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Abstract 12 

Photo-respirometric tecniques are applied for evaluating photosynthetic activity in phototrophic organisms. 13 
These methods allow to evaluate photosynthetic response under different conditions. In this work, the 14 
influence of nutrient availability (nitrate, ammonium, and phosphate) on the photosynthesis and respiration 15 
of Scenedesmus almeriensis was studied using short photo-respirometric measurements. Both 16 
photosynthesis and respiration increasing until saturation value and consecutively diminishing, presenting 17 
inhibition by high concentrations. Regarding the influence of phosphorus concentration in microalgae cells, 18 
a similar hyperbolic trend was observed but no inhibition was observed at high concentration. Based on 19 
these experimental data, the respiration, and the photosynthesis rate of S. almeriensis were modelled using 20 
Haldane equation for nitrate and ammonium data, and Monod equation for phosphate data. In addition, 21 
experiments were performed to determine the yield coefficients for both nitrogen and phosphorus in S. 22 
almeriensis cultures. The data showed that the nitrogen and phosphorous coefficient yields are not constant, 23 
being modified as a function of nutrients concentration, presenting the luxury uptake phenomena. Finally, 24 
the proposed models were incorporated into a simulation tool to evaluate the photosynthetic activity and 25 
the nutrient yield coefficients of S. almeriensis when different culture media and wastewaters are used as a 26 
nitrogen and phosphorous source for its growth. 27 

 28 

Keywords: Microalgae, photosynthesis, respiration, nitrogen, phosphorus, modelling. 29 

 30 

Key Points:  31 

. 32 

• Microalgal photosynthesis/respiration vary as a function of nutrients availability 33 

• Photosynthesis inhibition appear at high N-NO3
- and N-NH4

+ concentrations  34 

• Nutrients yield coefficients are influenced by luxury uptake phenomenon 35 

 36 

  37 
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Introduction 38 

Over the past centuries, CO2 concentration in the atmosphere has greatly increased, mainly because of 39 

human activities and it leads to known climate change events. Climate change comes along with global 40 

consequences on an environmental, social, and economic scale. As a solution to beat these consequences, 41 

there is growing interest in developing alternatives for CO2 capture, including photosynthetic 42 

microorganisms (Aghaalipour et al. 2020). Microalgae cultivation has proposed as a highly promising 43 

biological method of CO2 because the generated biomass can be used widely  (Rodas-Zuluaga et al. 2021).  44 

Microalgae biomass have become an eco-friendly alternative in emerging industrial sectors such as 45 

aquaculture and animal feed, human nutrition, cosmetics, biofertilizers and biofuels (Chisti, 2008; Acién et 46 

al., 2017). However, their large-scale application is still limited by the specific requirements for biomass 47 

growth. Microalgae production involves both the maintenance of adequate culture conditions (light, pH, 48 

temperature, and dissolved oxygen), related to the reactor design and operating conditions, and the optimal 49 

supply of nutrients (carbon, nitrogen, phosphorus, etc.), which affects the production cost (Posten 2009; 50 

Acién et al. 2012). An Inadequate nutrient supply can greatly reduce the performance of microalgae cells. 51 

In general, nutrients usually present in excess, meaning that most processes operate under nutrient-52 

saturation conditions. Nutrients are generally provided as fertilizers to minimize cost; nevertheless, this still 53 

represents a relevant contribution to the overall final cost, which ranges from 5 to 20% depending on the 54 

production technology (Acién et al. 2012). To reduce the nutrient contribution to the final biomass 55 

production cost, utilizing wastewater for microalgae cultivation has been proposed. The advantage of using 56 

wastewater as culture medium is that the microalgae can be grown using both organic and inorganic 57 

compounds, such as phosphates, ammonium, and nitrates, which are already present in the wastewater, 58 

avoiding the cost of nutrients supplementation. At the same time, the wastewaters are treated and can be 59 

reused for multiple purposes. (Rawat et al. 2011; Acién et al. 2016). Moreover, these sewage treatment 60 

systems based on microalgae  can be optimized by an adequate CO2 supplementation, which allow to obtain 61 

high biomass productivity and nutrients removal (Molino et al. 2019). 62 

Several works have revealed the robustness of microalgae-based wastewater systems in terms of biomass 63 

productivity and the high contaminant removal rates, the focus being on developing mathematical models 64 

capable of simulating and optimizing microalgae wastewater treatment. Although the first microalgae 65 

models were based on single factors, such as light intensity (Molina-Grima et al., 1994), nitrogen (Smit 66 

2002) or phosphorus (Sommer 1991), the current models have introduced multiple factors affecting 67 
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microalgae performance such as irradiance, temperature, pH and dissolved oxygen (Costache et al. 2013; 68 

Ippoliti et al. 2016). However, the use of wastewater for microalgae production involve not only microalgae 69 

performance but also different bacterial populations appear in these systems, which increases the 70 

complexity of the mechanistic models (Solimeno et al. 2015). Various types of mathematical models have 71 

been developed for understanding the interaction between the microalgae and the bacteria. Since Buhr and 72 

Miller (1983) developed the first mathematical model to describe microalgae and bacteria growth in 73 

wastewater, multiple microalgae-bacteria models for wastewater treatment have been proposed and 74 

validated (Reichert and Vanrolleghem, 2001; Sah et al., 2020; Solimeno et al., 2019, 2017; Wágner et al., 75 

2016; Zambrano et al., 2016). 76 

Many microalgae-bacteria models have been validated in terms of the influence of nutrient availability on 77 

microalgae/bacteria consortia performance, and considerable knowledge has been accrued regarding the 78 

behaviour of both heterotrophic and nitrifying bacteria as a function of nutrient concentration. Nonetheless, 79 

the performance of microalgae cells has hardly been studied. For instance, the mechanistic models (ASM1, 80 

ASM2, ASM2D and ASM3) of the Activated Sludge Model (ASM) series, promoted by the International 81 

Water Association, already consider the influence of organic carbon sources, ammonium, nitrate and 82 

phosphorus on bacterial performance - the variation in growth rates based on the concentration of the 83 

respective nutrients fitting the Monod model, with constant coefficient yields being determined for each 84 

microorganism type and nutrient type (Gernaey et al., 2004; M Henze et al., 2015). Of the scarce 85 

information available regarding microalgae performance, BIOALGAE is one of the most nutrient-complete 86 

models (Solimeno et al. 2017). Most papers in the literature provide information on experiments carried 87 

out under excess nutrient conditions, focusing on maximizing the microalgal cell performance. Conversely, 88 

other papers looking at nutrient limitation conditions focus on the kinetics of secondary metabolite 89 

accumulation. However, little information is available regarding the influence of nutrient concentration on 90 

microalgal cell performance (Fernandes et al. 2016; Mc Gee et al. 2020). 91 

For the bacteria characterization of activated sludge, respirometric techniques have been applied as a rapid 92 

tool to ascertain kinetic growth parameters (Ellis et al. 1996). Over recent years, this respirometry, which 93 

has traditionally been applied to bacteria in wastewater, has been extended to phototrophic cultures. In algal 94 

cultures, the use of respirometry allows one to determine the phototrophic activity by measuring the oxygen 95 

production rate (OPR) under light conditions and the oxygen uptake rate (OUR) in the dark. These 96 

measurements, which are based on oxygen production/consumption, are rapid and easily obtainable (Tang 97 
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et al. 2014; Sánchez-Zurano et al. 2020) . In fact, respirometric methods have been evaluated and applied 98 

to photosynthetic cultures for biokinetic parameter determination (Decostere et al. 2013). This methodology 99 

allow one to determine the effect of culture parameters on microalgae activity and to measure kinetic 100 

parameters such as the nutrients’ half-saturation constants, thus avoiding batch experiments, which are very 101 

time consuming (>10 days); in addition, the results might be affected by biomass debris formation 102 

