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Abstract 

This thesis investigated the effect of nitrogen source and strain selection on nitrous 
oxide (N2O) emissions from Chlorella vulgaris cultures. Furthermore, nitrous oxide 
quantification using Fourier transform infrared spectroscopy (FTIR). This method was 
successful and suitable. It was found that light had a clear effect: Nitrous oxide 
production of Chlorella vulgaris was significantly increased when algae were 
incubated in the dark (1’300 nmol gDW-1 h-1) and supplied with nitrite as a nitrogen 
source compared to the cultures in light (130 nmol gDW-1 h-1). Moreover, the form of 
the nitrogen source plays a role: Chlorella vulgaris emitted negligible nitrous oxide 
when supplied with urea or ammonium as nitrogen sources (<18 nmol gDW-1 h-1). 
However, with nitrate as nitrogen source, the nitrous oxide emissions were around 
205 nmol gDW-1 h-1. The largest emissions showed the cultures with nitrite as nitrogen 
sources and were about 1’314 nmol gDW-1 h-1. Despite considerable differences of 
nitrous oxide emissions depending on the Chlorella vulgaris strain used, these were 
statistically not significant. Strains SAG 9.88 and CCALA 924 emitted 2.5 to 5 times 
more nitrous oxide than the others. 

 

 

In dieser Arbeit wurden die Auswirkung der Stickstoffquelle und die Auswahl des 
Algenstammes auf die Lachgasemissionen (N2O) von Chlorella vulgaris-Kulturen 
untersucht. Ausserdem war der Nachweis von Lachgas mittels Fourier-
Transformations-Infrarot-Spektroskopie (FTIR) erfolgreich und geeignet. Es wurde 
festgestellt, dass Licht einen klaren Einfluss hat: Die Lachgasproduktion von Chlorella 
vulgaris war deutlich erhöht, wenn die Algen im Dunkeln (1’300 nmol gDW-1 h-1) 
kultiviert wurden als bei den beleuchteten Kulturen (130 nmol gDW-1 h-1). Bei beiden 
Kulturen wurde Nitrit als Stickstoffquelle verwendet. Ausserdem wurde 
herausgefunden, dass die Form des Stickstoffdüngers eine Rolle spielt: Chlorella 
vulgaris emittierte vernachlässigbar wenig Lachgas, wenn Harnstoff oder Ammonium 
als Stickstoffquelle verwendet wurden (<18 nmol gDW-1 h-1). Mit Nitrat als 
Stickstoffquelle lagen die Lachgasemissionen jedoch bei 205 nmol gDW-1 h-1. Die 
größten Emissionen wiesen die mit Nitrit gedüngten Kulturen auf und lagen bei rund 
1'314 nmol gDW-1 h-1. Trotz der gemessenen Unterschiede bei den 
Lachgasemissionen von verschiedenen Chlorella vulgaris Stämmen, waren diese 
statistisch nicht signifikant. Die Stämme SAG 9.88 und CCALA 924 emittierten 2.5 bis 
5-mal mehr Lachgas als die anderen.  
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Introduction 

Efficient management of material flows is central in circular economy (Robles et al., 
2020). Nitrogen (N) is of particular concern as it is used as fertiliser and fodder but 
can also be harmful to the environment: N leaching can lead to eutrophication (as 
NO3

- or NH3) in water bodies (Bergström & Jansson, 2006; Krupa, 2003) and 
contribute to climate change as greenhouse gases (as N2O, NOx, NH3, NO) (Robles 
et al., 2020). It is estimated that in agriculture alone, about half of all anthropogenic N 
inputs are not taken up by the harvested crops (Smil, 1999). At a market price of 
300 CHF/t nitrogen fertiliser (Germany Baltic ports, granulated urea, January 2021 
(Agrarpreise, 2022)) and a European consumption of 10.5 million t nitrogen fertiliser 
(European Union, 2015), this would result in a loss of 1.5 billion CHF. Therefore, it is 
economically and ecologically important to increase the efficiency of which nitrogen 
flows are managed. 

