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Abstract

In this article the quality of the NDIR: ABB EL3020 is tested. Between 20 October and 1
November 2020 the CO, and 3CO, levels were measured in Groningen, The Netherlands.
When measured accurately §'2CO, can be useful for source attribution of COy emissions.
After calibration, the CO,, '3CO, and, §'3C O levels were calculated. The reliability and
accuracy of the COy and 3C Oy levels were reasonable. The accuracy of the §'3C O, was also
reasonable, with a standard deviation of £0.26%o, but the §'3CO, level was not reliable. The
spread of the data was £2%o, while the differences between 63COy values should typically
be within one per mille and should be able to follow with a precision of less than 0.1%o on an
hourly basis. Even when the data was averaged out the spread stayed too high to be useful.
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1 Introduction

1.1 Climate change

There is a strong scientific agreement that the massive emissions of greenhouse gasses like
CO4 by human activity leads to significant changes of climate [7] [22]. The main effect of
these emissions is global warming. The worlds average temperature is now 1.15°C higher
than in the pre-industrial era [15], with a high likelihood largely because of human activities.
In the Netherlands this is even 2.1°C [4]. The global temperature rise can be 3.7°C' in 2100
if the emissions are not cut down [28]. This is the so-called RCP8.5 scenario: when the COq
emissions keep rising, and little is done to stop global warming. Emissions of greenhouse
gasses also cause other changes in climate. The weather is becoming more extreme and
unpredictable, for example there are more intense and quantitatively more droughts [28],
storms [2] and heavy rain fall [28]. Sea level rise is also an issue, between 1901 and 2010
the global sea level rose by 0.19 meter [22]. It is expected that if the world does not lower
their emissions of greenhouse gasses drastically the global sea level can rise by 0.74 meter in
2100 [5] in comparison with 1901. This is especially worrisome because 10% of the world’s
population lives not higher than ten meters above sea level [21].

That climate change causes problems for society is more and more becoming common
knowledge with a median of 68% of people in the world see climate change as a major threat
and another 20% as a minor threat to their country [25]. Also, governments acknowledge the
problem with climate change. 197 countries in the world signed the Paris climate agreement,
which means they are committed to ”holding the increase in the global average temperature
to well below 2°C' above pre-industrial levels and pursuing efforts to limit the temperature
increase to 1.5°C above pre-industrial levels” [24]. The seriousness of the situation is clear,
but the world’s CO5 emission is becoming higher every year [10]. So, a global systematic
change is needed to combat climate change.

1.2 CO, emission

The most important anthropogenically enhanced greenhouse gas is C'Os which accounts for
about 64% of the radiative forcing since the industrial era [22]. The rest are mostly from
methane, nitrous oxide, and halocarbons. Around 87% of the deliberate (thus without land
use change and deforestation) anthropogenic COs emission in the world comes from burning
coal, oil, and natural gas [11]. Other important deliberate anthropogenic sources of COs are
cement and steel production, the production of some chemicals, and the burning of biomass.
The total amount of these CO emission per year is around 36 Pg [10]. The current amount
of CO4 in the air is around 412 ppm [29], with the conversion factor of 7.82 [23] this is around
3,222 Pg of COs in the atmosphere. The annual increase is around 2.5 ppm [29], which is
equivalent to 19.55 Pg of COs, - less than humans emit. The deficit is because a part of the
surplus C'O; is dissolved in the oceans or is taken up by the terrestrial biosphere.
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Figure 1: A schematic of the global carbon cycle. Black numbers and arrows indicate
reservoir sizes and fluxes before the Industrial Era (1750). The red arrows and numbers
represent anthropogenic changes on fluxes and reservoir sizes (averaged from 2000-2009).
The blue numbers and arrows show the sizes of and interactions between different ocean
carbon stocks. The fluxes are in Pg C (instead of Pg CO,) [6].

The natural cycle of C'O is huge: the natural sources of CO- are: release from oceans,
soil respiration, plant respiration, animal respiration and volcanic eruptions[14](see figure 1
for a schematic of the global carbon cycle). Oceans are the largest emitter of COs, every
year they emit around 330 Pg of C'O3, but they take up more than they emit every year
[26], this acidifies the oceans (that is, they become less basic), another consequence of CO4
emissions. Plants and animals emit around 220 Pg of CO, every year [26], but plants also
take up a large amount of C'O5. Soil respiration does also emit around 220 Pg of C'O5 every
year. Soil respiration are all the processes that are below ground, such as plant roots, fungi,
bacteria, and animals that live below ground. They use energy and create COy within these
processes [26]. Volcanoes emit a small part of the natural CO, emission with 0.15 to 0.26
Pg of COy emission every year [12]. In total the natural sources emit around 770 Pg of CO5
every year, which is around 21 times more than humans emit, but the natural sources are
balanced. The C'O5 that humans emit disturbs this balance and creates a strong rise in CO»
levels that never has been seen in at least the past 800,000 years (see figure [2]) [3].
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Figure 2: The COs level in the atmosphere in the past 800,000 years[3].

