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SUMMARY 

The Eutrophication problem is accentuated especially in the Baltic Sea, caused by 
different human activities, as the high nitrogen concentrations in the discharges. In 
fact, the Regions with a cold winter, as in the Baltic countries, find difficulty to meet 
the nitrogen requirement in the Urban Wastewater Treatment Directive 98/15/EC. 
The temperature of the influent wastewater can have temperatures below 10°C and 
this slows down the biological processes that takes place in the wastewater treatment. 
Two main processes take place in the biological nitrogen removal: nitrification and 
denitrification. These are both influenced by the temperature, in fact, with the 
decrease of the temperature, the efficiency of nitrogen removal in the system 
decreases and leads higher nitrogen loading in the effluent. 
The aim of the thesis is to evaluate the improve of nitrogen removal achieved by  
increasing the temperature of the influent wastewater to 20°C, as made in the ITEST 
(Increased Technology and Efficiency in Sewage Treatment) project. This pilot plant 
is situated in Hammarby Sjöstadsverk in Stockholm and has as its main aim to 
enhance nitrogen removal, thereby increasing the temperature in the incoming 
wastewater. ITEST is comprised of two treatment lines, one works with natural 
temperature in the influent and the other works at the temperature of 20 °C. A 
heating system is used to warm the incoming water. In a full scale process waste heat 
can be used to save energy. 
The two test lines were compared by analyzing different parameters from January to 
May 2013. Total nitrogen, nitrate-nitrogen and ammonium-nitrogen concentrations 
were measured in the incoming water and in the effluent from the two treatment lines. 
Analyses on the sludge settling properties were performed: sludge volume (SV), 
suspended solids (SS) and subsequently was calculated the Sludge Volume Index 
(SVI). Also other parameters, such as oxygen level, were observed in the plant in 
order to understand the relationship to the nitrogen removal. Then, the efficiency of 
the nitrogen removal was compared between the reference and the temperature line. 
In the first period of the studies different problems occurred, for example the low 
oxygen level and as the consequence loss of bacterial activity. For this reason addition 
of sludge was necessary in the post sedimentation tanks to restore the bacteria activity. 
Total nitrogen concentration was lower in the reference line than in the temperature 
line, and a greater nitrogen removal can be seen after the addition of sludge. The 
ammonium ions concentrations had a trend similar to the total nitrogen 
concentrations. A great removal efficiency of ammonium ions can be noticed in the 
temperature line with results close to zero in the period of well-functioning of the 
system. The nitrate ions concentration was higher than in the incoming water due to 
generation of nitrate in the nitrification process for both lines. The sludge properties 
were compared between the two treatment lines with the Sludge Volume Index, which 
were similar for reference and temperature line, and quite high around 200 ml/g. 
In conclusion, the period of well-functioning process the results show a maximum 
total nitrogen removal efficiency of 92 % for the temperature line compared with 65% 
for the reference line. Furthermore, the total nitrogen is under 10 mg/l, which is the 
limit of total nitrogen discharges specified in the Directive. However, also in the 
period where there were some problems, the results of the temperature line were 
lower than the values of the reference line. 
Thus, greater efficiency in the nitrogen removal can be achieved with the increase of 
the temperature in the wastewater. This proves the great dependence of the 
temperature on the biological nitrogen removal. 
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SUMMARY IN SWEDISH  

Övergödningsproblemet accentueras särskilt i Östersjön, som orsakats av olika 
mänskliga aktiviteter, som de höga kvävehalterna i utsläppen. I själva verket finner 
regioner med en kall vinter, som i östersjöländerna, det svårt att möta behovet av 
kväverening enligt direktivet för urban avloppsvattenrening 98/15/EG. Temperaturen 
hos inkommande avloppsvatten kan ha en temperatur under 10°C och detta sänker 
hastigheten på de biologiska processer som sker vid avloppsvattenrening. 
Två viktiga processer äger rum vid biologisk kväverening: nitrifikation och 
denitrifikation. Dessa är båda påverkade av temperaturen, i själva verket, med 
minskning med temperaturen, minskar effektiviteten för kväverening i systemet vilket 
leder högre kvävebelastningen i utflödet. 
Syftet med avhandlingen är att utvärdera de försök att förbättra kvävereningen som 
erhålls genom att öka temperaturen på det inkommande avloppsvattnet till 20°C, som 
sker projektet ITEST (Ökad Teknik och Effektivitet i avloppsreningsverk). Denna 
pilotanläggning vid Hammarby Sjöstadsverket i Stockholm och har som sitt främsta 
syfte att förbättra kvävereningen, genom att hålla temperaturen i det inkommande 
avloppsvattnet konstant på 20°C. ITEST består av två behandlingsrum linjer, en som 
arbetar med naturlig temperatur i inflödet och den andra arbetar vid en temperatur av 
20°C. För att värma det inkommande vattnet används ett värmesystem. I en 
fullskaleprocess kan spillvärme användas för  att spara energi. 
De två testlinjerna jämfördes genom att  olika parametrar analyserades från januari till 
maj 2013. Totalkväve, nitratkväve och ammoniumkvävekoncentrationer mättes i det 
inkommande vattnet och i utflödet från de två behandlingslinjer. Analyser på 
slammets sedimenteringsegenskaper utfördes: slamvolymen (SV), suspenderat material 
(SS) och därefter beräknades slamvolymindex (SVI). Även andra parametrar, såsom 
syrenivå, observerades i anläggningen för att förstå förhållandet till kvävereningen. 
Därefter jämfördes effektiviteten för kväverening mellan referenslinjen och 
temperaturlinjen. 
Under den första perioden av studierna inträffade olika problem, exempelvis låg 
syrehalt och som följd en förlust av bakteriell aktivitet. Av detta skäl var det 
nödvändigt att tillförav slam till postsedimenteringsbassängen för att återställa 
bakterieaktiviteten. 
Totalkvävekoncentration var lägre i referenslinjen än i temperaturkurvan, och en 
större kvävereduktion erhölls efter slamtillsatsen. Ammoniumjonkoncentrationerna 
hade en liknande trend som de totalkvävehalterna. En större reningsgrad av 
ammoniumjoner erhölls i temperaturlinjen med resultat nära noll under perioden när 
systemet fungerade väl. Generering av nitrat i nitrifikationsprocessen medförde att 
nitratjonkoncentrationen var högre än i det inflödet i bägge linjerna. 
Slamegenskaperna för de två behandlingslinjerna jämfördes med slamvolymindex, 
som var likartad för referens och temperaturlinjen, och ganska högt runt 200 ml/g. 
Sammanfattningsvis, för perioden av en välfungerande process visar resultaten en 
maximal total kvävereningseffektivitet på 92% för temperaturlinjen jämfört med 65% 
för referenslinjen. Dessutom är totalkvävehalten 10 mg/l, vilket är gränsen för totala 
kväveutsläppen som anges i direktivet. Men även under den period då det fanns vissa 
problem, var resultaten av temperaturlinjen lägre än värdena för referenslinjen. 
Alltså kan större effektivitet i kvävereningen uppnås med ökningen av temperaturen i 
avloppsvattnet. Detta bevisar det stora beroendet av temperaturen på biologisk 
kväverening. 
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ABBREVIATIONS  

BOD = Biochemical Oxygen Demand 

DO = Dissolved Oxygen 

DSVI = Diluted Sludge Volume Index 

ITEST = Increased Technology in Sewage Treatment 

MCRT = Mean Cell Residence Time 

MLVSS = Mixed Liquor Volatile Suspended Solids 

NVSS = Non Volatile Suspended Solids 

p.e. = person equivalent 

SRT = Solids Retention Time 

SQI = Sludge Quality Index 

SS = Suspended Solids 

SV = Sludge Volume 

SVI = Sludge Volume Index 

Tot N = Total Nitrogen  

TKN = Total K Nitrogen 

VSS = Volatile Suspended Solids 
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ABSTRACT  

Regions with a cold winter, as in the Baltic countries, have a problem to meet the 
nitrogen requirement in the Urban Wastewater Treatment Directive 98/15/EC. 
Especially in the winter season, the temperature of the influent wastewater could 
arrive also below 10°C and this delays the biological processes that takes place in the 
wastewater treatment. With the decrease of the temperature, the efficiency of nitrogen 
removal in the system decreases and leads to a high nitrogen loading in the effluent.  

The ITEST (Increased Technology and Efficiency in Sewage Treatment) project 
situated in Hammarby Sjöstadsverk in Stockholm has as its main aim to enhance 
nitrogen removal, thereby increasing the temperature in the incoming wastewater. The 
pilot plant ITEST is comprised of two treatment lines, one works with natural 
temperature influent and the other works at the temperature of 20 °C. In order to 
warm the incoming water a heating system, using waste heat, is used, leading to save 
energy. 

The two test lines were compared analyzing different parameters from January to May 
2013. Total nitrogen, nitrate-nitrogen and ammonium-nitrogen concentrations were 
measured in the incoming water and in the effluent from the two treatment lines. 
Hence, the efficiency of the nitrogen removal was compared between the reference 
and the temperature line. 

In the period where the system was well functioning, the results show a nitrogen 
efficiency with a maximum of 92 % of removal of total nitrogen for the temperature 
line compared to only 65 % for the reference line. In the period where the system did 
not have any troubles the total nitrogen is under 10 mg/l, which is the limit of total 
nitrogen discharges specified in the Directive. Instead, for the sludge volume and the 
suspended solids any particular difference can be noticed from the two lines of 
treatment. In conclusion, in the temperature line can be noticed a great efficiency in 
nitrogen removal compared to the reference line. 

Key words: Nitrogen removal; Temperature effect; Wastewater treatment 

1. INTRODUCTION 

Regions with a cold winter especially in the Baltic Sea countries, where 
the cold winter brings the temperature of the influent wastewater also 
below 10 °C, have the problem to meet the nitrogen limit specified in 
the Urban Wastewater Treatment Directive 98/15/EC. 

 In fact, the low temperature of the influent decreases the biological 
process rate and then the removal of nitrogen from wastewater. In order 
to enhance the nitrogen removal in the wastewater system, a possibility is 
to increase the temperature of the effluent.  

ITEST (Increased Technology and Efficiency in Sewage Treatment) is a 
project placed in Hammarby Sjöstadsverket. In this pilot plant, the 
effluent wastewater is warmed up in order to increase the efficiency of 
nitrogen removal. The pilot plant is constituted by two lines of 
treatments, temperature line (tested line) and reference line. In the 
temperature line the influent water is warmed up at 20 °C with waste 
heat before entering in the system, instead in the reference line the 
wastewater enters in the treatment line with the temperature that has 
seasonal variations. Then, the efficiency of the reference and the 
temperature line could be compared. 

The first part of the thesis is the literature part where different aspects 
are described, as the problems related to the high nitrogen in wastewater, 
the general description of nitrogen removal and its dependency on 
different factor. In the second part, the experimental part is investigated 
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and the two lines of treatment are compared in the results obtained from 
the different analyses performed. 

1.1. Objectives 
The aim of this study is to evaluate the enhancement of nitrogen 
removal efficiency increasing the temperature of the incoming 
wastewater using an activated sludge process. Especially, the study was 
focused on the evaluation of nitrogen removal in the pilot plant ITEST. 

2. BACKGROUND  

This section provide a general information about the nitrogen, and a 
theoretical background on the biological nitrogen removal in wastewater 
treatment. This is a brief review in order to understand the results and 
the discussion of the experimental part. 

2.1. Introduction nitrogen and nitrogen cycle 
Nitrogen represents one of the most important nutrients on the Earth; in 
fact it is used as nutrient from several living organisms that transform it 
in complex organic compounds like amino acids or proteins (Pidwirny, 
2006; Murphy, 2007). The store of nitrogen is principally in the 
atmosphere as a gas (N2), nitrogen represents approximately the 80% of 
dry air by volume (Gerardi, 2002), but can also be found in organic 
matter in soil and ocean (Pidwirny, 2006). 

