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1. Introduction

The Sensor INTERIlaboratory COMparison (SINTERCOM) project is a collaborative
project involving the Institute for Energy (IE) of the Joint Research Centre (JRC) and the
National Renewable Energy Laboratory (NREL) of the US Department of Energy. In
support of the development of a hydrogen economy, both NREL and the JRC operate
sensor testing facilities to evaluate the performance of commercial and emerging
hydrogen detection technologies. The SINTERCOM project constitutes the first technical
annex to the Memorandum of Agreement that was signed between IE and NREL in
October 2010".

The aim of the project is twofold. Firstly, it allows validation of the respective hydrogen
sensor test facilities and methodologies through the demonstration of interlaboratory
consistency. Secondly, test results are made available to relevant parties, such as end-
users, sensor developers, standards organizations etc, to guide sensor development and
use. These results are disseminated via conference presentations, publication in the
scientific literature and direct feedback to the manufacturer including, where appropriate,
site visits. Performance data are treated as proprietary however and although they are
openly disseminated to stake holders, no manufacturers or specific model types are
identified.

The project began in the 4™ quarter of 2009 with the commitment by NREL and IE
personnel to collaborate. A test plan for the evaluation of hydrogen sensors was jointly
developed, which defined the SINTERCOM protocol. The protocol calls for the acquisition
of six units of each specific hydrogen sensor? selected for inclusion in SINTERCOM.
Three units are to be distributed to each laboratory for the first round of tests. Round 1
focuses on the analytical performance of the instrument and consists of tests to
investigate short term stability, linearity, accuracy and the impact of fluctuations in
environmental parameters. Upon completion of Round 1, the laboratories exchange units
for Round 2. Round 2 tests are identical to Round 1 and thus each laboratory evaluates
the analytical performance of all six units. This allows interlaboratory comparison of
results, as well as providing an indication of the robustness of the technology to transport.
Round 3 consists of tests that address oxygen concentration dependence, cross
sensitivity and long term stability. Due to the possibility of damage to the sensor during
these tests, they are performed following completion of Rounds 1 and 2. For this reason
also, sensors are not exchanged between laboratories for repeat testing following Round
3. Round 3 results are therefore compared not for identical sensors, but for identical
sensor models.

SINTERCOM testing began in January 2010, with the acquisition and distribution of the
first sensors. These consisted of 6 palladium thin film (PTF) units purchased by NREL and
6 MOSFET (MOS) units purchased by JRC. The first two rounds of testing have since
been completed by both laboratories on both sets of sensors and Round 3 testing is
underway.

1 "Memorandum of Agreement Under International Impémting Arrangements, Renewable Energy and Energy
Efficiency Scientific Collaborations and ResearcEgchanges" between The Institute for Energy oflitiat Research
Centre European Commission and The National Rerevi&atergy Laboratory under the United States Depamt of
Energy, MOA-10-00001.

2 In this report “sensing element” refers to a dewtrat undergoes a change in electrical propergrveixposed to
hydrogen. “Sensor” (or detector) refers to thérimeented system, which includes at a minimum #resisg element,
control electronics for the sensing element andea interface that provides an output signal that hydrogen
concentration units or easily converted to hydrogamcentration units.



The purpose of this report is to summarise the Round 1 and 2 data for the MOS and PTF
sensors and on that basis, to assess both the performance of these sensor technology
types and the consistency between the results from the two SINTERCOM laboratories.
Round 3 tests results will not be presented here as these tests are not yet complete.

Additional sensor models have also been purchased — 6 thermal conductivity (TCD) units
by NREL, 6 thermal conductivity units (different model) by JRC, 6 electrochemical (ELE)
by JRC, and 6 electrochemical (different model) by NREL. Round 1 testing has recently
been completed on three of these four sensor platforms. As SINTERCOM is an ongoing
project, additional sensor types will be included in the future.

This project was described and initial results from round robin tests on the PTF sensors
presented at the National Hydrogen Association conference in 2010°. Further results will
be presented at the 2011 International Conference on Hydrogen Safety”.

2. Outline of sensor technologies & test procedures

Hydrogen sensors will play a key role in the safe implementation of the emerging
hydrogen infrastructure, by alerting to unwanted releases of hydrogen wherever it is
produced, stored, transported or used. Although certain technologies® for the detection of
hydrogen are well-established and have numerous industrial applications, the widespread
deployment of hydrogen safety sensors outside of a controlled industrial setting will
impose new performance requirements such as faster response time or greater
robustness to ambient parameters. For further details on the hydrogen sensor
performance targets set by the International Organisation for Standardisation and the US
Department of Energy, as well as the performance requirements of car manufacturers,
see Boon-Brett et al°.

This project constitutes an independent investigation of the capabilities of current
commercial technologies. The resulting data is made available to inform end-users and to
enable manufacturers to develop their product in line with these new performance targets.

The sensor types that have been tested so far as part of the SINTERCOM project are as
follows:

Palladium thin film (units PTF-101 PTF-106) — consisting of a thin film of
palladium, which absorbs hydrogen, thereby causing a change in its electrical
properties that can be directly related to the hydrogen concentration.

MOSFET (units MOS-201 206) — a Metal Oxide Semiconductor Field Effect
Transistor consisting of a catalytic metal gate deposited on an oxide layer.
Hydrogen atoms form a dipole layer at the metal/oxide interface, which causes a
change in the work function of the metal that is proportional to the hydrogen
concentration.

¥ W. Buttner, R. Burgess, C. Rivkin, M. Post, L. BeBrett, G. Black, F. Harskamp, P. Moretto, “RouRobin
Testing of Commercial Hydrogen Sensor Performan®dservations and Results™: Presented at the 2@tiomal
Hydrogen Association Hydrogen Conference and Ekpag Beach, California, May 3-6.

4W. Buttner, R. Burgess, C. Rivkin, M. Post, L. BeBrett, G. Black, F. Harskamp, P. Moretttlse of Hydrogen
Safety Sensors under Anaerobic Conditions — ImpB@txygen Content on Sensor Performance”:To beepites at
the 2011 International Conference on Hydrogen $afsan Francisco, California, September 12-14.

®W. J. Buttner, M. B. Post, R. Burgess, C. Rivkitn overview of hydrogen safety sensors and requémets” Int J
Hydrogen Energ 36 (2010) 2462-2470.

® L. Boon-Brett, J. Bousek, G. Black, P. Moretto(astello, T. Hubert, U. Banach, “Identifying perfance gaps in
hydrogen safety sensor technology for automotivesationary applications”, Int J Hydrogen Energ(3810) 373-
384.



Thermal conductivity (units TCD-301 306 and TCD-401 406) — which exploits
the exceptionally high thermal conductivity of hydrogen gas and in which the
temperature, and therefore the resistance, of a sensing thermal element varies
depending on the hydrogen concentration in the ambient.

Electrochemical (units ELE-601 606) — consisting of an electrochemical cell in
which hydrogen is oxidized and oxygen reduced, causing a flow of current that is
directly proportional to the hydrogen concentration.

However, this report presents SINTERCOM Round 1 and 2 test results for the PTF and
MOS sensors only. Round 2 testing of the TCD and ELE sensors has not yet been
completed and will be reported separately.