(Robertson et al. 1998; Sforza et al. 2019).  103 

In this work, a photo-respirometric method is proposed as a simple, innovative and rapid method to measure 104 

kinetic parameters in microalgae cultures. Respirometry was applied to measure the nutrient saturation 105 

coefficients of Scenedesmus almeriensis, relating to the main nutrients present in the wastewater (nitrate, 106 

ammonium and phosphate). The respirometric experiments allow to determine the kinetic parameters of 107 

the net photosynthesis rate and the net respiration rate under autotrophic conditions. Experiments were also 108 

performed to determine the coefficient yields, both for nitrogen and phosphorus, in S. almeriensis cultures. 109 

This study allowed an in-depth analysis of the importance of adequate nutrient supplementation in the 110 

microalgae cultivation. All the obtained parameters allow to increase the understanding of the effect of 111 

nutrients on microalgae-based processes and to improve the current mechanistic models for microalgae-112 

bacteria systems. 113 

Materials and methods 114 

Microalgal species and culture conditions 115 

The microalga S. almeriensis CCAP 276/24 was obtained from the culture collection of the Department of 116 

Chemical Engineering of the University of Almería. The inoculum of this strain was grown 117 

photoautotrophically in a Erlenmeyer spherical flask (1.0 l capacity) and inoculated weekly with fresh 118 

modified Arnon medium (Allen and Arnon 1955) (Table 1). The culture was continuously supplied with an 119 

air–1 %CO2 mixture to control the pH at 8.0. The Erlenmeyer spherical flask was maintained at 24 °C, 120 

controlled by regulating the air temperature in the chamber. The culture was artificially illuminated on a 121 

12:12 h L/D cycle using four Philips PL-32W/840/4p white-light lamps, providing an irradiance of 750 122 

μE/m2 s on the spherical 1.0 L flask surface. 123 

Experimental set-up  124 

To evaluate the oxygen production/consumption rates of S. almeriensis as a function of nutrient availability, 125 

experiments were performed in Erlenmeyer spherical flasks (1.0 L capacity) filled to 650 mL with Arnon 126 
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medium, modified according to the specific assay, and 20% of S. almeriensis inoculum. To study the effect 127 

of the concentration of each main nutrient (nitrogen and phosphorous), the other one was maintained in the 128 

same concentration that established Arnon medium. Moreover, the rest of the minor and major nutrients 129 

were kept as defined the protocol. Three sets of experiments were performed: (i) at different nitrate 130 

concentrations from 0 to 200 mgN·L.1, maintaining of phosphate at the concentration that indicate Arnon 131 

medium, (ii) without nitrate but using ammonium as a nitrogen source, at different concentrations from 0 132 

to 200 mgN·L-1, and (iii) at different phosphate concentrations from 0 to 30 mgP·L-1, maintaining nitrogen 133 

in form of nitrate as a nitrogen source (at the concentration that indicate Arnon medium). The modified 134 

Arnon mediums were sterilized in an autoclave at 120 °C for 20 min. The Erlenmeyer spherical flask were 135 

operated in batch mode to take samples for the respirometric tests and nutrients yield coefficients 136 

determination. Each reactor was aerated at a rate of 0.2 v/v/min with CO2 injected on demand (pH = 8). 137 

The reactors were continuously illuminated artificially using eight 28 W fluorescent tubes (Philips Daylight 138 

T5), providing an irradiance of 1350 μE/m2 s on the spherical 1.0 L flask surface.  139 

Respirometric measurements 140 

To determine the oxygen production rate and oxygen consumption rate of S. almeriensis, a photo-141 

respirometer was used. This device allows one to measure the variation in the dissolved oxygen 142 

concentration in microalgae samples under different conditions. The oxygen measurements were performed 143 

in a jacketed 60 mL glass flask which was mixed by a magnetic stirrer. The glass flask was artificially 144 

illuminated using two controlled LED lamps situated to the right and left of the flask. The desired irradiance 145 

inside the flask could be automatically controlled. The dissolved oxygen concentration in the microalgae 146 

samples was continuously measured by a sensor (Crison 5002, Barcelona, Spain) located inside the glass 147 

flask. There were also sensors for temperature, pH and irradiance placed within the flask. As the 148 

temperature was controlled at 24ºC, the temperature effect was disregarded in the growth kinetic 149 

parameters. The reliability of this method was highlighted by (Sánchez-Zurano et al. 2020), since the 150 

authors proposed a standardization of the photo-respirometry method, defining a protocol to follow, the 151 

biomass concentration and irradiance used during the measurements, and the oxygen mass transfer 152 

coefficient (KLa) used to correct the influence of oxygen desorption on the photo-respirometric 153 

measurements (Sánchez-Zurano et al. 2020). 154 
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The influence of the oxygen desorption on the respirometric measurements was corrected using the oxygen 155 

mass transfer coefficient (𝑲𝑳𝒂). This value was determined in absence of aeration experimentally. The 156 

method used consisted in measuring the dissolved oxygen concentration versus time profiles in the same 157 

chemical-physical conditions applied during the respirometric tests. For this, a cell-free sample was placed 158 

in the measurement device and the concentration of oxygen was increased to 130%.sat by bubbling with 159 

the pure O2 gas. After this, the bubbling was stopped and the variation in oxygen concentration (𝑪𝑶𝟐) with 160 

time was monitored for around 4 h. The (𝑲𝑳𝒂) in the system quantifies the proportionality between the 161 

oxygen exchange between the liquid and gas phases and the driving force expressed as (𝐶02
∗ − 𝐶𝑂2 ) leading 162 

to the following elementary mass balance: 163 

𝑑CO2

𝑑𝑡
= 𝐾𝐿𝑎 (𝐶02

∗ − 𝐶𝑂2)                                                                                                Equation 4 164 

