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Abstract
The Baltic regions as well as other countries usually have the problem to meet the
requirement on nitrogen discharged from municipal wastewater treatment plants.
Raising the temperature of wastewater is a possible way of achieving better
treatment performance. ITEST (Increased Technology and Efficiency in Sewage
Treatment) is a project based on the temperature effects on biological wastewater
treatment. As a part of the ITEST project, this master thesis work aims to study the
enhanced biological nitrogen removal by increasing the temperature of incoming
wastewater in municipal wastewater treatment using an activated sludge system. A
comprehensive literature review has been done including background information
and aspects on biological nitrogen removal. Temperature affecting the nitrogen
removal process has also been studied.
Two testing lines have been compared by the analyses of total nitrogen,
nitrate-nitrogen, and ammonium-nitrogen concentrations. Sludge settling
experiments have been conducted to analyze the sludge volume (SV), suspended
solids (SS), and sludge volume index (SVI). The temperature effects on the nitrogen
removal, nitrification, denitrification, and sludge settling characteristics have been
studied and discussed.
The results of this study have shown that it is promising of increasing the incoming
wastewater temperature for biological nitrogen removal process. With a higher
wastewater temperature, there is an advantage in the total nitrogen removal
performance, and energy will be saved by the reduction of aeration. No simple
conclusion could be drawn on the temperature effects on nitrification and
denitrification process. Relatively stable SV, SS, and SVI are achieved with a higher
and stable temperature.
Operational problems occurred during the experimental period. The missing of
several crucial data had compromised the results reliability. Faults and errors were at
a high level, which could also influence the results; however, the faults were
complicated to analyze, and the degree of the fault could not be estimated or
assessed in an easy way.

Key words: biological nitrogen removal, temperature effect, activated sludge system.

iii

Acknowledgement
I would like to express my great gratitude to my dear supervisor, Per Olof Persson,
for all his effortless instructions and suggestions that help me finish this thesis; my
mentors, Lars Bengtsson, Christian Baresel, and Klara Westling, for their kindly
support and advice all the time during my experimental work. Without them I could
not finish my degree project so well.
Thanks to all those who have worked with me and helped me out when I met
difficulty: Jingjing Yang, Mila Harding, Jian Sun, and Krishna.
I would like to take this opportunity to thank IVL Swedish Environmental Research
Institute and the Department of Ecology, KTH, for giving me this chance to get in
touch with the ITEST project. It is a really good experience and practice towards my
future career.
Finally thanks to all my family and friends, for their support and assistance
throughout my work.

iv

Table of Contents
Abstract ......................................................................................................................... iii
Acknowledgement ........................................................................................................ iv
1 Introduction ................................................................................................... 1
1.1 Background information .................................................................................... 1
1.2 Aims and objectives ........................................................................................... 1
1.3 Methods ............................................................................................................. 2
1.4 Limitations .......................................................................................................... 2
2

Literature review ............................................................................................ 3
2.1 Problem overview .............................................................................................. 3
2.2 Biological nitrogen removal ............................................................................... 3
2.2.1 Nitrification ................................................................................................. 4
2.2.2 Denitrification ............................................................................................. 8
2.2.3 Nitrogen removal using activated sludge system ..................................... 10
2.2.4 The temperature factor affecting the biological nitrogen removal .......... 12
2.2.5 Properties of the sludge ............................................................................ 16
3 Experimental description ...............................................................................18
3.1 Description of the pilot plant ........................................................................... 18
3.2 Sampling, experiments and measuring equipment ......................................... 21
4 Results ..........................................................................................................27
4.1 Nitrogen contents............................................................................................. 27
4.1.1 Weekly sampling analyses......................................................................... 27
4.1.2 Cuvette tests results .................................................................................. 30
4.2 Sludge properties ............................................................................................. 32
5 Discussions ....................................................................................................34
5.1 Results discussions ........................................................................................... 34
5.2 Comparisons of results with other studies ...................................................... 40
5.3 Results accuracy ............................................................................................... 40
5.4 Others ............................................................................................................... 43
6 Conclusions and future study suggestions ......................................................44
References .................................................................................................................... 46
Appendix A - Weekly sampling results: total nitrogen.................................................... I
Appendix B - Weekly sampling results: total nitrogen removal percentage. ................ II
Appendix C - Weekly sampling results: ammonium-nitrogen and nitrate-nitrogen..... III
Appendix D - Weekly sampling results: sludge volume (SV), suspended solids (SS),
and sludge volume index (SVI). ..................................................................IV
Appendix E - Wastewater temperatures of the reference line and the temperature
v

line from week 3 to week 19 ......................................................................V
Appendix F - Cuvette tests results.................................................................................VI
Appendix F - Cuvette tests results (cont.) ....................................................................VII
Appendix G - Problems of solid-liquid separation in activated sludge systems .........VIII

vi

1 Introduction
1.1

Background information

The Baltic regions as well as other countries usually have the problem to meet the
requirement on nitrogen discharged from municipal wastewater treatment plants,
according to the Urban Wastewater Treatment Directive 98/15/EC. During cold
seasons, the wastewater temperature may drop below 10oC as an average, making it
difficult for biological conversion of different nitrogen components in the wastewater
to nitrogen gas (Hammarby Sjöstadsverket, 2011). Raising the temperature of
wastewater is a possible way of achieving better treatment performance, thus will
enable those nations to comply with the EU requirements on emissions, and to
relieve pressures on natural water bodies, such as lakes and seas.
ITEST (Increased Technology and Efficiency in Sewage Treatment) is a project to get
the knowledge of temperature effects on biological wastewater treatment. Low
energy, e.g. heat from district heating plants, can be used not only to warm the
incoming waste water, but also to stabilize the temperature. The ITEST project aims
to provide a better treatment performance at low influent temperatures in nations
with a cold winter climate. By increasing and maintaining the temperature at around
19-20oC, an improved nitrogen removal performance will be achieved. Responsible
for the project is Oskarshamn kommun (Oskarshamn municipality). The project is a
LIFE+ project partly financed by the European Commission
A pilot plant has been established at Hammarby Sjöstadsverket, Stockholm. There
are two wastewater treatment testing lines: reference line and temperature line,
both using activated sludge systems. The reference line is, as its name says, set as a
reference treatment situation under normal temperature, with no external heat
source added. The temperature line has an electrical heat exchanger installed before
wastewater entering the first treatment tank. Therefore, the temperature of the
wastewater is enhanced and stabilized, at around 20oC. Five tanks are involved in
each testing line, with the first two tanks for denitrification, and the last three for
nitrification. As one part of the ITEST project, this work is a master thesis work for
degree project at KTH (30 credits).

1.2

Aims and objectives

This master thesis work aims to study an enhanced biological nitrogen removal
1

system by increasing the temperature of incoming wastewater in municipal
wastewater treatment using an activated sludge system. Objectives are:

1.3



To acquire a deep knowledge of biological nitrogen removal in wastewater
treatment process, the affecting factors, and activated sludge system.



To finish a literature review study on aspects of biological nitrogen removal
and the temperature factors affecting the process.



To investigate and compare the nitrogen removal performances in two
testing lines. This is accomplished by analyzing experimental data through
laboratory tests.



To analyze the temperature effects on the nitrogen removal process,
nitrification, denitrification, and sludge settling characteristics.

Methods

Aims and objectives are achieved through the study of literatures on biological
wastewater treatment and nitrogen removal, information provided by online sources
and lecture notes from Environmental Technology course at KTH. Experimental data
are obtained through laboratory tests of the wastewater samples collected in the
pilot plant, and then analyzed.

1.4

Limitations

This thesis project work focuses on biological nitrogen removal, especially on total
nitrogen removal, nitrate-nitrogen removal and ammonium-nitrogen removal. Other
issues, such as organic matter, phosphorous, and energy are not considered. Some
forms of nitrogen are not considered such as organic nitrogen and nitrite, since they
are not the studied objectives in the wastewater effluent.
Temperature is identified as the most important parameter that affects the biological
nitrogen removal process. Other parameters, e.g. pH and alkalinity, dissolved oxygen,
nutrients etc., are only mentioned but not fully discussed in this report.
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2 Literature review
2.1

Problem overview

Nitrogen removal is a necessary treatment process before discharging the municipal
wastewater to natural water bodies. The origins of nitrogen in municipal wastewater
are human fecal matter, ground garbage, and industrial waste especially food
processing waste. Influent nitrogen consists of three main sources: approximately 40
percent of ammonium; 60 percent of organic nitrogen which consists of a complex
mixture of organic compounds including amino acids, amino sugars, and proteins;
negligible amount of nitrate, normally less than 1 percent. Bacterial decomposition
of protein and hydrolysis of urea readily convert the organic nitrogen in wastewater
to ammonium (Sedlak, 1991; Metcalf & Eddy, 2003).
Nitrogen in the wastewater discharge has several environmental problems: free
ammonia (NH3) at very low concentrations can be toxic to fish and many other
aquatic species; ammonium is oxygen-consuming which reduces the dissolved
oxygen level in the receiving water body; in all forms, nitrogen is a nutrient and may
cause the overabundant growth of many aquatic plants and the consequent
eutrophication (Sedlak, 1991; Gerardi, 2002). Some early studies have shown that
the conventional treatment for nitrogen in sanitary wastewater, which includes
primary sedimentation and subsequent biological treatment, is able to have a
nitrogen reduction of around 25 percent (Hammer, 2008).
According to EU Commission Directive 98/15/EC, total nitrogen concentrations
should be kept annually lower than 15 mg/l (10 000-100 000 p.e.) or 10 mg/l (more
than 100 000 p.e.). The requirements for nitrogen may be checked using daily
averages when it is proved that the same level of protection is obtained. In this case,
the daily average must not exceed 20 mg/l of total nitrogen, with the effluent
temperature higher than 12oC. The minimum removal percentage should be 70% 80%. In Sweden, the regulations are more stringent, and probably a new regulation
will come into effect in a few years, in which the daily average must not exceed 15
mg/l of total nitrogen, with a minimum of 80% removal percentage.

