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The performance of two laser-based instruments for carbon dioxide (CO,) monitoring was tested during
a controlled release experiment performed at the zero emissions research and technology (ZERT) con-
trolled release facility. The first instrument measures path-integrated CO, concentrations above ground
in two orthogonal directions using a continuous-wave, temperature-tunable, distributed feedback (DFB)
diode laser with a center wavelength of 2.003 wm. The second instrument also uses a continuous-wave
temperature-tunable DFB laser to deliver light via fiber optics to three underground sensors. Two under-

f:é’g(:;iﬁ;e ground sensors utilize absorption cells of 0.3 and 1 m lengths that are buried 1 m apart approximate
Remote sensing 0.75 m above the underground release pipe. The third underground sensor utilizes a photonic bandgap
Spectroscopy (PBG) fiber as part of a fiber optic sensor. A 0.3 tCO,/day controlled release was conducted from July 9 to
Monitoring August 7,2008. The two instruments were able to distinguish the elevated CO, concentration associated

Carbon capture with the CO; injection.

Published by Elsevier Ltd.

1. Introduction

Monthly average atmospheric carbon dioxide (CO,) concentra-
tions have been measured beginning in 1958 at Mauna Loa and
continuing to the present at several sites located around the world
(NOAA, 2007). Monitoring sites at the South Pole, Samoa, Christ-
mas Island, Mauna Loa, La Jolla, and Point Barrow all show the same
increasing levels of atmospheric CO, ranging from a monthly aver-
age of 315 parts per million (ppm) in 1958 to a monthly average
of 382 ppm in 2007, an increase of 21% (NOAA, 2007). The increase
in the atmospheric concentration of CO, is largely attributed to the
burning of fossil fuels (Masarie and Tans, 1995; Tans, 2006a; Marten
Scheffer et al., 2006). Annual CO, emissions from burning fossil fuel
increased from 23.5 GtCO,/year in the 1990s to 26.4 GtCO,/year
from 2000 to 2005 (Keeling et al., 2005). There is growing inter-
national concern that the rising levels of atmospheric CO, can
significantly alter the global climate and environment (Alcamo
and Kreileman, 1996; Climate Change, 2001; James Hansen, 2004;
Richard et al., 2006; Tans, 2006b; Vinnikov and Grody, 2003;
Shackleton, 2000). As a result, international efforts have begun to
stem the increase in atmospheric CO, concentrations (Tans, 2006a;
Alcamo and Kreileman, 1996; Climate Change, 2001; James Hansen,
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2004; Richard et al., 2006; Tans, 2006b; Vinnikov and Grody, 2003;
Shackleton, 2000).

Carbon sequestration, with an estimated potential storage
capacity of 1680 Gt/CO,, provides one potential solution for curb-
ing CO, emission levels (Climate, 2001; Herzog, 2001; IPCCSRCDCS,
2005; LBNL, 2000; Tianfu, 2004; Mingzhe et al., 2006). Geologic
carbon sequestration utilizes CO, captured at a source such as a
coal burning power plant (IPCCSRCDCS, 2005; LBNL, 2000; Tianfu,
2004). The captured CO, is compressed and then pumped under-
ground as a supercritical fluid into depleted oil wells for enhanced
oil recovery, deep unmineable coal seams, or deep saline forma-
tions where the CO, is effectively trapped (IPCCSRCDCS, 2005;
LBNL, 2000; Tianfu, 2004; Mingzhe et al., 2006).