The cultivation of microalgae represents a great opportunity to recycle surplus 
nitrogen and thus contributes to a circular economy (Kholssi et al., 2021). Microalgae 
are increasingly used for the commercial production of animal feed, food additives, 
cosmetics, and biofuels and wastewater treatment (Spolaore et al., 2006). Algae 
cultivation (macro- and microalgae) accounts for nearly 30 % of global aquaculture 
production, of which 70 % is macroalgae and 30 % is microalgae (Cai et al., 2021; 
Raja et al., 2008). In the Asia-Pacific region, there are several commercial producers 
of microalgae with capacities between 3 and 500 tonnes/year. About nine-tenths of 
algae cultivation take place in Asia (Sathasivam et al., 2019). The market price for 
algal biomass ranges from 100 CHF/kg for human consumption and cosmetics, 5 to 
20 CHF/kg for animal and fish feed, 1 to 5 CHF/kg for chemicals, and 0.40 CHF/kg for 
biofuel (Wijffels, 2008). 

Nitrogen is an important nutrient that microalgae need. Nitrogen assimilation is 
required for the formation of genetic material, energy transfer molecules, proteins, 
enzymes, chlorophylls and peptides (Usher et al., 2014). Thus, Chlorella vulgaris 
consists of 6.2 to 7.7 % elemental nitrogen (by weight) (Mandalam & Palsson, 1998). 
Nitrogen fertilisers for algae cultures consist mainly of ammonium (NH4

+), or urea 
((NH2)2CO) (Arumugam et al., 2013). Most microalgae assimilate nitrogen in the form 
mentioned above, but microalgae can also use nitrate (NO3

-) and nitrite (NO2
-) (Wu et 

al., 2012). However, it was found that a fraction of the nitrogen uptaken by microalgae 
does not convert into biomass, but is instead released as gaseous emission (20-60 % 
of the N input) (Mariotto, 2022; Pulgarin et al., 2021). Algal cultures emit mainly 
gaseous nitrogen (N2), but also the greenhouse gases nitrous oxide (N2O) and 
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nitrogen monoxide (NO) and the air pollutant ammonia (NH3) (Walsh et al., 2016). 
Nitrous oxide, ammonia and nitrogen dioxide are among the most persistent gases in 
the atmosphere and contribute significantly to climate change and biodiversity loss 
(Vuuren et al., 2011). Because of the great potential of microalgae in the future, it is 
important to investigate gaseous nitrogen emissions – in particular nitrous oxide – in 
more detail. 

There are two main pathways for nitrous oxide production during the cultivation of 
microalgae under non-axenic conditions: i) by autotrophic bacteria that can use 
hydrogen or sulphur compounds as electron donors (Mampaey et al., 2013) or ii) by 
autotrophic bacteria using ammonium as electron donor (Guieysse et al., 2013) or  
iii) by heterotrophic denitrifiers using organic compounds instead (Poth & Focht, 
1985). It has also been shown that in Chlorella vulgaris the intracellular accumulation 
of nitrite and nitrate can trigger minor nitrous oxide emissions (Batan et al., 2010; 
Guieysse et al., 2013; Weathers, 1984). The intracellular nitrite is reduced into NO or 
HNO by nitrate reductase and emitted as nitrous oxide (Plouviez, Shilton, et al., 2019). 
To prevent nitrous oxide emissions from algal cultures ammonium should be preferred 
over nitrate as a nitrogen source for Chlorella vulgaris cultures (Plouviez, 
Chambonnière, et al., 2019). In addition, the lighting regime may have an impact on 
nitrous oxide emissions. With nitrate as nitrogen source, emissions increase when 
algae are in darkness and decrease with illuminance (Guieysse et al., 2013). The 
opposite effects of light supply on nitrous oxide emissions can be explained by light-
dependent mechanisms. In intracellular NO2

- production, the rate of NO3
- reduction to 

NO2
- and the rates of NO2

- reduction to NH4
+ and N2O are light-dependent (Guieysse 

et al., 2013). 