2.2

Biological nitrogen removal

Biological nitrogen removal is a means of removing total nitrogen (both organic and
inorganic nitrogen) by the use of a variety of microorganisms under different
3

environmental conditions. This is achieved by either assimilation to form cells or by
conversion of nitrogen contents to nitrogen gas (Sedlak, 1991; Metcalf & Eddy, 2003).
The principal biological processes are divided into two categories: suspended growth
and attached growth processes. Since suspended growth process is utilized in the
project study, only this category will be mentioned here. In this process, the related
microorganisms are maintained in the wastewater bioreactor, under aerobic, anoxic
or anaerobic conditions (Metcalf & Eddy, 2003; Bishop & Brenne, n.d). For municipal
wastewater treatment, most of the suspended growth processes are operated under
aerobic conditions, with a positive dissolved oxygen (DO) concentration; however, for
high organic concentrations industrial wastewater and sludge, anaerobic conditions
should be considered (Metcalf & Eddy, 2003). The most commonly used suspended
growth process for municipal wastewater treatment is the activated sludge process,
which will be discussed later in 2.2.3 Nitrogen removal using activated sludge system
of this thesis report.
To achieve nitrogen removal in municipal wastewater, two key biological processes
should be used: nitrification and denitrification. During nitrification process,
ammonium is oxidized to nitrite, and then to nitrate in two steps; denitrification
converts nitrate to nitrogen gas. Nitrogen gas is released into the air and thus
removed from the wastewater. These two processes are dependent on several
factors such as pH, temperature, dissolved oxygen, alkalinity, toxicity, etc. (Metcalf &
Eddy, 2003; Jeyanayaga, 2005; Gerardi, 2002).

2.2.1 Nitrification
Nitrification is the oxidation of ammonium to nitrite and nitrate, which can be
biologically accomplished together with BOD removal (Jeyanayaga, 2005). Although it
is a common approach to achieve nitrification and BOD removal in the same
single-sludge process, including an aeration tank, sedimentation tank, and sludge
recycling system, a two-sludge system is a more reliable operational way at a reduced
wastewater temperature (Metcalf & Eddy, 2003; Hammer, 2008). As is illustrated in
Figure 1b, it consists of two groups of aeration tanks and sedimentation tanks in
series, with the first aeration tank for BOD removal at a short sludge retention time
and the second aeration tank for nitrification.

4

Figure 1 Single-sludge system (a) and two-sludge system (b).
(Adapted from Metcalf & Eddy, 2003, p612)

Nitrification
needs
autotrophic
bacteria
named
Nitrosomonas
and
Nitrobacter. Nitrosomonas oxidizes ammonia to nitrite ions, and Nitrobacter converts
nitrite ions to nitrate ions. The oxidation occurs in two steps (Metcalf & Eddy, 2003;
Jeyanayaga, 2005):
Nitrosomonas:
2NH4+ + 3O2 → 2NO2‾ + 2H2O + 4H+ + New cells

(1)

Nitrobacter:
2NO2‾ + O2 → 2NO3‾ + New cells

(2)

Total oxidation reaction:
NH4+ + 2O2 → NO3‾ + 2H+ + H2O + New cells

(3)

As can be seen from Equation (1) and (2), BOD is not a prerequisite for the growth of
nitrifiers; oxygen is required for both reactions, indicating that it is an aerobic process.
Obviously, hydrogen ions (H+) are created after the total oxidation reaction which
consumes alkalinity; therefore, buffering material (such as lime) need to be added to
relieve the bacteria’s sensitivity to the reduced pH value. Then the reaction equation
5

can be expressed as:
NH4+ + 2HCO3‾ + 2O2 → NO3‾ + 2CO2 + 3H2O

(4)

Not all ammonium ions are nitrified; a portion of ammonium is taken in by bacteria
as nutrients and assimilated into their cells. The chemical formula C5H7O2N
represents the synthesized bacterial cells. Carbon dioxide not only serves as the
carbon source for the synthesis of C5H7O2N, but also provides bicarbonate alkalinity
when carbon dioxide dissolves in wastewater. The synthesis reaction is:
4CO2 + HCO3‾ + NH4+ + H2O → C5H7O2N + 5O2

(5)

An overall nitrification reaction can be expressed as:
NH4+ + 1.863O2 + 0.098CO2 → 0.0196 C5H7O2N + 0.98NO3+ 0.0941H2O + 1.98H+

(6)

From Equation (6), for one gram of ammonia nitrogen to be converted, 4.25g of O2
and 0.08g of inorganic carbon are utilized, 7.07g of alkalinity as CaCO3 are consumed,
and 0.16g of new cells are formed (Metcalf & Eddy, 2003).
Nitrifiers are very sensitive to pH and will thrive in an environment of pH between
7.5 and 8. At pH around 5.8 to 6.0, the nitrification rate can be as low as 10% - 20% of
that at pH 7 (U.S. EPA, 1993). The exact mechanisms behind how pH affects the rate
are not entirely clear. In order to keep a sufficient nitrification rate, a pH value
between 7.0 and 7.2 should be maintained (Metcalf & Eddy, 2003).
Nitrosomonas and Nitrobacter are living in an aerobic environment where they need
sufficient dissolved oxygen for oxidizing ammonium. Nitrification process will be
limited when the concentration of DO is too low to support a sufficiently high oxygen
transfer rate (U.S. EPA, 2008). A DO concentration below 0.5 mg/l will lead to almost
no nitrification (Metcalf & Eddy, 2003; Gerardi, 2002). Nitrification rate increases as
the DO concentration becomes higher, and gets the maximum value when the DO
concentration is 3 mg/l or higher (WEF and ASCE, 2006). Too high oxygen supply is
fairly common for designing and operation, which is not cost-effective. Besides, the
high degree of aeration may cause problems by preventing a good flocculation and
promoting foam formation which leads to sludge escaping with the effluent. Proper
aeration and good mixing of DO is significant to avoid accumulation of DO
concentration and to ensure that oxygen is reaching into the sludge pack. The effect
of DO concentration can be expressed for the specific growth rate as:
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𝜇𝑛 = (

𝜇𝑛𝑚 𝑁
𝐾𝑛 +𝑁

)(

𝐷𝑂
𝐾𝑜 −𝐷𝑂

) − 𝑘𝑑𝑛

(7)

where μn = specific growth rate of nitrifying bacteria, g new cells/g cells•d
μnm = maximum specific growth rate of nitrifying bacteria, g new cells/g
cells•d )
N = nitrogen concentration, g/m3
Kn = half-velocity constant, substrate concentration at one-half the maximum
specific substrate utilization rate, g/m3
Ko = half- saturation coefficient for DO, g/m3
DO = dissolved oxygen concentration, g/m3
Kdn = endogenous decay coefficient for nitrifying organisms, g VSS/g VSS•d
VSS stands for volatile suspended solids, which can be volatilized and burned off
when the total suspended solids are ignited.
Various organic and inorganic compounds can be the inhibitors to which the
nitrifying organisms are very sensitive. Nitrification process is at a highly reduced rate
due to the presence of inhibitors in the wastewater, even though the nitrifying
bacteria still grow and oxidize ammonium and nitrite. Nitrifying bacteria can be killed
in some cases. Solvent organic chemicals, amines, proteins, tannins, phenolic
compounds, alcohols, cyanates, ethers, and benzene are included in those toxic
compounds. Metals are another concern. Skinner and Walker (1961 cited in Metcalf
& Eddy, 2003, p. 616) have shown complete inhibition of nitrification at 0.25mg/l
nickel, 0.25mg/l chromium, and 0.10mg/l copper.
Free ammonia (NH3) and free nitrous acid (HNO2) can also inhibit the nitrification
process. Free ammonia is produced from ammonium under a high pH value, and free
nitrous acid is produced from nitrite under a low pH value. The two compounds
inhibit Nitrosomonas and Nitrobacter at relatively low concentrations, depending on
parameters, e.g. total nitrogen concentration, pH, and temperature (Metcalf & Eddy,
2003; Gerardi, 2002).
Nitrosomonas extracts energy from ammonium, and absorbs carbon dioxide from air
for cell growth. With a high oxygen aeration condition, in other words in a complete
nitrifying environment, nitrite is typically not accumulated to a large level. However,
some studies have shown that nitrite accumulation seasonally occurs due to a
change in temperature and mixed liquor volatile suspended solids (MLVSS)
concentration (Gerardi, 2002). At wastewater temperatures above 25oC to 30oC, the
conversion of nitrite to nitrate may become limited (Jeyanayaga, 2005). Nitrite ion in
7

relatively low concentrations still has great impact to the environment due to its high
toxicity. It also increases the chlorine demand for disinfection of the effluent and the
unwanted filamentous organisms in treated water, since chlorine is consumed to
oxidize the nitrite ions (Gerardi, 2002).
Nitrification process is only the conversion of one form of nitrogen (ammonium) to
another form (nitrate), so it is not in itself a nitrogen removal approach (Jeyanayaga,
2005). However, nitrification is highly desired to prevent the environmental impact of
ammonium and ammonia, and to provide nitrogen control for water reuse. Besides,
nitrate is a kind of nutrients for the survival and growth of aquatic plants, and high
nitrate level will lead to eutrophication to the wastewater receiving bodies. Therefore,
denitrification should be applied to reduce the nitrate concentrations.

2.2.2 Denitrification
Denitrification is the biological reduction of nitrate to nitrogen gas by various kinds of
microorganisms (Jeyanayaga, 2005; Metcalf & Eddy, 2003). The diversity of
denitrifying bacteria is greater than nitrifying bacteria. Approximately 80% of the
bacteria within the activated sludge process are facultative anaerobes and are
capable of denitrification (Gerardi, 2002), and there are both heterotrophic and
autotrophic bacteria capable of denitrification: Psuedomonas, Micrococcus,
Achromobacter, and Bacillus (Russell, 2006). Two crucial factors for denitrification are
the presence of biodegradable organic matter and the absence of free molecular
oxygen. Under anoxic conditions (absence of free or dissolved oxygen; or DO
concentration less than 0.5 mg/l, ideally less than 0.2 mg/l), nitrate serves as an
electron acceptor for the oxidation of organic or inorganic electron donors. Unless
the treatment process is experiencing a start-up condition, wash out, toxicity, or
recovery from toxicity, an adequate and active population of denitrifying bacteria
should be present to ensure denitrification under favorable operational conditions
(Gerardi, 2002).
The reduction of nitrate to nitrogen gas occurs in several steps (Metcalf & Eddy,
2003):
NO3‾ → NO2‾ → NO → N2O → N2

(8)

The simplified reaction can be expressed as:
NO3‾ + organic matter → N2 (gas) + CO2 + H2O + OH‾ + New cells
8

(9)

