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Chapter 1 
 Introduction 

1.1. Global climate change 
The climate of the earth is changing rapidly at the moment. Both the atmosphere and 
oceans have warmed, the sea level is rising and the amounts of snow and ice are 
diminishing. In recent years, evidence that human influence is the main cause of the current 
rapid climate change has grown (IPCC, 2013). 

Humans are influencing the earth’s climate mainly by altering the composition of the 
atmosphere, through the emission of so-called greenhouse gases. Greenhouse gases are 
present naturally in our atmosphere and have the important characteristic that they can 
absorb thermal infrared radiation, thereby reducing the emission of radiative energy to 
outer space. This effect is called the greenhouse effect (although the analogy with a 
greenhouse is not entirely correct). Because of this greenhouse effect, the average 
temperature on earth is a benign 14°C instead of only -17°C that would have been the case 
if there were no greenhouse gases present in the atmosphere (McKinney et al., 2007). 
Nowadays we speak of the enhanced greenhouse effect, which refers to a shift in the 
energy balance of the earth caused by more absorption of infrared radiation by the 
additional greenhouse gases. 

The main greenhouse gases emitted by humans are carbon dioxide (CO2), methane (CH4) 
and nitrous oxide (N2O). The atmospheric concentrations of all three gases have increased 
since the start of the industrial revolution (defined as the year 1750) to levels that 
substantially exceed the highest concentrations recorded in ice cores that go back to 
800,000 years ago (Ahn and Brook, 2008; Loulergue et al., 2008; Lüthi et al., 2008; Petit et 
al., 1999; Schilt et al., 2010; Siegenthaler, 2005). Also the recent rate of increase of all 
three gases is unprecedented in the last 22,000 years (Joos and Spahni, 2008). 

CO2 is considered the most important greenhouse gas, and the emissions of other 
greenhouse gases are therefore often expressed in terms of CO2 equivalents. CO2 is emitted 
mainly through the burning of fossil fuels, but also by deforestation and other land use 
changes (IPCC, 2013). Figure 1.1 shows the atmospheric CO2 concentration over the last 
800,000 years. The atmospheric CO2 concentration has increased by more than 40% from a 
background concentration of about 274 – 284 ppm around 1750 (Etheridge et al., 1996) to 
395.2 ± 0.1 ppm in 2013 (Dlugokencky and Tans, 2015). Ice core records have shown that 
in the last 800,000 years before 1750 the concentration of CO2 in the atmosphere varied 
between 180 – 200 ppm during glacial periods and up to 300 ppm during interglacial 
periods (Ahn and Brook, 2008; Lüthi et al., 2008; Petit et al., 1999; Siegenthaler, 2005). 
The atmospheric CO2 concentration rose by 2.0 ± 0.1 ppm year-1 in the decade from 2002 – 
2011, which is higher than all decades since atmospheric measurements of CO2 started in 
1958 (Dlugokencky and Tans, 2015; IPCC, 2013). 

The behavior of CO2 in the atmosphere is not straightforward. Once released in the 
atmosphere, it can be absorbed by the oceans or taken up by the biosphere through 
photosynthesis. Both the oceans and the biosphere are also able to release CO2. This 
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continuing exchange of carbon between the different reservoirs of the earth and its entire 
dynamic system is known as the global carbon cycle. The sizes of these reservoirs and 
fluxes between them are subject to many scientific studies. For the period 1750 – 2013 the 
total emission of carbon is estimated to be 580 ± 70 Gt, with 395 ± 20 GtC emitted by 
fossil fuel burning and 185 ± 65 GtC coming from land use changes. Less than half of the 
emitted carbon accumulated in the atmosphere (250 ± 5 GtC), the rest was taken up by the 
ocean (170 ± 20 GtC) and biosphere (160 ± 70 GtC) (Le Quéré et al., 2015). 

 

Figure 1.1 The atmospheric concentrations CO2 over the last 800,000 years. The black lines show data from the 
Vostok and Dome Concordia ice cores in Antarctica (Lüthi et al., 2008; Monnin et al., 2001; Petit et al., 1999; 
Pépin et al., 2001; Raynaud et al., 2005; Siegenthaler, 2005). The orange lines represent data from the Law Dome 
ice core (Antarctica), revealing the atmospheric CO2 concentration between 1006 and 1978 (Etheridge et al., 
1996). The red lines show the atmospheric CO2 measurements at Mauna Loa, starting in 1958 (Tans and Keeling, 
2015). 

While the emissions from land use changes remain roughly constant, the emissions from 
fossil fuel combustion have increased every decade since the 1960s. Currently fossil fuel 
combustion is by far the biggest contributor to the total CO2 emissions, contributing 91% of 
the total emissions in the decade 2004 – 2013 (Le Quéré et al., 2015). 

1.1.1. Combatting global climate change 

In the year 1992 the risks of climate change were acknowledged in the United Nations 
Framework Convention on Climate Change in Rio de Janeiro. The objective of the treaty 
was to achieve stabilization of the concentration of greenhouse gases in the atmosphere at 
a level that would prevent dangerous anthropogenic interference with the climate system 



Introduction 

 11 

(United Nations, 1992). In 1997, the Kyoto protocol was added to this treaty. The major 
aspect of this protocol was that it set binding targets for the industrialized countries for 
reducing their greenhouse gas emissions with an average of 5.2% from 1990 levels over the 
period 2008 – 2012 (United Nations, 1998). On 8 December 2012, the Doha amendment 
was added to the Kyoto protocol, determining a second commitment period from 2013 to 
2020 for which parties committed to reduce their greenhouse gas emissions by at least 18 
percent below the levels of 1990 (United Nations, 2012). 

Looking at the European Union (including the Netherlands), targets for the first 
commitment period of 2008 – 2012 were overachieved. Although the goals were partly 
achieved by climate and energy policies, the economic crisis contributed to almost half of 
the observed reduction (European Commission, 2014). Although the emissions from the 
countries listed in Annex B of the Kyoto protocol have been stabilized, the worldwide CO2 
emissions are still increasing, due to rapid increases in the non-Annex B countries. Four 
regions dominate the global CO2 emissions, together accounting for 58% of the emissions 
in 2013: China (28%), the USA (14%), the EU (10%) and India (7%). Out of these four 
regions, only the EU showed a negative CO2 emission growth rate in 2012 – 2013 (Le 
Quéré et al., 2015).  

There are several ways to reduce the anthropogenic emissions of CO2. The most 
straightforward solution is to use less energy, which can be achieved by “simply” using less 
energy or improving the energy efficiency. A second solution is to change the source of 
energy, by using less carbon-intensive fossil fuels (e.g. natural gas instead of coal) or 
replacing fossil fuels by renewables such as solar and wind energy.  
A third solution is to capture CO2 from (power) plants and store it somewhere underground 
instead of emitting it to the atmosphere; a process called Carbon Capture and Storage 
(CCS).  

1.2. Carbon Capture and Storage (CCS) 
Capture and geological storage of CO2 is considered to be an important option in 
combatting global climate change, especially in the coming decades when fossil fuels will 
still play an important role in our society. Instead of emitting CO2 to the atmosphere, power 
plants and other large emitters can capture the CO2 and transport it to a suitable location 
where it can be stored in a geological formation.  

CO2 accumulations exist naturally in the subsurface of the earth. They followed from 
biological activity and chemical reactions between rocks and fluids. Engineered storage of 
CO2 was first carried out in the United States, Texas, in the early 1970s as part of Enhanced 
Oil Recovery (EOR). In Enhanced Oil Recovery, more oil is extracted from an oil field due 
to the injection of CO2. Underground storage of CO2 as a greenhouse gas mitigation 
method was first proposed in the 1970s but it took until 1996 before the world’s first large-
scale storage project was initiated. This project of Statoil is at the Sleipner Gas Field in the 
North Sea (Metz et al., 2005). 

CCS consists of three steps: the CO2 needs to be captured, then transported and finally 
stored. There are several techniques for capturing the CO2. In some industrial processes, 
CO2 is an end product, which is ventilated to the atmosphere. In this case the process of 
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capturing is relatively easy and does not involve all the steps that are necessary for 
combustion processes (such as purifying the outgoing gases) in power plants. For these 
combustion processes, three main techniques exist to capture the CO2: post-combustion, 
pre-combustion and oxy-fuel (Metz et al., 2005).  

There are two main ways to transport CO2 from an emitter to a geological storage location: 
through pipelines (both onshore and offshore) and by ships. Pipelines are the most common 
way to transport CO2. There are already several onshore pipelines for CO2 transport in 
place; most of them are in the United States; built for enhanced oil recovery in Texas and 
nearby states. Examples are the Canyon Reef pipeline that was built already in 1970 and 
the Cortex pipeline, which is the longest CO2 pipeline present with 808 km length (Metz et 
al., 2005). In the Netherlands, the company OCAP owns a network of pipelines for the 
transportation of CO2 to greenhouses (OCAP, 2012), where it is used to create an 
atmosphere with an artificially (up to threefold) increased CO2 concentration, in which 
plants grow faster.  

Depleted oil and gas fields, saline water-saturated geological reservoirs and unminable coal 
beds can all be suitable geological formations for storage of CO2. Once stored in a reservoir, 
the CO2 undergoes several trapping mechanisms as a function of time. After physical 
trapping under a cap rock or in pores, geochemical reactions can further store the CO2, 
which includes dissolving in the formation water (solubility trapping) and conversion into 
stable carbonate minerals (mineral trapping) (Metz et al., 2005). 

1.2.1. Status of CCS 

CCS is starting to be widely adopted in the world. In the end of 2014, the global CCS 
institute has identified 55 large-scale CCS projects, with 13 of them already in operation, 9 
in the construction phase and the remaining 33 in a stage of development. Most projects are 
in the United States (19 out of 55), followed by China (12 out of 55). Especially in the 
United States, most projects involve Enhanced Oil Recovery (17 out of 19). In Europe, 
only two projects are currently in operation and they are both in Norway (the Sleipner and 
Snøhvit projects). Furthermore there are 6 other projects in Europe, all in a development 
stage: five projects in the United Kingdom and one project in the Netherlands (ROAD – 
Rotterdam Opslag en Afvang Demonstratieproject) (Global CCS Institute, 2014). 

In all large-scale European CCS projects CO2 is (planned to be) stored offshore, under the 
North Sea (Global CCS Institute, 2014). Originally there were multiple plans to store CO2 
in empty gas fields under the Dutch surface, but in February 2011, after many protests in 
the Dutch society, the Dutch government decided to only store CO2 in empty gas fields 
under the sea (Verhagen, 2011). 

1.3. Leaks and leak detection at CCS sites 
One of the main concerns in CCS is the possibility of leakage of CO2 from the storage 
reservoir to the atmosphere, both from a public health and a climate change combat 
perspective. The public concerns for example lead to the cancelling of the onshore storage 
projects in the Netherlands. An important concern of most people is asphyxiation as a 
consequence of escaped gas in their neighborhood.  
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Leakage of CO2 from a CCS site is considered to be unlikely. For large-scale CCS projects 
the available evidence suggests that it is likely that the fraction of CO2 retained in the 
reservoir is more than 99% in the first 1000 years (Metz et al., 2005). In general, selected 
reservoirs in stable sedimentary basins will provide successful and secure storage of CO2. 
Abandoned gas fields for example contained natural gas for millions of years, which makes 
it likely that CO2 can be stored safely for a very long time too – although CO2, unlike CH4, 
can become chemically active under storage conditions (Bolourinejad and Herber, 2015). 
The risks for leakage at a storage site are expected to be at the human-made parts: the 
injection wells and old abandoned wells used for gas production (Croezen et al., 2007). 

Even if CO2 would escape, the chance that people would suffocate due to extreme high 
levels of CO2 is very unlikely. The Maximum Allowable Concentration (MAC), also 
known as the Threshold Limit Value (TLV), is 0.5 volume percent in both the European 
Union and the United States (8-hour time weighted average). The concentration of CO2 can 
even be higher (1.5 – 3.0 %) without any consequences as long as the time exposure is 
short (15 minutes) (Croezen et al., 2007). These levels are almost two orders of magnitude 
higher than the normal background levels of CO2, which vary roughly between 390 and 
500 ppm.  

Even though leaks of CO2 are unlikely and the risks for humans are very limited, leak 
detection of CCS sites is very important, both for the public as well as to evaluate the 
efficiency of the storage process. For CCS to be useful, leakage in the total chain must be 
kept to a very low level. Leakages in transport have to be incorporated into the total CO2 
capture efficiency at the source. As capture is costly, both in terms of energy and money, 
there is a clear incentive to keep leakages in transport and during injection as small as 
possible. Once stored, even small leakages on a yearly basis add up over the decades / 
centuries to unacceptable levels in climate change mitigation terms (also given the fact that 
capture leads to 14 – 30% more energy consumption, and thus more CO2 production, in the 
first place (Hammond et al., 2011). Depending on the chosen time window and total 
amount of stored CO2, leakage rates of the injected CO2 should be kept below 0.1% and 
preferably even below 0.01% per year to allow stabilization of the atmospheric CO2 
concentration (Enting et al., 2008; Haefeli et al., 2004).  

Detecting leaks of CO2 in the atmosphere and quantifying them is a difficult task due to the 
rapid mixing of the emitted CO2 with the surrounding air masses in combination with the 
high natural variability of the CO2 concentration in the atmosphere. Fossil fuel combustion, 
photosynthesis and biosphere respiration all locally influence the CO2 concentration, 
especially during the night when the atmosphere is generally more stable and gases 
accumulate close to the ground. During the day, when the sun heats the earth’s surface, the 
atmosphere becomes well mixed and the CO2 concentration close to the ground decreases 
(Stull, 1988). Because of this, during a day variations from below 400 ppm (daytime) to 
over 450 ppm (nighttime) are quite common and within one hour the natural concentration 
can change with several ppm. 

Although the variability of the CO2 concentration is high in time, it is low in terms of space, 
at least on small scales. In case several CO2 sensors are located in close proximity of each 
other, they will measure the same concentration, unless there is a source of CO2 in the area 
under investigation. Depending on the wind direction, wind speed and the locations of the 
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CO2 source and sensors, the plume of CO2 will reach only part of the sensors, while the 
others keep on measuring the background concentration. This principle can be used to 
monitor potential leaking locations of a storage site, such as wells, but also to monitor 
pipelines, as will be shown in chapter 2 of this thesis. 

Another option is to co-inject a chemical tracer with the CO2 that has a low background 
concentration and lower atmospheric variability, such as SF6, CH4 or a perfluorocarbon 
(Etheridge et al., 2011; Leuning et al., 2008; Luhar et al., 2014; Wells et al., 2007). This 
method has, however, several drawbacks, as these gases are strong greenhouse gases 
themselves (IPCC, 2013) and adding a tracer to the injected CO2 is cumbersome and 
expensive. Besides, there is the principal problem that the migration of the tracer through 
the underground is not exactly the same as the migration of CO2. For example, in dry 
reservoirs the movement of perfluorocarbon tracers was found to be slower than the 
movement of SF6 and CO2 whereas in wet reservoirs the transport of the CO2 was retarded 
compared with the tracers as CO2 partly dissolved in the water. The structure of the 
reservoir also determines (a difference in) the movement of the CO2 and tracers (Zhong et 
al., 2014).  

Using the isotopes 14CO2 or 13CO2 present in the injected CO2 as natural tracers prevents 
these drawbacks. Unfortunately these methods have other problems. Although 14CO2 could 
provide some insight in the leakage rate, its measurement is very expensive and can only be 
performed by taking flask samples (Keeling et al., 2011). Furthermore, 14CO2 detection 
would not be able to discriminate (fossil) CO2 leaks from the CCS site from actual 
combustion of fossil fuels, as both would cause increasing CO2 concentrations 
accompanied by decreasing 14CO2 levels (see for example Zondervan and Meijer (1996)). 
Using 13CO2 is more promising, but the technique is very dependent on the specific δ13C of 
the injected (leaking) CO2 and surroundings of the storage location. A significant 
difference between the δ13C of the biosphere and the source in combination with a 
sufficient CO2 perturbation caused by the leak is required (McAlexander et al., 2011). For 
CO2 captured from a coal-fired power plant in a surrounding with predominantly C3 
vegetation – a very likely situation for CCS – the technique does not add anything to CO2 
concentration measurements alone as both have a δ13C of about -26‰ (Keeling et al., 2011; 
Leuning et al., 2008).  

Measuring atmospheric oxygen (O2) in addition to CO2 to find leaks of a CCS location 
does not have any of the drawbacks outlined above and is therefore a strong tool (Keeling 
et al., 2011). CO2 and O2 are coupled in most processes on earth. In photosynthesis, plants 
take up CO2 and release O2 at the same time. In respiration and fossil fuel burning, O2 is 
consumed while CO2 is released. The O2 – CO2 exchange ratio for biosphere activities is 
about 1.1 (Severinghaus, 1995). For fossil fuel burning the exchange ratio is higher than for 
biosphere processes, and depends on the type of fossil fuel, varying from 1.95 for natural 
gas to 1.44 for crude oil and 1.17 for coal (Keeling, 1988). In case of a leak from a CCS 
site there is no relationship between CO2 and O2. Looking at the atmospheric O2 – CO2 
ratio can therefore identify a leak from a CCS site. Plotting normal atmospheric O2 and CO2 
measurements against each other reveals a linear relationship with a slope of about -1.1 on 
a mole-to-mole basis. The slope varies slightly throughout time, and gets more negative in 
case the share of fossil fuel combustion in the measured air mixture is higher. In case there 
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is a leak of CO2 the slope is essentially zero in this plot: the CO2 concentration is rising 
without any drop of O2. Several CO2 release experiments (which imitate leaks of CO2 from 
a storage site) were performed to demonstrate the principle of using atmospheric O2 
measurements for CO2 leak detection. This is all presented in chapter 4 of this thesis. The 
most difficult part of this technique is the measurement of atmospheric O2, which is a 
delicate task. 

1.4. Atmospheric O2 measurements 
While atmospheric CO2 measurements have become increasingly straightforward in the 
past decades, atmospheric O2 measurements are still considered a challenge. The variations 
in the atmospheric concentrations of CO2 and O2 are in the same range, but for O2 the 
background concentration is orders of magnitude higher (21% or 210,000 ppm compared to 
400 ppm for CO2), making the relative variations smaller by the same orders of magnitude. 
Only about a dozen programs in the world are currently involved in atmospheric O2 
measurements (Keeling and Manning, 2014) – the Centre for Isotope Research (CIO) of the 
University of Groningen, the Netherlands, being one of them. 

 

Figure 1.2 Time series of O2 and CO2 at two different monitoring stations within the Scripps atmospheric O2 
program that collect flask samples under background conditions. The figure is from (Keeling and Manning, 2014).  

Figure 1.2 shows the time series of atmospheric O2 and CO2 at two stations from the 
Scripps atmospheric O2 measurements network, as given in (Keeling and Manning, 2014). 
It clearly illustrates the different aspects of the CO2 and O2 concentration in the atmosphere.  

Both Alert station (Northern hemisphere) and Cape Grim (Tasmania, Southern hemisphere) 
show an upward trend in the CO2 concentration and at the same time a downward trend in 
the O2 concentration, both caused by the burning of fossil fuels. The CO2 concentration is, 
however, not rising as fast as the O2 concentration drops (axis in the figure have been 
scaled such that the two species can be compared on a mole to mole basis). The rise of the 
CO2 concentration in the atmosphere is limited by the uptake of carbon by the oceans, 
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where it is buffered through chemical reactions, while the decline in the O2 concentration is 
not buffered (Keeling and Shertz, 1992). With respect to the O2 – CO2 balance, CCS acts as 
a similar carbon sink, limiting the CO2 increase but not the O2 decrease (Keeling et al., 
2011). 

The seasonal variations visible in Figure 1.2 originate from photosynthesis and respiration 
in both the land biosphere and oceans. Plants take up CO2 and release O2 in summer, and 
vice versa in winter. Because the ocean is buffering the changes in the CO2 concentration, 
the seasonal cycles visible for CO2 are mainly reflecting the activities of the land biosphere, 
while the seasonal cycles visible for O2 are reflecting activities of both the land biosphere 
and oceans. At Alert station, in the Northern hemisphere, the seasonal amplitude for O2 is 
therefore nearly twice as large as for CO2. Because the Southern hemisphere mainly 
consists of oceans, there is hardly a seasonal cycle visible in the CO2 time series of Cape 
Grim station. The O2 seasonal cycle at this station is almost entirely originating from 
oceanic processes (Keeling and Manning, 2014).  

Due to the large differences between CO2 and O2 in land and ocean exchanges, combined 
measurements of the two species can be used to discriminate the uptake of carbon by the 
land biosphere and the oceans (e.g. Goto et al. (2013); Keeling and Manning (2014); van 
der Laan et al. (2014) and van der Laan-Luijkx et al. (2010a)). 

The CIO currently performs atmospheric O2 measurements from flask samples at two 
locations: Lutjewad atmospheric monitoring station  (53°24’N, 6°21’E) on the northern 
coast of the Netherlands and Mace Head atmospheric research station  (53°20’N, 9°54’W) 
on the west coast of Ireland. Previously, the CIO also measured flask samples from the F3 
gas production platform in the North Sea, the Netherlands (van der Laan-Luijkx et al., 
2010a), Jungfraujoch, Switzerland (van der Laan-Luijkx et al., 2013) and aircraft samples 
from Fyodorovskoye, Russia (van der Laan et al., 2014). Very recently flask samples are 
also taken at Halley station, Antarctica. Continuous atmospheric O2 – CO2 measurements 
started in August 2008 at the gas production platform F3 (van der Laan-Luijkx et al., 
2010b). In 2011 an almost identical copy of this instrument was built and placed at the 
atmospheric measurement station Lutjewad. The measurements performed at Lutjewad 
(flasks and continuous) and Mace Head (flasks) are presented in chapter 5 of this thesis. 

1.4.1. Calculating and expressing atmospheric O2 measurements 

O2 measurements are usually expressed as the O2/N2 mole fraction ratio relative to a 
reference gas, according to (Keeling and Shertz, 1992). 

  δ O! N! = !! !! !"#$%&
!! !! !"#"!"$%"

− 1     Equation 1.1 

Because the changes in δ(O2/N2) are very small, they are expressed in per meg (0.0001% or 
0.001‰). The O2/N2 ratio is not sensitive to changes in atmospheric gases other than O2 
and N2, and expressing the atmospheric O2 measurements in this way thus prevents the 
dependence on the concentration of other gases, as is the case with the O2 mole fraction 
(Keeling et al., 1998). The atmospheric N2 concentration is very stable, so changes in the 
ratio mainly represent changes in the O2 content of the atmosphere. In detailed budgets, 
however, changes in N2 caused by ocean warming and cooling are accounted for (Keeling 
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and Manning, 2014). As some techniques directly measure the O2/N2 ratio while others 
measure the O2 mole fraction, expressing the O2 variations in one conventional manner is 
necessary to compare the results by different techniques.  

In case the O2/N2 ratio is not measured directly, a correction is required for the CO2 
concentration since this has a dilution effect on the O2 measurements. (Furthermore, 
measurements have to be performed on dried air, see below). This is done according to 
(Kozlova et al., 2008): 

 δ O! N! !"#$%& =
!!!!! ∆!"!×!!!

!!!!! ×!!!
     Equation 1.2 

In this formula !!!is the standard mole fraction of O2 in air, which is defined to be 0.20946 
(Machta and Hughes, 1970). ΔCO2 is equal to the CO2 concentration of the sample minus 
an arbitrary defined consensus standard atmospheric CO2 concentration of 363.29 ppm. 

The relationship between the O2 and CO2 mole fractions and O2/N2 ratio depends on the 
circumstances. Exchanging an O2 molecule by a CO2 molecule or vice versa leads to a 
conversion factor of 4.77 per meg ppm-1 (Keeling et al., 1998). Table 1.1 shows six 
examples that illustrate the confusion and difficulties when expressing changes of the O2 
content within an air parcel that originally contained 1 million molecules of which 209460 
are O2 and 780800 are N2 (see also Stephens (1999) and van der Laan-Luijkx (2010)). 

The scenarios illustrate that using the O2/N2 ratio instead of the O2 mole fraction prevents 
confusion associated with changes in the concentrations of other gases in the atmosphere. 
In case the O2/N2 ratio is measured directly there is no confusion at all when concentrations 
of other gases are changing. This is different for instruments where the O2 mole fraction is 
measured instead of the O2/N2 ratio. Because the CO2 concentration is highly variable and 
also related to changes in the O2 content of the air, the O2 measurements should be 
corrected for changes in it. Therefore concurrent measurements of CO2 are always required 
together with O2 measurements. 

Equation 1.2 only corrects for changes in the CO2 content and not for changes in other 
atmospheric gases such as Argon (see scenarios 3 and 5 in Table 1.1). This is, however, not 
problematic in practice, as the variation of the concentration of these gases is usually very 
small. An exception is the water vapor content of the atmosphere, which is highly variable. 
Water vapor is causing a dilution effect for both CO2 and O2 measurements, but since the 
CO2 concentration in the atmosphere is much smaller than the O2 concentration, it is much 
more important for the O2 measurements than it is for the CO2 measurements, as is 
illustrated in Table 1.2. 
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Table 1.1 Six scenarios that illustrate the confusion and difficulties associated with expressing atmospheric O2 

 

The O2 mole fraction changes: 
209461
1000001 −

209460
1000000  

= 0.79 µmol/mol 

The O2 mole fraction changes: 
209460
1000001 −

209460
1000000  

= -0.21 µmol/mol 

The O2 mole fraction changes: 
209460
1000001 −

209460
1000000  

= -0.21 µmol/mol 
The O2/N2 ratio changes by: 
209461 780800
209460/780800 − 1  

= 4.77 per meg 

The O2/N2 ratio changes by: 
209460 780800
209460/780800 − 1  

= 0 per meg 

The O2/N2 ratio changes by: 
209460 780800
209460/780800 − 1  

= 0 per meg 
Using equation 1.2: 

0.79 + 0
1 − 0.20946 ∗ 0.20946 

=4.77 per meg 

Using equation 1.2: 
−0.21 + 1 ∗ 0.20946
1 − 0.20946 ∗ 0.20946 

0 per meg 

Using equation 1.2: 
−0.21 + 0

1 − 0.20946 ∗ 0.20946 

=-1.26 per meg 
per meg / ppm: 

4.77 / 0.79 = 6.04 
per meg / ppm: 

0 
per meg / ppm: 

0 or 6.05 

 

The O2 mole fraction changes: 
209461
1000000 −

209460
1000000  

= 1 µmol/mol 

The O2 mole fraction changes: 
209461
1000000 −

209460
1000000  

= 1 µmol/mol 

The O2 mole fraction changes: 
209461
1000000 −

209460
1000000  

= 1 µmol/mol 
The O2/N2 ratio changes by: 
209461 780800
209460/780800 − 1  

= 4.77 per meg 

The O2/N2 ratio changes by: 
209461 780800
209460/780800 − 1  

= 4.77 per meg 

The O2/N2 ratio changes by: 
209461 780800
209460/780800 − 1  

= 6.05 per meg 
Using equation 1.2: 
1 + 1 ∗ 0.20946

1 − 0.20946 ∗ 0.20946 

=4.77 per meg 

Using equation 1.2: 
1 + 0

1 − 0.20946 ∗ 0.20946 

6.04 per meg 

Using equation 1.2: 
1 + 0

1 − 0.20946 ∗ 0.20946 

=6.04 per meg 
per meg / ppm: 
4.77 / 1 = 4.77 

per meg / ppm: 
4.77 or 6.04 

per meg / ppm: 
6.05 or 6.04 

 

O2 ArCO2

Scenario 2Scenario 1 Scenario 3

Scenario 5Scenario 4 Scenario 6

O2

CO2

O2

Ar

O2

N2
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Table 1.2: The principle of the dilution effect on both O2 and CO2 measurements.  

 Start situation New situation Change in ppm 

Total number of molecules 1,000,000 1,000,001  

Number of O2 molecules 210,000 210,000  
Percentage O2 molecules 21 20.999979 0.21 

Number of CO2 molecules 400 400  
Percentage CO2 molecules 0.04 0.0003999996 0.0004 

In the example in the table, one molecule (in this case water vapor) is added to an air parcel 
that originally contained one million particles. The percentage of O2 or CO2 particles is 
changed with this addition of a molecule. For O2, the change is 0.21 ppm, which is 
significant, while for carbon dioxide the change is only 0.0004 ppm, which is (far) outside 
the detection limit. Drying the air before measuring it is necessary to prevent the influence 
of water vapor on the O2 measurements.  

1.5. Aims and structure of this thesis 
This thesis presents the use of atmospheric O2 measurements in CO2 leak detection from 
Carbon Capture and Storage (CCS) sites.  

Chapter 2 first demonstrates the use of multiple, relatively simple and cheap, CO2 sensors 
for CO2 leak detection of CCS sites. The strategy was applied to the monitoring of 
pipelines that transport CO2, but could also serve to monitor a potential leakage point such 
as a well in a geological storage formation.  

Chapter 3 gives an overview of the different instruments used by the Centre for Isotope 
Research (CIO) to measure atmospheric O2. Flask samples are measured on a Micromass 
Optima Dual Inlet Isotope Ratio Mass Spectrometer (DI-IRMS) to determine the O2 
concentration. An extensive overview of the calibration procedure of atmospheric O2 
measurements on the DI-IRMS is presented in the appendix of this thesis. For continuous 
measurements the Oxzilla II instrument from Sable Systems is used, which is combined 
with an instrument to concurrently measure the CO2 concentration and an extensive gas-
handling scheme. In this PhD project, a new, transportable, O2 – CO2 instrument was 
designed and built to aid in detecting leaks of CO2 from CCS sites. The new instrument 
was based on the existing continuous O2 – CO2 instruments of the CIO, but has several 
important changes to make it transportable. This is all illustrated in the chapter.  

In chapter 4 the use of the new, transportable, O2 – CO2 instrument in detecting CO2 leaks 
from CCS sites is demonstrated by several CO2 release experiments.  

Chapter 5 presents the long-term data records of atmospheric O2 measurements performed 
by the CIO from the stations Lutjewad (the Netherlands) and Mace Head (Ireland). It 
shows the flask sampling records from the two stations (both lasting for more than 15 years 
now) and the new continuous measurements from Lutjewad station that started in 2011. 

The thesis ends with a concluding chapter. 
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Chapter 2 
 Leak detection of CO2 pipelines with simple atmospheric 

CO2 sensors for carbon capture and storage   

Abstract 
This chapter presents a field test performed with five relatively simple CO2 sensors 
(Vaisala Carbocap GMP343) that were placed for more than one year in a field in Ten Post, 
Groningen, the Netherlands. Aim was to investigate their potential use in monitoring 
pipelines transporting CO2 for carbon capture and storage. All sensors react differently on 
temperature changes which decreased signal to noise ratio for this application. The 
detection limit for leak detection was improved by a factor of 2.5 (the standard deviation of 
the average difference between two sensors decreased from 10 ppm to 4 ppm) with either 
laboratory or field data correction. Using laboratory calibration, the sensor drift requires 
that temperature response and calibration have to be re-established about every three to six 
months. Using field data for calibration is less expensive and labor-intensive, but has also 
several drawbacks, like the requirement of sufficient variability of the atmospheric 
parameters during the calibration period and the risk of “correcting” an actual leak during 
cross calibration. A release test of CO2 showed that a leak of  >3 g s-1 would be easily 
detectable with sensors placed in a 70 m grid.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter has been published as: van Leeuwen, C., Hensen, A. and Meijer, H.A.J. (2013) – Leak 
detection of CO2 pipelines with simple atmospheric CO2 sensors for carbon capture and storage – 
International Journal of Greenhouse Gas Control (19), 420 – 431 
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2.1. Introduction 
The carbon dioxide (CO2) concentration in the atmosphere rises (Solomon et al., 2007) and 
reduction of fossil fuel use is difficult. Carbon Capture and Storage (CCS) is therefore 
considered an important option for the coming decades to try and reduce CO2 emissions 
into the atmosphere and hence combat global climate change. In CCS, the CO2 from fossil 
fuel burning is captured, transported and stored underground (for example in a depleted gas 
field). In this way CCS helps to buy time for the necessary transition to a more renewable 
energy focused society.  

CCS is, however, not only a promising technique, it is also controversial. In several 
countries, among which the Netherlands, planned projects were cancelled due to public 
concerns. The main concern of most people is asphyxiation as a consequence of escaped 
gas in their neighborhood.  

CO2 leakage from a storage site is considered to be unlikely: chances that over 99% of the 
CO2 remains in the reservoir during 100 years are in the range of 90 – 99% (Metz et al., 
2005). Even if there is a leak, the chance of people suffocating due to extreme high levels 
of CO2 as a consequence is even more unlikely. The maximum allowable concentration 
(MAC), also known as Threshold Limit Value (TLV), is 0.5 volume percent in both the 
European Union and the United States (8-hour time weighted average). For short exposure 
times (15 minutes), the concentrations can be 1.5 to 3.0 percent without health danger 
(Croezen et al., 2007). These levels are almost two orders of magnitude above normal 
atmospheric concentrations that vary between 390 and 500 ppm. Concentration levels in 
the vicinity of a CO2 source depend both on the source strength and on the level of mixing 
in the atmosphere (i.e. the weather conditions).  

In general, selected reservoirs in stable sedimentary basins will provide successful and 
secure storage of CO2. Abandoned gas fields for example contained natural gas for millions 
of years, which makes it likely that CO2 can be stored safely for a very long time too – 
although CO2, unlike CH4, can become chemically active under storage conditions 
(Bolourinejad and Herber, 2015). The risks for leakage at a storage site are expected to be 
at the human-made parts: the injection wells and old abandoned wells used for gas 
production (Croezen et al., 2007). As such, monitoring efforts are focused on these 
locations. 

This chapter evaluates an atmospheric monitoring program for pipelines transporting CO2. 
Pipelines have an excellent safety record in general, but leakages do occur regularly by 
outside force such as damage by excavators (as pipelines usually lie on or just beneath the 
surface). Other reasons for damage are corrosion (CO2 at high pressures is corrosive, 
especially in combination with water), welding and assembly faults and valve failure (Metz 
et al., 2005). CO2 is non-flammable but since the gas is transported under high pressure it 
can explode. The induced pressure wave might injure or even kill people in the proximity 
of a ruptured pipe (OCAP, 2013).  