The determination of the 𝑲𝑳𝒂 is described in details by Sánchez-Zurano et al. 2020. . The 𝑲𝑳𝒂 value 165 

obtained was 1.08 h−1. 166 

The protocol proposed relies on the measurement of oxygen produced or consumed by microalgal biomass 167 

under different nitrogen and phosphorous concentrations. The procedure proposed is based on the oxygen 168 

production/consumption under cycles of light and dark as a function of a single variable at a time, while 169 

keeping the other variable constant. These produced/consumed oxygen measurements allow us to determine 170 

the net photosynthesis rate and the net respiration rate, respectively. The methodology consists of 171 

inoculating the Erlenmeyer spherical flaks at different stages with different concentrations of the studied 172 

variable and waiting 30 minutes for acclimatization. After that time, samples of each microalgae culture 173 

were taken to measure the oxygen production during the light phases and the oxygen consumption during 174 

the dark phases (Figure 1). Each culture sample was placed inside the photo-respirometer and then exposed 175 

to light–dark cycles of 4 minutes each to measure and record the variation in dissolved oxygen under each 176 

condition (Figure 1). The first minute of exposure was disregarded as it was considered an adaptation time. 177 

Between the dark and light periods, air was provided to recover the 100%Sat of the dissolved oxygen. 178 

During light periods, oxygen generation is expected as a result of the active photosynthesis carried out by 179 

the microalgae whereas during the dark periods, oxygen is consumed by the endogenous respiration rate. 180 

The microalgae’s oxygen production rate (OPR) was calculated from the slope of the dissolved oxygen 181 
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concentration over the last 3 minutes of the light phases (
𝑑[𝑂2]𝐿

𝑑𝑡
), dividing by the biomass concentration 182 

(𝐶𝑏) (Equation 1).  183 

𝑂𝑃𝑅 =
1

𝐶𝑏
(

𝑑[𝑂2]𝐿

𝑑𝑡
) 

Equation 1 

Similarly, the oxygen consumption rate (OCR) was calculated from the slope of the dissolved oxygen 184 

concentration over the last 3 minutes of the dark phases (
𝑑[𝑂2]𝐷

𝑑𝑡
), dividing by the biomass concentration  185 

(𝐶𝑏) (Equation 2).  186 

𝑂𝐶𝑅 =
1

𝐶𝑏
(

𝑑[𝑂2]𝐷

𝑑𝑡
) 

Equation 2 

Finally, the net photosynthesis rate (NPR) was calculated as the difference between the oxygen production 187 

rate and the oxygen consumption rate (Equation 3).  In addition, the microalgae respiration rate (MRR) was 188 

defined as the oxygen consumption rate (Equation 4). 189 

𝑁𝑃𝑅 = 𝑂𝑃𝑅 − 𝑂𝐶𝑅 Equation 3 

𝑀𝑅𝑅 = 𝑂𝐶𝑅 Equation 4 

The maximal photosynthetic and respiratory activities, measured under an increasing nutrient 190 

concentration, were used to normalize the experimental data obtained from 0 to 1. Each OPR and OCR 191 

value was estimated as the average of at least four measurements (i.e., four dark–light cycles of 4:4 min 192 

each). 193 

Estimation of the nutrients yield coefficients 194 

The coefficient yield for the macronutrients (nitrogen and phosphorus) was determined as the variation of 195 

the substrate to biomass concentration ratio; that is to say, the coefficient yield was defined as the amount 196 

of substrate consumed over the amount of microalgae produced. Determining these coefficients is 197 

mandatory for optimizing the mathematical models which simulate the biomass growth and the nutrient 198 

removal in microalgal processes. The nitrogen/biomass yield and phosphorous/biomass yield were 199 

expressed in g N/g dry biomass and g P/g dry biomass, respectively.  200 

For this purpose, samples from each spherical glass flask containing the different concentrations of nitrogen 201 

and phosphorus were taken over 24 hours to determine the biomass concentration by the dry weight and to 202 

measure the nutrients in the sample’s supernatant.  203 
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Biomass concentration and analytical methods. 204 

The biomass concentration (Cb) was measured by dry weight. Aliquots containing 100 mL of the culture 205 

were filtered through the Macherey-Nagel MN 85/90 glass fibre filters. Then, the filters were dried in an 206 

oven at 80ºC for 24 h. Standard official methods were used to analyse the composition of the wastewater 207 

samples and the water from the reactors. The phosphate was measured by visible spectrophotometry 208 

through the phospho-vanado-molybdate complex (Phosphate Standard for IC: 38364). The nitrate was 209 

quantified by measuring optical density at 220 nm and 275 nm (Nitrate Standard for IC: 74246). The 210 

ammonium was measured according to the Nessler method (Ammonium standard for IC: 59755). 211 

Software and statistical analysis 212 

The DaqFactory data acquisition and control software (Azeotech, USA) was used to gather the 213 

photosynthesis and respiration rate data. All the measurements were performed in triplicate (at least) to 214 

allow us to calculate the mean values and standard deviations shown. Data analysis was carried out using 215 

the Statgraphics Centurion XVI software package, in which non-linear regression was used to fit 216 

experimental data to the proposed models, and to determine the characteristic parameter values. These 217 

models were used to obtain simulations in Microsoft Excel. 218 

Results  219 

Influence of the nutrient concentration on the photosynthesis and respiration rates 220 

To study the influence of nitrate on S. almeriensis performance, concentrations ranging from 0 to 200 221 

mgN·L-1 were assayed, which correspond to a nitrate range from 0 to 900 mgNitrate·L-1. Experiments 222 

performed in which the nitrogen in form of nitrate concentration in the culture medium was modified have 223 

shown that both the net photosynthesis rate and the net respiration rate increase hyperbolically with the 224 

nitrogen concentration, achieving a maximum value in the 20-40 mgN·L-1 range; above this value, both the 225 

net photosynthesis rate and the net respiration rate decrease (Figure 2). According to these figures, 226 

inhibition by nitrate does take place, even at moderate concentrations of 200 mgN-NO3
-·L-1 (approximately 227 

40 mgN·L-1); this has not been widely reported. Data processing was subsequently carried out to calculate 228 

the normalized maximum net photosynthesis and respiration rates, being 130 and 25 mgO2·gbiomass
-1·h-1 for 229 

the specific maximum photosynthetic rate (PO2,max) and the specific maximum respiration rate (RO2,max), 230 

respectively. Experimental data have been fitted to a model which considers inhibition by substrate, such 231 

as the Haldane equation (Equation 5) (Armstrong 1930), in which the net photosynthesis (PO2) rate is a 232 
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function of the nitrogen concentration (N-NO3
-), the nitrogen half-saturation constant (KS,N-NO3

-) and the 233 

inhibition parameter constant (KI). By fitting experimental data to this equation, the characteristic parameter 234 

values were determined (KS,N-NO3
- = 2.77 mgN-NO3

-·L-1 and KI,N-NO3
-= 279 mgN-NO3

-·L-1), verifying that 235 

the model reproduces the behaviour of the measurements performed.  236 

𝑃𝑂2([N − 𝑁𝑂3
−])̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ =

[𝑁 − 𝑁𝑂3
−]

