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SI.1 Pilot-scale raceway layout 21 

A) 

 

B) 

 

Figure SI.1.1. Scheme of the pilot-scale HRABP setup (A); picture of the pilot-scale HRABP (B).   22 
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SI.2 Evaluation of experimental measurements uncertainty 23 

 24 

The standard deviation was estimated from the variation coefficient presented in Table SI.1.1. 25 

For measurements lower than a threshold  the standard deviation is assumed to be 26 

constant.  27 

 28 
Table SI.2.1. Measurement uncertainty modelling: standard deviation as a function of the mean value . 29 

  Threshold Standard deviation 

Measurement Unit      

DO mgO2.L-1 - - 5%  

pH - - - 2%  

sCOD mgCOD L-1 5 1 20%  

CODALG mgCOD L-1 5 1 20%  

P-PO4
3- mgP L-1 5 1 20%  

TAN mgN L-1 5 1 20%  

N-NO3
- mgN L-1 5 1 20%  

N-NO2 mgN L-1 5 1 20%  

     

 30 

  31 
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SI.3 Correlation between optical density (680 nm) and TSS concentration 32 

 33 

To determine the experimental algal biomass concentration, expressed in COD (XALG_meas in 34 

Fig.2C), the correlation factor among the OD680 and the TSS concentration was evaluated 35 

(Fig. SI 2.1), first multiplying the value of each TSS measurement for the conversion factor of 36 

1.57 gCOD gBMALG
-1 (from the stoichiometry) and for the ratio 0.87 gVSS gTSS-1 (from 37 

experimental measurements). Thus, it was assumed that all the VSS were made of algal 38 

biomass. This hypothesis was done since experimental data of biomass fractionation in the 39 

raceway were not available. The model showed that the simulated algal biomass fraction was 40 

90.2% of the total active biomass, on average (including bacteria, see Fig.SI.6.1 A).  41 

 42 

 43 
Figure SI.3.1. Correlation between the optical density at 680 nm (OD680) and the algal biomass concentration 44 

(XALG, g COD m-3) for the Milan case study. 45 
 46 

  47 
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SI.4 Weather dataset 48 

 49 

A) 

 

B) 

 

C) 

 

D) 

 

E) 
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F) 

 

G) 

 
Figure SI.4.1. Weather dataset used for simulations: irradiance (A), air temperature (B), relative humidity (C), 50 
wind speed (D), pond temperature (E), evaporation rate (F), precipitation (G). 51 

  52 
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SI.5 Temperature effect on oxygen profile 53 
 54 

Simulations were run to better understand the role played by temperature variations on the 55 

daily DO profile (Fig. SI.4.1). In addition to the results obtained running the model with the 56 

simulated temperature, simulations were run at the constant temperatures of 26 °C and 6°C 57 

(average temperature measured in summer and winter respectively). It can be clearly seen 58 

that the DO predictions obtained without accounting for temperature variations are not able to 59 

catch these dynamics. Indeed, only in the case where temperature affects DO solubility, the 60 

positive slope of the DO curve observed during the night can be effectively reproduced, while 61 

in all other cases, the DO curve is flat, or characterized by a negative slope. 62 

 63 

 
 64 

Figure SI.5.1. Temperature effect on dissolved oxygen daily dynamics: comparison between measured DO 65 
(black dotted line), simulated DO profiles under real dynamic temperature conditions (red line), constant 66 
temperature at 26°C (orange line), constant temperature at 6°C (blue line).   67 

 68 

  69 
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SI.6 Biomass fractionation 70 

 71 

The biomass fractionation in the system, expressed in percentage, has been computed. In the 72 

present case study (Milan, I), where the 1 m3 raceway was fed with diluted swine centrate, the 73 

system was mainly autotrophic, due to the influent characteristics (high N,P concentration and 74 

COD mainly recalcitrant) and the pH-control with CO2 injection.  75 

On the contrary, in the experimentation carried out in Casagli et al.1 (Narbonne, FR), with 17 76 

m3 raceway fed with synthetic medium (simulating a municipal wastewater) the resulting 77 

biomass fractionations highlighted that  heterotrophic bacteria were colonizing the system, 78 

together with algae, while nitrifiers constituted just the 1.44 % of the total biomass in average. 79 

Influent characteristics (high biodegradable organic matter) and no pH control active (source 80 

of additional inorganic carbon in the system), are the main responsible of the very low fraction 81 

of nitrifiers developed.  82 

 83 

A) 

 

B) 

 

Figure SI.6.1. Biomass fractionation in percentage simulated by the model, divided among algae, heterotrophic 84 
bacteria and nitrifying bacteria (AOB+NOB). A): Milan case study, swine diluted centrate as influent. B): 85 
Narbonne case study, synthetic wastewater (reproducing a municipal one). 86 

  87 
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SI.7 Temperature sub-model: calibration and validation 88 

A simple autoregressive model was developed to predict the temperature in the water 89 

(TPOND(t)) at time t from the measurement of the temperature in the air  ∙TAIR(t) at the same time 90 

t and from the temperature in the air at time t-,  ∙TAIR(t-), where  is a time delay. A linear 91 

regression was computed for a range of delays , and the delay providing the best regression 92 

(for =4 hours) was finally selected. 93 

The best regression was associated to R2=0.98, given by: 94 

TPOND(t)=0.46 ∙TAIR(t)+0.49 ∙TAIR(t-4)+2.18 95 

TAIR(t-4) is the air temperature measured 4 hours before the time t. 96 

Figure SI.7.1. Measured and predicted pond temperature (R2=0.98); the black line represents the measured 97 
pond temperature; the light green line  represents the simulated pond temperature.98 



S9 
 

SI.8 pH control implementation 99 

The pH control system was implemented in the ALBA model1 as reported below (Eq. SI.8.1): 100 

RatepHcontrol
[gC m-3d

-1
]={

 ΔpH∙θ
T-20

∙kLa∙ (
DCO2

DO2

)

0.5

∙(HCO2(T)∙p
CO2

-CO2)        ΔpH>0

 0                                                                                     ΔpH≤0

 101 

where: 102 

ΔpH= (pHs-pHtMAX) is the difference between the simulated pH and the value set as maximun 103 

threshold reachable in the system for which the injection of CO2 does not start. 104 

DCO2 and DO2 are the diffusion coefficients of CO2 and O2 respectively [m2 s-1]; kLa is the mass 105 

transfer coefficient [d-1]; HCO2(T) is the Henry constant for CO2 with temperature correction 106 

[gC-CO2 m-3 d-1 atm-1]; pCO2 is the partial pressure of CO2 (set as 1 atm, since during the 107 

experimentation pure CO2 was injected for controlling pH); CO2 represents the concentration 108 

in the bulk volume [gC-CO2 m-3]; θ is the temperature correction factor for the mass transfer 109 

coefficient kLa.  110 

In practice, the pH-control is modelled in a similar way as the CO2 gas-liquid exchange with 111 

atmosphere but considering a different pressure of the gas and proportionally to the 112 

difference between  pH in the raceway and the maximum pH allowed in the pond. 113 

 114 

 115 

 116 

 117 

 118 

 119 

 120 

  121 
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SI.9 Alkalinity 122 

 123 

Total Alkalinity (TA) was computed according to Dickson2 and Wolf-Gladrow et al.3 as 124 

reported below (Eq. SI.9.1): 125 

 126 

TA  =  HCO3
- + 2CO3

2- + H2PO4
- + HPO4

2- + 2PO4
3- + OH- + NH3  – H+ – HNO2 – HNO3 – H3PO4 SI.9.1 

 127 

The digestate can present significant concentrations of volatile fatty acids (VFA - acetate, 128 

butyrate, propionate and valerate) and hydrogen sulphide. In this case, the Total Alkalinity 129 

formula should account also for them, as reported below (Eq. SI.9.2): 130 

 131 

TA  =  HCO3
- + 2CO3

2- + H2PO4
- + HPO4

2- + 2PO4
3- + OH- + NH3 + C2H3OO- + C4H7OO- + C3H5OO- + 

C5H9OO- + HS- + 2S2- – H+ – HNO2 – HNO3 – H3PO4 
SI.9.2 

 132 

Dynamic simulations (see Fig.2) were first run at pH controlled with CO2 injection at a setpoint 133 

of 7.5, well known for guarantying not limiting CO2 conditions for algae and nitrifiers growth. 134 

However, the model revealed dissolved inorganic carbon limitation conditions, as shown in 135 

Fig. SI.9.1 (line S_IC). Indeed, a close look at alkalinity (Fig. SI.9.1, line TA) highlights a 136 

regular drop, due to both the exhaustion of ammonium and the production of nitrate and 137 

nitrite (see Fig. 2A and 2B) . The resulting very low alkalinity does not allow to store 138 

bicarbonate in solution. More generally, the level of dissolved inorganic carbon remains 139 

definitely limiting and therefore a strong competition for inorganic carbon between algae and 140 

nitrifiers occurs.  141 

Additional simulations were run increasing the influent alkalinity concentration of 10 mol m-3 142 

