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Abstract 

The Stable high rate ammonia removal over nitrite (SHARON) at Nykvarnsverket in Linköping 
is a relatively new kind of biological treatment. Fluxes of nitrous oxide (N2O) has not been fully 
mapped at Nykvarnsverket and additional efforts are needed for increased knowledge about 
possible emissions. The primary goals of the study were to measure and compare fluxes of N2O 
in the SHARON and to do a general GHG flux comparison to those of the Biological treatment, 
the Chemical treatment and the Second denitrification at Nykvarnsverket. Secondary goals were to 
evaluate the use of two gas sensors, a SiC-FET sensor for N2O emissions, a CO2 Engine ELG 
sensor for carbon dioxide (CO2) emissions and their applicability in a WWTP environment. The 
measurements of GHG fluxes were performed by measuring the temporal change of GHG 
concentrations in the headspace of floating flux chambers placed in treatment tanks. The two gas 
sensors were tested either via tests in lab or via field measurements. The flux chamber method 
made it possible to estimate the fluxes at three out of four targeted tanks. The total daily GHG 
flux estimations (mmol m-2 d-1 ) in the SHARON were 6900 CO2, 320 methane (CH4) and 35 
N2O. The estimations (mmol m-2 d-1) in the Biological treatment were 22 000 CO2, 120 CH4 and 23 
N2O for 75% of the time. The estimations (mmol m-2 d-1) in the Chemical treatment were 110 CO2, 
0.073 CH4 and 0.60 N2O. The largest N2O emissions were found to occur during nitrification 
processes in the SHARON. The fluxes in the SHARON were also the largest compared to those 
in the Biological treatment and the Chemical treatment, except for the CO2 flux that was larger in the 
Biological treatment. The CO2 sensor could be used during measurements over shorter time periods 
were CO2 levels did not exceed 10 000 ppm. Further tests on the SiC-FET sensor are needed to 
evaluate the sensor for measurements of N2O.  

 

  



Populärvetenskaplig sammanfattning 

Vid Nykvarnsverket i Linköping finns det en relativt ny sorts reningsprocess, “Stable high rate 
ammonia removal over nitrite” (SHARON) som är ett biologiskt reningssteg. Flöden av lustgas 
(N2O) har inte blivit kartlagda till fullo på Nykvarnsverket, därför finns det ett behov att öka 
kunskapen kring eventuella utsläpp. Syftet med studien var främst att mäta N2O flöden i 
SHARON och att utföra en generell jämförelse av växthusgasflöden med de från den Biologiska 
reningen, kemiska reningen och efter denitrifikationen. Syftet var även att utvärdera användningen av 
två gassensorer, SiC-FET sensor för N2O emissioner och CO2 Engine ELG sensor för koldioxid 
(CO2) emissioner samt dess användbarhet på ett avloppsreningsverk. Växthusgasflödes-
mätningarna gjordes genom att mäta den temporala skillnaden av växthusgaskoncentrationerna i 
gasutrymmet i flytande flödeskammare som placerades i olika bassänger. De två gassensorernas 
testades antingen i labb eller via fältmätningar. Flöden kunde uppskattas i tre av fyra valda platser 
med hjälp av flödeskammarmetoden. De uppskattade totaldygnsflödena (mmol m-2 d-1) för 
SHARON var 6900 CO2, 320 metan (CH4) och 35 N2O. För den Biologiska reningen var flödena 
(mmol m-2 d-1) 22 000 CO2, 120 CH4 och 23 N2O för 75 % av tiden. För den Kemiska reningen var 
flödena (mmol m-2 d-1) 110 CO2, 0,073 CH4 och 0,60 N2O. De största N2O-utsläppen visade sig 
inträffa under nitrifikationsprocesserna i SHARON. Växthusgasflödena i SHARON var också de 
största jämfört med de från den Biologiska reningen och den Kemiska reningen, med undantag för 
CO2-flödet som var större i den Biologiska reningen. CO2 sensorn fungerade att använda vid 
kortare mätningar över tid på platser där CO2-halterna understeg 10 000 ppm. Ytterligare tester 
på SiC-FET sensorn behövs för att kunna utvärdera dess användbarhet vid fältmätningar av 
N2O.  
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Introduction and the goal of this thesis 
The increase of the greenhouse gases (GHGs) carbon dioxide (CO2), methane (CH4) and nitrous 
oxide (N2O) in the atmosphere has been linked to human activities (Hemond & Fechner-Levy, 
2000). Although the concentration of CO2 in the atmosphere is higher than CH4 and N2O, the 
latter two are more potent in their warming abilities, molecule per molecule, than CO2 (Girand, 
2014). CH4 has a larger radiative efficiency than CO2 and N2O has a larger efficiency than CH4 
regarding to Forster et al. (2007). The warming potential for each specific GHG seen during a 
period of 100 years has an approximate ratio of CO2:CH4:N2O 1:20:300 (Forster et al., 2007).  

Wastewater treatment plants (WWTP) are potential anthropogenic sources of GHG's (Campos 
et al., 2016). CO2, CH4 and N2O are produced at WWTPs and that the production primarily 
occurs in the biological treatment N2O has previously been detected during nitrogen removal 
processes at WWTPs (Kampschreur et al., 2008). N2O is produced by ammonia-oxidizing 
bacteria, nitrite-oxidizing bacteria and denitrifying micro-organisms (Kampschreur et al., 2008). 
N2O is thought to be produced and emitted predominantly from the aeration tanks where 
nitrification and denitrification processes occur (Campos et al., 2016). The production of N2O at 
a full-scale reject water treatment is largely unknown, but high emissions are to be expected 
(Kampschreur et al., 2008). There has been an increasing need to identify the sources and to 
decrease these GHG emissions from WWTPs (Kampschreur et al., 2009). 

Studies on N2O emissions at WWTPs have previously been carried out on treatment plants 
containing mechanical, biological and chemical treatment steps (Masuda, 2015). Linköping is one 
of the larger cities in Sweden and their WWTP Nykvarnsverket is a full-scale treatment plant that 
has several treatment steps, including the novel biological treatment step, the Stable high rate 
ammonia removal over nitrite (SHARON), that has nitrification over nitrite instead of nitrate 
(Campos et al., 2016, de Mooij, n.d.). Studies on the SHARON treatment exist, but it has not 
been extensively studied and it is therefore important to assess its N2O emissions. There are 12 
SHARON treatment tanks in the world including the one at Nykvarnsverket (de Mooij, n.d.). 

One approach to study the GHG emissions from a system is to cover an area with a flux 
chamber and thereby capturing its gas emissions, enabling it to be measured. Flux is defined as 
rate of flow of a compound per unit area. Emissions of GHGs has previously been measured 
using floating chambers in lakes and at WWTPs with positive results (Natchimuthu et al., 2015, 
Bastviken et al., 2015, Masuda et al., 2015). The water-atmosphere flux of a gas can be calculated 
by measuring the change of gas concentration in the flux chamber headspace over time 
(Bastviken et al., 2015). 

Different types of chambers have been utilized in other GHG emission studies at WWTPs to 
accommodate the tanks differences in aeration characteristics (Masuda et al., 2015). In the study 
of Masuda et al. (2015) both closed and open flow-through chambers were used to enable 
manual gas sampling in the different tanks of interest (Masuda et al., 2015). One way of 
performing these measurements is by taking manual gas samples from the chamber at different 
time intervals. One other is to use a sensor inside a flux chamber to be able to do logging events 
at a much higher frequency and thereby acquire high-resolution data. Using sensors in field 
studies can make the data gathering more effective by saving valuable time, e.g., instead of one 
manual chamber, ten with sensors could be used, increasing the amount of data by at least one 
order of magnitude (Bastviken et al., 2015). Tests of new types of sensors were therefore 
included in this study, to investigate if they could facilitate the flux measurements.  

The SiC-FET sensor is new kind of multi gas sensor that potentially could work for N2O 
measurement applications. It is a kind of field-effect transistor device based on silicon carbide 
(SiC). The use of silicon carbide permit a higher operation temperature than traditional sensors 
based on silica. This in turn enable a sensor to be applied to gas/sensor interactions that only 



occur at higher temperatures (Andersson et al., 2013). The sensor response is temperature 
dependent that enable it to measure different gases, where the temperature is related to gas 
selectivity. Together with a material that is chemically inert, these are very important properties 
when trying to measure gas concentrations (Andersson et al., 2013, Puglisi et al., 2015). 
Applications have so far ranged from emissions monitoring, combustion control, exhaust after-
treatment and indoor air quality (Puglisi et al., 2015). Gas sensors like these are thought to have a 
great potential in other future applications (Puglisi et al., 2015). The WWTP applicability of the 
SiC-FET sensor has not previously been studied, which is why it was used in this study. 

