








REV. CHIM. (Bucharest) ♦ 61♦ Nr. 4 ♦ 2010 http://www.revistadechimie.ro

(1+α) and Vaero/Qin/(1+α). As the recycle fraction gets
higher, the time scale of the bioreactors gets lower,
meaning less and less time for the biological process to
complete its task. The second parameter has a more subtle
but still decisive influence, this time upon the time scale of
the biological process, since it is responsible not only for
the live vs. dead microorganisms ratio, but for their
concentrations as well. As the purge fraction gets lower,
living and dead cells concentration gets higher (they
accumulate in the system) to values in equilibrium with
the bioreactor ’s substrate concentration. This latter
determines the biological process rate and, thus, the
doubling time, which is the time scale of the biological
process. Keeping the substrate concentration in the feed
the same, when the cells concentration increases, the
substrate concentration in the bioreactor decreases thus
the doubling time increases.

One of the objectives of the present study is to
emphasize which of the two control parameters has
greater influence upon the process. Because of their
complex behavior, activated sludge processes are very
difficult to control, due to the composite interactions
among species, on one hand, and to different time scales,
on the other.

Irrespective of the weather, the first eight days are the
same, with respect to the incoming flow (fig. 2). The next
three days the incoming flow changes according to the
weather type changing decisively the further evolution of
the system; thus a particular attention will be addressed to
the last six days, in order to see how the time scales of the
biological process and of the bioreactors cope with this
rupture in the confined dynamics of the system. We will
consider, during this analysis, an ideal situation where the

Table 3
KINETIC RATES FOR THE ASM3-2N MODEL [1]
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recycling and purge flows will be, continuously, adapted to
the actual values – the question of “how the system would
respond if the recycle and the purge would have been fixed”
will be addressed in another study. Another simplifying
assumption is the biological process shifts instantaneously
according to the external substrate concentrations, no
adaptation lag being taken into consideration.

According to figure 2, the system is forced into a
dynamic state; the crucial problem at hand is “could the
system fail?” and, if so, “when and for what combination
of operating parameters?” In subsidiary, there is another
question: “does the system reach a steady state for the
average values of the inflow conditions?”

We consider the following time averaging formula as a
convenient relationship:

(12)

Applying equation (12) for the “dry weather” conditions
(since the other two are exceptions, they cannot be
considered as candidates to establish the average
conditions), the calculated common values for the
considered period are: Qin=18445 m3/day, CODin=398.72
g/m3and NH4in=31.556 g/m3. With this constant input and
for α=0.5 and β=0.005 (chosen as the middle values of
the proposed ranges), the system reached a steady state
characterized by the following conversions: of the readily
biodegradable substrates (SS)  XSS = 0.999 of the slowly
biodegradable substrates (XS) XXS=0.065 and of the
ammonium (NH4

+)XSNH4=0.983. The rest of the steady
state values are presented in table 4.

The cumulative and instant performance criteria of the
system converged rapidly to the same value, characteristic
for the steady state. Due to the cascade system adopted
for the two reactors (anoxic and aerobic), the values of the
parameters corresponding to steady state do not differ as
much as expected, although for the most sensitive the
differences are conclusive (table 4). While the system
performs excellent for the readily biodegradable substrates
and the ammonium, consuming them almost entirely, the

conversion of the slowly biodegradable substrates is very
low. This means that a large part is disposed to the
environment.

An interesting development would be to study the
behaviour of a slightly changed system, with a settler and
recycling after each reactor, which would permit to the
activated sludge from each reactor to adapt itself better to
its particular operating conditions, but this is left for another
study.

