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Abstract
Sludge produced in wastewater treatment plants (WWTPs) reaches around 1% of the
wastewater volume treated whilst the processes for sludge handling and disposal represent
from 20 to 60% of operating costs. It is widely recognised that sludge for disposal is one of the
most critical issues today for WWTPs operators. The tendency of many countries seems to be
aimed towards a biowaste prevention which leads to consideration of different strategies to
achieve a reduction of the sludge production. One solution to accomplish such an objective is
through the implementation of the Ultrawaves ultrasound (US) technology within the Activated
Sludge Process (ASP) to disintegrate the optimum amount of excess sludge and recycling into
the aeration tank as new solubilised biomass which is easily biodegraded by the
microorganisms. In addition, modern and upgraded WWTPs have to be managed to make
Biological Nutrient Removal (BNR) more effective, which commonly overcomes the conventional
limitation and increases the need for supplemental electron (e-) donors to drive denitrification
bio-chemical reactions. Ultrawaves technology also provides with an extremely efficient solution
to maximise this process which whenever transforms excess sludge into an autochthonous
readily biodegradable carbon source to support the denitrification step. This paper tries to
summarise all efforts carried out to investigate excess sludge reduction and nitrogen removal
applications from a systemic approach. Some case studies will be obviously mentioned whereas
certain microbiological and mathematical descriptions will be unavoidably included.
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Introduction
In many municipal and industrial WWTPs the removal of biodegradable compounds and organic
or inorganic particulate matter by means of settling and filtration, produces large amounts of
waste sludge for disposal. Most of the facilities are based on ASP, in which sludge is produced in
the final settlers where activated sludge is separated from the treated effluent. This sludge (also
known as biological sludge) is the result of net biological growth and the accumulation of inert
and organic refractory compounds within a network termed as floc. Together with the biological
sludge it is very common that WWTPs also produces primary sludge which is the result of a
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physical settlement just before the wastewater is pumped into the ASP. Primary and activated
sludge are the constituents of the waste known as sludge.
Sludge is characterised by a high percentage of volatile solids (VS) and high water content after
dewatering (> 70 - 80% by weight), which results in extremely large volumes of sludge, even
though the volume of sludge produced in a WWTP only represents around 1% of the volume of
influent wastewater to be treated. As WWTPs become more widespread, the volume and mass
of sludge generated is expected to increase continuously due to the increase of population
connected to the sewage network. According to the Sewage Sludge Directive 86/278/EEC, more
than 10 million of dry solids were produced in 26 EU Member States in 2010.
So far the main options for sludge disposal are agricultural use, landfill, incineration or
composting. However, the prospect for the near future is an increase in costs for sludge disposal
due to the continuous raise in sludge production and the regulation limits for disposal
alternatives. It has been estimated that the cost of treatment and disposal in European
countries reaches, on average, 500 € per tonne of dry mass (Ginestet and Camacho, 2007), but a
further increase is expected in the upcoming years. As a consequence, sludge production is
increasing, whereas disposal routes are narrowing and cost are increasing (Bougrier et al., 2007).
From a sustainable perspective it seems to be logical and realistic to reduce the volume and
mass of sludge produced. Dewatering just reduces the volume of wet sludge for disposal but the
dry mass reduction leads to the reduction of solids content as well as volume and should be
pursued as it allows the immediate reduction of sludge dry mass during its production in the
biological treatment stage. The fundamental aim of the Ultrawaves application is the reduction
of sludge dry mass but, in addition, collateral profits in dewatering properties are also achieved.
On the other hand, according to the Wastewater Directive of the European Union each WWTP
discharging to sensitive receiving waters has to include nutrient removal. In most cases BNR is
chosen due to a considerable number of advantages but, in addition, BNR is very dependent
upon the raw water characteristics, in particular the organic matter content to the nutrient
content. Very often the content of readily biodegradable organic matter available as carbon
source in the raw water is the limiting factor in the BNR process. An extra carbon source
(methanol, acetic acid, etc.) has to be added meaning an extra cost of the chemical whilst some
extra sludge is produced as well.
In the last decade, more and more stringent environmental requirements have been imposed
on nutrients discharge in surface waters, since excessive nutrients are considered the primary
causes of eutrophication. Several sewage treatment plants (STP) are facing the need to be
retrofitted and upgraded to accommodate new processes for nutrient removal, incurring higher
capital and operational costs. Many of the operating systems achieve the complete degradation
of nitrogen and phosphorus species by the use of exogenous carbon sources. Their addition in
pre-denitrification anoxic zones increases the denitrification rates and nitrogen removal
efficiencies but the expense to import, store and safely handle can be a major operation cost.
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Moreover, the increase in demand and significant recent fluctuation in commodity prices
illustrate the great need for simpler, less expensive and more renewable alternatives to existing
organic materials used as an exogenous e- donor.
Methanol is more commonly used as an external carbon source as compared with others. Its
lower cost and the broad availability in the market are supplementary motivations that lead
towards this option. However, besides chemical and extra sludge production costs, other
disadvantages of using methanol are the safety issues associated with its transportation,
handling and storage as it is considered a reactive and toxic compound. It has been reported
that up to an additional 30% to the capital construction cost of the methanol storage, pumping
and delivery systems is required to meet the safety standards over the use of a non-flammable
and non-hazardous product.
The development of Ultrawaves technology as an economical alternative carbon source for
biological denitrification is of interest and motivated by these concerns. Since 2006, US has been
used to support denitrification in German, French, Spanish, Australian, Chinese and other
WWTPs requiring to meet stringent effluent nitrogen limits. In general terms, plants settings
typically used to handle methanol or other carbon sources results were compatible with the US
application.
Nevertheless, the choice of a carbon source does not only depend on operational features and
economy but needs to be also determined by the whole system performance, sludge production
and efficiency (Nyberg et al., 1996). Therefore, the second objective of this paper is to delve into
the characteristics and kinetics of US to demonstrate its potentiality as a very interesting carbon
source for the denitrification process.

A review regarding ultrasound
There is a vast amount of information regarding US and environmental engineering. Applications
in wastewater treatment have been known for decades, especially in the anaerobic digestion
(AD) process. However, it is still difficult to find technical literature regarding US and excess
sludge reduction or nitrogen removal, and due to this circumstance the present section will not
include too well-known information which covers other applications (e.g. AD) while the spotlight
will reside within the inherent aspects concerning US and the ASP. In addition, physics and
engineering aspects of the way in which US is generated will not be described in detail either as
they are not the purpose of this paper.
From this perspective, US should be considered as sound wave with frequencies between 20
and 40 kHz and intensities between 25 and 50 W/cm2. If US waves are applied to a liquid system
under these frequencies and intensities, it is possible to produce physical and chemical changes
in it through a technology which has become known as sonochemistry (Mason, 1991). These
changes result from the effects of the formation and collapse of cavitation bubbles induced by
sound energy - acoustic cavitation.
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Like all sound energy, US is propagated via a series of compression and rarefaction waves
induced in the molecules of a medium through which it passes. At sufficiently high power the
rarefaction cycle may exceed the attractive forces of the molecules of the liquid and cavitation
bubbles will form. These bubbles will grow over a few cycles in some vapour or gas from the
medium to an equilibrium size which matches the frequency of bubble resonance to that of the
sound frequency applied. The acoustic field experienced by the bubble is not stable because of
the interference of other bubbles forming and resonating around it. As a result, some bubbles
suffer sudden expansion to an unstable size and collapse violently. It is the fate of these cavities
when they collapse which generates and delivers the energy for both, chemical and mechanical
effects.