(TA_2), 15 mol m-3 (TA_2.5) and 20 mol m-3 (TA_3), tuning the variable ΔCAT,AN_IN (by 143 

multiplying it  by a factor of 2, 2.5 and 3) to reproduce this effect and maintaining a regulated 144 
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pH at 7.5. Results are shown in Fig. SI.9.1, in terms of TA concentration (mol m-3) and the 145 

corresponding S_IC concentration (mgC L-1). It is evident that increasing the influent alkalinity 146 

allows to store considerably higher concentration of dissolved inorganic carbon, solving issues 147 

as the competition between algae and nitrifiers and the favourable conditions for N2O 148 

production and emission.  149 

A) 

 

B) 

 
Figure SI.9.1. Dynamic simulations of alkalinity (left axis) and inorganic carbon (S_IC, right axis) at different 150 
influent alkalinity concentrations: A) Reference case (S1); B) simulations at influent alkalinity increased by 10, 15 151 
and 20 mol m-3, respectively. The alkalinity is computed as in Eq. SI.9.1. 152 
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 SI.10 Scenarios analysis results  153 

Table SI.10.1. Simulation results describing the system performances in spring. 154 

RESULTS: SPRING 

Parameter 

tested 
HRT pH kLa X_ALG_prod 

APPARENT 

SNH_REM_RATE 

ACTUAL 

SNH_REM_RATE 

SPO4 

REM_RATE 

CO2 

TRAN_RATE(**) 
S_IC 

NH3 

TRAN_RATE 
N2O_f Scenario 

- [d] [-] [d-1] [gTSS m-2 d-1] [gN-TAN m-2d-1] [gN-TAN m-2d-1] [gP-PO4
3- m-2d-1] [gC-CO2 m-3d-1] [gC m-3] [gN-NH3 m-2 d-1] [%] n° 

kLa, HRT 
10 7.5 34 12.28 6.91 5.74 0.18 -1.63 1.67 -1.18 56 1 

10 7.5 0.5 13.38 7.04 7.04 0.20 1.63 8.69 -0.01 27 2 

HRT 

2 7.5 34 22.09 20.08 1.75 0.29 24.55 256.48 -18.33 0 3 

2 7 34 21.60 10.31 1.69 0.28 74.52 360.02 -8.62 0 3.1 

2 6.5 34 21.13 4.83 1.64 0.28 122.84 459.43 -3.18 0 3.2 

5 7.5 34 18.34 13.13 11.41 0.27 -17.97 3.4 -1.72 45 4 

5 7.5 0.5 19.49 11.24 11.19 0.27 -2.43 76.8 -0.05 0 4.1 

15 7.5 34 8.87 4.73 3.86 0.13 0.83 1.39 -0.86 60 5 

20 7.5 34 6.56 3.60 2.90 0.10 0.79 1.28 -0.70 61 6 

pH 

5 6.5 34 17.37 12.28 12.28 0.26 -20.31 2.94 0.00 46 7 

5 7 34 18.02 12.29 12.29 0.27 -19.09 2.91 0.00 47 8 

5 8 34 18.03 14.42 9.94 0.26 -19.57 4.22 -4.49 41 9 

5 NC 34 15.47 15.10 8.94 0.22 -24.79 4.75 -6.16 39 10 

TA(*) 5 7.5 34 18.83 16.29 16.29 0.29 8.37 132.13 0.00 0 11 

pH 

10 6.5 34 12.29 6.33 6.33 0.18 -2.22 1.44 0.00 63 12 

10 7 34 12.51 6.34 6.34 0.18 -1.54 1.50 0.00 60 13 

10 8 34 11.42 7.58 4.97 0.17 -4.38 1.99 -2.61 53 14 

10 NC 34 6.92 7.91 4.18 0.10 -14.05 2.06 -3.73 54 15 

(*)TA=Total Alkalinity. In this scenario, the concentration of TA (expressed in mol m-3) in the influent was increased by 20 mol m-3.  
(**)The CO2 transfer rate is expressed for unit of volume. To obtain the surface transfer rate, it’ sufficient to divide the value for the raceway surface (3.8 m2), since the reactor 

volume was 1 m3. 

  155 



S13 
 

Table SI.10.2. Simulation results describing the system performances in summer. 156 

RESULTS: SUMMER 

Effect tested HRT pH kLa 
X_ALG 

prod 

APPARENT 

SNH_REM_RATE 

ACTUAL 

SNH_REM_RATE 

SPO4 

REM_RATE 

CO2 

TRAN_RATE(**) 
S_IC 

NH3 

TRAN_RATE 
N2O_f Scenario 

- [d] [-] 
[d-

1] 
[gTSS m-2 d-1] [gN-TAN m-2d-1] [gN-TAN m-2d-1] [gP-PO4

3- m-2d-1] 
[gC-CO2 m-3d-

1] 
[gC m-3] [gN-NH3 m-2 d-1] [%] n° 

kLa, HRT 

(C, N, O partitioning)  

10 7.5 34 11.70 7.22 5.44 0.17 -2.3 2.1 -1.78 54 1 

10 7.5 0.5 13.11 7.04 7.01 0.20 1.8 9.3 -0.03 23 2 

HRT 

2 7.5 34 21.05 24.26 1.67 0.27 7.69 227.47 -22.59 0 3 

2 7 34 20.43 14.33 1.60 0.26 56.01 328.68 -12.72 0 3.1 

2 6.5 34 19.85 8.00 1.55 0.26 104.27 428.71 -6.45 0 3.2 

5 7.5 34 17.26 13.61 10.76 0.25 -20.05 4.1 -2.85 42 4 

5 7.5 0.5 11.55 6.67 6.51 0.15 8.27 224 -0.16 0 4.1 

15 7.5 34 8.38 4.93 3.69 0.13 0.63 1.70 -1.24 56 5 

20 7.5 34 6.15 3.76 2.80 0.10 0.90 1.57 -0.95 58 6 

pH 

5 6.5 34 16.24 12.24 12.24 0.24 -22.09 4.05 0.00 32 7 

5 7 34 16.90 12.42 12.08 0.25 -20.94 3.37 -0.34 46 8 

5 7 34 17.40 37.96 27.36 0.24 -110.01 144.81 -10.61 0 8.1 

5 8 34 17.13 14.84 9.35 0.24 -20.74 5.44 -5.49 36 9 

5 NC 34 15.98 15.15 8.90 0.22 -23.17 5.80 -6.25 35 10 

TA 5 7.5 34 17.54 16.25 16.25 0.27 5.89 133.16 0.00 0 11 

pH 

10 6.5 34 11.45 6.33 6.33 0.17 -3.33 1.47 0.00 65 12 

10 7 34 11.70 6.46 6.21 0.17 -2.63 1.61 -0.25 58 13 

10 8 34 11.42 7.75 4.85 0.17 -3.25 2.61 -2.90 50 14 

10 NC 34 7.06 8.08 4.04 0.10 -13.26 2.88 -4.05 51 15 

(*)TA=Total Alkalinity. In this scenario, the concentration of TA (expressed in mol m-3) in the influent was increased by 20 mol m-3. 
(**)The CO2 transfer rate is expressed for unit of volume. To obtain the surface transfer rate, it’ sufficient to divide the value for the raceway surface (3.8 m2), since the reactor 

volume was 1 m3. 
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Table SI.10.3. Simulation results describing the system performances in autumn. 158 

RESULTS: AUTUMN 

Effect tested HRT pH kLa 
X_ALG 

prod 

APPARENT 

SNH_REM_RATE 

ACTUAL 

SNH_REM_RATE 

SPO4 

REM_EFF 

CO2 

TRAN_RATE(**) 
S_IC 

NH3 

TRAN_RATE 
N2O_f Scenario 

- [d] [-] [d-1] [gTSS m-2 d-1] [gN-TAN m-2d-1] [gN-TAN m-2d-1] [gP-PO4
3- m-2d-1] [gC-CO2 m-3

 d-1] [gC m-3] [gN-NH3 m-2 d-1] [%] n° 

kLa, HRT 

(C, N, O partitioning)  