In figure 3, we present the time behaviour of the readily
biodegradable substrates for the three weather conditions
under three different pairs of parameters α and β: middle,
lowest and highest. The system is in a confined dynamic,
meaning that its performance varies according to the inlet
changes between some finite boundaries; both conversions
are high, slightly under the pseudo-steady state
performance obtained with the averaged inlet data (fig.
3A, dry case). The ascending trend of the conversions is
due to the slowly increase in heterotrophs concentration,
which increases the total amount of readily biodegradable
substrate processed. This has as effect higher instant
conversions than cumulative ones for the last part of the
time window. For the rainy case, there is a significant drop
in performance starting from the eighth day, due to the
increase in the influent, which increases the recycled flow
and the purge flow. This affects negatively the process,
reducing the time scale of the biological reactor. More, the
increase in both throughput and purge flows diminishes
the concentration of the biomass in the bioreactors, thus
decreasing the amount of processed substrates. After the
shock ends, the instant conversion regains its behavior (fig.
3A, dry and rainy cases after the tenth day), although with
a slight delay. The same is valid for the cumulative
conversion, but due to the substrate accumulations in the
system, it has lower values for the same time window.
The stormy case is characterized by two sudden increases
of inlet flows, much larger than in the rainy case, but for
shorter periods (fig. 3A, stormy case). Consequently, the
system behaves badly during these periods, worse that in
the previous case, but it recovers faster, due to the less
accumulation of substrates in the biological reactors this
time.

Fig. 2. The inflow characteristics for the benchmark, corresponding to the dry, rainy and stormy weather
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Working at very low recycling and purge ratios affects
slightly the behavior of the system, decreasing the overall
performance. But, since the heterotrophs concentration is
high enough, the conversion varies between almost the
same values (fig. 3B, dr y case – see the overall
performance, compared to the previous case). The shocks
induced by the weather change (rainy or stormy – fig.  3B)
is a little bit higher, but still the conversions are very good,

Table 4
THE STEADY STATE VALUES OF THE STATE
VARIABLES FOR THE TWO BIOREACTORS
CORRESPONDING TO THE PSEUDO-INLET

CONDITIONS RESULTED FROM AVERAGING THE
DRY WEATHER BENCHMARK INPUT

Fig. 3AB.  Performance of readily
biodegradable substrates, expressed as
cumulative and instant conversions, for

different time scales and weather conditions
A) base case of α=0.5 and β=0.005; B) lowest

operating parameters values of α=0.1 and
β=0.001;
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Fig. 3C.  Performance of readily
biodegradable substrates, expressed

as cumulative and instant conversions,
for different time scales and weather

conditions C) highest operating
parameters values of α=1.0

 and β=0.01

meaning that the system performs well even with these
values of α and β.

Increasing both ratios to their maximum values worsens
the behaviour of the system, but not to a great extent (fig.
3C, dry, rainy and stormy profiles, compared to the base
case profiles). Working at high values of the recycle ratios
decreases the time scale of the bioreactor significantly,
especially when shocks arrive (see the overall and instant
conversions for the rainy and stormy periods – fig. 3C). On
the other hand, higher values for the purge ratio decrease
the concentration of the living cells, which are withdrawn
from the system through the purge. This way, the processed
amount of soluble substrates diminishes although their
concentrations remain the same (the purge fraction affects
only the concentration of the suspended particles, like
microorganisms or any other solids which are present in
the system).

A similar behaviour of the system could be seen with
respect to the slowly biodegradable substrate consumption,
as depicted in figure 4, where the profiles of its conversion
are presented, for all three aforementioned scenarios. Even
for the virtual steady state conditions expressed as the
averaged values for the inlet variables, the system in its
actual configuration well behaved , ensuring a high
conversion, of  0.98. Actually, this means that almost all
the slowly biodegradable substrate  entering the system ,
defined as the sum of fragments of heterotrophic biomass
resulting from decay by endogenous respiration, and slowly
hydrolysible substrate, was transformed, a small amount
was removed by purge. For any of the confined dynamics
scenarios (dry, rainy or stormy weather), the cumulative
conversion has positive values for the whole time window.
Nonetheless, working at the lowest possible values for α
and β seems beneficial, the cumulative conversion of the

