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SUPPLEMENTARY INFORMATION



Supplementary Information A: Materials and methods

A1. Data reconciliation and gross error detection procedure

Data reconciliation

The general procedure for mass balance-based data reconciliation applied in this study was proposed by Le
(2019), based on the work of Verheijen (2010), and is schematically represented in Figure Al. Data reconciliation
requires three types of input information:

(1) A list of key process variables to be identified. These variables can be either measured or unmeasured ones.
(2) A pre-processed raw data set which contains mean values and standard error of the means of the measured
variables.

(3) A set of mass balances based on the plant configuration, which the variables need to adhere to. The input
form of mass balances determines the formulation of the objective function and the pre-processing of the input
data

Pre-processed

Mass balances
raw data

List of key variables

I
I
I
Data |
reconciliation |
P |

I

Gross error
exist?

yes
o Removal of
suspected

I |
I Gross error |
' elimination Reconciled data set (<~ - - D |
! lnn reconciliation

I I
| /I\ |
| | ]
| | :
: Gross error Reduced |
! detection raw data set :
l N .
I 1 I
| ] |
| 1 |
I I
I |
| |
I I
| |

Reconciled &
validated data

Figure Al. General mass-balance-based data reconciliation procedure (Le, 2019) applied in this study

The identification of key process variables means that their value is calculated from other, measured variables
and from the prevailing constraints, such that improved estimates of their values are obtained. These new
estimates, i.e., reconciled values, meet all the constraints (i.e., fit all mass balances) and are therefore considered
more reliable and accurate (have a smaller standard deviation or error) than the original values. Key variables
may be measured or not. In case a key variable is measured, the new estimate is considered improved compared
to the original measurements. In case the key variable is not measured, the new estimate is considered improved
compared to the value directly calculated from original measurements (using the available set of mass balances).

The objective function of the data reconciliation problem in this work was defined as the weighted least squares
of the distance between the measurements vector and the vector of reconciled values weighted by the
measurement error (Eq. 1).
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of equality constraint equations or mass balances. %yis a weighing factor, which usually the standard error of

the mean of y. If it is assumed that the measurement errors are normally distributed with zero mean, the solution
for this constrained optimization problem gives maximum likelihood estimates of process variables, so they are
minimum variance and unbiased estimators (Verheijen, 2010).

The equality constrained nonlinear data reconciliation problem defined by Eq. 1 was solved using the classical
method of Lagrange multiplier (Fletcher 2000).

The implementation of the data reconciliation procedure using the raw data set and a set of constraints will
result in a reconciled data set. This reconciled data set typically contains four types of variables: reconciled
measured variables, unreconciled measured variables, reconciled unmeasured variables and unreconciled
unmeasured variables.

Gross error detection
The gross error is based on testing the data set against the alternative hypothesis: (1) the null hypothesis H, that
is no gross error is present and the alternative hypothesis H1: that gross errors are present.

Three common test reported in literature were used in this study namely the global, measurement, and nodal
tests (Table 1). The global test compares each of the new estimates with the original measurements, y — X . The
nodal test substitutes each of the measurements into the active constraints, f(y). In these two cases the variances
of the respective residuals can be derived easily. The measurement test makes use of the sum-of-squares of the
residuals, which has a known distribution. All three tests calculated p-values, for the dataset (global and nodal
test) or for individual variables (for the measurement test). When p<0.05 there is something wrong which could

be a gross error, when p=0.05 no gross error is detected.

Table 1. Basic tests in gross error detection (Verheijen, 2010)

Test Description Measure
Global test Weighted sum of residuals squared gives an overall view y-X
Nodal test Each individual constraint misfit is considered f(y)
Measurement test Each individual measurement is considered Z(y -x)?

For more details on the data reconciliation and gross error detection procedures, the reader is referred to Le,
2019.



A2. Mass balances - stoichiometric and conversion factors

The information summarized in Table 2 results in the following mass balances (all in mol-h), which have been
applied in this study:

Mass balances including off-gas measurements
m1 (total nitrogen): Q;,-NH;,-1.053 - Q;*(1.053:NHefs + NOgess + NO3etr) - Qo Kot NOofs - Qo Ko N2Oofr = O
m2 (oxygen): (Quer + Qint):Ozaer'Kaer = Qin*(1.434-NOgeft + 1.934-NOszeff) - Qo (N2Ooff + 1.25-NOof)-Kofr = Qo O20ft Koft
—0.428-bCOD;,-Q;, =0
m3 (carbon): (TIC:NH)in Qin'1.053:NH;, + (Qaer + Qinf)'COZaer'Kaer +0.303:COD; Qi - Qofi* CO0ft Kot
-0.067-Qj,"(NOsess + NO3) =0
m4 (nitrogen gas): (Qaer + (linf)'(]-oG - Ozaer - CO2aer )‘Kaer - O~of\"(1oG - Oooff - COZoff)'Koff: 0

Mass balances without off-gas measurements

mb5 (total nitrogen): Q;,"NH;,-1.053 - Qj,"(1.053-NHefs + NOess + NO3es) = 0
m6 (oxygen): OC - Qj+(1.434-NOyess + 1.934-NO3f) - 0.428-COD;y Qi = O