There are various kinds of biodegradable organic matters or carbon sources that can
be used by denitrifiers, such as ethanol, glucose, acetic acid and methanol. Methanol
is the most common used organic matter, because it has a neutral pH and can be
easily biodegraded. Alkalinity is produced during denitrification reactions, and the pH
is generally elevated.
C10H19O3N represents the biodegradable organic matter in wastewater (U.S. EPA,
1993) and the denitrification reaction can be described as:
C10H19O3N + 10NO3‾ → 5N2 + 10CO2 + 3H2O + NH3 + 10OH‾

(10)

For methanol, the reaction is:
5CH3OH + 6NO3‾ → 3N2 + 5CO2 + 7H2O + 6OH‾

(11)

For acetate, the reaction is:
5CH3COOH + 8NO3‾ → 4N2 + 10CO2 + 6H2O + 8OH‾

(12)

It is estimated that 4g of BOD is needed per g of nitrate reduced (Barth et al., 1968
cited in Metcalf & Eddy, 2003, p. 620; Neethling et al., 2005), but the actual value will
be decided on the system operational conditions and the type of carbon source used
in the process (Metcalf & Eddy, 2003). Municipal wastewater contains enough carbon
source to remove 65% to 85% of total nitrogen with a single sludge process (Barnard,
2006)
One gram of nitrate nitrogen reduced, 3.57g of alkalinity as CaCO3 is produced, which
recovers about half of the amount of alkalinity consumed during nitrification process.
On the whole, alkalinity is destroyed; approximately 3.6 grams of alkalinity as CaCO3
is consumed for the conversion of one gram of ammonium nitrogen to one gram of
nitrogen gas (Metcalf & Eddy, 2003; WEF and ASCE, 2006). Various means are
available to increase the alkalinity, such as adding sodium hydroxide, lime, and
magnesium bicarbonate (Metcalf & Eddy, 2003).
Denitrification is less pH dependent, without significant effect on the denitrification
rate for pH between 7.0 and 8.0 (Metcalf & Eddy, 2003). While Dawson and Murphy
(1972 cited in Metcalf & Eddy, 2003, p. 623) reported that the denitrification rate
decreased for pH from 7.0 to 6.0 in batch unacclimated tests. Most wastewater
treatment plants operate at a pH range of 6.8 to 7.4 (Jeyanayaga, 2005), and The
optimal pH range for denitrification is 7.0 to 7.5 (Gerardi, 2002).
Dissolved oxygen should be kept at a low level throughout the anoxic zone in order
9

to have a most efficient denitrification process. A DO concentration higher than 0.2
mg/l will decrease the denitrification rate in the anoxic zone. The energy expended
breaking NO3 to obtain oxygen is greater than that from using free oxygen, so most
of the microorganisms tend to use DO in the wastewater rather than nitrate ions
(U.S. EPA., 2008). Consequently, it is recommended that DO concentrations in return
flows be kept at a preferably low level, about 1 mg/l (WEF and ASCE, 2006).

2.2.3 Nitrogen removal using activated sludge system
Presently, the activated sludge system is used routinely for biological treatment of
both municipal wastewater and industrial wastewater (Metcalf & Eddy, 2003).
According to Davis (2010), continuous aeration forces the microorganism in the
aeration tank to mix with the organic compounds and nutrients in wastewater
adequately, to form biological mass. With the gradual growth of the microorganisms,
the individual organisms easily flocculate to form settleable solids that can be
removed by gravity.
Figure 2 shows a typical activated sludge system. Basic components of the activated
sludge system include: a) an aerated tank which maintains the microorganism; b) a
sedimentation tank for liquid-solid separation; c) a recycling system for returning the
sludge from the sedimentation tank back to the aeration tank, since there is a high
concentration of microorganism in the returned sludge. A primary sedimentation
tank is usually necessary to place upstream of the activated sludge process, to
remove settleable solids as well as floating materials.

Figure 2 Activated sludge system. (Source: Gerardi, 2002)
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As for nitrogen removal by activated sludge process, nitrification and denitrification
are the essential stages, which involve anoxic tank and aeration tank. Consequently,
there are pre-anoxic denitrification process and post-anoxic denitrification process,
according to the sequence of anoxic tank within the treatment process. Two basic
flow diagrams are illustrated in Figure 3. For pre-anoxic denitrification, the influent
wastewater enters the anoxic zone, followed by an aerobic zone where nitrification
occurs. Organic matters in the influent wastewater can be used as a carbon source
for oxidation reduction reactions using nitrate in the denitrification process. In the
next aerated stage, a further BOD degradation as well as nitrification will take place
in presence of enough dissolved oxygen. It is essential for the intensive recycling of
nitrate-containing wastewater from the aeration tank back to the anoxic tank. The
cleaning outcome is strongly associated by the extent of the recycling. It is normally
possible to obtain around 60-75% nitrogen removal if the recycling flow is four-fold
larger than the influent (Persson et al., 2011). Although the recycling of
nitrate-containing wastewater affects the nitrogen removal efficiency, it is normally
seen in operations that a high concentration of free or dissolved oxygen is coming
into the anoxic zone as well. As a result, the denitrification is inhibited and it is not
possible to get an efficient nitrogen removal. Pre-anoxic denitrification is applied in
the ITEST project.
In post-anoxic denitrification process, nitrogen removal is accomplished by placing a
denitrification stage after the nitrification stage. Often an exogenous carbon source
such as methanol is added to the anoxic tank to provide sufficient organic matter to
feed the denitrifiers, in order to increase the rate of denitrification (Metcalf & Eddy,
2003).

Figure 3 Pre-anoxic denitrification process (a) and post-anoxic denitrification process (b).
(Source: Haandel & Lubbe, 2007; Weijers, 2000)

Solids Retention Time (SRT) represents the average period of time during which the
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solids or bacteria are retained in the system. It shows the relationship between
biomass and sludge production, and is the most important parameter for activated
sludge design. The SRT affects the treatment performance, aeration tank volume,
sludge production, and oxygen requirement (Metcalf & Eddy, 2003; Gerardi, 2002).
The SRT can be presented as follows:

SRT =

𝑉𝑋

(13)

(𝑄−𝑄𝑤 )𝑋𝑒 +𝑄𝑤 𝑋𝑅

where SRT = solids retention time, d
V = reactor volume, m3
X = biomass concentration, g/m3
Q = influent flowrate, m3/d
Qw = waste sludge flowrate, m3/d
Xe = concentration of biomass in effluent, g VSS/m3
XR = concentration of biomass in return line from clarifier, g VSS/m3
The oxygen content is another important parameter for the activated sludge
process. The DO concentration should be maintained at about 1.5 to 2 mg/l in all
aerated zones, and higher DO concentrations may improve nitrification rates. Values
above 4 mg/l do not improve nitrification significantly, but lead to unnecessary
energy consumption and aeration cost, and the risk of DO in the recirculation which
hampers the denitrification process (WEF and ASCE, 2006; Metcalf & Eddy, 2003).

2.2.4 The temperature factor affecting the biological nitrogen removal
According to Metcalf & Eddy (2003), Hammer (2008), Gerardi (2002), Haandel &
Lubbe (2007), and Sedlak (1991), temperature factor is of great significance for the
growth of biological microorganisms. It is very essential in assessing the overall
efficiency of the treatment process. Temperature has influence on metabolic
activities of microorganisms involving population growth and reaction rate; and has a
profound effect on oxygen transfer rate, as well as on settling characteristics of bio
solids.
The basic equation between temperature and reaction rate was formulated by
Arrhenius in 1889. Often a modified and simplified equation is expressed as follows:
kT = k20 θT-20
where

(14)

kT = reaction rate coefficient at temperature T, d-1
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k20 = reaction rate coefficient at 20oC, d-1
θ = temperature-activity coefficient
T = temperature, oC
Table 1 illustrates the values of temperature-activity coefficient (θ) depending on
different temperature intervals. Some information can be deduced that, for instance,
the growth rate of Nitrosomonas increases by about 10 percent per 1oC increase
(Gerardi, 2002); and the θ value doubles for every 6°C to 7°C of temperature increase
(Haandel & Lubbe, 2007). There will be a significant reduction in nitrification rate if
temperature decreases, as the nitrification process is strongly associated with the
growth of microorganisms, and the nitrifying bacteria are so sensitive to
temperature.

Table 1 Temperature dependency of the maximum specific growth rate of Nitrosomonas
(Adapted from Haandel & Lubbe, 2007)

o

temperature-activity coefficient (θ)

temperature interval ( C)

Reference

1.116

19-21

Gujer (1977)

1.123

15-20

Downing et al (1964)

1.123

14-20

Ekama et al (1976)

1.130

20-30

Lijklema(1973)

For any kind of nitrifiers, there is an optimal temperature or optimal range of
temperatures; and the optimal temperature for growth will not necessarily be the
same as the optimal temperature for substrate reduction (Charley et al., 1980).
Previous studies have concluded various optimal temperature ranges. Many different
factors have been involved in those studies which will affect the results, e.g. the
biomass concentration, the substrate concentration, the DO concentration, sludge
age, the pH, short term versus long term effects, pure culture versus activated sludge
studies, etc. However, most of the studies have shown that nitrifiers’ growth and
activity tends to increase with temperature up to a threshold value (Sabalowsky,
1999). Table 2 shows the relationship between temperature and nitrification. Below
10oC nitrification rate has a sharp reduction and above 10oC the rate is almost
proportional to temperature. The optimal temperature is considered to be around
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30oC. Below 4oC, no growth of nitrifying bacteria occurs (Gerardi, 2002). A series of
notable curves are demonstrated in Figure 4, showing similar relationship between
temperature and nitrification.
Table 2 Temperature and nitrification

o

Temperature ( C)
>45
28 – 32

(Adapted from Gerardi, 2002)

Effect upon Nitrification
Nitrification ceases
Optimal temperature range
o

16

Approximately 50% of nitrification rate at 30 C

10

Significant reduction in rate, approximately 20% of rate at 30 C

<5

Nitrification ceases

o

Figure 4 Temperature effects on the maximum oxidation rate in nitrification process.
(Adapted from Shammas, 1986)

