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1 Introduction
The LIBRA isotopic CO2 gas analyser was developed as part of the Science for Clean Energy
(S4CE) project, of which one of the aims is to develop novel sensing technologies to assist with
clean energy applications. One of the project partners is Reykjavik Energy (Orkuveita
Reykjavikur - OR) who run the Carbfix carbon capture storage (CCS) project in Iceland, which
is situated at the Hellisheiði geothermal power plant. This method involves the injection of
CO2-rich water into a suitable geological subsurface structure where CO2 precipitates to form
new carbonate minerals by reaction with the geothermal reservoir rocks (see carbfix.com),
which is illustrated in Figure 2. This process can be monitored using the 13CO2 to 12CO2 isotopic
ratio of the sampled CO2 gas as it can distinguish the origin of the gas in the carbon capture
storage process, which is a method also known to distinguish between biogenic and
anthropogenic CO2 sources.
Although there a several existing methods for carbon isotope ratio measurements, such as
Isotope Ratio Mass Spectrometry (IRMS) and Cavity Enhanced Absorption Spectroscopy
(CEAS) , none are rugged enough for unsupervised industrial processes or outdoor use.
Therefore, the LIBRA gas analyser was developed for the specific application requirements of
on-shore carbon capture storage, which was agreed in consultation with the Carbfix research
team for this project. The main requirements were concentration measurement range up to
100% CO2, corrosion resistance to large amounts of H2S in the gas sample, ingress protection
of the enclosure, and the operating temperature range.

Figure 1: LIBRA® 13CO2 instrument on site
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Figure 2 Diagram of the Carbfix carbon capture storage process. The LIBRA instrument assists at point 5 of this process.

1.1 Deliverable objectives
The purpose of this deliverable is to describe and report on the operational deployment of
the LIBRA isotopic 13CO2 gas analyser at a participating partner field site and present the data
collected during the trial to field-validate the system. The deployment scenario has been
covered in this report and the outcome of the trial validates the LIBRA to technology readiness
level (TRL) of 7 (validation in operational environment). This outcome in turn raises the
awareness within the S4CE and geo-energy community of new innovative techniques relevant
to monitoring, reporting and verification for isotopic gas analysis in many environmental field
situations.

2 MIRICO LIBRA Technology
The LIBRA instrument is an extractive gas analyser system that consists of a chirped laser
dispersion spectrometer module which operates near 4.3m wavelength to simultaneously
detect the 12CO2 and 13CO2 lines from which the per mille isotopic ratio may be precisely
measured. The wide signal dynamic range that is possible with Laser Dispersion Spectroscopy
(LDS) is highly beneficial for CCS applications as high resolution and linearity can be achieved
from zero to 100% CO2 concentration range where the optical depth is very strong i.e. the
absorption signal dips almost to zero. Inside this module the sample gas is fed into a 1cm long
single pass optical cell made of CZ112 naval brass, which is chosen for chemical resistance to
sulphur compounds expected in CCS applications such as H2S; it can also be made of 316 grade
stainless steel for more aggressive chemicals if required. The optical cell is also temperature
controlled to 30°C±0.1°C to minimise temperature dependent effects of the gas sample such
as the MIR spectral line strength behaviour. Figure 3 shows the laser dispersion spectrometer
module open, with the optical cell marked.
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Figure 3 Chirped laser dispersion spectroscopy module in LIBRA, showing the integrated optical cell in the yellow box.

