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Water impact

The nitritation/anammox process is an emerging technology to remove nitrogen from
wastewater with the final goal to prevent eutrophication. To ensure long-term process
stability, the activity of the slow-growing anammox bacteria must be known. Mass balances
are often used to determine the anammox activity, but heterotrophic activity (e.g.
denitrification) is usually neglected in such calculations. This is critical for wastewaters
containing considerable amounts of organic substrate (e.g. municipal wastewater in the
mainstream or urine). We show that, in theory, mass balances allow determining anammox
activity also under such conditions, but, in practice, the variance of the calculated rates is too
high to be meaningful for plant operation. Alternative methods must be used for determining

the anammox activity.
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ABSTRACT

In nitritation/anammox reactors, several bacterial groups contribute to the overall nitrogen
conversion. Knowing the activity of the main bacterial groups, especially of anaerobic
ammonium-oxidising bacteria (AMX), is extremely helpful to understand the process and
optimise its operation. Mass balances of dissolved compounds such as ammonium, nitrite and
nitrate commonly allow determining bacterial activities in a nitritation/anammox process, but
the activity of heterotrophic bacteria (HET) is usually neglected. However, even in wastewater
with low contents of organic substrate, heterotrophic denitrification can contribute substantially
to nitrogen removal. The goal of this study was to critically evaluate the applicability of mass
balances for the determination of the relevant bacterial activities in a nitritation/anammox
process with high HET activity. We set up and solved mass balances of different degrees of
complexity. Both, with catabolic reactions alone and with balances according to the activated
sludge model stoichiometry, the resulting linear equation system does not allow estimation of
any of the considered bacterial activities. When kinetic rate expressions are included, it is
possible to compute the concentrations of all considered bacterial groups, but the estimation
uncertainty is far too high for practical purposes: the relative standard deviation for AMX is
5280%. In a completely autotrophic system the relative standard deviation for AMX is only 5%,
which proves that the high standard deviations are due to the complexity of the nitration-
anammox process with HET activity. The high standard deviations of the calculated bacterial
concentrations can be significantly reduced by adding an additional mass balance for the total
biomass (standard deviation for AMX activity 1210%). The required number of measurements
to achieve an acceptable precision, in our example about 600 conversion rate measurements to
reach a 50% standard deviation for the AMX concentration, is still far too high though for
practical purposes. To conclude, mass balances including kinetics theoretically allow the
observation of the bacterial activities in nitritation/anammox reactors with high HET activity.

However, the required precision of the calculated conversion rates, the uncertainty of
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stoichiometric and kinetic parameters and reactor dynamics (unsteady conditions) makes mass
balances unsuitable for practical estimation of AMX activity. Thanks to high frequency and

new online instruments, mass balances might become a suitable tool in the future.

1. INTRODUCTION

Nitrogen removal using the nitritation/anammox process is a cost efficient alternative to
conventional nitrification/denitrification, thanks to reductions in the requirements for oxygen
and organic substrates in comparison to conventional nitrification/denitrification processes.
However, maintaining a high activity of anammox bacteria (AMX) can be challenging.’
Especially in reactors with high ratios of biodegradable organic carbon to nitrogen (COD/N)
decreasing AMX activity might not be noticed in time, because heterotrophic bacteria (HET)
take over a considerable part of the nitrogen removal from AMX.? Several analytical and
experimental methods exist for the reliable determination of AMX concentrations or activities
as Podmirseg et al.® have shown recently. However, all of these methods require instruments
which are not available at typical wastewater treatment plants. It would be desirable to be able
to calculate the activities of the involved bacterial groups from regularly measured variables for
performance monitoring such as the concentrations of for example ammonium and nitrite.

Mass balances for nitrogen compounds, i.e., ammonium, nitrite and nitrate, have frequently
been used to calculate the activities of aecrobic ammonium-oxidising bacteria (AOB), nitrite-
oxidising bacteria (NOB) and AMX in nitritation/anammox reactors.*” However, as elaborated
by Mutlu et al. ,6 the calculation of AOB, NOB and AMX activity with such mass balances is
coupled to the assumption that the activity of HET is negligible. Quite frequently, this
assumption is incorrect. On one hand, it has been shown experimentally that even in biofilm
systems without organic carbon in the influent, up to 50% of the biomass can be heterotrophic,
supported by microbial decay products.”® On the other hand, wastewater almost always

contains biodegradable organic matter. Digester supernatant, which is the most common
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influent for a nitritation/anammox system has biodegradable organic carbon to nitrogen
(COD/N) ratios in the range of 0.2 to 0.5 g COD-g N .*!*!! Some wastewaters even have
elevated COD/N ratios in the range of 1 to 1.5 g COD-g N”', which is still not high enough for
complete nitrogen removal via heterotrophic denitritation. Examples are stored urine with a
theoretical COD/N ratio between 1 g COD-g N and 1.5 g COD-g N".'*!* COD/N ratios of
approximately 1 g COD-g N are also expected in the recently discussed integration of
anammox into mainstream wastewater treatment.'*">

To our knowledge, only three studies included COD consumption in their mass balances to
assess the bacterial activities in a nitritation/anammox process.'®'”'® These three studies used
four equations representing the conversion of ammonium, nitrite, nitrate and COD. As only four
unknowns can be determined with four independent equations, the authors considered only the
activities of AOB, NOB, AMX and nitrate reduction by HET. However, in single-stage
nitritation/anammox reactors, heterotrophic consumption of oxygen and nitrite is not negligible.
For one thing, the yield of HET growth with oxygen is higher than with nitrite and nitrate and
therefore, in the presence of all three electron acceptors, HET might prefer oxygen over nitrate
and nitrite. Secondly, especially in the presence of high amounts of biodegradable organic
matter, HET are able to take over a substantial part of the nitrite removal from AMX.>

The goal of this study is to critically evaluate whether mass balances with commonly
measured compounds (for example ammonium and nitrite), can be used to observe the six main
bacterial activities in a single-stage nitritation/anammox reactor: aerobic ammonium oxidation
by AOB, nitrite oxidation by NOB, anaerobic ammonium oxidation by AMX, heterotrophic
oxygen reduction, heterotrophic nitrite reduction and heterotrophic nitrate reduction. Mass
balances with increasing complexity are analysed starting with catabolic reactions only and
ending with a stoichiometric matrix which accounts for information on both catabolic and

anabolic reactions, microbial kinetic rate functions and a balance for biomass. For all resulting
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mass balances, both structural and practical observability of the bacterial activities are

evaluated.

