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

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

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

constant.

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

Measurement Unit

Threshold Standard deviation

(0 0<w o< ®

DO mgOa.L" - - 5% ®
pH - - - 2% @
sCOD mgCOD L™ 5 1 20%
CODacs mgCOD L™ 5 1 20% ©
P-PO mgP L 5 1 20%
TAN mgN L™’ 5 1 20% @
N-NOs mgN L 5 1 20%
N-NO2 mgN L 5 1 20%
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S1.3 Correlation between optical density (680 nm) and TSS concentration

To determine the experimental algal biomass concentration, expressed in COD (Xaic_meas N
Fig.2C), the correlation factor among the ODego and the TSS concentration was evaluated
(Fig. SI 2.1), first multiplying the value of each TSS measurement for the conversion factor of
1.57 gCOD gBMais™ (from the stoichiometry) and for the ratio 0.87 gVSS gTSS" (from
experimental measurements). Thus, it was assumed that all the VSS were made of algal
biomass. This hypothesis was done since experimental data of biomass fractionation in the
raceway were not available. The model showed that the simulated algal biomass fraction was

90.2% of the total active biomass, on average (including bacteria, see Fig.S1.6.1 A).

o
1000
y = 652.68x
o © 8 o
A o
800 e o
£ o]
Q 600 . ° o
Q
Q . o
)]
o T
I 400 '
2 o
o,
200 e
C.
0 0.25 0.5 0.75 1.25 5
OD 680 nm

Figure SI.3.1. Correlation between the optical density at 680 nm (ODsso) and the algal biomass concentration
(XaLe, g COD m™®) for the Milan case study.
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50  Figure Sl.4.1. Weather dataset used for simulations: |rrad|ance (A), air temperature (B), relat|ve hum|d|ty (C),

51  wind speed (D), pond temperature (E), evaporation rate (F), precipitation (G).
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53 SI.5 Temperature effect on oxygen profile
54

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

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

57 simulated temperature, simulations were run at the constant temperatures of 26 °C and 6°C
58 (average temperature measured in summer and winter respectively). It can be clearly seen

59 that the DO predictions obtained without accounting for temperature variations are not able to
60  catch these dynamics. Indeed, only in the case where temperature affects DO solubility, the
61  positive slope of the DO curve observed during the night can be effectively reproduced, while

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

63

—T_sim T_max —T_min - T_meas

O, consentration [mg L]

64

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

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

present case study (Milan, 1), where the 1 m3 raceway was fed with diluted swine centrate, the
system was mainly autotrophic, due to the influent characteristics (high N,P concentration and
COD mainly recalcitrant) and the pH-control with CO: injection.

On the contrary, in the experimentation carried out in Casagli et al.” (Narbonne, FR), with 17
m3 raceway fed with synthetic medium (simulating a municipal wastewater) the resulting

biomass fractionations highlighted that heterotrophic bacteria were colonizing the system,

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

Influent characteristics (high biodegradable organic matter) and no pH control active (source
of additional inorganic carbon in the system), are the main responsible of the very low fraction

of nitrifiers developed.
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Figure SI.6.1. Biomass fractionation in percentage simulated by the model, divided among algae, heterotrophic
bacteria and nitrifying bacteria (AOB+NOB). A): Milan case study, swine diluted centrate as influent. B):
Narbonne case study, synthetic wastewater (reproducing a municipal one).
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88 SI.7 Temperature sub-model: calibration and validation

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

90 (Tronn(t)) at time Zfrom the measurement of the temperature in the air -T,r(t) at the same time
91  tand from the temperature in the air at time t-A, -Tar(t-A), where A is a time delay. A linear

92  regression was computed for a range of delays A, and the delay providing the best regression
93  (for A=4 hours) was finally selected.

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

95 Teonp (1)=0.46 “TaAr(t)+0.49 Tar(t-4)+2.18

96 Tar(t-4) is the air temperature measured 4 hours before the time .
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97 Figure SI.7.1. Measured and predicted pond temperature (R?=0.98); the black line represents the measured
98 pond temperature; the light green line represents the simulated pond temperature.
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S1.8 pH control implementation
The pH control system was implemented in the ALBA model' as reported below (Eq. SI.8.1):

0.5
CO2

B 872 kLa (22%2) - (Hga(T)Pagy-CO Agi>0
Ratepy .., [9C m3d")= pH a Dos (Hooo( )Peoz” 2) pH

0 N

where:

Apn= (PHs-pHwmax) is the difference between the simulated pH and the value set as maximun
threshold reachable in the system for which the injection of CO, does not start.

Dcoz and Doy are the diffusion coefficients of CO, and O, respectively [m? s']; k.a is the mass
transfer coefficient [d']; Heoo(T) is the Henry constant for CO, with temperature correction
[gC-CO, m2 d" atm™]; pcoz is the partial pressure of CO; (set as 1 atm, since during the
experimentation pure CO, was injected for controlling pH); CO. represents the concentration
in the bulk volume [gC-CO, m-]; 6 is the temperature correction factor for the mass transfer
coefficient k.a.

In practice, the pH-control is modelled in a similar way as the CO, gas-liquid exchange with
atmosphere but considering a different pressure of the gas and proportionally to the

difference between pH in the raceway and the maximum pH allowed in the pond.
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S1.9 Alkalinity

Total Alkalinity (TA) was computed according to Dickson? and Wolf-Gladrow et al.® as

reported below (Eq. SI.9.1):

TA = HCOs + 2C0Os%* + H2POs + HPO4% + 2P0O4% + OH- + NH3 — H* — HNO2 — HNO3 — H3PO4 S1.9.1

The digestate can present significant concentrations of volatile fatty acids (VFA - acetate,
butyrate, propionate and valerate) and hydrogen sulphide. In this case, the Total Alkalinity

formula should account also for them, as reported below (Eq. SI1.9.2):

TA = HCOs + 2C0Os* + HoPOs + HPO4Z + 2P0O4%* + OH + NH3 + CoHsOO + C4H,00 + CsHsOO +

CsHoOO + HS + 252 — H* — HNO2 — HNO3 — H3PO4 S1.9.2

Dynamic simulations (see Fig.2) were first run at pH controlled with CO; injection at a setpoint
of 7.5, well known for guarantying not limiting CO, conditions for algae and nitrifiers growth.
However, the model revealed dissolved inorganic carbon limitation conditions, as shown in
Fig. S1.9.1 (line S_IC). Indeed, a close look at alkalinity (Fig. S1.9.1, line TA) highlights a
regular drop, due to both the exhaustion of ammonium and the production of nitrate and
nitrite (see Fig. 2A and 2B) . The resulting very low alkalinity does not allow to store
bicarbonate in solution. More generally, the level of dissolved inorganic carbon remains
definitely limiting and therefore a strong competition for inorganic carbon between algae and
nitrifiers occurs.