Table Al. Stoichiometric matrix of the biological conversions. Negative values denote consumption, positive values denote

production.
components - CH,0, NHY €0, 0, CsH;NO, NO; NO3 N0 No
[mole m3] (bCOD = (biomass)
organic

conversions 4 carbon)

+ - 3-13Y
NH 1o NO2 1 -5Y, - N Yy 1-v,

2

NH} , NO3 1 -5Yy -247Yy Yy 1-Yy

+
NH3 +oN,0 2 2 1
NHX to NO -4 -5 4
bCOD conversion 1 Y 15y 1 +z_§_ 5y Y

yield of ammonium oxidizers Yo =0.0131 mol-mol-1 or 0.15 gCOD.gN! (de Kreuk et al., 2007)
yield of heterotrophs Y = 0.1395 mol-mol-1 or 0.67 gCOD.gCOD* (Henze et al., 2000)
a composition CH,0y = CH1 50q 5 was assumed, corresponding with a COD content of 36 gCOD/mole

Table A2. Other conversion factors

# factor value unit description assumption
10°° conversion factor from ppm
- . -1 - -5 m3. -1, -1
1 Kaer R(Z73154T,) mol- ppm to mol R =8.2005.10"> m3-atm.K™1-mol
6 . Taer = temperature of aeration air
s K 10 | 4 conversion factor from ppm T.= £ off
off R@BI5TT.) T mol- ppm to mol off = temperature of off- gas

conversion factor from
3 1.053 mol .mol? ammonium-nitrogen (NH;,) to  Mampaey et al. (2016)
total Kjeldahl nitrogen




Supplementary Information B: Raw and reconciled data set with off-gas data

List of abbreviations

Notation Description

var variable name

measured measured value

calculated calculated values from raw data
reconciled reconciled value

std standard error of the mean

%sd relative standard deviation
A(%) ratio of reconciled value to measured value
i(%) Improvement of a variables

M measured variable

u unmeasured variable

| identified variable (i.e., reconciled & checked by gross error detection)




Result for the whole data set

Table BOa. Data reconciliation (iteration = 3, convergence tolerance = 3.4x101°, CPU time = 0.7s)

# Var measured std sD% reconciled std sD% A(%) i(%)
1 COyuer 591 10 1.70 591 10 1.70 100.00 000 M |
2 COy0ft 22,052 88 0.40 22,052 88 0.40 100.00 0.00 M |
3 COD;, 2.78 0.01 0.36 2.78 0.01 0.36 100.00 0.00 M |
4 N2Oof 345 3 0.88 345 3 0.88 100.00 0.00 M |
5 NHe¢s 43.8 2.2 5.00 44.0 2.0 4.59 100.61 769 M |
6 NH;, 93.7 4.7 5.00 92.5 2.7 2.87 98.69 4326 M |
7 NO e 48.1 2.4 5.00 48.5 2.2 4,51 100.66 912 M |
8 NO3efr 0.6 0.0 5.00 0.6 0.0 5.00 100.01 000 M |
9 NOs 26 0 0.54 26 0 0.54 100.00 000 M |
10 Ojger 209,653 94 0.04 209,653 94 0.04 100.00 000 M |
11 Oyt 193,865 66 0.03 193,865 66 0.03 100.00 0.00 M |
12 Quer 1,653 9 1 1,653 9 0.54 100.00 0.00 M |
13 Qq 25.04 0.08 0.30 25.04 0.08 0.30 100.00 0.00 M |
# Var calculated std sD% reconciled std sD% A(%) i(%)
14 Qi 1,434 153 11 1,454 140 9.63 101.39 863 U |
15 Qe 3,243 161 5 3,263 147 4.50 100.64 865 U |
16  (TIC:NH);, 1.14 0.08 7 1.17 0.04 3.48 101.99 4991 U |
Table BOb. Gross error detection

Test Evaluation
Global test no gross error detected
System degree of redundancy =1
t-statistic = 1.12, X1- 0051 =3.84
p-value = 0.39
Measurement test no gross error detected
Degree of freedom =1
t-statistic,a, = 1.96 # Var residual error t-statistic = p-value
p-valuen, = 0.03 1 COyser 0.00 0.00 0.32 0.37

2 CO40ft 0.02 0.05 0.32 0.37

3 CODy, - 0.00 - 0.50

4 N,Ou 0.00 001 032 0.37

5 | NHeg 0.27 0.84 0.32 0.37

6 NH;, 1.23 3.86 0.32 0.37

7 NOyes 0.32 1.00 0.32 0.37

8 NOi 0.00 0.00 0.32 0.37

9 Oyuer 0.00 000  0.32 0.37

10 Oy 0.08 026  0.32 0.37

11 Quer 0.04 013 032 0.37

12 Q - 0.00 - 0.50
Nodal test no gross error detected
Degree of freedom =1
t-statistic,,ay = 1.96 # misbalance error t-statistic p-value
p-value,, = 0.03 1 1,791 5,617 0.32 0.37




Results for S1

Table Bla. Data reconciliation (iteration = 3, convergence tolerance = 3.8x10°, CPU time = 0.7s)