10 7.5 34 5.96 6.00 6.00 0.09 -15.7 1.8 0 49 1 

10 7.5 0.5 8.80 5.58 5.58 0.13 -1.70 87.10 0.00 0 2 

HRT 

2 7.5 34 7.27 8.49 0.80 0.11 37.47 335.08 -7.69 0 3 

2 8 34 7.62 19.98 0.85 0.12 -9.41 239.61 -19.14 0 3.1 

2 6.5 34 6.12 0.71 0.71 0.10 122.99 510.59 0.00 0 3.2 

5 7.5 34 8.63 11.84 11.84 0.145 -37.4 4.5 0 22 4 

5 7.5 0.5 6.21 3.09 2.94 0.08 17 315.6 -0.15 0 4.1 

15 7.5 34 4.22 4.02 4.02 0.06 -10.23 1.30 0.00 100 5 

20 7.5 34 2.97 3.01 3.01 0.04 -7.85 1.06 0.00 100 6 

pH 

5 6.5 34 8.22 11.79 11.79 0.140 -37.46 8.19 0.00 0 7 

5 7 34 8.57 11.85 11.85 0.144 -37.68 4.45 0.00 23 8 

5 8 34 8.63 11.93 11.75 0.144 -37.51 4.65 -0.18 21 9 

5 NC 34 8.63 11.93 11.75 0.144 -37.51 4.65 -0.18 21 10 

TA 5 7.5 34 9.01 16.29 16.29 0.16 -14.45 110.75 0.00 0 11 

pH 

10 6.5 34 6.32 6.03 6.03 0.10 -15.06 1.79 0.00 53 12 

10 7 34 6.33 6.02 6.02 0.10 -15.08 1.79 0.00 51 13 

10 8 34 4.98 6.45 5.46 0.08 -18.16 1.85 -0.99 42 14 

10 NC 34 4.49 6.51 5.36 0.07 -19.10 1.84 -1.15 43 15 

(*)TA=Total Alkalinity. In this scenario, the concentration of TA (expressed in mol m-3) in the influent was increased by 20 mol m-3. 
(**)The CO2 transfer rate is expressed for unit of volume. To obtain the surface transfer rate, it’ sufficient to divide the value for the raceway surface (3.8 m2), since the reactor 

volume was 1 m3. 

 159 

  160 



S15 
 

Table SI.10.4. Simulation results describing the system performances in winter. 161 

RESULTS: WINTER 

Effect tested HRT pH kLa 
X_ALG 

prod 

APPARENT 

SNH_REM_RATE 

ACTUAL 

SNH_REM_RATE 

SNH 

REM_EFF 

SPO4 

REM_EFF 

CO2 

TRAN_RATE(**) 
S_IC 

NH3 

TRAN_RATE 
N2O_f Scenario 

- [d] [-] [d-1] [gTSS m-2 d-1] [gN-TAN m-2d-1] [gN-TAN m-2d-1] [%] [gP-PO4
3- m-2d-1] 

[gC-CO2 m-3d-

1] 
[gC m-3] [gN-NH3 m-2 d-1] [%] n° 

kLa, HRT 

(C, N, O 

partitioning)  

10 7.5 34 6.44 6.01 6.01 73.56 0.10 -14.3 2.6 0 35 1 

10 7.5 0.5 7.15 3.87 3.87 47.37 0.10 6.10 202.10 0.00 0 2 

HRT 

2 7.5 34 0.00 3.31 0.39 0.96 0.03 43.97 373.69 -2.92 0 3 

2 6.5 34 0.00 0.38 0.38 0.93 0.03 123.24 532.14 0.00 0 3.1 

5 7.5 34 8.41 10.09 10.09 61.75 0.145 -26.1 62.1 0.00 0 4 

5 7.5 0.5 4.48 1.39 1.32 8.08 0.06 22.2 356.7 -0.07 0 4.1 

15 7.5 34 4.74 4.04 4.04 74.11 0.07 -8.91 1.66 0.00 64 5 

20 7.5 34 3.60 3.03 3.03 74.30 0.06 -6.32 1.31 0.00 100 6 

pH 

5 6.5 34 6.72 0.56 0.56 3.42 0.09 60.85 527.22 0.00 0 7 

5 7 34 6.83 0.58 0.58 3.53 0.09 43.18 439.77 0.00 0 8 

5 8 34 8.61 11.44 10.89 66.66 0.151 -33.11 24.10 -0.55 0 9 

5 NC 34 8.61 11.47 10.87 66.54 0.151 -33.15 23.84 -0.60 0 10 

TA 5 7.5 34 8.43 10.52 10.52 64.37 0.15 22.93 307.87 0.00   11 

pH 

10 6.5 34 6.30 6.01 6.01 73.57 0.10 -14.65 3.23 0.00 27 12 

10 7 34 6.49 6.02 6.02 73.65 0.10 -14.33 2.53 0.00 38 13 

10 8 34 6.04 6.19 5.78 70.70 0.10 -15.19 2.71 -0.42 33 14 

10 NC 34 5.42 6.46 5.44 66.64 0.09 -16.69 2.90 -1.01 32 15 

(*)TA=Total Alkalinity. In this scenario, the concentration of TA (expressed in mol m-3) in the influent was increased by 20 mol m-3. 
(**)The CO2 transfer rate is expressed for unit of volume. To obtain the surface transfer rate, it’ sufficient to divide the value for the raceway surface (3.8 m2), since the reactor 

volume was 1 m3. 
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SI.11 The ALBA model  163 

Table SI.11.1. Stoichiometric matrix of the ALBA model (Casagli et al.1). 164 
  XALG XAOB XNOB XH XS XI SS SI SIC SND SNH SNO2 SNO3 SN2 SPO4 SO2 SH2O 

component  

j → 

 gCOD 

m-3 

gCOD 

m-3 

gCOD 

m-3 

gCOD 

m-3 

gCOD 

m-3 

gCOD 

m-3 

gCOD 

m-3 

gCOD 

m-3 

gCm-3 gNm-

3 

gNm-

3 

gNm-

3 

gNm-

3 

gNm-3 gPm-3 gO2m-

3 

gHm-

3 

process i ↓                   

Algae 

1 

phototrophic 

growth on 

NH4
+ 

1     

 

  α1,9 

 

α1,11    α1,15 1 α1,17 

2 phototrophic 

growth on 

NO3
- 

1     

 

  

α2,9   

 α2,13  

α2,15 

1 

α2,17 

3 aerobic 

respiration 
-1     

 
  

α3,9 
 

α3,11 
   

α3,15 
-1 

α3,17 

4 Decay -1    α4,5 α4,6   α4,9  α4,11    α4,15   

Heterotrophic bacteria 

5 

Aerobic 

growth on 

NH4
+ 

   1   α5,7  α5,9  α5,11    α5,15 α5,16  

6 Aerobic 

growth on 

NO3
- 

   1   α6,7  α6,9    α6,13  α6,15 α6,16  

7 Aerobic 

respiration  
   -1     α7,9  α7,11    α7,15 -1  

8 Anoxic growth 

on NO3
- 

   1   α8,7  α8,9  α8,11  α8,13 α8,14 α8,15   

9 
Anoxic growth 

on NO2
-  

   1   α9,7  α9,9  α9,11 α9,12  α9,14 α9,15   

10 Anoxic 

respiration 

NO2
- and NO3

- 

   -1     α10,9  α10,11 α10,12 α10,13 α10,14 α10,15   

11 Hydrolysis of 

slowly 

biodegradable 

COD 

    -1  α11,7 α11,8 α11,9  α11,11    α11,15   

12 Hydrolysis of 

urea 
        α12,9 -1 1      α12,17 

13 Decay     -1 α13,5 α13,6   α13,9  α13,11    α13,15   

Ammonium Oxydising Bacteria 

14 Aerobic 

growth on 

NH4
+ 

 1       α14,9  α14,11 α14,12   α14,15 α14,16  

15 Aerobic 

respiration 
 -1       

α15,9  α15,11 
   

α15,15 α15,16 
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16 Decay   -1   α16,5 α16,6   α16,9  α16,11    α16,15   

Nitrite Oxydising Bacteria 

17 Aerobic 

growth on 

NO2
- 

  1      α17,9  α17,11 α17,12 α17,13  α17,15 α17,16  

18 Aerobic 

respiration 
  -1      

α18,9 
 

α18,11 
   

α18,15 α18,16 
 

19 Decay    -1  α19,5 α19,6   α19,9  α19,11    α19,15   

Equilibrium phase 

20 Dissolution  

of O2 
               1  

21 Dissolution  

of CO2 
        1         

22 Dissolution  

of NH3 
          1       

k ↓ j→ Composition matrix 

1 COD (4 → 19) 1 1 1 1 1 1 1 1 0 0 0 -3.43 -4.57 -1.71 0 -1 0 

2 O (1 → 3) iOBM,ALG iOBM iOBM iOBM iOXS iOXI iOSS iOSI 2.67 0.57 0 2.28 3.43 0 2.07 1 7.94 

3 C iCBM,ALG iCBM iCBM iCBM ICXs iCxi iCss iCsi 1 0.43 0 0 0 0 0 0 0 

4 N iNBM,ALG iNBM iNBM iNBM INXs iNxi iNss iNsi 0 1 1 1 1 1 0 0 0 

5 P iPBM,ALG iPBM iPBM iPBM IPXs iPxi iPss iPsi 0 0 0 0 0 0 1 0 0 

6 H (1 → 3) iHBM,ALG iHBM iHBM iHBM 0 0 0 0 0 0.14 0.22 0.07 0.07 0 0.10 0 1 
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Table SI.11.2. Stoichiometric coefficient values in the ALBA model (Casagli et al.1). 167 
 Symbol Definition Value Unit Source 

