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Figure 2b. ORION® deployed at Hellisheidi power plant for large area monitoring of
EOTNEIMAI ACTIVITY ... ii i e it e e eeeeas 10
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Gas sensing, leak detection, fugitive emissitmsalisation and quantification, open path
sensing, spectroscopy, lasers, optical dispersion, gas plume modelling

53FAYVAGAZ2YE YR | ONBy&Ya

Acronyms Definitions

CCS Carbon Capture and Storage
EOR Enhanced Oil Recovery

GHG Greenhouse Gas

H&S Health and Safety

LDS Laser Dispersion Spectroscopy
MCMC Markov Chain Monte Carlo

OR Orkuveita Reykjavikur

S4CE Science for Clean Energy

TRL Technology Readiness Level
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operation and data gatheretdly the MIRICO ORION® open path gas analyser, as well the
lessons learned during these field trials. The ORION® was deployed at two figlplasites
Science for Clean Energy (S4CE) project. Thostrepvers the deployment of the open path

gas analyser at the Hellisid¢power/carbon capture and storage plant operated®skuveita
Reykjaviku(OR), Iceland, where the ORION® was used to monitor natural releases of CO
from a geothermally active sitét also reports on the field tests conducted at the Centro Olio

at Trecate, Italy, an active oil and gas processing plant operated by ENI where controlled
ground releases of both Gldnd CQwere carried out. The report covers various technical
aspects othe deployment with a strong emphasis on data interpretation and assessment of
next steps since details of trial preparation and logistical planaiagovered in D7.6.

1.1 General context

The S4CE Horizon 2020 project focuses on understanding the mechamderpinning sub
surface geeenergy operations towards the goal of reducing the environmental footprint of
such operations. Within this context, one of the significant activities of the project relates to
understanding environmental risks and develop w&yquantify, control, and mitigate these.
Stray gas surface emissions from gaeergy facilities is one mechanism by which-geergy
operations may adversely impact the environment; this area is covered by bringing in
aLwL/ hQ& $E LIS NIidetilSdbasseésdmertd bf NdeRenvidraréntal footprint of
subsurface ge@nergy applications, it is important to measure and quantify potential surface
gas emissions. This includes emissions ofiC@ctivities involving geothermal energies or
carbon capture and storage (such as EOR eshmme CCS) or emissions ofs@Hactivities
related to shale gas, and oil and gas processing. In such cases, the characterisation of an entire
operation requiresknowledge of the temporal evolution of concentration over a wide
geographical area. More importantly, the knowledge of gas emission source locations (points
of leak) and quantification of the gas emission rates at which they seep into the atmosphere
provide extremely valuable information to characterise the environmental impact at different
stages of the lifetime of a geenergy facilityit facilitates targeted maintenance operations,
andit also contributesto transparent reporting, particularly with ngihbouring stakeholders.

In order to address the above problems and provide a robust andeftesttive solution for

continuous quantification of gas emissions and monitoring of gas injections, within S4CE, a
novel approach to gas emissions monitorings developed for environmental and process

gas facilities. The solution aims to provide a wide area (ultimately > 500x50bntinuous

mapping of fugitive gases to both locate and quantify emission rates. The ORION® instrument
developed for the project targe CQand CHI yR A& ol aSR 2y alLwL/ hQa
Dispersion Spectroscopy (LDS) technolopgrtiwasdeployed at selected participating field

sites for realime monitoring of live conditions or controlled, representative, release
experiments.

In the field, ORION® measures integrated gas concentrations ovetdinedtiional long open
paths very rapidly. The temporal evolution of the wind vector is simultaneously recorded. The
combination of multidirectional gas concentration data and meteorgical data then allows

the use of inversion techniques to estimate gas source emission rates and their locations [
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1.2 Deliverable objectives

The purpose of this deliverable is to describe and report on the operational deployment of
the ORION® open path gasalyser at participating partner field sites and present the data
collected during the trial to fieldalidate the system. Two such deployment scenarios have
been covered in this report and the outcome of the trials validate the ORION to technology
readness leve(TRLpf 7 (validation in operational environment). This outcome in turn iaise
the awareness within the S4CE and -g@&®rgy community bnew innovative techniques
relevant to monitoring, reporting and verificatiaf fugitivegasemissions.

