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Sammanfattning 
Abstract 

Major studies conducted in Europe and North America has concluded that the current processes in wastewater 
treatment plants insufficiently degrade micropollutants e.g. pharmaceutical residues. Several sorption and oxidation 
methods has therefore been investigated with the purpose of removing or degrading micropollutants in wastewater. 
The main purpose of this project was, firstly, to validate the results from a pilot study conducted by Tekniska verken i 
Linköping AB (2014) which investigated the use of ozone to degrade pharmaceutical residues. Secondly, to 
investigate and design a suitable process control strategy for the ozonation process. Four different tests were 
conducted during the project, a dose-response test, step-response tests, a trace test, and a performance test. A 
poorer average reduction of pharmaceutical residues was observed in this project compared to the pilot study. An 
average reduction of approximately 80% was observed at the highest tested dose, 0.67 mg O3/mg DOC, N corr. 
Whilst an average reduction of 90% was observed at approximately 0.46 mg O3/mg DOC, N corr, in the pilot study. 
However, the quality of the wastewater was worse during this project compared to the pilot study. ΔUVA254 and off-
gas concentration of ozone were found to be suitable control parameters for process control. A control strategy 
based on a combination of these parameters was designed, where ΔUVA254 was used as the main control parameter 
and the off-gas concentration of ozone was used as a limiting controller to ensure a sufficient mass transfer in the 
system. In conclusion, a suitable flow proportional base ozone dose valid for current water conditions has been 
identified, 10 mg/L. Differences in wastewater quality which heavily influence the ozonation process have been 
identified. Lastly, a control strategy for process control of the ozonation have been identified, designed and is ready 
for implementation.     
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Abstract 
 

Major studies conducted in Europe and North America has concluded that the current processes in 
wastewater treatment plants insufficiently degrade micropollutants e.g. pharmaceutical residues. Several 
sorption and oxidation methods has therefore been investigated with the purpose of removing or 
degrading micropollutants in wastewater. The main purpose of this project was, firstly, to validate the 
results from a pilot study conducted by Tekniska verken i Linköping AB (2014) which investigated the use of 
ozone to degrade pharmaceutical residues. Secondly, to investigate and design a suitable process control 
strategy for the ozonation process. Four different tests were conducted during the project, a dose-response 
test, step-response tests, a trace test, and a performance test. A poorer average reduction of 
pharmaceutical residues was observed in this project compared to the pilot study. An average reduction of 
approximately 80% was observed at the highest tested dose, 0.67 mg O3/mg DOC, N corr. Whilst an 
average reduction of 90% was observed at approximately 0.46 mg O3/mg DOC, N corr, in the pilot study. 
However, the quality of the wastewater was worse during this project compared to the pilot study. ΔUVA254 
and off-gas concentration of ozone were found to be suitable control parameters for process control. A 
control strategy based on a combination of these parameters was designed, where ΔUVA254 was used as 
the main control parameter and the off-gas concentration of ozone was used as a limiting controller to 
ensure a sufficient mass transfer in the system. In conclusion, a suitable flow proportional base ozone dose 
valid for current water conditions has been identified, 10 mg/L. Differences in wastewater quality which 
heavily influence the ozonation process have been identified. Lastly, a control strategy for process control 
of the ozonation have been identified, designed and is ready for implementation.     
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1. Introduction 
 
About 300 million ton of chemicals partially found their way into natural waters 2006 
due to the use of chemicals in modern society. About 10 % of the globally available 
runoff are today used by industry and municipalities, which creates a massive stream of 
polluted wastewater flowing into lakes, rivers, and ground waters.  The long-term 
consequences of chemical pollution in surface and ground waters on human health is 
largely unknown. The issue of chemical pollution has in recent years become a major 
concern in most developed countries [1].   
 
Major studies conducted in North America and Europe have concluded that modern 
wastewater treatment plants (WWPTs) are unable to degrade pharmaceuticals and 
personal care products (PPCPs). Furthermore, an extensive investigation appointed by 
the Swedish government concluded that WWTPs in Sweden are insufficiently equipped 
to degrade PPCPs. PPCPs are readily released into the recipients even though the 
biological treatments reduce some PPCPs in a WWTP. The WWTPs need a method to 
eliminate the load of PPCPs into surface and ground waters. A variety of oxidation and 
sorption methods to degrade or remove PPCPs in wastewater have been investigated 
e.g. ozone, hydrogen peroxide together with UV light and active carbon. It was noticed 
that treatment with ozone and treatment with UV light results in a decrease of 
microorganisms in the wastewater in addition to degradation of PPCPs. Ozonation has 
proven to be a viable option for treatment of PPCPs, however, the potential toxic effect 
yielded by oxidation products formed in the ozonation process must be investigated. 
Toxicity could, for instance, be reduced in the post-treatment process at a WWPT [2, 3].   
 

1.1  Purpose of the study  
 

The main purpose of this project is to investigate the ozonation process at 
Nykvarnsverket in Linköping. The aim is to achieve similar reduction as in a pilot project 
[4] conducted by Tekniska verken i Linköping AB (TVAB) 2014 and to propose a control 
strategy for energy efficient reduction of pharmaceutical residues. An average reduction 
of pharmaceutical residues of about 90 % was observed at 5 mg O3/L in the pilot study. 
A Risk Characterisation Ratio (RCR) matrix was created in order to evaluate the 
environmental risk of pharmaceutical residues before and after the ozonation in 
addition to observing the relative reduction [4]. It is essential for large-scale ozonation 
to achieve similar results with the least amount of energy and as little unwanted 
oxidation products as possible. The ozone treatment process is a part of a sequence of 
several processes with the aim to reduce harmful objects, compounds, and particles in 
the recipient Stångån. The specific purpose of the ozonization process is to reduce the 
concentration of pharmaceutical residues in the water.   
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1.2  Expected impact of the study 
 
Implementation of ozone treatment in WWTPs enables the modern society to function 
in a more environmentally friendly and sustainable way. There is today a significant 
outlet of PPCPs from WWTPs in both Sweden and abroad [2, 3]. Due to the pollution of 
surface and ground waters are local aquatic environments in close proximity to the 
WWTPs affected. For instance, it has been discovered that certain pharmaceuticals e.g. 
pharmaceuticals containing oestrogens have harmful effects on the aquatic 
environment [5]. Moreover, the long-term effects on human exposure to low 
concentrations of pharmaceutical residues are unknown [1]. New treatments such as 
ozonation limit the need to investigate effects in humans, which could prove to be costly 
and potentially take decades. Successful implementation of ozone treatment in WWTPs 
as Nykvarnsverket enables TVAB, who handles the municipal wastewater to deliver a 
safer and more complete purification of wastewater in their municipality. Thus, 
decreasing disturbances in the local aquatic environments and in long-term minimizing 
potential negative effects in humans.   
 
This project is the first large-scale ozone treatment of wastewater in Sweden. The hope 
of TVAB is to provide guidelines for implementing ozone treatment in other wastewater 
treatment plants in both Sweden and around the Baltic Sea. The ozone project at TVAB 
is a part of a larger collaboration (Clear Waters from Pharmaceuticals, CWPharma) 
commissioned by the European Union. TVAB intends to share information and results 
produced during tests and implementation of ozone treatment with its project partners 
with the purpose of facilitating the implementation of ozone treatment in other sites. 
     
TVAB, the commissioner of the project, is a company owned by the municipality of 
Linköping. TVAB provide the inhabitants of Linköping with the basic functions a 
community need in order to function e.g. waste management, electricity, drinking 
water, wastewater management, heating, broadband etc. The aim of TVAB is to develop 
the most resource efficient region in the world [6].      
  

1.3  Objectives of the work  
 

The main goal of this project is to validate a pilot study of ozone treatment of 
pharmaceutical residues in wastewater with new data from the large-scale facility at 
Nykvarnsverket. Moreover, to investigate and create models for different control 
strategies for the process. This goal is being divided into the following sub-goals. 

- Plan and produce a sampling schedule to follow during the test period. 
- After the start of the ozone reactor, perform the necessary testing and take 

samples. 
- Analyze the data yielded from the samples and testing. 
- Compare the obtained results with the results from the pilot study. 
- Generate models in Matlab/Simulink for the process control. 
- Test the models with validation data from the project.  
- Identify a control strategy for suitable process control of the ozone reactor.   
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1.3.1 Limiting factors  
 
The dosing of ozone in the ozone reactor was the main limiting factor in this project. 
Flow proportional doses ranging between 2-23 mg O3/L were tested during the pilot 
study. However, the operations space for the large-scale facility was limited to 2-20 kg 
O3/h. which correspond to approximately 4-10 mg O3/L, depending on the flow of 
wastewater. The biological step before the ozonation have been working poorly during 
the autumn, this has resulted in two issues: Firstly, the wastewater quality was 
unusually poor during the sampling period. Secondly, high peaks in turbidity due to 
sludge drain has shut down the ozone reactor during periods of time, usually in the 
evening/night. This issue was partly solved by shutting down the automatic samplers 
during times of high turbidity. However, this system was not in place during the three 
first sampling periods, resulting in unreliable results from those samples. As the 
samplers didn’t take samples during the entire sample periods was the data sampled in 
this project not entirely representative of the concentration of pharmaceutical residues 
which as observed in the pilot study [4] fluctuates over a period of 24 hours. 
Furthermore, the UVAS was run with the wrong settings during the first couple of weeks 
of the experiment, resulting in only three full measurements of the online UVA254 
reduction during the dose-response test. However, the UVA254 data was complemented 
with four shorter measurements, which was performed in sequence during a period of 
approximately four hours.   
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2 Theory and methodology  
 

2.1  Scientific background 
 
Ozone has historically been used to disinfect drinking water, however, the interest for its 
possible application in wastewater treatment has increased in recent years. The 
presence of PPCPs in wastewater has become a more pressing issue and several studies 
indicate insufficient degradation of PPCPs in modern WWTPs. It is therefore of great 
importance to investigate techniques for degradation of PPCPs and ozone treatment has 
proven to be a strong candidate for an efficient degradation process of PPCPs [2, 3]. 
  

2.1.1 Ozone  
 

Ozone generation  
 
The formation of ozone by electric fields is a multi-step process. An oxygen molecule is 
dissociated by an electron in a micro-discharge in one of the possible reaction paths, see 
equation 1. An oxygen molecule is excited by an electron in another possible reaction 
path, however, it stays intact, see equation 2.    

 
𝑂2 + 𝑒− → 𝑂 + 𝑂 +  𝑒−  Eq. 1 
𝑂2 + 𝑒− →  𝑂2

𝑜 + 𝑒−  Eq. 2 
 
An oxygen atom is then associated with an oxygen molecule, see equation 3, and a third 
collision partner M. The collision partner, M, which facilitate this reaction is often O, O2 
or O3. It could, however, also be N2 if nitrogen gas is mixed with the oxygen in the ozone 
generation process.   
 

𝑂 + 𝑂2 + 𝑀 →  𝑂3 + 𝑀  Eq. 3 
 
The reaction between an excited oxygen molecule and an oxygen molecule is another 
possible reaction path. Resulting in an ozone molecule and an oxygen atom, see 
equation 4.  
 

𝑂2
𝑜 +  𝑂2 →  𝑂3 + 𝑂  Eq. 4 

 
The ozone-forming reactions are highly reversible, and ozone are easily decomposed 
back to oxygen, by collision with an oxygen atom, see equation 5.  
 

𝑂 + 𝑂3 → 2𝑂2  Eq. 5 
 

It is difficult to produce high concentrations of ozone due to the high reversibility of the 
ozone generation processes, the concentration is usually limited to 14 %-wt in industrial 
production processes [7, 8].   
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It has been observed by Yuan et al that adding 0.3-2 % N2 to the ozone production 
process increases the ozone generation efficiency. Yuan et al noticed that at low SIE 
(Specific Input Energy, the ratio of power to the gas flow rate) is 1 % N2 most efficient 
and increases the efficiency by 26.9 %. Ozone is created in an electric field by a dielectric 
barrier discharge. Addition of N2 increases the efficiency by providing additional reaction 
pathways and accelerating the production of ozone atoms. Worth noting is that too high 
concentrations of N2 significantly accelerates the decomposition of ozone with the 
formation of NOx compounds [9]. Ozone can be formed from different sources, 
however, liquid oxygen (LOX) is preferred to form high-quality ozone. LOX with a certain 
gas quality is crucial, a -50 °C dew point or lower is required in order to exclude the 
negative effects of H2O on ozone production [10].  
  

Mass transfer  
 
Ozone is during industrial processes produced in a gaseous state, normally are the target 
compounds for the ozone in aqueous state e.g. wastewater. It is therefore critical to 
obtain an efficient mass transfer from gas to liquid. Several parameters affect mass 
transfer including process parameters and physical parameters. However, four factors 
are generally major influencers in mass transfer, temperature, partial pressure of ozone 
in the gas, surface area of the bubbles, and the turbulence of the system. Optimized 
conditions for mass transfer are high temperature, high partial pressure (i.e. a high 
concentration of the ozone), small bubbles to increase surface-volume ratio and laminar 
flow or low/medium turbulence. Laminar flow or low/medium turbulence is preferred 
due to the laminar film which forms between the gas and liquid state. The mass transfer 
coefficient within the film decreases with increased turbulence, according to Fick’s law, 
see equation 6 [7]. 

 

𝑘 ∝  
𝐷𝑛

𝛿
   Eq. 6 

 
k = film mass-transfer coefficient  
D = molecular diffusion coefficient  
n = 0.5-1.0; depending on system turbulence (n approaches 0.5 under higher turbulence 
conditions) 
δ = width of the film 
 
 

Reaction mechanism of ozone  
 
Ozone is used to reduce the amount of intact pharmaceutical residues due to its strong 
oxidation potential. Ozone either react directly with a compound or hydroxyl radicals 
derive from ozone, these have a slightly stronger oxidation potential than ozone [7]. 
Ozone reacts with electronic-rich moieties, e.g. activated aromatics, tertiary amines, and 
thioethers. Hydroxyl radicals which are formed during self-decomposition of ozone can 
also react with non-activated aromatic compounds alkenes and amides [11].  
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Direct reaction 
 
The reaction between organic components and ozone occur through a selective 
reaction, typically with relatively low rate constants (K = 1.0-106 M-1s-1). Ozone reacts 
with an unsaturated bond of its target molecule due to its dipolar structure. This leads 
to splitting of the unsaturated bond. The reaction mechanism is based on the Criegee 
mechanism, which originally was not developed for aqueous solutions, however, it has 
been adapted to fit aqueous conditions. Ozone reacts fast with organic water 
contaminants with high electron density, e.g. aromatic and aliphatic compounds with 
electron-supplying substitutes as hydroxyl groups. Ozone reacts in a similar way with 
inorganic compounds, however, generally even faster. The rate constant for reactions of 
ozone with inorganic compounds is increasing with increased electron density, e.g. 
reactions with ionized compounds have a high rate constant [7]. With ozonation, toxic 
oxidation products may be formed e.g. bromate. However, toxicity tends to decrease 
after biological post-treatments [11].      
 