Initial experimental work in carbon sequestration is underway.
Three industrial scale projects currently injecting CO, include the
Sleipner Saline Aquifer Storage Project (Korbol and Kaddour, 1995),
the In Salah Gas Project (This project, in press), and the Weyburn
Project (Whittaker et al., 2002; Whittaker, 2004). The Sleipner
Saline Aquifer Storage Project is sequestering 1MtCO,/year
in a 200-250m thick sandstone formation located 800-1000 m
beneath the North Sea (Korbol and Kaddour, 1995). The In Salah Gas
project began storing 1 MtCO,/year beneath the Algerian desert in
a depleted gas field in 2004 (This project, in press). The Weyburn
Project is injecting CO, into geologic formations for both enhanced
oil recovery and CO, storage (Whittaker et al., 2002; Whittaker,
2004). The CO, used in the Weyburn project is generated in a
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North Dakota coal gasification facility and is transported through
320km of pipeline to the Weyburn oil fields (Whittaker et al.,
2002; Whittaker, 2004). The North Dakota coal gasification facility
generates approximately 6-10 MtCO, /year (Whittaker et al., 2002;
Whittaker, 2004). Several smaller scale projects, such as the
100-day injection into a brine formation followed by a year of
monitoring and assessment in Frio, Texas (Hovorka et al., 2006),
are currently under investigation (IPCCSRCDCS, 2005). In addition,
seven Department of Energy (DOE) funded regional partnerships
including the Big Sky Carbon Sequestration Partnership, the
Plains Regional Carbon Sequestration Partnership, the Illinois
Basin Carbon Sequestration Partnership, the Midwest Regional
Carbon Sequestration Partnership, the Southeast Regional Car-
bon Sequestration Partnership, the Southwest Regional Carbon
Sequestration Partnership, and the West Coast Regional Carbon
Sequestration Partnership are working to develop large volume
carbon sequestration tests that will continue to address key issues
associated with successful CO, storage including site selection,
injection monitoring, site closure, and post injection monitoring
(Litynski et al., 2008; Benson et al., 2005).

Estimates for successful carbon sequestration require seepage
rates to be less than 0.1% of the injection volume per year (Benson
et al.,, 2005). Carbon sequestration site monitoring will require an
array of monitoring instrumentation and techniques to ensure the
CO, remains below ground and to ensure public safety. The Zero
Emission Research and Technology (ZERT) Center has developed
a field site on the campus of Montana State University (MSU) for
testing surface monitoring techniques. This test site allows for a
controlled subsurface release of CO, using a 100 m long horizon-
tal pipe located below the water table for evaluating monitoring
instrumentation and techniques for potential use for measure-
ment, monitoring, and verification of carbon sequestration sites
(Humphries et al., 2008).

Two laser-based instruments under development at MSU were
tested during a 30-day release conducted at the ZERT controlled
release facility from July 9 to August 7, 2008. The first laser-based
instrument measured path-integrated above ground CO, concen-
trations continuously over the course of the CO, release using
a tunable distributed feedback (DFB) laser with a center wave-
length of 2.003 pm. The second instrument uses fiber optic cables
to deliver the output of a second DFB laser also with a center
wavelength of 2.003 wm to three underground sensors. Two under-
ground sensors utilize an open path absorption cell to monitor
underground CO, levels while the third sensor utilizes a photonic
bandgap (PBG) fiber with an open core to measure underground
CO, concentrations.

This paper is organized as follows. A brief description of the ZERT
controlled release facility is presented in Section 2. The laser-based
instruments are briefly described in Section 3. Section 4 presents
the results and discussion of the controlled CO,, release experiment.
Finally, some brief concluding remarks are presented in Section
5.

2. Controlled release facility

The ZERT (Humphries et al., 2008; Repkasy et al., 2006) con-
trolled CO,, release facility is located on a 30 acre agricultural plot at
the western edge of the MSU-Bozeman campus in Bozeman, Mon-
tana. An aerial image of the ZERT facility is shown in Fig. 1. The
CO, was injected through a 100 m long, 10.16 cm diameter stain-
less steel pipe with the center 70 m of the pipe slotted. The average
depth of the screened section of the horizontal release pipe is 1.8 m
below the ground surface putting most of it in the sandy gravel layer
and below the water table. Installation of the well screen was done
using horizontal directional drilling to minimize the disturbance to
the formation.

Fig. 1. Aerial photograph of the ZERT CO, controlled release facility.

The well is partitioned by a system of packers into six isolated
and independent zones. The flow of CO; to each zone can be con-
trolled independently and each zone is continuously monitored
using dedicated mass flow controllers. In the July 9-August 7, 2008
release, a uniform flow rate was delivered to each of the six zones
resulting in a total release of 0.3 tons of CO, per day.