Additional simulations were run increasing the influent alkalinity concentration of 10 mol m=3
(TA_2), 15 mol m3 (TA_2.5) and 20 mol m= (TA_3), tuning the variable Acaran i (DY
multiplying it by a factor of 2, 2.5 and 3) to reproduce this effect and maintaining a regulated

S10



145  pH at 7.5. Results are shown in Fig. S1.9.1, in terms of TA concentration (mol m-=) and the

146  corresponding S_IC concentration (mgC L"). It is evident that increasing the influent alkalinity
147  allows to store considerably higher concentration of dissolved inorganic carbon, solving issues
148  as the competition between algae and nitrifiers and the favourable conditions for N.O

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

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

RESULTS: SPRING
Pi:eelsrtlecjter HRT pH ka X ALG_prod SNﬁiII:{él\R/E'I;‘LTE SNH/igSJA/jIF_aATE REI\S/IIiSR);\TE TRAN(i(R)’ZTE(") SIC TRAHEEATE N:Of  Scenario
- [d [ [d'] [gTSS m2d'] [gN-TAN m2d-'] [GN-TAN m2d']  [gP-POs*> m2d']  [gC-CO.m3d']  [gCm?] [gN-NHsm2d']  [%] ne
ka, HRT 10 75 34 12.28 6.91 5.74 0.18 -1.63 1.67 -1.18 56 1
10 75 05 13.38 7.04 7.04 0.20 1.63 8.69 -0.01 27 2
2 75 34 22.09 20.08 1.75 0.29 24.55 256.48 -18.33 3
2 7 34 21.60 10.31 1.69 0.28 74.52 360.02 -8.62 0 3.1
2 65 34 21.13 4.83 1.64 0.28 122.84 459.43 -3.18 0 3.2
HRT 5 75 34 18.34 13.13 11.41 0.27 -17.97 3.4 -1.72 45 4
5 75 05 19.49 11.24 11.19 0.27 -2.43 76.8 -0.05 0 4.1
15 75 34 8.87 4.73 3.86 0.13 0.83 1.39 -0.86 60 5
20 75 34 6.56 3.60 2.90 0.10 0.79 1.28 -0.70 61 6
5 65 34 17.37 12.28 12.28 0.26 -20.31 2.94 0.00 46 7
® 34 18.02 12.29 12.29 0.27 -19.09 2.9 0.00 47 8
PH 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
TAO 5 75 34 18.83 16.29 16.29 0.29 8.37 132.13 0.00 0 11
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
PH 10 8 34 11.42 7.58 4.97 017 -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
OTA=Total Alkalinity. In this scenario, the concentration of TA (expressed in mol m=) in the influent was increased by 20 mol m=.
The CO: 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 m?), since the reactor
volume was 1 m2.

155
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Table SI.10.2. Simulation results describing the system performances in summer.

RESULTS: SUMMER

Effecttested  HRT pH  ka XE%G SNHREMLRATE SNHREM RATE REMLRATE TRAN.RATE® SIC  Tmanpate  NeO  Soenari
- [ [ﬂ' [gTSSm?d"]  [gN-TANm?d"]  [gN-TAN m2d"]  [gP-POs m?d] [gC'C%Z ME e md] [gNNHsm2d] [%] e
ke, HRT 10 75 34 11.70 7.20 5.44 017 23 21 178 54 1
(C.N, Opartitioning) 10 75 05 13.11 7.04 7.01 0.20 1.8 9.3 -0.03 23
> 75 34 21.05 24.26 167 0.27 7.69 207 47 2259 0
> 7 34 20.43 14.33 160 0.26 56.01 328,68 12.72 3.1
> 65 34 19.85 8.00 155 0.26 10427 42871 6.45 3.2
HRT 5 75 34 17.26 13.61 10.76 0.25 -20.05 4.1 2.85 42 4
5 75 05 11.55 6.67 6.51 0.15 8.27 224 0.16 0 4.1
15 75 34 8.38 493 3.69 0.13 0.63 1.70 104 56 5
20 75 34 6.15 3.76 2.80 0.10 0.90 157 0.95 58 6
5 65 34 16.24 1204 12.04 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
pH 5 34 17.40 37.96 27.36 0.24 11001 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 2317 5.80 6.25 35 10
TA 5 75 34 17.54 16.25 16.25 0.27 5.89 133.16 0.00 0 1
10 65 34 11.45 6.33 6.33 017 333 147 0.00 65 12
10 34 11.70 6.46 6.21 0.17 2,63 161 025 58 13
PH 10 34 11.42 7.75 4.85 0.17 325 261 2.90 50 14
10 NC 34 7.06 8.08 4.04 0.10 13.26 288 4.05 51 15

OTA=Total Alkalinity. In this scenario, the concentration of TA (expressed in mol m) in the influent was increased by 20 mol m=.

The CO: 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 m?), since the reactor

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

RESULTS: AUTUMN
Effecttested — HRT pH ka XE%G SNHLREMLRATE SNHREM_RATE  REM.EFF  TRAN.RATE®  S-C TRAN RaTE MO Scenario

- [d  [[] [d'] [gTSSm2d']  [gN-TANm2d']  [gN-TAN m2d']  [gP-PO& m2d'] [gC-CO:m?3d"] [gCm?]  [gN-NHsm2d'] [%] n°
k.a, HRT 10 75 34 5.96 6.00 6.00 0.09 -15.7 1.8 0 49 1
(C, N, O partitioning) 10 75 0.5 8.80 5.58 5.58 0.13 -1.70 87.10 0.00 0 2
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
HRT 5 75 34 8.63 11.84 11.84 0.145 -37.4 4.5 0 22 4
5 75 05 6.21 3.09 2.94 0.08 17 315.6 -0.15 0 4.1
15 75 34 4.22 4.02 4.02 0.06 -10.23 1.30 0.00 100 5
20 75 34 2.97 3.01 3.01 0.04 -7.85 1.06 0.00 100 6
5 6.5 34 8.22 11.79 11.79 0.140 -37.46 8.19 0.00 0 7
5 34 8.57 11.85 11.85 0.144 -37.68 4.45 0.00 23 8
PH 5 8 34 8.63 11.93 11.75 0.144 -37.51 4.65 -0.18 21 9
® NC 34 8.63 11.93 11.75 0.144 -37.51 4.65 -0.18 21 10
TA 5 75 34 9.01 16.29 16.29 0.16 -14.45 110.75 0.00 0 1
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
PH 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