As is clearly seen from Figure 4, Curve A is a considerably different from all other
curves, which shows a plateau of maximum oxidation rate between around 15oC and
35oC. However, below 15oC nitrification rate is changing drastically, and is reduced to
about 50% at 12oC. Curve B is also drawn for the activated sludge process, and
indicates that an approximate straight line relationship exists between the
nitrification rate and temperature. Wild et al. found that the rate at 27oC was 90% of
that at 30oC, and the rate at 17oC was 50% of that at 30oC (Shammas, 1986).
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Two temperature studies have reported similar temperature dependence in single
stage nitrification-denitrification process, indicating that the nitrogen removal will be
inhibited at low temperatures (Shammas, 1986). Bishop et al. (1976) stated that 84%
of the total nitrogen was removed in summer while 75% was removed in winter.
Sutton et al. (1978) investigated the growth rate for nitrifiers between 7oC and 26oC,
and reported 53% decrease at 5oC and 21% decrease at 7oC in comparison to the
growth rate at 26oC.
Another study of temperature effects was performed by Dulkadiroglu et al. (2004) in
a batch reactor. Results have shown that nitrification differs greatly between 10oC
and 20oC. At the temperatures of 20oC and 15oC, nitrification rates almost remain the
same, while there is a dramatic decrease by 35 - 41% at 10oC. Previous work has also
indicated that nitrification rate even triples with a rise in temperature of 10oC in
activated sludge systems (Painter & Loveless, 1983).
Denitrification rate is also affected by temperature, though it appears to be less
severely affected than nitrification especially at low temperatures. Both the nitrate
removal rate and the growth rate of denitrifiers are related with temperature
(Azevedo et al., 1995; Metcalf & Eddy, 2003). Higher temperature triggers microbial
activities, resulting in a higher denitrification rate. Denitrification occurs between
0oC and 50oC, with optimum reaction rates occurring at 35-50oC (Barnes & Bliss,
1983). For a given BOD concentration, a temperature decrease from 20oC to 10oC
will reduce the denitrification rate by around 15% (Jeyanayaga, 2005). Denitrification
is inhibited at wastewater temperature below 5oC (Gerardi, 2002).
Nitrification bacteria grow very slowly and consequently a high SRT should be
fulfilled to get the nitrification process to work, especially under low wastewater
temperatures (Persson et al., 2011). Typical SRT is ranging from 10 to 20 days at 10oC,
and from 4 to 7 days at 20oC. At 5oC, a much higher SRT is required, i.e. more than 20
days.
Due to the low solubility of oxygen and the low oxygen transfer rate, oxygen should
be supplied into the wastewater. The common means are introducing air or pure
oxygen bubbles to the wastewater by aeration to create additional gas-water
interfaces (Metcalf & Eddy, 2003). During the aeration process, temperature also
plays an important role. Similar as the temperature-reaction rate equation, there is a
temperature-oxygen transfer rate function:
kLa(T) = kLa(20oC) θT-20

(15)
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where

kLa(T) = oxygen mass transfer coefficient at temperature T, s-1

kLa(20oC) = oxygen mass transfer coefficient at 20oC, s-1
Reported θ values vary in the range of 1.015 to 1.040. The value of 1.024 is typical
for both diffused and mechanical aeration devices (Metcalf & Eddy, 2003). Warmer
wastewater has less affinity for dissolved oxygen than colder wastewater. Therefore,
dissolved oxygen is exhausted more easily during warm conditions (Gerardi, 2002).

2.2.5 Properties of the sludge
A high efficiency of the wastewater treatment requires the good ability of the
activated sludge to form firm and dense flocs, which can settle fast and be easily
separated in the post sedimentation tank. In addition, a well compacted sludge also
reduces the costs related to waste sludge dewatering and disposal (Nor Anuar et al.,
2007). Typical laboratory analyses of the sludge include sludge volume (SV),
suspended solids (SS), and sludge volume index (SVI).
Sludge volume (SV) shows how much the sludge occupies in volume after 30 minutes
of settling. Mixed liquid in the bioreactors is poured to a graduated measuring
cylinder. After 30 minutes, the volume that the sludge occupies is read and turned to
a ratio to the total mixed liquid volume (the unit is ml/l). The method can also detect
whether any floating sludge and foaming occur, and reflect problems such as sludge
bulking. An SV value of 150 ml/l is possible to concentrate the sludge. It is an
important parameter for the control of the activated sludge system (Shi et al., 2008).
Suspended solids (SS) is an important sludge property characterizing the weight of
dry solids in one liter of mixed liquid (Shi et al., 2008). It is obtained by using a filter
to separate from the liquid, evaporating the water content to dryness, and
measuring the mass of the residue. Depending on the pore size of the filter, the SS
tests is somewhat arbitrary. More suspended solids will be measured as the pore
size is decreased. Besides, autofiltration can occur, where the suspended solids that
have been intercepted by the filter serve as a filter, and cause an increase in the
measured SS value. Therefore, SS test itself has no fundamental significance, but it is
still widely used to assess the quantities of microorganisms in the activated sludge
and the performance of treatment process (Metcalf & Eddy, 2003, Shi et al., 2008).
The normal values for SS are between 3000 – 5000 mg/l, if the wastewater
temperature is lower than 20oC (Wastewater System, 2012). SS can be obtained by
the following calculation:
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SS = (WS-WB)*1000/VS
Where SS = suspended solids (mg/l)
WS = weight of the filter and the filter residue after filtration (mg)
WB = weight of the filter before filtration (mg)
VS = sample volume (ml)
Sludge volume index (SVI) is the volume of 1 g of sludge after 30 minutes of settling
(Metcalf & Eddy, 2003). It is a key factor for designing the post sedimentation so that
a clear effluent can be obtained without significant escaping of sludge. Basically what
the value represents is the settling characteristics that have profound effect on the
return rates and also the suspended solids (Wastewater System, 2012). SVI can be
obtained based on SV and SS:
SVI = 1000*SV/SS
Where SVI = sludge volume index (ml/g)
SV = sludge volume (ml/l)
SS = suspended solids (mg/l)
SVI is recognized by many researchers as the best parameter for characterizing
sludge settling properties, as well as a good indicator of sludge bulking (Janczukowicz
et al., 2000). SVI can vary from 30 to 400 mg/l (Jenkins et al., 2003), but typically a
healthy sludge aeration pond basin should have the value registered within 80 to
150 ml/g, if the wastewater temperature is lower than 20oC (Wastewater System,
2012). According to previous studies, an SVI of 100 ml/g is considered a good settling
sludge (SVI values below 100 ml/g is desired, and value above 150 ml/g is associated
with filamentous growth (Parker et al., 2001), and always classified as bulking sludge
(Palm & Jenkins, 1980).
Appendix G demonstrates the common problems and disturbances during
solid-liquid separation in activated sludge systems. Especially unfavourable
disturbances are turbid effluent, foaming in the aeration tank and secondary settling
tank, and sludge bulking (Janczukowicz et al., 2000).
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3 Experimental description
3.1

Description of the pilot plant

The pilot plant is located at the R&D facility Hammarby Sjöstadsverket, which is
owned and operated by KTH - Royal Institute of Technology and IVL Swedish
Environmental Research Institute. The pilot plant has been built up in order to fulfill
the objectives of the ITEST project. As one part of the project study, this thesis work
aims to investigate the increased temperature effects on biological nitrogen removal
through checking nitrogen removal performances of two testing lines, as well as
studying the sludge settling properties. Activated sludge systems are applied in the
project, with pre-anoxic denitrification processes (Figure 5).

Figure 5 ITEST- testing lines in the pilot plant.

A process flow chart is shown in Figure 6. The incoming wastewater is from the
Henriksdal wastewater treatment plant. After chemical precipitation and primary
sedimentation, wastewater flows into a tank for keeping the water flow to be
constant and equal when entering the two testing lines. Pre-treatment gets rid of the
large particles that could clog the heat exchanger in the temperature line, and forms
the primary sludge, which is sent to further sludge treatment.
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Figure 6 ITEST - process flow chart

.

For the temperature line, incoming wastewater has two times of heat exchange
before entering the bioreactors. Firstly incoming wastewater get heated by the
outcoming treated warm water (at around 18oC). Then, the wastewater exchanges
heat once more with hot water provided by an electric boiler, which serves as a heat
source to wastewater. According to the project objectives, the heat source can be the
back flow to a combined heat and power plant or warm flue gas from sludge
digesters (Hammarby Sjöstadsverket, 2011). After the second heat exchanger,
temperature of the wastewater is controlled to be around 20oC. The reference line
has no heat exchanges.
There are a series of five tanks in each testing line, with the first two tanks as
denitrification tanks and the subsequent three as nitrification tanks (Figure 7).
Agitators are used in all ten tanks to get a better mixing. Aeration is used in the
nitrification tanks. Dissolved oxygen concentrations are measured and controlled in
Tank 3 and Tank 5 of the two lines, respectively as 2.5 mg/l and 2.0 mg/l. pH values
are controlled to be around 6.8 (sometimes it will be as low as 6.4 due to fluctuation
in the incoming wastewater or overdosing of precipitation chemical). A nitrate
recirculation ratio of 3 is applied and the nitrate-containing wastewater is sent back
into the first denitrification tank. A secondary clarifier or post sedimentation tank
receives treated wastewater and form the sludge, including the return sludge and the
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excess sludge (Figure 8). The return sludge, like the nitrogen-containing wastewater
stream, is re-circulated to the first tank with a sludge pumping rate of 100 percent
(all sludge is re-circulated); the excess sludge is sent to further sludge treatment.
Again for the temperature line, treated warm water flows back into the first
exchanger. The treated water is finally let out into the drainage.

Figure 7 Two testing lines.

Figure 8 Post sedimentation tanks.
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3.2

Sampling, experiments and measuring equipment

Sampling and experiments were performed from week 2 until week 22. According to
the formulated plan for experimental work, samples were taken every week except
on public holidays. Unfortunately some were missing due to unexpected reasons,
such as sudden technical problems that could cease the incoming wastewater from
the Henriksdal wastewater treatment plant. The reason probably lies in the
temporary dramatic fluctuation change of the incoming wastewater, or mechanical
problems of the process equipment, or sampling errors.
Sampling
Samples were taken once a week throughout the experimental period, and sent to
ALcontrol Laboratories in Linköping for further analyses. Experimental data of total
nitrogen, nitrate, and ammonium concentrations are obtained. The sampling work
started every Tuesday morning at 9 am. There are three sampling spots: one at the
influent and the other two at the effluent (on top of the post sedimentation tanks) in
each testing line (Figure 9).
The sampler at the influent (Figure 9a) is started, and then it automatically takes 10
ml of influent sample every six minutes. The samplers at the testing lines (Figure 9b)
are started to extract samples from the two post sedimentation tanks. A light in the
bottom middle of the sampler will then be switched on, showing that the sampling
has started. The three samplers worked for 24 hours, and are stopped on the next
day according to the manual. The influent sample should be mixed with a stick in
order to have it well distributed. A cup is used to transfer the sample from the
bucket to a sample bottle. For the effluent samples, it is very important that if there
is sediment in the containers, special attention should be paid that only the surface
liquid phase is poured into the sample bottles. All sample bottles are filled and
placed in the bag from ALcontrol Laboratories (Figure 10) together with the prepared
coolers (preferably 5 coolers if available). After finishing the sampling work, samplers
and all used tools such as buckets, cans, cups, etc. should be cleaned carefully.
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a

b

Figure 9 Samplers at the influent (a) and at the testing lines (b).