ALGAE - BACTERIA 

 fXI,ALG Inert organic fraction produced from microalgae decay  0.062 gCODXI gCODBM
-1

 1 

 

iC,BM
ALG Fraction of carbon in algae biomass 0.327 gC gCODBM

-1
 

1 

iN,BM
ALG Fraction of nitrogen in algae biomass 0.042 gN gCODBM

-1
 

1 

iP,BM
ALG Fraction of phosphorus in algae biomass 0.008 gP gCODBM

-1
 

1 

iO,BM
ALG Fraction of oxygen in algae biomass 0.209 gO gCODBM

-1
 

1 

iH,BM
ALG Fraction of hydrogen in algae biomass 0.050 gH gCODBM

-1
 

1 

 fSI Inert soluble organic fraction produced from hydrolysis  0.1 gCODSI gCODBM
-1

 4 

 fXI Inert organic fraction produced from bacteria decay 0.1 gCODXI gCODBM
-1

 4 

 iC,BM Fraction of carbon in bacterial biomass (nitrifiers, heterotrophs) 0.36 gC gCODBM
-1

 
1 

 iN,BM Fraction of nitrogen in bacterial biomass (nitrifiers, heterotrophs) 0.084 gN gCODBM
-1

 
1 

 iP,BM Fraction of phosphorus in bacterial biomass (nitrifiers, heterotrophs) 0.016 gP gCODBM
-1

 
1 

 iO,BM Fraction of oxygen in bacterial biomass (nitrifiers, heterotrophs) 0.184 gO gCODBM
-1

 
1 

 iH,BM Fraction of hydrogen in bacterial biomass (nitrifiers, heterotrophs) 0.043 gH gCODBM
-1

 
1 

 iC,SS Fraction of carbon in soluble organic matter (SS) 0.318 gC gCODSS
-1

 5 

 iN,SS Fraction of nitrogen in soluble organic matter (SS) 0.015 gN gCODSS
-1

 1 

 iP,SS Fraction of phosphorus in soluble organic matter (SS) 0.005 gP gCODSS
-1

 
5 

 iO,SS Fraction of oxygen in soluble organic matter (SS) 0.156 gO gCODSS
-1

 
5 

 iC,SI Fraction of carbon in soluble recalcitrant organic matter (SI) 0.36 gC gCODSI
-1

 
5 

 iN,SI Fraction of nitrogen in soluble recalcitrant organic matter (SI) 0.06 gN gCODSI
-1

 
5 

 iP,SI Fraction of phosphorus in soluble recalcitrant organic matter (SI) 0.005 gP gCODSI
-1

 
5 

 iO,SI Fraction of oxygen in soluble recalcitrant organic matter (SI) 0.15 gO gCODSI
-1

 
5 

 YH Growth yield for heterotrophic bacteria 0.63 gCODBM gCODSS
-1

 4 

 YH,NO2 Growth yield for heterotrophic bacteria, denitrification on NO2
- 0.3 gCODBM gCODSS

-1
 

5 

 YH,NO3 Growth yield for heterotrophic bacteria, denitrification on NO3
- 0.5 gCODBM gCODSS

-1
 

5 

 YAOB Growth yield factor for AOB 0.2 gCODBM gN
-1

 6 

 YNOB Growth yield for NOB 0.05 gCODBM gN
-1

 6 

 iC,ND Fraction of inorganic carbon from urea hydrolysis (SND) 0.429 gC gNurea
-1

 
1 

 iH,ND Fraction of hydrogen from urea hydrolysis (SND) 0.072 gH gNurea
-1

 
1 

 iC,XS Fraction of carbon in particulate biodegradable organic matter  0.318 gC gCODXS
-1

 5 

 iC,XI Fraction of carbon in particulate inert organic matter 0.36 gC gCODXI
-1

 7 
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 iN,XS Fraction nitrogen in particulate biodegradable organic matter 0.034 gN gCODXS
-1

 5 

 iN,XI Fraction of nitrogen in particulate inert organic matter 0.06 gN gCODXI
-1

 7 

 iP,XS Fraction of phosphorus in particulate biodegradable organic matter 0.005 gP gCODXS
-1

 5 

 iP,XI Fraction of phosphorus in particulate inert organic matter 0.01 gP gCODXI
-1

 4 

 iO,XS Fraction of oxygen in particulate biodegradable organic matter 0.156 gO gCODXS
-1

 
5 

 iO,XI Fraction of oxygen in particulate inert organic matter 0.15 gO gCODXI
-1

 
5 

 168 
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Table SI.11.3. Stoichiometric coefficient expressions in the ALBA model (Casagli et al.1). 170 

Stoichiometric coefficients 

Symbol Affected variable Expression Unit 

ρ1 - Growth of XALG on NH4
+ 

α1,1 XALG 1 gCODBM / gCODBM 

α1,9 SIC - iC,BM
ALG gC/gCODBM 

α1,11 SNH - iN,BM
ALG gN/gCODBM 

α1,15 SPO4 - iP,BM
ALG gP/gCODBM 

α1,16 SO2 
- iO,BM

ALG+(32/12) iC,BM
ALG-(24/14)iN,BM

ALG 

+(40/31) iP,BM
ALG+(8) iH,BM

ALG 

gO2/gCODBM 

α1,17 SH2O - 0.0404 gH/gCODBM 

ρ2 - Growth of XALG on NO3
- 

α2,1 XALG 1 gCODBM / gCODBM 

α2,9 SIC - iC,BM
ALG gC/gCODBM 

α2,13 SNO3 - iN,BM
ALG gN/gCODBM 

α2,15 SPO4 - iP,BM
ALG gP/gCODBM 

α2,16 SO2 
-iOBM

ALG+(32/12) iCBM
ALG+(40/14) iNBM

ALG 

+(40/31) iPBM
ALG+(8) iHBM

ALG 

gO/gCODBM 

α2,17 SH2O - 0.0464 gH/gCODBM 

ρ3 – Aerobic respiration of XALG 

α3,1 XALG -1 gCODBM / gCODBM 

α3,9 SIC iC,BM
ALG gC/gCODBM 

α3,11 SNH iN,BM
ALG gN/gCODBM 

α3,15 SPO4 iP,BM
ALG gP/gCODBM 

α3,16 SO2 
iO,BM

ALG-(32/12) iC,BM
ALG+(24/14)iN,BM

ALG 

-(40/31) iP,BM
ALG-(8) iH,BM

ALG 

gO2/gCODBM 

α3,17 SH2O 0.0404 gH/gCODBM 

ρ4 – Decay of XALG 

α4,1 XALG -1 gCODBM / gCODBM 

α4,5 XS (1-fXI,ALG) gCODXS / gCODBM 

α4,6 XI fXI,ALG  

α4,9 SIC iCBM
ALG-(1- fXI,ALG)*iCXS- fXI,ALG *iCXI gC/gCODBM 

α4,11 SNH iNBM
ALG-(1- fXI,ALG)*iNXS- fXI,ALG *iNXI gN/gCODBM 

α4,15 SPO4 iPBM
ALG-(1- fXI,ALG)*iPXS- fXI,ALG *iPXI gP/gCODBM 

ρ5 – Aerobic growth of XH on NH4
+ 

α5,3 XH 1 gCODBM / gCODBM 

α5,7 SS -1/YH gCODSS / gCODBM 

α5,9 SIC iCSS/YH-iCBM gC/ gCODBM 

α5,11 SNH iNSS/YH-iNBM gN/ gCODBM 

α5,15 SPO4 iPSS/YH-iPBM gP/ gCODBM 

α5,16 SO2 -(1/YH-1) gO2/ gCODBM 

ρ6 – Aerobic growth of XH on NO3
- 

α6,4 XH 1 gCODBM / gCODBM 

α6,7 SS -1/YH gCODSS / gCODBM 
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α6,9 SIC iCSS/YH− iCBM gC/ gCODBM 