Unless otherwise specified, all tests are carried out under the standard conditions of
temperature = 25.0 £ 2 C, pressure = 1.0 = 0.05 bar, relative humidity = 50 + 5% and gas
flow rate = 1000 = 20 sccm. The standard exposure profile is shown in Figure 1 and
consists of nominal hydrogen concentrations of 0, 0.2, 1.0 and 2.0 vol% — this profile is
used for all Round 1 tests except the calibration curves and the accuracy test. The desired
test gas concentrations are generated by dynamic mixing of air with a hydrogen in air
mixture that has a nominal concentration of 2%. SINTERCOM requirements stipulate that
the hydrogen in air concentration used must be in the range 1.8 — 2.2%, but that the actual
value must be known to +0.02%. At each hydrogen concentration, the response of the
sensor is allowed to stabilize before the final indication is recorded. In the JRC apparatus,
a gas chromatograph (GC) is used to confirm that the gas composition and concentration
in the test chamber conform to the targets set from the gas flows. A mass spectrometer is
installed in the NREL facility for residual gas analysis, but was not operational during the
tests described herein. Thus for NREL tests, gas concentrations were calculated from the
gas flow rate ratios. Calibrated precision mass flow controllers with 0.7%FS accuracy
specifications were used by NREL to assure gas concentration accuracy.
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Figure 1: Standard SINTERCOM exposure profile at 0, 0.2, 1.0 and 2.0 vol% H, in air.

As stated above, sensors chosen for evaluation in SINTERCOM are subjected to three
rounds of testing. Rounds 1 and 2 assess the analytical performance of the instruments.
Round 3 investigates oxygen dependence, long term stability and cross-sensitivity. A
series of test protocols have been developed, which are similar to, but typically more
stringent than the test protocols specified in ISO 26142°. Although the SINTERCOM test
protocols are well-defined, specific test conditions may be modified based on the technical
specifications of the unit under test. For example, sensors will not be subjected to a

" 1S0O 26142 “Hydrogen detection apparatus” — Staiip applications (2010)



temperature that is outside the range specified by the manufacturer. Test gas
concentrations may also be adjusted to better coincide with the range of the instrument.
Such adaptations of the test protocol are implemented upon mutual consent of the test
laboratories.

Round 1 tests:

1. Initial Calibration Curve

For each sensor, an initial calibration curve is measured prior to commencing testing. The
sensor response is measured at three hydrogen concentrations of 0, 1.0 and 2.0 vol% H,
in air. This calibration curve is measured using certified calibration gas standards of 1.0
0.1% hydrogen in air and 2.0 0.2% hydrogen in air as opposed to online dynamically
mixed gases. Although a 10% tolerance is allowed for the nominal concentration of the
calibration gas, the actual concentration is known to a certified accuracy of 2% (e.g. an
actual concentration of 2.00% hydrogen is certified to be 1.96 to 2.04% hydrogen). The
direct use of undiluted gas standards minimises facility and operator related influences on
the results. Comparison of the initial and final calibration curves and interlaboratory
comparison of calibration curves are to be used to highlight any degradation or change in
sensor performance during testing or transport.

2. Accuracy

During the accuracy test, sensors are exposed to a gas mixture whose hydrogen
concentration is changed by online mixing of 2 vol% H; in air with synthetic air. The
hydrogen concentration is increased and then decreased in a stepwise fashion. The
exposure sequence for this test consists of the nominal hydrogen concentrations: 0, 0.2,
0.4,0.8,1.2, 1.6, 2.0, 1.6, 1.2, 0.8, 0.4, 0.2, and 0 vol% in air, as illustrated in Figure 2.
The stable sensor output and the corresponding test gas hydrogen concentration are
recorded and compared to assess the accuracy and linearity of the sensor response. The
accuracy test is also called the linear range test.
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Figure 2: Accuracy test exposure profile at 0, 0.2, 0.4, 0.8, 1.2, 1.6, 2.0, 1.6, 1.2, 0.8, 0.4, 0.2, and 0 vol%
H, in air. The actual exposure time at each concentration is set by the testing laboratory as dictated by the
time required for the sensor to reach a stable signal in the given facility.

3. Short term stability

In the short-term stability test (also called the repeatability test), the sensor is subjected to
the standard SINTERCOM exposure profile of 0, 0.2, 1.0, and 2.0 vol% hydrogen in air
under the standard conditions of temperature, pressure, humidity and flow. The sensor is
subjected to this hydrogen exposure profile nine times within a three-day period in order to
assess its short term signal stability.



4. Pressure

In the pressure test, the sensor is subjected to the standard SINTERCOM exposure profile
of 0, 0.2, 1.0, and 2.0 vol% hydrogen in air under the standard conditions of temperature,
humidity and flow. The test pressure is varied stepwise and this test sequence is
performed at pressures of 80, 100 and 120 kPa, in order to determine the influence of
pressure on sensor response in the absence and presence of hydrogen. At each
pressure, the sensor and test apparatus are allowed to stabilize before the exposure cycle
commences. If necessary, the pressure range is restricted in accordance with the
specifications of the manufacturer.

5. Temperature

In the temperature test, the sensor is subjected to the standard SINTERCOM exposure
profile of 0, 0.2, 1.0, and 2.0 vol% hydrogen in air under the standard test conditions of
pressure, humidity and flow. The test temperature is varied stepwise such that this test
sequence is performed at temperatures of -20, 0, 25, 50 and 80 T, in order to determine
the influence of temperature on sensor response in the absence and presence of
hydrogen. At each temperature, the sensor and test apparatus are allowed to stabilize
before the exposure cycle commences. If necessary, the temperature range is restricted in
accordance with the specifications of the manufacturer.

6. Humidity

In the humidity test, the sensor is subjected to the standard SINTERCOM exposure profile
of 0, 0.2, 1.0, and 2.0 vol% hydrogen in air under the standard temperature, pressure and
flow test conditions. The test humidity is varied stepwise such that this test sequence is
performed at relative humidities of 0, 25, 50 and 85%, in order to determine the influence
of humidity on sensor response in the absence and presence of hydrogen. The sensor
and test apparatus are allowed to stabilize at each humidity setpoint before the exposure
cycles commences. The humidity range is restricted if necessary to respect the
specifications of the manufacturer.

7. Final Calibration Curve

The final calibration curve measurement is a repeat of the procedure described above for
the initial calibration curve. The final calibration curve data are compared to the Round 1
initial calibration curve data as a means of identifying any change in sensor performance
due to the intervening tests. These results are also used to identify any change in sensor
performance following transport between laboratories by comparison with the Round 2
initial calibration curve data.

Round 2 tests:

The Round 1 test protocols described above are performed on three samples of the same
sensor model in each laboratory. Upon completion of Round 1, the sensors are
exchanged between laboratories. Subsequent to exchange of the sensors, Round 2 is
performed, which consists of the same test sequence as Round 1.

Round 3 tests:

Upon completion of Round 2, sensors are not exchanged for Round 3. In each laboratory,
one unit of a specific model is dedicated to each of the Round 3 tests, which are as
follows:

1. Oxygen requirement

The “Oxygen Requirement” test is carried out under the standard SINTERCOM conditions
except that the test gas is dry (RH <5%). The purpose of the test is to evaluate changes in
sensor performance or stability induced by depressed oxygen levels. This test consists of
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four stages, which are illustrated in Figure 3 and described below. Each test laboratory
performs the oxygen requirement test on one unit.

a. Aerobic range — in which the sensor is subjected to an exposure cycle of 1.0, 1.0, 0.5,
0.1 and 0.05% H; in air in order to establish a reference for how it performs prior to
operation under oxygen deprived or anaerobic conditions.

b. Oxygen dependence — in which the sensor is subjected to two sequential exposures to
1% hydrogen at each of the following concentrations of oxygen: 10.5 (50% air), 5.3%
(25% air), and 0% oxygen (0% air). The two exposures to 1% hydrogen in 100% air during
the aerobic range test serve as the reference. The oxygen in the test gas is displaced by
nitrogen. In practice this is achieved by online mixing of 1 or 2% H, in air and 1 or 2% H;
in N,. Between exposures, the chamber is flushed with an O,/N, gas mixture with the
appropriate oxygen content for the given stage of the test. This is achieved by online
mixing of clean air and pure nitrogen.

c. Anaerobic range — sensors that show a stable response to 1% hydrogen with 0%
oxygen are subjected to the anaerobic range test, in which they are exposed to
decreasing hydrogen concentrations (0.5, 0.1 and 0.05 vol%) in nitrogen. Between
exposures the chamber is flushed with 100% nitrogen. This exposure sequence is
repeated a second time, but is not required for those sensors that are unstable in the
absence of oxygen.

d. Aerobic recovery — all sensors subjected to anaerobic conditions undergo the aerobic
range test again to assess their ability to recover from anaerobic operation and return to
normal performance.