# Var measured std sD% reconciled std sD% A(%) i(%)
1 COyzer 611 52 8.54 611 52 8.54 100.00 0.00 M
2 COy0f 30,052 157 0.52 30,052 157 0.52 100.00 0.00 M
3 COD;, 2.78 0.01 0.36 2.78 0.01 0.36 100.00 0.00 ™M
4 N, O 264 6 2.23 264 6 2.23 100.00 0.00 ™M
5 NHesr 39.7 2.0 5.00 40.1 1.8 4.60 100.95 706 M
6 NH;, 88.9 4.4 5.00 87.0 2.5 2.88 97.87 43.58 M
7 NOet 47.3 2.4 5.00 47.8 2.1 4.47 101.10 956 M
8  NOsesr 0.4 0.0 5.00 0.4 0.0 5.00 100.01 0.00 M
9 NO,t 36 0 0.70 36 0 0.70 100.00 0.00 ™M
10 Oyper 209,886 38 0.02 209,886 38 0.02 100.00 0.00 ™M
11 Oy 188,072 101 0.05 188,072 101 0.05 100.00 0.00 M
12 Quer 2,119 23 1 2,119 23 1.10 100.00 0.00 M
13 Q; 34.61 0.15 0.42 34.61 0.15 0.42 100.00 0.00 M
# Var calculated std sD% reconciled std sD% A(%) i(%)
14 Qi 852 148 17 884 135 15.26 103.73 9.01 U
15 Qe 3,130 154 5 3,163 140 4.43 101.07 9.24 U
16  (TIC:NH);, 1.15 0.08 7 1.19 0.04 3.33 103.28 5134 U
Table B2b. Gross error detection

Test Evaluation
Global test no gross error detected
System degree of redundancy =1
testatistic = 2.92, ¥1-0.05.1 = 3,84
p-value = 0.09
Measurement test no gross error detected
Degree of freedom =1
t-statisticyay = 1.96 # Var residual error t-statistic = p-value
p-valuemi, = 0.03 1 COser 0.00 0.01 0.52 0.30

2 COuup 0.03 006  0.52 0.30

3 coD;, - 0.00 - 0.50

4 N,Oof 0.01 0.02 0.52 0.30

5 NHer 0.38 073 052 0.30

6 NH;, 1.89 3.67 0.52 0.30

7 NOjes 0.52 101 052 0.30

8 NO.¢ 0.00 0.00 0.52 0.30

9 Ozzer 0.00 0.00 0.52 0.30

10 Oyt 0.01 002  0.52 0.30

11 Quer 0.07 0.13 0.52 0.30

12 Q - 0.00 - 0.50
Nodal test no gross error detected
Degree of freedom =1
t-statisticyay = 1.96 # misbalance error t-statistic p-value
p-value, = 0.03 1 6,563 12,733 0.52 0.30




Results for S2

Table B2a. Data reconciliation (iteration = 3, convergence tolerance = 2.3x10%7, CPU time = 0.8s)

# Var measured std sD% reconciled std sD% A(%) i(%)

1 COyser 550 12 2.27 550 12 2.27 100.00 000 M |

2 COy0ff 30,496 159 0.52 30,496 159 0.52 100.00 000 M |

3 COD;, 278 0.01 0.36 2.78 0.01 0.36 100.00 000 M |

4 N, O 296 9 3.09 296 9 3.09 99.96 000 M |

5 NHef 44.8 2.2 5.00 43.1 2.1 4.85 96.16 672 M |

6 NH;, 96.6 4.8 5.00 104.6 3.0 291 108.28 37.02 M |

7 NOet 66.0 33 5.00 62.4 2.8 4.53 94.50 1437 M |

8  NOser 08 00 500 0.8 0.0 5.00 99.93 000 M |

9 NOt 44 0 0.54 44 0 0.54 100.00 000 M |

10 Oyper 210,280 13 0.01 210,280 13 0.01 100.00 000 M |

11 Oy 187,767 93 0.05 187,766 93 0.05 100.00 000 M |

12 Qger 2,292 35 2 2,292 35 1.51 100.00 000 M |

13 Qi 36.48 0.05 0.13 36.48 0.05 0.13 100.00 000 M |

# Var calculated std sD% reconciled std sD% A(%) i(%)

14 Qi 1,924 209 11 1,671 179 10.73 86.86 1438 U |

15  Qu 4,438 218 5 4,201 187 4.44 9465 1422 U |

16  (TIC:NH);, 1.46 0.10 7 1.27 0.04 3.12 87.38 6135 U |

Table B2b. Gross error detection

Test Evaluation

Global test gross error detected

System degree of redundancy =1

t-statistic = 49.96, X1 - 0051 =3.84

p-value = 0.00

Measurement test gross error detected

Degree of freedom =1

t-statisticya= 1.96 # Var residual error t-statistic = p-value

p-valuemi, = 0.03 1 COser 0.00 0.00 2.13 0.02
2 COuup 0.17 008 213 0.02
3 coD;, - 0.00 - 0.50
4 N,Oof 0.13 0.06 2.13 0.02
5 NHer 1.72 081 213 0.02
6 NHi, 7.99 3.75 2.13 0.02
7 NOjes 3.63 170 213 0.02
8 NO.¢ 0.00 0.00 2.13 0.02
9 Ozzer 0.00 0.00 2.13 0.02
10 Oyt 0.01 000 213 0.02
11 Quer 0.28 0.13 2.13 0.02
12 Q - 0.00 - 0.50