Indirect reaction 
 
Radicals i.e. molecules that have an unpaired electron, are formed in the indirect 
reaction pathway. The mechanism of the ozone radical chain is divided into three steps, 
the initiation, chain propagation, and termination. Firstly, the decomposition of ozone 
form secondary oxidants, e.g. hydroxyl radicals. They, in turn, react nonselectively with 
target molecules (rate constant K = 108-1010 M-1s-1). The target molecule itself become a 
radical when it reacts with a radical. This leads to chain propagation. However, if two 
radicals react with each other they are neutralized, and the chain reaction is thus 
terminated [7].   

  

Ozone-depleting compounds 
 
A vital factor in the reduction of micropollutants with ozone is the lifetime of ozone in 
the system. A longer lifetime increases the degradation of micropollutants and 
shortening of the ozone lifetime by scavengers e.g. carbonate alkalinity, DOC etc. 
decreases the efficiency of the ozone. Other noticeable scavengers include tertiary 
butanol and acetate. Bicarbonate, for instance, is a scavenger of hydroxyl radicals, it 
terminates the chain propagation thus making fewer hydroxyl radicals available for 
degradation of pharmaceutical residues. Furthermore, nitrite scavenges ozone rapidly, 
ozone and nitrite have a 1:1 M ratio [11, 12]. 

 
Important to note is that scavengers (see above) often consume ozone at a higher rate 
than micropollutants e.g. pharmaceutical residues. It is therefore vital for an industrial 
ozonation process to monitor and compensate for scavengers in order to effectively 
treat the micropollutants of interest [12].       
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2.1.2 Degradation of pharmaceuticals with ozone 
 
The elimination of pharmaceuticals by treatment with ozone occur either through direct 
oxidation with ozone or by indirect reaction with hydroxyl radicals. The rate constant 
(KO3) determine which reaction are more prominent for a specific pharmaceutical. 
Pharmaceuticals with a high KO3 usually react directly with ozone and pharmaceuticals 
with low KO3 tend to react with hydroxyl radicals i.e. have a high KOH° value. The slower 
reactions with hydroxyl radicals are especially sensitive to scavengers in the water 
matrix due to the depletion of the hydroxyl radicals. The wide range of rate constants 
for different pharmaceuticals makes it difficult to predict the elimination of 
pharmaceuticals at different ozone doses. Models using data from both full scale and lab 
scale has been purposed, however, the models tend to overestimate the oxidation of 
slow reacting pharmaceuticals [13].         
 
Micropollutants typically react with ozone and/or hydroxyl radicals according to a 
second order rate law. Hence, first order for the concentration of each reaction partner. 
Equation 7 describes the elimination of micropollutants e.g. pharmaceuticals. 
 

−
𝑑[𝑃]

𝑑𝑡
= 𝑘 ∗ [𝑂𝑥] ∗ [𝑃]                        Eq. 7 

 
P = micropollutant (pharmaceuticals) 
Ox = oxidative compound (ozone or hydroxyl radicals) 
k = second order rate constant  
 
As ozone and hydroxyl radicals tend to be prevalent during ozonation of wastewater, 
both compounds contribute in parallel to the oxidation of a micropollutant, see 
equation 8. 
 

−
𝑑[𝑃]

𝑑𝑡
= 𝑘𝑂3

∗ [𝑂3] ∗ [𝑃] + 𝑘𝑂𝐻° ∗ [𝑂𝐻°] ∗ [𝑃] Eq. 8 

 
𝑘𝑂3

 = rate constant ozone  

𝑘𝑂𝐻° = rate constant hydroxyl radicals  
𝑂3 = ozone 
𝑂𝐻° = hydroxyl radicals  
 
The second order rate constant of ozone varies significantly for different organic 
compounds e.g. pharmaceutical residues, with 10 orders of magnitude, from almost no 
reaction up to 1010 M-1s-1. Ozone reacts primarily with activated aromatic systems, 
double bonds, nonprotected secondary and tertiary amines e.g. functional groups with 
high electron density. Even if the oxidation of a compound doesn’t mineralize it, some 
studies indicate that the biological activity is disrupted e.g. in antimicrobial compounds. 
The other oxidant in ozonation, hydroxyl radicals, react nonselectively with organic 
compounds and have rate constants ranging between 109 – 1010 M-1s-1. Hydroxyl radicals 
have a relatively high rate constant compared to ozone, therefore, are hydroxyl radicals 
often large contributors to the oxidation of ozone-recalcitrant compounds [14].  
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2.1.3 Environmental effects  
 

Effects of pharmaceuticals on the aquatic environment   
 
Over 200 different pharmaceuticals have been detected in rivers around the world. 
Negative effects have been observed during toxicity tests of single compounds with 
crustaceans, algae, and bacteria. The concentrations observed in recipients for some 
substances are classified as potentially very toxic under the EU-Directive 93/67/EEC. The 
presence of several different compounds could also potentially lead to synergistic 
effects. Synergetic effects have been proven to exhibit greater effects than the 
individual compound [15]. Especially noticeable is the ecological quality of recipients of 
WWPTs. Trace organic contaminants associated with WWTPs results in a decline in 
biodiversity [16].   
 
Furthermore, it has been discovered that certain pharmaceuticals e.g. pharmaceuticals 
containing oestrogens have significant harmful effects on the aquatic environment. 
Oestrogens could in ng per litre concentrations alter sex in e.g. Japanese medaka. 
Moreover, induced intersex has also been observed in Japanese medaka at similar 
concentrations. Concentrations greater than the lowest effect levels for sex alterations 
in Japanese medaka have been observed in the effluent from wastewater treatment 
plants [5].   
 
Moreover, the release of antibiotics in wastewater can result in promoting antibiotic 
resistance, even at sub-inhibitory concentrations. Aquatic environments such as surface 
waters are ideal for the horizontal gene transfer (HGT) e.g. horizontal exchange of 
mobile genetic elements that encode for antibiotic resistance. Subsequently, the 
resistant bacteria developed in water bodies adjacent to communities can cause 
infections in both humans and animals [17]. 
 

The effect of ozonation by-products on the aquatic environment  
 
Chronic toxicity experiments with V. fischeri indicate a great inhibitory effect when 
exposed to concentrations of pharmaceuticals typical to WWTP effluent. The inhibitory 
effects in V. fischeri decreased with an increased ozone dose, indicating that 
transformation products formed during oxidation are less harmful than the parent 
compounds. However, other studies report acute toxicity towards V. fischeri as well as 
negative developmental effects, suggesting that changes in toxicity during ozonation 
might depend on the characteristic of the effluent [18].  
 
The two main oxidation by-products (OBPs) formed during the ozonation process are 
bromate and N-nitrosodimethylamine (NDMA). Both compounds are known to be 
possible carcinogens in humans. It is therefore vital to minimize the exposure of these 
OBPs to the recipient. Bromate concentrations increase with increasing ozone doses, 
however, at required ozone dose for sufficient elimination of pharmaceuticals are the 
bromate yield relatively low (3 % for ozone dose of 0.55 g O3/g DOC). Furthermore, it 
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has been observed that NDMA is well abated during the post-treatment of the effluent 
from the ozonation process [11].  
 

2.1.4 Wastewater treatment 
 

Parameters affecting ozonation   
 

Several parameters except pharmaceutical residues affect the ozone demand in an 
ozonation process. Parameters known to influence ozonation are e.g. Dissolved Organic 
Carbon (DOC), conductivity, turbidity, Chemical Oxygen Demand (COD), nitrite 
concentration and Ultra Violet Absorbance (UVA). 
 

DOC and COD  
 
The ozonation process can be influenced by organic carbon, which can function as either 
a scavenger or a promoter (or both). However, high concentrations of organic carbon 
are usually associated with decreased oxidation rates. DOC and COD are commonly used 
to characterize the organic carbon during oxidation. The oxidation of an organic 
compound decreases its COD; however, the compound is usually not mineralized 
therefore yielding no or low reduction in DOC [7].  
The reduction of pharmaceutical residues is often related to the DOC (or TOC)-
normalized ozone dose, due to the impact of organic carbons on the ozonation process 
[12].  
 

Conductivity  
 
The ozonation process could be influenced by inorganic salts in two ways, either by 
influencing the mass transfer rate or by acting as a scavenger or promoter. Salts can 
decrease the coalescence of bubbles by increasing the ionic strength in the wastewater, 
thus increasing the surface area of the bubbles and increase the mass transfer rate [7].  
However, the effect of ionic strength in mass transfer depends strongly on the type of 
salt in the liquid. Some ions e.g. chloride and sulphate were no noticeable influence on 
ozone solubility. It is, however, important to have in mind that certain salts may have a 
considerable influence in the gas/liquid mass transfer of ozone due to disturbance of 
bubble conglutination. For instance, a mixture of sodium bicarbonate and phosphate 
have a significant negative effect on the solubility of ozone. It is therefore of interest to 
monitor conductivity in the wastewater during an ozonation process.   
The influence of salts on the radical-chain mechanism has been found to be small in 
general. It is, therefore, possible to neglect the scavenging effects of salts in the process 
[7].  
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Turbidity  
 
Turbidity is the measure of cloudiness in a liquid caused by suspended particles. 
Measuring turbidity is simple and widely used as a general parameter of performance in 
WWTPs. Even though turbidity measurements are not compulsory in the European 
Council´s monitoring guidelines is it a useful indicator in wastewater processes. Cloudy 
effluent with high turbidity could indicate issues in the treatment process as well as poor 
process control. The two most common units of turbidity are NTU (Nephelometric 
Turbidity Units) and FAU (Formazin Attenuation Units). They differ in the method by 
which the measurement is performed. NTU is generated by an instrument which is 
measuring light scattered from the sample at a 90° angle to the light while FAU is 
generated by an instrument which is measuring the decrease in transmitted light 
through the sample at a 180° angle to the incident light. Turbidity can be measured with 
specifically turbidimeters or general spectrophotometers [20].       
 

Nitrite  
 
Nitrite reacts rapidly with ozone and can consume significant amounts of ozone. 
Oxidation of nitrite yields the oxidation product nitrate. The high ozone demand from 
nitrite and the fast kinetics (KO3 ~105 M-1s1) of the reaction affects the elimination 
efficiency of PPCPs [21]. Nitrite consumes about 3.43 mg O3/mg NO2-N [28]. Making it a 
significant factor in depleting ozone.  
 

UVA    
 
UVA does not directly affect the ozonation or ozone demand, however, it can be used to 
measure the amount of organic compounds e.g. aromatic compounds and certain 
inorganic compounds in wastewater. Absorption at wavelength 254 nm can be used as a 
surrogate to indirectly measure e.g. the concentration of pharmaceutical residues and 
other organic compounds in wastewater [7, 27] 
 
 

Temperature and pH 
 
Reaction rate constants are temperature-dependant and have been found to follow 
Arrhenius’s law very well, see equation 9. 
 

𝑘 = 𝐴 ∗ 𝑒−𝐸𝐴/𝑅𝑇    Eq. 9 
 
A = frequency factor 
EA = activation energy 
R = ideal gas law constant  
T = temperature in K 
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The Van’t Hoff rule offers a simplified description of temperature dependency; a 10 °C 
increase in temperature yields a double reaction rate [7].   
 
The ratio between ozone and hydroxyl radicals is affected by the pH value in the 
wastewater. The amount of hydroxyl radicals increased are increased at increased pH 
values. Furthermore, an increased pH value influences the reactivity of certain 
functional groups of pharmaceuticals. For instance, amines become more reactive with 
an increased pH due to the increased electronegativity. An optimum of the reaction rate 
has been observed at pH = 8 in deionized water with added scavengers [7, 12].    
 

2.1.5 Structure of Nykvarnsverket  
 
The main WWTP for treatment of wastewater from Linköping is Nykvarnsverket. The 
plant has a capacity of 235 000-person equivalents (pe) and treats on average 
wastewater corresponding to 180 000 pe each day. The treatment process constitutes 
mechanical, chemical, and biological treatment, see Figure 1. The steps in the treatment 
process are; screens (1), grit chamber (2), aeration process (3), primary clarifier (4), 
biological treatment (5), ozonation process (6), nitrification/denitrification (7) and 
chemical treatment (8).  
 

 
Figure 1. Schematic over the treatment process at Nykvarnsverket. 

Pharmaceutical residue treatment process  
 
The ozone rector at Nykvarnsverket is constructed as a plug flow ozone reactor with a 
volume of 600 m3, as seen in Figure 2. The ozone is generated from LOX and thereafter 
integrated with a sub-flow of secondary effluent using a Venturi injector. The 
distribution of the ozone enriched wastewater in the reactor is facilitated by a radial 
diffuser. The ozonized wastewater flows thru the ozone rector in a plug-like fashion, see 
Figure 2, in order to ensure a sufficient retention time. A post-treatment process 
(moving bed biofilm reactor, MBBR) is placed after the ozone treatment, consisting of 
nitrification and denitrification steps.  
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Sensors for online monitoring are placed strategically in order to monitor and control 
the process. Sensors are placed before and after the ozone reactor, as seen in Figure 2.  

 
Figure 2. The ozone reactor at Nykvarnsverket including post-treatment and ozone generation 
equipment. 

2.1.6 Industrial control strategies 
  

In industrial applications step response tests are commonly used to assess controllability 
and identify vital characteristics of a system. The two main characteristics which 
determine the controllability of a system are, the time before a system reaches the 
maximum rate of change (dead time) and the slope of the maximum change rate. 
Process controllability decreases as these two factors increases. It is commonly 
considered that the simplest controller that will meet the requirements is the best 
choice of controller [22].    
 
PID controllers are relatively simple and useful in a wide range of industrial applications. 
The controller consists of a proportional, an integral and derivate section. The principal 
structure of a PID controller can be seen in equation 10. 