The other sensor used in this study was the CO2 Engine ELG sensor from SenseAir which is 
based on non-dispersive infrared spectroscopy. Its detection capability of CO2 has been tested 
and is in the range of 0 – 10 000 ppm (Bastviken et al., 2015). It can operate in humid 
environments as long as the actual sensor membrane surface is protected from moisture. The 
relatively high detection limit and the ability to operate in humid environments makes it suitable 
for the WWTP application. The sensor has a built-in logger that logs timestamped data on CO2 
in ppm, temperature, relative humidity (%) and a status message (Bastviken et al., 2015). The 
WWTP applicability of the CO2 sensor has not to our knowledge previously been studied. 

Purpose 
The primary goal of this thesis was to investigate the N2O-fluxes in the SHARON compared to 
the standard Biological treatment and thereafter to do a general emissions comparison of CO2, CH4 

and N2O-fluxes between the Biological treatment step, the Chemical treatment step, the Second 
denitrification step and the SHARON tank at Nykvarnsverket in Linköping. Secondary goals were 
to evaluate the use of the SiC-FET sensor for N2O emissions and the CO2 Engine ELG sensor 
for CO2 emissions and their applicability in a WWTP environment.  

Method 
Description 
The WWTP that is studied in this thesis is situated by the river Stångån in Linköping 
municipality who has a population of 152 966 people (SCB, 2015, Sehlén et al., 2015). The plant 
has a treating capacity of 235 000 pe (person equivalents) but treat about 180 000 pe in average. 
The treatment plant has mechanical, biological and chemical treatment steps (Figure 1) (Sehlén et 
al., 2015). 



 

Figure 1. Waste water treatment processes at Nykvarnsverket.  

The Biological treatment is where nitrification (NH4
+ → NO2

- → NO3
-) and denitrification (NO3

- 
→ N2) takes place by ammonia oxidizing bacteria, nitrite oxidizing bacteria and denitrifying 
bacteria (Sehlén et al., 2015, de Mooij, n.d). When the dissolved NH4

+ by nitrification and 
denitrification is converted to N2, some of the NH4

+ is converted to N2O. This makes WWTPs a 
possible source of GHG’s (Campos et al., 2016). The nitrification step requires a supply of 
oxygen, which is met by aeration, while the denitrification step occurs in the absence of oxygen. 
Therefore, aeration occurs periodically followed by periods with non-aeration. About six aeration 
cycles are performed per day in the Biological treatment at Nykvarnsverket, where the periods of 
non-aeration are approximately one hour long. 

The water from the Biological treatment proceeds to 60% to the Second denitrification step (Sehlén et 
al. 2015). These tanks are filled with pellet carriers of slightly lower density than water in order to 
extend the surface area for the growth of denitrification bacteria (Borkar et al., 2013). 

SHARON is a new type of treatment for wastewaters to remove nitrogen. This treatment system 
is more energy efficient and cost-effective than traditional biological treatments steps (de Mooij, 
n.d.). It works by alternating the aeration to accommodate the nitrification and denitrification 
processes, depending on the concentration of ammonia present in the tank. This makes it 
possible bypass the chemical reaction where NO2

- transforms to NO3
- (see Figure 2), which in 

turn reduces the time and energy per amount nitrogen removed from the water (Mulder et al., 
2006). Ammonia oxidizing bacteria and denitrifying bacteria and their processes are designed to 
be favored in the tank. The pH in the tank decreases by the nitrification process and increases by 
the denitrification process (Mulder et al., 2006). This results in a pH-value variation of about 0.5 
between cycles in the SHARON tank at Nykvarnsverket. This happens within a 90 minute cycle 
which controls the aeration depending on the NO3

- concentration within the tank. There are, 
approximately, 25 minutes of non-aeration and 65 minutes of aeration within every 90 minute 
period. During the aerated periods in SHARON a layer of foam was covering the water surface. 



 

Figure 2. The blue arrows show the chemical reactions occurring in the SHARON. The black arrows 
represent the reactions that occur in traditional biological treatment steps with nitrification 
and denitrification. Oxygen and carbon are needed for the reactions to occur and the 
SHARON is saving 25% oxygen and 40% of carbon needed in the traditional biological 
treatment (Mulder et al., 2006). 

N2O emissions increase gradually with NO3
- concentrations in aerobic tanks (Ren et al., 2013, 

Kampschreur et al., 2009). NO3
- accumulation is thought to be one of the dominant factors 

determining N2O production (Ren et al. 2013). Kampschreur et al. (2009) has tested the N2O 
emissions at a range of pH-values and found that the highest N2O emissions are present in 
waters with pH-levels of 8.5 and the lowest emissions at pH-values of 6 (Kampschreur et al. 
2009). 

In the Chemical treatment steps, positively charged ions can be used for flocculation; a process in 
which of particles coagulate into floccs (Balmér, 2013). At Nykvarnsverket, they use ferric sulfate 
(Fe2(SO4)3), with a high molecular mass cation (Fe3+) and a low molecular weight anion (SO4

2-) 
(Sehlén et al. 2015). The chemical process occurring in this treatment step is: (3Fe2+ + 2HPO4

2-

↔ Fe3 (PO4)2 + 2H+) (Arthursson, 2013). The flocs sediment in the tank and are separated from 
the water to be processed in a sludge treatment (Balmér 2013). Flocculent sedimentation is used 
to reduce the amount of material in the waste water and there are often several Chemical treatment 
steps throughout the treatment process (Balmér, 2013). The Chemical treatment that is tested in this 
study is the last flocculation and sedimentation treatment step. Which is interesting as it is the 
last tank the waste water passes during treatment before being dispersed into the recipient. The 
water in this tank was static and had no visible turbulence. 

Sensor tests 
The SiC-FET tested in this study have a sensoring layer based on iridium for the gate contact. 
This is where the gas-sensor interaction occurs. Gas molecules react and dissociate on the gate 
surface and thus charges the gate area and changes the drain to source voltage (VDS), under 
currents being kept constant, or by changing the current when the voltage is kept constant 
(Puglisi et al., 2015). The response of the gas is then measured by utilizing the VDS. 



The sensor was tested using a gas mixing system built with several mass flow controllers (EL-
FLOW) that made it possible to alternate the gas composition at certain times. A mixture of 80% 
N2 and 20% O2 (technical air) was used as a background gas surrounding the sensor between test 
gas injections. To test the sensor response, N2O was repeatedly allowed to replace N2 to levels of 
2.5-50%, while keeping a constant O2 level of 20% during time steps of 600 seconds. The 
difference in sensor response between the background gas and the N2O spiked test gas was used 
to determine the sensor sensitivity. The first test was to determine the best operating 
temperature for N2O selectivity. The tested temperatures were in the range of 150 to 450 °C in 
steps of 50 °C. The second test further examined the best operating temperature in detail in 
higher resolution, in steps of 25 °C. Additional tests were aiming to determine the detection 
limit, by subjecting the sensor to decreasing N2O test gas concentrations ranging from 250 to 
12.5 ppm. 

The CO2 sensors were used to log the CO2 concentrations in the flux chambers and to acquire 
the gas temperatures inside. They were calibrated, crosschecked and left to dry between logging 
periods. To protect the sensor from humidity, sensitive parts were varnished. A fresh 9 V battery 
was always used at the start of a field day. The calibration was done by putting both sensors in a 
glass container containing one inflow and one outflow. The container had a constant inflow of 
N2 during the duration of sensor calibration. While logging the event the CO2 concentration 
decreased until the container only contained N2. This value was then set as the default zero value 
on the sensors. The sensors were crosschecked by putting both of them in an air tight container 
while logging the concentrations during a period of 30 min and by comparing the results. 
Bastviken et al. (2015) has described these processes in greater detail (Bastviken et al., 2015). 