Nodal test gross error detected

Degree of freedom =1

t-statisticyay = 1.96 # misbalance error t-statistic p-value
1 -30,228 14,203 2.13 0.02

p-value, = 0.03




Results for S3

Table B3a. Data reconciliation (iteration = 4, convergence tolerance = 3.2x10°8, CPU time = 0.7s)

# Var measured std sD% reconciled std sD% A(%) i(%)

1 COser 833 147 17.60 833 147 17.60 100.01 000 M |

2 COy0ff 26,135 353 1.35 26,135 353 1.35 100.00 000 M |

3 CODy, 278 0.01 0.36 2.78 0.01 0.36 100.00 000 M |

4 N, O 386 13 3.30 386 13 3.30 99.98 000 M |

5 NHefr 36.7 1.8 5.00 36.3 1.7 4.67 98.96 752 M |

6 NH;, 78.0 3.9 5.00 79.7 2.3 2.88 102.21 4110 M |

7 NOyet 441 22 5.00 436 2.0 4.52 9877 1068 M |

8  NOsu 05 00 5.00 0.5 0.0 5.00 99.99 000 M |

9 NOot 36 1 1.57 36 1 1.57 100.00 0.00 M |

10 Ouper 210,375 108 0.05 210,375 108 0.05 100.00 000 M |

11 Oy 191,161 244 0.13 191,160 244 0.13 100.00 000 M |

12 Quer 2,001 44 2 2,001 44 2.19 100.00 000 M |

13 Qi 30.75 0.05 0.16 30.75 0.05 0.16 100.00 000 M |

i Var calculated std sD% reconciled std sD% A(%) i(%)

14 Qi 812 154 19 760 140 18.40 93.52 9.11 U |

15 Qo 2,957 155 5 2,921 141 4.83 98.80 9.28 U |

16  (TIC:NH);, 1.20 0.09 1.16 0.05 4.24 96.66 4562 U |

Table B3b. Gross error detection

Test Evaluation

Global test no gross error detected

System degree of redundancy = 1

t-statistic = 3.28, A1 - 0051 = 3.84,

p-value = 0.07

Measurement test no gross error detected

Degree of freedom =1

t-statisticyay = 1.96 # Var residual error t-statistic = p-value

p-valuen, = 0.03 1 CO2er 0.06 0.10 0.55 0.29
2 COuup 0.33 061 055 0.29
3 coD;, - 0.00 - 0.50
4 N,Of 0.07 0.12 0.55 0.29
5 NH 0.38 070 055 0.29
6 NH;, 1.72 3.15 0.55 0.29
7 NOyu 0.54 099 0.5 0.29
8 NO.« 0.00 0.00 0.55 0.29
9 Ouyer 0.00 000 055 0.29
10 O, 0.15 027  0.55 0.29
11 Quer 0.75 1.38 0.55 0.29
12 Q - 0.00 - 0.50

Nodal test no gross error detected

Degree of freedom =1

t-statistic,,ay = 1.96 # misbalance error t-statistic p-value
1 -3,477 6,362 0.55 0.29

p-valuemi, = 0.03




Results for S4

Table B4a. Data reconciliation (iteration = 3, convergence tolerance = 2.1x10°°, CPU time = 0.7s)

# Var measured  std sD% reconciled std sD% A(%) i(%)

1 COger 511 5 0.91 511 5 0.91  100.00 000 M |

2 COy0ff 28,438 247 0.87 28,438 247 0.87 100.00 000 M |

3 COD;, 278 0.01 0.36 2.78 0.01 0.36 100.00 000 M |

4 N, O 265 6 2.11 265 6 2.11 100.00 000 M |

5 NHest 37.3 1.9 5.00 37.6 1.7 4.63 100.97 645 M |

6 NH;, 87.1 4.4 5.00 85.2 2.5 2.89 97.74 4357 M |

7 NO,et 47.8 2.4 5.00 48.4 2.1 4.44 101.21 1020 M |

8 NOs 0.5 0.0 5.00 0.5 0.0 5.00  100.01 000 M |

9 NOoft 42 0 0.98 42 0 0.98 100.00 000 M |

10 Ogper 210,534 15 0.01 210,534 15 0.01 100.00 000 M |

11 Oyef 189,705 161 0.08 189,705 161 0.08 100.00 000 M |

12 Qger 2,160 36 2 2,160 36 1.68 100.00 000 M |

13 Q;, 33.45 0.08 0.23 33.45 0.08 0.23 100.00 000 M |

# Var calculated std sD% reconciled std sD% A(%) i(%)

14 Qi 881 156 18 896 141 15.73 101.66 9.62 U |

15  Qu 3,201 160 3,239 144 4.46 101.17 956 U |

16  (TIC:NH);, 1.18  0.08 1.22 0.04 3.43 103.53 50.50 U |

Table B4b. Gross error detection

Test Evaluation

Global test no gross error detected

System degree of redundancy =1

t-statistic = 3.31, 41- 0051 =334

p-value = 0.07

Measurement test no gross error detected

Degree of freedom =1

t-statisticyay = 1.96 # Var residual error t-statistic = p-value

p-valuen, = 0.03 1 COyer 0.00 0.00 0.55 0.29
2 CO,0ft 0.10 0.19 0.55 0.29
3 coD;, - 0.00 - 0.50
4 N,Of 0.01 0.02 0.55 0.29
5 NHer 0.36 066  0.55 0.29
6 NH;, 1.97 3.60 0.55 0.29
7 NOjes 0.58 105 055 0.29
8  NOy 0.00 000 055 0.29
9 Ozzer 0.00 0.00 0.55 0.29
10 Ot 0.00 0.00 0.5 0.29
11 Quer 0.21 0.37 0.55 0.29
12 Q - 0.00 - 0.50

