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Abstract

The Master thesis deals with effects of increased wastewater loading on Hjørring Wastewater Treatment

Plant and the interactions between long force mains in the sewer system and wastewater treatment

processes. The goal of the thesis is to investigate both, positive and negative, effects of this increase. The

Master thesis is carried out in several steps. First, the wastewater influent is characterized in terms of

composition and biodegradability. This includes volatile fat acids (VFA) measurements on wastewater

samples, which were done in the laboratory. Furthermore, respirometry experiments were carried

out to measure oxygen uptake rate (OUR). The aim of this is to characterize the wastewater organic

matter composition, that accounts for possible sulfide formation and investigate sulfide abatement

methods. For this case two experimental wastewater treatment reactors were constructed. In addition,

negative impacts of sulfide generation in the sewer system were quantified by placing an odor sensor at

the inlet to the wastewater treatment plant (WWTP) to measure volatilized sulfides. Laboratory data

serves as a basis for setting up models describing wastewater transformations. Models were used to

simulate wastewater transformations with wide array of parameters. Sulfide abatement methods were

implemented into mathematical models to investigate possible sulfide control methods that would be
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applicable in the site of the thesis. Monte Carlo simulations were carried out to account for uncertainties.

After laboratory experiments, measurement campaign and simulations were completed, results were

discussed in a report and conclusions were drawn. Visual abstract above illustrates workflow throughout

this master thesis.
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1Introduction

The purpose of a functional wastewater treatment plant (WWTP) is the production of clean ef�uent

via removal of nutrients, organic matter, metals and other pollutants present in wastewater. These

components would eventually cause oxygen depletion and thereby provoke negative impacts for �ora and

fauna in the receiving waters. After the �rst water action plan in 1987, WWTPs in Denmark constantly

undergo considerable upgrades and nowadays most of the wastewater in Denmark is treated at the

biggest and most modern WWTPs in the country (Nieroet al., 2014). In this context modern unavoidably

means economically viable, which, consequently leads to the fact, that, at least for now, most advanced

wastewater treatment solutions lies with centralisation of WWTPs (Henze, 1997; Libralato et al., 2012).

This conclusion is especially viable in developed countries, where sewer infrastructure is prevalent

and well established, therefore centralisation is relatively inexpensive, because there is no need for a

completely new sewer systems.

Such is the case with WWTP in the city of Hjørring, located in Northern part of Denmark. The WWTP,

which treats wastewater from the municipality, recently received substantial additional in�ow of various

industrial wastewater. This addition by itself does not seem to be problematic. On the contrary: this

industrial wastewater is rich in easily biodegradable substrate, which only enhances performance of

WWTP. However, transportation of wastewater can be problematic. The long force mains, which are

used for transportation of wastewater, are a suitable environment for the formation of hydrogen sul�de,

which is not only characterised by unpleasant smell, but also acts a a corrosive agent and is toxic at

higher concentrations.

With this Master Thesis, small scale positive and negative effects of centralisation of wastewater treatment

are investigated based on a case study of Hjørring WWTP. Investigation in the thesis also goes beyond

WWTP and looks into interactions between long force main in the sewer system and wastewater

treatment processes. Afterwards, possible sul�de abatement methods are investigated and evaluated in

respect to Hjørring WWTP.
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2
Research questions

The focus of this Master Thesis lies in the understanding and analyses of complex relations between

wastewater treatment ef�ciency, increased wastewater loads and transformation processes of wastewater.

Challenges in understanding these relations rises not only from intricate composition of wastewater,

domestic as well as industrial, but also in the microbial transformations wastewater undergoes in long

force mains as well as in WWTP. The case of Hjørring WWTP is selected for this research, because

this treatment plant recently started to receive wastewater from different industries from the city of

Vrå. Here the largest amount of wastewater is generated from a laundry, hatchery and a marmalade

industry. Previously the resulting wastewater from this industries were treated in Lyngby WWTP. While

Hjørring WWTP is still able to treat in�uent wastewater ef�ciently, changes in dynamics of wastewater

transportation and treatment processes undoubtedly develops.

The aim of this study is to investigate the interactions between the long force main in the sewer system

and wastewater treatment processes at increased loads of VFA rich wastewater. In addition to the

identi�cation of hydrogen sul�de causing factors, the concentrations of hydrogen sul�de at the inlet

structure of WWTP is of major interest, as well as its consequences for further treatment. After the

transformations of wastewater with and emphasis on sul�de formation are de�ned, possible sul�de

abatement methods are investigated and modeled to represent the problem at hand as well as possible

solutions.

In order to solve the aforementioned problem, a strategy consisting of three main stages is devised.

Firstly, a literature review is carried out, section 3. Afterwards, laboratory experiments are done in

order to describe wastewater and its transformations, section 4. Where laboratory work proofs to be

insuf�cient, mathematical models to describe wastewater transformations are introduced, section 4,

section 6. These models are used to simulate wastewater transformations with a wide array of variable

wastewater quality parameters continuously. After all laboratory work and modeling is complete, results

are discussed and conclusions are drawn.

In the laboratory in�uent wastewater is characterized in terms of composition and biodegradability,

presented in section 5. This includes volatile fatty acids (VFA) on wastewater samples. Measurements are
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done by employing methods of ion chromatography. Furthermore, respirometry experiments are carried

out to measure oxygen uptake rate (OUR). The aim of this is to characterize wastewaters organic matter

composition. For this case, a couple of experimental wastewater treatment reactors are assembled and

tested. Finally, sludge tests are performed to investigate the direct impact of the in�owing wastewater

on WWTP. In addition, negative impacts of sul�de generation in the sewer system are quanti�ed by

placing a hydrogen sul�de gas sensor at the inlet to the wastewater treatment plant (WWTP), which

provides continuous in-situ data of hydrogen sul�de concentration in gas phase. Experiments also serve

as a basis for setting up mathematical models for simulations of wastewater transformations under a

continues prolonged time interval with variable wastewater quality parameters. Models also serve as a

tool to introduce, investigate and evaluate possible sul�de abatement methods in a pressure main from

Vrå to Hjørring. Data from simulation runs is presented in section 7. The thesis is rounded up with a

discussion section 8, where acquired laboratory data and modeling results are implement together with

data provided by Hjørring WWTP in order to present a comprehensive analysis of problem at hand.
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3
Overview of in-sewer

transformations, role of sul�de.

Hjørring WWTP

This part contains a general overview of wastewater transformations in the sewers with an emphasis on

presence of sul�de. A glimpse to the historical evolution in understanding sul�de role in sewer system

is made, which, to an extent, is re�ected throughout the thesis. Analysis of Hjørring WWTP and its

operational data is carried out. The chapter serves as preparation for the methodical analysis of the

problem in question and as a basis for further detailed investigations and laboratory work.

3.1 In-sewer wastewater transformations with

presence of sul�de

Sulfur is unavoidably present in sewage. As part of the organic substance in living cells (e.g. thiol

proteins, amino acids), sulfur contributes 1% to the organisms dry matter. In terms of sulfur presence in

wastewater, potable water contains 4 g S/(Person� d). The vast majority is present as sulfate, which

promotes the H2S formation under anaerobic conditions. The input from domestic sources can be

determined with approximately 7 g S/(Person � d), Table 3.1. However, sewage from industries can

contain high sulfate concentrations (for example industrial cleaning products with sulfuric acid) and,

occasionally, sul�de can be present as well. Table 3.1 illustrates, that sulfur with its variety of different

forms (ions) is a integral part everyday life and, therefore, is always present in wastewater.