Even if the nitrogen is abundant in the atmosphere, this nitrogen as a gas 
is a nutrient in a inaccessible form for the living organisms, in fact, the 
most of the plants can take up nitrogen only in solid forms: ammonium 

ion (   
 ) and ion nitrate (   

 ) (Pidwirny, 2006). Then, specific 
bacteria (nitrogen-fixing bacteria) make available the molecular nitrogen, 
converting it in an accessible form for plants (Gerardi, 2002). Also 
animals use nitrogen as nutrient from the organic matter necessary for 
metabolism, growth and reproduction (Pidwirny, 2006). Then, a great 
part of nitrogen is stored in living organic matter, as plant and 
microorganisms, that constitutes about 96% of the nitrogen in the 
terrestrial ecosystems (Socolow & Kinzing, 1994). With the death of the 
organic matter, the organic nitrogen is converted in inorganic forms, 
through the decomposition, and this can be used by other living plants 
(Pidwirny, 2006). This process occurs by different specific bacteria that 
convert the ammonia (NH3) that is present in the organic matter into 

ammonium salts (   
 ). Subsequently, ammonium is converted in nitrite 

(   
 ) by specific autotrophic bacteria (Nitrosomonas), following by the 

release of nitrate (   
 ) from nitrite through another particular type of 

bacteria (Nitrobacter) (Pidwirny, 2006). The union of this processes goes 
under the name of Nitrification. Since the nitrate is very soluble, this can 
leach in the soil through the hydrologic system reaching the ocean. The 
nitrogen can return in to the atmosphere through a process that is called 
denitrification (Pidwirny, 2006). This process involves specific type of 

heterotrophic bacteria and a reduction of nitrate (   
 ) into nitrogen 

(N2) or nitrous oxide (N2O) gas (Pidwirny, 2006). The transformation of 
the nitrogen in all its different forms is called nitrogen cycle (Fig. 1). 

Human activities interfere with the nitrogen cycle in different ways. The 
major processes cited from Ann P. Kinzig, Robert H. Socolow and 
Pidwirny (Socolow & Kinzing, 1994; Pidwirny, 2006) are: 

  The application of nitrogen fertilizers to crop increase the rate of 
fixation and nitrate ions leaches into groundwater. That flow into 
streams, lakes and oceans polluting them and can cause eutrophication. 
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  The planting leguminous crops (as soybean and alfalfa) increases the 
rate of fixation. In fact, plants from beam family and some other plants 
have symbiotic nitrogen-fixing bacteria in their root nodules, that leads 
an estimate of about 140 million of metric tons of nitrogen to 
ecosystem every year (Pidwirny, 2006). 

  Fossil fuels combustion and forest burning increase the nitrogen in the 
atmosphere. 

  Livestock ranching releases wastes in the environment that contain a 
great amount of nitrogen. First entering in the soil system and after in 
the hydrological system. 

  Leaching from sewage waste and septic tanks. 

2.2. Problem related to high nitrogen content in the water 
Nitrogenous and nitrogen-containing wastes in the effluent discharged in 
water bodies can pollute the quality of the water. The principal nitrogen 
compounds that pollute the water are ammonium ions, nitrite ions, and 
nitrate ions (Gerardi, 2002). The main concerns related to the nitrogen in 
the water are:1. dissolved oxygen depletion, 2. toxicity, 3. eutrophication, 
and 4. methemoglobinemia (Gerardi, 2002). 

1. Dissolved oxygen depletion occurs when nitrogenous wastes are 
discharged in water bodies. Bacteria activity oxidizes first ammonium 
ions into nitrite ions and subsequently they are oxidized to nitrate 
ions. These processes involve the use of oxygen, that is removed 
from the receiving water by bacteria (Gerardi, 2002). 

2.  In addition, the different forms of nitrogen are nutrients for the 
growth of aquatic plants, mainly algae. When these die, bacteria use 
oxygen to decompose them and causing addition loss of oxygen from 
the aquatic system (Gerardi, 2002). 

3. The three forms of nitrogen (ammonium ions, nitrite ions and nitrate 
ions) are toxic for the aquatic ecosystem, principally fish. The most 
toxic is nitrite ions, followed by ammonium ions. Ammonium ions 

Fig. 1 The nitrogen cycle and the human activities (source: 
http://earth.rice.edu/mtpe/bio/biosphere/topics/energy/50_nitrogencycle.h
tml). 

http://earth.rice.edu/mtpe/bio/biosphere/topics/energy/50_nitrogencycle.html
http://earth.rice.edu/mtpe/bio/biosphere/topics/energy/50_nitrogencycle.html
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can be converted to ammonia if high pH is present in the ecosystem, 
and this is still toxic for the aquatic life (Gerardi, 2002). 

4. Even if phosphates (   
  ) is the major source of eutrophication, 

also nitrogen discharged in the system is a problem. Eutrophication is 
the presence of a great amount of nutrients for plants, such as 
nitrogen or phosphates, that cause the undesired overgrowth of the 
aquatic plants in fresh water bodies. When these die, they do not 
decompose and rapidly fill the freshwater bodies causing the aging of 
this. In addition, other problems are the consequent of the 
abundance presence of these plants, as fluctuations of dissolved 
oxygen concentration, changes in colour, odour, taste and turbidity 
(Gerardi, 2002). 

5. Methemoglobinemia or “ baby blue syndrome” is a disease observed 
in especially in infant, that drink groundwater contaminated by nitrate 
ions. In the body, nitrate ions in the water are converted in nitrite 
ions and these bond to the iron in the hemoglobin. The nitrite 
bonded to the iron makes difficult the transfer of oxygen from the 
lugs causing the lack of oxygen in the body and the subsequent 
change in the colour of the skin in blue. The insufficient of oxygen 
may cause paralysis or death (Gerardi, 2002). 

2.3. Eutrophication in the Baltic sea and nitrogen limits discharges 
In the Baltic sea there is a great problem of eutrophication that is mainly 
originate from inadequately treated sewage, agricultural run-off and 
airborne from shipping and combustion processes. The Helsinki 
Commission, that is called also HELCOM, has as aim to protect the 
marine environment of Baltic Sea from all source of pollution through 
intergovernmental co-operation between Denmark, Estonia, European 
Community, Finland, German, Latvia, Lithuania, Poland, Russia and 
Sweden. The continuing eutrophication of Baltic Sea is one of the most 
issue to tackle and HELCOM has taken same many important actions in 
order to restore the environment of Baltic Sea (HELCOM, 2013). These 
actions have led to an important improvement in many areas, there has 
been a reduction of 40% in nitrogen and phosphorous discharges but 
there is still a lot to do to recover the ecosystem. In order to have clear 
water it is not possible only to reduce the polluted loads but it is also 
necessary a new approach in order to obtain a good status of the Baltic 
Sea (HELCOM, 2013). A reduction of loads in the main sources, like in 
the sewage treatment plants and industrial discharges, has been reached 
but still work has to be done.  

The HELCOM Baltic Sea Action Plan tries to restore the good 
ecological status of Baltic Sea by 2021. The final version of the Baltic Sea 
Action Plan was completed in the beginning of November 2007 and it 
was adopted in the HELCOM Ministerial Meeting which was held in 
Krakow, Poland (HELCOM, 2013). 

In the background document for the HELCOM Ministerial Meeting, the 
goal is to have the Baltic Sea unaffected by Eutrophication, and this can 
be reached through different objectives (HELCOM, 2007) that are: 

 Concentration of nutrients close to natural levels 

 Clear water 

 Natural level of algae blooms 

 Natural distribution of plants and animals 

 Natural oxygen level 
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In order to achieve a good sea status, the nutrient input should be 
reduced and different target depending by the countries should be 
reached. Then, countries will develop national program in order to arrive 
to the targets required, improve the treatment of wastewater and reduce 
agricultural nutrient input (HELCOM, 2013). 

However, European requirement for nitrogen for discharges from urban 
waste water treatment plants can be considered in the Urban Wastewater 
Directives 91/271/EEC and 98/15/EEC. Where are specified that for 
the sensitive areas, as Sweden is, because subjected to the eutrophication 
problem, requirement for discharges refer to the total nitrogen from the 
wastewater treatment plants is 15 mg/l with 10 000-100 000 p.e., instead 
is 10 mg/l with more than 100 000 p.e.. It is also considered a minimum 
percentage reduction of 70-80 % in relation to the load of the influent 
(in the Directive 98/15/EC). The concentrations specified above are for 
annual average, but they may be checked with the daily averages. 
However, in this case, the daily average of the total nitrogen should be 
not greater than 20 mg/l, when the temperature of the effluent 
wastewater is superior to 12°C (Commission E. , 1998; Communication 
department of the European Commission, 2007). 

2.4. Wastewater treatment and Treatment plants 
To reduce the high level of nitrogen in water is necessary to avoid that it 
becomes a danger for the environment and human health. Then, 
wastewater is treated in order that it can meet the requirements stated in 
the Urban Wastewater Directives.  

Hence, during the years, different systems of treatment of wastewater 
have been developed depending on the limits of discharges and also on 
the properties of wastewater that is necessary to treat. In general, several 
compounds are present in the wastewater and these determinate 
different processes of treatment. 

Focusing the attention on the nitrogen content in domestic wastewater, 
different nitrogen compounds can be identified depending on the type of 
discharge. In general, municipal activated sludge process receives high 
amount of nitrogen wastes. Organic-nitrogen is present with a 
percentage of 60%, such as proteinaceous wastes (mainly amino acids, 
proteins and urea), and inorganic-form constitutes about the 40%, such 
as ammonium ions (Gerardi, 2002). The hydrolysis and the deamination 
of the organic compounds, as amino acids and urea, by organotrophs 
bacteria in the wastewater releases further ammonium ions in the sewer 
system (Gerardi, 2002). Hence, high concentration of ammonium ions 
constitutes wastewater, usually from 15 to 30 mg/l. In addition, nitrite 
and nitrate ions are difficult to find due to no favourable conditions for 
the nitrification process that requires the presence of oxygen. However, 
possible high level of nitrite and nitrate ions can be found in the sewer 
system if industrial wastes are discharged.  

As said before, different systems have been developed in order to treat 
wastewater. Since the experimental part of this study regards the 
biological nitrogen removal, the attention was focused on biological 
treatment plants where the nitrogen conversion takes place.  

Biological nitrogen removal occurs through two main different 
processes, nitrification and denitrification. Nitrification involves the 
conversion of ammonium ions in nitrate ions, instead denitrification 
includes the transformation of nitrate ions in nitrogen gas.  
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2.4.1. Nitrification 

Biological nitrification is the oxidation of ammonium ions to nitrite ions 
and then to nitrate ions and this is considered a biochemical reaction, 
since it occurs inside the living cell of bacteria. In fact, the oxidation of 
ammonium ions and nitrite ions occurs by a group of organisms, 
especially the nitrifying bacteria, through the addition of oxygen, 
(Gerardi, 2002).  

In the nitrification process, ammonium ions are the principally nutrient 
source; however, nitrate ions and nitrite ions are also a nutrient source, 
but they are used only after the ammonium ions are no longer available 
(Gerardi, 2002). The present of nitrogen nutrient is important for the 
bacteria, otherwise the reaction would be inhibited since the bacteria 
feed of nitrogen and this is part of their structure. In fact, about 14% of 
bacterial cells is nitrogen (Gerardi, 2002). 

The principal type of organisms that are responsible for the most part of 
nitrogen removal in the activated sludge process are two genera of 
nitrifying bacteria, Nitrosomonas and Nitrobacter (Gerardi, 2002). These 
specific bacteria are able to achieve a high rate of nitrification due to 
their particular structure; that rate may also arrive at 1000 to 10,000 times 
greater than the rate reaches from the other bacteria (Gerardi, 2002). 
More specifically, bacteria that oxidize ammonium ions to nitrite ions are 
prefixed Nitroso- (Nitrosomonas), and the bacteria that oxidize nitrite 
ions to nitrate ions are prefixed Nitro- (Nitrobacter) (Gerardi, 2002). 
However, during the nitrification in the activated sludge process in the 
aeration tank, the presence of other organotrophs bacteria that growth 
rapidly, gradually dilutes the nitrifying bacteria (Gerardi, 2002). In fact, 
approximately 90% to 98% of the organotrophs bacteria are present in 
the activated sludge process and only 3% to 10% of bacteria are nitrifiers 
and it can be explained through two reasons (Gerardi, 2002). First, the 
relatively low reproductive rate of nitrifying bacteria compared to other 
bacteria, because they obtain less energy when oxidize the substance than 
how much the other organotrophs obtain. Hence, they can increase in a 
activated sludge process only if they grow faster than the quantity of 
bacteria that are removed from the system (Eddy & Metcalf, 2003). 
Second, since in the most municipal and industrial discharges the 
concentration of nitrogenous waste is much less than the concentration 
of carbonaceous, more substrate is available for organotrophs and this 
implies less presence of nitrifying bacteria (Gerardi, 2002).  

The biochemical reactions that occur in the nitrification process can 
divided in two steps (Gerardi, 2002):  

   
  + 1.5O2 – Nitrosomonas           

  + 2H+ + H2O + Energy   (1) 

   
  + 0.5O2 – Nitrobacter           

  + Energy                               (2)  

In the first one more energy is derived than the second one and the rate 
constant in the first equation is about three times faster than  the second 
equation rate (Russell, 2006), then an overall reaction for the nitrification 
can be the following: 

   
  + 2O2 – Nitrifying bacteria          

  + 2H+ + H2O                 (3) 

As specify in the formula above, the ammonium ions are involved in the 
nitrification process; however, the ammonia is part of the composition in 
the wastewater but they are not bounded to the oxygen. The prevalence 
of the ammonium ions is depended by the temperature and the pH; 
generally with a pH that varies from 7 to 8.5 and temperature range from 
10°C to 20°C, about 95% ammonium ions are prevalence (Gerardi, 
2002). 
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The ammonium ions are utilized not only as energy source by nitrifying 
bacteria but some of these are used to form new cellular material 
(C5H7O2N). Then it results an increase of new cells, called mixed liquor 
volatile suspended solids (MLVSS) (Gerardi, 2002).  