OTA=Total Alkalinity. In this scenario, the concentration of TA (expressed in mol m=) in the influent was increased by 20 mol m-.
The CO: 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 m?), since the reactor

volume was 1 m?,

159

160

S14



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

RESULTS: WINTER
Effecttested HRT pH ki XEQZG SNﬁiEélI\R/E'I:ZTE SNHég-lE-IL\J/IélliATE RE?/I'\I_HEFF RESI\;_%FF TRAN?E{);TE(") SIC TRA’l:l”__EATE N2O_f  Scenario
- [ [1 [d'] [gTSSm2d'] [gN-TANm2d']  [gN-TAN m2d] [%] [gP-PO m2d] [gc'c% M gcm] [N-NHsm2d] (%] n°
kaa, HRT 10 75 34 6.44 6.01 6.01 73.56 0.10 -14.3 2.6 0 35 1
péﬁ;ﬁﬁ'nﬁg) 10 75 05 7.15 3.87 3.87 47.37 0.10 6.10 202.10 0.00 0 2
2 75 34 0.00 3.31 0.39 0.96 0.03 43.97 373.69 -2.92 0 3
2 65 34 0.00 0.38 0.38 0.93 0.03 123.24 532.14 0.00 0 3.1
5 75 34 8.41 10.09 10.09 61.75 0.145 -26.1 62.1 0.00 0 4
ART 5 75 05 4.48 1.39 1.32 8.08 0.06 22.2 356.7 -0.07 0 4.1
15 75 34 4.74 4.04 4.04 7411 0.07 -8.91 1.66 0.00 64 ®
20 75 34 3.60 3.03 3.03 74.30 0.06 -6.32 1.31 0.00 100 6
5 65 34 6.72 0.56 0.56 3.42 0.09 60.85 527.22 0.00 0 7
5 34 6.83 0.58 0.58 3.53 0.09 43.18 439.77 0.00 0 8
PH 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 75 34 8.43 10.52 10.52 64.37 0.15 22.93 307.87 0.00 11
10 65 34 6.30 6.01 6.01 73.57 0.10 -14.65 3.23 0.00 27 12
oH 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
OTA=Total Alkalinity. In this scenario, the concentration of TA (expressed in mol m=) in the influent was increased by 20 mol m.
The CO: 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 m?), since the reactor
volume was 1 m®.
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S1.11 The ALBA model

Table SI.11.1. Stoichiometric matrix of the ALBA model (Casagli et al.").

XaLe Xaos Xnos Xu Xs Xi Ss Si Sic Snp SNH Sno2  Snos Sh2 Spoa So2 Sh20
component gCo gCo gCo gCOD gCOD gCOD gCOD gCOD gCm® gNm gNm gNm  gNm  gNm® gPm?® gO.m gHm"
j— m?3 m3 m3 m?3 m3 m?3 m?3 m3 3 3 3 3 3 3

process i |

Algae
phototrophic

1 growth on 1 a9 Q1,11 1,15 1 Q1,17
NH4

2 phototrophic az9 02,15 02,17
growth on 1 02,13 1
NOs

3 aerobic A az9 as, 11 03,15 1 0317
respiration

4 Decay -1 Q45 Q4.6 Q4,9 04,11 Q4,15

Heterotrophic bacteria
Aerobic

5 growth on 1 Qs,7 Qs9 s, 11 05,15 05,16
NH4*

6 Aerobic
growth on 1 Qg7 Q9 Q6,13 0,15 O, 16
NOs

7 Aero.blc. -1 07,9 07,11 07,15 -1
respiration

8 Anoxic grOWth 1 Qg7 ds9 s, 11 s, 13 s, 14 s, 15
on NOs

9 Anoxic growth 1 Oo7 Oo9 g 11 Qo 12 Qo 14 Q9,15
on NO2

10 Anoxic
respiration -1 Q10,9 a1 O1o12 010,13 Q10,14 Q10,15
NO2 and NOs

11 Hydrolysis of
ksjli(c))\gggradable -1 Q11,7 q11,8 QA11,9 Q11,11 A11,15
COD

12 Hydrolysis of e P y 17
urea

13 Decay -1 Q135 a136 ai39 Q13,11 Q13,15

Ammonium Oxydising Bacteria

14 Aerobic
growth on 1 Q14,9 Q14,11 Q14,12 Q14,15 Q14,16
NH4*

15 Aerobic 4 ai59 Q15,11 Q15,15 Q15,16
respiration
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16 Decay -1 Q165 Q16,6 Q16,9 Q16,11 Q16,15
Nitrite Oxydising Bacteria

17 Aerobic
growth on 1 Q17,9 Q741 Q7,12 Q17,13 Q17,15 a17,16
NO2
18 Aerobic 4 a189 a1s,11 Q18,15 Q18,16
respiration
19 Decay -1 Q19,5 Q19,6 Q19,9 Q119,11 Q19,15
Equilibrium phase
20 Dissolution y
of O2
21 Dissolution y
of CO2
22 Dissolution ’
of NHs
ki = Composition matrix
1 COD (4 — 19) 1 1 1 1 1 1 1 1 0 0 0 -3.43 457  -1.71 0 -1 0
2 O(1—23) iOsmALG iOBm iOsm iOsm iOxs iOxi iOss iOsi 2.67 0.57 0 2.28 3.43 0 2.07 1 7.94
3 C iCemALG iCsm iCem iCaum ICxs iCxi iCss iCsi 1 0.43 0 0 0 0 0 0 0
4 N iNemALG iNBwm iNBwm iNBwm INxs iNxi iNss iNsi 0 1 1 1 1 1 0 0 0
5 P iPemaLc iPem iPem iPam IPxs iPxi iPss iPsi 0 0 0 0 0 0 1 0 0
6 H({1—3) iHemALG iHm iHm iHem 0 0 0 0 0 0.14 022 0.07 0.07 0 0.10 0 1
165
166
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Table SI.11.2. Stoichiometric coefficient values in the ALBA model (Casagli et al.").

