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Abstract—The amount of greenhouse gases (GHG), especially, nitrous oxide (N,O) emitted from wastewater treatment
plants (WWTP) using data reconciliation and closed-loop mass balance was estimated. This study is based on a flow-
based emission estimation approach which depends on the accuracy of the measurement data. To reduce the (random)
measurement error, data reconciliation was used to enhance the accuracy of the flow measurements. After performing
data reconciliation, N,O emission was estimated with more precision by using the closed-loop mass balance. The results
in both pilot-scale and full-scale plants show that the suggested method can easily obtain the precise flow measure-
ment for GHG emission, which in turn, results in the accurate estimation of the N,O amounts emitted from WWTP.
Moreover, it is shown that the estimated flowrate values can be used as a software sensor, which can replace the faulty
sensors and can validate the existing field measurements.
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INTRODUCTION

In the biological nutrient process, removal of nitrogen by nitrifi-
cation and denitrification has been used in many wastewater treat-
ment plants to produce effluent of better quality, thereby reducing
its impact on the river. Generally, nitrogen gas is an end product of
the nitrogen removal process. However, unexpected gas, nitrous
oxide (N,0) which is a well known GHG is also emitted through
nitrification and denitrification processes [1]. N,O generated in nitrifi-
cation (which is in dissolved form) is stripped from the liquid by
aeration and mixing. Nitrous oxide contributes to global warming,
310 times higher than carbon dioxide. In the real WWTP process,
emitted gases generally are not measured because of process’ charac-
teristics. Especially, biological reactors are not covered with a roof,
which means that it is impossible to measure emitted gas from the
reactor. Hence, it is not easy to estimate emitted gases in WWTP
directly, though it is possible to estimate N,O emission in lab-scale
and pilot scale experiment with a roof. Several researches have been
reported in the literature to measure and estimate the nitrous oxide
emission of WWTP. IPCC (Intergovernmental Panel on Climate
Change) has suggested the default value of nitrous oxide emission
factor, which is 0.0032 kg N,O person 'yr ' (0.035% N,O emission
of nitrogen load of WWTP) in a wastewater treatment plant [2].
Foley et al. [3] have studied the estimation of N,O emissions from
full-scale and lab-scale wastewater systems, and have reported the
emission factor as 0.01 kg N,O-NkgN .
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In this study, a closed-loop mass balance based on data reconcil-
iation is applied to estimate the amounts of N,O gas emitted from
a pilot-scale membrane bioreactor (MBR) plant. The data obtained
from the plant usually suffer from poor quality due to improper func-
tioning of measurements in the plant. The malfunctioning of meas-
urements causes gross errors in the data obtained from the plant.
Wrong data (or data with gross errors) affect the estimation result
of N,O emission in WWTP. Before the data reconciliation, such
wrong data needs to be prevented. Gross error detection (GED) is
used to find gross error in the plant data. After GED is carried out,
data reconciliation is performed to reduce the random errors between
the measurement (obtained after discarding gross error data) and
the model values. Hence, data reconciliation helps to estimate N,O
more accurately by reducing the measurement error. After data recon-
ciliation, a closed-loop mass balance is performed. The mass bal-
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Fig. 1. Overall mass balance of COD, nitrogen, phosphorus and
GHGs in a pilot-scale MBR plant.
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ance diagram of a wastewater treatment plant is shown in Fig. 1.

Closed-loop mass balance, mass balance based on phosphorus
(which is present in three streams, namely, influent, effluent and
waste sludge, and involves no gas conversion) is carried out first,
which in turn helps to estimate the nitrogen present in the waste
sludge stream. Therefore, more accurate estimation of mass balances
can be possible [4]. In particular, the reconciled flowrate values can
be used as a soft sensor since it can reduce the measurement error
of the field flowrate sensor with accurate plant information.

