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Abstract 20 

Integrating cultivation with wastewater treatment improves the economics of microalgal 21 

based biofuel production and allows for the sustainable reuse of nitrogen (N) and 22 

phosphorus (P) from waste streams. Batch-cultivation of a locally isolated green 23 

microalga, UHCC00027, and an indigenous algal-bacterial consortium was undertaken 24 

on screened municipal wastewater in 24 L pilot reactors. Evaluations of growth and of 25 

N and P removal were performed at different Chemical Oxygen Demand (COD) levels 26 

and N:P ratios. Lipid accumulation and fatty acid composition of the resulting biomass 27 

were also examined. Unique to the present study was the evaluation of wastewater 28 

treatment performance under cold temperatures (7−13 °C) typical of a Nordic climate. 29 

Whilst temperature exerted little influence on heterotrophic COD removal, vigorous 30 

(temperature dependent) growth of microalgae was important in the efficient removal of 31 

N and P, with the N:P ratio playing a central role. The studied cultivation regime and 32 

organisms achieved regulatory N and P removal levels with a hydraulic retention time 33 

(HRT) of 14 days. However, biodiesel properties of the resulting biomass did not meet 34 

international standards due to a high proportion of polyunsaturated fatty acids. Possible 35 

workarounds for simultaneously increasing nutrient removal efficiency, biomass 36 

productivity, and improving biomass suitability for biodiesel under a Nordic climate are 37 

discussed. 38 

 39 
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1. Introduction 43 

A transition to sustainably produced biofuels is important in meeting recently agreed 44 

global climate change targets [1,2]. Major drawbacks of 1st generation biofuels, 45 

including starch based ethanol and vegetable biodiesel, include competition over arable 46 

land and CO2 emissions generated throughout the supply chain, limiting their 47 

sustainable production [3]. Algae-derived biodiesel is a 3rd generation biofuel and is 48 

advantageous in its non-arable production and rapid biomass generation [4]. However, 49 

chemical nutrients can constitute up to 10% of the total costs of microalgal biofuel 50 

production [5]. These costs can be mitigated by exploiting the nutrients readily available 51 

in wastewater. Municipal wastewater is generally rich in nitrogen (N) and phosphorous 52 

(P), which are necessary macro-nutrients for microalgae. Apart from nutrient removal, 53 

microalgae can also be utilized for the removal of heavy metals and organic pollutants, 54 

including hormones and other pharmaceuticals  [5,6].  55 

The current popularity of the ‘circular economy’ approach to integrated wastewater 56 

treatment and biofuel production is evidenced by  recent microalgal based pilot projects 57 

[7–9]. However, such approaches are not generally considered favorable in Nordic 58 

countries, due to low annual light intensities and low average temperatures [10,11]. 59 

Despite this, a few studies performed on laboratory scale have demonstrated the 60 

potential for cold-tolerant strains in wastewater treatment applications [12-14]. 61 

Microalgae hold great potential as a feedstock for biodiesel (as well as for other 62 

biofuels) since their oil yield is an order of magnitude higher than that of conventional 63 

oleaginous plants. Indeed, microalgal cells can accumulate lipids at up to 80% of their 64 

dry weight [15]. Unfortunately, high lipid accumulation in microalgae usually takes 65 

place under an environmental stress such as nutrient starvation, which slows down cell 66 
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division and impairs biomass productivity. This complicates the achievement of high 67 

biomass productivity and high lipid yield in a one-stage process [16]. Possible 68 

workarounds include the development of two-stage processes (rapid growth in the first 69 

stage and stress for lipid accumulation in the second), and engineering strains with high 70 

lipid yields without sacrificing the biomass yield [17].  71 

In evaluating the potential of different microalgal strains, it is important to note that not 72 

all lipids are equally suitable for the production of biodiesel. Generally, biodiesel from 73 

microalgae is comparable with that obtained from other sources, such as oleaginous 74 

plants, in that it has relatively low oxidative stability due to a high degree of 75 

unsaturation. This can be amended by blending the biodiesel with fossil diesel and/or 76 

chemical stabilizers [18-20]. In regions of cold climate, the temperature-related 77 

properties of diesel e.g. cloud point and cold filter plugging point become crucial for 78 

optimal fuel performance [21]. Other important properties include: the energy content, 79 

providing the inherent value of the fuel; water and acid contents, which determine the 80 

corrosive effects of the fuel; and viscosity, which determines the efficient operation of 81 

the engine [19].  82 

In this study, we continue work with a Finnish isolate of the Scenedesmaceae family, 83 

UHCC0027. This alga was selected previously on the basis of its superior laboratory 84 

scale performance over other native strains of microalgae in nutrient removal, biomass 85 

and lipid accumulation [14]. To the best of our knowledge, this is the first pilot scale 86 

report on integrated wastewater treatment and biodiesel production of a native cold-87 

climate alga, using real wastewater under cold climate conditions.  88 

2. Materials and methods 89 
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2.1 Pre-cultures and inoculation of the PBRs 90 

The chlorophyte UHCC00027 employed in this study was previously described in 91 

Lynch et al. [14]. For experiments performed at ambient temperatures typical of the 92 