4CO2 +     
  +    

  + 4H2O         C5H7O2N + 5O2 + 3H2O       (4) 

Since the structure of bacteria cells is constituted also by carbon, these 
types of bacteria  also need carbon dioxide or inorganic carbon as source 
of carbon for the synthesis of new cells (Gerardi, 2002). 

As said before, the bacteria involve in the nitrification process are 
Nitrosomonas and Nitrobacter, they are strict aerobes and need free 
molecular oxygen or dissolved oxygen in the activated sludge process. In 
fact, the oxygen has an important function in the nitrification process. In 
brief, when the bacteria degrade substrate to have energy, organic and 
inorganic compounds are transformed in more simple molecules 
breaking their bounds. Hence, the bacteria capture energy from the 
release of electrons and then an oxygen molecule removes electrons 
from the cell (Gerardi, 2002). 

The ultimate size of nitrifying bacteria depends on the quantity of 
substrate available (ammonium and nitrite ions) but the growth is 
influenced by a several factors: dissolved oxygen, alkalinity and pH, 
temperature, inhibition, toxicity, and mode of operation (Gerardi, 2002). 
Furthermore, in the growth of the nitrifying bacteria can be specified 
that the rate limiting step in the nitrification process is the conversion of 
ammonia to nitrate (Eddy & Metcalf, 2003). Then, in systems where the 
temperature is below 28°C, only the saturation kinetics of ammonia 
oxidation can be considered. Under this condition and assuming excess 
DO available, the growth of nitrifying bacteria can be specified with the 
equation 5 (Eddy & Metcalf, 2003):  

   =   
     

    
 ) -                                                                              (5) 

Where: 

     = specific growth rate of nitrifying bacteria ( g new cells/ g cells * d) 

      = the maximum specific growth rate of nitrifying bacteria (g new 
cells/ g cells *d) 
  N = the nitrogen concentration (g/ m3) 

    = half-velocity constant, substrate concentration at one-half the 
maximum specific substrate utilization rate ( g/ m3) 

      = endogenous decay coefficient for nitrifying organisms (g VSS/g 
VSS* d) 

This equation is a form of Monod model and can be used in completely 
mixed activated sludge system (Riffat, 2013). The maximum specific 
growth rate at 20 °C varies from 0.25 to 0.77 gVSS /gVSS * d (Eddy & 

Metcalf, 2003). However, the      values for the nitrification are much 
lower than the values of maximum specific growth for heterotrophic 
organisms, that means that nitrifying bacteria need longer solids 
retention time (SRT). The SRT is the average period of time where the 
sludge remains in the system, this important parameter in the activate 
sludge design has typical values that vary from 10 to 20 d at 10 °C and 
from 4 to 7 d at 20 °C (Eddy & Metcalf, 2003). The minimum solids 
retention time in order that nitrifying organisms remain in the activated 
sludge can be defined (Sedlak, 1991): 

SRTmin =  
 

      
                                                                                (6) 
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Where: SRT= minimum solids retention time required for nitrification  

(days) and        = maximum specific growth rate of nitrifiers (g 

NVSS/g NVSS*day). 

As specified previously, different variables must be considered in the 
bacterial growth, one of these is the concentration of dissolved oxygen 
(DO) in activated sludge, where DO is free oxygen in wastewater 
(Gerardi, 2002). In fact, in order to consider the effects of DO 
concentration, the formula 6 is modified in the expression 7 (Eddy & 
Metcalf, 2003). 

   =   
     

    
 ) (

  

      
  -                                                               (7) 

Where: DO = dissolved oxygen concentration (g/ m3),   = half-
saturation coefficient for DO (g/ m3) and the other terms are specified 
previously. 
The kinetic model and coefficients of nitrification specified above can be 
used only in conditions where the organic loading in the system is low or 
modest, instead when this one is high, the model overpredict the rate of 
nitrification (Eddy & Metcalf, 2003).  

The nitrification process is depended on different aspects specified more 
detailed below. 

BOD available 

Since the substrate available is the feed for the bacteria, this parameter is 
important in the nitrification process (Gerardi, 2002).  Biochemical 
oxygen demand or BOD provide information about the substrate that 
supply carbon and energy necessary for the bacteria. The types of BOD 
present in the activated sludge process are: total (tBOD), particulate 
(pBOD), soluble (sBOD), colloidal (coBOD), carbonaceous (cBOD), 
and nitrogenous (nBOD) (Gerardi, 2002).  

However, the substrate that is directly available for the bacteria is the 
cBOD, like simple acids, alcohols and sugar; in fact this type of BOD 
enters directly in the cell membrane through the wall cell and it is easily 
degraded (Gerardi, 2002). 

Dissolved oxygen 

The nitrification process is strictly depending on the dissolved oxygen 
concentration, in particular, nitrifying bacteria are more sensitive to the 
concentration of oxygen than the heterotrophic bacteria (Henze et al, 
2002). The oxygen in the aeration tank is fundamental important for 
bacteria, especially aerobic bacteria, and utilize the oxygen for different 
purpouses (Gerardi, 2002). One of this, is the oxidation of cBOD in 
order to obtain carbon and energy for cellular activity , growth and 
reproduction, that means production of MLVSS (mixed liquor volatile 
suspended solids, that is the microbiological suspension in the aeration 
tank of activated-sludge). Also the oxidation of cBOD to obtain energy 
for the endogenous respiration (destruction of MLVSS) and the 
oxidation of nBOD (or nitrification) (Gerardi, 2002).  

The optimal DO concentration is from 2 to 3 mg/l, and this value 
should be maintained in order to achieve ammonium ions, nitrate ions 
and nitrite ions concentration acceptable in the effluent of the system 
(Gerardi, 2002). Furthermore, mixing in the aeration tank should be 
taken in order to avoid oxygen stratification and in order that DO 
penetrates in the floc particles. On the other hand, if dissolved oxygen 
concentration is below 1.5 mg/l  a diminution of nitrification rate occurs, 
instead below 0.5 mg/l there is any nitrification, and nitrification 
accelerates with rising of DO (Gerardi, 2002). One point quite important 
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is that with a long absence of DO, nitrifying population can be 
destroyed. Only for a relatively short period of time the bacteria can 
survive, but more than 4 hours,  they are affected negatively, and more if 
the period is 24 hours, the bacteria are destroyed (Gerardi, 2002). In 
addition, the demand of oxygen to nitrify is about 30% to 40 % higher 
than the cBOD degradation, then the nitrification increases the oxygen 
supply (Gerardi, 2002).   

Alkalinity and pH 

In the equation of the conversion of ammonium ions to nitrite ions in 
the nitrification process, can be see that hydrogen ions (H+) are 
produced, that means in a reduction of the normal alkalinity that is 
present in the water (Gerardi, 2002). In an activated sludge process, 
alkalinity is formed with the deamination of organic-nitrogen 
compounds and when nitrate ions are destroyed during the nitrification 
process (Gerardi, 2002).With the loss of alkalinity in the activated sludge, 
a consequently decrease of pH occurs. Then, in order to maintain better 
conditions in nitrification process, the optimal range of pH is between 
7.2 and 8 (Gerardi, 2002), then it is necessary to have an adequate 
amount or residual buffer of alkalinity in the aeration tank. Otherwise, 
low pH inhibits enzymatic activity and influences the availability of 
alkalinity, instead an acceleration of nitrification can be seen if the pH is 
above 6.7. However, fortunately, nitrifying bacteria can be acclimate for 
pH that are not in the optimal range, but it must be maintained at a 
steady-state condition (Gerardi, 2002). 

Toxicity 

There are different kind of substance that can inhibit nitrification 
process (Henze et al, 2002). Toxicity can be defined as the partially lost 
of enzymatic activity of bacteria or the not reversible damage of the 
cellular structure (Gerardi, 2002). Nitrifying bacteria are sensitive, then 
the presence of inhibitory wastes in the system can cause changes in the 
nitrification process and in them growth. In fact, they are not able to 
acclimate how the organotrophic actually have the ability, due to the 
relatively low amount of energy obtained from the oxidation of cBOD in 
order to repair damage caused by inhibitors (Gerardi, 2002).  

Nitrifying bacteria are really sensitive to inhibitors that include cyanide, 
halogenated compounds, heavy metals, mercaptans, phenols, and 
thiourea (Gerardi, 2002). It is needed to specify that a factor that inhibits 
nitrifying bacteria is also the low concentrations of free ammonia and 
free nitrous acid (Gerardi, 2002).  

Temperature 

Temperature is the most important parameter that influences the 
nitrification process due to the strictly dependence of nitrifying bacteria 
by the temperature. In fact, they are more sensitive to changes in 
temperature and this involves the dependence of nitrification process by 
the temperature (Gerardi, 2002).  

In order to consider the dependence of temperature on the   nm , the 
maximum specific growth rate, the Simplified Arrhenius equation 8 is 
specified (van Haandel & van der Lubbe, 2007). 

 nm =  nm20   (T-20)                                                                              (8) 

Where:  nm = rate coefficient at temperature T (d-1), T= temperature   

(°C),  nm20 = rate coefficient at temperature 20°C (d-1) and  = the 
Arrhenius temperature dependency coefficient. 
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In the table 1 experimental results from some authors are showed, which 

can be observed that  , the temperature dependency coefficient, varies 
from 1.11 to 1.16. Then, the growth rate increases by 11 to 13 % per °C 
of temperature increase (van Haandel & van der Lubbe, 2007). 

Then, the rate of bacteria growth increases with the rise of the 
temperature (Table 2). In the range between 8 °C to 30 °C the rate of 
growth increases remarkable, instead below 10 °C, nitrification sharply 
decreases, with the arrest of growth below 4 °C (Gerardi, 2002). On the 
other hand, a very high temperatures (50-60°C), thermophilic conditions, 
the nitrification process cannot occur (Henze et al, 2002).  

Temperature of 30 °C is considered optimal for nitrification in activated 
sludge process (Gerardi, 2002). As reported by Shammas (Shammas, 
1986), below 15 °C a drastically drop of nitrification rate is present with 
50% reduction at 12°C. Furthermore, both the species, nitrosomonas and 
nitrobacter are influenced by the temperature, but the effect of the low 
temperature has greater influence on nitrobacter (Shammas, 1986).  
However, if a lower temperature is present, as happens in cold season, it 
is necessary to increase the size of nitryfing bacteria (MLVSS) or to 
increase the MCRT (mean cell residence time) to maintain an effective 
nitrification rate. In fact, the time necessary for the nitrification increases 
due to the low temperature (Table 3) (Gerardi, 2002). 

2.4.2. Denitrification 

The denitrification (or anoxic respiration) process consists in the 
degradation of substrate by some bacteria using nitrate ions (Gerardi, 
2002). This process occurs in anoxic environment and it is often 
combined with the nitrification process in the wastewater treatment in 
the nutrient and BOD removal (Gerardi, 2002). Anoxic organisms, that 
are about 80 % in the activated sludge process, can use free  molecular 
oxygen, nitrite ions and nitrate ions to degrade BOD (Gerardi, 2002). 

The degradation of BOD by bacteria is called “ respiration” and this can 
occur with or without molecular oxygen (aerobic or anaerobic 
condition). In the situation which the nitrate ions and the nitrite ions are 
used to degrade BOD, the respiration is called “anoxic”. 

In fact, that are reduced by the organism and the gaseous and the most 
important product of the biochemical reaction is molecular nitrogen. 
The best part of bacteria can change their metabolism, instead to use 
oxygen they use nitrate (Henze et al, 2002).  

One of the important diversification between nitrification and 
denitrificationa is the product; because nitrification transforms the 
nitrogen in different forms, instead denitrificationa converts the nitrogen 
in to soluble gases, then removes this from the wastewater (Gerardi, 
2002). 

Table 1 Temperature dependency of the maximum specific growth 
rate of Nitrosomonas (table adapted by van Haandel & van der 
Lubbe, 2007). 

TEMPERATURE ACTIVITY 
COEFFICIENT 

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) 
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Table 1 Temperature effect on the nitrification process (table 
adapted by Gerardi, 2002). 

