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a  b  s  t  r  a  c  t

A  new  in-line,  real  time  gas  analyser  is described  that  uses  tuneable  diode  laser  spectroscopy  (TDLS)
for  the  measurement  of methane  in solid  oxide  fuel  cells.  The  sensor  has  been  tested  on  an  operating
solid  oxide  fuel  cell  (SOFC)  in  order  to  prove  the  fast response  and  accuracy  of the technology  as  com-
pared  to  a  gas  chromatograph.  The  advantages  of  using  a TDLS  system  for  process  control  in  a  large-scale,
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distributed  power  SOFC  unit  are  described.  In future  work,  the  addition  of  new  laser  sources  and  wave-
length  modulation  will allow  the  simultaneous  measurement  of  methane,  water  vapour,  carbon-dioxide
and  carbon-monoxide  concentrations.

© 2011 Elsevier B.V. All rights reserved.
aser spectroscopy

. Introduction

Solid oxide fuel cells (SOFCs) are currently being developed as
n alternative to large-scale, centralised power plants, due to their
igher efficiency and lower pollutant levels [1].  However, the high
perational temperature [2] and pressure [3] of the proposed indus-
rial distributed power SOFC units provide a number of challenges
or real-time gas composition measurements needed for process
ontrol. One such example is the monitoring of methane slippage
rom the steam reformer into the SOFC, which would ensure that
arbonation could not occur within the SOFC causing reduced oper-
tional efficiency or even system failure [4].

Gas chromatography is currently the standard process for gas
omposition measurements for both process control and for funda-
ental research on large-scale SOFC devices. However, there are a

umber of disadvantages to using gas chromatographs (GC), includ-
ng: the inability to operate at high temperatures and pressures;
he necessity to remove the steam prior to measurement; the long
ime-scale for each measurement and the overall cost. In order to
nsure the low temperature, low pressure, dry operational condi-
ions are met, a selected gas sample line from the SOFC is reduced
n pressure, the sample gas is cooled and the water is removed in a

ondenser unit. The resulting GC measurements therefore only pro-
ide analysis on the remaining gas constituents and further analysis
ime is necessary to back-calculate the gas concentrations in the
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SOFC. Here we  present a more advantageous, real-time, gas com-
position measurement technique, known as tuneable diode laser
spectroscopy (TDLS) [5]. The low cost of near-infrared (IR) laser
sources and photo-detectors, through the progression of the optical
communications industry, also makes TDLS technology compet-
itive in terms of overall cost [6].  Here we present a comparison
of methane concentration measurements, taken from a number of
sample lines on an operational SOFC, using a TDLS system and a
GC. This work highlights the advantages of real-time operation, by
showing the time evolution of methane concentration for an emer-
gency shut-down of the SOFC using the TDLS technique, which is
impossible to achieve with a GC. Prior to these results, the TDLS gas
sensor is described.

2. Prototype gas-analyser

A schematic of the experimental apparatus is shown in Fig. 1.
A distributed feedback laser (DFB) diode is used for the detection
of methane. The laser is controlled using an Optosci Ltd. Integral
Precision Laser Driver and Thermo Electric Cooler (TEC) Controller,
allowing both current and temperature tuning of the output wave-
length. Thermal wavelength tuning is used to locate and fix the
wavelength close to a suitable absorption feature of methane, in
this case the R(4) ro-vibrational transition at ∼1650.96 nm. A 5 Hz
current ramp is used to scan the laser wavelength across the entire

absorption feature. Light from the laser is coupled into single-mode
(SM) optical fibre and then passes through a 50:50 splitter. The
first arm of the splitter sends ∼50% of the light to the in-line gas
measurement cell via a length of SM fibre, and the second arm

dx.doi.org/10.1016/j.jpowsour.2011.06.020
http://www.sciencedirect.com/science/journal/03787753
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This absorption profile was taken for the steam reformer outlet
and gave a final concentration measurement of 0.603%, compared
to value of 0.58% measured by the GC. As discussed previously,
an accurate methane measurement at the output from the steam
Fig. 1. Exper

ends ∼50% of the light to a fibre ring resonator for wavelength
eferencing [7].

The in-line gas cell, shown in Fig. 2, is 63.5 mm in length and is
onstructed from 316 stainless steel Swagelok components suitable
or 1/4 in. pipework. Light enters the gas cell via a fibre coupled
ollimation lens, resulting in a collimated beam of light passing
hrough the cell and interacting with the gas. A 3.175 mm radius
apphire ball lens, mounted on to the opposite end of the in-line
ell, is used to focus the collimated beam onto a Thorlabs PDA10CS-
C amplified, switchable gain InGaAs photodetector (PD). Both the
ollimator and the ball lens are sealed in place with EPO-TEK 353ND
igh temperature optical adhesive to make the whole cell air-tight.
as from a selected sample line is reduced in pressure and cooled to

oom temperature, before flowing through the TDLS measurement
ell and finally entering the GC.