Nordic summer (1825 °C), axenic pre-cultures were grown in 5 L Erlenmeyer flasks 93 

aerated with atmospheric air at a rate of 4 L min-1. The cells were batch-grown in 94 

synthetic wastewater [14] for 10 days at 22 °C under 14:10 (light:dark) photoperiod 95 

(light intensity 225 µmol PAR m−2 s−1). For the experiment simulating cold season 96 

temperatures, the pre-cultures were grown at 6 °C under the same illumination 97 

conditions. The pre-cultures were harvested by centrifugation (6000 × g, 10 min) and, 98 

based on cell counting with a Bürker hemocytometer, normalized to 1.6 × 106 cells mL–99 

1 (0.45 µg mL–1 Chl) in each of the reactors. Growth was followed using total 100 

chlorophyll (Chl) measurements performed according to Porra et al. [22]. In the blank 101 

(unseeded) wastewater, total Chl starting concentration was below 0.02 µg mL–1. 102 

2.2 Pilot-scale experiments 103 

Five pilot scale experiments were performed in photobioreactors (PBR) at Clewer 104 

Technology Oy facilities using screened municipal wastewater (mWW) from the suburb 105 

of Varissuo (Turku, Finland). Conditions are summarized in Table 1 and Fig. S2. The 106 

wastewater used to fill the reactors differed in composition depending on the season 107 

(late spring or summer) and the time of day. This resulted in wastewater samples being 108 

characterized either by a higher COD and lower nitrogen (designated as HC_LN) or 109 

lower COD, higher nitrogen (LC_HN) content (Table 1). The LC_HN wastewater type 110 

was also tested under cold temperature, by placing a PBR in an air conditioned cold 111 

room (referred to as LC_HN cold, see also Fig. S2). 112 
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Table 1  113 

Pilot-scale experimental conditions in PBRs for wastewater of the composition: High 114 

COD, Low N (HC_LN); Low COD, High N (LC_HN); and Low COD, High N 115 

operated under cold temperature (LC_HN cold). Values marked NM were not 116 

measured. 117 

 HC_LN LC_HN LC_HN cold 

Wastewater collection  

(season and time) 

Spring,  

afternoon 

Summer,  

morning 

Summer,  

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 v-1 min−1) 0.625  0.625  0.625  

Light period (light:dark) 14:10   14:10  14:10 

Light intensity (µmol m−2 s−1) 250 250 250 

COD dissolved (mg L−1) 490 84 84 

COD-total (mg L−1) 560 600 600 

NH4
+-N (mg L−1) 42 56 56 

NO3
−-N (mg L−1) 0.4 0.4 0.4 

NO2
−-N (mg L−1) < 0.15 < 0.15 < 0.15 

Total-N dissolved (mg L−1) NM 59 59 

PO4
3--P (mg L−1) 4.5 5.4 5.4 

Total-P dissolved (mg L−1) NM 6.1 6.1 

N:P (molar ratio) 20.6 22.9 22.9 

 118 

2.2.1 Pilot-scale reactor and illumination set-up 119 

Pilot-scale (24 L) reactors (provided by Clewer Technology Oy, see Fig. S1) were 120 

cylindrical (40 cm diameter, 20 cm length). At both ends of each cylinder was a 1cm 121 

thick transparent window (diameter 30 cm). Reactors had a perforated stainless steel 122 

internal wall facilitating the even distribution of nutrients and cells in the reactor, which 123 

was continuously mixed by airlift (15 L min−1, atmospheric air). Both ends of each 124 

reactor were illuminated using a 125 W CFL-Lamp (LUMii, UK, color temperature 125 
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6400K). Lamps were positioned 10 cm away the reactor windows. Light intensity 126 

immediately inside the reactors was 250 mol m−2 s−1. Ambient and liquid phase 127 

temperatures were monitored using a Fluke 54II thermologging device. 128 

2.2.2 Growth monitoring and wastewater analysis 129 

Growth was monitored using total Chl [21] and dry biomass weight. Dry weight was 130 

measured according to the APHA method 8111G, [23] with a modified drying 131 

temperature (105 °C) and filter (Whatman GF/C, 1.2 μm). Specific growth rates were 132 

calculated from the linear portion of natural log transformed Chl data [24]. All nutrient 133 

and COD measurements were made using the Hach Lange LCK cuvette test series 134 

according to the manufacturer’s protocol (LCK304 for NH4
+-N, LCK341 for NO2

−-N, 135 

LCK339 for NO3
−-N, LCK138 and LCK338 for total N, LCK349 for PO4

3−-P and total-136 

P, LCK314 and LCK114 for COD). Before the measurements, the samples were filtered 137 

through 0.45 µm (Sartorius, ministart, type 16537) filters. Dissolved inorganic nitrogen 138 

(DIN) levels were calculated as the sum of NH4
+-N, NO2

--N and NO3
--N. Interference 139 

of NO2
--N meant levels of NO3

--N were approximated as average values using 140 

uncertainty plots, whereby the maximum values were measured NO3
--N levels and 141 

minimum values were calculated according to: 142 

𝑁𝑂3
− − 𝑁(min/max) =  [𝑁𝑂3

− −𝑁] − 𝑋([𝑁𝑂2
− − 𝑁]   Eq. 1 143 

Equation 1 was formulated based on the relationship between NO2
--N and NO3

--N when 144 

increasing concentrations of NO2
--N were added to wastewater samples with known 145 

concentrations of NO3
--N. In Eq.1, X is 0.2444 for the NO3

--N minimum value and 146 

0.2012 for the NO3
--N maximum value (refer S4, S5). 147 
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2.3 Lipid and fatty acid composition analysis 148 