The current state of knowledge is too limited to conclude on the best microalgae 
cultivation conditions; more monitoring and research are needed. Thus, the aim of this 
master thesis is to measure nitrous oxides emissions in microalgae cultivation. For this 
purpose, a reliable measurement method for gaseous nitrogen emissions is to be 
established. To verify the reliability of the measuring method as well as the 
repeatability of the observed effects, experiments are carried out by changing the 
type of nitrogen source. This parameter can influence and even reduce nitrous oxide 
emissions in algae cultures (Kamp et al., 2011; Plouviez, Shilton, et al., 2019). Once 
this has been confirmed, different strains of algae are used. Previous studies on 
Chlorella vulgaris strains indicated that there may be variances in the genome within 
the species causing physiological differences (Kessler et al., 1991; Přibyl et al., 2012; 
Takeshita et al., 2014). Observing such within-species variation is important, as it 
means that strain selection must be done carefully and thus can reduce nitrous oxide 
emissions.   
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Material and Methods 

Microalgae and Media 

The experiments were performed with seven axenic strains of Chlorella vulgaris: SAG 
211-11b, SAG 211-11f, SAG 211-11p and SAG 9.88 were obtained from the Culture 
Collection of Algae at Göttingen University (SAG), Germany. CCALA 256(1), CCALA 
256(2) and CCALA 924 were obtained from the Culture Collection of Autotrophic 
Organism of the Institute for Botany in Třeboň (CCALA), Czech Republic. 

Strains of Chlorella vulgaris were cultivated in different variations of BG11 medium 
with the following main elements (g/L): as nitrogen sources 0.85 sodium nitrate 
(NaNO3) or 0.69 sodium nitrite (NaNO2) or 0.53 ammonium chloride (NH4Cl) or 
0.6 urea (CH4N2O); 0.04 dipotassium phosphate (K2HPO4), 0.0741 magnesium 
sulphate heptahydrate (MgSO4 · 7 H2O), 0.03528 calcium chloride dihydrate 
(CaCl2 · 2 H2O), 0.00603 ferric citrate (C6H5FeO7), 0.00603 citric acid 
(HOC(COOH)(CH2COOH)2), 0.001 ethylenediaminetetraacetic acid tetrasodium salt 
dihydrate ((NaOOCCH2)2NCH2CH2N(CH2COONa)2 · 2 H2O) and 0.02 sodium 
carbonate (Na2CO3). The trace metal solution had the following concentration (mg/L): 
2.86 boric acid (H3BO3), 1.81 manganese(II) chloride tetrahydrate (MnCl2 · 4 H2O), 
0.22 zinc sulphate heptahydrate (ZnSO4 · 7 H2O), 0.39 sodium molybdate dihydrate 
(Na2MoO4 · 2 H2O), 0.08 copper(II) sulphate pentahydrate (CuSO4 · 5 H2O), 
0.05 cobalt(II) nitrate hexahydrate (Co(NO3)2 · 6 H2O). All components were dissolved 
in distilled water and autoclaved. The pH was set to 7 with a 0.27 M HCl solution. 

Laboratory Analyses 

Growth of the algae was measured by biomass dry weight. For this purpose, the dry 
weight (g/L) was measured with a moisture analyser (HC103/01, Mettler Toledo, 
Switzerland) from a 20 ml sample. 

The total amount of dissolved nitrogen in the cultures was measured from the 
supernatant of centrifuged (3 min at 4'000 rpm and 20 °C) 20 ml samples with a 
photometric test kit (total Nitrogen, LCK138, Hach-Lange, Rheineck, Switzerland). 

The nitrous oxide content in gas samples (as absorbance values) was analysed by 
Fourier transform infrared spectroscopy (FTIR Tensor 37, Bruker, USA). Every sample 
was analysed in triplicate. Pure nitrogen (N2) was used as carrier gas and after each 
measurement, the gas cell was washed with it. The exact system settings are 
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described in the appendix. The absorbance values from the FTIR were converted into 
nmol gDW-1 h-1. For this, a calibration curve was constructed with a nitrous 
oxide/nitrogen gas mixture with known concentrations. Further details are available in 
the appendix. The linear regression formula (R 2 = 0.99) of the calibration curve is as 
follows: 

Nitrous oxide concentration = 1.002 · 10-3 + Absorbance maximum / 2.98 · 10-6 

The nitrous oxide concentration is given in nanomoles (nmol) and the absorbance 
maximum is the maximum of the absorbance value between 2130 and 2241 cm-1. The 
nitrous oxide concentration was multiplied with the FTIR gas chamber volume 
(0.2601 L) and divided by the injected gas sample volume (30 ml) to determine the 
nitrous oxide concentration in the headspace of the algae cultures. This concentration 
was multiplied by the headspace volume (200 ml) to obtain the total amount of nitrous 
oxide emitted from the culture. By dividing this number by the total dry weight of the 
culture and the known duration of the experiment, the nitrous oxide concentration is 
given in nanomoles and per gram dry weight and hour (nmol gDW-1 h-1). Potential 
dissolved nitrous oxide in the algae cultures as well as sample loss and the effects of 
sampling on the pressure in the sealed bottles were not taken into account. 