TEMPERATURE EFFECT UPON NITRIFICATION 

>45 °C Nitrification ceases 

28° to 32°C Optimal temperature range 

16°C Approximately 50 % of nitrification rate at 30 °C 

10°C 
Significant reduction in rate, 

approximately 20 % of rate at 30 °C 

<5 °C Nitrification ceases 

The main steps in the biochemical denitrification can be summarized in 
two: 

   
   +  cBOD            

   + CO2 + H2O                                        (9) 

   
  + cBOD       N2 + CO2 + H2O                                               (10) 

There is a gradually conversion from nitrite ions to molecular oxygen 
and the different steps involve 5 significant nitrogen compounds, which 
nitrate is the initial substrate instead the molecular nitrogen is the end 
product. Nitrite ions, nitric oxide, and nitrous oxide are the intermediate 
compounds (Gerardi, 2002). In the aerobic respiration of cBOD, the 
bacteria obtain more energy than in the anoxic respiration, than 
denitrifying bacteria prefer using free molecule oxygen in order to obtain 
more energy. Hence, when the level of oxygen dissolved in the 
wastewater is above 1 mg/l, denitrifying bacteria use free molecular 
oxygen (Gerardi, 2002). 

Both in the denitrificationa and nitrification, occur the complete 
oxidation of organic substrate in carbon dioxide. Part of this substrate is 
used to form new cells, but more cells are formed when aerobic 
conditions are present through the major quantity of energy created 
(Gerardi, 2002). 

An important point is that in the denitrification process, hydroxyl ion 
(OH-) and carbon dioxide are produced. Then the alkalinity that is lost in 
the nitrification process, about 50 %, returns through the denitrification 
(Gerardi, 2002). 

However an important valuation must be consider about nitrate and 
nitrite ions. In fact, that kind of composts are usually not present in the 
wastewater, unless these are discharge in a specific industrial discharges. 
Hence, nitrite and nitrate ions are produced in aerated tanks, in an 
activated sludge process. 

Analysing the denitrificationa process, there are several aspects that 
compete and influence this process, the energy sources (substrate), 
temperature, oxygen, and pH (Henze et al, 2002). 

Table 2 Temperature and MCRT Required for Nitrification ( table 
adapted by Gerardi, 2002). 

TEMPERATURE MCRT 

10°C 30 days 

15°C 20 days 

20°C 15 days 

25°C 10 days 

30°C 7 days 
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The most important factor that influence the denitrification process is 
the concentration and the biodegradability of carbonaceous matter 
present in the system (Fig. 2), but also the temperature and DO 
concentration (Sedlak, 1991). Complete denitrification occurs when the 
ratio cBOD: nitrite and nitrate ions is about 3:1 (Gerardi, 2002).  

The denitrification process can occur a wide range of pH values, but it 
can be slower with low pH. The optimal pH range is between 7 to 7.5 
(Gerardi, 2002). 

Instead concerning the free molecular oxygen, this inhibits the 
denitrification process because competes with nitrite and nitrate ions as 
electron acceptor. In fact, the use of free molecular oxygen is preferred 
in order to degrade cBOD because more energy is obtained by the 
reaction (Gerardi, 2002). The denitrification process is inhibited with 
concentration of dissolved oxygen under 1 mg/l.   

Temperature 

The effect of temperature on the denitrification process can be described 
with the Arrhenius equation (Carrera, Vicent, & Lafuente, 2003):  

                                                                                                                                    (11) 

Where:      = denitrification rate at temperature Ti (mg NO3- * mg 

VSS* d-1) and   = temperature coefficient. 

In general, denitrification is more rapid with the increase of the 
temperature and the process is inhibited when in the system the 
temperature is below 5 °C (Gerardi, 2002).  

2.4.3. Biological nitrogen removal in activated sludge system 

Different designs can be specified for the biological removal of nitrogen, 
but in all anoxic and aerobic zones where, respectively, biological 
denitrification and nitrification occur, are included. Then, biological 
nitrogen removal system can be differentiated according how aerobic 
zone or anoxic zone are located. The main configuration are the pre-
denitrification process and post-denitrificationa process (Fig. 3).  

The one adopted in the ITEST pilot plant is pre-denitrification in which 
the mixed liquor first enters and passes through the anoxic tank and after 
through the aerobic tank. One of the most commonly configuration is 
the modified Ludzack-Ettinger (Eddy & Metcalf, 2003). The original 
Ludzack-Ettinger includes first an anoxic zone and after that an aerobic 
zone with a return activated sludge from the clarifier to the anoxic tank 
in order to feed it with the nitrate that are formed in the subsequent 
aerobic zone (Eddy & Metcalf, 2003). Instead, the modification of this 
system has been to add an internal recycle in order to feed more nitrate 
in the anoxic zone directly from the aerobic zone. More specifically, the 
internal recycle flow ratio generally varies from 2 to 4 and with this 
system an enhancement of the nitrogen removal can be seen. In order to 
have an efficient nitrogen removal a BOD/TKN (Total K Nitrogen) 
ratio of 4:1 is necessary in the influent (Eddy & Metcalf, 2003). 

In an activated sludge process a critical parameter is the solids retention 
time (SRT) that is the period of time that the sludge remains in the 
system (Eddy & Metcalf, 2003). This parameter can be defined in the 
equation 12 (Vesilind, 2003) : 

  = 
  

      
                                                                                         (12) 

Where: 

   = solids retention time (d) 
 X= concentration of solids in the reactor (g/L) 
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 V= volume of the reactor (L) 

     = flowrate of sludge wasted (L/d) 

   = concentration of the solids wasted (g/L) 

In the expression 12, the numerator is the mass of solids in the reactor, 
instead the dominator is the mass of solids that leaves the system per 
day. It is necessary to be specified that there are different term to 
indicate the solids retention time, namely sludge age. Furthermore, also 
mean cell residence time can be called, that is the same of SRT and it is 
expressed in units of time (Vesilind, 2003).  

However, in systems where nitrification and denitrification occur, 
nitrifying bacteria growth only in the aeration zone, then the minimum 
SRT required for the nitrification could be expressed (Sedlak, 1991) : 

SRT’= 
   

        
                                                                                   (13) 

Where: 

SRT’= sludge retention time required for nitrification in a recycle system 
(days) 
SRT= sludge retention time required for nitrification in a conventional 
system (day) 

        = aerobic volume fraction 

During a combined nitrification and denitrification treatment, different 
forms of nitrogen are released. The final concentrations of the different 
forms of nitrogen after treatment varies in function of the initial 
concentration in the inflow, however, a trend of those forms can be 
seen. In fact, concerning ammonium ions, that is usually high in the 
incoming water, is going to decrease after the nitrification process. Even 
if the nitrification occurs a real indicator is not the reduction of 
ammonium ions but the presence of nitrate ions or nitrate ions (Gerardi, 
2002).  

Ammonium ions are different fates in the activated sludge process 
(Gerardi, 2002). If the pH is above 9.4, ammonium ions in the aeration 
tank are partially converted to ammonia (NH3) and escapes from the 
aeration tank because it is a gas. A different fate can be when some of 
the ammonium ions are used as nutrient by bacteria inside the aeration 
tank with the increase of organic nitrogen content. An oxidation by 
Nitrosomonas can occurs, transforming the ammonium ions in nitrite 
ions; that happen when favourable conditions are present. As ultimate 
fate, ammonium ions can leave the aeration tank without any change and 
then enter in the secondary clarifier (Gerardi, 2002). 

Nitrite can have different destinations in the activated sludge process. 
When there is not the presence of ammonium ions and nitrate ions, 
some of the nitrite ions are used as nitrogen nutrient by bacteria with an 
increase of organic nitrogen. In favourable environment, part of nitrite 

Fig. 2 Pre and post denitrification flow charts (van Haandel & 
van der Lubbe, 2007). 

 



Stefania Caglia                                                                      TRITA LWR Degree Project 13:21

 

14 

ions are oxidized by Nitrobacter to nitrate ions.  Another possible fate 
could be the chemical oxidation due to the presence of chlorine in the 
substrate in order to avoid filamentous growth. The nitrate may also 
leave the aeration tank and enter in the second clarifier, where can be 
denitrified (Gerardi, 2002).  

Concerning nitrate ions, they may have two different fates. One of this 
can be the using of nitrate as nutrient by bacteria in absence of 
ammonium ions. The other fate is that the nitrate can leave the aerated 
tank and enter in the secondary clarifier, where a denitrified may occur 
(Gerardi, 2002). 

The processes involved in the activated sludge process are the following: 
the principal nitrogenous wastes that enter in the aeration tank  are 
organic-nitrogen compounds or TKN and ammonium ions, then TKN 
is deaminated and ammonium ions are released. However the 
ammonium ions are removed by bacteria that use them as source of 
nutrient. As a matter of fact, the release of ammonium ions is more 
rapidly than the removal of them, for this reason initially there is an 
increase of their amount. Subsequently, the there is a decrease of 
ammonium ions. Since the TKN remained uses ammonium ions as 
nutrient. The drop in the ammonium ions concentration is caused by 
oxidation of ammonium ions to nitrate ions by Nitrobater under the 
nitrification process in aeration tank. Due to the nitrification of 
ammonium ions an increase of nitrate concentration can be seen.  

2.4.4. Sludge properties 

In order to have an efficient operation in activated sludge process is 
important consider the sludge properties. Form and density of the flocs 
influence the settling characteristic of the sludge and the possibility to 
produce a compact sludge in the bottom part of the post clarifier. Good 
separation allow also to obtain a better purified water in the upper part 
of the sedimentation tank (Janczukowicz et al, 2001; Peter Spancer 
Davies B.Sc, 2005).  

The analysis that can be performed for the sludge properties are: 
Suspended Solids (SS), Sludge Volume (SV) and Sludge Volume Index 
(SVI). 

Sludge Volume (SV) and Suspended Solids (SS) analysis are performed in 
laboratory. Sludge volume analysis is performed measuring how much 
sludge is settled in a predefined volume after 30 minutes (unit in ml/l). 
Instead, Suspended Solids are measured weighting the residual remained 
after filtration and dried at specific temperature of the sludge (unit in 
mg/l) (Eddy & Metcalf, 2003).  

Instead,  Sludge Volume Index (SVI) is the volume of 1 g of sludge after 
30 min of settling (Eddy & Metcalf, 2003) and it is calculated from the 
SV and SS obtained with the expression (Cooke, 2002; WasteWater 
System, 2009): 

SVI (ml/g) = 
       

    
                                                                       (14) 

Where: 
SV = volume of settling sludge after 30 minutes (ml/l) 
MLSS (or SS) = mixed liquor suspended solids (mg/l) 

Sludge Volume Index is a key factor to design the clarifier in order to 
have clear effluent water, since it helps to understand if different 
problems related to the sludge sedimentation are present (WasteWater 
System, 2009).  
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There are different problems related to the sludge separation as 
dispersed growth, pin floc, blanket rising, foam/scum formation and the 
most problematic is the sludge bulking (Jenkins, Richard, & Daigger, 
2004). The bulking problem is caused to the overgrow of filamentous 
microorganism in the activated sludge, and that create the diffusion of 
flocs and they do not allow their compaction (Jenkins, Richard, & 
Daigger, 2004). 

The bulking problem may be caused from different reasons, as sludge 
overloading, lack of nutrient in wastewater, a deficiency of dissolved 
oxygen, low pH or other technical reason (Janczukowicz et al, 2001; 
Glymph, 2005).  

In bulking condition, typical values of the SVI are higher than 150 ml/g 
but value below 70 ml/g indicate the predominance of pin (small) flocs 
(Cooke, 2002). Then, SVI commonly ranges from 80 to 150, and a good 
settling sludge can be 100 ml/g (Wisconsin Department of Natural 
Resources, 2010). 

Since the problems related to the sedimentation of the sludge, it is 
necessary the measurement of other parameters and not only the Sludge 
Volume Index (Forster, 2003). Other two sludge indices are mentioned 
depending on the Sludge Volume: Diluted Sludge Volume Index (DSVI) 
and Sludge Quality Index (SQI) (Hultman et al, 1991). 

DSVI = 
  

  
  for SV < 250 ml/l                                                         (15) 

SQI= 
  

  
 for SV < 300 ml/l                                                              (16) 

SQI= 
      

  

  
 for SV between 300 and 800 ml/l                            (17) 

3. EXPERIMENTAL PART  

The experimental part involves the description of the pilot plant ITEST 
and the analyses that were carried on during the period studied. In 
addition, the results are shown and interpreted.  

3.1. Pilot plant ITEST  
ITEST, Increased Technology and Efficiency in Sewage Treatment, is a 
pilot plant situated in the R&D-facility Hammarby Sjöstadsverk. It is 
performed within the EU life+ project framework and thus, partially 
funded by the European commission. The project manager is 
Oskarshamn municipality and IVL Swedish Environmental Research 
Institute is responsible for evaluation and technical competence of the 
pilot plant. The aim of the project is to improve the treatment efficiency 
in the biological wastewater treatment and at the same time to save 
electrical energy. The main idea of the plant is to enhance the nitrogen 
(N) removal efficiency, by warming up the incoming water with waste 
heat, (i.e. return flow from district heating or waste heat from CHP-
plants), which would provide a reduced environmental impact. 