The CO, flow rate was chosen in the following way. For a
500 MW fossil fuel burning power plant, approximately 4 Mt of CO,
per year could be captured and sequestered. Over a 50-year period
this would results in a total storage of 200 Mt of CO,. The area of the
injection pipe for the ZERT field test is assumed to be approximately
1% of the area of a typical geologic fault. The flow rate was chosen
such that a seepage rate of less than 0.01% through the fault would
be mimicked. Thus the flow rate was chosen so that the elevated
CO,, levels due to the injection would be approximately at the levels
needed for successful monitoring at carbon sequestration sites.

Modeling of the ZERT field site was done to understand how
the emitted CO, would migrate through the many different soil
compositions that make up the field site (Oldenburg et al., 2009).
The simulations predicted that the flux is largest directly over the
well and falls of rapidly on either side of the well (Oldenburg et
al,, 2009). The migration of CO, was validated by monitoring sys-
tems during the 2008 summer field experiment. The distance that
the CO, traveled away from the well was approximately 1 m at the
location of the underground monitoring system. An eddy covari-
ance tower was also tested at the site in order to determine if the
total 0.3 tons/day can be accounted for. The eddy covariance tower
measured net CO, flux with the mean and standard deviation being
—12.0and 28.1 g/(m? d) (Lewicki, 2009). The eddy covariance tower
calculated the flux at the field as the temporal covariance of CO,
density and vertical wind velocity, this concept can also be used to
convert the CO, densities measure by the differential absorption
monitoring systems to flux values (Lewicki, 2009; Cuccoli et al.,
2007a,b, 2006; Cuccoli and Facheris, 2006; Cardellini, 2003). For the
differential absorption instruments considerations for converting
measurements to flux values will be made in the future.

3. Instruments
3.1. Above ground sensor

The above ground sensor (Humphries et al., 2008; Repkasy et
al., 2006) is based on a tunable DFB laser with a center wavelength
of 2.003 pm. The DFB laser is capable of tuning across two water
vapor absorption features and four CO, absorption features in
the 2.0015-2.0042 p.m range. The schematic for the above ground
instrument is shown in Fig. 3. The output of the DFB laser is col-
limated with 4% of the outgoing light sent to a reference detector
used to monitor the reference power of the DFB laser via a reflec-
tion from a wedged pickoff. An extended InGaAs photodiode with
a responsivity cutoff of 2.2 um is used to monitor the reference
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Fig. 2. Normalized transmission as a function of wavelength measured using the above ground instrument. The water vapor and CO, absorption features are labeled.

laser power. The light passing through the wedged pickoff is next
incident on a mirror that can be moved into or out of the optical
beam path by a computer controlled translation stage (Repkasy et
al., 2006). With the mirror moved out of the optical beam path (par-
allel beam path), the light exits the instrument and is incident on a
corner cube that directs the light back to the instrument. The light is
then sent to another extended InGaAs photodiode which is used to
monitor the transmitted optical power. With the mirror moved into
the optical beam path (perpendicular optical path), the light exits
the instrument perpendicular to the optical path when the mirror
is moved out of the optical beam. This light is incident on a second
corner cube that directs the light back to the instrument. The light
directed back to the instrument is again incident on the moveable
mirror that sends the light to the same detector that monitors the
optical transmission of the parallel path.

A computer is used to control the wavelength scanning of the
above ground sensor in the following manner. The computer sets
the temperature of the DFB laser and records both the reference
and transmission detector voltages using a data acquisition board.
The computer then steps the operating temperature of the DFB
laser, which changes the DFB laser’s operating wavelength and
again reads the reference and transmission detectors. This process
is repeated allowing a wavelength scan to be completed across sev-
eral absorption features. A normalized transmission scan is then
calculated by dividing the transmission signal by the reference
signal. One scan is recorded with the laser in the parallel optical
beam path. The computer moves the mirror into the optical path
and again records a tuning scan with the laser in the perpendic-
ular optical beam path. The process is repeated continuously. A
plot of the normalized transmission as a function of wavelength
is shown in Fig. 2 for several scans taken during the CO, release
experiment. The normalized transmission is then used along with
ambient temperature and pressure measurements taken from a
nearby weather station (The Weather, in press) to calculate the
CO; concentration (Humphries et al., 2008; Rothman et al., 2003).
A test using a pressure cell was done to verify the accuracy of the
above ground instrument using the process above. The pressure
cell measurements indicate that differences in transmission of 1%

can be measured with this instrument, indicating that for a 500 m
path length for the carbon dioxide absorption line at 2.00402 jum,
the instrument can measure carbon dioxide concentration changes
of 2.9% (Repkasy et al., 2006).

