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Abstract 

Microalgae based wastewater treatment has been suggested as an alternative to polluting and 

energy-consuming conventional processes. The main advantage of this strategy is the dual 

role of microalgae: they recover nutrients from waste and simultaneously produce biomass 

with varied industrial applications. In the current study, biomass of Scenedesmus sp. was 

produced using primary wastewater in two pilot-scale thin-layer cascade photobioreactors (63 

and 126 m2). The wastewater used for microalgal growth was not subjected to any 

conventional treatment process, besides removal of solids, and contained a variable N-NH4
+ 

content of 83.0-210.6 mg·L-1. Biomass productivity values were comparable to those obtained 

when operating using freshwater and commercial chemicals as nutrient sources. When 

operating at a dilution rate of 0.3 day-1, the average annual productivity was 24.8 g·m-2·day-1 

(82.0 t·ha-2·year1) with a maximum of 32.8 g·m-2·day-1 in summer. Inorganic nitrogen and 

phosphorus removal rates varied between 695.4-2383.4 and 70.4-111.8 mg·m-2·day-1 

respectively. Production of Scenedesmus sp. using wastewater would allow not only to 

process large volumes of water that could be reused for agricultural irrigation or safely 

disposed into water streams, but also reduce production costs by 0.44 €·kg-1, based on a 

preliminary economic analysis. Overall, results demonstrate that thin-layer cascade reactors 

can be used to effectively remove nutrients from wastewater while simultaneously produce 

valuable biomass with potential applications in agriculture or animal feed production.  

Keywords: Bioremediation, microalgae, water reuse, biomass productivity, circular economy.  
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1. Introduction 

Providing more sustainable practices for not only natural resources but also waste 

management is one of the key elements in the transformation towards a circular economy. 

Water and wastewater management is one of the biggest challenges for humans: limited 

access to clean water limits both production capacity and profits (Smol et al., 2020) and was 

ranked as the global risk of the most devastating impact by the World Economic Forum (Sgroi 

et al., 2018). Conventional wastewater treatment plants contribute to climate change through 

the emission of greenhouse gases and require high levels of energy and resource 

consumption (Muga and Mihelcic, 2008). In the EU, water and wastewater treatment accounts 

for approximately 7-8% of the overall energy consumption (Sgroi et al., 2018). Processes 

based on microalgae-bacteria have emerged as one of the most promising strategies to 

minimise the environmental impact of wastewater treatment.  

The exploitation of photosynthesis to process wastewater is particularly interesting: 

microalgae use sunlight (an inexhaustive source of energy) and carbon dioxide (a chemical 

compound we want to get rid of) to transform inorganic nutrients (such as ammonia, nitrates, 

and phosphates) into oxygen and valuable biomass (Lafarga, 2020). The oxygen produced by 

microalgae is used by heterotrophic bacteria, present in wastewater, to oxidise organic matter 

into inorganic nutrients and produce carbon dioxide, both needed for microalgal growth 

(Sánchez-Zurano et al., 2021). One of the main advantages of this strategy is that the biomass 

produced during wastewater treatment could be further used to formulate products for 

agriculture, such as biofertilisers or biostimulants, or animal feeds and other high-value 

applications.  

Microalgae are produced in controlled industrial facilities using photobioreactors that can be 

divided into two main groups: open and closed systems. The latter are highly productive and 

easier to control but, because of their higher cost, are used for high-end applications where 

monocultures are required (food, cosmetics, pharmaceutics, chemicals, etc.). Open systems 

are cheaper to build and operate. One of their main disadvantages is that as they are open to 
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the environment, the risk of contamination with other microalgal strains and microorganisms 

is higher. However, this is not a problem in wastewater treatment processes where the 

interaction of microalgae with bacteria is desired. Most common open systems are open ponds 

or raceways. The culture depth or raceways generally ranges between 0.2 and 0.3 m, which 

allows to process large volumes of water per surface area but their (current) design does not 

allow to optimise light utilisation  (Barceló-Villalobos et al., 2019a). Light availability is the most 

important factor influencing microalgal growth. Thin-layer cascade systems are operated with 

a shallow water column (0.5-5.0 cm) which allows to maximise light availability and, therefore, 

biomass concentration and productivity (Doucha and Lívanský, 2009). For example, 

Scenedesmus sp. productivity using a pilot-scale thin-layer cascade reactor reached 30-35 

g·m-2·day-1 while lower values of 20-25 g·m-2·day-1 were obtained for raceways located inside 

the same greenhouse during the same season (Morillas-España et al., 2020). 