 

𝑢(𝑡) = 𝐾(𝑒(𝑡) +  
1

𝑇𝑖
+  ∫ 𝑟(𝜏)𝑑𝜏 +  𝑇𝑑

𝑡

0

𝑑𝑒(𝑡)

𝑑𝑡
)   Eq. 10 

 
The PID controller can be expressed with Laplace transformation, as seen in equation 
11.  

 

𝑈(𝑠) = 𝐾 (1 + 
1

𝑇𝑖𝑠
+  𝑇𝑑𝑠) 𝐸(𝑠)    Eq. 11 
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Where K is the gain and Ti and Td are the integral time and derivate time. There are 
several different rules for optimization of these parameters. The most suitable set of 
rules for determining the parameters differ in different systems and can be identified 
with simulations in Matlab/Simulink for each specific system [23].  
 
Furthermore, there are three major advantages with closed-loop control instead of 
open-loop control. Firstly, the possibility to detect the influence of external disturbances 
in the output signal. Moreover, closed-loop control compensates for these disturbances 
even though the disturbance is not possible to be directly measured. Furthermore, 
closed-loop feedback can compensate for unknown process variations. Lastly, if the 
system itself is unstable are closed-loop control in some cases able to stabilize the 
system [24].    
 

Process control in wastewater treatment plants 
 
Aeration is a similar process to ozonization in WWTPs considering, response time, time 
to reach steady state, problems with the mass transfer. The approach for control of the 
aeration process could, therefore, be useful to have in mind when creating a model for 
ozonization.  
When purposing a process control model for aeration, Rieger et al used step-response 
tests in order to approximate the system. Furthermore, closed loops control was used as 
a control strategy for the system. Worth noting is the importance of continuously 
evaluating the time constant and perform updates if necessary, due to changing flow 
rates. An issue in the aeration process and in ozonation as well is the difficulty in 
predicting the behaviour of the system under different loading and process conditions 
[25].    
 

Potential control of ozone process 
 
The ozone dosage is usually controlled with feedback from the concentration of ozone in 
the off-gas or the concentration of dissolved ozone in disinfection processes with 
drinking water. However, these parameters could be unsuitable in process control of 
wastewater due to difficulties in measuring low concentrations of ozone. In a study by 
Bahr et al was the ozone concentration insufficient for detection with an ozone dose of 
0.5 mg O3/mg DOC. However, the difference in UVA254 over the process was observed to 
have a linear relationship with the reduction of pharmaceutical residues [26]. 
   
Furthermore, in pilot scale has a connection between the reduction of pharmaceutical 
residues and difference in UVA254 been observed in other studies. Stapf et al successfully 
used the difference in UVA254 as a parameter for process control of a pilot scale 
experiment. This indicates that process control which utilizes the difference in UVA254 
could be a viable option for large-scale facilities as well. However, it is noted that 
investigations of the reduction of pharmaceutical residues in relation to the difference in 
UVA254 need to be conducted at each individual WWPT due to unique wastewater 
compositions [27, 28].  
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2.2  Methodology 
 

A PERT chart for the project, see Figure 3, was created in order to obtain an overview of 
the different components of the project. It includes which activities that need to be 
performed in the project as well as a time frame for each activity. In addition, was 
information on support, resources, and data required to complete the project included.  
 

Figure 3. PERT chart over the project and workflow. 

Project planning 
 
In order to obtain a basic understanding of the project was a planning report for the 
project created. The report covered the objective of the project, information on the 
commissioner, TVAB, the system which was studied and planning of how the project was 
to be conducted. Covering the essential parts of the project as well as planning was vital 
for establishing a sound structure for the rest of the project. 
  

Literature study and sampling schedule  
 
A comprehensive literature study was conducted in order to gain a profound 
understanding of the topics concerning the project. This study covered e.g. the 
essentials of ozone generation, mass transfer, wastewater treatment, control 
systems/models in industry, degradation of pharmaceuticals with ozone etc. In addition 
to the literature study was correspondence and meetings with knowledgeable 
professionals conducted e.g. project partners in the CWPharma project. Taking part of 
the practical experience from the industry gave insight which is difficult to obtain by 
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only studying literature. In addition to the literature study was a schedule for sampling 
created and planning of experiments conducted. These elements were performed with 
the support of the supervisor at TVAB who is familiar with the systems and course of 
action at TVAB.    
 

Online monitoring 
 
Key online parameters such as UVA254, gas flow, nitrate, temperature, turbidity etc. was 
monitored in TVABs control system Cactus. Data from relevant periods was exported to 
MS Excel to facilitate data analysis. 
 

Sampling  
 

Sampling was conducted during a 4-week period starting 3 of October. 24-h composite 
samples were taken, i.e. a volume of 40 mL was automatically taken each 10 minute or 
every 280 m3 for 24 hours in order to obtain a representative average for the entire 
sampling period. Taking 24-h composite samples is a common practice when analyzing 
water from WWTPs [4, 19] and can be performed either based on time intervals or flow 
(flow proportional).  
    

Tests  
 
In order to evaluate the performance of the ozonation and obtain crucial data for 
process control was four different tests conducted; a dose-response test, step-response 
tests, trace tests and performance tests.  
The doses ranged from 4 mg O3/L to 10 mg O3/L in the dose-response test in order to 
evaluate which dose corresponds with the desired reduction of pharmaceutical residues 
in the wastewater.  
Step-response tests are standard in process control for obtaining vital information about 
the system [22]. It is important in a step-response test to obtain a distinct response from 
the system, therefore was the ozone dose increased with a magnitude larger than 100 % 
in the step-response tests. 
Tracer tests were performed to evaluate the characteristic of the ozone reactor. The 
ozone reactor was designed to obtain a plug-flow thru the reactor. Both literature and 
Michael Stapf at Kompetenz center wasser in Berlin recommend performing tracer tests 
when taking a new reactor/process in operation [28]. 
The performance tests were conducted in order to evaluate the energy requirements as 
well as LOX consumption during different operational modes. The result from the 
performance tests was used as fundaments in economical calculations of the 
operational costs of the ozonation.    
     

Validation of the pilot study    
 

An essential factor in validating the pilot study is the average reduction of 
pharmaceutical residues in the wastewater. However, due to a probable difference in 
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conditions e.g. variations in DOC, TOC, temperature, nitrite etc. was a precise 
comparison not possible but rather a validation of the concept of minimizing 
pharmaceuticals in the recipient. However, it was vital to compare the different 
conditions during the different test periods in order to understand e.g. differences in the 
required ozone dose for significant reduction of pharmaceutical residues.  
Furthermore, the operation of the large-scale plant was validated by creating an RCR 
matrix which includes 10 of the pharmaceutical residues investigated in the pilot study. 
The RCR matrix is based on the quota between Measured Environmental Concentration 
(MEC) and the Predicted No Effect Concentration (PNEC) in accordance with the EU 
Technical Guidance Document (EU-TGD) on risk assessment [32].      
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

Creating and testing models 
 

Data, primarily from the step-response test was used to create models of the system. 
Both System Identification Toolbox in Matlab [31] and a simpler three-parameter model 
was used to approximate the actual system. These models were the basis for creating a 
suitable control system for the process. Using data from step-response tests are used 
both in general industrial systems as well as in WWTPs [22, 29]. The models provided 
information about the settings of the PID control. The PID control together with the 
most suitable model was used in a feedback loop simulation which was generated in 
Matlab/Simulink in order to investigate the control system in silico before suggestions 
on the control system and implementation was made.     
 

2.3  Models  
 
In order to study the ozonation process in silico was Matlab/Simulink used to create and 
test models of the ozonation process.  

 

Model for automatic control  
 

A general schematic model of a feedback loop, see Figure 4, consists of two major 
components. The main components are G (the system) and F (the controller). The 
communication between these components is illustrated with the signals r (reference), y 
(measured value from the sensor), e (error of the system) and u (control signal) [30]. 
 
 

 
Figure 4. Schematic of general feedback control. 
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The system G needs to be approximated in order to create a model which can be 
simulated. Step-response tests were conducted in order to obtain the three parameters 
necessary to build a three-parameter model and to obtain data for input in the System 
Identification Toolbox. A three-parameter model need information about the delay (L), 
the time constant (T) and the static gain (Kp), see equation 12 for a mathematical 
description of a three-parameter model. The System Identification Toolbox utilizes a 
data-driven approach in order to build a model with estimation data and evaluate the 
model with validation data. It is a user-friendly tool developed by Lennart Ljung at 
Linköping University [31] which consists of a (Graphic User Interface) GUI to which data 
easily can be imported and analyzed. Classical models as the three-parameter model are 
included in the system together with more advanced linear and non-linear models.     
 

𝐺(𝑠) =  
𝐾𝑝

1+𝑠𝑇
∗ 𝑒−𝑠𝐿  Eq. 12 

 
The most suitable model was then used to identify values for the gain (K), the integral 
time (Ti) and the derivate time (Td) in a PID controller, see equation 13, with different 
rules as Åström-Hägglund settings, lambda trimming, IMC trimming etc. to find a 
suitable PID controller for the system [23].    
 

𝐹(𝑠) = 𝐾(1 +  
1

𝑇𝑖𝑠
+  𝑇𝑑𝑠)  Eq. 13 

 
The PID controller together with the chosen model constitutes a control system which 
can be tested in Matlab/Simulink simulations. 
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3 Experimental 
 

 

3.1  Materials  
 

Listed below are the materials needed for sampling as well as the vendor the object was 
acquired from. 
 
Sampling pharmaceutical residues  
 

- 100 mL laboratory bottles (PYREX borosilicate glass) from VWR International. 
 

Sampling bacteria 
 

- 500 mL sterile plastic bottle prepared with sodium thiosulfate from Synlab 
analytics Sweden AB. 
 

Sampling bromide and COD 
 

- 150 mL sterile plastic bottle from Synlab analytics Sweden AB. 
 
Sampling bromate  
 

- 60 mL plastic bottle prepared with NaOH and Ethylenediamine (EDA) from ALS.  
  
Other analysis  
 

- 10 L plastic container from the TVAB in-house lab.  

 

3.2  Methods  
 
Four different types of tests were conducted during the evaluation of the ozonation 
process, a trace test, dose-response tests, performance tests, and step-response tests 
for ozone off gas and change in UVA254.  
The trace test was conducted in order to determine the plug flow and the effective 
volume of the reactor. Two spikes in the ozone dose from 4.5 to 10 mg O3/L was 
performed and changes in the concentration of dissolved oxygen were monitored.  
Dose-response tests were conducted between 03-10-18 to 25-10-18 with doses ranging 
from 4 mg O3/L to 10 mg O3/L. Nine different doses were investigated. In the afternoon 
on each test day was a new dose set and the sampling started around midnight a few 
hours later. The experiments were conducted in accord with the sampling schedule, see 
Appendix B.  
In the step-response tests for the ozone off gas was the ozone dose increased from 4.5 
to 10 mg O3/L and the change in ozone off-gas was monitored. The ozone dose was 
increased from 4 mg O3/L to 10 mg O3/L and the change in UVA254 was monitored during 
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the step-response tests for change in UVA254. The relative change in UVA254 was 
calculated with equation 14. 
 

∆𝑈𝑉𝐴254 =
𝑈𝑉𝐴254,𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 −𝑈𝑉𝐴254,𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡

𝑈𝑉𝐴254,𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
  Eq. 14 

 
In addition to experiments regarding chemical and physical features of the ozone 
reactor was a performance test conducted, investigating the consumption of oxygen and 
energy requirement during different operational modes. The performance test was 
conducted in the manual operation mode, with increased time proportional doses of 
ozone (instead of flow proportional) at different ozone concentrations. Four 
performance series was tested with ozone concentrations 10%, 11%, 12%, and 13%. 
Ozone doses ranging from 2 kg/h to 16 kg/h was tested at each concentration with 
increasing dose of 2 kg/h in each step. Every ozone dose was run for 15 minutes and an 
average required effect (kW) and utilized oxygen amount (kg/h) was recorded in Cactus.  
 

3.2.1 Online monitoring 
 

The online process parameters, seen in Table 1, was continuously monitored in TVAB’s 
control system Cactus during the test period of 4 weeks. Data from each time period 
was then exported to MS Excel for analysis. 
The equipment which is especially prone to measurement error e.g. the UVAS was 
regularly cleaned in order to eliminate measurement errors such as signal drift.      
 
Table 1. Online monitored process parameters and their measuring methods. 

Parameter Instrument  Manufacturer  

UVA254 UVAS Hach 

Water flow rate  Sitrans FM  Siemens  

In gas flow rate  

Rosemount 3051 
differential pressure flow 
transmitter  

Emmerson process 
management 

Off-gas concentration Ozone analyzer BMT 964 BMT Messtechnik GMBH 

Dissolved oxygen  LDO2  Hach 

Nitrate Nitrax Hach 

Temperature  PT100 Hach 

Turbidity Solitax SC Hach 

 

3.2.2 Sampling  
 

24-h composite samples were taken at three different sampling points, before the ozone 
reactor (S1), after the ozone reactor (S2) and after the post-treatment (S3) with 
automatic samplers. On average was three samples a week taken according to a 
sampling schedule, see Appendix B. Sample cycles was initiated at midnight a few hours 
after a new dose was set in order to reach a steady state in the entire system. 500 mL 
samples for analysis of E. coli, Intestinal enterococci, and coliform bacteria was taken 
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during the 24-h sampling period and sent to Synlab analytics Sweden AB the same day in 
order to avoid regrowth of bacteria.   
A 100 mL pharmaceutical sample was taken from the composite sample after a sampling  
cycle and stored in a fridge. The pharmaceutical samples were sent to Aarhus  
University in two batches, one after 50 % of the samples were taken and the second one  
when the rest of the samples had been taken. 150 mL was taken from the composite  
sample and were sent to Synlab analytics Sweden AB for analysis of COD and bromide.  
60 mL was taken from the composite sample and were sent to ALS for analysis of  
bromate. The rest of the composite sample was handed over to the in-house lab at TVAB  
which conducted the analysis of DOC, TOC, suspended solids, nitrite, nitrate, pH,  
conductivity and UVA254. A list of all investigated parameters and the corresponding  
method of analysis can be seen in Table 2.   
The details of which pharmaceutical residues were included in the test package at 
Aarhus University (CWPharma project partner), can be seen in Appendix B.  
 
Table 2. Parameters analyzed form samples and the method they were analyzed with. 