Lipid analysis was performed for the LC_HN reactors only, this was so that 149 

concomitantly operated cold and room temperature reactors could be compared. Total 150 

cell lipid content and fatty acid (FA) profiles were determined in the pre-cultures 151 

(control or day 0), in the middle-exponential (days 5 and 10 for the ambient-temperature 152 

and the cold experiments, respectively) and at the late exponential phase (days 14 and 153 

28 for the ambient-temperature and the cold experiments, respectively). The samples 154 

were vacuum-filtered through 20 µm nylon membrane filters (Sterilitech, USA), 155 

biomass was harvested by centrifugation of the filtrate (6000 × g, 10 min) and frozen in 156 

liquid nitrogen. The frozen biomass was lyophilized using a Flexi-dry µP (FTS systems, 157 

USA) freeze dryer for total lipid and FA analysis. Total lipids were quantified 158 

gravimetrically as described by Ryckebosch et al. [25] with a re-extraction step. 159 

Samples were analyzed in triplicate where biomass was sufficient. 160 

For FA profile determination, in situ transesterification was performed according to Van 161 

Wychen and Laurens [26]. The Fatty Acid Methyl Esters (FAME) were separated on an 162 

Agilent 7890C GC equipped with an Agilent Innowax 19091N-213 (30 m × 0.32 mm × 163 

0.5 μm) column (Agilent) and detected by 5975C inert MS (Agilent, USA). One 164 

microliter of the samples or standards were injected in splitless mode with helium 165 

carrier gas flowing at 1.4 mL min–1 and separated using a gradient program (50 °C for 166 

8.5 min, ramping to 250 °C at 15 °C min-1, and a final hold at 250 °C for 8 min). 167 

FA identifications were confirmed using a standard FAME mixture (37 FAME mixture, 168 

18919 AMP, Supelco). Quantification was performed using  methods described 169 

previously [26,27], with the exception of the C16:4 FA. The C16:4 FA was quantified 170 
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using the 4(Z), 7(Z), 10(Z), 13(Z)-hexadecatetraenoic acid-d5 standard (C16:4, Cayman 171 

Chemical) and the esterification efficiency, which was determined using stearidonic 172 

acid and stearidonic methyl ester standards (C18:4 FA and C18:4me, Cayman 173 

Chemical).  174 

Biodiesel properties were estimated by applying the equations reported in Talebi et al. 175 

[28]. Oxidative stability was estimated according to the formula of Park et al.[29]. 176 

2.4 Statistical analysis 177 

Pilot reactors were monitored on an approximately daily basis. An unseeded, control 178 

reactor was operated to separate the effect of seeding alga UHCC0027 from 179 

independent processes. Growth was monitored using single biomass measurements and 180 

total chlorophyll (Chl). Chl and wastewater analyses were performed as single 181 

measurements, with duplicate measurements performed approximately every 2nd day to 182 

ensure technical reproducibility. Reproducibility was tested in Excel using paired 183 

student t tests. There was no significant difference found between duplicates over single 184 

test types (P = 0.08 – 0.97); over all Chl analyses (P = 0.84); or over all wastewater 185 

analyses (P = 0.31). Data are presented as either single measurements, or as the average 186 

and standard deviation of duplicate measurements (refer to Figs. 1 and 2 for details). 187 

Lipid and FA analysis were performed as triplicate (technical) measures, unless there 188 

was insufficient biomass, and data are presented as averaged results with standard 189 

deviations (for details, see Fig. 4).   190 
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3.  Results & Discussion 191 

3.1 Wastewater treatment and biomass accumulation 192 

3.1.1 Growth of alga UHCC0027  193 

The UHCC0027 cells grew slightly faster in the PBR with the higher COD, lower N 194 

(HC_LN) wastewater than in the lower COD, higher N reactor (LC_HN) (Chl 195 

accumulation kinetics, Fig. 1A). Both wastewater types clearly contained a sufficient 196 

amount and appropriate balance of nutrients to support microalgal growth, at least for 197 

the first 10 days of the experiment. 198 

Interestingly, there was a detectable Chl accumulation in the blank LC_HN PBR which 199 

was unseeded (LC_HN blank; Fig. 1A, curve 2). The morphology of the indigenous 200 

cells responsible for this rise indicated the presence of several types of colonial and 201 

unicellular chlorophytes, including diatoms, (Fig. S3). In the reactors seeded with the 202 

UHCC0027 alga, a small number of diatoms were observed (Fig. S3A) but they did not 203 

proliferate to a significant extent (refer S3D).  204 

Although it was initially much lower, the rate of Chl accumulation in the unseeded 205 

LC_HN PBR eventually matched that of the corresponding seeded PBR (cf. curves 1 206 

and 2 in Fig. 1B). Interestingly, in the first 14 days of the experiment, the seeded cold 207 

PBR exhibited kinetics of Chl accumulation similar to that of unseeded room-208 

temperature HC_LN culture (cf. curves 2 and 5 in Fig. 1B).  209 
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 210 