Nodal test no gross error detected

Degree of freedom =1

t-statistic,ay = 1.96 # misbalance error t-statistic p-value
1 6,188 11,280 0.55 0.29

p-valuep, = 0.03




Results for S5

Table B5a. Data reconciliation (iteration = 4, convergence tolerance = 1.6x107, CPU time = 0.7s)

# Var measured  std sD% reconciled std sD% A(%) i(%)

1 COyer 494 3 0.65 494 3 0.65  100.00 000 M |

2 CO4ff 22,551 253 1.12 22,551 253 1.12 100.00 000 M |

3 COD;, 278 0.01 0.36 2.78 0.01 0.36 100.00 000 M |

4 N, Ot 309 7 2.12 309 7 2.12 100.01 000 M |

5 NHet 35.5 1.8 5.00 35.8 1.7 4.64 100.86 650 M |

6 NH;, 82.6 4.1 5.00 80.9 2.3 2.89 97.99 4344 M |

7 NOyes 45.0 23 5.00 45.5 2.0 4.44 101.07 1023 M |

8 NOsu5 0.5 0.0 5.00 0.5 0.0 5.00 100.01 000 M |

9 NOst 31 0 1.43 31 0 1.43 100.00 000 M |

10 Oer 210,702 11 0.01 210,702 11 0.01 100.00 000 M |

11 Oy 193,806 181 0.09 193,806 181 0.09 100.00 000 M |

12 Quer 1,682 30 2 1,682 30 1.80 100.00 000 M |

13 Q; 25.63 0.03 0.11 25.63 0.03 0.11 100.00 000 M |

i Var calculated std sD% reconciled std sD% A(%) i(%)

14 Quns 1,023 141 14 1,033 128 12.36 100.93 932 U |

15 Qg 2,839 145 2,869 131 458  101.04 9.14 U |

16 (TIC:NH);, 1.14  0.08 1.18 0.04 3.71 103.13 4771 U |

Table B5b. Gross error detection

Test Evaluation

Global test no gross error detected

System degree of redundancy = 1

t-statistic = 2.62, X1~ 0051 =384

p-value =0.11

Measurement test no gross error detected

Degree of freedom =1

t-statisticyay = 1.96 # Var residual error t-statistic = p-value

p-valuen, = 0.03 1 CO2er 0.00 0.00 0.49 0.31
> CO,utt 0.16 0.32 0.49 0.31
3 coD;, - 0.00 - 0.50
4 N,Of 0.02 0.04 0.49 0.31
5 NH 031 063 049 031
6 NHi, 1.66 3.40 0.49 0.31
7 NOyu 0.48 0.99  0.49 0.31
8 NO.« 0.00 0.00 0.49 0.31
9 Ouyer 0.00 000  0.49 031
10 O, 0.00 0.00  0.49 031
11 Quer 0.38 0.78 0.49 0.31
12 Q - 0.00 - 0.50

Nodal test no gross error detected

Degree of freedom =1

t-statistic,,, = 1.96 # misbalance error t-statistic p-value
1 2,938 6,026 0.49 0.31

p-value, = 0.03
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Results for S6

Table B6a. Data reconciliation (iteration = 4, convergence tolerance = 1.5x10%7, CPU time = 0.7s)

