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HIGHLIGHTS

GRAPHICAL ABSTRACT

¢ A platinum based hydrogen sensor
was developed showing full
reversibility.

o It operated at room temperature
without any hysteresis.

e Hydrogen detection in natural gas
was demonstrated between 0.1
and 30 vol%.

e The hydrogen sensor can be easily
combined with a full gas compo-
sition sensor.
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The first applications of hydrogen in a natural gas grid will be the admixing of low concen-
trations in an existing distribution grid. For easy quality and process control, it is essential to
monitor the hydrogen concentration in real time, preferably using cost effective monitoring
solutions. In this paper, we introduce the use of a platinum based hydrogen sensor that can
accurately (at 0.1 vol%) and reversibly monitor the concentration of hydrogen in a carrier gas.
This carrier gas, that can be nitrogen, methane or natural gas, has no influence on the accuracy
of the hydrogen detection. The hydrogen sensor consists of an interdigitated electrode on a chip
coated with a platinum nanocomposite layer that interacts with the gas. This chip can be easily
added to a gas sensor for natural gas and biogas that was already developed in previous
research. Just by the addition of an extra chip, we extended the applicability of the natural gas
sensor to hydrogen admixing. The feasibility of the sensor was demonstrated in our own (TNO)
laboratory, and at a field test location of the HyDeploy program at Keele University in the UK.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
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Introduction

The energy transition from fossil to renewable sources is a
major challenge in the coming decades. It is generally
acknowledged that gas will play a major role in this transition
replacing coal and oil for zero and low CO, emitting fuel
sources. This gas can have the form of natural gas, biogas,
LNG, hydrogen or mixtures. The type and rate of transition
will depend on the dominant fuel source in the country or
region considered. Countries already having an extended
natural gas infrastructure are considering the admixing of
biogas or hydrogen to the natural gas. Or alternatively,
replacing natural gas fully by hydrogen. A logical first step in
the gas transition from carbon based fuel gasses to hydrogen
is the admixing of hydrogen in an existing gas grid to replace
part of the gas by hydrogen [1—4]. For a full green transition,
this hydrogen will be preferably produced by electrolysers
driven by wind turbines or solar power, however production
methods utilising carbon capture and storage will likely pre-
vail initially due to their much lower relative cost. For
example, the Dutch gas network has great potential for the
transport and distribution of natural gas containing a high
concentration of hydrogen [5—8]. Furthermore, pilots across
Europe have shown that percentages of hydrogen of up to
20 vol% in natural gas are no showstoppers for most end users
[9-11]. The composition of the natural gas into which
hydrogen will be blended will show greater variation in the
future due to the increasing use of biogas and LNG. Therefore,
in addition to the percentage of hydrogen, the other compo-
nents should also be accurately measured. In order to be able
to supply gas with sufficient security of supply and reliability,
even when high concentrations of hydrogen gas are added, it
is necessary for the network operators to measure gas quality
at many locations, such as:

e At the point of injection into the network (check for desired
percentage of hydrogen).

e In the distribution network (monitoring quality, possible
billing of energy in the future).

e Hydrogen/natural gas separation (quality control of pure
hydrogen or pure natural gas).

e Quality control at industrial end users.

This requires large numbers and affordable sensors for
measuring the quality of hydrogen/natural gas mixtures.
Currently, there is no cost-effective technology available for
sufficiently reliable measurement of the composition and
calorific value of natural gas/hydrogen mixtures. Some larger
sensor concepts for hydrogen content detection have been
proposed [12—15]. Smaller sensor solutions based on material
interactions between hydrogen and an active material, such as
metals, metal oxides or other nanomaterials have been dis-
cussed in the literature [16—19] A large variety of detection
techniques was presented by Chauhan et al. [16], focusing on
ppb level detection for safety applications, using thermal,
electrochemical, electronic, mechanical, optical, or acoustic
principles. A nice review of nanomaterials was given by Hu

et al. [17]. A general conclusion from many papers is the
requirement of an elevated temperature for the optimal func-
tionality of the sensor, and some of the nanomaterials showed
a long response time of several minutes. In addition, the
manufacturing of nanorod based sensors is very laborious and
sensitive to defects. Many papers use catalytic metals such as
platinum or palladium [18,19]. The hydrogen gas is absorbed
into the metal and causes swelling or changes in electrical or
optical properties. Only a few examples exist of platinum or
palladium based capacitive hydrogen sensors [20,21]. Many of
these solutions are limited in the hydrogen concentration range
that can be detected and often show hysteresis in their
response.