3.2. Underground sensor

A schematic of the underground sensors is shown in Fig. 4. Light
from a temperature-tunable DFB laser with a center wavelength
of 2.003 wm is coupled into an FC-APC, single-mode, optical-fiber
(SMF-28) (Humphries et al., 2008). An in-line fiber splitter sends
approximately half of the light coupled into the optical fiber to
box 1 while the remaining light is delivered to box 2. The light
delivered to box 1 is again split with an in-line fiber splitter with
approximately half of the light coming into box 1 sent to a refer-
ence detector D1 and the remaining light launched into a 1 m long

Fig. 3. Picture of the above ground instrument with parallel and perpendicular path-
ways indicated by the red line. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article).
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Fig.4. Schematic of the underground instrument containing the two absorption cell
sensors and the fiber optic sensor.

absorption cell. The light transmitted through this absorption cell is
monitored using detector D2. The light entering box 2 is split using
an in-line fiber splitter with half of the light incident on a 0.3 m
long absorption cell. The transmission of the 0.3 m long absorption
cell is monitored via detector D3. The remaining light from the
fiber splitter is launched into another FC-APC fiber that is fusion
spliced to a 1 m long photonic bandgap (PBG) optical fiber with a
core diameter of 12 pum (Li et al., 2006; Thapa et al., 2005). The PBG
fiber is spliced to a single-mode optical fiber using a fusion splicer
(Ericson FSU-995) with a custom program to prevent the hollow
core of the PBG optical fiber from collapsing. The output of the
hollow core fiber is monitored using a fourth detector D4. Extended
InGaAs detectors with a responsivity cutoff of 2.2 wm are used for
detectors D1-D4. A picture of the 0.3 m long absorption cell and
1 m long PBG optical fiber sensor housed in the box that is buried
underground is shown in Fig. 5. Gas permeable membranes allow
the CO, to enter the sensors but keeps out water and dirt (FALP,
in press). The four detectors are monitored using a multi-channel
voltmeter.

The underground sensors utilize a computer to produce spectra
in the following way. The computer sets the operating temperature
of the DFB laser via a computer controlled current/temperature
controller. The four detector voltages are then recorded using a
multi-channel voltmeter. The computer then steps the tempera-
ture, which changes the operating wavelength of the DFB laser
and the process is repeated. Three normalized transmission spectra
are then calculated by dividing the voltages read by detectors D2,

Gas Permeable
Membrane

0.3 m Open Path
Absorption Cell

Hollow Core Fiber
Absorption Cell

Detectors =%

Fig. 5. Picture of the 0.3 m absorption cell and PBG fiber sensor housed in weather-
proof box corresponding to box 2 in the schematic shown in Fig. 3. Light from the
DFB laser that is housed in a separate weatherproof box located above ground is
delivered via an optical fiber to this box which is buried underground.

J T T
100
b

HE I A
— i t ", ?:‘
S { i ¥ )
E-1 : “ s| ¢ \ 2
=] i is 1e L
E 90 W :|I | : :’
‘g 4] Y u 4q
7] i ) Ll ‘?
g i 5 i 4
. { : i \

! \
85 4 I\ ) 3 3
0.3 Meter Cell x
= = = = Fiber Cell
B e 1 Meter Cell
T v T v T M T M 1
2.0030 2.0035 2.0040 2.0045 2.0050 2.0055

Laser Operating Wavelength (um)
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below ground instrument. The solid (dashed) line represents measurements made
with the 0.3 m (1 m) absorption cell while the dot-dashed line represents measure-
ments made with the PBG fiber sensor.

D3, and D4 by the reference detector voltage read by D1. The nor-
malized transmission spectra are then used to calculate the CO,
concentrations read by the three sensors. A plot of transmission
spectra taken with the 0.3 and 0.1 m absorption cells and the 1m
PBG fiber sensor are shown in Fig. 6. With an accuracy of 1% in
measuring transmission the error associated with the underground
instrument is at most 0.23%.