Symbol Definition Value Unit Source
ALGAE - BACTERIA
fx,ALG Inert organic fraction produced from microalgae decay 0.062 gCODy gCODgy !
ic.am?-C Fraction of carbon in algae biomass 0.327 gC gCODg), 1
in emA-C Fraction of nitrogen in algae biomass 0.042 gN gCODg), !
ip am"-C Fraction of phosphorus in algae biomass 0.008 gP gCODgy, !
[eY:Wiand Fraction of oxygen in algae biomass 0.209 gO gCODgy 1
it MG Fraction of hydrogen in algae biomass 0.050 gH gCODg, !
fsi Inert soluble organic fraction produced from hydrolysis 0.1 gCODg gCODgy, ¢
T Inert organic fraction produced from bacteria decay 0.1 gCODy, gCODgy, ¢
ic.Bm Fraction of carbon in bacterial biomass (nitrifiers, heterotrophs) 0.36 gC gCOD'EQ,\,I !
iN,BM Fraction of nitrogen in bacterial biomass (nitrifiers, heterotrophs) 0.084 gN gCODgy 1
ip B Fraction of phosphorus in bacterial biomass (nitrifiers, heterotrophs) 0.016 gP gCODgy, !
i0,BM Fraction of oxygen in bacterial biomass (nitrifiers, heterotrophs) 0.184 go gCOD'EQM !
iH,BM Fraction of hydrogen in bacterial biomass (nitrifiers, heterotrophs) 0.043 gH gCODgy 1
ic.ss Fraction of carbon in soluble organic matter (Ss) 0.318 gC gCODQS °
iN.SS Fraction of nitrogen in soluble organic matter (SS) 0.015 gN gCOD’QS !
iP,ss Fraction of phosphorus in soluble organic matter (SS) 0.005 gP gCODgs °
i0.ss Fraction of oxygen in soluble organic matter (SS) 0.156 go gCODQS °
ic.si Fraction of carbon in soluble recalcitrant organic matter (SI) 0.36 gC gCODy °
iNsI Fraction of nitrogen in soluble recalcitrant organic matter (SI) 0.06 gN gCODg °
Pl Fraction of phosphorus in soluble recalcitrant organic matter (SI) 0.005 gP gCODg, °
o Fraction of oxygen in soluble recalcitrant organic matter (S) 0.15 gO gCODg, °
Y Growth yield for heterotrophic bacteria 0.63 gCODgy gCODgs ¢
YHNO2 Growth yield for heterotrophic bacteria, denitrification on NO2 0.3 gCODgy gCODgs °
YHNO3 Growth yield for heterotrophic bacteria, denitrification on NOs” 0.5 gCODgy gCODgs °
Y nos Growth yield factor for AOB 0.2 gCODgy gN’ 6
Ynos Growth yield for NOB 0.05 gCODgy g\’ 6
ic.ND Fraction of inorganic carbon from urea hydrolysis (Sno) 0.429 gC gN:, !
iH.ND Fraction of hydrogen from urea hydrolysis (Snp) 0.072 gH gN{fe 1
icxs Fraction of carbon in particulate biodegradable organic matter 0.318 gC gCOD;QS °
icx Fraction of carbon in particulate inert organic matter 0.36 gC gCODy, !
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NS Fraction nitrogen in particulate biodegradable organic matter 0.034 gN gCODjs
N Fraction of nitrogen in particulate inert organic matter 0.06 gN gCODy;
ipxs Fraction of phosphorus in particulate biodegradable organic matter 0.005 gP gCODxs
ip.x Fraction of phosphorus in particulate inert organic matter 0.01 gP gCODy
ioxs Fraction of oxygen in particulate biodegradable organic matter 0.156 gO gCODys
ioxi Fraction of oxygen in particulate inert organic matter 0.15 gO gCODy,
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Table SI.11.3. Stoichiometric coefficient expressions in the ALBA model (Casagli et al.?).

Stoichiometric coefficients

Symbol Affected variable Expression Unit
p1- Growth of XaLe on NH4*
Q1,1 XaLg 1 gCODgsu / gCODsm
01,9 Sic -iCeute gC/gCODsawm
Q1,11 SNH - iNgvAe gN/gCODswm
01,15 Sros - iPevtC gP/gCODszwm
a S - 10,8vA+(32/12) iC em™-C-(24/14)iN gm-C gO2/gCODem
e o2 +(40/31) iP ewPC+(8) iH anC
Q1,17 S0 - 0.0404 gH/gCODewm
p2- Growth of Xae on NOs™
Q2,1 XaLe 1 gCODgm / gCODgm
029 Sic -iCau® gC/gCODsam
02,13 Snos - iNgvAe gN/gCODswm
02,15 Spo4 - iPevAC gP/gCODsgwm
Gore Sos -iOsM"-C+(32/12) iCanC+(40/14) iNawA-C gO/gCODswv
: +(40/31) iPau™O+(8) iHawLe
02,17 Sh2o0 - 0.0464 gH/gCODswm
p3— Aerobic respiration of Xaie
03,1 XaLe -1 gCODsm / gCODgm
039 Sic iCavte gC/gCODsawm
Q3,11 SNH iN gvte gN/gCODswm
03,15 Sro4 iP But® gP/gCODsgwm
a S iO,BMALG—(32/'| 2) iC,BMALG+(24/'|4)iN,BMALG g0O2/gCODem
318 02 -(40/31) iP gm”8-(8) iH puC
03,17 Sh2o 0.0404 gH/gCODswm
ps4— Decay of XaLe
Q4,1 XaLe -1 gCODgm / gCODgm
04,5 Xs (1-faaLe) gCODxs / gCODswm
Qa6 Xi fxiaLe
Q4,9 Sic iCemPC-(1- fxiaLe) *iCxs- fiaLe *ICxi gC/gCODsgwm
Q4,11 SNH iNam” C-(1- fxi.aLe) “iNxs- fxiaLe *iNxi gN/gCODswm
04,15 Spros iPan’-C-(1- fxiace) *iPxs- fxiacs *iPxi gP/gCODs&wm
ps— Aerobic growth of X4 on NH4*
05,3 Xn 1 gCODenm / gCODswm
Qs,7 Ss -1/Yn gCODss / gCODswm
05,9 Sic iCss/Yn-iCeam gC/ gCODswm
s, 11 Sk iNss/Yr-iNgm gN/ gCODsgwu
05,15 Spo4 iPss/Yn-iPem gP/ gCODgwm
05,16 So2 -(1/Yu-1) gO2/ gCODgm
ps— Aerobic growth of X4 on NOz™
06,4 Xn 1 gCODenm / gCODswm
Q6,7 Ss -1/Yn gCODss / gCODswm
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Q6.9 Sic iCss/Yn— iCsm gC/ gCODgwm
06,13 Snos iNss/Yn— iNam gN/ gCODsgwm
06,15 Spo4 iPss/Yn— iPaum gP/ gCODgwm
6,16 So2 =(1/Yu— 1) — 64/14*(iNss/Yn— iNBm) g0/ gCODsm
p7— Aerobic respiration of X«
Q7.4 Xn -1 gCODsm / gCODgm
are Sic iCswm gC/ gCODgwm
a7, Snn iNBm gN/ gCODsgwm
07,15 Spo4 iPam gP/ gCODgwm
Q7,16 So2 -1 gO2/ gCODswm
ps— Anoxic growth of X4 on NOs"
Qg.4 Xn 1 gCODsm / gCODgm
Qg7 Ss -1/Yrnos gCODss/gCODswm
Q8,9 Sic iCss/Ymnoz-iCem gC/gCODswm
Q8,11 S iNss/Yrno3-iNBw gN/gCODswm
0g,13 Snos -28/80%(1/Yrnos-1) gN/gCODswm
Qls,14 Sh2 28/80*(1/Yhno3-1) gN/gCODswm
0,15 Spo4 iPss/Yrnos-iPswm gP/gCODsgwm
po— Anoxic growth of Xy on NO2
09,4 Xn 1 gCODsm / gCODgm
Qo7 Ss -1/Yunoz gCODss/gCODsm
Qo9 Sic iCss/YHno2-iCam gC/gCODsam
Qo, 11 SNH iNss/YrHno2-iNBwm gN/gCODswm
9,12 Snoz -28/48*(1/Yuno2-1) gN/gCODswm
0,14 Sh2 28/48*(1/Ynno2-1) gN/gCODswm
09,15 Spo4 iPss/Yrno2-iPawm gP/gCODswm
p10— Anoxic respiration of X4 on NO2"and NOz
Q10,4 Xn -1 gCODgm / gCODgm
a10,9 Sic iCem gC/gCODsgwm
Q10,11 Sk iNBwm gN/gCODswm
Q10,12 Sno2 -14/64 gN/gCODswm
010,13 Snos -14/64 gN/gCODswm
010,14 S 28/64 gN/gCODswm
Q10,15 Spo4 iPam gP/ gCODsum
p11— Hydrolysis of slowly biodegradable COD
a11,5 Xs 1 gCODxs/ gCODxs
Q11,7 Ss 1-fsi gCODss / gCODxs
o118 Si fsi gCODsi / gCODxs
01,9 Sic iCxs-(1-fs1)*iCss-fs*iCsi gC/gCODxs
011,11 S iNxs-(1-fs1)*iNss-fs*iNsi gN/gCODxs
Q11,15 Spo4 iPxs-(1-fs1) *iPss-fsi*iPsi gP/gCODxs
p12— Hydrolysis of urea
02,9 Sic iCnp 9gC/gNurea
012,10 Sno -1 Nurea / Nurea
12,11 S 1 gNammonia / 9Nurea
Q12,17 Szo iHnp gH/ gNurea