In this paper, we present the development of a small
platinum based capacitive sensor that can be deployed in the
gas grid for the monitoring of the hydrogen concentration,
where no sampling is needed. In addition, based on previous
developments of the gas sensor technology, the full gas
composition can be assessed. The developments for hydrogen
presented in the current paper are the continuation of the
research on low cost gas sensors for natural gas that are based
on small capacitive transduction elements [22—-27]. The
technology is protected by two patents, in which the charac-
teristics of the technology is elucidated [22,23]. We will now
briefly explain these developments leading to the application
of the sensor technology for hydrogen.

A small interdigitated electrode is coated with a porous
coating that will selectively absorb one or more components
in a gas mixture. When more than one electrode is used, an
array is obtained that will be able to measure multiple gases.
The detection efficiency of this sensor array is highly
dependent on the interaction of the target gases in the
coatings that are applied to the interdigitating electrodes.
The coatings must absorb/adsorb specific gases in a mixture
and result in a change in the dielectric constant of the ma-
terial. It is known that porous materials can adsorb signifi-
cant amounts of gases on the inside surfaces of the pores.
Polymer materials can absorb gases in the intrinsic porosity
or free volume between the polymer chains. This adsorption
and absorption is determined by the chemical and physical
interactions with the surface of the porous material and is
highly dependent on the pore sizes and surface chemistry.
These interactions can be influenced by modifying the
porous structure of the materials or the chemistry of the
polymers. Coatings made from these materials are used to
selectively absorb specific gases. The coating designed for
hydrogen will be elucidated in the current paper, the coat-
ings used for the hydrocarbons have been reported in pre-
vious publications [24—27].

Methods

The manufacturing steps for the hydrogen sensitive chip in
the gas sensor array consist of 1) the manufacturing and
packaging of the interdigitated electrodes on a silicon wafer; 2)
the synthesis and application of the hydrogen coating
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formulation; 3) integrating the hydrogen sensing chip in the
gas sensor array.

Sensing chips

Aluminum lines are manufactured on a silicon wafer using a
process described before [26,27]. The line width and spacingis
both 1 pm (Fig. 1A), and the total area of the electrodes is
700 x 700 pm, leading to an uncoated capacitance of about
5 pF. The chip is packaged in an LCC package (Fig. 1C) for
connecting it to a PCB, to be connected to the read out elec-
tronics. This capacitance is measured using an AD7746
Capacitance-to-Digital converter chip (Analog Devices, Nor-
wood, Ma, USA). A microprocessor converts the hexadecimal
digital data to capacitance values that are exported to a PC
using a USB connection. The 24-bits resolution lead to a res-
olution in capacitance of about 40 aF. Three physical sensors
are also applied to the gas sensor PCB: temperature, pressure
and thermal conductivity detector (TCD). The temperature
and pressure are used to convert the data to values for con-
centration and partial pressure. The TCD (XEN-3880 Xensor
Integration [28]) is used in some experiments to validate the
capacitance readings.

Hydrogen sensing coating

Hydrogen is the smallest molecule in nature and can pene-
trate very easily into many materials, such as polymers, ce-
ramics and even metals. For a sensor coating to be functional,
it must selectively interact with hydrogen, and induce a
change in material property. Since hydrogen is small, in many
cases the molecules fit in the voids that are already present in
the material, and thus do not give a change in any material
property, other than weight. Examples are metal organic
frame works or zeolites. Nevertheless, some materials are
known to absorb hydrogen and expand or change conductiv-
ity, such as noble metals from the platinum group. The
approach that was optimized in the present paper is the
development of platinum nanoparticles in a porous metal
oxide matrix. The exact details of the material and methods
are presented elsewhere [23]. First highly porous titanium
oxide sub-micron particles (approx. 300 nm) are synthesized
from a titanium isopropoxide precursor in ethanol. In the
pores of these titanium oxide particles, platinum nano-
particles (1-5 nm) are grown from a chloroplatinic acid

200 nm

precursor (Fig. 1B). After washing, a dispersion in water was
obtained containing the platinum in TiO, particles, suitable
for deposition on the interdigitated electrodes. By means of
manual deposition (e.g. micropipette) or automized printing, a
droplet is applied to the square electrode area (Fig. 1C). After
drying and curing at 80 °C, the electrodes are coated with a
homogeneous layer of sensing material (Fig. 1D).