2. MATERIAL AND METHODS

2.1 Definitions

In this paper, we use the following definitions:

Parameters: Parameters characterise the chemical, physical or biological processes and are
assumed to be constant for a given system. Examples for biological processes are stoichiometric
and kinetic constants such as the yield or the maximum growth rate. The parameters were taken
from literature.

State variables: In this study, state variables are compounds, which are converted in the
chemical, physical and biological processes. Examples are the ammonia concentration or the
biomass concentration. In theory, state variables can be determined by analytical measurements.

Conversion rates (r¢;) describe the conversion of a state variable per time unit. A net
conversion rates describe the overall conversion of a state variable by all bacterial processes.

Bacterial reaction rates (rg;) quantify bacterial reactions (R;) such as catabolic or anabolic
reactions or, in terms of the activated sludge models (ASMs),"” growth and decay processes.

Bacterial activities: The activity of a bacterial group is defined as the conversion of a
characteristic substrate by this bacterial group. The characteristic substrate is ammonia in the
case of AMX and AOB, nitrite in case of NOB and COD in case of heterotrophic COD
degradation with oxygen, nitrite and nitrate.

Structural observability: In a linear equation system, all unknowns are structurally
observable if the number of independent equations is equal to or higher than the number of
unknowns. An equal number means that the equation system is determined; a larger number

means that it is over-determined. Mathematically, the number of unknowns that can be
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estimated is evaluated by calculating the rank of the balancing matrix A (see equation 6). This
rank will equal the number of unknowns, if they are all structurally observable.

Practical observability: To be practically observable, the unknowns have to fulfil two more
conditions besides being structurally observable: first, the set of parameters must allow the
calculation of meaningful values for the unknowns (e.g. positive concentrations of biomasses).
In extreme cases, empirically determined parameters do not allow the estimation of all
unknowns, although the unknowns are structurally identifiable. This can occur for example, if
the particular choice for yield parameters causes one balance equation to become a linear
combination of two or more of the remaining balancing equations. Second, the precision of the

calculated values for the estimates must be sufficiently precise to be of practical use.

2.2 Choice of state variables

The considered mass balances involve seven compounds: ammonium (NH,"), nitrite (NO,),
nitrate (NO3"), oxygen (O;), dissolved organic substances (measured as chemical oxygen
demand, COD), protons (H") and total inorganic carbon (TIC). These compounds and their net
conversion rates can be determined on large wastewater treatment plants without highly
sophisticated analytical methods. Most of these compounds and their conversion rates are
directly accessible with measurements: NH,", NOy, NO5’, O, and organic substances. The H
conversion rate and the concentration and conversion rate of TIC can be calculated from
alkalinity measurements, pH values and estimated of the CO; stripping (equation 2). It should
be noted that in more highly concentrated wastewaters (for example digester supernatant or
urine) additional bases such as phosphate species or free ammonia need to be measured and
accounted for. To simplify the mass balance for dissolved biodegradable organic substances, we
assume that all organic substances are degraded by bacteria. We choose acetate (C,H;0;,

abbreviated as Ac) to represent the organic compounds.


http://dx.doi.org/10.1039/c5ew00045a

Published on 05 June 2015. Downloaded on 07/06/2015 07:32:42.

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

Environmental Science: Water Research & Technology

Page 8 of 36

View Article Online
DOI: 10.1039/C5EW00045A

2.3 Determining the net conversion rates
We assumed that measurements are taken from an ideally stirred continuous flow reactor with
biomass retention in which all state variables are at their steady state values. For dissolved

compounds, which have no gas phase exchange the net conversion rate can be calculated as

rs, == (S = Sin) (1)

where Q is the flow rate (m3'd'1), V is the reactor volume (m3), S; is the concentration of the
dissolved compound i (g i-m™) in the reactor, and S, is the influent concentration of the
dissolved compound i (g i-m™).

Volatile compounds, such as O, and CO,, are influenced by gas exchange processes. In this

case, the net conversion rate rs; becomes

Ts, = % ' (Si - Si,in) —Tigas (2)
with
Qair Kpa;'v
Tigas = (Sig—Hi * ;) - 2 (1 —exp (- W)) 3)

where H; is the Henry coefficient of compound i (g im> gas/8 im> liquid )» Si,G 1 the
concentration of compound i in the gas used for aeration (g im?> ), Q.ir s the aeration rate
(m’-d™") and K, a; is the mass transfer rate constant for compound i (d™h.

Net conversion rates can also be given for particulate compounds such as bacteria and inert

biomass:

Tx; = % *(Xjerr = Xjin) 4)
where X, is the influent concentration of bacteria type j (g COD'm™), and X o 1s the
concentration of bacteria type j in the reactor (g COD-m™). In this study, we assumed that no
particulate material enters the reactor with the influent, so that Ty, = % " Xj o5 ¢ for all bacteria

and inert biomass.
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162 2.4 Setting up the mass balances
163 In general, mass balance equations for a system with » compounds and m relevant bacterial

164  reactions (R) result in an equation system with the following structure:

Vij = Uim TRj Tci
Unj ' Unm TRm Tcn

166 where v;; is the stoichiometric coefficient of compound i in the bacterial reaction Rj, rz; is the
167  unknown reaction rate of reaction Rj and r; is the measured net conversion rate of compound .