In-sewer transformations

Wastewater is a product of domestic and industrial activities. While domestic wastewater mostly consists

of washing water with human excreta, hygiene products and additional substances, such as detergents,
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Table 3.1: Person equivalent total sul�de in domestic sewage, adapted from (Frey, 2008)

Total Sulfur

g Person-1 d-1

Origin Koppe/Strozek (1999) Barjenbruch (2005)

Urine 1.3 1.3

Faeces 0.2 0.2

Detergent

Na2SO4 sul�de 3.0 0.5�1

Tenside sul�de 0.5 0.15�0.5

Kitchen waste 0.2 0.2

Freshwater 4.0 3.4

Sum raw sewage 9.2 5.8�6.6

oils, etc., composition of industrial wastewater varies immensely depending on the type of industry. All

wastewater is disposed into sewers, where it �ows (possibly with addition of rainwater and in�ltration)

towards the wastewater treatment plant. Wastewater is transported through gravity and pressure sewers

with occasional pumping stations in between. Wastewater in gravity sewers is exposed to the sewer

atmosphere, therefore aerobic (and in some cases anoxic) processes takes place there, whereas in

pressure pipes anaerobic processes develop, Table 3.2. Under aerobic conditions, organic matter is

mainly transformed into inorganic carbon as CO2, nitrogen and phosphorus from the organic matter

are eventually released as inorganic ammonia and phosphates, and the energy produced in these

processes is used by biomass for growth and maintenance (Hvitved-Jacobsenet al., 2013). Anaerobic

wastewater transformations could be classi�ed into fermentation, sulfate reduction (respiration) and

methanogenesis. Fermentation is a type of energy production, which results in readily degradable

organic by-products, such as VFAs and alcohols (Hvitved-Jacobsenet al., 2013). Sulfate reduction, for

example Equation 3.1, results in sul�de compounds, such as H2S and HS-, and takes place in bio�lm and

sediments (Hvitved-Jacobsenet al., 2013).

SO2�
4 + Corg ! HCO �

3 + H 2S (3.1)

Methanogenesis is also a metabolic process, which takes place in deeper anaerobic layers of bio�lm

and sediments. During methanogenesis VFA's are consumed and methane is created as a by-product.

However, methanogenesis is not investigated in this report. Transformations as well as formation of

sul�de are reviewed in more detail in the following.
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Table 3.2: An overview of the integrated aerobic, anoxic and anaerobic processes and corresponding
air/water interactions and gas phase processes included in the WATS sewer process model
valid for any type of sewer, from Hvitved-Jacobsenet al., 2005 Table 5

Process Electron Donors Electron Acceptors

Water phase

(aerobic)

Biomass growth

Biomass maintanance

Hydrolysis

Sul�de oxidation

Transport

Fermentable substrate

Fermentation products

Hydrolysable substrate

(2�3 fractions)

Sul�de

Dissolved oxygen

Water phase

(anoxic)

Biomass growth

Biomass maintenance

Hydrolysis

Transport

Fermentable substrate

Fermentation products

Hydrolysable substrate

(2�3 fractions)

Sul�de

Nitrate

Nitrite

Water phase

(anaerobic)

Hydrolysis

Fermentation

Transport

Fermentable substrate

Fermentation products

Hydrolysable substrate

(2�3 fractions)

-

Bio�lm

(aerobic)

Bio�lm growth

Sul�de oxidation

(chemical and

biological)

Fermentable substrate

Fermentation products

Sul�de

Dissolved oxygen

Bio�lm

(anoxic)
Bio�lm growth

Fermentable substrate

Fermentation products

Sul�de

Nitrate

Nitrite

Bio�lm

(anerobic)
Sulfate reduction

Fermentable substrate

Fermentation products
Sulfate

Air-water exchange
Reaeration

Hydrogen sul�de

emission

- -

Water phase/

solid phase
Sul�de precipitation - -

Gas phase/

solid phase

Hydrogen sul�de

oxidation (corrosion)

Horizontal transport

Sul�de Dissolved oxygen

3.1 In-sewer wastewater transformations with presence of sul�de 11



Sul�de in wastewater

It was established in the previous section, that sul�de is the result of sulfate reduction during the

anaerobic respiration of biomass in wastewater. The entire sul�de cycle in sewers is illustrated below,

Figure 3.1. The sul�de cycle starts with reduction of sulfate. Main source of the sulfate in wastewater is

Figure 3.1: Sul�de cycle in sewers, sewer atmosphere and urban/WWTP atmosphere, from Yongsiri
et al., 2003

drinking water. Volatile organic compounds (VOCs) containing sulfur are not important quantitatively

in sul�de production, even though organic carbon is used as an energy source (electron donor) for

sulfate reduction (Hvitved-Jacobsenet al., 2013). Sul�de types, that are found in sewage are usually

summarized to H2S, HS- and S2-. Primarily H 2S and HS- are present in wastewater and from these two

only H2S can pass the wastewater - atmosphere barrier. More recent studies disproves the presence of

S2- in aqueous solution, (May et al., 2018). And even according to older literature it is described as only

present in low concentrations at very high pH. Naturally, it shall not be taken into account here. The

signi�cance of H 2S in sewer atmosphere lies in its negative effects, mainly malodour and corrosion of

sewer pipes, as well as health issues to people exposed. Sul�de effects to human health are illustrated in

the Table 3.3. In terms of usually reported problems, sul�de concentration can be considered as low

0.5 g S m � 3 , medium 3.0 g S m � 3 and high 10 g S m � 3 , but in countries with long pressure mains

or where high wastewater temperatures are likely, signi�cantly higher concentrations of sul�de can

occur (Hvitved-Jacobsenet al., 2000). Sometimes, even though other chemical compounds cause similar
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problems, sul�de is wrongly suspected as causative substance. In this report only sul�de is considered,

since it is the most widely discussed, investigated and occurring compound with such properties.

Table 3.3: H2S effects on human health, from U.S. Department of Labor, 2020

Concentration (ppm) Symptoms/E�ects

0.00011�0.00033 Typical background concentrations

0.01�1.5 Odor threshold (rotten egg smell �rst noticeable)

10 Eye irritation

20 Headache, dizziness

100�150 Loss of smell (olfactory fatigue or paralysis)

500�700 Staggering, collapse in 5 minutes. Death after 30�60 minutes

1000�2000 Instant death

H2S transportation between water and gas phase depends on pH, temperature, hydraulic conditions

of the sewer �ow and ventilation of the sewer atmosphere (Yongsiri et al., 2003). The transfer from

hydrogen sul�de in the water phase to the sewer atmosphere shows signi�cant dependency on pH. Rate

of this transfer can be calculated as (Sudarjantoet al., 2011):

rH 2S = kL a(H 2Saq � H 2S�
aq ) (3.2)

Aqueous H2S depends on pH and represents a fraction of total dissolved sul�des (H2ST), as described

below:

H 2Saq =
H 2ST

1 + 10 ( pH � pKa )
(3.3)

At 25°C the pKa for H2Saq is 7.0, which describes, that at a pH of 7.0, 50% remains as HS-, while the

other 50% occur as H2S in gas phase, as illustrated in Figure 3.2, key parameters from Equation 3.3 are

displayed in the Figure 3.2 (Sudarjanto et al., 2011). The dissociation changes the H2S fraction with

increasing pH value; e.g. at pH 8 only 10% off the total amount are H2S. pH also in�uences the sulfate

reduction - production of H 2S. Sharmaet al., 2014 shows, that the highest H2S production takes place

from 5.5 to 8.0 pH. Like most biological processes, H2S production is highly temperature dependent.

In normal sewer temperatures, production increases with increase in temperature, factor 3.4 per 10

� C (temperature coef�cient � =1.13) (Hvitved-Jacobsen et al., 2013). Similar process is present in H2S

release into sewer atmosphere, where rise in temperature increases the emission of H2S by approximately

2% every 1°C. (Hydrogen Sulphide Corrosion in Sewerage Works (Australia), 1989).