Compound/parameter/species Method 

Pharmaceutical residues  HPLC-MS/MS 

DOC SS-EN 1484, utg 1 

TOC SS-EN 1484, utg 1 

COD ISO 15705:2002 

Suspended solids  SS-EN 872:2005 

NO2-N (nitrite) ISO 15923–1:2013 

NO3-N (nitrate) ISO 15923–1:2013  

pH  SS-EN ISO 10523:2012 

Bromide  SS-EN ISO 10304-1:2009 

Bromate EN ISO 15061/EN ISO 10304-4 

Conductivity SS-EN 27888, utg 1 

UVA254 Spectrometry (UV-1700 PharmaSpec) 

E. coli SS 028167-2 

Intestinal enterococci SS-EN ISO 7899-2 

Coliform bacteria  SS 028167-2 

 

3.2.3 Validation of the pilot study    
 

The results of the parameters mentioned in section 3.2.2 for the large-scale study was 
compared with the results obtained from the pilot study. The average reduction of 
pharmaceuticals was calculated for all 38 pharmaceutical residues at different doses of 
ozone. This result was compared to the average reduction of pharmaceuticals obtained 
in the pilot study.  
In addition, an RCR matrix was created in accordance with the pilot study, using the 
same No Effect Concentration (NOEC), assessment factor and the dilution factor. The 
EC/PNEC quota was as in the pilot study divided into three different risk zones; low risk 
(<0.1), medium risk (0.1 to 1) and high risk (>1) [4]. PNEC can be calculated with 
different factors [32], however, in the pilot, NOEC was used and thus was NOEC used in 
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this study as well. Equation 15 illustrates the PNEC calculation. Furthermore, RCR 
matrices for the entire span of pharmaceuticals investigated in the large-scale study was 
created in order to investigate if any of the pharmaceuticals which weren’t included in 
the pilot study would prove to be a risk for the aquatic environment in the recipient 
Stångån.   
 

𝑃𝑁𝐸𝐶 =  
𝑁𝑂𝐸𝐶∗𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝐴𝑠𝑠𝑒𝑠𝑚𝑒𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 
  Eq. 15 

 
 

3.2.4 Models 
 
Matlab, a mathematical computing software developed by MathWorks [31] was used to 
create models and PID controllers for the ozonation process, see Appendix B for Matlab 
script. The Matlab application Simulink was then used to create test templates for 
comparison of different PID controller settings, see Appendix B for Simulink templates.  
 

Creating models  
 
Process data of ozone dose and ΔUVA254, as well as data of ozone dose and ozone off gas 
concentration, were used as inputs into the System Identification Toolbox. The data 
were then pre-processed i.e. means was removed and different models were created. 
The data from the step-response tests were divided into data for creating the models 
and data for validation of the models. Two different datasets for validation was utilized 
in the ozone off-gas model in order to evaluate the models’ response to different 
excitations of the system. 
The three parameters in the three-parameter model were estimated from the step-
response tests which were conducted on the system. The static gain (Kp) and the time 
constant (T) was directly approximated from the graphs which the step-response tests 
produced. For the approach with ΔUVA254 as control parameter was the delay of the 
system divided in two parts, a constant part and a variable part, see equations 16 and 
17.    
 

𝐺(𝑠) =  
𝐾𝑝

1+𝑠𝑇
∗ 𝑒−𝑠𝐿∗

   Eq. 16 

𝐿∗ =  𝐿𝑐𝑜𝑛𝑠𝑡 +  𝐿𝑣𝑎𝑟   Eq. 17 
 

The delay caused by the measurement was constant and depended on the flow rate 
from the main effluent, the volume of the buffer tank and the flowrate form the buffer 
tank to the UVAS. This delay was calculated by measuring the time for the buffer tank to 
be filled and the time it took for the pump to pump the water from the buffer tank to 
the UVAS. The delay caused by the hydraulic retention time in the ozone reactor was 
variable and needed to be continuously calculated. A flow counter was programmed 
into the control system Cactus which summarized the flow into the ozone reactor until 
600 m3 was reached (the volume of the reactor) in order to estimate the variable delay 
in the ozone reactor. Due to the unpracticality of continuously updating the three-
parameter model was only Lconst used in the model. The variable delay was accounted for 
by holding the signal from the ΔUVA254 measurement to the controller until the counter 
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reached 600 m3. The counter was reset every time it let a signal thru to the controller 
and commenced a new cycle. No delay was used in the models with off-gas 
concentration. The models created in the System Identification Toolbox and the three-
parameter model was tested against a validation data set and the best model was 
chosen as the best representation of the system. A PID controller was then created 
based on that model.  
 

Creating the process controller  
 

Four different settings; Åström-Hägglund settings, lambda trimming, IMC trimming [23] 
and Simulink’s own PID tuner was compared in order to find the optimal values of the 
PID parameters. Two disturbance signals were applied to the UVA254 model, firstly was a 
white noise added to the out signal to mimic natural variations in the measurements 
and secondly was a periodic disturbance added to mimic the variations in nitrite 
concentration in order to obtain a more realistic simulation for the evaluation of the 
different PID controllers. The disturbance of nitrite was added because Stapf et al [28] 
discovered in their study that the difference in UVA254 is influenced by the concentration 
of nitrite. Furthermore, nitrite is a significant ozone scavenger, which makes it important 
to incorporate the influence of nitrite in the simulations. Only white noise was applied 
as a disturbance to the ozone off-gas model.     
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4 Results and Discussion 
  

4.1  Validation of the pilot study 

4.1.1 Dose-response test  

DOC and COD  
 
The average DOC at the sampling points S1 (influent to the ozone reactor) and S2 
(effluent of the ozone reactor) is 12.5 mg/L. However, the DOC in S3 (effluent of the 
post-treatment) is slightly lower at 10.1 mg/L than the DOC of the other sampling points. 
The concentration of DOC at the different sampling points are consistent during the 
experimental period, all have a standard deviation below 1. As the measurement 
uncertainty is 15% there are no statistically ensured difference between either of the 
sampling points. However, the results indicate a decrease of DOC between S2 and S3.  

Since oxidation with ozone seldom manages to mineralize organic carbon but rather 
make the compounds less stable is, as observed, an insignificant decrease between S1 
and S2 expected [7]. It is, however, likely that the bacteria in the post-treatment are able 
to degrade the oxidated organic carbons, using it as a source of carbon. Thus, explaining 
the possible decrease in DOC from S2 to S3. 

The average DOC concentration during the pilot study was around 10 mg/L [4]. The DOC 
concentration at S1 and S2 are constantly higher, 12.5 mg/L, than the average 
concentration of DOC observed during the pilot study. Indicating higher DOC 
concentrations during the large-scale study, even though the difference isn’t statistically 
ensured due to the measurement uncertainty of 15%. The possibly higher concentration 
of DOC during the large-scale experiment will result in lower DOC specific ozone doses 
at corresponding flow proportional ozone doses.   

The COD during the dose-response test exhibits no distinct correlation between the 
three sampling points. However, in general, it seems to occur a reduction of COD in the 
ozonation. There are, however, no significant pattern in the reduction for different 
doses. It may be possible that the continued sampling in S1 during shutdowns due to 
high turbidity affected the COD at that sampling point. In that case is the sampling at 8 
mg O3/L the only reliable measurement. The reduction of COD at 8 mg O3/L (0.67 mg 
O3/mg DOC, N corr) was approximately 5.4%. At Kalundborg WWTP in Denmark have 
COD reduction of 11.8-15.7% been observed at ozone doses ranging from 1.1 to 1.8 mg 
O3/mg DOC [40]. It seems that a high DOC specific ozone dose is required to reduce COD 
levels significantly. As little or no reduction of COD are likely to occur at DOC specific 
ozone doses below ~0.7 mg O3/mg DOC is it unlikely that COD reduction could be used 
as a suitable indicator for reduction of pharmaceutical residues. However, it is 
interesting to investigate COD further since the measurements conducted during this 
study was flawed.   

In a study by Ekblad et al was the use of sCOD (dissolved COD) normalized ozone dose 
investigated as a supplement or as a replacement for DOC normalization. It was argued 
that COD normalization provides transferability of results between different WWTPs 
since DOC only provides information on the amount of carbon available for 
mineralization while sCOD provides information about oxidation of inorganic 
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compounds and mineralization of organic compounds [53]. It is therefore interesting to 
perform proper COD measurements during dose-response tests to confirm the result 
reported by Ekblad et al.    

Conductivity  
 
The average conductivity at S1 and S2 is approximately identical (65.1 mS/m and 65.5 
mS/m). The average conductivity slightly lower at S3, 62.8 mS/m. The conductivity at all 
sample points is fairly consistent during the entire experimental period. All sampling 
points had a standard deviation of approx. 1.5. However, the slightly lower conductivity 
for S3 is not statically ensured since the measurement uncertainty is 5%.  This is, 
however, of little relevance since the measure of conductivity mainly impacts the mass 
transfer in the ozone reactor. It can thus be concluded that the conductivity has no or 
small influence during the ozonation in this experiment.   

Turbidity/Suspended solids  

The measure of turbidity that was measured online was converted into suspended solids 
with a correlation factor in TVAB’s control system Cactus. The turbidity measured online 
is thus henceforth referred to as suspended solids. 

Due to different issues with the biological treatment before the ozone reactor there was 
an increase in suspended solids each evening around 20:00.  Sometimes these peaks 
prevailed into the night. Foaming occurs when ozone reacts with suspended solids, 
which can cause issues in the ozone reactor and consumes ozone. An automatic 
shutdown procedure in the ozone reactor was therefore in place, which activates if the 
concentration of suspended solids exceeds 10 mg/L. The shutdowns limited the 
sampling periods; however, this was not a serious issue due to a similar shutdown 
protocol in the stationary automatic samplers. However, there were short periods when 
untreated water was sampled since the automatic samplers started directly when the 
ozonation commenced without delay. This may affect the result of the reduction of 
pharmaceutical residues, especially during the days with many shutdowns.    

The sampling point S1 was sampled with a portable sampler without the shutdown 
protocol. This resulted in higher concentrations of suspended solids for S1 than S2. 
However, at dose 8 mg O3/L was the sampling not interrupted and no difference 
between S1 and S2 can be observed. Indicating that ozonation does not affect the 
concertation of suspended solids. Worth noting is that the suspended solids in S3 are 
higher than the other sampling points.   

The average concentration of suspended solids during the pilot study was 28 mg/L. The 
average concentration of suspended solids at S1 was 23 mg/L during the large-scale 
study. The concentration of suspended solids was lower during the large-scale study, 
however, the average concentration of suspended solids in both studies are higher than 
the tolerance limit for the large-scale ozone reactor. This has proven to be an issue and 
makes it interesting to investigate additional methods of reducing the concentration of 
suspended solids in the influent water. Qui et al investigated the potential use of a 
hybrid microfiltration-forward osmosis membrane bioreactor (MF-FOMBR) to efficiently 
biologically treat wastewater at a short hydraulic retention time (HRT). The study 
indicated that the MF-FOMBR system readily delivered high-quality wastewater, e.g. low 
concentrations of suspended solids, even at sub-hour HRTs. The combination of the two 
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different filter systems decreased the membrane fouling which is a constant 
interference in the daily operation of WWTPs [35]. The MF-FOMBR system or a similar 
system could be of interest at Nykvarnsverket since the ozone reactor doesn’t allow 
concentrations above 10 mg/L. In addition, the potential for a decrease in HRT could 
also be of interests since Nykvarnsverket is approaching its maximal hydraulic load, 
which in the near future poses a problem for the operation of Nykvarnsverket. In a study 
by Poyatos et al was a simpler, ultrafiltration membrane (0.04 µm pore size) bioreactor 
(UF-MBR) tested, which successfully removed 98% of suspended solids at high loads of 
influent from a mix of effluent from the dairy industry and domestic wastewater [36]. 
However, fouling of the membrane required a backwash system and higher HRT than for 
the MF-FOMBR system was required. However, the simplicity of the system is an 
advantage and thus should the UF-MRB system be an interesting candidate as a 
compliment in the biological process at Nykvarnsverket.   

Nitrite and nitrate 

The concentration of nitrite decreased from an average concentration of 0.92 mg/L to 
0.58 mg/L during ozonation. The decrease was expected and occurs due to the oxidation 
of nitrite to nitrate with ozone [21]. An average nitrite concentration of 0.35 mg/L was 
observed during the pilot study [4]. Nitrite was at most ozone doses almost completely 
abated during the pilot study, however, in the large-scale study was on average a 
decrease of 0.34 mg/L nitrite observed. The level of removal seems to be consistent in 
both studies. However, the higher concentration of nitrite in the large-scale study will 
most likely influence the ozonation due to nitrite being a scavenger with a high reaction 
rate and since higher concentration results in a higher reaction rate. The ozone is thus 
probably consumed at a higher rate during the large-scale study. The reduction in 
concentration seems to largely vary between S1 and S2. The standard deviation of the 
reduction in concentration is 0.12. However, the reduction is not increasing in a distinct 
way with increased ozone dose. Thus, indicating a rapid depletion of ozone in the 
process. 

 Furthermore, the nitrite concentration in S3 is generally lower than in the other 
sampling points. This is expected and indicates that the denitrification in the post-
treatment works. However, at doses 4, 8, and 10 mg O3/L are the effect of the 
denitrification decreased. These are the first doses in the dose-response test and it is 
likely that the bacteria in the denitrification needed time to adjust to the new water 
conditions.  

The nitrate concertation increases during ozonation from an average concentration of 
9.9 mg/L to 10.7 mg/L. Since the nitrite oxidates into nitrate were the increase expected 
[21]. There was an increase in nitrate concentrations at doses 4 and 8 mg O3/L at S3. 
Most likely for the same reasons as for the nitrate concentration at S3 but in the 
nitrification step in the post-treatment.  

 

Temperature and pH 

The temperature was relatively constant during the experiment except for the last part 
of the period. The average temperature was 19.3 °C and the standard deviation of 0.52. 
The temperature in the wastewater during the experiment was considered to be 
summer temperatures. The small changes in temperature at the end of the 
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experimental period will most likely not significantly influence the results from the 
samples within the experiment. An average temperature of 24.6 °C was observed during 
the pilot study. The significantly higher temperature during the pilot study most likely 
results in a somewhat higher reduction of pharmaceutical residues. Seasonal changes in 
wastewater temperature could affect both the mass transfer rate and the reaction rate 
since temperature affects both mass transfer rates and reaction rates [7]. It is, 
therefore, necessary to investigate the effects of temperature change during extended 
periods of time.  