Sudden, big leaks from pipelines will be easily noticed. Pipelines are equipped with 
emergency shut down valves that will close in case the pipe suddenly drains, to ensure that 
the amount of escaped CO2 remains limited (OCAP, 2013). An atmospheric monitoring 
program is therefore not required for finding big leaks that pose an immediate threat for 
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humans, but is necessary to detect small leaks in an early stage before they gradually 
evolve into unacceptable situations. This is not only useful in terms of safety, but also in 
terms of climate change mitigation. For CCS to be useful, leakage in the total chain must 
be kept to a very low level. Leakages in transport have to be incorporated into the total CO2 
capture efficiency at the source. As capture is costly, both in terms of energy and money, 
there is a clear incentive to keep leakages in transport and during injection as small as 
possible. Once stored, even small leakages on a yearly basis add up over the decades / 
centuries to unacceptable levels in climate change mitigation terms (also given the fact that 
capture leads to 14 – 30% more energy consumption, and thus more CO2 production, in the 
first place (Hammond et al., 2011)). Depending on the chosen time window and total 
amount of stored CO2, leakage rates of the injected CO2 should be kept below 0.1% and 
preferably even below 0.01% per year to allow stabilization of the atmospheric CO2 
concentration (Enting et al., 2008; Haefeli et al., 2004).The natural variability of the CO2 
concentration is considerable: day-night changes from below 400 to over 450 ppm and 
back are quite normal, as are changes of 10 ppm within an hour. Leak detection of CO2 in 
the free atmosphere is therefore not straightforward. Atmospheric monitoring programs for 
CCS sites, or plans for these programs, usually consist of one measurement location with 
high precision (and thus expensive and labor-intensive) measurements of CO2 and all kinds 
of tracers (Etheridge et al., 2011; Fessenden et al., 2010; Jenkins et al., 2012; Spangler et 
al., 2009). As this is not a viable option for pipeline monitoring, we present a different 
approach in this chapter. 

Our leak detection strategy uses a network of relatively simple CO2 detectors at relative 
short distance (50-100 m) from each other over the whole length of the pipeline. Although 
the temporal gradients of the CO2 concentration in the atmosphere are high, spatial 
concentration gradients tend to be small. If there are no local CO2 sources, such as a leak, 
the monitored concentration of all detectors within a certain distance varies in the same 
way. If there is a leak, however, the detector(s) closest to it will show a significantly higher 
CO2 concentration than other detectors in their vicinity. The leak sensitivity of such a 
system now depends on several parameters: the geometry of the detector positions around 
the pipeline (most important feature is their mutual distance), and the detector characteristic 
short-term precision and especially long-term drift. Finally the design of such a system will 
always be a compromise between leak detection level and price, where the latter also 
includes the necessary number of maintenance and surveillance hours for the system.  

This chapter is twofold. First, it evaluates the performance of a relatively cheap and simple 
atmospheric CO2 sensor (the Vaisala Carbocap GMP343) with which we had ample prior 
experience. We assessed if the sensors are capable of operating for a long time without 
extensive calibration procedures or other maintenance and what their precision and long-
term accuracy would be. Section 2 describes the test site, the operating principles of the 
instrument, our thorough test of the CO2 detector and our two calibration strategies. Section 
3 starts with the results of our field test of five such CO2 detectors under natural conditions. 
After this, the results of a CO2 release test are presented. We end with a discussion and 
conclusions considering the feasibility of using these sensors for pipeline leak monitoring.  
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2.2. Materials and methods 
For this project a sensor was required that is robust, maintenance free, easy to use, accurate 
and not too expensive. There are many different sensors available on the market for CO2, 
for various applications, varying in their precision, accuracy, robustness and price. This 
project required a sensor that first and foremost is robust enough to operate outdoor year 
round. Based on our previous experiences in the EU-funded schoolCO2web network 
(Carboschools), the Vaisala Carbocap GMP343 (0 – 1000 ppm) (Vaisala Finland) detector 
meets this requirement, while its price is still acceptable (about 2200 Euros in 2012). 
According to factory specifications, a noise level of ±1 ppm (30s averaging) is claimed, 
which is confirmed by our previous experience. Its accuracy, the influences of temperature 
and pressure on the reading of the instrument, and most importantly the long-term drift of 
the instruments were investigated in our field test project, which lasted over a year. 

2.2.1. Site description 

The site we used for our field test is owned by the Dutch oil and gas company NAM and 
located close to the village of Ten Post, in the province of Groningen in the north of the 
Netherlands. The site is flat and the surroundings are mostly agricultural and grass lands. 
Since the site is a gas production site, there is a gas flare stack in the proximity of the 
sensors. During normal operation, the gas flare stack is not in use. There are no big towns 
or busy roads nearby. The test field is shown in Figure 2.1. The red line in the middle of the 
field indicates our fictitious pipeline.  

         

Figure 2.1: Our setup at the gas production site in Ten Post. Left: map of the setup. The five CO2 sensors are 
numbered 0 to 4 in the figure. The red dotted line indicates a part of the service road around the site that was used 
for additional measurements with a mobile CO2 analyzer during a release test. The black dot indicates the point of 
release during this test.  Right: one of the sensors connected to a lamppost (no cables attached).  

The setup scheme of our detectors was first studied in a sensitivity study using a simple 
Gaussian plume model. The model uses: 
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With 

σ! = A*x!*z!!.!*T!.!"

 σ! = C*x!* 10*z! !.!"*$ 

E = x!!.!!

 Where x is the distance along the plume axis, y the axis perpendicular to the plume axis, z 
the height of the detector above ground level set to 3 m, Q the source strength in g CO2 s-1, 
u the wind speed in m s-1, and hs the height of the emission here set at 1 m. σy and σz are 
dispersion parameters that depend on distance to the source, on the degree of turbulence of 
the atmosphere, the roughness length of the surface z0, and on the timescale T used for 
averaging. A, B, C and D are dependent on the stability class (Pasquill, 1974). The model is 
easy to program (we have produced versions in Visual Basic and in R with identical 
results). The model accounts for reflection of the plume at the ground level. No correction 
is needed for reflection at an inversion layer, because of the short distances between source 
and receptor. 

A simulation was done for a 50 m sensor grid around a virtual pipeline. The model was 
used to generate a virtual time series that would have been observed at the receptors with 
meteorological input of a dataset obtained at the Cabauw (KNMI) site in the Netherlands. 
Simultaneously recorded CO2 concentrations at the same site were used as a background 
time series to introduce the actual observed variability in the CO2 level. Instrument noise 
and the uncertainty in the background could be added to these time series. This model setup 
was used to assess what concentration levels could be expected at various levels of CO2 
leakage in different meteorological conditions and at multiple distances (Hensen and Lub, 
2010). 

Because our site contained lampposts in a grid of 70 meters, it was decided to use this 
configuration. The five sensors are numbered 0 to 4. There is a service road around the gas 
production site (only for authorized vehicles). The dotted red line on the northeast part of 
this road indicates a track that was used for additional measurements with a mobile CO2 
analyzer in a truck during a CO2 release test. The black dot in the figure indicates the point 
of release, our “leak”, during this test. The wind rose around it gives the orientation and 
distances (in 20 meter steps).  

The sensors were attached to the lampposts at a height of around 3 meters, as shown in the 
right picture in Figure 2.1. The lampposts are arranged in two rows, 70 meters apart from 
each other. Sensor 0 and 1 are 140 meters apart, sensor 0 and 3 about 100 meters.  

At the position of sensor 0 a computer and a meteorological station (Vaisala All weather 
WXT520) were installed. The meteorological station measured wind speed and direction, 
pressure, temperature, relative humidity and the amount of precipitation. All five CO2 
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sensors also measured temperature. Sensors 1 to 4 had a wireless connection with the base 
station while sensor 0 was directly connected to the pc at the base. 

The sensors were first installed on 16 June 2011, connected on 24 June 2011 and removed 
again on 19 September 2011 for calibration in the laboratory. On 4 November 2011 they 
were back in place and they have been running more or less continuously until 19 
September 2012. 

2.2.2. Operating principle and characteristics of the CO2 sensors 

The Carbocap GMP343, like most CO2 sensors, uses the infrared spectrum of CO2. The 
sensor is a non-dispersive infrared (NDIR) single beam, dual wavelength sensor. The 
infrared detector is placed behind a Fabry-Perot Interferometer (FPI), which is tuned 
electrically to change back and forth between two wavelengths: one in which CO2 absorbs 
infrared radiation (4.26 µm) and a reference band (3.9 µm). It takes two seconds to measure 
and calculate one reading (Vaisala, 2007).   

The Vaisala Carbocap GMP343 specifications indicate an accuracy of ±3 ppm + 1% of 
reading at 25°C and 1013 hPa. The noise level is determined to be ±1 ppm with 30 seconds 
output averaging at 370 ppm (Vaisala, 2007). Besides these random accuracy limitations, 
weather conditions also influence the instrument. To correct for their effect on the 
measurements, the manufacturer developed an algorithm to translate the CO2 
measurements to the CO2 concentration at “standard” atmospheric conditions, being 25°C, 
1013 hPa, 0% relative humidity and 21% oxygen. Within this algorithm, the parameters for 
the temperature correction are sensor-specific whereas the parameters for the compensation 
for pressure, oxygen and humidity are supposed to be universal. The influences of pressure 
and relative humidity are in part easy to understand, since the measurement method is 
actually detecting the total number of CO2 molecules present (which again is a function of 
both relative humidity and pressure). Spectroscopical effects (like absorption line 
broadening as a function of pressure and water vapor absorption) are likely to be secondary 
effects only.  

The temperature dependence, however, will be complicated, as this depends on the exact 
interplay between the detectors spectral sensitivity and the temperature dependence of the 
absorption of specific lines in the 4.26 µm CO2 absorption band. It is therefore not 
surprising that the temperature dependence will be sensor-specific.  

As the measured quantity by the detector is relative transmission, which is exponentially 
related to the number of CO2 molecules present, the CO2 concentration itself will influence 
the corrections as well.  

2.2.3. Correction methods 

The Centre for Isotope Research at the university of Groningen has ample experience 
(since 2005) with the Vaisala Carbocap GMP343 for atmospheric measurements from its 
deployment in the SchoolCO2Web network (Carboschools, 2013; van Leeuwen, 2010). Our 
experience with the instrument was that it has excellent robustness and durability in outside 
air, but also that the factory correction algorithm for temperature, pressure and humidity is 
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not useful at all for ambient atmospheric conditions. Before starting the present field test, 
we reexamined this latter finding.  

An experiment was performed from 21 January 2011 to 24 January 2011 on the roof of the 
university. Two uncalibrated Carbocap GMP343 sensors were co-located to study their 
behavior in time. As expected, the raw, uncompensated, signals did not only differ, but this 
difference also varied with temperature. The correction algorithm will not remove the 
average difference (which is caused by differences in calibration), but should remove, or at 
least considerably reduce the temperature dependence. Figure 2.2 shows the difference 
between the two sensors in time, both for the raw data (grey) as well as for the data that 
were corrected by the default correction of Vaisala (black). The correction algorithm 
changed the absolute signals of both sensors but not their difference. The temperature 
dependence was thus not removed.   

 

Figure 2.2: Results of the experiment in January 2011. Grey: difference between the two sensors in the raw data. 
Black: difference after applying the default correction of Vaisala. Red: temperature registration of the sensors.  

The differences observed in this experiment were well above the factory-specified level of 
±2 ppm. The observed behavior of the sensors in this experiment is typical for these 
sensors (we have tested many copies in the past years), and similar influences were thus 
expected for the five sensors in our field test. 

The leak detection system might trigger an alarm when sensors show erroneous differences 
like in Figure 2.2. To implement a viable leak detection system, such effects must thus be 
avoided.  

The first option to achieve that is to calibrate all sensors and characterize them individually 
in terms of temperature, pressure and relative humidity dependence in a laboratory setup. 
Although drift of the sensors over time will still have an influence, at least the starting point 
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will be the same, and a well-calibrated, “true” result will be delivered initially. This is a 
labor-intensive and expensive procedure. The second option is characterization and 
calibration while deployed with field data. This saves both time and money but there are 
several drawbacks. With this method, one of the sensors, or an ensemble average, should 
be chosen as the true value. The absolute level of this concentration will have an 
uncertainty and cross calibration of the sensors in a network assumes air concentration 
homogeneity. For a small area, such as our test field, and in the absence of significant 
sources this condition will be fulfilled. With larger areas cross calibration will have to be 
done in sub areas of the network. A source in the proximity of several sensors in 
combination with changing weather circumstances might then influence the calibration. 
Cross calibration should not somehow “correct” the effect of an actual leak. 

Another important point is that one needs a certain level of variability of the atmospheric 
parameters (temperature, pressure and relative humidity) during the chosen calibration 
period, but at the same time has to avoid covariation of several of them with the actual CO2 
concentration. When the calibration takes place during a few days in which the temperature 
and pressure do not vary much, it is unlikely that the correction algorithm found is also 
applicable in other atmospheric circumstances. 

For our field test, both methods were used. The influence of oxygen variability (which is 
extremely small in the relative sense) has been ignored. Relative humidity changes did, 
somewhat surprisingly, hardly influence the registered CO2 concentration. Laboratory tests 
confirmed this. Apparently the dilution effect and spectroscopic effects of water vapor 
cancelled each other out to a large degree (van Leeuwen, 2010).  

2.2.3.1. Laboratory correction 

For a laboratory calibration, a setup was developed at the Centre for Isotope Research in 
which the Carbocap GMP343 sensors could be calibrated and characterized for pressure 
and temperature. The setup consists first and foremost of a gas cylinder containing dry air 
with an in-house calibrated CO2 concentration expressed on the international WMO scale. 
In the process of calibration of the sensors for this project, two cylinders have been in use: 
431.6 ± 0.1 ppm for sensor 2 and 389.8 ± 0.1 ppm for the other sensors. A valve, a mass 
flow controller, a leak-tight, heated, PVC tube placed in a freezer and a pump complete the 
system. The sensor is placed in the PVC tube. Air from the cylinder is flowed through the 
pipe where a fan mixes the air. Pressure and temperature can be set.  

To determine the pressure correction, the temperature was kept constant at 25°C, and the 
CO2 concentration was measured at different pressures (between 918 and 1063 hPa). 
Changes in the sensor output were now due to pressure changes only. One pressure 
correction was determined and applied for all sensors.  

For temperature, an individual correction parameter was determined for each of the five 
sensors. The CO2 concentration was measured at different temperatures (ranging from 0°C 
to +30°C in steps of 5°C) for about 45 minutes per temperature. The pressure could not be 
kept constant during these characterizations but its influence was removed by applying the 
pressure correction that was found before. After this, the changes in the sensor output were 
due to temperature changes only. 
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The measured CO2 concentration at 1013 hPa and 25°C was used to determine an 
individual calibration parameter. The final correction formula is: 

 CO!C = CO!M*
1

1 + A* P!1013 * 1
1 + B* T!25 *C Equation 2.2 

In this equation, CO2C is the calibrated CO2 concentration, CO2M is the measured 
concentration, A is the correction parameter for pressure which is the same for all sensors 
and found to be 0.0011141, P is the pressure (in hPa), B is the correction parameter for 
temperature which is different for each sensor, T is the measured temperature (in °C) and C 
is the calibration factor which is also different for each sensor. 

2.2.3.2. Field data correction 

For the field data correction, a period was chosen for a multi linear regression. In the 
procedure, one sensor was chosen as a reference (another option would be to choose an 
ensemble average as the reference) and the measurements of the other sensors were cross-
calibrated according to: 

 
CO2R = A + (B * CO2M) + (C * T) + (D * P) + (E * CO2M * T)  

+ (F * CO2M * P) + (G * T * P) + (H * CO2M * T * P) 
Equation 2.3 

In this formula, CO2R is the reference CO2 concentration (the concentration measured by 
the sensor chosen as the reference), CO2M is the measured CO2 concentration, T is the 
temperature (in °C) measured by the sensor itself and P is the pressure (in hPa) measured 
by the weather station. The parameters A till H are the results of the multi linear regression. 
The correction algorithm is overdetermined in the statistical sense but appears to produce a 
proper and stable fit of good quality.  

In both correction methods, the raw data output from the sensor (so factory correction not 
applied) is taken as the measured concentration.  

2.3. Results 

2.3.1. Robustness of the setup 

The sensors in Ten Post have been running more or less continuously after their calibration 
and characterization in October 2011: from 4 November 2011 until 19 September 2012. 
The record gives the possibility of evaluating the sensor behavior over this rather long 
period. The sensors themselves performed well over the whole period, and thus appeared to 
be robust enough to withstand the year-round weather conditions. Data from sensors 1 and 
2, however, suffered from problems with the wireless data transmission, leading to 
considerable loss of data. Already from the start, data from these two sensors was available 
                                                             
1 This means that at a pressure difference of 10 hPa from standard (1013 hPa) the correction in the 
CO2 concentration is about 1.1%. The amount effect (perfect gas law) explains about 90% of the total 
pressure dependence, leaving the remaining 10% attributed to spectral effects (van Leeuwen, 2010). 
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for only 75 – 90% of the operation time. In May 2012 the situation suddenly deteriorated 
strongly for sensor 2: sending data now for only 10 – 25% of the operation time. Sensor 1 
did not send any data at all anymore from July 2012 onwards. The other three sensors had 
no data transmission problems at all. Sensors 1 and 2 are the farthest away from the 
receiver, which is probably the cause of the problems. The transmission problems, although 
in a sense trivial, were annoying and unexpected, because initially all systems worked fine.  

In the period after the calibration, the system in Ten Post shut down five times. Four times 
there was a power failure on the site, the fifth time a major system shut down occurred 
when the computer box had to be removed due to a site evacuation because of a flooding 
risk. No problems were encountered with the weather station. 

2.3.2. Efficiency of the corrections and calibrations 

Figure 2.3 gives the signals of the five sensors corrected with different correction methods 
in an arbitrary three-day period some time after the calibration, in December 2011. 

The laboratory correction and four different field data corrections are visible in the figure 
and can be compared to the raw data. The manufacturer’s correction algorithm is not shown 
here, as it did not significantly change the raw concentrations (as explained before). For the 
field data corrections, data from the month November 2011 were used, as this was the first 
month of operation in the field. The full month correction uses all the data available from 
this month, so from 4 November onwards. The 15-Days (half month) calibration uses the 
data from 7 till 21 November. Two different three-day periods were used: 10 – 12 and 22 – 
24 November. They were chosen from all succeeding three-day period options in 
November 2011 as their combination forms a clear example of the large influence the 
chosen calibration period has when using only three days.  

The arbitrary chosen period from 22 to 25 December 2011 is representative for the first 
months after the calibration. The laboratory correction and the field data correction that 
uses the full month November perform equally well. The correction with 15 days (half 
month) is acceptable but gives slightly lower quality. The performance of the three-day 
corrections is more or less random: it is highly dependent on the atmospheric circumstances 
of those three days. Using the period 10 – 12 November for the correction, sensor 1 
becomes a significant outlier. When the data of 22 – 24 November are used, this is not the 
case for sensor 1 but instead for sensor 0. Because sensor 0 is regarded as the “true” sensor, 
all other sensors are thus collectively corrected in the wrong direction. 

The fact that sensor 1 becomes an outlier in one case is not surprising. During the 
characterizations in the laboratory, sensor 1 appeared to be different in its behavior 
compared to the other sensors. In general a negative relation between the CO2 
concentration reading and the temperature was found. For sensor 1, however, this relation 
was positive. While for the laboratory correction algorithm this merely leads to a positive 
instead of a negative coefficient (B in equation 2.2), this deviant behavior apparently could 
not be determined well enough with a field data correction using only 3 days. 
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Figure 2.3: A typical result of the CO2 signals achieved with the different correction procedures available: the raw 
data, the laboratory correction and four different field data corrections. For these last methods, data from 
November were used: the full month, 15 days and two times three days. 

Figure 2.4 gives an overview of the behavior of the different correction methods in time. 
They are compared to the raw data. The upper graph gives the average of the difference 
between all unique pairs of two sensors per month throughout the whole experiment. The 
lower graph gives the accompanying standard deviations. 

Figure 2.4 shows that the field data correction we have performed is highly dependent on 
the specific sensors and the atmospheric conditions during the chosen period. Three days 
are not sufficient in any case, as was clear already from Figure 2.3. Field data corrections 
with other three-day-periods (not visible) showed similar results. 
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Figure 2.4: Top: the average of the difference between all unique pairs of two sensors per month, for five different 
methods and the raw data. Bottom: the accompanying standard deviations. 
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The field data correction with 15 days (half month) gave reasonable quality. For the 
average of the difference between all unique pairs of two sensors, this correction 
surprisingly worked out best in the end of the period that was studied. The standard 
deviation, however, is relatively high for this method, and above the standard deviation for 
the field data correction of the full month and the laboratory correction. 

The laboratory and full month field data correction might be considered as equally well 
although in the long term the laboratory correction appears to work out better. The 
correction of the manufacturer did not significantly change the raw signals and its results 
are thus not displayed.  

The standard deviation of the difference between two sensors is indicative for the noise in a 
difference signal. When looking for a leak, a sensor will be compared with the local 
background concentration, deduced from the other sensors nearby. The wider the noise 
band of this difference is, the more difficult it becomes to find a leak. Because of this, the 
standard deviation of the difference (being the bandwidth) between two sensors is more 
important than the absolute difference. With this in mind, the laboratory and full month 
field data correction are the best options for correcting the raw signals. We can conclude 
that at least in the first half year, the two correction methods improve the sensitivity for 
leaks considerably (on average around 45% in the first four months). After about eight 
months, however, these corrections are not beneficial anymore compared to the raw signal 
of the sensors.  

Figure 2.4 clearly shows that the sensors are significantly drifting over time, both in the 
absolute sense and in their temperature dependence, which is indicated by the growing 
standard deviation of the difference. The factory specifications report a long-term stability 
of less then 2% of reading per year in “easy” operating conditions. For “moderate” or even 
“harsh” operating conditions this is less than 2% of reading per six months or even three 
months respectively (Vaisala, 2007). According to the specifications of the company, the 
conditions in our field test were easy. If we assume “moderate” conditions with an average 
CO2 concentration of 400 ppm to test our worst-case scenario, sensors are supposed to drift 
at most 8 ppm in half a year time. This implies a typical average difference of 11 ppm (√2 
* 8) after half a year.  

Figure 2.5 illustrates the drift of the difference between the unique sensor sets in time 
(laboratory correction), based on an average difference for each month. The average in 
Figure 2.4 is based on this. 

The conclusion is that the drift over time is bigger than the factory specifications allow. In 
November 2011, just after the calibration in the laboratory, differences were small, with an 
absolute average difference of 1.7 ppm. In June 2012 this absolute average difference for a 
pair of sensors had increased to 18.5 ppm, above the expected value of 11 ppm in our 
above-mentioned worst-case scenario. In August 2012 the absolute average difference 
increased further to 22.1 ppm for the remaining sensor combinations. 

Figure 2.4 gives a good indication of the behavior of this type of sensor. Of course, the 
numbers are dependent on the chosen sensor set and the data loss of sensors 1 and 2 thus 
also influence the final values. Nevertheless, the results are robust enough to be generally 
valid for this type of detector. 
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Figure 2.5: The drift between all unique pairs of sensors in Ten Post. For every month, the laboratory correction 
signals were subtracted from each other and averaged. 

Based on our findings, we would need a new laboratory calibration every three to six 
months, depending on the required accuracy and precision. As can be seen in Figure 2.4, 
the average standard deviation does not change much in the first three months after the 
calibration and temperature characterization, so a higher frequency would not improve the 
detection limit of the system. Instead of a laboratory correction, one could consider the use 
of field data to do the calibration and temperature characterization. A month could then be 
used to calibrate and characterize the next month in a moving average technique. 

2.3.3. Release test 

On 24 January 2012 a release test was performed at the site in Ten Post. A total of sixteen 
cylinders with pure CO2 gas (37.5 kg per cylinder) were placed on the site and around 10 g 
s-1 CO2 as released. The black dot in Figure 2.1 indicates the point of release. 

The release started at 11:00 hours and based on the content of the cylinders and the flow 
lasted for 16 hours. Unfortunately the wind speed dropped below 1 m s-1 from 17:00 
onwards. At wind speeds lower than 1 m s-1, the behavior of the plume of CO2 is hard to 
predict. Because of that, only the time between 11:00 and 17:00 has been evaluated. Even 
during this time the wind speed was much lower than the Dutch average (2011) of 4.8 m s-1 
(KNMI, 2012). Figure 2.6 shows the wind speed and wind direction (see Figure 2.1 for the 
wind rose) during the release test. 

During the release, the wind direction was such that one would expect to see the plume of 
CO2 mainly at sensor 0 (at wind directions around 250/260° and also closest by) and partly 
at sensors 1 and 3 when the wind turned.  
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Figure 2.6: Left: the wind speed during the release test with wind speeds lower than 1 m s-1 indicated in grey. 
Right: the wind direction during the release test.  

Figure 2.7 shows the measurements (corrected with the laboratory correction) during the 
release test. It shows the expected increase at sensor 0 at the beginning of the test and again, 
but smaller, around 16:00. For sensor 3 there is also a small increase visible around 15:00 
and around 16:45. For sensor 1 no clear increase is visible in this figure, which was 
unexpected. Sensor 3 gives a significantly lower concentration than the other sensors. As 
can be seen in Figure 2.3, it was already lower in December. Apparently this difference 
increased in the month that followed.  

 

Figure 2.7: The measurements (laboratory calibrated) during the release test on 24 January 2012 
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A Gaussian plume model was used to predict the enhanced CO2 concentration at the sensor 
positions. As expected, no increase was visible at sensors 2 and 4. They can be considered 
as background sensors during the test. The measured CO2 increase of a sensor is now 
defined as the difference with the background level: the CO2 concentration measured at one 
of the background sensors. In our case sensor 4 was used as the background sensor. An 
average of all the background sensors can also be used but this had no effect on the results 
in our case. Figure 2.8 shows the modeled and measured CO2 increase for sensor 0.  

 

Figure 2.8: The output of the Gaussian plume model for the position of sensor 0 and the measured CO2 increase of 
sensor 0 (the difference between sensor 0 and background sensor 4).  

The model corresponds reasonably well with the measurements, both in time and in the 
height of the CO2 increase, although the increase around 16:00 is higher in the model than 
in reality. Part of this can be explained by the low wind speed during the test causing 
difficult determination of the wind direction and unpredictable behavior of the plume. A 
slight adaptation of the wind direction for example already makes the model more 
consistent with the measurements for this time. 

For sensor 1 and sensor 3, the model only shows an increase for the second half of the 
afternoon, and unfortunately this is exactly at the times around 15:00 and 16:45 when the 
wind speed was the lowest (Figure 2.6). Figure 2.9 shows the modeled and measured CO2 
increase of sensor 3 (corrected for the offset of sensor 3 with sensor 4). The measured 
increase in the CO2 concentration at this sensor corresponds well with the modeled increase, 
at least in time. The model however predicts a concentration that is higher than the 
observed one, especially for the peak around 15:00.  

Figure 2.10 shows the modeled and measured CO2 increase of sensor 1. As was discussed 
before, sensor 1 has deviant temperature dependence. This is clearly visible in the figure. 
The measured CO2 signal is not constant for most of the time, as was the case for both 
sensor 0 and 3. The temperature, plotted in the same figure, suggests that the temperature 
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correction algorithm is not valid at the time of the experiment. This changed behavior of 
the sensor leads to extra noise that prohibits the detection of the peak from the released CO2.  

 

Figure 2.9: The output of the Gaussian plume model for the position of sensor 3 and the measured CO2 increase of 
sensor 3, slightly corrected for the offset. 

 

Figure 2.10: The output of the Gaussian plume model for the position of sensor 1 and the difference between the 
measured concentration at sensor 1 and background sensor 4 (including a correction for the offset of sensor 1). 

A field data correction with data from shortly before the release test might (at least partly) 
solve the problem but unfortunately only seven days of data were available due to the 
evacuation of the site in January. Using these data did not improve the signal. Using sensor 
2 as the background instead of sensor 4 did also not significantly change the results.  
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To provide us with more information about the exact position and shape of the CO2 plume, 
mobile CO2 measurements were done during the release test, from a truck driving on the 
road indicated with a red dotted line in Figure 2.1 with its front pointed towards the 
southeast. The CO2 concentration was measured with a LICOR 6262 non-dispersive 
infrared monitor, which is much more precise (0.1 ppm at 1 Hz) than the GMP343. The 
tube was attached to a boom that was held outside the truck to minimize the influence of 
the truck itself. Different inlet heights were used during the experiments.  

Figure 2.11 shows the mobile measurements (left) and the corresponding model output 
(right). The measurements and model outputs are expressed on a relative scale since the 
GPS (Garmin 76 with 2 Hz output) could not determine the position of the truck precise 
enough.2  When driving back and forth the truck was not turned, to keep the truck engine 
exhaust on the leeside of the vehicle. Still during these backward trips, a small CO2 peak 
was visible every time in the beginning (not visible in the figure), caused by the exhaust of 
the truck itself, despite the use of the boom for the air inlet.  

       

Figure 2.11: Left: truck measurements. Right: the corresponding model outputs. Plumes measured during driving 
forward are indicated with an f and grey-coloured. The backward trips are in green and indicated with a b. 

The measured peaks give an indication of the plume of CO2 on the road. They corroborate 
the Gaussian shape of the plume. The width of the plume is hard to determine from the 
measurements as this is based on the GPS measurements, which were not very precise. The 
spread in height is wider in the measurements than in the models. There is, however, no 
clear relationship between the height of the air inlet and the measured concentration. This 
was expected as the measurements were done in the middle of the afternoon when the 
atmosphere is well mixed and CO2 is not accumulating at the ground.  

During the test the CO2 source was known to be 10 g s-1. Without any knowledge about the 
size of the CO2 source, the leak would have been estimated between 8 and 13 g s-1, based 

                                                             
2 To illustrate this poor determination of the location: the measurements of the truck suggested a road 
width of around 28 meters whereas it is about 6 meters at most in reality 
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on the measurements of only the five sensors, the Gaussian plume model and the exact 
location of the source. Sensor 0 appeared to be essential: without this sensor the leak would 
have been estimated substantially lower, typically between 2 and 8 g s-1.  

In real monitoring applications the source location will also be unknown. Inverse modeling 
can then show what potential leak position gives the highest correlation with the actual 
measured peaks in the CO2 concentration. The modeling exercises done previous to this 
field test showed that a source above 3 g s-1 can be located within 10 – 20 m (Hensen and 
Lub, 2010). The latter finding is of course depending on the sensor density of the network: 
a higher sensor density will improve the determination of the source position. 

2.4. Discussion and conclusions 
Aim of this work was to investigate if the use of relatively simple atmospheric CO2 sensors 
would be a sufficient tool for monitoring pipelines transporting CO2 (in connection with 
CCS). For this, five sensors were placed in a field in Ten Post in the north of the 
Netherlands for more than one year. The sensors appeared to be robust enough to stand the 
year-round weather conditions, but drifted much more than the manufacturer’s data sheet 
specifies: after half a year, two sensors differed on average 18.5 ppm, which is much more 
than the 11 ppm that was expected in the worst-case scenario of the manufacturer. It was 
known that the sensors show an individual strong dependence on temperature, which the 
factory correction algorithm failed to correct for. A laboratory calibration and 
characterization for temperature and pressure was performed and compared with similar 
corrections determined from field data. A correction algorithm based on field data of a full 
month appeared to be of equal quality as the laboratory correction. In both cases the 
average 1σ standard deviation of the difference between two sensors decreased from 
around 10 to 4 ppm, which can be seen as an improvement by a factor 2.5 of the sensitivity 
for leaks. Unfortunately, this improvement gradually deteriorated and had disappeared after 
six months, meaning that frequent calibration and temperature characterization is required. 

There is a limited set of relatively low cost sensors available that can be used for leak 
detection monitoring along pipelines (or in a fence line application around CO2 treatment 
facilities of whatever kind). It is very likely that other, often even simpler CO2 sensors 
show similar or worse problems in calibration and temperature dependence. 

A release test of several hours showed that a leak of 10 g s-1 is easily visible on sensors 
nearby (around 37 m) when the wind direction is ideal. Even without a calibration and 
temperature characterization the leak would have been easily visible at sensor 0 in our 
release test. In case the increase of the CO2 concentration at the location of a sensor is only 
10 ppm or less, a calibration and temperature characterization are required to detect it – as 
this brings the noise band of the difference between two sensors down from around 10 to 4 
ppm. In our release test this is illustrated by sensor 3. This sensor showed a maximum 
increase of 10 ppm, which thus would not have been visible in the raw data. For some 
sensors, applying a calibration and temperature characterization is still not enough to detect 
an increase of 10 ppm compared to background sensors nearby. A Gaussian plume model 
predicted an increase of around 10 ppm CO2 at sensor 1 but as this sensor was of poor 
quality, no increase could be noticed on top of the wide noise-band.  
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In our release test the leak position and wind direction were such that the emitted CO2 
arrived at the nearest sensor. In a real case this can be – or is even likely to be – different. 
In that case the only indication one would have for a leak comes from sensors further away 
that thus show a lower CO2 increase compared to the background. Also in case the leak is 
smaller than in our release test, the increase at the sensors that need to be detected is 
smaller. It is therefore absolutely necessary to calibrate and characterize the sensors for 
temperature dependence. Sensors returning poor quality results during testing should not be 
used for CO2 leakage monitoring in the field if possible. We estimate – based on our 
findings during the field tests and Gaussian plume modeling – that a system with high 
quality, calibrated and temperature characterized sensors placed in a 70 m grid will be able 
to detect leaks > 3 g s-1.  

The ability to find a leak with this strategy is not only dependent on the sensors and their 
calibration, temperature characterization and mutual configuration, but also on the weather 
circumstances. Due to time and money limitations, we were able to do only one release test 
during our measurement campaign. The background concentration of CO2 was stable 
during the release, making it relatively easy to find a leak. When the background 
concentration is not that stable it might be more difficult to detect an increase of the CO2 
concentration, especially when the sensors are not well calibrated. This can be the case 
during the night, when the atmosphere is generally less well mixed and gases accumulate 
close to the ground. Although this might deteriorate the leak detection limit due to 
differences between sensors, leak detection at night can also be easier, for the same reason. 
The emitted CO2 from the leak is also accumulating close to the ground, causing a higher 
perturbation for the same flow rate at night, compared to daytime. This principle is clearly 
illustrated in chapter 4 of this thesis, where several longer CO2 release experiments were 
performed to demonstrate another leak detection strategy. If the sensors show exactly the 
same pattern (e.g. perfect temperature correction), a variation in the background 
concentration will not lead to any difference and the rate of change in CO2 concentration 
does therefore not play a role. In that case, leak detection at night is only advantageous. 
The method will in principle work year-round, as the CO2 concentration can be very stable 
during the day, both in summer and winter. Low wind speeds, such as during our release 
test, can however be problematic. The time needed to confirm that there is a leak will 
therefore vary strongly. 

Based on our experiences, deploying a monitoring system should start with a thorough 
calibration and characterization of the sensors in a lab situation. In such a way, one can 
avoid deploying sensors with deviant behavior, and the system starts in the field with well-
calibrated measurements for all sensors, for the first month. From then on, proper 
calibration and characterization should be maintained by a "moving average" kind of 
approach, in which sensors are calibrated with field data on a daily basis using the last 
month of ensemble data of the subset of sensors close-by. In this way the average 
differences between sensors, and their standard deviation, can be kept minimal for an 
extended period of time. Nevertheless, in the course of time, the various subsets will 
inevitably collectively deviate from the true values. Also, since the readings of the different 
sensors will deviate more and more as time goes by, the field data calibration will become 
less successful, leading to larger standard deviations and, thus, lower detection limits. 
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Furthermore, the strategy as a whole bares a risk that a leak is mistreated as being a change 
in, for example, the temperature dependence of a sensor, or vice versa.  