Fig. 4A. Performance of slowly biodegradable substrates, expressed as cumulative and instant conversions,
 for different time scales and weather conditions A) base case of α=0.5 and β=0.005
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Fig. 4BC. Performance of slowly
biodegradable substrates, expressed

as cumulative and instant
conversions, for different time
scales and weather conditions

B) lowest operating parameters
values of α=0.1 and  β=0.001;

C) highest operating parameters
values of α=1.0 and β=0.01

slowly biodegradable substrate has most values, 0.99. At
these low values of the operating parameters, the time
scale of the bioreactors is the highest and so is the
concentration of the microorganisms responsible for the
consumption of the slowly biodegradable substrate. Thus,
the microorganisms, which are in a higher concentration,
have a longer time to process this substrate, which
increases its conversion (fig. 4B). For the highest values
of the operating parameters α and β (fig. 4C), the system
behaves worst; the time scale of the bioreactors
decreases dramatically diminishing the time the
microorganisms act upon the substrate, and so does their
concentration. Less substrate processed is a consequence
of a smaller amount of bacteria, despite the slight increase
in the process rate due to the raise in the concentration of
this substrate.

The behavior of the system, with respect to the
ammonium, is presented in figure 5 for all the operating
conditions at hand (A – dry weather, B – rainy weather
and C – stormy weather). The system behaves worse than

for the previous substrates (readly biodegradable substrate
and slowly biodegradable substrate), although the confined
dynamics has as inferior margin 0.75 which could be seen
acceptable for such daily fluctuations of the inlet flow and
concentrations. Although the steady state conversion of
the system subject to the averaged inlet conditions is rather
close to the conversion of the readily biodegradable
substrates, the amplitude of the variations are higher since
the class of the microorganisms responsible or
ammonium conversion is different, namely AOBs. These
microorganisms have a much lower concentration in the
system, so a comparable percentage of their variation
compared to the heterotrophs would imply a more
pronounced effect upon the quantity of the processed
substrate than for heterotrophs. That is why keeping a high
concentration of AOBs and a longer residence time (lowest
values for α and β) is beneficial (fig. 5B), while the highest
values for these operating parameters have detrimental
effects (fig. 5C). The changes in the weather conditions
only increase the lower spikes for the instant conversion
(fig. 5, the first three days period corresponding to the rainy
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Fig. 5. Performance of ammonium
substrate, expressed as cumulative and
instant conversions, for different time
scales and weather conditions A) base
case of α=0.5 and β=0.005; B) lowest

operating parameters values of α=0.1 and
β=0.001; C) highest operating parameters

values of α=1.0 and β=0.01

and stormy weather respectively), consequently affecting
the cumulative conversion too.

Analyzing the profiles presented in figures 3-5, we
observe that except the three days period when the

weather changed in the rainy and stormy periods, it is rather
difficult to seize the differences between them for the last
three days, even if it is obvious that they exist. Measuring
the distance between the perturbed trajectory of a process
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and the nominal one is not trivial, since the process could
behave differently immediately after the perturbation
occurred or after a rather long period. To quantitatively
characterize the departure of the state trajectory given by
any kind of perturbations from the original, non-perturbed
one, we will use an intensive measure, derived from the
notion of Shannon entropy, the generated entropy of a
perturbed trajectory, as defined in [33,34]. Since in the
present analysis the accent is made more upon the
existence and magnitude of the variations and less upon
the direction of them, this measure is a reliable measuring
tool. The sensitivity of the bioreactor to some parameter
should imply larger generated entropies for some if not all
the state variables, for small changes in the former. When
more than one parameter has to be analyzed
simultaneously, care should be taken to adequately
decouple their mutual influence upon the process.