The pH value during the sampling period was relatively constant. The average pH value 
was 7.3 with a standard deviation of 0.12. It is thus not likely that the small differences 
in pH affected the ozonation in a significant way. However, the pH value indicates that a 
mix of pure ozone and hydroxyl radicals was present in the water since the 
concentration of hydroxyl radicals have a proportional increase in relation to pH value. It 
has been observed that the pH value increases the reaction rate up to a pH value of 8, 
which seem to yield the optimal ozone/hydroxyl radical ratio [7].  

Bromate  

Neither bromide nor its oxidation product bromate was detected over the detection 
limits for the methods used to analyze the samples, 1 mg/L and 5 µg/L respectively, for 
any sampling point or ozone dose. Worth noting is that the detection limit for bromide 
was higher than desired, however, since bromate is the carcinogenic compound was this 
of small relevance. It seems like the wastewater at Nykvarnsverket contains low 
amounts of bromide and that the potential oxidation to bromate is insignificant. 
Furthermore, the recommended concentration of bromate in drinking water quality is 
10 µg/L and 50 µg/L for environmental standard [41]. It can thus be concluded that the 
amount of bromate ending up in the recipient Stångån be considered insignificant and 
not harmful to either environment or animals.        

Bacteria 

A significant reduction of bacteria was observed between the sampling points S1 and S3 
in the large-scale study. The only exception is E. coli at 4 mg O3/L, which exhibits an 
increase rather than a decrease, see Figure 5 a). This may be due to a measurement 
error or regrowth of E. coli during the post-treatment. For doses above 6.5 mg O3/L was 
the reduction of bacteria for most of the doses over 80 % for all three different types of 
bacteria. The reduction of bacteria was close to 100 % at some ozone doses. At doses 
below 6.5 mg O3/L was the reduction of bacteria relatively low (0 – 50%). The reduction 
of bacteria from S1 to S2 was significant, however, lower than the reduction of bacteria 
for the entire process, see Figure 5 b). Indicating that the bacteria continue to degrade 
during the post-treatment. Continued decrease of bacteria after ozonation could occur 
due to partly damaged cell membranes or partly damaged bacterial DNA which would 
fully degrade the bacteria due to the additional stress or due to problems with regrowth 
in the post-treatment process. However, it is also possible that regrowth occurs during 
post-treatment, depending on the dose, which could e.g. explain the increase in E. coli 
at 4 mg O3/L [33]. The reduction of coliform bacteria seems to be lower than the other 
species, however, the concentration of coliform bacteria at S1 was higher than the 
maximal detection level. The reduction of coliform bacteria was thus probably higher 
than indicated in the results, see Figure 5 b).  
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The pilot study yielded a higher reduction of bacteria over the ozonation step than the 
large-scale study. For doses over 5 mg O3/L was the reduction of all three species of 
bacteria readily over 95% with only one exception, see Figure 5 c). The better 
performance of bacterial reduction in the pilot study could be explained by differences 
in water quality. It has been observed that e.g. high DOC concentrations in the water 
matrix reduces the efficiency of ozone and shields the bacteria from the effect of ozone 
[33]. Higher concentrations of nitrite and DOC has been observed in the large-scale 
study compared to the pilot study. The higher nitrite concentration could furthermore 
have an influence on the reduction of bacteria due to the high reaction rate of nitrite 
with ozone.    

It has been observed that certain strains of bacteria have an increased resilience against 
ozone treatment. Antibiotic-resistant strains of E. coli and staphylococci have proved to 
survive ozonation better than other non-antibiotic resistant strains [34]. However, they 
are not immune and are as regular bacteria abated with ozonation. The high reduction 
of bacteria overall in ozonated wastewater will therefore probably decrease the level of 
antibiotic-resistant bacteria in the recipient, thus decrease the proliferation of 
antibiotic-resistant bacteria in the recipient. Furthermore, a study performed at a 
WWTP in Neugut in Switzerland indicated that antibiotic-resistant genes (ARG) are 
destroyed at ozone doses of approximately 0.55 mg O3/mg DOC [33]. However, severe 
damage to intercellular bacterial DNA was observed at lower doses as well (0.38 mg 
O3/mg DOC). A decrease in the dispersion of antibiotic resistance is thus expected at 
doses above 6 mg O3/L given the water matrix during the large-scale study.    
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Figure 5. The amount of bacteria left; a) after the post-treatment, b) after the ozonation, c) after 
the ozonation in the pilot study. 

Furthermore, the antibiotics which had a concentration higher than the limit of 
detection (LOD), Sulfamethoxazole, Mycophenolic acid, and Trimethoprim was heavily 
reduced in the ozonation. The average reduction of those antibiotics was readily over 
90% at ozone doses higher than 7 mg O3/L (0.46 mg O3/mg DOC, N corr). Antibiotics in 
sublethal concentrations have been observed to exert selective pressure on 
microorganisms towards developing antibiotic resistance [52]. It can thus be concluded 
that ozonation leads to a decreased output of antibiotic-resistant bacteria from the 
WWTP and reduces the selective pressure towards antibiotic resistance in the recipient.           
 

UVA254  

The reduction in UVA254 exhibits a linear correlation to the DOC normalized dose in the 
samples which was taken during the dose-response test, see Figure 6 a). The reduction 
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of UVA254 ranges from 20 to 46% at 0.22 to 0.67 mg O3/mg DOC, N corr. The nitrite 
corrected DOC normalized dose was used in the evaluation of UVA254 due to nitrite being 
a significant scavenger. At dose 0.39 mg O3/mg DOC, N corr. was the reduction lower in 
relation to the trend. This deviation cannot be explained by differences in any of the 
factors that were measured during the experiment. The reduction in UVA254 during the 
pilot experiment exhibit a logarithmic correlation to the ozone dose, see Figure 6 a). The 
linearization assumed in the large-scale study was, therefore, only valid for the current 
operations space of the large-scale facility. The trend obtained from the pilot study was 
also approximately linear in the operations space of the large-scale facility. The incline of 
both dose-response curves was similar within the operations space, indicating that the 
ozone influences the water approximately in the same way. However, during the pilot 
was higher levels of reduction achieved than in the large-scale experiment. Different 
ΔUVA254 was observed at the same DOC normalized dose for different WWTPs in a study 
conducted by Wittmer et al [27], indicating that differences in water quality affect the 
ΔUVA254/ozone dose relation. It could be possible that the difference in ΔUVA254 
between the pilot study and the large-scale study can be explained by differences in 
water quality. The nitrite concentration and the DOC concentration in the influent 
wastewater were lower during the pilot study than during the large-scale experiment. 
The consequence of this was likely that a higher ozone dose was required in order to 
achieve the same reduction in pharmaceutical residues and therefore resulting in a 
lower reduction of ΔUVA254.  
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Figure 6. a) Reduction of UVA254; during the dose-response test for large-scale study and pilot 
study, b) for online measurements during the dose-response test. 

The online measurements of ΔUVA254 exhibit a linear correlation to the ozone dose, see 
Figure 6 b). The reduction of UVA254 in the online measurements was lower than the 
samples analyzed in the lab. The UVA254 reduction ranges from 7.6 to 23.1% at 0.23 to 
0.68 mg O3/mg DOC, N corr. The difference can be explained by the 250 µm membranes 
and 50 µm filters which are placed before the UVA254 online measurement unit. The 
membranes and filters remove suspended solids from the wastewater thus reducing the 
UVA254 in the wastewater by a factor of approximately 10 /m. Furthermore, it seems to 
be a correlation factor of 1.7 between the UVA254 measurement unit in the lab and the 
online UVA254 measurement unit. However, the relevant aspect is that both 
measurements indicate a linear relationship between increased dose and reduced 
UVA254. The linearity in the relation between UVA254 reduction and ozone dose confirms 
that the method could be used to control the system.  

Furthermore, the reduction of UVA254 in relation to the reduction of pharmaceutical 
residues, see Figure 7 a)/b), exhibits linear relationships for both the online 
measurements and the lab measurements from the large-scale study and pilot study. 
The online measurements seem to display a better linear correlation, than the lab 
measurements from the large-scale study. This likely depends on the fact that the UVAS 
initially had the wrong settings and the data from the first measurements was lost. The 
data in figure 7 b) is thus a mix of average reduction of UVA254 measured during the 
same day and averages from entire sampling days. The data is, therefore, more coherent 
than the data from the lab measurements. However, since linearity can be observed 
both sets of data is this not of major importance. Similar to the lab measurements with 
ozone dose, above, was a higher reduction of pharmaceutical residues observed in the 
pilot study than in the large-scale study, see Figure 7 a). The desired reduction of 
pharmaceutical residues, 90%, was not achieved at the doses tested during the large-
scale study. However, it was possible to extrapolate the trend obtained in the data sets. 
A reduction of pharmaceutical residues of 90% can be achieved at UVA254 reductions of 
29.2% for online measurements and 59.3% for lab measurements. It is therefore 
interesting to create a controller for UVA254 reduction and use 29.2% UVA254 reduction 
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as a set point for the controller. The use of ΔUVA254 as a surrogate for reduction of 
pharmaceutical residues have previously been investigated [28, 37] and seem to be 
promising as a control strategy for the ozonation process.   

 

 

 

Figure 7. Reduction of UVA254 in relation to the reduction of pharmaceutical residues, a) for lab 
measurements from the large-scale study and the pilot study, b) for online measurements. 

Ozone off-gas 

The ozone off-gas concentration can be fitted as two separately linear curves in relation 
to the ozone dose, see Figure 8. Until approximately an ozone dose of 3.6 mg O3/L was 
the off-gas concentration constant at 0.5 g/m3. After that point was the off-gas 
concentration of ozone increasing approximately linearly. The mass transfer of gas to 
liquid phase exhibits a similar pattern, however, decreasing instead of increasing for 
doses over 3.6 mg O3/L, see Figure 8. The correlation between off-gas ozone 
concentration and mass transfer can be explained by limitation in the mass transfer rate. 
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The mass transfer rate was evidently limited and at an ozone dose above approx. 3.6 mg 
O3/L was the gas flow too high to obtain a 100% mass transfer. Worth noting, this test 
was conducted at an ozone concentration of 13 %, the break point 3.6 mg O3/L could 
shift to another value at different concentrations of ozone in the incoming gas. The 
ozone off-gas concentration could be used as a process control for the system. However, 
at low doses was the parameter ill-suited as a control parameter due to non-linear 
behaviour. Another interesting application for the off-gas concentration was to control 
the mass transfer. Using a restrictive controller which regulates the off-gas ozone 
concentration could be used to ensure a high mass transfer efficiency (MTE). Thus, 
minimizing the amount of unutilized ozone in the process. A restrictive controller in 
combination with an ordinary controller could function as a limiter for the other 
controller at high off-gas ozone concentrations. For instance, the wastewater diluted 
with clean rainwater during rain events, resulting in a rapid decrease in the flow 
proportional ozone demand. A limiting off-gas controller could ensure efficient ozone 
utilization by swiftly decreasing the flow proportional ozone dose if the off-gas 
concentration reaches a certain concentration.  

 

 

Figure 8. Ozone off-gas concentration and mass transfer during the dose-response test. 

 

4.1.2  The average reduction of pharmaceutical residues  
 
The result from the sampling point S3 was neglected as large amounts of untreated 
wastewater was sampled at this point due to the shutdown periods in the ozone reactor 
caused by high turbidity. Often resulting in higher concentration of pharmaceutical 
residues than at sampling point S2. I.e. the potential effect of post-treatment could not 
be studied in this project. The reduction of pharmaceutical residues were therefore 
calculated from sampling points S1 and S2, i.e. over the ozonation step.      
The average reduction calculated from the entire set of pharmaceutical residues which 
was investigated in this study resulted in a maximal reduction of approximately 76.5%, 
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at a DOC normalized ozone dose of 0.57 mg O3/mg DOC, N corr, see figure 9. The 
corresponding reduction of pharmaceutical residues was approximately 88% at the 
same DOC normalized ozone dose in the pilot study. As can be observed in Figure 9 was 
the average reduction of pharmaceutical residues poorer in the large-scale study than in 
the pilot study. However, different sets of pharmaceutical residues were compared in 
Figure 9. A more correct comparison of the reduction of pharmaceutical residues can be 
observed in Figure 10, where the result from the ten pharmaceutical residues included 
in the RCR matrix is visualized.   
 

  
Figure 9. Reduction of the entire set of pharmaceuticals during the large-scale study compared to 
the pilot study. 

Similar to Figure 9 was a difference between the large-scale study and the pilot study 
observed in Figure 10 as well. The maximal reduction yielded in the large-scale study for 
the pharmaceutical residues included in the RCR matrix was approximately 83%, which 
was higher than for all investigated pharmaceutical residues. However, for the pilot 
study was the corresponding reduction of pharmaceutical residues approximately 97%. 
A worse average reduction of pharmaceutical residues was observed in the large-scale 
study as seen in Figure 10. A reduction of pharmaceutical residues of 90% which was the 
aim in the study was not obtained. However, the reduction of pharmaceutical residues 
had an approximately linear trend within the operations space in the large-scale study.   
Linear extrapolation of the obtained trend was thus possible and yielded an 
approximate set point in the required ozone dose. A DOC normalized ozone dose of 0.74 
mg O3/mg DOC, N corr, was required to obtain a 90% reduction of pharmaceutical 
residues in the large-scale study. Corresponding to a flow proportional ozone dose of 
9.71 mg O3/L. 
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Figure 10. Reduction of the pharmaceuticals included in the comparative RCR matrix during the 
large-scale study compared to the pilot study. 