Therefore, continuous Gaussian plume calculations for all sensors, assuming imaginary 
leaks at many positions, and using the wind speed and wind direction data should also be 
performed. In that way the (wind-dependent) leak sensitivity of the system is continuously 
computed, and on-line comparison between the modeled and true sensor measurements can 
be made on a continuous basis. A possible addition to the system could be to place one or a 
few accurate CO2 sensors alongside the track. In this way the true CO2 concentration can be 
estimated much better.  

Implementing such a complicated scheme was beyond the scope (and possibilities) of the 
present project, but the collected data enable the design of such a system. Another year of 
monitoring, including multiple release tests, also during summer, could bring more insight 
in the design of the system. 

Two technical issues that should be addressed are the wireless data transmission and the 
total shutdown of the system after a power failure. Due to these issues considerable data 
loss occurred, also because no immediate access to the site was available. A real 
monitoring and surveillance system should of course have a power backup system. The 
wireless data transmission system should be more reliable and has to be tested extensively 
before deployment in the field.  

For the configuration of our field test, about 8 sensors are required per km pipeline, 
meaning that this will typically cost 15,000 euros for the sensors. In addition to this, a 
weather station, computer, protective boxes and wireless data transmission system are 
required. Total costs for installation (including working hours) are estimated to be 30,000 
euros per km pipeline. The costs of a pipeline vary almost an order of magnitude, 
depending mainly on the trajectory and size of the pipe. Prices range from 232,000 to 
1,730,000 euro per km pipeline (price level third quarter of 2012) (DACE, 2012). The 
installation costs of a leak detection system like presented in this chapter thus range from 
“affordable” to almost negligible. Maintenance costs are, however, more difficult to 
estimate and compare. Nevertheless, we conclude that the price of such a monitoring 
system does not impair its implementation.  

There are several reasons to deploy a system like this. It can provide an “operator-
independent” alarm system when run indeed by an independent organization or for 
example an environmental authority. Since there is much public controversy about CCS, an 
extra independent security system might help acceptance.  

In case the pipeline is buried underground (something that was in principle not studied 
here), a slightly increased level of CO2 in the atmosphere can indicate a bigger problem in 
the ground. As CO2 is heavier than air, it can accumulate in the ground where high 
concentrations can arise (illustrated for example by Lewicki et al. (2009)). This can be a 
problem for the animals living there, for the groundwater and the plants (Croezen et al., 
2007). It is also possible that high concentrations occur in basements or caves.  

The third reason for atmospheric emission monitoring, assessing the efficiency of the 
technique, is arguably the most important one. When a reservoir or pipeline is leaking, even 
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when it is not much, the CO2 emission reduction and thus climate change mitigation will be 
reduced. Leakage rates should therefore be kept as small as possible. 
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Chapter 3 
 Instruments for atmospheric O2 measurements 

3.1. Introduction 
Atmospheric oxygen (O2) measurements are challenging and currently still only performed 
by about a dozen programs in the world (Keeling and Manning, 2014). The first 
atmospheric O2 measurements with sufficient precision started in 1989, when flask samples 
from three different sites were analyzed using an interferometric technique (Keeling, 
1988a; 1988b; Keeling and Shertz, 1992). In time several other techniques were developed, 
including mass spectrometry (Bender et al., 1994), paramagnetic analysis (Manning and 
Keeling, 1999), gas chromatography (Tohjima, 2000), a vacuum ultraviolet absorption 
technique (Stephens, 1999) and an electrochemical fuel cell technique (Stephens et al., 
2007). All techniques are differential techniques, meaning that they measure the difference 
between an air sample and a reference gas from a gas cylinder. Air samples are dried and 
stored in glass flasks to be analyzed later, or sent directly to an analyzer (Keeling and 
Manning, 2014). 

The Centre for Isotope Research (CIO) of the University of Groningen, the Netherlands, is 
one of the laboratories involved in atmospheric O2 measurements. Flask sampling for 
atmospheric O2 measurements at the CIO started in December 1998 at the atmospheric 
research station Mace Head, Ireland, followed by the atmospheric monitoring station 
Lutjewad, the Netherlands, in October 2000. The CIO also measured flask samples from 
the F3 gas production platform in the North Sea, the Netherlands (van der Laan-Luijkx et 
al., 2010a), Jungfraujoch, Switzerland (van der Laan-Luijkx et al., 2013), aircraft samples 
from Fyodorovskoye, Russia (van der Laan et al., 2014), and very recently flask samples 
are also taken at Halley station, Antarctica. The flask samples are analyzed on a Micromass 
Optima Dual Inlet Isotope Ratio Mass Spectrometer (DI-IRMS), in a similar way as 
described by (Bender et al., 1994), although the DI-IRMS of the CIO measures 
simultaneously the masses 32 (16O2) and 28 (14N2).  

In August 2008 the CIO started continuous atmospheric O2 measurements at the gas 
production platform F3 (van der Laan-Luijkx et al., 2010b). In 2011 an almost identical 
copy of this instrument was built and placed at the atmospheric monitoring station 
Lutjewad. Besides these long-term measurement programs at fixed stations, a transportable 
O2 – CO2 instrument to aid in leak detection of Carbon Capture and Storage (CCS) sites 
was also developed, as is presented in this chapter. All three systems use the fuel cell 
technique developed by (Stephens et al., 2007) for the atmospheric O2 measurements with 
the commercially available Oxzilla II instrument from Sable Systems. All three systems 
measure simultaneously the CO2 concentration of the air, which is not only necessary to 
correct for the dilution effect of CO2, according to equation 1.2, but is also essential 
information to interpret the O2 measurements. 

In this chapter, the different instruments for atmospheric O2 (and CO2) measurements at the 
CIO are presented. Section 3.2 describes the measurements of the flask samples and 
working gas cylinders on the DI-IRMS (for O2) and HP Agilent HP6890N Gas 
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Chromatograph (for CO2). Section 3.3 describes the continuous O2 – CO2 monitoring 
system at Lutjewad and the new, transportable, instrument developed to aid in CO2 leak 
detection. The performance of the instruments (accuracy and precision) is also discussed in 
these sections. 

3.2. Flask sample and working gas cylinder analysis 
Flask samples and high-pressure working gas cylinders are analyzed for several 
atmospheric gases at the laboratory of the CIO in Groningen, the Netherlands. Here we 
present the analysis and performance (accuracy and precision) of the CO2 and δO2/N2 
measurements of the flasks and cylinders. The long-term flask sample records of CO2 and 
δO2/N2 of the measurement stations Lutjewad and Mace Head are presented in chapter 5 of 
this thesis. Working gas cylinders are used amongst others as reference, calibration and 
target gases for the continuous O2 – CO2 instruments (see section 3.3).  

3.2.1. CO2 measurements: performance of the HPGC 

All flask samples have been analysed on a HP Agilent HP6890N Gas Chromatograph 
equipped with Flame Ionization Detection (referred to as HPGC) to determine the mole 
fractions of CO2, CO and CH4. The HPGC system is positioned in a climate-controlled 
room at the laboratory of the CIO and has a set-up similar to the GC-systems described by 
(Worthy et al., 2003) and (van der Laan et al., 2009). Besides flask samples, also working 
gas cylinders, used amongst others to calibrate the continuous O2 – CO2 system, have been 
calibrated on the HPGC system. All samples are calibrated against a suite of 5 primary 
standards linked to the World Meteorological Organization (WMO) X2007 scale with CO2 
ranging between 354 and 426 µmol mol-1 (ppm). These primary standards were provided 
by the Earth System Research Laboratory (ESRL) of the National Oceanic and 
Atmospheric Administration (NOAA). The measurement precision and accuracy for flask 
measurements of CO2 on the HPGC is typically <0.06 ppm and <0.07 ppm, respectively.  

Since the summer of 2013, working gas cylinders are also calibrated for CO2, CO and CH4 
mole fractions on a Cavity Ring-Down Spectrometer (CRDS) model G2401-m from 
Picarro (Inc., CA, USA) using the same suite of primary standards. We refer to (Chen et al., 
2010) for more details on the CRDS technique. The CRDS CO2 measurements of the 
working tank mixtures have a precision of <0.03 ppm and accuracy of <0.07 ppm. 

3.2.2. δO2/N2 measurements: performance of the DI-IRMS 

All flask samples and working gas cylinders used to calibrate the continuous O2 – CO2 
instruments are analyzed on the Micromass Optima Dual Inlet Isotope Ratio Mass 
Spectrometer (DI-IRMS) that is placed in a climate-controlled room in the laboratory of the 
CIO to determine the O2/N2 ratio. The measurements are performed in a similar way as 
described by (Bender et al., 1994), but our DI-IRMS measures simultaneously the masses 
32 (16O2) and 28 (14N2) of both a sample and a machine reference gas which gives δO2/N2 
as presented in equation 1.1. A suite of working gas cylinders is measured on a regular 
basis to correct for the long-term drift of the instrument. The measurements are linked to 
the international “Scripps” scale by a suite of three primary calibration cylinders in the 
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range from -805 to -258 per meg purchased from the Scripps Institution of Oceanography 
(SIO), San Diego, USA.  

A detailed description of the calibration of the DI-IRMS and an analysis of the precision 
and accuracy of the O2 measurements at the CIO can be found in the appendix of this thesis. 
Summarized, the precision and accuracy of our O2 measurements is acceptable although 
not state-of-the-art at the moment in comparison to some other laboratories. This 
conclusion, however, is entirely based on high-pressure gas cylinder measurements. The 
precision of a single measurement of a cylinder is found to be 10 – 14 per meg (based on 
the working gases of the DI-IRMS, the intercomparison measurements and the 
measurements of 153 gas cylinders). The precision of single flask measurements was found 
to be 6 per meg – a factor of two better. 

Looking only at the internal scale, the accuracy is found to be about 2 per meg or better. 
Combining this with the precision of our double flask measurements of ≈ 4 per meg, the 
flask-based time series of Lutjewad and Mace Head can be considered as very reliable. 
Sampling, transportation and storage of the flasks do, however, also play an important role 
in the final quality of the dataset. The link to the international scale is difficult to assess, 
because of problems in our laboratory associated with measuring gas cylinders. Efforts to 
the improvement of gas cylinder measurements in our laboratory are underway, and the 
first results look promising. 

3.3. Continuous atmospheric O2 measurements 
In this thesis measurements are presented from both the continuous O2 – CO2 system 
placed at Lutjewad (chapter 5) as well as from a new, transportable, O2 – CO2 system that 
was used to demonstrate the use of combined O2 and CO2 measurements in CO2 leak 
detection at Carbon Capture and Storage sites (chapter 4). In this section both systems are 
described. The design of the transportable system was based on the fixed systems at F3 and 
Lutjewad (which are almost identical). Three main things were changed to facilitate the 
transportability of the instrument: 1) the analyzers, gas handling equipment and belonging 
electronics were packed in a transportable case, 2) the calibration and reference gas 
cylinders were packed in a transportable case with special attention to the regulators and 3) 
the air-drying system was simplified and reduced in size and weight. Next to these three 
changes to facilitate the transportability, several other parts of the instrument were 
improved, such as the CO2 analyzer and the type of valves.  

In this section, the CO2 (section 3.3.1.1) and O2 (section 3.3.1.2) analyzers that are used in 
the two systems are described. This is followed by a description of the gas handling of the 
systems (section 3.3.2). Sections 3.3.3 and 3.3.4 give overviews of the transportability of 
the new system and the performance of the two instruments, respectively. 

3.3.1. Analyzers 

3.3.1.1. O2 analyzer 

Both systems use a commercially available differential fuel-cell analyzer to measure the O2 
concentration of the air. Sable Systems’ Oxzilla II O2 analyzer uses two fuel cells for 
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measuring the O2 concentration. The fuel cells consist of a lead anode, a gold cathode and a 
weak acid serving as an electrolyte. In the cells, the following reaction takes place: 

 O! + !4H! + !2Pb! → 2H!O + 2Pb!!    Equation 3.1  

The current that is generated by this reaction is linearly proportional to the partial pressure 
of the O2 concentration in the air sample. The fuel cells are user-replaceable and have a 
service life of 2 – 3 years. The temperature of the instrument is kept constant at 32°C.  

The instrument is a differential analyzer, which means that it is continuously measuring 
both the sample air and a reference gas (alternating between the two fuel cells) to correct 
for instrument drift. 

3.3.1.2. CO2 analyzers 

The original continuous O2 – CO2 systems of the CIO (placed at F3 and Lutjewad) use two 
Vaisala Carbocap GMP343 sensors to measure the CO2 concentration of the air. The 
sensors are essentially the same as the sensors used in the leak detection strategy presented 
in the previous chapter, except for the way the air is introduced to the instrument, which is 
here by a flow-through principle instead of an open path. The two sensors are built inside 
the Oxzilla instrument and placed in series with the two fuel cells. The combination is kept 
at a stable temperature of 32°C. 

      

Figure 3.1: Left: the two fuel cells of the Oxzilla instrument, measuring the atmospheric O2 concentration. Right: 
the two Vaisala Carbocap GMP343 CO2 sensors built inside the Oxzilla of the system placed at Lutjewad. The 
exits of the two fuel cells are led to the inlets of the two CO2 sensors. 

Figure 3.1 shows the two fuel cells of the Oxzilla (left) and the two built-in CO2 sensors 
(right) in the instrument at Lutjewad. 

As was demonstrated already in chapter 2, the performance of the Vaisala Carbocap 
GMP343 sensors is not very good in the free atmosphere. The present setting, however, is 
much more favorable, with constant temperature and pressure, dried air, and with a double 
differential signal, similar to that for the fuel cells. This makes their performance good 
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enough for this application, as the precision of the O2 measurements by the fuel cells is the 
limiting factor anyway. At the measurement station Lutjewad, a Cavity Ring-Down 
Spectrometer (CRDS) from Picarro performs high-precision continuous measurements of 
CO2, making it unnecessary to have a second highly precise record of CO2 at the station.  

For a stand-alone system such as the transportable O2 – CO2 system, the use of a more 
precise CO2 instrument has merits in itself. In the new, transportable, system therefore a 
single Uras26 NDIR from ABB is used instead of two Vaisala Carbocap GMP343 sensors. 
Our specific version of ABB’s continuous gas analyzer Uras26 is able to measure both the 
12CO2 as well as the 13CO2 concentration of the air. 

Uras is short for the German words UltraRot Absorptions-Schreiber and it was developed 
in Germany in the 1950s. The basic principle of the instrument hasn’t changed since. Gas 
molecules can go to a higher energy level when they absorb infrared radiation. When the 
molecules fall back into their ground state, an increase in temperature is noticed. When the 
gas is in a closed volume, a change in temperature is accompanied by a change in pressure. 
By constantly interrupting the incoming infrared radiation with a chopper, the pressure in 
the gas room is changed all the time. With a membrane or microphone this pressure signal 
can be translated into an alternating current (Schmidt, 2003).  

ABB’s Uras26 is able to measure up to four gas components at the same time. This is done 
with two different paths with two detectors in series in the end of each path (Rüdiger et al., 
2008). The specific Uras26 that is used in the transportable O2 – CO2 instrument has only 
one path with two detectors behind it, as is visible in Figure 3.2. 

The most important part of an Uras is the detector, which is filled with the gas component 
to be measured. Before the light beam hits the detector it goes through the sample or 
reference cell. The chopper wheel makes sure that the light beam alternates between the 
two. In case the sample cell does not contain the gas component to be measured, there is no 
difference between the two beam paths. In case, however, the air in the sample cell does 
contain the component to be measured, part of the emitted infrared light does not reach the 
detector as the sample air absorbs it. In this case there will be a pressure difference in the 
detector between the two moments of the chopper wheel, which is proportional (although 
not linearly) to the concentration of the gas component in the sample gas. For more details 
see e.g. (Rüdiger et al., 2008; Schmidt, 2003). 

ABB’s Uras26 has an integrated calibration cell, which can move into the optical beam 
path. The idea behind this is to reduce operation costs since it prevents the need for 
expensive calibration gas cylinders (Rüdiger et al., 2008). In our setup, however, we do not 
use this internal calibration method. There is already a need for calibration cylinders due to 
the O2 measurements, and so the CO2 concentration is also calibrated using these cylinder 
measurements. 



Chapter 3 

 54 

 

Figure 3.2: Schematic of the specific version of ABB’s Uras26 NDIR instrument as placed in the transportable O2 
– CO2 instrument. The figure is adapted from (Rüdiger et al., 2008). Air is led through the sample cell. The light 
beam goes through the sample or reference cell to the detectors. A chopper wheel makes sure that the light beam 
alternates between the two. The instrument contains one path with two detectors placed in series, to measure both 
12CO2 and 13CO2. Due to a leak in the 13CO2 cell we could, however, not determine the δ13C with a sufficiently 
high precision. The instrument contains an integrated calibration cell, which can move into the beam path.  

Because the Uras26 measures simultaneously 13CO2 and 12CO2 we can determine both the 
CO2 concentration of the air as well as its δ13C value. Unfortunately, we were not able to 
reach a precision high enough for δ13C to be useful in discriminating different processes in 
the atmosphere. A leak in the 13CO2 cell was probably the reason for this. Therefore, the 
δ13CO2 measurements play no further role in this thesis. 

3.3.2. Gas handling 

To reach a high precision for CO2 and especially O2 measurements, the incoming sample 
air needs careful handling. This includes, amongst others, drying of the incoming air stream 
and pressure stabilization. Figure 3.3 shows the gas-handling scheme of the fixed system 
placed at Lutjewad.  

The air is pumped from the air inlet at 60 meters altitude in the tower through a Nafion 
column to the system inside the laboratory of the station. The Nafion column uses a 
counter-flow of dry air coming from the flask sampler in the laboratory and removes about 
60% of the water content of the air (van der Laan-Luijkx et al., 2010b). The air is further 
dried in a cryotrap system. Two different cryotrap systems have been in use since the 
system was placed at the station in 2011. The system that is visible in the figure is in use 
since October 2013, after the rebuilding of the laboratory. In this system, the air first goes 
through a trap of -60°C and next through a trap of -80°C. Both traps consist of two cold 
fingers: one for the sample air and one for the reference air. There are two -60°C traps (not 
visible in the figure), one of which is used to dry the air while the other one is heated to 
remove the water again. The traps are switched every 24 hours. There is only one -80°C 
cryotrap which can function continuously for several months. This trap is cleaned twice a 
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year to be certain it is not clogged with ice. Before the change in autumn 2013, two -80°C 
traps were alternately used in the same way as the -60°C traps are used now. 

Besides sample air the system also continuously measures a reference gas to correct for 
instrument drift. The reference and sample air are switched between the two measurement 
lines every 5 minutes (using Switch Y, nr. 17 in Figure 3.3). In this way, both fuel cells and 
both CO2 sensors alternately measure sample and reference air. The pressure in the two 
lines is kept equal by an MKS pressure control system.  

 

Figure 3.3: The gas-handling scheme of the fixed O2 – CO2 instrument at Lutjewad. The air is pumped with a flow 
of 60 mL/min (4) from 60 meters altitude from the tower of the station through a Nafion column (2) to the 
instrument in the laboratory. Here, the air is dried in a 2-step cryotrap (10). The system continuously measures 
both the sample air and a reference gas. These two gases are switched between the measurement lines every 5 
minutes (17). The pressure in the two lines is kept equal by an MKS pressure control system (13 – 15). Two 
Vaisala Carbocap GMP343 CO2 sensors are built inside the Oxzilla O2 system and the combination is kept at 32°C 
(19 & 20). Once every 23 hours two calibration gases and a target cylinder are measured instead of the outside air. 

The switching of the sample and reference air yields a double differential signal, which is 
for O2 defined according to (Thompson et al., 2007): 

 ∆ ∆ = S!!R! ! R!!S!       Equation 3.2 



Chapter 3 

 56 

In this formula, S refers to sample air and R to reference air while the subscripts 1 and 2 
refer to the two different fuel cells. The output of the Oxzilla is set at 0.6 seconds, leading 
to 500 data points per 5-minute switch cycle. For every measurement period of 5 minutes, 
an average was calculated using an optimal amount of data points. This optimum was 
determined by studying the minimum error in the mean of a switch cycle by varying the 
amount of data points included in the calculation of the average and accompanying error. 
The last 400 points (so 4 minutes) of every cycle are included in the calculation. The Δ(Δ) 
value is then first converted into the apparent mole fraction δXO2 and then converted into 
the O2/N2 ratio using equation 1.2.  

The conversion of the Δ(Δ) value into δXO2 is done by using two calibration cylinders that 
are measured once every 23 hours instead of the sample air. A target cylinder, used as a 
check of the accuracy and precision of the system, is also measured, right after the two 
calibration cylinders. All three cylinders are measured for 1h15m thus leading to a gap in 
the dataset of 3h45m every 23 hours. Flushing of the whole line (including regulators and 
cold fingers) is the reason for the relatively long time the cylinders are measured. For every 
time that a calibration gas is measured (1h15m), one final Δ(Δ) value is calculated, taking 
the average of the last 6 out of 15 measurements (30 minutes) of this calibration gas. All 
Δ(Δ) measurements of a calibration gas within one reference air period (which is about 2 – 
4 months, depending on the size of the reference gas cylinder) are then averaged and linked 
to the assigned δO2/N2 value as determined on the DI-IRMS. 

For CO2 we use a very similar approach, also using a double differential signal. The 
optimum amount of data points included in calculating the average of a 5-minute time 
period was found to be 80, which equals to 2 minutes and 40 seconds as the output of the 
CO2 sensors is set at 2 seconds. One calibration is again determined for a whole reference 
air period. For every 1h15m that a cylinder is measured the last 6 out of 15 measurements 
(30 minutes) are used to calculate an average. The assigned CO2 concentrations of the 
calibration and target cylinders were determined on the HPGC (for cylinders used before 
summer 2013) and recently on the Picarro cavity ring-down spectrometer (CRDS). 

The gas-handling scheme of the transportable system is very similar to the gas-handling 
scheme of the fixed instrument just described. A schematic is visible in Figure 3.4. The 
main differences between the two gas handling schemes are the air-drying, overall pressure 
control and the CO2 analyzer. Also the switching time between the two sample lines is 
different (3 instead of 5 minutes), just as the output frequencies of the data and the amount 
of data points included in calculating averages. All differences between the two instruments 
are summarized in Table 3.1. 

For O2 the calibration procedure for the transportable system is the same as for the fixed 
instrument at Lutjewad (also using a double differential signal), except for the switching 
time, measurement time of the calibration cylinders and amount of data points included in 
calculating the average of a switching time period (see Table 3.1). Because the Uras26 
NDIR CO2 analyzer has only one path, it is alternately measuring the sample and reference 
gas, instead of both lines at the same time. It is measuring 3 minutes of sample air followed 
by 3 minutes of reference gas. The reference measurements are used to correct the sample 
measurements for instrument drift. For this we use a Loess interpolation of the reference 
measurements to find the required correction at the times sample air was measured. For 
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every sample data point a specific correction factor is then subtracted from the data to 
result in a signal without instrument drift. This finally results into 1 data point of CO2 per 6 
minutes, which is thus 10 points per hour. Similar to the calibration procedures described 
before, the raw measurements are then calibrated using the measurements of the two 
calibration cylinders. In the range of ambient air concentrations spanned by our two 
calibration cylinders, the NDIR response is essentially linear (see for example Schibig et al. 
(2015)). 

Since the frequency of the CO2 measurements is half that of the O2 measurements (one data 
point per 6 and 3 minutes, respectively), we linearly interpolate the CO2 signal and use this 
to correct the O2 measurements. 

 

Figure 3.4: The gas-handling scheme of the transportable O2 – CO2 instrument. The incoming air is pumped (nr. 6) 
from the air inlet (nr. 1) to the instrument and is first dried in a cryotrap of -60°C (nr. 2) and then further dried in 
tubes filled with magnesium perchlorate (nr. 20) to remove as much water vapor as possible. A switching valve 
(switch Y) switches the reference and sample line every 3 minutes, leading to a time resolution of the data of 6 
and 3 minutes respectively for CO2 and O2. The pressure in the two lines is kept equal by an MKS differential 
pressure control system (nr. 17 – 19). In addition, the pressure of the whole system is kept stable by a pressure 
controller at the exit of the air streams (nr. 24). Once every 23 hours, two calibration and two target cylinders are 
measured – each for 1 hour – instead of outside air. 

The transportable system consists of three different cases (see next section) and a small 
mast of 6 meter height that can be placed anywhere in the field. The system can run 
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without servicing for about one month, after which the reference gas needs to be replaced 
and the drying system needs servicing. Different from the fixed instrument, the water vapor 
is not removed automatically by heating the cold fingers. The cold finger needs to be 
replaced every month. 

Table 3.1: Differences between the fixed O2 – CO2 system at Lutjewad and the transportable O2 – CO2 system 

 Fixed system Lutjewad Transportable system 

CO2 sensor 2x Vaisala Carbocap GMP343 ABB’s Uras26 NDIR 

Sampling height 60 meters 6 meters 

Drying Nafion column 
Alternating two -60°C coolers 
Followed by a -80°C cooler 

No Nafion column 
One -60°C cooler 
Followed by Mg(ClO4)2 tubes 

Remote running time ≈ 2 – 4 months 
Replacing reference cylinder 

≈ 1 month 
Replacing reference cylinder 
Changing cold finger 

Overall pressure control - Pressure controller at the exit 

2-way switching valves Valco 4-port, 2-way valve 4 x Numatics S-series 

2-way solenoid valves Parker Skinner Numatics S-series 

Package Open racks Closed cases 

Switching time 5 minutes 3 minutes 

Raw output frequency O2 0.6 seconds 1 second 

Last xx used for O2 400 points = 4 minutes 90 points = 1 min + 30 sec 

Raw output frequency CO2  2 seconds 5 seconds 

Last xx used for CO2 80 points = 2 min + 40 sec 9 points = 45 sec 

Calibration and target 
cylinders 

2 calibration, 1 target cylinder 
Measurement time 1h15m 
Gap every 23h: 3h45m 

2 calibration, 2 target cylinders 
Measurement time 1 hour 
Gap every 23h: 4h 

Final output frequency O2 1 point per 5 minutes 1 point per 3 minutes 

Final output frequency CO2 1 point per 5 minutes 1 point per 6 minutes 

Used for calibration O2 6 out of 15 points = 30 minutes 6 out of 20 points = 18 minutes 

Used for calibration CO2 6 out of 15 points = 30 minutes 3 out of 10 points = 18 minutes 

3.3.3. Transportability 

Three main things of the fixed O2 – CO2 instruments were changed to make the new 
instrument transportable: the package of the analyzers, gas handling equipment and 
electronics (subsection 3.3.3.1), the package of the cylinders (subsection 3.3.3.2) and the 
air-drying (subsection 3.3.3.3). 
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3.3.3.1. Package of the analyzers, gas handling equipment and electronics 

Placing the analyzers and all gas handling equipment inside a so-called flightcase, specially 
designed for our needs, makes sure that the whole instrument is easy to transport. Besides 
this, the instrumentation is protected from dust and damage, which can be very 
advantageous, especially when placed at locations that are used by many other instruments 
and people as well. At the North Sea gas platform F3 we recently suffered from issues with 
dust due to construction work at the platform. Several parts of the instrumentation (built in 
open racks) were broken and they needed to be cleaned or even replaced. 

Figure 3.5 shows the case that contains the gas analyzers, gas handling equipment and 
associated electronics.  

   

 

Figure 3.5: The package of the analyzers, gas handling equipment and belonging electronics. Top left: the case can 
be completely closed (also during operation) and fits into a moderately sized car. Top right: the case together with 
the two other cases that contain the gas cylinders (bottom) and the drying system (right). The top and front panel 
are removed here, for easy access to the instrumentation. The analyzers are in the bottom of the case: the Oxzilla 
on the left and the Uras26 NDIR in the middle. The box on the right contains the associated electronics. On the 
right side of the case there are quick connectors to easily attach the cylinders to the instrument. During 
transportation they can be closed, as is visible in the picture on the bottom of this figure.  

The front and top panel of the box can be removed, but during transport and also during 
operation it can be completely closed. The necessary gas cylinders and the outside air inlet 
can be connected through quick connectors, thus making it unnecessary to open the box 
during operation. Fans are placed in the back of the case to ventilate it during operation. 
The front contains two openings for fresh air. Three small hatches make sure it is possible 
to easily access the instruments at the bottom of the case. The box is 118 x 63 x 57 cm and 
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fits in a moderately sized car. The case contains two built-in wheels, which makes it much 
easier to move the whole box, for example when placing it inside the back of a car. 

3.3.3.2. Package of the gas cylinders 

Another flightcase was designed to transport and protect the different gas cylinders 
necessary for the continuous O2 – CO2 system. The cylinder-flightcase can contain six 
cylinders: two 20L cylinders used as (spare) reference gas and four 10L cylinders used as 
calibration and target cylinders.  

During operation, the case is closed. The cylinders are connected to the drying case and 
measurement case through quick connectors in the top of the case. The measurement case 
can stand on top of the cylinder case. During transportation, the cylinders can stay inside 
the case. Wheels make sure that the complete system is relatively easy to move.  

  

Figure 3.6: The package of the gas cylinders. The complete case is visible in the top right picture in Figure 3.5. 
The left picture shows the front of the gas cylinder case, when the cover is removed. The right picture shows the 
quick connectors in the top panel of the case.  

The cylinders can be transported in the case and due to the special caps (see left picture in 
Figure 3.6) the regulators do not need to be removed before transportation. This saves time 
when installing the system in a new location, not only because of the installation itself but 
also because flushing of the regulators before using them again is now not required. The 
case also thermally insulates the cylinders and makes sure the cylinders remain in a 
horizontal position all the time. These things are important to minimize thermal-diffusive 
and gravitational fractionation in the gases (Keeling et al., 2007). 

3.3.3.3. Air-drying 

The fixed systems of the CIO at Lutjewad and F3 both use -80°C coolers. These coolers 
have many disadvantages for a transportable system as they are heavy, big and have a high 
power requirement. The ideal solution would be to only use tubes filled with magnesium 
perchlorate (Mg(ClO4)2), as long as these tubes would last for at least a week. 
Unfortunately we found that the drying agent did not last for longer than about 6 hours in 
our configuration (≈ 17 grams Mg(ClO4)2 and a flow of 60 mL min-1), as is visible in Figure 
3.7. This was surprising, because a simple calculation with the drying capacity of 
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magnesium perchlorate (0.48 gram H2O gram-1 (Merck Millipore, 2013)) gave us the idea 
that this amount would last for 6 – 7 days at this flow rate and an average relative humidity 
of 65% and a temperature of 25°C (as was the case during this experiment). This drying 
method was thus rejected for use in the system. Even at lower temperatures the drying 
capacity will be insufficient (by far). We therefore decided to use a combination of a -60°C 
cooler, taking out the large majority of the water, and Mg(ClO4)2 drying tubes for final 
drying. 

 

Figure 3.7: Illustration of the ability of the drying agent magnesium perchlorate (≈ 17 grams) to dry the air (flow 
rate 60 mL min-1) for O2 measurements. The graph shows the outside air measurements. The gaps (3 hours) 
represent the calibration measurements: during this time no outside air was measured. In the time of this graph, the 
drying agent was replaced three times. In the first measurement period of six hours the drying agent is sufficient. 
The second time outside air is measured (9 hours after replacement) the drying agent is already wet, hereby 
extremely influencing the O2 measurements.  

The fixed systems at F3 and Lutjewad use glass cold fingers with a somewhat fragile 
connection. For our transportable instrument, we designed new, sturdy, cold fingers, made 
from stainless steel with quick connectors. One of the cold fingers is visible in Figure 3.8. 
The cold fingers are filled with small glass balls, similar to the original glass cold fingers. 

 

Figure 3.8: Picture of one of the cold fingers that is specially designed for the transportable O2 – CO2 instrument.  
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In the period February – April 2014 we had a Cavity Ring-Down Spectrometer (CRDS) 
from Picarro available to check the performance of our drying system. The instrument is, 
unlike almost all other instruments, able to detect very small amounts of water vapor in air. 
This made it possible to see if the exit of the transportable instrument was indeed dry.  

Several calibration and target cylinders appeared to be significantly wet, and the water 
vapor could not be removed completely by the Mg(ClO4)2 drying tubes. As the calibration 
and target cylinder air do not pass through the cryotrap, but only through the Mg(ClO4)2 
drying tubes (see Figure 3.4), it is very important to use only relatively dry cylinders. 
Previously, this could not be tested, but as was explained before, since summer 2013 all 
working gas cylinders are calibrated on the CRDS from Picarro and thus the water vapor 
content is also determined.  

The exit of the flightcase was also not completely dry when sample air was measured. 
Although the fuel cells produce H2O themselves (see equation 3.1), the Mg(ClO4)2 drying 
tubes appeared not to be able to fully dry the outgoing air, as became clear in an 
experiment with an additional Mg(ClO4)2 drying tube that was placed after the exit of the 
instrument. It also turned out that the moisture content in the outgoing air stream is lower at 
a higher flow rate, indicating that the air picks up moisture from its surroundings on its way 
to the exit.  

Unfortunately we were not able to test the exit of the fixed instrument at Lutjewad, in 
which the air is dried with a -80°C cooler.  

3.4. Performance 
Next to sample air and calibration cylinders, the fixed instrument at Lutjewad and the 
transportable instrument also measure one or two target cylinders, respectively. The target 
cylinder measurements serve as an independent check of the calibration of the instruments 
and can be used to assess both the accuracy and precision.  

The United Nations World Meteorological Organization (WMO) has set compatibility 
goals for different atmospheric components. For CO2 this goal is set at ± 0.1 ppm and for 
δO2/N2 the goal is set at ± 2 per meg, although current international comparisons indicate 
that the compatibility between laboratories is worse than ± 5 per meg (University of East 
Anglia, 2015; WMO, 2012, and see also the appendix of this thesis). As a rule of thumb, 
the internal reproducibility goals are half the compatibility goals, which means ± 0.05 ppm 
for CO2 and ± 1 per meg for δO2/N2 (WMO, 2012). 

In this section, an overview is given of the target cylinder measurements of the fixed 
instrument at Lutjewad (subsection 3.4.1) and the transportable system (subsection 3.4.2). 
The precision of an instrument can also be determined based on outside air measurements, 
which is also done for the two instruments. The results are summarized in subsection 3.4.3. 

3.4.1. Fixed system at Lutjewad 

Four sets of calibration and target cylinders have been used since the start of the 
measurements in June 2011 up till January 2015. The first set of three cylinders was used 
from the start in June 2011 to December 2011. The second set was used from January 2012 
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to April 2012, the third set from April 2012 to October 2014 (one cylinder was replaced in 
May 2012) and the last set has been in use since November 2014 and was still in use in 
January 2015. The reference cylinder needs to be replaced more often as it only lasts for 2 
– 4 months (depending on the size of the cylinder). 

