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Gas sensing, leak detection, fugitive emissitotsalisation and quaification, open path
sensing, spectroscopy, lasers, optical dispersion, gas plume modelling

53FAYVAGAZ2YE YR | ONBy&Ya

Acronyms Definitions

CCS Carbon Capture and Storage
CEAS Cavity Enhanced Absorption Spectroscopy
EOR Enhanced Oil Recovery

GHG Greenhouse Gas

H&S Health and Safety

IRMS Isotopic Ratio Mass Spectroscopy
LDS Laser Dispersion Spectroscopy
MIR Mid Infrared

NUC Next Unit Computing

OR Orkuveita Reykjavikur

S4CE Science for Clean Energy

TRL Technology Readiness Level
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The LIBRA isotopic €@as 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
Reykavikur- OR) who run the Carbfix carbon capture storage (CCS) project in Iceland, which
is situated at the Hellisheidi geothermal power plant. This method involves the injection of
CQ-rich waterinto a suitable geological subsurface structwieere CQ precipitates to form

new carbonate mineralby reaction with thegeothermalreservoir rockgseecarbfix.con),

which is illustrated ifrigure2. This process can be monitored using t#&Q to *?*CQisotopic

ratio of the sampled C{yas 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 C@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 induptoaesses 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
teamfor this project The main requiremestwere concentration measurement range up to
100% Cg) corrosion resistance to large amounts oSHn the gas sample, ingress protection

of the enclosure, and the operating temperature range.

S —
r e . A -

AMIRICO 11/

Figurel: LIBRA®CQ instrumenton site
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Figure2 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 onajerational deployment of
the LIBRAsotopic*CQ gas analyser a participating partner field site and present the data
collected during the trial to fieldalidate the systemThe deployment scenario fabeen
covered in this report and the outcome of the trial validsiiee LIBRAO technology readiness
level (TRL)of 7 (validation in operational environment). This outcome in turn mtbe
awareness within the S4CE and gaeergy community bnew innovaive techniques relevant
to monitoring, reporting and verificatiofor isotopic gasnalysisn many environmental field
situations

2 aLwL/h [L.w! ¢SOKy2ft238

The LIBRA instrument is an extractive gas analyser system that consists of a chirped laser
disperson spectrometer modulevhich operates near 4.8m wavelength to simultaneously

detect the 12CQ and *CQ lines fom which the per mille isotopic ratio may Ipgecisely
measured The wide signal dynamic range that is possible with Laser Dispersion Sgsmyros
(LDS) is highly beneficial for CCS applications as high resolution and linearity can be achieved
from zero to 100% CConcentration range where the optical depth is very strong i.e. the
absorption signal dips almost to zero. Inside this module tinepda 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 suckBa# Ean also be made of 316 grade
stainless steel for more aggresssigemicals if required. The optical cell is also temperature
controlled to 30°&€0.1°C to minimise temperature dependent effectstbé gas sample such

as theMIR spectraline strength behaviour-igure3 shows the laser dispersion spectrometer
module open, with the optical cell marked.
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Figure3 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 pressangrolled system using a small vacuum
pump to maintain the necessary low pressure (typycdD torr) to resolve the GQOsotopic

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. Calibratiois 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 Hine regulator, Nafion dryer tube (with desiccant) and flame arresior.
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 ariesk, due to the large amount

of hydrogen gas expected in the sample gas, though the large amo@® @resent(at the
Iceland siteyeduces this risk.

The wall mountd enclosure is IP66 rated for rugged industrial use, however the heat
dissipation ly 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 iRigurel.