The quality of the wastewater was worse during the large-scale study than during the 
pilot study as noted in section 4.1. DOC and nitrite concentrations were lower during the 
pilot study. Differences in these parameters were accounted for when the flow 
proportional ozone dose was converted into DOC normalized ozone dose. However, the 
correction for nitrite in the ozone dose doesn’t account for the increase in reaction rate 
a higher concentration of nitrite generates, only the difference in nitrite concentration 
over the ozonation. It is possible that the high concentration of nitrite depleted the 
ozone faster in the large-scale study than in the pilot study, as nitrite is a significant 
ozone scavenger [28]. Thus, decreasing the contact time of ozone and pharmaceutical 
residues in the wastewater. This could especially affect the reduction of slow reacting 
pharmaceuticals. As seen in Figure 11 were the reduction of Diclofenac and the 
reduction of Metoprolol worse in the large-scale study compared to the pilot study. 
However, even if the reduction of Diclofenac was worse in the large-scale study was 
similar levels of reduction reached at DOC normalized concentrations above 0.55 mg 
O3/mg DOC, N corr. Diclofenac has a high rate constant, KO3 ~1*106 M-1s-1 [28], and the 
reduction of Diclofenac was seemingly less affected by the fast depletion of ozone. 
However, the reduction of Metoprolol, KO3 = 2000±600 M-1s-1 [28], in the large-scale 
study was significantly lower than the reduction in the pilot study and didn’t reach 
similar levels of reduction even at the highest DOC normalized ozone doses. Indicating 
that the fast depletion of ozone had a stronger effect on the reduction of 
pharmaceutical residues with lower rate constants. Worth noting is that the reduction of 
Diclofenac observed in the pilot study seems to have a good correlation with the 
reduction observed by Stapf et al [28]. While the large-scale study yielded a slight worse 
reduction of Metoprolol than the study by Stapf et al [28]. An average nitrite 
concentration of 0.06 mg/L was observed in the study by Stapf et al [28]. Thus, the 
reduction of both Diclofenac and Metoprolol should be in line with the result from the 
pilot study. However, as noted in section 2.1.4 was the reaction rates heavily dependent 
on the wastewater temperature. An average water temperature of 17.7 °C was observed 
in the by Stapf el al [28], while an average wastewater temperature of 24.6 °C was 
observed during the pilot study. Possibly explaining the difference in reduction of 
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Metoprolol between the pilot study and the study by Stapf et al [28]. The average 
wastewater temperature in the large-scale study was 19.3 °C and the average nitrite 
concentration of 0.92 mg/L. Warmer wastewater during the large-scale study could 
explain the similar reduction of Metoprolol compared to the study by Stapf et al [28] 
despite the significantly higher nitrite concentrations. It seems that wastewater 
temperature and nitrite concentration are two parameters which have a significant 
influence on the ozonation and reduction of pharmaceutical residues.  
 

 
Figure 11. Comparison of the pharmaceutical reduction of Diclofenac and Metoprolol for the 
large-scale study, the pilot study, and a study by Stapf et al [28]. 

 
Furthermore, a small fraction of un-ozonated wastewater was sampled when the 
ozonation started after peaks in turbidity as there was an issue with the automatic 
samplers. However, this only accounted for a small amount of the entire samples and 
was expected to affect the reduction of pharmaceutical residues in only marginally. 

 

4.1.3 RCR matrix 
 
The influent wastewater in the pilot study had generally lower concentrations of 
pharmaceuticals than the influent wastewater in the large-scale study, see Table 3 and 
Table 4. The concentrations of Oxazepam, Metoprolol and Trimethoprim was rated as 
high risk in both studies. Among the pharmaceuticals rated as high risk was only the 
concentration of Metoprolol higher in the pilot study than in the large-scale study. 
However, the concentration of Diclofenac was also rated as high risk in the influent 
wastewater in the large-scale study. For the other pharmaceuticals in the RCR matrices 
of influent wastewater were the concentrations similar or lower in the large-scale study 
compared to the pilot study. The increase in the concentration of certain pharmaceutical 
residues could have been caused by the steady increase in sales of pharmaceuticals in 
Sweden. From 2006 to 2017 there was a 40% increase in total sales of pharmaceuticals 
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in Sweden [42]. Indicating a significant increase in the use of pharmaceuticals during the 
period.  
 
Table 3. RCR matrix for influent wastewater in the pilot study. 

Pilot study Influent      

Substance  MEC (µg/L) NOEC (µg/L) Assessment factor Dilution recipient MEC/PNEC quota 

Oxazepam  0,3 1,8 [4] 1000 27 6,173 

Metoprolol 3,09 1 [4] 50 27 5,722 

Trimethoprim 0,14 0,29 [4] 100 27 1,788 

Propranolol 0,13 0,5 [4] 50 27 0,481 

Diclofenac 0,48 0,5 [4] 10 27 0,356 

Ciprofloxacin 0,06 1,2 [4] 10 27 0,019 

Citalopram 0,3 105 [4] 100 27 0,011 

Ibuprofen 0,28 10 [4] 10 27 0,010 

Atenolol 2,39 1000 [4] 100 27 0,009 

Sulfamethoxazole 0 250 [4] 100 27 <0,01 

 
 
Table 4. RCR matrix for influent wastewater in the large-scale study. 

Large-scale study Influent     

Substance  MEC (µg/L) NOEC (µg/L) Assessment factor Dilution recipient MEC/PNEC quota 

Oxazepam  0,39 1,8 [4] 1000 27 8,025 

Metoprolol 2,32 1 [4] 50 27 4,296 

Trimethoprim 0,14 0,29 [4] 100 27 1,788 

Diclofenac 1,53 0,5 [4] 10 27 1,133 

Propranolol 0,09 0,5 [4] 50 27 0,333 

Citalopram 0,24 105 [4] 100 27 0,008 

Sulfamethoxazole 0,3 250 [4] 100 27 0,004 

Atenolol 0,82 1000 [4] 100 27 0,003 

Ibuprofen <lod 10 [4] 10 27 0,000 

Ciprofloxacin <lod 1,2 [4] 10 27 0,000 

 
  
Only the concentration of Oxazepam was rated as high risk in the pilot study while the 
concentration of Metoprolol rated as a medium risk at an ozone dose of 5 mg O3/L, 0.47 
mg O3/mg DOC, N corr, see Table 5. As seen in Table 6 was concentrations of both 
Oxazepam and Metoprolol rated as high risk and the concentration of Trimethoprim 
rated as a medium risk at an ozone dose of 9 mg O3/L, 0.58 mg O3/mg DOC, N corr, in 
the large-scale study. It seems that a higher ozone dose was required in the large-scale 
study to achieve satisfactory concentrations of pharmaceuticals in the recipient. As 
indicated in the results of the dose-response test for the large-scale study, see section 
4.1.2, which yielded less reduction of pharmaceutical residues than the pilot study and 
by the fact that the concentration of pharmaceutical residues was generally higher in 
the large-scale study was a higher concentration. To ensure a minimal environmental 
risk, i.e. reduce the concentrations of all pharmaceuticals below high risk would an 
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ozone dose of ~13 mg O3/L, ~1 mg O3/mg DOC, N corr, be required. Continuous 
operation at doses above 10 mg O3/L is due to restrictions on capacity not possible at 
Nykvarnsverket.   
It is, however, worth noting that the assessment factor in the EC/PNEC calculation for 
Oxazepam was 1000. Which results in a high EC/PNEC quota due to the uncertainty in 
the NOEC value. The assessment factor depends on the certainty of the NOEC value. E.g. 
if no tests of chronic toxicity have been performed is the assessment factor set to 1000, 
while the assessment factor is set to 100 if there has been performed two tests of acute 
toxicity and one test of chronic toxicity [4]. It is possible that the EC/PNEC quota could 
be lowered at the present concentrations if more data on the toxicity of Oxazepam 
would be available.  
The EC/PNEC quota of Metoprolol, assessment factor 50, is likely to serve as a better 
indication of satisfactory wastewater quality due to the uncertainty in the NOEC value of 
Oxazepam. An ozone dose of ~9.8 mg O3/L, 0.73 mg O3/mg DOC, N corr, would be 
required in the large-scale facility to obtain an EC/PNEC quota below high risk, <1. Which 
is within the operations space of the ozone facility at Nykvarnsverket.   
 
Table 5. RCR matrix for wastewater ozonated with 5 mg O3/L in the pilot study. 

 
Table 6. RCR matrix for wastewater ozonated with 9 mg O3/L in the large-scale study. 

Large-scale study  9 mg O3/L 
0,58 mg O3/mg 
DOC, N corr    

Substance  MEC (µg/L) NOEC (µg/L) Assessment factor Dilution recipient MEC/PNEC quota 

Oxazepam  0,16 1,8 1000 27 3,292 

Metoprolol 0,76 1 50 27 1,407 

Trimethoprim 0,01 0,29 100 27 0,128 

Diclofenac 0,11 0,5 10 27 0,081 

Citalopram 0,04 105 100 27 0,001 

Atenolol 0,28 1000 100 27 0,001 

Sulfamethoxazole 0,01 250 100 27 0,000 

Propranolol 0 0,5 50 27 0,000 

Ciprofloxacin <lod 1,2 10 27 0,000 

Ibuprofen <lod 10 10 27 0,000 

 

Pilot study 5 mg O3/L 
0.47 mg O3/mg 
DOC, N corr    

Substance  MEC (µg/L) NOEC (µg/L) Assessment factor Dilution recipient MEC/PNEC quota 

Oxazepam  0,1 1,8 1000 27 2,058 

Metoprolol 0,25 1 50 27 0,463 

Trimethoprim 0,001 0,29 100 27 0,013 

Ibuprofen 0,14 10 10 27 0,005 

Ciprofloxacin 0,009 1,2 10 27 0,003 

Atenolol 0 1000 100 27 0,000 

Citalopram 0 105 100 27 0,000 

Diclofenac 0 0,5 10 27 0,000 

Propranolol 0 0,5 50 27 0,000 

Sulfamethoxazole 0 250 100 27 <0,01 
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The RCR matrix for the entire set of pharmaceutical residues analyzed during the large-
scale study had no additional pharmaceuticals rated as high risk compared to the 
pharmaceuticals already included in the comparative RCR matrices for the pilot study 
and large-scale study, see Appendix B. However, Venlafaxine was rated as medium risk 
in the RCR matrix of influent wastewater. The concentration of Venlafaxine had been 
sufficiently reduced to be rated as low risk at ozone dose 9 mg O3/L, 0.58 mg O3/L, N 
corr. It is thus possible to conclude that no additional persistent pharmaceutical residues 
which could be a significant environmental risk was discovered in the large-scale study.   

4.2  Trace test 
 

The trace test was carried out at an average water flow of 1532 m3/h. The ozone peaks 
and oxygen response can be seen in Figure 12. The ozone dose was adjusted in 
sequence from 4.5 to 10 mg O3/L. The oxygen concentration was measured at the outlet 
of the ozone reactor. Two trace peaks were performed to calculate the average efficient 
reactor volume and average hydraulic residence time. The average hydraulic residence 
time was 1290 seconds. An efficient reactor volume of 524 m3 was calculated from the 
obtained current water levels in the reactor at approximately 1500 m3/L and drawings of 
the ozone reactor. The response from the ozone peaks was relatively normal distributed 
and not very wide, as seen in Figure 12. On average does 80.5% of the response in 
oxygen concentration fit within the time of the step in ozone dose. Thus, indicating a 
compact distribution of oxygen and a functional plug flow in the ozone reactor.   

 

  

Figure 12. Trace test with two sequential ozone peaks. 
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4.3  Step-response tests  
 

4.3.1 Step-response test (UVA254) 
 
Two separate step responses were conducted in order to create a model and validation 
data over the response in UVA254 reduction with varying ozone dose. The variable delay 
in the system caused by the hydraulic retention time in the reactor was removed in the 
model data as the counter in the controller adjusts for the variable delay. The constant 
delay for the system i.e. the time it takes for the wastewater to reach the UVAS was 
approximately 7 minutes.  
 

4.3.2 Step-response test (ozone off-gas) 
 

In order to create a model over the response in off gas concentration with varying ozone 
dose was step-response tests conducted. The system was exited in different ways to 
obtain sufficiently accurate models, see Appendix B. The response in off-gas 
concentrations was recorded in one-minute intervals. There was a clear response in off-
gas concentration when the ozone dose was changed. Worth noting is the size of the 
delay in the system. The off-gas concentration responds quickly to changes in ozone 
dose. This quick response will result in models with no or very little delay. However, in 
reality, there is a delay from the increased gas flow thru the Venturi injector to the 
Ozone analyzer BMT 964. This relatively small delay is though not long enough to make 
any difference when the signals were recorded at one-minute intervals.  

  

4.3.3 Models 
   

Creating models (UVA254) 
 
Three different models, a fourth order state space model, a second-order process 
model, and third order transfer function were created from the model data. All of the 
models had a good fit, above 80%, with the model data, ss3: 81.43%, tf1: 81.24% and 
P2D: 81.01%, see Figure 13 a). The transfer function, tf1, had the best fit when the three 
models were tested against the validation data, tf1: 75.91%, see Figure 13 b). The model 
tf1 was thus chosen as the model on which the design of the process controller for 
UVA254 was based on, see equation 18. It is worth noting that the models have decent fit 
at both high and low concentrations.  
 

𝑡𝑓1 =  
0.1111𝑠2−0.06876𝑠+0.007944

𝑠3+0.3822𝑠2+0.05002𝑠+0.002315
  Eq. 18 
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Figure 13. a) Model fit in relation to model data from the step-response test of UVA254. b) Model 
fit in relation to the model data from the step-response test of UVA254. 

 

Creating models (off gas) 
 

The data from the step-response test can be seen in see Figure 14 a) and Figure 14 b)/c). 
The two different data sets for validation was created as two large steps, see Figure 14 
b) and two stepwise increasing steps, see Figure 14 c). Several different models and 
order of models were tested during the process of creating a suitable model. Finally, 
three different models were chosen as the best candidates, a first-order transfer 
function, a three-parameter model, and a fourth-order state space model.  
 
The first-order transfer function fitted best with the model data. It had a fit of 74.68 %, 
however, the other models have similar fits (P1D; 74.67 %, ss2; 72.71 %), see figure 14 
a). The forth-order state space model had a fit of 83.84 % and 61.32% with the two 

a) 

b) 
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validation data sets, which made it the best candidate of the three models. The other 
models had a similar fit, however, slightly worse (P1D; 83.59 % and 57.51%, tf1; 83.18 % 
and 57.29%), see figure 14 b) and figure 14 c). The state space model was chosen to be 
used in the process of creating a controller due to its slightly better fit to the validation 
datasets, see equation 19. Worth noting is the fit of the models at low doses. All three 
models had a poor fit at low doses, indicating non-linearity at these doses. This result 
was in agreement with the result from the dose-response test with the off-gas ozone 
concentration. The purposed models are therefore best utilized for ozone doses above 4 
mg O3/L. The bad fit in Figure 14 c) at the first step sequence is due to an unforeseen 
quick peak in ozone dose which the models are too slow to adjust for. However, at the 
other responses at high ozone concentrations are the models in good agreement with 
the validation data, see Figure 14 b) and Figure 14 c).   
 