Fig. 1. Kinetics of total chlorophyll accumulation per unit volume (A) of cells grown in 211 

UHCC00027 seeded (open symbols) or unseeded (closed symbols) PBRs in LC_HN 212 

(squares, n = 2) or HC_LN (circles, n = 2 on days 2, 3, 5, 7, 10; n = 1 all others) 213 

wastewater (Table 1) under room or cold (triangles) temperature (see Fig. S2). Growth 214 

was also measured by dry cell weight (B, n = 1). The kinetics of changes in the culture 215 

dry weight (C) and relationships of accumulation of total chlorophyll and dry weight 216 

(D) are also presented. Data are presented as single measurements or the average of 217 

duplicates with standard deviation. 218 

 219 

This suggests that under the cold conditions, the indigenous algal-bacterial consortium 220 

might have a competitive advantage over the introduced UHCC0027 algal cells in spite 221 

of a low overall growth rate and in the absence of N limitation. It might be 222 

advantageous to isolate and scale up the native consortium to test its applicability for 223 

treatment of this kind of wastewater in future. Regardless of the experimental 224 

conditions, a characteristic drop in culture biomass, measured as DW, was recorded in 225 
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the first five days of the experiment (Fig. 1C). The dramatic decline of DW coincided 226 

with abrupt decline of COD in the HC_LN reactors (Fig. 2A) but was not accompanied 227 

by a noticeable change in Chl content (Fig. 1A). 228 

Starting from approximately day 5, there was pronounced biomass accumulation by the 229 

seeded PBRs operated at room temperature (Fig. 1C, curves 1 and 3). The increase in 230 

biomass preceded the onset of the upward trend in Chl accumulation (Fig. 1A). In the 231 

cold PBR, a detectable increase in biomass was observed only after 12 days of 232 

operation, while Сhl increased steadily from the beginning of the experiment (Fig 1A, 233 

C, curve 5). At this phase, the increase in the culture DW was closely related to an 234 

increase in Chl content regardless of the temperature or the major nutrient ratio (Fig. 235 

1A). 236 

Collectively, the kinetics of biomass growth and accumulation of photosynthetic 237 

pigments (Chl) indicate a bi-phasic pattern of growth that is driven by the predominance 238 

of different organisms (Fig. 1D). The first phase is governed by the heterotrophic 239 

bacteria indigenous to the wastewater. The net result of this process was a rapid decline 240 

in the COD, essentially without participation of microalgal cells. The second phase is 241 

characterized by an exponential (linear in the case of the cold culture) growth of 242 

microalgae.  243 
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 244 

* UWWTD requirement for 10 000 - 100 000 population equivalent, 15 mg L-1 total N and 2 245 

mg L-1 total P  246 
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 247 

Fig 2. Parameters characterizing wastewater treatment in the PBRs: Dissolved COD (A, 248 

n = 2 for HC_LN days 1, 3, 5, 7, 10; n = 1 all others), pH (B, n =1), ammoniacal 249 

nitrogen (C, n = 2 for HC_LN days 1,3,5,7,10; n = 1 all others), total dissolved nitrogen 250 

(D, n = 2, for LC_HN days 1, 4, 7, 9, 12, 15, 18, 20, 23, 25; n = 1 all others), inorganic 251 

phosphate (E, n = 2 for HC_LN days 2, 3, 5, 7, 10; n = 1 all others) and total dissolved 252 

phosphorous (F, n = 1) of UHCC0027 seeded (open symbols) and unseeded (closed 253 

symbols) PBRs in LC_HN (squares) or HC_LN (circles) wastewater (Table 1) under 254 

room or cold (triangles) temperatures (see Fig. S2). Data are presented as single 255 

measurements or the average of duplicates with standard deviation. 256 

 257 

PBRs displayed distinct patterns of change in the pH of the wastewater (Fig. 2B). In 258 

unseeded PBRs a large drop in the wastewater pH was recorded at day 6 or 7, it was the 259 

highest in the LC_HN PBR, whereas it was modest in the HC_LN reactor. It is likely 260 

that these changes in pH resulted from the nitrification activity of bacteria in the 261 

absence of a notable growth of microalgae. In the reactors characterized by vigorous 262 

growth of microalgae, the pH was more or less stable around neutral, likely due to 263 

alkalization of the medium as a result of inorganic carbon uptake by microalgal cells.  264 

3.1.2 Biological nutrient removal efficiency as a function of WW composition and 265 

cultivation conditions 266 

The variable composition of the wastewater at different collection times allowed us to 267 

evaluate the performance of alga UHCC0027 under two different nutrient conditions, 268 

HC_LN and LC_HN (Table 1). While all of the pilot scale PBRs rapidly (within five 269 

days) met COD removal requirements of the EU Urban Waste Water Treatment 270 

Directive (UWWTD) 91/271/EEC [30], only the reactors seeded with UHCC0027 cells 271 

met the total N and P requirements (Fig. 2D & F). Overall, microalga UHCC0027 272 
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demonstrated a higher growth rate in the wastewater enriched in organics (HC_LN), the 273 

growth rate correlating with the efficiency of treatment. However, the difference in 274 

performance of UHCC0027 between the HC_LN and LC_HN conditions was small, 275 

demonstrating the robust performance of this alga.  276 

The largest difference between the studied wastewater types were the COD and 277 

ammoniacal nitrogen concentrations (83.6 and 55.5 mg L-1 for the LC_HN and 493 and 278 

