SNL
ldaho National
Laboratory

INL/EXT-06-11811

Investigation of Tunable
Diode Spectroscopy for
Monitoring Gases in
Geothermal Plants

J.K. Partin

August 2006

The INL is a U.S. Department of Energy National Laboratory
operated by Battelle Energy Alliance



INL/EXT-06-11811

Investigation of Tunable Diode Spectroscopy for
Monitoring Gases in Geothermal Plants

J.K. Partin

August 2006

Idaho National Laboratory
Idaho Falls, Idaho 83415

Prepared for the
U.S. Department of Energy
Assistant Secretary for Energy Efficiency and Renewable Energy
Under DOE Idaho Operations Office
Contract DE-AC07-05ID14517



ABSTRACT

The results of an investigation directed at the development of instrument-
tation for the real-time monitoring of gases, such as hydrogen sulfide (H,S) and
chloride (HCI), in geothermal process streams are described. The geothermal
power industry has an interest in the development of new low maintenance
techniques since improved capabilities could lead to considerable cost savings
through the optimization of various gas abatement processes.

Tunable diode laser spectroscopy was identified as a candidate tech-
nology for this application and a commercial instrument was specified and
procured for testing. The measurement principle involved the use of solid state
diode lasers and frequency modulation techniques. The gallium arsenide diode
lasers employed emit light in the 0.7 to 2.0 micron region of the electromagnetic
spectrum. This region contains the overtone and combination absorption bands of
a number of species of industrial interest, including H,S and HCI. A particular
device can be tuned over a small range to match the absorption line by changing
its applied temperature and current. The diode current can also be sinusoidally
modulated in frequency as it is tuned across the line. This modulation allows
measurements to be conducted at frequencies where the laser intensity noise is
minimal; and therefore, very high signal-to-noise measurements are possible.

The feasibility of using this technology in various types of geothermal
process streams has been explored. The results of laboratory and field studies are
presented along with new advances in laser technology that could allow more
sensitive and selective measurements to be performed.
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Investigation of Tunable Diode Spectroscopy for
Monitoring Gases in Geothermal Plants

1. INTRODUCTION

This objective of this work was to identify, develop, and evaluate real-time, low maintenance
systems for monitoring process gas species in geothermal power plants. In particular, the application of
instrumentation based upon near-infrared, tunable diode, laser spectroscopy has been investigated for the
on-line monitoring of hydrogen sulfide (H,S) and hydrogen chloride (HCI) gases.

The development of new H,S monitoring systems is of interest to reduce the cost of abatement
processes used to limit its emission into the atmosphere. The primary abatement uses conventional
oxidation methods, including Stretford, LO—CAT®, sulferox, and incineration, to reduce H,S in the non-
condensable steam vented from the condenser. The secondary abatement uses an iron chelate concen-
tration in the cooling water to oxidize the H,S partitioned in the steam condensate used for cooling water
make-up.'” These abatement processes increase the operating and maintenance costs for geothermal
plants. The instrumentation currently used to control these processes is labor-intensive to operate. (It is
estimated that at least a man-week per month is required to maintain these instruments and to keep them
in calibration.) And while these measurements are very sensitive to H,S, the long-term accuracy and
precision of the instruments is not well understood. At present the H,S levels in the cooling tower stack
are measured periodically via a time-consuming sampling procedure. This infrequent sampling results in a
conservative use of chemical feedstocks to ensure that regulatory limits are never exceeded. Presently,
operators target chemical usage to achieve no more than 75% of allowable emissions. If this level could
be raised to around 90% through the use of new continuous monitoring techniques, then annual savings
on the order of $75,000 per plant might be possible from the reduced chemical usage. HCl is also found in
the steam delivered to geothermal production facilities.* The washing process that reduces its concen-
tration to acceptable levels in order to prevent corrosion of plant components also reduces the steam's
energy content.” The ability to perform cost-effective, real-time monitoring of HCI could also allow the
optimization of this process, increasing power generation.