The sample gas is delivered via a flow and pressure-controlled system using a small vacuum
pump to maintain the necessary low pressure (typically 40 torr) to resolve the CO2 isotopic
lines and this is integrated into the analyser enclosure. There is an integrated solenoid valve
bank that allows up to four gas sample streams to be selected, with one channel reserved for
cell purging. Calibration is performed using reference gas mixture bottles, which is connected
to the other sample stream inputs via a gas service panel that conditions the flow and filters
the sample via an in-line regulator, Nafion dryer tube (with desiccant) and flame arrestor. An
instrument purge connection is also available to protect the atmosphere inside the enclosure,
but this is not used for laboratory testing. Note that the flame arrestor was added as a safety
precaution to mitigate any explosion risk in the event of an air leak, due to the large amount
of hydrogen gas expected in the sample gas, though the large amount of CO2 present (at the
Iceland site) reduces this risk.
The wall mounted enclosure is IP66 rated for rugged industrial use, however the heat
dissipation by the instrument must be managed to prevent overheating (for high ambient
temperatures) and to maintain a stable internal temperature for the best measurement
performance. Therefore, the temperature inside is controlled using a liquid cooling system
from an external chiller unit (ATC model MPC10) and the air inside the enclosure is circulated
using a set of fans to maintain thermal equilibrium. The complete LIBRA system for CCS
applications is shown in Figure 1.
Note that there is a USB connection for various sub-systems (flow and pressure controllers,
fan controller, validation wheel motor and MIR detector monitor) that must be programmed
externally, until driver software can be written for the onboard computer (NUC). For this field
trial a laptop was connected to the instrument to provide an interface for these sub-systems
and the network connection was available through the LIBRA 4G modem.
PU
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3 Field trial setup
3.1 Deployment
The LIBRA instrument was deployed at the ‘HE-5’ production well igloo at the Hellisheiði
geothermal power station near Reykjavik, Iceland. Although the original plan was to deploy
at the HE-31 igloo, which was surveyed last year, delays in the project due to the Covid-19
pandemic forced a late autumn to winter deployment and a more sheltered and accessible
location with power and cooling water facility was required. Note that the HE-5 well is
connected to the same geothermal reservoir as HE-31 and is a rather old well (as the igloos
are numbered chronologically) with much historical data.
The LIBRA instrument and its installation accessories and tools were shipped in crates by air
freight from the UK to Iceland, after completing its factory tests. This was then delivered by
road to the Reykjavik Energy Headquarters and stored there until ready for deployment. Due
to Covid-19 requirements in Iceland, Richard Kovacich travelled earlier to complete his
quarantine in time for the planned field trial dates. The installation was performed by Richard
Kovacich (MIRICO), Baldur Brynjarsson (OR), and Nökkvi Andersen (OR) on 16th November
after completing mandatory safety induction procedures at OR headquarters due to the many
risks on site (in the igloo) such as hot surfaces and toxic H2S gas. The crates were transferred
onto two pick-up trucks and driven to the HE-5 igloo, pictured below:

Figure 4 Transportation of instrument crates to HE-5 igloo

The rack which supports the LIBRA instrument and gas service panel was assembled inside
the igloo and this was then secured to a disused instrument frame. The 4G wireless modem
was mounted outside the igloo and this allows a direct VPN connection or remote desktop
connection to the laptop computer attached, thus enabling remote monitoring of instrument
functioning.

3.2 Sampling system
The sample gas from the well head is mostly steam that is under high pressure (~15 bar) and
high temperature (~200°C). As this cannot be used directly for measurement it must be
conditioned by condensing the steam and separating the resulting water to provide a dry gas
PU
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sample for measurement. It may also be scrubbed for H2S using a filter that precipitates the
H2S, such as CuSO4 solution or granules of carbon or copper. However, the use of copper was
found to be ineffective prior to the trial and the use of both CuSO4 solution and carbon
granules were found to be ineffective during the trial. The sample gas is accessed from a test
point on the pipeline just outside the igloo using a small steam separator and regulator as
shown in Figure 5. This then passes through two cooling coils that are immersed into buckets,
one containing free flowing water from a nearby water well that is naturally heated to ~25°C.
A large amount of water is needed due to the large amount of heat in the steam flow. As this
is slightly warmer than the expected temperatures inside the igloo there is a risk of
condensation in the sampling system tubing, so a second bucket was filled with snow to
reduce the sample gas temperature further.
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Figure 5 External parts of the geothermal gas sampling system that allow precooling of the steam. Top left: steam separator
and pressure regulator. Top right: precooling coil. Bottom left: containers with cooling water and snow. Bottom right: water
well adjacent to igloo.

Inside the igloo is a panel that contains a gas-liquid separator that feeds a H2S scrubber system
that may be switched between a flask containing CuSO4 solution or a filter containing carbon
granules (see Figure 6). A series of isolation valves and a vacuum pump is used to remove any
trapped air or old sample gas from the system when the H2S scrubber is switched off and the
liquid drain from the gas-liquid separator is via a valve that can be shut off to store a charge
of sample gas. Note that a few methods of H2S scrubbing were tested prior and during the
trial and the CuSO4 solution method was found to be the most effective. This involves charging
the flask with sample gas and then rinsing it with the CuSO4 solution by lifting the flask and
shaking it. A test during the trial using the carbon granule scrubber showed that although it
successfully removed the H2S much of the CO2 gas was scrubbed also (evident from the large
change in CO2 concentration signal from the LIBRA instrument) and this gave little confidence
that it would not affect the isotopic ratio measurement. The sample was therefore measured
without the gas sample being scrubbed.
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Figure 6 Sample gas conditioning system by OR containing H 2S scrubbers (left) and gas-liquid separator behind the panel
(right). The blue hose connects to a vacuum pump that is used to clear any trapped air or old sample gas.