H2S has ideal conditions to form in pressure mains. One of the most common characteristics of pressure

mains is, that its wastewater is anaerobic, which means that biomass reduces sulfate to sul�de. Pressure

mains are usually at least few kilometers long and collect relatively high amounts of wastewater, which,

in most cases, leads to readily biodegradable and hydrolysable substrate rich wastewater. Hydrolysable
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Figure 3.2: Wastewater pH and its impact on sul�de transfer rate; pH=4 is taken as 100% transfer rate
of H2S. S2- is displayed in grey, since more recent research argues against its existence (May
et al., 2018).

substrate is used in complex fermentation processes which delivers bi-products of readily biodegradable

substrate (VFAs). This means that if the wastewater is rich enough with easily hydrolysable substrate

and force main is long enough, VFAs can become non-limiting factor in sulfate reduction, even though in

regular wastewater transformations they are the most crucial limiting factor.

Since dissolved H2S concentration can become very high in such sewers, at the outlet of force main to

manholes or pump stations H2S is released rapidly due to an increased water – air interface surface from

turbulence (Yongsiri et al., 2003). Because of its chemical properties, as well as its practical analyse

methods and low human odor threshold, sul�de is considered as indicator for corrosion problems in

pressure mains. Corrosion rates in full scale experiments up to 10 mm per year are found Appendix

Table 11.1. It is interesting to note, that special concrete types (e.g. calcium aluminate cement,

geopolymer) have a reducing effect on corrosion rates. In Frejlev pilot scale reactor indicated corrosion

rates of 3.1 mm per year (Vollertsen et al., 2008). Wastewater from Frejlev is also used in this report for

testing the experimental setup.

Sul�de production can be estimated by different equations, as presented by various authors in Table 3.4.

Temperature is considered a major factor, because at higher temperatures, more sul�de is formed,

meanwhile the solubility of oxygen decreases, illustrated in Appendix 11.5. With less oxygen present

in the water phase - anaerobic conditions occur and H2S starts to form. This exacerbates with water

saving measures (e.g. water saving toilets), due to reduced sewege quantity at constant pollution load.

Due to the many parameters (temperature, force main geometry and length, hydraulic gradient, etc.)

which contributes to H 2S formation, the applicability of the presented equations is limited and should be

always reviewed for every single situation.
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Equation (1), (2) and (3) calculating maximum production rates; Equation (4) also adds biodegradability

of wastewater by applying a correction factor a. Tanaka and Hvitved-Jacobsen, 2001 proves, that

Equation (4) applies for Danish sewers. The resulting production rates are shown in Figure 3.3. Here

three different types of variable biodegradable wastewater, characterized by COD contents (domestic,

mixed and industrial) show an increasing trend, with the highest rates for industrial sewage. However, it

can be seen, that the exact determination of factora is crucial for further considerations.

Table 3.4: Overview different calculations of sul�de production, adapted from Matsché et al., 2005

Calculation method Equation

(1) Boon and Lister, 1975 r s = 0 :228� 10� 3 � COD � 1:07(T � 20)

(2) Pomeroy and Parkhurst, 1978 r s = 1 � 10� 3 � BOD 5 � 1:07(T � 20)

(3) Thistlethwayte, 1972 r s = 0 :5 � 10� 3 � u � BOD 0:8
5 � [SO4]0:4 � 1:139(T � 20)

(4) Nielsenet al., 1998 r s = a � (CODsol � 50)0:5 � 1:03T � 20

Figure 3.3: Production rate of H2S in force mains with Equations from table 3.4 and varying a for Nielsen
et al. (1998)

Besides the already mentioned effects of corrosion and odor, presence of sul�de in the process of WWTPs

has negative effects on the �oc stability. This is explained by a increased shear stress sensitivity - or

weakened �oc strength - in the sludge �ocs, due to the reduction of Fe(III) ions and precipitation to FeS.

This leads to particle release and particle �oc disintegration, which consequently impairs dewatering

and thickening of sludge as well as a reduction in removal ef�ciency, as reported in Nielsen and Keiding,

1998 and Hydrogen Sulphide Corrosion in Sewerage Works (Australia), 1989.
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3.2 Historical background of sul�de in sewers

1900 � 1940, Sul�de related corrosion is realized In the beginning of the last century Olmstead

and Hamlin, 1900 investigate the corrosion of concrete sewer pipes, which is often considered as �rst

study regarding this topic. They observed, that the mortar, brickwork and iron which was used for

construction of the Los Angeles sea outfall was disintegrating and "rusting badly" accordingly. After

concrete was analysed, they found that it has lost 80% of its lime content. They also precisely mentioned

different effects that occur, e.g. stages of corrosion at pressure drops in the sewer infrastructure or the

composition of cement, but did not �nd – or at least did not mentioned – hydrogen sul�de. Instead the

loss of concrete was related only to sulphuric acid from the "gases given off by sewage".

The connection between sulfuric acid and H2S in sewer atmosphere was �rst found 30 years later in the

studies by Bowlus and Banta, 1932. The published results promote chlorination, which back then was

the most reliable sul�de control. It also improved the cleaning ef�ciency in the treatment plant. They

applied design criteria to de�ne a minimum �ow velocity through the sewer, which in relation to the

time, solved the corrosion quite suf�cient. Later in 1932 regular trunk sewer cleaning was tried the �st

time, which "brought sul�des under fair control". Still, the corrosion process was assumed to be fully

chemical through a possible series of chemical reactions (Lea and Desch, 1936), with only non-biological

H2S oxidation. In 1939 the districts of Los Angeles study corrosion broadly and to a much deeper extend.

They analysed over sixty thousand samples, as reported later by Pomeroy and Bowlus (1946), which

was back then enabled with the newly invented rapid methylene blue method (Pomeroy, 1936) for

determining the total sulphide content in sewage.

1940 � 1945, boundaries and parameters are discovered Corrosion inducing microoganisms (thiobacil-

lus concretivorus), where �rst described by Parker, 1945 and Parker already mentions corrosion of sewers

as world wide phenomena in, for example, Cairo, Cape Town and Melbourne. Pomeroy and Bowlus, 1946

found the valid concept of H2S formation. They summarize the effects of temperature, pH, sewer velocity

and sewage age (retention time), slimes (bio�lm) and sewage strength ("bacterial nutrients"). And also

give proper design advises, e.g. scouring the channels, reaeration and calculate �ow velocities.

With a newly introduced parameter Effective BODthey summarize temperature and sewage strength.

And with a new formula they presented a way to estimate minimum velocities required to prevent

sulphide formation: Effective BOD = BOD � 55 v2 . Of course this equation is rather simple and ignores

some other factors, but nevertheless the underlying reactions were discovered. They concluded, that

"[...] sul�de generation can be expected in completely �lled lines. Force mains therefore should be kept

to a minimum" (p. 615).
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1945 � 1995, sul�de formation prediction models Different equations were established after 1945.

Most are empirical equations, some of them already presented in section 3. They are outcomes of

experiments, as well as �eld experiments. As shown in Figure 3.3, the results vary. This is explained

by the highly individual experimental setup and limits the results for the particular experiment only.

Hvitved-Jacobsenet al., 2005 proposed to group these models in three types, regarding their increasing

complexity:

• Type I: Simple models for gravity sewers for "Risk models"

• Type II: Models for gravity sewers and force mains; Prediction of sul�de in water phase with 3–6

parameters

• Type III: Models that include the sulfur cycle with additional sinks of sul�de in gas phase and

concrete corrosion. Consecutive calculation steps with a multitude of equations

Most found reports from the last decades and larger �eld surveys to compare different abatement methods

today use Typ I and II models, for example in Matschéet al., 2005; Frey, 2008. This can be explained

by the easy application and good comparability of results in different locations. Hvitved-Jacobsenet al.

described Type III models as problematic, in regards to too high complexity and mathematical equations

which can not depict real situations.

In the 1970s the H2S formation and resulting consequences were excessively examined; the most known

published articles are from Thistlethwayte, 1972; Boon and Lister, 1975; Pomeroy and Parkhurst, 1978.