α6,13 SNO3 iNSS/YH− iNBM gN/ gCODBM 

α6,15 SPO4 iPSS/YH− iPBM gP/ gCODBM 

α6,16 SO2 −( 1/YH− 1) − 64/14*( iNSS/YH− iNBM) gO2/ gCODBM 

ρ7 – Aerobic respiration of XH 

α7,4 XH -1 gCODBM / gCODBM 

α7,9 SIC iCBM gC/ gCODBM 

α7,11 SNH iNBM gN/ gCODBM 

α7,15 SPO4 iPBM gP/ gCODBM 

α7,16 SO2 -1 gO2/ gCODBM 

ρ8 – Anoxic growth of XH on NO3
- 

α8,4 XH 1 gCODBM / gCODBM 

α8,7 SS -1/YHNO3 gCODSS/gCODBM 

α8,9 SIC iCSS/YHNO3-iCBM gC/gCODBM 

α8,11 SNH iNSS/YHNO3-iNBM gN/gCODBM 

α8,13 SNO3 -28/80*(1/YHNO3-1) gN/gCODBM 

α8,14 SN2 28/80*(1/YHNO3-1) gN/gCODBM 

α8,15 SPO4 iPSS/YHNO3-iPBM gP/gCODBM 

ρ9 – Anoxic growth of XH on NO2
- 

α9,4 XH 1 gCODBM / gCODBM 

α9,7 SS -1/YHNO2 gCODSS/gCODBM 

α9,9 SIC iCSS/YHNO2-iCBM gC/gCODBM 

α9,11 SNH iNSS/YHNO2-iNBM gN/gCODBM 

α9,12 SNO2 -28/48*(1/YHNO2-1) gN/gCODBM 

α9,14 SN2 28/48*(1/YHNO2-1) gN/gCODBM 

α9,15 SPO4 iPSS/YHNO2-iPBM gP/gCODBM 

ρ10– Anoxic respiration of XH on NO2
- and NO3

- 

α10,4 XH -1 gCODBM / gCODBM 

α10,9 SIC iCBM gC/gCODBM 

α10,11 SNH iNBM gN/gCODBM 

α10,12 SNO2 -14/64 gN/gCODBM 

α10,13 SNO3 -14/64 gN/gCODBM 

α10,14 SN2 28/64 gN/gCODBM 

α10,15 SPO4 iPBM gP/ gCODBM 

ρ11– Hydrolysis of slowly biodegradable COD 

α11,5 XS 1 gCODXS/ gCODXS 

α11,7 SS 1-fSI gCODSS / gCODXS 

α11,8 SI fSI gCODSI / gCODXS 

α11,9 SIC iCXS-(1-fSI)*iCSS-fSI*iCSI gC/gCODXS 

α11,11 SNH iNXS-(1-fSI)*iNSS-fSI*iNSI gN/gCODXS 

α11,15 SPO4 iPXS-(1-fSI)*iPSS-fSI*iPSI gP/gCODXS 

ρ12– Hydrolysis of urea 

α12,9 SIC iCND gC/gNurea 

α12,10 SND -1 gNurea / gNurea 

α12,11 SNH 1 gNammonia / gNurea 

α12,17 SH2O iHND gH/ gNurea 

ρ13– Decay of XH 
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α13,4 XH -1 gCODBM / gCODBM 

α13,5 XS 1-fXI gCOD,XS/gCODBM 

α13,6 XI fXI gCOD,XI/gCODBM 

α13,9 SIC iCBM-(1-fXI)*iCXS-fXI*iCXI gC/gCODBM 

α13,11 SNH iNBM-(1-fXI)*iNXS-fXI*iNXI gN/gCODBM 

α13,15 SPO4 iPBM-(1-fXI)*iPXS-fXI*iPXI gP/ gCODBM 

ρ14– Aerobic growth of XAOB on NH4
+ 

α14,2 XAOB 1 gCODBM / gCODBM 

α14,9 SIC -iCBM gC/ gCODBM 

α14,11 SNH -iNBM-1/YAOB gN/ gCODBM 

α14,12 SNO2 1/YAOB gN/ gCODBM 

α14,15 SPO4 -iPBM gP/ gCODBM 

α14,16 SO2 1-48/14*1/YAOB gO2/ gCODBM 

ρ15– Aerobic respiration of XAOB 

α15,2 XAOB -1 gCODBM / gCODBM 

α15,9 SIC iCBM gC/ gCODBM 

α15,,11 SNH iNBM gN/ gCODBM 

α15,15 SPO4 iPBM gP/ gCODBM 

α15,16 SO2 -1 gO2/ gCODBM 

ρ16– Decay of XAOB 

α16,2 XAOB -1 gCODBM / gCODBM 

α16,5 XS 1-fXI gCOD,XS/gCODBM 

α16,,6 XI fXI gCOD,XI/gCODBM 

α16,9 SIC iCBM-(1-fXI)*iCXS-fXI*iCXI gC/gCODBM 

α16,11 SNH iNBM-(1-fXI)*iNXS-fXI*iNXI gN/gCODBM 

α16,15 SPO4 iPBM-(1-fXI)*iPXS-fXI*iPXI gCOD,XS/gCODBM 

ρ17– Aerobic growth of XNOB on NO3
- 

α17,3 XNOB 1 gCODBM / gCODBM 

α17,9 SIC -iCBM gC/ gCODBM 

α17,,11 SNH -iNBM gN/ gCODBM 

α17,,12 SNO2 -1/YNOB gN/ gCODBM 

α17,,13 SNO3 1/YNOB gN/ gCODBM 

α17,,15 SPO4 -iPBM gP/ gCODBM 

α17,,16 SO2 1-16/14*1/YNOB gO2/ gCODBM 

ρ18– Aerobic respiration of XNOB 

α18,3 XNOB -1 gCODBM / gCODBM 

α18,9 SIC iCBM gC/ gCODBM 

α18,,11 SNH iNBM gN/ gCODBM 

α18,,15 SPO4 iPBM gP/ gCODBM 

α18,,16 SO2 -1 gO2/ gCODBM 

ρ19– Decay of XNOB 

α19,3 XNOB -1 gCODBM / gCODBM 

α19,5 XS 1-fXI gCOD,XS/gCODBM 

α19,,6 XI fXI gCOD,XI/gCODBM 

α19,,9 SIC iCBM-(1-fXI)*iCXS-fXI*iCXI gC/gCODBM 

α19,,11 SNH iNBM-(1-fXI)*iNXS-fXI*iNXI gN/gCODBM 

α19,15 SPO4 iPBM-(1-fXI)*iPXS-fXI*iPXI gP/gCODBM 
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ρ20 – Dissolution of O2 

α20,15 SO2 1 [-] 

ρ21 – Dissolution of CO2 

α21,9 SIC 1 [-] 

ρ22 – Dissolution of NH3 

α22,11 SNH 1 [-] 

 171 

  172 
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Table SI.11.4. Kinetic parameter values in the ALBA model (Casagli et al.1). 174 

Kinetic parameters 

Symbol Description Value ± std Unit Source 

Biological model 

μ
max,g,ALG

 Maximum specific growth rate of XALG  2.5 ± 0.055 d-1 1 

bmax,r,ALG Specific respiration rate of XALG 0.1 d-1 1 

bmax,d,ALG Specific decay rate of XALG 0.03 d-1 6 

μ
max,g,H

 Maximum specific  growth rate of  XH  6 d-1 4 

bmax,r,H Specific aerobic respiration rate of XH 0.3 d-1 5 

μ
Hyd

 Hydrolysis rate of slowly biodegradable COD (XS) 3 d-1 6 

μ
a
 Hydrolysis rate of urea (SND) 0.25 d-1 1 

bmax,d,H Specific decay rate of XH 0.9 d-1 1 

μ
max,g,AOB

 Maximum specific aerobic growth rate of XAOB 0.72 ±0.0005 d-1 1 

bmax,r,AOB Specific aerobic respiration rate of XAOB 0.05 d-1 6 

bmax,d,AOB Specific decay rate of XAOB 0.1 d-1 8 

μ
max,g,NOB

 Maximum specific aerobic growth rate of XNOB 0.65 ±0.023 d-1 1 

bmax,r,NOB Specific aerobic respiration rate of XNOB 0.03 d-1 5 

bmax,d,NOB Specific decay rate of XNOB 0.08 d-1 1 

KC,ALG Inorganic carbon half-saturation constant for XALG 0.004 gCm-3 8 

KO,ALG Oxygen half-saturation constant for XALG 0.2 gO2m-3 5 

KN,ALG Ammoniacal nitrogen half-saturation constant for XALG 0.1 gNm-3 8 

KNO3,ALG Nitrate half-saturation constant for XALG 0.3 gNm-3 9 

KP,ALG Phosphorus half-saturation constant for XALG 0.02 gNm-3 9 

Ec50,O2 Oxygen value associated to 50% algae growth reduction 20 gO2m-3 1 

n Shape parameter associated to the Hill model 15 [-] 1 

KS,H Soluble organic matter half-saturation constant for XH 4 gCODm-3 10 

KO,H Oxygen half-saturation constant for XH 0.2 gO2m-3 4 

KN,H Ammonium half-saturation constant for XH 0.05 gNm-3 4 

KNO2,H Nitrite half-saturation constant for XH 0.2 gNm-3 5 

KNO3,H Nitrate half-saturation constant for XH 0.5 gNm-3 5 

KP,H Phosphorus half-saturation constant for XH 0.01 gPm-3 4 

KHYD Half saturation constant for hydrolysis 1 gCODgCOD-1 5 

KC,AOB Inorganic carbon half-saturation constant for XAOB 0.5 gCm-3 4 

KO,AOB Oxygen half-saturation constant for AOB 0.8 gO2m-3 4 

KN,AOB Ammonium half-saturation constant for XAOB 0.5 gNm-3 5 

KP,AOB Phosphorus half-saturation constant for XAOB 0.01 gPm-3 4 

KC,NOB Inorganic carbon half-saturation constant for XNOB 0.5 gCm-3 4 
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KO,NOB Oxygen half-saturation constant for XNOB 2.2 gO2m-3 11 