The contents of this paper are as follows: 1) detailed explanation
of GED and data reconciliation concepts; 2) detailed explanation of
closed-loop mass balance in WWTP; 3) WWTP process descrip-
tion; 4) estimation of N,O emission in pilot-scale WWTP (case 1)
based on data reconciliation and closed-loop mass balance (The
effect of data reconciliation is analyzed); 5) estimation of N,O emis-
sion in full-scale WWTP (case 2) based on the closed-loop mass
balance, in which the effect of phosphorus and nitrogen ratio of waste
sludge is analyzed.

MATERIALS AND METHODS

Equipment (hardware reconciliation) is usually calibrated to take
care of the errors associated with the measuring equipment. These
errors are caused during the manufacturing of the equipment. Meas-
urement values are nothing but the sensor values, which show dif-
ferent values (small deviation) from that of real process values. The
difference between the measurement and the process values is taken
care of by using calibration of the equipment. Gross error detection
is used to detect gross etrors in the data coming from the plant. Gross
errors are caused due to the completely or mostly failed equipment.
Data reconciliation is a process of reducing random errors in the
data coming from the plant. Random error is nothing but the dif-
ference in the values of measurement and the model. Measurement
values involve both random and gross errors, even though equip-
ment is calibrated well before being installed in the plant. Gross
errors are detected using gross error detection and usually eliminated
from the data before data reconciliation to reduce random errors. A
data-reconciled model (the model which satisfies the plant values
and mass balance equations) is used to carry out control and optimi-
zation studies of a plant. Elimination of gross and random errors is
generally termed as ‘software data reconciliation’. Elimination of
gross and random errors is generally termed as ‘software data rec-
onciliation’. Development of software for gross error detection and
data reconciliation is carried out in this paper, which can detect gross
errors and reduce random errors respectively.

1. Data Reconciliation

Data reconciliation [5-7] is a technique to adjust the measured
data and to give estimates for unmeasured variables. Data reconcil-
iation can identify erroneous measurements which have random
errors. Reliable information obtained by data reconciliation is essen-
tial for effective estimation of GHG emission. Measurement can
be mathematically described as:

ymeas:ymodel+ & ( 1 )

where y,.., is the vector of measurement values of n process vari-
ables; y,,..; 1s the vector of model values of n process variables; ¢is
a vector of random measurement errors.
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Data reconciliation is a process of minimizing sum of squares of
errors between measurements and model values, subject to a num-
ber of constraints (mean balance equations). A data reconciliation
problem can be stated as follows:

Min (ymeas_ ymodel) ’ 4 ! (ymeas_ ymodel)
st. )
A IYmmIeI:O

where,  is the weight matrix, A, is the process matrix (balance
equation). The Lagrangian multiplier method is used for solving
this optimization problem. A constrained optimization problem can
be converted into unconstrained optimization problem by using this
method. The Lagrangian can be written as:

L(y’ A’):(ymcas7 ymodc'l) ’ 4 ! 61716057 ymodcl)7 22’% 1Y modet (3 )

where A is a vector of n Lagrangian multipliers.
Substituting Eq. (1) in Eq. (3) gives

L(é‘, /1):6]‘// ]g_ZA’T(Alymeas_Alg) (4)

The equations obtained after differentiating Eq. (4) with respect
to £and A and equating them to zero are:

oL
=2V 'e+2A71=0 ®)
oL
a = Al(ymeu: - g) =0 (6)

Thus, we can get the values of gand A as:
e=— AL U]
A=—(yAl) ‘¢ ®)

Multiplying and dividing with A, on the right hand side of the above
equation gives

A=—A, ](1//A,T) lAlz:
The above Eq. can be simplified to

A=—(A,yA) 'Ae )
Rearranging Eq. (6) gives

A e=AY e (10)
Substituting Eq. (10) in Eq. (9) gives

A== (A YA 'AY e (11)
Substituting Eq. (11) in Eq. (7) gives

&= YAIAWAD ‘A Y (12)