Here factors, boundary conditions and detailed chemistry reactions for sulfur conversion in sewers were

examined around the globe. Most of the �ndings from this period were included and summarized in

various technical design manuals, for example EPA, 1992 and Hydrogen Sulphide Corrosion in Sewerage

Works (Australia), 1989. All these models belong to Type II. It can be seen that they work for both

gravity and pressure sewers, and main parameters are wastewater strength (BOD or COD), hydraulic

conditions (�ow rate, surface area) and network boundaries (e.g. diameter, length, slope). Even though

they need relatively small amount of data as an input, these factors contain much more derivated

information. For example pipe slope or network conditions can indicate reaeration. All of these articles

are easy accessible, which also contributes to the wide spreading of these models worldwide, e.g. US, UK,

Denmark, Germany, Portugal. A review of studies containing various sul�de emission control methods is

presented by Zhanget al., 2008.

Since 1995, Modeling sulfur cycle in sewers In 1994, Aalborg, the �rst IAWQ Specialized Con-

ference on The Sewer as a Physical, Chemical and Biological Reactor took place and cases in sewers

and possible solutions were presented and later published (e.g. Boon, 1995, Kyeoung-Suk and Mori,

1995).
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New studies approach a more detailed understanding of corrosion conditions, such as gas-phase temper-

ature (Jiang et al., 2015). O'connell et al., 2010 concluded, that there are three major study �elds:

• Biological corrosion processes (sulfate-reducing and sulfur-oxidising bacteria)

• Chemical Concrete analyses with sulfates and sulfuric acid

• Laboratory concrete experiments, especially incorporating biological corrosion.

Nowadays modeling of wastewater processes serves as an integral part in understanding wastewater

transformations and estimating the scope of outcomes, which allows to account for possible complications

and future development of these processes. Hvitved-Jacobsenet al., 2000 created the framework of

conceptual understanding of organic matter transformations in wastewater in regard to sul�de. Based on

this concept, models of wastewater transformations and sul�de production in sewers were created and

integrated with Wastewater Aerobic/anaerobic Transformations in Sewers (WATS) model. Nielsenet al.,

2006 investigated and de�ned kinetics and stoichiometry of aerobic sul�de oxidation and determined

rate equations that can be integrated into the model. Abdul-Talib et al., 2002; Yanget al., 2004 researched

anoxic transformation of wastewater organic matter. A process concept is devised and process kinetics

are established based on two-step denitri�cation reactions, which mainly describes denitri�cation in

sewer systems. Yanget al., 2005 investigated anoxic oxidation of sul�de. It was found that anoxic

sul�de oxidation in sewer systems is almost completely biological. Yanget al., 2004; Yang et al., 2005

de�ned rate equations for anoxic processes that can be integrated into wastewater models. Kiilerich

et al., 2018 discusses the outlook of sul�de precipitation with iron, where precipitation with Fe(III) is

more rapid than with Fe(II). Also, iron to sul�de ratios are rede�ned according to stoichiometry as well

as precipitation ef�ciency. Sul�de precipitation rate equations are de�ned. All proposed rate equations -

aerobic sul�de oxidation, anoxic wastewater processes and anaerobic sul�de precipitation with iron -

can be integrated into WATS process model to deliver comprehensive and comparable simulations of

wastewater transformations.
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3.3 Hjørring wastewater treatment plant

Figure 3.4: Aerial view of Hjørring WWTP. Photo from Hjørring Kommunes Spildevandsplan, 2020

The WWTP, Figure 3.4, in the city of Hjørring (Denmark) treats municipal wastewater from Hjørring

and several towns, villages and industrial wastewater from small companies. Industrial wastewater from

Vrå was recently attached via long force main to WWTP, Figure 3.5. Biggest wastewater discharging

industries here are a laundry, chicken hatchery and and marmalade factory, Appendix Figure 11.3. Even

though its only three industries, they contribute approximately 40% to the water consumption of the

city Appendix Figure 11.4. The capacity of WWTP is determined to be 160 000 person equivalents

(PE), Hjørring Vandselskab A/S, 2020, and the plant is currently loaded with an 85% percentile of

approximately 81 000 PE. The plant was established in 1970 and extended in 1992. The treatment

includes mechanical, biological and chemical processes.

After sand and oil is removed, wastewater is treated in a primary settling tank, where with �rst

mechanical puri�cation some amount of organic matter and phosphorous are removed. Additional

iron chloride can be applied. In the following anaerobic process tank, biological phosphorus removal

happens. Afterwards wastewater �ows into the biological process tanks, where active sludge removes

the remaining nitrogen and organic matter with the help of microorganisms. Biomass has to be supplied

with oxygen during the nitri�cation process, where ammonia is converted to nitrate. Additionally most
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organic matter is removed here. In the denitri�cation processes, oxygen supply is terminated, and nitrate

is transformed to free nitrogen, which is released into the atmosphere. In the following four settling

clari�ers water is separated from sludge and phosphorus removal is supplemented with iron chloride

addition to ensure low phosphorous concentrations in the ef�uent.

Figure 3.5: Map of location, sewer types and force main in Vrå and Hjørring, � is detail view. Data from
Hjørring Kommunes Spildevandsplan, 2020. Vrå catchment map in Appendix Figure 11.3

Daily operational data (January – December 2019) from WWTP is used to evaluate general status of the

plant, Table 3.5. Daily wastewater load and COD are shown in Figure 3.6. The daily treated sewage is

approximately 15 200 m3d-1. It has to be mentioned, that Hjørring WWTP measures COD not regularly,

also smaller gaps are present in in�ow data, as seen in Figure 3.6. Therefore the 85% percentile was

calculated to establish statistically correct load values, as shown in Appendix 11.1. The average and

the 85% percentile in�ow loads and resulting PE from Hjørring WWTP are shown in Table 3.6 and are
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Table 3.5: Mean values of raw wastewater from Hjørring WWTP for 2019/2020. Standard deviation
as range variation, number of samples in brackets.

Parameter Unit In�uent

In�ow m3 day� 1 15,256� 7,490 (384)
pH - 7.41� 0.32 (97)
Temperature °C 12.2� 3.5 (382)
COD mg l� 1 880 � 425 (97)
Ntot mg l� 1 44.5 � 20.9 (98)
Ptot mg l� 1 6.9 � 2.9 (71)

calculated as follows: total daily load of COD is calculated from daily �ow average and COD average,

Equation 3.4. Afterwards, Population Equivalent (PE) is calculated with Equation 3.5.

Figure 3.6: Hjørring WWTP yearly variation from 2019 of daily in�ow (a) and COD (b). COD is
measured occasionally.�� indicates average mean,�� standard deviation. Data provided
from Hjørring Treatment plant.

Load = QInf low � COD (3.4)

P opulation Equivalent (P E) =
Qinf low � COD

120g d� 1
=

Load
120g d� 1

(3.5)
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Table 3.6: Daily load and Population Equivalent (mean and 85%-percentile) from Hjørring WWTP.
*Values from Jan 2019 to Jan 2020. Calculating Factors: COD = 120 g PE d-1, N = 11 g PE
d-1.

Parameter Mean load � Mean load 85% Percentile load � 85% Percentile
kg d� 1 Average PE kg d� 1 PE

COD 13 410 111 742 22 847 190392
Ntot 677 61 570 1 154 104906

By comparing the the 85% percentile load to the intended load of 160 000 PE, it can be concluded that

the WWTP does operate over full capacity; at least for COD removal.

Figure 3.7: Yearly variation of in�uent to WWTP Hjørring for 2019 . Water temperature (a) and pH
measurements and applied 4th order polynomial trend line (b). Data supplied from the
WWTP of Hjørring.