1.3 Air measurements and source attribution

Because of the natural fluxes of CO5 on the earth it is hard to measure the amount of CO,
that is emitted by humans with air measurements. What the source of these emission is, is
even harder. In a combination, measurements of COs, oxygen, '*CO,, and '3CO, can give
an image of the emissions of C'Os.

Oxygen is used to burn fossil fuels, thus the amount of oxygen in the air is an indicator
how much COs is created. Natural gas mostly exists of methane (CHy), which produces one
C O3 molecule for every two oxygen molecules (CHy 4202 — CO3+2H50). Ethane (CyHg)
produces 4 COs molecules for every seven oxygen molecules (2Cy Hg+ 702 — 4CO2+6H50).
This is called the oxidative ratio, The longer the carbon chain the lower the oxidative ratio.
For natural gas this is 1.95, for liquid fuels 1.44, and for coal 1.17 [18]. Precise measurement
of oxygen can therefore help to attribute the COs sources. In addition, those measurements
can discriminate between COy uptake by land processes (through photosynthesis, which
produces Os) and solution in the ocean (for which there is no counterpart in Os).

Discrimination between fossil and "bio” CO, is also possible with *CO;, which is a
radioactive isotope of carbon with a half-life of 5,730 years [13]. Fossil fuels are millions of
years old and thus all the **CO, is decayed. This lack of **CO; can be measured for recently
added CO4 from fossil fuels.

A third way to do this is with '3CO,. This study aims to measure the 2*CO, levels to
help attribute the source of recently added COs. A carbon atom normally has six neutrons
and six protons, but around 1.1% of carbon atoms in the atmosphere have seven neutrons
instead of six, this is a stable isotope called 13CO, [27]. Plants tend to take up slightly less
13C0O4 than 2CO, in photosynthesis, because the '3C Oy molecule is heavier than 2CO,
[9]. That is why fossil fuels have relatively less 13C Oy in them, than the atmosphere. This



differences in '3COs can be measured.

1.4 6BCO,

To measure the difference in 13C O, for different sources, §'2C Oy has been defined. This is
an isotopic signature which expresses the relative deviation of the ratio between 3CO, and
1200, of a sample with respect to that same ratio for an international reference material.
The formula for §:3CO, is:

(=602
613002 — (W _ 1) . (1)
(ﬁ)?‘eference

The outcome is most of the time a small number, that is why it is expressed in per mille.
The VPDB (Vienna Pee Dee Belemnite) is the reference value accepted by the International
Atomic Energy Agency. The value of the VPDB is 0.011117 [20]

The ratio of '3C and '2C is different for different sources of COsy, even within different
fossil fuels. Natural gas can have the least amount of *C, oil has more 3C' and coal has
the most 'C of these fossil fuels. Table 1 gives a description of C'O, sources and their §'3C
values [8]. The first number is the lower bound of the values that are found, the second is the
upper bound. The values can change for different extraction areas and can therefore not be
generalised over the world. For very precise measurements, the 6'3C' levels of local sources
of COy should first be determined, before starting the measurements of §'3CO,. When the
amount of *CO; is measured very precisely in the air, it can help to trace the sources of
the CO5 emissions.

Table 1: The §13C of different sources of COz, from Coplen and Shrestha (2016)[8] (except
for Groningen natural gas).

Lower bound | Upper Bound
COs source 53¢ (%) 53¢ (%)
Sea Water -0.8 +2.2
Land Plants (C3 metabolic process) -35 -21
Land plants (C4 metabolic process) -16 -9
Land Plants (CAM metabolic process) | -34 -10
Coal -30 -19
Crude oil -44 -16.8
Natural Gas -51 -29
Groningen natural gas [17] -29.11 -28.89

A possibility to perform continuous measurements of '1>COs in the air, is with a NonDis-
persive infraRed sensor (NDIR). This instrument measures the amount of infrared light that
is absorbed by the 12C O, and the '3CO; in the air sample. The NDIR will be discussed in
the method section in more detail.