‘—Aerobic range — O2 dependence — Anaerobic range Aerobic recovery‘
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Figure 3: Exposure profiles of H, and O, for the oxygen requirement test consisting of aerobic range,
oxygen dependence, anaerobic range and aerobic recovery range stages.

2. Long term stability

The sensor is mounted in a dedicated test chamber in which the relative humidity is
maintained at a value of 40-50 % by means of a constant humidity saturated salt solution.
Temperature is determined by the ambient conditions and is measured in the chamber
throughout the test. Pressure is assumed to be atmospheric. Every two weeks the
chamber is purged with 2 vol% H, in air, humidified to 40-50 % RH. Once the sensor has
reached a stable reading in 2 vol% H,, the chamber is flushed with clean air humidified to
40-50%. This test is to be run for 3 months in accordance with ISO 26142, but at the



discretion of the test laboratory, may be allowed to continue until the sensor fails. The
purpose of this test is to assess long term signal stability during continuous operation.
Each test laboratory performs the long term stability test on one unit.

3. Cross sensitivity

The purpose of this test is to assess the sensitivity of the sensor to potential interferents in
the presence and absence of hydrogen. The exposure profile for this test is illustrated in
Figure 4 and consists of the following stages:

a. 2 exposures to 1 vol% hydrogen in air. This serves as a control measurement.

b. 2 exposures to the interferent at the concentration specified in Table 1. The sensor is
exposed to clean air between exposures.

c. The hydrogen concentration is maintained constant at 1% while the sensor is subjected
to 2 exposures to the interferent at the concentration specified in Table 1. Following the
second interferent exposure, the sensor is allowed to stabilize in 1% hydrogen followed by
recovery in air.

d. The interferent concentration is maintained constant at the concentration specified in
Table 1 while the sensor is subjected to 2 exposures to 1% hydrogen in air.

e. The control measurement of step a. is repeated i.e. the sensor response to 1%
hydrogen in air is measured twice.

No Round 3 results are reported here. However, preliminary results of the O, requirement
test are to be presented at the 2011 International Conference on Hydrogen Safety.
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Figure 4. Exposure profile for the cross sensitivity test showing H, concentration (vol%) and interferent
concentration (arbitrary units). The letters a — e correspond to the different stages of the test.

Interferent Conc. in air/ ppm Conc. in1%H ,/ ppm
Carbon Monoxide 50 50
Nitrogen Dioxide 5 5
Hydrogen Sulfide 20 20
Methane 10000 10000
Ammonia 50 50

Table 1: Proposed interferents and test concentrations ( 10% of the indicated value) for the cross sensitivity
test. Other interferents may be added upon mutual agreement between JRC and NREL.
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3. Results

3.1. PTF-101 - 106

Units PTF-101, 103 and 105 were tested first by NREL while units PTF-102, 104 and 106
were tested first by JRC (Round 1). Upon completion of Round 1, the units were
exchanged for Round 2 testing. The PTF sensor has a specified range of 0.4 to 5%
hydrogen. The electronic control system of the PTF sensors is designed to output a
response to hydrogen only at values above 0.4 vol%. Test protocols were adjusted as
necessary to accommodate this limit, which is above the first concentration step in the
standard SINTERCOM exposure profile of 0.2%. The accuracy specification is slightly
dependent on concentration; at 1% hydrogen it is +0.23% and at 2% hydrogen it is
+0.26%. The logged voltage was converted to hydrogen concentration based on the
calibration data from the certificate of conformance provided for each unit by the
manufacturer. The units were used as received from the manufacturer without
recalibration, although recalibration was possible with the PTF units.

Due to the size of these units, a maximum of 2 could be tested at a time in the JRC test
chamber. PTF-104 and PTF-106 were tested together, as were PTF-101 and PTF-103.
PTF-102 and PTF-105 were both tested individually. The test facility at NREL could
accommodate one unit at a time, and thus all units were tested individually.

3.1.1. Initial and Final Calibration Curves

The normalized initial and final calibration data obtained in both laboratories are given in
Table 2 and shown graphically in Figure 5. Normalising the data facilitates comparison by
removing variation due to differences in the actual concentrations of the calibration gases
used by the two laboratories. The measured reading was divided by the actual test gas
concentration® to obtain the normalised reading. A normalised value of unity would
indicate a perfectly accurate reading. The analog data for the NREL initial calibration of
PTF-106 did not log properly and so is not given here.

It is evident from Figure 5 that all units underreport the hydrogen concentration compared
to the calibration gas. In all cases, the Round 1 data show a decrease in response
between the initial and the final calibration. The response of units 102 and 105 also
decreased between the Round 1 final calibration and the Round 2 initial calibration, but
interestingly, units 101, 103 and 104 show some recovery of response between Rounds 1
and 2. The Round 2 data again demonstrate a decrease in response between the initial
and final calibrations for all units except 102, which displays a slight increase in response.
The standard deviation from the average normalised response of 0.840 (at 1 and 2 vol%)
was relatively low however, at 0.064. The sensor readings were for the most part within
the manufacturer specification.

8 Actual test gas concentrations varied betweerrédbues since a tolerance df0% of the nominal concentration was
allowed. The calibration gas concentration wasfcet to within 0.02%.
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Table 2: Initial and final calibration data for PTF units from NREL and JRC, normalised by the actual test
gas concentration. * Round 1 test results. Round 2 test results.
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Figure 5: Sensor response divided by actual %H, for PTF units at a nominal hydrogen concentration of 2
vol% during the initial and final calibrations for Rounds 1 and 2. With normalization, perfect instrument
accuracy would be unity. JRC tested PTF-102, PTF-104, PTF-106 in Round 1 and NREL tested PTF-101,
PTF-103, and PTF-105 in Round 1.

3.1.2. Accuracy/Linear Range

The reporting range of the PTF sensors, as specified by the manufacturer, is 0.4 to 5%
hydrogen in air. Hydrogen exposure that produces a response of 0.4% or lower is reported
as zero (0.0% H,). As these sensors had been found during the initial calibration to
underreport the hydrogen concentration compared to the test gas, the step at 0.4% H, was
replaced by 0.6% in JRC tests so as to ensure a response at this concentration. NREL
performed the accuracy test as per the standard test protocol described in Section 2.

The response curve of PTF-105 during the accuracy test is plotted in Figure 6 as an
example, but the other units show similar behaviour. The initial concentration step of 0.2
vol% is below the minimum analog output limit of these sensors. This is evident from
Figure 6 in which the sensor response can be seen to rise above zero only once the
concentration of the test gas has been increased to the second step of approximately 0.6
vol%. Across the concentration range tested, the sensor underreports the hydrogen
concentration.

All accuracy test results are shown in Figure 7. According to ISO 26142 the variation of
the sensor response from the hydrogen concentration of the test gas should not exceed

12



+25% of the hydrogen volume fraction of the test gas. This tolerance is represented by the
dashed lines in Figure 7. PTF-106 exceeded this tolerance during Round 2 testing, though
only at the lowest concentrations of 0.6 and 0.8 vol%. No other sensor exceeded the ISO
tolerance, except where the response fell below the minimum analog output limit.