Consequently, using this approach, to increase the efficiency in sewage 
treatment, in particular in nations with cold winter climate as in the 
Baltic Region, would be possible ((LEPG), 2008). The Baltic States and 
other nations with a cold winter find extremely difficult to meet the 
nitrogen standard specified in The Directive 98/15/EEC ((LEPG), 
2008); in fact the temperature of sewage water during the winter can be 
also below 10°C and this is an obstacle for the biological processes. 
Hence, increasing the temperature in the sewage water to about 20°C 
could contribute to reduce the impact on the European lakes and seas. 
The expectations of this type of application are: to cut the effluent of 
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nitrogen by 35%, to have less power consumption in the sewage 
treatment plant and to reduce the costs for treatment of water in cold 
climate ((LEPG), 2008). 

3.2. Description and Operation of the pilot plant  
The demonstration plant is situated in Hammarby Sjöstadsverk in 
Stockholm and it uses sewage from Stockholm that has been pre-treated 
by coarse screen and sand trap, in order to reproduce in reduced scale 
the variations and compositions that the treatment plant should replace 
((LEPG), 2008). Furthermore, before entering in the lines, a  common 
phosphorous pre-precipitation is used. After pre-treated, shared with the 
full scale sewage treatment plant, the two test lines of treatment work 
separately, one is the temperature line and the other one is the reference 
line. The incoming water enters firstly in a primary clarifier and after it 
enters in the reference line without preheating, instead it is warmed up 
before entering in the temperature line (Fig. 4). The basic idea is to use 
heat, for example from combined heat and power plant in order to warm 
up the incoming water and to stabilize the treatment temperature to 
20°C. In the ITEST plant the heating system is formed by two heat 
exchangers. In the first one, the water is warmed up using the outflow 
treated warm water (that is around 18°C)  and in the second one there is 
an exchange of heat with hot water, from a heat store, at temperature of 
about 50 °C, which increases again the temperature from the outlet 
temperature of heat exchangers at a value of 20°C. The preference 
source of heat could be the backflow from district heating, if this heat is 
not available, also biogas from sludge digestion can be used. In this way 
the hot source simulates the temperature of the back flow in a district 
heat system. 

Once that the sewage water enters in the lines, with inflow 0.5 m3/hr per 
line, anoxic and aerobic biological treatments are present. In effect, both 
of the lines are constituted from 5 reactors, where the denitrification 
process occurs in the first two reactors and the nitrification in the last 

Fig. 4 Flow chart ITEST plant. 
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three reactors. In all the tanks are present agitators in order to obtain a 
good mixing of the sewage. In the nitrification tanks are used aeration 
systems with a measured and controlled dissolved oxygen. The level of 
oxygen is fixed to 2.5 mg/l in the third tanks and of 2 mg/l in the fifth 
tanks. Instead, the values of pH is around 6.8 in the first tanks for both 
the lines, and its variation is modest, about ± 0.2. The pre-denitrification 
system has a recirculation of nitrogen from the fifth reactor to the first 
one and in the ITEST plant it is 4.4 times the inflow, that means a value 
of 2.2 m3/hr. After the two lines of treatment, there are two 
sedimentation tanks, one for each line. In the sedimentation tanks there 
is the formation of sludge, the return sludge is one time the inflow, that 
means 0,5 m3/hr and the excess sludge is about 100 L/d. Following the 
post-sedimentation tank of the temperature line, as said before, the 
treated warm water is used for the first exchanger in order to raise the 
temperature of incoming water. Finally the treated water is discharged. 
An important characteristic of the plant is the Hydraulic Retention Time 
that can be calculated with the volume of the reactors of ITEST and the 
inflow wastewater in the system. Then, a value of Hydraulic Retention 
Time in the system is around 8/9 hours.  

In the figure 5, on the right side the reactors for the reference line are 
present, instead on the left side the temperature line. Instead, in the 

Fig. 5 The two treatment lines in the pilot plant ITEST. 
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figure 6, sedimentation tanks are present, for the reference line is in the 
upper part of the picture, instead for the temperature line is in the 
bottom part of the picture. 

3.3. Material and Methods  

3.3.1. Experimental setting up 

In order to evaluate the treatment’s efficiency of the pilot plant every 
week different samples were collected. The procedure is divided in the 
following steps: 

1. Set up of the equipment 
2. Turn on the instrument that collect the wastewater 
3. Turn off the instrument that collect the wastewater and collect the 

samples 
4. Collect sludge from the last aerobic zone of the reference and the 

temperature line  
5. Analyze the samples 

Every steps is described more carefully below: 

1. The equipment is formed by different sample bottles. 

 3 bottles of 1 l for the internal analysis ( 1 l for the effluent water 
of the temperature line, 1 l for the effluent water of the reference 
line and 1 l for the influent water) that were used to measure total 
nitrogen, nitrate and ammonium concentration. 

Fig. 6 The two sedimentation tanks of the pilot plant ITEST. 
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 Specific 9 bottles for external analysis from ALcontrol 
Laboratories, which 7 of 500 ml and 2 of 250 ml. 7 bottles of 
which, 1 was filled with the influent water, 3 with the effluent 
water from the reference line and 3 with the effluent water from 
the temperature line. Instead, 2 bottles of which, 1 was filled with 
the effluent water from the reference line and 1 with the effluent 
water from the temperature line.  

 2 samples bottles of more than 1 l, which 1 was filled with the 
sludge of the last aerobic zone of the sedimentation line and the 
other one was filled with the sludge of the last aerobic zone of the 
reference line. These sample bottles were used to measure 
suspended solids and volume sludge. 

2. The instruments (Fig. 7 and 8) collect the effluent water from the 
upper part of the two sedimentation tanks, of the temperature and 
reference line, and the influent water. Once time per week (generally 
Wednesday) starting from week 3 to week 6, instruments were turned 
on in order that they take 10 ml of water every 6 minutes. Instead, 
from week 7 to week 20, the instruments were turned on three times 
per weeks. 

3. The instruments were collecting water for about for 24 hours and 
they were turned off the day after their start. Subsequently, from 
week 3 to week 6, the samples bottles for the extenal and internal 
analysis were filled after shaking the water collected, the same day for 
the interal and the external analysis. From week 7 to 20, 30 minutes 
were waited before refilling the sample bottles, and only the upper 
part of the water in the bunkets was taken. Specificatly, twice per 
week, the samples bottles were filled for the internal analysis and one 
per week for the external analysis that were sent in the ALcontrol 
Laboratories. For 3 times, from Tuesday and Friday of week 7 and 
Tuesday of week 8, both the two different methods (after shaking the 
sample and after waiting for 30 minutes) were performed (only for 
the internal analysis. 

4. From week 4 to week 19, once per week, the same day when the 
water from the treatment line was collected, the sample bottles were 
filled with the sludge from the 5th reactor of both the treatment lines. 

5. Analysis of total nitrogen, nitrate and ammonium concentration, 
suspended solids and volume sludge were performed. 

Other values were taken note, one of this is the temperature in the inlet 
in the first tank of both lines.  

Fig. 7 Instruments 
that collect the 
samples for the 
effluents from the 
post sedimentation 
tanks. 
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Values of dissolved oxygen were observed and the level of oxygen was 
checked in the aeration tanks, and matched with the electrical part of the 
system. 

Levels of sludge in the sedimentations tanks for both the reference lines 
was measured with the appropriate instrumentation. 

3.3.2. Analysis  

The following parameters were analyzed: 

 Total nitrogen 

 Nitrogen-nitrate 

 Nitrogen-ammonium 

 Suspended solids 

 Sludge volume 

Some other measurements were taken: 

 Temperature 

 Oxygen level 

 pH 

The laboratory equipment that was needed in order to perform the 
analysis in the laboratory is : 

 Electronic scale 

 Filter paper 

 Spectrophotometer 

 Incubator 

 Cuvettes 

 Mechanical pipette 

Measurement of total nitrogen, nitrogen-nitrate and nitrogen ammonium 

In the calculation of the different forms of nitrogen, Dr. Lange analysis 
kit is used. There are different types of kit depending on the form of 
nitrogen (total nitrogen, nitrogen-nitrate and nitrogen ammonium) that 
should be calculated and on the range of the results expected. 

 To measure the total nitrogen, two different type of cuvettes were used: 
1) for the inflow water, cuvettes for values from 20 to 100 mg/l 

Fig. 8 Instrument that 
collects the influent 
wastewater for the 
samples. 
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(cuvettes that are labelled LCK 338) 2) for the effluent of the reference 
and temperature line, cuvettes for values from 5 to 40 mg/l (cuvettes 
that are labelled LCK 238). Sometimes the results were not as expected 
for the effluent water, but with an higher values, then, the same cuvettes 
of the inflow water were used. 

 To measure nitrogen-ammonium, cuvettes with a range 2-47 mg/l 
(cuvettes that are labelled LCK 303) were used. Other cuvettes with 
range 0.015-2 mg/l ( LCK 304 labelled cuvette) were used for some 
measurements of water from the temperature line.  

To measure nitrogen-nitrate, cuvettes with range from 0.23 to 13.5 mg/l 
(LCK 339 labelled cuvette) were used. 

The utilization of cuvettes involves the use of the mechanical pipette in 
order to take the water sample and other reagents in the respective 
cuvettes. The amount of water sample and other reagents were specified 
on the box pipette and it varied from the different range chosen.  For 
the nitrogen-ammonium and nitrogen-nitrate content, the waited time 
was 15 minutes. For the total nitrogen, 1 hour, where the sample were 
warmed up in an instrument, plus 15 minutes more were waited. To 
obtain the measurement, after the waited time, the spectrophotometer 
was used in order to have the measures of the different forms of 
nitrogen.  

Measurements  and Calculation of suspended solids 

The measurement of suspended solids was performed following the 
instruction manual for the analyses in wastewater treatment plants (VAV, 
1984). The filters used for the filtration (Fig. 9) had a diameter of 55 mm 
and pore size 1.2 µm. One filter for the sludge of the reference line and 
one for the sludge of the temperature line. Before the filtration, the 
filters were taken in the incubator for 15 minutes with the temperature 
of 105°C, then they were left to cool and weighted with a high 
performance electronic scale. An amount of 50 ml of sample (procedure 
repeated two times, one time for the temperature line and one time for 
the reference line) was measured into a volumetric flask and it was 
placed between the apparatus (Fig. 10) and the sludge was filtered with 
vacuumed filtration.  

Fig. 9 Filters used 
for the filtration. 
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After filtration of the sewage, the two filters, one belonging to the 
reference line and the other one to the temperature line, have been 
positioned in the incubator with a temperature of 105°C for one hour. 
Then, the filters have been left to cool again and subsequently weighted. 
Thus, two different values are obtained and with the formula specified 
below it has been possible to calculate the values of Suspended Solids in 
mg/l. For the measurements of the weight of the filter, an electronic 
balance with high precision has been used (VAV, 1984). 

(Suspended Solids) SS = 
            

 
                                            (18) 

Wa = the weight of the filter after the filtration and one hour in the oven 
( filter + sample) (g) 
Wb= the weight of the filter before the filtration (only the filter) (g) 
V= volume of the sample filtrated (l) 

In the figure 11 is shown how the filters look after filtration and how the 
filters were after 1 hour in the incubator. 

Fig. 10 Apparatus for 
the filtration. 

Fig. 11 The filters 
shown after 1 hours 
in the incubator. 
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Measurement of sludge volume 

The measurement of sludge volume was performed using the samples 
taken from the fifth reactor in both the lines, the same for the suspended 
solids. In this analysis, two one-litre graduated cylinders were used. At 
the same time, the cylinders were filled with 1 l of sample, one with 
sample of the reference line and the other of the temperature line. Then, 
30 minutes was waited in order that a visible separation was seen 
between the sediment sludge in the bottom part and the water in the up 
part, and the level of sludge was read from the cylinders (Fig. 12).  

3.3.3. Results accuracy 

The accuracy of the results obtained in the experimental part depends on 
the experimental accuracy. How the experiments are performed is 
important in order to evaluate the reliability of the results. Then, the 
following points need to be mentioned: 

 Results are influenced especially by the samples. Hence, in the 
experimental part, a great attention should be paid when the samples 
are taken. Regarding this point, until week 6 (on 12th of February) the 
results of the total nitrogen concentrations observed in the reference 
line were much higher than in the incoming wastewater, then not 
reliable. These results were measured sometimes also 3 times in order 
to understand if it was a inaccuracy in the analyses. However the same 
results were found and the problem was supposed to be the possible 
contamination of sludge in the samples. In fact, the instruments take 
the water sample from the top of the sedimentation tanks and due to 
the high level of the sludge, suspended solids can be found in the 
samples. A change in the sampling was made, then about 30 minutes 
was waited before taking the water sample in order that the suspended 
solids settle in the bottom part of the bucket. Consequently, only the 

Fig. 12 On the left side the moments when the cylinders were just refilled 
and on the right side the cylinders one after 30 minutes. 
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up part of the water was taken for the samples. After, the results started 
to be lower than the in the incoming water and then reliable. 