Applying the relationship presented in [33,34], we
obtained the values of the generated entropy of the
perturbed trajectory for the aforementioned cases, which
are summarized in Table 5a and b. Analyzing the figures
from table 5, we observe that we can express in a
quantitative manner the observations made so far for the
influence of the operating parameters α and β upon the
process, coupled with weather changes. According to the
type of substrate under scrutiny, lowering α and β could be
beneficial or detrimental. For example, the generated
entropy for the cumulative conversion of the readily
biodegradable substrates, XSS, is high for the highest values
of the operating parameters and low for the lowest values,
irrespective of the weather change (table 5a, S column,
for both Dry-Rainy and Dry-Stormy cases). This means that
the system has the tendency of amplifying any departure
from the normal confined dynamics. The same is true for
the ammonium substrate, although the figures are one
order of magnitude lower, which is in agreement with the

Table 5a
THE GENERATED ENTROPIES OF THE

PERTURBED TRAJECTORIES, AS
RESULTED FROM THE WEATHER

CHANGE, FOR THE SAME VALUES OF THE
OPERATING PARAMETERS α AND β (C

STANDS FOR CUMULATIVE

Table 5b
THE GENERATED ENTROPIES OF THE PERTURBED TRAJECTORIES,

AS RESULTED FROM THE  OPERATING PARAMETERS α AND β
CHANGE, FOR THE SAME WEATHER CONDITIONS  (C STANDS FOR
CUMULATIVE CONVERSION, I STANDS FOR INSTANT CONVERSION) concentrations of the responsible species (table 5a, N

column, for both Dry-Rainy and Dry-Stormy cases together
with table 4, HET and AOB concentrations). The highest
effect of weather change, although in the opposite direction,
is for the slowly biodegradable substrates, XXS, where the
generated entropy is almost double than for the readily
biodegradable substrates (table 5a, X column).

The influence of the operating parameters change upon
the process is affected by the weather conditions, as can
be seen from table 5b. For the dry period, which is
considered as the base case in this study, as the system
works at higher values of the operating parameters, it will
be more affected by any of their change  (table 5b) for the
reasons aforementioned, proper to each type of substrate.

Conclusions
The study at hand presents the time scale behaviour of

a wastewater treatment facility subject to environmental
stress, such as weather changes. Two of the time scales
are addressed here, the residence time of the biological
reactors (aerobic and anoxic) which is mainly influenced
by the recycling ratio α, and the doubling time of the
biological process, corroborated with the concentration of
the microorganisms, which is mainly influenced by the
purge fraction β. In order to quantitatively measure the
performance of the system, two types of conversions were
used, a cumulative one, as introduced by equation (10),
and an instant one, equation (11). The former, being of
integral type, stands for the average processing
performance of the system, considering its time-history
as captured by the time window under scrutiny, while the
latter gives the actual performance, with respect to the
inlet and outlet. While the former is valuable for describing
the long term performances, the latter shows when and to
what extent the system fails punctually and harms the
environment. To quantify the time scale influences upon
the system, generated entropy of a perturbed trajectory
concept was used, not only showing that lower time-scales
are detrimental for slowly degradable substrates, but also
to what extent.

Notations
ASM  - Activated Sludge Model
AOB - ammonia oxidizing bacteria
bA,NOX - Anoxic endogenous respiration rate of XA (d-1)
bH,NOX-Anoxic endogenous respiration rate of XH(d-1)
bH,O2 - Aerobic endogenous respiration rate of XH (d-1)
bnb,NO3 - Aerobic endogenous respiration rate of Xnb (d-1)
bnb,O2   - Aerobic endogenous respiration rate of Xnb (d-1)
bnsNO2  - Aerobic endogenous respiration rate of Xns (d-1)
bns,U2 - Aerobic endogenous respiration rate of Xns (d-1)
bSTO,NOX - Anoxic respiration rate of XSTO (d-1)
bSTO,O2- Aerobic respiration rate of XSTO (d-1)
COD - Chemical Oxygen Demand (g O2 /m