Substituting Eq. (12) in Eq. (1) gives the estimates of the process
variables

ycs/[ = ymm: —&= ymcas - V/AT(AI l//Ar) IA lymea: (13)

2. Gross Error Detection

Gross error detection identifies erroneous measurement from the
measurement data (which has gross errors) coming from the pro-
cess. Gross error exists only when the measurement value shows
large deviation from the estimated value. Gross error can be found
by calculating the relative error of each measurement, which is cal-
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culated using the following equation:

Relative error= y”"’:;—_y”” (14)
where y,,.., is the measured value of the process variable, y,,, is the
estimated (or model) value of the process variable obtained after
carrying out data reconciliation, o, is the standard deviation of
the measurement.

We can say that the measurement is having gross etror only when

Relative error>Py;

where Py is a value of a normal distribution statistic calculated at
95% confidence interval, which is found to be 1.96. The measure-
ment is said to have gross error only when the value of relative error
exceeds 1.96. The gross error in the measurement does not exist, if
the value of relative error is less than 1.96.
3. Principle of Closed-loop Mass Balance of WWTP

The overall mass balance of COD, nitrogen, phosphorous and
GHG in a pilot-scale MBR plant is represented in Fig, 1. There are
two main conversions involved in a treatment plant, one is from
carbonaceous matter to gas, and the other is from nitrogenous mat-
ter to gas. As the amount of gas generated usually is not measured,
this is estimated using mass balance of a plant.

While, total phosphorus (TP) does not have gas phase conver-
sion, thereby all flows can be measured. Overall mass balance equa-
tions of individual components of WWTP are as follows [8]:

anfhmeﬁ Qwus/es/udgf Qqﬂuen/zo as)
Tmehmeﬁ TPm/as/udgf TPLﬁ’UL’mzo (16)
Tan/hmer_ TN\(w‘/e.s‘ludgc_ TNeﬂlucnl_ Ndenm-mmzo a7

In this study, a closed-loop mass balance is used to estimate the
amount of denitrified nitrogen (N,;,..). Using the closed-loop mass
balance equation, mass balance based on total phosphorus (which
involves no gas conversion) is used to calculate the amount of volatile
suspended solid (VSS) in waste sludge stream. VSS of waste sludge
can be calculated by the following equation (Eq. (18)).

VS i = el (s)
where VSS, i 1 the VSS of waste sludge, TP/VSS is the phos-
phorus fraction of waste sludge.

For calculating waste studge TN, nitrogen fraction of waste studge
(TN/VSS) is used. By using this value, TN of waste sludge can be
calculated by the following equation (Eq. (19)):

TN, usestudee™ V' SSyasestudee < TN/VSS (19

where TN, a1 the TN of waste sludge, TN/VSS is the nitro-
gen fraction of waste sludge. Hence, gas phase of TN can be cal-
culated by Eq. (17), by using data of TN; s TN e A0d TN, e
TN, yesaee 18 calculated from Eq. (19).
4. Calculation of Nitrous Oxide Emission

The amount of denitrified nitrogen (N,..s.,) can be calculated
by using a closed-loop mass balance of WWTP. The next step is to
calculate the amount of nitrous oxide gas directly stripped from the
liquid. In this study, experiment data from the WWTP and genera-
tion factors (ratio of N,O produced to N,,,,:.) are used to estimate
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Fig. 2. Systematic method for estimation of N,O emission in WWTP.

the amount of nitrous oxide released from a plant. Foley et al. [3]
have carried out experiments which measure the amount of nitrous
oxide emitted, using twenty samples and reported that the genera-
tion factor is 0.013 kgN,O-N/kgN,, .. This factor is applied to
estimate the direct emission of N,O from WWTP by using the fol-
lowing equation [3]:

E 0™ Nuiniea* GF (20)

where E,,, is the emission of nitrous oxide from WWTP, GF is the
generation factor of N,O (gN,O-NgN ',,..0)-

In this study, a systematic method for estimating N,O emission
in WWTP is suggested (see Fig. 2). The first step of this method is
to conduct GED and data reconciliation based on Lagrangian multi-
plier method. In this step, measurements with gross error are dis-
carded and measurement (random) error is minimized. In the second
step, a closed-loop mass balance is performed based on the recon-
ciled data (results of data reconciliation). In this step, nitrogen of
waste sludge flow is estimated by phosphorus mass balance. Then,
denitrified nitrogen is estimated by nitrogen mass balance. In the
final step, N,O emission in WWTP is estimated by GF.