41.6 mg L-1 and HC_LN, respectively; Fig. 2A & C). The HC_LN wastewater had a 279 

5.9-fold higher starting COD level than the LC_HN (Table 1). Accordingly, the most 280 

dramatic decrease in the dissolved COD took place in the HC_LN within the first day of 281 

operation, resulting in a drop in dissolved COD concentration to that of LC_HN; the 282 

COD level did not change significantly thereafter (Fig. 2A). Such a rapid decrease in 283 

organic content was likely driven by fast growing heterotrophic bacteria indigenous to 284 

the wastewater [31], evidenced by transient but discernible peaks in the biomass 285 

accumulation curves of both seeded and unseeded HC_LN PBRs (Fig. 1C). It is also 286 

possible that (indigenous or seeded) microalgal cells capable of mixotrophic growth, 287 

contributed to both initial and subsequent decreases in COD.  288 

Removal of total dissolved N and P was evaluated in LC_HN reactors to verify the 289 

fulfillment of UWWTD requirements at higher concentrations of total N and P. These 290 

requirements were met at hydraulic retention times (HRTs) of 9 and 12 days, for the 291 

seeded and unseeded PBRs respectively, whereas the cold climate HRT was 20 days 292 

(Fig. 2D & F). The room temperature HRTs are in the same range as batch experiments 293 

with similar initial nutrient loadings and cell densities as those summarized in Table 1 294 

of Whitton et al. [32]. For example, the ‘medium’ cell density (1 x 106 cells mL-1) 295 

experiment of Lau et al. [33], with initial loadings of 48.4 mg L-1 total Kjeldahl N 296 
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(TKN) and 4.29 mg L-1 total P, demonstrated 81.6% and 87% of TKN and total P 297 

removed respectively after 10 days HRT. Phosphate removal was more rapid in the 298 

HC_LN reactor where complete removal was achieved by day 10. This compares more 299 

favorably with the medium cell density study of Lau et al. [33], which reached 92.8% 300 

removal by day 10. Nevertheless, decreasing the observed HRTs would be desirable. 301 

Seeding at a higher Chl concentration would decrease the algal nutrient load in the PBR 302 

and would be a first step toward decreasing HRT. The next step would be to operate in a 303 

continuous or semi-continuous mode, with chemostat operation shown to decrease 304 

lengthy algal HRTs observed in batch mode [34].  305 

Ammoniacal N was the major form of nitrogen present in the municipal wastewater 306 

(80% of total dissolved N), with 33% more in the LC_HN than HC_LN wastewater 307 

(Table 1; Fig. 2C & D). Algal uptake was demonstrated in both wastewaters by higher 308 

rates of ammoniacal N removal in seeded versus unseeded reactors (Fig. 3A). However, 309 

the differences between average removal rates between days 0 and 5 were small (7.6 310 

and 6.7 mg L-1 d-1 vs 4.3 and 2.4 mg L-1 d-1 respectively), indicating that microalgal 311 

uptake was not the major process driving ammoniacal N removal. Initial losses (day 1 312 

and 2) of N from the reactor system, whereby ammoniacal, total dissolved and total N 313 

all decreased and nitrate and nitrite levels remained close to zero can be explained by 314 

ammonia air stripping, which is highly pH and temperature dependent and occurred to a 315 

greater extent in the higher temperature LC_HN condition. 316 

Nitrification was responsible for ammoniacal N removal once heterotrophic growth 317 

slowed. This was evidenced by increased nitrite and nitrate concentrations and biomass 318 

accumulation peaks in both seeded and unseeded reactors (Fig 1B, S4). Nitrification 319 

appeared to be responsible for the majority of ammoniacal N removal in this study; the 320 
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oxygen required for this process was supplied by continuous aeration of the reactors. 321 

Nitrification rates were higher in the LC_HN reactors, possibly due to the higher 322 

temperatures and substrate concentrations. Despite the major role that nitrification 323 

played in N removal, the contribution made by seeded and indigenous algae is apparent 324 

in the positive correlation of dissolved inorganic nitrogen (DIN) removal with the 325 

accumulation of algal biomass (Fig. 3A). Seeding with UHCC00027 algae was 326 

necessary to achieve both phosphate and total dissolved phosphorous removal. Indeed, 327 

the unseeded reactors demonstrated net increases in P concentrations after the first day 328 

(Fig 2E & F). In the seeded PBRs operated at room temperature, approximately 100% 329 

and 90% (the HC_LN and LC_HN, respectively) phosphate removal was achieved after 330 

14 days of the experiment.  331 
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 332 

Fig. 3. Relationships between dissolved inorganic nitrogen (DIN, sum of NH4
+-N, NO2

-333 

-N and NO3
--N) and dry weight (A) and between DIN and inorganic P (B) in PBRs 334 

seeded with alga UHCC00027 (open symbols) or unseeded (closed symbols) in LC_HN 335 

(squares) or HC_LN (circles) wastewater under room or cold (triangles) temperatures.  336 

 337 

The lowest final phosphate concentration was recorded in the HC_LN reactor (0.04 mg 338 