For CO2 the first three sets of cylinders were calibrated on the HPGC while the last set was 
calibrated on the CRDS. For O2 all cylinders have been calibrated on the DI-IRMS. The 
third set of cylinders was measured twice on the DI-IRMS: once before they were shipped 
to Lutjewad and also after they came back. For this whole period we use the average of 
these two measurements, as it turned out that this resulted in the best outcome for the target 
cylinder (the value was then closest to the assigned value). The practice of measuring 
cylinders also after usage was not common before the end of 2014, which is the reason why 
the first sets of cylinders were measured only once. The current cylinders are still in use but 
will be measured a second time when they come back to the laboratory. 

 

Figure 3.9: Results of the target cylinder measurements of the fixed O2 – CO2 instrument at Lutjewad plotted as 
the difference with the assigned value of the target cylinder. A change in greyscale marks a new reference cylinder 
period while a change in the symbol marks a change in the set of calibration and target cylinders. From 17 May 
2012 until 1 November 2014 the same set of cylinders was used.  

Figure 3.9 shows the results of the target cylinder in time for both the CO2 concentration 
and the O2/N2 ratio. The values are plotted as the difference with the assigned value. A 
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change in greyscale marks a change of the reference cylinder, while a change in the symbol 
indicates a change of the suite of calibration and target cylinders. 

For CO2 the target cylinder is relatively stable in time (certainly given the only limited 
precision of the used Vaisala Carbocap GMP343 sensors), while for δO2/N2 large changes 
are visible at the times the suite of calibration and target cylinders is changed. This is 
caused by the relatively high uncertainty in the assigned δO2/N2 values of the cylinders, 
which is likely to be improved when all cylinders are also analyzed on the DI-IRMS after 
usage and the measurement of cylinders in general is improved. 

We calculated the accuracy and precision from the data gathered between 18 March 2014 
and 1 November 2014 (the last three reference periods marked with a circle in Figure 3.9). 
This period seems to have the highest precision and best accuracy achieved so far for both 
CO2 and O2 and thus gives the best-case values for the accuracy and precision of the 
current system. The values are given in Table 3.2. 

3.4.2. Transportable system 

 

Figure 3.10: Results of the two target cylinders of the transportable O2 – CO2 system during the field campaign in 
Lutjewad (see chapter 4) for both CO2 and δO2/N2, plotted as the difference with the average measured value.  
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The precision of the CO2 and O2 measurements of the transportable system is important as 
this largely determines the “CO2 leak detection limit” of the instrument. To establish and 
monitor these precisions, two target cylinders were measured every 23 hours. The cylinders 
are treated as unknowns, similar to the outside air. Figure 3.10 shows the target cylinder 
measurements of the system during the field campaign in Lutjewad in 2014 (see chapter 4) 
for both CO2 and δO2/N2. The average measured value of the target cylinders is subtracted 
from the measurements to plot both cylinders on the same scale. 

One of the calibration cylinders was replaced on 11 July 2014, as it was nearly empty. This 
is likely to be the reason for the fact that both target cylinders showed drift just before this 
date, and both with the same rate. It is known that cylinders can get slightly depleted in O2 
compared to N2 as the pressure drops, due to preferred desorption of N2 relative to O2 from 
the wall of a cylinder (Keeling et al., 1998; Kozlova and Manning, 2009; Manning, 2001). 
This is probably what happened to this calibration cylinder. It is therefore important to 
replace cylinders well on time before they are empty, so the pressures of all cylinders 
should be checked on a regular basis. Fortunately, drifts like the one observed do not 
significantly influence the results of the CO2 release experiments presented in the next 
chapter, as the drift is slow and thus δO2/N2 does not significantly change within one day. 
Replacement of this calibration cylinder shifted the scale slightly, which is caused by 
uncertainty in the assigned values of the cylinders. However, from 11 July 2014 onwards 
the scale is stable.  

In total the target cylinders have been measured 172 times in the period from 6 June to 19 
November 2014. Table 3.3 gives the standard deviations of the two target cylinders for 
both species, for the last 1,5 month (48 measurements) of the campaign. 

3.4.3. Results 

Table 3.2 and Table 3.3 show the results of the target cylinder measurements of the fixed 
instrument at Lutjewad and the transportable system respectively. 

Next to three different standard deviations, an estimate for the accuracy is given for the 
fixed instrument at Lutjewad. The accuracy is not very important for the transportable 
system in case it is used for CO2 leak detection. The precision is, however, very important 
for the transportable system, as it determines the leak detection limit.  

There is a big difference in the precision of the CO2 measurements of both systems. For the 
transportable instrument, the precision of the CO2 measurements is excellent, while the 
fixed instrument at Lutjewad does not even meet the WMO standards. The reason is quite 
obvious, as the transportable system uses a superior CO2 detector. The fixed instrument 
uses a simple (and cheap) setup, which is sufficient as an addition to the δO2/N2 
measurements.  

The precision of the δO2/N2 measurements does not meet the WMO standards for both 
systems. The precisions we found are in the same range as the precisions found for the 
system at the gas platform F3 (which is almost identical to the system at Lutjewad). Here 
the average standard deviation within a measurement of a target cylinder was found to be 
16 per meg while the standard deviation over all target cylinder measurements was found 
to be 8 per meg (van der Laan-Luijkx et al., 2010b). Significantly better precisions have, 
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however, also been achieved by other laboratories. (Wilson, 2012) reports a very high 
precision for the continuous δO2/N2 measurements at the atmospheric measurement station 
Weybourne (United Kingdom). Their target measurements show standard deviations of 2.8, 
2.5 and 1.1 per meg within the target cylinder measurements, over all the target cylinder 
measurements and between successive pairs of target cylinder measurements respectively.  

Table 3.2: Results of the target cylinder measurements of the fixed instrument at Lutjewad between 18 March 
2014 and 1 November 2014. Three different standard deviations are given: the average standard deviation within 
one target cylinder measurement (consisting of the last 6 out of 15 measurements in 1h15m (30 minutes) for both 
CO2 and O2), the standard deviation over all target measurements and the average standard deviation of two paired 
successive target measurements. The numbers of target measurements are not equal for CO2 and O2, which is the 
reason that two values for n are given (first CO2, then O2).  

 CO2 (ppm) δO2/N2 (per meg) 

Average measurement – assigned value (accuracy) 0.11 0 
Average stdev within a target run (n = 201 / 195) 0.7 11 
Stdev of all target runs (n = 201 / 195) 0.26 6 
Stdev of pairs, averaged (n = 200 / 194) 0.18 3 

Table 3.3: Results of the target cylinder measurements of the transportable instrument between 3 October and 19 
November 2014. Three different standard deviations are given: the average standard deviation within one target 
cylinder measurement (consisting of the last 3 out of 10 measurements in one hour (18 minutes) for CO2 and 6 out 
of 20 measurements in one hour (18 minutes) for O2), the standard deviation over all target measurements and the 
average standard deviation of two paired successive target measurements.  

 CO2 (ppm) δO2 / N2 (per meg) 
 Target 1 Target 2 Target 1 Target 2 

Average stdev within a target run (n = 48) 0.011 0.010 12 15 
Stdev of all target runs (n = 48) 0.021 0.018 8 8 
Stdev of pairs, averaged (n = 47) 0.011 0.009 5 6 

The precision of the two instruments was also estimated based on outside air measurements. 
For the fixed instrument at Lutjewad, we looked for the most stable hours in the whole 
dataset by applying a running average (with accompanying standard deviation) to APO 
(Atmospheric Potential Oxygen – a tracer defined as a combination of δO2/N2 and CO2 
according to equation 5.1 presented in chapter 5), using n = 12, which is 60 minutes. We 
selected the 30 most stable hours (lowest standard deviation in APO) and removed the 10 
hours with the highest standard deviation in CO2 and δO2/N2 to prevent including hours 
with low variability in APO but nevertheless high variability in CO2 and δO2/N2 (cancelling 
each other out). The average standard deviation of the remaining 20 hours was found to be 
0.4 ppm for CO2 and 3.1 per meg for δO2/N2. The standard deviations of the outside air are 
in a similar range as (or even better than) the standard deviation of the target cylinders, 
which implies that the instrument noise is limiting the precision of both the CO2 and 
δO2/N2 measurements. Especially the result for δO2/N2 is surprisingly low, suggesting that 
the outside air measurements are actually better than the measurements of the cylinders. 
This would be similar to the flask-cylinder differences when measuring with our DI-IRMS 
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and is another indication that δO2/N2 measurements on gas cylinders can be and need to be 
substantially improved. 

To estimate the precision of the transportable system based on outside air measurements, 
we looked at several hours in which the atmospheric concentrations were very stable. We 
found standard deviations between 0.13 and 0.29 ppm for CO2 (n = 10) and in the same 
hours standard deviations between 8 and 17 per meg for δO2/N2 (n = 20). We have found 
similar values for the CO2 measurements from 7 meters from the main tower of Lutjewad 
performed by the cavity ring-down spectrometer (CRDS) instrument from Picarro. The 
precision for the CO2 measurements is thus much poorer for outside air than it is for the 
target cylinders, indicating that the atmospheric variability of the CO2 concentration is the 
limiting factor for these measurements. For δO2/N2 the numbers for outside air and target 
cylinders are in the same range, indicating that the instrument noise is the main limitation.  
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Chapter 4 
 Detection of CO2 leaks from Carbon Capture and Storage 

sites with combined atmospheric CO2 and O2 measurements 

Abstract 
This chapter demonstrates the use of a transportable instrument that simultaneously 
measures the CO2 and (relative) O2 concentration of the atmosphere in the detection of CO2 
leaks from CCS sites. CO2 and O2 are coupled in most processes on earth (e.g. 
photosynthesis, respiration and fossil fuel burning), but not in the case of a leak from a 
CCS site. Whereas a natural increase of the CO2 concentration is accompanied by a drop in 
the O2 concentration, an increase in the CO2 concentration caused by a leak from a CCS 
site does not have any effect on the O2 concentration. The transportable instrument we used 
shows an excellent precision for the CO2 measurements; for O2 the transportable and 
flexible design of our system compromised the precision somewhat. The precision in both 
CO2 and O2 determines the detection limit of the system for leaks of CO2. The principle of 
CO2 leak detection is illustrated by several CO2 release experiments in which CO2 was 
released at a small distance from the air inlet of the measurement system. We present two 
strategies that can be used to analyze a dataset to find a leak of CO2. The detection limit of 
our instrument is estimated to be around 6 ppm. If a transportable design would not be 
necessary, the precision for the O2 measurements can be improved such that the ultimate 
detection limit of this method is estimated to be around 3 ppm, which would correspond to 
distances up to 500 meters for a leak of 1000 ton CO2 year-1 (32 g s-1) provided favorable 
atmospheric conditions (wind direction and atmospheric stability) exist. This implies that 
monitoring time should be long enough to ensure that these conditions occur. 
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4.1. Introduction 
Fossil fuels play an important role in our society and they will continue to do so in the 
coming decades. To reduce the associated carbon dioxide (CO2) emissions, a technique 
called Carbon Capture and Storage (CCS) is currently under development. In this technique, 
CO2 is captured and stored underground instead of emitted to the atmosphere where it acts 
as a greenhouse gas.  

One of the main concerns in CCS is the possibility of leakage of CO2 from the storage 
reservoir to the atmosphere, both from a public health and a climate change combat 
perspective. Even small leaks reduce the climate mitigation benefit. (Haefeli et al., 2004) 
report that leakage should be kept below 0.01% per year to achieve stabilization of the CO2 
concentration goals.  

Detecting leaks of CO2 in the atmosphere and quantifying them is a difficult task due to the 
rapid mixing of the emitted CO2 with the surrounding air masses in combination with the 
high natural variability of the CO2 concentration in the atmosphere. Fossil fuel combustion, 
photosynthesis and biosphere respiration all locally influence the CO2 concentration, 
especially during the night when the atmosphere is generally more stable and gases 
accumulate close to the ground. During the day, when the sun heats the earth’s surface, the 
atmosphere becomes well mixed and concentrations of all atmospheric gases become 
diluted (Stull, 1988). Because of this, during a day variations from below 400 ppm 
(daytime) to over 450 ppm (nighttime) are quite common and within one hour the natural 
concentration can change with several ppm. 

As was demonstrated in chapter 2, it is nevertheless possible to detect leaks from a CCS 
site by measuring only the atmospheric CO2 concentration, but the size of the leak and the 
distance between the source(s) and measurement point(s) needs to be optimal. If this is the 
case, at least one additional measurement point is necessary to establish the background 
concentration (Leuning et al., 2008; Luhar et al., 2014; van Leeuwen et al., 2013). 

Another option is to co-inject a chemical tracer with the CO2 that has a low background 
concentration and lower atmospheric variability, such as SF6, CH4 or a perfluorocarbon 
(Etheridge et al., 2011; Leuning et al., 2008; Luhar et al., 2014; Wells et al., 2007). This 
method has however several drawbacks, as these gases are strong greenhouse gases 
themselves (IPCC, 2013) and adding a tracer to the injected CO2 is cumbersome and 
expensive. Besides, there is the principal problem that the migration of the tracer through 
the underground is not exactly the same as the migration of CO2. For example, in dry 
reservoirs the movement of perfluorocarbon tracers was found to be slower than the 
movement of SF6 and CO2 whereas in wet reservoirs the transport of the CO2 was retarded 
compared with the tracers as CO2 partly dissolved in the water. The structure of the 
reservoir also determines (a difference in) the movement of the CO2 and tracers (Zhong et 
al., 2014).  

Using the isotopes 14CO2 or 13CO2 present in the injected CO2 as natural tracers prevents 
these drawbacks. Unfortunately these methods have other problems. Although 14CO2 could 
provide some insight in the leakage rate, the technique is very expensive and can only be 
performed by taking flask samples (Keeling et al., 2011). Furthermore, 14CO2 detection 
would not be able to discriminate (fossil) CO2 leaks from the CCS site from actual 
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combustion of fossil fuels, as both would cause increasing CO2 concentrations 
accompanied by decreasing 14CO2 levels (see for example Zondervan and Meijer (1996)). 
Using 13CO2 is more promising, but the technique is very dependent on the specific δ13C of 
the injected (leaking) CO2 and surroundings of the storage location. A significant 
difference between the δ13C of the biosphere and the source in combination with a 
sufficient CO2 perturbation caused by the leak is required (McAlexander et al., 2011). For 
CO2 captured from a coal-fired power plant in a surrounding with predominantly C3 
vegetation – a very likely situation for CCS – the technique does not add anything to CO2 
concentration measurements alone as both have a δ13C of about -26‰ (Keeling et al., 2011; 
Leuning et al., 2008).  

Measuring atmospheric oxygen (O2) in addition to CO2 to find leaks of a CCS location 
does not have any of the drawbacks outlined above and is therefore a strong tool (Keeling 
et al., 2011). CO2 and O2 are coupled in most processes on earth. In photosynthesis, plants 
take up CO2 and release O2 at the same time. In respiration and fossil fuel burning, O2 is 
consumed while CO2 is released. The O2 – CO2 exchange ratio for biosphere activities is 
about 1.1 (Severinghaus, 1995). For fossil fuel burning the exchange ratio is higher than for 
biosphere processes, and depends on the type of fossil fuel, varying from 1.95 for natural 
gas to 1.44 for crude oil and 1.17 for coal (Keeling, 1988). In case of a leak from a CCS 
site there is no relationship between CO2 and O2. Looking at the atmospheric O2 – CO2 
ratio can therefore identify a leak from a CCS site.  

Currently, combined O2 and CO2 measurements are mainly used to discriminate the uptake 
of carbon by the land biosphere and oceans (e.g. Goto et al., 2013; Keeling and Manning, 
2014; van der Laan et al., 2014; van der Laan-Luijkx et al., 2010a). The rise of the CO2 
concentration in the atmosphere is limited by the uptake of carbon by the oceans, where it 
is buffered through chemical reactions, while the decline in the O2 concentration is not 
buffered (Keeling and Shertz, 1992). With respect to the O2 – CO2 balance, CCS acts as a 
similar carbon sink, limiting the CO2 increase and not the O2 decrease (Keeling et al., 2011). 
When assessing the efficiency of CCS on a global scale, this similarity between the two 
processes is important and independent information about carbon uptake by the oceans is 
required. For leak detection at small local scales, however, it does not play a significant 
role (Keeling et al., 2011). 

The principle of using combined CO2 and O2 measurements in CCS leak detection was also 
briefly demonstrated by (Fessenden et al., 2010), discussed by (Keeling et al., 2011) and 
simulated in a modeling study by (Ma et al., 2014). Here we experimentally demonstrate 
the use of a transportable CO2 and O2 measurement system in detecting leaks of CO2 from 
a CCS site. The design, principles and performance of the newly developed, transportable 
O2 – CO2 measurement system was extensively described in chapter 3 of this thesis. In this 
chapter we first present the location used to demonstrate it (section 4.2), followed by the 
results of several CO2 release experiments that were performed (section 4.3.1) and a 
strategy for data analysis for leak detection (section 4.3.2). We end with a discussion and 
conclusions about the use of this method in detecting leaks from a CCS site.  
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4.2. Materials and methods 
The new, transportable, instrument (see chapter 3) was tested at the atmospheric 
measurement station Lutjewad on the northern coast of the Netherlands (53°24’N, 6°21’E) 
and was in operation here between 6 June 2014 and 17 December 2014. The location 
Lutjewad is easily accessible and is well equipped for performing measurements: power 
lines and communication is available and there is ample space available both inside and 
outside. Another advantage of using this location was the possibility to compare the 
measurements of the transportable system with the continuous δO2/N2 and CO2 
measurements performed at the station. Although an ideal setting, we want to stress that 
our system is a stand-alone instrument that does not need a fixed measurement station such 
as Lutjewad to operate. The system can be placed anywhere as long as there is space 
outside to put the 6-meter tall mast with the air inlet and a building available (with 
electrical power) for the three cases. We did a first campaign at a much more primitive test 
site close to our laboratories in the north of the city of Groningen in late spring 2013. Due 
to a multitude of problems (unfavorable wind direction to perform CO2 release experiments, 
many electricity failures and an extremely high temperature in the room where the 
instrument was placed) these data were unfortunately not useable. 

Figure 4.1 shows the location Lutjewad photographed from above. The 6-meter tall mast 
with the air inlet that belongs to the transportable O2 – CO2 instrument is placed in the 
middle of the coordinate system. The 60-meter tall tower of the station is visible in the left 
upper corner. The fixed O2 – CO2 instrument of Lutjewad is measuring air from 60-meter 
altitude of this tower. Continuous CO2 measurements are performed from 7 and 60-meter 
altitude of this same tower, using two cavity ring-down spectrometer (CRDS) instruments 
from Picarro. All instruments are located in the laboratory in the building that is visible in 
the left lower corner of Figure 4.1. 

To demonstrate the use of our instrument in CO2 leak detection from CCS sites, several 
CO2 release experiments were performed during the time the instrument was located at 
Lutjewad. First, several short experiments were performed, each lasting for several hours in 
the middle of the day. Three of those experiments, all performed in July 2014 (1st, 10th and 
24th) are presented in this chapter. Three longer experiments, all lasting for close to 24 
hours, were performed in September, October and November 2014, respectively. The 
experiment performed in October gave very poor results and is therefore not presented in 
this chapter. The CO2 release locations of the three July, September and November 
experiments are indicated in Figure 4.1. Note that during all experiments, the location of 
the CO2 release point was chosen such that the plume of CO2 hit the inlet of the detector 
(taking into account wind speed and direction by trial and error). From 20 July 2014 until 
23 September 2014 a large mound of fertilized soil (with a size of roughly 10 x 10 x 4 
meters) was present on the farmers land northeast of the small mast. The release points of 
the experiments on 24 July and 11 September were located on this mound. 

Figure 4.2 shows two pictures taken during the CO2 release experiment on 11 September 
2014. The pictures show the laboratory, the small 6-meter tall mast, the tower of Lutjewad 
station, the large mound of fertilized soil with the exit of the CO2 release on top of it (left 
picture) and the high-pressure CO2 gas cylinders (right picture). 
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Figure 4.1: Lutjewad photographed from above. The tower of the station Lutjewad (60 m height) is in the upper 
left corner (-10.7, 5.6). The building with the laboratory is in the lower left corner. The small 6 meter tall mast of 
our transportable instrument is in the middle of the coordinate system (ticks are placed every 5 m). Note that there 
is also a shadow of the small mast visible and that the center of the coordinate system is at the bottom of the small 
mast. The locations of the different release experiments are indicated by date. The three experiments performed in 
July lasted for only a few hours, each in the middle of the day. The experiments of September and November both 
lasted close to 24 hours. During the experiment of 1 July, the point of release was changed several times along the 
indicated line to optimize the detection of the CO2 plume. During the experiment on 24 July the release point was 
changed once from location (1) to location (2). 

     

Figure 4.2: Two pictures taken during the CO2 release experiment on 11 September 2014. Left picture from left to 
right: the laboratory of Lutjewad, the 6 meter tall mast of the transportable system, the tower of station Lutjewad 
(60 m height) and the large mound of fertilized soil with the exit of the CO2 release on top of it. Right picture: 
high-pressure CO2 gas cylinders with a box containing the mass flow controller. 
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4.3. Results 

4.3.1. CO2 release experiments 

During the campaign in Lutjewad several CO2 release experiments were performed to 
demonstrate the use of our instrument for detecting CO2 leaks from CCS sites. Table 4.1 
shows the five experiments that are presented in this chapter.  

Table 4.1: Overview of the CO2 release experiments presented in this chapter. The locations of the CO2 release 
points (positioned such that the plume of CO2 reaches the air inlet of our transportable system) are indicated in 
Figure 4.1. 

Experiment Start End Duration Wind conditions 

1 Jul 1 July 2014 10:00 1 July 2014 13:40 3h40m Wind speed 3 – 7 m s-1  
Stable wind direction 

10 Jul 10 July 2014 09:32 10 July 2014 13:38 4h Wind speed 2 – 6 m s-1  
Stable wind direction 

24 Jul 24 July 2014 10:00 24 July 2014 13:56 4h Wind speed 1 – 4 m s-1  
Stable wind direction 

11 Sep 11 Sept 2014 12:44 12 Sept 2014 10:42 22h Low wind speed at night 
(1 m s-1) 

20 Nov 20 Nov 2014 13:40 21 Nov 2014 09:45 20h Low wind speed  
Variable wind direction 

The results of the three release experiments performed in July 2014, each in the middle of 
the day and lasting for about 4 hours, are shown in Figure 4.3. The data taken during the 
actual CO2 release are marked in red and the locations of the CO2 release points during the 
experiments are indicated in Figure 4.1. We used a simple, uncalibrated, CO2 sensor 
(Vaisala Carbocap GMP343 – the same sensor that was used in chapter 2) in the small mast 
(next to the air inlet of the transportable instrument) as a fast response aid to determine 
immediately if the released CO2 was actually visible at our air inlet and to optimize the 
release position in that respect. 

The leftmost graph in Figure 4.3 also illustrates the sensitivity of the O2 measurements to 
small, but fast, temperature variations within the measurement environment. In August 
2013, the laboratory of the measurement station Lutjewad has been rebuilt and a part of the 
laboratory – the part where our transportable instrument was placed – was equipped with a 
climate control system. The cooling of this system appeared to switch on and off too 
frequently (several times per hour), leading to temperature variations in the room in the 
order of >2°C per 10 minutes, which caused a significant noise in the sensitive O2 
measurements. The first day visible in the leftmost δO2/N2 graph in Figure 4.3 shows data 
gathered when the climate control system was switched on. At the time the release 
experiment started on 1 July 2014, the climate control was temporarily switched off and the 
noise level in the O2/N2 ratio decreased immediately. The climate control has no effect on 
the CO2 measurements as can be seen from the CO2 data of the same experiment. Although 
several attempts were undertaken to solve the climate control issue, and the temperature 
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fluctuations could be reduced, the problem influences almost all the data gathered in this 
campaign. 

 

Figure 4.3: The CO2 concentration and O2/N2 ratio during three four-day periods in July 2014 in which a short 
CO2 release experiment took place. The data that show the CO2 release experiments are marked in red. In the 
leftmost δO2/N2 graph the influence of the climate control system on the noise band of the O2 measurements can 
clearly be seen: around the time of the CO2 release experiment, the climate control was switched off and the noise 
in the O2/N2 ratio is significantly reduced. The tick marks are placed at the beginning of each day (midnight). 

During all three July 2014 experiments, an elevated level of CO2 was measured whereas 
the O2/N2 ratio did not change. Figure 4.4 shows the same three datasets but now δO2/N2 is 
plotted against CO2. The data during the CO2 release are again marked in red.  

The figure illustrates the clear difference between “natural” processes that increase the 
atmospheric CO2 concentration (note that our definition of “natural processes” includes not 
only biosphere activities but also fossil fuel burning) and a CO2 leak. We performed linear 
fits to the datasets (excluding the time periods CO2 was released), which gave slopes with 
uncertainties that are based on the spread of the points (where all spread is interpreted as 
spread in the y-direction only, as is common for linear least square fits. This is 
unproblematic, as the uncertainties in the O2 measurements are much larger than those in 
the CO2 measurements). The slopes of the fits (indicated in the figure) represent the linear 
relationship between δO2/N2 and CO2 during normal circumstances. It slightly varies 
throughout time, depending on the mixture of sources and sinks of CO2. The slopes of -
5.76 ± 0.03, -5.46 ± 0.07 and -4.96 ± 0.03 per meg ppm-1 correspond to a molar O2 – CO2 
exchange ratio of -1.21, -1.14 and -1.04 respectively (calculated using the conversion of 
4.77 per meg ppm-1), where exchange ratios close to -1.1 reflect conditions dominated by 
respiration and oxidation of terrestrial biota (Severinghaus, 1995), while more negative 
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exchange ratios indicate an increasing share of fossil fuel combustion (for which the O2 – 
CO2 ratios vary by the type of fuel (Keeling, 1988)). In the datasets of the second and third 
experiments there are some drops in O2 visible without a concurrent rise in CO2. The 
reason for these events, that occasionally occur, is most likely some instrumental artifact 
that is not yet understood and under investigation. Random positive deviations – a rise in 
O2 without a concurrent decrease in CO2 – were never observed. 

Even though we released CO2 with a high flow rate (varying between 5.3 and 9.2 g s-1), at 
close distance to our air inlet (between 3.5 and 13.8 meters) and during relatively low wind 
speeds (5.1, 4.1 and 2.9 m s-1 for the experiments on 1 July, 10 July and 24 July 
respectively), the CO2 perturbations are not extremely high. The daytime mixing conditions 
of the atmosphere make sure the released CO2 is mixed quickly with the surrounding air 
masses (Stull, 1988). 

 

Figure 4.4: The O2/N2 ratio against the CO2 concentration for the same three time windows as in Figure 4.3. The 
data gathered during the release experiments are again marked in red. Because the frequency of δO2/N2 is twice as 
high as the frequency for CO2, the intermediate CO2 positions were linearly interpolated. The numbers in the 
graphs indicate the slopes in per meg ppm-1. 

We expected a more sensitive leak detection during the night, when the atmosphere is 
usually less well mixed and gases accumulate close to the ground (Stull, 1988). We 
performed three CO2 release experiments during the night (in September, October and 
November 2014), all three starting around noon and lasting for close to 24 hours. During 
the experiment in October the plume of CO2 did not reach the inlet of our instrument (due 
to a combination of an unfavorable wind speed and direction in combination with the 
position of the CO2 release point) and thus no increase in the CO2 concentration was visible. 
Figure 4.5 shows the results of the CO2 release experiment that was performed in 
September 2014. The location of the CO2 release point is indicated in Figure 4.1, the 
horizontal distance with the air inlet is 12.3 meters. The CO2 was released during 22 hours 
with a constant flow rate of 5.3 g s-1.  

In the beginning of the experiment, the daytime mixing conditions ensure that the CO2 
perturbation at the air inlet is limited. In the night, the CO2 perturbation is much higher: the 
concentration reaches a maximum of even 700 ppm. During the night of this experiment, 
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the wind speed was very low (on average only 1.0 m s-1 was measured at 6 meter altitude in 
the small mast), indicating that the atmosphere was not very well mixed during this time. 

 

Figure 4.5: Measurements from the small mast during two weeks in September 2014. From 11 September 2014 
12:44 to 12 September 2014 10:42 a CO2 release experiment was performed. These data are marked in red. For 
CO2, data from 7 meters altitude from the main tower of Lutjewad station (see Figure 4.1 for the location – 
measured by the cavity ring-down spectrometer (CRDS) instrument from Picarro) are added in light grey color. 
The tick marks are placed at the beginning of each day (midnight). 

Figure 4.5 clearly illustrates the importance of measuring both CO2 and O2 when trying to 
detect a leak from a CCS site. Looking only at the CO2 concentration, the CO2 release 
experiment looks very similar to the natural event in the night of 19 – 20 September 2014. 
Looking at the O2 measurements however, there is a big difference between the two events. 
During the release experiment, only a small drop in the O2/N2 ratio is visible, whereas this 
drop is very big during the natural event. Linear regression of the data during this natural 
nighttime event gave a slope of -4.98 ± 0.08 per meg ppm-1 which corresponds to a molar 
O2 – CO2 exchange ratio of 1.04 (using the conversion of 4.77 per meg ppm-1): thus 
reflecting a biospheric character. 

The small drop in the O2/N2 ratio during the release experiment indicates there was also a 
small natural CO2 increase underneath the increase caused by the released CO2. 
Measurements of the CO2 concentration from the main Lutjewad station tower at 7 meters 
height (light grey data in Figure 4.5) confirm this. The main station tower served in 
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principle as a background station during this CO2 release experiment, as can be seen from 
the position of the CO2 release point compared to the small mast in Figure 4.1.  

Figure 4.6 shows the data gathered during the CO2 release experiment on 20 and 21 
November 2014. The CO2 was released at a horizontal distance of 12.3 meters from the air 
inlet (location is indicated in Figure 4.1) with an initial flow rate of 5.3 g s-1, which 
unintentionally gradually decreased over the night to a flow rate of 2.6 g s-1 in the early 
morning of 21 November 2014 when the experiment ended.3 During the experiment, the 
wind direction was unstable due to a very low wind speed. Because of this, there was no 
significant increase in the CO2 concentration during a large part of the experiment. Several 
temporarily increases in the CO2 concentration do however clearly identify the leak. 

 

Figure 4.6: Measurements from the small mast during one week in November 2014. From 20 November 2014 
13:40 to 21 November 2014 09:45 a CO2 release experiment was performed. These data are marked in red. For 
CO2 data from 7 meters from the main tower of Lutjewad station (see Figure 4.1 for the location – measured by 
the cavity ring-down spectrometer (CRDS) instrument from Picarro) are added in light grey color. The tick marks 
are placed at the beginning of each day (midnight). 

The air inlet at 7 meter altitude in the main tower of Lutjewad (see Figure 4.1 for the 
respective locations of the small mast, CO2 release point and main tower) occasionally also 

                                                             
3 Probably the regulator was not set at a sufficiently high pressure, leading to an insufficient air 
stream to the mass flow controller as the experiment proceeded. 
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detected the emitted CO2 during this release experiment, as can be seen from the light grey 
data added in Figure 4.6.  

4.3.2. Strategies for analysis 

In this section we discuss two ways of analyzing a dataset of combined CO2 and O2 
measurements to find a leak of CO2. In the first method time intervals (e.g. hours) are 
compared with the general relationship by looking at how far this time interval deviates 
from what is determined as normal. In the second method the slope between δO2/N2 and 
CO2 over time is studied.  

4.3.2.1. Time interval comparison 

In general, the relationship between O2 and CO2 is fairly constant, with some variation due 
to differences in the oxidation ratio of different sources and sinks of CO2 and the noise of 
the instrument that measures the two gases. Figure 4.7 shows the September and November 
CO2 release experiments that were presented in the previous section but now δO2/N2 and 
CO2 are plotted against each other.  

       

Figure 4.7: The δO2/N2 and CO2 data from Figure 4.5 and Figure 4.6 plotted against each other, with graph (a) 
showing the data around the CO2 release experiment in the night of 11 – 12 September 2014 and graph (b) 
showing the data around the CO2 release experiment in the night of 20 – 21 November 2014. In both graphs, the 
most extreme outliers were removed to determine the general relationship (indicated in the graphs by the white 
(open) circles and partly by the red circles in contrast to the grey interconnected points). The histograms show the 
horizontal deviation of the grey data from the linear relationship with σ = 7.0 ppm (a) and σ = 3.0 ppm (b). The 
red points are the measurements during the release experiments. For graph (b) some points from the release 
experiments fall outside this graph – as can also be seen in the data presented in Figure 4.6.   

The most extreme outliers (in this case mostly caused by the CO2 release experiments) have 
been removed from the dataset, using an exclusion outlier filter, to determine the linear 
relationship between CO2 and δO2/N2. In the filtering outlier procedure we did not use our 
prior knowledge of the release experiment. First, the (least-squares) linear relationship 
between δO2/N2 and CO2 was determined. The 50 data points that were the farthest away 
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from this linear relationship were removed as outliers and the linear relationship was 
determined again. This time the 100 or 50 data points that were farthest away from the 
linear relationship were excluded for the September and November experiments 
respectively. As the dataset of the November experiment was shorter, less data points were 
removed here. The process is somewhat arbitrary, but using our knowledge about natural 
and instrumental variability, the process resulted into a realistic dataset, excluding mostly 
only those data points that belonged to the release experiments and to the sudden drops in 
the O2/N2 ratio.  

The slopes of -4.98 ± 0.02 and -5.35 ± 0.03 per meg ppm-1 – calculated from the least-
squares linear fit – correspond to molar O2 – CO2 exchange ratios of -1.04 and -1.12 
respectively, indicative of an exclusive biospheric character (Severinghaus, 1995). The data 
gathered during the time CO2 was released is again marked in red (not all of these have 
been removed from the dataset to determine the linear relationship). The histograms that 
are added to the graphs in Figure 4.7 show the horizontal scatter of the natural data around 
the fitted slope (so the CO2 measurement values minus the fit line values). In both cases the 
average value = 0 (as it should), while the standard deviations are 7.0 and 3.0 ppm, 
respectively for these two datasets. Apparently the first dataset is much more noisy. 