Currently, microalgae-based wastewater processes are being demonstrated and validated at 

large-scale in several locations such as Christchurch (New Zealand) and Cadiz (Spain) 

(Sánchez Zurano et al., 2020). However, most of the data available in the literature were 

obtained from indoor experiments, and the up-scaling of microalgae-based wastewater 

treatment processes is rare. Treatment of anaerobically digested piggery effluent was 

conducted outdoors using pilot-scale thin-layer reactors (0.5 cm depth, 0.35 m3) and raceways 

(15 cm depth, 1.5 m3). Thin-layer reactors allowed a 1.4 times higher removal rate of N-NH4+, 

demonstrating the huge potential of thin-layer reactors to process waste streams and 

wastewaters (Raeisossadati et al., 2019).  Although thin-layer cascade reactors are highly 

productive and one of the top trends in microalgal biotechnology, information about their 

performance is limited to laboratory- or pilot-scale (up to 50 m2) reactors. For these reasons, 

the goals of the current study were to assess the potential of Scenedesmus sp. and thin-layer 

cascade photobioreactors to recover nutrients from wastewater and assess the effect of 

environmental conditions on biomass productivity and on the performance of the system. Two 

different pilot-scale thin-layer cascade designs located inside a greenhouse were assessed 
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and operated for 12 months using wastewater, with very high nitrogen and phosphorus 

concentration, as the sole nutrient source. 

 

2. Materials and methods 

2.1 Selected microorganism 

The strain selected was Scenedesmus sp. (CCAP 276/24), available at the culture collection 

of the University of Almería, Spain. This strain was selected because it is fast-growing and 

highly-productive and it is also particularly adapted to the environmental conditions in the 

south of Spain (Morales-Amaral et al., 2015a, 2015b; Morillas-España et al., 2020). The initial 

inocula were prepared using 5 L photobioreactors at laboratory scale and were further up-

scaled using 80 L pH-controlled bubble columns as described previously (Morillas-España et 

al., 2020). The bubble columns were located inside a greenhouse together with the thin-layer 

cascade photobioreactors. The culture medium of the columns was composed of 0.90 g·L-1 

NaNO3, 0.18 g·L-1 MgSO4, 0.14 g·L-1 K2HPO4, and 0.03 g·L-1 of Karentol® (Kenogard, Spain), 

which is a commercial solid mixture of micronutrients. 

2.2 Photobioreactor and operation conditions 

Two different thin-layer photobioreactors were evaluated: a single-channel photobioreactor 

with a total volume of 2.4 m3 and a land surface of 63 m2, named as TL1, and a double-channel 

photobioreactor with a total volume of 3.6 m3 and a land surface of 126 m2, named as TL2 

(Figure 1). The reactors channels were built in glass fibre and are elevated 1.5 m from the 

ground. The channels had a slope of 1% and allowed an average culture velocity of 0.2 m·s-

1. The surface-to-volume ratios of TL1 and TL2 were 26.3 and 35.0 m2·m-3 respectively. Both 

were operated at a culture depth was 0.02 m and were provided with a degasser (a 250 L 

bubble column with continuous injection of air at 75 L·min-1) and a collector to increase the 

volume of the system. The volume of culture in the collector and in the bubble column summed 

up 1.0 m3. The pH, temperature, and dissolved oxygen concentration of the culture were 
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measured using 5083T and 5120 probes (Crison Instruments, Spain) connected to an MM44 

control-transmitter unit (Crison Instruments, Spain) and Labview data acquisition software 

(National Instruments, US) providing complete monitoring of the facilities. The sensors were 

located at the end of the channel. The pH was controlled by on-demand injection of CO2 and 

evaporation was daily compensated by addition of freshwater.  

Both reactors were operated on semi-continuous mode at a dilution rate of 0.3 day-1, which 

means that every day 30% of the cultures’ volume (720 and 1080 L for TL1 and TL2, 

respectively) was harvested and replaced with fresh culture media, in this case primary 

wastewater. The reactors were operated 24 h per day and the semi-continuous mode was 

maintained until the total volume of the reactors was replaced at least twice (7-8 days). The 

production process was repeated at least three times per season, being each production run 

the experimental unit. Three technical replicates were performed per natural replicate.  