Flux chamber measurements at the treatment plant 
Flux chambers are commonly used for measuring gas fluxes. This is because they are portable, 
can be used in different water areas and are often low cost. (Denmead 2008, Bastviken et al. 
2015). The method works mainly through the chambers ability to accumulate gas in its 
headspace. The headspace gas could then be analyzed either by manual sampling or with a 
sensor. The change in gas concentration over time is measured and used for flux calculations. If 
the chamber is filled with air, an overpressure can be created inside, which in turn can result in a 
gas leakage if the chamber is lifted from the water surface. It is therefore important to seal the 
chamber by ensuring that the chamber edges are always submerged into the water a few cm. The 
closed chamber works best in low flux areas because of rapid headspace and water equilibration 
when the flux is high (Denmead 2008). 

A flow through flux chamber has a constant flow through of gas, leading to a development of a 
steady-state concentration of the target gas. This concentration depends on the flux into the 
chamber and the residence time in the chamber, which can both be determined by mass balance 
modelling to fit the measured headspace concentration development. The steady state can be 
detected when the concentration is no longer changing. This type of flux chamber does not 
experience the same problem as a closed chamber in high flux areas. Complications can still arise 
when trying to measure small fluxes because of the small magnitude of concentration increase 
and limitations to measure low gas flows (Denmead 2008). The flow-through chamber is 
therefore better situated in high flux areas.  

For this study, different types of flux chambers were tested, large and small, closed and flow-
through with different diameter on the tubing for the outgoing gas, in the lab and the field 
before the optimal chamber for the treatment steps tanks were selected and used (see Table 1). It 
was possible to construct a chamber suitable for the tanks characteristics except for the Second 
denitrification tank. The pellet carriers in this treatment did not make it possible due to the pellets 
ability to lift the chambers from the water surface resulting in gas leakage. By not having a 
suitable method for this site, the decision was made to focus on the other sites with the chamber 



method. The chambers used in this study were a closed flux chamber used at non-aerated waters 
(Figure. 3) and a flow through flux chamber used on the aerated water (Figure. 4).  

   

Figure 3. Closed flux chamber  Figure 4. Flow through flux chamber 

The flux chambers used were polypropylene boxes, which were placed upside down on the water 
surface. Cylindrical styrofoam floating devices were attached to the chambers with zip ties to 
keep the chamber floating. To prevent the chambers from becoming unstable or flip over during 
the periods with intensive aeration in the tanks, 3-4 weights of 80 g were attached to the 
chamber edges. The chambers were also covered in reflective aluminum tape to reduce the 
internal heating from the sun. The chambers were tested in the lab beforehand to look for 
eventual leakages. The ones that was brought out to field where air- and water-tight. The 
chambers were tethered, but allowed to move around slightly by having the securing lines 
relatively loosely connected to the chamber. The chambers were placed near the edge of the 
tanks and the moment when the chamber was secured on the water surface was used as time 
zero for the measurements. 

The closed flux chamber was 12 cm in height with an inner radius of 12.5 cm and had a volume 
of 6 liters. It was fitted with a sample tube with a 3-way luer-lock syringe valve, where syringes 
could be attached when taking manual samples from the chamber. The valve was open when the 
chamber was in position on the water surface and was later closed when the chamber was in 
position on the water after pressure equilibration with the surrounding air. The valve was closed 
between sampling occasions. Two small boxes with lids were attached to the inside of the 
chamber to sensor and the battery. The box encasing the sensor had several holes in one end and 
a plastic splash protection inside to let the chamber air surround the sensor while still protecting 
it from water splashes. This was done in accordance to Bastviken et al. (2015) (Bastviken et al., 
2015). 

The flow-through flux chamber was 50x40x38 cm and had a volume of 51 liters. The flow 
through flux chamber had a polyvinyl chloride tube of 7 mm diameter. It was connected to a 
sensor box (see Figure 5) which was both fitted with an outflow tube of the same material and a 
sample tube with a 3-way luerlock syringe valve, where syringes could be attached when taking 
manual samples from the chamber. The outflow tube was closed by folding it and hold it 
together with a clamp while extracting the gas samples.  



 

Figure 5.  The sensor box seen from above. The box contained the CO2 sensor, its 9V 
battery and the N2O sensor. Inflow (connected to the chamber) at the right, 
outflow at the left. The CO2 sensor was powered with a battery while the N2O 
sensor was powered with an external power unit where the data acquisition 
cable also was placed. The sampling tube with closable valve is pictured next to 
the cables from the N2O sensor. The cable gland (cable entry point) for the 
N2O sensor cables was sealed air tight when using the box without that sensor.  

 
Sampling was performed during four days with different time interval (see Table 1). The closed 
flux chamber was used in the Chemical treatment step and during the non-aerated periods in the 
SHARON treatment while the flow through flux chamber was used during aerated periods in the 
Biological treatment step and the SHARON treatment. Two manual gas samples were collected at all 
times of sampling. Additional sampling was done in the SHARON on 2017-03-14, but the data 
was not used because of mixed periods of aeration and non-aeration occurred during the 
sampling period. The measurements in the SHARON on 2017-03-22 with the closed flux 
chamber were done during two different periods of non-aeration. 



Table 1. An overview of the locations, sampling periods and methods used for this study. Two manual 
gas samples were collected at all times of sampling. The closed flux chamber was used during 
non-aeraton and the flow through flux chamber was used during aeration. 

Date Site Method Manual gas 
sampling 
time from 
start (min) 

Start 
time 

CO2 
logging 
interval 

Total 
time 
(min) 

Comment 

2017-03-14 Biological 
treatment 

Flow 
through  

0, 15, 30 
and 105 

11:02 Every 
3rd min 

105  

 Chemical 
treatment 

Closed 
chamber 

0, 15 and 
30 

14:12 Every 
3rd min 

30  

2017-03-21 Chemical 
treatment 

Closed 
chamber 

0, 15, 30, 
45 and 90 

14:40 Every 
3rd min 

90  

2017-03-22 SHARON Flow 
through 

15, 30, 45 
and 300 

11:08 Every 
5th min 

300 No 
aeration 
between 
time 45 
and 300. 

- SHARON Closed 
chamber 

0 and 15 12:05 Every 
3rd min 

15 Short 
sample 
period 
due to 
aeration. 

 SHARON Closed 
chamber 

0, 10 and 
20 

13:32 Every 
3rd min 

20  

 

Manual gas sampling 
Manual gas sampling was the main source of data for the gas flux calculations. The gas samples 
were also used to validate the measurements from the sensors. The gas was extracted from the 
flux chambers using three 60 ml syringes, where two of them were used to flush the gas through 
the sample vial and the third syringe was the actual sample. An overpressure was induced by 
injecting extra sample gas (5 ml) into the vial. This was to ensure that no leakage had occurred 
when analyzing the samples afterwards. The vials were prepared with pink Wheaton rubber 
stoppers and crimped with aluminum caps beforehand. Two gas samples were collected at all 
times of sampling.  

Gas flow measurements 
The outflow of gas was measured in order to do a comparison between measured and modeled 
values. When the gas flow was difficult to model, the flow was measured manually by 
occasionally connecting a graduated soap-bubble flow meter to the out flow tube on the sensor 
box for the flow through flux chamber. The flow could be calculated by observing the distance a 
bubble travelled in a specific time range. 

Manual water gas sampling 
Water samples were taken from a water bottle, which had been rinsed with the sample water 
three times before the sampling. The syringe was thereafter put into the water, extracting 30 ml 
sample water and thereafter additionally 30 ml of background air from the tank area (the 
background air values were assumed to be 390 ppm CO2, 1.8 ppm CH4 and 0.32 ppm N2O 



(Hartmann et al, 2013), errors in the ppm-values were not critical for the water concentration 
calculations). Then the syringe was shaken for 1 minute to force an equilibrium between the 
water and air phases in the syringe. A vial was then emptied to negative pressure (manually 
evacuated by syringe), rinsed with 5 ml of gas sample, emptied to negative pressure again, filled 
with 20 ml sample and thereafter additional sample of 5 ml to form an overpressure.  

Gas chromatography and detectors 
The gas analysis was done by gas chromatography (GC) with three different detectors; FID, 
ECT & TCD. GC is according to Popek (2003) one of the most used analytical techniques for 
environmental purposes (Popek 2003). Agilent Technologies 7697A and 7890A GC was used in 
this study. The carrier was helium gas and a 1.8 meter packed 3.175 mm column with Porapak 
was used. The gas analysis was validated through the use of two standard gases with known 
concentrations  (see Appendix 1.).  