Experimental Setup 

The Chlorella vulgaris precultures were cultivated during 14 days in BG11 medium 
(nitrate as nitrogen source) in Erlenmeyer flasks at 25 °C, 2 % CO2, 120 rpm agitation 
and continuous illumination (4’800 lux) (HT Multitron Pro, Infors, Switzerland).  

Three experiments were carried out: First, the suitability of nitrous oxide quantification 
using FTIR was investigated. Therefore, three replicates of the Chlorella vulgaris strain 
CCALA 256(1) were cultivated with nitrite as nitrogen source in darkness or in light 
(4’800 lux) conditions. To exclude possible influences of nitrogen gas, air and the 
sterile medium on the measurements, these microalgae-free abiotic assays were 
analysed as control groups. Second, three replicates of the Chlorella vulgaris strain 
CCALA 256 (1) were cultivated with either nitrate, nitrite, ammonium, or urea as 
nitrogen source in darkness (nutrient experiment). Third, seven Chlorella vulgaris 
strains (three replicates per strain) were cultivated with nitrite as nitrogen source in 
darkness (strain experiment). 

For the three experiments described above, the algae were cultivated in a volume of 
400 ml BG11 medium in a 0.5 L Schott flask. The flasks were sealed with a septum 
(PTFE-Silikon, Duran Group, Germany) and incubated for three to four days at 25 °C, 
and 120 rpm agitation. For those cultures incubated in light, an illumination of 
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4’800 lux was set. Those cultures incubated in darkness were wrapped in aluminium 
foil to block the light. 

At the start and the end of the experiments, a 20 ml sample from each replicate was 
transferred to sterile tubes and was stored at 4 °C for further analysis (dry weight and 
total nitrogen in the medium). 

Gas in the headspace was sampled at the end of the experiment with a needle (20 G 
Sterican, B. Braun Medical, Switzerland) and a syringe (50 ml Omnifix, B. Braun 
Medical, Switzerland). The syringe was sealed with a three-way valve (Discofix C, B. 
Braun Medical, Switzerland). The sample volume was 30 ml. 

Data analysis 

The overall growth over the entire experiment was calculated as the difference 
between the dry weight at the end and at the beginning of the experiment. Dissolved 
nitrogen consumption over the entire experiment was calculated as the difference 
between the dissolved nitrogen concentration in the medium at the end and at the 
beginning of the experiment. 

Statistical analysis and data visualisation were performed with R (version 4.2.2) in 
RStudio (version 2022.07.2). The significance level was set at p < 0.05. The data is 
presented as the mean and standard error of the mean, wherever there were 
replicates in the experimental design. If the data met the conditions of 
homoscedasticity (Levene’s test) and normal distribution of the residuals (Shapiro-
Wilk test), they were tested with a one-way ANOVA followed by a Tukey's post hoc 
test. Otherwise, a Kruskal-Wallis H test was performed. Data on the effect of nitrogen 
source on nitrous oxide emissions were log-transformed prior to a one-way ANOVA to 
conform to the assumptions. 
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Results 

Nitrous oxide quantification using FTIR 

Nitrous oxide quantification using FTIR was successful and suitable. With this method, 
nitrous oxide emissions could be detected in the range from 2130 to 2270 cm-1 at 
concentrations above 130 nmol. Chlorella vulgaris cultures cultivated with nitrite in 
darkness emitted 1’300 nmol N2O gDW-1 h-1 of nitrous oxide (Figure 1). Chlorella 
vulgaris cultures cultivated with nitrite under light emitted 110 nmol N2O gDW-1 h-1 of 
nitrous oxide. No nitrous oxide could be detected in the microalgae-free abiotic 
assays of pure nitrogen, air and sterile BG11-media without algae. 