Figure 10 Bag and sampling bottles from ALcontrol Laboratories.
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Sludge settling experiments
Sludge settling experiments were performed weekly from week 2 to week 17, to
measure the mixed-liquor settling characteristics and get sludge volume (SV),
suspended solids (SS), and sludge volume index (SVI). Wastewater samples were
taken from the last aerated zone of the two testing lines, about two inches below the
surface.
For the analysis of SV, two one-litre graduated measuring cylinders are filled with
sample water. After 30 minutes, the limit between the sediment sludge at the
bottom and the liquid water phase above can be obvious seen, and the sludge
volume is read at what level the limit is (Figure 11).
For the analysis of SS, the apparatus (Figure 12) should be mounted together,
holding a pre-weighed micro filter of 55 μm in between. The water tube is attached
to the apparatus and water suction is started. After a certain volume (30 ml is
applied in the analysis) of the water sample is filtered, the filter paper that holds SS
is placed in an aluminum dish and dried at around 100 oC overnight in an electrical
oven. Then the filter is put in room temperature for 10 minutes cooling and weighed
afterwards. All weights are obtained by using an electronic scale (Figure 13).

Figure 11 Sludge volume measuring.
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Figure 12 Apparatus used for determination of suspended solids.

Figure 13 Electronic scale used in the experiments.
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Figure 14 Heating oven used for drying the filters.

Figure 15 Filters – before and after drying.

Cuvette tests
From March 7 to May 8 (week 10 to week 19), additional cuvette tests were
performed once or twice a week to assess the nitrification and denitrification
performances, by measuring nitrate and ammonium concentrations in the
bioreactors of the two lines (Figure 16). In total there are nine extensive cuvette tests
for which all ten tanks have been checked, from March 7 to April 10 (week 10 to
week 15). After week 15, the tasks were reduced, and only four out of ten tanks were
checked: the second and the fifth tanks of each line, i.e. the last tanks for
denitrification and nitrification respectively. System modification was made on April
4 (week 14), and the cuvette tests were changed a little, which will be mentioned in
4.1.2 Cuvette tests results.
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In cuvette tests a Hach-Lange spectrophotometer is used (Figure 17), which works in
the visible range (340-900 nm). According to different requirements, certain amount
of samples and other reagents are transferred by pipettes into the cuvette tubes, and
the required time should be spent, usually fifteen minutes. Afterwards, cuvettes are
inserted into the spectrophotometer, and the concentrations are read on the screen
automatically. The commonly used types of cuvettes for the experiments are nitrate
0.23-13.50 mg/l and ammonium 2-47 mg/l. For the situation when the ammonium
concentration is very low, a lower level 0.015-2.0 mg/l should be used; otherwise the
spectrophotometer would give a warning message.

Figure 16 Cuvette tests.

Figure 17 Hach-Lange spectrophotometer.’
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4 Results
4.1

Nitrogen contents

The study objectives have been the concentrations of total nitrogen, nitrate and
ammonium. Two study parts have been combined to analyze the nitrogen contents:
weekly sampling analyses and cuvette tests. The study period has been 21 weeks
(January 10 to May 29). Data from week 2 and week 8 were missing in the reference
line due to malfunction. One important system modification was made on April 4
(week 14). The aeration in the third tank of the temperature line was stopped in
order to increase the denitrification. Thus there are three denitrification tanks and
two nitrification tanks in the temperature line after the modification.
4.1.1 Weekly sampling analyses
Total nitrogen, nitrate, and ammonium concentrations have been shown in graphs
from the data measured by ALcontrol Laboratories. These sampling results have
shown the nitrogen removal performances of the two testing lines, which helps to
indicate whether there is a temperature effect on the biological nitrogen removal
process. Experimental data from week 2 to week 22 on total nitrogen concentrations
are shown in Appendix A. Three irrelevant figures occur, which are the total nitrogen
concentrations of the temperature line from week 13 to 15, with concentrations
much higher than the others. The problem has probably been that the sampling tube
sometimes dropped into the sediment phase causing sediments to be extracted by
the samplers. Some sludge particles were poured into the sampling bottles resulting
in a high organic nitrogen concentration which in turn has affected the total nitrogen
concentration. These irrelevant data have been excluded.
In Figure 18 the result of total nitrogen as the function of time (week), is presented.
The total nitrogen in the incoming wastewater ranged from 28 mg/l to 58 mg/l. The
two testing lines have more or less similar reduction tendency, with some minor
fluctuations. During several weeks in the beginning of the experimental period, the
system was not stable, making the data unreliable. Therefore, results from week 2 to
week 6 will not be fully discussed. In between week 7 and 8, total nitrogen levels
started to decrease and the system began to render a good nitrogen removal
performance. Especially after week 9, although the incoming level was increasing,
total nitrogen remained at low levels in both lines. Data for temperature line in week
13 to 15 were unreliable as has already been mentioned, but still it can be deduced
that the nitrogen level would be low. In week 16 and 17, the temperature line had
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very good nitrogen removal, with the total nitrogen concentration below 10 mg/l.
After week 19, it seemed that the system had problems again, having a rather high
nitrogen level for the temperature line; while the reference line had a lower nitrogen
concentration, from week 20 to 22.
Incoming
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Figure 18 Total nitrogen concentrations from the weekly sampling.

When ammonium and nitrate analysis are concerned, it is not relevant to discuss the
removal percentage. This is because there is a conversion of different nitrogen
compounds during the nitrification process, making the issue more complicated as
nitrate ions are created all the time. Therefore, ammonium and nitrate
concentrations have not been measured in the incoming wastewater samples sent to
the laboratory ALcontrol Laboratories. The ammonium and nitrate levels in treated
water can be useful to analyze the performance of nitrification and denitrification
and have therefore been measured. In Figure 19 and Figure 20, graphs are showing
the ammonium concentrations resp. the nitrate concentrations from the two process
lines.
The ammonium levels were rather high in both lines from week 2 to week 7. From
week 8 did the concentrations undergo a dramatic drop to close to 0. The high
ammonium level during the first weeks explains the rather low nitrogen removal that
period mentioned above. Obviously some operational problems occurred during the
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beginning of the project. Considering that the system uses pre-anoxic denitrification
process, and that the level of dissolved oxygen was in normal condition, the most
possible reason is the escape of sludge or dying of nitrifiers, due to improper
conditions such as low pH value. After week 8, the nitrification process became
effective in both testing lines that very low ammonium concentrations were achieved.
Small fluctuations occurred in week 13 and 15, when the ammonium levels were a
little bit high, around 5 mg/l. However, after week 16, the ammonium levels had
shown an increasing tendency with rather high concentrations in both lines. Again
there were probably systematic problems, but the reason behind this was not clear.
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Figure 19 Ammonium-nitrogen concentrations from the weekly sampling.

Figure 20 shows the nitrate nitrogen concentrations. The nitrate in the incoming
wastewater can be neglected, which means that almost all nitrate ions from the
effluent are created during the nitrification process. Still from the beginning, the
nitrate concentrations were at low levels since nitrification was hampered; but it can
be seen that the temperature line has a little bit higher nitrate level than the
reference line. From week 8 the levels became much higher because the nitrification
system started to work, and ammonium was converted to nitrate in the last three
aeration tanks. Later on, the nitrate levels decreased to a low level, and increased
afterwards. The situation is complicated due to the complicated biological and
operational conditions, where a lot of factors have affected the system. From week
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13 to 22, the reference line had higher level of nitrate concentration, and bigger
fluctuations, while the temperature line showed a relatively stable situation.
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Figure 20 Nitrate-nitrogen concentrations from the weekly sampling.

4.1.2 Cuvette tests results
As supplementary analysis, cuvette tests were performed mainly to check the
performances of the nitrification and denitrification processes. Samples were taken
from all the ten tanks, and nitrate and ammonium concentrations were measured.
Special attention has been focused on typical tanks in the system: the second (R2 and
T2) and the fifth tank (R5 and T5), which are the last denitrification zone and the last
nitrification zone respectively. As has been mentioned earlier, system modification
was done on April 4. Therefore, the third tank in the temperature line became the
last denitrification zone that should be checked, and the studied tanks were R2, R5,
T3, and T5 after April 4. Figure 21 and 22 are showing the ammonium and the nitrate
concentrations of those typical tanks in both testing lines.
Ammonium concentrations were rather stable in tank R2 at a relatively high level.
Comparing tank number 1 (R1 & T1) with tank number 2 (T2 & T2) (see Table 3), both
testing lines had very similar ammonium levels, because no conversion of
ammonium happened in the first two tanks. If the nitrification process works well, no
additional ammonium will flow back from the last tank and therefore, the
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ammonium concentration is only associated with the incoming wastewater. After
April 10, no additional ammonium tests in tank number 2 have been conducted.
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Figure 21 Ammonium-nitrogen concentrations in tank R2, T2, R5, and T5.

Table 3 Comparison of ammonium-nitrogen in tank R1, R2, T1, and T2

Week
10
11
12
13
14
15

Date
7/3
9/3
12/3
14/3
22/3
26/3
2/4
4/4
10/4

R1
(mg/l)
6.02
13
8.68
8.08
7.29
9.38
13.6
9.26
13.7

R2
(mg/l)
6.12
10.2
9.01
8.58
7.49
8.96
13.5
9.2
14.8

T1
(mg/l)
6.56
10.3
8.76
8.32
7.06
8.29
7.42
6.8
16.1

T2
(mg/l)
6.8
10.8
9.22
8.68
8.68
8.36
7.86
6.81
17.2

As can be seen in Figure 22 there were several big fluctuations in the concentration
of nitrate during the whole experimental period, e.g. on March 26, April 2, and April
16. In this case, the denitrification performance of these times should be doubted, as
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the nitrate concentration is supposed to be low in the last denitrification zone. The
reasons for this probably lie in the system operational problems, or dramatic change
in the influent, as is discussed earlier. The overall denitrification performances are
good in both lines. The ammonium concentrations remained at the similar level, but
the temperature line had a slightly advantage over the reference line.
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Figure 22 Nitrate-nitrogen concentrations in tank R2, T2&T3, R5, and T5.

