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Activated Sludge

Summary
Activated sludge is a sanitation technology that use
biological processes and can be deployed in a semicentralized or centralized manner. An activated sludge
system consists of one or more reactors, in which
microorganisms responsible for treatment are kept in
suspension and a solid-liquid separation is performed in a
secondary clarifier that follows the activated sludge process
or by membrane filtration. Sludge and/or water is
recirculated between the biological reactor and the
secondary clarifier. Activated sludge systems are frequently
used in combination with other sanitation technologies.
They require mechanical aeration which is costly and
increases their carbon footprint relative to other
technologies. However, they are efficient at removing
conventional pollutants and require a smaller physical
footprint than some other sanitation technologies. Activated
sludge systems are typically located after preliminary and
primary treatment of the wastewater and before advanced
tertiary treatment. The average removal of pathogens in
the liquid phase that can be expected to occur in an
activated system is 1.5 log 10 for bacteria, 1.8 log 10 for
viruses and viral indicators, 1.3 log10 removal for protozoa,
and 0.65 log 10 removal for helminths. There is a lot of
variation of pathogen removal efficiencies between
different activated sludge reactor configurations and also
between the same reactor configuration depending on the
plant’s influent characteristics, environmental and
operational parameters. Pathogens are transferred from
the liquid phase to the solids (sludge) in activated sludge,
however, some removal does occur during the solids
separation process through pathogen degradation and
predation. It can be expected that the following removal of
pathogens will occur in the generated sludge during the
solids separation process: 0.63 log10 removal of virus-like
particles, 0.70 log10 removal of viral indicators, and 1.5 log10
removal of bacterial indicators (fecal coliforms and fecal
streptococci). Bioaerosol concentrations from activated
sludge systems are dependent on a number of operational
and environmental parameters. When inhaled from the air
or ingested after touching a contaminated surface, they
may cause negative health consequences to plant workers.

Neighboring communities could also be at risk if
concentrations are high enough and they are in close
proximity. This chapter thus provides microbial numbers
and composition that have been detected in bioaerosols
associated with the activated sludge process.

1.0 Brief Technology Description
Activated sludge systems are a widely used biological
wastewater treatment system that can be deployed in a
semi-centralized or centralized manner (Carducci and
Verani, 2013). The highlighted wastewater treatment sector
in Figure 1 shows where activated sludge systems can be
used within the sanitation service chain. Their design has
evolved considerably since their introduction at the start of
the twentieth century due to several factors: 1) the
necessity to obtain a better quality of treated water, 2) an
improved understanding of microbial processes, 3)
technologically improved equipment (e.g. air turbo charger
and diffusers, centrifugal or eccentric helical rotor pumps),
4) better instrumentation (e.g. measurements of flow,
dissolved oxygen, organic carbon, and ammonia), 5)
progress in automation, and 6) optimization of capital and
operating expenditures (CAPEX and OPEX). Regardless of
these improvements, because of their aeration
requirements, activated sludge plants still require a large
input of energy (Muga and Mihelcic, 2008).
There are many different variations of activated sludge
reactors and multistep systems including: conventional (see
Figure 2), extended aeration, oxidation ditch, deep shaft,
sequencing batch reactors (SBRs), Integrated Fixed Film
Activated Sludge (IFAS), and anaerobic, anoxic, and oxic
activated sludge system (A20) (see bottom left of Figure 2).
Different types of activated sludge systems may include and
be adjusted for greater nitrogen (and nitrates) and
biological phosphorus removal (e.g. oxidation ditch,
sequencing batch reactors (SBRs), A2O, etc.). Some
examples of process modifications to the activated sludge
process are shown in Table 1. Process modifications are
related to whether the reactor is designed as a plug flow or completely mixed flow reactor and the way that the
wastewater and oxygen are introduced to the system
(Mihelcic and Zimmerman, 2014).
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Table 1. Examples of Process Modifications Made to the Conventional Activated-Sludge System
Process

Description

Conventional
activated sludge

Primary effluent and return activated sludge (RAS) are introduced at the head of the aeration
basin. Aeration is provided in a non-uniform manner over the length of the tank as more aeration
is required at the beginning of the tank, since the organic loading is higher there because the BOD
is removed along the length of the aeration basin.

Step feed aeration

A modification where primary clarifier effluent is introduced at several points along the beginning
of the aeration basin. The peak oxygen demand is thus more evenly distributed throughout the
aeration tank. Aeration is uniform along the length of the aeration basin.

Contact stabilization

The aeration basin is separated into a stabilization zone followed by a small contact zone. Primary
clarifier effluent is routed to the contact zone first. Return activated sludge is recycled back into
the stabilization zone.

Extended aeration

Similar to conventional activated sludge except the primary clarifier is usually eliminated, SRT is
very long (20–30 days), and hydraulic retention times are close to 1 day. Used primarily by smaller
communities, schools, and resorts.

Oxidation ditch
Sequencing batch
reactor
Moving Bed Bio(film)
Reactor and
Integrated Fixed Film
Activated Sludge
(IFAS)

Oval reactors where wastewater moves at relatively high velocities. Return activated sludge is
recycled back to the beginning of the reactor.
Fill and draw reactors where a minimum of two reactors are used. While one reactor is being
filled, biological reactions, settling of solids, and removal of settled wastewater are occurring in
the other reactor.
An MBBR system, like conventional activated sludge, includes an aeration tank but the tank is
filled with special plastic media/carriers. The plastic carriers have high surface area for biofilm to
grow which degrade organic matter in the wastewater. MBBR doesn’t necessarily included
recirculation of sludge (Return Activated Sludge), however IFAS does and is increasingly used to
retrofit existing conventional activated sludge treatment plants to treat greater loads of
wastewater with limited space for expansion.