Near-infrared, tunable diode spectroscopy offers several benefits over other systems for geothermal
emission and process control applications.”” In particular, the spectroscopy takes advantage of diode laser
devices that have been developed for the telecommunications industry. These types of lasers produce
relatively large power densities (~ 10 mW) with good spectral purity (1-3 GHz linewidth) for high
sensitivity, high selectivity measurements. They can be manufactured to emit radiation in the 0.7 to 2.0
micron region of the electromagnetic spectrum. This region contains the overtone and combination
absorption bands of a number of species of industrial interest, including H,S, HCI, CO, H,O, NH,4 O,
NO; and CHy,. A particular diode device can be tuned over a small range by changing its applied
temperature and current, providing access to the absorption band of the gas species of interest while
minimizing measurement interferences by other species. The devices are compact, operate at room
temperature, and have modest power requirements. In addition, the output from these systems can be
easily propagated over standard communication-grade optical fibers. This allows for the configuration of
a system in which the sensitive optical and electronic components can be located in an environmentally-
controlled area, and also allows the multiplexing of signals so that a single device could be used to make a
number of measurements throughout the plant.

The feasibility of using this technology in geothermal process streams has been explored.'® The
results of laboratory and field studies are presented along with new advances in laser technology that
could allow more sensitive and selective measurements to be performed.



2. TECHNICAL APPROACH
2.1 Tunable Diode Laser Absorption Spectroscopy

The measurements were based upon the well-known Beer-Lambert relationship that determines
how much light will be transmitted through a uniform absorbing medium. This relationship is described
as,

(V)= Ii_v) = exp [— K(v) L] (1)

where 1(v) is the transmission at frequency v, I is the incident probe beam intensity, I(v) is the intensity
recorded at frequency v after traveling through a length L of the absorbing medium, and x(v) is the
spectral absorption coefficient in units of inverse centimeters (cm™). The wavelength, A, of the probe
beam is related to the frequency, v (cm™), by

1

-1

viecm™ ) = . 2
(em™)=— (o) 2
The absorption coefficient is described by the following equation,

K(v) = NS(v,)@(v—v,) 3)

where N is the concentration of the absorbing species in units of molecules/cm™, S(v) is the line strength
of the absorption transition centered at v, in units of cm-molecule™, and (v - vo) is the line-shape
function expressed in cm.

Reviewing these basic equations, it is noted that there are several ways to for an instrument
designer to increase the measurement sensitivity: (1) choose a probe wavelength that has a large
absorption coefficient; (2) use a long optical path; and/or (3) measure smaller absorbed power levels.

2.2 Frequency Modulation Techniques

One technique for reducing the measurement noise; and thereby, detecting smaller absorbed
signals is to use special modulation schemes. Frequency modulation techniques are particularly easy to
implement with diode lasers since they can be tuned over small frequency ranges simply by changing the
electric current passing through them.''™"?

The technique is illustrated in Figure 1. The injection current of a diode is sinusoidally-
modulated in frequency as the laser wavelength is tuned across the absorption line. In frequency space,
the modulated laser beam consists of a carrier frequency, which is the emission frequency of the laser,
and side bands displaced from the carrier by integral multiples of the modulation frequency. When this
light impinges on a photodetector, each side band mixes with the carrier to give a signal at the modulation
frequency. Since the side bands are equal and opposite in phase the two signals generated by the mixing
process cancel unless their relative amplitudes and phases are altered in the measurement process. For
trace gas detection, this alteration is arranged by adjusting the laser emission and modulation frequencies
so that a strong line of the molecular species of interest overlaps one of the side bands.
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Figure 1. Frequency modulated spectroscopy concept.

The advantage of this technique is that the measurement can be performed at frequencies where
other noise sources are minimized; and therefore, very sensitive measurements are possible. In addition,
the properties of the laser diode can be controlled so that it only tunes over the absorption line of the
species of interest, minimizing signal contributions from potential interfering species in the process
streams such as water vapor or carbon dioxide. The detection of gas absorbances as low as 107 are
possible under laboratory conditions.

One practical difficulty in achieving this sensitivity in industrial applications is due to the
requirement that the modulation frequency, and corresponding detector bandwidth, be on the order of the
linewidth of the species to be detected and measured. For atmospherically broadened (10 GHz) lines, this
is readily accomplished using a two-tone modulation technique in which a pair of closely-spaced fre-
quencies are used to modulate the laser."”'* The detector output is then demodulated at the difference
frequency. This technique permits high-modulation frequencies matched to pressure-broadened lines
using modest bandwidth detectors. For example, a two-tone technique could be employed that modulated
the laser at 10,000,000,000 Hz and 10,001,000,000 Hz; and consequently, performed the demodulation
and detection at 1 MHz.