4.2

Sludge properties

Figure 24 and Figure 25 have shown the experimental results of the sludge volume
(SV) and the suspended solids (SS), from week 3 to week 17. Sludge volume and
suspended solids have shown similar patterns, with fluctuations throughout the
study period. This is probably due to the complicated biological and operational
conditions. By contrast, the reference line has shown rather high SV values and more
dramatic fluctuations, from 160 ml/l to 640 ml/l. This is especially obvious during
week 9 and week 14, when the result is showing that the reference line has much
larger SV values over the temperature line.
SS is used to assess the quantities of microorganisms in the activated sludge and the
performance of treatment process. From Figure 25, SS in the temperature line has a
gradually rising tendency with small fluctuations, while in the reference line there
are unstable changes. The temperature line has relatively lower SS values, ranging
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from around 1200 to 3000 mg/l. This probably indicates the positive temperature
effects on biomass production. SS values are a little bit low considering that normal
values are between 3000 – 5000 mg/l, if the wastewater temperature is lower than
20oC. But this can be possibly determined by operational conditions and other
factors such as pH and DO.
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Figure 24 Sludge volume from weekly sampling.
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Figure 25 Suspended solids from weekly sampling.

33

14

15

16 17
Time: week

5 Discussions
5.1

Results discussions

At the beginning several weeks of the experimental period, many problems occurred
such as the clogging of the intake pumps, clogging of the agitators, low pH value due
to overdose of ferric precipitation chemicals, inaccuracy of oxygen meters and flow
meters, etc. These problems hampered the stability of the system, and there were
relatively large fluctuations of the treatment process performance at the beginning,
causing bad nitrogen removal. The total nitrogen concentrations during that period
showed a high level (above 20 mg/l) in both lines.
In Figure 26 the total nitrogen removal percentage is presented. From this graph, the
nitrogen removal in both lines seemed to be working well if operational conditions
are good for the system, and the temperature line showed a generally better
performance. Also the temperature differences of the wastewater between the two
lines are presented.
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Figure 26 Total nitrogen removal percentage.

Figure 26 clearly shows the tendency of the removal percentage. On account of the
system instability until week 7, the percentage was low but still upraising. From week
8, there was a relatively high percentage up to 70% for the temperature line, and it
remained at a higher level (between 70% and 80%) for the next few weeks. In week
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16 the percentage reached the highest level during the whole project study, which
was 86%. Similar as the temperature line, the total nitrogen removal percentage in
the reference line was gradually upraised and kept around 70%. In week 13, the
removal percentage reached its highest number 81%. The tendency and the peak
could be explained by the climate reason. The dotted curve presents the
temperature differences of the two lines. At the beginning of the project, the
incoming wastewater temperature was as low as 11.8oC. When the climate became
warmer, the wastewater temperature increased, and the biological activities were
enhanced to give a better treatment. From week 9 till week 16, as can be obviously
seen in Figure 26, the percentage of the reference line complied with the
temperature change: going up, reaching a peak, and going down. On March 27 (week
13), the wastewater temperature was 16.8oC, and a high removal percentage was
achieved.
From week 10 to week 12, the two lines illustrate the similar tendency. A nitrogen
removal percentage of 70% - 85% was achieved for temperature line, and 60% - 80%
for the reference line. If the new environmental regulations in Sweden are to be
applied in a few years, the daily average must not exceed 15 mg/l, and the minimum
removal percentage should be 80%. From week 8 to 16, total nitrogen concentrations
were lower than 15 mg/l in both lines. But concerning the removal percentage, the
temperature line has an advantage over the reference line. After week 17, several
discrete dots were obtained, showing confusing patterns of the two lines. In week 17,
the percentage of the reference line dropped to 43%, which could be possibly
explained by experimental error, because other weeks remained at a normal level,
higher than 60%. But for the temperature line, it is strange that the percentage had a
decreasing tendency after week 16, and dropped to around 30% in week 20 while 60%
was for the reference line. This situation can also be shown in Figure 18, where the
temperature line had high total nitrogen levels of this period. The predominant
component is ammonium nitrogen. As can be presented in Figure 19, the ammonium
nitrogen concentrations were higher than 15 mg/l after week 18, and reached as
high as 24 mg/l in week 19. Still the situation is difficult to explain.
Due to the warm weather, the temperature difference between the two lines is not
prominent. No temperatures for the reference line have been observed lower than
10oC. The biggest temperature difference occurred in week 5, but at that time the
system was not stable, thus no obvious nitrogen removal difference could be
observed. However, comparing the highest percentage for temperature line (86%)
with those for reference line under low temperatures, it is promising that an
increased temperature will have a positive effect on biological nitrogen removal
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especially in cold seasons.
Unfortunately, the treatment performance could be compromised due to the three
total nitrogen data missing of the temperature line from week 13 to 15, while in the
reference line the removal percentage remained at high levels. In this case, the
experimental data of ammonium-nitrogen and nitrate-nitrogen during this period
could be used to evaluate the total nitrogen removal performance. If the organic
nitrogen remained at similar levels in both lines, the treatment performances would
be determined by the sum of NH4-N and NO3-N. As can be seen in Table 4, the
temperature line had a slightly higher value than the reference line in week 13, and
lower values in week 14 and 1 5. It can be deduced that the nitrogen removal
performances of the temperature line were at the same high levels or even higher
than the reference line, but the percentage could not be estimated.
Table 4 Concentrations of ammonium-nitrogen and nitrate-nitrogen from the effluent
(Partially from week 13, 14, and 15)

Week
13
14
15

Ref. line (mg/l)
NH4-N
NO3-N

Sum

1.5
0.033
4.6

3.5
1.933
9

2
1.9
4.4

Temp. line (mg/l)
NH4-N
NO3-N
Sum
4.6
0.54
3.8

1
0.18
0.97

5.6
0.72
4.77

Additional cuvette tests were conducted to evaluate the performances of nitrification
and denitrification. More emphases have been focused on tank number 2 and 5, as
they are the last denitrification tanks and the last nitrification tanks.
Tank number 2 can be examined to evaluate the denitrification performance (Figure
27), and the nitrate concentration is important. In between week 13 and 14, there
were slight nitrate increase in tank number 2, while other weeks have shown stable
and low nitrate concentrations. As is already mentioned, from April 4 the
temperature line had three denitrification tanks while the reference line remained
the same. Therefore, although Figure 27 shows lower nitrate-nitrogen concentrations
of the temperature line after week 15, it could not be concluded that a better
denitrification performance was achieved, because the temperature line had one
more denitrification tank.
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Ref.2 NH4-N
Temp.2&3 NH4-N
Ref.2 NO3-N
Temp.2&3 NO3-N

mg/l
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12

13

4/4 10/4 12/4 16/4 19/4 25/4 4/5

14

15
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17

18

8/5

19

Date & Week
Figure 27 Nitrate-N and ammonium-N in tank R2&3, and T2

When tank number 5 is concerned, the situation is a little complex (see Figure 28). In
the beginning the ammonium levels were close to 0, and the nitrate levels were
stable and a little bit high. From March 26, both testing lines started to show an
increasing tendency in ammonium and decreasing tendency in nitrate. Probably the
nitrification was hampered by some unknown reasons. Another possibility can be
that the incoming nitrogen load was too large during these weeks, and the
ammonium ions just passed through the system without being converted to nitrate
ions. Unfortunately no such supporting data have been found to verify this possibility.
After the system change on April 4, two nitrification tanks were involved in the
temperature line while three nitrification tanks in the reference line. On the
successive three testing days between week 15 and 16, the ammonium
concentrations of the two lines were almost the same, while the temperature line
had a lower nitrate level than the reference line. Considering that the nitrate
concentrations of the reference line out of the tank number 2 were higher on these
testing dates (see Figure 27), this situation could be well explained.
Dramatic ammonium increase can be found on May 4 and May 8, the ammonium
nitrogen levels were as high as around 20 mg/l. Indeed the influent ammonium
concentrations were rather high at that time, but more likely there was a
malfunction of the system in both lines. This can also be seen in Figure 28 where the
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nitrate concentrations in tank number 5 are presented. The reason behind the
problem is unclear. During the whole experimental period, the concentrations of
nitrate in tank number 5 varied a lot, which is strongly associated with the
ammonium load as well as the nitrification performance, and probably have shown
the instability of the system.
Ref.5 NO3-N
Temp.5 NO3-N
Ref.5 NH4-N
Temp.5 NH4-N

mg/l

25
20
15
10
5
0

7/3 9/3 12/3 14/3 22/3 26/3 2/4 4/4 10/4 12/4 16/4 19/4 25/4 4/5 8/5

10

11

12

13

14

15

16

17

18

19

Date & Week

Figure 28 Nitrate-N and ammonium-N in tank R5, and T5

SVI values are calculated based on SV and SS every week, and Figure 29 shows the
SVI values of the two testing lines from week 3 to 17, as well as the temperature
change. At the beginning of the project, the SVI fluctuated in both lines. For the
reference line, the SVI values were only good for a few weeks (from week 6 to 9),
then raised to above 150 ml/g indicating a bulking sludge property. In addition to the
high values, the reference line also had fluctuating SVI values, as the temperatures
were depending on the incoming wastewater, and the sludge settling properties
were changing accordingly. After the system became stable in week 7 and 8, it is
obvious that the temperature line had an approximately plain SVI curve at around
120 ml/g to 140 ml/g. Therefore, the sludge in the temperature line has good settling
properties, and the constant wastewater temperatures lead to more stable SVI
values.
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Figure 29 Sludge volume index from the weekly sampling.