[𝑁 − 𝑁𝑂3
−] + 𝐾𝑆,𝑁−𝑁𝑂3− +

[𝑁 − 𝑁𝑂3
−]2

𝐾𝐼,𝑁−𝑁𝑂3−
  

 
Equation 5 

Concerning the respiration rate, which was determined by oxygen measurements in the dark, the data also 237 

show a pattern of inhibition by substrate, The respiration rate is zero at a null nitrogen in form of nitrate 238 

concentration but increases with the concentration to reach a maximum at 20 mgN·L-1 (approximately 90 239 

mgNitrate·L-1); it then decreases at higher nitrogen concentrations. The data have also been fitted to the 240 

Haldane equation (Equation 6). The characteristic parameter values obtained were: KR, N-NO3
- = 1.02 mgN-241 

NO3
-·L-1 and KI,R,N-NO3

-= 279 mg N-NO3
-·L-1 . The results show that the selected microalgae only need low 242 

nitrogen concentrations to perform the photosynthesis and respiration properly.  243 

𝑅𝑂2([𝑁 − 𝑁𝑂3
−])̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =

[𝑁 − 𝑁𝑂3
−]

[𝑁 − 𝑁𝑂3
−] +  𝐾𝑅,𝑁−𝑁𝑂3− +

[𝑁 − 𝑁𝑂3
−]2

𝐾𝐼,𝑅,𝑁−𝑁𝑂3−
  

 
Equation 6 

To determine the behaviour of S. almeriensis with respect to N-NH4
+, experiments were performed at 244 

concentrations ranging from 0 to 250 mgN·L-1 , which corresponds to ammonium range of 0 to 320 mg N-245 

NH4
+ ·L-1  (Figure 3). The results showed a similar trend as previously found with nitrate - both the net 246 

photosynthesis rate and the net respiration rate increased along with the N-NH4
+ concentration until a value 247 

of 10-20 mg N-NH4
+ ·L-1 was reached; above this value, both the net photosynthesis rate and the net 248 

respiration rate decreased. As before, a model considering the existence of inhibition by substrate has been 249 

used to fit the experimental results. These experimental data were modelled using the Haldane equation 250 

(Equation 7, Equation 8), in which the characteristic parameter values for the net photosynthesis rate (PO2) 251 

were determined (KS,N-NH4
+ = 1.54 mgN-NH4

+ ·L-1 and KI,N-NH4= 571 mgN-NH4
+), verifying that the model 252 

reproduces the behaviour indicated by the measurements. For the respiration rate (RO2), the kinetic 253 

parameters for the ammonium concentrations were calculated (KR, N-NH4
+= 0.65 mgN-NH4

+·L-1 and KI,R,N-254 

NH4= 205 mgN-NH4
+·L-1).  255 
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𝑃𝑂2([N − 𝑁𝐻4
+])̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =

[𝑁 − 𝑁𝐻4
+]

[𝑁 − 𝑁𝐻4
+] +  𝐾𝑆,𝑁−𝑁𝐻4+ +

[𝑁 − 𝑁𝐻4
+]2

𝐾𝐼,𝑁−𝑁𝐻4+
  

 
Equation 7 

  

𝑅𝑂2([𝑁 − 𝑁𝐻4
+])̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =

[𝑁 − 𝑁𝐻4
+]

[𝑁 − 𝑁𝐻4
+] + 𝐾𝑅,𝑁−𝑁𝐻4+ +

[𝑁 − 𝑁𝐻4
+]2

𝐾𝐼,𝑅,𝑁−𝑁𝐻4+
  

 
Equation 8 

Concerning to the phosphorous, in this work, the experiments were performed up to a concentration of 120 256 

mg PO4
3-·L-1, which corresponds to 40 mg P-PO4

3-·L-1. The results showed that the net photosynthesis and 257 

respiration rates hyperbolically increased with the phosphorous concentration in the concentration range 258 

assayed, with no inhibition being observed at higher concentrations (Figure 4). To fit the experimental data, 259 

the Monod model has been used (Equation 9), in which the characteristic parameter values for the net 260 

photosynthesis rate and the net respiration rate were determined (KS,P-PO4 = 0.43 mg P-PO4
3-·L-1 and KR, P-261 

PO4 = 0.35 mg P-PO4
3-·L-1 ). 262 

𝑃𝑂2([𝑃 − 𝑃𝑂4
3−])̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =

[𝑃 − 𝑃𝑂4
3−]

[𝑃 − 𝑃𝑂4
3−] + 𝐾𝑆,𝑃−𝑃𝑂4  

 
Equation 9 

  

𝑅𝑂2([𝑃 − 𝑃𝑂4
3−])̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =

[𝑃 − 𝑃𝑂4
3−]

[𝑃 − 𝑃𝑂4
3−] +  𝐾𝑅,𝑃−𝑃𝑂4  

 
Equation 10 

In summary, the values obtained for all the characteristic parameters are shown in Table 2. 263 

Influence of nutrient concentration on the yield coefficients 264 

Once the influence of the nutrient concentrations on the photosynthesis and respiration rates of S. 265 

almeriensis cells had been determined, experiments were also performed to determine the yield coefficients. 266 

Experiments were performed under the same conditions as before, in the same concentration ranges, to 267 

determine if nutrient concentrations influence the coefficient yield values.  268 

The data show that the nitrogen and phosphorous coefficient yields are not constant, being modified as a 269 

function of the nutrient’s concentration (Figure 5). The results show that the nitrogen and phosphorous 270 

coefficient yields increase as nitrogen or phosphorus increase in the culture medium, observing a peak at 271 

70 mgN-NO3
-·L-1 and 18 mgP-PO4

3-·L-1, respectively. Modelling this phenomenon is complex, since if the 272 

trend of the experimental data is considered, one might think that a certain inhibition appears in the yield 273 

coefficients. However, it would not be an inhibition, but the data show a variability in the value of the yield 274 
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coefficients due to its relationship with the concentration of nitrogen and phosphorus in the medium. To 275 

model this phenomenon, the sum of two equations has been applied - the hyperbolic equation and the 276 

cardinal equation. The former, which is typically used for microbial growth kinetics, has been used to 277 

explain the increase in the nitrogen and phosphorous coefficient yields as the nitrogen or phosphorous 278 

concentrations increase in the medium. In addition, to describe the peaks observed both in the nitrogen and 279 

phosphorous coefficient yields, the cardinal equation has been applied within the minimum and maximum 280 

ranges established. The cardinal model allows one to define the maximal, minimal and optimal conditions 281 

for whichever variable, fitting its influence into the biological system performance as a Gaussian function 282 

(Bernard and Rémond 2012). Using the cardinal equation allows one to obtain the “optimal nutrient 283 

concentration value” in which the nitrogen and phosphorous yield coefficients are higher. Regarding 284 

nitrogen, the coefficients values obtained ranged from 0.02 to 0.09 gN-NO3
-·gbiomass