Adapted from Mihelcic and Zimmerman, 2014 with permission of John Wiley & Sons, Inc. Copyright© 2014, 2010 John
Wiley & Sons, Inc. All rights reserved.

The general principle of all activated sludge systems are
based on three elements:
1. They contain one or more reactors, in which
microorganisms responsible for treatment are kept
in suspension (free or sometimes fixed to floating
support such as in Integrated Fixed Film Activated
Sludge (IFAS)), and are operated with or without
oxygenation/aeration and mixing,
2. A solid-liquid separation is performed in a secondary
clarifier that follows the activated sludge process or
by membrane filtration (membrane filtration is not
covered in this chapter) that can be immersed in the
activated sludge tank, and
3. One or more sludge and/or water recirculation
devices are incorporated between relevant reactors
and the secondary clarifier.
Activated sludge systems are frequently used in
combination with other sanitation technologies. They are
typically located after pretreatment and primary treatment

of the wastewater and before advanced tertiary treatment
(e.g. chemical, UV disinfection, activated carbon adsorption
and/or sand filtration) (see Advanced Tertiary Processes
Chapter) and/or anaerobic digestion (see Anaerobic
Digestion Reactors Chapter) and/or sludge management
(see Sludge Management Chapter) for further removal of
pathogens, nutrients, organics, and suspended solids.
Activated sludge systems are classified by the applied load
which can be expressed as mass or volumetric loading; for
example, kg BOD/kg organic matter/day or kg BOD/m 3
reactor/day, from very high load to very low load (3.0–6.0 to
less than 0.07–0.3), with better treatment performances at
lower loading. BOD removal can be quite high in a well
designed and operated system, ranging from 75% to more
than 95%. However, greater removal efficiencies need
greater oxygen inputs and transfer systems. For more
information about design requirements of activated sludge
process, please refer to von Sperling, (2007), WEF (2010),
Grady et al. (2011), and Metcalf and Eddy et al. (2016).
Historical information on pathogen fate in activated sludge
systems is available in Feachem et al. (1981, 1983).
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Figure 1. Location of activated sludge systems in the overall sanitation chain

Figure 2. Schematic of a conventional activated sludge system (top left) with an example of this system in
two large wastewater treatment plants in Paris, France; a high load activated sludge tank (top right) and
secondary settlings tanks located after an anoxic and oxic activated sludge system (A2O) (bottom right).
A schematic of an A2O system is included on the bottom left. Photos courtesy of SIAAPP (Syndicat
Interdépartemental pour L’Assainissement de l’Agglomération Parisienne/The Interdepartmental Union
for the Sanitation of the Parisian Conurbation).

2.0 Inputs and Outputs for Activated Sludge
Systems
There are three major inputs to activated sludge
systems in the form of liquids (wastewater and chemicals
and stormwater in combined systems), solids (sludge), and
air (mechanical mixing or aerators) while the three outputs

are treated wastewater (liquid), sludge (solid), and
bioaerosols and gases (air) (see Figure 3). As activated
sludge systems are part of standard centralized or
decentralized wastewater treatment plants, their inputs
most often include domestic wastewater which may be
mixed with stormwater and infiltration from the wastewater
distribution system. Additionally, activated sludge systems
are also used for the treatment of septage, industrial
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wastewaters, and landfill leachate.
Activated sludge treatment systems are usually placed after
a preliminary treatment process (e.g., grit removal and
screening) and primary settling of wastewater influent.
However, extended aeration activated sludge plants (the
most common type of package or prefabricated wastewater
treatment plants often utilized for smaller communities,
schools, or resorts) and oxidation ditch systems may not
include a primary clarification/sedimentation step (Mihelcic
and Zimmerman, 2014). Activated sludge systems also
require aeration or mechanical mixing and, depending on
the plant, various chemical inputs and exogenous carbon to
facilitate nitrogen and phosphorus removal. Another major
input into activated sludge systems is the settled sludge
from the secondary clarifier after aeration or mixing,
commonly referred to as Return Activated Sludge (RAS).
RAS is regularly recirculated back into the aeration or
mixing tank (see left side of Figure 2) to maintain the
microbial communities at an operation-designated level. In
fact, the secondary settled sludge becomes “activated”

after the microorganisms are deprived of nutrients at the
bottom of the secondary sedimentation tank and then
returned to the aeration basin where there is a greater
availability of nutrients.
The rest of the sludge, or Waste Activated Sludge (WAS), is
a major output of the system and is either disposed of in a
landfill or further treated (see Sludge Management
Chapter). The second major output of activated sludge
systems is the treated, liquid effluent that is either
discharged directly to the environment, commonly into a
nearby water body or undergoes further treatment (see
Advanced Tertiary Processes Chapter). Gases such as
nitrogen (N2), nitrous oxide (N2O), carbon dioxide (CO2),
and even methane (CH4) may be released from activated
sludge systems from chemical reactions during treatment.
A final output of activated sludge systems are bioaerosols
particularly when the wastewater is agitated from the
aeration and/or mixing stage that may contain pathogens
that are dangerous to wastewater treatment operators or
neighboring communities if ingested (Sanchez-Monedero et
al., 2008; Wigginton et al., 2015).

