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ABSTRACT
This paper describes part of a project to develop a systematic approach to knowledge extraction from on-line
respirometric measurements in support of wastewater treatrnent plant control and operation. The paper deals
with the following issues: (1) Test of the implementation of an automatic set-up consisting of a continuous
Iaberatory respirometer integrated in a mobile trailer with sampling and dosing equipment, and dataacquisition and communication system. (2) Assessment of activated sludge/sewage characteristics from
sludge respirograms by model parameter estimation. (3) Comparison ofthe parameter estimates with regular
plant data and information obtained from supplementary wastewater respirograms. The paper describes the
equipment and some of its measuring results from a period of one week at a large-scale wastewater treatrnent
plant. The measurements were evaluated in terms of the common activated sludge modelling practice. The
automatic set-up allowed reliable measurements during at least one week. The data were used to calibrate two
different version ofthe model, and independent paramèter estimates were obtained.
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INTRODUCTION
Good measurements are imperative for the proper operation and control of wastewater treatment plants.
Traditionally, variables like COD, BOD 5 and (mixed liquor) suspended solids concentration are used for
this purpose. The lengthy measurement time and limited practical meaning of these variables are often
reasons to seek other, readily measurable, variables or variables that are directly related to the biologica!
process itself. Moreover, because of the propensity to use process models in operation and control there is
an increasing need for measurements in the context of activated sludge process models (Briggs, 1998).
Respirometry offers an excellent means to assess variables with a biologica! meaning because respiration is
directly related to both substrate removal and biomass growth (Spanjers et al., 1998a). Respiration rate is,
therefore, the most sensitive variabie on the basis of which the activated sludge theory can be validated
(Dold, 1980) and respirometry is the most reliable approach to separate biomass estimation in relation to
activated sludge modelling (Renze, 1992).
Respirometry is the measurement and interpretation of the biologica! oxygen consumption rate under well
defined experimental conditions. Oxygen consumption rate is measured by using respirometers. These can
range from simple manually operated botties equipped with an oxygen probe to sophisticated instruments
that automatically perform sampling, additions and calculations. Typically, a respirometer differs from
other measuring instruments in that it is a mini-reactor where a number of different respirometric
experiments can be done under well-defined conditions. This characteristic makes that respirometry is
Useful for model calibration studies. Although the technique has made a significant advance as a research
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tool for laboratory and pilot plants, its application in full-scale practice is still in its infancy.
The work presented in this paper is part of a major project on integrated computer control systems for
wastewater treatment plants. The purpose of this part of the project is to develop a systematic approach to
knowledge extraction from on-line respirometric measurements in support of wastewater treatment plant
control and operation. More results of this project are or will be published in other papers (Giroux et al.
1996; Spanjers et al. 1998b). More specifically, this paper deals with the following issues: (1) Full-scale
test of the implementation of an automatic set-up consisting of a continuous respirometer integrated in a
mobile trailer with automatic sampling and dosing equipment, and data-acquisition and communication
system. (2) Assessment of activated sludge I sewage characteristics from sludge respirograms by model
parameter estimation. (3) Comparison ofthe parameter estimates with traditional plant data and information
obtained from integrated wastewater respirograms.
The paper describes the automatic respirometric set-up and some of its measuring results from a period of
one week at a large-scale wastewater treatment plant. The instruments are designed to perfarm complex
respirometric experiments fully automatically in order to allow advanced model calibration techniques.
Here, the measurements were evaluated in terms of the common activated sludge rnadelling practice.
However, some modifications and assumptions were made in order to apply the model to the actual
situation. The automatic set-up allowed reliable measurements during at least one week. The data were used
to calibrate two versions of the model, and independent parameter estimates were obtained.

MODEL
The endogenous respiration model according to Grady and Lim (1980) is adopted here. In this model
oxygen consumption is associated with growth and decay of microorganisms, and no slowly biodegradable
matter is generated. Decay is an oxygen consuming process in which decaying biomass is oxidized while
inert matter is formed. The model implies that when the activated sludge has run out of readily
biodegradable substrate (Ss) and slowly biodegradable matter (Xs) from the wastewater, the remaining
(endogenous) oxygen consumption is associated with biomass decay only. In this paper it is assumed that
XH>>Xs so that hydralysis rateis approximately first order with respect to Xs (Kappeler and Gujer, 1992). It
is further assumed that there is no oxygen limitation and that nitrification does not occur. The following set
of equations describe the model in a batch reactor:

dXs =-k X
dt
h s

(1)

dSs =k X
dt
h
s

(2)

