in the cold culture might stem from a temperature-
dependent decline in ammonia air stripping [35] and nitrification [36]. This is consistent
with other data demonstrating that the ammonia-oxidation step of nitrification is two
times slower and nitrite oxidation rate more than three times slower when the

temperature decreases from 25 °C to 10 °C [37,38].

Although the UHCCO0027 pre-cultures were grown for 28 days at the same cold
temperature, there was a considerable lag period before the algal cells started to grow in

the PBR. It seems that the change to real wastewater in the PBR was a more stressful
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environment to the microalgae under the cold condition. Interestingly, the microalgal
cells in the cold PBR immediately started to accumulate Chl, although at a rate much
slower than that recorded at room temperature (Fig. 1A). At the same time, there was no
detectable nutrient uptake or biomass accumulation before day 6. It is possible that,
rather than the active division of cells, this initial increase in Chl was due to the
recovery of light-harvesting antenna damaged during the acclimation of cells to the cold

pre-growth period.

After day 10, the PBR operated under the cold condition demonstrated robust biomass
accumulation and nutrient removal performance. Remarkably, it also showed the
highest maximum rate of phosphate removal (1.2 mg L™t d* vs. 0.69 mg L* d*in the
room temperature PBR). Differences in N:P ratio were likely behind this high rate,
whereby P removal has previously been shown to improve under increased N
concentration [39]. Although both reactors started with the same N:P ratio, the room
temperature PBR demonstrated significant temperature-driven NHjs stripping and
nitrification, resulting in a more rapid removal of N than in the cold PBR. This effect is
clear in the relationship of N and P removal rates presented in Fig. 3C, showing that N
removal occurred four times faster than P removal (Fig. 3B). Both the cold and the
unseeded room temperature PBRs displayed similar kinetics of Chl/DW accumulation
(cf. curves 2 and 5, Fig. 1B) and distinct trends of P removal (Fig. 2E and F), indicating
that the indigenous algal consortium (acclimated to the composition of the wastewater
and to the low growth temperature) outcompeted the seeded UHCCO0027 alga in the cold

PBR.

There have been very few studies of algal wastewater treatment and biomass

accumulation under cold climate conditions. Most published reports have focused on
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cold tolerant strains tested at laboratory scale in synthetic media [40]. Under such
conditions, rates of biomass accumulation at 10 °C ranged from 57 to 130 mg L% d™*
[12, 41]. Rates in real wastewater, even on laboratory scale, have been lower at
approximately 32 to 50 mg L™t d~* [12]. Our pilot scale results using real wastewater,
were within this range at 35.3 mg L™ d on average, with a maximum rate of 50 mg L
d* (Table S1). Much lower biomass accumulation rates of 5 mg L™ d* were
demonstrated in a 10-fold larger scale study on hydroponics effluent performed in
Sweden, where the reactor temperature was close to 11 °C in the winter [42]. Under
these conditions, P removal rates were also much lower than those observed in our cold
PBR (maximum 1.2 mg L™! d™*; Table S1) with P precipitation playing a major role.
The P removal rates obtained in our study were comparable to those calculated from the
lab scale study of Tang et al. [24], where average and maximum removal rates were
0.56 and 0.71 mg L d%, respectively, over 8 days at 10 °C for polar cyanobacteria and
a green algal assemblage. Also at lab scale, Chevalier et al. [43] reported much lower
maximum P removal rates of 0.6 mg L~ d~* at 15 °C for polar strains of cyanobacteria

and a fast-growing control strain (P. bohneri).
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3.2 Biodiesel potential

Biomass samples were taken from pre-grown cells and from the LC_HN and LC_HN
cold reactors at mid and late exponential growth phases and subjected to total lipid
quantification and fatty acid (FA) profile analysis. The highest total lipid content (47%
of cell DW) was recorded for biomass taken from the room temperature PBR on the
final day of the LC_HN batch mode operation when N and P levels were the lowest
(Fig. 4A). This value is typical of Scenedesmus cells grown under nutrient starvation

[44-46].
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Fig. 4. Total cell lipid content (A, data are averages of n = 2 or 3 with standard
deviations; n = 1 for mid phase and cold pre-growth) of biomass taken from
exponentially growing pre-cultures (pre), and from mid and late exponential growth in
the PBRs (LC_HN PBRs were operated at room and cold temperature, see Methods).
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Fatty acid profiles of total lipids from different stages of the LC_HN experiment (B,
data are averages of triplicates with standard deviations; n = 1 for LC_HN mid) and
LC_HN cold experiment (C data are averages of triplicates with standard deviations; n
=2 for LC_HN cold pre).