Water temperature and average air temperature, as well as ef�uent pH are shown in Figure 3.7. Water

temperature shows annual �uctuation, with warmer water in summer month. High variations during the

month are explained by daily air temperature variations, as well as rain events, which is con�rmed by

Pearson correlation coef�cient r = 0.89 between air temperature and wastewater temperature. Measured

pH vary from 7 to 8, with few acidic events. For full data, refer to Appendix Figure 11.2. At lower

temperatures (March), the pH is higher and drops then during the warmer spring and summer time. This

is presented as a trendline through the pH data set. The pH drop could be explained by the increased

rate of H2S formation, as well as the fermentation producing VFAs due to the increase in temperature.

In the past, additional readily degradable substrate had to be added to Hjørring WWTP in order to

increase the ef�ciency of the plant, by increasing the nutrient removal. However, since the introduction

of additional organic matter rich wastewater from Vrå, this addition became unnecessary. It indicates,

that industrial wastewater in�owing into WWTP is rich in readily biodegradable substrate, most likely - in

VFAs. As already mentioned, VFAs tend to form in pressure mains, which is the case here, as wastewater

from the industries is fed to WWTP via long pressure main, Table 3.7 and appendix Figure 11.6. In

section 3.1 it was described that such conditions - long force mains with organics rich wastewater -
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are suitable for formation of H 2S. Nature of organic mater in wastewater incoming to Hjørring WWTP,

transformation rates and possible formation of H2S, as well as its effects on WWTP processes are further

investigated throughout the thesis.

Table 3.7: Characteristics of force main from Vrå to Hjørring. Flow is calculated from total water
consumption in the town of Vrå data

Lenght Diameter Flow Volume
m mm m3 d-1 m3

9 541 197 565 290.7

Pressure main from Vrå to Hjørring, being on of the key interest throughout the thesis, has to be

investigated further, since it provides the medium for wastewater processes to develop. In Table 3.7 main

parameters describing physical characteristics of wastewater �ow are provided. Since wastewater �ow

in pressure main is not constant (pumping station does not run constantly), the most straightforward

evaluation is averaging wastewater velocity in the pipe from potable water consumption in Vrå. It is

assumed that water consumption (565 m3 d-1) is equal to wastewater produced in the dry season of the

year, which means, that average velocity of wastewater is 0.05 m s� 1 and total retention time is 51.0

h. Data analysis is carried out on Figure 3.8 to determine wet �ow in the pressure main. The �gure

demonstrates, that most intensive rainfall months have approximately 6 times more precipitation than

least intensive months, while highest wastewater in�ow to Hjørring WWTP is two times larger than the

lowest in�ow. It is decided to stick with WWTP in�ow data for estimation of wet �ow conditions in the

force main. Total wastewater �ow during wet season is assumed to be two times larger, with average

velocity of 0.10 m s� 1 and total retention time of 26.5 h.

Figure 3.8: Accumulated monthly precipitation from Aalborg and Frederikshavn against in�ow WWTP
Hjørring 2017, rain data provided from WWTP Frederikshavn (Centralrenseanlæg) and
Aalborg West (Vest)
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4
Methodology for in-sewer process

evaluation

In this chapter methods for investigating transformations of wastewater are presented. These methods

consists of experimental methods, modelling and in-situ testing. Laboratory work consist of OUR

experiments and measurements of VFA via ion chromatography. Furthermore, modeling microbial

transformations of wastewater and H2S formation in the sewers is carried out. In-situ measurements of

H2S odor logger at the inlet of WWTP are done to measure H2S concentration in the gas phase.

The methodological part of the thesis starts with OUR experiments and modelling, which provides crude

wastewater parameters at the inlet of WWTP. To specify wastewater composition further, IC tests are

conducted on �ltered wastewater. The main purpose of these tests is to quantify VFAs in water phase. To

quantify the total amount of H 2S (water and gas phases), the H2S production aerobic/anaerobic model

is set up. The model allows simulating virtually unlimited number of scenarios of H 2S production with

varying temperature, wastewater composition, etc. To validate the model, H2S measurements from an

odor logger and IC are used.

4.1 Sampling and preparation of samples

Wastewater sampling was done to carry out the experiments in a laboratory setting as well as to test

laboratory equipment. For testing the reactor (OUR) setup wastewater samples from Frejlev monitoring

station were used. Frejlev is characterised as a small, rather steep catchment with a conveyance time

from the source to the sampling station of approximately 30 min (Kiilerich et al., 2017). Samples from

Frejlev were collected at 2nd November 2019.

A wastewater sample from Hjørring was collected at 20th January 2020. Sampling in Hjørring was done

to retrieve samples for OUR experiment, where wastewater is acquired without �ltration. Another type

of sampling was done for IC experiments for quanti�cation of VFA's, where the sample was �ltered.
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4.2 Respirometry for OUR rate determination

The determination of the rate of the biological consumption of oxygen (or other inorganic electron

acceptors) is de�ned as respirometry. Biochemically, respiration is the adenosine triphosphate (ATP)

generating process. ATP is used as energy carrier in the cells and is used for cell growth, maintenance

and reproduction (Loosdrecht et al., 2016). Energy, which is produced by respiration is therefore directly

linked to this processes. High cell process rates are indicated by high respiration rates. Since oxygen

dissolves rather poorly in water and large amounts of oxygen needed at high cell densities, the oxygen

supply is considered as one of the most important and therefore limiting process values at aerobic cell

respiration. Two major types of information can be extracted from respirometry experiments: �rst the

direct activity of the biomass, e.g. aerobic respiration rate. And second, the indirect deviated information

from these results, e.g. substrate concentration, microorganism concentration and kinetic parameters.

In this study, indirect results from oxygen uptake rate (OUR) measurements were used to estimate

wastewater parameters, for example, fractions of COD, as proposed by Vollertsen and Hvitved-Jacobsen,

2002. OUR is de�ned as the product from the speci�c oxygen uptake rate qO 2 (which varies for different

populations of microorganism) and the biomass concentration cx .

OUR = qO 2 � cx (4.1)

Where:

OUR Oxygen uptake rate g L� 1 h� 1

qO 2 speci�c oxygen uptake rate g g� 1 h� 1

The enrichment with oxygen in bioreactors can be described by surface renewal, penetration model or

two-phase theory (Lewis and Whitman, 1924). The latter is most used (Chmiel, 2011). The liquid phase

limits the transport of oxygen. For achieving optimal productivity in aerobic processes, oxygen has to

be supplied. In this experimental setup, reactors with aeration and air control were used to provide a

controlled environment.

For measurement of OUR, two independent stainless steel batch reactors, with a volume of 2.4 liters were

set up, as shown in Figure 4.1 and Figure 4.2. Respirometry experiments were conducted immediately

after the sampling, at the Department of Chemistry and Bioscience, Aalborg University, to prevent

degradation of fast degradable substrate and limit uncontrolled growth of biomass. After 24 h, 60 mg L� 1

COD (88 � l 96% ethanol equivalent) was added to the reactors to validate the model. These reactors

run in parallel in order to con�rm the experimental results. Through permanent stirring with a magnetic
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stirrer, particles were kept in suspension and oxygen was distributed evenly. Water temperature was

kept at room temperature 20� C � 0.5� C, without additional temperature control. Dissolved Oxygen

(DO) concentration was measured in the liquid phase with an oxygen probe. The oxygen sensor was

calibrated before the actual test setup.

Figure 4.1: Sketch of Experimental OUR Reactor Figure 4.2: Photo of OUR Reactor Setup

When the DO concentration was below 6 mg O2 L� 1 , aeration was applied with compressed air in the

bottom of a reactor until a DO concentration of 8.8 mg O2 L� 1 was reached. Expansion volume was

partly �lled with wastewater for inhibiting reaeration through surrounded air. For the same reason

a closing piston was installed in the upper expansion part. The piston is open during the reaeration

procedure in order to avoid pressure build up in the system. After the reaeration the piston closes to

avoid reaeration from the surrounding atmosphere. Reaeration from the atmosphere is negligible, due

to the low solubility of oxygen in water phase. However, it might be enough to set off the results of OUR

experiment and therefore proper procedure to avoid this must be followed.