4. Experimental results
4.1. Above ground sensor results

The above ground sensor was operated continuously from July
1 to August 13, 2008. The above ground sensor was set up with
the parallel optical path located directly over and along the direc-
tion of the release pipe and the second optical path perpendicular
to the release pipe. The corner cube for the optical path located
over the pipe was located 29.5 m away from the optical sensor pro-
vide a total integrated path length of about 59 m. The corner cube
for the optical path perpendicular to the release pipe was located
31 m away from the optical sensor providing a total integrated path
length of about 62 m. Both optical beam paths were located at a
nominal height of 13 cm above the ground.

Aplotofthe CO, concentration as a function of time measured by
the above ground sensor is shown in Fig. 7. The solid line represents
measurements made along the direction of the release pipe while
the dashed line represents measurements made perpendicular to
the release pipe. The beginning and ending of the CO; injection are
marked as vertical lines on July 9, 2008 and August 7, 2008. Before
the injection begins, measurements made parallel to the release
pipe and perpendicular to the release pipe have the same values.
Once the CO, injection starts, measurements made perpendicular
to the release pipe are similar to the measurements made before
the CO, injection, but measurements made parallel to the release
pipe increase indicating an elevated CO, concentration measured
over the release pipe. Approximately 1 day after the CO, injection
stops, measurements made parallel to the pipe and perpendicular
to the pipe have similar values.

One interesting feature seen in both the parallel and perpen-
dicular measurements is the daily cycle of the CO, concentration.
A plot of the CO, concentration as a function of time is shown in
Fig. 8 for July 31-August 4, 2008. The CO, concentration measure-
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Fig. 7. Plot of CO, concentrations measured during the 2008 controlled release
by the above ground instrument in the parallel (solid line) and the perpendicular
(dashed line) directions relative to the release pipe. The start and end of the injection
are designated by vertical lines. The elevated CO- levels measured over the release
pipe as indicated by the solid line are clearly evident in this figure compared to the
background measurements made perpendicular to the release pipe as indicated by
the dashed line.

ments made perpendicular to the release pipe show a daily cycle
with lower levels of CO, measured from mid-morning to mid-
evening and higher levels of CO; measured from mid-evening to
mid-morning. A similar trend is seen for the CO, levels measured
parallel to the release pipe. Since the elevated CO, levels measured
over therelease pipe result from the CO, injection, this diurnal cycle
must result from weather conditions including the cooler night-
time temperatures and lower average wind speeds along with CO,
concentration changes due to photosynthesis.

Above ground monitoring of CO, concentrations is affected by
weather conditions. To understand how various meteorological
conditions can affect the CO, concentration measurements, data
from a weather station (The Weather, in press) located approxi-
mately 300 m north of the release pipe was used. A plot of the CO,
concentrations as a function of time is plotted as the bottom plot
in Fig. 9. The solid line represents measurements made parallel to
the release pipe while the dashed line represents measurements
made perpendicular to the release pipe. The vertical line just after
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Fig. 8. Plot of CO, concentrations measured during the 2008 controlled release
by the above ground instrument in the parallel (solid line) and the perpendicu-
lar (dashed line) directions from July 31 to August 4, 2008. The diurnal cycle of CO,
is visible in the data measured perpendicular to the direction of the injection well. A
similar diurnal cycle is seen in CO, concentrations measured over the release pipe
indicating this effect is related to weather conditions including temperature and
wind speed as well as natural CO, variations due to photosynthesis.
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Fig.9. The bottom plot shows the measured CO, concentrations in the parallel (per-
pendicular) direction indicated by the solid (dashed) line as a function of time. The
middle plot shows the measured wind speed measure as a function of time while
the top plot shows the temperature (solid line) and absolute barometric pressure
(dashed line) as a function of time.

noon on July 9, 2008 indicates the beginning of the CO, injection.
Wind speed is plotted in the middle plot in Fig. 9. The wind direc-
tion is not represented here but can be procured from the weather
station present out in the ZERT field site (The Weather, in press).
Temperature (solid line) and barometric pressure (dashed line) are
plotted as a function of time in the top plot of Fig. 9. On July 10
starting around noon, the wind speed increased corresponding to
a decrease in the CO, concentration measurement made parallel
to the release pipe indicating that increased wind speed causes the
CO,, todisperse. No correlations are apparent between temperature
or barometric pressure and CO, concentrations for measurements
made parallel to the release pipe.