(3)

where:
bH= decay coefficient for heterotrophic organisms (d. 1)
kh = first order hydralysis rate constant (d- 1)
Ks = saturation constant for substrate Ss (gCOD m" 3)
Ss= readily biodegradable organic substrate (gCOD m" 3)
XH = heterotrophic organisms (gCOD m" 3)
Xs = slowly biodegradable substrate (gCOD m· 3)
YH= yield ofXHper Ss (gCOD g" 1COD)
f.LH = heterotrophic maximum growth rate (d- 1).
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The endogenous respiration rateis only associated with decay (2nd term on the right hand side ofEq. 3):
(4)
where Xen in g02 per gCOD is the stoichiometrie coefficient for endogenous respiration. The exogenous
respiration rateis associated with growth: (1 st term on the right hand side ofEq. 3):
(5)

The total respiration rateis the sum of oxygen consumption rates ofboth decay and growth:
(6)

To illustrate the dynamic properties of the model, a simulation is done with the following veetors for
parameters and initia! states: [Xen bH kh Ks YH] = [0.92 0.62 50 5 0.67] and [Xs Ss XH] = [30 5 1100],
respectively (Figure 1). The initia! states are assumed typ ical for activated sludge sampled from the
headspace of the aeration tank under study.
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Figure 1. Simulation ofthe model (1)-(6); differentials (left) and respiration rates (right).

It can beseen that dSs/dt rapidly becomes very small compared to the other differentials, aresult which has
also been reported by Keesman et al. (1998) for the Activated Sludge Model No. 1. Setting dSs/dt=O and
substituting the second term of eq. 6 gives:

(7)
Solving Eq. 1 and substituting Xs gives:
(8)

The first term cannot easily be solved for XH. However, because endogenous respiration rate only shows a
slow response compared torex it is both reasonable and convenient to approximate the first term in Eq. (8)
by either a constant or a linear function of time:
(9)
(10)
where ren is the constant endogenous rate, ren(O) is the endogenous respiration rate at the onset of the
measurement and b is the slope of the linear decrease of ren· Note that b is related to the decay coefficient
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for heterotrophic organisms, but that it is not equal to this coefficient.
It has been shown that the parameters ren, kh and (1-YH)Xs(O) are identifiable in Eq. (9), and ren(O), b, kh and
(1-YH)Xs(O) in Eq. (10) from measurements of r alone. In the sequel both roodels (9) and (10) will be
calibrated from batch respirograms obtained with activated sludge sampled from the headspace of an
aeration tanlc The main assumptions made will be verified by some additional measurements.

INSTRUMENTS AND METHODS
The measuring equipment was installed in a mobile trailer (Minworth Systems Ltd., UK) equipped with
submersible pumps continuously feeding sludge and sewage through sampling loops travelling through the
trailer. Two different brands of respirometers were installed in the trailer: a MSL (Minworth Systems Ltd.,
UK) and a RA-1000 (Manotherm, The Netherlands). Both instruments work according to the liquid phase
principle, that is: they obtain respiration rate from measurements of dissolved oxygen concentration in the
mixed liquor (Spanjers et al., 1998a). However, the first instrument uses a static liquid phase whereas the
other one uses a flowing liquid phase. Both respirometers can take advantage of the trailer's automatic
sampling and dosing devices for sludge and wastewater, and data acquisition and communication system.
The choice of using one respirometer or the other depends on the specific requirements with respect to the
measuring conditions. The results in this paper were obtained by using the MSL as the batch reactor and the
RA-1000 as the respirometer. During the measurements the dissolved oxygen concentration was always
maintained above 2 mg r 1 to exclude oxygen limitation.
The measurements were carried out at the major wastewater treatment plant of the city of Ottawa, the
Robert 0 . Pickard Environmental Centre. This plant treats an average of 500,000 m3 raw sewage per day
with carbonaceous BOD5 of 68 mg r 1, total COD of 194 mg r 1 and suspended solids concentration of 62
mg r 1• The plant consistsof screening units, 15 primary clarifiers, 8 plug-flow type aeratiorrtanks of 11350
m 3 each and 16 secondary clarifiers of9600 m 3 each. The average sludge load is 0.3 kgBOD 5 kg-1d- 1 and the
sludge retention time is 4 days.
During the measuring period September- October 1996 an amount of 10.12 litres of activated sludge was
sampled automatically at fixed intervals ranging from approximately 1.5-3 hours (in this paper only the 3 h
intervals are reported) from the headspace of the south-east # 2 aeration tank and transferred into the batch
reactor. At the end of the measuring intervals the sludge was wasted from the reactor. No measurements
could be obtained during the time, about 5 min, between two measuring 'intervals when sludge was wasted
and sampled. At several occasions samples of 2 litres of settled sewage were added to the sludge in the
batch reactor to obtain a sewage respirogram (superimposed on the sludge respirogram). Daily averaged
measurements of regular process variables were available from the plant's database system, among these:
BOD 5, COD, MLVSS, etc.
For each sludge respirogram both models (9) and (10) were optimised to obtain initia! states (1-YH)Xs(O)
(oxygen equivalent concentration of slowly biodegradable substrate in the headspace of the aeration tank)
and parameters ren, ren(O), b and kh. The Levenberg-Marquard method incorporated in Matlab was used for
the estimation. In addition, the supplementary wastewater respirograms (superimposed on the sludge
respirograms) were used to assess the short-term biochemica! oxygen demand of the sewage. The
wastewater respirograms were excluded from parameter estimation.