The NREL and JRC accuracy test results are tabulated and compared graphically for each
unit in Appendix 1. In the graphs, the sensor response is normalized by the actual test gas
concentration, such that a value of unity would represent perfect accuracy of response. In
general the laboratory in which the sensor was first tested reports a higher response (with
the exception of units 102 and 105), in keeping with the analysis of the calibration data
and indicating a decrease in sensor response over the period of operation. This was
confirmed during the short term stability test (see Section 3.1.3).

The linearity of response was evaluated by linear regression analysis of the accuracy test
data for each unit (excluding sensor readings <0.4% hydrogen). Table 3 shows the results
of this analysis. A comparison of the slopes confirms the observation of a decrease in
sensor response over testing time, except for units 102 and 105. Taking the coefficient of
determination, R?, as an indication of linearity, there is a very slight but consistent
tendency for the linearity to decrease over the course of testing, except in the case of
PTF-103 where the degree of linearity remains constant between Rounds 1 and 2. All
units exhibit a highly linear response.
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Figure 6: Response of PTF-105 during JRC accuracy test.
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m R®

JRC | NREL | JRC | NREL

PTF-101 | 0.860° | 0.902' | 0.999° | 1.000"
PTF-102 | 0.937* | 0.942° | 0.999" | 0.998°
PTF-103 | 0.834° | 0.881" | 0.999? | 0.999'
PTF-104 | 0.929" | 0.809° | 1.000" | 0.999°
PTF-105 | 0.849° | 0.835" | 0.998% | 0.999'
PTF-106 | 0.921 | 0.777° | 1.000* | 0.998°
Table 3: Values of the slope, m, and the coefficient of determination, RZ, for a linear fit to the accuracy test

data. R? = 1 indicates perfect linearity of sensor response; m = 1 indicates perfect accuracy of sensor
response assuming an intercept of zero. * Round 1; * Round 2.

Unit

3.1.3. Short term stability

As the analog output lower limit of the PTF sensors is fixed at 0.4 vol%, it was agreed
between the participating laboratories that the 0.2 vol% step specified in the SINTERCOM
protocol could be changed to 0.6 vol%. A sample response curve is shown in Figure 8.

In the NREL short term stability tests the 9 exposure cycles were run without interruption.
Initial JRC tests could not be run overnight however, and the short term stability test was
therefore carried out in blocks of exposures over the course of a number of days. As a
conseguence, unit 102 was exposed to 4 cycles on day 1 of the test and the remaining 5
on day 2. There was a consistent trend for the sensor response to decrease upon
repeated exposure to hydrogen, at higher concentrations in particular, but it generally
recovered to some degree following overnight exposure to clean air. Tests on units 104, 5,
6 were run over 3 days, including 2 overnight recovery periods in clean air. The LabView
software controlling the JRC facility was modified to allow tests to be run overnight and
units 101 and 103 were therefore exposed to 9 uninterrupted cycles.

The response at 2% hydrogen for units 101 and 102 is shown in Figure 9 to illustrate the
decrease in sensor response during the course of testing and the partial recovery of the
response on extended exposure of the sensor to clean air.

The NREL and JRC short term stability test results are tabulated and compared
graphically for all units in Appendix 1. A representative plot showing a comparison of the
NREL and JRC data for PTF-103 is shown in Figure 10. The sensor response has been
normalised by the actual test gas concentration to remove differences due to
concentration variance between labs, and then scaled by the nominal test gas
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concentration for clarity. The measured response is divided by the actual hydrogen
concentration and then multiplied by the nominal concentration, such that perfect accuracy
of sensor response would be indicated by a value of 1 for the 1% dataset and 2 for the 2%
dataset. The slight decrease in sensor response during the course of testing is a
consistent feature of both NREL and JRC data. Additionally, the response measured in
the Round 1 short term stability test is higher than that measured in Round 2, indicating
that this deterioration in sensor response continues during the intervening tests. The
performance of the other PTF units is consistent with that of PTF-103.

The ISO 26142 standard describes a slightly different repeatability test, in which the
sensor is exposed to a hydrogen air mixture for 150s, followed by exposure to clean air for
300s. This test is carried out at one concentration of hydrogen and involves 5 consecutive
150s exposures to that concentration. The difference in test protocols notwithstanding,
according to this standard the short term variation in the sensor response should not
exceed +10% of the hydrogen volume fraction of the test gas. Despite the evident
decrease in response with repeated exposure to hydrogen, the variation did not exceed
the I1SO tolerance for any sensor. This tolerance is not shown on the graphs for the
purpose of clarity, but the deviation in sensor response over the course of the short term
stability test was approximately 1% of the test gas concentration on average, and did not
exceed 5% for any unit.

In addition, an analysis of the rate of this decrease in sensor response shows that in all
cases it is lower during second round testing. Table 4 gives the slopes of a linear fit to the
Round 1 and Round 2 data, indicating a consistent decrease or slowing down in the rate
of change in sensitivity between the two short term stability tests.

No decrease in sensor response has been observed in the ongoing Round 3 long term
stability test on the PTF sensor. This may be a result of the observed decrease in the rate
of change in sensitivity to the point where the sensor response is stable, or it may be a
consequence of the fact that during this test the sensor is kept in clean air for two weeks
between exposures, allowing it an extended recovery time.
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Figure 8: Response of PTF-101 during JRC short term stability test.
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Figure 9: Sensor response to 2 vol% H2 during short term stability test. The test on PTF-101 was
uninterrupted; the test on PTF-102 included an overnight exposure to clean air between runs 4 and 5 as
indicated by the double vertical lines. The systematic decrease in sensor response with repetitive exposure
was observed for all PTF sensors by both JRC and NREL. This was partially but not completely reversed by
extended exposure to clean air.

+NREL 1% ®NREL 2% ¢ JRC 1% ¢ JRC 2%|

2.0
18 Ad * * * * * ? S S
1.6
1.4
1.2
1.0
0.8 >
0.6
0.4
0.2
0.0 . . . .

0 2 4 Run no. 6 8 10

Figure 10: NREL (round 1) and JRC (round 2) short term stability test results for PTF-103. The sensor
response has been normalised by the actual test gas concentration to remove differences due to
concentration variance between labs, and then scaled by the nominal test gas concentration for clarity.
Perfect accuracy of response would be indicated by a value of 1 for the 1% dataset and 2 for the 2%
dataset.
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Table 4: Slope of linear fit to the short term stability data. Shading indicates first round tests.
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3.14. Pressure

As the analog output lower limit of the PTF sensors is fixed at 0.4 vol%, the 0.2 vol% step
specified in the SINTERCOM protocol was changed by mutual consent of the participating
laboratories to 0.6 vol%. The response curve for PTF-105 is shown in Figure 13 but the
other units showed similar behaviour. As can be seen from this figure, pressure was found
to have a relatively large influence on the response of these sensors, with the output
increasing in a linear fashion with increasing pressure. None of the 6 units showed an
analog response to 0.6 vol% hydrogen at a pressure of 80 kPa as the detected hydrogen
concentration fell below the cut off value of 0.4 vol%.

The NREL and JRC pressure test results for all units are tabulated and compared
graphically in Appendix 1. A representative plot showing a comparison of the NREL and
JRC data for PTF-104 is shown in Figure 12. The sensor response has been normalised
by the actual test gas concentration to remove differences due to concentration variance
between labs, and then scaled by the nominal test gas concentration for clarity. The
measured response is divided by the actual hydrogen concentration and then multiplied by
the nominal concentration, such that perfect accuracy of sensor response would be
indicated by a value of 1 for the 1% dataset and 2 for the 2% dataset. Results from the
two labs show the same trend in terms of the influence of pressure, exhibiting a linear
increase in sensor response with increasing pressure. There is also a consistent decrease
in sensor response between rounds 1 and 2 under the same conditions. Results for the
remaining units are similar to those shown here for PTF-104, with the exception of PTF-
105, which does not show a decrease in response for the same conditions between
Rounds 1 and 2.