Chip integration

The hydrogen sensor chip as shown in Fig. 1 is integrated with
the other gas sensing chips for hydrocarbons and physical
sensors on a PCB (Fig. 2). As can be seen in Fig. 1, each chip has
four electrode areas. Only two of those will be connected to
the electronics, the other two are not used, and were added for
design flexibility. This means that every chip has two chan-
nels for gas detection. Two sensor lay-outs were assessed: 1)
bare PCB having five chips (i.e. ten channels), a temperature,
pressure and TCD sensor (Fig. 2 left); 2) a packaged PCB
(resulting from earlier sensor developments), having only four
chips (eight channels) and a temperature and pressure sensor
(Fig. 2 right). The 5-Chip sensor is used for the first validation
of the hydrogen chip and TCD; the 4-Chip sensor was used in
the field test, because this sensor was packaged and suitable
for deployment in an actual gas pipe.

2

Fig. 2 — Integrated gas sensor array: (left) 5-Chip layout
with temperature and pressure sensor and TCD; (right) 4-
Chip layout with temperature and pressure sensor in a
pressure resistant package.

Fig. 1 — Coating the sensor chips: (A) Electron microscopy image of the comb electrode; (B) Electron microscopy image of
titanium dioxide sensor particles; (C) drops of the hydrogen coating formulation applied to the four interdigitated electrodes;

(D) Dried coating layer on the interdigitated electrodes.
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The 4-Chip layout has been developed and validated for
field tests [26] in which pressures can range between 1 and 10
bara, and for which an initial ATEX validation was drafted.

Exposure experiments

The sensor arrays that were manufactured, were exposed to
various gas mixtures containing hydrogen, methane, ethane,
propane, n-butane, iso-butane, n-pentane, iso-pentane, ni-
trogen and carbon dioxide using a gas exposure system that
was described in other papers [26,27]. A series of 20 different
gas mixtures was used to validate the sensor array in the
laboratory setup. The pressure was set at 1.1 bara, and three
temperature ranges were assessed: 10—12 °C; 24-26 °C;
44—46 °C. The exact temperature was not controlled, but
changed during the experiments (+1 °C) as a result of fluctu-
ating laboratory temperature and heating of the sensor elec-
tronics. The exact temperature was measured by the
temperature sensor on the PCB and used in the correction of
the sensor signals. The composition of the gas mixtures was
regulated by flow controllers (Bronkhorst High Tech) and
validated by the use of a gas chromatograph (Compact GC4.0,
Global Analyser Solutions). The sensor array was calibrated
using a selection of the gas mixtures (approx. 60 mixtures in
total at the three temperatures). The relation between the
setpoint gas concentrations and measured concentrations
was established, and used for validating the feasibility of the
gas sensor concept for gas mixtures having ten different gas
components (including hydrogen). In the past, an array of
eight channels was used for the calculation of six gases [24,25],
now we use a similar array for ten gases. The first validation
experiments will show if this extension of the sensor re-
quirements will have negative consequences for its accuracy.

HyDeploy field test

Three of the 4-Chip gas sensors were deployed at the HyDe-
ploy test site at the Keele University in the United Kingdom [9].
Hydrogen is produced in an electrolyser installed at a separate
corner of the university campus (Fig. 3A). The supply line of
the natural gas that is feeding the campus is diverted to this

site, and the hydrogen is mixed with the natural gas at con-
centrations up to 20 vol%. The mixed gas is supplied to the
campus, and is used in 30 university buildings and 100 resi-
dential sites. A boiler house for a residential block has central
heating fueled by several gas boilers. The three gas sensors are
positioned in the gas supply line of these boilers (Fig. 3B).