We can now compare the scatter around the fitted slope of different time intervals (e.g. 
hours) with the average scatter patterns from Figure 4.7 to see whether or not such a time 
interval can be considered as “normal”, that is not deviate significantly from the general 
pattern in its average value or standard deviation. In this case we look specifically for data 
from a “leak” (thus a CO2 increase without the coupled decrease in δO2/N2), which would 
be characterized by a positive deviation from the average slope (and probably by a larger 
standard deviation). Therefore we define the following equation to characterize a leak: 

 !!"#$ + σ!"#$ ≥ !!!"#"$%& + α!×!σ!"#"$%&    Equation 4.1 

In this equation, µhour and σhour are the mean and standard deviation, respectively, of a 
specific hour compared to the general relationship, whereas µgeneral and σgeneral are the mean 
and standard deviation respectively of the general relationship, in which µgeneral is by 
definition equal to zero. The value of the multiplier α is related to the confidence level one 
wants to achieve. By definition, 68% of the data falls within one standard deviation, 
leaving 16% of the data to be larger and 16% to be smaller. For two and three standard 
deviations, 2.2% and 0.1% of the data is larger and smaller respectively. If for example we 
choose the multiplier α to be 2, we identify data from a specific hour as a “leak” as soon as 
16% of its data (the amount which will be larger than the average plus one standard 
deviation) belong to the largest 2.2% data points of the general distribution (the amount 
which is larger than the average plus two standard deviations). For α = 3 this 2.2% 
decreases to ≈ 0.1%. 

We rewrite equation 4.1 to calculate α for all hours of a specific dataset: 

 α = ! !hour+σhourσgeneral
       Equation 4.2 

Applying equation 4.2 to the dataset of September 2014 yields 20 hours for which α ≥ 2, all 
of which represent real leaks. For the dataset of November 2014 six hours are flagged as a 
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potential leak as α ≥ 2. Figure 4.8 shows four of these six hours. The first hour (November 
19, 2014 18:00 (17:30 – 18:30)) does not represent a leak as no CO2 was released at that 
time. This hour is thus a “false positive”, i.e. a time interval that is incorrectly labeled as 
leak. The other five hours that were marked as potential leaks are indeed real leaks – three 
of them are shown in Figure 4.8 as well. 

 

Figure 4.8: Four examples of hours that are compared to the natural relationship between CO2 and δO2/N2 for the 
dataset of November 2014. The specific hour (with e.g. 18:00 corresponding to 17:30 – 18:30) is indicated in red. 
The µ corresponds to the mean deviation of the hour from the general relationship, σ is the corresponding standard 
deviation and α is defined as in equation 6. For all four hours α ≥ 2 and therefore they are flagged as potential leak. 
19 November 2014 18:00 is not a real leak; the other three hours are real leaks. 

For other datasets (e.g. the three July datasets) more false positives were found with this 
method and α ≥ 2. Increasing α would lower the likelihood of detecting false positives but 
also lowers the detection limit. False positives can be largely distinguished from real leaks 
by linking the suspect hours to the wind direction. For false positives the wind direction 
will be random, whereas for a real point source leak one finds a consistent wind direction 
for all hours. Small but persistent leaks will therefore be found with this method as long as 
the measurements are performed for a sufficiently long time period. We can thus state that 
in case α ≥ 2 a leak can be identified with high certainty. This means that the leak detection 
limit of our system is around 6 ppm (taking σ = 3.0 ppm as a basis).  

The above method is actually a modification of the well-known chi-squared (Χ2) test. That 
is also a test on the likelihood that data in a specific time frame are in agreement with the 
expected distribution (see examples by (Bevington and Robinson, 2003; Sachs, 1999). For 
every hour, Χ2 is calculated and from this combined with the degrees of freedom the p-
value can be calculated. In case the p-value is <0.05 (an arbitrary limit that is however very 
often chosen) a time interval is marked as a potential leak as this describes a situation in 
which the chance is less than 5% that the time interval comes from the parent distribution. 
Changing the limit of the p-value is equivalent to a change in α in the method described 
above.  

Applying this method to the datasets of the September and November release experiments 
(and just like above adding the requirement that µhour > 0) gives results very similar to the α 
strategy. Most hours that were originally flagged as a leak have a p-value equal to virtually 
zero, indicating that there is (virtually) no chance this hour belongs to the general 
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relationship. Several hours are found with 0 < p-value < 0.05, some of those are false 
positives, others are real leaks. 

The advantages of our modified method are that the “leak character” of the deviations is 
implicitly anchored in equation 6, and that hours with only an a-typically small spread in 
the data (e.g. an hour with a very constant CO2 concentration) are not flagged as leaks, 
contrary to the standard X2 method. Last but not least we experience our modified method 
as more insightful. 

4.3.2.2. Slope method 

Another method to study the data and look for leaks is by looking at the slope and the 
changes in it throughout time. To do this, we calculated the slope of a linear fit to 120 
successive data points (this time without removing outliers) in a certain data set and shift 
this by 20 data points at the time (so first calculate the slope of points 1 – 120, next from 21 
– 140, etc). As the frequency of the data is 1 data point per 3 minutes this means that – in 
case there are no gaps in the data – the slope is calculated for a 6-hour time period and one 
slope is found per hour. 

First we look at the error in the slope of a time interval. In case the error of the slope is 
higher than 0.7 per meg ppm-1 (an quite arbitrarily defined limit we found by trial and 
error) the slope is considered to be too uncertain to be able to decide if a leak of CO2 
occurred during this time interval or not – no matter the value of the slope itself. In the case, 
however, where a time interval with a high error in the slope has almost no variation in the 
CO2 concentration (standard deviation < 2 ppm CO2) a leak is ruled out. For time intervals 
with an error in the slope < 0.7 per meg ppm-1 the slope determination is considered as 
reliable. If that is the case, all slopes more positive than -1.5 per meg ppm-1 (also a trial and 
error value of a suitable limit based on the observation of our data with and without leaks; 
the slope value for natural biospheric processes is -5 per meg ppm-1 or more negative in 
case fossil fuel combustion plays a role (Keeling, 1988; Severinghaus, 1995)) are marked 
to indicate that during this time interval a potential leak is registered. Time intervals with 
slopes more negative than -1.5 per meg ppm-1 are considered as natural (meaning “not a 
leak”). 

Figure 4.9 shows the slopes in time of the data gathered around the CO2 release experiment 
in September 2014. The error bars give the standard errors of the slopes. Black points 
correspond to time intervals in which no leak was detected, which are time intervals with 
slopes more negative than our limit of -1.5 per meg ppm-1 with a low error (< 0.7 per meg 
ppm-1), or time intervals with a high error in the slope (> 0.7 per meg ppm-1) but a very 
stable CO2 concentration (standard deviation < 2 ppm). Red points indicate time intervals 
in which a potential leak is registered while the blue points mark uncertain time intervals, 
with a high error in the slope and significant variation in the CO2 concentration. 

Especially in the beginning of the dataset, there are many time intervals with a high error in 
the slope (> 0.7 per meg ppm-1). These time intervals mainly represent data where the CO2 
concentration hardly changed, thus making it very difficult to determine the trend. There is 
also noise in the O2/N2 ratio during most of these time intervals, as can be seen in Figure 
4.5.  
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Figure 4.9: The slope in per meg ppm-1 in time of the dataset around the CO2 release experiment in September 
2014. All slopes more positive than -1.5 per meg ppm-1 with a corresponding error < 0.7 per meg ppm-1 are 
marked in red to indicate that during this time a potential leak is registered. The error bars give the standard errors 
of the slopes. Three points are not visible in this graph as the slope was < -12 per meg ppm-1. All three of them 
had a large error in the slope. The blue points indicate time intervals for which the slope could not be determined 
with high certainty while the variation of the CO2 concentration was still larger than 2 ppm. The tick marks are 
placed at the beginning of each day (midnight). 

 

Figure 4.10: Several examples of slopes >-1.5 per meg ppm-1 from 6-hour time intervals (indicated in red) of the 
dataset gathered during the release experiment on 11 – 12 September 2014. As the release of CO2 started at 12:44, 
the first two graphs show data that was partly gathered before the release experiment started and the error in the 
slope is therefore higher than it is for later time intervals. 

A total of six time intervals are marked in blue in Figure 4.9. The standard deviation of the 
CO2 concentration of these time intervals is higher than 2 ppm but only slightly (with a 
maximum of 2.6 ppm). Choosing this limit differently thus includes more or less uncertain 
time intervals. Note that the four blue points prior to the red points of the CO2 release just 
after midnight on 11 September 2014 do not represent a real CO2 leak. The last blue point 
marks the dataset from 11 September 2014 6:23 to 12:21 o’clock while the release 
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experiment started only at 12:44 o’clock. The fact that they precede the real CO2 release is 
a coincidence. 

Figure 4.10 gives four examples of time intervals during the CO2 release experiment in the 
night of 11 – 12 September 2014. As the release of CO2 started at 12:44, the first two 
graphs show data that was partly gathered before any CO2 was released and therefore the 
error in the slope is higher than it is for the two later time intervals, which include only data 
gathered during the release experiment. 

The method was also applied on the dataset around the CO2 release experiment in 
November 2014. The slopes are plotted in Figure 4.11.  

 

Figure 4.11: The slope in per meg ppm-1 in time of the dataset around the CO2 release experiment in November 
2014. All slopes above -1.5 per meg ppm-1 with a corresponding error < 0.7 per meg ppm-1 are marked in red to 
indicate that during this time interval a potential leak is registered. The error bars give the standard errors of the 
slopes. The blue points indicate time intervals for which the slope could not be determined with high certainty 
while the variation of the CO2 concentration was still larger than 2 ppm. The tick marks are placed at the 
beginning of each day (midnight).  

Just as for the September dataset presented in Figure 4.9 the slope mostly varies around -5 
per meg ppm-1. In the afternoon and evening of 20 November 2014, when CO2 was 
released, the slopes are clearly above -1.5 per meg ppm-1 with small errors. Just after 
midnight the slope is lower and thus marked in black, even though CO2 was still released in 
these time intervals. This experiment was very different from the September CO2 release 
experiment, as the released CO2 was only intermittently visible in the measurements this 
time, as can be seen in Figure 4.6. For some time intervals the contribution of the leaked 
CO2 was very small thus making it difficult to recognize it. The six blue points in the graph 
mark again time intervals in which the error of the slope was larger than 0.7 per meg ppm-1 
while the variation in the CO2 concentration was larger than 2 ppm. In the afternoon of 19 
November 2014 and in the end of this dataset there was some noise in the O2 measurements, 
making it difficult to determine a proper trend. The variation in the CO2 concentration was 
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not very large, but larger than 2 ppm, which is the reason why these time intervals are 
marked blue instead of black.  

Figure 4.12 shows four examples of time intervals during the November release experiment. 
In all four cases, a large part of the data has the general slope of around -5 per meg ppm-1. 
The slope and corresponding error are depending on how many data points from the 
released CO2 are included in the dataset and how far these data points are away from the 
general relationship. The first graph includes almost all extreme high CO2 perturbation 
points and thus the slope is almost zero with a low error. The third graph – marked in grey 
because the slope is < -1.5 per meg ppm-1 – shows that only very few data points of the 
released CO2 are included and they are very close to the general relationship. 

 

Figure 4.12: Several examples of 6-hour time intervals (indicated in red) around the CO2 release experiment in the 
night from 20 – 21 November 2014. All the time intervals fall in the period the CO2 was released. Graphs marked 
in red show data with a slope >-1.5 meg ppm-1 while the graph marked in grey shows a slope that is lower and 
therefore not easily recognized as a leak. 

Applying this method to other datasets gathered during the campaign in Lutjewad gives 
similar results. Filtering time intervals with slopes > -1.5 per meg ppm-1, and corresponding 
errors < 0.7 per meg ppm-1 gives almost exclusively time intervals in which CO2 was 
indeed released. In this way we found all three July 2014 CO2 release experiments 
presented in Figure 4.3 and also a CO2 release experiment performed on 31 July (not 
shown). Of course it is possible to lower the detection limit of -1.5 per meg ppm-1 to 
include both more real leaks and uncertain time intervals / false positives. The limit of the 
slope error and standard deviation of the CO2 concentration can also be chosen differently, 
to give slightly different results. These values should always be adapted to the specific 
characteristics of an instrument (e.g. precision of the measurements) and the surroundings 
of a measurement station.  

Contrary to the hourly distribution strategy demonstrated in the previous section, it is next 
to impossible in this case to calculate for a certain choice for the detection limit a firm 
statistical likelihood that the time period with such a slope does nevertheless not contain 
perturbed conditions. 



Chapter 4 

 88 

4.4. Discussion and conclusions 
This chapter demonstrates a transportable measurement system for atmospheric CO2 and 
O2 measurements and its use in the detection of CO2 leaks from CCS sites. The instrument 
shows an excellent precision for the CO2 measurements and O2 measurements that can 
compete with other systems in the world, although there is room for improvement. 

The precision in both CO2 and O2 is very important as it determines the detection limit of 
the system for leaks of CO2. The smaller the scatter about the linear relationship between 
the O2/N2 ratio and CO2 in natural circumstances, the easier a leak of CO2 will stand out. 
Besides the precision, the resolution of the data is also important. The higher the resolution, 
the more data there is and the higher the chance a small persistent leak can be detected. To 
increase the data output of the system, a different setup is required as the output frequency 
is now limited by the flushing time of the fuel cells and NDIR. Wilson (2012) uses a 
modified CO2 sensor with two paths instead of only one, making it unnecessary to switch 
between the sample and reference line to measure the CO2 concentration. In his setup, only 
the fuel cells need to be switched, which reduces the flushing time and thus increases the 
data output by a factor three to one point per minute.  

Another important thing to consider is the frequency of the calibration and target cylinder 
measurements. As our setup is a prototype we wanted to have sufficient calibration and 
target measurements to study the instrument carefully. In a long-term permanent setup the 
frequency of these measurements can be reduced significantly. We used two target 
cylinders because our system originally also measured δ13CO2 and we wanted to be able to 
check the linearity of the system. For a permanent setup one target cylinder would also be 
sufficient. In fact, this is what most O2 – CO2 systems indeed have (e.g. van der Laan-
Luijkx et al., 2010b; Wilson, 2012, and see also the fixed instrument at Lutjewad presented 
in chapter 3).   

Keeling et al. (2011) tried to estimate the sensitivity of this leak detection strategy. They 
found a leak detection limit of around 2 – 4 ppm based on a rough estimate on a Siberian 
data set. Keeping in mind that the instrument noise could be reduced they estimated an 
ultimate sensitivity of the system of 1 – 2 ppm CO2. Based on our experiments we would 
estimate a higher leak detection limit of around 6 ppm. Although improving the O2 
measurements of our system could lower this, we consider a sensitivity of 1 – 2 ppm to be 
too optimistic. Even with very precise O2 measurements there will always be a scatter 
about the linear relationship between δO2/N2 and CO2 due to the natural variability in the 
oxidative ratio. The more different sources and sinks of CO2 there are in the proximity of a 
leak detection station, the higher the natural scatter about the linear relationship and thus 
the higher the leak detection limit. We therefore estimate the ultimate leak detection limit 
of this method to be about 3 ppm. 

We demonstrated two data analysis strategies that are complementary and can be 
automated rather easily. The combination of the two is a strong tool for finding leaks, 
making in our case the measurement precision of O2, but ultimately the natural variability 
of the O2 – CO2 relation the principal limitation for detecting an increased CO2 
concentration caused by a leak of CO2 from a CCS site. 
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The CO2 perturbation at the air inlet of the instrument is determined by the source strength, 
the distance from the source, the wind speed, the wind direction, the atmospheric stability 
and possible obstacles along the path from the source to the air inlet. An optimal way to 
demonstrate our leak detection strategy would be with a continuous release experiment that 
would last for several weeks. During such an experiment the leak would only be detected 
when the wind direction was right and the strength of the CO2 perturbation would then 
depend on the atmospheric variables. Although the CO2 release experiment that was 
performed on 9 and 10 October 2014 (not shown) did not increase the CO2 concentration 
by much, several hours were marked as a potential leak by either two of the methods. The 
duration of the experiment was too short to be certain about this leak but in case it would 
have lasted longer, more hours would have been marked as potential leak, all with the same 
wind direction. The longer the data record is the more likely it is to find a leak. A long-term 
release experiment was however logistically, financially and environmentally not feasible 
in our small field campaign. 

Haefeli et al. (2004) report that leakage rates should be kept below 0.01 % year-1 to achieve 
stabilization of the CO2 concentration. For a large-scale storage site of 10 Mton CO2 this 
would correspond to a leakage rate of 1000 ton CO2 year-1 (32 g s-1) (Leuning et al., 2008). 
They describe a CO2 perturbation of 2.4 ppm at one moment during a 7-day model 
simulation of such a leak of 32 g s-1 at a distance of 700 meters. Luhar et al. (2014) show 
CO2 perturbations as high as 20 ppm for a site <200 m away from a CO2 release with an 
average flow rate three times as high (96.2 g s-1 or 3000 ton CO2 year-1). Based on these 
studies and the fact that the CO2 perturbation is linearly proportional to the source strength 
(Leuning et al., 2008), we estimate that a 32 g s-1 leak up to 500 meters can be detected 
with this method. This is indeed also a factor of 2 less sensitive than the estimate made by 
Keeling et al. (2011), just as our estimate for the leak detection limit in ppm differs by a 
factor of 2.  

Another method to detect leaks from a CCS site is using multiple CO2 sensors as described 
by (Luhar et al., 2014; van Leeuwen et al., 2013 (chapter 2 of this thesis)). This principle is 
also demonstrated when comparing the two different CO2 measurements in the small and 
main tower during the release experiment on 11 – 12 September 2014. Depending on the 
wind direction, the source of CO2 hits only one of the detectors, the other one(s) 
representing background conditions. Subtracting the two signals from each other results 
into the CO2 perturbation at a specific sensor location. Although this method is a strong 
tool, it fundamentally cannot discriminate between a random (biospheric or fossil fuel 
combustion) point source of CO2 and a leak of CO2. Measuring O2 in addition is the only 
way to make this distinction. 

An ideal strategy for atmospheric leak detection would be to combine the two techniques 
and measure both CO2 and O2 at different locations around the field of interest. Distances 
between the sample locations should be kept <1000 meters and both the O2 and CO2 
concentration should be measured with the highest precision possible. The costs for a 
system like this would however be significant. The transportable system presented in this 
chapter costs about €60,000 which includes only the materials. Labor costs for building and 
maintaining the system would add to these costs, just as the costs for the reference and 
calibration gases that are required. From an economical perspective one could also consider 
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to install CO2 measurement systems in the monitoring stations and equip only a small part 
of the stations with an additional O2 measurement system. Alternatively, one could deploy 
one transportable O2 system such as ours and use it to monitor sites where simple CO2 
measurements have indicated a possible leak. 

Although the instrument we present here is transportable, the surroundings of the 
instrument are crucial. Rapid temperature fluctuations have a profound disturbing influence 
on the leak detection limit. For optimal use of the leak detection capacities of this 
instrument it should be placed in a very stable environment. Ideally, small stations should 
be built with excellent temperature control to put the O2 – CO2 instruments in. In case a 
field needs to be monitored for a long time – which will often be the case with real CCS 
projects – this will be a realistic option. 

A system with multiple O2 – CO2 measurement points might also be the only tool to find 
CO2 leaks other than point sources. When the leak is an area source instead of a point 
source the CO2 perturbations are smaller in amplitude, broader in space and pass over the 
measurement point for longer periods (Leuning et al., 2008). In the same model study of 
(Leuning et al., 2008) that showed a perturbation of 2.4 ppm CO2 for a point source at 700 
meters distance, an area source of the same size would lead to a maximum perturbation of 
only 0.3 ppm, which would be impossible to detect. Nevertheless, a leak like this might be 
identified under certain weather circumstances at smaller distances between the source and 
measurement location. An extensive modeling study is required to investigate the 
sensitivity of this system for CO2 leaks of different natures. This is beyond the scope and 
possibilities of this research project. Inverse modeling would also be required once several 
stations are in operation to measure both the CO2 and O2 concentration around a storage 
field to estimate the source strength and location of an identified leak. 
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Chapter 5 
 Continuous and flask observations of atmospheric δO2/N2 

and CO2 at Lutjewad station, the Netherlands, and Mace Head 
station, Ireland 

Abstract 
This chapter presents an update of the flask-based observations of atmospheric δO2/N2 and 
CO2 at the atmospheric monitoring stations Lutjewad, the Netherlands (53°24’N, 6°21’E), 
and Mace Head, Ireland (53°20’N, 9°54’W), and also includes the first continuous δO2/N2 
observations from Lutjewad. The flask observations now cover a period of over 15 years 
for both stations, running from 1998 to 2014 for Mace Head and 2000 – 2015 for Lutjewad. 
The δO2/N2 ratio of all flasks is determined in the laboratory of the Centre for Isotope 
Research (CIO), University of Groningen, the Netherlands, on a Micromass Optima Dual 
Inlet Isotope Ratio Mass Spectrometer (DI-IRMS) – as presented in chapter 3 of this thesis. 
Trends and (peak-trough) amplitudes for CO2, δO2/N2 and the related tracer APO 
(Atmospheric Potential Oxygen) were determined for the flask measurements of the two 
stations, using only samples collected at baseline conditions (not influenced by local 
sources and sinks), for both the complete dataset as well as the most recent data running 
from 2009 to 2014 / 2015. The data record of Mace Head appeared to be very robust, with 
almost no need to remove data points from the dataset due to non-background 
measurements and almost no variation in the seasonal cycle throughout time. A large gap in 
the dataset in 2009 for the δO2/N2 observations did, however, cause problems in the 
determination of the trend for both δO2/N2 and APO at Mace Head. Lutjewad station 
included more locally influenced samples, with as a consequence a higher need for 
background condition filtering and more variation in the calculated seasonal cycles and 
trends. The new, continuous δO2/N2 measurement system running at Lutjewad since 2011 
is not yet satisfactory, mainly because the current dataset contains many gaps, which causes 
problems in the – delicate – trend and seasonal cycle determination. 

 

 

 
 
 
 
 
 
This chapter (combined with a part of chapter 3) will be submitted for publication as: van Leeuwen, 
C., Scheeren, H.A., van der Laan-Luijkx, I.T., Kers, B.A.M. and Meijer, H.A.J. – Continuous and 
flask observations of atmospheric δO2/N2 and CO2 at Lutjewad station, the Netherlands, and Mace 
Head station, Ireland.  
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5.1. Introduction 
Human activities have a profound influence on the composition of the earth’s atmosphere. 
The largest known contribution is the emission of carbon dioxide (CO2) to the atmosphere 
by burning of fossil fuels, deforestation and changes in land use practices, summarized as 
“anthropogenic emissions”. CO2 is a greenhouse gas that absorbs infrared radiation – an 
effect that is called the greenhouse gas effect. CO2 exists naturally in the atmosphere but 
since the industrial revolution humans have increased its concentration by over 40% from a 
background concentration of about 274 – 284 ppm in 1750 (Etheridge et al., 1996) to 395.2 
± 0.1 ppm in 2013 (Dlugokencky and Tans, 2015). It is extremely likely that this increase 
of the CO2 concentration – together with the rise of other greenhouse gases such as CH4 
and N2O – is causing warming of the global climate (IPCC, 2013).  

The behavior of CO2 in the atmosphere is not straightforward. Once released in the 
atmosphere, CO2 can be absorbed by the oceans or taken up by the biosphere through 
photosynthesis. There is a continuous exchange of carbon between the different reservoirs 
of the earth and this entire dynamic system is known as the global carbon cycle. A 
considerable fraction of the anthropogenic CO2 emissions is absorbed by the oceans and 
terrestrial biosphere, which is thus limiting the increase of CO2 in the atmosphere and the 
warming of global climate. Current estimates indicate that of all the emitted anthropogenic 
CO2 in the period 1750 – 2013 (equivalent to 580 ± 70 Gt Carbon) less than half has 
accumulated in the atmosphere (250 ± 5 GtC). The remaining emitted carbon has been 
taken up by the ocean (170 ± 20 GtC) and biosphere (160 ± 70 GtC) (Le Quéré et al., 2015). 
Estimating the sizes of these natural carbon sinks and understanding the processes involved 
has been subject to many scientific studies as this is crucial in predicting future climate 
change.  

Combining atmospheric CO2 measurements with measurements of atmospheric oxygen 
(O2) can give valuable information about the global carbon cycle. In most processes – e.g. 
combustion of fossil fuels, biosphere respiration and photosynthesis – O2 is consumed 
while CO2 is produced or vice versa. The atmospheric concentrations of the two species are 
therefore closely coupled and show roughly mirrored patterns. In air-sea exchange, 
however, O2 and CO2 are uncoupled due to carbonate reactions in the seawater, which have 
a buffering effect on the atmospheric CO2 but no effect on atmospheric O2. The uptake of 
CO2 by the oceans can therefore be studied by measuring the O2 concentration in addition 
to the CO2 concentration (e.g. Keeling and Shertz, 1992).  

In the near future, the combination of atmospheric O2 and CO2 measurements can also play 
an important role in studying Carbon Capture and Storage (CCS) processes in the world. 
When CO2 is captured and stored underground on a large scale this has an influence on the 
O2 – CO2 balance of the atmosphere, as O2 will still be consumed during the burning of 
fossil fuels while the CO2 counterpart will be missing (Keeling et al., 2011). In case of a 
leak of CO2 from a storage site there will be an increase in the CO2 concentration without a 
concurrent decrease in the O2 concentration. This can distinguish a leak from other sources 
of CO2 such as fossil fuel burning and biosphere respiration (Keeling et al., 2011) and see 
also chapter 4 of this thesis. 
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While atmospheric CO2 measurements have become increasingly straightforward in the 
past decades, atmospheric O2 measurements are still considered a challenge. Only about a 
dozen programs in the world are currently involved in those measurements (Keeling and 
Manning, 2014) – the Centre for Isotope Research (CIO) of the University of Groningen, 
the Netherlands, being one of them. Flask sampling for atmospheric O2 measurements at 
the CIO started in December 1998 at Mace Head, Ireland, followed by Lutjewad station, 
the Netherlands, in October 2000. The CIO also measured flask samples from the F3 gas 
production platform in the North Sea, the Netherlands (van der Laan-Luijkx et al., 2010a), 
Jungfraujoch, Switzerland (van der Laan-Luijkx et al., 2013), aircraft samples from 
Fyodorovskoye, Russia (van der Laan et al., 2014), and very recently flask samples are also 
taken at Halley station, Antarctica. Continuous atmospheric O2 – CO2 measurements 
started in August 2008 at the gas production platform F3 (van der Laan-Luijkx et al., 
2010b). In 2011 an almost identical copy of this instrument was built and placed at the 
atmospheric measurement station Lutjewad. Besides these long-term measurement 
programs at fixed stations, the CIO also developed a transportable O2 – CO2 instrument to 
aid in leak detection of CCS sites (see chapter 3 and 4 of this thesis).  

In this chapter we present O2 and CO2 data from the measurement station Lutjewad, the 
Netherlands – both from our flask sampling record and our continuous O2 – CO2 
measurement system – as well as data from the measurement station Mace Head, Ireland, 
for flask samples. Flask sample observations from both Lutjewad and Mace Head have 
been presented before by (Sirignano et al., 2010) and (van der Laan-Luijkx et al., 2010a) 
and this chapter gives an update of these data. Flasks observations are now reported here 
until January 2015. Data of our continuous O2 – CO2 measurement system in Lutjewad 
have not been presented before. 

The measurements of the flasks and the operation principles and performance of the 
continuous instrument were presented in chapter 3 of this thesis. Here we first describe the 
atmospheric monitoring stations Lutjewad and Mace Head (section 5.2.1), present 
Atmospheric Potential Oxygen (APO – a defined tracer based on combined O2 and CO2 
measurements) (section 5.2.2), and describe the flask sampling procedures at the two 
stations (section 5.2.3). In section 5.3 we present the observations of O2, CO2 and APO, 
first of the flask samples at Lutjewad and Mace Head (section 5.3.1) followed by the 
continuous system at Lutjewad (section 5.3.2). In section 5.3.3 we discuss the trends and 
seasonal cycles found for the different locations, measurement methods and time frames 
and compare them with other stations in the vicinity of Lutjewad and Mace Head. We end 
with a discussion and some conclusions. 

5.2. Materials and methods 

5.2.1. Site description 

Figure 5.1 shows the locations of Lutjewad atmospheric monitoring station  (53°24’N, 
6°21’E) on the northern coast of the Netherlands and Mace Head atmospheric research 
station  (53°20’N, 9°54’W) on the west coast of Ireland. The figure also shows other 
locations in Europe where atmospheric O2 is (or has been) observed. The measurements of 
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these stations will be presented for comparison with our own measurements of Lutjewad 
and Mace Head. 

 

Figure 5.1: The locations of Lutjewad and Mace Head atmospheric monitoring stations in Europe. The locations 
of other stations in Europe with atmospheric O2 records are also visible in the figure. These are: Shetland Islands 
(SIS), the North Sea oil and gas platform F3, Weybourne (WAO), Puy de Dôme (PUY), Jungfraujoch (JFJ), 
Ochsenkopf (OXK), Bialystok (BIK) and Fyodorovskoye (FYO). For references see Table 5.2 and Table 5.3. 

The prevailing wind direction in the Netherlands is southwest, implying that continental air 
masses influenced by anthropogenic and biogenic sources and sinks are the most common 
at Lutjewad station. With northern wind the station measures background air coming from 
the sea. The station consists of a 60-meter tall tower and a building with a laboratory. Air is 
pumped from air inlets in the top of the tower to the laboratory, where the air is either 
analyzed by one of the continuous instruments or stored in flasks and analyzed later in the 
laboratory of the Centre for Isotope Research (CIO) in Groningen.  

The station was opened in 2000 when the first measurements started. In time, several 
instruments were upgraded or added. Currently the station measures continuous records for 
CO2, CO, CH4, H2O, SF6, N2O, O2, 222Radon and COS. Flask samples are generally taken 
once or twice a week and are analyzed in the laboratory in Groningen for CO2, CO, CH4, 
O2, δ13CO2, δCO18O and partially for Δ14CO2. For Δ14CO2, monthly-integrated samples 
(both continuous and wind-selected) are taken as well. In addition, the basic meteorological 
conditions are monitored. In the coming year, measurements of aerosols will be added to 
the station. More information about the station and most of the equipment can be found in 
(van der Laan, 2010). 

At Mace Head atmospheric research station the prevailing wind direction is west, which 
means the station is mainly in background air coming from the Atlantic Ocean (“baseline 

Lutjewad
MaceHead

WAO

FYO

SIS

OXK

JFJ
PUY

BIK
F3



Observations of δO2/N2 and CO2 at Lutjewad and Mace Head 

 97 

conditions”). The CIO only performs (weekly) flask measurements from this station, for 
which sampling started in the end of 1998. Flasks are filled with air from 35 meters above 
sea level during baseline conditions. The flask samples are analyzed for the same species, 
and by the same instruments, as the Lutjewad flasks. More information about Mace Head 
station can be found in e.g. (Derwent et al., 2002; Ebinghaus et al., 2011; Jennings et al., 
1993). 

5.2.2. Atmospheric Potential Oxygen (APO) 

The tracer Atmospheric Potential Oxygen (APO) is defined as the sum of the O2/N2 ratio 
and 1.1 times the CO2 concentration, according to (Stephens et al., 1998): 

 δAPO = δ O! N! + !.!× !"!!!"#
!!!

     Equation 5.1 

In this formula δAPO is the APO concentration in per meg and 1.1 is the approximate 
global average O2:CO2 exchange ratio for photosynthesis and biosphere respiration as 
determined by (Severinghaus, 1995). S!!is again the standard mole fraction of O2 in air as 
given before and 350 is an arbitrary consensus defined reference value defined by 
(Manning and Keeling, 2006). APO is, by definition, not sensitive for biosphere activity 
and thus only represents air-sea exchanges of O2 and CO2 and partly fossil fuel combustion, 
as the stoichiometric ratio between O2 and CO2 for fossil fuel combustion generally 
exceeds 1.1. The oxidative ratio is about 1.95 for natural gas, 1.44 for crude oil and 1.17 for 
coal (Keeling, 1988). The global average oxidative ratio for fossil fuels is roughly 1.4 but 
this number shows important differences between counties, and also changes with time, 
depending on the global fuel mix. It was for example estimated to be 1.391 and 1.378 for 
the time periods 1990 – 2000 en 2000 – 2010 respectively (Keeling and Manning, 2014).  

5.2.3. Flask sampling 

The flasks used in our flask-sampling network are 2.5-liter volume glass flasks with two 
Louwers Hapert Viton sealed valves. An automated flask sampler controls the filling of the 
flasks at Lutjewad station, which is able to fill up to 20 flasks. A flask is flushed for one 
hour before the sampler closes it and continuous to flush the next flask. Flasks can be 
blocked to remove them from the flushing sequence and store the sample (Neubert et al., 
2004). Flasks are taken at various conditions, but for the record presented here, only flasks 
taken at “local background” conditions are considered, with 222Radon mixing ratio < 3 Bq 
m-3 and the CO concentration < 200 ppb. At Mace Head flasks are manually filled in pairs 
every week, almost exclusively at baseline conditions. Flasks with a CO concentration > 
200 ppb are removed, such that the remaining dataset strictly represents baseline conditions. 
At both stations, the air is first cryogenically dried and flasks are filled at ambient pressure. 
The flask samples are analyzed in the CIO laboratory and in this chapter we present the 
CO2 and O2 measurements of the flask samples. The CO2 concentration of the flasks is 
determined on a HP Agilent HP6890N Gas Chromatograph (GC) while the O2/N2 ratio is 
determined on a Micromass Optima Dual Inlet Isotope Ratio Mass Spectrometer (DI-
IRMS), as was presented in chapter 3 of this thesis. More information about the automated 
flask sampler and flask sampling records at Lutjewad and Mace Head can be found in 
Neubert et al. (2004), Sirignano et al. (2010) and van der Laan-Luijkx et al. (2010a).  
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5.3. Observations 
Here we present the observations of O2 and CO2 at the Lutjewad and Mace Head 
atmospheric monitoring stations. First we present the results of our flask sampling records 
(section 5.3.1), which is a follow-up on the work presented earlier by Sirignano et al. 
(2010) and van der Laan-Luijkx et al. (2010a). Section 5.3.2 then presents the first results 
of the continuous O2 – CO2 instrument at Lutjewad and compares them with the flask 
measurements. In section 5.3.3 the trends and seasonal cycles that are determined from the 
different datasets are discussed. 

5.3.1. Flask sampling records of Lutjewad and Mace Head 

The flask sampling records of Lutjewad and Mace Head were updated since the last 
publication of the dataset which included flasks up until 23 March 2009 (van der Laan-
Luijkx et al., 2010a). All new flasks (with a standard deviation of less than 15 per meg for 
the duplo measurements) were first filtered to represent background conditions (222Radon 
mixing ratio < 3 Bq m-3 and the CO concentration < 200 ppb for Lutjewad and CO 
concentration < 200 ppb for Mace Head – a strategy adopted from van der Laan-Luijkx et 
al. (2010a)). Flasks that could not be filtered because either 222Radon or CO was not 
available are kept in the dataset. For Lutjewad slightly more than 25% of all flasks were 
removed in this procedure while for Mace Head this was only about 1% of the flasks. The 
difference can be explained by two reasons. First, the flask filling procedure at Mace Head 
is strictly focused on sampling background air while at Lutjewad flasks are also filled for 
other reasons during for example field campaigns at the station. Second, Mace Head is 
measuring mainly background air from the ocean while Lutjewad measures mainly air from 
the continent, which makes it often more difficult to sample background air.  