KNO2,NOB Nitrite half-saturation constant for XNOB 0.5 gNm-3 5 

KP,NOB Phosphorus half-saturation constant for XNOB 0.01 gPm-3 4 

ηANOX Efficiency reduction factor for denitrification process 0.6 [-] 12 

IOPT Optimal irradiance for XALG 300 ± 3.814 μmol m-2 s-1 13 

α Initial slope of irradiance response curve 0.01±0.0003 μmol-1 m2 s1 1 

ε Light extinction coefficient 0.067 m2 g COD1 1 

θ Coefficient for temperature dependence for mass transfer 1.024 °C-1 14 

θH Temperature coefficient for XH decay 1.07 °C-1 4 

θAOB Temperature coefficient for XAOB decay 1.1 °C-1 15 

θNOB Temperature coefficient for XNOB decay 1.04 °C-1 15 

θALG Temperature coefficient for XALG decay 1.04 °C-1 5 

θHYD Temperature coefficient for hydrolisis 1.04 ± 0.005 °C-1 1 

θAMM Temperature coefficient for ammonification 1.12 ± 0.002 °C-1 1 

Tmax
ALG Maximum temperature threshold for XALG 42 ± 0.513 °C 1 

Topt
ALG Optimal temperature for XALG growth 20 ± 0.148 °C 1 

Tmin
ALG Minimum temperature threshold for XALG -10 ± 1.524  °C 1 

Tmax
AOB Maximum temperature threshold for XAOB 40 ± 0.817 °C 1 

Topt
AOB Optimal temperature for XAOB growth 24.5 ± 0.232 °C 1 

Tmin
AOB Minimum temperature threshold for XAOB -8 ± 0.741 °C 1 

Tmax
NOB Maximum temperature threshold for XNOB 38.5 ± 6.090 °C 1 

Topt
NOB Optimal temperature for XNOB growth 20 ± 0.940 °C 1 

Tmin
NOB Minimum temperature threshold for XNOB -8 ±9.734  °C 1 

Tmax
H Maximum temperature threshold for XH 42 ± 1.919 °C 1 

Topt
H Optimal temperature for XH growth 25 ± 0.634 °C 1 

Tmin
H Minimum temperature threshold for XH -3 ± 0.335 °C 1 

pHmax
ALG Maximum pH threshold for XALG 12 ± 0.039 - 1 

pHopt
ALG Optimal pH for XALG growth 8.4 ± 0.066 - 1 

pHmin
ALG Minimum pH threshold for XALG 2 ± 0.562 - 1 

pHmax
AOB Maximum pH threshold for XAOB 12.4 ± 0.115 - 1 

pHopt
AOB Optimal pH for XAOB growth 8.1 ±0.078 - 1 

pHmin
AOB Minimum pH threshold for XAOB 5.8 ± 0.355 - 1 

pHmax
NOB Maximum pH threshold for XNOB 12.1 ± 0.463 - 1 

pHopt
NOB Optimal pH for XNOB growth 7.9 ± 0.320 - 1 

pHmin
NOB Minimum pH threshold for XNOB 5 ±0.568 - 1 

pHmax
H Maximum pH threshold for XH 11.5 ±0.022 - 1 

pHopt
H Optimal pH for XH growth 7 ± 0.066 - 1 

pHmin
H Maximum pH threshold for XALG 2 ±0.344 - 1 
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Gas-liquid exchange with atmosphere 

KLa Mass transfer coefficient for O2 34 ± 0.1 d-1 1 

HO2 Henry's constant for O2 Eq(SI6.3) gO2 atm-1m-3 16 

HCO2 Henry's constant for carbon CO2 Eq(SI6.4) gCO2 atm-1m-3 16 

HNH3 Henry's constant for NH3 Eq(SI6.5) gNH3 atm-1m-3 16 

DO2 Mass diffusion coefficient for O2 2.5e-009 m2s-1 17 

DCO2 Mass diffusion coefficient for CO2 2.1e-009 m2s-1 17 

DNH3 Mass diffusion coefficient for NH3 2.4e-009 m2s-1 17 

pO2 Partial pressure of O2 in gas phase 0.21 atm 1 

pCO2 Partial pressure of CO2 in gas phase 0.0004 atm 1 

pNH3 Partial pressure of NH3 in gas phase 1.5e-006 atm 1 

pH sub-model 

pkaCO2 Acid dissociation constant for carbonic acid - bicarbonate balance 6.37 - 7 

pkaHCO3
- Acid dissociation constant for carbonic acid - bicarbonate balance 10.33 - 7 

pkaNH4
+ Acid dissociation constant for bicarbonate-carbonate balance 9.25 - 7 

pkaHNO2 Acid dissociation constant for ammonia-ammonium balance 3.35 - 7 

pkaHNO3 Acid dissociation constant for nitrous acid  -nitrite  balance -1.64 - 7 

pkaH3PO4 Acid dissociation constant for nitric acid-nitrate balance 2.14 - 7 

pkaH2PO4
- Acid dissociation constant for phosphoric acid-dihydrogen phosphate balance 7.21 - 7 

pkaHPO4
2- Acid dissociation constant for dihydrogen phosphate-hydrogen phosphate balance 12.67 - 7 

  175 
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Table SI.11.5. pH sub-model equation system in the ALBA model (Casagli et al.1). 176 

Description Expression [mol m-3] 

KA 

 (293 K) 

[M] 
1- Mass balance SNH

14
 = NH3+NH4

+  

2 - Dissociation 

NH4
+
 ↔ NH3+H

+
 

NH4
+
 =

(

 
SNH/14

1+
(KaNH4∙10

3
)

H
+
 )

  
KA,NH4:  

5.62E-10 

3- Mass balance SNO2

14
 = NO2

-
+HNO2  

4 - Dissociation 

HNO2 ↔ NO2
-
+H

+
 

HNO2 
-

=

(

 
 SNO2

/14

1+
(KaNO2

∙10
3
)

H
+
 )

 
 

 
KA,HNO2:  

4.47E-04 

5- Mass balance SNO3

14
 = NO3

-
+HNO3  

6 - Dissociation 

HNO3 ↔ NO3
-
+H

+
 

HNO3
-
 =

(

 
 SNO3

/14

1+
(KaNO3

∙10
3
)

H
+
 )

 
 

 
KA,HNO3:  

4.37E+01 

7- Mass balance 
SIC

12
=CO2+HCO3

-
+CO3

2-
  

8 - Dissociation 

H2O+CO2 ↔HCO3
-
+H

+
 

CO2=
SIC/12

1+
(KaCO2*10

3
)

H
+ +

(KaCO2*KaHCO3
*10

6
)

(H
+
)

2

 KA,H2CO3:  

4.27E-07 

9 - Dissociation 

HCO3
-
 ↔CO3

2-
+H

+
 

HCO3
-
 = 

(

  
 SIC/12

1+
H

+

(K
aCO2

*10
3
)
+

(KaHCO3*10
3
)

H
+
 )

  
 

 KA,HCO3:  

4.68E-11 

10- Mass balance 
SPO4

31
 = H

3

PO4+H2PO4
-
+HPO4

2-
+PO4

3-
  

11 - Dissociation 

H3PO4 ↔ H2PO4
-
+H

+
 

H3PO4 = 
SPO4

/31

1+
(KaH3PO4*10

3
)

H
+ +

(KaH3PO4*KaH2PO4*10
6
)

(H
+
)

2 +
(KaH3PO4*KaH2PO4*KaHPO4*10

9
)

(H
+
)

3

 KA,H3PO4:  

7.24E-03 

12 - Dissociation 

H2PO4
-
 ↔ HPO4

2-
+H

+
 

H2PO4
-
 = 

SPO4
/31

1+
H

+

(K
AH3PO4

*10
3
)
+

(KaH2PO4*10
3
)

H
+
 

+
(KaH2PO4*KaHPO4*10

6
)

(H
+
)

2

 KA,H2PO4: 