-1. Concerning the 285 

phosphorus, the results showed that the phosphorous yield coefficient ranged from 0.004 to 0.014 gP-PO4
3-286 

·gbiomass
-1 at the phosphorous concentrations tested. Subsequently, the nitrogen and phosphorous yield 287 

coefficients were fitted to the sum of the hyperbolic and cardinal models (Equation 11, Equation 12)¡Error! 288 

No se encuentra el origen de la referencia., from which the characteristic parameter values for the 289 

nitrogen yield coefficient (YgN/gbiomass, max = 0.07 gN-NO3
-·gbiomass

-1, KS,YN = 25 mgN-NO3
-·L-1, m = 2, Nmax 290 

= 80 mgN-NO3
-·L-1, Nmin = 10 mgN-NO3

-·L-1, Nopt = 55 mgN-NO3
-·L-1) and phosphorous yield coefficient 291 

(YgP/gbiomass, max = 0.011 gP-PO4
3-·gbiomass

-1, KS,YP = 3.2 mgP-PO4
3-·L-1, m = 2.14, Pmax = 22 mgP-PO4

3-·L-1, 292 

Pmin = 2 mgP-PO4
3-·L-1, Popt = 15 mgP-PO4

3-·L-1) were determined (Table 3).  293 

𝑌𝑁/𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = [
𝑌𝑁/𝑏𝑖𝑜𝑚𝑎𝑠𝑠,𝑚𝑎𝑥·[𝑁]𝑚

[𝑁]𝑚+  𝐾𝑆,YN
𝑚 

]+[
(𝑁−𝑁𝑚𝑎𝑥)(𝑁−𝑁𝑚𝑖𝑛)2

(𝑁𝑜𝑝𝑡−𝑁𝑚𝑖𝑛)(((𝑁𝑜𝑝𝑡−𝑁𝑚𝑖𝑛)(𝑁−𝑁𝑜𝑝𝑡))−((𝑁𝑜𝑝𝑡−𝑁𝑚𝑎𝑥)(𝑁𝑜𝑝𝑡+𝑁𝑚𝑖𝑛−2𝑁)))
]  Equation 11 

𝑌𝑃/𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = [
𝑌𝑃/𝑏𝑖𝑜𝑚𝑎𝑠𝑠,𝑚𝑎𝑥·[𝑃]𝑚

[𝑃]𝑚+  𝐾𝑆,YP
𝑚 

]+[
(𝑃−𝑃𝑚𝑎𝑥)(𝑃−𝑃𝑚𝑖𝑛)2

(𝑃𝑜𝑝𝑡−𝑃𝑚𝑖𝑛)(((𝑃𝑜𝑝𝑡−𝑃𝑚𝑖𝑛)(𝑃−𝑃𝑜𝑝𝑡))−((𝑃𝑜𝑝𝑡−𝑃𝑚𝑎𝑥)(𝑃𝑜𝑝𝑡+𝑃𝑚𝑖𝑛−2𝑃)))
]  Equation 12 

Performance of S. almeriensis cells as a function of the culture medium 294 

Once the effects of nitrogen and phosphorus were evaluated and modelled, both for the photosynthesis rate 295 

and for the respiration rate, simulations were performed to determine the performance of S. almeriensis 296 

cells as a function of the culture medium used to produce them. These simulations were performed mainly 297 

considering the culture media, from the standard culture medium prepared using fertilizers to the different 298 

wastewater types, even including wastewater that had been depurated in accordance with the regulations. 299 
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Wastewater that has already been treated should contain a low nutrient concentration (5-10 mg-N·L-1 and 300 

1-2 mg-N·L-1). In this work, we considered two possibilities: treated wastewater with the maximum nutrient 301 

concentration for safe disposal (10 mg-N·L-1) and treated wastewater complying to the new limits (5 mg-302 

N·L-1) (European Directive 91/271/CEE).  303 

Figure 6A shows the normalized photosynthesis rate as a function of the nitrogen and phosphorous 304 

concentration when using different culture media. Concerning nitrogen, the results shows that the 305 

normalized photosynthesis rate was maximal when using wastewater and wastewater after treatment, 306 

whereas it reduced because of nitrogen limitation when totally depurated wastewater was used. Conversely, 307 

when using manure or centrate as the culture medium, the photosynthesis rate decreased as a result of 308 

inhibition; this included fertilizers with high nitrogen concentrations. Regarding phosphorus, a different 309 

trend was observed. No inhibition was observed as a result of excess phosphorus, regardless of the culture 310 

medium used. A limitation in the photosynthesis rate only took place when totally depurated wastewater 311 

was used as the culture medium. Because the performance of the photosynthetic process is a function of 312 

both nitrogen and phosphorous availability, the performed simulations showed the photosynthesis rate of 313 

S. almeriensis decreased sharply when using manure or centrate as the culture medium. In contrast, S. 314 

almeriensis performed at its maximal capacity when using wastewater and treated wastewater as the culture 315 

medium. 316 

The same scenarios were used to simulate the nutrient yield coefficients as a function of the nitrogen and 317 

phosphorus contained in the culture media (Figure 6B). The results show that S. almeriensis consumed 318 

from 0.003 to 0.085 gN·gbiomass
-1, with maximal values being obtained when using wastewater and standard 319 

culture media, whereas both were reduced when excess or limiting concentrations of nitrogen were 320 

provided. The same behaviour was observed for the phosphorous yield coefficients, which varied from 321 

0.001 to 0.014 gP·gbiomass
-1, with maximal values also being obtained when using wastewater and standard 322 

culture medium.  323 

Due to the diverse nutrient availability in the different culture media and the above-described variation in 324 

the yield coefficients as a function of nutrient availability, to calculate how much biomass can be produced 325 

per litre of culture medium for the different culture media is an interesting parameter (Figure 6C). This 326 

analysis can be performed considering either N or P as the limiting nutrient, thus allowing us to identify 327 

which is the limiting factor when using the different culture media. The data shows that when using manure, 328 
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up to 14.3 g of biomass can be produced per litre of manure, this production capacity being limited by the 329 

nitrogen concentration in the effluent, with the phosphorous content producing up to 22.7 g of biomass per 330 

litre. This biomass production capacity per litre of effluent was less for the other culture media. In the case 331 

of centrate, the maximal biomass production capacity was 2.9 g of biomass per litre, with nitrogen as the 332 

limiting nutrient. When using wastewater, the maximal biomass production capacity was 0.6 g of biomass 333 

per litre, again with the nitrogen concentration as the limiting factor. Also, phosphorous is the limiting 334 

nutrients when treated wastewater is used as a culture medium, , so it is theoretically possible to produce 335 

0.7 and 1.3  g of biomass per litre using treated wastewater with the maximum nutrient concentration for 336 

safe disposal and treated wastewater complying to the new limits, respectively.  337 