OUR was calculated as the change of oxygen concentration over time. Periods of pumping are excluded

from the calculation. For smoothing results a moving average was used, to �lter out high variations and

noise. The average is taken over 15 consecutive time steps, Equation 4.2.

OUR i =
1
15

i +15 � 1X

j = i

@sO
@t j

(4.2)

Results of OUR experiments are illustrated in respirograms, Figure 4.3a and Figure 4.3b. Here, wastewa-

ter transformations reveals an initial peak in microorganism activity. This results from the oxidation of

readily biodegradable substrate, SS , which is being used by microorganism for growth and respiration.

Area of SS is followed by an area representing fast hydrolysable substrate XS;fast and afterwards the
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(a) OUR from Unspeci�ed Test Data and Monitoring
Station 2-11-2019

(b) OUR from Frejlev Research and Monitoring Station
2-11-2019

Figure 4.3: Oxygen Uptake Rate (OUR) for two different sewer waters. (a) test data, (b) Frejlev.
Interpretation of compartments SS , XS;fast and XS;slow ; Straight dividing lines ( �� ) are
exponential in reality.

slowly hydrolysable substrate XS;slow . Reason for gradual consumption of different fractions of substrate

lies in differences of chemical composition of these fractions. SS is composed of soluble compounds,

like short chain volatile fatty acids. It is degraded fast and explain the fast oxygen uptake response at

the beginning of the experiment. XS;fast and XS;slow consist of organic compounds with longer chains,

therefore XS;fast and XS;slow have to be hydrolysed before this fraction can be consumed by microorgan-

isms. OUR from Figure 4.3b shows a small area of SS , which is explained as a fresh wastewater sample,

collected close to the catchment. OUR from Figure 4.3a in comparison results in a much greater SS

area, which indicates older sewage. This process is explained in a way, that in older sewage XS;fast and

XS;slow are hydrolysed into SS , therefore quantity of SS increases in long force mains.

A numerical model describing the experiment is set up. The reason behind modeling OUR experiment is

that the model enables extraction of wastewater parameters from the OUR data. The Model is set up

according to the Vollertsen and Hvitved-Jacobsen, 1999; Hvitved-Jacobsenet al., 2013 and it is based

on wastewater transformations described by Activated Sludge Model (ASM No.1). Main differences

between ASM No.1 and OUR models are that OUR model proposes several fractions of hydrolysable

substrate and that decay of biomass into substrate and inert particles is absent and biomass maintenance

energy requirements are introduced (Vollertsen and Hvitved-Jacobsen, 1999). The OUR model concept is

presented in Table 4.1 and it works as regular ASM model: parameter is calculated as a sum of processes

multiplied by their corresponding rates. For example, SS is calculated as follows, Equation 4.3:
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Table 4.1: Matrix formulation of aerobic microbial transformations of organic matter in an OUR batch
experiment with nonseeded wastewater, (Hvitved-Jacobsenet al., 2013)

SS XS1 XS2 XHW -SO Rate

Biomass Growth -1/YHW 1 (1-YHW )/Y HW Equation a
Maintenance energy -1 -1� 1 Eq. b
Hydrolysis (fast) 1 -1 Eq. c, n = 1
Hydrolysis (slow) 1 -1 Eq. c, n = 2
* If SS is not present in su�cient concentration, XHW is used for endogenous respiration.

Equation a: � H � SS
K SW + SS

� X Hw

Equation b: qm � X Hw

Equation c: khn � X Sn =X Hw

K Xn + X Sn =X Hw
� X Hw

SS

dt
=

� 1
YHW

� a + ( � 1 � b) + 1 � c1 + 1 � c2 (4.3)

Figure 4.4: OUR experiment data, end of force main, Hjørring WWTP, 2020-20-01

Model parameters describing wastewater composition are evaluated from the initial wastewater transfor-

mations, as illustrated in Figure 4.3. Parameters such as maximum speci�c growth rate (� H ), saturation

constant of SS (K S ), maintenance energy requirement rate (qm ), and yield constant (YH ) are derived

from addition of readily biodegradable substrate after 24h, as described above in section 4.2. This

addition is clearly visible in Figure 4.4. Aerobic microorganisms immediately reacts to the addition of

SS with a signi�cant increase in OUR, which illustrates increased activity and growth rate of X Hw . In

Table 4.2, the parameters used for model simulation of OUR experiment are presented. Initial realistic

parameters for model set up are taken from Hvitved-Jacobsenet al., 2013. Afterwards, iterative process

of model calibration by trial-and-error is carried out. Parameters of a calibrated model are presented
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in Table 4.2. As already mentioned, during the OUR experiment the temperature is nearly constant,

therefore temperature factors are voided from the model.

Table 4.2: Initial values for describing aerobic microbial transformations of organic matter in an OUR
batch experiment with nonseeded wastewater, from Hvitved-Jacobsenet al., 2013. Values
used in model illustrated in Figure 4.4. Numbers in brackets are literature values

Symbol Description Value Unit

� H Maximum speci�c growth rate 9.0 (4.0�8.0) d� 1

kh;fast Hydrolysis rate constant 8.0 (5.0) d� 1

kh;slow Hydrolysis rate constant 0.5 (0.5) d� 1

qm maintenance energy requirement rate constant 2.2 (0.5�2.0) d� 1

K S Saturation constant forSS 4.0 (0.5�2.0) g COD m� 3

K X;fast Saturation constant for hydrolysis 1.5 (1.5) g COD g COD� 1

K X;slow Saturation constant for hydrolysis 0.5 (0.5) g COD g COD� 1

YH Yield constant for heterotrophs 0.63 (0.5�0.6) g COD g COD� 1

SS Readily biodegradable substrate 50 (0�40) g COD m� 3

X Hw Heterotrophic biomass 19 (20�100) g COD m� 3

X S;fast Hydrolysable substrate 140 (50�100) g COD m� 3

X �
S;slow Hydrolysable substrate 391 (300�450) g COD m� 3

* X S;slow = CODT otal - SS - X S;fast - X Hw

Despite OUR model matrix in Table 4.1 being relatively compact, the estimation of model parameters

is complicated. Even though there is no - or no signi�cant - correlation between model parameters,

some parameters in the model concept are not independent (Vollertsen and Hvitved-Jacobsen, 1999).

Furthermore, biomass can be substrate selective, as in speci�c type of microorganism might prefer one

type of substrate to another. In order to avoid error due to selective substrate consumption by biomass,

substrate containing a wide range of readily biodegradable organics (e.g. molasses, beer etc) can be

added instead of ethanol.

Results from OUR experiment together with OUR model allows characterisation wastewater quality as

well as quantity of different fractions of biodegradable matter. Establishing composition of wastewater

is a �rst step in understanding processes happening not only at the inlet to the WWTP, but also in the

pressure main. Results of OUR experiments, together with IC measurements and in-situ data logging,

creates the foundation for estimating hydrogen sul�de production processes as well as understanding

full extent of effects of in�ow from Vrå on pressure main and Hjørring WWTP.
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4.3 Ion Chromatography for VFA and sul�de

measurements in wastewater

Composition of wastewater is determined with OUR experiment and modelling. However, OUR delivers

only rough composition and it is not enough to accurately quantify sulfate redox reactions. Especially,

when readily biodegradable substrate is concerned, mainly - acetate. Acetate is a typical by-product

of fermentation processes during sulfate reduction. Even though acetate is a VFA, it is not a preferred

substrate for biomass in sewers. For these two reasons, acetate serves as a good indicator for possible

sulfate reduction processes in the sewer.