1.5 This study

In this study the precision, accuracy, and reliability of *CO, measurements is determined
with the NDIR: ABB EL3020, as it is built in in a home-built air treatment rack designed



for atmospheric oxygen measurements [19]. Subsequently, continuous measurements of COy
and CO; levels of air from an inlet on the roof of the EAE building are shown, and first
attempts for source attribution of C'Os in Groningen are made.

This study is part of a bigger study to measure composition of the air in Rotterdam,
focusing on oxygen, CO,, 3CO,, and *COs.

In the methods it is explained how an NDIR works exactly and how this study is de-
signed. In the results and discussion, the quality of the ABB EL3020 is investigated with
twelve days of continuous measurements of the outside air in Zernike campus, Groningen.
In the conclusion is concluded if the '3C'Oy capability of the analyser can help with source
attribution of C'O5 emissions.

2 Methods

2.1 The NDIR

As mentioned in the introduction the NDIR: ABB EL3020 is used to measure the amount
of COy and 3CO, in the air. An NDIR is a device that has an infrared light source (a
lamp, not a laser), an air chamber, and a light detector. The light shines through the air
chamber onto the light detector. If the frequency of the light matches the frequency of a
vibrational transition in "2COs or ¥CO, the light will be absorbed. For 2CO, the highest
absorption is 2315.19 em ™, and for 13C O, this is at 2315.36 em ™! [32]. The lack of light is
measured at the detectors. The detectors consist of COy and '3CO, which expand when the
light is absorbed in the detector by the CO, and 3CO,. Because when they absorb light,
they get hotter, and therefor expand. This expansion is measured by the analyser. The less
light shines on the detector, the less COy and 3C O, expand, the more CO;y and *CO, is
measured by the analyser. In figure 3 a schematic of the setup is shown.
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Figure 3: The setup of the NDIR [16].

To measure as precisely as possible the air chamber switches between the reference tank
that has known values for COy and CO, and the sample that is measured. If there are
effects that influence the system, both the reference values and the sample values change and
therefor the influence of such an effect largely cancels. The disadvantage of this system is
that it takes time to switch between the reference and sample air. With the flow chosen in



our system this is typically 90 seconds. In figure 4 and 5 two cycles of switching are shown
of COy and 3C O, respectively.
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Figure 4: The C'Oq levels in two cycles of measurements.
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Figure 5: The CO, levels in two cycles of measurements.

2.2 Reliability of the NDIR

To test the reliability of the NDIR four different measures were used. One is the Allan
variance, named after David Allan [1]. The Allan variance is a measure of instability of the
data caused by noise, it will not detect environmental changes or systematic errors. The
averages of the last 5, 10, 15, 30, 45, or, 60 seconds of every 120 second cycle is used. The
difference between the first and the second cycle, the second and the third cycle etc. are
calculated and squared. The average of this number is the Allan deviation, the square root
of this is the Allan variance. The mathematical function is:



ay(7) = ;<(yn+1 - yn>2>- 2)

Next to the Allan variance the average standard deviation is used. The standard devia-
tion of every cycle is calculated, the average of all these standard deviations is the average
standard deviation. The same applies to the average standard error, the third measure. The
fourth measure is the standard error of §'3CO,. For this measure the §'3C O of every cycle
is calculated.

With the results of these parameters there is chosen to use the last 45 seconds of every
120 second cycle, and 15 seconds for a 90 second cycle, this choice will be elaborated later.

2.3 Calibration

After the test of reliability, the apparatus could be used to measure outside air, but before
every measurement the analyser was first calibrated. Three air tanks with known values for
CO5 and ¥CO, were measured and used to calibrate the analyser. The data of outside air
was mainly measured from 20 October until 1 November 2020. The system was calibrated
six times in this period. For every time the system was calibrated, the three calibration
tanks were measured thirty minutes each. The last 15 seconds before switching were used
and averaged out till one data point per 90 seconds remained. For the calibration of C'Os
and 3CO, the difference between the levels in the Calibration tank and the reference tank
were used and plotted against the known values of the calibration tanks. The formula of
the trendline is used to calculate the real values of outside air with the measured values (see
figures 6 and 7). The analyser measures the CO5 levels around 100 ppm higher than the real
values, that is the reason why the slope is around 0.87 instead of the expected 1. After the
main measurements from 20 October till 1 November with a switching time of 90 seconds,
another day was measured with a switching time of 120 seconds.
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Figure 6: The Calibration curve of COy of 30 October.
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Figure 7: The Calibration curve of 3*CO; of 30 October.