Figure 1: Ultrasonic cavitation phenomenon
In a heterogeneous solid-liquid system the collapse of the cavitation bubbles will generate
physical and chemical reactions which can significantly modify the character of dissolved and
particulate substances present in the medium (Neis and Tiehm, 1999). By the collapse of the
bubbles high shear stresses “jet streams” are produced in the liquid and these shear forces
produced assume such an extent that even solid structures collapse.
At implosion of the bubbles, dramatic conditions in the gaseous phase exist (Suslick, 1988) as
shown in figure 1. Extreme temperatures (≈ 5,000 K) and high pressures (≈ 500 bar) lead to
pronounced sonochemical reactions which are due to the creation of highly reactive radicals (H+
and OH-) and thermal breakdown of substances (pyrolysis). The cavitation of bubbles are vapour
filled and surrounded by a liquid hydrophobic boundary layer and therefore preferably volatile
and hydrophobic substances are accumulated in the bubbles where they are subject to pyrolytic
or radical reactions.
Therefore, the effects that can be observed when cavitation is generated in an aqueous phase
could be summarised in high mechanical shear stress, radical reactions (creation of H+ and OHwww.ewwmconference.com
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radicals and chemical transformation of organic substances) and thermal breakdown of volatile
hydrophobic substances.
Ultrasound and sludge disintegration

It has been demonstrated that 20 kHz US waves generate the cavitation necessary to produce
mechanical shear forces associated with sludge disintegration (Neis et al., 2000). Combined with
high intensity US, cell aggregates as well as single cells are destroyed and enzymatic and
intracellular material is released into the medium resulting in a higher degree of substrate bioavailability for the remaining living microorganisms. In effect, the enzymatic biological
hydrolysis, which is the initial and rate limiting of the biological food chain, is substituted and
catalysed by this mechanical disintegration of the sludge (Tiehm et al., 2001).
This fact represents a very big application of the Ultrawaves technology whenever the AD
process is low and requires high retention time inside the digester tank. In particular, complex
substrates (proteins, carbohydrates, fats, etc.) solubilisation and conversion to the lower
molecular weight compounds (aminoacids, sugars, fatty acids, etc.) which is known as the
hydrolysis stage. By applying US to the Waste Activated Sludge (WAS) this limiting step is
overcome because sonicated biomass is more readily available for the subsequent biological
enzymatic degradation process (Nickel, 1999). Figure 2 draws the sequence of sewage sludge
floc disintegration with US.

Figure 2: Disintegration of sewage sludge with ultrasound
Continuous researches and developments have created Ultrawaves technologies new and
revolutionary applications in aerobic processes. There has been a big effort to understand the
best way to optimise a biological reactor with US which has now been reached through different
applications. It is now possible to completely eliminate associated problems with bulking and
foaming (Neis et al., 2002) through a selective sonication of a very tiny amount of Returned
Activated Sludge (RAS). In addition, it is also possible to enhance a dramatic excess sludge
reduction when a partial WAS flow is disintegrated and returned back to the biological reactor
whenever a cell lysis and cryptic growth process is induced. Sonication causes cell lysis with the
consequent solubilisation of cellular constituents which become substrate available for further
biodegradation which in turn results in an overall reduction of the excess sludge production
(Mason and Hamer, 1987; Canales et al., 1994). The most recent application has been carried
out in nitrogen removal biologically, where sonicated WAS represents a very good readily
biodegradable autochthonous carbon source to denitrify. When WAS is sonicated and recycled
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back to the anoxic zone of the biological reactor, then it can be used as a carbon source to
support denitrification and the facility transforms a waste into a resource with the subsequent
saving in carbon source purchase and sludge disposal cost (Neis et al., 2012).

Sludge characterization
This full section has been designed considering Ekama and Marais model. It is crucial to know
sludge composition in order to understand and approximate the potential efficiency of US as
sludge reduction technique. Sludge characterization is commonly described as shown in table 1.
Symbol

Parameter

Definition

TS
VS
IS
TSS
VSS
CODtotal
CODs = S
CODp = X

Total Solids
Volatile Solids
Inorganic Solids
Total Suspended Solids
Volatile Suspended Solids
Total Chemical Oxygen Demand
Soluble Chemical Oxygen Demand
Particulate Chemical Oxygen Demand

Soluble solids + Particulate solids
Organic fraction of TS
TS - VS
Particulate solids
Organic fraction of TSS
COD including both particulate and soluble
COD of soluble compounds
CODtotal - CODs

Table 1: Parameters to characterize sludge composition
Figure 3 shows schematically two typical fractionations regarding sludge TS. First one is
regarding physical fractionation which considers soluble and suspended solids according to the
threshold of 10-6 mm between them. In this regard, colloidal solids are considered between 10-6
to 10-3 mm and from 10-3 onwards solids are suspended solids themselves (figure 3a). The
second fractionation (figure 3b) comprises bio-chemical side and will be further detailed later.

Figure 3: TS fractionations. Physical (a) and bio-chemical (b)
To determine US effects on sludge reduction as well as denitrification, a characterization via
COD will be done. In this regard, CODtotal will not consider inorganic compounds, only organic
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ones and it is made up of soluble (S) and particulate (X) fractions (figure 4a). Particulate COD is
really a measure of organic matter in suspended form and therefore a relationship exists with
VSS. The conversion factor fcv between both assumes the value of 1.48 mg COD/mg VSS.
Besides, particulate COD is subdivided in fractions (figure 4b).

Figure 4: Physico-chemical fractionations of COD (a) and X (b)
Proportions of the various particulate COD fractions depend on the operating conditions and the
characteristics of the influent wastewater. Table 2 details each fraction as function of COD.
Symbol
XBH
XBA
XI
XP
XS

Parameter

Definition

Heterotrophic biomass
Autotrophic biomass
Inert particulate
Endogenous residue
Biodegradable particulate

Heterotrophic bacteria (carbon biodegradation)
Autotrophic bacteria (nitrifying)
Inert fraction (not affected by the biological treatment)
Residue of the decay process of bacterial biomass
Slowly biodegradable COD

Table 2: Particulate COD fractions
For COD removal purposes XBA « XBH (autotrophic biomass grows very slowly as compared with
heterotrophic) and XS is normally a very small fraction. Thus, particulate COD (which is the basis
of the activated sludge) is just a contribution of XBH, XI and XP.
Biological excess sludge production regarding carbonaceous materials

Excess sludge production is inherent with ASP and Ultrawaves has invested a substantial effort
determining how to minimise it. Once again a good process understanding is key to success. On
this basis, XBH grows on organic biodegradable substrate (soluble and particulate) entering with
the influent wastewater into the ASP. As indicated earlier, XBA could be neglected in the mass
balance and therefore the active biomass could be considered mainly composed by XBH. Organic
matter is then oxidised by XBH to produce H20 and CO2 (catabolism process) but this process
requires the availability of an e- acceptor (oxygen or nitrates) and leads to the production of
energy as ATP. This energy is used by the microorganisms to grow forming new cells and to
guarantee maintenance functions (anabolism process). The ratio between the organic matter
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forming new cells and the organic matter oxidised is known as maximum growth yield of
heterotrophic biomass (Yh) and plays an important role regarding US and excess sludge
reduction. In aerobic conditions this parameter is 0.67 mg CODsynthetized/mg CODoxidised or
equivalently 0.45 mg VSS/mg COD.
Simultaneously biological decay of XBH occurs which creates two fractions, biodegradable
particulate COD (XS) and endogenous residue (XP). XS is hydrolysed and further oxidised to
generate new cellular biomass in a process known a cryptic growth whilst XP is accumulated in
the sludge. A simplified scheme is shown in figure 5.