168  In most cases, C; describes a dissolved compound but it can also be used for biomass.

169 Equation 5 can also be written in matrix notation as
171 where A is the matrix of the stoichiometric coefficients as shown in equation 5, 7y is the

172 vector of the biomass reaction rates and r is the vector of the net conversion rates. Generally,

173 A is also called the balancing matrix.

Published on 05 June 2015. Downloaded on 07/06/2015 07:32:42.

174
175 2.5 Mass balances with catabolic reactions only (equation system 1)
176 In the first equation system, we assumed that biomass growth and biomass decay are in

177  equilibrium and no inert biomass is produced; this means the net biomass production is zero.
178  For such a system, the net conversion rates are mainly determined by catabolic bacterial

179 reactions. With this approach the stoichiometric coefficients are given by the chemical sum

180  formulae of the catabolic reactions and do not require empirically determined parameters such
181  asyield or nitrogen content of biomass.

182 The six main catabolic bacterial reactions in a nitritation/anammox reactor with heterotrophic
183  activity are:

184 Heterotrophic COD degradation with O,:

185 C,H;05; + H* + 20, - 2C0, + 2H,0 (7)

186 Heterotrophic COD degradation with NO,™:
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CH307 +3NOF + 5 H* > 2C0, + 2N, + = H,0 (8)
Heterotrophic COD degradation with NOs™
CH307 +2NOT + ZH* > 20, + 2N, + = H,0 (9)
Aerobic ammonium oxidation:
NH{ +20, > NO7 + 2H* + Hy0 (10)
Aerobic nitrite oxidation:
NO3 +20; > NO3 (11)
Anaerobic ammonium oxidation:
NHf + NO; - N, + 2H,0 (12)
Nine compounds are produced or consumed in these six reactions, but two of the compounds,
H,0 and N, are not considered in the mass balances, because the produced amounts are too
low compared to the background concentration in water and air.
An overview of the equation system is given in Table 1, the complete equation system is
given in the Supporting information S1. The unknowns to be calculated are the bacterial
reaction rates 1z (d° 1), which could be later used to calculate bacterial activities by multiplying

the bacterial reaction rates with the respective stoichiometric coefficients for the substrates.

2.6 Mass balances based on the activated sludge models (equation systems 2 to 4)

According to ASMs, biological metabolism can be represented by growth and decay of
biomass. Both processes are modelled with empirical stoichiometric coefficients. In ASMs,
growth inherently includes catabolic and anabolic reactions, whereas decay can be due to
anabolic reactions, predation and chemical decomposition (e.g. hydrolysis). In this study,
biomass decay was simulated as endogenous respiration. Median values of a literature review

were used for the stoichiometric coefficients for growth and decay (Table 2). The biomass
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composition was assumed to be CsH;O,N for HET, AOB and NOB, while for AMX, the
biomass composition given by Strous et al* was used (CH,0¢ 5N 15).

Three different equation systems were tested. In equation system 2 (Table 1) only mass
balances for dissolved compounds were considered and the mass balances were set up
according to equation 6: instead of the bacterial reaction rates rg;, bacterial activities (ag;) were

used as unknowns

A - aR = TC (13)
with
CIR_]‘ = TR']‘ X] (14)

This approach was used because the stoichiometry of ASMs is given per biomass unit. It
should be noted that this approach does not require that X; are calculated.

In equation systems 3 and 4 (Table 1), balances for the bacterial groups and inert biomass
were also included (see equation 4). Most of the previously published models (for example
Kaelin et al.’") assumed that one type of HET can use all three electron acceptors (O,, NO;',
NO3). In reality, HET biomass will consist of a mixture of heterotrophic bacteria that can use
one, two or all three electron acceptors.’ In our study, we compared mass balances with one
type of HET that can use all three electron acceptors (equation system 3) and three types of
HET which specifically use only one of them (equation system 4).

An overview of the equations systems is given in Table 1. The complete equation systems are

given in the Supporting information S2.

2.7 Mass balances based on the activated sludge model including Kinetics (equation
system 5 and 6)
In equation system 5 and 6 (Table 1) the bacterial reaction rates are described with more
detailed kinetic expressions

R = P (15)
10
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where p; is the process rate, which is the product of saturation and inhibition terms, and the
maximum growth rate tqy; (d'l) or the maximum endogenous respiration rate b,y ; (d'l).
When kinetic constants are included, growth and endogenous respiration of each type of
bacteria can be combined in one equation and merged with the stoichiometric coefficients. In

this equation system, biomass concentrations instead of bacterial rates are the unknowns:
A-X=r1; (16)

with the balancing matrix 4

Vij'Pj = Vim' Pm
A:( : : > (17)

Unj'Pj = Unm' Pm

and the vector of the biomass concentrations

X,
X =< ) 18)
Xm

The bacterial reaction rates can subsequently be calculated according to equation 15. The
relevant process rates for a nitritation/anammox reactor with heterotrophic activity are listed in
Table 3. Whenever possible we used median values based on a literature review (Table 4).
While the affinity and inhibition constants of AOB, NOB and HET have been documented in
several studies, the number of values is sparse for the saturation coefficient of AMX for
ammonium (Kyms,amx) and nitrite (Kno2,amx) and the inhibition coefficient of AMX for oxygen
(Kr,02,aMx). Strous et al. 42 reported that both, the affinity constants for the substrates ammonium
and nitrite, lower than 0.1 mg N-L!. We assumed that Kxnma.amx and Koz amx were 0.1 mg
N-L" each. Strous ef al.*® reported that AMX were completely inhibited at 0.5% air saturation,
which equals 0.036 mg O,-L™" at 30°C. In this study, we assumed that K; 02 amx, which

corresponds to the oxygen concentration at 50%, was 0.1 mg O,-L™". For the concentrations of

11
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0,, NO,, NOs, NH4" and Ac we used simulated reference values (Section 2.5, Table 5). The

complete equation systems are given in the Supporting information S3.