2.3 Wastewater composition 

The wastewater used was domestic wastewater collected from the sewerage of the University 

of Almería (Almeria, Spain). Domestic wastewater includes blackwater (wastewater from 

toilets) and greywater (water used for washing, bathing and kitchen. The wastewater consisted 

mainly of blackwater: 20,000 people with only a limited number of kitchens, showers, and 

washing machines. The wastewater used was not subjected to any conventional depuration 

treatment besides removal of solids. For these reasons, the nutrient and bacterial load of the 

inlets was highly variable and, depending on the season, high when compared to conventional 

urban wastewater. The N-NH4
+, N-NO3

-, and P-PO4
3- content of the wastewaters used varied 

within 93.6-210.6, 1.9-3.7, and 11.3-13.0 mg·L-1, respectively. 

2.4 Analytical determinations 

Biomass concentration (𝐶𝑏) was calculated by dry weight, filtering 100 mL of culture through 

1 µm filters and drying at 80 °C in an oven for 24 h. Biomass included not only the inoculated 

Scenedesmus sp. microalga but also other microalgae and bacteria present in the microalgae-
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bacteria consortia. Areal biomass productivity (𝑃𝑏) was calculated as the product of biomass 

concentration and the dilution rate (0.3 day-1) using the equation: 

𝑃𝑏(𝑔 · 𝑚−2 · 𝑑𝑎𝑦−1) =
𝐶𝑏 ∙ 𝐷 ∙ 𝑉

𝐴
 

where 𝐷 is the dilution rate imposed (0.3 day-1), 𝑉 is the volume of the culture expressed in L, 

and 𝐴 is the surface of the reactor expressed in m2.  

The variable chlorophyll fluorescence ratio (Fv/Fm) was determined using an AquaPen AP 100 

fluorometer (Photon System Instruments, Czech Republic). Microalgal cells were dark-

adapted for 5 min prior to the determination of Fv/Fm values (Morales-Amaral et al., 2015a). 

The absorbance (𝐴𝑏𝑠) of the culture at 400-700 nm was daily measured using a GENESYS 

10S UV-Vis spectrophotometer (Thermo Fisher Scientific, Spain). The extinction coefficient 

(𝑘𝑎) and the average irradiance inside the culture (𝐼𝑎𝑣) were calculated as described previously 

(Morillas-España et al., 2020) using the equations: 

𝑘𝑎 =
𝐴𝑏𝑠

𝐶𝑏 ∙ 𝑝
 

and  

𝐼𝑎𝑣(µ𝑚𝑜𝑙 𝑝ℎ𝑜𝑡𝑜𝑛 · 𝑚−2 · 𝑠−1) =
𝐼0

𝑘𝑎 ∙ 𝐶𝑏 ∙ 𝑝
∙ (1 − 𝑒−𝑘𝑎∙𝐶𝑏∙𝑝) 

where 𝐼0 is the irradiance at the surface of the culture and 𝑝 the light path inside the reactor. 

The concentration of ammonium, nitrates, and phosphates at the inlet and outlet of TL1 and 

TL2 was measured using standard official methods approved by the Spanish Ministry of 

Agriculture - described previously (Sánchez Zurano et al., 2020). Briefly, phosphorus and 

nitrates were measured spectrophotometrically through the phospho-vanado-molybdate 

complex and by measuring the absorbance at 220-275 nm using Genesys 10S UV-Vis 

spectrophotometer (Thermo Fisher Scientific, Spain). The concentration of ammonium was 

determined using the Nessler reactive method. Analytical determinations were conducted 
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daily. Three technical replicates for all the studied parameters were conducted per natural 

replicate.  