The sampling system cannot be left unattended as it requires a high level of manual operation,
particularly to provide the cooling water and snow to the precooling coils. However, the gasliquid separator can be charged with sample gas up to ~1.5 bar(g) and disconnected from the
external system parts. This provides sufficient gas for the LIBRA to perform daily
measurements of the stored sample gas for almost one week, after which there is insufficient
pressure to drive the regulator on the gas service panel provided with the LIBRA . For much
of the field trial the LIBRA performed measurements on unscrubbed sample gas as this could
be provided unattended for a good duration after charging the gas-liquid separator. Also, the
CuSO4 solution for H2S scrubbing was depleted after a few days of use and its flask cannot
hold as much gas or pressure as the gas-liquid separator container.

3.3 LIBRA gas service panel
A diagram of the LIBRA gas service panel is shown in Figure 7 showing the gas circuit
components and connections. Several variable area flow meters with 0-10ml/min range
(100% CO2 flow with sapphire float) indicate the flow of the calibration, purge, vent, and
sample gases. They also have an integrated needle valve that is used to adjust the flow after
the pressure regulation. Note that purge gas was not used in this field trial as it was not
necessary. Within the instrument is a bank of solenoid values that connects to a common
point in front of a digital pressure controller that feeds the optical gas cell. There is also an
internal bypass loop that connects to the vent, which allows the digital pressure controller
and mass flow controller to sample 1ml/min flow from it. This enables fast gas sampling of
the different gases switched by the solenoid bank as the bypass flow quickly flushes any dead
volume. A bypass shutoff valve is installed for testing or if fast gas sampling is not required.
The vent was connected to a ¼ inch diameter tubing leading outside the igloo.
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Figure 7 LIBRA gas service panel diagram and gas circuit within the instrument.

3.4 Operation
After installation and testing during the first week the LIBRA instrument was operated by
remote connection only after 20th November using unscrubbed sample gas stored in the gasliquid separator to provide daily measurements. Each week a site visit to the HE-5 igloo was
made by OR personnel to re-pressurise the gas-liquid separator, which requires setting up the
entire sampling system outside the igloo and then putting it away again. The sampling system
equipment (water hose etc) is stored inside the igloo, where the temperature is always
between 10°C and 35°C, to prevent freezing of any water inside the equipment.
There was regular correspondence (emails and Microsoft Teams meetings) between Baldur
and Richard during this part of the trial to discuss the status of the equipment and other
operational matters. There were further discussions regarding commercial exploitation
among the wider MIRICO and OR team, including the extension of the original 2 week field
trial plan into 4 weeks.

4 Signal processing
4.1 Curve fitting
The signal processing of the recorded laser dispersion spectroscopy signals is performed
offline since the user interface for LIBRA has not yet been fully developed. An example of the
data retrieved is shown in Figure 8 below, which shows the principal 12CO2 and 13CO2 lines
(left to right) near 2296cm-1. A simple Lorentzian line shape model (black curve) is fitted to
PU
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these lines individually, hence the step in the middle due to the different phase baseline
parameters used in the two sections fitted. The fitted line shape model is Lorentzian since an
analytic solution to the dispersion is known, which vastly simplifies the process. Although this
model only considers collision broadening, the Doppler broadening contribution is a small
fraction even at 40 torr(a) pressure used in the optical cell to maximise the dispersion signal.
The residuals of the curve fitting are also shown in Figure 8 and are within ±5% of the peak
phase change signal.
The curve fit equation used for the dispersion phase signal is:
(𝛾 2 − (𝑥 − 𝜔0 )2 )
𝐻(𝑥) = 𝐴0 𝛾
+ 𝐵0 + 𝐵1 (𝑥 − 𝜔0 )
((𝑥 − 𝜔0 )2 + 𝛾 2 )2
Where:
H(x) is the signal amplitude at frequency x
A0 is the signal amplitude scale factor proportional to the gas concentration
 is the apparent line half width
0 is the line centre frequency
B0, 1 are the phase baseline parameters (linear function description)
All these parameters are optimised in the curve-fitting routine that is implemented using a
Python script. The variation of line width factor is important as it includes information about
collision broadening that changes with the background gas composition, which is significantly
different for this geothermal gas sample compared to air i.e. mainly H2 and H2S mixture
instead. Note that the curve fit data is windowed for the specific line being fitted but the
displayed fit curve in Figure 8 is extrapolated beyond this and hence the discrepancy in the
baseline fit outside the window.

