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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.

This chapter (combined with a part of chapter 3 about the system design) has been published as: van
Leeuwen, C. and Meijer, H.A.J. (2015) - Detection of CO2 leaks from carbon capture and storage
sites with combined atmospheric CO2 and O2 measurements - International Journal of Greenhouse
Gas Control (41), 194 - 209
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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 leastsquares 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 +σhour
σgeneral

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

16 Nov '14
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21 Nov '14

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.
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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 LaanLuijkx 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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