# Var measured  std sD% reconciled std sD% A(%) i(%)

1 COyzer 539 16 2.96 539 16 2.96 100.00 000 M |

2 COy0ff 7,490 299 3.99 7,495 299 3.98 100.07 001 M |

3 COD;, 278 0.01 0.36 2.78 0.01 0.36 100.00 000 M |

4 N, O 263 12 4.71 263 12 4.70 100.24 006 M |

5 NHet 42.0 2.1 5.00 43.0 2.0 4.58 102.54 602 M |

6 NH;, 103.1 5.2 5.00 96.7 2.8 2.90 93.76 4566 M |

7 NOes 49.9 2.5 5.00 51.4 23 4.40 103.11 918 M |

8  NOs 05 00 5.00 0.5 0.0 5.00  100.03 000 M |

9 NOost 8 0 5.40 8 0 5.40 100.01 0.00 M |

10 Ogper 210,758 19 0.01 210,758 19 0.01 100.00 000 M |

11 Oy 205,474 233 0.11 205,490 233 0.11 100.01 010 M |

12 Qger 593 29 5 593 29 4.94 100.00 000 M |

13 Q; 7.33 0.26 3.61 7.33 0.26 3.61 100.00 000 M |

# Var calculated std sD% reconciled std sD% A(%) i(%) ™M 1

14 Quns 2,263 259 11 2,354 257 10.93 104.00 083 U |

15 Quf 2,985 270 9 3,090 269 8.70 103.52 047 U |

16  (TIC:NH)in 1.06 0.12 11 1.17 0.10 8.96 110.51 11.29 U |

Table B6b. Gross error detection

Test Evaluation

Global test Gross error detected

System degree of redundancy =1

t-statistic = 24.31, X1- 0051 =3.84

p-value = 0.00

Measurement test no gross error detected

Degree of freedom =1

t-statisticyay = 1.96 # Var residual error t-statistic = p-value

p-valuemi, = 0.03 1 COser 0.02 0.01 1.49 0.07
2 COuup 5.47 368 | 149 0.07
3 coD;, - 0.00 - 0.50
4 N,Ou 0.62 042 1.49 0.07
5 NHer 1.07 072  1.49 0.07
6 NH;, 6.43 4.33 1.49 0.07
7 NOjes 1.55 1.04 149 0.07
8 NO.¢ 0.00 0.00 1.49 0.07
9 Ozzer 0.00 0.00 1.49 0.07
10 Oyt 0.10 007  1.49 0.07
11 Quer 15.87 10.68 1.49 0.07
12 Q - 0.00 - 0.50

Nodal test no gross error detected

Degree of freedom =1

t-statisticyay = 1.96 # misbalance error t-statistic p-value
1 1,187 811 1.46 0.07

p-value, = 0.03




Results for S7

Table B7a. Data reconciliation (iteration = 3, convergence tolerance = 2.8x10%°, CPU time = 0.7s)

# Var measured  std sD% reconciled std sD% A(%) i(%)

1 COger 545 8 1.48 545 8 1.48  100.00 0.00 M |

2 COy0tf 24,375 180 0.74 24,375 180 0.74 100.00 000 M |

3 COD;, 278 0.01 0.36 2.78 0.01 0.36 100.00 000 M |

4 N, O 252 5 2.18 252 5 2.18 100.01 000 M |

5 NHef 41.0 2.1 5.00 41.6 1.9 4.58 101.37 718 M |

6 NH;, 91.4 4.6 5.00 88.6 2.6 2.88 96.95 4417 M |

7 NOet 47.1 2.4 5.00 47.9 2.1 4.48 101.53 9.07 M |

8 NOzes 0.5 0.0 5.00 0.5 0.0 5.00 100.02 000 M |

9 NOof 28 0 1.07 28 0 1.07 100.00 000 M |

10 Oyper 210,407 13 0.01 210,407 13 0.01 100.00 000 M |

11 Oy 192,234 121 0.06 192,234 121 0.06 100.00 000 M |

12 Quer 2,112 34 2 2,112 34 1.60 100.00 000 M |

13 Q; 28.99 0.03 0.11 28.99 0.03 0.11 100.00 000 M |

# Var calculated std sD% reconciled std sD% A(%) i(%) ™M 1

14 Quns 851 150 18 884 137 15.55 103.96 850 U |

15 Quf 3,112 154 3,158 141 4.45 101.48 865 U |

16  (TIC:NH)i, 1.08 0.08 1.13 0.04 3.49 104.69 4874 U |

Table B7b. Gross error detection

Test Evaluation

Global test Gross error detected

System degree of redundancy =1

testatistic = 5.95, X1-0.05.1 = 3.84

p-value = 0.01

Measurement test no gross error detected

Degree of freedom =1

t-statisticyay = 1.96 # Var residual error t-statistic = p-value

p-valuemi, = 0.03 1 COser 0.00 0.00 0.74 0.23
2 COuup 0.08 011 074 0.23
3 coD;, - 0.00 - 0.50
4 N,Ou 0.02 002 074 0.23
5 NHer 0.56 076 074 0.23
6 NH;, 2.79 3.79 0.74 0.23
7 NOjes 0.72 098  0.74 0.23
8 NO.¢ 0.00 0.00 0.74 0.23
9 Ozzer 0.00 0.00 0.74 0.23
10 Oyt 0.00 000  0.74 0.23
11 Quer 0.17 0.24 0.74 0.23
12 Q - 0.00 - 0.50

Nodal test no gross error detected

Degree of freedom =1

t-statistic,ay = 1.96 # misbalance error t-statistic p-value
1 7,234 9,841 0.74 0.23

p-valuep, = 0.03




Results for S8

Table B8a. Data reconciliation (iteration = 3, convergence tolerance = 2.8x10°, CPU time = 0.7s)