2.5 Economic analysis 

An economic analysis was conducted following a previously reported methodology (Acién et 

al., 2012). Briefly, the cost of equipment used was obtained from the suppliers and was used 

to calculate the total fixed capital by multiplying the equipment’s cost and their corresponding 

Lang factors. Total production cost was calculated as the sum of the depreciation plus the 

direct production costs. Depreciation includes the amortisation of the fixed capital, property 

taxes, insurances, and purchase taxes. Direct production costs included raw materials, 

utilities, labour, and other including supervision, maintenance, tax, contingency, etc. For the 

analysis, the present study assumed a theoretical 10,000 m2 reactor and set: (i) the cost of 

commercial fertilisers and CO2 as 0.4 and 0.1 €·kg-1 (Morales-Amaral et al., 2015b);  the cost 

of thin-layer cascade photobioreactors as 200 €·m-3 (Morales-Amaral et al., 2015b); (iii) the 

cost of freshwater as 0.0002 €·m-3; (iv) the productivity of the thin-layer cascade reactors when 

operated using freshwater and commercial fertilisers as 24.8 g·m-2·day-1 (Morillas-España et 

al., 2020); and (v) 330 days of production per year, leaving 35 annual days for maintenance 

and cleaning operations.  

2.6 Statistical analysis 

Normality and homoscedasticity of the variables within each group were checked. Data were 

analysed using analysis of variance with JMP 13 (SAS Institute Inc., USA).  A Tukey pairwise 

comparison of the means was carried out to identify where sample differences occurred with 

a criterion of p<0.05. A bivariate Pearson’s’ correlation analysis was conducted to identify 

relationships between different variables. 

 

3. Results  
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3.1 Biomass productivity 

Temperature and solar radiation values were online monitored during the 12 months of the 

study and results are summarised in Figure 1. As expected, higher maximum temperatures 

and solar radiation values were observed in summer while no major differences were detected 

between spring and autumn (p=0.002). Environmental conditions had a striking effect on the 

conditions of the culture and therefore on biomass production and nutrient removal capacity. 

Indeed, culture temperature and solar radiation were positively correlated (R2=0.849). During 

summer, the maximum temperature reached in the culture ranged between 35 and 40 °C 

(Figure 2). These values were maintained for a short period of time but still, could be lethal to 

certain microalgal strains and other microorganisms. Higher solar radiation on the surface led 

a higher average radiation inside the culture, especially higher in summer (p=0.01). No 

differences were observed between 𝐼𝑎𝑣 values in TL1 and TL2 as both reactors were operated 

with an identical culture depth and reached similar biomass concentrations. In the current 

study, average 𝐼𝑎𝑣 values wer 

e 52.3 ± 4.1, 94.3 ± 6.9, 108.7 ± 9.2, and 76.8 ± 8.4 µmol photons·m-2·s-1. As mentioned 

before, light availability is the most important factor for the production of photosynthetic 

organisms. Indeed, 𝐼𝑎𝑣 values were positively correlated with biomass productivity in both TL1 

(R2=0.963; 0.05) and TL2 (R2=0.989; 0.05). In the current study, oxygen concentrations over 

300% saturation were detected in both reactors, and were especially high in TL2 during the 

whole year (Figure 2). Figure 2 also shows the average maximum, mean, and minimum pH 

vales measured per season. Results demonstrate an accurate pH control of the system, which 

is important to, for example, avoid precipitation of phosphorus and maximise microalgal 

growth. Values were kept within the range 7.0-9.0 during the complete duration of the 

experiment.  

Biomass productivity values reached 16.9-32.9 g·m-2·day-1 in TL1 and 20.5-28.6 g·m-2·day-1 

in TL2 (Figure 3). No differences were observed between both reactors, suggesting an 

average annual productivity of 24.8 g·m-2·day-1 (82.0 t·ha-2·year1) when operating at a dilution 
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rate of 0.3 day-1 under the environmental conditions described in Figure 1. In addition, the 

Fv/Fm value measures the performance of the photochemical processes in the PSII complex, 

indicating if the culture is subjected to a certain stress condition. In the current study, Fv/Fm 

values ranged between 0.4 and 0.5 (Figure 3). No major differences were observed between 

Fv/Fm values except for a lower value in summer for the culture produced in TL2. 