p13— Decay of X4
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134 Xn -1 gCODsgm / gCODgm
a135 Xs 1-fx gCOD xs/gCODsm
Q136 X fxi gCOD x/gCODgm
0139 Sic iCem-(1-fxi) *ICxs-fxi*iCxi gC/gCODsam
013,11 SnH iNBwm-(1-fxi) “iNxs-fxi “iNxi gN/gCODswm
013,15 Spo4 iPev-(1-fxi)iPxs-fx*iPxi gP/ gCODsu
p14— Aerobic growth of Xaos on NH4*
Q14,2 Xaos 1 gCODsm / gCODgm
Q14,9 Sic -iCem gC/ gCODswm
014,11 SNH -iNBw-1/Yaos gN/ gCODsgwu
Q14,12 Snoz 1/Y ro8 gN/ gCODsgwm
Q14,15 Sro4 -iPam gP/ gCODgwm
Q14,16 Soz 1-48/14*1/Y noB gO2/ gCODsm
p15— Aerobic respiration of Xaos
Q15,2 Xaos -1 gCODsm / gCODgm
Q15,9 Sic iCem gC/ gCODsm
015,11 SNH iNBwm gN/ gCODsgwu
Q15,15 Spo4 iPem gP/ gCODgwm
Q15,16 Soz -1 g0/ gCODsm
p16— Decay of Xaos
Q16,2 Xaos -1 gCODsm / gCODgm
Q16,5 Xs 1-fa gCOD xs/gCODgwm
Q16,6 Xi fxi gCOD x/gCODsm
0116,9 Sic iCem-(1-fxi)*iCxs-fxi*iCxi gC/gCODsawm
Q16,11 SNH iNawm-(1-fx1) *iNxs-fxr*iNxi gN/gCODswm
Q16,15 Spo4 iPem-(1-fxi) *iPxs-fxi*iPxi gCOD xs/gCODgm
p17— Aerobic growth of Xnos on NO3z®
7,3 Xnos 1 gCODgm / gCODgm
17,9 Sic -iCsm gC/ gCODsm
Q17,11 Sk -iNBwm gN/ gCODsgwm
017,12 Sno2 -1/YnoB gN/ gCODsgwu
017,13 Snos 1/YnoB gN/ gCODgwm
Q17,15 Sro4 -iPam gP/ gCODgwm
Q17,16 So2 1-16/14*1/Ynos gO2/ gCODgwm
p1s— Aerobic respiration of Xnos
Q18,3 Xnos -1 gCODgwm / gCODgm
Qg9 Sic iCem gC/ gCODsm
Q18,11 SNH iNBwm gN/ gCODsgwu
Q18,15 Spo4 iPem gP/ gCODgwm
Q18,16 So2 -1 gO2/ gCODgm
p19— Decay of Xnos
0193 Xnos -1 gCODsm / gCODgm
Q195 Xs 1-fx gCOD xs/gCODgm
Q19,6 Xi fxi gCOD x/gCODsam
09,9 Sic iCaw-(1-fxi) *iCxs-fx*iCxi gC/gCODsgwm
019, 11 Snr iNBm-(1-fxi) “iNxs-fxiiNx gN/gCODswm
Q19,15 Spo4 iPem-(1-fx) *iPxs-fxi*iPxi gP/gCODsgum
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p20— Dissolution of O2

020,15 So2 [-]
p21— Dissolution of CO2
Q21,9 Sic [-]
p22— Dissolution of NH3
022,11 SnH [-]
171
172
173
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Table SI.11.4. Kinetic parameter values in the ALBA model (Casagli et al.").