# Var measured  std sD% reconciled std sD% A(%) i(%)

1 COyzer 630 14 2.26 630 14 2.26 100.00 000 M |

2 COy0ff 28,059 98 0.35 28,059 98 0.35 100.00 000 M |

3 COD;, 278 0.01 0.36 2.78 0.01 0.36 100.00 000 M |

4 N,Ou 176 8 4.50 176 8 450  100.04 000 M |

5 NHet 42.4 2.1 5.00 43.6 2.0 4.53 102.74 692 M |

6 NH;, 98.0 4.9 5.00 91.8 2.6 2.86 93.68 4643 M |

7 NOes 47.0 2.4 5.00 48.4 2.2 4.47 102.93 797 M |

8 NOzes 1.5 0.1 5.00 1.5 0.1 4.99 100.09 001 M |

9 NOost 47 0 0.56 47 0 0.56 100.00 000 M |

10 Ogper 210,447 16 0.01 210,447 16 0.01 100.00 000 M |

11 Oy 190,022 73 0.04 190,022 73 0.04 100.00 000 M |

12 Qger 2,056 16 1 2,056 16 0.77 100.00 000 M |

13 Qi 28.73 0.13 0.46 28.73 0.13 0.46 100.00 000 M |

# Var calculated std sD% reconciled std sD% A(%) i(%) ™M 1

14 Quns 629 129 21 599 115 19.16 95.29 11.03 U |

15  Qu 2,825 135 2,903 124 4.28 102.77 773 U |

16  (TIC:NH);, 1.06 0.07 1.16 0.04 3.24 109.73 4880 U |

Table B8b. Gross error detection

Test Evaluation

Global test Gross error detected

System degree of redundancy =1

testatistic = 24.66, X1-0.05.1 = 3.84

p-value = 0.00

Measurement test no gross error detected

Degree of freedom =1

t-statisticyay = 1.96 # Var residual error t-statistic = p-value

p-valuemi, = 0.03 1 COser 0.00 0.00 1.50 0.07
2 COuup 0.03 002 150 0.07
3 coD;, - 0.00 - 0.50
4 N,Oof 0.06 0.04 1.50 0.07
5 NHer 1.16 078  1.50 0.07
6 NH;, 6.20 4.14 1.50 0.07
7 NOjes 1.38 092  1.50 0.07
8 NO.¢ 0.00 0.00 1.50 0.07
9 Ozzer 0.00 0.00 1.50 0.07
10 Oyt 0.00 0.00  1.50 0.07
11 Quer 0.08 0.05 1.50 0.07
12 Q - 0.00 - 0.50

Nodal test no gross error detected

Degree of freedom =1

t-statistic,ay = 1.96 # misbalance error t-statistic p-value
1 21,653 14,487 1.49 0.07

p-valuep, = 0.03




Results of S9

Table B9a. Data reconciliation (iteration = 3, convergence tolerance = 2.4x10%7, CPU time = 0.7s)

# Var measured std sD% reconciled std sD% A(%) i(%)
1 COyzer 583 11 1.86 583 11 1.86 100.00 0.00 M |
2 COy0t 26,390 305 1.15 26,391 305 1.15 100.00 0.00 M |
3 COD;, 2.78 0.01 0.36 2.78 0.01 0.36 100.00 000 M |
4 N5Off 601 15 2.53 601 15 2.53 100.04 001 M |1
5 NHes 39.8 2.0 5.00 40.8 1.9 4.58 102.47 6.18 M |
6 NH;, 96.6 4.8 5.00 90.8 2.6 2.89 93.99 4571 ™M |
7 NO et 483 24 5.00 49.7 2.2 4.41 102.99 916 M |
8 NOszert 0.4 0.0 5.00 0.4 0.0 5.00 100.03 0.00 M |
9 NOoft 30 0 1.56 30 0 1.56 100.00 0.00 M |
10 Osuer 210,674 12 0.01 210,674 12 0.01 100.00 000 M |
11 Oy0ff 190,091 216 0.11 190,093 216 0.11 100.00 000 M |1
12 Qger 1,938 39 2 1,938 39 1.99 100.00 000 M 1
13 Qin 28.10 0.10 0.34 28.10 0.10 0.34 100.00 000 M |
# Var calculated std sD% reconciled std sD% A(%) (%) M |
14 Qins 653 138 21 677 125 18.49 103.63 9.05 U |
15 Qusf 2,721 139 5 2,801 128 4.57 102.92 802 U |1
16  (TIC:NH);, 1.00 0.07 7 1.09 0.04 3.70 109.53 4465 U |
Table B9b. Gross error detection
Test Evaluation
Global test Gross error detected
System degree of redundancy =1
t-statistic = 22.50, X1 - 0051 =3.84
p-value = 0.00
Measurement test no gross error detected
Degree of freedom =1
t-statistic,,y = 1.96 # Var residual error t-statistic = p-value
p-valuen, = 0.03 1 COser 0.00 0.00 1.43 0.08
2 COy0ft 0.79 0.55 1.43 0.08
3 COD;, - 0.00 - 0.50
4 N, Ot 0.22 0.16 1.43 0.08
5 NHes 0.98 0.69 1.43 0.08
6 NHi, 5.80 4.06 1.43 0.08
7 NO,u 1.44 1.01 1.43 0.08
8 NO,f 0.00 0.00 1.43 0.08
9 Oszer 0.00 0.00 1.43 0.08
10 | Oy 0.01 0.00 1.43 0.08
11 Quer 1.88 1.31 1.43 0.08
12 Q - 0.00 - 0.50
Nodal test no gross error detected
Degree of freedom = 1 ) o
t-statistic, . = 1.96 # misbalance error t-statistic p-value
p-value, = 0.03 1 7,163 5,015 1.43 0.08
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Results of S10

Table B10a. Data reconciliation (iteration = 3, convergence tolerance = 1.4x10°%7, CPU time = 0.7s)