Ion Chromatography (IC) Figure 4.5, is described as a separation method, which divides loaded inorganic

and organic molecules into molecule classes (Weiss, 2004; Michalski, 2018). These classes can be

identi�ed and quanti�ed to identify compounds in liquid phases, such as wastewater. Loaded functional

groups are attached to a polymeric matrix, which allow the cations from the mobile phase to bound. The

tests in this study are conducted with a Dionex ICS-1000, with auto samplers, as shown in Figure 4.6

and Appendix Figure 11.9, to detect the amount of VFA. Following VFA can be detected, but only acetate

is used in this report:

• Formic acid (CH 2O2)

• Acetic acid (CH 3COOH)

• Propionic acid (C 3H6O2)

• Isobutyric acid (C 4H8O2)

• Butyric acid (C 5H10 O2)

• Isovaleric acid (C 3H6O2)

• Valeric acid (C 5H9O2)

• Caproic acid (C6H12 O2)

Figure 4.5: Basic components of an ion chromato-
graph, from Weiss, 2004

Figure 4.6: Ion Chromatograph Dionex ICS 2100:
(4) central unit, (1) Auto Sampler, (2)
E�uent, (3) Regenerent
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Detection of VFAs were conducted with a IonPac ICE-AS6 separator column 9 x 250 mm from Dionex

(Sunnyvale, USA) as stationary phase. Samples were �ltered through a 0.45� m membrane �lter after

collection. For calibration, solutions with four different concentrations of a standard were tested to

obtain a calibration curve (concentration versus peak area), according to Figure 4.7. Slope of the linear

regression equals the correction factor for the analytes compound. The analyte concentration should

lie among the calibrated concentrations, to ensure correct interpolation of the analyte. Extrapolation

should not be executed, due to the unknown function outside the investigated range. Weiss, 2004 and

Barnett et al., 2013 state, that a relative precision of 0.3% and 0.26% respectively can be be achieved.

Analysed wastewater inlet from Hjørring displays a detected acetate peak after 15min detection time,

Figure 4.8. For this �gure the same sample was tested three times. The high reproducibility is visible in

the sub-�gure.

Figure 4.7: External standard calibration for ac-
etate with concentrations of 5, 10, 50
and 100 mg/l and resulting peak area
response linearity

Figure 4.8: Chromatogram. Three runs with a
sample from Hjørring 2020-01-20

adsfdsdsfsdfsfsdfs

The eluent was 0.4 mM hepta�uorobutyric acid for minimum background conductivity. Flow rate was

1.0 mL min � 1 and the background eluent conductivity was suppressed with an AMMS-ICE suppressor.

Hence, the separation method was suppressed conductivity. Injection volume was 25� L. This procedure

and technical design was kept unaltered during the sampling campaign.

However, in case of this thesis, VFA measurement in water phase are not consistent nor very accurate

in a sense, that wastewater from pressure main varies a lot in time while sampling is momentary. It

is impossible to estimate when and how big the surge of VFA (consequently - H2S) rich wastewater

reaches WWTP, ergo the sampling and IC tests most likely illustrates only short time period average

wastewater characteristics at the outlet of pressure main. To obtain continuous in-situ data - a H2S gas

sensor (OdalogTM) is set up at the inlet of WWTP.
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4.4 Odor measurement of volatilized sul�des

Odors from sewer at the inlet of WWTP, especially inorganic gases, such as hydrogen sul�de can be

measured with an odor sensor, Figure 4.9(a). It has to be mentioned, that this technique only allows

determination of gas phase concentration. Measurements of sul�de in the liquid phase requires additional

experiments. An odor sensor is a reliable tool to measure hydrogen sul�de in the atmosphere. These

measurements are important, because hydrogen sul�de is most noticeable in the gas phase. An odor

sensor is placed above the pressure main outlet at the Hjørring WWTP, as illustrated in Figure 4.9(b)

from May 7 th to 14th , 2020.

(a) OdaLogTM (b) OdaLogTM installation in inlet structure

Figure 4.9: Logger and Installation

Measurements of sul�des in gas phase at the pressure mains outlet to WWTP serves as a tool not only

to quantify hydrogen sul�de in the gas phase, but also to estimate a full extent of hydrogen sul�de

formation in the pressure main from Vrå to Hjørring. The sensor is continually logging data for seven

days, which allows to capture possible diurnal variations in hydrogen sul�de production. The sensor also

captures surges in hydrogen sul�de production due to the increase in readily biodegradable substrate

rich wastewater from the industries. In this case, the sensor is the only reliable way to quantify these

surges, because continuous sampling of wastewater from the pressure main is impossible.
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4.5 Modelling sul�de formation under

aerobic/anaerobic conditions in sewers

In-situ hydrogen sul�de assessment in WWTP provides continuous results, but due to the construction

of the inlet structure, signi�cant underestimations are possible. Laboratory experiments, while very

informative, heavily relies on sampling, which is extremely limited in time therefore - in wastewater

composition. In order to simulate higher variety of scenarios, a model of sul�de formation under

aerobic/anaerobic conditions is build. This model is constructed based on Hvitved-Jacobsenet al., 2000;

Tanaka and Hvitved-Jacobsen, 2001. The underlying matrix is presented in Table 4.3. Matrix in this

section works in the same way as the matrix presented in section 4.2. However, model parameters

presented in Table 4.2 and Table 4.4 are not fully interchangeable, because they describe different

experiments/situations. However, wastewater composition values at the in�ow to WWTP, estimated

with OUR experiments, are used to reverse-engineer wastewater composition at the beginning of the

pressure main.

As in most wastewater processes, limiting factor here is availability of biodegradable substrate. In this

model, biodegradable substrate consists of fermentable substrate, SF , fermentation products, SA and

hydrolysable substrate, XS . SF , and SA make up SS . Slowly biodegradable substrate, XS 2 , is calculated

as follows: XS 2 = COD tot - (SF +S A ) - XS 1 - XBW , (Tanaka and Hvitved-Jacobsen, 2001). Hydrogen

sul�de production rate here is modelled based on equation 4 in Table 3.4, where soluble COD value is

used to calculate content of sul�de. However, in the model soluble COD is changed into the content

of SF +S A +X S 1 , as seen in the equation g, Table 4.3, since soluble COD value is not a direct part

of the matrix. Also, such change makes sense from theoretical, experimental and modeling point of

view (Hvitved-Jacobsenet al., 2000). The model takes aerobic and anaerobic conditions into account,

therefore it can be used for gravity sewers as well as for pressure mains. Oxygen content in wastewater

in this model is described by three statements: oxygen consumption by biomass in bulk water as well as

in bio�lm, oxygen consumption for maintenance energy and oxygen increase in the system by reaeration.

Other equations and used parameters are presented in Table 4.3 and Table 4.4.
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Table 4.3: Matrix formulation of aerobic/anaerobic sul�de formation in sewers, (Hvitved-Jacobsen et al.,
2000)

SF SA XS 1 XS 2 XHW SH 2S -SO Rate

Aerobic growth in bulk water -1/YHW 1 (1-YHW )/Y HW Eq. a

Aerobic growth in bio�lm -1/Y HF 1 (1-YHF )/Y HF Eq. b

Maitanence energy requirement -1 1 Eq. c

Aerobic hydrolysis, fast 1 -1 Eq. d, n=1

Aerobic hydrolysis, slow 1 -1 Eq. d, n=2

Anaerobic hydrolysis, fast 1 -1 Eq. e, n=1

Anaerobic hydrolysis, slow 1 -1 Eq. e, n=2

Fermentation -1 1 Eq. f

H2S production 1 Eq. g

Reaeration -1 Eq. h

Equation a: � H � SF + SA
K SW +( SF + SA ) � SO

( K O + SO ) � X HW � � ( T � 20)
W

Equation b: k1=2 � S0:5
O � YHF

(1 � YHF ) A=V ( SF + SA ) =( K SF +( SF + SA )) � � ( T � 20)
F

Equation c: qm � SO
( K O + SO ) � X HW � � ( T � 20)