After the filtering for background conditions, a linear combination of a 3-harmonic 
seasonal component and a linear trend has been fitted to the datasets – in the same way as 
has been done by van der Laan-Luijkx et al. (2010a). The fit procedure involved three steps 
of fitting the trend and seasonal cycle and filter the dataset for outliers to the fit, using a 2.7 
sigma exclusion filter. In this filtering procedure, the measurement with the largest residual 
from the fit is hypothesized to be an outlier. The average and standard deviation of the 
remaining residuals are then calculated and in case the hypothesized outlier is more than 
2.7 times the new standard deviation away from the new average it is marked as an outlier 
and excluded. This procedure is repeated until all outliers are removed from the dataset. 
This outlier filtering removed another 10% (CO2) and 6% (O2) of the flasks from the 
Lutjewad dataset and 3% (CO2) and 1% (O2) of the flasks from the Mace Head dataset. 
Again, not surprisingly, the Mace Head dataset appeared to represent background 
conditions much better than the Lutjewad dataset.  

The amount of flask measurements for both stations was more than doubled since the last 
publication of the data record in van der Laan-Luijkx et al. (2010a). 



Observations of δO2/N2 and CO2 at Lutjewad and Mace Head 

 99 

 

 

Figure 5.2: Results of the flask sampling measurements from Lutjewad and Mace Head, for both δO2/N2 and CO2. 
The axes have been scaled in a 1 ppm : 5 per meg ratio to be able to compare the two species on a mole to mole 
basis. The black dots are the actual flask measurements, filtered to represent background conditions and filtered 
for outliers to the fit. The black lines give the best-estimated combined trend and seasonal variation and the trends 
for the two gases of the complete dataset. The orange lines give the original fits as determined in (van der Laan-
Luijkx et al., 2010a) while the red lines show the fits determined for only the new data.  
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Figure 5.3: APO records of Lutjewad and Mace Head. The black dots are the actual flask measurements, filtered 
to represent background conditions and filtered during the fitting procedure (of the complete dataset). The black 
lines give the best-estimated combined seasonal variation and trend and the trends of the complete datasets. The 
orange lines give the original fits as determined in (van der Laan-Luijkx et al., 2010a) while the red lines show the 
fits determined for only the new data. 

For Lutjewad the total amount of flasks after background condition and outlier filtering is 
now equal to 616 and 611 for CO2 and O2 respectively. For Mace Head these numbers are 
589 and 455 for CO2 and O2 respectively. Differences between the amount of data points 
included for CO2 and O2 at one station are caused by a combination of failure of one of the 
measurements and the outlier filtering procedure. The considerable difference in the 
amount of flasks for CO2 and O2 at Mace Head (589 versus 455) is caused by a long period 
of moisture contamination in the flasks collected in 2009. Due to the moisture, the flasks 
could not be measured on the DI-IRMS and thus no O2/N2 ratio could be established. For 
CO2 the moisture contamination was not very important. 

Figure 5.2 presents the O2 and CO2 flask sampling records of the atmospheric monitoring 
stations Lutjewad and Mace Head. The black dots in the figure represent the final flask 
measurements on which the fits are based. The fits of the complete dataset are added in 
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black, while the existing fits as determined in (van der Laan-Luijkx et al., 2010a) are 
presented in orange. The red lines in the figure represent fits based on only the new data. 
Both the orange and red fits are based on about 50% of the dataset (considering the number 
of flasks). The large gap in the Mace Head O2 data record around 2009 causes some 
problems in determination of the trend and seasonal cycle. 

Figure 5.3 shows the APO records for Lutjewad and Mace Head calculated from the CO2 
and O2 datasets (filtered to represent background conditions, but not filtered for outliers to 
the CO2 and O2 fits). Just as for CO2 and O2, a linear trend and 3-harmonic seasonal cycle 
has been fitted to the data. The procedure of fitting the data is the same as for CO2 and O2 
and several outliers were excluded during the fitting procedure using the 2.7 sigma 
exclusion filter. The black dots in Figure 5.3 represent the final flask measurements on 
which the fits are based, which are 554 and 443 flasks respectively for Lutjewad and Mace 
Head. The black, orange and red lines represent again the fits on the total, existing and new 
dataset, respectively. 

The fit parameters from Figure 5.2 and Figure 5.3 are summarized in Table 5.1. For the 
ease of comparison the fit parameters of the continuous dataset (presented in the next 
section) are also included in this table (5th column). The trends and seasonal cycles 
presented in the table will be discussed and compared to other stations in section 5.3.3. 

5.3.2. Continuous O2 – CO2 record Lutjewad 

From 21 July 2011 onwards, the continuous data record of the combined O2 – CO2 
measurements is available for station Lutjewad. Figure 5.4 shows the hourly averaged data 
(both the grey and black data points) from the Oxzala Lutjewad gathered between 21 July 
2011 and 13 January 2015. The 222Radon data from Lutjewad station was used to filter the 
continuous dataset to represent background conditions (222Radon mixing ratio < 3 Bq m-3). 
No 222Radon measurements were available for about 7% of the dataset; these measurements 
have been kept. In total 18% of the data points were removed, as they did not represent 
background conditions. 

Just like for the flask measurements, a combination of a linear trend and 1-harmonic 
seasonal cycle has been fitted to the datasets. Because the dataset contains many gaps, a 1-
harmonic fit was chosen instead of a 3- (or 2-) harmonic for the continuous dataset. The fit 
procedure involved again three steps of fitting the trend and seasonal cycle and filter the 
dataset for outliers to the fit, using the 2.7 sigma exclusion filter. The final fit parameters 
are presented in Table 5.1. The black data points in Figure 5.4 represent all the data that 
have been kept after removing the outliers, which is 76% and 73% of the original data 
(before any filtering is applied) for O2 and CO2 respectively and 93% and 89% of the 
background data (after filtering using 222Radon mixing ratio < 3 Bq m-3) for O2 and CO2 
respectively. The linear trend as well as the linear trend combined with a 1-harmonic 
seasonal cycle are added to the graphs in green. Flask measurements from the same time 
period are also added to the figure, just as the combined linear trend and seasonal cycle 
determined from the most recent flask measurements (2009 – 2015). These data are all 
marked in red. 
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Figure 5.4: The continuous dataset from the Lutjewad Oxzala for both δO2/N2 and CO2. The black dots are the 
actual measurements that have been used to determine the final fits of the trend and seasonal cycle. Combined 
with the grey data points they represent the complete continuous dataset. The green lines give the best-estimated 
combined seasonal variation and trend and the linear trends of the complete datasets. The flask measurements 
from the same time period are added to the graphs in red squares. The fits determined earlier based on the most 
recent measurements (2009 – 2015) are added in red as well. The axis have been scaled such that 1 ppm = 5 per 
meg to be able to compare the two species on a mole-to-mole basis  

The big gap visible in the graph from 2 September 2013 up till 18 March 2014 is caused by 
the rebuilding of the laboratory in Lutjewad in autumn 2013 followed by several starting-
up problems after moving the system to the new laboratory. The flask record also shows a 
gap in this time period but here it is significantly smaller – lasting for only roughly one 
month for CO2 (16 September – 23 October) and four months for O2 (20 August – 21 
December). The reason for this difference between CO2 and O2 is a campaign in autumn 
2013 in which all Lutjewad flasks were only measured for CO2. 

The dataset contains many other gaps of different sizes, varying from several months to 
several minutes. Reasons for the system to shut down completely were, amongst others, 
power failures, broken CO2 sensors (3 times) and empty reference cylinders that were not 
replaced on time. Smaller gaps are often caused by temperature disturbances in the 
laboratory of Lutjewad (e.g. very high or low temperature in the laboratory or very strong 
temperature fluctuations caused by an inadequate temperature regulation). In these cases 
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data was gathered but contained too much noise for the O2 measurements to be useful to 
include. In the first months of 2012 (18 January – 18 April) data was gathered, but δO2/N2 
was much more negative than expected (≈ 100 per meg), causing problems in fitting the 
data of both O2 and APO. All three calibration and target cylinders run empty in less than 
three months in this time period, which is a clear indication of a leak in the system, as they 
should in principle last for more than two years. During maintenance work on the system 
on 18 April 2012, several leaks were identified and repaired.  

Figure 5.5 shows the APO record of the Oxzala system, calculated from the O2 and CO2 
measurements that were filtered for background conditions (222Radon mixing ratio < 3 Bq 
m-3). Just as for the O2 and CO2 data records, a combination of a linear trend and 1-
harmonic seasonal cycle has been fitted to the dataset. The fit procedure involved again 
three steps of fitting the trend and seasonal cycle and filter the dataset for outliers to the fit, 
using the 2.7 sigma exclusion filter. The black data points represent all the data that have 
been kept after the outlier filtering procedure, which is 94% of the original APO data. The 
fitting procedure is thus slightly more efficient for APO as it is for CO2 and O2, which can 
be explained by the fact that biosphere influences are completely removed when APO is 
calculated, leading to less noise in the signal compared to CO2 and O2. 

 

Figure 5.5: APO record of the continuous system compared to the flask measurements. The black points represent 
the continuous dataset (filtered for outliers to the fit), while the green lines give the trend and combined trend and 
seasonal cycle that were fitted to the data. The flask measurements are added to the graph in red squares, with the 
trends determined earlier for the last time period of flasks sampling (2009 – 2015) added in red as well. 

A discussion about the trends and seasonal cycles of δO2/N2, CO2 and APO of the 
continuous measurements and a comparison with the flasks measurements and data records 
from other stations can be found in section 5.3.3. 

5.3.2.1. Comparison continuous measurements and flasks 

After 21 July 2011 – the start of the continuous O2 – CO2 measurements – 205 flasks (with 
a standard deviation of less than 15 per meg for the duplo measurements) were analyzed for 
atmospheric O2.  

Depending on the flow rate of a system, there is a delay between the actual sampling at 60 
meters altitude in the tower and measurement by an instrument or storage in a flask. For the 
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Oxzala (60 mL min-1) and automated flask sampler (2 L min-1) these delays were estimated 
to be roughly 25 and 5 minutes respectively.  

A flask is flushed for one hour after which it is closed. In case the old air in the flask would 
be merely pushed out by the fresh air without mixing, the flask sample would represent the 
last 75 seconds of the hour that it was flushed. If, on the other hand, we assume perfect 
mixing in the flask (which is more realistic), the air in the flask is a time-weighted mean 
over the flushing period (Chen et al., 2012). Because our continuous measurements have an 
output frequency of 5 minutes it is not possible to do a very precise comparison between 
the flasks and the continuous data. Based on the flask size, flow and model outcome of 
(Chen et al., 2012), we assume the last 10 minutes of the flushing time as representative for 
the content of the flask, which means we compare with the average of two measurements 
from the Oxzala. Combining this estimate with the estimates of the delay times, this means 
that a flask closed at 12:00 o’clock represents air from 11:45 – 11:55 in the tower, which is 
measured by the Oxzala between 12:10 and 12:20. 

Figure 5.6 shows the 120 flasks that overlap with the continuous measurements of the 
Oxzala system, plotted as the average measured value by the Oxzala (in 10 minutes) 
against the flask samples. 

 

Figure 5.6: Comparison of the δO2/N2 measurements between the flask samples and the continuous O2 – CO2 
system. Out of 205 flasks that were analyzed after the start of the continuous O2 – CO2 measurements, 120 could 
be linked to measurements of the continuous system and are plotted here. Applying the 2.7 sigma exclusion filter 
to the residuals of a linear fit resulted into two outliers, which are marked in red. The remaining 118 flask 
measurements are on average 5 ± 25 per meg (1σ standard deviation) higher than the continuous measurements. 
The black diagonal line represents the linear fit (n = 118) and the dashed diagonal line represents the ideal 
situation in which the flasks and continuous system would exactly agree with each other. 

The average difference between the flask and the continuous measurements (n = 120) was 
found to be 6.2 ± 2.4 per meg, the flask measurements being higher than the continuous 
measurements. Applying the 2.7 sigma exclusion filter to the residuals of the fit gave two 
outliers, which are marked in red in Figure 5.6. Without these two outliers, the average 
difference between the flask and continuous measurements (n = 118) was found to be 4.9 ± 
2.3 per meg (1σ standard deviation of the individual measurements was 25 per meg). The 
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difference is thus significant. The black line in Figure 5.6 represents the linear relationship 
(of the 118 flasks) with a slope of 1.02 ± 0.04 and a correlation coefficient (R2) of 0.85. 
This slope is thus not significantly different from the ideal relationship between the two 
measurements, indicated by the dashed diagonal line in the figure. From that we conclude 
that the difference between the flask and continuous measurements is only an offset, most 
likely caused by a calibration difference. This is not very surprising in the light of the 
difficulties in the establishment of the scales, as was discussed before. The spread found in 
the individual comparisons, however, is larger than we would expect based on the 
measurement precisions of the two systems (based on that we would expect ≈ 12 per meg 
as standard deviation). Contaminations during flask sampling, transport and storage are 
probably the reason for the additional variability. (Goto et al., 2013) found a correlation 
coefficient of 0.90 when doing the same comparison between their continuous and flask O2 
measurements and although their flask samples were also higher on average than the 
continuous measurements they found a difference that was on average only 1.8 ± 5.5 per 
meg. 

5.3.3. Trends and seasonal cycle analysis 

Both the Lutjewad and Mace Head O2 – CO2 flask sampling record now cover a period of 
about 15 years. In this section we will discuss the observed trends (section 5.3.3.1) and 
seasonal peak-trough amplitudes (section 5.3.3.2) of both the flask sampling and the new 
continuous data record at Lutjewad and compare them with observed trends and seasonal 
amplitudes at other stations in Europe. 

5.3.3.1. Trends 

Table 5.2 shows the trends that were determined in this chapter, as well as the values 
determined for other stations in the proximity of Lutjewad and Mace Head in Europe. 
Locations of these stations can be found in Figure 5.1. Unfortunately, most O2 data records 
visible in Table 5.2 are not very recent, which makes it difficult to compare our newest data. 
Only a continuous dataset from Weybourne including measurements between 2009 and 
2012 (Wilson, 2012) and the intercomparison project of Jungfraujoch flasks (van der Laan-
Luijkx et al., 2013) show data later than 2009. 

For both the Lutjewad and Mace Head flask sampling records, the most recent time frame 
shows the highest trend in the CO2 concentration. For Lutjewad, however, the observed 
trend of 2.94 ± 0.09 ppm year-1 for the period 2009 – 2015 is unrealistically high, which is 
caused by the irregularly distributed sampling, with especially a high sampling frequency 
in the winter of 2013-2014 (shown in Figure 5.2). The most recent observed trends for 
Mace Head (2.41 ± 0.04 ppm year-1) corresponds very well to the trend found at 
Weybourne for the period 2009 – 2012 (2.41 ± 0.07 ppm year-1). The trend found for the 
continuous dataset from Lutjewad (2.20 ± 0.05 ppm year-1) is lower but corresponds very 
well with the average global CO2 trend, which is 2.17 ppm year-1 for the period 2010 – 
2014 (Dlugokencky and Tans, 2015). 
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Table 5.2: Estimated trends at different atmospheric measurement stations in the vicinity of Lutjewad and Mace 
Head atmospheric monitoring stations. The locations of these stations are shown in Figure 5.1. In this table, 
several flask measurements from stations other than Lutjewad and Mace Head were performed at the CIO as well 
(F3, Fyodorovskoye and one dataset from Jungfraujoch – all marked with “CIO” in the table). 

  Trend 

Location Time period & reference CO2 δO2/N2 APO 

Lutjewad 
(53.24°N 6.21°E) 

2000 – 2009 [Flasks – CIO] 
(van der Laan-Luijkx et al., 2010a) 

1.97 ± 0.07 -21.0 ± 0.9 -10.6 ± 0.7 

2009 – 2015 [Flasks – CIO] 
(this work) 

2.94 ± 0.09 -20.8 ± 0.8 -6.4 ± 0.5 

2000 – 2015 [Flasks – CIO] 
(this work) 

2.19 ± 0.03 -20.5 ± 0.3 -9.4 ± 0.2 

2011 – 2014 [Continuous – CIO] 
(this work) 

2.20 ± 0.05 -24.4 ± 0.4 -12.0 ± 0.2 

Mace Head 
(53.20°N 9.54°W) 

2000 – 2009 [Flasks – CIO] 
(van der Laan-Luijkx et al., 2010a) 

1.90 ± 0.04 -18.5 ± 0.7 -8.4 ± 0.7 

2009 – 2015 [Flasks – CIO] 
(this work) 

2.41 ± 0.04 -15.3 ± 0.9 -4.7 ± 0.8 

2000 – 2015 [Flasks – CIO] 
(this work) 

2.12 ± 0.01 -21.4 ± 0.3 -10.3 ± 0.2 

Weybourne 
(52.95°N 1.12°E) 

Jan 2009 – April 2012 [Continuous] 
(Wilson, 2012) 

2.41 ± 0.07 -25.3 ± 0.4 -13.4 ± 0.1 

F3 
(54.51°N 4.44°E) 

2006 – 2009 [Flasks – CIO] 
(van der Laan-Luijkx et al., 2010a) 

2.11 ± 0.04 -27.1 ± 0.6 -13.2 ± 0.5 

Shetland Islands 
(60.28°N 1.28°W) 

2004 – 2008 
(Kozlova et al., 2008) 

2.17 -18.6 -7.2 

Ochsenkopf 
(50.01°N 11.48°E) 

June 2006 – December 2008 
(Thompson et al., 2009) 

1.6 ± 0.5 -16 ± 3 -9.7 ± 1.5 

Jungfraujoch 
(46.33°N 7.59°E) 

2006 – 2008 [Flasks] 
(Uglietti, 2009) 

1.8 -13 xxx 

2007 – 2011 [Flasks – CIO] 
(van der Laan-Luijkx et al., 2013) 

1.94 ± 0.18  -23 ± 3 xxx 

2007 – 2011 [Flasks – MPI]  
(van der Laan-Luijkx et al., 2013) 

1.83 ± 0.17 -17.3 ± 1.5 xxx 

2007 – 2011 [Flasks – Bern] 
(van der Laan-Luijkx et al., 2013) 

1.76 ± 0.17 -29 ± 3 xxx 

Puy de Dôme 
(45.46°N 2.58°E) 

2004 – 2008 [Flasks] 
(Uglietti, 2009) 

1.2 -17 xxx 

Fyodorovskoye 
(56.27°N 32.55°E) 

1998 – 2008 [Flasks 100 m– CIO] 
(van der Laan et al., 2014) 

1.98 ± 0.15 -16.1 ± 2.0 -8.5 ± 1.8 

Bialystok 
(53.13°N 23.01°E) 

Aug 2005 – Jun 2008 [Continuous] 
(Popa et al., 2010) 

2.0 ± 0.5 -23 ± 3 -12.2 ± 0.9 
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The global average trend for δO2/N2 is estimated to be -18.8 per meg year-1 for the period 
1992 – 2009 (Scripps Institution of Oceanography, 2015). All stations within the globally 
spread Scripps oxygen program measure a very similar trend, which means that the trend is 
globally consistent. Table 5.2, however, shows strong variations in the trend, both for our 
own measurements as well as for other stations in Europe. For the Lutjewad flask record 
the trend is very constant throughout time, varying only within the error bars. At Mace 
Head strange differences are visible between the two different time periods and the total 
dataset. Looking at Figure 5.2 there is a clear break visible between the two time periods 
around 2009, which was the time frame where almost no samples could be measured for O2 
due to contamination issues. The big gap between the two time periods decouples the 
measurements and their fits of the first and second period, but it also seems that a 
downward scale shift occurs. The reason for this could be a change in the setup after the 
discovery of the problems that lead to moisture contamination in the flasks. It is very 
unlikely that this problem is caused by the DI-IRMS, as in that case the shift would also be 
visible in the intercomparison program and the Lutjewad data record. Due to the shift of the 
measurements to a lower level after 2009, the overall trend is significantly more negative 
than the trends of the separate time periods. This trend of -21.4 ± 0.3 therefore has to be 
considered as too low. However, at Lutjewad station and also at Weybourne station, trends 
are found that are comparable to or even lower than the overall trend found at Mace Head. 
This is also the case for observations performed at a similar latitude in Sendai, Japan (38°N, 
140°E), where the trends found for the O2/N2 ratio were -22.0 ± 0.5 per meg year-1 for flask 
measurements between 1999 – 2010 (Ishidoya et al., 2012) and -24.2 per meg year-1 for 
continuous measurements between 2007 – 2009 (Goto et al., 2013). 

Both the differences in observed trends between the different stations, and the temporal 
trend variation of each station are considerable, even more so for δO2/N2 and APO than for 
CO2. The reason for this is threefold. First, and foremost, year to year trend variability (due 
to inter-annual variations in the carbon cycle) is real and is also observed elsewhere: 
compare for example 2010 (2.42 ± 0.11) with 2011 (1.88 ± 0.11) at Mauna Loa (Tans and 
Keeling, 2015). This obviously causes differences when calculating trends for e.g. 2010 – 
2014 or 2011 – 2015. Second, data gaps and irregular sampling can cause problems in 
determining a proper trend (and peak-trough amplitude), as it influences proper weighing 
over the seasonal cycle. Third, as was shown in an intercomparison study of three 
laboratories all measuring flasks from Jungfraujoch station (see the last three rows of this 
station in Table 5.2), difference beyond the errors in the fit coefficients can arise in both 
trend and seasonal cycle determination due to differences in the sample treatment (transport, 
storage) and measurements at the different laboratories (van der Laan-Luijkx et al., 2013).  

Determining a simple, linear trend for the complete flask sampling record is becoming 
more and more unrealistic as the dataset grows. On the other hand, the longer a data record, 
the more reliable the (mathematical) determination of such a simple linear trend can be, 
especially when a dataset shows many gaps. This explains why the fits for the longest time 
series at Lutjewad and Mace Head give the smallest errors. A long data record also gives 
the possibility to determine the trend for different time periods, as we also did for our flask 
sampling records.  
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For APO the fitted trends vary even more for the different time periods and different 
locations than for δO2/N2. As APO is calculated from δO2/N2 and CO2, the data record of 
Mace Head suffers from the same problems as the δO2/N2 dataset does, with a significant 
change around 2009 when no flask samples were available. Next to fitting the APO data 
calculated from the O2 and CO2 data records, the trend of APO could also be determined 
from the separate O2 and CO2 trend fits. The results were found to be similar, varying only 
within error bars.  

5.3.3.2. Seasonal cycles 

The seasonal cycles of the different species, stations and time periods as visible in Figure 
5.2 and Figure 5.3 are plotted as 1-year detrended cycles in Figure 5.7. The numbers are 
given in Table 5.3, together with amplitudes found at other stations in Europe. 

            

Figure 5.7: Seasonal cycles of δO2/N2, CO2 and APO at the stations Lutjewad (flasks and continuous) and Mace 
Head (flasks). The axes have been scaled in a 1 ppm : 5 per meg ratio to be able to compare the two species on a 
mole to mole basis. 
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At Lutjewad station the seasonal amplitudes for O2 and CO2 previously found for the flask 
sampling dataset were considered to be too low due to an inadequate sampling frequency in 
the narrow trough periods (van der Laan-Luijkx et al., 2010a). Sampling in the narrow 
trough periods and therefore also the quality of the fit has been improved in recent years 
and the fits of the most recent flask data (2009 – 2015) show significantly higher, more 
realistic, amplitudes for both CO2 and O2. For APO the opposite occurs: the amplitude of 
the new fit is smaller than before. The fits of the total flask datasets are closer to the fits for 
the recent than for the older ones. Looking at Figure 5.7, the continuous measurements 
show a significantly different seasonal cycle for both δO2/N2 and CO2, although the 
observed amplitudes in Table 5.3 are not very different. Part of the reason for their 
deviation is that only a 1-harmonic fit has been used. Although the (fit) errors of the 
amplitudes are much lower for the continuous data than for the flask sampling records (due 
to the large number of data), these fits are less reliable. The continuous dataset is very short 
and also contains many gaps. 

At Mace Head the seasonal cycle of CO2 is very consistent throughout time. For O2 the 
variations are slightly bigger but also here the amplitude is the same for the different time 
periods within error bars. As a consequence, also the APO seasonal cycle is very robust 
throughout time. The gap in the O2 record around 2009 only seems to influence the trend 
and not so much the seasonal cycle.  

Looking at the complete dataset, we found that for CO2 the seasonal (peak-trough) 
amplitude is the same within error bars for Lutjewad (14.5 ± 0.6 ppm) and Mace Head 
(14.1 ± 0.3 ppm). This also corresponds well to the seasonal cycle found at Weybourne 
(14.9 ± 0.8 ppm) for a continuous dataset from January 2009 to April 2012 (Wilson, 2012) 
and the 14 ppm found for the continuous dataset of Lutjewad from May 2007 to August 
2008 (van der Laan et al., 2009). Also at the Japanese site in Sendai a very similar seasonal 
amplitude was found: 13.9 ± 2.5 ppm for the flask measurements between 1999 – 2010 
(Ishidoya et al., 2012). 

For δO2/N2 we find the same amplitude within error bars at Lutjewad (136 ± 8 per meg) 
and Mace Head (137 ± 6 per meg) when looking at the most recent datasets. This is also in 
agreement with the recent observations at Weybourne (134 ± 8 per meg). Also Ochsenkopf 
(135 ± 7 per meg), Shetland Islands (134 per meg) and Fyodorovskoye (131 ± 13 per meg) 
show very similar seasonal amplitudes for δO2/N2. For the complete datasets of Lutjewad 
(130 ± 6 per meg) and Mace Head (142 ± 5 per meg) the amplitudes differ slightly from 
each other, but the difference is hardly significant. The flasks and continuous 
measurements at Sendai, Japan, show comparable, although slightly lower, amplitudes of 
117 and 128 ± 22 per meg respectively (Goto et al., 2013; Ishidoya et al., 2012). At Cap 
Ochi-Ishi, Japan (43°N, 146°E) the amplitude found for flask measurements between 1999 
– 2001 was 146 per meg, which is slightly higher but also in the same range (Tohjima et al., 
2003). 
The seasonal amplitudes of δO2/N2 are roughly twice as large on a molar basis as the 
seasonal amplitudes of CO2 (using a conversion factor of 4.8 per meg ppm-1). This is in 
agreement with other observations in the Northern hemisphere, such as at Alert Station, and 
reflects the additional O2 exchange from the ocean (Keeling and Manning, 2014). 



Observations of δO2/N2 and CO2 at Lutjewad and Mace Head 

 111 

Table 5.3: Estimated seasonal cycles at different atmospheric measurement stations in the vicinity of Lutjewad 
and Mace Head atmospheric monitoring stations. The locations of these stations are shown in Figure 5.1. In this 
table, several flask measurements from stations other than Lutjewad and Mace Head were performed at the CIO as 
well (F3, Fyodorovskoye and one dataset from Jungfraujoch – all marked with “CIO” in the table). 

  Amplitude 

Location Time period & reference CO2 δO2/N2 APO 

Lutjewad 
(53.24°N 6.21°E) 

2000 – 2009 [Flasks – CIO] 
(van der Laan-Luijkx et al., 2010a) 

12.0 ± 0.6 114 ± 8 64 ± 6 

2009 – 2015 [Flasks – CIO] 
(this work) 

16.9 ± 0.8 136 ± 8 49 ± 5 

2000 – 2015 [Flasks – CIO] 
(this work) 

14.5 ± 0.6 130 ± 6 49 ± 5 

2011 – 2014 [Continuous – CIO] 
(this work) 

17.0 ± 0.2 125.6 ± 1.5 43.0 ± 0.8 

Mace Head 
(53.20°N 9.54°W) 

2000 – 2009 [Flasks – CIO] 
(van der Laan-Luijkx et al., 2010a) 

14.0 ± 0.3 142 ± 6 74 ± 6 

2009 – 2015 [Flasks – CIO] 
(this work) 

14.8 ± 0.3 137 ± 6 66 ± 5 

2000 – 2015 [Flasks – CIO] 
(this work) 

14.1 ± 0.3 142 ± 5 71 ± 5 

Weybourne 
(52.95°N 1.12°E) 

Jan 2009 – April 2012 [Continuous] 
(Wilson, 2012) 

14.9 ± 0.8 134 ± 8 59 ± 6 

F3 
(54.51°N 4.44°E) 

2006 – 2009 [Flasks – CIO] 
(van der Laan-Luijkx et al., 2010a) 

15.2 ± 0.1 144 ± 2 111 ± 2 

Shetland Islands 
(60.28°N 1.28°W) 

2004 – 2008 
(Kozlova et al., 2008) 

15.4 134 95 

Ochsenkopf 
(50.01°N 11.48°E) 

June 2006 – December 2008 
(Thompson et al., 2009) 

15.5 ± 1.0 135 ± 7 43 ± 3 

Jungfraujoch 
(46.33°N 7.59°E) 

2006 – 2008 [Flasks] 
(Uglietti, 2009) 

8.6 ± 0.6 65 ± 10 21 ± 9 

2007 – 2011 [Flasks – CIO] 
(van der Laan-Luijkx et al., 2013) 

10.6 ± 0.4 85 ± 4 xxx 

2007 – 2011 [Flasks – MPI]  
(van der Laan-Luijkx et al., 2013) 

10.7 ± 0.3 84 ± 2 xxx 

2007 – 2011 [Flasks – Bern] 
(van der Laan-Luijkx et al., 2013) 

10.3 ± 0.3 69 ± 5 xxx 

Puy de Dôme 
(45.46°N 2.58°E) 

2004 – 2008 [Flasks] 
(Uglietti, 2009) 

16.1 ± 1.2 118 ± 16 45 ± 14 

Fyodorovskoye 
(56.27°N 32.55°E) 

1998 – 2008 [Flasks 100 m– CIO] 
(van der Laan et al., 2014) 

23.2 ± 1.0 131 ± 13 37 ± 8 

Bialystok 
(53.13°N 23.01°E) 

Aug 2005 – Jun 2008 [Continuous] 
(Popa et al., 2010) 

25 161 43 
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For APO the seasonal amplitude at Lutjewad was found to be significantly lower for the 
most recent data and the complete dataset (both 49 ± 5 per meg) compared to the original 
value for the record from 2000 – 2009 (64 ± 6 per meg). They also correspond better to the 
value based on the continuous data (43.0 ± 0.8 per meg), although this dataset is less 
reliable, as was discussed before. The higher quality fit to the newest flask measurements 
(due to the earlier discussed increased sampling frequency in the narrow trough periods) 
apparently leads to a better removal of the biospheric signal from the resulting APO. Still, 
looking at Figure 5.3, the fit of the seasonal APO amplitude seems to be somewhat 
underestimated. For Mace Head the most recent data show a lower seasonal amplitude (66 
± 5 per meg) than the older data (74 ± 6 per meg), with the total dataset showing an average 
value of these two (71 ± 5 per meg). This seasonal amplitude is roughly half the δO2/N2 
amplitude. The amplitude found at Weybourne is again in a similar range (59 ± 6 per meg), 
just as the amplitudes found at Sendai (52 per meg) and Cape Ochi-Ishi (65 per meg), 
Japan (Ishidoya et al., 2012; Tohjima et al., 2003). Stations that are relatively more 
influenced by the oceans than Lutjewad and Mace Head show an even higher seasonal 
amplitude of APO (e.g. Shetland Islands and F3), while more continentally based stations 
show much lower seasonal amplitudes.  

Next to fitting the APO data calculated from the O2 and CO2 data records, the amplitude of 
APO could also be determined from the O2 and CO2 fits. The amplitudes found for the 
Lutjewad data records showed significant variation between the two methods. The reason is 
the influence of the biosphere, which is incorporated in the calculation of the separate O2 
and CO2 fits and apparently is not cancelled out fully when combining the fits; it is, 
however, largely cancelled out when APO is calculated from the individual O2 and CO2 
measurements. For Mace Head the amplitudes found with both methods are very similar. 
At this station, most of the sampled air comes from the ocean so the data record is barely 
influenced by the biosphere (or other local influences), as was already concluded before. 

5.4. Discussion and conclusions 
This chapter presents the updated flask observations of atmospheric δO2/N2 and CO2 at 
Lutjewad and Mace Head, and also shows the first results of the continuous O2 – CO2 
instrument placed in Lutjewad in 2007. That measuring atmospheric O2 is challenging 
becomes clear again in the work presented in this chapter. The precision of the δO2/N2 
measurements of the flasks is estimated to be about 4 per meg, which is very satisfactory. 
The accuracy on the internal scale is better than 2 per meg but the conversion to the 
international scale is not sufficiently accurate and reliable so far, due to problems in 
measuring high pressure gas cylinders. To deal with the high pressure in the cylinders, 
regulators are used, which are known to cause problems in δO2/N2 measurements (Keeling 
et al., 1998; 2007).  

Sampling at Mace Head seems to be very efficient with almost no need to filter the data. At 
Lutjewad, a large part of the flasks needs to be removed from the dataset, as these flasks do 
not represent background conditions. For maintaining a “continental baseline” record, a 
more careful selection of sampling conditions is important. The large gap in the O2 data at 
Mace Head around 2009 has a large impact on the dataset, especially in determining the 
trends for δO2/N2 and APO. 
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The continuous O2 – CO2 system shows a relatively poor precision (see chapter 3) and the 
dataset also shows many gaps due to different reasons such as broken instrument parts and 
rebuilding of the laboratory with all kinds of start-up problems. The quality of the data is 
also deteriorated by local disturbances in the temperature of the laboratory. The 
temperature of the box that contains both the fuel cells and CO2 sensors needs to be kept 
constant at 32°C. Before the moving to the new laboratory, the temperature was often too 
low in winter and too high in summer. In the new laboratory a climate control system was 
installed but this caused new problems, as now smaller, but fast temperature fluctuations in 
the lab occur, causing noise in the O2 measurements. This is illustrated very well in chapter 
4 of this thesis, and influenced the data of our fixed continuous system in a similar way. 
Apart from the direct influence of the temperature fluctuations in the instrument itself, also 
the calibration, target and reference cylinders are influenced by (long-term) temperature 
fluctuations. In that respect, the situation in the new laboratory has improved considerably.  

The continuous data record at Lutjewad should become more robust to make it a more 
useful dataset. Gaps in the data should be prevented as much as possible and good quality 
climate control in the laboratory is essential. In addition, both the instrument and the 
cylinder box would benefit from better thermal insolation. The pressure control needs extra 
attention as well, as pressure fluctuations are another reason for noise in the O2 
measurements. Furthermore, an aspirated air inlet should be installed to prevent thermal 
fractionation due to solar radiation.  