As is already mentioned, the reference line has a much larger SV value between week
9 and week 14. It seems that high SV values are found under low temperatures, but
no theoretical background supports this phenomenon. Moreover, it could be
observed that the sludge sedimentation is slower in the reference line and the colour
of sludge is not as dark as in the temperature line.
From Figure 29, it can also be noticed that the SVI values of the reference line
changed with the temperature especially between week 9 and 16, which indicates a
sludge adaption to the temperature change. If the wastewater temperature changes
from day to day, the microorganisms need to re-adapt the new condition all the time.
This will cause unstable microorganism activities and further influence the nitrogen
removal performance. When the temperatures were stable, the SV and SS for the
temperature line did not vary too much, with a relatively stable sludge with good
settling properties. It indicates a stable biomass or microorganism population, which
is crucial for a stable nitrogen removal performance. It is also connected to less
floating and foaming sludge that can be carried out with the effluent and cause
trouble in the subsequent treatment stages, e.g. filters. Loss of sludge is not desired
because the sludge should be kept in the system through recirculation in order to
keep a stable bacteria population in the bioreactors.
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5.2

Comparisons of results with other studies

In 2.2.4 The temperature factor affecting the biological nitrogen removal, many
previous studies have been reviewed. Several studies indicate that nitrification is
strongly affected by temperature. However, according to Figure 19, any effect of
temperature on the nitrification process is not obviously shown, as the ammonium
levels for both lines are close to zero all time after week 8. The probable reasons are
that three nitrification tanks are involved in the system, and the DO level is high
enough for complete nitrification process. Even with a lower temperature, the
reference line still has good nitrification. The situation is similar to Curve A in Figure 4,
which has a plateau of maximum nitrification after15oC. One possible reason is that
the wastewater temperature in the reference line is not too low to be hampering the
nitrification process; and probably, the nitrification rate is indeed increased when the
temperature is higher, but due to the relatively low load of incoming nitrogen, there
is not an obvious difference between the two lines which both demonstrate a
sufficient conversion of ammonium to nitrate.
As for denitrification, more than one literature stated that temperature does not
reveal obvious effect. It is not really expected to get an increased denitrification rate
due to the increased temperature. Jeyanayaga mentioned that a temperature
decrease from 20oC to 10oC will reduce the denitrification rate by around 15%, which
shows that the denitrification is not strongly associated with the temperature.
According to the results, the effluent nitrate concentrations remain at the similar
levels in both lines, while during some time the temperature line had a slight
advantage over the reference line. The temperature effect on denitrification is not
clear, and no simple conclusion could be drawn, as the denitrification process is
dependent on other important parameters such BOD, DO, and other operational
conditions.

5.3

Results accuracy

All results are obtained from experiments, so the results accuracy is strongly
associated with experiments accuracy. For cuvette tests, samples should not be used
directly after they are taken from the bioreactors. A lot of suspended particles are
present in the wastewater samples, and will affect the analysis results since a
spectrophotometer method (Hach-Lange spectrophotometer) has been used.
Samples are initially filtrated before analyzing in the spectrophotometer in order to
get relatively pure liquid phase. But still some tiny particles are remained in the
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samples, which will affect the results.
Pipettes are used to transfer samples and other reagents, and every pipette is
calibrated at the start of the analysis. But due to spills outside or stuck inside, there
was inevitably some loss of samples and quantities of reagents. A waiting time
should also be spent before the cuvette tubes are ready for analysis. It is very
important to keep the right time as the spectrophotometer shows the most accurate
results then. As time goes on, the results presented on the instrument screen are
increasing, but not accurate any more. Electronic timers have been used to keep the
sharp time. But when it comes to large numbers of cuvette tubes to be tested, the
number of timers was not enough, which means the timing is not so accurate.
In order to get more accurate results it is a good idea to have duplicated tests method of simple average can then be used. In this study it was not possible to have
duplicated tests since it was a desire to reduce the number of cuvettes being used
(economic reason).
For sludge settling experiments, samples are taken from the plant to the lab using
large bottles. Before filling into the graduated cylinder to measure the SV, samples
are shaken in the whole bottle to be well distributed. It may have a small amount of
suspended solids remained in the bottle, but this only contribute to a minor error
that could be neglected. After 30 minutes the SV can be read directly, but sometimes
the sludge did not show a flat surface underwater. In this case the SV should be
estimated roughly, which will lead to inaccuracy. 30 minutes is not so fixed. Actually,
one or two minutes will not have very large influence on SV reading, so the time can
be flexible. But it is still recommended to be 30 minutes sharp, according to the
general rule.
During suspended solids measuring experiments, errors occur inevitably from several
aspects. The scale more or less has some minor errors when weighing the filters. A
test tube is used to get the requisite volume of wastewater. Errors would occur as
this process is finished manually without the help of other measuring device such as
pipette. Furthermore, great error occurs during the filtration process. There will be a
small fraction of particles attached to the inner wall of the test tube and the filtration
apparatus. Distilled water is used to rinse all the equipment, but it is not an ideal
measure to ensure that all suspended solids in the sample are on the filter.
Unfortunately no duplicated SS measuring was conducted.
The degree of the faults depends on whether the samples are qualified and
measuring process is kept according to the standard. First of all, a good sample is the
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basis for continuing the following experimental work. For instance, weekly samples
are not good in week 13, 14 and 15, and consequently the results have to be
excluded from the analysis. The three odd numbers are strange enough to be
excluded, and there are possibilities that some other samples are not good to give
the right results, which cannot be distinguished easily. Sometimes the sampling tube
dropped into the sediment phase, thus solids were extracted by the sampler into the
bucket. Particles were inevitably included in the samples, which has organic nitrogen
content and in turn affects the results of total nitrogen concentrations.
During cuvettes tests, some samples were used twice to check the reliability of each
value. Almost every time the same sample would have two different values showing
an obvious difference (see Table 5). For those re-test samples, the values obtained
through first measurement were used for the analysis. The second attempts were
simply used to show the errors and uncertainties of the cuvette tests, which are quite
high for sometimes.
Table 5 Errors in cuvette tests

1st Measurement (mg/l)
4.6
2.89
2.17
1.51
0.218
3.95
4.55

2nd Measurement (mg/l)
5.98
3.11
1.7
1.35
0.19
4.29
5.8

Error (%)
30.0
7.6
-21.7
-10.6
-12.8
8.6
27.5

Even if the samples are good, there are measuring faults during the further analyses
by experimental work. According to ALcontrol Laboratories’ analyses report, the
results for total nitrogen, nitrate-nitrogen, and ammonium-nitrogen have
uncertainties of +/- 15-20%, +/- 10-25%, and +/- 15-30% respectively. There are big
and small fluctuations in the weekly sampling results and the uncertainty of the data
is quite high. However, the difference between the temperature line and reference
line is only slight, e.g. in the total nitrogen removal performance. Taking into account
the high uncertainties and small differences of the two lines, the present situation
may have the possibility to be totally overturned or changed. But this high
uncertainty could be alleviated, as the experimental work has been taken within a
long time range, and the comparison of several weeks’ data could add to the
reliability of the results. The faults are too complicated to analyze, and may influence
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the results. Unfortunately, the extent of the fault cannot be estimated or assessed.

5.4

Others

The main objective of the ITEST project is to get an increased nitrification rate due to
the increased temperature, thus will lead to a reduced need of aeration in the
nitrification tanks. Although the analysis the nitrification performance does not show
obvious enhancement by the higher temperature, what really count is to have
improved cleaning capacity and reduced energy consumption. If the amount of
energy saved by the reduced aeration is larger than what is needed for heating the
wastewater, energy and money are saved during the treatment process. No risk
should be taken to have a reduced nitrogen removal due to the reduction of aeration,
so at least it is desired to make the nitrogen removal maintain on the same level as in
the normal activated sludge system without heat exchange. From the analysis, the
temperature line has slightly better treatment performance than the reference line.
Moreover, after the project is put into practice, the heat source can be the waste
heat from the district heating plants, so it becomes more promising to heat the
incoming wastewater.
The operational conditions of the two lines were not the same after the system
change on April 4. Nitrification was good enough in the temperature lines, and the
last aerated tank was shifted to anaerobic tank to increase denitrification, while the
reference line remained the same, which may cause disturbance and different
conditions of the two lines. Data reliability afterwards could be compromised, and it
is less convincing to compare the two lines since they were on different biological
conditions.
Although the influent flow rates of the two lines are kept constant, the total nitrogen
loads are changing all the time, which also affects the performances of the system.
One possibility for the specific situation is that the two testing lines have been
working at their optimal performances under a certain range of nitrogen load, and
the nitrogen load during the whole experimental period is within this range. Thus
there is no great or obvious distinction between the two lines even though the
temperatures are different.

43

6 Conclusions and future study suggestions
The results of this master thesis study demonstrates that it is promising of increasing
the incoming wastewater temperature for biological nitrogen removal process. The
warm weather during the experimental period and the consequent warm
wastewater temperature made it unclear for comparing the treatment performances
of the two lines, but indeed there is a difference in both the total nitrogen removal
and the nitrogen removal percentage. With a higher wastewater temperature, the
temperature line has an advantage over the reference line in the total nitrogen
removal.
In this study, nitrification has not been shown to be obvious affected by increased
temperature. One possible reason can be that the wastewater temperature in the
reference line is not cold enough to render an obvious difference. Probably the
nitrification rate was indeed increased by higher temperature, but due to the
relatively low load of incoming nitrogen, there is not an obvious difference between
the two lines which both demonstrate a sufficient conversion of ammonium to
nitrate. Higher temperature effect on the denitrification process is not clear as well,
and no simple conclusion could be drawn, as the process is dependent on many
other important factors. Probably the two lines have been working at their optimal
performances under a certain range of nitrogen load, and the nitrogen load during
the whole experimental period is within this range. Thus no great distinction
between the two lines has been observed.
It takes time for the microorganisms to re-adapt to the new condition if the
wastewater temperatures are changing all the time, and temperature change in the
reference line had some impact on the SV, SS, and SVI. Relatively stable sludge
properties are achieved with a higher and stable temperature, which indicates a
stable biomass or microorganism population crucial for a stable activated sludge
system. Old sludge contributes greatly to the biological reactions, and the higher
sludge recycling results in higher nitrogen removal.
Incoming wastewater flow and some system operational problems may lead to big or
small fluctuations of the nitrate and ammonium concentrations in the effluent, as
well as SV and SS. Escaping of sludge, low pH due to overdosing of chemicals, low
dissolved oxygen levels etc. sometimes occurred and affected the stability of the
activated sludge system. The operational conditions of the two lines were not the
same due to the system change on April 4, which may cause disturbance and
different biological conditions. Thus the data reliability could be compromised.
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Concerning results accuracy, sampling problems took place several times, and many
irrelevant data had to be excluded. Unfortunately several crucial values were missing
which could compromise the results reliability. Duplicated experimental tests were
not conducted due to time and economic reason. There is a problem of high
uncertainty versus slight difference between the two lines, but it could be alleviated
by comparing several weeks’ results. Faults and errors were at a high level, which
could also influence the results; however, the faults are complicated to analyze, and
the degree of the fault cannot be estimated or assessed in an easy way.
For future studies, other important factors and operational parameters should be
investigated, such as pH and alkalinity, SRT, and DO concentration. Further and
deeper studies about the temperature effects on nitrification, denitrification, oxygen
transfer rate and sludge settling characteristics should be performed.
Microorganisms study (species, population, growth rate, etc.) could be combined
with SV, SS, and SVI to analyze the sludge properties.
In order to improve the performance of the pilot plant, more stringent sampling
methods should be used in order to have better samples. For instance, measures
should be taken to prevent the sediment to be extracted by the samplers at the
effluent, thus eliminating the influence of organic nitrogen (sludge particles). In
addition, samples should better be taken more extensively, e.g. twice a week, to
present more accurate and reliable data if it is economically feasible.
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Appendix A - Weekly sampling results: total nitrogen.