Kinetic parameters

Symbol Description Value * std Unit Source
Biological model

Mmax.g,ALG Maximum specific growth rate of XaLe 2.5+ 0.055 d’ L
DrmaxrALG Specific respiration rate of Xa.e 0.1 d’ 1
Prmax d.ALG Specific decay rate of XaLe 0.03 d’ 6
Mrmax.g.H Maximum specific growth rate of Xu 6 d’ 4
Prmaxr.H Specific aerobic respiration rate of Xu 0.3 d’ 5
Mhyd Hydrolysis rate of slowly biodegradable COD (Xs) 3 a’ 6
My Hydrolysis rate of urea (SND) 0.25 a’ L
Brmax..H Specific decay rate of Xy 0.9 d’ 1
Mmax.g,A0B Maximum specific aerobic growth rate of Xaos 0.72 +0.0005 d’ L
Prmax.r.A0B Specific aerobic respiration rate of Xaos 0.05 d’ 6
Drmax.d.A0B Specific decay rate of Xaos 0.1 d’ 8
Mrmax,g.NOB Maximum specific aerobic growth rate of Xnos 0.65 £0.023 da’ 1
Prax.rnOB Specific aerobic respiration rate of Xnos 0.03 d’ 5
Prmax.d.N0B Specific decay rate of Xnos 0.08 d’ 1
Keale Inorganic carbon half-saturation constant for Xa.s 0.004 gCm™ 8
KoaLs Oxygen half-saturation constant for Xace 0.2 gOom3 5
Kn.ale Ammoniacal nitrogen half-saturation constant for Xa.e 0.1 gNm™ 8
Knos.aLe Nitrate half-saturation constant for Xa.e 0.3 gNm?® 9
K AL Phosphorus half-saturation constant for Xa.c 0.02 gNm™ 9
EcCs0,02 Oxygen value associated to 50% algae growth reduction 20 gOom3 1
n Shape parameter associated to the Hill model 15 [-] 1
Ksh Soluble organic matter half-saturation constant for X 4 gCoDm? 10
Kon Oxygen half-saturation constant for Xu 0.2 gO.m’® 4
K Ammonium half-saturation constant for Xy 0.05 gNm?® 4
Knoz.n Nitrite half-saturation constant for Xu 0.2 gNm 5
Knos.H Nitrate half-saturation constant for Xy 0.5 gNm?® 5
Ke Phosphorus half-saturation constant for Xy 0.01 gPm? 4
Khvo Half saturation constant for hydrolysis 1 gCODgCOD"" 5
Ke.aos Inorganic carbon half-saturation constant for Xaos 0.5 gCm? 4
Ko.ao8 Oxygen half-saturation constant for AOB 0.8 gOzm3 4
Kna0B Ammonium half-saturation constant for Xaos 0.5 gNm?® 5
Kp.a0B Phosphorus half-saturation constant for Xaos 0.01 gPm? 4
Kcnos Inorganic carbon half-saturation constant for Xnos 0.5 gCm™ 4
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Ko.nos
KNoz.noB
Kp noB
NANOX
lopT
a

€
0
OH
Baos
OnoB
BaLe

Brvp

Bamm

TmaxALG
TminALG
TmaxAOB
ToptAOB
TrmnAOB
TmaxNOB
ToptNOB
TminNOB
TmaxH
ToptH
TminH
pHmaxALG
pHminALG
pHmaxAOB
p H m\nAOB
p H maxNOB
P H OptNOB
P Hmin NOB
pHmaxH
pHopt"
P Hmin H

Oxygen half-saturation constant for Xnos
Nitrite half-saturation constant for Xnos
Phosphorus half-saturation constant for Xnos

Efficiency reduction factor for denitrification process
Optimal irradiance for XaLe
Initial slope of irradiance response curve

Light extinction coefficient
Coefficient for temperature dependence for mass transfer
Temperature coefficient for Xu decay

Temperature coefficient for Xaos decay
Temperature coefficient for Xnos decay
Temperature coefficient for Xa.e decay
Temperature coefficient for hydrolisis
Temperature coefficient for ammonification
Maximum temperature threshold for Xa.e
Optimal temperature for XaLc growth
Minimum temperature threshold for XaLe
Maximum temperature threshold for Xaos
Optimal temperature for Xaos growth
Minimum temperature threshold for Xaos
Maximum temperature threshold for Xnos
Optimal temperature for Xnos growth
Minimum temperature threshold for Xnos
Maximum temperature threshold for Xy
Optimal temperature for X4 growth
Minimum temperature threshold for Xy
Maximum pH threshold for XaLc

Optimal pH for XaLe growth

Minimum pH threshold for XaLe

Maximum pH threshold for Xaos

Optimal pH for Xaos growth

Minimum pH threshold for Xaos
Maximum pH threshold for Xnos

Optimal pH for Xnos growth

Minimum pH threshold for Xnos
Maximum pH threshold for Xu

Optimal pH for X4 growth

Maximum pH threshold for Xa.e

2.2
0.5
0.01

0.6
300 + 3.814

0.01£0.0003
0.067
1.024
1.07
1.1
1.04
1.04
1.04 + 0.005
1.12 + 0.002
42 +0.513
20 £ 0.148
10 + 1.524
40+0.817
24.5 +0.232
-8+0.741
38.5 + 6.090
20 + 0.940
-8 +9.734
42 +1.919
25+ 0.634
3+0.335
12 +0.039
8.4 + 0.066
2 +0.562
12.4+0.115
8.1 +0.078
5.8+ 0.355
12.1 + 0.463
7.9+0.320
5 +0.568
11.5 £0.022
7 +0.066
2 +0.344

g0zm
gNm-
gPm

umol m?s™
gmol' m? s!
m? g COD'
OC-1
OC-1
ocrﬂ
OC-1
OCJ
oCrW
OCJ
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
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Gas-liquid exchange with atmosphere

Kia Mass transfer coefficient for O 34+ 0.1 d’ L
Hoo Henry's constant for Oz Eq(S16.3) gOzatm™'m® 1
Hcoz Henry's constant for carbon CO» Eq(S16.4) gCOzatm™m 1
Hums Henry's constant for NH3 Eq(S16.5) gNHzatm'm?3 16
Doz Mass diffusion coefficient for Oz 2.5e-009 m2s™’ i
Dco2 Mass diffusion coefficient for CO» 2.1e-009 m2s! i
D3 Mass diffusion coefficient for NHs 2.4e-009 m2s™’ i
po2 Partial pressure of Ozin gas phase 0.21 atm L
Pco2 Partial pressure of COzin gas phase 0.0004 atm 1
PNH3 Partial pressure of NHzin gas phase 1.5e-006 atm L
pH sub-model

pkacoz Acid dissociation constant for carbonic acid - bicarbonate balance 6.37 - 7
pkancos™ Acid dissociation constant for carbonic acid - bicarbonate balance 10.33 - 7
pkanHa* Acid dissociation constant for bicarbonate-carbonate balance 9.25 - 7
pkarnoz Acid dissociation constant for ammonia-ammonium balance 3.35 - 7
pkarnos Acid dissociation constant for nitrous acid -nitrite balance -1.64 - 7
pkanapo4 Acid dissociation constant for nitric acid-nitrate balance 214 - 7
pkanzros” Acid dissociation constant for phosphoric acid-dihydrogen phosphate balance 7.21 - 7
pkanpos® Acid dissociation constant for dihydrogen phosphate-hydrogen phosphate balance 12.67 - 7
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Table SI.11.5. pH sub-model equation system in the ALBA model (Casagli et al.").