 The results are influenced also how well the analyses are carried on. 
How pipettes are used is important in order to have good results. 
Pipettes are used to transfer the reagents and the water sample into the 
cuvettes. Every pipettes is calibrated before starting the analyses, but a 
loss of samples or reagents occurs inevitably when these are used. 
Another important parameter influencing the analysis is the time waited 
before that the cuvettes are ready for the reading by the 
spectrophotometer. In order to have an accurate measure, the 
electronic timer was used. However, a great amount of cuvettes was 
used and the timers available were not enough. Hence, the timing could 
not be so accurate and the measures could be influenced even if great 
attention was taken in order that the exactly time was waited.         

 The measure of the sludge volume was taken filling the graduated 
cylinders. Sometimes after the waited time, the level of the sludge had 
not a flat surface and the sludge volume was approximately estimated. 
Instead, in this case the time waited (30 minutes) did not have great 
influenced on the readings. 

 In order to measure suspended solids the filter papers were weighted. 
The accuracy of the measure depends on the accuracy of the electronic 
scale used. In addition, graduated cylinders and not pipettes were used 
in order to measure of samples needed, then a possible inaccuracy in 
the measurement can occurred. Furthermore, during the filtration, 
small fraction of the particles attached on the wall of the apparatus. In 
order to have a measurement as accurate as possible distilled water was 
used to clean the equipment before and after the analysis.  

4. RESULTS  

The experimental part is focused on the total nitrogen, nitrate and 
ammonium concentration in the influent and in the effluent from the 
two parallel ITEST lines. Furthermore, measures on the sludge from the 
last aerated tank are performed in order to evaluate its properties. The 
results of the analysis performed in the internal laboratory are confirmed 
with the results obtained in the external laboratory (ALcontrol 
Laboratories).  

In addition, readings of the temperature and on the oxygen of both the 
treatment lines are observed in order to understand the effect of this 
parameters on the nitrogen removal of the plant. 

4.1. Temperature 
Temperature takes an important role in the experimental part in order to 
evaluate the effect of this on the efficiency of nitrogen removal in the 
ITEST plant. The figure 13 shows the temperature of the temperature 
line and reference line as the function of time (appendix I). The green 
line is the temperature of the temperature line and the red line is the 
temperature of the reference line. 

The temperature in the temperature line is steady on 20 °C. However, on 
19th and  23rd of April the values are lower, around 17 °C, due to a 
malfunction of the heat system. Then, the data are considered unreliable. 

The results of the reference line increased gradually from 12 °C to 19 °C 
during the time. 
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4.2. Cuvettes results 
In the following graphs are showed the weekly results of total nitrogen, 
ammonium and nitrate content in the samples starting from week 3 to 
week 20. 

4.2.1. Total nitrogen 

In the figure 14 can be seen the total nitrogen content measured in mg/l 
in the samples as the function of the time (appendix II). The total 
nitrogen concentrations of the incoming water, the temperature and the 
reference lines are compared each other. The total nitrogen content of 
the inflow is represented in blue, instead for the reference line and the 
temperature line the colors used are red and green respectively.   

In the graph can be seen that all the lines had fluctuations and that 
generally the concentrations in the incoming water were higher than the 
concentrations after the treatment lines. The results of the temperature 
line were lower than the results of the reference line, with the exception 
on 19th and 22nd of February, and on 30 of April, where the total 
nitrogen content of the temperature line were slightly higher than the 
reference line. 

The concentrations of total nitrogen in the incoming water was 
fluctuating but a moderately increase during the time can be noticed. The 
fluctuations of the influent water were greater in the last weeks, during 
the month of May with a minimum value of 27.2 mg/l and a maximum 
value of 73.5 mg/l.  

In the first weeks, until 12th of February (week 7), the reference line 
shows higher total nitrogen concentrations than the incoming water, 
with a maximum value of 65 mg/l. After week 7, the values referred to 

Fig. 13 The temperature of the reference and temperature line as the function 
of time. 
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the reference line began to decrease with the time but a slightly increase 
from the week 17 can be noticed.  

The concentrations of total nitrogen until week 12 for the temperature 
line were higher than the subsequent results, even if the first value on 
16th of January was about 9 mg/l. Between week 12 and week 16, the 
total nitrogen contents in the temperature line were very low and under 
10 mg/l, and a moderate increase can be observed from week 17. 

In the graph it is also delineated an orange line at 10 mg/l that is the 
limit of total nitrogen discharges. 

4.2.2. Ammonium (NH4-N) 

The trend of ammonium concentrations in the samples is in mg/l in 
relation to the time (Fig. 15) (appendix III). Concentrations of 
ammonium ions referred to the incoming water, temperature line and 
reference line are compared each other and are depicted respectively 
with the blue, red and green color.  

All the results show fluctuations during the time and generally, 
ammonium concentrations from the incoming water were more higher 
than the concentration of the reference and the temperature line. Results 
of the temperature line were higher than the results of the reference line 
with the exception from week 8 to 10 where some ammonium 
concentrations in the effluent of the temperature line were higher than 
values of the reference line. 

The incoming water had results with high fluctuations from a minimum 
value of 17.7 mg/l and a maximum value of 38.6 mg/l. 

Very big fluctuations can be noticed in the ammonium content in the 
reference line. From 16th of April, the values started becoming lower and 
from 23rd of April began to increase but a general decreasing trend can 
be observed. 

Fig. 14 Total nitrogen results for the reference and the temperature line over 
the time. 



Nitrogen removal in the pilot plant ITEST (Increased Technology in Sewage Treatment)

 

27 

The temperature line had high ammonium content until week 12 even if 
on 16th of January it was close to zero. From week 12 to week 17, the 
results were low and close to zero and followed by an increase from 
week 17. 

4.2.3. Nitrate (N-NO3
 -) 

In the figure 16 is illustrated the nitrate concentration in mg/l of the 
samples as the function of time (appendix IV). With the blue line are 
represented the nitrate content in the incoming water, instead with the 
red and green line are represented the nitrate concentrations respectively 
for the reference and temperature line. 

Generally, all the results show the tendency to be under 4 mg/l, 
incoming water had roughly the same nitrate concentrations during the 
time, instead reference and temperature line had slightly fluctuated 
concentrations from week 8. As normal, the inflow had lower nitrate 
content than both the reference and temperature line, cased the occur of 
nitrification in the plant and the consequent generation of nitrate. Some 
values of reference and temperature treatment line were not showed in 
week 16 and 17 due to their high values (around 17 mg /l) and then their 
possibility unreliability.  

The results of the incoming water were very low and around 0.6 mg/l, 
but the values in week 16 and 17 were higher than usual and were 
around 1-2 mg/l. 

The tendency of the reference line and the temperature line is similar and 
seems increase with the time. Also any importance prevalence of one 
over the other can be noticed.  

4.3.  Sludge properties 
In this section are showed the graphs from the measurements of 
Suspended Solids and Volume Sludge of the sludge that is taken from 

Fig. 15 Ammonium ions results over the time. 
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the last aerobic zone in the two lines of treatment. The samplings for 
these analysis are performed weekly from week 4 to week 20. 

4.3.1. Suspended Solids 

In the figure 17, the results from suspended solids analysis are shown in 
mg/l referred to the date (appendix V). The lines represent the two lines 
of treatment, with the red color are showed the suspended solids of the 
reference line, instead with the green color are showed that of the 
temperature line. 

Concerning the suspended solids, any particular evidence difference can 
be seen from the temperature line and the reference line. The trend is 
fluctuating with the tendency to lightly increase for both the lines. An 
average of 3500 mg/l for the reference line and 3200 mg/l for the 
temperature line can be also observed.  

4.3.2. Sludge Volume 

The figure 18 illustrates the experimental measures of the sludge volume 
in ml/l in both the treatment lines as the function of time (appendix VI). 
In the red colour is showed the line appertained at the measurements of 
sludge volume in the reference line, conversely, the green colour 
depicted the one referred to the temperature line. 

Sludge volume of the reference and temperature line were fluctuating 
over the time, with an average of 684 mg/l for the temperature line 
instead of an average of 555 mg/l for the reference line. Any particular 
evidence distinction between the two lines of treatment can be observed, 
even if until week 11 the results referred to the temperature line were 
lower than the reference line. Furthermore, slightly increase for the 
temperature line can be noticed.  

Fig. 16 Nitrate ions results over the time. 
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5. DISCUSSION  

In this section of the experimental part: troubleshooting of the plant was 
reported, and the results, showed in the section before, was analyzed and 
described in detail and related with the trouble of the system. 

5.1. Troubleshooting of Pilot plant 
The different problems that was observed in the pilot plant and 
mentioned in this section with the respective solutions.  

a. Rise of sludge in the sedimentation tanks 

Observations were made about the floating sludge in both the 
treatment lines. In fact, formation of scum in the secondary clarifier 
was observed, sometimes with thickness of 20 cm from the surface. 
This may be  caused by the denitrificationa process in the 
sedimentations tanks, that releases soluble N2 gas that hold part of the 
activated sludge flocs and bring them floating on the surface. Another 
explanation at this problem, could be related to the presence of 
filamentous organisms. In fact, they provide to make hydrophobic the 
floc and easily they attach to air bubbles. Since the air-babbles floc 
aggregates are less dense, they float on the surface (Jenkins, Richard, & 
Daigger, 2004) 

b. Oxygen concentration  

In the first few weeks (until week 5), there were some problems related 
on the level of oxygen in the aeration tanks, an insufficient aeration. 
The values displayed on the control panel of ITEST were lower than 
the oxygen levels that should be in the aeration tanks. Moreover, 
sometimes, measures with oxygen meter were taken in the aeration 
zones and the readings in the manual calibration did not match with 
the digital values displayed on the control panel.  

Fig. 17 Suspended solids results over the time. 
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Consequently, new air suppliers were installed and the problem was 
solved.  

c. Addition of sludge in the sedimentation tanks 

In week 12, exactly on 15th of March, activated sludge was added in 
both the sedimentation tanks. This type of operation was necessary in 
order to recovery bacteria activity that was lost in the previous weeks. 
Indeed, the results of total nitrogen for the first weeks were not low as 
expected. The loss of the bacteria activity may be caused by the almost 
absence of oxygen that was noted in the first weeks in the system. 
Since the oxygen level is an important parameter in the nitrification 
process and necessary for the aerobic bacteria, this may have destroyed 
the bacterial activity. 

d. Escaping of biological sludge of the reference line system 

On 16th of April, in week 16, there was an escaping of biological sludge 
from the reference line of the plant, due to the high levels of the sludge 
in all the reference’s reactors, maybe caused by a possible clogging of 
pipe system. 

In order to fix it, the sedimentation tank of the reference line was 
emptied and high pressure water was used to solve the problem.  

e. Heating system of the temperature line treatment 

Even if the heating system had been working efficiently for all the 
period, on 19th and 23th of April (week 16 and 17) the temperature of 
the temperature line was lower than normal. The problem in the 
heating system was an infiltration of water in one of the heat exchanger 
that was not water proof, then, heat exchanger was fixed.   

Fig. 18 Sludge Volume results over the time. 
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5.2. Analysis of the nutrient removal and temperature 
Concerning the temperature, a great difference between the two lines of 
treatment can be noticed. The stability of the temperature in the 
temperature line at 20°C confirms the well-functioning of the heating 
system. Despite the problem on the heat exchanger in week 16 and 17, 
the temperature observed in this period still remained higher than the 
temperature of the reference line. This can be explained by the 
recirculation of warm treated water from the temperature line that 
exchanges heat with the heat exchanger. Hence, the temperature of the 
inflow was higher than the temperature of the reference line. Over the 
time, the increase of the temperature in the reference line leads an 
increase of the values, that were getting closer to the temperature of the 
temperature line. In fact, a difference of only 1°C between the two lines 
of treatment is observed in the last week and consequently a minor 
difference in the results of the concentrations.  