While frequency-modulated detection schemes have proven very sensitive under low pressure
and atmospheric conditions, the additional line broadening that occurs under conditions of high pressure
and elevated temperature can significantly limit the effectiveness of the technique." (The line shape
function @(v - vo) from Equation 3 changes with temperature due to Doppler broadening and with both
pressure and temperature through collision, or pressure, broadening.) Environmental conditions at
geothermal plants vary from the main stream line which operates at a temperature of about 350°F (175°C)
and a pressure of 100 psig to the cooling stack with a temperature of 80-100°F (27-38°C) at ambient
pressure. Scattering from condensate and other particulate may also reduce the signal transmission to
unusable levels. Consequently, a key goal of this investigation was to evaluate the response of a near-
infrared tunable spectrometer under these types of conditions. This data could then be used to determine
which plant locations and instrument configurations were optimal for the deployment of on-line
monitoring systems.



3. LABORATORY EXPERIMENTS

3.1 Instrumentation

The frequency-modulated, diode laser spectroscopy components were procured from Unisearch
Associates (Ontario, Canada). The components included a distributed feedback, tunable laser diode, a
small telescope and retroreflector assembly, 20-m and 100-m multi-pass sampling cells, and a controller
module. The controller module, pictured in Figure 2, contains the diode laser and the circuitry for tuning
and stabilizing the laser; a reference cell for locking the laser wavelength onto the absorption feature; the
radio frequency modulation circuitry; signal and reference detectors and their associated circuitry; a data
acquisition board; and an on-board computer for automated control and communication with an external
personal computer for data logging and display purposes. This system is packaged into a 46 x 22 x 45-cm
size box. A close-up view of the diode laser is presented Figure 3.

Figure 3. Fiber-coupled tunable diode laser used in LasIR™ frequency-modulated spectrometer.



For the initial laboratory experiments aimed at evaluating the impact of pressure and temperature
on the measurement sensitivity, a stainless steel test cell, 80 cm in length and 2.54 ¢cm in diameter, was
configured with sapphire windows. The cell was designed to be placed in a clam shell furnace for oper-
ation at high temperature; and in addition, could be pressurized to at least 7 atmospheres (100 psig). The
cell also incorporated flow controllers to allow the introduction of calibrated gas and water vapor. The
laser radiation was transmitted to the cell over a single mode optical fiber and collimated into a narrow
beam by a grin lens coupled to the end of the fiber. The beam was then propagated through the cell and
detected at the opposite end using a germanium detector. The Unisearch LasIR system was used to
control and modulate the beam, as well as to demodulate and analyze the signals. A schematic of this
setup is presented in Figure 4.
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Figure 4. Laboratory setup used to evaluate impact of elevated temperature and pressure on spectroscopic
measurements.

A separate fixture, a plexiglass box (100 X 35 x 35-cm in dimension) was configured with access
holes to accommodate the telescope and retroreflector assembly for use in the tests to evaluate the
response of the device in the presence of condensate. For this work, the 10-m calibration cell was filled
with 5000-ppmv H,S in nitrogen gas. (The term ppmv refers to the concentration of the species in ppm by
volume.) Heated vapor from a boiling flask of water was then introduced into the containment box and
the effect on the existing signal was observed. A picture of this set-up is shown in Figure 5.



Figure 5. Photograph of experimental setup for condensate measurements.

3.2 Hydrogen Sulfide (H.S) Measurements

The sensitivity and detectivity of the device was evaluated by filling the calibration cell with
various mixtures (500 and 1000 ppmv in nitrogen) of H,S from calibration cylinders and observing the
standard deviation in the signal. An example of a plot of this type of data is present in Figure 6.
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Figure 6. Plot illustrating H,S detection sensitivity at ambient pressure and temperature.

A detection limit on the order of around 25 ppmv per meter was readily obtainable with the
device. Some signal noise modulation due to optical feedback into the laser diode was observed in the
signals. It is speculated that by improving the optical isolation in the system this noise could be reduced
and the detection limit improved.