RE SULTS AND DISCUSSION
Verification of assumptions

One of the assumptions for the application of the models (9) and ( 10) is that Ss is very low compared to Xs.
This assumption was experimentally verified (Figure 2). Activated sludge was sampled from the aeration
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tank and the respiration rate was measured. After 3.5 hours acetate was added twice. Upon each addition a
sharp increase of the rate followed by an abrupt decrease was observed indicating different kinetics
compared to the components in the sludge. Because acetate is a typical example of Ss this observation
supports the assumption that at the onset of the measurement, shortly after the sampling, the concehtration
of Ss in the sludge is already very low. This corroborates with the observed response on the addition of
sewage 1.5 hours after the sampling (see further). That respirogram shows a rapid oxidation of a small
quantity of readily biodegradable substrate foliowed by a gradual oxidation of the slowly biodegradable
substrate.
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Figure 2. Two additions ofacetate to activated sludge.
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Figure 3. Addition of ammonium to activated sludge.

Figure 3 shows the response on the addition of ammonium (initial concentration 5 mgN r 1) to a sample of
activated sludge. Because there was no increase of respiration rate it can be concluded that nitrification did
not occur in the activated sludge. An explanation for the slight decrease upon the addition of ammonium
could not be found.
Measurements

A typical measuring sequence during one day is depicted in Figure 4. From the onset of each sludge
respirogram (that is: a few minutes after sampling from the headspace of the aeration tank) the rate
decreased gradually, and within 3 hours it tumed into an approximately linear decrease, sometimes with a
very low slope, indicating the endogenous state. The sludge respirograms show different shapes depending
of the time of the day: around noon the initial rate is lower and the endogenous state is reached faster. This
pattem was typical for most days, and it indicates variations in both initia! substrate concentration and
kinetics. During the 6th measuring interval an addition of sewage was done to characterise the sewage. The
sharp peak shows a rapid oxidation of a small quantity of readily biodegradable substrate foliowed by a
gradual oxidation of the slowly biodegradable substrate with a pattem similar to the underlying sludge
respirogram. The sharp peak indicates a low concentration of Ss in the sewage, and it also supports the
assumption that Ss is practically oxidised when the sludge is sampled from the headspace section.
A number of practical aspects can be reported here. The verticallines in Figure 4 coincide with the wasting
and filling operations of the batch reactor. Because the reactor, including sampling equipment, and
respirometer worked independently of each other the latter continued its operation during the wasting and
filling of the reactor, which caused erroneous measurements (the verticallines) due toentrapment of air in
the respirometer. However, as soon asthereactor was filled with new sludge the air was eliminated by itself
from the respirometer and reliable measurements were obtained within a few minutes. The erroneous
measurements were simply discarded in the calculations.
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Figure 4. Typical measurement sequence of one day.

The most important practical difficulty was the clogging of the equipment, especially submersible pump,
batch reactor wall and its stirrer. The noisier measurements at the end of the day in Figure 4 were caused by
insufficient mixi)lg of the batch reactor due to a clogged stirrer. Daily inspeetion and, if needed, cleaning of
the sensitive parts was absolutely necessary to guarantee reliable measurements.