Figure 5: Processes leading to sludge production
The following expression indicates the sum of each contribution, expressed in terms of kg VSS
per day (Ekama and Marais, 1984).
X=

1
× (XBH + XP + XI )
SRT

Where each term (regarding heterotrophic biomass, endogenous residue and inert solids) is
calculated as follows:
XBH =

CODbio × Qin × Yh × SRT
1 + bh,T × SRT

XP = f × bh,T × SRT × XBH
XI = Q ×

CODunbio,p
× SRT
fcv

Each new parameter is defined in table 3.
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Parameter
CODbio
CODunbio,p
Q
Yh
SRT
bh,T
f
fcv

Unit
mg/l
mg/l
3
m /d
mg VSS/mg COD
d
-1
d
mg COD/mg VSS

Definition
Biodegradable COD in the influent wastewater
Inert particulate COD in the influent wastewater
Flow rate of influent wastewater
0.45
Sludge retention time
Decay rate of XBH at the operative temperature
Endogenous fraction (0.08 to 0.2)
1.48

Table 3: Parameters used in sludge characterization
Finally, to calculate the sludge production X in terms of TSS it is necessary to know the ratio of
sludge produced (fv) resulting from the rate MLVSS/MLSS and measured in mg VSS/mg TSS. The
mass of sludge produced per day by the ASP is equal to the mass of sludge wasted per day and is
known as biological sludge, secondary sludge or waste activated sludge (WAS).
With regard to US as sludge reduction technique, an optimal strategy should reach the following
desirable objectives:
-

To attack, solubilise or reduce XI and XP converting them into soluble or better still,
biodegradable compounds.
To reduce the net grown biomass, but to keep XBH high in order to ensure that the
biological process remains efficient.

Nitrogenous materials

Nitrogenous material characterization is undertaken through the Total Kjeldahl Nitrogen (TKN),
free and saline ammonia and organically bound nitrogen as shown in figure 6.

Figure 6: TKN fractionation
The free and saline ammonia is immediately available for incorporation into the bacterial
protoplasm and for conversion to nitrite or nitrate. The proteinaceous fraction (organically
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bound nitrogen) consists of a number of sub-fractions unbiodegradable soluble (Nunbio,s)
unbiodegradable particulate (Nunbio,p) and biodegradable (Nbio). By implication, Nunbio,p is part of
the unbiodegradable particulate COD and it is treated as such; hence this fraction leaves the
process via the sludge wasted daily. Nunbio,s is passes unaffected through the ASP. Nbio is broken
down by XBH to free and saline ammonia.
It is not the purpose of this paper to go into the BNR process since US affects just the
denitrification stage and data provided will mainly cover this aspect. On that basis, Nunbio,p is
expressed as a fraction (fn) of the unbiodegradable particulate volatile solids (10%). Nunbio,s is no
more than 5% of the TKN and discharged in the effluent similar to the soluble unbiodegradable
COD. The characterization is then done via TKN together temperature and the specific growth
rate for nitrifying bacteria (μn).
If removal of carbonaceous material is only required, the sludge age can be quite short; three
days could be enough for COD removal. If nitrification only is required the sludge age must be
sufficiently long to allow the nitrifying bacteria to grow and metabolize virtually all the available
nitrogen. If denitrification is required in addition to nitrification, a fraction of the sludge mas
must be kept unaerated to denitrify the nitrate generated. As nitrifiers are obligate aerobes, this
implies in nitrification-denitrification plants the sludge age must be increased above that where
nitrification only is required, to ensure that the aerobic sludge age is still adequate for
nitrification.
The maximum specific growth rate constant of the nitrifiers (μnm) defines the minimum aerobic
sludge age for the nitrification which is given by 1/μnm. This parameter is very sensitive to
temperature and the value halving for every 6 °C drop in temperature (Ekama and Marais,
1984). Provided the sludge age is adequate, the mass of nitrate formed by the process is given
by the mass of TKN in the influent minus the TKN in the effluent minus the mass of nitrogen
incorporated in the sludge mass wasted every day (Ns). This provides the nitrification capacity
(Nc) which has the following mathematical expression (mg/l):
Nc = TKNin - (TKNout + Ns )
Ns = fn × X
For nitrogen removal it is necessary to denitrify the nitrate generated which takes place in the
absence of oxygen and therefore nitrate serves as e- acceptor. In denitrification the problem is
to determine the COD to denitrify a known mass of nitrate which comes from three sources:
a) Influent readily biodegradable COD which will define a first denitrification rate K1.
b) Influent slowly biodegradable particulate COD which will define K2.
c) Particulate COD derived from the death of organisms which will define K3.
Denitrification takes place at two simultaneously occurring rates, the first due to the influent
CODs (readily and slowly biodegradable, that means, K1 and K2) though slowly biodegradable
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rate takes 1/7 times the readily biodegradable. A second denitrification rate is reached due
principally to the slowly biodegradable particulate COD derived from the death of the organisms
(K3) and is around 2/3 times lower than the influent slowly biodegradable particulate COD rate.
Therefore, there is a maximum nitrates concentration which can be removed and this
circumstance is expressed through the denitrification potentials:
Dp1 = CODbio × (α +

Dp3 = CODbio ×

K2 × fx1 × Yh × SRT
)
1+ bh,T × SRT

K3 × fx3 × Yh × SRT
1+ bh,T × SRT

Each new parameter is defined in table 4.
Parameter
Dp1
α
fbs
K2
fx1
Dp3
K3
fx3
fn

Unit

Definition

mg NO3/linfluent
fbs/(8.6)
mg/l
mg NO3/mg VASS/d
mg NO3/linfluent
mg NO3/mg VASS/d
mg NO3/mg VSS

Denitrification potential concerning K1 and K2
Nitrates removed by K1
Readily biodegradable COD fraction in the influent
Denitrification rate constant due to the COD in (b)
First anoxic sludge mass fraction
Denitrification potential concerning K3
Denitrification rate constant due to the COD in (c)
Second anoxic sludge mass fraction
Nitrogen content of the volatile solids

Table 4: Parameters used in to describe denitrification potential
To remove as much nitrogen as possible, the denitrification potential should be as close as
possible to the nitrification capacity. Complete denitrification is possible only when the process
configuration includes both kinetics (Dp1 and Dp3) and their sum is higher than Nc. Unfortunately,
a lot of times that circumstance does not take place and extra solutions (e.g. supplementing
COD, chemical addition, etc.) must be adopted. This is the issue in which Ultrawaves technology
could play an important role.

Ultrasound, excess sludge reduction and nutrient removal
A lot of studies have been tackled since the ‘90s on alternative technologies to reduce sludge
production (as dry mass and volume) in the ASP. Most of them aimed solids solubilisation and
bacterial cells disintegration with the objective of reducing the sludge production directly in the
wastewater handling unit. Ultrawaves provides a double solution within the ASP + BNR
configuration through the sonication of a partial TWAS flow and subsequent recirculation into
the process. This application will reduce the sludge production directly in the sludge handling
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unit, will produce an additional carbon source to support denitrification and will increase the
dewaterability of the final sludge cake.
Reduction mechanisms triggered by ultrasound

During the biological treatment, part of the organic substrate present in the wastewater is
assimilated into new sludge biomass, which is then disintegrated using US. Sludge floc breakage
and cell lysis by sludge disintegration release extra/intracellular organic compounds into the
medium. This organic autochthonous substrate is then reused in microbial metabolism. The
biomass growth that subsequently occurs on this autochthonous substrate cannot be
distinguished from the growth on the original organic substrate in the influent wastewater, and
is therefore termed as cryptic growth. In spite of this further, cryptic growth, this form of
repeated metabolism of the same carbon reduces the overall biomass production. This
reduction occurs because during each metabolic process a portion of the carbon is mineralized
as products of respiration (Low and Chase, 1999a). There are two stages in lysis-cryptic growth:
lysis and biodegradation. The rate limiting step of lysis-cryptic growth is the lysis stage, and an
increase of the lysis efficiency can therefore lead to an overall reduction of sludge production
and this is where US play a key role as disintegration with US has been recognised as a powerful
method for the break-up of cells to extract intracellular material (Neis et al., 1999). The
occurrence of cryptic growth in the production of biomass in ASP was first demonstrated by
testing sonication as a cell-lysing technique and evaluating the solubilisation rate of the biomass
(Gaudy et al., 1971).
In addition, stress induced by US action on microorganisms might be able to change the
biological activity of the treated microorganisms due to an increase in the energy needed for
their maintenance metabolism (Rai et al., 2004). If maintenance metabolism is increased, more
organic substrate must be used to generate energy during the respiration process and less is
assimilated for growth because microorganisms satisfy their maintenance energy requirements
in preference to producing additional biomass. This diversion of energy from biosynthesis to
non-growth activities decreases the biomass synthesis yield and, therefore, the overall sludge
production (Low and Chase, 1999b).
The maximum growth yield for heterotrophic bacteria under aerobic conditions (Y h) is typically
0.67 mg CODsynthetized/mg CODremoved. In the presence of cell lysis and cryptic growth Yh could
reach up to 0.43 mg CODsynthetized/mg CODremoved for pure cultures (Mason and Hamer, 1987;
Canales et al., 1994) meaning an important reduction.
Ultrasound, enzymes and EPS