3.2 Nutrient removal 

The content of main inorganic nutrients (N-NH4
+, N-NO3

-, and P-PO4
3-) of the wastewater used 

was determined and results are shown in Figure 4. The content of N-NO3
- and P-PO4

3- in the 

inlets varied between 1.9-3.6 and 11.3-13.0 mg·L-1 and were comparable to those reported 

previously for urban wastewater (Sánchez Zurano et al., 2020). The N-NH4
+ content of the 

wastewaters used ranged within 93.6-210.6mg·L-1 depending on the season. Besides 

inorganic nutrients, the wastewater contained organic matter including, for example, urea or 

proteins which contributed to the total nitrogen and phosphorus input. The content of N-NH4
+ 

in the outlets was significantly lower during the four seasons and (almost) all the N-NH4
+ 

present in the wastewater was either consumed by microalgae or used by nitrifying bacteria 

to produce N-NO3
-. Moreover, a mass balance conducted to both reactors (assuming a 

nitrogen content of the organic matter of 10%) demonstrated that a large percentage of N-

NH4
+ present in the media was “lost” by stripping (desorption). This was especially high for 

TL1 (25-55% of total N-NH4
+). N-NH4

+ removal capacity values ranged between 1039.0-

2280.3 mg·m-2·day-1, being higher in those seasons with higher photosynthetic activity. Higher 

N-NH4
+ removal values were observed in TL1 when compared to TL2 except during winter. N-

NH4
+ removal and biomass productivity were positively correlated in both TL1 (R2=0.688) and 

TL2 (R2=0.764). Despite the low N-NO3
- concentration in the inlet it was still present in the 

outlets, in some cases even at a higher concentrations. Overall, the total nitrogen consumption 

ranged within 938.5-2383.4 mg·m-2·day-1 in TL1 and from 695.4-1782.3 mg·m-2·day-1 in TL2. 

The content of P-PO4
3- in the outlets was lower than in the inlets for all four seasons and P-

PO4
3- removals varied between 95.5-111.8 mg·m-2·day-1 in TL1 and between 86.3-89.2 mg·m-



11 
 

2·day-1 in TL2. The P-PO4
3- was used for microalgal growth, as all the P-PO4

3- removed from 

the wastewater was either present in the outlets or in the biomass (assuming a phosphorus 

content of 1%). Despite the lower content of P-PO4
3- in the outlet of TL2, higher areal 

recoveries were measured in TL1 because of its lower surface-to-volume ratio.  

3.3 Theoretical large-scale productivity and economics 

Up-scaling these results to a theoretical 10,000 m2 reactor would allow to process 21,780 m3 

and recover 5-6 t of nitrogen (N-NH4
+ and N-NO3

-) and approximately 0.4 t of P-PO4
3-. Using 

this theoretical 10,000 m2 thin-layer cascade reactor, it would be possible to produce 80-90 

t·year-1 of valuable microalgal biomass, although there is technological potential to improve 

this value even further. These values were calculated using the average of the seasonal 

productivities reported in the current study and assuming 330 days of operation per year.  

A preliminary economic analysis was performed on this theoretical 10,000 m2 reactor based 

on a previously reported methodology (Acién et al., 2012). The cost of nutrients, freshwater 

and thin-layer cascade reactors was set as described in previous scientific publications. 

Briefly, the total cost of major equipment summed up 95,835.06€ in both scenarios (freshwater 

and wastewater) representing 30.6% of the total fix capital, which was 313,731.89€ - land was 

not considered. Construction costs (19.7%) and piping (9.2%) were the second and third most 

important items contributing to the total fix capital. The direct production costs were highly 

influenced by the use of wastewater instead of freshwater and commercial nutrients. In the 

case of the photobioreactors operated using wastewater, the raw materials annual cost was 

12.523.50€ and was entirely dedicated to carbon dioxide. In turn, when producing the biomass 

using freshwater and commercial chemicals as the source of nutrients, the cost of the raw 

materials was 46,649.42€ (21% nutrients and 79% carbon dioxide). The cost of water was 

below 1% as we assumed water recirculation. Moreover, the carbon dioxide requirements 

were lower in the photobioreactors operating with wastewater as in this case, microalgae can 

use the carbon dioxide produced by bacteria and also the organic matter present in the 
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wastewater can be assimilated by microalgae as carbon or nitrogen sources (Wang et al., 

2016). 