𝑠𝑠2 =  {
𝑑𝑥

𝑑𝑡
= 𝐴𝑥 + 𝐵𝑢

𝑦 = 𝐶𝑥 + 𝐷𝑢
   Eq. 19 

 

𝑊ℎ𝑒𝑟𝑒; 𝐴 = (

−0,1309 −0,05625
−0,0512 0,06283

   
0,007804 −0,2921
−0,1425 −0,9677

−0,3871 0,5092
−0,5211 0,3901

         
0,4025 −3,914
1,306 −2,524

)  

               𝐵 =  (

0,02123
0,03416
0,1936
0,1874

)  

               𝐶 =  (10,31 −0,3554 0,2263 −0,06522)  
               𝐷 = 0 
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Figure 14. a) Model fit in relation to model data from the step-response test. b)/c) Model fit in 
relation to the model data from the step-response test. 

a) 

b) 

c) 
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Creating the process controller (UVA254) 
 
The different settings; Åström-Hägglund settings, lambda trimming, IMC trimming and 
Simulink’s own PID tuner was evaluated based on their performance when exposed to a 
simulated step response in the Simulink template for UVA254, see Appendix B. The 
uncontrolled system, blue graph in Figure 15, had a large static error and displayed an 
oscillation like pattern. Both the oscillation and the static error was eliminated for all 
different controllers. All of the controllers have a good performance except for the 
controller designed with lambda trimming, the red graph in Figure 15. However, the 
controller designed with PID tuner, the yellow graph in Figure 15, was slightly better 
than the controllers designed with Åström-Hägglund settings and IMC trimming. A 
process controller designed with PID tuner was therefore chosen for implementation in 
Cactus. Worth noting is the time needed to reach steady state for the controller, 
approximately 20 minutes. The time from a change in ozone dose to UVA254 
measurement is quite long, it was, therefore, essential to design a slow controller in 
order to avoid possible oscillation in the system.  

 

 
Figure 15. Simulated step response with different controller settings for UVA254 controllers. 

Due to the conventions at TVAB was a PI controller created for implementation in 
TVAB’s control system Cactus, however, the PI controller created with the PID tuner had 
a performance equal to the PID controller which was originally created. The controller PI 
controller, F (UVA), can be seen in equation 20. 

 

𝐹(𝑈𝑉𝐴) = 0.50108(1 +  
1

0.03916𝑠
)   Eq. 20 

 

Creating the process controller (off gas) 
 

The different settings; Åström-Hägglund settings, lambda trimming, IMC trimming and 
Simulink’s own PID tuner was evaluated based on their performance when exposed to a 
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simulated step response in the Simulink template for off gas, see Appendix B. All of the 
different controller structures yielded a better step response than the uncontrolled 
system, green graph in Figure 16, however, the PID tuner performed better than the 
other controllers, yellow graph in Figure 16. The response from the system controlled by 
the PID tuner was faster and more damped than the uncontrolled system and the other 
controllers, as seen in Figure 16.      

 

Figure 16. Simulated step response with different controller settings for off-gas controllers. 

Similar to the controller for UVA254 was a PI controller designed for implementation in 
Cactus. However, like the UVA254 controller had the PI controller designed with PID tuner 
a performance equal to the PID controller which was originally designed. The controller 
PI controller, F (off-gas), can be seen in equation 21. 

𝐹(𝑜𝑓𝑓 − 𝑔𝑎𝑠) = 3.0465(1 + 
1

0.3982𝑠
)    Eq. 21 

 

4.4  Analysis of resource and cost efficiency  
 
The specific required effect for the operation of the ozone reactor was exponentially 
decreasing with increased dose, as seen in Figure 17. The specific required effect was in 
the interval 10.05-12.46 kWh/kg O3 at dose 16 kg O3/h depending on ozone 
concentration. This result is in accord with the evaluation matrix of energy consumption 
provided by the supplier Ozonia [39]. According to Ozonia is the expected ozone specific 
effect between 11.95 and 13.57 kWh/kg O3 at an ozone concentration of 13% depending 
on temperature and ozone dose. The high specific required effect at low ozone doses 
can be explained by the fixed required effect consumed by pumps and other equipment 
which run at the same effect independent of ozone dosing. Furthermore, the total gas 
consumption increases linearly with increased ozone dose. This is expected as the 
increased dose at a fixed concentration is directly proportional to the total consumption 
of gas. The ozone specific effect is relatively low in the ozone facility supplied by Ozonia, 
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at an older facility in Kalundborg (Denmark) has ozone specific effects between 17 and 
40 kWh/kg O3 been observed [40]. Displaying the economic benefits of advances in 
ozone technology.        
 
 

 
Figure 17. Ozone specific effect and gas consumption with increasing ozone dose. 

The analysis of the total operational cost of the ozone reactor included the two major 
variable costs of operation, cost of energy and cost of LOX. Other costs as maintenance 
was fixed and not included in the analysis of the continuous operation of the ozone 
reactor since they are not dependent on the operational mode of the facility. As of the 
autumn of 2018 was the energy price 0.7 SEK/kWh and the LOX price 0.85 SEK/kWh. In 
addition, 12 000 SEK/month was charged for LOX services. The total cost of operation 
has been calculated for four different operational modes, see Figure 18. There are no 
major differences between the hourly costs at different concentrations, however, at 
ozone doses above 4 kg O3/h was either an ozone concentration of 12% or 13% 
preferred. However, the preferred ozone concentration depends on the current pricing. 
Lower ozone concentrations are preferred if the energy price increases since the specific 
required effect was lower than for higher concentrations, see Figure 17. Similarly, high 
ozone concentrations are preferred if the LOX price increases since the gas consumption 
was lower at high concentrations. In addition, high ozone concentrations are also 
preferable in regard to mass transfer which is higher at high ozone concentrations.  
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Figure 18. The total operational cost of the ozone reactor at different operational modes. 

A study by Chys et al investigated the operational cost of process control with ΔUVA254, 
fixed flow proportional dose and fixed DOC load proportional dose. It was concluded 
that even though the flow/load proportional doses were beneficial during certain 
periods was process control with ΔUVA254 the most cost-efficient operational mode 
overall. In addition, process control with ΔUVA254 was the only of the three operational 
modes which sufficiently reduced pharmaceutical residues without severe over- or 
under-dosing [39]. Indicating advantages with ΔUVA254 as process control in both an 
economic and chemical sense. The study by Chys et al observed ozone doses ranging 
from 6.7 to 12 mg O3/L when operating with ΔUVA254 process control at set point of 
25%. This range of dose yielded in an average cost of 0.018 €/m3 (per cubic meter 
treated water), which corresponds to approximately 0.186 SEK/m3. The cost of energy 
and LOX was € 0.1 /kWh and € 0.1 /kg O2 [38] i.e. slightly higher than the utility cost at 
Nykvarnsverket. Assuming that an average of the ozone dose interval applied by Chys et 
al was representative would the corresponding cost at Nykvarnsverket be between 
0.132 and 0.161 SEK/m3. Which can be concluded to be reasonable due to the slightly 
cheaper cost of energy and LOX at Nykvarnsverket.  
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5  Conclusion 
 

5.1  Conclusion  
 
It can be concluded that factors in wastewater quality such as temperature, DOC and 
nitrite heavily influence the reduction of pharmaceuticals. Lower wastewater 
temperature, higher concentration of DOC and higher concentration of nitrite were 
identified as parameters causing poorer reduction of pharmaceutical residues in the 
large-scale study than in the pilot study. A base dose of approximately 10 mg O3/L 
should be applied to ensure sufficient reduction of pharmaceutical residues and 
acceptable concentrations of pharmaceutical residues in the recipient. Lower reduction 
of UVA254 at corresponding ozone doses was observed in the large-scale study. However, 
there was a clear linear correlation between the reduction of pharmaceutical residues 
and reduction of UVA254 in both studies. Indicating that reduction of UVA254 is a suitable 
control parameter for the ozonation process. However, lower reduction of 
pharmaceutical residues was observed at the same UVA254 reduction, indicating that the 
parameter ΔUVA254 doesn’t adjust for all differences in the wastewater. The required 
UVA254 reduction for sufficient reduction of pharmaceutical residues is thus probably 
different for different WWTPs and wastewater conditions. Even though the reduction of 
bacteria was somewhat poorer over the ozonation in the large-scale study than in the 
pilot study was the reduction over the entire process high. Lower amounts of bacteria, 
as well as high reduction of antibiotics decrease the proliferation of antibiotic resistance 
in the recipient. Models over both off-gas ozone concentration and ΔUVA254 have been 
created. Furthermore, controllers for both parameters was designed and are ready to be 
implemented and tested in Cactus. It can be concluded from the performance test that 
running the ozone production at 12-13% is the most beneficial mode of operation. No 
optimal ozone dose can be found at the current cost of electricity and LOX. The 
operational cost is linearly increasing with increasing ozone dose.   
 
The original objectives for this project were all met to a satisfactory extent. However, 
plans were made during the first part of the project to extend the project to include 
implementation of the controllers and possibly evaluation of their functionality. The 
additional objectives were not completely met due to a series of issues with the ozone 
facility during November and December. The ozone off-gas controller was implemented, 
however, not evaluated and there was not enough time to properly implement and 
evaluate the ΔUVA254 controller. 
 
The expected impact of this project was to provide guidelines for the implementation of 
ozone treatment as well as share results produced during the project with the project 
partners in CWPharma. Updates and results concerning this project have been shared 
thru project meetings with the CWPharma group. Furthermore, this project report 
highlights several of the important steps in implementing ozonation on a large scale. The 
procedure conducted during this project can function both as a validation of the pilot 
study and as a guiding document for WWPTs interested in implementing an ozonation 
process. Providing information on influential parameters in the ozonation, suggestions 
of a suitable control strategy and an economic assessment concerning the operation of a 
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large-scale ozone reactor. I expect that this project report and the findings therein will 
have the impact expected at the start of the project.     

5.2  Further work 
 

- The facility should be complemented with a flow meter measuring the off gas 
flow in order to obtain continuous ozonation. As it is now is a vent in place at 
the top of the inlet chamber which lets thru air at low pressure in the reactor. 
This makes calculations of mass transfer and ozone concentrations in the off-gas 
somewhat uncertain. Furthermore, the current UVA measurement unit uses a 1 
mm measurement gap in its flow cell. Other UVA measurement units with 2 or 
10 mm measurement gaps could yield a more precise UVA measurement. 
 

- The process control with ΔUVA254 and ozone off-gas as limiter should be more 
thoroughly investigated as time restricted this project from evaluating the actual 
reduction of pharmaceutical residues with the process control in place. 
 

- Seasonal changes, primary changes in water temperature and periods of dry 
weather is likely to influence the ozonation. New dose-response tests and 
investigations concerning the functionality of the process control should, 
therefore, be performed during a longer period of time.  
 

- COD and instantaneous ozone demand (IOD) could potentially be used as 
normalization parameters for the applied flow proportional ozone dose. Further 
investigations of parameters as COD and not yet investigated parameters such 
as (IOD) are of interest for developing transferability of results between 
different WWTPs. COD determined by ozone instead of e.g. dichromate could 
also be of interest to investigate as information about the ozone accessible 
fraction could be obtained.    
 

- Investigations concerning the biological step before the ozone reactor should be 
conducted, e.g. investigations of the potential use of membranes to improve the 
water quality in the influent to the ozone reactor. Improved quality in the 
influent to the ozone reactor would ensure the continuous operation of the 
ozonation as well as potentially decrease the required ozone dose.  
 

- A thorough investigation concerning the post-treatment and the aquatic 
environment in the recipient should be conducted. The positive effects and the 
potential adverse effects of ozonation in the recipient is of great interest to 
investigate further.  
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Appendix 
 

Appendix A. Original planning report  
 
Abstract 
  
The main purpose of this project is to investigate the ozonization process at 
Nykvarnsverket and propose a control strategy for energy efficient reduction of 
pharmaceutical residues in the recipient by 90 %. The goal is to validate a pilot study of 
ozone treatment of pharmaceutical residues in wastewater at Nykvarnsverket and to 
investigate different control strategies for the process. To achieve this goal are planning 
and execution of a sampling schedule necessary. Online monitoring will be performed in 
order to complement the data from the samples. Furthermore, will analysis of samples 
and online monitoring result in a suitable suggestion for process control. I think that the 
ozone treatment process will result in a significant reduction of pharmaceutical residues 
in the wastewater. Furthermore, I think it is possible to create an efficient process 
control. The hypothesis will be tested thru analysis of pharmaceutical residues, as well 
as analysis of a range of compounds and parameters which are vital for process control 
during dose-response tests (4-8 O3/L). This will yield results regarding the reduction of 
pharmaceuticals at different doses and the amount of ozone depleting compounds in 
the wastewater. This information will be fundamental in creating a model for process 
control.         

 

Purpose of the project  

The object of the project is an ozone treatment process in a wastewater plant. This 
ozone treatment process is a part of a sequence of several processes with the aim to 
reduce harmful objects, compounds and particles in the recipient Stångån. The specific 
purpose of the ozonization process is to reduce the amount of pharmaceutical residues 
in the water.  

Tekniska verken i Linköping AB (TVAB), the commissioner of the project aims to reduce 
the environmental impact of the wastewater from Linköping. It has been discovered that 
certain pharmaceuticals e.g. pharmaceuticals containing oestrogens have harmful 
effects on the aquatic environment [1].  
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Figure 1: Schematic representation of the ozone reactor. 
      
Implementation of ozone treatment in wastewater plants enables the modern society to 
function in a more environmentally friendly and sustainable way. This project is the first 
large-scale ozone treatment of wastewater in Sweden. The hope of TVAB is to provide 
guidelines for implementing ozone treatment in other wastewater treatment plants in 
both Sweden and around the Baltic Sea. As the ozone project at TVAB is a part a larger 
collaboration (Clear Waters from Pharmaceuticals, CWPharma) commissioned by the 
European Union, this outcome is likely if this project is successful.      

Hypothesis of the project 

It is probable that the ozone treatment process will result in a significant reduction of 
pharmaceutical residues in the wastewater. It is likely that the reduction observed in the 
pilot study (90 %) is achievable. Furthermore, it is possible to create an efficient process 
control with online measurements. It is likely that at least one of the purposed strategies 
in the pilot study [2] for process control will prove suitable.  
 