Discussion 338 

Nitrate is the most convectional source of nitrogen used in microalgae cultures. In large-scale production 339 

systems, it is supplied in excess to avoid nutrient limitation (above 1000 mgNitrate·L-1, which corresponds 340 

to 225 mgN·L-1) (Acién et al. 2012). In the case of wastewaters, nitrogen mainly comes in the form of 341 

ammonium, with only minor concentrations of nitrate are detected when nitrification takes place, and 342 

always below 220 mgNitrate·L-1 (approximately 50 mgN·L-1). To study the influence of nitrate 343 

concentration on Scenedesmus almeriensis performance, concentrations ranging from 0 to 200 mgN·L-1 344 

were assayed, which correspond to a nitrate range from 0 to 900 mgNitrate·L-1. By fitting experimental 345 

data to the Haldane equation, the nitrogen half-saturation constant (KS,N-NO3
- = 2.77 mgN-NO3

-·L-1) and the 346 

inhibition parameter constant (KI, N-NO3
-= 279 mgN-NO3

-·L-1) were determined. The nitrogen half saturation 347 

constant described for different Scenedesmus strains varies widely. An early kinetic model of Scenedesmus 348 

dimosphus growth and nutrient uptake, proposed a nitrogen half-saturation constant of 0.018 mgN·L-1 using 349 

nitrate as the nitrogen source (Kunikane and Kaneko 1984), which is considerably less than that proposed 350 

in this work (KS,N-NO3
- =2.77 mg· N-NO3

-·L-1). In addition, recent research indicates the same variability 351 

with respect to the nutrient kinetic parameters. For instance, the nitrogen half-saturation constant obtained 352 

when Scenedesmus sp. is cultivated at different nitrate concentrations was 11.8 mgN·L-1. Furthermore, the 353 

authors did not observe microalgae growth inhibition as high nitrate concentration. However, it is important 354 

to note that no more than 25 mgN·L-1  was tested (Xin et al. 2010). Another previous work in which the 355 

nitrogen half-saturation constant was determined in an airlift-raceway reactor, using both Scenedesmus sp. 356 

and Nannochloropsis salina, showed a nitrogen half-saturation constant of 0.2 mgN·L-1  (Ketheesan and 357 

Nirmalakhandan 2013). Therefore, comparing the saturation coefficients collected in the bibliography 358 
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together with the parameters determined in this study is especially difficult, since in each case a specific 359 

methodology (respirometric or through traditional tests), different nutrients and study times are applied. 360 

Concerning the respiration rate, the characteristic parameter values obtained were: KR, N-NO3
- = 1.02 mgN-361 

NO3
-·L-1 and KI,R,N-NO3

-= 279 mg N-NO3
-·L-1. The results show that the selected microalgae only need low 362 

nitrogen concentrations to perform the photosynthesis and respiration properly.  363 

Regarding the influence of N-NH4
+, this is the most frequent nitrogen source in wastewater, with 364 

concentrations ranging from 0 to 130 mg N-NH4
+·L-1. It has been widely reported that N-NH4

+ reduces the 365 

performance of microalgae cultures, especially at concentrations above 100 mgN·L-1 (approximately 130 366 

mg N-NH4
+·L-1) (Cabanelas et al. 2013). The results showed both the net photosynthesis rate and the net 367 

respiration rate increased along with the N-NH4
+ concentration until a value of 10-20 mg N-NH4

+ ·L-1 was 368 

reached; above this value, both the net photosynthesis rate and the net respiration rate decreased. These 369 

experimental data were fitted using the Haldane equation, in which the characteristic parameter values for 370 

the net photosynthesis rate (PO2) were determined (KS,N-NH4
+ = 1.54 mgN-NH4

+ ·L-1 and KI, N-NH4
+ = 571 371 

mgN-NH4
+). Moreover, the kinetic parameters for the respiration rate (RO2) were KR, N-NH4

+= 0.65 mgN-372 

NH4
+·L-1 and KI,R, N-NH4

+= 205 mgN-NH4
+·L-1. Despite the scarcity of nutrient half saturation constants 373 

obtained by respirometric tests, these results are comparable with a previous work in which the ammonia 374 

half-saturation constant for the Chlorophyta microalgae Chlorella protothecoides was determined (KS, 375 

NH4
+= 14.23 mgN-NH4

+·L-1  (Sforza et al. 2019). The ammonia saturation coefficient described for 376 

Chlorella protothecoides, which was obtained using a similar respirometric protocol, was higher than for 377 

the same parameter in S. almeriensis. Furthermore, the respirometric experiments with Chlorella 378 

protothecoides did not show ammonia inhibition. However, the tests were performed in the 0-40 mgN-379 

NH4
+·L-1 range, which is significantly lower than the range tested here with S. almeriensis. The tests 380 

described in this work reached fairly high ammonia concentrations, which might explain the photosynthetic 381 

inhibitory effect. Rossi et al. (2020) used photo-respirometric tests to determine the EC50,NH3, which 382 

represents the free ammonia concentration causing a 50% inhibition of photosynthetic activity in a 383 

microalgae monoculture. They evaluated two Scenedesmus strains, S.quadricuada and S.obliquus, which 384 

showed an EC50,NH3  of 77.7 and 52.6 mgNH3·L-1, respectively (Rossi et al. 2020). At these concentrations, 385 

S. almeriensis showed a reduction in net photosynthesis of 20% and 10%, respectively, lower than that 386 

described for the other strains. However, the exposure time for S. quadricuada and S. obliquus was longer 387 

than that for S. almeriensis, which might have affected the results.  388 
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Apart from respirometric experiments, previous works have evaluated the influence of ammonia 389 

concentration on microalgae growth. These experiments founded that specific microalgae growth rate 390 

values showed no obvious differences to those in which the ammonia concentration was below 15-20 mgN-391 

NH4
+·L-1. However, when the free ammonia increased above 30-40 mgN-NH4

+·L-1, the specific growth rate 392 

decreased. Compared to the optimal growth rate, the specific growth rate decreased by more than 50% and 393 

80% when the free ammonia concentration increased to 30-40 mgN-NH4
+·L-1 and 50-60 mgN-NH4

+·L-1, 394 

respectively (Tan et al. 2016). These results showed an inhibitory effect at lower concentrations than those 395 

proposed in this work. Thus, it is essential to point out that the inhibitory effects seen in the short 396 

respirometric test could be aggravated if the test were longer.  397 

As the data reported here show, S. almeriensis microalgae photosynthesize properly whether ammonium 398 