Different detectors were used for different gases. The detectors uses different techniques in 
order to analyze the target analytes. 

The flame ionization detector (FID) detects compounds that contain carbon-hydrogen bonds by 
detecting the change in current induced by burning the compounds. When burning occur, new 
ions and electrons is introduced, which changes the background current. This response is 
according to Popek (2003) almost in every case proportional to the number of burned molecules 
(Popek, 2003). The FID was used to detect CH4. 

The electron capture detector (ECD) is selective for halogenated and oxygenated compounds by 
detecting the change of background signal. This signal is generated from the free electrons 
emitted from a radioactive source in the detector. When a compound enters the detector that 
react with the free electrons by combining with them, the background signal decreases. This 
change is detected and the signal intensity is proportional to the electron capturing compounds 
(Popek 2003). The ECD was used to detect N2O. 

Thermal conductivity detector (TCD) are a stable, universal and moderately sensitive and was 
one of the first GC detectors (McNair & Miller 1998). The detector contain a constantly heated 
source of platinum, gold or tungsten wire (Skoog et al. 2007). This detector compares the 
thermal conductivity between the carrier gas and the analyte; the difference between the thermal 
conductivity of the carrier gas and the analyte affects the detection limit. The detector is popular 
to use while detecting inorganic compounds (McNair & Miller 1998). The TCD was used to 
detect CO2. 

Calculations 

Calculating the flux 
Equations 1 and 2 were used for both types of flux chamber methods. Equation 3 was used to 
calculate the flux estimations for the closed flux chamber method while the flux estimations was 
modeled in the case of the flow through flux chamber method. 

The partial pressure for each gas was calculated by dividing the GC acquired ppm concentration 
with a million and then multiplied with the total pressure as seen in Equation 1.  

Eq 1. 𝑃𝑔 =
𝑝𝑝𝑚𝑔

106
∙ 𝑃𝑡𝑜𝑡  

where Pg is the partial pressure of a single gas (atm), Ptot is atmospheric pressure (atm). The 
partial pressure is defined by Jacobs (1999) as the pressure that the individual gas would exert, if 
the other gases would be removed (Jacobs, 1999). This is based on the law of partial pressures that 
state that the total pressure in a gas mixture is the sum of its partial pressures (Atkins & Jones, 



2002). The amount of substance (mol) of the gases were calculated with the use of the ideal gas 
law in Equation 2. 

Eq 2. 𝑛𝑔 =
𝑃𝑔∙𝑉

𝑅∙𝑇
 

 

where Pg is defined above, V is the chamber volume (L), ng the amount of substance of a gas 
(mol), R is the gas constant and T the absolute gas temperature (K). The gas constant is 
0.0820578 (L atm K-1 mol-1) (Atkins & Jones 2002). The ideal gas law is a combination of laws 
that state that the pressure of a gas is related to the temperature, volume and amount of 
substance under certain conditions (Atkins & Jones 2002). If a gas obeys this law under all 
circumstances it is thought of as an ideal gas. All gases obey the ideal gas law in pressures near 
zero according to Atkins & Jones (2002) and it is a reliable way to describe most gases under 
normal conditions (Atkins & Jones 2002). Additionally, according to Jacob (1999), the ideal gas 
law is obeyed to within 1% in the relatively low pressures that constitutes the atmosphere (Jacob, 
1999). Equation 3 was used to find out the flux estimations for the closed flux chamber.  

Eq 3. 𝐹 =
∆𝑛𝑔

∆𝑡
∙

1

𝐴
  

where ng is defined above, t is time (min) and A is the area of the chamber (m2). The difference 
of the amount of substance was divided with difference of time to find out the molar emission 
per minute. This multiplied with the area gives the emission rate per surface and this shows the 
flux (mol m-2 min-1). The difference of time is based on the first and last sample. The regression 
slope for all measurements was used when calculating the flux. A control of the linear 
relationship was carried out by calculating the R2-values for all sample measurements data that 
were obtained. A graph with the data was plotted in order to analyze the linearity if the obtained 
R2-value was < 0.8.  

 

Modeling 
The inflowgas (mol min-1) for the flow through flux chambers was modeled in order to acquire 
data that corresponded to the gas sample measurements. Excel was used for modeling purposes 
with the use of modeling Equations 4 and 5. 

Eq 4.  𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑔𝑎𝑠 =
𝑜𝑢𝑡𝑓𝑙𝑜𝑤𝑎𝑖𝑟

𝑉𝑐ℎ𝑎𝑚𝑏𝑒𝑟
∙ 𝑛𝑔 

where outflowair is the amount of gas leaving the chamber per minute (mol min-1), outflowair is 
the flow of air leaving the chamber per minute (ml min-1), Vchamber the flux chamber volume (ml), 
and ng the amount of substance inside the flux chamber. 

Eq 5.  𝑛𝑔 (𝑛𝑒𝑥𝑡 𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝) = 𝑛𝑔 + (𝑖𝑛𝑓𝑙𝑜𝑤𝑔𝑎𝑠 − 𝑜𝑢𝑡𝑓𝑙𝑜𝑤 𝑔𝑎𝑠) 

where inflowgas is the amount of gas entering the chamber from the water per minute (mol min-

1). The Excel solver was utilized in the model to acquire optimized values by changing the 
outflowair and the inflowgas so the deviation between the model and the measurements was 
minimized. The acquired modeled inflowgas was then used to calculate the flux (mmol m-2 d-1) by 
division with the chamber area. (mmol m-2 d-1). 

The sampling intervals are described in Table 1. The inflowgas and outflowgas was assumed to be 
equal. The mean temperature of the gas in the flux chamber used in the model, was acquired 
from the CO2 sensor, except for the SHARON model for 2017-03-22 when the sensor data got 
lost. The mean temperature from the CO2 sensor in the SHARON on 2017-03-14 was assumed 
valid also for 2017-03-21. It was assumed that the gas temperature at these dates was relatively 



similar to each other because the water temperature in the SHARON was kept at 29-30 °C (see 
Table 3.). 

Calculating water concentrations 
The water sample concentrations (µM) were calculated through several steps of calculations. 
First the mol (n) of the compound in the gas (g) and the water (aq) was calculated by Equation 6: 

Molg was calculated by: 

Eq 6.  𝑛𝑔 = (𝑃𝑔 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑃𝑔 𝑎𝑖𝑟) ∙
𝑉𝑔/1000

𝐾𝐻
 

where Vg is the volume of the sample, and Pg sample is the partial pressure of the gas in the sample 
and Pg air is the partial pressure for the air in field. The Pg air was calculated by Equation 7: 

Eq 7. 𝑃𝑔 𝑎𝑖𝑟 = 𝑃𝑡𝑜𝑡 ∙ 𝑝𝑝𝑚𝑎𝑖𝑟 

where ppmair is the gas ppm in field. The Pg sample was calculated with Equation 8. 

Eq 8. 𝑃𝑔 𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑃𝑡𝑜𝑡 ∙ 𝑝𝑝𝑚𝑠𝑎𝑚𝑝𝑙𝑒 

where the ppmsample was the measured ppm from the GC analysis. The naq was calculated by 
Equation 9: 

Eg 9.  𝑛𝑎𝑞 = 𝐾𝐻 ∙ 𝑃𝑔 𝑎𝑖𝑟 ∙ 𝑉𝑔 

where (KH) is Henry's law constant for the different gases in different temperatures were used to 
get the gases partial pressures. The water gas concentration (µM) was calculated by Equation 10: 

Eq 10.  𝑐𝑜𝑛𝑐𝑔 =
𝑛𝑔+𝑛𝑎𝑞

(𝑉𝑎𝑞/1000)
 

Results 
The results were based on the wide variety of methods used in this thesis. The characteristics of 
the treatment tanks are presented in Table 3 and was acquired from personnel at 
Nykvarnsverket. 

Table 3: These data are mean values from the data taken at Nykvarnsverket on 2017-03-14, 2017-03-21 
and 2017-03-22 see Appendix 2. 