Figure 3. Typical inputs into and outputs from activated sludge systems

3.0 Factors Affecting Pathogens in Activated
Sludge Systems
Feachem (1981) reported that activated sludge
sanitation technologies can obtain between 0–2 log 10
removal of bacteria, 0–1 log10 removal of viruses, 0–1 log10
removal of protozoa, and 0–1 log10 removal of helminths.
However, the sludge produced often has high
concentrations of pathogens that require further treatment
(see Sludge Management Chapter) before safe land
application (Bofill-Mas et al., 2006). Since Feachem (1981)
was published, there have been many additional studies on

pathogen removal conducted on full-scale treatment plants
with activated sludge systems to add to primarily the
mostly bench (laboratory) studies performed prior to 1980.
Review of this literature found an average 1.5 log10 removal
of bacteria, 1.8 log10 removal of viruses and viral indicators,
1.3 log 10 removal of protozoa, and 0.65 log 10 removal of
helminths (see Table 6 in the conclusion section). Figure 4
shows the major pathogen removal and inactivation
mechanisms for activated sludge systems identified in the
scientific literature including: (1) environmental factors, (2)
operational factors, (3) microbiological factors, (4) physicalchemical factors, and (5) adsorption onto sludge.
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Figure 4. Major factors affecting pathogen removal in activated sludge systems

Overall, the two major pathogen removal factors
continuously cited in the literature are adsorption onto
sludge particles and predation from other microorganisms
(microbiological factor) (Kim and Unno, 1996). However,
design and operational factors (e.g., hydraulic retention
time, solids retention time, flow rate, type of activated
sludge process), physical-chemical factors (pH, BOD,
chemical additives, conductivity, suspended solids (SS)),
environmental factors (seasonality, rain events,
temperature, wind) are all of varying importance for
pathogen inactivation and they are discussed in more detail
below. Moreover, these different factors are interrelated so
it is difficult to isolate individual factors especially in fullscale systems. For example, more denitrifying bacteria (a
microbiological factor) are present in an A2O process that
may lead to higher predation of pathogens or environments
less suitable for pathogens (e.g. more anoxic). These more
advanced activated sludge systems have higher hydraulic
retention times (HRTs) and/or Solids Retention Time (SRT)
that also favor pathogen removal. Moreover, beyond HRT,
the SRT and the presence of endogenous, anaerobic, anoxic
zones in specific tanks, with specific development
conditions (e.g. nutritional deficiency in carbon), for
nitrogen and phosphorous advanced removal, before and
inside the aerated zone, is an important factor for this

predation (Gonçalvès et al. 2009).

3.1 Adsorption
Pathogens will adsorb to the sludge in the first part of
the activated sludge system (Kim and Unno, 1996; Sano et
al., 2004; Haramoto et al., 2007) and then are removed
during secondary sedimentation or by membrane filtration.
Adsorption is more of the major removal factor for viruses
than bacteria (Wen et al., 2009). However, adsorption does
not necessarily mean inactivation of the pathogens and thus
may only transfer the pathogens from the liquid to the solid
phase (Lasobras et al., 1999). The solid phase (i.e., the
sludge) would then require further treatment or safe
disposal. Furthermore, attachment of pathogens to sludge
may be reversible during secondary settling or when the
returned activated sludge is pumped back especially in an
A2O process (Wen et al., 2009).

3.2 Microbiological Factors
Activated sludge systems have complex microbiological
communities that compete for nutrients and also prey on
each other that facilitate pathogen removal. Predation of
pathogens by other organisms present in the activated
sludge system is a major factor in pathogen removal (Kim
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and Unno, 1996). The food web of the activated sludge
process is shown in Figure 5 and displays that a diverse
group of microorganisms are present. Wen et al. (2009)
stated that predation of bacteria by protozoa was
significant but not the predation of viruses. Furthermore, a
study that quantified virus-like particles found that
activated sludge had higher numbers and diversity of
viruses than wastewater influent, primary treatment
effluent, and wastewater effluent, but less than
anaerobically digesting sludge (Wu and Liu, 2009). These
viral communities interact in complex and dynamic ways in
the activated sludge environment and microbial community
that may degrade and/or inactivate viruses. There are also
many different types of microorganisms in wastewater
(including algae, bacteria, protozoa, metazoa, etc.), but
studies have been limited because only certain
microorganisms can be measured (Wu and Liu, 2009).
Additionally, Katayama et al. (2008) and Gonçalvès et al.
(2009) postulated that nitrifying bacteria and different
bacteria accountable for nitrogen and phosphorus removal,

especially autotrophic (e.g. nitrosomonas, nitrobacter etc.),
in activated sludge systems may also assist in pathogen
destruction and inactivation. When high mass charges are
applied to the activated sludge, the formed flocs are small
and the concentration of free bacteria is much smaller.
Indeed, the nutritional deficiency in carbon, necessary for
the installation of the nitrifying autotrophic populations,
accentuates the agglomeration of the free bacteria by
flocculation, by activating the mechanism of transcription
of the genes of secretions of exopolymers. Moreover, the
selection of nitrifying autotrophic species is done to the
detriment of the heterotrophic species including fecal
bacteria. Finally, the age of activated sludge is important at
very low load and is conducive to the development and
maintenance of a microfauna bacteriophage (Gonçalvès et
al. 2009). Certain types of protozoa like amoebas and
metazoans (rotifers, gastrotriches, etc.) are predators of
flocs and help to reduce the amount of bacteria present in
flocculated form. Other ciliated protozoa belonging to the
subclass of peritrichs, feed on free bacteria.