L–1). The slightly better algal growth rate in HC_LN was reflected in average phosphate 339 

removal rates, whereby a 36% faster removal rate was demonstrated between days 5 and 340 

10. However, small overall differences between the reactors demonstrated the robust 341 

performance of the UHCC0027 alga over both wastewater compositions. Low 342 

phosphorus removal was demonstrated by UHCC0027 seeded under the cold condition 343 
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until day 7. However, an impressive removal rate was observed over days 15–20, when 344 

indigenous algal cells were rapidly growing. This resulted in the complete removal of 345 

phosphate and a final total dissolved phosphorous concentration of 0.3 mg L–1.  346 

3.1.3 UHCC0027 performance under cold climate conditions 347 

The UHCC0027 alga was originally isolated from a coastal area of the Baltic Sea where 348 

the sea surface freezes most winters, indicating its potential for wastewater treatment 349 

under cold climate conditions. As temperatures in the cold PBR averaged approximately 350 

15 °C below that in the corresponding LC_HN room temperature PBR (Fig. S2), 351 

delayed growth and nutrient removal were expected. Surprisingly, COD removal in the 352 

cold PBR was similar to that at room temperature (Fig. 2A) and biomass accumulation 353 

in exponential growth (delayed by 5−7 d under the cold condition) was only 1.3 times 354 

lower (35.3 vs. 45 mg L–1 d–1) than under the room-temperature condition (Fig. 1C). 355 

Importantly, the cold PBR eventually met the UWWTD N and P removal targets, 356 

although HRTs were 2.1- and 1.4-fold longer than in the corresponding room-357 

temperature PBR.  358 

The lower N removal rates observed in the cold culture might stem from a temperature-359 

dependent decline in ammonia air stripping [35] and nitrification [36]. This is consistent 360 

with other data demonstrating that the ammonia-oxidation step of nitrification is two 361 

times slower and nitrite oxidation rate more than three times slower when the 362 

temperature decreases from 25 °C to 10 °C [37,38]. 363 

Although the UHCC0027 pre-cultures were grown for 28 days at the same cold 364 

temperature, there was a considerable lag period before the algal cells started to grow in 365 

the PBR. It seems that the change to real wastewater in the PBR was a more stressful 366 
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environment to the microalgae under the cold condition. Interestingly, the microalgal 367 

cells in the cold PBR immediately started to accumulate Chl, although at a rate much 368 

slower than that recorded at room temperature (Fig. 1A). At the same time, there was no 369 

detectable nutrient uptake or biomass accumulation before day 6. It is possible that, 370 

rather than the active division of cells, this initial increase in Chl was due to the 371 

recovery of light-harvesting antenna damaged during the acclimation of cells to the cold 372 

pre-growth period. 373 

After day 10, the PBR operated under the cold condition demonstrated robust biomass 374 

accumulation and nutrient removal performance. Remarkably, it also showed the 375 

highest maximum rate of phosphate removal (1.2 mg L–1 d–1 vs. 0.69 mg L–1 d–1 in the 376 

room temperature PBR). Differences in N:P ratio were likely behind this high rate, 377 

whereby P removal has previously been shown to improve under increased N 378 

concentration [39]. Although both reactors started with the same N:P ratio, the room 379 

temperature PBR demonstrated significant temperature-driven NH3 stripping and 380 

nitrification, resulting in a more rapid removal of N than in the cold PBR. This effect is 381 

clear in the relationship of N and P removal rates presented in Fig. 3C, showing that N 382 

removal occurred four times faster than P removal (Fig. 3B). Both the cold and the 383 

unseeded room temperature PBRs displayed similar kinetics of Chl/DW accumulation 384 

(cf. curves 2 and 5, Fig. 1B) and distinct trends of P removal (Fig. 2E and F), indicating 385 

that the indigenous algal consortium (acclimated to the composition of the wastewater 386 

and to the low growth temperature) outcompeted the seeded UHCC0027 alga in the cold 387 

PBR. 388 

There have been very few studies of algal wastewater treatment and biomass 389 

accumulation under cold climate conditions. Most published reports have focused on 390 
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cold tolerant strains tested at laboratory scale in synthetic media [40]. Under such 391 

conditions, rates of biomass accumulation at 10 °C ranged from 57 to 130 mg L–1 d–1 392 

[12, 41]. Rates in real wastewater, even on laboratory scale, have been lower at 393 

approximately 32 to 50 mg L–1 d–1 [12]. Our pilot scale results using real wastewater, 394 

were within this range at 35.3 mg L–1 d–1 on average, with a maximum rate of 50 mg L–1 395 

d–1 (Table S1). Much lower biomass accumulation rates of 5 mg L–1 d–1 were 396 

demonstrated in a 10-fold larger scale study on hydroponics effluent performed in 397 

Sweden, where the reactor temperature was close to 11 °C in the winter [42]. Under 398 

these conditions, P removal rates were also much lower than those observed in our cold 399 

PBR (maximum 1.2 mg L–1 d–1; Table S1) with P precipitation playing a major role. 400 

The P removal rates obtained in our study were comparable to those calculated from the 401 

lab scale study of Tang et al. [24], where average and maximum removal rates were 402 