RESULTS AND DISCUSSION

1. Process Description of WWTP

In this study, both pilot-scale (with the design value of flow rate
is equal to 500 m’/d) and full-scale WWTP (with the design value
of flow rate is equal to 6,240 m*/d) are considered for estimation of
N,O emission. We split the study into two cases. Case 1 is used for
calculating the N,O emission in pilot-scale wastewater treatment
plant, while case 2 is used for full-scale wastewater treatment plant.
In case 1, process data is obtained from pilot-scale WWTP located
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Fig. 3. Lay out of (a) pilot-scale and (b) full-scale MBR plants.

in Y-city, Korea. The reactors present in MBR process are anoxicl
reactor, oxic (aerobic) reactor, anoxic2 reactor and submerged mem-
brane bioreactor. The layout of the plant is shown in Fig. 3(a). In
case 2, process data is obtained from full-scale WWTP located in
G-city, Korea. The layout of this is shown in Fig. 3(b). It consists
of anaerobic, anoxic1, oxic (aerobic), anoxic2 and MBR.

These two WWTPs have similar layout, except the presence of
anaerobic reactor in full-scale WWTP. There are two recycle streams.
One is an internal recycle stream which connects from the oxic re-
actor to the first reactor (anoxicl reactor in case of pilot-scale plant,
anaerobic reactor in case of full-scale WWTP) for recycling nitrate
to enhance the efficiency of the denitrification process. The other
recycle stream is a return sludge which connects from the MBR to
the first reactor for maintaining the mixed liquor suspended solid
(MLSS).

In the WWTP, simultaneous nitrification and denitrification take
place for the nitrogen removal. The nitrification process oxidizes
ammonia into nitrites and nitrates, while denitrification converts nitrites
and nitrate into nitrogen gas. N,O emission from the WWTP is caused
by these two processes. Thus, most N,O emission from WWTP
takes place in the activated sludge compartment, such as anaero-
bic, anoxic, oxic and MBR reactors.

2. Estimation of N,O Emission in Pilot-scale WWTP (Case 1)

Thirty days (from 7 November 2008 to 6 December 2008) data
(flow rate, TP and TN) are used in this study. In case 1, for carrying
out the mass balance, each component measurement data of a stream
(TP and TN in mg/L) is to be converted from mg/L to mass flow
rate (g/d) by multiplying each measurement data (concentration in
mg/L) with the value of flow rate (m*/d). In this study, data recon-
ciliation of flow rates (influent, effluent and waste sludge streams)
was performed to reduce the errors in measurements of flow rates.
The data reconciliation results for case 1 are summarized in Table 1.
It is clear that the values of relative errors of flow rate for all streams
(influent, effluent, waste sludge) are less than 1.96, hence, we can
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Table 1. Overall mass balance of COD, nitrogen, phosphorus and
GHGs in a pilot-scale MBR plant