Besides these rather obvious – and in principle straightforward – improvements, the system 
could also be adapted to improve precision and accuracy. Although the Vaisala Carbocap 
GMP343 sensors were deliberately chosen, as they are cheap, and good enough as part of 
the APO record (that is, until the δO2/N2 precision gets below ≈ 4 per meg) replacement by 
a much more precise CO2 sensor, such as the Uras26 NDIR used in the transportable 
system presented in chapter 3 has an additional advantage. This sensor can be adapted and 
installed in such a way that sample and reference air have their own path and do not need to 
be switched, similar to the setup described by (Wilson, 2012). In this way, the switching 
time of the fuel cells can be reduced to give a data output frequency of 1 point per minute, 
which is a factor 5 more than the current output. This will improve the precision and 
accuracy significantly.  

The fitting procedure of trends and seasonal cycles on CO2, δO2/N2 and APO is a delicate 
task, which is very sensitive to gaps in the data, irregular temporal sampling and obviously 
to errors in the measurements. Also the method used to fit the data has a significant 
influence on the final results, as was demonstrated by (Pickers and Manning, 2015) when 
comparing three different curve fitting programs often used in atmospheric sciences. 
Nevertheless, our flask sampling data records of Lutjewad and Mace Head have proven to 
be valuable, and the sampling and measurement, under improved conditions, will be 
continued in the future.  
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Chapter 6 
 Conclusions and outlook 

This thesis presents two strategies to detect leaks of carbon dioxide (CO2) from carbon 
capture and storage (CCS) sites in the atmosphere. Both strategies have their own 
advantages and drawbacks. The method that was presented in chapter 2, that uses multiple 
simple CO2 sensors at close distance from each other, is relatively cheap compared to the 
much more sophisticated method that was presented in chapter 4, where atmospheric CO2 
measurements are combined with atmospheric oxygen (O2) measurements. In a real CCS 
monitoring setup, a combination of the two strategies is probably the ideal solution.  

As was discussed extensively in chapter 2, the relatively simple CO2 sensors used here 
(Vaisala Carbocap GMP343) are in need of a laboratory calibration and temperature 
characterization every 3 – 6 months. As this is very labour-intensive and thus expensive, 
field data could also be used to determine the required corrections. This would be 
significantly easier and more accurate in case one or several high-quality CO2 sensors are 
placed in the field as well. The transportable O2 – CO2 instrument presented in chapter 3 
and 4 could provide this highly precise and accurate CO2 data record and would be an 
excellent addition to a simple CO2 sensor grid. (Significant) sources of CO2 would be 
easily detected in the small-scale grid and the O2 measurements could then discriminate 
random (fossil) sources of CO2 from actual leaks. Instead of using multiple cheap CO2 
sensors such as the Vaisala Carbocap GMP343 one could also deploy a smaller amount of 
CO2 sensors with a higher precision. Alternatively, the CO2 concentration can also be 
measured as an average over a large area instead of at a single position by using long-
distance open path laser spectroscopy techniques. Such instruments, using different 
techniques, have been demonstrated recently (Daghestani et al., 2015; Griffith et al., 2015; 
Schütze et al., 2013). Compared to an array of small, cheap CO2 sensors as presented in 
this thesis, this approach has the advantage of requiring only one instrument, but the 
disadvantage of providing long-path averages. 

The O2 measurements can be performed at one or several fixed locations, but one could 
also deploy a transportable instrument such as the one presented in this thesis and bring it 
to suspicious locations if necessary. One single atmospheric leak detection strategy cannot 
be given: the strategy should be adapted to the specific area that needs to be monitored. 
Using atmospheric O2 measurements for CCS leak detection does, however, always have 
the benefit that it can discriminate between random, fossil, sources of CO2 and a real leak. 

At the moment, atmospheric CO2 leak detection is not very relevant in Europe, as all plans 
for onshore CCS were cancelled in the last years. The six large-scale CCS projects 
currently in operation or in under development in Europe all involve offshore storage of 
CO2 (Global CCS Institute, 2014). In case CO2 is leaking from an offshore storage location, 
the escaped CO2 will largely dissolve in the seawater before it reaches the atmosphere. 
Leak detection in the atmosphere is therefore not possible for offshore CCS. The 
techniques presented in this thesis are, however, still interesting as they could also play a 
role in pipeline monitoring for pipelines transporting CO2 partly over land towards an 
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offshore storage location and they can be interesting for CCS projects elsewhere in the 
world or maybe also in Europe in the future.  

The core of this thesis is the development of the transportable O2 – CO2 instrument to aid in 
CO2 leak detection at CCS sites and the demonstration of the technique by several CO2 
release experiments. The developed instrument is not only interesting for CO2 leak 
detection, but also has wider merits for the atmospheric O2 measurement community as a 
whole. The instrument is not state-of-the-art in terms of precision, but has several 
characteristics that could be useful in other applications. At the moment, the continuous O2 
– CO2 instrument at the North Sea gas production platform F3 is partly broken due to 
contamination issues (mainly dust) of the instrumentation. The newly developed, 
transportable, and robust system will probably replace the old system at F3 in the near 
future. The protective cases will be highly advantageous at a remote (but sometimes 
crowded) location such as F3, as they protect all instrumentation against dust and 
accidental damage. Another advantage of replacing the system at F3 is the superior CO2 
sensor of the new system. Unlike at Lutjewad, there is no additional continuous CO2 record 
at F3, so having a more precise data record is an advantage on this location. The air-drying 
system that is already present at F3, using two -80°C coolers should be used instead of the 
drying system of the transportable system. There is no need at F3 to compromise in the 
drying system and besides that, the existing system is also used to dry the air needed for 
flask sampling. The drying system should be able to operate without servicing as long as 
possible in this remote location. Using the original drying system (which also includes a 
Nafion column) will probably improve the precision of the measurements of the 
transportable system, as using a -80°C cooler seems to be better than a -60°C cooler 
combined with a magnesium perchlorate drying tube. 

The transportable design of the new instrument could also aid in several other things such 
as studying the influence of wind direction and speed on the O2 – N2 fractionation at the air 
inlet. The transportable instrument could be easily brought to a wind tunnel to investigate 
the effects. The system can also be used for field campaigns, where (additional) 
measurements of atmospheric O2 are needed. 

Atmospheric O2 measurements at the CIO are of sufficient quality, but unfortunately not 
state-of-the-art in comparison to some other laboratories. To get (back) to the group of top 
laboratories in the field, first of all the measurements of high-pressure gas cylinders need to 
be improved. This would especially improve the accuracy on the international scale, both 
for the flask sampling records and the continuous instruments. At the moment, air inlet 
procedures from the gas cylinders to the DI-IRMS are improved, reducing the influence of 
the regulators on the measurements. The tests were started after finishing the analysis of the 
data presented in this thesis and could therefore not be included. The first results, however, 
look promising, indicating a factor of two improvement in precision. Besides improving the 
gas cylinder measurements, more attention to the measurements in general is necessary. 
Big gaps in the data (e.g. the gap in the flask sampling record of Mace Head around 2009 
and the gap in the continuous data record at Lutjewad in 2013 – 2014) form serious 
problems for trend and seasonal cycle fitting. Gaps (of all sizes) should be prevented as 
much as possible. Availability of experienced technical and scientific staff is crucial to 
achieve this, but is unfortunately often lacking due to money shortages.  
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Continuous atmospheric O2 measurements appear to be even more challenging than flask 
sample measurements. The equipment is extensive and fragile (although less so for the 
design in this thesis) which can lead to broken parts (e.g. at F3) and the measurements are 
easily influenced by temperature fluctuations in the surroundings of the instrument (e.g. at 
Lutjewad for both the fixed as well as the transportable instrument). The extensive gas-
handling scheme is also prone to leaks and they can be hard to discover. To improve the 
continuous atmospheric O2 measurements at the CIO, several recommendations can be 
given. First, the temperature of the surroundings of the instrument needs to be as stable as 
possible: both short-term and long-term fluctuations need to be minimized. Secondly, 
careful attention should be paid to the high-pressure gas cylinders. They need to be 
replaced well on time to avoid drift of the measurements when they run nearly empty. The 
regulators also need careful attention, as they seem to influence the measurements of the 
continuous instruments, just as they influence measurements on the DI-IRMS. Aspirated air 
inlets (Blaine et al., 2006) should be installed to prevent thermal fractionation issues that 
could influence the O2 measurements (Manning, 2001). To be able to identify potential 
problems in the sampling procedure at an early stage, two sample lines must be installed 
instead of one, as is done by e.g. (Manning, 2001; Wilson, 2012). The two (identical) lines 
should be switched on a regular basis and if everything functions well, no difference should 
be visible between the two lines. An increase of the data output frequency would also be a 
big improvement of the system. To do this, the switching time should be reduced as much 
as possible. For the transportable system the switching time was already reduced from 5 to 
3 minutes but this could even go down to one minute as is the case in Weybourne 
atmospheric monitoring station (Wilson, 2012). This would require an adaptation of the 
CO2 sensor from one to two paths, such that the reference air has its own path and 
switching between the two lines is not necessary anymore. In such a setup, switching 
between sample and reference air is only necessary for the O2 measurements. 

The flask sample records of Lutjewad and Mace Head now both cover a time period of 
about 15 years. Careful attention is, however, also needed for the flask sampling records, as 
contamination issues should be discovered as soon as possible to prevent big gaps such as 
the one in 2009 at Mace Head. Both flask-sampling programs at Lutjewad and Mace Head 
will be continued in the future. In addition, a new atmospheric O2 flask-sampling program 
has been started at Halley station, Antarctica. As this station is extremely remote, flasks are 
sent (and received back) only once a year. Preventing leaks during sampling, and especially 
during long-term storage of the flasks, is therefore even more important here than it is at 
other locations. The flasks from the first year of the campaign just arrived back at the 
laboratory of the CIO in Groningen and first results are expected soon. 
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Appendix 
 Calibration of the Micromass Optima Dual Inlet Isotope 

Ratio Mass Spectrometer (DI-IRMS) 

A.1. Introduction 

The O2/N2 ratio of flask samples and working gas cylinders are measured on the Micromass 
Optima Dual Inlet Isotope Ratio Mass Spectrometer (DI-IRMS) in a similar way as 
described by (Bender et al., 1994). The instrument simultaneously measures the masses 32 
(16O2) and 28 (14N2) and all samples are measured against a machine reference gas. This 
gives the O2/N2 ratio as given in the next equation: 

 ! !! !! = !! !! !!"#$%&
!! !! !!"#!!"#!!"# − 1     Equation A.1  

The DI-IRMS consists of a mass spectrometer with a dual inlet system in front of the inlet. 
The two inlet sides both have a variable volume in the form of a bellow that can be used to 
control the pressures in the system. One side is used for the reference gas while the other is 
used for the sample gas. A change-over valve determines whether reference or sample air 
flows through the mass spectrometer or to the waste exit.   

What we indicate as one measurement is based on 8 blocks of consecutive reference and 
sample gas analyses. One measurement cycle starts with the connection of both the 
reference and sample gas to the instrument. The reference side of the inlet system is first 
tuned at 600 mbar. Afterwards the pressure at the sample side is equalized to the pressure at 
the reference side by using a pressure differential sensor. Either sample or reference flows 
through the mass spectrometer, the other one flows through the waste exit. The instrument 
waits 5 minutes to let the flows stabilize, after which it starts a final stabilization of the 
pressures on both sides, by switching the change-over valve several times and adapt the 
pressure by using the air bellows. When everything is stable, the measurements start by 
letting the reference air into the mass spectrometer. The idle time of 120 seconds is 
followed by 30 seconds of measuring, which is repeated for the sample gas. This block of 
two analyses is repeated 7 times, thus giving 8 analyses for both the reference and sample 
gas. The measurement stage takes 40 minutes (16 times 150 seconds). Including the 
stabilization phase one whole measurement cycle takes about 1 hour and 15 minutes. Out 
of the 16 analyses, the first two are disregarded; the other 14 analyses are used to calculate 
7 delta values, which are averaged to yield one final value for the measurement. 

Before averaging the 7 delta values, a maximum of two outliers are excluded. To determine 
possible outliers, first the delta value that is the farthest away from the average is 
hypothesized to be an outlier. The average and standard deviation of the remaining delta 
values are then calculated and in case the hypothesized outlier is more than 2.7 times the 
new standard deviation away from the new average it is marked as an outlier and excluded. 
If this is the case the procedure is repeated to exclude a possible second outlier.  
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Besides the samples (flasks and gas cylinders), working gas cylinders are measured 
regularly to correct for the drift of the instrument. The complete dataset is then calibrated 
against the SIO (Scripps Institution of Oceanography, University of California, San Diego) 
scale using three primary calibration cylinders purchased from this institute. In this 
appendix first a description of the calibration procedure is given, followed by an overview 
of the quality of the measurements based on the working gases, primary calibration gases 
and intercomparison programs.  

A.2. Calibration period of machine reference 6185 

The DI-IRMS uses a machine reference cylinder for several years before it is empty. The 
current machine reference 6185 replaced machine reference 6170 on 15 December 2010. 
An overview of the calibration of the DI-IRMS before 11 November 2009 can be found in 
(van der Laan-Luijkx, 2010). The last year of MREF 6170 is a straightforward extension of 
the earlier described calibration that is not presented here. In this section the calibration of 
MREF 6185 is presented, up till 3 March 2015. The procedure is very similar to what is 
described by (van der Laan-Luijkx, 2010). The two machine references are linked to each 
other by the use of working gas cylinders as will be explained below. 

Four working gases (5279, 6096, 6168 and 6170) were measured regularly against the 
machine reference gas in this time period. Throughout time, the cylinders are measured 
with the same frequency, but one cylinder (6096) is measured more often than the others. 
Figure A.1 shows these four cylinders in time. 

 

Figure A.1: Results of the four working gas cylinders measured on the DI-IRMS against machine reference 6185 
in the time period from December 15, 2010 up till March 3, 2015.  

The working gas cylinders were used to correct for instrument drift. Cylinder 61701 was 
not used in this procedure, as this cylinder was used only recently and not as often as the 
other three cylinders. Instead, this cylinder is used as a check in the end of the calibration 
                                                             
1 Note that MREF 6170 is not the same as working gas cylinder 6170 visible in Figure A.1.  



Calibration of the DI-IRMS 

 125 

procedure. For each of the other three cylinders (5279, 6096 and 6168) the average was 
determined and subtracted from the measurements.  

Figure A.2 shows the result of this procedure, which shows the drift of the DI-IRMS in 
time. By using three cylinders instead of only one to correct for the drift one makes sure 
that it is indeed the instrument drift that is corrected for and not the drift of a single gas 
cylinder.  

 

Figure A.2: The three working gas cylinders (5279, 6096 and 6168) minus their own average: indicating the drift 
of the DI-IRMS throughout time.  

 

Figure A.3: The three reference cylinders (5279, 6096 and 6168) without outliers minus their own (new) average, 
divided into periods.  

The data were divided into time periods and filtered for outliers, using again the exclusion 
outlier filter that was described in the introduction. For some periods, a drift was observed 
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and outliers were filtered using this drift. A new average was determined for all three 
cylinders and subtracted from the data. The result is visible in Figure A.3, which also 
shows the different periods in different colors. In total, twenty periods have been 
determined. 

The calibration continues from the previous calibration performed by (van der Laan-Luijkx, 
2010). We maintain an internal scale, called vs2534 – after cylinder 2534. Cylinder 2534 is 
not in use anymore and was last measured in the previous machine reference period 
(MREF 6170). The three working gases (5279, 6096 and 6168) were measured both against 
MREF 6185 and MREF 6710 so they can be used to connect the two machine reference 
periods.  

Figure A.4 illustrates the basic principle behind the calibration, with arbitrary numbers. In 
the example in the figure, working gas 1 measures 95 per meg against machine reference 
6170 while it measures only 45 per meg against the new machine reference 6185. The 
difference between the two scales is thus 50 per meg. In this ideal situation the other two 
working gases also give a difference of exactly 50 per meg. In reality, we take the average 
of the three cylinders to determine the transition from MREF 6170 to MREF 6185. 

 

Figure A.4: The principle behind the DI-IRMS calibration. The three working gases were measured both against 
MREF 6170 and MREF 6185. The difference between the two scales can be determined from these three cylinders 
and is in this example equal to 50 per meg. A sample that is measured against MREF 6185 can now be converted 
into the internal 2534 scale by subtracting 30 per meg. 

The internal scale cylinder 2534 was only measured during the first machine reference 
period. In the example in Figure A.4 it was 80 per meg. From the previous calculations it 
follows that this is 30 per meg above the new machine reference gas. A sample that is 
measured against machine reference 6185 can now be converted into the internal 2534 
scale by subtracting 30 per meg from the value (note that you cannot directly subtract and 
add values because of the per meg conversion). 

An important issue that should be taken into account is that the measurements against a 
machine reference are not constant, as can be seen in Figure A.3. Every identified period 
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Working gas 3

Working gas 2

(-25)
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visible in this figure needs an individual correction. In case the drift in a specific period is 
bigger than 30 per meg year-1 the data are corrected for this drift as well.  

Besides these individual corrections, the working gas cylinders that were used to connect 
the two machine reference periods as illustrated in Figure A.4 were not all available yet in 
the beginning of the MREF6170 period. Because of this, three main periods have been 
identified for this machine reference – all divided again in smaller time steps similar as 
visible in Figure A.3 for MREF6185. The internal reference cylinder 2534 was measured 
only in the first main period of MREF6170 while our new calibration is linked to the last 
period of this machine reference (van der Laan-Luijkx, 2010). The difference needs to be 
accounted for, which is an easy and straightforward step. 

Figure A.5 presents the results of the whole calibration procedure, with the three working 
gases corrected to the internal scale vs2534. 

 

Figure A.5: The three working gas cylinders (5279, 6096 and 6168) calibrated to the vs2534 scale. The numbers 
represent the averages and corresponding standard errors. 

The last step is straightforward and uses a simple linear conversion determined earlier by 
(van der Laan-Luijkx, 2010) for changing vs2534 into vsScripps – see also section A.3.3 in 
this appendix. 

A.3. Quality of the measurements and calibration 

A.3.1. Working gases throughout time 

Now the measurements of the three working gases in the current machine reference time 
period can be compared with the previous machine reference period. The next table gives 
the averages and accompanying standard errors. 
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Table A.1: Averages and accompanying standard errors on the Scripps scale of the three working gas cylinders 
during the two machine reference periods.  

 Cylinder 6168 Cylinder 5279 Cylinder 6096 

MREF 6170 -588.3 ± 0.2 -427.2 ± 0.2 -553.62 ± 0.10 

MREF 6185 -585.6 ± 0.2 -427.9 ± 0.2 -553.64 ± 0.11 

The standard deviation of a working gas is on average 10 per meg, which gives an 
indication of the precision of a single measurement on the instrument. The difference of the 
average value between the two machine reference periods gives an indication of how well 
the internal scale is maintained. For the first two columns in Table A.1 the difference 
between the two machine reference periods is larger than the standard error would suggest. 
Especially for cylinder 6168 there is a significant difference. Still, there is no systematic 
difference between the two machine reference periods and in general we can state that our 
internal scale is stable within ± 1 per meg. Given the size of the individual standard 
deviation, calibration uncertainty is a small contribution to the total combined uncertainty.  

A.3.2. Check working gas cylinder 6170 

Figure A.1 shows that four working gas cylinders have been measured in the time period 
between December 2010 and March 2015. Three of these gases have been used to correct 
the measurements for instrument drift while the fourth one – cylinder 6170 – can be used as 
a check of the calibration procedure by treating it as a sample and study its behavior in time. 
The cylinder has been measured in 13 out of the 20 periods presented in Figure A.3 – from 
28 January 2013 onwards. Figure A.6 shows the results of all four working gases plotted on 
the Scripps scale. The mean of cylinder 6170 on the Scripps scale was found to be -610.7 
per meg with a standard deviation and standard error of 13.4 and 0.7 per meg respectively 
(n = 391).  

 

Figure A.6: The four working gas cylinders calibrated against the Scripps scale. Cylinder 6170 was not used in the 
process of calibration – unlike the other three cylinders 5279, 6096 and 6168 – and is treated as a sample. 
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Both the standard deviation and standard error are higher than for the other three tanks, 
which can be largely explained by the outlier filtering procedure. For the three working gas 
cylinders that were used to correct the measurements for instrument drift, outliers were 
filtered for every individual period, while the measurements of cylinder 6170 were only 
filtered after the calibration procedure (removing only 14 data points). As cylinder 6170 is 
independent from the drift correction procedure and with limited outlier filtering, it gives a 
better estimate for the precision of the DI-IRMS for cylinder measurements.  

A.3.3. Scripps primary calibration cylinders throughout time 

 

Figure A.7: The three Scripps primary calibration cylinders throughout time, plotted on the Scripps scale. The first 
three measurements – marked in orange – were used to determine the conversion from the internal CIO scale to 
the Scripps scale. The assigned value of the cylinders is indicated with an orange horizontal line. The error bars 
mark the standard errors of the specific cylinder measurements. 
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The cylinders originally purchased from the Scripps Institution of Oceanography are 
measured on the DI-IRMS on a regular basis to check the calibration of the system in time. 
Figure A.7 shows the measurements of the cylinders throughout time.  

In the period between March 2007 and March 2015 they have been measured 11 times. 
There is a big gap between 2011 and 2014, which is caused by a lack of scientific staff in 
this period to organize these primary calibrations. The first three measurements (marked in 
orange) were used to determine the conversion from the internal CIO scale (vs2534) to the 
Scripps scale, as described by (van der Laan-Luijkx, 2010). The orange horizontal line 
indicates the assigned value of a cylinder, determined by the Scripps Institution of 
Oceanography. 

A gas cylinder is at least measured 14 times (with one measurement consisting of 7 delta 
values with a maximum of 2 outliers as described in the introduction), where the first 
couple of measurements are usually excluded from the calculation of the average. In case 
the cylinder is not very stable after 14 measurements (e.g. caused by problems with the 
regulator), more measurements are added. An average, standard deviation and standard 
error are calculated to determine the value of the cylinder. The error bars shown in Figure 
A.7 represent the standard errors of the measurements. 

Table A.2 shows the assigned values of the three cylinders with the average of the 11 
measurements as shown in Figure A.7 with the accompanying standard errors. The 
deviation is defined as the difference between the assigned and measured value, which is 
especially bad for cylinder 7008. As can be seen in the graph, this cylinder drifted over 
time, giving now less negative values than in the beginning, when the scale was established. 

Table A.2: Assigned value, average measured value with accompanying standard error (n = 11) and deviation 
(absolute difference between assigned and measured value) of the three Scripps cylinders  

 Cylinder 7002 Cylinder 7003 Cylinder 7008 

Assigned value Scripps -472 -805 -258 

Average 11 measurements -465 -800 -239 

Standard error (n = 11) 5 5 5 

Deviation 7 6 20 

Changing the conversion from the internal vs2534 CIO scale to the Scripps scale should 
not be necessary, as all drifts and effects must be corrected for already in the calculation of 
the values to the internal scale vs2534. The drift of cylinder 7008 is probably a cylinder 
artifact that should not be taken into account in the scale conversion. To have more 
certainty about the scale the three cylinders should be sent back to the Scripps Institution of 
Oceanography to recalibrate them. Alternatively a new set of calibrated cylinders could be 
purchased from this institute. In principle, recalibration of the primary cylinders is 
necessary on a regular basis. The intercomparison programs, described in the next section, 
give also an indication of how well the laboratory relates to the international scale. 
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A.3.4. Intercomparison programs 

The Centre for Isotope Research participates in two intercomparison programs for oxygen 
measurements: the Cucumber program and the GOLLUM program. In these programs gas 
cylinders are sent around to different measurement stations and laboratories to be analyzed 
for, amongst others, oxygen. The programs give the opportunity to link the measurements 
of all laboratories in the world that measure oxygen while it is also again a check of the 
stability of the measurements. 

A.3.4.1. Cucumber program 

The Cucumber program is a broad program that includes intercomparison of CO2 and 8 
other atmospheric species (among which is O2) from both atmospheric monitoring field 
stations in Europe as well as several laboratories in Europe, the USA, Canada, Japan and 
Australia. There are 7 sets of three cylinders that rotate over the different stations and 
laboratories. The Centre for Isotope Research is part of three of these loops, two of which 
are measured for oxygen (Inter-1 and Euro-3) (University of East Anglia, 2015a).  

 

Figure A.8: The two sets of three cylinders from the Cucumber intercomparison program, plotted as the difference 
with the assigned value as determined at the Max Planck Institute for Biogeochemistry in Germany (MPI-BGC).  

Figure A.8 shows the results of these two sets of cylinders that are measured for oxygen 
within the Cucumber program at the CIO. The measurements are plotted as the difference 
with the assigned values – this being the first measurements performed at the Max Planck 
Institute for Biogeochemistry in Germany (MPI-BGC) in January 2008.  
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Figure A.8 shows that the cylinders do drift but rather randomly instead of in one direction 
– which would indicate a problem in maintaining the scale. The average standard deviation 
of a cylinder in time was found to be 14 per meg which means the average standard error is 
6 per meg (n = 6 for all six cylinders). 

Figure A.9 compares the measurements at the CIO with some other laboratories. One data 
point in the figure is the average of three cylinders measured at the same time – as 
displayed in Figure A.8. The pattern visible in this figure thus indicates the average drift of 
a set of cylinders (Inter-1 or Euro-3) throughout time. Cylinder 88479 of the Inter-1 set is 
included in the graph, but it clearly deviates from the other two cylinders. Leaving it out 
would improve the quality of the CIO record in comparison to the other laboratories. 

 

Figure A.9: Comparison of the behavior of the cylinders of the Cucumber program throughout time with some 
other laboratories. The difference with the assigned value of every set of cylinders (Inter-1 and Euro-3) was 
averaged per moment in time the whole set was measured. Next to our own CIO data, the figure shows data from 
the Max Planck Institute for Biogeochemistry in Jena (Germany), the University of Bern (Switzerland) and 
Weybourne Atmospheric Monitoring station (UK). 

Figure A.9 shows that the scale of all laboratories is drifting over time – one more severe 
than the other. The CIO seems to perform on average in this intercomparison program. The 
figure only shows the laboratories that have measured the cylinders at least 5 times since 
the program started and have reported the measurements on the Scripps scale. There are 
more laboratories involved in the program (6 for both the Inter-1 and Euro-3 programs) but 
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they have not reported their most recent measurements yet (University of East Anglia, 
2015a).  

The United Nations World Meteorological Organization (WMO) has defined compatibility 
goals for all kinds of atmospheric species. For δO2/N2 this has been set at ± 2 per meg. The 
internal reproducibility goals are – as a rule of thumb – half the compatibility goals, which 
is thus ± 1 per meg for δO2/N2 (WMO, 2012). The repeatability and compatibility goals are 
not met for any of the laboratories visible in Figure A.9.  

A.3.4.2. GOLLUM program 

The GOLLUM program (Global Oxygen Laboratories Link Ultra-precise Measurements) is 
a program specially organized to compare oxygen measurements. All laboratories in the 
world involved in oxygen measurements join the program. Two sets of three cylinders 
(Frodo and Bilbo) rotate in opposite directions over the different laboratories (University of 
East Anglia, 2015b). 

 

Figure A.10: The two sets of three cylinders from the GOLLUM intercomparison program, plotted as the 
difference with the assigned value as determined at the Scripps Institution of Oceanography in September 2004.  

The Scripps Institution of Oceanography has established the reference values in September 
2004. Figure A.10 shows the results of the intercomparison program at our laboratory in 
Groningen. The values are plotted as the difference with the established reference values of 
the cylinders. 
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Similar as for the Cucumber intercomparison program, the cylinders drift rather randomly, 
and again with a spread that is larger than the WMO repeatability goals. The average 
standard deviation of a cylinder in time was found to be 12 per meg which means the 
average standard error is 5 per meg (n = 5 for all six cylinders). The last measurements of 
the Frodo cylinders in March 2015 show a significant deviation from the earlier four 
measurements. As all cylinders deviate in the same way, this suggests a drift of our own 
scale rather than a drift of the cylinders, which is unlikely to happen in a similar way for all 
cylinders at the same time. The other three sets of cylinders (Bilbo, Inter – 1 and Euro – 3) 
have not been measured in the last two years so this gives us no indication of the behavior 
of the instrument. A drift of our own scale can also not be explained by the results 
presented previously in this appendix. 

 

Figure A.11: Comparison of the behavior of the cylinders of the GOLLUM program throughout time with some 
other laboratories. The difference with the assigned value of every set of cylinders (Bilbo and Frodo) was 
averaged per “measurement moment”.  Next to our own results, the results are shown of the Scripps Institution of 
Oceanography (San Diego, USA), the National Institute for Water and Atmospheric Research (NIWA, New 
Zealand) and the National Center for Atmospheric Research (NCAR, Boulder, USA).  

Figure A.11 compares our laboratory with other laboratories and measurement stations. In 
total, 11 stations and laboratories join the GOLLUM program. Here only the stations and 
laboratories are shown that have measured the cylinders at least 4 times and reported the 
results on the Scripps scale (University of East Anglia, 2015b). 
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The spread in the Bilbo cylinders is similar to the spread of the Cucumber cylinders. The 
Frodo cylinders are very stable – except for the last time they were measured – and only 
show an offset to the Scripps scale. Although the performances of the CIO are comparable 
for the two intercomparison programs, the other laboratories displayed in Figure A.11 
perform significantly better. The selection of the laboratories with which the CIO is 
compared here can explain this: all three of them are able to do O2 measurements on 
cylinders with the highest precision that can be achieved nowadays. Even these laboratories, 
however, do not reach the compatibility and repeatability goals that have been set by the 
WMO. 

A.4. Flask measurements 

The above overview shows the performance of measurements of several (sets of) gas 
cylinders. However, whereas the gas cylinder measurements are important for maintenance 
of the scale and general quality control, the real observations on atmospheric oxygen are 
mainly performed on glass flasks. Flask measurements are thus the key part of the DI-
IRMS measurements. The CIO design flasks (2.5 liters content, two Louwers Hapert Viton 
sealed valves and filled to ambient pressure) are connected directly to the mass 
spectrometer, in the sense that they do not contain a regulator to deal with high pressures. 
Regulators of cylinders are known for their disturbance of oxygen measurements (Keeling 
et al., 1998; 2007) and since this is not an issue for flask measurements, their performance 
can be quite different, and probably better. 

Flask samples are usually measured twice. In some cases they are measured three times, 
but this is often only the case when one of the first two measurements failed or if the first 
two measurements seem to differ too much. In case a flask sample is wet or the pressure in 
the flask is too low, the flask cannot be measured properly at all.  

In total, 1155 samples have been measured during the MREF 6185 period that is presented 
in this appendix: 998 flasks and 157 cylinders (including the intercomparison cylinders but 
also cylinders used on continuous O2 – CO2 systems). Flasks that were measured only once 
(78 flasks) are removed from the dataset. Flasks that were measured more than two times 
were filtered to include only two measurements and all measurements of both cylinders and 
flasks have been filtered to exclude outliers and give a standard deviation of 15 per meg or 
less. In case this limit could not be achieved the flask or cylinder was removed from the 
dataset – finally resulting into 870 final flask measurements (87% of the 998 original 
flasks) and 153 cylinder measurements (97% of the 157 original cylinders).  

Figure A.12 presents the 870 final flask measurements (in grey), plotted as the difference 
between the two measurements in a histogram. Flasks that were marked as outliers (sd > 15 
per meg) are added to the figure and marked in red.  

The mean and corresponding standard deviation of the differences between two flask 
measurements is 0 ± 9 per meg. The standard deviation of this graph is equal to √2 times 
the standard deviation of a single measurement, which means that the standard deviation of 
a single measurement is equal to 6 per meg. This implies further that the error in the mean 
of the two flask measurements is again √2 times smaller, thus half of he standard deviation 
of the differences, so 4 per meg. 
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Figure A.12: The difference between two measurements of one flask during the time machine reference 6185 was 
in use (n = 870). The mean and corresponding standard deviation are 0 ± 9 per meg. The flasks that were marked 
as outliers (n = 50) are added the figure in red. 

The average standard deviation of the 153 cylinder measurements in this time period is 
equal to 12 per meg – thus comparable to the values found for the precision of a cylinder 
measurement earlier in this appendix, and a factor two less precise than the flask 
measurements. 

A.5. Conclusions and recommendations 

The precision and accuracy of our O2 measurements is acceptable although we do not 
perform in the highest possible range. The precision of a single measurement of a cylinder 
is found to be 10 – 14 per meg (based on the working gases, intercomparison 
measurements and the measurements of all sample cylinders). The precision of single flask 
measurements was found to be equal to 6 per meg – a factor two better.  

The accuracy is more difficult to assess, as several of the results presented here seem to 
disagree. Based on the results we get for our own drift correction cylinders (Figure A.3, 
Table A.1) the accuracy (mainly determined by the stability of the scale) is around 2 per 
meg or better. Together with the precision of our flask measurements of ≈ 4 per meg for a 
double measurement it shows the reliability of the flask-based time series of the stations 
Lutjewad and Mace Head. 

However, based on the scatter of the Scripps cylinders, and the different sets of 
intercomparison cylinders, our scale – and thus accuracy – seems/appears to be much 
worse. Even if this scatter is not representative for the quality of our observational 
measurements, it determines the intercomparison of our records to those of the rest of the 
world: the Scripps scale needs to be established by measurements of cylinders, which is 
difficult due to the influence of the regulating valves. Therefore, the process of measuring 
cylinders needs to be improved. After finishing the analysis of the data presented in this 
thesis and appendix, new tests have been started to improve the quality of the cylinder 
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measurements. The first step is now changing the process of air inlet from gas cylinders. 
Up till now, the pump of the DI-IRMS was connected directly to the regulating valves of 
the cylinders, which is not beneficial in terms of fractionation and drift of the 
measurements. In the new system, the air inside the regulators and the connected tubing is 
only refreshed by flushing, such that the regulators remain in the same status (of air content 
and pressure) for as long as the cylinders stay in our laboratory. First results show a 
significant improvement. Complete removal of the regulating valves from the cylinders and 
replacing them with capillary tubes might be a way to increase the precision further. 

There might be other options as well to improve the measurement precision in general, 
such as adding several analyses of reference and sample air to the current amount of 8 
blocks of measurements. Attention should also be paid to the environment of the DI-IRMS, 
which should be kept as stable as possible. Thermal fractionation can have a significant 
impact on the O2 measurements (Keeling et al., 2007) and therefore better thermal 
insulation of the gas cylinders within the climate controlled room should be considered. 
The room temperature should also be as stable as possible. Especially in the end of the 
measurement period presented here, lots of disturbances influenced the data, leading to 
very short time periods with stable measurements (see Figure A.3). The disturbances varied 
from a broken fan in the climate-controlled room to maintenance work on the climate 
control system. The shorter a stable time period is, the more difficult it becomes to 
accurately determine the calibration constants for a certain time period.  