(or ammonia; note that they are in chemical equilibrium) or nitrate is used as the nitrogen source. The lab-399 

scale experiments developed in this work have been performed using pure S. almeriensis cultures in which 400 

nitrate and ammonium have been tested separately. However, when microalgae are used to treat wastewater, 401 

both nitrate and ammonium appear as contaminants. To improve the microalgae wastewater treatment 402 

models, they should take into account that ammonium is generally preferred when both ammonium and 403 

nitrate are present (Mengesha et al. 1999; Solimeno et al. 2015).  404 

Regarding phosphorus, this appears in the natural environment and wastewater in many forms such as 405 

orthophosphate (containing one phosphate unit), polyphosphate, pyrophosphate, metaphosphate, and their 406 

organic complexes. However, the main form from which microalgae acquire phosphorus is inorganic 407 

phosphate P-PO4
3- (orthophosphate) (Procházková et al. 2014; Khanzada 2020). Thus, most of the culture 408 

media reported for microalgae production contain phosphate in phosphorous form. The phosphorous 409 

concentration in regular microalgae culture media is much lower than the nitrogen concentration (up to ten 410 

times lower) whereas in some culture media, such as Arnon, it is even higher. In wastewater, the usual 411 

phosphorous concentration is much lower than the nitrogen concentration, with values ranging from 0 to 412 

20 mg P-PO4
3-·L-1 (Acién et al. 2016). Wastewaters coming from the mineral fertilizer industry can also 413 

contain high phosphorous concentrations, from 13–60 mg P-PO4
3-·L-1 (Moreno Osorio et al. 2019). In this 414 

work, the experiments were performed at 120 mg PO4
3-·L-1, which corresponds to 40 mg P-PO4

3-·L-1. The 415 

characteristic parameter values for the net photosynthesis rate and the net respiration rate related to the 416 

phosphorous concentration were KS,P-PO4 = 0.43 mg P-PO4
3-·L-1 and KR, P-PO4 = 0.35 mg P-PO4

3-·L-1 . 417 
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The phosphorous half-saturation constant obtained in the respirometric tests closely corresponds to the 418 

value obtained for of Scenedesmus sp. grown in batch mode in culture media modified with different 419 

phosphorous concentrations (KS, P-PO4 = 0.28 mg P-PO4
3-·L-1) (Xin et al. 2010). However, these values are 420 

higher than those reported for Scenedesmus obliquus, which was studied in a mineral medium at different 421 

phosphorous and temperature values. The phosphorous half-saturation constant described ranged from 0.2 422 

to 1.33 µM, which corresponds to 0.006 to 0.04 mg P-PO4
3-·L-1 (Martínez et al. 1999). In addition, these 423 

authors reported growth inhibition at high phosphorous concentrations, which was not observed in this 424 

study. Despite most of the references revealing low phosphorous half-saturation coefficient values, a similar 425 

photo-respirometric work with Chlorella protothecoides showed a phosphorous half-saturation coefficient 426 

of 1.8 mg P-PO4
3-·L-1. In short experiments, which take a few minutes, the observed effect of phosphorus 427 

on increased microalgae photosynthesis is due to phosphorous incorporation into the microalgal biomass, 428 

which could be used for metabolism (Sforza et al. 2019). 429 

In respect of the yield coefficients; that is to say, how much of the nutrients are consumed from the culture 430 

medium per mass unit of already-produced biomass. Experiments were performed under the same 431 

concentration ranges as before, to determine if nutrient concentrations influence the coefficient yield values, 432 

as has previously been reported (Gómez-Serrano et al. 2015; Morales-Amaral et al. 2015). The data show 433 

that the nitrogen and phosphorous coefficient yields are not constant, being modified as a function of the 434 

nutrient’s concentration. The results show that the nitrogen and phosphorous coefficient yields increase as 435 

nitrogen or phosphorus increase in the culture medium. This variability in phosphorus uptake has already 436 

been previously described in a mixed microalgal consortium dominated by Scenedesmus at increasing 437 

phosphate concentrations. In practice, when phosphate aqueous concentration increased from 5 to 15 mgP-438 

PO4
3-·L-1, the microalgal acid soluble polyphosphate content increased up to three times (Powell et al. 439 

2009). This phenomenon, by which microalgae cells are capable of taking up and storing more nutrients in 440 

larger amounts than necessary for immediate growth, is termed “luxury uptake” (Solovchenko et al. 2019).  441 

Apart from nutrients concentration, environmental variables such as temperature or light intensity may 442 

influence on luxury uptake of phosphorus by microalgae too (Powell et al. 2008). 443 

Modelling this phenomenon is complex, since if the trend of the experimental data is considered, one might 444 

think that a certain inhibition appears in the yield coefficients. However, it would not be an inhibition, but 445 

the data show a variability in the value of the yield coefficients due to its relationship with the concentration 446 

of nitrogen and phosphorus in the medium. Regarding nitrogen, the coefficients values obtained ranged 447 



18 

 

from 0.02 to 0.09 gN-NO3
-·gbiomass

-1, which were in the same range as applied by Reichert et al. (2001) their 448 

mathematical models, with 0.065 gN·gCOD-ALG
-1 (Reichert and Vanrolleghem, 2001). Concerning the 449 

phosphorus, there are fewer references available in the literature related with phosphorus consumption by 450 

microalgae. The results showed that the phosphorous yield coefficient ranged from 0.004 to 0.014 gP-PO4
3-451 

·gbiomass
-1 at the phosphorous concentrations tested. Within this range, most of the previously described 452 

values in wastewater treatment appear (Reichert and Vanrolleghem 2001; Solimeno et al. 2017).   453 

As previously explained for the kinetic parameters regarding the influence of nitrogen and phosphorous 454 

availability on the photosynthesis rate, the information found in the literature on the nitrogen and 455 

phosphorous coefficient yields is also highly variable. This may be due to the wide variety of microalgae 456 

strains and culture conditions tested. On the other hand, both the specific strain requirements and the 457 

methodology applied are complex and diverse.  458 

Because the performance of the photosynthetic process is a function of both nitrogen and phosphorous 459 

availability, the performed simulations showed the photosynthesis rate of S. almeriensis decreased sharply 460 

when using manure or centrate as the culture medium. When using this strain to treat these effluents, great 461 

attention must be given to the effluent dosage in the reactor. In contrast, S. almeriensis performed at its 462 

maximal capacity when using wastewater and treated wastewater as the culture medium, making this 463 

strains’ application highly recommendable for wastewater treatment processes. The variation in the 464 

photosynthesis rate of S. almeriensis at different nutrients concentrations must be taken into account due to 465 

its influence on the oxygen production rate and related dissolved oxygen concentration, which determine 466 

the required mass transfer capacity and the overall design of the reactor.  467 

Furthermore, an analysis was performed to determine how much biomass can be produced per litre of 468 

culture medium using the yield coefficients determined previously and the culture media proposed.  The 469 

data showed that when using manure, up to 14.3 g of biomass can be produced per litre of manure 470 

considering the nitrogen concentration in the effluent and up to 22.7 g of biomass can be produced with the 471 

phosphorous content. Related to the other culture media such as centrate, it is possible to achieve 2.9 g of 472 

biomass per litre with nitrogen as the limiting nutrient. The use of wastewater with high contents in nitrogen 473 

as an ammonium form (manure or centrate), making it necessary to dilute this effluent prior to use as the 474 