6.17E-08 
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13 - Dissociation 

HPO4
2-

 ↔ PO4
3-

+H
+
 

HPO4
2-

 = 
SPO4

/31

1+
(H

+
)

2

(K
AH3PO4

*KaH2PO4
*10

6
)
+

H
+

(K
aH2PO4

*10
3
)
+

(KaHPO4*10
3
)

H
+

 KA,HPO4:  

2.14E-13 

14 - Dissociation 

H2O ↔ OH
-
+H

+
 OH

-
=

Kaw*10
3

H
+  

KA,W : 

1.00E-14 

15 – Charge balance 
H

+
+NH4 

+
+ΔCAT,AN -OH

-
- NO2

-
-NO3

-
- HCO3

-
- 2CO3

2-
- H2PO4

-
- 2HPO4

2-
- 3PO4

3-
 = 0 

 
- 

 177 

The temperature influence on the dissociation constants (ka) was considered by using the van’t Hoff equation:  178 

ln(
Ka, T

Ka, Tref

)  = 
ΔH

°

R
∙ (

1

Tref

-
1

T+273.15
)                      (SI.11.1) 179 

In Equation SI6.4, Tref is the standard temperature (298.15 K) for which the equilibrium coefficient value (Ka,Tref, [mol L-1]) is known, T is the temperature at which evaluate 180 

the equilibrium coefficient value (Ka,T, [mol L-1]), R is the gas law constant [J K−1 mol−1] and ΔH° is the heat of reaction at standard temperature and pressure [J ]. 181 

  182 
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Table SI.11.6. Biological process rates in the ALBA model (Casagli et al.1). 183 

Group  Process Rate 
A

lg
a
e
 (

X
A

L
G
) 

 

ρ1 Growth on SNH μ
max,g,ALG

 ∙ fI ∙ fTALG
∙ fpHALG

∙ fO2,g∙  min(
SIC

KC,ALG+SIC

,
SNH

KN,ALG+SNH

,
SPO4

KP,ALG+SPO4

) ∙ XALG 

ρ2 Growth on SNO3 μ
max,g,ALG

 ∙ fI ∙ fTALG
∙ fpHALG

∙ fO2,g∙
KN,ALG

KN,ALG+SNH

∙ min(
SIC

KC,ALG+SIC

,
SNO3

KNO3,ALG+SNO3

,
SPO4

KP,ALG+SPO4

) ∙ XALG 

ρ3 Aerobic respiration bmax,r,ALG ∙ fTALG
∙ fpHALG

∙
SO2

KO,ALG+SO2

∙ XALG 

ρ4 Decay bmax,d,ALG ∙(θALG
(T-20)

∙ fpHALG
+fO2,d)∙ XALG 

H
e
te

ro
tr

o
p

h
ic

 b
a
c
te

ri
a
 (

X
H
) A

e
ro

b
ic

 

ρ5 Growth on SNH μ
max,g,H

 ∙ fTH
∙ fpHH

∙  min(
SS

KS,H+SS

,
SO2

KO,H+SO2

,
SNH

KN,H+SNH

,
SPO4

KP,H+SPO4

) ∙ XH 

ρ6 Growth  on SNO3 μ
max,g,H

 ∙ fTH
∙ fpHH

∙  
KN,H

KN,H+SNH

∙min(
SS

KS,H+SS

,
SO2

KO,H+SO2

,
SNO3

KNO3,H+SNO3

,
SPO4

KP,H+SPO4

) ∙ XH 

ρ7 Respiration bmax,r,H ∙ fTH
∙ fpHH

∙
SO2

KO,ALG+SO2

∙ XH 

A
n

o
x
ic

 

ρ8 Growth  on SNO2 μ
max,g,H

 ∙η
ANOX

 ∙fTH
∙ fpHH

∙
KO,H

KO,H+SO2

∙min(
SS

KS,H+SS

,
SNO2

KNO2,H+SNO2

,
SPO4

KP,H+SPO4

) ∙ XH 

ρ9 Growth  on SNO3 μ
max,g,H

 ∙η
ANOX

 ∙fTH
∙ fpHH

∙
KO,H

KO,H+SO2

∙min(
SS

KS,H+SS

,
SNO3

KNO3,H+SNO3

,
SPO4

KP,H+SPO4

) ∙ XH 

ρ10 Respiration bmax,r,H ∙η
ANOX

 ∙fTH
∙ fpHH

∙
KO,H

KO,H+SO2

∙min(
SNO2

KNO2,H+SNO2

,
SNO3

KNO3,H+SNO3

) ∙ XH 

 

ρ11 Hydrolysis μ
Hyd

∙θHYD
(T-20)

∙fpHHyd
∙

XS/XH

KHYD+(XS/XH)
∙XH 

ρ12 Ammonification μ
a
∙θAMM

(T-20)
∙fpHa

∙
SND

Ka+SND

∙XH 

ρ13 Decay bmax,d,H ∙θH
(T-20)

∙ fpHH
∙ XH 

N
it
ri
fy

in
g

 b
a
c
te

ri
a

 

 X
A

O
B
 

A
e
ro

b
ic

 

ρ14 Growth μ
max,g,AOB

 ∙ fTAOB
∙ fpHAOB

∙  min(
SNH

KN,AOB+SNH

,
SO2

KO,AOB+SO2

,
SIC

KC,AOB+SIC

,
SPO4

KP,AOB+SPO4

) ∙ XAOB 

ρ15 Respiration bmax,r,AOB ∙ fTAOB
∙ fpHAOB

∙
SO2

KO,AOB+SO2

∙ XAOB 

 ρ16 Decay bmax,d,AOB ∙θAOB
(T-20)

∙ fpHAOB
∙ XAOB 

X
N

O
B
 

A
e
ro

b
ic

 

ρ17 Growth μ
max,g,NOB

 ∙ fTNOB
∙ fpHNOB

 ∙ min(
SNO2

KNO2,NOB+SNO2

,
SO2

KO,NOB+SO2

,
SIC

KC,NOB+SIC

,
SPO4

KP,NOB+SPO4

) ∙ XAOB 

ρ18 Respiration bmax,r,NOB ∙ fTNOB
∙ fpHNOB

∙
SO2

KO,NOB+SO2

∙ XNOB 

 ρ19 Decay bmax,d,NOB ∙θNOB
(T-20)

∙ fpHNOB
∙ XNOB 

 184 
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* SIC in the Monod terms incudes the inorganic carbon from CO2 and HCO3-, without accounting for the contribution given by CO3
2- . The concentration of CO2 and HCO3- 185 

is estimated using the pH sub-model, as shown in Table SI.11.5.186 
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Table SI.11.7. Gas-liquid transfer rates in the ALBA model (Casagli et al.1). 187 

Gas – liquid mass transfer 

Process Description Unit 

ρ20 - oxygen stripping/dissolution θ
T-20

∙kLa∙(HO2(T)∙p
O2
 - SO2) gO2 m-3 d-1 

ρ21 - carbon dioxide stripping/dissolution θ
T-20

∙kLa∙ (
DCO2

DO2

)

0.5

∙(HCO2(T)∙p
CO2

 - CO2) gC-CO2 m-3 d-1 

ρ22- ammonia stripping θ
T-20

∙kLa∙(
DNH3

DO2

)

0.5

∙(HNH3(T)∙p
NH3

 - NH3) gN-NH3 m-3 d-1 

 188 
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SI.12 Experimental measurement of kLa  189 

The volumetric mass transfer coefficient (kLa) was estimated according to the ASCE Standard18. 190 

In brief, the HRABP was filled with clean water, then the water volume was de-oxygenated using 191 

reagent-grade chemicals. To this purpose, sodium sulphite (Na2SO3) was uniformly distributed 192 

on the surface of the HRABP, to achieve water de-oxygenation. Then, the water re-oxygenation 193 

was monitored until reaching a value close to the DO saturation at the test temperature. DO 194 

data were measured using two DO probes (Hach-Lange, LDO101), each connected to a multi-195 

meter data logger (Hach-Lange, HQ40D), recording DO data every 30 s. The DO was 196 

measured in two different points of the HRABP channels, i.e. one immediately after the 197 

paddlewheel and one at the opposite location of the loop, to account for different mass transfer 198 

rates in the two zones19. The overall mass transfer coefficient was then calculated by assuming 199 

the average value of the two determinations. 200 

The DO data were then analysed to estimate the volumetric mass transfer coefficient (kLa), 201 

according to the following model: 202 

C=C∞
*

-(C∞
*

-C0)*exp(-kLa*t) 203 

 204 

Where: C is the DO concentration [g m-3], C∞
* is the steady-state DO saturation concentration 205 

as time approaches infinity [g m-3], C0 is the initial DO concentration at time zero [g m-3], kLa is 206 

the volumetric mass transfer coefficient [d-1] and t is the test time [d]. 207 

The test was carried out at approximately 20 °C. To refer to standard conditions, the obtained 208 

kLa value at the test temperature was, according to ASCE18: 209 

kLa20=kLa*θ
(20-T)