The primary motivation for reaching the desired reduction of pharmaceutical residues is 
the results from the pilot study [2]. In this pilot study was up to 93 % of pharmaceutical 
residues eliminated. It could prove difficult to achieve the same result in a large-scale 
due to problems with scaling factors and different process configurations, however, a 
significant reduction of pharmaceutical residues is likely to be observed. Another study 
performed in Sweden has shown a 77 % reduction in addition to the reduction achieved 
thru conventional treatment [3]. The results from this study strengthen the hypothesis 
that a significant reduction of pharmaceutical residues can be obtained. Furthermore, a 
yearlong Swiss study observed an 80 % decrease in micropollutants (pharmaceuticals, 
drugs metabolites, endocrine disruptors, pesticides, etc...) in a 129 m3 plug flow reactor 
with the use of ozone treatment [4]. Due to the significant reduction of micropollutants 
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in a semi-large-scale reactor it is likely that we will obtain similar results at 
Nykvarnsverket.     
 
A process control strategy purposed in the pilot study [2] was to use the relative 
reduction of UVA254 (ΔUVA254) to adjust the ozone dosage. This theory was tested in a 
German pilot study showing successful process control with this method [5]. In light of 
these results, it is likely that similar control will be successful at Nykvarnsverket.  
The pilot study purposed two other methods of process control, either by using the 
amount of ozone in the off-gas or in the wastewater after the addition of ozone to 
control the process [2]. Both of these are regarded as viable options, however, according 
to another German study [6] are there a problem with these strategies for process 
control with low amounts of ozone. Furthermore, it was observed in the pilot study that 
the sensor for measuring concentration of ozone in the treated wastewater had 
problems with clogging [2]. Due to the factors mentioned above it is likely that the 
suitable solution for process control is relative reduction of UVA254.  
   
 
Objective 
  
The main goal of this project is to validate a pilot study of ozone treatment of 
pharmaceutical residues in wastewater with new data from the full scale facility at 
Nykvarnsverket. Moreover, to investigate and create models for different control 
strategies for the process. This goal are being divided into the following sub-goals. 

1) Plan and produce a sampling schedule to follow during the test period. 
2) After the start of the ozone reactor, perform the necessary testing and take 

samples. 
3) Analyze the data yielded from the samples and testing. 
4) Compare the obtained results with the results from the pilot study. 
5) Generate models in Matlab/Simulink for the process control. 
6) Test the models with historic and data.  
7) Identify a control strategy for suitable process control of the ozone reactor.    

 

Boundary conditions  

In order to execute this project, it is necessary that the facilities function properly. This 
has previously been an issue, however, it seems likely that the facilities will be functional 
this time. Furthermore, TVAB does not have the required equipment for analyzing all 
different samples in-house. There is therefore a need to send most of the samples to 
other companies or institutes. This will take time and probably limit the amount of 
testing by some degree.   

Under the regimen of the EU project, CWPharma is TVAB obliged to perform certain 
tests and to a specific extent. This could prove time-consuming and limit the time for 
other testing that might be desirable to perform within the frame of this master thesis.          

 
Study model  

The study model for this project is a plug flow ozone reactor as seen in Figure 2. The 
ozone is generated from liquid oxygen and thereafter integrated with a sub-flow of 
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secondary effluent using a Venturi injector. The distribution of the ozone enriched 
wastewater in the reactor is facilitated by a radial diffuser. The ozonized wastewater 
flows thru the ozone rector in a plug-like fashion (see Figure 2) in order to ensure a 
sufficient retention time. After the ozone process is a post-treatment process (moving 
bed biofilm reactor, MBBR) placed, consisting of nitrification and denitrification.  

Sensors for online monitoring are placed strategically in order to monitor and control 
the process. As seen in Figure 2 are sensors placed before, in and after the ozone 
reactor. These sensors monitor the following parameters: 

- UVA254 
- Water flow rate 
- Gas flow rate 
- Ozone, process gas and off-gas 
- Dissolved ozone 
- Dissolved oxygen 
- Nitrate  
- Temperature  
- Turbidity 

 
Furthermore, sampling for analysis of several key compounds (pharmaceuticals, COD, 
DOC etc.) will occur before and after the ozone reactor and also after the post-
treatment process.  

 

Figure 2: Study model of ozone reactor with sampling and process monitoring marked.  
 
Pert chart 
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The PERT chart in Figure 3 below visualize the workflow, time frame and support 
functions of the project.   
 

Figure 3: PERT chart of the project. 
 
Milestones for the project  
 

Milestone List 

Milestone 
number 

Short description Type of 
deliverable1 

Date 

(week) 

1 Planning report ready Report 07-09-18 

2 Determine which parameters and test to 
analyze completed  

List w. 37 

3 Sampling schedule ready Schedule  w. 39 

4 Start-up of ozone facility  - w. 40 

5 Sampling completed  - w. 43 

6 Online data collected  Table w. 43 

7 Samples analyzed  Diagram/Table w. 45 

8 Online data analysed  Diagram/Table w. 45  
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9 Half-time report ready Report 07-10-18 

10 Validation of pilot study completed  Report/Table  w. 46  

11 Matlab/Simulink models for process 
control ready 

Matlab/Simulink 
schematic 

w. 47 

12 Testing of models with historic data 
completed 

Diagram w. 48 

13 Final report draft to opponent ready and 
sent to opponent and examiner 

Report w. 2 

14 Presentation at LiU Presentation w. 4 

15 Corrected final report to the examiner for 
final approval 

Report w. 6 

1) Report; Diagram; Table; 
 
 
Time plan  
 
The most curtail step for the time plan of the project is the start-up of the ozone reactor. 
A lot of factors need to come together in order for the ozone system to be functional 
and available for sampling and testing. A delay in the start-up process will have a 
significant impact on the time plan. Furthermore, the analysis of samples will take place 
at many different locations and by different companies. If there are issues with 
transport or at the companies it could have a negative effect on the time plan. The time 
plan can be viewed in a Gantt chart below, see Table 2.  
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Gantt chart 
 
Table 2: Gantt chart for the project.  
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Appendix B. Supporting information  
 
Simulink template for the design of off-gas ozone controllers and ΔUVA254 controllers 

 

Figure 19. Simulink template for simulation of the different controllers designed from the off-gas 
model. 

 

Figure 20. Simulink template for simulation of the different controllers designed from the ΔUVA254 
model. 
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Sampling schedule  

 

Figure 21. Sampling schedule over the dose-response test. 

 
Pharmaceuticals and their primary property  
 
Table 7. List over investigated pharmaceuticals and their primary property [51]. 

Pharmaceutical Property Pharmaceutical Property 

Tramadol analgesic Valsartan antihypertensive  

Phenazone analgesic/antipyretic Irbesartan antihypertensive  

Citalopram anti-depressive agent  Losartan antihypertensive  

Venlafaxine anti-depressive agent  Candesartan antihypertensive  

Ac-sulfadiazine antibiotic Eprosartan antihypertensive  

Azithromycin antibiotic Olmesartan antihypertensive  

Clarithromycin antibiotic Ibuprofen anti-inflammatory agent/analgesic  

Clindamycin antibiotic Diclofenac anti-inflammatory agent/analgesic/antipyretic   

Erythromycin antibiotic Propranolol beta-blocker  

Sulfadiazine antibiotic Sotalol beta-blocker  

Sulfamethizole antibiotic Carbamazepine sedative 

Sulfamethoxazole antibiotic Oxazepam  sedative 

Trimethoprim antibiotic Benzotriazole  several uses e.g. drug precursor    

Ciprofloxacin antibiotic Diatrizoic acid X-ray contrast medium 

Mycophenolic 
acid antibiotic Iohexol X-ray contrast medium 

Roxithromycin antibiotic Iomeprol X-ray contrast medium 

Compound/parameter Phamaceuticals DOC COD TOC Susp NO2-N NO3-N pH Bromide Bromate Bacteria Conductivity UVA(254)

Date Schedule

week 1 2018-10-01 Start (4 mg O(3)/L)

2018-10-02 Sampling X X X X X X X X X X X X X

2018-10-03 Start (4 mg O(3)/L)

2018-10-04 Sampling X X X X X X X X X X X X X

2018-10-05 Start (8 mg O(3)/L)

2018-10-06

2018-10-07 Sampling X X X X X X X X X X X X X

week 2 2018-10-08 Start (10 mg O(3)/L)

2018-10-09 Sampling X X X X X X X X X X X X X

2018-10-10 Start (5 mg O(3)/L)

2018-10-11 Sampling X X X X X X X X X X X X X

2018-10-12 Start (7 mg O(3)/L)

2018-10-13

2018-10-14 Sampling X X X X X X X X X X X X X

week 3 2018-10-15 Start (6 mg O(3)/L)

2018-10-16 Sampling X X X X X X X X X X X X X

2018-10-17 Start (6 mg O(3)/L)

2018-10-18 Sampling X X X X X X X X X X X X X

2018-10-19 Start (9 mg O(3)/L)

2018-10-20

2018-10-21 Sampling X X X X X X X X X X X X X

week 4 2018-10-22 Start (6,5 mg O(3)/L)

2018-10-23 Sampling X X X X X X X X X X X X X

2018-10-24 Start (4,5 mg O(3)/L)

2018-10-25 Sampling X X X X X X X X X X X X X
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Gabapentin anti-epileptic agent  Iopamidol X-ray contrast medium 

Atenolol antihypertensive  Iopromide X-ray contrast medium 

Metoprolol antihypertensive    
 
 
RCR matrices large-scale study  
 
Table 8. Complete RCR matrix for the influent wastewater in the large-scale study. 

 
 
 
Table 9. Complete RCR matrix for ozone dose 9 mg O3/L, 0.58 mg O3/mg DOC, N corr, in the 
large-scale study. 

 
 
 

Substance MEC (µg/L) NOEC (µg/L) Assessment factor Dilution recipient EC/PNEC quota

Oxazepam 0,39 1,8 [4] 1000 27 8,025

Metoprolol 2,32 1 [4] 50 27 4,296

Trimethoprim 0,14 0,29 [4] 100 27 1,788

Diclofenac 1,53 0,5 [4] 10 27 1,133

Venlafaxine 0,52 1 [47] 50 27 0,963

Propanolol 0,09 0,5 [4] 50 27 0,333

Carbamazepine 0,71 25 [44] 10 27 0,011

Citalopram 0,24 105 [4] 100 27 0,008

Sulfamethoxazole 0,3 250 [4] 100 27 0,004

Atenolol 0,82 1000 [4] 100 27 0,003

Gabapentin 6,73 100000 [43] 1000 27 0,002

Iohexol 43,87 1000000 [45] 1000 27 0,002

Losartan 3,06 780 [46] 10 27 0,001

Mycophenolic acid 0,13 210 [49] 50 27 0,001

Benzotriazole 1,28 10000 [48] 100 27 0,000

Valsartan 0,31 85000 [46] 1000 27 0,000

Irbesartan 0,36 7040 [50] 10 27 0,000

Diatrizoic acid 0,19 - - 27 -

Sotalol 0,12 300000 (EC50) [46] 100 27 -

Substance MEC (µg/L) NOEC (µg/L) Assessment factor Dilution recipient EC/PNEC quota

Oxazepam 0,16 1,8 [4] 1000 27 3,292

Metoprolol 0,76 1 [4] 50 27 1,407

Trimethoprim 0,01 0,29 [4] 100 27 0,128

Diclofenac 0,11 0,5 [4] 10 27 0,081

Venlafaxine 0,012 1 [47] 50 27 0,022

Citalopram 0,04 105 [4] 100 27 0,001

Gabapentin 3,68 100000 [43] 1000 27 0,001

Iohexol 31,95 1000000 [45] 1000 27 0,001

Atenolol 0,28 1000 [4] 100 27 0,001

Carbamazepine 0,06 25 [44] 10 27 0,001

Benzotriazole 0,44 10000 [46] 100 27 0,000

Losartan 0,31 780 [46] 10 27 0,000

Mycophenolic acid 0,01 210 [49] 50 27 0,000

Sulfamethoxazole 0,01 250 [4] 50 27 0,000

Valsartan 0,12 85000 [46] 1000 27 0,000

Irbesartan 0,12 7040 [50] 10 27 0,000

Propanolol 0 0,5 [4] 50 27 0,000

Diatrizoic acid - - - 27 -

Sotalol 0,02 300000 (EC50) [46] 100 27 -
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Matlab script for controller design 
 
%Identifying parameters for controller design from the observed step 

%response (ozone off-gas in this case). 
  

%Static gain  

Kp = 0.932; 

%Delay 

L = 1.18; 
  

%Time constant: T = t-L where t is the time at 0.6321Kp. 

t = 9.56; 

T = t-L; 
  
  

%Three parameter model 

Ghat = ss2; 
  

%Different controller designs for PID controller. 
  

%IMC settings  

tau = L/(L+T); 

Tc = 2*L; %design parameter, adjustable. 
  

K1 = L/(Kp*(Tc+L))*(1/tau-1/2); 

Ti1 = L*(1/tau-1/2); 

Td1 = L*((1-tau)/(2-tau)); 
  

%PID controller IMC 

mu = 0.1; 

F1 = K1*(tf([Ti1 1],[Ti1 0])+tf([Td1 0],[mu*Td1 1])); 
  

%Åström & Hägglund settings, a controller with two degrees of freedom. 
  

a = (Kp*L)/T; 

K2 = 0.9/a; 

Ti2 = T; 

Td2 = 0.25*T;  

alpha = 0.3; 

beta = 0.2; 
  
  

%PID controller Åström & Hägglund 

mu = 0.5; 

F2 = K2*(tf([Ti2 1],[Ti2 0])+tf([Td2 0],[mu*Td2 1])); 
  

Fy = K2*(tf([Ti2*Td2 Ti2 1],[Ti2 0])); 

Fr = K2*(tf([beta*Ti2*Td2 alpha*Ti2 1],[Ti2 0])); 

Frhat = Fr/Fy; 
  

%Lambda settings, lambda is chosen between 0.5 and 5, bellow 1 yields a faster 

controller and above 1 yield  

% a slower controller. 
  

lambda = 0.5; 
  

K3 = T/(Kp*(lambda*T+L)); 

Ti3 = T; 
  

%PI controller Lambda steering 
  

F3 = K3*(tf([Ti3 1],[Ti3 0])); 
  

%Feedforward lambda 
  

Gm = tf(1,[T 1],'InputDelay',L); 

Ff = 2; 

 