Site Number of 
tanks 

Water 
surface 
area (m2) 

Total 
area 
(m2) 

pH Water 
temp 
(°C) 

Wastewater flow 
rate (m3 s-1) 

Chemical 
treatment 
tanks 
 

13 215 2795 7 14 n/a 

Biological 
treatment tank 

6 147 882 7 14  ~0,17 

SHARON 1 404 404 7-7.5 29-30 ~0,04 

Results regarding sensor tests 

N2O sensor results 
To use the N2O sensor in the field it first had to be tested in lab. The tests were performed as 
described in the method for the sensor. After the temperature tests (see Figure 6.), it was 



concluded that the temperature range of 250 – 400 °C was the most promising to test further in 
detail. The additional tests were run in this temperature range to test the detection limit (see 
Figures 7, 8 & 9). These tests showed a response and recovery while changing between test gas 
and technical air. However, there was no change in the response and recovery while changing the 
concentration. In Figure 9 it is possible to see a decrease that at first can be thought to be the 
changing response of the N2O concentration. This was however the effect of the O2 tube 
connected to the gas mixing system that was emptied during the test. 

 

Figure 6.  A Sensor test in which the sensor signal where exposed to a test gas of 200 ppm N2O at a 
range of temperatures of 150 – 450 °C. The Figure shows the signal response in µA as a 
function of a background and test gas concentration.  



 

Figure 7.  A test run at 250 °C and concentrations ranging from 250 to 12.5 ppm to determine the 
detection limit. The sensor was exposed to each concentration two consecutive times. No 
obvious relationship between N2O concentrations and sensor signal was observed. The Figure 
shows the signal response in µA as a function of a background and test gas concentration.  

  



 

Figure 8.  A test run at 350 °C and concentrations ranging from 250 to 12.5 ppm to determine the 
detection limit. The sensor was exposed to each concentration two times. The Figure shows 
the signal response in µA as a function of a background and test gas concentration. No 
obvious relationship between N2O concentrations and sensor signal was observed. The 
observed sensor signal behaved very differently from that in the first temperature run (seen 
Figure 6). There seem to be a signal response to the background in this test run in the 
beginning of background gas exposure before going back to the baseline level.  

 

 

 



Figure 9.  This test run aimed to determine the detection limit could be interpreted as a signal response 
being proportional to the decreasing N2O concentrations the sensor was subjected to. In this 
case, it was a result of a decreasing O2 supply in the gas mixing system. The level of O2 is zero 
just after time 26 (ks). The sensor was exposed to each concentration two consecutive times.  

The tests resulted in a situation where the sensor signal response and recovery characteristics 
were different between identical test runs. The tests were not able to determine the sensors 
detection limit because of similar sensor response at different N2O concentrations. Due to the 
shortage of time and the time needed for the sensor to be ready for the field, the decision was to 
focus on the traditional methods of gas measurements for N2O. 

CO2 sensor results 
A comparison between the manual gas sampling GC data and the CO2 sensor data was made for 
the Chemical treatment tank, the results are presented in Figure 10 and 11. The sensor and manual 
gas measurements matched each other relatively well in the beginning of the chamber 
measurements. The sensors showed somewhat higher levels towards the end of longer 
measurements, though.  

 

Figure 10. The CO2 value (ppm) from March 14th 2017 where the sensor did a measurement every 180 
seconds. The orange plots represent the manual gas sampling while blue represents the sensor 
data. Manual sampling was made at the beginning, 15 and 30 minutes after the chamber was 
put in the tank (Linjär = linear). 
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Figure 11. The CO2 value (ppm) from the March 21st 2017 where the sensor collected data every 300 
seconds apart. Orange represents the samples from the manual gas sampling and blue the 
sensor data. Manual sampling was made at the beginning, 15, 30, 45 and 90 minutes after the 
chamber was put in the tank (Linjär = linear). 

A similar comparison for the SHARON and Biological treatment tanks could not be made, as the 
high concentrations that were above the CO2 sensors detection level of 10 000 ppm. However, 
the sensor measured chamber gas temperature was used for these sites, when modeling the flux 
in the flow through flux chambers. 

Results regarding gas flux measurements 

Modeling results 
To visualize the rising ppm concentration of GHGs in the flow through flux chamber during 
aerated periods, combined Figures 12 and 13 is presented. The modeled ppm-values in Figure 12 
were based on modeled inflowgas (mol min-1) and modeled outflowair (ml min-1). The modeled 
ppm-values in Figure 13 were based on modeled inflowgas and a measured mean outflowair. 

 

Figure 12. The modeled ppm min-1 of CO2, CH4 and N2O for the Biological treatment at 2017-03-14 with 
the flow through flux chamber (now assumed to behave like a closed flux chamber system). 
The dots in the graph represent the actual gas measurements analyzed by GC.  

y = 32646x - 19471
R² = 0.9996

y = 27120x - 16069
R² = 0.9972

300

800

1300

1800

2300

2800

14:24 14:38 14:52 15:07 15:21 15:36 15:50 16:04 16:19

CO2 sensor 170321 CO2 GC 170321

Linjär (CO2 sensor 170321) Linjär (CO2 GC 170321)



The model in Figure 12 was based on the measurements that was made from time 0 (min) 
directly when the chambers were put on the water surface. Concentrations of CO2 and CH4 were 
rising faster than N2O in the beginning and started to stabilize after about 30 minutes. The N2O 
concentration on the other hand increased slowly during the whole period of time. When 
comparing the flux estimations between a modeled outflowair to a measured mean outflowair large 
differences were noted. The CO2 flux was larger by a factor of five, the N2O flux was larger by a 
factor of two and the CH4 flux was larger by a factor of five when based on the correcting 
modeled outflowair. The outflowair for the CO2 model was 51 ml s-1, for the CH4 model 56 ml s-1 
and for the N2O model 16 ml s-1 while the mean of the field measured outflowair was 4.5 ml s-1 
for comparison. The outflowair was modeled in all cases for the Biological treatment in Figure 12. 

 

Figure 13. The modeled ppm min-1 of CO2, CH4 and N2O for the SHARON treatment tank at 2017-03-
22 with the flow through flux chamber. The dots in the graph represent the actual 
measurements analyzed by GC.  

The modeled outflowair in the Figure 13 could not be used because the modeling procedure did 
not work with the decreasing ppm concentrations measured in the time range of 15 and 45 
(min), the measured inflowair with the soap-bubble flow meter was therefore used instead. The 
mean measured outflowair used in this model for all GHG’s was 5.3 ml s-1 in Figure 13. 

Calculation results  
The fluxes for all the investigated treatment tanks and their respective methods of measurements 
can be seen in Table 4. The largest fluxes of CO2 and CH4 were measured in the Biological 
treatment during periods of aeration. The largest flux of N2O were measured during aeration in 
the Biological treatment and SHARON. 

The fluxes in the SHARON varied between periods of aeration and non-aeration, CO2 were 47-
48% lower during non-aeration than aeration, CH4 were 10-37% lower during non-aeration than 
aeration and N2O were 80-83% lower in non-aeration than aeration. 

A correction on the fluxes in the SHARON during the periods of aeration were performed by 
using the same factor difference observed between the modeled outflowgas and the measured 
mean outflowgas in the Biological treatment during aeration. These fluxes can be seen in the last row 
of Table 4.  



The comparisons between the corrected flux from the period of aeration and non-aeration were 
that CO2 were 90-91% lower during non-aeration than aeration, CH4 were 82-87% lower during 
non-aeration than aeration and N2O were 83-90% lower in non-aeration than aeration. 

R2-values for all linear relationships between every measurement for the closed flux chamber 
were >0.82, with an exception of the first measurement of CH4 in Chemical treatment step 2017-
03-21 that was excluded because a value of 0.49 was obtained. The first measurement of CH4 

was, therefore, excluded when calculating the flux in this case. 

  



Table 4. Fluxes of CO2, CH4 and N2O calculated from flux chamber measurements at the different 
treatment sites. The fluxes calculated for the SHARON during the aerated period are considered to be an 
underestimation of the actual flux. Corrected fluxes for the SHARON during aeration are shown in the 
last row. The correction was to multiply the CO2 and CH4 flux five times and N2O two times. 