The response of the system to changes in pressure is shown in Figures 7 and 8. For these experi-
ments, the stainless steel cell was filled with 5000-ppmv H,S gas to various pressures. The data indicate
that the measurement is quite sensitive to changes in pressure, exhibiting a 50% decrease in signal for
every 5 psig (~1/3 atmosphere) increase in pressure. The poor response of the instrument at high pressure
is not unexpected since the analytical technique, to a first approximation, measures the derivative of the
absorption line. As noted in Figure 8, the absorption line broadens in response to increases in pressure;
and therefore, the slope (derivative) of the line decreases, along with the measurement sensitivity.
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Figure 7. H,S signal percent change as a function of gas pressure.
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The sloping background observed in this data is due to an etalon effect. This effect occurs
because the windows in the stainless steel cell were not angled relative to the propagating beam, re-
sulting in the generation of a broad interference fringe that is detected by the device as a change in
intensity. It is possible to reduce the impact of this effect using a quadratic suppression technique. In this
technique, a quadratic function of the form, y = 1 + bx + cx’is fitted to the signal and reference spectra.
The spectra are then divided by the fitted functions, effectively removing the baseline and making the
function more symmetric prior to the analysis step.

The device exhibited much less sensitivity to changes in temperature. Signal changes of less than
20% were observed over the temperature range of 20°C (68°F) to 155°C (310°F). The signal change as a
function of temperature is plotted in Figure 9. Laboratory testing was also performed with water vapor at
ambient temperature and pressure. These experiments indicated that the device was effective at excluding
the contribution of water vapor in the signal. However, a marked decrease in signal-to-noise was observed
as droplets formed which were comparable to the size of the wavelength of light, i.e. the device did not
function well in the presence of fog. In the tests, the device was able to operate with reasonable signal-to-
noise after a loss of up to 80% of the initial signal.
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Figure 9. H,S signal change as a function of gas temperature.

3.3 Hydrogen Chloride (HCI) Measurements

For the HC] measurements, the 1.578-micron laser diode used to detect H,S was replaced with a
1.793-micron device corresponding to a HCl absorption band. The ability of the tunable laser spectro-
scopy instrument to detect HCI was evaluated by filling the test cell with various mixtures (~50 and 500
ppmv in nitrogen) of HCI gas from calibration cylinders. An example of a typical data run is presented in
Figure 10. A detection limit of approximately 1.0 ppmv per meter was observed in the measurements col-
lected at atmospheric pressure. The detection sensitivity, which is theoretically on the order of 0.1 ppmv
per meter, was primarily limited by etalon and laser feedback noise at the low concentrations.
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Figure 10. HCI detection sensitivity at ambient pressure and temperature.

The response of the system to changes in pressure and temperature are illustrated in Figure 11.
This data was collected by filling the stainless steel cell with 500-ppmv HCI regulated at pressures up to
approximately 20 psig. Similarly, the temperature data was collected by filling the cell with 500-ppmv
HCI gas and heating the cell to a temperature of around 150°C. These plots indicate that the measurement
is quite sensitive to pressure, exhibiting a 55% decrease in signal intensity due to broadening of the
absorption line over the range tested. (This effect is considerably less sensitive; however, than that
measured with H,S which indicated a 40% decrease in signal intensity for every 5 pounds of pressure
above atmosphere.) The signal appears to be much less sensitive to changes in temperature with only a
25% percent drop recorded over the 150°C range. The combined response of the system to elevated
pressure and temperature is presented in Figure 12. Again, pressure-broadening is seen to be the dominant
signal degradation mechanism.
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Figure 11. HCI absorption line intensity plotted as a function of elevated pressure and temperature.
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Additional testing in a high temperature, steam environment was conducted in collaboration with
Thermochem, Inc. using a steam generator at their facility located in Santa Rosa, CA. These experiments
indicated two problems with the instrument that need to be addressed before the system can see wide use
as an on-line hydrogen chloride detection system for plant steam. First, the spectroscopic line-broadening
of near-by water vapor lines produced interferences with the 1.793-micron absorption band used for
detection; and second, the hydrogen chloride tended to adhere to the stainless steel sampling cell creating
a residual, or background, signal. As illustrated in Figure 13, testing was performed at lower pressures to
determine if the water interferences could be eliminated or minimized. Operation at pressures of around
1/3 atmosphere did allow detection limits in the 50-100 ppmv range to be achieved.
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4. FIELD DEPLOYMENT AND EVALUATION