The gas composition during mixing is assessed using a gas
chromatograph located at the other site of the campus, at
distance of approx. 500 m. Since the use of gas fluctuated over
time, but also over location on the campus (e.g. residential
versus university buildings), there was a fluctuating time dif-
ference between the GC and sensor readings. This variation in
time lag is compensated by using Dynamic Time Warping
[29,30]. As will be shown below, the large fluctuations in
hydrogen concentration, in combination with the fast
response of the hydrogen sensor can be used to correlate the
GC response to the sensor response. Dynamic Time Warping
calculates the fluctuating time lag between two signals, by
correlating these two signals using an adaptive time scale. A
three weeks experiment was conducted at Keele. In the first
week the sensors were calibrated and compared to the labo-
ratory experiments. In the third week the gas composition
was calculated using the calibration data of the first week. In
the past, it was already noticed that the gas sensors need to be
recalibrated after installation at a field test location. After the
sensors are stabilized and calibrated in our laboratory, they
show some drift of baseline during shipping: apparently the
absorbing coatings absorb contaminants (including water)
from the environment, that shift the sensor readings. Miti-
gation measures, such as longer preconditioning and airtight
sealing, will be assessed in the future.

Theory of hydrogen adsorption

The capacitive sensor is designed to detect a change in
capacitance of a coated interdigitated electrode. The change in
capacitance is caused by a change in dielectric constant or
resistivity of the coating that is applied to the electrode. In the
past, we have assumed that the change in response is linear
dependent on the gas concentration [24—27]. For most gas-

Fig. 3 — Keele university hydrogen production plant (A) and installed gas sensors in the supply line in a boiler house (B).
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coating combinations, this approximation did not lead to too
large errors. However, in the case of hydrogen, the response is
not linear, and must be treated using an adsorption isotherm.
Garcia Dieguez et al. [31] described the hydrogen chemisorp-
tion isotherms on platinum particles, and found that the
adsorption of hydrogen can be described by a Langmuir
isotherm for dissociative adsorption:

g KVPu (1)
1+K,/Py,

0 is the fraction of adsorption site that are filled with
hydrogen, K is a adsorption constant and P the partial
hydrogen pressure. The first experiment with the 4-Chip
sensor at 25 °C is shown in Fig. 4A. We first assume that the
dielectric constant or capacitance of the coating is linearly
depend on 6. This hypothesis will be validated later. This
means that when plotting 1/Cp (~1/6) versus 1/+/Pyy, a straight
line should be obtained. And, since the measured capacitance
is done relative to an (arbitrary) off-set value, this off-set value
needs to be corrected to obtain a straight line.

The lowest two points of Fig. 4C are omitted in Fig. 4D and
the baseline is shifted with —0.3 pF to correct for the capaci-
tance offset that was randomly chosen during sensor initia-
tion. This plot indicates that the model can describe the
response very well, at least for the higher hydrogen partial
pressures. However, when looking at the lower concentra-
tions, the error is quite substantial (Fig. 5).

Below partial pressures of 1 mbar, the difference becomes
too large to allow reliable calculation of the hydrogen con-
centration (Fig. 5). Apparently at lower concentrations, a
different adsorption mechanism is taking place. Recently, it
was shown that hydrogen adsorbs onto platinum in two ways:

weakly bonded and strongly bonded [32,33]. So it may be
possible to describe the hydrogen adsorption at low concen-
trations by another Langmuir isotherm. Or even by a more
simple model, such as Henry adsorption. Since at higher
concentrations, the adsorption does not behave linearly with
partial pressure, we cannot use the linear matrix calculations
that we have used so far for the calculation of the full
composition. Therefore, the data processing for hydrogen is
proposed as follows:

e For concentrations larger than 5 mbar, first the hydrogen
pressure is calculated from the hydrogen chip only, using
the Langmuir isotherm (8Ky/P/(1 + Ky/P). It will be
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apparent that the hydrogen concentration is larger than
5 mbar, when the chip response is larger than a critical
value (~0.5 pF for the sensor of Figs. 4 and 5)

e For chip readings below 0.5 mbar, it is assumed that the
response corresponds to 6K\/P.

Temperature dependency

In the hydrogen experiments it was observed that the
response of the hydrogen chip is temperature dependent: the
response increases with increasing temperature. This de-
pendency can be described by a temperature dependent
parameter K. Garcia Dieguez [31] introduces an Arrhenius
dependency for the response parameters:

A(T) = Age™ @)
In which A(T) is the temperature dependent response
parameter, Q the activation energy, R the gas constant and T

the temperature in K. All parameters in the equations are
validated for this type of temperature dependency.