Date Site Method Period Unit CO2 CH4 N2O 

2017-03-14  Biological 
treatment  

Flow 
through   

Aeration mmol m-2 d-1 22 000 120 

 

23 

  Chemical 
treatment  

Closed 
chamber  

Non-
aerated 

mmol m-2 d-1 110 

 

.073 

 

.61 

 

2017-03-21  Chemical 
treatment  

Closed 
chamber  

Non-
aerated 

mmol m-2 d-1 98 

 

.073 .59 

2017-03-22  SHARON  Flow 
through  

Aeration mmol m-2 d-1 1800 82 22 

  SHARON  Closed 
chamber  

Non-
aerated 

mmol m-2 d-1 960 

 

52 4.5 

 
 

SHARON  Closed 
chamber  

Non-
aerated 

mmol m-2 d-1 920 74 3.8 

Corrected 
flux 

SHARON Flow 
through 

Aeration mmol m-2 d-1 9000 410 44 

 

The total flux for SHARON were based on the system variations observed, 75% aeration and 
25% non-aeration. The total daily GHG flux estimations in the SHARON were: 1600 mmol 
CO2 m

-2 d-1, 77 mmol CH4 m
-2 d-1 and 17 mmol N2O m-2 d-1, based on Table 4.   

The total daily GHG flux estimations in the SHARON with the corrected flux were: 6900 
mmol CO2 m

-2 d-1, 320 mmol CH4 m
-2 d-1 and 35 mmol N2O m-2 d-1, based on Table 4.   

The total fluxes of the GHGs in the Biological treatment were based on measurements during 
periods of aeration that constituted about 75% of the total nitrification/denitrification cyclic 
time of the day. No flux measurements could be performed during periods of non-aeration, 
which amounted to about 25% of the day. 

The flux presented in Table 4 for the Chemical treatment is a representation of the daily flux. 

Results regarding water concentrations 
The water samples that were taken on every sample site was made to get a value which both 
could represent the water concentration of GHGs, but also the potential differences in 
concentration between periods of aeration and non-aeration (Table 5).  

  



Table 5. Water samples on the 3 different sites. The samples were taken in the order there represented in 
this Table. There was no aeration in the Chemical treatment step so the concentrations observed were 
expected to be relatively similar. In the Biological treatment step and SHARON on the other hand were 
expected to have some variation to some degree because of the different environments occurring during 
the aeration shifts.  

 

In the SHARON, a difference before and after a period with aeration can be noted. The 
percentage increase during the aerated period were 58-73% for CO2, 50-86% for CH4 and an 
increase of between 35-123% for N2O, for all the samples made on the 22nd of march. There was 
also a clear decrease of concentrations to be interpret as an effect of a non-aerated period.  

The relation was similar for CO2 concentrations in the Biological treatment tank where a decrease 
was noted during the non-aerated periods. There was no clear relation for CH4 and N2O 
concentrations in the Biological treatment between periods of aeration and non-aeration on the 
other hand. CH4 concentrations increased with a factor of 5 during the non-aerated period while 
it decreased when the aeration starts again. This shows a reversed behavior compared to the 
SHARON where all the gases increased and decreased at the same time when the water aeration 
changes. The N2O concentrations increased with a factor of 8 with minutes apart in the Biological 
treatment when the aeration begun. All the GHG water samples from the Chemical treatment had a 
relatively similar variation of concentration with an exception for the concentration of CO2 in the 
first sample (time 15:00), that was significantly lower than the rest. 

   

 Treatment 

step 

 
Time CO2    

µmol L-1 
CH4  

µmol L-1 
N2O  
µmol L-1 

2017-03-21 Chemical  
 

15:00 370  .13  2.4  

 Chemical  
 

15:04 440  .22  2.9  

 Chemical  
 

15:15 430  .20  2.4  

 Chemical  
 

15:19 430  .21  2.3  

 Biological  After aeration 12:38 700  .35  2.1  

 Biological  During non-aeration 12:45 650  .46  2.8  

 Biological  Before aeration 13:14 540  2.5  .18  

 Biological  During aeration 13:15 600  1.4  1.8  

2017-03-22 SHARON Before aeration 10:58 280  1.2  3.9  

 SHARON After aeration 11:55 440  1.8  5.3  

 SHARON Before aeration 12:25 260  1.4  1.3  

 SHARON After aeration 13:23 440  2.6  2.9  



Discussion 
Sensor method  
The CO2 sensor was used in the field studies and could be used in the flux chamber method. The 
N2O sensor however was not brought to the field because of insufficient testing and lack of time 
to develop it for field use.  
 
Figure 9 shows that the manual gas sampling and CO2 sensor were relatively similar regarding the 
CO2 measurements at the Chemical treatment on 2017-03-14. The slopes differed 11% from each 
other and the absolute difference increased with time. The comparison from 21st of March 
(Figure 10) show a more distinct difference where the slopes differed 22%. The R2 value for all 
four slopes at the two sample days were > 99%. The CO2 sensor was overestimating the CO2 

concentrations when comparing to the manual gas sampling on both occasions at longer periods 
of time. To reduce the risk for such a difference between the sensor and the manual sampling it 
is important to calibrate the sensors before use. The humidity in the chamber could also have 
had an effect on the measurements. Bastviken et al., (2015) have previously observed humidity 
effects and have suggested methods to correct for this (Bastviken et al., 2015). Bastviken et al., 
(2015) have also tested the effect of the sensor protection case and found that it did not have a 
measurable effect, but it was not actually tested in this study (Bastviken et al., 2015). Is the 
protection case would have an effect on the measurement the sensor data would be delayed 
when compared to the GC data. This is not the case in this study and therefore the case did 
probably not have any impact on the sensor data. The usability of the CO2 sensor was inhibited 
by higher CO2 concentrations than the sensor could detect (i.e. >10 000 ppm) at all the 
treatments steps except for the Chemical treatment. The applicability of the CO2 sensor at WWTPs 
is probably therefore reduced to doing measurements at treatment tanks with little or no 
aeration. 
 
If there had been more time to work with the N2O sensor to make it work to a point where it 
could have been used in the field study, there could have been a comparison between the manual 
gas sampling and the sensor to validate both methods. The N2O sensor does not have a similar 
ease of use as the CO2 sensor and, this reflects its early stage of application. The need of baseline 
stabilization from about 30 min up to hours, makes it better suited for applications that are 
focusing on measurements over longer time periods. The sensor was probably sensitive to O2 

variations (see Figure 9) which could be a disadvantage in some cases. This is probably the case 
of the tanks at the WWTP, where the treatment was functioning by aeration. Further testing 
could for example be to test the sensor under different levels of humidity, temperatures and 
other background gases. 

Chamber method  
The flux chamber method made it possible to estimate the fluxes at the WWTP, but it was not 
done without difficulties and limitations.  

The method worked well for the most part to achieve the goal of this study in all treatment steps 
with an exception for the Second denitrification. In the case of the Second denitrification tank the use of 
other methods could overcome the pellet carrier obstacle in future studies. A way forward could 
perhaps also be to encase the whole tank and make measurements on the total flux. Another way 
forward is to test the method of flying chambers, in which the flux chambers are suspended above 
the water surface by a supporting frame, enabling the collection of gas while not penetrating the 
water surface. This method has previously been tested in stream applications (Lorke et al., 2015).  

The closed flux chambers were used for the non-aerated periods and the flow through flux 
chambers for the aerated periods. The periods of non-aeration in the Biological treatment were 
short, automatically regulated and therefore too hard to predict in order to have used the closed 



flux chamber method. A more complete understanding of the system is probably needed in 
order to predict and manage to do measurements during the periods of non-aeration in the 
Biological treatment. The use of other methods could possibly help with this. A suggested way 
forward could be to close the whole tank with some airtight cover and make measurements on 
the sum of the flux rather than a part of it. 

Differences in the tanks were observed and could have had some influence on the results from 
the flux chamber method. The turbulence in the Biological treatment and the SHARON were 
relatively similar during both aerated and non-aerated periods, but there was a difference in the 
foam build-up. The SHARON had substantial foam build-up during periods of aeration, 
probably due to a possible high level of organic material in the water. The foam could have 
inhibited the mixing of gas in the chamber during short periods of time and may have had a 
delaying effect on the flux. The Chemical treatment tank differed from the two others by being the 
site with the lowest surface water turbulence with no visible variation. Water turbulence increases 
the gas exchange velocity and have therefore a direct elevating effect on the flux (Lorke et al., 
2015). Regions with locally enhanced aeration and turbulence did appear to exist in areas of the 
SHARON tank. This could have some effect on the representativeness of the areal flux 
estimations for the whole of the SHARON tank. The chamber placement in the tank could 
therefore also have had some impact on the estimated flux. The flow through the flux chamber 
was floating in between highly aerated areas because that was a place where the chamber did not 
drift away. If the flux was slightly lower in this place it could possibly be an underestimation of 
the actual flux present in the SHARON tank. 