 

  

Figure 1: Absorption spectrum from FTIR analyses of Chlorella vulgaris cultures cultivated with nitrite in darkness 
or light. Microalgae-free assays as control groups (pure nitrogen, air and sterile BG11-medium without algae). The 
absorption spectrum of nitrous oxide is marked in red in the inset figure. The data shown represent averages from 
triplicate ± SEM (in grey). 
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Effect of nitrogen source on nitrous oxide emissions from C. vulgaris cultures 

Nitrous oxide emissions varied depending on the nitrogen sources used (F3,8 = 33.8, 
p < 0.001). Chlorella vulgaris emitted negligible nitrous oxide when supplied with urea 
or ammonium as nitrogen sources (<18 nmol gDW-1 h-1, Figure 2). When nitrate was 
used as nitrogen source, the nitrous oxide emissions were around  
205 nmol gDW-1 h-1 (Tukey's range test: p < 0.02). The largest nitrous oxide emissions 
showed the cultures with nitrite as nitrogen sources and are about  
1’314 nmol gDW-1 h-1 (Tukey's range test: p < 0.02). Differences in nitrous oxide 
emissions are not an artefact: Neither growth (F3,8 = 1.339, p = 0.33) nor nutrient 
consumption (F3,8 = 1.821, p = 0.22) did differ regardless of the nitrogen source. For 
further information, see appendix. 

 

  

Figure 2: Influence of nitrogen sources in Chlorella vulgaris cultures on 
nitrous oxide emissions in nanomoles and per gram dry weight and 
hour (nmol gDW-1 h-1). The data shown represent averages from 
triplicate ± SEM at a logarithmic scale. 
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Effect of strain selection on nitrous oxide emissions from C. vulgaris cultures 

Despite considerable differences of nitrous oxide emissions depending on the 
Chlorella vulgaris strain used, these were not statistically significant 
(Chi square = 8.918, p = 0.18, df = 6). Strains SAG 9.88 and CCALA 924 emitted 
slightly more nitrous oxide than the others. The standard deviation of the mean in all 
cultures was very high (SEM ranges from 87.9 to 562). The overall growth did not 
differ, regardless of the nitrogen source (F3,8 = 0.302, p = 0.93). Differences in nitrous 
oxide emissions are not an artefact: Neither growth nor nutrient consumption did differ 
regardless of the strain used (F3,8 = 0.302, p = 0.93 respectively F3,8 = 0.352, 
p = 0.90). For further information, see appendix. 

 

  

Figure 3: Influence of different Chlorella vulgaris strains on nitrous oxide emissions in nanomoles and per gram 
dry weight and hour (nmol gDW-1 h-1). The data shown represent averages from triplicate ± SEM. 
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Discussion 

The quantification of nitrous oxide emissions form microalgae cultures using FTIR-
analysis was successful. Furthermore, I was able to confirm that nitrous oxide 
emissions varied depending on the nitrogen sources used and, thus, confirmed prior 
results by Guieysse et al., 2013. Chlorella vulgaris emitted negligible nitrous oxide 
when supplied with urea or ammonium as nitrogen sources. However, with nitrate as 
nitrogen source, nitrous oxide emissions could be detected (205 nmol gDW-1 h-1). The 
largest nitrous oxide emissions were detected in the cultures with nitrite as nitrogen 
sources (1’314 nmol gDW-1 h-1). Despite considerable differences of nitrous oxide 
emissions, these were not statistically significant. 

FTIR spectroscopy is a fast and precise method for measuring nitrous oxide. The 
advantages are its precision and speed of analysis (several minutes), and heat-stable 
molecules can be measured (Kagann, 1982). A disadvantage are the high costs of 
operation (46 to 78 CHF/sample) (MSE Supplies LLC, 2023). In contrast, gas 
chromatography is a reliable, cheaper (23 to 60 CHF/sample) (University of Florida, 
2023) but challenging and time-consuming (30 to 60 minutes) analytical method (M. 
Edelmann, personal communication, 2. Januar 2023). It is only suitable for non-heat-
stable molecules (Struppe, 1995). So far, only one paper is known that used FTIR for 
measuring nitrous oxide from algae cultures (Fagerstone et al., 2011). However, a 
different FTIR methodology was used (liquid nitrogen cooled MCT-A detector with 
ZnSe window). The technical functionality of the used FTIR spectroscopy and further 
information about the nitrous oxide spectra are described in the appendix. 