2.8 Mass balances based on the activated sludge model including kinetics and a biomass
balance (equation system 7)
Equation system 5 can be extended with a biomass balance according to

Y(0jgrowen + (1= fx1) " Pjenaresp) *Xj = Txyy, (19)

Pj.growth (d'l) is the process rate for bacterial growth and p; end resp (d'l) is the process rate for
endogenous respiration. The kinetic expressions for p; growm and pj end resp are given in Table 4. fi;
(-) is the fraction of biomass converted into inert biomass X; (Table 2). rx;, (gCOD-m'3'd'1) is
the conversion rate for the total biomass. The term (1- fx;) ensures that the production of inert
biomass is included in the total production of biomass. An overview of equation system 7 is

given in Table 1. The complete mass balances are given in the Supporting information S4.

2.9 Reference data for conversion rates

Computer simulations with the software Aquasim44 were used to obtain reference data for
solving the mass balances (equation systems 5 to 7). Measurements from a single-stage
sequencing batch reactor with five-times diluted urine (influent COD/N ratio 1.27 g COD-g N
* were used as influent concentrations and as initial conditions (Supporting information S5).
All compounds included in the model are listed in the Supporting information S6. The
stoichiometric constants and the kinetic constants were the same as given in Table 2 and Table
4. Three groups of HET were introduced to represent the heterotrophic activity with oxygen,
nitrite and nitrate as electron acceptors. In case of equation system 6, the initial biomass
concentrations of the three groups of HET were set to zero and all heterotrophic processes were

inactivated. The simulation of pH equilibria and aeration effects is described in the Supporting

12
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information S7. Long-term simulations with constant influent rates were used to approximate
concentrations at steady state. The simulated net conversion rates and the biomass

concentrations at steady state are listed in Table 5.

2.10 Evaluating structural observability

To solve a linear equation system we need at least as many independent equations (mass
balances) as unknown variables (bacterial reaction rates, bacterial activities or biomass
concentrations). Independent means that none of the equations can be linearly combined and
transformed to another of the available equations. Practically, the classification of the
considered equation systems and observability of the unknowns is based on the evaluation of
the rank of the linear equation system: the rank must be equal to the number of unknowns
otherwise the linear equation system is under-determined.

When empirically determined stoichiometric parameters are used, some equations might be
dependent due to a particular choice of parameter values and not due to an under-determination
of the equation system for all feasible parameter values. In this case, the lack of observability
would not be structural but only practical. To test whether the lack of observability is not only
practical but also structural, we performed Monte Carlo simulations: 10,000 simulations were
done with uniformly and randomly distributed parameter values in a range of + 50% of the
default values (median values from literature according to Table 2 and Table 4). If this test does
not provide any parameter sets, which make the equation system observable, it is very likely
that the lack of observability is structural. A stringent test of the structural observability would
be considerably more complex*® and was considered to be unnecessary to obtain conclusive
results. All computations were executed by means of MATLAB (R2013b, The MathWorks Inc.,

Natick MA, USA). The Matlab codes are given in the Supporting information S8 and S9.

13
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2.11 Evaluating practical observability
If the test for structural observability was successful, we tested the practical observability by
estimating the theoretical standard deviations of the estimates. To this end, we assumed that the
net conversion rates r¢; have a standard deviation of 5% of their steady-state value. In practice
these standard deviations are due to measurement errors and can be higher than 5% so that the
computed standard deviations are rather optimistic (i.e., low). In real systems, the variation is
probably even larger due to imprecise parameter values. Furthermore, parameter values and
analytical measurements of variables can be systematically wrong, leading to systematic
estimation errors (bias). Assuming that measurement errors for the rate measurements, r¢;, are
drawn independently from a normal distribution with zero mean and a given standard deviation

(0y,;)> one can compute the expected value for the bacterial concentrations X; in equation

systems 5 to 7 (Table 1) as follows:*’

A-X=r (20)
X=@A"2, Ay A, T =P e (21)
Vkl:ik=1= %,k =0d (22)
Vi ik #1012, (k1) =0 (23)

The variance-covariance matrix for the rate estimates is then:
Iy, =P . P’ 24

With the individual standard deviations for the rate estimates computed from the variances on

its diagonal, the standard deviation of the biomass estimate becomes

o, = (35, G.0) (3)

In practice, the standard deviation of the net conversion rates can be reduced by means of

independent repetitions of the measurements under the same experimental conditions. The
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standard deviation of the average of » independent measurements can be estimated by dividing
the standard deviation of a single measurement by the square root of the total number of

measurements r:

Ox,r = Ox;r/ ri/? (26)

3 RESULTS

The setup of the mass balances and the main results are summarised in Table 1. The results

will be explained in more detail in the following paragraphs.

3.1 Mass balances based on catabolic reactions only

Catabolic reactions alone do not allow determining the activities of the different bacterial
groups. The linear system consists of seven equations but the rank of the matrix is only four
(Table 1, system 1), which means that three out of the seven equations can be expressed as
linear combinations of four independent equations. The lack of observability is thus structural
in the sense that it is impossible to conceive of any experiment, even idealised, that permits
simultaneous estimation of all reaction rates. In contrast to ASMs reactions (see section 3.2),
the stoichiometric coefficients are known constants that follow directly from the definition of
the considered chemical reactions. As such, this result is universal in the sense that it does not
depend on any adjustable model parameter.