4. Discussion 

When produced outdoors, microalgal growth depends mainly on environmental conditions, 

namely temperature and solar radiation. Besides environmental factors, the dilution rate used 

directly influence biomass productivity. In the current study, the reactors were operated at a 

dilution rate of 0.3 day-1, which demonstrated to be the optimum independently of the season 

(Morillas-España et al., 2020). Figure 2 shows the temperature of the culture, which was equal 

in both reactor designs indicating that the different volume-to-surface ratio of the reactors did 

not influence this variable. The high temperatures achieved demonstrate the importance of 

selecting a robust (and productive) microalgal strain capable to grow under a wide range of 

environmental conditions (Barceló-Villalobos et al., 2019b). In this case, we selected a local 

strain which was isolated for the first time inside a greenhouse exposed to high temperatures 

and solar irradiance (45 °C and 2,000 µmol photons·m-2·s-1 respectively) (Sánchez et al., 

2008) and is able to grow well at pH and salinity values within the ranges 7-10 and 0-5 g·L-1 

respectively (Sánchez et al., 2008). 

The oxygen produced by microalgae during photosynthesis can have a negative effect on the 

systems performance and, for this reason, the removal of the oxygen from the culture is 

important. Indeed, oxygen concentrations in the range 350-400% led to inhibition of microalgal 

growth previously when using thin-layer cascade reactors (Morillas-España et al., 2020). The 

reason for high oxygen saturation levels in thin-layer cascade reactors is their high 

productivity, which almost doubles oxygen production when compared to raceways. In the 

present study, the maximum saturation values reached suggest an ineffective oxygen 

removal, which will be improved in further studies. The pH of the culture was well controlled 

throughout the year and, as highlighted before, the strain produced during the current study 

can grow well under pH values of 7.0-10.0 (Sánchez et al., 2008). Overall, environmental 
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conditions highly influenced the cultures’ temperature, average irradiance inside the culture, 

and dissolved oxygen concentration, which play a key role on the performance of the system. 

In terms of biomass productivity, results were in line with previous reports that demonstrated 

that the productivity of thin-layer cascade reactors is higher than that of raceways (Morillas-

España et al., 2020). However, maximum productivities reached herein were lower than those 

obtained previously using outdoor thin-layer cascade reactors. For example, the productivity 

of a 32 m2 thin-layer cascade reactor with a culture depth of 0.02 m located in the same region 

reached 47.3 g·m-2·day-1 in a previous report (Sánchez Zurano et al., 2020). It is important to 

highlight that microalgae production using wastewater depends largely on the composition of 

the wastewater used. In the current study, after applying a mass balance to the system, it was 

observed that the microalgal growth was nitrogen-limited. Assuming a nitrogen content of the 

biomass of 8.0%, the mass balance indicates that microalgae utilised organic matter as a 

source of nitrogen and phosphorus. Depending on the season, approximately 700-100 and 

550-800 mg·m-2·day-1 of organic nitrogen were removed from the wastewater in TL1 and TL2 

respectively. A more in depth characterisation of the inlets and outlets of the reactors would 

be interesting as organic compounds and contaminants are generally overlooked in the 

literature. Adding nutrients to the wastewater would probably lead to increased biomass 

productivities, as  biomass productivity values of 42 g·m-2·day-1 were reported for thin-layer 

cascade reactors operating with centrate as the nutrient source once the N-NH4
+ concentration 

was optimised(Morales-Amaral et al., 2015b). However, this would contrast with the aim of 

wastewater treatment processes that is removing nutrients from wastewater. Another 

alternative that is currently being assessed by a number of research groups is the utilisation 

of membranes that allow to separate the hydraulic retention time from the cellular retention 

time thus allowing to process larger volumes of water per surface area. This strategy allows 

increasing the amount of nutrients that enter the reactor without need to supplement the 

wastewater with salts. Moreover, microalgal growth could have also been partially affected by 
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the high dissolved oxygen concentrations within the range 300-400% saturation, that led to 

growth inhibition previously (Morillas-España et al., 2020).  

Optimal Fv/Fm values for microalgal strains are frequently near 0.7 (Santabarbara et al., 2019). 

The Fv/Fm values obtained in the current study were lower than that and slightly lower than 

those reported for the same strain when produced using freshwater and commercial chemicals 

as the source of nutrients (Morillas-España et al., 2020). This indicates that the cells were 

subjected to some stress condition and therefore the capacity and activity of photosynthesis 

was negatively affected by wastewater (Wang et al., 2019). This was probably caused by the 

fact that the wastewater was not subjected to any previous depuration process and could have 

had compounds that affect microalgal growth. The above-mentioned nitrogen limitation could 

have also affected the photosynthetic activity of microalgae. Moreover, the observed low Fv/Fm 

values in summer could be caused by photoinhibition caused by reversible damage of key 

PSII components as well as higher temperatures during this season (Torzillo and Vonshak, 

2013). High dissolved oxygen concentration could have partially affected the photosynthetic 

activity of the culture. 