Recent studies concerning macromolecular substrate hydrolysis sites and the distribution of the
extracellular enzymes have reported the accumulation of enzymes in the sludge flocs by
comparing the difference existed in the dynamic change of enzyme activity among different
sludge conditions (Frølund et al., 1995). Exoenzymes seem to be immobilized in the sludge
resulting from adsorption in the EPS (Extra-cellular Polymer Substances) matrix, while a very
small fraction of Exoenzymes was released into the water.
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EPS significantly affects the degradation of sludge flocs by hydrolytic enzymes because the
distribution of these enzymes is mainly associated with the sludge floc and the microbial cell
surface. In addition, a large amount of complex macromolecules are hydrolysed into readily
biodegradable molecules in the EPS matrix which consists of a variety of organic substances,
such as polysaccharides, proteins, humic acids, lipids compounds and many other molecules.
However, they have poor biodegradability with a BOD/COD ratio of only 0.1 (Liao et al., 2001).
EPS serve as the intermediate medium between cells and exogenous substrates and play an
important role in the mass transfer fluxes. Given the special mechanisms of EPS, the contact
between the enzyme and the substrate is low, whereas molecules within the floc are protected
from enzymatic degradation. Nonetheless, the enzymes are entrapped by, adsorbed by, or
bound to the sludge.
Sludge solubilisation rates also depend on the diffusion of the enzyme surface active site into
the sludge matrix particles (Cadoret et al., 2002) and EPS resistance can reduce the contact
between the enzyme and the substrate as well as the diffusion efficiency of the substrate in the
EPS matrix. Thus, the disruption of the EPS matrix inevitably leads to the enhancement of sludge
floc solubilisation. By increasing the frequency of floc cleavage, the contact between the enzyme
and the substrate can be increased and the sludge hydrolysis can be facilitated. US disintegrate
sludge flocs and sludge deflocculation allows hydrolytic bacteria and their associated enzymes
to penetrate into the floc matrix and consequently making the sludge a better substrate for
enzymes which will promote sludge reduction and denitrification (Vergara et al., 2012a).
Dehydrogenase activity (DHA) is directly responsible for driving the e- transfer chain reaction in
respiring cells and plays an important role in the biological oxidation. Therefore, DHA
measurement represents an immediate assessment of biomass metabolic activity. Many studies
have stated DHA enhancements of 50 to 200% at US specific energy of 11 kJ/g TS (Marin &
Kennedy, 2012). Figure 7 shows DHA measurement regarding Ultrawaves technology.
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Figure 7: DHA on sludge water phase
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Biomass structural changes after sonication

Ultrawaves has undertaken further developments in this regard by using scanning electron
micrograph (SEM) in Germany (Neis et al., 2012). Figure 8 shows a typical activated sludge floc
sized with about 20 μm. The picture was taken just before the ultrasonic treatment.

Figure 8: Untreated activated sludge floc SEM at 2 μm
On the floc surface filamentous bacteria are visible. Figure 9 shows exactly the same as figure 8
but at higher scale (indeed it is the same floc as shown within the yellow circle) and it is possible
to observe filamentous bacteria presence and interstitial gaps among the floc structure.

Figure 9: Untreated activated sludge floc SEM at 10 μm
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If sludge is sonicated with low energy dose (Wh/l), flocs deagglomeration will take place which
will completely remove associated problems with filamentous microorganisms in the ASP (this is
indeed another application of Ultrawaves technology). In addition, sonication leads to:
-

Acceleration of the diffusion process and transport of oxygen, substrates and nutrients.
Facilitation of metabolic products evacuation (e.g. CO2) and thus living conditions for
microorganisms.

At higher US energy inputs bacteria cell walls will be destroyed or broken down and intracellular
products will be released into the aqueous phase which has significant effects on physical,
chemical and biological properties of sludge biomass.
However, a convenient sludge disintegration assessment should be undertaken after the US
application (Vergara et al., 2012b) in order to evaluate changes in physical, chemical and
biological parameters which will provide with the sonication treatment efficiency. Such
assessment is crucial to simulate processes under the best economic scenario. Therefore,
optimum sonication parameters should be evaluated for each particular case.
For visual understanding concerning US impact on biomass, changes in the biomass structure is
probably the most indicative factor. Figure 10 shows a SEM of sonicated biomass with 9 Wh/l
where it can be observed the total destruction of filamentous bacteria as well as floc and cell
breakdown, meaning smaller and more compact (less interstitial gaps) aggregates after
sonication (which will have a positive effect on sludge dewatering properties). This biomass
sample is exactly the same as shown in figures 8 and 9.

Figure 10: Sonicated activated sludge floc SEM at 10 μm
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Ultrasound and dewatering

The effects of ultrasonic disintegration on the dewaterability of different sludges have been
investigated by several research groups. Due to the breakage of bacteria and other cells
intracellular water can be removed. In addition, the application of ultrasonic fields leads to a
rearrangement of sludge aggregates forming more compact and stronger structures and thereby
the content of dried matter after separation can be increased significantly.
Dewaterability of sewage sludges depends crucially on the size of the suspended particles
(Friedrich and Potthoff, 1998). Due to the mechanical agitation of the suspensions when
pumped through the plant the aggregates size distributions are usually very fine and narrow and
such sludges dewater very badly. The broadening of the size distribution leads to a considerably
enhanced dewatering behaviour. Thereby, it is reasonable to destroy partially sludge aggregates
prior to flocculation and for that purpose low sonication doses can be used. Under higher
sonication doses cells might be destroyed and in that case intracellular bounded water is
separable by mechanical dewatering units. It has been shown that dewaterability of mixture of
untreated and strongly disintegrated sludges increase substantially with respect to the sludge
without being sonicated (Friedrich, H. et al., 1994).

Figure 11: Sludge after polymer addition. Conventional (left) and sonicated (right)
As a result of reduction in the daily sludge production after sonication as well as because new
floc aggregates are formed, dewaterability of sludge for disposal is also facilitated (less polymer
to be added) and enhanced (higher degree of dewatering). Figure 11 shows a comparison
between both aggregates after polymer addition, conventional sludge (left) and sonicated (right)
and can be observed how less spaces (meaning less interstitial water) is presented in sonicated
sludge.
Ultrasound and COD, N and COD/N release

By sonication of sewage sludge biological cells are disrupted and more dissolved organic
material (colloidal and soluble fractions) is made bio-available. If sewage sludge is exposed to
ultrasonic energy the first effect is the deagglomeration of the sludge flocs. After longer
treatment time, the microorganism cell walls are broken and intracellular material is released
into the medium. Sludge cell disruption is determined by the COD increase in sludge water
phase.
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In order to characterise the disintegrated sludge suitability as a substrate for the denitrification
process it is also determined (beside COD release) the increase of TN (total nitrogen) in the
sludge water fraction after sonication. Additionally, COD/N ratio it is also calculated in the
sludge water fraction before and after sonication as shown in figure 12. As can be seen, COD/N
ratio of sonicated and non-sonicated biological sludge is always much higher than 10. Those high
COD/N-ratios indicate that disintegrated sludge is well suited to be used as a carbon source for
the denitrification process (Tseng et al., 1998).
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Figure 12: COD, N and COD/N ratios before and after US