Week

Date

Incoming
tot-N
(mg/l)

2
3
4
5
6
7
8
9
10
11

10-Jan
17-Jan
24-Jan
31-Jan
7-Feb
14-Feb
21-Feb
28-Feb
6-Mar
13-Mar

38
41
41
40
53
54
38
30
37
41

37
35
29
34
20
15
13
14

22
29
33
27
28
30
12
13
10
11

12
13
14
15
16
17
18
19
20
21

20-Mar
27-Mar
3-Apr
10-Apr
17-Apr
24-Apr
2-May
8-May
15-May
22-May

50
48
40
47
34
28
47
58
49
59

13
8.8
12
15
11
16
16
48
19
15

11
69
210
39
4.9
10
44
30
34
28

22

29-May

45

15

26

I

Ref. line
tot-N
(mg/l)

Temp. line
tot-N
(mg/l)

Appendix B - Weekly sampling results: total nitrogen removal
percentage.

Week

Date

Ref. line
Removal percentage (%)

Temp. line
Removal percentage (%)

2
3
4
5
6
7
8
9
10
11

10-Jan
17-Jan
24-Jan
31-Jan
7-Feb
14-Feb
21-Feb
28-Feb
6-Mar
13-Mar

10
15
28
36
63
50
65
66

42
29
20
33
47
44
68
57
73
73

12
13
14
15
16
17
18
19
20
21
22

20-Mar
27-Mar
3-Apr
10-Apr
17-Apr
24-Apr
2-May
8-May
15-May
22-May
29-May

74
82
70
68
68
43
66
17
61
75
67

78
-44
-425
17
86
64
6
48
31
53
42

II

Appendix C - Weekly sampling results: ammonium-nitrogen and
nitrate-nitrogen.

Ref. line
Week & Date
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

10-Jan
17-Jan
24-Jan
31-Jan
7-Feb
14-Feb
21-Feb
28-Feb
6-Mar
13-Mar
20-Mar
27-Mar
3-Apr
10-Apr
17-Apr
24-Apr
2-May
8-May
15-May

Ammonium-N
(mg/l)
25
27
24
26
17
0.021
0.055
0.064
0.032
1.5
0.033
4.6
0.13
3.5
7.1
19
11

21
22

22-May
29-May

6.1
7.1

Temp. line

Nitrate-N
(mg/l)
1.9
0.068
0.73
0.27
0.2
11
11
10
12
2
1.9
4.4
6.1
4.5
6.1
1.9
3.5

Ammonium-N
(mg/l)
19
22
25
19
22
22
1.7
0.032
0.025
0.25
0.23
4.6
0.54
3.8
0.041
5.4
16
24
19

Nitrate-N
(mg/l)
1.4
5.3
2.4
2.8
2.9
4.2
7.3
9.3
8.9
7.3
8.9
1
0.18
0.97
2
0.62
0.24
0.47
3

5.2
7.2

17
21

3
3.1

III

Appendix D - Weekly sampling results: sludge volume (SV), suspended
solids (SS), and sludge volume index (SVI).

Ref. line (mg/l)
Week & Date
3
4
5
6
7
8
9
10
11
12

17-Jan
24-Jan
31-Jan
7-Feb
14-Feb
21-Feb
28-Feb
6-Mar
13-Mar
20-Mar

SV
(ml/l)
160
210
640
240
310
220
420
540
490
570

13
14
15
16
17

27-Mar
3-Apr
10-Apr
17-Apr
24-Apr

420
290
370
270
290

Temp. line (mg/l)

SS
(mg/l)
1300
1763
3387
2273
2707
1927
3357
3190
2887
2797

SVI
(ml/g)
123.1
120.2
189.0
105.6
114.5
114.2
125.1
169.3
169.7
203.8

SV
(ml/l)
290
310
450
195
250
220
270
300
250
360

SS
(mg/l)
1645
1227
1797
1277
1870
1723
2263
2540
1913
2983

SVI
(ml/g)
176.2
252.7
250.5
152.7
133.7
127.7
119.3
118.1
130.7
120.7

2150
1950
1750

195.3
138.5
165.7

280
240
430
270
150

2197
2050
1050

127.5
131.7
142.9
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Appendix E - Wastewater temperatures of the reference line and the
temperature line from week 3 to week 19

Week

Date

Ref. line
Temperature (oC)

Temp. line
Temperature (oC)

Temp. difference

3
4
5
6
7
8
9
10
11
12

17-Jan
24-Jan
31-Jan
7-Feb
14-Feb
21-Feb
28-Feb
6-Mar
13-Mar
20-Mar

11
11
10.8
12.1
13.2
13.8
12.6
14.6
14.7
15.5

18.8
19.6
20.2
19.8
20.1
20
20
19
18.8
19.6

7.8
8.6
9.2
8.1
6.6
6.3
7.4
5.4
4.3
3.3

13
14
15
16
17
18
19

27-Mar
3-Apr
10-Apr
17-Apr
24-Apr
15.7
16

16.3
15.7
14.7
12.6
14.9
20
20.1

20
19.9
20.5
19.9
20
18
19

3.3
4.3
5.2
7.9
5
4.3
4.1
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Appendix F - Cuvette tests results
(a) Reference line
R1 (mg/l)

R2 (mg/l)

R3 (mg/l)

R4 (mg/l)

R5 (mg/l)

Week & Date

10
11
12
13
14
15
16
17
18
19

7-Mar
9-Mar
12-Mar
14-Mar
22-Mar
26-Mar
2-Apr
4-Apr
10-Apr
12-Apr
16-Apr
19-Apr
25-Apr
4-May
8-May

NO3-N

NH4-N

NO3-N

NH4-N

NO3-N

NH4-N

6.51
2.98
1.16
1.69
3.75
7.84
3.18
0.898
2.71

6.02
13
8.68
8.08
7.29
9.38
13.6
9.26
13.7

4.9
0.732
0.21
0.211
0.716
4.6/5.98
0.949
0.293
0.114
3.34
8.19
1.82
1.77
0.351
0.128

6.12
10.2
9.01
8.58
7.49
8.96
13.5
9.2
14.8

8.16
4.72
4.06
4.99
5.29
8.34
3.83
1.41
1.69

3.02
5.89
3.99
3.48
2.85
6.12
11.4
7.32
12.9

VI

NO3-N

NH4-N

NO3-N

10.8
0.086
11.1
8.81
0.928
9.58
9.83
0.21
10.4
8.21
0.074
8.57
9.04
0.044
9.17
9.56
2.89/3.11
11.1
3.95/4.29
8.4
4.55/5.80
3.48
5.97
4.92
2.58
11.6
3.81
10.9
5.61
7.64
2.26
1.53

NH4-N
0.016
0.037
0.028
0.023
0.015
0.873
7.42
4.29
9.27
6.27
0.059
0.065
1.93
17.7
15.8

Appendix F - Cuvette tests results (cont.)
(b) Temperature line

T1 (mg/l)

T2 (mg/l)

T3 (mg/l)

T4 (mg/l)

T5 (mg/l)

Week & Date

10
11
12
13
14
15
16
17
18
19

7-Mar
9-Mar
12-Mar
14-Mar
22-Mar
26-Mar
2-Apr
4-Apr
10-Apr
12-Apr
16-Apr
19-Apr
25-Apr
4-May
8-May

NO3-N

NH4-N

NO3-N

NH4-N

NO3-N

NH4-N

NO3-N

NH4-N

NO3-N

NH4-N

4.73
3.25
3.13
0.971
3.28
7.08
4.79
2.62
0.323

6.56
10.3
8.76
8.32
7.06
8.29
7.42
6.8
16.1

2.88
0.618
0.944
0.122
0.161
2.17/1.70
4.82
0.531
0.043

6.8
10.8
9.22
8.68
8.68
8.36
7.86
6.81
17.2

6.63
5.44
6.57
5.62
4.6
7.81
7.16
2.53
0.082
0.293
0.687
0.238
0.124
0.074
0.17

2.47
4.15
2.87
2.47
2.58
4.53
5.74
4.5
18.1

9.09
9.58
8.09
6.43
7.77
11.6
8.99
4.84
2.12

0.126
0.208
0.044
0.078
0.158
1.51/1.35
3.33
2.11
14

9.04
9.47
10.9
8.67
8.18
13.2
10.4
6.42
1.68
3.59
4.07
2.49
0.978
0.412

0.016
0.086
0.018
0.035
0.04
0.218/0.190
1.6
0.328
9.83
7
0.043
0.027
9.76
22.6
21.6
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Appendix G - Problems of solid-liquid separation in activated sludge systems

Problem

Cause

Effect

Filamentous bulking

Filamentous bacteria extend from flocs into the bulk liquid, or allow
development of open diffuse flocs, and interfere with compaction and settling

High SVI and overflow of sludge blanket can occur. Solids
handling units can become hydraulically overloaded

Slime or
non-filamentous
bulking

Large production of exopolysaccharide by microorganisms. In severe cases the
slime imparts a jelly-like consistency to the activated sludge

Poor solids settleability and compaction. Sludge blanket
can be partially lost with the effluent. A viscous foaming
can also be present

Probably caused by nondegradable surfactants and by hydrophobic bacteria
like Mycolata or Nocardioforms, Microthrix parvicella and Eikelboom Types
0092, 0803 or 0041/0675

Foams float large amounts of biomass to surface of
treatment units. The biomass can be carried out with the
effluent

Microorganisms do not form flocs, but are dispersed, forming only small
clumps of single cells

Effluent is turbid and solids do not settle

Pinpoint flocs

Many small weak flocs which are easily broken up and settle very slowly

Low SVI and turbid effluent

Blanket rising

Denitrification occurs in the secondary clarifier. The nitrogen gas released
gives buoyancy to the activated sludge flocs which can float to the surface of
the settler

Clumps of activated sludge floating on the surface of the
secondary clarifier

Foaming or scumming

Dispersed growth

(Adapted from Jenkins et al., 2003)
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