Figure 8 Curve fitting example with residuals using Lorentz line shape model.
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4.2 Measurement sequence
The sequence for the 13CO2 isotopic measurement uses a two-point calibration approach for
deducing the raw 13CO2 to 12CO2 line signal ratio dependence on the CO2 concentration. For
this purpose, two lecture gas bottles with 100% CO2 and 60% CO2 respectively in balance
nitrogen but the same 13CO2 value of -29 ± 1 ‰ (as measured at MIRICO) were used. These
lecture gas bottles are mounted on the gas service panel as shown in Figure 1 and an
independent measurement of bagged samples of these calibration gases may be provided
later.
A python script installed on the NUC is used to time the solenoid operation to provide the
measurement sequence shown in Figure 9 below. The calibration gases are enabled to flowed
for 10 minutes each to allow ample settling of the signals, followed by the sample gas. Note
that the CO2 concentration rise time after the sample gas switching is more sluggish than the
calibration gases due to the reduced flow of sample gas into the LIBRA instrument since the
sample gas supply pressure (after regulation) is much lower than the calibration gas bottles.
This rise time is used to indicate that the sample gas pressure and flow is too low if it reaches
almost 10 minutes.

Cal. Gas 1

sample
Cal. Gas 2

Figure 9 Example of LIBRA instrument signals for a single isotopic measurement sequence using two-point calibration.

The isotopic ratio in per mille value ‰ is derived from the raw 13CO2 to 12CO2 line signal ratio,
which is shown on the secondary axis in Figure 9, by interpolating it against the measured
calibration ratios and this is detailed in appendix A. The noise of the ratio measurement is
reduced using a 60 point moving average filter , which corresponds to approximately oneminute time constant. This is shown by the thin black curve in Figure 9.

5 Results
5.1 Operational Matters
The field trial took place between the 16th November 2020 and 14th December 2020 after
which the LIBRA system was disassembled and re-packed for shipping back to the UK. This
was done by OR staff following guidance from an instructional video that was prepared by
MIRICO previously. Richard Kovacich left Iceland on 22nd November as the most critical part
PU
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of the operation i.e. installation, setup and troubleshooting, was completed in the first week.
This is also a testimony to the remote management capability of the LIBRA which is valuable
in real world deployments in field sites including remote areas.
The assembly and setup of the LIBRA system went smoothly on the first day, however, the
initial power up was hampered by the LIBRA on-board computer (NUC) not turning on but
this was resolved the following day after re-installing the button battery. It is thought that the
button battery may have been dislodged from its position during shipping, which corrupted
the settings in its memory and prevented normal powerup. There were two other minor
issues that were quickly resolved:



The SIM card in the 4G modem (from Vodafone UK) did not work in Iceland and this was
replaced using a local SIM card
The solenoid valve for the sample gas channel was found to have a flow through leak,
which was indicated by observation of the flow meters (0-10ml/min range) on the gas
service panel. This was resolved by using a spare channel (unused optical cell purge inlet)
and blanking off the faulty solenoid valve channel

5.2 Gas concentration measurements
The CO2 gas concentration (mole fraction) is determined using the 12CO2 line amplitude signal
and interpolation between the two calibration signals. The line broadening effect is not
corrected for here as the associated bias is expected to be small compared to the more
dominant CO2 self-broadening for the amount of CO2 present. The CO2 concentration
measurements for the entire field trial are shown in Figure 10. Initial measurements on 18th
November were made using the CuSO4 solution scrubber to remove the H2S most effectively
and this corresponds to 60-70% CO2 readings due to the partial pressure displacement
without the H2S leaving hydrogen as the majority balance gas. The following day the CuSO4
solution appears depleted as comparisons between using CuSO4 solution scrubbed sample
gas and unscrubbed sample gas show little difference in CO2 concentration, and these are
labelled in Figure 10 as ‘comparisons’. The lower concentration of approximately 50% CO2
corresponds to a combination of H2 and H2S as balance gas.