A mathematical approach
Setting the basis

As stated in the abstract, this paper tries to represent a predictive mathematical model
regarding excess sludge reduction and BNR (in this case nitrogen) with US and it is then
necessary to establish baseline data. In this regard, an ASP with BNR where a partial TWAS flow
is treated with US has been modelled in such way as the sonicated stream is a new input in the
ASP as expressed in the column termed “with US”. US effects referred in former sections have
been accordingly included in their corresponding parameters. Data input have been chosen
from a conventional WWTP and therefore can be considered as absolutely representative of an
actual case.
Modified Bardenpho process has been selected as this configuration would give an optimum
BNR (including nitrogen and phosphorous). Figure 13 shows the sketch where Ultrawaves
technology could be installed in order to optimise excess sludge reduction, BNR or both
(depending on the target, process features and design, a configuration or other could be
selected). For this simulation model configuration 1 is considered in order to include both
applications, excess sludge reduction and BNR.
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Figure 13: Ultrawaves technology implementation in Modified Bardenpho process
Sonication effect on thickened waste activated sludge

It is assumed that sonication will disintegrate flocs structures and internal matter will be
released into the medium. This circumstance implies COD, N and P release which has been taken
into account into the balances. In this regard, what has been done is to feature TWAS after
sonication in terms of the relevant parameters for the ASP. With the purpose to determine
sludge features after sonication, the following parameters have been shown:
-

The degree of disintegration based on COD solubilisation (DDCOD) is a widely applied
parameter to evaluate the efficiency of physico/mechanical treatments for sludge
reduction.
CODultrasound - CODuntreated
DDCOD = [
] × 100 (%)
CODNaOH - CODuntreated
COD subscripts are respectively referred to the samples treated with US, untreated and
after a chemical hydrolysis in a 0.5 molar NaOH solution at 20 °C for 22 hours. All the
COD measurements are commonly expressed in mg/l and are determined after a
filtration at 0.45 μm.

-

The degree of COD solubilisation (SCOD) is calculated through the following equation.
CODultrasound - CODuntreated
SCOD = [
] × 100
CODtotal,untreated - CODuntreated

(%)

All COD measures are referred to soluble fractions except the CODtotal,untreated which
obviously means total COD. The denominator of the above mathematical expression
represents the particulate COD in the untreated sludge and thus the COD effectively
solubilised after US is compared with the particulate existing in the untreated sludge.
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-

The conversion efficiency of non-biodegradable particulates to biodegradable
particulates (β) is calculated through the following expression.
β = [1-

-

CODbio,ultrasound
] × 100
CODbio,untreated

(%)

A variable which is sensitive in the application of a sludge reduction technique is the
treatment frequency known also as stress factor (SF). The stress factor defines the time
interval established for the sludge passing through the US unit.
Qultrasound × Xultrasound
SF = [
]
Vbiological reactor × Xbiological reactor

(d-1 )

Q means flow rate, X concentration and V volume. Subscripts are referred to US (US will
act on TWAS) and biological reactor.
-

The last variable considered is the sludge disintegration number (SDN) which is directly
related to the amount of sludge that needs to be disintegrated to diminish the unit
amount of sludge. SDN can be calculated using the following equation.
Qultrasound × Xultrasound
SDN = [
]
(QTWAS,US=0 × XTWAS,US=0 ) - (QTWAS,US≠0 × XTWAS,US≠0 )

(dimensionless)

Where subscripts US=0 and US≠0 mean TWAS with and without US.
These biochemical variables provide changes to be introduced in the treated sludge which once
is characterized is considered as a new fluid coming into the system (see figure 13). Changes in
biological behaviours will be equally introduced according to what has been described in former
sections.
Sludge reduction

Proceeding as explained above and making use of typical WWTP data, it is possible to simulate
the full process as will be shown in following tables. Columns “without US” and “with US” are
referred to the conventional process and the conventional process after US application
respectively.
It will be designed a full process for a hypothetical WWTP based on an inlet flow
characterization as described in table 5. One of the main targets to be reached is an effluent
level with less than 10 mg/l of total nitrogen (considering 2 mg/l from NH4, 4 mg/l from TKN and
6 of NO3). Although this simulation will be based on COD, it is typical to find organic matter
removal efficiencies in terms of BOD5 (for urban WWTPs COD/BOD5 correlation is very
approximately 2). BOD5 of less than 20 mg/l should be reached in the final effluent and P will not
overcome 1 mg/l.
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Parameter

Symbol

Inlet flow characterization
Temperature
Inlet flow
COD concentration
COD load
TKN concentration
TKN load
Total P concentration
Total P load
COD fractionation
Unbiodegradable soluble
Unbiodegradable particulate
Readily biodegradable
Slowly biodegradable
COD fractions concentration
Unbiodegradable soluble
Unbiodegradable particulate
Readily biodegradable
Slowly biodegradable
Total biodegradable
Process coefficients
Max. Nitrifiers growth rate (15 °C)
Specific yield coefficient
Endogenous respiration rate
Endogenous residue
Biological reactor sizing
Sludge age for nitrifying
Security factor
Maximum anoxic fraction allowed
Anoxic fraction adopted
Sludge age by calculus
Sludge age adopted
Internal recirculation adopted
External recirculation adopted

Unit

Without US

T
Q
COD
COD
TKN
TKN
P
P

°C
3
m /d
mg COD/l
kg COD/d
mg TKN /l
kg TKN /d
mg P/l
kg P/d

15
45,000
550
24,750
50
2,250
9.00
405

15
1
45,061( )
2
614 ( )
27,649
3
50 ( )
2,253
4
11.62 ( )
524

CODunbio,s
CODunbio,p
CODbio,s
CODbio,p

%/COD
%/COD
%/COD
%/COD

10.00
10.00
28.00
52.00

9.08 ( )
6
15.41 ( )
7
25.23 ( )
8
50.28 ( )

CODunbio,s
CODunbio,p
CODbio,s
CODbio,p
CODbio

mg COD/l
mg COD/l
mg COD/l
mg COD/l
mg COD/l

55.00
55.00
154.00
286.00
440.00

55.72 ( )
10
94.55 ( )
11
154.78 ( )
12
308.54 ( )
13
463.32 ( )

μnm,15
Yh
bh
f

d
mg VSS/mg COD
-1
d
mg VSS/mg VSS

0.47
0.45
0.24
0.20

0.47
14
0.38 ( )
15
0.24 ( )
16
0.20 ( )

SRT
fanox,max
fanox
SRT
SRT
-

d
%
%
d
d
%/Q
%/Q

2.13
2.75
50.00
30.00
8.36
9.00
400
100

2.13
2.75
50.00
30.00
8.36
9.00
400
100

-1

With US

5

9

Table 5: ASP including BNR characterization
(1) By adding conventional Q and Qultrasound calculated in (21).
(2) Considering conventional COD and COD existing in sonicated TWAS flow.
(3) Considering conventional TKN and TKN released after sonication calculated in (38).
(4) Considering conventional P and P released after sonication calculated in (41).
(5), (6), (7) & (8) Considering conventional inlet COD fractionations and fractionations in
sonicated TWAS calculated in (29), (30), (31) & (32) respectively.
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(9), (10), (11), (12) & (13) Considering conventional inlet COD fractions concentration and
fractions concentration in sonicated TWAS calculated in (33), (34), (35), (36) & (37)
respectively.
(14) Considering cell lysis and cryptic growth effect as referred in section “reduction
mechanism triggered by US” together with a security coefficient of 1.3.
(15) & (16) Considered as unchanged (currently under research).
Under such conditions it is possible to calculate the daily sludge production (excess sludge) with
and without US as shown in table 6.
Parameter
Excess sludge production
Volatile solids mass
Active biomass mass
Volatile solids fraction
Active biomass fraction
Total solids mass
Total solids concentration
Active biomass concentration
Biological reactor volume
Biological reactor volume adopted
Sludge Loading Rate
Daily sludge production
Sludge handling unit (thickener)
WAS concentration adopted
WAS flow
TWAS concentration adopted
TWAS flow to be dewatered
Daily TWAS mass for disposal
Sludge handling unit (dewatering)
Sludge cake dryness adopted
Sludge for disposal (as Wet Solids)