4.1 Deployment Considerations

From discussions with plant personnel, several locations (Figure 14) were identified and
prioritized as possible positions for siting a gas monitoring system. (In addition to H,S and HCl, there is
also some interest in extending the measurement capability to other species.) The possible applications
and priorities are summarized in Table 1.
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Figure 14. Geothermal power system schematic.’
Table 1. Geothermal plant gas monitoring applications.
CHEMICAL SPECIES MEASUREMENT PRIORITY
LOCATION
H,S Cooling Tower Fan Stack High
H,S Main Steam Line High
H,S Untreated Vent Gas Medium
0O, Untreated Vent Gas Medium
HCIl Main Steam Line Medium
SO, Treated Vent Gas Low
0, Treated Vent Gas Low
CH, Main Steam Line Low
H,S Treated Vent Gas Low
H, Main Steam Line Low

Due to the sensitivity of the tunable near-infrared measurement technique to elevated pressure
and temperature indicated in the laboratory studies, direct sampling of the steam line was not feasible.
The lower pressure detection limit of 50-100 ppmv obtained for HCI in steam was also one to two orders
of magnitude above the typical level of interest for steam line monitoring. In considering the cooling
stack application, a detection limit of around 25 ppmv per meter was measured for H,S at atmospheric

11



pressure. Extrapolating over the 8-m diameter of a typical cooling stack, it should be possible to detect
H,S at a level of 1-2 ppmv in a signal retroreflected across the stack. Again, a typical level of interest is
on the order of 100 ppbv, requiring the measurement to be performed at a lower pressure or over a longer
optical path in order to achieve this level of sensitivity. Consequently, the detection of H,S in the
untreated and treated vent gas streams was chosen for evaluating the performance of the instrument in a
geothermal plant process stream. The untreated vent gas stream has a H,S concentration on the order of
25,000 ppmv, while the treated vent gas stream concentration is maintained at 0-20 ppmv. In addition to
containing higher concentrations of H,S, these process streams could also be sampled at lower pressures,
further enhancing the measurement sensitivity.

4.2 On-line Measurement of H,S in the Untreated Vent Gas Stream

An initial field trial of the near-infrared, frequency-modulated spectroscopy system was
conducted at the Northern California Power Agency (NCPA) Unit 1 plant using a side stream of the
condenser vent gas entering the Stretford system. The goal of this initial test was to evaluate the
operability of the device under process conditions and determine what future design modifications are
needed to optimize its performance for long-term plant operation.

The test configuration is shown below. A side stream of the vent gas (Figure 15) was tapped prior
to its entering the Stretford unit and passed through a 10-cm sampling cell (Figure 16). The gas leaving
the sampling cell was discharged back to the suction side of the steam ejector. Two filters (seen in Figures
15 and 17) were placed in the line supplying the sample cell to remove any liquid or particulate in the gas
stream before it entered the cell. The presence of H,S then produced an absorption peak in the signal
detected by the laser diode spectroscopy system (Figure 17). This peak is then correlated to one produced
by a sample stream of known concentration.
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Figure 15. Side stream tap used for accessing the untreated vent gas stream.
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Figure 16. Close-up view of 10-cm sampling cell.

Figure 17. Near-infrared spectroscopy system installed in untreated vent gas stream at NCPA.

The controller module, previously described in Section 3.1, is placed to the right of the monitor and
keyboard in Figure 17. The laser probe signal is propagated to the 10-centimeter cell via a fiber optic
cable terminated with a collimating lens system. (The yellow cable pictured in Figure 16.) The collimated
beam is then transmitted through the glass windows in the cell and detected by a germanium detector.
This signal is propagated back to the controller module via a coaxial cable. While the sampling cell and
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controller module are placed closely together on a table for these tests, they can be operated remotely at
distances up to 500 meters.

The gas stream contained H,S in 2-3 mole percent concentrations and a mixture of other gases
including H,, CO,, CH,4, O, N, NH4 and H,O. The stream was controlled at a pressure of 0.7 atm with
temperatures in the 20-30°C range. The typical stream gas composition in summarized in Table 2.

Table 2. Composition of Vent Stream

GAS SPECIES CONCENTRATION (MOLE %)
CO, 47
H, 19
H,O0 18.9
CH,4 7.8
N» 4.3
H,S 2.7
NH,4 1.5
0O, 0.8

The spectroscopy system was calibrated using a certified gas mixture containing H,S in nitrogen
at 53500 £ 535 ppmv. The measured H,S levels were also periodically benchmarked against independent
measurements using the Tutwiler method, in which a gas sample is titrated with iodine in a starch solution
until a blue color signals the endpoint.