Ka
Description Expression [mol m] (293 K)
[M]
_ S N
1- Mass balance ONH NH;+NH;
14
2 - Dissociation NH; _/ Snn/14 \ Kanna:
NH; > NH3+H \1+ (KaNﬂiﬂO ) 5.62E-10
_ S
3- Mass balance ;uoz = NO3+HNO,
4 - Dissociation
HNO, <> NOy+H" inos 2| Swo/14 Kamnoz:
2 \ KaN02 109 } 4.47E-04
5- Mass balance S;uos NO3+HNO,
6 - Dissociation HNO: _( Sno,/ 14 \ KaHnos:
HNO; > NO3+H" ° ., (Kano, 10°) 4.37E+0]
\ )
7- Mass balance %—COZ+HCO3+CO3
8 - Dissociation 2= 6 KaH2cos:
* Kacos Ko, ¥ :
H,0+CO, HCO;+H" 1+ (K800 "10%) , (Kac0r ™Mo, "107) 4.27E-07
H (H)
9 - Dissociation - Sic/12 Katcos:
N 2- + HCO3 - + 3
HCO; »CO3 +H e H , (Kaeos™10%) 4.68E-11
(Kacoz*103) H
S
10- Mass balance ;f“ =H PO4+H2POA+HPO4 +POY
HyPO4 Seo./31
11 - Dissociation 3 = " Ka, :
! H3F’IO: o H,PO+H" 1+(KaH3F¢|)+4 10° ) (KaH3P04(:—'<|a;2PO4 10° ) (Kanzpos* KaH2P04 Karpoa® 10° ) 7323;63
. Spo,/31
12 - Dissociation 2P = T " KaHaro4:
H,PO; o HPO?{+H+ 1+ H e +(KaHzP(}x 10° ), (Kapopos™ KaHPO4 10%) 6.17E-08
(KAHSPOA 10%) H
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180

181

182

Spo,/31

2 _
13 - Dissociation HPOL = (H+)2 o (Kanpou10%) KaHpoa:
HPOZ o PO +H" o o + CHEGS 214813
(KAHBPOA KaH2P04 109 (KaHZPOA 10%) H
14 - Dissociation . Ka,*10° Kaw :
H,0 < OH+H* OH= b 1.00E-14

15— Charge balance H*+NH} +Acat an -OH - NO3-NO3- HCO3- 2C03% - H,POj- 2HPOS - 3P0OS = 0

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

| Ka,T _AHOI(1 1 ) (Sl']']'])
K1) - R Ty T+273.15 S

In Equation SI6.4, Ter is the standard temperature (298.15 K) for which the equilibrium coefficient value (Kater, [Mol L) is known, T is the temperature at which evaluate

the equilibrium coefficient value (Kar, [mol L"), R is the gas law constant [J K=" mol~'] and AH? is the heat of reaction at standard temperature and pressure [J ].
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Table SI.11.6. Biological process rates in the ALBA model (Casagli et al.").

Group Process Rate
. Sic SnH Spoy
o Growth on S Hraxgato ™1 e oo fozg” MIN (Kc acSic Kuae St Kpais™Spos) Ko
3 Growth on § e Tt fong fuae Se Swos Seos :
S P2 Nos Hmaxgae 1 " a™ o™ 1020 Kn.aLgTSnm KcatetSic " Knos.aie+Snos  Kpalg+Spos ALG
Q S
© ) _— 02
% Ps3 Aerobic respiration PraxrALe * FTas” foHas 7KO.ALG+SOZ Xalc
T-20
P4 Decay Praxdace ( (ALG ). forae tfoz.a)” XaLe
. Sg So2 SnH Spoy
0 > Growth on S Mg iy Tory ™ min <Ks,H+Ss "Kon+Soz "KnutSnn " Ke tSpos e
kS K.+ . Sg So2 Snos Spos
o) E . H . .
o P6 Growth on Snos u fr,- f, mm( , , , X
. o max.gH  TH. TPHH KN§|+SNH Ks+Ss KontSoz Knos+Snos ' KeptSpos) "
I
X p7 Respiration Prmaxrt * iy prH'WOiSw' X
pt }
= K, S S S
5 ) e ¢ Kow . s NO2 Po4_ \.
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185 * Sic in the Monod terms incudes the inorganic carbon from CO2 and HCO?%, without accounting for the contribution given by COs? . The concentration of CO2 and HCO*

186 is estimated using the pH sub-model, as shown in Table SI.11.5.
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187  Table SI.11.7. Gas-liquid transfer rates in the ALBA model (Casagli et al.").

Gas - liquid mass transfer

Process Description Unit
P20-0xygen stripping/dissolution 8" kLa-(Hoa(T) P, - Soo) 90> m3d"
. . . . . . D 0.5
p21-carbon dioxide stripping/dissolution 8"*%kLa- (%) “(Heoz(T)-Peoy - CO2) gC-COm? o'
D 0.5
P22-ammonia stripping eT'2°-kLa-($) (Haris(T) P - NH3 ) gN-NHs m* o'
02

188
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S1.12 Experimental measurement of k.a

The volumetric mass transfer coefficient (k.a) was estimated according to the ASCE Standard™®.
In brief, the HRABP was filled with clean water, then the water volume was de-oxygenated using
reagent-grade chemicals. To this purpose, sodium sulphite (Na>-SOs) was uniformly distributed
on the surface of the HRABP, to achieve water de-oxygenation. Then, the water re-oxygenation
was monitored until reaching a value close to the DO saturation at the test temperature. DO
data were measured using two DO probes (Hach-Lange, LDO101), each connected to a multi-
meter data logger (Hach-Lange, HQ40D), recording DO data every 30 s. The DO was
measured in two different points of the HRABP channels, i.e. one immediately after the
paddlewheel and one at the opposite location of the loop, to account for different mass transfer
rates in the two zones™. The overall mass transfer coefficient was then calculated by assuming
the average value of the two determinations.

The DO data were then analysed to estimate the volumetric mass transfer coefficient (k.a),

according to the following model:

C=C-(C-Cq)*exp(-k a*t)

Where: C is the DO concentration [g m?®], C«" is the steady-state DO saturation concentration
as time approaches infinity [g m?], Co is the initial DO concentration at time zero [g m™®], k.a is
the volumetric mass transfer coefficient [d'] and t is the test time [d].

The test was carried out at approximately 20 °C. To refer to standard conditions, the obtained
kia value at the test temperature was, according to ASCE'®:

k|_a20:k|_a*e(20_T)
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Where: kiaz is the volumetric mass transfer coefficient corrected to 20 °C and 6 = 1.024 is the
recommended empirical temperature correction factor [-].