Figure 5. Food Web of the Activated-Sludge Process from Mihelcic (1999). Reprinted with permission of
John Wiley & Sons, Inc. Copyright© 2014, 2010 John Wiley & Sons, Inc. All rights reserved.
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3.3 Design and Operational Parameters
Important design and operational parameters that may
influence pathogen removal are hydraulic retention time
(HRT), solids retention time (SRT), flow rate, reactor
configuration (e.g., conventional activated sludge, A2O,
sequencing batch reactor, oxidation ditch, package plants,
etc.), and flow rate into the plant. First, regarding HRT, a
greater HRT has been suggested to increase pathogen
removal because it provides a longer time period for
pathogen predation, natural decay, and inactivation
(Katayama et al., 2008). Similarly a longer SRT is also
favored to allow greater time for adsorption of pathogens
onto activated sludge and inactivation (Sidhu et al., 2015).
For example, Chen et al. (2012) documented a 3.75 log10
removal of Salmonella with an SRT of 25 days and only a
1.9 log10 removal with an SRT of 12 days.
Moreover, with improvements in activated sludge
technology in general and particularly for nitrogen and
phosphorus removal as discussed in the introduction, these
systems may facilitate greater pathogen removal and
bacteria morbidity and decay. This is because of the
unfavorable conditions in which they are successively
introduced. George et al. (2002) found greater removal in
A2O plants than conventional activated sludge plants which
may be due to the greater HRT and SRT of these systems
and also the denitrifying bacteria that can consume the
pathogens or compete with them for nutrients (see
Microbiological Factors). In the Paris region, the studies by
Moulin et al. (2010), Lucas et al. (2012), Gonçalvès et al.
(2009), and Rocher et al. (2016) show that the conventional
activated sludge systems simply removing the carbon at
high loading (WWTP Seine aval historial processes, 6
million population equivalents: HRT of 0.25 day, SRT of 5
days) are much less effective for the removal of fecal
contamination bacteria than the A2O systems that treat
nitrogen and phosphorus at an advanced level (WWTP
Seine amont new processes, 2.4 million population
equivalents: HRT of 0.8 day, SRT of 21 days). They show at
least 1.5 to 2 log 10 unit of difference for E. coli average
removal for example. However, Fu et al. (2009) found that
an oxidation ditch process had greater removal of
Cryptosporidium and Giardia than A20 and conventional
activated sludge systems potentially because of the higher
HRT.
The design flow rate or allowed inflow is also an important
design factor for pathogen removal. This is usually more of
a concern in regards to seasonality (see Environmental
Factors section) with major rain events as this may dilute
the pathogen concentrations, making removal more
difficult. However, wastewater treatment plants can be
designed to accommodate larger flows and/or incorporate
combined sewer overflow storage (e.g., underground
tunnels/tanks or retention basins) (EPA, 1999). Nodgren et
al. (2009) found a negative correlation between incoming
water flow and norovirus GGI and GGII reductions.
Moreover, flow rate (Q) is closely related to HRT as HRT is
equal to the volume of the tank divided by the flow rate
(V/Q). A higher flow rate will reduce the HRT. You can
increase HRT by increasing the size of the activated sludge

system tanks but this also has higher capital and operating
cost and you may be limited in the land available for the
treatment plant.
Also the wastewater type accepted by the activated sludge
system is important in determining the pathogen removal.
More industrial or agricultural wastewaters or wastewaters
from hospitals or communities with higher disease
prevalence will impact the influent concentrations of
pathogens and wastewater composition and potentially
pathogen removal efficiencies. Prado et al. (2011) found
that mean HAV virus concentrations in hospital waters
were 2 log10 higher than an urban sewage treatment plant
in Brazil. Furthermore, whether the treatment plant
accepts flow from combined or separated sewers will
influence pathogen concentrations into the plant (Lucas et
al., 2014). Combined sewer systems may lead to greater
dilution and decreased HRT and, thus, lower pathogen
removal efficiency and are more susceptible to storm
events.
In regards to plant size, there hasn’t been a significant
relationship established with pathogen removal. Francy et
al. (2012) compared a large and medium-sized wastewater
treatment plant and did not find any statistically significant
difference in pathogen log10 removals. However, there is
more variability observed in the pathogen concentrations
and removal efficiencies for smaller wastewater treatment
plants (Sidhu et al., 2015).

3.4 Physical-Chemical Parameters
Physical-chemical parameters such as the pH,
conductivity, BOD, COD, suspended solids concentration,
and chemical additives may also impact pathogen removal.
Sidhu et al. (2015) reported varying results between
studies in a literature review on whether these factors were
significantly associated with pathogen removal in activated
sludge systems. Some studies were able to identify a slight
correlation while others were mostly not able to identify a
correlation because it is difficult to isolate these factors in
full-scale plants (Sidhu et al., 2015). Nevertheless,
Koivenun et al. (2003) stated that efficient removal of
suspended solids in secondary settling is important for
pathogen removal because many pathogens adsorb onto the
solids. Consequently, more efficient overall performance of
a treatment plant in removal of suspended solids, BOD, and
COD will aid pathogen removal (Koivenun et al., 2003). For
example, Rose et al. (1996) found a positive correlation
between coliphage removal and removal of CBOD and total
suspended solids. The authors did not find such a positive
correlation between coliphage and ammonia removal.
Moreover, Nodgren et al. (2009) found a correlation
between higher conductivity and norovirus removal.
Regarding pH, acidic conditions (pH ≤ 4) are more
favorable for the adsorption of viruses onto solids and
higher pH (pH > 8) may favor desorption but also
inactivation (Sidhu et al., 2015). This has to do with the
isoletric points of viruses or the pH at which they have no
net electric charge. Below this point (lower pH), viruses are
positively charged and more likely to be attracted to other
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particles (Sidhu et al., 2015). However, the isoletric points
vary for different viruses which makes it difficult to choose
an optimal pH to remove all viruses. Lastly, Zhang and
Farahbakhsh (2007) found that addition of ferrous chloride
for phosphorus removal can increase the removal of
coliforms and coliphages.