Initial test runs were performed over 5-6 hour periods to optimize the system and observe system
stability and precision. Examples of these runs are presented in Figures 18. Since the calibration gas had
not been delivered at this point in time, the system was given a calibration value (27,000 ppmv) based
upon the normal operating parameters supplied by the plant operator.

Day 1 Day 2
35000 35000
32500 32500
= 30000 30000
>
E E
£ 27500 1 £ 27500 WMWQL
& Q
T 25000 T 25000
22500 22500
20000 20000

9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 11:00 12:00 13:00 14:00 15:00
Time of Day Time of Day

Figure 18. H,S monitor stability runs.

Each data point in Figures 18 represents a 60-second data integration. Periodic variations are noted
in both plots. These variations are most likely due to etalon effects induced by the cell windows. As
previously described, the reflection of the light from one surface of the flat window plates interferes with
light reflected from the second surface, producing light and dark fringes. The laser signal used to detect
absorption is then superimposed on the top of these fringes as seen in these figures. While etalon effects
tend to average out over long periods of time, they clearly impact the measurement sensitivity for real-
time process control.

14



The results of a 24 hour-experiment are presented in Figure 19. For this experiment, the
instrument was calibrated using a standard gas cylinder containing 53,500 £ 535 ppmv H,S in nitrogen.
Using this calibration, the instrument measured a concentration of 25,050 ppmv in the vent stream.
Shortly before this procedure, the NCPA chemist also collected a sample for analysis via the Tutwiler
technique. His sample read 27,100 ppmv or about 8% higher than that obtained by the gas calibration.
This was a reasonable correlation in view of the known errors associated with the two disparate measure-
ments. The calibration gas was a primary grade quoted with a blend variance + 5% and an analytical
accuracy of + 1%. The spectroscopy instrument also introduces some errors in calibration in its ability to
fit to the absorption peak, quoted by the manufacturer as £5%.
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Figure 19. H,S monitor overnight data collection from the untreated vent gas steam.

In reviewing the data from the overnight run, a reasonably stable operation was observed for the
first 7 hours with the sensitivity limited only by the periodic etalon interferences. The NCPA chemist
collected and analyzed another sample at approximately 1400 hours, reporting a stream calibration of
29,700 ppmv. The near-infrared spectroscopy system read only 24,773 ppmv at this time. From the plot,
this larger variance may be due to an etalon excursion that was occurring around that time.

Shortly after 1600 hours, there was a sharp drop in signal, which occurred after the investigators
left the facility. Changes in the plant operation during this period could not account for this large a
variation in the measurement and a change of this size could also not be attributed to the etalon
interferences. It was speculated that the significant variations were due to condensation of water in the
lines connecting the sample cell to the plant vent gas system piping. During the stability runs, condensed
and entrained water collected in the filters on the inlet line. The rate of accumulation increased with
colder air temperatures. Therefore, the low readings that occurred shortly after 1600 hours may have
resulted from the collection of condensate in the flexible return line between the test cell and the low
pressure vent gas system piping. (Flow and pressure were controlled with hand valves just upstream of
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the sample cell and just before the return gas entered the low pressure piping.) This flexible line
contained several low spots where liquid could have collected, particularly since it had not been drained
during previous test runs. The trapped moisture is suspected to have restricted the flow of gas through the
sampling cell, raising its pressure and as seen in the laboratory experiments lowering the signal level. It
appears that the liquid blockage or restriction in the outlet line cleared before midnight and the signal
returned to the 20,000-30000 ppmv range.

Similarly, it is believed that the excursion that occurred during the early morning hours resulted
from the accumulation of condensate in the supply line to the sampling cell. If flow were restricted due to
condensate accumulation in the outlet line, then condensation could be expected to also occur in the
supply line. If the moisture accumulated in the supply line to a level where it restricted flow, then the
operating pressure of the cell would decrease. The effect of a lower pressure would be to increase
sensitivity (see Figure 8), hence the higher signal.