The ISO 26142 pressure test is similar to that performed as part of SINTERCOM, except
that the highest test pressure is 110 kPa. According to this standard, over the specified
pressure range the sensor response should not differ from the response at 100 kPa by
more than 30% of the actual hydrogen concentration of the test gas. Despite the clear
effect of pressure on the response of these sensors, the variation did not exceed the ISO
tolerance for any unit except where the response fell below the analog output limit of 0.4
vol%. Results for PTF-101 are shown with the ISO defined limits in Figure 13 as an
example.
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Figure 11: Response of PTF-105 during JRC Pressure test.
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Figure 12: JRC (round 1) and NREL (round 2) pressure test results for PTF-104. The sensor response has
been normalised by the actual test gas concentration to remove differences due to concentration variance
between labs, and then scaled by the nominal test gas concentration for clarity. Perfect accuracy of
response would be indicated by a value of 1 for the 1% dataset and 2 for the 2% dataset.
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Figure 13: Results of JRC pressure test on unit PTF-101. Data at 0.6 vol% omitted for clarity. Shaded areas
indicate 1SO tolerance for the effect of pressure.

3.1.5. Temperature

The standard temperature range agreed upon for the SINTERCOM temperature test is -20
— +80<C. For tests on the PTF sensors however, the upper limit was set to 40C in line
with the specifications of the manufacturer. As the analog output lower limit of the PTF
sensors is fixed at 0.4 vol%, the 0.2 vol% step specified in the SINTERCOM protocol was
changed by mutual consent of the participating laboratories to 0.6 vol%.

The response of PTF-103 is shown in Figure 14 as an example, but the other units
showed similar behaviour. At all concentrations and for all units tested, the sensor
response decreases as temperature increases. The effect is non-linear, being most
pronounced at temperatures below 0°C.

All NREL and JRC temperature test results are tabulated in Appendix 1 and compared
graphically for each unit. A representative plot showing a comparison of the NREL and
JRC data for PTF-106 is shown in Figure 15. The sensor response has been normalised
by the actual test gas concentration to remove differences due to concentration variance

18



between labs, and then scaled by the nominal test gas concentration for clarity. Results
from both labs exhibit a non-linear decrease in sensor response with increasing
temperature. In keeping with the results of the short term stability test, the decrease in
sensor response under the same conditions between rounds is also evident. All units
behave similarly to PTF-106, with the exception of PTF-105, which did not show a
decrease in response for the same conditions between Rounds 1 and 2.

According to I1ISO 26142, the sensor response over the specified temperature range
should not differ from the indication at 20 (in SINTERCOM the standard condition was
25C) by more than 20% of the actual hydrogen conce ntration of the test gas. The only
unit to exceed this tolerance over the range tested was PTF-102, Figure 16. The response
of the other sensors did not exceed the ISO tolerance, though they approached it, as can
be seen in Figure 17 for PTF-105 for example.
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Figure 14: Response of PTF-103 during JRC temperature test.
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Figure 15: JRC (round 1) and NREL (round 2) temperature test results for PTF-106. The sensor response
has been normalised by the actual test gas concentration to remove differences due to concentration
variance between labs, and then scaled by the nominal test gas concentration for clarity. Perfect accuracy of
response would be indicated by a value of 1 for the 1% dataset and 2 for the 2% dataset.
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Figure 16: Temperature test results for unit PTF-102. Shaded areas indicate ISO tolerance for the effect of
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Figure 17: Temperature test results for unit PTF-105. Shaded areas indicate 1SO tolerance for the effect of
temperature.

3.1.6. Humidity

As the analog output lower limit of the PTF sensors is fixed at 0.4 vol%, the 0.2 vol% step

specified in the SINTERCOM protocol was changed by mutual consent of the participating
laboratories to 0.6 vol%.

The response of PTF-102 during the humidity test is shown in Figure 18 as an example,
but the other units exhibited similar behaviour. The response of all units decreased slightly
with increasing humidity, although this effect was greater than that of repeated exposure
alone as observed in the short term stability test. Humidity was the ambient parameter to
which these sensors showed the least sensitivity.

All NREL and JRC relative humidity test results are tabulated and compared graphically
for each unit in Appendix 1. A representative plot showing a comparison of the NREL and
JRC data for PTF-101 is shown in Figure 19. The sensor response has been normalised
by the actual test gas concentration to remove differences due to concentration variance
between labs, and then scaled by the nominal test gas concentration for clarity. Perfect
accuracy of response would be indicated by a value of 1 for the 1% dataset and 2 for the
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2% dataset. Results from both labs show a consistent decrease in sensor response with
increasing humidity. There is also a consistent decrease in sensor response under the
same conditions between Rounds 1 and 2, in line with the findings of the short term
stability test. The remaining units exhibit similar behaviour to PTF-101.

The humidity test described in ISO 26142 specifies test conditions of 20, 50 and 80% RH,
as compared to the broader range over which the SINTERCOM tests were carried out
(<5-85% RH). It also requires that the test be performed at 40C, as opposed to the 25C

standard temperature used in SINTERCOM. Nevertheless, according to this standard,
over the specified humidity range the sensor response should not differ from the response
at 50% RH by more than 30% of the actual hydrogen concentration of the test gas. Figure
20 illustrates the results for PTF-104 as a typical example, where the ISO tolerance is
indicated by the shaded areas. No unit exceeded this tolerance during the humidity test,
except in cases where the response at 0.6 vol% H, fell below the set analog output limit of
0.4 vol%.
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Figure 18: Response of PTF-102 during JRC humidity test.
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Figure 19: NREL (round 1) and JRC (round 2) humidity test results for PTF-101. The sensor response has
been normalised by the actual test gas concentration to remove differences due to concentration variance
between labs, and then scaled by the nominal test gas concentration for clarity. Perfect accuracy of
response would be indicated by a value of 1 for the 1% dataset and 2 for the 2% dataset.
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Figure 20: Humidity test results for unit PTF-104. Shaded areas indicate 1SO tolerance for the effect of
humidity.

3.1.7. Summary

The PTF sensors consistently underestimated the hydrogen concentration, but only one
unit exceeded the ISO tolerance for accuracy and then only at low concentrations. It
should be noted that these instruments were used as received from the manufacturer and
that they were within the manufacturer’s specifications for accuracy at the time of receipt.
Improved accuracy could have resulted if the units had been recalibrated, but the
SINTERCOM protocol specifies the use of all instruments as received.

Repeated exposure to hydrogen was shown to cause a slight but consistent decrease in
sensor response. The response recovered to some extent on extended exposure of the
sensor to clean air, though complete recovery was not observed over the timescale of the
Round 1 and 2 tests. This effect of repeated exposure diminished over the course of
testing as indicated by a decrease in the rate of change in sensor response between the
Round 1 and 2 short term stability tests. This change in sensitivity has not been observed
during the ongoing Round 3 long term stability test, which involves a much longer
recovery time (two weeks) between hydrogen exposures.

The influence of ambient parameters on the PTF sensors is summarized in Figure 21.
Humidity has a relatively small effect on sensor response, while pressure has a strong
linear effect. One unit showed a greater sensitivity to temperature than the others, but all
show a negative dependence that is more pronounced at lower temperatures.