The §'3CO; needed an extra calibration because the 6'3CO, was dependant on the CO,
concentration. This happens more often in optical instruments. When the C'O5 level is low
the 13CO, levels are measured relatively high. This dependence follows from the differences
in slope between C'O5 and 3COs in the figures 6 and 7. The difference between the measured
d'3C O, values and the real values of the calibration tanks were plotted against the real values
of the C'Oz levels as seen in figure 8. The formula of the trendline is used to calibrate the
d'3C O, values. For the x the CO, values were filled in, this number is added to the measured
d3C O, values, to get the calibrated 63CO, values.
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Figure 8: The Calibration curve of §'3C O, of 30 October.
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3 Results and Discussion

3.1 Reliability tests

In table 2 the average standard deviation, average standard error, the standard error of
03CO0,, and the Allan variance of 3CO, are shown for 120 seconds switching time. The
data is of 24 hours of data with two cylinders. The times on the left of the table are the last
seconds before switching that are used for the average values of CO and 3COs,.

It seemed from the data that the analyser needed a bit more than 60 seconds to settle.
Thus after 75 seconds most of the old air is out the system, and it measured the new air. To
get as much data per switch there is chosen to use the last 45 seconds for a switching time of
120 seconds. For 90 seconds the last 15 seconds is used. Another reason to use these times,
is because the standard error of the §'3C' O, and the Allan variance went up the shorter the
time used for the data.

Table 2: The average standard deviation and Average standard error of COy and 3CO,,
the standard error of 6'3C O, and the Allan variance of '*CO,. The switching time was 120
seconds.

. Average standard | Average standard | Standard .

Time s Allan variance
deviation error error
COq 3CO, CO, 3C0, §13C 0, 3CO,

5s 0.0056 | 0.0009 0.0025 | 0.00040 | 0.068 0.0072

10s | 0.0099 | 0.0015 0.0031 | 0.00049 | 0.064 0.0068

15s | 0.013 | 0.0020 0.0034 | 0.00052 | 0.060 0.0064

30s | 0.020 | 0.0029 0.0038 | 0.00053 | 0.053 0.0054

45s | 0.033 | 0.0034 0.0049 | 0.00051 | 0.049 0.0049

60s | 0.094 | 0.0037 0.012 | 0.00048 | 0.045 0.0044

For a switching time of 90 seconds the last 15 seconds are averaged and used as data
point. In figure 9 the last 15 seconds before switching of COy and *CO; is shown. For
COs it could be better to use less than 15 seconds, but because the 3C Oy levels are more
unstable the last 15 seconds is chosen.
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Figure 9: The last 15 seconds of data for the COy and '3CO; before switching.

3.2 Outside air

In figure 10 and 11 the levels of COy and 3CO; and 62CO, are shown from 20 October
until 1 November 2020. There is one data point for every three minutes. The switching time
used is 90 seconds, and the last 15 seconds have been used.
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Figure 10: The COy and 3CO, levels of the outside air from 20 October until 1 November
2020 in Groningen, The Netherlands.
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513CO, levels of outside air 20 Oct -1 Nov
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Figure 11: The §'3CO; levels of the outside air from 20 October until 1 November 2020 in
Groningen, The Netherlands.

The results for the §'3CO5 have a low reliability. The differences between §'3C O, values
should typically be within one 1% and should be able to follow with a precision of less than
0.1%0 on an hourly basis. The data has a spread of about +2%o (see figure 11), This is not
good enough to have any usefulness for source attribution of CO3 emissions. To get more
reliable results, the data is averaged out over 30 minutes as seen in figure 12. Although the
spread is reduced from +2%o to +0.5% it is still too wide to be useful for source attribution.
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6132C0, levels of outside air 20 Oct -1 Nov averaged over 30 minutes
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Figure 12: The §'3CO; levels of the outside air from 20 October until 1 November 2020 in
Groningen The Netherlands averaged out over 30 minutes.

To investigate if a switching time of 120 seconds instead of 90 seconds would give better
results an extra day of measurements was conducted. In figure 13, 24 hours of outside
air measurements with 90 seconds switching time and 24 hours of data with 120 seconds
switching time is combined. The spread of the data is less for the 120 second switching time
than for the 90 seconds switching time. It is however still not good enough to be useful. In
figure 14 the data with 120 seconds switching time is averaged out over 20 minutes. The
spread shrinks again, this time from +1%o to £0.4%0, but it is still not useful for source
attribution. An important comment for this comparison is that the data is of two different
days, so the input is different and therefore it is possible, however unlikely, that this is the
reason for the difference in spread.
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Figure 13: The §'3CO, levels of the outside air of two days, one with 90 second switching
times and one with 120 second switching times (the X-axis is in minutes because the data is
of two separate days)
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Figure 14: The §'3CO; levels of the outside air from 18 November 16:40 until 19 Novem-
ber 16:30 2020 in Groningen, The Netherlands averaged out over 20 minutes (120 seconds
switching time).
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3.3 Keeling plot