Data processing — high hydrogen concentration

The baseline shift that is required to optimize the fitting of the
data to the Langmuir model as we have done in Fig. 4 needs to
be assessed in an automated and reproducible way. First the
measured capacitance is described by the relation:

K\/Py,
1+K,/Py,

« is the baseline off-set and 8 the capacitance correction
factor relating gas adsorption to the change in actual dielectric
constant and capacitance. This equation can be converted to:

Cp:a+(a+6)K\/PHzprK\/PHZ (4)
Or

Cp =K1 + k2+/Pu, +k3Cp+/Py, (5)

This equation can be solved using a least square approach
of the high concentration hydrogen response results. The
parameters k that are derived include:

Cr=a+8

(3)

K= a ©6)
ko = (a+B)K ?)
K3z = K (8)

For the assessment of all these relevant parameters, we
have used four hydrogen sensors at three different temper-
atures. First, the fitting of the data revealed that all re-
sponses could be described by a single K parameter:
0.045 + 0.002 mbar~ 2 This value is subsequently used in the
fitting of the other parameters « and 8. The parameter « in-
cludes the off-set value of the sensor (Co), that was arbitrary

chosen during manufacturing and the temperature depen-
dent capacitance of the chips:

o= Co + Ol(T) = Co + aTe’Q“/RT (9)

And the parameter 8 is the temperature dependency of the
hydrogen concentration response:

B(T) = Bre ¥/%T (10)

The data processing starts with the plotting of the
hydrogen chip response versus the hydrogen partial pressures
for the three temperatures considered (Fig. 6A). The mea-
surement points are fitted by a least square approach using
Equation (3), and K = 0.045 mbar~ 2 to obtain the values for «
and 8. The parameter Co, can be obtained by plotting « versus
8. This is shown for the 4-Chip sensor in Fig. 6B. After
correction the measured value of « by the value for Co, ac-
cording to Equation (9), both «(T) and B(T) are plotted versus
1000/T as an Arrhenius plot, from which the activation en-
ergies can be calculated (Fig. 6C and D).

In Fig. 6C and D, the error bars for the temperatures and
parameters o and B are indicated. The plot in Fig. 6B is almost
linear in the temperature range between 11 and 45 °C. This
would indicate that the values of Qu and Qg are equal. This is
confirmed by the plots in Fig. 6C and D, in which the slopes of
the curves are almost equal (—1280 and —1330 K). This would
lead to an average activation energy of the adsorption of
hydrogen on platinum of 10.8 kJ/mol. This compares well with
values between 8 and 9 kJ/mol that were presented by Pasti for
adsorption on Pt/Pd surfaces [34].

Using the values for the parameters K, Q, C,, the parameters
arand 8r can now be obtained from the measurement data. For
the 4-Chip sensor presented in Figs. 4—6, these values are:
ar=50.5 pF and 8 = 511 pF. These values depend on the nature
of the TiO,/Pt layer used for adsorbing hydrogen (layer thick-
ness, concentration Pt, .), and the frequency of the AD chip. The
AD chip that was used (AD7746) can use two frequencies (16
and 32 kHz), and the dielectric response of the coating depends
heavily on this frequency. The parameters K and Q, remain
constant, but the values of ar and gy change when switching
from 16 to 32 kHz. The frequency used for the calculations in
Figs. 4—6 was 16 kHz. When 32 kHz is used, the hydrogen
response will be much lower. This phenomenon can be used to
optimize the sensor for specific hydrogen concentration ranges.
This is sometimes required for high hydrogen concentrations
and high temperatures, as can be seen in Fig. 6A, where the
45 °C graph saturates at high hydrogen concentrations, caused
by the saturation of the AD chip. These points are therefore not
used in the data processing. An overview of all parameters are
listed in Table 1 for four 4-Chip gas sensors used in this study.
Sensor 1 was used in the data processing presented above.
Sensors 2—4 are used in the HyDeploy field test.