0.56 and 0.71 mg L–1 d–1, respectively, over 8 days at 10 °C for polar cyanobacteria and 403 

a green algal assemblage. Also at lab scale, Chevalier et al. [43] reported much lower 404 

maximum P removal rates of 0.6 mg L–1 d–1 at 15 °C for polar strains of cyanobacteria 405 

and a fast-growing control strain (P. bohneri).  406 

  407 
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3.2 Biodiesel potential 408 

Biomass samples were taken from pre-grown cells and from the LC_HN and LC_HN 409 

cold reactors at mid and late exponential growth phases and subjected to total lipid 410 

quantification and fatty acid (FA) profile analysis. The highest total lipid content (47% 411 

of cell DW) was recorded for biomass taken from the room temperature PBR on the 412 

final day of the LC_HN batch mode operation when N and P levels were the lowest 413 

(Fig. 4A). This value is typical of Scenedesmus cells grown under nutrient starvation 414 

[44–46]. 415 
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  416 

 417 

Fig. 4. Total cell lipid content (A, data are averages of n = 2 or 3 with standard 418 

deviations; n = 1 for mid phase and cold pre-growth) of biomass taken from 419 

exponentially growing pre-cultures (pre), and from mid and late exponential growth in 420 

the PBRs (LC_HN PBRs were operated at room and cold temperature, see Methods). 421 
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Fatty acid profiles of total lipids from different stages of the LC_HN experiment (B, 422 

data are averages of triplicates with standard deviations; n = 1 for LC_HN mid) and 423 

LC_HN cold experiment (C data are averages of triplicates with standard deviations; n 424 

= 2 for LC_HN cold pre). 425 

 426 

3.2.1 Total lipid content 427 

Conceivably, the exposure of microalgal cells to wastewater is stressful and can, among 428 

other effects, promote lipid accumulation [47,48]. However, this was not observed in 429 

UHCC0027 cells transferred from synthetic medium to real wastewater at room 430 

temperature, whereby the total-lipid content only increased 2%. Whilst it’s possible that 431 

wastewater transfer induced stress was masked by pre-grown nutrient stressed cells, the 432 

total lipid content of pre-grown UHCC0027 cells was typical of rapidly dividing 433 

Scenedesmus [45,49], indicating that this was not likely the case. More likely, is the 434 

possibility of masking by the contribution of other wastewater indigenous organisms 435 

and particles with lower lipid contents to the total sampled biomass [50]. 436 

Interestingly, the transfer of cells from synthetic medium to real wastewater under the 437 

cold temperature resulted in a significant (12 %) increase in total lipids. This may be 438 

due to a slower division rate of cells which were already cold-stressed in the course of 439 

28-days of pre-growth at the cold temperature. This suggestion is in line with the lower 440 

Chl content observed in these pre-culture cells [40]. The transfer of these cells to real 441 

wastewater could further exacerbate this stress (evident in the long lag period), inducing 442 

lipid accumulation as a side effect.  443 

3.2.2 Fatty acid profile of total cell lipids 444 

The most abundant FA found in the PBR-grown biomass were palmitate (C16:0) and α-445 
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linolenate (C18:3; Fig. 4B & C), typical of other green algae including 446 

Chlamydomonas, Chlorella, and Scenedesmus [46,51]. The changes in these FA 447 

proportions demonstrated pronounced and opposite trends over the course of the room 448 

temperature experiment, whereby C16:0 peaked and C18:3 dropped at mid-exponential 449 

phase (Fig. 4B). An additional feature of the room temperature experiment was the 450 

presence of C18:0 FA in the mid-exponential cell lipids (5.7% vs. < 1% in the pre-451 

cultures and late-exponential cells). Another FA obtained in high abundance from 452 

UHCC0027 cells was hexadecatetraenoic acid (C16:4) which is harbored by chloroplast 453 

thylakoid membrane glycolipids [52]. Such polyunsaturated FAs are not desirable in 454 

biodiesel due to their negative impact on cetane number (CN) and oxidative stability, 455 

but do hold potential as nutraceuticals. Interestingly, the FA profile of the mid-456 

exponential phase biomass grown at room temperature appears to contain a higher 457 

composition of FA considered favorable for biodiesel performance than the pre-growth 458 

or late- phase samples. Whilst this sample was taken at what was estimated to be ‘mid-459 

exponential’ growth (day 5), ammoniacal N had already been almost completely 460 

depleted (Fig. 2C) and the plot of Chl relative to dry weight (Fig. 1B, curve 1) 461 

demonstrates that UHCC0027 cells had just reached stationary phase.   462 

Cold temperature operation resulted in smaller changes in FA profiles than observed 463 

under room temperature conditions (Fig. 4C). The proportion of C18:3 FA, which is a 464 

typical glycolipid of chloroplast thylakoid membranes increased and that of C18:1 oleic 465 

acid, typical of neutral storage lipids [53], decreased slowly. The slow increase in 466 

C18:3/C18:1 ratio of the cold grown biomass over time might reflect the homeoviscous 467 

adaptation of cells to maintain membrane fluidity under cold conditions [54,55]. 468 

Considering the steady increase in Chl in the cold culture, the small changes in FA are 469 



26 
 

representative of the steady growth of algae limited only by the low growth temperature. 470 

These findings, together with a modest increase in total cell lipids (Fig. 4A) suggest a 471 

relatively low degree of actual stress in this culture [51].  472 

Biomass obtained from the blank reactor, resulting from growth of indigenous 473 

microalgae and diatoms was enriched in C16:1 and demonstrated lower levels of C18:0. 474 