Note that there is a USB connection for various-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 interfearethese subsystems
and the network connection was available through the LIBRA 4G modem.
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3.1 Deployment
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geothermal power station near Reykjavik, Iceland. Although the original plan was to deploy

at the HE31 igloo, which was surveyed last year, dslaythe project due to the Cowitd

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 the5HEell is

connected to the same geothermal reservos ldE31 and is a rather old welkéthe 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 itetiary tests. This was then delivered by
road to the Reykjavik Energy Headquarters and stored there until ready for deployihent.

to Covid19 requirements in Iceland, Richard Kovacich travelled earlier to compieste
guarantinein time for the planned &ld trial dates. The installation wasrformed by Richard
Kovacich (MIRICO), Baldur Brynjarsson (OR), and Nokkvi Andersen (OR)Nmvd®ber

after completing mandatory safety induction procedures at OR headquarters due to the many
risks on site (in th&loo) such as hot surfaces and toxiSHjas. The crates were transferred
onto two pickup trucks and driven to the HEigloo, pictured below:

R

N

Figure4 Transportation of instrument crates to FEgloo

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 retestd¢op
connection to the laptop computer attached, thus enabling remote monitoring of instrument
functioning.

3.2 Samplingsystem

The sample gas from the well head is mostly steam that is under high pressure (~15 bar) and
high temperature (~200°C). As thiannot be used directly for measurement it muse
conditionedby condensinghe steam andeparatinghe resulting water to provide a dry gas
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sample for measurement. It may also be scrubbed 8 Hising dilter that precipitates the

H.S, such as Cus&lution or granules of carbon or copper. However, the use of copper w
found to be ineffective prior to the trial and the use bbth CuS® 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 inFigureb. This then passes through two cooling coils that are inseinto buckets,

one containing free flowing water from a nearby water well that is naturally heated t8C-25

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 temperatur@sside the igloo there is risk of
condensation in the sapling system tubing, so a secohdcket was filled with snow to
reduce the sample gas temperature further.
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Figure5 External parts of the geothermal gas sampling system that allow precboling 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 ¢ igloo.

Inside the igloo is a panel that contains a-igsid separator that feeds a;8 scrubber system
that may be switched between a flask containing Cufution or a filter containing carbon
granules (se€&igureb). A series of isolation valves and a vacuum pump is used to remove any
trapped air or old sample gas from the system when th® ktrubber is switcheaff and the
liquid drain from the gadiquid separ#or is via a valve that can be shut off to store a charge
of sample gas. Note that a few methods efSHscrubbing ere tested prior and during the
trial and the CuS£3olution methodwas found to behe most effective Thisnvolves charging

the flask withsample gas and then rinsing it with the CuS@lution by lifting the flask and
shaking it. A test during thei& using the carbon granule scrubber showed thdhough it
successfully removed thesBmuch of the C@gas was scrubbed also (evident frane large
change in C&concentration signal from the LIBRA instrument) and this gave little confidence
that it would not affect the isotopic ratio measurementhe sample was therefore measured
without the gas sample being scrubbed.
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Figure6 Sample gas conditioning system by OR containig®) ddrubbers (Iefnd gadiquid separator behind te panel
(right). The blue hose connects to a vacuum pump that is used to clear any trapped air or old sample gas.

The samplingystem 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 gas
liquid separator can be charged with sample gas up to ~1.5 bar(g) and disceshfrech 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 providédtive LIBRA . For much

of the field trial the LIBRA performed measurements on unscrubbed sample gas as this could
be provided unattended foagood duration after charging the géiguid separator. Also, the
CuS@solution for HS srubbing was depletedfter a few days of use and its flask cannot
hold as much gas or pressure as the-lisid separator container.

3.3LIBRA gas serviganel

A diagram of the LIBRA gas service panah@vnin Figure7 showing the gas circuit
components and connections. Several variable area flow meters witintl/min range
(100% Coflow with sapphire float) indicate the flow of the calibration, purge, vent, and
sample gases. They alsave 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 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 ¥4 inch diamétdring leading outside the igloo.
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Figure7 LIBRA gas service panel diagram and gas circuit within the instrument.

3.4 Operation

After installation andesting during the first week the LIBRA instrument was operated by
remote connection only after 20November using unscrubbed sample gas stored in the gas
liquid separator to provide daily measurements. Each week a site visit to Hieigléo was

made byOR personnel to Fpressurise the galiquid 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 temperaisiralways
between 10C and 38C, to prevent freezing of any water inside the equipment.

There was regular correspondence (emails and MicroBedims meetings) between Baldur
and Richard during this part of the trial to discuss the status of the equipwet other
operational matters. There wereufther discussioa regarding commercial exploitation
among the wider MIRICO and OR teanctluding the extension of the original 2 week field
trial plan into 4 weeks.