As highlighted before, the main goal of wastewater treatment processes based on microalgae, 

besides biomass production, is to recover nutrients and allow the reuse or safe disposal of 

large volumes of water. The N-NH4
+ content in the inlet varied within 93.6 and 210.6 mg·L-1 

while the N-NO3
- content was within the range 1.9-3.7 mg·L-1. Considering that approximately 

500-1000 mg·m-2·day-1 of organic nitrogen were removed from the wastewater in both 

reactors, stripping led to the challenging “loss” of 550-900 and 50-150 mg·m-2·day-1 of N-NH4
+ 

in TL1 and TL2 respectively. Similar results were reported previously (Morales-Amaral et al., 

2015b). Further studies to understand the effect of environmental and operational conditions 

on this effect are needed. Moreover, N-NO3
- was still detected in the outlets of the reactors. 

Nitrification occurred but production of N-NO3
- was low when compared to other processes 

with higher culture depths. This was caused because: (i) it was not consumed by microalgae 

and bacteria, because it is known that in the presence of both, N-NH4
+ and N-NO3

-, microalgae 
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prefer the former (Solimeno et al., 2015) and (ii) N-NO3
- was produced by the action of nitrifying 

bacteria (Kwon et al., 2019). Probably the high light availability in thin-layer cascade reactor 

favoured microalgal growth and limited the growth of nitrifying bacteria. The composition of 

the microalgae-bacteria consortia is highly influenced by environmental conditions, and this 

could be the cause for variability in the N-NO3
- removal efficiency shown in Figure 4. 

Higher total nitrogen removal values were observed in TL1 when compared to TL2.  This was 

caused by the lower surface-to-volume ratio of TL1, which allows to process a larger volume 

of water per surface area when compared to TL2. A different composition on the microalgae-

bacteria consortia of both reactors could have also affected the nutrient removal capacity of 

the reactors as it is not known how different surface-to-volume ratios can affect the 

microalgae-bacteria consortia. It is not known how photobioreactor design parameters such 

as channel length, culture depth, or the volume of the collector affect the composition of the 

microalgae-bacteria consortia. The most abundant bacterial phyla present in cultures of 

Scenedesmus sp. in wastewater were Proteobacteria and Bacterioidetes, with the most 

dominant orders being Rhodobacterales and Sphingomonadales (Sánchez Zurano et al., 

2020). Moreover, a recent study suggested that the dilution rate as well as environmental 

conditions play a key role in the composition of the consortia, with heterotrophs and 

phototrophs mainly from the family Rhodobacteraceae dominating Scenedesmus sp. cultures 

(Collao et al., 2021). Further studies on this topic are needed as the microbial community 

present during microalgae cultivation highly influences the performance of the system in terms 

of both, biomass production and nutrient recoveries (Lian et al., 2018). Not only nitrogen but 

also phosphorus is a nutrient of concern in eutrophication, being both limiting factors in most 

growth scenarios (Anderson et al., 2002). Phosphorus and phosphorylation play a key role in 

the metabolism of both microalgae and bacteria (Liu et al., 2017) and previous studies 

demonstrated that microalgal cultures, especially when produced in thin-layer reactors, can 

consume large quantities of phosphorus (Morales-Amaral et al., 2015b). A mass balance 

revealed that the phosphorus introduced into the system was either used for microalgal growth 
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or removed with the reactors outlet. This demonstrates the importance of an effective control 

of the pH as high pH values result in the precipitation of phosphates and therefore to a 

reduction of the amount of P-PO4
3- that is available for microalgal growth. As it happened with 

the total nitrogen, part of the phosphorus used for microalgal growth was obtained from 

organic matter or from other inorganic phosphorus compounds not analysed in the current 

study. Further studies will include the in-depth analysis of the organic and inorganic 

compounds present in the inlets and outlets of the reactors as this information will be useful 

to design more efficient processes and maximise nutrient recoveries.  