Figure 10 CO2 concentration measurements during the field trial. Initial measurements used CuSO 4 solution scrubbing to
remove H2S and afterwards unscrubbed sample gas was used. Times when the gas-liquid separator container was
repressurised to top up the stored sample gas are marked as ‘refresh’.
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For the rest of the trial unscrubbed sample gas was used and the gas-liquid separator
container (Figure 6 right) was repressurised about once a week to maintain the sample gas
storage and these times are labelled as ‘refresh’ in Figure 10. After each refresh there is a
small notable increase in the CO2 concentration, which is expected due to the increase in
pressure and dissolving into liquid. Note that the gas-liquid separator pressure was slightly
increased on each refresh as confidence in the leak integrity of the sampling system improved
with time and usage.

Phase signal/ radians

An inspection of the recorded spectrum with unscrubbed sample gas containing high
concentrations of H2S (20-30%) shows no indication of cross interfering H2S lines with the CO2
lines. This is confirmed by a comparison of spectra for the 60% CO2 calibration gas, scrubbed
and unscrubbed sample gas as shown in Figure 11 and it is zoomed near the baseline to show
more detail of weaker lines. Therefore, the only uncertainty expected from the spectroscopic
modelling is the change in line broadening effect due to the background gas composition
change. Although background air broadening is well known and documented there is little
data on CO2-H2 and CO2-H2S line broadening parameters. Further work is needed to study
these effects and then these can be incorporated into an improved spectroscopic model that
is more representative of this specific gas sample.

Scan point
Figure 11 Spectrum of isotopic CO2 lines for sample gas scrubbed and unscrubbed of H2S and 60% CO2 calibration gas in
balance nitrogen.

The result of a test using the carbon granule scrubber instead of the CuSO4 solution scrubber
is shown in Figure 12. The CO2 concentration reading becomes very low using this technique
indicating that a significant amount of CO2 is being adsorbed and hence there was no further
use of this approach in the field trial. In fact, activated carbon is a known method of CO 2
scrubbing for air purification.
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CuSO4
scrubber

CuSO4
scrubber
Refreshed CuSO4
scrubber flask
Carbon
scrubber

Figure 12 Comparison of CuSO4 and carbon scrubbers.

5.3 Isotopic measurements
The corresponding 13CO2 isotopic measurements of the sample gas are shown in Figure 13.
There is a large positive bias due to the influence of H2 and H2S background gas composition
on line broadening, which occurs for both dispersion and absorption signals in laser
spectroscopy. It is immediately apparent in the raw 13CO2 to 12CO2 line signal ratio in the
example measurement of Figure 9 where the raw line ratio for the sample gas is well outside
the raw line ratio range between the calibration gases despite the sample gas concentration
being similar to the lower calibration gas.
The measurements are also highly variable while sampling system comparisons and
adjustments were being made. But for two periods between the 20th to 24th November and
4th to 9th December, the isotopic measurements are relatively stable within the uncertainty
expected from laboratory measurements. The sampling system seems to have a strong
influence on the isotopic measurement since on three occasions around the time the gasliquid separator was re-pressurised there is a significant 13CO2 increase followed by a series
of unsettled values. This may be due to the change in pressure in the gas-liquid separator
(increase or decrease) as there may be a significant amount of CO2 dissolved in the separator
liquid that creates an equilibrium between liquid and gas phase CO2 , which will be disrupted
by a large pressure or temperature change and may result in isotopic fractionation. This
hypothesis is currently the most realistic given that historical isotopic ratio mass spectrometry
measurements of the CO2 rich sample have indicated a high stability of the ratio.
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Figure 13 Isotopic CO2 measurements of the sample gas. Points marked ‘refresh’ are when the gas-liquid separator was repressurised with fresh sample gas.

To confirm that the 13CO2 measurement bias is not due mainly to other instrument effects
the correlations with the recorded ambient temperature change and the sample CO 2
concentration on site was studied. The results are shown in Figure 14, showing no apparent
correlation between them. Note that the LIBRA instrument experienced more than 20°C of
ambient temperature variation and the errors observed are no worse than laboratory tests,
which demonstrates the effectiveness of the external chiller system and rejection of errors by
the two-point calibration gas method.

Figure 14 Instrument response correlations

5.4 Initial line broadening correction
The effect of the background gas composition is noticeable on the line width factors obtained
from the curve fitting procedure. An example is shown in Figure 15 for the 13CO2 line which is
preferred over the 12CO2 line as the collision broadening factor is slightly larger implying
Doppler broadening has less influence. A difference is observed between the two calibration
gases due to the self-broadening coefficient and nitrogen broadening; however, the sample
gas (with 52% CO2 concentration) does not correlate with these due to the H2 and H2S
background gases.
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Cal. Gas 1

Cal. Gas 2

sample

Figure 15 Recorded 13CO2 line width factor for an example measurement sequence: cal. Gas 2, cal. Gas 1 and sample gas.