Regarding the total nitrogen, the concentrations in the effluent were 
lower than in the influent as expected in a treatment wastewater plant. 
However, in the first weeks, the higher concentrations in the reference 
line compared to the incoming water makes the results unreliable. In 
fact, the possible contamination of the sludge in the samples could have 
led an increase of the total nitrogen concentrations. Comparing the two 
lines of treatment, the results for the temperature line were lower than 
the values for the reference line as expected. In particular, total nitrogen 
concentrations were very low in the temperature line after the addition 
of sludge in the sedimentation tanks. In fact, this increased the bacteria 
activity and a major nitrogen removal. Especially in this period, a great 
difference between the two treatment lines can be observed. In effect, in 
the temperature line the removal of nitrogen led the total nitrogen 
concentrations in the effluent under 10 mg/l. As mentioned before, the 
limits of total nitrogen discharges in the Urban Wastewater Directive are 
different depending on p.e. (person equivalent). Then, a limit of 10 mg/l 
(Fig. 14) was considered since a possible implementation of the system 
should be for 100 000 inhabitants. Hence, the temperature line in the 
period of well-functioning of the system complies with the Directive, 
instead the reference line did not meet the limits required. Furthermore, 
it is needed to specified that during these months, the temperature of the 
water in the reference line increased and then the values of the reference 
line became lower during the time and similar to the results of the 
temperature line. The last period, reference and temperature line started 
becoming closer and giving more or less the same results. However, the 
results that started to increase in the last weeks and the system seemed to 
have some problems again. 

Concerning ammonium ions concentrations, both reference and 
temperature lines were lower in contrast to the incoming water. In fact, 
the nitrification process that occurs in the plant uses ammonium ions 
and transforms them into nitrite and nitrate, decreasing the level of 
ammonium ions from the wastewater. When the system worked 
properly, without problems, the results of the temperature line were 
lower than the results for the reference line. As a matter of fact, the 
nitrification rate increases with the temperature, then nitrogen removal 
increases with higher temperature and this seems to happen in the 
temperature line. A particularly remarkable improvement for the 
temperature line can be seen when the sludge was added, where the 
concentrations started to become very close to zero. On the other hand, 
the reference line shows an improvement in the ammonium ions 
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removal and it was getting closer to the results of the temperature line, 
due to the increase of the temperature that increases also the nitrogen 
removal. Hence, the temperature is an important parameter in the 
nitrification process, in fact a great decrease in the ammonium ions 
concentrations can be observed especially in the temperature line.  

Usually, nitrate concentration is very low in the incoming wastewater and 
this is confirmed in the figure 16, where the results were under 1 mg/l. 
This due to the composition of the wastewater, in fact in order to have 
nitrate in the inflow, nitrification should occur. Since this process 
requires dissolved oxygen to exist, and in the sewer system this 
favourable conditions are not present, nitrification does not take place. 
Consequently, nitrate are hardly present. Instead, the values for both 
reference and temperature line were higher than the inflow, but still on 
average under 4 mg/l. Effectively, after treatment, the presence of nitrate 
is higher due to the nitrification process with the transformation of 
ammonium ions in nitrate. Furthermore, any evident higher 
concentrations of one treatment line if is compared to the other one can 
be noticed.  

In the figure 19 the removal efficiency of the total nitrogen in percentage 
and the temperature in the systems are represented over time, for both 
reference line and temperature line (appendix VII). The efficiency is not 
showed for the first few weeks of the reference line, otherwise negative 
values would appeared, caused by higher values in the inflow of the 
reference line compared to the inflow. The trend reveals a general 
efficiency increase for both the treatment lines, but with higher efficiency 

Fig. 19 Total nitrogen efficiency removal and temperature of the reference and 
temperature line over the time. 
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removal for the temperature line especially in the period when the 
system worked without any problems (from 17/3/13 to 16/5/13). The 
temperature line, whose temperature remained stable on 20 °C, reached a 
maximum removal efficiency of 92% in week 12, that coincides with the 
same week during which the sludge was added. Instead, in the same 
period, the reference line reached a maximum total nitrogen removal of 
65% when the temperature had an average of about 16 °C. A great 
increase in the efficiency can be seen for the reference line with an 
improvement of about 30 % of nitrogen removal over the time, due to 
the continuous increase of the temperature. However, this does not 
arrive at the same efficiency of the temperature line. The difference 
between the two treatment lines can be underlined especially in the 
period of well-functioning of the system, where the difference in the 
efficiency removal is about 30%-35% greater for the temperature line.  

Furthermore, as specified in the Urban Wastewater Directive, it is 
necessary to have a minimum percentage reduction of nitrogen that 
corresponds to 70 – 80 %. This percentage is respected, as can be seen in 
the graph of efficiency total nitrogen removal, during the period where 
the temperature line worked well. 

5.3.  Analysis of sludge properties 
Volume Sludge and Suspended Solids are two important 
characterizations of the sludge.  

Concerning the sludge volume and the suspended solids, any particular 
evidence difference between the two treatment lines can be seen. 
However, in the first period, the results of the sludge volume in the 
temperature line were below the results of the reference line.  

Sludge volume index is an important factor in the activated sludge 
process and it was calculated for the temperature and reference line.  

Sludge volume in ml/l and the suspended solids defined also mixed 
liquor suspended solids in mg/l specified previously are used in order to 
calculate SVI in ml/g. 

In the figure 20, SVI values obtained are showed in function of the date, 
with the green line are depicted the values referred to the temperature 
line, instead with the red line, the results of the reference line (appendix 
VIII). Even if the results have the same trend for both the treatment 
lines, an evidence different from the temperature line and the reference 
line can be seen until week 10. Instead, after that date, the results started 
increasing until 19th of March and becoming closer and quite constant 
around the value 200 ml/g. Then a visible fluctuation can be seen for 
both the treatment lines and a slightly decrease for the reference line 
resulting in higher values for the temperature line. 

Generally, SVI values from 100 ml/g and 200 ml/g produce clear and 
high quality effluent. Instead, with the increase of this value, sludge 
compacts more slowly and Mixed Liquor Suspended Solids results less 
dense, as in the case for the reference line in the first weeks.  

A high value of SVI may indicate bulking conditions, caused by the 
growth of filamentous bacteria in activated sludge. In fact, these can 
hamper compaction and settling, but having an higher surface to volume 
ratio compared to the normal flocs, they can survive also under low 
oxygen concentration and low nutrient conditions. Since until  week 5, 
problems related to the low oxygen level in the aeration tank occurred, 
an explanation of the initially high values of SVI may be the bulking 
problem. However, the oxygen level was low in both the treatment lines 
and the trend of the lines should be the same, instead, a great difference 
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can be noticed. Then a different reaction of the two treatment lines due 
to the different temperature in the system but this could be only 
speculated. 

A decrease is followed for the values of both reference and temperature 
line that has the same trend in the initial part of the results of volume 
sludge. In the graph can be also observed that constant values of SVI 
started on 19th of March, the same day of addition of sludge. The SVI 
results were high in both the reference and temperature line, in the 
period when the system worked well an average around 200 ml/g can be 
noticed. 

5.4. Further considerations 
Since the problem is in the winter season when the temperature are 
around 13 °C, as can be seen in the temperature’s graph in fig 16, the 
efficiency should be evaluated in particular in this period, where the 
nitrogen removal was not so important as later. However, in the first 
weeks there were some problems related to the low oxygen level that 
inhibited the bacterial activity with the consequently decrease of nitrogen 
removal efficiency.  

Especially in winter time, the values of the temperature could sharply 
decrease also under 10 °C, even if in previous studies the minimum value 
observed is 10 °C. Since the temperature in the nitrification process has 
great influence in this reaction, a fall in temperature creates a braking in 
the nitrogen removal. In order to maintain enough low level in the 
nitrogen the minimum Sludge Retention Time (SRT) in the aeration 
tanks should be exists.  

Fig. 20 Sludge Volume Index results. 
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The temperature influences the nitrification and consequently the SRT 
(Fig. 21) (Constantine, 2008). With a temperature of 10 °C a SRT of 
about 8 days should be maintained for an high nitrogen removal. Instead 
if the temperature is stable to 20 °C, the design SRT is about SRT, half 
than it is for the temperature of 10°C. This has a great influence on the 
system and for a possible implementation of the system because the SRT 
is strictly correlated on the volume of the reactors. 

Another consideration can be made for the MLSS, one of the critical 
parameter for bioreactor volume sizing (Constantine, 2008). The volume 
of the second clarifier depends on the MLSS, but any important different 
between the two lines of treatment can be seen, then any conclusion 
about different volume of the sedimentation tank can be made.  

In system “modified Ludzack- Ettinger process” as is the ITEST plant, 
an important parameter is the recirculation rate, that identify how much 
nitrate content can be removed from the system (Fig. 22).  

The recirculation rate of the ITEST system, is 440 % of the influent 
flow, that means a nitrate removal up than 80 % with this fixed value.  

The heating system, and then the two heat exchangers, worked in a good 
way, increasing the temperature in the influent to 20 °C and maintaining 
this stable. An increase of the temperature corresponds to an increase of 
nitrogen removal. Then if the influent wastewater is warmed up to 
higher temperature a great efficiency of nitrogen removal can be 
afforded. As mentioned before, also the SRT would be lower with saving 
the volume of the reactors. On the other hand, with the increase of the 
temperature, the energy required to warm up the influent is greater. 
Consequently, all the aspects should be evaluated in order to have the 
best efficiency in the operations of the plant.   

5.5.  Comparison with other studies 
Evaluating the previous studies done on the ITEST project can be seen 
difference and similarities. First of all, the oxygen level is one of the 
common troubleshooting of the pilot plant mentioned in Venkata 
Krishna Reddy Yatham’s report in June 2012 (Wang, 2012). In fact, the 

Fig. 21 Solids Retention Time in function of the temperature 
(Constantine, 2008). 
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problem was related to the improper readings of oxygen meters in the 
system that subsequently was fixed. Another problem in the ITEST 
plant, reported in the Kunyu Wang’s thesis in the 2012, was the presence 
of some not reliable results  for the total nitrogen due to the 
contamination of sludge from the sedimentation tanks that modified the 
result giving results quite high. 

However, in this study other problems were not occurred, such as the 
frequently escaping of biological sludge from the all the reactors as 
Venkata Krishna Reddy Yatham reported (Yatham, 2012). Venkata 
Krishna Reddy Yatham’s explanation was an inappropriate flow rate 
which was not suitable for the given design and the conical depth of the 
secondary sedimentation tanks were not enough. In fact, the volume of 
the sedimentations tanks was increased in size. 

Interesting results of total nitrogen in these thesis can be noticed. In fact 
the trend of total nitrogen removed for both the temperature and 
reference line is quite similar, even if the temperature line shows a 
slightly better performance, any particular different in the efficiency 
removal between the two lines of treatment is present. Instead, the 
results obtained in 2013, in this thesis show an important difference in 
the removal efficiency of the temperature line, when it worked well, in 
confront to the reference line.  

The same behaviour for both the treatment lines can be observed for the 
ammonium results, that is any great difference between the two lines. A 
relation with the temperature is needed to be specified, in fact, initially, 
the temperature of the temperature line was low than 20 °C and the 
system started working from May. 

Concerning the values of nitrite, in Venkata Krishna Reddy Yatham’s 
report can be noticed that during the period from January to May, nitrate 
were in generally quite high for both reference and temperature line, 
higher than 2 mg/l. The difference can be seen with the results reported 
earlier, where the values of nitrite seems lower. However, a change in the 
system can be observed, the recirculation ratio as mentioned in the 
Kunyu Wang’s thesis was 3, instead in this report was specified that the 
recirculation ratio is 4.4 that means in an higher nitrate removal. 

Fig. 22 Nitrate removal in percentage in function of the 
recirculation rate (Constantine, 2008). 
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Instead, relating to the sludge characteristic, some differences in the 
properties can be observed. Indeed,  results of sludge volume and 
suspended solids for the temperature line were generally more higher 
than the reference line, which difference is not be noticed in this study. 

6. CONCLUSIONS  

The test lines were installed to compare the normal nitrogen removal in 
the winter season (especially in countries where the temperature of the 
effluent wastewater arrives also under 10°C) and the possible increase in 
the efficiency of nitrogen removal warming the incoming water with 
waste heat, thereby saving energy. 

An improvement in the efficiency of nitrogen removal can be observed 
for the temperature line compared to the reference line. However, the 
efficiency of nitrogen removal of the temperature is evident when the 
system did not have any problems, otherwise, as happened in the first 
weeks, the nitrogen removal of the temperature line did not have real 
improvement if it is compared to the reference line. 

The following conclusions can be specified if the period in which the 
system worked properly (after the addition of sludge)  is considered: 

 When the sludge was added, very low concentrations of total nitrogen 
can be observed for the temperature line. Instead, the results were 
higher for the reference line. The improvement in the nitrogen removal 
with higher temperature can be seen. In fact, an efficiency removal of 
total nitrogen reached a maximum of 92 % in the temperature line 
compared with the maximum of 65 % for the reference line in the 
period without any problems in the system. Hence, an enhancement in 
the nitrogen removal occurs leading to concentrations in the 
temperature line under 10 mg/l that is the standard required mentioned 
in the Urban Wastewater Directive. In addition, a great improvement 
can be observed compared with the previous studies. 