Even if the linear equation system for the catabolic reactions were solvable, the resulting
bacterial reaction rates would most probably not be accurate due to some coarse simplifications.
The basic assumption that biomass growth and decay are in equilibrium is practically never the
case in a wastewater treatment plant. Biomass losses via the effluent or biomass withdrawal
cannot be avoided. Furthermore, the catabolic reaction for AMX does not consider an important

contribution of AMX to nitrate production: in order to generate the required energy for carbon
15
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fixation, AMX oxidise nitrite to nitrate, accounting for 11% of the total N conversion by

AMX. 2

3.2 Mass balances based on the activated sludge model

When considering microbial metabolism according to ASMs the number of unknowns
increases to twelve: for each of the six bacterial groups, two bacterial rates - growth and
endogenous respiration - are included. In the equation system there are now more unknowns
(twelve) than mass balances (seven) which means no unique solution exists under any scenario
(Table 1, system 2). Concentrations for NOB, AOB, AMX, HET and for inert biomass can be
included to provide additional measurements and associated balancing equations. Despite the
inclusion of such measurements which are hard to obtain in practice, it remains impossible to
determine the microbial activities (Table 1, system 3). This is also the case when the HET are
divided in three subgroups, which use oxygen, nitrite or nitrate as electron acceptors (Table 1,
system 4). The same classification was obtained for 10'000 random sets for the parameter
values. This suggests that the lack of observability is most probably structural and not due to a
particular combination of estimated parameters.

Even if it were possible to compute values for the considered respiration rates, it is worth
considering that empirical stoichiometric coefficients have to be included in the mass balances
(Table 2). These are considered to be known exactly although such parameters are estimated in
practice. This means that the balancing equations as described here are subject to additional

unaccounted uncertainty in practice.

3.3 Mass balances based on the activated sludge model including kinetics
When the kinetics are known, one can combine the growth and endogenous respiration for
each type of bacteria into a single net growth rate. This reduces the number of unknowns from

twelve to six and allows determining the biomass concentrations and thereby the bacterial
16
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activities (Table 1, system 5). In this case, and for the first time in this study, the balancing
matrix A is full-rank. This means that the concentrations of AOB, NOB, AMX and the
hypothetical concentrations of the three groups of HET can be estimated (structural
observability). The activities for growth and endogenous respiration can later be calculated with
the assumed kinetic expressions.

Although the biomass concentrations can be determined, the uncertainty of the resulting
values is immense when using a single set of rate measurements (Table 6). Assuming that all
necessary stoichiometric and kinetic parameters (Table 2 and Table 4) are known exactly, the
relative standard deviations of the bacterial activities equal the relative standard deviations of
the calculated biomass concentrations and only depend on the measurement accuracy of the net
conversion rates. Even if a low standard deviation of 5% is assumed for the conversion rate
measurements, the resulting standard deviations for the biomass concentrations are extremely
high: the relative standard deviation for AMX is 5280% (Table 6).

The most likely explanation for the high uncertainties of the calculated biomass
concentrations is that the mass balances are close to linearly dependent. Removing the
heterotrophic activities from the equation system in particular is expected to improve the
estimation precision. Nitrogen can then only be removed via nitritation/anammox and not also
by a second parallel reactions scheme (nitrification/denitrification), which strongly reduces the
number of estimated unknowns. We demonstrate that this is indeed the case by applying the
same mass balances for a completely autotrophic system (Table 1, system 6). With a relative
standard deviation of 5% for the net conversion rates, the resulting relative standard deviations
for the calculated concentrations of AOB, NOB and AMX are now below 10% (Table 6).

The high relative standard deviations of the calculated biomass concentrations can also be
reduced by including a mass balance for the biomass (Table 1, equation system 7) to the
original equations system (including HET activity). In our example, the relative standard

deviation becomes 1210%. However, this standard deviation is still unrealistically high for

17
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practical purposes. The standard deviations of the net conversion rates can be reduced though
with multiple measurements. As an example, the required number of measurements and the
corresponding standard deviation of the net conversion rate to reach a certain standard deviation
for the calculated biomass concentration of AMX are listed in Table 7. To achieve a relative
standard deviation of 50% for the AMX concentration, about 600 measurements of the net
conversion rates would be necessary under the same experimental conditions. This number is
however still too high for measurements based on conventional grab sampling. Therefore, we
conclude that neither AMX activity nor any other of the considered bacterial activities is

practically observable with mass balances and conventional grab sampling.

4 DISCUSSION

4.1 Constraints are necessary for the structural observability of the linear equation

system

By including constraints, i.e., kinetic expressions, we achieved complete structural
observability of all unknown parameters (Table 1, systems 5 and 6). This approach is similar to
the flux balance analysis, which is a common method to analyse the metabolic networks of
single microorganisms.* To overcome the lack of detailed information about the metabolism of
a bacterial cell, the metabolic network is represented by a stoichiometric matrix describing the
relation of conversion rates and metabolic reactions at steady state. The resulting equation
system*’ has essentially the same form as our equation systems and it is usually not observable
because the number of unknown reactions is larger than the number of compounds.*
Constraints are introduced, e.g., measured fluxes or boundaries for certain rates, to allow
quantitative predictions. Concentrations, e.g., of metabolites, cannot be predicted, because
accurate kinetic parameters are usually not available.”® Here is the difference to our approach:

our systems do not consist of single cells but of bacterial populations, for which macroscopic
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kinetic data are available. By including the kinetic data (systems 5 and 6 in Table 1), all
unknown variables, i.e. bacterial concentrations, are observable.