Interestingly, when the NCPA chemist collected data at approximately 0930 hours, in spite of the
large cycles in the signal recorded during the evening, the measurements again tracked to within 8%. The
Tutwiler method indicated H,S was present at a level of 28,000 ppmv and the laser spectroscopy system
indicated the level was 30,098 ppmv. A final sample collected at the conclusion of the test indicated a
concentration of 29,000 ppmv with the Tutwiler method and 27,208 ppmv with the laser system.

The results of this initial test indicated that the instrument was able to be placed on-line in a
geothermal plant process stream and be calibrated to within 8% of an independent measurement. The
instrument exhibited good short (5-7 hr) operation with a typical precision of + 25 ppmv per meter,
comparable to laboratory operation. Longer term stability was limited by two effects: signal modulation
caused by etalon interferences and pressure variations caused by the build-up of condensate in the side
stream tubing.

4.3 On-line Measurement of H5S in the Treated Vent Gas Stream
4.3.1 NCPA Unit 1 Short-term Deployment and Evaluation

In order to address these issues, and to evaluate the system performance in a process stream
containing a lower concentration of H,S, a second field test was conducted at NCPA Unit 1 using a side
stream taken from the treated vent gas exciting the Stretford system. This process stream contained H,S in
a mixture of other gases with a concentration that varied from 0-20 ppmv. Two different sample cell
configurations were evaluated for this work. The first was a 5-cm diameter stainless steel tube, pictured in
Figure 20 that could be varied in length from 0.1-10 m by adding or removing sections of tubing. The
tube was operated with double pass geometry using the fiberoptically-coupled telescope and retroreflector
assemblies, allowing for measurement path lengths up to 20 m. The cell length and experimental
configuration are similar to that of the cooling tower stack application. Anti-reflective coatings were
applied to the windows to reduce etalon effects.

The second configuration, shown schematically in Figure 21, involved the use of a 15-cm diameter,
1.5-m glass cell with two highly reflective mirrors. The mirrors are capable of being tilted relative to each
other in such a way that the light can be reflected many times within the volume of the cell. This cell,
obtained from Unisearch Associates (Ontario, Canada), can be varied in path length from 9 to 213 m.
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Figure 20. Picture of the double-pass sampling cell.
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Figure 21. Multi-pass cell schematic.

There are trade-offs between the two cell types in size-footprint, sensitivity, and maintainability.
The multi-pass cell occupies a smaller area and is capable of more sensitive measurements due to the
longer path length. However, the tube geometry is easier to maintain. If the windows become contam-
inated they can easily be removed and washed using standard optical cleaning procedures. (These
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windows are also relatively inexpensive to replace.) The multi-pass cell, on the other hand, is far more
susceptible to contamination since the beam is reflected many times using the same surfaces. In addition,
the high reflectivity gold surface of the mirror is more difficult to clean without damaging and could
require periodic refinishing to maintain performance. Both cells were tested in the laboratory using a
certified gas mixture of H,S in nitrogen at 10 ppmv levels. A plot of representative data from those
experiments is presented in Figure 22. Both systems track the concentration at the same level; however,
the 100-m measurement exhibits less variation in the signal, or better precision.
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Figure 22. Comparison of 20-m double-pass tube cell and 100-m multi-pass White cell signals in
response to 10-ppmv H,S in nitrogen gas.

Both of these cells were installed and operated for periods of time during the field experiments at
NCPA Unit 1. However, the multi-pass cell was used for the majority of testing since the treated vent gas
stream tended to contain concentrations of H,S in the low ppm range, placing it at the lower limits of
detection with the shorter path length double-pass tube cell. For the initial assessment, a side stream was
taken from the treated vent gas from the Unit Stretford system as illustrated in Figure 23. The stream was
controlled to a pressure of around 0.1 atm and introduced into the multi-pass cell at a flow rate of
approximately 1.5 standard liters per minute. The multi-pass cell was adjusted to a path length of 90
meters and the system was calibrated with 10-ppmv H,S in nitrogen supplied from a certified calibration
gas cylinder. The system was placed on-line with the Houston Atlas system, which senses a color change
in a lead-acetate tape in response to H,S concentration. (The multi-pass system is shown deployed next to
this system in Figure 24.)
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Sampling Line

Figure 24. Multi-pass cell (left) and near-infrared spectroscopy instrumentation (right) deployed
behind Houston Atlas system at NCPA Unit 1.