W

Equation d: khn � ( X Sn =X BW )
K Xn +( X Sn =X BW ) � SO

( K O + SO ) � (X BW + �X BF � A=V ) � � ( T � 20)
W

Equation e: hfe � khn � ( X Sn =X BW )
K Xn +( X Sn =X BW ) � K O

( SO + K O ) � (X BW + �X BF � A=V ) � � ( T � 20)
W

Equation f: qfe � SF
K fe + SF

� K O
( SO + K O ) � (X BW + �X BF � A=V ) � � ( T � 20)

W

Equation g: kH 2S � 24 � 10� 3 � (SF + SA + X S 1)0:5 � a( T � 20)
S � K O

( SO + K O ) � A=V

Equation h: K L � 24 � (SOS � SO ), whereK L a = 0 :86 � (1 + 0 :20F 2) � (s � u)3=8 � d� 1
m � � ( T � 20)

r

Table 4.4: Values used in hydrogen sul�de formation in the sewers model described in Table 4.3 (Hvitved-
Jacobsenet al., 2000)

Symbol Description Value Unit

� H Maximum speci�c growth rate 6.3 d� 1

YHW Suspended biomass yield constant for heterotrophics 0.63 g COD g COD� 1

K S Saturation constant for readily biodegradable substrate 1.0 g COD m� 3

K O Saturation constant for dissolved oxygen 0.05 g O2 m� 3

� W Temperature coe�cient in water phase 1.07 -

qm maintenance energy requirement rate constant 1.0 d� 1

k1=2 1/2 order rate constant 4.0 g O0:5
2 m� 0:5d� 1

YHF Bio�lms yield constant for heterotrophics 0.55 g COD g COD� 1

K SF Saturation constant for readily biodegradable substrate 5.0 g COD m� 3

� E�ciency constant for bio�lm biomass 0.15 -

� F Temperature coe�cient in the bio�lm 1.05 -

kh;fast Hydrolysis rate constant 5.0 d� 1

kh;slow Hydrolysis rate constant 0.5 d� 1

K X;fast Saturation constant for hydrolysis 1.5 g COD g COD� 1

K X;slow Saturation constant for hydrolysis 0.5 g COD g COD� 1

hfe Anaerobic hydrolysis reduction rate 0.14 -

qfe Maximum rate for fermentation 3.0 d� 1

K F e Saturation constant for fermentation 20.0 g COD g COD� 1

kH 2S H2S production rate constant 2 g S2� m� 2 h� 1

� S Temperature coe�cient for hydrogen sul�de production 1.030 -
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It is clear from the matrix Table 4.3, that H 2S production is mainly dependent on wastewater char-

acteristics (SF , XS 1 , etc), wastewater temperature and oxygen content in wastewater. Biodegradable

substrate is required for growth and maintenance of microorganisms. Temperature determines the rate

of processes, where with increasing temperature rate of H2S production increases, whereas oxygen acts

as inhibiting factor: H 2S production is possible only under anaerobic conditions. These changes are

illustrated in Figure 4.10, where changes of wastewater composition are presented, and H2S formation

dependency on temperature is illustrated at Figure 4.11. As soon as oxygen in the bulk water is de-

pleted, H2S production begins. During the wastewater conveyance in the anaerobic pressure main, H2S

production is further increased.

Figure 4.10: Wastewater composition during aer-
obic/anaerobic processes in pressure
main, 10°C

Figure 4.11: H2S formation dependency on
wastewater temperature and
retention time

During aerobic heterotrophic growth of biomass, SF is rapidly consumed. However, it is not noticeable in

Figure 4.10 due to the low XHW concentration in the wastewater, which leads to biomass growth rate

being lower than hydrolysis rate. Simulation with increased value of XHW (XHW = 35 COD g m -3) is done

to illustrate the concept (presented in Figure 11.10 and Figure 11.11). It illustrates, that with increased

XHW readily biodegradable substrate is rapidly consumed.

Figure 4.11 illustrates, that H2S production is highly dependant on wastewater temperature as well as

residence time in the sewer. Since temperature of wastewater in Hjørring has an amplitude of at least 15

°C, as illustrated in Figure 3.7, and wastewater �ow is highly varying as well, Figure 3.6, capability of

modelling a vast amount of possible scenarios is crucial in a comprehensive understanding in processes

related to hydrogen sul�de production in sewers.
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5
Results of in-sewer process

evaluation

In section 5 results of experiments carried out during this master thesis are presented together with sul�de

formation in sewers model results. Results are presented as follows: results from OUR experiments,

results from IC experiment for VFAs, results from in-situ odor sensor and �nally - modeled sul�de

formation in the pressure main data. Comparative analysis of the results as well as discussion are

presented in section 8.

5.1 Oxygen uptake rate (OUR) and ion

chromatography (IC)

Procedure of OUR experiment is described in section 4. Experiments are carried out in order to describe

and quantify composition of wastewater as well as to estimate kinetic processes of biomass. Two parallel

OUR experiments on Hjørring wastewater samples were carried out in order ensure replicability of the

experiment. Parallel experiments proved to be very similar, therefore one data set is used for analysis.

Experiment, illustrated in Figure 5.1, is used as the basis of wastewater composition description. The

�rst 24 hours of experiment are used to estimate composition of wastewater in regard of biodegradable

matter and quantity of biomass. Time period after addition of ethanol (24h–48h), illustrated in previous

chapter, Figure 4.4, allows to select appropriate constants describing wastewater transformations.

Data used in this OUR experiment is fully described in previous chapter, Table 4.2. Wastewater

composition in regard to COD parts is of major interest here. With OUR experiments highly active parts

of COD were estimates as follows: SS = 50 gCOD m � 3 , XHw = 19 gCOD m � 3 , XS;fast = 140 gCOD

m� 3 . This wastewater quality data �ts the narrative described throughout the thesis. Long pressure main

from Vrå to Hjørring receives high in�ow of readily biodegradable matter rich wastewater, therefore S S

and XS;fast values are high.
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Figure 5.1: Data from OUR experiments with Hjørring wastewater sample taken at 2020-01-20 13:00

Furthermore, it is assumed, that throughout the pressure main anaerobic conditions are dominant.

OUR experiment illustrates that, since initial XHw quantity is on a lower end. If pressure main would

receive oxygen throughout the pressure main, concentration of aerobic biomass, XHw , most likely would

be higher, since wastewater from Vrå is rich in easily biodegradable matter. It is well illustrated in

Figure 5.1. Oxygen uptake rate increases rapidly with start of oxygen injection, which indicates rapid

growth of aerobic biomass.

IC is the second part of laboratory methods used to quantify wastewater quality parameters. In this case

acetate, which is closely related to the formation of sul�de, is determined. Concentration of acetate is

calculated from Figure 4.8 by calculating area of acetate peak. Average area of acetate peak from three

IC runs is 0.507 � S min� 1 . Inserting this value into the calibration equation presented in Figure 4.7

delivers concentration of acetate in the wastewater sample, which is 18.9 g m� 3 . Sample was collected

at wastewater temperature of 10� C (Figure 3.7). Acetate concentration derived from IC corresponds well

with SS value from OUR experiment, since SS is composed from fermentable substrate and fermentation

products (such as VFA - acetate). While 18.9 g m� 3 of acetate is a rather high concentration, it is to be

expected with a presence of sul�de formation.

5.2 Odor logger

Ambient hydrogen sul�de concentrations, recorded by OdaLog in the inlet structure of Hjørring WWTP

for continuous seven days period, are presented in Figure 5.2. Additionally, ambient temperature in the

inlet structure was recorded. As seen in the �gures, measured concentrations varies from 0–18 ppm.

It has to be stressed, that detection resolution of logger is 1 ppm, thus exact measurements close to 0

are not available. May 8–10th was a long weekend and only small amounts of sul�de concentrations

were detected. Even though they were above odor threshold. At May 13th highest value of 18 ppm is

present. By comparing ambient temperature with H2S concentrations, it can be seen, that hydrogen
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