An absolute comparison between the JRC and NREL data is rendered difficult by the fact
that the sensor response is affected by hydrogen exposure history, especially during initial
exposures. However, both laboratories report the same performance in terms of accuracy
and short term signal stability and found the same trends in terms of the influence of
ambient pressure, temperature and humidity.
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Figure 21: Deviation in sensor response at 2 vol% from the response at the standard condition of
(nominally) 25%C, 50% R.H. and 100 kPa plotted as a function of the controlled variation in ambient
temperature, pressure or relative humidity. Results are shown for all units PTF-101-106. (Top) JRC;
(Bottom) NREL.
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3.2. MOS-202 — 206

Units MOS-201, 203 and 205 were tested first by NREL while units MOS-202, 204 and
206 were tested first by JRC (Round 1). Upon completion of Round 1, the units were
exchanged for Round 2 testing. The MOS sensor has a specified range of 0 to 4.4%
hydrogen and an accuracy of + 3000ppm. The logged signal from these sensors was
converted to hydrogen concentration in accordance with the instructions of the
manufacturer. All 3 sensors in a given batch were tested at one time at JRC, whereas
NREL tested each sensor individually.

3.2.1. Initial and Final Calibration Curves

The initial and final calibration data obtained in both laboratories are given in Table 5 and
the data at 2% H, are shown graphically in Figure 22. The data is normalised in order to
take into account variations between the actual concentrations of the calibration gases
used by the two laboratories.

It can be seen from Figure 22 that all units slightly but consistently overestimate the
hydrogen concentration compared to the calibration gas. The maximum overestimation
was less than 10%, with an average of 4.72%. There was very little difference between
the initial and final calibration data and, unlike in the case of the PTF sensor, no
systematic change in the sensor response was observed. Although the measured
responses for the initial and final calibration tests did vary, the variances were small,
random and within the allowable measurement error expected for the instrument.

A comparison of the normalized sensor response to 2% H, between the Round 1 final
calibration data and the Round 2 initial data, which were obtained in different laboratories,
indicates somewhat larger variances in output. However, this change is not a systematic
increase or decrease for all units. In fact one batch (MOS-201, 203, 205) shows a
decrease in response between Rounds 1 and 2, while the other (MOS-202, 204, 206)
shows an increase between the two Rounds i.e. in tests performed at NREL the
normalised sensor response was slightly greater than in tests performed at JRC. This
suggests that the observed difference between the Round 1 and Round 2 data may be
related to the small uncertainty in the actual hydrogen concentration measured by the two
laboratories. Nonetheless the variation in sensor response over the entire calibration
dataset is extremely low. The standard deviation from the average normalized reading of
1.047 (at 1 and 2 vol%) is 0.022.

"#$! "#$! "#b! "#$! "#$! "#$!

"#$! "H#$! "H#EB! "#$! "H#$! "#$!

Table 5: Initial and final calibration data for MOS units from NREL and JRC, normalised by the actual test
gas concentration. * Round 1 test results. Round 2 test results.
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Figure 22: Sensor response divided by actual %H2 for MOS units at a nominal hydrogen concentration of 2
vol% during the initial and final calibrations for Rounds 1 and 2. With normalization, perfect instrument
accuracy would be indicated by unity (1).

3.2.2. Accuracy/Linear Range

The response of MOS-203 during the accuracy test is plotted in Figure 23 as an example,
but the other units performed similarly. At low concentrations in particular, the sensor
overestimates the hydrogen concentration. However, this inaccuracy decreases as the
hydrogen concentration increases. The maximum overestimation of all units at 2%
hydrogen was only 3%, whereas at 0.2% hydrogen it was 64%. This trend is evident in
Figure 24, which shows all accuracy test results from both laboratories compared to the
ISO tolerance of +25% of the volume fraction of the test gas. Both laboratories observed
this tendency towards higher accuracy at higher concentrations and found that the ISO
tolerance was only exceeded at the lowest concentrations tested.

The NREL and JRC accuracy test results are tabulated and compared graphically for each
unit in Appendix 2. In the graphs, the sensor response is normalized by the actual test gas
concentration, such that a value of 1 would indicate perfect accuracy. In general, the two
datasets are in very good agreement although for units 204 and 206 the normalised JRC
data is higher than the NREL data across the range tested. The JRC test gas hydrogen
concentration was measured by GC - this instrument has been shown to have an
accuracy of +5%°. The NREL test gas hydrogen concentration was calculated from the
flows of air and 2 vol% hydrogen in air. The accuracy of this calculated concentration can
be determined based on the stated accuracy of the gases (£2%) and of the mass flow
controllers used. The resulting uncertainty in the measured and calculated “actual”
hydrogen concentrations for the MOS-204 accuracy test is represented by the error bars
in Figure 25, which bring the two datasets into better agreement.

The linearity of response was evaluated by linear regression analysis of the accuracy test
data for each unit. Table 6 shows the results of this analysis. These sensors exhibit a high
degree of accuracy and of linearity in their response with no consistent change in this
linearity over the course of testing.

° Boon-Brett L, Bousek J, Castello P, Salyk O, Harsk F, Aldea L, Tinaut F. Reliability of commerdjahvailable
hydrogen sensors for detection of hydrogen atatitoncentrations: Part | — Testing facility andthodologies. Int J
Hydrogen Energ 33 (2008) 7648-7657.
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Figure 23: Response of MOS-203 during JRC accuracy test.

Figure 24: JRC (left) and NREL (right) accuracy test data. Hollow symbols represent Round 1 data, solid
symbols Round 2 data. Solid black line represents the ideal sensor response and dashed lines indicate ISO

tolerance.

Figure 25: Accuracy test results for MOS-203 showing measurement uncertainty. Perfect instrument
accuracy would be unity (1). JRC error was determined based on the maximum uncertainty in the GC
readings, whereas NREL error was calculated from the maximum uncertainty in the calibration gas
concentration and in the gas flow rates based on the specifications of the mass flow controllers.
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Table 6: Values of the slope, m, and the coefficient of determination, R2, for a linear fit to the accuracy test

data. R2 = 1 indicates perfect linearity of sensor response; m = 1 indicates perfect accuracy of sensor
response assuming an intercept of zero. * Round 1; > Round 2.

3.2.3. Short term stability

The JRC short term stability test on MOS-202, 204 and 206 performed in Round 1
consisted of three exposure cycles instead of nine. However, the full sequence of nine
exposures was used in Round 2 for MOS-201, 203, and 205. The response curve of
MOS-201 is shown in Figure 26 as an example, but the remaining units performed
similarly. These sensors showed good short term signal stability with little variation in
response over the 9 exposures.

The NREL and JRC short term stability test results for all units are tabulated and
compared graphically in Appendix 2. A representative plot is given in Figure 27, which
shows a comparison of JRC and NREL results at 1 and 2% hydrogen for unit 205. The
sensor response has been normalised by the actual test gas concentration to remove
differences due to concentration variance between labs, and then scaled by the nominal
test gas concentration for clarity. Perfect accuracy of response would be indicated by a
value of 1 for the 1% dataset and 2 for the 2% dataset. There is excellent agreement
between the two datasets, which both indicate little change in response over the course of
the short term stability test. There is some slight variation in sensor response during the
test, but the random nature of this is evident in Table 7 where the data for unit 205 are
given. The remaining units show similar behaviour to MOS-205.

According to I1ISO 26142, the short term variation in the sensor response should not
exceed +10% of the hydrogen volume fraction of the test gas. This tolerance is not shown
on the graphs in Appendix 2 for the purpose of clarity, but the variation in sensor response
did not exceed the I1SO tolerance for short term stability for any sensor tested.