The intercomparison programs have a very important function in comparing the scales of 
the different laboratories with each other and study their performance in time. The primary 
calibration cylinders should be sent back to the Scripps Institution of Oceanography to be 
recalibrated every now and then. In case the cylinders are too old (> 10 years) and not 
allowed to be shipped anymore, new calibration cylinders should be purchased. Both 
measurements should be continued to monitor the performance in the long run. 
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 Summary 

Carbon Capture and Storage (CCS) is considered to be an important option in combatting 
global climate change, at least as long as fossil fuels still play an important role in our 
society. In this technique, carbon dioxide (CO2) is not emitted to the atmosphere but 
instead captured from the source (e.g. a power plant) and stored underground into a 
geological formation. Although geological storage of CO2 is considered to be very safe, 
leakage of the gas from the storage reservoir back to the atmosphere is an important 
concern, from a public health but even more from a climate change combat perspective. 
For CCS to be useful, leakage in the total chain must be kept to an absolute minimum.  

Detecting and quantifying leaks of CO2 in the atmosphere is difficult due to the rapid 
mixing of the emitted CO2 with the surrounding air masses, in combination with the high 
natural variability of the CO2 concentration in the atmosphere. Sources of CO2 (both from 
biospheric origin and through fossil fuel burning) and sinks (photosynthesis) in 
combination with atmospheric mixing and demixing dynamics influence the CO2 
concentration on a local scale. During a day variations from below 400 ppm (daytime) to 
over 450 ppm (night-time) are quite common. In this thesis two strategies are presented to 
nevertheless be able to detect leaks of CO2 by atmospheric measurements.  

In the first technique, multiple CO2 sensors were placed in close proximity of each other. 
Although the variation of the CO2 concentration is high in time, it is low in terms of space, 
at least on small scales. When placed in a small area, all sensors should in principle 
measure the same CO2 concentration, unless there is a source of CO2 in the area under 
investigation. In that case, several sensors would still measure the same, background, 
concentration, while at least one sensor would measure an increased CO2 concentration, 
depending on the wind direction. This principle was demonstrated in a test field in Ten Post 
(Groningen, the Netherlands), where five relatively simple CO2 sensors (Vaisala Carbocap 
GMP343) were placed in a 70 m grid, imitating the monitoring of a CO2 pipeline (chapter 
2). The sensors were deployed in the field for over one year and appeared to be robust 
enough to stand the year-round weather conditions. The sensors did, however, all react 
differently on temperature changes: a property that needed to be taken into account. Two 
different correction methods were developed to remove the influence of temperature on the 
CO2 measurements: a correction determined in the laboratory and a correction based on 
field data. Both methods had their own drawbacks: establishing a laboratory correction is 
labor-intensive and thus expensive, while using field data to determine a correction requires 
sufficient variability of the atmospheric circumstances and involves the risk of correcting 
for an actual leak. The principle of detecting CO2 leaks with this setup was demonstrated 
with a CO2 release experiment in which CO2 was released with a flow rate of 10 g s-1 for 
about 16 hours in the middle of the CO2 sensor configuration. It was shown that a leak of > 
3 g s-1 would be easily detectable with sensors placed in this 70 m grid. 

The second technique presented in this thesis to detect a leak of CO2 from a CCS site is 
much more sophisticated: it combines highly precise atmospheric CO2 measurements with 
atmospheric oxygen (O2) measurements. Sources and sinks of CO2 and O2 are coupled in 
almost all processes on earth. In photosynthesis, plants take up CO2 and release O2 at the 
same time. In fossil fuel burning and biosphere respiration this is the other way around. The 
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O2 – CO2 exchange ratio depends on the process and is roughly -1.1 for biosphere activities 
and on average about -1.4 for fossil fuel burning. The CO2 and O2 concentrations show a 
roughly mirrored pattern in time, and when plotted against each other they show a linear 
relation, with a slope of -1.1 or slightly lower, depending on the share of fossil fuel 
combustion in the measured air mixture. In case of a leak of CO2 from a CCS site, there is 
no counterpart in O2, which leads to a "slope" in an O2 – CO2 plot of essentially zero. This 
principle was demonstrated by several CO2 release experiments (chapter 4), in which CO2 
was released at a small distance from the air inlet of a new, transportable, O2 – CO2 
measurement system. Two (complementary) strategies were developed to analyze a 
combined O2 – CO2 dataset to find a leak of CO2. In the first technique, the O2 – CO2 
behavior in time intervals (e.g. hours) is compared to the general relationship between O2 
and CO2 by quantifying the deviation from what is defined as normal (a slope of around -
1.1). In the second strategy, the O2 – CO2 slope is determined for certain time intervals and 
plotted over time. In case the slope is higher than a certain defined limit, the time interval is 
marked as suspicious (that is, a leak might be present).  

The most difficult part of the leak detection strategy with combined O2 and CO2 
measurements is measuring atmospheric O2. Unlike atmospheric CO2 measurements, which 
have become increasingly straightforward in the past decades, measuring atmospheric O2 is 
still a challenging task that is currently only performed by about a dozen laboratories in the 
world. The reason for this is the high background concentration of O2 in the atmosphere 
(21% or 210000 ppm compared to 400 ppm for CO2), which makes it difficult to detect the 
relative variations of O2. The Centre for Isotope Research (CIO) of the University of 
Groningen, the Netherlands, is one of the laboratories able to perform highly precise 
measurements of atmospheric O2. Flask samples for O2 measurements are taken for already 
more than 15 years at the two measurement stations Lutjewad (the Netherlands) and Mace 
Head (Ireland). The flask samples are analyzed on a Micromass Optima Dual Inlet Isotope 
Ratio Mass Spectrometer (DI-IRMS) in a climate-controlled room at the laboratory of the 
CIO in Groningen, the Netherlands. Previously, the CIO also measured flask samples from 
other locations (the North Sea gas production platform F3, the Netherlands, Fyodorovskoye, 
Russia and Jungfraujoch, Switzerland). Very recently flask samples are also taken at Halley 
station, Antarctica. In addition to flask sample measurements, continuous atmospheric O2 
measurements are performed at F3 since 2008 and at Lutjewad since 2011. All of these 
measurements can give valuable information about the global carbon cycle and specifically 
about the uptake of CO2 by the oceans, where O2 and CO2 are uncoupled, just as in CCS 
processes.  

This thesis presents an update of the long-term flask sample data records of Lutjewad and 
Mace Head and in addition the first measurements of the continuous O2 – CO2 
measurements at Lutjewad (chapter 5). By using only samples collected at baseline 
conditions, trends and seasonal cycles could be fitted to the datasets. Due to its remote 
location and the wind coming mostly from the ocean, the dataset of Mace Head appeared to 
be very robust. A large gap in the O2 measurements around 2009 (caused by contamination 
issues in the flasks) did, however, cause problems in determining the trend. Lutjewad 
station included more locally influenced samples, with as a consequence a higher need for 
background condition filtering and more variation in the trends and seasonal cycles. The 
new continuous instrument running since 2011 suffered from many gaps in the dataset, 
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which caused problems in the trend and seasonal cycle determination. Trend and seasonal 
cycle determination is, just as measuring the O2 concentration of the atmosphere, a delicate 
task. 

For the purpose of leak detection at CCS sites, a new, transportable, instrument was 
designed for continuous O2 – CO2 measurements (chapter 3). The new instrument was 
based on the original continuous instruments of the CIO (placed at F3 and Lutjewad), but 
was made transportable by changing three main things: the packing of the core instruments, 
gas handling equipment and electronics, the packing of the high-pressure gas cylinders that 
are necessary for the measurements, and the air-drying of the system, a requirement for 
atmospheric O2 measurements. Besides these three main changes to facilitate the 
transportability of the system, several things were improved compared to the original 
systems (amongst others the CO2 sensor, the valves and switching time). The transportable 
system consists of three cases (for the instruments, gas cylinders and air drying 
respectively) that can be placed in any building, and a 6 meter tall mast containing the air 
inlet, that can be placed anywhere in the field. For the O2 measurements, all three systems 
of the CIO use the fuel cell technique, with the commercially available Oxzilla II 
instrument from Sable Systems. Different from the two fixed systems of the CIO, the 
transportable system uses a high-quality CO2 sensor (ABB’s Uras26 NDIR) with an 
excellent precision for the CO2 measurements (± 0.01 – 0.02 ppm). 

The quality of atmospheric O2 measurements at the CIO (extensively discussed in the 
appendix of this thesis) is sufficient but not state-of-the-art compared to some other 
laboratories. For measurements on the DI-IRMS the precision depends on the type of 
measurement. The precision of a single measurement of a high-pressure gas cylinder was 
found to be 10 – 14 per meg, while the precision of a single flask measurement was found 
to be 6 per meg – a factor 2 better. The origin of this difference can be found in problems 
with the regulators that are necessary to deal with the high pressures in gas cylinders. These 
problems are also causing difficulties in establishing the international scale in the 
laboratory, as this is all based on gas cylinder measurements. Efforts to improve the gas 
cylinder measurements in the laboratory of the CIO are underway. For the two continuous 
instruments discussed in this thesis the precision of the O2 measurements was found to be 
11 – 15 per meg for (target) gas cylinder measurements. Similar values were found for 
outside air measurements of the new transportable system. For the fixed instrument at 
Lutjewad the outside air measurements appear to be significantly better (a precision of 
about 3 per meg was found), indicating that also here there are specific problems with 
measuring high-pressure gas cylinders.  

The precision in both the CO2 and O2 measurements of the transportable system is very 
important as this determines the leak detection limit of the technique for leaks of CO2. The 
smaller the scatter about the linear relationship between O2 and CO2 in natural 
circumstances, the easier a leak will stand out. The leak detection limit of the new 
transportable instrument was estimated to be around 6 ppm. If a transportable design would 
not be necessary, the precision of the O2 measurements could be improved such that the 
ultimate leak detection limit of this technique is estimated to be around 3 ppm. This would 
correspond to distances up to 500 meters for a leak of 1000 ton CO2 year-1 (32 g s-1) 
provided favorable atmospheric conditions (wind direction and atmospheric stability) exist. 
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The natural variability of the O2 – CO2 exchange ratio is limiting a further reduction of the 
detection limit. 

For a real CCS monitoring setup, a combination of the two techniques presented in this 
thesis is probably the ideal solution. Different combinations can be suggested. For CO2 
measurements, one could use several simple and cheap sensors such as presented in this 
thesis, or use a smaller amount of more sophisticated sensors. Another alternative is to 
measure the CO2 concentration over a large area by using long-distance open path laser 
spectroscopy techniques. Atmospheric O2 measurements could be performed at only 
several of the measurement stations in the field that needs to be monitored, but one could 
also deploy a transportable instrument such as the one presented in this thesis and bring it 
to suspicious locations if necessary. One single atmospheric leak detection strategy cannot 
be given: the strategy should be adapted to the specific area that needs to be monitored. 
Using atmospheric O2 measurements for CCS leak detection does, however, always have 
the benefit that it can discriminate between random, fossil, sources of CO2 and a real leak. 

Perhaps the most important conclusion of all is, however, that this thesis shows that the 
tools for reliable leak monitoring for sites on land exist, and that deploying them is a 
straightforward process, should the decision to store CO2 underground on land be taken. 
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 Samenvatting 

In onze huidige samenleving spelen fossiele brandstoffen nog altijd een belangrijke rol en 
in de strijd tegen klimaatverandering is ondergrondse opslag van koolstofdioxide (CO2) 
daarom een belangrijke techniek. In deze techniek, waarvoor de  Engelse afkorting CCS 
(Carbon Capture and Storage) wordt gebruikt, wordt CO2 niet uitgestoten in de atmosfeer, 
maar in plaats daarvan opgevangen bij de bron (bijvoorbeeld een elektriciteitscentrale) en 
ondergronds opgeslagen in een geologische formatie. Hoewel deze ondergrondse opslag 
van CO2 beschouwd wordt als erg veilig, is lekkage van het opgeslagen gas terug naar de 
atmosfeer een belangrijke zorg. Dit is niet eens zozeer wegens gevaar voor de 
volksgezondheid, maar vooral ook vanwege de effectiviteit van de techniek tegen 
klimaatverandering. Hoe minder lekkage van CO2 in het gehele proces van afvang tot 
opslag, hoe nuttiger het is.  

Het detecteren en kwantificeren van lekken van CO2 in de atmosfeer is ingewikkeld, omdat 
het ontsnapte gas snel mengt met de omgeving en de CO2-concentratie in de atmosfeer van 
nature al sterk varieert. Bronnen van CO2 (zowel afkomstig uit de biosfeer als van het 
verbranden van fossiele brandstoffen) en putten van CO2 (fotosynthese) in combinatie met 
atmosferische menging en ontmenging beïnvloeden allemaal de lokale CO2-concentratie. 
Dagelijkse schommelingen van onder de 400 ppm (dag) tot boven de 450 ppm (nacht) zijn 
heel normaal. In dit proefschrift worden twee technieken gepresenteerd die ondanks de 
snelle menging en hoge natuurlijke schommelingen lekken van CO2 in de atmosfeer 
kunnen opsporen.  

In de eerste techniek worden meerdere CO2-sensoren vlakbij elkaar geplaatst. Ook al 
varieert de CO2-concentratie veel in de tijd, hij varieert niet veel in de ruimte (althans niet 
op kleine schaal). Sensoren die samen in een klein gebied zijn geplaatst meten in principe 
allemaal dezelfde achtergrondconcentratie, tenzij er zich in het gebied een bron van CO2 
bevindt. In dat geval meten sommige sensoren nog steeds de achtergrondconcentratie, 
terwijl één of meerdere andere een verhoging laten zien, afhankelijk van de windrichting. 
Dit principe is gedemonstreerd tijdens een meetcampagne in Ten Post (Groningen, 
Nederland), waar vijf relatief simpele CO2-sensoren (Vaisala Carbocap GMP343) werden 
geplaatst in een raster van 70 x 70 meter, waarbij het monitoren van een CO2-pijpleiding 
werd geïmiteerd (hoofdstuk 2). De sensoren bleken robuust genoeg om meer dan een jaar 
lang de weersinvloeden te weerstaan. Wel moest rekening gehouden worden met het feit 
dat de sensoren allemaal anders reageerden op veranderingen in de omgevingstemperatuur. 
Twee verschillende correctiemethoden zijn ontwikkeld om de invloed van temperatuur op 
de CO2-metingen weg te nemen: een correctie bepaald in het laboratorium en een correctie 
bepaald met behulp van data uit het veld. Beide methoden zijn geschikt maar hebben hun 
eigen nadelen. Een laboratoriumcorrectie is arbeidsintensief en daarom duur, terwijl een 
correctie gebaseerd op data uit het veld niet goed bepaald kan worden bij onvoldoende 
variabiliteit van de weersomstandigheden. Daarnaast wordt bij deze laatste methode het 
risico gelopen dat er een echt lek wordt weggecorrigeerd. Het principe van lekdetectie met 
deze opzet werd gedemonstreerd in een experiment waarbij CO2 werd vrijgelaten met 10 g 
s-1 gedurende ongeveer 16 uur in het midden van het raster met sensoren. Een lek > 3 g s-1 
bleek makkelijk gedetecteerd te kunnen worden in een raster van 70 x 70 meter. 
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De tweede techniek die gedemonstreerd wordt in dit proefschrift om een lek van CO2 van 
een CCS locatie te detecteren is veel geavanceerder. Deze techniek combineert zeer 
precieze metingen van de CO2-concentratie met zeer precieze metingen van de zuurstof 
(O2)-concentratie in de atmosfeer. Bronnen en putten van CO2 en O2 zijn gekoppeld in 
bijna alle (land)processen op aarde. Bij fotosynthese wordt tegelijkertijd CO2 opgenomen 
en O2 vrijgelaten. Bij het verbranden van fossiele brandstoffen en rottingsprocessen in de 
biosfeer is dit omgekeerd. De ratio tussen O2 en CO2 hangt af van het proces en is ongeveer 
-1.1 voor processen in de biosfeer en gemiddeld ongeveer -1.4 voor het verbranden van 
fossiele brandstoffen. De concentratie van CO2 en O2 laten een grofweg gespiegeld patroon 
zien in de tijd, en wanneer je ze tegen elkaar uitzet in een grafiek laten ze een lineair 
verband zien met een helling van ongeveer -1.1 of iets lager, afhankelijk van het aandeel 
van de verbranding van fossiele brandstoffen in de gemeten lucht. Een CO2 lek van een 
CCS locatie heeft geen tegenhanger in de O2 concentratie. Dit leidt tot een “helling” gelijk 
aan nul in een O2 – CO2 grafiek. Het principe van lekdetectie met deze techniek werd 
gedemonstreerd met verschillende experimenten, waarbij CO2 werd vrijgelaten op een 
kleine afstand van de luchtinlaat van een nieuw, transportabel, O2 – CO2 meetsysteem 
(hoofdstuk 4). Om een O2 – CO2 dataset te kunnen analyseren op zoek naar lekken van CO2 
zijn twee (elkaar aanvullende) strategieën ontwikkeld. In de eerste strategie wordt de relatie 
tussen O2 en CO2 van verschillende tijdsintervallen vergeleken met de algemene relatie 
tussen O2 en CO2. Dit gebeurt door te kijken of een tijdsinterval afwijkt van wat als 
normaal wordt beschouwd (een helling van ongeveer -1.1). In de tweede strategie wordt de 
helling tussen O2 en CO2 bepaald voor een bepaald tijdsinterval en vervolgens worden de 
hellingen uitgezet in de tijd. Als de helling hoger is dan een bepaalde gedefinieerde limiet 
dan wordt het tijdsinterval aangemerkt als verdacht (wat betekent dat er wellicht een lek is 
gedetecteerd).  

Het moeilijkste van de techniek om CO2 lekken op te sporen met gecombineerde O2 en 
CO2 metingen is het meten van de atmosferische O2-concentratie. In tegenstelling tot het 
meten van CO2, wat steeds eenvoudiger is geworden in de laatste decennia, is het meten 
van O2 nog altijd een uitdagende taak, die slechts door een dozijn laboratoria in de wereld 
wordt gedaan. De reden hiervoor is de hoge achtergrondconcentratie van O2 in de 
atmosfeer (21% ofwel 210000 ppm, vergeleken met 400 ppm voor CO2) wat het moeilijk 
maakt om de relatief kleine veranderingen te meten.  Het Centrum voor IsotopenOnderzoek 
(CIO) van de Rijksuniversiteit Groningen (Nederland) is één van de laboratoria die in staat 
is deze zeer precieze metingen te doen. Het CIO meet al meer dan vijftien jaar flessen 
gevuld met lucht van de atmosferisch meetstations Lutjewad (Nederland) en Mace Head 
(Ierland) voor de O2 concentratie. De flessen worden gemeten op een Micromass Optima 
Dual Inlet Isotoop Ratio Massa Spectrometer (DI-IRMS) in een klimaatgecontroleerde 
ruimte in het laboratorium in Groningen. Eerder heeft het CIO ook flessen gemeten 
afkomstig van andere locaties (het Noordzee gasplatform F3 (Nederland), Fyodorovskoye 
(Rusland) en Jungfraujoch (Zwitserland)). Zeer recent worden ook flessen gevuld in het 
Halley meetstation op Antarctica. Naast het nemen van flesmonsters voor O2-metingen 
worden ook continue metingen gedaan van de atmosferische O2-concentratie op F3 sinds 
2008 en in Lutjewad sinds 2011. Al deze metingen kunnen waardevolle informatie geven 
over de wereldwijde koolstofcyclus en specifiek over de opname van CO2 door de oceanen, 
waarbij - net als bij CCS processen - O2 en CO2 niet gekoppeld zijn. 
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Dit proefschrift geeft een update van de datasets van de flessen gevuld in Lutjewad en 
Mace Head en geeft ook de eerste continue metingen van O2 en CO2 in Lutjewad 
(hoofdstuk 5). Door alleen flessen te gebruiken die gevuld zijn tijdens 
‘achtergrondcondities’ kan een trend en seizoenscyclus worden gefit aan de datasets. 
Dankzij de afgelegen locatie in combinatie met een windrichting die overwegend van de 
oceaan komt is de dataset van Mace Head zeer robuust. Helaas heeft de Mace Head dataset 
een groot gat rond 2009 (veroorzaakt door verontreiniging in de flessen) wat het moeilijk 
maakt om de trend goed te fitten. Voor Lutjewad geldt dat meer flessen lokaal beïnvloed 
waren en dus verwijderd moesten worden uit de dataset voor de trend en seizoenscyclus 
gefit konden worden. Er werd hier ook meer variatie gevonden in de trend en seizoenen 
door de tijd heen. Het nieuwe continue O2 – CO2 meetsysteem dat sinds 2011 in Lutjewad 
meet heeft te maken met veel gaten in de dataset, wat problemen geeft bij het fitten van de 
trend en de seizoenscyclus. Het fitten van de trend en de seizoenscyclus is een gevoelige 
taak, net als het meten van O2 op zich. 

Voor het opsporen van lekken van een CCS-locatie is een nieuw, makkelijk te vervoeren 
apparaat ontwikkeld dat continu CO2 en O2 kan meten (hoofdstuk 3). Het ontwerp van het 
nieuwe apparaat is gebaseerd op de originele continue O2 – CO2 meetsystemen van het CIO 
(in Lutjewad en op F3), maar is vervoerbaar gemaakt door drie belangrijke dingen te 
veranderen: het verpakken van de belangrijke meetapparatuur, de instrumenten voor 
gasbehandeling en de bijbehorende elektronica (1), het verpakken van de hoge druk 
gascilinders die nodig zijn voor de heel nauwkeurige O2 metingen (2) en het drogen van de 
lucht (3) – iets dat ook noodzakelijk is bij atmosferische O2 metingen. Naast deze drie 
belangrijke punten die ervoor zorgen dat het apparaat makkelijk te vervoeren is, zijn nog 
enkele dingen van de oude systemen verbeterd, waaronder de CO2 sensor, de kleppen en de 
schakeltijd. Het mobiele systeem bestaat uit drie kisten (één voor de apparatuur, één voor 
de gascilinders en één voor het drogen van de inkomende lucht) en een zes meter hoge 
mast met de luchtinlaat. De drie kisten worden binnen geplaatst en de mast met de 
luchtinlaat wordt buiten geplaatst. Alle drie de continue systemen van het CIO gebruiken 
de brandstofceltechniek (met het commercieel beschikbare apparaat Oxzilla II van Sable 
Systems) om de O2-concentratie te meten. Anders dan bij de twee vaste systemen van het 
CIO maakt het nieuwe, mobiele systeem gebruik van een hoog-kwaliteit CO2 sensor 
(Uras26 NDIR van ABB) welke zeer precieze CO2-metingen (±0.01- 0.02 ppm) kan doen.  

De kwaliteit van de atmosferische O2 metingen van het CIO (uitgebreid beschreven in de 
bijlage van dit proefschrift) is voldoende, echter niet zo goed als dat van enkele andere 
laboratoria. Voor de metingen met de DI-IRMS hangt de precisie af van het type meting. 
De precisie van een enkele meting van een hoge druk gascilinder is 10 – 14 per meg, 
terwijl de precisie van een enkele meting van een fles ongeveer 6 per meg is: een factor 
twee beter. Dit verschil wordt veroorzaakt door de noodzaak van het gebruik van 
reduceerventielen op de gascilinders om met de hoge druk om te kunnen gaan. De 
problemen met het meten van hoge druk gascilinders zorgen ook voor problemen met het 
vastleggen van de metingen op de internationale schaal, aangezien het internationaal 
handhaven van deze schaal gebaseerd is op gascilinder metingen. Momenteel wordt 
gewerkt aan een verbetering van deze metingen. Voor de twee continue meetsystemen is de 
precisie van de O2 metingen gelijk aan 11 – 15 per meg voor (target) gas cilinder metingen. 
Vergelijkbare waarden werden gevonden voor de buitenluchtmetingen van het nieuwe 
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mobiele systeem. Voor het vaste systeem in Lutjewad werd een significant betere precisie 
gevonden voor buitenluchtmetingen (rond de 3 per meg), wat aangeeft dat ook hier 
problemen lijken te zijn met het meten van hoge druk gascilinders.  

De precisie van zowel de CO2- als O2-metingen van het transportabele systeem is erg 
belangrijk: dit bepaalt de detectielimiet voor het opsporen van lekken van CO2. Hoe kleiner 
de spreiding van de metingen rondom het lineaire verband tussen O2 en CO2 in natuurlijke 
omstandigheden, hoe kleiner de lekken zijn die gedetecteerd kunnen worden . De 
detectielimiet van het nieuwe mobiele systeem wordt geschat op 6 ppm CO2. Als een 
mobiel ontwerp niet nodig is zou de precisie dusdanig kunnen worden verbeterd dat de 
lekdetectielimiet naar 3 ppm gebracht zou kunnen worden. Dit komt neer op het detecteren 
van een lek van 1000 ton CO2 per jaar (32 g s-1) op een afstand tot vijfhonderd meter, mits 
de weersomstandigheden (windrichting en stabiliteit van de atmosfeer) gunstig zijn. De 
natuurlijke variatie in de O2 – CO2 uitwisselingsratio beperkt een verdere verbetering van 
de detectielimiet. 

Voor een echt CCS-bewakingssysteem zou een combinatie van de twee gepresenteerde 
technieken waarschijnlijk ideaal zijn. Verschillende combinaties zijn hierbij mogelijk. Voor 
CO2-metingen zouden simpele en goedkope instrumenten zoals gepresenteerd in dit 
proefschrift gebruikt kunnen worden. Een andere optie is om minder CO2 metingen te doen 
maar dan met kwalitatief betere sensoren of de CO2-concentratie over een groot gebied te 
meten met de lange afstand open pad laserspectroscopie techniek. Atmosferische O2-
metingen zouden gedaan kunnen worden in slechts een deel van de meetlocaties in het te 
monitoren gebied, maar men kan ook een mobiel instrument zoals gepresenteerd in dit 
proefschrift inzetten op verdachte locaties. Er is niet één juiste atmosferische 
bewakingstechniek te geven: de strategie hangt af van het gebied dat bewaakt moet worden. 
Het gebruiken van atmosferische O2-metingen voor het bewaken van een CCS 
opslaglocatie heeft wel altijd het voordeel dat het onderscheid kan maken tussen 
willekeurige (fossiele) bronnen van CO2 en een echt lek. 

De belangrijkste conclusie is wellicht dat dit proefschrift aantoont dat de technieken voor 
het opsporen van CO2-lekken in de atmosfeer bestaan, en dat deze technieken vrij 
eenvoudig in te zetten zijn, mocht er een beslissing vallen om CO2 ondergronds op te slaan 
onder land. 
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 Dankwoord 

Het is bijzonder dat dit boekje nu voor je ligt, want ik was helemaal niet van plan om aan 
een promotieonderzoek te beginnen. Ik wilde een “normale baan” met nog een leven naast 
mijn werk en ik wilde dat het mogelijk zou zijn om een gezin te beginnen en maar vier 
dagen per week te werken. Geen probleem, zei Harro in de zomer van 2010 in een wat 
vreemd gesprek waarbij hij mij probeerde over te halen tóch aan een promotieonderzoek te 
beginnen omdat het echt wat voor mij zou zijn. Inmiddels zijn vijf jaren voorbij gegaan en 
zit ik hier een dankwoord te schrijven voor bij mijn proefschrift, die verder alleen nog 
gedrukt en verdedigd moet worden. Het promotieonderzoek bleek toch een soort van 
normale baan te zijn. Naast mijn computer staat de babyfoon, en ik hoop dat het nog even 
stil blijft, want anders krijg ik dit dankwoord nooit af. Met inmiddels twee kleine meisjes in 
huis is het schrijven hiervan uiteindelijk nog een van de lastigste dingen van het hele 
proefschrift maken. Omdat ik vermoed dat dit het meest gelezen deel van het proefschrift 
zal zijn (de rest is echt véél interessanter hoor!) moet het wel een goed stuk worden. 

Een raar idee vind ik het, dat het proefschrift af is en mijn tijd bij het CIO voorbij is. Toen 
ik in juni vertrok was ik hoogzwanger en nog volop bezig om dit proefschrift af te maken. 
Het voelde daarom niet als een definitief vertrek maar eigenlijk meer zoals de eerste keer 
dat ik met zwangerschapsverlof ging. Toch kom ik deze keer echt niet meer terug. Heel 
jammer, want het CIO voelt na al die jaren toch een beetje als een tweede thuis en ik wil 
iedereen op het CIO dan ook heel erg bedanken voor de leuke tijd. Iedereen heeft, op wat 
voor manier dan ook, wel een bijdrage geleverd aan het tot stand komen van dit 
proefschrift, al was het alleen maar met een leuk gesprek tijdens een van de vele pauzes 
waarbij ik mijn hoofd even leeg kon maken. Natuurlijk hebben een aantal mensen een veel 
grotere bijdrage geleverd en hen wil ik graag persoonlijk bedanken. 

Als eerste natuurlijk Harro, want ik ben heel blij dat je mij vijf jaar geleden hebt weten te 
overtuigen dat een promotieonderzoek echt iets voor mij was. Je had helemaal gelijk, want 
ik heb het erg leuk gevonden om te doen en het is ook nog eens allemaal op tijd af 
gekomen. Ik ben zelf meestal tamelijk pessimistisch (realistisch) ingesteld, en jouw 
eeuwige optimisme was daarbij een fijne tegenhanger. Vaak dacht ik dat dit proefschrift 
helemaal nooit af zou komen, maar jij bleef er altijd in geloven. Vooral in de hectische 
laatste weken stond je altijd voor me klaar en heb je samen met mij hard gewerkt om 
ervoor te zorgen dat het af zou zijn vóór mijn tweede dochter geboren werd. Ik had, zoals 
jij dat noemde, geen “deadline” maar een “lifeline”. Overigens stond je de afgelopen jaren 
sowieso altijd voor me klaar: ik kon altijd binnenkomen met een vraag, probleem, idee of 
om leuke resultaten te laten zien. Heel erg bedankt voor alles Harro! 

Als tweede wil ik graag Bert bedanken. Tegenwoordig moet je daar nog een achternaam 
aan toevoegen, want de atmosfeergroep van het CIO is de laatste jaren enorm uitgebreid, 
maar oorspronkelijk was er maar één echte Bert: Bert Kers. Op een bepaald moment, 
ergens middenin mijn promotie, waren jij en ik samen eigenlijk de hele atmosfeergroep van 
het CIO. Niet erg handig, maar het schept wel een band! In al mijn jaren bij het CIO was jij 
de constante factor en degene die mij bij alles geholpen heeft. Zonder jou bestond er geen 
atmosfeergroep bij het CIO, was er geen Lutjewad en was dit proefschrift er ook niet 
geweest. Jouw harde werken, enthousiasme, creatieve oplossingen voor allerlei problemen 
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en grote netwerk binnen de universiteit waren onmisbaar om dit proefschrift tot een succes 
te maken. Op de introductie na, is er geen onderdeel in dit proefschrift waar je niet enorm 
bij betrokken bent geweest. Heel erg bedankt dus Bert, voor alles wat je in de afgelopen 
jaren voor me gedaan hebt! 

Verder wil ik ook graag Henk Jansen bedanken voor alle hulp met computerproblemen die 
ik in de loop van de jaren heb gehad. Het was heel fijn dat je altijd klaar stond om een 
oplossing te vinden. Ook heb ik veel gehad aan Jan en later Marcel. Het midden van mijn 
promotietijd, toen Jan al met pensioen was en Marcel er nog niet was, was een heel 
onhandige tijd waarin ik jullie hulp met elektronica en programmeren erg miste. Met Bert 
Scheeren, Huilin, Dipayan en Sanne heb ik regelmatig allerlei inhoudelijke dingen kunnen 
bespreken wat erg fijn was! Steven en Linda waren allebei geweldige kamergenootjes. Ik 
ben heel blij dat ik mijn werkkamer kon delen met mensen waarmee ik het heel goed kan 
vinden. Bedankt allebei voor de gezelligheid tussen het werken door! 

Ook vond ik het fijn om regelmatig contact te hebben met twee experts op het gebied van 
“promoveren bij het CIO”. Sander, en vooral Ingrid, bedankt voor jullie hulp en support de 
afgelopen jaren. Vooral het kalibreren van de luchtoptima was een gigantische klus waar ik 
zonder jouw hulp (Ingrid) al helemaal niet uit was gekomen.  

Voor de soms broodnodige mentale support vanuit ESRIG wil ik graag Rien, Sanderine en 
Ton bedanken. Jullie hebben mij regelmatig veel steun en aanmoediging gegeven en dat 
waardeer ik enorm! 

Ook buiten de universiteit wil ik nog graag mensen bedanken. Mensen van ECN, en dan 
vooral Arjan Hensen, bedankt voor de fijne samenwerking bij het maken van hoofdstuk 2 
van dit proefschrift. Mensen bij de NAM in Ten Post en bij EnTranCe: bedankt voor het 
faciliteren van mijn onderzoek. 

Behalve collega’s wil ik ook graag mijn familie en vrienden bedanken voor hun steun en 
vooral hun liefde en gezelligheid de afgelopen jaren. Bij sommigen kon ik mijn hart 
regelmatig luchten over mijn onderzoek, met anderen had ik het er eigenlijk nauwelijks 
over, maar ook dat is juist heel fijn omdat je ook vooral vaak je onderzoek even helemaal 
los moet kunnen laten. In het bijzonder wil ik Maria bedanken voor alles in de afgelopen 
jaren (dit moet je toch kunnen lezen na 7 jaar in Nederland te hebben gewoond!). Met jou 
kon ik alles delen omdat we precies hetzelfde meemaakten met het combineren van een 
promotieonderzoek en het krijgen van twee kinderen.  

Dit dankwoord wil ik eindigen met het bedanken van degenen die het meest voor mij 
betekenen, niet alleen tijdens het promotieonderzoek maar in mijn hele leven. Als eerste 
mijn lieve mama, want zonder jou was ik er natuurlijk überhaupt niet geweest en dit boekje 
dus ook niet. Wat je voor me gedaan hebt is teveel om op te noemen. Je bent een geweldige 
moeder en ik hoop dat mijn eigen dochters later net zo denken over mij als ik over jou denk.  

Natuurlijk wil ik ook graag mijn lieve vriend Sander bedanken. Jij was de afgelopen jaren 
degene die elke avond mijn gezemel over het promotieonderzoek aan moest horen! Dat was 
geen gemakkelijke taak. Je bent altijd super lief en je hebt enorm veel humor en daarmee 
heb je me door allerlei moeilijke momenten in de afgelopen jaren heen weten te slepen. Ik 
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ben zo blij met jou in mijn leven! En het is geweldig dat we inmiddels een echt gezin zijn 
geworden. Je bent niet alleen een heel lieve vriend, maar ook een geweldige vader.   

Als laatste wil ik graag mijn twee dochtertjes bedanken. Marit, wat ben jij een vrolijk en 
lief meisje. Wat was het heerlijk als ik na een werkdag weer naar de crèche fietste om jou 
op te halen. Even niks meer met dat malle proefschrift te maken hebben! En Tessa, wat ben 
jij een lieve baby. Ik heb in 2015 veel gemaakt maar niets daarvan is zo mooi en maakt me 
zo trots als jij. 
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