Symbol

Unit

MLVSS
MLVASS
VSS/TSS
VASS/TSS
MLSS
MLSS
MLVASS
V
V
SLR
WAS

kg
kg
%
%
kg
mg/l
mg/l
3
m
3
m
g COD/g MLSS/d
kg TSS/d

WAS
WAS
TWAS
TWAS
TWAS
TS
WS

Without US

With US

53,423
20,685
80.00
30.98
66,779
3,540
1,240
16,695
18,870
0.33
7,420

60,075
16,131
80.00
21.48
75,094
3,980
850
16,695
18,870
0.37
17
8,344 ( )

%
3
m /d
%
m3/d
kg TS/d

0.60
1,237
4.00
181
7,420

0.60
1,391
4.00
18
147 ( )
5,855

%
kg WS/d

20.00
37,100

21.00 ( )
27,881

19

Table 6: Sludge reduction calculation
(17) WAS production without subtracting the amount of sludge which has to be
sonicated and recycled back to the biological reactor inlet.
(18) Net TWAS production after having subtracted the amount of sludge to be sonicated.
(19) Considering an extra 1% of improvement in dewatering after US.
To provide with a clearer picture about US application, table 7 details sludge sonication effects
on TWAS. Because of this paper represents a proposal for a full ASP + BNR modelling, all those
parameters out of the standards Ultrawaves measurements have been selected from a highly
prestigious scientific literature and have been correctly readapted (under conservative criteria
and making use of security coefficients in many cases) to Ultrawaves US application standards.
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Parameter

Symbol

Unit

TWAS flow to sonicate
3
Conventional TWAS flow
Q
m /d
% of TWAS to sonicate adopted
Qultrasound
%
3
TWAS flow to sonicate
Qultrasound
m /d
-1
Stress Factor
SF
d
Sludge Disintegration Number
SDN
Ultrasound reactor sizing
3
Ultrasound dose adopted
US dose
kWh/m
3
DDCOD/US dose adopted
DDCOD/kWh/m
Ultrasound power required
US power kW
Ultrasound reactor units adopted
USR
No.
Sonication effects measurement
Disintegration degree
DDCOD
%
Solubilisation degree
SCOD
%
Unbiodegradable change adopted
β
%
Invariant values in sonicated TWAS
Total Solids
TS
kg TS/d
Volatile Solids
VS
kg VS/d
Total COD
COD
kg COD/d
Total COD concentration
COD
mg COD/l
COD fractionation changes in sonicated TWAS
Unbiodegradable soluble
CODunbio,s %/COD
Unbiodegradable particulate
CODunbio,p %/COD
Readily biodegradable
CODbio,s
%/COD
Slowly biodegradable
CODbio,p
%/COD
COD fractions concentration changes in sonicated TWAS
Unbiodegradable soluble
CODunbio,s mg COD/l
Unbiodegradable particulate
CODunbio,p mg COD/l
Readily biodegradable
CODbio,s
mg COD/l
Slowly biodegradable
CODbio,p
mg COD/l
Total biodegradable
CODbio
mg COD/l
N and P released in sonicated TWAS
Soluble TKN concentration
TKN
mg TKN/l
Soluble TKN load
TKN
kg TKN/d
P load solubilised
P
kg P/d
Soluble P concentration
P
mg P/l

Without US

With US

0.00
0.00
0.00
0.00
0.00

181
20
30 ( )
21
61.21 ( )
22
0.04 ( )
23
1.61 ( )

0.00
0.00
0.00
0.00

4.00 ( )
25
0.90 ( )
10.20
2.00

0.00
0.00
0.00

3.60 ( )
27
1.80 ( )
28
20.00 ( )

2,449
1,959
2,899
47,360

2,449
1,959
2,899
47,360

0.00
69,02
1.00
29.98

1.24 ( )
30
61.59 ( )
31
1.54 ( )
32
35.63 ( )

0.00
32,690
474
14,196
14,670

588 ( )
34
29,168 ( )
35
729 ( )
36
16,875 ( )
37
17,604 ( )

0.00
0.00
0.00
0.00

48.61 ( )
2.98
39
44.52 ( )
776

24

26

29

33

38

Table 7: Ultrasound requirements, sizing and effects
(20) Typical Ultrawaves percentage of TWAS to sonicate.
(21) 30% of the TWAS flow produced when US is running.
(22) Acceptable value as SF should not overcome the limit 0.2 d-1 (Camacho et al., 2002)
in order to avoid excessive inorganic compounds in the biological reactor as well as
persistent hazards (high effluent COD values and SVI in the final settler).
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(23) Sludge reduction becomes most efficient with the lowest SDN (Yoon et al., 2005) and
less than 4 could be considered as effective.
(24) Standard DDCOD value to reach according to Ultrawaves experience.
(25) Average slope in DDCOD per kWh/m3 applied according to Ultrawaves experience.
(26) Calculated by multiplying (24) and (25).
(27) Assuming that CODNaOH ≈ ½CODtotal,untreated it is possible to draw a correspondence
between DDCOD and SCOD as follows: SCOD ≈ ½ DDCOD (Böhler and Siegrist, 2006).
(28) Many researchers have stated that the biodegradability of the cell lysate released by
US was almost linear between 0 and 168 kJ/l. At 42 kJ/l the biodegradability is 78%
(Andreottola et al., 2007). It has been considered that for 14 kJ/l could be reached an
improvement of around 20% in biodegradability.
(29), (30), (31) & (32) Considering conventional COD fractionations in TWAS and
fractionations and fractionations in sonicated TWAS according to (26), (27) & (28).
(33), (34), (35), (36) & (37) Considering conventional COD fractions concentration in TWAS
and fractions concentration in sonicated TWAS according to (26), (27) & (28).
(38) Considering soluble nitrogen released according to Ultrawaves experience (see
figure 12).
(39) This value is not usually measured by Ultrawaves but other authors have researched
regarding US and phosphorous removal (Beizhen, et al., 2008). It has been considered
that around 40% of the phosphorus content is released after sonication. Investigations
have revealed that US can significantly enhance phosphorous releasing under anaerobic
conditions and uptake under aerobic conditions.
Nitrogen removal

Continuing with modelling it is time in this section to simulate improvements in nitrogen
removal. For this purpose and according to the ASP selected, a full mass balance has been
developed to determine COD intakes at different stages regarding anaerobic, anoxic and aerobic
zones. It is necessary to start by calculating RAS whenever US have a positive impact on the
sludge volumetric index (SVI) and therefore in RAS flow as well. Table 8 shows these numbers.
Parameter

Symbol

Recirculation
Diluted sludge volumetric index
nd
Time in 2 settler
WAS concentration
Correction factor
WAS concentration adopted
Recirculation rate
RAS flow (external recirculation)

DSVI
WAS
WAS
RAS

Unit

Without US

ml/g
h
g/l
g/l
3
m /h

150
2.00
8.40
0.80
6.72
1.47
2,813

With US
40

115 ( )
2.00
10.92
0.80
8.74
0.83
2,253

Table 8: Recirculation considering US effect on SVI
(40) A reduction in SVI of around 30% could be easily reached according to Ultrawaves
experience (meaning no bulking and foaming problems after US). Correlation between
SVI and DSVI (Diluted SVI) used is the following: DSVI = 3.1796 × (SVI)0.7355
www.ewwmconference.com
Organised by Aqua Enviro Technology Transfer

7th European Waste Water Management Conference

It is possible now to determine the nitrification capacity and denitrification potential as shown in
table 9.
Parameter
Nitrification capacity
COD/TKN in raw wastewater
TKN in raw wastewater
TKN fraction in excess sludge
TKN concentration in excess sludge
TKN final effluent
Nitrification capacity
Daily mass of NO3 (or NO3 load)
NO3 concentration
Nitrate in secondary settling
NO3 denitrified during recirculation
NO3 concentration in RAS
NO3 load in RAS
Anaerobic zone
COD/P rate
Retention time adopted
Anaerobic zone volume
P released
CODbio,s utilised by P
CODbio,s utilised by NO3 in RAS
CODbio,s remaining
Anoxic zone
CODbio,s required
External CODbio,s source to be dosed
CH3OH load dosed
CODbio,s load available
CODbio,p load available
Denitrification potential
With CODbio,s
With CODbio,p
Denitrification potential
Minimum NO3 reachable