Figure 26: Response of MOS-201 during JRC short term stability test. The lowest concentration used during
the first 3 cycles was 0.2 vol% but for the remaining 6 was 0.6 vol%. response.
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Figure 27: NREL (round 1) and JRC (round 2) short term stability test results for MOS-205. The sensor
response has been normalised by the actual test gas concentration to remove differences due to
concentration variance between labs, and then scaled by the nominal test gas concentration for clarity.
Perfect accuracy of response would be indicated by a value of 1 for the 1% dataset and 2 for the 2%
dataset.
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+ % %()
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Table 7: Response of MOS-205 during JRC and NREL short term stability tests. The normalized data is the
measured response divided by the actual test gas %H, in order to removed differences due to variations
between the actual test gas concentrations used by the two labs.

3.24. Pressure

As the manufacturer of these sensors specified an operating pressure range of 70-130
kPa, the testing pressure range was extended to these limits in JRC Round 1 tests on
units MOS-202, 204 and 206. All other pressure tests were carried out in the range 80—
120 kPa as specified in the SINTERCOM protocol.

The response curve for MOS-205 is shown in Figure 28, but the other units showed
similar behaviour. As can be seen from this figure, pressure was found to have a
negligible influence on the response of these sensors. The NREL and JRC pressure test
data for all units are tabulated and compared graphically in Appendix 2. The results for
unit 201 are compared in Figure 29 as an example. The sensor response has been
normalised by the actual test gas concentration to remove differences due to
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concentration variance between labs, and then scaled by the nominal test gas
concentration for clarity. Perfect accuracy of response would be indicated by a value of 1
for the 1% dataset and 2 for the 2% dataset. Both NREL and JRC data indicate that there
is no effect of pressure on sensor response. The JRC data is slightly but consistently
higher than the NREL data. The remaining units show similar behaviour to MOS-205.

According to ISO 26142, over the specified pressure range the sensor response should
not differ from the response at 100 kPa by more than 30% of the actual hydrogen
concentration of the test gas. None of these sensors exceeded this tolerance over the
range tested. Results for MOS-202 are shown with the ISO defined limits in Figure 30 as
an example.

Figure 28: Response of MOS-205 during JRC Pressure test.

Figure 29: NREL (round 1) and JRC (round 2) pressure test results for PTF-101. The sensor response has
been normalised by the actual test gas concentration to remove differences due to concentration variance
between labs, and then scaled by the nominal test gas concentration for clarity. Perfect accuracy of
response would be indicated by a value of 1 for the 1% dataset and 2 for the 2% dataset.
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Figure 30: Results of JRC pressure test on MOS-202. Shaded areas indicate 1SO tolerance for the effect of
pressure.

3.2.5. Temperature

The response of MOS-202 during the temperature test is shown in Figure 31 as an
example, but the other units showed similar behaviour. Changes in ambient temperature
had very little effect on the response of these sensors.

All NREL and JRC temperature test results are tabulated in Appendix 2 and compared
graphically for each unit. Figure 32 shows a representative plot comparing JRC and NREL
temperature test results for MOS-203. In the graphs, the sensor response is normalized
by the actual test gas concentration to take into account concentration variance between
the two labs, and then scaled by the nominal test gas concentration for clarity. Perfect
accuracy of response would be indicated by a value of 1 for the 1% dataset and 2 for the
2% dataset. Results from both labs show very little effect of temperature on sensor
response and no apparent trends. The remaining units exhibit similar behaviour. The
guantitative agreement is very good, although for MOS-202, 204 and 206 the same slight
discrepancy in the normalized data is visible as was observed during previous tests, in
that the JRC results are slightly higher than those obtained by NREL.

According to I1ISO 26142, over the specified temperature range the sensor response
should not differ from the response at 20C (in SIN TERCOM the standard condition was
25C) by more than 20% of the actual hydrogen conce ntration of the test gas. No unit
exceeded this tolerance over the range tested. The results for MOS-205 are plotted in
Figure 33 in comparison to the ISO tolerance as an example.
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Figure 31: Response of MOS-204 during JRC temperature test.

Figure 32: NREL (round 1) and JRC (round 2) temperature test results for MOS-203. The sensor response
has been normalised by the actual test gas concentration to remove differences due to concentration
variance between labs, and then scaled by the nominal test gas concentration for clarity. Perfect accuracy of
response would be indicated by a value of 1 for the 1% dataset and 2 for the 2% dataset.
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Figure 33: Temperature test results for unit MOS-205. Shaded areas indicate ISO tolerance for the effect of
temperature.

3.2.6. Humidity

The response of MOS-206 during the humidity test is shown in Figure 34 as an example,
but the other units exhibited similar behaviour. Changes in ambient humidity had little
effect on the response of these sensors, though at the highest humidity tested the
response falls slightly.

All JRC and NREL data are tabulated and compared graphically for each unit in Appendix
2. The NREL and JRC humidity test results for MOS-206 are compared in Figure 35 as an
example. The sensor response has been normalised by the actual test gas concentration
to remove differences due to concentration variance between labs, and then scaled by the
nominal test gas concentration for clarity. Perfect accuracy of response would be indicated
by a value of 1 for the 1% dataset and 2 for the 2% dataset. Both datasets indicate that
there is little effect of humidity on sensor response other than a slight tendency for the
response to decrease at high humidity. The remaining units exhibit similar behaviour to
MOS-206. The quantitative agreement is very good, although for MOS-202, 204 and 206
the JRC data is once more slightly but consistently higher than the NREL data.

According to the ISO standard, over the specified humidity range the sensor response
should not differ from the response at 50% RH by more than 30% of the actual hydrogen
concentration of the test gas. Figure 36 illustrates the results for MOS-203 as an example,
where the 1SO tolerance is indicated by the shaded areas. No unit exceeded this tolerance
during the humidity test.
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Figure 34: Response of MOS-206 during JRC humidity test. Actual %H2 data lies beneath the MOS-206
data.

Figure 35: JRC (round 1) and NREL (round 2) humidity test data for MOS-206. The sensor response has
been normalised by the actual test gas concentration to remove differences due to concentration variance
between labs, and then scaled by the nominal test gas concentration for clarity. Perfect accuracy of
response would be indicated by a value of 1 for the 1% dataset and 2 for the 2% dataset.
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Figure 36: Humidity test results for unit MOS-203. Shaded areas indicate ISO tolerance for the effect of
humidity.

3.2.7. Summary

The MOS sensors showed a high degree of accuracy and linearity, though overestimating
the hydrogen concentration at low concentrations in particular. The ISO tolerance for
accuracy was only exceeded at the lowest concentrations tested. There was no evident
change in performance over the course of testing. The short term stability of their signal
was also good and remained within the 1SO tolerance.

The influence of ambient parameters on the MOS sensors is summarized in Figure 37.
The deviation in sensor response over the ranges of pressure, temperature and humidity
tested is extremely low. There is no evident correlation between sensor response and
either pressure or temperature. Humidity does appear to have a very slight but consistent
effect, with sensor response decreasing as the relative humidity increases. However, the
deviation in sensor response over the range of humidity tested remains <3% of the
response at the standard condition.

The JRC and NREL data are in excellent qualitative agreement. The quantitative
agreement is very good, though there is a slight overall tendency for the JRC data to be
higher than the NREL data. However, any deviation between NREL and JRC data is
accounted for by uncertainties in the measured/calculated hydrogen concentration.
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Figure 37: Deviation in sensor response at 2 vol% from the response at the standard condition of
(nominally) 25C, 50% R.H. and 100 kPa plotted as a function of the controlled variation in ambient
temperature, pressure or relative humidity. Results are shown for all units MOS-201-206. (Top) JRC;
(Bottom) NREL.
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4. Conclusion

In this first report of the SINTERCOM project, the SINTERCOM testing protocol for
performance evaluation of hydrogen safety sensors has been described. This protocol
resembles that detailed in the ISO standard for hydrogen detection apparatus for
stationary applications (ISO 26142). At present, it comprises fewer tests, but these are
chosen as being of greatest relevance and are typically more extensive than their ISO
equivalent. The protocol may also be extended in the future to encompass further tests.