The Keeling plot is a method to analyse the source §'2CO, signature for a certain excursion
in the CO2 mixing ratio. In our data, not many of such ’events’ are visible, only the night
of 23-10 is a candidate. For these data we plot the Keeling relation:

S13CO,(t) =< slope > ¥1000/CO4(t) + 6'3Cs (3)

with 63C; the §'3C value for the source of the extra CO,. Figure 15 shows the data
plotted this way. The data shows a small positive trend, but it is very uncertain because of
the low reliability of the data. In figure 15 there is also plotted an ideal line for a CO5 source
with a 63CO, value of -25 %o. Keeling plots of several peaks in the CO, level were made,
but the data of 23 November gave the 'best’ results. For most of the C'Oy peaks there was
no correlation between COs and §'3CO, values.

Keeling plot

215 2.2 2.25 23 2.35 2.4

813C0, levels (%o)

-13 1@ Data of 23-11 00:15-17:51 ° °

® Keeling plot with an intercept of -25%e

14

1000/CO, level (1000/ppm)

Figure 15: The keeling plot for the data of 23 November 00:15-17:51. With and ideal keeling
plot For A CO, source with a §13C O, level of -25%c.

To conceptualise what the reliability of the analyser should be, to become useful for
source attribution of C'Oy emission, a calculation has been made. The biggest difference in
COs levels in the data from 18 October until 1 November was around 40 ppm (460 ppm
till 420 ppm, see figure 10) If the §13COy of air is —9%0 at a COz level of 420 ppm, and 40
ppm of fossil fuel COy (or biogenic respiration COy) with a §13C O value of —25%0 is added.
The expected 63CO; value is —10.4%0. This change in data cannot be seen. If a research
wants to distinguish between different sources of CO, that have a 6'3CO5 level that is close
to each other, the data has to be even more precise. Local sources of C'Oy should have a
known 3 CO; level to be this precise.
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3.4 (CO5 levels

The CO; levels seemed reasonable reliable (see figure 10). There was not a clear day and
night cycle in the COs levels. Some days the C'Oy levels went up at night, but other days
this was not the case. The mixing of air is different in daytime than in night-time. Normally
it is expected that the COs levels are higher at night than during the day [30]. On average
the CO4 levels was 3 ppm higher at night (20:00-7:00) than at daytime (10:00-17:00). There
are some sharp peaks in the data, but this was probably the exhaust fumes close to the inlet
of the pipe to the analyser. In total there are no clear patterns visible in the data of C'O2
levels. In the days of measuring the outside air the wind direction did not change much, it
stayed between south and south-west wind (180°-225°) [31], so this should not have had an
influence on the data. The wind speed was in the most days between 10 and 30 km/h, except
for 21 November around 22:00 were it was at most 60 km/h [31]. There were no obvious
trends visible that linked the C' Oy levels and the wind speeds.

3.5 Accuracy calibration

To test the accuracy of the data the standard deviations of the calibrations graphs were
calculated. The calibration graphs of 30 October (see figure 6,7 and, 8) are comparable
with the calibrations of other days. The Intercept and the slope of the graphs were used
to calculate the calibrated levels of COs, 3COy and, §'3CO,. Both the intercept and the
slope had a standard deviation. These standard deviations were added up with the formula
AY = /(AAz)? + (AB)2. The AY is the standard deviation of the calibrated COz, *COy
and, 613CO4 values. These standard deviations were reasonable for COs, 13CO5 and, 613C O,
with a standard deviation of +0.87 ppm, +0.007 ppm and, +0.26%o, respectively.

4 Conclusion

In conclusion, the quality of the NDIR: ABB EL3020 was not good enough to be useful for
source attribution of COy emissions. The 613C O, levels were not reliable. The spread of the
data for 90 seconds switching time was £2%0¢ (see figure 11), while the differences between
d'3CO, values should typically be within one per mille and should be able to follow with
a precision of less than 0.1%o0 on an hourly basis. With a 120 second switching time and
averaging the data over twenty minutes, the spread shrank to +0.4%o (see figure 14), but
this was still not good enough. The accuracy of the 6'3C O, was reasonable. The intercept
and slope of the calibration graphs had a standard deviation. When added up, the standard
deviation of §*3CO4 became +0.26%0

The CO5 and 13C'O4 levels were reasonable reliable and accurate. Both values could be
followed over the days that the outside air was measured. There were no obvious trends in
the data. Some days there seemed to be a day and night cycle, but other days this was not
the case.
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