the surface viscosity and physiology of microorganisms
(Wen et al., 2009). Out of 14 environmental parameters,
Lee et al. (2015) found that temperature was the only
statistically significant variable to explain bacterial
community variability in the bioreactor. King et al. (2005)
found greater cryptosporidium oocyst inactivation at higher
temperatures.

3.5 Environmental Factors
Environmental factors such as temperature, rainfall,
wind, and seasonal weather variations and pathogen
concentrations are also important for pathogen removal in
activated sludge systems. Recent studies (e.g. Gonçalves et
al., 2009; Gonçalves et al., 2011; Lucas et al., 2014) have
focused more on environmental factors such as seasonality
(wet and dry seasons) on pathogen removal efficiency.
Rainy seasons and storm events may dilute fecal indicators
and decrease removal efficiencies (Lucas et al., 2014).
Another important component of seasonality, is the influent
concentration of certain pathogens that vary depending on
the season. For example, norovirus is typically endemic
during colder months and the concentration was associated
with seasonality in the study by Katayama et al. (2008).
However, Nodgren et al. (2009) detected norovirus
throughout the year where there were higher
concentrations of norovirus GGI in the summer months and
norovirus GGII concentrations were higher in the winter
months. In tourist locations, there may also be seasonal
variations in concentrations and influent flows due to the
influx of tourists. Overall, through their literature review
and sampling of activated sludge plants in Australia, Sidhu
et al. (2015) found that not all studies have been able to
find a statistically significant difference in pathogen
removal due to seasonality and call for further research in
this area. However, it is important to note that it may be
difficult to find statistically significant seasonal differences
in pathogen removal efficiencies in geographic areas such
as Australia that have lower seasonal temperature
variations.
Water temperature may also play an important role in
pathogen removal efficiencies and inactivation in
wastewater treatment plants. Li et al. (2011) found a higher
concentration of rotavirus in three activated sludge plants
in China during the winter months reasoning that rotavirus
is more stable in colder temperatures and there is greater
rotavirus inactivation in the summer with higher
temperatures and UV from sunlight. Higher temperatures
also facilitate greater adsorption by bacteria by enhancing

Lastly, the environmental factors of wind speed, humidity,
solar radiation, and temperature are key environmental
parameters that influence bioaerosol concentrations and
their extent (Pascual et al., 2003; Karra and Katsivela,
2007). Higher wind speeds may cause greater distribution
of bioaerosols emitted from activated sludge systems
(Sanchez-Monedero et al., 2008) and potentially
neighboring communities but reduce local concentrations
(Pascual et al., 2003). Additionally, higher temperatures
and solar radiation may more readily reduce bioaerosols
(Karra and Katsivela, 2007). Bioaerosol concentrations are
usually higher during night than day time with a lack of
solar radiation and lower temperatures to reduce
bioaerosols (Karra and Katsivela, 2007). Furthermore,
bioaerosols may have higher concentrations in colder
(winter and fall) months than warmer (spring and summer)
months because of temperature differences (Malakootian et
al., 2013). However, Fracchia et al. 2006 found no seasonal
trends in bioaerosol concentrations in their study in Italy.
In fact, Oppliger et al. (2005) found higher concentrations
in the summer than winter in Switzerland and said that
seasonal variations in bioaerosol concentrations will differ
depending on the geographic location and their specific
environmental parameters.

4.0 Design, Operation and Maintenance
Guidelines for Pathogen Removal
As described previously, there are many different
factors that influence pathogen removal in activated sludge
systems. Although activated sludge systems are primarily
designed for removal of organics, suspended solids, and
nutrients (nitrogen and phosphorus), there are some
operation and design parameters that can increase
pathogen removal efficiencies. These are: greater solids
and hydraulic retention times, lower influent flow rate and
more storage during rain events, integrated nitrogen and
phosphorous removal, and rate of aeration. Table 2
provides further information on the relationship between
these parameters and the removal of different pathogen
types.

Table 2. Summary of key factors and strategies to enhance pathogen removal efficiencies in activated sludge
systems
Pathogen Groups Primarily Affected

Factor

Pathogen removal is ↑ enhanced or ↓ reduced under the
following conditions:

Water
Temperature

Higher Temperature = ↑ Pathogen Removal

●

●

●

●

Longer Retention Time = ↑ Pathogen Removal

●●

●

●●

●●

Hydraulic
Retention
Time

Bacteria Viruses Protozoa Helminths
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Solids
Retention
Time
Flowa
Bulking
Foam

Longer Retention Time = ↑ Pathogen Removal

●●

●

●

●

Greater Flow = ↓ Pathogen Removal

●

●

●

●

Less flocculation = ↓ Pathogen Removal

●

●

●

●

More foam = ↓ Pathogen Removal

●

●

●

●

a

A larger flow due to storm events in combined sewer systems may dilute pathogen concentrations and reduce
hydraulic and solid retention times, thus inhibiting the normal functioning of activated sludge systems.
● = moderately affected; ●● = most affected