Results have been presented of Round 1 and 2 tests on two types of commercial
hydrogen sensor. The first, a palladium thin film sensor, showed good linearity and
reasonable accuracy, though with a tendency to underestimate the hydrogen
concentration. It also exhibited a slight but clear decrease in sensitivity on repeated
exposure to hydrogen. This effect became less pronounced over the course of testing.
Ambient temperature and pressure were found to have a distinct influence on the
response of these sensors, but humidity had little effect. The second sensor, a MOSFET
type, showed good accuracy, linearity and short term signal stability, with negligible
sensitivity to changes in ambient parameters. A comparison of the results obtained in the
SINTERCOM laboratories indicates very good agreement and serves to cross-validate the
two test facilities.

Since completion of these tests, Round 3 testing on both sensor models has commenced
and preliminary results will be presented at the 2011 International Conference on
Hydrogen Safety. Round 1 testing has recently been completed on three other sensor
models (2 thermal conductivity and 1 electrochemical), which will now be exchanged for
Round 2.

As an ongoing project, SINTERCOM will be expanded to include other sensor models and
sensor types, thereby permitting quantitative comparison of the performance capabilities
of the various sensing technologies currently available for hydrogen detection. This
comparative information will be made available to facilitate end-users wishing to select the
most appropriate technology for their given application and to manufacturers aiming to
improve their products in order to meet the requirements of the emerging hydrogen
economy.
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5. Appendix 1: PTF-101 — 106
Accuracy
%() "% %() %
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Table 8: NREL and JRC accuracy test data for units PTF-101

106. " Round 1; “ Round 2.
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Figure 1: JRC and NREL accuracy test results for PTF-101 — 106. The data have been normalized by the
actual test gas concentration such that a value of unity (1) would indicate perfect accuracy of sensor

response.
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Short Term Stability
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Table 9: NREL and JRC short term stability test data for units PTF-101 106. Dashed line indicates a break
in the test during which the sensor was left in clean air overnight. * Round 1; 2 Round 2.
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Figure 2: JRC and NREL short term stability test results for PTF-101 — 106. The data have been normalized
by the actual test gas concentration and scaled by the nominal concentration, such that a value of 1 for the
1% dataset and of 2 for the 2% dataset would indicate perfect accuracy of sensor response.
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Pressure
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Table 10: NREL and JRC pressure test data for units PTF-101-106. * Round 1; > Round 2.
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Figure 3: JRC and NREL pressure test results for PTF-101 — 106. The data have been normalized by the
actual test gas concentration and scaled by the nominal concentration, such that a value of 1 for the 1%
dataset and of 2 for the 2% dataset would indicate perfect accuracy of sensor response.
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Table 11: NREL and JRC temperature test data for units PTF-101-106. ! Round 1; 2Round 2.
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Figure 4: JRC and NREL temperature test results for PTF-101 — 106. The data have been normalized by
the actual test gas concentration and scaled by the nominal concentration, such that a value of 1 for the 1%
dataset and of 2 for the 2% dataset would indicate perfect accuracy of sensor response.
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Table 12: NREL and JRC humidity test data for units PTF-101-106. * Round 1; ? Round 2.
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Figure 5: JRC and NREL humidity test results for PTF-101 — 106. The data have been normalized by the
actual test gas concentration and scaled by the nominal concentration, such that a value of 1 for the 1%
dataset and of 2 for the 2% dataset would indicate perfect accuracy of sensor response.
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6. Appendix 2: MOS-201 — 206
Accuracy
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Table 13: NREL and JRC accuracy test data for units MOS-201 206. T Round 1; “ Round 2.
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Figure 1: JRC and NREL accuracy test results for MOS-201 — 206. The data have been normalized by the
actual test gas concentration such that a value of unity (1) would indicate perfect accuracy of sensor
response.
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Table 14: NREL and JRC short term stability test data for units MOS-201 206. * Round 1; > Round 2.

49




+ NREL 1%
+ NREL 2%
< JRC 1%
< JRC 2%

MOS-201

* NREL 1%
¢ NREL 2%
¢ JRC 1%
< JRC 2%

MOS-202

2.5

2 4 Runno. 6 8

10

2.0 2.0
3 %
c c
& 15 8 15
o 3 .
2 2
g 1.0 E 1.0
o o
= [=4
B 05 % o5
3 3
0.0 0.0
2 4 Runno. 6 8 10 0 2 4 Runno. 6 8 10
MOS-203 * NREL 1% MOS-204 « NREL 1%
25 o NREL 2% . o NREL 2%
' & JRC 1% i & JRC 1%
© JRC 2%  JRC 2%
© 2.0 o 2.0
(2] %]
5 5
o
g2 15 g 15
g Lo € 10
2 2
3 3
§ 05 2 05
0] b
0.0 0.0
2 4 Runno. 6 8 10 0 2 4 Runno. 6 8 10
MOS-205 o NREL 1% MOS-206 o NREL 1%
. o NREL 2% . « NREL 2%
’ 0 JRC 1% ' o JRC 1%
 JRC 2% o JRC 2%
» 20 2.0
Q
7 2
3] 1.5 8 1.5
£ 10 5 10
£ s
[ e}
§ 05 % 0.5
n @
0.0 0.0

10

0 2

4 Runno. 6 8

Figure 2: JRC and NREL short term stability test results for MOS-201 — 206. The data have been
normalized by the actual test gas concentration and scaled by the nominal concentration, such that a value
of 1 for the 1% dataset and of 2 for the 2% dataset would indicate perfect accuracy of sensor response.
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Table 15: NREL and JRC pressure test data for units PTF-101-106. * Round 1; * Round 2. *The JRC
pressure test was run at 70, 100 and 130 kPa for units MOS-202, 204 and 206.
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Figure 3: JRC and NREL pressure test results for MOS-201 — 206. The data have been normalized by the
actual test gas concentration and scaled by the nominal concentration, such that a value of 1 for the 1%
dataset and of 2 for the 2% dataset would indicate perfect accuracy of sensor response.
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Table 16: NREL and JRC temperature test data for units MOS-201-206. * Round 1; “ Round 2.
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Figure 4: JRC and NREL temperature test results for MOS-201 — 206. The data have been normalized by
the actual test gas concentration and scaled by the nominal concentration, such that a value of 1 for the 1%
dataset and of 2 for the 2% dataset would indicate perfect accuracy of sensor response.
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Table 17: NREL and JRC humidity test data for units MOS-201-206. * Round 1; > Round 2.
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Figure 5: JRC and NREL humidity test results for MOS-201 — 206. The data have been normalized by the
actual test gas concentration and scaled by the nominal concentration, such that a value of 1 for the 1%
dataset and of 2 for the 2% dataset would indicate perfect accuracy of sensor response.
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How to obtain EU publications

Our priced publications are available from EU Bookshop (http://bookshop.europa.eu), where you can place
an order with the sales agent of your choice.

The Publications Office has a worldwide network of sales agents. You can obtain their contact details by
sending a fax to (352) 29 29-42758.
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The mission of the JRC is to provide customer-driven scientific and technical support
for the conception, development, implementation and monitoring of EU policies. As a
service of the European Commission, the JRC functions as a reference centre of
science and technology for the Union. Close to the policy-making process, it serves
the common interest of the Member States, while being independent of special
interests, whether private or national.
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