Including kinetics makes the linear equation system structurally observable but also affects
the accuracy of the final result. Systematic errors can be included in the mass balance. As the
data compilation in Table 4 shows, literature values for kinetic parameters vary widely and the
chosen kinetic expressions might not include critical influences such as inhibition of AMX or
AOB. However, unexpected inhibition effects by unknown compounds are a frequent problem
in wastewater treatment plants.51

It would be desirable to achieve observability of all reaction rates by increasing the number of
independent mass balance equations and not using kinetics. In theory, at least two additional
mass balances could be included in our systems: one for H,O and one for N,. Unfortunately, no
conversion rates for the two compounds can be measured, because their background
concentrations are far too high. Furthermore, the two additional equations are not independent
from the others (data not shown), so that the rank of the previous mass balances does not
increase. Another option would be to include side-products such as nitrous oxide (N,O) or nitric
oxide (NO). Both compounds can be measured in the off-gas®* or with sensors directly in the
water.”® The isotopic signatures of N,O even allow the differentiation of the production
pathway.54 However, both compounds are side-products, which only occur under certain
circumstances. Additional reaction rates would have to be included to balance those
compounds, so that structural observability of the bacterial activities would still not be achieved
without introducing kinetics. Based on these considerations, including constraints (e.g. as
kinetic expressions) seems to be the only way to achieve structural observability of the bacterial

activities with the linear equation systems in our study.
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4.2 Additional mass balances could be used to achieve practical observability

Our study shows that not only increasing the number of measurements but also increasing the
number of equations can improve the precision of the biomass concentration estimates. Adding
one more equation (biomass balance) to equation 5 led to a substantial reduction of the
variability of the estimated biomass concentrations in equation 6. This is due to the fact that
some conversion rates are redundant and could also be calculated by combining other mass
balances. In other words, some conversion rates are balanceable.’® In practical systems, such
redundancy can be used to detect and remove systematic balancing errors (gross error
detection) and to reduce random measurement errors in measured data. The latter is also known
as data reconciliation.

Data reconciliation is a common procedure for industrial processes. It has been proposed for
wastewater treatment as well,”’ but is not commonly applied. This is partly due the fact that
municipal wastewater treatment plants usually do not comply with certain requirements of the
most basic data reconciliation methods: most of the processes are not at steady state, the
variances of process variables are not known and some measurements often have gross errors.”
Recently, methods have been adapted for wastewater treatment and now allow the identification
of periods with gross measurement errors, e.g. based on the CUSUM statistic for linear mass
balancing errors’’ or based on bilinear mass balancing equations.60 Furthermore, the ability to
detect measurement errors via mass balancing can be ensured by optimising the location of
sampling.®' Long periods at quasi steady state conditions and without gross errors can provide a
sufficiently high number of measurements to allow the calculation of precise biomass
concentrations (Table 7). The result would be an average biomass concentration during an
extended period of time.

Our study showed that not only increasing the number of measurements but also increasing

the number of equations while retaining the same number of unknowns can improve the
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precision of the biomass concentrations. Adding one more equation (biomass balance) led to a

substantial reduction of the variability of the final result.

4.3 Observing dynamics and separating bacterial processes can provide additional
information

The approach used in this study is based on two basic requirements for reactor operation:
first, the soluble and particulate compounds are in steady state, and second, all processes occur
concomitantly in one single reactor. However, reactors with higher dynamics, such as
sequencing batch reactors, and separating the aerobic and the anoxic process steps in two
different reactors, are likely suited better to determine the bacterial activities on a regular basis.
Short-term changes from single-stage operation to a cyclic multi-stage operation could also be
used as an online experimental design method to obtain observability at regular time intervals.

Dynamic measurements allow for more information about the processes, but a prerequisite
for practical applications is the use of sensors. If online measurements are available, not only
the actual concentrations but also mathematical derivatives such as the oxygen consumption or
the change of the oxygen consumption can be used to determine unknown activities.*> Oxygen
and ammonia sensors have been applied successfully for online observation of AMX activity in
large scale wastewater treatment plants.9 Nitrite sensors would further simplify the observation
of AMX activity, but reliable nitrite sensors, especially for high nitrite concentrations, still have
to be developed."®

By operating the nitritation/anammox process in two reactors®* or during two phases in the
same reactor', aerobic processes such as the activities of AOB, NOB and aerobic HET could be
separated from anoxic activities such as AMX and heterotrophic denitrification. While such an
approach would greatly simplify the quantification of AMX activity, operational problems such
as N,O production,® high NOB activity®® or inhibition of AMX can occur due to nitrite

.9 e
overloading.” For such reasons, most full scale nitritation/anammox reactors are operated as
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single-stage systems,”' although two-stage systems would easily render the AMX activity

observable. However, in single-stage systems short phases with alternating aeration could be

introduced to determine the AMX activity.

5 CONCLUSIONS

In theory mass balances can be used to determine the AMX activity in a
nitritation/anammox reactor with heterotrophic activity, but the requirements are
challenging. Based on our study, three necessary conditions are:

- Accurate values for the stoichiometric and the kinetic parameters are available for all
considered reactions.

- The process can be assumed to operate in steady state.

- A large number of reliable measurements are available for flow rates, COD, nitrite,
nitrate, ammonium, alkalinity, TIC, pH and oxygen.