Proper operation and maintenance of activated sludge
systems are crucial to efficient pathogen removal. Two of
the major problems that can occur in activated sludge
systems are bulking of sludge and production of foam
(Crites and Tchobangolous, 1998). Bulking is caused when
organisms do not flocculate together and thus do not
efficiently settle during secondary settling. Gantzer et al.
(1998) documented bulking in an activated sludge system
over five days that decreased secondary settling yields and
increased the concentrations of enteroviruses in the
effluent by factors between 10 and 67. Biological surface
foam can also form on the top of aeration and settling tanks
which can be skimmed from the top and recycled in the
system or reduced by addition of chemical agents such as
polymers or chlorine (Tilley et al., 2014).
Additionally, activated sludge system design must take into
account storm events especially when wastewater is
coming from combined sewers and also prepare for
electrical outages (e.g. backup generators to operate
aerators). Wastewater treatment plants can include
overflow storage of storm water, but these still may
overflow and require the discharge of partially treated
wastewater into water bodies with higher pathogen
concentrations. Also, it may be advantageous to design
activated sludge systems in colder climates with greater
HRT and SRT or heating to allow for further time needed in
removal because pathogen removal is more efficient with
higher temperatures. Finally, the type of aeration devices
and the aeration rate is important for the emission and

movement of bioaerosols that can be harmful to wastewater
treatment operators and local communities (SanchezMonedero et al, 2008). Air diffuser aerators are
recommended as opposed to horizontal rotors and surface
turbines because they have significantly lower bioaerosol
emissions (see Table 3) (Sanchez-Monedero et al, 2008).

5.0 Summary of Data on Pathogens in
Activated Sludge Systems (Wastewater)
Although individual studies may look at certain factors
that influence the removal of pathogens in the wastewater
of activated sludge systems, they do not always disclose key
operational (e.g. HRT or SRT) or environmental parameters
(temperature) so that removal efficiencies can better
compared between studies. Also, many studies may base
their removal efficiencies by comparing the wastewater
after secondary settling or tertiary treatment to raw
wastewater and not the wastewater after primary settling.
Thus, studies that only included raw wastewater as influent
were not included in this chapter the Figures and Tables
below. Figure 6 includes a comparison of pathogen removal
efficiencies with HRT and SRT from different studies where
the influent sample was taken after primary settling and
the effluent sample was taken after activated sludge and
secondary settling. There doesn’t appear to be a strong
correlation between pathogen removal efficiency and HRT
or SRT. However, this may be due to other factors of the
individual treatment plants and studies.

Figure 6. Relationship between hydraulic* and solids retention times and pathogen removal efficiencies
in activated sludge systems. Sources : Schwartzbrod et al., 1987; Rose et al., 1996; George et al., 2002;
He and Jiang, 2005; Nordgren et al., 2009; Wen et al., 2009; Moulin et al., 2010; Li et al., 2011; Francy
et al., 2012; Lucas et al., 2012; De Luca et al., 2013; Ulbricht et al., 2014; Dias et al., 2015; Rocher et al.,
2016. *Note that not all studies indicated whether the hydraulic retention time was for the entire plant,
the activated sludge tank, and/or the secondary settling tank.
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pathogenic bioaerosols, they can cause negative health
consequences to sewage treatment workers such as
stomach pain, fatigue, dizziness, eye irritation and
headaches (Oppliger et al., 2005; Malakootian et al., 2013).
Neighboring communities could also be at risk if
concentrations are high enough and they are in close
proximity to activated sludge treatment plants. Table 3
provides a summary of the microbial composition of
bioaerosols in activated sludge systems depending on the
type of aerator. Based on various studies, air supply
oxidation, fine and micro bubble aerators generate the least
amount of bioaerosols (Carducci et al. 2000; Karra and
Katsivela, 2007; Sanchez-Monedero et al., 2008). More
coarse bubble aeration, mechanical, horizontal rotors and
paddle-mixers cause a lot of splashing and, thus, release of
bioaerosols. For example, Fernando and Fedorak (2005)
compared the bioaerosol emissions of a plant in 1976 that
had coarse bubble aeration and was upgraded to fine
bubble aeration and found that the bacterial counts of the
upgrade were 1% of the original coarse bubble aeration
values. Additionally, if activated sludge tanks are indoors
without proper ventilation this can result in greater
entrapped bioaerosols (Guo et al., 2014). An oxidation ditch
system was enclosed in China because of the colder climate
and installation of proper ventilation (e.g. a ventilator with
a 50 m3/min flow rate for air exchange) reduced bioaerosols
by over 50% (Guo et al., 2014).

6.0 Summary of Data on Pathogens in
Activated Sludge Systems (Sludge)
There is much less data available for the pathogen
removal efficiencies of the sludge in activated sludge
systems than wastewater. Many studies mention that
pathogens are transferred from the liquid phase to the
solids (sludge) in activated sludge, however some removal
does occur through pathogen degradation and predation.
Wu and Liu (2009) found a 0.63 log10 removal of virus-like
particles while Lasobras et al. (1999) found a similar, 0.70
log10 removal of viral indicators and 1.48 log10 removal of
bacterial indicators (fecal coliforms and fecal streptococci).
More information from other studies on the pathogen
concentrations found in sludge is reported in Table 6 in the
conclusion section.