Experiments on nitrous oxide emissions depending on the nitrogen source in Chlorella 
vulgaris cultures seem to be very replicable. The nitrous oxide emissions reported in 
this thesis range from 180 to 1’314 nmol gDW-1 h-1. The values found in the literature 
also lie in this range: 109 to 1’480 nmol gDW-1 h-1 (0.53 g/L nitrite, 25 °C, 5.5 days 
incubation time, PBR) (Guieysse et al., 2013) and 933 to 1’579 nmol gDW-1 h-1 (1.2 to 
3.0 g/L nitrite, 25 °C, 0.83 day incubation time, PBR) (Weathers, 1984) and 70 to 
18’300 nmol gDW-1 h-1 (median 4’200 nmol gDW-1 h-1, 50 gTN/L, 20 °C, 7.5 days 
incubation time, HRAP) (Plouviez et al., 2019). Furthermore, in all papers mentioned 
above, the distribution of the emission values is broad. The magnitude and dispersion 
of nitrous oxide emissions reported by Plouviez et al., 2019 could be caused by the 
weather and high nitrogen concentration used. As mentioned above, the nitrous oxide 
production of Chlorella vulgaris was significantly increased (12 times higher) when 
the algae were incubated in the dark and supplied with nitrite as a nitrogen source. 
These observations are also confirmed by the results of Weathers (1984), who linked 
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the nitrous oxide emissions of microalgae and cyanobacteria to nitrite reduction in the 
dark. Furthermore, Guieysse et al. (2013) were able to show that when Chlorella 
vulgaris is cultivated under artificial light and in the presence of 10 µM DCMU 
(C9H10Cl2N2O) as a specific photosystem II inhibitor, the nitrous oxide production was 
increased. This indicates that the nitrous oxide production is negative linked with the 
photosynthesis and thus light dependent. 

Nitrous oxide emissions in algae cultures are related to the selection of the nitrogen 
source. In this thesis, the highest nitrous oxide emissions occurred in the cultures with 
nitrite (NO2

-) as nitrogen source. This observation is consistent with several studies 
suggesting that nitrite is the substrate of nitrous oxide synthesis by microalgae 
(Alcántara et al., 2015; Guieysse et al., 2013; Kamp et al., 2013; Weathers, 1984). 
However, a part of the emissions could also be caused by bacterial denitrification in 
low-oxygen environments (Harter et al., 2013). This cannot be completely excluded 
for the results in this thesis either. This bacterial denitrification could be reduced by 
an antibiotic treatment, but this would lead to losses in water quality and antibiotic 
resistance in bacteria (Fagerstone et al., 2011). A possible antibiotic treatment could 
be as followed: Addition of penicillin and streptomycin would effectively kill both 
Gram-positive and Gram-negative bacteria, while the two antibiotics would have 
minimal impact on microalgal cultures (Plouviez, Shilton, et al., 2019). 

The comparison of nitrous oxide emissions depending on the strain used found broad 
distribution within the same strain yet was not statistically significant. However, there 
is some evidence that differences could have been found with more replicates. 
Differences within the genome of microalgae strains have been found to correspond 
to differences in habitat or geographical locations (e.g. in the green algae 
Scenedesmus) (Lewis & Flechtner, 2004). In addition, previous studies on Chlorella 
vulgaris strains (same strains used in this paper) indicated that there may be 
physiological differences (excretion and emission) within the species, for example 
excretion of various sugars (SAG 211-11b) (Kessler et al., 1991), growth in the 
presence of heavy metals (SAG 211-11b and SAG 211-11f) (Kessler, 1986) or lipid 
productivity (CCALA 256) (Přibyl et al., 2012). The influence of the geographical 
location (see appendix) and the genome difference of the Chlorella vulgaris strains 
used (Müller et al., 2005) could play a role in this thesis. The high nitrous oxide 
producing strains SAG 9.88 and CCALA 924 have their origin in Mediterranean 
countries, the other strains come from oceanic or temperate climatic zone. However, 
no other experiments investigating the influence of the choice of the Chlorella vulgaris 
strain on their nitrous oxide production are described in the literature to confirm this 
possibility. 