The 8r parameter determines the height of the hydrogen
response, and appears to be double for the 16 kHz when
compared to the 32 kHz frequency. The ratio of ar/8r depends
on the frequency of the AD7746 chip, and seems to be constant
for a constant frequency.
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Table 1 — Overview of all hydrogen chip parameters for four 4-Chip sensors assessed in the current study. Sensor 1 was

used for the data protocol development as presented in Figs. 4—6. Sensors 2—4 are used for the deployment in the HyDeploy

field test.

Parameter Sensor 1 Sensor 2 Sensor 3 Sensor 4

f (kHz) 16 32 32 32

Co -0.224 + 0.01 —0.762 + 0.01 2.83+0.01 0.218 + 0.01

K (mbar %2 0.045 + 0.02 0.045 + 0.02 0.045 + 0.02 0.045 + 0.02

Q (J/mol/K) 10.8 £ 0.2 10.8 £ 0.2 10.8 £ 0.2 10.8 £ 0.2

ar 50.5 + 2.0 133+ 0.5 16.1 + 0.8 155+ 0.4

Br 511 + 11 262 +4 315+ 4 306 +3

Br/or 10.1 19.8 19.5 19.7

than on the partial pressure. The hydrogen responses for the

Results

Sensitivity and response time of hydrogen sensing chip

The first assessment of the sensitivity of the hydrogen chip
was performed by comparing the chip with the commercial
TCD. The 5-Chip sensor was exposed to hydrogen in nitrogen,
methane and natural gas, having a hydrogen concentration
between 200 ppm and 20 vol%.

Fig. 7 shows that the sensitivity of the hydrogen chip is
high at both high and low partial pressures. The TCD is
especially sensitive at high partial pressures, but a lot less at
low partial pressures. When looking at the signal-to-noise
ratio and the resolution of the measuring equipment, a reso-
lution of the hydrogen chip between 0.01 and 0.5 vol% can be
expected, depending on the absolute value of the concentra-
tion. In addition, the hydrogen chip is a function of the partial
pressure, but the TCD depends more on the concentration

hydrogen chip are independent of the carrier gases and
pressures and follow the same curve (Fig. 7B). This is not the
case for the TCD, which clearly shows both a carrier gas and
pressure dependency (Fig. 7C).

The exact response time of the sensor chip is difficult to
measure, because in the gas mixing system the different gases
are mixed and supplied through thin, long tubes. It is un-
known when the gas reaches the sensors and whether the
concentration changes occur as a step or gradually. In order to
be able to make a statement, the response of the sensor chip
was compared with the TCD. The TCD is known to react
almost instantaneously when the gas composition changes,
because it is a physical measurement of the gas. No diffusion
processes are involved, other than in the mixing in the gas
itself. Four concentration steps are shown in Fig. 8A, and one
step is enlarged in Fig. 8B.

At a flow rate of 400 ml/min (which is approx. 1 volume of
exposure cell/minute) the following is observed: 1) The start of
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the response of the chip is 9 s faster than the TCD; 2) The 90%
response is 190 s for the chip, and 220 s for the TCD; 3) The 95%
response is 235 s for the chip, and 270 s for the TCD. This shows
that the response of the chip is equal or even faster than the TCD.
The response time therefore depends mainly on the flow and
mixing of the gas, and not on the operation of the chip. So we can
detect near instantaneous changes in hydrogen concentration.

Data processing of the hydrocarbon chips

The concentrations of the hydrocarbons in the mixtures are
calculated using data protocols, which have already been
published before [24—27]. The major difference with the pre-
vious approach is the number of chips that have been used.
The 4-Chip sensors that have been used for laboratory and
field test validation have eight sensing channels. Two of those

are used for the hydrogen chip, which leaves only six channels
available for the assessment of the other nine gases in the
mixtures. This could mean that the accuracy in the calcula-
tions could be lower than previously found. A second differ-
ence was the temperature corrections. In the data processing,
an Arrhenius temperature dependency is introduced, similar
to Equation (2). This temperature dependency is assessed
simultaneously with the gas composition dependency, in the
matrix calculations as explained by Sweelssen et al. [26] The
calculated hydrogen and hydrocarbon concentrations are
presented in the following sections.