2 CAR xFfARFGA2Y 2F hwLhbt hLIS

The ORION® open path gas sensor was built under the S4CE project to present a novel and
innovative tool for the continuous monitoring of gas emissions during geothermal exploration
activities and other gas prossing operations. This report deals with two such deployments

of the ORION that were undertaken in 2019 by MIRICO at partner sites in Hellisheidi, Iceland
and at ENI Centro Olio, Trecate, Italy. These deployments validate the progress of the
technology fran TRL4 to TRL7 within the S4CE project. The former deployment was used to
monitor emissions of COover a large geothermally active area, whereas the latter
deployment was choseto demonstrate the efficacy of the system in detecting, localising and
qguantifying controlled releases of both ¢&hd CQat an active industrial site.

2.1 Deployment at Hellisheidi power plant, Iceland

The MIRICO ORION® open path gas analyser was trialled in proximity of a geothermal well of
the Hellisheidi power plant complexperated by (OR), between ®3September and @
October 2019. The trial was designed to measure natural rEl@ases seeping from the
ground at a geothermally active site. The goal was to gain information abotu@€s in the

area and to determine theapability of the ORION® instrument to monitor laegea sources

in a range of weather conditions. The ORION® was installed close to active geothermal
production wells, employing an array of individual retroreflectors to perform multiple open
path spectr@copy measurements in a wide arc across an area of geothermal activity
(fumaroles and hot springs). This deployment was the very first of the GFhSIkument.

Understanding theunderlyinggeothermal and geological properties of an area is critical to
maximizing the potential power capacity of geothermal power plants and can facilitate sound
decision making when assessing the likely payback from costly drilling operations.
Information gathered during well operation can also assist geoscientists in uaddmsg the
factors that affect power generation over the lifetime of the plant.

Subsurface geothermal activity is often accompanied by activity at the sugéoe springs,

geysers and fumaroles. Understanding the distribution and activity of surfacsagaces can

therefore aid in understanding subsurface activity. Gas flux from geothermally active areas

can be measured using accumulation chambers; this is laborious, expensive and intermittent,

NBIlj dzZA NA Yy 3 &A 3y AT A OILPSechBiduisShdd thie pdtantial xoYrdrdtor gas wL / h C
flux unattended and continuously for months at a time.
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2.1.1 ORION® Setup
¢KS hwLhbt 2Ly LI GK FyrfeaSN ¢la RSLI 2&8SR |
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483195 7098022). This site is of interest to OR as there is much geothermal activity at the
surface, including gas escaping from fumaroles. An overview of the site layout is shown in
Figure 1a and 1b. Figure 1a shows the gahgettings and the location of the area under test
with respect to the main control building. Figure 1b focuses on the apemificallyunder
considerationand shows the configuration of the instrument and retroreflector deployment
on the site.

Hellisheidi main building

5 Km-SEfrom
main building

Figurela. General settings of the area under test (yellow perimeter) with respect to the main power plant control building

Retro" ¢

A
N
100 m

Figure b. Overview of the geothermal well field site, which supplies the Hellisheidi power plant. The ORION® was located
at the corner of the pad containing two geothermal wells and surveyed over a 180° arc fromwestith northeast of the
pad.
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Eight retrorefectors were deployed in a 180° arc over a 150 x 350m area to the-sasth

of the instrument.Their positional cabrdinates aregivenbelowin Table 1

A sonic anemometewas deployedtogether with temperature pressureand humidity
sensorsto measure tle wind vector and associated atmospheric data needed for the final

data processing.

Tablel. Listing of all the retroreflector geographicalominates corresponding to positions marked in Figure 1

Retroreflector UTM Northings

ID UTM Eastingsnf) (m) UTM zone
1 7097942.5 483061.9 27TW
2 7097863.4 483094.9 27TW
3 7097902.5 483180.5 27TW
4 7097919.0 483226.6 27TW
5 7097957.2 483306.9 27TW
6 7097997.8 483341.0 27TW
7 7098063 483348 27TW
8 7097966.0 483220.1 27TW

The instrument was powered by a petrol generator that was situated ~ 50m to the-eagh

of the instrument (UTM 27W 483232 7098055). The generator used could provide power to

the ORION® for approximately six hours before needing to be refuéhedinital set up of

the ORION® was carried out using the internal WiFi network or cable LAN before running
autonomously. Due to a technical issue with the environmental data connection,
anemometry data could not be recorded as planngde relevant datasetwas nstead
200FAYSR FNRY (GKS LOStFIYRAO w2l R ! RYAYA&(lNI
483264 7099154) which was then used to generate all the subsequent data plots. In response

G2 GKA& KFENRgINBE Tl AfdzNE al wobnmehtal @ata&ollcEtaef £ & NI
hardware to increase robustness and has since successfully deployed it inteortdkites.

Figure 2 shows pictures of some of the hardware deployed at the site, including the ORION®

and associated equipment.