MA Jonas Michael Windisch  2023 

 11 

In order to evaluate the relevance of the described nitrous oxide emissions, a simple 
extrapolation can be made. If Chlorella vulgaris would be cultivated in an open thin 
layer photobioreactor (224 m2, 2’000 L), using a mineral medium with 1.85 g/L nitrate 
as nitrogen source, about an average biomass concentration of 4.3 gDW L-1 could be 
expected (Doucha & Lívanský, 2009). If this biomass is now compared with the 
emission values described in this paper (205 nmol gDW-1 h-1 = 4’920 nmol gDW-1 d-1) 
and assumed that the reactor is running for 7 days and is exposed to equal-length 
light and dark cycles (12:12 hours), the result is 15 · 106 nmol of nitrous oxide 
emissions. The nitrous oxide emissions from a petrol-powered car are estimated to be 
around 143 · 103 nmol/km (Hoekman, 2020). Thus, the nitrous oxide emissions of the 
photobioreactor are comparable to a 104 km road trip with a petrol-powered car. 
Although these estimates do not provide exact numbers, they demonstrate the need 
of further research on nitrous oxide emissions from algae cultures. 
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Appendix 

Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared spectrometers are used for chemical analyses in the MIR 
range (mid-infrared: 400 - 4’000 cm-1). A Michelson interferometer modulates the light 
from an infrared radiation source. With a Fourier transform analysis, the recorded 
intensity-time curve can be mathematically transformed into a frequency-dependent 
signal (Brendel et al., 2013). 

FTIR spectroscopy works like all IR methods: The gas to be investigated absorbs 
radiation components with a certain wavenumber and intensity between an emitter 
and a detector. The gas and concentration can be determined from this, which is 
described by the Beer–Lambert’s law (Hase et al., 2015). The standard IR detector is 
a DTGS (deuterated triglycine sulphate) detector. A converter translates the analogue 
signal of the DLATGS detector into a digital signal. The data is then transmitted to the 
OPUS software, which selects the appropriate measurement parameters. 

FTIR System Settings  

The gas samples were analysed by Fourier transform infrared spectroscopy with the 
following material: 

Material Specifications 

FTIR Tensor 37, Bruker, USA 

OPUS Software 6,5,97 (20090227) 

Gas Chamber 0.2601 L, CaF2, Schott, Germany 

Nitrous Oxide CAS 10024-97-2, ≥99.5%, PanGas, Switzerland 

Nitrogen CAS 7727-37-9, ≥99.99 %, PanGas, Switzerland 

 

  



MA Jonas Michael Windisch  2023 

 17 

The FTIR measuring instrument had following system settings: 

Parameter Setting 

Source MIR 

Beam Splitter KBr 

Aperture 6 mm 

Detector RT-DLaTGS (Internal) 

Mirror Velocity 10 Hz 

Spectral Range 370-7500 cm-1 

Resolution 1 cm-1 

Required Upper Frequency 15’000 cm-1 

Required Lower Frequency 0 cm-1 

Laser Wavenumber 15’800.17 cm-1 

High Pass Filter Open 

Low Pass Filter 10 KHz 

Acquisition Mode Double Sided, Forward-Backward 

Measuring Time 4 Scans 

Phase Resolution 32 

Phase Correction Mode Mertz 

Apodisation Function Blackman-Harris 3-Term 

Zerofilling Factor 2 

  



MA Jonas Michael Windisch  2023 

 18 

Raw Data for Calibration Curve 

The linear regression formula (R2 = 0.99) of the calibration curve is as followed: 

Nitrous oxide concentration = 1.00177859237 · 10-3 + Absorbance maximum / 2.97679959837 · 10-6 

Whereby the nitrous oxide concentration content is given in nanomoles (nmol) and 
the absorbance maximum is the maximum of the absorbance value between 2130 
and 2241 cm-1. The y-dispersion of the linear regression is 0.0016. The used values 
for the are calibration curve shown in the table below (Absorbance value as mean of 
three technical replicates): 

Nitrous Oxide Concentration [nmol] Absorbance [cm-1] 