Validation experiments

The data processing as described above was used to convert
the sensor raw data into values for the hydrogen
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concentration in the gas mixtures. We used a single set of
parameters for the entire temperature and concentration

Table 2 — Calorific values and densities of the gas

range thatis used in the validation measurements. The results components at the standard conditions 15 °C and 1 bar,
of one of the 4-Chip sensors (sensor 1 from Table 1) are pre- derived from NIST Webbook [35].
sented in Fig. 9. Gas Calorific value (Mj/m®  Density (kg/m?)
The Calorific Value (CV) and Wobbe Index (WI) of a gas
mixture can be calculated from the composition of the gas and Hydrogen 12.09 0.085
ture c 1 p g Methane 37.75 0.680
the individual calorific values of the components. The values Ethane 66.55 1983
of the calorific value and densities for the different gases as Propane 95.28 1.899
described in Table 2 are not according to ISO 6976, but are n-Butane 125.95 2.544
obtained from the NIST Webbook at a standard temperature Iso-Butane 125.02 2.533
of 15 °C and 1 atm. The calorific value of the gas is calculated n-Pentane 152.95 3.121
by a linear addition of the contributions of all components in ISO'Penta.ne, 152.24 3.113
h C bility i ken i Carbon dioxide 0 1.872
the gas. Compressibi 1tylls not taken into account. e o 1185
The measured Calorific Value and Wobbe Index for the Air 0 1.225
sensor are also plotted against the set-point values in Fig. 9.
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The Wobbe Index is calculated from the calorific value ac-
cording to:

wi——Y (1)

density_gas

\/ density_air
The use of the values in Table 2 and the simplifications in
the calculations of calorific value and Wobbe Index have no

influence on the comparison of setpoint values with sensor
values, because the setpoint values are also calculated in the
same way.

The results presented in Fig. 9 show that for hydrogen and
methane the correlation between GC setpoint and sensor re-
sults are very good for all temperatures. Most measurement
points can be found on a single line, having a slope of 1. The
accuracies of the higher hydrocarbons are much lower than
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Table 3 — Standard deviation between the GC data and
the sensor 3 data for the third week in September.

Gas Standard deviation
Hydrogen 0.37 vol%
Methane 0.49 vol%
Ethane 0.34 vol%
Propane 0.11 vol%
n-Butane 0.016 vol%
Iso-Butane 0.016 vol%
n-Pentane 0.008 vol%
Iso-Pentane 0.007 vol%
Carbon dioxide 0.52 vol%
Nitrogen 0.74 vol%
Calorific Value 0.25 MJ/m>
Wobbe Index 0.23 MJ/m?>

hydrogen and methane. Part of this scatter of the higher hy-
drocarbons, carbon dioxide and nitrogen is caused by the use
of only six channels for these nine gases. Some responses of
gases are apparently too cross sensitive to be resolved by only
six channels. This is especially the case for the higher hy-
drocarbons that can be differentiated with more difficulty, due
to their comparable molecular structure. An additional reason
for the lower accuracy, is the measurement time of only 1 h for
each gas mixture. In case of larger concentration steps for
some higher hydrocarbons, this hour stabilization time may
be too short to obtain a stabilized signal. Nevertheless, overall,
there is a clear correlation between setpoint values and
measured values. The same holds for the calorific value and
Wobbe Index. For the whole temperature range between 11
and 45 °C the measured points can be found scattered around

a line having slope of 1. These results showed sufficient cor-
relation between setpoint values of the gas composition and
sensor signals to deploy the sensors in a field test.

HyDeploy field test

The sensors 2—4 that are listed in Table 1 are deployed in the
HyDeploy field test at the Keele University. After several weeks
of exposure of the sensors in a natural gas flow, blending with
hydrogen started in the first week of September 2020, following
some equipment maintenance. This first week is used to
assess the correlation between GC data and sensor data. As
mentioned before, this type of coated electrode arrays requires
some stabilization before use in a dry gas flow to remove all
contaminants that have been adsorbed and absorbed by the
coatings during shipping and installation. In addition, some
baseline shift is sometimes observed between the laboratory
testing of the sensor and the field deployment. For this reason,
the sensors are recalibrated again during the first week of
September when deployed in the gas grid. The gas composition
values were used for this calibration of the GC that was sta-
tioned at approx. 500 m distance. As mentioned before, this
distance introduced a varying time lag that was corrected for
by Dynamic Time Warping. The results of the data processing
for Sensor 3 are presented in Fig. 10.