Nonlinear regression was performed in MS Excel (GRG nonlinear solver), to estimate the k.a
and C-" values. The overall kiaz was 30.6 + 0.4 d'. The results of the re-oxygenation test are

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

- DO1_meas =—DO1_mod - DO2_meas —DO0O2_mod
9 .
8
7
EG
a5
E
o 4
Q3
2
1
0 I I I I I 1
0 25 50 75 100 125 150
Time [min]

Figure SI1.12.1. Measured and modelled DO data (DO+: DO data measured immediately after the paddlewheel, DO::
DO data measured on the opposite side).

Table. SI.12.1. Estimated k.a values for the HRABP (DO+: DO data measured immediately after the paddlewheel, DO2:
DO data measured on the opposite side). The overall value is indicated as average + standard deviation of the two
measurements.

Parameter Unit DO DO:2 Overall
Temperature [°C] 20.0 19.3 -
k.a [d-1] 30.9 29.9 30.4+0.7
kLazo [d-1] 30.9 30.3 30.6+0.4
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S1.13 Parameter uncertainty and error propagation

Once the model was calibrated and validated, a dynamic sensitivity analysis was run, including
all the experimental periods covered from the monitoring campaigns (i.e. 31/05/2016 -
06/12/2016), therefore using the actual environmental conditions (and not the average values,
as shown in the manuscript in Figure 1). The sensitivity functions were then computed in these
real conditions for all the most sensitive parameters investigated, again choosing the absolute-
relative sensitivity function (equation SI.13.1).

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

Fisher analysis is based on the local sensitivity functions a;fpj, and turned out to be efficient for

biological dynamic systems 2%2'. The F matrix (Eq. SI.13.3) was computed from the sensitivity
matrix A Y, (Equation SI.13.2) and the covariance matrix of measured standard deviations, C.
The standard deviation §; associated to parameters p; was then computed as reported in Eq.

S1.13.4.

&= ) S1.13.1
ay ay ]
A= |— ..., — o,
ERy %, SI1.13.2
K
F=) A'C'A S1.13.3
5%=(F"),, S1.13.4
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After performing the sensitivity analysis, and estimating the parameter standard error, as

described above, the error propagation o,, of the model predictions for y; was also computed

(equation SI.13.5):

SI1.13.5

Where: p are the model parameters, T, their standard deviations, y(ps, ..., p») is the model

solution for each predicted state y;, at a given time ¢ and g, is the prediction standard deviation of

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

parameters (i.e., TSS, CODs, Xaia, Snn, Snoz, Snos, and Soz) were estimated by the interval [yi—1 .96

oy Yy, t1.96 Oy, ] and are shown in the manuscript in Figure 2 and 3.
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Table SI1.13.1. Most sensible parameters identified from the sensitivity analysis performed (as briefly described in the manuscript, Section 2.2.3, and more in detail in
Casagli et al."); the nominal and calibrated values with their standard deviation (obtained with the procedure described above, Eq.S1.13.4).

Parameter/Symbol Nominal value Reference Calibrated value St.Dev.
Algae maximum specific growth rate [dmaxg.aLc) 1.5d" 2 2.5d" 0.019d"
AOB maximum specific growth rate [{maxg.A08] 0.94d" 6 0.724d" 0.056 d
NOB maximum specific growth [Umaxg.noB] 0.67d" 6 0.65d" 0.002 d"
Light optimal value for growth [lopr] 275 umol m2s™ 13 300 pmol m? 5™ 6.270 umol m2 g™
Light extinction coefficient [€] 0.067 +0.001 m*gCOD™ | [measured] - 0.005 m?gCOoD'*
Initial slope of PI curve [a] 0.027 13 0.01 ymol" m2 s'd™ 0.0008 ymol" m? s'd"!
Mass transfer coefficient [kia] 25 d" o 34 d" 0.172d"
Coefficient for temperature correction for hydrolysis [Bryd] 1.07 5 1.04 0.007
Coefficient for temperature correction for ammonification [Bawm] 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 Xa.c [CTMI] 1.1 32.5 39.3 2 -10 3.021 20 0.296 42 0.671
Cardinal temperature values for Xaos [CTMI] 5 25-35 35 10 -8 2.249 24.5 0.382 40 1.174
Cardinal temperature values for Xnos [CTMI] 5 25-30 37 10 -8 7.310 20 0.988 38.5 0.272
Cardinal temperature values for X4 [CTMI] 5 40 47 24 -3 5.091 25 1.450 42 6.257
Cardinal pH values for Xaie [CPM] 2.24 7.34 10 2% 2 1.240 8.4 0.428 12 0.826
Cardinal pH values for Xaos [CPM] 5.8 7.8-8 9 10 5.8 0.029 8.1 0.095 12.3 0.724
Cardinal pH values for Xnos [CPM] 6.5 7.6-8 8.6 10 5 0.053 7.9 0.031 12.1 1.644
Cardinal pH values for X [CPM] 4 7 9 2 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 .
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Figure Sl.14.1. Simulated vs measured data (left) and residual analysis (right) for the monitored variables: A) ammonium [gN m3]; B) nitrite [gN m]; C) nitrate [gN m"

257

258 pval is the p-value computed.

256
%]; D) algal biomass [gCOD m™]; E) Soluble COD [gCOD m®]; F)Total Suspended Solids [gTSS m~?]; G) Dissolved oxygen [gO2 m®]; H) Temperature in the pond [°C].
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S1.15 Economic computation for alkalinity addition in the raceway

An economic analysis accounting for the price of soda to regulate alkalinity was performed.
Alkalinity in the reactor was assumed to be increased through addition of NaOH, that has a unit
cost of approximately 0.4 $ kg'. Considering the molecular weight of NaOH (40 g mol"') and the
additional alkalinity of 20 mol m- (obtained by increasing the influent alkalinity). The resulting
alkalinity request is 0.8 kg(NaOH) m- leading to a cost for adding NaOH of 0.32 $ m™.

From scenario analysis simulation results, the actual nitrogen removal rate (i.e. considering NHs
stripped as untreated nitrogen) for Spring season (Tab S1.10.1), was considered. Specifically for the
scenarios S4 (HRT 5 d, liquid depth 0.2, no alkalinity addition in the influent) and S11 (HRT 5 d,
liquid depth 0.2, increased influent alkalinity), the actual nitrogen removal rate was 11.41 gN-TAN
m2d*and 16.29 gN-TAN m? d' respectively, with a gain of 4.88 gN-TAN m=din S11,
representing approximately a 30% increase in the nitrogen removal rate. Considering an
operational cost for treating nitrogen of 6 $ kgN" (Lin et al.?”), it means that treating an additional
30% of nitrogen with additional alkalinity has a value estimated to be 0.03 $ m2 d.

The cost of alkalinity addition is 0.0128 $ m= d"' which is definitely counter balanced by the increase

in nitrogen treatment efficiency.
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