Reconciled data

Relative error

No. Influent Waste Effluent Influent Waste Effluent
m3/d  m3/d m3/d - - -

1 548.2 1.3 546.9 0.37 0.01 0.37
2 2844 6.5 277.9 0.39 0.00 0.39
3 6225 1.8 620.7 0.40 0.01 0.40
4 3380 6.5 331.5 0.38 0.00 0.38
5 7452 18.5 726.6 0.38 0.00 0.39
6 3542 13.1 341.2 0.38 0.00 0.38
7 4019 9.3 392.6 0.38 0.00 0.39
8 4064 7.7 398.8 0.37 0.00 0.38
9 670.1 26.5 288.4 0.39 0.00 0.39
10 6154 19.1 596.2 0.38 0.00 0.39
11 5202 213 499.0 0.41 0.00 0.42
12 373.6 154 358.2 0.41 0.00 0.42
13 4332 248 408.5 0.40 0.00 041
14 4784 6.9 471.5 0.41 0.00 041
15 5923 12.8 579.5 0.43 0.00 0.44
16 5724 153 557.1 0.44 0.00 0.45
17  538.7 43 5344 0.46 0.00 0.47
18 557.1 11.6 545.5 0.56 0.00 0.57
19 413.1 16.4 396.7 042 0.00 0.43
20  487.0 4.8 482.2 0.46 0.01 0.46
21 443.1 1.4 441.6 0.51 0.01 0.51
22 523.6 3.2 520.4 0.80 0.01 0.80
23 433.0 5.0 427.9 0.49 0.00 0.50
24 5916 5.1 586.5 043 0.01 0.43
25 770.7 10.7 760.1 0.49 0.00 0.50
26 5993 6.1 593.2 0.51 0.00 0.51
27 4447 53 4394 0.49 0.00 0.50
28 7843 14.6 769.7 0.63 0.00 0.64
29 498.1 9.2 4889 0.52 0.00 0.53
30 403.2 16.2 387.0 0.60 0.00 0.61

conclude that the measurement data is not having gross errors. From
a practical point of view, the reconciled flowrate value can be used
for checking the accuracy of the existing flowrate field measure-
ments and deciding the time for a measurement (sensor) calibra-
tion. Plant supervision and monitoring can be efficiently carried out
by using the data reconciled model.

Furthermore, we could get the reconciled value of influent, efflu-
ent and waste sludge flow rate. So, the reliable and accurate estima-
tion of mass flow rate of TP is possible using data reconciliation.
The mass flow rate of TN in the waste sludge stream is calculated by
using the reconciled value of TP, Eq. (18) and (19). To calculate the
values of VSS and TN of waste sludge stream, values of TP/VSS
and TN/VSS are needed. In case 1 study, 0.02 gP/gCOD (0.03 gP/
gVSS) and 0.07 gN/gCOD (0.10 gN/gVSS), which are used in ac-
tivated sludge model no.2d (ASM2d) are applied here again [4].
Nieniniea 15 €stimated by TN mass balance, and emission of N,O is
calculated using a generation factor. As a result, the amounts of N,O
emitted during thirty days are estimated and represented in Fig. 4.
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Fig. 4. Result of estimation of N,O emitted with & without data
reconciliation.

Results of data reconciliation of flow rates are used in the estima-
tion of N,O emission. It is considered that the estimation of N,O
emission with data reconciliation is more appropriate than the case
without data reconciliation, because it gives reliability on the data
of flow rates of the process. This reliability gives the accurate estima-
tion of N,O emission.

3. Estimation N,O Emission in Full-scale WWTP (Case 2)

Thirty-seven days (from 6 December 2010 to 31 March 2011)
data (flow rate, TP and TN) obtained from the full-scale WWTP
are used in this study. The values of each measurement and their
standard deviations are essential to carry out data reconciliation.
However, sufficient process data from full-scale WWTP could not
be obtained. Thus, data reconciliation was not performed in the case
2 study. To increase accuracy of estimating N,O emission, phos-
phorus and nitrogen contents of waste sludge, which are used in
Eqgs. (18) and (19), were measured. Phosphorus and nitrogen con-
tents of waste sludge are 0.05 gP/g VSS and 0.12 g N/g VSS respec-
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Fig. 5. N,O emission in WWTPs. Case2-1 : N,O estimation using
experiment data (N and P contents of waste sludge), Case2-
2 : N,O estimation using reference data (N and P contents
of waste sludge).