3.2.1 Total lipid content

Conceivably, the exposure of microalgal cells to wastewater is stressful and can, among
other effects, promote lipid accumulation [47,48]. However, this was not observed in
UHCCO0027 cells transferred from synthetic medium to real wastewater at room
temperature, whereby the total-lipid content only increased 2%. Whilst it’s possible that
wastewater transfer induced stress was masked by pre-grown nutrient stressed cells, the
total lipid content of pre-grown UHCCO0027 cells was typical of rapidly dividing
Scenedesmus [45,49], indicating that this was not likely the case. More likely, is the
possibility of masking by the contribution of other wastewater indigenous organisms

and particles with lower lipid contents to the total sampled biomass [50].

Interestingly, the transfer of cells from synthetic medium to real wastewater under the
cold temperature resulted in a significant (12 %) increase in total lipids. This may be
due to a slower division rate of cells which were already cold-stressed in the course of
28-days of pre-growth at the cold temperature. This suggestion is in line with the lower
Chl content observed in these pre-culture cells [40]. The transfer of these cells to real
wastewater could further exacerbate this stress (evident in the long lag period), inducing

lipid accumulation as a side effect.

3.2.2 Fatty acid profile of total cell lipids

The most abundant FA found in the PBR-grown biomass were palmitate (C16:0) and o-
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linolenate (C18:3; Fig. 4B & C), typical of other green algae including
Chlamydomonas, Chlorella, and Scenedesmus [46,51]. The changes in these FA
proportions demonstrated pronounced and opposite trends over the course of the room
temperature experiment, whereby C16:0 peaked and C18:3 dropped at mid-exponential
phase (Fig. 4B). An additional feature of the room temperature experiment was the
presence of C18:0 FA in the mid-exponential cell lipids (5.7% vs. < 1% in the pre-
cultures and late-exponential cells). Another FA obtained in high abundance from
UHCCO0027 cells was hexadecatetraenoic acid (C16:4) which is harbored by chloroplast
thylakoid membrane glycolipids [52]. Such polyunsaturated FAs are not desirable in
biodiesel due to their negative impact on cetane number (CN) and oxidative stability,
but do hold potential as nutraceuticals. Interestingly, the FA profile of the mid-
exponential phase biomass grown at room temperature appears to contain a higher
composition of FA considered favorable for biodiesel performance than the pre-growth
or late- phase samples. Whilst this sample was taken at what was estimated to be ‘mid-
exponential’ growth (day 5), ammoniacal N had already been almost completely
depleted (Fig. 2C) and the plot of Chl relative to dry weight (Fig. 1B, curve 1)

demonstrates that UHCCO0027 cells had just reached stationary phase.

Cold temperature operation resulted in smaller changes in FA profiles than observed
under room temperature conditions (Fig. 4C). The proportion of C18:3 FA, which is a
typical glycolipid of chloroplast thylakoid membranes increased and that of C18:1 oleic
acid, typical of neutral storage lipids [53], decreased slowly. The slow increase in
C18:3/C18:1 ratio of the cold grown biomass over time might reflect the homeoviscous
adaptation of cells to maintain membrane fluidity under cold conditions [54,55].

Considering the steady increase in Chl in the cold culture, the small changes in FA are
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representative of the steady growth of algae limited only by the low growth temperature.
These findings, together with a modest increase in total cell lipids (Fig. 4A) suggest a

relatively low degree of actual stress in this culture [51].