Overall, the reclaimed water could be reused for agricultural irrigation or even disposed into 

water courses. The content of N-NH4
+ and N-NO3

- in the outlets was below the maximum 

discharge limit of Spanish regulations set at 10-15 of mg·L-1 of nitrogen (BOE, 1996), and 

therefore based on their nitrogen content could be disposed even into sensitive zones. 

However, the P-PO4
3- concentration of the reactors was slightly higher than the maximum 

discharge limit, set at 1-2 mg·L-1, which would allow to dispose the effluents either into non-

sensitive zones or into sensitive zones if the removal of phosphorus and nitrogen (in all the 

treatment plants of the sensitive zone) is larger than 75%, as reported herein (BOE, 1996). 

One of the main advantages of microalgal processes when compared to conventional 

wastewater treatments is that the produced biomass can be further exploited as a source of 

high-value products such as animal feed or products for agriculture (biostimulants or 

biofertilisers). Indeed, Scenedesmus strains have potential for being used at commercial scale 

as biostimulants (Puglisi et al., 2020, 2018) and aquafeed ingredients (Camacho-Rodríguez 

et al., 2018; Vizcaíno et al., 2014). The economic analysis conducted herein suggested that 

producing Scenedesmus sp. using wastewater instead of freshwater and fertilisers could lead 

to a reduction of reduction in the unitary production cost of 0.44 €·kg-1 of produced wet 

biomass. If used for producing agricultural products, a dehydration step is not required 

therefore minimising production costs. The produced biomass would consist of microalgae 

and bacteria. As mentioned before, the composition of the consortia depends on 
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environmental and operational conditions but, if managed properly, over 95% of the produced 

biomass will be microalgae (Herrera et al., 2020). Because of the higher light availability of 

thin-layer cascade reactors it is likely that photoautotrophic growth would be favoured 

therefore facilitating the proliferation of photosynthetic microorganisms, although this would 

need to be validated in future studies. An in depth characterisation of the biomass of 

Scenedesmus sp. produced using different types of water and photobioreactor designs is 

ongoing as well as a complete economic analysis comparing different reactor designs and 

types of water. 

5. Conclusions 

Scenedesmus sp. is a robust strain that can be produced outdoors using wastewater and thin-

layer cascade reactors. Thin-layer cascade reactors are highly productive and allow to 

maximise biomass productivity per surface area. Biomass productivities were comparable to 

those obtained when produced using freshwater and commercial fertilisers as nutrients, 

demonstrating that primary wastewater is an excellent source of nutrient for microalgal 

production. However, because of the high productivity of thin-layer reactors, microalgal growth 

can be nutrient limited when using wastewater. The use of membranes to separate the cellular 

from the hydraulic retention time would allow to process a larger amount of water per surface 

area and increase both, the biomass productivity and the nutrient removal capacity of the 

system. The processed water can be reused for irrigation or even disposed into natural water 

courses. An advantage of microalgae based wastewater treatment processes is that besides 

recovering nutrients from waste, the process simultaneously produce valuable microalgal 

biomass that can be further used for valuable applications. A preliminary economic analysis 

revealed that producing microalgae using wastewater could lead to a reduction in total unitary 

production costs of 0.44 €·kg-1, which is significant when producing agricultural products.  
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Figure legends 

Figure 1. Annual variation of (A) solar radiation and (B) temperature inside the 

greenhouse and (C) photobioreactors used. Values represent the average of the 

maximum, minimum, and average daily radiation and temperature values inside the 

greenhouse ± SD. In the case of solar radiation, only sunlight hours were considered 

for calculating the average. The environmental data of our facilities are available at 

http://www2.ual.es/sabana/data-center-2/ 

Figure 2. Effect of environmental conditions on culture temperature, dissolved oxygen 

concentration, and pH in (A) TL1 and (B) TL2. Values represent the average of the daily 

maximum, minimum, and average values ± SD. Temperature, dissolved oxygen 

concentration, and pH data of our reactors are available at 

http://www2.ual.es/sabana/data-center-2/ 

 Figure 3. (A) Biomass productivity and (B) chlorophyll fluorescence 

Figure 4. (A) N-NH4
+, (B) N-NO3

-, (C) total nitrogen, and (D) P-PO4
3- removal capacity of 

the system  

http://www2.ual.es/sabana/data-center-2/
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