3)
C/N - Carbon to Nitrogen ratio
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DO - dissolved oxygen
EPS - extracellular polymeric substances
fSI  - Production of SI in hydrolysis
fXI  - Production of XI in endogenous respiration
HET – heterotrophic bacteria
iNSS   - % amount of N in SS (g-N/g-COD)
iNXI  -   % amount of N in XI (g-N/g-COD)
iNBM -  % amount of N in biomass (g-N/g-COD)
iNSI -  % amount of N in SI (g-N/g-COD)
iNXS -  % amount of N in XS (g-N/g-COD)
KA,ALK - Saturation constant for alkalinity for autotrophs (mol HCO3/m

3)
KALK  - Saturation constant for alkalinity for XH (mol HCO3/ m

3)
KA,NH4 - Saturation constant for SNH4 for autotrophs (g N / m3)
KA,NOX - Saturation constant for SNOX for autotrophs (g NOx / m3)
KA,NO2 - Saturation constant for SNO2 for autotrophs (g NO2 / m

3)
KA,NO3- Saturation constant for SNO3 for autotrophs (g NO3 / m

3)
KA,O2 - Saturation constant for SO2 for autotrophs (g O2 / m

3)
 K1,NE4  - Ammonia inhibition of nitrite oxidation (g NH4/ m

3)
KH - Hydrolysis rate constant
KX - Hydrolysis saturation constant
KLa  - Oxygen mass transfer coefficient (h-1)
KNH4  - Saturation constant for SNH4 (g N / m3)
KNO2  - Saturation constant for SNO2 of Xns (g NO2/ m3)
KNO3  - Saturation constant for SNO3 of Xnb (g NO3/ m3)
KNOX  - Saturation constant for SNOX (g NO3/ m3)
KO2  - Saturation constant for SO2 (g O2/ m

3)
KS  - Saturation constant for SS (g COD SS / m

3)
KSTO  - Saturation constant for XSTO (g COD XSTO / g COD XH )
kSTO  - Storage rate constant (d-1)
NOB - nitrite oxidizing bacteria
Qin – feeding flow
Qrs - recycle flow
SRT - short solid residence time
SALK  - Alkalinity [mol HCO3/m

3]
SI   - Soluble inert organics (g COD /m3)
SN2g  - Dinitrogen released by denitrification (g N / m3)
SNH4   - Ammonium (g N / m3)
SNOX  - Total oxidized nitrogen in the ASM3 model (g N / m3)
SNO2  - Nitrite nitrogen (g N / m3)
SNO3  - Nitrate nitrogen (g N / m3)
SO2  - Dissolved oxygen (g O2 / m3)
SS  - Readily biodegradable substrates (g COD / m3)
Vaero – volume of aerobic reactor
Vanox – volume of anoxic reactor
XH  - Heterotrophic biomass (g COD / m3)
XI  - Inert particulate organics (g COD / m3)
Xnb  - Nitrite-oxidizing autotrophs (g COD / m3)
Xns  - Ammonia-oxidizing autotrophs (g COD / m3)
XS  - Slowly biodegradable substrates (g COD / m3)
XSTO - Organics stored by heterotrophs (g COD / m3)
YA  - Aerobic yield of XA (g COD XA / g N NOX)
YH,NOX  - Anoxic yield of heterotrophic biomass (g COD XH / g COD XSTO)
YH,O2  - Aerobic yield of heterotrophic biomass (g COD XH / g COD XSTO)
Ynb  - Aerobic yield of Xnb (g COD Xnb / g N NO3)
Yns   - Aerobic yield of Xns (g COD Xns / g N NO2)
YSTO,O2  -  Aerobic yield of stored product for SS (g COD XSTO / g COD SS)
YSTO,NOX  - Anoxic yield of stored product for SS (g COD XSTO / g COD SS)
α  - recycle ratio
β  - purge ratio
ηNOX  -  Anoxic reduction factor
μA  - Autotrophic max. growth rate of XA (d-1)
μH  - Heterotrophic max. growth rate of XH (d-1)
μnb  - Max. growth rate of Xnb (d-1)
μns  - Max. growth rate of Xns (d-1)
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