To achieve a satisfying precision for the estimated AMX activity, an immense number
of independent measurements are required. In our example, the conversion rates would
need to have standard deviation as low as 0.2% to achieve a precision of 50% for the
AMX concentration. This high precision for the conversion rates is practically
unachievable with grab samples and laboratory measurements. In the future, high-
frequency measurements with sensors and data reconciliation methods could allow for

such a high precision of conversion rates.
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System  System description Number of mass Number of unknowns Rank Rel. std.
number balances dev. of
AMX
conc.
1 Catabolic reactions 7 6 4 -
NHy, NOy, NOs,  ruer,02, THET,NO2> THET,NO3» TAOBS
AC, H, 02, TIC I'NnoBs TAMX
2 Catabolic and anabolic 7 12 6 -
reactions, no kinetics, NH4, NO,, NO;, QUHET,02,growths QHET,02,end.resps
no bacterial conc. Ac, H, O,, TIC OUHET NO2 growths CHET NO2,end.resps
QHET,NO3,growths AHET,NO3,end.resps
aAOB,growtha aAOB,cndxcspa
aNOB,gmwtha aNOB,end.respa
aAMX,growtha aAMX,end.resp
3 Catabolic and anabolic 12 12 9 -
reactions, no kinetics, NH,4, NO,, NO;, QUHET,02,growths QHET,02,end.resps
1 type of HET Ac, H, O,, TIC, OHET,NO2,growth> OHET,NO2,end.resps
X1, Xuer, Xaoss QHET,NO3,growths AHET,NO3,end.resps
XNOB’ XAMX QAOB,growths QAOB,end.resps
aNOB,gl’OWth’ aNOB,cndxcspa
aAMX,growlha aAMX,cndxcsp
4 Catabolic and anabolic 14 12 11 -
reactions, no kinetics, NH4, NO,, NOs, QHET,02,growths OUHET,02,end.resps
3 types of HET AC’ H’ 02’ TIC’ aHET,NOQ,growth: aHET,NOZ,cnd.rcsp:
X1, XuET,025 QHET,NO3,growths AHET,NO3,end.resps
XHET’NOQ’ QAOB,growths QAOB,end.resps
XHET’NO3’ XAOB’ aNOB,gl’OWth’ aNOB,cndxcspa
XNOB, XAMX cxAMX,growlha aAMX,cndxcsp
5 Catabolic and anabolic 7 6 6 5280%
reactions, with NH4, NOz, NO3, XHET,OZ: XHET,NOZ: XHET,NO}a
kinetics, Ac, H, O,, TIC Xa0B> XNOBs XAMX
3 types of HET
6 Catabolic and anabolic 6 3 3 5%
reactions, with NH4, NOz, NO3, XAOBa XNOB: XAMX
kinetics, without H, O,, TIC
heterotrophic activity
7 Catabolic and anabolic 8 6 6 1210%
reactions, with kinetics NH4, NOz, NO3, XHET,OZ) XHET,NOZ’ XHET,NO}a
and Sludge IOSS, AC, H, 02, TIC, XAOBa XNOB: XAMX
3 types of HET Xiot
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Table 2 Median, minimum and maximum values for stoichiometric parameters of the
combined catabolic and anabolic reaction equations. The values are compiled from Alpkvist et
al. ! Fang et al. Gujer et al. 2 Henze et al.,” Kampschreur et al.,** Koch et al.,”> Koch et
al.,*® Moussa et al.,”’ Strous et al.,”° Vangsgaard et al.,”® Wiesmann®® and Wyftels et al.*°

Symbol Parameter Median Min Max Unit

Yueron E{V;fllldoi"yrgge;"wm of Xt 06305 0609 08002  gCOD-g COD’

YVigrnoy Lo [T EOMIOXuT g 5401933 0540192 0,650% g COD-g COD'

YViernos Lo forgOMhoXuer g 5401930540192 0,650% g COD-g COD’

Y soB Yield for growth of X0~ 0.210 2% 0.150%"  0292%*  gCOD-gN'

Y noB Yield for growth of Xyop ~ 0.046 2! 0.030%*  0.059%  gCOD-gN'

Y anix Yield for growth of Xaux ~ 0.150 % 0.124%  0.159*  gCOD-gN’

. Nit tent of .

iNxI inlogfﬁi‘;"i‘;ni‘;ssxl 0.04 % 0.02 0.06 g N-g COD"!
Fraction of biomass

fxi converted into X; during ~ 0.18 *+*>2027 .08 ¥ 0.20 2%

endogenous respiration
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Table 3 Process rates p; for a nitritation/anammox system with high HET activity based on

Kaelin et al.*! in case of AOB, NOB and HET, and Lackner ez al.*® in case of AMX. The

parameter values are given in Table 4 and the reference concentrations in Table 5.

Process Process rate
Soz Sac
o Growth HUmax,HET * )
=] Soz2 + Koz wer Sac + Kacuer
[
E Endogenous b ) So2
respiration macHET g0 + Koamer
Ki02,1ET Snoz Sac
S Growth Mmax,HET " TINOX * — . '
% ' Kio21Er +So02 Snvoz + Knozuer Sac + Kacuer
)
E Endogenous b Mvox - Kiozmer Snoz
respiration MARHET - TINOX Ki02,uer + So2 Snoz + Knozuer
Ki02,1ET Sno3 Sac
& Growth Mmax,HET " TINO3 — . '
% e Kio2,uer + So02 Snoz + Knozuer Sac + Kacuer
)
g Endogenous b Mnox Kioomer Sno3
D HET *TINOX
respiration max Ki02,1Er + S02 Sno3 + Knosner
So2 SNHa
Growth U AOB * '
g e Soz + Koz,a08 Swua + Knna,nos
< Endogenous b ) So2
respiration maxA0B g + Koz aon
So2 Snoz
Growth U NOB * '
g e Soz + Ko2noe Snoz + Knoznos
7 Endogenous b _ So2
respiration maxNOB g + Koanos
Growth p ~ Kopamx SNHa _ Snoz
AMX
E e Kozamx + So2 Swua + Knnaamx Snoz + Knoz,amx
< Endogenous b _ Sno2
respiration manAMX g 02 + Knoz.amx
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Table 4 Median, minimum and maximum values of the parameters that are required for the

calculation of the relevant process rates in a nitritation/anammox system with high HET activity

(Table 2) at 20°C according Dapena-Mora et al.,** Guisasola et al.,® Gujer et al..”> Hao et a

36
L,

Henze et arl.,19 Hunik et al.,3 ! Jayamohan et al.,*® Kaelin et al. ,3 ! Kampschreur et al. 2 Koch et

al.,” Koch et al.,26 Manser et al.,”’ Moussa et al.,27 Séanchez et al.,* Vangsgaard et al. ,28 Wett

and Rauch,"' Wiesmann® and Wyffels ez al.*° Temperature dependency was considered as

follows: n(20°C) = w(T) - exp(O1- (20-T)). The absolute values of the maximum endogenous

respiration rates were assumed to be 10% of the maximum growth rates.