This is elaborated by the line width versus concentration illustration in Figure 16 which shows
that the sample gas line width (blue dot) does not lie on the curve for the calibration gases at
the sample gas concentration (open orange dot). If a linear dependence of the raw 13CO2 to
12CO line signal ratio and line width factor is assumed, which is known from the calibration
2
gas signals, then an approximate isotopic ratio correction factor may be obtained using:
𝜕𝑅 1
𝛿𝑐𝑜𝑟𝑟 =
∆𝐿𝑊
𝜕𝐿𝑊 𝑅
Equation 1

Where:
LW is the line width factor
R is the raw 13CO2 to 12CO2 line signal ratio
corr is the isotopic ratio correction factor
 denotes the partial derivative
The isotopic ratio bias correction determined by this method for the measurements is shown
in Figure 17. There is a large degree of variation due to errors in the line width factor obtained
from the curve fitting, but the average value is -21‰ for the unscrubbed sample gas (H2 and
H2S background) and -7‰ for the CuSO4 solution scrubbed sample (H2 background). This is a
crude bias correction given the limitations of the spectroscopy model used and can be
improved greatly using a more accurate model, which requires the CO2-H2 and CO2-H2S
collision broadening parameters as well as the H2 and H2S concentrations. Note that the
CuSO4 solution scrubbed samples indicate an approximate H2 concentration of 30% and
therefore the unscrubbed sample has approximately 20% H2 and 30% H2S, which agrees with
information given by OR previously. Applying the individual isotopic ratio bias correction to
each measurement results in large errors as shown in Figure 18, though the average corrected
13CO2 value is -10‰.
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Figure 16 Derivation of line broadening correction factor for the isotopic ratio.

Figure 17 Isotopic CO2 ratio bias correction for the LIBRA instrument measurements of geothermal sample gas.

Figure 18 Isotopic CO2 measurements of the sample gas with individual bias correction applied.
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5.5 Pressure response
For future spectroscopy model development, the collision broadening parameters are
required and therefore the pressure broadening was measured between 40 and 45 torr(a) for
the 60% CO2 calibration gas and the sample gas, which has 52% CO2. The linear regression of
the results is shown in Figure 19 below and the unscrubbed sample gas with H2 and H2S
background shows a pressure broadening factor of 0.168 compared to 0.151 for nitrogen
background. However, there is a doppler line broadening contribution also and a more
sophisticated line model is required to interpret this data accurately. Note that the line width
factor is in scan point units.

Figure 19 Pressure broadening measurement of calibration gas and unscrubbed geothermal sample gas.

5.6 Measurement stability
The use of a two-point gas calibration allows the LIBRA instrument to reject a certain amount
of instrument drift and error. In order to confirm the intrinsic capability of the instrument in
field conditions, an overnight span stability test was conducted using the 100% CO2 calibration
gas between the 19th and 20th of November. The gas was enabled to flow continuously during
the test period whilst data was recorded, which is shown in Figure 20. The CO2 concentration
reading is approximately 100% CO2 within ±2.4% error caused by the ambient temperature
change of 7°C and the finite rejection of this temperature change by the external chiller.
The corresponding 13CO2 to 12CO2 line amplitude ratio is correlated with the CO2
concentration error as shown by the pink curve in Figure 20. Transforming this into an Allan
deviation plot in Figure 21 shows that the equivalent isotopic ratio error averages to a
minimum of 0.15‰ (1) near 100s integration time, which compares with the laboratory
result minimum of 0.06‰ near 200s integration time under more stable ambient
temperature conditions. This indicates that the intrinsic stability of the LIBRA instrument is as
expected even under real world conditions. Furthermore, the two-point calibration
measurement sequence in the field trial uses a ten-minute dwell and the corresponding
isotopic ratio error at 600s integration time is 1‰, which agrees with observations while the
sample gas is stable.
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Figure 20 LIBRA span stability measurement in field temperature conditions.

Figure 21 Allan standard deviation of line ratio stability at span.