4.2. Below ground absorption cell sensors

The box containing the 1 m long absorption cell and reference
detector was buried approximately 0.75m below the surface at
a perpendicular distance of 1 m away from the release pipe. The
box containing the 0.3 m absorption cell and PBG fiber was buried
approximately 0.75 m below the surface directly over the release
pipe. The below ground sensors were operated nearly continu-
ously from July 8 to August 13, 2008. Interruptions to the operation
resulted from severe weather events. A plot of the underground
CO, concentration measurements as a function of time is shown
in Fig. 10. The measurements to calculate CO, concentrations are
made every 8 min while using the third absorption feature to cal-
culate the concentration of CO,. The solid (dashed) line represents
measurements made with the 0.3 m (1 m) absorption cell located
over the release pipe (1 m perpendicular distance from the release
pipe). Approximately 24 (64) h after the injection starts, the absorp-
tion cell located directly over the release pipe (1 m perpendicular
distance from the release pipe) begins seeing an increase in the
underground CO; concentrations. This implies that it takes the CO,
approximately 40 h to spread a 1 m lateral distance.

Several rain events occurred during the course of the release
experiment and were recorded (Rain Data, in press). A plot of the
CO, concentration as a function of time is shown in Fig. 11 with
the solid (dashed) line represents measurements made with the
0.3 m (1 m) absorption cell located over the release pipe (1 m per-
pendicular distance from the release pipe). Multiple rain events
are represented in this plot as vertical bars. These rain events were
severe enough to cause an interruption in the electrical power to the
field site. The rain events caused the underground CO, concentra-



J.L. Barr et al. / International Journal of Greenhouse Gas Control 5 (2011) 138-145 143

x10"

14+ r C C Injection Stops|—

121

-
o
T

(o]
T

o
T

CO2 Concentration [ppm]

I

—30cmcell
=1 meter cell

07/08 07113 07118 07/23 07/28 08/02 08/07 08/12
Time [Mon/Day]

Fig. 10. A plot of the CO, concentration measured as a function of time with the
underground absorption cells from July 8 to August 12, 2008. The beginning and
ending of the CO, are indicated by vertical lines. The solid (dashed) line repre-
sents measurements made with the 0.3 m (1 m) cell located over (1 m perpendicular
distance away from) the injection pipe.

tion to drop by either providing pathways for the CO, to escape to
the surface, forcing the CO, down to the water table, or the moisture
could change the soil permeability so the CO, movement slows.

4.3. Fiber sensor

The underground fiber sensor utilizes a newly available PBG
fiber that allows the interaction of the light from the DFB laser
source to interact with the CO, in the hollow core of the PBG fiber.
A plot of the CO, concentration as a function of time measured
using the PBG fiber sensor is shown in Fig. 12 as the solid line. The
concentration measured using the co-located 0.3 m absorption cell
is shown as the dashed line in Fig. 12. Laboratory measurements
indicate the 1 m length of PBG used for the fiber sensor will lag the
absorption cell CO, concentrations by approximately 5 h due to the
diffusion time associate with the CO; into the 12 wm hollow core of
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Fig. 11. A plot of the CO, concentration measured as a function of time with the
underground absorption cells from July 20 to July 27, 2008. The solid (dashed) line
represents measurements made with the 0.3 m (1m) cell located over (1 m per-
pendicular distance away from) the injection pipe. The vertical lines represent rain
events. After rain events, the CO, concentrations drop.
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Fig. 12. A plot of the CO, concentration measured as a function of time measured
using the PBG fiber sensor (solid line) and the co-located 0.3 m absorption cell
(dashed line). Good agreement between these two sensors indicated the PBG fiber
sensor is a viable option for underground CO, monitoring.

the PBG fiber. The agreement between the PBG fiber sensor and the
absorption cell measurements indicate that an all optical fiber sen-
sor is capable of monitoring the underground CO, concentration
levels.