 210 

 211 
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Where: kLa20 is the volumetric mass transfer coefficient corrected to 20 °C and θ = 1.024 is the 212 

recommended empirical temperature correction factor [-]. 213 

Nonlinear regression was performed in MS Excel (GRG nonlinear solver), to estimate the kLa 214 

and C∞
* values. The overall kLa20 was 30.6 ± 0.4 d-1. The results of the re-oxygenation test are 215 

reported in Figure SI.12.1 and Table SI.12.1. 216 

 217 

Figure SI.12.1. Measured and modelled DO data (DO1: DO data measured immediately after the paddlewheel, DO2: 218 
DO data measured on the opposite side). 219 
 220 
 221 
 222 
Table. SI.12.1. Estimated kLa values for the HRABP (DO1: DO data measured immediately after the paddlewheel, DO2: 223 
DO data measured on the opposite side). The overall value is indicated as average ± standard deviation of the two 224 
measurements. 225 

Parameter Unit DO1 DO2 Overall 

Temperature [°C] 20.0 19.3 - 

kLa [d-1] 30.9 29.9 30.4 ± 0.7 

kLa20 [d-1] 30.9 30.3 30.6 ± 0.4 
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SI.13 Parameter uncertainty and error propagation 226 

 227 

Once the model was calibrated and validated, a dynamic sensitivity analysis was run, including 228 

all the experimental periods covered from the monitoring campaigns (i.e. 31/05/2016 – 229 

06/12/2016), therefore using the actual environmental conditions (and not the average values, 230 

as shown in the manuscript in Figure 1). The sensitivity functions were then computed in these 231 

real conditions for all the most sensitive parameters investigated, again choosing the absolute-232 

relative sensitivity function (equation SI.13.1). 233 

The parameter standard deviation was then derived from the Fisher Information Matrix F. The 234 

Fisher analysis is based on the local sensitivity functions ∂yi,pj

a,r , and turned out to be efficient for 235 

biological dynamic systems 20,21.  The F matrix (Eq. SI.13.3) was computed from the sensitivity 236 

matrix ∆ Yp (Equation SI.13.2) and the covariance matrix of measured standard deviations, C. 237 

The standard deviation δj associated to parameters pj was then computed as reported in Eq. 238 

SI.13.4. 239 

 240 

∂yi,pj

a,r
= 

∂y
i

∂p
j

 SI.13.1 

∆= [
∂y

∂p
1

 ,…, 
∂y

∂p
m

 ] SI.13.2 

F=∑  

K

k=1

∆TC
-1

∆ SI.13.3 

δj
2
=(F-1)

j,j
 SI.13.4 



S35 
 

After performing the sensitivity analysis, and estimating the parameter standard error, as 241 

described above, the error propagation σ𝑦𝑖 of the model predictions for 𝑦𝑖  was also computed 242 

(equation SI.13.5):  243 

σyi
(t) =√∑(

∂y
i

∂p
j

(t))

2

σpj

2

m

j=1

 SI.13.5 

 244 

Where:  pj are the model parameters, σpj
 their standard deviations, yi(p1, …, pm) is the model 245 

solution for each predicted state yi, at a given time t, and σ𝑦𝑖  is the prediction standard deviation of 246 

the model result. Then, the 95% confidence intervals on the modelled predictions of relevant 247 

parameters (i.e., TSS, CODs, XALG, SNH, SNO2, SNO3, and SO2) were estimated by the interval [y
i
-1.96 248 

σyi
    y

i
+1.96 σyi

 ] and are shown in the manuscript in Figure 2 and 3.   249 

 250 

   251 
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Table SI.13.1. Most sensible parameters identified from the sensitivity analysis performed (as briefly described in the manuscript, Section 2.2.3, and more in detail in 252 
Casagli et al.1); the nominal and calibrated values with their standard deviation (obtained with the procedure described above, Eq.SI.13.4). 253 

Parameter/Symbol Nominal value Reference Calibrated value  St.Dev. 

Algae maximum specific growth rate [μmax,g,ALG] 1.5 d-1 22 2.5 d-1 0.019 d-1 

AOB maximum specific growth rate  [μmax,g,AOB] 0.9 d-1 6 0.72 d-1 0.056 d-1 

NOB maximum specific growth  [μmax,g,NOB] 0.67 d-1 6 0.65 d-1 0.002 d-1 

Light optimal value for growth [IOPT] 275 μmol m-2 s-1 13 300 μmol m-2 s-1 6.270 μmol m-2 s-1 

Light extinction coefficient [ε] 0.067 ± 0.001  m2 gCOD-1 [measured] - 0.005 m2 gCOD-1 

Initial slope of PI curve [α] 0.027 13 0.01 μmol-1 m2 s1d-1 0.0008 μmol-1 m2 s1d-1 

Mass transfer coefficient [kLa] 25 d-1 9 34 d-1 0.172 d-1 

Coefficient for temperature correction for hydrolysis [θHyd] 1.07 5 1.04 0.007 

Coefficient for temperature correction for ammonification [θAMM] 1.07 5 1.12 - 

Parameter/Symbol Nominal value Reference Calibrated value and St.Dev. 

 Min Opt Max  Min St.Dev. Opt St.Dev. Max St.Dev. 

Cardinal temperature values for XALG [CTMI] 1.1 32.5 39.3 23 -10 3.021 20 0.296 42 0.671 

Cardinal temperature values for XAOB [CTMI] 5 25-35 35 10 -8 2.249 24.5 0.382 40 1.174 

Cardinal temperature values for XNOB [CTMI] 5 25-30 37 10 -8 7.310 20 0.988 38.5 0.272 

Cardinal temperature values for XH [CTMI] 5 40 47 24 -3 5.091 25 1.450 42 6.257 

Cardinal pH values for XALG [CPM] 2.24 7.34 10 25 2 1.240 8.4 0.428 12 0.826 

Cardinal pH values for XAOB [CPM] 5.8 7.8-8 9 10 5.8 0.029 8.1 0.095 12.3 0.724 

Cardinal pH values for XNOB [CPM] 6.5 7.6-8 8.6 10 5 0.053 7.9 0.031 12.1 1.644 

Cardinal pH values for XH [CPM] 4 7 9 26 2 7.598 7 0.984 11.5 0.446 

Notes: The cardinal temperature values are expressed in °C; ± St.Dev. is the standard deviation computed for the calibrated parameters . 

  254 
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SI.14 Residual analysis results 255 

A) 

  

B) 
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C) 

  

D) 
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E) 

  

F) 
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G) 

  

H) 

  

Figure SI.14.1. Simulated vs measured data (left) and residual analysis (right) for the monitored variables: A) ammonium [gN m-3]; B) nitrite [gN m-3]; C) nitrate [gN m-256 
3]; D) algal biomass [gCOD m-3]; E) Soluble COD [gCOD m-3]; F)Total Suspended Solids [gTSS m-3]; G) Dissolved oxygen [gO2 m-3]; H) Temperature in the pond [°C]. 257 
pval is the p-value computed.  258 
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SI.15 Economic computation for alkalinity addition in the raceway 259 

 260 

An economic analysis accounting for the price of soda to regulate alkalinity was performed.  261 

Alkalinity in the reactor was assumed to be increased through addition of NaOH,  that has a unit 262 

cost of approximately 0.4  $ kg-1.  Considering the molecular weight of NaOH (40 g mol-1) and  the 263 

additional alkalinity of  20 mol m-3 (obtained by  increasing the influent alkalinity). The resulting 264 

alkalinity  request is 0.8  kg(NaOH) m-3 leading to a cost for adding NaOH of 0.32 $ m-3.  265 

From scenario analysis simulation results, the actual nitrogen removal rate (i.e. considering NH3 266 

stripped as untreated nitrogen) for Spring season (Tab SI.10.1), was considered. Specifically for the 267 

scenarios S4 (HRT 5 d, liquid depth 0.2, no alkalinity addition in the influent) and S11 (HRT 5 d, 268 

liquid depth 0.2, increased influent alkalinity), the actual nitrogen removal rate was 11.41 gN-TAN 269 

m-2 d-1 and 16.29 gN-TAN m-2 d-1 respectively, with a gain of 4.88 gN-TAN m-2 d-1 in S11, 270 

representing approximately a 30% increase in the nitrogen removal rate. Considering an 271 

operational cost for treating nitrogen of 6 $ kgN-1 (Lin et al.27), it means that treating an additional 272 

30% of  nitrogen with additional alkalinity has a value estimated to be 0.03 $ m-2 d-1.  273 

The cost of alkalinity addition is 0.0128 $ m-2 d-1 which is definitely counter balanced by the increase 274 

in nitrogen treatment efficiency. 275 

 276 

 277 
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