5.7 Return of instrument
The LIBRA instrument was inspected at MIRICO after returning from Iceland. The pipework
and gas service panel components appeared clean and uncorroded from the H2S exposure.
However, the Armaflex foam lagging used on the external chiller hoses, which was at ground
level, showed severe deterioration (as shown in Figure 22) although the foam inside the
instrument enclosure and the PVC tubing carrying the coolant fluid was undamaged. PVC
insulation tape was wrapped around this to keep the lagging intact after noticing it on site on
2nd December. A review of the Armaflex material properties indicated it is not suitable for
harsh H2S environments and suitable alternatives have already been identified for future
deployments. The instrument was also powered on without any issue and showed expected
signal strengths for atmospheric CO2 levels, confirming that the optical alignment and optical
gas cell clarity have not changed significantly even after its round-trip journey. This is further
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evidence of the robust build and ruggedness of the LIBRA platform making it an ideal tool for
real world isotopic gas analysis.

Figure 22 Deterioration of Armaflex foam lagging after the field trial (possibly caused by acidic environment).

6 Conclusions
The LIBRA 13CO2 gas analyser provided measurements continuously during the four-week
field trial at the Carbfix carbon capture storage site and was able to cope with 30% H2S in the
gas sample stream due to the judicious choice of suitable materials for the optical cell and
pipework. This allows the LIBRA gas analyser to operate without a H2S scrubbing system,
which simplifies the gas conditioning system if a continuous long term monitoring system is
needed in future, since H2S scrubbing requires consumables such as CuSO4 solution, which in
our case depleted after one day of use. There were some minor technical issues that
prevented operation on the first day, but these were resolved quickly and can be avoided in
future with minor changes to the present design.
The measurements show variation of the CO2 isotopic composition and CO2 concentration
that is due to possible fractionation within the gas sampling system that uses a gas-liquid
separator to store a charge of sample gas. However, there was a six-day period where the
sample gas was stable and the relative 13CO2 measurements showed errors in agreement
with previous laboratory tests at MIRICO, which is 1‰ (1) uncertainty. This is further
confirmed by the Allan deviation result from a span drift test on-site using 100% CO2
calibration gas. An improvement in performance can be obtained by increasing the speed of
the gas change measurement sequence to reach the Allan deviation minimum near 100
seconds (gas dwell time), but this requires much higher gas flow rates than the few ml/min
used in this field trial.
The presence of H2S does not create any cross-interfering absorption lines in the vicinity of
the isotopic CO2 lines used, but the accuracy of the measurements is strongly affected by the
CO2 line collision broadening change due to the high level of H2 and H2S in the background
gas. Although a crude attempt was made to correct this, using an empirical line broadening
correction yielding an average 13CO2 value of -10‰ for the sample gas, further refinement
will require more detailed spectroscopy modelling work and measurement of the CO2-H2 and
CO2-H2S line broadening parameters in future.
The experience gained in the deployment covered in this report has allowed MIRICO to
further refine the LIBRA® system and informed any necessary design changes needed for
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future deployments. It is expected that the results generated from this trial will prove to be
sufficiently interesting to warrant a serious consideration of the LIBRA® as a novel viable tool
for monitoring of isotopic gas mixtures in industrial activities. MIRICO has been in constant
contact with OR, regarding further deployment to further evaluate how best to exploit
MIRICO’s LDS technology for the benefit of the site owner.
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8 Appendices
8.1 Isotopic ratio calculation method
The 13C isotopic value is defined in per mille units given by the following equation relating
the 13C and 12C mole fraction ratio of the sample gas to a standard traceable value e.g. the
‘VPDB’ standard.

𝛿 13𝐶 = 1000

Equation 2

13
𝐶
( 12 )
𝐶 𝑠𝑎𝑚𝑝
13

−1

𝐶
( 12 )
𝐶 𝑠𝑡𝑑
(

)

For brevity in further analysis the mole fraction ratio may be defined as:
13

𝐶
𝑚𝑥 = ( 12 )
𝐶 𝑥
Equation 3

so that:
𝑚𝑠𝑎𝑚𝑝
𝛿 13𝐶 = 1000 (
− 1)
𝑚𝑠𝑡𝑑
Equation 4

To convert the signals from the LIBRA instrument into this mole fraction ratio we may
postulate that the ratio of the individual 13C and 12C signals follows a linear relationship of
the general form:
𝑏 + 𝑔𝑥 𝑚𝑥 = 𝑅𝑥
Equation 5
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Where Rx is the ratio of the 13C and 12C line amplitude signals derived from the spectral trace
using any preferred method such as a simple geometric measure e.g. peak-to-peak or curve
fitting with either a simple model or a full physics model. Provided the signal derivation
method is used consistently it does not matter as the nuances of the method become lumped
into the ‘gain’ factor gx. The coefficient b is an offset factor, but this is equal to zero by virtue
of laser spectroscopy since zero concentration of 13C implies there will be no 13C spike in the
spectral trace. Note that the gain factor is in fact a function of various gas and instrument
parameters, so for example:
𝑔 ≡ 𝑔(𝑃, 𝑇, 𝐶, 𝐶𝑏 , 𝐹, 𝑆)
Equation 6