4.4. Discussion

Carbon sequestration has the potential to mitigate the climate
impacts of increasing atmospheric levels of CO, resulting from the
use of fossil fuels. Several industry scale CO, sequestration projects
are underway with regional partnerships planning several more
CO, sequestration demonstration projects. The ability to monitor
carbon sequestration sites is important to ensure the carbon is not
released back into the atmosphere and to ensure public safety. This
paper presents results from laser-based above ground and below
ground monitoring instruments. Each instrument has strengths and
weaknesses that need to be considered in terms of a monitoring
and verification strategy that will provide adequate coverage on
the scales needed for sequestration sites.

The above ground monitoring instrument provides a path-
integrated measurement and can provide measurements over
paths ranging up to approximately 100 m. Using a scanning mirror,
this instrument can provide coverage over approximately 0.01 km?.
While this is a small area compared to the size of a sequestration
site, it is much larger than a point measurement. The size of the
coverage area is on a scale appropriate for monitoring over faults,
abandoned wells, and injection wells. Furthermore, line-of-sight
measurements may be useful for pipeline monitoring as well. Three
issues that will play a limiting role in laser-based above ground
instruments include high wind speeds, rain, and snow coverage.
High wind speed causes the CO, to disperse making it hard to
determine elevated CO, levels resulting from seepage compared
to background levels. Rain will also affect the ability to monitor
CO, with above ground instruments by interfering with the beam
propagation. However, the effects of high wind speed and rain will
only interrupt measurements for brief periods of time and should
not pose a problem for longer term monitoring. Snow cover on
the ground during the winter months will cause problems with
the above ground laser-based monitoring of CO, by providing a
possible surface layer that can trap the CO, thus masking the seep-
age of CO,. Snow cover may play a role in interrupting long term
above ground monitoring at sites that experience extended snow
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coverage such as in the northern United States and Canada. Tak-
ing into consideration these facts, it has been concluded that the
underground monitoring system would be better suited for future
research exploration because fewer environmental factors affect-
ing the system.

The ability of a PBG fiber sensor to measure underground CO,
concentrations makes possible a relatively inexpensive under-
ground CO, monitoring instrument. A single PBG fiber sensor was
demonstrated in the controlled release experiment described in
this paper. Using a centrally located laser source and a fiber optic
switch such as a MEMs based switch allows for a simple design
for a multiple point sensor instrument based on an all optical fiber
network. The advantages to a network of fiber sensors are the rel-
ative low cost and scalability of this instrument. The network of
fiber sensors can be deployed along faults, abandoned wells, and
injection wells to provide flexible deployment that is best suited
for the sequestration site. Using a single laser source and switch at
a central location will keep the cost of this network of fiber sen-
sors to a minimum. Using a 2 wm DFB laser diode, where CO, has
appropriate line strengths associated with its absorption features
will allow the use of standard telecommunications fibers such as
the SMF-28 fiber. This will further reduce the cost of the instrument.
The standard SMF-28 fiber will allow the 2 pwm light to propa-
gate approximately 1 km before attenuation becomes a significant
problem. This implies that the fiber sensors can cover an area of
approximately 1km2. The major disadvantage of the network of
fiber sensors is related to the fact that the fiber sensor needs to be
buried thus making this network of sensors hard to move. Another
disadvantage to the underground monitoring system is that in the
coldest months of winter ground frost could effect how CO, would
migrate. As this study has only conducted during the summer fur-
ther research would be needed to determine the effect ground frost
would have on the system.

5. Conclusions

A controlled CO, release experiment was performed July
9-August 7, 2008 at the ZERT controlled release facility. A
0.3tCO,/day flow rate was maintained over the course of the 30-
day release. This paper described the operation of an above ground
path-integrated optical sensor that was able to measure the ele-
vated CO, levels above the buried release pipe. The elevated CO,
levels measured during this experiment were clearly visible even
with the daily CO, cycles. A novel underground fiber optic sensor
based on PBG fibers was also demonstrated at this field experi-
ment. The all fiber optic sensor delivers the light from an above
ground tunable DFB laser to a PBG fiber with a hollow core. The light
interacts with the CO, that diffuses into this hollow core allowing
the sensor to monitor the below ground CO, concentrations. The
underground sensors deployed at the controlled CO, release exper-
iment were able to measure the elevated CO, levels resulting from
the controlled underground release.
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