When considering the actual measurements from the Biological treatment on the date 2017-03-14 in 
modeling Figure 12, it is likely that our manual gas flow measurements probably underestimated 
the actual outflowair (ml min-1) present. The measured concentrations over time could not match 
a situation with the measured outflow air and only corresponded to a much higher outflow of 
air. This is why the gas flow was modeled in this case. The CO2 flux was one order of magnitude 
higher when using the modeled gas flow instead of using measured mean gas flow values in the 
Biological treatment model. The manual measurements of outflowair could also have been a rather 
rough estimation of the real gas flow. The flow meter had to be attached to the sensor box with 
a 4 cm long tube of smaller diameter than the chamber to sensor box tube and could have acted 
as a flux restrictor. Together with a possible low pressure in the chamber, this method could 
have given an incorrect outflowair. The modeled SHARON GHG fluxes was therefore probably 
an underestimation of the real fluxes when considering this and the flux chamber placement in 
the tank. Additionally there is a possibility that the weighted chambers could have had some 
effect on all flux measurements. Because the chambers were not completely free to move around 
with the water turbulence. The influence of this effect was not tested in this study. 

The reason why the N2O ppm values in the Biological treatment increased rather slowly during the 
whole-time period in Figure 12 is unknown. But it could have been an effect of a rising NO3

- 
concentration in the tank during the measurements, which is known to have increased from 
about 3.5 mg L-1 to about 10 mg L-1 NO3

- during these measurements (see Appendix 2). This 
comparison could not have been made in the SHARON treatment due to the fact that NO3

- were 
not measured continuously at the WWTP, and thought not to be produced in this treatment 
step. 

GHG in water 
The water samples were taken to investigate the changes in water concentration before and after 
an aerated period. The hypothesis was that the samples taken before an aerated period would 
have higher concentrations of GHGs than the sample taken after an aerated period. This was 
based on the assumption that periods of non-aeration would increase the GHG concentrations 
in the surface waters later to be release to the atmosphere via periods of aeration. 



The water concentration samples in Table 5 indicated that the aeration periods in the SHARON 
tank generated higher concentrations of GHGs in the surface waters than the non-aerated 
periods. The opposite to the hypothesis. This indicate that the processes in the system are not 
fully understood. The measurements also indicated that the concentrations were higher after an 
aerated period than before, which also was the opposite from what was first thought. Why it 
occurred could perhaps be that the aeration starts a series of reactions in the water that increases 
the emissions, that decreases during periods on non-aeration. Another reason could be that 
higher levels accumulated deeper down in the water and which later mixed to the surface during 
the period of aeration. 

The Biological treatment showed an increased level of CH4 and N2O during non-aeration and a 
decrease of CO2 and an opposite behavior during the aerated period. When comparing the 
concentrations observed before aeration (13:14) and during aeration (13:15) in Table 5, CO2 and 
N2O seem to accumulate during aeration processes in the system. It seems reasonable that CO2 
and N2O are favored by the aeration and CH4 of the non-aeration because CO2 and N2O needs 
oxygen while CH4 does not. To investigate the function of the system further, a suggestion is to 
focus on measurements of fluxes during both periods of aeration and non-aeration and to take 
more water concentration samples in order to conduct a statistical analysis. The results from the 
Biological treatments water samples are similar to the SHARON treatments water samples, which is to 
expect as both are biological treatments with aerated and non-aerated periods. 

The Chemical treatment tank was more stable and static, where the water samples measured GHG 
concentrations was quite similar and somewhat expected and reasonable.  

There seem to be a distinct relation between the N2O production and the level of NO3
- in the 

water in the Biological treatment seen in Table 5. NO3
- are thought to be reduced during the 

denitrification process. This could explain the low N2O production in the end of a non-aerated 
period in the sample took 13:14 and the higher N2O production in sample 13:14 during the 
aerated period. The reduction of NO3

- during denitrification had a delay during the shift of 
aeration to non-aeration (see Appendix 2) which could explain that the water sample taken 
during non-aeration at 12:45 had a higher concentration of N2O than the sample taken during 
aeration at 12:38.  

Flux measurements  
GHGs were emitted from emissions in all the investigated treatment tanks, as measured with 
flux chambers and water sampling. 

The largest N2O concentrations and largest N2O fluxes were found during aerated periods in the 
Biological treatment and the SHARON treatment. The largest N2O emissions therefore seems to 
occur during the nitrification processes. The highest flux was found in the SHARON (corrected 
flux values). A N2O flux variation of 14% were noted in Table 4 between the two measured 
periods of non-aeration in the SHARON. This difference in flux indicate that the emissions 
from the treatment could vary significantly between cycles. The smallest N2O fluxes were found 
in the Chemical treatment, as expected from previous knowledge of N2O production characteristics 
at a WWTP. 

The largest fluxes of CH4 was found in the SHARON (corrected flux values) during aerated 
periods followed by the Biological treatment. A CH4 flux variation of 30% were noted in Table 4 
between the two measured periods of non-aeration in the SHARON. The smallest CH4 fluxes 
were found in the Chemical treatment. 

The largest fluxes of CO2 were measured during aerated periods in the Biological treatment 
followed by the SHARON tank. The estimated flux of CO2 was about two times larger in the 
Biological treatment compared to the SHARON during both periods of aeration and non-aeration 



(see Table 4). A CO2 flux variation of 7% were noted between the two measured periods of non-
aeration in the SHARON (Table 4). The smallest CO2 fluxes were found in the Chemical treatment, 
as expected because of low aeration and turbulence. 

Total fluxes 
The daily total fluxes are presented in this study because they may represent the total emissions 
in a better way by combining the fluxes measured during the different variations of the tanks. 
The mean flux value from periods of aeration and non-aeration in the SHARON treatment for 
example, may be more representative for the whole day when assuming that the known 
variations in periods of aeration and non-aeration were typical to the system. For the Biological 
treatment, there could not be any measurements made during the non-aerated periods and 
therefore the flux estimation only represents the aerated period. A total flux based on only 
measurements during periods of aeration could either overestimate or underestimate the total 
fluxes to some degree, depending on what the fluxes during non-aerated periods actually were. 
The total fluxes of GHGs in the Chemical treatment were assumed to be equal to the measured 
fluxes in Table 4, because of no visible periods of water turbulence differences.  

GHG relations 
The relation in the different treatment tanks according to Table 4, were: 

- Chemical treatment was approximately CO2:CH4:N2O 1500:1:12  
- Biological treatment was approximately CO2:CH4:N2O 980:5:1. 
- SHARON treatment during a non-aerated period was approximately CO2:CH4:N2O 

222:15:1.  
- SHARON treatment during aeration, was approximately CO2:CH4:N2O 80:4:1 and 

CO2:CH4:N2O 197:9:1 for the corrected flux estimation. 

The main difference between the sites during the period of non-aeration was the relation 
between CH4 and N2O. N2O were favored in the Chemical treatment in comparison with CO2 and 
CH4. The flux of N2O in the Chemical treatment was, however, the lowest in comparison to the 
N2O fluxes in the other treatment tanks. During non-aerated periods in SHARON CH4 were 
favored in relation to CO2 and N2O. N2O seems to be favored during the aerated periods in the 
SHARON, which is logical if the accumulated N2O were released during aeration.  

The size relation between CO2 and CH4 were the largest in the Chemical treatment followed by the 
Biological treatment. The relation between CO2 and CH4 in SHARON during aerated periods even 
with the corrected flux were 1:20. The relatively small CH4 relation to CO2 may be caused by the 
aerated periods that could inhibit the methanogens production of CH4 in the SHARON and 
Biological treatment, while Fe3+ could be inhibiting the methanogens production of CH4 in the 
Chemical treatment. When comparing with the SHARON, were the ratio is CO2:CH4 1:4 during 
non-aerated periods, the production of CH4 seems to be favored under non-aerated conditions 
with the absence of Fe3+. 