161 0.0007 

323 0.0009 

484 0.0013 

646 0.0015 

807 0.0018 

969 0.0022 

1291 0.0029 

1614 0.0030 

3229 0.0060 

4843 0.0094 

8071 0.0248 

9686 0.0276 

11300 0.0344 

12914 0.0379 

14529 0.0416 

  



MA Jonas Michael Windisch  2023 

 19 

Rotation–Vibration Spectra of Nitrous Oxide (N2O) 

The linear molecule N2O has three normal vibrations called 𝑣1 (symmetric stretching 
vibration), 𝑣2 (kink vibration) and 𝑣3 (antisymmetric stretching vibration), where 𝑣2 is 
doubly degenerate (𝑣2a and 𝑣2b). The doubly degenerate bending vibration 𝑣2a,b and 
the asymmetric stretching vibration 𝑣3 are found in the mid-infrared range. The 
symmetric stretching vibration 𝑣1 is Raman-active (Bryant et al., 2008). In the gas 
phase, nitrous oxide can exhibit the four typical vibrations shown in Figure a below. 
Besides the main absorption peak between 2’130 and 2’270 cm-1, nitrous oxide also 
absorbs in the wavelength range of 1’200 – 1’300 cm-1 (Figure b). The vibrational 
frequencies of selected nitrous oxide isomers in the gas state such as 𝑣(N ≡ N - O) and 
𝑣(N = N = O) are 2235 cm-1 respectively 2213 cm-1 (Guelachvili et al., 1996; National 
Institute of Standarts and Technology, 2020). 

 

  

Nitrous Oxide 

 

N2O 

Figure a: The typical vibrations 𝑣1, 𝑣2a,b, 𝑣3 and the isotopomers of nitrous oxide. 
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Figure b: Reference absorbance-spectrum of nitrous oxide from the NIST database. 
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Chlorella vulgaris Strains 

The experiments were performed with seven different strains of Chlorella vulgaris. 
SAG 211-11b, SAG 211-11f, SAG 211-11p and SAG 9.88 were obtained from the 
Culture Collection of Algae at Göttingen University (SAG). CCALA 256(1), CCALA 
256(2) and CCALA 924 was obtained from the Culture Collection of Autotrophic 
Organism of the Institute for Botany in Třeboň (CCALA). Overview of the Chlorella 
vulgaris algae strains used (National Institute of Standarts and Technology, 2020):  
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Growth and Nitrogen Consumption 

Overview of the biomass dry weight and growth of the used Chlorella vulgaris cultures: 

Nitrogen Source Start dry weight 
[gDM/L] 

End dry weight 
[gDM/L] 

Total Growth 
[gDM/L] SEM 

Ammonium 3.95 4.38 0.425 0.241 

Nitrate 6.93 7.28 0.350 0.189 

Nitrite 4.35 4.32 -0.033 0.101 

Urea 4.03 4.24 0.211 0.131 

 

Strain Start dry weight 
[gDM/L] 

End dry weight 
[gDM/L] 

Total Growth 
[gDM/L] SEM 

CCALA 256(1) 3.88 4.17 0.283 0.093 

CCALA 256(2) 4.67 4.95 0.283 0.093 

CCALA 924 3.77 4.40 0.633 0.741 

SAG 211-11b 3.33 3.60 0.267 0.136 

SAG 211-11f 4.20 4.38 0.183 0.044 

SAG 211-11p 3.58 3.95 0.367 0.159 

SAG 9.88 3.42 4.23 0.817 0.792 
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Overview of the biomass dry weight and growth of the used Chlorella vulgaris cultures: 

Nitrogen Source Start dry weight 
[gDM/L] 

End dry weight 
[gDM/L] 

Total Growth 
[gDM/L] SEM 

Ammonium 264 249 -15 48 

Nitrate 647 597 -49 34 

Nitrite 267 215 -52 25 

Urea 412 304 -108 76 

 

Strain Start dry weight 
[gDM/L] 

End dry weight 
[gDM/L] 

Total Growth 
[gDM/L] SEM 

CCALA 256(1) 235 207 -27 24 

CCALA 256(2) 253 224 -28 27 

CCALA 924 252 226 -27 19 

SAG 211-11b 245 228 -18 17 

SAG 211-11f 288 249 -39 61 

SAG 211-11p 231 223 -8 15 

SAG 9.88 249 215 -34 21 

  