tively. In case 2, N,O estimation using the values of the measured
and reference data (N and P content of waste sludge which are used
in case 1) of N and P contents of waste sludge is obtained. To see
the accuracy of estimation of N,O emission in this study, the value
of N,O emitted is compared with the values obtained using IPCC
method and the recent studies as shown in Fig, 5. N,O emission of
the case 2 study gives a higher value of N,O than does the IPCC
method. This is because IPCC guidelines [9] assume that N,O emis-
sion from WWTP is a minor source, while the major source is the
river. Furthermore, N,O emission factor, which is suggested by [PCC
guidelines 2006, is based on one specific study in small BOD from
aremoval WWTP [10]. Thus, N,O emission estimated using [IPCC
guidelines has quite a small value. If IPCC guideline is applied for
estimation of N,O emission in advanced WWTP, it can cause under-
estimation of N,O emission.

In this study, estimation of N,O emission for case 2-1 is more
accurate than estimation result of case 2-2 because precise N and P
content data is used in case 2-1. Emission data shows variation with
the fraction of nitrogen emitted as N,O (see Fig. 5) because it depends
on the operational condition. Thus, it is considered that by finding
the optimal condition for minimizing N,O emission, it is possible to
reduce the emission. In this study, for estimating the N,O emission
GF is used. However, because this GF factor is a reference value,
estimation data may have some error. Thus, the necessity for experi-
mentation to estimate GF was found.

In this study, an attempt has been made to estimate the N,O emis-
sion precisely. From the result, it can be concluded that reconcilia-
tion estimation of nitrogen and phosphorus content of waste sludge
and experiment data of GF are essential for more precise estima-
tion of N,O emission in WWTP.

CONCLUSSION

N,O generated in WWTP was estimated by using a newly pro-
posed estimation method, based on data reconciliation and closed-
loop mass balance. First (case 1), after performing data reconciliation
on flow rates, N,O emission was estimated more accurately based
on plant mass balances. Second (case 2), the effect of difference
for N and P contents of waste sludge and reference data was studied.
The study showed that the estimation of N,O emission with exper-
imental data (N and P content of waste sludge) has more accuracy.
Because the suggested method for N,O estimation of WWTP is
simple and easy to apply, it could be a useful shortcut method of
estimation of GHG emissions from wastewater treatment plant when
one needs to calculate the direct emission of nitrous oxide in full-
scale plants. For more accurate quantification of N,O emission in
full-scale WWTP, other systematic full-scale measurement strategy,
i.e., on line measurements over several days, is needed.
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NOMENCLATURE

A, :process matrix (balance equation) [-]

Eyo :emission of nitrous oxide from WWTP [g]

GF : generation factor of N,O [gN,O-N/gNyeisiiea]

L  :lagrangian [-]

N eninriiea © denitrified nitrogen [g]

Pys  :value of anormal distribution statistic calculated at 95% con-
fidence interval [-]

Qi - flow rate of influent stream [m’/d]

Q,usiesiuage - flow rate of waste stream [m’/d]

Q. ens * flow rate of effluent stream [m’/d]

TP, 1unes - total phosphorus of influent stream [gP/d]

TP, testuage  total phosphorus of waste stream [g/d]

TP . - total phosphorus of effluent stream [g/d]

TN,y 1une - total nitrogen of influent stream [g/d]

TN, ustestuae * total nitrogen of waste stream [g/d]

TN gens - total nitrogen of effluent stream [g/d]

TP/VSS : phosphorus fraction of waste sludge [-]

TN/VSS : nitrogen fraction of waste sludge [-]

VS8, sestuaee © VSS of waste sludge [g/d]

V.os : Vector of measurement values of n process variables [-]

Y. - Vector of model values of n process variables [-]

Vi - estimated (or model) value of the process variable obtained
after carrying out data reconciliation [-]

Greek Letters
& : vector of random measurement errors [ -]
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¥  :weight matrix [-]
A :vector of n Lagrangian multipliers [-]
O,... - standard deviation of the measurement [-]

meas
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