The signal from the PD is fed into a Pico Technology 4424
igital oscilloscope, with a 20 Ms  s−1 sampling rate and a 12bit
DC resolution, which results in a methane gas absorption profile.
emote access and control of the oscilloscope and the laser driver

s achieved using a laptop via an Ethernet connection.
In order to accurately measure gas concentration and pressure

sing the TDLS device, it is necessary to compare the experimen-
ally obtained gas absorption profiles with theoretically derived
rofiles. The parameters in the theoretical model are generally
aken from databases, such as the ‘high-resolution transmission

olecular absorption database’ (HITRAN2008) [8],  and are there-
ore known and fixed. By varying the values of concentration and
ressure in the model it is possible to obtain an accurate fit to an
xperimental signal using a least-squares fitting routine.
. ‘On-line’ methane measurements

Gas samples were taken from various points within a 15 kW fuel
ell located at Rolls-Royce Fuel Cell Systems Ltd, and each sample

ig. 2. In-line gas sensor, constructed from 316 Stainless Steel Swagelok fittings.
al schematic.

flowed into a gas analysis cabinet through 1/8 in. 316 stainless steel
piping. An automated multi-position valve, located inside the cab-
inet, was used to select one of the various sample lines containing
methane concentrations ranging from 0 to 85%, for measurement
by TDLS and the GC.

The pressure of the selected line was reduced from ∼8 bargauge

to ∼1 bargauge, measured using an analogue pressure gauge. It must
be noted that during these tests the pressure was  only measured for
the anode ejector sample line. The gas sample then passed through
a condenser unit, in order to remove any water vapour. The in-
line gas analyser was positioned after the condenser unit but prior
to a GC, allowing signal comparison between the two composition
measurement techniques. Signals from a sample line containing 0%
methane concentration were used to normalise the obtained gas
absorption profiles from all other sample lines.

In order to obtain accurate concentration and pressure measure-
ments using the TDLS gas sensor, all parameters in the model are
fixed, except for concentration, and a comparison is made between
theoretical profiles and experimental signals, as described in Sec-
tion 2. This procedure is repeated for various incremental values
of pressure and takes approximately 5–30 s, depending on the
processing power of the PC. The concentration and pressure param-
eters in the best fit are used as the final measured values, and an
example fit for an experimental absorption profile is shown in Fig. 3.
Fig. 3. Measurement of R(4) ro-vibrational transition of methane taken at the steam
reformer outlet using the TDLS gas sensor, showing a comparison of the experimen-
tal signal and the theoretical absorption profile derived from the least-squares fitting
procedure.
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Table 1
Comparison of methane concentration measurements using TDLS and a gas
chromatograph.

Position PTDLS (bargauge) CTDLS (%) CGC (%) %Error

Anode ejector 1.97 14.93 14.9 0.2
Reformer inlet 1.79 84.90 84.5 0.47
Steam reformer exit 1.84 0.603 0.58 3.97
Stack 1 1.82 0.247 0.26 5
Stack 2 1.7 0.108 0.13 17
Stack 3 1.65 0.148 0.17 12.9
Stack 4 1.57 0.106 0.13 18
Stack 5 1.57 0.162 0.19 14.7
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ig. 4. Evolution of the methane concentration and system pressure during the
mergency shut off of the SOFC. The initial increase in pressure is caused by the
ntroduction of a hydrogen:nitrogen mixture into the system.

eformer is essential, in order to ensure methane slippage into
he fuel cell does not occur, and the TDLS system measurement
s shown to be as accurate as the GC. Furthermore, the overall cal-
ulation time of the TDLS gas sensor for this measurement was
pproximately 10 s, compared to a measurement time of up to
0 min  using the GC.

Methane measurements were taken for all the sample lines
sing both the in-line gas sensor and the GC, to ensure the TDLS
as sensor system was operating correctly and providing accu-
ate methane measurements for a range of concentrations, and
he results are shown in Table 1. The variation between the results
rom the two measurement techniques are also shown in Table 1,
nd is seen to be significantly larger as the methane concentration
ecreases. However, it must be noted that the concentration error

n the GC is ±0.03% absolute, for methane measurements below

%. For example, if the measured methane concentration was 0.5%,
he actual concentration value could be between 0.47% and 0.53%,
hich gives an overall variation of ∼12%. As the absolute concen-

ration values measured using the TDLS sensor only vary by ∼0.03% [
ources 196 (2011) 8406– 8408

of the measured GC concentration, even at low concentrations, the
TDLS system remains within the error range of the GC. Table 1 also
provides values for the sample line pressure, calculated using TDLS,
showing that there is a large measured pressure variation between
sample lines.

Fig. 4 shows the evolution of the methane concentration and
pressure of the anode ejector during an SOFC emergency shut-
off. The measurements were taken at 10 s increments for a total
of 450 s. For the first 2 min  after the shut-off, the concentration
level remains constant, however, the pressure is seen to increase.
This pressure increase is due to the sudden introduction of a hydro-
gen:nitrogen mixture into the system to prevent anode oxidation.
As the methane concentration begins to fall so does the pressure,
as new conditions are established in the sample line. This proves
that measurements can be made using the TDLS system to provide
critical information on fuel cell performance in real-time, reducing
overall operational costs.

4. Conclusion

An in-line gas sensor has been designed and used to measure
methane concentrations on an operational 15 kW solid oxide fuel
cell. This sensor has been shown to work accurately for methane
concentration measurements down to 0.5% with measurement
times of ∼10 s. This data has provided new information and assisted
in gas composition measurement automation at Rolls-Royce Fuel
Cell Systems Ltd.

It is now important to locate the analyser on an operating SOFC
system in a suitable environment to allow water and methane mea-
surements to be carried out simultaneously using TDLS, i.e. at the
upstream end of the gas sample lines. This will also eliminate the
necessity for back-calculations in order to find the true gas concen-
trations within the fuel cell. Furthermore, the inclusion of water in
the system may  provide more accurate temperature measurements
through the implementation of techniques such as ratio thermom-
etry [9].
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