Comparisons with previous studies 
Flux chambers have previously been used in studies at WWTPs and other environment such as 
sea surfaces. In both cases the chambers where put in the water surface to collect the emissions 
from the sample site (Masuda et al., 2015, Hwang et al., 2016, Ren et al., 2013, Mikola et al., 
2014, Bastviken et al., 2015). Masuda et al., (2015) used an open chamber for collecting gas in the 
areas of aeration and a closed chamber on the non-aerated areas, in similarity to this study 
(Masuda et al., 2015). There have been different sampling approaches within the flux chamber 
method where Hwang et al., (2016) and Masuda et al. (2015) used gas bags for sample collecting. 
The gas from the flux chambers in Mikola et al., (2014) study were pumped into a Gasmet Dx 
4000 mobile gas analyzer who analyzed the samples directly. The collected gas in Hwang et al. 
(2016) and Masuda et al. (2015) studies were analyzed with a gas chromatograph using FID 



detector for CH4 and ECD detector for N2O similar to what was done in this study (Hwang et 
al., 2016, Masuda et al., 2015, Mikola et al., 2014).  

N2O production occur mostly during denitrification processes (Hwang et al., 2016, Mikola et al., 
2014). Hwang et al. (2016) found most emissions in the aerated period while Mikola et al., (2014) 
found that there had not been a N2O production during the aerated period (Hwang et al., 2016, 
Mikola et al., 2014). There have also been observations of large N2O emission variations at 
different WWTPs, daily and seasonal differences (Mampaey et al., 2016). For example, Mikola et 
al., (2014) observed an emission of N2O from a biological treatment to be more than twice as 
much in March than in July (Mikola et al., 2014); similar variations may occur in Nykvarnsverket 
as well.  

Mampaey et al. (2016) have studied emissions from a SHARON treatment tank that in their case 
was completely covered and permanently kept in under pressure (Mampaey et al., 2016). They 
found that N2O accumulated in the water during non-aerated periods to later be emitted during 
the aerated period (Mampaey et al., 2016). A peak N2O emission was observed at the start of the 
aerated period, with a decrease over time when the accumulated N2O was emitted from the tank 
(Mampaey et al., 2016). Mampaey et al. (2016) additionally found that the anoxic production of 
N2O accounted for about 70 % of the total emissions from the studied SHARON tank 
(Mampaey et al., 2016). 

The water concentration results in Table 5 did not correspond to the findings of Mampaey et al. 
(2016) and others. The concentration of N2O did not seem to accumulate in the water at the 
sample depth during non-aerated periods in this study, instead an indication of the opposite was 
observed in both the SHARON and the Biological treatment or that the N2O accumulation actually 
occur deeper in the tank. Even though this study clearly shows that the largest mass flow of N2O 
occur during the aerated periods in the SHARON, it does not reveal under what circumstances 
the main N2O production occurs. The contributions of the aerobic and anoxic producers on the 
N2O production has not been fully understood, but it has been though that the production 
mainly occurs under anoxic conditions during denitrification (Campos et al., 2016). Our findings 
support the argument put forward by Kampschreur et al. (2009), that because N2O is emitted in 
the gaseous phase, the major part of it should be emitted during aerated periods. This does not 
imply that N2O production is restricted to the nitrification processes, but rather during both 
processes of nitrification and denitrification (Kampschreur et al., 2009). N2O has a relatively high 
water solubility and thus not have a rapid transition to the gas phase (Kampschreur et al., 2009), 
which suggests that there may be considerable accumulation of N2O during the non-aerated 
period; the N2O flux was only about five times smaller during periods of non-aeration compared 
to those of aeration in the SHARON. 

 

  



Conclusions 

The flux chamber method made it possible to estimate the fluxes at the sites of focus with a 
limitation at the Second denitrification treatment that possibly may be studied further with, e.g., 
treatment tank encasing or flying chambers. 

 The corrected total daily GHG flux estimations in the SHARON were 6900 mmol 
CO2 m

-2 d-1, 320 mmol CH4 m
-2 d-1 and 35 mmol N2O m-2 d-1. 

 The total daily GHG flux estimations in the Biological treatment were 22000 mmol CO2 m
-

2 d-1, 120 mmol CH4 m
-2 d-1 and 23 mmol N2O m-2 d-1 for 75% of the time. 

 The total daily GHG flux estimations in the Chemical treatment were 110 mmol CO2 m
-2 d-

1, 0.073 mmol CH4 m
-2 d-1 and 0.60 mmol N2O m-2 d-1.  

The largest N2O emissions were found to occur during nitrification processes, where the aeration 
seems to have a significant effect on the system. Further investigation is needed in order to 
determine under which conditions the main N2O production takes place at Nykvarnsverket. 

The largest fluxes of all measured GHGs in the SHARON were found during periods of 
aeration. The corrected fluxes in the SHARON were also the largest compared to the fluxes 
measured in the Biological treatment and the Chemical treatment, except for the CO2 flux that was 
larger in the Biological treatment. 

The study indicates that the SenseAir CO2 Engine ELG sensor could be used during 
measurements over shorter time periods up to levels of < 10 000 ppm CO2, with comparable 
results as manual sampling and GC analysis. Further tests of the SiC-FET N2O sensor would be 
of interest. This study demonstrates the importance of careful testing, calibration and validation 
of methods and sensors. 
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Figure 1: A scheme over the treatment processes at Nykvarnsverket was provided and used with 
permission from Tekniska verken and translated by Elin Enhäll. 

Figure 2: Picture used with permission from Tekniska verken and modified by Elin Enhäll. 

Figure 3: Picture at the closed flux chamber taken by Elin Enhäll. 

Figure 4: Picture at the flow through flux chamber taken by Jimmy Sjögren. 

Figure 5: Drawn by Jimmy Sjögren. 

  



Appendix 1: GC standards 
The GC operates by the use of a chemically inert carrier gas (the mobile phase) that carries the 
analyte to the detector/s through a column that has a stationary phase, partitioning the 
compounds between the phases (Popek 2003). The analytes are eluted from the column at 
different times to the detector generating a signal. The detector signal is then digitalized, often in 
the form of a peak area. To find out the corresponding concentration that the area/height is 
proportionally representing it has to be compared to a standard where the concentration is 
already known (Popek 2003). 

The samples mean (ppm) was calculated with the response on the known standards with the 
calibration curve (see Table 3).  

Table 1. The known concentrations of the standard gases used. The certified standards has been verified 
by separate analyzes. The estimated error is now ±2%. 

 CO2 

(ppm) 
CH4 

(ppm) 
N2O 
(ppm) 

Low 
standard  

1969.8 10.3 1.9 

High 
standard 

48011.1 5063.1 774.6 

 

Table 2. A comparison between the standard gases and their acquired area on the two occasions samples 
were analyzed in the GC. The standard gave a similar response on both dates with the largest variation by 
the ECD detector. SD is the standard deviation. CV is the coefficient of variation, calculated by the 
relationship: the mean divided by SD expressed in percent. 

   CO2 (TCD) CH4 (FID) N2O (ECD) 

  
 

 (µV·s)  (pA·s) (Hz·s) 
 

2017-03-16 Low std avg 
area 

124.85 13.79 678.87 

 SD 1.50 0.22 34.75 

 CV 1.20 1.57 5.12 

         

 High std avg 
area 

2 960.30 6 462.48 215 697.50 

 SD 78.02 82.07 5636.35 

 CV 2.64 1.27 2.61 

        

2017-03-22 Low std avg 
area 

125.59 13.56 511.73 

 SD 0.90 0.32 5.53 

 CV 0.72 2.35 1.08 

         

 High std avg 
area 

2 984.28 6 519.12 213 184.50 

 SD 16.99 6.12 757.31 

 CV 0.57 0.09 0.36 

 



 

Calibration curve 

Two 2-point calibration slopes were calculated per gas and measurement occasion. Each slope 
was based on repeated measurements of a standard gas. The slopes were calculated by dividing 
the known concentration with the average response acquired for each standard. The 
concentration of the sample was calculated by multiplying the sample response with the slope. 
The final results are based on the average sample concentrations calculated from the two 2-point 
calibration slopes. A two point calibration curve can be used when a linear relationship is known 
to exist. 

 
  



Appendix 2: Data from the treatment plant 
 

 

Figure 1. The Biological treatment from 2017-03-14. Light blue = NO3
-, Purple and yellow = O2. Used with 

permission from Tekniska Verken. 

 

Figure 2. The SHARON treatment from 2017-03-22. Pink = pH level. Used with permission from 
Tekniska Verken. 

 