7.0 Summary of Data on Pathogens in
Activated Sludge Systems (Bioaerosols)
Bioaerosol concentrations from activated sludge
systems are dependent on a number of operational and
environmental parameters. When inhaled from the air or
ingested after touching a surface contaminated with

Table 3. Bacterial composition (CFU/m3) of bioaerosols in activated sludge systems based on aerator type
Aerator Type in Activated Sludge System
Pathogen
Type

Rotated
Paddle-Mixer
Horizontal Coarse Blow
Fine Micro Air-supply
Brush
Mechanical
Surface
a
Bubble Bubblej Oxidationk
(Enclosed)
Rotore Bubblef Dryerg
b
(Enclosed)

Bacterial
Count

1,700

3,021
1,208(v)

1,623

Gram
negative
bacteria

-

-

30.5

Heterotrophic
bacteria

-

-

-

Total
Coliforms

-

-

Fecal
Coliforms

-

E. coli
Anaerobes

c

e,h

3,036

1,400

-

-

-

-

-

-

-

513

-

39

-

-

203

211

1

-

-

-

-

44

94h

-

-

14d

-

-

-

-

-

d

-

-

-

d

39

d

e,i

270

19

-

-

-

-

-

-

-

2

BDLi

-

-

-

-

-

-

-

-

-

-

BDL

-

-

526

h

140

i

i

Enterococci

-

-

-

-

-

-

-

Fecal
Streptococci

-

-

-

-

-

-

113

-

-

-

P. aeruginosa

-

-

-

-

-

1

-

-

-

-

h

A blank cell (-) indicates that the data were not reported; BDL: Below detection limit; (v): with ventilation
Sources: aBauer et al., 2002; bGuo et al., 2014; cBrandi et al., 2000; dFracchia et al., 2006; eSánchez-Monedero et al., 2008;
f
Fernando and Fedorak, 2005; gPascual et al. 2003; hMalakootian et al., 2013; iKarra and Katsivela, 2007; jLi et al., 2016;
k
Carducci et al., 2000
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Activated sludge systems include more than the
activated sludge tank but also the secondary settling tank,
waste activated and return activated sludge, and may
include sampling sinks for the Mixed Liquor Suspended
Solids (MLSS) for the activated sludge to ensure it is
operating properly. Table 4 displays the range of bacteria
in bioaerosols in the different components of the activated
sludge system from various studies. Mostly, the aeration
tank had the highest and broadest range of bioaerosols but
the sampling sinks and waste activated sludge can also

have larger concentrations especially if they are enclosed.
Fernando and Fedorak (2005) found that a wastewater
treatment plant upgrade that replaced the original,
automated sampling sinks where all taps would run
simultaneously with a 0.3 m drop with sampling sinks
where taps run at separate times and go either through
plastic tubing or drop a short distance (10 cm) to a trough
significantly reduced the number of bioaerosol bacterial
counts.

Table 4. Bacterial composition (CFU/m3) of bioaerosols in different components of activated sludge systems
Activated Sludge System Component
Pathogen Type

Bacterial Count
Total Coliforms
Fecal Coliforms

MLSS Sampling Sink
(10 cm Drop into
Trough/Tubing)g

Waste Activated
Sludge Thickening
Tank
(Enclosed)g

55 to 620

3 to 38

68 to 830

-

-

-

-

-

-

MLSS
Secondary Settling
Sampling Sink
Aeration Tank
Tank
(0.3 m Drop)g
19a to 3,036b
c

d

1 to 211
e

49d
c

d

1 to 15
f

BDL to 94

c

d

BDL to 6

Enterococci

e

c

BDL

BDL

-

-

-

Fecal
Streptococci

113d

13d

-

-

-

A blank cell (-) indicates that the data were not reported; BDL: Below detection limit
Sources: aCarducci et al., 2000; bSánchez-Monedero et al., 2008; cKarra and Katsivela, 2007; dMalakootian et al., 2013;
e
Karra and Katsivela, 2007; fMalakootian et al., 2013; gFernando and Fedorak, 2005

Bioaerosols may be transported through dispersion
through the air and by wind away from their source. Table
5 displays ranges and numbers of bacteria in bioaerosols
from activated sludge systems upwind and downwind from
treatment plants. In general, bioaerosol numbers decreased
at further distances and were low at upwind locations.
Average air samples away from wastewater treatment
plants will still have bioaerosols present naturally and from
other human and animal sources. Also downwind samples
may contain bioaerosols from other components of the
wastewater treatment plant including primary treatment

and settling which have been found to have larger
bioaerosol emissions than activated sludge (Karra and
Katsivela, 2007). Again, as seen in Table 2, fine bubble
diffused air systems had lower concentrations than
mechanical aeration systems (Brandi et al., 2000) and lower
bioaerosol concentrations were found during the day than
at night. Moreover, other studies measured bioaerosol
concentrations at different heights above aeration tanks
and found decreasing concentrations with greater heights
(Sawyer et al., 1996; Fernando and Fedorak, 2005).
However, many studies do not report the sampling height
or distance.
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Table 5. Microbial numbers and composition in bioaerosols (CFU/m3) at different distances up and downwind
from activated sludge treatment plants
Distances from Activated Sludge Treatment Plants
Pathogen Type

2m
2m Downwinda
Upwinda

Bacterial Count
(CFU/m3)

5.5

Total Coliforms
(CFU/m3)