The data collected over a 3% day operation of the instrument at NCPA Unit 1 is presented in Figure
25. As illustrated, the system was periodically calibrated using gas from a certified cylinder containing
10-ppmv H,S in nitrogen. The system exhibited good stability over this time period with a typical
precision of + 50 ppbv. It was also able to track process changes in agreement with independent
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measurements made by the Houston Atlas system, but with an off-set in the actual value. This may be
due to differences in calibration between the devices. (The Houston Atlas is calibrated at 300 ppmv but
the calibration is only good to £10% of range.) Unlike the previous testing, the system exhibited minimal
operational problems from condensate build-up, pressure and flow variations, or optical etalons.
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Figure 25. 3’ day H,S monitor operation in NCPA Unit 1 treated vent gas stream.
4.3.2 NCPA Unit 2 Extended Deployment and Evaluation

The H,S monitor was deployed at NCPA Unit 2 for an extended field trial. The goal of this effort
was to determine the long-term stability and maintainability of the instrument under field conditions. The
100-m, multi-pass cell was again used to sample a slip stream from the treated vent gas stream exiting the
Stretford system. The stream was controlled to a pressure of around 0.1 atm and introduced into the multi-
pass cell at a flow rate of around 1.5 standard liters per minute. The experimental set up at the facility is
shown in Figures 26-27. The instrumentation was located inside the Stretford control room. The laser
probe signal was transmitted to the multi-pass cell over an optical fiber and detected at the cell output
with a germanium detector. The detector response and control signals for the automated calibration unit
were transmitted over coaxial cables. During the extended deployment, the instrument successfully
collected data for periods up to eight weeks with no operator intervention. The readings tracked with the
H,S levels measured with the plant’s Houston Atlas instrument within the known uncertainties of the two
devices, employing an automated calibration system that periodically introduced a certified sample from a
gas cylinder. No significant contamination or deterioration of the multi-pass cell mirrors was observed.

The data collected during the eight week run is presented in Figure 28. The data plotted is
averaged over a three minute interval. The spikes near concentrations of 10 ppmv are due to the
introduction of the calibration gas.
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Figure 27. Fiber-coupled spectroscopy instrumentation (left) located in the control room.
Multi-pass cell and auto-calibration hardware (right) housed in boxes outside.

21



20

18

16

14

12

10

H2S Concentration (ppmv)

2 'l ]

0
15-Nov 22-Nov 29-Nov 6-Dec 13-Dec 20-Dec 27-Dec 3-Jan 10-Jan

Time (weeks)

Figure 28. H,S concentration collected on-line in the treated vent gas stream using the multi-pass cell and
automatic calibration unit.
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5. CONCLUSIONS

The application of a near-infrared, tunable laser spectroscopy has been investigated for the real-
time monitoring of gas species in geothermal power production facilities. The investigation concluded
that the technology could be successfully used to collect real-time data in some process streams, such the
vent gas stream. The device was also able to operate, using an automated calibration system, with
minimal support from the plant operators over a two-month evaluation period. However, the instrument
was not sensitive enough to make measurements in the cooling stack or steam line applications where the
required detection limits are in the 0.1 to 5S-ppbv range. The principle limitation was that the infrared
absorption bands that could be measured with near-infrared diodes were not sufficiently absorptive to
conduct ppbv measurements without resorting to the use of very long optical measurement paths. (The
use of long measurement paths is not practical for many applications since the probe beam may be
attenuated to unusable levels by droplet or other scattering phenomena.) In addition, at atmospheric and
elevated pressures there was spectral interference from other species such as water vapor and carbon
dioxide.

In recent years, a new type of high-intensity laser has been developed that can be used to perform
low-noise, tunable spectroscopy.'®"'” In contrast to semiconductor devices, the laser transitions in the new
quantum cascade laser technology occur between quantized energy levels in a series of coupled quantum
wells with the conduction band. Because the transition energy is primarily determined by quantum
confinement, different transition energies can be realized by adjusting individual layer thicknesses instead
of changing the composition of the constituent material. This technique, called band structure engineer-
ing, allows the device to emit radiation over a wide range of infrared frequencies.'® Consequently, these
devices can be designed to operate at longer wavelengths where the absorption bands of the species of
interest are much stronger and there is more isolation from interfering species.'” The integration of these
devices into robust instruments for geothermal plant process monitoring applications could allow real-
time measurements to be performed in more locations at the plants.
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