Symbol

Unit

COD/TKN
TKNin
fn
Ns
TKNout
Nc
NO3
NO3

g COD/g TKN
mg TKN/l
as % of kg VSS/d
mg TKN/l
mg TKN/l
mg TKN/l
kg NO3/d
mg NO3/l

NO3
NO3
NO3

Without US

With US
41

11.00
50.00
10.00
13.19
4.00
32.81
1,476
32.81

12.27 ( )
42
50.00 ( )
10.00
43
14.74 ( )
4.00
31.26
1,409
31.26

mg NO3/l
mg NO3/l
kg NO3/d

0.00
5.88
389

0.00
5.80
314

COD/P
Volanaer
P
CODbio,s
CODbio,s
CODbio,s

g COD/g P
h
3
m
mg P/l
mg COD/l
mg COD/l
mg COD/l

61.11
0.73
1,369
36.00
72.00
50.35
31.65

61.10 ( )
0.73
1,369
45
41.22 ( )
82.45
49.66
22.69

CODbio,s
CH3OH
CH3OH
CODbio,s
CODbio,p

mg COD/l
mg COD/l
kg CH3OH/d
kg COD/d
kg COD/d

60.00
28.35
851
2,700
12,870

22.69 ( )
0.00
0.00
1,022
47
13,968 ( )

CODbio,s
CODbio,p
Dp
-

kg NO3/d
kg NO3/d
mg NO3/l
mg NO3/l

315
897
26.93
5.88

119
1,093
26.91
4.35

44

46

Table 9: Nitrification capacity and denitrification potential
(41) Considering (2) & (3).
(42) Same as (3).
(43) Considering 10.36% as fn after US which is determined by (38) and remaining
particulate nitrogen in TWAS.
(44) Considering (2) & (4).
(45) According to (4).
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(46) Considering CODbio,s remaining and total soluble nitrogen in the final effluent. The
difference between remaining and required CODbio,s will provide with the external
carbon source to be added in the conventional case (without US). When US are applied,
no external carbon source is required because the ASP uptakes required carbon source
from sonicated sludge.
(47) According to (13).
To provide with a clearer picture about how US would influence on denitrification potentials
(with readily and slowly biodegradable COD) table 10 is shown.
Parameter

Symbol

Denitrification with readily biodegradable COD
Denitrification rate at 20 °C
K1(20)
Temperature factor
Denitrification rate
K1(T)
Active biomass concentration
VASS
Volumetric denitrification rate
CODbio,s load available
CODbio,s
COD/NO3 rate by calculus
COD/NO3
NO3 load removable
NO3
NO3 concentration removable
NO3
Required volume
Volanox1
Denitrification with slowly biodegradable COD
Denitrification rate at 20 °C
K2(20)
Temperature factor
Denitrification rate
K2(T)
Active biomass concentration
VASS
Volumetric denitrification rate
Pre-anoxic zone volume
Volanox2
Pre-anoxic fraction
% Volanox2
NO3 load to remove
NO3
NO3 load removable
NO3
NO3 concentration removed
NO3
Nitrate removal balance
Secondary settling
Anoxic zone with CODbio,s
Dp1
Anoxic zone with CODbio,p
Dp2
Total anoxic zone
Dp
Total NO3 load removed
NO3
Nitrogen compounds in the final effluent
NO3 concentration
NO3
NH4+TKN concentration
NH4+TKN
Total nitrogen in the final effluent
Total N

Unit

Without US

With US

g NO3/g VASS/d
g NO3/g VASS/d
3
kg VASS/m
3
kg NO3/m /d
kg COD/d
g COD/g NO3
kg NO3/d
mg NO3/l
3
m

0.72
1.20
0.29
1.32
0.38
2,700
8.56
315
7.01
829

0.72
1.20
0.29
0.95
0.27
1,022
8.56
119
2.65
829

g NO3/g VASS/d
g NO3/g VASS/d
3
kg VASS/m
3
kg NO3/m /d
3
m
%
kg NO3/d
kg NO3/d
mg NO3/l

0.20
1.08
0.136
1.32
0.18
5,661
30.00
897
1,027
19.92

0.30 ( )
1.08
0.204
0.95
0.19
5,661
30.00
1,093
1,093
24.26

mg NO3/l
mg NO3/l
mg NO3/l
mg NO3/l
kg NO3/d

0.00
7.01
19.92
26.93
1,212

0.00
2.65
24.26
26.91
1,213

5.88
4+2
9.88

4.35
4+2
8.35

mg NO3/l
mg (NH4+TKN)/l
mg Total N/l

Table 10: Denitrification potentials and nitrate balances
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(48) According to Ultrawaves experience CODbio,s released after US just covers around
10% or the NO3 removed. With the purpose of finding out how US can affect
denitrification concerning CODbio,p hydrolysis rates of sonicated, non sonicated sludge
were measured and it was found that with sonication hydrolysis rate increased at least
200% (Trillo et al., 2012). Recent investigations regarding hydrolysis of slowly
biodegradable organic matter seem to be in parallel (Makinia and Drewnowski, 2013).
Because an external carbon source has been added, an extra sludge production has to be
considered as summarised in table 11. A potential chemical dephosphorylating to be undertaken
has not been considered because it is out of the scope of this paper.
Parameter

Symbol

Unit

Sludge yield due to the external carbon source addition
External CODbio,s source
CH3OH
mg COD/l
CH3OH dosed
CH3OH
kg CH3OH/d
COD dosed (as CH3OH)
COD
kg COD/d
COD/NO3 adopted for CH3OH
COD/NO3 kg COD/kg NO3
Sludge yield
Y
kg VSS/kg COD
Volatile solids produced by CH3OH
kg VSS/d
Volatile solids fraction
VSS/TSS
%
Sludge produced by CH3OH addition kg TSS/d

Without US

With US

28.35
851
1,277
4.80
49
0.28 ( )
358
80.00
447

0.00
0.00
0.00
0.00
0.00
0.00
80.00
0.00

Table 11: Extra sludge production due to the external carbon source addition
(49) According to the equation Y =

2.86
[1- (
)]
COD/N

1.42

To finish, oxygen demand is also calculated in order to assess the complete application. Table 12
shows these calculations.
Parameter

Symbol

Carbonaceous oxygen demand
Carbonaceous O2 demand
O2/COD rate (inlet COD)
Nitrogenous oxygen demand
Specific O2 demand
NO3 load
Nitrogenous O2 demand
Oxygen recovered in denitrification
Specific recovering rate
NO3 load removed
Oxygen recovered
Balance
Total O2 demand

Unit

O2
O2/COD

kg O2/d
kg O2/kg COD

O2/NH4
NO3
O2

Without US

With US

12,021
0.49

13,561
0.49

g O2/g NH4
kg NO3/d
kg O2/d

4.57
1,476
6,747

4.57
1,409
6,437

O2/NO3
NO3
O2

g O2/g NO3
kg NO3/d
kg O2/d

2.86
1,212
3,466

2.86
1,213
3,468

O2

kg O2/d

15,302

16,530

Table 12: Oxygen demand, recovering and balance
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Economic study
Table 13 summarizes the economic study considering standard costs. Currency used is £.
Parameter

Symbol

Unit

Sludge production
Sludge for disposal (as Wet Solids)
WS
kg WS/d
Cost per ton of WS for disposal
£/ton WS
Disposal cost
£/d
External carbon source
CH3OH load dosed
CH3OH
kg CH3OH/d
CH3OH purchase cost
£/kg CH3OH
External carbon source cost
£/d
Dewatering
Sludge to be dewatered
TWAS
kg TS/d
Polymer dosage adopted
Poly/TS
kg poly /ton TS
Polymer dosed
Poly
kg poly/d
Polymer purchase cost
£/kg poly
Polymer addition cost
£/d
Oxygen demand
O2 demand
O2
kg O2/d
O2 transfer efficiency
kg O2/kWh
Energy consumed in aeration
kWh/d
Energy purchase cost
£/kWh
Aeration cost
£/d
Ultrasound system running
US power required
US power kW
Peripherals power required
kW
Running time
h/d
Energy consumed per day
kWh/d
Energy purchase cost
£/kWh
US running cost
£/d
Ultrasound system consumable parts (sonotrodes)
Sonotrode units to be replaced
No.
US system consumable parts cost
£/d
Economic balance - OPEX
Daily OPEX
OPEX/d
£/d
Annual OPEX
OPEX/yr
k£/yr