BDL

Fecal Coliforms
(CFU/m3)

BDL

E. coli (CFU/m3)

10m
Downwinda

11.1 to 290c

11.1 to 171c

d

d

Upwindb

<150m
Downwindb

150 to 250m
Downwindb

>250m
Downwindb

52 to
179

272 to 373

115 to 175

191 to 194

0.09 to
0.22

5.17 to 6.81

0.57 to 0.86

0.34 to 0.40

0.01

1.67 to 2.09

0.18 to 0.64

0.15 to 0.29

483 to 1817

245 to 1383

BDLc

11.1 to 290c

75.2 to 967d

37.2 to 366d

BDLc

BDLc

BDL to 54.1d

BDL to 16.6d

BDL

BDL

BDL

-

-

-

-

Fecal
Streptococci
(CFU/m3)

-

-

-

0.04 to
0.83

0.29 to 2.07

0.15 to 1.21

0.48 to 0.86

Staphylococci
(CFU/m3)

BDL

12.4 to 24.9c

6.9 to 11.1c

25.9 to 100d

25 to 183d

-

-

-

-

-

-

0.012

0.073

0.049

0.076

Coliphages
(PFU/m3)

-

b
Sources: aBrandi et al., 2000, Fannin et al., 1985

A blank cell (-) indicates that the data were not reported; BDL: Below detection limit; cFine bubble diffused air system;
Mechanical aeration

d

8.0 Conclusions
Table 6 provides a summary of typical pathogen
removal efficiencies in activated sludge systems for
wastewater (influent sample taken after primary settling
and effluent taken after secondary settling). Review of this
literature found an average 1.5 log10 removal of bacteria,
1.8 log10 removal of viruses and viral indicators, 1.3 log10
removal of protozoa, and 0.65 log10 removal of helminths.
Table 7 includes the concentration of pathogens in the
secondary sludge. There is a lot of variation of removal
efficiencies between different activated sludge reactor
configurations and also between the same reactor
configuration depending on the plant’s influent
characteristics, environmental and operational parameters.

Therefore, pathogen removal efficiency should be validated
at each individual activated sludge plant. Although higher
hydraulic and solids retention times are favored this does
not exclusively lead to greater pathogen removal efficiency.
Based on the pathogen concentrations and removal
efficiencies of activated sludge systems both in the
wastewater and sludge, further tertiary treatment may be
required (see Advanced Tertiary Treatment Chapter) before
releasing into water bodies, recycling treated wastewater,
or applying on land (see Sludge Management Chapter)
especially for viruses. Nevertheless, activated sludge
systems are an efficient technology to remove the majority
of pathogens especially activated sludge systems that also
emphasize biological nitrogen and even phosphorus
removal.
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Table 6. Summary of results from literature review for average and range log 10 pathogen removal from
wastewater in different types of activated sludge systems

Activated Sludge
System Type

Typical Pathogen and Fecal Indicator log10 Removal Values a
(Typical Ranges Shown in Parentheses)
Bacterial
Pathogens

Viruses and
Indicators

Protozoa and
Indicators

Helminth Eggs
and Indicators

Fecal Coliforms
(Including E.
coli)

Conventional

1.12
(0.44 to 2.30)

2.02
(0.63 to 3.53)

1.40
(0.11 to 3.15)

>0.60

1.80
(1.00 to 2.89)

Anaerobic, Anoxic, and
Oxic Activated Sludge
System (A2O)

1.96
(0.98 to 2.80)

1.61
(0.30 to 2.83)

1.31
(0.70 to 2.49)

0.61
(0.58 to 0.64)

2.39
(2.06 to 3.00)

-

1.15

-

-

1.0

Sequencing Batch
Reactors

A blank cell (-) indicates that the data were not reported; Conventional Activated Sludge treatment sources: Casson et
al., 1990; Stadterman et al., 1995; Rose et al., 1996; Robertson et al., 2000; Saleem et al., 2000; George et al., 2002;
Caccio et al., 2003; Zhang and Farahbakhsh, 2007; Cheng et al., 2009; Wu and Liu, 2009; Flapper et al., 2010; Fu et al.,
2010; Gonçalves et al., 2009; Gonçalves et al., 2011; Li et al., 2011; Muela et al., 2011; Francy et al., 2012; Hata et al.,
2013; Keegan et al., 2013; De Luca et al., 2013; Dias et al., 2015; Qiu et al., 2015; Rocher et al. 2016

A20 treatment sources: Yasunori et al., 2002; Gonçalves et al., 2009; Nordgren et al., 2009; Wen et al., 2009; Fu et al.,
2010; Moulin et al., 2010; Li et al., 2011; Ulbricht et al., 2014, Lucas et al., 2012; Lucas et al., 2014
Sequencing Batch Reactor source: Ng et al., 1993

Table 7. Typical concentrations of pathogens and fecal indicators in sludge samples after secondary
sedimentation in activated sludge systems

Bacterial Pathogens

1.5 to 1.9E+07 MPN / ga

Virus Indicators
2.8E+05 to 1.1E+09
microorganisms / g

Protists

Helminth Eggs

4 to 19
BDL to 0.125 eggs / g
(oo)cysts / g

Fecal Coliforms
(including E. coli)
2 to 2.8E+07 MPN / g

Sources: Schwartzbrod et al., 1989; Lasobras et al., 1999; Dehab and Surampalli, 2002; Garrec et al., 2003; Cheng et
al., 2009
a
Per gram of dry matter; BDL: Below Detection Limit
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