Biomass obtained from the blank reactor, resulting from growth of indigenous
microalgae and diatoms was enriched in C16:1 and demonstrated lower levels of C18:0.
Interestingly, there were detectable amounts of the long chain polyunsaturated FA
C20:5 in both the cold late phase lipids and in the blank (Fig. 4C), indicating possible
accumulation of the omega-3 fatty acid Eicosapentaenoic acid (EPA) in the indigenous

microalgae (Fig. S3).

Based on their FA profiles, the theoretical properties of the biodiesel from the PBR-
grown microalgal biomass (Table 2) were predicted using the BiodieselAnalyzer® tool

[28].
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Table 2
Predicted properties of biodiesel from the biomass grown in the PBRs under room and
cold temperature (see Methods).

KV (v) Density C18:3

* >
o e N @ @ me S5
97 sh)  (gem?) (wi%)
Standard <+5-<-50 35—  0.86-
- - < > < <

EN 14214 <-5-<-26€ =120 231 5.0 0.90 =12 =1 8
Standard 19

ASTM - ; >47 " ; ; ; ;
D6751-02 '

L pre 42 186 319 336 088 350 181 53
=

g mid 12.9 128 450 374 0880 196 114 73
=

(¢D)

= late 37 203 280 323 0890 362 209 51
S blank

- Iaatr; 39 147 403 353 0883 227  12.3 6.0
S e 56 184 324 342 0888 309 182 57
(91

(«b]

g mid 46 191 308 335 0889 336  19.3 57
S

3 late 41 202 283 329 0890 362 217 55

1) Typical European summer values

2) Typical European winter values

* CFPP—cold filter plugging point (not included in standards), IV—iodine value, CN—
cetane number, K\V—kinematic viscosity, ME—methyl ester, Db—double bonds, OS—
oxidative stability.

Oxidative stability was estimated according to Park et al. [29]. Cetane values and
oxidative stability were relatively low for all samples due to high degrees of
unsaturation, whereas CFPP values were within range for the same reason, with the

exception of the room temperature exponential growth sample. In an evaluation of over
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200 microalgal species (exponential growth, 18-25 °C), Stansell et al. [56] determined
an average CN value of 42 for 24 Chlorophyceae species, which is close to our highest

CN value of 45.

The biomass samples obtained in this study did not meet requirements set by the
European Union or United States for biodiesel. However, this is a common shortcoming
of microalgal biodiesel [56]. There are a number of workarounds for this issue, such as
blending with diesel from other sources and/or adding antioxidants [20]. The cultivation
regime can also be manipulated for the generation of biomass with altered FA profiles.
For example, deprivation of the microalgal culture of N and a significantly longer
incubation at stationary phase were shown to alter the FA profile of Desmodesmus sp.
[57]. Since the UHCC0027 mid-exponential biomass grown at room temperature had
the best FA profile from the standpoint of biodiesel production, it will be interesting to
determine whether total N deprivation is required, or just deprivation of ammoniacal N.
Also, a better FA profile was recorded when the algal cells had just reached stationary
phase (day 5), versus late stationary phase (day 14) indicating that the HRT required for
an improved FA profile could be optimized and balanced with wastewater treatment

requirements.

Conclusions

This work is a novel evaluation of integrated wastewater treatment and lipid production
by the locally isolated chlorophyte UHCC0027, using real municipal wastewater under
varied nutrient and temperature regimes. Growth and nutrient removal of an indigenous

algal-bacterial consortium was impressive, but seeding of UHCCO0027 into pilot scale
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PBRs was required to meet EU UWWTD requirements for N and P removal. N
removal, including air stripping and nitrification processes, were strongly influenced by
temperature, whereas P removal was influenced primarily by the variations in the N:P
ratio. Microalgal PBR performance was demonstrated to be possible under a cold
climate condition, with feasibility improving where the wastewater N:P ratio is
favourable and an indigenous consortia can be established and supported. Lowering of
the initial nutrient load on biomass (e.g. inoculation at a higher cell density) and/or
switching of the PBRs to a (semi-) continuous turbidostat or chemostat operation mode
are possible avenues for decreasing the HRT. The predicted properties of biodiesel from
the PBR biomass fell short of current standards, but the results demonstrated that the
cultivation regime can be manipulated for generation of biomass with improved

suitability, for example at different N concentrations and HRTSs.
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