# Var measured std sD% reconciled std sD% A(%) i(%)
1 COyer 484 1 0.12 484 1 0.12 100.00 0.00 M
2 COy0ff 23,938 247 1.03 23,939 247 1.03 100.00 0.00 M
3 COD;, 2.78 0.01 0.36 2.78 0.01 0.36 100.00 0.00 ™M
4 N,Ou 594 15 2.45 595 15 2.45 100.04 001 M
5 NHes 42.1 2.1 5.00 43.4 2.0 4.52 102.91 703 M
6 NH;i, 96.5 4.8 5.00 90.1 2.6 2.88 93.35 46.27 M
7 NOest 44.7 2.2 5.00 46.1 2.1 4.46 103.08 796 M
8 NO;e 0.5 0.0 5.00 0.5 0.0 5.00 100.04 0.00 ™M
9 NO¢ 28 0 1.45 28 0 1.45 100.00 0.00 M
10 Ouuer 210,184 11 0.01 210,184 11 0.01 100.00 0.00 M
11 Oy 191,631 176 0.09 191,632 176 0.09 100.00 0.00 M
12 Quer 1,735 31 2 1,735 31 1.76 100.00 0.00 M
13 Q, 25.73 0.03 0.11 25.73 0.03 0.11 100.00 0.00 ™M
# Var calculated std sD% reconciled std sD% A(%) (%) ™M
14 Qi 732 128 17 797 119 14.89 108.91 703 U
15 Qi 2,589 130 5 2,667 121 4.54 103.00 712 U
16  (TIC:NH);, 0.94 0.07 7 1.04 0.04 3.76 110.37 4273 U
Table B10b. Gross error detection

Test Evaluation
Global test Gross error detected
System degree of redundancy =1
testatistic = 27.38, X1- 0,051 = 3.84
p-value = 0.00
Measurement test no gross error detected
Degree of freedom =1
t-statistic,, = 1.96 # Var residual error t-statistic = p-value
p-value, = 0.03 1 COser 0.00 0.00 1.58 0.06

2 COypf 0.65 0.41 1.58 0.06

3 COD;, - 0.00 - 0.50

4 N5Ooft 0.24 0.15 1.58 0.06

5 NHest 1.22 0.78 1.58 0.06

6 NH;, 6.42 4.07 1.58 0.06

7 NO,est 1.38 0.87 1.58 0.06

8 NO, 0.00 0.00 1.58 0.06

9 Oszer 0.00 0.00 1.58 0.06

10 | Oy 0.01 0.00 1.58 0.06

11 Qaer 1.59 1.01 1.58 0.06

12 Q; - 0.00 - 0.50
Nodal test no gross error detected
Degree of freedom =1
t-statistic,,ay = 1.96 # misbalance error t-statistic p-value
p-value,;, = 0.03 1 6534 4,148 1.58 0.06




Results for S11

Table B11a. Data reconciliation (iteration = 3, convergence tolerance = 6.7x10°%, CPU time = 0.7s)

# Var measured  std sD% reconciled std sD% A(%) i(%)

1 COyzer 529 10 1.85 529 10 1.85 100.00 000 M |

2 COy0ff 24,260 318 131 24,260 318 131 100.00 000 M |

3 COD;, 278 0.01 0.36 2.78 0.01 0.36 100.00 000 M |

4 N, O 541 20 3.76 541 20 3.76 100.02 001 ™M |

5 NHest 44.8 2.2 5.00 45.1 2.1 4.60 100.74 733 M |

6 NH;i, 98.1 4.9 5.00 96.5 2.8 2.88 98.37 4331 M |

7 NO,est 50.6 2.5 5.00 51.1 23 4.49 100.84 943 M |

8 NO;e 0.4 0.0 5.00 0.4 0.0 5.00 100.01 000 ™M |

9 NOs 33 1 1.73 33 1 1.73 100.00 000 M |

10 Ojaer 210,170 12 0.01 210,170 12 0.01 100.00 000 M |

11 Oyef 191,611 224 0.12 191,612 224 0.12 100.00 000 M |

12 Quer 2,114 44 2 2,114 44 2.06 100.00 000 M |

13 Q 27.28 0.15 0.55 27.28 0.15 0.55 100.00 000 M |

# Var calculated std sD% reconciled std sD% A(%) %) ™M |

14 Qi 832 159 19 877 148 16.89 105.36 700 U |

15 Qo 3,093 161 3,118 148 4.75 100.82 817 U |

16 (TIC:NH);, 1.06 0.08 1.09 0.04 4.03 102.50 4430 U |

Table B11b. Gross error detection

Test Evaluation

Global test no gross error detected

System degree of redundancy =1

t-statistic = 1.72, X1- 0051 = 3.84

p-value = 0.19

Measurement test no gross error detected

Degree of freedom =1

t-statistic,, = 1.96 # Var residual error t-statistic = p-value

p-value, = 0.03 1 COser 0.00 0.00 0.40 0.35
2 CO40ff 0.27 0.67 0.40 0.35
3 COD;, - 0.00 - 0.50
4 N5Ooft 0.12 0.31 0.40 0.35
5 NHest 0.33 0.84 0.40 0.35
6 NH;, 1.60 4.04 0.40 0.35
7 NO,w 0.42 1.07  0.40 0.35
8 NO, 0.00 0.00 0.40 0.35
9 Oszer 0.00 0.00 0.40 0.35
10 | Oy 0.00 0.00 0.40 0.35
11 Qaer 0.63 1.58 0.40 0.35
12 Q; - 0.00 - 0.50

Nodal test no gross error detected

Degree of freedom =1

t-statistic,ay = 1.96 # misbalance error t-statistic p-value
1 1,954 4,948 0.39 0.35

p-valuen, = 0.03
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