A{ Ayt LINPOSaaAy3

4.1 Curvefitting

The sjnal processing of the recorded laser dispersion spectroscopy signals is performed
offline since the user interface for LIBRA has notgeinfully developal. An example athe

data retrievedis shown inFigure8 below, which shows the princip&CQ and **CQ lines

(left to right) near 2296cr. A simple Lorentzian line shape model (black curve) is fitted to
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these lines individually, hence the stepthee 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 knoywhich vastly simplifies the process. Although this
model only considrs 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 showirigure8 and are withint5% of the peak
phase change signal.

The curve fit equation used for the dispersion phase signal is:
| w ] p
Ow o - 0O 0 W
[ o ] ; 1

Where:
H(x)is the signal amplitude at frequency x
Ao is the signal amplitude scale factor proportional to the gas concentration
gis the apparent line half width
uo is the line centre frequency
Bo,1 are the phase baseline parameters (linear function description)

All these parameters are optimised in the cuffiting routine that is implemented using
Python script. The variation of line width factor is important as it includes information about
cdlision broadening that changes with the background gas composition, which is significantly
different for this geothermal gas sample compared to air i.e. mainhard HBS mixture
instead. Note that the curve fit data is windowed for the specific linadpditted but the
displayed fit curve ifrigure8 is extrapolated beyond this and hence the discrepancy in the
baseline fit outside the window.
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4 -
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Figure8 Curve fitting example with residuals using Lorentz line shape model.
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4.2 Measurementsequence

The sequence for the'*CQ isotopic measurement uses a twaint calibration approach for

deducing the raw*CQ to 1°CQ line signal ratio dependence on the £&ncentration.For

this purpose, two lecture gas bottles with 100%.@@d 60% Cg&respectively in balance

nitrogen but the sam@3CQ value of-29+ %= o0l & Y S| & dzNdgr udedi Thase wL / h 0
lecture gas bottlesare mounted on the gas service panel as showrkrigurel 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 shownkigured below. The calibation gases arenabled toflowed

for 10 minutes each to allow ample settling of the signfdBowed by the samplgas. Note

that the CQ 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 calibge®hottles.

This rise time is used to indicate that the sample gas pressure and flow is too low if it reaches
almost 10 minutes.

concentration and raw ratio - LDS phase fit
100 —

1 —%coz C |
a0 ratio Cal. Gas 1 N
] [ 0.44

80

concentration
(=]
|

] [
50__ ~IN

] Cal. Gas 2
50 _,

40 t t
35 13.00 05 110 15 20 25
time

Figure9 Example of LIBRA instrument signals for a single isotopic measurement sequence upigtteaibration.

The isotopic ratio in per mille valite is derived from the raW*CQ to °CQ line signal ratio,
which is shown on the secondary axisFigure9, 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® point moving average filter , which corresponds to approximately- one
minute time constant. This is shown by the thin black curvegure9.

5 wSadzZ Ga

5.1 OperationalMatters

The field trial took place between the éNovember 2020 and f4December 2020 after
which the LIBRA system was disassembled afmhoked for shipping back to the UK. This
was done by OR staff following guidance from an instructional videowhatprepared by
MIRICO previously. Richard Kovacich left Iceland &hNeember as the most critical part
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of the operation i.e. installation, setup and troubleshooting, wampletedin the first week.
This is also a testimony to the remote managemenmtatality of the LIBRA which is valuable
in realworld deployments irield sites includingemote areas.