Figure2a. Picture of one of retroreflectors deployed against a backdrop of the site with active fumar
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Figure 2bORION® deployed at Hellisheidi power plant for large area monitoring of geothermal.activity

»

-

i e

Figure 2cThe wegher environmental box with the anemometer for capturing meteorological data

2.1.2 Weather conditions

Becausedhe test described hereiwas the first field deployment for the ORIQdhe of the
main objectives of the work was to demonstrate robustness and reliidpin harsh weather
conditions.Awiderange of weather conditions were experienced over the course of the trial
at a time whe Icelandc weather can be extremely unstabiecluding fog heavy rainand
fairly strong winds. A summary of the weather data recorded during the field work by the
Icelandic meteorological office is shown in Figure 3.1. During the measurerfanénd rain
strongly obscured the visibility of the retroreflectofdevertheles, the relative precision of
the measured C@&concentration wafound to be mostly insensitive to the returned beam
strength over two orders of magnitude (Figur@3and still well acceptable over three orders

of magnitude,making the measurements strolygreslient to obscuration by bad weather.
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Extremely heavy rain was experienced on one day of the wisilch made measurements
impossible as the retroreflectors were completelyvered andbscured by rainThis allows
us to identify the meteorologic cwlitions at which the instrument cannot be used for
detecting gaseous leaks.
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Figure3.1. From top to bottom, wind direction, wind speed, temperature and relative humidity experienced during the field

campaign.
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about the same while the returned signal level varied over two orders of magnitude
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2.1.3 Concentration retrieval and data analysis

Themodulated dual beansignal measured by the ORION® is demodultdezktract the in
phase (I) and quadrature (Q) signalis signal processing method allows the ORION® to
measure the full information about the received signal. Indeed, | andr& used to
reconstruct the amplitude and phase alteration experienced by the electromagnetic field due
to the presence of COnolecules. These signals aebsequently fitted using a full physics
modelin combination with he measured environmental data to extractetbath averaged

gas concentratiormlong each of the beam pathBull physics in this context means that the
interaction of light with molecules is fully modelled using theory of molecular spectroscopy
and reference database on molecularvibrational quatum transitions.An example of a
fitted CQ spectral line is shown in Figude The uncertainty on the fitted concentration is
typically around 0.1% relative~-0.4 ppm in case of GQwhich is~10 timesbetter than
equivalent metric quoted by competing tecologiesat +1% This should be considered in
data interpretation.

Data
Fit
190

180 ~

170 ~

AM signal / a.u.

160 A \

150 ~

T T T T T T
2390.2 2390.3 2390.4 2390.5 2390.6 2390.7
Wavenumber / cm™!

Figured. Example of fitted CO2 spectral line

2.1.4 Measurement summary

The C@concentration in the aipver the chosen fieldvas measured over the course of five
days and was found teary withn the range 80 to 500 ppm. Concentration data for each

day of measurements are shown beloim Figure 5. Because the global mean €0
concentration for September 2019as408 ppm [3] concentratiors of CQ below 400 ppm

are physically not possibées it would mean a huge local £8Inks existsherefore, a reading
sometimes observed below 400 ppm raises questions about instrumental biases. These were
found to be related to the thermal management of the instrument, which has since been fully
overhauledby improving the instrument insulation, design and ¢gg¢anent of heat sinks and
implementing a chiller based cooling solution coupled with an internal radiator. [Db{s
ensures the internal temperature within the ORION® is well stabilised over the operating
temperature range.

The measurements show the comtetion of CQto be, at times, significantly above global
mean CQlevel for September 201F8], confirming strondocal sources are contributing to
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characteristic of diffusion from local sources.

Clear differences in G@mporal evolution among the different paths are also characteristic
of local sources (example in lowermost ligfiure) and are the type of signals needed to derive

spatial mappingnformation.
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Figureb5. Daily CO2 concentrations measured along the different beam paths during five days of the trial period

Mapping of emission sourcesing the acquired dataset wast possiblefor several reasons:
A The continuity of the dataset was poor as some instrumental issues needed to be

A

PU
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2.1.5 Emission mapping

CO, concentration / ppm
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30 September 2019

addressed throughout the two week period.

¢ KS &Sy @A NPwaAST&IY @ardts comrauBiéationwith the main instrument

was deemed impossible. As such, the required high speed anemometry data could not
be recorded simultaneoushyith the CQ concentration. A alternative solutiorwas

found by OR through the Icelandvteteorological office, but the temporal resolution

of the meteorological dataset was not sufficient to allow mappafighe emission

sources
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the measured concentratignand are being picked up by the instrument. The scatter on
concentration is @&o found to be related to the level of turbulence of the atmosphere,
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