 The concentration of the ammonium ions were very low, close to zero. 
Then, the temperature seems to have a great influence on the 
nitrification process that led a higher amount of ammonium ions 
removal in the temperature line. 

  Nitrate ions concentrations are almost under 4 mg/l and any particular 
difference between the reference and the temperature line can be 
observed. However an improvement during the years can be noticed 
maybe explained with the increase in the recirculation ratio. 

 In the suspended solids and the volume sludge any evidence difference 
can be seen from the reference and the temperature line with values of 
SVI quite high and around 200 ml /g. 

 Heating system in the temperature line showed a very well functioning, 
since the temperature was stable to 20 °C.  

6.1. Future works 

 During the first period until week 7, results were unreliable due to 
possible contamination of sludge in the samples. As mentioned above, 
this problem was also observed in previous studies, then in future, 
attention should be taken when in the samplings. 

 In the first weeks, there were problems related to the oxygen levels, 
which is the problem also in previous studies. Hence, more attention 
should be focused on this problem in order to avoid in the future a 
similar problem. In addition, if this issue persists for a long time, partial 
damage of bacteria can occur. 
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 The results on the SVI were different compared on the previous study. 
Furthermore, these values were quite high, then a further studies on the 
sludge properties should be made in order to evaluate the good sizing 
of the clarifiers, and the possible future use. 

 The implementation of the plant should be evaluated also considering 
other aspects, such as the BOD removal or the heating system, and not 
only the nitrogen removal. In fact, the heating system in the 
implemented plant will be supplied with waste heat. Then evaluate how 
much waste heat is necessary to have in order to arrive to a 
temperature of 20 °C in the influent wastewater in the real treatment 
plant. 
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APPENDIX I  –  TEMPERATURE IN THE PILOT PLANT ITEST 

Date Week 
Temperature in the 

Reference line 
Temperature in the 

reference line 

16/01/2013 3 12 20 

25/01/2013 4 14.7 19.6 

29/01/2013 5 14.9 20.1 

08/02/2013 6 15.8 20 

12/02/2013 7 15.8 20 

15/02/2013 7 16.3 20 

19/02/2013 8 16.3 20 

22/02/2013 8 15 20.1 

26/02/2013 9 16 20 

01/03/2013 9 16.2 20.1 

08/03/2013 10 16.5 19.9 

12/03/2013 11 16 19.7 

19/03/2013 12 16.1 20 

22/03/2013 12 15.7 19.6 

26/03/2013 13 16.3 19.7 

05/04/2013 14 16.3 19.7 

09/04/2013 15 16.1 20.6 

12/04/2013 15 16.5 20.8 

16/04/2013 16 15.4 20 

19/04/2013 16 15.6 17 

23/04/2013 17 16.2 17.9 

26/04/2013 17 16.7 20 

30/04/2013 18 16.7 20.3 

03/05/2013 18 16.8 20 

07/05/2013 19 17.9 20.1 

14/05/2013 20 19 20.3 

17/05/2013 20 19 20 
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APPENDIX II  –  TOTAL NITROGEN RESULTS  

Date Week 
Tot N in the 
Incoming 

Tot N in the reference 
line effluent 

Tot N in the 
temperature line 

effluent 

16/01/2013 3 39.9 74.5 9.28 

23/01/2013 4 49.2 53 19.4 

01/02/2013 5 42.5 76.9 28.3 

08/02/2013 6 44.8 48 21.4 

12/02/2013 7 48.8 30.4 23.4 

15/02/2013 7 40.5 29.2 27.7 

19/02/2013 8 39.9 25.2 37.3 

22/02/2013 8 49.8 213 35.7 

26/02/2013 9 46 29.8 28.4 

01/03/2013 9 45.5 31.4 29.4 

08/03/2013 10 49.5 29.4 26.5 

12/03/2013 11 52.9 39.5 30.6 

19/03/2013 12 50.3 16.7 3.87 

22/03/2013 12 60.2 42.5 4.54 

26/03/2013 13 49.8 20 6.73 

05/04/2013 14 65.8 22.6 9.21 

09/04/2013 15 49.3 21 7.79 

12/04/2013 15 47.8 27.8 6.24 

16/04/2013 16 36.3 17.6 4.83 

19/04/2013 16 27.2 11.5 4.03 

23/04/2013 17 50.5 8.09 8.09 

26/04/2013 17 48.8 16 13.4 

30/04/2013 18 48.6 11.7 16.4 

03/05/2013 18 37.9 17.8 14.5 

07/05/2013 19 73.5 19.7 7.81 

14/05/2013 20 56 22.8 15.2 

17/05/2013 20 44.6 16.2 13.8 
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APPENDIX III  –  AMMONIUM IONS RESULTS  

Date Week 
NH4-N in 

the 
Incoming 

NH4-N in the reference 
line effluent 

NH4-N in the 
temperature line 

effluent 

16/01/2013 3 36.8 17.04 0.045 

23/01/2013 4 36.2 24.1 16.1 

01/02/2013 5 30.7 24.8 11.6 

08/02/2013 6 28.3 16.4 14.5 

12/02/2013 7 31.6 26.8 20.9 

15/02/2013 7 27.6 19.9 18.6 

19/02/2013 8 24.3 16.5 26.5 

22/02/2013 8 34.9 21.7 27.1 

26/02/2013 9 31.6 19.2 22.9 

01/03/2013 9 32.7 22.6 23.8 

08/03/2013 10 34.3 21.4 23.9 

12/03/2013 11 35.7 26.7 23.8 

19/03/2013 12 35.1 12.8 1.86 

22/03/2013 12 38.6 29.6 -0.098 

26/03/2013 13 35.8 13.7 0.02 

05/04/2013 14 33.6 17.3 0.022 

09/04/2013 15 36.8 14 0.485 

12/04/2013 15 34.7 24.8 0.023 

16/04/2013 16 24.2 4.25 0.058 

19/04/2013 16 17.7 2.46 0.08 

23/04/2013 17 30.8 0.546 0.39 

26/04/2013 17 30.8 8.08 6.58 

30/04/2013 18 30.4 11.8 7.56 

03/05/2013 18 23.6 8.51 6.33 

07/05/2013 19 26.7 9.46 2.17 

14/05/2013 20 36.7 16.1 13.9 

17/05/2013 20 29.5 3.41 3.18 
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APPENDIX IV  –  NITRATE IONS RESULTS  

Date Week 
NO3-N 

Incoming 
NO3-N in the reference 

line effluent 

NO3-N in the 
temperature line 

effluent 

16/01/2013 3 
 

1.95 6.3 

23/01/2013 4 0.669 1.35 0.506 

01/02/2013 5 0.876 1.92 1.32 

08/02/2013 6 0.699 2.35 1.27 

12/02/2013 7 0.499 1.69 1.46 

15/02/2013 7 0.626 0.681 2.23 

19/02/2013 8 0.902 0.162 0.287 

22/02/2013 8 0.555 0.611 1.18 

26/02/2013 9 0.421 3.29 2.6 

01/03/2013 9 0.578 1.46 1.51 

08/03/2013 10 0.639 4.8 0.747 

12/03/2013 11 0.563 3.52 1.27 

19/03/2013 12 0.665 0.698 0.32 

22/03/2013 12 0.552 0.493 2.32 

26/03/2013 13 0.621 2.7 3.64 

05/04/2013 14 0.603 3.19 2.54 

09/04/2013 15 0.427 3.18 3.94 

12/04/2013 15 0.452 1.44 4.31 

16/04/2013 16 0.397 2.14 2.72 

19/04/2013 16 2.66 17.3 2.11 

23/04/2013 17 1.76 16.7 17.7 

26/04/2013 17 0.477 3.46 2.24 

30/04/2013 18 0.373 2.73 1.4 

03/05/2013 18 0.506 3.44 2.36 

07/05/2013 19 0.732 3.33 2.11 

14/05/2013 20 0.875 2.03 1.51 

17/05/2013 20 0.533 5.36 3.25 
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               APPENDIX V  –  SUSPENDED  SOLIDS RESULTS  

Date Week 
SS for the Reference 

line 
SS for the 

Temperature line 

25/01/2013 4 2556 2400 

29/01/2013 5 3438 3836 

08/02/2013 6 2686 1546 

12/02/2013 7 3150 3094 

14/02/2013 7 3052 2424 

19/02/2013 8 3010 5150 

21/02/2013 8 3142 2538 

26/02/2013 9 3974 3158 

01/03/2013 9 4094 3368 

08/03/2013 10 4044 4734 

12/03/2013 11 4094 3150 

19/03/2013 12 1838 3896 

22/03/2013 12 3850 3238 

26/03/2013 13 4380 3304 

05/04/2013 14 3254 3282 

09/04/2013 15 3398 2794 

12/04/2013 15 4092 2748 

16/04/2013 16 4090 2888 

19/04/2013 16 3790 3324 

23/04/2013 17 4328 3394 

26/04/2013 17 3522 4120 

30/04/2013 18 4688 3530 

03/05/2013 18 3830 3244 

07/05/2013 19 3538 2694 

14/05/2013 20 3218 3162 
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APPENDIX VI  –  SLUDGE VOLUME RESULTS  

Date Week 
SV for the 

Reference line 
SV for the 

Temperature line 

25/01/2013 4 720 580 

29/01/2013 5 820 680 

08/02/2013 6 680 200 

12/02/2013 7 780 480 

14/02/2013 7 820 380 

19/02/2013 8 620 400 

21/02/2013 8 680 280 

26/02/2013 9 660 420 

01/03/2013 9 580 500 

08/03/2013 10 660 620 

12/03/2013 11 740 500 

19/03/2013 12 320 800 

22/03/2013 12 780 640 

26/03/2013 13 860 660 

05/04/2013 14 640 660 

09/04/2013 15 700 540 

12/04/2013 15 740 540 

16/04/2013 16 720 460 

19/04/2013 16 640 700 

23/04/2013 17 720 600 

26/04/2013 17 620 780 

30/04/2013 18 780 680 

03/05/2013 18 680 680 

07/05/2013 19 640 480 

14/05/2013 20 500 620 
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APPENDIX VII  –  TOTAL NITROGEN REMOVAL EFFICIENCY  

Date Week 
Total nitrogen removal 

efficiency in the Reference 
line 

Total nitrogen removal 
efficiency in the 
Temperature line 

16/01/2013 3 -86.72 76.74 

23/01/2013 4 -7.72 60.57 

01/02/2013 5 -80.94 33.41 

08/02/2013 6 -7.14 52.23 

12/02/2013 7 37.70 52.05 

15/02/2013 7 27.90 31.60 

19/02/2013 8 36.84 6.52 

22/02/2013 8 57.23 28.31 

26/02/2013 9 35.22 38.26 

01/03/2013 9 30.99 35.38 

08/03/2013 10 40.61 46.46 

12/03/2013 11 25.33 42.16 

19/03/2013 12 66.80 92.31 

22/03/2013 12 29.40 92.46 

26/03/2013 13 59.84 86.49 

05/04/2013 14 65.65 86.00 

09/04/2013 15 57.40 84.20 

12/04/2013 15 41.84 86.95 

16/04/2013 16 51.52 86.69 

19/04/2013 16 57.72 85.18 

23/04/2013 17 83.98 83.98 

26/04/2013 17 67.21 72.54 

30/04/2013 18 75.93 66.26 

03/05/2013 18 53.03 61.74 

07/05/2013 19 73.20 89.37 

14/05/2013 20 59.29 72.86 

17/05/2013 20 63.68 69.06 
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APPENDIX VIII  –  SLUDGE VOLUME INDEX RESULTS  

Date Week SVI for the Reference line 
SVI for the Temperature 

line 

25/01/2013 4 281.69 241.67 

29/01/2013 5 238.51 177.27 

08/02/2013 6 253.16 129.37 

12/02/2013 7 247.62 155.14 

14/02/2013 7 268.68 156.77 

19/02/2013 8 205.98 77.67 

21/02/2013 8 216.42 110.32 

26/02/2013 9 166.08 133.00 

01/03/2013 9 141.67 148.46 

08/03/2013 10 163.20 130.97 

12/03/2013 11 180.75 158.73 

19/03/2013 12 174.10 205.34 

22/03/2013 12 202.60 197.65 

26/03/2013 13 196.35 199.76 

05/04/2013 14 196.68 201.10 

09/04/2013 15 206.00 193.27 

12/04/2013 15 180.84 196.51 

16/04/2013 16 176.04 159.28 

19/04/2013 16 168.87 210.59 

23/04/2013 17 166.36 176.78 

26/04/2013 17 176.04 189.32 

30/04/2013 18 166.38 192.63 

03/05/2013 18 177.55 209.62 

07/05/2013 19 180.89 178.17 

14/05/2013 20 155.38 196.08 

 