Symbol Parameter Median Min Max Unit
Wmax, HET Maximum growth rate of Xygr 3.0 2.0 9% 7.2% d!
Max. endogenous respiration -1
Bmax,HET rate of Xyt -0.3 d
Temperature dependency of 19,26 op~-1
Ot1HET Xyper rates 0.07 C
Anoxic reduction factor for 25 23 19
TINox nitrite and nitrate 0.7 0.6 0.8 )
KcHET ?:rtl;rjtlon coefficient of Xygr 401 20193 201 e ODm>
Koo et t?()ar‘ugiltlon coefficient of Xygr 020 19232641 0.08 2 ¢ Orm
Saturation coefficient of X R
KNOZ,HET forl;litrite HET 050 23,26,41 0 14 29 80 24 g Nm 3
Saturation coefficient of X -
Inhibition coefficient of Xygt for -
Ky02,HET 0, HET 2.0% g Oym 3
Wmax,AOB Maximum growth rate of Xaop 0.770 % 0.481°% 1.0% d!
Max. endogenous respiration -1
bmax,AOB rate of XAOB -0.077 d
Temperature dependency of 25 36 31 ol
O1.A08B Xaop rates 0.105 0.094 0.120 C
Saturation coefficient of X,op 24 39 27 3
KNH4,AOB for ammonium 1.00 0.14 5.00 g N-m
Ko2.408 ?:rt‘gj‘“"“ coefficient of Xaos ) 585 3538 03002  1.66° gOym
Hmax NOB Maximum growth rate of Xyog 0.720 313 0.341 %8 1.3384 g
D NOB Max. endogenous respiration 20.072 q!

rate of Xyog
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671

672

Or1,NoB

Kx~o2,noB

Koz noB

Mmax,AMX

bmax,AMX

Or,AmMx

Environmental Science

Temperature dependency of
XNOB rates

Saturation coefficient of Xyop
for nitrite

Saturation coefficient of Xyog
for O,

Maximum growth rate of Xayx

Max. endogenous respiration
rate of Xamx

Temperature dependency of
XAMX rates

: Water Research & Technology

0.070

1 55 2938

1.05 %
0.029 2836

-0.0029

0.093

0.061°°

0.280 %

0.470 %
0.020

0.090 3¢
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0.078 !

3.00 %

3.00 %
0.080 %

0.096 %

oc-l
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673 Table 5 With Aquasim simulated net conversion rates, biomass concentrations and

674  compound concentrations in the reactor at steady state, with and without heterotrophic activity.

Biomass conc.

Net conversion rates  with HET without HET with HET without HET

[g COD'm™]

rso2  [g0rm>d'] =507 -500 XHET.02 3550 0
rsac  [gCOD-m>-d'] -266 0 XHETNO3 1340 0
rsnus [gN-m>-d?'] -209 -209 XHETNO? 334 0
rsnos [gN'm?>-d']  7.76:10° 56.9 Xa0B 2030 684
rsnoz [gN'm>-d'] 658107 9.49-107 XnoB 0 74.2
rsy [gHmM?d'] 108 19.0 X anmx 1100 691
rstic [gCm>-d'] 61.6 -6.93

Ixot  [gCODm>-d'] 104 19.3

Comp. conc. in reactor with HET without HET

Snia [gN'm™] 1.18 1.15-10™
Svoz  [gN'm™] 2.19-102%  3.16-107
Snxos  [gN-m”] 2.59-10% 190
Sos  [g0ym™] 7.11-10°  1.16:10"
Sae  [gCOD'm™]  6.99-107 890

675

676
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Table 6 Calculated concentrations and standard deviations of the main types of bacteria in a

nitritation/anammox reactor with heterotrophic activity (mass balances based on the activated

sludge model including kinetics (system 5) and including both kinetics and a biomass balance

(system 7)) and without heterotrophic activity (mass balances based on the activated sludge

model including kinetics; system 6).

with HET

without HET

including kinetics

including kinetics and
biomass balance

including kinetics

mg COD-L"! % mg COD-L™! % mg COD-L™! %
concentration % st.dev. | concentration % st.dev. | concentration % st.dev.
XHET,02 3470 9420 3510 2120
XHET,NO3 1290 14900 1310 3590
XHETNO2 483 115000 413 31600
Xa0B 2040 3620 2030 846 684 2.4
X~NoB -181 345000 -103 154000 74.0 8.4
Xamx 1080 5280 1090 1210 694 4.9
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Table 7 Required number of measurements and the corresponding standard deviation of the
net conversion rate to reach a certain standard deviation for the calculated biomass
concentration of anammox bacteria with mass balances based on the activated sludge model

including both kinetics and a biomass balance.

. o .
Desired % st.dev. Required % Required # of measurements

of Xunix st.dev. qf the net if % st.dev. o.f one
conversion rates measurement is 5 %
50 0.205 595
40 0.164 929
30 0.123 1651
20 0.082 3713
10 0.041 14851
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