culture medium inside the reactor to prevent to avoid inhibition caused by an excess of ammonium or others 475 

micropollutants, such as heavy metals, and because the colour they have prevent light penetration (Acién 476 
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et al. 2016; García et al. 2017). For that, knowing the exact composition of the wastewater to be treated is 477 

mandatory for an optimal treatment process and biomass production, not only to avoid inhibition processes 478 

but also to determine if additional carbon, nitrogen, or phosphorus need to be added when a low nutrient 479 

concentration appear. When using standard culture medium was phosphorus the limiting factor, but this 480 

could easily be corrected for by modifying its input into the culture medium, whereas modifying the effluent 481 

composition is a far more difficult matter. Also, phosphorous is the limiting nutrients when treated 482 

wastewater is used as a culture medium, being possible to produce 0.7 and 1.3  g of biomass per litre using 483 

treated wastewater with the maximum nutrient concentration for safe disposal and treated wastewater 484 

complying to the new limits, respectively.  485 

In summary, rresults demonstrated that the photosynthesis rate and the respiration rate of Scenedesmus 486 

almeriensis vary as a function of nutrient availability (N-NO3
-, N-NH4

+ and P-PO4
3-). Regarding nitrogen, 487 

both in the form of N-NO3
- and N-NH4

+, a similar trend was observed with inhibition taking place at high 488 

concentrations, whereas no inhibition by phosphorous was observed. Regarding the nutrient yield 489 

coefficients, data show that the luxury uptake phenomenon appears at increasing nutrient concentrations, 490 

while above a limit, the nutrient yield coefficients remain constant. Both the photosynthesis/respiration 491 

rates and the nutrient yield coefficients have been modelled as a function of nutrient availability in the 492 

medium. To the best of our knowledge, this is the first time that such models have been proposed, including 493 

the luxury uptake phenomenon in microalgae cultures. These results highlight the importance of the 494 

concentration of nutrients in the microalgae culture, which is a decisive factor together with operational 495 

factors such as the pH of the culture or the temperature. With the aim of working in the most optimal 496 

conditions possible since it is crucial to achieve the maximum performance in microalgae cultures. These 497 

models must be considered in microalgae-related systems in order to optimize them, whether using 498 

inorganic fertilizers or wastewater. In the former, it is necessary to optimize the culture medium 499 

composition according to the system performance and nutrient demand. In the latter, the challenge is to 500 

determine the optimal conditions for maximizing the nutrient removal and biomass production capacity 501 

because the wastewater composition cannot be modified.  502 
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 674 

Figure legends: 675 

Figure 1. Typical result of a respirometric test. Dark and light phases are reported together with the addition 676 

of air to recover 100% dissolved oxygen. 677 

 678 

Figure 2. Influence of nitrogen in form of nitrate on the normalized photosynthesis rate of S. almeriensis 679 

(A) and on the normalized respiration rate of S. almeriensis (B). Lines correspond to the fit of the 680 

proposed models (Equation 6, Equation 7). 681 

 682 

Figure 3. Influence of nitrogen in form of ammonium on the normalized photosynthesis rate of S. 683 

almeriensis (A) and on the normalized respiration rate of S. almeriensis (B). Lines correspond to the 684 

fit of the proposed models (Equation 8, Equation 9). 685 

 686 

Figure 4. Influence of phosphorus on the normalized photosynthesis rate of S. almeriensis (A) and on the 687 

normalized respiration rate of S. almeriensis (B). Lines correspond to the fit of the proposed models 688 

(Equation 10). 689 

 690 

Figure 5. Nutrient yield coefficients of S. almeriensis: Nitrogen yield coefficient (A); Phosphorous yield 691 

coefficient (B). Lines correspond to the fit of the proposed models (Eq. (11), Eq. (12)). 692 

Figure 6. Simulations of the nitrogen and phosphorous effect in different culture media on the normalized 693 

photosynthesis rate (A), the nutrient yield coefficient (B), and biomass production (C).694 
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Table 1. Average composition of the modified Arnon medium. Concentrations expressed as mg·L−1.  

Parameters 
Arnon 

pH 7.5±0.2 

COD 16.0±1.2 

Sulphate 6.3±0.8 

Nitrogen-Nitrate 140.0±4.5 

Chloride 78.9±2.1 

Sodium 276.1±7.9 

Potassium 325.1±6.3 

Calcium 364.9±5.5 

Magnesium 12.2±0.6 

Phosphorus-Phosphate 39.3±3.1 

Nitrogen-Ammonium 0.0±0.1 

Iron 5.0±0.3 

Copper 0.02±0.0 

Manganese 0.5±0.02 

Zinc 0.06±0.01 

Boron 0.4±0.03 

TC 52.4±4.9 

TN 140.0±4.5 

TP 39.3±3.1 

Values correspond to the mean ± SD 
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Table 2.- Values for the proposed model’s parameter characteristics and confidence intervals. 

Nitrate models Ammonium models Phosphate models 

Parameter Value Units Parameter Value Units Parameter Value Units 

KS,N-NO3
- 2.77±0.28 mgN-NO3

-·L-1 KS,N-NH4
+ 1.54±0.15 mgN-NH4

+·L-1 KS, P-PO4 0.43±0.06 mg P-PO4
3-·L-1 

KI,N-NO3
- 386.6±42.5 mgN-NO3

-·L-1 KI,N-NH4
+ 571±49.2 mgN-NH4

+·L-1 KR, P-PO4 0.35±0.03 mg P-PO4
3-·L-1 

KR,N-NO3
- 1.02±0.12 mgN-NO3

-·L-1 KR,N-NH4
+ 0.65±0.08 mgN-NH4

+·L-1    

KI,R,N-NO3
- 279±25.4     mgN-NO3

-·L-1 KI,R,N-NH4
+ 205±21.3 mgN-NH4

+·L-1    
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Table 3.- Values for nitrogen and phosphorous yield and confidence intervals. 

Nitrogen Yield Model Phosphorous Yield Model 

Parameter Value Units Parameter Value Units 

YgN/gbiomass, max 0.07±0.008 g N-NO3
-·gbiomass

-1 YgP/gbiomass, max 0.011±0.001 gP-PO4
3-·gbiomass

-1 

KS, YN 25±2.7 
mg N-NO3

-·L-1 
KS, YP 3.2±0.34 

mg P-PO4
3-··L-1 

m 2±0.2 
- 

m 2.14±0.22 
- 

Nmax 80±7.2 
mg N-NO3

-·L-1 
Pmax 22±2.3 

mg P-PO4
3-·L-1 

Nmin 10±0.9 
mg N-NO3

-·L-1 
Pmin 2±0.3 

mg P-PO4
3-··L-1 

Nopt 55±4.9 
mg N-NO3

-·L-1 
Popt 15±1.7 

mg P-PO4
3-··L-1 
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Fig 4. 
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Fig 5.  
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 Fig 6.  
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