where P is pressure, T is temperature, C is CO2 concentration, Cb is background species
concentration, F is a filter parameter and S is the laser chirp rate. There may be more
dependencies in this list but this simply shows how the instrument relies on the stability and
consistency of such parameters to achieve a stable ratio signal.
The simplest isotopic measurement case is when the sample gas and calibration gas are the
same concentration, which results in the following fractional ratio difference:
𝑅1 − 𝑅2 𝑔1 𝑚1 − 𝑔2 𝑚2
=
𝑅2
𝑔2 𝑚2
Equation 7

and if the concentration and other parameters are the same the gain factors will be equal i.e.
g1=g2, which is readily achieved by passing the gases through the same temperature and
pressure controlled gas cell. Therefore, the fractional ratio difference simplifies to:
𝑅1 − 𝑅2 𝑚1
=
−1
𝑅2
𝑚2
𝛿1⁄
1000 + 1 − 1
=
𝛿2⁄
1000 + 1

Equation 8

Where the mole fraction ratios mx are now been substituted by the isotopic values 1 and 2
for the sample and calibration gases respectively. Rearranging this gives a solution for the
sample gas 13C from the measured fractional ratio difference and known calibration gas 13C:
𝛿1 = (1 +

𝑅1 − 𝑅2
) (𝛿2 + 1000) − 1000
𝑅2

Equation 9

If 2 is small, which is often the case as delta values are usually smaller than -40‰, then the
following approximation confirms the intuitive signal behaviour:
𝛿1 = 1000

𝑅1 − 𝑅2
𝑅2

Equation 10
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The situation is more complicated if the sample and calibration gases have different
concentration as the gain factors are different and this leads to the following solution:
𝛿1 = (1 +

𝑅1 − 𝑅2
𝑔2
) (𝛿2 + 1000) − 1000
𝑅2
𝑔1

Equation 11

But g1 and g2 are unknown, so another calibration gas is needed to solve this. Ideally the other
calibration gas mixture has the same 13C isotopic ratio as 2 but with much different
concentration c3 , which may be obtained by blending the first calibration gas. This can be
done crudely in the LIBRA instrument with its gas service panel by opening the cell purge
solenoid valve while the calibration solenoid valve is also open. This calibration method is
graphically represented in Figure 23 below:
ratio

1

2

concentration
C3,cal

C1,samp

C2,cal

Figure 23 Graphical representation of isotopic measurement using two calibration points (orange) with dissimilar
concentration. The blue dot represents the sample gas that is compared to a virtual calibration point at the sample gas
concentration.

The two measurement calibration points (in solid orange) are used to interpolate a virtual
ratio calibration point at the same concentration as the sample gas (in open orange), which
then allows the isotopic determination using the simple regime where g1=g2. The
interpolation function for the calibration is well approximated by a linear equation:
𝑅2 (𝐶) = 𝑚2 𝑔2 (𝐶)
= 𝛼𝐶 + 𝛽
Equation 12

Where  and  are the concentration dependence coefficients that may be solved from
simultaneous equations obtained by measurement of the two calibration points:
𝑅2 (𝐶2,𝑐𝑎𝑙 ) = 𝛼𝐶2,𝑐𝑎𝑙 + 𝛽
𝑅2 (𝐶3,𝑐𝑎𝑙 ) = 𝛼𝐶3,𝑐𝑎𝑙 + 𝛽
Equation 13
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Therefore, the virtual calibration point is given by:
𝑅2 (𝐶1,𝑠𝑎𝑚𝑝 ) = 𝛼𝐶1,𝑠𝑎𝑚𝑝 + 𝛽
Equation 14

Which leads to the following isotopic value:
𝛿1 = (1 +

𝑅1 − 𝑅2 (𝐶1,𝑠𝑎𝑚𝑝 )
𝑅2 (𝐶1,𝑠𝑎𝑚𝑝 )

) (𝛿2 + 1000) − 1000

Equation 15

PU

Page 28 of 28

Version 1.4