Interestingly, there were detectable amounts of the long chain polyunsaturated FA 475 

C20:5 in both the cold late phase lipids and in the blank (Fig. 4C), indicating possible 476 

accumulation of the omega-3 fatty acid Eicosapentaenoic acid (EPA) in the indigenous 477 

microalgae (Fig. S3). 478 

Based on their FA profiles, the theoretical properties of the biodiesel from the PBR-479 

grown microalgal biomass (Table 2) were predicted using the BiodieselAnalyzer© tool 480 

[28].  481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 
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Table 2  490 

Predicted properties of biodiesel from the biomass grown in the PBRs under room and 491 

cold temperature (see Methods). 492 

 
CFPP* 

( °C) 

IV 

(g I2) 
CN 

KV (υ) 

(mm2 

s−1) 

Density 

(ρ) 

(g cm−3) 

C18:3 

ME 

(wt%) 

Db ≥ 4 

(wt%) 

OS 

(h) 

Standard 

EN 14214 

 

≤ +5 – ≤ –5 (1 

≤ –5 – ≤ –26 (2 

 

≤120 ≥51 
3.5 – 

5.0 

0.86–

0.90 
≤12 ≤1 8 

Standard 

ASTM 

D6751−02 

- - ≥47 
1.9 – 

6.0 
- - - - 

R
o
o
m

 t
em

p
er

at
u
re

 pre –4.2 186 31.9 3.36 0.888 35.0 18.1 5.3 

mid 12.9 128 45.0 3.74 0.880 19.6 11.4 7.3 

late –3.7 203 28.0 3.23 0.890 36.2 20.9 5.1 

blank 

late 
–3.9 147 40.3 3.53 0.883 22.7 12.3 6.0 

 C
o
ld

 t
em

p
er

at
u
re

 

pre –5.6 184 32.4 3.42 0.888 30.9 18.2 5.7 

mid –4.6 191 30.8 3.35 0.889 33.6 19.3 5.7 

late -4.1 202 28.3 3.29 0.890 36.2 21.7 5.5 

1) Typical European summer values  493 

2) Typical European winter values  494 
* CFPP−cold filter plugging point (not included in standards), IV—iodine value, CN—495 

cetane number, KV—kinematic viscosity, ME—methyl ester, Db—double bonds, OS—496 

oxidative stability. 497 

  498 

Oxidative stability was estimated according to Park et al. [29]. Cetane values and 499 

oxidative stability were relatively low for all samples due to high degrees of 500 

unsaturation, whereas CFPP values were within range for the same reason, with the 501 

exception of the room temperature exponential growth sample. In an evaluation of over 502 
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200 microalgal species (exponential growth, 18 ̵ 25 °C), Stansell et al. [56] determined 503 

an average CN value of 42 for 24 Chlorophyceae species, which is close to our highest 504 

CN value of 45.  505 

The biomass samples obtained in this study did not meet requirements set by the 506 

European Union or United States for biodiesel. However, this is a common shortcoming 507 

of microalgal biodiesel [56]. There are a number of workarounds for this issue, such as 508 

blending with diesel from other sources and/or adding antioxidants [20]. The cultivation 509 

regime can also be manipulated for the generation of biomass with altered FA profiles. 510 

For example, deprivation of the microalgal culture of N and a significantly longer 511 

incubation at stationary phase were shown to alter the FA profile of Desmodesmus sp. 512 

[57]. Since the UHCC0027 mid-exponential biomass grown at room temperature had 513 

the best FA profile from the standpoint of biodiesel production, it will be interesting to 514 

determine whether total N deprivation is required, or just deprivation of ammoniacal N. 515 

Also, a better FA profile was recorded when the algal cells had just reached stationary 516 

phase (day 5), versus late stationary phase (day 14) indicating that the HRT required for 517 

an improved FA profile could be optimized and balanced with wastewater treatment 518 

requirements.  519 

 520 

Conclusions 521 

This work is a novel evaluation of integrated wastewater treatment and lipid production 522 

by the locally isolated chlorophyte UHCC0027, using real municipal wastewater under 523 

varied nutrient and temperature regimes. Growth and nutrient removal of an indigenous 524 

algal-bacterial consortium was impressive, but seeding of UHCC0027 into pilot scale 525 
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PBRs was required to meet EU UWWTD requirements for N and P removal. N 526 

removal, including air stripping and nitrification processes, were strongly influenced by 527 

temperature, whereas P removal was influenced primarily by the variations in the N:P 528 

ratio. Microalgal PBR performance was demonstrated to be possible under a cold 529 

climate condition, with feasibility improving where the wastewater N:P ratio is 530 

favourable and an indigenous consortia can be established and supported. Lowering of 531 

the initial nutrient load on biomass (e.g. inoculation at a higher cell density) and/or 532 

switching of the PBRs to a (semi-) continuous turbidostat or chemostat operation mode 533 

are possible avenues for decreasing the HRT. The predicted properties of biodiesel from 534 

the PBR biomass fell short of current standards, but the results demonstrated that the 535 

cultivation regime can be manipulated for generation of biomass with improved 536 

suitability, for example at different N concentrations and HRTs. 537 
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