The assembly and setup of the LIBRA system went smoothly on the first day, however, the
initial power up was hampered by the LIBRAbaard computer JUC) not turning on but

this was resolved the following day afterirestalling 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 maal powerup. There were two other minor
issues that were quickly resolved:

1 The SIM card in the 4G modem (from Vodafone UK) did not work in Iceland and this was
replaced using a local SIM card

1 The solenoid valve for the sample gas channel was found te halow through leak,
which was indicated by observation of the flow metersl(@nl/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 oncentration measurements

The C®@gas concentration (mole fraction) is determined using*#@Q line amplitude signal
and interpolation between the two calibration signals. The line broadening effect is not
corrected for here as the associated bias ipested to be small compared to the more
dominant CQ selfbroadening for the amount of GQpresent. The CfOconcentration
measurements for the entire field triare shown inFigurel0. Initial measurements on 18
November were made using the CuS0Olution scrubber to remove the-8 most effectively
and this corresponds to 600% C® readings due to the partial pressure displacement
without the HBS leaving hydrogen dlke majority balance gas. The following day the GuSO
solution appears depleted as comparisons between using £s@a@ion scrubbed sample
gas and unscrubbed sample gas show little difference indGfixentration, and these are

labelled inFigurel0l & WO2YLI NR &2y aQd ¢KS f26SN) @2y OSy(

corresponds to a combination okldnd HBS as balance gas.

_ LIBRA Measurements at HE-5 production well

75 5 @ COZ conc.
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ba 7 CusSO4
oy ]
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Figure10 CQ concentration measurements during the field trial. Initial measurements usedsGuabB@on scrubbing to
remove HS and afterwards unscrubbed sample gas was used. Times when tHiguidhsseparator container was
repressurised to top up the stored samalé & |+ NB YI NJ SR &4 WNBFNBaAKQ®
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For the rest of the trial unscrubbed sample gas was used and thdiqgésd separator

container Figure6 right) was repressurised about om@ week to maintain the sample gas
a0G2N)r3S YR GKSasS GAY FigurelONSter eachoréiresh thdte idaa  WNB
small notable increase ithe CQ concentration, which is expected due to the increase in
pressure and dissolving into liquid. Note that the 4jgaid separator pressure was slightly
increased on each refresh as confidence in the leak integrity of the sampling system improved

with time and usage.

An inspection of the recorded spectrum with unscrubbed sample gas containing high
concentrationf HS (2030%) shows no indication of cross interferingtnes with the CO
lines. This is confirmed by a comparison of spectra for the 60%6dli@ation gas, scrubbed

and unscrubbed sample gas as showRigurelland 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 dudhe background gas composition
change. Although background air broadening is well known and documented there is little
data on C@H, and CG-H.S line broadening parameters. Further work is needed to study
these effects and thethese can bencorporatel into an improved spectroscopic model that

is more representative of this specific gas sample.

Phase signal/ radians

t T T T T t T T T T t T T T T t T T T T t
0 200 400 500 300

Scan point

Figurell Spectrum of isotopic G@nes for sample gas scrubbed and unscrubbed,8f &hd 60% @ calibration gas in
balance nitrogen.

The result of a test using the carbon granule scrubber instead of thesGoi@on scrubber

is shown inFigurel2. The C@concentration reading becomes very low using ttashnique
indicating that a significant amount of € 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
scrubbing forair purification.
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RefreshedCu$4
scrubberflask
Carbon
scrubber

Figurel2 Comparison of Cug@nd carbon scrubbers.

5.3 Isotopicmeasurements

The corresponding*3CQ isotopic measurements of the sample gas are showriguirel3.

There is a large positive bias due to the influence cdirttl BS background gas composition

on line boadening, which occurs for both dispersion and absorption signals in laser
spectroscopy. It is immediately apparent in the r&€Q to °CQ line signal ratio in the
example measurement dfigure9 wherethe 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 similato the lower calibration gas.

The measurements are alshighly variable while sampling system comparisons and
adjustments were being made. But for two periods between th& 2024 November and

4™ to 9" December, the isotopic measurements are relativagble within the uncertainty
expected from laborator measurements. The sampling system seems to have a strong
influence on the isotopic measurement since on three occasions around the time the gas
liquid separator was r@ressurised there is a significatfCQ increase followed by a series

of unsettled alues. This may be due to the change in pressure in thdigaid separator
(increase or decrease) as there may be a significant amountadi€$olved in the separator
liquid that creates an equilibrium between liquid and gas phasg, @@ich will be dsrupted

by a large pressure or temperature change and may result in isotopic fractiondtios.
hypothesis is currently the most realistic given that historical isotopic ratio mass spectrometry
measurements of the GQ@ich sample have indicated a highaltility of the ratio.
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