Without US
50

With US

39,335 ( )
20
786.70

27,881
20
557.62

851
0.40
340.40

0.00
0.00
0.00

7,867
5.00
39.33
2.50
98.34

5,855
5.00
29.28
2.50
73.19

15,302
2.00
7,651
0.10
765.11

16,530
2.00
8,265
0.10
826.50

0.00
0.0
0.00
0.00
0.10
0.00

10,20
4.00
24.00
340.80
0.10
34.08

0.00
0.00

10
51
35.00 ( )

1,990.54
726.55

1,526.39
557.13

Table 13: Economic study
(50) Including excess sludge produced with the external carbon source addition.
(51) Due to company reasons it is not possible to release any price regarding US.
However, according to Ultrawaves records consumable costs are always very similar to
running cost. For this simulation it has been considered a similitude rate of 97%.
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Analysis of results and benchmarking with some real experiences
Quantitative analysis

Table 14 shows a quantitative analysis of results. If columns without US and with US are
respectively termed as A and B, thus column named as difference is calculated as A - B, and
column named as variation is calculated as [(A - B)/A]/100. Due to column without US has been
selected as the reference, negative signs mean increases. According to variation column
definition does not make sense to divide by zero (A = 0) and N/A (Not Applicable) have been
used to remark this circumstance.
Parameter

Without US

Engineering perspective
WAS production by the ASP (kg TS/d)
WAS production by CH3OH (kg TS/d)
Net WAS production (kg TS/d)
Dewatering (%)
Polymer dosed (kg poly/d)
Sludge for disposal (kg WS/d)
External carbon source (kg CH3OH/d)
Oxygen demand (kg O2/d)
US system running (kWh/d)
US system consumable (sonotrode/yr)
Bulking and foaming problems
Economic perspective
Disposal cost (£/d)
External carbon source cost (£/d)
Polymer addition cost (£/d)
Aeration cost (£/d)
US system running cost (£/d)
US system consumable parts cost (£/d)
Daily OPEX (£/d)
Annual OPEX (k£/yr)

With US

Difference

Variation

7,420
447
7,867
20
39.33
39,335
851
15,302
0
0
Yes/No

5,855
0
5,855
21
29.28
27,881
0
16,530
341
6.67
No

1,565
447
2,012
1
10.06
11,454
851
- 1,228
- 341
- 6.67
N/A

21.09
100.00
25.57
5.00
25.57
29.12
100.00
- 8.03
N/A
N/A
N/A

786.70
340.40
98.34
765.11
0.00
0.00
1,990.54
726.55

557.62
0.00
73.19
826.50
34.08
35.00
1,526.39
557.13

229.08
340.40
25.15
- 61.39
- 34.08
- 35.00
464.15
169.42

29.12
100.00
25.57
- 8.03
N/A
N/A
23.32
23.32

Table 14: Quantitative analysis
It is interesting to remark that US application would mean an excess sludge reduction of
approximately 21% in WAS production which would be enhanced if an external carbon source is
added within the ASP. In that case the net WAS production approaches nearly 26%. It has been
considered a relatively conservative value in dewatering properties, just an extra percentage
point (According to Ultrawaves experience this value would reach up to 4 more extra points in
the final sludge cake). Anyway, the increase in dewatering has a very positive impact on sludge
for disposal which overcomes 29%.
On the need to buy external carbon sources to support denitrification occurs other important
benefit as the WWTP is self-sufficient in carbon source by using sonicated sludge
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(autochthonous carbon source). Nevertheless, US application provides with an increase in
oxygen demand of around 8% and extra costs regarding US system operation and maintenance
(O&M).
In order to draw the clearest picture as possible, an economic perspective has also been
estimated. Just having a look into the final economic balance it is possible to state that US would
have a very positive impact on OPEX as a saving of more than £169,000 per year could be
reached (according to assumed prices).
An optional evaluation regarding bulking and foaming problems has been referred whenever it
is very probably that working at sludge ages required for nitrifying (around 10 days) an excessive
growth of filamentous microorganisms will take place. That would mean new problems to be
solved which obviously imply a number of extra costs that will be incurred in.
One standardised alternative passes through the addition of chemical solutions and PAX-14
(polyaluminium chloride) is commonly used. Nevertheless, while on one hand PAX-14 would be
useful to fight against filamentous microorganisms (especially Microthrix Parvicella) it is also
true that on the other hand an excess sludge quantity is also expected to be produced.
These circumstances would carry to an increase in chemical purchase costs as well as an
enhancement in sludge disposal costs. Following with PAX-14 as example, it is estimated an
increase of 3.3 gram of TSS per gram of Al3+ when standard dosing takes place (around 150 ppm
into the RAS flow). US alternative would avoid such costs (chemical and sludge production).
Some examples of the application

With more than 150 installations around the world in last 10 years it is quite clear that
Ultrawaves technology is placed itself as a leader in its sector. Over three quarters of the
facilities are installed to optimise AD processes since that application was the first to be
developed. However, a big effort is being undertaken regarding US and ASP and/or BNR to reach
the state of the art in these applications and this paper is a proof.
Albeit Ultrawaves is investing more and more resources to yield such level, there is already a
long work developed since 2005. It is therefore necessary to speak in terms of engineering
applied which is being upgraded and not a conventional R&D starting from the beginning. The
following installations witness such asseveration.
Table 15 summarizes installations regarding excess sludge reduction, BNR or bulking and
foaming. Unfortunately, due to Ultrawaves is not a WWTP operator there is a certain lack of
information to be supplied. Columns named with 1, 2, 3 and 4 mean as follow:
-

1. Sludge reduction application.
2. BNR application.
3. Bulking and Foaming (B&F) application.
4. Extra info.
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Site

1

2

3

Bünde WWTP
Ditzingen WWTP*
Leinetal WWTP
Niefern WWTP*
Matsue City WWTP
Brunsbüttel WWTP**
Ottweiler WWTP*
Schleswig WWTP
Reinfeld WWTP**
Hashimoto WWTP
Rendsburg WWTP*
Horsholm WWTP
Reutlingen WWTP*
Pécs WWTP
Rostock WWTP**
Skagen WWTP
Winsen WWTP**
Maroochydore WWTP
Datansha WWTP




























Terrassa WWTP*
Wujiang WWTP
Wuxi WWTP
Nogami WWTP





















4
25% sludge reduction, no C-source purchase, no B&F
50% sludge reduction, no C-source purchase
20% sludge reduction, SVI reduced from 140 to 85 ml/g
SVI reduced from 120 to 80 ml/g
61% sludge reduction
SVI reduced from 140 to 55 ml/g
20% sludge reduction
No info in excess sludge production, no B&F
SVI reduced from 110 to 60 ml/g
61% sludge reduction
No info
15% sludge reduction
SVI reduced from 150 to 60 ml/g
25% sludge reduction
Reduction in digested sludge B&F potential by 50%
20% sludge reduction
SVI reduced from 150 to 75 ml/g
Running now
20% sludge reduction, 25% BNR improved, no B&F
No C-source required, no B&F
25% sludge reduction, 20% BNR improved, no B&F
15% sludge reduction
75% sludge reduction

Table 15: Some references regarding sludge reduction, BNR or bulking and foaming
(*) Means tests already undertaken. Most of the sites are waiting decision maker
answers.
(**) Same as (*) but also under special agreement with Ultrawaves to develop R&D tests
in real plants (out of the lab).
To finish, it is should be remarked the fact that data collected from real installations coincide
with the simulation model developed in this paper.

Ultrawaves Global
www.ultrawavesglobal.com
24/09/2013
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