Fig. 10 shows that the hydrogen fluctuations in the gas
mixture can be very well measured using the gas sensor. For
the hydrogen chip, the sensor parameters were used as shown
in Table 1. Only the value for Cy had to be slightly adapted
during the first week of September. This shows that the
response of the hydrogen chip is very stable and reproducible,
and only a very small baseline shift must be compensated
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between laboratory and field tests. This reproducibility is
shown in Fig. 11A, in which the three hydrogen sensors
(Sensor 2—4 from Table 1) are compared for the third week of
September. The sensor traces for these five days fall exactly on
top of each other. When zooming in on a few hours of
September 18 (Fig. 11B), it can be seen that the sensors also
match the GC values. However, since the GC was only taking
one point in every 4 min, and the sensors ten points in every
minute, part of the differences between GC and sensors, can
be attributed to this difference in time scale.

Fig. 10 also shows the small fluctuations of the hydrocar-
bons can be very well measured using the 4-Chip gas sensors.
The differences between calculated and measured concen-
trations are relatively small for most gases. This shows that
some of the gas concentrations are correlated: e.g. the fluc-
tuations in n-butane and i-butane follow a similar trend, as do
the fluctuations in n-pentane and i-pentane. The correlation
between GC values and sensor values is calculated as the
standard deviation between the two. Table 3 shows both pa-
rameters for the gas concentrations and energy values. The
largest values of the standard deviation (SD) are found for the
non-calorific gasses carbon dioxide and nitrogen, indicating
that the use of the 4-Chip sensor is not very suitable for an
accurate detection of these two gases. The three gasses
contributing the most to the calorific value: hydrogen,
methane and ethane, also have the highest absolute inaccu-
racy. However, it must be stated that part of this difference is
caused by the discrepancy between GC and sensor data rate. It
is clear from Fig. 11, that during the period of the GC mea-
surement (4 min), the hydrogen sensor reading can change
significantly. This already introduces a significant error in the
hydrogen concentrations. And since the hydrogen concen-
tration is used to calculate all other components as well, this
error is transferred to the other gasses.

The accuracy (SD) in Calorific Value and Wobbe Index is
0.64% (=0.25/39.0 MJ/m® and 0.47% (=0.23/49.4 MJ/m?)
respectively. This difference is mainly caused by the un-
certainties in hydrogen, methane and ethane that have a
standard deviation of more than 0.3 vol%.

Conclusions

The newly developed hydrogen chip has been shown to be very
sensitive for the presence of hydrogen in gas mixtures. Labo-
ratory experiments showed that the chip can measure
hydrogen concentrations to at least 30 vol% having an accuracy
of approx. 0.1 vol%. This was confirmed by the HyDeploy field
test in which the hydrogen concentration admixed in natural
gas was monitored for several weeks in a local gas grid at the
Keele University in Newcastle-under-Lyme (U.K.). The calibra-
tion of the hydrogen chip was done in a controlled laboratory
and most of the calibration parameters could be used during
the field test. Only a small baseline shift was observed that
could be caused by transportation and installation in the gas
pipe of the gas grid. The three hydrogen sensors that were
installed gave a very reproducible signal for the hydrogen
concentration over the three weeks experiment. For the com-
parison of the sensor data with GC data that was obtained on a
different location in the same network, Dynamic Time Warping

was used. The hydrogen concentrations followed the GC values
very well. Furthermore, the hydrogen chip is very repeatable
within the three weeks assessed. Unlike other platinum/palla-
dium based hydrogen sensors, the porous coating absorbed and
desorbed hydrogen very reversible, without changing the per-
formance in time.

The hydrocarbon chips operated similar to the experiences
of previous tests. These chips needed to be calibrated after
installation. This calibration ensured the accuracy of methane
to be approx. 0.5 vol%, ethane and propane 0.3 and 0.1 vol%
respectively, and the higher hydrocarbons within 0.02 vol%.
This combined accuracy resulted in an accuracy for the calo-
rific value of 0.6% and for the Wobbe Index of 0.5%. In reality,
these values will be better than this, because of the discrep-
ancy between GC and sensor data acquisition.
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