Parameter estimation
The sludge respirograms of the day depicted in Figure 4 and the other days were used to calibrate roodels (9)
and (10). Figure 5 shows as an example a detail of one respirogram and the concomitant calibrated model.
In some cases, when only a weak decrease was measured, a positive slope of thy endogenous rate was
obtained with model (9) indicating difficulties with the parameter estimation (Figure 6). In those cases the
constant endogenous rate model showed a better performance. In some instances (not shown), when the
sludge respirogram was approximately a linear function of time, the latter model yielded a very low
endogenous respiration rate (much below the lowest values ofthe tail end).
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Figure 5. Detail of a typical sludge respirogram. Endogenous respiration rate assumed constant (right) or linear function of time
(left). Symbols: measurements, lines: model respiration rates (solid: total, dashed: endogenous).
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The result of the parameter estimation of the respirogram in Figure 5 is: ren(O) = 28.6±0.3 mgr 1h-\ b =
0.022±0.002 mg r 1h- 1min·t, kh = 1.9±0.1 h- 1 and (1-YH)Xs(O) = 5.4±0.3 mgr 1 with a mean squared error
(MSE) of 0.134. The standard deviations have been calculated from the diagonal values of the resulting
covariance matrix. Eigenvalue decomposition of this matrix shows that the eigenveetors are close to the
unit vectors, indicating linearly independent estimates. Furthermore, from the related eigenvectoers we also
conclude that b and kh are the most dominant parameters. The results of the parameter estimation are
depicted in Figure 7, Figure 8 and Figure 9. Respirograms that yielded positive slopes or unrealistic
endogenous rates are excluded here. The endogenous rates from both models show similar trends, ren(O)
being higher than ren because the first displays the intrinsic endogenous rate (value corresponding with the
time of sampling) and the second is close to rate at the end of the measuring interval. The slight increasing
trend of ren(O) and ren might be explained with the observed overall increase in temperature during the
measuring period. An increase of MLVSS was not observed during that period.
Both models produce similar hydralysis rate constants, although the one from model (9) shows a more
pronounced .variation (Figure 8). Generally, around noon higher values are observed. One explanation is
the higher temperature of the activated sludge on daytime. The range of kh is in agreement with the values
reported by Spanjers and Vanrolleghem (1995): 0.6 and 2.4 h- 1 but lower than that reported by Kappeler and
Gujer (1992): 0.2-0.25 h- 1•
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Figure 9 shows the oxygen equivalent of the concentration of slowly biodegradable substrate in the
activated sludge sampled from the headspace of the aeration tank. Although the constant endogenous
respiration rate model (9) generally generates somewhat higher values clearly lower values are obtained
with both models around noon. This suggests that the incoming sewage is weaker during daytime.
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Figure 9. Slowly biodegradable substrate concentration
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Figure 10. Mean squared error (MSE) ofthe parameter
estimation during one week.

The short-term BOD of the wastewater, equivalent with (1-YH)Ss, was calculated from 6 wastewater
respirograms (like the one depicted in the 6th measuring interval in Figure 4). The values ranged from 5-22
mg r 1 with an average of 13 mg r 1, indicating a very low concentration of readily biodegradable substrate in
the wastewater during the period 6-14 September. The average (1-YH)Xs(O) is 12 mg r 1 resulting in a
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sewage concentratien of 24 mg r 1 (recycle factor 1). Hence, the total concentratien of biodegradable
substrate in the sewage is 13+24=37 mg r 1, a reasonable value when compared to the average BOD 5 during
the measuring period: 41 mg r 1• Due to the limited number of data a rigarous correlation study was not
justified here.
The MSE ofthe model calibrations is depicted in Figure 10. It can beseen that generally both roodels give
similar results and that the model fit is good. The increasing trend towards the end of the measuring period
may be caused by the somewhat noisier measurements due to clogging ofthe respirometer's DO-probe or
by changing characteristics such that the model structure becomes less appropriate.

CONCLUSIONS
With the equipment it was possible to perform the measurements fully automatically without severe failures
during at least one week. Daily inspeetion and cleaning, however, was needed to guarantee reliable
measurements. The data were used to calibrate the two models and independent parameter estimates were
obtained. In some cases the models showed different performance but generally similar estimates were
obtained from them.
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